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Introduction

1.1-Protein folding: pathological and functional amyloids

Protein folding, the process by which proteins fold into specific three-dimensional
structures, has been studied extensively over the past decades [1]. Native states of
proteins are typically considered as relatively stable structures under various
physiological conditions [2]. However, when a protein successfully achieves its
biologically active state following translation, this often does not represent the end-
point of its folding/unfolding life. Many proteins undergo cycles of unfolding and
refolding due to a variety of factors, such as transport across a membrane, cellular
secretion, or exposure to stress conditions (e.g. changes in pH, temperature) [3]. The
folding and unfolding of proteins are crucial for regulating their biological activity and
targeting proteins to different cellular locations [2]. However, when this tightly
regulated protein plasticity becomes imbalanced, proteins can undergo structural
rearrangements that result in misfolding. In this process, proteins, which are typically
soluble, can transform and assemble into insoluble aggregates called amyloids [4,5].
Various factors contribute to the amyloid formation, including mutations [6],
environmental conditions (such as changes in pH, high salt concentration, temperature,
or the presence of specific ions or molecules) [7,8], ageing [8,9] and the intrinsic
amyloidogenic propensity [6] can drive proteins to adopt an amyloid conformation.

The association between amyloids and human disease was first identified in a pathology
named amyloidosis, where proteins and peptides misfold into amyloid fibrils. In the
context of amyloidosis, more than 50 different proteins have been identified to misfold
and form amyloids, including amyloid-B (AB) in Alzheimer's disease, a-synuclein in
Parkinson's disease, huntingtin in Huntington's disease, and B2-microglobulin (32m) in
dialysis-related amyloidosis (DRA) (Figure 1). The strong correlation with human
diseases has contributed to the perception of amyloid fibril assembly as a pathological
process [10,11]. However, it is important to realise that the formation of amyloid fibrils
is not always detrimental [12]. Research has identified a variety of functional amyloid
fibrils that perform important physiological roles in organisms ranging from prokaryotes
to humans. This suggests that amyloid assembly can serve physiological roles in certain
contexts, highlighting the complexity of the amyloid phenomenon and its diverse
implications in biological systems [12-16]. Examples of physiologically relevant
functional amyloids include pigmentation [17], peptide hormone storage [13,18],
fertilization of oocytes by sperm [19-21], antimicrobial responses [22], regulated
necrosis [23], cellular stress responses [24,25], bacterial stress protection [26],
regulation of fungal-host and fungal-fungal interactions [27], modulation of epigenetic
heritable phenotypes in yeast [28], and persistence of long-term memory in Drosophila



[29] (Figure 1). Although the precise mechanisms by which amyloid toxicity is prevented
in these cases remain unclear, several possibilities have been proposed. These include
regulating the levels of amyloidogenic peptides and proteins, reducing the production
of prefibrillar oligomers during amyloid assembly, sequestering amyloids within
membrane-bound organelles, controlling amyloid assembly through other molecules,
and disassembling fibrils under physiological conditions [30]. These examples highlight
the diverse and complex biochemical regulation of amyloid structures.
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Figure 1. Pathological and functional amyloids in human biology, adapted from
Frontiers in Neuroscience, 2017 [31].



1.2- Biomolecular condensates

In recent years, amyloid-related processes such as protein misfolding, protein
oligomerization, and fibril formation have been suggested to contribute to the formation
of biomolecular condensates. These condensates are specialized compartments within
the cell that are rapidly assembled and contain various biomolecules [32]. Within the
cellular context, the formation of biomolecular condesates offers a rapid
compartmentalization creating specific microenvironments to regulate the efficiency of
biological processes. Traditionally, cellular compartmentalization is described as
enclosed by membrane organelles that serve distinct functions and tasks. They are called
membrane-bound organelles and can be exemplified by the mitochondria, nucleus,
endoplasmic reticulum and vacuole. Biomolecular condensates on the other hand are a
novel form of cellular compartmentalization without surrounding membranes, also
known as membrane-less organelles. Unlike traditional compartments, condensates are
characterized by their ability to form dynamic and transient assemblies of biomolecules
without the presence of a surrounding membrane. These condensates play important
roles in various cellular processes, such as signalling, gene expression, and phase
separation, offering a new dimension to our understanding of the cellular organization
and function [33—-37]. Close observation showed that different condensates differ by
location (cytoplasm, nuclei, membranes), number, volume, and functional complexity
[38]. The formation of protein condensates is facilitated by a phenomenon called liquid-
liquid phase separation (LLPS), which is predominantly driven by protein concentration
and weak multivalent interactions among proteins. Intriguingly, these condensates can
exhibit liquid-like properties, resembling droplets of liquid within the cellular
environment. This liquid-like behavior allows for dynamic and reversible interactions
between biomolecules, contributing to cellular processes, organization and regulation
[39,40]. Furthermore, the formation of condensates provides an optimal environment
for specific biochemical reactions to occur. Different molecules can diffuse within these
droplets, facilitating a new interaction platform [41]. Early work in the field has primary
focused on identifying various types of condensates and understanding how their
physical properties and regulation arise from molecular components. Recent years have
focused on understanding condensate functions, revealing their fundamental roles in a
wide range of cellular events, from RNA metabolism to signalling to gene regulation
(Figure. 2).
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Figure 2. Biomolecular condensates in the cell.

The formation and regulation of biomolecular condensates is influenced by a variety of
factors (reviewed in [42,43]), which include:

o Specific sequence motifs: Biomolecular condensates are often formed through
multivalent interactions between proteins. These interactions can involve specific
domains, such as intrinsically disordered regions (IDRs) [44-46], low-complexity
domains (LCDs), [44,47] or prion-like domains (PrLDs) [48]. The presence and affinity of
these interaction domains within proteins can determine their ability to participate in
condensate formation.

o Protein concentration: When the protein concentration of such proteins
exceeds a threshold, the likelihood of their interaction increases, leading to phase
separation and the formation of biomolecular condensates. These condensates can
differ in size and composition, and their formation can be further regulated by
surrounding cellular factors and post-translational protein modifications, [49].

o Post-translational modifications: Various post-translational modifications,
including phosphorylation, acetylation, methylation, and ubiquitination, can modulate
the formation and dissolution of condensates. For example, phosphorylation can directly
modulate the LLPS properties of proteins by altering their multivalent interactions or
affecting the degree of their intrinsic disorder. The negative charges introduced by the
phosphorylation can influence the protein-protein interactions leading to repulsion and
disrupting condensate assembly. Conversely, phosphorylation can also promote
condensate formation by enhancing attractive interactions between proteins [50,51].
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o RNA molecules: RNA molecules, such as messenger RNA (mMRNA) or non-coding
RNAs, can contribute to the assembly and regulation of condensates. RNA-binding
proteins (RBPs) often interact with RNA molecules to form ribonucleoprotein (RNP)
complexes, which can undergo phase separation and contribute to the formation of
RNA-protein condensates [52].

o Environmental conditions: Cellular conditions, including temperature, pH, ionic
strength, and the presence of molecular crowding agents, can impact condensate
formation. Changes in these environmental factors can disrupt or promote the stability
and dynamics of condensates [53].

o Chaperones and molecular disaggregases: Molecular chaperones and
disaggregases play crucial roles in maintaining protein homeostasis and preventing the
accumulation of misfolded or aggregated proteins. These factors can influence the
formation and dissolution of condensates by regulating the folding state and solubility
of proteins involved in condensate assembly [48].

o Molecular crowding: The cellular environment is highly crowded, with high
concentrations of macromolecules. Molecular crowding can influence the formation and
properties of condensates by affecting protein-protein interactions, molecular diffusion,
and phase separation kinetics [53,54].

Understanding the interplay between these factors is essential for interpreting the
regulation and functions of biomolecular condensates in cellular processes.

1.3-Biomolecular condensates and amyloid proteins

H In addition to protein concentration and weak multivalent interactions, misfolding of
amyloid-like proteins can also plays a significant role in the formation of protein
condensates through LLPS. Studies have revealed that proteins that tend to form
aggregates with age exhibit a significantly higher propensity of undergoing liquid phase
separation and granule formation [55]. This finding suggests a potential link between
LLPS and protein aggregates, possibly shedding light on the mechanisms of underlying
disorders, such as in amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD)
and inclusion body myopathy (IBM) [36,55—61]. Protein segregation in certain
condensates is tightly regulated by the protein quality control (PQC) system [62]. The
failure in PQC can lead to unusual forms of condensates, which are increasingly linked to
age-related diseases, such as neurodegeneration, myopathy, and cancer [56,63,64]. For
example, the abnormal aggregation of tau and amyloid beta (AB) proteins is a key feature
of Alzheimer’s disease, and these proteins have been shown to undergo liquid-liquid
phase separation in vitro and in vivo [23,34]. Similarly, a-synuclein, the protein that forms
Lewy bodies in Parkinson’s disease, has been shown to undergo phase separation and



form cytosolic condensates [35]. In the case of ALS, mutations in several RNA-binding
proteins, such as TDP-43 and FUS, have been linked to the formation of abnormal
condensates and the accumulation of protein aggregates [36]. Furthermore, it has been
hypothesized that the protein aggregation process in neurodegenerative disorders
involves a transition from a liquid-like to a solid-like state [34]. This transition is driven
by kinetic and thermodynamic mechanisms, leading to the formation of liquid
condensates undergoing maturation and solidification, ultimately resembling the
irreversible formation of highly stable amyloid fibrils [48,65]. Various factors, such as
changes in protein concentration, pH, salt, and other physical-chemical parameters, can
trigger this transition by perturbing the delicate balance between attractive and
repulsive forces among the protein molecules [66,67]. For instance, high protein
concentration emerges as a particularly significant factor in initiating aggregation-prone
processes or jamming. As protein concentration reaches a critical threshold, proteins
become supersaturated, leading to self-assembly and clustering. These events can
ultimately result in the formation of solid gels or even crystals [67] (Figure. 3). Given the
close association between the liquid-to-solid phase maturation of protein condensates
and the onset of numerous diseases, the phase transition of these droplets has emerged
as a new avenue for exploration in cell biology [65,67]. Ultimately, gaining a
comprehensive understanding of protein phase separation mechanisms and their
implications in disease pathology will offer valuable insights for the development of
therapeutic strategies targeting neurodegenerative disorders.
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Figure 3. Liquid to solid transition in protein droplets.

1.4-Yeast as a model system

In recent years, Saccharomyces cerevisiae has emerged as a preferred model organism for

studying reversible protein aggregation, including amyloid-like aggregation. Budding yeast

species have historically been used for centuries in producing beer, bread and wine, and also

has become a highly tractable eukaryotic model system in biology [68]. Despite being a

unicellular organism, S. cerevisiae offers several distinct advantages over higher model

organisms. These advantages include high sequence homology with human genes, rapid

growth rate, and ease of genetic modification capabilities, enabling efficient scale-up and

facilitating high-throughput genetic and small-molecule screening approaches [69]. S.
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cerevisiae is one of the most intensively studied model organisms, with a fully sequenced
genome and various knockout and complementation plasmid libraries available [70]. As a
unicellular eukaryote, it has provided invaluable insight into fundamental cellular
mechanisms such as DNA replication, protein folding, quality control and degradation,
vesicular trafficking, mitochondrial dysfunction and oxidative stress, and even cell death and
survival mechanisms. These studies have revealed the conservation of key cellular processes
between yeast and humans [70,71].

The remarkable 60% homology between yeast and humans makes yeast an attractive model
system for investigating the molecular mechanisms underlying a range of human disorders
[72]. Notably, approximately 17% of yeast genes belong to orthologous gene families
associated with human diseases, and conversely, around 30% of known genes implicated in
human diseases may have a yeast orthologue [73,74]. Initially, classical complementation
assays were used to substitute yeast protein with homologous proteins from another
organism to elucidate the biological role of human proteins with a yeast homologue.
However, a new trend has emerged, namely, the development of yeast cell-based assays, or
"humanized yeast systems" that allow to study protein functions without the presence of a
yeast homologue [75].

As such, yeast has proven to be a highly versatile model system for studying neurological
disorders and identifying genes that regulate processes associated with amyloidosis [69,70]
(Figure. 4). This approach has yielded fruitful outcomes in the study of Huntington's disease
[71,76,77], Alzheimer's disease [78—-81], Parkinson's disease [82—84], Amyotrophic lateral
sclerosis (ALS) [85], and proteinopathies such as cystic fibrosis [86]. Protein misfolding, a
hallmark of numerous neurodegenerative diseases, can lead to the formation of large
protein inclusions or aggregates that are detectible through microscopy and biochemical
assays [87-91]. Interestingly, protein deposition also frequently occurs during recombinant
expression in simple organisms such as unicellular fungi or bacteria [92,93]. The aggregates
formed in these microorganisms resemble those involved in human disorders, suggesting a
common process of protein self-assembly into amyloid-like structures [80,94].

Numerous studies have reported the formation of reversible aggregates on a genome-wide
scale, revealing that a surprisingly large number of proteins can undergo reversible
aggregation in yeast [95]. Examples of such protein aggregates include Balbiani bodies in
oocytes [96], nuclear amyloid bodies (A-bodies) [25], and cytoplasmic Cdc19 aggregates in
yeast cells [24,95]. These findings have led to the hypothesis that reversible aggregates may
constitute a previously unrecognized level of cellular organization that is widely used
[95,97,98]. It is tempting to speculate that some proteins in mammalian cells may form
reversible, functional, amyloid-like aggregates and that these structures may be regulated
similarly. Indeed, several proteins involved in metabolism and stress responses form



cytoplasmic liquid-like droplets in yeast and Escherichia coli, C. elegans, Thermus
thermophilus, Xenopus and Human cells [98—101]. Understanding the regulation of such
structures could also provide insights into treating and preventing aggregation-based
diseases. At the same time, studying the formation of phase-separated protein droplets in
yeast by overexpressing amyloid-prone proteins allows to understand the underlying
mechanisms of protein phase separation and its potential link to neurodegenerative
diseases [79]. For instance, studies have demonstrated that overexpression of a-synuclein
in yeast leads to the formation of cytoplasmic condensates that resemble those seen in
Parkinson's disease [82,102—104]. Similarly, overexpression of Tau, AB, Htt, and TDP-43 in
yeast also induces the formation of cytoplasmic condensates [78,105-111]. Dissolving these
condensates or preventing their accumulation has been a major therapeutic target in
fundamental research initiatives and clinical trials.
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Figure 4. Humanized yeast model system to study neurodegenerative diseases. The
upper panel shows proteins involved in in neurodegenerative diseases. The lower panel
shows inclusion formation of some of these proteins upon overexpression in yeast cells,
adapted from Frontiers in Molecular Neuroscience, 2018 and The Journal of clinical
investigation, 2005 [112,113].
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2- GAPR-1

Golgi-associated plant pathogenesis-related protein 1 (GAPR-1) is a peripheral
membrane protein located at the cytosolic leaflet of the Golgi apparatus in mammalian
cells [114]. GAPR-1 belongs to the CAP (cysteine-reach secretory proteins, antigen 5,
pathogenesis related-1) superfamily of proteins [115]. The CAP superfamily is
characterized by the presence of a structurally conserved domain called the CAP
domain. The CAP domain is 17 to 21 kDa in size and contains four evolutionarily
conserved elements, the CAP motifs (CAP1- 4) [115,116]. The CAP domain is
characterized by a tertiary structure, an a-B-a sandwich fold. This fold consists of a
central B-sheet, flanked by one a-helix on one side, and three a-helices on the other side
[117]. Despite the structural conservation, a common function for the CAP domain in
the different family members has yet to be identified (Figure. 5). GAPR-1 is considered
to be one of the earliest mammalian CAP proteins in evolution [118]. Whereas many CAP
proteins contain additional amino acids at the N-terminus or C-terminus, GAPR-1, with
a size of 17 kDa, consists almost exclusively of a CAP domain [119]. Therefore, it is a
highly suitable protein to study the CAP domain and its function [116]. Analyzing primary
sequences has revealed that the CAP domains of at least eighteen CAP proteins,
including GAPR-1, contain predicted amyloidogenic regions, most notably in the CAP1
and CAP2 motifs [120]. Amyloidogenic regions facilitate a protein aggregation pathway
from monomers to mature amyloid fibrils with a cross-f sheet structure [121,122]. The
amyloidogenic aggregation pathway consists of multiple reversible reaction steps,
during which intermediates, namely amyloid oligomers and protofibrils, are formed
[123].
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Figure 5. Crystal structure of various family members of the CAP superfamily
of proteins, adapted from Endoc Re. 2008 [115].

As discussed earlier, even though amyloid formation of many proteins is associated with
toxic effects and diseases, amyloid-like behavior of a growing number of proteins is
shown to be functional [12—-16]. Aggregation of these so-called functional amyloids
might, for instance, regulate the protein's stability, the availability of active sites, and



protein-protein interactions (PPIs) [95,122]. As a results of the predicted amyloidogenic
regions in the CAP domain, facilitating the amyloid-like aggregation pathway has been
suggested to be a general feature of the CAP domain [116,124]. In line with this, the
model CAP protein, GAPR-1, has been found to bind the amyloid oligomer-specific A11
antibody [120,125] and forms amyloid-like fibrils in vitro [120,126,127]. Although GAPR-
1 has an intrinsic tendency for oligomer formation, progression to amyloid-like fibrils
requires additional factors. Incubation with negatively charged lipids and inositol
hexaphosphate (IP6) have both been found to induce GAPR-1 amyloid-like fibrillation
[114]. Other factors identified are the divalent cations Zn?* and Cu?*. Co-incubation with
either of these cations and heparin, a negatively charged molecule that is routinely used
to catalyze amyloid formation of amyloidogenic proteins, also induces amyloid-like
fibrillation of GAPR-1 [124,126,127]. The mechanism underlying the stimulation of
aggregation differs per cation. Zn?* binds GAPR-1 at His® and His'%, causing a slight
conformational change, which is responsible for the fibrillation [127]. The Zn?*-binding
residues are located in a central cavity that is highly conserved in CAP proteins,
suggesting that metal binding might be important for the general function of the CAP
domain [127]. Cu®*-induced fibrillation, on the other hand, is independent of the
conserved metal binding site. Additionally, unlike Zn%*-induced fibrillation, it is
dependent on the redox state. Cu?* oxidizes residues Cys3? and Cys®, thereby inducing
the formation of intermolecular disulfide bonds [126]. The oligomers that form due to
the establishment of these disulfide bonds likely function as nuclei to elicit further
aggregation under oxidative conditions. Notably, the oxidation of Cys*? and Cys®® causes
a conformational change similar the one caused by Zn?*[126].

GAPR-1 has been demonstrated to act as a negative regulator of autophagy by retaining
a key autophagy-inducing protein, Beclin 1, at the Golgi membrane [117,128].
Autophagy, a lysosomal degradation pathway, plays a vital role in maintaining cellular
homeostasis, facilitating differentiation, and promoting development. Consequently,
dysfunctions in autophagy have been associated with various diseases, including cancers,
neurodegenerative disorders, cardiovascular diseases, and infectious diseases. Beclin 1
is an integral component of the vacuolar protein sorting 34 (Vps34) complex, which
promotes autophagy [129—-131]. Numerous proteins, such as various Bcl-2 homologs, are
involved in the regulation of autophagy by binding to Beclin 1 and modulating its function
[132,133]. A previous study showed the co-immunoprecipitation of GAPR-1 and Beclin 1
[128]. Additionally, a cell-permeable peptide derived from Beclin 1 (residues 267-284)
efficiently pulled down GAPR-1 and induced autophagy, possibly by competing with
Beclin 1 for binding to GAPR-1 [117,128]. However, the precise mechanism by which
GAPR-1 interacts with Beclin 1 to down-regulate autophagy remains unknown. The
objective of this research was to employ a humanized yeast model system to characterize
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and investigate GAPR-1 oligomerization in vivo. These studies allowed to investigate the
mechanism of interaction between GAPR-1 and Beclin 1, which may have implications
for the role of GAPR-1 in autophagy (Figure. 6).

Autophagy

Figure 6. GAPR-1 is a negative regular of autophagy.



3- Aims and outline of the thesis

This study employs the yeast S. cerevisiae as a model system to investigate the molecular
dynamics of GAPR-1 oligomerization in vivo. The aim is to explore the factors
contributing to and regulating GAPR-1 oligomers and amyloid-like structures in vivo.

Chapter 2 focuses on the assembly of GAPR-1 into biomolecular condensates in yeast
cytosol. The role of metal binding and membrane association in the formation of GAPR-
1 oligomers and biomolecular condensates is investigated. Results show that N-
myristoylation of GAPR-1 is a crucial determinant in early stages of protein condensate
formation. The conserved metal-binding site (His54 and His103) prevents uncontrolled
protein sequestration, and the addition of Zn** metal ions enhance protein condensate
formation.

Chapter 3 introduces the yeast model as a platform for studying protein-protein
interactions (PPls) and explores how GAPR-1 may act as a negative regulator of
autophagy by interacting with Beclin 1. Overexpression of human Beclin 1 in yeast also
results in the formation of protein condensates. Co-expression of GAPR-1 and Beclin 1
leads to a significant reduction of Beclin 1 condensates. This chapter explores the
correlation between amyloid-like interactions and discusses btheir potential impact on
the regulation of autophagy.

Chapter 4 studies the effect of phosphorylation on the oligomeric states of GAPR-1 abnd
Beclin 1 and on the molecular interaction between both proteins. Phosphorylation of
Ser55 is required for GAPR-1 condensate formation, and phosphorylation of
Ser15/Ser30 is required for Beclin 1 condensate formation. Co-expression experiments
reveal that phosphorylation of Ser55 (GAPR-1) and Ser15/30 (Beclin 1) is also required
to interfere with the mutual condensate formation of both proteins upon co-expression.
ULK1/Atgl was shown phosphorylate GAPR-1 and Beclin 1, affecting their amyloidogenic
properties and enhancing their interaction.

Chapter 5 extends the yeast model to screen for interactions between different
amyloidogenic proteins using protein condensate formation as a readout. The study
highlights the versatility of yeast as a model system for investigating various molecular
mechanisms and interactions involved in protein oligomerization.

Chapter 6 discusses various factors influencing protein oligomerization in vivo, focusing
on GAPR-1 oligomerization and biomolecular condensate formation in yeast cytosol.
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GAPR-1 oligomerization in yeast

Abstract

Many proteins that can assemble into higher order structures termed amyloids can also
concentrate into cytoplasmic inclusions via liquid-liquid phase separation. Here, we
study the assembly of human Golgi- associated plant Pathogenesis Related protein 1
(GAPR-1), an amyloidogenic protein of the Cysteine-rich secretory proteins, Antigen 5,
and Pathogenesis-related 1 proteins (CAP) protein superfamily, into cytosolic inclusions
in Saccharomyces cerevisiae. Overexpression of GAPR-1-GFP results in the formation
GAPR-1 oligomers and fluorescent inclusions in yeast cytosol. These cytosolic inclusions
are dynamic and reversible organelles that gradually increase during time of
overexpression and decrease after promoter shut-off. Inclusion formation is, however,
a regulated process that is influenced by factors other than protein expression levels.
We identified N-myristoylation of GAPR-1 as an important determinant at early stages
of inclusion formation. In addition, mutations in the conserved metal-binding site (His54
and His103) enhanced inclusion formation, suggesting that these residues prevent
uncontrolled protein sequestration. In agreement with this, we find that addition of Zn**
metal ions enhance inclusion formation. Furthermore, Zn** reduces GAPR-1 protein
degradation, which indicates stabilization of GAPR-1 in inclusions. We propose that the
properties underlying both the amyloidogenic properties and the reversible
sequestration of GAPR-1 into inclusions play a role in the biological function of GAPR-1
and other CAP family members.

Keywords: GLIPR-2; Condensates; Amyloids; Zinc; Myristoylation
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Introduction

The CAP (Cysteine-rich secretory proteins, Antigen 5, and Pathogenesis-related 1
proteins) superfamily of proteins are widely spread in a variety of species and different
kingdoms of life [1]. The highly conserved CAP domain characterises the CAP family
members and forms a distinct core tertiary structure with a conserved metal-binding
site. Golgi-Associated Plant Pathogenesis Related protein-1 (GAPR-1) is a unique
member of the CAP superfamily, which branched off early in evolution and might well
be the first mammalian CAP protein [2,3]. GAPR-1 is the only mammalian CAP protein
that lacks a signal sequence and localises to the Golgi complex [4]. By retaining Beclin 1
at the Golgi complex, GAPR-1 functions as a negative regulator of autophagy [5-7].
GAPR-1 has a strong tendency to form homodimers and oligomers [7,8]. We showed
that GAPR-1 can form amyloid-like fibrils and that this process is induced by the presence
of negatively charged lipids or heparin and metal ions [6,9,10]. These results show that
different stimuli regulate amyloid-like oligomerisation of GAPR-1 in vitro, and we
speculated that the amyloidogenic scaffold contributes to the regulation of GAPR-1
function in vivo [9-11].

Structured cross B-sheet fibrils, known as amyloids, are highly resistant to degradation
and are associated with more than 50 human diseases known as “amyloidoses” [12—14].
Well known examples include neurodegenerative diseases like Alzheimer’s and
Parkinson’s, where misfolding of AB, tau and a-synuclein is associated with progression
of the disease [15]. The ability to form amyloid structures is, however, not limited to
proteins causing pathology but seems to be a universal property of proteins [16].
Proteins and peptides forming amyloid-like oligomers with beneficial effects are often
referred to as functional amyloids. The formation of these oligomers is tightly regulated
and is characterised by their reversibility and plasticity [11,13,17-19]. Functional
amyloids are implicated in a range of different physiological processes, including
compartmentalisation, regulation of protein activity, storage and degradation [20-25].

Recently it has become clear that proteins with amyloidogenic properties can cluster
into cytoplasmic inclusions [25-29]. Evidence suggests that liquid-liquid phase
separation (LLPS) underlies the formation of these cellular inclusions [30-32]. Although
much remains to be elucidated about the driving forces and the nature of these
biomolecular condensates, it has become clear that they represent distinct
membraneless organelles in cells and that components can reversibly and dynamically
associate with these structures. Transition from dynamic LLPS-mediated membraneless
organelles to more static ones has been reported for several proteins associated with
neurodegenerative disorders such as TDP-43, FUS, a-synuclein, tau and also functional
amyloid-related proteins, including elastin, yeast prion-like protein Sup35, Rim4, and
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yeast pyruvate kinase Cdcl9 [28,31,41,33-40]. These observations suggest a link
between the assemblies of membraneless organelles and amyloid-like protein
behaviour in the cell.

Saccharomyces cerevisiae has been instrumental in the discovery and characterisation
of pathological and functional amyloids [42,43]. Initially, so-called “humanised yeast”
model systems were developed to study the oligomerisation properties of proteins
involved in human amyloidosis like AB, tau and a-synuclein [44-51]. Expression of
amyloidogenic proteins in yeast has several features in common such as the partial SDS-
resistance of protein aggregates and the formation of inclusions or protein aggregates
[40,51,52]. These properties have also been used to verify amyloid-like oligomerisation
of sequence-predicted amyloid-prompt proteins in yeast model systems [51,53-55].
Saccharomyces cerevisiae does not express GAPR-1 and we use this model system to
study human GAPR-1 amyloid-like oligomerisation in vivo. We show that GAPR-1 clusters
into inclusions in yeast cytosol resembling GAPR-1 amyloid-like oligomerisation in vitro.
We discuss the potential implications for the regulation of GAPR-1 function in
autophagy.

Results

GAPR-1 clusters into fluorescent inclusions in yeast cytosol

To study the oligomerisation process of GAPR-1 in vivo, C-terminally tagged GAPR-1 with
either GFP (GAPR-1-GFP) or mCherry (GAPR-1-mCherry) was expressed from 2 plasmid
in yeast under the control of the galactose-inducible promoter (GAL1). Overexpression
of both GAPR-1-tagged variants did not affect yeast growth (Supplementary Fig.1A).
Live-cell fluorescence microscopy was performed with GAPR-1-GFP and representative
images were taken 3h, 6h and 24h post-induction of protein expression. After 3h, the
majority of expressed protein was detected in the cytosol, with ~30% of all fluorescent
cells displaying formation of cytosolic inclusions (Fig.1A, B). The number of inclusions
significantly increased over time, affecting both the number of inclusion-positive cells
(Fig.1B) and the number of inclusions per cell (Fig.1C). At 24h post induction, about 94%
of all cells contained multiple inclusions (Fig.1B) with an average of >5 inclusions per cell
(Fig.1C). The intracellular distribution of fluorescent inclusions also changed over time
from being in close proximity to the plasma membrane at early stages and a more central
cellular location at later stages. After 24h, almost 60% of the yeast cells contained more
than 6 inclusions per cell (Fig.1C). GAPR-1-GFP and GAPR-1-mCherry fusions displayed
similar behaviour in live-cell fluorescence microscopy (Supplementary Fig.1B). To
address whether the formation of inclusions is related to the level of protein expression,
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we assessed GAPR-1-GFP levels in cell lysates by Western blot analysis using an anti-
GAPR-1 antibody. Although we observe a modest increase in expression levels between
3h and 24h (Fig.1D), it seems likely that additional factors affect the observed changes
in inclusion formation (Fig.1A-C).
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Figure 1. GAPR-1 clusters into fluorescent inclusions. A) Representative live-cell
fluorescence microscopy images of yeast cells expressing GAPR-1-GFP from 2 plasmid
(3h, 6h and 24h after induction of protein expression); B) Quantification of cells
displaying GAPR-1-GFP inclusions. For each time point, the number of cells displaying
cytoplasmic inclusions is quantified as described in Materials and Methods and
presented as a percentage of the total number of the cells. Results are expressed as
mean * SD, n=5; C) Quantification of the number of inclusions per cell. The number of
inclusions per cell were categorised into three groups (1-2, 3-5 and 26 per cell). At least
100 cells were counted per experiment. Results are expressed as mean + SD, n=3.
Significance of differences was calculated with two-tailed unpaired t-test (*p < 0.05, **p
< 0.01 and #*xp < 0.001); D) WB analysis of GAPR-1-GFP expressing cells at 3h, 6h and
24h post-induction. Equal amounts of yeast homogenate (20 pg total protein) were
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separated by SDS-PAGE and analysed by WB for the presence of GAPR-1-GFP and GAPDH
(loading control).

GAPR-1-GFP forms oligomeric structures in yeast

To investigate the oligomeric properties of GAPR-1-GFP after expression in yeast, we
performed chemical cross-linking experiments using the amine-to-amine crosslinker
BS3. Expression of GAPR-1-GFP was induced for 6h or 24h, and the crosslinker was added
for 30 minutes at room temperature after mechanical disruption of the cells. Western
blot analysis revealed that at early time points (6h), the majority of overexpressed
protein is in a monomeric state (Fig.2A). In contrast, at 24h post-induction, higher-
molecular weight species are observed in the BS3-treated sample. A hallmark of
amyloid-like oligomerisation in vivo is the partial protein resistance to solubilisation by
SDS. To determine the amyloid-like characteristics of GAPR-1-GFP oligomerisation in
yeast, a protein homogenate was separated into a detergent-soluble and detergent-
insoluble fraction using a mild zwitterionic detergent. The detergent-insoluble fraction
was then treated with 2% SDS and separated into a SDS-soluble and SDS-insoluble
fraction. Western blot analysis showed that GAPR-1-GFP is partially soluble in mild
detergent (Fig.2B). After subsequent SDS treatment of the detergent-insoluble fraction,
about 50% of GAPR-1-GFP remained insoluble (Fig.2B; Supplementary Fig.2A). Under
these conditions, expression of GFP alone did not result in any detergent-insoluble
material, even in the presence of only mild detergent (Fig.2B).

To obtain additional evidence for the amyloidogenic behaviour of GAPR-1-GFP, we
performed Thioflavin T (ThT) fluorescence imaging of yeast cells. The ThT reagent
becomes fluorescent upon intercalation into B-sheet structures of amyloid-like
oligomers in vivo and in vitro [56,57]. Empty vector p423, GFP and GAPR-1-GFP
expression was induced for 24h and after staining of cells with ThT, total fluorescent
intensity of cells was measured using 96 well plate reader. As it is shown in Fig.2C, there
was a significant increase in total ThT signal in the presence of GAPR-1-GFP comparing
with empty vector and GFP. Live-cell microscopy of the ThT stained cells showed ThT
labelling of GAPR-1-GFP and GAPR-1-mCherry inclusions (Fig.2D). The ThT signal was no
due to spectral overlap with GFP as in the absence of ThT, no ThT-positive inclusions
could be observed (Supplementary Fig.2B).
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Figure 2. GAPR-1-GFP has oligomeric properties in vivo. A) Equal number of GAPR-1-GFP
expressing cells were collected 6h and 24h post-induction of protein expression. Yeast
homogenates (20 pug protein) were treated without (Control) or with 2.5 mM BS3 (final
concentration) for 30 minutes at room temperature. Proteins were separated by SDS-
PAGE and analysed by WB using an anti-GAPR-1 antibody. High molecular weight species
(12% of total, based on densitometric analysis, see Supplementary Fig.1C) with a mass
of 80-130 kDa are indicated; B) GAPR-1-GFP or GFP expression was induced for 24h. Cells
(10 OD600) were collected, homogenised and homogenates were prepared using Y-
PERTM reagent. After centrifugation, the pellet was treated with 2% SDS and separated
into a SDS-soluble and SDS-insoluble fraction as described in Materials and Methods.
The same volume (20 ul) of each sample was separated by SDS-PAGE and analysed by
WB using an anti-GFP antibody; C) Total fluorescence intensity of Thioflavin T-stained
cells after 24h empty vector, GFP and GAPR-1-GFP expression. The results are expressed
as the mean = SEM, n=4. Significance of differences was calculated with Welch t-test,
corrected for multiple testing with Benjamini/Hochberg (**p < 0.01); D) Representative
microscopic images of cells carrying empty vector, GFP, GAPR-1-GFP and GAPR-1-
mCherry proteins after 24h expression and stained with 5 uM Thioflavin T.
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N-myristoylation of GAPR-1-GFP promotes inclusion formation

Membrane binding of numerous amyloidogenic proteins has been shown to promote
amyloid nucleation and subsequent fibril formation in vivo and in vitro [11,58-61]. The
membrane association of GAPR-1-GFP with yeast membranes was investigated by
isopycnic density-gradient centrifugation of yeast homogenates obtained by mechanical
homogenisation. GAPR-1-GFP was found mainly enriched in the high-density fractions
10-14 (37-41% sucrose density) (Fig.3A). About 20 % of GAPR-1-GFP migrated with the
low-density sucrose fractions 1-9 (25-36% sucrose density), suggesting that GAPR-1 is
partially associated with membranes. When 1% Triton X-100 was added to the
homogenate prior to the flotation, GAPR-1-GFP disappeared from the membrane
fractions (1-9) (Fig.3A), supporting the conclusion that GAPR-GFP is partially associated
with membranes. To assess the role of N-myristoylation in membrane association of
GAPR-1-GFP and in the formation of protein inclusions, a GAPR-1 mutant lacking the N-
terminal myristoylation consensus sequence (G2A; Amyr-GAPR-1-GFP) was constructed
by site-directed mutagenesis. Isopycnic density-gradient centrifugation showed that
Amyr-GAPR-1-GFP is found only in the high-density fractions (10-14), both in the
presence and absence of 1% TX-100, suggesting that Amyr-GAPR-1-GFP does not
associate with membranes (Fig.3B; Supplementary Fig.2C). The cellular distribution of
Amyr-GAPR-1-GFP was studied in time by live-cell fluorescence microscopy and
representative images were taken at 3h, 6h and 24h post-induction (Fig.3C). At early
time points (3h and 6h), Amyr-GAPR-1-GFP remained cytosolic and only after 24h single
inclusions were found in about 36% of the cells (Fig.3D). Under these conditions, the
protein levels of Amyr-GAPR-1-GFP are similar to the expression levels of GAPR-1-GFP
(Supplementary Fig.2D) and they did not significantly change between the different time
points (Fig.3E). These results indicate that the inclusion formation is subject to
regulation by myristoylation of GAPR-1. To exclude the possibility that the myr-sequence
itself plays a role in the aggregation process, independent of myristoylation, we
overexpressed GAPR-1-GFP and Amyr-GAPR-1-GFP in a yeast strain deficient in N-
myristoyl transferase (ANMT1). The phenotype of both GAPR-1-GFP and Amyr-GAPR-1-
GFP in ANMT1 cells (Supplementary Fig.2E) resembled the phenotype of Amyr-GAPR-1-
GFP in wildtype yeast cells (Fig.3C). These results suggest that i) the myr-sequence itself
does not play a role in the aggregation process, and ii) GAPR-1-GFP is myristoylated in
wildtype yeast cells.

Interestingly, Amyr-GAPR-1-GFP had similar amyloid-like characteristics as compared to
GAPR-1-GFP based on its ThT staining (Fig.3F, cf. Fig.2D) and SDS-insoluble
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characteristics (Fig.3E, cf. Fig.2B and Supplementary Fig.2A). Despite these similar
amyloid-like characteristics, Amyr-GAPR-1-GFP is hampered in the formation of
inclusions. Myristoylation likely accelerates the formation of protein inclusions by
promoting membranes to function as a seeding platform for the assembly of GAPR-1
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Figure 3. N-myristoylation of GAPR-1-GFP promotes formation of inclusions.A) GAPR-1-
GFP expressing cells (24h) were collected, homogenised and treated without or with 1%
TX-100 for 30 minutes on ice, followed by isopycnic density-gradient centrifugation.
Fractions were collected from top to bottom and proteins in each fraction were
separated by SDS-PAGE and analysed by WB using an anti-GAPR-1 antibody; B) Amyr-
GAPR-1-GFP expressing cells (24h) were collected and analysed by isopycnic density-
gradient centrifugation and WB analysis as described for panel A; C) Representative live-
cell fluorescence microscopy images of cells after induction of Amyr-GAPR-1-GFP
expression (3h, 6h and 24h); D) Quantification of cells displaying Amyr-GAPR-1-GFP
fluorescent inclusions as described in Materials and Methods. Results are expressed as
mean = SD, n=5; E) Amyr-GAPR-1-GFP expressing cells were collected at 3h, 6h and 24h
post-induction and total homogenates were prepared. Equal amounts of homogenate
(20 pg protein) were separated by SDS-PAGE and analysed by WB for the presence of
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GAPR-1 and GAPDH (loading control); F) Representative images of cells carrying Amyr-
GAPR-1-GFP protein after 24h expression and stained with 5 uM Thioflavin T; G) Amyr-
GAPR-1-GFP or GFP expression was induced for 24h. Total homogenates were prepared
using Y-PERTM reagent. After centrifugation, the pellet was treated with 2% SDS and
separated into a SDS-soluble and SDS-insoluble fraction as described in Materials and
Methods. The same volume (20 pl) of each sample was separated by SDS-PAGE and
analysed by WB using an anti-GFP antibody.

Metal-ions affect the formation of GAPR-1-GFP inclusions

We previously showed that zinc and copper ions induce GAPR-1 amyloid-like
aggregation in vitro in the presence of heparin [9;10]. Therefore, we assessed the role
of zinc in the formation of GAPR-1-GFP inclusions in yeast. Concentrations up to 10 mM
ZnCl; are well tolerated by yeast cells (Supplementary Fig.3A), in agreement with results
obtained by others [62]. We conducted live-cell fluorescence microscopy of cells in the
absence and presence of 5 mM zincions and quantified the number of inclusion forming
cells at three time points (3h, 6h and 24h). The percentage of fluorescent inclusions
forming cells at 3h post-induction almost doubled in the presence of zinc, reaching about
60% of the cells carrying fluorescent inclusions (Fig.4A). Representative images after 3h
post-induction are shown in Figure 4B. The number of inclusions per cell also
significantly changed at this early time point and showed a predominance of the “> 6

|II

inclusions pool” in comparison to the control cells (Fig.4C). These alterations were not
triggered by different protein levels, as shown by Western blot analysis (Fig.4D).
Preliminary evidence shows similar effects in the presence of 2 mM Cu?* (Supplementary
Fig. 3B,C). The data reveal that GAPR-1-GFP amyloid-like oligomerisation in vivo is

influenced by zinc, similar to GAPR-1 amyloid aggregation in vitro [9].
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Figure 4. Metal-ions affect the formation of GAPR-1-GFP inclusions. Cells were incubated
in the absence or presence of 5mM Zn?* for 3h, 6h, and 24h after induction of GAPR-1-
GFP expression A) Quantification of the percentage of cells displaying GAPR-1-GFP
inclusions at 3h, 6h and 24h post-induction. For each time point, the number of cells
displaying cytoplasmic inclusions is quantified as described in Materials and Methods
and presented as percentage of the total number of the cells. The results are expressed
as mean * SD, n=5. Significance of differences was calculated with two-tailed unpaired
t-test (+**p < 0.001); B) Representative live-cell fluorescence microscopy images of cells,
3h after expressing GAPR1-GFP in the absence or presence of 5 mM ZnCly; C) Number of
fluorescence inclusions per cell were quantified as described in Materials and Methods
and plotted in three groups (1-2, 3-5 and 26 inclusions per cell). The results are expressed
as mean * SD, n=3. Significance of differences was calculated with two-tailed unpaired
t-test (*p < 0.05); D) WB analysis of homogenates (20 ug total protein) from GAPR-1-GFP
expressing cells (3h) in the absence or presence of 5 mM ZnCl, using an anti-GAPR-1
antibody. Anti-GAPDH antibody served as a loading control.
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Zn?** stabilises GAPR-1 protein inclusions

Next, we performed pulse-chase experiments to study the dynamics of GAPR-1
inclusions. To this end, GAPR1-GFP expression was first induced for 24h in galactose-
containing medium to generate GAPR-1 inclusions. Subsequently, the cells were shifted
to glucose-containing medium to repress the promoter and to decrease the
concentration of GAPR-1. Yeast cells were imaged at different time points after
promoter shut-off and the percentage of cells with inclusions was determined. After
promoter shut-off, both GAPR-1-GFP inclusions (Figs.5A, 5E control) and total GAPR-1
concentrations (Fig.5B) gradually decreased over time, which was accompanied by an
increased cytosolic signal (Fig.5A). To investigate the dynamics of GAPR-1 protein
inclusions in more detail, Fluorescence Recovery After Photo-bleaching (FRAP) analysis
was performed on single fluorescent inclusions. After bleaching, GAPR-1-GFP inclusions
were partially recovered in less than 2 minutes, indicating a dynamic association of
GAPR-1-GFP with protein inclusions (Fig.5C, top panel). The fluorescence recovery in the
presence of zinc ions was slightly faster as compared to the control cells (Fig.5C, bottom
panel), suggesting that Zn?* tweaks the equilibrium and stabilises GAPR-1 in inclusions.
Indeed, the kinetics of protein degradation was much slower in the presence of Zn%,
resulting in significantly higher GAPR-1-GFP levels at 6h post-shut-off (Fig.5D, left panel).
Under these conditions, Zn?* did not affect the degradation of GFP (Fig.5D (right panel),
showing that the presence of Zn?* does not affect the protein degradation machinery
itself. These results indicate that Zn?* reduces the protein dynamics and stabilises GAPR-
1-GFP inclusions, thus preventing it from degradation. In agreement with this, we find
that after promotor shut-off, the amount of fluorescent inclusions positive cells (Fig.5E)
as well as the number of inclusions per cell (Fig.5F) is significantly increased in the
presence of Zn%*.
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Figure 5. Zn?* stabilises dynamic GAPR-1 protein inclusions. Pulse-chase analysis of
protein expression. A) Live-cell fluorescence microscopy of yeast cells expressing GAPR-
1-GFP after 24h induction (time point Oh) and after promoter shut-off (1h, 2h, 3h, 6h
and 8h; B) WB analysis of GAPR-1-GFP levels. Equal amounts of homogenates (20 ug
total protein) were separated by SDS-PAGE and analysed by WB (top panel).
Densitometric analysis of the immuno-detection of GAPR-1-GFP was determined
relative to the intensity of GAPDH (bottom panel). Results are shown as one
representative experiment from a total of three independent experiments; C)
Fluorescence Recovery After Photo-bleaching (FRAP) time lapse recording of a GAPR-1-
GFP inclusion, and FRAP recovery curves of cells expressing GAPR-1-GFP in SC-galactose
medium in the absence (control) and presence of 5 mM ZnCl,, at the indicated time
points. At least 15 inclusions in different cells were analysed. Each plot represents mean
+ SD for each time point for all FRAP experiments; D) Pulse-chase analysis in absence or
presence of zinc ions. Protein expression of GAPR-1-GFP (left panel) or GFP (right panel)
was induced for 24h (time point Oh), followed by promoter shut-off. Cells from Oh, 3h
and at 6h post-shut-off were collected and analysed by WB for the presence of GAPR-1-
GFP and GAPDH (loading control). Densitometric analysis of the immuno-detection of
GAPR-1-GFP and GFP were determined relative to the intensity of GAPDH (*p < 0.05;
=3); E) Cells expressing GAPR-1-GFP from (B) were analysed by live-cell fluorescence
microscopy and percentage of cells displaying fluorescence inclusions at Oh, 3h and 6h
post-shut-off GAPR-1-GFP expression in the absence or presence of Zn?* were quantified
in at least 200 cells. The results are expressed as means * SD (**p < 0.01, ***p < 0.001;
n=3). Differences between groups were statistically determined by using two-tailed
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unpaired t-test; F) Quantification of the number of fluorescence inclusions per cell after
6h promoter shut-off. Number of fluorescence inclusions per cell (from condition E)
were categorised into three groups (1-2, 3-5 and 26 inclusions). At least 100 cells were
counted per experiment. The results are expressed as mean + SD, n=3.

The conserved metal-binding pocket of GAPR-1 affects the formation of inclusions

Zinc-dependent amyloid-like oligomerisation of GAPR-1 in vitro requires two conserved
histidine residues (H54 and H103) [9]. To investigate the requirement of these histidines
for the formation of GAPR-1 inclusions, GAPR-1-GFP mutants were constructed using
site-directed mutagenesis (H54V, H103V, and H54V/H103V). Spotting assays revealed
unperturbed growth of yeast cells expressing either of these mutants GAPR-1-GFP
(Supplementary Fig.1A). The expressed histidine GAPR-1-GFP mutant proteins remained
soluble after 100.000 xg centrifugation of yeast homogenates, indicating that the
mutations did not disrupt protein folding (Supplementary Fig.4A). Live fluorescence
microscopy of yeast cells after expression of H103V and H54V/H103V mutants showed
that both mutants reached more than 80% inclusion-positive cells within 3h (Fig.6A,B;
Control). These mutants did not show an additional sensitivity to zinc treatment
anymore. Only the H54V mutant showed a moderate effect on inclusion formation in
comparison to wild type GAPR-1-GFP and still showed a small but significant zinc effect
on inclusion formation (Figs.6A, B). The steady-state protein levels of all expressed
mutants were comparable in absence and presence of zinc (Fig.6C), showing that the
observed phenotypes are not due to different levels of protein expression. To exclude a
valine-specific effect on the phenotype of GAPR-1 histidine mutations, we found that
the formation of protein inclusions and the sensitivity to zinc were similarly affected
after replacement of histidine by alanine (H54A, H103A, and H54A/H103A)
(Supplementary Fig.4B).

To explore whether myristoylation is still required for the enhanced inclusion formation
in GAPR-1 His54V or His103V mutants, mutants lacking both the consensus sequence for
myristoylation (Amyr) and the metal-binding pocket (H54V/H103V) were created. As
shown in Figure 6D, all three mutants (AmyrH54V, AmyrH103V and AmyrH54V/H103V)
remained predominantly soluble and insensitive to zinc treatment (Figs.6D, 6F) under
conditions of similar levels of protein expression (Fig.6E). Thus, myristoylation remains
a strong determinant for inclusion formation.
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Figure 6. The conserved metal-binding pocket of GAPR-1 affects the formation of
inclusions. Cells were transformed with GFP, GAPR-1-GFP, H54V, H103V and
H54V/H103V (zinc ion binding sites-mutants) plasmids and protein expression was
induced for 3h in the absence and presence of 5 mM ZnCl,. A) Live-cell fluorescence
microscopy images of representative cells; B) Quantification of fluorescent inclusions in
cells that were incubated as described for panel A as described in Materials and
Methods; C) Homogenates (20 pg protein) from each condition (A) were separated by
SDS-PAGE and analysed by WB for the presence of GAPR-1-GFP and GAPDH (loading
control); D) Representative live-cell fluorescence microscopy images of cells expressing
myristoylation mutants of GAPR-1 (Amyr-GAPR-1, Amyr-H54V, Amyr-H103V and Amyr-
H54V/H103V). Protein expression was induced for 3h in the absence or presence of 5
mM ZnCl,; E) Homogenates (20 pg protein) from each condition (D) was analysed by WB
using an anti-GAPR-1 and anti-GAPDH (loading control) antibodies; F) Quantification of
cells displaying fluorescent inclusion as described in Materials and Methods. The results
from B and F are expressed as mean + SD, n=3. Significance of differences was calculated
with two-tailed unpaired t-test (**p < 0.01; ***p < 0.001).
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Discussion

GAPR-1 possesses amyloidogenic properties in vitro that are regulated by various factors
such as negatively charged membranes and metal ions [6,7,9,10]. Here, we used the
yeast S. cerevisiae to investigate the amyloid-like oligomerisation properties of GAPR-1-
GFP in vivo. The involvement of the metal-binding site (His54 and His103) in the
formation of GAPR-1 inclusions in vivo is strikingly similar to their involvement in Zn?*
dependent GAPR-1 amyloid-like aggregation in vitro [43].

Hallmarks for the amyloidogenic behaviour of proteins overexpressed in yeast include
SDS-resistance, ThT fluorescence, and formation of protein inclusions [50,52-55,63—-67].
In the current study, we show that GAPR-1-GFP expression in yeast fulfils these criteria
and results in the formation of SDS-resistant aggregates, elevated ThT fluorescence and
formation of intracellular protein inclusions. In contrast to pathological amyloids
[43,48,51,68—71] and similar to functional amyloids [20,72,73], GAPR-1-GFP expression
is not toxic for the cells. These observations support the concept that in vivo amyloid-
like oligomerisation of GAPR-1 may have functional relevance [11]. GAPR-1 is bound to
Golgi membranes and multiple factors may control its oligomeric status, such as the
biophysical properties of the membranes that provide a specific surface catalysing
structural changes (discussed below), specific negatively charged lipids interacting with
GAPR-1 [4], and specific metal ions in the cytosol [9,10]. The oligomeric status of GAPR-
1 could control GAPR-1 function and/or affect protein-protein interactions. GAPR-1 was
identified as a negative regulator of the autophagic pathway. In agreement with our
current findings, we recently suggested that GAPR-1 oligomerisation could be involved
in the interaction with other components of the autophagic machinery and thus be
essential for the GAPR-1 dependent autophagy regulation [11].

Membranes can serve as catalytic sites that promote the (mis)folding and aggregation
of bound amyloidogenic proteins [74,75]. In the past, we showed that GAPR-1 is stably
bound to Golgi membranes by a mechanism which involves myristoylation of the N-
terminus [2]. The myristoyl-group is, however, not essential for the formation of GAPR-
1 amyloid-like fibrils in vitro, as recombinant non-myristoylated GAPR-1 aggregates to
amyloid-like fibrils in the presence of a seeding platform [6,9,10,76]. In agreement with
this, we now show that expression of Amyr-GAPR-1-GFP in yeast cells also results in the
formation of inclusions, albeit at much reduced efficiency as compared to GAPR-1-GFP.
Myristoylation, together with relatively strong electrostatic interactions (GAPR-1 has an
IP of 9.4), causes efficient interaction with membranes in mammalian cells [77]. In yeast
cells, the partial distribution of overexpressed GAPR-1 between membranes and cytosol
may be the result of suboptimal N-myristoylation due to high overexpression levels of
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GAPR-1-GFP or differences in substrate specificity of orthologous N-myristoyl-
transferases [78].

Protein binding to membranes results in increased local concentrations and hence
improved conditions for seed formation, which in turn accelerates amyloid-like
oligomerisation and the formation of protein inclusions. Interestingly, there is no
difference in SDS-solubility between Amyr-GAPR-1-GFP (Fig.3) and GAPR-1-GFP (Fig.2),
suggesting that the amyloidogenic properties are an intrinsic property of the GAPR-1
protein. In agreement with this, we previously reported that GAPR-1 possesses intrinsic
amyloidogenic properties based on the finding that purified recombinant GAPR-1 binds
to an A1l antibody that recognises the common fold of pre-fibrillar oligomers [6]. The
difference in efficiency of inclusion formation between Amyr-GAPR-1-GFP and GAPR-1-
GFP strongly suggests that myristoylation catalyses the slowest step in inclusion
formation, namely the clustering of GAPR-1 monomers and/or oligomers into protein
inclusions. In addition, myristoylation acts upstream of the formation of protein
inclusions as the effects of mutations to the metal-binding site on inclusion formation
are largely prevented when myristoylation of GAPR-1 is prohibited (Fig.6). Of course, this
does not exclude a potential role for myristoylation in the protein folding process itself,
affecting the seeding process independent of membranes.

The process of in vitro amyloid-like aggregation of GAPR-1 requires small structural
changes at early stages and large structural rearrangements for the formation of
amyloid-like fibrils at later stages in the process [9,10]. The small structural changes can
be induced by metal-ion-binding to the highly conserved metal-binding site that involves
His54 and His103, resulting in enhanced sensitivity of proteases and the specific cleavage
of a C-terminal fragment [9,10]. /n vivo, we now confirm the sensitivity to zinc and show
that the addition of zinc ions as well as a mutation of the GAPR-1 metal-binding site leads
to an increase of inclusions (Fig.6). Together, these results suggest that small
conformational changes in the GAPR-1 structure enhances protein clustering in
inclusions and that inclusion formation resembles the early stages of GAPR-1 amyloid-
like aggregation in vitro (Supplementary Fig.5). The enhanced accumulation of GAPR-1
in inclusions indicates stabilization of GAPR-1 in inclusions, resulting in reduced GAPR-1
dynamics into (FRAP) and from (protein degradation) inclusions (Fig.5). Stabilization of
these structures that resemble early stages in amyloid-like aggregation formation are
then predicted to inhibit amyloid-like fibril formation that occurs later during the process
[12,14,16]. Indeed, a reduced amyloid-like fibril formation of GAPR-1 was observed upon
mutations in the GAPR-1 metal-binding site [9,10].
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In summary, our results suggest a sequence of events that results in the formation of
amyloid-like oligomers and fibrils summarised in Supplementary Fig.3: i) myristoylation
acts early in the formation of protein inclusions as the effects of Zn?* and mutations to
the metal-binding site are largely prevented by mutations to the myristoylation site; ii)
the metal-binding site is involved in the induction of small structural changes resulting
in the formation of protein inclusions; iii) large structural changes required for the
formation of GAPR-1 amyloids occur at later stages and that have (so far) only been
observed in vitro with non-myristoylated GAPR-1. GAPR-1 consists almost exclusively of
a CAP domain without additional extensions [1,2,8]. We propose that metal-binding, in
combination with a specific seeding platform, triggers oligomerisation to regulate the
biological functions of various CAP family members. The yeast system may provide a
beneficial model to elucidate the molecular mechanisms underlying protein
oligomerisation of other CAP family members as well.

Materials and Methods

Yeast strain and plasmids

Wild type yeast strain W303 was transformed by Frozen-EZ yeast kit from Zymo research
(Zymo Research, Orange, CA, USA) with a high copy (2) plasmid p423 carrying different
constructs with C-terminally-tagged GFP (Table 1). Yeast strains BY4741 (wild type and
ANMT1-181 were obtained from EUROSCARF (Oberursel, Germany).

To construct PGALI-GAPR-1-GFP and PGALI-GAPR-1-mCherry fragments, GAPR-1, GFP
and mCherry sequences (Supplementary Table.1 for primers) were amplified by PCR and
were inserted into the plasmid p423, previously linearised at Smal restriction site, by
using Geneart® seamless cloning assembly kit (Invitrogen, California, USA). All mutants
were constructed by using PhusionTM site-directed mutagenesis kit (Thermo Scientific,
Massachusetts, USA). The primers are listed in Supplementary Table.1.

Yeast culture media

Cells were pre-grown overnight in synthetic complete medium lacking the
corresponding marker (SC-His) and supplemented with either 2% glucose or 2%
galactose at 30°C with orbital agitation (200 rpm) for 18 hours (overnight). The next day,
optical density at 600 nm (OD600 nm) was measured, and the cells were placed in
selective SC medium (OD600=0.1) supplemented with 2% galactose to induce protein
expression. After 3, 6 and 24h, cells were collected to obtain total cell homogenates or
were observed under live-cell microscope Nikon Eclipse Ti-E (Nikon).
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Table 1. Plasmids used in this study

Plasmid Description Source
D. Mumberg, R. Muller, M. Funk, Regulatable promoters of
423- 2um; HIS3; | Saccharomyces cerevisiae: comparison of transcriptional
gALl GAL1pr; activity and their use for heterologous expression, Nucleic
CYC1term; AmpR Acids Res. 22 (1994) 5767-5768.
https://doi.org/10.1093/nar/22.25.5767. [79]
D. Petroi, B. Popova, N. Taheri-Talesh, S. lIrniger, H.
Shahpasandzadeh, M. Zweckstetter, T.F. Outeiro, G.H. Braus,
Aggregate Clearance of o-Synuclein in Saccharomyces
pPME3759 | p426-GAL1-GFP cerevisiae Depends More on Autophagosome and Vacuole
Function Than on the Proteasome, J. Biol. Chem. 287 (2012)
27567-27579. https://doi.org/10.1074/jbc.M112.361865.
(80]
p423-GAL1-GAPR- .
pNS 1000 1-GEP This study
p423-GAL1- Amyr .
pNS 1001 GAPR-1-GFP This study
p423-GAL1- H54V .
pNS 1002 GAPR-1-GFP This study
p423-GAL1-
pNS 1003 | H103V  GAPR-1- | This study
GFP
p423-GAL1-
pNs 1004 | H54V/H103V This study
GAPR-1-GFP
p423-GAL1- Amyr .
pNS 1016 H54V GAPR-1-GFP This study
p423-GAL1- Amyr
pNS 1017 | H103V  GAPR-1- | This study
GFP
p423-GAL1- Amyr
pNs 1018 | H54V/H103V This study
GAPR-1-GFP
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Spotting assay

All spotting assays were performed under the same conditions. Ten-fold serial dilutions
starting with an equal number of cells (OD600=0.1) were performed in sterile water.
Drops of 10 ul were then spotted on SC plates lacking the corresponding marker (SC-His)
and supplemented with either 2% glucose or 2% galactose. Three independent
experiments from fresh transformants were performed, followed by a 3 days incubation
at 30°C, after which the plates were scanned.

Fluorescence microscopy

Cells were visualised at different time points after induction (3h, 6h, and 24h) using
Nikon Eclipse Ti-E microscope (Nikon) equipped with the Perfect Focus System (Nikon)
Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon), a spinning disk-based confocal
scanner unit (CSU-X1-A1, Yokogawa), and the ET-GFP filter set (49002, Chroma). For
quantification, at least 300 cells were counted per condition and per experiment. For
each condition, the number of cells displaying cytoplasmic inclusions were calculated
relative to the total number of cells counted (with inclusions or cytoplasmic distribution).
The number of inclusions per cell was determined by counting 100 cells and the inclusion
positive cells were categorised in 3 groups: 1) 1-2 inclusions per cell, 2) 3-5 inclusions
per cell, and 3) 6 or more than 6 inclusions per cell. At least three independent
experiments with freshly transformed constructs were performed.

Protein extraction and Western blotting

10 OD units of cells were collected by centrifugation, washed with sterile water and lysed
with 200 pl of Y-PERTM reagent (Thermo Scientific, Massachusetts, USA) containing
fresh protease inhibitors (Aprotinin, Leupeptin, Pepstatin, PMSF) (Sigma Aldrich, St.
Louis, USA). Lysed cells were incubated for 20 minutes at room temperature, followed
by a 15 minute centrifugation at 13000 rpm. The supernatant containing total yeast
homogenates were collected for further analysis. Yeast homogenates (20 ug protein)
was mixed with Laemmli sample buffer, incubated for 5 minutes at 100°C and separated
by SDS-PAGE (12% polyacrylamide). Proteins were transferred onto 0.45 um
nitrocellulose membranes (Amersham Protran GE Healthcare) by Western blot at 90 V
for 1h. The presence of GAPR-1 was analysed using a rabbit polyclonal anti-GAPR-1
antibody [2]. A monoclonal anti-GAPDH antibody (Thermo Scientific, Massachusetts,
USA) was used as a loading control. Peroxidase-conjugated goat anti-rabbit antibody
(Nordic-Mubio, Susteren, The Netherlands) was used as a secondary antibody. Western
blot analysis was performed using the SuperSignalTM reagents (Thermo Scientific,
Massachusetts, USA) and ChemiDocTM MP Imaging system (BioRad, Hercules,
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California, USA). For quantification of Western blots, pixel density values from TIFF files
were analysed with Image Lab SoftwareTM. Sample density values were normalised to
the corresponding GAPDH loading control. The statistical significance was calculated
using two-tailed unpaired t-test.

SDS Solubility test

10 OD unites of cells were collected after 24h induction, homogenised and total protein
homogenate was prepared using Y-PERTM reagent. 1/10 of the homogenate was
collected as input. 9/10 of the sample was centrifuged at 100,000 x g for 30 minutes and
the detergent-soluble supernatant was collected. The detergent-insoluble pellet was
treated with 2% SDS (180 pl for 30 minutes at 4° C) and separated by centrifugation
(100,000 x g for 30 minutes) into a SDS-soluble and SDS-insoluble fraction. The same
volume (20 pl) of each sample was separated by SDS-PAGE and analysed by Western
blot using an anti-GFP antibody.For the dot blot analyses, 50 pl (30 ug) of each sample
was loaded directly onto 0.45 um nitrocellulose membranes (Amersham Protran GE
Healthcare) and analysed by an anti-GAPR-1 and anti-GFP antibodies.

Crosslinking assay

10 OD units of cells were collected at 6 and 24h post-induction of GAPR-1-GFP protein
expression. A homogenate was prepared by mechanical homogenisation with glass
beads (0.25-0.5 mm, Carl Roth, Kalrsruhe, Germany). The homogenate (100 pg) was
divided equally into two groups. Bis (sulfosuccinimidyl) suberate (BS3) (Pierce
Biotechnology, Rockford, IL, USA) was added in a 30-fold molar excess to the protein
concentration to one of the groups and both groups were incubated for 30 minutes at
room temperature. 0.5 M Tris pH 7.4 was added to quench the reaction. The proteins
and cross-linked products were analysed by SDS-PAGE and Western blot.

Promoter shut-off study

Yeast cells containing GAPR-1-GFP constructs were cultured in SC selective medium
supplemented with 2% raffinose overnight. The medium was changed to SC selective
medium supplemented with 2% galactose to induce the GAPR-1-GFP expression for 24h.
The cells were pelleted, washed two times with water and shifted to SC medium
supplemented with 2% glucose to shut-off the GALI promoter [80]. Cells were visualised
at different time points after promoter shut-off by fluorescence microscopy. The
number of cells displaying GAPR-1-GFP inclusions were counted. Western blot analysis
was performed as described above with homogenates prepared from cells collected at
different time points after promoter shut-off.
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Thioflavin T staining

Yeast cells were stained with Thioflavin T according to a protocol adapted from Johnson
et al [81] with minor modifications. Briefly, yeast cells were pre-grown overnight in SC-
2% raffinose and then induced for 24h in SC-2% galactose. Cells were harvested with a
final OD of 0.25-1.0 and washed in 5 ml of PM [0.1 M KPO4 (pH 7.5) and 1 mM MgCl2],
then re-suspended in PMST [0.1 M KPO4 (pH 7.5), 1 mM MgCl2, 1 M Sorbitol and 0.1%
Tween 20] to a final OD of 10. To make spheroplasts, 100 pl of the cell suspension was
incubated with 0.6 pul of 2-mercaptoethanol and 1 mg/ml Zymolyase (Zymo Research,
Orange, CA, USA) for 15 minutes. Spheroplasted cells were washed once in PMST and
re-suspended in 100 pl of PMST. Cells were then incubated 30 minutes at room
temperature with 5 uM Thioflavin T (Sigma Aldrich, St. Louis, USA), followed by washing
3 times with PMST for 30 minutes. Cells were observed using Nikon Eclipse Ti-E
microscope (Nikon) equipped with the Perfect Focus System (Nikon) Nikon Apo TIRF
100x N.A. 1.49 oil objective (Nikon) and a spinning disk-based confocal scanner unit
(CSU-X1-A1, Yokogawa). GFP, mCherry and Thioflavin T signals were detected in GFP,
mCherry and CFP channels, respectively. For measuring total ThT fluorescence intensity
by a microplate reader, 100 pl of cells was pipetted into a 96-well plate (black plastic
plate with glass bottom, Greiner Bio-One, Frickenhausen, Germany). ThT (excitation at
380-420 nm, emission between 471-569, step size 5 nm) was measured with a
microplate reader (CLARIOstar, BMG Labtech, Offenburg, Germany) using preset filter
settings. Data were visualised and analysed in RStudio (v1.0.153, R v3.4.4) using R-
package ggplot2 (v2.2.1). Total fluorescence per sample was calculated by integrating
the areas under the curve between 480-510 nm (ThT).

Isopycnic sucrose density gradients and TX-100 treatment

Expressions of GAPR-1-GFP, Amyr-GAPR-1-GFP and GFP (as control) were induced for
24h in SC selective medium supplemented with 2% galactose. Cells were mechanically
lysed with glass beads (0.25-0.5 mm, Carl Roth, Kalrsruhe, Germany). After
centrifugation (13000 rpm for 15 minutes at 4°C), supernatants were collected and
treated with or without 1% TX-100 for 30 minutes on ice. A sucrose gradient (37-35-29%
sucrose in PBS buffer) was layered on top of 500 pl samples (adjusted to 37% sucrose
and 50 ug total protein) in SW60-2 tubes (Beckman Coulter, Brea, California, USA). The
samples were centrifuged at 60,000 rpm for 18 hours in an ultracentrifuge. Fractions
(350 pl) were collected from top to bottom of the gradients and were precipitated with
Chloroform/Methanol (1/2). Samples were analysed by SDS-PAGE and Western blotting
for the presence of GAPR-1 using specific antibodies (anti-GAPR-1 polyclonal antibody).
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Fluorescence Recovery After Photo-bleaching (FRAP) analysis

Yeast cells harbouring GAPR-1-GFP were pre-grown overnight in SC selective medium
containing 2% raffinose followed by 24h induction in SC medium containing 2%
galactose supplemented with or without 5 mM ZnCl; (Sigma Aldrich (St. Louis, USA). Cells
were collected by centrifugation and re-suspended in PBS containing 0.5% low melting
agarose on a microscope slide. FRAP experiments were performed using a Nikon A1Rsi
microscope (Nikon) at room temperature. Images were acquired using a
PlanApochromat 63x/1.4 gNA objective with frame size 256x256, pixel width 91 nm and
pixel time 4.44 ys at intervals of 1 seconds with pinhole set to 1.5 Airy unit. In each FRAP
experiment, a single focus at the central focal plane was bleached using the 488 nm laser
line at 100% laser transmission on a circular region of interest (ROI) with a diameter of
8 pixels (0.7 um radius) for 30 minutes. For imaging, the transmission of the 488 nm laser
was set to 1% of the bleach intensity. Regions of interests (ROI) were defined for
bleached spots, as well as for non-bleached spots. Mean fluorescence intensities for all
ROIs were quantified over time using ImageJ (v1.50b). For every time point, signals from
bleached spots were normalised to the signals from non-bleached spots to correct for
fluorophore fading caused by image acquisition.

Statistical Analysis

Data were analysed using GraphPad Prism 8 (San Diego, CA, USA) Software. The
significance of differences was calculated using two-tailed unpaired t-test or Welch t-
test. P-values lower than 0.05 were considered to indicate a significant difference.
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Figure S1. A) Ten-fold dilutions of exponentially growing cultures were spotted using
selection agar plates (SC-His) with 2% glucose (GAL1 promoter “OFF”) and 2% galactose
(GAL1 promoter “ON”). The cells were incubated at 30°C for 3 days; B) Wild type yeast
cells (W303) were transformed with a plasmid carrying GFP, GAPR-1-GFP or GAPR-1-
mCherry under the control of GAL1 promoter. Live-cell fluorescence microscopy of after
6h induction, arrows indicate GAPR-1 fluorescence inclusions; C) Densitometric analysis
of the immuno-detection of GAPR-1-GFP monomer fraction (Monomer) and the 80-
130kDa high molecular weight fraction (+BS?) relative to the intensity of total GAPR-1-
GFP at 24h.
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Figure S2. A) Dot blot analysis of GFP, GAPR-1 and Amyr-GAPR-1-GFP. Protein expression
was induced for 24h. Total homogenates were prepared using Y-PERTM reagent. After
centrifugation, the pellet was treated with 2% SDS and separated into a SDS-soluble and
SDS-insoluble fraction as described in Materials and Methods. The same volume (50 pl)
of each sample was loaded onto nitrocellulose membranes and analysed using an anti-
GFP (top panel) and anti-GAPR-1 antibodies (middle and lower panel); B) Representative
image of yeast cells with GAPR-1-GFP expression after 24h without ThT staining; C) GFP
expressing yeast cells (24h) were collected, homogenised and treated without or with
1% TX-100 for 30 minutes on ice, followed by isopycnic density-gradient centrifugation.
Fractions were collected from top to bottom, and proteins in each fraction were
separated by SDS-PAGE and analysed by WB using an anti-GFP antibody; D)
Homogenates (20 ug protein) from yeast cells expressing GAPR-1-GFP or Amyr-GAPR-1-
GFP for 24h were separated by SDS-PAGE and analysed by WB for the presence of GAPR-
1-GFP and GAPDH (loading control); E) Representative images of 6h and 24h expression
of GAPR-1-GFP and Amyr-GAPR-1-GFP in ANMT1-181 (N-myristoyltransferase 1
deletion) in yeast strain BY4741. Inclusion formation of GAPR-1-GFP in wildtype yeast
strain BY4741 is shown as control.
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Figure S3. A) Growth curve yeast cells harboring GAPR-1-GFP or GFP in presence of (0-
2.5- 5 and 10 mM ZnCl,) in three different time points (OD600=0.2); B) Representative
images (3h, top panels) and growth curves (3h, 6h, 24h, bottom panel) of GFP and GAPR-
1-GFP expressing cells in the presence of different concentrations of CuCl2; C)
Quantification of yeast cells with inclusions in presence of different concentrations of
Cu2+. The number of cells displaying cytoplasmic inclusions is quantified as described in
Materials and Methods and presented as percentage of the total number of the cells.
The results are expressed as mean * SD, n=3. Significance of differences was calculated
with two-tailed unpaired t-test (*p < 0.5).
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Figure S4. A) Homogenates (20 g protein) from yeast cells expressing GAPR-1-GFP,
H54V, H103V and H54/H103V for 24h were separated into soluble and pellet fractions
by centrifugation (100.000xg, 30 min) and analysed by WB using an anti-GAPR-1
antibody; B) Cells were transformed with H54A, H103A and H54A/H103A (zinc ion
binding site-mutants) plasmids and protein expression was induced for 3h in the absence
and presence of 5 mM ZnCly; a) Representative images from live-cell fluorescence
microscopy; b) Homogenates (20 pg protein) from each condition described in (a) were
separated by SDS-PAGE and analysed by WB using an anti-GAPR-1 antibody; c)
Quantification of fluorescent inclusions in cells that were incubated as described for
panel (a), Quantification was performed as described in Materials and Methods.
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Figure S5. Model- GAPR-1 amyloid-like oligomerisation in vitro and in vivo.
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Abstract

Golgi-Associated plant Pathogenesis Related protein 1 (GAPR-1) acts as a negative
regulator of autophagy by interacting with Beclin 1 at Golgi membranes. The molecular
mechanism of this interaction is largely unknown. We recently showed that GAPR-1 has
amyloidogenic properties resulting in the formation of protein condensates upon
overexpression in Saccharomyces cerevisiae. Here we show that Beclin 1 has several
predicted amyloidogenic regions and that overexpression of Beclin 1-mCherry in yeast
also results in the formation of fluorescent protein condensates. Surprisingly, co-
expression of GAPR-1-GFP and Beclin 1-mCherry results in a strong reduction of Beclin 1
condensates. Mutations of the known interaction site on the GAPR-1 and Beclin 1
surface abolished the effect on condensate formation during co-expression without
affecting the condensate formation properties of the individual proteins. Similarly, a
Beclin 1-derived B18 peptide that is known to bind GAPR-1 and to interfere with the
interaction between GAPR-1 and Beclin 1, abolished the reduction of Beclin 1
condensates by co-expression of GAPR-1. These results indicate that the same type of
protein-protein interactions interfere with condensate formation during co-expression
of GAPR-1 and Beclin 1 as previously described for their interaction at Golgi membranes.
The amyloidogenic properties of the B18 peptide were, however, important for the
interaction with GAPR-1, as mutant peptides with reduced amyloidogenic properties
also showed reduced interaction with GAPR-1 and reduced interference with GAPR-
1/Beclin 1 condensate formation. We propose that amyloidogenic interactions take
place between GAPR-1 and Beclin 1 prior to condensate formation.

Keywords: CAP superfamily, Amyloid-like proteins, Protein-Protein interactions (PPIs),
Autophagy, Protein inclusions.
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Introduction

Beclin 1 is one of the major autophagy-related proteins that induce and up-regulate
autophagy as a core component of the Class lll Phosphatidylinositol 3-Kinase
(PI3K)/vacuolar protein sorting 34 (Vps34) complex [1,2]. It functions as a molecular
platform assembling an interactome with stimulating and suppressive components that
bind to different Beclin 1 domains [3—-5]. Some of these interactions are regulated by
Beclin 1 homo-oligomerization, which favors binding to the antiapoptotic and Beclin 1-
interacting protein Bcl-2 (B cell lymphoma 2) and disfavors binding to the Vps34-
containing class Il PI3K complex [6-9]. For many other Beclin 1-interacting proteins [2—
4,10,11], it remains to be established whether or how Beclin 1 oligomerization affects
their interaction with Beclin 1.

Golgi-associated plant pathogenesis-related protein 1 (GAPR-1), also known as GLIPR2,
has been identified as a negative regulator of Beclin 1 [12]. GAPR-1 belongs to the
Cysteine-rich secretory proteins, Antigen 5 and Pathogenesis-related (CAP) protein
superfamily [5]. GAPR-1, a small peripheral membrane protein, is localized to lipid-rich
microdomains of the Golgi apparatus [13]. By binding to GAPR-1, Beclin 1 is retained at
the cytosolic leaflet of the Golgi complex and autophagy is downregulated [12]. The
interaction between Beclin 1 and GAPR-1 can be disrupted by a Beclin 1-derived peptide
(residues 267-284, Tat-Beclin 1), which corresponds to the potential GAPR-1/Beclin 1
binding interface [12]. Interaction of the Tat-Beclin 1 peptide with GAPR-1 resulted in
the redistribution of Beclin 1 from the Golgi to the cytosol and activation of autophagy
[12].

Crosslink studies showed that GAPR-1 has a strong propensity to form homodimers in
vivo and in vitro [14]. GAPR-1 oligomerizes in the presence of different stimuli like
negatively charged lipids, IP6, heparin and metal ions [15,16] and oligomerization results
in the formation of amyloid-like fibrils in time [15-17]. Recently, the amyloidogenic
properties of GAPR-1 were supported by in vivo studies in Saccharomyces cerevisiae,
showing that expression of human GAPR-1 results in the formation of protein
condensates [18]. We hypothesized that these amyloidogenic properties could be
involved in the regulation of autophagy [19,20]. This is in line with recent findings
revealing biological functions of amyloidogenic proteins or peptides, therefore often
referred to as functional amyloids [21-26].

In this study, we used Saccharomyces cerevisiae (S. cerevisiae) as a eukaryotic model
system to study mechanisms related to protein folding and quality control [27-29]. In S.
cerevisiae, the amyloidogenic properties of proteins can result in self-templating and
formation of protein condensates in cytosol [30]. This system has been widely used to
investigate the oligomeric/amyloid properties of known amyloid-like peptides or
proteins, such as AB, Tau, a synuclein, prions, and huntingtin (Htt), as well as proteins
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and peptides with predicted amyloidogenic behavior [31-35]. We previously used this
yeast model system to elucidate the characteristics of amyloid-like oligomerization and
protein condensate formation of GAPR-1 [18]. Here, we investigated the amyloidogenic
properties of Beclin 1 and characterized protein-protein interactions of Beclin 1 with
GAPR-1 in co-expression experiments. Our result imply that this assay system can be
expanded to investigate other protein-protein interactions as well.

Results

Beclin 1 clusters into fluorescent condensates in yeast cytosol

To access the amyloidogenic propensity of human Beclin 1, we first analyzed its primary
sequence using the amyloid prediction software Amylpred2 [36]. Several regions with
potential amyloidogenic properties were found (Fig. 1A). The in vivo oligomerization
properties of Beclin 1 were analyzed by investigating its propensity to form protein
condensates upon overexpression in yeast. To this end, C-terminally tagged Beclin-1
with either GFP (Beclin 1-GFP) or m-Cherry (Beclin 1-mCherry) was expressed under the
control of the galactose-inducible promoter (GAL1) from a high copy (2u) plasmid to
allow a rapid and synchronized protein expression. Overexpression of the tagged Beclin
1 constructs did not affect yeast growth (Supplementary Fig. 1A). Both Beclin 1-GFP and
Beclin 1-mCherry displayed similar behavior in live-cell fluorescence microscopy by
forming protein condensates (Supplementary Fig. 1B). Beclin 1-mCherry construct was
selected for follow up experiments. Condensate formation over time (3h, 6h and 24h)
post-induction was monitored (Fig. 1B) and quantified (Fig. 1C) using live-cell
fluorescence microscopy. After 3h, the majority of expressed protein was present in the
cytosol and 18% of the cells contained protein condensates, which increased to 52%
after 24h (Fig. 1C). During this period, Beclin 1 protein expression levels were
comparable (Fig. 1D), indicating that additional factors affect condensate formation.

A hallmark of amyloid-like oligomerization is the partial resistance to solubilization by
SDS. After expression of Beclin 1-mCherry, the yeast homogenate was therefore treated
with a mild zwitterionic detergent and separated into a detergent-soluble (supernatant)
and detergent-insoluble (pellet) fraction. The detergent-insoluble fraction was then
treated with 2% SDS and separated into a SDS-soluble and SDS-insoluble fraction.
Western blot analysis revealed that Beclin 1-mCherry is partially SDS-insoluble (Fig. 1E).
These findings are consistent with observations by others, suggesting a link between
assemblies of membraneless organelles and the amyloid-like properties of proteins
[34,37,38].
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Figure 1. Beclin 1 clusters into fluorescent condensates in yeast cytosol. A) Human
BECN1 sequence and domains: the intrinsically disordered region (IDR), the BCL-2
homology-3 motif (BH3), the flexible helical domain (FHD), the coiled-coil domain (CC),
the evolutionarily conserved domain (ECD), and the B/a-repeated, autophagy-related
domain (BARA). In silico analysis of Beclin 1 performed with amyloid prediction software
(Amylpred?2) identified eleven amyloidogenic regions (underlined sequences); B) Live-
cell fluorescence microscopy of yeast cells expressing Beclin 1-mCherry after 3h, 6h and
24h in SC-galactose induction medium; C) Quantification of yeast cells displaying Beclin
1-mCherry condensates. For each time point, the number of cells displaying cytoplasmic
condensates is presented as a percent of the total number of cells. For quantification, at
least 200 cells were counted per time point and per experiment. Results are expressed
as mean + SD, n=5; D) Beclin1-mCherry expressing cells were collected at 3h, 6h and 24h
post-induction and total protein homogenates were prepared. Equal amounts of total
protein homogenates were separated by SDS-PAGE gel, transferred onto nitrocellulose
membrane and analyzed using an anti-Beclin 1 antibody. Anti-GAPDH antibody served
as loading control; E) Beclin 1-mCherry expression was induced for 24h. Total protein
homogenate was prepared using Y-PERTM reagent. Pellet was treated with 2% SDS and
separated into a SDS-soluble and SDS-insoluble fraction as described in Materials and
Methods. The same volume (20ul) of each sample was separated by SDS-PAGE and
analyzed by Western blot using an anti-Beclin 1 antibody.
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GAPR-1 affects Beclin 1 protein condensate formation

We previously showed that GAPR-1 acts as a negative regulator of autophagy by binding
to Beclin 1 on Golgi membranes [12]. Since both GAPR-1 [15,19,20] and Beclin 1 (Fig. 1)
have amyloidogenic properties and cluster into protein condensates, we hypothesized
that co-expression of both proteins might affect condensate formation of each other in
S. cerevisiae. Indeed, co-expression of GAPR-1-GFP and Beclin 1-mCherry resulted in a
significant reduction of both protein condensates (Fig. 2A). In the presence of GAPR-1,
the majority of cells showed cytosolic Beclin 1, suggesting that Beclin 1 is not able to
cluster in condensates in the presence of GAPR-1. After 24h of co-expression, the
number of cells with Beclin 1 condensates dropped from 52% (in the absence of GAPR-
1) to 13% (Fig. 2B). Condensate formation of GAPR-1 was affected differently by co-
expression of Beclin 1. The number of cells with GAPR-1 condensates increased in the
presence of Beclin 1, especially at 3h and 6h of protein expression (Fig. 2B). After 24h,
almost all cells contained GAPR-1 condensates, both in the absence or presence of Beclin
1. However, quantification of the number of condensates per cell after 24h revealed that
70% of the GAPR-1 expressing cells contained >6 condensates, which was strongly
reduced to 15% by co-expression of Beclin 1 (Fig. 2C). To exclude the possibility that
different expression levels of these two proteins in co-expressing cells affect condensate
formation, we performed Western blot analysis. Results showed that the intensity of the
bands related to GAPR-1-GFP and Beclin 1-mCherry were comparable in single and co-
expression conditions, indicating that the expression levels of GAPR-1 and Beclin 1 were
not affected by the different experimental conditions (Fig. 2D). In support of this, we
found that the effect of GAPR-1 co-expression on Beclin 1 condensate formation was
independent of the type of yeast promoter: similar results were obtained with the
alcohol dehydrogenase | (ADH1) promoter of Saccharomyces cerevisiae, a constitutive
promoter resulting in high protein level production, or when using a combination of the
GAL1 and ADH1 promoter (Supplementary Fig. 2A, B).
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Figure 2. GAPR-1 affects Beclin 1 protein condensate formation. A) Live-cell fluorescence
microscopy of yeast cells upon single expression or co-expression of GAPR-1-GFP and
Beclin 1-mCherry after 3h, 6h and 24h of induction; B) Quantification of yeast cells
displaying GAPR-1 and Beclin 1 condensates upon single expression (S) or co-expression
(D). For each time point, the number of cells displaying cytoplasmic condensates is
presented as a percent of the total number of cells. Results are expressed as mean + SD,
n=5. Significance of differences was calculated with a two-tailed unpaired t-test
(***p<0.001); C) Quantification of the number of GAPR-1-GFP condensates in single and
co-expression experiments. The number of condensates per cell were categorized in
three groups (1-2, 3-5 and 26 per cell). At least 100 cells were counted per experiment.
Results are expressed as mean * SD, n=3. The significance of differences was calculated
with two-tailed unpaired t-test (***p<0.001); D) Single and co-expressing cells were
collected for total protein homogenates 3h, 6h and 24h post-induction and protein
expression levels were assessed by Western blot using anti-GAPR-1 and anti-Beclin 1
antibodies. Anti-GAPDH antibody served as a loading control.
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Specific protein-protein interactions are involved in GAPR-1/Beclin 1 interaction

We first confirmed that human GAPR-1 and human Beclin 1 can interact directly in yeast
by performing a Bimolecular Fluorescence Complementation (BiFC) assay [39,40]. We
tagged non-fluorescent complementary fragments of Venus yellow fluorescent protein
(VN and VC) to the N-terminus of Beclin 1 (VN-Beclin 1) and N- or C-terminus of GAPR-1
(VN-GAPR-1 and GAPR-1-VC, respectively). In the absence of either Beclin 1 (VN-GAPR-
1 + empty VC) or GAPR-1 (VN-Beclin 1 + empty VC), no fluorescent signal was observed
(Supplementary Fig. 3). As a positive control, we co-expressed VN-GAPR-1 and GAPR-1-
VC. As expected, the homo-dimerization/oligomerization properties of GAPR-1 [14,15]
resulted in a YFP fluorescent signal. Co-expression of VN-Beclin 1 and GAPR-1-VC also
resulted in an increased fluorescent signal (Supplementary Fig. 3). These results show
that upon overexpression in yeast, the human proteins GAPR-1 and Beclin 1 directly
interact.

To investigate the nature of GAPR-1 interference with Beclin 1 condensate formation,
we made use of the fact that GAPR-1-GFP condensate formation in yeast cells is strongly
delayed when GAPR-1 is not myristoylated (Amyr-GAPR-1-GFP) [18]. Indeed, at early
time points of expression, Amyr-GAPR-1-GFP is mainly cytosolic, and after 24h
expression, only single condensates were found in 36% of cells (Fig. 3A, B, single
expression). Interestingly, Amyr-GAPR-1-GFP is as efficient in reducing Beclin 1-mCherry
condensate formation as myristoylated-GAPR-1-GFP (Fig. 3A, B, cf. Fig. 2B). The amount
of Amyr-GAPR-1-GFP condensates was reduced from 36% of positive cells (single
expression) to 5% upon co-expression of Beclin 1 (Fig. 3A, B). Western blot analysis of
total protein homogenates revealed similar expression levels of both proteins in single
or co-expression experiments (Fig. 3C). These results show that myristoylation is not
required for the interaction between GAPR-1 and Beclin 1. Our data also suggest that
GAPR-1 interference of Beclin 1-mCherry condensate formation is independent of the
presence of GAPR-1 condensates as high (wt-GAPR-1) or strongly reduced (Amyr-GAPR-
1) GAPR-1 condensates are equally efficient. As Amyr GAPR-1 is a cytosolic protein in
yeast [18], the GAPR-1 interaction with Beclin 1 is likely to take place in the cytosol, prior
to condensate formation.

These findings prompted us to investigate the nature of the protein-protein interactions
between GAPR-1 and Beclin 1 in more detail. The GAPR-1 surface area that interacts
with Beclin 1 has been mapped to 5 amino acids lining the equatorial groove
(H54/E86/G102/H103/N138) [41]. To investigate whether the same amino acids
interfere with condensate formation during co-expression experiments, we mutated
these 5 amino acids (5m GAPR-1-GFP, H54A/E86A/G102K/H103A/N138G) and
expressed 5m GAPR-1-GFP in the absence or presence of Beclin 1 (Fig. 3D,E). Expression
of 5m GAPR-1-GFP still resulted in condensate formation. Interestingly, under co-
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expression conditions, Beclin 1 condensate formation was not affected anymore (Fig.
3D,E). Western blot analysis showed similar expression levels of the proteins involved,
ruling out effects on condensate formation due to different protein expression levels
(Fig. 3F).

B D E

& Single expression Co-expression Single expression Co-expression

Q o 100

= Qe -

= - . ns

o = 5 oy 9
© o -

E 2pm 2 £ » § 50-

‘ £ e £

g H z H

@ 3 - o

£ £ 2 5

Q £ G £

E H E =

- £ z @ 0

8 E KT

& 2 & & ¢

@ £ ¥ F &
& &8 &
L & 4

Merge
Merge

F
c

= 82kDa— ==| Beclin 1-mChei
82kDa— Beclin 1-mCherry == id
44KDa—mm  we | AmyT-GAPR-1-GFP 44kDa~waw " ) 6m GAPR-1-GFP
37KDa—| s w s | GAPDH 37kDS—E| GAPDH

Figure 3, Sirati etal.

Figure 3. Specific protein—protein interactions are involved in GAPR-1/Beclin 1
interaction. A) Live-cell fluorescence microscopy of yeast cells upon single expression of
Amyr-GAPR-1-GFP or Beclin 1-mCherry or co-expression of the two proteins 24h post-
induction; B) Quantification of yeast cells displaying Amyr-GAPR-1-GFP condensates (left
two bars) or Beclin 1-mCherry (right two bars). Cells were single (S) expressed with either
Amyr-GAPR-1-GFP (S) or Beclin 1-mCherry (S), or double (D) expressed with Amyr-GAPR-
1-GFP and Beclin 1-mCherry (Amyr-GAPR-1-GFP D and Beclin 1-mCherry (D); C) Western
blot analysis of total protein homogenates of Amyr-GAPR-1-GFP and Beclin 1-mCherry
24h post-induction. Left lane: Amyr-GAPR-1-GFP expressing cells; Middle lane: Beclin 1-
mCherry expressing cells; Right lane: Cells expressing both Amyr-GAPR-1-GFP and Beclin
1-mCherry. An anti-GAPR-1 and an anti-Beclin 1 antibodies were used for
immunoblotting and an anti-GAPDH antibody served as a loading control; D) Live-cell
fluorescence microscopy of yeast cells upon single expression of 5mGAPR-1-GFP or
Beclin 1-mCherry and co-expressing the two proteins 24h post-induction; E)
Quantification of yeast cells displaying GFP condensates (left two bars) upon 5mGAPR-
1-GFP single expression (S) or co-expression with Beclin 1-mCherry (5mGAPR-1-GFP D),
and m-Cherry condensates (right two bars) upon single expression of Beclin 1-mCherry
(S) or co-expression with 5SmGAPR-1-GFP (Beclin 1-mCherry (D). All quantifications were
done 24h post-induction. Results are expressed as mean + SD, n=3. The significance of
differences was calculated with a two-tailed unpaired t-test (**p<0.01, ***p<0.001); F)
Western blot analysis of total protein homogenates of cells expressing 5mGAPR-1-GFP
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and/or Beclin 1-mCherry 24h post-induction. Left lane: 5SmGAPR-1-GFP expressing cells;
Middle lane: Beclin 1-mCherry expressing cells; Right lane: Cells expressing both
5mGAPR-1-GFP and Beclin 1-mCherry. An anti-GAPR-1 and anti-Beclin 1 antibodies were
used for immunoblotting and an anti-GAPDH antibody served as a loading control.
Comparable results were obtained when mutating the Beclin 1 surface that interacts
with GAPR-1. We previously described a binding interface of Beclin 1 to GAPR-1
comprising residues 267-284 of Beclin 1 (termed B18, see [12]). We deleted residues
267-284 in Beclin 1 (AB18). Expression of AB18 in yeast cells showed that in the absence
of these residues, AB18-mCherry was still able to cluster into condensates (Fig. 4A, single
expression) with similar efficiency as compared to wild-type (wt) Beclin 1-mCherry (Fig.
4B, cf. Fig. 2B and Fig. 3). However, co-expression of GAPR-1-GFP did not affect the
condensate formation of the Beclin 1 mutant protein AB18 (Fig. 4A,B), despite equal
expression levels under the various conditions (Fig. 4C). Next, we used a membrane-
permeable B18 peptide (Tat-B18) that efficiently competes the Beclin 1/GAPR-1
interaction on Golgi membranes in mammalian cells [12,41] to challenge the
interference of condensate formation by co-expression of GAPR-1 and Beclin 1 in yeast.
Tat-scrambled B18 peptide (Tat-Scr) was used as a control. Cells expressing wt Beclin 1-
mCherry with or without wt GAPR-1-GFP were treated with each peptide at a
concentration of 5 uM. The Tat-B18 peptide efficiently competed with the Beclin
1/GAPR-1 interaction, resulting in Beclin 1-mCherry condensate formation in the
presence of GAPR-1 (Fig. 4D, E). The Tat-Scr peptide did not show this effect.
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Figure 4. Specific protein—protein interactions are involved in GAPR-1/Beclin 1
interaction. A) Live-cell fluorescence microscopy of yeast cells upon single or co-
expression of GAPR-1-GFP and AB18-mCherry after 24h induction; B) Quantification of
yeast cells displaying i) GFP condensates (left two bars) in GAPR-1-GFP single (GAPR-1 S)
and co-expression with AB18-mCherry (GAPR-1 D) and ii) m-Cherry condensates (right
two bars) in single AB18-mCherry single (AB18 S) and co-expression with GAPR-1-GFP
(AB18 D). Quantifications were done after 24h induction. Results are expressed as mean
+ SD, n=3. The significance of differences was calculated with two-tailed unpaired t-test
(¥*p<0.5); C) Western blot analysis of total protein homogenates of cells expressing
GAPR-1-GFP and/or AB18-mCherry 24h post-induction. Left lane: GAPR-1-GFP
expressing cells; Middle lane: (AB18-mCherry expressing cells; Right lane: cells
expressing GAPR-1-GFP and Beclin 1-mCherry. An anti-GAPR-1 and anti-Beclin 1
antibodies were used for immunoblotting. Anti-GAPDH antibody served as a loading
control; D) Live-cell fluorescence microscopy of yeast cells co-expressing GAPR-1-GFP
and Beclin 1-mCherry in the absence (control) or presence of 5 UM Tat-Beclin 1 peptide
or Tat-Scrambled peptide after 6h co-expression. To induce peptide entry, cells were
treated as indicated in Materials and Methods; E) Quantification of yeast cells displaying
Beclin 1-mCherry condensates upon single expression (S) or co-expression with GAPR-1-
GFP (D) in absence or presence of Tat-Beclin or Tat-Scrambled peptides. After 6h
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induction, the number of cells displaying cytoplasmic mCherry condensates was
quantified and presented as a percent of the total number of the cells. Results are
expressed as mean + SD, n=3. The significance of differences was calculated with two-
tailed unpaired t-test (*p<0.5).

Amyloid-like interactions between Beclin 1 and GAPR-1 in vitro and in vivo

Our combined data strongly suggest that the same type of PPls interfere with
condensate formation during co-expression of GAPR-1 and Beclin 1 as previously
described for the GAPR-1/Beclinl interaction at Golgi membranes [12,41]. This raises
the question of whether the amyloidogenic properties of GAPR-1 and Beclin 1 are
important for the PPl between the two proteins or whether they only play a role during
subsequent condensate formation. The B18 peptide overlaps exactly with a region in the
ECD domain of Beclin 1 that is predicted to have amyloidogenic characteristics according
to Amylpred2 (Figs. 1A, 5A). The amyloid-like behavior of the Tat-B18 peptide was
investigated using the anti-amyloid-oligomer antibody A11 [15,33]. This antibody
recognizes the common fold of pre-fibrillar oligomers that are early kinetic
intermediates, but it does not recognize monomers or mature protein amyloid fibrils
[34,35]. Amyloid-like oligomer formation of Tat-B18 after different incubation times was
monitored using the A11 antibody in a dot blot assay. Strikingly, Tat-B18 showed a strong
affinity to A11, even without prolonged incubation (Fig. 5B). This behavior is in contrast
to the behavior of the AB peptide (AB(1-40)), which showed a transient formation of
pre-fibrillar oligomers after 2-4h (Fig. 5B), as also shown by others [15,33,35]. Tat-Scr-
B18 peptide was not recognized by the A11 antibody under these conditions. Similarly,
a single point mutation in the B18 peptide (F274S) that was shown to abrogate the
GAPR-1/Beclin 1 interaction [12], severely hampered the interaction with the A1l
antibody (Fig. 5B). To investigate whether the oligomeric properties of Tat-B18 peptide
allows interaction with GAPR-1, we incubated Tat-B18, Tat scrambled and Tat F274S for
different times and spotted them onto a nitrocellulose membrane. The membrane was
subsequently incubated with GAPR-1 recombinant protein and binding of GAPR-1 was
analyzed using an anti-GAPR-1 antibody. GAPR-1 showed a high affinity for Tat-B18
under all conditions, a strongly reduced affinity for Tat-F274S, and no affinity for the Tat-
Scr-B18 peptide (Fig. 5C, right panel). These binding properties closely correlate with the
affinity of these peptides for the A1l antibody (Fig. 5B) and suggest that the amyloid-
like behavior of these peptides is important for the interaction with GAPR-1. As a positive
control we used the Ab peptide, previously shown to interact with GAPR-1 [15]. The Ab
peptide also interacts with the A11 antibody and GAPR-1, but with different kinetics (Fig.
5B, C).
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Figure 5. Amyloid-like interactions between Beclin 1 and GAPR-1 in vitro and in vivo. A)
Amyloid prediction using Amylpred2 software of the B18 peptide (AA 267-284), within
the ECD domain. A major portion of the peptide region was predicted to support amyloid
characteristics. The corresponding amino acid sequence of the B18 peptide with a point
mutation (F274S) and the B18 scrambeled peptide (Scr) is also shown; B) Aliquots of AR
peptide, Tat-B18, Tat-F274S and Tat-Scr were taken after different incubation time
points (0-24h), spotted onto a nitrocellulose membrane and analyzed for A11 reactivity;
C) Aliquots of AP peptide, Tat-B18, Tat-F274S and Tat-Scr were taken after different
incubation time points (0-24h) and spotted on a nitrocellulose membrane.
Subsequently, the membrane was incubated with recombinant GAPR-1 protein and
binding was analyzed using an anti-GAPR-1 antibody.

GAPR-1 interacts with the amyloidogenic Beclin 1 derived peptide (B18) in vivo

In line with the in vitro amyloidogenic behavior of the B18 peptide, in vivo expression of
B18 with C-terminally tagged mCherry in yeast cells also resulted in a time-dependent
increase of condensate formation (Fig. 6A). After 24h induction of B18-mCherry, 44% of
the cells contained protein condensates (Fig. 6B). In contrast, expression of scrambled
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B18-mCherry peptide resulted in around 6% of cells with protein condensates that did
not increase after 24h of expression. Interestingly, co-expression of the B18 peptide with
GAPR-1 showed a reduction of the number of cells containing B18 condensates to 18%,
which was comparable to the reduction of Beclin 1 condensates after GAPR-1 co-
expression (Fig. 6A, B). Moreover, quantification of GAPR-GFP condensates per cell
indicated a comparable decrease due to B18-mCherry and due to Beclin 1-mCherry co-
expression (Fig. 6C). No significant differences were observed in co-expression of GAPR-
GFP with scrambled B18-mCherry peptide (Fig. 6C). The protein and peptide expression
levels remained constant during single and co-expression experiments, ruling out
artificial effects due to differences in protein concentrations (Fig. 6D).

To investigate a role of the amyloidogenic properties of the B18 peptide in competing
with Beclin 1/GAPR-1 binding [12], we performed triple expression experiments with
GAPR-1-GFP, Beclin 1-mCherry and B18-CFP. In the presence of all three components,
GAPR-1 and Beclin 1 formed condensates, indicating that B18-CFP efficiently competes
with the GAPR-1/Beclin 1 interaction (Fig. 6E, F). When all three components were
expressed, B18-CFP was not found in condensates. Beclin 1 condensate formation was
dependent on the presence of B18, as in the absence (empty vector) of B18-CFP, the
presence of Beclinl-mCherry was strongly reduced (Fig. 6E, F). In the presence of
scrambled B18 peptide, condensate of Beclin 1 remained inhibited by GAPR-1. The effect
of B18 on Beclin 1 condensate formation correlated strongly with the amyloidogenic
properties of the B18 peptide, as the B18-scrambled peptide had no effect on Beclin 1
condensate formation and the B18-F274S peptide had a reduced effect on Beclin 1
condensate formation (Fig. 6E,F).
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Figure 6. GAPR-1 interacts with the amyloidogenic Beclin 1 derived peptide (B18) in vivo.
A) Live-cell fluorescence microscopy of yeast cells upon single expression of Beclin-
mCherry, B18-mCherry or scrambled-mCherry, and upon co-expression with GAPR-1-
GFP after 24h; B) Quantification of yeast cells displaying mCherry condensates in single
and co-expression experiments with GAPR-1 after 24h. Results are expressed as mean +
SD, n=3. The significance of differences was calculated with two-tailed unpaired t-test
(*p<0.5); C) Quantification of the number of GAPR-1-GFP condensates in single or co-
expression experiments with Beclin 1, B18 and Scrambled (-mCherry) cells. The number
of condensates per cell was categorized in three groups (1-2, 3-5 and > 6 per cell). At
least 100 cells were counted per experiment. Results are expressed as mean +SD, n=3.
The significance of differences was calculated with two-tailed unpaired t-test
(#**p<0.001); D) Western blot analysis of samples from (C), using an anti-mCherry
antibody; E) Live-cell fluorescence microscopy of yeast cells triple-expressing i) GAPR-1-
GFP, Beclin 1-mCherry and Empty Vector p425 (panels lane 1); ii) GAPR-1-GFP, Beclin 1-
mCherry and B18-CFP (panels lane 2); iii) GAPR-1-GFP, Beclin 1-mCherry and Scrambled-
CFP (panels lane 3); iv) GAPR-1-GFP, Beclin 1-mCherry and F274S-CFP (panels lane 4)
after 24h induction; F) Quantification of yeast cells displaying Beclin 1-mCherry
condensates in single and triple-expression with GAPR-1-GFP/Empty Vector p425, GAPR-
1-GFP/B18-CFP, GAPR-1-GFP/Scrambled-CFP, and GAPR-1-GFP/F274S-CFP after 24h
induction. Results are expressed as mean +SD, n=3. The significance of differences was
calculated with two-tailed unpaired t-test (**p<0.01, ***p<0.001).

Discussion

GAPR-1 is a negative regulator of autophagy by interacting with Beclin 1 [12]. We
recently showed that GAPR-1 contains amyloidogenic properties in vitro [15-17] and in
vivo by forming reversible amyloid-like oligomers [18]. We now identified Beclin 1 as a
second amyloidogenic protein involved in autophagy. Expression of Beclin 1-mCherry in
S. cerevisiae results in the formation of condensates, and the expressed protein is
partially resistant to SDS solubilization. Beclin 1 consists of an N-terminal intrinsically
disordered region, a flexible helical domain, a coiled-coil domain and a C-terminal
B/a repeated, autophagy-related (BARA) domain [2,11]. Several studies showed that
full-length Beclin 1 can form stable homo-oligomers under various conditions and that
the N-terminal domain, the coiled-coil domain and the BARA domain facilitate this self-
assembly in different ways [2,11,41]. Oligomerized Beclin 1 is proposed to provide a
platform for many Beclin 1-associating proteins [2—4,10,11]. Our results indicate that
Beclin 1 contains several predicted amyloidogenic regions that may contribute to Beclin
1 condensate formation in yeast upon overexpression. The amyloidogenic region within
the ECD domain was confirmed by overexpression of the B18 peptide, resulting in the
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formation of condensates (Fig. 6). The amyloidogenic region of the B18 peptide is,
however, not required for Beclin 1 condensate formation, as overexpression of Beclin
AB18 still resulted in protein condensate formation (Fig. 4). These results suggest that
the other predicted amyloidogenic regions in Beclin 1 contribute significantly to its
amyloidogenic behavior.

Our results indicate that the amyloidogenic region located at the N-terminal region of
the BARA domain (the ECD domain) contributes to the interaction with GAPR-1. An
interaction between GAPR-1 and Beclin 1 has been shown in direct and indirect ways
[12,41,42]. In this study, we confirmed a direct interaction between GAPR-1 and Beclin
1 using the BiFC method, which allows visualization and analysis of protein-protein
interactions in live cells [43,44] by complementary reconstitution of a fluorescent
protein [43,45]. The interaction area on the Beclin 1 protein has been mapped to amino
acids 267-284 (corresponding to the B18 peptide), as the B18 peptide interferes with
the GAPR-1/Beclin 1 interaction [12]. The interaction area of the B18 peptide on the
GAPR-1 protein has been mapped to 5 amino acids in the equatorial surface groove of
GAPR-1 [41]. Mutation of the five conserved residues lining this groove,
H54A/E86A/G102K/H103A/N138G abrogated Beclin 1 binding. Remarkably, mutating
these amino acids resulted in a shift of monomeric to dimeric GAPR-1 in solution [41].
This may suggest that the oligomeric state of GAPR-1 is involved in the GAPR-1/Beclin 1
interaction.

Various publications have reported monomeric, dimeric, and homo-oligomeric GAPR-1
complexes [13,15,16,41,46], implying that different oligomeric states may have different
mechanisms and impact on biological functions. We recently showed that GAPR-1 also
has amyloidogenic properties and that several characteristics of GAPR-1 amyloid-like
fibril formation in vitro closely resemble the characteristics of condensate formation in
vivo [18]. We now show that in addition to GAPR-1 [18], also Beclin 1 has amyloidogenic
properties under in vivo conditions, which offers the intriguing possibility that the GAPR-
1/Beclin 1 interaction is (partially) based on amyloidogenic oligomeric interactions.
Indeed, when GAPR-1 and Beclin 1 are co-expressed in S. cerevisiae, they affect
condensate behavior of each other. As we did not find any evidence for co-localization
of the co-expressed proteins to the same condensate, we consider it likely that the
interactions between GAPR-1 and Beclin 1 take place prior to condensate formation.
What type of protein-protein interactions takes place during these interactions? When
the Beclinl interaction area with GAPR-1 (amino acids 267-284) is deleted, Beclin 1 still
forms condensates when expressed in S. cerevisiae (Fig. 4). Likewise, when the GAPR-1
interaction area with Beclin 1 is mutated (H54A/E86A/G102K/H103A/N138G), GAPR-1
still forms condensates when expressed in S. cerevisiae (Fig 3). Both types of mutations,
however, abrogate the interaction between GAPR-1 and Beclin 1, and as a result these
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proteins do not affect the condensate formation of each other anymore. These
observations suggest that specific protein-protein interactions are maintained during
the process of condensate formation. Nevertheless, the nature of the PPl between
Beclin 1 and GAPR-1 correlates with the amyloidogenic properties of the interphase as
defined by the B18 peptide. With decreasing amyloidogenic behavior (based on the
interaction with the A11 antibody), the B18 peptides show decreasing affinity for GAPR-
1 (Fig. 5), decreasing condensate formation (Fig. 6), and decreasing effect on Beclin 1
condensate formation in the presence of GAPR-1 (Fig. 6). These results indicate that
amyloidogenic properties play a role at the interphase of GAPR-1 and Beclin 1. We
propose that these amyloidogenic properties play a role during oligomeric interactions
between these two proteins that lead up to the formation of protein condensates
(Supplementary Fig. 4).

Mutual interference with condensate formation in S. cerevisiae by co-expression of
proteins or peptides (Fig. 6) is an exciting new possibility to identify and/or to study
protein-protein interactions of amyloidogenic proteins. The aggregation of proteins into
pathological amyloid fibrils and their deposition into plaques and intracellular
condensates is the hallmark of amyloid disease [47]. During the last decade, baker’s
yeast has been extensively used to study several human diseases, including
neurodegenerative disorders in which protein misfolding and amyloid formation are
shared characteristics [48—52]. One of the most surprising discoveries in recent years
was the identification of functional amyloid-like assemblies that are required to carry
out physiological functions [26-32]. The yeast system has also been one of the
established model systems to study functional amyloids and to investigate how
physiological aggregation is regulated [34]. We previously showed that GAPR-1-GFP
expression in yeast results in the formation of protein condensates in the cells without
any toxic effects [18]. These findings are in contrast with pathological amyloid proteins
that do show toxicity in S. cerevisiae upon overexpression and condensate formation
[21,51,53]. This may limit the use of protein condensate formation in yeast to study
protein-protein interactions of amyloidogenic proteins and restrict the use to protein
functional amyloid-like characteristics. In this study, we showed that overexpression of
Beclin 1-mCherry and subsequent condensate formation do not show any toxicity to the
yeast cells (Supplementary Fig. 1). These results are consistent with the possibility that
amyloidogenic oligomeric interactions between GAPR-1 and Beclin 1 have a functional
role in autophagy.
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Materials and Methods

Yeast strain and plasmids

Wild-type yeast strain W303 was transformed using the Frozen-EZ yeast kit from Zymo
Research (Zymo Research, Orange, CA, USA) with high copy (2u) plasmids p423, p425
and p426 carrying different constructs which were tagged C-terminally by GFP, CFP and
m-Cherry respectively. To construct PGALI-Beclin 1-GFP and PGALI-Beclin 1-mCherry
fragments, Beclin 1, GFP and mCherry sequences were amplified by PCR and were
inserted into the plasmid p426, previously linearized at Smal restriction site, by using
Geneart® seamless cloning assembly kit (Invitrogen, California, United States). Beclin 1
mutant was constructed by using PhusionTM site-directed mutagenesis kit (Thermo
Scientific, Massachusetts, United States). B18 and scrambled B18 oligonucleotides were
synthesized by Integrated DNA Technologies (IDT), and cloned with Geneart® seamless
cloning assembly kit (Invitrogen, California, United States) in Smal restriction site.
Peptides were cloned with mCherry tag in p426 and with CFP tag in p425 vectors. All
constructs were confirmed by DNA sequencing and the plasmids and yeast strains are
listed in Table 1 and the primers in Table 2.

Yeast culture media

Cells were pre-grown overnight in a synthetic complete (SC) medium lacking the
corresponding markers (-His, -Ura or -Leu) and supplemented with either 2% glucose or
2% galactose at 30°C with orbital agitation (200 rpm) for 18h (overnight). The day after
optical density at 600 nm (OD600 nm) was measured, and the cells were shifted in
selective SC medium supplemented with 2% galactose to induce protein expression
(OD600=0.1). After 3h, 6h and 24h, cells were collected to obtain total cell homogenates
or were observed by live cell microscopy (Nikon Eclipse Ti-E (Nikon)).
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Table 1. Plasmids used in this study.

Plasmid Description Source
D. Mumberg, R. Muller, M. Funk, Regulatable promoters of
423- 2um; HIS3; | Saccharomyces cerevisiae: comparison of transcriptional
gALl GALlpr; activity and their use for heterologous expression, Nucleic
CYClterm; AmpR | Acids Res. 22 (1994) 5767-5768.
https://doi.org/10.1093/nar/22.25.5767. [54]
D. Petroi, B. Popova, N. Taheri-Talesh, S. Irniger, H.
Shahpasandzadeh, M. Zweckstetter, T.F. Outeiro, G.H. Braus,
Aggregate Clearance of o-Synuclein in Saccharomyces
PME3753 | p426-GALI-GFP cerevisiae Depends More on Autophagosome and Vacuole
Function Than on the Proteasome, J. Biol. Chem. 287 (2012)
27567-27579. https://doi.org/10.1074/jbc.M112.361865.
(31]
p423-GAL1-GAPR- .
pNS 1000 1-GEP This study
p423-GAL1- Amyr .
pNS 1001 GAPR-1-GEP This study
p426-GAL1-Beclin .
pNS 2000 1-mCherry This study
p426-GAL1-A .
NS 2001 This stud
P B18-mCherry 19 study
p426-GAL1- B18- .
pNS 2002 mCherry This study
p426-GAL1-
pNS 2003 | Scrambled B18- | This study
mCherry
pNs 3001 | PA22-GALL- BI&- | 1ie iy
CFP
p425-GAL1-
pNS 3002 | Scrambled B18- | This study
CFP
pNS 1003 i’f‘ég’;?::;(GApR' This study
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Spotting assay

All spotting assays were performed under the same conditions. Ten-fold serial dilutions
starting with an equal number of cells (OD600=0.1) were performed in sterile water.
Drops of 10 pl were then spotted on SC plates lacking the corresponding marker (-His-
Ura) and supplemented with either 2% glucose or 2% galactose. Three independent
experiments from fresh transformants were done and followed by 3 days of incubation
at 30°C, the plates were scanned.

Fluorescence microscopy

Cells were visualized at different time points after induction (3h, 6h, and 24h) using
Nikon Eclipse Ti-E microscope (Nikon) equipped with the Perfect Focus System (Nikon)
Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon), a spinning disk-based confocal
scanner unit (CSU-X1-A1, Yokogawa), and the ET-CFP filter set (49001, Chroma), ET-GFP
filter set (49002, Chroma), and ET-mCherry filter set (49008, Chroma). For quantification,
at least 300 cells were counted per condition and per experiment. For each condition,
the number of cells displaying cytoplasmic protein condensates was calculated relative
to the total number of cells counted (with condensate or cytoplasmic distribution). The
number of condensates per cell was determined by counting 100 cells and the
condensate-positive cells were categorized into 3 groups: 1) 1-2 condensate(s) per cell,
2) 3-5 condensates per cell, and 3) 6 or more condensates per cell. At least three
independent experiments with freshly transformed constructs were performed.

Protein extraction and Western blotting

10 OD units of cells were collected by centrifugation, washed with sterile water and lysed
with 200 pl of Y-PERTM reagent (Thermo Scientific, Massachusetts, United States)
containing fresh protease inhibitors. Lysed cells were incubated for 20 minutes at room
temperature, followed by 15 minutes centrifugation at 13000 rpm. Total protein
homogenates were collected for further analysis. A total of 20 ug of yeast protein in
Laemmli sample buffer was incubated for 5 minutes at 100°C and separated by SDS-
PAGE in a 12% polyacrylamide gel. Proteins were electrically transferred onto 0.45 pum
nitrocellulose membranes (Amersham Protran GE Healthcare) by Western blot at 90 V
for 1 h and were probed with monoclonal anti-Beclin 1 (Santa Cruz, Dallas, Texas, United
States), and polyclonal anti-GAPR-1 antibodies [5]. Monoclonal anti-GAPDH antibody
(Thermo Scientific, Massachusetts, United States) was used as a loading control.
Peroxidase-conjugated goat anti-rabbit antibody (Nordic-Mubio, Susteren, The
Netherlands) was used as a secondary antibody. Binding was detected with the
SuperSignalTM reagents (Thermo Scientific, Massachusetts, United States) and
ChemiDocTM MP Imaging system (BioRad, Hercules, California, United States).
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SDS Solubility test

10 OD units of cells were collected after 24h induction, homogenized and total protein
homogenate was prepared using Y-PERTM reagent. 1/10 of the homogenate was
collected as input. 9/10 of the sample was centrifuged at 100,000 x g for 30 minutes,
and the detergent-soluble supernatant was collected. The detergent-insoluble pellet
was treated with 2% SDS (180ul for 30 minutes at 4°C) and separated by centrifugation
(100,000 x g for 30 minutes) into a SDS-soluble and SDS-insoluble fraction. The same
volume (20ul) of each sample was separated by SDS-PAGE and analysed by Western blot
using an anti Beclin 1 antibody.

Table 2. Primers used in this study.

Primer Sequence
FW GAPR-1 5’-GAACTAGTGGATCCCCCATGGGCAAGTCAGC-3’
REV GAPR-1 4 GFP 5’-CTTCTCCTTTACTATCGATAAGCTTCTTCTTCGGCGGC5-3’
FW GFP 4 GAPR-1 5’-CCGCCGAAGAAGAAGCTTATCGATAGTAAAGGAGAAGAAC-3’
REV GFP 5’-GAATTCCTGCAGCCCTTATTTGTATAGTTCATCC-3’
FW Beclin 1 5’-GAACTAGTGGATCCCCCATGGAAGGGTCTAAGAC-3’
REV Beclin 14 5’-CCTTGCTCACCATATCGATAAGCTTTTTGTTATAAAATTGTGA-3’
mCherry

FW mCherry 4 Beclin 5’-CTCACAATTTTATAACAAAAAGCTTATCGATATGGTGAGCAAG-3’
1

REV mCherry 5’-GAATTCCTGCAGCCCCTACTTGTACAGCTC-3’

REV GAPR-14VC 5'-CCG TTCTTC TCG AGC TTC TTC GGC GG -3’

FW VC 4 GAPR-1 5'- CCG CCG AAG AAG CTC GAG AAG AAC GG -3’
REV VC 5'- CGA ATT CCT GCA GCC CTT ACT TGT ACA GC -3’
FW VN 5'- CTA GTG GAT CCC CCA TGG TGA GCA AG -3’

REV VN 4 Beclin 1 5'- CGT CTT AGA CCC TTC CTT AAG GGA CCC -3’

FW Beclin 14 VN 5'- GGG TCC CTT AAG GAA GGG TCT AAG ACG -3'
REV Beclin 1 5’- CGAATTCCTGCAGCCCTCATTTGTTATAAAATTG -3
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Bimolecular Fluorescence Complementation (BiFC)

In this assay, we used Venus YFP protein as a fluorescence protein and tagged its non-
fluorescent halves Venus N (VN) in N-terminal domain of Beclin 1 in p423 plasmid and
Venus C (VC) in C-terminal of GAPR-1 in p426 plasmid. All constructs and controls are
depicted in Table 3. All VN fragments were cloned in p423 and VC fragments in p426
plasmids and constructs were verified by DNA sequencing. For live cell imaging
microscopy, wild-type (W303) yeast cells harbouring different constructs were grown in
SC medium -His -Ura containing 2% raffinose at 30°C overnight and shifted to 2%
galactose medium for induction of proteins. Cells were visualized after 24h induction by
Zeiss Observer. Z1 microscope (Zeiss) was equipped with a CSU-X1 Al confocal scanner
unit (YOKOGAWA), QuantEM:512SC digital camera (Photometrics) and Slide Book 6.0
software package (Intelligent Imaging Innovations). The values of mean fluorescence
intensity of 150 cells per condition were measured in three independent experiments.

Table 3. Constructs used in the BiFC assay

Megative controls

—{=m)-{VN_ HGARRA |+ —{=)>-{ VC |

— () (W e+ —(=m)-( Ve |

Dimer formation
——{>~ [VN_H GAPRA | * —{w >~ GAPRA {_VC |

Interaction

— (=)~ [VN_HIBseling] + —{z=0 > GAPRA 1 _ve |

Treatment with peptides

Cells carrying different constructs were grown in a culture tube containing 5 ml of
minimal medium supplemented with proline as the nitrogen (N) source at 30°C
overnight. Proline was added as a poor N source in order to induce the synthesis of the
peptide uptake system in S. cerevisiae (protocol adapted from [55]). Cells were
transferred to a minimal medium with 2% galactose, 5uM Tat-Beclin 1 or Tat-scrambled
peptides ((96.6% and 95.8% purity respectively, GenScript (Nanjing) , Jiangsu, China)
were added and incubated on a rotor at 30°C (OD600 =0.1). Cells were collected after
6h, washed 3 times with fresh medium to remove the peptides and were directly
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visualized by a spinning disc microscope. Quantifications were performed by counting
300 cells per each condition in three independent experiments.

Immuno-Dot Blots

AB (1-40) (Innovagen AB, Lund, Sweden), Tat-Beclin 1 and Tat-Scrambled B18 were
incubated at a concentration of 50uM in 25mM Tris-HCI, 50mM NaCl, pH 7.4 (NT-50) at
37°Cwith agitation for 18h. Samples (4ug), were taken at various time points during fibril
formation and stored frozen at -20°C then they were spotted onto nitrocellulose
membranes (Amersham Protran GE Healthcare) and allowed to air dry. The membranes
were then blocked with 5% (w/v) BSA in Tris-buffered saline containing 0.05% Tween-20
(TBS-T). The blocked membranes were used to study A interaction with GAPR-1 or with
the All antibody. To study the interaction with GAPR-1, blocked membranes were
incubated for 2h at room temperature in NT-50 containing 50ug/ml GAPR-1 before being
washed with TBS-T. Bound GAPR-1 was detected using specific rabbit polyclonal
antibodies as described above. To study interaction of AR with A1l antibody, blocked
membranes were incubated with rabbit polyclonal anti-oligomer antibody A1l
(Invitrogen, California, United States) (0.5ug/ml in TBS-T, 1% (w/v) BSA) for 1h at RT
followed by HRP-labeled goat anti-rabbit secondary antibodies with SuperSignalTM
reagents (Thermo Scientific, Massachusetts, United States) detection.

Different promoters

WT GAPR-1-GFP and WT Beclin 1-mCherry were cloned in Smal restriction site in pBP496
(-His) and pBP499 (-Ura) plasmids, respectively. Both plasmids contained the
constitutive alcohol dehydrogenase | (ADH1) promoter.

W303 yeast cells carrying GAPR-1-GFP or Beclin 1-mCherry expressing plasmids were
grown in a selective media lacking histidine and uracil and containing 2% raffinose at
30°C overnight. Cells shifted to a fresh SC medium with 2% glucose as a carbon source
and lacking selective amino acids. After 6h, cells were visualized by microscopy and
quantified by counting 300 cells per condition in three independent experiments.
Amyloid prediction software

Amino acid sequences of human Beclin 1, B18, F274S and Scrambled B18 were given as
input to the web server-based program AmylPred2
(http://biophysics.biol.uoa.gr/AMYLPRED2) [36] using all methods except Amyloid
Mutants.

Statistical Analysis
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Data were analyzed using GraphPad Prism 9 (San Diego, CA, USA) Software and are
presented as mean * SD of at least three independent experiments. The significance of
differences was calculated using a two-tailed unpaired T-test. P values lower than 0.05
were considered to indicate a significant difference.
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Supplemental information
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Suppl. Figure 1, Sirati et al.

Figure S1. A) Wild-type yeast cells (W303) were transformed with a high copy plasmid
carrying different constructs under the control of GALI promotor. Ten-fold dilutions of
exponentially growing cultures of W303 cells, transformed with plasmids carrying the
different constructions, were spotted using selection plates containing 60 mg/| leucine,
and 40 mg/| tryptophan, together with 2% glucose (GAL1 promoter “OFF”) or 2%
galactose (GALI promoter “ON”). The cells were incubated at 30°C for 3 days; B) Live-
cell fluorescence microscopy after 24h induction. Wild-type yeast cells (W303) were
transformed with a plasmid carrying Beclin 1-GFP or Beclin 1-mCherry under the control
of the GAL1 promoter.
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Suppl. Figure 2, Sirati et al.

Figure S2. A) Live-cell fluorescence microscopy of yeast cells co-expressing GAPR-1-GFP
and Beclin 1-mCherry in GAL1 (inducible) and ADH1 (constitutive) promoters after 6h
co-expression; B) Quantification of the yeast cells displaying Beclin 1 protein
condensates. For each time point, the number of cells displaying protein condensates is
presented as a percent of the total number of cells. For quantification of protein
condensates at least 200 cells were counted per time point and per experiment. Results
are expressed as mean + SD, from at least three independent experiments.
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Figure S3. A) Bimolecular Fluorescence Complementation assay (BiFC) using the non-fluorescent
N-terminal and C-terminal fragments of Venus yellow fluorescent protein (VN and VC
respectively). GAPR-1 and Beclin 1 were tagged with VN or VC (VN-GAPR-1, VN-Beclin 1 and GAPR-
1-VC) and fluorescent complementation by co-expression of different VN and VC constructs (as
indicated in the figure and in the Results section) was determined by fluorescent microscopy; B)
Mean YFP fluorescence intensity of cells after 24h expression. The results are expressed as the
mean SD of three independent experiments. The significance of differences was calculated with
a two-tailed unpaired t-test (***p < 0.001; n=150).
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Suppl. Figure 4, Sirati et al.

Figure S4. Amyloidogenic PPl in protein condensate formation
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Phosphorylation Regulate GAPR-1 and Beclin 1 interaction in yeast

Abstract

GAPR-1 is a negative regulator of autophagy and acts by retaining Beclin 1 at the Golgi
apparatus in mammalian cells. To study the molecular interactions between GAPR-1 and
Beclin 1, we recently developed an in vivo protein-protein interaction assay in
Saccharomyces cerevisiae that is based on mutual interference of condensate formation
upon co-expression of the amyloidogenic proteins GAPR-1 and Beclin 1. Here, we used
this model system to study the effect of phosphorylation on the oligomeric states of
GAPR-1and Beclin 1 and to determine the role of phosphorylation in the GAPR-1/Beclin
1 interaction. We find that phosphorylation of Ser55 is required for GAPR-1 condensate
formation. Similarly, phosphorylation of Ser15/Ser30 is required for Beclin 1 condensate
formation. Co-expression experiments show that phosphorylation of Ser55 (GAPR-1) as
well as phosphorylation of Ser15/Ser30 (Beclin 1), is required for interference with
condensate formation of both proteins. Deletion of ULK1/Atg1 in yeast was sufficient to
observe the same condensate phenotypes after co-expression of wt GAPR-1 and wt
Beclin 1. Thus, ULK1/Atgl is capable of phosphorylating both GAPR-1 and Beclin 1,
thereby affecting their amyloidogenic properties and enhancing their interaction. Our
combined results suggest that ULK1/Atg1 can regulate the interaction between GAPR-1
and Beclin 1, providing a potential novel molecular switch acting in autophagy.

Keywords: GAPR-1, phosphorylation, Beclin 1, Amyloid-like proteins, Protein-Protein
interactions (PPIs), Saccharomyces cerevisiae, ULK 1, Atg 1
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Introduction

Protein phosphorylation is one of the most common post-translational modifications
that play an important role in protein function by regulating their activity, localization,
and interaction with other molecules. One possible mechanism to regulate protein
function by phosphorylation is by affecting its oligomerization properties [1]. In this way,
protein phosphorylation can regulate a broad range of cellular processes, such as protein
degradation via the proteasome [2], cell migration and adhesion [3,4], signal
transduction [5,6], and cellular stress-related events [7]. Phosphorylation-dependent
protein oligomerization and aggregation are also associated with several pathologies [8—
12]. Aberrant phosphorylation is observed in neurodegenerative diseases such as
Alzheimer's disease with hyperphosphorylation of Tau and phosphorylation of the AR
peptide [13-16] and in Parkinson's disease with phosphorylation of a-synuclein [17-19]
causing amyloid formation. In human acquired heart failure, mono-phosphorylation of
desmin triggers pre-amyloid oligomer formation and myocyte dysfunction [20]. More
recently, several studies have indicated a role of phosphorylation in liquid-liquid phase
separation of proteins and the biogenesis of biomolecular condensates [21-24].

Golgi-Associated plant Pathogenesis-Related protein 1 (GAPR-1) is a mammalian protein
belonging to the CAP superfamily [25,26] and is known to exist in various oligomeric
forms. It localizes to Golgi membranes as a dimer and possesses amyloidogenic
properties in vitro [27-29]. In line with these observations, we demonstrated that, by
using a well-established Saccharomyces cerevisiae model system, over-expression of
human GAPR-1 (GAPR-1) is associated with the formation of biomolecular condensates
[30]. GAPR-1 condensates were shown to be dynamic and reversible organelles, with
myristoylation and metal ions as important factors involved in condensate formation.
GAPR-1 is also a Beclin 1 interacting protein that negatively regulates autophagy [31—
33], and recently we showed that the amyloidogenic properties of both proteins
contribute to the condensate formation and their interaction in vivo [34].

Interestingly, mutagenesis studies revealed that the same type of protein-protein
interactions previously described for the GAPR-1/Beclin 1 interaction at Golgi
membranes, also interfere with the condensate formation in yeast during the co-
expression of GAPR-1 and Beclin 1 [34]. These observations make the Saccharomyces
cerevisiae model system an interesting platform to study the involvement of
phosphorylation in the GAPR-1/Beclin 1 interaction [31]. GAPR-1 contains multiple
putative phosphorylation sites (more than 20 tyrosine/serine/threonine residues). To
date, seven of these amino acids have been identified as phosphorylated residues by
proteomic mass spectrometry (PhosphoSitePlus [35]). Beclin 1 is a central player in
autophagy and constitutes a molecular platform for the regulation of autophagosome

107



Phosphorylation Regulate GAPR-1 and Beclin 1 interaction in yeast

formation and maturation [36—38]. Phosphorylation of Beclin 1 affects its stability,
interactions with other proteins, and ability to regulate PI3K activity and initiation of
autophagy [39,40]. In response to cells' metabolic needs, autophagy can be initiated by
the concerted action of the ULK1/Atg1 kinase complex and the PI3K-IIl kinase complex.
This leads to the nucleation of phagophores, and the generation of double-membranous
structures called autophagosomes, which eventually fuse with lysosomes to form
autolysosomes and release amino acids and other metabolites.

In this study, we focused on the role of phosphorylation in GAPR-1 and Beclin 1 amyloid-
like oligomerization and condensate formation in a yeast model system. We show that
both GAPR-1 and Beclin 1 are targets of the autophagy-inducing ULK1/Atgl kinase
complex.

Results

Phosphorylation regulates GAPR-1 condensate formation

Proteomic studies on various tissues and cancer cells have revealed the presence of
multiple GAPR-1 phosphorylation sites (Supplementary Fig.1A) [35,41]. To investigate
whether phosphorylation of GAPR-1 contributes to its condensate behavior in vivo, we
used a previously developed yeast S. cerevisiae model system that shows GAPR-1
condensate formation upon overexpression of wild-type (wt) GAPR-1 [30]. Three
phosphorylation sites, Tyrd2, Ser55, and Ser123, were selected for further investigation
based on the frequency of their identification (Tyrd2 and Ser55, Supplementary Fig.1A)
and accessibility at the surface of GAPR-1 in the crystal structure of GAPR-1 (Ser123).
Using mutagenesis, single, double, and triple phospho mutants of C-terminally GFP-
tagged GAPR-1 (GAPR-1-GFP) were created by changing Tyr42 to Phe (Y42F) and by
changing Ser55 or Ser123 to Gly (S55G and S123G) (Fig.1A). Cytotoxicity and protein
expression levels of all mutants were shown to be similar to wt GAPR-1-GFP, as
determined by spotting assay and Western blot analyses, respectively (Supplementary
Fig.1B, 1C).

The effect of GAPR-1 phosphorylation on condensate formation in yeast was studied by
live-cell fluorescent imaging at 3h post-induction of GAPR-1-GFP constructs. The
morphology of wt GAPR-1 condensates (Fig.1B, PPP) was severely affected in the GAPR-
1 triple mutant in which all three sites were unavailable for phosphorylation, resulting
in aberrant fluorescent structures in the yeast cell (Fig.1B, XXX). To identify which of the
mutated amino acids contributed to these effects, we expressed GAPR-1 mutants in
which only one amino acid was mutated. Preventing the phosphorylation of Tyr42 (XPP)
or Ser55 (PXP) altered the protein condensate morphology, whereas mutation of Ser123
(PPX) did not affect condensate morphology (Fig.1B). Double mutants of GAPR-1
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(indicated as PXX, XPX, XXP) showed the importance of Ser55 in condensate formation
of GAPR-1 in vivo as only GAPR-1 XPX maintained a normal condensate morphology
(Fig.1B). In addition, GAPR-1 PXP was the only mutant that showed a reduced efficiency
in condensate formation as determined by the number of cells containing condensates
after 3h of expression (Fig.1C). To confirm that the oligomerization of GAPR-1 is
influenced by the phosphorylation of Ser55, a GAPR-1 triple mutant was created that
contains aspartic acid (D) at position 55 as a phosphomimetic of phospho-serine (XDX).
The morphology and efficiency of cytosolic condensates in this phosphomimetic mutant
were shown to be similar to the double mutant in which Ser55 remains available for
phosphorylation (XDX versus XPX, Figs.1B,C). These results suggest a role for Ser55
phosphorylation in the oligomerization properties of GAPR-1 in vivo.
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Figure 1. Sirati et al

Figure 1. Phosphorylation regulates GAPR-1 amyloid-like oligomerization in vivo. A)
Names and abbreviations of the GAPR-1 constructs used in this study; B) Live-cell
fluorescence microscopy of yeast cells expressing wt GAPR1-GFP and phospho mutants
as indicated in the panels after 3h in SC-galactose induction media; C) Quantification of
yeast cells displaying cytoplasmic condensates, presented as percent of the total
number of cells. For the quantification of condensates, at least 100 cells were counted
per experiment. Results are expressed as mean  SD, n=3. The significance of differences
was calculated with a two-tailed unpaired t-test(***p<0.0001).
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Phosphorylation contributes to zinc-enhanced GAPR-1 condensate formation

Ser55 is localized in close proximity to the conserved metal-binding site of GAPR-1
(Supplementary Fig.2A). Zinc binding enhances GAPR-1 protein oligomerization where
the two conserved histidine residues (His54 and His103) are essential for zinc-enhanced
amyloid-like oligomerization of GAPR-1 in vitro and in vivo [28,30]. This raised the
possibility that phosphorylation of Ser55 interferes with the metal-binding properties of
GAPR-1. Molecular dynamics simulations revealed that introducing a negative charge at
position 55 might cause a repulsion with the neighboring glutamate (Glu65) and thus
affect the orientation of the loop (Arg50-Gly61) that contains His54 (Fig.2A). This
rearrangement of His54 could enhance the metal binding properties and stimulate
GAPR-1 oligomerization. To test this experimentally, we determined protein condensate
formation in the absence and presence of zinc in the Ser55 phosphorylation-deficient
(PXP) and phospho-mimetic GAPR-1 (PDP) mutants. In the phosphorylation-deficient
mutant (PXP), GAPR-1 protein condensate formation became insensitive to the presence
of zinc ions, whereas zinc-enhanced protein condensate formation was maintained in
the phosphomimetic (PDP) mutant (Fig.2B,C). To confirm that phosphorylation of Ser55
impacts His54 in zinc-mediated oligomerization, we constructed two double mutants
[(His54V/PXP) and (His54V/PDP)] and studied the condensate-forming properties of
these double mutants using live-cell imaging (Figs.2B,C). In the absence of His54, protein
condensate formation is no longer zinc sensitive, suggesting that phosphorylation of
Ser55 enhances the His54-mediated zinc-binding affinity and subsequently promotes
oligomerization (Figs.2B,C).
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Figure 2. Phosphorylation contributes to zinc-enhanced GAPR-1 condensate formation.
A) Molecular dynamics simulations of GAPR-1 in the dimer structure. His54 and His103
are shown in green, the small helix (§55-R60) is shown in pink. B) Live-cell fluorescence
microscopy of yeast cells expressing the indicated GAPR-1-GFP constructs (PPP, PXP,
PDP, H54V/PXP and H54V/PDP) was performed after 3h in SC-galactose induction media
in the absence or presence of 5mM Zn%; C) Quantification of yeast cells displaying
cytoplasmic condensates under conditions presented in (B). The number of cells
displaying cytoplasmic condensates is presented as a percent of the total number of
cells. At least 100 cells were counted per experiment. The results are expressed as mean
+ SD, n=3. The significance of differences was calculated with a two-tailed unpaired t-
test (*p<0.05, **P<0.01).

Phosphorylation of GAPR-1 contributes to its interaction with Beclin 1

We recently revealed that GAPR-1 interacts with Beclin 1 and that co-expression of
GAPR-1 and Beclin 1 affected the condensate behavior of each other [34]. Therefore, we
investigated the contribution of Ser55 phosphorylation of GAPR-1 in the GAPR-1/Beclin
linteraction. To this end, the number of condensate-forming cells were quantified upon
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co-expression of GAPR-1 Ser55 phospho mutant (PXP) with Beclin 1. In contrast to the
wt GAPR-1/Beclin 1 co-expression [34] (Supplementary Fig.3), co-expression of the
phosphorylation-deficient GAPR-1 mutant PXP with Beclin 1 does not interfere anymore
with the protein condensate formation of Beclin 1 (Figs.3A,B). This suggests that
phosphorylation-deficient GAPR-1 does not interact with Beclin 1. To exclude that other
phosphorylation sites, contribute to the observed effects on condensate formation, we
co-expressed the GAPR-1 phosphorylation-deficient mutant XPX with Beclin 1.
Expression of this GAPR-1 mutant did result in re-distribution of Beclin 1 to the cytosol,
closely resembling the wild-type phenotype. Under all conditions, similar protein
expression levels were detected in the single and co-expression experiments using
Western blot analyses (Figs.3A,B bottom panels), ruling out effects on condensate
formation due to different protein expression levels. Together, our data suggest that
phosphorylation of GAPR-1 can regulate the interaction with Beclin 1.
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Figure 3. Phosphorylation of GAPR-1 contributes to its interaction with Beclin 1. A) Live-
cell fluorescence microscopy of W303 yeast cells in single and co-expression of GAPR-1-
GFP mutant PXP and Beclin 1-mCherry after 24h in SC-galactose induction media.
Quantification of cells displaying PXP-GFP and Beclin 1-mCherry condensates in single
(S) and co-expression (D) conditions (bottom left). Expression levels of PXP-GFP and
Beclin 1-mCherry in single and co-expression conditions were assessed by Western blot,
using anti-GAPR-1 and anti-Beclin 1 antibody (bottom right); B) Representative images
of single and co-expression of GAPR-1-GFP mutant and Beclin 1-mCherry as indicated in
the panels. Quantification of cells displaying XPX-GFP and Beclin 1-mCherry condensates
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in single (S) and co-expression (D) conditions. The number of cells displaying cytoplasmic
condensates is presented as a percentage of the total number of cells (bottom left). To
quantify condensates, at least 100 cells were counted per time point and experiment.
Results are expressed as mean * SD, n=3. The significance of differences was calculated
with a two-tailed unpaired t-test ***p<0.001. Expression levels of GAPR-1-GFP mutant
XPX and Beclin 1-mCherry in single and co-expression conditions were assessed by
Western blot, using anti-GAPR-1 and anti-Beclin 1 antibody (bottom right).

Phosphorylation regulates Beclin 1 condensate formation

Currently, Beclin 1 is known to be phosphorylated at 25 positions (PhosphoSitePlus [35],
Supplementary Fig.2B) by various kinases [42]. ULK1/Atgl is a central regulator of
autophagy by phosphorylating Ser15 and Ser30 of Beclin 1 [42-44]. We studied the role
of ULK1/Atgl-mediated phosphorylation on Beclin 1 condensates formation by
constructing the Beclin 1 mutant Ser15/30A [42,43,45]. Expression of Beclin 1 Ser15/30A
in yeast showed a severe effect on condensate formation (Fig.4A). In contrast to wt
Beclin 1, Beclin 1 Ser15/30A did not form protein condensates after 3h of expression.
Upon prolonged-expression, Beclin 1 Serl5/30A typically clustered into a single
condensate, whereas the majority of cells contained more than 3 condensates after
expressing wt Beclin 1 (Fig.4A). Protein levels remained comparable in both conditions
(Fig.4A). To confirm that the reduction of protein condensate formation in Ser15/30A
mutant is related to phosphorylation of Beclin 1 by the ULK1/Atgl complex, wt Beclin 1
was expressed in the kinase-deficient yeast strain Aatgl. The formation of protein
condensates of wt Beclin 1 in this background was identical to the one observed in the
Ser15/30A mutant in the wild-type W303 yeast strain. Under all conditions, similar
protein expression levels for both constructs (Fig.4B). These data suggest that
phosphorylation of Beclin 1 by ULK1/Atgl influences the amyloidogenic properties of
Beclin 1 that cause condensate formation.
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Figure 4. Phosphorylation regulates Beclin 1 condensate formation. A) Live-cell
fluorescent microscopy of W303 cells expressing Beclin 1-mCherry and phospho mutant
(515/30A) after 3h, 6h and 24h of induction. Representative images are shown in the top
half panels. Quantification of condensate-positive yeast cells with 1-2 or more than 3
condensates per cell after 24h (bottom left). For the quantification of condensates, at
least 100 cells were counted per experiment. Results are expressed as mean + SD, n=3;
Expression levels of Beclin 1-mCherry and phospho mutant were performed by Western
blot analysis using an anti-Beclin 1 antibody (bottom left); B) Representative images of
Beclin1l-mCherry expression in W303 and Aatgl yeast strains after 24h of induction
(top). Quantification of Beclin 1-mCherry condensate-positive yeast cells with 1-2 or
more than 3 condensates per cell in W303 and Aatgl background after 24h (bottom
right). For the quantification of condensates, at least 100 cells were counted per
experiment. Results are expressed as mean + SD, n=3; Expression levels of Beclin 1-
mCherry in W303 and Aatgl background after 24h was performed by Western blot
analysis using an anti-Beclin 1 antibody (bottom right).
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GAPR-1 condensate formation is changed in a Aatgl yeast strain

To examine whether GAPR-1 is also a substrate of ULK1/Atgl-mediated
phosphorylation, we compared the phenotype of GAPR-1-GFP protein condensate
formation in the wild-type yeast (W303) with the yeast strain lacking Atgl (Aatgl). As
shown in Fig.5A, expression of GAPR-1-GFP in wild-type yeast results in a time-
dependent increase of condensates formation. In the absence of Atgl, GAPR-1-GFP can
still form protein condensates, but after 3h, the increase in the number of condensate-
forming cells seems halted. GAPR-1 protein levels remained similar in all conditions,
suggesting that the difference in the phenotype is not influenced by the Aatgl
background (Fig. 5A, bottom panels). To investigate the role of the Atgl kinase activity
in GAPR-1 oligomerization in more detail, we reconstituted Aatgl cells harboring GAPR-
1-GFP with wild-type Atgl and an Atgl kinase-dead mutant (Atg1KD) (KD-K54A/D211A)
plasmids, both under the control of the GAL1 promoter. Wild-type Atgl but not the
mutant Atg1KD fully complemented the effect of Aatgl background, as shown in Fig. 5B
(containing representative images and quantification after 3, 6, and 24h induction).
Remarkably, the introduction of a kinase-dead Atgl mutant in Aatgl cells showed that
condensate formation could be restored to normal levels, but only at late time points
(24h). These results suggest an important role of the Atgl kinase activity at early stages
of condensate formation and Atgl kinase activity-independent effects at later stages of
Atgl overexpression. To identify the GAPR-1 amino acids that are phosphorylated by
Atgl, we overexpressed the GAPR-1 Ser55-related mutants PXP and XPX in the Aatgl
yeast strain. As expected, live-cell imaging now showed a similar phenotype of the GAPR-
1 (PXP) mutant, in which Ser55 is blocked, as compared to both wt GAPR-1 and the
GAPR-1 XPX mutant (Fig.5C). Protein expression levels were comparable under these
conditions (Fig.5C, bottom panels). Our combined results predicted that GAPR-1
condensate formation becomes insensitive to the presence of zinc ions in these
phosphorylation-deficient cells. Indeed, in contrast to wild-type yeast cells, no zinc
sensitivity could be detected anymore in Aatgl cells (Fig.5D). The zinc sensitivity of Aatgl
cells could be restored by co-expressing Atgl. The kinase-dead mutant Atg1KD could not
restore the zinc sensitivity in Aatgl cells (Fig.5D). Overall, our data revealed that Atgl
kinase activity and phosphorylation in position Ser55 plays an important role in the
regulation of zinc-enhanced GAPR-1 oligomerization and condensate formation in vivo,
especially at early stages.

115



Phosphorylation Regulate GAPR-1 and Beclin 1 interaction in yeast

A 3h

:

6h 24h

5
5
2:!_jlm- [ I—
3
g
% 50
:
3
2
S

I |
3h 6h 24h 3h 6h 24h

W303 Aatg1

wn-newW e | — 44kDa
G.APDH|-__“_.__. |—37kDa
W303 Aa

tg1

Figure 5A. Sirati et al

116



Chapter 4

1004

Aatg!

Cells with condensates (%)
¢

11T

I I I
3h 6h 24h 3h 6h 24h

+Atg1 +Atg1*?

Aatg1
c PPP PXP XPX D

ik

Cells with condensates (%)_,
g
1
7

&:
N
= 8 Y
N[N
3 50 0 -+ -+ -+ R
E * Zn= Zn** Zn®
£ 2 5 » ¢
H E § § %
°© L& Figure 5B, 5C and 5D. Sirati et al

Figure 5. GAPR-1 condensate formation is affected in a Aatgl yeast strain. A)
Representative images of live-cell fluorescent microscopy of W303 and Aatgl cells
expressing GAPR-1-GFP (PPP) are shown after 3h, 6h and 24h of induction (top panels).
For quantification, the number of cells displaying cytoplasmic condensates is presented
as a percent of the total number of cells (middle panel). Expression levels of GAPR-1-GFP
in W303 and Aatgl backgrounds are determined by Western blot analysis using an anti-
GAPR-1 antibody. Expression levels of GAPDH served as loading control (bottom panel);
B) Live-cell fluorescence microscopy of cells expressing GAPR1-GFP (PPP) in Aatgl cells
complemented with an Atgl or AtglKD after 3h, 6h and 24h. For quantification, the
number of cells displaying cytoplasmic condensates is presented as a percent of the total
number of cells (right panel); C) GAPR-1-GFP (PPP) and two GAPR-1-GFP phospho
mutants (PXP and XPX) were analyzed by live-cell fluorescence microscopy after 3h
induction. For quantification, the number of cells displaying cytoplasmic condensates is
presented as a percent of the total number of cells. Expression levels of the three GAPR-
1-GFP constructs (PPP, PXP and XPX) were assessed by Western blot analysis using an
anti-GAPR-1 antibody; D) Quantification of GAPR-1-GFP (PPP) condensate-positive yeast
cellsin W303, Aatgl, Aatgl+Atgl and Aatgl+AtglKD in the presence and in the absence
of 5mM zinc. For the quantification, the number of cells displaying cytoplasmic
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condensates is presented as a percent of the total number of cells. For all quantifications
of condensates, at least 100 cells were counted per time point and per experiment.
Results are expressed as mean + SD, n=3. The significance of differences was calculated
with a two-tailed unpaired t-test ***p<0.001.

ULK1/Atg1 regulates the GAPR-1/Beclin 1 interaction

To determine whether phosphorylation of GAPR-1 or Beclin 1 affects the interaction
between these two proteins, we investigated the interference with condensate
formation during co-expression. As recently described, co-expression of wt GAPR-1 and
wt Beclin 1 affected the condensate formation properties of both proteins ([34], and
Supplementary Fig.3). When wt GAPR-1-GFP (PPP) and the Ser15/30A Beclin 1-mCherry
phosphodeficient mutant were co-expressed in W303 cells, both proteins remain in
protein condensates, indicating that they do not interact with each other anymore
(Fig.6A). Co-expression of the GAPR-1-GFP phosphodeficient mutant PXP with the
Serl5/30A Beclin 1 phosphodeficient mutant also showed no interference with
condensate formation (Fig.6B). The protein levels during overexpression remained
comparable in both conditions. Our results predict that if the ULK1/Atgl complex is
responsible for both GAPR-1 and Beclin 1 phosphorylation, co-expression of wt GAPR-1
and wt Beclin 1 in a yeast strain that lacks Atgl would be sufficient to block their
interaction. Indeed, in the absence of Atgl, wt GAPR-1 and wt Beclin 1 do not interfere
with the condensate formation of each other anymore, indicating a lack of interaction
between these two proteins (Fig.6C). Protein expression levels showed similar
expression levels of proteins under the various conditions (Fig.6C).
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Figure 6. ULK1/Atgl regulates the GAPR-1/Beclin 1 interaction. A) Single and co-
expression of wt GAPR-1-GFP (PPP) and S15/30A Beclin 1-mCherry for 24h in W303 yeast
cells. B) Single and co-expression of GAPR-1-GFP (PXP) and S15/30A-mCherry for 24h of
expression in W303 yeast cells; C) Single and co-expression of GAPR-1-GFP (PPP) and
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Beclin 1-mCherry for 24h in Aatgl yeast cells. For all conditions: i) top panels:
representative live-cell fluorescence microscopy images; ii) bottom left: quantification
of cells displaying GFP and/or mCherry condensates of the different constructs in single
(S) and co-expression (D) experiments, presented as percentage of the total number of
cells displaying cytoplasmic condensates. At least 100 cells were counted per time point
and per experiment for all conditions. Results are expressed as mean * SD, n=3. The
significance of differences was calculated with a two-tailed unpaired t-test *p<0.05; iii)
bottom right: Western blot analysis of the expression levels of the different GAPR-1-GFP
and Beclin 1-mCherry constructs, as indicated in the different panels, after 24h
expression in W303 and Aatgl cells using an anti-GAPR-1 and anti-Beclin 1 antibody.

Discussion

We previously showed that co-expression of human GAPR-1 and human Beclin 1 in yeast
interfered with their mutual biomolecular condensate formation and proposed that this
interference may be used as a tool to unravel the molecular mechanism of PPIs of
amyloidogenic proteins [34]. Here we show the first application of this assay system by
identifying protein phosphorylation sites that can act as a regulatory switch in the
interaction between GAPR-1 and Beclin 1. Phosphorylation of GAPR-1 at Ser55 and/or
phosphorylation of Beclin 1 at Ser15/30 affects the interference with their mutual
condensate formation. The precise mechanism of action of phosphorylation in the
interaction between GAPR-1 and Beclin 1 remains to be established. We show that
phosphorylation regulates the amyloidogenic properties of the individual proteins
GAPR-1 and Beclin 1 as phospho-mutants of GAPR-1 and Beclin 1 are hampered in their
protein condensate formation. Thus, one possible scenario is that by affecting the
amyloidogenic properties, the interaction between GAPR-1 and Beclin 1 is affected. This
effect of phosphorylation on condensate formation is reminiscent of the Tau protein,
which also forms biomolecular condensates in a phosphorylation-specific manner.
Phosphorylation by MARK2 kinase changes the kinetic and dimensions of Tau protein
condensates and enhances phase separation at lower protein concentrations [46—49].
Alternatively, in hetero-oligomeric and weak transient homo-oligomeric complexes,
phosphorylation sites tend to be located at the binding interfaces [50], similar to what
we now observe for GAPR-1. Thirdly, phosphorylation can also affect the protein
conformation [50,51], thus affecting condensate formation in a more indirect manner.
Finally, phosphorylation could affect the direct PPI between these two proteins as we
previously showed that the same type of protein-protein interactions interferes with
condensate formation during the co-expression of GAPR-1 and Beclin 1 as described
before for their interaction at Golgi membranes [31]. Remarkably, deletion of a single
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kinase (ULK1/Atgl), obliterates the interaction between GAPR-1 and Beclin 1, indicating
that the molecular mechanism of ULK1/Atgl-mediated autophagy includes regulating
amyloidogenic interactions between GAPR-1 and Beclin 1 by protein phosphorylation.

Multiple factors regulate the oligomeric status of GAPR-1, such as the biophysical
properties of the membranes, specific negatively charged lipids [52], specific metal ions
in the cytosol, and myristoylation [28,29]. Here we show that phosphorylation also
contributes to the regulation of the oligomeric properties of GAPR-1, resulting in
enhanced protein condensate formation. We previously showed that small but
significant conformational changes accompany the formation of GAPR-1 oligomers and
amyloid-like assemblies in the presence of zinc ions [28]. Similarly, using molecular
dynamics simulations, we now observe that the introduction of a negative charge at
position 55 might cause a repulsion with the neighboring glutamate and thus reorients
a small loop in the GAPR-1 3D structure. This would allow His54 to rearrange and
enhance amyloid-like oligomerization by enhanced zinc binding. Zinc is one of the most
abundant micronutrients in the human body, playing a role in cell division, growth,
differentiation, signal transduction but also pathology [53]. The combination of
disturbed zinc metabolism and (hyper)phosphorylation of e.g. Tau, APP, AB and a-
synuclein have been shown to play a role in other amyloid-like protein oligomerization
and aggregation processes as well, resulting in severe neurodegenerative disorders such
as Parkinson's, Alzheimer's and ALS diseases [53]. In pathology, the formation of toxic
intermediates is often accompanied by protein hyperphosphorylation and is associated
with disturbed zinc homeostasis [54]. Here, we propose that under physiological
conditions, the formation of functional amyloidogenic oligomers may be regulated via
reversible phosphorylation that can directly impact the metal ion affinity of metal-
binding amyloidogenic proteins such as GAPR-1.

Beclin 1 has been reported to form stable homo-oligomers under various conditions and
the N-terminal domain, the coiled-coil domain, and the BARA domain facilitate this self-
assembly in different ways [8,17,34,55]. It is also known that Beclin 1 can be
phosphorylated by various kinases [36,39,42,56]. We now show that these effects may
be linked as phosphorylation at amino acids at positions 15 and 30 are essential for
protein condensate formation upon overexpression of Beclin 1 in yeast. This offers the
intriguing possibility that phosphorylation may indirectly regulate protein-protein
interactions by affecting the oligomeric status of Beclin 1. Phosphorylation not only
affected the amyloid-like behavior of the individual proteins by affecting their
condensate formation, but it also affected their interaction by interfering with the
condensate formation during the co-expression of GAPR-1 and Beclin 1. Indeed, the
observed interference with condensate formation during co-expression of GAPR-1 and
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Beclin 1 may provide a first example of the effect of phosphorylation on the oligomeric
status of individual proteins, thus affecting their interaction.

GAPR-1 has been proposed to act as a negative regulator of autophagy by recruiting
Beclin 1 to the Golgi complex, thus excluding it from the autophagy signalling cascade
[31]. What could be the physiological role of GAPR-1 and/or Beclin 1 phosphorylation in
their interaction and in the autophagy process? ULK1/Atgl induces autophagy by
phosphorylating Beclin 1 and activating Vps34 lipid kinase [43,57,58]. We now show that
ULK1/Atgl can also phosphorylate GAPR-1 and that phosphorylation of GAPR-1 and
Beclin 1 enhances their interaction. Thus, activating Beclin 1 in the autophagy pathway
also enhances the inhibitory effect of GAPR-1 on Beclin 1. We hypothesize that
phosphorylation of GAPR-1 provides a negative feedback loop for the activation of Beclin
1 and induction of autophagy. For example, autophagy could be primed by Beclin 1
phosphorylation, and subsequent GAPR-1 phosphorylation could provide a feedback
loop preventing the overactivation of autophagy. However, it remains to be established
whether GAPR-1 is phosphorylated by ULK1/Atgl in mammalian cells upon induction of
autophagy. Also, we cannot exclude the possibility that other kinases and phosphatases
finetune the phosphorylation of GAPR-1 and hence indirectly affect autophagy in a
ULK1-independent manner. Irrespective of the possible mechanisms, our results do
indicate that phosphorylation may act as a molecular switch to regulate the process of
autophagy by amyloidogenic interactions. We recently showed that the interaction
between GAPR-1 and Beclin 1 is defined by structural and amyloidogenic protein-protein
interactions, and we now show that phosphorylation controls this interaction. In this
respect, it is also interesting to note that the kinase-dead mutant of Atgl could also
restore GAPR-1 condensate formation, but only at later stages after overexpression in
Aatgl cells. Analysis of the Atgl primary sequence using the amyloid prediction software
AmylPred2 [59] revealed multiple regions with potential amyloidogenic properties
(Supplementary Fig.4). Thus, the autophagy process may be partly regulated by
amyloidogenic interactions of other key players as well.

Stimulatory compounds of the autophagy pathway have a strong pharmaceutical
potential, e.g. for the clearance of viruses in infectious diseases and for the clearance of
protein aggregates in neurodegenerative disorders. The identification of GAPR-1
phosphorylation as an efficient means to regulate the GAPR-1/Beclin 1 interaction may
provide novel tools to interfere with autophagy based on the available high throughput
screens of kinase and phosphatase inhibitors.
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Materials and methods

Yeast strains and plasmids

Wild-type yeast W303 and Aatg1 strains were transformed by Frozen-EZ yeast kit from
Zymo research (Zymo Research, Orange, CA, USA) with a high copy (2u) plasmid p423
carrying different constructs, which were tagged C-terminally by GFP, or with a p426

plasmid C-terminally tagged with mCherry (Table 1).

To construct PGALI-GAPR-1-GFP and PGALI-Beclin 1-mCherry fragments, GAPR-1,
Beclin 1, GFP and mCherry sequences were amplified by PCR and were inserted into the

plasmids at the Smal restriction site by using Geneart® seamless cloning assembly kit
(Invitrogen, California, United States). All mutants were constructed by using a
Phusion™ site-directed mutagenesis kit (Thermo Scientific, Massachusetts, United

States). The primers are listed in Table 2.

Table 1. Plasmids used in this study

Plasmid Description Source
D. Mumberg, R. Muller, M. Funk, Regulatable promoters of
2um; HIS3; | Saccharomyces cerevisiae: comparison of transcriptional
p423- . . . .
GALI GAL1pr; CYClterm; | activity and their use for heterologous expression, Nucleic
AmpR Acids Res. 22 (1994) 5767-5768.
https://doi.org/10.1093/nar/22.25.5767. [60]
D. Mumberg, R. Muller, M. Funk, Regulatable promoters of
426- 2um; URA3; | Saccharomyces cerevisiae: comparison of transcriptional
gALl GAL1pr; CYClterm; | activity and their use for heterologous expression, Nucleic
AmpR Acids Res. 22 (1994) 5767-5768.
https://doi.org/10.1093/nar/22.25.5767. [60]
pNS p423-GAL1-GAPR- .
1000 1-GFP This study
pNS p426-GAL1-Beclin .
2000 1-mCherry This study
pNS p423-GAL1-Y42F .
1005 GAPR-1-GFP This study
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pNS p423-GAL1-555G )
1006 GAPR-1-GFP This study
423-GAL1-5123G
NS p
2007 This study
GAPR-1-GFP
NS p423-GAL1-
2’008 S55G/S123GGAPR- | This study
1-GFP
NS p423-GAL1-
5’009 Y42F/S123G GAPR- | This study
1-GFP
p423-GAL1-
PNS Y42F/S55G .
1010 This study
GAPR-1-GFP
p423-GAL1-
pNS Y42F/S55G/S123G .
1011 This study
GAPR-1-GFP
p423-GAL1-
pNS Y42D/S55D/5123D .
1012 This study
GAPR-1-GFP
p423-GAL1-
PNS Y42F/S55D/5123G .
1013 This study
GAPR-1-GFP
p423-GAL1-S55D
23‘154 This study
GAPR-1-GFP
NS p426-GAL1-
P S15A/530A-Beclin | This study
2005
1-mCherry
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Table 2. Primers used in this study

Primer

Sequence

FW GAPR-1

5’-GAACTAGTGGATCCCCCATGGGCAAGTCAGC-3'

REV GAPR-1 for
GFP

5’-CTTCTCCTTTACTATCGATAAGCTTCTTCTTCGGCGGC5-3'

FW GFP for 5’-CCGCCGAAGAAGAAGCTTATCGATAGTAAAGGAGAAGAAC-3
GAPR-1

REV GFP 5’-GAATTCCTGCAGCCCTTATTTGTATAGTTCATCC-3'

FW Beclin 1 5'- GAACTAGTGGATCCCCCATGGAAGGGTCTAAGACG-3'

REV Beclin 1 for
mCherry

5’- CCTTGCTCACCATATCGATAAGCTTTTTGTTATAAAATTGTGAG-3’

FW mCherry for
Beclin

5’- CTCACAATTTTATAACAAAAAGCTTATCGATATGGTGAGCAAGG-3’

REV mCherry

5'- GAATTCCTGCAGCCCCTACTTGTACAGCTC-3'

FW Y42F-GAPR-1

5’-CAACAGTTTTCTGAGGCCCTG-3'

REV Y42F-GAPR-
1

5’-CTCAGAAAACTGTTGAGCCTCCCG-3'

FW S55G-GAPR-
1

5’-CAAGCACGGCCCGGAGTCCAG-3'

REV S55G-GAPR-
1

5’-CTCCGGGCCGTGCTTGAGGATC-3'

FW S55D-GAPR-
1

5’-CAAGCACGACGACCCGGAGTCCAGC-3'

REV S55D-GAPR-
1

5’-CTCCGGGTCGTGCTTGAGGATC-3'

FW S123G- 5’-CCGCAGGTGACGGGTCCTCCTTTG-3'
GAPR-1

REV $123G- 5’-GTCACCTGCGGACGCCTTCC-3'
GAPR-1
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Yeast culture media

Cells were pre-grown overnight in synthetic complete (SC) medium lacking the
corresponding marker (-His, -Ura) and supplemented with either 2% glucose or 2%
galactose at 30°C with orbital agitation (200 rpm) for 18 hours (overnight). The day after,
the cells were placed in a selective SC medium supplemented with 2% galactose to
induce protein expression (ODgo=0.2). After 3h, 6h and, 24h, cells were collected to
obtain total cell homogenates or were observed under a live-cell Nikon Eclipse Ti-E
microscope (Nikon).

Co-expression study

Yeast strains containing GAPR-1-GFP or/and Beclin 1-mCherry were grown overnight in
10 ml SC medium supplemented with 2% raffinose and lacking histidine and uracil. Two
different strains, W303 and Aatgl, were used in this study. Single expression conditions
were achieved by supplementing the transformation with empty vectors (P423-His or
P426-Ura). To induce the GAL1 promoter, cells were inoculated into a fresh 50 ml culture
of SC-Ura-His containing 2% galactose, with an initial OD600 of 0.1. The cultures were
then incubated for 24h under appropriate conditions.

Spotting assay

All spotting assays were performed under the same conditions. Ten-fold serial
dilutions starting with an equal number of cells (ODgp0=0.1) were performed in
sterile water. Drops of 10 pl were then spotted on SC plates lacking the
corresponding markers (SC-His-Ura) and supplemented with either 2% glucose
or 2% galactose. Three independent experiments from fresh transformants were
performed and followed by 3 days of incubation at 30°C before scanning the
plates.

Fluorescence microscopy

Cells were visualized at different time points after induction (3h, 6h and 24h)
using a Nikon Eclipse Ti-E microscope (Nikon) equipped with the Perfect Focus
System (Nikon) Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon), a spinning
disk-based confocal scanner unit (CSU-X1-A1, Yokogawa), and the ET-GFP filter
set (49002, Chroma) and ET-mCherry filter set (49008, Chroma). At least 100
cells were counted per condition and experiment for quantifications. The
number of cells displaying protein condensates for each condition was
calculated relative to the total number of cells counted (with condensates or
cytoplasmic distribution) and reported as a percentage on a column chart. The
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number of condensates per cell was determined by counting 100 cells, and the
condensate-positive cells were categorized into two groups: 1) one or two
condensates per cell or 2) three or more condensates per cell. At least three
independent experiments with freshly transformed constructs were performed.

Protein extraction and Western blotting

10 OD units of cells after overexpression under GAL1 promoter were collected
by centrifugation, washed with sterile water and lysed with 200 ul of Y-PER™
reagent (Thermo Scientific, Massachusetts, United States) containing fresh
protease inhibitors (Aprotinin, Leupeptin, Pepstatin, PMSF) (Sigma Aldrich, St.
Louis, USA). Lysed cells were incubated for 20 minutes at room temperature.
Total protein homogenates were collected for further analysis. 20 pg of
proteins were incubated with Laemmli sample buffer for 5 minutes at 100°C
and separated by SDS-PAGE (12% polyacrylamide). Proteins were transferred
onto 0.45 um nitrocellulose membranes (Amersham Protran GE Healthcare) at
100V for 1h for Western blot analysis and were probed with a rabbit polyclonal
anti-GAPR-1 antibody [27] and/or a rabbit monoclonal anti-Beclin 1 antibody
(Santa Cruz, Dallas, Texas, United States). A monoclonal anti-GAPDH antibody
(Thermo Scientific, Massachusetts, United States) was used as a loading
control. Peroxidase-conjugated goat anti-rabbit antibody (Nordic-Mubio,
Susteren, The Netherlands) was used as a secondary antibody. Binding was

I™ reagents (Thermo Scientific, Massachusetts,

detected with the SuperSigna
United States) and ChemiDoc™ MP Imaging system (BioRad, Hercules,

California, United States).
Statistical Analysis

Data were analyzed using GraphPad Prism 9 (San Diego, CA, USA) Software and
were presented as mean + SD of at least three independent experiments. The
significance of differences was calculated using a two-tailed unpaired t-test. P-
values lower than 0.05 were considered to indicate a significant difference.For
quantification of Western blots, pixel density values were obtained from TIFF
files and analyzed with Image Lab Software™. Sample density values were
normalized to the corresponding GAPDH loading control. The adjusted density
values were standardized to the control lane, and the significance of differences
was calculated using a two-tailed unpaired t-test.
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Figure S1. A) Identified phosphorylation sites of GAPR-1 according to PhosphoSitePlus
[35]. The phosphorylation sites used in this study (Tyr*?, Ser* and Ser'?®) are labeled; B)
W303 cells were transformed with a plasmid carrying GAPR-1-GFP (PPP) and phospho
mutants. Ten-fold dilutions of exponentially growing cultures, transformed with
plasmids carrying the different constructions, were spotted using selection plates
containing 2% glucose (GAL1 promoter "OFF") and 2% galactose (GALI promoter "ON").
The cells were incubated at 30°C for 3 days; C) Western blot analysis of wt GAPR-1(PPP)
and phospho mutants after 24h expression and using an anti-GAPR-1 antibody.
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Suppl. Fig.2 Sirati et al

Figure S2. A) 3D structure of GAPR-1, highlighting the amino acids involved in zinc
binding (H54, H103), the S55 phosphorylation site, and the suggested Zn?* binding
(yellow, based on [28]; B) Primary structure of Beclin 1 showing the different motifs and
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the approximate locations of identified phosphorylation sites according to
PhosphoSitePlus (pro-autophagy and inhibitory phosphorylation are shown in green and

red, respectively, according to Menon et al. [42]).
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Figure S3. Representative images of GAPR-1-GFP and Beclin1-mCherry single and co-
expression in W303 strain after 24h expression. Quantification of GAPR-1-GFP and Beclin
1-mCherry cells displaying condensate in single (S) and double (D) expression in W303
after 24h. For the quantification of condensates, at least 100 cells were counted per

experiment. Results are expressed as mean + SD, n=3.
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Figure S4. Analysis of the Atgl primary sequence using the amyloid prediction software

AmylPred2 (amyloidogenic regions are shown by #).
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Novel screening assay for amyloidogenic PPls

Abstract

An important organizing principle of biomolecular condensates is liquid—liquid phase
separation, driven by multivalent macromolecular interactions. Overexpression of
proteins containing intrinsically disordered regions or amyloidogenic properties are
known to induce the formation of condensates. We previously showed that upon co-
overexpression of two amyloidogenic proteins in Saccharomyces cerevisiae, human
GAPR-1 and human Beclin 1, they interfere with their mutual condensate formation.
Intriguingly, this interference was based on the same type of protein-protein
interactions as described for their in vivo interaction at Golgi membranes. Here, we
explored this principle of interference with condensate formation to develop a new
method for investigating protein-protein interactions. By co-expression of various family
members of the CAP superfamily that GAPR-1 belongs to, we identified four different
phenotypes of interference with condensate formation. We then used this assay system
to confirm our previous in vitro observation that GAPR-1 also interacts with the Ab-
peptide. In addition, we show that the amyloidogenic Ab-peptide as well as Huntington
protein constructs with different polyQ-expansions efficiently compete with the GAPR-
1/Beclin 1 interaction, suggesting that these peptides have a higher affinity for GAPR-1
than Beclin 1. We propose that this assay system allows for a new approach to study
protein-protein interactions of phase separation-prone and amyloidogenic proteins.

Keywords: Oligomers, Amyloid (-like) proteins, Biomolecular condensates, Protein-
Protein interactions (PPls), Saccharomyces cerevisiae.
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Introduction

Virtually all processes in living cells are dependent on protein—protein interactions. The
protein interactome has been estimated to consist of 650,000 protein interactions [1,2]
and characterizing these interactions is critical for understanding protein function in a
variety of cellular processes. A plethora of methods have been developed to study
protein-protein interactions, both in vitro and in vivo, based on affinity chromatography,
co-immunoprecipitation (co-IP), phage display, crosslinking, label transfer, mammalian
and yeast two-hybrid assays, GST-fusion protein pull-down, immune-histochemistry,
BiFC, and FRET [1,3-8]. These assays have greatly contributed to our understanding of
protein-protein interactions, but in general they do not distinguish between monomeric
and multimeric protein interactions. However, recent advances have highlighted the
significance of interactions occurring between proteins in their dimeric, trimeric,
tetrameric, and/or oligomeric states [9,10].

One intriguing aspect of (patho)biological processes involving protein oligomerization is
the formation of amyloid fibrils, which are formed by a nucleation-dependent
mechanism based on transient oligomeric states and conformational changes. A detailed
understanding of the complex kinetic and thermodynamic changes that occur during the
transition from monomer to amyloid fibril is an important challenge for the identification
of the agents responsible for disease and hence their treatment [11,12]. Recently, it has
become clear that amyloidogenic proteins can assemble into biomolecular condensates
[13-25] through a physical process known as liquid—liquid phase separation (LLPS)
[13,26-28]. Biomolecular condensates are implicated in a wide range of cellular
functions and are found in the nucleus and cytoplasm of eucaryotic cells [29].

In Saccharomyces cerevisiae, overexpression of amyloidogenic proteins can result in the
formation of protein condensates and this phenomenon has been widely used to
investigate the oligomeric/amyloidogenic properties of known amyloid-like peptides or
proteins, such as AB, Tau, a-synuclein, prions, Huntingtin (Htt), as well as proteins and
peptides with predicted amyloidogenic behavior [30-35]. Based on this system, we
recently developed an in vivo protein-protein interaction assay that is based on the
capacity of amyloidogenic proteins to interfere with protein condensates when co-
expressed. Using this method we studied the interaction between GAPR-1 and Beclin 1
[36]. When these proteins are individually expressed in yeast, they form protein
condensates. Upon co-expression, they interfere with their mutual condensate
formation and Beclin 1 relocalizes to the cytosol (Supplementary Fig. 1). These results
showed for the first time that the GAPR-1/Beclin 1 interaction has oligomeric properties.
Furthermore, introduction of a third component in this assay system (a Beclin 1-derived
peptide) resulted in efficient inhibition of the GAPR-1/Beclin 1 interaction [36].
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Based on these results we anticipated that the nature of interference and its impact on
protein condensate formation may vary, depending on the specific type of protein-
protein interaction under investigation. Therefore, in this study we investigated various
types of interference with protein condensate formation upon co-expression of different
amyloidogenic proteins and identified three additional phenotypes. This assay system
was then used to expand and characterize our knowledge of possible protein-protein
interactions of GAPR-1, illustrating its potential.

Results
GAPR-1 forms homo-oligomers

We previously showed that GAPR-1-GFP can form protein condensates in yeast cells
[13]. This capacity was not influenced by the tag, as GAPR-1-mCherry was equally
efficient in condensate formation [13]. It is expected that upon co-expression of GAPR-
1-GFP and GAPR-1-mCherry, the two proteins colocalize to the same condensates. The
propensity of GAPR-1-GFP and GAPR-1-mCherry to form condensates was confirmed by
expression of each protein individually under the control of the galactose-inducible
promoter (GALI) from a high copy (2u) plasmid (Fig. 1A). Overexpression of the tagged
GAPR-1 constructs did not affect yeast growth (Supplementary Fig. 2). After 24h of co-
expression of GAPR-1-GFP and GAPR-1-mCherry, the expressed proteins indeed
localized to the same condensates resulting in the presence of yellow condensates (Fig.
1A). During this period, protein expression levels of single and co-expression
experiments remained constant, in agreement with the similar number of cells that have
condensates between the different types of conditions (Fig. 1B,C). To obtain
independent confirmation for a direct interaction between GAPR-1-GFP and GAPR-1-
mCherry, we performed a Bimolecular Fluorescence Complementation (BiFC) assay
[37,38]. We tagged non-fluorescent complementary fragments of Venus yellow
fluorescent protein (VN and VC) to the N-terminus or C-terminus of GAPR-1 and co-
expressed both proteins in yeast cells. As expected, the homo-
dimerization/oligomerization properties of GAPR-1 [36] resulted in a YFP fluorescent
signal (Fig.1D,E). No fluorescent signal was observed upon co-expression of VN-GAPR-1
and the VC-domain without GAPR-1. Together, these results reveal a second phenotype
of the assay system, namely co-localization of amyloidogenic proteins to the same
condensates upon co-expression in yeast cells.
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Figure 1. GAPR-1 forms homo-oligomers. A) Live-cell fluorescence microscopy of cells
after 24h induction of expression of wt GAPR1 tagged C-terminally with either GFP
(GAPR-1-GFP) or mCherry (GAPR-1-mCherry) (single expression) or both constructs
together (co-expression); B) Quantification of yeast cells with condensates expressing
GAPR-1-GFP, GAPR-1-mCherry (single expression) or both constructs together (co-
expression) after 24h induction. The number of cells displaying cytoplasmic condensates
is presented as a percent of the total number of the cells. For quantification of
condensates at least 100 cells were counted per experiment. Results are expressed as
mean = SD, n=3; C) Western blot analysis of the cells after 24h of single expression and
co-expression of GAPR-1-GFP and GAPR-1-mCherry, using an anti-GAPR-1 antibody; D)
In vivo interaction assay using Bimolecular Fluorescence complementation (BIFC). Live-
cell fluorescence microscopy is shown after 24 h induction. GAPR-1 was tagged by VN
(N-terminal Venus fragment, VN-GAPR-1) and VC (C-terminal Venus fragment, GAPR-1-
VC). Co-expression of VN-GAPR-1 and GAPR-1-VC shows a positive YFP signal as
compared to a negative control (VN-GAPR-1 + VC); E) Mean YFP fluorescence intensity
of cells described under D) after 24h expression. The results are expressed as mean +SD
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of three independent experiments. Significance of differences was calculated with two-
tailed unpaired t-test (***p < 0.001; n=50).

GAPR-1 and CRISP proteins do not interact

GAPR-1 belongs to the CAP superfamily of proteins that is characterized by the presence
of the CAP domain, typically found at the N-terminus of the protein [39]. We next
addressed the question whether other human family members also localize to the same
condensates upon co-expression with GAPR-1. To this end, human CRISP1, CRISP2 and
CRISP3 were tagged with mCherry and their intrinsic capacity to form condensates was
determined by overexpression of CRISP proteins without their signal sequence in yeast.
As shown in Figure 2, CRISP 1 and CRISP 3 cluster to protein condensates already at early
time points (3h post-induction) (Fig. 2 single expression). In contrast, CRISP 2 remained
localized to the cytosol. To determine whether these CRISP proteins interact with GAPR-
1, we performed co-expression studies of mCherry-tagged CRISP proteins with GFP-
tagged GAPR-1. As shown in Figure 2, no interaction was detected of GAPR-1 with these
proteins. CRISP 1-mCherry and CRISP 3-mCherry clustered in different condensates as
GAPR-1-GFP, and CRISP 2-mCherry remained present in yeast cytosol. Altogether, our
data suggest that no interactions are taking place between GAPR-1 and CRISP proteins
in vivo. These results first of all demonstrate the specificity of the assay system as
different family members of the same CAP superfamily do not localize to the same
condensates or affect their mutual condensate-forming capacity. Secondly, these
experiments reveal a third phenotype of the assay system, namely that no interference
is detected despite significant homology between co-expressed proteins. In this third
phenotype, co-expressed proteins can form separate condensates in the same yeast cell.
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Figure 2. GAPR-1 does not interact with CRISP proteins. Representative images of live-
cell fluorescence microscopy of yeast cells after 24h induction of expression of CRISP 1-
mCherry, CRISP 2-mCherry and CRISP 3-mCherry without (single expression) or together
with expression of GAPR-1-GFP (co-expression). The experiment was replicated three
times, and consistent results were obtained in each repetition.

Specificity of interactions between CRISP proteins

CRISP proteins participate in various fertilization steps [28] and several studies have
reported that the formation of homo- and hetero-oligomers of CRISPs are essential in
these steps [30,40,41]. Therefore, we characterized the interactions between the
different CRISP proteins in our protein-protein condensate interaction assay. Co-
expression studies showed that CRISP 1 and 3 clusters in the same condensates (Fig.3A)
under conditions of similar protein expression levels and number of condensate-forming
cells (Fig. 3B,C). Interestingly, CRISP 2 re-localized to CRISP 1 condensates when co-
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expressed (Fig. 3D,E). This re-localization is not due to different protein expression levels
(Fig.3F). These experiments reveal a fourth phenotype of the assay system, namely re-
localization from the cytosol to protein condensates that are formed by another (co-
expressed) protein.
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Figure 3. Interaction between CRISP proteins. A) Live cell fluorescent microscopy of cells
after 6h induction of expression of CRISP 1-GFP or CRISP 3-mCherry (single expression)
or both constructs together (co-expression); B) Quantification of yeast cells with
condensates harboring CRISP 1-GFP, CRISP 3-mCherry (single expression) or both
constructs together (co-expression) after 6h induction; C) Western blot analysis of the
cells after 6h of single expression and co-expression of CRISP 1-GFP and CRISP 3-
mCherry, using an anti-CRISP 1 and an anti-CRISP 3 antibody; D) Live cell fluorescent
microscopy of cells after 6h induction of expression of CRISP 1-GFP or CRISP 2-mCherry
(single expression) or both constructs together (co-expression); E) Quantification of
yeast cells with condensates harboring CRISP 1-GFP, CRISP 2-mCherry (single expression)
or both constructs together (co-expression) after 6h induction; F) Western blot analysis
of the cells after 6h of single expression and co-expression of CRISP 1-GFP and CRISP 2-
mCherry, using an anti-CRISP 1 or anti-CRISP 2 antibody. For quantification (C, F), the
number of cells displaying cytoplasmic condensates is presented as a percent of the total
number of the cells. For quantification of condensates at least 100 cells were counted
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per time point and per experiment. Results are expressed as mean + SD, n=3.
Significance of differences was calculated with two-tailed unpaired t-test ( ***p<0.001).

AB peptide interacts with GAPR-1 and inhibits GAPR-1/Beclin 1 interaction

The different phenotypes of the assay system allowed us to investigate GAPR-1 protein-
protein interactions in more detail. We previously showed that purified recombinant
GAPR-1 inhibits amyloid formation of the AB-peptide (1-40) in vitro by binding to
oligomeric AP [31]. We investigated interactions with the AB-peptide in a triple co-
expression system employing GAPR-1-GFP and Beclin 1-mCherry, and a third component
of choice (here AB-CFP), cloned under control of a galactose-inducible promoter (GAL1)
for synchronous expression. In this triple co-expression system, GAPR-1 interferes with
Beclin 1 condensate formation, unless a third component efficiently competes for GAPR-
1 binding, resulting in restoring Beclin 1 condensates again. We previously showed that
expression of a Beclin 1-derived peptide (B18) can successfully compete for GAPR-1
binding to restore Beclin 1 condensates [36]. Individual (single) expression of AB-CFP,
GAPR-1-GFP and Beclin 1-mCherry after 24h induction showed the formation of
condensates of all three constructs (Fig. 4A single expression), in agreement with
previous publications [13,36,42,43]. In triple-expression experiments, the number of
cells containing GAPR-1-GFP condensates decreased (Fig. 4B), whereas the number of
cells containing Beclin-1-mCherry condensate did not change (Fig. 4C). These results
suggest that 1) GAPR-1 and AB-peptide interact, in agreement with our in vitro studies;
2) GAPR-1 has a higher affinity for AR than Beclin 1, allowing efficient competition of
AP with the GAPR-1/Beclin 1 interaction.
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Figure 4. AB- peptide interacts with GAPR-1 and inhibits GAPR-1/Beclin 1 interaction. A)
Live cell fluorescent microscopy of yeast W303 cells after 24h induction of expression of
GAPR-1-GFP, Beclin 1-mCherry and AB-CFP (single expression) or all three constructs
together (co-expression); B) Quantification of the number of cells with GAPR-1-GFP
condensates in single, double and triple-expression after 24h; C) Quantification of the
number of cells with Beclin 1-mCherry (Bottom panel) condensates in single, double and
triple-expression after 24h. The number of cells displaying cytoplasmic condensates is
presented as a percent of the total number of the cells. For quantification of
condensates at least 100 cells were counted per time point and per experiment. Results
are expressed as mean * SD, n=3. Significance of differences was calculated with two-
tailed unpaired t-test (***p<0.001).
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Requirements for the interaction between the A peptide and GAPR-1-GFP

To characterize the requirements of GAPR-1 for the interaction with the AB-peptide in
more detail, we studied the effect of several GAPR-1 mutants in the triple expression
system. To this end, we investigated the effect of GAPR-1 myristoylation by expressing
a myristoylation-deficient GAPR-1mutant (Amyr-GAPR-1). Previously, we demonstrated
that this mutant exhibited a significant impairment in condensate formation, but it still
efficiently reduced the Beclin 1 condensate forming capacity in our assay system [36]. In
the triple expression system, we observed the same effects. Co-expression of Amyr-
GAPR-1 with Beclin 1 (along with an empty vector as the third component) markedly
reduced the number of cells with Beclin 1 condensates (Fig. 5A). In the absence of Beclin
1 (Amyr-GAPR-1+Ap), the formation of GAPR-1 condensates was reduced (Fig. 5A, top
half). Conversely, in the absence of GAPR-1 (Beclin 1+Ap), the presence of AP peptide
did not impact Beclin 1 condensate formation. Notably, when all three components were
co-expressed, the AB-peptide efficiently competed with Beclin 1 for interacting with
GAPR-1 and it restored Beclin 1 condensate formation, indicating that myristoylation is
not required for the interaction between GAPR-1 and the AB-peptide (Fig. 5A, bottom
half). In a recent study we demonstrated that co-expression of the GAPR mutants [H54V]
GAPR-1-GFP and [S55G] GAPR-1-GFP did not affect Beclin 1 condensate formation,
indicating an essential role of these amino acids for the GAPR-1/Beclin 1 interaction (this
thesis, chapter 4). The AB-peptide also did not affect the mutant GAPR-1 nor the Beclin
1 condensate formation in triple-expression systems (Fig. 5B, C), suggesting that the Ap-
peptide is no longer able to interact with mutant GAPR-1. Taken together, these findings
suggest that the AB-peptide and Beclin 1 compete for the same GAPR-1 binding site.
These results are surprising as there is no homology at the level of the primary amino
acids sequence or structural level between the A} peptide and Beclin 1.
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Figure 5. Requirements for the interaction between the AP} peptide and GAPR-1-GFP. A)
Quantification of the number of cells with non-myristoylated GAPR-1-GFP (Amyr-GFP)
condensates (top panel) and Beclin 1-mCherry condensates (bottom panel) after 24h
induction of triple-expression of Amyr-GFP, Beclin 1-mCherry and APB-CFP; B)
Quantification of the number of cells with phosphomutant [S55G]GAPR-1-GFP (S55G-
GFP) condensates (top panel) and Beclin 1-mCherry condensates (bottom panel) after
24h induction of triple-expression of [SS5G]GAPR-1-GFP, Beclin 1-mCherry and AB-CFP;
C) Quantification of the number of cells with GAPR-1 mutant [H54V]GAPR-1-GFP (H54V-
GFP) condensates (top panel) and Beclin 1-mCherry condensates (bottom panel) after
24h induction of triple-expression of [H54V]GAPR-1-GFP, Beclin 1-mCherry and AB3-CFP.
The number of cells displaying cytoplasmic condensates is presented as a percent of the
total number of the cells. For quantification of condensates at least 100 cells were
counted per time point and per experiment. Results are expressed as mean * SD, n=3.
Significance of differences was calculated with two-tailed unpaired t-test (*p<0.5,
**%*p<0.001).
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Htt protein interferes with GAPR-1 and Beclin 1 interaction

We considered the possibility that the shared characteristic of the AP} peptide and Beclin
1 in their interaction with GAPR-1 is their amyloidogenic behavior, reflected by their
capacity to form protein condensates. Rather than recognizing a protein surface defined
by the primary amino acid sequence of a protein (e.g. as performed by AlphaFold [44]),
GAPR-1 may recognize specific surfaces of oligomeric amyloidogenic proteins. To
explore this, we turned our attention to other amyloidogenic proteins, such as the
Huntingtin (Htt) protein.

Normal human Htt contains between 9 and 37 glutamines in the N-terminal repeat,
whereas pathogenic forms contain 237 glutamines in the repeat region [45]. Expression
of the N-terminal fragment of Htt with different polyQ repeats resulted in cytosolic
aggregation, and the extent of aggregation varied with the length of the polyQ repeat:
whereas Ht25Q exhibited no sign of aggregation, Ht103Q did aggregate upon
overexpression in yeast cells [46]. We used BY4741 wild-type cells in which exon 1 of full
length human huntingtin with 25 or 103 glutamine residues (Ht25Q-CFP or Ht103Q-CFP)
are stably integrated into the yeast genome [47].

Using live cell microscopy, we confirmed that H25Q-CFP displayed a cytosolic phenotype
24h post-induction and that Ht103Q-CFP localized to condensates (Fig. 6A), in line with
previously published results by Krobitch and Lindquist [46] , Popova et al [47], and Aktar
et al [48]. Co-expression of GAPR-1-GFP and Beclin 1-mCherry in BY4741 cells expressing
either H25Q-CFP (Fig. 6B,C) and H103Q-CFP (Fig. 6D,E) showed no interference with
Beclin 1 condensate formation anymore (comparing with control conditions in BY4741
cells without expressing Ht25Q and Ht103Q ), suggesting that both Htt25Q-CFP and
Ht103Q-CFP efficiently competed with GAPR-1 to restore Beclin 1 condensate
formation. These results confirm that GAPR-1 can interact with a variety of proteins. The
correlation with the amyloidogenic behavior of these interacting proteins and their
interaction with GAPR-1 will be discussed below.

151



Novel screening assay for amyloidogenic PPls

A Htt25Q-CFP H tt103Q-CFP

-
=]
=3
-~
=
=
=
E

g g g £
2 7 £
g § i i
i i §
50 250 _me 50 50 -
g i 8 :
£ 5 £ £
: 2 H 2
8 o 8 0 T 8 o 8 0
i % 3 ERE £ 3 4 £3:9
ERE - £ T & & 3 5 8 & ¢z & =
£ £ ] S g £ 2 3
g g & 8 g ] 3 &
Control Ht25Q Control Ht25Q Control Ht103Q Control Hr103Q

Figure 6. Sirati et al.

Figure 6. Huntington protein interferes with GAPR-1/Beclin 1 interaction in vivo.
Representative live cell microscopy images of yeast cells expressing H25Q-CFP or
H103Q-CFP; B,C) Quantification of the number of cells with GAPR-1-GFP (B) and Beclin
1-mCherry condensates (C) after 24h induction of expression of GAPR-1-GFP and Beclin
1-mCherry in BY471 cells without (control) and with stably expressing Ht25Q-CFP; D,E)
Quantification of the number of cells with GAPR-1-GFP (D) and Beclin 1-mCherry
condensates (E) after 24h induction of expression of GAPR-1-GFP and Beclin 1-mCherry
in BY471 cells without (control) and with stably expressing Ht103Q-CFP. At least 100 cells
were counted per experiment. Results are expressed as mean +SD, n=3. The significance
of differences was calculated with two-tailed unpaired t-test (***p<0.001).

Discussion

Here we describe a novel assay system to study protein-protein interactions that is
based on the propensity of proteins to form biomolecular condensates in
Saccharomyces cerevisiae. This assay system builds upon previous observations of
mutual interference of condensate formation when co-expressing the amyloidogenic
proteins GAPR-1 and Beclin 1[36]. We now show that this assay system can be expanded
to other protein-protein interactions as well, resulting in four different phenotypes, as
illustrated in Fig. 7: Type 1) the expressed proteins both show the propensity to form
condensates and they co-localize to the same condensates upon co-expression; Type Il)
the expressed proteins both show the propensity to form condensates and they form
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different condensates upon co-expression; Type lll) the expressed proteins both show
the propensity to form condensates and one of them re-localizes to the cytosol upon co-
expression; Type IV) only one of the expressed proteins shows the propensity to form
condensates and the other one re-localizes to condensates upon co-expression. We
expanded these co-expression experiments with triple-expression experiments by
expressing a competitor for the protein-protein interaction, allowing the assessment of
relative binding affinities as compared to the co-expressed protein. The specificity of
these interference phenomena in condensate formation during co-expression is
illustrated in various ways. First, we show that despite the large size of the fluorescent
tag (GFP or mCherry, 27kD and 28 kD, respectively) compared to GAPR-1 itself (17kD),
identical proteins can still co-localize within the same condensates (Type I). Second, even
though GAPR-1 and CRISP1-3 belong to the same superfamily of proteins with significant
identity and homology, GAPR-1 does not interfere with any of the CRISP condensates
(Type 1), and also the CRISP proteins show a very different behavior among each other
upon co-expression (Type | and Type IV). Third, we previously showed that Type IlI
interference can be influenced by specific mutations of GAPR-1 and/or Beclin 1 during
co-expression [36]. Fourth, we show that specific mutations in GAPR-1 ([H54V] and
([S55G]) affect the interaction with Beclin 1 and the AB-peptide (Type IV interaction),
whereas another mutation, affecting GAPR-1 myristoylation (Amyr-GAPR-1) can still
interact with the AB-peptide.
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Figure 7. Sirati et al.
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Figure 7. Experimental concept: Saccharomyces cerevisiae as a model system to study
amyloidogenic protein-protein interactions.

The molecular mechanisms underlying these different types of interference in
condensate formation upon protein co-expression remain to be established.
Condensates are conditionally formed in specific cell types or in specific stress conditions
and exhibit dynamic liquid-like properties, driven by weak multivalent interactions
between proteins and/or nucleic acids [49-51]. In vitro, LLPS is an energetically favorable
process that depends on the concentration of macromolecules in aqueous solution and
is also affected by the nature of the macromolecules, such as their length,
hydrophobicity and charge distribution, and by the surrounding biophysical conditions
such as temperature, pH and ionic strength [50,52]. Thus, protein localization to these
condensates can be the result of a variety of interactions. Most proteins undergoing LLPS
possess domains, such as intrinsically disordered regions (IDRs), that can form
multivalent interactions with themselves, other proteins, or nucleic acids [50,52]. LLPS-
prone proteins are considered to contribute to the formation of the condensate
scaffold’” . Additional proteins, known as ‘clients’ , which cannot themselves
undergo LLPS, are recruited into the scaffold to form the final condensate structure [52].
In the case of amyloidogenic proteins, there is a clear correlation between the
propensity of proteins to form amyloids and condensates, but they can be distinct
processes [50]. In fact, it has been proposed that amyloid formation is likely to be a
secondary consequence of increased protein concentration rather than LLPS being a
consequence of limited amyloid-like interactions [49]. The presence of GAPR-1 in
condensates could provide a concentration platform, enhancing its amyloidogenic
properties, much like we previously observed at lipid membranes [31] and using heparin
[53]. Under physiological conditions, however, the cellular concentrations of
endogenous GAPR-1 are most likely too low to form cytosolic condensates and/or
amyloids [54] and so far, GAPR-1 condensates amyloids have not been observed in cells.
Nevertheless, yeast cells with overexpressed proteins provide an excellent model
system to study the oligomeric properties of GAPR-1, reflecting the oligomeric behavior
of GAPR-1 in eukaryotic cells [13,36].

It remains to be established how GAPR-1 forms condensates in yeast cells upon
overexpression. GAPR-1 has a very defined tertiary structure [55,56], whereas
intrinsically disordered proteins (IDPs) or regions (IDRs) have no single well-defined
tertiary structure under native conditions. Thus, it seems more likely that GAPR-1 forms
condensates as a result of weak multivalent transient interactions between GAPR-1
molecules. This interpretation is in agreement with our previous observation that
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mutations of the known interaction site on the GAPR-1 and Beclin 1 surface abolished
the effect on condensate formation during co-expression of both proteins without
affecting the condensate formation properties of the individual proteins [36]. Thus, the
overexpression of proteins in our assay system enhances the transient and multivalent
interactions between homotypic and/or heterotypic protein-protein interactions by
increasing their protein and in this way it becomes a sensitive assay system using
condensates as a readout system.

At this stage, it is not possible to predict which phenotype can be expected upon co-
expression of different proteins. In case of high identity or homology, proteins are
expected to localize to the same condensates (Type | phenotype). For the other
phenotypes, much will depend at which stage the interaction takes place and in which
form, as a monomer or as an oligomer. In the type Il phenotype, homo-oligomeric
interactions may be stronger than hetero-oligomeric interactions. In the type lll
phenotype, the hetero-oligomeric interactions prior to the condensate formation may
be stronger. In addition, it will matter whether a protein has the intrinsic capacity to
form condensates (i.e. can act as a scaffold) or whether it can be recruited to
condensates as a client. This may be defined by the type IV phenotype. An interesting
case is offered by the competition of the Huntington peptide with the GAPR-1/Beclin 1
interaction. Ht25Q-CFP as well as Ht103Q-CFP, efficiently competed with GAPR-1 to
restore Beclin 1 condensate formation. Others have shown that the propensity for
condensate formation in yeast increases with the length of the polyglutamine repeat
sequence and that Htt103Q-CFP has the intrinsic capacity to form condensates, whereas
H25Q-CFP does not have this capacity [46,48]. Nevertheless, non-toxic polymers of
various proteins with glutamine-rich domains could seed polymerization of Htt25Q,
which in turn caused toxicity of the interacting proteins [57]. These results indicate that
Htt25Q has a tendency to form oligomers, but less pronounced as compared to e.g.
H103Q-CFP and not sufficient to form condensates. It seems likely that these oligomers,
present in both H25Q and H103Q, are capable of interfering with the GAPR-1/Beclin 1
interaction in the type Ill phenotype, which is defined by hetero-oligomeric interactions.

We used this novel assay system to screen for novel GAPR-1 interacting partners. GAPR-
1 is unique as it consists almost exclusively of a CAP domain without C-terminal
extensions and we previously proposed that the amyloidogenic properties of GAPR-1
might represent a general characteristic of the CAP domain. Oligomerization of the CAP
domain would allow to regulate the biological functions of various CAP family members
[58]. In this respect, it is remarkable that GAPR-1 interacts very differently with different
CRISP proteins and even CRISP proteins among themselves interact very differently.
CRISP2 and 3 are close homologues, yet CRISP2 does not form condensates itself. The
reason for this is not clear. Given the high homology, it is likely that CRISP2 has the
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intrinsic capacity to form condensates, but that something may prevent this from
happening. This could be the C-terminal extension, the Cys-rich domain (CRD). It could
also be that the CRD prevents interaction with GAPR-1. This can be tested by co-
expressing the CAP domain of CRISP proteins with GAPR-1. Of note: GAPR-1 is the only
intracellular protein of the CAP superfamily and is not expected to interact with CRISP
proteins. The C-terminal domain of CAP family members may regulate the specificity of
their interactions. This assay system allows for a new approach to study protein-protein
interactions and can be expanded to other proteins as well. A deep understanding of
protein—protein interactions and their molecular interactions is important for a number
of applications, including drug design.

Materials & Methods

Yeast strain and plasmids

Wild-type yeast strain W303 or BY4741 were transformed using Frozen-EZ yeast kit from
Zymo research (Zymo Research, Orange, CA, USA) with high copy (2u) plasmids p423,
p425 and p426 carrying different constructs, which were tagged C-terminally by GFP,
CFP and m-Cherry respectively. To construct PGAL1-X-CFP, PGAL1-X-GFP and PGALI1-X-
1-mCherry fragments, protein sequences were amplified by PCR and were inserted into
the plasmids, previously linearized at Smal restriction site by using Geneart® seamless
cloning assembly kit (Invitrogen, California, United States). All mutant was constructed
by using Phusion™ site-directed mutagenesis kit (Thermo Scientific, Massachusetts,
United States) and all constructs were confirmed by DNA sequencing. Plasmids are listed
in Table 1 and primers in Table 2.
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Table 1.Plasmids used in this study

Plasmid Description Source
D. Mumberg, R. Muller, M. Funk, Regulatable promoters of
423- 2um; HIS3; | Saccharomyces cerevisiae: comparison of transcriptional
(F;ALl GALlpr; activity and their use for heterologous expression, Nucleic
CYClterm; AmpR | Acids Res. 22 (1994) 5767-5768.
https://doi.org/10.1093/nar/22.25.5767. [59]
D. Petroi, B. Popova, N. Taheri-Talesh, S. lIrniger, H.
Shahpasandzadeh, M. Zweckstetter, T.F. Outeiro, G.H. Braus,
Aggregate Clearance of o-Synuclein in Saccharomyces
PME3753 | p426-GALI-GFP cerevisiae Depends More on Autophagosome and Vacuole
Function Than on the Proteasome, J. Biol. Chem. 287 (2012)
27567-27579. https://doi.org/10.1074/jbc.M112.36186 5
[31]
p423-GAL1-GAPR- .
pNS 1000 1-GEP This study
p423-GAL1- Amyr .
pNS 1001 GAPR-1-GEP This study
p426-GAL1-Beclin .
pNS 2000 1-mCherry This study
plv 4001 | PA25GALL- AR | il tudy
CFP
p423-GAL1-GAPR- .
pNS 1000 1-GFP This study
p423-GAL1- Amyr .
pNS 1001 GAPR-1-GEP This study
p423-GAL1- H54V .
pNS 1002 GAPR-1-GEP This study
p423-GAL1-S55 .
pNS 1006 GAPR-1-GEP This study
p423-GAL1- .
pRE 0001 CRISP1-GEP This study
p426-GAL1- .
pRE 0002 CRISP2-mCherry This study
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plvagol | PA25-GALL- AR | roie cidy
CFP
p426-GAL1- .
pRE 0003 CRISP3-mCherry This study
p426-GAL1- .
pRE 0004 CRISP2-mCherry This study
B. Popova, D. Wang, A. Rajavel, K. Dhamotharan, D.F. Lazaro,
EZ::_‘ GALL J. Gerke, J.F. Uhrig, M. Hoppert, T.F. Outeiro, G.H. Braus,
RH3788 ht103QAPro- Identification of Two Novel Peptides That Inhibit a-Synuclein
CEP in his3 locus Toxicity and Aggregation, Front. Mol. Neurosci. 14 (2021).
https://doi.org/10.3389/fnmol.2021.659926.[47]

Table 2-Primers used in this study

Primer

Sequence

FW GAPR-1

5’-GAACTAGTGGATCCCCCATGGGCAAGTCAGC-3’

REV GAPR-1 for GFP

5’-CTTCTCCTTTACTATCGATAAGCTTCTTCTTCGGCGGC5-3’

FW GFP for GAPR-1

5’-CCGCCGAAGAAGAAGCTTATCGATAGTAAAGGAGAAGAAC-3

REV GFP

5’-GAATTCCTGCAGCCCTTATTTGTATAGTTCATCC-3’

REV  GAPR-1 for
mCherry

5’-CCTTGCTCACCATATCGATAAGCTTCTTCTTCGGCGGC-3’

FW mCherry for
GAPR-1

5’-CCGCCGAAGAAGAAGCTTATCGATATGGTGAGCAAGGG-3’

REV mCherry

5’-GAATTCCTGCAGCCCCTACTTGTACAGCTCGTC-3’

FW G2A-GAPR-1

5’-GATCCCCCATGGCCAAGTCAGCTTCCAAACAG-3’

REV G2A-GAPR-1

5’-GCTGACTTGGCCATGGGGGATCCACTAGTTC-3’

FW H54V-GAPR-1

5’-CAGCACGAGGATCCTCAAGGTCAGCCCGGAGTCCACCCGTG-3’

REV H54V-GAPR-1

5’-CACGGCTGGACTCCGGGCTGACCTTGATCCTCGTGCTG-3’

FW Beclin 1 5’-GAACTAGTGGATCCCCCATGGAAGGGTCTAAGAC-3’
REV Beclin 1 4 | 5-CCTTGCTCACCATATCGATAAGC TGTTATAAAATTGTGA-3’
mCherry
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FW  mCherry 4
Beclin 1

5’-CTCACAATTTTATAACAAAAAGCTTATCGATATGGTGAGCAAG-3’

REV mCherry

5’-GAATTCCTGCAGCCCCTACTTGTACAGCTC-3’

REV GAPR-14 VC

5'-CCGTTCTTC TCG AGC TTC TTC GGC GG -3’

FW VC 4 GAPR-1

5'- CCG CCG AAG AAG CTC GAG AAG AAC GG -3’

REV VC

5'- CGA ATT CCT GCA GCC CTT ACT TGT ACA GC -3’

FW VN

5'- CTA GTG GAT CCC CCA TGG TGA GCA AG -3’

REV VN 4 Beclin 1

5'- CGT CTT AGA CCCTTC CTT AAG GGA CCC-3’

FW Beclin 14 VN

5'- GGG TCC CTT AAG GAA GGG TCT AAG ACG -3'

REV Beclin 1

5’- CGAATTCCTGCAGCCCTCATTTGTTATAAAATTG -3'

FW CRISP1

5’GAACTAGTGGATCCCCCATGAAAAAGAAATCTGC 3’

REV CRISP 1 for GFP

5 CTCCTTTACTATCGATAAGCTTTTTAATTTCAGTATC 3’

FW GFP for CRISP1

5" GATACTGAAATTAAAAAGCTTATCGATAGTAAAGGAG 3’

FW CRISP3

5’GAACTAGTGGATCCCCCATGAATGAAGATAAAG 3’

REV  CRISP1 for
mCherry

5’ CCTTGCTCACCATATCGATAAGC TAATTTCAGTATC 3’

FW mCherry for
CRISP1

5" GATACTGAAATTAAAAAGCTTATCGATATGGTGAGCAAGGG 3’

FW CRISP2

5 GAACTAGTGGATCCCCCATGGGTAAAGATCCAGC 3’

REV  CRISP2 for
mCherry

5 CCTTGCTCACCATATCGATAAGCTTGATCTTATTTTCAC 3’

FW mCherry for
CRISP2

5 GTGAAAATAAGATCAAGCTTATCGATATGGTGAGCAAGG 3’

REV  CRISP3 for
mCherry

5 CCTTGCTCACCATATCGATAAGCTTGATAGAATTTGAAC 3’

FW mCherry for
CRISP3

5 GTTCAAATTCTATCAAGCTTATCGATATGGTGAGCAAG 3’
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FW AR 5'- GAA CTA GTG GAT CCC CCA TGG ACG CTG AAT TCC GTC -3'
REV AR for CFP 5'- CCT TTA CTC ATC CCA TCG ATA AGC TTA GCG ATC ACA ACG CCA CC
-3

Yeast culture media

Cells were pre-grown overnight in a synthetic complete (SC) medium lacking the
corresponding markers (-His, -Ura or -Leu) and supplemented with either 2% glucose or
2% galactose at 30°C with orbital agitation (200 rpm) for 18h (overnight). The day after
optical density at 600 nm (ODgyo nm) was measured, and the cells were shifted in
selective SC medium supplemented with 2% galactose to induce protein expression
(ODg0o=0.1). After 3h, 6h and 24h, cells were collected to obtain total cell homogenates
for Western blot analysis or were observed by live cell microscopy (Nikon Eclipse Ti-E
(Nikon)).

Spotting assay

All spotting assays were performed under the same conditions. Ten-fold serial dilutions
starting with an equal number of cells (ODgo=0.1) were made in sterile water. Drops of
10ul were then spotted on SC plates lacking the corresponding marker (-His-Ura /-Leu)
and supplemented with either 2% glucose or 2% galactose. Three independent
experiments from fresh transformants were done and followed by 3 days of incubation
at 30°C, after which the plates were scanned.

Fluorescence microscopy

Cells were visualized at different time points after induction (3h, 6h, and 24h) using
Nikon Eclipse Ti-E microscope (Nikon) equipped with the Perfect Focus System (Nikon)
Nikon Apo TIRF 100x N.A. 1.49 oil objective (Nikon), a spinning disk-based confocal
scanner unit (CSU-X1-A1, Yokogawa), and the ET-CFP filter set (49001, Chroma), ET-GFP
filter set (49002, Chroma) and ET-mCherry filter set (49008, Chroma). For quantification,
at least 300 cells were counted per condition and per experiment. For each condition,
the number of cells displaying cytoplasmic protein condensates were calculated relative
to the total number of cells counted (with condensate or cytoplasmic distribution). At
least three independent experiments with freshly transformed constructs were
performed.
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Protein extraction and Western blotting

10 OD units of cells were collected by centrifugation, washed with sterile water and lysed
with 200 pl of Y-PER™ reagent (Thermo Scientific, Massachusetts, United States)
containing fresh protease inhibitors. Lysed cells were incubated for 20 minutes at room
temperature, followed by 15 minutes of centrifugation at 13000 rpm. Total protein
homogenates were collected for further analysis. A total of 20 pg of yeast protein in
Laemmli sample buffer was incubated for 5 minutes at 100°C and separated by SDS-
PAGE in a 12% polyacrylamide gel. Proteins were electrically transferred onto
0.45 um nitrocellulose membranes (Amersham Protran GE Healthcare) by Western
blot at 90 V for 1 h and were probed with monoclonal anti-Beclin 1 antibody (Santa Cruz,
Dallas, Texas, United States), an anti-CRISP1, 2, 3 antibodies (Abcam, Cambridge, UK)
and an anti-GAPR-1 antibody [54]. Peroxidase-conjugated goat, an anti-rabbit antibody
(Nordic-Mubio, Susteren, The Netherlands) was used as a secondary antibody. Binding
was detected with the SuperSignal™ reagents (Thermo Scientific, Massachusetts, United
States) and ChemiDoc™ MP Imaging system (BioRad, Hercules, California, United
States).

Bimolecular Fluorescence Complementation (BiFC)

In this assay, we used Venus YFP protein as a fluorescence protein and tagged its non-
fluorescent halves Venus N (VN) to the N-terminal domain of GAPR-1 in a p423 plasmid
and Venus C (VC) to the C-terminal of GAPR-1 in a p426 plasmid and constructs were
verified by DNA sequencing. For live cell imaging microscopy, wild-type (W303) yeast
cells harbouring different constructs were grown in SC medium -His -Ura -Leu containing
2% raffinose at 30 °C overnight and shifted to 2% galactose medium for induction of
proteins. Cells were visualized after 24h induction by Zeiss Observer. Z1 microscope
(Zeiss) was equipped with a CSU-X1 A1l confocal scanner unit (YOKOGAWA),
QuantEM:512SC digital camera (Photometrics) and Slide Book 6.0 software package
(Intelligent Imaging Innovations). The mean fluorescence intensity values of 50 cells per
condition were measured in three independent experiments

Statistical Analysis

Data were analyzed using GraphPad Prism 9 (San Diego, CA, USA) Software and are
presented as mean * SD of at least three independent experiments. The significance of
differences was calculated using a two-tailed unpaired T-test. P values lower than 0.05
were considered to indicate a significant difference.
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Figure S1. Sirati et al.

Figure S1. A) Live cell fluorescent microscopy of yeast W303 cells after 24h induction of
expression of GAPR-1-GFP (single expression), Beclin 1-mCherry (single expression) or
both constructs together (co-expression). Quantification of yeast cells with condensates
expressing GAPR-1-GFP, GAPR-1-mCherry (single expression, S) or both constructs
together (co-expression, D) after 24h induction. For the quantification of condensates,
at least 100 cells were counted per experiment. Results are expressed as mean + SD,
n=3; B) Representative images of live-cell fluorescence microscopy in the BIFC studies.
GAPR-1 and Beclin 1 were tagged with the N-terminal Venus fragment and co-expressed
with i) the C-terminal fragment of Venus protein as negative controls (top 4 panels); ii)
with the C-terminal fragment of Venus bound to GAPR-1 (GAPR-1-VC) (bottom 4 panels).
Co-expression of VN-Beclin 1with GAPR-1-VC shows a YFP signal as compared to the
negative controls. Co-expression of VN-GAPR-1 with GAPR-1-VC served as a positive
control. The mean YFP fluorescence intensity of cells described under B) was determined
after 24h expression (right panel). The results are expressed as mean SD of three
independent experiments. Significance of differences was calculated with two-tailed
unpaired t-test (***p < 0.001; n=50).
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Figure S2. Ten-fold dilutions of exponentially growing yeast cultures expressing different

constructs as indicated in the figure were spotted using selection amino acid plates
containing 2% glucose (GAL1 promoter "OFF") and 2% galactose (GALI promoter "ON").
The cells were incubated at 30°C for 3 days and imaged by scanning.
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General discussion

Our previous studies showed that Golgi-associated plant pathogenesis-related protein 1
(GAPR-1) exhibits amyloid-like characteristics in vitro [1-4]. In this thesis project, we
employed yeast Saccharomyces cerevisiae as a model system to investigate the in vivo
amyloid-like oligomerization properties of GAPR-1. Consistent with this, we found that
GAPR-1 localizes to biomolecular condensates, similar to the other pathogenic and
functional amyloid proteins. Our combined results confirm for the first time the
amyloidogenic properties of GAPR-1 in vivo and suggest that the amyloidogenic
properties of GAPR-1 may be involved in its biological function, similar to functional
amyloids [5,6].

Functional amyloids

Functional amyloids are a class of proteins that have the ability to self-assemble into
structured cross-B sheet scaffolds known as amyloid fibrils [7-10]. Traditionally,
amyloids have been associated with neurodegenerative diseases, such as Alzheimer's
and Parkinson's disease, in which aberrant protein aggregation leads to pathological
consequences [11-15]. However, it has become evident in recent years that amyloids
can also serve functional roles in various biological systems [16—20]. Functional amyloids
are found in various organisms, from bacteria and fungi to humans, indicating their
evolutionary significance [21,22]. These amyloid-forming proteins have been identified
in diverse contexts, including biofilm formation [23], extracellular matrix assembly [24],
and regulation of protein activity. Functional amyloids are characterized by their
reversibility, enabling them to assemble and disassemble under controlled conditions.
This ability allows functional amyloids to adapt to changing environmental conditions or
cellular requirements [9,25]. Unlike pathological amyloids, which are associated with
toxicity and cellular damage [26], functional amyloids are generally non-toxic and do not
cause harm to the cell or organism. Their controlled formation and non-toxic nature
make functional amyloids suitable for physiological processes and for the overall
function and survival of organisms. One well-known example of functional amyloids is
found in yeast S. cerevisiae. In yeast, several prion proteins, such as Sup35 and Ure2,
adopt an amyloid conformation, forming functional amyloids. Prions are self-
propagating protein conformations that can induce heritable phenotypic changes. These
prion amyloids can influence gene expression, stress response, and other cellular
processes [27]. Another example of functional amyloids is curli fibrils produced by
certain strains of Escherichia coli [23]. Curli fibrils are involved in biofilm formation [28],
which allows bacteria to adhere to surfaces and establish structured communities. These
amyloid fibrils provide structural stability to the biofilm and enable bacterial cells to
resist environmental stresses.

174



Chapter 6

Functional amyloids have also been identified in higher organisms. For instance, the
protein Pmell7 is involved in the formation of melanin in mammals, the pigment
responsible for hair, skin, and eye color [29]. Pmell7 self-assembles into amyloid-like
structures in so-called melanosomes, which serve as compartments for melanin
synthesis and storage [30].

The functional amyloid concept challenges the notion that amyloids are exclusively
pathological. It highlights the dynamic nature of protein aggregation and recognizes that
under certain circumstances, amyloid formation can be beneficial and serve important
biological functions. Understanding the mechanisms by which functional amyloids are
formed, regulated, and function, can have implications for diverse fields, including
bioengineering, biotechnology, and medicine. In the past decade, the utilization of
baker's yeast as a research tool has significantly contributed to the understanding of
various human diseases, particularly neurodegenerative disorders that are characterized
by protein misfolding and amyloid formation [31-35]. The recognition of functional
amyloid-like assemblies has led to the development of similar yeast model systems for
investigating functional amyloids and exploring the regulatory mechanisms underlying
physiological aggregation [25].

GAPR-1 may function similarly to a functional amyloid

Our collective results demonstrate that expression of GAPR-1-GFP in yeast fulfils the
criteria of a protein with amyloidogenic properties [25,36—44], leading to the generation
of SDS-resistant aggregates, increased ThT fluorescence, and the formation of reversible
intracellular protein condensates. Unlike pathological amyloids [32,45-50], but like
functional amyloids [51-53], the expression of GAPR-1-GFP does not induce toxicity in
the cells. These observations support our hypothesis that in vivo amyloid-like
oligomerization of GAPR-1 may serve a functional purpose [54]. Given that GAPR-1
associates with Golgi membranes, its oligomeric state is likely regulated by multiple
factors, such as the biophysical properties of the membranes to facilitate specific surface
interactions by specific negatively charged lipids that interact with GAPR-1 and to
catalyze structural changes by hydrophobic interactions [55]. Cytosolic factors that are
involved in GAPR-1 oligomerization include particular metal ions [3,4].
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Factors involved in GAPR-1 oligomerization in yeast

In a previous publication [54], we summarized the regulation of amyloid-like behavior
of GAPR-1 in vitro by multiple factors. We now validate these findings in vivo by
confirming the involvement of certain factors in condensate formation in yeast.

Lipid bilayers

Membranes have been identified as catalytic sites that facilitate the (mis)folding and
aggregation of amyloidogenic proteins [56,57]. The interaction between oligomeric
proteins and cellular membranes is known to play a significant role in the pathogenesis
of various diseases. Proteins such as AB [58], PrP [59], a-synuclein [60,61], and islet
amyloid peptide (IAPP) [62] have been observed to adopt oligomeric states upon
interacting with membranes [54,63]. For instance, studies have revealed that wild-type
and A53T a-synuclein exhibit an affinity for yeast plasma membranes, which aligns with
previous in vitro evidence demonstrating the binding of a-synuclein to fatty acids and
phospholipids [61]. Its aggregation is also influenced by fatty acids, with polyunsaturated
fatty acids promoting aggregation and saturated fatty acids inhibiting it [64]. Yeast
models investigating a-synuclein have consistently reported its localization to the
cellular membrane [32,65,66].

Earlier studies from our group have demonstrated that GAPR-1 is firmly bound to Golgi
membranes through a mechanism involving myristoylation of its N-terminus [67].
Remarkably, the presence of a myristoyl group is not essential for the formation of
amyloid-like fibrils by GAPR-1 in vitro, as recombinant non-myristoylated GAPR-1 readily
aggregates into amyloid-like fibrils when seeded with an appropriate platform [2—4,68].
Consistent with this, our current investigation reveals that the expression of Amyr-GAPR-
1-GFP in yeast cells also leads to the formation of protein condensates, albeit with
reduced efficiency compared to GAPR-1-GFP. In mammalian cells, myristoylation,
coupled with strong electrostatic interactions (GAPR-1 has an isoelectric point of 9.4),
facilitates efficient membrane interaction [69]. In yeast cells, the observed partial
distribution of overexpressed GAPR-1 between membranes and cytosol may be
attributed to suboptimal N-myristoylation due to the high levels of GAPR-1-GFP
overexpression or differences in substrate specificity of orthologous N-
myristoyltransferases [70]. Protein binding to membranes leads to increased local
concentrations, creating favourable conditions for seed formation [71,72].
Consequently, this accelerates amyloid-like oligomerization and promotes the formation
of protein condensates (Figure 1).
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Metal ions

Extensive research has focused on investigating the coordination of metal ions with
various amyloidogenic proteins. Zinc is one of the most abundant micronutrients in the
human body, playing a role in cell division, growth, differentiation, signal transduction
and pathology [73]. The combination of disturbed zinc metabolism and
(hyper)phosphorylation of e.g. Tau, APP, AR and a-synuclein have been shown to play a
role in these and other amyloid-like protein oligomerization and aggregation processes,
resulting in severe neurodegenerative disorders such as Parkinson's, Alzheimer's and
ALS diseases [73]. Interestingly, the involvement of the metal-binding site (His54 and
His103) in the formation of GAPR-1 protein condensates in vivo mirrors its participation
in Zn?*-dependent amyloid-like aggregation of GAPR-1 in vitro. Mutations in the
conserved metal-binding site enhanced condensate formation, suggesting that these
residues prevent uncontrolled protein sequestration. In agreement with this, we find
that adding Zn?* metal ions enhance protein condensate formation. Furthermore, Zn?
reduces GAPR-1 protein degradation, which indicates the stabilization of GAPR-1 in
condensates (Figure 1). We propose that the properties underlying both the
amyloidogenic properties and the reversible sequestration of GAPR-1 leading to
condensates play a role in its biological function.
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Figure 1. Baker's yeast as an in vivo model to study GAPR-1 oligomerization.
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GAPR-1 regulates autophagy

GAPR-1 has been identified as a negative regulator of the autophagy [74]. Consistent
with our present findings, we have recently proposed that the oligomerization of GAPR-
1 could play arole in its interaction with other components of the autophagic machinery,
thereby being crucial for the regulation of autophagy [54]. In this study, we revealed that
Beclin 1 can also form amyloids, shedding new light on its role in autophagy. Expression
of Beclin 1-mCherry in S. cerevisiae leads to the formation of protein condensates and
exhibits elevated ThT fluorescence levels in yeast cells. Previous studies by others have
demonstrated that full-length Beclin 1 can form stable homo-oligomers under various
conditions [75—77]. Oligomerized Beclin 1 is suggested to provide a platform for multiple
Beclin 1-interacting proteins [75,76,78—80]. Our results indicate that Beclin 1 contains
several predicted amyloidogenic regions that likely contribute to its condensate
formation in yeast upon overexpression. We confirmed the presence of an
amyloidogenic region within the ECD domain through the overexpression of these 18
amino acids region (B18 peptide), which resulted in the formation of protein
condensates. However, the amyloidogenic region of the B18 peptide is not essential for
Beclin 1 condensate formation, as overexpression of Beclin AB18 still leads to protein
condensate formation. These findings suggest that the other predicted amyloidogenic
regions in Beclin 1 significantly contribute to its amyloidogenic behavior. Previous
studies have demonstrated the interaction between GAPR-1 and Beclin 1 through direct
and indirect means [74,77,81]. In this study, we have confirmed a direct interaction
between GAPR-1 and Beclin 1 using the BIiFC (bimolecular fluorescence
complementation) method, which allows visualization and analysis of protein-protein
interactions in live cells [82,83] by complementarily reconstituting a fluorescent protein
[82,84]. The interaction site on the Beclin 1 protein has been mapped to amino acids
267-284 (corresponding to the B18 peptide), as the B18 peptide interferes with the
GAPR-1/Beclin 1 interaction [74]. Indeed, co-expression of GAPR-1 and Beclin 1 in S.
cerevisiae influenced the condensate behavior of both proteins. As we did not observe
co-localization of the co-expressed proteins within the same condensates, the
interactions between GAPR-1 and Beclin 1 likely occur prior to condensate formation.
The specific protein-protein interactions that take place during these interactions
remain to be determined (Figure 2). As mentioned earlier, when the interaction region
of Beclin 1 with GAPR-1 (amino acids 267-284) is deleted, Beclin 1 still forms
condensates upon expression in S. cerevisiae. However, the deletion of these 18 amino
acids abolishes the interaction between GAPR-1 and Beclin 1, resulting in no effect on
the condensate formation of each other anymore. These combined results indicate the
involvement of amyloidogenic properties during the oligomeric interactions between
GAPR-1 and Beclin 1. We propose that the interaction between GAPR-1 and Beclin 1 in
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human (mammalian) cells is based on their amyloidogenic properties during the
oligomerization process before the formation of amyloid-like fibrils.
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Figure 2. Oligomeric interaction of GAPR-1 and Beclin 1 in the yeast model system.

In the context of autophagy, understanding the regulation of the GAPR-1/Beclin 1
interaction could shed light on the induction of autophagy. In this study, we propose
that the oligomeric interactions between GAPR-1 and Beclin 1 occur at Golgi membranes
and involve a subset of oligomeric Beclin 1 that exists alongside other cellular Beclin 1.
This interaction site might serve as a sensor for small, soluble amyloid-like oligomers.
When these intermediates accumulate in the cell, they can compete with Beclin 1 for
Golgi binding, releasing Beclin 1 oligomers into the cytosol. Once in the cytosol, these
Beclin 1 oligomers revert to monomers and induce autophagy.

Experimental testing of this hypothesis is presented in Chapter 5, where we observe that
AB peptides and the Huntington protein effectively compete with the GAPR-1/Beclin 1
interaction. Consequently, disrupting the GAPR-1/Beclin 1 interaction may trigger the
autophagic flux (see Figure 3). This complex interplay highlights the significance of the
GAPR-1/Beclin 1 interaction in the regulation of autophagy and the potential
implications for biological processes involving amyloidogenic proteins and e.g. age-
related diseases.
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Figure 3. Model of monomeric and oligomeric Beclin 1 in autophagy.

Phosphorylation regulates GAPR-1 and Beclin 1 oligomerization and
their interaction

Although significant progress in understanding the formation and dissolution of
biomolecular condensates within cells has been made, our knowledge of the
intracellular mechanisms that regulate these processes remains limited. One well-
known regulatory mechanism that has gained considerable attention is the post-
translational modification (PTM) of proteins. Among different PTMs, phosphorylation is
of particular interest due to its ability to be rapidly and reversibly added in response to
cellular signals. This dynamic modification can profoundly influence protein function,
interactions, and localization, thus playing a crucial role in cellular processes [85].
Protein phosphorylation introduces a negatively charged phosphate group, which can
significantly impact the chemical, steric, and electrostatic properties of amino acid side
chains. This modification has the potential to induce a diverse range of structural
changes within the protein. By adding negative charges, phosphorylation can affect the
local environment, leading to conformational changes, alterations in protein-protein
interactions, and modulation of enzymatic activity [86,87]. The impact of protein
phosphorylation on condensate formation can be dual in nature, with the ability to both
promote and repress these structures.

A noteworthy example is fused in sarcoma (FUS), an RNA-binding protein associated
with neurodegenerative disorders. The multi-phosphorylation of its N-terminal
disordered segment has been shown to prevent condensate formation [88]. Conversely,
in fragile X mental retardation protein (FMRP), which forms ribonuclear protein granules
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in neurons, multi-phosphorylation of its C-terminal disordered region has been found to
increase condensation in vitro [89]. These observations highlight the complex regulatory
role of protein phosphorylation in modulating the formation or dissolution of
biomolecular condensates, depending on the specific protein.

In this study, we employed a yeast model system to investigate the impact of
phosphorylation on the oligomeric states of GAPR-1 and Beclin 1. Our objective was to
understand the role of phosphorylation in the interaction between GAPR-1 and Beclin 1.
Phosphorylation of Ser55 is essential for the formation of condensates in GAPR-1.
Similarly, phosphorylation of Ser15 and Ser30 is crucial for the formation of condensates
in Beclin 1. Remarkably, ULK1/Atgl kinase mediates phosphorylation of these sites in
both proteins. Moreover, phosphorylation of GAPR-1 at Ser55 and/or phosphorylation
of Beclin 1 at Ser15/30 affects the interference with their mutual condensate formation
upon co-expression. The precise mechanism by which phosphorylation affects the
interaction between these proteins has yet to be determined. Here, we demonstrate
that phosphorylation plays a role in regulating the amyloidogenic properties of GAPR-1
and Beclin 1, as phospho-mutants of these proteins exhibit impaired condensate
formation. Furthermore, deletion of the ULK1/Atgl kinase abolishes the interaction
between GAPR-1 and Beclin 1, suggesting that this kinase plays a critical role in
regulating the interactions between these two proteins (Figure. 4). ULK1/Atgl is a key
regulator of autophagy initiation and is involved in the formation of the autophagosome,
the double-membrane structure responsible for sequestering cellular components for
degradation. We propose that phosphorylation of GAPR-1 may serve as a negative
feedback loop regulating the activation of Beclin 1 and the induction of autophagy.
According to this hypothesis, Beclin 1 phosphorylation may initiate the priming of
autophagy and subsequent phosphorylation of GAPR-1 could act as a feedback loop to
prevent excessive autophagy activation. Indeed, stimulatory compounds that modulate
the autophagy pathway hold significant pharmaceutical potential for various
applications, including targeting clearance of viral infections and protein aggregates
associated with neurodegenerative disorders.
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Figure 4. Phosphorylation involved in GAPR-1/Beclin 1 oligomerization and interaction
in vivo.

Homo-oligomeric and hetero-oligomeric protein-protein interactions

In previous in vivo studies, a significant interaction between GAPR-1 and Beclin 1 was
observed, indicating a potential involvement of GAPR-1 in the regulation of autophagy
[74,77,81]. Moreover, it was demonstrated that purified recombinant GAPR-1 can
inhibit amyloid formation of the AP peptide (1-40) by binding to oligomeric AR species
[90]. Building upon these findings, our focus in Chapter 5 was on investigating the affinity
of oligomeric GAPR-1 for other proteins. We discovered that GAPR-1 forms hetero-typic
interactions not only with Beclin 1 [6] but also with the AR peptide (1-40) and Huntington
protein. These findings suggest a potential role of GAPR-1 in modulating interactions
with other amyloidogenic proteins, which may also have relevance for cellular processes
involving autophagy and protein aggregation.

In recent years, cross-seeding among amyloid proteins have gained considerable
interest [91-94]. In contrast to homotypic seeding, when proteins with identical
(homologous) amino acid sequences or structural motifs come together, cross-seeding
occurs when misfolded proteins with different (heterologous) sequences interact and
induce hybrid or mixed amyloid structures [95-97]. This phenomenon is also termed
heterotypic cross-seeding aggregation. The coexistence of heterologous protein
aggregates, such as AB and a-synuclein, AR and Tau, AB and transthyretin, as well as
hIAPP and insulin, has been observed in patients affected by several protein misfolding
diseases [91,97-99]. The principle of cross-seeding is not limited to pathological
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amyloids. It also occurs between functional and pathological amyloid peptides, as has
been observed e.g. between bacterial curli and amyloid peptides like SEVI, AB, and hIAPP
[100]. Notably, the cross-seeding involving bacterial-produced curli and HIV-associated
amyloid aggregates indicates that curli cross-seeding may not only influence the
nucleation of amyloidogenic aggregation of IAPP and AR 1-40, but may also trigger
biological exogenous infections [91,100]. These findings offer potential insights into the
molecular basis of exogenously triggered amyloid diseases and propose that amyloid
cross-seeding aggregation could be a mechanism driving the spread of amyloidosis
across different cells and tissues and between different diseases.

Interactions between different amyloid peptides can, however, also lead to cross-
amyloid inhibition. It is important to note that cross-amyloid aggregation and inhibition
arise from the same origin of cross-amyloid interactions [91]. Understanding cross-
seeding and cross-amyloid interactions may shed light on the mechanisms behind a
range of protein misfolding diseases as well as functional amyloids [92,94] and may open
up opportunities for exploring therapeutic strategies that target these interactions to
modulate the formation and progression of amyloid aggregates.

S. cerevisiae as a novel screening model system for oligomeric protein-
protein interactions.

In recent years, amyloid fibril formation and amyloidogenic protein oligomerization have
been identified as a factor driving the formation of biomolecular condensates [101]. The
assay system described in this thesis provides a novel approach to investigate cross-
seeding interactions based on the formation of biomolecular condensates in S.
cerevisiae. By studying the condensate behavior of co-expressed proteins, we observed
different phenotypes that can shed light on the nature of cross-seeding interactions. The
four phenotypes illustrated in Chapter 5 represent distinct outcomes of the co-
expression experiments. In Type |, both expressed proteins have the propensity to form
condensates and co-localize to the same condensates upon co-expression. Type Il
involves the formation of different condensates by the expressed proteins. Type |lI
demonstrates the re-localization of one of the proteins to the cytosol upon co-
expression with the other protein that still forms condensates. Lastly, in Type IV, only
one of the expressed proteins has the propensity to form condensates, while the other
protein re-localizes to condensates upon co-expression (Figure 5). In Chapter 5 these co-
expression experiments were also expanded to include triple-expression experiments.
By introducing a competitor for the protein-protein interaction of interest, we were able
to assess the relative binding affinities of the competitor as compared to the co-
expressed protein. This approach provides insights into the strength of the protein-
protein interactions and the ability of the competitor protein or peptide to interfere with
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these interactions. The described assay system provides researchers with a valuable tool
to investigate protein-protein interactions and their dynamics within the context of
biomolecular condensate formation. By studying the formation and behavior of these
condensates, researchers can gain insights into the mechanisms underlying the binding
affinities of protein interactions. This knowledge can be crucial in understanding various
cellular processes and pathways.
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Figure 5. A novel screening assay to study amyloidogenic cross-seeding interaction

Amyloid fibril

using S. cerevisiae.

Furthermore, this assay system has the potential to contribute to the discovery of novel
therapeutic targets or interventions. By studying cross-seeding interactions and
identifying molecules or compounds that can modulate these interactions, researchers
may uncover new strategies to manipulate cellular processes. Overall, the exploration
of cross-seeding interactions and their role in cellular processes holds great potential for
advancing our understanding of molecular mechanisms and opening up avenues for
therapeutic interventions in various diseases and biological systems.
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English summary

English summary

Golgi-associated plant pathogenesis-related protein 1 (GAPR-1) is a peripheral
membrane protein located on the cytosolic leaflet of the Golgi apparatus in mammalian
cells. GAPR-1 belongs to the CAP (cysteine-rich secretory proteins, antigen 5,
pathogenesis-related-1) superfamily of proteins, harboring predicted amyloidogenic
regions, especially in the CAP1 and CAP2 motifs. The presence of these predicted
amyloidogenic regions within the CAP domain implies that the amyloid-like aggregation
pathway might be a shared characteristic of the CAP superfamily. Consistent with this,
GAPR-1 has been shown to interact with an amyloid oligomer-specific antibody and form
amyloid-like fibrils in vitro.

In recent years, Saccharomyces cerevisiae has become a favored model organism for
exploring reversible protein aggregation, including amyloid-like aggregation. A recent
trend involves the development of yeast cell-based assays, or "humanized yeast
systems," enabling the study of human protein functions in yeast. The induction of
phase-separated protein droplets (condensates) in yeast by overexpressing amyloid-
prone proteins provides insight into the mechanisms of protein phase separation and its
potential link to the formation of functional/pathological amyloids in the human body.

Chapter 2 of the thesis delves into the amyloidogenic properties of GAPR-1 in S.
cerevisiae. The study illustrates that GAPR-1-GFP expression meets the criteria of a
protein with amyloidogenic properties, leading to the generation of SDS-resistant
aggregates, heightened ThT fluorescence, and the formation of reversible intracellular
protein condensates. Importantly, this behavior resembles functional amyloids rather
than pathological amyloids, as GAPR-1 expression does not induce toxicity in yeast cells.
The chapter investigates factors influencing GAPR-1 oligomerization in vyeast,
particularly the role of lipid bilayers and metal ions. Membrane interactions, identified
as catalytic sites for amyloidogenic proteins, are explored in the context of GAPR-1's
binding to Golgi membranes. The presence of a myristoyl group, while not essential for
in vitro fibril formation, influences membrane interaction efficiency. The study reveals
that Amyr-GAPR-1-GFP, lacking the myristoyl group, also forms protein condensates in
yeast, albeit with reduced efficiency. Metal ions, specifically zinc, are investigated for
their role in GAPR-1 oligomerization. The study shows that the conserved metal-binding
site in GAPR-1, involving His54 and His103, participates in Zn’>*"dependent amyloid-like
aggregation in vitro. Mutations in this site enhance condensate formation in yeast,
indicating a role in preventing uncontrolled protein sequestration. The addition of Zn?*
enhances condensate formation and reduces GAPR-1 protein degradation, suggesting
the stabilization of GAPR-1 in condensates.
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English Summary

Chapter 3 explores the role of GAPR-1 as a negative regulator of autophagy and its
potential interaction with Beclin 1, a key initiator of autophagy. Building on previous
findings, the study suggests that the oligomerization of GAPR-1 may be instrumental in
its interaction with components of the autophagic machinery, thereby influencing the
regulation of autophagy. The investigation extends to Beclin 1 and its ability to form
amyloids. Expression of Beclin 1-mCherry in S. cerevisiae leads to the formation of
protein condensates and elevated ThT fluorescence levels. The study identifies
predicted amyloidogenic regions within Beclin 1 that contribute to its condensate
formation upon overexpression. An 18-amino acid region (B18 peptide) within the ECD
domain is confirmed as an amyloidogenic region, although its deletion does not prevent
condensate formation, indicating the involvement of other predicted amyloidogenic
regions in Beclin 1. The chapter establishes a direct interaction between GAPR-1 and
Beclin 1 using different methods, mapping the interaction site on Beclin 1 to amino acids
267-284 (corresponding to the B18 peptide). Co-expression of GAPR-1 and Beclin 1
influences the condensate behavior of both proteins. Deletion of the interaction region
in Beclin 1 does not prevent condensate formation, but it abolishes the interaction with
GAPR-1. This suggests that the amyloidogenic properties are involved in the oligomeric
interactions between GAPR-1 and Beclin 1. The proposed mechanism indicates that the
interaction between GAPR-1 and Beclin 1 in mammalian cells is based on their
amyloidogenic properties during the oligomerization process before the formation of
amyloid-like fibrils.

Chapter 4 investigates the role of phosphorylation in regulating the oligomeric states of
GAPR-1 and Beclin 1 in a yeast model system, with a focus on understanding how
phosphorylation influences their interaction. Post-translational modifications,
particularly phosphorylation, are explored for their dynamic impact on protein function,
interactions, and localization. Phosphorylation introduces negatively charged phosphate
groups, influencing amino acid side chain properties and inducing diverse structural
changes within proteins. The study identifies specific phosphorylation sites critical for
condensate formation in both GAPR-1 and Beclin 1. Phosphorylation of Ser55 in GAPR-1
and Ser15/Ser30 in Beclin 1 is supposed essential for their respective condensate
formation. ULK1/Atgl kinase is identified as the mediator of phosphorylation at these
sites in both proteins. Additionally, phosphorylation at these sites affects the
interference with mutual condensate formation upon co-expression. Phospho-mutants
of GAPR-1 and Beclin 1 show impaired condensate formation, indicating the regulatory
role of phosphorylation in their amyloidogenic properties. The deletion of ULK1/Atgl
kinase abolishes the interaction between GAPR-1 and Beclin 1, emphasizing the critical
role of this kinase in regulating their interactions. The proposed model suggests that
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English summary

ULK1/Atgl-mediated phosphorylation of GAPR-1 and Beclin 1 may serve as a negative
feedback loop regulating autophagy activation. Phosphorylation of Beclin 1 initiates
autophagy priming, and subsequent phosphorylation of GAPR-1 acts as a feedback
mechanism to prevent excessive autophagy activation.

Chapter 5 introduces a novel assay system designed to explore protein-protein
interactions, based on the formation of biomolecular condensates in S. cerevisiae.
Expanding on earlier observations of mutual interference in condensate formation
during the co-expression of GAPR-1 and Beclin 1, our assay system is extended to
investigate various protein-protein interactions. Four distinct phenotypes are
determined: Type |) both expressed proteins exhibit condensate formation and co-
localize within the same condensates; Type Il) both proteins form condensates but in
different locations; Type IlI) both proteins show condensate propensity, but one
relocates to the cytosol upon co-expression; Type IV) only one protein forms
condensates, causing the other to relocate. Triple-expression experiments introduce a
competitor for the protein-protein interaction, enabling to compare how strongly one
protein binds to others when expressed together. This innovative assay system offers a
versatile platform for investigating diverse protein-protein interactions and their
dynamics within cellular condensates. The chapter explores protein-protein interactions
involving GAPR-1, extending beyond its known interaction with Beclin 1 and its inhibitory
effect on AB peptide (1-40) amyloid formation. The investigation reveals that GAPR-1
forms heterotypic interactions not only with Beclin 1 but also with the AR peptide (1-40)
and Huntington protein. These findings suggest a potential role of GAPR-1 in modulating
interactions with other amyloidogenic proteins, with potential implications for cellular
processes related to autophagy and protein aggregation.

In conclusion, the discussion chapter explores the concept of cross-seeding among
amyloid proteins, highlighting the significance of interactions between misfolded
proteins with different sequences or structural motifs, leading to hybrid or mixed
amyloid structures. This phenomenon, termed heterotypic cross-seeding aggregation, is
not exclusive to pathological amyloids but is also observed between functional amyloid
peptides. The chapter emphasizes that cross-seeding may not only influence the
nucleation of amyloidogenic aggregation but could also be a mechanism driving the
spread of amyloidosis across different cells, tissues, and diseases. Understanding cross-
seeding and cross-amyloid interactions is positioned as a crucial aspect that may shed
light on the mechanisms behind a range of protein misfolding diseases, including
functional amyloids. The potential therapeutic opportunities arising from targeting
these interactions to modulate the formation and progression of amyloid aggregates are
also discussed.
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GAPR-1 is een perifeer membraaneiwit dat zich bevindt aan de cytosolische zijde van het
Golgi-apparaat in zoogdiercellen. GAPR-1 behoort tot de zgn. CAP eiwit superfamilie, die
gekenmerkt wordt door de aanwezigheid van vier CAP (CAP1-CAP4) motieven.
Bioinformatica analyses voorspellen dat vooral de CAP1 en CAP2 motieven amyloide
eigenschappen hebben, d.w.z. deze eiwitten de neiging geven tot het vormen van
amyloide eiwit structuren. In overeenstemming hiermee is experimenteel aangetoond
dat GAPR-1 bindt aan een antilichaam dat specifiek amyloide oligomeren herkent en dat
het GAPR-1 eiwit onder in vitro condities amyloide-achtige fibrillen vormt. De
aanwezigheid van deze amyloidogene regio's binnen de CAP-domeinen suggereert
tevens dat de amyloide-achtige aggregatie een eigenschap zou kunnen zijn van alle
eiwitten in de CAP-superfamilie.

Saccharomyces cerevisiae is een favoriet modelorganisme voor het bestuderen van eiwit
aggregatie, waaronder ook amyloide-achtige aggregatie. Recent zijn "gehumaniseerde
gist systemen" ontwikkeld, waarmee de functies van menselijke eiwitten in gist kunnen
worden bestudeerd. Overexpressie van amyloide-gevoelige eiwitten in gist cellen kan
fase-scheiding van deze eiwitten induceren waardoor eiwit druppels (condensaten)
ontstaan. Dit systeem geeft inzicht in de mechanismen van eiwit fasescheiding en levert
daarmee een mogelijke link naar de vorming van functionele/pathologische amyloiden
in het menselijk lichaam.

Hoofdstuk 2 van het proefschrift beschrijft de amyloidogene eigenschappen van het
humane eiwit GAPR-1in S. cerevisiae. De studie toont aan dat expressie van GAPR-1-GFP
in gistcellen leidt tot de vorming van SDS-bestendige aggregaten, verhoogde ThT-
fluorescentie, en de vorming van reversibele intracellulaire eiwit condensaten. Het
GAPR-1 eiwit voldoet daarmee aan de criteria voor het hebben van amyloidogene
eigenschappen. De expressie van GAPR-1 induceert geen toxiciteit in gistcellen en lijkt
daarmee meer op functionele amyloiden dan op pathologische amyloiden. Het
hoofdstuk onderzoekt daarna factoren die de oligomerisatie van GAPR-1 in gist kunnen
beinvioeden, met name de rol van lipide bilagen en metaalionen. Membraan interacties,
reeds eerder geidentificeerd als katalytische oppervlakken voor de vorming van
amyloiden door amyloidogene eiwitten, werden onderzocht in de context van de binding
van GAPR-1 aan Golgi-membranen. De aanwezigheid van een myristoyl-groep in GAPR-
1, hoewel niet essentieel voor fibrilvorming in vitro, beinvioedde de efficiéntie van de
interactie van GAPR-1 met membranen. De studie liet zien dat Amyr-GAPR-1-GFP, een
GAPR-1 eiwit zonder de myristoyl groep, ook eiwit condensaten vormt in gist, zij het met
verminderde efficiéntie. Daarnaast werden zink-ionen onderzocht op hun rol in de
oligomerisatie van GAPR-1. De studie toont aan dat His®* en His'%, die deel uitmaken van
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de geconserveerde metaal-bindende positie in GAPR-1, deelnemen aan de Zn?* -
afhankelijke amyloide-achtige aggregatie in vitro. Mutaties van deze histidines
versterkten de vorming van condensaten in gist, wat wijst op een rol van deze histidines
bij het voorkomen van ongecontroleerde eiwit condensatie. De toevoeging van Zn%
ionen bevorderde de vorming van condensaten en vermindert de afbraak van GAPR-1-
eiwit, wat wederom wijst op de stabilisatie van GAPR-1 in eiwit condensaten.

Hoofdstuk 3 verkent de rol van GAPR-1 en zijn mogelijke interactie met Beclin 1, een
belangrijk initiator van autofagie. Expressie van Beclin 1-mCherry in S. cerevisiae leidde
eveneens tot de vorming van eiwit condensaten en verhoogde ThT-fluorescentie
niveaus. Met behulp van bioinformatica analyses werden meerdere amyloidogene
regio's binnen het humane Beclin 1 eiwit geidentificeerd die mogelijk bijdragen aan de
vorming van condensaten bij over-expressie in gist. Een geidentificeerde regio van 18
aminozuren binnen het ECD-domein van Beclin 1 (het B18 peptide) blijkt inderdaad
amyloidogene eigenschappen te hebben, maar de verwijdering ervan voorkwam niet de
vorming van Beclin 1 condensaten, wat wijst op de betrokkenheid van meerdere
amyloidogene regio's in Beclin 1.

Het hoofdstuk bevestigt een directe interactie tussen GAPR-1 en Beclin 1 door middel
van co-expressie van GAPR-1 en Beclin 1, dat het condensatiegedrag van beide eiwitten
beinvloedde. De interactie tussen beide eiwitten werd met behulp van verschillende
andere methoden bevestigd, waarbij de positie van de interactie op het Beclin 1 eiwit
werd geidentificeerd en bestaat uit de aminozuren 267-284 (overeenkomend met het
B18 peptide). Het verwijderen van het interactiegebied in Beclin 1 voorkwam niet de
vorming van condensaten, maar verhinderde wel de interactie met GAPR-1. Dit
suggereert dat amyloidogene eigenschappen betrokken zijn bij de oligomere interacties
tussen GAPR-1 en Beclin 1. Op basis van deze observaties wordt een moleculair
mechanisme beschreven waarbij de oligomere interacties tussen GAPR-1 en Beclin 1 in
zoogdiercellen is gebaseerd op hun amyloidogene eigenschappen. Deze interactie kan
essentieel zijn voor de regulatie van autofagie.

Hoofdstuk 4 beschrijft het onderzoek naar de rol van fosforylering bij het reguleren van
de oligomere toestanden van GAPR-1 en Beclin 1 in het humane gist model, met een
focus op het beinvloeden van hun interactie. Post-translationele eiwitmodificaties
worden veelvuldig onderzocht vanwege hun dynamische impact op eiwitfunctie,
interacties en lokalisatie. Fosforylering introduceert negatief geladen fosfaatgroepen,
die de eigenschappen van aminozuren beinvioeden en daarbij diverse structurele
veranderingen in eiwitten kunnen induceren. De studie identificeerde specifieke
fosforylering plaatsen die essentieel zijn voor condensaat vorming van zowel GAPR-1 als
Beclin 1. Fosforylering van Ser>®in GAPR-1 en Ser'*/Ser®® in Beclin 1 bleek essentieel te
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zijn voor hun condensaat vorming. Fosfo-mutanten van deze aminozuren in GAPR-1 en
Beclin 1 vertoonden verminderde condensaat vorming, wat wijst op de regulerende rol
van fosforylering voor hun amyloidogene eigenschappen. Het eiwit LK1/Atgl werd
geidentificeerd als de kinase van deze aminozuren in beide eiwitten. Bovendien
beinvloedde de fosforylering op deze plaatsen de interferentie van de wederzijdse
condensaatvorming tijdens co-expressie. Het verwijderen van ULK1/Atgl-kinase uit gist
cellen verhinderde de interactie tussen GAPR-1 en Beclin 1, wat mogelijk duidt op een
cruciale rol van deze kinase bij het reguleren van hun interacties. Op basis van deze
observaties wordt een model beschreven dat suggereert dat de fosforylering van GAPR-
1 en Beclin 1 door ULK1/Atgl kan dienen als negatieve feedback die de activering van
autofagie reguleert: fosforylering van Beclin 1 initieert autofagie, en de daaropvolgende
fosforylering van GAPR-1 fungeert als een terugkoppelingsmechanisme om overmatige
activering van autofagie te voorkomen.

Hoofdstuk 5 introduceert een nieuw assay-systeem voor de bestudering van eiwit-eiwit
interacties dat gebaseerd zijn op de vorming van biomoleculaire condensaten in S.
cerevisiae. Voortbordurend op eerdere observaties van wederzijdse interferentie bij de
vorming van condensaten tijdens de co-expressie van GAPR-1 en Beclin 1 (hoofdstuk 3),
werd het assay-systeem uitgebreid om ook andere eiwit-eiwit interacties te
onderzoeken. Vier verschillende fenotypen werden geidentificeerd: Type 1) beide tot
expressie gebrachte eiwitten vertonen de neiging tot condensaat vorming en co-
lokaliseren in dezelfde condensaten; Type Il) beide eiwitten vertonen de neiging tot
condensaat vorming maar lokaliseren in verschillende condensaten tijdens co-expressie;
Type 1) beide eiwitten vertonen de neiging tot condensaat vorming, maar een eiwit
verplaatst zich naar het cytosol tijdens co-expressie; Type 1V) slechts een eiwit vertoont
de neiging tot condensaat vorming, waarheen de ander zich verplaatst tijdens co-
expressie.

Tijdens triple-expressie experimenten kan tevens een concurrent voor een eiwit-eiwit
interactie geintroduceerd worden. Hierdoor wordt het mogelijk om de sterkte van eiwit-
eiwit interacties te bestuderen in competitie met andere eiwitten. Dit innovatieve assay
systeem biedt een veelzijdig platform voor het onderzoeken van diverse eiwit-eiwit
interacties en hun dynamiek in cellulaire condensaten. Het hoofdstuk verkende eiwit-
eiwit interacties met betrekking tot GAPR-1. De reeds bekende interactie met Beclin 1
werd bevestigd. Het onderzoek onthult tevens dat GAPR-1 hetero-typische interacties
vormt met het AB-peptide (1-40) en het Huntington-eiwit. Deze bevindingen suggereren
een mogelijke rol van GAPR-1 bij het moduleren van interacties met amyloide-eiwitten,
met mogelijke implicaties voor cellulair processen gerelateerd aan autofagie en eiwit
aggregatie.
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Tot slot verkent het discussie hoofdstuk het concept van ‘cross-seeding’ tussen amyloide
eiwitten, waarbij de nadruk wordt gelegd op de betekenis van interacties tussen
(gedeeltelijk) verkeerd gevouwen eiwitten, wat kan leiden tot hybride of gemengde
amyloide structuren. Dit fenomeen, ook wel aangeduid als hetero-typische ‘cross-
seeding’ aggregatie, beperkt zich niet tot pathologische amyloiden, maar wordt ook
waargenomen tussen functionele amyloiden. Het hoofdstuk beschrijft dat ‘cross-
seeding’ de nucleatie van eiwit aggregatie van eiwitten met amyloidogene
eigenschappen kan beinvioeden, maar ook een mechanisme zou kunnen zijn waardoor
de verspreiding van amyloidose over verschillende cellen, weefsels en ziekten
gestimuleerd wordt. Het begrijpen van ‘cross-seeding’ en cross-amyloide interacties
wordt beschouwd als een cruciaal aspect dat licht kan werpen op de mechanismen
achter een reeks ziekten die veroorzaakt worden door verkeerd vouwen van eiwitten,
waaronder functionele amyloiden. De potentiéle therapeutische kansen die voortkomen
uit het onderzoek naar deze interacties en om de vorming en progressie van amyloide
aggregaten te moduleren, worden ook besproken.
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