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ZUSAMMENFASSUNG

1 ZUSAMMENFASSUNG

PolyP ist aus anorganischen Phosphaten aufgebaut und damit eines der
einfachsten Molekule in der Natur. Trotz seiner simplen Struktur hat das Polyanion
eine beeindruckende Anzahl essenzieller Funktionen in verschiedenen
Organismen. Kirzlich hat unser Labor die spannende Entdeckung gemacht, dass
PolyP die Entstehung von amyloidogenen Fibrillen in vitro beschleunigt und
neuronale Zellen in Zellkulturexperimenten gegen die Toxizitdt dieser Fibern
schitzt. Damit wurde gezeigt, dass das Molekdl eine physiologische Rolle bei
neurodegenerativen Erkrankungen spielt. In dieser Arbeit habe ich die Interaktion
zwischen PolyP und zwei Proteinen, die in neurodegenerativen Erkrankungen
involviert sind, untersucht: Alpha-Synuclein ist mit der Pathologie der Parkinson-
Krankheit und Tau mit der Pathologie der Alzheimer-Krankheit assoziiert. Hierbei
habe ich herausgefunden, dass die Entstehung von a-Synuclein- Fibrillen einen
initialen Schritt hat, welcher unabhéngig von PolyP ist. In diesem Schritt werden a-
Synuclein-Oligomere gebildet, mit welchen PolyP dann interagieren kann, was
daraufhin die Entstehung von Fibrillen rapide beschleunigt. Das reversible Binden
von PolyP an ausgereifte a-Synuclein- Fibrillen induziert eine veranderte Fibrillen -
Struktur. In vorherigen Verdffentlichungen wurde gezeigt, dass diese Struktur
stabiler ist und weniger dazu neigt, toxische Intermediate abzusondern. Der PolyP-
a-Synuclein-Komplex blockiert ebenfalls die Bindung von a-Synuclein- Fibrillen an
die Zellmembran und verhindert dadurch die Aufnahme von Amyloiden in
differenzierte neuronale Zellen. Im Gegensatz zu a-Synuclein interagiert das
monomere Tau Protein direkt mit PolyP. Durch “single molecule studies” haben wir
herausgefunden, dass diese Interaktion zu einer Struktur flhrt, die eher geneigt ist,
Aggregate zu bilden. Aggregationsassays mit verschiedenen Tau-Isoformen haben
gezeigt, dass PolyP mehrere Bindestellen an einem Tau-Monomer hat. Durch
diese inter- und intramolekularen Interaktionen bildet PolyP ein Gerlst, welches
mehrere Tau-Monomere zusammenbringt und die Entstehung von Fibern
beschleunigt. Diese Fahigkeit von PolyP ist von der Kettenldnge des Polyanions
abhangig.

Zusammengefasst gibt diese Arbeit mechanistische Einsichten in die Rolle von
PolyP in amyloidogenen Prozessen. AuBerdem bildet sie die Grundlage fir die
weitere Untersuchung von PolyP als potenzieller therapeutischer Ansatz, um die

zellulare Verbreitung neurodegenerativer Erkrankungen im Gehirn zu verhindern.
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2 ABSTRACT

Built as a linear chain of inorganic phosphate units, polyP is one of nature’s
simplest molecules. Yet, this polyanion exerts a number of crucial functions in
organisms. Recent work from our lab identified polyP as a physiological modifier of
neurodegenerative diseases by accelerating amyloid fiber formation in vitro and
protecting neuronal cells against amyloid toxicity in cell culture experiments. In this
work, | characterized the interaction between polyP and two proteins involved in
neurodegenerative diseases: a-synuclein, a protein associated with the pathology
in Parkinson’s disease and tau, a protein associated with the pathology in
Alzheimer’s disease. | found that a-synuclein fiber formation shows an initial polyP-
independent step. Subsequent oligomerization of a-synuclein was then rapidly
accelerated by the presence of polyP. Reversible binding of polyP to mature a-
synuclein fibrils induced altered fiber morphology that was previously shown to
make the fibers more stable and less prone to shed off toxic intermediates. The
formation of a polyP-a-synuclein fiber complex prevented the association of fibrils
with the cell membrane and significantly reduced the internalization of amyloids
into differentiated neuronal cells. In contrast to a-synuclein, polyP interacted
directly with monomeric tau, leading to the formation of a distinct aggregation-
prone conformation that we characterized by single molecule studies. Aggregation
assays with various tau isoforms suggested that tau contains several polyP binding
sites and revealed a chain length dependency of the inter- and intramolecular
scaffolding ability of polyP towards tau. In summary, this study provided novel
mechanistic insights into the role of polyP in amyloidogenic processes and form
the foundation for polyP as a potential novel therapeutic strategy to prevent the
cellular spreading of the diseases.
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3 INTRODUCTION

The introduction is adapted from a review, entitled “Role of Polyphosphate in
Amyloidogenic Processes”, which | wrote as part of my thesis work (Lempart and
Jakob 2019).

3.1 PolyP- A molecule of many functions

PolyP is one of the simplest biomolecules, which has been found in all eukaryotic
and almost every prokaryotic organism tested so far (Figure 1) (Kulaev and
Vagabov 1983; Wood and Clark 1988; Kumble and Kornberg 1995; Rao, Gomez-
Garcia et al. 2009). The negative charge and the high energetic content appear to
contribute to some of polyP’s described functions, including the ability to chelate
metal ions, and serve as energy source and phosphate buffer (Archibald and
Fridovich 1982; Pick and Weiss 1991; Keasling, Bertsch et al. 1993).

AR
O0— P—O+ P—O+ P—O

| | |
o} O O

Figure 1: Model structure of polyP. |Inorganic phosphate units are linked
through phosphoanhydride bonds in a linear chain (n= between 3 or up to 1000).

However, the mechanisms for several other cellular functions of polyP, are less
likely to be directly mediated by its biophysical features and raised the question
how this simple molecule exerts its pleiotropic effects. In unicellular organisms,
polyP was found to serve as a modifier of biofilm formation, contributor to virulence
and important enhancer of stress resistance (Figure 2) (Kornberg, Rao et al. 1999;
Rashid, Rao et al. 2000; Rao, Gomez-Garcia et al. 2009; Docampo, Jimenez et al.
2011; Kulakovskaya, Vagabov et al. 2012). In mammals, polyP takes part in
energy homeostasis (Wang, Schroder et al. 2016), blood clotting (Morrissey, Choi
et al. 2012), apoptosis (Hernandez-Ruiz, Gonzalez-Garcia et al. 2006), DNA repair
and nuclear transcription (Jimenez-Nunez, Moreno-Sanchez et al. 2012; Bru,
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Samper-Martin et al. 2017), ion channel function (Kim and Cavanaugh 2007;
Zakharian, Thyagarajan et al. 2009), PTP formation (Abramov, Fraley et al. 2007;
Seidlmayer, Gomez-Garcia et al. 2012) and cell signaling in the brain (Holmstrom,
Marina et al. 2013) (Figure 2).

Neuro-
Blood and Gliotransmitter
clottin
J lon channel Energy
Amyloid function metabolism
fiber formation Angiogenesis Osteobiast
DNA repair 4 ‘\\ funiction Apoptosis
Eukaryotes
---------------------------- { Polyphosphate }------------ccomeooi
chelator \ Prokaryotes
for metal ions . ,/ Mortility
= = === S . |
Reservoir for Biofilm e
phosphate formation Stress defense
pH buffering Growth &

Development

Figure 2: Multi-functionality of polyP in eukaryotes and prokaryotes
(Lempart and Jakob 2019).

Recent findings from our lab identified polyP as an ATP-independent chaperone
(Gray, Wholey et al. 2014). These results indicated not only that polyP constitutes
one of the earliest defense mechanism against cellular stressors, but suggested
that part of its multi-functionality might in fact be based on polyP-protein
interactions. Endogenous polyP levels have long been known to increase under
oxidative stress conditions (Akiyama, Crooke et al. 1992), where bacteria convert
over 50% of their cellular ATP into polyP (Gray, Wholey et al. 2014). This energetic
redirection of ATP provides two major advantages for the stress-exposed cellular
network: ATP depletion effectively down-regulates processes that are highly
sensitive to oxidation while polyP-protein interactions prevent irreversible protein
aggregation. Upon stress relief, PolyP kinase (PPK) is then able to regenerate ATP
from polyP, fueling ATP- dependent chaperones like DnaK, Dnad or GrpE, which
then refold the protected proteins (Gray, Wholey et al. 2014) (Figure 3).
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Figure 3: The role of polyP under cellular stress conditions. Conversion of
ATP into polyP safely stores the cellular energy content and protects proteins
from stress-induced aggregation through the formation of a polyP-protein
complex. Upon stress relief chaperones like DnaK, Dnad or GrpE can refold the
protein, release polyP and cellular ATP levels can get regenerated (Gray, Wholey
et al. 2014).

In vitro experiments provided first mechanistic insights by demonstrating that polyP
concentrations in the micromolar range are sufficient to convert proteins from a
thermolabile a-helical into a thermostable B-sheet conformation. Unexpectedly,
those structures are capable of inducing increased fluorescence with the amyloid
interacting dye Thioflavin T (ThT) (Cremers, Knoefler et al. 2016; Yoo, Dogra et al.
2018). This conversion from unstructured or mainly a-helical proteins into B-sheet
rich structures is also the foundation of fibril formation found in many different
neurodegenerative diseases and suggested that polyP might serve as a modifier of

amyloidogenic processes.
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3.2 The role of polyP in amyloidogenesis

3.2.1 The influence of polyP on amyloid formation in bacteria

It has long been known that depletion of polyP reduces bacterial biofilm formation
(Rashid, Rumbaugh et al. 2000). This was reasoned with a potentially essential
role of polyP in quorum sensing, which - in the absence of the polyanion- would
result in the impaired ability of bacteria to respond to their environment (Rashid,
Rumbaugh et al. 2000). However, recent work of our lab revealed that polyP
directly influences the cross-B-sheet fibril formation of CsgA fibers (i.e, curli), an
integral part of the bacterial biofilm matrix. These results suggested a direct
involvement of polyP in the formation and/or structural arrangement of the fibril
(Rashid, Rumbaugh et al. 2000; Cremers, Knoefler et al. 2016). Indeed, in vitro
experiments measuring CsgA fiber formation via ThT fluorescence showed that
polyP is capable of accelerating this process (Cremers, Knoefler et al. 2016).
Studies using Appk strains confirmed these in vitro findings and revealed that
polyP-deficient bacteria show significantly slower biofilm formation compared to
wild-type (WT) strains (Rashid, Rumbaugh et al. 2000). Addition of polyP to the
media of these mutants rescued the effect and restored biofilm formation
(Cremers, Knoefler et al. 2016).

3.2.2 Influence of polyP on disease-associated amyloids

The underlying mechanism of curli formation is based on the conversion of
unstructured CsgA into fibrillary cross [(-sheet structures on the cell surface
(Hufnagel, Tukel et al. 2013). This process comprises mechanistically all
characteristics of the amyloid formation that is found to contribute to
neurodegenerative diseases, including Alzheimer’'s disease (AD) and Parkinson’s
disease (PD) (Soto 2003; Eichner and Radford 2011; Shoffner and Schnell 2016).
Subsequent studies with disease-associated amyloids revealed that polyP indeed
also accelerates the fiber formation of AB, tau (AD) and a-synuclein (PD) (Figure 4)
(Cremers, Knoefler et al. 2016). Alpha-synuclein and A fibers form two to three
times faster in the presence of polyP than in its absence. Moreover, in vitro
fibrillation of full-length tau is accelerated from several month (T, >9 months) to a
few days (Ti2 ~50 hours) when polyP is added (Cremers, Knoefler et al. 2016).
The polyP effects were shown to be chain-length dependent, with longer polyP
(>60 P;) chains showing a disproportionally higher impact than shorter chains (<14
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Pi). Mechanistically it remains elusive whether polyP interacts with the unstructured
or a-helical structure of the soluble amyloids and induces their B-sheet formation,
or binds and stabilizes 3-sheet structures that transiently accumulate during the
amyloid fiber formation process. Moreover, it is unknown whether polyP interacts
with specific sidechains or the protein backbone of the client protein. The finding
that polyP’s clients are very diverse supports the idea of polyP-protein backbone
interactions (Gray, Wholey et al. 2014; Yoo, Dogra et al. 2018).

3.2.3 Influence of polyP on amyloid structures

Recent studies showed that platelet-derived polyP elicits structural changes in
fibrin that generates shorter protofibrils with reduced stiffness and produces a fibrin
network with increased knotted regions (Whyte, Chernysh et al. 2016). Similarly,
the Jakob lab found that polyP induces a significant morphological change in
amyloid fibrils, which normally form two single protofilaments, twisted around each
other in a distinct helix (Guerrero-Ferreira, Taylor et al. 2018). In the presence of
polyP, however, the fibrils are significantly thinner and lack the characteristic
twisted structure (Figure 4) (Cremers, Knoefler et al. 2016). Moreover, fibrils
formed in the presence of polyP were about 30% less prone to shedding and found
to be more susceptible to degradation by proteases including proteinase K (Figure
4) (Cremers, Knoefler et al. 2016). Easily degradable fibers that are more stable
and incapable of disassembling into toxic oligomers suggest that polyP can lower
amyloid toxicity through altering fiber structure. Previous studies that have shown
different physiochemical properties (i.e pH) (Hoyer, Antony et al. 2002) or different
polyanionic modifiers (i.e Heparin) (Cohlberg, Li et al. 2002) to induce similar
structural changes that ultimately lead to altered toxicity, stability, seeding behavior
and spreading (Bousset, Pieri et al. 2013), agree with this idea and further suggest
a physiological and/or pathological relevance of polyP in the context of

neurodegeneration.
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PolyP prevents
fraémgntation \f Fragmentation/shedding
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Figure 4 : The influence of polyP on amyloid fiber formation. Structural
rearrangement of monomeric protein leads to the formation of PB-sheet rich
monomers, oligomers, protofibrils and eventually mature fibers. PolyP
accelerates amyloid fiber formation to mature fibers, alters the fiber morphology
and prevents the fragmentation and shedding of oligomers (Lempart and Jakob
2019).

3.3 PolyP in the mammalian brain

Only limited reports about the role of polyP in mammals are available. This is likely
due to the challenges that arise when polyP concentrations are low (Kumble and
Kornberg 1995; Kornberg 1999). By studying rats, the group of Kornberg showed
that the highest polyP concentrations are found in the brain (25 to 120 pM in Pi
units) and the liver (22 and 42 pM in Pi units) (Gabel and Thomas 1971; Kumble
and Kornberg 1995) with chain lengths between 50 to 800 residues (Gabel and
Thomas 1971; Kumble and Kornberg 1995). However, the length of polyP chains
is still under debate with other studies suggesting that polyP chains in mammals
are exclusively shorter, i.e. between 10 and 100 phosphates (Lorenz, Munkner et
al. 1997; Stotz, Scott et al. 2014). The differences in the reported chain lengths are
most likely due to the challenges arising with the detection of low physiological
polyP concentrations (Kornberg 1999) and potential differences in polyP levels and
lengths during different developmental stages. Indeed, brain polyP levels appear to
change over the lifetime of the animals while polyP levels in the liver stayed
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constant. The polyP concentrations peaked in young mice (12 month of age)
followed by a decrease to about 50% of the maximum in older animals (28 months
of age) (Lorenz, Munkner et al. 1997). The decrease was accompanied by
changes in endogenous exopolyphosphatase activity and a loss in long- chain
polyPs (150mer) (Lorenz, Munkner et al. 1997). In addition to age-associated
changes in polyP, the levels of polyP have also been found to change during
certain pathological conditions. For instance, it has been reported that the polyP
levels in the brains of AD mice are significantly lower than the polyP levels in
healthy, age-matched littermates (Cremers, Knoefler et al. 2016). Another study by
Angelova et al. detected increased amounts of polyP in cells with PD-related
mutations (Angelova, Agrawalla et al. 2014). Although the biosynthesis pathway of
polyP in mammals remains elusive, polyP production has been associated with the
respiratory chain (Figure 5) (Baev, Angelova et al. 2016; Wang, Schroder et al.
2016). The fact that PD pathology is associated with mitochondrial dysfunction
(Burchell, Gandhi et al. 2010; Burchell, Gandhi et al. 2010) and the finding that
polyP potentially originating from the organelle could explain the altered polyP
levels in the pathological context.

3.3.1 PolyP — A structural component of the mitochondrial permeability

transition pore

Studies in bacteria revealed that short to medium chain polyP forms a part of a
membrane spanning complex, consisting of polyhydroxybutyrate (PHB) and Ca®*
(Reusch and Sadoff 1988). This channel was proposed to serve as a voltage gated
ion transporter with polyP penetrating the lipid bilayer and supporting the transport
of divalent cations across the membrane (Reusch and Sadoff 1988; Castuma,
Huang et al. 1995). Shortly after this discovery, similar PHB-polyP-Ca®** ion
channel structures were identified in rat liver mitochondria (Pavlov, Zakharian et al.
2005). Upon purification and in vitro reconstitution of the complex, it became clear
that this channel resembles the permeability transition pore which is involved in
Ca®* mediated cell death (Figure 5) (CROMPTON 1999; Rasola and Bernardi
2011). Indeed, treatment of astrocytes with exogenous polyP led to increased
mitochondrial permeability transition pore (mPTP) opening and cell death while
downregulation of polyP significantly reduced mPTP opening and ionomycin-
induced cell death (Abramov, Fraley et al. 2007). In contrast to the bacterial ion
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channels, however, only long-chain polyPs (>120Pi) are effective, and induce
opening of the mPTP, Ca** efflux, and the activation of apoptosis (Angelova, Baev
et al. 2016).

3.3.2 PolyP as a glio- and neurotransmitter

Generally very little is known about the distribution of polyP in different cell types
and different cell compartments. The group of Morrissey et al has extensively
studied polyP in the context of coagulation where they identified that platelets
secrete polyP via Ca?*-dependent exocytosis (Muller, Mutch et al. 2009; Sakatani,
Fujiya et al. 2016). Similarly, astrocytes depict high levels of polyP in cytoplasmic
vesicle-like structures, that get released into the extracellular space in a Ca®*-
dependent fashion (Holmstrom, Marina et al. 2013; Stotz, Scott et al. 2014;
Angelova, Iversen et al. 2018). Neighboring astrocytes or neurons are then able to
bind and internalize polyP, where it works as glio- and neurotransmitter,
respectively (Figure 5) (Holmstrom, Marina et al. 2013; Angelova, Agrawalla et al.
2014). As a neurotransmitter, polyP influences the action potential of voltage-
dependent Na*, K*, and Ca®* channels in the peripheral and central nervous
system (Stotz, Scott et al. 2014; Baev, Angelova et al. 2016). As a gliotransmitter,
polyP binds, in a chain length independent manner (Holmstrom, Marina et al.
2013), to the purinergic P2Y1 receptor on the surface of astrocytes leading to the
activation of phospholipase C (PLC). PLC, in turn, activates Phosphatidylinositol
4,5-bisphosphate, which leads to the activation of Inositol triphosphate and the
cellular depolarization through Ca* influx from the endoplasmic reticulum
(Dinarvand, Hassanian et al. 2014; Baev, Angelova et al. 2016). The depolarized
cell releases more polyP into the extracellular space and propagates the signaling
wave (Holmstrom, Marina et al. 2013; Dinarvand, Hassanian et al. 2014; Baev,
Angelova et al. 2016). The finding of polyP being a glio- and neurotransmitter
provides important insight about its role in the mammalian brain and insight into its

extracellular and intracellular localization.
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Figure 5: Role of polyP in the mammalian brain. PolyP is involved in signaling
as a Glio- and Neurotransmitter. In the mitochondria polyP is associated with
energy homeostasis and with mPTP formation and apoptosis (changed after
(Lempart and Jakob 2019).

3.4 The patholoqgy of AD and PD
Neurodegenerative diseases like AD and PD share a common pathology, which is

based on the conversion of soluble a-helical or intrinsically disordered proteins into
insoluble B-sheet rich oligomers and fibers (Eichner and Radford 2011).
Occurrence and deposition of mature amyloid fibers has long been thought to
cause the observed neurotoxicity. However, the occasional appearance of amyloid
deposits in brains of patients lacking symptoms (Ingelsson, Fukumoto et al. 2004)
suggested that the underlying toxicity might in fact not be caused by the stable end
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product but might be triggered by the fiber formation process itself. Indeed, within
the last decade, on or off-pathway oligomers were identified as the primary toxic
species responsible for the observed neuroinflammation (Lee, Suk et al. 2010),
oxidative stress (Unal-Cevik, Gursoy-Ozdemir et al. 2011) and neurotoxicity
(Winner, Jappelli et al. 2011; Diogenes, Dias et al. 2012). Apart from “shedding” of
toxic intermediates (Chen, Drakulic et al. 2015) and/or the ability to seed de-novo
fiber formation, mature fibers are thought to have little to no toxicity themselves.

3.4.1 Amyloid formation and amyloid toxicity in Alzheimer’s disease

Patients suffering from AD experience a number of different symptoms, including
memory loss, confusion and anxiety (Reisberg, Borenstein et al. 1987; Chung and
Cummings 2000). Up to 15 years before the occurrence of the first symptoms, so-
called neurofibrillary tangles and amyloid plaques start to form in the brain of
affected individuals. Once diagnosed, the median post diagnostic survival of AD
patients is only 5 years (Helzner, Scarmeas et al. 2008).

Neurofibrillary tangles are constituted of amyloidogenic tau protein and senile
plaques are built-up of amyloidogenic AR (Selkoe 1991). Tau is an intrinsically
disordered protein that has a variety of isoforms that play an important role in the
organization of the cytoskeleton of neuronal cells through stabilization of
microtubules (Kempf, Clement et al. 1996; Santarella, Skiniotis et al. 2004;
Kellogg, Hejab et al. 2018). During disease development, tau dissociates from
microtubules and becomes prone to form amyloid fibrils, ultimately leading to the
formation of neurofibrillary tangles (Figure 6) (Alonso, Grundke-Igbal et al. 1996;
Ballatore, Lee et al. 2007).

AB is generated through procession of amyloid-B precursor protein via enzyme 1
(BACE1) and y-secretase giving rise to various different isoforms with AB4, and
AB42 being the most common (Puig and Combs 2013). The peptide is highly
conserved and can be found in all vertebrates, where it is present throughout the
whole lives of the animals (Brothers, Gosztyla et al. 2018). In vivo and in vitro
studies have identified that AB-levels increase during physiological challenges. The
increased AP levels then give rise to AB’s putative functions including a protective
role against infections, the restoration of fissures in the blood-brain barrier, the
promotion of the recovery from injury as well as a regulatory role in synaptic
signaling (Brothers, Gosztyla et al. 2018). While soluble monomeric AB has a rapid

12
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turnover in the extracellular space (T12=0.7 to 2.0 hours) (Savage, Trusko et al.
1998; Abramowski, Wiederhold et al. 2008), oligomeric AB is cleared more slowly,
hence causing toxicity and leaving it prone to AB plaque formation (Masters and
Selkoe 2012) (Figure 6).

Although it is mostly enigmatic how tau and AB amyloid formation leads to toxicity
and subsequent degeneration of the brain, most reports in the last decades
identified on- or off-pathway oligomers as toxic species (Chen, Drakulic et al. 2015;
Tipping, Karamanos et al. 2015). Tau oligomers induce mitochondrial
abnormalities, synaptic dysfunction and inhibit fast axonal transport (LaPointe,
Morfini et al. 2009; Morfini, Burns et al. 2009; Lasagna-Reeves, Castillo-Carranza
et al. 2012; Lasagna-Reeves, Castillo-Carranza et al. 2012). AB oligomers were
shown to accumulate in synaptic sites. Here the amyloids disrupt cell-to-cell
signaling which eventually results in neuronal cell death (Selkoe 2002). Although
the overall connection between tau and AR amyloid formation stays enigmatic,
growing evidence suggests that once oligomers are formed tau and A amyloids
might act synergistically to promote synaptic dysfunction what ultimately leads to

the neuronal loss.

3.4.2 Amyloid formation and toxicity in Parkinson’s disease

The pathology of PD goes hand in hand with the appearance of insoluble a-
synuclein deposits in Lewy bodies of cells of the substantia nigra (Spillantini,
Schmidt et al. 1997) (Figure 6). Subsequent loss of motor neurons contributes to
the common symptoms of PD, including rigidity, slow movement and tremors
(Dunnett and Bjérklund 1999; Dawson 2000). The progression of PD is slower than
the progression of AD with a speculated median survival of 40 years after the first
non-motor featured symptoms occur (Hawkes, Del Tredici et al. 2010).

The physiological role(s) of the 14 kDa soluble a-synuclein protein have not been
fully identified but seem to be associated with its specific localization at nerve
terminals (George, Jin et al. 1995; Iwai, Masliah et al. 1995). Evidence exist that a-
synuclein influences vesicle transport by regulating the amount and the release of
SNARE complexes (Burre, Sharma et al. 2010; Bendor, Logan et al. 2013).
Triggers for a-synuclein amyloid formation are still enigmatic except for certain
mutated forms and overexpression that were shown to cause a higher risk of
developing PD (Polymeropoulos, Lavedan et al. 1997; Kruger, Kuhn et al. 1998).

13
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Similarly to AD pathology, the toxicity observed in PD is associated with a-
synuclein intermediates that form on the fiber formation pathway. Where
monomeric a-synuclein has a physiological role in synaptic vesicle trafficking the
oligomers disrupt SNARE complex formation, dopamine release and synaptic
vesicle motility (Choi, Choi et al. 2013; Wang, Das et al. 2014). Moreover, a-
synuclein toxicity is associated with several organelle dysfunctions, disrupting the
nucleus, mitochondria, ER/Golgi and lysosomes (Outeiro and Lindquist 2003;
Cuervo, Stefanis et al. 2004; Kamp, Exner et al. 2010; Nakamura, Nemani et al.
2011).

Alzheimer’s disease

Parkinson'’s disease

¢ )

Amyloid 7\
plaques \
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Figure 6: Neurodegenerative diseases are characterized by aggregate
formation in the brain. AD toxicity is associated with extracellular amyloid
plaque formation and intracellular neurofibrillary tangle formation. PD toxicity
goes hand in hand with Lewy body formation in motor neurons of the substantia
nigra.

3.4.3 Prion-like spreading of amyloids contributes to disease progression

Up to this date therapies for the treatment of PD and AD are limited to the
treatment of the symptoms (Szeto and Lewis 2016). The lack of preventative or
disease altering drugs is due to the limited mechanistic insight into the
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development and the sporadic occurrence of neurodegeneration. One novel
therapeutic attempt, that tries to alter the disease progression, targets the prion-
like spreading of amyloids. Studies with tau, AR and a-synuclein showed that
amyloids self-amplify, and propagate between cells (Hansen, Angot et al. 2011;
Domert, Sackmann et al. 2016), contributing to disease progression (Figure 7)
(Jucker and Walker 2013; Guo and Lee 2014). Stereotypical and topographical
pattern of progression and spread of protein aggregates in the CNS of AD and PD
patients supports this idea (Braak, Del Tredici et al. 2003; Kordower, Chu et al.
2008; Li, Englund et al. 2008; Masuda-Suzukake, Nonaka et al. 2013; Paumier,
Luk et al. 2015). In addition, intrastriatal injection of preformed a-synuclein fibrils
into the brain of WT rodents induces a-synuclein pathology and shows that the
amyloids propagate throughout anatomically connected brain regions (Luk, Kehm
et al. 2012; Paumier, Luk et al. 2015). The propagation patterns in the brain of AD
and PD patients as well as the rodent experiments suggests that the amyloids
spreads through the brain in a hierarchical pattern (Braak, Muller et al. 2006).
Oligomeric a-synuclein species are particularly prone to be dispersed in a prion-
like fashion (Figure 7) (Danzer, Krebs et al. 2009; Danzer, Kranich et al. 2012):
Active secretion into the extracellular space is followed by internalization by
neighboring cells (Reyes, Olsson et al. 2015) via micropinocytosis and GAG
receptors (i.e heparan sulfate) (Nakase, Tadokoro et al. 2007; Holmes, DeVos et
al. 2013; Gustafsson, Loov et al. 2018). Once inside the cells, the amyloids are
processed via the endosomal-lysosomal pathway (Figure 7) (Karpowicz, Haney et
al. 2017). Therapies targeting the uptake mechanism via antibodies (Tran, Chung
et al. 2014; Schofield, Irving et al. 2019) show first successes in rodent models and
raise the hope for a novel therapeutic attempt that is aiming to prevent the
spreading of neurodegenerative diseases throughout the brain.
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Figure 7: Prion-like spreading of amyloidogenic protein. Cells form amyloid
fibers that can be released into the extracellular space. Neighboring cells take up
the amyloids via GAG and micropinocytosis. Misfolded proteins then spread the
toxicity by sequestering native protein for amyloid formation.

3.5 PolyP as a modifier of neurodegeneration

Previous studies from the Jakob lab showed that polyP significantly decreases the
toxicity of amyloidogenic proteins in differentiated neuronal cells (Cremers,
Knoefler et al. 2016). Alpha-synuclein fibrils that were merely preformed in the
presence of polyP completely lack the toxic effect on differentiated SH-SY5Y or
PC-12 cells compared to a-synuclein fibrils formed in the absence of polyP
(Cremers, Knoefler et al. 2016). Part of the protective effect could be attributed to
polyP’s stabilizing ability towards the fibrils, preventing the “shedding” off of toxic
intermediates. In a similar experiment the group tested the toxicity of fibrils
incubated under destabilizing conditions and was able to show that the presence
of polyP during that incubation time abolishes the toxic effect of fibrils towards
differentiated SH-SY5Y cells in a subsequent toxicity assay (Cremers, Knoefler et
al. 2016). DIC imaging of the cells supported the outcome of the toxicity assays
and showed that polyP preserves axon contacts between differentiated neuronal
cells in the presence of amyloidogenic a-synuclein while cells treated without polyP

show distinct axon retraction.
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Assays using C.elegans models showed the protective effect of polyP in vivo by
effectively delaying AB1.42 induced paralysis in the worms (Cremers, Knoefler et al.
2016). The animals were shown to be able to ingest polyP fed to them for 5.5
hours. 24 hours later, worms treated with polyP showed 25% less paralysis
compared to untreated worms (Cremers, Knoefler et al. 2016). In line with those
findings are reports by Mueller et al. The group independently confirmed the
protective effect of polyP by showing a decreased neurotoxicity of ABzs.ss in the
presence of the polyanion (Muller, Wang et al. 2017). Pre-incubation of primary
cortical neurons with polyP nanoparticles was able to increase the cellular survival
in the presence of AB.s.35 peptide by 30-50% compared to the cells without polyP
(Muller, Wang et al. 2017).

3.6 Objective
Accumulating evidence suggests polyP as a modifier of amyloidogenic processes,

and raises the question as to how polyP affects fiber formation and protects cells
against amyloid toxicity. The goal of my thesis project was to answer these
important questions. The first aim of my work was to identify the underlying
mechanism by which polyP accelerates fiber formation. | focused on the fiber
formation of the two structurally unrelated proteins, i.e. a-synuclein and tau, which
were previously shown by our lab to be strongly influenced by polyP. Utilizing
various biophysical and biochemical assays, | aimed to identify when and to what
extent polyP interacts with these peptides. SmFRET studies in collaboration with
the Rhoades lab of the University of Pennsylvania enabled us to conduct in-depth
single molecule studies of polyP-induced conformational changes of tau. My
second aim was to investigate the mechanism behind the protective role of polyP
against a-synuclein toxicity. | addressed this question by investigating in detail how
polyP affects internalization and localization of monomeric and fibrillary a-synuclein
in differentiated SH-SY5Y cells.
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4 MATERIAL AND METHODS

Chemicals used in this study were obtained from Thermo Scientific, Invitrogen, MP
Biomedicals, Roche or Sigma Aldrich. Vendors for enzymes, specific chemicals or
equipment are listed in the brackets.

4.1 Protein purification

4.1.1 Alpha-synuclein purification

Alpha-synuclein WT or a-synuclein AS0C mutant were purified as described (Jain,
Bhasne et al. 2013; Cremers, Knoefler et al. 2016) with slight modifications. In
brief, E. coli strain BL21 (DE3) containing the a-synuclein-expressing vector pT7-7
was grown in Luria Broth (LB) with 200 pg/mL ampicillin until ODggo of 0.8-1.0 was
reached. Protein expression was induced with 0.8 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG) for 4 hours and bacteria were harvested at 4,500 x g
for 20 minutes and 4°C. After the pellet was resuspended in 50 ml lysis buffer (10
mM Tris-HCI, pH 8.0, 1 mM EDTA, Roche Complete protease inhibitor cocktail),
the lysate was boiled for 15-20 minutes. The aggregated proteins were removed by
centrifugation at 13,500 x g for 30 minutes and 136 pl/ml of a 10% w/v solution
streptomycin sulfate solution and 228 pl/ml glacial acetic acid were added to the
supernatant. After an additional centrifugation step at 13,500 x g for 30 minutes,
the supernatant was removed and mixed in a 1:1 ratio with saturated ammonium
sulfate and incubated stirring at 4°C for 1 h. The mixture was spun down at 13,500
x g for 30 minutes and the pellet was resuspended in 10 mM Tris-HCI, pH 7.5. The
pH was adjusted to pH 7.5 with concentrated NaOH and the protein was dialyzed
against 10 mM Tris-HCI pH 7.5, 50 mM NacCl, filtered and loaded onto three
connected 5 ml HiTrap Q HP columns (GE Healthcare). After washing with 10 mM
Tris-HCI pH 7.5, 50 mM NacCl, the protein was eluted with a linear gradient from 50
mM to 500 mM NaCl. Protein-containing fractions were combined and dialyzed
against 50 mM ammonium bicarbonate, pH 7.8. Oligomeric a-synuclein species
were removed by filtering the protein through a 50-kDa cut-off column (Amicon,
Millipore) and aliquots of the protein were prepared, lyophilized and stored at -
80°C.
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4.1.2 ScPPX purification

Saccharomyces cerevisiae exopolyphosphate (ScPPX) was purified according to
Pokhrel et al (Pokhrel, Lingo et al. 2019) with slight modifications. In brief, MJG317
(BL21, pScPPX2, i.e., S.c. PPX1 in pET-15b) was incubated overnight at 37°C
without shaking in LB containing 100 pg/ml ampicillin. The following day, the

cultures were shaken for 30 min at 180 rpm at 37°C until they reached an ODgq of
0.4 - 0.5. Additional 100 pg/ml ampicillin and isopropyl IPTG were added to a final
concentration of 1 mM and the protein was expressed by incubating the cells for 4
hours at 37°C with shaking at 180 rpm. The cells were harvested by centrifugation
for 20 min at 4,000 rpm at 4°C, and the pellet was resuspended in 50 mM sodium
phosphate buffer, 500 mM NaCl, 10 mM imidazole (pH 8). Subsequently, 1 mg/ml
lysozyme, 2 mM MgCl,, and 50 U/ml Benzonase were added. The solution was
incubated for 30 min on ice. Cells were sonicated with two cycles of 50% power
pulsing 5 s on and 5 s off for 2 min with 2 min rest between cycles. The protein
lysate was spun down at 20,000 g for 20 min at 4°C to remove cell debris and the
supernatant was loaded onto a nickel-charged chelating column. After a washing
step with first 50 mM sodium phosphate buffer, 0.5 M NaCl, 10 mM imidazole (pH
8) and then 50 mM sodium phosphate buffer, 0.5 M NaCl, 20 mM imidazole (pH 8),
the protein was eluted with 50 mM sodium phosphate buffer, 0.5 M NaCl, 0.5 M
imidazole (pH 8). Fractions containing ScPPX were pooled and dialyzed twice
against 2 | of 20 mM Tris-HCI (pH 7.5), 50 mM KCI, and 30 % (v/v) glycerol.
Precipitated protein was removed via centrifugation for 20 min at 20,000 g at 4°C.
The supernatant was supplemented with 50% glycerol and the protein was stored
at -80°C.

4.1.3 Tau purification

His-tagged Tau wildtype and mutant constructs were purified by Sanjula
Wickramasinghe as described in (Wickramasinghe, Lempart et al. 2019).

4.1.4 Determination of protein concentration

The protein concentrations were determined spectroscopically at 280 nm using a
Jasco spectrophotometer V-550. The extinction coefficient for tau (1490 M'cm™)
and a-synuclein (5940 M'cm™) was determined according to their amino acid
sequence via the PDB at 280 nm. The concentration of labeled proteins was
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determined via the respective absorption maximum and the specific extinction
coefficient provided by the vendor.

extinction coefficient Excitation maximum

AF488-maleimide (Invitrogen) | 72,000 M'cm’” 490 nm

AF594-cadaverine 105,000 M 'cm™ 590 nm

(Life technologies)

The concentration of labeled tau was determined by Sanjula Wickramasinghe as
described in (Wickramasinghe, Lempart et al. 2019).

4.2 Fluorescence labeling

4.2.1 Preparation of fluorescently labeled a-syn”"

For crosslinking of a-synuclein-A90C with Alexa Fluor 488 — maleimide
(Invitrogen), 100 pM of purified protein was first incubated with 1 mM tris(2-
carboxyethyl)phosphine (Invitrogen) for 30 min at room temperature in the dark.
Alexa Fluor 488 — maleimide was added in a 6-fold excess to the concentration of
polyP chains and the mixture was incubated over night at 4°C. The reaction was
stopped by adding 2 mM dithiothreitol (DTT). The free dye was removed using a
NAP column (GE Healthcare) and the concentration of dye and protein were
determined by measuring absorbance at 488 and 280 nm, respectively. To
generate a-syn" ' AT488
incubated with 40 uM labeled a-synuclein-AF488 in 40 mM KPi, 50 mM KCI, pH

7.5 for 24 hours at 37°C under continuous shaking using two 2 mm borosilicate

, 760 pM freshly purified a-synuclein monomers were

glass beads (Aldrich) in clear 96-well polystyrene microplates (Corning) (Giehm
and Otzen 2010). Samples from the 96-well plate were combined in Eppendorf
tubes and the fibers were collected via centrifugation at 20,000 x g, 20 min, room
temperature. The pellets were washed twice with 40 mM KPi, 50 mM KCI, pH 7.5
to remove smaller oligomers. After the final spin, the pellets were resuspended in
40 mM KPi, 50 mM KCI, pH 7.5 and sonicated 3 x 5 seconds on ice with an
amplitude of 50%. For structural analysis by transmission electron microscopy
(TEM), samples before and after sonication were saved for negative staining. The
concentration of fibrils was determined by incubating a small aliquot of a-syn™™"

AF488 in 8 M urea, 20 mM Tris pH 7.5, measuring the absorbance at 280 nm and
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calculating the concentration with the extinction coefficient of 5960 mol™ cm™ (see
above). Aliquots were taken and stored at — 80°C.

4.2.2 Preparation of fluorescently labeled polyPs3gg

Defined chain length polyP was a kind gift from Dr. Toshikazu Shiba (Regenetiss,
Japan). PolyP was labeled with Alexa Fluor-647 as described in (Choi, Collins et
al. 2010) with slight modifications. In brief, 125 uM (in Pi units) of polyP3so was
incubated with 2.5 mM Alexa Fluor 647 cadaverine (Life Technologies) and 200
mM 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDAC) (Invitrogen) in water
for 1 hour at 60°C. The reaction was stopped on ice and labeled polyP3o0-are47 Was
separated from free dye and unlabeled polyP via a NAP-5 column (GE Healthcare)
that was equilibrated with 40 mM KPi, pH 7.5. The concentration of polyP was
determined via a toluidine blue (TBO) assay (Mullan, Quinn et al. 2002). In this
assay, polyP was mixed with 6 mg/l TBO and the absorbance was measured at
530 and 630 nm. The 530 nm / 630 nm absorbance ratio was determined and the

concentration was calculated based on a polyP300 standard curve.

4.2.3 Preparation of fluorescently labeled tau

Tau protein was labeled by Sanjula Wickramasinghe as described in

(Wickramasinghe, Lempart et al. 2019).

4.3 Thioflavin T fluorescence

Alpha-synuclein or tau monomers (concentration given in figure legends) were
incubated in 40 mM KPi, 50 mM KCI, pH 7.5 at 37°C with 10 uM thioflavin T (ThT,;
Sigma) under continuous shaking. Two 2 mm borosilicate glass beads (Aldrich)
were present in the a-synuclein incubation reaction. PolyP or heparin were added
either at the beginning of the polymerization reactions or at indicated time points
during the experiment. The polyP concentration is given in Pi-units. The heparin
concentration (18 uM) was chosen to match the amount of negative charge of the
1 mM polyP. Heparin charge concentrations were calculated to match polyP
assuming 1.5 to 2 charges per saccharide and an average molecular weight of 665
g/mol (Heuck, Schiele et al. 1985). The mixture was set up in black 96-well
polystyrene microplates with clear bottoms (Greiners) and ThT fluorescence was
detected in 10 min intervals in a Synergy HTX MultiMode Microplate Reader
(Biotec). Excitation was measured at 440 nm and emission at 485 with a gain 40.
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4.4 Fluorescence polarization

To monitor the binding of polyP to a-synuclein during fibril formation, samples were
pipetted into 96-well polystyrene microplates with clear bottoms (Greiners) and two
2 mm borosilicate glass beads (Aldrich). Experimental conditions were identical to
the ones used to measure ThT fluorescence. Fluorescence polarization was
measured in a Tecan Infinite M1000 Microplate reader, using an excitation of 635
nm and an emission of 675 nm. Measurements were taken in 10-min intervals

parallel to ThT measurements.

4.5 Anisotropy measurements to detect polyP binding and competition

Anisotropy measurements were conducted in a Varian Cary eclipse Fluorescence
Spectrophotometer, using an excitation of 640 nm and an emission of 675 nm
(PMT value set between 50 and 100). The baseline was established with 50 uM
polyPso0-ars47 i 40 mM KPi, 50 mM KCI, pH 7.5 at 37°C. At the indicated time
points, 30 uM of a-synuclein monomers, a-synuclein fibrils or a-syn”™ "7 were
added and anisotropy was further monitored over time. For competition
experiments, a-synuclein fibrils were formed in the presence of polyPsoo-ares7 as
before. At defined time points, unlabeled polyP4 or polyP3;50 was added, and the
anisotropy signal was monitored over time. The difference between the polyP 3q0-
Area7 baseline signal and the maximum signal that was reached with addition of 30

MM a-synuclein fibers was set to 100%.

4.6 Structural analysis of a-synuclein

4.6.1 Negative staining and transmission electron microscopy (TEM) analysis

To form fibrils for TEM analysis, 300 uM freshly prepared a-synuclein monomers
were incubated either in the absence of polyP (i.e., a-syn®°"™)
7.5 mM (in Pi units) polyPsq (i.e., a-syn”") for 24 hours at 37°C with 2 mm

borosilicate glass beads under continuous shaking in 40 mM KPi, 50 mM KCI, pH

, or in presence of

7.5. Alpha-syn®°™ fibrils were then either left untreated or were incubated with 7.5

mM polyPago for 20 min (i.e. a-syn®°"® >PoYF)

and put onto grids. For PPX treatment,
the polyP-a-synuclein fiber mixture was incubated with 44 ug/ml ScPPX and 1 mM
MgCl. for 2-16 hours at RT and put on the girds. Samples were negatively stained
with 0.75% uranyl formate (pH 5.5-6.0) on thin amorphous carbon layered 400-

mesh copper grids (Pelco) in a procedure according to (Ohi, Li et al. 2004). Briefly,
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5 ul of the sample was applied onto the grid and left for 3 min before removing it
with Whatman paper. The grid was washed twice with 5 pl ddH,O followed by
three applications of 5 uL uranyl formate (vendor). The liquid was removed using a
vacuum. Grids were imaged at room temperature using either a Morgagni (CCD
camera pixel size: 5 pm, (2.1 A/pixel @ 22,000x)) or a Fei Tecnai 12 microscope
operating at 120kV (US 4000 CCD camera at 66873x resulting in a sampling of
2.21 A/pixel). For quantitative analysis, about 45 individual a-synuclein filaments
were selected across 10 micrographs of each sample and the filament widths were
determined using the micrograph dimensions as a reference. Pixel widths were
converted into angstroms using the program imagedJ. Images were taken with a Fei
Tecnai 12 microscope and the respective analysis was conducted in collaboration
with Eric Tse (Southworth lab UCSF).

4.6.2 X-ray fiber diffraction
Alpha-synuclein fibrils were grown with and without polyP as described above.

Prior to the measurements, 1-2 ml of a solution containing 100 uM a-synuclein
fibrils were washed 3 times with 10 mM Tris pH 7. Then, fibrils were pelleted by
centrifugation (15,000xg, 5min, RT). The supernatant was removed, and the pellet
was resuspended in 5-10 pl 10 mM Tris pH 7.0. Then, 5 pl of the fibril pellet was
placed between two fire-polished silanized glass capillaries and oriented by air-
drying. The glass capillaries with the aligned fibrils were mounted on a brass pin.
Diffraction patterns were recorded using 1.13 A X-rays produced by a 21-ID-D
beamline, Argonne Photon Source (APS). All patterns were collected at a
distance of 200 mm and analyzed using the Adxv software package (Arvai
2015). X-ray fiber diffraction was conducted in collaboration with Magdalena
Ivanova (University of Michigan)

4.7 ScPPX treatment and determination of polyP concentration using

molybdate assay

40 uM of a-synuclein monomers or fibrils, prepared in 40 mM Hepes, pH 7.5 and
50 mM KCI, were incubated with the indicated concentrations of polyP3zqo for 10
min at room temperature in a clear 96-well plate (Corning). The samples were
either used directly or spun down at 20,000 x g for 20 minutes at room temperature
to remove any unbound polyP. The pellets were resuspended in 40 mM Hepes (pH
7.5), 50 mM KCI. Next, 8 pg/ml ScPPX and 1 mM MgCl, was added to each
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sample and the incubation was continued for 105 min (for spin down) or 120 min
(for titration) at room temperature. To stop the reaction and detect P;, 25 pl of a
detection solution containing 600 mM H>SO,, 88 mM ascorbic acid, 0.6 mM
potassium antimony tartrate, and 2.4 mM ammonium heptamolybdate was added
(Christ and Blank 2018; Pokhrel, Lingo et al. 2019). The reactions were developed
for 30 min. Then, the precipitated proteins were re-solubilized with 100 pl of 1 M
NaOH, and the absorbance was measured at 882 nm using a Tecan M1000 plate
reader. The free phosphate concentration was determined with a standard curve of
sodium phosphate, which was prepared in parallel with each experiment. After the
spin down, the phosphate measured in the supernatant was considered free, and
the phosphate measured in the pellet was considered bound. The bound and
protected fraction was calculated according to the equation below (1), with Cioy
being the total amount of polyP used in the assay, Csypematant €ING the amount of
polyP in the supernatant and cpeiet being the amount of polyP in the pellet that is
not protected from degradation through PPX.

Cpround+protected = Ctotal — Csupernatant — Cpellet (1)

4.8 Cell culture and a-synuclein uptake experiments

Human neuroblastoma cells SH-SY5Y cells (ATCC CRL-2266) were cultured in
DMEM/F12 (Thermo Fisher) medium supplemented with 10% (v/v) heat inactivated
fetal bovine serum (Sigma-Aldrich), 1% (w/v) penicillin/streptomycin (Life

Technologies) at 37°C and 5% CO.. The media was changed every 2-3 days and
cells were split 1-2 times per week with 0.25% trypsin-EDTA (Thermo Fisher
Scientific). Cells were maintained to a maximum passage number of 25.

For microscopy experiments, 60 000 cells/ml were seeded in 8 well Nunc™ Lab-
Tek™ |I Chambered Coverglass (Thermo Fisher) and differentiated for 5-7 days
with addition of 10 uM all trans retinoic acid (Sigma-Aldrich) every other day.

4.8.1 Alpha-synuclein uptake

Cells were treated with 3 pM a-syn” 788 or q-syn™"*788 in the presence or

absence of the indicated concentrations and chain lengths of polyP. The cells were
incubated for indicated times either at 37°C or 4°C. Before imaging, the media was
changed to DMEM/F12 without phenol red (Thermo Fisher) and supplemented with
10% (v/v) heat inactivated fetal bovine serum (Sigma-Aldrich), 1% (w/v)
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penicillin/streptomycin (Life Technologies). To distinguish between the inside and
outside signals, the cells were incubated with 3 uM a-syn” 748 or g-gynmnAF488
for 3 hours at 37°C as before. Then, cells were treated with or without 0.05% of the
membrane impermeable dye Trypan blue for 15 sec prior to the imaging to quench
extracellular fluorescence (Karpowicz, Haney et al. 2017). Subsequently the cells
were washed carefully with PBS and the media was change to DMEM/F12 without
phenol red (Thermo Fisher) supplemented with 10% (v/v) heat inactivated fetal
bovine serum (Sigma-Aldrich), 1% (w/v) penicillin/streptomycin (Life Technologies).
To enrich for endogenous polyP, SH-SY5Y cells were seeded and differentiated as
described above. Once differentiated, cells were either left untreated or incubated
with 250 UM polyP3g0-ars47 (in Pi units) for 24 hours. Subsequently, fresh media was
added to the cells for 6 hours. Afterwards, cells were incubated with 3 uM a-syn™™"
AF488 for 24 hours. Before imaging the media was changed to DMEM/F12 without
phenol red (Thermo Fisher) supplemented with 10% (v/v) heat inactivated fetal
bovine serum (Sigma-Aldrich), 1% (w/v) penicillin/streptomycin (Life Technologies).
To test the influence of polyP during the a-syn™" "7 uptake, differentiated SH-
SY5Y cells were incubated with 3 uM a-syn”" " A78 at 37°C. After 2, 4 or 6 hours,
250 UM polyP300-are47 Was added to the cells. Cells were imaged at time points 1,

2.5, 5, 7 and 24 hours. To test for co-localization of a-syn”" A8

and polyP3oo-
area7, Cells were incubated with 3 pM a-syn™" "F488 at 37°C. After 6 h, 250 pM
polyPso0-ars47 Was added and cells were imaged after 7 h. Cells were imaged with a
confocal laser scanning Leica SP8 high resolution microscope with a white light
(470-670nm) laser systems. Leica HyD detectors were used to measure the

emitted light.

4.8.2 Uptake of TAT-TAMRA in the presence of polyP
Differentiated SH-SY5Y cells were incubated with 5 uM TAT-TAMRA (AnaSpec),

for 3 hours either in the presence or in the absence of 250 uM polyPsp. The
PFF-AF488

uptake of 3 uM a-syn in the presence and absence of 250 uM polyP300 was
monitored as controls. TAT-TAMRA was excited at 565 nm. The detection range
was adjusted according to the emission spectra suggested by the Leica LAS X

navigating software.
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4.9 Sample preparation for SDS-PAGE and Western blots

150 000 SH-SY5Y cells/ml were seeded in 6 well plates (3 ml total volume) and
differentiated for 5-7 days with addition of 10 uM all trans retinoic acid (Sigma-
Aldrich) every other day. Subsequently cells were treated with 3 pM a-syn”" " or a-
syn™" and 250 uM polyP was added at indicated time points. After 24 hours of
incubation the cells were washed 2 times with ice cold PBS and lysed with 300 pl
RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 x protease inhibitor cocktail, 1 %
Triton X 100, 0.5 % deoxycholic acid, 0.1 % SDS). To ensure that the cells are fully
lysed the mixture was homogenize (Power Gen 125, Fisher Cientific, setting 5) for
20 seconds. The protein concentration was determined via a Bradford assay and
samples were prepared to a concentration so 20 ug of protein were loaded per

lane on the gel. 150 ng of purified a-synuclein was used as positive control.

4.10 Bradford assay

5 ul of the sample was combined with 195 pul Bradford solution (Bradford reagent
(BioRad) in a 1:5 ratio in ddH,O). The absorbance was measured at 595 nm in a
Tecan M1000 plate reader and the protein concentration was determined with a
BSA standard curve (0.25 -1.5 mg/ml).

4.11 SDS-PAGE and Western blots

Proteins were separated on SDS-PAGE gels (12 % TGX-gel (BioRad). Before
loading, samples were diluted in a 1:5 (v/v) ratio in 5x Laemmli buffer (final
concentration: 60 mM Tris, 12.5% glycerol, 2% SDS, 0.01% bromphenol blue, +/-
125 mM B-mercaptoethanol). Samples were then boiled at 95°C for 5 min, loaded

onto the SDS-PAGE and separated following the manufacturer’s specifications in
SDS running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). The proteins were
either visualized on the gel by Coomassie blue staining (Wong et al., 2000) or
transferred onto a PVDF membrane (polyvinylidene difluoride membrane,
Immobilon-P, Millipore) by a semi-dry electrophoretic transfer (western blot)
technique (Biorad). The membrane was incubated in 2% bovine serum albumin
solution in TBS-T (25 mM Tris, 0.05% (v/v) Tween, 137 mM NaCl, 3 mM KCI, pH
7.5) solution for 2 hours at RT, or ON at 4°C to minimize unspecific antibody
binding. The membranes were incubated in anti-a-synuclein antibody (BD
Bioscience, catalogue number 610789), which was diluted 1:1500 in 2% BSA in
PBS-T. After 2h of incubation, all unbound antibody was removed by three
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consecutive washing steps with TBS-T for 10 min. Then, the secondary anti-mouse
antibody (ThermoScientific, catalogue number 31430) was applied dilution 1:10000
in 2% BSA in PBS-T for 1 hour at RT. Subsequent washing 3x with TBS-T
removed all unbound antibody before the signal was detected using the
SuperSignal West Pico Chemiluminescent substrate (ThermoScientific) kit
according to the manufacturers specifications.

4.11.1 smFRET instrument and data analysis

SmFRET experiments were prepared by Sanjula Wickramasinghe as described in
(Wickramasinghe, Lempart et al. 2019).

4.12 Statistical analysis

Two-tailed Students t-tests were performed when two groups were compared.
One-way ANOVA was performed when comparing more than two groups. P-values
under 0.05 were considered significant. All data are displayed as +/- SD except for
FRET and FCS with are displayed as SEM. Replicate numbers (n) are listed in
each figure legend and a minimum of n= 3 was used. Prism 7.04 (GraphPad) was
used to perform statistical analysis. SEM of diffusion times are shown from at least
three repeats of measurements. SEM of ETs was calculated as described in
(Wickramasinghe, Lempart et al. 2019).
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5 RESULTS

The work on polyP and a-synuclein is published in “Mechanistic Insights into the
Protective Roles of Polyphosphate Against Amyloid Cytotoxicity” (Lempart, Tse et
al. 2019).

5.1 PolyP binds to oligomeric a-synuclein and accelerates fiber formation

after an initial polyP-independent step

The unexpected discovery that polyP accelerates fiber formation of several
unrelated amyloids, including Tau, AR and a-synuclein raised the question as to
the underlying mechanism of polyP action (Cremers, Knoefler et al. 2016). One
common feature of these proteins is their tendency to convert from soluble,
unstructured or a-helical monomers into cross B-sheet rich fibrils (Eichner and
Radford 2011), a process that can be measured via ThT fluorescence. The ThT
binding kinetics follow a characteristic sigmoidal curve, starting with a nucleation
(or lag) phase, in which ThT-negative monomers and small soluble oligomers are
present, an elongation (or growth) phase, in which oligomers associate to larger
ThT-binding assemblies, and a plateau phase, where the mature fibrils accumulate
(Figure 8A) (Shoffner and Schnell 2016). The fluorescent dye ThT intercalates
along the long axis of amyloid oligomers and fibrils, spanning across the 3-strands
of four consecutive monomers (Krebs, Bromley et al. 2005; Biancalana, Makabe et
al. 2009; Wu, Biancalana et al. 2009). This interaction leads to a strong
fluorescence signal at 482 nm when excited at 450 nm (Naiki, Higuchi et al. 1989).
In this work, a ThT concentration of 10 uM was used. An amount that gives
sufficient fluorescent signal without influencing the aggregation process itself (Xue,
Lin et al. 2017).

Previous work has shown that polyP effectively accelerates a-synuclein fiber
formation. Presence of polyP increases the rate of fiber formation from several
days or weeks to only a few hours (Cremers, Knoefler et al. 2016). To investigate
how polyP accelerates this process, | first focused on identifying when polyP starts
to interact with a-synuclein during the fiber forming process. | monitored ThT
fluorescence to detect a-synuclein fiber formation and, in parallel, conducted
fluorescence polarization (FP) measurements to detect polyP-a-synuclein
interaction. FP is based on measuring the change in the rotation angle of polarized
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light, which is different for bound vs unbound molecules (Figure 8B) (Jameson and
Croney 2003).
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Figure 8: Schematic model for ThT fluorescence and fluorescence
polarization. (A) When measured with ThT fluorescence, fiber formation follows
a characteristic sigmoidal kinetic, including a lag phase, growth phase and
plateau phase (Lempart, Tse et al. 2019). (B) Model for anisotropy/fluorescence
polarization measurements with fast tumbling (unbound) molecules leading to
depolarized emission while slow tumbling (bound) molecules lead to polarized
emission.

In our setup, | labeled polyP with the fluorescent dye Alexa Fluor 647 (from here on
referred to as polyPsg0-ars47). Consistent with previously published data (Cremers,
Knoefler et al. 2016), the addition of polyPsg.arsa7 t0 a-synuclein (100 pM)
significantly shortened the lag phase and accelerated the elongation phase (green
circles, Figure 9A) compared to the polyP-free control (grey triangles, Figure 9A).
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The FP measurement showed initially no binding between polyPsg0.ars47 and a-
synuclein monomers. After 3 to 4 hours, however, both FP and ThT signals
increased steadily until they reached a plateau after about 15 hours (Figure 9A, B).
In order to compare the curve of fiber formation and polyP-binding, | normalized
the values to a set point (10 hours) during the elongation phase. The graph shows
that binding to polyP (red squares, Figure 9C) slightly precedes the fiber formation
(green circle, Figure 9C). The elongation rate, however, appears to be very similar.
This result indicates that polyP does not interact with a-synuclein monomers but a
species that requires some time to form under these conditions. However, once
this species has formed, the binding of polyP rapidly accelerates the fiber

formation process.
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Figure 9: PolyP binds ThT positive a-synuclein species. (A) Fiber formation
of a-synuclein (100 uM) in the presence (green) and absence (grey) of polyP3zgp.
aFe47 (500 uM in Pi units) at 37°C under constant shaking measured via ThT
fluorescence. (B) Fluorescence polarization measurements were conducted in
parallel to detect interaction between polyPsgp.arsa7 and a-synuclein. (C)
Normalization of ThT fluorescence and FP to values measured within the
elongation phase (10 hours). Experiments were conducted at least 3 times and
representative kinetic traces are shown (Lempart, Tse et al. 2019).

To more closely investigate when polyP binds during the lag phase, | added polyP
at different time points during the lag and elongation phase. Alpha-synuclein fiber
formation (300 uM) was then measured in 10 min intervals via ThT fluorescence.
In the absence of polyP, the ThT signal started to increase after about 9 hours of
incubation. The presence of polyP from the beginning shortened this lag phase to
1 hour (blue circles, Figure 10A). Addition of polyP after 2 hours, shortened the
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remaining lag phase to 30 min (green squares, Figure 10A), whereas an
immediate jump in ThT fluorescence could be observed with polyP addition after 5
hours (purple diamond, Figure 10A), 8.5 hours (red triangle, Figure 10A) or 19
hours (black triangle, Figure 10A). The later polyP was added, the bigger the
immediate jump in ThT fluorescence. These findings suggest that polyP
accelerates fiber formation once an oligomeric nucleator is formed.

Next, | wanted to test the influence of different polyP and different a-synuclein
concentrations on the initial oligomer formation. | reasoned that the concentration
of the polyanion or the amyloidogenic peptides are crucial for duration of the lag
phase. | incubated increasing concentrations of a-synuclein (100-640 uM) with 0,
50 or 100 uM of polyP (in Pi-units) and investigated the time until an initial increase
in ThT fluorescence could be observed. The lag phase, when using 100 uM a-
synuclein was found to be about 16 hours in the absence and 2- 5 hours in the
presence of polyP (Figure 10B). Increasing the a-synuclein concentration to 200 or
400 uM decreased the lag phase in the absence of polyP to 14 hours and 5 hours,
respectively, while the lag phase in the presence of 50 or 100 uM polyP remained
largely unchanged. Increasing the a-synuclein concentration from 400 to 640 uM
did not decrease the lag phase any further neither in the absence nor in the
presence of polyP (Figure 10B). These findings indicate that there is an a-
synuclein concentration-independent nucleation step that initializes a-synuclein
fiber formation, and which cannot be accelerated by polyP. This idea would explain
the lack of fiber formation in healthy individuals even though both polyP and a-
synuclein are present in the same cells of the brain (Jakes, Spillantini et al. 1994;
Holmstrom, Marina et al. 2013).
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Figure 10: Alpha-synuclein fiber formation shows a rate limiting polyP
independent step. (A) Addition of 500 uM polyPso (in Pi units) after 0, 2, 5, 8.5
and 19 hours of a-synuclein fiber formation (300 uM). ThT fluorescence was
monitored in 10 minute intervals. Experiment was conducted at least 3 times and
representative kinetic traces are shown. (B) Lag phase of a-synuclein fiber
formation formed with different a-synuclein concentrations (100, 200, 400 and
640 uM) and different polyP concentrations (0, 50 and 100 uM in Pi units). ThT
fluorescence was measured and lag phase was determined. Experiment was
repeated four times and +/- SD is shown (Lempart, Tse et al. 2019).
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5.2 PolyP alters the morphology of preformed a-synuclein fibers

To independently confirm that polyP does not interact with monomeric a-synuclein
but readily binds to mature fibers, we conducted anisotropy measurements. For
these experiments, | formed a-synuclein fibers, harvested and washed them to
ensure the absence of any smaller soluble species and added those or freshly
dissolved a-synuclein monomers to polyPsp0.area7 @and measured the interaction
with anisotropy. The addition of a-synuclein fibers to polyPsoo-area7 immediately
increased the signal, indicating that polyP binds to mature fibers (Figure 11A). In
agreement with our previous results (Figure 9), the addition of monomers has no
effect on the tumbling rate of polyP, confirming a lack of interactions between
polyP and freshly prepared a-synuclein monomers (Figure 11A).

Previous findings have shown that the presence of polyP during fiber formation
significantly alters the fiber morphology (Cremers, Knoefler et al. 2016). The fact
that polyP binds to preformed fibrils led me to test whether polyP can also induce
structural changes when added to pre-formed fibers. To test this idea, | formed a-
synuclein fibers and treated them with or without polyP for 20 min. As a control, |
used fibers that were formed in the presence of polyP (Cremers, Knoefler et al.
2016). The samples were subsequently fixed on grids and visualized using
Transmission Electron Microscopy (TEM). Fibers that were incubated with polyP
for just 20 min showed the same characteristics than fibers that were formed in the
presence of polyP (Figure 11B). Both types of fibers are, on average, 5 nm thinner
and less twisted than fibers that were formed without polyP (Figure 11B). X-ray
fiber diffraction experiments conducted in collaboration with Magdalena lvanova
(University of Michigan) confirmed these conformational changes and provided a
more detailed image of the polyP-induced structural changes in a-synuclein fibers
(Figure 11C-E). The equatorial plot of radial intensities showed polyP induced
changes in the packaging of B-sheet in the amyloid fibrils (Figure 11E). The strand-
to-strand packing was not influenced by polyP as shown by the lack of changes in
the median signal. These experiments illustrate that the interaction with polyP has
a significant effect on the fiber morphology and that the fiber structure is highly
dynamic and can be altered by polyP.
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Figure 11: Addition of polyP to preformed a-synuclein fibers significantly
alters the fiber morphology. (A) 30 uM a-synuclein fibers or monomers were
added to 50 uM polyPsgp-ars47 @and binding was measured via anisotropy. (B) TEM
analysis of a-synuclein fibers formed without polyP (a-syn®°"®), with polyP (a-
syn®"") or without polyP and then treated with polyP for 20 min (a-syn3°"¢>P°").
Between 30 and 40 fibrils were quantified over 10 micrographs. Error bars are
shown +/-SD and statistical analysis was prepared with one-way ANOVA (****, p-
value <0.0001). (C-E) X-ray fiber diffraction formed in the presence and absence
of polyPsg9. (C) Intensities were averaged circular (360), equatorial (+/-30) or
meridional (+/-30 around the Y-axis). (D) Model for potential B-sheet packaging in
the amyloids (E) Circular and meridional diffraction patterns show a sharp peak at
4.7 A that is uninfluenced by polyP. Equatorial diffraction pattern show polyP
induced shifts (Lempart, Tse et al. 2019).
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5.3 PolyP - a-synuclein fiber interaction is reversible and chain length

dependent
To further characterize the polyP-a-synuclein interaction, | determined reversibility

and chain length dependency. Previous work showed that longer polyP chains (n>
60) are significantly more effective in accelerating a-synuclein and AB fiber
formation than shorter chains (Cremers, Knoefler et al. 2016). To identify whether
this effect is correlated with the binding affinity, | tested for their ability to compete
for the binding sides on the fibers. In detail, | pre-incubated polyPspo-ares7 With
preformed fibrils to form a complex and added unlabeled polyP4 or polyPsq to the
mixture. This set-up was to test whether unlabeled polyP was able to compete for
binding to a-synuclein fibers. Indeed, addition of unlabeled polyP of either chain
length caused an immediate drop in the anisotropy signal (Figure 12A). Moreover,
longer polyP chains were more effective in competing with polyP3zgo-arss7 fOr binding
than polyP+4 (Figure 12B).

To test whether polyP chain length also affects fiber morphology, a-synuclein
fibers were formed in the absence or presence of polyPi4 or polyPsy and the
mature fibrils were loaded onto grids for analysis via TEM. Both chain lengths
induced the previously described structural changes, including a less twisted
morphology and thinner fibrils (Figure 12C). These results revealed that the
morphological changes are independent of the polyP chain length while the
competition for binding is highly chain length dependent. This would suggest that
different polyP chain lengths have different binding affinities towards a-synuclein
fibers, but that binding overall is sufficient for polyP to execute its structure-altering
effect on fibrils.
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Figure 12: PolyP-a-synuclein interaction is reversible and polyP chain-
length dependent. (A) 50 uM polyPsop-ars47 (in Pi units) were pre-incubated with
30 uM a-synuclein fibers to form a polyP3p0-are47- a-synuclein complex. Anisotropy
of the mixture was measured and at indicated time points 10 mM unlabeled
polyPse0 or polyPy4 (in Pi units) was added to test for competition and chain
length dependency (Lempart, Tse et al. 2019). (B) The drop in signal after
addition of 0.1, 1 or 10 mM unlabeled polyP3y or polyP;; was measured. The
signal of polyPspo-ars47 Without the addition of any a-synuclein fibers gives a
baseline signal. The values are shown as relative competition normalization to
the decrease in signal to the difference between the signal of polyPsgp-ars47-0-
synuclein-complex and the polyPsp0.ars47 baseline. Experiment was repeated four
times and values are shown +/-SD. (C) TEM analysis of a-synuclein fibers (300
uM) formed in the absence of polyP (a-syn®°"®) or in the presence of 7.5 mM
polyP14 (a-syn”°?"™) or 7.5 mM polyPs0o (a-syn”°""3%0).
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5.4 PolyP - a-synuclein fiber interaction prevents polyP degradation by PPX

Our results clearly suggested that polyP-fiber interactions are reversible. To test
whether the addition of polyphosphatase (PPX), a highly active
exopolyphosphatase (Wurst and Kornberg 1994), is capable of also reversing the
polyP-induced structural changes in a-synuclein fibers, | formed polyP-a-synuclein
fibrils and incubated them with purified yeast PPX (scPPX). Structural changes
were identified via TEM. | was unable to observe any morphological differences
upon addition of PPX (Figure 13A), suggesting either that the morphological
changes that were induced by polyP binding are irreversible or that PPX is unable
to degrade polyP when bound to the fibers. In order to test for both possibilities, |
incubated 40 uM of a-synuclein monomers or fibers with increasing concentrations
of polyP, added PPX and monitored Pi hydrolysis using the molybdate assay
(Christ and Blank 2018) (Assay was prepared in collaboration with Nicholas Yoo,
Jakob lab). While polyP that was incubated with a-synuclein monomers was
rapidly and completely hydrolyzed to the corresponding amount of Pi, almost 50%
of polyP was protected against hydrolysis in the presence of a-synuclein fibrils
(Figure 13B). Similar results were obtained when supernatant and pellet of 40 uM
a-synuclein monomer or fibrils incubated with 500 puM polyP were incubated with
PPX. Whereas the majority of PPX-sensitive polyP was found in the supernatant
when monomers of a-synuclein were used, about half of polyP co-precipitated with
a-synuclein fibrils. Of this amount, the majority was again protected from
degradation (Figure 13C). This experiment shows that polyP-fiber interactions are
protecting against the enzymatic degradation of polyP in vitro.
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Figure 13: PolyP is protected from degradation by PPX when bound to a-
synuclein fibers. (A) TEM analysis of fibers formed in the absence of polyP (a-
syn®°"®), in the presence of polyP (a-syn°°”F) or in the presence of polyP with
subsequent PPX treatment (a-syn°®??>FPX) (B) PPX hydrolysis of indicated polyP
concentrations in the presence and absence of 40 uM of a-synuclein monomers
or a-synuclein fibers measured via molybdate assay. The experiment was
repeated three times and a representative graph is shown. (C) 500 uM polyP (in
Pi units) was spun down in the presence of 40 uM a-synuclein monomers or
fibers. Supernatant (SN) and pellet (P) were treated with PPX for polyP
hydrolysis and inorganic Pi was detected via molybdate assay. Sample in the
pellet was considered bound and sample in the supernatant was considered free
(Lempart, Tse et al. 2019).
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5.5 PolyP prevents the intracellular enrichment of a-synuclein fibers

The topographical pattern of AD and PD progression and spreading of toxicity
suggested that amyloids are capable of cell-to-cell propagation and self-
amplification in a prion-like fashion (Braak and Braak 1991; Braak, Del Tredici et
al. 2003; Braak, Muller et al. 2006; Jucker and Walker 2013; Guo and Lee 2014).
In vitro and in vivo studies confirmed this hypothesis by showing entry, recruitment
and spreading of misfolded a-synuclein and tau seeds to neighboring cells and/or
anatomically connected brain regions (Costanzo and Zurzolo 2013; Guo and Lee
2014). Active secretion of amyloids into the extracellular space is followed by their
uptake by neighboring recipient cells (Reyes, Olsson et al. 2015), where the fibrils
sequester endogenous protein and cause amyloid fiber formation (Danzer, Krebs
et al. 2009).

PolyP was shown to protect differentiated SH-SY5Y cells against A and a-
synuclein toxicity (Cremers, Knoefler et al. 2016). Based on our in vitro results,
which showed that polyP accelerates fiber formation, we reasoned that the polyP-
mediated redirection of the equilibrium from toxic oligomers towards mature non-
toxic fibers might serve as the underlying mechanism for its cytoprotective effect.
Alternatively, it is feasible that the polyP-induced alteration of fiber morphology
causes a change in fiber stability, toxicity and/or cell-to-cell spreading. Lastly, it is
also conceivable that polyP influences the uptake and/or intracellular turnover of
amyloids. In order to unravel the mechanism of polyP’s cytoprotective role, |
focused on studying the cellular localization of a-synuclein in the absence and
presence of polyP. Therefore, | labeled a-synuclein with Alexa Fluor 488 and

mon-AF488) PFF-AF488)

monitored the uptake of monomeric (a-syn or fibrillary (a-syn

protein into neuronal cells via microscopy in the presence and absence of polyP.
The experiment was conducted at 37°C, where endocytosis takes place and at 4°C
where the endocytotic uptake is significantly decelerated. As expected and shown

mon-AF488

before, a-syn is readily being taken up by cells at 37°C but not at 4°C

(Tomoda, Kishimoto et al. 1989). Neither the absence nor presence of polyP had

any influence on this process (Figure 14A). Alpha-syn™r" A48

were also readily
taken up at 37°C. In addition, a substantial amount of the signal was membrane
associated, consistent with previous results (Karpowicz, Haney et al. 2017). In the
presence of polyP, however, we observed neither a significant intracellular a-

syn" " AF488 gignal nor a membrane-associated signal (Figure 14A), suggesting that
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polyP interferes with the uptake of a-synuclein fibrils. To independently validate the

microscopy findings, | tested the amount of a-synuclein monomer and amyloid

uptake via western blot. As before, cells were incubated with a-syn™" or a-syn"""

for 24 hours at 37°C in the presence and absence of polyP. Then, the cells were
washed, lysed, run on a SDS-PAGE and blotted onto a membrane for detection

with a-synuclein antibody. Consistent with our microscopy data, | found an overall

F

much higher amount of a-syn""" in the absence of polyP than in its presence

(Figure 14B). These results suggested that polyP effectively inhibits the membrane

association and internalization of a-syn™ "%

syn™"AF488 naffected.

while leaving the uptake of a-

40



RESULTS

G'S nPF F-AFA88 G'S nl'l"lOI"i-}'-\FdSS
A Q-SynPFF-AFE8 L Ql-Synmen-AF4E 3 4

+ polyP + polyP
0 - .
~
i b
8
o
10um
B 120
a_synPFF a_synmon c(_syn \5;.? 1 OD =
o)
= o - + control fdg 801
(o8
— B
@ 40- T 0.0291
o *
¢ 201 [ |
8 1 —
m ) I Ll 1
14 - + - +
a—synPFF G_Synmon
T test (n=3)

Figure 14: PolyP inhibits the endocytotic uptake of fibrillary a-synuclein.
(A) Differentiated SH-SY5Y cells were treated with 3 uM a-syn™" "% or q-
syn"FFAF488 at 4°C or 37°C in the presence or absence of 250 uM polyPsq, (in Pi
units) and uptake was monitored via fluorescence microscopy. Intracellular signal
is indicated with blue arrows and extracellular signal with white arrows (Lempart,
Tse et al. 2019). (B) Western blot for the detection of a-synuclein of differentiated
SH-SY5Y cells treated with a-syn™" %8 or a-syn”"FA"*88 in the presence (+) or
absence (-) of 250 uM polyP (in Pi units) for 24 hours at 37°C. Three repeats
were quantified and normalized to the a-syn”"" signal respectively. Statistics
were prepared with one-way ANOVA (*p<0.05, **<0.01)
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5.5.1 PolyP binds to sonicated and unsonicated a-synuclein fibers with the

same affinity
Preformed a-synuclein fibrils are a widely used tool to study the uptake and

spreading of a-synuclein fibers (Wood, Wypych et al. 1999; Luk, Song et al. 2009;
Volpicelli-Daley, Luk et al. 2014). Unlike the fibers used in the in vitro assays of this
work, PFF are sonicated to generate a mixture of short fibrils, protofibrils and
oligomers (Luk, Kehm et al. 2012). To characterize the sonicated species | tested
the interaction between polyPsgpo.aresz and a-syn” via anisotropy. As control, |
used unsonicated fibers that were previously shown to have a strong interaction
with polyP (Figure 11A). Displayed is the increase in anisotropy signal after
addition of sonicated or unsonicated a-synuclein fibrils to polyPsoo-ars47 Normalized
to the addition of 10 uM unsonicated a-synuclein fibers. Both unsonicated and
sonicated fibers readily bind to two different concentrations (5 pM and 10 uM) of
polyP (Figure 15A). Visualizing the structure of sonicated or unsonicated fibrils via
TEM imaging shows that the sonicated fibers are shorter in length with a higher
amount of oligomeric species compared to the unsonicated amyloids (Figure 15B).
Like previously reported, these results confirm that sonication leads to shorter a-
synuclein fibrils with a higher content of oligomeric species. The observation that
polyP binds to a-syn""" with the same affinity than to unsonicated fibers suggests

F

that polyP could potentially interact with a-syn”" in the previously described

uptake experiment (Figure 14).
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Figure 15: Characterization of sonicated vs unsonicated a-synuclein fibers.
(A) Comparison of binding of 50 uM polyPspp-ars47 (in Pi units) to sonicated (+) or
unsonicated (-) fibers measured with FP. The drop in signal was normalized to
the difference of polyP-a-synuclein signal and polyP signal alone. Statistics were
prepared with one-way ANOVA (*p<0.05). (B) Characterization of a-syn”""#F458
via TEM shows sonicated fibrils to be shorter in size and a higher amount of
oligomeric species (Lempart, Tse et al. 2019)
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5.5.2 Membrane _associated fibrils can easily be distinquished from

internalized protein via distinct patterns

To validate our results and clearly distinguish between the extracellular and

PFE-AF488 and a-syn™""788 | used the fluorescent

intracellular localization of a-syn
quencher Trypan blue (TB). This membrane impermeable fluorescence dye is
capable of interacting with and quenching the signal of fluorescently labeled
molecules on the outside but not the inside of cells (Loike and Silverstein 1983;
Hed, Hallden et al. 1987; Wan, Park et al. 1993). | therefore incubated
differentiated SH-SY5Y cells with either a-syn”™#788 or q-syn™"A™8 for 3 hours
and quenched the samples with TB for 15 seconds. While a clear fluorescent
signal shaping the outline of the cell was detectable when cells were incubated

PFF-AF488

with a-syn in the absence of TB (white arrow), this signal was completely

lost in its presence (Figure 16A). No difference was observed for the intracellular
signals consistent with the membrane-impermeable character of TB (Mulcahy, Pink

et al. 2014). In the case of a-syn™" ™%

, ho significant difference between TB
treated or untreated samples was detected, indicating that a-synuclein was almost
exclusively in the intracellular space. In summary, these results suggest that polyP

PFF-AF488

prevents the uptake of a-syn potentially by interfering with the membrane

association of fibrillar a-synuclein.

5.5.3 PolyP deqgradation by PPX abrogates the uptake inhibition

To verify that the observed inhibition of a-synuclein uptake is due to the polyP
chain and not simply due to the large amounts of negative charges, | pre-incubated
polyP with PPX to hydrolyze the chain into inorganic phosphate (Pi) units before
adding a-syn""" A7 \When polyP was treated with PPX, a-syn""" *F%¢ was readily
internalized into the cell (Figure 16B). In the absence of PPX, polyP clearly

PFF-AF488

inhibited the uptake of a-syn as seen before (Figure 14A). This experiment

highlights that the negatively charged chain and not the negative charge alone is

essential for inhibiting the uptake of a-syn™" 748,

5.5.4 Physiological polyP concentrations are highly effective in a-syn®™"

uptake inhibition

Physiological polyP concentrations in the brain were shown to be between 50 and
130 pM (Kumble and Kornberg 1995; Kornberg 1999). To test the relevant
concentrations that leads to uptake inhibition, | incubated differentiated SH-SY5Y
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cells with a-syn” M8

in the absence and presence of 10, 100, 250 and 500 pM
polyP (in Pi units) and monitored the uptake after 24 hours with fluorescence
microscopy. Indeed, concentrations between 100-500 puM polyP (in Pi units)
significantly prevented the internalization, whereas 10 uM only slightly reduced the
uptake (Figure 16C). This result supports the idea that physiological levels of polyP
might play a role in the development or progression of amyloid-related

neurodegenerative diseases.
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Figure 16: Characterization of the a-synuclein fiber uptake inhibition
through polyP. (A) Differentiated SH-SY5Y cells were treated with 3 uM a-
syn™°" 488 or a-synPFFAR8 for 3 hours. One set of samples was treated with the
membrane impermeable dye Trypan blue (0.05%) for 15 seconds to quench
extracellular fluorescence and localization of a-synuclein was monitored via
fluorescence microscopy. Intracellular signal is indicated with a blue arrow and
extracellular signal with a white arrow. (B) Differentiated SH-SY5Y cells were
treated with 3 uM a-syn"F*"*%% in the absence of polyP, in the presence of 250
UM polyP (in Pi units) or in the presence of 250 uM polyP (in Pi units) pretreated
with PPX. (C) The influence of 10, 100, 250 and 500 uM polyP (in Pi units) were
tested on a-syn"fFA"*%8yptake inhibition. Differentiated SH-SY5Y cell were
treated for 24 hours with a-syn”™"*"*%% in the presence or absence of indicated
polyP concentrations at 37°C and the uptake was monitored via fluorescence
microscopy.
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5.6 Presence of polyP stops the uptake of fibers

5.6.1 Pre-incubation of cells with polyP has no influence on the fiber uptake

With physiological relevant polyP concentrations effectively inhibiting the
membrane association and uptake of amyloidogenic a-synuclein, it was of great
interest to gain more insight into the underlying mechanism. To address this
question, | tested whether and how intracellular polyP enrichment affects the a-
synuclein uptake. For these experiments, | treated differentiated SH-SY5Y cells

with polyPsg0-are47 fOr 24 hours, and confirmed the uptake of polyPsgo-arss7 Via

fluorescence microscopy (Figure 17). | then incubated the cells with a-syn”™" #7488

PFF-AF488

for 24 hours and monitored the uptake of a-syn as before. While presence

of extracellular polyP (i.e. control) showed the previously observed decrease in a-

PFF-AF488 PFF-AF488

syn , the uptake of a-syn signal was not affected by the enrichment

of intracellular polyP (Figure 17). Moreover, an overlay of the polyP and a—synPFF'
AF488 signal showed no prominent co-localization between the two signals,
suggesting that the two molecules do not interact directly with each other in the
cell. This experiment shows that elevated intracellular polyP levels have no

PFF-AF488

influence on the internalization of a-syn and suggests that the extracellular

presence of polyP is crucial for uptake inhibition.
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Figure 17: Elevated intracellular polyP levels have no influence on a-syn"""
AF488 ptake. Differentiated SH-SY5Y cells were treated with 250 uM polyPsg,.
are47 (in Pi units) for 24 hours and subsequently with 3 uM a-synPFF'AF433 for 24
hours. Internalization of both molecules was monitored with fluorescence
microscopy. As control cells were left without polyPsgo.ars47 pretreatment or pre-
treated cells were not incubated with a-syn”" 2748 (Lempart, Tse et al. 2019).
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5.6.2 Alpha-syn"™ "% uptake is stopped with the addition of polyP

In order to verify the importance of the extracellular presence of polyP for uptake
PFF-AF488

inhibition, | first incubated the cells with a-syn and then added polyP after

2, 4 and 6 hours of incubation and observed the uptake of the labelled amyloids
after 2.5, 5, 7 and 24 hours, respectively. In the absence of polyP, a-syn”" A48
gets internalized into the cell and the signal steadily increases over the measured
time points. With the addition of polyP after 2 hours of pre-incubation, the a-syn™™"
AF488 signal measured after 2.5, 5, 7 and 24 hours was significantly reduced
compared to the control without polyP (Figure 18A). Addition of polyPsq after 4

and 6 hours leads to a similar reduction in a-syn ' 748

uptake. Western blot
performed after 24 hours of incubation with or without polyPso addition after 2, 4
and 6 hours, confirmed the microscopy results and showed that addition of polyP
significantly reduced the amount of internalized protein compared to the control
without polyP (Figure 18B). These experiments agree well with our previous results
and indicate that the extracellular presence of polyP is effective in rapidly

interfering with the uptake of amyloidogenic a-synuclein fibrils.
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Figure 18: Addition of polyP immediately stops the uptake of a-syn” FAF4%8
(A) Time course experiment monitoring the uptake of 3 uM a-syn” 4748 nto
differentiated SH-SY5Y cells after 1, 2.5, 5, 7 and 24 hours. At 2, 4 and 6 hours
250 uM polyPsoo (in Pi units) is added, respectively (Lempart, Tse et al. 2019).
(B) Western blot for the detection of a-synuclein in the cell lysate of differentiated
SH-SY5Y cells treated with a-syn"™" for 24 hours when 250 uM polyPse, (in Pi
units) was added after 2, 4 and 6 hours after treatment. Three repeats were
quantified and normalized to the a-syn”"F signal respectively. Statistics were
prepared with one-way ANOVA ("p<0.05,"*<0.01)
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PFF-AF488

5.7 PolyP co-localizes with a-syn on the cell membrane

PFF-AF488 o tha

The receptor responsible for the macropinocytotic uptake of a-syn
highly negatively charged GAG receptor heparin sulfate (Holmes, DeVos et al.
2013; Reyes, Olsson et al. 2015; Gustafsson, Loov et al. 2018). Since polyP is one
of the most densely negative charged molecule, we now reasoned that polyP
binding to the a-synuclein fibrils interferes with the binding of a-synuclein to the
heparin sulfate receptor. In order to test this idea, | investigated whether polyP

PFF-AF488

interacts with a-syn on the membrane. To capture the exact moment when

polyP prevents the uptake of a-syn”" 7% | used the same experimental setup of

PFF-AF488  \wvas added to

the previous experiment (Figure 18A). Alpha-syn
differentiated SH-SYS5Y cells and the cells were incubated for 6 hours with the
amyloid before polyPsp0-ars47 Was added. | then imaged the sample after 1 hour of
incubation. As before, | observed the a-synuclein signal both intracellularly (blue
arrow) and associated with the membrane (white arrow) (Figure 19A). The
polyPs00-ars47 Signal, on the other hand, was mainly observed on the cell surface,
where it completely co-localized with the membrane associated signal of a-syn”
AF488 A surface blot analysis along a diagonal arrow through one cell in the image
confirmed this result and showed that the intracellularly polyP signal is very faint

and not co-localized with a-syn™ A48

while the membrane associated signal
shows prominent co-localization between the two molecules (Figure 19B).
Together with the in vitro finding that polyP readily interacts with a-syn™" this
experiment strongly suggests polyP-a-synuclein interaction as basis for the

mechanism of the uptake inhibition.
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Figure 19: PolyP co-localizes with a-synuclein fibers outside of the cell.

(A)

Differentiated SH-SY5Y cells were treated with 3 uM a-syn” " %88 for 7 hours.
After 6 hours 250 uM polyPspo-arsa7 (in Pi units) was added to the cells and the
localization of the fluorescently labeled molecules was monitored via microscopy.

White arrows indicate membrane associ
internalized signal. (B) Surface blot of a-

ated signal while blue arrows indicate

syn”FFAF488 and polyPsoo.arear along the

white dashed arrow marked in the upper image (Lempart, Tse et al. 2019).
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5.8 PolyP inhibits fiber uptake in a chain length dependent manner

Previous work showed polyP accelerating amyloid fiber formation in a chain length
dependent manner with longer chains (n > 60) being disproportionally more potent
than shorter chains (Figure 2E in (Cremers, Knoefler et al. 2016)). To test whether
the fiber uptake shows a similar chain length dependence, | incubated
differentiated SH-SY5Y cells with a-syn™ ™% in the absence or presence of
250 uM polyP+4, polyP30 and polyPs0 and monitored the uptake after 24 hours
using fluorescence microscopy. In agreement with our previous results, | found a

PFF-AF488

clear intracellular a-syn signal after 24 hours in the absence of polyP and a

lack in signal in the presence of the polyP3q0 (Figure 20). While the slightly shorter

polyP13 chain was similarly potent in preventing the a-syn”" A7

uptake, the fiber
uptake in the presence of polyPi4 was only modestly affected (Figure 20). These
results indicate that physiological polyP concentrations and chain lengths are

highly effective in preventing the uptake of a-synuclein fibrils.

q_syn PFF-AF488 a-synPFF-AFd-BB a- SynF’FF-AFdﬁﬁ

Q-S\ynPFF-AF488
y +polyP, +polyP3 +polyPsgq

20pm

Figure 20: The effect of polyP shows chain length dependency. Differentiated
SH-SY5Y cells were incubated with 3 uM a-syn™"F*F*8¢ for 24 hours in the
absence or presence of different chain length of 250 uM polyP (in Pi units)
(14mer, 130mer, 300mer). Long polyP chains (130mer and 300mer) completely
inhibit the uptake where the 14mer shows a weaker effect (Lempart, Tse et al.
2019).
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5.9 PolyP-induced uptake inhibition is specific for a-synuclein fibers

Our results unequivocally showed that polyP has a significant impact on the uptake
of a-syn"" "™ To test whether this effect is specific of a-synuclein fibrils or
whether polyP generally interferes with endocytic pathways, | decided to test the
uptake TAT-TAMRA, a small 20 kDa protein that gets internalized via the
micropinocytosic pathway (Wadia, Stan et al. 2004; Kaplan, Wadia et al. 2005) As
before, | monitored the TAT-TAMRA and a-syn™"" 7% into differentiated SH-SY5Y
cells for 3 hours in the presence or absence of polyPsy. The amount of
internalized protein was determined via fluorescence microscopy. Under the tested
conditions, polyP had no significant effects on the uptake of TAT-TAMRA and only

PFF-AF488 (

interfered with the uptake of a-syn Figure 21). This experiment shows that

polyP uptake inhibition is specific for amyloidogenic a-synuclein.

O-SynPFF-AF488 TAT-TAMRA

- polyP

+ polyP

1 Opurm

Figure 21: PolyP uptake inhibition is specific for a-syn" " 4%  Ditferentiated

SH-SY5Y cells were treated with 3 uM a-syn”"F*F*%8or 5 UM TAT-TAMRA. The
uptake of the samples was monitored with fluorescence microscopy at their
respective wave length in the absence and presence of 250 uM polyP (in Pi units)
(Lempart, Tse et al. 2019).
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5.10 PolyP induces structural changes in tau proteins

This chapter reports work that was conducted in close collaboration with the
Rhoades Lab from the University of Pennsylvania and is published in
“‘Polyphosphate Initiates Tau Aggregation through Intra- and Intermolecular
Scaffolding” (Wickramasinghe, Lempart et al. 2019). Experiments conducted by
our collaborators are indicated in the text.

Previous in vitro work from our lab demonstrated that polyP has the most
significant effect on tau fiber formation (Cremers, Knoefler et al. 2016). Full length
tau alone takes months to form fibrils even at very high protein concentrations
(Goedert, Jakes et al. 1996). Yet, in the presence of polyP, the T, is reduced to
less than 2 days (Cremers, Knoefler et al. 2016). To obtain more detailed
mechanistic insights into how polyP affects Tau fiber formation, we focused on the
polyP-mediated structural rearrangements of Tau in the early stages of its
aggregation. In collaboration with the Rhoades lab, which has successfully
established single-molecular Forster resonance energy transfer (smFRET) as an
approach to characterize the conformations of aggregation-prone proteins (Trexler
and Rhoades 2010; Elbaum-Garfinkle and Rhoades 2012), we worked on
identifying polyP-induced structural differences in various tau isoforms.
Structurally, tau can be divided into four major domains: the N-terminal domain, the
microtubule binding domain region (MTBR), the proline rich region (PRR) and the
C-terminal domain (Figure 22). MTBR is involved in microtubule and soluble
tubulin binding, which is enhanced by PRR and the C-terminus. MTBR also forms
the core of paired helical filaments. The N-terminal domain is less well understood
but is thought to regulate microtubule (Derisbourg, Leghay et al. 2015) and
neuronal membrane (Brandt, Leger et al. 1995) interaction.

Physiologically, tau occurs in a variety of splicing variants. Alternate splicing of the
second repeat (R2) domain of the MTBR gives rise to isoforms containing three
(3R) or four (4R) repeat regions with zero (ON), one (1N) or two (2N) N-terminal
inserts (Goedert, Spillantini et al. 1989). 3R and 4R have different binding affinities
and different assembly activities towards microtubules (Goode, Chau et al. 2000;
Panda, Samuel et al. 2003) and were shown to differ in their ability to form
aggregates in vitro (von Bergen, Friedhoff et al. 2000; Li and Lee 2006). This is
due to the fact that one of the two hexapeptide sequences, which are crucial for
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aggregation, are located in the R2 domain. With this region being absent in the 3R
domain, the 4R domain is generally more prone for aggregation (von Bergen,
Friedhoff et al. 2000; Li and Lee 2006).

. , C-terminal
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Figure 22: Schematic model of full length tau (2N4R). The peptide is built-up
of the N terminal domain, the proline rich region (PRR), the microtubule binding
domain (MTBR) and the C-terminal domain. Labeling sites are marked
respectively. Alternative splicing of N1, N2 and R2 leads to the six physiological
human tau isoforms (Wickramasinghe, Lempart et al. 2019).

5.10.1 PolyP interacts with the MTBR and PRR region of Tau
Our previous studies using a-synuclein revealed that polyP only interacts once ThT

positive oligomers have formed. To test when polyP begins to interact with tau, full-
length tau as well as six tau fragments, the peptides were labeled with a single
fluorophore and tested for their ability to interact with polyP4 and polyPsoo using
fluorescence correlation spectroscopy (FCS) (Experiment prepared by Rhoades
lab). FCS measurements are based on detecting the change in diffusion time
through the altered mass and/or hydrodynamic radius resulting from polyP-client
interaction. The full-length peptide as well as the fragments including 4R and 3R
(MTBR of 244-372), 2N4R and 2N3R (244-372) and P1P2 (PRR 148-245) with the
only exception of NT (N-terminus 1-152) all exhibited an increase in diffusion time
from 11 to 24% in the presence of polyPsq (Figure 23), indicative of binding.
Fragments lacking the R2 domain (P2-8R and 3R) were found to have a
reproducibly smaller increase in diffusion time upon polyP addition compared to
their 4R counterparts (P2-4R and 4R), suggesting that the presence of R2
enhances the interaction with polyP (Figure 23). Addition of the shorter polyP4
showed similar trends but was less effective compared to polyPsp. This
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experiment identified the PRR and MTBR as polyP binding sites and suggested
that polyP differs in its interactions between tau and a-synuclein.
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Figure 23: PolyP interacts with different monomeric tau fragments. FCS
measurements show the changes in diffusion times of single-labeled tau
constructs with addition of 20 uM polyPsy (in Pi units) (solid bars) or polyP,
(open bars). Experiments were repeated three times and shown +/- SEM
(Wickramasinghe, Lempart et al. 2019).

5.10.2 PolyP induces compaction of the MTBR and elongation of end-to-end

distances
To test whether polyP binding triggers conformational changes in tau that might be
responsible for the accelerating effects of polyP on tau fiber formation, the
Rhoades lab introduced cysteine residues at specific labeling positions for single
molecule FRET studies (smFRET). Sites in the 2N4R and 2N3R that were
introduced span either the whole protein (C17-C433), the NT domain (C17-C149),
the PRR and MTBR (C149-C375), the MTBR (C244-C372), the PRR (C149-244)
or the CT domain (C372-C433). SmMFRET experiments were conducted in the
presence (solid lines) or in the absence (dashed lines) of polyPso (Experiment
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prepared by Rhoades lab). The donor and acceptor fluorophores were Alexa Fluor
488 maleimide and Alexa Fluor 594 maleimide, respectively. FRET efficiencies
(ETen) from individual photon bursts were calculated as a ratio of the intensity of
the acceptor over the sum of the intensities of the donor and acceptor. High ETe
values correspond to a shorter distances between donor and acceptor dyes while
lower ETex reflect longer distances. In order to determine the peak ETes position,
the ET.x values were plotted as a histogram and fit with a sum of Gaussian
distributions. Presented is the mean ET.; obtained from fitting to reflect the
average of tau’s conformational ensemble for a given measurement.

Addition of polyP3q resulted in a decreased ETx for both the 2N4R and 2N3R
domains, reflecting an increase in end-to-end distance of tau. This result
suggested that polyP disrupts long-range electrostatic interactions responsible for
tau’s relatively compact conformation ensemble in solution (Figure 24A). In
contrast, addition of polyP caused a shift to higher ET¢ in constructs testing the
PRR and MTBR region (Figure 24A, B). This result was confirmed in other
constructs, including PRR alone, 2P-3R and 2P-4R as well as 4R and 3R (Figure
24B). P2-4R and P2-3R showed a similar effect although with smaller magnitude
compared to the full length protein (Figure 24B). PolyP did not cause any
significant shifts in the ETex values of the isolated MTBR fragments 4R and 3R
despite the clear binding signal in the FCS measurements (Figure 24B).
Comparison of full-length tau or the P2-4R and P2-3R constructs revealed a shift in
their peaks towards the isolated MTBR fragments 4R and 3R, suggesting that
these isolated domains already have a more compacted structure. In longer tau
constructs, this compact structure seems only to be achievable with inducers like
polyP. The PRR alone also shows compaction in the presence of polyP. These
results are reminiscent of previous studies conducted with heparin (Elbaum-
Garfinkle and Rhoades 2012), and suggest conserved features in the aggregation
prone conformational ensemble that are sensitive to polyanionic inducers like

polyP and heparin.
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Figure 24: PolyP induces structural changes in tau including the compaction
of the PRR and MTBR region and extending the end-to-end distances.
SmFRET histograms measured in the absence (dark gray and dashed lines) or
presence of 20 uM polyPsyo (in Pi units) (light gray and solid lines). Labeling
throughout the full length constructs 2N4R (upper row) and 2N3R (lower row) at
positions at C17-433 (a, b), C17-C149 (c, d), C149-C372 (e, f) and C372-C433 (g,
h). (A) and of the MTBR and PRR region with specific sites of C244-C372 in
2N4R (a), P2-4R (b), 4R (c), 2N3R (d), P23R (e) and 3R (f) and C149-C244 for
2N4R (g), 2N3R (h) and P1P2 (i) (B).Tau models above the respective histogram
depict isoforms and labeling positions. Each experiment was repeated at least
three times and shown histograms are representatives (Wickramasinghe, Lempart
et al. 2019).
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5.10.3 PolyP differentially affects fiber formation of different tau isoforms

To test the effect of polyP induced structural changes towards different tau
isoforms on their ability to form amyloids, | carried out ensemble of aggregation
experiments, using the various MTBR isoforms including 3R and 4R and their
PPR-containing counterparts 2P-3R and 2P-4R. | monitored fiber formation using
ThT fluorescence and quantified via Tq,. Consistent with previous findings that
found the 4R fragment to be more aggregation prone than the 3R fragment (von
Bergen, Friedhoff et al. 2000; Barghorn and Mandelkow 2002; Li and Lee 2006), |
found that the 4R has a T, of 10 min in the presence of polyP3;y compared to the
3R fragment with a Ty, of 5 hours (Figure 25A, B). Presence of the 2R-region
seemed to only affect the fiber formation of the 3R fragment, whose Ty, time was
reduced from 4 hours to 1 hour in the presence of polyPsq. In contrast, the
aggregation of the 2P-4R barely changed compared to the Ty, of 4R (T1,2=10 min)
(Figure 25A, B). Presence of polyPq4 caused the same trends although the Ty
were generally longer, ranging from 5 hours for the 4R up to 40 h for the 3R
(Figure 25A, C). The significant difference between the polyP4 and polyP3q in this
and previous experiments led us to test a wider range of polyP chain lengths and
compare those to heparin (Figure 25D,E). The acceleration of the 4R domain had
a strong chain length dependency with longer polyP chains (polyPsq0) causing the
shortest Ty, time. The half time of fiber formation gradually increased with the
chain length from 1 hour in the presence of polyP130, to 3 hours in the presence of
polyPso and 6 hours when polyP, was added (Figure 25D). However, even the
shortest polyP chain was more efficient in acceleration tau fiber formation than
heparin, which led to a Ty, of 15 hours. We obtained very similar results with the
3R domain but the measured half times were overall longer (Figure 25E). These
results together with the binding data support the conclusion that polyP binds to
both the R2 and the PRR domain for most effective acceleration of aggregation.
Moreover, they show that the aggregation-prone compaction of the MTBR is
necessary but not sufficient for reaching maximal acceleration of fiber formation.
Instead, a combination of induced structural changes and the scaffolding ability of
polyP seem to be crucial for the observed accelerated fiber formation.
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Figure 25: PolyP accelerates tau aggregation dependent on polyP chain
length and different tau isoforms. (A) Schematic of the tau constructs used for
aggregation experiments. Fiber formation of 25 uM of different tau fragments P2-
4R, P2-3R, 4R and 3R was measured in the presence of 1 mM of either polyP3qp
(B) or polyPi4 (C) (in Pi units) via ThT fluorescence and the time to reach half the
signal of the plateau (T;,2) is displayed. For fragment 4R (D) and 3R (E) fiber
formation in the presence of 1 mM of various polyP chain lengths (in Pi units) (14,
60, 130, 300) in comparison to charge matched heparin (18 uM) was tested.
Experiments were repeated at least 3 times and data are shown +/- SD
(Wickramasinghe, Lempart et al. 2019).

5.10.4 The effect of polyP on tau structure is chain length dependent

Longer polyP chains bind more tightly to amyloids and are more effective in
accelerating fiber formation. The Rhoades lab conducted smFRET measurements
with distinct 2N4R constructs, monitoring either the NT region (C17-C149) or the
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PRR and MTBR domain (C1490-C372) using polyP14, polyPeo, polyPi3 and
polyPsp0 to investigate the effect of different chain length on the induction of
structural changes in tau. PolyP14 showed only a small increase in the ET for the
NT region and caused no change in the conformation of the PRR-MTBR domain.
All other polyP chain lengths cause large shifts in the mean ET¢« for both, the NT
and PRR-MTBR domain (Figure 26). This was a surprising observation given the
fact that polyPy4 binds to the full length protein and isolated fragments and
efficiently accelerates tau fiber formation (Figure 23 and 25). This experiment is
consistent with our previous data on polyP chain length dependency, and
suggests that long polyP chain are capable of inducing structural changes and
potentially binding several monomers in a scaffolding fashion.
A B
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Figure 26: Conformational changes of tau are polyP chain-length dependent.
SmFRET measurements of tau 2N4R labeled in the area of C17-C149 (A) or
C149-C372 (B) in the absence or in the presence of 20 uM of different polyP
chain length (14, 60, 130, 300). Experiments were repeated at least three times
and representative histograms are shown (Wickramasinghe, Lempart et al. 2019).
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6 DISCUSSION
6.1 PolyP as a physiological modifier of amyloid formation

PolyP interacts with a multitude of different proteins. Dependent on the client
protein, this interaction fulfills different functions. Gray et al. was the first to identify
polyP as a protector against cellular stress by stabilizing unfolding proteins in a
soluble B-sheet rich conformation (Gray, Wholey et al. 2014). Follow-up studies
identified that polyP forms defined sized complexes with metastable folding
intermediates, harboring amyloid-like features (Yoo, Dogra et al. 2018). By
preventing irreversible protein aggregation, polyP even protects bacteria against
extreme temperatures (Yoo, Dogra et al. 2018). In mammalian systems, polyP was
shown to regulate blood coagulation through stabilizing proteins such as fibrin in a
B-sheet like conformation (Litvinov, Faizullin et al. 2012). Although the exact
mechanism for most of those interactions remains enigmatic, all of them share the
common feature that polyP binding induces conformational changes and/or
stabilizes certain structural features. The findings by Gray et al. ultimately led to
the discovery of polyP’s role in promoting the conversion of amyloidogenic
peptides, like tau, AP and a-synuclein, into B-sheet rich fibrils. This activity
suggested that polyP might serve as a modifier of neurodegeneration but leaves
several mechanistic questions unanswered (Cremers, Knoefler et al. 2016).
Studies investigating polyP induced amyloid fibril formation in amyloidosis suggest
the underlying mechanism to lie in the ability of polyP to interaction with positively
charged client proteins (Sasahara, Yamaguchi et al. 2019; Zhang, Yamaguchi et
al. 2019). The group reasons that the charge neutralization leads to a structural
destabilization that eventually causes the formation of amorphous aggregates
once the solubility limit is reached (Sasahara, Yamaguchi et al. 2019; Zhang,
Yamaguchi et al. 2019). However, the mechanistic idea that polyP interacts
through charge is unable to explain the effect of polyP on proteins that lack
positively charged amino acids (i.e. CsgA (Cremers, Knoefler et al. 2016)) and
suggests that polyP might interact with the protein backbone (Cohlberg, Li et al.
2002). PolyP binding could then interfere with electrostatic interactions that
otherwise stabilize amyloid monomers, making them more likely to undergo
conformational rearrangements.

The degree to which polyP stimulated kinetics of fibril formation and fibril yield was
highly dependent on the ability of the client protein to fibrillate on their own
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(Cremers, Knoefler et al. 2016). Peptides like CsgA or AB, which are less
responsive to the presence of polyP, are able to form fibrils rapidly and
independently of any nucleators. On the other hand, fiber formation of tau and a-
synuclein, which are unable to from fibrils in the absence of nucleators, were
strongly dependent on polyP. In this work, | focused on those two proteins and was
able to demonstrate that polyP has a different mechanism for a-synuclein fiber
formation than it does for tau fiber formation. While polyP binds to tau monomers
and induces structural changes that foster interactions and the formation of
aggregation-competent oligomers, polyP does not interact with a-synuclein
monomers (Figure 27). Instead, a-synuclein undergoes a concentration- and polyP
independent nucleation step, which is necessary for binding to polyP (Figure 27).
Once the two interact, however, (3-sheet-rich amyloids form that are structurally
distinct from fibers formed in the absence of polyP. The initial rate limiting step of
fibril formation is the conversion of a largely unfolded a-helical amyloid into a
nucleation competent B-sheet conformation (Eichner and Radford 2011). Previous
studies showed that a-synuclein forms ThT negative oligomers, which
subsequently undergo conformational changes that lead to ThT positive oligomers
and eventually fibers (Mehra, Ghosh et al. 2018). Results from this work suggest
that polyP interacts with and scaffolds oligomers that are still ThT-negative,
enabling the conversion into ThT positive oligomers and protofibrils (Figure 27). In
support of this idea are previous studies, which showed that polyP does not
promote the conversion of a-helical proteins into B-sheet structure but instead
stabilizes folding intermediates once they have B-sheet conformation (Yoo, Dogra
et al. 2018). Once polyP binds to B-sheet oligomers, it accelerates fiber formation
through a variety of possible scenarios: polyP might serve as a scaffold, bringing
several of these oligomeric species into close proximity and hence increasing the
local concentration; alternatively, polyP’s ability to induce structural rearrangement
might make them prone to sequester additional monomers for fiber formation. It is
also conceivable that polyP changes the balance within the reaction by pushing
the equilibrium towards the formation of mature fibers. Further experiments have to
be conducted to identify the exact mechanism of fiber elongation and the role that
polyP plays in this process. Nevertheless, the fact that polyP affects fiber formation
when added during any point of the process suggests continued and highly potent
interactions of polyP with the amyloids.
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In contrast to a-synuclein, polyP binds to tau monomers, inducing the compaction
of the central MTBR and PRR domain and an elongation of end-to-end distances
(Figure 27). Interestingly, the polyP-mediated compaction of the MTBR domain
was only observed when the PRR was present as well. This effect is most likely
due to polyP binding sites being present in both the PRR and the MTBR domains,
causing noncovalent intramolecular cross-linking of tau monomers. Additionally,
polyP could act as a scaffold bringing several monomeric or oligomeric species in
close proximity, cross linking them and leading to accelerated amyloid formation
(Figure 27). In support of this idea is the fact that longer polyP chains have a
stronger effect on amyloid formation as they are capable of bringing more building
blocks in close proximity.

However, the physiological effect of those acceleration mechanism as well as to
what extent they serve a protective function of polyP in vivo stays enigmatic. With
polyP being present in the intracellular and extracellular space in the brain
(Holmstrom, Marina et al. 2013) it is conceivable that the molecule encounters both
tau and a-synuclein in vivo. The lack of polyP- a-synuclein-monomer binding
indicate that polyP only interacts with the peptide once toxicity has started and
suggests that the protective effect only takes place under pathological conditions.
Opposite to a-synuclein, polyP is capable of interacting with tau monomers
suggesting an interaction of a different nature. In the healthy brain tau binds to
microtubules, but when compromised by mutation or hyperphosphorylation, it could
increase the cytoplasmatic pool available for polyP interaction marking the start of
polyP dependent effects. Also possible is that polyP directly increases the amount
of cytosolic tau by competing with microtubules for tau binding (Wickramasinghe,
Lempart et al. 2019). Future studies are needed to answer these questions and
identify whether tubulin-dissociated, polyP-bound tau isoforms might be a
therapeutic target (Brunden, Trojanowski et al. 2009).

Overall, unraveling the mechanism of tau and a-synuclein fiber formation provides
important insight on the influence of polyP in the context of neurodegeneration and
builds the basis for future studies that need to investigate those effects in the
context of a physiological system. This will ultimately help to identify polyP as a
putative target to alter amyloid formation in vivo.
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Figure 27: Model for the polyP induced accelerated fiber formation of a-
synuclein and tau. PolyP binds to amyloidogenic a-synuclein species after an
initial polyP-independent step during the transition from lag phase to elongation
phase. The interaction rapidly accelerates fiber formation and induces altered
fiber morphology. Tau fiber formation is accelerated through polyP induced
structural changes in the monomeric peptide and scaffolding of multiple
monomers/oligomers.
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6.2 PolyP and its effects on amyloid fiber structure

The recently solved structure of a-synuclein fibrils revealed that two (-sheet
containing monomers associate into protofibrils, which then interact with one
another through salt bridges forming the characteristically twisted fibril (Figure 28)
(Guerrero-Ferreira, Taylor et al. 2018). Dense, positively charged patches are
located in the vicinity of the interface and run in parallel to the fibril axis. We now
propose that polyP associates with the fibril, and interferes with the salt bridges at
the interface of the two strands. This would cause dissociation of the protofibrils
and explain the decreased fiber thickness that is observable when polyP is present
during fiber formation or when the polyanion is added to the mature fibers.
Additionally, | have found that the binding of polyP changes the packaging of B-
sheet in the amyloid fibrils (Figure 11C-E) suggesting that the polyanion interaction
might influence the orientation of individual peptides within the fibril strand.

The high affinity of polyP towards binding along the positively charged fibril strands
would also explain polyP’s low affinity for soluble a-synuclein monomers, and
provide a rationale for the low binding stoichiometry of polyP binding to a-synuclein
(5 Pi-units per one a-synuclein monomer). The fact that polyP can induce
structural changes even after the fibers have formed is particularly interesting
because it has previously been shown that fiber structure influences fiber stability,
seeding capability, toxicity and the ability of oligomers to spread throughout the
brain (Bousset, Pieri et al. 2013). This makes polyP a potential therapeutic target

to treat neurodegenerative diseases.
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Figure 28: Comparison of the published a-synuclein fiber structured (PDB)
and observed polyP-induced morphological changes (Guerrero-Ferreira,
Taylor et al. 2018).
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6.3 PolyP as a protector against a-synuclein toxicity — A mechanistic insight

Current therapies for neurodegeneration are limited to treating symptoms but not
the cause (Szeto and Lewis 2016). With many aspects of the disease development
remaining unknown, it is difficult to identify new drugs. One of the biggest risk
factors of developing neurodegeneration is age. PolyP levels have previously been
shown to decrease in the brain of rats with age (Lorenz, Munkner et al. 1997).
Together with recent publications as well as our work, we propose a previously
unrecognized connection between age-related decline in polyP and age-
associated neurodegeneration (Cremers, Knoefler et al. 2016; Muller, Wang et al.
2017; Lempart, Tse et al. 2019). Several of polyP’s physiological functions could
be involved, including its role in energy homeostasis (Baev, Angelova et al. 2016;
Wang, Schroder et al. 2016), apoptosis (Angelova, Baev et al. 2016) or a signaling
molecule in the brain (Holmstrom, Marina et al. 2013) (Figure 7). As a highly
energetic molecule, polyP has been associated with mitochondria and the
energetic content of the cell (Hernandez-Ruiz, Gonzalez-Garcia et al. 2006; Baev,
Angelova et al. 2016; Wang, Schroder et al. 2016). Both AD and PD pathology
have been associated with defects in energy homeostasis. Whereas AD is
characterized by altered energy levels in the brain tissue, familiar forms of PD
show mitochondrial dysfunction that leads to changes in signal transition (Mounsey
and Teismann 2010; Muller, Wang et al. 2017). And indeed, the group of Mueller
et al identified that the protective effect of polyP against AB.s 35 toxicity lies in the
ability of polyP to increase intracellular ATP levels and therefore reverse the -
amyloid-induced compromised energy status in neuronal cells (Muller, Wang et al.
2017). The increased energy can either originate from polyP directly or might be
associated with its physiological role in energy homeostasis in mitochondria.

In vitro assays showed that the presence of polyP decreases the amount of
nucleation and stabilizes the amyloid fibers in an altered conformation that is less
prone to shed off toxic oligomers (Cremers, Knoefler et al. 2016). Over a time
period of 48 hours, fibers formed in the presence of polyP only disassembles 60%
in comparison to fibers formed in the absence of polyP (Cremers, Knoefler et al.
2016). The role of polyP as a glio-and neurotransmitter (Holmstrom, Marina et al.
2013) suggests its presence in the synaptic space where oligomers were shown to
exert toxicity by inducing synapse damage (Yang, Li et al. 2017). One potential
mechanism is that the formation of a polyP-oligomer complex prevents the toxic

69



DISCUSSION

interaction with the synaptosomes. It is also possible that the protective effect of
polyP is due to the depletion of toxic oligomers from the synaptic sides by
accelerating the formation of non-toxic mature fibers. Amyloids formed in the
presence of polyP are in general more stable, less prone to shed off toxic
intermediates and more susceptible to be degraded by proteases (Cremers,
Knoefler et al. 2016). Apart from influencing the fibers and their toxicity directly,
another explanation of the protective effect of polyP against amyloid toxicity could
lie in its ability to influence the location, processing or turnover of the fibrils in a
cellular context. A tremendous amount of recent publication identifies cell-to-cell
spreading as one of the biggest contributing factors to the progression of
neurodegenerative diseases (Braak and Braak 1991; Braak, Del Tredici et al.
2003; Braak, Muller et al. 2006; Jucker and Walker 2013; Guo and Lee 2014). In
this work, | was able to show that increased extracellular polyP levels prevent the

PFF-AF488 and reduce the internalization of the

membrane association of a-syn
amyloid in cell culture experiments. The effect is highly specific for a-synuclein and
polyP does not affect uptake of TAT-TAMRA. This result suggests that polyP might
be capable of preventing cell-to-cell spreading of a-synuclein amyloids and
reducing or preventing the prion-like propagation of a-synuclein induced toxicity.
Previous studies using other negatively charged compounds, such as heparin,
have shown that the negative charge is most likely the source of the uptake
inhibition (Holmes, DeVos et al. 2013; Mehra, Ghosh et al. 2018). In our work, co-
localization studies of polyP and a-synuclein revealed a similar mechanism and
suggest that polyP binding to fibrils interfere with receptor binding (Nakase,
Tadokoro et al. 2007; Holmes, DeVos et al. 2013; Gustafsson, Loov et al. 2018)
(Figure 29).

Apart from binding and uptake of a-synuclein fibers through the heparan receptor,
the literature reports amyloids to be capable of interacting with the cell membrane
directly, leading to a destructive effect through interference with the integrity of the
cell (Lashuel, Petre et al. 2002; Tsigelny, Sharikov et al. 2012). In addition, polyP-
lipid interaction was reported to induce fiber formation process by serving as a
nucleator for de-novo fiber formation (Galvagnion, Buell et al. 2015; Galvagnion,
Brown et al. 2016). With polyP’s ability to completely prevent the association of a-

PFF-AF488

syn with the cell membrane, it is possible that polyP protects against
amyloid toxicity by blocking the fibers from binding, penetrating and damaging
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membranes (Figure 29). A decreased association of the fibers to the membrane
would inhibit the spreading of the toxicity throughout the brain and therefore the
progression of the disease.

Mature fibril
+ polyP
. *,
Monomer 2 -‘”polyP
O ﬂ °
O A Y..‘ L o
>, Protofibrils {"‘:‘3
GAG : .
Oligomer s .
9 . Mature fibers
& > o) g2
~17 | @ L4 \J‘J\_/
JV.\/ Ce" 0" .0 ..' quv
membrane ||11s, v X | I e
‘Q .. ) ( )
f\/\f\r\/\r\hf‘f‘f\f;:hr\ﬂﬂhhhhhﬁfﬂf‘/‘/‘/‘r\‘@pphAﬁ/\
/\/O Cytosol %, . Rt Cce ]
) o o ..’ *\f\
. . 0. /\\
Toxicity A° (X
Y2

Figure 29: Model for the uptake inhibition of polyP. Oligomers, protofibrils
and mature fibers interact with the cell membrane and GAG receptors and get
internalized and spread toxicity. PolyP prevents the association with the
membrane/receptors and supports formation of mature fibers with altered fiber
morphology (Lempart, Tse et al. 2019).
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7 CONCLUSION

Accumulating evidence suggests that polyP serves as modifier of
neurodegeneration and that age and/or disease-associated changes in polyP
levels make the brain more susceptible to develop neurodegeneration (Hernandez-
Ruiz, Gonzalez-Garcia et al. 2006; Holmstrom, Marina et al. 2013; Baev, Angelova
et al. 2016). Studies on mice have reinforced this idea by showing that induction of
an AD phenotypes leads to decreased polyP levels in their brains compared to
their wildtype littermates (Cremers, Knoefler et al. 2016). This work started to
unravel how polyP works and suggests that polyP supplementation might serve as
a novel therapeutic strategy to prevent the cellular spreading of amyloidogenic a-
synuclein. Studies using antibodies to prevent prion-like spreading show first
success in rodent models (Schofield, Irving et al. 2019). With polyP being a
physiological polymer that is already used as a food additive and considered to be
safe for clinical application (Masters and Selkoe 2012; Muller, Tolba et al. 2015),
this molecule could harbor several advantages over antibodies. Without knowing
the cellular system responsible for polyP synthesis, however, many of the ideas
remain speculations, and therapeutic attempts unapproachable. Nevertheless, this
work builds the foundation for future studies by providing important insights into the
mechanism of the protective effect of polyP against amyloid toxicity and insight into
polyP induced fiber formation.
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9 APPENDIX

9.1 Abbreviation

AD
AF
G_SynPFF—AF488
ATP
BSA
°C
Da
DNA
DTT
EDAC
E. coli
EDTA
FP
FRET

GAG

Xg

HCI
H-O
IPTG

KClI

Alzheimer’s disease

Alexa Fluor
a-synuclein PFF labeled with AF488
adenosine triphosphate

bovine serum albumin

degree Celsius

Dalton

desoxyribonucleic acid

dithiothreitol
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
Eschericia coli
Ethylenediaminetetraacetic acid
Fluorescence polarization

Forster resonance energy transfer
glucoseaminoglycans

gravity

gram
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