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Summary

Summary

As the global population ages, the number of people suffering from neurodegenerative
disorders like Alzheimer’s (AD) and Parkinson’s (PD) disease is expected to more than double
between now and the year 2050. For Alzheimer’s disease (AB40/42) and Parkinson’s disease
(a-synuclein) patients the assembly of small disordered proteins into highly ordered amyloid
fibrils is closely associated with dementia and neurodegeneration. An in-depth understanding
of the process of amyloid formation is thus essential for the development of effective treatments
for these devastating neurodegenerative diseases. A small, highly conserved protein called
SERF was discovered to modify amyloid formation in Caenorhabditis elegans and humans.
In this thesis, I characterize the Saccharomyces cerevisiae homologue ScSERF and its effect
on amyloid formation of the amyloid proteins AP40 and a-synuclein. The structural
characterization revealed an intrinsically disordered protein, with the propensity to form a C-
terminal a-helical structure at low temperatures. The small sizes of SCSERF, AB40 and a-
synuclein allows us to study the mechanism of amyloid formation and how it is affected by
ScSERF in great detail. I used kinetic amyloid measurements to identify that SCSERF affects
the rate of primary nucleation in amyloid formation for both amyloid proteins.

I found that ScSERF binds to monomeric APB40 and a-synuclein present during primary
nucleation. Primary nucleation is the initial and slowest step of amyloid formation. Nuclei
formation is difficult to observe because the nuclei species are extremely short-lived due to the
rapid equilibrium between monomeric states, nuclei and elongated fibrillar aggregated states.
To study the early steps of amyloid formation we utilized native ion-mobility mass-
spectrometry. The data revealed that multiple SCSERF conformations interact with various
conformations of monomeric AB40 and a-synuclein to form structurally diverse, fuzzy
complexes. The complexes also exist in different stoichiometries of SCSERF to AB40 and a-
synuclein (1:1, 2:1, 1:2, or 2:2). These structural diverse complexes are present during primary
nucleation. This work shows for the first time that two human disease-related amyloid proteins
form elongated fuzzy complexes with a conserved modifier of amyloid formation, SCSERF.
The results suggest that the structural changes occurring during primary nucleation are more

diverse and comprise more than just one amyloid-prone conformation.
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Zusammenfassung

Zusammenfassung

Der demographische Wandel hin zu einer immer &lter werdenden Gesellschaft fiihrt dazu, dass
Menschen zunehmend an neurodegenerativen Erkrankungen wie Alzheimer oder Parkinson
leiden werden. Es wird prognostiziert, dass sich die Zahl der Erkrankten mit der Diagnose
Alzheimer und Parkinson bis zum Jahr 2050 mehr als verdoppelt. Bei diesen Erkrankungen
formen die amyloid-bildenden Proteine AP40/42 und o-Synuclein jeweils durch
Selbstassoziation unldsliche Amyloidfibrillen, die zu Demenz und Neurodegenerationen
fiihren. Das kleine, evolutiondr hochkonservierte Protein SERF wurde als neuer amyloid-
modifizierender Faktor im Modelorganismus Caenorhabditis elegans und in menschlichen
Zellen entdeckt. In dieser Arbeit habe ich das bisher unbekannte homologe Protein aus
Saccharomyces cerevisiae SCSERF strukturell charakterisiert und den Mechanismus wie
ScSEREF die Fibrillerungskinetik der zwei amyloid-bildenden Proteine AB40 und a-Synuclein
beeinflusst, aufgeklart.

Die Struktur von ScSERF wurde mittels CD- und NMR-Spektroskopie untersucht und zeigten,
dass ScSEREF ein intrinsisches, ungeordnetes Protein ist.

Zur funktionellen Charakterisierung wurde die Fibrillierung mittels ThT-Fluoreszenz
gemessen. Die Kinetik zeigte, dass SCSERF den ersten Nukleationsschritt (primary nucleation)
der Fibrillenbildung beschleunigt. In diesem ersten Schritt findet eine Konformationsédnderung
der Monomere hin zu Strukturen (Nuclei), die Fibrillen bilden, statt. Diese Nuclei sind
kurzlebig und aufgrund des sich schnell einstellenden Gleichgewichts zwischen Monomer,
Nuclei und Fibrillen schwer zu detektieren.

Die Protein-Protein Interaktion zwischen ScCSERF und den amyloid-bildenden Protein wurde
mittels Fluoreszenz-Anisotropie und nativer Massenspektrometrie untersucht. ScSERF
interagiert mit AP40 und a-Synuclein in ihrer monomeren Form. Die native
Massenspektrometrie zeigte aulerdem, dass ScSERF in mehreren Konformationen existiert
und beide amyloid-bildenden Proteine in mehreren Konformationen binden kann. Eine
Ansammlung von strukturell verschiedenen Proteinkomplexen zwischen ScSERF und
AP40/a-Synuclein konnte wéhrend des ersten Nukleationsschritt (primary nucleation)
detektiert werden. ScSERF und beide amyloid-bildenden Proteine interagieren auch in
verschiedener Stochiometrie (1:1, 1:2, 2:1, 2:2) miteinander.

Proteinkomplexe zwischen dynamischen und strukturell ungeordneten Proteinen kdnnen als

., fuzzy “-Komplexe klassifiziert werden. Hier wurde zum ersten Mal diese Art von strukturell
VIII



Zusammenfassung

dynamischen Proteinkomplexen im Kontext des amyloid-modifizierende Proteins SCSERF und
den zwei amyloid-bildenden Proteinen AB40 und a-Synuclein gezeigt. Die Ergebnisse
belegen, dass die strukturellen Verdanderungen in der frithen Phase des Fibrillierungsprozesses
komplexer sind, als bisher angenommen und mehr als nur eine amyloid-bildene Konformation

vorliegt.
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Introduction

1 Introduction

1.1 Protein homeostasis

Most proteins must be correctly folded and assembled to be functional. A eukaryotic yeast cell
for instance contains around 6000 different proteins and a human cell expresses even more than
10 000 proteins. The abundance of a protein varies from cell to cell, ranging from fewer than
50 molecules up to over 10 million molecules per cell'.

A protein must fold into its correct three-dimensional structure, or native state, in order to
function properly. For most proteins, the native state is a compromise between thermodynamic
stability and conformational flexibility. Conformational change is often essential for protein
function, however this flexibility results in marginal stability for proteins in their physiological
environment and can lead to misfolding and aggregations>™. A subset of about 30 % of proteins
in mammalian cells are predicted to be intrinsically unstructured proteins which can adopt
stable structures upon binding to interaction partners or can even remain unstructured while
present in complex>®. Furthermore, the cellular environment is crowded with an approximate
protein concentration of 300 mg/ml’. Macromolecular crowding increases the tendency of
misfolded or unstable proteins to from non-native contacts and aggregates compared with
dilute solutions’.

On the path to its native state, the polypeptide chain explores a funnel-shaped potential energy
surface which represents the large number of possible conformations the protein can adopt.
The folding process relies on multiple weak, noncovalent interactions. Although the native
state is the lowest energy structure for a single protein, misfolded proteins can adopt harmful
aggregated states, which may have a lower free energy state than native proteins. Misfolded
and aggregated states can engage in nonnative interactions that can be harmful to the cell either
because they decrease the function of the proteins that are part of the aggregate or because the
misfolded proteins themselves are toxic. To combat harmful interactions that result from
protein misfolding, cells have evolved to create a network of proteins that prevent protein
misfolding and keep protein homeostasis (Fig. 1).

Protein homeostasis describes a network of factors that control the levels of functional proteins
and minimize harmful off-pathway reactions (e.g. misfolding or protein aggregation). Protein
synthesis, folding, conformational maintenance, localization, and degradation all contribute to

protein homeostasis (Fig. 1)'.
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Molecular chaperones are proteins that assist the folding and assembly of proteins without
being part of the final structure. Molecular chaperones can be classified into two broad
categories: ATP-dependent chaperone foldases (e.g. GroEL, Hsp70, Hsp90) and ATP-
independent holdases (e.g. HdeA, Hsp33, small Hsps) which are often stress-induced?®.
Molecular chaperones also cooperate with the ubiquitin-proteasome system and autophagy to

degrade misfolded or aggregate proteins (Fig. 1).
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Figure 1: Proteostatsis network

The proteostasis network encompasses all proteins and pathways necessary to stabilize proteins in their
native state and reduce the amount of dysfunctional and dangerous protein misfolding and aggregation
(red arrows). The protein synthesis and folding cluster contains about 400 different proteins (green
arrows). Proteins and pathways that responsible for maintaining conformational stability have about
300 protein members (black arrows). The pathways of protein degradation prominently ubiquitin-
proteasome system and the autophagosome-lysosomal system have over 1000 protein members (purple
arrows) (figure adapted after Hipp MS et al. (2019))".

Acute stress like elevated temperatures or the presence of reactive oxygen species and chronic
stress conditions can lead to protein misfolding and aggregation. Protein aggregation can
overwhelm the chaperone network’s capacity and lead to an accumulation of misfolded and

aggregated proteins. A range of diseases have been associated with protein misfolding and
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aggregation®. Two kinds of protein aggregates are distinguishable: amorphous aggregates and
amyloid fibrils. Amorphous aggregates can occur when proteins are partially or completely
unfolded and expose hydrophobic regions, which are buried in the core of a native protein, and
these sticky hydrophobic patches bind to other hydrophobic regions or non-specifically to other
proteins resulting in insoluble protein aggregates. One example of an amorphous aggregates
involved in disease is cataracts which can be caused by the aggregation of various crystallin’s'’.
Amyloids are ordered cross-f3 structures consisting of parallel or anti-parallel B-strands that
assemble perpendicular to the long fibril axis. The cross-3 scaffold is stabilized by an extended
H-bonding network of backbone amides!'.

Amyloid fibrils are the hallmark of neurodegenerative diseases including Alzheimer’s,
Parkinson’s, and Huntington’s and other diseases including Type II diabetes, Lysozyme
amyloidosis and AL amyloidosis'>. Amyloid fibrils are visible as insoluble inclusions in
patients illustrated in Fig. 2 for Alzheimer’s and Parkinson’s patients.

Amyloid formation and protein aggregation can cause cellular dysfunction and eventually cell
death. There are several mechanisms by which protein aggregation can be harmful to the
cell!2, One is the nonspecific interaction of these aggregates with other cellular proteins or
RNA molecules. These interactions sequester proteins into aggregates and leads to the loss of
their function in the cell. If the proteostasis network reaches its capacity and becomes
overwhelmed with protein aggregates, more aberrant interactions of cellular proteins can occur
and more protein aggregates can form creating a feedback loop that can lead to a collapse of
protein homeostasis (Fig. 2 B)'?. Proteins sequestered in protein aggregates tend to be
metastable and characteristically contain intrinsically disordered regions or low complexity
domains'3. Another mechanism of toxicity is the interaction between oligomers and aggregates
with biological membranes, which creates pores that in turn can disrupt protein localization or
damage ion gradients that are important for cellular function'!4. The generation of reactive
oxygen species (ROS) upon protein aggregation can lead to further damage to the cell'>.

It has been recognized that the protein homeostasis capacity declines with age'®. The biological
reasons for the decline of proteostasis network with aging are complex and not fully
understood. One reason for this decline may be the lack of evolutionary pressure to maintain
the proteome beyond the point when the organism has reproduced and passed on their genomic
information to the next generation'’. Studies using the model system C. elegans show that the
proteasome changes significantly as a function of age's. Therefore, targeting the protein

homeostasis network may be a promising strategy to target age-related protein aggregation.
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Figure 2: Amyloid aggregation scheme

(A) Amyloid formation starts from a monomeric, often intrinsically disorder proteins, that can self-
assemble into oligomeric intermediates, that form protofibrils, that ultimately form amyloid fibrils in
amyloid deposits. (B) Decline in proteostasis leads to an increase in protein aggregation, which can
overwhelm the proteostasis system leading to a further decline in proteostasis network causing a vicious
cycle. (C) Image of amyloid-§ plagues in Alzheimer’s patients (D) Image of Lewy body in Parkinson’s
patients. Images (C, D) are creative-common-license (CC-BY, wikipedia.org).

1.2 Protein disorder and its connection to misfolding diseases

Intrinsically disordered proteins (IDPs) lack a distinct three-dimensional structure and exist as
an ensemble of multiple conformations'®. Despite the lack of well-defined structures,
intrinsically disordered proteins are important for the regulation of transcription and the cell

cycle???!

. The ability of intrinsically disordered proteins to be functional is due to some
advantage IDPs have in the separation of binding specificity and affinity, and their adaptability
to various binding partners. Intrinsically disordered proteins can often adopt a stable structure
when interacting with a well-folded binding partner??. It has been found that the affinity of
IDPs in protein complexes spans a range from low nanomolar to micromolar affinities®>.

In other cases, intrinsically disordered proteins do not undergo a disorder-to-order transition
but instead engage in fuzzy complexes. The term fuzzy complex is based on the concept of
fuzzy logic, where a value can range between 0 and 1, indicating an inherent ambiguity in
describing the structural state of the complex?**. Therefore, fuzzy complexes cannot be

described by one defined structure. A challenge in studying these complexes is the existence

of multiple states that often undergo fast conformational exchange. One example of a complex
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with extreme disorder is the interaction between the two intrinsically disordered proteins
histone H1 and prothymosin-ca.. In this complex both proteins keep their disordered structure
without adopting a folded ensemble®.

Extended conformations of intrinsically disordered proteins make them prone to engage in
unintended interactions that can result in protein aggregation. Therefore, structural transitions
of intrinsically disordered proteins in misfolded states have been associated with a range of
diseases associated with protein misfolding, especially neurodegenerative diseases like
Alzheimer’s disease, Parkinson’s disease, Huntington disease and the prion diseases'?.

For example, the intrinsically disordered proteins, amyloid-B protein and tau protein are
associated with Alzheimer’s disease (AD), and the IDP a-synuclein forms amyloid fibrils in
Parkinson’s disease (PD). In Huntington disease, polyglutamine expansion in the huntingtin
protein (HTT) leads to a partially disordered protein resulting in protein misfolding and
amyloid formation?®. Proteins forming amyloid fibrils in disease do not exhibit any obvious
similarities in terms of sequence, size or expression and in vivo function?67,

This thesis is focused on two important disease associated IDPs, the amyloid-p protein (A 40)
which is involved in Alzheimer’s and a-synuclein which is involved in Parkinson’s.
Alzheimer’s disease (AD) is the world’s most prevalent neurodegenerative disease. In 2030,
the world’s population of AD patients will exceed 70 million. It is sobering to realize that
nearly one in three people over the age of 85 years will develop Alzheimer’s disease. The
histopathological hallmarks in Alzheimer’s patients are intracellular neurofibrillary tangles
(tau) and amyloid plaques (amyloid-B) peptide (Fig. 2C)*.

The amyloid-f peptide is generated by proteolytic cleavage of the amyloid precursor protein
(APP). The amyloid precursor protein (APP) is a transmembrane protein, and it is physiological
function has not been clearly established®. The amyloid cascade hypothesis first described by
Hardy and Selkoe®° identifies amyloid-P as the causative agent in AD pathology. Amyloid-fB
aggregation is followed by the formation of neurofibrillary tangles and culminates in neuronal
loss which leads to the symptoms of Alzheimer’s disease?'.

In non-amyloidogenic cases the extracellular domain of APP is cleaved by a-secretase and -
secretase resulting in the peptide p3. The peptide p3 is 24 to 26 amino acids long and is missing

the N-terminal 16 residues present in AB40/42. AP40/42 are the cleavage products that

accumulate when B-secretase cleaves the extracellular domain of A instead of a-secretase??.
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AP40/42 sequences has three distinguishable parts a flexible and unstructured N-terminus
(residues 1-15), a central hydrophobic region (residues 17-21) and a hydrophobic C-terminus
(residues 34-40)'3,

Parkinson’s disease (PD) worldwide is the second most common neurodegenerative disease
affecting around 1 % of the world population over 65 years. The histopathological hallmark
for PD is the aggregation of a-synuclein in Lewy bodies and Lewy neurites. Several point
mutations (e.g. A30P, A53T. E46K) in the gene encoding a-synuclein, have been linked to

33,34 Some

familial early on-set Parkinson’s disease that occurs approximately at 40 years of age
mutations (e.g. A53T) accelerate the formation of amyloid fibrils, or lead to the formation of
more toxic oligomeric species**. The molecular mechanism linking the amyloid aggregation of
a-synuclein into Lewy bodies and the development of PD is not yet clear (Fig. 2 D).

a-synuclein itself is an intrinsically disordered protein that contains three domains, a N-
terminal domain (residue 1-60), a central domain (61-95) and a C-terminal domain (61-95)3,
The N-terminal domain contains an apolipoprotein lipid-binding motif and is predicted to form
an amphiphilic helix when bound to membranes. The central domain is the so-called non-

amyloid-p component (NAC) domain with multiple hydrophobic regions. Lastly, the C-

terminal domain is a disordered highly negatively charged and proline-rich part of the protein?®.

1.3 Investigation of amyloid formation in vitro

Current evidence points toward the idea that it is the process of amyloid formation rather than
the presence of amyloid plaques that leads to neurodegeneration®’-8, Thus, elucidating the
mechanism, process and external factors that lead to amyloid formation can potentially provide
information that may eventually lead to measures to inhibit or prevent amyloid associated
neurodegeneration. There are several methods that allow us to study the mechanism of amyloid
formation in vitro.

Measuring amyloid kinetics by fluorescence spectroscopy

Monitoring the kinetics of amyloid formation is commonly performed with the fluorescence
dye Thioflavin T (ThT) (Fig. 3). As ThT binds to amyloid fibrils, its excitation maximum shifts
from 385 nm to 450 nm and its emission maximum shifts from 445 nm to 482 nm. ThT free in
solution has a rotating carbon-carbon bond between the benzylamine and benzathiole ring, and
the rotation of this bond quenches the excited state. In the amyloid fibril bound state, ThT is

sterically restricted to one conformation and this prevents excited state quenching®®. This
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excited state results in a large enhancement of the fluorescence emission and this makes ThT
a very sensitive dye for the detection of amyloid fibrils. A typical amyloid aggregation
experiment with Thioflavin T results in a sigmoidal curve. Unfortunately, the early steps of

amyloid formation that occur during the lag-phase are invisible in a ThT-assay.

Kinetic of amyloid formation

As described above, the use of the fluorescence dye Thioflavin T enables the overall,
macroscopic monitoring of amyloid formation. The challenge is to interpret this result in
quantitative terms by extracting microscopic rates that help us understand the fundamental
steps involved in the process of amyloid formation. Recent advances in studying the process
using chemical kinetics led to the generation of a mathematical framework describing the
mechanism*’. This new framework, was successfully applied by the Knowles group to
characterize the mechanism underlying the amyloid formation of AB40/424!. They found self-
assembly of AP40/42 peptides to be composed of several microscopic steps; primary
nucleation, elongation and secondary nucleation (Fig. 3). In general, amyloid formation

follows a nucleation-dependent polymerization mechanism.
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Figure 3: Mechanism of amyloid formation.

Amyloid kinetics studied in vitro under non-seeding conditions generally follows a sigmoidal curve.
During the lag phase, the process of primary nucleation k, takes place. The growth phase contains two
processes, elongation (k:) and secondary nucleation (k;). The plateau indicates the complete
consumption of monomeric protein into amyloid fibrils. The insert shows the structure of the dye
Thioflavin T.
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Primary nucleation

Primary nucleation is the initial step which occurs when the amyloid protein exists in its
monomeric state in solution. In a typical ThT kinetic curve, primary nucleation is represented
by a lag-phase, where the signal of protein aggregation as read out with ThT fluorescence does
not change. This apparent lag-phase occurs because ThT only interacts with cross-3 structures
in amyloid fibrils, or amyloid-like states. Protein monomers undergo structural changes to form
nuclei that are susceptible to aggregation. These amyloid nuclei consist of unstable amyloid-
like states that have the same probability of elongating into amyloid fibrils and reverting back
to disordered monomeric states. Primary nucleation is the slowest step of amyloid formation
in part due to the high free energy barrier of nuclei formation. It is the only step depending on
monomeric protein*?. Nuclei that are formed can engage in the processes of elongation and
secondary nucleation. Historically it has been difficult to observe the structure or state of
nuclei, in part because they are extremely short-lived due to the rapid equilibrium between

monomeric states, nuclei and elongated fibril states*344,

Secondary nucleation

Secondary nucleation describes the step of forming nuclei on the surface of preexisting fibrils.
It has been shown that this step is important in generating more fibril mass during amyloid
formation for AB40/APB42. It is thought that monomers can attach to the fibril surface and
undergo a conformational change into nuclei, these nuclei can dissociate from the fibril surface
and then can elongate into longer fibrils. Secondary nucleation occurs after a critical
concentration of fibrils has been formed and is responsible for the formation of more nuclei
than primary nucleation®#. The rate of secondary nucleation is also dependent on the
monomer concentration in solution but can reach saturation for AB40. Because the rate is
dependent on the rate of monomer association onto fibril surfaces rather than on dissociation
of formed nuclei from the fibrils, secondary nucleation creates a positive feedback loop that
drives the autocatalytic nature of amyloid formation*>®, The rate of secondary nucleation can
be altered by screening electrostatic repulsion through salt concentration or by changing the
amyloid B charge distribution through mutation, some of which are associated with early onset

of AD%.
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Elongation

Elongation describes the step in which monomeric protein attaches to the fibril ends. It thus
leads to the formation of long fibril structures. Elongation results in the sigmoidal growth phase
during amyloid formation. Elongation rate can be influenced by protein modifiers that bind to

fibril ends or change the attachment of monomers to the fibrils*,

Fragmentation

The process of fragmentation is characterized by breakage of fibrils, this mostly occurs through
external force and leads to the production of new fibril ends that are available for elongation®.
By using constant shaking as an external force, fragmentation can be induced, and this results
in an acceleration of amyloid formation®®. Amyloid formation for a--synuclein in vitro occurs
on a slow timescale (e.g. 5 to 7 days) under quiescent conditions®!. The artificial introduction
of a fragmentation step allows one to study of amyloid formation on a more experimentally
reasonable time-scale (< 3 days). Unfortunately, under fragmentation inducing conditions, e.g.
during constant shaking, the different contributions of the other microscopy steps like

secondary nucleation processes are obscured by this artificially induced fragmentation step.

Mechanism of a-synuclein amyloid formation

In contrast to the detailed study of the microscopic rate constants involved in the amyloid
formation of AB40, the kinetics of a-synuclein are less well studied. This is due to persistent
experimental limitations e.g. slow amyloid aggregation under neutral pH>'. a-synuclein
aggregation at neutral pH and under quiescent conditions, conditions comparable to the ones
used for AP40/42, takes 5 to 7 days. In vitro it has been shown that a-synuclein amyloid
formation is accelerated by high ionic strength buffers or low pH or by constant shaking. The
rate of secondary nucleation is strongly accelerated if the pH of the reaction is made mildly
acid (pH< 5.5), and this results in the acceleration of the rate of amyloid formation®'. At neutral
pH, a-synuclein amyloid formation is dominated by the elongation step, no significant
contribution of a secondary nucleation step has been observed>?.

For a-synuclein, the elongation rate k+, which corresponds to the addition of monomers to
fibril ends, has been estimated to be 2 x10° M- s at 37 °C in phosphate buffered saline (PBS,
pH 7.4). In comparison, the k- rate constant for AB40 under the same conditions is 3x10° M-!
st and AB42 k+ =3 x 10° M 571 3133 The AB40/AB42 elongation rates are thus 100 to 1000-

fold faster than for a-synuclein.
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Monitoring early stages via ion mobility mass spectrometry (IM MS)

Thioflavin T fluorescence is not useful for monitoring the early steps in amyloid formation
because they involve structural transitions that are invisible to ThT. However, a technique that
can monitor early states of amyloid formation in a fast, sensitive manner is native ion mobility
mass spectrometry IM-MS (Fig. 3).

The goal of native ion-mobility mass spectrometry (IM-MS) is to analyze protein and protein
complexes in the gas phase while preserving protein-protein interaction and protein structures
in a native-like state. Native ion mobility mass spectrometry allows one to analyze protein mass

(m/z) and conformational state of proteins and protein complexes®*.
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Figure 4: Diagram of an ion mobility-mass spectrometer (IM-MS).

First, proteins are ionized by nano-electrospray ionization (nESI) at the ion source. The generated ions
traverse an ion guide (drift tube) filled with neutral gas molecules under the influence of a weak electric
field. Ions in the drift tube migrate based on their size. Following the ion mobility separation, the ions
are injected into a Time of Flight (TOF) mass analyzer to determine the mass-to-charge ratio m/z. IM-
MS results in three-dimensional data output containing the ion intensity, size (collision cross section)
and mass information (Figure was kindly provided by Dr. Varun V. Gadkari, University of Michigan).
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To perform IM-MS, samples are ionized by nano-electrospray ionization (nESI) and separated
via ion mobility (IM)*°. In the ion mobility step, ions traverse through a neutral drift gas (e.g.
argon gas) in the presence of a weak electric field. lons are separate based on their
orientationally averaged collision cross section (CCS) and charge. Each ion generated during
ionization (nESI) has a unique drift time and arrival time distribution based on its transfer time
through the drift tube, and its mass-to-charge ratio (m/z) based on its flight time through the
time of flight mass spectrometer>®,

The collision cross section is a direct measure of physical size and shape of the separated ions.
It has been established that the experimentally determined collision cross section for protein
structures corresponded well with the CCSs estimated based on the published atomic
structures®’>°. An advantage of IM-MS is that it allows for the very sensitive detection of
complexes on a millisecond time scale and has the ability to measure appearance and
disappearance of individual species during a reaction.

Previously, native ion mobility mass spectrometry has been used to investigate the ensemble
of amyloid peptides because of its ability to elucidate conformational heterogeneity of samples
and because of its ability characterize protein-protein interactions®®. IM-MS has previously
been used to characterize small oligomers formed by AB40 and AB429°. It was found that AB42
can form dimer, tetramer, hexameric and dodecameric states®!. In all cases the oligomeric
species did not represent more than 10 % of the total signal, indicating that these states are all
in equilibrium with each other. In contrast to AB42, only dimers and trimers of AB40 were
detected.

The characterization of intrinsically disordered proteins (IDPs) is an inherently challenging
problem. However, a number of studies with intrinsically disordered proteins have shown that
IM-MS is capable of differentiating the conformational state of disordered proteins alone and
in complex making this a promising approach to analyzing amyloid formation which is known
to involve transitions from an intrinsically disordered state of an amyloid protein to a much

more ordered state of the amyloid®>3,

1.4 Molecular Chaperones are modifiers of amyloid formation

One of the goals of this thesis is to understand how host factors that alter amyloid formation

affect the mechanism of amyloid formation. Disease associated mutations in AB40/42 or o-

3447

synuclein alter the propensity and kinetics of amyloid formatio . These intrinsic factors
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have been associated to cases of early on-set AD or PD. A study of AB42 (e.g. E22G) mutants
associated with early on-set AD found that mutants that reduce the net charge of AP42
accelerate the step of secondary nucleation*’. External factors that can inhibit or modify
amyloid formation are of interest in developing treatments for AD and PD and a further
understanding of the process.
Molecular chaperones can affect the three steps of amyloid formation: primary nucleation,
secondary nucleation, and elongation. Molecular chaperones have evolved to be promiscuous
in recognizing misfolded or aggregates proteins, therefore they are well positioned to bind to
different folding states that occur during amyloid formation’. Chaperone binding can
potentially affect various microscopic steps of amyloid formation with their effect dependent
on the relative affinities of the chaperone towards different species in the amyloid formation
pathway®*. The conserved chaperones Hsp70 and Hsp90 are known to inhibit early stages of
AB42 amyloid formation®. Hsp70 and its co-chaperone Hsp40 interact with misfolded
monomers or oligomers affecting different steps occurring during amyloid formation®. Hsp70
can function as a holdase, that binds to misfolded states and blocks the progression of amyloid
formation. Hsp90 has been shown to interact with the amyloid-prone repeat motif in tau and
thus act as a holdase in preventing amyloid aggregation®-”.
The Hsp40 molecular chaperone DNAJB6 inhibits AP42 amyloid formation at sub-
stoichiometric concentrations. DNAJB6 binds to small oligomeric nuclei rather than monomers
and in doing so inhibits primary nucleation®®. Members of the BRICHOS domain family have
been reported to inhibit amyloid formation®. A recent publication studied the mechanism by
which BRICHOS Bri2 inhibits AB42 amyloid formation in detail and found that Bri2
selectively inhibits the step of secondary nucleation’. The molecular chaperone Hsp104, a
AAA-ATPase, is a molecular machine that can disaggregate proteins and amyloids’!-’2,
Hsp104 is not present in metazoans, instead a protein-disaggregase machinery is present that
consist of a complex of chaperone proteins Hsp110, Hsp70 and Hsp4073. Specifically, it has
been shown that a complex containing Hsp70 (Hsc70) the J-protein DANJBI1 and a nucleotide
exchange factor Apg2 can disaggregate a-synuclein fibrils in vitro’*. The disaggregated protein
can be targeted for degradation by the proteasome.
Another class of proteins that have been found to influence amyloid formation are antibodies
generated against the disordered or oligomeric state of amyloid protein”. A rational design
approach generated antibodies effective in targeting primary or secondary nucleation of
AB4276. Similarly, a protein design approach has generated a different binding protein that
12
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targets a-synuclein aggregation’’. The use of antibodies in clinical trials however is very
challenging due to severe side effects including host immune and inflammatory responses’s.
However, the autoantibody Aducanumab, that was derived from elderly people who are
cognitively normal and fit has shown some promise in clinical trials in targeting amyloid-3
aggregation. Aducanumab appears to cause less severe side effects in comparison to previously
tested anybodies’’.

Poly-anions including polyphosphate and heparin are another class of molecules that can
modify amyloid formation. The oligomer hypothesis states that the intermediate oligomeric
species are more harmful to the cell than the final insoluble amyloid fibrils®®#!. Poly-anions
seem to work by targeting oligomers, reduce them in number by accelerating amyloid kinetics
and favoring the amyloid fibril state®. It has been demonstrated that polyphosphate can protect
non-amyloid proteins from aggregation by keeping them in a B-sheet like structure®’.
Polyphosphate can accelerate the formation of multiple amyloid proteins (e.g. a-synuclein,
AP42, tau). Polyphosphate binds to amyloid fibrils and thereby changes the morphology of the
fibrils®4. The positively charged molecule, heparin, has also been reported to accelerate the
formation of amyloid fibrils®>. This short overview shows the diversity and complexity of
different modifiers of amyloid formation in vitro and in vivo. I now wish to focus on a novel
modifier of amyloid formation which is the subject of my thesis namely ScSERF the
S. cerevisiae homologue to the C. elegans protein MOAG-4 (modifier of amyloid aggregation-
4).

1.5 SERF/MOAG-4 is a novel modifier of amyloid formation

Pharmacological attempts to target proteins involved in amyloid formation such as the
molecular chaperones discussed above or additional members of the proteostatsis network have
been met with very limited success®®. Therefore, the discovery of additional modifiers of
amyloid formation is urgently needed to expand the range for possible drug targets.

Genetic screens are a useful tool to discover new genes involved in disease. Overexpression of
aggregation-prone disease-related proteins (e.g. polyglutamine, a-synuclein and -amyloid)
fused to fluorescent reporter like YFP or GFP (yellow- or green-fluorescent protein) lead to
foci formation and toxicity in the model system Caenorhabditis elegans. A genetic screen in
C. elegans identified that the deletion of MOAG-4 reduced the protein aggregation and toxicity
of polyglutamine, amyloid-B and a-synuclein®’. Figure 5 A, B shows bright puncta of YFP-
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protein fused to a polyglutamine stretch in an amyloid sensor, it was found that the deletion of
MOAG-4 leads to a significant decrease of aggregated protein (Fig. 5 B). MOAG-4 is a very
small highly evolutionary conserved protein (Fig. 6)%. In the same study the authors found a
similar effect in HEK293 cells, in which the human homologues SERF1a, SERF2 deletion
leads to less aggregation and a reduction in cell death (Fig. 5 C).

C
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Figure 5: Genetic Screen for modifiers of amyloid formation.

(A) Confocal images of wild type C. elegans overexpressing YFP-Q40 protein show formation of
abundant puncta. (B) Confocal images of an isogenic C. elegans with the gene moag-4 deleted. (C)
Overexpression of HA-tagged Huntington exon 1 with polyQ (Q74) extension, aggregation and cell
death in HEK293 cells transiently transfected with siRNA targeting SERF1A or SERF2. Images
modified from van Ham TJ, et al. (2010)*".

Additionally, the overexpression of the human MOAG-4 homologue, a small EDRK-rich
factor 1 (SERFIA and SERF2) increased the toxicity of polyglutamine (HTT exon 1 polyQ)
expression in cell culture experiments®’.
A recent paper shows that in SH-SY5Y neuroblastoma cells where SERF1a and GFP-tagged
a-synuclein were overexpressed together that SERF1la co-localizes to a-synuclein puncta,
indicating a possible interaction between SERF1a and o-synuclein in vivo®’.
In vitro, the human protein SERF1a has been shown to be able to accelerate amyloid formation
of a broad range of amyloidogenic proteins®. It has been shown that MOAG-4 is an
intrinsically disordered protein in solution and that in vitro it is capable of accelerating amyloid
formation of a-synuclein’!. However, the detailed mechanism whereby MOAG-4 and its
homologues accelerate amyloid formation is not yet clear. A very recent publication suggests
that SERF1a is an RNA-binding and organizing protein. SERF1a can bind RNA molecules
with low-micromolar affinity®>. SERFla sequence does not show any previously observed
RNA-binding motifs, but the high isoelectric point of SERFla (pI 10.44) is commonly
observed in nucleic acid binding proteins. The function of the interaction between SERF1a and
RNA is not clear®.
In this study I am characterizing the SERF homologue from S. cerevisiae, YDLO85C-A,
hereafter termed ScSERF. A sequence alignment between members of the SERF/MOAG-
14
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family shows the high degree of sequence conservation between ScCSERF and other SERF
proteins (Fig. 6). SCSERF sequence is 45 % identical to human SERF1a, and 49 % identical to
C. elegans MOAG-4. The S. cerevisiae homolog was chosen not only for its sequence
conservation but also due to ease of genetic manipulations and the availability of numerous
genetic tools for this model organism. Future studies using the model organism yeast will help

us bridge the gap between in vitro findings and in vivo questions.
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Figure 6: Sequence alignment of SCSERF

Alignment of complete protein sequence of S. cerevisiae SERF (ScSERF) with representative
homologues from a diverse selection of other eukaryotic species. The accession codes of the sequences
selected from top to bottom are; Q3E7B7, QOUTFO0, 075920, P84101, Q32P76, Q9BKUS8, QIBKUS,
A5JSS4, QOVEW2, A6H8S3, AOA3Q2ULA2, P84102, F6Y2SO0. (Figure from Meinen et al., 2019).
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1.6 Objectives of this thesis

As described in the introduction, an in-depth understanding of the mechanism and process of
amyloid formation is crucial for the aim to develop intervention methods in treating devastating
neurodegenerative diseases including Alzheimer’s and Parkinson’s.

The overall aim of this work is to characterize SCSERF, a small intrinsically disordered protein,
in order to gain mechanistic and structural insights into how it accelerates amyloid formation
of AP40 and a-synuclein. The small sizes and biophysical amenable characteristics of
ScSERF, AB40 and a-synuclein present an excellent opportunity to study the mechanism of
amyloid formation and how it is affected by this host factor in great detail.

The first aim is to characterize the structural features of SCSERF and compare them to the
structural features of the previously characterized MOAG-4 and human SERF homologues.
For the second aim I set out to characterize the mechanism of AB40 and a-synuclein amyloid
formation, this involved first establishing in our lab reproducible amyloid kinetics assays for
these proteins. In the case of AB40, the kinetic framework developed the Knowles group *' was
utilized to analyze AP40 amyloid kinetics and to determine the microscopic steps that are
effected by ScCSERF. The amyloid kinetics of a-synuclein in the presence of SCSERF were
established and were evaluated both under self-seeded and un-seeded conditions. Structural
investigation of the interaction between ScCSERF and the amyloid proteins will be performed
by solution nuclear magnetic resonance spectroscopy (NMR) and the early kinetics of amyloid
formation will be characterized using native ion mobility-mass spectrometry (IM-MS). The
mechanistic insights generated from the kinetic data analysis were combined with the structural
data to generate a comprehensive picture of the interaction between SCSERF and both amyloid
proteins. I also set out to investigate if SCSERF exhibits any amyloid related phenotype(s) in
S. cerevisiae. The SERF protein is highly conserved in eukaryotes, the advantage of working
with ScSERF, the yeast homologue, is based on the diversity of genetic tools ability to easily
manipulated S. cerevisiae. This will allow us to test our hypothesis derived from the in vitro
characterization in vivo.

By investigating the described aspects, we will gain valuable information about the role a small
intrinsically disordered protein on amyloid formation and generate knowledge that can

potentially be applied towards targeting aspects of amyloid formation.
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2 Materials

2.1 Chemicals, Equipment and Consumables

2.1.1 Chemicals

Materials

Chemical Abbreviation | Supplier

1,2-dithiotherol DTT Sigma Aldrich, St .Louis, MO

2-Mercaptoethanol BME MP Biomedicals, Irvine, CA

Acetic acid, glacial Mallinckrodt Baker,
Philipsburg, NJ

Agarose MP Biomedicals, Irvine, CA

Ammonium acetate MP Biomedicals, Irvine, CA

Ammonium bicarbonate, NHsHCO; Sigma Aldrich, St. Louis, MO

Ammonium chloride, N NH,CI Cambridge Isotope
Laboratories, Inc. Andover,
MA

Ammonium sulfate (NH4)2S04

Arabinose MP Biomedicals, Irvine, CA

Bacto-Agar Difco, Detroit, MI

Bromophenol blue

Calcium chloride CaCl» Thermo Fisher Scientific,
Waltham, MA

Carbenicillin Thermo Fisher Scientific,
Waltham, MA

Chloroform Sigma Aldrich, St. Louis, MO

Citric acid Mallinckrodt Baker,
Phillipsburg, NJ

Cobalt (IT)-chloride CoCl, Sigma Aldrich, St. Louis, MO

Coomassie Brilliant blue G250 MP Biomedicals, Irvine, CA

Coomassie Brilliant blue R250 MP Biomedicals, Irvine, CA

Copper (II)-sulfate CuSOq4 Sigma Aldrich, St. Louis, MO

Dimethyl sulfoxide DMSO Sigma Aldrich, St. Louis, MO

Dipotassium hydrogen phosphate K>HPO4 Thermo Fisher Scientific,
Waltham, MA

Ethanol Mallinckrodt Baker,
Philipsburg ,NJ

Ethylenediamine tetra acetic acid EDTA Sigma Aldrich, St. Louis, MO

Glucose MP Biomedicals, Irvine, CA

Glucose, °C Cambridge Isotope
Laboratories, Inc. Andover,
MA

Glycerol Thermo Fisher Scientific,
Waltham, MA

Glycine Sigma Aldrich, St. Louis, MO

Guanidinium chloride, ultra-pure GdnHCI Thermo Fischer Scientific,
Waltham, MA

Hydrochloride acid HCL Thermo Fisher Scientific,
Waltham, MA

Imidazole Sigma Aldrich, St. Louis, MO

Iron (IIT)-chloride FeCls Sigma Aldrich, St. Louis, MO

Isopropanol
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Isopropyl § D-1-thiogalactopytanoside

Magnesium chloride

Magnesium sulfate

Manganese (I1) sulfate
2-(N-morpholino)ethanesulfonic acid
N-(2-hydroxyethyl)-piperazine-N’-2-ethan
sulfonic acid

Nickel sulfate

Phenylmethylsulfonyl fluoride
Potassium chloride

Potassium dihydrogen phosphate
Potassium hydroxide

Sodium chloride

Sodium dodecyl sulfate

Sodium hydroxide
Thiamine-hydrochloride

Thioflavin T
Tris-(hydroxymethyl)-aminomethan
Tris(2-carboxyethyl)phosphine
Tryptone

Urea, ultra-pure
Yeast extract

Yeast Synthetic Drop-out Medium
Zinc sulfate

2.1.2 Antibiotics, markers and dyes

Materials

IPTG Research Products
International, Mt. Prospect,
Illinois
MgCl, Sigma Aldrich, St. Louis, MO
MgSO4 Sigma Aldrich, St. Louis, MO
MnSOq4 Sigma Aldrich, St. Louis, MO
MES Sigma Aldrich, St. Louis, MO
HEPES MP Biomedicals, Irvine, CA
NiSO4 Sigma Aldrich, St. Louis, MO
PMSF Sigma Aldrich, St. Louis, MO
KCl Sigma Aldrich, St. Louis, MO
KH,PO4 Sigma Aldrich, St. Louis, MO
KOH Merck, Whitehouse Station,
NNJ
NaCl Thermo Fisher Scientific,
Waltham, MA
SDS Gibo, Rockville, MD
NaOH Sigma Aldrich, St. Louis MO
MP Biomedicals, Irvine CA
ThT Sigma Aldrich, St. Louis MO
Tris MP Biomedicals, Irvine CA
TCEP Sigma Aldrich, St. Louis MO
Thermo Fisher Scientific,
Waltham, MA
MP Biomedicals, Irvine CA
Thermo Fischer Scientific,
Waltham, MA
Sigma Aldrich, St. Louis MO
ZnS0Oy Sigma Aldrich, St. Louis MO

All antibiotics were purchased from MP Biomedicals, Irvine, CA.

Antibiotic Solvent Stock solution Working concentration
[mg/ml] [ng/ml]

Ampicillin ddH-O 200 200

Chloramphenicol 100 % Ethanol 34 34

Carbenicillin ddH,O 100 100

Kanamycin ddH.O 100 100

Marker/Dye Company

PageRuler™ Prestained Protein Ladder
QuickLoad 1kb DNA Ladder

Bromophenol blue

Coomassie brilliant blue R-250

Gel Loading Dye, Blue (6x) for DNA
SYBR Safe DNA Gel Stain

AlexaFluor™ 532 NHS Ester (Succinimidyl
Ester)

AlexaFluor™ 532 C5 Maleimide

Fermentas, Burlington, Canada

New England Biolabs, Ipswich, MA
MP Biomedicals, Irvine, CA

MP Biomedicals, Irvine, CA

New England Biolabs, Ipswich, MA
ApexBio, Houston, TX

Thermo Fisher Scientific, Waltham, MA

Thermo Fisher Scientific, Waltham, MA
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2.1.3 Enzymes and Kits

Materials

All restrictions enzymes were purchased from New England Biolabs, Ipswich, MA.

Enzyme

Supplier

Benzonase nuclease

Phusion High-Fidelity DNA Polymerase
GoTaq polymerase

PfuUltra High-fidelity DNA Polymerase

Kit

Sigma Aldrich, St.Louis, MO

New England Biolabs, Ipswich, MA.
Promega, Madison, W1

Agilent Technologies, Santa Clara, CA

Supplier

QIAprep Spin Miniprep Kit

QIAquick Gel Extraction Kit

QIAquick PCR Purification Kit

QuickChange II Site-Directed Mutagenesis Kit

Qiagen, Valencia, CA
Qiagen, Valencia, CA
Qiagen, Valencia, CA
Stratagene, La Jolla, CA

2.1.4 Oligonucleotides, Plasmids and Strains

All oligonucleotides and

synthetic genes were purchased

technologies, Coralville, IA.

from IDT, Integrated DNA

Primer Sequence Purpose

Forward A63C 5' GAAAAACTGGAAAAACTGAA | ScSERF A63C
ATGTGAAAAAACCCGCCGCTAA
CTC3'

Reverse A63C 5' GAGTTAGCGGCGGGTTTTTTC | ScSERF A63C
ACATTTCAGTTTTTCCAGTTTTT
c3

Forward LW 5' CGGTAACCAGCGTGACTGGG | ScSERF LOW
CCCGTCAGAAAAATC 3'

Reverse LOW 5' GATTTTTCTGACGGGCCCAGT | ScSERF LOW
CACGCTGGTTACCG 3'

FW YDLO085C-A 5" GTCATGGATCCATGGCGCGC | Cloning ScSERF pet28b
GGTAACCAGCG 3'

REV YDLO085C-A 5" CATAGCTCGAGTTAACGGCG | Cloning ScSERF pet28b
GGTTTTCTCCGCTTTC 3'

Forward Deletion Primer

5> ATGGCGCGCGGTAACCAGCG

Deletion TCC codon for

3 Serine in pet28b
Reverse Deletion Primer 5> TCCACCAATCTGTTCTCTGTG | Deletion TCC codon in
3 pet28b

YDL085C-A_mF1

5> AGAGCAACAAATTACGTCGC
AAGACGATACATCTTTAACACG
GATCCCCGGGTTAATTAA 3'

Genomic deletion in
S. cerevisiae

YDL085C-A_mR1

5" ACTATTCATTCCAATAAAAGG
ACAGGTATAAAGTGTCTGCGAA
TTCGAGCTCGTTTAAAC 3'

Genomic deletion in
S. cerevisiae
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E. coli plasmid Information Reference
Pet28b-His-Sumo-ScSERF T7, His-sumo tag Meinen et al. (2019), this study
pFGET19 _Ulpl T7, His tag Ming Lei, University of

pETSaC-AB40

pET7-7-a-synuclein vector

T7, a-synuclein

T7, AB40 overexpression

Michigan”

Walsh DM, et al. (2009, FEBS
J276(5):1266—1281.

Jain N, et al. (2013) PLoS One

overexpression 8(12):e83752
S. cerevisiae Plasmid Information Reference
pRS426 Gall Empty vector Petroi D, et al. (2012). J Biol Chem
287(33):27567-27579.
pRS426 Gall alpha- Overexpression o-syn, Petroi D, et al. (2012). J Biol Chem
Synuclein WT Strong gal promoter 287(33):27567-27579.
pRS426 Gall alpha- Overexpression a-syn, Petroi D, et al. (2012). J Biol Chem
Synuclein A30P Strong gal promoter 287(33):27567-27579.
pRS426 Gall alpha- Overexpression a-syn, Petroi D, et al. (2012). J Biol Chem
Synuclein E46K Strong gal promoter 287(33):27567-27579.
pRS426 Gall alpha- Overexpression o-syn, Petroi D, et al. (2012). J Biol Chem
Synuclein A53T Strong gal promoter 287(33):27567-27579.
pRS426 Gall alpha- Overexpression o-syn, Petroi D, et al. (2012). J Biol Chem
Synuclein WT Y 125F Strong gal promoter 287(33):27567-27579.

pYES2 empty

pYES2 Htt 103Q

pYES?2 Hit 25QP

E. coli strains

Strain

Empty vector

Huntington Exon polyQ
overexpression, strong gal
promoter

Huntington Exon polyQ
overexpression, strong gal
promoter

Genotype

Krobitsch S, Lindquist S (2000).Proc Natl
Acad Sci U S A 97(4):1589-1594.
Krobitsch S, Lindquist S (2000).Proc Natl
Acad Sci U S A 97(4):1589-1594

Krobitsch S, Lindquist S (2000).Proc Natl
Acad Sci U S A 97(4):1589-1594

Reference / Supplier

E. coli K12 MG1655
E. coli K12 NEB 10-beta

E. coli BL21 DE3

F- A- ilvG rfb-50 rph-1

A(ara-leu) 7697 araD139 fhuAd AlacX74
2alK16 galE15 el4- @80dlacZAMIS5 recAl
relAl endAl nupG rpsL (StrR) rph spoTl

A(mrr-hsdRMS-mcrBC)

B F ompT gal dem lon hsdSp(rg mz) M(DE3
[lacl lacUV5-T7p07 indl sam7 nin5])

[malB+]K.1z(7»S)

Blattner, Plunkett, et. al.1997*
New England Biolabs,
Ipswich, MA

Merck&Co, Kenilworth, NJ
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S. cerevisiae strains

Strain Genotype

Materials

Reference

BY4742 S. cerevisiae

BY4742 S. cerevisiae
Aydl085c-a
a::KAN

2.1.5 Equipment

MATa his341 leu2A0 lys240
ura3A0 trpA:HIS

MATa his341 leu2A0 lys240
ura340 trpA:HIS Aydl085c-

Baker, Brachmann C, et al.
(1998) Yeast 14(2):115-132.
This study

Equipment Supplier
Chromatography

AKTApure™ GE Healthcare, Chicago, IL
Fraction Collector Frac 950 GE Healthcare, Chicago, IL
P1 Pump GE Healthcare, Chicago, IL

HisTrap HP, 5ml CV
HiTrap SP, 5Sml CV

HiTrap Q HP, 5Sml CV
DEAE cellulose resin
Superdex S75 10/300 GL
HiLoad 16/60 Superdex S75
PD10 desalting column

GE Healthcare, Chicago, IL
GE Healthcare, #17115201, Chicago, IL
GE Healthcare, #17115401, Chicago, IL
GE Healthcare, Chicago, IL
GE Healthcare, #17517401, Chicago, IL
GE Healthcare, #17106801, Chicago, IL
GE Healthcare, Chicago, IL

Gelelectrophorese

Electrophoresis Power Supply EPS 301
Agarose Gel Chamber FB-SB-71
XCell SureLock Mini-Cell

Scanner, EPSON Expression 1680
ChemiDoc™ MP Imaging system

Amersham Pharamcia Biotech
Amersham Pharamcia Biotech

Thermo Fischer Scientific, Waltham, MA
Epson, Long Beach, Ca

BioRad, Hercules, CA

Molecular biology

Venti 96-well Thermo Cycler

New Brunswick™ Innova 44 Incubator shaker
New Brunswick™ Innova 4230 Incubator
shaker

New Brunswick™ Roller drum TC-7
Eppendorf Thermomixer comfort

Applied BioSystems
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

Plate reader

Tecan Infinite M200 pro Microplate reader
Tecan Infinite M1000 Microplate reader
Synergy HTX Multi-Mode Microplte reader

Tecan, Maennedorf, Switzerland
Tecan, Maennedorf, Switzerland
Agilent Technologies, Santa Clara, CA

Spectroscopy

UV/Vis Spectrometer UV-1900

Cary 100 UV-Visible Spectrophotometer
Cary Eclipse Fluorescence Spectrophotometer
J-1500 CD Spectrometer

Genesis 10vis

Shimaduz, Kyoto, Japan

Agilent Technologies, Santa Clara, CA
Agilent Technologies, Santa Clara, CA
JASCO Inc.

Thermo Scientific, Waltham, MA

Mass Spectrometry

Synapt G2 mass spectrophotometer

Waters, Milford, MA

NMR Spectroscopy

Bruker AVANCE™ 900 Mhz Bruker, Billerica, MA
Bruker Ascend™ 800 Mhz Bruker, Billerica, MA
Centrifugation
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Avanti J26XP1

ProteomeLab™ XL-1

Beckman Coulter Microfuge 20R
Eppendorf centrifuge 5415R
Eppendorf centrifuge 5424
Eppendorf centrifuge 5810 R

Beckman Coulter, Brea, CA
Beckman Coulter, Brea, CA
Beckman Coulter, Brea, CA
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany
Eppendorf, Hamburg, Germany

Others

Sonication bath, , #1510

Mettler Toledo Classic Light
Mettler Toledo Eccellence

pH Meter Fischer Scientific XL15
Multichannel pipette 10, 200, 1000
Pipettes, Research, 2,10,100, 200, 1000 ul
Vortex mixer

Vortex Genie2

Water purification system MilliQ
Thermo Mixer

Heating Block, IsoTherm

Stir plate PC-353

Stir plate PC-420D

2.1.6 Consumables

Consumable

Branson Ultrasonics, Danbury, CT
Mettler Toledo, Columbus, OH

Mettler Toledo, Columbus, OH

Thermo Fischer Scientific, Waltham, MA
Eppendorf, Hamburg, Germany
Eppendorf, Gilson

Thermo Fischer Scientific, Waltham, MA
Scientific Industries

MilliporeSigma, Burlington, MA
Eppendorf, Hamburg, Germany

Fisher Scientific, Waltham, MA

Corning Life Sciences, Lowell, MA
Corning Life Sciences, Lowell, MA

Supplier

Adhesive sealing sheet #125434

Amicon® Ultra, 2 ml,4 ml,15ml

Corstar 3370 Clear Polystrene 96-well plate
Corstar 3631 black, clear bottom 96-well
Corstar 3881 half-well, clear bottom 96-well
Culture tubes 18 x 150 mm

Dialysis membrane

Disposable plastic cuvettes

Electrode Buffer Solutions pH 4.0, 7.0, 10.0
Eppendorf® LoBind microcentrifuge tubes,
Falcon, Polypropylene tube 15 ml & 50 ml
Genepulser cuvettes

Microfuge tube 1.5 ml & 2 ml

NuPAGE™ 16%Tricine

NuPAGE™ 4-12% Bis Tris Gel

Petri dishes

Syringe filters, sterile, 0.22 um, 0,4 um

Thermowell PCR tube

Thermo Scientific, Waltham, MA
Millipore, Billerica, MA

Corning Life Sciences, Lowell, MA
Corning Life Sciences, Lowell, MA
Corning Life Sciences, Lowell, MA
Thermo Fischer Scientific, Waltham, MA
Spectrum Laboratories Inc

Thermo Fisher Scientific, Waltham, MA
Thermo Fisher Scientific, Waltham, MA
Eppendorf, Hamburg, Germany

Thermo Fisher Scientific, Waltham, MA
BioRad, Hercules, CA

Thermo Fischer Scientific, Waltham, MA
Invitrogen, Carlsbad, CA

Invitrogen, Carlsbad, CA

Thermo Fisher Scientific, Waltham, MA
Millipore, Billerica, MA

Corning Life Sciences, Lowell, MA
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2.1.7 Software

Materials

Software Source

Molecular biology PrimerX (Bioinformatics.org), SerialCloner
(SerialBasic)

Plotting and graphing Origin Pro (Origin Lab), KaleidaGraph

Analytical Ultracentrifugation
NMR Spectroscopy

IM-MS

Amyloid kinetics, simulation

2.2 Culture media

(Synergy), GraphPad (GraphPad Software, Inc),
Adobe Illustrator, Adobe Photoshop
UltraScanllIl, SedFit

TopSpin, NMRPipe, Sparky, Pymol,
CSRossetta

MassLynx (Waters), TWIMExtract *°,
CIUSuite2 *°.

AmyloFit, BerkleyMadonna

Solid media was prepared by adding 1.5 % (w/v) agar to the liquid media prior to autoclaving.

Culture plates were poured and cooled at room temperature. The solidified plates were stored

at 4 °C.
Media

Composition

Lysogenic broth (LB) Media

10 g/l Tryptone, 5 g/l Yeast extract, 5 g/l NaCl

PEM media

12 g/l Tryptone, 2.5 g/l Yeast extract, 4 ml/1
Glycerol, 0.017 M KH,PO4, 0.072 M KbHPO4

SOC medium 10 g/l Tryptone, 2.5 g/l Yeast extract, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM
MgSOs, 20 mM Glucose

YPD Media 10 g/l Bacto-yeast extract, 20 g/l Bacto-peptone,

20 g/l Glucose

SC drop out media

Bacto-yeast nitrogen base without amino acids
6.7 g/1, Glucose 20 g/1, Dropout media 2 g/1

Synthetic Dextrose media (SD)

Bacto-yeast nitrogen base without amino acids
6.7 g/l, Glucose 20 g/l

M9-Minimal Media for NMR

Na,HPO; (dibasic) 6g/1, KH,PO4 (Monobasic) 3
g/1, *C Glucose 4 g/l, "N NH4C1 1 g/l, 4 mM
MgSQOs, vitamin mix (1000x), trace elements
(100x)

Trace elements (100x)

EDTA 5g/1, MnCl; 1,6 g/, FeCl3 0.8 g/l, ZnCl,
0.05 g/1, CuCl,,0.01 g/1,CoCl, 0.01 g/1, H;BOs
0.01 g/1, Ni2SO4 0.01g/1, Sodium molybdate
0.01 g/1, pH 7.0 with NaOH

Vitamin mix (1000x)

Riboflavin 1g/1, Niacinamide 1g/1, Pyridoxine
monohydrate 1g/1, Thiamine 1g/1
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2.3 Buffers

Materials

Here listed are standard buffers used for routine techniques. Solutions used for other

experiments are specified in the corresponding method section.

Buffer Composition

Agarose electrophoresis

TAE Buffer Tris-HC1 24.2 g/1, Acetic acid 5.7 ml/l, 0.5 mM
EDTA, pH 7.5

Agarose gel 1 % Agarose, 0.05 ul/ml SYBR-safe dye, in

TAE Buffer

SDS- Polyacrylamide-Gel Electrophoresis

5 x reducing SDS loading dye:

SDS-MES Buffer

Tris-Tricine-SDS-Buffers:

Sodium dodecyl sulfate 5g

Glycerol 305¢g
Tris (1IM), pH 7.0 15 ml
bromophenol blue 0.025¢g
B-mercaptoethanol 2.5ml
ddH-O add 50 ml

50 mM MES, 50 mM Tris-HCI, 0.1 % SDS, 1
mM EDTA, pH 7.3

Anode Buffer (10x) 1 M Tris-HCI, pH 9.0

Cathode Buffer (10x) 1 M Tris-HCI, 1 M Tricine, 1 % SDS, pH 9.25

Yeast Transformation Buffer

LioAC Buffer 0.1 M LioAC, 0.2 M Tris-HCl pH 8, 1 mM
EDTA

TE Buffer (10x) 10 mM EDTA, 0.1 M Tris-HCI pH 8

PEG solution

50 g/ml PEG 3350, 1x TE buffer, 0.1 M LioAC

Solution for Coomassie staining

Fairbanks solution A

Fairbanks solution B

Fairbanks solution C

Fairbanks solution D

25 % (v/v) Isopropanol, 10 % (v/v) Acetic acid,
0.05 % Coomassie R 250

10 % (v/v) Isopropanol, 10 % (v/v) Acetic acid,
0.005 % Coomassie R 250

10 % (v/v) Acetic acid,

0.002 % Coomassie R 250

10 % (v/v) Acetic acid
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Methods

3 Methods

Some aspects of the method section have been previously published in Meinen et al. (2019)"”.
Standard solutions are listed in the material section. All other buffers and material are described

in the respective methods.

3.1 Microbiology

3.1.1 Preparation and transformation of chemically competent E. coli

Chemically competent E. coli cells were prepared following the calcium-phosphate
precipitation protocol by Nakta et al.”® . In brief, a single colony of the desired E .coli strain
was grown overnight in 5 ml LB media and diluted in 50 ml of LB media to a starting ODsoo
of 0.1. The cells were grown till mid-log phase at 37 °C (typically 3-4 h). The cells were
harvested by centrifugation at 2,500 x g, 4 °C for 10 min. The bacteria pellet was solubilized
in 5 ml ice-cold 0.1 M CaCl; solution and incubated for 30 min on ice. Cells were pelleted at
2,500 x g, 4 °C for 10 min and the pellet resuspend in 0.1M CaCly, 10% (v/v) glycerol solution.
Aliquots of 50 pl of the suspension were flash frozen in liquid nitrogen and stored a -80 °C.

For transformation a cell aliquot was thawed on ice and 0.5-3 ng of plasmid DNA was added
and incubated on ice for 30 min. DNA uptake was facilitated by heat shock for 90 seconds in
a 42 °C water bath. The cells were chilled on ice for 5 min and 900 ul of SOC medium was
added to the cells. The cells were incubated at 37 °C for 1 h and plated in appropriate dilutions

on selective media.

3.1.2 High-Efficiency Yeast Transformation

Yeast strains and plasmids used in this study are listed in above (Materials 2.1.4). Yeast
transformation were performed following the standard lithium acetate method®. In brief, 5 ml
YPD media or selective SD media was inoculated with a single colony and cultured overnight
at 30 °C. 50 ml of media was inoculated with a starting ODgoo of 0.1 from the overnight culture
and grown till the ODgoo 0.4-0.6 at 30 °C. The cells were pelleted at 2500 x g. Cells were
resuspended in 10 ml of 1 x LiIOAC buffer and centrifuged again at 3000 x g for 3 min. The
pelleted cells were resuspended in 1 ml of 1 x LIOAC buffer. Ina 1.5 ml tube 10 ul of 10 mg/ml
salmon sperm DNA, 100 ul of cells and 1-5 ug of plasmid DNA (usually 5 pl) were mixed.
280 ul of PEG solution was added and vortexed. The mixture was incubated for 45 min at room
temperature, 43 ul of DMSO was added and mixed. The cells were incubated for 10 min in a

water bath at 42 °C and immediately chilled on ice. The cells were centrifuged for 2 min at
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5000 rpm in microcentrifuge (Eppendorf) and the liquid was taken off. The pellet was
resuspended in 100 ul of YPD and cells were plated onto appropriate selective plates. Plates

were incubated for 2-3 days at 30 °C.

3.1.3 Isolation of DNA from E. coli cells and DNA concentration determination

Plasmid DNA from overnight cultures was isolated following the manufacturer’s instructions
for the used QIAprep Spin Miniprep Kit. Plasmid DNA was eluted in ddH>O. To determine
DNA concentration the absorbance was measured at 260 nm and concentration was calculated
using Lambert-Beer law. Absorbance was measured using a NanoDrop™ ND-1000

Spectrophotometer (Thermo Fischer Scientific). DNA and Plasmids were stored at -20 °C.

3.1.4 Yeast survival assay

Spot titers test were performed to determine the survival of Saccharomyces cerevisiae that
overexpress polyQ or a-synuclein. The overexpression of theses amyloid proteins leads to
cytotoxic aggregation, that can be monitored by cell death on solid media. The a-synuclein
assay has been described here ', and the polyQ assay was shown here !'°!. In brief,
S. cerevisiae was grown in SC-Ura media containing 2 % raffinose and 0.1 % glucose till mid
log phase and normalized to equal densities. The cells were serially diluted with a starting
ODsoo of 5 and spotted on SC-Ura plates containing either 2 % glucose or 2 % galactose and

incubated at 30 °C. Images of the plates were taken after 3 days of incubation time.

3.2 Molecular Biology

3.2.1 ScSERF plasmid construction

The amino acid sequence of the S. cerevisiae SERF protein (ScSERF), previously known as
YDLO085C-A (Uniref Q3E7B7), was codon optimized for protein expression in Escherichia
coli, and the corresponding DNA sequence was synthesized using the tool and service provided
by Integrated DNA Technologies. The synthesized DNA was cloned into a derivative of the
pET28 vector (provided by the Ming Lei lab at the University of Michigan) using the restriction
enzymes BamHI and Xhol®?.

The SUMO protease ULP1 recognizes the tertiary structure of the SUMO domain and cleaves

the in the C-terminal motif X-G-G-X after the second glycine. After cloning the serine
26



Methods

following the second glycine in X-G-G-S was deleted by site-directed mutagenesis, resulting
in X-G-G-M. This step made sure that the purified protein contains no additional residues. The
pET28 vector contains a N-terminus 6-His-SUMO tag fusion®®. This vector was constructed to
enable the simple and scar less removal of the His-SUMO tag by ubiquitin-like-specific
protease 1 (ULP1).

3.2.2 Polymerase chain reaction techniques (PCR)

PCR was used to amplify DNA sequences of interest. A thermostable DNA polymerase
(Phusion, Pfu Turbo polymerase, Taq polymerase) in the presence of ANTPS and site-specific
primers is used to amplify the desired DNA fragment.

Typical 50 ul reaction set up for Pfu Turbo polymerase:

Buffer, 10x Sul
Template DNA 5-50 ng
dNTPS 100 uM
Primers 0.5 uM

Pfu Turbo Polymerase 2.5 =5 Units
ddH>O add 50 pul

Typical PCR protocol for Pfu Turbo polymerase:

Cycle step Temperature Time Number of cycles
Initial denaturation 98 °C 30s 1

Denaturation 98 °C 30s

Annealing Various °C 1 min 25-35

Extension 72 °C 30 s/kb

Final extension 72 °C 10 min 1

3.2.3 Colony PCR

Colony PCR was performed to identify correct colonies obtained after ligation and
transformation. Colony PCR was performed using GoTaq polymerase (GoTaq, Promega
M7123). E. coli colonies were picked and added to the reaction. S. cerevisiae gDNA was
prepared using the Wizard Genomic Purification Kit (Promega), following the manufacture

instructions.
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Typical reaction set up for 30 ul reaction:

GoTaq Green. Master Mix, 2x 15 ul

Forward primer, 10 uM 3ul

Reverse primer, 10 uM 3ul

DNA-template 1x colony or 1 pul gDNA
ddH>O add 30 pl

PCR program for GoTaq

Cycle step Temperature Time Number of cycles
Initial denaturation 95 °C 10 min 1

Denaturation 95 °C 45 s

Annealing 58 °C 1 min 30

Extension 68 °C 1 min/kb

Final extension 68 °C 10 min 1

3.2.4 Site-directed mutagenesis PCR

Site-directed mutagenesis was used to introduce point mutations in SCSERF using site-directed
mutagenesis with a QuickChange Kit (Agilent). Overlapping primers introducing the desired
change to the plasmid (e.g. mutation, insertion or deletion) were designed and used to amplify
the plasmid by PCR. The PCR product is a doubly-nicked plasmid. The non-mutated starting
plasmid is methylated and can be digested with Dpnl, an endonuclease targeting only
methylated DNA. The doubly-nicked mutated plasmid is transformed into E. coli.

Primers were designed wusing PrimerX (https://www.bioinformatics.org/primerx/cgi-
bin/DNA_1.cgi). The primers of a desired length N are built to follow the following formula:
Tm=281.5+0.41(%GC) — (675/N) - Y%omismatch

Where Th is the melting temperature, N= length of the primer.

A typical 50 pl reaction was set up like this:

Reaction buffer, 10x Sul
dsDNA template 5-50 ng
Primer 1 125 ng
Primer 2 125 ng
dNTP mix 1 ul

NEB Phusion polymerase 0.5 pl
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The PCR program was the following:

Cycle step Temperature Time Number of cycles
Initial denaturation 98 °C 30s 1

Denaturation 98 °C 30s

Annealing 55°C 1 min 15

Extension 72 °C 1 min/kb

Final extension 72 °C 10 min 1

3.2.5 Construction of S. cerevisiae AYDL085C-A strain

To delete the open-reading frame of YDLO85C-A primers encoding homologous regions
homologous to the start and end of the ORF and regions annealing to the KAN antibiotic
cassette, that will replace the gene, were designed. The KAN cassette was amplified from the
vector pFA6a KAN MX6 (provided by Amy Chang at the University of Michigan) by PCR.
The linear PCR fragment was purified from an agarose gel and transformed into yeast
following the high-efficiency yeast transformation described”®. Colonies were picked and

analyzed by colony PCR.

3.2.6 Agarose gel electrophoresis

DNA from restriction digestion or linearized DNA fragments from PCR were analyzed via
agarose gel electrophoresis. 1 g of agarose was dissolved in 100 ml TAE buffer. 10 ul of SYBR
Safe DNA Gel Stain (ApexBio #A8743) were added and the solution was poured into a running
chamber and cooled till the agar solidified. DNA samples were mixed with 5 x fold DNA
loading dye and loaded onto the agarose gel. Agarose gel electrophoresis was performed at
120 V in TAE buffer. The gels were visualized under ultra violet (UV) light using a
ChemiDoc® Imaging system (BioRAD).

3.2.7 DNA sequencing

Constructed strains and plasmids were sequenced using GenScript or Genwiz services. DNA
for sequencing was aliquoted at 10 ul and submitted. In some case samples were sent along
with specific primers in other cases primers available in the standard library were used.

Sequencing results were checked for desired sequence and unintended mutations.
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3.3 Protein biochemistry

3.3.1 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) and staining

Protein separation based on their molecular weight can be achieved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Therefore, proteins are denatured by high heat in SDS-
detergent containing buffer. 5-fold reducing SDS loading buffer was added to protein samples
and the samples were boiled at 95 °C for 5 min.

For small proteins Novex™ 16% Tricine protein gels (Thermo Fisher #EC66955) and for

larger proteins and cell extract 4-12% NuPage™

Bis-Tris gels (Thermo Fischer
#NP0324BOX) were used. Gel electrophoresis was performed in gel chambers (Thermo
Fischer #A25977). Bis-Tris gels were run in SDS-MES Buffer. Tricine PAGE was run using
cathode buffer in the upper tank and anode buffer in the lower tank. Gel chambers were placed
in a box filled with ice to avoid overheating. Pages were run between 125 — 200 V for 45 min
to 3 h, depending on the gel.

Fairbanks staining method was used to fix and stain protein on the SDS-PAGE!?. The PAGE
was stained in Fairbanks A by first microwaving for 30-60 s and staining for 30 min. The
destaining process took place in Fairbanks C for 1 h and Fairbanks D for 2—16 h until the PAGE
was completely destained. The PAGE was imaged with the BioRAD (ChemiDoc Imaging

system).
3.3.2 Separation of insoluble amyloid fibrils form soluble protein

The soluble and insoluble fractions were separated by 60 min centrifugation at 20,000 x g using
a Beckmann Microfuge 20R. The insoluble fraction was washed once in assay buffer.
5 x reducing SDS loading was added to all samples. 10 ul samples were then run on an

Invitrogen Novex 16% Tricine Protein Gel followed by Fairbanks Coomassie blue staining

3.3.3 Determination of protein concentration

Protein concentrations were determined spectroscopically using a UV/Vis Spectrophotometer.

The spectra were buffer-corrected. The extinction coefficient were determined as described

103

here'®® and matched the ones used in the literature®!-'194195 The concentration was calculated

using Lambert-Beer’s law.
Iy

E, = —log<g> =¢ccd

30



Methods

Es is the extinction at the wavelength A, I is the intensity of incoming light and I; is the
intensity of the transmitted light, ¢ is the molar extinction coefficient (M™! cm™), d is the optical
path length (cm) and c is the concentration of the attenuating species.

The used absorption coefficients for proteins in this study:

Protein Extinction coefficient (M'cm™) at 280 nm
ScSERF L9W 5500
AB40 1490
a-synuclein 5960

ScSERF’s protein sequence contains no aromatic protein residues and therefore has no signal
at 280 nm. The concentration was determinate by BCA-Assay using the tryptophan mutant

ScSERF LOW.

3.3.4 Concentration determination using BCA-Assay

Pierce™ BCA (Bicinchoninic acid) protein assay (Thermo Scientific # 23225) to determine
ScSERF concentration was used according to manufacturer’s instruction (Thermo Scientific).
BCA assay is based on the Biuret reaction, the reduction of Cu*? to Cu*! by protein in alkaline
medium. The purple colored reaction product is formed by two molecules of BCA chelating
one cuprous ion. The soluble reaction product absorbs strongly at 562 nm.

The protein concentration of SCSERF L9W was determined as described above. A standard
curve in the range of 20 to 2000 pug/ml ScSERF was prepared. Multiple dilutions of SCSERF
were made. 25 pl of sample was added to 200 ul of BCA working reagent (WR) in a microtiter
plate (Corning 96 Well Clear Flat Bottom #3370). The plate was incubated at 37 °C for 30 min
and cooled to RT for 10 min, the absorbance was measured at 562 nm using a Tecan M200 pro
plate reader. The ScSERF LOW samples were blank corrected and plotted resulting in a
standard curve (Fig. 7). The curve was fitted to a linear regression (y = a + bX) and the
concentration of SCSERF was determined by using the dilutions in the linear range of the

standard curve.
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Figure 7: Calibration curve used to determine protein concentration via BCA assay.
Example of calibration curve, plotted is the absorbance of three technical replicates at A = 562 nm. The
calibration curve was fitted with a linear equation y = a + bX.

3.3.5 Protein concentration by ultra-centrifuge filters

Protein was concentrated using Amicon® Ultra centrifugal filters (Millipore) a cutoff of
MWCO 3,500 Da was used, different sizes of Amicon® Ultra from 0.4 ml to 15 ml were used
depending on the volume, that was concentrated. The membrane was washed with one volume
of ddH>0 and equilibrated with the desired sample buffer before loading the diluted protein
sample. Centrifugation was performed at 3000 x g in a pre-cooled 4 °C benchtop centrifuge

(Eppendorf 5415R).
3.3.6 Protein production in M9 minimal media

The production of isotopic labeled SCSERF and AP40 protein for NMR spectroscopy was
achieved by growing the E. coli strain containing the expression plasmids in minimal media
containing "N NH4Cl as the only nitrogen source and '*C Glucose as the only carbon source.

Single colonies were picked form a LB-Agar plate and were grown overnight in 5 ml LB-
Media and the appropriate antibiotic. The culture was diluted at an ODggo 0.1 into 5 ml M9
minimal media grown for 8 h. Cells were transferred into 25 ml M9 minimal media cultures
and grown overnight. This overnight culture was used to inoculate 1 1 culture flasks containing

M9 media with the relevant isotopic labeled !’N nitrogen and or '*C carbon sources.
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3.3.7 ULP 1 purification

The ULPI containing vector pFGET19 Ulpl-Vector was transformed into E. coli BL21 cells.
A single colony was picked and 10 ml of overnight culture was started and then it was used to
inoculate 6 x 1 1 PEM media. The cultures were grown till mid-log phase and shifted to 24 °C.
Protein production was induced by addition of a final concentration of 0.1 mM isopropyl-3-D-
1-thiogalactopyranoside (IPTG). The cells were harvested the next morning. Cells were
pelleted by centrifugation 5000 x g, 20 min, 4 °C. The cell pellet was resuspended in lysis
buffer (40 mM Tris, 10 mM NaH;POs4, 10% Glycerol, 10 mM Imidazole, pH 8) with 2 tablets
of protease inhibitor cocktail (complete mini EDTA-free, Roche #5056489001), 10 ul
Benzonase and 100 pl MgCl, (1 M stock solution). Cells were lysate by french press in two
cycles at 1300 psi. The lysate was centrifuged for 30 min at 36,000 x g (4 °C). The lysate was
filtered and loaded on a 5 ml HisTrap (GE healthcare #17-5248-02) column. The column was
washed with 10 CV of lysis buffer containing 20 mM imidazole. The protein was eluted with
lysis buffer containing 500 mM imidazole. Elution fractions were analyzed by SDS-PAGE and

the pure elution fractions were pooled concentrated, aliquoted and stored at -80 °C.

3.3.8 Purification of ScCSERF

The pET28b-ScSERF plasmid constructed as described before was transformed into E. coli
BL21 (DE3) cells for protein expression. Cells were grown with shaking at 180 rpm at 37 °C
to early log phase in PEM media, that contained 100 pg/ml kanamycin and then shifted to
20 °C. ScSERF expression was then induced by addition of 0.1 mM IPTG. After 16 h of
expression, cells were pelleted by centrifugation (20 min, 3000 x g , 4 °C) and resuspended in
lysis buffer containing 40 mM Tris, 10 mM NaH>POu4, 10% glycerol, pH. 8.0; 2 tablets of
protease inhibitor cocktail were then added (complete mini EDTA-free, Roche #5056489001).
Cells were lysed using a french press for 3 cycles at 1300 psi. After centrifugation for 30 min
at 37,500 x g, the supernatant was recentrifuged using the same protocol and filtered with a
0.25 pum filter. The filtered cell lysate was loaded on a 5 ml NiNTA pre-packed column (GE
Healthcare, #17524802), and the column was washed with 50 ml of lysis buffer containing
10 mM imidazole. The His-SUMO-ScSERF fusion protein was eluted with 20 mM of lysis
buffer supplemented with 500 mM imidazole. ULP1 and 10 pl B-mercaptoethanol were added
to the eluted material and dialyzed against 40 mM Tris, 300 mM NaCl (pH 8) overnight at 4 °C

for cleavage and buffer exchange.
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The cleaved His-SUMO tag was removed by a second NiINTA column equilibrated with
dialysis buffer, and the tag-free cleaved SCSERF product was collected in the column flow-
through. The flow-through was concentrated by a 3 K cutoff device (Amicon®, #UF900396)
and diluted with anion exchange buffer (50 mM NaH2PO4, 125 mM NacCl, pH 6). The protein
was passed over a 5 ml anion exchange column (HiTrap SP; GE Healthcare, #17115201). The
proteins were eluted with a linear gradient of 20 CV with ion exchange buffer supplemented
with 1 M NaCl. The elution fractions from the HiTrap column that contained ScSERF as
determined by SDS-PAGE were combined, concentrated, and loaded on a 120 ml gel filtration
column (HiLoad 16/60 Superdex S75; GE Healthcare, #17106801), followed by elution with
40 mM HEPES, 300 mM NaCl (pH 7.5). Fractions containing SCSERF were pooled, and the
ScSERF concentration was determined with the Pierce BCA (Bicinchoninic acid) protein assay
(Thermo Scientific). Samples were aliquoted and stored at - 80 °C.

ScSERF mutants A63C, LOW were purified following the same protocol. '’N ScSERF and ’N-
13C ScSERF were expressed using M9 minimal-media supplemented with SN NH4Cl and
13C Glucose following the same purification protocol. To break off and avoid the formation of
intermolecular disulfides in SCSERF A63C dithiothreitol (DTT) was added after the second

NiNTA column, only monomeric protein was eluted from the SEC step.

3.3.9 Purification of M-AB40

M-AB40 (MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVYV) with an
additional N-terminal methionine was purified as previously described'®. The APB40
expression vector pETSaC-AB40 was kindly provided by Dr. Sheena Radford, University of
Leeds'%*. For optimal protein expression we found it to be essential to freshly transform the
expression plasmid before every purification. This plasmid was transformed into E. coli BL21
(DE3) cells. A single colony was used to inoculate a 5 ml LB media (100 pg/ml carbenicillin)
culture for 6-10 h at 37 °C. The culture was used to inoculate a 50 ml LB Media overnight
culture. A 1 1LB culture was inoculated with a starting ODsoo of 0.1 from the overnight culture.
At mid-log phase ODsoo of 0.5 (2-4 h) expression was induced by 1 mM IPTG for 4 h at 37 °C
in LB media containing 100 pg/ml carbenicillin. Cells were pelleted at 3000 x g for 20 min at
4 °C. The pellet was resuspended in 15 ml Buffer A per liter culture (10 mM Tris, 10 mM
EDTA, pH 8.5) additionally 2 tablets of protease inhibitor cocktail were added (complete mini
EDTA-free, Roche #5056489001). The homogenized protein sample was sonicated for
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2 cycles at 30 s with 90 s pause (amplitude 10 um, Fischer Scientific Qsonica Q500). The
homogenized sample was centrifuged at 18 000 x g at 4 °C for 20 min. The supernatant was
discarded and the pellet resuspended in Buffer A and stirred in the cold room for 1-2 h. The
sample was sonicated again 2 cycles at 30 s with 90 s pause and centrifuged at 18 000 x g at
4 °C for 20 min. The pellet containing the AB40 protein in inclusion bodies was resuspended
in Buffer A containing 8 M urea and stirred for 1 h in the cold room, sonicated and the
suspension was centrifuged at 18 000 x g at 4 °C for 20 min. The supernatant was diluted
1 to 4 (v/v) in Buffer A and loaded on free DEAE cellulose resin (GE Healthcare # 57407-08-
6). The DEAE resin was equilibrated with Buffer A prior to addition of the protein solution.
The loaded DEAE resin was stirred for 30 min at 4 °C.

A Buchner funnel with filter paper (Whatman®, grade 3, #1003110), that sat on a glass flask
and is connected to a vacuum line was used for the wash and elution steps. The DEAE resin
was poured into the funnel and settled for 5 min, by turning on the vacuum line the liquid went
through the DEAE resin and filter into the collection flask. Buffer A was added to wash. Each
step was collected and transferred to a separated flask or colonial tube. AB40 was eluted with
4 x 50 ml volumes of Buffer A containing 125 mM NaCl and 1 x 50 ml Buffer A containing
300 mM NacCl.

The elution fractions containing AB40 were pooled, dialyzed against 50 mM ammonium
bicarbonate buffer (pH 7.8) in 100-500 MW cutoff dialysis membranes (S/P CE 100-500
MWCO, Spectrum Laboratories #131060). The dialyzed protein was flash frozen in liquid
nitrogen and lyophilized. The samples were then resuspended in 7 M guanidinium chloride
(GdnHCI), 50 mM Tris (pH 8) buffer, and aggregates were removed by gel filtration on a
preparative S75 column Superdex S75 HiLoad 16/60 followed by another lyophilizing and a
polishing step on an analytical Superdex S75 10/300 GL (GE Healthcare, #17517401). This
process yields pure and monomeric AB40 peptide (Appendix Fig. 29) AB40 was stored
lyophilized at -80 °C. '"N-labled AB40 was purified following the same protocol. The protein

was expressed in M9 minimal-media supplemented with "N NH4Cl.

3.3.10 Purification of a-synuclein.

The purification of o-synuclein was done as described previously!®

. o-synuclein was
expressed from a pET7-7 vector plasmid transformed into £. coli strain BL21 (DE3). A single

colony was picked and used to inoculated a 25 ml LB media (with 100 pug/ml ampicillin)
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overnight culture (37 °C). The overnight culture was used to inoculate multiple 1 1 LB media
cultures with a starting ODgoo of 0.1 and grown till ODego 0.6 protein expression was induced
with 1 mM IPTG for 4 h at 37 °C. The cultures were pelleted at 4,000 rpm (20 min, 4 °C) and
resuspended in lysis buffer (10 mM Tris, 1 mM EDTA, pH 8). The homogenized cells were
then boiled at 95 °C for 15-20 min and centrifuged at 11,000 rpm for 20 min. Most proteins
aggregated during the heat treatment and can be sedimented during centrifugation only a-
synuclein and a few other proteins stay in the supernatant after boiling the cell lysate. The
supernatant was mixed with 10% (w/v) streptomycin sulphate solution (136 ul/ml) and glacial
acetic acid (228 ul/ml), and nucleic acids in the pellet were removed by centrifugation at
13,500 x g for 30 min at 4 °C. An equal volume of saturated ammonium sulphate solution was
added to the supernatant and incubated at 4 °C for 1 h with intermittent mixing. The
precipitated protein was separated by centrifuging it at 13,500 x g for 30 min.

The pellet was resuspended in 10 mM Tris-HCI, pH 7.5, and NaOH was used to readjust the
pH of the suspension to 7.5. The solution was then dialyzed against 5 L dialysis buffer
(10 mM Tris-HCI pH 7.5, 50 mM NaCl) overnight at 4 °C. The protein solution was filtered
and loaded onto two attached to each other 5 ml HiTrap Q HP columns (GE Healthcare,
#17115401). The columns were washed with 15 column volumes of 10 mM Tris-HCI, pH 7.5,
50 mM NaCl, and the protein was eluted using a linear gradient to 500 mM NacCl. Elution
fractions were analyzed by SDS-PAGE and a-synuclein-containing fractions were pooled and
concentrated. To separated higher oligomeric species, form monomeric a.-synuclein the protein
was run over a preparative S75 column Superdex S75 HilLoad 16/60 in buffer containing
20 mM KH>PO4 pH 7.5. The protocol yielded pure monomeric a-synuclein protein (Appendix
Fig. 30). The monomeric a-synuclein fractions were pooled, concentration and aliquots of the

protein were prepared, flash frozen, lyophilized, and stored at - 80 °C.

3.3.11 Protein labeling with fluorescent dye

The labeling of the primary amines present in AB40 was done with Alexa Fluor 532 N-
hydroxysuccinimide (NHS) ester as described by the manufacturer (Thermo Scientific
#A20101MP). In brief, lyophilized monomeric AB40 was resuspended in 50 mM sodium
bicarbonate buffer (pH 8.3) and the NHS ester dye was resuspended in 100% DMSO. The dye
was added to AB40 at a 10-fold molar excess and incubated for 1 h in the dark at room

temperature. Free dye was removed by performing gel filtration on a 24 ml (Superdex S75
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10/300 Gl column (GE Healthcare, #17517401) in 50 mM ammonium bicarbonate buffer
(pH 7.8). The labeled-monomeric APB40 fraction was pooled, aliquoted and lyophilized.
Labeling of ScCSERF (A63C) was performed by first reducing any intermolecular disulfides
that had formed between Cys63 residues by incubating in 20 mM Tris buffer pH 8.0,
10 mM DTT for 1 h on ice. Excess DTT was removed by gel filtration on a PD10 desalting
column (GE Healthcare) into 50 mM Tris, 50 mM NaCl (pH 8.0) with a final elution volume
of 3.5 ml protein. SCSERF-A63C was then incubated with 10-fold molar excess of Alexa Fluor
532 (AF532:C-5 maleimide) dye in 50 mM Tris, 50 mM NaCl (pH 8.0). The excess dye was
removed by applying the sample to 24 ml size exclusion chromatography (Superdex S75
10/300 GL, GE Healthcare, #17517401). The fractions containing the labeled SCSERF were
pooled together and concentrated. SCSERF has no aromatic residues to facilitate concentration
determination by UV absorption. Therefore, the labeling efficiency was estimated by
comparing the protein concentration as determined by BCA with the label content as
determined by examining the extinction coefficient of the label € 528 = 78,000 M-'cm™!. By
these means, we could estimate the label to protein ratio to be ~0.9 for SCSERF A63C.

3.4 Functional and Biophysical Characterization

3.4.1 AP40 amyloid Kkinetics

To achieve reproducible AB40 kinetics, it is crucial to start with pure monomeric AB40. Thus,
kinetic experiments were always proceeded with size exclusion chromatography to remove
aggregates that are formed during freezing and lyophilization steps. This has been shown to be
critical for reproducible amyloid assays*'. The collected monomer fraction is kept on ice for
less than 1 hour until the kinetic experiment is started.

The amyloid assay was conducted as previously described*!. Monomeric AB40 was dissolved
in 7 M GdnHCI, 50 mM Tris (pH 8) buffer and loaded on to an analytical 24 ml Superdex S75
10/300 column (GE Healthcare, #17517401). The center fractions of the monomer peak
(13.5 ml elution volume) were collected and iced. The protein concentration was determined
by using an extinction coefficient € 280 = 1490 M-'em™'. The AB40 protein typically had a
concentration of 80—160 uM at this step. To determine the reaction mechanism A40 was serial
diluted in a concentration from 40 uM to 3 uM in the presence or absence of a constant SCSERF

concentration.
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ScSERF (YDLO85C-A) was buffer exchanged into the assay buffer (20 mM NaH>POs,
200 uM EDTA, pH 7.4) via a PD10 desalting column (GE Healthcare). Samples were prepared
in low-binding Eppendorf tubes (Eppendorf, #2666505) on ice, using careful pipetting to avoid
air bubbles. Thioflavin T (ThT) was added to a final concentration of 25 uM (100 uM) from a
1 mM ThT stock. Each sample was then pipetted into multiple wells in 3—4 technical replicates
into a 96-well plate that featured low-binding PEG coating (Corning, #3881), 90 ul per well.
The plate was sealed with an adhesive sealing sheet (Thermo Scientific, #125434).

AP40 amyloid formation assays were initiated by placing the 96-well plate at the specified
temperature of 37 °C in a Tecan Infinite M200 plate reader while reading the ThT fluorescence
from the bottom using an excitation wavelength of 440 nm and an emission wavelength of
482 nm. Measurements were taken every 5 min under quiescent conditions, and shaking only
occurred for 10 seconds before the fluorescence reading took place. The formation of fibrils

was confirmed by transmission electron microscopy (TEM).

3.4.2 o-synuclein amyloid Kinetics

Immediately prior to performing a-synuclein amyloid formation assays, preexisting
aggregates/amyloids and multimers were removed from the a -synuclein preparation by first
resuspending the lyophilized a-synuclein in 7 M GdnHCI, 50 mM Tris (pH 8) buffer and
loading the dissolved a-synuclein onto a 24 ml analytical Superdex S75 10/300 GL column
(GE Healthcare, #17517401). a-synuclein was eluted using assay buffer (20 mM NaH>POas,
50 mM NaCl, 200 uM EDTA, pH 7.4); monomeric a-synuclein was collected, and its
concentration was determined by using an extinction coefficient £ 280 = 5960 M-'cm™.
o-synuclein aggregation assays were performed with 100 UM monomeric a-synuclein in assay
buffer (20 mM NaH;PO4, 50 mM NaCl, 200 uM EDTA, pH 7.4) in low-binding Eppendorf
tubes on ice; ThT was added to 25 uM final concentration, and different ScSERF
concentrations were added. 100 pl technical replicates were pipetted into multiple wells of a
96-well microtiter plate with a clear bottom (Corning, #3631).

Two glass beads (2-mm borosilicate glass beads) were added per reaction well to accelerate
the amyloid formation. The glass beads accelerate the reaction by providing more surface area
for a-synuclein to form nuclei on, and also lead to more fragmentation, which leads faster
aggregation kinetics. The plate was sealed with an adhesive sealing sheet (Thermo Scientific,

#125434). Assays were initiated by placing the 96-well plate at 37 °C in a Tecan Infinite M200
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plate reader while reading the ThT fluorescence from the bottom using an excitation
wavelength of 440 nm and an emission wavelength of 482 nm. Measurements were taken every
10 min under constant shaking in orbital mode at 300 rpm. The constant shaking results in

more fibril fragmentation, which can lead to faster amyloid aggregation.
3.4.3 Self-seeded amyloid Kinetics

The preparation of AB40 seeds and a-synuclein seeds start with the preparation of mature
fibrils. Monomeric APB40 was prepared as described above. AB40 fibrils were formed in in 96-
well plates with low-binding PEG coating (Corning, #3881) for at least 48 h at 37 °C under
quiescent conditions. Thioflavin T was added to one sample and the ThT fluorescence signal
was monitored to assure the plateau fluorescence was reached in the other ThT-free wells. The
AP40 fibrils from these ThT-free wells were used directly for the fibril interaction anisotropy
experiments.

To generate AP40 seeds for the kinetic experiments shown for kinetic assays described below,
the solution with the pre-formed AP40 fibrils were sonicated for 10 min in a sonication bath
(Branson, #1510). The concentration of seeds was estimated on the initial monomeric
concentration used, with the assumption that all monomeric protein has been converted into
fibrils and is present as seeds in the solution of sonicated AB40 fibrils.

Seeded ThT kinetics experiments were prepared set up as described above. The reaction
mixtures were kept on ice and the generated amyloid seeds were added, in different
concentrations, as the last reaction component before pipetting technical replicates into the 96-
well plate (Corning, #3881) and immediately monitoring the reaction at 37 °C in a Tecan
Infinite M200 plate reader while reading the ThT fluorescence from the bottom using an
excitation wavelength of 440 nm and an emission wavelength of 482 nm. Measurements were
taken every 5 min under quiescent conditions.

The formation of a-synuclein seeds followed a similar protocol. Monomeric a-synuclein
solution with a concentration range of 300-800 uM was incubated in a Thermal mixer
(Eppendorf) for 3-4 days at 40 °C with 500 rpm shaking in a low-binding Eppendorf tube. The
formed fibrils generate this way were used for the anisotropy experiment.

The formed a-synuclein fibrils were then converted into seeds by sonicating them for 10 min
in a sonication bath (Branson, #1510).

Seeded ThT kinetics experiments were performed as described for the non-seeded reactions.

Again, seeds were the last component added to the reaction mixture. The reaction was
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performed in a 96-well plate (Corning #3881) at 37 °C under quiescent conditions. Thioflavin
T fluorescence was monitored in a Tecan Infinite M200 plate reader while reading from the

bottom using an excitation wavelength of 440 nm and an emission wavelength of 482 nm.

3.4.4 Amyloid data analysis and fitting

3.44.1 Estimation of aggregation halftime

To determine the half-time of the amyloid reactions the experimental data for each curve
individually were normalized so that the relative mass concentration of aggregates was 0 at
time 0 and 1 at the completion of the aggregation (plateau). Kinetic data were normalized and
fitted using the platform on AmyloFit (https:/www.amylofit.ch.cam.ac.uk/login)*'. The

formula for normalizing the data was:

Yi — Ybaseline
Ynorm,i = (1 - MO,frac) — + MO,frac
:Vplateau YVbaseline

where y; is the signal at any time point, Vuaseline 1S the average baseline fluorescence signal,
Iplateau 1S the average fluorescence value of the data point after the plateau is reached, and Mo frac
is the relative initial concentration of aggregates between time point 0 and the completion of
the aggregation in the original data. The halftime is the point where the fluorescence signal has
reached half of the plateau value. The halftimes were determined by fitting a straight line to
the fluorescent data points that lie between 0.3 and 0.7 fraction where 0 is baseline and 1.0 is
the plateau fluorescence. The point at which this line crosses the value of 0.5 is taken as the

halftime.

3.4.4.2 Evaluation of reaction mechanism

To determine the reaction mechanism of AB40 in the absence and presence of SCSERF the
serial  dilution data was normalized utilizing the  webserver amylofit
(https://www.amylofit.ch.cam.ac.uk/login). As described previously by Meisl et. al*!, a
double-logarithmic plot of the reaction halftime against the AB40 monomer concentration can
be used to diagnose the reaction mechanism. In both cases, a double logarithmic plot showed
a slight positive curvature as previously described for AB40, indicating a multi-step secondary

nucleation model !,
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3.4.4.3 Fitting ofAP40 kinetic data

Aggregation traces of 25 uM AB40 with different concentrations of SCSERF in molar ratios of
0 to 100% were analyzed by the previous determined kinetic mechanism that is defined by a
set of microscopic rate constants, one for primary nucleation (k,), one for secondary nucleation
(k2), and one for fibril elongation (k+) ¥*°3 In the case of unseeded aggregation, the system
depends only on the combination of the rate constants for primary nucleation k+k, and
secondary nucleation k2k+, not on the individual rate constants.

The kinetics were fitted by keeping the reaction orders for primary and secondary nucleation
at the AP40 values nc=n>=2. The combined rate constants for primary nucleation and
secondary nucleation were the only free fitting parameters. The web tool (AmyloFit) defines

the multi-step secondary nucleation mechanism as follows “°:

ar kM) m(t)"? I g
ar — M m@m nm(t)
1—
Ku
dM
kb+E2

where k, = K—Z and K, = . Here, myo is the initial monomer concentration, My is the
M

initial fibril mass concentration, Py is the initial fibril number concentration, &, is the primary
nucleation rate constant, 7. is the critical nucleus size for primary nucleation (=2), n2 is the
critical nucleus size for secondary nucleation (=2), Kmis the Michaelis-Menten constant, which
determines the monomer concentration at which secondary nucleation begins to saturate, and
k+ 1s the elongation rate constant. The integrated rate law for the normalized aggregate mass
concentration was determined by amylofit as

[M] 1 <1 3 %) oot 4 <B_ + C,e*t i} B+C+> %

[M]o [M]., B, + C,e¥t  B_C,

where the definitions of the parameters are
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koo = k2 — 2C,C_k?
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3.4.5 Simulation of kinetic data

The integrated rate laws based on the mechanism described by the Knowles group % above can
be simulated to gain insight a change in parameters can have on the observed kinetic traces.
AB40 amyloid kinetics were simulated using kinetic simulation software Berkley Madonna

(https://berkeley-madonna.myshopify.com/). The initial rate constants used for AP40 were:

primary nucleation rate (k2) =2 x 10, elongation rate (k4) = 3 x 10°, and secondary nucleation

rate (k3) = 3 x 10°. The following integrated rate laws and parameters were used for the

sumulation®*:
dP(t) ,
=l (M(8) — @ne = 1) = PO) + kyx(8) + ke M(OIm(t)"
AM(t) k, ,
TR (ksx —n.(n.— 1) 7)P(t) + nokyx ()™ + nyk,Mx(t)™
d
% = —n.k,x™ — n2ksMx™? — 2k, xP(t)

where n =2, nc =2, x =25 uM AP, M(t) = Fibrils mass fraction, P(¢) = Total fibril number

The rate constants were varied and the change in the kinetic traces was observed.

3.4.6 Monomer binding by fluorescence anisotropy

To determine the equilibrium dissociation constant K4 for monomeric ApB40, a.-synuclein and
ScSERF, fluorescence anisotropy was performed. Prior to the experiment both amyloid
proteins were loaded on to an analytical 24 ml Superdex S75 10/300 column (GE Healthcare,
#17517401.

Ina 1 ml cuvette at 25 °C, 200 nM AF532-labeled AB40 in 20 mM ammonium acetate, pH 7.4,
was titrated with a stock of SCSERF (2.2 mM) also in 20 mM ammonium acetate, pH 7.4.
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The binding between monomeric AF532-labeled SCSERFA63C and unlabeled monomeric o-
synuclein was monitored by fluorescence anisotropy conducted in a similar manner by titrating
a-synuclein into 500 nM AF532-labled SCSERFA63C (20 mM ammonium acetate, pH 7.4) at
25 °C. The proteins used in the binding experiments were subsequently analyzed by analytical
ultracentrifugation to confirm that no oligomeric species was present.

Anisotropy was calculated according to the following equations:

I
=2

Ihh
Ivv - leh

"7 Ly + 261,
where G is the instrument correction factor, r is anisotropy, and I is the fluorescence intensity
measured with polarizers in the orientations indicated in the subscripts (v is vertical and h is
horizontal). Anisotropy was recorded with a Cary Eclipse Spectrofluorometer (Agilent) using
Aex = 532 nm (5 nm bandpass) and Aem = 552 (10 nm bandpass). The titration data was fitted
to the following binding isotherm

_ Afa [Ligand(ScSERF or aSyn)]
¢ (Kd + [Ligand(ScSERF or aSyn)])

+ fa,O

where f, is the fluorescence anisotropy signal, Af, is the total signal change, f, o is the y axis

intercept, K, is the dissociation constant.

3.4.7 Fibril binding by fluorescence anisotropy

To test whether SCSERF can bind to preformed amyloid fibrils. Amyloid fibrils were prepared
as described above, in assay buffer 20 mM NaH>PO4, 200 uM EDTA, pH 7.4. The fluorescence
anisotropy of 500 nM AF532-labeled ScSERFA63C was measured in Cary Eclipse
Spectrofluorometer (Agilent) and anisotropy was calculated as described above.

Pre-formed amyloid fibrils of AP40 or a-synuclein were added to AF532-labeled
ScSERFA63C. The fibril concentration was estimated based on the starting monomer
concentration with the assumption that all of the monomeric amyloid protein was converted
into amyloid fibrils. To test if SCSERF can integrate into amyloid fibrils. Fibrils were formed

in the presence of AF532-labeled SCSERFA63C and later competed with unlabeled ScCSERF.
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3.4.8 Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy relies on the differential absorption of circularly
polarized light containing a counter-clockwise (L) and clockwise (R) rotating component.
Secondary structure elements in proteins like a-helices or B-sheets show characteristic signal
in CD spectra, and therefore can be used to study the secondary structure content of proteins.
To monitor changes in the secondary structure of SCSERF, ScCSERF was diluted into 20 mM
NaH>PO4 pH 7.4, 25 mM NacCl to a final concentration of 0.2 mg/ml. Far-UV CD spectra were
taken by scanning from 190 nm to 250 nm in a J-1500 spectrophotometer (Jasco) at the
indicated temperatures. The mean residue ellipticity [6],,, 2 Was calculated as follows'”:
[0)mrwa = MRW [6,]/10d ¢
where MRW is the mean residue weight, 8, is the observed ellipticity (degrees) at wavelength

A, d is the path length (0.1 cm), and c is the concentration in mg/ml.

3.4.9 Monitoring amyloid fibrils by transmission electron microscopy (TEM)

After completion of amyloid formation, the samples were analyzed by transmission electron
microscopy (TEM microscopy).

Negative staining is a method to contrast the sample. The background is stained, while leaving
the fibrils visible. The samples were stained with 1.5% uranyl formate solution on formvar grid

with a carbon film. The protocol was outlined here %

. In brief, 5 pl of fibril sample was spotted
on a formvar grid with a carbon film and blotted for 5 min and removed with a Whatman filter
paper. The grid was subsequently stained for 1 min with 5 ul of a 1.5% uranyl formate solution.
The solution was removed by a Whatman filter paper. The fixed and stained grids were stored
and imaged at room temperature. The samples were imaged using either a Tecnai T12 or JEOL
JEM-1400 (Plus) TEM. Negatively staining and imaging was conducted in collaboration with

Dr. Tony Ludlam and Dr. Michael Cianfrocco at the University of Michigan.
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3.4.10 Sedimentation Velocity Analytical Ultracentrifugation experiment (SV-AUC)

Analytical Ultracentrifugation was used to determine the oligomeric state of SCSERF, AB40
and a-synuclein. Sedimentation velocity experiments can inform on the oligomeric state and
the hydrodynamic shape of a protein. AF532-labeled AB40 at an OD of 0.2 at 532 nm was used
to determine the oligomeric state of the AF532-labeled AP40 used for binding assays in
solution. Sedimentation of AF532-labeled AB40 was monitored by absorbance at 532 nm at
59 krpm. ScSERF proteins and variants were monitored at different wavelength. SCSERF WT
was monitored at 230 nm, SCSERFLOW was monitored at 280 nm. ScCSERF was sedimented
at 58 krpm at 22°C. a-synuclein was monitored at 280 nm and sedimented at 58 krpm at 15°C.
Samples were measured in anisotropy binding buffer (20 mM ammonium acetate, pH 7.4) with
the addition 50 mM NaCl to avoid the possibility of nonideality. SV-AUC was carried out
using 400 pl loaded into two-sector titanium centerpieces with 1.2 cm path-length in an An60Ti1
rotor in a Beckman Optima XI-I analytical ultracentrifuge. Measurement was completed in
intensity mode.

All SV-AUC data were analyzed using UltraScan 4 software, version 4.0 and fitting procedures
were completed on XSEDE clusters at the Texas Advanced Computing Center (Lonestar,

Stampede) through the UltraScan Science Gateway

(https://www.xsede.org/web/guest/gateways-listing)'%°. The partial specific volume (vbar) of
AB40, a-synuclein and ScSERF was estimated within UltraScan III based on the protein
sequence''?. Raw intensity data were converted to pseudo-absorbance by using the intensity of
the air above the meniscus as a reference and edited. Next, 2-dimensional sedimentation
spectrum analysis (2DSA) was performed to subtract time-invariant noise and the meniscus
was fit using ten points in a 0.05-cm range'!!. First arrays with a broad S range were fitted to
account for possible large oligomeric states. Final arrays were fit using an S range 0.2-3, an
f/f0 range of 1-4 with 64 grid points for each, 10 uniform grid repetitions and 400 simulation
points. 2DSA was then repeated at the determined meniscus to fit radially invariant and time-
invariant noise together using ten iterations. The 2DSA solution was refined by a genetic
algorithm (GA), which uses an evolutionary based approach using random cross-over,
mutations and deletion operations to alter the solute characteristics of the 2DSA solutes to

112

eliminate false positive solutions''s. The results from the genetic algorithm were evaluated

using a Monte Carlo algorithm.
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3.4.11 Structural characterization of SCSERF by NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy experiments were performed in
collaboration with Dr. Debashish Sahu, at the BioNMR Core and Dr. Joshua Damron from the
Ramamoorthy lab at the University of Michigan. NMR spectroscopy in comparison to other
spectroscopic methods has the ability to detect changes on an atomic level.

Isotopic labeled ScCSERF was used to collect two-dimensional 'H-'"SN HSQC (Heteronuclear
Single Quantum Coherence) spectra, that shows all N-H correlation e.g. signals from all
backbone amide groups expected for prolines and certain sidechain signals
(Arg, Trp, Asn, Gln).

The amide chemical shifts are influenced by the local environment making it possible to track
changes in the chemical shift due to changing conditions like temperature, pH or due to addition
of a binding partner. All spectra used for sequence-specific resonance assignments were
collected at 4 °C in 20 mM NaH,POs; pH 7.0 buffer at 900 Mhz Bruker AVANCE™ at
Michigan State University. '’N,'3C-labeled ScCSERF was desalted via PD10 (GE healthcare)
column into assay buffer (20 mM NaH,PO4 pH 7.0) and 10% DO was added to the sample,
final ScCSERF concentration was 1.6 mM estimated by BCA assay.

Sequence-specific resonance assignments of SCSERF "H-'N HSQC spectra was obtained by
collecting a set of triple resonance data. The three-dimensional experiments HNCaCp,
HN(CO)CaCB, and HNCa were collected with 2048 ('H) x 60 ('N) x 142 (*C) points at a
900 MHz NMR Bruker (MSU, Lansing). The HNCaCp spectra correlate each NH group with
the Ca and CP chemical shift of its own residue (strong signals) and the preceding NHi.i residue
(weaker signals). The HN(CO)CaCp only contains the signal of the NHi.; residue. These
correlations and the characteristic Co. and CP shift for amino acids can be used to assign the
signals detected in the "H-""N HSQC spectra. All spectra were processed using NMRPipe and
analyzed with Sparky.

Initially peaks were picked in Sparky and a probability assignment was generated using PINE

(http://i-pine.nmrfam.wisc.edu/). The automatic assignment was validated by manually

following the sequential resonance assignment.

CS-Rosetta webserver (https://csrosetta.bmrb.wisc.edu/csrosetta/submit) was used to calculate

the structural model for SCSERF based on the backbone assignment. TALOS was used to
predict the backbone dihedral angles based on the backbone assignments!'®. For MOAG-4 the
BMRB entry #27058 was used to generate a CS-Rosetta model to compare to our SCSERF

model.
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NMR spectroscopy was used to characterize the interaction between ScSERF and isotopic
labeled '"N-AB40. Lyophilized '>N-AB40 was resuspended in 7 M GdnHCl, 50 mM Tris (pH
8) buffer and loaded on to an analytical 24 ml Size-exclusion column Superdex S75 10/300
column (GE Healthcare, #17517401) and eluted in assay buffer (20 mM NaH>POs, 200 uM
EDTA, pH 7.4). The center fractions of the monomer peak (13.5 ml elution volume) were
collected and concentration was determined. The final sample contained 116 uM SN-AB40
and 10 % D>O were added. The "N-AB40 HSQC spectra was collected at Bruker Ascend™
800 MHz at the University of Michigan at 4 °C. ScCSERF was buffer exchanged into the same
buffer used for size-exclusion column and concentrated to exclude any chemical shift changes
due to pH or buffer changes. SCSERF was titrated into the sample of '’N-AB40 in equimolar
and 3-fold molar excess ratio respectively and HSQC experiments were performed. The spectra
were processed using NMRPipe and Sparky. The decrease in signal intensity of SCSERF
addition was corrected for dilution and plotted as a relative change of intensity. A small shift
in peaks was observed and the relative average chemical shift change Ad was calculated as

shown below!#;

86 ( H)? + 5= AS(N)?
AS[ppm] = >

3.4.12 Native lon-mobility Mass spectrometry measurements

An overview of the basic of Native IM-MS is described in the introduction. After sample
preparation the measurements and data analysis were performed in collaboration with
Dr. Varun Gadkari from the Ruotolo lab at the University of Michigan.

Native IM-MS experiments were carried out on a Synapt G2 traveling wave ion mobility-mass
spectrometer (Waters). Aqueous samples were introduced into the gas phase by a
nanoelectrospray ionization (nESI) source operated in positive ion mode. lons were generated
using a capillary voltage of 1100-1200 V and sample cone voltage of 10 V. The instrument
was operated with a backing pressure of 2.63 mbar, source pressure of 7.38 x 10~ mbar, trap
pressure of 3.34 x 102 mbar, IM pressure of 3.47 mbar, transfer pressure of 1.00 x 10 mbar,
and time-of-flight (ToF) pressure of 1.44 x 10" mbar. The IM wave height was 30 V and the

IM wave velocity was 600 m/s.
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ScSERF was co-incubated with AB40 or a.-synuclein to a final concentration of 25 uM each in
20 mM ammonium acetate, pH 7.4. A ThT assay was carried out in these buffer conditions to
verify that the aggregation kinetics of AB40 was not changed due to the change in reaction
buffer. Samples were incubated at 37 °C. Time course experiments were conducted by setting
up separate reactions that were removed from 37 °C at the indicated times for IM-MS analysis.
All reactions were diluted 2.5-fold to final concentrations of 10 uM prior to IM-MS analysis
to prevent nonspecific interactions due to nESI. Although, various sub-stoichiometric ratios of
ScSERF to AB40/a-synuclein were screened by other methods, a 1:1 ratio was chosen for the
IM-MS experiments to ensure that SCSERF bound complexes were sufficiently abundant to be
observed. The 1:1 ratio was the highest ratio of SCSERF to AB40/a-synuclein where SCSERF
was still observed to accelerate aggregation. Thus, we anticipate that the complexes observed
at this ratio are representative of those present at sub-stoichiometric ratios.

ATDs were fit to a minimal number of Gaussian functions, and the peak centers of the Gaussian
functions were converted to CCSs using a previously described protocol ''S. CCS
measurements were calibrated using native -lactoglobulin, ubiquitin, cytochrome C, insulin,
melittin, and denatured ubiquitin. Calibration was conducted using a database of known values
in helium, and all CCS values reported are an average of at least 3 replicates. The associated
least square error with each average CCS combines inherent calibrant error from drift tube
measurements (3%), the calibration curve error (R?), and two times the replicate standard

deviation error as per a previously published protocol'!®,

The dissociation constant of SCSERF binding to AB40 monomer was determined by preparing
samples containing 2 uM ScSERF, and 5, 10, 40, and 60 uM of AB40 in 20 mM ammonium
acetate buffer (pH 7.4). Titration of AB40 beyond a final concentration of 60 uM resulted in
AB40 aggregation, which interfered with the K¢ measurement. Each sample was analyzed three
times by three separate nESI needles. The three analyses were treated as three technical

replicates and plotted separately. The mass spectra were integrated to determine total

abundances of free and bound ScSERF.
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Since the ionization efficiencies of SCSERF and SCSERF:AB40 vary significantly, we utilized

the response factor R as described previously:

_PL
P
where PL is the total signal abundance of SCSERF: A40, and P is the abundance of unbound

ScSERF. To account for the difference in ionization efficiency the response factor relationship
(R/R+1) was plotted against the corresponding concentration of AB40 for all three replicates,

and all points were fit to the following nonlinear equation adapted from Ishii et al. '!7:

2
R = 0.5 * Kg «| 1+ [ScSERF] o + [AB40]o _ \[(1 + [ScSERF], _ [AB40]0) + 4[AB40]0|
R+1 [ScSERF]0 Kg Kg Kg Kg Kg

where [ScSERF]o and [AB40]o are the initial concentrations of the respective species, and Kq
is the dissociation constant.

Raw data was analyzed using MassLynx (Waters). ATDs for all CCS calibrants as well as
ScSERF complex samples were extracted from raw data using TWIMExtract®®, and ion

mobility ATDs were fit to Gaussian functions using CIUSuite2.
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4 Results!

4.1 Structural characterization of SCSERF

MOAG-4/SERF protein family is highly conserved proteins in eukaryotes (Fig. 6). The yeast
homologue YDLO850C-A (ScSERF) hadn’t been studied. The collection of structural
information is important if one wants to understand the structural basis behind protein function
and mechanism. The structural information we obtained here was compared to the recently
published information on the C.elegans homologue MOAG-4°!. ScSERF was codon-
optimized for expression in E. coli and cloned into a pET28-His-Sumo vector, the His-SUMO-
ScSERF protein purified and elutes as a monomeric protein (Appendix Fig. 28).

To evaluate the secondary structure content of ScCSERF, circular dichroism (CD) spectra were
taken over a range of temperatures (Fig. 8 A). SCSERF shows that an a-helical signal is present
at low temperatures, with increasing temperatures SCSERF’s a-helical content decreases from
24 % at 4 °C to 4 % at 40 °C, as estimated by deconvolution of the CD-spectra''®,

The Heteronuclear Single Quantum Coherence (HSQC) spectra of SCSERF collected at 4 °C
shows a more dispersed peak distribution in comparison to HSQC spectra collected at 30 °C
(Fig. 8 B), indicating a more structured conformation at low temperatures, consistent with the
CD secondary structure analysis. The HSQC spectra at 4 °C was assigned by collecting triple
resonance experiments. The chemical shifts determined from the backbone assignment of
ScSERF can be used to predict the torsion angles of the peptide backbone, which can be used
to predict secondary structure elements in the protein sequence. The program TALOS was used
to predict SCSERF secondary structure'!®. The C-terminal residues from residue 45 to 65 are
predicted to be in an a-helical structure. Furthermore, the NMR assignments and TALOS
calculations can be used to model ScSERF structures. The web server CS-Rosetta converged

on low energy structures based on the NMR data input'?°,

! Most of the results described here have been previously published in Meinen BA, Gadkari
V V., Stull F, Ruotolo BT, Bardwell JCA (2019) SERF engages in a fuzzy complex that
accelerates primary nucleation of amyloid proteins. Proc Natl Acad Sci 116(46):23040-23049.
NMR experiments were collected with the help of Dr. Debashish Sahu and Dr. Josh Damron.
The Native IM-MS experiments were measured and analyzed by Varun Gadkari. TEM images
were collected with the help of Dr. Michael Cianfrocco and Dr. Tony Ludlam.
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Figure 8: Structural characterization ScSERF.

(A) Temperature dependency of SCSERF secondary structure. CD signal of 0.2 mg/ml ScSERF plotted
as mean residue ellipticity collected at increasing temperatures. (B) HSQC '°’N ScSERF at 277 K (4°C)
blue spectra with some of the made residue assignments and at 303 K (30°C) red spectra. (C) CS-
Rosetta structure model for MOAG-4 based on bmrb entry ID 27058 from Yoshimura et al.”’.Overlay
of ten lowest energy structures (D) CS-Rosetta structure model based on backbone assignments for
ScSERF. Overlay of ten lowest energy structures generated by  CS-Rosetta
(https://csrosetta.bmrb.wisc.edu/csrosetta/)' 2%,

The ensemble of the ten lowest energy structures is consistent with the TALOS prediction and
shows the propensity to form a a-helix from residues 45-68 and a disordered N-Terminal
sequence (Fig. 8 D). It is interesting to point out that the N-Terminal region in SCSERF is
highly conserved across all eukaryotic species (Fig. 6), but is disordered in ScSERF and
MOAG-4 (Fig. 8 C, D). This is different from many intrinsically disordered proteins which
tend to show a much lower degree of sequence conservation'?>. We generated a CS-Rosetta

ensemble for MOAG-4 based on the published NMR assignments (BMRB #27058)°!, to
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compare our model with a model for MOAG-4. In comparison our NMR informed
computational model for ScSERF agrees quite well with the NMR structure ensemble

published for the homologue MOAG-4 (Fig. 8 C)°'.

4.2 ScSEREF as a modifier of amyloid formation

Falsone et al. showed that SERF1a the human homologue to ScCSERF accelerates the amyloid
formation of multiple amyloidogenic proteins including a-synuclein, AB40, polyQ and PrP
prion protein®. Nevertheless, the mechanism by which SERF leads to amyloid acceleration
has not been elucidated. In this section we used the advances made in studying Ap40 amyloid

formation to characterize the mechanism by which ScSERF affects AB40 amyloid formation.

4.2.1 Establishing AB40 amyloid aggregation assay

Recently, the Knowles group developed a framework to quantify and analyze amyloid-3
amyloid kinetics *!. The first crucial step is to generate pure and monomeric AB40 peptide, this
first involves the purification of recombinant AB40 from inclusion bodies (Appendix Fig. 29).
The purified and lyophilized AB40 was applied to an analytical size-exclusion column (S75).
The center of the monomer peak was collected and used immediately to start the amyloid
aggregation (Fig. 9 A). The use of freshly purified monomeric AB40 has been shown to be
essential for reproducible amyloid kinetic assays as the spontaneous stochastic formation of
oligomeric amyloid nuclei greatly decreases reproducibility. The amyloid kinetics can be
followed by monitoring Thioflavin T (ThT) fluorescence over time. The fluorescence of ThT
increases when this fluorophore binds to the cross-3 structure of amyloid fibrils, typically a
sigmoidal curve for amyloid aggregation results!?*. The amyloid kinetics determined for AB40
by ThT fluorescence follow the published pattern and could be fitted to the published

mechanism of multistep secondary nucleation for AB40 aggregation (Fig. 9 B).
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Figure 9: AB40 amyloid kinetics.

(A) Size elution chromatogram of AB40 on analytical S75 column, marked are the center fractions taken
for kinetic assays. (B) ThT assay of a serial dilution of A40 monomeric protein. Assay was conducted
under quiescent conditions at 37 °C (20 mM NaH,PO4, 200 uM EDTA, pH 7.4). Data was fitted to
multistep secondary nucleation mechanism using amylofit *'.

4.2.2 ScSERF accelerates AB40 amyloid formation

To investigate the effect of SCSERF on AB40 aggregation, a range of SCSERF concentrations
were added to a constant concentration of AP40. ScSERF accelerates AP40 amyloid
aggregation at sub-stoichiometric concentrations (Fig. 10 A). The halftime of AB40 amyloid
formation is reduced from 6 h which is what occurs with AB40 alone to 2.6 h upon addition of
a 1: 0.1 AB40: ScSEREF ratio. This acceleration is less pronounced at equimolar AB40: ScCSERF
ratios but the lag time is still reduced by over one hour (Fig. 10 B).

Unexpectedly, in the presence of a large molar excess of SCSERF to AB40, the amyloid kinetics
are slower, a high molar-excess concentration of ScCSERF increased the halftime of AB40
amyloid formation (Fig. 10 E). The fibrils present at the end of the reaction were examined by
transmission electron microscopy (TEM). On the surface, the morphology of the formed
amyloid fibrils appeared unchanged (Fig. 11 A-F), but in presence of a molar-excess of
ScSERF, amorphous aggregates appeared in the addition to the excepted amyloid fibrils
(Fig. 10 D, 11 G-H). These amorphous aggregates were not observed for fibrils formed in the
presence of low concentration of ScCSERF (Fig. 11 C, D).
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Figure 10: ScCSERF modifies AP40 aggregation in a bi-modal fashion.

(A) The kinetics of AP40 amyloid formation as measured by ThT fluorescence for 25 uM AB40
incubated in the absence (black) or presence (various colors) of different concentrations of ScCSERF.
(B) Halftimes of AP40 amyloid formation plotted against the indicated concentrations of ScSERF.
Assays were conducted under quiescent conditions at 37 °C (20 mM NaH,POs, 200 uM EDTA, pH
7.4). (C) Final ThT fluorescence of the plateau phase’s dependence on various ScCSERF concentrations
(shown in panel A). (D) representative TEM image of AB40 fibrils formed after 48 hours incubated in
the presence of 5 molar excess ScSERF (E, F) Box plot of analysis of 3-4 independent AB40 ThT
aggregation experiments. Box signifies upper and lower quartiles, median is represented by the line in
the box. (E) Changes of halftime for different SCSERF concentration are normalized to AB40 halftime
(=1). (F) Analysis of the relative change in final ThT fluorescence to final AB40 fluorescence (=1)
(Figure adapted after Meinen et al., 2019).
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Consistent with these observations, we found that in some of the assays, the final ThT
fluorescence was reduced in the presence of an excess of SCSERF (Fig. 10 C). The final ThT
fluorescence relative to the observed AB40 final ThT fluorescence did not show a clear
correlation with SCSERF concentrations across multiple experiments (Fig. 10 F). Nevertheless,
it appears that the molar-excess SCSERF concentrations show overall slightly lower final ThT
fluorescence values. ThT fluorescence depends on the concentration of amyloid protein, the
morphology of the fibrils and ThT concentration'?>. The observation of non-amyloid
aggregation by TEM suggest that high SCSERF concentrations can cause the formation of off-
pathway aggregation of AP40. In the context of other modifies amyloid-f off-pathway
aggregation has been observed, for example in experiments conducted with equimolar

concentration of Zn?" ions!2°,

4.2.3 AP40 amyloid fibrils in the presence of SCSERF

After 48 hours of incubation, at the completion of the ThT fluorescence kinetics, samples were
taken and visualized using transmission electron microscopy. APB40 fibrils formed in the
presence and absence of 1:0,1, 1:1, 1:5 molar ratios of SCSERF, were at least superficially
indistinguishable, all showing the previously described twisted fibril structures (Fig. 11A-F).
As mentioned in the previous section, an excess of SCSERF leads to a decrease in ThT
fluorescence and at these concentrations we observed non-fibral aggregation (Fig. 11 G, H).
ScSERF itself does not form any aggregates or ThT reactive species by itself consistent with

observations made for SERF1a (Fig. 11 I)*.
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Figure 11: TEM characterization of AB40 fibrils +/- SCSERF.

AP40 was incubated in the presence or absence of different molar ratios of SCSERF for 48 h. Images
were taken by TEM. (A, B) Representative images of AB40 fibrils. (C, D) Images of AB40 fibrils in the
presence of 0.1 molar equivalent of ScCSERF. (E, F) Images of AB40 fibrils in the presence of 1 molar
equivalent of ScCSERF. (G, H) Images of AB40 fibrils in the presence of 5 molar equivalent of SCSERF
(D) Image of ScSERF alone, also incubated for the duration of the ThT experiment (Figure adapted after
Meinen et al., 2019).

4.2.4 Mathematical modeling of amyloid kinetics

One tool used to visualize amyloid kinetics is simulation. We thus simulated the published
kinetic mechanism for APB40 aggregation using the software Berkley Madonna
(https://berkeley-madonna.myshopify.com/). These simulations allow us to visualize how
aggregation kinetics should change in response to changes in the various rate constants

involved. A change in the primary nucleation rate constant leads to a change in the lag-phase
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but does not affect the shape of the aggregation curve (Fig. 12 A). Changes in elongation and
secondary nucleation affect both the slope of the aggregation curve and the lag phase, but in
distinguishable ways (Fig. 12 B, C). A comparison of the simulated curves and the
experimental data (Fig. 12 A) shows that the simulation where we varied the primary
nucleation rate matches well with the experimentally observed kinetics (Fig. 13 C), much better
than when we changed the elongation and secondary nucleation rates. In the following we used

data fitting to test this hypothesis.
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Figure 12: Mathematical modeling of amyloid kinetics.

Simulation of 25 uM AB40 amyloid kinetics based on the published model; simulation with the
published rate constants is shown in green (primary nucleation rate =2 x 107, elongation rate =3 x 10°,
and secondary nucleation rate =3 x 10%) **. Increasing the primary nucleation (A), secondary nucleation
(C) or elongation rate (B) (blue, purple, orange lines) or decreasing it (red, black lines) changes the lag
time, or curvature of the plot** (Figure adapted from Meinen et al., 2019).

4.2.5 Determination of AB40 amyloid mechanism in the presence of SCSERF

Since we could generate reproducible amyloid formation kinetic traces we reasoned that these
could be used to determine which specific step in AP40 amyloid formation is affected by
ScSERF. To do this, first, the reaction mechanism in the presence of SCSERF was determined.
The halftimes were determined as described in the method section, using the webtool amylofit

(https://www.amylofit.ch.cam.ac.uk)*'. It has been shown that a double-logarithmic plot of

AB40 monomer concentration against the aggregation halftime changes its shape dependent on
the underlying amyloid mechanism. A linear concentration-dependence indicates that the
mechanism is the same for all concentration this has been the case for the aggregation of
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AP4241-33 A positive curvature with a change in slope at higher concentrations indicates a
saturation effect at higher amyloid protein concentrations. This behavior has been observed in
the past for aggregation of AB4033. In our assay the AB40 control sample showed the published
pattern (Fig. 13 A, B). The addition of a sub-stoichiometric concentration of SCSERF lead to
the acceleration of amyloid formation, but did not affect the shape of the double-logarithmic
plot (Fig. 13 A, B). This insensitivity to shape indicates that the overall reaction mechanism of
AP40 is not changed by ScSERF, but rather a step in the kinetics of AB40 aggregation is
affected.

4.2.6 ScSEREF accelerates primary nucleation

We used the amylofit tool (https://www.amylofit.ch.cam.ac.uk) to determine the changes in
microscopic rate constant that occurred in the presence of SCSERF*!. As a first step, the ThT
fluorescence data is normalized, the model assumes that the final ThT fluorescence is
proportional to the starting concentration of monomeric amyloid protein. The samples
containing a high molar excess of SCSERF were excluded from the following analysis, because
the models available are unable to account for the formation of off-pathway amorphous
aggregation.

To determine the rate constant that SCSERF affects, the SCSERF concentration from sub-
stoichiometric to equimolar concentration were fitted to the determinate mechanism of multi-
step secondary nucleation process. In the mechanism of multi-step secondary nucleation, three
rate constants are determined, k,, the rate constant for primary nucleation, k+, the rate constant
for elongation and ko, the rate constant for secondary nucleation. In an unseeded aggregation
reaction, the amyloid kinetics depend on the combination of the rate constant for primary

nucleation k+k, and secondary nucleation k- k 3.
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Figure 13: ScSERF accelerates primary nucleation of AB40 aggregation.

(A) Double logarithmic plot of average halftime of A40 aggregation in the absence (black) or presence
of 1:0.2 AB40:ScSERF (red). (B) Double logarithmic plot of average halftime of AB40 aggregation in
the absence (black) or presence of 1:0.5 AP40:ScSERF (red). (C) Fibril mass fraction of 25 uM Ap40
incubated in the absence (black) or presence of different concentrations of SCSERF. Data were fit with
a multi-step secondary nucleation model, with k.k, being that combined primary nucleation rate
constant and kik, being the combined secondary nucleation rate, both were used as free fitting
parameters. (D) Dependencies of the relative combined rate constants kikn , and k k> to relative SCSERF
concentration obtained from fitting the kinetic data from panel 13 C (Figure adapted after Meinen et
al., 2019).

The amyloid assay in the presence of SCSERF was globally fitted with the two rate constants
as free fitting parameters, as this procedure allows us to determine changes for all SCSERF
concentration at the same time. The fits describe the data for different SCSERF concentrations
reasonably well (Fig. 13 C). We attempted to fit of the data with simpler models available
through amylofit but none of the models described the data well at all (Appendix Fig. 32)*!.
The rate constant for secondary nucleation k:k> is unchanged in the presence of SCSERF
concentrations, while the rate constant for primary nucleation k+k, is increased by the addition
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of ScSERF (Fig.13 D). The relative change of k+k, in comparison to the AB40 control is shown
in Fig. 14 D. Sub-stoichiometric concentration of SCSERF leads to an over 100-fold increase

in primary nucleation rate k+k, (Fig. 13 D).

4.2.7 ScSEREF accelerates amyloid formation of a-synuclein

The aggregation kinetics of a-synuclein were also monitored by ThT fluorescence. The
addition of ScSERF leads to an acceleration of amyloid formation (Fig.14 A). At sub-
stoichiometric ratios of SCSERF, the halftime of a-synuclein amyloid formation is reduced
from 37 h to around 10 h. In the case of a-synuclein aggregation, we did not observe an
inhibitory effect of higher ScSERF concentrations. ScSERF is almost as efficient in
accelerating a-synuclein amyloid formation at the low concentration of 20 uM as it is at the

high concentration of 200 uM (Fig.14 B).
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Figure 14: ScSERF accelerates a-synuclein amyloid formation.

(A) Normalized ThT fluorescence of 100 uM a-synuclein incubated in the absence (blue) or presence
of different concentrations of SCSERF. (B) Halftimes of a-synuclein were plotted against SCSERF
concentration. Assays were conducted with constant shaking at 37 °C in 20 mM NaH,PO.4, 50 mM
NaCl, 200 mM EDTA, pH 7.4 (Figure adapted from Meinen et al., 2019).

In comparison to APB40, the amyloid kinetics of a-synuclein are more difficult to quantify as
a-synuclein aggregation can take weeks to be complete under quiescent conditions’'. To obtain
amyloid kinetics on a reasonable timescale, the samples in this study were subject to constant
shaking at 300 rpm. The process of shaking leads to fragmentation of amyloid fibrils, which
makes fragmentation the dominate reaction step for amyloid fibril formation. There is no

unified model for a-synuclein aggregation at neutral pH, some characterizations have been
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studied at mildly acidic pH%. We utilize self-seeded data to distinguish between primary and

secondary nucleation processes at neutral pH.

4.2.8 o-synuclein amyloid fibrils in the presence of SCSERF

The a-synuclein fibrils formed in the presence of SCSERF were monitored by transmission
electron microscopy (Fig. 15). The overall fibril morphology appears to be unchanged in the
presence of SCSERF, which matches the observation made in the literature®. The a-synuclein

fibrils formed in the presence of SCSERF however appear to be a bit shorter and more clumped

together, this might be result of fibril fragmentation during the shaking and agitation of the
samples (Fig. 15 C, D).

Figure 15: TEM characterization of a -synuclein fibrils +/- SCSERF.

(A, B) Negatively-stained TEM images of 200 uM a-synuclein after completion of the ThT assay.
(C, D) Images of 200 uM a. -synuclein incubated with 100 uM ScSERF (Figure adapted after Meinen
etal, 2019).
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4.2.9 ScSERF has no perceptible effect on self-seeded amyloid formation

In the previous described unseeded amyloid kinetic experiments, the reaction is initiated using
pure monomeric protein. In the case of a self-seeded experiment, a seed of pre-formed
aggregates and fibrils are added at the start of the reaction. The seeds bypass the initial step of
primary nucleation, leading to a change of reaction behavior. The monomeric amyloid proteins
can attach to the fibril seeds and start the elongation process or undergo surface catalyzed
secondary nucleation to form new fibril seeds. The amyloid formation curves conducted in the
presence of seeds lack a lag-phase. To test if SCSERF influences elongation or secondary
nucleation, SCSERF was added to self-seeded experiments for AB40 and a-synuclein. We
observed that the slope of the aggregation curves seen at low seed concentrations (Fig. 16 A, C)
is less steep, than in the reactions that used higher seed concentrations (Fig. 16 B, D). As

expected, for self-seeded experiments, the lag phase cannot be observed (Fig. 16 A-D).
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Figure 16: ScCSERF has minimal effect on self-seeded amyloid kinetics.

(A) Normalized ThT fluorescence of 25 uM AP40 self-seeded with 0.5 uM pre-formed AP40 fibrils
(2 % seeds) incubated in the absence (blue) or presence of different concentrations of SCSERF. (B)
Same as in (A), but self-seeded with 2.5 uM pre-formed AB40 fibrils (10 % seeds). (C) Self-seeding
assay with 100 mM a-synuclein and 5 % seeds. (D) Self-seeding assay with 100 uM a-synuclein and
10 % seeds. In all experiments, assays were conducted under quiescent conditions at 37 °C (20 mM
NaH,POs, 50 mM NaCl, 200 uM EDTA, pH 7.4, 25 uM ThT). (Figure adapted from Meinen et al.,
2019)
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ScSERF addition to self-seeded AP40 assay showed no increase in the rate of amyloid
formation (Fig. 16 A-B). A molar-excess of ScCSERF appears in this one case to slow the
reaction seen at low seed concentration (Fig. 16 A), however, this was not routinely observed.
In the case of the a-synuclein reaction conducted the presence of SCSERF the kinetics were
not affected in a significant manner (Fig, 16 C-D). This result supports our finding that SCSERF
primarily affects primary nucleation of AB40 and also suggested that ScCSERF effects a-

synuclein in the early stages of amyloid formation.

4.2.10 ScSERF binds to amyloid fibril surface

It had been reported that SERF1a remains in the soluble fraction after it is used to accelerate
a-synuclein amyloid aggregation®. To determine the fate of SCSERF at the end of the amyloid
aggregation reaction, the insoluble and soluble fractions were separated by centrifugation and
analyzed by SDS-PAGE. It was observed that both amyloid proteins AB40 and a-synuclein
were in the insoluble fraction, whereas almost all of the SCSERF protein was in the soluble
fraction (Fig. 17 C, E). However, a small amount of SCSERF was detected in the insoluble
fraction.

As previously described, we could not determine any changes of the morphologies of amyloid
fibrils in the presence of SCSERF, making it unlikely that SCSERF is integrated into amyloid
fibrils. To follow up this observation, we investigated whether SCSERF binds to pre-formed
amyloid fibrils. To monitor the binding, a cysteine mutant of SCSERF A63C was generated via
site-directed mutagenesis and the introduced cysteine was site-specifically labeled with
AlexaFluor532, a dye that can be easily visualized in fluorescence anisotropy experiments. We
chose to do fluorescence anisotropy because it is sensitive to changes in particle size.
AlexaFluor532-labeled ScSERF (AF532 ScSERF) was titrated with pre-formed AB40 or a-
synuclein fibrils and the change in fluorescence anisotropy was monitored. The fluorescence
anisotropy signal for AF532 ScSERF will increase if a complex is formed'?’. The addition of
pre-formed APB40 fibrils resulted in an increased fluorescence anisotropy signal (Fig. 17 A)
indicating that a complex is indeed formed. The addition of unlabeled SCSERF to the complex
of pre-formed APB40 fibrils and ScCSERF resulted in a decreased anisotropy signal almost to the
same level seen for free SCSERF, indicating that binding is reversible (Fig. 17 B).

63



Results

Binding to pre-formed AB40 fibril B Competition with unlabeled ScCSERF
0.20 9 A
B AF532-labeled SCSERF ol
0.18 I [
>
Q >
2 0.161 S
b =3
2 0.16 S
< ©
0.14 ! [ I =
0.129 !
0.10 ¥ v v ] T v T ¥ 0.14
0 1 2 3 2 4 6 8 10 12
AB4O fibril [uM] ScSERF [uM]
C D
= —_ = 3 J W AF532-labeled ScSERF
AB40  THScSERF 1.2 SCSERF _ 1:1 SCSERF o
kDa = - = i |
MPSMPS MPS MPS 0304
o ~ - ‘;‘o 254
S
E 0.204
0.15 i
— -, - s -
10 " 0.10 T v
a\".fr&“ © o
PQ:@@
E
KkDa F Binding to pre-formed a-Syn G Competition with unlabeled SCSERF
0.16 ]
} 0.16
>
Q >
©0.144 3,
*g 0.14 a
a-Syn E §
SCSERF 1 3 §
0.11 -  — ’ v 0.11
0 4 6 8 10 19 20
a-Synuclein fibril [uM] ScSERF [uM]

Figure 17: ScSERF interacts with per-formed AB40/a-synuclein fibrils.

(A) Fluorescence anisotropy change of AF532-labeled ScSERF upon addition of pre-formed AP40
fibrils. (B) Change in anisotropy upon competition with unlabeled ScCSERF. Titration was performed at
25 °C in 20 mM NaH,PO4, 200 uM EDTA, pH 7.4. (C) SDS-PAGE analysis of soluble and insoluble
fractions of 25 mM AB40 aggregation at the plateau of aggregation in the presence of different
concentrations of SCSERF: 125 uM (1:5), 50 uM (1:2), and 25 uM (1:1); M: marker, P: pellet, S: soluble
fraction. (D) AF532-labeled ScSERF is not integrated into AB40 fibrils. Plots show fluorescence
anisotropy change of AF532-labeled ScCSERF upon addition of monomeric AB40, after incubation with
APA40 for 72 h at 37 °C, and when competed against with unlabeled ScCSERF (20 mM NaH,PO4, 200
uM EDTA, pH 7.4, 25 uM ThT). (E) SDS-PAGE analysis of soluble and insoluble fractions of 100
mM a-synuclein aggregation for different ratios of o -synuclein:ScSERF (1:0, 1:0.5, and 1:0.2); M, P,
and S same as in (C). (F,G) Fluorescence anisotropy change of AF532-labeled ScCSERF upon addition
of pre-formed a-synuclein fibrils (F) and when competed against with unlabeled ScCSERF (G). (Figure
adapted after Meinen et al., 2019)

64



Results

When AF532 ScSERF was co-incubated with APB40 during fibril formation, some of the
ScSERF was found to be bound to the fibrils as indicated by the high anisotropy signal, the
addition of unlabeled ScSERF in this case resulted also in a decrease of anisotropy signal
(Fig. 17 D). These results indicate that SCSERF is not irreversibly integrated into fibrils, but
instead is reversibly associated with the surface of AB40 fibrils.

The same set up was used to investigate the binding of SCSERF to a-synuclein fibrils. The
addition of SCSERF to pre-formed a-synuclein fibrils resulted in an increase in anisotropy. The
addition of unlabeled ScSERF resulted in competition with labeled AF532 ScSERF for binding
(Fig. 17 F, G). In summary, for both AB40 and a-synuclein, SCSERF can reversibly bind to

amyloid fibrils, but it does not permanently integrate into these fibrils.

4.2.11 ScSERF binds monomeric AB40 and o-synuclein

To determine if SCSERF can bind to monomeric AB40 and a-synuclein we are utilizing
fluorescence anisotropy. APB40 was labeled with AlexaFluor532 at its primary amine group.
The labeled fraction of AF-532 AB40 was isolated by size exclusion chromatography. ScCSERF
was titrated into labeled AF-532 A40, the increase in fluorescence anisotropy upon addition
of ScSERF indicates binding of SCSERF to APB40. The resulting saturation binding curve was
fitted and a dissociation constant K4 of 32 uM was obtained (Fig.18 A). We tested ScSERF
binding and performed a fluorescence anisotropy titration where a-synuclein was titrated into
AF532-labeled ScSERF. The increase in anisotropy was fitted to a binding isotherm that
determined a Kq of 9 uM for the binding between ScSERF and a-synuclein (Fig. 18 B).
Falsone et al. showed that human SERF1a binds to a-synuclein with a comparable K4 value of
8 uM®°. We used sedimentation velocity analytical ultracentrifugation to determine that all

three proteins were monomeric under the conditions used for the titration experiment.

65



Results

B
T T T T T T T T
| 0154 -
- 0147+ 1
o >
o 4 a
= o
2 8 0.14
5: 0.14 y = m1*x/(m2+x)+m3 7 g ' = m1*x/(m2+x)+m3
Value Error < Value Error
013 m1| 0061853 | 000091255 | | 1 V0029537 | 00011087
m2 31.952 18955 0133L m2 | 94836 13238 |
m3 01176 | 0.00086621 m3 | 012874 [ 000097064
0.12 Chisq| 4.5284e-5 Na § 4 Chisq | 120665 NA
R 0.9972 NA R| 099181 NA
0.11 L 1 1 1 1 L 01 26 [ 1 1 1 1 1 1 1
0 100 200 300 400 500 600 0 10 20 30 40 50 60 70 80
ySERF [uM] a-Synuclein [uM]

Figure 18 Binding of ScCSERF to monomeric AB40/a-synuclein.

(A) Increase in fluorescence anisotropy upon titration of ScCSERF into monomeric AF532-labeled
AP40. The equilibrium binding constant (Kq) was determined to be 31.9 £ 1.89 uM. Titration was
performed at 25 °C in buffer containing 20 mM ammonium acetate, pH 7.4. (B) Increase in fluorescence
anisotropy upon titration of a-synuclein into AF532-labeled ScSERF. The equilibrium binding constant
(Kq) was determined to be 9.48 = 1.32 uM (Figure adapted after Meinen et al., 2019).

The sedimentation velocity experiment showed only one species for all three proteins under
the used conditions (Fig. 19). The estimated molecular weight from the analysis indicated, that
all proteins are monomeric. A pseudo 3D plot shows the sedimentation coefficient S vs. the
frictional ratio f/f0 ''!. The frictional ratio f/f0 is the ratio between the experimental observed
frictional coefficient of a molecule vs. the theoretical determined frictional coefficient of an
ideal sphere with the same molecular weight. The frictional ratio of an ideal sphere would be
1.0. For global proteins, frictional ratios of 1.1 to 1.35 have been observed'!!"12%12% The
frictional ratio f/f0 for a-synuclein is 2.1, which indicates that a-synuclein has an extended
structure in solution (Fig. 19 A). Similar observations are made for ScSERF, it shows a
frictional ratio of 1.7 (Fig. 19 C) indicating that it too has an extended configuration in solution.
This is further evidence that both these proteins are intrinsically disordered with extended
structures in solution. AB40 appears to be in a comparably more compact state in solution with

a frictional ratio /0 of 1.3 (Fig. 19 B).
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Figure 19: Pseudo-3D plots of 2DSA analysis from sedimentation velocity experiments.

Solute distribution of SV-AUC experiments, plotted is the sedimentation coefficient Sy against the
frictional ratio f/f0. (A) a-synuclein was sedimentation at 58,000 rpm. (B) Labeled AF532-labled A340
was sedimented at 59,000 rpm. (C) ScCSERF was monitored at 225 nm and sedimented at 58,000 rpm.

4.3 Structural investigation of early complexes formed between ScSERF

and AB40/a-synuclein

4.3.1 Solution NMR of AB40 with ScCSERF

We attempted to determine if there is a particular set of residues that are important for the
interaction between ScSERF and AP40. Therefore, AP40 was recombinantly expressed,
isotopically '"N-labeled and purified for use in NMR spectroscopy. The heteronuclear single
quantum correlation (HSQC) spectra for AB40 has previously been assigned'3°. Unlabeled
ScSERF was titrated into 'N-labeled AB40 (Fig. 20 A). At equimolar concentration of
ScSERF to AP40 the signal intensity of most peak signals is decreased by around
20 % (Fig. 20 B). The addition of higher concentration of ScCSERF lead to further decrease of
some peak intensities to 60 % — 70 % in comparison to the starting signal. The overall decrease
in signal upon the addition of SCSERF could be due formation of NMR invisible complexes or
higher oligomeric states of A40. It has been shown that the transition of AB40 monomers into
higher oligomeric species leads to substantial line boarding and a disappearing of signals in the
HSQC spectra'3!. Only small chemical shift changes for some AB40 residues were observed
(Fig. 20 C). The largest change was observed for Valine 24, which is in the linker region
between the two hydrophobic patches ('"LVFFA?!") and the C-terminus in the AB40 sequence.
Some shifts were also detected in residues in C- and N-terminal region of AB40. Although the
data indicates that binding is occurring between AP40 and ScSERF, we cannot identify one
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strong binding site. The data suggests that SCSERF:AB40 complex is flexible and the signal
disappearance is caused by conformational exchange in the complex resulting in a change in
NMR signal intensity, probably due to a shift towards the intermediate exchange regime. This

1s not surprising because both proteins can be characterized as intrinsically disordered proteins.
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Figure 20: Changes in HSQC spectra of "N AB40 upon titration of ScSERF.

HSQC Spectra of "N AP40, AP40 red (116 uM), green 1:1 AP40:ScSERF (118 uM),
blue 1:3 AB40:ScSERF (350 uM), below spectra shown is AB40 amino acid sequence. (B) Relative
change in intensity to AB40 sample after integration of signal intensity in each HSQC spectra. (C)
Change in average chemical shift (Ad) in AB40 upon addition of ScCSERF. AB40 assignments from
BMRB code: 17764.

68



Results

4.3.2 Characterization of SCSERF:AB40 and a-synuclein complexes via Native IM-MS

The data indicates that SCSERF interacts with monomers of AB40/a-synuclein and affects the
lag phase of AB40 and a-synuclein amyloid formation. The dye Thioflavin T can be used to
monitor the kinetics. It binds to -sheet rich conformation as present in the cross B -sheet
structure formed in amyloid fibrils '*2. However, the conformational change and formation of
transient species that occur during the lag phase of the fibrillation kinetics are unfortunately
ThT-invisible. To monitor the early events in amyloid formation ion mobility, native mass
spectrometry was employed. Native ion-mobility mass spectrometry (IM-MS) is an analytical
technique to analyze proteins and protein complexes in the gas phase preserving the native
state and non-covalent protein-protein interactions present in solution'3?,

IM-MS experiments provide structural information on protein complexes in terms of charge
state distributions (CSDs) and collision cross section (CCS) distributions'3?. Natively folded,
structurally homogeneous proteins typically ionize in a specific number of charge states
directly related to the surface area of the protein. For reference, native ubiquitin, an 8.6 kDa
protein standard typically has 3-4 charge states, typically 4+ to 6+. In contrast intrinsically

disordered proteins display a broader and higher range of CSDs and CCS distributions!3#!33,

4.3.3 ScSEREF is elongated and intrinsically disordered in IM-MS

The measurement of m/z, the drift time of the ions and their intensity results in a robust three-
dimensional output, where the x-axis represent the m/z, the y-axis shows the drift time of the
ions and the intensity is presented in the z-axis. We found that ScCSERF behaves like a an
intrinsically disordered protein with flexible structural properties in the IM-MS experiment. In
comparison to the example of native ubiquitin, SCSERF has an unusually broad charge state
distribution (11 charge states) from 4+ to 15+, which is indicative of the various structures of
ScSERF present in solution prior to the nESI process (Fig. 21 A,B). Furthermore, the lower
chare states (5+,6+,7+) have an extended drift time distribution in the ion mobility dimension
(Fig. 21 C). An extended conformation of SCSERF was also observed in solution, as indicated
the frictional ration f/f0 of 1.7 measured by sedimentation velocity analytical
ultracentrifugation experiments (Fig. 19 C). Broad drift time distributions within one charge

state represents a subset of SCSERF conformers which ionize with the same set of charges due
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to having similar surface areas, but interact differently with the drift gas and as a result show
different arrival times (Fig 21 C). The lower chare states (5+,6+.7+) have multiple arrival time
distributions, whereas the higher charge states (8—15+) show only one structural conformation.
An analysis of the arrival time distribution (ATDs) of the 11 charge states gives information
on the number and range of conformations in one charge state (Fig. 21 C). The ATDs were
fitted to multiple Gaussian functions and defined discrete conformers of ScCSERF that range in
CCS from 9 to 22 nm? were calculated. The relationship between molecular weight and CSS
follows a power law correlation, however some of the extended conformers of SCSERF are
nearly 2- to 3-fold larger than expected for 7,949 Da protein'33.

We also observed a dimeric species of SCSERF in the native IM-MS experiment. The ScCSERF
dimer has three charge states (10+, 9+, 8+). SCSERF dimers have collision cross section of 13-
17 nm? (Fig. 21 C). In contrast to the heterogenous population of SCSERF monomer the
dimeric species has a relatively compact CCS value. We did not observe a dimeric population

of ScSERF in SV-AUC experiments.

4.3.4 ScSEREF forms structural diverse complexes with AB40

ScSERF shows a high ionization efficiency, which results in a very high signal intensity, we
found that an equimolar ratio of SCSERF and A40 resulted in the best signal to noise ratio for
the IM-MS experiment. We analyzed the SCSERF and APB40 complexes via IM-MS that result
from the incubation of equimolar ratio of SCSERF to AP40. In this sample we detected, as
expected, monomeric SCSERF, dimeric ScCSERF, monomeric AB40 and a low intensity signal
of dimeric AB40. We detected complexes with three different stoichiometries between SCSERF
and APB40 a 1:1 complex of SCSERF:AB40,2:1 SCSERF:AB40, 1:2 SCSERF:AB40 (Fig. 21 A-
O).

To quantify the percentage of complexes formed under the investigated conditions we assumed
that AB40 and AB40 containing complexes have a comparable ionization behavior. In the
sample of equimolar 10 uM ScSERF and AB40 we detected that about ~33% of AB40 is bound
to ScCSERF. We further estimated the dissociation constant Kq between ScCSERF and A40
using IM-MS to be 10 =2 uM (Fig. 21 D) this is in the same range as the K4 determined in
solution of 32 uM (Fig. 18 A). Based on these measured Kq values we would predict about
24 % to 50 % of complexes should be present when both proteins are at a concentration of

10 uM, which is in the range of about ~33 % we experimentally measured for the 1:1 complex.
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The 1:1 complex is the most abundant complex with over 90 % of protein in complex being in

a 1:1 complex.
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Figure 21: Analysis of ScSERF interacting with AB40 using nESI IM-MS.

(A) Native mass spectrum of AP40 and ScSERF at 10 uM. The measured monoisotopic mass of
7945 £+ 1 Dais in close agreement with the average sequence mass of SCSERF at 7949 Da (UniProtKB
ID Q3E7B7). The 4-13+ charge states of SCSERF monomer (magenta) and the 9+ charge state of
ScSERF dimer (brown) are labeled. (B) 25 uM ScSERF and AB40 were incubated together. Samples
were diluted to 10 uM each and analyzed by native IM-MS. The mass spectrum shows charge states
corresponding to 6 different complexes as indicated by the color key at the top of the figure. The
spectrum is cropped to 10 % relative intensity to enlarge the low intensity signals correlating to
ScSERF:AB40 complexes that are suppressed by the high intensity of SCSERF. (C) The arrival time
profile of each ion was extracted and fit to Gaussian functions. The Gaussian centroids are converted
to collision-cross sections (CCSs) and plotted vs. m/z. The error bars are least squares errors, which
account for calibration error as well as the standard deviation for at least three samples. (D) Titration
2 uM ScSERF was titrated with 5, 10, 40, and 60 uM AP40 to determine the dissociate on constant
(K4) of ScCSERF binding to monomeric AB40. At concentrations higher than 60 uM, AB40 aggregated
and thus interfered with accurate measurement of the amount of 1:1 ScSERF:AB40 complex. The
fraction of SCSERF was determined from intensities of bound and unbound species in individual mass
spectra. The fraction of bound ScSERF was plotted vs. AB40 concentration for 3 replicate
measurements. The data were fit using a quadratic function described previously for measuring Kq by
MS'". The data from 3 replicate measurements was fit with an R* of 0.96, and a K4 of 10 + 2 uM was
obtained (Figure adapted after Meinen et al., 2019).
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Monomeric AB40 typically ionizes in 2-3 charge states (4+ to 2+) ¢!, monomeric AB40 appears
to be more compact in comparison to monomeric SCSERF. Analytical ultracentrifugation of
monomeric APB40 resulted in a frictional ratio of 1.3 matching the observation of a more
compact conformation in solution and the gas-phase (Fig. 19 A).

In contrast to monomeric AB40, the 1:1 complex between SCSERF and AB40 occupy extended
conformations with collision cross sections (CCSs) ranging from 12 to 22 nm? indicating that
AB40:ScSERF complex is dominated by extended conformation.

Furthermore, the broad charge state distribution (CSD) of the complex shows that multiple
ScSERF conformations can interact with possibly multiple conformations of monomeric A340.
It has been observed that AB40/42 monomers become more compact in oligomeric tetramer
structure®!, but not much is known about the early conformational changes occurring in AB40
amyloid. In that context it is interesting and novel, that the complex conformation leads to
extended structures rather than more compact conformations.

The 1:2 and 2:1 complex between SCSERF and AB40 also show broad collision cross sections,
indicating that the higher oligomeric complexes also have extended structures and multiple
conformations. The complexes have measured collision cross sections that are nearly 2-fold
above the expected CCS for globular protein ions in the respective size range of predicted from
the molecular weight (Fig. 21 C). This supports the idea, that SCSERF keeps its extended

conformation in all complexes with Ap40.

4.3.5 Monitoring ScCSERF:AB40 complexes over a time period via IM-MS

After we identified the complexes formed between A40:ScSERF we followed the time course
of AB40 amyloid formation in the presence of SCSERF via native IM-MS. An equimolar ratio
of AB40:ScSERF was incubated in the same conditions used for the kinetic measurements,
samples were taken every 30 minutes and analyzed via IM-MS. We monitored the intensity of
each species present at each time point. The distribution of ions detected did not change during
the time course (Fig. 22 A). After 360 minutes into the experiment, the AB40 signal disappears
completely. This is likely due to the formation of insoluble aggregates, that do not ionize and
therefore cannot be analyzed by IM-MS. The ScSERF signal is stable even after 24 h of

incubation, providing a good indication that SCSERF stays soluble during the reaction.
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An analysis of the collision cross section distribution in the 1:1 AB40:ScSERF complex over
time showed some interconversion in between states, but no accumulation of a particular state

over the monitored time period (Fig. 22 B).
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Figure 22: Analysis of ScCSERF interacting with AB40 over time.

Equimolar ratio of AB40:ScSERF were incubated at 37 °C in Corning, #3881 plate. Samples were taken
at indicated time points and immediately analyzed by nESI-IM-MS. (A) Normalized intensity of
individual complexes observed over time. (B) From the IM-MS data, relative amount of different of 1:1
ScSERF:AB40 complex was monitored vs. time. The occupancy of each conformational state was
determined by calculating the area under the Gaussian peaks fit to the raw data during collision cross
section analysis (Figure adapted after Meinen et al., 2019).

4.3.6 ScSERF and a-synuclein form heterogenous elongated complexes

In the IM-MS samples, a-synuclein exists in both monomeric and dimeric states. Monomeric
a-synuclein spanned collision cross sections (CCSs) from 20-30 nm?, while for dimeric a-
synuclein CCSs ranged from 30 -50 nm? (Fig. 23 B-D). In contrast to monomeric AB40, a-
synuclein alone shows a broad arrival time distribution. The broad collision cross section for
a-synuclein are consistent with an intrinsically disordered protein of that size. We determined
a frictional ratio f/f0 of 2.1 for a-synuclein in solution via analytical ultracentrifugation
(Fig. 19 C), which matches the extended structure observed in the IM-MS (Fig. 23 B). We did

not observe dimeric a-synuclein in the SV-AUC experiment.
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Samples containing equimolar concentrations of a-synuclein and SCSERF showed complexes
in four different stoichiometries of 1:1, 1:2, 2:1, and 2:2 ScSERF:a-synuclein (Fig. 23). For a-
synuclein and ScCSERF we observe the higher stoichiometry complexes of 2:2, that has not
been observed for SCSERF and AB40. Based on the intensity of the complexes, we find about
~40 % of a-synuclein is bound to ScSERF in the 1:1 complex. Based on the determined
dissociation constant in solution we would expect about 52 %. of protein in complex. This
suggest that the dissociation constant determined in solution qualitatively matches the
complexes we detect in the IM-MS experiment. The complexes between ScSERF and a-
synuclein also show above average collision cross section and broad charge state distribution
(Fig. 23 B). The 1:1 complex have collision cross sections ranging from 30 to 50 nm?, the 2:1
ScSERF:a-synuclein complex and 1:2 ScCSERF: a-synuclein complex have extended collision
cross sections from 35 to 55 nm? (Fig. 24 C, D). This indicates that both a-synuclein and
ScSERF keep their disorder and heterogenous structure in both complexes. Complexes
between two flexible and disordered proteins are a new theme emerging in the study of
intrinsically disordered proteins, this the first time this has been observed in the context of
amyloid formation®.

The 2:2 complexes have collision cross sections ranging between 30 to 70 nm? (Fig. 23 C, D).
The larger complexes have CCSs almost 3-fold larger than their molecular weight!33. In the
case of intrinsically disordered proteins larger CCSs are expected, but 3-fold larger CCSs are
surprisingly large. Therefore, we can hypothesis that not only in the 1:1 complex, but also in

the 2:2 complex ScSERF and a-synuclein are in extended structures.
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Figure 23: Analysis of SCSERF interacting with a-synuclein using nESI IM-MS.

(A) 25 uM ScSERF and a-synuclein (aSyn) were incubated together. Samples were diluted to 10 uM
each and analyzed by native IM-MS. The mass spectrum shows charge states corresponding to
8 different complexes as indicated in the color key at the top of the figure. The spectrum is cropped to
20 % relative intensity to enlarge the low intensity signals correlating to ScSERF:a-synuclein
complexes that are suppressed by the high intensity of SCSERF. The m/z range is cropped at 2000
because signals corresponding to complexes beyond m/z = 2000 are << 1% total intensity. These
complexes can, however, be isolated and included for CCS analysis. The presence of these complexes
is addressed in the CCS vs. m/z plots. (B-D) The arrival time profile of each ion was extracted and fit
to Gaussian functions. The Gaussian centroids are converted to CCSs and plotted vs. m/z. The error
bars are least squares error, which account for calibration error as well as the standard deviation for at
least 3 samples (Figure adapted after Meinen et al., 2019).

Protein complexes in which one or multiple proteins retain flexible, partial or fully disordered
regions are classified as fuzzy complexes 4. The concept of fuzziness in the context of amyloid

formation has only been proposed in the context of two prion proteins Ure2p and Sup35p!36:137,
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In our data the broad arrival time distributions (ATD) for a range of different stoichiometries
between ScCSERF and A40/a-synuclein indicates that the concept of fuzzy complexes in early

steps of amyloid formation can be expanded to these human disease-related proteins.
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Figure 24: Violin plot of complexes between SCSERF and AB40/a-synuclein.

Violin plots of the collision cross section (CCSs) distributions of the three proteins and different
ScSERF containing complexes observed in the native IM-MS experiments. Black squares indicate the
mean CCS of each complex. The kernel density distributions around the mean are a probability
estimation of the number of complexes occupying that CCS bin based on the input set of experimental
data (Figure adapted after Meinen et al., 2019).

The broad ATDs observed for all the complexes suggest that multiple SCSERF conformations
can bind to various conformations of the studied amyloid proteins and that the resulting
complexes are also flexible and dynamic in solution. A plot summarizing the collision cross
section of all species observed in the nESI IM-MS experiments is shown in (Fig. 24). The
violin plot illustrates, that the observed complexes have extended structures with unusually
large CCS values for proteins in this mass range. In the case of ScCSERF interaction with
AP40/a-synuclein the complexes are best described as fuzzy complexes. This is an exciting
observation for understanding how modifiers can affect amyloid formation for the human

disease-related proteins and AB40 and a-synuclein.
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4.4 ScSEREF effect on amyloid induces toxicity in S. cerevisiae

Modifier of aggregation MOAG-4 was discovered as a modifier of amyloid aggregation in
C. elegans®’. A deletion of MOAG-4 lead to a decrease in protein aggregation and longer
lifespan in C. elegans. S. cerevisiae has been used to study in vivo aspects of amyloid

138 'We thus decided to investigate if the deletion

aggregation for a range of amyloid proteins
of the yeast homolog to MOAG-4, ScSERF is beneficial when overexpressing amyloid proteins
in vivo. The ScSERF gene (ydl085c-a) was deleted from S. cerevisiae. Yeast strains with or
without the ScCSERF gene were transformed with a plasmid that overexpresses Huntington
Exonl (HD1) with different length of polyglutamine residues (25Q or 130Q) under galactose
control. It has been shown that polyglutamine toxicity is length dependent the shorter polyQ
fragment show minor toxicity effect in serial dilution spotting assay, while longer polyQ length
show high toxicity'?!. The addition of galactose induced the expression the amyloid protein.
The control growing on plates containing glucose shows that under non-expressing conditions,
wildtype and deletion strains both grow similarly (Fig. 25 A). The phenotype was reproduced
in the experiment wild type control, where strains overexpressing HD130Q show only one log
of growth (Fig. 25 B). The deletion of ScSERF showed no change in survival while
overexpressing polyQ compared to the control strain (Fig. 8). In the amyloid system used here,

we could not detect a positive or negative effect of the SCSERF deletion in S. cerevisiae on

amyloid formation.
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Figure 25: Survival assay of S. cerevisiae overexpressing polyQ proteins.

Mid-log phase cells of S. cerevisiae expressing pYES2-empty Vector (eV), pYES2 Htt 103Q, Htt 25Q
were normalized to OD600nm = 5. Serial dilutions of the cultures were spotted on SD-URA plates
containing either (A) 2 % Glucose (B) 2 % Galactose and incubated for 3 days at 30 °C.
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a-synuclein is a second amyloidogenic protein that when overexpressed by the strong Gal-
promoter can induce toxicity in S. cerevisiae. Furthermore, certain mutants in o-synuclein
change the aggregation behavior of a-synuclein. The o-synuclein A30P mutation slows down
the aggregation process in vivo and leads to less toxicity in comparison to a-synuclein WT,
while the A53T and Y125F lead to more toxicity in yeast'3°. Evidence presented in the
literature showed that MOAG-4 deletion leads to less aggregated a-synuclein inclusions in
C. elegans®’.

Plasmid’s overexpressing a-synuclein were transformed into S. cerevisiae strains and the
toxicity was assayed in survival assays. Here, the wild type strains followed the published
pattern of toxicity (Fig. 26). The deletion of SCSERF had no impact on the survival of
S. cerevisiae in comparison to the WT yeast (Fig. 26). It appears that in S. cerevisiae the
deletion of SCSERF does not lead to an improvement in survival. In other words the yeast
ScSERF deletion does not give similar results as the phenotypes observed for C. elegans and

the human cell culture model®’.

A 100 101 102 103 104 105 10°

WT eV

WT aSyn WT ® &
WT aSyn A30P ® B
WT aSyn A53T ¢ B
WT aSyn Y125F & 9
ASCSERF eV s 2
ASCSERF a:Syn WT e &
ASCSERF aSyn A30P . .
ASCSERF aSyn A53T e 5
ASCSERF o:Syn Y125F | e &

2% Glucose 2% Galactose

Figure 26: Survival assay of S. cerevisiae overexpressing o-synuclein.

Mid-log phase cells of S. cerevisiae expressing pRS426 Gall empty Vector (eV) or variants of o-
synuclein were normalized to ODesoonm = 5. Serial dilutions of the cultures were spotted on SD —URA
plates containing either (A) 2 % Glucose (B) 2% Galactose and incubated for 3 days at 30 °C.
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5 Discussion

In this thesis I for the first time characterized the S. cerevisiae SERF homologue YDLO85C-A
termed as ScSERF.

5.1 ScSEREF is an intrinsically disordered protein

Protein structures solved by crystallography account for the highest share of structures in the
protein database. Unfortunately, this method biases the observed protein conformation towards
folded states, that improve crystal packing. Therefore, the structure and importance of
intrinsically disordered regions and intrinsically disordered proteins have been
underrepresented and underestimated. The generated model for SCSERF was generated by
using NMR data, a technique ideally suited to collect structural information of dynamic
proteins.

ScSERF shows the propensity to form a a-helical secondary structure at low temperature
(4 °C) with a transition to an unstructured state at higher physiologically relevant temperatures
(30°C-37°C) (Fig.8). The HSQC spectra of ScSERF could be assigned and the
3Ca/CP secondary chemical shifts were analyzed using TALOS''®. The generated restraints
were used to generate a CS-Rosetta model for the low-temperature data. This model agrees
with the NMR structure ensemble published for MOAG-4 that was also generated at low
temperature (4 °C)°!.

The similarity between our model and the published MOAG-4 structure is consistent with the
observation that the N-terminal region of SERF has the highest sequence conservation across
species, suggesting that maintaining disorder of that region may be essential for function
throughout evolution.

The analysis of '3Co/CpB secondary chemical shifts for the human SERFla by Merle et al.,
shows that SERF1a has the propensity to adopt a-helical structures in a short N-terminal
(residues 5-15) and a long C-terminal segment (residues 35-60)'4?, similar to what the SCSERF
model shows. Overall, the structural data collected for SCSERF agrees well with the structural
information published for the homologs MOAG-4 and human SERF1a.

Based on our secondary structure analysis, it is likely that the C-terminal a-helical structure
element is not highly populated at physiological temperature. Therefore, the structural models
generated here for SCSERF and published for MOAG-4 show a more structured state, than we
expect for SERF in the cell, where the structure is more dynamic and disordered. There are

several examples in which a disordered protein or disorder region adopt a secondary-structure
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element (e.g. a-helix) when bound to a binding partner'®. Therefore, one hypothesis is that
SERF proteins can adopt a a-helical structure when bound to a yet unknown cellular binding

partner.
5.2 ScSEREF accelerates amyloid kinetics of AB40 and a—synuclein

The question addressed here was to determine the underlying mechanism by which the SERF
protein accelerates amyloid formation of a diverse range of amyloid proteins®’. Late-onset of
neurodegenerative diseases like Alzheimer’s or Parkinson’s disease is in most cases, sporadic
meaning there is no clear trigger'#!. The late-onset is probably due to the process of nucleation
being slow. Based on the microscopic rate constants for nuclei formation determined from the
amyloid kinetics of APB40/42 in vitro it would take on average 10 — 300 years for primary
nucleation to occur in vivo'+2.

Here, the protocol and conditions described by Meisl et al. were successfully used to reproduce
the previously published saturation secondary-nucleation mechanism of AB40*!-*3, An analysis
of the halftimes of AB40 amyloid kinetics in the presence of sub-stoichiometric concentration
of SCSERF showed that SCSERF does not change the underlying reaction mechanism of A40
amyloid formation in vitro (Fig. 13).

The experimental data with a constant AB40 concentration and varying SCSERF concentration
was globally fitted while keeping the two combined rate constants for primary nucleation knk+
and secondary nucleation kok+ as variable parameters as described previously*!->37°, The fit
described the data reasonably well, with the highest variance was observed in the transition
between lag-phase and growth phase (Fig. 13). Simpler kinetic mechanisms available on
amylofit could not describe the data accurately (Appendix Fig. 32). The data fitting revealed
that the combined rate constant for primary nucleation, knk+, of AB40 is accelerated upon the
addition of ScSERF at sub-stoichiometric to equimolar concentrations. The combined rate
constant for secondary nucleation kok+ was unaffected by ScSERF. The ability to infer
mechanism from fitting amyloid kinetics is a novel approach in amyloid research*®*!. The
generation of highly accurate fits for amyloid formation is a difficult task, because of the
complexity of the multistep process of amyloid formation and the non-trivial task of
experimentally generating high quality data*!.

Two additional approaches were employed to validate the insights gained from the data-fitting
analysis. Mathematical modeling can be used to simulate the effect of changing particular rate

constants on the sigmoidal amyloid aggregation curve. We can qualitatively compare the

80



Discussion

generated kinetic simulations to the reaction curves of AB40 aggregation in the presence of
varying ScSERF concentrations. We found that the simulation generated when modulating the
rate constant for primary nucleation matches our experimental data the best, since we observe
a change in the lag-phase, but the slope of the growth phase appears unchanged (Fig. 12).
Another experimental approach to test our hypothesis that ScCSERF affects the primary
nucleation step is a self-seeded aggregation experiment. In a self-seeded amyloid reaction, the
step of primary nucleation is eliminated by the addition of prior generated amyloid seeds. A
change in the kinetics would mean that ScSERF effects a second step like elongation or
secondary nucleation. I found that ScSERF did not significantly affect kinetics in the self-
seeded experiments for AB40 (Fig. 16). In conclusion low to equimolar concentration of
ScSERF are not changing the underlying mechanism of AP40 amyloid formation, but
accelerate the specific step of primary nucleation.

I found that sub-stoichiometric SCSERF concentration accelerate the amyloid formation of a.-
synuclein (Fig. 14). The un-seeded a-synuclein kinetics could not be fitted due to the known
experimental limitation in studying o-synuclein aggregation under quiescent conditions at
neutral pH>!2. Self-seeded amyloid reactions were used to distinguish between primary
nucleation and the later steps of elongation and secondary nucleation. SCSERF has only very
small effects on the self-seeded aggregation of a-synuclein comparable to the results for AB40.
Therefore, we concluded that SCSERF mainly affects primary nucleation in the case of a-
synuclein as well.

Only a few factors that accelerate amyloid formations have been studied in detail. Two better
studied examples are membranes in the form of lipid vesicle and the poly-anion polyphosphate.
Lipid vesicles lead to acceleration of amyloid formation of amyloid-f and a-synuclein by
providing a surface for heterogenous primary nucleation!#>»'#, In the case of polyphosphate it
has been shown that polyphosphate accelerates amyloid formation for multiple amyloid
proteins (e.g. AB40, a-synuclein, tau)®*. Polyphosphate acts on a aggregation step after primary
nucleation has taken place and does not bind to monomeric amyloid proteins'#4. In contrast to
these examples, that change the underlying mechanism of amyloid formation, SCSERF action
is unique by not changing the underlying mechanism, but rather accelerating the intrinsic rate
of primary nucleation. An example in which a protein accelerates amyloid formation is the
interaction between oa-synuclein and AP42. The conformational state of a-synuclein

determines the effect it has on APB42 amyloid formation. In that case, monomeric a-synuclein
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can bind to fibril surfaces and inhibit secondary nucleation of AB42. In contrast to its
monomeric form, a-synuclein fibrils provide a surface or nuclei to accelerate AB42 amyloid
formation via a heterogenous nucleation pathway'#6. We did not observe higher oligomeric
states of SCSERF and determine its monomeric state as the active state, that accelerates amyloid
formation. Our data shows that SCSERF is the first well studied intrinsically disordered protein
that accelerates primary nucleation rate for two different amyloid proteins.

While ScSERF affect the same step in the amyloid formation of both AB40 and a-synuclein
we observed a difference in the ScSERF concentration-dependent effect on the amyloid
kinetics. In the case of a-synuclein low ScSERF concentrations are already potent enhancers
of amyloid formation, but higher SCSERF concentrations result in even faster amyloid kinetics.
In contrast, while sub-stoichiometric concentrations of SCSERF were also very efficient in
accelerating APB40 amyloid formation, but surprisingly high molar excesses of SCSERF lead to
a deceleration of the amyloid formation (Fig. 10). Transmission electron microscopy revealed
that AB40 formed amorphous aggregates in the samples with high molar ratios of ScCSERF
(Fig 11). This was not observed in the case of a-synuclein aggregation. Under certain
conditions or in the presence of modifiers it has been observed that amyloid proteins can form
amorphous aggregates instead of ordered amyloid fibrils. Examples of theses modifiers are
metals like zinc ions Zn**, peptides like IAPP-GI or proteins like Transthyretin (TTR).
Equimolar concentration of Zn?" ions lead to the formation of non-amyloid ZnAB40 oligomers
with hydrophobic surfaces that show increased toxicity'?®. IAPP-GI is a peptide that was found
to interact with amyloid-3. A complex between IAPP-GI and amyloid-3 leads to the formation
of insoluble amorphous aggregates, that have been characterized as non-toxic off-pathway

aggregates'¥

. Transthyretin (TTR), by itself involved in TTR amyloidosis, is another factor
that has been shown to alter the AP fibril formation pathway. Amyloid aggregation in the
presence of Transthyretin (TTR), leads to the formation of ThT-inactive non-fibrillar

oligomers'4

. These published examples are cellular factors (e.g. metal ions, proteins etc.) that
change the aggregation pathway of amyloid-f into non-fibril aggregates and the off-pathway
reaction becomes the dominant reaction. Our data indicates that in the presence of high
concentrations of SCSERF both amyloid aggregation and amorphous aggregation are taking
place at the same time. We can further hypothesize that the off-pathway reaction can be one
explanation for the change in halftime, by decreasing the concentration of free monomeric

AP40 available for fibril formation. The microscopic steps of amyloid formation are dependent

82



Discussion

on the concentration of AB40, therefore a lower active concentration will slow down the
process of amyloid formation.

An alternative explanation for a decrease in halftime at high SCSERF concentrations might be
an unspecific charge effect, SCSERF has a net-charge of +11 at pH 7.4. A study investigating
if the net-charge of a protein influences its ability to inhibit amyloid formation found that a
small hydrophilic protein that was carrying a net charge between +2 to -4 did not affect A40
aggregation. If the same protein is changed to carry net charges above +6 to +8, it showed the
ability to prevent AB40 amyloid aggregation in vitro'4’. We can speculate that at high SCSERF
concentration a similar nonspecific charge-dependent effect influences the AB40 amyloid
kinetics and competes with SCSERF accelerating primary nucleation.

Only a few publications have explored the function of SERF proteins in vivo and in vitro®1.
The observations made in vivo suggest that the deletion of SERF is beneficial to C. elegans or
human cells, consistent with the idea that SERF accelerates amyloid formation. The
concentration of MOAG-4/SERF protein in vivo varies between organisms and also tissues in
humans. In S. cerevisiae the concentration of SCSERF was determined be 876 molecules/cell;
for comparison the level of the chaperone Hsp70 SSB1 was at 170000 molecules/cell!™.
Therefore, the acceleration of amyloid proteins like a-synuclein and AB40 observed with lower

concentrations of ScCSERF is likely the physiologically relevant mechanism rather than the

deceleration of APB40 amyloid formation induced by high concentrations of ScCSERF.

5.3 Characterization of SCSERF binding to AB40 and a-synuclein

Fluorescence anisotropy titrations were employed to determine binding constant Kg for the
interaction between SCSERF and both amyloid proteins. The K¢ value for a-synuclein was
determined to be 9 uM (Fig. 18). A recent study determined the binding constant between
SERF1a and a-synuclein to be 2.5 pM'#, This provides evidence that the highly homologous
proteins SCSERF and human SERF1a bind a-synuclein with similar affinities. The Kq4 for
ScSERF binding to AB40 was determined to be 32 uM in solution and 10 uM in the gas-phase
(Fig. 18, 21). The tighter binding in the gas-phase experiment could be due to a strengthening
of ionic interactions in the gas-phase'>'.

The acceleration of a.-synuclein and AB40 amyloid formation in the presence of low SCSERF
concentrations might suggest a tighter binding affinity for SCSERF and the monomeric amyloid

proteins. In the case of the amyloid kinetics the concentration of both proteins is relevant to
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determine the amount of complex present. For example, in the case of 100 uM a-synuclein and
20 pM of ScSERF under equilibrium conditions we would except that 17 % of protein to be in
complex with each other. One hypothesis could be that the kinetics of binding and release
between ScCSERF and the two amyloid proteins is fast. In that case one SCSERF molecule can
interact with a number of amyloid protein molecule in a short amount of time and the
interaction might be sufficient to lower the energy barrier of nuclei formation. To test this
hypothesis further investigation of the kinetics of monomer binding are needed.

SDS-PAGE analysis showed, that the majority of SCSERF protein was in the soluble fraction,
while a small amount was found in the pellet. In fluorescence anisotropy experiment we found
that SCSERF binds to pre-formed amyloid fibrils of AB40 and a-synuclein. Recently Merle et
al., showed that aggregated GFP-tagged a-synuclein and SERF1a are co-localized in a human
cell-line experiment. From the published study it is not clear if the co-localization is indicative
of binding between human SERF1a and o-synuclein aggregates'*’. In contrast to this finding
it was previously reported that the C. elegans homologue MOAG-4 is only present in the
soluble fraction when accelerating the amyloid aggregation of a-synuclein in vitro’!. The
previously shown analysis of amyloid kinetics revealed that SCSERF does not affect the kinetic
steps that are involving amyloid fibrils. The fibril binding, we observe could be unspecific due
to favorable charge-charge interactions between ScSERF and amyloid proteins in the fibril
state. Based on our kinetic finding that SCSERF affects primary nucleation, we focused our

structural investigation on the early monomer-dependent steps of amyloid formation.

5.4 Structural investigation of complexes

5.4.1 Determine the SCSERF-binding on '*N-AB40

The interaction between ScSERF and monomeric AB40 was studied by NMR spectroscopy.
We found that the addition of SCSERF to !"N-labeled AB40 showed very small chemical shift
perturbations. The HSQC spectra for AB40 was previously assigned and used to identify the
residues affected upon ScSERF addition! 2. The largest chemical shift change was observed in
Valine 24 and in the N-terminal region of AB40. Additionally, a decrease in the signal intensity
across all residues was observed, with the biggest decrease in N-terminal region of AB40. This
decrease in signal intensity can be interpreted as a shift of the AB40 signals towards the

intermediate exchange regime, making the interpretation of the interaction data difficult'>?.
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Previously, a shift towards the intermediate exchange regime for AB40 was observed upon the
addition of Zn?* 134, In amyloid-B fibril structures the residue Valine 24 is found in the loop
region between two hydrophobic patches formed by the residues ('’LVFFA?") and the C-
terminal residues (**LMVGGVV*) that interact with each other in a B-sheet structure!3>!3¢,
Based on the estimated Kq between AB40 and SCSERF complete saturation of the complex was
not achieved at the highest SCSERF concentration in the NMR titration (87 % of protein is
expected to be in complex). The interaction between ScSERF and APB40 has not been
previously investigated, but recent publications studied the interaction between MOAG-
4/SERFla and a-synuclein®’-'4?, The authors found that SERFla binds to the negatively
charged C-terminal region in a.-synuclein. a-synuclein appears to bind to the conserved region
in the N-terminal region of SERF1a.

The reverse experiment of titrating AB40 into isotopic labeled SCSERF to identify the binding
site in SCSERF has the following experimental limitation. The weak binding affinity requires
the addition of high concentrations of AB40. AB40 aggregation is fast at high concentrations
making it is difficult to maintain monomeric AB40 when concentrating AB40 to high
concentrations needed for the titration experiment. In conclusion, we could not determine a
clear binding site in AB40. To study the dynamic interactions during the early steps of amyloid
formation we employed native ion mobility mass-spectrometry (IM-MS), which has the

advantages of only requiring low protein concentration and enables fast data collection.

5.4.2 Native IM-MS reveals fuzzy complexes between ScCSERF and AB40/a.-synuclein

nESI-IM-MS was employed to investigate the complex between ScCSERF and both amyloid
proteins. The desolvation of a protein by nano-electrospray ionization (nESI) gives rise to the
charge-state distribution of a protein, which provides information on the number of
conformational states a protein occupies in solution'>”. Furthermore, IM-MS informs on the
structural conformation of a protein or protein complex in the form of the rotationally averaged
collision cross sections (CCSs). A comparable parameter to the CCSs in solution is the
frictional ratio /0 of a protein, that can be determined by sedimentation velocity analytical
ultracentrifugation experiments.

Here for the first time we characterized SCSERF by IM-MS. ScSERF shows a broad charge
state distribution with 11 different charge states indicating that ScSERF has multiple
conformations in solution (Fig. 21). This is characteristic for an intrinsically disordered protein
occupying a range of conformations in solution'®. A globular folded protein (for example

85



Discussion

ubiquitin) below 150 kDa tends ionize in fewer than 7 charge states, in comparison to
disordered or denatured protein that have more than 7 charge states'3*,
By analyzing the arrival time distribution (ATDs) we found that ScCSERF has a range of
conformations with collision cross sections (CCCs) values ranging from 9 to 22 nm?. The broad
range of CCS shows that SCSERF exists in elongated conformations, which was consistent
with the frictional ratio /10 of 1.7 determined for ScCSERF.
Additionally, to extended monomeric conformations of SCSERF we found multiple charge
states corresponding to dimeric ScSERF species. It is possible that at high protein
concentrations two proteins can get trapped in the same nESI droplet due to proximity in
solution. To avoid this all experiments were performed at low protein concentrations, therefore
we can exclude this possibility. Nevertheless, we could not observe SCSERF dimers in solution
experiments indicating a transient and/or low populated state. The role of these SCSERF dimers
remains unexplored and more experiments are needed. Higher resolutions methods like single-
molecule fluorescence resonance energy transfer (smFRET) have the ability to interrogate
dimer formation in solution'.
For AB40 we detected only two charge states with a narrow range of CCSs, indicating a more
compact conformation, that was confirmed by the friction ratio f/f0 of 1.3 for AB40 in solution.
AP40 dimers are also seen at low intensity in our samples. AB40 was previously characterized
by IM-MS and our observation of match the published results'34!6°,
We found that in an equimolar mixture of AB40:ScSERF engage in complexes with three
different stoichiometries (1:1, 1:2, 2:1) (Fig. 21). The 1:1 complex is the most abundant
complex. We observe multimodal broad arrival time distribution (ATDs) indicating that the
complex exists a range of conformations. The large collision cross section detected for the 1:1
complex indicates that SCSERF keeps it extended conformation when binding to Ap40.
Additionally, the multiple states occupied by the 1:1 complex indicates that SCSERF and A340
interact in multiple conformations. A dynamic interaction can be supported by our observation
that addition of ScCSERF to '"N-AB40 leads to a change of the exchange regime. Additionally,
to the 1:1 complex, higher stoichiometric complex were observed. These complexes also exist
in multiple conformations.
In comparison to the 1:1 complex, the higher stoichiometric complexes (1:2,2:1) show
comparatively more compact collision cross section. The complexes could be the result of a
dimeric ScSERF or dimeric AB40 binding to a monomeric SCSERF/AB40 protein or it could
be that two independent monomers bind another monomer. Based on the data we have collected
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both scenarios are conceivable. Soluble dimeric and tetrameric AB40 complexes have been
previously observed by IM-MS®!. In our case the we only observe monomer and dimers of
AB40. IM-MS analysis enabled us to visualize the lower abundance higher stoichiometric
complexes'®!. To our knowledge ScSERF is the first host factor, that has been shown to interact
with AB40 monomers in multiple stoichiometries and conformations.

We monitored the reaction between SCSERF and AB40 over time and took samples every
30 min to be investigated by IM-MS (Fig. 22). We found that the complexes, that we observed
at time point zero were present for the first 4 hours. The distribution of complexes did not
change over time. This observation suggests that not one specific complex is responsible for
the acceleration of primary nucleation. A limitation in the IM-MS experiment is that only
soluble states that can be ionized by nESI are observable. Therefore, we cannot exclude that a
small insoluble nuclei or aggregates becomes enriched in the presence of SCSERF and are
responsible for the change in amyloid kinetics. Some techniques and conditions allow the
isolation of oligomers through a series of SEC steps!?>'%2, Unfortunately, detailed structural
information is not available. Our experimental conditions are more in line with physiological
relevant condition and suggest that the conformational space that AB40 monomers explore to
form nuclei can be expanded by ScSERF, and that the detected structural and stoichiometric
diverse interactions might be sufficient to have a significant impact on the amyloid kinetics.
We found that monomeric a.-synuclein has at least 14 different charge states and broad arrival
time distributions indicating a range of extended conformations (Fig.23). This result is

consistent with previously published native IM-MS data for a-synuclein!6?

. Furthermore, the
extended nature of a-synuclein conformations was also observed in SV-AUC experiments, the
frictional ration f/f0 was 2.1. Five charged states of a a.-synuclein dimeric species were detected

and also described in the literature'®*

. ai-synuclein dimers were not detected in the SV-AUC
experiment.

In equimolar concentrations of ScSERF and a-synuclein we observe four different
stoichiometries (1:1, 1:2, 2:1, 2:2). The 1:1 complex is the most abundant complex and shows
a wide charges state distribution and large collision cross section. It appears that SCSERF and
a-synuclein both stay in their elongated and disordered conformation in the complex. The
higher stoichiometric complex could again be interpreted in two ways, one as the interaction

of a dimeric SCSERF/a-synuclein interacting with a monomer or two independent monomers

interacting with another monomer. The higher stoichiometric complexes appear to be
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conformationally diverse and structural diverse states. The 2:2 complex shows remarkably
large CCSs for the interaction of two small protein and are only observed for the interaction
between ScSERF:a-synuclein and not for the interaction of SCSERF and AB40!33,

The interaction between two ScSERF homologues SERF1a/MOAG-4 and a-synuclein has
previously been investigated using NMR spectroscopy. Yoshimura et al. have put forward a
model in which MOAG-4 binding to a-synuclein competes with intramolecular interaction
between C-terminal and N-terminal charges in a-synuclein®. Our finding that both proteins
have extended conformations in the 1:1 complex support this hypothesis. Furthermore,
computational modeling constrained by NMR and SAXS data done by Merle et al. between
SERF1a and a-synuclein suggested that SERF1a binding to a-synuclein results in a exposed

hydrophobic NAC region in a-synuclein'®,

The modelling also describes multiple
conformations between SERF1a and a-synuclein in complex. Our IM-MS data expands on the
published data, by providing direct evidence for complexes between SCSERF and two different
amyloid proteins with multiple extended conformations. The observation of complexes with
different stoichiometries is a novel finding, showing the advantages of native IM-MS in
detecting low-abundant protein complexes.

The phenomenon in which at least one interaction partner stays in a disordered state can be
described by the term fuzziness**. The plasticity of intrinsically disordered protein allows
binding to scaffold or “hub” proteins in multiple conformations. This mode of interaction has
the advantage that association rates can be fast, because conformational orientation is not
required for association. This phenomenon was observed for the interaction between Sendai
virus nucleoprotein and phosphoprotein. Sendai virus nucleoprotein samples a range of
conformational states in solution that initially bind to phosphoprotein, the binding event leads
to the formation of a stabilizes helical conformation in complex!®. Another case of fuzzy
complexes is the interaction between two disordered domains. Nuclear transport receptor
(NTR) are forming fuzzy complexes with the FG-nucleoporins. NTR’s have multiple binding
sites for FG-nucleoporins and the association kinetics are very fast. The binding of two
disordered proteins has low entropic cost, because a high degree of conformational
heterogeneity is maintained!®®. An extreme example of a fuzzy complex is the interaction
between two intrinsically disordered proteins between prothymosin-a. and histone 1.0 °. Both
proteins stay disordered and conformationally dynamic in complex that is physiologically
active. The complexes we have observed here between ScCSERF and AB40/a.-synuclein can be

characterized as fuzzy complex between two intrinsically disordered proteins similar to the
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example of prothymosin-o. and histone 1.0 °. In contrast to the weak micromolar binding
affinity measured for SCSERF and AB40/a-synuclein the affinity between prothymosin-o and
histone 1.0 is in the nanomolar range. We hypothesize that conformational flexibility of
ScSERF is one reason it is able to accelerate amyloid formation for both of the unrelated
amyloid-prone proteins investigated in this study, AP40 and a-synuclein, and the same
mechanism could also apply for the additional SERF substrates that have been reported in the
literature, namely, Huntingtin exonl and prion protein PrP*°.

It appears that the structural diversity of interaction is important for acceleration of amyloid
formation by ScCSERF. Well-characterized example in which disorder is employed to achieve
function are molecular chaperons like HdeA, Hsp33 or Hsp26'%7. In the case of Hsp33 or HdeA
change in environmental conditions leads to an order-to-disorder transition and the exposed
disordered regions can facilitate client interaction. Molecular chaperones have been shown to
modify amyloid formation and kinetics. The J-domain chaperone DNAJB6 (Hsp40-family) can
inhibit the aggregation of AB40/42, a-synuclein and polyQ. DNAJB6 inhibits the step of

64168 The extracellular

primary nucleation for APB42, by binding to oligomeric species
chaperone clusterin binds to AB40 oligomers and sequesters them, which is thought to reduce
the number of toxic oligomers'®. Molecular chaperones are promiscuous and often interact
with hydrophobic regions, that are exposed in mis-folded proteins, therefore it is not
suppressing that most chaperones inhibit amyloid formation by binding to aggregated or fibril
states of amyloid proteins'’’. In the case of larger disordered amyloid proteins like the tau
protein, that relies on chaperoning from Hsp70 and Hsp90 to be functional in the first place,
the chaperone network can also engage with monomeric misfolded tau protein!’!. In
comparison to host folding factors the mechanism by which ScSERF modifies amyloid
formation is different by interaction with disordered monomeric states of amyloid proteins.

The observed range of conformation and complexes in the presence of SCSERF demonstrate
the challenges in developing molecules or strategies that address amyloid formation in the early
stages. Furthermore, our findings suggest that there might be other small or disorder host

factors that can influence amyloid formation and that have not been discovered or

characterized.
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5.5 ScSERF’s affect on amyloid formation in vivo

MOAG-4 was discovered in a genetic screen for modifiers of amyloid formation in C. elegans.
Amyloid proteins that are overexpressed by a strong promoter lead to protein aggregation that

causes cytotoxicity in S. cerevisiae'%!7?

. We used established systems for two amyloid
proteins HTT exon 1 (polyQ) and a-synuclein to test whether SCSERF deletion shows a similar
phenotype to MOAG-4 in C. elegans®’.

First, we could reproduce the published phenotypes for the amyloid over production
experiments (Fig.25, 26), but the deletion of SCSERF did not affect the observed cytotoxicity
(Fig. 25, 26)'90:191 'We compared the in vivo protein levels of SERF proteins available from
other studies ScSEREF is present at 143 ppm in S. cereviase'>°, human SERF1a is present at
60 ppm, human SERF2 at 318 ppm and the C. elegans homologue MOAG-4 is expressed at
387 ppm!73. This indicates that SCSERF expression level in yeast is 2-3-fold lower compared
to C. elegans.

Because of the already low levels of ScCSERF in S. cerevisiae it is possible that a deletion has
a smaller effect and therefore is not sensitive to the cytotoxicity experiment. SERF’s sequence
is highly conserved across eukaryotic species indicating a conserved function, but it is not
essential for growth in S. cerevisiae. It is conceivable that under the chosen growth and assay
conditions S. cerevisiae is not reliant on ScSERF function. An approach to investigates
ScSERF function in vivo, that is not reliant on toxicity is to monitor the formation of amyloid
aggregates with biosensors that can be monitored via fluorescence microscopy'’*. The recent
finding that SERF1a can act as an RNA chaperone in a human cell line experiment can be
addressed in S. cerevisiae®>. RNA binding proteins like the RNA-binding protein FUS (FUS)
can form amyloid fibrils or phase-separate and are associated with neurodegenerative
disease!”>!76, SERF might emerge as a new and interesting link between regulation of certain

RNAs and amyloid formation.

5.6 Proposed model of SCSERF interaction with AB40 and a -synuclein

In summary, we propose a model in which ScSERF forms extended complexes in multiple
stoichiometries with APB40 and a-synuclein. The protein complexes between ScSERF and
AP40/a-synuclein have multiple elongated conformation, that indicates high conformational
flexibility in the complex. The increased flexibility in complex between ScCSERF and AB40/a-

synuclein might lead to the exploration of an increased conformational space in the complex.
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Figure 27: Proposed model of ScCSERF’s effect on amyloid formation.

(A) The AB40/a-synuclein amyloid formation pathway consists of primary nucleation, elongation, and
secondary nucleation. During primary nucleation, AP40/a-synuclein forms its amyloid-prone
conformation (hexagons) from the starting pool of disordered monomeric AP40 (circles). ScCSERF
engages in three different complexes with AB40 (1:1, 1:2, 2:1) and in four different complexes with
a-synuclein (1:1, 1:2, 2:1, 2:2). In the presence of SCSERF, the primary nucleation step is accelerated
by these binding events. (B) Simplified free energy diagram of amyloid formation. Nuclei have the
highest free energy state, while fibril are slightly lower free energy than the monomer state.
(C) Simulation of amyloid formation, visualizing the change of primary nucleation rate constant (see
Fig. 12) (Figure adapted after Meinen et al., 2019).

A mixture of theses complexes is present in the early stage of amyloid formation (Fig. 27 A).
We can characterize them as fuzzy complexes, it is the first time that these range of
conformational heterogenous complexes have been observed for AB40 and a-synuclein. Nuclei
have the highest free energy state in the process of amyloid formation*?. We hypothesize that
ScSERF binding lowers the free energy barrier for nuclei formation, which results in an

acceleration of primary nucleation (Fig 27 B). For a-synuclein the disruption of intermolecular
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interaction is beneficial for amyloid formation'’”!78, ScSERF binding leads to an increase in
extended conformation of a-synuclein and disrupts intermolecular interactions. The structure
of early AB40 conformations is still not well understood, but our data suggest that SCSERF
binding and the formation of extended structures is accelerating primary nucleation.

Host factors like SCSERF that accelerate amyloid formation or lead to the formation of toxic
intermediates or off-pathway aggregates might provide good targets to reduce the load of

amyloid formation in vivo.

5.7 Future directions

This work showed for the first time, that the amyloid proteins AB40/a-synuclein can engage
in a fuzzy complex with the intrinsically disordered protein SCSERF. One question for future
experiments will be to investigate if the conformational flexibility observed for SCSERF is also
present in complexes with other native interaction partners in S. cerevisiae. The yeast prion
protein PrP was shown to interact with SERF1a, PrP might be another target to investigate if
the observations made here are applicable for more SERF targets. Furthermore, the cellular
function of ScSEREF is still unclear, a broad genetic screen in which we cross SERF deletion
strains, with a yeast deletion library to create double-gene deletions can reveal synthetic lethal
deletion and help identify functions and pathways that SERF is involved in. The recent
observation that SERF1a binds to RNA is a new avenue that can be further explored®?.

Merle et al. propose that a-synuclein binds to the N-terminus of SERF1a and the binding site
for AB40 is still not known®. A mutational analysis in the conserved N-terminus of ScCSERF
can help to identify the binding site and important residues for SCSERF’s amyloid aggregation
modifying activity. Our data suggest that finding small molecules that can inhibit the
interaction between SERF and amyloid proteins could potentially be beneficial in delaying
amyloid formation. Small molecule libraries can be screened in vitro in a ThT assay set up.
Established in vivo systems of amyloid toxicity in C. elegans or S. cerevisiae can be utilized

to screen small molecules in in vivo experiments.
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7 Appendix

Appendix

7.1 Purification details SDS-PAGE, Chromatograms
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Figure 28: Overview of ScSERF purification.
(A) SDS-PAGE of ScSERF purification
steps. (M) Molecular weight marker, (1) Cell
lysate, (2) NiNTA flow-through, (3) NiNTA
wash, (4) NiNTA elution, (5) ULP1 digestion
(early), (6) ULP1 digestion overnight, (7)
second NINTA flow-through, (8) Ion
exchange flow-through, (9) Ion exchange
elution, (10) SEC elution,

(B) Chromatogram Ion exchange. A 5 ml
HiTrap SP column was equilibrated with
running buffer (50 mM NaH,PO4, 125 mM
NaCl, pH 6), after loading the column, it is
washed and protein eluted in a linear gradient
with running buffer containing 1M NaCl.
The increasing gradient is shown in the
increase in conductivity (blue line). Protein
was detected via absorbance at 220 nm
(black line). (C) Chromatogram of size-
exclusion column. Protein was loaded onto
HiLoad 16/60 Superdex S75 equilibrated
with SEC buffer (40 mM HEPES, 300 mM
NaCl, pH 7.5). Protein was detected via
absorbance at 230 nm.
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Figure 29: Overview of AB40 purification

(A) SDS-PAGE of AB40 purification. (M) Molecular weight marker (1) Reference sample AB40 (2)
Cell lysate (3) Resin Flow-through (4) DEAE resin wash 1 (5) DEAE resin wash 2 (6-9) Elution
fractions from DEAE resin (125 mM NaCl) (10) Elution fractions from DEAE resin (300 mM NaCl)
(11 - 14). Elution fraction from Superdex S75. (B) Chromatogram of Size-Exclusion. Protein was
loaded onto HiL.oad 16/60 Superdex S75 equilibrated with buffer 20 mM NaH,PO4, 200 uM EDTA pH
7.4.
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Figure 30: Overview of a-synuclein purification

(A) Chromatogram Ion exchange column. Protein was loaded onto HiTrap Q HP column. The column
was washed with buffer 10 mM Tris-HCI, pH 7.5, 50 mM NaCl and eluted with a linear gradient in
buffer 10 mM Tris-HCI, pH 7.5, 500 mM NaCl. The increasing gradient is shown in the increase in
conductivity (blue line). Protein was detected via absorbance at 280 nm (black line). (B) Chromatogram
of Size-Exclusion column. Protein was loaded onto HilLoad 16/60 Superdex S75 equilibrated with
buffer 20 mM NaH,POs, 200 uM EDTA pH 7.4. (C) SDS-PAGE analysis of a-synuclein. Molecular
weight marker (M), Elution fraction of Ion exchange column (IEX elution), Elution fraction of S75
column (SEC elution).
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7.2 ScSERF HSQC Spectra and Assignments
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Figure 31: HSQC Spectra of "N °C - ScSERF.
HSQC spectra of "N '*C - ScSERF with a concentration of 1.6 mM in buffer 20 mM NaH,PO4 pH 7.0
at 277 K (4°C) was collected at a 900 MHz Bruker AVANCE™.
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Table 1 Resonance assignments for SCSERF

Appendix

Residue Co. (ppm) CB (ppm) H (ppm) N (ppm)
A2 51.396 16.045 - -
R3 53.952 27.907 8.374 121.185
G4 42.214 - 8.339 109.857
NS 50.122 35.746 8.232 118.778
Q6 - 25.747 8.372 120.899
R7 54.664 27.163 8.154 121.134
D8 52.503 37.68 8.021 120.845
L9 53.771 38.699 7.912 122.02
Al10 51.008 15.337 7.852 122.34
R11 54.698 27.196 7.726 119.135
Q12 54.395 25.696 7.932 119.452
K13 54.987 29.678 7.996 121.29
N14 - - 8.037 118.643
L15 53.464 38.895 7.909 121.957
K16 55.184 29.569 7.814 121.045
K17 54.564 - 7.856 121.086
Q18 53.968 - 8.005 120.343
K19 54.708 29.668 8.075 122.191
D20 53.446 36.273 8.183 121.12
M21 53.346 29.396 7.99 120.491
A22 50.264 15.67 7.877 123.439
K23 54.077 29.695 7.819 119.244
N24 50.582 35.588 8.033 118.288
Q25 53.023 26.095 7.954 120.365
K26 53.458 29.848 8.088 122.437
K27 53.313 30.006 8.213 123.038
S28 55.62 60.837 8.22 117.37
G29 41.886 - 8.264 110.831
D30 49.25 38.054 8.056 121.656
P31 60.847 29.202 - -
K32 54.546 29.497 8.114 120.073
K33 53.755 29.764 7.775 121.272
R34 53.335 27.582 8.02 122.435
M35 53.395 - 7.835 127.615
E36 54.348 - 8.2 121.725
S37 60.833 - 8.295 117.285
D38 53.958 - 8.45 121.921
A39 52.174 15.182 8.078 122.289
E40 51.977 - 7.742 120.966
141 61.762 - 7.788 121.391
L42 55.126 38.349 7.604 120.244
R43 56.684 - 7.795 120.295
Q44 - - 8.053 119.331
K45 56.196 - - -
Q46 - 26.015 7.874 119.168
A47 54.192 14.614 7.795 122.399
A48 51.808 14.718 7.781 121.399
A49 52.173 14.745 7.692 123.153
D50 55.936 38.753 8.411 120.822
AS1 52.168 14.84 7.797 122.392
R52 56.017 25.052 8.026 119.12
R53 54.909 29.73 8.034 121.855
E54 55.273 - 8.119 120.973
ASS 52.073 14.619 8.05 121.795
E56 56.094 26.419 7.72 120.205
K57 56.485 29.444 7.558 120.338
L58 54.66 38.547 7.564 119.277
E59 55.893 26.319 7.736 119.581
K60 55.878 29411 7.655 120.173
L61 54.154 38.986 7.513 119.649
K62 55.503 29.586 7.623 119.404
A63 50.634 15.623 7.638 121.961
E64 54.506 26.866 7.72 118.493
K65 54.015 29.707 7.759 120.036
T66 59.471 66.674 7.692 113.757
R67 53.322 27.63 7.905 124.138
R68 54.471 28.389 7.832 128.072
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7.3 Additional kinetic fits for AB40 mechanisms
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Figure 32: Alternative amyloid mechanism fitted to AB40 data in the presence of SCSERF.
Data was fitted with (https://www.amylofit.ch.cam.ac.uk/login) (A) multi-step secondary nucleation
mechanism (B) nucleation elongation (C) saturation elongation (D) fragmentation dominant

mechanism*'.

Table 2 Fitting parameters from fits in Fig. 13.

APB40:ScSERF koks [M's] ki, IM2257]
1:0 7539.162559 1.94E+14
1:1 289758.5349 1.43E+14
1:0.5 800698.4702 1.85E+14
1:0.2 1820863.472 2.28E+14
1:0.1 13880596.78 2.05E+14
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7.4 APB40:ScSEREF spectra analysis and assignments

Table 3 Chemical shift changes in '"’N-AB40 upon addition of ScSERF

Amino acids

1:1AB40:ScSERF

1:1AB40:ScSERF

AN [ppm] AH [ppm] A3 [ppm]
A2N 2 0.003297 0.002275 0.001611
R5N 5 0.029261 0.002576 0.002001
D7N 7 0.009096 0.002532 0.001809
S8&N 8 0.016144 0.00217 0.001601
GIN 9 0.002211 0.002902 0.002053
Y10N 10 0.004979 0.000849 0.000617
E11IN 11 0.00641 0.003222 0.002286
V12N 12 0.057689 0.003423 0.002919
K16N 16 0.013898 0.002463 0.001785
L17N 17 0.030254 0.003446 0.002583
V18N 18 0.007898 0.002543 0.001812
FI19N 19 0.064496 0.003289 0.002956
F20N 20 0.026368 0.002318 0.001801
A2IN 21 0.013729 0.000424 0.000491
E22N 22 0.034631 0.000572 0.00106
D23N 23 0.030708 0.005252 0.003814
V24N 24 0.038995 0.006316 0.0046
G25N 25 0.002123 0.003628 0.002566
S26N 26 0.007273 0.000396 0.000347
N27N 27 0.009433 0.002328 0.001668
K28N 28 0.011875 0.003138 0.002244
G29N 29 0.005244 0.003521 0.002494
A30N 30 0.004439 0.003001 0.002126
I3IN 31 0.001924 0.00274 0.001938
132N 32 0.025601 0.004969 0.003587
G33N 33 0.01581 0.004067 0.00291
L34N 34 0.005968 0.00261 0.001853
M35N 35 0.019482 0.003608 0.00261
V36N 36 0.013247 0.002851 0.00205
G37N 37 0.011135 0.002973 0.002126
G38N 38 0.005501 0.003542 0.002509
V39N 39 0.015086 0.002597 0.001885
V40N 40 0.014901 0.003551 0.002546
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Table 4 Chemical shift changes in ’N-AB40 upon addition of ScCSERF

Amino acids AB40 | 1:3 AB40:ScSERF 1:3 AB40:ScSERF

AN [ppm] AH [ppm] AS [ppm]
A2N 2 0.009114 0.002923 0.002083
R5N 5 0.074145 0.00315 0.003059
D7N 7 0.06524 0.006836 0.005174
S8N 8 0.010431 0.006375 0.004517
GON 9 0.018822 0.00474 0.003394
Y 10N 10 0.012388 0.000973 0.000772
E11IN 11 0.020121 0.003068 0.002243
VI2N 12 0.072091 0.004143 0.003569
KI16N 16 0.055774 0.00575 0.004361
L17N 17 0.063775 0.006318 0.004818
VI8N 18 0.01403 0.003868 0.002764
F19N 19 0.047578 0.003595 0.002876
F20N 20 0.062493 0.001638 0.002113
A21N 21 0.033145 0.001888 0.001631
E22N 22 0.03013 0.001324 0.001266
D23N 23 0.053295 0.008165 0.005967
V24N 24 0.094389 0.012817 0.009448
G25N 25 0.010744 0.005102 0.00362
S26N 26 0.003216 0.003824 0.002706
N27N 27 0.023581 0.00057 0.000779
K28N 28 0.001242 0.005228 0.003697
G29N 29 0.015112 0.003329 0.002392
A30N 30 0.011961 0.003096 0.002215
I3IN 31 0.028402 0.003219 0.002414
I32N 32 0.055518 0.007136 0.005285
G33N 33 0.027185 0.006456 0.004629
L34N 34 0.008434 0.003329 0.002366
M35N 35 0.041297 0.005901 0.004333
V36N 36 0.021582 0.005795 0.004143
G37N 37 0.024568 0.004746 0.003427
G38N 38 0.005218 0.003471 0.002459
V39N 39 0.04308 0.002514 0.002155
V40N 40 0.038528 0.004077 0.003082
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Table 5 Signal intensity changes in '’N-AB40 upon addition of ScCSERF

Appendix

Amino Intensity | Intensity Intensity Relative | Relative Intensity
acids AB40 1:1 1:3 Intensity | 1:3

AB40 APB40:ScSERF | AB40:ScSERF | 1:1

A2N-H 2.53E+11 | 2.08E+11 2.09E+11 0.825229 | 0.828116
R5N-H 1.71E+11 | 1.32E+11 1.13E+11 0.774073 | 0.661303
D7N-H 1.65E+11 | 1.37E+11 1.37E+11 0.830761 | 0.829583
S8N-H 1.36E+11 | 1.13E+11 9.6E+10 0.830229 | 0.704801
GI9N-H 1.84E+11 | 1.36E+11 1.29E+11 0.741823 | 0.70076
Y10N-H 1.91E+11 | 1.47E+11 1.33E+11 0.769055 | 0.696426
E1IN-H 1.95E+11 | 1.48E+11 1.45E+11 0.760433 | 0.74347
VI2N-H | 2.61E+11 | 2.09E+11 1.92E+11 0.800797 | 0.734943
K16N-H 1.67E+11 | 1.31E+11 1.26E+11 0.780707 | 0.753301
L17N-H 2.11E+11 | 1.82E+11 1.66E+11 0.863167 | 0.783968
VI18N-H 1.73E+11 | 1.3E+11 1.17E+11 0.747926 | 0.673566
F19N-H 1.88E+11 | 1.6E+11 1.55E+11 0.854841 | 0.826974
F20N-H 2.07E+11 | 1.72E+11 1.72E+11 0.831501 | 0.828283
A2IN-H | 2.34E+11 | 1.92E+11 1.97E+11 0.820482 | 0.842695
E22N-H 2.73E+11 | 2.19E+11 2.11E+11 0.803826 | 0.773527
D23N-H | 2.33E+11 | 1.8E+11 1.71E+11 0.7721 0.733749
V24N-H | 3.77E+11 | 2.84E+11 2.3E+11 0.754481 | 0.611334
G25N-H | 2.23E+11 | 1.93E+11 1.76E+11 0.86409 | 0.789673
S26N-H 1.7E+11 | 1.42E+11 1.39E+11 0.836149 | 0.814647
N27N-H 1.05E+11 | 9.06E+10 7.98E+10 0.863242 | 0.760244
K28N-H | 2.74E+11 | 2.39E+11 2.15E+11 0.872583 | 0.785522
G29N-H 1.77E+11 | 1.54E+11 1.49E+11 0.869667 | 0.839667
A30N-H | 2.27E+11 | 1.89E+11 1.55E+11 0.8357 0.684083
I31IN-H 3.92E+11 | 3.42E+11 3.27E+11 0.873204 | 0.833908
[32N-H 2.83E+11 | 2.39E+11 2.38E+11 0.843948 | 0.838541
G33N-H | 2.33E+11 | 1.91E+11 1.74E+11 0.82085 | 0.749929
L34N-H 2.55E+11 | 2.09E+11 1.92E+11 0.817307 | 0.750095
M35N-H | 2.76E+11 | 2.07E+11 2.12E+11 0.747512 | 0.766334
V36N-H | 4.44E+11 | 3.89E+11 3.79E+11 0.876339 | 0.852931
G37N-H | 2.65E+11 | 2.23E+11 2.02E+11 0.843674 | 0.763479
G38N-H | 2.8E+11 | 2.39E+11 2.36E+11 0.853278 | 0.841207
V39N-H | 3.28E+11 | 2.59E+11 2.34E+11 0.790224 | 0.712694
V40N-H | 4.15E+11 | 3.6E+11 3.69E+11 0.867866 | 0.890114
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7.5 Abbreviations

°C degree(s) Celsius

2-DSA two-dimensional spectrum analysis
o-syn a-synuclein protein

AD Alzheimer’s Disease

ATD arrival time distribution

AUC analytical ultracentrifugation
Ap40 amyloid-f3 1-40 peptide

C. elegans Caenorhabditis elegans

CCS chemical cross section

CD circular dichroism

CSD charge state distribution

E. coli Escherichia coli

EDTA ethylenediaminetetraacetic acid
h hour

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hsp heat shock protein

IDP intrinsically disordered protein
IM ion mobility

IM-MS ion-mobility mass-spectrometry
Ka equilibrium dissociation constant
kDa kilo Dalton

M molar

m milli

i) micro

min minute

MOAG-4 modifier of amyloid formation
MS mass spectrometry

MWCO molecular weight cut off

nESI nano-electrospray ionization

n nano

NiNTA nickel-nitrilotriacetic acid
NMR nuclear magnetic resonance
ODsoo optical density at 600 nm

PEM protein expression medium
PBS phosphate buffer saline

polyQ polyglutamine

PD Parkinson’s Disease

ppm parts per million

ROS reactive oxygen species

RT room temperature

Rpm revolutions per minute

s second

S. cerevisiae Saccharomyces cerevisiae

SDS sodium dodecyl sulfate

SEC size-exclusion chromatography
SERF small EDRK-rich Factor
SV-AUC sedimentation velocity analytical ultracentrifugation
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TEM
ToF
ThT
Tris
Ura
\7A%

w/v
WT

Xg

Transmission electron microscopy
time of flight

Thioflavin T
tris(hydroxymethyl)aminomethane
uracil

volume per volume

weight per volume

wild type

times gravity

chemical shift
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