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ABSTRACT

Alpha-Synuclein (aS) is a small intrinsically disordered protein (IDP) abundantly ex-
pressed in presynaptic terminals of neurons that displays a highly amyloidogenic nature.
Pathological conditions can trigger the transition of soluble oS monomers into fibrils in a co-
operative and nucleation-dependent manner. The accumulation of aS in the brain has been
linked to the development of Parkinson's disease (PD).

Amino terminally acetylated oS (Ac-aS) is the physiologically relevant form of the protein
in humans. The crowded pre-synaptic milieu is home to several charged metabolites that can
reach concentrations at the molar scale /n vivoand display remarkable protein-stabilizing prop-
erties. High concentrations of charged metabolites are a vital prerequisite for the formation of
biocompatible ionic liquids (ILs), hinting at the possibility of the formation of endogenous ILs.

The aim of the current study was to assess the effect of a putative naturally occurring IL,
choline glutamate ([Ch][Glu]), on the stability of Ac-aS. Fibrillation assays identified [Ch][Glu]
and NaCl as destabilizing ionic compounds that interact with aS variants in a concentration-
dependent fashion.

Nuclear magnetic resonance spectroscopy (NMR) revealed an unexpected contrasting
behavior of acetylated and non-acetylated oS when interacting with [Ch][Glu]. These differ-
ences are consistent with a more effective destabilization of Ac-aS which might be related to
a of the early onset disruption of N-terminal long-range stabilizing interactions.

This relatively straightforward /n vitro model can be used to elucidate on protein stability

and hence fibrillation propensity as a function of osmolyte fluctuations.

Keywords: Parkinson's Disease, Acetylated Alpha-Synuclein, lonic Liquids, Choline Glutamate
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RESUMO

A alfa-sinucleina (aS) é uma pequena proteina intrinsecamente desordenada (IDP) e
amiloidogénica abundantemente expressa em terminais pré-sinapticos de neurdnios. As con-
di¢bes patoldgicas podem levar a transicdo dos mondmeros soluveis aS para fibrilas de um
modo cooperativo e dependente da nucleagdo. A acumulacao de aS no cérebro tem sido li-
gada ao desenvolvimento da doenca de Parkinson (PD).

Nos Humanos, a forma fisiologicamente relevante da aS é acetilada (Ac-aS). O meio
pré-sinaptico apresenta metabolitos carregados que podem atingir concentra¢cdes na ordem
dos molares com notaveis qualidades estabilizadoras de proteinas. Concentra¢des elevadas de
metabolitos carregados é um pré-requisito essencial para a formacao de liquidos i6nicos bio-
compativeis (ILs), sugerindo a possibilidade da formacdo enddgena de ILs.

O objetivo deste estudo foi avaliar a estabilidade da Ac-aS na presenca de glutamato de
colina ([Ch][Glu]), como um possivel IL natural. Os ensaios de fibrilagdo permitiram identificar
o [Ch][Glu] e o NaCl como sendo desestabilizadores oS e que mecanismo de agregacao é
dependente da concentracdao de composto idnico.

Os estudos de ressonancia magnética nuclear (RMN) verificaram que a Ac-aS apresenta
uma desestabilizagdo mais efetiva que pode estar ligada a disrupcao das interagdes de longo
alcance do N-terminal.

Este € um modelo /n vitro simples que possibilita o estudo de proteinas amilodogénicas

em fungdo das variagdes de osmalitos.

Palavas chave: Doenca de Parkinson, Alfa-Sinucleina acetilada, Liquidos lonicos, Colina Gluta-

mato
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1
INTRODUCTION

1.1 Overview

1.1.1 a-Synuclein

General Features

Alpha synuclein (aS) is a highly soluble, intrinsically disordered protein (Figure 1) found
in vertebrates. Human aS is a relatively small protein (14.460 kDa) composed of 140 amino
acids which can be functionally organized into 3 domains (Figure 2): (i) the N-terminal domain,
a highly conserved amphipathic region with a-helical propensity involved in membrane bind-
ing; (ii) the non-Amyloid 8 component, which corresponds to the highly amyloidogenic hydro-
phobic core of the protein; and (jii) the C-terminal domain, a highly flexible portion of the
protein that mediates protein-protein interactions [see subsection 1.2.2]. A total of 7 imperfect
repeats are distributed throughout the protein (XKTKEGVXXXX).

Akin to most intrinsically disordered proteins, aS is an efficient mediator of protein
interactions, with at least 50 reported protein interactions."! oS displays no native confor-
mation in solution but is often termed “protein chameleon” due to the wealth of adopted con-
formations in the presence of specific environmental factors, proteins, and ligands.”! Yet, under
physiological conditions, aS may assume two major conformations: (i) the preferred unfolded
random coil structure, when in solution, and (ii) an a-helix rich "horseshoe" conformation upon
membrane binding. Additionally, aS may also assume pathological forms: (i) highly organized
asS fibrils (also known as amyloids), common to Parkinson's disease, or (ii) amorphous aggre-

gates, common in other a-synucleinopathies [see subsection 1.2.4].

23



Physiology and Pathology

The physiologic role of aS has yet to be completely elucidated. Still, the highly promis-
cuous nature of aS suggests that this protein plays several physiological roles. For instance,
prominent theories link oS to vesicle trafficking and recycling, dopamine synthesis and
transport, among others.®! Moreover, human oS is subject to several post translational modi-
fications (PTMs) that modulate its activity and stability. The most well reported PTM is phos-
phorylation, as oS is constitutively phosphorylated at S87, with the phospho-aS presenting a
reduced aggregation tendency. In mammals, oS is also constitutively acetylated in the N-
terminal (Met1). This modification has been shown to increase membrane affinity and aggre-
gation resistance [see subsection 1.2.3].5°

aS is prone to misfolding'”®, a nucleation-dependent process that begins with the co-
alescence of multiple hydrophobic cores which grow exponentially and mature into large in-
soluble aggregates. These oligomers have been shown to disrupt neuronal homeostasis and
are linked to various cellular disorders (e.g., microtubule impairment, synaptic and mitochon-
drial dysfunctions, and oxidative stress).”! Several missense mutations in the SNCA gene pro-
mote the amyloid state of aS (Figure 2). It is important to note that most point mutations that
are linked to PD can be associated with the NAC region!'?, highlighting its importance [see

subsection 1.2.4.].

1.1.2 lonic Liquids

General Features of ILs

Over the last few decades, lonic Liquids (ILs) have delivered on many promises in both
the academic and industrial scales" which is reflected in the exponential growth of related
publications. ILs are an assorted class of compounds, which subvert the conventional descrip-
tion of molecular solvents as they exhibit a unique set of physicochemical features (e.g., low
melting temperatures, negligible volatilities, and high thermal stability), which can contribute
not only to greater safety in the processes to which they are applied but also have enhancing
their recyclability addressing the safety, health and environmental concerns raised by tradi-
tional organic solvent systems.l'>"® These compounds are classically defined as molten salts
with melting points below 100 °C hosting bulky asymmetrical organic cations. ILs are appro-
priately referred to as designer solvents, in connection to their tailorable properties that may

be adjusted by varying anion-cations combinations (e.g., dielectric constant, conductivity,
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biological activity, hydrophobicity, acid-base character, and polarity)."*™ This tunable charac-
ter makes the potential number ILs to be projected to be 10", compared to the less than
1000 organic solvents, which have led to their exploitation in diverse applications, e.g. in syn-

thesis, catalysis, and electrochemistry to name a few examples [See section 1.3].

Bioinspired lonic Liquids

Toxicity is one of the major setbacks of this remarkable class of compounds. Conven-
tional ionic liquids are regarded as toxic and minimally biodegradable which could have an
extremely negative impact on the environment.""! To tackle this, bioinspired ILs have been
recently developed and used in pharmaceutical and biological applications. These bio-ILs share
characteristic features (e.g, renewable, biocompatible, biodegradable, and minimally toxic to-
wards the environment) that can be further adjusted in terms of biological activity by permut-
ing building blocks (e.g, osmolytes, amino acids, and sugars).'""!

Osmolytes, for instance, are of extreme interest to the field of protein stabilization, as
some of these compounds display osmoprotectant properties towards proteins.l'*'® These
candidate ions play important roles /n vivo where they may reach molar concentrations.!'!
Naturally, there is a great interest in combining these compounds into biocompatible ILs that
display minimal toxicity towards cells. The interest in charged metabolites was further strength-
ened by the first reports of naturally occurring IL with physiological significance.*”!

One of such osmolyte is cholinium (Cho). Cholinium-based ILs are reported to have a
stabilizing effect on proteins. Some studies report on the ability of cholinium-based ILs to sup-
press the formation of fibrils and even dissolve mature fibrils.*"

Dicarboxylic acid-based ILs (DAILs) are also of interest due to their stabilizing proper-
ties. Glutamate analogues such as bitartrate and a-ketoglutarate have shown stabilizing prop-
erties towards proteins [see subsection 1.3.4].4

Cabrita's group combined the two moieties of cholinium and glutamate to form the
cholinum glutamate ionic liquid, [Cho][Glu]. Using GB1 protein, they have shown that this IL
can display both stabilizing and destabilizing properties depending on the concentration. In
diluted media, [Cho][Glu] has been shown to stabilize proteins, while crowded conditions, favor

ion pairing, which has the opposite effect.?**"
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1.1.3 Significance Statement

Human aS is abundantly expressed in the brain where it may undergo the pathologic
transformation into amyloid fibrils.”®) A growing body of evidence directly links these oS ag-
gregates to the development of Parkinson's disease *®), the second most frequent neurodegen-
erative disorder.”” Currently oS is regarded as a major therapeutic target by the scientific com-
munity, which is reflected by the wealth of aS related publications. Yet disease-modifying ther-
apies remain a major unmet need for Parkinson's disease and related pathologies.

The IL choline glutamate ([Cho][Glu]) is a prime candidate for the stabilization of mon-
omeric asS, as it inherits many of the protein stabilization traits of cholinium and dicarboxylic
acid-based ILs. In fact, this ionic liquid has been shown to successfully stabilize several model
proteins.**2® Individually, the cholinium and glutamate ions share a set of important key fea-
tures that can be linked to aS: (i) these charged metabolites represent some of the most abun-
dant charged metabolites of neuronal cells, (ii) they are essential to neuronal physiology, dis-
playing possible links to aS’s functioning. (iii) These components are found in high concentra-

tions near the presynaptic terminals where aS is abundantly expressed.

1.2 Alpha Synuclein

1.2.1 General Features

Alpha-synuclein (aS) is regarded as the most popular member of the synuclein family,
a highly conserved group of proteins (62% and 55% of sequence identity to 8- and y-synuclein,
respectively).”” aS is a small and highly soluble neuronal protein with a characteristic acidic
nature (14,460 kDa, pl of 4,67).2% In humans, oS is encoded by the SNCA gene (also known as
PARK1 gene) and is abundantly expressed in the brain, particularly in the axon terminals of
presynaptic neurons of the frontal cortex, hippocampus, striatum, and olfactory bulb®'?%,
where it makes up as much as 1% of cytosolic proteins. Smaller amounts can also be found in
other tissues (e.g., heart and muscles).®"

Besides its monomeric form, aS can also be found in a wide range of high molecular
weight assemblies (e.g, dimers, tetramers, multimers, aggregates, and fibrils) %, These find-
ings suggest the existence of a dynamic equilibrium set between monomeric (major protein
fraction) and several multimeric forms of aS, which are assumed to be stabilized when binding
to other proteins, lipids and small molecules.®*It should be noted that multimeric variants only

represent a small proportion of aS conformations (precise conformer distribution is not known)
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but may have a great influence on the physiological and cytotoxic effects of aS as a whole and
should therefore not be underestimated.

aS is often termed “protein chameleon” due to the abundance of adopted confor-
mations in the presence of specific environmental factors, proteins, metals, and ligands. When
in solution, aS behaves like an intrinsically disordered protein (IDP), presenting a mostly un-
folded random coil structure.”® Another major physiological conformation of aS is the a-helical
variant, created upon membrane binding (Figure 1A and B).2*** Recent studies suggest that
the a-helical “horseshoe" variant may assemble into higher-order multimers.®® Other possibly
relevant physiologically relevant forms of aS include dimers, trimers, tetramers, and other
higher order multimers.”! Additionally, aS may assume two major pathological conformations:
(i) aS fibrils (also known as amyloids) (Figure 1C), which promote the degeneration of the do-
paminergic system in PD, and (ii) amorphous aggregates which can be found in other a-synu-
cleinopathies (ie, Lewy body dementia).?”!

aS is an efficient mediator of protein interactions. This ability stems from the confor-
mational plasticity of the protein which allows for the creation of strong specific interactions
with a multitude of protein partners." In fact, aS is reported to have more than 50 different
interactions with other proteins (e.g., SNARE, CSPa, phospholipase D2, Rab Small GTPases).®
It is important to note that the conformational plasticity of aS is strongly dependent on envi-
ronmental factors such as pH, temperature, or the presence of ligands (e.g, dopamine, lipids,

metals and ions) which may preferentially stabilize a given conformation.*%4

27



Figure 1 — Relevant Forms of aS
A) aS as an intrinsically disordered protein in solution. B) The a-helix enriched conformation of oS upon membrane
binding (PDB code 1XQ8). C) The typical fibril structure of aS (PDB code 1MU4).

1.2.2 Primary Sequence and Domains

Primary sequence

Human aS is composed of 140 amino acids (Figure 2B). Noticeably the primary se-
quence does not contain any cysteine or tryptophan residues, with the absence of the later
hindering “normal” protein quantification via intrinsic tryptophan fluorescence. A single histi-
dine residue (H50) can be found, as well as 5 proline residues. A total of 7 imperfect repeats
are distributed throughout the protein, following the consensus sequence XKTKEGVXXXX
(characteristic of the synuclein family). This motif shares similarities to lipid binding motifs
found in other proteins (ie, apolipoproteins)."

Functionally, aS can be organized into 3 domains (Figure 2C): (i) the N-terminal domain
(residues 1 to 60), responsible for lipid binding and acetylation in mammals, (ii) the hydropho-

bic and highly amyloidogenic core of the protein (residues 61 to 95), also known as non-
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amyloid B component (NAC), and (iii) the highly flexible and acidic C-terminal domain (residues

96 to 140), directly involved in protein interactions and solubility.
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Figure 2 — oS Features

A) Schematic representation of the primary sequence of aS, displaying the organization of the 7 imperfect repeats
(presented in red) and all known point mutations related to PD (presented in orange). Protein regions are also
highlighted: N-terminal (residues 1 to 95), NAC region (residues 61 to 95), C-terminal (residues 95-140). B) Primary
sequence of human wild type oS expressed by the SNCA gene. Known point mutations highlighted in red. Most
relevant post translational modifications presented in blue (Ac- acetylation, Ph phosphorylation, Ni- nitration, Ub-

ubiquitination), adapted from Mor et al.B% C) Aligned repeats and respective consensus sequence.

N-Terminal: Membrane Binding

The N-terminal domain is an amphipathic and highly conserved region of the synuclein

family which plays a central role in membrane interactions. This domain is proposed to form a
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lysine-rich lipid-binding motif in the presence of negatively charged lipids. The consensus se-
quence (4 out of 7 repeats) is responsible for conferring a-helical propensity to the amino
terminal region as well as regulating the membrane binding. Upon binding the amino-terminal
undergoes a radical transition to an a-helical conformation (from 3% a-helical content to 71%)
which extends to the NAC component (residues 2 to 89).*?! Lipid binding is initiated by the first
25 residues of the protein and is described as a cooperative and nucleation-dependent pro-
cess.*¥ The N-terminal is acetylated in mammals which further enhances structural alpha hel-

ical propensity as well as protects the protein from pathological oligomerization events.

NAC Component: Misfolding and Toxicity

aS shares high sequence similarity with the other members of the synuclein family and
yet it is the only member capable of forming amyloids.”! The most noteworthy example is that
of B-synuclein, which shares 62% of the sequence identity of oS but is unable to fibrillate. These
observations can be explained by the lack of the NAC region in 8- and y-synuclein, therefore
highlighting the fundamental role of this region in the pathological oligomerization of the
protein. 4

The NAC region was first identified as the minor protein fraction of Alzheimer's
plaques.® This highly amyloidogenic region (residues 61 to 95) constitutes the hydrophobic
core of the protein, which is involved in the pathological transition of unstructured oS into 8-
sheet rich oligomers. The remaining 3 out of the 7 imperfect repeats are found in this region.
It is important to note that the NAC region is formally inserted in the N-terminal despite being

functionally distinct.

C-Terminal: Solubility and Interactions

Most IDPs use specific primary sequence elements to deter aggregation events. These
regions typically contain distinct features such as the enriched in charged residues and prolines
as well as a distinct lack of any hydrophobic amino acid stretches.®! The C-terminal domain
(residues 96 to 140) of aS is no different. This highly flexible and acidic region (10 glutamate,
5 aspartate, and 5 proline residues) is responsible for maintaining the solubility and the disor-
dered nature of the protein. This region has been found to transiently establish long range
tertiary interactions with the NAC region and N-terminal domain which envelop and thus pro-

tect the hydrophobic core of the protein.”*® Curiously, truncated forms of aS (ie, without the
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C-terminal region) are enriched in LBs, further consolidating the protective function of this
domain.l"%

The C-terminal is also responsible for establishing protein-protein and protein-ligand
interactions in the monomeric and membrane-bound forms of aS. The carboxy-terminal do-
main has been found to interact with more than 50 different proteins as well as with a myriad
of small molecules and proteins.® Interestingly, the C-terminal can be found as an independ-
ent flexible domain in both physiological and cytotoxic (ie, amyloid fibril) forms of aS, possibly
allowing for unreported interactions.”! It is also important to note that the C-terminal can be
subject to multiple post translational modifications (PTMs), are in some capacity, able to mod-
ulate the protective properties of the C-terminal as these forms appear to be selectively en-

riched in LBs.[*®

1.2.3 Physiological Aspects of aS

Biological Function

Currently, aS’s physiological role remains to be fully deciphered despite its direct in-
volvement with PD and high potential as a therapeutic target. This inability to pinpoint the
protein's normal functioning greatly hinders the ability to devise effective therapeutic strate-
gies. The difficulty in uncovering aS's real function does not seem to correlate well to the dis-
covery of novel protein and small molecule interactions since several of these have been al-
ready cataloged. Instead, the problem seems to be in combining these findings into a robust
working theory. It is likely that oS, being an efficient mediator of protein interactions, plays
several important physiological roles.

Although no real scientific consensus has been reached, below are some of the most
prominent theories.

Synaptic Plasticity and Neurotransmitter Release- Knockout mice studies involving the
synuclein family suggest that the synaptic structure is significantly altered in these conditions
whilst brain morphology is not.*”! Affected mice demonstrated impaired survival as a result of
the knockout which evidences the pro-neurogenic role of oS and related proteins. While sev-
eral studies link oS to neurotransmitter release®, the data so far is still very contradictory, with
evidences pointing either to an enhancement of neurotransmitter release ®%, a decrease in
neurotransmitter release ", or even no relation at all.?>*%

Recent findings also point to a potential role of aS in the regulation of endocytosis. The

protein is described as highly mobile with the ability to disperse from synaptic vesicles upon
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stimulation®, and has been shown to associate into multimers which cluster in synaptic vesi-
cles effectively restricting their motility and attenuating (exo/endo)cytosis.*” Some studies
propose that aS oligomers are formed upon membrane binding and that these multimers act
as a chaperone for the soluble NSF attachment receptor (SNARE) complex.”” aS was found to
populate synaptic-vesicle mimics and interacting synaptobrevin-2, resulting in the inhibition
of membrane fusion.?® According to the presented conclusions, aS may be able to interfere
with the synaptic vesicle reserves without directly affecting the machinery involved in the fusion
process itself.*®!

Molecular chaperone activity- Represents one of the most well-established theories,
and it is supported by three main claims: (i) oS shares a structural and functional resemblance

s 71 (i) the C-terminal domain of

to the 14-3-3 protein family which are molecular chaperone
aS is reported to inhibit the aggregation of (thermally) denatured proteins®® and (jii) oS is able
to rescue mice from lethal neurodegeneration caused by cysteine string protein alpha (CSPa)
knockout, by acting as a chaperone for SNARE complexes.?>! The chaperone-like function of
aS was shown to be essential for long-term neuron function. Recent evidence indicates that
triple knockout mice (a-, B-, y-synuclein) have reduced SNARE-complex assembly, display neu-
ropathological signs, and a shortened lifespan.?>>%

Dopamine Synthesis and Transport- oS is known to inhibit dopamine synthesis by in-
directly regulating the enzyme tyrosine hydroxylase (TH). In this sense, oS is thought to pro-
mote the dephosphorylated and inactive form of TH.®® These findings are in line with an age-
related increase of aS expression in the substantia nigra.®"! Moreover, oS promotes the de-
crease of dopamine from vesicular transporters. Knockdown of aS results in increased vesicular
monoamine transporter 2 (VMAT2) density per vesicle, which is integral to the transport of
dopamine.®”

Lipid packing and membrane biogenesis- oS is proposed to detect and correct lipid
packing inconsistencies.’®® Phospholipases D1 and D2 are involved in the cleavage of phos-
phatidylcholine moieties found in lipids and aS is reported to inhibit these enzymes. This may

also suggest an additional role in membrane cleavage and biogenesis.*’!

Membrane Bound Structure

Understanding the primary and secondary structure determinants involved in mem-
brane binding is paramount for understanding aS's folding behavior and developing new ther-
apeutic strategies. The membrane bound state of aS represents the most common protein

conformation.®™ oS requires negatively charged lipids (e.g., phospholipids) to initiate the
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membrane binding process. Namely, a minimum requirement of 30% anionic lipid content
must be met for binding to take place.” As previously mentioned, lipid binding is initiated by
a nucleation step where the initial portion of the amino-terminal is rearranged (first 25 resi-
dues). aS contains a set of primary sequence features which promote membrane binding. No-
ticeably, the initial portion of the N-terminal displays a deliberate disposition of positive, neg-
ative, and hydrophobic residues which is thought to direct aS in the membrane binding pro-
cess. Upon nucleation, lysine residues are proposed to rearrange themselves to better engage
with acidic lipids. Conversely, negative charges migrate to the opposite end of the alpha helix.
Hydrophobic residues are positioned between residues with similar charges in order to stabi-
lize the a-helix.® Additionally, this region is unusually rich in glycine residues which are re-
sponsible for conferring plasticity to the a-helix.*? This rearrangement results in the formation
of a small a-helix which cooperatively propagates well into the NAC component.

Membrane bound aS presents an extended a-helix as the only structural hallmark. The
helix extends from residues 2 to 89 in a total of 25 turns. The seven imperfect repeat sequences
roughly dictate the residues involved in the secondary structure element. Repeats IV and V are
separated by a 4-residue insert which deviates the helix's periodicity from the ideal 3,67 resi-
dues per turn. This deviation is responsible for displacing pseudo repeats V to VI 32° from the
helix axis.’® Two major models describe aS's likely confirmation as a result of membrane bind-
ing: (i) the "extended helix” model, where oS is assumed to make a continuous a-helical struc-
ture spanning for approximately 100 amino acid residues®”, and (ii) the “horse-shoe” model
(Figure 1B), where oS forms 2 antiparallel helices (H1 and H2) separated by a small kink at
residues 42 to 44.% Currently, this is the most popular and accepted model due to the addi-
tional stabilization created between helices as well as allowing for the insertion in membranes
with high curvature.

Recent studies indicate that the extent of the a-helix is dependent on membrane com-
position.®™ When binding to nanodiscs, oS presents a sequential binding behavior amongst
protein regions: (i) residues 1 to 38, are able to weakly interact at 25% anionic lipid content,
strong interactions are established at 50% anionic lipid content, (ii) residues 38 to 60, only start
interacting at 50% anionic lipid content, (jii) residues 60 to 98 (roughly corresponding to the
NAC region), which display moderate interactions at 75% anionic lipid content, (iv) residues 90
to 120, which are partially affected at 100% anionic lipid content, and finally, (vi) residues 120
to 140, which are not affected at any concentration. These results are in line with the above-
mentioned cooperative and nucleation-dependent models presented for aS. These findings

indicate that binding is substantially expanded because of increasing the anionic lipid content.
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The binding behavior can be explained by the electrostatic model of aS (Figure 3). The first 60
amino acids have a net positive charge and contain the most pseudo repeats thus being the
first to interact. The NAC region takes second preference as mostly neutral region containing
the last 3 pseudo repeats. The C-terminal is the last region to bind due to the net negative
charge and the lack of pseudo repeats.”! Previous studies involving small unilamellar vesicles
(SUVs) corroborate these findings which suggests that differences in both models such as

membrane curvature and spatial boundaries, may not be as relevant.

Charge Distribution aS
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Figure 3 — The Electrostatic Model of aS

Schematic representation of charge distribution along the primary sequence of aS. Adapted from Munishkina et
al.k4

Post Translational Modifications

aS is subject to multiple PTMs, which are well distributed throughout the protein’s se-
quence. Still, a significant part of modifications can be found in the carboxy-terminal domain
(Figure 2A and B). PTMs have a great impact on aS by shifting the regional hydrophobicity, net
charge, or polar character of the protein. These changes may also affect more complex behav-
iors such as protein structure, folding outcomes, misfolding events, and binding to small mol-
ecules. It is important to note that most PTMs are made in accordance with protein localization
within the cell (e.g, presynaptic environment), and thus not all modifications occur at the same

time or with the same frequency. It is unclear, for the most part, which PTMs are physiologically
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relevant, and which are directly implicated in cytotoxic processes. Some of the most relevant
PTMs are described below."!

Acetylation- It is considered one of the most important post translational modifications.
aS is constitutively acetylated in mammalian cells®, with acetylation occurring at the amino-
terminal end of the protein (ie, at the methionine residue). This modification is physiologically
relevant as it promotes a-helical folding in the amino acid region involved in nucleation, thus
increasing oS's membrane affinity and aggregation resistance.® Additionally, acetylation can
be found in both healthy individuals and patients diagnosed with PD.

Phosphorylation- Regarded as the most well reported PTM. This modification is pro-
posed to regulate key aspects of aS's structure and normal functioning such as membrane

% While oS is constitutively phos-

binding, oligomerization, fibril formation, and neurotoxicity.
phorylated at sites S87 and S129, other phosphorylation sites undergo multiple phosphoryla-
tion cycles during the protein’s life span. The effect of this PTM on aS stability is highly de-
pendent on location, with some sites been shown to suppress aggregation whereas others
have the opposite effect. Phosphorylation at residues S129 and S87 was shown to inhibit ag-
gregation. Analogously, phosphorylation at residues Y125, Y133, and Y135 are associated with
diminished aggregation.

Proteolysis- C- and N-terminally truncated variants of aS can be found in either PD
patients or healthy individuals suggesting that truncation is a naturally occurring event." aS
was found to have autoproteolytic properties, thus being able to create a variety of smaller
fragments. Recent studies suggest that oS (14.46 kDa) can generate 12.16 kDa (residues 14 to
133), 10.44 kDa (residues 40 to 140), and 7.27 kDa (residues 72 to 140) fragmentation variants.
The 7.27 kDa fragment contains most of the NAC region, which is exposed. This fragment was
shown to aggregate considerably faster than the full-length protein due to a disruption of
protective mechanisms. C-terminally truncated versions of oS are more commonly found in
Lewy Bodies (LBs) possibly suggesting a role of these autoproteolytic products as cofactors in
the aggregation of oS.l""

Ubiquitination- The role of this PTM in aS regulation is still poorly understood. It is not
clear if ubiquitination is a primary event in oS aggregation or just a consequence of natural
protein degradation. Nevertheless, ubiquitination retains some relevancy as ubiquitin frag-
ments are found in LBs and Lewy neurites (LNs)."? Major ubiquitination sites are positioned at
K21, K23, K32, and K34. Other relevant ubiquitination sites include K43, K96./"*!

Nitration- LBs have been found to be nitrated. It is not known if nitration is a primary

event in oS aggregation or rather just a consequence of oxidative stress. Nitration is known to
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have a protective effect against fibril formation.” All of the tyrosine residues may be subjected
to nitration (Ze, Y39, Y125, Y133, and Y136), however, Y39 and Y125 are the most frequently

nitrated.l’”

1.2.4 Pathological Aspects of aS

Synucleinopathies

Synucleinopathies are defined as a group of neurodegenerative disorders that are
prompted by an abnormal accumulation of aS aggregates. These aggregates may take the
form of Lewy bodies (LBs) and Lewy neurites (LNs), which are described as ubiquitin-positive
aS inclusions that accumulate within neurons. All synucleinopathies accelerate the deteriora-
tion of dopaminergic neurons resulting in a failure to produce and release dopamine, which is
critical for controlling the start and stop of voluntary and involuntary movements.!”” It is im-
portant to note that aS pathological importance is not restricted to synucleinopathies and has
been found to play an important role in other neurodegenerative disorders. For instance, oS is
a significant component of the protein plaques that are created in Alzheimer patients./®

Parkinson'’s disease (PD)- currently represents the second most common neurodegen-
erative disease, being only surpassed by Alzheimer’s disease. PD is estimated to affect 1 to 2%
of adults over the age of 65 and 4% of adults over the age of 80."" This disease is characterized
by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNc).”® PD's eti-
ology is likely to be complex and triggered by a variety of genetic and environmental factors.!”!
The existing clinical symptoms can be divided in: (i) motor symptoms such as bradykinesia,
muscular rigidity, resting tremor, and postural and gait impairment, and (i) non-motor symp-
toms such as olfactory dysfunction, cognitive impairment, psychotic symptoms, sleep disor-
ders, autonomic dysfunction, unexplained pain, depression, apathy, and fatigue.®

Lewy body dementia (LBD)- shares many of the pathological traits of PD, but as the
disease develops at the cerebral cortex level Alzheimer-like symptoms become more pro-
nounced in some patients (e.g, dementia).?”!

Multiple systems atrophy (MSA)- is described as the build-up of oS in the cytosolic
fraction of oligodendrocytes.”” MSA can be manifested in two distinct forms: (i) a PD-like var-
iant, which shares many of the pathological traits of PD, and (ii) a cerebral variant, where symp-
toms similar to ataxia are present (/.e, impaired coordination, balance problems, and altera-

tions in the speech and swallowing).®"
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Pure autonomic failure (PAF)- is the most recent addition to the synucleinopathy family.
PAF is characterized by the presence of aS-positive LBs and LNs in the sympathetic nervous

system, symptoms associated with the disorder resulting in urinary and sexual dysfunction.?!

Familial Parkinson

In humans, aS is the product of the SNCA gene which is located at position 21 in the
long arm of the chromosome 4.2 To date, six missense mutations (Figure 2 and B) have been
linked to familial PD (ie,” A30P, E46K, H50Q, G51D, A53E and A53T).B4®" Fibrils from different
mutations display small morphological variations as a function of mutations (e.g, diameter,
periodicity, and length), creating distinct “fibril strains”.®®!

Point mutations are thought to exert subtle destabilizing changes on native aS instead
of directly promoting major structural changes of monomeric aS. These changes may reduce
protein solubility, compromise stabilizing long-range interactions, change global protein flex-
ibility, and disrupt a-helical propensity.®® The aggregation kinetics of aS is highly sensitive to
mutations. In these instances, aberrant internal contacts may be formed, contributing to the
stabilization of partially folded intermediates, which are critical for self-assembly.% Mutations
E46K, H50Q, and A53T have been found to increase aggregation propensity whereas variants
G51D and A53E display decreased aggregation propensity. A30P appears to favor oligomeri-
zation, at the expense of fibrillization.*”

All mutations except for to A30P (found membrane-binding domain) are located within
the core of the fibril structure, further highlighting the region’s importance in fibril formation.['”
These changes in primary sequence have been found to exert distinct influences on PD’s overall
progression, ranging from more mild forms of the disease (..e,”A30P) to more severe variants
(ie.; A53T).PY The localization of the mutations in the N-terminal points to a possible compro-
mise between the membrane-binding properties and fibrillation propensity. Noticeably, muta-
tions A53T and H50Q were shown to more effectively interact with membranes whereas A30P,
G51D and A53E display lower propensity.®? These findings can be explained by the inability of
A30P mutant to bind to membranes resulting in an overall increase in cytosolic aS which might,
in turn, promote oligomerization. At the same time, the hydrophobic core remains unaltered
and prone to fibrillate.

More uncommon mutations have been associated with a higher predisposition to de-
velop PD. Duplications and triplications of the SNCA gene result in an overexpression of oS

raising the available protein that can oligomerize. Polymorphisms in regulatory elements of

the SNCA gene may exert a similar effect.””!
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Misfolding Behavior and Kinetics

The fibrillation of aS is classically described as a nucleation-dependent event /n vitro.
The process can be divided into three separate stages (Figure 4): (i) the lag phase, which cor-
responds to an initial nucleation event, (ii) the elongation phase, which is characterized by the
exponential self-assembly of aS building blocks, and (iii) the stationary phase, where the
growth rate significantly decreases as a result of monomer availability./®

The lag phase is defined by major structural changes to multiple aS monomers gener-
ating partially folded intermediates with exposed hydrophobic regions. Intermediates coalesce
into an insoluble critical nucleus (thermodynamically unfavorable process). In the elongation
phase, the exponential self-assembly of aS building blocks result in the formation of highly
ordered and insoluble amyloid fibrils (thermodynamically favorable process). In the stationary

phase an equilibrium is reached between the soluble and insoluble fractions of aS."®!

The Typical Fibrilation
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Figure 4 — The Aggregation Profile of aS
The phases of the fibrillation process as well as the respective kinetic parameters are Identified in a typical fibrillation

curve of aS.

Fibril Structure and Morphology

aS is particularly susceptible to misfolding events due to the lack of a stable tertiary

structure. Under the right conditions, the protein is capable of transitioning into a B-sheet
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conformation, with these structures being capable of forming highly ordered fibrils. Structur-
ally, the standard B-sheet conformation is composed of 8 parallel B-strands (Figure 5A): B1:
residues 42 to 46, B2: residues 48 to 49, B3: residues 52 to 57, B4: residues 59 to 66, B5: residues
69 to 72, B6: residues 77 to 82, B7: residues 89 to 92, and B8: residues 94 to ~102. Beta strands
are flanked by glycine residues (.e, G41 before B1; G47 between B1 and B2; G51 between B2
and B3; G67 and G68 between B4 and B5; G73 between B5 and B6; G84 and G86 between B6
and B7; and G93 between B7 and B8). B-strands B2 to B7 create a hydrophobic core, composed
of mostly alanine and valine residues. These organization patterns create multiple GAV motifs
(i.e.,66VGGAVVTGV74) which further contribute to the fibrillation process.’**

aS's fibrils display variable morphology with the archetype fibril varying in length (500
nm to 3 um) and diameter (5 nm to 10 nm). aS amyloids can be hierarchically organized into
protofibrils (diameter of 3,8 + 0,6 nm), protofilaments (diameter of 6,5 + 0,6 nm), and fibrils
(diameter of 9,8 + 1,2 nm).”! oS protofibrils are composed of several layers. A cross sectional
cut of this structure reveals that each layer is composed of 2 aS monomers arranged in a "Greek
Key” topology (Figure 5B). Protofibrils display rotational symmetry about the fibril axis, which
can be roughly organized into a hydrophobic core which is encapsulated by a mostly hydro-
philic layer. The outer layer contains two highly hydrophobic regions (residues L38 and V40,
and residues F94 and V95). Another important feature of the fibril structure is the dense mesh
of N-terminal and C-terminal tails surrounding the fibril, these tails are composed by the first

and last 20 protein residues (approximately).!'
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Figure 5 — aS's Fibril Topology

A) CryoEM structure of a Cross-section of the fibril structure displaying the so-called ‘Greek Key' topology with
rotational symmetry about the axis of the fibril. Protofibrils are highlighted (orange and green). Familial mutations
localized within the fibril are evidenced (E46K, H50Q, G51D/E, A53T; highlighted in pink;). B) Hydrophobicity scores,
ranging from hydrophilic (-4,5 units, in blue) to hydrophobic (4,5 units, in brown), for the trans sectional cut of a
typical fibril. C) Close-up of the core region highlighted in B. The hydrophobic core (brown) is composed of mostly
alanine and valine residues. A hydrophilic region (blue) can be seen surrounding the hydrophobic region of the

core.[1096]

1.2.5 Macromolecular Crowding

Macromolecular crowding occurs when a high concentration of macromolecules, such
as proteins, leads to a change in behavior of a given molecule.®”! This phenomenon is also
proposed to affect protein folding and chemical reaction rates®, and is dependent on macro-
molecules occupying a set volume that cannot be shared with other macromolecules, therefore
becoming unavailable (ie, excluded volume).®

The excluded volume has two contributions: (i) hard-core, steric repulsions which are
always stabilizing interactions resulting from an entropic process, and (ii) soft (or chemical)
interactions, which are governed by enthalpy and can be repulsive and or attractive in nature.
It is important to note that small molecules, even at very high concentrations do not show
excluded volume effects due to their small size.*!! The excluded volume is of extreme im-

portance since it is responsible for modulating macromolecular stability, association behavior,

and equilibria.l"”
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High concentrations of macromolecules are routinely found in cells, meaning that most
proteins are optimized for these specific conditions. However, most experiments are performed
in idealized (/e, dilute) solutions. Low concentrations of salts and proteins result in an activity
coefficient comparable to 1. In other words, the species' behavior is unaltered. Idealized con-
ditions are unable to model the intracellular milieu (Figure 6), which is a complex and densely
packed environment.®? As an example, £ coli cells present a cytoplasmic concentration of
macromolecules that may reach as high as 400 g/L and occupy up to close to 40 % of the cell
volume.® This sort of solution is defined as “crowded” because no particular molecule is pre-

(19U To mimic this, several polymers can be used

sent at high concentration at any given time.
as crowders such as: “inert” proteins, polysaccharides, and polyethylene glycols. Besides ex-
cluded volume effects, other factors are relevant to molecular crowding, such as solvent vis-
cosity, which reduces diffusion rates and decreases water activity. In the case of aS, this makes
the protein less soluble and, therefore, more aggregation-prone.*!

aS has been shown to aggregate under macromolecular crowding conditions, when in
the presence of high concentrations of polymer.[”? Due to excluded volume and viscosity, oS
shows different aggregation tendencies in crowded solutions. oS fibrillation is favored by in-
creasing polymer concentration and polymer size. Low polymer concentrations (approximately
up to 100 mg/ml) favor excluded volume effects, whereas higher concentrations start to evi-

dence opposing effects from viscosity contributions.*” These observations suggest that oS

fibrillation is predominantly governed by volume exclusion which promotes aS association!*,
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Figure 6 — Representation of the Synaptic Milleu

Up to scale representation of an excitatory synapse. Relevant features include synaptic vesicles containing the neu-
rotransmitter Glutamate, SNARE complex proteins which are associated with vesicles and promote vesicle fusion.
Image was made available by David Godsell (Doi: 10.2210/rcsb_pdb/goodsell-gallery-016).

1.3 lonic Liquids

Over the last decades, frontier ionic liquid (IL) research has impacted a wide range of
scientific areas (.e, chemistry, biology, and physics) by delivering on many promises in aca-
demia and industry. Such a positive footprint is reflected in the exponential growth of related
publications (Figure 7). These compounds are valued as sustainable alternatives to volatile or-
ganic solvents as they benefit from an inherent clean, efficient, and eco-friendly nature. These
properties can be coupled with a unique set of (often) tunable, physicochemical and biological
properties. ILs are currently associated with synthesis, catalysis, cell biology, material science,
physical chemistry, electrochemistry, genetics heredity, nuclear physics, medicinal chemistry,
engineering, and many more areas."" Noticeably, over the last few years, biologically active
(Ze, third generation) ILs have been the subject of several reviews in connection to pharma-

ceutical and biological applications.!'%"%
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Figure 7 — IL Related Publications
Number of publications dealing with “ionic liquids” as a function of the publication year (according to the PubMed

database).
1.3.1 Properties

Fundamental aspects of ILs

ILs are formally defined as molten salts, typically composed of bulky and asymmetrical
organic cations (e.g., N,N’-substituted imidazolium, N-substituted pyridinium, tetra-alkylated
ammonium, or tetra-alkylated phosphonium derivatives) with melting points below 100 °C (373
K). ILs are an assorted class of compounds that do not fit into the conventional description of
molecular fluids as they are reported to have a set of unique and unifying physicochemical
features (ie, low melting temperatures, negligible volatilities, reasonable surface tension, ex-
tended liquid state temperature ranges, wide electrochemical windows, high thermal and
chemical stabilities, or excellent dissolving capabilities)!'>'31%1%7] a5 well as a set of tunable
properties (/.e, viscosity, biological activity, hydrophobicity, acid-base character, polarity, sol-
vent power, higher-order organization, phase equilibria, etc.).l'*"*1%) Therefore, ILs are referred
to as “designer solvents” due to their tailorable properties that can be easily changed by im-
plementing different anion-cations combinations, introducing a controllable amount of so-

lutes, and/or ion restructuring.['>1%!
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Green Aspects of lonic Liquids

The United States EPA (Environmental Protection Agency) defines green or sustainable
chemistry as the “design of chemical products and processes that reduce or eliminate the use
or generation of hazardous substances”. This movement aims to reduce pollution and waste in
laboratory and industrial settings, while also focusing on the development and optimization of
eco-friendly techniques that improve yields and decrease waste generation.®® Truly “green”
solvents must minimally burden the environment over the life cycle of a chemical product!®,
which is the case when we compare ILs to traditional organic solvents. In this sense, ILs are
considered benign alternatives due to their overall lower E-factors, hydrophilic nature, tunable
acid-base character, and excellent biopolymer solubilization capabilities." Other factors such
as toxicity, biodegradability, and recyclability are also of great importance. Recent studies have
risen some concerns if ILs are really eco-friendly solvents.""®""" When analyzing the sustaina-
bility of ILs not only the process must be considered but also their synthesis, and the recovery
and recycling process. Few ILs are found to be toxic and non-biodegradable, based on their
LCAs (Life Cycle Assessments).[''? However, comparing the number of ILs with the number of
LCA studies the latter are scarce and still limited to specific IL classes and limited to the char-

acterization of the IL structure.['™

lonic Bonding

Tunability is one of the most well-known and captivating aspects of ILs. This property
partially reflects the intrinsic versatility of the ionic interactions found in ILs. lonic bonds are
created when significant differences in electronegativity amongst coordinating atoms result in
complete or almost complete incorporation of the electron pair by the more electronegative

s.1'%l Conventional inorganic salts

atom, thus creating ions bound by electrostatic interaction
are formed by small anions that display a high localized charge density, which in turn creates
strong bonds and promotes a closely packed crystal lattice, when in a solid phase. Conversely,
ILs are formed by bulky, organic cations and weakly coordinating anions. In these instances,
cation charge is distributed over a large volume and is often delocalized (ie, smaller charge
density). Depending on the organic nature of the cation, several weaker but cooperative inter-
actions like hydrogen bonding, hydrophobic interactions, and/or van der Waals interactions
which in turn all destabilize the crystal lattice and contribute to the unique IL liquid nanostruc-
ture." "4 These differences in structure explain some of the differences in the behavior be-

tween ILs and inorganic salts as the lower charge density and the charge delocalization in the
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former suggests an apparent weaker coulombic interaction, which not only results in lower
melting points but also affects ion pair formation.[''¥

lonic compounds are also deeply affected by the solvent medium. The potential of ionic
compounds is best employed in the liquid phase, as ionic compounds tend to rearrange in the
presence of a solute disrupting previously established interactions formed between solvate
shells and respective ions. The structuring effect of water is so significant that small fractions
of water are known to alter the molecular interaction network of ILs, and thus some of IL's
properties (e.g, biocatalytic activity, acidity, density, viscosity, electrical conductivity, enthalpy,
surface, or interfacial tensions). The extent of the perturbation is dependent on the structural

size of the cation and anion.!™

lon Pairing

lon pairing is a highly debated feature of liquid phase domain ILs. These interactions
are proposed to be a result of strong attractive forces established between counterions. ILs are
proposed to exist in a complex equilibria where ions can be found as fully solvated species (i.e,
C*A"), solvent-separated ion pairs (e, C*||A7), and/or contact ion pairs (/.e, CA).""™ Hydrogen
bonding is suggested to play a key role in the process!''®, as are some milieu conditions (e,

).141M7Several

large concentrations, low dielectric media, small ionic radii, and low temperatures
encouraging studies were made over the decades but the topic remains to be settled as ion
pair formation in ILs is still poorly understood, yet some studies suggest that ion paring is
responsible for physical properties of ionic liquid-solvent mixtures.['"®

One noteworthy example is the putative ion pairing found in aallLs (amino acid based
ILs) which were sustained by molecular dynamic studies. Woo and co-workers!"™ found that
most of the studied imidazolium-based aallLs [Ccmim][AA] were in a strongly coupled regime
suggestive of ion pairing. Furthermore, the strength of ion pairing in these ILs was found to

increase when polar side chains were present.

Higher Order Structuring

Historically, ILs were taught to behave like a homogeneous and coherent system akin
to highly concentrated salt solutions.!'"! However, recent findings using NMR spectroscopy!'??,
theoretical modeling"", and thermal techniques!'?? suggest that they may act as structured
solvents displaying dynamic nanoscopic (e.g. ion pairs, ion clusters) to microscopic (e.g, H-

bond networks, and micelle-like morphologies) levels of organization, which sets them apart
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from the conventional homogeneous and heterogeneous (/.e, phase separated) solvent-solute
systems. Microstructures are thought to provide stable “cage structures” capable of capturing

s.l'231 |t is thought that ionic interactions,

substrate molecules and facilitating chemical reaction
hydrogen bonding, and hydrophobic interactions are the major players in these types of IL
organization.'"”!

Noticeably, a recent electron microscopy study demonstrated the micro structuring ef-
fects of imidazolium based ILs. Kashin's group!'?* reported the formation of stable water com-
partments of various morphologies in IL-water mixtures (e.g., droplets, aggregates, 2D mesh-
works). Moreover, these same water compartments were found to improve upon the selectivity

and yield of the biomass conversion reaction of D-fructose into 5-(Hydroxymethyl)furfural.

1.3.2 Classification

General Classification According to ion structure and origin

The classification of ILs is dependent on several features (e.g., anion/cation origin, phys-
icochemical properties, structural aspects). Consequently, multiple classification systems exist,
and class types are often confluent.'! Below it is presented a classification system based on
the structural elements of cation-anion pair as well as the origin of said components.

(a)Protic (PILs/APILs) - ILs are primarily divided into protic or aprotic depending on the
presence of redeemable Brgnsted acidic proton(s)." Typically, PILs are formed through a neu-
tralization reaction whereas APILs are created by a quaternization reaction followed by anion
exchange.'® An example of a PIL is ethyl ammonium nitrate [EtNHs][NOs] while 1-Butyl-3-
methylimidazolium dicyanamide [Bmim][dca] constitutes a typical example of APIL.

Chiral ionic liquids (CILs) - Another fundamental feature of ILs is chirality. An IL is con-
sidered chiral when at least one of its counterions is chiral. As commonly known, biologically
active molecules (e.g, amino acids, nucleic acids, and sugars) are chiral, and many biological
systems rely on this property to function (e.g., enzymes). Hence it is only natural that chiral
molecules are indispensable to the fields of biochemistry and pharmacology. ClLs are also rel-
evant to the fields of organic and analytical chemistry.">”! Amino acid containing ILs are exam-
ples of ClLs.

Bioinspired ionic liquids (BILs) - Commonly used counterions such as imidazolium are
potentially toxic and poorly biodegradable. BlLs were designed to overcome these limitations
by being more recyclable, sustainable, minimally toxic, environmentally friendly, and biode-

gradable. Typically, compounds like cholinium, amino acids, sugars, lactate, and acetate are
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among the most used ions."" An example of a BIL is choline glutamate [Cho][Glu] which is of
particular importance to this work and will be discussed later [Section 1.3.6].

Task specific ionic liquids (Ts-ILs) - The first report of a Ts-IL is accredited to Coles'’s
group (2002).'*® These compounds gained recognition over the years due to an increased
tunability when compared to conventional ILs. This special class of ILs requires the functional-
ization of anion and/or cation (/.e, covalent insertion of a functional group) in order to impart
particular properties or reactivities."?It is important to note that Ts-ILs also present important
disadvantages such as the need for additional complex synthesis steps.!*® There are several
reported instances of the functionalization of ions with the goal of improving the chelating

properties of ILs.["*"

Classification According to Properties

Alternatively, ILs can be categorized into generations depending on their physical,
chemical, and biological properties. This organization results in three distinct groups.

First Generation ILs (1914) are air- and water-sensitive, which limits their research po-
tential. ILs from this generation are essentially composed of combinations of metal halides
(anions) with dialkyl imidazolium or alky!l pyridinium derivatives (cations).['®

Second-generation ILs (circa 1990) present an air- and water-stable nature, but are
more expensive and toxic. These are the most extensively reviewed compounds and are of
interest not only because of their physical and chemical properties (..e, melting points, solu-
bilities, viscosities, etc.), but also because they display important biocatalytic properties. The
most common cations include dialkyl imidazolium, alkyl pyridinium, ammonium, and phospho-
nium whereas halides, tetrafluoroborate, and hexafluorophosphate are among the most com-
mon anions.!'*

Third-generation ILs (circa 2000) also known as advanced ILs. These ILs surpass past
generations by employing natural and readily available ions such as choline, amino acids, and
sugars. They are of special importance in biological studies as they are often more compatible
with biological systems. These compounds are biodegradable, nontoxic, inexpensive, recycla-
ble, and simpler to prepare. It is important to note that novel solvent systems such as deep

eutectic solvents (DES) and Ts-ILs are also encompassed in this generation of 1Ls.["%
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1.3.3 Applications

ILs are remarkable chemical compounds that have delivered several predicted applica-
tions and are currently employed in varied areas of science and technology. Such relevance is
attributed to a significant diversity of possible compounds, a unique set of physicochemical
properties, and high biological activity. In the following segment, relevant mentions are high-
lighted.

Biological Applications

ILs can have an extensive impact on biological systems, ranging anywhere from the
simpler ionic liquid-macromolecule interactions all the way to higher complexity living organ-
isms.l"*4This impact on the functioning of biological systems is dependent on biological activity
which has been shown to correlate with bioavailability and be strongly dependent on the or-
ganism under study.!"**!

Antibacterial and Antifungal Agents - Several ILs are known to inhibit the growth of
pathogenic species with implications in the fields of medicine. Imidazolium, pyridinium, pyr-
rolidinium, based ILs were shown to hinder the growth of pathogenic bacteria and fungi. Some
examples include the infamous Clostridium sp. bacterium which is susceptible to pyridinium-

based ILs (N-ethyl pyridinium tetrafluoroborate) "*¥

, and the multidrug-resistant fungus Can-
dida tropicalis, whose growth is strongly inhibited by low concentrations of an imidazolium-
based IL (1-n-hexadecyl-3-methylimidazolium chloride).* Consequently several instances of
IL-coated surfaces with antimicrobial properties are known.!'3®!

Anticancer Agents - Considered a novel, yet important, avenue of research, several
studies have been focused on the development of ILs as therapeutic agents with reduced tox-
icity toward humans.[*”! The so far encouraging results on numerous cancer cell lines have
shown ILs to be cytotoxic and/or cytostatic by promoting oxidative stress, DNA damage, and
ultimately apoptosis.l'*® Unfortunately results are highly dependent on cell lineage!*® and a
consensual mechanism of action is yet to be established, effectively hindering further devel-

opments in the area.

Industrial Applications

Many of the physicochemical advantages of ILs are already being explored in the in-
dustrial setting owing to specific hydrogen bonding, coulombic, and van der Waals interactions

after the widespread commercialization of said products.
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Pharmaceutical Applications - One of the main bottlenecks in active pharmaceutical
ingredient (API) development is the solubility optimization. In this sense, API-IL constructs are
of particular interest as an alternative to crystalline salts. ILs can be used as adjuvants contrib-
uting to solubility and enhancement and drug delivery. ILs are capable of tuning the properties
of active molecules (e.g., solubility, polymorphism, delivery, release rates, handling, therapeutic
efficacy, and adverse reactions) effectively optimizing therapeutic performances.'"*” Some ex-
amples of potential API-IL constructs include the solubilization of N-Acetyl-L-cysteine in the
[C2MIM][OTf] based IL or the solubilization of ibuprofen in [CTOMIM][NTf2] based IL.""

Food and Biomass Processing - Extraction and separation processes are essential to
many fields of science and industry, allowing for the selection of an interesting compound from
a complex matrix."*¥ In this sense, ILs present a novel and often more efficient approach to
the already established organic solvents."! These compounds can disrupt the strong inter-
molecular hydrogen bonding networks found in weakly soluble biopolymers. In fact, ILs are
already being applied in the dissolution of keratin!*¥, lignin'**], the decrystallization of cellu-

lose!™, or the extraction of piperine from pepper.""!

Chemical Applications

Many of the physicochemical advantages of ILs are already used in the laboratorial
setting.

Organic Chemistry - The use of ILs as greener alternatives to conventional solvents in
the fields of organic chemistry and the chemical industry remains the most significant applica-
tion to date.l"*® Applications in this area are a function of the excellent physicochemical prop-
erties found in ILs. These have been successfully used as solvents in a series of assorted reac-
tions: electron transfer reactions, acid-base reactions, substitutions, elimination, addition, base
or nucleophilic reactions, and many more. When it comes to catalysis ILs present an alternative
to the common limitations found in conventional catalysts (ie, yield, selectivity, and reaction
conditions).l'*%!

Electrochemistry - ILs have gained increasing interest in the field of electrochemistry
due to their unique array of properties (i.e, high conductivity, a wide span of electrochemical
potentials, non-volatility, high viscosity)"™®® which renders them as safer electrolytes to be used
in metal electrodeposition, batteries, fuel cells, and sensors among other examples.!™"

Physical/Analytical Chemistry - ILs are currently being incorporated in essential analyt-
ical processes such as high-performance liquid chromatography, spectrometry, sensing, and

analysis of metal ions and organic environmental pollutants.'>? The field of physical chemistry
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has also gained interest in these kinds of compounds. Their tunable physicochemical properties

has the potential to expand the current boundaries of conventional molecular solvents.['>?]

1.3.4 lonic Liquid Protein Interactions

Although it may be obvious, conventional inorganic salts cannot be used as biocom-
patible solvent media due to their relatively high melting temperatures (e.g., NaCl presents a
Tm of 801°C). Conversely, ILs display reduced melting temperatures opening novel avenues of
investigation in biological systems.'"*! For instance, the area of protein stabilization is para-
mount issue in several areas of research, with reports on this area dating back to the 1980's.['>¥
One noteworthy example is the pharmaceutical industry, where proteins are used in drug for-
mulations. Proteins as active principles must remain stable in order to retain function, and mi-
nor changes in their microenvironment (/.e, temperature, solvent composition) may lead to
unfolding and inactivation. Native proteins are often marginally stable as folding intermediates
and misfolded protein states may promote irreversible protein aggregation. Several strategies
were developed to promote protein stability in non-native conditions with minor success (e,
chemical modification, immobilization, and genetic modification).">™ Some examples of stabi-
lizing agents (e.g, amino acids, sugars, and salts) being used as excipients are also reported,
these prevent the denaturation and aggregation of therapeutic proteins. Currently, lyophiliza-
tion or freeze-drying is one of the most employed strategies to increase protein shelf life. In
this sense, ILs are a vast class of organic salts, which show high affinity to proteins and other
biomolecules.!™ ILs (pure or as a mixture) are regarded as a novel approach as they can be
designed to maintain the three dimensional structure of a protein by promoting hydrogen

S.[157

bonding, hydrophobic interactions and ionic interactions.™>” Over the last decade the impact

[159 [160

of IL-water mixtures on protein stability!"*®, activity!", refolding!'®”, and aggregation!'®" has
been studied. Selected examples report the ability of ILs to induce unfolding, misfolding and

refolding on assorted proteins.['®"

lon Specific Effects

Salt-protein interactions in water have been extensively reviewed!'®? as ion-induced
effects are ubiquitous to biology and chemistry alike. This phenomenon is described as the
restructuring of the hydrogen bonding network of water when in the presence of ions (/.e, bulk
phenomenon).l'® Aqueous electrolytes display a predictable protein solvation behavior clas-

sically described in the Hofmeister series (Figure 8). lons are qualitatively classified as
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kosmotropes (i.e, structure and salting-out promoters) or chaotropes (e, structure breakers
and salting-in promoters). Kosmotropes are densely charged ions (/.e, dihydrogen phosphate,
sulfate, ammonium, etc.) which promote vicinal electrostatic ordering (breakage of nearby hy-
drogen bonds), thus being strongly hydrated. Chaotropes, on the other hand, are typically sin-
gle charged and bulky ions (.e, dihydrogen phosphate, sulfate, ammonium, etc.) which mini-
mally interfere with the surrounding water network promoting hydrogen bonding in surround-
ing water molecules (weakly hydrated), these ions tend to destabilize proteins.['5¥

More recently ion-protein interactions have been described as an interfacial phenom-
enon which is not necessarily dependent on water perturbation. Instead, the interactions of
ions with the aqueous interface of the macromolecule are regarded as central to the thermo-
dynamic and kinetic properties of proteins.'*'¢! |Ls display a more balanced range of interac-
tions when compared to conventional salts, as electrostatic interactions are comparable to hy-
drophobic interactions and hydrogen bonding. In this sense the solvation tendency among ILs
is similar, but not identical, to conventional inorganic salts and must be further assessed on
the grounds of hydrophobicity, charge/polarity, polarizability, and acid-base character."® It is
important to note that protein nature, and consequently specific solute-ion interactions, are
also crucial to describe the expected solvation behavior, as the protein backbone profile will

dictate interaction tendencies with a given ion.['®!

$0,% > HPO,? > acetate- > citrate- > Cl-> NO; > Br > I > ClO, > SCN-

Hofmeister Series

N(Me),* > NH,* > K* > Na* > Li* > Mg?* > Ca?*> Gdm*

i solubility - salt out (aggregate) T solubility - salt in (solubilize)
i protein denaturation T protein denaturation
t protein stability | protein stability

Figure 8 — Modernized Hofmeister Series
Anionic and cationic elements (top and bottom respectively) are grouped by series and accompanied by the re-

spective properties. Adapted from Zhang and Cremer.[67)
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lonic Liquids and Amyloid Formation

Several proteins can form amyloid aggregates (e.g., alpha synuclein, lysozyme, insulin
or tau protein), which are often involved in disease processes. Over the decades several drugs
were explored as potential anti-amyloidogenic agents.?" Akin to these compounds, some ILs
have been reported to modulate fibril formation and stability. Depending on ILs nature, amy-
loidogenesis may be favored or inhibited. Some cases can even result in the dissolution of
mature fibrils, effectively restoring original protein structure and function.?""*¢1%8 These com-
pounds are thought to influence major molecular interactions found within amyloid aggre-
gates (/.e, hydrophobic interactions, hydrogen bonds, and salt bridges) which are responsible
for the characteristic thermodynamic stability of the protein structure.l'*® Additionally, water
content is key to predict the inhibitory effects of a given IL as it often ties to higher ordering
structuring in more hydrophobic ILs.["®

Relevant examples of fibrillation modulation by ILs include: (i) the role of tetramethyl-
guanidinium acetate [TMG][Ac] as a partial inhibitor of Chicken egg-white lysozyme fibrils!'®?,
or (ii) Stimulation of aS amyloid fibril formation in the presence of 1-butyl-3-methylimidazo-
lium based ILs.!"70171

Cholinium based ILs ([Cho] ILs) are of special importance to the present discussion due
to their reported effects on protein (de)stabilization. These ILs exhibit an increased propensity
to suppress the formation of mature fibrils. Overall, inhibition efficiency is not only dependent
on the hydrogen bonding and kosmotropic nature of cholinium but also on the properties of
the selected counterion. Although literature related to [Cho] ILs and amyloid formation is
scarce, some noteworthy examples include: (i) the conservation of secondary structure and
function of Chicken egg-white lysozyme by choline dihydrogen phosphate [Cho][DHP] and
choline bitartrate [Cho][Bit] when in the presence of fibrillation prone conditions (i.e., acidic pH
and high temperature)®", (ii) the dissolution of recombinant cellulase fibrils from Escherichia
coli by [Cho][DHP]™®, (iii) the stabilization of the domain B1 of protein G (GB1) from Strepto-
coccus sp. by [Cho][GIu]®¥, and (iv) the stabilization of collagen and Human Serum Albumin
(HSA) by [Cho][DHP] when acting as a cosolvent 2172173

1.3.5 Osmolytes as potential lonic Liquids

Osmolytes are low-molecular weight organic salts that exhibit protective properties
against denaturing and/or osmotic stress. These compounds exhibit high intracellular concen-

trations and are primarily tasked with the preservation of cell integrity by regulating key
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features of biological solutions (e.g., viscosity, melting point, and ionic strength) in response to

).[1617174 Akin to con-

specific stress signals (e.g.,, osmotic pressure, temperature, salinity and pH
ventional inorganic salts, osmolytes exert significant effects on macromolecules and have been
found to influence protein folding and stability."*'® Osmolytes regulate protein structure by
means of: (i) direct mechanisms, which include the co-solvent interactions with the peptide
backbone and/or side chains (i.e., hydrogen bonding, charged, and polar interactions), and (ii)
indirect effects, referring to the solvation of hydrophobic portions of the protein or changes in

s.l'""I The indirect effects play a major

bulk water structure when in the presence of co-solute
role in influencing protein structure.l'® More traditional ionic liquids (e.g., 1-Butyl-3-methylim-
idazolium based) tend to have a strong hydrophobic character, thus resulting in a (de)stabili-
zation of the protein structure through indirect effects. Biocompatible ILs are on the other hand
water friendly, creating a more nuanced balance between direct mechanisms and indirect ones.
Stabilizing bioinspired ILs (i.e, Cholinium-based ILs) have been shown to exert more subtle
protein interactions that allow for the inclusion of water in the protein surface. These osmolytes
are also capable of mimicking the hydrogen-bond strength of interfacial water acting as a bio-
compatible osmolyte that minimally interfere with water-protein interactions.!'””!

Because these compounds are derived from natural sources, they yield biocompatible
ILs with much lower toxicities than traditional ILs."®" Naturally occurring osmolytes are re-
ported to have an osmoprotectant effect towards proteins (ie, y-aminobutyric acid, glycer-
ophosphorylcholine, taurine, betaine, myo-inositol, trimethylamine-N-oxide).'””'"® These
compounds exist intracellularly at concentrations that range from 100 to 300 mM, which can

be defined as general upper and lower limits for protein IL interactions.["41"!

1.3.6 Design of the Bioinspired lonic Liquid [Ch][Glu]

The osmolytes found in the intracellular milieu stand out as well-suited candidates for
the development of biocompatible ILs. These candidate ions may reach molar concentrations
in vivd"™ and are inherently biodegradable and biocompatible, often displaying important
roles on cellular processes such as regulation of diffusion, reaction rates, biochemical pro-
cesses, cellular organization, and protein stability."">'® The possibility of combining physiolog-
ically relevant charged metabolites into ILs is strengthened by the first report of a naturally

occurring IL. Chen's group.””!

identified several formate-based ionic liquids in the neutralized
venom mixtures created by hostile interaction between S. /nvicta and N. fulva. By combining
these findings with the broader cellular context mentioned earlier, one can conclude that there

is a significant possibility that some charged metabolites can form naturally occurring ILs. The
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implications of which for protein stability in physiological conditions are still unpredictable and
the effects may extend far beyond the traditional Hofmeister series. Therefore, a representative
IL must be selected from the available metabolites and studied in the context of protein stabi-
lization.

For solution protein studies, the cation-anion pair should result in an IL that displays
inherent buffering capabilities when in aqueous solution. Cation-anion combinations should
resultin an IL with a buffering range that encompasses the physiological pH."®"’ Human metab-
olome databases were used to identify biologically relevant charged metabolites with implica-
tions in protein conformational diseases. The resulting a metabolite pool consisted mostly of
anions (e.g, 5-oxoproline, acetate, aspartate, bicarbonate, citrate, formate, glutamate, glu-
tarate, glycolate, glycerate, homovanillic acid, kynurenic acid, lactate, malate, maleate, malo-
nate, oxoglutarate, propionate, pyruvate, salicylate, and succinate) and a few cations (e.g, ac-
etylcholine, arginine, choline, diethanolammonium, dopamine, ethanolammonium, and ly-
sine).[82

Choline is an ideal cationic component for naturally occurring ILs. The cholinium ion
can be found in relatively high concentrations in the CNS despite values varying significantly
with the patient and the studied brain tissue. This cation is estimated to reach concentrations
of 1.83 mM in the basal ganglia, up to 1.4 mM in the frontal lobe white matter, and as much
as 76.5 mM in cerebrospinal fluid.'"84 |t is important to note that the cholinium ion may be
found in higher concentrations in synaptic vesicles. Choline is an essential micronutrient that
is required for the normal functioning of most cells. The cholinium ion is an important compo-
nent of several important metabolites which play important roles in the maintenance of mem-
brane integrity (.e, phospholipid synthesis), transmembrane signaling and transport, labile
methyl group metabolism, and is also the precursor of the neurotransmitter acetylcholine 18>
1871 Choline is well reported as a stabilizing agent in the field of ILs with most of the selected
anions (e.g., lactate, levulinate, carbohydrate derivatives and amino acids) being already ex-
plored as biocompatible cholinium-based ILs. The presence of additional hydroxyl, carboxylic
acid, and amide groups on cholinium-based ILs has been shown to improve the thermal sta-
bility of proteins and extend their long-term storage.'®®

Glutamate is the most abundant amino acid and one of the most abundant intracellular
metabolites found /n vivo, being able to reach concentrations of 96 mM in £ coli specimens,
for instance.'®'® |n the Human brain this metabolite is estimated to have a concentration of

M 1189190

12.5 mM, with synaptic vesicles reaching concentrations of close to 60 m I The gluta-

mate anion is of extreme importance physiologically by acting as an intermediary of the carbon
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nitrogen metabolism (energy reserve, nitrogen source). Glutamate is also an important precur-
sor of glutathione (redox balance) and the important neurotransmitter GABA (Gamma-Amino-
Butyric Acid). Despite not being as well studied as choline, some glutamic acid analogs such as
bitartrate and a-ketoglutarate have reported to have stabilizing properties towards pro-
teins.281911% | jke the cholinium cation, glutamate also benefits from the additional interac-
tions of carboxy and hydroxy groups.

The ionic liquid [Cho][Glu] (Figure 9) (Choline Glutamate) inherits many of the favorable
biological activity traits found in cholinium and dicarboxylic acid based ILs, thus becoming a
prime candidate for promoting protein stabilization. Earlier studies in the group have already
reported on the stabilizing influence of this IL on the stability of different protein models®,
including: oS (alpha-synuclein), lysozyme, GB1 (B1 domain of staphylococcal protein G), and
SH3 domain (Drosophila signaling N-terminal protein drk).

oS is expected to directly interact with cholinium and glutamate, as the compounds are
for the most part colocalized. Moreover, the concentrations of aS, cholinium, and glutamate
are maximized in the presynaptic area and vesicles."® %% These findings suggest a possible

stabilizing role of choline glutamate as a potential stabilizing agent for alpha-synuclein.

|
N+
HO/\/ ~ a '
-0 o
NHs
Figure 9 — Structural Features of the lon Pair [Ch][Glu]

The structures at physiological pH for cholinium and glutamate ions are represented on the left and right, respec-

tively

1.4 Hypothesis, Objectives, and Outline of the Thesis

Synucleinopathies are neurodegenerative diseases characterized by the presence of in-
tracellular deposits containing the protein alpha-synuclein (aS) within patients’ brains.®! A
pathological hallmark of synucleinopathies, particularly Parkinson’s Disease (PD), is aS misfold-

ing into pathogenic conformers, which has been proposed as an early trigger of PD.”! These
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findings support the development of PD therapies that reduce oS gene expression or block its
aggregation.

An increasing pool of knowledge has shown that intracellular metabolites/osmolytes
have the potential to modulate protein folding, particularly those that are charged and whose
concentrations are sensitive to aging and lifestyle (e.g., choline and glutamate)." Additionally,
in its native form, aS exists exclusively in its N-terminal acetylated form (Ac-aS), with this fea-
ture being proposed to modulate its function and aggregation into amyloid fibrils."®! Yet, the
great majority of studies are conducted with its non-acetylated form. Thus, the research plan
aims to investigate the influence of common metabolites on the aggregation of aS and Ac-asS,
as well as to characterize possible interaction sites. For this, the work focused on structural
aspects, using nuclear magnetic resonance spectroscopy (NMR) and fluorescence studies (thi-
oflavin T, ThT) to study the interaction between alpha synuclein (aS and Ac-aS) and the ionic
liquid choline glutamate ([Cho][Glu]).

The objectives of the presented work are to understand, with atomic detail: (i) if/how
intracellular metabolites and osmolytes can modulate aS stability, and aggregation; (ii) the
consequences of this modulation in terms of the protein’s structure; (iii) evaluate if the obtained
results have physiological relevance.

Taking the proposed objectives in to account, the work was divided into four tasks: 1)
Production and purification of [Cho][Glu] and aS and Ac-aS (non-labeled and 13C,15N-la-
beled). 2) Aggregation kinetics of aS and Ac-aS in the presence and absence of [Cho][Glu]. 3)
Interaction studies of oS and Ac-aS with [Cho][Glu].4) Study of the influence of [Cho][Glu] on
aS and Ac-asS structure.

Task 1 involved (i) the expression and purification of aS variants (acetylated and non-
acetylated) through a hybrid heat-shock/precipitation technique; and (ii) the synthesis of
[Cho][Glu] via an ion exchange. The obtained samples were used in the following tasks. Because
of this, aS variants were also produced isotopically labeled with *C and ™N.

In task 2, the effect of [Cho][Glu] on oS variants was explored. High throughput fluo-
rescence spectroscopy was used to study the stability of aS in the presence of [Cho][Glu] and
sodium chloride (NaCl), aiming at unraveling any underlying mechanism(s). aS variants were
tested under increasing concentrations of [Cho][Glu] or NaCl, with thioflavin T (ThT) being used
as an indirect reporter of amyloid fibril formation.

In tasks 3 and 4 we used solution state NMR spectroscopy to gain atomic insights on
potential interactions of aS residues and [Cho][Glu] and to infer on eventual structural modifi-

cations caused by the presence of the IL. Isotopically labeled ("*C,"°N) aS variants were titrated
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with increasing concentrations of [Ch][Glu] or NaCl. A series of bidimensional spectra (ie,
H,">N-HSQC) were collected in order to identify the residues affected by the ionic liquid. More-
over, histidine specific HSQC's were also acquired to follow the protonation behavior of H50
(a key residue involved in aS fibrillation propensity). In parallel, tridimensional spectra (ie,
HNCACB, HN(CO)CACB, HNCO, and HNCACO) were also acquired at specific points to not only
facilitate the assignment of the HSQC peaks, but also to infer about the protein secondary
structure propensity (SSP).

In this way, we established an /n vitro protocol for studying aS-IL interactions, capable
of linking the protein’s aggregation behavior (stability) to the affected residues, further high-

lighting possible structural propensity changes.
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2
MATERIALS AND METHODS

In the present work, four protein samples were prepared in the labeled and unlabeled
forms, corresponding to: (a) Alpha-synuclein. (b) Acetylated alpha-synuclein. (c) Double-la-
beled alpha-synuclein. (d) Double-labeled acetylated alpha-synuclein. Non-labeled samples
were used for fluorescence studies whereas double-labeled protein samples were used for
NMR studies. The labeling of aS is controlled by the composition of the medium, while acety-
lation is controlled by selecting the desired plasmids. Non-labeled samples were prepared by
expressing transformed cells in conventional LB growth medium, whereas double-labeled pro-
tein samples (ie, uniformly labeled with "N, and C) are obtained by expressing cells in M9
minimal medium. The latter uses U"N-labeled ammonium chloride (3.0 g/L) and U"*C-labelled
D-glucose (1.52 g/L) as sole sources of nitrogen and carbon, respectively. Regarding the oS
acetylation state, in brief, if only pT7-7*" (ampicillin resistance, always supplemented at a con-
centration of 100 mg/mL) is used, non-acetylated oS is formed. Conversely, if pT7-7 and
pNatB*? (chloramphenicol resistance, always supplemented at a concentration of 25 mg/mL)
are combined, Ac-aS is formed. The detailed experimental protocols provided below are for

the double-labeled Ac-asS.

2.1 Plasmid Replication and Purification

Equipment. ES-20 Compact Shaker-Incubator; Grant-Bio (ES-20). 5804R Bench Top
Centrifuge; rotor F34-6-38, Eppendorf (5804R). MIKRO 120, rotor 1242; Hettich (MIKRO). Ma-
terials & Reagents. NZYMiniprep kit, NZYTech (MB010). Ampicillin, NZYTech (97.8%, MB021).
Chloramphenicol, NZYTech (99.6%, MB02402). Glycerol, Scharlau (99,5%, GL00261000). Buffers
& Media. The Luria Bertani agar (LA) and Luria Bertani Broth (LB) media were formulated ac-

cording to the specifications provided in Tables S8 and S9, respectively. Strains & Plasmids.
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Competent DH5a £ coli cells, ThermoFisher Scientific (TableS5). pT7-7 (Addgene #36046).
pNatB (Addgene #53613).

2.1.1 Overview

Expression of recombinant aS requires the production of highly concentrated and pu-
rified plasmid samples to be used in subsequent steps. Plasmids related to oS (pT7-7) and the
NatB complex (pNatB) were individually cloned in competent DH5a £. coli cells. Purification

was accomplished through the NZYMiniprep kit.

2.1.2 Protocol

The NZYMiniprep kit protocol was followed with minor modifications.*? First, a stock
of competent DH5a E. coli cells was used to streak a LA plate and incubated for 12 h, 37 °C,
supplemented with ampicillin and chloramphenicol. A single colony was extracted and used to
inoculate 12 mL of LB culture medium supplemented with ampicillin and chloramphenicol,
which was then incubated for 12 h (37 °C, 200 rpm | ES-20). Then 10 mL of the resulting sample
was pelleted (12000xg; 1 min | 5804R). A glycerol stock™** was created for long-term use. Each
pellet was resuspended in 500 pL of Buffer A1 by vigorous vortexing. Buffer A2 (500 pL) was
added and mixed by tube inversion (6-8 times) followed by a 4-minute incubation. Buffer A3
(600 pL) was also added and mixed by inversion (6-8 times). The resulting mixture was centri-
fuged for 10 min (10000 rpm | MIKRO). The supernatant was loaded into an NZYTech spin
column previously mounted on a 2 mL collecting tube. Buffer AY (500 plL) was added to the
column followed by centrifugation (1 min; 10000 rpm | MIKRO) and the flow-through was dis-
carded. Buffer A4 (600 ulL) was added to the column followed by centrifugation (1 min; 10000
rpm | MIKRO), and the flow-through was discarded. The NZYTech spin column was placed in a
new 2 mL collecting tube and centrifuged (2 min; 170000 rpm | MIKRO). The column was trans-
ferred to a 1.5 mL tube, 50 uL of preheated (80 °C) ultrapure water*> was added. Next, the
column was incubated for 1 min and subject to centrifugation. The final step was repeated*®
to obtain 2 samples (100 uL, 65 pg/mL) of pT7-7 and pNatB. Samples*’ were later stored (-20
°C).

2.1.3 Relevant Notes (k)

[1] The pT7-7 plasmid (high copy number) encodes human WT aS and was provided
by Hilal Lashuel (Addgene plasmid # 36046).""! Further information and plasmid sequence can
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be found in Figure SM1. [2] The pNatB plasmid (pACYCduet-naa20-naa25, high copy number)
was provided by Dan Mulvihill (Addgene plasmid # 53613)."" pNatB encodes for the N-a-
terminal acetyltransferase B complex (NatB) that is composed of a catalytic subunit (Naa20, 23
kDa) and an auxiliary subunit (Naa25, 92 kDa). Further information and plasmid sequence can
be found in Figure SM2. [3] Two modifications were done to the NZYMiniprep kit protocol. The
first refers to the reduction of purification runs in the original protocol. A combined (10 ml)
purification run was used instead of the recommended 2 runs (5 ml), and buffer volumes were
doubled to accommodate the changes mentioned. The second adjustment can be found in the
final stage of plasmid purification; the column is incubated twice with MQ water to maximize
the plasmid yield. [4] A small volume (1-2 mL) is reserved to create glycerol stocks, which are
created by combining 75% (v/v) of transformed cells with 25% (v/v) of glycerol. All glycerol
stocks are flash-frozen and stored at -80 °C. Upon usage, glycerol stocks should not defrost
completely, instead cells should be collected on the melted surface using a sterilized toothpick
(or equivalent). [5] The pH was maintained in the 7.0 to 8.5 range for optimal results. [6] The
step was repeated to increase the yield. Samples resulting from the 1st and 2nd elutions were
combined to guarantee a homogeneous solution. [7] Samples of both plasmids were se-
quenced to ensure that the protein of the primary sequence of interest was present, and se-

quence analysis was performed with the ExPASy Translate Tool.'!

2.2 Transformation

Equipment. AccuBlock™ Digital Dry Baths; Labnet International (AccuBlock). ES-20
Compact Shaker-Incubator; Grant-Bio (ES-20). MIKRO 120, rotor 1242; Hettich (MIKRO). Mate-
rials & Reagents. Ampicillin, NZYTech (97.8%, MB021). Chloramphenicol, NZYTech (99.6%,
MB02402). Buffers & Media. Luria Bertani agar (LA) and Luria Bertani broth (LB) media were
formulated according to the specifications provided in Tables SM7 and SMS8, respectively.
Strains & Plasmids. Competent BL21-DE3 E. coli cells, ThermoFisher Scientific (Table SM5). pT7-
7 (Addgene #36046). pNatB (Addgene #53613).

2.2.1 Overview

Here, competent BL21-DE3 £ colicells incorporate the plasmids created in the previous
section. Therefore, we created cells capable of expressing all aS variants. Transformation was
performed via the heat shock method. The following protocol was adapted from previous work

by Fauvet and Johnson.”'*¥
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2.2.2 Protocol

The desired plasmid (1 pL, 65 pg) was added to 50 pL of a stock of competent BL21-
DE3 E. coli cells, which was then cooled on ice for 15 min. The sample was incubated in a
thermal block (40 s, 42 °C | AccuBlock), followed by another 15 min of refrigeration on ice. LB
medium (500 uL, 37 °C) was added and incubated (200 rpm, 1 h, 37 °C | ES-20). The bacterial
culture was pelleted (10000 rpm, 1 min, room temperature | MIKRO) and resuspended in 200
uL of LB medium.*® Two 20 mL LA plates, supplemented with ampicillin and chloramphenicol,
were streaked with 100 pL of the resulting sample. The plates were then incubated (12 h, 37 °C
| ES-20) and stored at 4 °C.

2.2.3 Relevant Notes (k)

[8] The concentration of the bacterial culture contributes to a more efficient transfor-
mation. This process is especially important when co-transforming. In these cases, the number
of colony-forming units is particularly low (ie, 2 to 5 CFUs) due to the use of 2 selection anti-

biotics.

2.3 Expression and Purification of aS

Equipment. ES-20 Compact Shaker-Incubator; Grant-Bio (ES-20). UV-1280 UV-VIS
Spectrophotometer; Shimadzu (Shimadzu). Avanti J-26 XPI, fixed-angle rotor JA-10; Beckman
Coulter (Avanti). 5804R Bench Top Centrifuge, rotor F34-6-38; Eppendorf (5804R). AKTA™ start;
Cytiva (AKTA). NanoDrop ND-1000 UV-Vis spectrophotometer; Thermo Fisher Scientific
(NanoDrop). Edwards Modulyo Freeze Dryer, Artisan Technology Group (Modulyo). Materials
& Reagents. SnakeSkin™ dialysis tubing, 7 K MWCO; ThermoFisher Scientific (SnakeSkin).
HiTrap Q HP 5 mL column, Cytiva (HiTrap). Whatman Puradisc Syringe Filter (0.2 um); Cytiva
(Puradisc). Glycerol, Scharlau (99,5%, GL00261000). Isopropyl B-D-1-thiogalactopyranoside
(IPTG), nzytech (>99%, MB026). Ammonium Sulfate, May and Baker LTD Dagenham England
(99%, CAS: 7783-20-2). Ampicillin, NZYTech (97.8%, MB021). Chloramphenicol, nzytech (99.6%,
MB02402). Buffers & Media. Lysis Buffer (Lys | Table SM14). lon Exclusion Chromatography
Buffer (IEC | Table SM16). Buffer A (BA | Table SM17). Buffer B (BB | Table SM18). The Luria
Bertani Agar (LA), Luria Bertani Broth (LB), and M9 minimal media were formulated according

to the specifications provided in Tables SM8, SM9, and SM10, respectively. Strains & Plasmids.
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Competent BL21-DE3 E. coli cells, ThermoFisher Scientific (Table SM5). pT7-7 (Addgene
#36046). pNatB (Addgene #53613).

2.3.1 Overview

oS variants were expressed in 1 L (4 x 250 mL) batches by utilizing transformed BL21-
DE3 £ colicells. Bacterial cultures resulting from protein expression were lysed (by boiling the
cells) and purified in a three-step system. The first step consists of precipitating protein with
ammonium sulfate, followed by anion exchange chromatography and a final polishing and
concentration step via ammonium sulfate precipitation. The developed protocol was based on

previous works of Viennet, Hoyer, and Wérdehoff.[6>196:197]

2.3.2 Protocol

First, a single transformation plate colony was used to inoculate 12 mL of LB medium
supplemented with ampicillin and chloramphenicol for 12 h (37 °C, 200 rpm | ES). This step was
repeated 2 times, and the starter cultures were combined™® (final volume of 24 mL). Supple-
mented culture medium (250 mL) was inoculated with 5 mL of the starter cultures. This step
was repeated 4 times. Glycerol stocks were created for long-term use. The resulting 1 L of
culture medium was inoculated and incubated (37 °C, 180 rpm) until an ODsgo in the range of
1 to 1.2 was reached (Shimadzu), at which point protein overexpression was induced by adding
IPTG to a final concentration of 1 mM.*™ Cells were incubated for another 4h, collected by
centrifugation (15 minutes, 6000xg, 4 °C | Avanti), and stored at -20 °C.*'" Bacterial pellets
containing aS were resuspended in 30 mL of LyB (preheated to 75 °C). The resulting sample
was incubated for 20 min in a double boiler system (90-95 °C)*'?, allowed to cool on ice for 10
minutes and then centrifuged (15000xg; 30 min; 4 °C | 5804R).*'* The supernatant was sub-
jected to precipitation with a saturated ammonium sulfate solution*', while under magnetic
agitation.l®® During precipitation, 5 mL of ammonium sulfate was added at a time until the
final concentration of 0,36 g/mL (70% saturation at 0 °C) was reached.*' The sample was in-
cubated on ice for 20 min and then centrifuged (1,5000xg; 30 min, 4 °C | 5804R). The pellet was
then resuspended in an adequate volume of IEC (approximately 20 mL) and dialyzed against
4,5 L of BA for 12 h at 4 °C (SnakeSkin).*'® As a second purification step, the dialyzed fraction
was subjected to anion exchange chromatography (AKTA).*'" In both cases, the samples were
divided into two separate runs of equal volume and injected with a flow rate of 3 mL/min. The

column was equilibrated with 40 ml of BA. A 0-50% gradient of BB was created, with a flow of
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2 ml/min (lasting for 40 mL) followed by a 50-100% gradient of BB (lasting for 10 mL at the
same flow rate). As a final step, 100% of BB was eluted at the same flow rate until Absygo re-
sumed the initial value. Elution fractions containing the protein of interest were again subjected
to precipitation with ammonium sulfate, while under magnetic agitation. During precipitation
5 mL of ammonium sulfate was added at a time until the final concentration of 0.36 g/mL (70%
saturation at 0 °C) was reached. The sample was incubated on ice for 20 min and then centri-
fuged (1,5000xg; 30 min; 4 °C | 5804R). The pellet was then resuspended in an adequate volume
of BA (approximately 5 mL) and dialyzed*'® against 4,5 L of BA for 12 h at 4 °C.*"° The resulting

samples were flash-frozen in liquid nitrogen, lyophilized (Modulyo), and stored at -20 °C.*°

2.3.3 Relevant Notes (%)

[9] Mixing ensures sample homogeneity. [10] IPTG induces both the expression of aS
and NatB. [12] High temperatures result in bacterial membrane destruction. Non ther-
moresistant proteins precipitate while aS remains in solution. [11] The act of freezing bacterial
pellets promotes cell lysis. [13] During this process, the lysate should be completely covered in
the LyB solution. [14] aS, being thermoresistant, will not precipitate like most proteins. [15] The
ammonium sulfate solution is 100% saturated when a 3.9 M concentration is reached at 0
°C.l"%1 [16] At 70% saturation (2.72 M, 0 °C) oS precipitates. [17] HiTrap was used as an anion
exchange column. All tampons were filtered before usage (Puradisc). [18] Step intended to
remove cellular salts and ammonium sulfate. [19] Protein concentration was estimated by
measuring Absygy values (NanoDrop). The molecular weight is available in (Table SM6). The
ProtParam ExPASy software.["*/(was used to estimate the molecular extinction coefficient (Ta-
ble SM6). [20] Studies have shown that storage conditions can significantly affect the aggre-

gation dynamics of a-Syn.!'*%

2.4 Tris-SDS-PAGE electrophoresis

Equipment. AccuBlock Digital Dry Baths; Labnet International (AccuBlock). MIKRO 120,
rotor 1242; Hettich (MIKRO). PowerPack Universal Power Supply, Bio-Rad (Power Supply). Mini-
PROTEAN Tetra hand-cast systems (PROTEAN). Materials & Reagents. Acrylamide gel consists
of a stacking and running gel (Table SM1). NZYTech Colour Protein Marker I, NZYTech
(MB090). Buffers & Solutions. Tris-tricine Buffer (TB | Table SM12). Sample Buffer (SB | Table
SM3). Staining and destaining solutions (Table SM4).
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2.4.1 Overview

Electrophoresis was made under denaturing conditions (SDS-PAGE). A tricine-SDS (Tris-
SDS)*?" buffer system was used for protein separation. Acrylamide gels allowed qualitative

monitoring of the aS at different time points of the expression and purification process.

2.4.2 Protocol

A discontinuous acrylamide gel system, consisting of a stacking and running gel (4%
and 12%, respectively), was prepared*?? (PROTEAN). Briefly, the separating gel was poured into
the gel mold (2/3 of the height) and then gently overlaid with a stacking gel solution, the gel
comb was introduced, and the gel was left to polymerize (4 hours). Regular samples were pre-
pared by mixing 5 pL of SB to 15 pL of sample and then incubated (1 min, 100 °C | AccuBlock).
Gels were loaded with 15 pL of the sample mixture. Bacterial samples (1 mL) were centrifuged
(14000 rpm, 10 min | MIKRO) and the pellet*? resuspended in 70 uL of SB, incubated (10 min,
100 °C | AccuBlock), and centrifuged again (14000 rpm, 30 min | MIKRO). Gels were loaded with
10 uL*?* of the sample mixture. Molecular markers (NZYTech Colour Protein Marker II;
NZYTech) were added to monitor the electrophoretic process (11 to 245 kDa). All gel runs were
made at 200 Volts, 50 Watts for 45 minutes (variable amperage). The resulting acrylamide gels
were stained (30 minutes) and destained (minimum of 4 hours) to reveal results (using premade

solutions).

2.4.3 Relevant Notes (k)

[21] The discontinuous Tris-SDS-PAGE system is more effective when resolving low mo-
lecular weight proteins such as aS (14,4 kDa). It is used to obtain better separation in the mo-
lecular ranges of 5-20 KDa (5-20 KDa; capable of separating in the range of 1 to 100 KDa).*”!
[21] Acrylamide gels can be stored for up to 2 weeks in TB (4 °C). [23] May be stored at -20 °C
for later use. [24] The sample mixture should be collected on the solution surface which is

considerably less viscous.

2.5 Choline Glutamate Synthesis

Equipment. Docu-pHweter, Sartorius (Docu-pH). Buchi R-114 Rotary Vap System, Mar-
shall SCIENTIFIC (Rotavapor). Edwards Modulyo Freeze Dryer, Artisan Technology Group (Mod-
ulyo). Materials & Reagents. Choline chloride ([Ch][CI]), Alfa Aesar (>98%, A15828). L-glutamic
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acid (GluAc), Panreac (99%, A1704). Amberlyst® A-26(OH), Alfa Aesar (Amberlyst | A17361).
Nitric acid, Sigma-Aldrich (70%, 438073). Silver nitrate, Panreac (>99.8%, 131459).

2.5.1 Overview

The IL [Ch][Glu] was synthesized in a 2 steps reaction (Figure 10): (a) An ion exchange
resin was used to form choline hydroxide from the precursor choline chloride. (b) Choline hy-
droxide and L-glutamic acid were combined to form IL in a neutralization reaction (potentiom-

etric titration).

Figure 10 - Synthetic route for the formation of [Ch][Glu]

2.5.2 Protocol

Choline Hydroxide Preparation. We used the method reported in the literature.2°"20% A
column (1 cm in diameter, 30 cm in length) was packed with 43 mL (36 g) of Amberlyst resin*?
on a cotton base. BD water (0.2 drops/s) was passed through the column until pH 7.0 was
reached (Docu-pH). 50 mL of a [Ch][CI] solution (4.75 g, 34 mmol) was added to the column
(0.1 drops/s). The resin was then washed with 150 mL of water to collect the [Ch][OH] solution.
The absence of chloride ions was confirmed by a qualitative silver nitrate test.*?® Briefly 1 mL
of sample is combined with 0.5 mL of concentrated nitric acid (70% v/v) followed by the same
volume of silver nitrate (0.1 M), to ensure that no precipitate is formed.

Choline Glutamate Preparation. This synthetic step was based on the work by De Santis
et al.”®! The freshly prepared [Ch][OH] solution*?” (175 mL, 31 mmol) was used to titrate 100
mL of L-glutamic acid (4.5 g, 31 mmol) under agitation. The progress of the titration was mon-
itored by pH readings, the reaction was stopped when the equivalence point (pH=7.0) was
reached.*?® The sample was left to incubate in the dark under agitation (12 h). Finally, the
solvent was evaporated under reduced pressure (3 h, 60 °C | Rotavapor) and the samples were

flash-frozen and lyophilized (overnight | Modulyo).
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2.5.3 Relevant Notes (k)

[25] Amberlyst is a basic anion exchange resin capable of exchanging halide ions for
hydroxide ions. Amberlyst may be regenerated with 10% NaOH. The resin should be packed in
a dark and well-ventilated environment. The slow exchange of the resin only allows for small
fluxes. [26] The nitrate test allows the detection of chloride ions in the solution. Nitric acid not
only acidifies the solution but also removes interfering ions (e.g., carbonate). The absence of
precipitate indicates that the solution contains minimal chloride traces (< 10 ppm). [27] May

be stored for up to 2 days (4 °C). [28] At this point, the [Ch] to [Glu] stoichiometry is 1:1.

2.6 Fibrillation Assays

Equipment. 5804R Bench Top Centrifuge, rotor F34-6-38; Eppendorf (5804R). Infinite
200 Pro, Tecan (Tecan). Materials & Reagents. Whatman Puradisc Syringe Filter (0.2 pm); Cytiva
(Puradisc). Amicon® Ultra-4 Centrifugal Filter Units (Amicon | UFC810024). MICROPLATE, PS,
96 WELL, F-BOTTOM, Greiner (655076). Glass beads, 2,85 - 3,45 mm; Carl Roth (A557). Mi-
croseal 'B' Adhesive Sealing Film; Bio-Rad (Microseal | MSB1001). Sodium Chloride (NaCl), Pan-
reac (>99.5%, A2942). Sodium Azide (NaNs), Panreac (>99%, A1430). Thioflavin-T; Sigma-Al-
drich (>65%, T3516). Buffers. Phosphate Buffer (PB | Table SM19).

2.6.1 Overview

The stability and aggregation kinetics of aS variants were monitored in the presence of
increasing concentrations of [Ch][Glu], and NaCl. The Thioflavin-T (ThT) probe was used as a
reporter of amyloid formation. The protocol was adapted from the works of Woérdehoff and
coworkers.?® Titrations are divided into protein samples, resulting in two microplates, one for
alpha-synuclein in IL/NaCl and another for acetylated alpha-synuclein in IL/NaCl. Individual
microplates can be organized into sample groups: (a) IL and NaCl arrays, which range from 10
mM to 1 M (triplicates, cells D1 to F6 and F7 to H12, respectively). Here, the aggregation con-
ditions of aS (50 uM) are tested in the presence of ThT (10 mM) and NaNs (0.02 % w/v). (b) The
oS reference (triplicates, cells A1 to A3). This group is used to monitor protein behavior when
neither IL nor NaCl is present. (c) The IL and NaCl controls range from 10 mM to 1 M (cells B2
to B11 and C2 to C11, respectively). The controls ensure that neither IL nor NaCl interferes with
the ThT fluorescence. (d) The NaNs control ranges from 0.005% to 2% (cells A4 to A12). The
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control ensures that NaNs does not interfere with ThT fluorescence. (e) Sample blanks corre-
spond to water, PB, ThT in water, and ThT in PB (cells B1, B12, C1, and C12).

2.6.2 Protocol

)*29 were titrated

Microplate Preparation. Non-labeled Ac-aS solutions (200 uM, pH 7.2
with previously established concentrations of IL or NaCl (i.e, 0 mM, 15 mM, 25 mM, 50 mM,
100 mM, 200 mM, 300 mM, 500 mM, 600 mM, 800 mM, and 1 M of solute concentration). The
protein samples were then filtered**° (Amicon) in 5 min cycles (1 min, 100 °C | 5804R) and
stored at 4 °C. Stock solutions of PB**', NaCl (2 and 0.3 M), IL (2 and 0.3 M), and ThT+NaN3*3?
(10 mM and 0.02 % w/v, respectively) were prepared, filtered (Puradisc), and stored (4 °C) until
further use. The aggregation assay was made in a black full bottom medium binding 96 well
microplate®*3. Briefly, 180 uL samples were prepared from stock solutions (pipetted in the fol-
lowing order: phosphate buffer solution, ionic liquid or NaCl, NaNs, ThT, and finally aS).*3*
Glass beads were added to each well.** The microplate was sealed**® (Microseal) and pre-
heated (37 °C, 30 min). The composition of individual microplates can be found in Figures
SM20.

Data Acquisition. Kinetic fluorescence measurements were carried out on the 200 Pro
microplate reader. The incubation was initiated by 5 min of vigorous orbital agitation (3 mm
amplitude, 37 °C). Data points were collected over a total of 560 kinetic cycles with a duration
of 15 min (140h in total). 25 measurements were taken at the end of each cycle (settle time:
100 ms; integration time: 50 ps). The gain was set to 20. The extrinsic fluorescence was moni-
tored by exciting ThT at 448 nm, the emission wavelength was collected at 480 nm. The spectral
slit widths employed were 20 nm for excitation and 7 nm for emission. The gain was adjusted
to 20.

Estimation of Kinetic Parameters. Quantitative insight regarding the effect of ionic com-
pounds on fibrillation was gained through the fitting of experimental data to a two-parameter
sigmoidal function. Initially, curves resulting from the fibrillation assays were normalized to the
end point fluorescences (100 hours). Data was analyzed according to a simplified version of
the “two step” Finke-Watzky (F-W) model.?*! This model correlates the fractional concentra-
tion of product (8) with the time needed to reach 50% fibrillation (t1,2 (h)) and vis the fibrillation
growth rate (h™"). The results were fitted to a two-parameter sigmoidal function (Eq. 1):

1 [Eq.1]

1+ e—4v(t—t1/2)

6(t) =
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The parameter Ty (h) represents the nucleation time (dependent variable) obtained
from the following equation (Eq. 2):

1
iy = 151/2 2 [Eq.2]

All the data was fitted using Origin 2021 software and the error of the nucleation time

was determined by error propagation of the error obtained from the model fitting with the

following equation (Eq. 3):
2 2 2
AtN = (Atl/z) + (WAU)

2.6.3 Relevant Notes (k)

[Eq.3]

[29] According to the protocol, the PB concentration will vary depending on the ex-
pression yield. PB concentrations for unlabeled oS and Ac-aS were 77.14 mM. Protein stock
solutions must be dissolved in filtered water since they were previously lyophilized in a PB
solution. Protein samples should be kept on ice when used. [30] Protein stocks were filtered to
remove aggregates formed during the storage process. [31] The concentration of the PB stock
was matched to the stock solution of aS. [32] NaNs prevents undesired microbial growth. [33]
Medium binding plates reduce protein adsorption to the well, resulting in more consistent
assays. [34] A multichannel pipette was used to prepare the microplates. [35] The glass beads
are selected for homogeneity in size and morphology and then washed with BD water before

usage. [36] Covering the microplate prevents water losses due to condensation.

2.7 NMR spectroscopy

Equipment. Bruker Avance [II™ HD 500 MHz NMR spectrometer, Bruker BioSpin
(Avance Ill), equipped with a 5-mm inverse detection triple resonance z-gradient TCl cry-
oprobe. Materials & Reagents. Sterile Syringe Filter (0.22 um); Branchia (Syringe Filter | SFPE-
22E-050). 2,2-Dimethyl-2-silapentane-5-sulfonic acid (DSS), Eurisotop (97%, DLM-32-1). So-
dium Azide (NaNs), Panreac (>99%, A1430). Buffers. Phosphate Buffer (PB | Table SM19).

2.7.1 Overview

Solution-state NMR was used to monitor IL-protein interactions with atomic resolution.

A total of 4 titrations were made, these correspond to (a) Alpha-synuclein in IL. (b) Alpha-
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synuclein in NaCl, (c) Acetylated alpha-synuclein in IL. (d) Acetylated alpha-synuclein in NaCl.
Each titration consisted of subjecting aS variants to increasing concentrations of ligand. Each
titration point was used for the collection of a standard ['H,"°N]-HSQC spectra. At selected
titration points additional Histidine ['H,"*N]-HSQC, ['H,"®N,"*C]-HNCACB, HN(CO)CACB, HNCO
and HN(CA)CO spectra were recorded. Two-dimensional spectra were used to follow the chem-
ical shift perturbations of individual amino acids, whereas three-dimensional spectra were used

to monitor eventual structural changes through secondary structure propensities (SSPs).

2.7.2 Protocol

Protein Sample Preparation. A stock solution of DSS was prepared in DO (0.5% NaNs,
500 uM DSS) and used as a reference for NMR samples. aS samples intended for NMR appli-
cations were prepared in ultrapure water (200 uM of protein, 10% D,O v/v, 0.05% NaN3s v/v,
and 50 uM DSS).*% For each titration point, an adequate volume of solutions A and B is com-
bined, these solutions differ only in ligand concentration (0 M and 1 M of ligand, respectively).
Solutions A (SA) and B (SB) are referenced with the stock solution mentioned earlier (10% v/v).
Briefly, titration points ranging from 0 to 100 mM were obtained by incrementally adding 30
uL of SB to 500 uL of SA. The points 200 and 300 mM were made by creating an intermediate
solution of 200 mM and then adding 72 pL of SA. Similarly, points 500 and 600 mM were made
by creating an intermediate solution (500 mM) and then adding 125 pL of SA. Titration points
of 800 and 1000 mM were prepared directly from the stock solutions. All experiments were
carried out in 5 mm NMR tubes. The final pH of the sample was adjusted with the addition of
negligible volumes of HCl and/or NaOH solutions.*#'

Data Acquisition and Processing. All NMR spectra were acquired at 288 K (15 °C) using
the Avance Ill spectrometer. This spectrometer is equipped with a 5-mm inverse detection tri-
ple resonance z-gradient TCI cryoprobe. The proton chemical shifts were referenced against
the internal standard DSS while the nitrogen and carbon chemical shifts were indirectly refer-
enced to the internal standard through the absolute frequency ratio.”®® Data points were pro-
cessed with Bruker TopSpin 4.0.8 (Bruker BioSpin) and analyzed with the software Computer
Aided Resonance Assignment (CARA), version 1.9.1.7.1207)

Amide Backbone Assignments. The BMRB database provides comparable 'H, *C, and
>N chemical shift assignments for aS; these experiments use similar experimental conditions

to the present work. Assignments for oS and Ac-aS (0 M, and 1 M NaCl) were based on
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previously published works of Kang and Marifio?*®%*! and can be found under the accession
codes 27796 and 19350, respectively.

Choline Glutamate characterization. A single choline glutamate sample was prepared
in ultrapure water (1.8 M of IL, 10% D20 v/v, 0.05% NaN3 v/v, and 50 uM DSS) for characteri-
zation. All experiments were carried out in 5 mm NMR tubes. The final pH of the sample was
adjusted with the addition of negligible volumes of HCl and/or NaOH solutions. The structure
of the resulting [Ch][Glu] IL was confirmed by 'H spectroscopy. The chemical shifts are the
following: 'H NMR (400.15 MHz, D20, 25 °C) §H (ppm): 1.84 — 2.02 (m, 2H, CH2, Glu), 2.20
(apparent g, 2H, CH2, Glu), 3.05 (s, 9H, CH3, CH3, CH3, Ch), 3.37 (apparent t, 2H, CH2, Ch), 3.60
(9,) =4.87,7.12 Hz, TH, CH, Glu), 3.88 —3.93 (m, 2H, CH2, Glu).

Backbone chemical shift titrations and Acetylation State. As previously mentioned, ex-
periments were collected for aS with increasing concentrations of [Ch][Glu] and NaCl (control
for ionic strength). A solution of uniformly labeled aS (**N/C) was titrated individually at pre-
viously established concentrations of either IL or NaCl (i.e., 0 mM, 2.5 mM, 5 mM, 10 mM, 15
mM, 25 mM, 50 mM, 100 mM, 200 mM, 300 mM, 500 mM, 600 mM, 800 mM, and 1 M of solute
concentration), to maintain the protein concentration constant throughout the titration proce-
dure. A standard two-dimensional ['H,"”N]-HSQC spectrum was acquired at each solute con-
centration point. The acetylation state of aS was confirmed by comparing the standard two
dimensional ['H,"°N]-HSQC spectra of reference Ac-aS to aS (0 M of ligand).*** Spectra were
collected using the Bruker hsqcetfpf3gpsi2 pulse sequence. The acquisition required 16 scans
and was made in a 2048 ("H) x 512 ("°N) complex point matrix with a 2346.53 ("H) x 6033.18
("°N) Hz spectral window. The 'H dimension is centered on water, and the "N dimension is
centered on 119 ppm.

The Combined "H-">N chemical shift differences were calculated for each standard 2D
['H,"N]-HSQC spectra using the initial point as a reference (i.e, 0 M of solute concentration).

Chemical shift perturbations (Adcomb), were calculated as follows (Eq. 4):

A comp = v/ (A8)? + (w;ASy)? [Eq.4]

The ASHN and Adnh variables represent the chemical shift differences of oS in the pres-
ence of solute minus the equivalent resonances in the absence of added species. The variables
are normalized with the scaling factor o (at is 0.14 for most residues but 0.2 for glycine).?'% A
threshold is created to objectively differentiate between the interacting and non-interacting
residues. This cutoff value represents the corrected standard deviations in reference to zero

and is based on the method provided by Schumann's group.”'" Given that the total
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concentrations of ligand ([L]t) and protein ([P]t) are known during the titration, it is possible to
calculate the dissociation constant (Kd) for residues that are above the cutoff threshold.?' This
process is made possible by the non-linear regression analysis of the following equation (Eq.
2.12):

(Kq + [L] + [P]y) = (Kq + [L]; + [P1)? — (4[P], + [L],) [Eq.5]

Abcomp = Abmax 2[P] .

The variable Ad.omb represents the combined chemical shift deviation from the free
state defined in Eg. 2.11 and Admax is the maximum chemical shift change on saturation. Data
points are fitted to a single site binding model, using a least square fitting search of Microsoft
Excel™ Solver™ to find the values of Kd and the chemical shift of the fully saturated protein.

Identification of histidine tautomers. Previously selected concentration points (i.e., 0
mM, 15 mM, 100 mM, 300 mM, and 1 M of solute concentration) were used to acquire 2D
Histidine 'H-""N HSQC spectra. Spectra were collected using the Bruker hsqcetfpf3gpsi2 pulse
sequence. The acquisition required 16 scans and was made in a 2048 ("H) x 512 ("°N) complex
point matrix with a 2346.53 ('H) x 6033.18 ("°N) Hz spectral window. The 'H dimension is cen-
tered on water, and the "N dimension is centered on 119 ppm. To accommodate for the small
two-bond spin-couplings in the histidine imidazole ring (*Jnu = 11 Hz)*'?, the "H-""N HSQC
INEPT delay (CNST XX in the Bruker experiment) was set to 22 ms.

Secondary structure propensity (SSP). Previously selected concentration points (i.e., O
mM, 15 mM, 100 mM, 300 mM, and 1 M of solute concentration) were used to acquire 3D ['H,
>N, C]-HNCACB, HN(CO)CACB, HNCO, and HN(CA)CO spectra. The *Ca and ">CB chemical
shifts of aS were used to calculate the SSPs using the standalone script (SSP protocol) provided
by Marsh’s group.”” The SSP values are indicative of the secondary structure propensity of a
given protein. Positive values (ranging from 0 to 1) represent a-helical propensity, whereas
negative ones (0 to -1) indicate B-sheet propensity.*** Reference values for random coil, sec-
ondary structure chemical shifts, and standard deviations were provided by Zhang et al.?* The
HNCACB and HN(CO)CACB experiments were collected using the standard Bruker hncacbgp3d
and hncocacbgp3d pulse sequences, respectively. Acquisitions required 32 scans. These were
made in a 2048 ("H) x 64 (*C) x 256 (°N) complex point matrix with a 2346.53 ('H) x 6033.18
("3C) x 5284.04 ("°N) Hz spectral window. The 'H dimension is centered on water, the *C di-
mension is centered at 42 ppm, and the "°N dimension is centered at 119 ppm. The HNCO and
HN(CA)CO experiments were collected using the standard Bruker hncogp3d and hncacogp3d

pulse sequences, respectively. Acquisitions required 16 scans. These were made in a 2048 ("H)
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x 64 ("*C) x 256 ("*N) complex point matrix with a 2346.53 ("H) x 6033.18 ("*C) x 5284.04 ("°N)
Hz spectral window. The "H dimension is centered on water, the "*C dimension is centered at

174 ppm, and the >N dimension is centered at 119 ppm.

2.7.3 Relevant Notes (k)

[40] The concentration of PB will vary according to expression yields; concentrations for
each titration are as follows: 105 mM for aS in IL, 106 mM for aS in NaCl, 104 mM for Ac-asS in
IL, and 54 mM for Ac-aS in NaCl. [41] Samples are stored (4 °C) when not used and are dis-
carded preventively after 3 days to ensure that aS does not aggregate. [42] Correlations for
the first 2 aa (M1 and D2) are only present in Ac-aS, in addition to significant variations in
chemical shift aa 3 to 10. The pH of solutions A and B are matched to ensure no pH variations
during titrations. [43] *Ca and "*CB chemical shifts were used in the determination of SSPs,

these are found to be more reliable than *CO.
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3
RESULTS

The current study is primarily focused on the investigation of the IL-protein interactions
established between aS and [Cho][Glu]. Protocols for protein expression, purification, and char-
acterization as well as IL synthesis and characterization have been already established and op-
timized in previous studies from our group.”¥ As a result, a limited emphasis will be placed in
these topics. Due to the similarity of results amongst available protein samples (i.e, aS, Ac-asS,
BCPN-aS, PC”N-Ac-aS), aS will be chosen as a representative sample for displaying results

unless stated otherwise.

3.1 Expression and Purification of aS

3.1.1 Heterologous Protein Expression

The cellular growth curves can be used as an objective metric for the global expression
effectiveness of a system (Figure 11). As expected, the curve profiles for LB growth media dis-
play reduced incubation times suggesting that non-labeled media is best suited for the ex-
pression of aS in £ coli cells when compared to M9 minimal media. These incubation diver-
gences can be explained by the differences in composition of the provided nutrient matrixes.
The rich LB medium provides an ideal support for microbial growth whereas the M9 minimal
medium is sub optimal. Additionally, the exclusive use of isotopically labeled sources of carbon
("*C) and nitrogen (*C) in minimal medium is expected to negatively contribute to the expres-
sion efficiency. Naturally, biological systems are optimized for the assimilation of the most
common naturally occurring isotopes, and as a result the differences in mass are expected to
hinder cellular growth. Another expected outcome would be the diminished expression effi-

ciency of acetylated samples The simultaneous expression of an additional acetylation complex
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is responsible for diverting and consequently limiting the cellular resources dedicated to the

expression of aS, as denoted by the relative reduction of incubation times.
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Figure 11 — Cellular Growth Curves for the Expression of aS
Representation of the £. co/igrowth curves in LB medium (presented in blue, non-labeled samples) and M9 minimal
medium (presented in orange, double-labeled samples). Batches of 1 L were used in both cases, at 37°C. Growth

was monitored at OD at 600 nm.

The efficiency of the £ coli expression systems was also evaluated through Tris-Tricine
SDS-Page (Figure 12). Cellular pellets were analyzed before and after the induction with IPTG
(at set intervals, corresponding to 1, 2, and 4 hours after induction). A faint band of approxi-
mately 17 kDa is visible at hour after induction, this band corresponds to aS (14.4 kDa). The
differences in expected and experimental molecular weight can be explained by the highly
acidic nature of the protein (pl of 4.5) which translates into a wealth of negative charges. These
charges hinder the migration of the protein creating an apparent excess in molecular weight.
After 4 hours of induction, aS’'s band reaches optimum intensity are reached at these time
points, respectively). SDS-Page outlines are similar amongst protein samples (ie, oS, Ac-asS,
BCN-aS, *CN-Ac-aS), suggesting comparable proteomic profiles even in the presence of
different media. A significant difference is the presence of NatB complex proteins in acetylated

samples.
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Figure 12 — SDS-PAGE Monitorization of the Expression and Purification of oS

A) SDS-Page samples relative to the expression of aS. First well corresponds to the molecular weight marker
(NZYColour Protein Marker Il). Second well corresponds to the bacterial culture at Thour of incubation. Third well
corresponds to the bacterial culture at 2 hours of incubation. Fourth well corresponds to the bacterial culture at 4
hours of incubation. Fifth well corresponds to the bacterial culture before expression. B) SDS-Page samples relative
to the purification of aS. First well corresponds to the molecular weight marker (NZYColour Protein Marker 11).
Second well corresponds to the protein sample after IEC purification. Third well corresponds to protein sample after
purification. Each well was loaded with 15 pL of sample or 2 pL of molecular marker. Samples correspond to non
labelled aS.

3.1.2 Purification by lon Exchange Chromatography

Anion exchange chromatography (IEC) was used as the third purification step. Chroma-
togram analysis (Figure 13) indicates an effective separation of the aS peak from the remaining
impurities, which correspond essentially to additional thermoresistant proteins at this point.
Although not shown, it is important to note that the chromatographic profiles are analogous
amongst protein samples (ie, oS, Ac-aS, *C"°N-aS, *C"*N-Ac-aS), displaying comparable
peak distribution and elution rates. This is indicative of a relatively similar sample composition.

The monitoring of the elution at 280 nm allowed for the detection of a series of cationic
protein contaminants (1st peak at 18-35 mL) in the column equilibration step (corresponding

sensibly to the 15 mL to 35 mL region). These cationic compounds are unable to adsorb to the
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column and are consequently the first to be eluted. Upon the development of an ionic force
gradient anionic proteins are separated according to adsorption strength (correlates with
charge density). At approximately 17% gradient of buffer B a second weakly bound contami-
nant is eluted (2nd peak at 55 to 67 mL). SDS-Page analysis confirmed the presence of an aS
peak, eluted at approximately 40% gradient (3rd peak at 75 to 85 mL highlighted by a gray
bar). A third contaminant can be found at 50% gradient (peak 4 at 90 to 100 mL). Finally, a
series of strongly bound anionic contaminants can be found at 100% gradient, these com-
pounds typically display high absorbances and often surpass the detection limit.

SDS-PAGE gel analysis (Figure 12) of the final sample resulting from IEC reveals a strong
oS band accompanied by minor contaminants (faint bands bellow 11 kDa). The findings are
consistent with similar purification protocols which report a final purity of 99%. The resulting
protein yield was 29.04 mg/L for aS in LB medium. Results for other oS samples are available
at Table SM7.
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Figure 13 - Purification of oS by Anion Exchange Chromatography
Chromatographic profiles resulting from IEC. Primary and secondary axis represent respectively variation of absorb-
ance at 280 nm (continuous line) and the gradient of buffer B (dotted line). Ac-aS was eluted at 40% of buffer B

corresponding to 70 to 90 mL. Peak corresponding to Ac-aS is highlighted in gray.

3.2 Synthesis and Characterization of [Ch][Glu]

Choline Glutamate ([Cho][Glu]) was prepared via the potentiometric titration of Choline
hydroxide (31 mmoles, 150 mL) and L-glutamic acid (31 mmoles, 4.5 g) following a previously
reported protocol. The resulting product was lyophilized for 24 h to yield a slightly yellow and
oily substance (7.84 g, >97%). The yield is comparable to reported studies that employ an
identical methodology (>99%). The structure of the resulting IL was confirmed by '"H NMR
spectroscopy (Figure 14). As expected, the [Ch] to [Glu] ratio is close to 1 and no impurities can
be found.
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Figure 14 — "H Spectra of [Ch][Glu] in Solution

Unidimensional "H NMR spectra of a [Ch][Glu] solution. A sample corresponding to 100 mM of [Ch][Glu] was pre-
pared in 20 mM of phosphate buffer, 0.1 %NaN3, and 100 uM of DSS, ensuring a 9 to 1 H20/D20 ratio. The iden-
tifying structural elements of choline are identified in the spectra (represented by the numbers 1 to 3) as well as
structural elements of glutamate (represented by the letters a to e). Peaks corresponding to the internal standard

DSS are also highlighted (represented by the * symbol). Experiments were acquired at 288 K (15 °C).

3.3 Fluorescence Spectroscopy

3.3.1 Thioflavin-T as an Amyloid Reporter

The fluorescent probe Thioflavin T (ThT) is commonly used to monitor amyloid for-
mation. This fluorophore shows affinity towards 8-sheet elements commonly found in amyloid
fibrils. Binding to these structures results in a considerable increase in fluorescence intensity as
well as a bathochromic shift of excitation and emission wavelengths (from 342 nm to 442 nm
and from 430 nm to 482 nm, respectively).?™ Such a behavior can be justified by the organi-
zation of the structural elements of ThT (Figure 15). Structurally, this fluorescent probe is di-
vided into two moieties: (i) a benzothiazole ring, and (ii) a dimethylaminobenzene ring. These
elements form two rigid planes that can freely rotate about the C-C bond when in solution, the
torsion angle formed between planes is designated as ®. In its fundamental state ® is approx-

imately 37°.12"3]
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When bound to amyloid fibrils ThT loses all of its conformational freedom as the torsion
angle is restricted to 90°.2'® When the molecule is excited in this state energy is unable to
dissipate via non-radiative processes. As a result, this ThT is obligated to fluoresce (a radiative
process) in order to liberate energy. Such a behavior when restricted is responsible for consid-

erably increasing the quantum yield of the molecule.*'”

N/G)
S o \

Dimethyl
aminobenzene

Benzothiazole

Figure 15 — Structural Features of ThT

The fluorescent probe Thioflavin-T is composed of two moieties (highlighted in the figure), a benzothiazole ring
and dimethylaminobenzene ring. These two rigid planes can freely rotate n solution forming a torsion angle desig-
nated as ®. When bound to amyloid fibrils the two planes cannot rotate conferring fluorescent properties to the

molecule.

3.3.2 High Throughput Screening in Amyloidogenesis

Amyloidogenesis is classically defined as a stochastic process where nucleation may
not take place despite ideal conditions being present. This problem is aggravated by the high
sensitivity of fibrillation to different experimental parameters that can affect aggregation be-
havior such as pH, temperature, buffer composition, sample heterogeneity, molecular crowd-
ing, and the presence of small molecules (e.g, charged metabolites and lipids)."*?'® These
findings prompt the need for high throughput screening (HTS) as an approach capable of de-
livering efficient and reproducible characterization of “drug-like” compounds and/or screening
of multiple experimental conditions in vitro*'® In this sense, aggregation assays were designed
to monitor the interference of [Ch][Glu] on the aggregation behavior of aS and Ac-aS. NaCl
was used as a control for ionic strength ensuring that the observed effects (if present) are
specific to [Ch][Glu] and not just a result of electrostatic forces. Negative controls for ThT flu-
orescence were also created to ensure that the fluorescent probe only interacts with oS and
not with other utilized compounds (Ze, [Ch][Glu], NaCl, NaNs), thus producing potential false

positives.
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3.3.3 The Aggregation Profiles of oS

As previously mentioned, two microplates were created for the study of aS and Ac-aS.
The resulting data from each aggregation microplate was corrected and normalized, which
allowed for the evaluation of the general aggregation behavior of the protein variants.

When oS is titrated (Figure 16A and E) with low concentrations of NaCl (ie, 10 and 25
mM), some aggregation is visible. The following concentrations (Ze, 50, 100, 200 mM) are un-
able to yield a similar effect. Significant aggregation is only apparent at intermediate concen-
trations (Ze, 300 mM). At the concentration of 300 mM the maximum fluorescence intensity
(I/l.) is reached for the entire microplate, the fluorescence intensity appears to stabilize at 500
mM. The fluorescence intensity directly correlates with the amyloid fraction present in the sam-
ple suggesting the formation of fibrils. Therefore, these concentrations correspond to the op-
timal fibrillation conditions. As the concentration of NaCl is further increased a steady decline
in fluorescence intensity is observed suggesting a progressive decrease in amyloid fraction.

When oS is titrated with IL (Figure 16C and E), all the low concentrations of [Ch][Glu]
(e, 10, 25, 50, 100 mM) can trigger aggregation. Significant aggregation can only be found at
the intermediate concentration of 300 mM. The maximum fluorescence intensity for [Ch][Glu]
samples is reached at the concentration of 300 mM. Progressive decrease can be observed
until 600 mM followed by a moderate increase in fluorescence intensity for 800 and stabiliza-
tion at 1000 mM of IL.

When Ac-asS is titrated (Figure 16B and F) with low concentrations of NaCl aggregation
is visible at low to moderate concentrations (.e, 50 and 100 mM). Significant aggregation is
only found at 200 mM, this is an incomplete process as the plateau is not reached. At the
concentration of 300 mM the maximum fluorescence intensity is reached for NaCl samples. A
steady decrease in fluorescence can be observed until 600 mM followed by an increase in
fluorescence intensity for 800 and a final reduction 1000 mM.

When Ac-aoS is titrated (Figure 16D and F) with [Ch][Glu], aggregation is present at low
concentrations (Ze, 10, 25, 50 and 100 mM). Significant aggregation is only found at 300 mM.
At the concentration of 300 mM the maximum fluorescence intensity is reached for IL samples.
Progressive decrease can be observed until 600 mM followed by a moderate increase in fluo-
rescence intensity for 800 and stabilization at 7000 mM of IL.

The aggregation profile of aS is significantly altered by the interactions with ionic com-
pounds. Samples in the presence of NaCl are minimally affected in low range concentrations

(Ze, 10 to 200 mM) whereas the aggregation is already initiated in the presence of [Ch][Glu].
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NaCl displays considerably larger fluorescence intensities (2-to-3-fold increase) in the mid to
high range concentrations (.e, 300 to 800 mM). In these cases, the IL is more efficient in pro-
moting fibril formation in the low and high range concentrations (.e, 10 to 200 mM and 800
to 1000 mM, respectively). Ac-aS presents a similar shift in aggregation behavior to aS. The
aggregation behavior in the presence of IL is comparable for both forms. Samples are mini-
mally affected by NaCl in low range concentrations (.e, 10 to 100 mM) whereas the aggrega-
tion is immediately initiated in the presence of [Ch][Glu]. NaCl displays considerably larger
fluorescence intensities (4-to-5-fold increase) in the mid to high range concentrations (/.e, 300
to 800 mM). In these cases, the IL is more efficient in promoting fibril formation in the low and
high range concentrations (ze, 10 to 200 mM and 800 to 1000 mM, respectively).

When comparing the aggregation profile of aS and Ac-aS, significant differences can
be found. While oS can initiate the aggregation process when no ionic compounds are present
(#.e, NaCl or [Ch][Glu]), Ac-aS samples do not aggregate in these conditions. This observation
suggests an additional stability of the acetylated form of the protein. Ac-aS significantly ag-
gregates at 200 mM of NaCl whereas aS is only able to do so at 200 mM. In these cases, the IL
is more efficient in promoting fibril formation in the low range concentrations (7e, 10 to 100

mM).
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Figure 16 — The Fibrillation Profiles and End Point Fluorescences of aS Variants

Fluorescence spectroscopy analysis of aS’s interaction with ionic compounds. A) The aggregation curves of aS in
the presence of increasing concentrations of NaCl (0 to 1 M). B) The aggregation curves of Ac-aS in the presence
of NaCl. C) The aggregation curves of aS in the presence of IL. D) The aggregation curves of Ac-aS in the presence
of IL. Each aggregation assay (A to D) is composed of several aggregation conditions (11 in total) which differ from
each other in terms of ionic compound concentration. Concentration points are color coded according to the legend
found in the top right-hand corner of the figure. E) Comparison of the end point fluorescence results for aS in the
presence of IL and NaCl. F) End point fluorescence results for Ac-aS in the presence of IL and NaCl. End point
fluorescence values correspond to the normalized and corrected fluorescence intensities at a fixed time point (cor-
responding to 100 hours). End point fluorescence analysis is an effective toll for describing the aggregation tenden-
cies of found in aggregation assays A to D. Experiments were monitored over 100 hours at 37 °C, fibril formation is
monitored by the fluorescence of ThT. Samples (200 uM of protein) were prepared in 77 mM of phosphate buffer
(pH 7.2), 200 uM of ThT, and Protein samples (200 uM) were prepared in 77 mM of phosphate buffer (pH 7.2), 200
uM of ThT, and 0.02% NaN3.

3.3.4 The Aggregation kinetics of oS

As previously mentioned, the fibrillation of oS is classically described as a three-stage

process involving a lag phase, an elongation phase, and a stationary phase. This aggregation
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profile depicts a simplified aggregation behavior that can be objectively analyzed through the
Finke-Watzky (F-W) two-step model.*®! Here the complex molecular steps involved in the
aggregation are combined into two pseudo-elementary constants, k1 and k2, which represent
the nucleation and elongation, respectively. Due to its simplicity the F-W model can be suc-
cessfully applied to a whole range of kinetic aggregation data.

The F-W model depicts a sigmoidal function that describes the relative concentration
of the product as a function of time, 6(t), which corresponds to the normalized fluorescence.
Two sets of independent parameters can be used for the F-W model, these are: (i) Pseudoele-
mentary rates k1 and k2. (ii) The time required to produce half the total product (ti,2) and the
rate of growth at time ti,2 (v). The latter representation was used to describe aggregation ki-
netics of aS due to the ease of interpretation of the kinetic parameters. A third (dependent)
parameter Ty is used as an indicator of the duration of the nucleation phase.

The objective kinetic characterization of alpha synuclein variants is only possible in sam-
ples where significant aggregation was present and a plateau is reached (i.e., 300 to 1000 mM).
The kinetic parameters associated concentration points of 800 and 1000 mM (aS in NaCl) as
well as 600 mM (AcasS in IL) are not presented due to poor fitting. In general, poor fitting is
associated with the medium binding nature of microplates and or high viscosity.

aS in the presence of NaCl (Figure 17A and C) displays several oscillations in growth
rate, the maximum growth rate can be found at 500 mM (0.13+0.01 h™"). A progressive decrease
in nucleation time can be observed as the concentration of NaCl grows. The minimum nuclea-
tion time is reached at 600 mM (9.0+0.6 h).

Ac-aS when in the presence of NaCl (Figure 17A and C) exhibits a relatively stable
growth rate from 300 to 800 mM, an increase in growth rate is found in the final concentration.
The maximum growth rate can be found at 1000 mM of NaCl (0.123+0.007 h™"). A progressive
decrease in nucleation time can be observed as the concentration of NaCl grows. The minimum
nucleation time is reached at 1000 mM (5.3+0.3 h).

oS in the presence of [Ch][Glu] (Figure 17B and D) displays relatively stable growth
rates, the maximum growth rate can be found at 600 mM of IL (0.098+0.009 h™"). The nucleation
time suffers a decrease in the transition from 300 to 500 mM followed by a stabilization of the
nucleation times. The minimum nucleation time is reached at 500 mM (6.1+0.7 h).

Ac-aS when in the presence of [Ch][Glu] (Figure 17B and D) variable nucleation times
can be observed through the series. The minimum nucleation time is reached at 600 mM
(10.4£0.4 h).
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Figure 17 — The Fibrillation Kinetics of aS Variants

A) The nucleation times (Tn) for aS in response to IL and NaCl. B) Nucleation times for Ac-aS in the presence of IL
and NaCl. C) The growth rates (v) for aS in response to IL and NaCl. D) Growth rates for Ac-aS in the presence of IL
and NaCl. The kinetic fibrillation parameters (Tn and v) were estimated using the aggregation curves found in the
base aggregation profiles which are depicted in figure 16 (A to D). Individual curves were fitted (using Origin 2021)
to the FW two step model to yield two independent kinetic parameters. The represented error bars correspond to

the error associated with the fitting of the curve.

3.4 Biomolecular NMR spectroscopy

3.4.1 Ligand Binding Monitored by NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is extensively used to evaluate pro-
tein interactions due to a wealth of analyzable parameters that convey structural information
with atomic resolution (/e, chemical shifts, coupling constants and relaxation times).??” The
present study NMR spectroscopy was used to describe the interactions of [Ch][Glu] with (Ac-
)aS, providing information on the nature (/e, specific binding or nonspecific binding) and lo-
cation of binding.

Double labeled protein samples were used to study protein-ligand interactions, corre-
lations were initially followed through Heteronuclear Single Quantum Correlation (HSQC) ex-
periments. In this type of experiment, cross peaks represent the correlation between N-H pairs

of amide groups of amino acids (ie, peptide backbone).*?" Each amino acid can be
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characterized by a specific chemical shift which is dependent on protein structure as a function
of the chemical environment. The chemical environment is, in turn, modified by changes in
protein structure and nearby atoms (e.g.,, ligands). These spectra are often regarded as protein
“fingerprints”.

Triple resonance spectra (#.e, HNCO, HNcaCO, HNcoCACB, and HNCACB) were col-
lected to link active nuclei (Ze, TH,”N, and *C). These experiments take advantage of the rel-
atively large magnetic couplings created between active nuclei ("Jn, "Jecn, YJee, and 'Jen) to es-
tablish the backbone connectivity of aS. Specifically, the couplings are used to establish the

scalar connectivity pathway between nuclei.

3.4.2 Characterization of aS by NMR

Sample quality (e.g., protein aggregation, folding state) was initially accessed from the
TH unidimensional spectra of aS. Ac-aS displays a narrow set of peaks (8 to 9 ppm) character-
istic of disordered protein. No protein aggregation is present as peaks remain sharp and in-
tense. The assignment of the resonances in the ['H,"*N]-HSQC spectrum was done by compar-
ison with an already deposited data set in the Biological Magnetic Data Bank (BMRB), entry
25227.12 The original assigned peak list was adjusted to the experimental results. aS variants
present a comparable ['H*N]-HSQC spectra (Figure 18). Major differences can be found in the
chemical shifts of the first 10 amino acids. The M1 and D2 correlations are not present for aS
due to the relaxation of the highly flexible N-terminal. Residues V3 to K10 suffer considerable
shifts because of acetylation. This PTM is responsible for conferring neutral charge to the oth-
erwise positive methionine residue promoting the stabilization of this region.”?® As a result,

we can visually confirm the success of the acetylation process.
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Figure 18 — Spectral Comparison of aS Variants ("H'*N-HSQC)

A) HSQC spectrum of aS. B) Overlay of the HSQC spectra of aS and Ac-aS, most affected residues are highlighted.
C) HSQC spectrum of Ac-aS. Samples (700 uM) were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1% NaN3,
100 pM of DSS, ensuring a 9 to 1 H20/D20 ratio.

3.4.3 The Side Chain of Histidine 50

Akin to the backbone of the protein the histidine sidechain can also exhibit NH corre-
lations. The distinctive >N chemical shifts of histidine can be used as indicators protonation
state of the imidazole ring.”®” A neutral imidazole can assume two separate tautomeric states,
these are designated as the 6 and the € forms (Figure 19), with the later tautomer being the
most common form. Unprotonated nitrogen nuclei display at higher NMR chemical shifts (up
to 80 ppm) compared to its protonated counterpart. This behavior pattern allows for the un-
ambiguous assignment of the nuclei and the specification of the protonation state of each

nitrogen in the imidazole ring.
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Figure 19 — The tautomeric profiles of Histidine
The imidazole ring found in the side chain of histidine can be found in two tautomeric forms, the §-tautomer (pro-
tonated at €2 nitrogen) and the e-tautomer (protonated at the 61 nitrogen). Histidine can also be found in a fully

protonated form with a positive charge.

The concentrations of 0, 50, 200, 500, 1000 mM were used as references for evaluating
the changes (if any) in histidine tautomerism. No histidine cross peaks could be identified in
the aS titrations. As a result, only Ac-aS behavior can be evaluated. When no ligand is present
the imidazole ring of histidine is found in the more common & form. The addition of NaCl and
[Ch][Glu] result in the progressive migration of the N61-He1 resonance (212) to higher chemi-
cal shifts (196 and 206 ppm, respectively). These changes are indicative of a stronger associa-
tion between the proton and the nitrogen, NaCl seem to be more effective at promoting as-
sociation.

It is Important to note that aS only contains one histidine, therefore only one set of
correlations should be present. The correlations of H50 are most likely doubled due a poor

decoupling of the active nuclei.
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Figure 20 - H50 side chain correlations (Ac-aS)

A) The 2-3 bond NH correlations found in the imidazole side chain of H50 when in the presence of increasing
concentrations of NaCl. B) NH correlations found in H50 when in the presence of increasing concentrations of IL.
Signals are duplicated due to poor uncoupling between active nuclei. Experiments were acquired at 288 K (15 °C).
Samples (200 uM of protein) were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1% NaN3, and 100 uM of
DSS, ensuring a 9 to 1 H,O/D;0 ratio.

3.4.4 Chemical Shift Perturbations

Chemical shift perturbations (CSPs) are a simple and effective technique for the moni-
torization of protein-ligand binding. The procedure requires the titration of a 15N-labeled pro-
tein with increasing concentrations of unlabeled ligand, 15N-1H HSQC spectra are recorded
at each concentration point. The variation in the chemical shifts is representative of protein
ligand interactions. High CSP values are representative of environmental changes on the pro-
tein interfaces and can be associated with binding.?'” The concentrations of 0, 15, 100, 300,
500, and 1000 mM were used as references for evaluating the changes (if present) of CSP for
alpha synuclein variants as function of the addition of lonic compounds. The concentration
points of 100 and 1000 mM in the series Ac-aS in NaCl were not show due to time constraints
of the thesis. The missing titration points were consequently substituted by the concentrations
of 200 and 500 mM respectively.

Low concentrations of NaCl (15 mM) (Figure 21) cause variations at the N-terminal of
aS (residues V3 to M5, and K10) as well as the core of the protein (residues S42 to K43, K45,
and N65). Moderate concentrations (300 mM) show variations at the N- and C-terminal (resi-
dues V3 to Q24 and K96 to A140) as well as the core of the protein (residues S42 to Q62).
Moderate to high concentrations of NaCl (500 mM) affect most regions of the protein, but the
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N-terminal (residues form the V3 to K21) and core of the protein (residues form the S42 to
K45) are still evidenced. High concentrations (1000 mM) affect most regions of the protein, but
the N-terminal (residues form the V3 to K21) and core of the protein (residue K43) are still

evidenced.
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Figure 21 — The CSPs of aS in the presence of NaCl

NMR CSP analysis of the interactions of aS with NaCl at representative concentration points (4 in total). A) The CSPs
of aS at low concentrations of salt (15 mM). B) The CSPs of aS at moderate concentrations of salt (100 mM). C) The
CSPs of aS at moderate concentrations of salt (300 mM). D) The CSPs of aS at high concentrations of salt (1000
mM). The determination of the CSPs of oS variants under several concentration points allows for the identification
of the amino acid residues and/or regions that are particularly affected by a given ionic compound. The variable
sigma (o, in red) represents the threshold value for pinpointing potentially interacting residues. Experiments were
acquired at 288 K (15 °C). Samples (200 uM of protein) were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1%
NaN3, and 100 uM of DSS, ensuring a 9 to 1 H,O/D;0 ratio.

For Ac-aS low concentrations of NaCl (15 mM) (Figure 22) show variations at the N-
and C-terminal (residues G7 to G31 and Y125 to A140) as well as the core of the protein (resi-
dues E46, and T59 to A91). Moderate concentrations (300 mM) show variations at the N- and
C-terminal (residues S9 to K23 and E126 to Q134) as well as the core of the protein (residues

S42 and E46). Moderate to high concentrations of NaCl (500 mM) affect most regions of the

protein, but the N-terminal (residue G14) and the C-terminal (residue S129) are still evidenced.
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High concentrations (1000 mM) affect most regions of the protein, but the N-terminal (residue
G14) and the C-terminal (residue E126) are still evidenced.
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Figure 22 — The CSPs of Ac-aS in the presence of NaCl

NMR CSP analysis of the interactions of Ac-aS with NaCl at representative concentration points (4 in total). A) The
CSPs of Ac-aS at low concentrations of salt (15 mM). B) The CSPs of Ac-aS at moderate concentrations of salt (300
mM). C) The CSPs of Ac-aS at high to moderate concentrations of salt (500 mM). D) The CSPs of Ac-aS at high
concentrations of salt (1000 mM). The variable sigma (o, in red) represents the minimum threshold value for pin-
pointing potentially interacting residues. Experiments were acquired at 288 K (15 °C). Samples (200 uM of protein)
were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1% NaN3, and 100 uM of DSS, ensuring a 9 to 1 H,O/D,0

ratio.

When in the presence of low concentrations of [Ch][Glu] (15 mM) (Figure 23) aS shows
small, interspersed variations throughout the protein. Moderate concentrations (300 mM) oS
show perturbations at the C-terminal (residues L113 to A140) as well as the core of the protein
(H50 and vicinal residues). Moderate concentrations (300 mM) aS show perturbations at the
C-terminal (residues L113 to A140) as well as the core of the protein (G41 and vicinal residues).
High concentrations (1000 mM) affect mostly the N- and C-terminal (residue G14) and the C-

terminal (residue E126) are still evidenced.
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Figure 23 — The CSPs of aS in the presence of [Ch][Glu]

NMR CSP analysis of the interactions of aS with [Ch][Glu] at representative concentration points (4 in total). A) The
CSPs of oS at low concentrations of IL (15 mM). B) The CSPs of aS at moderate concentrations of IL (100 mM). C)
The CSPs of aS at moderate concentrations of IL (300 mM). D) The CSPs of oS at moderate to high concentrations
of IL (500 mM). The variable sigma (g, in red) represents the threshold value for pinpointing potentially interacting
residues. Experiments were acquired at 288 K (15 °C). Samples (200 uM of protein) were prepared in 105 mM of
phosphate buffer (pH 7.2), 0.1% NaN3, and 100 pM of DSS, ensuring a 9 to 1 H,O/D-0 ratio.

When in the presence of low concentrations of [Ch][Glu] (15 mM) (Figure 24) Ac-aS
shows variations at the N- and C-terminal (residues A11 to G14 and L113 to A140) as well as
the core of the protein (residues E35, E46, E61 and K97). Moderate concentrations (300 mM)
oS show perturbations at the C-terminal (residues L113 to A140 and residues G7 and K10) as
well as the core of the protein (H50 and vicinal residues). Moderate to high concentrations of
[Ch][GIlu] (500 mM) causes well dispersed perturbations in Ac-aS that are more evident at the
at the N- and C-terminal (residues M1 to E20 and A56 to A140) as well as the core of the
protein (G41 and vicinal residues). High concentrations (1000 mM) affect mostly the N- and C-

terminal (residue G14) and the C-terminal (residue E126) are still evidenced.
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Figure 24 — The CSPs of Ac-aS in the presence of [Ch][Glu]

NMR CSP analysis of the interactions of Ac-aS with [Ch][Glu] at representative concentration points (4 in total). A)
The CSPs of Ac-aS at low concentrations of IL (15 mM). B) The CSPs of Ac-aS at moderate concentrations of IL (100
mM). C) The CSPs of Ac-aS at moderate concentrations of IL (300 mM). D) The CSPs of Ac-aS at high concentrations
of IL (1000 mM). The variable sigma (g, in red) represents the threshold value for pinpointing potentially interacting
residues. Experiments were acquired at 288 K (15 °C). Samples (200 uM of protein) were prepared in 105 mM of
phosphate buffer (pH 7.2), 0.1% NaN3, and 100 uM of DSS, ensuring a 9 to 1 H,O/D-0 ratio.

3.4.5 Secondary Structure Propensities

Secondary structure propensities (SSPs) represent the intrinsic tendency for the transi-
tion of collective amino acid residues into secondary structure elements. The SSP algorithm
was initially developed to explain the fibrillation propensities of human o and y-synuclein %,
The procedure relies on the experimental calculation of the chemical shifts for a given nucleus,
which are then divided by the expected chemical shifts of an equivalent nucleus in a fully
formed secondary structure element (ie, a-helix or B-sheet). At the end of the procedure SSP
scores are obtained, these can vary from 1.0 to -1.0 and reflect the formation of a- or B-struc-
ture respectively. As an example, a SSP score of -1.0 suggests that 100% of conformers in an
ensemble adopt a a-helical conformation at that position. On the other hand, a SSP score of -
0.5 would suggest that 100% of conformers adopt a B-structure at that residue. As already

mentioned, secondary structure emerges as a collective property of amino acids. Therefore, a
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secondary structure element is only present when a minimum of 4 sequential residues with the
same score tendency is present. Secondary structure elements separated by a gap are also
merged.”*! SSP score can be calculated by a comprehensive set of 'HN, "Ha, *Ca, *CB, *CO,
and "N chemical shifts. For analysis >Ca, *CB and THa tend to be preferred as >CO measure-
ments are more inconsistent and "N chemical shifts are less sensible. Structural propensities
are highly sensitive to experimental conditions and can be used to monitor the influence of
acetylation and the interaction with ionic compounds on the reference secondary structure
propensities of asS.

The reference spectrum for Ac-aS presents reduced SSP scores, in general, indicating a
reduced tendency to form secondary structure elements. Although small, SSP scores suggest
the presence of 10 distinct regions: (i) Residues M1 to K10 represent the region with the most
relevant a-helical propensities. (ii) Residues A11 to A19 form a buffer region with negligible
secondary structure propensities. (iii) Residues E20 to A29 create the second region displaying
a-helical propensities. (iv) Residues A30 to K60 which present reduced B-structure propensities
(v) Residues E61 to V74 form a buffer region with highly variable secondary structure propen-
sities. (vi) Residues V77 to A85 low B-structure propensities. (vii) Residues V77 to A85 which
present significant B-structure propensities. (viii) A third buffering region can be found in resi-
dues 86 to 90. (ix) Residues A91 to V118 which present significant B-structure propensities. (x)
Residues N122 to A140 which present the most significant B-structure propensities.

SSP diagrams are highly similar to one another Residues M1 to A29 correspond roughly
to the N-terminal region. The only segments with a-helical propensities are found in this re-
gion. Residues A30 to A85 roughly corresponds to the NAC domain. Here 2 B-structure prone
elements can be found separated by buffer region. Finally, residues A91 to V118 correspond
roughly to the C-terminal region. This region contains two B-structure prone elements with
considerable SSP scores. The SSP scores for reference oS was not collected due to time con-

straints of the thesis.

95



! SSP Ac-aS

0.8
Reference (0 mM)

0.6
© 04
o
g o2
w
o 0
W
o 02
-0.4
-0.6
-0.8
-1
T O = O =" W A W AL =D = O = PO - O A O =AW AL - WY - W
E¥ZS8SBEFIBL2ESSR8eeESEE85EE
WU Os oW Ws>
Sequence
1 E SSP aSin NaCl 1 SSP Ac-aS in NaCl
300 mM 300 mM
S 05 0.5
(]
/]
o o 0
73]
» os 0.5
1 -1
=N NOWYW e O~ 0NN WMo~ o NGO MmO M~S = 00NN Y MmO~
ESgpgEEe0oREE2REE3 3993 - i B A N L = s
0 -asO g-azso
SSPaSinliIL SSP Ac-aSin L
1“ 300 mM 1E 300 mM
2 os 0.5
[X]
(]
o o 0
(/2]
N s 0.5
-1 -1
- 00 NN N WO MO T - C0ONANOOMNMO N - 0 N N WL MO — 00UV AN WL MmO M~
RS i SR RN R R R R R e R B O N = s i R i
w-osdg 0-asg
Sequence Sequence

Figure 25 - The SSPs of aS variants

Structural interpretation of aS variants in the presence of ionic compounds. A) The propensity of pure Ac-aS (refer-
ence propensity plot). B) Propensities for aS at moderate concentrations of NaCl (300 mM). C) Propensities for Ac-
oS at moderate concentrations of NaCl (300 mM). D) Propensities for oS at moderate concentrations of [Ch][Glu]
(300 mM). E) Propensities for Ac-aS at moderate concentrations of [Ch][Glu] (300 mM). Calculations were performed
using *Ca, 3CB chemical shifts resulting from the in-house assignment of the protein variants. Experiments were
acquired at 288 K (15 °C). Samples (200 uM of protein) were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1%
NaN3, and 100 uM of DSS, ensuring a 9 to 1 H,O/D;0 ratio.
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4
DISCUSSION

4.1 [Ch][Glu] Acts as a Moderate Destabilizer of oS

4.1.1 aS is Stable in the Absence of lonic Compounds

The reference samples of (Ac-)aS do not contain NaCl or IL and therefore should be
considered baseline indicators of the aggregation behavior for aS variants. In these conditions
aS and Ac-aS samples are unable to aggregate over the course of 100 hours of intermittent
agitation (Figure 26) suggesting that both protein variants are particularly stable under these
conditions. Therefore, any alterations on the behavior of the protein variants are a direct con-
sequence of the selected ionic compounds (NaCl or IL). aS variants can aggregate under low
concentrations (10 mm) of [Ch][Glu] and moderate concentrations of NaCl (200 to 300 mM)
indicating that these ionic compounds are destabilizing the protein and inducing aggregation,
albeit through different underlying mechanisms.

Previous studies have already reported on the aggregation propensity of aS under sim-
ilar conditions.®® This protein is expected to aggregate without the presence of additional
compounds (in as little as 20 hours; for 25 uM of protein and 10 pM in 10 mM of phosphate
buffer). The current study offers comparable experimental conditions to those of the study (ie,
fluorescent probe, buffer system, microplate characteristics, and agitation system) yet no au-
tonomous aggregation is observed. Explanations can be derived from minor differences in ex-
perimental setups (e, aS and ThT concentrations). The concentration of the fluorescent probe
ThT is also essential for the success of the fibrillation assays as the reporter molecule exhibits
a concentration threshold for fluorescence as well as optimal values of concentration.*®! An-
other possible justification for this unexpected behavior is the high concentrations of phos-
phate found in samples [see section 4.2], yet the available literature does not suggest phos-

phate interference at these concentrations.*?’!
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Figure 26 — Reference Aggregation Profiles (Ac-asS)

Ac-aS is unable to fibrillate over the course of 100 hours suggesting that the protein stable in these conditions, aS
displayed a similar behavior (date not shown). Protein samples (200 puM) were prepared in 77 mM of phosphate
buffer (pH 7.2) and 200 pM of ThT.

4.1.2 [Ch][Glu] Displays Destabilizing Properties Towards oS

Choline glutamate IL promotes the destabilization of (Ac-)aS. This outcome is evi-
denced by the lack of aggregation in the absence of [Ch][Glu], a similar trend is present for
NaCl suggesting that the protein is rather stable at these concentrations. (Ac-)aS can aggre-
gate under low concentrations (10 mM) of [Ch][Glu] and moderate concentrations of NaCl (200
to 300 mM, respectively). These findings are early indicators of a different destabilization mech-
anism of these compoundsand can be partially explained by the distinct nature of the interact-
ing compounds, as classified by the Hofmeister series. The IL [Ch][Glu] is a combination of a
weak (cholinium) and a moderate kosmotrope (glutamate), whereas NaCl is a neutral com-
pound. The resulting ionic compounds are expected to inherit most if not all the properties of
the base ions, therefore [Ch][Glu] is expected to be a moderate to weak kosmotrope whereas
NaCl is expected to minimally affect kosmotropicity. Kosmotropicity is related to charge den-
sity and is a qualitative measure of the structure forming (salting out) properties of the base
ions. Kosmotropic ions are strongly hydrated in solution thus contributing to reordering of the
water structure around the protein. These effects generally contribute to the stabilization of
structured proteins in solution (depending on concentration), but it is important to note that
protein-solute interactions are also dependent on the nature of the protein. oS is far from
being structured in solution with the added issue of being a highly amyloidogenic protein, in
this context structure forming ions act as structural promoters of fibril formation. In this sense

[Ch][Glu], as a moderate to weak kosmotrope, is expected to stabilize the protein through a
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wealth of protein-IL interactions. [Ch][Glu] is the combination of two bulky naturally occurring
ions that promote protein interactions through a variety of mechanisms (at physiological pH):
(i) ionic bonding provided by the positively charged amine groups and negatively charged
carboxylate groups; (ii) hydrogen bonding provided by the hydroxyl group (hydrogen bond
acceptor and donor) and carboxylate groups (hydrogen bond acceptor); (iii) hydrophobic in-
teractions provided by the carbon backbone, which are especially relevant for cholinium. The
presence of additional protein-IL interaction mechanisms is likely to have unpredictable effects
on the stability of (Ac)-aS.

(Ac-)aS is reported to establish transient, long range tertiary interactions between the
N- and C-terminal.?®® Chi et al. reported significant chemical shifts in H50 and the C-terminal
of the H50Q mutant suggesting the presence of protective long range interactions in the WT
mutant.**'The core of the protein is also involved in these interactions, with likely residues
being: (i) E28 to G31; (i) K43 to E46; and (jii) H50 to V66.%*% These regions surround and confer
protection to the highly hydrophobic NAC domain. Amino terminal acetylation confers neutral
charge to the otherwise positive methionine residue promoting the stabilization of the first ten
amino acids of the protein. Consequently, this physiological PTM may impart significant phys-
icochemical changes to the near N-terminal region of the protein with likely implications for
transient long-range contacts.>?%l

The effects of increasing concentrations of NaCl on the conformation of oS are well
reported.”*"’ Moderate concentrations of NaCl are known to disrupt protective intramolecular
contacts established between the flexible terminal domains of the protein. These alterations
lead to the fibrillation of the protein due to an exposure of the NAC core. Charge screening of
the flexible terminals of the protein are reported to be the likely mechanism of oS destabiliza-
tion. High concentrations of NaCl lead to a more compact (and aggregation prone) confor-

mation of the protein which is dominated by unspecific ionic interactions.?*"

4.1.3 Aggregation is Modulated by Acetylation and lonic Com-

pound
[Ch][Glu] and NaCl are responsible for destabilizing (Ac-)asS albeit through distinct pro-
cesses. Analysis of the general aggregation dynamics suggest differentiated fluorescence pro-

files and kinetic parameters for aS variants. The variations in mechanism of action are reflected

in the end point fluorescence (100 h) of the protein.
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aS presents a maximum fluorescence at 300 to 500 mM for NaCl whereas IL presents
optimal fluorescence 300 to 500 mM. Fluorescence intensities are an indirect measure of fibril
growth, in general Ac-aS presents larger fluorescence intensities which reach maximal values
at 300 mM of NaCl and 500 mM of IL. Therefore, fluorescence intensities can be used to de-
termine the most favorable fibrillation conditions as well as being a helpful early indicator of
the protein's aggregation patterns.

The end point fluorescence is comparable for oS and Ac-aS when in the presence of
NaCl, relevant differences for the acetylated variant include the early onset of aggregation
(from 300 to 200), narrowing of the optimal values (which changed from a plateau to a single
peak at 300 mM), and the slower decline in intensities at medium to high concentrations of
salt (500 to 1000 mM). These findings suggest that NaCl is more efficient at promoting and
sustaining amyloid fractions at higher concentrations of salt. Interestingly the endpoint fluo-
rescence is considerably different for Ac-aS when in the presence of IL. In general, Ac-aS pre-
sents larger fluorescence intensities in the presence of [Ch][Glu] further strengthening the link
of acetylation to sustained amyloid fractions. Moreover, the optimal fibrillation concentration
shifts from 300 to 500 mM for Ac-aS suggesting an alteration of the driving forces of fibrilla-
tions as a result of intrinsic properties of the protein.

The kinetic profiles of the fibrillation curves provide further insights into the aggrega-
tion mechanisms of the protein. oS presents comparable growth rates in the ranges of 300 to
500 mM and significantly smaller nucleation times for the IL suggesting that the differences in
behavior of these compounds in these concentration ranges are dominated by nucleation de-
pendent events affecting the soluble form of the protein. The kinetic profile of aS suggests
optimal fibrillation conditions (.e, a combination of minimal nucleation times and maximal
growth rates) at 500 mM for both NaCl and IL. These findings are in line with the previously
mentioned endpoint intensities for NaCl but not for IL (300 mM) suggesting that the differ-
ences in fluorescence intensities are a result of significant off pathway aggregation events that
are significantly more pronounced in the presence of IL. These alternative modes of aggrega-
tion are responsible for diverting the available pool of aS monomers into the formation of
amorphous aggregates. Ac-aS shows a distinct kinetic profile to its non-acetylated counter-
parts. When in NaCl, Ac-aS displays reduced growth rates as well as considerable nucleation
times in moderate to high concentration ranges (300 to 800 mM). Suggesting that the protein
is considerably more stable than oS when in the presence of salt. The stability of Ac-aS seems

to be considerably affected by the presence of IL. This behavior can be justified by the
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diminished nucleation times and the increased growth rates of the protein in moderate to high
concentrations (600 to 1000 mM).

CSI mapping provides atomic resolution to the previously discussed aggregation pat-
terns of (Ac-)asS, thus allowing for a detailed characterization of the interactions of the protein
through the identification of the preferred interacting residues or regions that are directly in-
volved in protein destabilization.

Low concentrations of NaCl (15 mM) induce considerable chemical shifts to the N-ter-
minal and core of aS (Figure 27). Curiously, the C-terminal is not affected at these concentra-
tions indicating that the destabilization of the protein is initiated at the amino terminal region
which is an important distinction from Ac-aS. These findings suggest that acetylation influ-
ences the protective properties of the N-terminal. The involvement of the N- and C-terminal
becomes apparent at moderate concentrations of salt (300 mM). Residues S42 to K45 also
show considerable combined chemical shifts suggesting an important role of these residues in
the stabilization of the protein. This central region is also expected to interact with the flexible
ends of the protein effectively protecting the NAC region. The transition from moderate to
high concentrations of NaCl (500-1000 mM) results in an increase in non-specific electrostatic

interactions with the protein interactions suggesting that the protein is particularly exposed to

the solvent.
CSP aS in NaCl
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Figure 27 — CSP Overlay of oS in the Presence of NaCl
Combined CSP interactions of aS in the presence of NaCl at representative concentration points (15, 100, 300, and
1000 mM) previously indicated in figure 21. Here the involvement of several residues of the N- and C-terminal are
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visible at different stages of the titration of the protein (especially residues S42 to K45). Experiments were acquired
at 288 K (15 °C). Samples (200 uM of protein) were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1% NaNj3,
and 100 puM of DSS, ensuring a 9 to 1 H,O/D;0 ratio.

Low concentrations of NaCl (15 mM) result in a generalized binding to the backbone
of Ac-aS, a small involvement of the N- and C-terminal is already visible at these concentra-
tions (Figure 28). These findings are consistent with the electrostatic model of the protein (Fig-
ure 3) where ions preferably interact with the charged regions of the protein (charge screening
effect). It is important to note that fibrillation does not take place at these concentrations, also
suggesting that flexible ends of the protein are possibly implicated in the stabilization of the
protein. the involvement of the N- and C-terminal becomes more apparent at moderate con-
centrations of salt (300 mM). Residues S129 and K45 show considerable combined chemical
shifts suggesting some degree of interplay between the C-terminal and the core of the protein.
Moderate to high concentrations of NaCl (500 to 1000 mM) result in generalized interactions

with the protein backbone suggesting that the protein is particularly exposed to the solvent.
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Figure 28 — CSP Overlay of Ac-aS in the Presence of NaCl

Combined CSP interactions of Ac-asS in the presence of NaCl at representative concentration points (15, 300, 500,
and 1000 mM) previously indicated in figure 22. Here the involvement of several residues of the N- and C-terminal
are visible at different stages of the titration of the protein (especially residues K45 and S129). Experiments were
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acquired at 288 K (15 °C). Samples (200 uM of protein) were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1%
NaNs, and 100 pM of DSS, ensuring a 9 to 1 H,O/D;O0 ratio.

The behaviors of oS and Ac-aS are comparable, a pattern consistent with progressive
destabilization of the long-range interactions of the protein (N-, C-terminal and core residues)
until a critical concentration is reached (approximately 500 mM) which results in a sudden ex-
posure of the protein to the solvent. These findings suggest the formation of the aggregation
prone compact conformation of (Ac-)asS.

Low concentrations of [Ch][Glu] (15 mM) show interspersed oS residues with small but
significant combined shifts suggesting that the ionic liquid is not particularly disruptive at these
concentrations (Figure 29). Moderate concentrations elicit the perturbations of C-terminal and
the core of the protein (vicinal to H50). The increase of concentration (500 mM) results in a
reduction of the intensities of core residues (vicinal to G41) as well as an increase in perturba-
tions of the C- an N- terminal which are consistent with electrostatic interactions with the flex-

ible terminals of the protein.
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Figure 29 — CSP Overlay of aS in the Presence of [Ch][Glu]
Combined CSP interactions of aS in the presence of IL at representative concentration points (15, 100, 300, and 500
mM) previously indicated in figure 23. Here the involvement of several residues of the N- and C-terminal are visible

at different stages of the titration of the protein (especially residues G41 and H50). Experiments were acquired at
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288 K (15 °C). Samples (200 uM of protein) were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1% NaNj3, and
100 puM of DSS, ensuring a 9 to 1 H.O/D;0 ratio.

Low concentrations of [Ch][Glu] (15 mM) exhibit an involvement of the N- and C-ter-
minal as well as core residues of Ac-aS (Figure 30). It is important to note that small amounts
of fibrillation occur at these concentrations suggesting that these regions play important roles
in the stabilization of the protein and that this ionic liquid is particularly effective at destabiliz-
ing the protective interactions of the N-terminal region. Moderate concentrations of the IL (300
mM) display significant chemical shifts at the C-terminal as well as core residues (vicinal to
H50). As concentrations progress to 500 mM the involvement of the H50 and vicinal residues
becomes less significant, these shifts are progressively substituted by G41 and vicinal residues
at higher concentrations (1000 mM). These findings suggest interplay between H50 and G41
as the titration develops and could indicate a two-stage disruption of the interactions between
the core of the protein and the C-terminal region. These findings could be representative of
the adoption of different conformation in IL. Other important features include the involvement
of the N-terminal region, and the shifts at the C-terminal which extend to the center of the
protein. These findings are consistent with the electrostatic profile of the protein and suggest
that [Ch][Glu] interacts more specifically to (Ac-)aS at high concentrations, which is a distinctive
feature from NaCl. These findings could indicate that the compact and aggregation prone con-

formation found in NaCl can only be partially formed or not formed at all.
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Figure 30 — CSP Overlay of Ac-aS in the Presence of [Ch][Glu]

Combined CSP interactions of Ac-aS in the presence of IL at representative concentration points (15, 100, 300, and
1000 mM) previously indicated in figure 24. Here the involvement of several residues of the N- and C-terminal are
visible at different stages of the titration of the protein (especially residues G41 and H50). Experiments were acquired
at 288 K (15 °C). Samples (200 uM of protein) were prepared in 105 mM of phosphate buffer (pH 7.2), 0.1% NaN3,
and 100 pM of DSS, ensuring a 9 to 1 H,O/D;0 ratio.

The behaviors of aS and Ac-aS are also comparable but show significant differences at
the level of the N-terminal, aS only shows significant implications of the amino terminal at
moderate to high concentrations (500 mM). In Ac-aS perturbations of the N-terminal are also
visible throughout the titration process, suggesting that this residue is implicated in the stabi-
lization of the protein. The core residues implicated in the stabilization of (Ac-)aS are concen-
tration dependent. (Ac-)asS elicits primarily H50 (and vicinal resides) at moderate concentra-
tions and G41 (and vicinal resides) at moderate concentrations suggesting a more complex
two-step destabilization of the protein. Another important finding is that [Ch][Glu] interacts
more selectively with the backbone of the protein affecting primarily the N- and C-terminal.

When the information integrated holistically the destabilization mechanisms mediated
by [Ch][Glu] and NaCl become apparent. NaCl can possibly disrupt the long-range interactions
established by the C-terminal and E46 at moderate concentrations of salt. At these concentra-
tions an extended conformation of (Ac-)asS is adopted potentiating fibrillation. As high con-
centrations are achieved a compacted form of (Ac-)aS is formed (signalized by the generalized

electrostatic interactions) with significant propensity to form unstructured aggregates that are
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not visible through the fluorescence of ThT. [Ch][Glu] as a moderate to weak kosmotrope, with
a richer variety of protein-IL interactions, is capable of not only disrupting the long-range in-
teractions established by the C-terminal and H50 (at moderate concentrations) but also the
additional interactions formed by the N-terminal and G41 (at higher concentrations).

Ac-aS appears to be more stable than aS in the presence of NaCl, the reverse tendency
can be seen for IL suggesting that [Ch][Glu] is particularly effective at disrupting the N-terminal.
[Ch][Glu] possibly promotes the formation of distinct conformers at moderate to high concen-
trations as evidenced by the two-step disruption of the protein and the prevalence of more

specific interactions at moderate to high concentrations.

4.1.4 The Protective role of Histidine 50

Histidine 50 is a critical element for the stabilization of aS. The H50Q point mutation is
one of the most aggressive forms of familial Parkinson and is often related to more unfavorable
outcomes of PD.®¥ Substitutions of H50 with neutral and negative residues (/.e, Asp, GIn, or
Ala) result in significant structural changes to the structure of aS, these alterations are associ-
ated with a more flexible C-terminal region and therefore a more exposed NAC domain. The
substitution of H50 with Arg (positively charged residue) results in a suppression of oS aggre-
gation. These findings could be explained by the presence of long-range interactions between
H50 (carries a positive charge at neutral pH) and the C-terminal (negatively charged at physi-
ological pH).%*?

The 15N correlations of histidine’s imidazole ring can be used to gain further insights
into the role of H50 and neighboring residues. Curiously the side chain correlations of H50
cannot be found in aS (at all concentrations) possibly suggesting an alternative mode of inter-
action which might be linked long-range interaction. The acetylation state of the protein seems
to be particularly important for the presence of side chain correlations, as Ac-aS displays all
side chain correlations. The residue H50 of Ac-aS is found in the less common &-tautomeric
state. When in the presence of NaCl or [Ch][Glu] Ac-aS displays a progressive decrease in the
15N chemical shifts of the n61-He1 correlation suggesting a progressive increase in protona-
tion tendency of the €2 nitrogen. These findings in turn suggest a promotion of the charged
form of Histidine which is more available for binding to the negatively charged C-terminal.
Thes findings could be framed in the context of long-range Interactions where H50 and to the
C-terminal protect the protein from fibrillation at high concentrations of ionic compound by

assuming a more compact conformation.
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4.1.5 lonic Compounds do Not Alter the SSPs of oS

As previously mentioned, the SSP scores of aS variants are minimally affected in the
presence of NaCl or IL. These findings share important insights into the pre-fibrillation mech-
anisms of soluble (Ac-)asS in solution. These findings indicate that the net SSP scores of the
(Ac-)aS monomers are unaltered at moderate concentrations of ionic compounds (300 mM).
It is important to note that (Ac-)aS suffers the most significant fibrillation at moderate concen-
trations suggesting that these correspond to the most significant variations of SSPs.

Noteworthy mentions are found in: (i) N-terminal domain of the protein (residuesM1
to S9) which present small but significant differences in the SSP score of the first segment. Ac-
oS presents higher secondary structure propensities than aS. These findings are in line with
the reports of acetylation promoting the alpha helical propensities of the N-terminal (10 initial
residues). These changes are caused by the interactions of the added carbonyl group with
vicinal amino acids which promotes higher secondary structure propensities.’#?® The reference
SSP plot of Ac-aS displays the more significant SSP scores followed by NaCl and finally
[Ch][Glu], hosting that the IL is more effective at disrupting the alpha helical secondary struc-
ture propensities of the N-terminal aS displays comparable SSP’s for NaCl and [Ch][Glu] in this
region. (ii) The second fragment (residues M1 to S9) which presents significant secondary struc-

ture propensities only in the presence of salt.

4.2 Orthophosphate may influence the stabilization of aS

The phosphate buffer contains one strong kosmotropic ion; orthophosphate, which
may significantly influence aggregation dynamics of (Ac-)asS. Significant promotion of aggre-
gation should only be found at the optimal concentration ranges of 200-325 mM (for 0.1
mg/mL of protein over a 24 h interval).l”?” These values are considerably higher than the con-
centrations of phosphate buffer used in this study (50 to 100 mM) suggesting low interference
of this ancillary ion on the fibrillation of aS. Low to moderate concentrations of sodium phos-
phate (up to 100 mM) are expected stabilize the protein, as aS precipitates in the absence of
this IL%? Thes findings suggest a possible influence of this ion In the early stages of aggrega-
tions. The combined effects of the ions in solution cannot be easily interpreted from available
literature. Phosphate may additively contribute to the kosmotropic effects of NaCl while mask-

ing the chaotropic effects of [Ch][Glu] in low to moderate concentration ranges.
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5
CONCLUSIONS

The present work is centered around aS as a high value therapeutic target displaying a
strong causative relationship with Parkinson's disease. aS is known to be acetylated in human
cells, thus conferring a special interest in the properties of Ac-aS as the physiologically relevant
form of the protein. The impact of acetylation on Ac-asS is still unclear under these conditions,
prompting the design of an /n vitro procedure capable of evaluating the structural stability of
(Ac-)aS in a chemical environment reminiscent of the crowded presynaptic milieu. In these
exceptional environments charged metabolites can reach molar concentrations as well as ex-
hibit, in some cases, remarkable (de)stabilizing properties towards neighboring proteins. High
concentrations of charged metabolites is one of the most important prerequisites for the for-
mation of biocompatible ILs, therefore hinting at the formations of endogenous ILs with the
capability of positively modulating Ac-aS's stability (main hypotheses). [Ch][Glu] was naturally
chosen as the best representative of a putative stabilizing ILs formed in the synaptic area due
to the high /n vivo concentrations and indispensable cellular roles of the constituent ions.

Fluorescence results established [Ch][Glu] and NaCl as destabilizing ionic compounds,
capable of interacting with (Ac-)aS in a concentration dependent fashion. The nature of the
interacting compounds and the distinct aggregation dynamics of aS variants are early indica-
tors of the divergent aggregation mechanisms of [Ch][Glu] and NaCl. oS variants displayed
comparable end point fluorescence’s profiles which can be roughly divided into 3 phases: (i)
stabilizing interactions at low concentrations of salt where aggregation does not take place; (ii)
destabilizing interactions moderate concentrations where fibrillation is favored; and (iii) desta-
bilizing interactions moderate concentrations of salt where aggregation is favored. No conclu-
sions can be drawn when comparing the stability of aS variants in the presence of NaCl as
kinetic evidence and end point fluorescence show mixed results. Non acetylated oS displays

slower onsets of fibrillation intensities, higher growth rates and nucleation times (in general).
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Ac-aS synuclein is considerably less stable than aS in the presence of [Ch][Glu] suggesting that
the additional stabilization that is imparted by acetylation is particularly susceptible to being
disrupted by the action of the IL. These findings are evidenced by the higher end point fluo-
rescence’s, increased growth rates, and reduced nucleation rates of Ac-aS. The aggregation
profile of Ac-aS is divided into 3 stages: (i) progressive destabilization at low concentrations;
and (ii) strong destabilization accompanied by fibrillation at moderate concentrations; and (jii)
progressive destabilization at low concentrations at high concentrations. The aggregation pro-
file of Ac-aS is divided into 2 stages: (i) small but progressive destabilization at low concentra-
tions; and (i) stabilization of fluorescence intensities at moderate concentrations.

CSI mapping provided additional insights into the destabilization mechanism of
[Ch][Glu] and NaCl by identifying key interacting residues and/or regions. The observed inter-
actions (Ac-)asS with the ionic compound seem to occur at focal points which might be involved
in fibril formation. The perturbations of (Ac-)aS are comparable and consistent with the three
phases of the NaCl titration. Low concentrations of NaCl stabilize the protein preventing its
aggregation. Moderate concentrations disrupt the long-range interactions established by the
C-terminal and the proximal residues to E46 exposing the protein to the solvent and promoting
fibrillation. High concentrations of NaCl promote unspecific interactions with the protein back-
bone favoring (Ac-)aS’s aggregation.

The perturbations of oS and Ac-aS in the presence of IL are differentiated by the bind-
ing to the N-terminal. oS shows delayed perturbations at the amino terminal suggesting that
this region is responsible for the drastic differences of IL mediated destabilization of Ac-asS.
The disruption of oS variants is made in two stages, primarily recruiting H50 (and vicinal re-
sides) at moderate concentrations and G41 (and vicinal resides) at moderate to high concen-
trations. When taken together these findings suggest that the stabilizing interactions are acet-
ylation dependent and ionic compound.

The Histidine 50 of Ac-aS shows a progressive protonation of the Imidazole side chain
in the presence of both NaCl and [Ch][Glu] promoting a positively charged H50 that can better
interact with the C-terminal.

Ac-asS variants do not show significant variations in structure propensities at moderate
concentrations of NaCl or IL suggesting the monomers remain mostly disordered in solution
and that no significant secondary structure shifts occur in solution.

The work herein presented provided an objective framework for the classification of the
interactions of [Ch][Glu] and NaCl with (Ac-)aS while providing key insights into the role of

interacting residues and/or protein regions as well as demonstrating the modulating effects of
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acetylation in these same interactions. It is important to note that the main conclusions of this
study are representative of an /n vitro model of (Ac-)aS where aggregation of alpha synuclein
is mechanically induced under glass beads. Therefore, the biological relevance of these con-
clusions is still unclear.

This approach resulted in a clear, albeit /n vitro, demonstration of the potential modu-
latory effects of osmolytes in the stability of (Ac-)aS; and even though the stabilizing properties
of [Ch][Glu] were no confirmed according to the initial hypothesis the possibility of using other
combinations of charged metabolites is still valid.

Several important improvements should be made to the current protocol. The role of
the phosphate ion could not be completely discarded due to sample variations of said buffer.
In the future these problems can be circumvented by simply implementing an additional pro-
tein filtration step. The fluorescence assays resulted in inconsistent aggregation patterns which
can be explained by the medium binding nature of the microplates. Future assays will require
the use of non-binding microplates to prevent this issue. The addition of positive (ie, seeded)
controls can be used to further validate the experiments, controls for viscosity (/.e, glycerol)
can be used to discard the effects IL viscosity in the aggregation of the protein, and finally
controls for sodium glutamate (NaGlu) and choline chloride (ChoCl) can be used to demon-
strate that the effects of [Ch][Glu] on protein stability are a result of the emergent properties
of the IL instead of the individual contributions of the base ions. Aggregation assays do not
allow the determination of amyloid fibril morphology, which could be made possible through

fluorescence microscopy.
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6.A. SDS-PAGE

Table SM1 — Composition for Tris-Tricine-SDS-Page
Discontinuous gel consisting of a separating gel (R, 12%) and stacking gel (St, 4%). Quantities
for 1, 2 and 4 units are described.

Reagents x1 x2 x4

R St R St R St
1 Water 2.1 1.95 4.2 3.9 8.4 7.8
2 Gel Buffer 25 0.775 5 1.55 10 3.1 3
3 30% Acrylamide 3 0.4 6 0.8 12 1.6 ~
4 100% Glycerol 0.75 - 1.5 - 3 -
5 10% APS 21 21 42 42 84 84 =
6 TEMED 7 7 14 14 28 28 =

Notes: 1) BD water 2) Gel Buffer- 3 M Tris/HCl, 0.3% SDS pH 8,45. It is important to in first place
adjust Tris-Base with HCl, only then add SDS. Tris-Base (299,9% NZYTech); HCl 37% (Carlo Erba);
SDS- Sodium dodecyl sulphate (299% Panreac) 3) Use gloves as Acrylamide is neurotoxic.
Solution tends to crystallize, to avoid this problem keep stock solution stored at 7 to 10 °C.
Acrylamide (99,9% Fluka) 4) Glycerol (99,5% Scharlau) 5) Stock solutions should be freshly
prepared. Should be the last component to be added (responsible for gel polymerization). APS-
Ammonium persulphate (298% NZYTech) 6) Should be the last component to be added as it
is responsible for gel polymerization. TEMED- Tetramethyl-ethylenediamine (99% Riedel-de-
Haén).

Table SM2 — Electrode buffer composition in Tris-Tricine-SDS-PAGE. Cathode (C) and anode
(A) buffers composition for 500 mL, 1 and 2 L batches

Reagents C#G A#S C#G A#S C#G A#S
1 |Tris-Base 60.55 | 121 1211 | 242 2422 | 484
«
2 |Triscine 89.6 - 179.2 - 358.4
3 |20% SDS 25 - 50 - 100 -
4 |water Add to: Add to: Add to: 3
500 | 500 1000 | 1000 2000 | 2000

Notes: 1) Tris-Base (= 99,8% NZYTech) 2) Triscine (298% Amresco) 3) SDS- Sodium duodecil
sulphate (99% Panreac) 4) BD water 5) 10X concentration, dilute before using 6) Cathode buffer
pH should be ~8.25.
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Table SM3 — Sample buffer (SB) composition (25 and 50 mL batches)

Reagents SB SB
1 |1 MTris/HCI pH 7 5 10 3
2 [100% Glycerol 12 24 r
3 |SDS 4 8 a
4 DTT L5 3,1
3
5 |Coomassie Blue R-250 10 20 Q
Add up to: Add upto: | 3
6 |Water o5 50 —

Notes: 1) Buffer composition available in Table SM11 2) Glycerol (99,5% Scharlau) 3) SDS-
Sodium duodecil sulphate (99% Panreac) 4) DTT- 1,4-Dithiothreitol (= 99% NZYTech) 5)
Coomassie Brilliant Blue R-250 (Panreac) 6) BD water.

Table SM4 — Composition for staining and destaining solutions. Compositions for 500 mL, 1
and 2 L batches

Reagents S D S D S D
1 Coomassie Blue R250 0.5 - 1 - 2 - @
2 Methanol 250 200 500 400 1000 800
3 Glacial Acetic acid 50 50 100 100 200 200 3
4 Water Add to: Add to: Add to: ~
500 | 500 1000 | 1000 2000 | 2000

Notes: 1) Coomassie Brilliant Blue R250 (Panreac) 2) Methanol (Sigma-Aldrich) 3) Glacial Acetic

acid (Panreac) 4) BD water.
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6.B. Expression and Purification of aS
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Figure SM1 — pT7-7 Plasmid map

pT7-7 plasmid encodes for human wild type alpha synuclein (wt-aS) and includes several
important features: (i) a selection mark (AmpR gene) that encodes for B-lactamase, confers
resistance ampicillin, carbenicillin and related antibiotics, (ii) the respective promoter (AmpR
promoter); (iii) an origin of replication (ori), making this a high copy number plasmid; (iv) a T7
promoter for T7 bacteriophage RNA polymerase, and respective (v) binding site (RBS); (vi)
multiple cloning sites.
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Figure SM2 — pACYCduet-naa20-naa25 plasmid map

pACYCduet-naa20-naa25 plasmid encodes for N-terminal acetyl transferase (NAT) subunits
naa 20 (auxiliary subunit) and naa 25 (catalytic subunit), the plasmid includes several important
features: (i) a selection mark (CmR gene) that encodes for chloramphenicol-methyl-transferase,
confers resistance to chloramphenicol; (ii) the respective promoter (CAT promoter); (iii) a origin
of replication (p15A ori), making this also a high copy number plasmid; (iv) a T7 promoter for
RNA polymerase of T7 bacteriophage, (v) and finally multiple cloning sites.
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Table SM5 —E. coli Genotypes (for strains B21-DE3 and DH5a)

E. Coli strain Genotype

F- @80lacZAM15 A(lacZYA-argF)U169 recA1 endA1
hsdR17(rk -, mk +) phoA supE44 thi-1 gyrA96 relA1 A-
2 |BL21(DE3) |F- ompT hsdSB (rB-mB-) gal dcm (DE3)

1 |DH5a

Notes: Raleigh, E. A, Elbing, K., & Brent, R. (2002). Selected topics from classical bacterial
genetics. Current protocols in molecular biology, 59(1), 1-4.

Table SM6 — Molecular weight and molar extinction coefficients for non-labeled aS and double
labeled (15N13C) oS

Protein Variant MW (Da) € (M'lcm'l)
1 as 14460 5960
2 Ac-aS 14502 5960
3 oS (PN*¢) 15245 5960
4 Ac-aS (°N™C) 15289 5960

Notes: 1) Molecular weight of oS labeled variants was estimated with:
http://sopnmr.ucsd.edu/biomol-tools.htm. 2) Molar extinction coefficient was estimated with
Expasy Protparam: Gasteiger, E.,, Hoogland, C., Gattiker, A., Wilkins, M. R., Appel, R. D., &
Bairoch, A. (2005). Protein identification and analysis tools on the ExPASy server. In The
proteomics protocols handbook (pp. 571-607). Humana press.

Table SM7 — Expression yields for aS Variants

Protein Variants Yield

1 aS 29.04

2 Ac-aS 16.35 3
15,,13 (8

3 asS (PN*c) 1279 | =

4 Ac-aS (PN™c) | 11.62
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6.C. Culture Media

Table SM8 — LB culture medium composition (250 mL, 1 and 2 L batches)

Reagentes LB LB LB
1 |NaCl 2,5 10 20
2 |Triptone 2,5 10 20 «
3 |Yeast extract 1,25 5 10
4 |water Add to: Add to: Add to: —
250 1 2

Notes: 1) NaCl (= 99% Panreac). 2) Triptone (NZYTech). 3) Yeast extract (Cultimed). 4) BD water.

Table SM9 — LA culture medium composition (batches of 100, 250, and 500 mL)

Reagentes LAY LA™ LA™
1 |LB medium 100 250 500 3
2 |Bacteriological agar 1,5 3,75 7,5 Q

Notes: 1) LB composition available in Table SM7. 2) Bacteriological agar (NZYTech). 3)
Autoclave before using. BD water. When making selective plates, cool to ~40°C to avoid
antibiotic degradation. Dispense ~20 ml per plate.

Table SM10 — Composition for M9 salts (batches of 500 mL, 1 and 2 L)

Reagentes S-10x* S-10x* S-10x™
1 |[Na2HPO4 30 60 120
2 |KH2PO4 15 30 60 @
3 |NaCl 2,5 5 10
4 |water Add to: Add to: Add to: 3
500 1000 2000 r

Notes: 1) Na2HPO4 (= 99%Sigma-Aldrich). 2) KH2PO4 (= 99% Panreac). 3) NaCl (= 99% Panreac)
4) Autoclave before using, BD water.
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Table SM11 — M9 minimal medium composition (batches of 100, 250, and 500 mL)

Reagentes M9 M9 M9
1 |M9 salts (10X) 25 50 100
2 |2 MMgSo, 0,25 0,5 5
3 |100 mM CaCl, 0,25 0,5 T
4 |100 mM FeSO, 0,25 0,5 1
5 [Thiamine-HCI 2,5 5 10 é
6 |"CgH1,06 0,75 1,5 3 o
7 |">NH,CI 0,38 0,76 1,52
8 |MEM vitamins (100X) 2,5 10 20
9 | Add to: Add to: Add to: ,5_5
250 500 1000

Notes: 1) Composition available in Table SM11. 2) Filter before using, MgSO4 (= 96% Panreac).
3) Filter before using, CaCl2 (= 99% Panreac). 4) FeSO4 (= 99% Panreac). 5) Thiamine-HCl (=
99,1% Fagron). 6) 13C6H1206 (= 99% Cambridge Isotope Laboratories). 7) 15NH4C| (= 99%
Cambridge Isotope Laboratories). 8) MEM vitamin solution (Sigma-Aldrich). 9) Autoclaved BD
water. 10) Adjust glucose and ammonium chloride depending on the protein being expressed,
non-labeled protein requires 2 g of glucose and 2,5 g of ammonium sulphate instead of the

indicted 0,75 g and 0,38 g for the labeled variants (for 250 mL culture medium).
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6.D. Buffer and Solution composition

Table SM12 — 1 M Tris/HCI Buffer composition for pH=7 (TH7) and pH=8 (TH8); batches of

500 mL, Tand 2L

Reagentes TH* (pH 8,0) TH* (pH 8,0) TH* (pH 8,0)
1 |Tris-Base 6057 |@ 121.14 |e 24228 |e
2 |37% HCI Add until pH 8| £ Add until pH 8| £ Add until pH 8 | £
Addupto: |3 Addupto: |3 Addupto: |3

3 |Water

500 ~ 1000 r 2000 r

Reagentes TH* (pH 7,0) TH* (pH 7,0) TH* (pH 7,0)
1 |Tris-Base 6057 |e 121.14 |e 24228 |@
2 |37% HCI Add until pH 7 | £ Add until pH 7 | £ Add until pH 7 | £
Addupto: |3 Addupto: |3 Addupto: |3
3 |Water 500 " 1000 |7 2000 |7

Notes: 1) Tris-Base (> 99,9% NZYTech). 2) HCl 37% (Carlo Erba). 3) BD water. 4) Dissolve Tris-
base in ~70% of the available water, add HCl until pH 8 is reached, and add up to the total

volume.

Tabela 13 — Phosphate Buffer composition (PB; 0.5 M, batches of 500 mL, 1 and 2 L)

Reagentes PB (pH 7,0) PB (pH 7) PB (pH 7)
1 |Na2HPO4 23.62 @ 47.24 @ 94.48 <
2 (NaH2PO4 10.03 20.06 40.12
3 |Water Add up to: '9_, Add up to: '3_ Add up to: '3_
500 1000 2000

Notes: 1) Na2HPO4 (= 99% Sigma-Aldrich). 2) NaH2PO4 (= 99% Panreac). 3) BD water.
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Table SM14 — Lysis Buffer composition (LyL; 30 mL batch) and respective stock solution

Reagentes Stock
1 |EDTA (250 mM) 5
Add to: 3
2 |Water 50 1mL =3
Reagentes LyB
1 |Protease inhibitor (Pill) 1 2
2 |EDTA (1mM) 0,119
3 |Tris-HCI Buffer (10 mM, pH 8) 0,3 3
Add to: T
4 |Water 30 mL

Notes: 1) EDTA - Ethylenediamine tetra acetic acid (2 99% Sigma-Aldrich). 2) BD water. 3)
Protease inhibitor cocktail (cOmplete Mini EDTA-free Protease Inhibitor Cocktail, Roche). 4)
EDTA stock solution. 5) Buffer composition available in Table SM11, dilute accordingly (100X
dilution). 6) BD water.

Table SM15 — Saturated ammonium sulphate solution (AS; batches of 100, 250, and 500 mL)

Reagentes AS AS AS
1 [Ammonium sulfate (3,9 M) 68,17 136,34 272,68
Add to: Add to: Add to: 3
4 Water 100 mL 250 mL soomL |

Notes: 1) Saturated at 0°C; Ammonium sulphate (= 99% M&B) 2) BD water 3) Solution can be
stored at room temperature but must be refrigerated to 0°C before usage.

Table SM16 — IEC Buffer composition (Batches of 500 mL, 1 and 2 L)

Reagentes IEC IEC IEC

1 |[Tris/HCI Buffer (10 mM, pH 8) 5 10 20
. . . 3
Add to: Add to: Add to: =

4 |Water 500 mL 1L 2L

Notes: 1) Buffer composition available in table D1, dilute accordingly (100X dilution). 2) BD
water.
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Table SM17 — A Buffer composition (AB, Batches of 500 mL, 1 and 5 L)

Reagentes AB AB AB

1 |Tris/HCI Buffer (20 mM, pH 8) 10 20 40
Add to: Add to: Add to: ,3

4 |Water 500 mL 1L 5L

Notes: 1) Buffer composition available in table D1, dilute accordingly (50X dilution) (= 99%
M&B). 2) BD water.

Table SM18 — B Buffer composition (BB; Batches of 500 mL, 1 and 2 L)

Reagentes BB BB BB
Tris/HCI Buffer (20 mM, pH 8) 10 20 40 3
NaCl (1 M) 29,22 58,44 116,88 @
Add up to: Add up to: Add up to: 3
4 |Water 500 mL 1L 2L -

Notes: 1) Buffer composition available in table D1, dilute accordingly (50X dilution) 2) NaCl (2

99,5% Panreac) 3) BD water.

Table SM19 — Analysis Buffer composition (An; batches of 100, 250 mL, and 5 L)

Reagentes An An An

1 [Phosphate Buffer (20 mM, pH 7) 20 40 80
. . . 3
Add to: Add to: Add to: =

2 |Water 100 mL 250 mL 5L

Notes: 1) Buffer composition available in table D1, dilute accordingly (25X dilution). 2) BD water.
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Table SM 20 - Organization of the 96 well microplate used in ThT fluorescence assay for aS and Ac-aS in the presence of NaCl
A black, medium-binding, full bottom 96 well microplate was used for the assay non-binding, preheated to 37°C. The procedure lasted for 140 h.

1 2 3
50 uM a-S 50 uM a-S 50 uM a-S N/A N/A N/A N/A N/A N/A N/A N/A N/A
N/A N/A N/A 0.005% NaN3 0.01% NaN3 0.02% NaN3 0.04% NaN3 0.06% NaN3 0.08% NaN3 0.1% NaN3 0.15% NaN3 0.2% NaN3
10 uM ThT 10 uM ThT 10 uM ThT 10 uM ThT 10 yM ThT 10 uM ThT 10 uM ThT 10 uM ThT 10 uM ThT 10 yM ThT 10 uM ThT 10 uM ThT
N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
ThT & Buffer 10 mM NacCl 25 mM NaCl 50 mM NaCl 100 mM Nacl 200 mM NaCl 300 mM NaCl 500 mM NaCl 600 mM NaCl 800 mM NaCl 1000 mM NacCl Buffer
10 yM ThT 10 yM ThT 10 uM ThT 10 yM ThT 10 yM ThT 10 uM ThT 10 yM ThT 10 yM ThT 10 yM ThT 10 yM ThT
N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
ThT & Water 10 mM LI 25 mM LI 50 mM LI 100 mM LI 200 m LI 300 mM LI 500 mM LI 600 mM LI 800 mM LI 1000 mM LI Water
10 yM ThT 10 yM ThT 10 uM ThT 10 yM ThT 10 yM ThT 10 uM ThT 10 yM ThT 10 uM ThT 10 yM ThT 10 yM ThT

50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S

10 mM LI 10 mM LI 10 mM LI 25 mM LI 25 mM LI 25 mM LI 50 mM LI 50 mM LI 50 mM LI

10 uM ThT 10 uM ThT 10 yM ThT 10 uM ThT 10 yM ThT 10 uM ThT 10 uM ThT 10 uM ThT 10 uM ThT

50 pM a-S 50 uM a-S 50 yM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S

200 mM LI 200 mM LI 200 mM LI 300 mM LI 300 mM LI 300 mM LI 500 mM LI 500 mM LI 500 mM LI

10 uM ThT 10 yM ThT 10 yM ThT TR 10 yM ThT R 10 uM ThT 10 yM ThT 10 uM ThT

50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S

800 mM LI 800 mM LI 800 mM LI 1000 mM LI 1000 mM LI 1000 mM LI 1000 mM NaCl 1000 mM NaCl 1000 mM NaCl

10 uM ThT 10 yM ThT 10 uM ThT 10 uM ThT 10 yM ThT 10 uM ThT 10 uM ThT 10 uM ThT R

50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S 50 uM a-S

600 mM NaCl 600 mM NaCl 600 mM NaCl 500 mM NaCl 500 mM NaCl 500 mM NaCl 300 mM NaCl 300 mM NaCl 300 mM NaCl

10 uM ThT 10 yM ThT 10 yM ThT 10 uM ThT 10 yM ThT 10 uM ThT 10 uM ThT 10 yM ThT 10 uM ThT

50 uM a-S 50 uM a-S 50 uM a-S

100 mM NacCl 100 mM NacCl 100 mM Nacl

10 uM ThT

10 M ThT 10 uM ThT

50 uM a-S
100 mM LI
10 uM ThT
50 yM a-S
600 mM LI
10 uM ThT
50 uM a-S
800 mM NacCl
10 uM ThT
50 uM a-S
200 mM NaCl

10 yM ThT

50 uM a-S
100 mM LI
10 uM ThT
50 uM a-S
600 mM LI
10 uM ThT
50 uM a-S
800 mM NaCl
10 uM ThT
50 yM a-S
200 mM NaCl

10 uM ThT

50 uM a-S
100 mM LI
10 uM ThT
50 uM a-S
600 mM LI
10 uM ThT
50 uM a-S
800 mM NacCl
10 uM ThT
50 uM a-S
200 mM NaCl

10 yM ThT
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6.E. Additional Data
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Figure SM3 - Fitting of the fibrillation curves of aS (NaCl)
Experimental curves were fitted (using Origin 2021) to the simplified F-W model for the
estimation of independent kinetic parameters (TN and v). The error bars associated with
each concentration curve were determined according to the fitting error. The fitting was
made to concentration points where extensive fibrillation was reached (i.e., a plateau is
present) and correspond to the concentrations of 300, 500, 600, 800, and 1000 mM. The
selection of the aggregation curves amongst triplicates was made according to the
morphology and variation of the stationary phase. The selected aggregation curves
found in this figure are also present in figure 16A. The kinetic values estimated from the
fitting are presented in table SM 21. Experiments were monitored over 100 hours at 37
°C, fibril formation is monitored by the fluorescence of Tht. Samples (200 uM of protein)
were prepared in 77 mM of phosphate buffer (pH 7.2), 200 uM of ThT, and 0.02% NaNs.
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Figure SM4 - Fitting of the fibrillation curves of aS (IL)

The fitting was made to concentration points where extensive fibrillation was reached
(i.e., a plateau is present) and correspond to the concentrations of 300, 500, 600, 800,
and 1000 mM. The selected aggregation curves found in this figure are also present in
figure 16C. The kinetic values estimated from the fitting are presented in table SM 22.
Experiments were monitored over 100 hours at 37 °C, fibril formation is monitored by
the fluorescence of Tht. Samples (200 uM of protein) were prepared in 77 mM of
phosphate buffer (pH 7.2), 200 uM of ThT, and 0.02% NaNs.
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Figure SM5 — Fitting of the fibrillation curves of Ac-aS (NaCl)

The fitting was made to concentration points where extensive fibrillation was reached
(i.e., a plateau is present) and correspond to the concentrations of 300, 500, 600, 800,
and 1000 mM. The selected aggregation curves found in this figure are also present in
figure 16B. The kinetic values estimated from the fitting are presented in table SM 23.
Experiments were monitored over 100 hours at 37 °C, fibril formation is monitored by
the fluorescence of Tht. Samples (200 uM of protein) were prepared in 77 mM of
phosphate buffer (pH 7.2), 200 uM of ThT, and 0.02% NaNs.
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Figure SM6 - Fitting of the fibrillation curves of Ac-asS (IL)

The fitting was made to concentration points where extensive fibrillation was reached
(i.e., a plateau is present) and correspond to the concentrations of 300, 500, 600, 800,
and 1000 mM. The selected aggregation curves found in this figure are also present in
figure 16D. The kinetic values estimated from the fitting are presented in table SM 24.
Experiments were monitored over 100 hours at 37 °C, fibril formation is monitored by
the fluorescence of Tht. Samples (200 uM of protein) were prepared in 77 mM of

phosphate buffer (pH 7.2), 200 uM of ThT, and 0.02% NaNs.
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Table SM21 - Fitting parameter for aS in NaCl

as
NaCl v(h-1 E() tya(h) E(typ) TN (h) E(Ty) R?
300 mM 0.054 0.02 30.6 0.2 21.3 3.4 0.972
500 mM 0.1300 0.01 18.70 0.2 14.9 0.4 0.901
600 mM 0.06 0.004 17.1 0.3 9.0 0.6 0.847
800 mM 0.220 0.03 10.1 0.2 7.8 0.4 0.767
1000 mM 0.024 0.002 14.6 0.6 -6.2 1.8 0.71
Table SM22 - Fitting parameter for oS in [Ch][Glu]
asS
[Cho][Glu] v (h-1) E(V) ty2(h) E(ty) TN (h) E(Ty) R?
300 mM 0.062 0.003 20.8 0.3 12.7 0.5 0.9
500 mM 0.0770 0.007 12.60 0.3 6.1 0.7 0.818
600 mM 0.10 0.009 15.0 0.3 9.9 0.6 0.858
800 mM 0.075 0.004 15.5 0.2 8.8 0.4 0.932
1000 mM 0.1 0.02 22.1 0.6 17.1 1.2 0.641
Table SM23 - Fitting parameter for Ac-asS in NaCl
Ac-aS
NaCl v(h-1) EV) tya(h) E(ty) TN (h) E(Ty) R
300 mM 0.046 0.001 32.4 0.2 21.5 0.3 0.977
500 mM 0.0710 0.002 27.80 0.2 20.8 0.3 0.987
600 mM 0.05 0.002 28.7 0.2 17.8 0.5 0.95
800 mM 0.050 0.003 27.4 0.3 17.4 0.7 0.915
1000 mM 0.123 0.007 9.4 0.1 5.3 0.3 0.925
Table SM24 - Fitting parameter for Ac-aS in [Ch][Glu]
Ac-aS
[Cho][Glu] vV (h-1) E (v) tia(h)  E(tyz) TN (h)  E(Ty) R?
300 mM 0.049 0.002 15.0 0.2 4.8 0.5 0.963
500 mM 0.0159 0.0002 41.80 0.2 10.4 0.4 0.984
600 mM 0.14 0.01 2.9 0.2 -0.7 0.3 0.691
800 mM 0.134 0.007 4.7 0.1 1.0 0.2 0.874
1000 mM 0.17 0.02 7.1 0.2 4.2 0.4 0.819
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