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Abstract

Fibrillar aggregates of the a-synuclein (aS) protein are the hallmark of Parkinson’s Disease

and related neurodegenerative disorders. Characterization of the effects of mutations and post-
translational modifications (PTMSs) on the a.S aggregation rate can provide insight into the
mechanism of fibril formation, which remains elusive in spite of intense study. A comprehensive
collection (375 examples) of mutant and PTM aggregation rate data measured using the
fluorescent probe thioflavin T is presented, as well as a summary of the effects of fluorescent
labeling on a.S aggregation (20 examples). A curated set of 131 single mutant de novo aggregation
experiments are normalized to wild type controls and analyzed in terms of structural data for the
monomer and fibrillar forms of a.S. These tabulated data serve as a resource to the community
to help in interpretation of aggregation experiments and to potentially be used as inputs for
computational models of aggregation.
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Introduction

Synucleinopathies are a family of age-related neurodegenerative diseases including
Parkinson’s Disease (PD), Parkinson’s Disease with Dementia (PDD), Multiple System
Atrophy (MSA), and Dementia with Lewy Bodies (DLB) that are characterized by
inclusions of the abundant neuronal protein a-synuclein (aS). PD is the second most
common neurodegenerative disease after Alzheimer’s Disease, affecting an estimated 0.3%
of the world’s population with [variable pathologies of synucleinopathies1] and accounting
for about 15% of all dementia cases [2]. Clinically, PD has an average age of onset of 55
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years and is distinguished by impaired motor functions such as resting tremors, rigidity,
and bradykinesia as well as non-motor impairments such as sleep disorders, hallucinations,
dementia, autonomic dysfunction, and mood disorders [1-3]. Pathologically, PD diagnostic
criteria include a loss of dopaminergic neurons in the substantia nigra and intracellular
inclusions of aggregated a.S in Lewy Bodies and Lewy Neurites shown in Figure 1 [4-6].

aS is 140 amino acids in length and is typically characterized in terms of three regions.

The N-terminal region consists of residues 1 to 60 with 7 imperfect 11 amino acid repeats,
each including a conserved KTKEGV motif (Figure 2). This amphipathic region drives aS’s
interactions with membranes [7]. Directly adjacent to this region is the central non-amyloid-
B component (NAC) section, comprising resides 61 to 95, and is a largely hydrophobic
region thought to be necessary for fibril formation. Finally, the C-terminal domain includes
residues 96 to 140. It is acidic and remains disordered under all reported conditions [7,

8]. While the tertiary structure of wild-type (WT) aS is not agreed upon (Figure 1), the
more widely accepted hypothesis is that a.S exists as an intrinsically disordered monomer
[9]. Upon binding to a membrane, a.S’s N-terminus and NAC region adopt a helical
conformation while the C-terminus remains unstructured [10]. Depending on the curvature
of the membrane, the helical region may also adopt a set of antiparallel helices [11, 12]. The
other major hypothesis argues that a.S exists as a partially ordered tetramer in solution that is
aggregation-resistant. Disruptions of these non-toxic tetramers release monomers which are
prone to misfolding and aggregation [13, 14].

While a.S’s native function is not fully understood, it is primarily localized to the
presynaptic termini of neurons [15]. Interactions have been identified with partners
including lipid membranes, synaptic vesicles, SNARE protein complexes, proteins involved
in dopamine homeostasis, proteins involved in calcium regulation, and more [16]. These
observations have spawned proposals of a.S functions such as suppressing apoptosis,
modulating calcium levels via calmodulin, helping to assemble SNARE complexes and
regulate the release of neurotransmitters, antioxidation, neuronal differentiation, dopamine
biosynthesis, and maintaining polyunsaturated fatty acid levels [7].

Aggregation

In PD pathology, monomeric a.S aggregates into oligomers (Figure 1). These oligomers

can continue to add monomeric a.S and become fibrils which are the major components of
Lewy Bodies and Lewy Neurites [6, 17]. The toxicity associated with the formation of Lewy
Bodies is thought to result from a.S aggregation and interactions between these aggregates
and organelles such as mitochondria, autophagosomes, and endo/lysosomes [18]. Much like
prions, fibrils play a role in disease progression because of their ability to fragment and
form seeds which can recruit unstructured monomeric a.S to form new oligomers and fibrils
[19]. Seeding also has the ability to trigger aggregation events in nearby neurons, causing
the progressive loss of neuronal function seen in PD pathology [20-23]. While mature fibrils
are the form of a.S primarily found in Lewy Bodies [24], oligomers also exhibit toxicity
[25]. The relative toxicity of these structures and their exact role in disease progression is
still unclear due to the wide range of aggregates that are reductively referred to as oligomers
and fibrils despite having different structures and molecular weights [17, 26, 27]. The use
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of different /n vitro cell and animal models as well as varied aggregation conditions further
complicates the comparison of aS studies [28-30]. a.S can also form oligomers that do not
lead to standard fibril formation [17, 31].

The aS aggregation pathway is generally divided into a series of microscopic steps termed
primary nucleation, elongation, and secondary nucleation. Primary nucleation involves
monomeric a.S assembly into small oligomers termed nuclei. This step largely consists of
monomeric disordered aS undergoing a conformational change to become a partially folded
intermediate capable of aggregation [32]. After nucleation follows elongation, where nuclei
act as templates and additional monomers add to their ends to form longer fibrils. Secondary
nucleation refers to the formation of nuclei from already existing aggregates termed seeds.
Secondary nucleation is thought to occur at specific locations on the surface of fibrils [33,
34] or through fibril fragmentation [35]. For fibrils produced /n vitro, sonication can be used
to break fibrils into smaller seeds so that secondary nucleation and elongation can be studied
separately from primary nucleation [36].

aS aggregation can be studied using fibrils formed /in vitro. Generally, these fibrils are
formed from recombinantly expressed human a.S that has been agitated in solution [37],
although fibrils can also be formed under quiescent conditions over a longer period of time
[38]. These fibrils have been shown to be similar to those derived from PD patients through
a variety of biochemical and low resolution structural methods, but no high resolution
structure of PD patient fibrils yet exists for comparison [39, 40]. Fibril formation and
kinetics can be measured using a number of dyes and reporters, the most common being
Thioflavin T (ThT, Figure 3). ThT is a fluorescent dye whose absorption and emission
spectra shift upon binding to the cross-p structures of amyloid fibrils [41, 42]. There are two
groups of ThT aggregation assays. The first consists of removing aliquots of aggregating aS
at specific time points, adding ThT, and then monitoring fluorescence. The second method
involves aggregating oS in the continued presence of ThT using a fluorescence plate reader
[43]. While there are other techniques used to measure aggregation, such as sedimentation or
chromophore reporters Congo Red and K114, this review focuses on ThT because it is the
most widely used.

Aggregation progress, as reported by ThT fluorescence, is generally sigmoidal and can be
described in terms of three phases (Figure 3) [3, 44]. The first phase, the lag phase, is
characterized by a lag time, Tj5g, Which represents the amount of time required to detect an
initial change in fluorescence. The second phase, or elongation phase, exhibits exponential
growth due to addition of monomer to fibril ends as well as fragmentation of fibrils to
increase the number of fibril seeds onto which monomeric aS can be added. Ty, or the
time to reach half of the maximum fluorescence, occurs during the middle of the elongation
phase. The final, or saturated, phase occurs when monomer is depleted such that net growth
of fibrils is very slow or non-existent. T,y is the time to reach maximum fluorescence.

While these three phases may seem separate, this is largely a result of the low sensitivity
and lack of specificity of ThT fluorescence. Primary and secondary nucleation occur
during all phases, with differences between phases resulting from the relative rates of
primary and secondary nucleation [45]. The overall rate of fibrillization, as measured

J Mol Biol. Author manuscript; available in PMC 2023 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pancoe et al.

Page 4

by fitting the sigmoidal ThT curve, is a function of the initial concentration of both
monomer and seeds. Seeds are able to accelerate the rate of fibril formation by skipping

the primary nucleation event and shortening Tqq [36]. Modifications and interactions

of aS that impact aggregation rate as studied by ThT fluorescence include mutations,
post-translational modifications (PTMs), small molecules, membranes, surfaces, salt, pH,
temperature, agitation, and other peptides and proteins [45]. It is important to note that

the conditions under which aggregation experiments are performed can significantly impact
the observed effects. Therefore, one must always conduct an experiment with the WT
protein under identical conditions for comparison. Our analysis of the effects of aggregation
conditions (see Supporting Information) among experiments on the same mutant indicates
that while the magnitude of a mutational effect may vary somewhat, it is generally robust to
changes in conditions when normalized to a corresponding WT aggregation.

While ThT is very useful for monitoring aggregation, it is worth discussing some of the
drawbacks to these assays. ThT has been shown to bind preferentially to certain fibril
polymorphs, even if the polymorphs have similar p-sheet content [46]. This may happen
because the distribution of ThT binding sites may be different for fibrils with different
structure. In terms of interpreting ThT data, overall fluorescence cannot be taken as

an indicator of fibril concentration [47, 48]. Additionally, when ThT is incubated with
monomeric aS as in plate reader assays, it may impact the resulting fibril structure. ThT
may bind to early nuclei or aS monomer and stabilize structures that are aggregation-
prone. By stabilizing certain intermediates and structures, ThT may preferentially promote
certain fibril pathways over others [49]. ThT is also known to increase the rate of fibril
formation. This may occur because of the stabilization of intermediates or because of ThT’s
interactions with the C-terminal domain which interrupt intermolecular interactions that
protect a.S from aggregating [43, 49]. While not discussed in this review, ThT is often used
to monitor the impact of inhibitors on the rate of aS. ThT and certain types of inhibitors
may compete for binding sites or inhibitors may quench ThT fluorescence, making ThT an
unreliable reporter of certain inhibitors [43].

A few modifications to ThT assays have been suggested to increase the reproducibility and
to mitigate some of these shortcomings. ThT’s impact on a.S fibril structure and aggregation
rate is dependent on the concentration of ThT. At concentrations below 30 UM, these effects
are diminished [49]. Choosing the timepoint assay as opposed to the plate reader assay also
reduces ThT’s impact on aggregation as ThT is not able to interfere with monomeric a.S

or nuclei during aggregation [43]. Additionally, primary nucleation is a stochastic process,
meaning that observed lag times are subject to some variation [37]. Bypassing or reducing
the need for primary nucleation through seeded aggregation, the addition of SDS, and
agitation of samples produces more reproducible results [37, 50]. Small beads have also
been added to plate reader assays to accelerate aggregation by inducing fibril breakage

and secondary nucleation [50] or by increasing the size of the hydrophobic interface [51].
In spite of the noted concerns with ThT assays and the alternatives, the ubiquity of data
collected under relatively consistent conditions still makes it the assay of choice for a
comprehensive review such as this.
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Fibril Structure and Morphology

aS is able to form multiple “strains” of fibrils with different morphologies, toxicities,

and seeding capacities. The strains hypothesis is important in understanding the difference
between synucleinopathies, as fibrils derived from patients with different synucleinopathies
have unique structural and biochemical characteristics [52, 53]. Oligomers formed under
different conditions were shown to have distinct morphologies, impacts on intracellular
calcium levels, seeding abilities, and membrane permeabilities [26]. Bousset et a/. found
that different /n vitro aggregation conditions led to two distinct strains, termed “fibrils”
and “ribbons,” that had different structures and toxicities [46]. In rat models, injection of
ribbons or fibrils induced different histopathological and behavioral phenotypes [54]. In
these studies, distinct strains have been able to recruit WT monomer to form fibrils of the
same strain. However, new evidence seems to show that solution or cellular conditions of
fibril formation also have an impact on fibril morphology. MSA inclusions, called glial
cytoplasmic inclusions (GCIs), are located in oligodendrocytes. Lewy Bodies, which are
located in neurons, were injected into oligodendrocytes in mice. The resulting inclusions
were immunohistochemically characterized as GCls rather than Lewy Bodies, indicating
that strains may not always propagate under different cellular conditions [53]. Under
solution conditions different from a seed’s creation, the seed may be unstable, making it
unable to trigger secondary nucleation [55].

Solid state NMR (ssNMR) and cryo-electron microscopy (cryo-EM) have proven useful in
understanding the structures of a.S fibrils (Figure 2). The first fibril structure was solved
using ssSNMR (2n0a), and established the Greek Key motif (formed by residues 36-100)
that has been observed in many of the subsequent structures [56]. Using cryo-EM, research
groups have solved the structure of full-length WT [57, 58], C-terminally truncated WT
[59], N-terminally acetylated WT [60], G5 D [61], Hg0oQ [62], acetylated As3T [63], and
both acetylated and non-acetylated E4gK a.S (Figure 8) [64, 65]. All of the cryo-EM
structures feature two protofilaments comprised largely of B-strands with a steric zipper

at the interface between the protofilaments. While these structures differ slightly in helical
rise and twist, the biggest differences are the interfaces between the two protofilaments,
electrostatic interactions among sidechains, and the orientation of the B-sheets. A detailed
analysis of these structures is found in the Discussion section.

Modifications

The SNCA gene that encodes aS is subject to a number of mutations that are linked to
inherited forms of PD such as AzgP, As3T, As3E, H50Q, Gs1D, and AszV [66—-73]. These
mutants have different average ages of onset than sporadic PD, with AzgP, E4gK, As3T,
As3E, As3V, and Gg1D leading to early-onset PD and HggQ leading to late-onset PD [73,
74]. Additionally, familial mutants have different biophysical properties like aggregation
rate [75, 76], lipid binding [77], and fibril structure as compared to WT aS [63, 65, 71,
78-80]. Importantly, these mutant strains have shown variation in their ability to cross-seed,
or recruit monomers of different isoforms to form fibrils [81, 82]. Although these inherited
forms of PD account for less than 10% of total cases of PD, these mutations have been
instrumental in understanding the aggregation pathway of a.S and the importance of specific
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residues to the normal function of a.S. In addition to familial mutations in SNNCA, two
sporadic mutations, A1gT and A,gS, have been discovered and characterized as having
different biophysical properties than WT a.S [83, 84].

aS also undergoes a number of PTMSs which have an impact on toxicity and aggregation rate
(Figure 4). The most common PTM in patient derived Lewy Bodies is phosphorylation,
specifically at Ser129. Phosphorylation at Ser129 (pS19g) is viewed as a hallmark of

Lewy Bodies, occurring in more than 90% of Lewy Bodies as compared to around 4%

of a.S under physiological conditions [85-87]. N-terminal acetylation is also a common
feature of mammalian a.S [86]. Other PTMs that are less prevalent include ubiquitination

of lysine [88], nitration of tyrosine [89], the addition of small ubiquitin-like modifiers
(SUMOylation) to lysine [90], A-acetylglucosamine modification (O-GIcNAcylation) of
serine and threonine [91, 92], glycation of lysine [93], adenylation of serine, threonine,

and tyrosine [94], methionine oxidation [95], modification by the lipid peroxidation product
4-hydroxy-2-nonenal (HNE) [96], glutamate arginylation [97], and truncation by proteolysis
[4, 86].

Generally, /n vitro studies use bacterially overexpressed aS. However, protein produced
with this method lacks PTMs, even N-terminal acetylation unless acetyltransferase NatB is
co-expressed [98]. Naturally occurring PTMs are installed through a variety of processes
and may involve small molecules or enzymes. PTMs with the potential to occur at multiple
residues are ideally studied using a.S generated using native chemical ligation (NCL) so
that the PTM occurs only at specific sites (Figure 5). These methods have been used to
study nitration [99], phosphorylation [100-102], ubiquitination [103—-105], SUMOylation
[106, 107], O-GIcNAcylation [108], arginylation,[109] and N-terminal acetylation [110].
Given that these procedures can be synthetically intensive, limiting the amounts of protein
available and /n vivo applications, PTMs have also been studied by nonspecific modification
at multiple residues or by using mutant “mimics” that best represent the physico-chemical
properties of a PTM from among the natural amino acids. For example, a serine, threonine
or tyrosine phosphorylation mimic might be substitution with a negatively charged amino
acid like Asp or Glu [111]. While these substitutions are imperfect, they provide some
insight into the role of PTMs on a.S aggregation.

Summary of Modification Data

The following sections present characterization of the effects of mutations and PTMs on

a.S aggregation rates as measured by ThT fluorescence and, in a few cases, Congo Red
absorbance. The mutational data are summarized in Table 1, the PTM data are summarized
in Table 2, and all data are provided in a spreadsheet format in Supplementary Information.
Aggregation rates for mutants, T1/>(Mut), mutants are scored by qualitatively comparing the
relative rate, T1/2(Mut), to the corresponding WT control, T1,2(WT), as follows:

+1 for T1/2(Mut) < 0.5 T1/o(WT)
0 for 0.5 T1/o(WT) < Ty/2(Mut) < 2 T1/o(WT)
—1 for 2 T1/o(WT) < T1/2(Mut) < 4 T1/,(WT)
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=2 for T1jp(Mut) > 2 T1,(WT) or very shallow, non-sigmoidal aggregation curve

The mutation Ty, data are also summarized graphically in Figure 6, and PTM and labeling
data are presented in Figure 4 and Figure 7, respectively. For cases in which multiple
studies reported aggregation rates, the most representative data (based on inclusion in

a larger study with other mutants for benchmarking, a more common buffer system,
consistency with other reports, etc) are included in Table 1 and Table 2, but all studies

are included in Supplementary Information. For the familial mutations, aggregation rates
have been measured by many independent studies, which are compared in the discussion
below, but only one value is included in Table 1 for clarity. Studies in which multiple
mutations or PTMs are introduced simultaneously are discussed, but only data for single site
modifications are included in the figures or in Table 1 or Table 2. Finally, cases in which the
modified aS was studied as a mixture with WT a.S, which has been done for mutants,[112]
PTMs,[102] and fluorescent labels,[113] have been omitted from Table 1 and Table 2, so all
of the rate data are directly comparable, describing the effect of a single site modification
present in 100% of the a.S molecules.

Familial and Sporadic Mutations

AssT

The As3T mutation was discovered in 1997 by Polymeropoulos et al. in a mostly Italian
cohort and three unrelated Greek families. This mutation was the first familial mutation to
be linked to PD [66]. Just a year later, the AzgP mutation was discovered in a population in
Germany [67]. The discovery and characterization of the first two familial mutants paved the
way for numerous studies using mutant forms of a.S as a way to understand PD pathology.
Since then, five new mutations, E4gK, HggQ, Gs51D, As3E, and As3V, have been discovered.
Each of these mutations causes forms of PD that differ in their age of onset, clinical features,
and neuropathological features [114]. Despite extensive characterization, the impact of these
mutations on the aggregation pathway of a.S is not well understood. Potential reasons for
altered aggregation rates include changes in charge, hydrophobicity, long-range interactions
between different areas of a.S, and propensity to form secondary structures.

Since As3T was the first familial mutant to be discovered, it is also the most well-studied.

In addition to /in vitro assays, As3T is the most widely used mutation in mouse models of
PD. The first two biophysical characterizations of Ag3T by Conway et a/. and Narhi et al.
confirmed that fibrils made /n vitro from mutant aS were similar to those derived from
patients. They also found that As3T a S aggregated faster than WT a.S and was able to
accelerate the rate of fibril formation of WT aS. Conway et a/. determined that the increased
toxicity of AgzT was related to the increased rate of oligomer formation, emphasizing the
importance of studying the rate of aggregation as one way of understanding the aggregation
pathway [38, 82]. Other studies have since confirmed that As3T mutation increases the rate
of fibril formation [81, 115-118].

Since its initial characterization, many groups have studied As3T using its rate of
aggregation, with nearly every group agreeing that As3T increases aggregation rate relative
to WT by ThT fluorescence [25, 48, 72, 76, 81, 82, 84, 94, 114, 117-130]. Two studies
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do state that As3T aggregates at the same rate as WT aS. Karpinar et al’s work also

points to a much lower maximum fluorescence intensity for As3T which is not consistent
with other results. They propose that the gel-like behavior of aggregated As3T leads to
interference with ThT binding, leading to suboptimal aggregation curve data [131]. Hoyer
et al. found that their no salt preparation aggregated at the same rate as WT, however,

with salt, they found that As3T aggregates faster than WT [125]. AsgE and As3V are

also familial mutations, discovered in 2014 and 2018, respectively. As these are newly
discovered mutants, the amount of data on these mutants is limited. However, based on
current research, As3V aggregates faster than WT [76], and As3E mutants aggregate slower
than WT [76, 117, 124, 130, 132], with the exception of one study where AszE was shown
to aggregate at about the same rate as WT [114]. The changes in aggregation rate in these
three mutations can be partially explained by the introduction of amino acids with different
properties. Ag3zV'’s increased hydrophobicity is thought to contribute to its oligomerization.
For AssE, the substitution of a glutamate, a negatively charged amino acid, may impact

the intermolecular interactions needed to stabilize B-sheets, disfavoring aggregation [76].
For As3T, the threonine is thought to introduce hydrogen bonds that stabilize the partially
folded intermediate [76, 124]. To further study the importance of Ala53’s physico-chemical
properties to aggregation, Ghosh ef a/. also created an AszK mutant which has a positive
charge /8. Like As3E, this mutant delayed aggregation relative to WT, suggesting that any
charged group at position 53 may inhibit fibril formation [124].

AgoP is the mutant with the least agreement regarding its impact on aggregation rate.
Different laboratories have found that AzgP aggregates faster [48, 130, 131], at the same rate
[79, 126], or slower than WT [25, 82, 114, 117-121, 124, 125, 127, 128, 133, 134]. These
results are particularly striking because many of these studies also measured the aggregation
rate of Ag3T, where the overwhelming majority of them concluded that As3T forms fibrils
faster than WT, implying that their methods are consistent. One potential explanation is that
AgzoP’s aggregation pathway is unique. AzgP was shown to have different kinetic stages of
aggregation as compared to WT [48]. While the other familial mutants also had different
Kinetic steps, it is possible that AzgP’s aggregation intermediates are not amenable to ThT
aggregation assays. Additionally, AzgP is thought to favor a species of oligomer that takes
longer to seed fibril formation as compared to WT [127]. Because ThT binds specifically to
fibrils and not oligomers [135], ThT may miss this stage in AzgP’s aggregation. The findings
that AzgP aggregates faster than WT are somewhat surprising considering that proline has a
very low B-sheet propensity due to its rigid structure, although whether this region adopts a
B-sheet in fibrils is debated [125]. Indeed, proline substitutions at other residues have been
shown to slow or nearly prevent aggregation [122, 131, 136-138]. Ultimately, AzgP was
assigned a rate of —1 in Table 1 and Figure 6 since the majority of studies found it to be a
moderately retarding mutation.

E4gK aggregates faster than WT aS [25, 48, 117, 118, 121, 123, 126, 129, 130, 134, 139,
140]. Since this region is thought to have long-range contacts with the C-terminal domain,
the increased aggregation rate as compared to WT could be indicative of a disruption to
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the long-range contacts in different areas of a.S [134, 140, 141]. However, Rospigliosi

et al. found that the E4gK mutation enhances interactions with the negatively charged
C-terminal region. Although such interactions have typically been viewed as stabilizing the
monomer, they proposed that the increase in net charge drives faster aggregation [142].
Another possible explanation for the increased aggregation rate of glutamic acid mutants

is that glutamic acid has a low B-sheet propensity, potentially reducing the probability

of aggregation of WT as compared to this family of mutants [140]. In contrast, three
groups found that E4gK aggregates slower than WT [64, 65, 114]. Boyer et al. hypothesize
that the E4gK mutant lacks the E»g-Kgg salt bridge found in WT aS fibrils (Figure 2),
leading to a different, slower misfolding pathway. Their slower aggregation rate may also be
explained by the use of tetrabutylphosphonium bromide as their aggregating buffer, which
is unigue among the set of experiments reviewed here [65]. Zhao ef a/. similarly found

that N-terminally acetylated E4gK aS aggregated slower than WT. Similar to Boyer et al.,
their cryo-EM structure (Figure 2) points to altered electrostatic interactions that lead to a
different fibril folding pathway [64].

Glu46 is located in the fourth imperfect repeat of a.S (Figure 2). Glutamic acid is located

at similar positions in the other repeats with the exceptions of repeat five which has a
glutamine and repeat six which is poorly conserved. The repeats have been shown to protect
against fibril formation [143]. In order to investigate the role of this position and the
imperfect repeats more broadly on the rate of a.S aggregation, multiple groups have mutated
these glutamic acid residues (and the lone glutamine residue). Harada and colleagues looked
at this position in every imperfect repeat. They created mutants E13K, EzsK, E46K, Eg1K,
and Eg3K, as well as Qo4K. All of these mutants also aggregated faster than WT [140].

The HspQ familial mutation has been shown to increase the rate of aggregation [75, 114,
117, 123, 128, 130, 141, 144]. There are two exceptions: Khalaf et al’s preparation at 45
UM [128], and Rutherford et al’s preparation at 5 mg/ml (340 uM) [75], which aggregated
at about the same rate as WT. However, these data points appear to be anomalous since

both groups did their aggregation assays at multiple concentrations, and for each of their
assays done with lower concentrations of aS, HsgQ aggregated faster than WT. His50 is the
only histidine present in the protein and is known to associate with copper [145], meaning
that mutations to His50 may be toxic because of changes in binding to copper or other
metals. This residue is also the site of HNE modification [146]. Because of His50’s known
interactions and modifications, multiple groups have attempted to characterize it by creating
non-familial mutations. Ghosh ef a/. created an HsgA mutation that aggregated faster than
WT much like the HsoQ mutation [123]. Xiang and colleagues studied mutant HsgR which
suppressed aggregation [147]. Chi et al. characterized mutations HsgA and HggR in addition
to a new mutant, HsoD, designed to test the impact of negative charge at His50. The HgpA
and HsoD mutations both accelerated fibril formation relative to WT but were slower than
HgoQ. Given that WT aS has a positively charged histidine at residue 50 and that arginine
is positively charged, it seems as though positively charged residues at position 50 have the
ability to suppress aggregation [144].
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The impact of the Gs1D mutation on aggregation is not entirely clear, with various reports
showing that the rate of aggregation is faster [114], the same [72, 80], and slower than WT
[75, 117, 130, 141, 148]. Both Ranjan et al. and Stephens et al., who reported that Gs;D
aggregates slower, found that the mutation strengthened long-range interactions between
the aS N- and C-termini [117, 141]. In contrast, Fares et al., who also reported slower
aggregation, did not find a perturbation in long-range contacts [148]. Another explanation
for the slower aggregation of Gg1D may be related to the structure of its aggregates and
their affinity for ThT. Fares et al. found that early aggregates are ThT-negative but readily
sediment, indicating that these oligomers may be off-pathway [148]. Hayakawa et a/. and
Ruf et al. also suggest that ThT may not bind to early G5, D oligomers [80, 114]. One group
found that G5, D aggregates faster than WT. They explain this result by Gg;D’s reduced
affinity for lipid vesicles, which would increase the concentration of unbound a.S, leading
to faster aggregation [114]. However, Fares et al. also found that G51D had reduced lipid
binding but that Gg; D still aggregated slower than WT [148]. The different reported rates
of aggregation of Gg1D are likely due to differences in aggregation conditions. However,
given that results with slower rates were obtained with a range of concentrations, multiple
pH values, and also with Lys114 and sedimentation as aggregation reporters, Gg1D clearly
aggregates slower than WT under most conditions.

Sporadic Mutations

In addition to the familial mutations, two mutations that may be associated with sporadic
PD, A1gT and AygS, were discovered. Each of these mutations were found in a single

PD patient out of a cohort of 629 patients and were absent in healthy patients. Because

of the small sample size, it is not clear if these mutations are related to PD pathology.
However, these two mutations are the first two potentially sporadic mutations identified,
underscoring the importance of point mutations in PD pathology [83]. These mutants are
also interesting because of their location. They occur within the imperfect repeats and fall
on the same face of the a-helix when a.S undergoes a conformational change upon lipid
binding. Additionally, these mutants are different than the familial mutants (except for
AgpP) in that they are located in the first a-helical segment of aS. Both A1gT and AygS
mutants increased the rate of a.S aggregation [84, 130]. To better understand this region,
two additional mutations, A17T and Aq9T, were generated. Both of these mutants aggregated
faster than WT but slower than the neighboring A1gT, suggesting that Alal8 has more of an
influence on a.S aggregation. In addition to these two mutants, an A;gP mutant was found to
aggregate faster than WT and at a comparable rate to the A;gT mutation [84]128,

Systematic Mutational Studies

Despite only differing from WT by a single residue, the familial mutations have a significant
impact on aS’s aggregation and toxicity. As a result, many groups have made other mutants
of aS to study the effects on aggregation, the most notable being Koo and colleagues’ series
of systematic mutations at positions throughout a.S [129]. These mutants are essential to
understanding the role of charge, hydrophobicity, and secondary structure in the different
domains of a.S. The charge of each region of aS plays a role in aggregation rate (Figure
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2). The N-terminal region has a net charge of +4 while the NAC region, which is largely
hydrophobic, has a charge of —1. The C-terminal region has many Asp and Glu residues,
resulting in a charge of —12 [149].

The impact of charge appears to be most pronounced in the N-terminal domain. Mutations
E13K, Q24K, E35Q, E3sK, E46A, and Eg7K which increase the positive charge of the
N-terminal domain also increased the rate of fibril formation [25, 129, 140]. However,
mutation As3K slowed aggregation [124, 128]. Similarly, mutations K19Q, K12E, V15E,
KasE, K32Q, V37E, and K4sE which decreased the positive charge also decreased the rate
of aggregation. Outliers include K»1Q and KgpQ which aggregate at around the same rate
as WT [129]. Mutations at residue 50 also did not agree with these trends, as HsgD and
HgoA aggregated faster [123, 144] and HggR aggregated slower [144]. Since residue 50 is
the site of a familial mutation, metal interactions, and a PTM, factors more complex than
charge alone may impact the rate of aggregation of its mutants. Mutations which introduce
polar residues have varying effects. As noted above, A;7T, A1gT, A1gT, and AygS increase
the rate of aggregation [84], while mutations G3gN and G47Q have no impact on the rate of
aggregation [129]. Mutation K45R, which maintains the positive charge [129], and mutation
V3W, which maintains the hydrophobicity of Val, do not impact the rate of aggregation
[118].

In the NAC region, hydrophobicity is thought to play a role in fibril formation. Mutations
Vg3E, VegR, GggE, GggR, V7oE, T72E, V74R, and T75K, which swapped hydrophobic
residues for charged residues, all decreased the rate of aggregation [129, 150]. In addition
to the impact of charge on aggregation rate, the backbone flexibility changes for each

of these mutants, which may also play a role in aggregation rate. Mutations T7,K [129]

and VgyK [151] did not significantly alter the rate of fibril formation. VggS, V70T, A7gT,
and VgsS, mutants that increase polarity, decreased the rate of aggregation [122, 129]

while Gg3S does not significantly alter the rate of aggregation [129]. The results for

T72A, which decreases polarity and B-branching, were mixed, with Koo et a/. finding

that T7oA was the fastest aggregating mutant in the NAC region in their series [129] (and
Kochen et al. were in agreement [152]), while Marrotta et a/. found that T70A aS barely
aggregates [108]. Kochen et al. also studied T75A and fond that it aggregates more slowly,
framing a hypothesis for threonine mutation effects in terms of “cavities” that regulate fibril
growth [152]. Differences in fibril preparation and aggregation conditions likely account
for this discrepancy. NAC mutations which retain hydrophobicity have different effects

on aggregation, with GggA aggregating faster than WT [150], V3G, V70G, and V74G
aggregating slower than WT [129], and A76G, A7V, and V71 W aggregating at the same rate
as WT [118, 138]. These different effects may result from changes in backbone flexibility.
A few groups made Glu to Lys mutations in the NAC region, finding that the Eg;K mutation
aggregated at the same rate [129] or faster [140] than WT, and that the EgzK mutation
aggregated faster than WT [140]. Faster aggregation may occur because a Glu to Lys change
disrupts long range contacts, destabilizing monomeric aS and promoting aggregation

[140]. Mutant KggQ, which decreases the positive charge, inhibits fibril formation almost
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completely [129]. The electrostatic trends presented here are imperfect and serve as a
reminder that the influence of point mutations on aggregation cannot be easily predicted
based on the amino acid change and the region.

The charge of the C-terminus has been extensively studied using C-terminally truncated
mutants with different net charges, where increased positive charge is directly proportional
to aggregation rate [153]. Hokenson et a/. created a series of single, double, and triple Met
to Leu substitutions at Met5, Met116, and Met127. All of these mutants aggregated slower
than WT, with each additional leucine mutation decreasing the rate of aggregation even
more [154]. Mutations N1g3K, E1g5A, D115A, D119A, D121A, E123A, and Eq30A, which
decreased the overall negative charge of the C-terminal domain, did not have a significant
impact on the rate of fibril formation [117, 129]. Afitska et a/. made a series of mutants

with an increasing number of Lys or Asp residues in the C-terminus. They showed that

the more positively charged mutants aggregated faster only in low salt media, suggesting
that larger overall changes in charge are needed for detectable differences in aggregation
rate [155]. 1zawa et al. also reduced net negative charge by mutating five or six negatively
charged amino acids in the C-terminal domain to Asn. Both aS variants aggregated faster
than WT, with the mutant with six substitutions aggregating faster than the mutant with five
substitutions [156]. Mutations A124W, A140W, and A140C which do not change the charge of
the C-terminal domain do not impact the rate of fibril formation [118, 157]. Mutation Y136C
aggregates slightly slower than WT [158].

Pro Scanning

The family of variants exhibiting the most consistent effects are proline mutations. As
mentioned above, proline has low B-sheet propensity. These mutants are important because
the partially folded intermediate in a.S’s aggregation pathway is known to have B-sheet
character. Disrupting these B-sheets with proline mutations should lead to longer aggregation
times [131]. Indeed, nearly every Pro mutant decreases the rate of aggregation. This effect

is most prominent in the NAC region. The NAC region comprises the fibril core and is the
major site of B-sheet formation during aggregation, making it particularly susceptible to Pro
mutants. Many Pro mutations in the NAC region severely reduce the rate of fibril formation,
and several inhibit fibril formation almost entirely [129, 137]. Outliers include A7gP [131],
AgsP [138], and AggP [129] which aggregate just slightly slower than WT. Proline mutants
in the N-terminal domain have a less dramatic effect, with some mutants aggregating slower
or at the same rate as WT. Two slow aggregating mutants, AsgP [131, 136] and A7gP [122,
129], have inconsistent results. Both aggregate slower than WT, although different studies
have come to different conclusions about the extent to which the rate is reduced as compared
to WT. Mutant A;gP also has inconsistent results, with Koo et a/. finding that it aggregates
slower than WT [129] and Kumar et a/. finding that it aggregates faster than WT [84]. These
discrepancies likely arise from differences in aggregation conditions.

There are five native prolines in the C-terminal domain. Meuvis et a/. made three
single mutations, P1ggA, P117A, and P10A to study the impact of these Pro residues on
aggregation and structure. These three mutants aggregated faster than WT. They also made
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some mutants with multiple Pro to Ala substitutions, the most interesting being a mutant
where all five Pro were converted to Ala. This mutant had significantly more a-helical
structure than WT, suggesting that C-terminal prolines are important for maintaining its
disordered structure. In addition, this mutant had an extended C-terminus which reduced the
shielding of the hydrophobic NAC region, allowing it to aggregate more easily [159].

Aromatic Mutations

The final group of mutants is the tyrosine mutants. Tyr residues are important because
Tyr39 and Tyr125 undergo phosphorylation, and all Tyr residues can undergo nitration and
participate in the formation of di-tyrosine crosslinks. There are long-range intermolecular
interactions between the C-terminal region and the central region of aS [160]. While

these interactions are thought to be largely electrostatic in nature, hydrophobic interactions
may also play a role. To study long-range hydrophobic interactions, Ulrih et a/. mutated

Tyr residues to Ala residues. Complete inhibition of fibril formation was shown in the

triple mutant Y125A/Y 133A/Y 136A. Additionally, Y3gA and Y133A inhibited fibril formation
entirely, while Y1o5A and Y36A reduced the rate of fibril formation as compared to WT.
Ulrih et al. explain these results by proposing that Tyr125, Tyr 133, and Tyr136 form

a hydrophobic cluster which interacts with Tyr39, with the strongest contacts occurring
between Tyr39 and Tyr133 [161]. Another potential explanation is that Ala, which is less
bulky than Tyr, has a lower B-sheet propensity, potentially inhibiting the formation of
B-sheets in a.S’s aggregation pathway. In contrast, 1zawa ef a/. found that Y125A, Y133A,
and Y125A/Y 133A aS aggregated faster than WT whereas Y136A and double and triple
mutants containing Y13gA aggregated slower than WT. Since Y136A seemed to be the cause
of slowed aggregation, they made a series of mutations at Y136. Y135W aggregated around
the same rate as WT and Y'13gF only slightly slower than WT, suggesting that aromaticity at
this position matters. Y136E, Y136S, and Y136L all aggregated slower than WT [156]. Again,
the differences between these conclusions about the rate of aggregation of the single Tyr
mutants can likely be explained by differences in salt concentration. Ulrih used 100 mM
NaCl while Izawa used 1 M NaCl which is a tenfold increase and well above physiological
salt concentrations. Additional mutations were made at position 125, with Y125F and Y 155E
aggregating much slower than WT [162] and Y 125W aggregating slightly slower than WT
[160].

Post-Translational Modifications

Ser. Thr, and Tyr Phosphorylation

Phosphorylation of aS is a hallmark of PD pathology, as 90% of Lewy Bodies have
phosphorylated a.S, while around 4% of .S in healthy brains is phosphorylated. a.S can

be phosphorylated at Ser87, Ser129, Tyr125, Tyr133, and Tyr136 (where phosphorylation
of the residue is denoted as in pSqo9 for phosphoserine 129) [163]. A number of kinases
have been shown phosphorylate aS /n vitro, with reasonable specificity. Casein Kinase |
(CKI) phosphorylates Ser87 and Ser129, Casein Kinase 11 (CKII) phosphorylates Ser129,
the G-protein coupled receptor kinases (GRK 1,2,5 and 6) phosphorylate Ser129, Leucine
Rich Repeat Kinase 2 (LRRK?2) phosphorylates Ser129, and the Polo-like Kinases (PLKS)
phosphorylate Ser129 [164]. The impacts of phosphorylation on aggregation rate depend on
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which residue is phosphorylated, the method of phosphorylation, and the fraction of the a.S
population that is phosphorylated.

Generally, pS12g is thought to reduce the rate of fibril formation [117, 153]. Schreurs and
coworkers found that mutants Sq29A, and S129D, as well as pSq2g that was phosphorylated
by PLK-2 all aggregated at about the same rate as WT [162]. However, PLK-2 only
phosphorylated a fraction of the total a.S (46% by MALDI-TOF/TOF analysis and 35% by
LC-ESI-MS/MS analysis). In at least some cases, it has been observed that different ratios of
phosphorylated a.S to WT aS can have different impacts on aggregation [162]. Paleologou
and coworkers also found that S1o9E aggregates at the same rate as WT, however, S120A
aggregated much faster. They also used CK1 to phosphorylate Ser129. Unlike PLK-2,
phosphorylation by CK1 decreased the rate of aggregation. To address concerns about
nonspecific phosphorylation, they used CK1 to phosphorylate an Sg7A a.S mutant. Much
like WT aS phosphorylated by CK1, this construct inhibited fibril formation. Since these
constructs were heterogenous mixtures of phosphorylated and WT structures, they purified
Sg7A/pS129 and tested the aggregation of mixtures with different ratios of Sg7A/pSq9g to
WT. At 5% of Sg7A/pS129, there were no differences in fibril formation, but at 20%, fibril
formation was inhibited [111]. Thus, in spite of the discrepancy in the findings of the
Schreurs and Paleologou studies, which may be attributable to the levels of phosphorylation,
both agree that disruption in aggregation rates by this PTM is due to changes in long-range
contacts.

Both groups applied similar methods to study phosphorylation at other sites. Paleologou
and coworkers examined the effects of phosphorylation on Ser87. They found that Sg7A
aggregates like WT while phosphomimic Sg7E does not aggregate [111, 164]. They also
examined enzyme-mediated phosphorylation by using CK1 to phosphorylate S129A mutants
to ensure that they obtained singly phosphorylated constructs at Ser87. This species
inhibited fibril formation. In agreement with the above studies, Ser mutants seem to be
reliable models for understanding the aggregation rates of Ser phosphorylated a.S [164]. In
studies of Tyr phosphorylation, Schreurs and coworkers found that Y1,5E and Y1o5F aS
both aggregated slower than WT. They then used Fyn kinase to phosphorylate Tyr125 and
found that unlike the mutants, pY 25 does not alter the rate of aggregation, indicating that
the glutamate phosphomimic is not as useful a model for Tyr sites as it is for Ser sites.
However, Fyn also led to some phosphorylation at Tyr133 and Tyr136 which may explain
some of the differences in aggregation rate between the phosphomimics and the /in vitro
phosphorylated constructs [162].

Generally, differences between the phosphomimics and /n7 vitro phosphorylated aS can
be explained by charge and steric effects. Asp and Glu have a charge of —1 while
phosphate groups have a charge of —2. Additionally, while Asp and Glu may share some
structural features with pSer, they are not able to replicate the structure and properties

of pTyr very well. To overcome the limitations of phosphomimics, several groups have
used semisynthetic methods to install phosphate groups at specific residues. Lashuel and
coworkers used a semisynthetic strategy to create pY1o5 aS, finding that phosphorylation
at this residue does not have a large impact on aggregation rate [100]. They also
synthesized pY 3g, finding that aggregation of pYsg aS is significantly slower than WT
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[101]. Petersson and Rhoades used a chemoenzymatic synthesis to create pY39 a.S and
compared aggregation at different percentages of phosphorylated protein rather than with
homogenous pY39. Interestingly, they found that the rate of aggregation increased between
1-5% pY 3g but began to decrease above 10% pY 3g. They found a similar phenomenon with
the Y39E phosphomimic, however, the turning point for acceleration was between 10-25%
[102]. Their follow up study using NMR[165] and a cryo-EM structure obtained by Liu and
coworkers[166] indicate that this difference comes from a change to the fibril fold rather
than changes in monomer structure.

N-Terminal and Lys Acetylation

N-terminal acetylation (Ac-a.S) is a ubiquitous eukaryotic co-translational modification that
is installed on aS by N-terminal acetylase NatB [98, 167]. Bacterially overexpressed a.S
is not N-terminally acetylated. In order to study N-terminally acetylated .S, the protein is
either expressed with NatB or synthesized using NCL [110]. Multiple groups have found
that N-terminal acetylation has local effects on structure, leading to increased helicity of
the first 9 [110, 168], 10 [110], or 12 residues [98]. Because of this change in helicity in
the N-terminal domain, the impact of N-terminally acetylated a.S on aggregation is likely
different when studied in the presence of lipids or /n vivo as compared to the /in vitro
studies discussed in this section. The helicity induced by N-terminal acetylation may also
impact the structure of other areas in the N-terminal domain, specifically regions with
familial mutations AzgP, E4gK, and Ag3T. Despite a change in charge in the N-terminal
domain, N-terminal acetylation does not seem to interfere with long-range contacts with
the C-terminal domain [98]. However, altered residues in the N-terminal domain may be
important because they abolish copper binding at Met1 and Asp2 [169].

N-terminal acetylation is generally thought to decrease the rate of aggregation of a.S
[168-172], however some studies also found that N-terminal acetylation does not have an
impact on aggregation rate [98, 110]. Possible reasons for the decrease in aggregation rate
may include the stabilization of the N-terminal region of the protein, or subtly different
electrostatic and hydrophobic regions [168]. N-terminally acetylated a.S also has a lower
[B-sheet content which may make it less prone to aggregation [170]. On the other hand,
N-terminally acetylated a. S may aggregate at the same rate as WT because the effects of
N-terminal acetylation are mostly local and do not seem to impact the NAC domain [98].
These results are somewhat complicated by the fact that two groups found that N-terminally
acetylated fibrils resulted in lower maximum ThT fluorescence than WT even when the
percentage of aggregated material was similar by sedimentation, indicating that N-terminal
acetylation may lead to structurally unique aggregates [110, 170].

Lys residues in a.S can also be acetylated. De Olivera et al. determined that a S was
acetylated at Lys6 and Lys10. In order to study acetylation at these residues, they made
two mutants, KgR/K1gR and KgQ/K1¢Q. The Arg mutants, which represent a S that cannot
be acetylated, aggregate faster than WT whereas the GIn mutants, which are mimics of
acetylated aS, aggregate slower than WT [172]. However, more precise studies involving
isolated acetylation of Lys6 and Lys10 by semisynthetic methods should be carried out in
the future to confirm the impact of acetylation at these residues. The recent cryo-EM study
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of fibrils isolated from MSA patients included reports of Lys acetylation at several sites
throughout the protein [173], but additional biochemical characterization of these PTMs has
yet been reported.

Lys Ubiquitination and SUMOylation

Ubiquitination and SUMOQylation are PTMs that involve attaching small proteins to Lys
residues via an isopeptide linkage. /n vivo, these linkages are conferred using three ubiquitin
ligases. These ligases are not site-specific, so in order to study the impact of ubiquitination
or SUMOylation on a specific residue, groups have turned to semisynthetic methods [107,
174].

Ubiquitination generally targets proteins for degradation, and serves as a potential way to
clear excess or aggregated a.S [87]. a.S has been shown to undergo ubiquitination at 9 out of
its 15 Lys residues; aS is generally only monoubiquitinated which could be sufficient as a
small protein to lead to degradation by a purified proteasome, to a varied extent depending
on the modification site [175, 176], but not necessarily in the presence of deubiquitinases,

in which case de-ubiquination likely occurs fast enough to prevent degradation [105].

On the other hand, di- and tetraubiquinated a.S were degraded more efficiently, as aS
remains ubiquinated for longer times, allowing for the proteasome activity. Interestingly,
Lys6, Lys10, and Lys12 can be ubiquitinated after fibril formation [103]. Lashuel and

Brik first synthesized mono-ubiquitinated a.S using NCL. They found that ubiquitination

at K6 (KgUb) inhibits fibril formation in vitro, possibly because ubiquitination in the
N-terminal domain stabilizes the monomeric form of a.S, preventing oligomerization [104].
Since NCL is synthetically intensive, groups have made ubiquitinated analogues involving
different linkers between a.S and ubiquitin. In Meier et al., Pratt and coworkers mutated

Lys residues that are known to be ubiquitinated to Cys residues and then formed a disulfide
linkage between a ubiquitin attached to a linker with a free Cys and aS. Ubiquitination at
KgUb, K1gUb, K12Ub, K»1Ub and K»3Ub showed moderate inhibition of aggregation, while
K3oUb, K34Ub, K43Ub, and KggUD displayed no fibril formation. Complete inhibition of
aggregation occurs when aS is ubiquitinated on residues thought to be in the center of the
fibril core (22-36 to 90-98, depending on analytical method), potentially pointing to steric
effects of ubiquitination. In terms of N-terminal ubiquitination, possible causes for slowed
aggregation may be shielding positively charged Lys residues from interacting with the
C-terminal domain [103]. Lewis et al. also used a synthetic linker, this time one made from
Bis-thio-acetone (BTA). Unlike proteins with disulfide linkers, proteins with BTA linkers
can be used under reducing conditions. Ubiquitinated analogues at Lys23, Lys43, and Lys96
completely inhibited aggregation, while some small, off-pathway fibrils were formed for
Lys6. In the Pratt study noted above, Lys23 ubiquitination caused slower aggregation but did
not completely inhibit fibril formation, indicating that different linkers have different effects
on fibril formation [107].

There are three related SUMO proteins, SUMOL and the nearly identical SUMO2 and
SUMOS. In general, SUMOylation alters sub-cellular protein localization and solubility
[177]. Although aS can undergo SUMOylation at 11 out of the 15 Lys residues,

most SUMOylation occurs at K96 and K102 [106]. Krumova and colleagues expressed
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SUMOylated a.S by overexpressing the required E1 and E2 ligases, as well as SUMO1
with aS. They tested the impact of SUMOylation at different concentrations when mixed
with WT aS, as only a small fraction of a.S is SUMOylated in vivo. At 100% and

50% SUMOylated a.S, SUMO completely inhibited fibril formation. At even 10% of
SUMOylated a.S, SUMO delayed fibril formation significantly. Much like ubiquitination,
SUMOylation is thought to sterically inhibit fibril formation, or shield positively charged
Lys residues. Additionally, SUMOylation is known to increase solubility, potentially
preventing aggregation by keeping aS in solution [106]. Abeywardana and Pratt used a
disulfide linkage similar to the one used in Meier et al. to site-specifically introduce SUMO
modifications. They tested SUMOylation at Lys96 and Lys102 with SUMO1 and SUMQO3
(KggSUMO1, K102SUMO1, KggSUMO3, K102SUMO3) finding that while all modifications
decreased the rate of fibril formation, modification at Lys102 and with SUMOL had the
largest effect [178]. Lewis et a/. also used their BTA linker to attach SUMO3 at Lys96 and
Lys102, finding that SUMOylation at Lys96 does not impact the rate of aggregation and
that SUMOylation at Lys102 inhibits fibril formation. The differences in the effects among
these residues is surprising when one considers that Lys96 is typically found in the folded
region of fibrils (Figure 8) while Lys102 is not, reflecting the complexity of PTM effects on
aggregation[107].

Lys Glycation

aS’s Lys residues can also undergo glycation. During glucose metabolism or ribose
metabolism, several byproducts which are nonreducing sugars condense with Lys residues
and then undergo a series of reactions. The result is an irreversible modification called an
advanced glycation end-product (AGE) [179]. In the context of a.S, methylglyoxal (MGO),
glyoxal (GO), pyruvic acid, and D-ribose can serve as glycating agents. Lys reacts with a-
dicarbonyl compounds MGO, GO or pyruvic acid to form either carboxyalkylated lysine, an
imidazolium cross-link or amide modifications, all of which typically occur under oxidative
conditions[180]. Carboxyalkylated lysine products include Me)-(carboxyethyl)lysine (CEL,
from MGO or pyruvic acid) and Me)-(carboxymethyl)lysine (CML, from GO). Formation
of carboxylic acid CML is generally favored over generation of the isomeric amide, AS-
(glycoloyl)lysine (GALA, from GO). Imidazolium cross-links, such as MGO-lysine dimer
(MOLD, from MGO) and GO-lysine dimer (GOLD, from GO), are commonly found /n
vivo[181, 182]. An intermediate is shared between the imidazolium cross-link, GOLD, and
an amide cross-link, A® —(2-((5-amino-5-carboxypentyl)amino)-2-oxoethyl)lysine (GOLA,
from GO). In the presence of excess GO, formation of GOLD is favored over GOLA. Lys
also directly condensates with glucose or ribose to form a Schiff base, which rearranges into
a stable ketoamine, Amadori product — oxidative cleavage of this also leads to the formation
of carboxyalkylated lysine products or imidazolium cross-links. Glycation is thought to
reduce membrane binding, inhibit the clearance of a.S, and promote the accumulation of
oligomeric species [93]. Glycation can occur on any of the 15 Lys residues in a-Syn.

All of these studies were done by incubating aS with glycating agents, meaning that the
site-specific effects of glycation are not yet understood.

aS glycation with MGO promotes the oligomerization of off-pathway aggregates [93,
183, 184]. Because of MGO-modified a-Syn’s propensity to form off-pathway oligomers,
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the rate of aggregation is not well characterized by ThT, with reports showing faster

[184], the same rate [93], or inhibited [183] aggregation. MGO glycated a.S is thought

to primarily impact Lys sidechains in the N-terminal domain, extending them and decreasing
the conformational flexibility and also neutralizing the positive charge at the N-terminus.
This lack of flexibility is thought to be responsible for inhibited fibril formation [93,

184, 185]. Similar to the MGO effects, Lee et a/. found that GO glycation decreases
conformational flexibility and causes the formation of off-pathway oligomers. The rate

of aggregation seems to be faster than WT a.S, but off-pathway oligomers may not be
amenable to characterization by ThT [184]. Marifio et al. formed Me)-(carboxyethyl)lysine
(CEL) modified a.S by incubating WT a.S with pyruvic acid and NaBH3CN, a reducing
agent. CEL-modified a.S did not aggregate [185]. It should be noted that CEL modifications
can also occur as a result of MGO modification with subsequent oxidation. Ribosylation
can occur at all 15 Lys residues however it favors C-terminal Lys residues. Ribosylation is
similar to other glycation modifications in that it also creates off-pathway oligomers. These
oligomers have a similar rate of formation to that of WT fibrils [186].

Ser/Thr O-GIcNAcylation

O-GIcNAcylation modification of aS includes the addition of A-acetyl-glucosamine units
to residues Thr33, Thr44, Thr54, Thr59, Thr64, Thr72, Thr75, Thr81, and Ser87 [187].
O-GIcNAcylation universally reduces the rate of aggregation. Zhang et a/. were able to
co-express aS with a shortened version of the enzyme O-GIcNAc transferase in order to
generate non-site specifically O-GlcNacylated a.S (g-aS). g-a.S inhibits fibril formation
and instead forms small oligomers [188]. Pratt and coworkers have used native chemical
ligation to understand the site-specific impacts of O-GIcNAcylation on a.S aggregation,
specifically at residues Thr72, Thr75, Thr81, and Ser87 [108, 187, 189]. O-GIcNAcylated
Thr72 (gT77, where g indicates O-GlcNAcylation) a.S has been shown to greatly reduce
the rate of aggregation. As little as 10% gT» was able to delay aggregation kinetics,
potentially because gT7» is unable to form oligomers. This is supported by the fact that
after sedimentation, most of the O-GIcNAcylated a.S remained in solution [108]. gSg7
also reduced the rate of aggregation, but to a lesser extent than gT7, as gSg7 was able

to form shorter fibrils and smaller structures. Interestingly, at a lower concentration, gSg7
behaved more like gTo. It is possible that gT7»’s equilibrium favors a monomeric form
more than gSg7, and that gSg7’s propensity for its monomeric form is overcome at higher
concentrations, leading to somewhat increased oligomerization [187].

Levine et al. studied gT7,, gTvs, gTg1, and gSgy, finding that all four modifications lead

to reduced aggregation. They found that gTg, was the most inhibitory, forming very few
small amorphous aggregates, followed by gT75 which also formed amorphous aggregates
and gT7, which formed short, broken fibrils, and then gSg7 which formed some fibrils that
are morphologically different than WT [189]. Levine ef a/. also studied a gT7,/gT75/gTgy
triple mutant which completely inhibited monomeric aggregation and aggregation seeded by
WT seeds, suggesting that the triple mutant is incompatible with adopting a conformation
that would allow it to be added to the ends of fibrils. They also found that an As3T/gT7o/
gT75/gTg1 mutant did not aggregate, showing that O-GIcNAcylation could suppress an
aggregation-prone familial mutant [189].
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Since Ser87 can be phosphorylated and undergo O-GlyNAcylation, Lewis et a/. created
mutants Sg7E, Sg7D, Sg7A, Sg7K, and Sg7W to further characterize the impact of charge
and steric hinderance on Ser87. Sg7E, a phosphomimic, inhibited aggregation. Sg7D, which
has the same charge as Sg7E, and Sg7A, which represents a loss-of-function mutation

for either O-GIcNAcylation or phosphorylation, both aggregated slower than WT. Sg7W,
which mimics the steric bulk of O-GlyNAcylation but is hydrophobic, and Sg7K, which
has the opposite charge of phosphorylation and the Sg7D/E mutants, both aggregated faster
than WT. These results indicate that inhibition of aggregation by O-GlyNAcylation and
phosphorylation at Ser87 is driven by hydrophilicity and negative charge rather than just
steric hinderance [187].

To understand how O-GIcNAcylation impacts aggregation, Galesic ef a/. made a number

of monosaccharide modifications at Thr72. They chose p-O-GalNAc and - O-glucose

and a.- O-mannose in addition to the traditional A~Acetyl-Glucosamine responsible for O-
GIcNAcylation because this group of monosaccharides are structurally similar. They found
that modification at Thr72 by all of the monosaccharides resulted in slower aggregation,
with modification by a-O-mannose reduced the rate of aggregation more than modification
by B-O-GalNAc and B-O-glucose. Given the differences in the impact of aggregation of
these modifications despite the similarities in their structures, it is unlikely that purely steric
effects are responsible for the slower aggregation [190].

Thr AMPylation

Tyr Nitration

AMPylation, or adenylylation, consists of adding adenosine monophosphate (AMP) to
proteins. Huntingtin yeast interacting protein (HYPE) is a protein localized in the ER and
is implicated in cellular stress responses like the unfolded protein response [94]. A mutant
form of HYPE is able to directly AMPylate oS at Thr33, Thrb4, and Thr75. aS that was
incubated with constitutively active HYPE showed similar rates of fibril formation, but
much lower amounts of overall fibrils in the plateau phase, indicating that AMPylation
impacts elongation rather than nucleation [94]. However, more studies still need to be done
to understand the site-specific impact of AMPylation. Additionally, since AMPylation and
O-GlyNAcylation occur on some of the same residues, physiological changes are likely to
impact which PTM is more prevalent in a population of aS molecules.

aS is also known to undergo modifications due to oxidative and nitrative stress, including
the nitration of Tyr residues, di-Tyr oligomer formation, methionine sulfidation, and lipid
peroxidation, resulting in the addition of HNE to Lys and His residues. a.S has four

Tyr residues at positions 39, 125, 133, and 136, all of which can undergo nitration.
Nitration of a.S occurs as a result of ONOO™ degrading into *"NO, and then reacting with
tyrosine at either of the two carbons ortho to the hydroxyl group to form 3-nitrotyrosine
(nY). Additionally, under oxidizing conditions, Tyr residues are able to form either
intramolecular or intermolecular di-tyrosine (DiY) linkages. Unfortunately, nitrated a.S
formed by incubation with oxidizing agents often forms a heterogenous mixture of nitrated
products including monomers (both nitrated and intramolecularly crosslinked), dimers,
and high molecular weight oligomers. The formation of many nitrated species, alongside
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the variety of methods used to carry out nitration, has made it difficult to achieve clear
consensus on nitration’s impact on aggregation rate.

Nitrating agents like tetranitromethane (TNM), NaNO», or ONOO™ can be used to nitrate
aS /n vitro and creates a heterogenous mixture of nitrated and DiY products [191]. Yamin
et al. and Uversky et al. found that incubation with TNM leads to largely octameric species.
Additionally, they found that even at concentrations as low as 1:10 TNM-nitrated to WT
a-Syn, nitration was able to delay aggregation at physiological pH [192, 193]. Similarly,
Xiang et al. and Burai et al. found that TNM-nitrated a.S showed little aggregation by ThT
[99, 194]. The lack of fibril formation may occur because nitrated aS and WT aS are able
to form stable heterooligomers, effectively decreasing the concentration of WT protein that
is able to aggregate into fibrils [192, 194]. In contrast, using NaNO, as a nitrating agent,
Liu et al. found that oS aggregates at about the same rate as WT a.S but forms amorphous
oligomers instead of fibrils which may be challenging to characterize by ThT [195]. This
indicates that the choice of nitrating agent may also play a role in the rate of aggregation of
in vitronitrated oS aggregation.

In order to get homogenous nitration, Long et a/. developed a light-controlled method for
tyrosine nitration. This method depends on a dinitroimidazole reagent and cleanly converts
all four tyrosine residues to nY residues in around 10 minutes, resulting in homogenously
nitrated populations with no DiY oligomers. Their tetra-nitrated a.S does not aggregate.
Co-incubation of WT a.S with this species shows concentration-dependent reduction in the
rate of aggregation [196]. While this strategy is able to create consistently nitrated a-Syn,
one limitation is that it nitrates all four tyrosine residues which does not allow for the
investigation of the site-specific effects of nitration.

Nitration at specific residues has been accomplished by mutating other Tyr residues to Phe
residues, however, that may alter some of the properties of aS. To overcome this issue,
Burai et al. used expressed protein ligation coupled with a novel desulfurization strategy
that does not reduce the nitro groups to site-specifically incorporate nY3g and nY 5. Both
modifications delayed aggregation, with Tyr125 showing slower aggregation than Tyr39.
However, the levels of soluble protein after the aggregation assay were about the same as
WT, indicating that the ThT assay may not accurately reflect protein aggregation due to
fluorescence quenching by nY residues[99].

Met Oxidation

Met residues are also susceptible to oxidative stress, forming methionine sulfoxide (MetO)
residues. a.S has four Met residues, at positions 1, 5, 116, and 127. Unlike many of the

other PTMs discussed, Met oxidation is known to be reversed, by methionine sulfoxide
reductases. Met can also be irreversibly oxidized to form a methionine sulfone, however, this
is rare [197]. Under near physiological conditions, Met oxidation is thought to essentially
inhibit fibril formation, instead promoting oligomer formation.

When incubated with H,O», all four Met residues are oxidized, and at physiological pH,
MetO-a.S does not aggregate [95, 160, 194]. Additionally, MetO-a.S is able to inhibit fibril
formation of WT aS in a dose-dependent manner, with 25% MetO-a.S leading to a reduced
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rate of fibrillation [95]. This may be because MetO is more polar than Met, causing a
reduction in aggregation-promoting hydrophobicity [95], or because MetO allows a.S to
adopt a conformation that strengthens auto-inhibitory long-range contacts [160].

UV irradiation can also oxidize aS. In Carmo-Gongcalves ef al.’s preparation, they found that
only Met5 was oxidized by mass spectrometry and NMR [198]. Despite having fewer Met
residues oxidized, this preparation was found to be more inhibitory than H,O,-oxidized aS,
as just 5% 5-MetO-a.S was able to slow fibril formation. UV irradiated a.S also formed a
small population of dimers and trimers which may be DiY products which could impact the
observed rate of aggregation of the 5-MetO-a.S [198]. Interestingly, oligomers formed from
H,0,-induced MetO-a S were found to be non-toxic to primary rat neurons [160] whereas
those induced by UV irradiation were found to be toxic to primary mouse neurons [198].

If these oligomers are indeed toxic, then Met oxidation may not be protective. Since the
mechanism of UV-induced Met oxidation is not clear, more research is needed to understand
if this preparation is relevant to /n vivo oxidation.

Hokenson et a/. investigated the impact of site-specific Met oxidation, finding that Met
oxidation also reduces the rate of fibril formation. They made single, double, triple, and
quadruple Met-to-Leu mutants and then oxidized the proteins using H,O5. They found that
the number of Met residues was proportional to the rate of aggregation, with single mutants
containing three Met residues aggregating the fastest, followed by double, triple and finally
quadruple mutants. Like the other studies using H,0,, they found that all Met residues had
about the same impact on fibril formation, as all of the single mutants had roughly the
same lag times [154]. However, certain conditions such as acidic pH [95, 160] or incubation
with Tid*, AI3*, Zn2* and Pb2* been shown to induce fibril formation in MetO-a.S [154,
199]. Collectively, these studies show that Met oxidation generally reduces the rate of fibril
formation, with increasing concentrations of MetO-a.S or an increasing number of oxidized
Met residues leading to greater inhibition of fibril formation.

His Lipid Adducts

Oxidative stress can also cause lipid peroxidation. This leads to the production of reactive
aldehydes such as HNE and 4-oxy-2-noneal (ONE) that are able to react with Lys and His
residues in a.S through either Michael addition or Schiff base formation [200]. Generally,
one, two, or three HNE molecules are added, with His50 being the most reactive position for
HNE addition [96, 147, 194]. Both ONE and HNE modification result in the inhibition of
fibril formation and the promotion of oligomers that are not detectable by ThT [96, 194, 200,
201].

Glu Arginylation

Arginylation occurs when the arginyltransferase ATE1 transfers Arg from tRNA to

protein N-termini or Glu and Asp sidechains. Arginylation occurs on a.S at residues

Glu46 and Glu83 and is thought to have a neuroprotective effect [97]. Pan et al. used
semisyntheic methods to create a.S that was arginylated at Glu46 and/or Glu83. They
found that arginylation at Glu83, but not Glu46, slows the rate of aggregation. Interestingly,
arginylation at both Glu83 and Glu46 decreases the rate of aggregation even further [109].
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Labeling Modifications

ThT is useful for tracking the kinetics of aggregation as defined by primary and secondary
nucleation steps. However, there are certain aspects of aggregation that ThT is not able

to detect that may be relevant to the aggregation pathway of a.S, such as early species

like folding intermediates and oligomers as well as the role of each domain of a.S in

fibril formation.[202] Site-specifically labeled a.S can be used in Forster resonance energy
transfer (FRET) [203-205] and fluorescence polarization (FP) [206, 207] experiments to
overcome some of these challenges while also serving as a reliable reporter of aggregation
kinetics. In addition to its use in Kinetics assays, site-specifically labeled a.S has applications
in Raman Spectroscopy [208], fluorescence correlation spectroscopy (FCS) [209, 210],

and cell-based imaging [211-214]. In the context of this review, site-specific labeling can
be considered another type of “mutation” that can have an impact on the aggregation

rate. Since site-specific labeling is often used as a reporter of aggregation kinetics, it is
important to select residues and labels that do not perturb the aggregation of a.S. This
collection of information on label perturbation shown in Figure 7 will be generally valuable
to those wishing to introduce labels to a.S without perturbing its aggregation. Note: We will
include exclusively sidechain modifications in this discussion. While there have been some
studies of aS involving backbone modification, such as the Petersson laboratory’s usage of
thioamides [215-218], we do not feel that those effects are directly comparable to the larger
body of mutation data.

Different laboratories have applied a variety of labeling techniques to a.S. By far the most
common is Cys labeling. Since aS lacks naturally occurring Cys residues, by using site-
directed mutagenesis, groups are able to incorporate a Cys which can then be covalently
linked to a reporter. Thirunavukkuarasu et a/. attached a pyrene probe to mutants A;gC,
AgpC, and A14C in order to observe oligomerization through excimer formation. In spite
of the addition of the bulky, hydrophobic pyrene group, all three pyrene-labeled constructs
aggregate at about the same rate as WT [219]. Many groups also use this technique to
create fluorescent probes for fluorescence polarization assays, as FP is able to report on local
dynamics, oligomers, and fibril formation. Marvian ef a/. labeled M5C and G43,C a.S with
monobromobimane (mBBr) to study the N- and C-terminal domains of aS independently.
By ThT, the aggregation rate of labeled protein at either position was similar to WT [220].
Haney et al. describe a collection of Cys mutants at residues 9, 24, 42, 62, 87, 114, 123,
and 136 with fluorescein maleimide (Fam) for use in FP assays. By Congo Red absorbance,
Fam labels at positions 9, 24, 42, 123, and 136 have similar aggregation kinetics to WT
while positions 62, 87, and 114 showed slightly slower kinetics [206, 221]. Cys labeling is
also used for the introduction of FRET pairs. Engelborghs ef al. created singly and doubly
labeled a.S, with the donor Alexa 488 carboxylic acid succinimidyl ester at the N-terminus
and the acceptor tetra-methyl rhodamine at A149C. While the protein labeled with the
acceptor only aggregated at a similar rate to WT, the construct labeled with the donor and
the double labeled construct aggregated slightly faster. The authors attributed this to pH
changes to avoid labeling Lys residues when labeling the N-terminal domain, but it may be
that the label itself is perturbing. They also created a version of a.S labeled at A149C with
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Alexa-488 C5 maleimide for fluorescence correlation spectroscopy which aggregated at the
same rate as WT [222].

Since aS also lacks Trp residues, the incorporation of Trp, which is intrinsically fluorescent,
has been used to monitor fibril formation. Generally, Trp residues replace one of aS’s
aromatic residues to reduce potential perturbation. Dusa et a/. used a Y3gW mutant to
track the motion of the N-terminal domain during fibril formation, however, the kinetics of
this mutant as measured by ThT were slower than WT, indicating that this mutation may
not be an accurate reporter of fibril formation [223]. Kaylor et a/. made a Y 125W/Y 133F/

Y 136F construct so that Tyr39 and Trp125 could be used as a FRET pair to detect earlier
aggregation species like oligomers, with the other Tyr residues mutated to Phe so that there
was only one donor. By ThT, this mutant showed slightly faster nucleation based on the

lag time but had roughly the same rate of elongation, potentially because of a difference in
hydrophobicity [224].

Unnatural amino acids (Uaas) can also be incorporated into a.S and can provide a variety
of functionalities. Uaas may be intrinsically fluorescent or they can serve as handles for
the addition of probes using strategies like click chemistry reactions. Uaas can also serve
as probes for other types of spectroscopy. Flynn et al. incorporated homopropargylglycine
(Hpg) at Met positions 1, 5, 116, and 127 using native cellular machinery. Hpg has

a terminal alkyne that can be used as a probe for Raman spectroscopy to characterize
aggregation kinetics and secondary structural changes during aggregation. Their full-length
construct aggregated at about the same rate as WT, however, their M115 truncated version
aggregated faster than WT [208]. Since truncated aS generally aggregates faster than WT
aS, it’s possible that this difference can be attributed to the truncation of the C-terminus
rather than perturbation as a result of Hpg. Haney et a/. used evolved aminoacyl-tRNA
synthetase/tRNA pairs to site-specifically incorporate Uaas that served as handles for
fluorescent probes. They incorporated azidophenylalanine (AzF) at site 94, which they
then labeled with fluorescein-dibenzyocyclooctyne (Fco) and fluorescein-alkyne (Fak) and
propargyltyrosine (Ppy) at sites 39 and 94, which were labeled with tetramethylrhodamine-
azide (Raz). Using Congo Red absorbance, they showed that a 5% concentration of
PpyRa294-a.S is non-perturbing when aggregated with WT. Haney et a/. used this method
along with a cysteine mutant strategy to orthogonally label oS at residues 9 and 94. A 5%
addition of CysmM9/PpyRaZ94-a.S to WT aggregated at similar rates to pure WT protein.
In addition to using translation machinery to incorporate UAAS, they also used £. Coli
aminoacyl transferase, an enzyme that transfers Leu, Phe, Met, or hydrophobic UAAS to
proteins with an N-terminal Lys or Arg. Using this method, they created an a.S variant that
spanned residues 2-140 and had a D,K mutation for labeling at the N-terminal Lys. Here,
Lys2 was labeled with Azf, Ppy, or azidohomoalanine (Aha), which can then be modified
with Fco or Rco [221].

Groups have also used linkers at the N- and C-terminus of a.S to probe its aggregation using
fluorescent groups, including fluorescent proteins which are larger than aS itself. van Ham
et al. used an Ala-Pro-Val-Ala-Thr linker to attach a yellow fluorescent protein (YFP) to

the C-terminal domain for use in fluorescence polarization experiments. YFP-labeled a.S
aggregates slightly faster than WT [225]. However, this seems to be specifically attributable
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to the linker as a C-terminal GFP fusion aggregated dramatically slower than WT [226].
Kotzbauer et al. attached a six amino acid bi-cysteine tag at the N-terminus (C2-a.S).

The association of two or more aS molecules is reported by fluorescein arsenical hairpin
binder (FIAsH). C2-aS and WT aS aggregate at the same rate, and aggregation kinetics as
followed by the FIAsH assay are very similar to those reported by ThT [227].

Discussion

The aggregation of aS is central to the progression of the synucleinopathies. Various studies
have shown that a.S fibrils, oligomers, and the process of Lewy Body formation [17, 18] are
toxic to cells. Therefore, inhibiting aggregation or degrading toxic aggregates may be useful
in treating the synucleinopathies [228]. Mutations and modifications at single residues,
whether familial mutations, designed mutations, PTMs, or labels and probes, can have
significant impacts on aS’s aggregation as measured by ThT and other reporters of fibril
formation. While some of these mutations may produce on-pathway oligomeric species,
recent sSNMR and cryo-EM structures of fibrils formed from modified aS show that single
mutations or modifications can lead to fibrils that are structurally different than WT a.S
[62—-65]. Taken together, the impact of these mutations, modifications, and labels on a.S’s
rate of aggregation speak to the sensitivity of aS to small perturbations in its environment
and physico-chemical properties.

Perhaps the largest issue with in vitro aggregation is that aggregates created under different
solution conditions have different properties. While a.S is able to form aggregates under

a wide range of conditions, only specific conditions yield aggregates which are able to
seed further aggregation [28]. Hoyer et al. aggregated WT aS under different pH and

salt conditions and found that low pH or high salt aggregations resulted in amorphous,
off-pathway aggregates that formed quickly and had low seeding abilities [30]. De Olivera et
al. compared the aggregation of the familial mutants AzgP, E46K, and As3T at different salt
concentrations. For the no salt condition, each mutant showed a unique kinetic profile with
multiple inflection points that likely represent distinct microscopic processes like primary
nucleation, elongation, or secondary nucleation. At high salt, however, each mutant’s
kinetics appear to be sigmoidal and the rate of aggregation for all mutants is increased
[48].

The observed pH effects may stem from a reduction in charge in the C-terminal domain. At
low pH, the C-terminal region, which is usually negatively charged, becomes hydrophobic,
leading to the collapse of the C-terminal domain. Similarly, the addition of salt shields

N- and C-terminal Coulombic interactions [30]. The connection between increased charge
and faster aggregation is not entirely understood. Wu et a/. propose that while the contacts
between the N- and C-terminal domains remain intact, at low pH there are more contacts
between the NAC and C-terminal domain whereas at high pH there are more contacts
between the NAC and the N-terminal domain. This change, alongside the different charge
distribution at low pH, may lead to increased aggregation [149]. McClendon et al. agree that
the interactions between the N- and C-terminal domain are preserved, however also argues
that at low and high pH values, the NAC domain interacts with both the N- and C-terminal
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domains. In this case, hydrophobicity, not the release of long-range contacts is not the source
of increased aggregation [229].

While it is possible that mutations and PTMs exert effects on more subtle intermediate
phases of aggregation, a simple analysis might assume that an accelerating modification acts
by either destabilizing the monomer state or stabilizing the fibril state. Structural data, in

the form of solution phase NMR studies of the disordered monomer ensembles, as well as
ssNMR and cryo-EM studies of the of the fibrils, can provide some insight into the effects of
buffer conditions, mutation, and aggregation rates.

A common and sensitive technique to analyze solution phase NMR is by chemical shift
perturbation (CSP) analysis of *H-15N heteronuclear single-quantum correlation (HSQC)
spectroscopy data which provides residue-level information on the backbone environment.
For the more common familial mutations, AzgP, E46K, H59Q, Gs1D, and As3T, experiments
in a variety of conditions agree that nearby residues are structurally perturbed [134, 141,
148, 230-233]. However, these studies do not agree on the extent of distal changes which
may also be linked to buffer conditions or trace contaminants. For example, at pH 6.0,
Ranjan et al. noted C-terminal perturbations for all common mutants including As3E, but at
pH 7.4, the long-range effects disappeared or were greatly diminished with the exception of
E46K [141]. These effects were thought to destabilize the monomer, promote NAC exposure,
and lead to increased aggregation. Bhattacharyya et a/. noticed similar effects for E4gK and
AP, however, the spectra are not entirely similar [134]. In general, it is hard to decouple
mutational effects from differences in pH and buffer when comparing these studies, so we
have restricted analysis to comparisons within publications using consistent preparations.

In addition to monomer effects, fibrils may be more stabilized as a result of mutation,

and ssNMR provides insight into how mutations may contribute to increased aggregation.
Data from Heise et al. on the As3T mutation show that fibrils may have a -sheet region
extended by a few residues, thereby increasing overall stability [234]. Lemkau et a/. also
noted small changes in structure due to the As3T mutation but noticed large differences

in the resonances assigned to E4gK indicating a difference in fibril fold which was later
confirmed via cryo-EM [235].

Cryo-EM has been used to solve fibril structures at near-atomic resolution. However,

the interpretation of these structures is complicated by the influence of different fibril
preparations. Four fibril preparations produced roughly the same structure. Stahlberg’s 2018
structure was produced from C-terminally truncated a.Sq_121 (Figure 8, 6h6b) [59], Li and
Liu solved the structure of N-terminally acetylated a.S [60] (Figure 8, 6a6b), which was
independently corroborated by Lee and coworkers (60sj), who also obtained structures

of N-terminally and C-terminally truncated fibrils (6osl and 6osm) [236], and Eisenberg
and Jiang solved the structure of the “rod” polymorph (Figure 8, 6¢cu7) [57]. All three

of these structures have a p-arch and the interface between the two protofibrils is created
through hydrophobic packing [58]. In addition, the fibril interface is formed by residues
His50-Glu57, encompassing familial mutant residues His50, Gly51, and Ala53. In these
structures, Glu46 forms a salt bridge [57, 59, 60]. Eisenberg and Jiang also solved the
structure of the “twister” polymorph (Figure 8, 6¢cu8). This structure is similar in that it
has a p-arch and hydrophobic packing; however, it has an interface consisting of residues
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Val66-Ala78. Additionally, the pre-NAC region where familial mutants are located is at
the peripheral region of the fibril core, indicating that these mutations may not have a
strong impact on the twister fibril structure [57]. In 2019, Stahlberg’s group solved two
more structures, termed “2a” (Figure 8, 6rto) and “2b” (Figure 8, 6rtb), of WT aS. These
differ from the other structures because they have an additional N-terminal g-strand, their
[-arch runs in the reverse direction, and the interface is connected through electrostatic
interactions involving Glu46. The difference between 2a and 2b is that 2a has an interface
consisting of a salt bridge between residues Lys45-Glu57 whereas 2b includes a salt bridge
between residues Lys45-Glu46 [58]. These differences highlight the fact that changes in
fibril preparation can dramatically impact morphology.

In addition to structures of WT a.S, several laboratories have solved the structures of fibrils
created from a.S with familial mutations. Two groups have solved structures of E4gK fibrils.
Eisenberg and Jiang’s structure (Figure 8, 6ufr) resembles the WT 2a overall structure, but
lacks the Greek key motif of some of the WT structures and has a solvent-filled interface
spanning residues 45-57 [65]. Li and Liu solved the structure of acetylated E4gK fibrils
(Figure 8, 614s), showing that these fibrils have a unique serpentine fold [64]. This fold is
thought to occur because of a smaller fibril core region and rearrangement of -strands in
the C-terminal region of the fibril core. Structural differences are thought to be a result of
the loss of the Glu46-Lys80 salt bridge [64, 65]. Eisenberg and Jiang solved the structure

of HsgQ fibrils, finding a “narrow” fibril consisting of one protofilament (Figure 8, 6peo)
and a wide fibril consisting of two protofilaments (Figure 8, 6pes). Protofilament A has

an ordered B-arch whereas protofilament B does not, likely because it lacks an interaction
between Lys45 and GIn50 that is present in protofilament A. The wide fibril’s protofilament
interface consists of residues 58-61 which is much smaller than interfaces found in other
structures [62]. Liu solved the structure of Gg1D fibrils (Figure 8, 7eof) [61]. The fibril core
is made up of residues 50-98 and the topology is unique in that it consists of six beta strands
in a serpentine fold. This structure is most similar to Liu and Li’s E4gK structure (Figure

8, 614s) except that a B-hairpin in the E4gK structure leads to a longer resolvable region in
the N-terminus [61]. Liu also solved the structure of acetylated As3T fibrils (Figure 8, 61rq)
which folds into a Greek key-like motif. These fibrils have a core composed of residues
37-99 which is similar to the acetylated WT structure (Figure 8, 6a6b) and the wide HgQ
structure (Figure 8, 6pes). However, the interface between the protofilaments involves fewer
residues than the acetylated WT structure and the overall morphology differs from the HsqQ
structure [63]. Among the PTMs, only pY 3g fibrils have been structurally characterized,
where Liu and coworkers reported structures of fibrils composed of a common fold with
either two (Figure 8, 611t) and or three (Figure 8, 611u) protofibrils [166]. The fold that they
observed is different than any other structure, where the effects of pY 39 modification can be
clearly seen to enable new salt bridges with Lys21 and Lys34 that cause the N-terminus to
fold inward.

In analyzing the collection of aS fibril structures, one can see that modifications like
mutations and PTMs impact the structure of a.S fibrils, but that the clear mechanistic
explanation identified for the pY 3g fibrils is exceptional. Since the majority of familial
mutations occur at the protofibril interface formed by residues 50-60 in WT structures 6a6b,
6h6b, and 6cu7, it is not surprising that they tend to destabilize that interface resulting in
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changes in morphology. The new fibril morphologies that they adopt appear to result more
from this destabilization than from new favorable contacts that are adopted, since none of
the mutations are found at the newly formed interfaces. However, seeming inconsistencies
confound full mechanistic interpretation. For example, the two E4gK structures (Figure 8,
6ufr and 614s) are different, and while they differ in buffer and N-terminal acetylation,
neither of these aspects affect the WT fibril polymorphs (Figure 8, 6a6b, 6h6b, 6¢cu7). Thus,
it seems that some interplay of protein modifications and the effects of the medium dictate
fibril morphology. The fact that multiple polymorphs such as 2a and 2b (Figure 8, 6rto, 6rth)
or rod and twister (Figure 8, 6cu7, 6¢cu8) can be obtained under roughly the same conditions
underscores this issue. Moreover, comparison of the many experiments performed for each
of the familial mutations (see Supporting Information spreadsheet) shows that changes in
buffer, salt, temperature, aS concentration, and shaking speed can alter the effect of a
mutation, even when normalized to a WT experiment performed under the same conditions.

When one considers the impact of aggregation conditions on morphology, one must question
which, if any, of these structures most resembles fibrils in patients, where aggregation
conditions are clearly different. Scheres and Goedert have used cryo-EM to solve the
structure of MSA patient-derived GCI fibrils (Figure 8, 6xyo as well as other polymorphs)
and, very recently, PD, PDD, and DLB patient-derived Lewy Body fibrils (Figure 8, 8a9l).
The in vitrofibril fold that MSA fibrils most closely resemble is the 2n0a sSNMR structure,
but this structure is monomeric, whereas the MSA fibrils consist of two protofilaments,

The two types of MSA filaments each contain two similar, but non-identical protofilaments,
with non-proteinaceous molecules at their interface [173]. The PD/PDD/DLB fibril fold
bears some similarity to the various /n vitro fibril folds, but does not closely match any

of them [237]. Like the MSA fibrils, non-proteinaceous density is observed. While these
structures are tremendously significant in terms of their physiological relevance, they are of
WT aS and the PTMs are not well-defined, so it is difficult to say whether the different
polymorph is the result of PTMs, the non-proteinaceous co-aggregates, or other aspects of
the intracellular milieu, which has been shown to affect a.S fibril formation [53]. Scheres
and coworkers have shown that using MSA patient material is insufficient to template fibrils
of similar morphology using recombinant WT aS, implying that one or more of these

other components is necessary [238]. Thus, in spite of the availability of fibril structures,
there are still complexities to the aggregation mechanism that are not well understood. The
comprehensive view of positional effects on aggregation that we present here can be used to
address these complexities.

The mutational data presented in Figure 6 and Table 1 can also be analyzed to identify
trends that affect aggregation without relying on structural models. We have categorized
each mutation by the properties of the amino acid change, which in some cases may include
multiple categories (e.g9. As3T as np—p for non-B-branched to p-branched and nP—P for
nonpolar to polar), and averaged the +1, 0, —1, -2 scoring for each mutation category for

the entirety of aS and within the N-terminal, NAC, and C-terminal domains. Those mutation
categories that had the strongest effects for the entire protein are depicted in Figure 9 along
with control categories (control categories involve mutation within the same category; for
example, nP Cntrl includes nonpolar to nonpolar mutations such as Ala-to-Leu) to aid in
interpreting the significance of effects. The category definitions are found in the caption
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to Figure 9. In addition to these control categories, anti-correlation of the inverse mutation
category (i.e. nB—p favors aggregation while p—np disfavors aggregation) lends further
support for the importance of a particular type of mutation. In some cases, these effects are
apparent for the entire protein. In other cases, their impact differs depending on the region of
aS, as shown in Figure 10.

In examining the mutational trends for the whole protein, three effects stand out. Firstly,

one can see that B-branched amino acids clearly favor aggregation, where n— has

an average aggregation score of +0.43 and —np has an average score of —0.56, while

the np control category has a near-WT score of —0.21. This is true for the protein as

a whole as well as within the N-terminus and NAC domains. Secondly, conversion of
negatively charged residues to positively charged residues significantly favors aggregation
(= — +, +1.00) and the converse type of mutation disfavors aggregation (+ — —, —0.50).
These data derive primarily from the N-terminus (8 of 10 examples), so comparison across
regions is not meaningful. Thirdly, mutation of any amino acid to proline slows aggregation
(X—Pro, —0.88) and mutation of proline to other amino acids speeds aggregation (Pro—X,
+1.00). This effect is significant for all three regions of a.S, although the examples in the
C-terminus are limited to 5 Pro—X cases. These are the only categories that appear to

be meaningful when scores are averaged over the whole protein. For example, although
conversion of bulky to non-bulky residues slows aggregation (B—nB, —0.63), the converse
has no effect (nB—B, 0.00) and the bulky control category (B Cntrl, —=0.57) has a similar
effect, indicating a general sensitivity of those residues to mutation. Indeed, when one
examines these effects across the three regions, taking the prevalence of different amino acid
types into account (see Sl Tables S3-S6), one can see that the bulk effects are predominantly
captured by the p-branched effects in the N-terminus and NAC, and that the C-terminal
cases show that mutations of the native aromatic amino acids slow aggregation (Figure 10).

Analysis of the mutational effects with respect to the three regions of aS provides greater
insight into categories that are inconsequential when analyzed over the entire protein, such
as polarity. Changes in polarity in the N-terminus have no impact on aggregation. Increased
polarity in the NAC slows aggregation, while increased polarity in the C-terminus speeds
aggregation. Thus, one can see that polarity is indeed quite important when viewed in
terms of the protein regions and one can also see why these effects negate each other

when averaged over the whole protein. Charge swapping effects are very clear in the
N-terminus, but the data are too limited in the NAC or C-terminus to draw any conclusions.
Likewise, although the influence of p-branched amino acids favoring aggregation is clear
in the N-terminus and NAC, there are no C-terminal examples in our data set. The fact

that aggregation is slowed by changes to introduce or to remove bulk in the C-terminus,
involving mutations of the native aromatic amino acids as well as introduction of non-native
aromatic amino acids, implies that this region is sensitive to steric effects that may alter the
flexibility of the highly dynamic portion of aS.

Given the clear correlations of some of these quantified effects, we wished to determine
whether we could predict whether a mutation would lead to faster, near-WT, or slower
aggregation by separating the data into three clusters using an unsupervised machine
learning KMeans partitioning algorithm. Once the data were clustered, we projected the
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data into two dimensions using Principal Component Analysis (PCA) for visualization.

As one can see in Figure 11, there is clear separation between the three clusters, but
enrichment for the aggregation effects in each cluster is limited. For example, while Cluster
3 (black) includes no examples of accelerated aggregation and a small fraction of near-WT
aggregation, Clusters 1 (red) and 2 (blue) have mixtures of all three types and very mild
enrichment for near-WT and acceleration, respectively. Indeed, Cluster 2 is enriched for
acceleration in the sense that 76% of accelerated cases are included in that cluster, but

the cluster is also composed of significant portions of near-WT and slowed aggregation
cases. Thus, one can see that using machine learning holds some promise for prediction of
aggregation effects, but a more sophisticated approach will be required, presumably using
supervised learning.

ThT is useful in understanding the effects of mutations and PTMSs on the aggregation
kinetics of aS because the assays are easy to implement across many laboratories to obtain
consistent data that can be compared, as we have done here. In spite of the issues with

ThT that we have discussed, the convenience of a small molecule probe that can be added
without the need to label the protein or use specialized techniques still makes it the method
of choice for high throughput studies of aggregation effectors. The resulting data can be
interpreted in terms of a variety of more sophisticated biophysical, structural, and cell
biological assays. We hope that the collection of data that we present here will be valuable
to the a.S field, where we have attempted to present a consistent categorization of the effects
mutation, PTMs, and labeling on aggregation, accounting for the overlaying influence of the
experimental conditions.

We also anticipate that the database we have created will be useful to computational
modeling. Computational methods are increasingly being used to study protein folding

or protein interactions and are particularly useful for intrinsically disordered proteins like
aS. For example, machine learning has recently been used to screen many mutants to
determine which structures are responsible for particular activities of aS [239]. Monte Carlo
methods have been used to rapidly predict aS structural ensembles,[240] and can potentially
sample a large number of mutations and modifications to predict structures that will behave
differently than WT. While modeling alone may not be sufficiently predictive, experimental
data such as the lag times presented in this review can be incorporated into machine

learning protocols to better understand the propensity of each residue to cause aggregation.
Instead of mutating every residue and testing proteins /77 vitro, machine learning can produce
predictions that inform experimental studies, allowing researchers to focus on mutations or
modifications that are thought to have a large impact on aggregation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Conformational states and aggregation pathways of a.S. N-terminal, NAC, and C-terminal
regions colored as shown in Figure 2.
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Figure 2.
Top Left: aS sequence with amino acids colored by properties: hydrophobic (black), polar

(green), aromatic (purple), acidic (red), or basic (blue). Imperfect repeats are underlined.
Top Right: aS structure segments colored blue (N-terminal), grey (NAC), and red (C-
terminal) as in Figures 1 and 3, with familial mutants indicated. Rainbow-colored by
sequence number as in structural images below and Figures 4, 6, 7, and 8. Bottom: 2n0a
ssNMR structures of a S fibrils viewed down the helical axis. The core region of residues
36-100 is shown in cartoon form with the residues at turns between f-stands noted. Cryo-
EM structures of fibrils (6a6b, 6h6b, 6cu?, 60sj) showing a similar fold with a common
protofibril packing motif observed in structures from several independent studies. A similar
fold is also observed in fibrils from MSA patients (6xyo) with a different protofibril
arrangement. PDB IDs are noted.
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Figure 3.

Use of ThT to monitor aggregation. ThT emission changes are shown with major aS
conformational states populated at each stage. The timepoints of half maximal ThT
fluorescence (Tq/,) are used to determine the effects of mutations and PTMs on a.S
aggregation.
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Figure 4.

PTMs on aS with characterized effects on aggregation. Top: aS sequence with segments
colored as in Figure 2 and locations of PTMs noted. No PTMs occur simultaneously at

a given site, but multiple PTMs can occur at different sites in the same oS monomer.
Bottom: Structures of PTMs. All PTMs studied to date have either had no effect on
aggregation or slowed aggregation when present in 100% of a.S monomers. Effects on
aggregation rates are summarized in Table 2. Some PTMs exert different effects when
present at lower percentages (e.g., pY3g) mixed with WT, indicated by a *. CML.:
Me)-(carboxymethyl)lysine; CEL: Mze)-(carboxyethyl)lysine; GOLD: glyoxal-lysine dimer;
MOLD: methylglyoxal-lysine dimer; GALA: AS-(glycoloyl)lysine
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Figure5.
Synthesis of aS containing PTMs through NCL. N- and C-terminal fragments can be

generated with PTMs at specific sites through solid phase peptide synthesis or protein
expression and enzymatic modification. After ligation, Cys or Cys analogs can be
desulfurized to make the ligation “traceless.” PTMs are indicated by colored spheres.
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Figure 6.

Mutations known to affect a.S aggregation. a.S sequence with segments colored as in Figure
2 and locations of mutations noted. Mutations above the sequence are either neutral (0 in
Table 1, normal type) or accelerate aggregation (+1 in Table 1, bolded). Mutations below the
sequence slow the sequence moderately (-1 in Table 1, normal type) or severely (-2 in Table
1, bolded).
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Figure?.
Spectroscopic labels with characterized effects on a.S aggregation. Top: a.S sequence with

segments colored as in Figure 2 and locations of modifications noted. Modifications above
the sequence are neutral. Modifications below the sequence slow aggregation moderately.
*C-terminal GFP was reported to slow aggregation, C-terminal YFP with APVAR linker was
reported to accelerate aggregation.
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Figure8.
Top: aS sequence colored as in structures below and Figures 2, 4, 6, and 7. Bottom: Fibril

structures from ssNMR (2n0A) and cryo-EM (all other PDB IDs) with aS modifications,
aggregation conditions (L = low salt, H = high salt), and key residues labeled and shown as
sticks. 611t and 611u share a common fold with two- or three-stranded fibril packing.
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Figure9.
Categorized Mutation Effects Averaged Over Entire aS Protein. Sequence shown colored

according to amino acid type: non-polar, Gly, and Pro (black), polar (green), negatively
charged (red), positively charged (blue), aromatic (purple), p-branched (yellow). Imperfect
repeat sequences are underlined. Bars depict average aggregation scores for each category,
unidirectional error bars represent standard deviation, number of examples given above or
below bar. Mutation definitions: np—f) non-pB-branched to p-branched; p—np) p-branched
to non-B-branched; — — +) negatively charged to positively charged; + — -) positively
charged to negatively charged; nP—P) non-polar to polar; P—nP) polar to non-polar;
Pro—X) proline to any other amino acid; X—Pro) any amino acid to proline; nB—B)
non-bulky to bulky; B—nB) bulky to non-bulky; Cntrl) control groups represent mutation to
the same type of amino acid. Category definitions: B) Ile, Thr, Val; np) all others except Gly
and Pro; +) Arg, His, Lys; —) Asp, Glu; nP) Ala, lle, Leu, Met, Phe, Trp, Val; P) all others
except Gly and Pro; X) all others except Pro; B) His, lle, Leu, Phe, Thr, Trp, Tyr, Val; nB)
all others except Pro.
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Figure 10.
Categorized Mutation Effects Averaged Over a.S Regions. N-Terminal, NAC, and C-

terminal regions of a.S indicated by blue, grey, and red respectively. Bars depict average
aggregation scores for each category, unidirectional error bars represent standard deviation,
number of examples given above or below bar. Mutation definitions: n—p) non-p-
branched to p-branched; —np) p-branched to non-p-branched; — — +) negatively charged
to positively charged; + — —) positively charged to negatively charged; nP—P) non-polar
to polar; P—nP) polar to non-polar; Pro—X) proline to any other amino acid; X—Pro)
any amino acid to proline; nB—B) non-bulky to bulky; B—nB) bulky to non-bulky; Cntrl)
control groups represent mutation to the same type of amino acid. Category definitions: p)
Ile, Thr, Val; np) all others except Gly and Pro; +) Arg, His, Lys; —) Asp, Glu; nP) Ala, lle,
Leu, Met, Phe, Trp, Val; P) all others except Gly and Pro; X) all others except Pro; B) His,
lle, Leu, Phe, Thr, Trp, Tyr, Val; nB) all others except Pro.
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Figure11.

Two Dimensional Principal Component Analysis (PCA) of K-means Clustered Aggregation
Data. Circle, triangular, and square markers represent mutations which slow aggregation
rate, have no effect (near-WT), or accelerate aggregation rate, respectively. The color of
each marker represents the cluster assignment from K-means where red is Cluster 1, blue

is Cluster 2, and black is Cluster 3. Since mutants may have exactly the same bit vector
representation, (e.g., two Val-to-Pro mutations in the N-terminus with aggregation score —1)
many data points overlap in PCA space. Marker size is used to indicate the number of data
points at that position in PCA space.
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Table 1.

Summary of mutation effects on a.S aggregation

Position | Mutant | Rate Adggregation Conditions Ref.
Val3 VW 0 20 mM Gly-NaOH, 0.01% NaNj3, pH 7.4, 300 pM, 50 rpm [118]
Met5 MsL -1 20 mM Tris-HCI, 100 pM NaCl, pH 7.5, 35 pM aS, 600 rpm [154]
Lys10 K10Q -1 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
Lys12 K1E -1 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Glu13 EiK 1 | PBS, pH 7.3, 70 uM S, 500 rpm [140]
Vall5 VisE -1 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Val16 V6P -1 | PBS, pH 7.4, 150 uM S, 150 rpm [129]
Alal7 AT 1 20 mM sodium phosphate buffer, 0.1% NaN3, pH 7.4, 300 uM a.S, 300 rpm [84]
Alal18 AggP -1 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]

AT 1 20 mM sodium phosphate buffer, 0.1% NaN3, pH 7.4, 300 uM a.S, 300 rpm [84]
Alal9 AT 1 20 mM sodium phosphate buffer, 0.1% NaN3, pH 7.4, 300 uM a.S, 300 rpm [84]
Lys21 K21Q 0 | PBS, pH 7.4,150 uM aS, 150 rpm [129]
Thr22 TyoP 0 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Lys23 KasE -1 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
Gln24 QuK 1 | PBS, pH 7.3, 70 uM S, 500 rpm [140]

QP 0 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Val26 V6P -1 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Ala27 AP -1 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Ala29 AP 0 PBS, pH 7.4, 150 pM aS, 150 rpm [129]

AeS 1 20 mM sodium phosphate buffer, 0.1% NaN3, pH 7.4, 300 uM a.S, 300 rpm [84]
Ala30 A3oPa -1 PBS, pH 7.4, 250 pM aS, “slight agitation” [25]
Lys32 KaQ -1 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
Glu3s EssK 1 | PBS, pH 7.3, 70 uM S, 500 rpm [140]

EssQ 1 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
Gly36 GgN 0 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Val37 VaE -1 | PBS, pH 7.4, 150 uM S, 150 rpm [129]

V7P -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Leu3s LggP -1 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Tyr39 Y3A -2 100 mM phosphate buffer, 100 mM NaCl, pH 7.4, 72 yM a.S, 600 rpm [161]

Yo -2 | 31.mM Tris, 100 mM NaCl, pH 7.4, 100 uM S, 1300 rpm [102]
Val40 VyoP -1 | PBS, pH 7.4, 150 uM S, 150 rpm [129]
Lys45 KusE -1 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]

KasR 0 | PBS,pH 7.4, 150 yM @S, 150 rpm [129]
Glu46 Eg6K 1 PBS, pH 7.4, 250 uM aS, “slight agitation” [25]
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Position | Mutant | Rate Aggregation Conditions Ref.
Glya7 G4Q 0 | PBS,pH 7.4,150 uM aS, 150 rpm [129]
Val48 VygP -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Val49 V4P -2 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
His50 HsoA 1 | PBS, 0.05% NaNg, pH 7.4, 100 uM aS, shaking [144]
HsoD 1 | PBS, 0.05% NaNj, pH 7.4, 100 M aS, shaking [144]
HsoQ 1 PBS, pH 7.3, 70 uM aS, 500 rpm [140]
HsoR -2 PBS, 0.05% NaNgz, pH 7.4, 100 uM aS, shaking [144]
Gly51 Gs:D -1 | PBS, pH 7.3, 70 yM aS, 500 rpm [140]
Val52 Vs,P -1 | PBS, pH 7.4, 150 yM @, 150 rpm [129]
Ala53 As3E -1 10 mM sodium phosphate, 0.02% NaNs, pH 7, 60 uM a.S, 600 rpm [132]
AszK -1 20 mM Glycine-NaOH buffer, 0.01% NaNs, pH 7.4, 200 pM aS, 50 rpm [124]
AssT 1 | PBS, pH 7.4, 150 pM aS, 150 rpm [129]
AsV 1 20 mM Glycine-NaOH buffer, 0.01% NaNs, pH 7.4, 300 pM aS, 20 rpm [76]
Ala56 AsgP -1 50 mM sodium phosphate, 100 mM NaCl, 0.01% NaNj3, pH 7.4, 100 uM aS, 200 rpm [131]
Glus7 Es/K 1 PBS, pH 7.4, 250 uM aS, agitation [25]
Thr59 TsoP -1 | PBS, pH 7.4, 150 uM a.S, 150 rpm [129]
Lys60 KeoQ 0 | PBS, pH 7.4, 150 yM aS, 150 rpm [129]
Glu6l EaK 1 PBS, pH 7.3, 70 pM aS, 500 rpm [140]
Val63 VesE -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
\VXe] -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Ve3P -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Thr64 TeP -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Asn65 | NesP -2 | PBS, pH 7.4, 150 uM asS, 150 rpm [129]
Val66 VesP -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
VgsR -2 | PBS, 0.05% NaNs, pH 7, 210 uM S, shaking [150]
Ve6S -2 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Gly67 GerP -2 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
Gly68 GeeA 1 | PBS, 0.05% NaNg, pH 7, 210 uM aS, shaking [150]
GggE -2 PBS, 0.05% NaN3, pH 7, 210 pM aS, shaking [150]
GggP -2 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
GggR -2 PBS, 0.05% NaN3, pH 7, 210 pM aS, shaking [150]
Ala69 AggP -2 PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Val70 VqE -2 | PBS, pH 7.4, 150 yM @, 150 rpm [129]
V720G -2 PBS, pH 7.4, 150 pM aS, 150 rpm [129]
VP -2 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
VooT -1 10 mM Tris-HCI, 0.02% NaNg3, pH 7.4, 140 uM aS, shaking [122]
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Position | Mutant | Rate Aggregation Conditions Ref.
Val71 VW 0 20 mM Gly-NaOH, 0.01% NaNs, pH 7.4, 300 uM, 50 rpm [118]
Thr72 TrA 1 | PBS, pH 7.4, 150 uM @, 150 rpm [129]
TE -2 PBS, pH 7.4, 150 pM aS, 150 rpm [129]
ToK 0 PBS, pH 7.4, 150 uM a.S, 150 rpm [129]
TP -2 100 mM sodium acetate buffer, pH 7.4, 350 uM a.S, 1050 rpm [137]
Gly73 Gy3P -2 PBS, pH 7.4, 150 pM aS, 150 rpm [129]
Val74 V74E -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
V7,G -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
V7R -2 | PBS, 0.05% NaN3, pH 7, 210 uM oS, shaking [150]
Thr75 T7sA -1 PBS, 140 pM aS, shaking, glass bead [152]
TrsK -1 | PBS, pH 7.4, 150 uM S, 150 rpm [129]
TosP -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Ala76 Az6G 0 100 mM sodium acetate, pH 7.4, 350 uM, shaking [138]
AP -1 50 mM sodium phosphate buffer, 100 mM NaCl, 0.01% NaNg, pH 7.4, 100 pM aS, 200 rpm | [131]
AV -1 100 mM sodium acetate, pH 7.4, 350 uM, shaking [138]
Ala78 AT -1 | PBS, pH 7.4, 150 uM S, 150 rpm [129]
Lys80 KgoQ -2 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
Thrl TP -2 | PBS, pH 7.4, 150 uM a.S, 150 rpm [129]
Val82 VgoK 0 10 mM Tris-HCI, 0.02% NaNg, pH 7.4, 140 pM aS, shaking [151]
Glus3 EgsK 1 | PBS, pH 7.3, 70 uM S, 500 rpm [140]
EgsP -2 | PBS, pH 7.4, 150 yM @S, 150 rpm [129]
Ala85 AgsP -1 100 mM sodium acetate, pH 7.4, 350 uM, shaking [138]
Serg7 SgrA 0 | 10 mM Tris, pH 7.4, 100 uM S, shaking [164]
Sg7;D -2 10 mM phosphate, 0.05% NaNg3, pH 7.4, 50 uM a.S, 1000 rpm [187]
Sg7E -2 10 mM Tris, pH 7.4, 100 pM aS, shaking [164]
Sg7K 1 10 mM phosphate, 0.05% NaN3, pH 7.4, 50 uM aS, 1000 rpm [187]
Sg7W 1 10 mM phosphate, 0.05% NaN3, pH 7.4, 50 pM aS, 1000 rpm [187]
Alag9 AgoP -2 | PBS, pH 7.4, 150 uM @S, 150 rpm [129]
Alag0 AgoP 0 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Gly93 Gg3S 0 PBS, pH 7.4, 150 pM aS, 150 rpm [129]
Val95 VgsS 0 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Asn103 N1g3K 0 PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Glu104 | EipsA 0 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Glu105 | EigsA 0 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Pro108 | PiggA 1 | 20 mM HEPES, 150 mM NaCl, 0.02% NaN3, pH 7.4, 70 uM S, 270 rpm [159]
Aspll5 D11sA 0 20 mM Tris, pH 7.2, 10 pM aS, 300 rpm [117]
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Position | Mutant | Rate Aggregation Conditions Ref.
Met116 M6l -1 20 mM Tris-HCI, 100 uM NaCl, pH 7.5, 35 uM aS, 600 rpm [154]
Prol17 P117A 1 20 mM HEPES, 150 mM NacCl, 0.02% NaNg, pH 7.4, 70 uM aS, 270 rpm [159]
Aspl19 D11gA 0 20 mM Tris, pH 7.2, 10 uM aS, 300 rpm [117]
Pro120 P120A 1 20 mM HEPES, 150 mM NaCl, 0.02% NaNg, pH 7.4, 70 uM aS, 270 rpm [159]
Asp121 | DinA 0 | PBS, pH 7.4, 150 uM aS, 150 rpm [129]
Glu123 | EysA 0 | PBS, pH 7.4,150 uM asS, 150 rpm [129]
Alal24 AppsW 0 20 mM Gly-NaOH, 0.01% NaNg, pH 7.4, 300 pM, 50 rpm [118]
Tyrl25 Yi25A -1 100 mM phosphate buffer, 1000 mM NaCl, pH 7.4, 72 yM a.S, 600 rpm [161]
Yi55E -2 | 20 mM Tris-HCI, pH 7.4, 50 uM aS, 270 rpm [162]
Y 1p5F -2 | 20 mM Tris-HCI, pH 7.4, 50 uM @S, 270 rpm [162]
Y 125W -1 30 mM Tris, 100 mM NaCl, pH 7.2, 70 pM aS, 600 rpm [160]
Met127 | Myl -1 | 20 mM Tris-HCI, 100 uM NaCl, pH 7.5, 35 pM @S, 600 rpm [154]
Ser129 S120A 0 20 mM Tris-HCI, pH 7.4, 50 uM aS, 270 rpm [162]
S120D 0 20 mM Tris-HCI, pH 7.4, 50 uM @S, 270 rpm [162]
S1o0E 0 20 mM Bis-Tris propane, 100 mM LiCl, pH 7.4, 100 uM aS, shaking [111]
Glu130 | EjzA 0 PBS, pH 7.4, 150 uM a.S, 150 rpm [129]
Tyrl33 Yi33A -2 100 mM phosphate buffer, 100 mM NaCl, pH 7.4, 72 uM a.S, 600 rpm [161]
Tyrl36 Yi36A -1 100 mM phosphate buffer, 100 mM NacCl, pH 7.4, 72 yM a.S, 600 rpm [161]
Y136E -2 25 mM Tris-HCI, 1 mol NaCl, pH 7.5, 70 uM aS, 170 rpm [156]
YiseF -1 25 mM Tris-HCI, 1 mol NaCl, pH 7.5, 70 uM aS, 170 rpm [156]
Y36l -2 25 mM Tris-HCI, 1 mol NaCl, pH 7.5, 70 uM aS, 170 rpm [156]
Y1365 -2 25 mM Tris-HCI, 1 mol NaCl, pH 7.5, 70 uyM aS, 170 rpm [156]
Y13sW 0 25 mM Tris-HCI, 1 mol NaCl, pH 7.5, 70 pM aS, 170 rpm [156]
Alal40 A140C 1 6 mM phosphate, 9 mM NaNs, 0.1 mM EDTA, 1 mM DTT, pH 7.4, 70 uM aS, 1000 rpm [157]
AW 0 | 20 mM Gly-NaOH, 0.01% NaNs, pH 7.4, 300 pM, 50 rpm [118]

a L . . . . .
There is significant disagreement in the literature on the effect of the A3gP mutation on aggregation.
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Table 2.

Summary of PTM effects on oS aggregation

Position Mutant Rate Aggregation Conditions Ref.
N-terminus | Ac-as? 0 PBS, 137 mM NaCl, pH 7.4, 140 pM aS, 600 rpm [168]
Lys6 KgUb -1 | 10 mM PBS, 0.05% NaN3, pH 7.4, 100 uM aS, shaking [103]
Lys10 KyoUb -1 | 10 mM PBS, 0.05% NaNj, pH 7.4, 100 uM aS, shaking [103]
Lys12 KyoUb -1 | 10mM PBS, 0.05% NaN3, pH 7.4, 100 uM oS, shaking [103]
Lys21 K,;Ub -1 10 mM PBS, 0.05% NaNj3, pH 7.4, 100 uM a.S, shaking [103]
Lys23 KpsUb -1 | 10 mM PBS, 0.05% NaN3, pH 7.4, 100 uM @, shaking [103]
Lys32 KsoUb -2 10 mM PBS, 0.05% NaNj3, pH 7.4, 100 uM aS, shaking [103]
Lys34 KsqUb -2 | 10 mM PBS, 0.05% NaNj, pH 7.4, 100 uM aS, shaking [103]
Tyr39 nYsg -1 50 mM Tris, 150 mM NaCl, pH 7.5, 10 uM aS, 1000 rpm [99]

pY3g -2 20 mM Tris, 100 mM NaCl, pH 7.4, 100 uM aS, 1300 rpm [102]
Lys46 KasUb -2 | 10 mM PBS, 0.05% NaN3, pH 7.4, 100 uM oS, shaking [103]
Thr72 aT7 -2 10 mM phosphate, 0.05% NaN3, pH 7.4, 50 pM aS, 1000 rpm [189]
Thr75 gTs -2 10 mM phosphate, 0.05% NaNj3, pH 7.4, 50 uM a.S, 1000 rpm [189]
Thr81 gTs; -2 10 mM phosphate, 0.05% NaN3, pH 7.4, 50 pM aS, 1000 rpm [189]
Ser87 0Sg7 -2 10 mM phosphate, 0.05% NaN3, pH 7.4, 50 pM a.S, 1000 rpm [187]
pSer SpeA” | =2 | 10 mM PBS, 0.05% NaNs, pH 7.4, 100 uM a, shaking [164]
Lys96 Kge SUMO1 -2 10 mM sodium phosphate, 0.05% NaN3, pH 7.4, 50 pM a.S, 1000 rpm | [178]
Kgg SUMO3 -1 10 mM sodium phosphate, 0.05% NaN3, pH 7.4, 50 M aS, 1000 rpm | [178]
KgsUb -2 | 10 mM PBS, 0.05% NaNs, pH 7.4, 100 uM aS, shaking [103]
Lys102 K102 SUMO1 -2 10 mM sodium phosphate, 0.05% NaN3, pH 7.4, 50 pM a.S, 1000 rpm | [178]
K102 SUMO3 -2 10 mM sodium phosphate, 0.05% NaN3, pH 7.4, 50 uM S, 1000 rpm | [178]
Tyrl25 nYqos -2 50 mM Tris, 150 mM NaCl, pH 7.5, 10 pM a.S, 1000 rpm [99]
PY 125 -2 | 10 mM PBS, 0.05% NaN3, pH 7.4, 100 uM oS, shaking [162]
Ser129 pSi29 -1 10 mM PBS, 0.05% NaNs3, pH 7.4, 100 uM aS, shaking [162]

a L . . . . . .
There is significant disagreement in the literature on the effect of N-terminal acetylation on aggregation.
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bWhiIe all other mutations and PTMs are presented as single site modifications, pSg7 is included with the accompanying S129A mutation since
those were the only data available. It is scored as —1 using the S129A aggregation rate as a pseudo-WT control to isolate the effect of Ser87

phosphorylation.
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