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Abstract

The aggregation of Alpha Synuclein (a-Syn) into fibrils is associated with the pathology of several
neurodegenerative diseases. Pathologic aggregates of a-Syn adopt multiple fibril topologies and
are known to be transferred between cells via templated seeding. Monomeric a-Syn is an
intrinsically disordered protein with amphiphilic N-terminal, hydrophobic-central, and negatively
charged C-terminal domains. Here, we review recent work elucidating the mechanism of a-Syn
aggregation and identify the key and multifaceted roles played by the N- and C-terminal domains
in the initiation and growth of aggregates as well as in templated seeding involved in cell-to-cell
propagation. The charge content of the C-terminal domain, which is sensitive to environmental
conditions like organelle pH, is a key regulator of intermolecular interactions involved in fibril
growth and templated propagation. An appreciation of the complex and multifaceted roles played
by the intrinsically disordered terminal domains suggests novel opportunities for the development
of potent inhibitors against synucleinopathies.

Introduction

More than 50 human diseases, including neurodegenerative diseases such as Parkinson’s
disease, Alzheimer’s disease, and Huntington’s disease, involve the deposition of fibrillar
protein aggregates [1]. a-Syn is an intrinsically disordered protein (IDP) that is found in
the brain, particularly in the presynaptic nerve termini. Due to its intrinsically disordered
nature, a-Syn has multivalent, weak, and reversible interactions that allow it to participate
in both functional and misfolding pathways [2]. a-Syn has been associated with various
synucleinopathies including Parkinson’s disease (PD), dementia with Lewy body (DLB),
and multiple system atrophy (MSA).

In disease, a-Syn can self-associate into multiple conformations including dimers and
oligomers. These aggregates can go on to form amyloid fibrils that are incorporated into

the Lewy bodies of patients with PD (Figure 1A) [3-5]. Additional disease progression is
associated with a prion-like process of cell-to-cell transfer where fibril seeds are released
from one neuron and taken up by a neighboring neuron [6-8]. This cellular uptake allows
for endogenous a-Syn to interact with the fibril seed through elongation or secondary
nucleation leading to further fibril growth (Figure 1B) [7,8]. It has been observed that a-Syn
fibrils isolated from patients with different synucleinopathies are structurally distinct from
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each other [9]. These polymorphs also differ in their biological and pathological activity
including seeding and cell-to-cell transfer.

a-Syn is frequently described as having three different domains: an amphiphilic N-terminal
domain from residues 1-60 that contains imperfect KTKXGV repeats, a hydrophobic NAC
domain from residues 61-95, and a negatively charged C-terminal domain from residues
96-140 [6]. a-Syn fibrils are characterized by the presence of parallel, in-register p-sheets,
a common structural feature of amyloid fibrils. These fibril structures are stabilized via
hydrogen bonding and “zippered” hydrophaobic interactions formed by residues in the NAC
domain [10].

In this review we discuss recent insights into the key and multifaceted roles played by

the N- and C-terminal domains at all stages in the fibril aggregation process. We identify
diverse intermolecular protein-protein interactions involving these domains that control early
events in the aggregation process. Combining key results from recent studies, we propose
that environment-dependent charge-charge interactions between monomer N- and fibril C-
terminal domains are critical for fibril seeding and elongation. A molecular understanding

of the intermolecular protein-protein interactions that arise during the fibril formation
process provides a foundation for developing therapeutic strategies against aggregation in
synucleinopathies.

Multifaceted Role of N- and C-terminal Regions in the Early Stages of a-Syn

Aggregation

It has long been appreciated by many groups that the N-terminal domain plays a critical
role in the aggregation propensity and kinetics of a-Syn [11]. a-Syn aggregation is

very susceptible to genetic mutations and environmental factors including posttranslational
modifications. In its functional state, a-Syn binds to membranes and forms a-helical
structures [12]. These structures are in equilibrium with the monomeric state of a-Syn
composed of an ensemble of intrinsically disordered monomers, with the transient formation
of intra-chain interactions between the N- and C-terminal domains (Figure 2) [13,14].
Recent examples of experimental studies that highlight the complex role of the N-terminus
include mutations to the N-terminus, deletions/alterations to the master regulator regions P1
(res 36-42) and P2 (res 45-57), post-translational modifications, and N-terminal acetylation
[15-20]. Furthermore, it has been shown that various molecular chaperones interact with
a-Syn through its N-terminal domain to delay aggregation [21,22].

NMR paramagnetic relaxation experiments (PRE) and mass spectrometry (MS) approaches
performed under monomer-dimer equilibrium conditions showed the existence of weak
transient interchain dimer interactions between residues in the N- and C-terminal domains
(Figure 2) [23,24]. Although weak, these highly selective N-N and N-C interactions may
have an effect on the kinetics of further fibril aggregation. Due to the parallel arrangement
of the beta strands in the fibril, it has been proposed that the in-parallel N-N interactions

in the early stages may promote aggregation [24]. On the other hand, the anti-parallel

N-C interactions may delay aggregation by providing a kinetic barrier (Figure 2) [24,25].
Further experiments on chimeras of alpha and beta synuclein (B-Syn) at physiological pH
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support the notion that a more negatively charged B-Syn C-terminal domain enhances N-C
interactions in the dimer therefore delaying aggregation [25,26]. Computational studies
using molecular dynamics (MD) simulations also support the conclusion that the N-terminal
domain plays a critical role in the dimer formation of a-Syn [27,28].

N- and C-terminal Regions in Fibril Polymorph Structures are Disordered

Structures of a-Syn amyloid fibrils determined from cryo-EM and solid-state NMR
(ssNMR) indicate that fibrils have exposed disordered N- and C-terminal segments flanking
a rigid Greek-key fibril core [11,29]. To date there are many cryo-EM and NMR structures
of WT a-Syn, mutant a-Syn and brain-harvested fibril strains, examples of which are
presented in Figure 3 (references for Fig. 3 are included in the figure legend). In general,
fibril structures feature a typical cross-beta topology formed primarily by interchain self-
association of residues in the NAC and, in some cases, N-terminal domain with parallel
in-register beta strand topology [3,30-32]. Different fibril polymorphs determined to date
show variable lengths of N-terminal domains participating in the core fibril structure, while
the C-terminal domain remains disordered almost entirely, without exception (Figure 3A,
B). The ordered core captured by the cryo-EM structures span approximately from residues
36-99, indicating that about 50% of the N-terminus as defined by residues 1-60 tend to

be incorporated into the fibril core (depicted in blue, Figure 3) while the full C-terminus
(depicted in red, Figure 3) is essentially never included in the core and is not resolved in the
cryo-EM structures.

In contrast, the sSNMR structure of the a-Syn fibril performed by Tuttle et al (Figure

3C) directly visualizes the disordered N- and C-termini [33]. The flanking intrinsically
disordered regions (IDRs) are too conformationally heterogenous to visualize in cryo-EM or
in cross-polarization based ssSNMR experiments. However, recently, peaks corresponding to
the IDR segments of a-Syn have been directly visualized via through-bond based ssNMR
experiments. These IDR residues have been shown to correspond to the C-terminus of the
fibril [34]. Furthermore, hydrogen-deuterium exchange experiments coupled with MS have
shown that the C-terminal domain remains surface accessible in various fibril polymorphs
while exposure of the N-terminal domain varies [35]. Taken together with the SSNMR
experiments, these studies further demonstrate that the C-terminal domain remains entirely
disordered in different fibril polymorphs while the N-terminal lengths incorporated within
the fibril core vary. Overall, the molecular picture that emerges is that in fibrillar structures
these disordered terminal segments form a “fuzzy-coat” composed of disordered C-termini
(approximately residues 97-140) and N-termini (approximately residues 1-36); although
some fibril polymorphs feature the participation of a longer tract of the N-terminal segment
in the ordered fibril structure [36,37].

Electrostatic Effects Mediated by the C-terminal Domain of the Fibrils are

the Master Regulators of Fibril Seeding

Recent mechanistic studies provide evidence that the fuzzy-coat structure, particularly that
formed by the negatively charged C-terminal segment, is a critical element in the molecular
mechanism of templated seeding. Baum and colleagues used relaxation-based solution NMR
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experiments on fibril seeds in equilibrium with a.-Syn monomer to show that the first

11 N-terminal residues on the monomer constitute the binding interface to the fibril and
suggest that the monomer interface interacts with fuzzy-coat on the fibril surface [45].
Riek, Eichmann, and colleagues used NMR and Electron Paramagnetic Resonance (EPR)
spectroscopy to show that a-Syn monomerfibril binding during secondary nucleation is
primarily mediated by transient electrostatic interactions between the positively-charged
monomer N-terminal domain and the negatively charged fibril C-terminal domain [46].
These monomer-fibril interactions lead both to an alignment of monomers on the fibril
surface and an effective weakening of intramolecular N- and C-terminal domain interactions
in the monomer that otherwise protect the aggregation-prone NAC domain from inter-chain
contacts [46]. The net result is a high local concentration of aligned and NAC-exposing
a-Syn monomers on the fibril surface, which forms a nucleus for templated aggregation.

The fuzzy-coat model of fibril seeding has potential implications for secondary nucleation-
mediated fibril formation and cell-to-cell spreading of a-Syn aggregates. The kinetics of
fibril elongation by addition of monomers at fibril ends is relatively insensitive to pH and

is dominated by hydrophobic and hydrogen bonding interactions between residues in the
NAC domain [47]. In contrast, fibril-catalyzed secondary nucleation is known to be highly
susceptible to pH and other environmental conditions [48]. At pH values of <6, often
present in organelles such as endosomes and lysosomes, secondary nucleation-mediated
fibril growth dominates over elongation [49]. Linse, Palmadéttir, and colleagues found that
fibril formation leads to a significant uptake of protons corresponding to 0.9 pH units [50].
These protons are taken up by negatively charged residues in the C-terminal domain, whose
pKas are significantly up-shifted to an even greater degree than in the monomeric state.
These shifts may result from a high effective concentration in the fibril as well as potentially
altered dielectric environment upon compaction - a lower dielectric constant is expected to
accentuate electrostatic effects. It has further been shown that the secondary nucleation of
a-Syn, enabled at mildly acidic pH using seeds formed at physiological pH, leads to fibrils
that structurally resemble those formed de novo under mildly acidic pH conditions, rather
than the seeds formed under high-pH conditions. This suggests that secondary nucleation

is controlled by the properties of the C-terminal domain fuzzy coat rather than the NAC
domain [48].

In this review, we propose a mechanistic model for fibril seeding in which the negatively
charged C-terminal domain acts as a pH-dependent “master regulator” of the templated
seeding process v/amodulation of interchain N-terminal monomer to C-terminal fibril
interactions (Figure 4C, D). We suggest that at physiological pH, the high negative charge in
the C-terminal domain of the fibril leads to an expanded volume in the fuzzy coat. Incoming
monomers that interact via their N-terminal segments with individual C-terminal domains
are thus, on average, sufficiently distant from each other such that fibril surface-mediated
nucleation is disfavored compared to NAC domain-dominated elongation at fibril ends
(Figure 4C). At low pH, however, because of the increased pKas of negatively charged
residues in the fibril, the inter-chain repulsion in the fuzzy coat is dramatically lowered. This
leads to the greater proximity and aggregation-promoting alignment of transiently bound
incoming monomers (Figure 4D). The higher effective concentration and parallel alignment
of surface-bound monomers decreases the barrier to nucleation, leading to as much as a four
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orders of magnitude increase in secondary nucleation-mediated fibril formation compared to
high-pH conditions [49]. Thus, the negatively charged C-terminal domain acts as a master
regulator of both de novo fibril formation and, crucially, secondary nucleation-mediated
propagation of a-Syn aggregates.

As aggregation is an inherently multi-body phenomenon, this model suggests that even
small reductions in inter-chain charge-charge repulsion can substantially alter the stability
of aggregated species leading to potentially dramatic effects on aggregation propensity. The
homologous IDP B-Syn has a shorter and less hydrophobic (therefore, less aggregation
prone) NAC domain and features a significantly more negatively charged C-terminal domain
[26]. As expected from the mechanistic scenario described above, Moriarty et al. found

that p-Syn forms fibrils at mildly acidic pH but not physiological pH [51]. However,

a single negative-charge-decreasing amino acid substitution (E61A) leads to rapid fibril
formation by B-Syn at both physiological and mildly acidic pH. Removal of negative
charges by the deletion of a-Syn C-terminal residues also results in enhanced aggregation
[52-54]. Taken together, recent studies are consistent with our model that the negatively
charged residues in both a-Syn and B-Syn act as gatekeepers against aggregation. Thus,
effective charge reduction induced by environmental factors, e.g., pH, dielectric changes
due to conformational compaction, and/or genetic mutations can lead to large increases in
aggregation propensity. Age-dependent or stochastic fluctuations in the cellular environment
combined with the high sensitivity of a-Syn aggregation to these effects may, thus, underlie
pathological aggregation and promote prion-like propagation [55].

Conclusions and Perspectives

Recent studies investigating the mechanism of aggregation of a-Syn compellingly show
that beyond the NAC domain, the intrinsically disordered N- and C-terminal domains play
critical regulatory key roles at all stages in the aggregation of a-Syn. Interactions mediated
by the N-terminal domain control aggregation kinetics and approximately half (or more)

of the N-terminal domain is structured in the core structure of all fibril polymorphs. The
C-terminal domain retains its intrinsically disordered character in fibrils and forms a “fuzzy
coat” on the fibril surface that plays the role of a “master regulator” in fibril growth.

The charge content of the C-terminal domain is sensitive to environmental changes, e.g.,

pH and ionic strength. Charge-charge interactions mediated by the C-terminal domain are
critical regulators of the balance between early stages of aggregation, fibril elongation

and fibril surface-mediated secondary nucleation. In the early stages the C-terminal

domain is protective against aggregation by forming transient intra-molecular N-C- terminal
interactions in the monomer and N-C anti-parallel interactions in the dimer [24,53]. In
contrast, at later stages of aggregation, the disordered C-terminal domain in the fibril acts to
recruit monomers to the fibril v/a interactions with the monomer N-terminal domain [45,46].

Despite much effort, no inhibitors of a.-Syn aggregation are currently approved for clinical
use to combat the growing burden of synucleinopathies. Detailed mechanistic studies and
an increasing appreciation of the role played by the interactions mediated by disordered
terminal segments in fibril elongation and seeding highlight the challenges and suggest
novel pathways for the development of inhibitors. As a-Syn aggregation mechanisms
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involve a number of inter-domain multivalent interactions between the N-, C-, and NAC
domains, introducing multivalency in designing inhibitors is likely to be an effective
strategy. Recently, Yushchenko, Shvadchak and colleagues constructed fusion proteins
composed of a-Syn monomer or crosslinked dimers and a bulky globular protein [56,57].
These inhibitors likely efficiently bind to the fibril via the a-Syn protein and the bulky
globular protein blocks access to the fibril ends for further monomeric a-Syn molecules. As
our understanding of the polymorphic structure of fibrils via their disordered termini and
their correlation with diseases matures, blocking fibril ends, particularly using multivalent
modalities offers a promising route for the development of effective inhibitors.

Given the importance of the intrinsically disordered domains, experimental methods that
can probe the structure of these regions in fibrils are needed as their conformations are

too heterogeneous for resolution using cryo-EM. Elucidation of the structure of disordered
regions using ssSNMR is likely to provide insights into the roles of disordered regions in
fibrils. Recent ssNMR-based elucidation of the structure of disordered regions in tau and
huntingtin fibrils provide an exciting example of the experimental clarification of the critical
role played by disorder in the growth and propagation of ordered fibrillar structures [58,59].

The overall picture that emerges is that interchain interactions between the NAC domain
provide structure and stability for fibrils, whereas the terminal domains play multifaceted
roles in the aggregation process v/a weak, transient, multi-valent, and environmentally
sensitive charge-charge interactions. These regulatory effects of the terminal domains are
critical for fibril polymorphism, aggregation kinetics, mechanisms of fibril growth, and cell-
to-cell spread. A fuller understanding of the roles of the terminal domains would provide a
basis for the design of novel multi-valent therapeutic interventions against cytotoxicity.
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Highlights
. Intrinsically disordered domains play key roles in a-Syn aggregation
. Interactions of the N-terminal region (residues ~1-60) control fibril formation

kinetics.

. The C-terminal region (residues ~100-140) of fibril interacts with the
monomer N-terminal region during fibril growth

. Mechanistic studies provide insight into the role of charge-charge interactions
involving the C-terminal region involved in monomer-monomer and
monomer-fibril interactions

. Multivalent inhibition targeting multiple regions of a.-Syn may be valuable
for inhibitor development
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FIGURE 1: Schematic of a-Syn protein aggregation and cell-to-cell spreading
(a) Overview of a-Syn aggregation. Endogenous a-Syn monomers (grey) can self-associate

into various aggregates including dimers and oligomers. These aggregates can further go
on to form different polymorphic amyloid fibrils that can be found in the Lewy bodies

of patients with PD. Fibril seeds from one neuron can be released and taken up by a
neighboring neuron. This cell-to-cell spreading leads to additional disease progression. (b)
Mechanism of a-Syn protein fibril growth and propagation. Endogenous a-Syn monomer
can interact with exogenous fibril seeds through elongation and/or secondary nucleation to
form mature fibrils.
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FIGURE 2: Conformational equilibria involved in the early stages of a-Syn aggregation
Soluble a-Syn monomers contain a disordered N-terminus (depicted in blue) and a

disordered C-terminus (depicted in red). The soluble state monomer ensemble contains
various conformations. Specifically, there exist monomers that are in a conformation where
the N- and C-terminal domains are close enough to interact with each other. It has been
shown /n vitro that monomers are in equilibria with a small population of dimers. NMR PRE
experiments performed on the monomer-dimer equilibrium revealed the existence of weak
transient, but highly specific interactions between N- and C- terminal domains in dimers.
Interactions between the termini are shown in dashed lines.
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FIGURE 3: The C-terminal domain forms a fuzzy coat on the a-Syn fibril surface
(a) Schematic of a-Syn domains and their involvement in the fibril core. Monomer domains

are defined as shown at the top of the schematic while the fibril structures reveal an ordered
core composed mainly of the residues 36-99 of the N—terminal (blue: 36-60) and the NAC
region (grey; 60-96). A very small portion of the core is composed of residues from the
C-terminal domain (red: 96-99). The rest of the residues (white) are considered disordered
in the fibril structure. (b) Cryo-EM structures (PDB IDs provided) of the ordered cores
brain-harvested a-Syn fibrils from MSA, brain-harvested a.-Syn fibrils from Lewy bodies,
a-Syn fibrils seeded from cerebrospinal fluid and mutant a-Syn [36-44] . The ordered cores
as captured consist almost exclusively of residues in the N-terminal (blue) and NAC (grey)
domains while the C-terminal (red) domain is rarely included. (c) The ssSNMR structure of
an a-Syn fibril as performed by Tuttle et al [33]. The N-terminal residues are depicted in
blue, and the C-terminal residues are depicted in red. The calculated NMR structure reflects
the disordered N- and C-termini.
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FIGURE 4: Monomers are recruited via the fuzzy coat C-terminal domain for fibril growth and
propagation

The negatively charged C-terminal domain acts as a pH dependent master regulator of

the seeding process via modulation of interchain N-terminal monomer to C-terminal fibril
interactions. (a, b). a-Syn monomers are recruited to the fibril v/a interactions between

the monomer N-terminal domain and the fuzzy-coat C-terminal domain of fibrils. Incoming
monomers can be integrated into the fibril through two different aggregation pathways: (a)
Depiction of fibril elongation. Monomers are recruited and added onto either end of the fibril
leading to elongation of the fibril. (b) Depiction of fibril secondary nucleation. Recruited
monomers use the fuzzy-coat C-terminus on existing fibrils as a template for secondary
nucleation. (c, d). The proposed model for the role of C-terminal charge on fibril growth.
We postulate that elongation and secondary nucleation are in a constant dynamic balance.
This balance can shift depending on numerous factors including pH and environmental
conditions. (c) At physiological pH (~7.4), the C—terminal regions of the fibril are highly
charged leading them to repel one another. Since the C-terminal regions repel each other, the
incoming recruited monomers are relatively dispersed on the fibril surface and elongation

is the favored mechanism of aggregation at physiological pH. (d) At low pH (~5.5-6),

the charge content and distribution of the C-terminal region is changed due to the altered
pKas of negatively charged residues. On average, the termini are less negatively charged
and therefore, lower repulsion leads to the monomers being more proximal, productively
aligned and, thus, more likely to nucleate a new fibril. The more compact nature of the
complex gives rise to secondary nucleation as the dominant mechanism of aggregation at
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low pH. Dashes (c, d) indicate schematic representation of negative charges around the fibril
C-terminal region.
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