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Abstract

Intracellular deposits rich in aggregated alpha-synuclein that appear within the central nervous system are intimately associ-
ated to Parkinson’s disease and multiple system atrophy. While it is understandable that the aggregation of proteins, which
share no primary structure identity, such as alpha-synuclein and tau protein, leads to different diseases, that of a given pro-
tein yielding distinct pathologies is counterintuitive. This short review relates molecular and mechanistic processes to the
observed pathological diversity associated to alpha-synuclein aggregation.

Keywords Protein folding - Alpha-synuclein aggregation - Fibrillar polymorphism - Multiple system atrophy - Parkinson’s

disease

Introduction

The aggregation of the proteins Tau, A-beta, alpha-synu-
clein, PrP, Huntingtin, and serpins, into assemblies of fibril-
lar nature is intimately associated to tauopathies, such as
Alzheimer’s disease; synucleinopathies, such as Parkinson’s
disease; spongiform encephalopathies, such as Creutzfeldt-
Jacob disease; Huntington’s disease; and different forms
of dementias. These proteins share no primary structure
identity, and this may account for the different diseases they
cause or are associated to given that it is widely accepted that
unrelated protein aggregates compromise cellular proteosta-
sis and integrity in different manners [1]. Alpha-synuclein
aggregation is involved in Parkinson’s disease, Lewy body
dementia, and the two forms of multiple system atrophy.
Alpha-synuclein is not the only protein to bear this property,
Tau protein aggregation is involved in Alzheimer’s disease
but also Pick’s disease, progressive supranuclear palsy, glob-
ular glial tauopathy, aging-related tau astrogliopathy, chronic
traumatic encephalopathy, argyrophilic grain disease, and
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primary age-related tauopathy. How the aggregation of one
given protein leads to different diseases is a priori puzzling.
There must be explanations for this fact. It could be that
alpha-synuclein aggregation occurs only in a set of neuronal
cell populations that are permissive to aggregation, which
suffer and degenerate afterward leading to specific pheno-
types. It could also be that the aggregates alpha-synuclein
forms in all neuronal cells or in different cell populations are
different, thus causing different diseases. It could further be
that alpha-synuclein aggregates forming in defined neuronal
cells target and affect specific neuronal cell populations via
their prion-like properties. It is worth keeping in mind that
none of these possibilities are exclusive. This short review
provides plausible molecular and mechanistic events that
may account for the observed pathological diversity.

Structural diversity of alpha-synuclein
amyloids

Alpha-synuclein is a relatively small “natively unfolded”
protein. The term natively unfolded reflects alpha-synuclein
molecule intrinsic dynamics. Indeed, this protein in total or
part adopts multiple conformation, not necessarily extended,
which does not allow determining an average conformation
unless upon binding a ligand [2—13]. The ensemble of ter-
tiary structures or conformational states alpha-synuclein
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populates is immense. Indeed, if we assume that each amino
acid residue within alpha-synuclein can adopt a limited num-
ber of conformations, for example 3 (1 trans and 2 gauche)
around the 139 peptide bonds within the protein, with only
2 torsions each, the number of possible conformations that
alpha-synuclein could adopt would surpass 3%’8 (313%*2) con-
formations. The different conformations within the ensem-
ble of tertiary structures are in equilibrium, meaning that
each conformation is populated for a given time [14]. If each
conformation is populated for a very small fraction of a sec-
ond, e.g. 1072 s, it would take a single molecule over the
age of the universe to populate this limited set of possible
conformations. The concentration and lifespan of each con-
formation are specific to the tertiary conformation and are
defined by intramolecular interactions between amino acid
residues stabilized by hydrogen bonds and electrostatic and
hydrophobic interactions. The latter depend on the amino
acid composition of the protein, the distribution of the amino
acid residues within the protein primary structure, and the
chemical and physical conditions surrounding the protein.
This is why the ensemble of conformations alpha-synuclein
can explore is several orders of magnitude smaller than the
number indicated above. It is worth adding that mutations
within alpha-synuclein, such as the ones reported in familial
early onset parkinsonism, affect the intramolecular interac-
tions between amino acid residues within alpha-synuclein
and because of that the ensemble of conformations mutant
alpha-synuclein molecules explore.

Because of its dynamics, the probability for wild type
or mutant alpha-synuclein to populate conformers expos-
ing amino acid stretches that allow them to establish well-
defined inter-molecular interactions with molecules that are
in a compatible conformation is far from negligible at any
time. This allows the monomeric protein to form oligomeric
species. As upon the crystallization of a protein, the nature
of the interactions allowing the formation of quaternary
structures such as dimers, trimers, and higher molecular
weight oligomeric species between molecules defines the
stability of the assemblies this protein forms [15]. When
a molecule adopts conformations incapable of establishing
stable and highly complementary interaction with the oli-
gomer elongating tips, it cannot add on and be subsequently
incorporated within the seed. However, a given protein in
different conformations can establish different complemen-
tary interactions with molecules in compatible conforma-
tion. Thus, assemblies, including crystals, made of the same
protein in different conformations can form. What is true for
a generic protein applies to alpha-synuclein.

Similar to most of the proteins whose aggregation is asso-
ciated to neurodegenerative diseases, alpha-synuclein adopts
beta-strand secondary structure—rich conformations. While
the distribution of these beta strands is highly dependent
on wild-type or mutant alpha-synuclein primary structure,
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they form transiently because of the protein dynamics. The
establishment of numerous hydrogen bonds between alpha-
synuclein molecules allows their highly ordered stacking
into assemblies of fibrillar shapes named amyloids. The
term amyloid signifies starch like. This term was used in
the nineteenth century to refer to deposits within the brain
that stain pale blue with iodine and violet upon treatment
with sulfuric acid as do starch deposits in plants. Amyloid
fibrils are defined as fibrillar polypeptide aggregates with
cross-beta conformation, a structure where the hydrogen
bonds between two consecutive sheets are oriented parallel
to the main fibril axis while the constituting beta-strands
are oriented transversely to the main fibril axis [16, 17].
This type of structure gives rise to a characteristic pattern
of reflections in X-ray diffraction experiments consisting
of a conserved 4.6—4.8 Angstrom meridional spacing and
an equatorial spacing of about 10 Angstrom. The 4.6-4.8
Angstrom reflection comes from the distance between two
hydrogen bonded strands and is invariant as it depends on
the geometry of the polypeptide backbone. It is referred to as
the “main chain spacing.” The equatorial reflection at about
10 Angstrom comes from the packing distance between two
juxtaposed beta-sheets [18, 19]. This distance can vary with
the polypeptide amino acid composition as it depends on the
orthogonal protrusion of the amino acid side chains from
the plane of the sheet. It is worth noting that this reflection
is not observed when the inter-sheet spacing is not regular.

As the organization of polypeptide stretches into beta
strands within wild-type and mutant alpha-synuclein mol-
ecules is transient because of the protein dynamics, different
beta-strand-rich conformations form and disappear. Among
these, different conformers are compatible with the forma-
tion of structurally distinct amyloid fibrils. All resulting
fibrils have the characteristic 4.6-4.8 and ~ 10 Angstrom
reflections. The fibrils may also exhibit additional reflec-
tions originating from highly ordered domains stacks, when
they exist.

As indicated above, the tertiary structures wild-type
or mutant alpha-synuclein adopts are the consequences
of intramolecular interactions between amino acid resi-
dues stabilized by hydrogen bonds and electrostatic and
hydrophobic interactions. Those intramolecular interac-
tions are highly dependent on the chemical and physical
conditions surrounding the protein (pH, viscosity, ionic
strength, nature of ions etc....). Changing the conditions
under which alpha-synuclein forms amyloid fibrils allows
populating different alpha-synuclein tertiary structures or
fold ensembles. The different tertiary structures or folds
any given amyloid forming protein can adopt define the
way the molecules stack into fibrils, the intermolecular
interfaces between any two consecutive protein molecules
and the number of intermolecular H-bonds within these
interfaces. This affects mostly fibril growth through the
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incorporation of molecules in compatible conformations.
Different folds for a given protein define the surfaces of the
stacks they form. The latter allow or not defined interac-
tions between different stacks of the protein in the same or
different conformations yielding fibrils made of multiple
protofilaments. This further governs fibril growth rates,
nanomechanical properties, processing, and degradation
by the cellular machinery in charge of their clearance.
Thus, the intrinsic architectures of fibrils made from one
given protein, e.g., alpha-synuclein (Fig. 1), are defined
by the amyloid forming folds its constituting protein popu-
lates [20], [21-28]. The involvement of different amino
acid stretches in the amyloid core of alpha-synuclein fibrils
exhibiting distinct intrinsic architectures implies they pos-
sess unlike surfaces. Indeed, the amyloid fold and scaffold
define the amino acid stretches composing the solvent-
exposed polypeptide chains and their distribution in space
at the external surfaces of the fibrils, the surfaces through
which they interact with ligands ranging from small mol-
ecules to cell components [29]. When schematized, these
surfaces resemble molecular bar codes (Fig. 2).

Alpha-synuclein Amyloid Structural
Diversity and Differential Tropism
and Seeding

The amino acid residues and peptide chains that are exposed
at the growing tips of the fibrils define the rate at which they
elongate by incorporation of monomeric alpha-synuclein
molecules in compatible conformation(s). Those exposed
to the solvent on the sides of alpha-synuclein fibrils and
their spatial distribution determine what membranous com-
ponents, in particular at the plasma membrane, they can
interact with. The presence, identity, and density of those
receptors at the surface of neuronal cells define whether
one amyloid fibrillar form of alpha-synuclein can bind to a
given cell and the tropism of the fibrils toward those cells.
These receptors are the extracellular matrix, phospholip-
ids, and membrane proteins. The amino acid residues and
peptide chains that are exposed on the sides of structurally
distinct fibrils also define whether alpha-synuclein may be
post-translationally modified and, as a consequence, their
interactomes that depend on post-translational modifica-
tions. Finally, the amino acid residues and peptide chains
that are exposed on the sides of alpha-synuclein amyloids

Fig.1 Structure of the amyloid core of the different fibrillar poly-
morphs alpha-synuclein forms under different experimental condi-
tions and post-translational modifications. The structure of fibrillar
alpha-synuclein obtained by solid-state NMR (pdb ID# 2n0Oa [30]
is represented on the top. The structures of full-length or truncated
wild type or mutant alpha-synuclein derived from cryo-electron

microscopy are represented on the two bottom lines (PDB id# 6cu7
[24, 25], 6h6b [22], 6flt [22], 6a6b [24, 25], 6¢cu8 [24, 25], 6bsst, 6ssx
[23], 611t [31]. The respective pdb identities are given. The identity
of the amino acid residues located at the N- and C-terminal sides of
alpha-synuclein molecule within the resolved fibrillar structures are
indicated
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Fig.2 The surfaces of different fibrillar polymorphs that result from
the highly ordered pile up of alpha-synuclein molecules within fibril-
lar assemblies define a molecular bar code. The structures used to
illustrate the different surfaces are 6sst, 6ssx [23] viewed from top

determine with what efficiency they are degraded by the
cellular clearance machinery and/or extracellular proteases
while those exposed at their growing ends define the rate at
which incorporated alpha-synuclein molecule is lost from
their tips.

Alpha-synuclein fibrils binding to the cell membrane have
been shown to affect membrane fluidity and geometry/curva-
ture [32]. The lateral diffusion of alpha-synuclein fibrils in
the plane of the plasma membrane together or independently
of membranous components such as receptors, channels, and
adhesion molecules, contributes to the build-up of large
fibrillar clusters and the redistribution and/or coalescence
of protein partners at the surface of the cell [30-32, 35]. The
plasma membrane interactome of a single fibrillar alpha-
synuclein polymorph has been extensively assessed allowing
the identification of receptors at neuronal cells surfaces such
as o3 subunit of neuronal sodium/potassium pump, agrin,
apolipoprotein E, catenin delta-2, glypicans, liprin, neurexin
subunits, Na33-36*/ K*-transporting ATPase, amyloid f
precursor-like protein 1, voltage-dependent anion-selective
channel protein, and the glucose related protein of 78 kDa
[34, 37-39]. Assessment of the interaction of structurally
distinct alpha-synuclein fibrillar polymorphs with neuron
membranes revealed differential binding and redistribution
of the synaptic a3 subunit of neuronal sodium/potassium
pump, NMDA, and AMPA receptors, thus demonstrating the
importance of amino acid residues and peptide chains consti-
tuting structurally distinct alpha-synuclein fibril sides [35].

Structurally distinct alpha-synuclein fibril differential
binding to neurons appears related to differential seeding.
The fibrillar polymorph that bound best seeded to the high-
est extent [35]. Seeding of endogenous alpha-synuclein is
dependent on (1) fibril intrinsic seeding propensity; (2) fibril
binding to the plasma membrane; (3) uptake of the fibrils,
mostly by endocytosis; and (4) fibril escape from the endo-
lysosomal compartment and/or resistance to degradation.
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(left) and side (middle left). Basic residues are in blue, acidic residues
in red, and uncharged residues in green. In the bar codes, basic and
acidic residue piles are represented by thick and thin lines, respec-
tively (two panels on the right)

The distinct fibrillar alpha-synuclein strains were frag-
mented to an average length of 40-50 nm (compatible with
endocytosis) in Shrivastava et al. [35] so that differential
uptake does not account for the different seeding propensi-
ties. Thus, differential seeding reflects either differential (1)
binding that has been demonstrated as indicated above, (2)
resistance to the cellular clearance machinery and/or escape
from the endo-lysosomal compartment, or (3) growth rates
of structurally distinct alpha-synuclein fibrils via recruitment
of endogenous monomeric alpha-synuclein at rates highly
dependent on the abundance of the conformation that can
establish highly complementary interactions with their ends
within neurons. All of the processes listed above depend
on the structure and surfaces of distinct alpha-synuclein
amyloids.

Besides the increased seeding reported in neurons overex-
pressing alpha-synuclein after SNCA gene duplication/tripli-
cation or mutations in SNCA, differential seeding appears to
depend on SNCA gene expression level in neuronal cell pop-
ulations. Hippocampal and dopaminergic neurons express
for instance alpha-synuclein to the highest extent while the
expression levels are low in striatal neurons and oligoden-
drocytes [40—42].

Alpha-Synuclein Amyloid Structural
Diversity at the Synapses and Within
Neuronal Cell Cytosol

Synapses are dynamic structures that constantly remodel in
an activity and signaling manner [43]. An alpha-synuclein
fibrillar amyloid-dependent redistribution of synaptic mem-
brane proteins was reported [35] suggesting differential sign-
aling between neurons and neuronal network dysfunction
[44].
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After take up by neuronal cells, structurally distinct
alpha-synuclein amyloids interact with cytosolic compo-
nents ranging from organelles to proteins whose nature, as
for membranous proteins, is dictated by fibril surfaces. Thus,
different alpha-synuclein fibrillar polymorphs redistribute
and or trap into a non-functional state different partner pro-
teins. They also compromise to different extents the integrity
of intracellular membranous compartments [44—49]. In addi-
tion, alpha-synuclein amyloid structure and the probability
with which the tertiary structures compatible with fibril ends
are populated define the rate at which functional monomeric
alpha-synuclein is exhausted in neurons upon elongation and
multiplication of the fibrils and contribute to the speed at
which pathology progresses with time.

Relationship Between Alpha-Synuclein
Amyloid Fibril Diversity and the Nature
of Pathology

Intracerebral or systemic injections of structurally distinct
alpha-synuclein amyloids into experimental animals gave
rise to different neuropathology with features that resem-
ble Parkinson’s disease (PD) and multiple system atrophy
(MSA) [50]. Structurally distinct alpha-synuclein fibrils
seeded the aggregation of their counterparts to different
extents and spread differentially within the central nervous
system yielding distinct propagation patterns [51]. Addi-
tional evidences supporting a relationship between alpha-
synuclein amyloid fibril diversity and the nature of pathology
come from methods where pathogenic alpha-synuclein-rich
aggregates from the central or peripheral nervous system
of patients suffering from different synucleinopathies were
used to seed the aggregation of monomeric alpha-synuclein
in test tubes. No seeding was observed under this experi-
mental setup when tissue homogenates from control patients
were used. Seeded aggregation occurred when equivalent
tissues from PD, MSA, and DLB patients were used. The
resulting, templated, alpha-synuclein fibrils exhibited dis-
tinct disease-specific structural features [52-55]. Thus, as
described in this short review, the structures alpha-synuclein
molecules adopt within the amyloid fibrils this protein form
dictate the scaffold, e.g., the shape of the fibrils as well as
the amino acid stretches exposed on their surfaces. The latter
define their interactomes. The full interactomes of structur-
ally distinct alpha-synuclein pathogenic amyloids whether
in the cytoplasm or at the plasma membrane are far from
being known. A number of extracellularly exposed mem-
branous components have been identified. The presence
and abundance of these proteins on the surface of neuronal
cells define the tropism of distinct alpha-synuclein amyloids,
propagating in a prion-like manner, for different neuronal
cell populations within the central nervous system. In other

words, their target cell populations. Further identification of
the plasma membrane interactomes of fibrillar alpha-synu-
clein polymorphs will bring additional insights into their
tropism for different neuronal cell populations.

Alpha-Synuclein-Rich Inclusions
in Oligodendrocytes in MSA

Alpha-synuclein-rich deposits in oligodendrocytes are
observed in the brain of patients suffering from MSA besides
the pathological inclusions within neurons that character-
ize all synucleinopathies. The origin of these oligodendro-
glial inclusions (GClIs) is as yet unknown. They have been
hypothesized to result from the uptake of aggregated alpha-
synuclein, released from neurons, by oligodendrocytes, or
by overexpression of SNCA mRNA in pathological condition
specific to MSA [56, 57]. For long, mature oligodendrocytes
have been considered to lack alpha-synuclein [58—60]. Solid
evidence for the presence of SNCA mRNA in oligodendro-
cytes has been brought suggesting that alpha-synuclein may
be expressed in these cells [40]. It is nonetheless unclear
whether alpha-synuclein expression level within oligo-
dendrocytes exceeds the critical concentration for de novo
aggregation of the protein. The exogenous origin of GCI is
thus to be considered. Oligodendrocytes have been shown to
bind and take up exogenous fibrils [44, 61]. Different neu-
ronal cells have been shown to process exogenous fibrils to
different extents [62], and different strains have been shown
to bind neuronal cells and seed endogenous alpha-synuclein
to different levels. Thus, oligodendrocytes may take up and
accumulate aggregated alpha-synuclein because of their
inability to degrade the aggregates. As indicated above, this
is expected to have deleterious consequences for oligoden-
drocytes because of the redistribution of plasma membrane
proteins at the surface of those cells and the sequestering of
oligodendroglial cytosolic proteins. This is not the only plau-
sible scenario. Indeed, endogenous alpha-synuclein seeding
has been correlated to upregulation of SNCA expression in
neurons [63]. This is where the discovery of SNCA mRNA
in oligodendrocytes and the finding that alpha-synuclein is
able to form different strains become crucial. Indeed, it is not
unreasonable to envisage differential processing of distinct
alpha-synuclein strains in oligodendrocytes. It is further
reasonable to conceive exogenous strain-mediated seeding
of endogenous oligodendroglial alpha-synuclein despite the
low levels of the proteins within those cells. Such a scenario
would lead to the persistence and/or growth of GClIs. Alter-
natively, as the intracellular conditions within oligodendro-
cytes are different from those in other neuronal cells, take up
of pathogenic alpha-synuclein aggregates by oligodendro-
cytes and the yet to be demonstrated upregulation of SNCA
expression within these cells may yield novel strains [64].
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Conclusion

The robustness of the evidences for the existence of alpha-
synuclein aggregates with distinct structures and/or char-
acteristics in different synucleinopathies is increasing [26,
52-55, 63, 65, 66]. Direct or indirect interactors of aggre-
gated alpha-synuclein within those pathogenic deposits
are also being identified [63, 67-76]. These studies and
the very complex results they yield are crucial for under-
standing the onset and differential progression of distinct
synucleinopathies.

For simplicity, this review was focused on findings
supporting the structure-pathology relationship that was
derived from experiments performed mostly in vitro with
pure structurally distinct alpha-synuclein fibrillar assem-
blies. The artificial approaches this short review focused
on show that the mechanism of alpha-synuclein aggrega-
tion into distinct fibrillar assemblies and the molecular
processes driven by the differential interactions of the
resulting fibrils are at the origin of a sequential delete-
rious scenario. Indeed, it has been established that the
binding of structurally distinct alpha-synuclein amyloids
to neuronal cells plasma leads to differential redistribution
of essential membrane proteins, synaptic remodeling, and
impaired neuronal activity. Structurally different alpha-
synuclein fibrils further trigger noxious changes with the
differential seeded aggregation of endogenous alpha-synu-
clein that leads to differential loss of function of cytosolic
proteins after their trapping within the pathogenic aggre-
gates. The latter also compromises mitochondrial function
[44, 77-79].

Pastas illustrate in realistic manner the molecular pro-
cesses described in this review (Fig. 3). Pastas are made of
the same component, most often cereals and predominantly
durum wheat. The pasta named spaghetti differs in shape
from linguine, vermicelli, fusilli, penne, rigatoni, macheroni,
etc.... The different shapes of pastas define how they interact
with the environment they face, e.g., the sauce they are into.
Some interact very efficiently with the sauce with high bind-
ing, others much less efficiently. The properties of different
sauces also play a critical role in their differential interaction
with pastas exhibiting different shapes.
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Fig.3 Parallel between the form of pasta and the alpha-synuclein
assemblies involved in MSA and PD. Pastas exhibit different shapes
as fibrillar alpha-synuclein polymorphs do. Some are thick, some are
thin, some are twisted, and some are flat. The different shapes pas-
tas exhibit define how they interact with their environment, here, the
tomato sauce. Some interact very efficiently with the sauce with high
binding; they look dark, others much less efficiently and look pale

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hipp MS, Kasturi P, Hartl FU. The proteostasis network and its
decline in ageing. Nat Rev Mol Cell Biol. 2019;20:421.

2. Anderson VL, Webb WW, Eliezer D. Interplay between des-
olvation and secondary structure in mediating cosolvent and
temperature induced alpha-synuclein aggregation. Phys Biol.
2012;9:056005.

3. Burre J, Vivona S, Diao J, Sharma M, Brunger AT, Sudhof TC.
Properties of native brain alpha-synuclein. Nature. 2013;498:E4.

4. Eliezer D, Kutluay E, Bussell R Jr, Browne G. Conformational
properties of alpha-synuclein in its free and lipid-associated states.
J Mol Biol. 2001;307:1061-73.

5. Ferreon ACM, Gambin Y, Lemke EA, Deniz AA. Interplay of
alpha-synuclein binding and conformational switching probed


http://creativecommons.org/licenses/by/4.0/

The Cerebellum

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

by single-molecule fluorescence. Proc Natl Acad Sci USA.
2009;106:5645-50.

Frimpong AK, Abzalimov RR, Uversky VN, Kaltashov IA. Char-
acterization of intrinsically disordered proteins with electrospray
ionization mass spectrometry: conformational heterogeneity of
a-synuclein. Proteins. 2010;78:714-22.

Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of
alpha-synuclein: from structure and toxicity to therapeutic target.
Nat Rev Neurosci. 2013;14:38.

Maiti NC, Apetri MM, Zagorski MG, Carey PR, Anderson VE.
Raman spectroscopic characterization of secondary structure in
natively unfolded proteins: alpha-synuclein. ] Am Chem Soc.
2004;126:2399-408.

Sandal M, Valle F, Tessari I, Mammi S, Bergantino E, Musiani F,
Brucale M, Bubacco L, Samori B. Conformational equilibria in
monomeric a-synuclein at the single-molecule level. PLoS Biol.
2008;6:€6.

Theillet F-X, Binolfi A, Bekei B, et al. Structural disorder of
monomeric alpha-synuclein persists in mammalian cells. Nature.
2016;530:45.

Ulmer TS, Bax A, Cole NB, Nussbaum RL. Structure and
dynamics of micelle-bound human alphasynuclein. J Biol Chem.
2005;280:9595-603.

Uversky VN. A protein-chameleon: conformational plasticity of
a-synuclein, a disordered protein involved in neurodegenerative
disorders. J Biomol Struct Dyn. 2003;21:211-34.

Weinreb PH, Zhen W, Poon AW, Conway KA, Lansbury PT.
NACP, a protein implicated in Alzheimer’s disease and learning,
is natively unfolded. Biochemistry. 1996;35:13709-15.

Fersht, AR. Structure and mechanism in protein science: a guide
to enzyme catalysis and protein folding. 1999; W. H. Freeman
ISBN 0716732688, 9780716732686

Oosawa F, Asakura S. In: Horecker, B., Kaplan, N.O., Matmur, J.,
Scheraga, H.A. (Eds.), Thermodynamics of the polymerization of
protein. 1975; Academic Press, London.

Astbury WT, Dickinson S. The X-ray interpretation of dena-
turation, the structure of the seed globulins. Biochem J.
1935;29:2351-60.

Makin OS, Serpell LC. Structures for amyloid fibrils. FEBS J.
2005;272:5950-61.

Fandrich M, Dobson CM. The behaviour of polyamino acids
reveals an inverse side chain effect in amyloid structure forma-
tion. EMBO J. 2002;21:5682-90.

Sunde M, Serpell LC, Bartlam M, Fraser PE, Pepys MB, Blake
CC. Common core structure of amyloid fibrils by synchrotron
Xray diffraction. J Mol Biol. 1997;273:729-39.

Bousset L, Pieri L, Ruiz-Arlandis G, Gath J, Jensen PH, Haben-
stein B, Madiona K, Olieric V, Bockmann A, Meier BH, Melki R.
Structural and functional characterization of two alpha-synuclein
strains. Nat Commun. 2013;4:2575.

Burger D, Fenyi A, Bousset L, Stahlberg H, Melki R. Cryo-EM
structure of alpha-synuclein fibrils amplified by PMCA from PD
and MSA patient brains bioRxiv 2021; https://doi.org/10.1101/
2021.07.08.451588

Guerrero-Ferreira R, Taylor NM, Mona D, Ringler P, Lauer ME,
Riek R, Britschgi M, Stahlberg H. Cryo-EM structure of alpha-
synuclein fibrils eLife. 2018;7:¢36402.

Guerrero-Ferreira R, Taylor NM, Arteni A-A, Kumari P, Mona D,
Ringler P, Britschgi M, Lauer ME, Makky A, Verasdonck J, Riek
R, Melki R, MeierB ckmann BHA, Bousset L, Stahlberg H. Two
new polymorphic structures of human full-length alpha-synuclein
fibrils solved by cryo-electron microscopy. Elife. 2019;8:e48907.
https://doi.org/10.7554/eLife.48907.

Li B, Ge P, Murray KA, Sheth P, Zhang M, Nair G, Sawaya MR,
Shin WS, Boyer DR, Ye S, Eisenberg DS, Zhou ZH, Jiang L.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cryo-EM of full-length a-synuclein reveals fibril polymorphs
with a common structural kernel. Nat Commun. 2018;9:3609.

Li Y, Zhao C, Luo F, Liu Z, Gui X, Luo Z, Zhang X, Li D, Liu
C, Li X. Amyloid fibril structure of a- synuclein determined by
cryo-electron microscopy. Cell Res. 2018;28:897-903.
Schweighauser M, Shi Y, Tarutani A, Kametani F, Murzin AG,
Ghetti B, Matsubara T, Tomita T, Ando T, Hasegawa K, Muray-
ama S, Yoshida M, Hasegawa M, Scheres SHW, Goedert M.
Structures of a- synuclein filaments from multiple system atrophy.
Nature. 2020;585:464-9.

Zhao K, Lim Y-J, Liu Z, Long H, Sun Y, Hu J-J, Zhao C, Tao
Y, Zhang X, Li D, Li Y-M, Liu C. Parkinson’s disease-related
phosphorylation at Tyr39 rearranges a-synuclein amyloid
fibril structure revealed by cryo-EM. Proc Natl Acad Sci USA.
2020;117:20305-15.

Makky A, Bousset L, Polesel-Maris J, Melki R. Nanomechani-
cal properties of distinctfibrillar polymorphs of the protein
a-synuclein. Sci Rep. 2016;30(6):37970. https://doi.org/10.1038/
srep37970.

Landureau M, Redeker V, Bellande T, Eyquem S, Melki R. The
differential solvent exposure of N-terminal residues provides “fin-
gerprints” of alpha-synuclein fibrillar polymorphs. J Biol Chem.
2021;296:100737.

Tuttle MD, Comellas G, Nieuwkoop AJ, Covell DJ, Berthold DA,
Kloepper KD, Courtney JM, Kim JK, Barclay AM, Kendall A,
Wan W, Stubbs G, Schwieters CD, Lee VM, George JM, Rien-
stra CM. Solid-state NMR structure of a pathogenic fibril of full-
length human a-synuclein. Nat Struct Mol Biol. 2016;23(5):409—
15. https://doi.org/10.1038/nsmb.3194.

Zhao K, Lim YJ, Liu Z, Long H, Sun Y, Hu JJ, Zhao C, Tao
Y, Zhang X, Li D, Li YM, Liu C. Parkinson’s disease-related
phosphorylation at Tyr39 rearranges a-synucleinamyloid
fibril structure revealedby cryo-EM. Proc Natl Acad Sci USA.
2020;117(33):20305-15. https://doi.org/10.1073/pnas.19227
41117.

Smith PE, Brender JR, Ramamoorthy A. Induction of negative
curvature as a mechanism of cell toxicity by amyloidogenic pep-
tides: the case of islet amyloid polypeptide. ] Am Chem Soc.
2009;131:4470-8.

Rossy J, Ma Y, Gaus K. The organisation of the cell membrane:
do proteins rule lipids? Curr Opin Chem Biol. 2014;20:54-9.
Shrivastava AN, Redeker V, Fritz N, Pieri L, Almeida LG, Spo-
lidoro M, Liebmann T, Bousset L, Renner M, Lena C, et al.
a-Synuclein assemblies sequester neuronal a3-Na+/K+-ATPase
and impair Na+ gradient. EMBO J. 2015;34:2408-23.
Shrivastava AN, Bousset L, Renner M, Redeker V, Savistchenko
J, Triller A, Melki R. Differential Membrane Binding and Seed-
ing of Distinct a-Synuclein Fibrillar Polymorphs. Biophys J.
2020;118(6):1301-20. https://doi.org/10.1016/j.bp;j.2020.01.022.
Shrivastava AN, Aperia A, Melki R, Triller A. Physico-pathologic
mechanisms involved in neurodegeneration: misfolded protein-
plasma membrane interactions. Neuron. 2017;95:33-50.

Bellani S, Mescola A, Ronzitti G, Tsushima H, Tilve S, Canale
C, Valtorta F, Chieregatti E. GRP78 clustering at the cell surface
of neurons transduces the action of exogenous alpha-synuclein.
Cell Death Differ. 2014;21:1971-83.

Mao X, Ou MT, Karuppagounder SS, Kam T-1, Yin X, Xiong Y,
Ge P, Umanah GE, Brahmachari S, Shin J-H, et al. Pathological
a-synuclein transmission initiated by binding lymphocyte-activa-
tion gene 3. Science. 2016;353:aah3374.

Ohnishi T, Yanazawa M, Sasahara T, Kitamura Y, Hiroaki H,
Fukazawa Y, Kii I, Nishiyama T, Kakita A, Takeda H, et al. Na,
K-ATPase a3 is a death target of Alzheimer patient amyloid-b
assembly. Proc Natl Acad Sci USA. 2015;112:E4465-74.

@ Springer @@


https://doi.org/10.1101/2021.07.08.451588
https://doi.org/10.1101/2021.07.08.451588
https://doi.org/10.7554/eLife.48907
https://doi.org/10.1038/srep37970
https://doi.org/10.1038/srep37970
https://doi.org/10.1038/nsmb.3194
https://doi.org/10.1073/pnas.1922741117
https://doi.org/10.1073/pnas.1922741117
https://doi.org/10.1016/j.bpj.2020.01.022

The Cerebellum

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Asi YT, Simpson JE, Heath PR, Wharton SB, Lees AJ, Revesz T,
Houlden H, Holton JL. (2014) Alpha-synuclein mRNA expression
in oligodendrocytes in MSA. Glia. 2014;62(6):964-70.

Courte J, Bousset L, Boxberg YV, Villard C, Melki R, Peyrin
JM. The expression level of alpha-synuclein in different neuronal
populations is the primary determinant of its prion-like seeding.
Sci Rep. 2020;10:4895.

Ozawa T, Okuizumi K, Ikeuchi T, Wakabayashi K, Takahashi
H, Tsuji S. Analysis of the expression level of alpha-synuclein
mRNA using postmortem brain samples from pathologically
confirmed cases of multiple system atrophy. Acta Neuropathol.
2001;102:188-90.

Choquet D, Triller A. The dynamic synapse. Neuron.
2013;80:691-703.

Gribaudo S, Tixador P, Bousset L, Fenyi A, Lino P, Melki R,
Peyrin JM, Perrier AL. Propagation of a-synuclein strains within
human reconstructed neuronal network. Stem Cell Reports.
2019;12:230-44.

Bose A, Beal MF. Mitochondrial dysfunction in Parkinson’s dis-
ease. J Neurochem. 2016;139(Suppl 1):216-31.

Dias V, Junn E, Mouradian MM. The role of oxidative stress in
Parkinson’s disease. J Parkinsons Dis. 2013;3:461-91.

Flavin WP, Bousset L, Green ZC, Chu Y, Skarpathiotis S,
Chaney MJ, Kordower JH, Melki R, Campbell EM. Endocytic
vesicle rupture is a conserved mechanism of cellular invasion
by amyloid proteins. Acta Neuropathol. 2017;134:629-53.
Rcom-H’cheo-Gauthier A, Goodwin J, Pountney DL. Interac-
tions between calcium and alpha-synuclein in neurodegenera-
tion. Biomolecules. 2014;4:795-811.

Surmeier DJ, Schumacker PT, Guzman JD, Ilijic E, Yang B,
Zampese E. Calcium and Parkinson’s disease. Biochem Biophys
Res Commun. 2017;483:1013-9.

Peelaerts W, Bousset L, Van der Perren A, Moskalyuk A, Pulizzi
R, Giugliano M, Van den Haute C, Melki R, Baekelandt V.
a-Synuclein strains cause distinct synucleinopathies after local
and systemic administration. Nature. 2015;522:340—4.

Rey NL, Bousset L, George S, Madan Z, Meyerdirk L, Schulz
E, Steiner JA, Melki R, Brundin P. a-Synuclein conformational
strains spread, seed and target neuronal cells differentially after
injection into the olfactory bulb. Acta Neuropathol Commun.
2019;7:221-38.

Fenyi A, Duyckaerts C, Bousset L, Braak H, Del Tredici K,
Melki R, Network O-C. Seeding propensity and characteristics
of pathogenic aSyn assemblies in formalin-fixed human tissue
from the enteric nervous system, olfactory bulb, and brainstem
in cases staged for Parkinson’s disease. Cells. 2021;10:139.
Shahnawaz M, Mukherjee A, Pritzkow S, Mendez N, Rabadia P,
Liu X, Hu B, Schmeichel A, Singer W, Wu G, Tsai A-L, Shirani
H, Nilsson KPR, Low PA, Soto C. Discriminating a-synuclein
strains in Parkinson’s disease and multiple system atrophy.
Nature. 2020;578:273-17.

Strohdker T, Jung BC, Liou S-H, Fernandez CO, Riedel D,
Becker S, Halliday GM, Bennati M, Kim WS, Lee S-J, Zweck-
stetter M. Structural heterogeneity of a-synuclein fibrils ampli-
fied from patient brain extracts. Nat Commun. 2019;10:5535.
Van der Perren A, Gelders G, Fenyi A, Bousset L, Brito F,
Peelaerts W, Van den Haute C, Gentleman S, Melki R, Bae-
kelandt V. The structural differences between patient-derived
a-synuclein strains dictate characteristics of Parkinson’s dis-
ease, multiple system atrophy and dementia with Lewy bodies.
Acta Neuropathol. 2020;139:977-1000.

Reyes JF, Rey NL, Bousset L, Melki R, Brundin P, Angot E.
Alpha-synuclein transfers from neurons to oligodendrocytes.
Glia. 2014;62:387-98.

Ubhi K, Low P, Masliah E. Multiple system atrophy: a clinical and
neuropathological perspective. Trends Neurosci. 2011;34:581-90.

GRO @ Springer

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Jin H, Ishikawa K, Tsunemi T, Ishiguro T, Amino T, Mizusawa
H. Analyses of copy number and mRNA expression level of the
alpha-synuclein gene in multiple system atrophy. J Med Dent Sci.
2008;55:145-53.

Miller DW, Johnson JM, Solano SM, Hollingsworth ZR, Standaert
DG, Young AB. Absence of a-synuclein mRNA expression in
normal and multiple system atrophy oligodendroglia. J Neural
Transm. 2005;112:1613-24.

Solano SM, Miller DW, Augood SJ, Young AB, Penney JB.
Expression of alpha-synuclein, parkin, and ubiquitin carboxy-
terminal hydrolase L1 mRNA in human brain: Genes associated
with familial Parkinson’s disease. Ann Neurol. 2000;47:201-10.
Lee HJ, Suk JE, Patrick C, Bae EJ, Cho JH, Rho S, Hwang D,
Masliah E, Lee SJ. Direct transfer of alpha-synuclein from neuron
to astroglia causes inflammatory responses in synucleinopathies.
J Biol Chem. 2010;285:9262-72.

Loria F, Vargas JY, Bousset L, Syan S, Salles A, Melki R, Zurzolo
C. a-Synuclein transfer between neurons and astrocytes indicates
that astrocytes play a role in degradation rather than in spreading.
Acta Neuropathol. 2017;134:789-808.

Tanudjojo B, Shaikh SS, Fenyi A, Bousset L, Agarwal D, Marsh
J, Zois C, Heman-Ackah S, Fischer R, Sims D, Melki R, Tofaris
GK. Phenotypic manifestation of a-synuclein strains derived from
Parkinson’s disease and multiple system atrophy in human dopa-
minergic neurons. Nat Commun. 2021;12:3817.

Peng C, Gathagan RJ, Covell DJ, Medellin C, Stieber A, Robinson
JL, Zhang B, Pitkin RM, Olufemi MF, Luk KC, Trojanowski JQ,
Lee VM. Cellular milieu imparts distinct pathological a-synuclein
strains in a-synucleinopathies. Nature. 2018;557:558-63.
Prusiner SB, Woerman AL, Mordes DA, Watts JC, Rampersaud
R, Berry DB, Patel S, Oehler A, Lowe JK, Kravitz SN, Geschwind
DH, Glidden DV, Halliday GM, Middleton LT, Gentleman SM,
Grinberg LT, Giles K. Evidence for a-synuclein prions causing
multiple system atrophy in humans with parkinsonism. Proc Natl
Acad Sci U S A. 2015;112:E5308-5317.

Watts JC, Giles K, Oehler A, Middleton L, Dexter DT, Gentle-
man SM, DeArmond SJ, Prusiner SB. Transmission of multiple
system atrophy prions to transgenic mice. Proc Natl Acad Sci U
S A.2013;110:19555-60.

Bettencourt C, Miki Y, Piras IS, de Silva R, Foti SC, Talboom JS,
Revesz T, Lashley T, Balazs R, Viré E, Warner TT, Huentelman
M1, Holton JL. MOBP and HIP1 in multiple system atrophy: New
alpha-synuclein partners in glial cytoplasmic inclusions impli-
cated in the disease pathogenesis. Neuropathol Appl Neurobiol.
2021;47:640-52.

Bhattacharjee P, Ohrfelt A, Lashley T, Blennow K, Brinkmalm
A, Zetterberg H. Mass spectrometric analysis of Lewy body-
enriched alpha-synuclein in Parkinson’ disease. J Proteome Res.
2019;18:2109-20.

Giusto E, Yacoubian TA, Greggio E, Civiero L. Pathways to Par-
kinson’s disease: a spotlight on 14-3-3 proteins. NPJ Parkinsons
Dis. 2021;7:85.

Haenig C, Atias N, Taylor AK, Mazza A, Schaefer MH, Russ
J, Riechers SP, Jain S, Coughlin M, Fontaine JF, Freibaum BD,
Brusendorf L, Zenkner M, Porras P, Stroedicke M, Schnoegl S,
Arnsburg K, Boeddrich A, Pigazzini L, Heutink P, Taylor JP,
Kirstein J, Andrade-Navarro MA, Sharan R, Wanker EE. Interac-
tome mapping provides a network of neurodegenerative disease
proteins and uncovers widespread protein aggregation in affected
brains. Cell Rep. 2020;32:108050.

Henderson MX, Chung CH, Riddle DM, Zhang B, Gathagan RJ,
Seeholzer SH, Trojanowski JQ, Lee VMY. Unbiased proteomics
of early Lewy body formation model implicates active microtu-
bule affinity-regulating kinases (MARKS) in synucleinopathies. J
Neurosci. 2017;37:5870-84.



The Cerebellum

72.

73.

74.

75.

76.

Iwata A, Maruyama M, Akagi T, Hashikawa T, Kanazawa I, Tsuji
S, Nukina N. Alpha-synuclein degradation by serine protease neu-
rosin: implication for pathogenesis of synucleinopathies. Hum
Mol Genet. 2003;12:2625-35.

Killinger BA, Marshall LL, Chatterjee D, Chu Y, Bras J, Guer-
reiro R, Kordower JH. In situ proximity labeling identifies Lewy
pathology molecular interactions in the human brain. Proc Natl
Acad Sci U S A. 2022;119:e2114405119.

Leverenz JB, Umar I, Wang Q, Montine TJ, McMillan PJ, Tsuang
DW, Jin J, Pan C, Shin J, Zhu D, Zhang J. Proteomic identifi-
cation of novel proteins in cortical Lewy bodies. Brain Pathol.
2007;17:139-45.

Longhena F, Faustini G, Spillantini MG, Bellucci A. Living in
promiscuity: the multiple partners of alpha-synuclein at the syn-
apse in physiology and pathology. Int J Mol Sci. 2019;20:141.
Xia Q, Liao L, Cheng D, Duong DM, Gearing M, Lah JJ, Levey
Al, Peng J. Proteomic identification of novel proteins associated
with Lewy bodies. Front Biosci. 2008;13:3850-6.

7.

78.

79.

Ordonez DG, Lee MK, Feany MB. a-Synuclein induces mito-
chondrial dysfunction through spectrin and the actin cytoskeleton.
Neuron. 2018;97:108-124.¢6.

Russ K, Teku G, Bousset L, Redeker V, Piel S, Savchenko E,
Pomeshchik Y, Savistchenko J, Stummann TC, Azevedo C, Collin
A, Goldwurm S, Fog K, Elmer E, Vihinen M, Melki R, Roybon L.
TNF-a and a-synuclein fibrils differently regulate human astro-
cyte immune reactivity and impair mitochondrial respiration. Cell
Rep. 2021;34:108895.

Valdinocci D, Simo“es RF, Pountney DL. Intracellular and inter-
cellular mitochondrial dynamics in Parkinson’s disease. Front
Neurosci. 2019;13:930.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer @R@



	Disease Mechanisms of Multiple System Atrophy: What a Parallel Between the Form of Pasta and the Alpha-Synuclein Assemblies Involved in MSA and PD Tells Us
	Abstract
	Introduction
	Structural diversity of alpha-synuclein amyloids
	Alpha-synuclein Amyloid Structural Diversity and Differential Tropism and Seeding
	Alpha-Synuclein Amyloid Structural Diversity at the Synapses and Within Neuronal Cell Cytosol
	Relationship Between Alpha-Synuclein Amyloid Fibril Diversity and the Nature of Pathology
	Alpha-Synuclein-Rich Inclusions in Oligodendrocytes in MSA
	Conclusion
	References


