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Abstract

Synucleinopathies are neurodegenerative diseases
characterized by the presence of intracellular
deposits containing the protein alpha-synuclein
(@SYN) within patients’ brains. It has been shown
that aSYN can form structurally distinct fibrillar
assemblies, also termed polymorphs. We previously
showed that distinct aSYN polymorphs assembled
in vitro, named fibrils, ribbons and fibrils 91,
differentially bind to and seed the aggregation of
endogenous aSYN in neuronal cells, which suggests
that distinct synucleinopathies may arise from
aSYN polymorphs. In order to better understand the
differential interactions of aSYN polymorphs with
their partner proteins, we mapped aSYN
polymorphs surfaces. We used limited proteolysis,
hydrogen-deuterium exchange, and differential
antibody accessibility to identify amino-acids on
their surfaces. We showed that the aSYN C-
terminal region spanning residues 94-140 exhibited
similarly high solvent accessibility in these three
polymorphs. However, the N-terminal amino acid
residues 1-38 of fibrils were exposed to the solvent,
while only residues 1-18 within fibrils 91 were
exposed, and no N-terminal residues within ribbons
were solvent-exposed. It is likely that these

differences in surface accessibility contribute to the
differential binding of distinct aSYN polymorphs to
partner proteins. We thus posit that the polypeptides
exposed on the surface of distinct aSYN fibrillar
polymorphs are comparable to fingerprints. Our
findings have diagnostic and therapeutic potential,
particularly in the prion-like propagation of fibrillar
aSYN, as they can facilitate the design of ligands
that specifically bind and distinguish between
fibrillar polymorphs.

Introduction

Parkinson’s disease (PD), multiple system atrophy
(MSA) and dementia with Lewy bodies (DLB) are
characterized by the presence of aSYN-rich deposits
within the central and peripheral nervous system (1,
2).

The protein aSYN is abundant in the brain,
especially in neurons, where it is involved in the
regulation of synaptic vesicle release and trafficking
(3, 4, 5). aSYN N-terminal sixty amino acid
residues form a domain that can adopt an alpha-
helical structure upon binding to lipid vesicles (6,
7). The amino acid residues stretch 61 to 95 is
hydrophobic and prone to form amyloid fibrils. It is
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named the Non Amyloid-f Component domain (8).
The C-terminal extremity, from the amino acid
residue 96 to 140, is negatively charged. It binds
metal ions and protein partners (9). Monomeric
alpha-synuclein is flexible and can adopt multiple
conformations depending on its environment or
partners (10).

In synucleinopathies, beta-strands rich aSYN
conformations stack into fibrillar assemblies (11).
These assemblies are able to elongate by
recruitment of monomeric aSYN. This phenomenon
is named seeding (8, 12-14). These aggregates can
trap other proteins or lipids and affect their
physiological activities (15). Furthermore, alpha-
synuclein aggregates alter cellular homeostasis and
proteostasis and compromise the integrity of
organelles leading to neurodegeneration and chronic
inflammation (16-18). Numerous studies have
shown that fibrils traffic between cells. The fibrils
seed the aggregation of endogenous aSYN within
naive cells. This is believed to be at the origin of
prion-like propagation within the brain (12).

Distinct synucleinopathies affect different brain
regions and cell types. They progress at different
rates and exhibit distinct symptoms (19, 20). The
existence of aSYN assemblies with distinct
structures, named strains by analogy with different
prion diseases (21), has been proposed to account
for different synucleinopathies and evidences
supporting this working hypothesis have been
brought (22, 23). Furthermore, an increasing
number of reports suggest that aSYN aggregates in
the brain of patients with MSA, DLB or PD are
structurally distinct (24-26).

We previously established stringent experimental
conditions under which aSYN assembles into pure
structurally distinct fibrillar polymorphs we named
fibrils, ribbons and fibrils 91 (22, 27, 28). These
fibrillar polymorphs have characteristic shapes in
transmission electron microscopy (TEM), different
physical properties as documented by atomic force
microscopy (28), different secondary structure
contents and distributions as assessed by solid state
nuclear magnetic resonance spectroscopy (SSNMR)
and different proteolytic profiles (22, 27, 29, 30).
We further established a structure-function
relationship by showing that the structural
differences between polymorphs impact their ability
to bind neuronal cells (31), seed the aggregation of
endogenous aSYN, spread within the central

nervous system and impact the motor behavior of
affected animals (23, 32).

Recent developments in Cryo-electron microscopy
allow determining to an atomic resolution the
structure of the rigid core of fibrillar assemblies
(33). This method neither allows identifying all the
amino acid stretches exposed to the solvent at the
surfaces of fibrillar assemblies nor determining how
are regions, less rigid than the amyloid core,
organized around it within those assemblies.

The polypeptide stretches exposed at the surfaces of
fibrillar polymorphs define their protein and lipid
interactomes. It is therefore of utmost importance to
define them at the highest possible resolution to
better understand what underlies their differential
binding to neuronal cells, resistance to clearance
and spread (31, 32).

Here we identify the amino acid stretches exposed
to the solvent at the surface of aSYN fibrillar
polymorphs fibrils, ribbons and fibrils 91. We used
limited proteolysis (35,36) followed by western
blotting with specific anti-aSYN antibodies and
mass spectrometry to determine regions from
different fibrillar polymorphs exposed to the
solvent. We next strengthened our results by
determining solvent accessibility at the amino acid
level by performing hydrogen-deuterium exchange
coupled with mass spectrometry measurements
(37,38).

We demonstrate that aSYN C-terminal amino acid
stretch 94-140 is highly accessible to the solvent in
all three fibrillar polymorphs. This contrasts with
the polymorphs-dependent differential exposure of
aSYN N-terminal domain. Indeed, while aSYN
amino acid stretch 1-38 is exposed to the solvent in
the polymorph fibrils, it is fully inaccessible in
ribbons and accessible in part (residues 1-18) in the
polymorph fibrils91. The differences we observe
reflect differences in polypeptide folding.

Our findings pave the way to design ligands with
diagnostic and therapeutic potential, that target
distinct aSYN accessible surfaces and are capable of
distinguishing different aSYN strains.

Results

aSYN fibrillar polymorphs characterization

We used different experimental conditions to
assemble human recombinant wild type aSYN into
the three distinct fibrillar polymorphs, fibrils,
ribbons and fibrils 91. The polymorph fibrils was
obtained under physiological salt concentration
(22), ribbons were formed in a buffer with a low
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salinity and fibrils 91 were generated in a buffer
with a high pH, as previously described (22, 27, 28).
The homogeneity and nature of the fibrillar
polymorphs was first assessed by TEM (Figure 1A).
Fibrils and fibrils 91 had a cylindrical aspect with
twists while ribbons appeared flat (22, 28).

We next subjected the three fibrillar polymorphs to
limited proteolysis using proteinase K and
thermolysin to assess their characteristic proteolytic
profiles.  Theoretiocally, proteinase K and
thermolysin can cleave 78 and 54 peptide bonds
within aSYN, respectively. These two unspecific
proteases will cleave a subset of those peptide
bonds under the experimental conditions we
designed, within amino acid stretches exposed to
the solvent at the surface of the different
polymorphs.

Highly reproducible, strain-specific and protease-
specific  proteolytic profiles, comparable to
fingerprints, were obtained after SDS-PAGE and
staining with Coomassie blue (Figure 1B and C)
under conditions where monomeric aSYN is
degraded within 5 to 15 minutes into polypeptides
with molecular weight lower than 12 kDa (Figure
S1). These results demonstrate unequivocally that
structurally distinct fibrillar aSYN polymorphs
expose to the solvent different polypeptide chains.
All resulting proteolytic reaction products appeared
fibrillar upon assessment by TEM (Figure S2).
Their bundling propensity increased. All the
proteolytic polypeptides were found in the pellet
when proteinase K and thermolysin treated fibrils,
ribbons and fibrils 91 were subjected to
ultracentrifugation (Figure S2). This demonstrates
that aSYN polypeptides remain bound together
within  the fibrillar  structures under our
experimental conditions until denaturation. This
further indicates that our proteolytic treatment only
affects fibrils surfaces, not their amyloid core.

Differential accessibility of aSYN regions within
fibrillar polymorphs to monoclonal antibodies

We determined the accessibility of polypeptide
stretches spanning aSYN primary structure to
different antibodies in aSYN monomers, fibrils,
ribbons and fibrils 91. The different species were
immobilized on nitrocellulose membranes that were
exposed to monoclonal antibodies directed against
aSYN amino acid stretch 1-15 (ASyM), 91-99
(Synl) and 118-127 (10D2) (Figure 1D). ASyM
bound all species except ribbons which indicates
that its epitope is involved in ribbons amyloid core,
in agreement with solid state NMR data we

previously obtained (22, 27, 29, 30). The antibody
10D2 bound all fibrillar polymorphs, indicating that
aSYN C-terminal end is exposed to the solvent,
again in agreement with previous solid state NMR
data (22, 27, 29, 30). Interestingly, 10D2 binds
fibrillar aSYN polymorphs better than its
monomeric form, which either reflects a low
affinity for aSYN C-terminal domain or a
preferential binding to a conformation aSYN C-
terminal domain adopts in fibrillar polymorphs.
Synl, was found to bind best monomeric aSYN.
This agrees with the partial or full involvement of
aSYN amino acid stretch 91-99 within the amyloid
core of the fibrillar polymorphs we analyzed (22,
27, 29, 30).

Mapping of aSYN fibrillar polymorphs surfaces by
limited proteolysis

We next identified the polypeptides generated by
limited proteolytic cleavage of aSYN fibrillar
polymorphs by proteinase K and thermolysin using
two approaches.

We first performed western blotting after limited
proteolysis using the monoclonal antibodies ASyM,
5G4, 10C3, Synl (39) and 10D2 directed against
aSYN amino acid stretches 1-15, 46-53, 98-105, 91-
99 and 118-127, respectively (Figures 2). Synl
recognized all the bands seen after SDS-PAGE and
staining with Coomassie blue. This indicates that
the amino acid stretch 91-99 is present in all
proteinase K and thermolysin cleavage products
(Figures 1 and 2). The presence or absence of
ASyM, 5G4, 10C3 and 10D2 epitopes within the
different proteolytic polypeptides was next assessed
after membranes stripping and probing with the
different antibodies.

The antibody ASyM bound all polypeptides derived
from proteinase K treatment of the polymorph
ribbons but not the polymorphs fibrils and fibrils 91
as confirmed by the merge of Synl and ASyM
immunodetection (Figure 2 A, B, C). We conclude
from this observation that the amino-acid stretch 1-
15 is inaccessible to proteinase K in the polymorph
ribbons while it is in the polymorphs fibrils and
fibrils 91. The antibodies 5G4 and 10C3 bound all
polypeptides identified by SDS-PAGE and by Synl
after proteinase K treatment (Figure 2 A, B, C). We
conclude from this observation that the amino-acid
stretch 46-105 is inaccessible to proteinase K in all
aSYN fibrillar polymorphs. Most proteolytic
polypeptides lacked 10D2 antibody binding (Figure
2 A, B, C) which indicates the amino-acid stretch



118-127 is accessible to the protease and the
polypeptides are C-terminally truncated.

The binding of ASyM, 5G4, 10C3 and 10D2 to
aSYN fibrillar polymorphs fibrils, fibrils 91 and
ribbons thermolysin cleavage products (Figure 2 D,
E, F) is in full agreement with the results obtained
with proteinase K. It shows that the amino-acid
stretch 1-15 is inaccessible to thermolysin in aSYN
polymorph ribbons while it is in the polymorphs
fibrils and fibrils 91, that the amino-acid stretch 46-
105 is inaccessible to thermolysin in all aSYN
fibrillar polymorphs and that the amino-acid stretch
118-127 is accessible to the protease in all aSYN
fibrillar polymorphs.

Second, we identified all aSYN fibrillar polymorphs
proteinase K and thermolysin cleavage products by
mass spectrometry (MS). We used matrix assisted
laser desorption mass spectrometry (MALDI-MS)
in the linear mode, with a sinapinic acid matrix
given the apparent molecular weight of the
polypeptides (>8000 Da). The MS spectra of the
polypeptides generated after 15 min cleavage by
proteinase K and thermolysin are displayed in
Figure 3. Their identity, established in accordance
to aSYN N- and C-terminal domains accessibility
we observed by immunodetection, and their mass
accuracy are listed in Tables S1 and S2,
respectively. The specific MALDI-MS proteolytic
profile we observe for each aSYN strain is
represented as a bar code, schematizing their
exposure to the proteolytic enzymes (Figure 3).
These data clearly demonstrate that the C-terminal
polypeptide stretch 112-140 is highly accessible to
proteolysis in all fibrillar aSYN strains (Figure 3).
Our data also show that the aSYN N-terminal
polypeptide stretch 1-18 (Figure 3) is inaccessible in
the polymorphs ribbons while it is in fibrils and
fibrils 91, and the polypeptide 1-30 is accessible
only in the polymorph fibrils. Small polypeptides
(<4000 Da) resulting from limited proteolysis of
fibrillar aSYN polymorphs by proteinase K and
thermolysin were identified by MALDI-MS using
HCCA as matrix and in reflectron mode. Proteinase
K and thermolysin treatment yielded abundant short
C-terminal peptides complementary to the large
polypeptides: the 126-140 peptide (at MH+ 1773,75
Da and MNa+ at 1795,73 Da) and 112-140 peptide
(at MH+= 3375,36 Da, MNa+= 3397,49 Da) after
proteinase K and thermolysin  treatment,
respectively. No abundant N-terminal polypeptides
were detected, most probably because additional
cleavages occurred and produced N-terminal

peptides too small to be detected in the analyzed
mass range.

The differential exposure to the solvent of aSYN
polypeptide chain within the fibrillar polymorphs
fibrils, ribbons and fibrils 91 derived from the
proteolytic cleavage assessment we performed is
summarized in Figure 4. Altogether, our data
indicate that aSYN C-terminal end is exposed in a
similar manner to the solvent and therefore
accessible to proteases in the three structurally
distinct fibrillar polymorphs. This contrasts with the
N-terminal end which appears exposed to different
extent in the polymorphs fibrils and fibrils 91 but
not in ribbons.

Mapping of aSYN fibrillar surfaces by hydrogen-
deuterium exchange

To further strengthen our results, we performed
hydrogen-deuterium exchange experiments coupled
to MALDI-MS measurements (HDX-MS). Indeed,
the backbone amide hydrogen atoms of proteins
exchange continuously with the hydrogen atoms
from the solvent. HDX allows assessing how 'labile’
protein regions are. HDX correlate with the
formation of secondary structure elements. Slow
exchange is typically a consequence of H-bond
formation in structured regions such as an amyloid
core (37).

We first optimized the HDX-MS strategy so that
rapid and efficient digestion of different aSYN
fibrillar polymorphs and aSYN monomers yields
peptides with similar masses. We obtained, based
on exact mass measurements by MALDI-MS of
peptides generated following treatment of the
different fibrillar polymorphs by pepsin (Enzyme-
to-Protein ratio of 100:1) after HDX, a sequence
coverage of 98% and 97% for aSYN monomers and
fibrillar polymorphs, respectively (Table S3). The
identity of the pepsin-derived peptides, both
protonated and with sodium adducts, was confirmed
by CID fragmentation of non-deuterated samples
using both nanoLC-MSMS and MALDI-MSMS
(Figure S3). The peptide ions used for HDX
measurements were those with a sodium adduct as
they are much better detected and more abundant as
mono-protonated peptides. We confirmed that the
HDX with or without sodium adduct were similar
for several abundant peptides.

HDX kinetics were derived from aSYN monomers
and fibrillar polymorphs incubation for 2, 30 and
120 minutes in a deuterium (D,O) buffer.
Monomeric  aSYN  pepsin-derived  peptides
exhibited 70 to 100% deuterium incorporation after
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2 minutes incubation in D,O. HDX measurements
were performed on partially assembled aSYN
fibrillar polymorphs so that pepsin-derived peptides
originating from aSYN monomers can be used as
internal controls within any given HDX mass
spectrum (Figure S4). All peptides involved in H-
bond formation and protected from the solvent
within an aSYN fibrillar polymorph will yield
bimodal spectral distributions of isotopic envelopes
under our experimental conditions. The first
isotopic envelope represents the peptide protected
within the fibrillar polymorph while the second
isotopic envelope originates from the corresponding
peptide from monomeric aSYN, as previously
observed (38). In contrast, peptides that are labile or
exposed at the surfaces of aSYN fibrillar
polymorphs exhibit unimodal spectral distributions
of isotopic envelopes given they exchange equally
well in aSYN monomers and fibrillar polymorphs.
The maximal deuterium incorporation was reached
within 30 min for most of the pepsin-derived
peptides we analyzed (Figure S5). The different
pepsin-derived peptides from aSYN fibrillar
polymorphs exhibited deuterium incorporation
levels ranging from 1 to 100% after 30 minutes
incubation in D,O (Figure 5, Figure S5, Table S3).
Several polypeptides that almost do not exchange
hydrogens for deuteriums, even within 120 minutes,
were identified for all three aSYN fibrillar
polymorphs. The peptide 39-54, for example
(Figure S4 A, dark grey box), exhibits an isotopic
distribution close to that of the peptide incubated in
H,O. We measured the incorporation of an average
of 0.6 deuterium within this peptide after 30
minutes incubation of fibrils in deuterium.
Considering the total number of exchangeable
hydrogens (15) and the average back exchange
(43%), the level of deuterium exchange is 7%. In
contrast, peptide 95-113 appears labile and/or
exposed to the solvent in monomeric and fibrillar
aSYN polymorphs (Figure S4 B, light grey box).
Overall, the HDX measurements we performed
demonstrate that aSYN amino acid stretch 95-140 is
highly exposed to the solvent within all fibrillar
polymorphs. This contrasts with aSYN N-terminal
end that appears exposed till residues 38 or 17 in the
polymorphs fibrils and fibrils 91, respectively, but
not at all in the polymorph ribbons. (Figure 5, Table
S3). These findings are in full agreement with the
differential antibodies accessibility and limited
proteolysis data.

Discussion

The structures, at an atomic resolution, of the core
of several aSYN fibrillar polymorphs assembled in
vitro or purified from the brain of patients and
subjected to proteolytic treatments have been
reported recently (25, 26, 33, 40-44). aSYN fibrillar
polymorphs core density maps obtained by cryo-
EM provide incomplete information on the amino
acid stretches exposed to the solvent at the surface
of the fibrillar polymorphs, in particular when those
amino acid stretches are flexible. Identifying to the
highest extent those surfaces is critical as it is
through those surfaces that aSYN fibrillar
polymorphs interact with their cellular partners (45)
leading eventually to their pathogenic redistribution
(15, 45). Using a combination of state-of-the-art
methods that can yield information at an atomic
resolution, namely differential accessibility of
monoclonal antibodies, limited proteolysis and
HDX measurements, we have mapped the surfaces
of distinct aSYN fibrillar polymorphs.

aSYN Fibrillar polymorphs surfaces

We show here that aSYN C-terminal amino acid
stretch spanning 94-140 within all three aSYN
polymorphs we analyzed is highly exposed to the
solvent. This is consistent with the solid state NMR
data we generated indicating that aSYN C-terminal
end is flexible within those fibrillar polymorphs (27,
29, 30). Our results are also consistent with the two
polymorph structures of aSYN fibrils solved by
cryo-EM showing that the amino acid residues
stretch 95-140 is dynamic and thus unresolved (33).
The regions identified by HDX as exposed to the
solvent within aSYN fibrils is larger than that
delineated by limited proteolysis. This is due to the
fact that proteases binding to protein substrates
requires larger accessible polypeptide stretches.

Our limited proteolysis measurements show that PK
and thermolysin cleave all fibrillar polymorphs at
residues 113 or 125 and 111, respectively.
Interestingly, the C-terminal complementary
fragments (peptides 125-140 for proteinase K and
112-140 for thermolysin) were not progressively
degraded into shorter polypeptides. This suggests
that the proteases distinguish a subset of cleavage
sites within aSYN C-terminal domain (residues 95-
140) in the fibrils under our experimental conditions
with as a consequence cleavage at defined sites but
not at others. This in turn suggests that aSYN amino
acid stretch 112-140 exhibits a stable secondary
structure incompatible with further degradation.
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aSYN C-terminal end may interact with the amino
acid-stretch centered on residue 36 from the partner
protofilament within the two polymorph structures
of aSYN fibrils we solved by cryo-EM (33) and has
been proposed to play a role in protofilament-
protofilament interaction within the fibrillar form of
the protein (46, 47).

aSYN fibrillar polymorphs remained of fibrillar
nature as assessed by TEM imaging after 15
minutes proteolysis. This suggests that the intra and
inter-molecular interactions within the fibrillar
polymorphs hold the resulting proteolytic products
together. Fibrillar aSYN polymorphs had a tendency
to bundle after proteolysis, in a manner similar to
fibrils assembled from C-terminally truncated aSYN
(48 ,49, 50). This is certainly due to the loss of the
negatively charged C-terminal residues that repel
the fibrils from one another.

We observed striking differences in aSYN N-
terminal end exposure to the solvent in distinct
fibrillar polymorphs. While aSYN N-terminal end
was fully inaccessible to proteinase K and
thermolysin, also highly protected in HDX
measurements in ribbons it was found exposed to
the solvent till amino acid residues 38 or 17 in the
polymorphs fibrils and fibrils 91, respectively.
These findings are consistent with those we reported
previously using solid-state-NMR measurements
(27, 29, 30) and illustrate the power of the approach
we implemented to map structural polymorphism
within amyloid fibrils. All the amino acid stretches
we identify as accessible to proteases or undergoing
rapid HDX are within regions we previously
showed not to adopt a beta strand conformation
except two, spanning residues 16-20 and 35-38 in
aSYN polymorph fibrils. Albeit in beta strand
conformations, these amino acid stretches appear at
the surface of the fibrils based on the CryoEM
structures we solved (33) not in typical H-bonded
structures constitutive of an amyloid core where
slow HDX is observed.

Impact of our findings on understanding distinct
synucleinopathies and developing therapeutic and
diagnostic tools

Mapping of the surfaces of pathologic aSYN
fibrillar polymorphs to the highest possible
resolution enables understanding how they interact
with cellular components and through proteomic
studies and in silico modeling the identification of
their local interactomes. We report here structural
differences and similarities between distinct fibrillar
aSYN polymorphs. The finding that aSYN

polypeptide stretch spanning residues 95-140 is
accessible to antibodies, to proteases and exposed to
the solvent in all fibrillar polymorphs suggests that
this region does not allow distinguishing a fibrillar
polymorph from another. It also suggests that the
cellular interactome of this region is common in
structurally distinct aSYN fibrillar polymorphs.
This finding is in sharp contrasts with what we
report for aSYN N-terminal end. Indeed, the
accessibility to antibodies, to proteases and
exposure to the solvent of the polypeptide stretch
spanning residues 1 to 38 allows discriminating
distinct aSYN fibrillar polymorphs. The differential
exposure of aSYN N-terminal polypeptide stretch to
the solvent within fibrillar assemblies suggests they
have different interactomes and as a consequence
distinct pathogenic functional properties and
tropism for neuronal cells.

Altogether our results show that ligands of the C-
terminal end of aSYN possess diagnostic potential
for all synucleinopathies while ligands of aSYN N-
terminal  end, allow  distinguishing  one
synucleinopathy from another. In all cases, such
ligands may hold therapeutic potential as they
interfere with and may prevent the interaction
between pathogenic assemblies and yet to be fully
identified partners.

Further characterization of pathogenic aSYN
assemblies derived from patients’ brains using the
strategy we implemented and identification of the
generic and specific interactomes will lead to a
better understanding of synucleinopathies and the
design of ways to interfere with their prion-like
propagation.

Experimental Procedures

Production and assembly of recombinant aSYN

Recombinant aSYN production and assembly into
the fibrillar polymorphs fibrils, ribbons and fibrils
91 was performed as previously described (22, 28,
31, 51). Assembly was monitored using Thioflavin
T as previously described (22). Monomeric alpha-
synuclein concentration was determined
spectrophotometrically  using the  extinction
coefficients 5960 M™.cm™ at 280 nm. Samples used
for limited proteolysis and antibodies accessibility
were spun at 100000 g for 30 minutes after
assembly. Fibrillar assemblies concentration was
determined by subtracting the concentration of
aSYN in the supernatant fraction from the initial
protein concentration. The nature of aSYN fibrillar
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polymorphs was assessed using TEM as previously
described (22).

Limited proteolysis

Monomeric or fibrillar aSYN (1.4 mg/mL
equivalent monomer concentration) were digested at
37°C in PBS with Proteinase K (3.8 pg/mL)
(Roche) or in 50mM Tris pH8, 0,5mM CaCl2 with
thermolysin  (5ug/mL) (Sigma). Aliquots were
removed at different time intervals following
addition of the protease (0, 1, 5, 15, 30 and 60
minutes) and transferred into Eppendorf tubes with
proteinase K  or  thermolysine inhibitors
(respectively PMSF : phenylmethylsulfonyl
fluoride, or EDTA : ethylene diamine tetraacetic
acid). Samples where dried using speed vacuum and
further solubilized by addition of pure HFIP
(Hexafluoroisopropanol).  After evaporation of
HFIP, the samples were resuspended in laemmli
buffer, heated 10 minutes at 70° C and processed
for Tris-Glycine SDS-PAGE (12%) analysis.

Western-blot analysis

Samples subjected to Proteinase K or thermolysin
treatment for 15 minutes and solubilized and
subjected to SDS-PAGE analysis were transferred
to nitrocellulose membranes. The membranes were
blocked with 5% skimmed milk for 1h, then
incubated overnight with the antibodies ASyM
(clone number 4.2, Agrisera, AS13 2719), 5G4,
10C3 or 10D2 (Analytic Jena, ref 847-0102004001,
847-010200180 and 847-0102004701 respectively).
The membranes were washed with Tris buffered
saline with Tween 20 (20mM Tris, 150mM NaCl,
0.1% Tween 20) and incubated for 1 hour with a
goat anti-mouse 1gG (GeneTex GTX 213111-01 )
couples to HRP and imaged using a chemidoc
imager (biorad). The membranes were stripped
using 62.5mM Tris/HCI pH 6.8, 2% SDS, 100mM
beta-ME (beta-mercaptoethanol) for 1 hours at 50°c
prior to immuno-staining a second time with the
antibody synl (Biosciences, Ref 610787).

Assessment of antibodies accessibility

Native monomeric of fibrillar aSYN polymorphs
(2.5uM, 2pL) were spotted in quadruplicate on a
nitrocellulose membrane. The membrane was next
blocked with 5% skimmed milk for 1 hour and
incubated with different antibodies as described
above. For statistical analysis of the six replicates
we performed, we assumed a Gaussian distribution
and equal standard deviations for the intensities
measured for each aSYN species and each antibody.

We then performed one-way ANOVA followed by
Dunnett’s multiple comparisons test, and compared
the mean intensity obtained for each aSYN
polymorph to the mean intensity obtained for
monomeric aSYN, used as control, using GraphPad
Prism (version 8.0.0 for Windows, GraphPad
Software, San  Diego, California  USA,
www.graphpad.com). Significant (F***
corresponding to a p-value <0.0001) and non-
significant (ns corresponding to p-value> 0.05)
differences are indicated.

Matrix-assisted Laser Desorption lonization Mass
Spectrometry (MALDI-MS) measurements

The reactions products generated after 15 min
treatment of aSYN monomers and fibrillar
polymorphs were solubilized in HFIP as described
above and 1:10 (for the analyses of long
polypeptides, ranging from 4 000 to 15 000 Da) or
1:20 (for the analyses of short polypeptides,
ranging from 800 to 4 000 Da) in trifluoroacetic
acid (TFA 0.1%). Samples were subjected to
MALDI-MS analysis, using Sinapinic acid (3,5-
dimethoxy-4-hydroxycinnamic acid, Aldrich) or
HCCA (o-cyano-4-hydroxycinnamic acid, Aldrich)
as matrices for long and short peptides, respectively.
Both matrices were prepared as saturated solutions
in 50% acetonitrile (ACN) and 0.1% trifluoroacetic
acid (TFA). The spectra were acquired on a
MALDI-TOF/TOF 5800 (AB Sciex). Mass
measurements were performed in linear or
reflectron modes for long and short polypeptides,
respectively. External mass calibration was
achieved using full length aSYN or Pepmix4, a
mixture of bradykinin 1-5 (573.3149 Da) ,
angiotensin 11 (1046.5423 Da), Neurotensin
(1672.9175 Da), ACTH [18-39] (2465.1989 Da)
and bovine insulin chain B (3494.6513 Da) from
LaserBio Labs (Sophia-Antipolis, France).), in
linear and reflectron mode, respectively. For long
polypeptides, full length aSYN present in the
samples was further used for additional internal
calibration. Identification of the peptides was
performed using the GPMAW 8.2 software and a
minimum mass difference between measured and
theoretical masses set at 100 ppm in reflectron
mode and 300 ppm in linear mode. Three
independent replicates were performed for each
type of analysis.

Hydrogen/deuterium exchange experiments
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The protocol we used was adapted from Redeker et
al (52). aSYN monomers and fibrillar polymorphs
were treated in parallel. Hydrogen to deuterium
exchange was initiated by diluting (1:20, e.g. 2uL
of the protein sample (1.4mg/mL) into 38 ul of
99.9% pure solution of D,O, (Aldrich)). To achieve
an exchange kinetic in reproducible conditions,
samples were then incubated at 20 °C for 2, 30 or
120 minutes. The exchange reaction was quenched
by decreasing the temperature and the pH rapidly
(0°C, pH 2.5) by addition of 120uL of an ice-cold
solution of formic acid (3%) in water. The quenched
samples (160pL) were immediately further digested
at 0°C using molten ice by addition of 120uL of
immobilized pepsin (Thermo Scientific) at an
enzyme to protein ratio 100 : 1 w/w ). The digestion
reactions were carried out for 2 minutes in the upper
tail of an ultrafree-MC tube (Merck-Millipore,
UFC30GV0S) and the reaction products were
recovered in the tube by a short spin at 10 000g
(30sec, 0°C).

The pepsin-derived peptides (6uL) were loaded
onto a C18 Zip-Tip, desalted as previously
described (52), spotted onto the MALDI plate under
a nitrogen flow and directly analyzed on a MALDI-
TOF/TOF 5800 (AB Sciex). The spectra were
acquired in the positive and reflectron ion mode in
the m/z range 800-5000. An external mass
calibration was applied using Pepmix4. Further
internal calibration was performed using the sodium
adduct of peptide 95-113 (m/z 2075.07), well
characterized by MALDI MS/MS fragmentation
(CID) as shown in Figure S3. Mass difference
between measured and theoretical masses was

set at 50 ppm.

All spectra were analyzed using peak view
software. As the peaks of peptides with sodium
adduct have a better intensity, we first confirmed
their identity by further desalting directly on the
MALDI plate and by CID fragmentation) using
MALDI-TOF-TOF (Figure S4). We completed this
identification by nanoLC-MSMS with a TripleTOF
4600 (ABSciex) mass spectrometer as previously
described (53). Peptides were identified using a
database search with the Mascot search engine
(Matrix Science, London, UK, version 2.4.1)

Data Availability Statement:

against the aSYN sequence and manual validation
was performed.
We then analyzed HDX of those peptide peaks. The
amount of hydrogen to deuterium exchange was
calculated as previously described (52) except that
the baseline correction was done directly on peak
view software, using the height centroid spectrum
option. The centroid mass value of the isotope
distribution was calculated as:

> (weighted areas * isotopic mass)
where the weighted area is the area of one isotope
divided by the sum of the areas of all the isotopes
composing the isotopic peak envelope and the
isotopic mass is the mass of the considered isotope.
Back-exchange was measured using a 2 min pepsin
digest of aSYN monomers obtained in the same
conditions as those used for aSYN polymorphs
(same protein concentration, same enzyme-to-
protein ratio). The pepsin-digest was vacuum dried.
The dried pepsin-peptides sample was resuspended
in a 99.9% pure solution of D,O and incubated
during 24 hours. The fully deuterated aSYN
peptides were analyzed by MALDI-MS, under
exactly the same dilutions and ice-cold incubations
(2min 30sec corresponding to quenching and ultra-
free-MC tube spinning) and using exactly the same
sample preparation as the one used for the HDX
kinetics of aSYN monomers and polymorphs (2 min
including desalting on a C18 Zip-Tip, spotting onto
the MALDI plate and complete drying under a
nitrogen flow). Deuterium incorporation measured
for the fully deuterated peptides was compared to
the theoretical mass of the fully deuterated peptides.
Using triplicate back-exchange experiments and 6
pepsin-derived aSYN peptides (5-17, 18-38, 39-54,
94-113, 114-124 and 125-140), we calculated an
average back exchange of 43% with a standard
deviation of 3%.
All the experiments were done in triplicate. The
data we present are those obtained after 30 minutes
exchange in D,O when maximum deuterium
incorporation is observed. The mean standard
deviation is 4% and the maximum standard
deviation measured is <12%.

All data are included in the article and supporting information.
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CID: Collision-Induced Dissociation

Cryo-EM: Cryo-Electron Microscopy

D20: Deuterium

DLB: Dementia with Lewy Bodies

EDTA: Ethylene Diamine Tetraacetic Acid

HCCA: a-cyano-4-hydroxycinnamic acid

HDX-MS: Hydrogen-Deuterium exchange Mass Spectrometry

HFIP: HexaFluorolsoPropanol

MALDI-TOF:MAtrix Assisted Laser Desorption/ lonization Time-Of-Flight
MSA: Multiple System Atrophy

NAC: Non Amyloid-p Component

nanoLC-MS/MS: nanoflow liquid chromatography combined to tandem mass spectrometry
NMR: Nuclear Magnetic Resonance

PD: Parkinson’s Disease

PMSF: Phenyl Methyl Sulfonyl Fluoride

SDS-PAGE: Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
TFA: Trifluoroacetic acid

TEM: Transmission Electron Microscopy

Figure legends:

Figure 1: Characterization of alpha-synuclein fibrillar polymorphs. (A) Transmission electron micrographs
of aSYN fibrillar polymorphs fibrils (red frame), ribbons (blue frame) and fibrils 91 (yellow frame), scale bar:
100nm. (B) Proteinase K (PK, 3.8 ug/mL) and (C) Thermolysin (Th, 5ug/mL) degradation patterns of aSYN
fibrillar polymorphs fibrils, ribbons and fibrils 91 (100M monomer concentration) monitored over time on
Coomassie stained SDS-PAGE (15%). Time (min) and molecular weight markers (MW, kDa) are shown on the
top and left sides of the gels, respectively. (D) Comparative assessment of the binding of the antibodies ASyM,
Synl and 10D2, directed against amino acid stretches 1-15, 91-99 and 118-127, respectively, to aSYN
monomers, fibrils, ribbons and fibrils 91 by dot-blot analysis performed in triplicate. The error bars represent
standard deviation. Statistical significance was verified one-way ANOVA followed by Dunnett’s multiple
comparisons test. Significant (**** corresponding to a p-value <0.0001) and non-significant (ns corresponding
to p-value> 0.05) differences are indicated.

Figure 2: Immunodetection of the proteolytic fragments generated after treatment of aSYN fibrillar
polymorphs by Proteinase K or Thermolysin. Fibrils (panels A,D, red frame), ribbons (panels B, E, blue
frame) and fibrils 91 (panels C, F, yellow frame) were degraded by proteinase K (A, B, C) or thermolysin (D, E,
F) for 15 min. The proteolytic fragments were identified by western blot analysis using the anti-aSYN antibodies
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Synl, ASyM, 5G4, 10C3 and 10D2 which epitopes span the amino acid stretches 91-99, 1-15, 46-53, 98-105 and
118-127. The molecular weight markers (MW, kDa) are shown on the left of each panel.

Figure 3: Identification of the proteolytic fragments generated by treatment of aSYN fibrillar polymorphs
by Proteinae K and Thermolysin by mass spectrometry. Fibrils (red), ribbons (blue) and fibrils 91 (yellow)
were degraded by proteinase K (A, B, C) or thermolysin (D, E, F) for 15 min. MALDI-MS mass spectra of long
polypeptides are presented. The identity of each ion is given. Monoprotonated average masses of annotated
peptide ions are given in table S1 and S2 for proteinase K and thermolysin digestions products, respectively. The
specific MALDI-MS proteolytic profile of each aSYN strain is represented as a bar code on the top of the
corresponding mass spectrum where the intensity of each ion is taken into account.

Figure 4: Graphic representation of proteolytic accessibility of aSYN within the fibrillar polymorphs
fibrils, ribbons and fibrils 91. The accessible cleavage sites of proteinase K (green arrows) and thermolysin
(brown arrows) are indicated along aSYN primary structure for each fibrillar polymorph. Blue arrows represent
amino acid stretches that adopt beta strand conformation we previously determined by NMR (27, 29, 30)

Figure 5: Changes in the exposure of aSYN to the solvent upon assembly into distinct fibrillar polymorphs
assessed by hydrogen-deuterium exchange. (A) Sequence coverage of aSYN obtained by pepsin digestion and
used for HDX experiments (B) HDX protection maps upon assembly of monomeric aSYN into the fibrillar
polymorphs fibrils, ribbons and fibrils 91 were obtained by measuring for each pepsin peptide the difference in
deuterium incorporation in monomeric versus fibrillar aSYN polymorphs. (C) HDX protection maps upon
assembly of each aSYN into fibrils, ribbons and fibrils 91 with color bars underlining aSYN primary structure
showing the difference in deuterium incorporation upon assembly of monomeric aSYN into fibrillar polymorphs
summarizes our findings. Regions in white are not covered. The data correspond to the average values of n = 3
independent replicates, with a maximum standard deviation of 12% between replicates.
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A HDX se(
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B HDX protection map upon assembly of the three aSYN strains
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C HDX protection map on aSYN sequence
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Differences in deuterium incorporation betweens fibrillar and monomeric aSYN
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