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Protein aggregation into amyloid fibrils is associated with multiple
neurodegenerative diseases, including Parkinson'’s disease. Kinetic
data and biophysical characterization have shown that the second-
ary nucleation pathway highly accelerates aggregation via the ab-
sorption of monomeric protein on the surface of amyloid fibrils.
Here, we used NMR and electron paramagnetic resonance spec-
troscopy to investigate the interaction of monomeric a-synuclein
(a-Syn) with its fibrillar form. We demonstrate that a-Syn mono-
mers interact transiently via their positively charged N terminus
with the negatively charged flexible C-terminal ends of the fibrils.
These intermolecular interactions reduce intramolecular contacts in
monomeric a-Syn, yielding further unfolding of the partially col-
lapsed intrinsically disordered states of a-Syn along with a possible
increase in the local concentration of soluble a-Syn and alignment
of individual monomers on the fibril surface. Our data indicate that
intramolecular unfolding critically contributes to the aggregation
kinetics of a-Syn during secondary nucleation.
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ynucleinopathies, including Parkinson’s disease (PD), are

associated with the accumulation of intracellular neuronal
aggregates termed as Lewy bodies and Lewy neuritis, which
contain high concentration of the protein a-synuclein (a-Syn) in
an aggregated state (1, 2). The disease-relevant role of a-Syn is
further highlighted by mutations in the a-Syn gene (SNCA)
causing familial PD [i.e., A30P (3), E46K (4), H50Q (5), G51D
(6), AS3E (7), and AS53T (8)] and the duplication or triplication
of the SNCA leading to early-onset PD in affected families (9,
10). a-Syn is a 140-residue intrinsically disordered protein (IDP)
in solution (11) but adopts a helical structure in the presence of
acidic lipid surfaces (12, 13). The positively charged N terminus
(residues 1 to 60) is rich in lysine residues and contains KTKEGV
binding repeats associated with vesicle binding (14). Moreover, the
N-terminal domain includes all known SNCA familial PD mutations.
The central region (residues 61 to 95) defines the non-amyloid-p
component (NAC) (15), which is essential for a-Syn aggregation (16),
while the C terminus (residues 96 to 140) is highly negatively charged.

In vitro, a-Syn forms polymorphic amyloid fibrils (17-19) with
unique arrangements of cross-p-sheet motifs (20-22). When in-
jected into model animals, these fibrils induce a PD-like pa-
thology (23) where the aggregation pathway of a-Syn plays a key
role in the development of the disease (24). A detailed analysis
of the aggregation kinetics of a-Syn into amyloids is therefore
important toward understanding the toxic mechanisms relevant
for synucleinopathies.

Amyloid formation of a-Syn is very sensitive to solution con-
ditions, including pH (25), temperature (26), and salt concentra-
tion (27). It further requires the presence of an air-water interface
(28) or negatively charged lipid membranes (29) for which a-Syn
has a high affinity. Previous studies suggest that amyloid fibril
growth of a-Syn occurs via a nucleation-dependent polymerization
reaction (30). Following a fairly slow primary nucleus formation,
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a-Syn fibrils are elongated by addition of single monomers. In a
next step, the amyloid fibrils multiply by fragmentation or can
catalyze the formation of new amyloids from monomers on their
surface—a process known as secondary nucleation that was first
described for sickle cell anemia 40 y ago (31). Fragmentation and
secondary nucleation critically depend on the fibril mass and ac-
celerate the aggregation kinetics (30). In the case of a-Syn ag-
gregation under quiescent condition fragmentation does not exist
and only the described secondary nucleation process occurs. While
detailed kinetic experiments showed no significant secondary nu-
cleation at pH 7, it strongly contributes at pH values lower than
6 (25, 30). However, mechanistic or structural information of
the secondary nucleation process in a-Syn aggregation has been
lacking so far.

In this study we investigated the structural properties of a-Syn
monomer—fibril interactions by NMR and electron paramagnetic
resonance (EPR) spectroscopy. Our results provide insights into
how monomeric a-Syn transiently interacts in vitro via its posi-
tively charged N terminus with the negatively charged C-terminal
residues of the o-Syn fibrils, giving detailed insights into the
mechanism of the secondary nucleation process.

Significance

The characteristic feature of Parkinson’s disease is the deposi-
tion of a-synuclein into insoluble amyloid fibrils. The so-called
secondary nucleation mechanism appears to be key for the
aggregation kinetics, because binding of monomers on the fi-
bril surface can autocatalytically induce new amyloid seeds. We
show by nuclear magnetic and electron paramagnetic reso-
nance spectroscopy that a-synuclein monomer-fibril binding is
primarily mediated by transient electrostatic interactions. These
intermolecular contacts result in an unfolding of the loosely
packed a-synuclein structures and expose the otherwise pro-
tected aggregation-prone non-amyloid-p component of the
protein. Our data demonstrate that intramolecular unfolding of
a-synuclein is a prerequisite for protein aggregation that leads
to rapid multiplication of a-synuclein amyloid fibrils via the
secondary nucleation process.
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Results and Discussion

Recapitulating Secondary Nucleation of a-Syn Aggregation. Knowles,
Linse, and coworkers have demonstrated previously by seeded ag-
gregation kinetics that in the absence of salt secondary nucleation
of a-Syn is present at pH 7.4 but contributes much more strongly
(by approximately four orders of magnitude) to the production of
new growing fibrils at pH values below 6 (25, 30). To recapitulate
qualitatively whether secondary nucleation of a-Syn existed under
our NMR conditions (no salt, 25 mM sodium phosphate, pH 7,
and 250 pM a-Syn) we investigated a-Syn aggregation kinetics by
Thioflavin T (ThT) fluorescence (SI Appendix, Fig. S14). In
contrast to the studies mentioned before (25, 30) we used mature
a-Syn seed fibrils without sonication (Materials and Methods) to
bypass the primary nucleation reaction and to strengthen relatively
the secondary nucleation effect versus fibril elongation (25, 32). By
omitting sonication of the seeded fibrils we not only mimicked the
situation of the liquid-state NMR experiments that follow (Fig. 1)
but also reduced the contribution of fibril elongation in the ThT
kinetics by ~10- to 100-fold (SI Appendix, Fig. S1B) because the
seeds are 10 to 100 longer than in the case of sonication, which
helped to determine the secondary nucleation process. We sys-
tematically increased the concentration of seed fibrils from 0 to
60%, which was the lowest concentration that could be used for
the NMR experiments (discussed below). The aggregation kinetics
was measured under conditions free of fragmentation. In order to
investigate whether fibril fragmentation was absent in our ThT
assay, we collected negative-stain electron microscopy (EM) data
of an a-Syn sample (3% seeds) after 84 h of incubation at 37 °C.
The EM micrographs showed long a-Syn fibrils (SI Appendix, Fig.
S1A), which confirmed that our almost quiescent conditions did
not induce fibril fragmentation. In line with earlier reports (25,
30), comparison of the kinetic traces revealed shorter lag times at
higher seed concentrations and no aggregation of «-Syn up to 94 h
without added seed fibrils (S Appendix, Fig. S14). Together with
global fitting of the kinetic traces (33) for 0.5 to 3% seeds (SI
Appendix, Fig. S2) and the positive curvature of the kinetics for
10% seeds, our data supported the contribution of a fibril surface-

catalyzed secondary nucleation process to the aggregation mech-
anism of o-Syn. In the 60% seed experiment the lack of a lag
phase and the positive curvature attributed to the fast kinetics did,
however, not allow us to discriminate between seeded elongation
and secondary nucleation (SI Appendix, Fig. S14). In summary,
without sonication of the seeds these experiments confirmed that
the aggregation kinetics of a-Syn shows strong signs of surface-
catalyzed secondary nucleation giving rise to fibril proliferation
even at pH 7, in contrast to previous results from aggregation
assays using sonicated seed fibrils (25, 30).

Transient Interactions between a-Syn Monomer and Fibrils. We hy-
pothesized that secondary nucleation processes in a-Syn aggre-
gation require transient monomer—fibril surface interactions. To
obtain information on the binding modes of monomeric a-Syn to
mature a-Syn fibrils two-dimensional (2D) liquid-state >N-'H
correlation NMR spectra of N-terminally acetylated I5N-labeled
a-Syn in the presence of unlabeled a-Syn fibrils (seed fibrils 540%)
were recorded at pH 7 without added salts. Analyzing residue-
resolved signal intensity ratios (I/Iy) of fibril-bound and unbound
monomeric a-Syn, we found attenuated signal intensities for res-
idues 1~40 attributed to transient interactions of a-Syn with the
fibrils. I/l increased continuously from the N terminus, indicating
that residues 1 to 12 having only three charged (Lys6, 10, and 12)
and one aromatic residue (Phe4) constituted the primary inter-
action sites. In contrast, for residues ~41 to 100 I/I, plateaued,
suggesting that this region of a-Syn did not interact with the fibrils
(Fig. 14). We detected no contributions to fibril binding by a-Syn
residues in the vicinity of the C terminus.

To strengthen these findings, we measured transverse '°N
amide relaxation parameters R, as a function of fibril concen-
tration (seed fibrils 60, 240, and 540%) at pH 7, because R, is
sensitive to chemical exchange dynamics expected to be present
in transient interactions between a-Syn monomers and fibrils.
Indeed, the ~20 N-terminal residues of a-Syn showed higher R,
rates compared to o-Syn free in solution (Fig. 1B). Again, the
highest response was observed for residues 1 to 10. Under our
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Fig. 1. Transient a-Syn monomer-fibril interaction. (A and D) Residue-resolved NMR signal intensity ratios (I/lp) of fibril-bound (I) and unbound (lp) a-Syn at

pH 7 (blue) and 6 (green), no salt. 5N R, relaxation rates of fibril-bound a-Syn in the (B and E) absence and (C and F) presence of 100 mM NaCl at pH 7 and 6.
Seed concentrations are expressed as percentage of soluble a-Syn concentration. I/l was determined at 540% o-Syn fibril seeds. R, rates were measured at 0,
60, 240, and 540% o-Syn fibril seeds. Positions of C-terminal a-Syn proline residues without peptide amide resonances are shown in one-letter amino

acid code.
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experimental conditions at pH 7 monomeric a-Syn aggregated
slowly in the presence of fibrils during the 5-h measurement time
(81 Appendix, Fig. S3). In addition, R, of the N-terminal region
of a-Syn strongly increased with higher fibril concentration
(Fig. 1B and SI Appendix, Fig. S44), which allowed us to deter-
mine an equilibrium dissociation constant Ky and the number of
binding sites on the a-Syn fibrils for the individual '"N-'H moieties
of monomeric a-Syn. Using the Hill equation for n-binding sites
yielded an average K4 ~ 1 mM and n ~ 2 (SI Appendix, Fig. S44),
indicating that on average each a-Syn molecule within the fibril
had approximately two binding sites. For residues 21 to 140 we did
not detect major differences for R, of a-Syn in the presence or
absence of fibrils (Fig. 1B), corroborating that fibril interactions
were established via the N terminus of monomeric a-Syn. To
further investigate whether this transient monomer—fibril binding
was mediated via charge—charge interactions, we measured R,
rates of monomeric a-Syn in presence of «-Syn fibrils and 100 mM
NaCl at pH 7. We reasoned that NaCl will interfere with elec-
trostatic protein interactions between the positively charged N
terminus of monomeric a-Syn and the negatively charged C ter-
minus of a-Syn fibrils. In turn, we expected to observe a decrease
of a-Syn R, rates compared to the corresponding data in the
absence of NaCl (Fig. 1B). Indeed, we detected for residues 1 to
20 smaller R, rates (Fig. 1C), indicating that a-Syn monomer—
fibril interactions include a charge—charge nature.

Following these results we asked whether a-Syn monomer—
fibril interactions were pH-dependent. To answer this question,
we recorded liquid-state NMR data at pH 6. Similar to pH 7, the
I/Ip and R, profile of a-Syn in presence of fibrils without added
salt showed that residues 1~20 constituted the main interaction
sites of monomeric a-Syn with the fibrils (Fig. 1 D and E). In
contrast to pH 7, ~50% of monomeric a-Syn aggregated upon
addition of fibrils at pH 6 (5-h measurement time), thus making
it not possible to determine a K4 by using the Hill equation (S
Appendix, Figs. S3 and S4B). However, at pH 6 the presence of
100 mM NacCl did not substantially reduce the R, rates (Fig. 1F),
suggesting a higher binding affinity of a-Syn monomers to fibrils
at physiological salt conditions and pH 6 when compared to pH 7
(34) (Fig. 1C), in line with the reported pH dependence of
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secondary nucleation (25). Mildly acidic pH conditions are found,
for example, in endosomes, and thus our in vitro results at pH 6 in
presence of 100 mM NaCl mimic conditions found in cellular en-
vironments. From these experiments we concluded that electrostatic
monomer—fibril interactions alone did not suffice for a-Syn binding
and suspected that pi—pi interactions between aromatic side chains
contribute to the secondary nucleation process.

Knowing that the oppositely charged N- and C-terminal seg-
ments of monomeric a-Syn and fibrils interact, we then performed
NMR experiments with mutant forms of a-Syn in which we de-
leted residues 2 to 11 (AN), substituted the positively charged
Lys6, Lys10, and Lys12 with alanine (K6A;K10A;K12A), or re-
moved the negative charges from the C terminus of the fibrils
truncating a-Syn at position Asp121 (AC). In line with our results
at pH 7, we neither observed an increase of R, for a-Syn(AN) and
a-Syn(K6A;K10A;K12A) in presence of a-Syn fibrils nor for a-Syn
upon addition of a-Syn(AC) fibrils (Fig. 2 A-C), verifying that
a-Syn monomer—fibril interactions depended on intact charged N
and C termini of a-Syn. These findings were supported by addi-
tional ThT kinetic experiments using nonsonicated a-Syn(AC) fi-
brils. As observed previously for soluble a-Syn, the kinetic traces
of a-Syn in presence of a-Syn(AC) seeds showed no signs of ag-
gregation up to ~82 h (SI Appendix, Fig. S1C). Only full-length
a-Syn seed fibrils were able to trigger aggregation of a-Syn, thus
confirming the importance of electrostatics in transient monomer—
fibril interactions that lead to fibril growth by surface-catalyzed
secondary nucleation (SI Appendix, Fig. S14).

To determine whether pi—pi interactions between the N and C
termini of monomeric a-Syn and fibrils play a role in secondary
nucleation, we mutated Phe4 and Tyr39 into alanine (F4A;Y39A)
and measured R, rates of a-Syn(F4A;Y39A) in the presence of
a-Syn fibrils at pH 6. Similar to our fibril binding results of wild-
type o-Syn (Fig. 1E), we detected increased R, values for Ala4-
Ser9, indicating o-Syn(F4A;Y39A) fibril interactions (Fig. 2D). It
further suggests that in absence of salt the electrostatics domi-
nated over the aromatic contributions in a-Syn fibril binding. We
then prepared the same sample at pH 6 but added 100 mM NaCl.
Because charge—charge a-Syn—fibril interactions were greatly re-
duced in the presence of salt, we expected that pi—pi contacts
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Fig. 2. Transient a-Syn mutant monomer-fibril interaction. Residue-resolved 5N R, relaxation rates of (A) a-Syn(AN), (B) a-Syn(K6A;K10A;K12A), and (C)
a-Syn in presence of wild-type a-Syn and a-Syn(AC) fibrils at pH 7. R, of a-Syn(F4A;Y39A) upon addition of wild-type a-Syn fibril seeds in the (D) absence and
(E) presence of 100 mM NacCl at pH 6. Seed concentration is expressed as percentage of soluble a-Syn concentration. Positions of C-terminal a-Syn proline
residues without peptide amide resonances are shown in one-letter amino acid code.
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through Phe4 and Tyr39 become important for fibril binding under
this condition. We measured again R rates of a-Syn(F4A;Y39A),
which revealed a uniform profile indicating that a-Syn(F4A;Y39A)
at pH 6 in the presence of salt did not interact with a-Syn fibrils
(Fig. 2E). Thus, these findings provide evidence that in addition to
electrostatics aromatic pi—pi interactions critically contribute to
transient «-Syn fibril-binding events.

Loosely Packed a-Syn Unfolds Further upon Binding to «-Syn Fibrils.
To investigate the conformations of fibril-bound a-Syn, we performed
NMR nuclear Overhauser enhancement (NOE), paramagnetic re-
laxation enhancement (PRE), and EPR double electron—electron
resonance (DEER) measurements. Although a-Syn is classified as an
IDP, previous PRE and DEER experiments on isolated (35) and
cellular a-Syn (11) showed transient long-range intramolecular in-
teractions between N- and C-terminal residues. These intramolecular
contacts result in partially collapsed IDP states of a-Syn that deviate
from extended polypeptide chain conformations and protect the
central NAC region of the protein from aggregation (35). Cryo-EM
data demonstrated that the C-terminal residues are not involved in
the fibrillar core structure of all known a-Syn polymorphs (36) and
C-terminal truncated a-Syn constructs are more prone to aggregation
(20, 37).

Having established that monomeric a-Syn transiently inter-
acted with its fibrils via the N-terminal segment, we asked the
questions whether these intermolecular interactions will 1) in-
duce the formation of structured o-Syn species on the fibril
surface and 2) weaken the intramolecular contacts between the
N and C termini in fibril-bound a-Syn, yielding a more unfolded
o-Syn conformation. To determine short-range interactions (<5 A)
in transiently fibril-bound a-Syn we analyzed three-dimensional (3D)
N-resolved ['H,"H]-NOESY (NOE spectroscopy) spectra of
150 pM PN-labeled a-Syn in presence of 1 mM unlabeled a-Syn
fibrils (SI Appendix, Fig. S5A). Isolated a-Syn in solution adopts a
so-called random coil structure, meaning that the protein com-
prises a rapidly interconverting mixture of many different con-
formers. They cover the possible structural space of the peptide
sequence yielding NOEs between proton spin pairs. From a bio-
physical point of view, the NOE is thereby an ensemble-average
measure. Because the a-Syn fibril concentration of 1 mM corre-
sponds to the Ky of the monomerfibril interaction, under our
experimental conditions of the NOESY experiment in the pres-
ence of fibrils 50% of *N-labeled a-Syn is transiently bound to the
fibrils, that is, in fast exchange with the fibrils. In line with these
calculations, a comparison of the NOESY spectra of a-Syn with
and without fibrils revealed that transverse relaxation of the a-Syn
magnetization during the INEPT (insensitive nuclei enhancement
by polarization transfer) resulted in a reduction of the "HN-THN
diagonal peak intensities by ~50% specific for the 10 N-terminal
residues that are in fast exchange with the fibrils (SI Appendix, Fig.
S5B). During the NOESY mixing there is no transverse relaxation
and the NOE information is stored entirely. Apart from short-
range NOE:s typically observed for IDPs we did not detect any
additional NOEg, either long-range, medium-range, or sequential-
range NOE contacts, in transiently fibril-bound a-Syn (SI Appen-
dix, Fig. S5A4), which suggests that both transiently fibril-bound
and isolated a-Syn were on average in a random-coil conforma-
tion. NMR spectroscopy is thereby not sensitive enough to exclude
that a small percentage of a-Syn molecules might undergo a
conformational change when bound to the fibril surface.

We then used PRE from site-directed spin labeling for the
detection of long-range intramolecular contacts (~15 A) in fibril-
bound a-Syn. Because the primary sequence of a-Syn does not
include cysteine residues for paramagnetic MTSL labeling we
created the a-Syn mutant A90C (SI Appendix, Fig. S6), which
showed an NMR fingerprint spectrum very similar to wild-type
a-Syn with negligible chemical shift changes except for residues
around Cys90 (SI Appendix, Fig. S6), indicating that a-Syn(A90C)
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behaves structurally and dynamically as the wild-type protein.
MTSL-labeled a-Syn(A90C) caused quenching of nearby °N-'H
moieties in a 2D N-'H correlation NMR spectrum. The cross-
peak intensity ratios between two "N-'H correlation NMR
spectra in the presence and absence of the paramagnetic MTSL-
tag (Iparam/lgiam in Fig. 3A4) revealed for a-Syn(A90C) a broad
paramagnetic line broadening for Val40 to Aspl35, suggesting
partial collapsed IDP states of soluble a-Syn, as previously docu-
mented (35). Addition of a-Syn fibrils reduced the paramagnetic
quenching effect in the C-terminal region and, interestingly, for
residues located in the preNAC and NACore (38) (Fig. 34), in-
dicating an unfolding of the partially collapsed conformations of
a-Syn by destabilizing the electrostatic interactions between the N
and C terminus when the protein interacted with fibrils. This
finding is in agreement with a previous PRE study using the
a-Syn(A90C) mutant: Similar to the urea-denaturated state of the
protein, binding of polycations to the C-terminal residues led to a
minimization of paramagnetic broadening in the C terminus,
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Fig. 3. Unfolding of fibril-bound a-Syn. (A) Residue-resolved PRE inten-
sity profiles lparam/lgiam Of para- (lparam) and diamagnetic (lgiam) labeled
a-Syn(A90C) in the absence (black) and presence of 5.4-fold molar excess of
a-Syn fibrils (blue) at pH 7. Regions with increased lparam/lgiam Values in
presence of a-Syn fibrils compared to soluble a-Syn(A90C) are colored in
orange. The preNAC and NACore regions of a-Syn are highlighted. Positions
of C-terminal a-Syn proline residues without peptide amide resonances are
shown in one-letter amino acid code. (B) EPR measurements of MTSL-labeled
a-Syn(E20G;E35C) and (C) partially MTSL-labeled o-Syn(E20C;E35C) in the
absence (black) and presence (blue) of a-Syn fibrils, monomer:fibril molar
ratio 1:10, at pH 7. From left to right, distance distributions P(r) using
DeerAnalysis2019, primary Q-band DEER data V(t)/V(0), and background-
corrected form factors F(t)/F(0) are shown including homogeneous back-
ground fits (red dotted lines). Time traces within the gray boxes were ex-
cluded from the background.
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pointing to an electrostatic interaction between the oppositely
charged N and C termini of a-Syn (35).

In order to investigate the mechanism of intramolecular a-Syn
unfolding in more detail, we produced the MTSL-labeled
a-Syn(AN;A90C) and a-Syn(K6A;K10A;K12A;A90C) mutants
(81 Appendix, Fig. S6) and performed PRE experiments on the
monomeric proteins. They revealed that N-terminal truncation
or removal of the positive charges at the N terminus of a-Syn
restricted paramagnetic broadening within the NACore (SI Ap-
pendix, Fig. S7 A-C), indicating that a-Syn was further unfolded
in absence of intramolecular electrostatic contacts between
the N and C terminus. Moreover, ThT kinetics showed that
a-Syn(K6A;K10A;K12A), being more unfolded and comprising a
less-protected NACore, aggregated faster than wild-type a-Syn (S1
Appendix, Fig. S1D). However, in presence of wild-type a-Syn fi-
brils we observed for both proteins the same aggregation behavior
with a reduced lag phase (SI Appendix, Fig. S1D). Our results
suggest that fibril binding yielded a further unfolding only for wild-
type o-Syn but not for a-Syn(K6A;K10A;K12A) because the
mutant already adopted an extended conformation. This leads to
practically identical seeded aggregation kinetics for wild-type and
mutant o-Syn.

To further corroborate our PRE result we produced the
a-Syn(E20C;E35C) mutant and performed intramolecular DEER
experiments to determine the distances between the two MTSL-
labeled cysteines. Chemical shift differences of '*N-'H resonances
between wild-type a-Syn and a-Syn(E20C;E35C) were only de-
tected at the mutation sites, indicating that both proteins adopt
intrinsically disordered conformations with similar dynamics (S/
Appendix, Fig. S6). In the absence of fibrils, monomeric MTSL-
labeled a-Syn(E20C;E35C) yielded a broad distance distribution
attributed to the intrinsically disordered character of the protein
covering different conformational states with a main population at
~2.2 nm and a minor shoulder at slightly larger distances (Fig. 3B).
However, addition of a-Syn fibrils to this sample (monomer:fibril
molar ratio 1:10) resulted in two distinctive separate distance
populations at ~2.3 and 3 nm (Fig. 3B). The short distance was
indicative of the soluble a-Syn structures, also observed in the
sample without fibrils. The increase of the population corre-
sponding to the larger distance suggested that a-Syn—fibril inter-
actions weakened the intramolecular contacts, favoring more
extended conformations of the protein. To validate our conclusion
that the larger distance originated from fibril-bound a-Syn and did
not result from intermolecular interactions between monomers as
they assemble on the surface of the fibril, we performed DEER
experiments with partially MTSL-labeled a-Syn(E20C;E35C) (1:2
effective spin dilution). As observed for 100% MTSL-labeled
a-Syn(E20C;E35C), spin dilution of the monomeric protein
yielded a main population at ~2.2 nm and a minor shoulder at
slightly longer distances, whereas the presence «-Syn fibrils
(monomer:fibril molar ratio 1:10) revealed again two well-defined
distances at ~2.3 and 3 nm (Fig. 3C; note that the peak at ~4.2 nm
is an artifact due to incomplete background correction). Together,
these findings suggested that indeed the presence of the larger
distance in fibril-bound o-Syn(E20C;E35C) was of an intra-
molecular nature, thus providing evidence that binding of a-Syn to
fibrils results in unfolding of the protein.

Negatively Charged C Termini of the a-Syn Fibrils Lower the Local pH
on the Fibril Surface. Previous work has shown large differences
between random-coil and a-Syn pK, (negative logarithm of as-
sociation constant) values. Lowered respectively raised pK, val-
ues were observed in the N and C terminus of monomeric a-Syn
(39), thereby providing additional evidence for the presence of
weak long-range intramolecular electrostatic interactions be-
tween the N- and C-terminal residues. Because the fuzzy coat of
the acidic C-terminal segment of the a-Syn fibril can be inter-
preted as a negatively charged surface with a high concentration
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of glutamic acids, we expected that fibril-localized H;O* de-
creases the pH on the surface of the a-Syn fibrils approximately
by one pH unit. When measuring the pH in the bulk yields an
increase of the pK, values of the Glu residues in the C terminus
of the fibrils by about one unit compared to monomeric a-Syn.
To determine this fibril-induced pH change, we recorded
magic-angle spinning (MAS) solid-state '*C NMR spectra of
13C, 15N-labeled a-Syn fibrils at pH 7 and 6. Selective excitation
of the mobile regions of the a-Syn fibrils through an INEPT
proton-to-carbon transfer revealed narrow lines with the typical
resonance set for Glu (Fig. 44 and SI Appendix, Fig. S8). We
used the Glu '*CY carbon chemical shift as a pH probe because
of its large change on the order of 4 ppm from neutral to acidic
pH (39). The one-dimensional (1D) '*C MAS INEPT NMR
spectrum showed chemical shifts of 36.2 (pH 7) and 35.8 ppm
(pH 6) for Glu C (Fig. 44), which were ~0.7 and 0.9 parts per
million (ppm) smaller than the corresponding values in mo-
nomeric a-Syn (Fig. 4B) (39). Comparing the Glu >C? chemical
shifts of the fibrils with the pH titration data of Glull4 in
monomeric a-Syn (39) indicated that the local pH values on the
surface of the a-Syn fibrils were significantly lower (pH ~5.4
and 5.1) than in the bulk (pH 7 and 6; Fig. 4B). This in turn
suggests that compared to the bulk the Glu side-chain pK,
values within the C terminus of a-Syn fibrils are indeed higher
than in monomeric a-Syn.
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Fig. 4. Lowered local pH on the surface of the a-Syn fibrils triggers

monomer—fibril interactions. (4) One-dimensional (1D) '*C MAS INEPT NMR
spectra of the mobile regions of a-Syn fibrils at pH 7 (blue) and 6 (green) in
the absence of salt. '*C chemical shifts of Glu residues are shown in one-
letter amino acid code. (B) Comparison of the pH titration data reported for
Glu114 3" of soluble a-Syn (black, reproduced from ref. 39) and the Glu >’
chemical shifts of the a-Syn fibrils obtained from the 1D '3C INEPT spectrum.
The local ApH differences between soluble and «-Syn fibrils at pH 7 (blue)
and 6 (green) are indicated.
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Mechanistic Insights into the Secondary Nucleation Process of a-Syn.
Our NMR data provide evidence that weak transient a-Syn
monomer—fibril interactions in the millimolar range are pre-
sent both at pH 7 and 6 (Fig. 1). a-Syn binds with its positively
charged N-terminal segment to the negatively charged flexible
C-terminal tails of the fibrils with approximately two binding
sites per a-Syn molecule in the fibril. Only at pH 6 these inter-
actions did not depend much on the salt concentration, indi-
cating that in addition to charge—charge attraction (Fig. 2 A-C),
pi-pi interactions via the aromatic residues contribute to the
observed a-Syn monomer—fibril binding events (Fig. 2 D and E).
The intermolecular interactions thereby compete with transient
long-range intramolecular contacts between N- and C-terminal
residues in monomeric a-Syn, yielding an unfolding of the par-
tially collapsed intrinsically disordered states of monomeric
a-Syn (Fig. 5). We believe that this process can dynamically align
a-Syn molecules at high local concentrations on the surface of
amyloid fibrils, which exposes the otherwise protected NAC re-
gion of the protein (Fig. 5). This results in a powerful de novo
aggregation mechanism described previously by kinetic studies as
secondary nucleation (31). In this scenario N-terminally modi-
fied (SI Appendix, Fig. S1D) or C-terminally truncated a-Syn do
not follow the proposed secondary nucleation mechanism be-
cause the protein is already fully unfolded with an exposed NAC
region (37). Our findings are additionally supported by recent
data showing that the a-Syn seeding process is initiated by
monomer recruitment on the fibril surface through the intrinsi-
cally disordered N and C termini (40).

In line with our study, it was demonstrated that secondary
nucleation of a-Syn below pH 6 very weakly depends on the ionic
strength of the buffer (30) but is strongly reduced in absence of
the C-terminal region of the protein (41). At pH 5 the intra- and
intermolecular charge—charge interactions within «-Syn mono-
mers and between monomers and fibrils start to disappear

pH 7

Fig. 5.

(the pK, of Glu is ~4.3). Because monomeric a-Syn interacts
with a large array of C-terminal fibril ends residual intermolecular
charge—charge interactions between o-Syn and fibrils remain
present (Fig. 5). In other words, from bulk pH 6 to pH 5 the
intramolecular contacts are weakened more than the intermolec-
ular interactions. This is attributed to the higher pK, values of the
negatively charged C-terminal Glu residues of the a-Syn fibrils
when compared with corresponding monomeric entities (Fig. 4B).

In this context it is interesting to note that unfolding of locally
concentrated and aligned o-Syn molecules as a prerequisite for
a-Syn aggregation by the secondary nucleation mechanism (Fig. 5)
may also happen at the air—water interphase (28) or on negatively
charged membranes (29). a-Syn does not aggregate de novo in
absence of an air-water interphase while fibrils only elongate (28),
and a-Syn aggregation is enhanced by the presence of negatively
charged membranes (29) (in the absence of salt and as long as the
membrane concentration is low). The attraction of a-Syn mono-
mers to the air-water interphase and to negatively charged
membranes may thus also yield a high local concentration of
aligned and entirely unfolded a-Syn monomers, which form a
nucleus for aggregation.

In conclusion, we present mechanistic insights into the sec-
ondary nucleation process of a-Syn associated with PD. The
in vitro data highlight that transient a-Syn monomer—fibril
binding unfolds the partially collapsed intrinsically disordered
states of the protein. At a-Syn fibril concentration of K4 ~1 mM,
50% of monomeric a-Syn is in a transient fibril-bound state.
Because we observe an interaction of the N terminus of a-Syn
with the C termini of the structurally ordered fibrils some degree
of molecular alignment of fibril-bound a-Syn is requested. In ad-
dition, the weak binding of the a-Syn monomers along with the
possible restricted 2D diffusion on the surface of the fibrils locally
concentrates a-Syn monomers. Thereby, the a-Syn fibrils generate
an environment that supports de novo nucleus formation termed

Scheme of a-Syn fibril interactions. Transient long-range intramolecular contacts between N- and C-terminal residues in soluble a-Syn yield partially

collapsed intrinsically disordered states of the protein and occlude the central aggregation-prone NAC region. The highly negatively charged C terminus of
the a-Syn fibrils lowers the local pH compared to the bulk. Intermolecular a-Syn-fibril interactions between the positively charged N-terminal segment of
a-Syn and the negatively charged flexible C-terminal tails of the fibrils unfold the loosely packed a-Syn structures and dynamically align a-Syn molecules at
high local concentrations on the fibril surface. This results in an exposure of the NAC region and triggers protein aggregation via secondary nucleation.
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secondary nucleation, which results in a multiplication of amyloid
fibrils reminiscent of an autocatalytic process with disease-
devastating potential. Spreading of these a-Syn aggregates in the
brain between neighboring cells occurs in a prion-like manner (42)
and can be described by the presence of a secondary nucleation
mechanism that strongly depends on solution conditions and
rapidly increases below pH 6 (25). Accelerated prion-like protein
aggregation is found, for example, in the mildly acidic chemical
environment of endosomes (43). Thus, our findings not only
provide insights into the aggregation mechanisms of a-Syn but
also allow us to localize cellular compartments where patho-
logical aggregation of a-Syn in PD may happen.

Materials and Methods

Recombinant Protein Expression and Purification. N-terminally acetylated,
human wild-type a-Syn was produced by coexpressing the pRK172 plasmid
with the yeast N-acetyltransferase complex B (NatB) (44) in E. coli BL21 Star
(DE3) cells using Luria-Bertani broth (unlabeled a-Syn) and M9 minimal
media supplemented with '3Cg-p-glucose and ">NH,CI (*3C and "N, "°N-labeled
a-Syn). Protein purification was performed as described (28). a-Syn mutants
AN, (K6A;K10A;K12A), AC, (FAA;Y39A), A90C, (AN;A90C), (K6A;K10A;
K12A;A900), and (E20C;E35C) were generated by site-directed mutagenesis
(QuikChange; Agilent Technologies) and confirmed by DNA sequencing. With
the exception of a-Syn(AN) and «-Syn(AN;A90C), recombinant protein ex-
pression and purification of a-Syn mutants were identical to wild-type o-Syn.
Five millimolar p-mercaptoethanol was added to the a-Syn Cys mutant samples
to keep the cysteines in their reduced state. Lacking the N-terminal substrate
specificity for NatB, a-Syn(AN) and a-Syn(AN;A90C) were produced in
their nonacetylated forms. Protein concentrations were determined spectro-
photometrically by ultraviolet absorbance measurements at 280 nm. For
a-Syn(F4A;Y39A) and a-Syn(AC), & = 4,470 and 1,490 M~".cm~" were used. For
all other a-Syn constructs & = 5,960 M~".cm™~" was used. Protein samples were
concentrated to 1 mM in NMR buffer (25 mM sodium phosphate) at pH 7 or 6.
Final aliquots of protein stock solutions were snap-frozen in liquid nitrogen
and stored at —80 °C until use. To remove oligomeric species from monomeric
protein, all samples were filtered with a 100-kDa molecular weight cutoff
concentrator (Amicon) before NMR and EPR sample preparation.

Amyloid Fibril Preparation. For the formation of mature fibrils, Eppendorf
tubes (1.5 mL) containing 0.5 mL of 500 pM «-Syn and a-Syn(AC) in NMR
buffer at pH 7 or 6, 150 mM NacCl, and 0.02% NaNs were incubated at 37 °C
on a rotating mixer at 30 rpm for 2 to 3 wk. To remove the salt before NMR
measurements, fibrils were pelleted by centrifugation and washed with
NMR buffer at pH 7 or 6 (three times).

Spin Labeling of a-Syn Cysteine Mutants. Spin labeling of the a-Syn Cys mu-
tants with paramagnetic MTSL and its diamagnetic analog (Toronto Re-
search Chemicals) was performed in NMR buffer at pH 7 as described
previously (45). To remove higher molecular o-Syn species after MTSL-
labeling, the proteins were filtered using a 100-kDa molecular weight cut-
off concentrator (Amicon). MTSL-labeling efficiency was determined by
continuous-wave EPR at protein concentrations of 100 pyM in a 0.9-
mme-outside-diameter (OD) glass capillary.

ThT Fluorescence Assay. Aggregation and amyloid formation of wild-type
a-Syn and o-Syn mutants at protein concentrations of 300 pM in NMR
buffer at pH 7, 0.02% sodium azide, total sample volume 0.5 mL, was ini-
tiated in the presence and absence of different concentrations of preformed
seed fibrils in 1.5-mL Eppendorf tubes. Seeding experiments were performed
with nonsonicated mature wild-type a-Syn fibrils at 0.5, 1, 3, 10, and 60%
and a-Syn(AQ) fibrils at 3% of the concentration of monomeric protein with
gentle agitation at 30 rpm, 37 °C. These conditions are considered to be
quiescent because negative-stain EM of these samples showed in general
micrometer-long o-Syn fibrils (S Appendix, Fig. S1A). In a control experi-
ment, preformed fibrils were sonicated on ice for 7, 15, and 35 min using a
probe sonicator, 25% amplitude with constant pulse on and off times of 1
and 3 s. For ThT fluorescence measurements, 4 pL of the samples were di-
luted with 200 uL of NMR buffer at pH 7, 0.02% sodium azide, and 2 pL of
1 mM freshly prepared ThT solution (20 mM Tris-HCl, pH 8.0) was added. ThT
fluorescence data were recorded on a Horiba-Jobin Yvon (FluoroMax 4)
spectrofluorometer operating at an excitation wavelength of 450 nm and
emission in the range of 465 to 500 nm with a slit width of 5 nm (both for
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excitation and emission). Processing and analysis of the wild-type a-Syn ag-
gregation kinetics were performed with AmyloFit (33).

Liquid-State NMR Sample Preparation. NMR samples were prepared in NMR
buffer at pH 7 or 6. "°N-labeled protein concentrations for 2D liquid-state
NMR were adjusted to 250 pM. NMR signal intensity ratios (I/lp) were de-
termined in the presence (I) and absence (lp) of 1.35 mM (5.4-fold molar
excess) unlabeled wild-type a-Syn fibrils. >N transverse R, titration of a-Syn
was collected at pH 7 and 6 in the absence of fibrils and upon addition of
0.6-, 1.2-, 1.8-, 2.4-, 3.6-, 4.2- (only pH 7), 4.8-, 5.4-, and 7.2-fold (only pH 7)
molar excess of unlabeled a-Syn fibrils. R, rates of a-Syn mutants were de-
termined in the presence of 5.4-fold molar excess of unlabeled o-Syn fibrils.
In addition, R, of a-Syn was determined upon addition of 5.4-fold molar
excess of unlabeled a-Syn(AQ) fibrils. lparam/laiam intensity ratios of para- and
diamagnetic labeled a-Syn mutants were collected on isolated protein
samples and in the presence of 5.4-fold molar excess of unlabeled o-Syn fi-
brils. NOESY experiments were recorded on 150 pM "°N-labeled «-Syn in the
absence and presence of 6.7-fold molar excess of unlabeled o-Syn fibrils.
Without incubation, all NMR samples were immediately measured after
adding "°N-labeled monomeric protein to the fibrils.

EPR Sample Preparation. Low-temperature EPR measurements were recorded
on 25 uM MTSL-labeled a-Syn(E20C;E35C) free in solution and upon addition
of 250 pM o-Syn fibrils. Control experiments were recorded on MTSL-labeled
a-Syn(E20C;E35C) mixed with unlabeled a-Syn(E20C;E35C) at 1:2 effective
spin dilution, 25 pM total protein, in the absence and presence of 250 pM
a-Syn fibrils. EPR samples were mixed with 30% (vol/vol) glycerol as a cryo-
protectant (sample volume 40 pL), transferred into 3-mm-OD annealed
quartz capillaries (New Era Enterprises), flash-frozen in precooled iso-
pentane, and stored at —80 °C until use.

Liquid-State NMR Spectroscopy. All NMR samples were supplemented with
4% D0, total volume 320 pL, and transferred into 5-mm (diameter) Shigemi
tubes. NMR experiments were performed on a Bruker 600 MHz Avance Ill HD
spectrometer equipped with a cryogenically cooled proton-optimized
"H{">C/"®N} TCl probe. Reference and a-Syn-fibril NMR spectra were ac-
quired with identical spectrometer settings and general acquisition param-
eters at 283 K. Specifically, we employed 2D '>N-"H SOFAST HMQC NMR
pulse sequences (46) with a data size of 128 x 512 complex points for a
sweep width (SW) of 28.0 ppm (">N) and 16.7 ppm ('H), 64 scans, 60-ms
recycling delay (acquisition time ~20 min). NMR signal intensity ratios (I/lp)
and (lparam/lsiam) Were determined for each residue by extracting the maxi-
mal signal height of the cross-peaks from the respective 2D ">N-'H NMR
spectra. SN transverse R, relaxation rates were measured using a
Hahn-echo-based 2D ">N-'H NMR experiment as described previously (47),
data size 80 x 512 complex points, SW of 27.6 (*°N) and 16.4 ppm ('H). The
magnetization decay was recorded at four different relaxation decay pe-
riods (0, 50, 100, and 200 ms) in an interleaved manner with 16 scans, ac-
quisition time ~5 h. The 3D '>N-resolved ['H,"H]-NOESY experiments (48)
were acquired with a NOE mixing time t,, = 200 ms, 256 x 55 x 1,024
complex points, SW of 13.0 ppm ('H), 35.2 ppm ('°N) and 14.3 ppm ('H), and
eight scans (acquisition time ~2 d). All NMR spectra were processed with
PROSA. Visualization and data analysis were carried out in CARA.

Solid-State NMR Spectroscopy. '3C, "°N-labeled a-Syn fibrils were packed into
a 3.2-mm Bruker rotor by ultracentrifugation. Solid-state NMR experiments
were performed on a Bruker 850-MHz wide-bore spectrometer equipped
with a home-built 3.2-mm CONFINE-MAS probe (49) operating at MAS
spinning frequency of 17.0 kHz. All NMR spectra were recorded at 283 K and
referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid using the methy-
lene resonance of solid adamantane as an external standard (50). INEPT
experiments were recorded with an INEPT delay (1/4J) of 1.14 ms U(H-"3C) =
220 Hz], a repetition time of 1.5 s and 5-kHz WALTZ-64 proton decoupling
during data acquisition; 1,024 and 2,048 scans were acquired for the pH 7
and 6 sample, respectively. The 2D INEPT spectrum was acquired with 16
scans and 2,048 increments in the indirect dimension (total acquisition time
15.4 ms). The 2D INEPT total through bond correlation spectroscopy exper-
iment was recorded with the C9' scheme (mixing time 7.8 ms), 16 scans, and
512 increments in the indirect dimension (acquisition time 5.1 ms). The
repetition time was set to 2 s. Adiabatic cross-polarization (CP) experiments
were performed with 60-kHz radio-frequency field strength on 'H and
43 kHz on "3C with a CP contact time of 800 ps and a repetition time of 2.5 s
for the pH 7 (512 scans) and 2 s for the pH 6 sample (32 scans). Processing and
visualization of NMR spectra were performed with TOPSPIN (version 3.5;
Bruker Biospin) and CcpNmr.
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EPR Measurements and Data Analysis. Continuous-wave EPR measurements
were performed at room temperature on a Bruker EMX X-Band (9.5 GHz)
spectrometer equipped with an SHQ resonator (Bruker Biospin). Spectra were
recorded at a microwave power of 1.011 mW with modulation amplitude of
0.1 mT at a modulation frequency of 100 kHz. The labeling efficiency was
determined by numerical double integration of the spectra after polynomial
background correction. The spin concentration was calculated with respect to
a reference sample of 100 uM 4-Hydroxy-TEMPO radical (Sigma-Aldrich), in-
dicating complete spin labeling of a-Syn. Pulse EPR measurements were per-
formed on a home-built Q-Band (35 GHz) spectrometer with a commercial
Bruker ELEXSYS E580 acquisition system, equipped with a home-built rectan-
gular TE102 resonator (51) and a CF935 helium flow cryostat (Oxford Instru-
ments). Distance measurements were performed using the four-pulse DEER
sequence n/2 - T, — T — T1 + T, — © at the observer frequency and 2 t; + t - & at
the pump frequency where t is the time incremented in steps of 8 ns. Delays
were set to 1 = 400 ns and t, = 2,000 ns. A delay t3 = 280 ns passed between
the first observer n pulse and the initial time of the pump pulse, corresponding
to a start of the time axis at t = 13 — 71 = =120 ns. Measurements were per-
formed at 50 K with pulse lengths of 12 ns for all pulses, phase cycling the first
pulse by 180° and a shot repetition time of 4 ms. The pump pulse was placed at
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