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Amyloidoses are predominantly associated with the accu-
mulation of persistent aggregates of a particular protein. For
example, the protein o-synuclein characteristically aggregates
in Parkinson’s disease (PD), while amyloid beta and tau de-
posits are associated with Alzheimer’s disease (AD). However,
a-synuclein-positive inclusions have been reportedly found in
some tauopathies, and vice versa; tau-positive inclusions can be
found in synucleinopathies. This suggests that there may be
coexistence or crosstalk between these proteinopathies. This
coexistence suggests that the simultaneous presence of these
misfolded proteins may amplify pathogenic mechanisms.
However, the crosstalk between these two types of proteo-
pathies remains poorly understood. We now determine the
structure of o-synuclein fibrils that directly promote tau ag-
gregation by cryogenic electron microscopy. Helical recon-
struction at 2.6 A resolution reveals a new ¢-synuclein fibril
polymorph we term “strain B”; its core is unique, incorporating
both the N- and C-termini of d-synuclein. The design of pep-
tides meant to inhibit the formation of this structure demon-
strates that the C-terminal domain fragment (D105-E115) of a-
synuclein is critical for the formation of “strain B” fibrils and
may play a key role in its interaction with tau. We hypothesize
that the unique structure of pathological o-synuclein signifi-
cantly contributes to tau co-aggregation and plays a role in the
intricate interactions among Alzheimer’s, Parkinson’s, and
other neurodegenerative diseases. These findings open new
avenues for drug targeting, discovery, and improve our un-
derstanding of neurodegenerative pathology.

Neurodegenerative disorders broadly refer to a range of
pathologies characterized by a progressive decline in neuronal
structure and/or function, leading to deficits in cognitive
function, and are often—but not exclusively—associated with
movement problems (1, 2). The majority of neurological
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diseases are characterized by abnormal protein accumulation,
and this trend is most clearly represented in Parkinson’s and
Alzheimer’s, where d-syn and tau respectively form insoluble
fibrils within neurons or glial cells, accumulating to form ag-
gregations that appear as Lewy bodies (LBs) and neurofibrillary
tangles (2—4).

o-syn is a 140-amino-acid protein mainly expressed in the
presynaptic termini of neurons and plays a significant role in
the trafficking of synaptic vesicles and the secretion of neu-
rotransmitters (5, 6). Under physiological conditions, o-syn
exists as a natively unfolded monomer or an o.-helical tetramer
(7). With abnormal conformational changes, o.-syn can further
self-assemble into P-sheet-rich oligomeric and fibrillar inter-
spaced structures (8). A wide range of triggers, including
oxidative stress, post-translational modifications, genetic mu-
tations, and interactions with other proteins or lipids, have
been identified as modulators of o-syn oligomerization and
fibrillization (9). The transformation and aggregation of o-
synuclein are characteristic causes underlying the pathogenesis
of Parkinson’s disease and other neurodegenerative disorders
(10, 11).

Tau is a microtubule-associated protein primarily expressed
in neurons (1, 12), whose primary function is the stabilization
of microtubules and control of axonal transport. Six isoforms
of tau exist, where each differs in the number of isoform
N-terminal inserts itself, and microtubule-binding proceeds
and repeats (8). It is noted that tau undergoes conformational
changes from its native functional state, forming aggregates
and eventually paired helical filaments and straight filaments,
similar to o-syn (13). These conformational changes are
similarly instigated by factors such as phosphorylation, trun-
cation, glycation, and mutations within the protein (14—16).

Although o-synuclein has been the classic hallmark pa-
thology in diseases like Parkinson’s, there is increasing evi-
dence that points towards cross-talk and co-aggregating
conformational changes of o-syn and tau within mixed
neurodegenerative diseases such as Dementia with Lewy
Bodies (DLB), Alzheimer’s disease with Lewy bodies, and
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Distinct a-synuclein strain promotes tau inclusion

Parkinson’s disease with Dementia (9—11, 17-20). A further
proposition suggests that the co-aggregation of o-synuclein
and tau results in a potentiation of neurotoxicity and disease
progression by influencing each other’s aggregation-clearance
dynamics and physiological functions (10, 17). This co-
accumulation leads to the propagation of pathology, where
these pathogenic proteins spread akin to prions and move
from one cell type to another within the brain or from one
brain region to another (21, 22). Consequently, this propaga-
tion and translocation process escalates the burden and
lethality of the pathology.

Here, we find that a recently established @-syn fibril strain,
“B”, markedly prompts the co-aggregation of tau protein in
both neuronal cells and in vitro settings (23). We use cryogenic
electron microscopy (cryoEM) to determine the atomic
structure of the strain, which led us to hypothesize that it
presents a new interface for direct interaction with tau. We
design inhibitors that target this region and mitigate the co-
aggregation effect of o-syn on tau protein. Collectively, these
findings suggest that a distinct region at the C-terminus of d-
syn may play a pivotal role in tau protein aggregation. This
provides a potential therapeutic direction and theoretical
foundation for mitigating the progression of such diseases.

Results

Production of a-syn strain B significantly enhances tau
inclusion in neurons and in vitro studies

In a previous study, Guo et al. identified two distinct strains
of synthetic d-synuclein fibrils, each displaying significant
differences in their efficiency to cross-seed tau aggregation in
neuronal cultures and mice (23). strain A typically seeded
aggregation of endogenous a-synuclein, while strain B, in
contrast, seeded less o-synuclein but preferentially induced tau
aggregation. The observed disparities in these outcomes
sparked our curiosity about the differences between the two
distinct strains. Consequently, to investigate their disparities,
we initially employed identical methodologies to culture both
strains, as illustrated in Figure 1A. strain A was the first gen-
eration of fibril produced through continuous oscillation,
while strain B was obtained through successive seeding,
spanning the sixth to seventh generations.

Subsequently, using Thioflavin T (THT) fluorescence as-
says, we separately incubated strain A and strain B with tau
2N4R protein. The fluorescence results indicated that strain B
similarly demonstrated enhanced cross-seeding tau 2N4R
capability compared to strain A, further substantiating its
unique capacity to induce tau aggregation (Fig. 1E). This
preference for strain B cross seeding of tau was also observed
in cells, when we seeded primary neurons to evaluate the
seeding capacities of the two strains. Our findings revealed that
full-length strain B exhibited a superior ability to cross-seed
tau protein compared to strain A (Fig. 1, B and C).

Negative staining TEM images of strain A and strain B were
insufficient to distinguish them morphologically (Fig. 1D).
However, we hypothesized that strain B would be structurally
unique and chose to pursue its atomic structure. For instance,
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analyses conducted by Yang et al. and Manuel Schweighauser
et al. on Multiple System Atrophy (MSA) and Dementia with
Lewy Bodies (DLB) extracted amyloid fibrils from patient brain
tissues, revealing different conformational isoforms. These
investigations confirm that the polymorphic forms of o-syn-
uclein exhibit differential seeding capacities. Therefore,
resolving the high-resolution structure of strain B at the
atomic level is of significant biological importance for under-
standing its pathological differences.

CryoEM structure of a-syn strain B fibril polymorph

To understand the structural basis for the unique properties
of strain B fibrils, we pursued their atomic structure using
cryoEM. The strain B fibril samples were immobilized on a
carbon grid and frozen in liquid ethane. After screening and
optimizing the conditions for the frozen grid, cryo-electron
micrographs were collected at a magnification of 81,000
times using a 300 keV Titan Krios microscope. 46,626 fibrils
picked from 2934 micrographs were used for the reconstruc-
tion of strain B fibril (Table S1). The strain B fibril samples
were morphologically homogeneous and showed a single
dominant species during 2D classification (Fig. S3, A and B).
After helical reconstruction of the main fibril species using
Relion 3.1, we obtained a 3D density map of the strain B fibril
with an overall resolution of 2.61 A (Figs. 2, S2, and S3, C and
D). The fibril contains two filaments intertwined along a
principal helical axis (Fig. 2). The helical twist between a.-syn
subunits is ~179.47° and the helical rise is 2.408 A (Fig. 2C and
Table S1). The density map indicates a left-handed helix with a
pitch of about ~85 nm (Fig. 2A4).

From the high-resolution atomic structure model of strain B
fibril, we observed the classic Greek key topology within the
fibril core (Figs. 2E and 3, A—C). This core comprised residues
37 to 100 of full-length a-synuclein (o-syn) protein, slightly
larger than the wild-type (WT) a-syn fibrils (composed of
residues 38-97). Notably, unlike the previously determined
WT fibrils, the N-terminal and C-terminal regions of strain B
fibrils are adsorbed onto and extend the fibril core. Density
islands at both ends of the fibril core (Fig. S2, A and B) are
sufficiently resolved to visualize their side-chain densities apart
from the main chain. Consequently, the structure of strain B
reveals the distinct structures of residues 14 to 22
(**GVVAAAEKT?, island 1) at the N-terminus and residues
105 to 115 (‘> EGAPQEGILED'"?, island 2) at the C-terminus,
contributing to the elongated fibril structure of strain B (Fig. 2,
D and E). Specifically, island 1 (B1) packs together with the
core structure B2, while island two participates in the assembly
of B4 and P8 (Figs. 2E and 3, A and B). Thus, the ordered
sequence of strain B fibril that we report includes residues 14
to 22, 37 to 100, and 105 to 115, forming the entire core
structure. It is the longest a.-synuclein fibril structure reported
so far and is distinct from other a-synuclein fibrils (Figs. S1
and S2).

The resolution of 2.61 A allowed us to directly visualize the
side-chain densities in the "island" regions, which were
unambiguously assigned to the N-terminal residues (14—22)
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Figure 1. The generation of a-syn strain B and its significant promotion of Tau inclusion in Neurons and in vitro. A, repetitive in vitro seeded
fibrillization procedures lead to the transformation of full-length a-syn strain A into strains B and post-B strains. B, representative images of immunostaining
for insoluble phospho-a-syn (pSyn), phospho-tau (pTau), and Mouse-Tau (mTau) after the addition of strain A or strain B a-syn into non-Tg neurons. 1%
Triton X-100 was added to 4% PFA during fixing to remove soluble proteins. C, quantification of mTau immunostaining (left), phospho-a-syn (pSyn) im-
munostaining (middle), and pSyn versus total mTau shown in (B). D, negative Stain TEM images of in vitro formed o-syn strain A and strain B fibrils. Scalebar
100 nm. E, ThT assay for Wild-type Tau (2N4R) aggregation with and without different a.-syn strains (Orange: 2N4R tau with 1% strain B; Deepteal: 2N4R tau
with truncated PFFs (1-100); Blue: 2N4R tau with 1% strain A; Green: 2N4R tau alone).

and C-terminal residues (105-115) based on their sequence-
specific features (Fig. S2). The high level of order observed
in these densities excludes the possibility of disordered or
surface-bound monomeric d-synuclein, which typically lacks
clear side-chain density. Furthermore, the single, continuous
fibril core revealed by the density map strongly argues against
the presence of secondary nucleation mechanisms or surface-
adsorbed monomeric @-synuclein. Unlike the irregular and
heterogeneous density distributions typically associated with
secondary nucleation, the "island" regions exhibit highly stable
and ordered sequence-specific densities that align seamlessly
with the fibril core. Together, these observations support the
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hypothesis that the "island" densities are structural extensions
of the fibril core, rather than independent entities.

The protofilament of a-syn strain B exhibits a prominently
negatively charged surface

Compared to other reported polymorphs of a-synuclein fi-
brils, the structure of strain B possesses a common, conserved
B-arch fibril core and has an identical fibril zipper interface
formed by residues 50 to 57 (*®°HGVATVAE®") from the
preNAC region (Fig. 2, E-G). The main difference between
strain B and others lies in the N-terminal and C-terminal
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Figure 2. CryoEM structure of a-syn strain B polymorphic fibril. A and B, cryoEM density map of the a-syn strain B fibril. Length of half pitch (180° helical
turn), and helical rise is indicated. The two protofilaments are colored in cyan and purple. C, cross-sectional view of a density map projection. D, top view of
strain B fibril. One layer of the structure is shown, which consists of two a-syn molecules covering residues 14 to 22...37 to 100...105 to 115. The two
molecules are colored differently. E, schematic representation of one cross-sectional layer of the amyloid core, with B-strands shown as thicker arrows and
the less ordered region (residues 22-37, 101-104) marked as dotted lines. F and G, schematic free energy of stabilization maps for strain B and strain A. H,
the misfolding landscape indicates that strain B, cultured through a passage, exhibits a more organized and low-energy arrangement compared to pre-
viously identified polymorphs.
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Figure 3. Structure and interaction analysis of a-syn strain B. A, schematic of the primary and secondary structure of the fibril core of strain B pro-
tofilament. Arrows indicate regions of strain B that adopt -strand conformations. N-terminus, NAC domain, and C-terminus are shown in sky blue, pale cyan,
and pink colors, respectively. B, views of five layers of the strain B fibril are shown in the cartoon. The B strands are numbered and labeled. C, ribbon
representation of five stacked layers of the fibril core shows the B-strand segments, with the distance between neighboring layers in one protofilament is
indicated. D, one layer of strain B fibril is shown by sticks, with the dashed boxes labeled 1, 2, and three highlighting the critical interaction regions in both
the N-terminus and C-terminus. E, magnified top views of the boxed regions (1-3) in (D) show the key H-bond and electrostatic interactions in strain B fibrils.
In the N-terminus, Val16 and Ser42 form a hydrogen bond, and Gly67 and GIn109 form another hydrogen bond. In the C-terminus, Lys96 and Asp98 form a
salt bridge. A side view highlights the critical interaction between two residues from opposing subunits, with distances of 2.6, 3.6, and 2.8 A (black).

regions of the fibril. In strain B, residues 14 to 22 of the N-
terminus and 105 to 115 of the C-terminus also participate in
the assembly of the fibril core structure (Fig. 2, D and E).
Residues A17, A18, and A19 at the N-terminus form hydro-
phobic interactions with residues L38 and V40. Residues V16
and S$42 form hydrogen bonds, stabilizing the -sheet structure
of residues 14 to 22 at the N-terminus. Additionally, residue
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Q109 at the C-terminus forms a hydrogen bond with G67, and
the electrostatic interaction between K96 and D98 plays a
stabilizing role, locking the flexibility of the C-terminal
structure (Figs. 3D and E and S1).

Moreover, the charge distribution indicates a higher number
of negatively charged residues on the fibril surface, attributed
to the increased involvement of N-terminal and C-terminal
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flexible sequences in forming the fibril core. For example, the
negatively charged side chains of residues E22, E105, E110,
E114, and D115 are all solvent exposed (Fig. 2, E and F). This
significant change in surface charge properties may lead to
different pathological characteristics of amyloid fibrils.
Furthermore, through the calculation of solvation energy,
strain B, due to the participation of more residues, exhibits a
lower energy state, suggesting a more stable fibril structure
(Fig. 2H). Through in vitro SDS treatment experiments, we
also found that strain B indeed shows more stability than strain
A (Fig. S6).

Inhibiting D105-E115 effectively reduces a-syn strain B-
induced tau aggregation

We next sought to understand the participation of the N-
terminal residues 14 to 22 and the C-terminal residues 105 to
115 in the strain B fibril core. We hypothesized that their
negatively charged surface and the additional presence of a
stretch of 14 negatively charged amino acids at the C-termi-
nus, spanning residues 104 to 140, might complement the
microtubule-binding domain of tau. That domain is enriched
with positively charged amino acids, such as lysine and argi-
nine, and is located at the tau C-terminus (Fig. S5) (24-28).
This region also plays a crucial role in the regulation of tau
protein phosphorylation, abnormalities of which have been
implicated in the onset and progression of neurodegenerative
diseases. Moreover, considerable evidence suggests a possible
electrostatic interaction between the negatively charged resi-
dues at the C-terminus of o-synuclein and the positively
charged amino acid residues of tau protein, facilitating the
mutual association of these two proteins (29, 30).

Therefore, based on these findings, it is reasonable to hy-
pothesize that negatively charged residues contributed by the
D105-E115 segment of strain B fibrils may directly interact
with tau protein, thereby promoting tau protein aggregation
(Fig. 4A). To test this hypothesis, we designed two classes of
peptide inhibitors based on the acquired three-dimensional
structure of the D105-E115 segment of strain B. Using the
Rosetta protein modeling suite, we systematically designed
these peptides to optimize their binding affinity and specificity.
The Rosetta FlexPepDock protocol was employed to predict
peptide-protein interactions, enabling the identification of se-
quences that would effectively target the fibril structure. En-
ergy minimization and docking simulations were performed to
refine the binding conformation and enhance stability. One
class (TI-1 and TI-2) targets the top of the fibril by binding to
and capping the D105-E115 region, aiming to restrict the
elongation of o-synuclein protofibrils (Fig. 4B). The second
class (SI-1 and SI-2) targets the lateral side of the D105-E115
protofibrils to hinder the potential binding of o-synuclein
protofibrils with tau protein (Fig. 4C). Subsequently, the syn-
thesized peptides underwent in vitro thioflavin T (THT)
fluorescence assays. The results of the in vitro Thioflavin T
(THT) fluorescence assays demonstrated that both classes of
peptides significantly reduced the ability of strain B cross-
seeded tau aggregation (Figs. 4E and S9, A-D). The
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Thioflavin T (ThT) fluorescence assay results demonstrated
that TI-1, TI-2, SI-1, and SI-2 all dose-dependently inhibit the
formation of o-synuclein cross-seeded tau fibrils. Notably,
treatment with higher concentrations of SI-1 and SI-2 reduced
ThT fluorescence intensity by approximately 60%-70%, indi-
cating that SI-1 and SI-2 exhibit a stronger inhibitory effect
(Figs. 4E and S9). Moreover, our experimental results indicate
that SI-1 can slightly promote the aggregation of 2N4R tau.
Although the effect is not statistically significant, it is none-
theless observable. We speculate that this inhibitor may
contain a higher proportion of hydrophobic amino acids
compared to other inhibitors, which could influence the ag-
gregation behavior of 2N4R tau. These findings underscore the
critical role of synuclein residues D105-E115 in mediating
strain B-induced tau aggregation, providing support for our
proposed hypothesis.

Discussion

The interaction between o-synuclein and tau proteins is a
key area of research in neurodegenerative diseases, particularly
in the context of Parkinson’s disease (PD) and Alzheimer’s
disease (AD) (20, 31-33). These proteins are known for their
tendency to misfold and aggregate, significantly contributing
to pathological processes in these diseases (4, 18, 31, 34). o-
synuclein is primarily located in presynaptic terminals and is
involved in synaptic vesicle dynamics and neurotransmitter
release, while tau protein is mainly found in the axonal
compartment, where it stabilizes microtubules and maintains
neuronal structure (18, 35—-37). Pathological aggregation of o.-
synuclein and tau disrupts neuronal function, leading to dis-
eases such as Parkinson’s disease (PD) and Alzheimer’s disease
(AD), which are characterized by the presence of Lewy bodies
and neurofibrillary tangles, respectively (4, 15, 38, 39).

Recent studies have highlighted the potential for these
proteins to interact and influence each other’s aggregation
process, a phenomenon known as cross-seeding (40—42). The
cross-seeding mechanism implies that misfolded forms of one
protein can trigger the aggregation of another protein, wors-
ening neurodegenerative pathways and resulting in the overlap
observed in synucleinopathies and tauopathies (43). Under-
standing the cross-seeding interaction between o-synuclein
and tau is crucial for developing therapeutic strategies to
alleviate their pathological effects. Studies have shown that a.S
can induce the phosphorylation and aggregation of tau protein,
thereby weakening the microtubule-stabilizing function of tau
protein and promoting the occurrence of tauopathy. These
interactions not only amplify the aggregation cascade but also
provide potential targets for therapeutic intervention,
emphasizing the necessity for a comprehensive understanding
of their molecular mechanisms.

By cryoEM helical reconstruction, this study resolves, for
the first time, the atomic structure of a novel fibril identified as
strain B. These fibrils are characterized by more ordered N-
terminal (14-22) and C-terminal (105-115) structures. This
conformation involves the largest number of o-synuclein res-
idues observed to date, participating in the formation of the

SASBMB
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Figure 4. The structured C-terminal domain of a-synuclein contributes to the development of Tau aggregates. A, schematic representation of a-
synuclein fibrils promoting the aggregation of Tau protein. B-D, the design strategy of peptide inhibitors based on the C-terminal region of strain B fibril
includes capping block and side block inhibitor design. E, thioflavin T assay to measure Tau aggregation and the effect of inhibitors. 50 LM Tau monomer
was aggregated in the presence of 1% strain B and different inhibitors (Tau: inhibitor molar ratios, 1:1, 1:5, 1:10); All four inhibitors decreased ThT fluo-
rescence indicative of inhibition of aggregation. Each curve is an average of three data sets where the error bars represent standard deviations.

fibril core structure. Structural analysis revealed that the C-
terminal negatively charged amino acid sequence D105-E115
is involved in fibril core formation, resulting in a significantly
negatively charged surface of the protofilament. This electro-
static property may confer unique pathological characteristics
to strain B. Combined with numerous previous studies, we
hypothesize that this characteristic results in a robust elec-
trostatic interaction between the positively charged area of the
C-terminal of strain B and tau protein, consequently initiating
abnormal tau protein aggregation. Based on this hypothesis,
we designed activity experiments using specific peptide in-
hibitors targeting the C-terminally negatively charged amino

SASBMB

acid sequence D105-E115. The experimental results confirmed
our hypothesis that the peptide inhibitor binds to the nega-
tively charged region at the C-terminal of a-synuclein, effec-
tively inhibiting its facilitation of tau protein aggregation. This
also sheds light on the molecular mechanism through which a-
synuclein fibrils trigger tau protein aggregation.

Our experimental evidence indeed demonstrates the
importance of the negatively charged region of the C-terminus
in promoting o-synuclein tau aggregation. However, this does
not mean that other domains lack functionality. In fact, as
demonstrated by Guo et al., deletion of the N-terminal domain
also results in a loss of a-synuclein cross-seeding ability (23).
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We speculate that this may be attributed to the potentially
critical role of the N-terminal domain in initiating and main-
taining the conformation of amyloid fibrils. Once the N-ter-
minal domain is deleted, the fibril conformation changes,
leading to the loss of cross-seeding function. Furthermore,
from the amyloid fibril structures extracted from the brains of
patients, we observe that, in addition to the core structure,
there are N-terminal or undetermined polypeptide densities
present in Parkinson’s disease (PD) and juvenile-onset synu-
cleinopathy fibrils (JOS) (Fig. S8) (44, 45). We hypothesize that
these structures, besides contributing to fibril aggregation, may
also influence the pathological properties of a-synuclein fibrils.
However, the specific molecular mechanisms behind this
phenomenon may require further in-depth study.

The cross-seeding interaction between o-synuclein and
tau involves multiple molecular mechanisms, the classifica-
tion of which can aid in understanding the pathology of
neurodegenerative diseases (43, 46, 47). For example, direct
physical interactions between d-synuclein and tau can lead
to the formation of copolymers that act as seeds to promote
aggregation (19, 47). Misfolded o.-synuclein can template tau
into pathological conformations, similar to prion propaga-
tion (22). Through kinase activation, it induces phosphory-
lation, thereby increasing the aggregation tendency of tau
(11). Additionally, a.-synuclein-induced phosphorylation can
disrupt the microtubule-stabilizing function of tau, leading
to multiple complex and unclarified molecular mechanisms,
such as microtubule disassembly and further aggregation
(48, 49).

Recent advances in the interaction between ¢-synuclein
and tau proteins have opened new avenues for therapeutic
strategies in neurodegenerative diseases (4). Increasing evi-
dence suggests that a-synuclein plays a crucial role in the
pathogenesis of Parkinson’s disease (PD) and other synu-
cleinopathies through its ability to form toxic intracellular
aggregates. The potential of o-synuclein as a therapeutic
target is enormous, but researchers must find a delicate
balance of its physiological roles in neurons, including its
involvement in neurotransmitter release and synaptic vesicle
transport. The discovery of a cross-seeding mechanism,
where the polymerization of one protein is catalyzed by
another protein, has profound implications for therapeutic
intervention. Interactions between tau and o-synuclein
promote each other’s fibrillation and solubility, suggesting
that deleterious feed-forward loops are critical for the
initiation and progression of neurodegeneration. Under-
standing these mechanisms may help in developing new
therapeutic strategies aimed at blocking the spread of
neurodegenerative fibrils and offer a newly identified target
for new drugs.

Experimental procedures
Purification and in vitro fibrillization of recombinant
a-synuclein

The full-length o-synuclein (FL o-syn, amino acids 1-140)
was produced in BL21 (DE3) cells and C-terminally truncated
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a-syn (1-100) were produced in BL21 (DE3) cells and purified
using the method outlined by Li e al. and Ni X et al. (50, 51).
Fibrillization was initiated by diluting the recombinant o-
synuclein to a concentration of 5 mg/ml in Dulbecco’s
phosphate-buffered saline (PBS) with a pH of 7.0. The mixture
was then incubated at 37 °C with continuous agitation at
1000 rpm for 5 to 7 days. The successful formation of fibrils
was confirmed through negative staining electron microscopy
(EM) and Thioflavin-T (ThT) binding assays. The resulting
prefibrillar fibrils were stored at room temperature to prevent
freeze-thaw cycles.

For repetitive self-seeding, 5% or 10% of the existing fibrils
were added to fresh monomers to initiate subsequent passages
until reaching the 10th passage (P10). When fibrillization was
seeded by strains A or B fibrils, 10% of the existing fibrils were
included in the reaction. All seeded fibrillization procedures
followed the same conditions as the de movo fibrillization
process. Each d-synuclein construct was tested using at least
two independently prepared monomer batches where each
monomer batch underwent at least two series of self-seeded
fibrillization experiments.

Expression and purification recombinant tau (2N4R)

Expression of tau was carried out in E. coli BL21 (DE3)
competent cells, as described by Zhang (2020). In brief, protein
expression was induced at an OD600 of 0.8 with 1 mM iso-
propyl B-D-thiogalactopyranoside (IPTG) for 15 h at 25 °C.
Cells were harvested by centrifugation (4000 rpm for 10 min at
4 °C) and resuspended in lysis buffer (20 mM Tris-HCI at pH
7.5, 150 mM NaCl, 1 mM EDTA, 2 mM DTT, supplemented
with 0.1 mM PMSF and 1 x EDTA-free protease cocktail in-
hibitors). Cell lysis was performed using sonication at 60%
amplitude with a Sonics VCX-750 Vibracell Ultrasonic Pro-
cessor for 10 min, 3 s on/3 s off). Lysed cells were centrifuged
at 15,000 x rpm for 60 min at 4 °C, filtered through 0.22 pm
cut-off filters, and loaded onto a HiTrap SP HP 5 ml column
(GE Healthcare) for cation exchange. The column was washed
with 10 column volumes of lysis buffer and eluted using a
gradient of wash buffer containing 0 to 1 M NaCl. Fractions of
3.5 ml were collected and analyzed by SDS-PAGE using either
Bis-Tris 4 to 12% or Tris-Glycine 4 to 20%. Protein-containing
fractions were pooled and precipitated using 0.35 g/ml of
ammonium sulfate and left on a rocker for 30 min at 4 °C.
Precipitated proteins were then centrifuged at 15,000 x rpm
for 20 min at 4 °C and resuspended in 10 ml of 20 mM Tris-
HCI, pH 7.5, 150 mM NaCl with 5 mM DTT, and loaded onto
a Superdex 200 Increase 10/300 size exclusion column. Size
exclusion fractions were analyzed by SDS-PAGE. Protein-
containing fractions were pooled and concentrated to 8 mg/ml
using molecular weight concentrators with a cut-off filter.
Purified protein samples were flash-frozen in 100 pl aliquots
for future use.

Primary neuron cultures and fibril transduction

Primary mouse neurons were dissected on embryonic day
16 to 19 as described in a previous paper (1). Neurons were
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plated at a density of 100,000 cells per well in 24-well plates
with coverslips. o-synuclein strain A and strain B fibrils were
sonicated for 20 cycles (30 s on, 30 s off) using QSonica
Microson XL-2000. Sonicated fibrils were then added on day
10 in vitro. Neurons were fixed and stained on day 14 post-
transduction with MAP2 (#822501, Biolegend), ATS8
(#MN1020, ThermoFisher scientific), 81A (#825701, Bio-
legend), and DAPI (D1306, Invitrogen). Images were taken
with a Nikon microscope at 10 x magnification. Three fields
were randomly selected for each data point. Area fractions
were calculated using Image].

Immunocytochemistry and quantification

Neurons were collected for immunocytochemistry at
14 days post-treatment. Cells were washed with DPBS then
fixed with 4% PFA (PFA; Electron Microscopy Sciences) con-
taining 1% Triton X-100 for 15 min to remove soluble pro-
teins. Following 1 h in 3% BSA and 3% FBS in DPBS blocking
buffer at room temperature, neurons were incubated with anti-
phospho-a-syn (81A) and anti-neurofilament antibody (NFL)
overnight at 4 °C followed by staining with secondary anti-
bodies for 2 h at room temperature. The plate was scanned on
an ImageXpress Pico system scanner. Quantification of the
area occupied by o-syn fibrils and tau induced pathology was
performed by Cell Reporter Xpress.

ThT kinetic assay

All the purified o-syn monomers (50 M) and full-length
tau(2N4R) monomers were adequately mixed with 10 uM
ThT and added into a 96-well-plate (final volume of 100 ).
Samples were incubated at 37 °C for over 3 days with 600 rpm
double orbital shaking. The ThT signal was monitored using
the FLUOstar Omega Microplate Reader (BMG Labtech) at an
excitation wavelength of 440 nm and an emission wavelength
of 490 nm.

SDS stability assay

The SDS stability of stain A and strain B o.-syn fibrils were
evaluated using the aggregation tendency after the treatment
of SDS with different concentrations (0.5% ~ 3.5%). The ThT
signals were measured to monitor the aggregation of stain A
and strain B d-syn after 5 min of SDS treatments at 37 °C with
double orbital shaking at 600 rpm. The 10% SDS was added to
reach different SDS final concentrations ranging from 0.5% to
3.5%. The ThT signals with 0% SDS treatment were used for
normalization.

Negative stain transmission electron microscopy (TEM)

An aliquot of 2.5 pl fibril sample was spotted onto a freshly
glow-discharged carbon-coated electron microscopy grid for
2 min, then 5 pl uranyl acetate (2% in aqueous solution) was
applied to the grid for 1 min. The excess stain was removed by
filter paper. Another 3 pl uranyl acetate was applied to the grid
and then immediately removed. The samples were imaged
using an FEI T12 electron microscope.
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Structure-based design of peptide inhibitors

Computational designs were performed by adopting the
Design protocol in Rosetta version 3.8, following the methods
previously described (52). Briefly, the structure of the prefi-
brillar fibril strain B was used as a design template. An
extended L-amino acid blocker peptide is aligned with the
fibril structure, on the top and side of the [-sheet. Full
sequence optimization of the extended peptide was performed,
and rigid body orientation, backbone conformation, and side-
chain packing of the blocking peptide were optimized for each
sequence. Shape complementarity and buried surface area
were calculated for each design. The designs were ranked by
total binding energy, and the top-ranking peptides were syn-
thesized by GenScript and further tested.

Quantification of fibrillar species

The separation and quantification of fibrils were carried out
as described previously (53). A 50 UM monomeric Tau solu-
tion, supplemented with different inhibitors, was incubated in
a 96-well plate at 37 °C with 500 rpm shaking in the presence
of Teflon polybeads for 3 days. Fibrils formed during incuba-
tion were pelleted by ultracentrifugation using an Optima
MAX-TL centrifuge equipped with a TLA120.2 rotor at
60,000 rpm for 1.5 h at 4 °C. The supernatant and pellet
fractions were collected separately, and the fibrillar Tau con-
tent was quantified by subtracting the protein concentration in
the supernatant from that in the pellet fraction.

CryoEM sample preparation, movie acquisition, and drift
correction

An aliquot of 2.5 pl of fibril solution was applied to a
Quantifoil holey carbon grid (2/1, 300 mesh), that was glow
discharged for 40 s with a PELCO Easiglow system. The grid
was blotted and plunge-frozen in liquid ethane with a Vitrobot
IV (Thermo Fisher) at 4 °C under 100% humidity. The frozen
grids were stored in liquid nitrogen before use. For data
collection, the cryoEM grids were loaded into an FEI Titan
Krios electron microscope equipped with Gatan Bio-
Continuum GIF and K3 direct detector. The Movies were
recorded as dose-fractionated frames in super-resolution
mode by the SerialEM automation software package, with
image shift induced-beam tilt correction (54). The slit width in
the GIF system was set to 20 eV to remove inelastically scat-
tered electrons. A total of 4095 movies were recorded for the
data set at a nominal magnification of x81,000, corresponding
to a calibrated pixel size of 0.5395 A on the specimen. An
exposure time of 3.6 s was used at a rate of 0.055 s per frame
and the dose rate per frame was set to 0.74 e~/A? producing
65 frames and a total dosage of 48 e-/A”.

Frames in each movie were aligned for drift correction with
the graphics processing unit (GPU)-accelerated program
MotionCor2 (55). The first and last frames were discarded
during drift correction. Two averaged micrographs, one with
dose weighting and another without dose weighting, were
generated for each movie after drift correction. The averaged
micrographs were binned 2 x 2 to yield a pixel size of 1.079 A.
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The micrographs without dose weighting were used for CTF
estimation and particle picking, while those with dose
weighting were used for particle extraction and in-depth
processing.

CryoEM data processing

The CTF estimation of each micrograph was performed
by CTFFIND4 (56). By discarding the micrographs either
with underfocus values outside the allowed range
(1.0-3.0 um), or containing crystalline ice, we selected 2934
good ones from the dataset. The filaments were preliminarily
picked using crYOLO (57, 58) and the manual inspection of
filament picking was performed subsequently. A total of
57,074 Fibril particles were first extracted using a large box
size (1024 pixels) and a 10% inter-box distance in Relion
v.3.1 (59), then the particles were subjected to two-
dimensional (2D) class averaging to determine the pitch.
Helical parameters were deduced from the pitch with the
assumption that each helix had a twisted twofold screw axis.
The 2D classes reveal that strain B o-syn forms fibrils of a
single morphology with a pitch of ~850 A (Fig. S3B), given
the calculated helical twist of ~179.49° (helical rise of
~2.4 A). Subsequently, we extracted all fibril particles with a
512-pixel box size and 10% inter-box distance, yielding
170,513 particles. Using the calculated helical twist (179.49°)
and helical rise (2.4 A), these particles were subjected to a
three-dimensional (3D) class averaging with a single class
and a featureless cylinder created by EMAN2 (60) as the
initial model. The cylinder was refined to a model in which
two separated and twisted protofilaments could be seen.
This model was then used to classify good and bad particles
with a 3D class averaging with three classes. Particles in the
best class of the previous 3D classification were re-extracted
with a 300-pixel box size for further 3D classification. One
additional 3D classification was performed, and a final subset
of 26,051 helical segments was selected and subjected to 3D
auto-refinement, CTF refinement, and post-processing,
yielding a map at 2.61 A resolution (Fig. S3). Details of the
data processing are summarized in Table S1.

The global resolution reported above is based on the “gold
standard” refinement procedures and the 0.143 Fourier shell
correlation (FSC) criterion. Local resolution evaluation was
performed with Relion v.3.1 (Fig. S3).

Atomic model building

Atomic model building was accomplished in an iterative
process involving Chimera, Coot, and Phenix (61-63). Briefly,
the structure of Rod polymorph a-syn (PDB: 6CU7) was fitted
into the cryoEM map as an initial model by Chimera (50). This
fit revealed the mismatched segments of the mainchain. After
deleting the mismatched region, the model was refined by
“real-space refinement” in Phenix. We then manually built the
missing residues and adjusted side chains to match the
cryoEM map with Coot. This process of real space refinement
and manual adjustment steps was repeated iteratively until the
peptide backbone and side chain conformations were
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optimized. Ramachandran, secondary-structure restraints, and
NCS restraints were used during the refinement. Refinement
statistics are summarized in Table S1. The model was also
evaluated based on Ramachandran plots and MolProbity
scores in Table S1 (64).

Data availability

Atomic coordinates have been deposited in the Protein Data
Bank under accession number 9C5R. The cryoEM density map
has been deposited in the Electron Microscopy Data Bank
under accession number EMD-45221.
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