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The spread of pathological α-synuclein (α-syn) is a crucial event in the
progression of Parkinson’s disease (PD). Cell surface receptors such as
lymphocyte activation gene 3 (LAG3) and amyloid precursor-like pro-
tein 1 (APLP1) can preferentially bind α-syn in the amyloid over mo-
nomeric state to initiate cell-to-cell transmission. However, the
molecular mechanism underlying this selective binding is unknown.
Here, we perform an array of biophysical experiments and reveal that
LAG3 D1 and APLP1 E1 domains commonly use an alkaline surface to
bind the acidic C terminus, especially residues 118 to 140, of α-syn.
The formation of amyloid fibrils not only can disrupt the intramolec-
ular interactions between the C terminus and the amyloid-forming
core of α-syn but can also condense the C terminus on fibril surface,
which remarkably increase the binding affinity of α-syn to the recep-
tors. Based on this mechanism, we find that phosphorylation at serine
129 (pS129), a hallmark modification of pathological α-syn, can fur-
ther enhance the interaction between α-syn fibrils and the receptors.
This finding is further confirmed by the higher efficiency of pS129
fibrils in cellular internalization, seeding, and inducing PD-like α-syn
pathology in transgenic mice. Our work illuminates the mechanistic
understanding on the spread of pathological α-syn and provides
structural information for therapeutic targeting on the interaction
of α-syn fibrils and receptors as a potential treatment for PD.

α-synuclein | Parkinson’s disease | cell-to-cell transmission |
posttranslational modification

Aggregation and the spread of amyloid proteins, such as
α-synuclein (α-syn), amyloid-β, Tau, and TDP43, are critical

events in the pathogenesis of neurodegenerative disorders, in-
cluding Parkinson’s disease (PD), Alzheimer’s disease, and
amyotrophic lateral sclerosis, respectively (1, 2). As the hallmark
of PD and other α-synucleinopathies, α-syn aggregation spreads in
a prion-like progressive and stepwise manner both within the brain
and from other organs to the brain during disease progression
(3–7). Pathological α-syn aggregation can template monomeric
α-syn to aggregate and participate in disease pathogenesis. Path-
ological α-syn inclusion can spread in the grafted neurons of PD
patients (4, 8). Brain extracts from patients with multiple system
atrophy can transmit neurodegeneration to genetically engineered
mice (9). A single administration of α-syn preformed fibrils (PFFs)

in mouse brains can recapitulate the pathological phenotypes of
α-synucleinopathies (10–13).
Selected cell surface proteins, such as lymphocyte activation gene 3

(LAG3) and amyloid precursor-like protein 1 (APLP1), have been
found to serve as receptors for α-syn PFF internalization and trans-
mission (10, 14, 15). Intriguingly, these receptors preferentially rec-
ognize α-syn PFFs rather than the monomer (10). The α-syn
monomer is intrinsically disordered and forms α-helical conforma-
tion upon membrane binding as involved in synaptic vesicle
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trafficking (16–19). Cryogenic electron microscopic (cryo-EM)
structures of full-length α-syn amyloid fibrils show that the central
region of α-syn, approximately covering residues 37 to 99, is in-
volved in the formation of a cross-β fibril core (termed as FC re-
gion), while the remaining N and C termini remain flexible (20–24).
Despite the recent successes in the structural determination of α-syn
amyloid fibrils, considerable challenges remain in linking the
structural information to α-syn pathology. The structural basis un-
derlying α-syn transmission, specifically the interplay between α-syn

PFFs and receptors, is unknown. It also remains unclear how re-
ceptors, for example, LAG3 and APLP1, selectively recognize α-syn
PFFs over monomers, nor do we know the role of posttransla-
tional modification of α-syn in this process.
In this work, we combined multiple biophysical, cellular, and

in vivo approaches to reveal the structural basis underlying the
receptor binding of α-syn amyloid fibrils during cell-to-cell
transmission. We found that the D1 domain of LAG3 utilizes a
positively charged surface to capture the acidic C terminus of

Fig. 1. L3D1 uses a positively charged surface to bind with α-syn. (A) TEM images of PFFs of α-syn and Tau K19 incubated with His-tagged L3D1 and probed by
nanogolds. Red arrows indicate the attachment of nanogolds on PFFs. (Scale bar, 200 nm.) (B) Kinetic binding curves of L3D1 with α-syn PFFs (Left), α-syn
monomers (Middle), and K19 PFFs (Right) by BLI. The association and dissociation profiles are divided by a vertical black line. N.D., not detectable. (C) The 2D
1H-15N HSQC spectrum of L3D1 in 50 mM sodium phosphate and 50 mM NaCl, pH 7.0. The resonances that are enlarged in D are boxed and labeled. (D)
Representative resonances from the HSQC spectra of L3D1 titrated by α-syn PFFs (magenta boxes) and monomers (green boxes). Molar ratios are indicated. (E)
Intensity changes of L3D1 resonances titrated by α-syn PFFs at three different molar ratios. (F) Residue-specific CSDs of L3D1 in the presence of α-syn
monomers. (Top) The secondary structure of L3D1 with blue boxes representing β-strands. The red dashed line indicates the CSDs of 0.02 ppm. (G) The
structural model of dL3D1 is shown in cartoon. The residues with CSDs > 0.02 ppm in F are highlighted in red. (Right) Key interacting residues R57, R58, R106,
R109, R148, and R152 are shown in a zoomed-in view. (H) Electrostatic surface of dL3D1. The structure is shown in the same view, and the same region is
framed as in G.
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α-syn, which is exposed and concentrated on the surface of α-syn
fibrils. In contrast, α-syn monomers adopt a self-shielded conforma-
tion to impede the exposure of the C terminus. Phosphorylation at
serine 129 (pS129) of α-syn, a pathological biomarker in PD (25–27),
significantly enhances the binding of α-syn PFFs to LAG3 and APLP1
and promotes the cell-to-cell transmission in vitro and in vivo. Our
work provides the structural basis for the receptor-mediated neuronal
internalization and transmission of α-syn fibrils and suggests that the C
terminus, specifically residues 118 to 140, is a pathological epitope of
α-syn for receptor binding and thus may serve as a promising target for
the therapeutic drug development to block PD progression.

Results
LAG3 D1 Preferably Binds α-Syn PFFs with a High Affinity. The LAG3
D1 domain (L3D1) is essential for the internalization of α-syn
PFFs (10). To determine the direct interaction between LAG3

and α-syn PFFs, we first incubated purified recombinant His-
tagged L3D1 with α-syn PFFs. The direct binding of L3D1 to
α-syn PFFs was visualized by negative-staining transmission
electron microscopy (TEM). Using nanogold particles, which can
bind with the His-tag, we observed that L3D1 carpeted the
surface of α-syn PFFs (Fig. 1A). As a negative control, in the
absence of L3D1, few nanogold particles attached to α-syn PFFs
(Fig. 1A). Since amyloid fibrils formed by different proteins
share a common cross-β structure, to rule out the possibility that
L3D1 generally binds the cross-β structure, we used Tau K19 as
another control. Similar to α-syn, K19 is intrinsically disordered
and aggregates into amyloid fibrils with similar twisted mor-
phology under TEM. However, no binding was observed be-
tween K19 PFFs and L3D1 suggesting the specificity of L3D1
binding to α-syn PFFs (Fig. 1A).

Fig. 2. α-Syn uses its C terminus to bind with L3D1. (A) Overlay of the 2D 1H-15N HSQC spectra of 25 μM α-syn alone (black) and in the presence of L3D1 at
molar ratios of 1:1 (red), 1:2 (blue), and 1:4 (yellow), respectively. (Right) Representative residues with significant CSDs zoomed in. (B) Calculated CSDs of α-syn
in the presence of L3D1 at the molar ratio of 1:4. The domain organization of α-syn is shown. The blue and magenta dashed lines indicate the residues with
CSDs > 0.04 and 0.02 ppm, respectively, which are also underscored in the primary sequence shown (Top). The acidic residues in the C terminus are highlighted
in red. (C) BLI-binding kinetics of L3D1 with α-syn variants in the forms of monomer (Upper) and PFFs (Lower), respectively. N.D., not detectable. (D) Elec-
trostatic surface of the representative complex structure of dL3D1–α-syn118–140, which is built by HADDOCK. (Right) The complex interface zoomed in.
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We next used bio-layer interferometry (BLI) assay to measure
the binding affinity between L3D1 and α-syn. L3D1 was immo-
bilized on the biosensor and incubated with varying concentrations
of α-syn PFFs or monomers in solution. The result showed that
the equilibrium dissociation constant (KD) of L3D1 to α-syn PFFs
was 25.3 ± 1.3 nM, which was ∼200-fold higher than that of L3D1
to α-syn monomer (4.6 ± 0.1 μM) (Fig. 1B). The N-terminal His-
tag of L3D1 showed neglectable influence on the binding (SI
Appendix, Fig. S1A). To cross-validate the measurement, we fixed
α-syn PFFs on the biosensor and incubated with varying con-
centrations of L3D1. The result showed a consistent KD of 33.3 ±
9.2 nM (SI Appendix, Fig. S1B). In addition, we used surface
plasmon resonance assay to confirm the BLI measurement and
obtained a similar binding affinity of α-syn PFFs to L3D1 (SI
Appendix, Fig. S1C). Again, Tau K19 PFFs as a negative control
showed no appreciable binding to L3D1 (Fig. 1B). These results
demonstrate that L3D1 directly binds to α-syn with a markedly
higher affinity to the fibrillar form than to the monomeric form of
α-syn, which is consistent with our previous observation at the
cellular level (10).

L3D1 Utilizes a Positively Charged Surface to Bind with α-Syn. To
probe the binding surface of L3D1 to α-syn, we performed so-
lution NMR spectroscopy. The two-dimensional (2D) 1H-15N
heteronuclear single-quantum coherence (HSQC) spectrum of
15N-labeled L3D1 was well dispersed with nearly 120 discrete
signals, indicative of a well-folded structure (Fig. 1C). However,
the clustering of signals with high intensity in the random coil
region (8.6 to 7.8 ppm) suggests that a portion of L3D1 is in-
trinsically disordered. And the high intensity of these random
coil residues makes it difficult to assign the well-folded residues
with weaker intensities. To solve this technical difficulty, we first
built a structural model of L3D1 by Rosetta modeling. The
structure features a typical Ig fold consisting of two antiparallel β
sheets and an extra loop (SI Appendix, Fig. S2). The extra loop
was previously identified as essential in mediating LAG3 binding
to major histocompatibility complex class II (MHC-II) (28). In-
triguingly, we found that truncation of this extra loop does not
impair the binding of L3D1 to either α-syn PFFs or monomers
(SI Appendix, Fig. S3A). In addition, truncation of the extra loop
eliminated the high intensity signals in the random coil region of
the spectrum but left the more dispersed lower intensity signals
unperturbed (SI Appendix, Fig. S4A), indicating that the extra loop
is not necessary for the proper folding of L3D1. We achieved the
backbone assignments of the truncated L3D1 (dL3D1) using three-
dimensional (3D) NMR (SI Appendix, Fig. S4B) and mapped the
residues involved in β strands determined by the NMR assignments
on the structural model of L3D1. They matched well with the
computational structure, providing validation for the structural
prediction of L3D1 (SI Appendix, Fig. S4C).
Next, we titrated L3D1 with α-syn. The titration of sub-

stoichiometric α-syn PFFs led to a global HSQC intensity drop of
L3D1 in a concentration-dependent manner (Fig. 1D and E and SI
Appendix, Fig. S5A), which reflects a substantial increase of mo-
lecular weight upon the binding of α-syn PFFs to L3D1. In con-
trast, no appreciable change was detected by the titration of the
α-syn monomer at the substoichiometric ratio (SI Appendix, Fig.
S5 B and C). Next, we increased the α-syn concentration and ti-
trated excess α-syn monomers to L3D1. The HSQC spectra
showed significant chemical shift deviations (CSDs) (Fig. 1D and F
and SI Appendix, Fig. S5D). By mapping the residues with CSDs >
0.02 ppm on a dL3D1 structure model, we found that these resi-
dues clustered on one of the β sheets (Fig. 1G) where the surface
was markedly positively charged (Fig. 1H). To confirm the role of
electrostatic interactions in the recognition of α-syn by the recep-
tor, we tested the binding of α-syn to L3D1 in the presence of
500 mM or 1 M salt. The result showed that high salt concentra-
tions disrupted the binding with no detectable association between

α-syn and L3D1 by BLI (SI Appendix, Fig. S3 B and C). These
results suggest that electrostatic interaction plays a key role in
mediating L3D1–α-syn interaction.

α-Syn Uses Its Acidic C Terminus to Bind with L3D1. We next sought
to identify the region of α-syn involved in the binding with L3D1.
The titration of L3D1 to the 15N-labeled α-syn monomer resulted
in significant CSDs of the residues mostly in the C terminus
(CSDs > 0.02 ppm), especially residues 118 to 140 (CSDs > 0.04
ppm) (Fig. 2 A and B). The deletion of the C terminus (the
construct is referred to as α-syn1–100) completely abolished the
binding of L3D1 with both the α-syn monomer and PFFs mea-
sured by BLI (Fig. 2C, column one) and NMR experiments (SI
Appendix, Fig. S6). Conversely, the removal of residues 1 to 100 (the
resulting construct is referred to as α-syn101–140) showed no marked
influence on L3D1 binding measured by BLI (SI Appendix, Fig.
S3D). To further assess the importance of the C terminus in binding
with L3D1, we conjugated the C terminus (α-syn101–140) to Tau K19,
which does not bind with L3D1 (Fig. 1 A and B). Remarkably, the
fusion the of α-syn C terminus to K19 (the construct is referred to
K19–α-syn101–140) resulted in the strong binding of K19 PFFs to
L3D1 with a similar affinity to that of the α-syn PFF-L3D1 binding
(SI Appendix, Fig. S3E). α-Syn PFFs alone were digested significantly
faster by Proteinase K (PK) than that incubated with L3D1 (SI
Appendix, Fig. S7), indicating that the protease sensitive C terminus
of α-syn PFFs is resistant to digestion in the presence of L3D1.
Altogether, these results suggest that the C terminus of α-syn plays a
key role in L3D1 binding.
To further characterize the L3D1–α-syn interaction, we

modeled the structure of dL3D1 in complex with α-syn118–140 by
HADDOCK (SI Appendix, Fig. S8 and Table S1) (29) according
to the NMR and BLI data. The energy profile and stability of the
docked complex models of dL3D1–α-syn118–140 were further
assessed by molecular dynamics (MD) simulation and molecular
mechanics generalized Born and surface area (MM-GBSA)
analysis. The most dominant structure (∼59%) among the 8,000
simulated conformations is shown in Fig. 2D in which the acidic
α-syn C terminus is well accommodated on the alkaline surface
of dL3D1. The complex structure showed that five alkaline res-
idues from L3D1 (R57, R94, R106, R109, and R148) and five
acidic residues from α-syn (D121, E123, E130, E131, and E139)
are on the interface of the complex (Fig. 2D). Residue-based free
energy decomposition analysis by MM-GBSA identified four al-
kaline residues of dL3D1 including R57, R58, R106, and R109,
which are important for stabilizing the complex structure (SI Ap-
pendix, Fig. S8D). These computational data provide additional
support to demonstrate the important role of the electrostatic
interaction in the binding of α-syn with L3D1.
We next performed a mutagenesis study to experimentally

validate the complex structure of α-syn and L3D1 obtained from
NMR and the modeling study. Notably, the mutation of α-syn
E130 to Lys (K) severely impaired the binding of both the α-syn
monomer and PFFs with L3D1 (Fig. 2C, column two and SI Ap-
pendix, Fig. S6 C and D) by both BLI and NMR experiments.
While the mutation of Y125, which is not on the interface (SI
Appendix, Fig. S9A), to Ala (A) did not significantly influence the
binding (Fig. 2C, column three). Intriguingly, we found that the
S129E mutation, which mimics the phosphorylated S129, dra-
matically increased the binding affinity between α-syn and L3D1
by one order of magnitude (Fig. 2C, column four and SI Appendix,
Fig. S9B). We confirmed that the above mutations did not change
the morphology of α-syn amyloid fibrils by TEM (SI Appendix, Fig.
S10A), nor did they change the PFF length by atomic-force mi-
croscopy (AFM) (SI Appendix, Fig. S10B), which is consistent with
their location being outside of the FC region. In addition, mutations
of four key arginine residues of L3D1, including R57, R58, R106,
and R109, to negatively charged E (L3D1_4E) massively weakened
the interaction between α-syn and L3D1 (Fig. 2C, column five and
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SI Appendix, Figs. S9C and S11 A and B) without impairing the
overall configuration of L3D1 (SI Appendix, Fig. S11C). Altogether,
our data provides the structural basis of the interaction between the
acidic C terminus of α-syn and L3D1.

The C Terminus Is Shielded in α-Syn Monomer but Exposed and
Condensed on Fibril. Next, we sought to ask why L3D1 preferen-
tially binds with α-syn fibrils over the monomer. Although α-syn
presents as an intrinsically disordered monomer in solution and
in cells, previous studies showed that its C terminus forms
transient long-range interactions with the central region, which
may inhibit α-syn aggregation (16, 30–32). Thus, we wondered
whether the conformation of the α-syn monomer might hinder its
binding with L3D1. To test this hypothesis, we first probed the
transient and long-range interactions (<24 Å) within and be-
tween α-syn monomers by paramagnetic relaxation enhancement
(PRE) NMR using a nitroxide spin label—S-(1-oxyl-2,2,5,5-
tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate
(MTSL) (Fig. 3A). We introduced MTSL at A124 of the
15N-labeled α-syn monomer to monitor its potential long-range
contacts by measuring the intensity ratio (Iparam/Idiam) of each
residue (Fig. 3B). The result showed that residues 117 to 129 ex-
perienced local PRE effects with the line broadening beyond the
detection limit because of their adjacent positions to the label site
(Fig. 3B). Notably, residues 34 to 43 and 89 to 101 that are at
both ends of the FC region encountered significant intensity drops

despite a slight global intensity drop under our experimental con-
dition (Fig. 3B). Consistent with our observation, similar PRE in-
teraction of the C-terminal region with residues 36 to 42 has been
reported recently (32). To further validate, we conversely labeled
E35 with MTSL and indeed observed significant intensity drops
around residues 115 to 133 (Fig. 3C). Thus, these data indicate that
residues 34 to 43 and 89 to 101 may spatially get close to the
C terminus.
To further investigate whether the interactions are intra- or

intermolecular, we mixed 15N-labeled α-syn with α-syn that was
MTSL labeled but not 15N labeled (NMR invisible) (Fig. 3A). By
this means, only intermolecular interactions can be detected.
The result showed no significant intensity change of 15N-labeled
α-syn (Fig. 3 B and C, gray lines), indicating that the interactions
between the C terminus and FC region are intramolecular. Long-
range intramolecular interactions of α-syn have also been ob-
served by other groups using PRE experiments with MTSL la-
beled at different residues of α-syn (16, 30–32). Thus, in line with
previous studies, our results highlight that the α-syn monomer
adopts a dynamic self-shielded structure with long-range and
transient interactions between the C terminus and the termini of
the FC region.
To test the influence of these intramolecular interactions on the

binding of α-syn to L3D1, we deleted residues 34 to 43 of α-syn
(the resulting construct is referred to as α-synΔ(34-43)) to weaken
the interaction of this region with the C terminus. Indeed, the

Fig. 3. Mechanism of the preferential binding of L3D1 with α-syn fibrils over the monomer. (A) Schematic diagram of the NMR PRE for probing the intra- and
intermolecular long-range interactions in α-syn monomers. The adjacent residues (pink) and the residues in spatial contacts (light green and yellow) with the
nitroxide spin label exhibit the PRE effects. (B and C) PRE profiles of 15N-labeled MTSL-A124C-α-syn (B) and MTSL-E35C-α-syn (C). The paramagnetic effects are
highlighted by dashed lines and pink/green shades. The gray lines stand for the result of intermolecular PRE experiments in which 15N-α-syn was incubated
with NMR inactive (14N) MTSL-A124C-α-syn (B) or MTSL-E35C-α-syn (C). (D) BLI-binding kinetics of L3D1 with the α-synΔ(34-43) monomer. (E) Schematic illus-
tration of the structural mechanism by which L3D1 preferentially binds with α-syn fibrils over the monomer. The α-syn monomer adopts a self-shielded
conformation with transient contacts between the C terminus (red) and both ends of the FC region (orange), which inhibits L3D1 binding. As forming amyloid
fibrils, α-syn exposes and condenses the C termini, which significantly enhance the binding with L3D1. The flexible C termini are tentatively drawn on the cryo-
EM fibril structure of α-syn (Protein Data Bank identification: 6A6B).
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results showed that the deletion of this region significantly in-
creased the binding affinity of the α-syn monomer to L3D1 from
4.6 ± 0.1 to 0.85 ± 0.03 μM (Fig. 3D). While this deletion impairs
the amyloid fibril formation of α-syn (SI Appendix, Fig. S10C),
which has been shown previously with a similar deletion variant
(32). Altogether, these results demonstrate that the intramolecular
interactions shield the C terminus from L3D1 binding. In contrast,
when α-syn forms amyloid fibrils, the FC region is involved in the
formation of the fibril spine, and thus, the C terminus is released
and available for the L3D1 binding (Fig. 3E). Moreover, in the
fibrillar form, the alignment of C termini along the fibril axis
largely increases its local concentration. AFM measurements
showed that our PFF samples contain fibrils mainly with a length
of ∼50 nm (SI Appendix, Fig. S10B). Given that there are two
α-syn molecules in one layer of the fibril and the distance between
layers is 4.8 Å (20), we may calculate that there are roughly 200 α-
syn molecules in a single PFF, that is, α-syn is ∼200 times con-
centrated in PFFs. While it is worthwhile to note that the mobility
of α-syn molecules in fibrils is limited to some extent, fibril for-
mation and C-terminal exposure are synergistic conformational
changes of α-syn. Therefore, these results suggest that the struc-
tural rearrangement and condensation of the C terminus in fibrils
together determine the remarkably enhanced binding affinities
to L3D1.

Phosphorylation at S129 Enhances the Binding of α-Syn Fibril to LAG3.
pS129 α-syn is a pathological hallmark for Lewy bodies and Lewy
neurites widely found in the brains of PD patients and α-
synucleinopathies (25–27). We have shown that S129E, a pS129
mimicking mutation, increases the binding of α-syn with L3D1
(Fig. 2C, column four). To further assess the role of S129 phos-
phorylation, we semisynthesized pS129 α-syn (SI Appendix, Fig.
S12) (33, 34). pS129 α-syn formed amyloid fibrils with similar
morphology to that of the nonphosphorylated wild-type (WT)
α-syn (35) (Fig. 4A and SI Appendix, Fig. S10). Remarkably, the
pS129 PFFs exhibited a significantly increased binding affinity to
L3D1 with a KD value of 1.4 ± 1.6 nM (Fig. 4B) compared to
25.3 ± 1.3 nM of the WT α-syn PFFs (Fig. 1B). The pS129 α-syn
monomer also exhibited an enhanced binding affinity of 0.37 ±
0.01 μM in comparison with 4.6 ± 0.1 μM of the WT (Fig. 4B).
To gain the structural insight of the enhanced binding by S129

phosphorylation, we performed computational modeling and MD
simulation to characterize the interaction of pS129 α-syn118–140
and dL3D1 (SI Appendix, Table S1). The structure model showed
that S129 phosphorylation did not change the overall structure of
the complex, while the phosphate group of pS129 was directly
involved in the complex interface (Fig. 4C), which resulted in a
significantly lower free binding energy of −87.96 kcal/mol compared
to that of the nonphosphorylated complex (−76.36 kcal/mol)
(SI Appendix, Table S2).
We further determined whether pS129 increased the binding of

α-syn PFFs to human full-length LAG3 in cells. The PFFs of
humanWT, pS129, and α-syn1–100 were prepared and biotinylated,
which were characterized by immunoblot analysis, TEM, and
AFM (SI Appendix, Figs. S10 and S13). These results suggest that
the WT, pS129, and α-syn1–100 PFFs used are very homogenous.
The binding between α-syn PFFs and LAG3 was examined by in-
cubating α-syn biotinylated PFFs with SH-SY5Y cells transfected
with human full-length LAG3, which was further visualized by
streptavidin-AP (alkaline phosphatase) staining as described pre-
viously (10). The result showed that the pS129 α-syn PFFs exhibited
significantly stronger binding with LAG3 in SH-SY5Y cells than
that of the WT α-syn PFFs (Fig. 4 D and E and SI Appendix, Fig.
S14). In contrast, α-syn1–100 PFFs exhibited minimal binding to
LAG3 expressed in SH-SY5Y cells. The cellular data are consistent
with our biophysical results that the C terminus is vital for the
specific binding of α-syn PFFs to LAG3, and S129 phosphorylation
significantly promotes the binding.

α-Syn Fibrils Bind to APLP1 with Similar Electrostatic Interactions.
Amyloid-β precursor-like protein 1 (APLP1) is another recep-
tor found to preferentially bind with α-syn fibrils (10, 15). To
understand the mechanism of the α-syn–APLP1 binding, we
prepared the recombinant E1 domain of APLP1 (A1E1). We
observed the direct binding of A1E1 to α-syn fibrils by TEM
using nanogold to indicate the position of the His-tagged A1E1
(Fig. 5A). The BLI measurement showed that A1E1 bound to
α-syn PFFs with a much higher binding affinity (46.7 ± 0.7 nM)
than that bound to the α-syn monomer (0.9 ± 0.2 μM) (Fig. 5B).
We next combined NMR spectroscopy, computational mod-

eling, and mutagenesis to characterize the complex structure of
A1E1 and α-syn. We built a structure model of A1E1 by ho-
mology modeling (SI Appendix, Fig. S15) and accomplished the
backbone assignment of A1E1 by 3D NMR experiments (SI
Appendix, Fig. S16). NMR titration studies showed that the ad-
dition of substoichiometric α-syn PFFs resulted in a global in-
tensity reduction of the NMR signals (Fig. 5 C and D and SI
Appendix, Fig. S17A), implying the direct binding between them.
While titration with the excess α-syn monomer mainly resulted in
CSDs of clustered residues (Fig. 5 C and E and SI Appendix, Fig.
S17B), which formed a defined, positively charged patch as
mapped on the structural model of A1E1 for α-syn binding
(Fig. 5F). Moreover, titration of A1E1 to the 15N-α-syn mono-
mer revealed obvious CSDs of the C terminus of α-syn (Fig. 5G
and SI Appendix, Fig. S18), and isolated α-syn101–140 binds to
A1E1 with an apparent KD of 2.82 ± 0.06 μM (SI Appendix, Fig.
S19). In addition, α-syn PFFs alone were digested significantly
faster by PK than incubated with A1E1 (SI Appendix, Fig. S7).
All these results suggest that that same as the interaction to
LAG3, the acidic C terminus of α-syn mediates its binding
to A1E1.
We further modeled a complex structure of A1E1–α-syn118–140

by HADDOCK and MD simulation (SI Appendix, Table S1)
using the restraints from the NMR data. The structure model
showed that A1E1 used the positively charged patch to accom-
modate the C terminus of α-syn (Fig. 5H). Consistent with the
NMR and computational results, mutations of either the key
positively charged residues (triple mutations of R80E, R82E, and
R83E, termed as A1E1_3E) or the C-terminal truncation of
α-syn (α-syn1–100) completely eliminated the binding of A1E1 to
both the α-syn monomer and PFFs (Fig. 5I). Same as the in-
teraction of α-syn to L3D1, S129 phosphorylation significantly
increased the binding affinity of α-syn PFFs with A1E1 by one
order of magnitude, from a KD value of 46.7 ± 0.7 to 2.0 ±
0.2 nM (Fig. 5 B and I). Taken together, these results demon-
strate that LAG3 and APLP1 bind to α-syn PFFs commonly via
electrostatic interactions and highlight the central role of the C
terminus of α-syn in mediating the binding of fibrillar forms to
different receptors for cell-to-cell transmission.

The Role of the C Terminus and S129 Phosphorylation of α-Syn PFFs in
Neuronal Binding, Internalization, Propagation, and Neurotoxicity.
Since our in vitro study identified that the C terminus and its
S129 phosphorylation are vital in the receptor binding of α-syn
PFFs, we next sought to examine their roles in primary neurons.
Firstly, by performing the cell surface–binding assay with mouse
primary cortical neurons, we found that the binding of pS129
PFFs was stronger than that of the WT PFFs, while α-syn1–100
PFFs exhibited only minimal binding to neurons (Fig. 6 A and B).
We further measured the endocytosis of α-syn PFFs. WT, pS129,
and α-syn1–100 PFFs were administered to primary cortical cul-
tures, respectively. The endosomal/lysosomal enrichment frac-
tion was collected by differential centrifugation as published
(10). The internalization of WT, pS129, and α-syn1–100 PFFs in
the enriched endosomal/lysosomal fraction was assessed by im-
munoblots. The results showed that pS129 α-syn PFFs entered
neurons more efficiently than that of the WT α-syn PFFs
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(Fig. 6C and SI Appendix, Fig. S20). Of note, most of the
α-syn1–100 PFFs were barely taken up by neurons (Fig. 6C and SI
Appendix, Fig. S20).
We next characterized the propagation of different α-syn PFFs

in primary cultured cortical neurons. A total of 2 wk after the
addition of WT, pS129, and α-syn1–100 PFFs to primary cortical
cultures, we examined immunoblots of α-syn from lysates sequen-
tially extracted in 1% Triton X-100 (TX-soluble), followed by 2%
sodium dodecyl sulfate (SDS) (TX-insoluble). The pS129 α-syn
PFFs led to more accumulation of α-syn in the TX-insoluble
fraction than that of the WT and α-syn1–100 PFFs (Fig. 6D and
SI Appendix, Fig. S21). To confirm the role of the C terminus of
α-syn in pathology, we added WT or α-syn1–100 PFFs to cortical
cultures at 7 d and examined the immunoreactivity of anti-pS129
α-syn at 17 d. The α-syn1–100 PFFs exhibited only limited propa-
gation as shown by the immunostaining of anti-pS129 compared to
the extensive immunoreactivity of WT α-syn PFFs (Fig. 6E and SI
Appendix, Fig. S22).
The treatment of cortical cultures with WT α-syn PFFs led to

substantial neuronal cell death as assessed with propidium io-
dide staining compared with the phosphate-buffered saline (PBS)-
treated culture (10, 12) (Fig. 6F). The addition of pS129 α-syn PFFs
caused significantly more cell death than that of the WT α-syn
PFFs, while α-syn1–100 PFFs induced only limited neurotoxicity
(Fig. 6F and SI Appendix, Fig. S23). Importantly, LAG3 knockout
(LAG3−/−) significantly reduced the neurotoxicity caused by WT or
pS129 α-syn PFFs (SI Appendix, Fig. S24), confirming the important
role of LAG3 in this process.
Together, these data show that the C terminus of α-syn is crucial

for the binding of exogenous α-syn PFFs to neurons, which can
subsequently induce pathological aggregation of endogenous
α-syn and neurotoxicity. Furthermore, we show that S129 phos-
phorylation promotes the internalization of α-syn PFFs via in-
creased binding to neurons, which can then further enhance the
propagation and neurotoxicity of α-syn fibrils in the LAG3-
dependent manner.

The Role of S129 Phosphorylation in α-Syn PFF-Induced Neurodegeneration
In Vivo. Since S129 phosphorylation significantly enhances receptor
binding, neural propagation, and the toxicity of α-syn PFFs, we

finally examined its role in inducing neurodegeneration in vivo.
We stereotactically injected WT, α-syn1–100, and pS129 α-syn PFFs
into the dorsal striatum of α-syn transgenic mice expressing a
human α-syn with a familial PD-associated mutation (A53T mice)
(36, 37). Between 70 to 80 d after the intrastriatal injection, we
performed biochemical and behavioral assays to compare the mice
injected with WT, α-syn1–100, and pS129 α-syn PFFs. Stereological
counting of tyrosine hydroxylase (TH)- and Nissl-positive neurons
in the substantia nigra pars compacta (SNpc) revealed a significant
loss of dopamine neurons of mice injected with pS129 α-syn PFFs
compared to the mice injected with WT, α-syn1–100 PFFs, or PBS
(Fig. 7 A–C). However, there was no significant difference in neu-
ron loss between animals treated with PBS, α-syn1–100, and WT
PFFs (Fig. 7 A–C).
Consistent with the cellular data, intrastriatal injection of

pS129 α-syn PFFs exhibited significantly more accumulation of
α-syn in the TX-insoluble fraction of the hindbrain region than
that of the WT α-syn PFFs (Fig. 7 D–F). We further examined
the oxidization of α-syn as assessed by immunostaining of anti-
Syn505 and found that pS129 α-syn PFFs significantly increased
the immunoreactivity of anti-Syn505 in the TX-insoluble fraction
of the hindbrain region compared to that of the WT α-syn PFFs
(Fig. 7 D–F).
The pole test was used to monitor the behavioral consequences

of WT, α-syn1–100, and pS129 α-syn PFFs injection. There was a
marked behavioral impairment induced by WT α-syn PFFs, with
increased time to turn and reach the base, compared to that of
PBS controls. pS129 α-syn PFFs significantly increased the time
on the pole test compared to WT α-syn PFFs, although there
was no significant difference between α-syn1–100 and WT PFFs or
α-syn1–100 PFFs and PBS control (Fig. 7G). We further performed
grip strength testing and found that the injection of WT α-syn
PFFs significantly reduced the grip strength of mice compared
to that of the PBS control. The pS129 α-syn PFFs–injected mice
further reduced grip strength compared to the WT α-syn PFFs–
injected mice, while α-syn1–100 PFFs–injected mice showed no
significant difference with PBS control mice (Fig. 7H).
In the open field test, the A53T mice showed hyperactivity at

preclinical ages (from 5 mo onward to 5 d before the onset of
symptoms) compared to that of WT mice (36, 37). Open field

Fig. 4. pS129 α-syn fibril exhibits enhanced binding with LAG3 in SH-SY5Y cells. (A) The TEM image of pS129 α-syn PFFs. (Scale bar, 200 nm.) (B) BLI binding
kinetics of L3D1 with pS129 α-syn PFFs (Left) and monomers (Right). (C) The structure model of pS129 α-syn118–140-dL3D1 complex built by HADDOCK. pS129 is
in contact with the positively charged surface of dL3D1. (Right) The binding surface zoomed in. (D) High-magnification images of the biotinylated pS129, WT,
and α-syn1–100 PFFs binding to LAG3-expressing SH-SY5Y cells. (E) The statistical analysis is shown. Data are the means ± SEM, n = 3 independent experiments.
One-way ANOVA followed by Tukey’s correction, ***P < 0.001, ****P < 0.0001.
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monitoring revealed that injection of pS129 α-syn PFFs signifi-
cantly increased the activity of A53T mice at 9 to 12 mo of age
compared to that of WT α-syn PFFs–injected A53T mice. There
was no significant difference in the activity of A53T mice injected
with WT, α-syn1–100 PFFs, and those injected with PBS (Fig. 7I).
Altogether, our results demonstrate that S129 phosphorylation
of α-syn PFFs leads to exacerbated PD-like neurodegeneration
in vivo.

Discussion
Recent technical advances in cryo-EM have allowed the deter-
mination of the atomic structures of pathological fibrils formed
by different amyloid proteins including α-syn (20–24), Tau
(38–40), and β-amyloid (41). However, we still know very little

regarding the spread of the amyloid fibrils in neurodegenerative
diseases. In this work, we provide the structural mechanism for
the receptor-mediated transmission of α-syn fibrils (Fig. 8). We
found that the acidic C terminus of α-syn was the key domain
that bound with a positively charged surface on the receptors.
The C terminus in monomeric α-syn transiently interacts with the
FC region. While under disease conditions, as the FC region self-
assembles to drive the formation of amyloid fibrils, the C ter-
minus is released and concentrated on the surface of α-syn fibrils.
This conformational rearrangement favors receptor binding and
cellular internalization of α-syn. It is worthwhile to note that the
receptor binding and cellular uptake of α-syn fibrils are length
dependent. It has been reported that short fibrillary samples,
especially α-syn with a length of ∼50 nm, revealed an enhanced

Fig. 5. Mechanism of A1E1 binding with α-syn. (A) The TEM image of α-syn fibrils incubated with His-tagged A1E1 and nanogolds. The red arrows highlight
the attachment of nanogolds on α-syn fibrils via A1E1. (Scale bar, 100 nm.) (B) BLI binding kinetics of A1E1 with α-syn PFFs (Left) and the α-syn monomer
(Right). (C) Representing resonances from the 2D HSQC spectra of A1E1 upon the titration of α-syn PFFs (Left) and the α-syn monomer (Right). (D) Residue-
specific intensity changes (I/I0) of A1E1 in the presence of α-syn PFFs at the indicated concentrations. The secondary structure of A1E1 is shown with a blue bar
representing the β strand and a red bar for the α-helix. (E) Residue-specific CSDs of A1E1 in the presence of α-syn monomer. The red dashed line highlights the
residues with CSD > 0.02 ppm. (F) Residues with CSD > 0.02 ppm (red) upon the α-syn monomer titration are mapped on the modeled structure of A1E1 (Left).
The side chains of key interacting residues of A1E1 including R80, R82, and R86 are shown. Electrostatic surface of A1E1 (Right) shows that the interacting
surface of A1E1 exhibits a positively charged patch. The dashed boxes highlight the residues of A1E1 with CSDs > 0.02 ppm. (G) Calculated CSDs of α-syn in the
presence of A1E1 at a molar ratio of 1:3. The red dashed line highlights the residues with CSD > 0.02 ppm. (H) Electrostatic surface representation of the
structure model of A1E1-α-syn118–140 complex, which is built by HADDOCK. The acidic C terminus of α-syn binds to the positively charged patch of A1E1. (I) BLI
binding kinetics of A1E1 or A1E1_3E with different variants of α-syn monomer and PFFs. N.D., not detectable.

8 of 12 | PNAS Zhang et al.
https://doi.org/10.1073/pnas.2011196118 Mechanistic basis for receptor-mediated pathological α-synuclein fibril cell-to-cell

transmission in Parkinson’s disease

https://doi.org/10.1073/pnas.2011196118


accumulation of phosphorylated α-syn than their longer coun-
terparts (42, 43). We also found that α-syn PFFs with a longer
length (100 to 200 nm) were much weaker than those with a
shorter length (∼50 nm) in both L3D1 binding and attachment to
primary cortical neurons (SI Appendix, Fig. S25). This length-
dependent phenomenon quite makes sense based on the bind-
ing mechanism shown in this work. Fibril formation on one hand
exposes and condenses the C terminus for receptor binding,
while on the other hand limits the mobility of α-syn molecules.
Given that the receptors are fixed on the membrane surface, long
fibrils may therefore oversaturate the receptor binding. Another
note is that we only used isolated domains of the receptors for
the in vitro experiments in this study. We show here that isolated
D1 of LAG3 binds strongly to α-syn PFFs, which is consistent with
our previous work showing that D1 is essential for the binding of

receptors to α-syn PFFs (10). However, it is likely that the other
domains of the receptors may also play a role in the binding.
Phosphorylation at S129 is a characteristic modification of

pathological α-syn that accumulates in Lewy bodies and Lewy
neurites (25, 26, 44). However, whether this phosphorylation
inhibits or facilitates α-syn aggregation and neurotoxicity re-
mains controversial (45–49). This has hindered the drug devel-
opment targeting the kinases or phosphatases regulating this
phosphorylation. Our work demonstrates that S129 phosphory-
lation dramatically promotes the binding of α-syn fibrils to its
receptors (LAG3 and APLP1) by strengthening the electrostatic
interaction (Fig. 8). This leads to exacerbation of pathological
α-syn fibrils transmission and neurodegeneration.
The C-terminal truncation of α-syn has been found in familial

PD and animal models (50, 51). Previous studies showed that the C

Fig. 6. S129 phosphorylation and C terminus are crucial for internalization, propagation, and neurotoxicity of α-syn PFFs in primary cultured cortical neurons.
(A) Low (Top) and high (Bottom) magnification views of images of pS129, WT, and α-syn1–100 PFFs binding to neurons (14 d in vitro). The binding signal is
assessed by means of an alkaline phosphatase assay. (B) Quantification of A by Scatchard analysis. Data are the means ± SEM, n = 3 independent experiments.
One-way ANOVA followed by Tukey’s correction, ***P < 0.001, ****P < 0.0001. (C) Quantification of the immunoblots analysis of the enriched endosomal/
lysosomal fraction confirms that biotin-labeled pS129 α-syn PFFs enter mouse primary cortical neurons more efficiently than that of the WT and α-syn1–100

PFFs. Data are the means ± SEM, n = 3. Student’s t test. (D) Quantification of immunoblots in WT neuron lysates for insoluble (Left) and soluble (Right) α-syn.
pS129 α-syn PFFs can induce more insoluble α-syn aggregates than that of the WT and α-syn1–100 PFFs. The results are shown as means ± SEM. One-way ANOVA
followed by Tukey’s correction. No significant difference is shown in soluble fraction. (E) Quantification of α-syn pathology induced by WT and α-syn1–100 PFFs
to mouse primary cortical neurons, which was assessed with anti-pS129 immunostaining 10 d after α-syn PFF treatment. WT α-syn PFFs can induce substantial
immunoreactivity of anti-pS129, whereas C terminus truncation (α-syn1–100 PFFs) reduces the pS129 pathology significantly. (F) Quantification of the toxicity
of WT, pS129, and α-syn1–100 PFFs to mouse primary cortical neurons. pS129 α-syn PFFs exhibit more toxicity than that of WT PFFs, and α-syn1–100 PFFs exhibit
much less neurotoxicity than WT PFFs. Data in (E and F) are the means ± SEM, n = 3, one-way ANOVA followed by Tukey’s correction, *P < 0.05, **P < 0.01,
***P < 0.001.
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terminus of α-syn is cleaved by cathepsin in the endosome–
lysosome pathway (52) following the internalization of the exoge-
nous α-syn fibrils. Other mechanisms may also involve in the
cleavage of the C terminus (53). Intriguingly, the C-terminal
truncation exhibits enhanced capability for self-assembly and lat-
eral association as well as seeding full-length α-syn to form path-
ological fibrils (48, 54, 55). However, the C-terminal–truncated
α-syn PFFs alone exhibit a severely impaired capability for induc-
ing the aggregation of endogenous WT α-syn in primary neurons
(56). Together with these findings, our work indicates that different
variants/modifications of α-syn may influence the spread of α-syn
pathology at different stages. A possible simplified scenario for the
cell-to-cell transmission of α-syn fibrils might be that α-syn forms
amyloid fibrils at the primary foci. Exocytosis releases the patho-
logical fibrils that subsequently bind with the receptors and enter
the next neurons by endocytosis. The exogenous pathological fibrils
might encounter digestion and degradation at the new foci and lose
their C termini, while the truncated fibrils are still (if not more)
able to seed the endogenous α-syn to propagate the pathological
aggregation (Fig. 8).
Despite that the primary pathogenesis of PD can be attributed to

various causes, subsequent progression may undergo a common
process featuring the spread of α-syn fibrils (3, 7, 11). We found
that receptors LAG3 and APLP1 share a common positive patch
on the domain surface to bind the C terminus of α-syn fibrils. Thus,
to block α-syn transmission, targeting on the interaction between
the C terminus of α-syn and the positive surface of the receptors is
a promising strategy to treat PD and other α-synucleinopathies.
Several other receptors have recently been identified to bind dif-
ferent species of α-syn (57–59). Thus, further studies will be

required to explore whether they employ a similar mechanism for
α-syn binding. Furthermore, we notice that the binding surface of
LAG3 for α-syn fibrils is distinct from that for MHC-II (28). The
latter is important for the normal function of LAG3 in the immune
response (28). This finding further encourages the targeting on the
binding of α-syn and the receptors. Peptide mimics, antibodies, and
small compounds that compete with this binding might be prom-
ising drug candidates to contribute to block the spread of α-syn
fibrils and arrest PD progression. At the same time, it must be
noted that receptor-mediated transmission is just one side of the
spread of α-syn fibrils. Much is still to be learned in aim to effec-
tively block the cell-to-cell transmission of α-syn fibrils.

Materials and Methods
BLI. The binding kinetics were measured on an ForteBio Octet RED96 system
(Pall ForteBio LLC). Standard BLI protocol was performed except that an auto-
inhibition step was used to eliminate the nonspecifically binding of α-syn
monomer/PFFs to biosensors. The resulting curves were corrected using the
blank reference and analyzed by the ForteBio Data Analysis software 9.0.

NMR Spectroscopy. All NMR experiments were collected at 298 K in the NMR
buffer of 25 mM Na2HPO4, 50 mM NaCl, and 10% (vol/vol) D2O at pH 7.0.
HNCACB and CBCA(CO)NH experiments were performed to obtain the chemical
shift assignment of backbone atoms of dL3D1 and A1E1. 2D HSQC were col-
lected on a Bruker 900 MHz spectrometer equipped with a cryogenic probe.
PRE effects were measured from the peak intensity ratios from the HSQC
spectra of 15N-MTSL-A124C/E35C α-syn without/with 1 mM sodium ascorbate.

Structural Modeling of L3D1 and A1E1. The homology modeling of L3D1/A1E1
was performed using the Iterative Threading ASSEmbly Refinement
(I-TASSER) server and Rosetta software package following standard protocols.

Fig. 7. S129 phosphorylation in α-syn PFF-induced neurodegeneration in vivo. (A) Representative TH (tyrosine hydroxylase) immunohistochemistry and Nissl
staining images of dopamine neurons in the SNpc of WT, α-syn1–100, and pS129 PFF-injected hemisphere in the hA53T mice. (B and C) Stereological counting of
the number of TH- and Nissl-positive neurons in the SNpc via unbiased stereological analysis after 2 to 3 mo of α-syn PFF injection in the hA53T mice (PBS: n =
7; WT α-syn PFFs: n = 5; pS129 α-syn PFFs: n = 7, α-syn1–100 PFFs: n = 5). Data are the means ± SEM, one-way ANOVA with Tukey’s correction; *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant. (D–F) Immunoblots of the hindbrain lysates of hA53T mice 3 mo after intrastriatal injection of WT
PFFs, pS129 α-syn PFFs, and PBS. pS129 α-syn PFF injection exhibits significantly increased signals of insoluble α-syn and oxidative α-syn in the hindbrain
compared to that of WT PFFs. Data are the means ± SEM, n = 3 individual experiments, one-way ANOVA with Tukey’s correction. *P < 0.05, **P < 0.01, n.s.,
not significant. (G–I) Behavioral abnormalities of PBS-, WT PFFs-, α-syn1–100 PFFs-, and pS129 α-syn PFFs injected hA53T mice at 2 mo measured by the pole test
(G, n = 8 mice per group), the grip strength test (H, n = 7 mice per group), and the open field (I, n = 9 to 12 mice). Data are the means ± SEM, one-way ANOVA
with Tukey’s correction. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant.
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HADDOCK and MD Simulation. The structural coordinates of dL3D1 were from
ourmodeled structure of L3D1 by eliminating the extra loop residues (residues 74
to 92). The structural coordinates of α-syn118–140 were extracted from the full-
length α-syn structures with Protein Data Bank codes of 1xq8 (one conforma-
tion), 2kkw (one conformation), and 2n0a (10 conformations); a total of 12
truncated structures. The docking and refinement studies were carried out using
the standard HADDOCK protocol with a number of ambiguous interaction re-
straints and the interface residues that were identified from NMR titrations.

The MD simulations of the complex were performed using Amber 14 and
Amber 16 with the GPU accelerated version of PMEMD using standard
protocols. The MD trajectories were postprocessed to compute free energies
of binding using the MMPBSA.py program, and the energy decomposition
per residue was performed from MM-GBSA calculations.

Immunoblot of WT, pS129, and α-Syn1–100 PFFs. PFFs samples were separated
on SDS-polyacrylamide gels (12%) and transferred to nitrocellulose mem-
branes. The membranes were blocked in 5% bovine serum albumin in Tris-
buffered saline Tween 20 and then incubated with primary antibody for
α-syn (BD Transduction Laboratories, 610787) or streptavidin-HRP (CST
3999S). Target antigens were developed by Chemiluminescent Substrate
(SuperSignal West Pico PLUS, Thermo, 34578) and imaged by ImageQuant
LAS 4000 mini scanner (GE Healthcare Life Sciences).

Primary Neuronal Cultures, PFFs Transduction for Pathology and Neurotoxicity.
α-Syn PFFs were added at 7 d in vitro (5 μg/mL) primary neuronal cultures. For

pathology experiments, primary cultures were fixed with 4% paraformaldehyde 7
to 10 d after PFF treatment followed by immunostaining of anti-phosphorylated
S129 α-syn antibody (EP1536Y, ab51253). In a neurotoxicity assay, primary cultures
were washed with prewarmed Neurobasal medium and then treated with 2.5 μM
propidium iodide and 7 μM Hoechst 33342. Neurotoxicity was also measured by
immunostaining of anti-NeuN antibody (A60, MAB377, EMD Millipore) in 4%
paraformaldehyde-fixed primary cultures.

Cell Surface–Binding Assays. The cell surface–binding assay was performed at
room temperature (∼25 °C) and followed the established protocol (10).

Endosome/Lysosome Enrichment. The experiments performed followed the
previous publication (10). The samples were transferred to nitrocellulose
membranes and incubated with the primary antibody for α-syn (BD Trans-
duction Laboratories, 610787) followed by incubation with secondary anti-
body. Target antigens were developed by Chemiluminescent Substrate
(SuperSignal West Femto Maximum Sensitivity, Thermo, 34095).

Primary Neuronal and Brain Tissue Lysates for Insoluble α-Syn. Primary neu-
ronal cultures were collected 12 to 15 d after α-syn PFF treatment. Brain tissues
were collected from perfused mice with ice-cold PBS 2.5 mo after α-syn PFF
injection. The cultures or tissues were homogenized with lysis buffer (50 mM
Tris, 150 mMNaCl, and 1% Triton X-100) containing protease and phosphatase
inhibitor mixture (Millipore Sigma). Cell lysates were centrifuged at 20,000 g
for 20 min, and the supernatants were collected as soluble fraction. The pellets
were washed three times and resuspended with lysis buffer containing 2%
SDS. Then, the samples were sonicated and centrifuged at 18,000 g for 20 min.
The supernatants were collected as insoluble fraction.

Grip Strength Test, Pole Test, and Open Field Test. All test experiments were
performed 2 mo after α-syn PFF stereotaxic injection as previously described (10).

More details about the methods are given in SI Appendix, Detailed Ma-
terials and Methods.

Data Availability. Chemical shift assignments for dL3D1 and A1E1 have been
deposited in the Biological Magnetic Resonance Bank with the identification
numbers of 50035 and 50034, respectively. All data and procedures are
provided in the manuscript and SI Appendix.
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