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Phosphorylation and O-GlcNAcylation at the
same α-synuclein site generate distinct fibril
structures

Jinjian Hu1,8, Wencheng Xia2,8, Shuyi Zeng3,4,8, Yeh-Jun Lim 1,8, Youqi Tao3,4,
Yunpeng Sun 2, Lang Zhao1, Haosen Wang1, Weidong Le 5,6, Dan Li 3,4,
Shengnan Zhang2, Cong Liu 2,7 & Yan-Mei Li 1

α-Synuclein forms amyloid fibrils that are critical in the progression of Par-
kinson’s disease and serves as the pathological hallmark of this condition.
Different posttranslational modifications have been identified atmultiple sites
of α-synuclein, influencing its conformation, aggregation and function. Here,
we investigate how disease-related phosphorylation and O-GlcNAcylation at
the same α-synuclein site (S87) affect fibril structure and neuropathology.
Using semi-synthesis, we obtained homogenous α-synuclein monomer with
site-specific phosphorylation (pS87) and O-GlcNAcylation (gS87) at S87,
respectively. Cryo-EM revealed that pS87 and gS87 α-synuclein form two dis-
tinct fibril structures. The GlcNAc situated at S87 establishes interactions with
K80 and E61, inducing a unique iron-like fold with the GlcNAcmolecule on the
iron handle. Phosphorylation at the same site prevents a lengthy C-terminal
region including residues 73 to 140 from incorporating into the fibril core due
to electrostatic repulsion. Instead, the N-terminal half of the fibril (1–72) takes
on an arch-like fibril structure. We further show that both pS87 and gS87 α-
synuclein fibrils display reduced neurotoxicity and propagation activity com-
pared with unmodified α-synuclein fibrils. Our findings demonstrate that dif-
ferent posttranslational modifications at the same site can produce distinct
fibril structures, which emphasizes link between posttranslational modifica-
tions and amyloid fibril formation and pathology.

Pathological aggregation of amyloid proteins such as α-synuclein (α-
syn) and Tau is strongly linked to neurodegenerative diseases (NDs)1–3.
Numerous posttranslational modifications (PTMs), such as phosphor-
ylation, O-glycosylation, ubiquitination, and acetylation, have been

identified on amyloid proteins, playing diverse roles in regulating
protein conformation, aggregation kinetics, fibril structures and
pathology4–10. α-Syn is the key player in Parkinson’s disease (PD), with
its amyloid fibril being the main component of the Lewy bodies (LBs)
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and Lewy neurites (LNs), hallmarks of PD11–13. Elevated α-syn phos-
phorylation level, including pY39, pS87, and pS129, has been observed
in the brains of PD and multiple system atrophy (MSA) patients14–18.
While pY39 and pS129 are dominant PTMs in LBs and LNs, pS87 is not
enriched14,16,19. Moreover, unlike pY39 and pS129which enhancesα-syn
transmission andpathology in cells7,20, pS87 hasbeen found to prevent
α-syn aggregation and neurotoxicity15,21. This suggests that phos-
phorylation at differentα-syn sitesmay have distinct or even opposing
roles in regulating α-syn aggregation and pathology.

In addition to phosphorylation, amyloid proteins such as Tau and
α-syn are found to be O-GlcNAcylated22–24, which may prevent their
amyloid aggregation8,25. Interestingly, there is a noticeable reduction in
the overall O-GlcNAc levels in brains affected by Alzheimer’s
Disease26,27. Neurodegeneration in mice is also observed when the
overall O-GlcNAc level is diminished through the suppression of
O-GlcNAc transferase28. This suggests thatO-GlcNAcylation could have
a protective function in NDs. It’s worth mentioning that α-syn was
observed to be O-GlcNAcylated at several points including T72, T75,
T81, and S8723,29,30, and this consistently demonstrated protection
againstα-syn aggregation8,25,31–33. Notably, T75 and S87 are sites of both
phosphorylation and O-GlcNAcylation15,29,30. However, the specific
effects of different PTMs at the same α-synuclein sites in influencing
amyloid aggregation andneuropathology arenot yet fully understood.

In this study, we focus on α-syn S87, which can be modified by
both phosphorylation and O-GlcNAcylation. Employing a semi-
synthesis approach, we prepared pS87 and gS87 α-syn monomer
with high purity. Remarkably, we revealed by using cryo-EM that pS87
α-syn and gS87 α-syn form amyloid fibrils with distinct structures. In
gS87 α-syn fibril structure, GlcNAc at S87 establishes new interactions
with neighboring residues in the C-terminal of the non-amyloid-β
component (NAC) of α-syn, inducing a iron-like structure. While, in
pS87 α-syn fibril structure, phosphate group excludes the C-terminal
of α-syn NAC from forming fibril core. Moreover, both pS87 α-syn and
gS87 α-syn fibrils exhibit reduced neuropathology compared to the
unmodified Wild-type (WT) α-syn fibril formed under the same con-
dition. Our findings provide structural basis of how different PTMs
lead to the formation of distinct fibril structures with attenuated
neurotoxicity.

Results
Semi-synthesis of pS87 and gS87 α-syn
We first sought to obtain site-specific pS87 and gS87 α-syn with high
purity using native chemical ligation strategy using peptide hydrazides
developed by Liu and co-workers34,35. Since S87 is in the middle of α-
syn, we performed N-to-C sequential native chemical ligation using
three segments referring to the work of Pratt and co-workers8,32,36,
including segment X (α-syn 1-84 thioester), segment Y (gS87/pS87 α-
syn A85C-90NHNH2), segment Z (α-syn A91C-140) (Fig. 1a).

To obtain segment X, α-syn 1-84 fused with intein was expressed,
then followed by thiolysis. Segment α-syn Y-gS87 and α-syn Y-pS87
were manually synthesized by Fmoc-based solid phase peptide
synthesis. The glycosylated Fmoc-amino acid, Fmoc-L-
Ser(GlcNAc(Ac)3-β-D)-OH was synthesized referring to the work of
Pratt37. The recombinant segment Z was expressed in E. coli. Methyl-
hydroxylamine was then used to reverse N-terminal cysteine mod-
ification during expression.38 Segment Y and Z were further purified
and lyophilized for next reaction.

After obtaining these segments, we firstly ligated X and Y using
native chemical ligation39, followed by purifying. The resulting seg-
ment XY-gS87/pS87 (gS87/pS87 α-syn 1-90NHNH2, A85C) was lyophi-
lized and ligated with segment Z through protein hydrazide. After
purification and lyophilization, XYZ with gS87/pS87 modification
(gS87/pS87 α-syn, A85C A91C) was obtained. To remove sulfhydryl
groups on the cysteine residues at the ligation sites, radical-catalyzed
desulfurization40 was performed to obtain α-syn protein only with

modification at S87. All segments during synthesis and the final mod-
ified protein products were characterized with analytical RP-HPLC and
ESI-MS (Supplementary Fig. 2-4).

Characterization of the gS87 and pS87 α-syn fibrils
We next investigated the influence of glycosylation and phosphoryla-
tion at S87 onα-syn fibrillation through thioflavin T (ThT) kinetic assay
and negative-staining (NS) transmission electron microscopy (TEM).
As shown in Fig. 1b, both gS87 and pS87 α-syn exhibited significantly
reduced capability for fibrillation compared to unmodified WT α-syn.
In the presence of pre-formed fibrils (PFFs) formed by unmodified α-
syn protein, unmodified monomer rapidly formed fibril without
nucleation (Fig. 1b). In sharp contrast, gS87 α-syn started to form fibril
after 20 h incubation. The ThT signal of pS87 sample slowly picked up
after 40 h with much less fibril formed as revealed by NS-TEM (Fig. 1b,
Supplementary Fig. 9a). More interestingly, atomic force microscopy
(AFM) revealed that both the gS87 α-syn and pS87 α-syn fibrils feature
a right-handed helical twist, which is distinct from the left-handed
unmodified WT α-syn fibril (Fig. 1c). Statistical analysis of AFM data
revealed that the average half-pitch lengths of gS87 α-syn and pS87 α-
syn fibrils are approximately 156nm and 157nm (Supplementary
Fig. 9c, d). Additionally, we assessed the stability of these fibrils under
proteinase K (PK) digestion. The results demonstrated that both gS87
and pS87 variants were digested more rapidly compared to the
unmodified WT PFFs. Notably, pS87 fibrils exhibited the lowest stabi-
lity (Supplementary Fig. 9b). Together, our results demonstrate that
both glycosylation and phosphorylation at S87 severely impair α-syn
fibrillation, and induce α-syn to form distinct morphological fibrils
from unmodified fibril.

Cryo-EM structure determination of gS87 and pS87 α-syn fibrils
To investigatewhether glycosylationandphosphorylation atS87 alters
the structures of α-syn amyloid fibrils, we set out to determine the
atomic structure of gS87 and pS87 α-syn fibril by using cryo-EM. The
cryo-EM data were collected on a Titan Krios G4 cryo-transmission
electron microscope (2134 micrographs for gS87 and 2423 micro-
graphs for pS87). 21,328 fibrils from gS87 dataset and 27,806 fibrils
from pS87 dataset were picked for the following two-dimensional (2D)
classification and 3D reconstruction (Supplementary Table 1).

For gS87 sample, 2D classification results reveal there are two fibril
polymorphs in the gS87 α-syn fibril, including the double filament
polymorph (~56%) and the single filament polymorph (~44%) (Supple-
mentary Fig. 5a). After performing the 3D reconstruction, we managed
to obtain the density map of the double filament with the overall
resolution of density map of 3.1 Å (Supplementary Fig. 5c). The double
filament of gS87 fibril features a half pitch (a whole pitch represents the
length of a 360° helical turn of the entire fibril) of ~156nm, a helical rise
of 2.41 Å, and a helical twist of −179.72° (Fig. 2a). gS87 α-syn adopts a
similar architecture in both the double filament and single filament
polymorphs (Supplementary Fig. 5a). For pS87 sample, 2D classification
identified two different fibril morphologies, including the straight fila-
ment polymorph (~74%) and the twisted filament polymorph (~26%)
(Supplementary Fig. 5b). Although the structural elucidation of straight
fibrils remains challenging due to the current limitations of cryo-EM
helical reconstruction techniques41–43, we observed a distinct difference
in the 2D class averages between the pS87 straight filament polymorph
and the WT polymorph 1a (Supplementary Fig. 7a, b). Besides, we
managed to obtain the high-quality density map of the twisted filament
with an overall resolution of 2.6Å (Supplementary Fig. 5d). The pS87
twisted filament features a half pitch of ~154 nm, a helical rise of 2.41 Å,
and a helical twist of −179.72° (Fig. 2b).

Structural analysis of gS87 and pS87 α-syn fibrils
Utilizing high-quality cryo-EM density maps, we constructed two
structural models for the double filament polymorph of gS87
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(hereafter referred to as gS87 α-syn fibril) and the twisted filament
polymorph of pS87 (hereafter referred to as pS87 α-syn fibril).
Remarkably, α-syn exhibits two entirely distinct structural conforma-
tions in these two fibril structures (Fig. 2c, d). In the gS87α-syn fibril,α-
syn adopts a conserved iron-like fold in the core structure with the
modified GlcNAc molecule on the iron handle (Fig. 2c). The superior
electron density of GlcNAc suggests its high stability within the core
structure (Fig. 2e). The GlcNAc molecules stack on top of each other
and align along the fibril axis with an intermolecular distance of 4.82 Å.
The fibril core comprises residues E35 to A89, which fold into 4 β-

strands (β1-β4) (Fig. 2f). An unassigned island is observed on the outer
surface of the fibril core, adjacent to β2 (residues 48-57, Supplemen-
tary Fig. 6a). This island is located approximately 41 Å from the
C-terminus of residue A89, which is hypothesized to represent a seg-
ment of the C-terminal of α-syn (Supplementary Fig. 6b). The two
identical protofilaments intertwine to form the gS87 fibril (Fig. 2c).
Intriguingly, unlike the tight and complementary protofilament inter-
face seen in earlier fibril structures7,44–47, neighboring α-syn chains
from the two protofilament sets remain separate, without any direct
interaction. The distance between the nearest side chains of the two α-
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Fig. 1 | Synthesis workflow and fibril characterization of gS87, pS87 and
unmodified WT α-syn. a Workflow of the semi-synthesis of α-syn with different
modifications at S87.b Left: ThT kinetic assay (top) andNS-TEM images (bottom) of
unmodifiedWT, gS87, and pS87α-syn fibrils. Right: ThT kinetic assay (top) and NS-
TEM images (bottom) of unmodified WT, gS87 and pS87 α-syn fibrils in the pre-
sence of 1mol% PFF formed by the unmodifiedWT α-synmonomer. Zoom-in views
of gS87 and pS87 ThT kinetic assay were shown. The fibrils were characterized by

NS-TEM at the endpoint (60 h) of the ThT kinetic assay. Data correspond to
mean ± s.d., n = 3 (replicates). Scale bar: 200nm. c AFM images of gS87 α-syn, pS87
α-syn, and unmodifiedWTα-syn fibril. The arrows at both sides of the fibril indicate
the starting points of the fibril protrusions to clarify the handedness. Fibrils formed
by gS87, pS87 andWT in>3 independent experiments provide reproducible images
and their data were analyzed in Nanoscope software. Scale bar: 200 nm. Source
data are provided as a Source Data file.
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syn molecules exceeds ~15 Å (Fig. 2a), suggesting a relatively weak
interaction between the two protofilaments. Two additional, albeit
weak, densities were identified at the protofilamental interface (Sup-
plementary Fig. 6c), which are hypothesized to represent solvent
molecules that potentially bridge the interface together.

In the pS87 α-syn fibril, α-syn adopts an arch-like fold in the fibril
core, composed of residues M1 to T72 folding into 7 β-strands (β1-β7)
(Fig. 2g). Unlike the gS87 and unmodified WT α-syn fibrils formed
under identical condition44, the entireN-terminal regionparticipates in
fibril core formation in the pS87 fibril (Fig. 2d). While, the phos-
phorylated S87 is excluded from the fibril core, and remains flexible
and invisible from cryo-EM. Furthermore, the two protofilaments of
pS87 α-syn are zipped together through extensive intermolecular
interactions involving the side chains of residues V3, M5, L38, and V40
(Fig. 2d). In summary, although phosphorylation and O-glycosylation
modify the same residue, they lead to substantially distinct con-
formation of the α-syn subunit and protofilament arrangement in the
fibril structures.

Comparison of α-syn fibril structures with two different
modifications
In the gS87α-synfibrils, theGlcNAc installed at S87participates infibril
core formation and is located at the C-terminus of the core structure
(Fig. 2c). GlcNAc forms direct interactions with the K80, T81, V82, I88
and A89 (Fig. 3a). Concurrently, K80 establishes a salt bridge with E61
(Fig. 3a), stabilizing the U-shaped structure formed by β3 and β4.
Additionally, hydrophilic zipper-like interactions formed by residues
61–65 and 79–80 contribute to the stabilization of the U-shaped
structure (Supplementary Fig. 6d). β3 connects to the two U-shaped
structures through hydrophobic zipper-like interactions with β2,
mediated by residues 66-71 (Fig. 3a). β1 further wraps around the
U-shaped structures, forming the iron-like core of S87 (Supplementary
Fig. 6e). Intriguingly, despite that unmodified WT α-syn polymorph 1a
employs the same region (residues 37-99) for forming fibril core44, it
features varying numbers of β-strand formed by different segments,
which assemble into a unique Greek key-like structure (Figs. 3b, 4a, b).
In theWT polymorph 1a,MSA fold and Juvenile-onset synucleinopathy
(JOS) fold44,48,49, residue S87 is not involved in direct interactions with
other residues (Fig. 3b, Supplementary Fig. 8c, d). Conversely, in WT
polymorphs 2a, 2b and Lewy fold41,46, S87 engages in zipper-like
interactions (Supplementary Figs. 7e, 8c, d). While, K80, which forms
an interaction with GlcNAc at S87 in the gS87 fibril structure, estab-
lishes a salt bridgewith E46 at the edge of the Greek key of unmodified
WT polymorph 1a (Fig. 3b). This K80-E46 salt bridge is essential for
maintaining the entire Greek key-like structure, and its disruption by
the E46K mutation effectively abolishes the Greek key-like fold45.
Therefore, the GlcNAc modified at S87 formed new interactions with
K80 and E61, accompanied by the structural rearrangement of α-syn
and the formation of a distinct β-strand pattern to create a distinct
fibril core structure (Fig. 4a, b).

Remarkably, when phosphorylated, S87 is excluded from the fibril
core, contrasting sharply with its O-glycosylated counterpart in the
fibril structure (Fig. 3a). Starting from residue 73, the extended
C-terminal region (residues 73-140) remains highly flexible in the fibril
structure, without electron density. Conversely, the entire N-terminal
region (residues 1-35), absent in both gS87 and unmodified α-syn fibril
cores, is incorporated into the pS87 fibril core (Fig. 3c). In the pS87
fibril structure, residues 1-29 from the N-terminal form a U-shaped
structure stabilized by twopairsof salt bridges, includingK6&E20 and
K21 & D2 (Fig. 3c). Meanwhile, V3 and M5 on β1 establish hydrophobic
interactions with residues L38’ and V40’ from the neighboring chain,
forming intermolecular interactions that bring the two protofilaments
together (Fig. 3c). The second U-shaped structure is formed by resi-
dues 30-49, stabilized by a salt bridge between K32 and E46 and a
hydrogen bond between K34 and Y39 (Supplementary Fig. 6f). β2

(residues 26-29) forms a steric zipper-like hydrophobic interaction
with residues 52-55, connecting the two U-shaped structures (Supple-
mentary Fig. 6f).

Intriguingly, our prior structural results demonstrated that
phosphorylation at Y39 of α-syn enables the integration of the entire
N-terminal region into the fibril core7 (Fig. 3d). In the pY39 fibril
structure, the phosphate group modified at Y39 establishes extensive
electrostatic interactions with K21, K32, and K34 (Fig. 3d). These
interactions are vital for incorporating the entire N-terminal region
into the fibril core, resulting in a large hook-like architecture
(Fig. 4a, b). This structure suggests that if a phosphate group partici-
pates in fibril core formation, it needs to be stabilized by positively
charged residues7. However, in the pS87 fibril structure, the positively
charged residues are mostly localized in the N-terminal region, which
either form electrostatic interactions with negatively charged residues
(K6 & E20, K21 & D2, K32 & E46) or are situated on the fibril’s outer
surface (Fig. 3c). Consequently, the addition of a phosphate group to
S87 prevents the C-terminal region of NAC from participating in fibril
core formation due to electrostatic repulsion, obstructing α-syn’s
ability to form the Greek key-like fold observed in unmodified WT α-
syn fibril. In contrast, the entire N-terminal region is incorporated into
the fibril core, giving rise to a unique arch-like architecture in the
pS87 fibril.

gS87 and pS87 α-syn fibrils exhibit reduced neurotoxicity and
propagation activity
Finally, we investigated whether the fibril structures induced by gly-
cosylation and phosphorylation at S87 display altered neuropatholo-
gical activities using a well-established neuronal propagation
model50–53 (Fig. 5a). We added unmodified WT, gS87, and pS87 α-syn
PFFs into the culture medium of rat primary cortical neurons to seed
the aggregation of endogenous α-syn. After 14 days of PFFs treatment,
we detected the formation of the PFF-induced endogenous α-syn
aggregate with an antibody of pathological pS129 α-syn through
immunofluorescence staining. Remarkably, both groups treated with
gS87 and pS87 α-syn PFFs displayed a significant reduction in patho-
logical pS129 α-syn propagation compared to the unmodified WT α-
syn PFFs-treated group (Fig. 5b, c). The pS87 PFFs exhibited the lowest
propagation activity (Fig. 5c). Moreover, wemeasured the cytotoxicity
of unmodifiedWT, gS87, and pS87 α-syn fibrils to neurons using a cell
counting kit-8 (CCK-8) assay. The result showed that both gS87 and
pS87 α-syn PFFs exhibited considerably decreased toxicity to primary
neurons compared to unmodified WT α-syn PFFs, with pS87 PFFs
displaying the lowest neurotoxicity (Fig. 5d). In conclusion, our find-
ings indicate that glycosylation and phosphorylation at S87 induce α-
syn to form two distinct fibril structures with reduced propagation
activity and neurotoxicity in neurons.

Discussion
Various types of PTMs have been identified that modify α-syn at dif-
ferent sites, playing diverse roles in regulating α-syn monomer con-
formation, membrane binding, amyloid aggregation kinetics and the
atomic structures and pathology of α-syn fibril7,29. In this study, we
explore whether distinct PTMs at the same residue can lead to the
formation of different fibril structures. Intriguingly, we found that
O-GlcNAcylation at the S87 residue can introduce new intra-molecular
interactions, resulting in the formation of a iron-like fold in the fibril
structure (Figs. 3a, 4a). This O-GlcNAcylation generates a distinct fibril
polymorph by directly establishing new interactions. In contrast,
phosphorylation at the same site prevents the involvement of the
C-terminal region of NAC in the fibril core due to electrostatic repul-
sion. Instead, it promotes the incorporation of the entire N-terminal
region to form a unique, enlarged arch-like fibril core structure
(Figs. 3c, 4a). Therefore, this phosphorylation generates another fibril
polymorph by excluding certain NAC region from forming fibril core.
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Fig. 3 | Structural analysis of gS87, pS87, unmodifiedWT, and pY39α-syn fibril.
a The structural model of gS87 fibril, with the zoom-in views the interactions
between GlcNAc, K80, E61, T81, V82, I88 and A89, and the hydrophobic zipper-like
interactions with the involved residues labeled. b The structure of unmodified WT
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Both phosphorylation and O-GlcNAcylation at S87 generate fibril
structures distinct from structures of in vitro WT fibrils44,46,54 (Supple-
mentary Fig. 7) and ex vivo fibril41,48,49 (Supplementary Fig. 8). The
different conformations of gS87 and pS87 in comparison to ex vivo
fibrils indicate that these modified forms alone do not replicate the
conformations of fibrils extracted from patient brains. It is important
to note that the fibrils found in the brain are heterogeneous, encom-
passing a variety of PTMs. Current ex vivo structuresmay represent the
end stage species, andpotentially overlook certainminor species. Both

O-GlcNAcylation and phosphorylation at S87 mitigate α-syn aggrega-
tion, potentially leading to the formationof fibrillar species that do not
represent the terminal state in disease contexts. Future investigations
focusing onmixed PTMs and the identification of intermediate species
during disease progression could yield insights into the impact of PTM
cross-talk on α-syn aggregation in real disease conditions. Conse-
quently, different PTMs at the same site may utilize entirely distinct
mechanisms to direct fibril core formation, depending on the specific
properties of the modified groups (Fig. 4c).
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Additionally, we compared the fibril structures of pS87 α-syn with
pY39 α-syn, and found that the same phosphate group installation at
different sites can also produce completely different fibril structures
(Figs. 3c, d, 4a). In pY39 α-syn, the phosphate group added at Y39
forms extensive interactions with three lysine residues in the
N-terminal region, inducing the formation of a large hook-like fibril
structure (Figs. 3d, 4a). However, adding the phosphate group at S87
results in the exclusion of the C-terminal region of NAC from incor-
poration into the fibril core due to electrostatic repulsion. Thus, the
local context of the modified site may directly impact the regulation
mechanism of a given modified group, adding an additional layer of
complexity to the regulation of fibril structural polymorphs by PTMs
(Fig. 4c). Of note, cryo-EM structure captures α-syn fibrils in their final
aggregated state. Consequently, it remains unclear whether PTM-
mediated interactions occur prior to or concurrent with the formation
of the rest of the fibril cores. To elucidate this, further studies are
required to characterize the kinetic intermediates of protein fibrillar
assembly at the atomic level.

Notably, both gS87 and pS87 α-syn fibrils display considerably
lower neurotoxicity and propagation activity compared to the unmo-
dified WT α-syn fibril (Fig. 5b–d). This finding aligns with previous
observations that both pS87 and gS87modifications protect againstα-
syn aggregation and pathology in cells8,15. In stark contrast, the pY39
modification exacerbatesα-syn pathology in cells and produces a fibril
polymorph with heightened neurotoxicity7. However, the direct rela-
tionship between the structural polymorphs and their varying neuro-
pathology is not yet well-established. Further investigation is
necessary to understand how gS87 and pS87 fibril structures lead to
reduced neuropathology. Furthermore, since both PTMs share the
samemodification site on α-syn, exploring the cross-talk and potential
competition between these two modifications at S87 during various
physiological or pathological processes, and its implication in disease
progression, is of importance.

Methods
Ethical statement
Embryonic day 16–18 Sprague-Dawley rats embryos used in this paper
were purchased from Shanghai SIPPR BK Laboratory Animals Ltd,
China. All animal and cell experiments in this study were performed
following the protocols approved by the Animal Care Committee of
the Interdisciplinary Research Center on Biology and Chemistry
(IRCBC), Chinese Academy of Sciences (CAS).

Semi-synthesis of gS87 and pS87 α-syn
The native chemical ligation strategy using peptide hydrazides of Liu
and co-workers34,35 was used to synthesize α-syn with PTMs. We per-
formed N-to-C sequential native chemical ligation using three seg-
ments referring to the work of Pratt and co-workers8,32,36, including
segment X (α-syn 1-84 thioester), segment Y (pS87/gS87 α-syn A85C-
90NHNH2), segment Z (α-syn A91C-140) (Fig. 1a).

Toobtain segmentX,α-syn 1-84was introduced intopTWIN1 vector
(NEB) containing intein and chitin binding domain. BL21(DE3) E. coliwas
transformedand thencultured in Luria-Bertani (LB) brothwith 50μg/mL
ampicillin sodium salt. Protein expression was induced by addition of
1mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) and incubation of
cells for 20h at 16 °C. Then, the cells were harvested in buffer (50mM
Hepes, 500mMNaCl, pH 7.5) and lysed by ultrasonication (twice on ice,
each for 20min). The lysate was centrifuged (21,500×g, 90min), and
the supernatant was loaded on chitin column (NEB). After cleavage in
250mM mercaptoethanesulfonate (MesNa), the protein thioester was
concentrated by ultrafiltration (Supplementary Fig. 2a).

Segment α-syn Y-pS87 (CG[pS]IAA-NHNH2) and Segment α-syn Y-
gS87 (CG[gS]IAA-NHNH2) were manually synthesized using 2-Cl-(Trt)-
NHNH2 resin as described34. Fmoc-L-Ser (GlcNAc(Ac)3-β-D)-OH
was synthesized referring to the work of Pratt37 and characterized

with RP-HPLC, ESI-MS, and NMR (Supplementary Fig. 1). Fmoc-L-
Ser(GlcNAc(Ac)3-β-D)-OH was coupled on peptide using 1.8eq HATU,
2eq HOAT, 5eq N-methylmorpholine (NMM) in N-Methylpyrrolidone
(NMP).And the deprotectionofO-acetyl groups onGlcNAcwas carried
out using 60% hydrazine hydrate in CH3OH (v/v) on resin for 15min.
Reagent K was used in cleavage. The peptides were purified and
characterized with RP-HPLC (YMC-Pack ODS-A column) and ESI-MS
(Supplementary Fig. 2b, c).

For segment Z, BL21(DE3) E. coli was transformed with pET-22b
vector containing α-syn A91C-140. After incubation and expression.
The protein was purified using osmotic-shock strategy55. Briefly, after
centrifuging, the collected cells were treated with osmotic shock
buffer (30mM Tris-HCl, 40% sucrose (w/v), and 2mM EDTA, pH 7.4).
After centrifugation (15,700 × g, 20min), cells were suspended in cold
water with saturated MgCl2 added. Then the supernatant was col-
lected. Extra precipitation (with HCl to pH 3.5 and NaOH to pH 7 in
sequence) was also applied to increase purity. 400 mM
O-methylhydroxylamine and 20mM Tris(2-carboxyenthyl)phosphine
(TCEP) was then added and incubated for 5 h to reverse N-terminal
cysteine modification38. α-syn A91C-140 was further purified using RP-
HPLC with proteonavi column (OSAKA SODA), then lyophilized for
next reaction.

Then we ligated X and Y. Briefly, X thioester (2.5mM, 1 eq.) and Y-
pS87/Y-gS87 (2 eq.) were dissolved in ligation buffer (6M guanidine-
HCl, 200mM phosphate buffer, pH 7.0). Then, 50 eq. TCEP and
4-mercaptophenylacetic acid (MPAA) (in 200mM phosphate buffer,
pH 6.8) were added. The solution was shacked at 30 °C for 5 h, then
purified using RP-HPLC with proteonavi column. The product XY-
pS87/gS87 was lyophilized for next reaction (Supplementary Fig. 2d).

For the ligation of XY and Z, segment XY (5mM, 1eq.) was dis-
solved in 6M guanidine-HCl, 200mM phosphate buffer at pH 3.0 and
put into a −15 ~ −20 °C ice–salt bath. 0.5MNaNO2 (10 eq.) was added in
the reaction or 15min. After that, 40 eq.MPAA and 1.2 eq. segment Z in
buffer (200mM phosphate buffer, 6M guanidine-HCl, pH 6.5) was
added and then the pH was adjusted to 6.8. The final concentration of
XY is about 2.5mM. The mixture was shaken at 16 °C overnight and
then purified using RP-HPLC with proteonavi column. The product
XYZ-pS87/gS87 was lyophilized for next reaction. The segments after
ligation were all characterized with analytical RP-HPLC and ESI-MS
(Supplementary Fig. 3).

Radical catalyzed desulfurizationwas then performed to obtainα-
syn protein with different modifications at serine 87. Briefly, about
2.6mg of XYZ- pS87/gS87was dissolve in 200μl of 6Mguanidine-HCl,
200mM sodium phosphate buffer at pH 7.0 and mixed with 200μl of
1M TCEP and 40μl of 2-methyl-2-propanethiol. 20μl of 0.1M 2-2’-
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) was
finally added to the mixture under argon. The reaction was shaken
overnight at 37 °C. The pS87/gS87 α-syn protein was purified with
proteonavi column, lyophilized, and characterized with analytical RP-
HPLC and ESI-MS (Supplementary Fig. 4).

Mass spectrometry
The mass spectrometry data were collected using Chameleon 7.2.10.
on Thermo ScientificTM MSQ Plus mass detector.

The MSQ Plus mass spectrometry settings: Needle (capillary)
voltage: 3.0 kV. Cone voltage: 15 V for Y-gS87, 45 V for other samples.
Mobile phase: 0.4mL/min 50% CH3CN/H2O with 0.06% formic acid.
Probe temperature: 350 °C. Number of replicates for each peptide or
protein sample is n = 1.

GraphPad Prism 9 was applied for graphing.

Nuclear magnetic resonance spectroscopy
The 1H-NMR and 13C-NMR data of Fmoc-L-Ser(GlcNAc(Ac)3-β-D)-OH
were both collected using Delta v4.3.3 on JEOL ECS 400.

Settings for 1H-NMR:
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Temperature: 22.1 °C. singlepulse. Pulsewidth: 5.2500. Relaxation
delay: 5.0000. Number of scans: 12. Receiver gain: 40.

Settings for 13C-NMR:
Temperature: 21.9 °C. single pulse. Pulsewidth: 2.5833. Relaxation

delay: 2.0000. Number of scans: 1000. Receiver gain: 54.
Mestnova v9.0.1 was applied for data processing.

Preparation of the unmodified WT, gS87 and pS87 α-syn fibrils
and PFFs
Recombinant unmodifiedWT, synthetic gS87 and pS87 α-syn in buffer
containing 25mM sodiumphosphate (pH 7.4) were incubated at 37 °C,
900 rpm in ThermoMixer (Eppendorf) for 4 days with agitation in a
concentration of 3.0mg/ml, respectively. The fibril samples were fur-
ther used for negative staining transmission electron microscopy,
atomic forcemicroscopy, cryo-EM sample preparation and rat primary
neuron treatment. For incubated fibrils of unmodified WT, gS87 and
pS87α-syn, thefibril-containingpellet is separated from themonomer-
containing supernatant by centrifugation. Then, the fibril-containing
pellet was resuspended and its concentration was determined as the
fibril concentration. Unmodified WT, gS87 and pS87 α-syn PFFs were
prepared by fibrils sonication at 20% power on ice for 25 times (1 s
on, 1 s off).

ThT kinetic assay
50μM unmodified WT, gS87 and pS87 α-syn monomers were incu-
bated in 25mM sodium phosphate (pH 7.4) buffer with or without
unmodified WT α-syn PFFs in a black 384-well plate (Thermo Scien-
tific). ThTwas added to the reactionmixture at a final concentration of
30μM. The fluorescence intensity was recorded using a Varioskan
Flash Spectral Scanning Multimode Reader (Thermo Scientific), mea-
suring at 440nm (excitation) and 485 nm (emission) wavelengths with
shaking at 900 rpm at 37 °C. Three replicates were performed for each
sample. GraphPad Prism 9 was applied for graphing, with mean ± s.d.

Negative staining transmission electron microscopy
Five microliters of fibril solution were incubated on a 200-mesh glow-
discharged copper grid (Zhongjingkeyi Technology Co., Ltd., Beijing)
for 45 s. Then, the grid was washed with double-distilled water fol-
lowed by 2% w/v uranyl acetate for another 45 s, and dried in air. The
samples were imaged by a Tecnai T12 transmission electron micro-
scope (FEI) operated in 120 kV.

Atomic force microscopy
Ten microliters of fibril solution were loaded on a clean mica surface
for 5min at room temperature and washed by double-distilled water
into remove unbound fibrils. Next, images were captured by Nano-
scope V Multimode 8 (Bruker) with SNL-10 probes (a constant of
0.35Nm−1) on ScanAsyst air mode in 1 Hz scan rate. The following data
processes were carried out in the supplied software NanoScope Ana-
lysis (version 1.5, Bruker).

Cryo-EM sample preparation and data collection
The gS87 and pS87 α-syn fibril samples were applied into glow-
discharged holey carbon copper grids (R2/1, 300 mesh, Quantifoil),
and then plunge frozen in liquid ethane after blotting with filter paper
by using Vitrobot Mark IV (Thermo Fisher).

Cryo-EM data of gS87 and pS87 was collected in a 300 kV Titan
Krios G4 transmission electron microscope (Thermo Fisher) with a
BioContinuumK3direct detector (Gatan), using aGIFQuantumenergy
filter (Gatan)with a slitwidth of 20 e-V to remove inelastically scattered
electrons. Movies with 40 frames per micrograph were recorded in
×105,000 magnification with a pixel size 0.83 Å pixel−1 at super-
resolution mode. Cryo-EM data collection was performed by software
EPU (Thermo Fisher) with 2 s exposure time and −1.0 to −2.0μm
defocus value in a total dose of 55 e−Å2.

Image processing
MotionCorr256 for motion correction implement was carried out
to correct beam-inducedmotionofmovie frameswith dose-weighting.
Then, CTFFIND-4.1.857 was used to estimate the contrast transfer
function of motion-corrected images. Next, fibrils were manually
picked by using the manual picking method of RELION version 3.158.

Helical reconstruction
Helical reconstruction was performed in RELION version 3.158, includ-
ing particle extraction, two-dimensional (2D) classification, 3D classi-
fication, 3D auto-refinement and post-processing.

For gS87 dataset, 21,328 manually fibrils from 2134 micrographs
were extracted into segments in a box-size of 360 pixels with an inter-
box distance of 30.0 Å. Then, several iterations of 2D classification
were applied to extracted segments with a decreasing in-plane angular
sampling rate from 12° to 0.5° and the T = 2 regularization parameter.
For double filament and single filament gS87 α-syn fibrils separated
after 2D classification, a cylindrical map model generated by relion_-
helix_toolbox program was used as an initial 3D reference to perform
the following 3D classification (K = 3). When the local search of sym-
metry for helical twist and risewas carried out after the separationofβ-
strands, the clearest class was selected for following 3D auto-
refinement. Finally, the overall resolution of double filament gS87 α-
synfibrils was reported at 3.1 Å, according to the gold-standard Fourier
shell correlation (FSC) = 0.143 criteria.

For pS87 dataset, 27,806 fibrils from 2423 micrographs were
extracted into segments in a box-size of 360 pixels with an inter-box
distance of 30.0 Å. Next, several iterations of 2D classification were
applied to extracted segments with a decreasing in-plane angular
sampling rate from 12° to 0.5° and the T = 2 regularization parameter.
Similarly, for the twisted filament of pS87 α-syn fibril separated from
2D classification, a cylindrical map model generated by relion_he-
lix_toolbox programwas used as an initial 3D reference to perform the
following 3D classification (K= 3). When the local search of symmetry
for helical twist and rise was carried out after the separation of β-
strands, the clearest class was selected for following 3D auto-
refinement. Finally, the overall resolution of twisted filament gS87 α-
syn fibrils was reported at 2.6 Å, according to the gold-standard
FSC =0.143 criteria.

Atomic model building and refinement
Based on the density maps after post-processing program, the atomic
models of double filament of gS87 α-syn fibril and twisted filament
pS87 α-syn fibril were built de novo in COOT59, respectively. Then,
three-layermodels were generated in software Chimera and refined by
real-space refinement program of PHENIX60,61. Additional details about
two models were shown in Supplementary Table 1.

Primary neuronal cultures
Embryonic day (E) 16 to E18 Sprague-Dawley rat (Shanghai SIPPR BK
Laboratory Animals Ltd.) embryos were sacrificed for primary cortical
neurons culture as previously described62. In brief, papain-digested
cortical neurons were plated onto coverslips, coated with poly-L-
lysine, in a 24-well plate at a density of 150,000 cells per well. After
7 days, neurons were treated with PBS, 100 nMWT or gS87 or pS87 α-
syn PFFs, with three biological repetitions for each treatment. All ani-
mal experiments were performed according to the protocols
approved by the Animal Care Committee of the Interdisciplinary
Research Center on Biology and Chemistry (IRCBC), Chinese Academy
of Sciences (CAS).

Immunofluorescence staining and confocal imaging
After treating for 14 days, neurons were collected for immuno-
fluorescence imaging. Neurons plated on coverslipswerefixedwith 4%
paraformaldehyde (PFA) and 4% sucrose in PBS and then
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permeabilized with 0.15% Triton X-100 diluted in PBS. Then coverslips
were blocked with 3% goat serum (GS) diluted in PBS for 30min at
room temperature. Neurons were incubated with primary antibodies
of phospho-α-synuclein (1:1000, Abcam, 51253) and MAP2 (1:2500,
Abcam, 5392), diluted in 3% GS, at 4 °C overnight. After washing with
PBST, 0.1 % Tween-20 diluted in PBS for three times, neurons were
incubated with secondary antibodies of Alexa Fluor 488- and Alexa
Fluor 568- (1:1000, Invitrogen, 2420700, 2155282, respectively) for 1 h
at room temperature. Without rinsing, DAPI stain was applied
(1:10,000, Yeasen, 40728ES03) for 10min at room temperature. After
rinsing, coverslips were mounted onto glass slides with mounting
medium (ProLong Gold antifade reagent, Invitrogen, P36930). Con-
focal images were acquired by a laser scanning confocal microscope
(SP8, Leica). A 63× water immersion objective was used for imaging.
Imageswere batched analyzed by Image J. All images were projected in
z direction with max intensity followed by background subtraction.
The immunofluorescence results of the mean p-α-syn signal intensity
were normalized to DAPI intensity of their own group.

Cell viability assay
Primary neurons were treated with different concentrations of
unmodifiedWT, gS87 andpS87α-syn PFFs or PBS after growing for 7 d.
Three biological replicates were set up for each treatment. After
treating for 14 d, the CCK-8 assay was performed following the man-
ufacturer’s instructions. The absorbance at 450nm wavelength was
measured by a multimode plate reader (Ensight, PerkinElmer). Values
were analyzed by GraphPad Prism 9.

Statistics
At least three independent biological repeats were performed for each
group. Sample sizes were selected to ensure sufficient statistical power.
Data of pS129 α-syn aggregation and cytotoxicity measurement were
analyzed usingOne-way ANOVA followed by Tukey’s post-hoc test. Data
shown are mean ± s.d. A p<0.05 was considered to be statistically sig-
nificant. Detailed statistical information is shown in figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Density maps of double filament of gS87 α-syn fibril and twisted fila-
ment pS87 α-syn fibril have been deposited in Electron Microscopy
Data Bank (EMDB) under accession codes: EMD-36202 for double
filament of gS87 α-syn fibril and EMD-36203 for twisted filament pS87
α-syn fibril. And, the structure models have been deposited in the
Protein Data Bank (PDB) with entry codes: 8JEX for double filament of
gS87 α-syn fibril and 8JEY for twisted filament pS87 α-syn fibril. The
PDB codes forWT1a,WT2b,WT2a,WT2b, pY39, Lewy fold,MSA fold, and
JOS fold are 6A6B, 6CU8, 6SSX, 6SST, 6L1T, 8A9L, 6XYO, and 8BQV,
respectively. All data needed to evaluate the findings of this study are
available in the article and Supplementary files. Source data are pro-
vided with this paper.
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