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Abstract

Cell-to-cell transmission and subsequent amplification of pathological proteins promote 

neurodegenerative disease progression. Most research on this has focused on pathological protein 

seeds, but how their normal counterparts, which are converted to pathological forms during 

transmission, regulate transmission is less understood. Here we show in cultured cells that 

phosphorylation of soluble, nonpathological α-synuclein (α-Syn) at previously identified sites 

dramatically affects the amplification of pathological α-Syn, which underlies Parkinson’s disease 

and other α-synucleinopathies, in a conformation- and phosphorylation site-specific manner. 

We performed LC–MS/MS analyses on soluble α-Syn purified from Parkinson’s disease and 

other α-synucleinopathies, identifying many new α-Syn post-translational modifications (PTMs). 

In addition to phosphorylation, acetylation of soluble α-Syn also modified pathological α-Syn 

transmission in a site- and conformation-specific manner. Moreover, phosphorylation of soluble 

α-Syn could modulate the seeding properties of pathological α-Syn. Our study represents the 

first systematic analysis how of soluble α-Syn PTMs affect the spreading and amplification of 

pathological α-Syn, which may affect disease progression.

α-Synucleinopathies are a group of neurodegenerative diseases characterized by the 

intracellular accumulation of pathological α-Syn. These include Parkinson’s disease, 

dementia with Lewy bodies, multiple system atrophy (MSA) and ~50% of Alzheimer’s 

disease cases1-3. During the past decades, mounting evidence supports cell-to-cell 

transmission and subsequent amplification of pathological α-synuclein (α-Syn) as a key 

process for the onset and progression of α-synucleinopathies4-7. Tremendous efforts have 

been spent exploring the molecular mechanisms that modulate the transmission process. 

Particularly, the release, uptake, transport and degradation of pathological α-Syn seeds have 

been extensively investigated in multiple studies8,9. However, successful amplification of 

the pathological protein involves two components, the formation of pathological α-Syn 

seeds and the transformation of normal, soluble α-Syn, that is, the substrate. The potential 
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regulatory role played by soluble α-Syn in the amplification of pathological α-Syn has not 

yet been investigated.

Numerous post-translational modifications (PTMs) have been identified in α-Syn10,11 and 

were shown to modulate the aggregation and clearance of monomeric α-Syn in vitro12-18. 

Even though previous studies of α-Syn PTMs have been focused more on pathological 

α-Syn, multiple PTMs, particularly phosphorylation, have also been identified on soluble α-

Syn prepared from normal brains16,18-20. We hypothesize that PTMs in soluble α-Syn could 

modulate the interaction between pathological α-Syn and soluble α-Syn, which in turn 

could regulate the amplification of pathological α-Syn and modulate the α-Syn aggregate 

transmission process.

In this Article, we evaluated the effect of soluble α-Syn phosphorylation at known sites 

on the amplification of pathological α-Syn. Phosphorylation of soluble α-Syn dramatically 

affected the amplification of pathological α-Syn. Interestingly, this effect is phosphorylation 

site and conformation dependent. Different phosphorylation sites have distinct effects on 

the same pathological α-Syn strain, and the same phosphorylation sites could have distinct 

effects on different pathological α-Syn strains, highlighting for the first time the complex 

interaction between soluble α-Syn phosphorylation sites and different pathological α-Syn 

conformations. Because previous studies of α-Syn PTMs have focused more on pathological 

α-Syn and fewer studies have been performed to explore PTMs on soluble α-Syn, LC–

MS/MS was used to systematically identify PTMs in soluble α-Syn purified from various 

α-synucleinopathies. Notably, soluble α-Syn is acetylated and this acetylation of soluble 

α-Syn also modulated the amplification of pathological α-Syn in a strain-dependent way, 

thereby demonstrating that the observed effects are not restricted to phosphorylation. Finally, 

by passaging pathological α-Syn with different phosphorylation mimics, we demonstrated 

that PTMs in soluble α-Syn could also modulate the property of the original seeds 

after passaging. Therefore, soluble α-Syn PTMs represent a critical new mechanism that 

modulates the transmission of pathological α-Syn.

Results

Soluble α-Syn phosphorylation modulates the amplification of pathological α-Syn

To explore whether phosphorylation of soluble α-Syn modulates the amplification of 

pathological seeds and regulates the transmission process, we first confirmed the existence 

of several previously reported α-Syn phosphorylation sites, that is, serine 87 (S87) and 

tyrosine 39 (Y39) on soluble α-Syn16,18. Consistent with previous reports16,18, both 

phosphorylated S87 (pS87) and Y39 (pY39) soluble α-Syn were detected in both diseased 

and normal control brains (Supplementary Figs. 1, 2 and Supplementary Table 1). There 

was a dramatic variation in the amount of soluble pY39 or pS87 α-Syn in individual brains; 

however, no significant differences were observed among different α-synucleinopathies or 

compared to normal brains (Supplementary Figs. 1, 2 and Supplementary Table 1). Taking 

advantage of synthesized pY39 and pS87 α-Syn monomer, we evaluated the percentage 

of soluble α-Syn from diseased and control brains that is phosphorylated at Y39 or S87. 

About 10–40% of α-Syn proteins were phosphorylated at Y39, and 10–20% of α-Syn 

proteins were phosphorylated at S87, suggesting that there is a significant amount of 
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phosphorylated soluble α-Syn in diseased and control brains (Supplementary Fig. 3). To 

explore the nature of pY39 and pS87 α-Syn in diseased and normal brains, we resolved 

soluble α-Syn on native gels and found that a large amount (25–60%) of pY39 α-Syn is 

monomers (Supplementary Fig. 4). A reasonable amount (5–10%) of pS87 α-Syn monomers 

could also be detected (Supplementary Fig. 4).

To examine the effects of soluble α-Syn phosphorylation on the transmission of pathological 

α-Syn, we mutated Y39, S87, Y125 and Y133 to glutamic acid (E) to mimic the different 

phosphorylated α-Syn and expressed these variants α-Syn in HEK293 cells (Fig. 1a). 

Immunoblot analyses showed that various variant α-Syn had similar expression levels 

compared to the wild-type (WT) control (Fig. 1b,c). After transducing HEK293 cells with 

α-Syn preformed fibrils (PFFs), cells expressing different α-Syn variants were extracted 

with 1% Triton X-100 to remove soluble proteins and immunostained with a monoclonal 

antibody against α-Syn phosphorylated at S129 (81A) to evaluate the induction of α-Syn 

aggregation (Fig. 1d). Interestingly, none of the phosphorylation sites dramatically affected 

the seeding ability of α-Syn PFF (Fig. 1d,e).

α-Syn PFFs generated in test tubes have distinct conformations compared with 

pathological α-Syn prepared from Lewy body disease (LBD) brains (LB-α-Syn)21,22. To 

evaluate whether phosphorylation of soluble α-Syn could affect the seeding ability of 

pathological α-Syn isolated from diseased brains, HEK293 cells expressing different α-Syn 

phosphorylation variant mimics were transduced with LB-α-Syn prepared from LBD brains. 

Strikingly, Y39 phosphorylation dramatically blocked the seeding of soluble α-Syn by LB-

α-Syn, in contrast to PFFs. S87 phosphorylation slightly increased, while Y125E and Y133 

phosphorylation slightly reduced the seeding ability of LB-α-Syn, even though the effects 

were not as strong as those seen for Y39 phosphorylation (Fig. 1f,g and Supplementary 

Tables 2, 3). Interestingly, S87 phosphorylation has been shown to block α-Syn aggregation 

before14,17, suggesting that the same phosphorylation site could have distinct roles during 

the initiation versus amplification of pathological α-Syn.

Due to the limited quantities of LB-α-Syn recovered from diseased brains that we were 

able to add to the HEK293 cells (4 ng per well), the amount of α-Syn pathology induced 

by LB-α-Syn was much lower than that induced by PFFs (40 ng per well) (Fig. 1d,f). 

To rule out any potential confounds resulting from low amounts of pathological α-Syn, 

HEK293 cells expressing α-Syn were transduced with the same amount of PFFs (4 ng per 

well) as LB-α-Syn. To mimic the contaminating proteins in the LB-α-Syn preparations, 

PFFs were mixed with insoluble proteins prepared from normal control brains. Even though 

all phosphorylation sites slightly reduced the seeding activity of low amounts of PFFs, no 

phosphorylation of soluble α-Syn dramatically affected the seeding ability of low amounts 

(4 ng per well) of PFFs (Fig. 1h and Supplementary Fig. 5), which is very different from 

LB-α-Syn. These data demonstrate that the LB-α-Syn and PFFs indeed show distinct 

responses to soluble α-Syn PTMs.

Previous studies, including ours, demonstrated that pathological α-Syn isolated from MSA 

patients, that is, GCI-α-Syn, has distinct conformations and seeding abilities compared 

with LB-α-Syn and PFFs21-23. To evaluate whether soluble α-Syn phosphorylation 
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would also affect the seeding ability of GCI-α-Syn, HEK293 cells expressing α-Syn 

phosphorylation mimicking variants were transduced with GCI-α-Syn. Interestingly, S87 

phosphorylation dramatically blocked the seeding ability of GCI-α-Syn, which is in 

striking contrast to the increase seen with LB-α-Syn (Fig. 1i,j). Y39 phosphorylation 

also reduced the seeding of GCI-α-Syn. However, the effect was much weaker than 

for S87 phosphorylation. Y125 phosphorylation did not affect the amplification of GCI-

α-Syn, and Y133 phosphorylation slightly reduced GCI-α-Syn amplification. These data 

again demonstrated that phosphorylation of soluble α-Syn affects the seeding ability of 

pathological α-Syn and this effect is conformation and phosphorylation site dependent. 

Comparing the effect of soluble α-Syn phosphorylation on different α-Syn strains from 

human α-Synucleinopathy brains showed that Y39 phosphorylation blocked the seeding 

ability of both LB-α-Syn and GCI-α-Syn and had no effect on PFFs. However, the effect 

is much stronger on LB-α-Syn than GCI-α-Syn (Fig. 1k). S87 phosphorylation increased 

the seeding ability of LB-α-Syn but dramatically blocked the seeding ability of GCI-α-Syn 

while having no obvious effect on PFFs (Fig. 1k).

To confirm that the pS129 α-Syn observed in HEK293 cells shown in Fig. 1 was indeed 

insoluble α-Syn, we extracted the transduced cells with 1% hexadecyltrimethylammonium 

bromide (HDTA) to remove all soluble α-Syn and stained the extracted cells with an 

antibody against total α-Syn. There was no signal in cells expressing α-Syn without 

transduction, which demonstrated the successful removal of all soluble α-Syn from the 

cells. Therefore, the stained total α-Syn in the transduced cells was indeed insoluble α-

Syn (Supplementary Fig. 6a). Using this assay, we confirmed the effect of soluble α-Syn 

phosphorylation on pathological α-Syn amplification (Supplementary Fig. 6b-d). We also 

performed sequential extraction with 1% Triton X-100 and 1% Sarkosyl on HEK293 cells 

expressing different phosphorylation mimetic α-Syn variants and transduced with PFF or 

GCI-α-Syn. The resulting soluble and insoluble fractions were analyzed by western blot 

(WB) with an antibody against total α-Syn. The results further demonstrated the effect 

of soluble α-Syn phosphorylation on pathological α-Syn amplification (Supplementary 

Fig. 6e-h). Nonphosphorylation mimetic α-Syn variants (Y39A and S87A) do not affect 

the amplification of pathological α-Syn, demonstrating that the observed effect for 

phosphorylation mimetic variants is phosphorylation specific (Supplementary Fig. 7).

Because phosphorylation mimetic α-Syn variants dramatically modulate the amplification 

of LB-α-Syn and GCI-α-Syn, we further evaluated whether bona fide phosphorylation at 

the same residues could also modulate the amplification of pathological α-Syn. We first 

tested the effects of phosphorylation using a cell-free seeding assay. pY39 α-Syn and pS87 

α-Syn monomers were generated using protein semi-synthesis strategies modified from 

previous approaches24,25 and mixed at a ratio of 1:1 (95 ng μl−1 for each monomer). This 

pY39 and pS87 α-Syn monomer mixture was seeded with LB-α-Syn, GCI-α-Syn and 

PFF (10 ng μl−1). After fibrilization, the amount of pY39 and pS87 α-Syn in the fibril 

fraction was analyzed by sedimentation assay and WB with anti-pY39 α-Syn and anti-pS87 

α-Syn antibodies (Fig. 2a). We also confirmed that 95 ng μl−1 pY39 and pS87 α-Syn 

monomer mixture did not aggregate by themselves (Supplementary Fig. 8). Consistent 

with our observation for phosphorylation mimetic α-Syn variants, PFF seeded pY39 and 

pS87 α-Syn monomers equally well (Fig. 2b,e). However, LB-α-Syn preferentially seeded 
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pS87 α-Syn monomer (Fig. 2c,f), while GCI-α-Syn preferentially seeded pY39 monomer 

(Fig. 2d,g). Therefore, using pY39 and pS87 α-Syn monomers, we demonstrated that real 

phosphorylation on soluble α-Syn could also modulate the amplification of pathological 

α-Syn.

Previously, c-Abl has been shown to phosphorylate α-Syn on Y39 (ref. 16), which provides 

an ideal tool to test the effect of pY39 on pathological α-Syn amplification in cells. We 

coexpressed c-Abl and WT α-Syn in HEK293 cells and demonstrated that c-Abl could 

efficiently phosphorylate α-Syn on Y39 (Fig. 2h,i). Notably, expressing α-Syn alone or 

coexpressing α-Syn with c-Abl showed similar levels of total α-Syn (Fig. 2j). HEK293 

cells that express α-Syn alone or coexpress α-Syn with c-Abl were transduced with LB-α-

Syn, GCI-α-Syn and PFF. Consistent with our observations for phosphorylation mimetic 

α-Syn variants, pY39 α-Syn generated in situ through c-Abl expression reduced the seeding 

activity of LB-α-Syn (Fig. 2m,n) and GCI-α-Syn (Fig. 2o,p) but did not have an obvious 

effect on the amplification of PFF α-Syn (Fig. 2k,l). Given the dramatic effect of soluble α-

Syn phosphorylation on pathological α-Syn amplification, we further evaluated the amount 

of pY39 and pS87 α-Syn contained in GCI-α-Syn and LB-α-Syn. Indeed, there is less pY39 

α-syn in LB-α-syn compared with GCI-α-syn, which is consistent with the observation that 

pY39 α-syn reduces the amplification of LB-α-syn more than GCI-α-syn (Supplementary 

Fig. 9a-c). However, we do not observe obvious differences between GCI-α-Syn and LB-α-

Syn in terms of the amount of pS87 α-Syn (Supplementary Fig. 9d-f). This observation may 

be due to the fact that α-Syn could also be phosphorylated on Y39 and S87 by kinases or 

be dephosphorylated by phosphatases after aggregation. Therefore, the amount of pY39 and 

pS87 on pathological α-Syn might not always reflect the amount of pY39 and pS87 α-Syn 

monomer that is recruited during the amplification process.

Systematically identify PTMs on soluble α-Syn purified from diseased and control brains

Because soluble α-Syn phosphorylation could affect the seeding ability of pathological 

α-Syn, we asked if other types of PTMs would have similar effects. However, most previous 

studies of α-Syn PTMs have focused on defining modification sites on pathological α-Syn 

while the PTMs of soluble α-Syn have been less explored. To systematically analyze PTMs 

on soluble α-Syn, purified soluble α-Syn samples were generated from brains of various 

α-synucleinopathies and normal brains by immunoprecipitation (IP) and then analyzed 

by LC–MS/MS (Fig. 3a,b). To facilitate the identification of PTMs, multiple cases from 

each group were used and different LC–MS/MS methods were applied in these studies 

(Supplementary Tables 4 and 5). First, a single band of IP-purified α-Syn was excised 

and used for data-dependent LC–MS/MS analysis. Second, the entire preparation of IP-

purified soluble α-Syn was used for data-dependent LC–MS/MS analysis. Third, cases 

with large quantities of pathological α-Syn or with particularly low postmortem intervals 

were selected for the study. Fourth, several samples were analyzed by LC–MS/MS for 

two continuous rounds, with the second run excluding the ions that were identified in 

the first run. Fifth, to facilitate the identification of phosphorylation and acetylation sites, 

parallel reaction monitoring was performed on samples enriched for phosphorylated and 

acetylated peptides. Finally, treatments with proteases such as trypsin and AspN were used 

to ensure coverage of the entire length of the α-Syn molecule. A total of 50 LC–MS/MS 
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analyses were performed. These data were analyzed for phosphorylation, acetylation, 

methylation, dimethylation, trimethylation, O-GlcNAc, 4-hydroxynonenal, oxidation of 

tyrosine, carboxymethyl, carboxyethyl, arginylation and ubiquitination. The results are 

summarized in Fig. 3c and Supplementary Tables 6-8. A total of 51 modifications were 

identified, with 44 of them being new modifications. 35 of 52 identified PTMs were 

located in the N-terminal domain. The most abundant modifications of soluble α-Syn were 

carboxymethylation, acetylation and methylation. Several new phosphorylation sites (S42, 

T64, T72, T75 and T81) were also identified. Finally, phosphorylation within the NAC 

domain (for example, T64, T72, T75 and T81) seems to be particularly enriched in soluble 

α-Syn isolated from MSA brains (Fig. 3c and Supplementary Tables 7, 8).

Soluble α-Syn acetylation also modulates the amplification of pathological α-Syn

Given the large number of new acetylation sites identified on soluble α-Syn, we asked if 

acetylation of soluble α-Syn could also modulate the transmission of pathological α-Syn. 

Lysine (K) to glutamine (Q) variants were used to mimic lysine acetylation. Different 

K to Q α-Syn variants have similar expression levels compared with WT Syn (Fig. 

4a,b). Similar to phosphorylation, the different acetylation sites do not affect the seeding 

ability of PFFs dramatically, except for K43Q, which reduced the seeding ability of PFFs 

(Fig. 4c,d). K21 acetylation also slightly reduced the amplification of PFF. In contrast, 

different acetylation sites dramatically modulated the seeding of soluble α-Syn by LB-α-

Syn with acetylation at K21, K43 and K45 dramatically reducing the seeding capacity 

of LB-α-Syn (Fig. 4e,f). K60 acetylation also slightly reduced the seeding capacity of 

LB-α-Syn. Furthermore, acetylation on soluble α-Syn also modulated the seeding ability of 

GCI-α-Syn dramatically, but with a very different pattern compared to LB-α-Syn because 

only K43 and K45 acetylation efficiently reduced the seeding ability of GCI-α-Syn (Fig. 

4g,h). K21Q slightly reduced GCI-α-Syn amplification, but K60Q increased GCI-α-Syn 

amplification. We also compared the effects of soluble α-Syn acetylation on the seeding 

ability of different pathological α-Syn strains and demonstrated that K21, K45, K60 and 

K96 acetylation have differential effects on the transmission of different α-Syn strains (Fig. 

4i), demonstrating that acetylation on soluble α-Syn also modulated the amplification of 

pathological α-Syn in a site and strain-dependent manner. We further confirmed the effect 

of soluble α-Syn acetylation on pathological α-Syn amplification by examining the amount 

of insoluble α-Syn induced by different pathological α-Syn strains in acetylation mimetic 

α-Syn variants (Supplementary Fig. 10). Nonacetylation α-Syn variants (K43A and K45A) 

do not affect the amplification of LB-α-Syn and GCI-α-Syn, demonstrating that observed 

effect is acetylation specific (Supplementary Fig. 11). Interestingly, K43A variant reduced 

the amplification of PFF α-Syn, suggesting that this residue is critical for PFF amplification 

(Supplementary Fig. 11).

The effect of soluble α-Syn is pathological α-Syn conformation dependent

Our prior studies showed that passaging GCI-α-Syn in primary neurons maintains its 

seeding ability and conformation23 (Fig. 5a). Even after one round of passaging in primary 

neurons, more than 99% of the passaged GCI-α-Syn (GCI-N) are composed of mouse 

α-Syn23. Therefore, this system allows us to artificially generate an α-Syn strain with 

mouse α-Syn sequence but maintain the GCI-α-Syn conformation. This strain provided 
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us with a unique tool to ask if the effects of soluble α-Syn PTMs on GCI-α-Syn depend 

on the amino acid sequence or on its unique conformation. HEK293 cells expressing WT 

or various variant α-Syn were transduced with GCI-N and the induced α-Syn pathologies 

were analyzed and quantified (Fig. 5b-e). Notably, GCI-N showed a very similar response 

to soluble α-Syn acetylation and phosphorylation as GCI-α-Syn (Fig. 5f,g). These results 

demonstrate that the unique responses to soluble α-Syn PTMs of different pathological 

α-Syn strains are conformation dependent rather than sequence dependent.

Next, we asked if the effects of soluble α-Syn PTMs could be observed in primary neurons. 

In rat primary neurons, α-Syn is expressed at relatively low levels and it is hard to induce α-

Syn pathology in these neurons using misfolded α-Syn seeds (Fig. 6c-f). However, infecting 

these cells with Adeno-associated viruses (AAVs) to express α-Syn could dramatically 

facilitate the induction of α-Syn pathology (Fig. 6c-f). Taking advantage of this expression 

system, we infected rat neurons with AAVs expressing WT or S87E variant α-Syn and 

transduced them with GCI-α-Syn, LB-α-Syn or α-Syn PFFs. This enabled us to ask if 

the effects of soluble α-Syn PTMs on transmission could be observed in primary neurons 

(Fig. 6a). WT and S87E variant α-Syn showed similar expression levels in primary neurons 

(Fig. 6b). Interestingly, while the S87E variant α-Syn showed no obvious effect on the 

seeding ability of α-Syn PFFs (Fig. 6c,d), it dramatically reduced the seeding ability of 

GCI-α-Syn (Fig. 6c,e) and increased the seeding ability of LB-α-Syn (Fig. 6c,f) compared 

with WT α-Syn, similar to what was observed in HEK293 cells. Thereby, this observation 

demonstrates that the effects of soluble α-Syn PTMs on pathological α-Syn amplification 

could also be observed in primary neurons.

Soluble α-Syn PTMs also modulate the seeding properties of pathological α-Syn

Finally, because we demonstrated that α-Syn PTMs could modulate the recruitment of 

soluble α-Syn by different α-Syn strains, we further asked whether PTMs on soluble 

α-Syn could also modulate the seeding properties of pathological α-Syn. In other words, 

will amplifying pathological α-Syn with α-Syn monomers carrying different PTMs change 

the seeding properties of the amplified pathological α-Syn? To answer this question, 

α-Syn PFFs and GCI-α-Syn were passaged in HEK293 cells expressing various α-

Syn phosphorylation mimic variants. Then, the seeding ability of passaged PFFs and 

GCI-α-Syn was evaluated by transducing primary neurons (Fig. 7a). Strikingly, while 

phosphorylation on soluble α-Syn showed no obvious effect on PFFs, the Y39 and S87 

phosphorylation variants dramatically reduced the seeding ability of GCI-α-Syn (Fig. 

7b,c and Supplementary Fig. 12). Passaging GCI-α-Syn and PFFs in different α-Syn 

variants for two rounds showed that the expression of phosphorylation mimics Y39E and 

S87E further reduced the seeding ability of GCI-α-Syn (Fig. 7d,f and Supplementary 

Fig. 13). Interestingly, after passaging in different α-Syn variants for two rounds, S87 

phosphorylation also dramatically reduced the seeding ability of PFFs (Fig. 7e and 

Supplementary Fig. 13). These results demonstrated that soluble α-Syn PTMs could not 

only affect the amplification of pathological α-Syn but also affect the seeding properties of 

pathological α-Syn after amplification.
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In summary, our study demonstrates a previously unknown regulatory role of PTMs 

on soluble α-Syn in the transmission of pathological α-Syn. On the one hand, PTMs 

of soluble α-Syn dramatically modulate the interaction between soluble α-Syn and 

pathological α-Syn. Interestingly, this effect was both modification site and pathological 

α-Syn conformation dependent. Thus, the same PTM would have very different effects on 

different α-Syn strains. On the other hand, the amplification of pathological α-Syn with 

soluble α-Syn carrying different PTMs could also modulate the seeding property of the 

amplified pathological α-Syn. Finally, to further explore this regulatory network of PTMs 

on soluble α-Syn, we also systematically identified PTMs in soluble α-Syn of different 

α-Synucleinopathies by LC–MS/MS, which could be a critical resource for further studies.

Discussion

Transmission of pathological α-Syn along the central nervous system (CNS) is a shared 

mechanism for the progression of various neurodegenerative diseases. Prior studies of 

this process mainly focused on defining the behavior of pathological α-Syn (the seeds). 

However, successful amplification of the pathological α-Syn involves two components, the 

formation of pathological α-Syn seeds and the transformation of normal, soluble α-Syn, that 

is, the substrate. The potential regulatory role of the normal counterparts (soluble α-Syn) 

has generally been ignored. Here we showed for the first time that phosphorylation in 

soluble α-Syn dramatically modified the spreading of pathological α-Syn. Notably, this 

effect is pathological α-Syn conformation dependent. Using LC–MS/MS, we systematically 

identified the PTMs on soluble α-Syn purified from diseased and control brains. Then, 

we demonstrated that soluble α-Syn acetylation also modulates the amplification of 

pathological α-Syn in a conformation-dependent way. Finally, we found that soluble α-Syn 

could also modulate the seeding properties of pathological α-Syn. In summary, soluble 

α-Syn PTMs modulate the spreading of pathological α-Syn in two different ways. On the 

one hand, PTMs of soluble α-Syn could affect the recruitment of endogenous α-Syn by 

the pathological seeds. On the other hand, PTMs of soluble α-Syn could also modulate the 

seeding properties of pathological α-Syn once incorporated.

Previous studies by Lashuel and colleagues showed that phosphorylation of α-Syn 

monomers at S87 inhibits its aggregation in vitro and mimicking phosphorylation in 

vivo attenuates α-Syn aggregation and toxicity in rat models of α-synucleionpathies18,26. 

However, the phosphorylation at S87 slightly increased the amplification of LB-α-Syn, 

highlighting the different roles that PTMs have during the different stages of pathology 

development. Interestingly, S87 phosphorylation dramatically blocked the amplification of 

GCI-α-Syn and reduced the seeding capacity of GCI-α-Syn, suggesting that increasing 

phosphorylation at this site could be an attractive new drug target for MSA patients. On the 

other hand, tyrosine phosphorylation at Y39 has been shown to reduce α-Syn fibrilization 

in vitro13 but was suggested to enhance the α-Syn aggregation in vivo27. In our study, 

we found that Y39 phosphorylation on soluble α-Syn could reduce the amplification of 

LB-α-Syn and GCI-α-Syn. Furthermore, Y39 phosphorylation dramatically reduces the 

seeding potency of amplified GCI-α-Syn, again suggesting that the same PTM can have 

different roles in different stages of disease pathogenesis.
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Among the 11 different soluble α-Syn PTMs analyzed in the current study, seven PTMs 

could modulate the amplification of at least one of the pathological α-Syn strains, 

supporting that the regulation of transmission by soluble α-Syn is a very common 

phenomenon that is not restricted to a particular type of modification or specific 

modification site. However, among these seven PTMs, only one PTM (K43 acetylation) 

showed consistent effects on all three α-Syn strains (that is, LB-α-Syn, GCI-α-Syn 

and synthetic α-Syn PFFs), demonstrating that the effects of soluble α-Syn PTMs on 

transmission are highly selective to specific conformations. The fact that GCI-N and GCI-

α-Syn showed similar responses to soluble α-Syn PTMs further demonstrated that the 

effects of PTMs on pathological α-Syn transmission are conformation rather than amino 

acid sequence dependent. Different pathological α-Syn strains show different spreading 

patterns in the CNS23, but the underlying molecular mechanisms of these processes remain 

unknown. Our study indicates that the very distinct responses of different α-Syn strains 

to the same PTM could contribute to their different spreading patterns in the CNS and 

eventually contribute to the clinical diversity of different α-synucleinopathies.

To the best of our knowledge, our study represents the first systematic analysis of PTMs 

on soluble α-Syn. Previous studies of α-Syn PTMs were biased toward the PTMs on 

pathological α-Syn while our study identified a large number of new modifications in 

soluble α-Syn prepared from various diseased brains, which could be a critical resource 

for future studies on the biological functions of these modifications. The majority of the 

PTMs (34 of 51) were concentrated at the N-terminal domain. But five of the seven 

phosphorylation sites were found in the NAC domain. Four of these five phosphorylation 

sites have only been identified in soluble α-Syn prepared from MSA brains. Given the fact 

that S87 phosphorylation could only block the amplification of GCI-α-Syn, the enrichment 

of NAC domain phosphorylation such as S87 on soluble α-Syn from MSA patients could be 

a potential defense mechanism to reduce α-Syn transmission in MSA patients.

Previous studies suggested that acetylation on the N-terminal domain of α-Syn can block 

α-Syn aggregation28. Here we found that acetylation at different α-Syn sites shows differing 

effects on the amplification of LB-α-Syn and GCI-α-Syn. Overall, acetylation reduced the 

amplification of different α-Syn strains, suggesting that increasing the acetylation level on 

α-Syn could be beneficial for different α-Synucleinopathy patients. Previous studies have 

suggested that glycation promotes the aggregation of α-Syn29. We have identified multiple 

glycation sites on soluble α-Syn purified from diseased brains. It would be interesting 

to follow up on these glycation sites and study their role in the regulation of α-Syn 

transmission. O-GlcNAc on α-Syn has been reported to block α-Syn aggregation15,30. We 

have identified two O-GlcNAc sites on soluble α-Syn29. α-Syn arginylation has also been 

shown to block the aggregation of α-Syn25,31,32. We identified one arginylation site in 

soluble α-Syn from diseased brains. Methylation and dimethylation of α-Syn have not been 

studied before. However, we identified multiple new methylation and demethylation sites in 

soluble α-Syn, which could be an attractive new area to study.

In summary, our study illustrates a previously unknown regulatory role of soluble α-Syn 

on the transmission of pathological α-Syn. Given the high complexity of PTMs on soluble 

α-Syn and the complicated interaction between soluble α-Syn PTMs with pathological 
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α-Syn, this regulatory role of PTMs on soluble α-Syn could contribute substantially to 

the clinical and pathological landscape of diverse α-Synucleinopathies. Looking into the 

future, this effect of soluble α-Syn PTMs on pathological α-Syn spreading is worth further 

verification in animal models and also in patients. Notably, this idea of a regulatory role 

for soluble proteins could be easily expanded to other neurodegenerative diseases, such as 

tauopathies, because numerous PTMs have been identified on soluble tau33 and various tau 

strains have been reported34.

Methods

Statistics and reproducibility

The Investigators were blinded to the conditions of the experiments during data collection 

and quantification. No statistical methods were used to predetermine sample sizes but our 

sample sizes are similar to those reported in previous publications23. The normality and 

equal variances were formally tested for statistical analysis. Image Studio was used to 

collect the WB data. Accompanying software for IN Cell Analyzer 2200 was used to image 

the stained cells. Accompanying software for Molecular Devices Spectramax M5 plate 

reader was used to read the ELISA plates. Excel (Office 2019) was used to analyze the 

ELISA results. Cultured cells were equally assigned to each treatment group. Cell culture 

wells with server unexpected cell death (> 50% cell death compared with other groups) have 

been excluded from the analysis.

All statistical tests were two-tailed, and significance was assigned at P < 0.05. Normality 

was assessed by Shapiro–Wilk test. Equal variances between group samples were assessed 

by Brown–Forsythe test. One sample t-test (for normally distributed data) or one sample 

Wilcoxon test (for non-normally distributed data) was used for comparing the difference 

between variant groups and the WT group. Because they led to multiple comparisons, the 

false discovery rate (FDR) method was used for correcting the P values. Unpaired or paired 

t-test were used for comparing the differences between two groups, while Welch’s correction 

was necessary if the variances had a significant difference. One-way ANOVA with Tukey’s 

multiple comparison test was used for comparing the differences among multiple groups 

when the data followed normal distributions and no differences among the variances, while 

Kruskal–Wallis test with Dunn’s multiple comparison test was used if the data were non-

normally distributed. All the statistics were performed in Graphpad 8.0 (GraphPad Prism, 

GraphPad Software, www.graphpad.com) and R (The R Project for Statistical Computing 

(2022), available at https://www.R-project.org/).

Source of cell lines

The HEK293 is purchased from ATCC (CRL-1573).

Generation of α-Syn PFFs

α-Syn monomers and PFFs were generated as previously described in ref. 35. Briefly, human 

WT or S87N α-Syn was expressed in BL21 (DE3) RIL cells and boiled in high-salt (HS_ 

buffer; 750 mM NaCl, 10 mM Tris (pH 7.6) and 1 mM EDTA). Then, α-Syn monomers 

were purified using Superdex 200 column (GE Healthcare Life Sciences) and a Hi-Trap 
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Q HP anion-exchange column (GE Healthcare Life Sciences) sequentially. Fibrillization 

was conducted in sterile Dulbecco’s PBS (Cellgro, Mediatech; pH adjusted to 7.0) at the 

concentration of 5 mg ml−1 of recombinant α-Syn by incubating at 37 °C with constant 

shaking at 1,000 rpm for 7 d. The fibrils are stored at −80 °C until use.

Preparation of α-Syn from human brains

Preparation of pathological α-Syn was performed as previously described in ref. 23. Briefly, 

frozen brain tissues were homogenized in HS buffer (50 mM Tris–HCl pH 7.4, 750 mM 

NaCl, 10 mM NaF and 5 mM EDTA) with protease and protein phosphatase inhibitors, 

incubated on ice for 20 min, and centrifuged at 100,000 g for 30 min. The supernatant was 

collected as HS fraction. The pellets were extracted one more time with HS buffer, followed 

by sequential extractions with 1% Triton X-100-containing HS buffer and centrifugation at 

100,000 g for 30 min. The supernatant was collected as Tx fraction. HS and Tx fractions 

were combined together as the soluble α-Syn fraction. The pellets were re-extracted with 

1% Triton X-100-containing HS buffer with 30% sucrose and 1% sarkosyl-containing HS 

buffer. The resulting sarkosyl-insoluble pellets were resuspended in Dulbecco’s PBS by 

brief sonication (QSonica Microson XL-2000; 20 pulses; setting 2; 0.5 s per pulse). The 

amount of α-Syn in each fraction was determined by sandwich ELISAs.

IP

For the identification of PTMs, soluble α-Syn was further purified by IP as previously 

described in ref. 23. Briefly, control mouse IgG (Sigma) or Syn9027, an in-house-generated 

antibody against α-Syn (epitope, aa130–140), were coupled to Dynabeads (Invitrogen) 

following the manufacturer’s instructions. Soluble α-Syn from diseased or control brains 

was incubated with control IgG-coupled beads in Dulbecco’s PBS and rotated at 4 °C 

overnight. The resulting supernatant was then incubated with Syn9027-coupled beads in a 

rotator at 4 °C overnight to capture α-Syn. The following day, the Syn9027 beads were 

washed three times with Dulbecco’s PBS and boiled in sampling buffer and the eluted 

samples were stored at −80 °C until use. The single band of α-Syn monomer or the whole 

lane of IP eluted proteins was used for LC–MS/MS analysis.

Cell cultures and transduction

All housing and experimental procedures of mice and rats were performed according to the 

NIH Guide for the Care and Use of Experimental Animals and approved by the University 

of Pennsylvania Institutional Animal Care and Use Committee (IACUC) and the UCLA 

IACUC. All animals were housed in IACUC-certified animal quarters that maintain a 12 h 

light/12 h dark cycle at 18–23 °C with 40–60% humidity and food is available ad libitum. 

Primary mouse and rat neurons were prepared as previously described in ref. 35. Misfolded 

α-Syn proteins were diluted in Dulbecco’s PBS (without Mg2+ or Ca2+) and sonicated using 

QSonica Microson XL-2000 for 60 pulses. At 10 d in vitro, primary mouse neurons were 

treated with PBS or sonicated misfolded α-Syn and stained at 14 d post-transduction. Rat 

neurons were infected with AAV expressing WT or S87E variant α-Syn at 2 d in vitro and 

transduced with misfolded α-Syn at 9 d in vitro and stained at 14 d post transduction. The 

transfection and transduction of HEK293 cells were performed as previously described in 

ref. 36.
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To passage PFFs in HEK293 cells, 106 HEK293 cells were plated in a 6 cm dish, transfected 

to express variant α-Syn 1 d later and then transduced with PFFs or GCI-α-Syn 2 d later. 

Cells were collected at 3 d post-transduction with the same protocol as described for the 

human brain, except that 1% Triton-containing HS buffer was used in the initial extraction.

Mass spectrometry analysis

Peptides were analyzed on a QExactive HF or OrbitrapElite mass spectrometer (Thermo 

Fisher Scientific) coupled with an Ultimate 3000 nano UPLC system and Easy-Spray 

source or an Eksigent nanoLC Ultra (Sciex) and nanospray Flex ion source. Peptides were 

separated by reverse phase (RP)-HPLC on Easy-Spray RSLC C18 2 μm 75 μm id × 50 cm 

column at 50 C or 75 μm id × 15 cm Reprosil-pur 3 μm, 120 Å (Maisch) in a Nanoflex 

chip system (Sciex). Data were collected using data-dependent acquisition (DDA), parallel 

reaction monitoring (PRM) or a mixed DDA/PRM mode. In several LC–MS/MS analyses, to 

enhance sensitivity for low abundant peptides, the m/z and retention time (RT) for precursor 

ions of all identified peptides were extracted and used to construct an exclude peak list for 

the second runs.

Database search of the LC–MS/MS results

Peptide identification for the DDA mode was performed in MaxQuant (1.6.1.0) using 

human reference database from Uniprot (reviewed canonical and isoforms; downloaded 

on 20180104) and the search results were exported into Scaffold 4 (Proteome Software). 

Trypsin or AspN was selected as the digestion enzyme, and a maximum of three labeled 

amino acids and two missed cleavages per peptide were allowed. Fragment ion tolerance 

was set to 0.5 Da. The MS/MS tolerance was set at 20 ppm. The minimum peptide length 

was set at seven amino acids. Carbamidomethyl (+57.02146 Da) of Cys was defined as a 

fixed modification. In multiple search instances, several variable modifications including 

Ser, Thr and Tyr phosphorylation (+79.96633 Da), Glu arginylation (+156.10111 Da), O-

GlcNAc (+203.07937 Da) of Thr, acetylation (+42.01056 Da)/ubiquitinylation (+114.04292 

Da)/methylation (+14.01565 Da)/dimethylation (+28.03130 Da)/trimethylation (+42.04695 

Da)/carboxymethylation (+58.00548 Da)/carboxyethylation (+72.02113 Da) of Lys were 

implemented in MaxQuant. The FDR for peptide identification was set at 1% in Scaffold 

4. Peptides with scores higher than 90 and location properties higher than 0.8 by Maxquant 

were chosen for manual examination. All integrated peaks were manually inspected to 

ensure correct peak detection and integration.

Ethics approvals

All animal breeding, housing and experimental procedures were performed according to the 

NIH Guide for the Care and Use of Experimental Animals and approved by the University 

of Pennsylvania (UPenn) and the University of California, Los Angeles, IACUC. The use of 

postmortem brain tissue in this study has been approved by the Institutional Review Boards 

(IRBs) of the University of Pennsylvania and UCLA and decided as ‘exempt’ from IRB 

review because it is postmortem tissue.
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Phosphorylation of α-Syn in vitro

WT or S87N variant α-Syn monomers were incubated with Casein Kinase I (New England 

Biolabs) at 37 °C overnight following the manual instructions. The phosphorylated α-Syn 

was analyzed by WB with antibodies against total α-Syn or S87 phosphorylated α-Syn.

Generation of Y39 phosphorylated α-Syn

To synthesize phosphorylated α-Syn, a two-piece native chemical ligation (NCL) was 

performed between the fragments α-Syn1-55-pY39 and α-Syn56-140. All fragments 

and intermediate products were purified by reverse-phase high-performance liquid 

chromatography (RP-HPLC) over a C4 column. α-Syn fragments were expressed from 

plasmid containing α-Syn fused to a polyhistidine-tagged GyrA intein from Mycobacterium 
xenopi. Following Ni-NTA affinity column purification, the intein of α-Syn56-140 was 

cleaved with 200 mM β-mercaptoethanol on a rotisserie overnight at room temperature 

to generate α-Syn56-140 with a C-terminal carboxylic acid. Removal of the N-terminal 

thiazolidine was carried out by reacting with 100 mM methoxyamine at pH 4 to deprotect 

the N-terminal cysteine for later use in ligation.

To generate α-Syn1-55 with C-terminal 2-mercaptoethanesulfonate (MES) thioester, 

the α-Syn1-55-intein fusion was dialyzed to remove excess imidazole before 

transthioesterification by stirring with 200 mM sodium 2-mercaptoethanesulfonate (MESNa) 

at 4 °C overnight. The purified fragment α-Syn1-55 thioester was phosphorylated by 

redissolving in buffer (50 mM Tris, 150 mM NaCl and pH 7.4) and reacting with 0.1 equiv 

c-Abl enzyme, 2 mM Mg-ATP and 5 mM MgCl2. The reaction was incubated at 30 °C water 

bath for several hours.

To carry out NCL, α-Syn56-140 was redissolved in ligation buffer (6 M GdnHCl, 200 mM 

Na2PO4, 30 mM TCEP, 50 mM MPAA and pH 7.0). The reacting partner, α-Syn1-55-pY39-

MES thioester, was added and the reaction was incubated at 37 °C with agitation at 250 

rpm for several hours to overnight. The reaction was monitored by MALDI MS, and the 

product was reduced with 300 mM TCEP and purified by RP-HPLC. Radical desulfurization 

to regenerate the native alanine from the cysteine ligation handle was carried out using 50 

mM radical initiator VA-044 and 10% (vol/vol) t-BuSH in an argon-purged tube at 37 °C 

overnight. The full-length phosphorylated α-Syn product was then purified by RP-HPLC.

Generation of S87 phosphorylated α-Syn

To synthesize α-Syn pS87, a three-piece NCL was performed between the fragments 

α-Syn1-84, α-Syn85-90-pS87 and α-Syn91-140. Expression and thioesterification of α-

Syn1-84 MES thioester were carried out as described for α-Syn1-55. Expression and 

thiazolidine deprotection of α-Syn91-140 were carried out as described for α-Syn56-140.

The acyl hydrazide peptide α-Syn85-90-pS87 was made via solid phase peptide synthesis 

on 2-chloro-trityl resin following standard procedures. The resin was derivatized by 

coupling Fmoc-hydrazine, and extra sites were capped with methanol. For amino acid 

coupling, five equiv Fmoc-protected amino acid was activated with 4.9 equiv HBTU, 

4.9 equiv HOBt, and ten equiv DIPEA and added to the deprotected peptidyl resin with 
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stirring for 30 min. Fmoc deprotection was done by stirring for 20 min with 20% (vol/

vol) piperidine in dimethylformamide (DMF). Washes with DMF and dichloromethane 

(DCM) were performed between each coupling and deprotection. α-Syn85-90-pS87 was 

synthesized with pS at position 87 and a cysteine ligation handle at position 85. Coupling 

of (Fmoc-Ser(PO(OBzl)OH)-OH) was achieved by a single coupling overnight. Completion 

of couplings was monitored by Kaiser test. Peptide cleavage from the resin was performed 

by adding a few milliliters of cleavage cocktail (95% trifluoroacetic acid (TFA), 2.5% 

tri-isopropylsilane (TIPS) and 2.5% H2O) and agitating for 1.5 h at room temperature. The 

peptide product was obtained in a 92.2% isolated yield.

To carry out NCL, α-Syn1-84-MES thioester was redissolved to a final concentration of 

2 mM in ligation buffer (6 M GdnHCl, 200 mM NaH2PO4, 50 mM TCEP, 100 mM 

MPAA, pH 7.0) along with three equiv α-Syn85-90-pS87 acyl hydrazide. The reaction was 

incubated at 37 °C with agitation at 500 rpm for 1 h. Peptide bond formation between Gly84 

thioester and Cys85 proceeded to completion within a few minutes, and the product was 

isolated in an 86.5% yield. The intermediate α-Syn1-90-pS87 acyl hydrazide was converted 

to a stable MES thioester for a methyl thioglycolate (MTG)-mediated second NCL and in 

situ desulfurization, following the strategy described in previous publication1. α-Syn1-pS87 

acyl hydrazide was redissolved in low pH NCL buffer (6 M GdnHCl, 200 mM NaH2PO4 

and pH 3.0) to a final concentration of 1 mM and chilled to −15 °C in an ice-salt bath. 

Hydrazide to azide conversion was carried out using ten equiv NaNO2 and agitating by 

magnetic stirring for 15 min. The sample was supplemented with 100 equiv MESNa as a 

neutral buffered solution, and the mixture was allowed to warm to room temperature and 

adjusted to pH 7.0. The product was supplemented with TCEP to a final concentration of 

~40 mM before purification by RP-HPLC using a C4 column.

To carry out the second NCL, α-Syn1-pS87 MES thioester was dissolved together with three 

equiv ligation partner α-Syn91-140 in NCL buffer pH 7 to a final concentration of 1.5 mM. 

A hundred equiv MTG was added from a stock dilution in NCL buffer pH 7.0. The reaction 

was supplemented with TCEP to a final concentration of 40 mM, adjusted to pH 7.0 and 

incubated at 37 °C with agitation at 500 rpm for 4h. To regenerate the native Ala85 and 

Ala91 from the cysteine ligation handles, radical desulfurization was carried out without 

intermediary purification. The NCL reaction mixture was diluted with buffer pH 7.0 so that 

the final protein concentration was 0.4 mM. The mixture was incubated with 20 mM radical 

initiator VA-044, 10% (vol/vol) t-BuSH, and 250 mM TCEP in an argon-purged tube at 37 

°C overnight and purified by RP-HPLC. Overall steps, α-Syn pS87 was obtained in 61.6% 

isolated yield.

Each reaction was monitored by MALDI MS and by analytical HPLC on a 1260 Infinity 

Series HPLC using a Jupiter C4 column (Agilent Technologies). All fragments and 

intermediate products were purified over a C4 column on a Varian preparative HPLC 

equipped with a fraction collector and diode array detector (Agilent Technologies). Water 

+ 0.1% TFA (solvent A) and acetonitrile + 0.1% TFA (solvent B) were used as the mobile 

phase in HPLC.
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In vitro seeding assay

Pathological α-Syn (LB-α-Syn, GCI-α-Syn or PFF) was mixed with phosphorylated α-Syn 

monomers at the following concentration: 10 ng μl−1 pathological α-Syn + 95 ng μl−1 pY39 

α-Syn monomer + 95 ng μl−1 pS87 α-Syn monomer. PFFs were mixed with insoluble 

proteins from normal brains to mimic the contaminating proteins in LB-α-Syn and GCI-α-

Syn. The pathological α-Syn was sonicated for 30 cycles using the Bioruptor Plus sonicator 

from Diagenode (30 s on and 30 s off in each cycle at high power) before mixing with the 

monomers. The total volume for each reaction was 50 μl. The mixture was shaken at 37 °C 

for 4 weeks at 1,000 rpm for fibrilization.

Immunocytochemistry

Cells were fixed with 4% PFA containing 1% Triton X-100 for 15 min to remove soluble 

proteins. Fixed coverslips or plates were blocked with 3% BSA and 3% FBS for 1 h at 

room temperature and incubated with specific primary antibodies at 4 °C overnight followed 

by staining with secondary antibodies and DAPI for 2 h at room temperature. The stained 

cells in plates were scanned with an IN Cell Analyzer 2200. The stained coverslips were 

scanned into digital format with a Lamina scanner (Perkin Elmer). Digitalized plates and 

coverslips were then used for quantification. For HDTA extraction, cells were extracted with 

1% HDTA for 15 min and then fixed in 4% PFA for 15 min before staining.

Sandwich ELISA

α-Syn ELISA has been performed as previously described in ref. 2. Syn9027 or HuA have 

been used as capture antibodies and MJF-R1, HuA or Syn211 were used as the reporter 

antibodies. Finally, plates were read at 450 nm on a Molecular Devices Spectramax M5 plate 

reader.

In solution digestion for mass spectrometry

Samples were precipitated by the addition of acetone/trichloroacetic acid (8 volumes per 

1 volume). The resulting pellet was solubilized and digested with the iST kit (PreOmics 

GmbH) per manufacturer protocol3. Briefly, the resulting pellet was solubilized, reduced 

and alkylated by addition of sodium deoxycholate buffer containing Tris 2-carboxyethyl 

phosphine hydrochloride (TCEP) and 2-chloroacetamide and heated to 95 °C for 10 min. 

Proteins were enzymatically hydrolyzed for 1.5 h at 37 °C by addition of AspN (Sigma) or 

trypsin (Promega). The resulting peptides were desalted, dried by vacuum centrifugation and 

reconstituted in 0.1% TFA (J.T. Baker) containing iRT peptides (Biognosys).

In gel digestion for mass spectrometry

Samples were run into a 10% Bis-Tris 1.0 gel (Invitrogen) and stained with colloidal 

Coomassie. Samples were excised and cut into 1 mm3 cubes44, destained with 50% 

methanol per 1.25% acetic acid, reduced with 5 mM DTT (Dithiothreitol) (Thermo) and 

alkylated with 20 mM iodoacetamide (Sigma). Gel pieces were then washed with 20 

mM ammonium bicarbonate (Sigma) and dehydrated with acetonitrile (Fisher). Trypsin 

(Promega) or AspN (Sigma) (5 ng ml−1 in 20 mM ammonium bicarbonate) was added to 

the gel pieces and proteolysis was allowed to proceed overnight at 37 °C. Proteolysis was 
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stopped by the addition of 0.3% TFA. The supernatant was removed and placed in a 0.5 ml 

tube. Peptides were extracted with 50% acetonitrile. Extracts were combined and the volume 

was reduced by vacuum centrifugation. Samples were subjected to stage tip cleanup5, dried 

by vacuum centrifugation and reconstituted in 0.1% TFA.

IMAC for phosphopeptide enrichment

Peptides from each sample were freeze-dried and dissolved in 75% acetonitrile per 0.1% 

TFA. The metal affinity chromatography (IMAC) beads (PHOS-select iron affinity beads; 

Sigma, P9740-5ML) were washed two times 500 μl with buffer W/E (30% acetonitrile per 

250 mM acetic acid) at 8,000 rcf for 1 min6. Peptide mixtures were incubated with 10 μl 

of 25% IMAC beads for 1 h at 1,000 rpm at RT. The enriched phosphopeptides on the 

IMAC beads were loaded onto a prewashed 96-well glass fiber filter plate (Phenomenex, 

AF0-8265). The flow-through of the unbound IMAC peptides was kept for acetylated 

peptide enrichment. The IMAC beads were washed sequentially under vacuum with two 

times 400 μl W/E buffer; 80% acetonitrile per 0.1% TFA; and 30% acetonitrile/water. 

Phosphorylated peptides were eluted two times 400 μl with elution buffer (400 mM 

ammonium hydroxide per 30% acetonitrile) after 1 min incubation each. The eluted peptides 

were collected with a new LoBind Plate 96-well collection plate (Eppendorf, 0030 504.305).

Immunoaffinity enrichment for acetylated peptides

To enrich acetylated peptides from the unbound IMAC peptides, the unbound peptides were 

lyophilized and dissolved in IAP buffer (50 mM MOPS, 50 mM NaCl, 10 mM Na2HPO4, 

pH ~7.2) according to the manufacturer’s instruction. The PTMScan Acetyl-Lysine Motif 

(Ac-K) Immunoaffinity Beads were purchased from Cell Signaling (Prod, 13416). The beads 

were washed three times with 1 ml IAP, ~5 μl 100% beads were used for each sample for 

the immunoaffinity enrichment7 under end-end mixing for 1 h at 4 °C. The beads were 

then washed with two times 1 ml IAP, 1× IAP plus 0.05% RapiGest SF (Waters) surfactant, 

followed by three times 1 ml PBS washes; the lysine-acetylated peptides were eluted with 

two times 40 μl 0.15% TFA. The eluted acetylated peptides were desalted via Oasis HLB 

μElution plate 30 μM (Waters). The enriched peptides from both IMAC and acetylated 

immunoaffinity were dried via speedvac for overnight, and they were dissolved in 0.1% 

TFA/water including iRT peptides. Both eluates were combined to a final volume of 8 μl for 

LC–MS analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 ∣. Soluble α-Syn phosphorylation modulates pathological α-Syn amplification.
a, Schematic representation of experiment design. b, α-Syn variants show similar expression 

levels. (Repeated three times.) c, Densitometric quantification of α-Syn variants for 

experiments in b. (n = 3 different samples. Y39E, P = 0.9763; S87E, P = 0.724; Y125E, P 
= 0.0512 and Y133E, P = 0.724). d, Cells expressing α-Syn variants were transduced with 

α-Syn PFFs (40 ng per well). The induced α-Syn pathologies were stained with anti-pS129 

α-Syn antibody (81A). (Repeated > 5 times.) e, Quantification of α-Syn pathology for 

experiments in d. (WT, n = 10; Y39E, S87E and Y133E, n = 8; Y125E, n = 7 and PBS, 

n = 4. Three different batches of PFF were tested. Y39E, P = 0.5633; S87E, P = 0.052; 

Y125E, P = 0.0883; Y133E, P = 0.120 and PBS, P < 0.0001). f, Cells expressing α-Syn 

variants were transduced with LB-α-Syn (4 ng per well) and stained with 81A. (Repeated > 

7 times.) g, Quantification of α-Syn pathology for experiments in f. (PBS, n = 7; WT, n = 

33; Y39E, n = 27; S87E, n = 30; Y125E, n = 25 and Y133E, n = 26. LB-α-Syn from eight 

cases were tested. Y39E, P < 0.0001; S87E, P = 0.0018; Y125E, P = 0.0018; Y133E, P = 

0.0015 and PBS, P < 0.0001). h, Cells expressing α-Syn variants were transduced with low 

amount of α-Syn PFFs (4 ng per well) and the induced α-Syn pathology are quantified. (n 
= 3 different PFFs. Y39E, P = 0.0105; S87E, P = 0.0034; Y125E, P = 0.0313 and Y133E, 

P = 0.0034). i, Cells expressing α-Syn variants were transduced with GCI-α-Syn (40 pg per 
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well) and stained with 81A. (Repeated > 7 times.) j, Quantification of α-Syn pathology for 

experiments in i. (WT, n = 14; Y39E and Y133E, n = 10; S87E and Y125E, n = 11 and 

PBS, n = 7. GCI-α-Syn from six cases was tested. Y39E, P = 0.0092; S87E, P < 0.0001; 

Y125E, P = 0.2446; Y133E, P = 0.0113 and PBS, P < 0.0001). k, Combining the data in 

e, g and j. (The n are the same as in e, g and j. Y39E LB versus PFF, P < 0.0001; Y39E 

LB versus GCI, P = 0.0359; S87E LB versus PFF, P = 0.0368; S87E LB versus GCI, P 
< 0.0001; Y125E LB versus GCI, P = 0.0297 and Y133E LB versus PFF, P = 0.0300). 

Results are shown as mean ± s.e.m. Statistics in c, e, g, h and j are one sample t-test (for 

normally distributed data) or one sample Wilcoxon test (for non-normally distributed data) 

against one. Statistics in k are one-way ANOVA with Tukey’s multiple comparison test (for 

normally distributed data) or Kruskal–Wallis test with Dunn’s multiple comparison test (for 

non-normally distributed data) in each variant group. The P values in c, e, g, h and j are FDR 

corrected. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant. Scale 

bar, 100 μm.
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Fig. 2 ∣. Soluble α-Syn phosphorylation modulates GCI-α-Syn and LB-α-Syn amplification.
a, Schematic diagram showing the seeding assay. Equal amounts of pY39 and pS87 α-Syn 

monomer mixture were seeded with PFF, LB-α-Syn or GCI-α-Syn. After fibrilization, the 

amount of pS87 and pY39 α-Syn in the fibril fraction were analyzed by sedimentation 

assay and WB, to evaluate which monomer is more easily seeded by pathological α-Syn. 

b–d, Representative WB results with antibodies against pY39 or pS87 α-Syn for experiment 

in a. P, pellet; s, supernatant in the sedimentation assay. (Repeated nine times for b and 

c, ten times for d.) e–g, Quantification results for experiments in b–d. e, PFF seed pY39 

or pS87 α-Syn monomer equally (n = 9 different samples, P = 0.9414). f, LB-α-Syn 

preferentially seeds pS87 over pY39 α-Syn (n = 9 different samples, P = 0.0176). g, GCI-α-

Syn preferentially seeds pY39 over pS87 α-Syn (n = 10 different samples, P = 0.0195). 

h, WT α-Syn was expressed in cells with or without c-Abl. pY39 α-Syn, total α-Syn and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were evaluated by WB (repeated > 5 

times). i, Densitometric quantification of pY39 α-Syn versus total α-Syn for experiments 

in h (n = 7 different samples, P = 0.0038). j, Densitometric quantification of total α-Syn 

versus GAPDH for experiments in h. (n = 5 different samples, P = 0.2366). k,l, α-Syn was 

expressed in cells with or without c-Abl and seeded by PFF. The cells were stained with 

anti-pS129 α-Syn to evaluate α-Syn pathology (k) or extracted with 1%HDTA and stained 
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with anti total α-Syn to evaluate insoluble α-Syn (l). (n = 6, three different PFF were tested; 

k, P = 0.4552; l, P = 0.1891). m,n, Similar to k and l, but seeded with LB-α-Syn. (n = 5, 

LB-α-Syn from three cases were tested; m, P = 0.0034; n, P = 0.0275). o,p, Similar to k and 

l, but seeded with GCI-α-Syn (n = 6 for o, n = 5 for p, GCI-α-Syn from three cases were 

tested; o, P = 0.0193; p, P = 0.0096). Results are shown as mean ± s.e.m. Statistics in e, f 
and g are two-tailed Wilcoxon matched-pairs signed rank test t-test. Statistics in i–p are one 

sample t-test against 1. *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant.
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Fig. 3 ∣. Systematically identify PTMs on soluble α-Syn from different α-synucleinopathies.
a, Schematic diagram showing the purification of soluble α-Syn from disease brains. b, IP-

purified soluble α-Syn from various α-synucleinopathy and control brains and recombinant 

α-Syn monomers were resolved on 12% Bis-Tris gel and stained with Coomassie Blue. 

(Repeated three times.) c, Summary of PTMs identified on soluble α-Syn purified from 

different α-synucleinopathy and control brains. WM, white matter.
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Fig. 4 ∣. Soluble α-Syn acetylation modulates pathological α-Syn amplification.
a, Acetylation mimetic α-Syn variants showed similar expression levels in cells. (Repeated 

five times.) b, Densitometric quantification of α-Syn for experiment in a. (n = 4 for K96Q, n 
= 5 for the other groups; K6Q, P = 0.0544; K21Q, P = 0.268; K34Q, P = 0.658; K43Q, P = 

0.772; K45Q, P = 0.539; K60Q, P = 0.088; K96Q, P = 0.0544; K102Q, P = 0.0776.) c, Cells 

expressing α-Syn variants were transduced with α-Syn PFFs (40 ng per well) and stained 

with anti-pS129 α-Syn (81A). (Repeated > 7 times.) d, Quantification of α-Syn pathology 

for c. (PBS, n = 7; WT, n = 21; K21Q, K43Q, K60Q, K96Q and K102Q, n = 18; K34Q and 

K45Q, n = 17. Four different PFF were tested. K21Q, P = 0.0029; K34Q, P = 0.1768; K43Q, 

P = 0.0012; K45Q, P = 0.543; K60Q, P = 0.2264; K96Q, P = 0.6397; K102Q, P = 0.543; 

PBS, P < 0.0001). e, Cells expressing α-Syn variants were transduced with LB-α-Syn (4 ng 

per well) and stained with 81A. (Repeated > 7 times.) f, Quantification of α-Syn pathology 

for e (PBS, n = 7; WT, n = 25; K21Q, K43Q and K96Q, n = 19; K34Q and K45Q, n = 

17; K60Q and K102Q, n = 20. LB-α-Syn from eight cases were tested. K21Q, P < 0.0001; 

K34Q, P = 0.0539; K43Q, P < 0.0001; K45Q, P < 0.0001; K60Q, P = 0.0002; K96Q, P 
= 0.0783; K102Q, P = 0.7282; PBS, P < 0.0001). g, Cells expressing α-Syn variants were 

transduced with GCI-α-Syn (40 pg per well) and stained with 81A. (Repeated > 7 times). 

h, Quantification of α-Syn pathology for g. (PBS, n = 6; WT, n = 18; K21Q, K34Q, K43Q, 
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K45Q and K96Q, n = 13; K60Q and K102Q, n = 15. GCI-α-Syn from six cases were tested. 

K21Q, P = 0.0114; K34Q, P = 0.103; K43Q, P = 0.002; K45Q, P = 0.0112; K60Q, P = 

0.0245; K96Q, P = 0.6425; K102Q, P = 0.362; PBS, P < 0.0001). i, Combining the data 

in d, f and h. (The n is the same as d, f and h. K21Q PFF versus LB, P = 0.0184; K21Q 

LB versus GCI, P = 0.0385; K34Q PFF versus LB, P = 0.0234; K34Q LB versus GCI, P 
= 0.0174; K43Q PFF versus GCI, P = 0.0130; K45Q PFF versus LB, P = 0.0248; K45Q 

PFF versus GCI, P = 0.0379; K60Q PFF versus LB, P = 0.0088; K60Q LB versus GCI, P < 

0.0001) Results shown as mean ± s.e.m. N represents biological replicates. Statistics in b, d, 

f and h are one sample t-test (for normally distributed data) or one sample Wilcoxon test (for 

non-normally distributed data) against one. Statistics in i are one-way ANOVA with Tukey’s 

multiple comparison test (for normally distributed data) or Kruskal–Wallis test with Dunn’s 

multiple comparison test (for non-normally distributed data) in each variant group. The P 
values in b, d, f and h are FDR corrected. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 

0.0001; NS, not significant. Scale bar, 100 μm.
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Fig. 5 ∣. The effect of soluble α-Syn PTMs on pathological α-Syn transmission is conformation 
dependent.
a, Schematic representation showing the passaging of GCI-α-Syn in primary neurons. b, 

HEK293 cells expressing phosphorylation mimetic α-Syn variants were transduced with 

GCI-α-Syn that was passaged in primary neurons (GCI-N) (40 pg per well) and stained 

with anti-pS129 α-Syn antibody (81A). (Repeated seven times.) c, Quantification of α-Syn 

pathology (pSyn normalized with total DAPI counts) for experiments in b. (n = 11 for WT 

and Y39E, n = 8 for S87E, Y125E and Y133E. Seven different GCI-N were tested. Y39E, 

P = 0.0079; S87E, P = 0.00011; Y125E, P = 0.8138; Y133E, P = 0.0072). d, HEK293 cells 

expressing acetylation mimetic α-Syn variants were transduced with GCI-N and stained 

with 81A. (Repeated ten times.) e, Quantification of α-Syn pathology for experiments in 

d. (n = 10 for K21Q and K34Q, n = 11 for the other groups. Seven different GCI-N were 

tested. K21Q, P < 0.0001; K34Q, P = 0.3223; K43Q, P < 0.0001; K45Q, P = 0.0007; 

K60Q, P = 0.0623; K96Q, P = 0.0638; K102Q, P = 0.0714.) f,g, Both phosphorylation 

and acetylation of soluble α-Syn showed similar effects on the transmission of GCI-N and 

GCI-α-Syn. (For GCI-α-Syn group in f, n = 11 for WT, n = 7 for Y39E, n = 8 for S87E, 

Y125E and Y133E. For GCI-N group in f, n = 10 for WT and Y39E, n = 7 for S87E, 

Y125E and Y133E. For GCI-α-Syn group in g, n = 18 for WT, n = 13 for K21Q, K34Q, 

K43Q, K45Q and K96Q, n = 15 for K60Q and K102Q. For GCI-N group in g, n = 11 for 
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WT, n = 10 for K21Q and K34Q, n = 11 for K43Q, K45Q, K60Q, K96Q and K102Q.) 

Results are shown as mean ± s.e.m. N represents biological replicates. Statistics in c and 

e are one sample t-test (for normally distributed data) or one sample Wilcoxon test (for 

non-normally distributed data) against one. Statistics in f and g are unpaired two-tailed 

t-test (for normally distributed data; if variances are substantially different, perform Welch’s 

correction) or Mann–Whitney test (for non-normally distributed data) in each variant group. 

The P values in c and e are FDR corrected. *P < 0.05; ****P < 0.0001; NS, not significant. 

Scale bar, 100 μm.
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Fig. 6 ∣. PTMs of soluble α-Syn modify the spreading of pathological α-Syn in primary neurons.
a, Schematic representation: rat primary neurons were infected with AAV to express either 

WT or S87E variant α-Syn and then transduced with GCI-α-Syri (40 pg per well), α-Syn 

PFFs (40 ng per well) or LB-α-Syn (4 ng per well). b, WT and S87E α-Syn show similar 

expression levels in rat primary neurons as measured by ELISA. (n = 3 different samples, 

P = 0.100). c, As described in a, transduced neurons were extracted with 1% Triton X-100 

and stained with antibodies against α-Syn phosphorylated at S129 (pSyn) and MAP2. S87E 

α-Syn dramatically blocked the seeding ability of GCI-α-Syn and increased the seeding 

ability of LB-α-Syn but did not have significant effects on α-Syn PFF. There is very little 

α-Syn pathology in uninfected groups. (Repeated three times) d–f, Quantification of the 

amount of α-Syn pathology (pSyn normalized with total MAP2 signal) for experiments 

described in c. (n = 3, three different PFFs, LB-α-Syn and GCI-α-Syn from different cases 

were tested here. WT versus S87E, P = 0.4355 for d, P = 0.0067 for e, P = 0.0338 for f. 
Results are shown as mean ± s.e.m. Statistics in b are unpaired, two-tailed Mann–Whitney 

test. Statistics in d, e and f are one-way ANOVA with Tukey’s multiple comparison test. *P 
< 0.05; **P < 0.01; NS, not significant. Scale bar, 200 μm.
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Fig. 7 ∣. PTMs on soluble α-Syn modify the seeding properties of pathological α-Syn.
a, Schematic representation: HEK293 cells expressing α-Syn variants with different 

phosphorylation mimics were transduced with α-Syn PFFs or GCI-α-Syn. The induced 

insoluble pathological α-Syn proteins were enriched by sequential extraction with 1% Triton 

X-100 and 1% sarkosyl-containing buffers. b, Mice primary neurons were transduced with 

α-Syn PFFs (40 ng per well) that had been passaged in cells expressing different α-Syn 

variants. After induction of α-Syn pathology, cells were extracted with buffer containing 

1% Triton X-100 to remove soluble proteins and stained with antibodies against the 

phosphorylated S129 α-Syn and MAP2. The amount of α-Syn pathology was quantified 

as the total amount of pSyn normalized with MAP2. Passaging α-Syn variants with different 

phosphorylation mimics once did not change the seeding properties of α-Syn PFFs. (n = 3 

different batches of passaged PFF for all groups. PFF-Y39E-P1 P = 0.7018, PFF-S87E-P1 

P = 0.2092, PFF-Y125E-P1 P > 0.9999 and PFF-Y133E-P1 P = 0.71.) c, Similar to b, 

mouse primary neurons were transduced with GCI-α-Syn (40 pg per well) that had been 

passaged once in different α-Syn variants. Passaging in cells expressing Y39E and S87E 

variant α-Syn dramatically reduced the seeding ability of the GCI-α-Syn strain. (n = 5 

for GCI-WT-P1, n = 4 for GCI-Y39E-P1, GCI-S87E-P1 and GCI-Y133E-P1, n = 3 for 

GCI-Y125E-P1. n represents biological replicates. Three different batches of passaged GCI-

Zhang et al. Page 31

Nat Neurosci. Author manuscript; available in PMC 2023 April 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



α-Syn were tested here with some batches being tested multiple times. GCI-Y39E-P1 P 
= 0.011, GCI-S87E-P1 P = 0.0072, GCI-Y125E-P1 P = 0.3962 and GCI-Y133E-P1 P = 

0.086.) d, Schematic representation showing passaging of GCI-α-Syn and PFFs in cells 

expressing α-Syn variants with different phosphorylation mimics for a second round of 

amplification (P2). e, Evaluating the seeding ability of α-Syn PFFs (40 ng per well) that 

had been passaged in variant α-Syn for two rounds showed that continuous passaging in 

Y39E and S87E variant α-Syn leads to a dramatic reduction of the seeding ability of these 

PFFs. (n = 4, three different batches of passaged PFF were tested here with one batch being 

tested twice. PFF-Y39E-P2 P = 0.107, PFF-S87E-P2 P = 0.0008, PFF-Y125E-P2 P = 0.4492 

and PFF-Y133E-P2 P = 0.6639.) f, Similar to the experiments described in e, continuous 

passaging of GCI-α-Syn in Y39E and S87E variant α-Syn led to a dramatic reduction of the 

seeding ability of GCI-α-Syn (40 pg per well). (n = 5 for GCI-WT-P2 and GCI-Y125E-P2, n 
= 4 for GCI-Y39E-P2, GCI-S87E-P2 and GCI-Y133E-P2. n represents biological replicates. 

Three different batches of passaged GCI-α-Syn were tested here with some batches being 

tested multiple times. GCI-Y39E-P2 P < 0.0001, GCI-S87E-P2 P < 0.0001, GCI-Y125E-P2 

P = 0.0672 and GCI-Y133E-P2 P = 0.1986.) Results are shown as mean ± s.e.m. Statistics 

are one sample t-test (for normally distributed data) or one sample Wilcoxon test (for 

non-normally distributed data) against one. The P values are FDR corrected. *P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001; NS, not significant.
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