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ABSTRACT

The process of amyloid fibril formation remains one of the primary targets for developing diagnostics and
treatments for several neurodegenerative diseases (NDDs). Amyloid-forming proteins such a-Synuclein and
Tau, which are implicated in the pathogenesis of Alzheimer’s and Parkinson’s disease, can form different
types of fibril structure, or strains, that exhibit distinct structures, toxic properties, seeding activities, and
pathology spreading patterns in the brain. Therefore, understanding the molecular and structural determinants
contributing to the formation of different amyloid strains or their distinct features could open new avenues for
developing disease-specific diagnostics and therapies. In this work, we report that O-GIcNAc modification of
a-Synuclein monomers results in the formation of amyloid fibril with distinct core structure, as revealed by
Cryo-EM, and diminished seeding activity in seeding-based neuronal and rodent models of Parkinson’s
disease. Although the mechanisms underpinning the seeding neutralization activity of the O-GlcNAc modified
fibrils remain unclear, our in vitro mechanistic studies indicate that heat shock proteins interactions with O-
GIcNAc fibril inhibit their seeding activity, suggesting that the O-GIcNAc modification may alter the
interactome of the a-Synuclein fibrils in ways that lead to reduce seeding activity in vivo. Our results show
that post-translational modifications, such as O-GlcNAc modification, of a-Synuclein are key determinants of
a-Synuclein amyloid strains and pathogenicity. These findings have significant implications for how we
investigate and target amyloids in the brain and could possibly explain the lack of correlation between
amyloid burden and neurodegeneration or cognitive decline in some subtypes of NDDs.

INTRODUCTION

The formation and deposition of misfolded protein aggregates in the brain is a common feature of most
neurodegenerative diseases (NDDs)'2. Peptides and proteins that are entirely or partially unfolded in solution
are particularly prone to misfolding and formation of -sheet rich fibrillar aggregates characterized by the
eventual stacking of monomers into B-sheets in a cross-f conformation, also known as amyloid fibrils3. The

formation of these aggregates is associated with cell dysfunction and death. Several forms of misfolded
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protein oligomers and mature fibrils of different morphology and structural properties are toxic to mammalian
cells and neurons in culture4. Additionally, amyloid fibrils derived from several proteins implicated in the
pathogenesis of NDDs, such as Tau, a-Synuclein (a-Syn), and TDP43, efficiently seed and induce the
aggregation of the corresponding endogenous protein when added to neurons5-7 and spread through cell-to-
cell propagation mechanisms to different brain regions when injected into the brain of rodents8-12. These
observations, combined with the strong genetic and neuropathological evidence linking the aggregation of
these proteins to the pathogenesis of NDDs, continue to drive strong interest in targeting the formation,
pathogenic properties, or removal of these amyloid structures as potential therapeutic strategies for the
treatment of NDDs, as evidence by the increasing number of anti-aggregation therapies in different phases of

clinical trials today.

The ability of these individual proteins to form multiple amyloid structures or “strains” in different NDDs
presents significant challenges to current anti-amyloid therapies and amyloid-based diagnostics, as they have
not accounted for the structural and biochemical diversity of the different strains?3-15, For example, a-Syn
amyloid fibrils isolated from Parkinson’s disease (PD), multiple system atrophy (MSA), or Lewy body dementia
(LBD) patients exhibit distinct structures6-18, Injection of a-Syn aggregates isolated from patients with
different diseases results in distinct phenotypes and pathology patterns in mice'. These results have
generated significant interest in uncovering structure-pathogenicity relationships between these strains and
the molecular and structural determinants of their formation. Addressing this knowledge gap could lead to
new strategies to develop disease-specific diagnostics (e.g., PET-tracers) and therapies or the identification of
generalized strategies to neutralize the pathogenic activities of all a-Syn fibril strains.

Posttranslational modifications (PTMs) can have profound consequences on the structure, biochemistry, and
function of proteins in health and disease. Biochemical studies of pathological hallmarks of NDDs, including
amyloid plagues, tangles, Lewy bodies (LB), and Lewy neurites, have shown that they accumulate misfolded
AB, Tau, and a-Syn aggregates that are subjected to different types of PTMs at multiple residues20-24,
Consequently, antibodies against the modified and aggregate forms of these proteins have become the main
tools to detect, monitor, and quantify pathology formation in post-mortem human brain tissues and animal
models of NDDs. Most PTMs are substoichiometric in nature and may not be found in high percentages on
the aggregates from patients. However, the prion-like nature of amyloids has potential to give them outsized
influence. These findings, combined with increasing evidence demonstrating an increase in the levels of
specific modified forms of a-Syn or Tau in patients with PD and Alzheimer's disease (AD), respectively,
suggest that PTMs may play an important role in regulating pathology formation and neurodegeneration in
NDDs. Despite this, several questions regarding the roles of PTMs in NDDs remain unanswered, including 1)
which PTMs enhance or protect against protein aggregation and toxicity in NDDs; 2) how do PTMs influence
the structural, biochemical, and cellular properties of fibrils; and 3) do they play critical roles in regulating a-
Syn seeding and pathology spreading?
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In this work, we sought to address this knowledge gap by conducting systematic studies to determine how
one specific PTM, an intracellular form of glycosylation called O-GIcNAc (Figure 1a)25, influences the
structural properties and seeding activity of a-Syn in vitro, in neurons, and animal models of a-Syn pathology
formation and spreading. O-GIlcNAc modifications are the addition of monosaccharide N-acetylglucosamine
to the side chains of serine and threonine residues. O-GIcNAc can dynamically cycle on and off proteins
through the action of two enzymes: O-GIcNAc transferase (OGT) that adds the modifications and O-
GIcNAcase (OGA) that removes them. O-GIcNAc has been phenotypically linked to several biological
processes, including protein aggregation and neurodegeneration in several NDDs2627, For example, O-
GIcNAc levels are 40-50% lower in AD brains when compared to age-matched controls28, and neuron-
specific knockout of OGT in mice results in tau hyperphosphorylation and neurodegeneration2®. Notably, both

tau and a-Syn are O-GIcNAc modified at multiple positions in vivo (Figure 1b).

These and other observations have led to the creation of a range of OGA inhibitors that can elevate O-GIcNAc
modifications as potential therapeutics30. Multiple pre-clinical studies in animal models of AD and PD
demonstrated that OGA inhibition increases O-GIcNAc in brains and slows the formation of amyloid
aggregates and neuron death3'.32, Additionally, a recent analysis of a-Syn in brain tissue from the Line 61
mouse-model that overexpresses human a-Syn brain found that 20% of the protein is O-GIcNAc modified
and that these levels rise to ~35% upon OGA inhibition32. Some of these compounds have advanced to the
clinic and show no overt toxicity in humans. We and others have shown that O-GIcNAc on tau and a-Syn can
directly slow the kinetics of amyloid aggregation of these proteins in vitro in a site-specific fashion31.33-35,
These data indicate that O-GIcNAc may protect neurons by inhibiting amyloid aggregation and that increasing
the levels of this modification with drugs may slow the progression of certain neurodegenerative diseases.
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Figure 1. O-GlcNAc modified a-Syn. a) O-GIcNAc is the dynamic addition of N-acetylglucosamine to serine and
threonine residues of intracellular proteins. b) a-Syn is O-GIcNAc modified in vivo at several residues that can alter its
amyloid aggregation. The focus of this study, O-GIcNAc on serine 87 (gS87), is highlighted in red. c) Synthesis of a-
Syn(gS87) using expressed protein ligation. d) Characterization of a-Syn(gS87) by gel electrophoresis, high-performance
liquid chromatography (HPLC), and mass spectrometry.

In our previous studies on a-Syn O-GIcNAc modification34.35, we used synthetic protein chemistry to prepare
the protein bearing O-GIcNAc at four different sites (T72, T75, T81 or S87). Specifically, we took advantage of
expressed protein ligation (EPL)36, an extension of native chemical ligation (NCL), as these methods are the
only way to install O-GIcNAc in a site- and stereo-specific fashion3?. Subsequent biochemical analysis
showed that individual O-GIcNAc residues slow the kinetics of a-Syn aggregation with notable site-specific
differences. However, these O-GIcNAc modifications did not completely stop the formation of a-Syn
aggregates over time. This led us to hypothesize that O-GIcNAc may alter the progression of PD by not only
slowing the rate of amyloid formation but by causing the formation of amyloid strains with altered
pathogenicity and toxicity.

Here, we applied protein synthesis in combination with biochemical, cellular, in vivo, and structural analyses
to test this hypothesis. We focused on O-GlcNAc modification at S87, termed a-Syn(gS87), because this
modification-site displays the least inhibition of a-Syn fibril formation, thus providing an opportunity to obtain
homogeneously O-GIlcNAc-modified fibrils for detailed analysis. First, we used protein semisynthesis to
generate large amounts of a-Syn(gS87). We then used a variety of in vitro experiments to show that a-
Syn(gS87) does form amyloid fibrils that have a different core structure and that these fibrils seed the
aggregation of monomeric a-Syn and template their structure onto the newly-formed wild-type (WT) a-Syn
aggregates. Most importantly, we observed that a-Syn(gS87) fibrils failed to induce toxicity or a-Syn
aggregation in primary neurons (as detected by phosphorylation of a-Syn at S129). These results were

recapitulated in vivo using the well-established seeding-mediate mouse models of a-Syn aggregation and
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pathology spreading?-12. Systematic mechanistic studies on a-Syn seeding in neurons in both a-Syn knock-
out (KO) and WT primary neurons demonstrated that this lack of seeding activity and pathology formation do
not result from differential uptake, degradation, or processing of a-Syn(gS87) amyloids compared to
unmodified protein. Rather, we observe an interesting divergence in the behavior of the a-Syn(gS87) fibrils,
where they can seed aggregation in vitro but not in neurons or mice. We demonstrate that this may be due to
differential recognition of the fiber strains by heat shock proteins, as HSP27 is better able to inhibit
aggregation seeded by a-Syn(gS87) fibrils in vitro. Finally, we used cryo-EM to obtain a structural model of
the a-Syn(gS87) amyloid that is very different from both other in vitro fibrils and ex vivo aggregates from
patients.

Taken together, our results confirm that O-GIcNAcylation can force the formation of a novel a-Syn amyloid
strain with diminished pathogenicity in neurons and in vivo. This adds even more evidence for a model where
O-GlcNAc may not only slow the aggregation of a-Syn, but could also protect against the progression of
neurodegenerative diseases through multiple mechanisms. To our knowledge, this a-Syn strain is also the first
amyloid that is capable of strongly-seeding aggregation in vitro but does not in neurons. It also appears to be
the first example of a PTM that can almost completely block the seeding and spread of a-Syn in vivo. More
broadly, our results also demonstrate that some amyloids may be almost benign despite their ability to seed
aggregation in vitro, with important implications for amyloid characterization and highlighting the importance

of therapeutically-targeting the correct and pathogenic structure in associated diseases.

RESULTS

Synthesis of a-Syn(gS87).

As stated above, we used an EPL-based strategy to prepare a-Syn(gS87) (Figure 1c). EPL involves the
chemoselective reaction, termed native chemical ligation (NCL), between a protein-thioester and another
protein fragment bearing an N-terminal cysteine residue to form a native amide-bond. Accordingly, we first
used solid-phase peptide synthesis to prepare peptide thioester 1 (residues 85-90) containing an O-GIcNAc at
serine 87. We then recombinantly expressed protein 2 (residues 91-140) and performed an EPL reaction with
1 to yield a-Syn(gS87) fragment 3. The corresponding N-terminal thiazolidine of 3 was then removed to
unmask the N-terminal cysteine in 4. After recombinant production of protein thioester 5 (residues 1-84) using
an intein fusion, we performed another EPL reaction to yield full-length a-Syn(gS87) 6. a-Syn contains no
native cysteine residues that can be exploited for EPL. However, we could simply perform desulfurization(Wan
and Danishefsky, 2007) of the cysteine residues in 6 to transform them into the alanines found at residues 85
and 91 in a-Syn and yielding a-Syn(gS87) with no primary sequences mutations. We then used a combination
of techniques to confirm the purity and identity of our synthetic protein (Figure 1d).

a-Syn(gS87) forms amyloid aggregates with a qualitatively different overall structure.
We previously demonstrated that monomeric a-Syn(gS87) forms fibrillar aggregates, although with reduced

kinetics compared to the unmodified protein35. In those studies, we used a low concentration (50 uM) of a-
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Syn(gS87) monomers, but others have shown that higher concentrations of a-Syn more efficiently facilitate
the production of fibrils, hereafter referred to as pre-formed fibrils (PFFs), in large amounts suitable for
subsequent in vitro, neuron culture, and in vivo seeding experiments. Therefore, we separately subjected a-
Syn or a-Syn(gS87) to the well-established and validated a-Syn fibrillization conditions, i.e., incubation of a-
Syn (50 or 172 yM) for 7 days in phosphate buffered silane (PBS)38. The extent of fibril formation was
monitored by Thioflavin T (ThT) fluorescence, and the final fibril preparations were characterized by
transmission electron microscopy (TEM), sedimentation assays3?, and limited proteolysis with proteinase K
(PK) (Figure 2a). As expected, a-Syn(gS87) resulted in indistinguishable levels of ThT signal at both
concentrations. Notably, others have found that ThT-binding alone is not sufficient to allow for direct
comparison of the extent of fibril formation because amyloid fibrils can bind ThT differently, yielding higher or
lower signals#041. To account for this possibility, we also analyzed the aggregation reactions by sedimentation,
SDS-PAGE, and Coomassie staining (Figure 2b). These data confirmed that a-Syn(gS87) aggregates but to a
lesser extent, consistent with our previous findings demonstrating that O-GIcNAc inhibits the nucleation step
of a-Syn aggregation3s.
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Figure 2. In vitro generation and characterization of a-Syn(gS87) fibrils. a) a-Syn(gS87) aggregates into ThT-positive
amyloids. a-Syn and a-Syn(gS87) were subjected to aggregation conditions at the indicated concentrations before
analysis by ThT fluorescence. The y-axis shows a fold change in fluorescence compared with a-Syn alone at t = 0 h.
Results are mean +SEM of experimental replicates (n=4). b) a-Syn(gS87) aggregates can be quantitated by
sedimentation. a-Syn and a-Syn(gS87) were subjected to aggregation conditions followed by sedimentation and
visualization by Coomassie staining. Results are mean +SEM of experimental replicates (n=4). c) ThT data from (a)
normalized to the sedimentation levels in (b). d) The aggregation reactions in (a) (172 uM) were analyzed by TEM after
168 h. e) a-Syn(gS87) forms fibrillar aggregates of distinct structures as discerned from proteinase-K (PK) digestion. The
aggregation reactions in (a) (172 pM) were subjected to the indicated concentrations of PK for 30 min before separation
by SDS-PAGE and visualization by Coomassie staining. f) a-Syn(gS87) PFFs can seed aggregation of unmodified, human
a-Syn. a-Syn PFFs (unmodified or gS87) were added to buffer or unmodified, human a-Syn (50 pM monomer
concentration, 5% PFF) before aggregation and analysis by sedimentation and Coomassie staining. Results are mean
+SEM of experimental replicates (n=3). g) a-Syn(gS87) amyloids template their structure onto unmodified, human WT a-
Syn. a-Syn was iteratively seeded and the amyloid structure analyzed by PK digestion. h) a-Syn(gS87) PFFs can seed
the aggregation of unmodified, mouse a-Syn. a-Syn PFFs (unmodified or gS87) were added to buffer or unmodified,
mouse a-Syn (50 pM monomer concentration, 5% PFF) before aggregation and analysis by sedimentation and
Coomassie staining. Results are mean +SEM of experimental replicates (n=3). i) a-Syn(gS87) can be phosphorylated at
serine 129 (pS129). The indicated a-Syn PFFs or monomers were incubated with PLK3, and pS129 on a-Syn was
visualized by western blotting (WB) using pS129 antibody (81a). j) The O-GIcNAc on a-Syn(gS87) is resistant to removal
by OGA post-aggregation. a-Syn(gS87) monomers or PFFs were treated with OGA for the indicated amounts of time,
and the removal of O-GIcNAc was measured using RP-HPLC. Results are mean +SEM of experimental replicates (n=3).

Normalization of the ThT signal using this sedimentation data (Figure 2c) indicated that a-Syn(gS87) could be
forming an amyloid strain with slightly higher ThT binding compared to a-Syn. We then examined the
aggregates using TEM, confirming that both a-Syn and a-Syn(gS87) are forming amyloid fibrils (Figure 2d). To
indirectly probe for structural differences between the two types of fibrils, we subjected unmodified and a-
Syn(gS87) to proteinase K (PK) digestion and compared their PK-resistant core sequences by western
blotting (WB). Briefly, PK readily digests monomeric a-Syn to very small peptide fragments; however, it cannot
gain access to the core of amyloid fibrils resulting in limited proteolysis. We visualized the PK digestion
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reactions by SDS-PAGE and Coomassie staining and found the expected 5 bands associated with the typical
PFF structure of a-Syn, while observing only 3 bands from a-Syn(gS87) PFFs. Together, these results show
that a-Syn(gS87) can indeed form an amyloid strain that differs from those formed by the unmodified protein.

a-Syn(gS87) seeds aggregation and is suitable for cellular and in vivo analyses.

Next, we asked whether a-Syn(gS87) PFFs could seed the aggregation of unmodified protein. We first
generated either a-Syn or a-Syn(gS87) PFFs by incubation of the monomeric forms of these proteins for 7
days (172 uM). Next, we compared the ability of the two PFF preparations to seed the aggregation of human,
unmodified a-Syn (50 uM with 5% PFFs) in vitro. The efficiency of seeding was assessed by monitoring the
kinetics of aggregation by sedimentation as above and found that a-Syn(gS87) PFFs do seed monomeric
protein (Figure 2f & Figure S1). Although fibril formation is slower in the presence of a-Syn(gS87) PFFs
compared to a-Syn PFFs, the extent of fibrillization is indistinguishable by 24 h. We subjected a portion of the
a-Syn(gS87) seeded aggregation reaction to PK digestion and found that a-Syn(gS87) PFFs template their
amyloid structure onto unmodified protein (Figure 2g). Furthermore, we discovered that this templating
behavior is maintained over multiple rounds of seeding, resulting in the same 3-band PK digestion pattern
despite the presence of only 0.0006% remaining a-Syn(gS87) in the amyloids (Figure 2g).

PFF treatment of mouse neurons or injection of a-Syn PFFs into mice brains represent standard approaches
to evaluate PFF pathogenicity, toxicity, and propagation38. However, previous studies have shown that human
a-Syn PFFs seed mouse a-Syn monomers less efficiently than mouse a-Syn PFFs7.1242, This raised the
possibility that our human a-Syn(gS87) PFFs may not seed the aggregation of mouse a-Syn. Therefore, we
tested whether a-Syn(gS87) PFFs can seed mouse a-Syn aggregation in vitro and found that they can and
reach similar levels after only 12 h (Figure 2h & Figure S2). We and others have also shown that the seeding of
endogenous a-Syn aggregation in neurons results in phosphorylation of the newly seeded aggregates at
serine 129 (pS129)7, as observed in the human PD pathology. This enables pS129 to be used as a surrogate
marker for pathology formation and propagation in neurons and in vivo. We reasoned that the a-Syn(gS87)
aggregate structure might be refractory to phosphorylation. Since this structure is templated (Figure 2g), it
might prevent us from visualizing neuronal seeding by a-Syn(gS87) PFFs using a pS129 antibody. To
determine if a-Syn(gS87) can be phosphorylated at pS129, we incubated monomers and PFFs with PLK3, a
kinase that contributes to pS129. We found that a-Syn(gS87) PFFs can be phosphorylated, indicating that we
can still use pS129 as a mark for any pathology induced by these PFFs. Finally, because O-GIcNAc is a
dynamic modification, we were concerned that cellular OGA might remove O-GIcNAc once the PFFs were
taken up into neurons, complicating our analysis. As expected, when we treated a-Syn(gS87) monomers with
OGA in vitro, we observed rapid loss of the O-GIcNAc modification (Figure 2j & Figure S3). However, O-
GIcNAc on the a-Syn(gS87) PFFs was quite stable, even after 72 h of OGA treatment (Figure 2j & Figure S3),
suggesting that it is inaccessible and potentially buried in the amyloid structure. Overall, these data show that
a-Syn(gS87) PFFs seed and template their structure onto monomeric, unmodified protein and can be
analyzed using standard methods in mouse neurons and brains.
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a-Syn(gS87) PFFs induce significantly less seeding and pathology in neurons and in vivo.

Next, we investigated the effect of O-GIcNAc modification at S87 on a-Syn-PFFs-mediated induction a-Syn
fibrillization and formation of LB-like inclusions using the well established seeding-dependent neuronal model
of a-Syn pathology formation5. Towards this goal, we compared the seeding activity and seeding-dependent
neuron loss of a-Syn(gS87) PFFs and a-Syn PFFs. Specifically, hippocampal primary neurons from mouse
embryos were cultured for 7 days in vitro (DIV) and then treated with different concentrations of either a-Syn
or a-Syn(gS87) PFFs for 12 days. We then measured the extent of PFFs-mediated seeding of a-Syn
aggregation and neuron viability by quantitation of the corresponding fluorophore-labeled antibodies against
pS129 and NeuN, respectively (Figure 3a). Consistent with previous data, a-Syn PFFs induced robust seeding
activity and aggregation of endogenous a-Syn, and neuron death. In stark contrast, in neurons treated with a-
Syn(gS87) PFFs, we did not observe any increase in pS129 signal or neuron death compared to neurons
treated with PBS (negative control).

Given the striking nature of this difference, we sought to validate these findings in vivo. Towards this goal, we
performed a dorsal striatum injection of either a-Syn or a-Syn(gS87) PFFs (5 pg) into the brains of wild-type
C57BI6/C3H mice. After 3 and 6 months, we sacrificed the mice and stained for pS129 as a marker for a-Syn
aggregation and Lewy body pathology. In this model, injection of human a-Syn PFFs results in peak
pathology at around 3 months that diminishes over time and no significant loss of tyrosine-hydroxylase (TH)
positive neurons in the Substantia Nigral2. Consistent with our results from cultured neurons, we observed
dramatically less overall pS129 staining in the Substantia Nigra and significantly less area with pS129-positive
inclusions (Figure 3b). We found the same difference in other parts of the brain including the amygdala and
motor cortex (Figure S4). We reasoned that one possible explanation for these differences could be the
complete loss of neurons in the a-Syn(gS87) PFF-injected mice. We ruled this possibility out, however, by
observing no significant loss of TH-positive neurons in mice injected with either a-Syn or a-Syn(gS87) PFFs
(Figure S4). These data demonstrate that a-Syn(gS87) PFFs are less prone to induce pS129 pathology in
neurons and in vivo. They also set up an interesting divergence between our in vitro data where a-Syn(gS87)
PFFs can seed additional aggregation (Figure 2f & h) and in neurons where they exhibit dramatically reduced
seeding activity.
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Figure 3. a-Syn(gS87) PFFs have diminished ability to induce pathology formation, spreading, and toxicity in cells
and in vivo. a) Primary embryonic hippocampal neurons at 7 days in vitro (7 DIV) were treated with the indicated
concentrations of PFFs or PBS for 12 days before analysis of pathology (pS129 staining) and neuron viability (NeuN
staining). Results are mean +SEM of biological replicates (n=6). Statistical significance was determined using a one-way
ANOVA test followed by Sidak’s multiple comparison test. b) Wild-type mice were injected with a-Syn or a-Syn(gS87)
PFFs (5 pg) in a single unilateral injection into the dorsal striatum. Pathology was visualized by immunohistochemistry

against pS129 at 3 and 6 months post-injection. Results are mean +SEM of biological replicates (n=5). Statistical
significance was determined using a one-way ANOVA test followed by Tukey’s multiple comparison test.

Unmodified and a-Syn(gS87) PFFs have similar uptake, processing, and stability in neurons.

The spread of a-Syn PFFs and induction of further aggregation and toxicity is a multistep process?43. In
culture, PFFs are first taken up by neurons through the endosomal/lysosomal pathway. After they gain access
to the cytosol, the PFFs are cleaved by calpain (residues 114 and 122 in vitro)6744 and potentially other
proteases to generate truncated amyloids with a monomeric molecular weight of ~12 kDa, down from the 15
kDa of full-length a-Syn. These truncated PFFs seed the aggregation of endogenous a-Syn, which is then
phosphorylated to give the pS129 mark associated with pathology. Finally, the aggregates mature into LB-like
structures made up of proteins, mostly a-Syn, p62 and ubiquitin, as well as lipids, membranous structures
and organelles. This overall pathway is associated with neuron dysfunction and cell death. Neuronal
dysfunction coincides with a-Syn fibrillization, but neuron death is more prominent during the transition from
fibrils to LB-like inclusions?:39. We reasoned that a better understanding of a-Syn(gS87) PFFs structural
properties, internalization, processing and seeding in neurons could provide mechanistic insight that could

explain why they can seed and template aggregation in vitro but apparently not in neurons or brains.

First, in-depth characterization of the unmodified a-Syn and a-Syn(gS87) PFFs revealed that they are quite
similar in that they are both made up of primarily fibrils over oligomers and are of a similar length distribution
suitable for uptake by neurons (Figure S5). To determine if the two types of fibrils are differentially taken up by
neurons, we quantified their uptake in primary neurons from a-Syn KO mice®7, as they allow us to specifically
investigate the fate of exogenous unmodified and a-Syn(gS87) PFFs, without confounding issues due to the

presence or aggregation of the endogenous protein (Figure 4a).
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We assessed the uptake of PFFs by treating these neurons with a-Syn or a-Syn(gS87) PFFs (70 nM) for 14 h
and examined their localization using immunocytochemistry (ICC) (Figure 4b). As expected®45, we found that
unmodified PFFs and a-Syn(gS87) PFFs accumulated on cellular membranes (yellow arrows) and were taken
up into neurons and appeared as puncta structure (Figure 4b). Both PFFs seeds strongly colocalized with the
lysosomes (LAMP1 positive-vesicles) (Figure 4b), indicating that the O-GIcNAc modification does not
influence the internalization of the a-Syn PFFs via the endosomal/lysosomal pathway. Next, we investigated
whether a-Syn(gS87) PFFs were processed differently by treating a-Syn KO neurons for 14 or 24 h. WB
analysis of the insoluble fraction of the PFF-treated neurons was performed using both pan (SYN1) and
human-specific (4B12) a-Syn antibodies. Figure 4c confirmed the internalization of the PFFs in the neurons as
indicated by the presence of SDS-resistant aggregates above 15 kDa (HMWs, > 15 kDa) to a similar level
(Figure 4d-e) in the unmodified or a-Syn(gS87) PFFs-treated a-Syn KO neurons. As previously describedé?7,
the unmodified PFFs were efficiently cleaved at the C-terminus during the 24 hours post-treatment leading to
the accumulation of a 12 kDa fragment, and these seeds were not phosphorylated at S129 (pS129) following
their C-terminal cleavage (Figure 4c). Notably, we observed no differences in the proteolytic processing or
phosphorylation of the a-Syn(gS87) PFFs (Figure 4c). To confirm these observations, we performed multiple
biological replicates (Figure S6) and quantified the WB signal from different regions of the blot (Figure 4d).
Using this analysis, we found no significant differences between a-Syn(gS87) PFFs using the pan-antibody
(SYN1) and only small differences with the human-specific antibody (4B12). Mouse PFFs were used as a
positive control in all of our experiments, and no striking differences in terms of internalization and processing
were observed compared to the unmodified and a-Syn(gS87) PFFs (Figure S6). Finally, we sought to explore if
the two types of PFFs were differentially cleared once internalized into neurons. Unmodified and a-Syn(gS87)
PFFs (70 nM) were added to a-Syn KO neurons, and their fate was monitored for up to 10 days by measuring
the amount of remaining PFFs by WB (Figure 4f). Interestingly, we observed a trend where the internalized a-
Syn(gS87) PFFs appear to be cleared faster than the unmodified a-Syn(gS87) PFFs, which we again
confirmed by performing multiple repeat experiments (Figure S7) (Figure 4g). Together, these results
demonstrate that O-GIcNAc modification of a-Syn does not alter uptake, proteolytic processing, direct
phosphorylation or the exogenous a-Syn PFFs, but may promote their clearance in neurons (Figure 4g).
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Figure 4. Unmodified and a-Syn(gS87) PFFs display similar uptake, processing, and stability in neurons. a)
Experimental outline. Primary hippocampal neurons from a-Syn KO mice at 13 days in vitro (13 DIV) were treated with
the indicated PFFs (70 nM) or PBS for different lengths of time before the following analyses. b) O-GIcNAc at S87 does
not alter the internalization of PFFs as visualized by immunocytochemistry (ICC) after 14 h of treatment. c) O-GIcNAc at
S87 Idoes not significantly affect significantly the internalization, C-terminal cleavage to ~12 kDa fragment, or
phosphorylation at S129 (pS129) of PFFs as visualized by WB after 14 or 24 h of treatment. d) Quantitation of the data in

(c) using the pan-a-Syn antibody SYN1. Results are mean +SEM of biological replicates (n=3). e) Quantitation of the data
in (c) using the human-specific a-Syn antibody 4B12. Results are mean +SEM of biological replicates (n=3). f) O-GIcNAc
at S87 does not notably alter the stability of internalized PFFs as visualized by WB over 10 days of treatment. g)
Quantitation of the data in (f). Results are mean +SEM of biological replicates (n=3). In all experiments, statistical

significance was determined using a one-way ANOVA test followed by Tukey’s multiple comparison test.

a-Syn(gS87) PFFs seed far less aggregation in neurons compared to unmodified PFFs.
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Given that we did not observe any major differences in the uptake, processing, or cellular stability between
the two types of PFFs, we next examined whether O-GlcNac modification of a-Syn fibrils influences their
ability to seed the aggregation of endogenous a-Syn or the formation of LB-like inclusions in neurons.
Specifically, we treated primary neurons from wild-type mouse pups with a-Syn or a-Syn(gS87) PFFs (70 nM)
for 14 or 21 days and examined the extent of seeding and formation of LB-like inclusions using ICC combined
with high-content imaging (HCA) quantification and WB analyses (Figure 5a)’. Consistent with our data in
Figure 3a, we again observed almost no detectable a-Syn(gS87)-PFF-induced pS129 staining after 14 days
and significantly less at 21 days compared to unmodified PFFs. These two sets of results (Figures 3a and 5b),
obtained by independent researchers at different locations and using two different model systems (embryonic
versus post-natal neurons), confirm that a-Syn(gS87) PFFs exhibit diminished seeding activity and induced
much less pathology as measured by pS129. To further validate our findings, we isolated the insoluble and
soluble fractions of the neurons and analyzed them by WB (Figure 5c). We observed a ladder of protein
species detected by both anti-a-Syn and anti-pS129 antibodies in neurons treated with unmodified PFFs,
consistent with the partial stability of the seeded aggregates to SDS. In contrast, we found very little laddering
and a much lower overall WB signal from neurons treated with a-Syn(gS87) PFFs. We repeated this
experiment two more times (Figure S8), and quantitation of the blots confirmed that a-Syn(gS87) PFFs seed
significantly less aggregation of endogenous a-Syn (Figure 5c). We also confirmed that mouse PFFs induce
an indistinguishable WB pattern compared to human, unmodified PFFs (Figure S8), as previously describeds°.
We then analyzed the portion of a-Syn that remained in the soluble-protein fraction (Figures 5¢c and S8). As
expected, we found that treatment with unmodified a-Syn PFFs results in the loss of soluble a-Syn as it is
consumed by the seeded aggregation process. However, in the case of a-Syn(gS87) PFF treatment, we
observed essentially no significant loss of soluble a-Syn, which is consistent with their diminished ability to
seed endogenous a-Syn in neurons.

We then investigated by ICC and confocal imaging, whether the seeded-aggregates formed in a-Syn(gS87)
PFFs-treated neurons were differently stained by the well-established LB markers, including the autophagy-
marker p62, ubiquitin (ub) and the Amytracker amyloid-like specific dye (Figures 5d and S9). First, all the
pS129-positive seeded aggregates formed in the a-Syn(gS87) PFFs-treated neurons were positively stained
by p62, ub and the Amytracker dye, indicating that when these aggregates do form, they share the same
hallmarks of the seeded aggregates formed in the unmodified PFFs-treated neurons. Secondly, no LB-like
inclusions were observed in a-Syn(gS87) PFFs-treated neurons after 21 days of treatment. We previously
reported that this type of inclusions is usually not observed in neurons treated with human unmodified PFF3S.
This observation suggests that a-Syn(gS87) PFFs do not unlock their ability to induce LB-like inclusion
formation, as was recently observed for the human a-Syn E83Q PFFs39. Finally, we observed that when the
aggregates were formed in the a-Syn(gS87) PFFs-treated neurons, they mostly localized in the soma. Barely
any aggregates were observed in the neurites of these neurons compared to the extensive neuritic pathology
observed in unmodified PFF-treated neurons (Figures 5d).
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Overall, these data show that although a-Syn(gS87) PFFs can seed aggregation of unmodified a-Syn in vitro,
they exhibit diminished seeding activity in living neurons. Additionally, they indicate that this is the main
distinguishing feature between the two classes of PFFs as defined by the presence of O-GIlcNAc and the

altered structure, although the difference is stability seen in the KO neurons may also contribute.
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Figure 5. a-Syn(gS87) PFFs have dramatically reduced seeding capacity in neurons. a) Experimental outline. Primary
hippocampal neurons from wild-type mice at 6 or 13 days in vitro (DIV 6 or 13) were treated with the indicated PFFs (70
nM) or PBS for 21 and 14 days, respectively, before the following analyses. b) O-GIcNAc at S87 notably reduced the
formation of pS129-positive aggregates in neurons as visualized and quantified using immunocytochemistry (ICC)
combined to high content imaging. c) Unmodified PFFs seed the aggregation of endogenous a-Syn into insoluble and
pS129-positive higher molecular-weight aggregates. O-GIcNAc at S87 dramatically reduced this seeded aggregation,

and more endogenous a-Syn remained soluble. Results shown in b and ¢ are the mean £SD of biological replicates

(n=3). Statistical significance was determined using a one-way ANOVA test followed by Tukey’s multiple comparison test.
d) Aggregates that form from a-Syn(gS87) PFFs are notably reduced but display Lewy body hallmarks (amyloid, p62 &
ubiquitination) by immunocytochemistry (ICC).

Altered fibril interactions could contribute to the diminished seeding activity of O-GlcNAc-modified a-
Syn fibrils.

We next set out to test potential molecular mechanisms to reconcile the in vitro and in vivo seeding capacity
of a-Syn(gS87) PFFs. Given that the C-terminal domain of a-Syn decorates the surface of PFFs, we wondered
whether cleavage of the C-terminus of internalized a-Syn(gS87) PFFs might interfere with their ability to seed
the aggregation of endogenous a-Syn. To directly test this possibility in vitro, we investigated the effect of
post-fibrillization C-terminal cleavage of PFFs on their seeding activity in vitro. Towards this, we generated
PFFs and subjected them to different amounts of calpain and analyzed the production of the 12 kDa fragment
by SDS-PAGE (Figure S10a). Using this experiment as a guide, we normalized the amounts of 12 kDa a-Syn

and a-Syn(gS87) PFFs (Figure S10b) and used them to seed unmodified, human protein aggregation. After
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analysis by sedimentation, we observed very little difference between the full-length and 12 kDa PFFs for
either unmodified or a-Syn(gS87) PFFs (Figure 6a), and we made the same observation with mouse
monomeric a-Syn (Figure 6b). These results suggest that the cleavage of PFFs in neurons cannot explain the
lack of seeded aggregation for a-Syn(gS87); however, they show directly for the first time to our knowledge
that post-fibrilization cleave of PFFs (even unmodified ones) does not significantly influence their seeding

activity in vitro.

Given this result, we reasoned that the lack of seeding in neurons and in vivo may result from altered protein
interactions between the endogenous a-Syn monomers and a-Syn(gS87) PFFs. The differential interactions
between unmodified and O-GlcNac modified a-Syn PFFs and chaperones could also explain their differential
seeding activity. The small heat shock proteins (sHSPs)46 represent one such interaction that can directly
inhibit PFF seeding4’. We hypothesized that sHSPs may more potently inhibit a-Syn(gS87) PFF seeding
compared to unmodified PFFs and directly tested this possibility with HSP27, an sHSP highly-expressed in
the brain. Specifically, we performed seeded aggregation experiments identical to those in Figure 2, with
either a-Syn or a-Syn(gS87) PFFs and unmodified monomer, in the presence of different ratios of HSP27
(Figure 6¢). As expected based on our previous results4, HSP27 displayed partial inhibition of aggregation
seeded by a-Syn PFFs at a ratio of 400:1 and full inhibition at 100:1 (a-Syn monomer:HSP27). Strikingly,
HSP27 displayed more potent inhibition of seeding by a-Syn(gS87) PFFs at 400:1. These results confirm our
hypothesis, at least in vitro, and strongly suggest that a-Syn(gS87) PFFs are more effectively chaperoned in
neurons and most-likely have other different protein interactions that prevent seeded aggregation and the

development of pathology in vivo.

The structure of a-Syn(gS87) amyloids shows marked differences from previous in vitro and ex vivo
fibrils.

Finally, we set out to determine whether O-GIcNAc alters the structure of a-Syn. Towards this goal, we sought
to determine the structure of a-Syn(gS87) fibrils using cryo-EM. As described above, we subjected a-
Syn(gS87) to aggregation conditions, and we confirmed the presence of fibrils using TEM of negative stained
grids and cryo-EM of vitrified grids (Figure S12). Both techniques revealed various fibril morphologies,
including double, triple, and quadruple filaments comprised of two, three, and four protofilaments,
respectively (Figure S12b). The most abundant species was the double filament, which had a diameter of
approximately 20 nm. The triple and quadruple filaments had a diameter of approximately 30 nm and 40 nm,
respectively. We collected cryo-EM images and manually picked all filaments for data processing and
structure determination. Consistent with our previous observation, 2D classification showed three
predominant fibril populations, with double filaments comprising the majority (68%). Due to the limited
number of segments present in the triple and quadruple filament morphologies, we only performed 3D
reconstruction with the double filaments. The 3D classification resulted in one main class with two
protofilaments seemingly related by a 2-fold axis. The resulting density map, with a resolution of 4.0 A,
corresponded to a crossover of 1221 A, an optimized twist angle of -0.7¢ (assumed to be left-handed), and a
helical rise of 4.92 A (Figure 6a).
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Despite the limited resolution, the density map could fit a reasonable a-Syn(gS87) model comprising the
residues from glycine 7 to lysine 96 and an extra density corresponding to the sugar on serine 87. A surprising
observation is that the structural core of the a-Syn(gS87) fibrils is highly charged. The two protofilaments are
held together by salt bridges at the interface, E57-K58 and K58-E57 (Figure 6b&c; sb1). Other salt bridges
may contribute to the folding of the a-Syn(gS87) fiber-structure (Figure 6bé&c; sb2, sb3, and sb4), and 5 lysine
residues are packed in the center of each protofilament surrounding a small channel (Fig 6b, highlighted in
blue). Like other amyloid fibrils, a-Syn(gS87) fibrils are also characterized by hydrophobic interfaces, such as
the one created by residues Ala53-Ala30-Val55, Ala68-Val69-Val95, 1le88-Ala90-Val76 (Figure 2b, highlighted
in yellow and green), but they are comparatively small. Possibly, as a result, a-Syn(gS87) fibrils are not likely
to be particularly stable in vitro when compared to other amyloids, as they have a solvation energy of
approximately -24.0 kcal/mol (Figure S13)15.49,
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Figure 6. Cryo-EM structure and atomic model of the gS87 double filaments and comparison to other fibril
structures a) The cryo-EM structure of full-length gS87 fibril with a crossover distance of 1221 A, and a close-up side
view of the reconstructed 3D map showing the distance between layers, helical rise, of 4.92 A. b) A cross-section of the
density map (salmon and green) overlaid with the atomic model. Areas highlighted in pink indicate potential salt bridges.
Areas highlighted in yellow and green indicate hydrophobic interdigitated interfaces. The area highlighted in purple
indicates a lysine-rich region. c) Five possible salt bridges connecting the two protofilaments (sb1), and within one
protofilament (sb2, sb3 and sb4). d) Superimposition of the gS87 protofilament (light grey ribbon) to an unmodified in
vitro fibril (red ribbon, pdf: 6ssx), a MSA ex vivo fibril (green ribbon, pdb: 6xyo), and a PD/LBD ex vivo fibril (blue ribbon,
pdb: 8a9l). e) Secondary structural comparison of gS87 double filaments to MSA ex-vivo fibril (protofilament IA,
protofilament IB, pdb:6xyo) and PB/LBD ex-vivo fibril (pdb: 8a9l) with primary sequence indicated on the top.

The structural comparison with ex-vivo fibrils shows that a-Syn(gS87) fibrils share some structural similarities
with fibrils obtained from individuals with MSA and PD/LBD17.50, When compared to the structures of fibrils
extracted from patients, a-Syn(gS87) fibrils share a secondary structure composition of the C-terminal end,
starting in residue lysine 57 (Figure 6). However, the presence of the sugar on serine 87 makes the structure of
a-Syn(gS87) fibrils incompatible with the conformation found in MSA or PD/LBD ex-vivo fibrils. In the case of
MSA ex-vivo fibrils, the O-GlcNAc moiety would force the C-terminal conformation to rotate 30-50 ° (Figure
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6d, middle). In the case of PD/LBD, the sugar moiety would be incompatible with the interface that is formed
between the structure core and the additional protein density of unknown nature (Figure 6d, right). We also
compared a-Syn(gS87) fibrils to the amyloid strain formed in vitro under our aggregation conditionss! and
again found that the O-GIcNAc is incompatible with the structure (Figure 6d, left). The secondary structure
composition of the compared models is detailed in Figure 6e. This structural model, although at fairly low
resolution, confirms that a-Syn(gS87) fibrils are quite different from both the pathogenic unmodified fibrils we
prepared here and the amyloids isolated from patient brains to date. Our results suggest that PTMs contribute
to expanding the conformational landscape of amyloid fibrils and are key determinants of amyloid structural
diversity. These observations point to deciphering the PTM signature of brain-derived fibrils and generation of
site-specifically modified fibrils in vitro as essential first steps to bridge the gap between the structure of a-
Syn fibrils produced in vitro and those isolated from diseased brain and to recapitulate the biochemical and
structural properties of pathological aggregates in the brain.

DISCUSSION

Our results demonstrate that O-GlcNAc can cause the formation of an alternative strain of a-Syn(gS87)
amyloids with diminished in vivo seeding activity. Interestingly, although a-Syn(gS87) PFFs can readily seed
additional aggregation in vitro and template their structure onto unmodified a-Syn, they display very low levels
of seeding activity in neurons or in vivo. These observations suggest that the effect of this modification not
only on the structure of the fibrils but also on how they interact with other molecules, proteins and organelles
in the cellular environment is a key determinant of their seeding activity in vivo. We reasoned that O-GIcNAc
may alter the a-Syn-fibril interactome in ways that favor interaction with chaperones or other proteins that
could modify the surfaces of the fibrils and inhibit their seeding activity. To test this hypothesis, we focused on
the interactions of sHSPs as an attractive inhibitory interaction. Gratifyingly, we demonstrated that HSP27,
which is highly expressed in the brain, has a greater ability to inhibit seeding by a-Syn(gS87) PFFs compared
to unmodified PFFs in vitro. We think that it is very likely that other proteins may also be responsible and plan
to explore how the overall interactome might be altered using proteomics approaches in the future. Finally, we
took advantage of cryo-EM to generate a model of the a-Syn(gS87) PFFs that appears to be a novel amyloid
strain that is very different from the unmodified PFFs used here as well as aggregates analyzed from
synucleinopathy-patient samples. Notably, the a-Syn(gS87) strain has a very small interface between the two
protofilaments, an increase in charged interactions that form the core of the fiber, and hydrophobic patches
on the outside of the core structure (Figure S12). Additionally, the B-sheet character of the protein is extended
further into the N-terminus.
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We speculate that any of these features may allow HSP27, and likely other protein factors, to recognize the
amyloid core directly. Additionally, the structure is likely to change the display of the N- and C-terminal
extensions or “fuzzy coat” of the protein in ways that could also be differentiated from the unmodified PFFs.
Our findings also show that not all the fibrils in the brain are pathogenic and suggest that correlating fibril/
pathology load in the brain and neurodegeneration of clinical symptoms may not be the best approach to
assessing the efficacy of therapeutics in clinical trials. This underscores the critical importance of developing
diagnostics and therapeutics that account for not only the structural diversity of fibrils but also their
differential pathogenic properties.

Taken together, we believe that these results have important implications for amyloidogenesis in general and
the exploitation of O-GlcNAc in the treatment of PD and other neurodegenerative diseases. To our knowledge,
this is the first example of a PTM that occurs on a-Syn monomers that can cause the formation of an amyloid
strain that shows such dramatically reduced pathogenicity. Additionally, the divergence between our in vitro
and cellular seeding results is striking. These data suggest that interactions between a-Syn fibrils and other
cellular proteins or organelles are key determinants of their pathology formation and toxicity. Furthermore,
they show that connections between the in vitro seeding and pathogenic potential of different amyloids might
be decoupled and should be considered in future experiments. Our results also support the continued
development of OGA inhibitors to treat PD, as increased O-GIcNAc has the strong potential to both slow the
initial aggregation of a-Syn monomers but also result in the formation of in vivo seeding-incompetent fibrils.
This is particularly true given the inconsistent results of recent antibody therapies that target the amyloid
aggregates. Two compelling hypotheses for the failure of some of these drugs are that loss of the monomeric
protein and/or the aggregation process overall are the underlying toxic events. The results here, combined
with our previous publications, provide a strong foundation that increased O-GlIcNAc will maintain the levels
of soluble a-Syn and slow the aggregation process through the direct inhibition of the initiation of
aggregation3435 and reduced seeding (Figure 5c¢). Finally, we think that it would be interesting to examine the
consequences of O-GIcNAc on Tau amyloid structures more closely, as the major site of O-GIcNAc (S400)
also slows but does not completely block its aggregation3s.
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