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Abstract

Several aggregation-prone proteins associated with neurodegenerative diseases can be modified by 

O-linked N-acetyl-glucosamine (O-GlcNAc) in vivo. One of these proteins, α-synuclein, is a toxic 

aggregating-protein associated with synucleinopathies, including Parkinson’s disease. However, 

the effect of O-GlcNAcylation on α-synuclein is not clear. Here, we use synthetic protein 

chemistry to generate both unmodified α-synuclein and α-synuclein bearing a site-specific O-

GlcNAc modification at the physiologically-relevant threonine residue 72. We show that this 

single modification has a notable and substoichiometric inhibitory-effect on α-synuclein 

aggregation, whilst not affecting the membrane binding or bending properties of α-synuclein. O-

GlcNAcylation is also shown to affect the phosphorylation of α-synuclein in vitro and block the 

toxicity of α-synuclein that was exogenously added to cells in culture. These results suggest that 

increasing O-GlcNAcylation may slow the progression of synucleinopathies and further support a 

general function for O-GlcNAc in preventing protein aggregation.

INTRODUCTION

O-GlcNAc modification (Fig. 1a) is the enzymatic addition of the single monosaccharide N-

acetyl-glucosamine to proteins in the cytosol, nucleus and mitochondria1,2. This 
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modification, which occurs on serine and threonine side-chains, is a uniquely dynamic form 

of glycosylation through the addition by the enzyme O-GlcNAc transferase (OGT) and 

removal by the enzyme O-GlcNAcase (OGA). Several lines of evidence link O-

GlcNAcylation to neurodegenerative diseases3,4. Neuron-specific knockout of OGT in mice 

results in locomotor defects, increased hyperphosphorylated tau, and death by 10 days after 

birth5. Several aggregation-prone proteins that directly contribute to neurodegeneration are 

themselves modified by O-GlcNAc, including tau6,7 and α-synuclein8,9. Increasing O-

GlcNAcylation in vivo using small-molecule inhibitors of OGA has been shown to reduce 

hyperphosphorylation of tau in healthy rats10 and slow neurodegeneration in a mouse model 

of Alzheimer’s disease11. Additionally, experiments where recombinant tau was 

enzymatically O-GlcNAcylated demonstrated that this modification can directly block that 

aggregation of tau in vitro11. Therefore, the maintenance of “normal” O-GlcNAcylation 

levels may be a protective mechanism that inhibits protein aggregation and is potentially lost 

in neurodegenerative diseases.

We are interested in examining the consequences of O-GlcNAcylation on α-synuclein, the 

aggregating protein in Parkinson’s disease and other synucleinopathies12. α-Synuclein is a 

140 amino-acid protein that is prevalent in pre-synaptic neurons of the central nervous 

system13. In the cytosol, the protein is an unfolded monomer, while it adopts an extended α-

helical conformation when associated with cellular membranes, where it performs its likely 

physiological roles in vesicle trafficking14. In contrast, in diseased cells, α-synuclein 

consists of β-sheet rich aggregates that are amyloid in structure (Fig. 1b)15. A range of 

aggregate-species that form in vitro closely resemble the aggregates in Parkinson’s disease 

brain-samples, biochemically supporting their importance in disease. Furthermore, recent 

experiments in human patients, animal models, and cell culture have shown that 

extracellular α-synuclein aggregates are toxic and that the protein is likely transferred from 

neuron-to-neuron where it can propagate disease pathology16–18. O-GlcNAc has been 

identified as an in vivo, endogenous modification of α-synuclein at threonine 64 and 72 in 

mice and serine 87 in humans, residues that are conserved between the species8,9,19, raising 

the possibility that O-GlcNAcylation may affect α-synuclein aggregation (Fig. 1c). In 

support of this hypothesis, we previously demonstrated that addition of synthetic peptides 

corresponding to fragments of the aggregation-prone region of α-synuclein (residues 61–95) 

will accelerate the in vitro aggregation of full-length protein20; however, the O-

GlcNAcylated peptides at threonine 72 (T72) do not have any effect on the kinetics of 

aggregation. Unfortunately, in the same study we also found that although recombinant tau 

is O-GlcNAcylated by OGT11,21, α-synuclein is not20. This is not necessarily surprising as 

OGT appears to require accessory proteins in order to modify some of its substrates22, but it 

does prevent the use of this method to study α-synuclein O-GlcNAcylation.

Here, we investigate the consequences of T72 O-GlcNAcylation on full-length α-synuclein. 

We selected T72 as our first target for O-GlcNAc modification since it has been identified in 

multiple proteomics experiments8,9 and because it lies within the region of α-synuclein that 

is required for aggregation in vitro (residues 71–82). First, we demonstrate that mutation of 

α-synuclein residue 72 to alanine (T72A), which would prevent O-GlcNAcylation at this 

position, dramatically reduces the aggregation of the protein. This would make any loss-of-
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function studies in cell culture or animals extremely difficult to interpret. To overcome this 

roadblock, we then used synthetic protein chemistry to generate site-specifically O-

GlcNAcylated α-synuclein at T72 for subsequent gain-of-function experiments. Comparing 

this protein to either synthetic, unmodified material or completely recombinant material, a 

well-accepted standard in the field of α-synuclein biochemistry, we show that the single O-

GlcNAc modification at T72 completely blocks the formation of both fiber and oligomer 

aggregates but has no effect on membrane binding or bending. We then demonstrate that O-

GlcNAcylation inhibits the toxicity of α-synuclein when it is exogenously added to neurons 

in culture. Since O-GlcNAcylation can affect subsequent phosphorylation, we also show that 

O-GlcNAcylation at T72 alters physiologically-relevant phosphorylation events on α-

synuclein by three different kinases. We further demonstrate that O-GlcNAcylation can act 

in a sub-stoichiometric fashion to slow α-synuclein aggregation. Finally, to explore the 

mechanism behind these observations, we find that O-GlcNAcylation primarily blocks 

aggregation by preventing the incorporation of α-synuclein into aggregates and thereby 

lowering the effective concentration of aggregation-prone material. These studies support an 

important role for O-GlcNAcylation in potentially inhibiting the progression of not only 

Alzheimer’s disease but Parkinson’s disease as well.

RESULTS

An α-Synuclein loss-of-function O-GlcNAcylation mutant has compromised aggregation

One common method to investigate the effects of posttranslational modifications in living 

cells or animal models is the expression of a loss-of-function point mutant of the protein of 

interest that cannot be endogenously modified. For example, the consequences of 

phosphorylation of α-synuclein serine 129 have been studied using a serine to alanine 

(S129A) mutation23. Therefore, one possibility to understand the role of O-GlcNAcylation 

would be overexpression of either wild-type or a T72A mutant protein and compare their 

effects in living cells. However, several studies have found that mutations in the region of α-

synuclein that is responsible for aggregation, including T72 to proline or glutamic acid, can 

themselves have dramatic effects on the aggregation of the protein24. Therefore, we 

recombinantly expressed both wild-type α-synuclein and the mutant protein α-

synuclein(T72A) (Supplemental Fig. S1) and subjected them to aggregation conditions (50 

μM protein concentration at 37 °C with constant agitation) for 4 days. To determine the 

extent of aggregation, a combination of thioflavin T (ThT) fluorescence and and 

transmission electron microscopy (TEM) were employed. Notably, we chose to use an end-

point-type assay, as the presence of ThT in continuous assays was recently shown to 

accelerate aggregation25. Analysis by fluorescence showed that wild-type protein aggregated 

with the expected kinetics beginning around 24 h, while α-synuclein(T72A) only displayed 

a small amount of ThT signal at 72 and 96 h (Supplementary Fig. S2). Analysis by TEM 

showed that both proteins form fiber structures of the expected diameter of ~10 nm 

(Supplementary Fig. S2). These data demonstrate that mutation of α-synuclein at T72 to 

prevent O-GlcNAcylation has a direct inhibitory effect on the aggregation of the protein, 

rendering any loss-of-function experiments by expression living cells impossible to 

accurately interpret.
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Synthesis of O-GlcNAcylated α-synuclein

Since the loss-of-function mutation (T72A) in α-synuclein itself inhibits aggregation, we 

chose to directly test the effects of O-GlcNAcylation at this residue by preparing the protein 

semi-synthetically by expressed protein ligation (EPL). The only absolute requirement for 

the semisynthesis of proteins using traditional EPL is a cysteine residue at any ligation sites. 

α-Synuclein contains no native cysteine residues, so we chose to introduce cysteines at 

residues 69 and 76, which are normally alanine residues in the native primary sequence. 

Introduction of these cysteine residues enables the retrosynthesis of α-synuclein (Fig. 2a) 

into a synthetic peptide (1, residues 69–75), a recombinant protein with an N-terminal 

cysteine residue (2, residues 76–140) and a recombinant protein thioester (3, residues 1–68). 

We reasoned that the introduced cysteines could be chemically desulfurized to alanine 

residues, yielding semisynthetic α-synuclein with no amino-acid mutations. As schematized 

in Fig. 2b, peptide 1 was prepared using standard Fmoc-based solid-phase peptide synthesis 

on the Dawson aminobenzyol resin that enables the generation of C-terminal peptide 

thioesters (Supplementary Fig. S3)26. Importantly, the N-terminal cysteine residue remained 

protected as a thioproline to prevent auto-ligation. Protein 2 was heterologously expressed in 

E. coli (Supplementary Fig. S4). Notably, we found that the initiating methionine-residue 

was conveniently removed during expression by an endogenous methionine aminopeptidase. 

Incubation of peptide 1 and protein 2 resulted in formation of the ligation product 4 in high 

yield (Supplementary Fig. S5). The new N-terminal cysteine residue of 4 was then 

deprotected by treatment with methoxylamine to give protein 5 (Supplemental Fig. S6). To 

prepare protein thioester 3, the appropriate α-synuclein fragment (residues 1–68) was 

recombinantly expressed as an N-terminal fusion with an engineered DnaE intein from 

Anabaena variabilis (Supplemental Fig. S7). Subsequent incubation of thioester 3 with 

protein 5 gave full-length, unmodified α-synuclein (Supplemental Fig. S8). Finally, radical-

based desulfurization was used to convert the two cysteine residues required for the ligations 

to the native alanine residues (synthetic α-synuclein, Fig. 2c and Supplemental Fig. S9).

We next embarked on the synthesis of α-synuclein bearing an O-GlcNAc modification at 

T72, which we termed α-synuclein(gT72). The synthesis followed the same route as that for 

unmodified α-synuclein with peptide 1 replaced by glycopeptide 7 (Fig. 3a). The selectively 

protected O-GlcNAcylated threonine residue was first synthesized using high-yielding 

thioglycoside chemistry20, followed by Fmoc-based solid phase peptide synthesis. On-resin 

deprotection of the O-GlcNAc moiety was accomplished using hydrazine before cleavage 

and purification of the glycopeptide by RP-HPLC (Supplementary Fig. S10). Notably, 

hydrazine-treatment did not result in any deprotection of the N-terminal cysteine residue. 

Following the same reaction scheme as in Fig. 2b, ~10 mg of α-synuclein(gT72) was readily 

prepared (Fig. 3a and Supplementary Fig. S11 – S14).

O-GlcNAcylation blocks α-synuclein aggregation but has no effect on membrane binding

Comparison of unmodified α-synuclein to α-synuclein(gT72) using circular dichroism 

revealed that O-GlcNAcylation does not result in the formation of any significant secondary 

structure (Supplementary Fig. S15), and dynamic light scattering showed no formation of 

oligomeric or aggregate structures during synthesis or purification (Supplemental Fig. S15). 

Recombinant α-synuclein, synthetic α-synuclein or α-synuclein(gT72) at a concentration of 
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50 μM were then simultaneously subjected to aggregation conditions for 7 days. After 72, 

120 and 168 h, reaction aliquots were removed and added to a solution of ThT. Analysis by 

fluorescence showed that recombinant and synthetic α-synuclein formed fibril aggregates; 

however, α-synuclein(gT72) resulted in no ThT fluorescence over the entire assay (Fig. 3b). 

To visualize the structure of any aggregates that formed, TEM was performed after 7 days. 

Both of the unmodified α-synuclein preparations formed protein-fibers characteristic of 

amyloidogenic proteins (Fig. 3c and Supplemental Fig. S16). In stark contrast, α-

synuclein(gT72) did not form any fibrous aggregates (Fig. 3c), as the only protein 

aggregates that we visualized by TEM were rare and amorphous in nature (Supplemental 

Fig. S17). To determine the relative amounts of protein that remained in solution after 7 

days of aggregation, we separated the insoluble and soluble fractions by centrifugation. The 

soluble fraction was then concentrated by lyophilization and both fractions were 

resuspended in 8M urea to break-up any aggregates. Analysis by SDS-PAGE showed that 

essentially all of the unmodified α-synuclein was incorporated into insoluble structures, 

while a large majority of α-synuclein(gT72) remained in solution (Fig. 3d). Next, we tested 

whether O-GlcNAcylation inhibits the formation of oligomeric structures that are also toxic. 

Protein samples that had been subjected to 7 days of aggregation were analyzed using SEC-

MALS (size exclusion chromatography with inline multi-angle light scattering), which 

enables the size determination of protein complexes (Fig. 3e). As expected, recombinant α-

synuclein formed oligomers that are very consistent in size with previous SEC-MALS 

experiments27,28. In contrast, α-synuclein(gT72) formed essentially no oligomeric species. 

Taken together, these data demonstrate that O-GlcNAcylation blocks the formation of both 

fibers and oligomers and promotes the solubility of α-synuclein under aggregation 

conditions.

α-Synuclein binds strongly to cellular membranes and negatively charged vesicles where it 

forms an extended α-helix29, and we have previously shown that α-synuclein can 

independently induce membrane curvature and convert vesicles into tubular structures in 

vitro30,31. Notably, the formation of small vesicles and tubes by α-synuclein has also been 

reported in vivo and in neuron culture32, and recent studies on the role of α-synuclein in 

synaptic vesicle endocytosis demonstrated that α-synuclein acts at the earliest stages of this 

process in neurons33. Together, these data establish membrane binding and bending as a 

relevant readout on the endogenous function of α-synuclein. To test whether O-

GlcNAcylation had any effect on these properties, recombinant α-synuclein or α-

synuclein(gT72) where incubated with a large excess (1:100) of membrane vesicles for 20 

min, and the extent of α-helix formation was measured using circular dichroism (Fig. 4a). 

As expected, recombinant α-synuclein formed an α-helix in the presence of negatively 

charged lipid vesicles (POPG or POPS) that could be competed by the addition of the 

zwitterionic lipid (POPC). Notably, we observed essentially no differences for α-

synuclein(gT72), which demonstrates that there are no significant changes in the affinity and 

mode of binding upon O-GlcNAcylation. Next, we incubated either recombinant α-

synuclein or α-synuclein(gT72) with POPG (1:20 ratio) for 20 min and found that both 

proteins induced the formation of tubular structures with a diameter of ~30 nm as visualized 

by TEM (Fig. 4b and Supplemental Fig. S18) Together, these data indicate that O-
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GlcNAcylation will likely have little to no effect on α-synuclein’s ability to bind or remodel 

membranes during its endogenous functions.

O-GlcNAcylation affects subsequent α-synuclein phosphorylation

In addition to its direct effects, O-GlcNAcylation has been demonstrated to affect 

phosphorylation of several substrate proteins. α-Synuclein is phosphorylated at multiple 

residues, including serine 87 (S87) and 129 (S129)23. Both of these phosphorylation sites 

have been shown to be closely associated with protein aggregates in vivo, indicating that 

they may have detrimental effects in PD. However, another model has emerged from a 

series of in vitro, cellular, and in vivo experiments that suggests a protective role for these 

phosphorylation events34–37. Briefly, these experiments showed that simultaneous 

phosphorylation at S87 and S129 by casein kinase 1 (CK1) can inhibit aggregation, and they 

demonstrated that polo-like kinases (PLKs) and G protein-coupled receptor kinase 5 

(GRK5) can phosphorylate α-synuclein aggregates an promote their degradation. Although 

the exact consequences of α-synuclein phosphorylation still need to be completely 

elucidated, we chose to test if O-GlcNAcylation affects these phosphorylation events. 

Recombinant α-synuclein or α-synuclein(gT72) were incubated with CK1, polo-like kinase 

3 (PLK3), or GRK5. The proteins were then separated by SDS-PAGE and analyzed by 

Western blotting (Supplementary Fig. S19). O-GlcNAcylation may have a small effect of 

increasing phosphorylation at S87 by CK1, while inhibiting the modification at S129 by all 

three kinases. It is therefore possible that O-GlcNAcylation of α-synuclein at T72 may not 

only directly block aggregation but also effect phosphorylation events that may play 

protective or detrimental roles in PD.

O-GlcNAcylation inhibits α-synuclein toxicity

Although O-GlcNAcylation blocks the formation of α-synuclein fibers and oligomers, it is 

possible that it does not inhibit the genesis of other insoluble or soluble species that are still 

toxic. α-Synuclein aggregates are found intracellularly in PD; however, many α-synuclein 

overexpression studies in neurons or cell-lines did not observe toxicity without additional 

cellular stress38–41. Additionally, we showed here that α-synuclein(T72A) has a intrinsic 

aggregation deficiency (Supplementary Fig. S2), which prevents the direct effects of O-

GlcNAcylation at this site to be meaningfully tested in an overexpression model. Notably, a 

growing body of evidence supports the extracellular, cell-to-cell transmission of α-synuclein 

aggregates to previously healthy neurons16,42. In particular, the exogenous addition of toxic 

α-synuclein-species to culture media results in the death of neurons and neuronal culture-

models, enabling us to directly test the effects of O-GlcNAcylation with our synthetic 

material. Accordingly, we initiated aggregation reactions containing recombinant α-

synuclein or α-synuclein(gT72). After 7 days, aggregates were first collected by 

centrifugation and then resuspended in culture media using sonication. To control for the 

presence of any species that remained soluble, the supernatant was concentrated by 

lyophilization and also resuspended in culture media. These samples (25 μM concentration 

based on monomer) were analyzed by TEM (Supplementary Fig. S20) and then added to 

either primary rat cortical neurons or SH-SY5Y cells, a neuroblastoma cell-line that 

expresses endogenous α-synuclein. After 60 h, cell toxicity was measured using the small-

molecule ethidium homodimer. Ethidium homodimer is an environmentally sensitive 
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fluorescent dye that excluded from healthy cells but gains access through the disrupted 

membranes of dying cells, where it intercalates into DNA. Recombinant α-synuclein 

aggregates caused a substantial increase in ethidium homodimer signal in both cell types 

(Fig. 5). In contrast, treatment with α-synuclein(gT72) resulted in no significant change in 

toxicity in neurons and less death in SH-SY5Y cells compared to unmodified protein (Fig. 

5). Notably, treatment of cells with either of the supernatants resulted in no significant 

changes in toxicity (Fig. 5). Because SH-SY5Y cells divide in culture, we also measured the 

effect of α-synuclein on their proliferation (Fig. 5). Consistent with the ethidium homodimer 

signal, unmodified α-synuclein aggregates inhibited proliferation, while α-synuclein(gT72) 

had no effect. Again, the soluble material from both proteins had no significant effect on 

proliferation (Fig 5). Together, these data indicate that α-synuclein O-GlcNAcylation 

prevents the formation of toxic species, and that it might slow the cell-to-cell spread of 

toxicity in the brain.

O-GlcNAcylation largely prevents incorporation of α-synuclein monomers into aggregates

To investigate how O-GlcNAcylation inhibits α-synuclein aggregation, we first asked if O-

GlcNAcylation has a substoichiometric effect on fiber formation. Aggregation reactions 

were prepared that contained either recombinant or synthetic α-synuclein, α-

synuclein(gT72) or different ratios of α-synuclein(gT72) and unmodified α-synuclein. 

Analysis by ThT fluorescence (Fig. 6a) demonstrated that as little as 10% O-GlcNAcylated 

α-synuclein resulted in delayed aggregation kinetics. Larger percentages (25 & 50%) 

increased this delay and yielded overall lower-levels of ThT fluorescence. Examination by 

TEM, showed that increasing percentages of O-GlcNAcylated did not have a noticeable 

effect on the structure of the fibers that were formed (Fig. 6b and Supplementary Fig. S21). 

The aggregation of α-synuclein is concentration dependent. Since, O-GlcNAcylation does 

not change the structure of the fibers formed, its sub-stoichiometric effect could be 

explained by the exclusion of α-synuclein(gT72) from the fibers, which would in effect 

simply lower the concentration of aggregation-competent protein. To test this possibility, 

aggregation reactions were initiated containing either unmodified α-synuclein at 50 μM, the 

same protein at 25 μM, or a 1:1 mixture of unmodified α-synuclein (25 μM) and α-

synuclein(gT72) (25 μM). Analysis of the aggregation kinetics by ThT fluorescence showed 

that aggregation was less efficient at 25 μM and in the 1:1 mixture compared to 50 μM α-

synuclein, with the 1:1 mixture showing slightly more aggregation at later time points (Fig. 

6c). Visualization of the aggregates by TEM again showed no major changes to the fiber 

structure (Fig. 6d and Supplementary Fig. S21). At the 168 h time point, aggregates from the 

25 μM and 1:1 reactions were isolated by centrifugation and the supernatant was 

concentrated by lyophilization. Both samples were dissolved in an 8M urea solution to break 

up any aggregates and then separated by SDS-PAGE. Western blotting showed that the vast 

majority of α-synuclein(gT72) remained in solution during the aggregation reaction 

(Supplementary Fig. S22), suggesting that a small fraction of α-synuclein(gT72) is 

incorporated into aggregates but the majority remains in solution. Finally, we tested whether 

O-GlcNAcylation inhibits the incorporation of α-synuclein monomers into a large amount of 

pre-formed fibers. Specifically, fibers were formed by subjecting unmodified α-synuclein to 

aggregation conditions for 7 days. At this time the fibers were sonicated to break the fibers 

and increase the available “ends” for elongation. They were then added to either buffer or 
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unmodified α-synuclein or α-synuclein(gT72) to give a mixture of 25 μM fibers and 25 μM 

monomeric protein. Aggregation conditions were then reinitiated and the extent of fiber 

formation was measured using ThT fluorescence (Supplementary Fig. S23). Fibers that were 

added to buffer gave relatively stable ThT fluorescence signal over the course of the 

experiment. In contrast, fibers mixed with unmodified α-synuclein yielded an immediate 

increase in ThT signal that plateaued within 24 h. Fibers mixed with α-synuclein(gT72) 

showed a similar increase in ThT signal with a small but statistically-significant decrease in 

the aggregation kinetics. Analysis of the aggregates that formed in these reactions by TEM 

(Supplementary Fig. S23) showed that addition to unmodified α-synuclein formed long, 

straight fibers of ~10 nm in diameter, while those formed by α-synuclein(gT72) are 

somewhat more irregular in shape, suggesting that O-GlcNAcylation may have an effect on 

the structure of the fibers when it is incorporated into them. Together, these three 

experiments indicate that O-GlcNAcylated α-synuclein remains more soluble during the 

aggregation reaction and is incorporated at a reduced efficiency compared to unmodified α-

synuclein; however, this equilibrium between soluble and aggregated α-synuclein(gT72) can 

be driven by the presence of a large amount of pre-formed, unmodified fibers. 

(Supplementary Fig. S24).

DISCUSSION

Here, we used synthetic protein chemistry to show that site-specific O-GlcNAcylation of α-

synuclein at T72 inhibits protein aggregation by most-likely shifting the equilibrium of the 

aggregation reaction towards soluble material. Although there is currently no atomic-scale 

structural information about α-synuclein aggregates, our data is consistent with experiments 

using electronic spin resonance (EPR)43 and solid-state NMR44 spectroscopies, which 

demonstrate that T72 lies in the core of a fiber. O-GlcNAcylation also inhibits the toxicity of 

α-synuclein in a well-established extracellular assay when added to primary neurons or a 

neuronal cell-line. We believe that this difference probably results from both a reduction in 

the direct toxicity of aggregates in culture and reduced uptake of the protein, as aggregates 

have been shown to be endocytosed more efficiently than monomeric protein16. In contrast 

to the inhibition of aggregation by O-GlcNAcylation, the modification does not interfere 

with membrane binding or bending by α-synuclein, indicating that it would not disrupt the 

normal biological functions of the protein. This has important implications for 

neurodegenerative diseases. OGA inhibitors that raise O-GlcNAcylation levels should be 

pursued as possible therapeutics in both Alzheimer’s disease and synucleinopathies, 

particularly in cases where genetic screening can inform early treatment decisions to 

potentially slow the onset of protein aggregation. Coupled with previous data on the 

aggregation prone proteins tau and TAB111, as well as recent evidence that O-GlcNAc 

prevents the aggregation of the Polycomb protein Polyhomeotic (Ph) in Drosophila45, these 

data add further support to a model where O-GlcNAcylation prevents indiscriminate protein 

aggregation in general. Finally, we also found that a T72A mutant of α-synuclein that would 

prevent O-GlcNAcylation has a large effect on the aggregation of α-synuclein, preventing 

the straight-forward interpretation of any loss-of-function experiments [e.g., over-expression 

of wild-type α-synuclein and α-synuclein(T72A) in cell culture or animal models]. This 

highlights the unique utility of synthetic protein chemistry to investigate the direct effects of 
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posttranslational modifications on proteins, including modification of α-synuclein by O-

GlcNAcylation (this study), ubiquitination46,47, phosphorylation,48, acetylation49, and 

nitration50.

METHODS

Methods and any associated references are available in the online version of the paper.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

B.W.Z is a fellow of the National Science Foundation Graduate Research Fellowship Program (DGE-0937362). 
This research was supported by the Michael J. Fox Foundation (M.R.P), the National Institutes of Health 
(R01GM063915 to R.L. and R01NS081678 to D.B.A.) and in part by the US National Cancer Institute of the US 
National Institutes of Health (CCSG P30CA014089). Some circular dichroism and dynamic light scattering 
measurement were performed at the USC Nano Biophysics Core Facility. Transmission electron microscopy of 
protein fibers was performed at the USC Center for Electron Microscopy and Microanalysis.

References

1. Hardivillé S, Hart GW. Nutrient Regulation of Signaling, Transcription, and Cell Physiology by O-
GlcNAcylation. Cell Metab. 2014; 20:208–213. [PubMed: 25100062] 

2. Bond MR, Hanover JA. A little sugar goes a long way: the cell biology of O-GlcNAc. J Cell Biol. 
2015; 208:869–880. [PubMed: 25825515] 

3. Yuzwa SA, Vocadlo DJ. O-GlcNAc and neurodegeneration: biochemical mechanisms and potential 
roles in Alzheimer’s disease and beyond. Chem Soc Rev. 2014; 43:6839–6858. [PubMed: 
24759912] 

4. Zhu Y, Shan X, Yuzwa SA, Vocadlo DJ. The emerging link between O-GlcNAc and Alzheimer 
disease. J Biol Chem. 2014; 289:34472–34481. [PubMed: 25336656] 

5. O’Donnell N, Zachara NE, Hart GW, Marth JD. OGT-dependent X-chromosome-linked protein 
glycosylation is a requisite modification in somatic cell function and embryo viability. Mol Cell 
Biol. 2004; 24:1680–1690. [PubMed: 14749383] 

6. Lefebvre T, et al. Evidence of a balance between phosphorylation and O-GlcNAc glycosylation of 
Tau proteins--a role in nuclear localization. Biochim Biophys Acta. 2003; 1619:167–176. [PubMed: 
12527113] 

7. Liu F, Iqbal K, Grundke-Iqbal I, Hart G, Gong C. O-GlcNAcylation regulates phosphorylation of 
tau: a mechanism involved in Alzheimer’s disease. Proc Natl Acad Sci USA. 2004; 101:10804–
10809. [PubMed: 15249677] 

8. Wang Z, et al. Enrichment and Site Mapping of O-Linked N-Acetylglucosamine by a Combination 
of Chemical/Enzymatic Tagging, Photochemical Cleavage, and Electron Transfer Dissociation 
Mass Spectrometry. Mol Cell Proteomics. 2010; 9:153–160. [PubMed: 19692427] 

9. Alfaro JF, et al. Tandem mass spectrometry identifies many mouse brain O-GlcNAcylated proteins 
including EGF domain-specific O-GlcNAc transferase targets. Proc Natl Acad Sci USA. 2012; 
109:7280–7285. [PubMed: 22517741] 

10. Yuzwa SA, et al. A potent mechanism-inspired O-GlcNAcase inhibitor that blocks 
phosphorylation of tau in vivo. Nat Chem Biol. 2008; 4:483–490. [PubMed: 18587388] 

11. Yuzwa SA, et al. Increasing O-GlcNAc slows neurodegeneration and stabilizes tau against 
aggregation. Nat Chem Biol. 2012; 8:393–399. [PubMed: 22366723] 

12. Martí MJ, Tolosa E, Campdelacreu J. Clinical overview of the synucleinopathies. Mov Disord. 
2003; 18(Suppl 6):S21–7. [PubMed: 14502652] 

Marotta et al. Page 9

Nat Chem. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



13. Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of α-synuclein: from structure and 
toxicity to therapeutic target. Nat Rev Neurosci. 2013; 14:38–48. [PubMed: 23254192] 

14. Emanuele M, Chieregatti E. Mechanisms of Alpha-Synuclein Action on Neurotransmission: Cell-
Autonomous and Non-Cell Autonomous Role. Biomolecules. 2015; 5:865–892. [PubMed: 
25985082] 

15. Fink AL. The Aggregation and Fibrillation of α-Synuclein. Acc Chem Res. 2006; 39:628–634. 
[PubMed: 16981679] 

16. George S, Rey NL, Reichenbach N, Steiner JA, Brundin P. α-Synuclein: The Long Distance 
Runner. Brain Pathol. 2013; 23:350–357. [PubMed: 23587141] 

17. Recasens A, Dehay B. Alpha-synuclein spreading in Parkinson’s disease. Front Neuroanat. 2014; 
8:159. [PubMed: 25565982] 

18. Brettschneider J, Tredici KD, Lee VMY, Trojanowski JQ. Spreading of pathology in 
neurodegenerative diseases: a focus on human studies. Nat Rev Neurosci. 2015; 16:109–120. 
[PubMed: 25588378] 

19. Wang Z, et al. Site-Specific GlcNAcylation of Human Erythrocyte Proteins Potential Biomarker(s) 
for Diabetes. Diabetes. 2009; 58:309–317. [PubMed: 18984734] 

20. Marotta NP, Cherwien CA, Abeywardana T, Pratt MR. O-GlcNAc Modification Prevents Peptide-
Dependent Acceleration of α-Synuclein Aggregation. Chem Bio Chem. 2012; 13:2665–2670.

21. Yuzwa SA, et al. Mapping O-GlcNAc modification sites on tau and generation of a site-specific O-
GlcNAc tau antibody. Amino Acids. 2011; 40:857–868. [PubMed: 20706749] 

22. Cheung WD, Sakabe K, Housley MP, Dias WB, Hart GW. O-linked beta-N-
acetylglucosaminyltransferase substrate specificity is regulated by myosin phosphatase targeting 
and other interacting proteins. J Biol Chem. 2008; 283:33935–33941. [PubMed: 18840611] 

23. Oueslati A, Fournier M, Lashuel HA. Role of post-translational modifications in modulating the 
structure, function and toxicity of alpha-synuclein: implications for Parkinson’s disease 
pathogenesis and therapies. Prog Brain Res. 2010; 183:115–145. [PubMed: 20696318] 

24. Koo HJ, Choi MY, Im H. Aggregation-defective alpha-synuclein mutants inhibit the fibrillation of 
Parkinson’s disease-linked alpha-synuclein variants. Biochem Biophys Res Commun. 2009; 
386:165–169. [PubMed: 19501571] 

25. Coelho-Cerqueira E, Pinheiro AS, Follmer C. Pitfalls associated with the use of Thioflavin-T to 
monitor anti-fibrillogenic activity. Bioorg Med Chem Lett. 2014; 24:3194–3198. [PubMed: 
24835632] 

26. Blanco-Canosa JB, Dawson PE. An efficient Fmoc-SPPS approach for the generation of thioester 
peptide precursors for use in native chemical ligation. Angew Chem, Int Ed Engl. 2008; 47:6851–
6855. [PubMed: 18651678] 

27. Lorenzen N, et al. The role of stable α-synuclein oligomers in the molecular events underlying 
amyloid formation. J Am Chem Soc. 2014; 136:3859–3868. [PubMed: 24527756] 

28. Paslawski W, et al. High stability and cooperative unfolding of α-synuclein oligomers. 
Biochemistry. 2014; 53:6252–6263. [PubMed: 25216651] 

29. Jao CC, Hegde BG, Chen J, Haworth IS, Langen R. Structure of membrane-bound alpha-synuclein 
from site-directed spin labeling and computational refinement. Proc Natl Acad Sci USA. 2008; 
105:19666–19671. [PubMed: 19066219] 

30. Varkey J, et al. Membrane curvature induction and tubulation are common features of synucleins 
and apolipoproteins. J Biol Chem. 2010; 285:32486–32493. [PubMed: 20693280] 

31. Mizuno N, et al. Remodeling of lipid vesicles into cylindrical micelles by α-synuclein in an 
extended α-helical conformation. J Biol Chem. 2012; 287:29301–29311. [PubMed: 22767608] 

32. Boassa D, et al. Mapping the subcellular distribution of α-synuclein in neurons using genetically 
encoded probes for correlated light and electron microscopy: implications for Parkinson’s disease 
pathogenesis. J Neurosci. 2013; 33:2605–2615. [PubMed: 23392688] 

33. Vargas KJ, et al. Synucleins regulate the kinetics of synaptic vesicle endocytosis. J Neurosci. 2014; 
34:9364–9376. [PubMed: 25009269] 

34. Paleologou KE, et al. Phosphorylation at Ser-129 but not the phosphomimics S129E/D inhibits the 
fibrillation of alpha-synuclein. J Biol Chem. 2008; 283:16895–16905. [PubMed: 18343814] 

Marotta et al. Page 10

Nat Chem. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Paleologou KE, et al. Phosphorylation at S87 is enhanced in synucleinopathies, inhibits alpha-
synuclein oligomerization, and influences synuclein-membrane interactions. J Neurosci. 2010; 
30:3184–3198. [PubMed: 20203178] 

36. Mbefo MK, et al. Phosphorylation of synucleins by members of the Polo-like kinase family. J Biol 
Chem. 2010; 285:2807–2822. [PubMed: 19889641] 

37. Oueslati A, Schneider BL, Aebischer P, Lashuel HA. Polo-like kinase 2 regulates selective 
autophagic α-synuclein clearance and suppresses its toxicity in vivo. Proc Natl Acad Sci USA. 
2013; 110:E3945–54. [PubMed: 23983262] 

38. Tabrizi SJ, et al. Expression of mutant alpha-synuclein causes increased susceptibility to dopamine 
toxicity. Hum Mol Genet. 2000; 9:2683–2689. [PubMed: 11063727] 

39. Lee M, Hyun D, Halliwell B, Jenner P. Effect of the overexpression of wild-type or mutant alpha-
synuclein on cell susceptibility to insult. J Neurochem. 2001; 76:998–1009. [PubMed: 11181819] 

40. Ko LW, Ko HHC, Lin WL, Kulathingal JG, Yen SHC. Aggregates assembled from overexpression 
of wild-type alpha-synuclein are not toxic to human neuronal cells. J Neuropathol Exp Neurol. 
2008; 67:1084–1096. [PubMed: 18957893] 

41. Khalaf O, et al. The H50Q mutation enhances α-synuclein aggregation, secretion, and toxicity. J 
Biol Chem. 2014; 289:21856–21876. [PubMed: 24936070] 

42. Olanow CW, Brundin P. Parkinson’s Disease and Alpha Synuclein: Is Parkinson’s Disease a 
Prion-Like Disorder? Mov Disord. 2013; 28:31–40. [PubMed: 23390095] 

43. Chen M, Margittai M, Chen J, Langen R. Investigation of alpha-synuclein fibril structure by site-
directed spin labeling. J Biol Chem. 2007; 282:24970–24979. [PubMed: 17573347] 

44. Vilar M, et al. The fold of alpha-synuclein fibrils. Proc Natl Acad Sci USA. 2008; 105:8637–8642. 
[PubMed: 18550842] 

45. Gambetta MC, Müller J. O-GlcNAcylation prevents aggregation of the Polycomb group repressor 
polyhomeotic. Dev Cell. 2014; 31:629–639. [PubMed: 25468754] 

46. Hejjaoui M, Haj-Yahya M, Kumar KSA, Brik A, Lashuel HA. Towards Elucidation of the Role of 
Ubiquitination in the Pathogenesis of Parkinson’s Disease with Semisynthetic Ubiquitinated α-
Synuclein. Angew Chem, Int Ed Engl. 2011; 50:405–409. [PubMed: 21154793] 

47. Haj-Yahya M, et al. Synthetic polyubiquitinated α-Synuclein reveals important insights into the 
roles of the ubiquitin chain in regulating its pathophysiology. Proc Natl Acad Sci USA. 2013; 
110:17726–17731. [PubMed: 24043770] 

48. Hejjaoui M, et al. Elucidating the role of C-terminal post-translational modifications using protein 
semisynthesis strategies: α-synuclein phosphorylation at tyrosine 125. J Am Chem Soc. 2012; 
134:5196–5210. [PubMed: 22339654] 

49. Fauvet B, et al. Characterization of Semisynthetic and Naturally Nα-Acetylated α-Synuclein in 
Vitro and in Intact Cells: Implications for aggregation and cellular properties of α-Synuclein. J 
Biol Chem. 2012; 287:28243–28262. [PubMed: 22718772] 

50. Burai R, Ait-Bouziad N, Chiki A, Lashuel HA. Elucidating the Role of Site-Specific Nitration of 
α-Synuclein in the Pathogenesis of Parkinson’s Disease via Protein Semisynthesis and 
Mutagenesis. J Am Chem Soc. 2015; 137:5041–5052. [PubMed: 25768729] 

Marotta et al. Page 11

Nat Chem. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. O-GlcNAc modification and α-synuclein
a, O-GlcNAc modification (O-GlcNAcylation) is a dynamic modification of intracellular 

proteins by the monosaccharide N-acetyl-glucosamine (GlcNAc). b, The protein α-synuclein 

forms toxic amyloid-aggregates that contribute to the progression of neurodegenerative 

diseases, including Parkinson’s disease. α-Synuclein is O-GlcNAcylated at three different 

sites but the effects on protein aggregation and toxicity were unknown. Here, we determine 

the consequences of O-GlcNAcylation at threonine residue 72.
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Figure 2. Semisynthesis of α-synuclein
a, α-Synuclein was retrosynthetically deconstructed into a synthetic thioester-peptide (1), a 

recombinant protein (2) and a recombinant protein thioester (3) obtained using intein 

chemistry. b, Synthetic scheme outlining the preparation of α-synuclein. Synthetic thioester-

peptide 1 was first incubated with recombinant protein 2, resulting in the ligation reaction 

that yielded protein 4. The N-terminal thioproline of 4 was then transformed to the 

corresponding cysteine (5) by treatment with methoxylamine. Protein 5 was then ligated to 

the protein thioester 3 to give full-length α-synuclein. The cysteines required for the ligation 

reactions were then desulfurized to the native alanine residues to give synthetic α-synuclein 

with no amino acid mutations. (c) Characterization of synthetic α-synuclein using RP-HPLC 

and ESI-MS. Analysis by RP-HPLC showed that synthetic α-synuclein was pure, as 

evidenced by the appearance of only one, sharp peak. Characterization by ESI-MS gave a 

range of charge-states that could be deconvoluted to a molecular mass (14,460 ± 3 Da) in 

excellent agreement with the predicted weight of 14,460 Da.
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Figure 3. O-GlcNAcylation blocks α-synuclein aggregation
a, α-Synuclein bearing an O-GlcNAc modification at threonine 72 [α-synuclein(gT72)] was 

prepared using the same semisynthetic route outlined in Fig. 2b by replacing peptide 1 with 

glycopeptide 7. Analysis of purified α-synuclein(gT72) by RP-HPLC showed only one, 

sharp peak. Characterization by ESI-MS gave a range of charge-states that could be 

deconvoluted to a molecular mass (14,667 ± 2 Da) in good agreement with the predicted 

weight of 14,663 Da. b, O-GlcNAcylation blocks α-synuclein fiber formation. Recombinant 

α-synuclein or synthetic α-synuclein or α-synuclein(gT72) (50 μM) were subjected to 

aggregation conditions (agitation at 37 °C) before analysis by ThT fluorescence (λex = 450 

nm, λex = 482 nm) at the indicated time points. y-Axis is fold-change in fluorescence 

compared to recombinant α-synuclein at t = 0 h. Results are the mean ±s.e.m. of three 

separate experiments. Both recombinant and synthetic α-synuclein give strong ThT 

fluorescence signals over the course of the aggregation assay, while α-synuclein(gT72) 

results in no detectable increase in the signal. c, The same reactions were analyzed by TEM 

after 7 days; scale bar: 500 nm. Mature, rigid fibers with an approximate diameter of 10 nm, 

consistent with amyloid structures, were readily visualized in the recombinant and synthetic 

α-synuclein aggregation reactions, but were completely lacking in the α-synuclein(gT72) 

reaction. d, The majority of α-synuclein(gT72) remains soluble during aggregation. After 7 

days, aggregation reactions were also separated by centrifugation, resuspended in 8M urea 

to disassociate any aggregates, and analyzed by SDS-PAGE and coomassie staining. 

Essentially all of the recombinant α-synuclein formed insoluble aggregates, while the 

majority of α-synuclein(gT72) was found in the soluble fraction. e, O-GlcNAcylation blocks 

α-synuclein oligomer formation. Aggregation reactions were analyzed by SEC-MALS after 

7 days. Faster eluting peaks corresponding to molecular weights of approximately 1,000 and 

100 kDa were detectable in the recombinant α-synuclein aggregation reaction, but were 

essentially absent in the α-synuclein(gT72) reaction.

Marotta et al. Page 14

Nat Chem. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. O-GlcNAcylation has no effect on α-synuclein membrane binding or bending
a, O-GlcNAcylation has no effect on α-synuclein α-helix formation upon membrane 

binding. Recombinant α-synuclein or α-synuclein(gT72) were incubated with an 100-fold 

excess of the indicated, preformed vesicles and analyzed using circular dichroism (CD). In 

the presence of negatively charged vesicles (POPG or POPS), both recombinant α-synuclein 

amd α-synuclein(gT72) gave indistinguishable CD spectra consistent with the formation of 

an extended α-helix. The introduction of a zwitterionic lipid (POPC) reduced the α-helix 

formation equally for both proteins. b, Unmodified α-synuclein and α-synuclein(gT72) bend 

membranes into tubules equally. Recombinant α-synuclein or α-synuclein(gT72) were 

incubated with a 20-fold excess of POPG vesicles and analyzed using TEM. Both proteins 

remodeled the vesicles into tube structures of approximately 30 nm in diameter. POPG = 1-

palmitoyl-2-oleoyl-sn-glycero-3-[phospho-RAC-(1-glycerol)]; POPS = 1-palmitoyl-2-

oleoyl-sn-glycero-3-phospho-L-serine; POPC = 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine.
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Figure 5. O-GlcNAcylation blocks α-synuclein toxicity
Primary rat cortical neurons in culture or SH-SY5Y cells were treated for 60 h with vehicle 

or insoluble material or remaining soluble material (25 μM based on monomer 

concentration) collected from aggregation reactions initiated with either α-synuclein(gT72) 

or recombinant α-synuclein. In both cell types, toxicity was measured with ethidium 

homodimer fluorescence (λex = 528 nm, λex = 617 nm). Treatment with recombinant α-

synuclein resulted in significantly more toxicity than α-synuclein(gT72) in both cells types 

tested. Cellular proliferation was measured in SH-SY5Y cells by cell counting. Again, 

treatment with recombinant α-synuclein slowed cellular proliferation to a significantly 

larger extent than α-synuclein(gT72). Results are the mean ±s.e.m. of three separate 

experiments. Statistical significance (two-tailed, t-test): *P < 0.05, **P = < 0.01.
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Figure 6. O-GlcNAcylated α-synuclein is largely excluded from the protein aggregates
a, Recombinant α-synuclein or synthetic α-synuclein (50 μM) or the indicated mixtures of 

α-synuclein(gT72) and recombinant α-synuclein (50 μM total concentration) were subjected 

to aggregation conditions (agitation at 37 °C) before analysis by ThT fluorescence (λex = 

450 nm, λex = 482 nm) at the indicated time points. y-Axis is fold-change in fluorescence 

compared to recombinant α-synuclein at t = 0 h. Increasing percentages of α-

synuclein(gT72) compared to recombinant α-synuclein resulted in slower aggregation 

kinetics and lower overall ThT fluorescence levels. b, The same reactions were analyzed by 

TEM after 7 days; scale bar: 500 nm. Increasing percentages of α-synuclein(gT72) 

compared to recombinant α-synuclein resulted in the formation of fewer overall fiber 

structures but did not change the gross structures of the fibers formed. c, Recombinant α-

synuclein at 50 μM or 25 μM or a 1:1 mixture of recombinant α-synuclein (25 μM) and α-

synuclein(gT72) (25 μM) were were subjected to aggregation conditions (agitation at 37 °C) 

before analysis by ThT fluorescence (λex = 450 nm, λex = 482 nm) at the indicated time 

points. y-Axis is fold-change in fluorescence compared to recombinant α-synuclein at t = 0 

h. The 1:1 mixture of recombinant α-synuclein and α-synuclein(gT72) (50 μM 

concentration) gave less aggregation than α-synuclein alone but more than recombinant α-

synuclein at a concentration of 25 μM. d, The same reactions were analyzed by TEM after 7 

days; scale bar: 500 nm. All three aggregation reactions formed fibers that were similar in 

structure and size. All results are the mean ±s.e.m. of at least three separate experiments. 

Statistical significance (two-tailed, t-test): *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001.
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