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Abstract

Mutations in the gene that encodes α-synuclein (αS) are a known cause of Parkinson's disease. αS 

is also the major component of pathological inclusions that characterize this disorder and a 

spectrum of other neurodegenerative diseases termed synucleinopathies. The effects of the most 

recently identified αS mutation, A53E, on αS aggregation were studied in vitro and in cell culture 

models. The A53E mutation in αS impedes the formation of aggregated, amyloid protein in vitro 

compared to wild-type αS. Under certain conditions, A53E αS can still form elongated amyloid 

fibrils with similar morphology, but with thinner width compared to wild-type αS. Using amyloid 

seeding of αS in cell culture studies, we demonstrate that significantly less A53E αS could be 

induced to aggregate compared to wild-type αS, although the mutant protein was still able to form 

mature inclusions within some cells. Furthermore, expression of A53E αS enhanced toxicity in 

cells experiencing mitochondrial stress. These findings indicate that the A53E mutation in αS 

reduces the propensity of αS to aggregate both in vitro and in the cellular environment, and may 

lead to cellular toxicity through other mechanisms.
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Introduction

Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by 

resting tremor, rigidity, slowed movement and postural instability. Pathological hallmarks of 

PD include depigmentation of the substantia nigra indicating death of nigral dopaminergic 

neurons, and the presence of α-synuclein (αS) containing Lewy bodies [1,2]. The αS protein 

has been further implicated in the pathogenesis of PD, as missense mutations in, or 
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increased copy number of the gene that encodes αS (SNCA), can cause familial PD 

[reviewed in 3 plus 4–8]. Although all of the functions of αS have yet to be fully described, 

its abundance within the presynaptic terminal lends credibility to its proposed role in 

synaptic transmission [9]. The natively unfolded αS is able to adopt secondary structure for 

example, it becomes partially α-helical upon binding to lipids [10], which appears to be an 

important property of the protein. Alternatively it can adopt a β-sheet secondary structure, 

termed amyloid, which occurs under disease conditions [2, 11]. This amyloid structure is 

prone to aggregate, forming oligomers and fibrils which ultimately combine to produce 

Lewy pathology [2].

The exact cause or causes of PD are still under question within this field of research. The 

sequestration of functional αS into the aggregates could be reducing the amount of available 

αS for normal cellular function, which may lead to death of the dopaminergic neurons. 

Alternatively the presence of the large intracellular aggregates could be causing 

degeneration of the cells or the production of an oligomeric species of αS during 

polymerization could be toxic to the cells [1,2]. Furthermore, αS interacting proteins may be 

sequestered into αS aggregates, removing them from the functional pool and potentially 

causing additional neuronal stress. The presence of αS positive Lewy bodies in the brains of 

not only SNCA mutation harboring PD patients, but also sporadic PD patients shows that 

multiple insults can lead to the same neurodegenerative phenotype and study of αS and its 

mutants may provide valuable clues to its involvement in disease [1,2].

The PD-causing missense mutations in SNCA have been shown to alter fibrillization kinetics 

of αS. The A53T, E46K and H50Q mutations have been consistently shown to accelerate 

fibril formation [12–16]. However, we and others reported that the G51D mutation 

attenuates fibril formation in vitro, which was the first time that this was shown consistently 

for an SNCA mutation [16,17]. This finding suggests that there is a different disease 

mechanism for this mutation, compared to the others, which indicates the importance of 

investigating the effects of each newly identified SNCA mutation.

The novel A53E SNCA mutation was recently identified in a PD family [8]. One report 

showed that this mutation may attenuate αS fibril formation, similar to G51D [18]. In this 

study, we extended these findings and investigated the ability of this mutant αS to form 

inclusions and confer cellular toxicity in cultured cells.

Materials and Methods

Bacterial (pRK172) and mammalian (pcDNA3.1) expression plasmids containing full-length 

wild-type αS or N-terminally truncated (21-140) αS (pRK172 only) were previously 

described [19,20]. To generate constructs encoding the A53E mutation, site-directed 

mutagenesis was performed using primers designed to contain the cytosine to adenosine 

base change at cDNA position 158 on these constructs and PCR with Pfu Turbo DNA 

Polymerase AD (Agilent) followed by Dpn I restriction enzyme digestion to degrade the 

original plasmid. Following transformation in DH10 E. coli, individual clones were screened 

for the presence of only the desired nucleotide variant by DNA sequencing provided as a 

service by the Interdisciplinary Center for Biotechnology Research at the University of 
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Florida. Wild-type, 21-140 and A53E recombinant αS proteins were produced by expression 

in, and purification from BL21 (DE3/RIL) E.coli (Agilent Technologies) as previously 

described [14,19].

To assemble fibrils, proteins were incubated at 37°C with constant shaking at 1050rpm 

(Thermomixer; Eppendorf) at 1, 2.5 and 5mg/ml in 100mM sodium acetate pH7.5 or PBS. 

The amount of amyloid structure and the proportion of insoluble protein in the samples was 

measured by K114 fluorometric assay and sedimentation analyses respectively, as described 

in [16], at 1, 2, and 4 days (all concentrations), and also at 8 and 16 days (1mg/ml), in 

quadruplicate. Coomassie stained gels and Western blots were quantified using Image J 

software (National Institutes of Health).

Fibrils produced in PBS were adsorbed to 300-mesh carbon-coated copper grids, washed, 

stained with 1% uranyl acetate and imaged at 100,000x magnification using a Hitachi 

H7600 transmission electron microscope (Hitachi) for assessment of fibril morphology. 

Fibril diameters were determined by loading micrograph images into Image-Pro Plus 

software (Media Cybernetics) and the widths of >1000 fibrils per protein were measured.

Neuro2A cells, maintained in Dulbecco's modified Eagle's medium (Invitrogen)/10% fetal 

bovine serum/ 100U/ml penicillin/ 100µg/ml streptomycin at 37°C with 5% CO2, were 

plated into 6 well plates or onto poly-D-lysine coated coverslips (6 well or 24 well). At 

~25% confluency, cells were transfected with 0.8μg (6 well) or 0.2μg (24 well) pcDNA3.1 

containing wild-type or A53E αS, or pEGFP-CI (Clontech), using lipofectamine 2000 

according to the manufacturer's protocol (Invitrogen). Inclusion formation was induced by 

treating the cells with exogenous 21-140 αS fibrils as previously described [16]. After 40 

hours, cells underwent biochemical fractionation, to determine the proportion of αS that 

became aggregated, and immunofluorescence staining to identify mature αS inclusions as 

described in [16]. To evaluate the kinetics of inclusion formation, immunofluorescent 

staining was performed on transfected, fibril treated cells at 24, 36 and 48 hours post-

transfection. For double immunofluorescence analyses, the antibodies used were SNL4, 

which recognizes residues 2-12 of αS [21] and pSer129/81A [22], which detects αS 

phosphorylated at serine129 and is a marker of pathological αS. The percentage of cells 

containing αS inclusions (pSer129/81A-positive) relative to the total number of cells 

overexpressing human αS (SNL4-positive) was determined by analyzing 10 images (20x 

magnification) per experimental condition.

Cell viabilities were determined using the LIVE/DEAD Fixable Red Dead Cell Stain kit, for 

488nm excitation (Life Technologies) as previously described [16], using MPP 

dihydrochloride hydrate (MPP+; Sigma) to introduce mitochondrial stress.

Graphs were made, and statistical analyses were performed using GraphPad Prism v5.03 

software (GraphPad). Unpaired two-tailed t-tests were used to compare K114 values, 

percentage of insoluble protein and fibril widths of wild-type and A53E αS. One-way 

analysis of variance with post-hoc Dunnett's multiple comparison test, using wild-type αS as 

the control, were used to test the difference between the MPP+ treated, EGFP or wild-type or 

A53E αS transfected Neuro2A cells.
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Results

To investigate the effect of the A53E mutation on the rate of αS fibril formation, we 

performed fibril assembly and tracked the formation of amyloid structure and aggregated 

protein that could be sedimented over time (Figure 1). The K114 amyloid-detecting assay 

(Figure 1A) revealed a delay in the formation of amyloid structure of A53E αS at all 

concentrations. Similarly, formation of sedimented αS was slower for A53E αS compared to 

wild-type αS (Figure 1B). Therefore, the A53E mutation reduced the propensity of αS to 

aggregate into amyloid. Examination of the morphology of fibrils produced by the A53E αS 

protein by negative-staining electron microscopy (Figure 2) revealed similar elongated 

fibrils to wild-type αS fibrils. The staining of the A53E αS fibrils appeared slightly lighter 

than for wild-type αS. We also observed diffuse, amorphous material surrounding some of 

the fibrils in both cases, although this appeared more often for the A53E αS fibrils. 

Measurement of fibril widths (>1000 fibrils per protein) revealed that A53E αS fibrils (9.22 

± 2.00nm) were slightly, but significantly thinner than wild-type αS fibrils (10.09 ± 1.83nm; 

t(2061)=10.28, p<0.0001).

To examine the behavior of the A53E αS in a cellular environment, we transfected Neuro 

2A cells with plasmids encoding wild-type or A53E αS and added exogenous 21-140 αS 

fibrils to induce inclusion formation (Figure 3). The use of 21-140 αS fibrils allows us to 

track only the expressed protein, and not the exogenous fibrils, through the use of an 

antibody to the N-terminus of αS (SNL4). Fractionation analysis showed that some A53E 

αS was induced to aggregate within the cells when 21-140 αS fibrils were added, however 

this was significantly less than in the wild-type αS transfected cells (Figure 3A; t(4)=7.455, 

p=0.0017). Double immunofluorescence of the cells using a general αS antibody (SNL4) 

and an antibody to αS phosphorylated serine129 (a marker of mature αS inclusions) 

revealed that A53E αS is able to form mature inclusions with morphology similar to those 

formed by wild-type αS (Figure 3C). Examining the percentage of αS transfected cells 

which contained pSer129-positive inclusions that filled the cell over a 48 hour time course, 

we found that cells overexpressing A53E αS formed mature inclusions more slowly than 

wild-type αS overexpressing cells, when treated with exogenous αS fibrils (Figure 3B). 

However, the percentage of A53E αS transfected cells with inclusions reached 

approximately the same number as wild-type αS overexpressing cells at 48 hours post-

transfection. The formation of inclusions was not induced in cells overexpressing either 

protein, when fibrils were not present.

To assess whether A53E αS confers toxicity under cellular stress due to mitochondrial 

impairment that can model Parkinsonism, we treated neurons overexpressing A53E αS with 

MPP+. We found that overexpression of wild-type or A53E αS similarly promoted MPP+ 

toxicity at higher concentrations (7.5 or 10 [.proportional]M). In addition, A53E αS 

significantly increased cell death at the lowest MPP+ concentration (5μM) tested compared 

to wild-type.
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Discussion

In this study we have demonstrated that the PD-causing A53E SNCA mutation attenuates αS 

fibrillization kinetics in vitro and shows reduced aggregation in a cell culture model of 

induced inclusion formation. Our in vitro fibrillization data indicate that, while A53E 

mutated αS is able to form fibrils, it does so at a slower rate than wild-type αS, with a 2-4 

day lag period depending on the concentration of the protein. This finding is in agreement 

with a study recently published by Ghosh and colleagues [18]. The amorphous staining 

surrounding full length αS fibrils observed during electron microscopy, with an increased 

occurrence in A53E compared to wild-type αS, is suggestive of an oligomeric species of αS 

polymerization. Taking these data together, it is possible that A53E αS preferentially forms 

off-pathway oligomers and, while these oligomers can eventually be forced back on 

pathway, it takes time for this to occur. The A53E mutation occurs at the same position as 

the extensively studied A53T mutation, which shows accelerated fibril formation however, 

the opposite effect was seen here [12,13]. The introduction of a negative charge here, as 

opposed to the native non-polar alanine residue, may be interfering with the formation of 

fibrils through repulsive forces, slowing down fibrillization.

Biochemical fractionation of our cell culture studies showed a significantly reduced 

proportion of aggregated A53E αS compared to wild-type, which supports the notion that 

this αS mutant does not preferentially form fibrils. However, we did observe pSer129 

positive αS inclusions in our cell culture model of inclusion formation that formed more 

slowly than wild-type, and the original paper reporting the discovery of the A53E mutation 

in a PD family described the presence of αS positive inclusions in both neurons and 

oligodendrocytes [8]. This proves that A53E αS is able to form mature inclusions. However, 

the A53E αS inclusions that are induced in our cell model are less advanced in aggregation 

within the time frame that our studies were conducted, since they are less detergent 

insoluble. Nevertheless, these cellular αS inclusions are phosphorylated at serine129 in this 

cell culture model, similar to the finding that some forms of aggregated serine129 

phosphorylated αS are present in the soluble fraction of αS transgenic mouse brains (22). 

Our cell viability assay showed that the A53E αS mutation also can enhance cellular toxicity 

under conditions of mitochondrial stress.

In conclusion, we have shown that the A53E SNCA mutation attenuates αS fibril formation 

in vitro and reduces aggregation of αS in a cell culture model of inclusion formation. The 

A53E mutation appears to affect αS similarly to the G51D mutation, as both slow the rate of 

αS fibril formation [16,17]. Interestingly, both of these mutations introduce charged residues 

that may cause charge repulsion within the polymerizing protein. However, A53E αS 

demonstrated reduced aggregation in the seeded cell culture model whereas G51D αS 

showed similar levels of aggregated protein, when compared to wild-type indicating that 

A53E has a more robust effect at reducing inclusion formation. The A53E mutation will 

require further study to fully characterize its effects both in the cell and in vivo, and may 

provide potential clues of therapeutic relevance.
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Abbreviations

αS α-synuclein

E. coli Escherichia coli

EGFP enhanced green fluorescent protein, K114, (trans,trans)-1-bromo-2,5-bis-(4-

hydroxy)styrylbenzene

MPP+ MPP dihydrochloride hydrate

PBS phosphate-buffered saline

PD Parkinson's disease

SEM standard error of the mean
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Highlights

• A53E mutated α-synuclein displays slowed fibril formation in vitro

• A53E α-synuclein shows reduced aggregation in cultured cells

• A53E α-synuclein enhances toxicity in mitochondrially impaired cells
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Figure 1. Comparison of aggregated amyloid formation by wild-type and A53E αS proteins 
following in vitro incubation
K114 fluorometry (A) and sedimentation analysis (B) of wild-type (white) and A53E (black) 

αS following in vitro incubation at 1, 2.5 and 5 mg/ml for the number of days indicated. 

Error bars represent SEM. Significant differences were determined by t-tests. AFU; arbitrary 

fluorescence units, * p<0.05, ** p<0.005, *** p<0.001.
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Figure 2. Electron microscopy analysis of fibrils formed by wild-type and A53E αS proteins
Representative images of uranyl acetate stained fibrils formed by incubating proteins at 

1mg/ml for 4 days. The panels on the bottom show diffuse, amorphous staining. Scale bar 

represents 100 nm.
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Figure 3. Formation of insoluble inclusions in seeded cultured cells overexpressing wild-type or 
A53E αS
(A, left) Western blot probed with anti-N-terminal αS antibody SNL4 showing soluble 

(supernatant; S) and insoluble (pellet; P) αS extracted from wild-type or A53E αS 

overexpressing Neuro 2A cells with or without the addition of 21-140 αS fibrils (+/− fib). 

(A, right) Quantification of western blots showing average percent of αS in the insoluble 

fraction. N = 3 per group. Error bars represent SEM. Significant difference was determined 

by t-tests. ** p<0.005. (B) and (C) Quantification of inclusions over time (B) and 

representative immunofluorescent images at 40 hours post-transfection (C) of cultured 

Neuro2A cells overexpressing wild-type or A53E αS with or without the addition of 21-140 

αS fibrils (+/− fib). Cells were double stained with anti-αS antibodies pSer129/81A (green) 

and SNL4 (red), and overlaid with DAPI (Merge). Scale bar represents 50μm.
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Figure 4. Viability of cultured Neuro 2A cells overexpressing wild-type or A53E αS when 
subjected to mitochondrial impairment by treatment with MPP+

Neuro2A cells were treated with MPP+ to induce mitochondrial stress. The percentage of 

dead transfected cells for the concentrations of MPP+ indicated was determined. Averages 

are shown with error bars representing SEM. Significant differences were determined by 

One-way ANOVA with post hoc Dunnett's multiple comparison tests. * p<0.05, ** p<0.005, 

*** p<0.001.
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