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Aggregate Clearance of ␣-Synuclein in Saccharomyces
cerevisiae Depends More on Autophagosome and Vacuole
Function Than on the Proteasome*□
S
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Background: The hallmark of Parkinson disease is ␣-synuclein aggregation, whose cytotoxic effects are reproducible in
yeast.
Results: ␣-Synuclein aggregate clearance is impaired by vacuolar protease inhibitor PMSF but not by proteasome inhibitor
MG132.
Conclusion: Yeast recovers from ␣-synuclein-induced toxicity by clearing aggregates via autophagy and vacuolar pathways.
Significance: The data provide insight into the mechanisms used by yeast cells to clear toxic aggregated proteins.
Parkinson disease is the second most common neurodegenerative disease. The molecular hallmark is the accumulation of
proteinaceous inclusions termed Lewy bodies containing misfolded and aggregated ␣-synuclein. The molecular mechanism
of clearance of ␣-synuclein aggregates was addressed using the
bakers’ yeast Saccharomyces cerevisiae as the model. Overexpression of wild type ␣-synuclein or the genetic variant A53T
integrated into one genomic locus resulted in a gene copy-dependent manner in cytoplasmic proteinaceous inclusions reminiscent of the pathogenesis of the disease. In contrast, overexpression of the genetic variant A30P resulted only in transient
aggregation, whereas the designer mutant A30P/A36P/A76P
neither caused aggregation nor impaired yeast growth. The
␣-synuclein accumulation can be cleared after promoter shutoff by a combination of autophagy and vacuolar protein degradation. Whereas the proteasomal inhibitor MG-132 did not
significantly inhibit aggregate clearance, treatment with phenylmethylsulfonyl fluoride, an inhibitor of vacuolar proteases,
resulted in significant reduction in clearance. Consistently, a
cim3-1 yeast mutant restricted in the 19 S proteasome regulatory subunit was unaffected in clearance, whereas an ⌬atg1
yeast mutant deficient in autophagy showed a delayed aggregate
clearance response. A cim3-1⌬atg1 double mutant was still able
to clear aggregates, suggesting additional cellular mechanisms
for ␣-synuclein clearance. Our data provide insight into the
mechanisms yeast cells use for clearing different species of ␣-synuclein and demonstrate a higher contribution of the
autophagy/vacuole than the proteasome system. This contrib-
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utes to the understanding of how cells can cope with toxic
and/or aggregated proteins and may ultimately enable the
development of novel strategies for therapeutic intervention.

Parkinson disease (PD),2 the second most common neurodegenerative disease after Alzheimer disease, is characterized by
the progressive death of the dopaminergic neurons in the substantia nigra pars compacta of the brain. This associates with a
gradual development of symptoms including bradykinesia,
muscular rigidity, postural instability, and resting tremor (1).
The molecular hallmark of the disease is the accumulation of
proteinaceous inclusions termed Lewy bodies, which contain
proteins such as ␣-synuclein, ubiquitin, synphilin-1, and cytoskeletal proteins (2). The major constituent of Lewy bodies is
misfolded and aggregated ␣-synuclein (3), a small neuronal
protein of 140 amino acids (4) encoded by the SNCA gene.
Allelic duplication or triplication of the wild-type SNCA gene
encoding ␣-synuclein was found to be linked to familial forms
of PD and corroborates that ␣-synuclein is important for the
disease (5, 6). Additionally, two missense mutations, A30P and
A53T, are associated with autosomal dominant early-onset
forms of PD (7, 8). Besides PD, ␣-synuclein inclusions have also
been reported in other neurodegenerative diseases collectively
referred to as ␣-synucleinopathies.
It is assumed that the aggregation pathway of ␣-synuclein in
neurons starts with the formation of soluble unstable oligomeric species and is promoted by the initial binding to lipid
membranes. The generation of Lewy bodies is a consequence of
oligomerization/fibrillation followed by attachment of ubiquitin (9 –12). Several studies have focused on the aggregation
behavior and toxicity of wild-type and mutant forms of ␣-synuclein, including those specifically designed according to
2

The abbreviations used are: PD, Parkinson disease; TP, A30P/A53T/A76P; SC,
synthetic complete.
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␣-Synuclein Aggregate Clearance in S. cerevisiae
TABLE 1
Yeast plasmids used in this study
Description

pME2795
pME3526
pME3527
pME3528
pME3759
pME3760
pME3761
pME3762
pME3941
pME3763
pME3764
pME3765
pME3942
pME3766
pME3943
pME3769
pME3770
pME3771
pME3772
pME3773
pME3774
pME3945
pME3946
pME3947
pME3948

pRS426-GAL1-Promoter, CYC1-Terminator, URA3, 2 m, pUC origin, Amp
pME2795 with GAL1::eGFP::SNCAWT (SAAAG linker)
pME2795 with GAL1::eGFP::SNCAA30P (SAAAG linker)
pME2795 with GAL1::eGFP::SNCAA53T (SAAAG linker)
pME2795 with GFP
pME2795 with GAL1::SNCAWT
pME2795 with GAL1::SNCAA30P
pME2795 with GAL1::SNCAA53T
pME2795 with GAL1::SNCAA30P/A56P/A76P
pME2795 with GAL1::SNCAWT::GFP (KLID linker)
pME2795 with GAL1::SNCAA30P::GFP (KLID linker)
pME2795 with GAL1::SNCAA53T::GFP (KLID linker)
pME2795 with GAL1::SNCAA30P/A56P/A76P::GFP (KLID linker)
pME2795 with GAL1::SNCAWT::myeGFP (AAAG linker)
pME2795 with GAL1::SNCAWT::GFP (AAAG linker)
pME2795 with GAL1::SNCAWT::myeGFP (no linker)
pME2795 with GAL1::SNCAA30P::myeGFP (no linker)
pME2795 with GAL1::SNCAA53T::myeGFP (no linker)
pME2795 with GAL1::SNCAWT::mCherry (KLID linker)
pME2795 with GAL1::SNCAWT::myeGFP (KLID linker)
pRS306-GAL1-Promoter, CYC1-Terminator, URA3, integrative, pUC origin, AmpR
pME3774 with SNCAWT::GFP (KLID linker)
pME3774 with SNCAA30P::GFP (KLID linker)
pME3774 with SNCAA53T::GFP (KLID linker)
pCu416ATG8-GFP, Cu promoter

structural predictions. The designer mutant A30P/A53T/A76P
(TP) ␣-synuclein shows enhanced oligomer and impaired amyloid fibril formation in vitro and does not form insoluble aggregates in animal models (13, 14) despite increased neurotoxicity
in primary neurons, worms, and flies (13, 15). This further supported the idea that soluble prefibrillar ␣-synuclein oligomers
and not the insoluble aggregates are associated with the detrimental effects found in PD (13, 16).
Yeasts, flies, worms, and mice have been used as model systems to understand the molecular basis of ␣-synuclein-mediated toxicity (17–21). In particular, the budding yeast Saccharomyces cerevisiae is a powerful model organism for PD due to
the high conservation with higher eukaryotes, its rapid growth,
and the existence of comprehensive genetic tools. Although
yeast does not endogenously express ␣-synuclein homologues,
␣-synuclein-related effects can be efficiently mimicked in yeast,
such as proteasome impairment, increased reactive oxygen species, lipid droplet accumulation, and vesicle trafficking dysfunction (20, 22). At the same time, the type of ␣-synuclein
construct used in yeast as well as quantification of ␣-synuclein
in cells is critical.
␣-Synuclein-related neurotoxicity is generally attributed to a
gain of toxic function of misfolded and aggregated ␣-synuclein.
Therefore, a central question pertains to the mechanism of
clearance of ␣-synuclein aggregates. Several studies support
that soluble ␣-synuclein can be a target for the 26 S proteasome
(23, 24). In contrast, ␣-synuclein oligomeric forms cannot be
subject to proteasomal degradation (25) but rather inhibit the
system (26). ␣-Synuclein was also reported to be degraded by
autophagy (27, 28) and might inhibit macroautophagy (29).
Given that ␣-synuclein complexes can impair the proteasome
and that both PD patients and animal models display an elevated number of autophagic vesicles (30), autophagy, in particular macroautophagy, might provide a means for the cell to
cope with aggregates.
Here, we studied the ability of cells to recover from ␣-synuclein exposure and to clear aggregates by a comparison of
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Source
R

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Ref. 32

wild-type, A30P, A53T, and TP ␣-synuclein in the yeast model.
We compared the contribution of the proteasome and of
autophagy/vacuolar pathways in ␣-synuclein aggregate clearance and, additionally, show that ␣-synuclein interferes with
the activation of autophagy. Our data will now enable further
studies in higher model systems and may open novel possibilities for the design of therapeutic strategies.

EXPERIMENTAL PROCEDURES
Plasmids, Yeast Strains, and Growth Conditions—Plasmids
and S. cerevisiae strains are listed in Tables 1 and 2. Wild-type
␣-synuclein encoding cDNA sequence (hereafter referred to as
SNCA) and the corresponding mutant A30P and A53T
sequences were cloned into pRS426 yeast high expression vector or into the integrative pRS306 vector (31) preceded by the
GAL1 promoter and followed by the CYC1 terminator. A p416
vector containing GFP-Atg8 under the Copper promoter CUP1
was used for autophagy assays (32). Plasmids are listed in Table
1. For microscopic studies, all ␣-synuclein forms were tagged
with GFP via linker, myeGFP with or without linker, mCherry
with linker, and eGFP with linker. The human ␣-synucleinencoding cDNA fused via the KLID linker to GFP was amplified
by polymerase chain reaction on genomic DNA from the yeast
strain HiTox (20). Wild-type ␣-synuclein was tagged either at
the amino or the C terminus. N-terminal fusions were connected by SAAAG, and C-terminal fusions were connected by
either AAAG or KLID as linkers. The GAL1-SNCA-GFP with
the corresponding linkers was integrated into the triple-mutated ura3-52 locus of S. cerevisiae W303-1A using an intact
URA3 gene on the corresponding integrative plasmid for selection. All constructs were verified by DNA sequencing. Yeast
strains listed in Table 2 were grown in non-selective medium
(YPD) at 30 °C and transformed as described (33). Selective
synthetic complete (SC) media (34) contained 2% raffinose
or 2% galactose and lacked the nutrient corresponding to the
marker. ␣-Synuclein expression was induced by shifting
VOLUME 287 • NUMBER 33 • AUGUST 10, 2012

Downloaded from www.jbc.org at Max Planck Inst.Biophysikalische Chemie,Otto Hahn Bibl,Pf.2841,37018 Goettingen, on January 7, 2013

Plasmid

␣-Synuclein Aggregate Clearance in S. cerevisiae
TABLE 2
Yeast strains used in this study
Genotype

Source

W303-1A
⌬pep4
⌬erg6
RH3465
RH3466
RH3467
RH3468
RH3469
RH3470
RH3471
RH3472
RH3473
RH3474
RH3475
RH3477

MAT a; ura3-52; trp1D2; leu2-3_112; his3-11; ade2-1; can1-100
BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YPL154c::kanMX4
BY4741; Mat a; his3D1; leu2D0; met15D0; ura3D0; YML008c::kanMX4
W303 containing GAL1::GFP in URA3 locus
W303 containing 1 genomic copy GAL1::SNCAWT::GFP in URA3 locus (KLID linker)
W303 containing 2 genomic copies GAL1::SNCAWT::GFP in URA3 locus (KLID linker)
W303 containing 3 genomic copies GAL1::SNCAWT::GFP in URA3 locus (KLID linker)
W303 containing 1 genomic copy GAL1::SNCAA30P::GFP in URA3 locus (KLID linker)
W303 containing 2 genomic copies GAL1::SNCAA30P::GFP in URA3 locus (KLID linker)
W303 containing 3 genomic copies GAL1::SNCAA30P::GFP in URA3 locus (KLID linker)
W303 containing 1 genomic copy GAL1::SNCAA53T::GFP in URA3 locus (KLID linker)
W303 containing 2 genomic copies GAL1::SNCAA53T::GFP in URA3 locus (KLID linker)
W303 containing 3 genomic copies GAL1::SNCAA53T::GFP in URA3 locus (KLID linker)
W303 with YGL180w::kanMX4 (⌬atg1), GAL1::SNCAWT::GFP in HIS and TRP loci
W303 with YGL180w::kanMX4, cim3–1, temperature sensitive (cim3–1⌬atg1 double mutant), GAL1::SNCAWT::GFP in HIS
and TRP loci
W303 with cim3–1, temperature sensitive, GAL1::SNCAWT::GFP in HIS and TRP loci

EUROSCARF
EUROSCARF
EUROSCARF
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

RH3486

yeast cultivated overnight in raffinose to galactose medium
(A600 ⫽ 0.1).
Spotting Tests—To assess growth on solid media, cultures
were grown to mid-log phase in minimal medium containing
raffinose and lacking uracil or lacking both uracil and tryptophan. Cells were normalized to equal densities, serially diluted
10-fold starting with an A600 of 0.1, and spotted on SC⫺ura or
on SC⫺ura-trp plates containing either 2% glucose or 2% galactose. After 2 days incubation at 30 °C the plates were
photographed.
Immunoblotting—Overnight cultures of yeast strains harboring GAL1-SNCA-GFP integrations were grown in synthetic
complete medium containing 2% raffinose and lacking uracil.
For induction of the GAL1 promoter, cells were inoculated in a
fresh 50-ml culture of SC⫺ura⫹galactose to an A600 ⫽ 0.1 and
incubated for 6 h. Cell extracts were prepared, and the protein
concentrations were determined with a Bradford assay. 10 g of
protein from each strain were run on a 12% SDS-polyacrylamide gel, transferred to a nitrocellulose membrane, and
probed with a mouse anti ␣-synuclein monoclonal antibody
(1:3000, AnaSpec) or with a rabbit anti eIF2␣ monoclonal antibody (1:1000, Invitrogen) for loading control. For the
autophagy assays a mouse anti GFP monoclonal antibody
(1:500, Santa Cruz Biotechnology) was used. Peroxidase-coupled goat anti-mouse or goat anti-rabbit immunoglobulins G
was used as secondary antibody (Invitrogen, diluted 1:5000).
Southern Hybridization and Copy Number Determination—
Several transformants were analyzed by Southern hybridization
(35) for verification of the integration of ␣-synuclein into the
mutated genomic ura3-52 locus. Isolation of genomic DNA
from S. cerevisiae was performed according to standard procedures (36). 10 g of genomic DNA were subjected to restriction
digestion with HindIII. The restriction fragments were resolved
on a 1% agarose gel, transferred to a nitrocellulose membrane,
cross-linked by UV irradiation for 5 min and hybridized to a
URA3 gene fragment probe. Copy numbers of the integrated
vectors were estimated with the ImageJ software (37). One copy
corresponded to 2.7 ⫹ 4.6 kb, two copies to 2.7 ⫹ 4.6 ⫹ 6.2 kb,
and three copies to 2.7 ⫹ 4.6 ⫹ 6.2kb (higher intensity).
Fluorescence Microscopy, FM4-64 Stainings, and Quantifications—Yeast cell cultures were grown in synthetic complete
medium with raffinose lacking uracil until mid-log phase and
AUGUST 10, 2012 • VOLUME 287 • NUMBER 33
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transferred to SC medium supplemented with galactose and
lacking uracil. Cells were visualized using a Zeiss Axiovert S100
microscope with a GFP filter and a 100⫻ magnification at different time points after induction. Stainings with the lipophilic
dye FM4-64 were performed to observe yeast vacuoles as previously described (38). For quantification of aggregation at least
300 cells were counted per strain and per experiment. For each
strain, the number of cells displaying cytoplasmic foci was
reported to the total number of cells counted and displayed as
percentage on a column chart. Cells exhibiting only bright
peripheral halos (plasma membrane localization) or additional
perivacuolar fluorescence and cells displaying cytoplasmic distribution were not counted as aggregation-displaying cells.
Immunofluorescence—Overnight cultures of W303 cells containing high copy plasmids with wild-type, A30P, or A53T ␣-synuclein were grown in synthetic complete medium containing
2% raffinose and lacking uracil. For induction of the GAL1 promoter, cells were inoculated into fresh SC medium containing
2% galactose and lacking uracil to an A600 ⫽ 0.1. After 6 h of
incubation, the cells were collected, washed, and fixed with 37%
formaldehyde for 30 min. Cell walls were digested with 20
mg/ml zymolyase, and the cells were permeabilized in 0.5% Triton X-100 phosphate buffer. After preblocking with 5% fetal
bovine serum for 1 h, cells were incubated with a mouse anti␣-synuclein antibody (1:3000, AnaSpec). An anti-mouse Alexa
Fluor 594(red)-conjugated secondary antibody (1:200, Invitrogen) was used. Cells were observed using an inverted Zeiss
Axiovert S100 microscope and a dsRed filter.
Promoter Shut-off Studies and Drug Treatments—W303,
BY4741, ⌬atg1, cim3-1, cim3-1⌬atg1, and ⌬pep4 cells were pregrown in SC medium containing raffinose and lacking uracil
overnight then shifted to SC medium containing galactose and
lacking uracil for 4 h to induce ␣-synuclein expression. After
preincubation in galactose medium, cells were shifted to SC
medium supplemented with glucose and lacking uracil to shut
off the promoter, then observed with a fluorescent microscope
at several time points. For experiments in which temperaturesensitive cim3-1 and cim3-1⌬atg1 mutant strains were
employed, the cells were grown at 25 °C. Induction was performed for 3 h at 25 °C and 1 hour additional at 37 °C. Incubation in glucose was done at 37 °C. For consistency, the parent
strain W303 and the ⌬atg1 strain were grown under the same
JOURNAL OF BIOLOGICAL CHEMISTRY

27569

Downloaded from www.jbc.org at Max Planck Inst.Biophysikalische Chemie,Otto Hahn Bibl,Pf.2841,37018 Goettingen, on January 7, 2013

Strain

␣-Synuclein Aggregate Clearance in S. cerevisiae

RESULTS
Three Copies Wild-type (WT) and Two Copies A53T Are
Thresholds for Cytotoxicity and Aggregation—We aimed to
monitor ␣-synuclein aggregate clearance with dependence on
different cellular protein degradation pathways in yeast. First,
we compared the growth impact of differently tagged ␣-synuclein variants with that of untagged ␣-synuclein (supplemental Fig. S1). Spotting assays revealed that expression of
N-terminal ␣-synuclein GFP fusions or C-terminal fusions
without a linker did not affect yeast growth in contrast to the
corresponding untagged versions (supplemental Fig. S1, D and
E). Overexpression of untagged A30P or A30P ␣-synucleinGFP only partially affected cell growth (supplemental Fig. S1, A
and B). Tagged or untagged triple proline TP designer ␣-synuclein behaved similarly to A30P. In several mammalian models the TP variant is unable to form aggregates and has a toxic
effect (13). Tagged or untagged wild-type and A53T ␣-synucleins were equally toxic to the untagged counterparts only when
GFP was fused C-terminally to ␣-synuclein by a linker. Several

27570 JOURNAL OF BIOLOGICAL CHEMISTRY

different fluorescent tags resulted in a similar intracellular morphology when provided in this C-terminal combination connected with a linker (supplemental Fig. S2). Previous studies
reported that the ␣-synuclein-encoding cDNA integrated into
one genomic locus had no effect on growth or aggregation.
Upon a second integration, ␣-synuclein was toxic and aggregated (20). We constructed strains with single or multiple integrations at the single URA3 locus for a quantitative assay. We
aimed to avoid genetic interference effects that might be caused
by second-locus integrations. The number of integrated copies
of ␣-synuclein was determined by Southern blot analysis (Fig.
1A, lower panel). Cells expressing one or two copies of wildtype ␣-synuclein at the same locus did not display growth inhibition (Fig. 1A, upper panel). However, expression of three copies impaired growth and, therefore, represents a threshold for
multiple integrations of GAL1 promoter-driven ␣-synuclein at
one locus. Cells expressing one copy of A53T ␣-synuclein
showed no growth defect, in contrast to cells expressing two
copies, which displayed a significant growth inhibition that was
further enhanced when three copies were expressed. Therefore,
the threshold of A53T is lower than three copies and lower than
that of wild-type ␣-synuclein. Immunoblotting analysis was
used to correlate the gene copy number with protein expression, further supporting these threshold values (Fig. 1A, middle
panel).
Copy numbers of ␣-synuclein in yeast also correlated with
aggregation kinetics as monitored in living cells (Fig. 1 B, and
C). Non-toxic wild-type ␣-synuclein expressed from a single
copy remained at the plasma membrane even 8 h after induction, when only a small percentage of cells started to form
aggregates. Two gene copies of ␣-synuclein resulted in low
aggregation. In contrast, three gene copies resulted in immediate wild-type ␣-synuclein aggregation after induction. Quantification of aggregation formation showed that three copies
resulted in increased aggregation kinetics in comparison to two
copies (Fig. 1C). One copy of A53T ␣-synuclein did not show
aggregates until 8 h of induction, similarly to the wild-type version. However, A53T aggregate formation derived from two
copies was significantly faster than two wild-type copies but
slower than three A53T copies. These results illustrate how
multiple integrations of various copies of GAL1-SNCA-linkerGFP fusions into a single locus correlate with impaired cell
growth and the intracellular accumulation of fluorescent foci.
A30P ␣-Synuclein Can Transiently Form Aggregates in Yeast—
Three integrated copies of the A30P ␣-synuclein variant at the
URA3 locus did not impair yeast growth (Fig. 1A). Aggregate
formation had not been described for this variant in yeast (20,
41) and could also not be observed for three integrated copies
(Fig. 1B). However, under our conditions, the A30P fusion
expressed from a high copy plasmid resulted in a reduced yeast
growth rate (Fig. 1A). Therefore, we compared the intracellular
distribution of ␣-synuclein in cells expressing high copies of
C-terminal-tagged A30P ␣-synuclein with toxic or non-toxic
variants in more detail.
Overexpression of C-terminal-tagged A30P ␣-synuclein
resulted in the formation of fluorescent foci, which are similar
to the foci formed by the other variants (Fig. 1B and Fig. 2). Only
the non-toxic TP mutant ␣-synuclein retained a homogeneous
VOLUME 287 • NUMBER 33 • AUGUST 10, 2012
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conditions. ␣-Synuclein was overexpressed from a 2-m plasmid to achieve higher aggregation levels. The protein was also
overexpressed in ⌬pep4 and in the BY4741 genetic background,
which corresponds to this mutant. The -fold decrease in percentage of cells displaying cytoplasmic inclusions was recorded
and plotted on a graph. Three drug treatments were separately
applied to W303 cells concomitantly with the shift to glucose.
Carbobenzoxyl-leucinyl-leucinyl-leucinal (MG132) dissolved
in dimethyl sulfoxide (DMSO) was applied to the cell suspension in a concentration of 50 M. In parallel, for control, 0.1%
DMSO was added to W303 cells. Phenylmethanesulfonyl fluoride (PMSF) was dissolved in ethanol (EtOH) and added to the
cell suspension to a final concentration of 1 mM. For control, 1%
ethanol was added to the cells (39). Rapamycin dissolved in
ethanol was added to cells incubated in galactose for 3 h to a
final concentration of 100 nM. After 1 h of rapamycin exposure,
cells were washed and shifted to glucose. An equal volume of
ethanol was applied to cells as control.
Autophagy Monitoring Assays—W303 cells were co-transformed with pRS426 vectors containing different ␣-synuclein
variants under the galactose-inducible GAL1 promoter and
with a pGFP-Atg8(416) vector containing GFP-Atg8 under the
copper promoter CUP1. Cells grown overnight at 30 °C in SC
medium containing raffinose and lacking uracil and tryptophan
were induced for 2 h with 50 M CuSO4 to express GFP-Atg8.
The cells were washed twice, diluted to an A600 ⫽ 0.5, and
incubated in 50 ml of SC medium containing galactose and
lacking uracil and tryptophan for ␣-synuclein induction. In a
first experiment cells were induced for 8 h, and probes were
taken at 2, 4, and 8 h. In a second experiment, cells were induced
for 4 h in galactose, washed twice, and transferred to nitrogen
starvation medium, SD(⫺N) (40) supplemented with galactose
for another 4 h. Probes were taken at 2 and 4 h of starvation.
From 10-ml cultures, collected cell extracts were prepared and
subjected to Bradford analysis and immunoblotting as described.
Statistical Analysis—Statistical analysis for autophagy assays
was carried out using one-way ANOVA test. A p value less than
0.05 was considered to indicate a significant difference.

␣-Synuclein Aggregate Clearance in S. cerevisiae

distribution throughout the cytoplasm and did not form aggregates. Immunofluorescence analysis with untagged ␣-synuclein
revealed an identical distribution of the protein when compared with the C-terminal GFP-tagged ␣-synuclein. Non-toxic
N-terminal-linked or non-toxic C-terminal A30P-GFP without
linker displayed a similar cytoplasmic distribution as the nontoxic TP. In contrast, non-toxic GFP fusions of wild-type and
A53T ␣-synuclein, which did not display aggregates, localized
at the plasma membrane (Fig. 2).
A30P requires much higher levels of protein to form fluorescent foci. Quantification of the A30P-KLID-GFP ␣-synuclein
foci formation revealed a significantly reduced percentage of
cells displaying aggregates in comparison to other variants (Fig.
1A, right panel, and C). The aggregation percentage was even
further reduced from 35% after 8 h to 12% after 24 h of induction (Fig. 1C). This suggests that the aggregation of A30P ␣-syAUGUST 10, 2012 • VOLUME 287 • NUMBER 33

nuclein is only transient and that the cells can then cope with
the presence of this variant by activating protein clearance
mechanisms that counteract aggregation.
We further followed the localization of non-aggregated ␣-synuclein. We chose A30P-GFP (three copies integrated in the
genome) and TP-GFP (expressed from a 2-m vector). As additional controls we used GFP and WT ␣-synuclein-GFP
expressed from a single copy. Cells expressing A30P-GFP and
TP-GFP revealed diffuse cytoplasmic localization of the GFP
signal, whereas the strain expressing WT-GFP ␣-synuclein
revealed only plasma membrane localization. Next, we used the
lipophilic membrane dye FM4-64 to determine whether ␣-synuclein could be targeted to the vacuole. A30P-GFP and TPGFP formed fluorescent foci inside the vacuole. The foci were
surrounded by a lipid membrane and moved inside the vacuole
(supplemental Videos 1 and 2). These structures might result
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 1. Threshold copy number for growth impairment by GAL1-driven WT and A53T ␣-synucleins integrated at the single yeast URA3 locus.
A, shown is growth of yeast strains carrying increasing numbers of copies of GAL1-driven ␣-synuclein-KLID-GFP fusion alleles integrated into the triple-mutated
ura3-52 locus. For comparison, yeasts expressing GAL1-driven A30P ␣-synuclein-KLID-GFP from a 2-m plasmid are shown. Spotting analysis (top) reflects
growth impairment with increasing copy numbers for WT or A53T but not A30P ␣-synuclein. Protein levels (middle) are visualized after induction (6 h) by
Western analysis using anti-␣-synuclein and as loading control anti-eiF2␣ antibodies. In addition to the integration strains, a spotting analysis of W303 cells
expressing A30P ␣-synuclein from high copy plasmid and corresponding protein levels is shown. ␣-Synuclein gene copies (below) were determined by
Southern hybridization using labeled URA3 as probe. Integrated ␣-synuclein genes correspond to 2.7 ⫹ 4.6 kb (1⫻), 2.7 ⫹ 4.6 ⫹ 6.2 kb (2⫻), 2.7 ⫹ 4.6 ⫹ 6.2 kb
higher intensity (3⫻) as indicated. Copy numbers were determined with the ImageJ software. B, shown is copy number-dependent ␣-synuclein aggregate
formation visualized by live-cell fluorescence microscopy at indicated time points. White arrows point at intracellular inclusions. Scale bar ⫽ 1 M. oe, overexpression. C, aggregate quantification of yeast cells with indicated ␣-synuclein copies is shown.
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FIGURE 3. Vacuole morphology and GFP localization in yeast cells expressing non-aggregated ␣-synuclein-GFP variants. Live-cell fluorescence microscopy of yeast cells (W303) expressing GFP (control), A30P-GFP (3⫻ integrated in the genome), TP-GFP (2-m plasmid), and WT-GFP (1⫻ integrated in the
genome). GAL1-driven ␣-synuclein-GFP protein expression was induced in galactose-containing medium for 24 h. Yeast vacuoles were stained with FM4-64
and examined for morphology. White arrows point at GFP-foci inside the vacuole. The dashed arrow indicates tubular invaginations of the yeast vacuole. The
quantification of different cell types represents an average of three independent experiments. PM, plasma membrane localization of GFP signal. Scale bar ⫽ 1
M.

from budding of vesicles that are released into the vacuolar
lumen and move freely until they are finally degraded. The GFP
shift inside the vacuole was observed already after 15 min of
␣-synuclein induction. The effect was most pronounced after
24 h, when 85% of the A30P-GFP-expressing cells showed
fluorescent foci of different sizes inside the vacuoles (Fig. 3).
Fluorescent foci were observed also in 13% of the control cells
(GFP alone).
The TP-GFP mutant showed a special vacuole phenotype.
Beside the strong shift into the vacuole, 85% of the population
showed increased number of vacuoles (typically between 5 and
8 vacuoles/cell) or abnormal vacuoles with vacuolar invagina-
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tions. These results show that the accumulation of A30P-GFP
and TP-GFP induces a strong shift of the fusion proteins into
the vacuole and suggest the involvement of autophagy/vacuolar
pathways in ␣-synuclein degradation.
Yeast Cells Recover from Transient ␣-Synuclein Exposure by
Clearing Protein Aggregates—To investigate the clearance of
wild-type ␣-synuclein, we performed GAL1 promoter shut-off
experiments and determined the effect on cytoplasmic fluorescent foci. Promoter shut-off was achieved by transferring cells
from galactose to glucose-containing medium, which represses
the promoter (42). After 2 h of expression by preincubation in
galactose, cells harboring three genomically integrated wildVOLUME 287 • NUMBER 33 • AUGUST 10, 2012
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FIGURE 2. A30P ␣-synuclein aggregate formation upon high copy expression in yeast. Live-cell fluorescence microscopy of yeast cells expressing ␣-synuclein-KLID-GFP from high copy plasmids was compared with immunofluorescence of untagged ␣-synucleins. Yeast cells pre-grown to mid-log phase were
induced in galactose-containing medium and examined for aggregates at 8 h of induction. GFP-expressing cells were used as control. Aggregate formation of
untagged WT, A30P, and A53T ␣-synuclein was visualized by immunofluorescence. N-terminal eGFP-tagged ␣-synuclein via SAAAG linker and ␣-synuclein
C-terminally fused to myeGFP was employed for further comparison. White arrows point at intracellular inclusions. Scale bar ⫽ 1 M.

␣-Synuclein Aggregate Clearance in S. cerevisiae

type ␣-synuclein-GFP fusions displayed aggregates (Figs. 1B
and 4A). Promoter shut-off for only 2 h resulted already in a
distinct reduction of aggregates in these cells (Fig. 4, A and B).
An increased preincubation time resulted in slower clearance
kinetics, as it resulted from quantifying the percentage of cells
displaying aggregates at several time points after transfer to
glucose (Fig. 4B). Our data suggest that cells not only have an
efficient clearing mechanism for A30P, which results in transient aggregation, but also that cells can efficiently clear wildtype ␣-synuclein foci in a dose-dependent manner.
Recovery of yeast cells carrying three copies of wild-type or
A53T ␣-synuclein was examined to determine whether the detrimental effects of ␣-synuclein on growth could be reversed.
The GAL1 promoter-driven ␣-synuclein variants were
expressed for 8 h and subsequently spotted onto solid medium
containing either glucose, to shut-off the promoter, or onto
galactose, which further allows GAL1-driven ␣-synuclein
expression. Cells plated on galactose were inviable, whereas
cells plated on glucose regained the same ability to form colonies as controls, indicative of recovery from the transient ␣-synuclein exposure (Fig. 4C).
AUGUST 10, 2012 • VOLUME 287 • NUMBER 33
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FIGURE 4. Clearing of ␣-synuclein aggregates and subsequent recovery
of yeast cells from transient ␣-synuclein exposure. A, live-cell fluorescence microscopy of W303 yeast cells expressing WT ␣-synuclein-GFP three
times-integrated in the genome (3⫻). Pictures were taken after 2 h of galactose preincubation (left) and 2 h after incubation in glucose (right). Scale bar ⫽
1 M. B, quantification of cells displaying wild-type ␣-synuclein-GFP aggregation after promoter shut-off at indicated time points is shown. Preincubation
in galactose was done for 2– 4 h. C, spotting analysis is shown. Yeast cells were
induced in galactose-containing medium to express GFP-tagged WT and
A53T ␣-synuclein from three genomically integrated copies for 8 h. GFP-expressing cells were used as control. The cells were then spotted on glucose
and galactose. As the negative control, the same strains were grown in raffinose-containing medium.

␣-Synuclein Aggregate Clearance Requires Lysosomal/Vacuolar and Autophagy Pathways—␣-Synuclein can be degraded
both by the proteasome and lysosomal/vacuolar pathways (28).
Thus, we next analyzed the impact of blocking these systems,
either pharmacologically or genetically, on the clearing of ␣-synuclein. Initially, we used MG132 as a proteasome inhibitor
(43) in the cell wall-permeable ⌬erg6 mutant strain to facilitate
drug uptake and increase the intracellular concentration of the
drugs (39). To confirm that MG132 actually affected cells,
immunoblotting analysis was performed and revealed a 3-fold
increase in the amount of ubiquitinated proteins in treated cells
(data not shown). Quantification of the reduction of aggregates
formed in cells carrying high copy plasmids and induced for 4 h
revealed that promoter shut-off resulted in equally efficient
clearing of aggregates in MG132-treated cells when compared
with vehicle-treated (DMSO) or untreated cells (Fig. 5A). These
results suggested a minor contribution of the proteasome
toward ␣-synuclein clearing in yeast.
As a second line of evidence for a minor contribution of the
proteasome for aggregate clearance, a genetic approach was
performed with promoter shut-off studies of a temperaturesensitive cim3-1 mutant strain. This yeast mutant is deficient in
one of the AAA ATPases of the 19 S proteasome regulatory
subunit, which unfolds substrate proteins in an ATP-dependent manner (44). Compared with the parent strain, cim3-1
cultures presented lower percentages of cells with aggregates.
The cells were able to clear aggregates in time, even with a faster
kinetic than the parental strain (Fig. 5B), further corroborating
a minor contribution of the proteasome for ␣-synuclein aggregate clearance.
The pharmacological approach to determine the contribution of the lysosomal/vacuolar pathways for aggregate clearing
included PMSF dissolved in ethanol. PMSF blocks these pathways by inhibiting the activity of numerous vacuolar serine proteases (45) without affecting proteasome function (46). PMSF
treatment of cell wall-permeable ⌬erg6 mutant strains prevented clearance of ␣-synuclein aggregates after promoter
shut-off (Fig. 5A). This suggested that PMSF blocked pathways,
which play an important role in aggregate clearance. PMSF
affects autophagic body formation (40). Therefore, we questioned whether aggregate clearance could occur via autophagic
pathways. We thus performed promoter shut-off studies with
the mutant ⌬atg1, which renders cells unable to perform
autophagy. ATG1 stands for autophagy-specific gene 1, and
Atg1 is a serine/threonine kinase that acts in autophagy regulation and is essential for autophagy induction (47). ␣-Synuclein was expressed from a high copy plasmid, and shut-off
studies were performed. The results indicated that ⌬atg1 cells
were unable to clear aggregates for the first 120 min after promoter shut-off, as opposed to the wild-type parental strain
(W303) (Fig. 5B). The double mutant cim3-1⌬atg1 cleared
aggregates upon promoter shut-off in a similar manner as
⌬atg1 cells. This suggests that autophagy contributes more to
aggregate clearance than the proteasome.
A ⌬pep4 mutant was also included in the shut-off experiments to obtain additional insight into the extent to which vacuolar degradation is involved in ␣-synuclein aggregate clearance. The PEP4 gene of S. cerevisiae encodes the vacuolar
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protease proteinase A, which initiates the maturation and activation of several vacuolar hydrolases, such as carboxypeptidase
Y, proteinase B, and aminopeptidase I (48, 49). The ⌬pep4 cells
in the BY4741 background were able to clear ␣-synuclein aggregates less efficiently than control cells (Fig. 5B). Aggregate
clearance in the BY4741 and W303 backgrounds were comparable. Furthermore, the BY4741 (supplemental Fig. S3) and
W303 wild-type (supplemental Fig. S1A and Fig. 2) backgrounds show the same cytotoxicity and ␣-synuclein aggregation phenotypes. The ⌬pep4 cells displayed only an intermediate response, which further supports the involvement of
vacuolar proteases in aggregate clearance. This intermediate
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response suggests that additional proteases might be involved
in the process, which is not controlled by proteinase A.
The involvement of autophagy in ␣-synuclein clearance was
supported by a spotting analysis. ⌬atg1 cells were unable to
recover their normal growth after ␣-synuclein exposure. The
cells had been induced to express the protein for 8 h then spotted on glucose or galactose media (Fig. 5C). Similarly, cim31⌬atg1 cells presented an impaired ability to recover. The
cim3-1 mutant showed growth recovery similar to the raffinose
control. The ⌬pep4 mutant presented a slightly impaired ability
to recover growth. Growth recovery thus correlated with the
ability of cells to clear aggregates (Fig. 5B).
VOLUME 287 • NUMBER 33 • AUGUST 10, 2012
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FIGURE 5. ␣-Synuclein aggregate clearance upon promoter shut-off in different degradation impairment conditions. A, drug treatments are
shown. Aggregation quantification of ⌬erg6 cells expressing WT ␣-synuclein-GFP from a high copy plasmid upon promoter shut-off at indicated time
points is shown. After 4 h of preincubation in galactose, cells were shifted to glucose medium supplemented with 50 M MG132 in DMSO or only DMSO
and to glucose medium supplemented with 1 mM PMSF dissolved in ethanol (EtOH) or only EtOH. Quantifications were the result of at least three
independent experiments (S.D. were less than 10%). B, degradation-related mutants are shown. Aggregation quantification upon promoter shut-off.
Wild-type (W303 and BY4741), ⌬atg1, cim3-1, and ⌬pep4 yeast cells were preincubated in galactose for 4 h to express WT ␣-synuclein, shifted to glucose,
and counted at the indicated time points. C, spotting analyses are shown. W303, ⌬atg1, cim3-1, cim3-1⌬atg1, BY4741, and ⌬pep4 yeast cells transformed
with a high copy plasmid carrying WT ␣-synuclein-GFP were induced in galactose-containing medium for 8 h. The same strains were grown in
raffinose-containing medium for control. Cells were spotted on glucose or galactose. D, clearance of ␣-synuclein aggregates after exposure to rapamycin is shown. Cells expressing GFP-tagged WT ␣-synuclein from three genomically integrated copies (3⫻) were induced for 4 h in galactose. At the
3-h time point of induction, the medium was supplemented with 100 nM rapamycin for 1 h followed by washing and shifting the cells to glucose. For
control, cells were pretreated with the same volume of EtOH, the vehicle of rapamycin.

␣-Synuclein Aggregate Clearance in S. cerevisiae

To investigate whether autophagy up-regulation would facilitate the process of aggregate clearance, cells expressing ␣-synuclein from three genetic copies were exposed to the
autophagy-inducing drug rapamycin (50). Yeast cells were preincubated with the drug at a concentration of 100 nM for 1 h and
washed before the shift to glucose to avoid the drug anti-fungal
effects (51). Aggregate quantification after promoter shut-off
(Fig. 5D) revealed that rapamycin accelerated the clearance
kinetic, validating the importance of autophagy in this process.
Taken together, our pharmacological and genetic approaches
support a more pronounced role for autophagic and vacuolar
pathways in the clearance of ␣-synuclein aggregates in comparison to proteasomal degradation.
Wild-type and A53T ␣-Synuclein Interfere with the Induction
of Autophagy in Yeast—Next, we examined whether ␣-synuclein expression had an impact on the induction of
autophagy in yeast. Nonspecific autophagy was monitored by a
GFP-Atg8 assay (32). Co-transformation of high copy vectors
expressing untagged ␣-synuclein and a pCu416 plasmid encoding GFP-Atg8 into wild-type cells did not interfere with the
decreased growth caused by ␣-synuclein expression (Fig. 6A).
Atg8 is an ubiquitin-like protein that is delivered to the vacuole
by the cytoplasm-vacuole-targeting (Cvt) pathway and is essenAUGUST 10, 2012 • VOLUME 287 • NUMBER 33

tial for macroautophagy. Atg8 fused to GFP is degraded inside
the vacuole, whereas GFP is released into the cellular cytoplasm. This could be visualized by a concentrated GFP signal
before the induction of autophagy, which was distributed
throughout the entire cytoplasm after induction of autophagy.
␣-Synuclein also did not interfere with GFP-Atg8 expression;
hence, we observed the GFP signal before and after autophagy
induction (Fig. 6B). Autophagy induction can be quantified by
this assay by immunoblotting after the appearance of a band
corresponding to GFP. The GFP percentage from the total GFP
and GFP-Atg8 signals corresponds to the autophagy percentage in a specific set of cells (32). In an initial experiment we
tested whether ␣-synuclein overexpression influenced
autophagy throughout time. Autophagy ratios were monitored
at different time points during induction, up to 8 h. The data
showed that autophagy percentages varied among cells
expressing different ␣-synuclein variants (Fig. 6C). Although
differences between cells expressing wild-type ␣-synuclein,
A53T, TP, and control were minor in the first 4 h of induction,
the autophagy ratio of cells expressing A30P was substantially
higher than that of control cells at the 2-h time point, suggesting that A30P can up-regulate autophagy. By 8 h of induction,
this ratio became comparable with that of control, meaning
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. ␣-Synuclein interference with the activation of autophagy. A, shown is spotting analysis of wild-type (W303) yeast cells co-transformed with high
copy plasmids carrying different untagged ␣-synuclein versions and with a high copy plasmid carrying GFP-Atg8 under the control of a copper-inducible
promoter. B, shown is live-cell microscopy of W303 cells during WT ␣-synuclein induction before shifting to SD(⫺N) starvation medium (autophagy off) and
after (autophagy on). Scale bar ⫽ 1 M. C, Western blots and quantifications present autophagy percents in cells expressing untagged ␣-synucleins during 8 h
of induction in SC medium supplemented with galactose at the indicated time points. The values represent the average of four independent experiments.
Significance of differences was tested using one-way ANOVA test (P* ⬍ 0.002; P**, P*** ⬍ 0.02; n ⫽ 4). D, Western blots and quantifications present autophagy
percents of cells preinduced for 4 h to produce ␣-synuclein, then shifted to nitrogen starvation medium SD(⫺N) further supplemented with galactose. Probes
were taken at 2 and 4 h after the shift. Previous to the shift, cells had been induced in galactose-containing SC medium for 4 h. The columns represent the
average of 4 independent experiments. For control, W303 cells expressing the empty ␣-synuclein vector and the pCuGFP-Atg8 plasmid were used. Significance
of differences was tested using one-way ANOVA test (P*, P** ⬍ 0.0002; n ⫽ 4).

␣-Synuclein Aggregate Clearance in S. cerevisiae

DISCUSSION
In this study we used the yeast S. cerevisiae as a model to
evaluate clearance pathways of ␣-synuclein aggregates. We
used C-terminal tags where ␣-synuclein is connected to the tag
via a linker. The N-terminal region needs to remain tag-free for
␣-synuclein to be toxic, presumably because it is essential for
membrane interactions and oligomerization (52). The C terminus is highly acidic and tends to inhibit protein aggregation due
to other protein-protein interactions (53–55). Capping the C
terminus with a GFP tag might prevent its tendency to decrease
aggregation.
Three copies of C-terminal-linker-tagged wild-type or two
copies of A53T ␣-synuclein driven by the yeast GAL1-promoter and integrated into a single genomic locus were shown to
be sufficient to cause growth inhibition and fluorescent foci
formation/aggregation in yeast. Importantly, these data recapitulate the effect of allele multiplication of the wild-type ␣-synuclein gene in familial forms of PD (5, 6).
The A30P ␣-synuclein mutant forms aggregates when
strongly overexpressed from a high copy vector. The aggregation was transient, suggesting a better clearance mechanism in comparison to that of the wild-type or A53T ␣-synuclein. A30P was previously reported not to aggregate in
yeast (20, 41), in contrast to its behavior in mammalian systems and in vitro (3, 9, 53). Despite this, aggregate formation
by A30P had only a minor effect on yeast cell growth. In
comparison, triple-proline ␣-synuclein TP overexpression
had no effect on yeast growth and was unable to form aggregates. The fact that no TP aggregates were detected in yeast
is in line with previous results in vitro and in vivo (13, 14). In
contrast to worms, flies, or mammalian neurons, however,
TP was not toxic to yeast cell growth (13). In yeast, the TP
mutant was found in the vacuole in most of the cells, similar
to the low copy-expressed A30P ␣-synuclein. The mutant
showed a special vacuolar phenotype characterized by
increased number of vacuoles and formation of tube-like
structures. Similar structures were described as autophagic
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tubes and are characteristic of yeast microautophagy (56).
The number of autophagic tubes increases upon autophagy
induction by starvation or stress conditions. This facilitates
vesicle budding from the tip of the invaginations (56). These
invaginations were observed for both A30P and TP ␣-synuclein. The two variants are presumably degraded by
microautophagy in yeast.
Testing different constructs and comparing ␣-synucleins in
different copy numbers elucidated the relationship between
growth toxicity and aggregation. A lack of toxicity correlates
with a lack of aggregation. Examples are the N-terminal GFP
tagged constructs or the constructs carrying direct fusions
␣-synuclein-GFP. ␣-Synuclein can also form aggregates that
can still be tolerated, with no impact on growth (e.g. 1⫻ and 2⫻
copies of wild-type or 1⫻ A53T ␣-synuclein). This suggests
that moderate amounts of aggregates are below a threshold for
toxicity in yeast. It is still unknown whether some types of
aggregates may even have a cytoprotective role in yeast, as it has
been postulated for mammalian systems and in the human
brain. Especially in the late stages of the disease, surviving neurons in PD brains are often found to contain Lewy bodies (2).
Furthermore, evidence emerged that oligomeric species rather
than aggregates of ␣-synuclein are responsible for toxicity (13,
57) and that in several PD models the rate of fibrillization and
aggregation does not correlate with neurotoxicity (20, 58, 59).
For example, the TP mutant is unable to aggregate, yet it causes
neurotoxicity in several organisms (13). The fact that TP was
not toxic to yeast growth suggested that yeast might be more
resistant to oligomeric states of ␣-synuclein than higher
eukaryotes.
Once the production of ␣-synuclein is stopped, aggregates
can be cleared and cells can recover from ␣-synuclein exposure.
This further supports that mild aggregate formation is likely a
dynamic process that is non-toxic within a certain range.
Aggregate clearance was previously investigated only in cell
culture models (60 – 62) but not in yeast. Findings demonstrating that autophagy inhibition slows down aggregate clearance
were previously reported in mammalian cell culture (63). Consistently, an increased number of autophagic structures can be
found in PD patients as well as in animal PD models (30). Neuronal models focusing on ␣-synuclein degradation propose an
important role of macroautophagy even though there degradation can additionally occur via chaperone-mediated autophagy
(27). Here, we studied possible pathways responsible for ␣-synuclein aggregate clearance. Pharmacological treatment with
the proteasome inhibitor MG132 or with vacuolar/lysosomal
inhibitor PMSF demonstrated a more significant contribution
of the vacuolar pathways to clearance. MG132 treatments did
not inhibit aggregate clearance. Similarly, in neuroblastoma
and oligodendroglial cells, inhibition of the proteasome by
MG132 did not induce ␣-synuclein aggregation (62, 64), and in
yeast, A30P ␣-synuclein was still degraded despite proteasomal
inhibition with the same drug (65). Moreover, PD models propose that most ␣-synuclein in the cell is degraded not by the
proteasome but by lysosomal enzymes (66). A possible reason
for diminished involvement of the proteasome in ␣-synuclein
degradation could be that ␣-synuclein itself alters the composition of the proteasome and impairs proteasomal degradation
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that the effect of A30P was only transient. At 4 h of induction
the autophagy ratio of cells expressing A53T was only slightly
smaller than that of the control but became half of the control
autophagy ratio at 8 h of induction, suggesting an increasing
inhibitory effect of A53T on autophagy in time (Fig. 6C).
We then tested whether ␣-synuclein can affect the induction
of autophagy. Autophagy induction has long been achieved by
means of nitrogen starvation, and a typical nitrogen starvation
medium for yeast is SD(⫺N) (40). Thus, cells expressing ␣-synuclein for 4 h were shifted to SD(⫺N) medium further supplemented with galactose. Quantifications showed that A30P and
TP ␣-synuclein did not influence autophagy significantly
throughout time, as the autophagy ratios in cells expressing
these variants were similar to the control (Fig. 6D). The
autophagy ratios of cells expressing wild-type and A53T ␣-synuclein were considerably lower than those of control in the
first 2 h of starvation. At 4 h starvation the differences were less
pronounced. These results suggest a delay in autophagy induction and strengthen our hypothesis that ␣-synuclein affects
autophagy in yeast.

␣-Synuclein Aggregate Clearance in S. cerevisiae
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the understanding of how cells can cope with toxic and/or
aggregated proteins. This may ultimately enable the development of novel strategies for therapeutic intervention.
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(67). Although ␣-synuclein may be degraded by the proteasome
(23, 24), the protein could also inhibit this system (26), thus
enhancing its accumulation and aggregation (68 –70). Genetic
analysis further supported this finding. ⌬pep4 cells with vacuolar defects or ⌬atg1 strains defective in autophagy were less
efficient in clearing ␣-synuclein aggregates when compared
with wild-type cells. The involvement of autophagy in ␣-synuclein aggregate clearance was supported by an inability of
⌬atg1 cells to recover growth defects after transient ␣-synuclein exposure. Additionally, wild-type cells accomplish an
accelerated aggregate clearance kinetic when exposed to the
autophagy-inducing drug rapamycin.
Although it is tempting to postulate that large aggregates of
␣-synuclein are preferentially degraded by (macro)autophagy,
non-oligomeric species of ␣-synuclein may be degraded by the
proteasome as well. Several reports suggest that once aggregate-prone substrates cannot efficiently be cleared by the proteasome, autophagy becomes the default degradation pathway
(70, 71). Interestingly, the cim3-1⌬atg1 yeast double mutant
strain, impaired for both autophagy and proteasomal degradation, did not have a stronger impact than the autophagy deficiency alone. The double mutant was still able to clear aggregates, suggesting that other mechanisms might be involved in
␣-synuclein clearance. Recent evidence also proposes ␣-synuclein degradation by the endosomal-lysosomal pathway (72).
Here, we showed that non-aggregated ␣-synuclein is presumably degraded by microautophagy.
␣-Synuclein has long been hypothesized to affect autophagy.
Our data reveal a transitory up-regulation of autophagy by
A30P ␣-synuclein in the first 2 h of induction. This might correlate with low aggregation levels and the non-toxic phenotype
of the A30P mutant, suggesting that autophagy could be part of
a detoxification mechanism. Apart from that, the autophagy
rates of cells expressing ␣-synuclein were comparable with the
control, suggesting that WT and A53T ␣-synuclein overexpression does not activate autophagy. Conversely, 8 h of A53T ␣-synuclein induction inhibited autophagy. When autophagy was
externally induced by means of nitrogen starvation, both wildtype and A53T ␣-synuclein delayed its activation. The more
pronounced effect of A53T over that of wild-type ␣-synuclein
on autophagy inhibition might correlate with the greater propensity of A53T to aggregate (11). The fact that WT and A53T
␣-synucleins perturbed autophagy correlates with previously
reported vesicular trafficking defects (73, 74). Because
autophagic vesicles fuse with endosomes to form an autophagosome that finally further fuses with the vacuole, impairment
of endocytic traffic by the two ␣-synucleins would also affect
autophagy. In contrast, A30P ␣-synuclein did not disturb
autophagy, which correlates with the ability of A30P-containing vesicles to traffic to and merge with the vacuole (65).
Our autophagy-monitoring experiments revealed that ␣-synuclein exerts an inhibitory effect on autophagy, yet the molecular mechanism of inhibition has to be further elucidated.
Additional observations that ␣-synuclein inhibits autophagic
pathways in neuronal cells (29, 75) may suggest that autophagic
inhibition by ␣-synuclein is conserved from yeast to higher
organisms. Overall, our study opens new possibilities for the
identification of novel genes involved in these processes and for
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