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ABSTRACT
A pathological feature of Parkinson’s disease is the presence of Lewy bodies within selectively vulnerable

neurons. These are ubiquitinated cytoplasmic inclusions containing �-synuclein, an abundant protein
normally associated with presynaptic terminals. Point mutations in the �-synuclein gene (A30P and A53T),
as well as triplication of the wild-type (WT) locus, have been linked to autosomal dominant Parkinson’s.
How these alterations might contribute to disease progression is unclear. Using the genetically tractable
yeast Saccharomyces cerevisiae as a model system, we find that both the WT and the A53T isoforms of
�-synuclein initially localize to the plasma membrane, to which they are delivered via the classical secretory
pathway. In contrast, the A30P mutant protein disperses within the cytoplasm and does not associate with
the plasma membrane, and its intracellular distribution is unaffected by mutations in the secretory pathway.
When their expression is elevated, WT and A53T, but not A30P, are toxic to cells. At moderate levels of
expression, WT and A53T induce the cellular stress (heat-shock) response and are toxic to cells bearing
mutations in the 20S proteasome. Our results reveal a link between plasma membrane targeting of
�-synuclein and its toxicity in yeast and suggest a role for the quality control (QC) system in the cell’s
effort to deal with this natively unfolded protein.

THE protein �-synuclein (�-Syn) has been impli- Much effort has been directed toward understanding
the role of �-Syn in PD progression. In cell line models,cated in the pathogenesis of Parkinson’s disease
the A30P mutant allele of �-Syn was found to compro-(PD), a common movement disorder characterized by
mise proteasome activity and increase sensitivity to mito-a loss of dopaminergic neurons in the substantia nigra
chondria-dependent apoptosis (Tanaka et al. 2001).pars compacta (Kruger et al. 1998; Polymeropoulos
Indeed, proteasome inhibition by lactacystin leads to de-1998; Singleton et al. 2003). A membrane-associated
generation of dopaminergic cell bodies and accumulationprotein, �-Syn colocalizes with synaptic vesicles and may
of �-Syn-containing cytoplasmic inclusions (McNaughtfunction in their recycling (Cabin et al. 2002). It is also
et al. 2002). Moreover, families with recessive PD havea major component of Lewy bodies (Spillantini et al.
homozygous mutations in the Parkin gene, which en-1997), ubiquitinated cytoplasmic protein aggregates
codes an E3 ubiquitin ligase (Kitada et al. 1998). Brainsthat are a characteristic pathological feature of PD. Two
from these individuals contain nonubiquitinated o -glycosy-missense mutations in the gene encoding �-Syn, A30P
lated �-Syn, a substrate for Parkin (Shimura et al. 2001).and A53T, have been found in cases of autosomal domi-
Lack of functional Parkin may account for the absence ofnant PD (Polymeropoulos et al. 1997; Kruger et al.
Lewy bodies in these patients. Mitochondrial dysfunction1998). All three isoforms—WT, A53T, and A30P—are
has also been demonstrated in PD (Jenner and Olanowtoxic to dopaminergic neurons when expressed in Dro-
1998; Betarbet et al. 2002a,b). Mitochondrial toxins andsophila and transgenic mice (Feany and Bender 2000;
oxidative stress stimulate �-Syn accumulation and selectiveKahle et al. 2000; Masliah et al. 2000; van der Putten
loss of dopaminergic neurons (Betarbet et al. 2002a).et al. 2000; Matsuoka et al. 2001). A recently described

Key cellular processes, including membrane traffick-family with autosomal dominant PD was found to have
ing, signaling cascades, protein aggregation, and regu-triplication of the wild-type �-Syn locus (Singleton et
lated protein turnover are conserved between humanal. 2003), suggesting that overexpression of �-Syn may
and the budding yeast, Saccharomyces cerevisiae. This sug-be sufficient to trigger the disease.
gests that fundamental mechanisms may be studied in
yeast, a system that can be readily manipulated by ge-
netic methods. Indeed, pathophysiological processes in
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TABLE 1

Yeast strains used in this study

Strain Genotype Source or reference

Y382 MAT� ade2 ade3 ura3 leu2 trp1 A. Bender
FY23 MATa ura3-52 trp1-d63 leu2-�1 F. Winston
MGG38 FY23; mip1� Mark Goebl
EVS1012 MAT� ura3-1 trp1-1 ade� leu2-3,112 his3-11,15 E. Sambuk and D. S. Gross

hsp82-P2 hsp82-P2/HIS3::ura3 FOAr

hsp82-�HSE1/lacZ::LEU2
G64 EVS1012; pre1-1001 G. Alba and D. S. Gross
HS22 EVS1012; pre2-1001 H. Singh and D. S. Gross
EVS1013 MAT� ura3-1 trp1-1 ade� leu2-3,112 his3-11,15 E. Sambuk and D. S. Gross

hsp82-P2 hsp82-P2/HIS3::ura3 FOAr

hsp82-P2/lacZ::LEU2
TW373 MATa his3�1 leu2�0 met15�0 ura3�0 Research Genetics
YKL148C TW373; sdh1� Research Genetics
YDR529C TW373; qcr7� Research Genetics
YPL078C TW373; atp4� Research Genetics
LRB906 MAT� his3 leu2 ura3-52 Babu et al. (2002)
LRB931 MAT� his3 leu2 ura3-52 sec12 Babu et al. (2002)
LRB932 MAT� his3 leu2 ura3-52 sec4-2 Babu et al. (2002)
LRB933 MAT� his3 leu2 ura3-52 sec14-3 Babu et al. (2002)
LRB934 MAT� his3 leu2 ura3-52 sec9-4 Babu et al. (2002)
LRB937 MAT� his3 leu2 ura3-52 sec23-1 Babu et al. (2002)

1997; Krobitsch and Lindquist 2000). For example, nally, we demonstrate that moderate (nonelevated) lev-
els of �-Syn are toxic to cells bearing mutations in theaggregation of the huntingtin protein (Ht) containing

expanded polyQ tracts has been observed (Krobitsch 20S catalytic subunit of the proteasome, consistent with
a link between �-Syn expression and proteasome dys-and Lindquist 2000), leading to altered gene transcrip-

tion, including the upregulation of chaperones (Hughes function.
et al. 2001).

Here we have expressed �-Syn in yeast in an attempt
MATERIALS AND METHODSto gain insight into both its biology and its pathophysiol-

ogy. We have found that the WT and A53T isoforms of Yeast strains, gene constructions, and cultivation conditions:
�-Syn initially localize to the plasma membrane and are The yeast strains used in this study are listed in Table 1.
delivered there via the secretory pathway. In contrast, Standard rich (YPD) and defined minimal media (SD) were

prepared using standard procedures (Rose et al. 1990). Trans-the A30P isoform fails to enter the secretory pathway
formations were carried out as described by Elble (1992).and disperses within the cytoplasm. Consistent with these
The yeast strain HS22, harboring a pre2-1001 mutation, wasdifferences, WT and A53T are toxic when expressed at isolated as a spontaneous extragenic suppressor of the null

elevated levels while A30P is not. While our manuscript transcription phenotype of the noninduced hsp82-P2 pro-
was in preparation, a similar study was published (Out- moter. It is derived from parental strain EVS1012. Strain G64,

bearing a pre1-1001 mutation, was similarly isolated (H. Singh,eiro and Lindquist 2003). Of the overlapping ques-
G. Alba, E. V. Sambuk, S. B. Kremer and D. S. Gross, unpub-tions addressed in our two studies, results presented
lished data).

here are largely in concordance with those of Outeiro The vector pEG(KG) (2� URA3 leu2d) was used for the
and Lindquist. We also extend their findings in several expression of N-terminal glutathione S-transferase (GST)-

fusion proteins (Mitchell et al. 1993). This vector exists atimportant ways. First, as mentioned above, we show that
a moderate copy number (�10 copies/cell) in cells cultivatedboth WT and A53T are delivered to the cell’s periphery
in medium containing leucine; it is present in higher copyvia the secretory pathway, consistent with bona fide
number in cells cultivated in the absence of leucine (Mitch-

plasma membrane targeting and arguing against mere ell et al. 1993). Expression of GST-�-Syn fusion genes was
sequestration. Second, we demonstrate that A30P does under control of the GAL1 promoter. GST-�-Syn constructs

were created by cloning PCR-generated DNA fragments intonot enter the secretory pathway, which may account for
pEG(KG); pUAST-�-Syn, pUAST-A30P, and pUAST-A53Tboth its failure to be delivered to the plasma membrane
(kindly provided by Nancy Bonini, University of Pennsylvania)and its failure to elicit toxicity when overexpressed. Third,
were used as templates in the PCRs. Primers annealing to the

we show that WT and A53T induce the cellular heat- 5� end and 3� end of �-Syn were appended with either an
shock response, whereas A30P does not—paralleling their Xba I or an Sal I site, respectively. The forward primer was 5�-

GGGTCTAGACATGGATGTATTCATGAAAGGAC-3� and thedifferences in intracellular localization and toxicity. Fi-
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Figure 1.—�-Syn initially localizes to the yeast plasma membrane prior to dispersing within the cytoplasm. Y382 cells expressing
GFP-�-Syn (WT) were grown to midlog phase in �Trp medium containing 2% sucrose, harvested, and resuspended in �Trp
medium containing 2% galactose. Fluorescence micrographs were taken at the indicated times following resuspension.

reverse primer was 5�-TTTGTCGACTTAGGCTTCAGGTTCG Goebl (Indiana University). Yeast lysate preparations and im-
TAGTC-3�. For galactose induction of GST-�-Syn fusions, cells munoblot analysis were carried out as described previously
were first grown to early logarithmic phase (A600 �0.5) in (Dixon et al. 2003).
selective medium (lacking either uracil, for moderate expres- Fractionation of whole-cell lysates : Y382 cultures expressing
sion, or leucine, for high overexpression) containing 2% su- GST, GST-�-Syn(WT), and GST-�-Syn(A30P) were grown at
crose. Cells were then harvested, resuspended in the same 30� to midlog phase in �Leu 2% sucrose medium, harvested,
medium containing 2% galactose, and incubated for an addi- and then resuspended in �Leu 2% galactose for 4 hr. Cells
tional 2–12 hr. were lysed and 0.5 mg of each extract was fractionated on a

Expression of �-Syn derivatives N-terminally fused to GFP was Sephacryl S-300HR column (Amersham Biosciences) that had
also regulated by the GAL1 promoter; fusion genes were cloned been previously equilibrated in 150 mm NaCl, 50 mm Tris-
into a pRS314 (TRP1 CEN6)-based vector, pHY314GFP (Dixon HCl (pH 7.5), 0.5 mm EDTA. Protein from 1-ml fractions was
et al. 2003). GFP-�-Syn constructs were created by cloning PCR- precipitated with 10% trichloroacetic acid. The precipitate
generated DNA fragments using the �-Syn pUAST constructs was washed with acetone, resolubilized in 20 �l of SDS-poly-
as templates as described above. Primers annealing to the 5� acrylamide gel electrophoresis loading buffer, and subjected
end and 3� end of �-Syn were designed to incorporate SpeI and to immunoblot analysis.
SacI sites, respectively, using forward primer 5�-GGGACTA Expression assays: The yeast strain EVS1013, bearing an
GTATGGATGTATTCATGAAAGGAC-3� and reverse primer 5�- integrated stress-responsive hsp82-lacZ reporter gene, was
TTTGAGCTCTTAGGCTTCAGGTTCGTAGTC-3�. The PCR transformed with each of the four GST-containing expression
products were cleaved with the appropriate enzymes and li- vectors (WT, A30P, A53T, or GST alone). Transformants were
gated into pHY314GFP. Y382 cells transformed with GFP- grown overnight in 2% galactose �Ura medium at 30� to
�-Syn expression vectors were grown to midlog phase in me- midlog phase (A600 � 0.3–0.7) and then split into two aliquots,
dium containing 2% sucrose lacking tryptophan, harvested, control and heat shock. For heat shock, cells were incubated 45
resuspended in medium containing 2% galactose lacking tryp- min at 39� followed by a 30-min recovery at 30�. �-Galactosidase
tophan, and grown for a further 2–12 hr. For experiments activity was determined as previously described by Erkine andconducted with LRB906 and its isogenic sec4, sec9, sec12, sec14, Gross (2003). The reporter gene bears the promoter and 5�and sec23 derivatives, GFP-�-Syn fusion genes were subcloned

coding region of a highly inducible hsp82 mutant termed P2into pRS316 (URA3, CEN6).
(McDaniel et al. 1989). In this construct, hsp82 sequenceDNA sequencing: To confirm the fidelity of the PCR and
extends from �806 to 	308 (relative to the AUG) and is fusedcloning steps, all GFP- and GST-�-Syn fusion constructs were
in frame to the lacZ ORF at codon 8. Two-tailed t -tests weresequenced. Primers complementary to both Watson and Crick
conducted to test the statistical significance of differences instrands were used (Arizona State University sequencing fa-
�-galactosidase activity exhibited by the GST, WT, A30P, andcility).
A53T transformed strains. t -values were calculated using theLocalization studies : For differential interference contrast
extended t -test (Norman and Streiner 2000). Confidenceand fluorescence microscopy, cells were visualized with an
levels are reported as P-values, defined as the probability thatOlympus UPLan F1 objective. Images were recorded with a
no significant difference exists between the two groups of dataPhotometrics Cool Snap HQ CCD camera (KAF1400 Kodak
being compared.chip) with Scanalytics IPLab Spectrum (version 3.6) software

(Fairfax, VA). The GFP signal was visualized with an S65T
filter. Samples were removed at specific time points (Figures
1–4; Tables 2 and 3) following galactose induction and several

RESULTSmicroscopic fields were captured for each sample. In the ma-
jority of experiments (Figures 1–3; Table 2), cells were grown

�-Syn utilizes the secretory pathway to localize to theto midlog phase in 2% sucrose and then induced as described
yeast plasma membrane: �-Syn is an amphipathic pro-above by the addition of 2% galactose for the times indicated

(see figure and table legends). In the experiments of Figure tein that principally associates with phospholipid mem-
4 and Table 3, cultures were pregrown in 2% raffinose and branes and presynaptic vesicles in neurons (George et
then induced through addition of galactose to a final concen-

al. 1995; Irizarry et al. 1996; McLean et al. 2000). Totration of 2%.
investigate whether �-Syn likewise localizes to membra-Protein preparation and immunoblotting: Cells bearing

GST-�-Syn expression vectors were grown to midlog phase in nous structures in yeast, we constructed a strain express-
medium lacking leucine and containing 2% sucrose. They ing a GFP-�-Syn fusion under control of the galactose-
were then harvested and resuspended in medium lacking leu- inducible GAL1 promoter and monitored its localizationcine and containing 2% galactose and grown for a further 3

by fluorescence microscopy. Consistent with its mem-hr. Polyclonal anti-GST antibodies (Abs) were obtained from
Sigma; polyclonal anti-Cdc34 Abs were provided by Mark brane-binding behavior in human cells, �-Syn initially
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localizes to the plasma membrane in yeast strain Y382
(Figure 1, 2–4 hr after galactose induction). At later
times, however, �-Syn accumulates in the cytoplasm (6
hr), eventually being recruited away from the plasma
membrane (8 hr; see also Figure 3A). A similar pattern
of localization was observed in a genetically unrelated
strain, FY23 (data not shown).

The secretory pathway has been implicated in deliv-
ering proteins to the plasma membrane and is a highly
regulated and evolutionarily conserved process (Ferro-
Novick and Jahn 1994; Rothman 1994). As �-Syn has
been detected in the rough endoplasmic reticulum,
small vesicles, and the Golgi apparatus in neurons, it
has been suggested that �-Syn trafficking may employ
this pathway (Gosavi et al. 2002; Mori et al. 2002).
To test whether the secretory pathway is involved in
delivering �-Syn to the plasma membrane in yeast and to
distinguish between sequestration and bona fide plasma
membrane targeting, we monitored the localization of
GFP-�-Syn in each of five conditional secretory pathway
defective yeast strains (Novick et al. 1980). When shifted
to the nonpermissive temperature, these mutants block
secretory traffic at a specific step while allowing protein
synthesis to continue, resulting in the accumulation of
protein at the affected internal compartment. The sec
mutants are defective in carrying out discrete steps in
the secretory pathway, including ER to Golgi transport
(sec12 and sec23) (Barlowe et al. 1994), intra-Golgi
trafficking (sec14) (Bankaitis et al. 1989), secretory
vesicle docking at the plasma membrane (sec4) (Brenn-
wald et al. 1994), and secretory vesicle fusion with the
plasma membrane (sec9) (Lehman et al. 1999).

To confirm that the secretory pathway had been com-
promised in each sec mutant, we monitored the localiza-
tion of Yck2, a protein that employs the classical secre-
tory pathway for its delivery to the plasma membrane
(Babu et al. 2002). Yeast cells expressing GFP-tagged
Yck2 or �-Syn (each regulated by the GAL1 promoter)
were induced by the addition of galactose and either main-
tained at the permissive temperature (23�) or shifted to
the nonpermissive temperature (37�) for 90 min. At the
permissive temperature, both Yck2 and �-Syn localized to
the plasma membrane in all strains tested (Figure 2).
Interestingly, in SEC	 strains, �-Syn frequently accumu-
lated at the bud neck, a site of new membrane synthesis
[see Figures 1 (2 and 3 hr), 2 (SEC	), and 3B (white Figure 2.—�-Syn targeting to the plasma membrane is

blocked in sec mutants. Isogenic strains bearing the indicatedarrow)]. In the sec4 and sec12 mutants, �-Syn formed
sec mutations and expressing either GFP-Yck2 or GFP-�-Syndistinctive, plasma membrane-associated punctate struc-
(WT) were maintained at the permissive temperature (23�)tures, suggesting that even at the permissive tempera- or shifted to the nonpermissive temperature (37�) for 90 min

ture, the proteins encoded by SEC4 and SEC12 are not simultaneous with the addition of 2% galactose (cells were
pregrown at 23� in 2% sucrose). The isogenic SEC 	 strain isfully functional. When the cells were shifted to the non-
depicted at the bottom. Each composite consists of a differen-permissive temperature, plasma membrane localization
tial interference contrast (DIC) image and correspondingwas blocked (Figure 2; Table 2). This block in mem-
fluorescence (GFP) micrograph.

brane trafficking was specific to the sec mutants and
is not a property of �-Syn, since its localization was
unaffected by elevated temperature in the wild-type
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Figure 3.—A53T, like WT, principally
localizes to the plasma membrane, while
A30P remains in the cytoplasm. (A) Y382
cells expressing WT, A30P, and A53T
�-Syn were grown to midlog phase, galac-
tose induced, and photographed as in Fig-
ure 1. (B) As in A; images were taken after
two doublings (�4 hr). White arrow, �-Syn
localization at the bud neck; black arrows,
�-Syn localization within the nucleus.

(SEC	) strain (Figure 2). Together, these observations determine whether either A30P or A53T localizes to the
plasma membrane in yeast, strains expressing galactose-indicate that �-Syn is delivered to the plasma membrane

by the classical secretory pathway. inducible, GFP-tagged versions of A30P and A53T were
constructed. Localization was monitored in a time courseA53T but not A30P localizes to the plasma membrane

in yeast: It has been reported that the �-Syn mutant experiment and compared to WT �-Syn. Similar to WT,
A53T targeted to the plasma membrane (Figure 3). InA30P fails to bind to membranes in either HeLa cells

or primary neuronal cultures, whereas WT and A53T certain strain backgrounds (Figure 3, Table 2), although
not in others (Table 3), A53T targeting occurred withdo so readily (Jensen et al. 1998; Cole et al. 2002). To
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TABLE 2 aggregation. By contrast, the intracellular distribution
of A30P is unaffected by the sec mutations. Together,Time course of intracellular localization
these data suggest that A53T, like WT, enters the secre-of WT, A53T, and A30P �-Syn
tory pathway, whereas A30P does not.

The WT and A53T isoforms of �-Syn are toxic to yeast,�-Syn Time Plasma
isoform (hr) membrane (%) Cytoplasm (%) Nucleus (%) while A30P is not: Because transgenic overproduction of

�-Syn results in dopaminergic cell death in both miceWT 0 0 0 0
and Drosophila (Feany and Bender 2000; Kahle et al.2 209 (100) 0 0
2000; Masliah et al. 2000; van der Putten et al. 2000;4 90 (38) 148 (62) 0

8 4 (18) 230 (82) 0 Matsuoka et al. 2001), we tested whether its overexpres-
12 11 (4) 263 (96) 0 sion likewise caused cell death in yeast. To achieve over-

production, we expressed GST-�-Syn fusions from a
A30P 0 0 0 0 plasmid whose copy number can be increased by alter-

2 0 206 (93) 15 (7)
ing the composition of the growth medium (see materi-4 0 269 (81) 64 (19)
als and methods). As shown by the spot dilution assays8 0 251 (82) 55 (18)
of Figure 5A, WT and A53T are toxic when expressed12 0 164 (77) 49 (23)
at higher levels (SGal �Leu medium), whereas A30P is

A53T 0 0 0 0 not. Importantly, as shown by immunoblot analysis, this
2 20 (8) 238 (92) 0 difference in toxicity is not due to differences in expres-
4 38 (15) 217 (85) 0 sion (Figure 5B). Overexpression of WT and A53T, but
8 228 (59) 157 (41) 0

not of A30P, is toxic in a variety of genetic backgrounds,12 131 (34) 250 (66) 0
including Y382, TW373, and FY23 (Figure 5A; data not

Y382 cultures were grown to midlog phase in �Trp medium shown). Interestingly, the difference in �-Syn expres-
containing 2% sucrose, harvested, and resuspended in �Trp sion in cells grown on SGal �Leu vs. those grown on
medium containing 2% galactose to induce expression of the

SGal �Ura is just 30% (3-hr galactose induction; dataindicated GFP fusion proteins. At various times thereafter,
not shown), demonstrating that a small increase in thean aliquot of cells was removed and scored for subcellular

localization of GFP fluorescence. Cells that exhibited clear level of either WT or A53T is sufficient to elicit toxicity.
enhancement of peripheral fluorescence were scored as lo- Both WT and A30P form heterogeneous-sized soluble
calizing to the plasma membrane; otherwise, they were scored aggregates under conditions of overproduction: To in-
as localizing to the cytoplasm if diffusely fluorescent or to the

vestigate whether the difference in toxicity elicited bynucleus if they exhibited enhanced nuclear fluorescence. For
WT vs. A30P �-Syn stems from a difference in theireach time point, multiple random fields were counted.
tendency to aggregate, we isolated whole-cell extracts
(WCEs) from Y382 cells expressing GST fusions of WT
and A30P, as well as GST alone. Cells were galactose

delayed kinetics and reduced efficiency. In contrast, the induced for 4 hr, and then WCEs were isolated and
A30P mutant failed to target to the plasma membrane fractionated on a Sephacryl S-300HR column. GST-con-
at any time point and in any strain background and taining proteins were detected by immunoblotting. As
instead displayed a tendency to accumulate in the nu- shown in Figure 6, soluble complexes of both WT and
cleus (Figure 3B, black arrows; Tables 2 and 3). There- A30P eluted in all but the lowest molecular weight frac-
fore, as in human cells, A53T exhibits prominent mem- tions. This behavior is in marked contrast to GST alone,
brane association, whereas A30P does not. whose elution peaked sharply at �25 kDa, as expected.

Plasma membrane localization of A53T is disrupted It is also atypical of GST fusion proteins expressed in
by mutations in the sec pathway: To strengthen the no- yeast (Dixon et al. 2003). The presence of soluble GST-
tion that A53T localizes to the plasma membrane, we �-Syn aggregates likely reflects self-aggregation and is
investigated whether its intracellular localization is af- similar to what has been observed for recombinant WT
fected in sec mutants. We reasoned that if A53T is tar- and A30P �-synucleins incubated in solution at physio-
geted to the plasma membrane, it should exhibit a sensi- logical ionic strength (Hoyer et al. 2004). Importantly,
tivity to defects in the sec pathway similar to that of this analysis does not rule out formation of large, insolu-
WT. In contrast, A30P should not be sensitive to sec ble aggregates. Under analogous conditions of elevated
mutations, given that it fails to localize to the plasma expression, such aggregates, in the form of cytoplasmic
membrane in a SEC	 strain. As predicted, the intracellu- inclusions, have been detected for WT (and A53T)
lar localization of A53T is altered in each of the four �-Syn but not for A30P (Outeiro and Lindquist 2003).
sec mutants analyzed—sec4, sec9, sec12, and sec14 (Figure Proteasomal mutations enhance �-Syn-induced toxic-
4; Table 3; data not shown). In the case of sec9, sec12, and ity: Given the suggestive link between �-Syn accumula-
sec14, the peripheral localization of A53T is disrupted at tion, Lewy body formation, and impaired proteasomal
the nonpermissive temperature; in the case of sec4, sec9, function in neuronal cells (Lindersson et al. 2004), we

asked whether moderate levels of �-Syn might affectand sec14, A53T is additionally (or instead) prone to
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TABLE 3the viability of cells bearing a pre2 mutation in the 20S
proteasome. pre2 mutants exhibit defects in chymotryp- Intracellular localization of WT, A53T, and A30P
sin-like proteolysis, stress response, and ubiquitin-medi- �-Syn in SEC�, sec9, and sec14 cells
ated protein degradation (Heinemeyer et al. 1991, 1993).
Moderate expression of GST-�-Syn fusions was induced Plasma

�-Syn Plasma membrane Cytoplasmicby growth on medium containing 2% galactose. While
isoform membrane aggregates Cytoplasm aggregatesexpression of each �-Syn isoform had little effect on

the growth of PRE	 cells, that of A53T significantly SEC 	

impaired growth of the pre2 strain (Figure 7, A and B, GFP
23� 0 0 80 0GAL medium; compare A53T-expressing cells with
37� 13 0 174 0those expressing GST alone or those transformed with

WTan empty vector). WT and A30P also appeared to exacer-
23� 36 0 33 (9) 0bate the pre2 slow growth phenotype, but their effect 37� 135 0 25 0

was less pronounced. When pre2 cells were grown under A53T
conditions that repress expression of �-Syn (DEX), 23� 22 0 8 0
growth of the �-Syn transformants was comparable to 37� 72 0 9 (1) 0

A30Pthat of the negative controls transformed with either
23� 1 0 99 (2) 0GST or pRS316. As similar results were obtained with a
37� 1 0 160 (1) 0second 20S proteasomal mutant (pre1; data not shown),

these results are consistent with the notion that �-Syn, sec9
particularly its A53T isoform, is synthetically toxic in GFP
combination with mutations in the 20S proteasome. 23� 0 0 107 (2) 0

Expression of �-Syn induces the heat-shock response: 37� 0 0 96 (15) 0
WTGiven the genetic interaction between �-Syn and the

23� 27 0 27 (7) 120S proteasome suggested above, we wished to know
37� 18 16 31 (9) 0whether �-Syn affected other cellular quality control

A53T(QC) systems. This might be expected, given that �-Syn 23� 71 5 47 (8) 0
has been linked to oxidative stress in neurons (Jenner 37� 16 9 23 (10) 0
and Olanow 1998; Betarbet et al. 2002a). Moreover, A30P
chaperones diminish the aggregation of abnormal pro- 23� 0 0 49 (6) 0

37� 0 0 40 (3) 3teins by interacting with folding intermediates and off-
pathway folding products (Gething 1997), and their

sec14increased expression might be expected to reduce the
GFPcytotoxicity of �-Syn, itself a natively unfolded protein 23� 0 0 36 0

(Syme et al. 2002). We therefore tested the possibility 37� 0 0 30 (9) 0
that �-Syn induces the heat-shock transcriptional re- WT
sponse. To conduct this test, we employed a strain bear- 23� 39 1 9 (2) 0

37� 9 8 10 3ing an integrated, stress-responsive reporter gene, hsp82-
A53TlacZ. As illustrated in Figure 8A, hsp82-lacZ is strongly

23� 114 0 10 (1) 0induced (
20-fold) by an acute heat shock (30� to 39�
37� 10 15 15 14shift for 45 min). It is also induced, albeit to a lesser A30P

degree, by oxidative stress (exposure to hydrogen perox- 23� 0 0 32 (9) 1
ide), consistent with the relative responsiveness of HSP 37� 0 0 39 (6) 0
genes to thermal and oxidative stresses (Raitt et al.

Yeast strains LRB906 (SEC	), LRB934 (sec9), and LRB9332000).
(sec14), expressing GFP alone or GFP-�-Syn fusion proteins

Moderate expression of �-Syn was likewise stressful, as indicated, were pregrown at 23� in 2% raffinose to early
as both WT and A53T induced hsp82-lacZ transcription log phase. Galactose was then added at a final concentration

of 2%, and cells were cultivated for an additional 2 hr atto a significantly greater degree (approximately three-
either 23� or 37�. Plasma membrane, uniform enhancement offold) than did GST alone (P � 0.02; two-tailed t -test)
fluorescence at cell periphery; plasma membrane aggregates,(Figure 8B). A30P expression was far less stressful. Statis-
enhancement of peripheral fluorescence characterized by the

tical comparison of WT- vs. A53T-expressing cells sug- presence of punctate foci; cytoplasm, fluorescence restricted
gests that there is no significant difference between to cytosol and internal organelles (those cells exhibiting en-

hanced nuclear fluorescence are indicated in parentheses);them, whereas a significant difference exists between
cytoplasmic aggregates, fluorescence restricted to the cyto-WT and A30P (P � 0.001). Importantly, by immunoblot
plasm with one or more punctate foci.analysis, GST, WT, A30P, and A53T were uniformly

expressed in these transformants (data not shown), so
differences in hsp82-lacZ responsiveness cannot be at-
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Figure 4.—Intracellular
localization of A53T, but not
that of A30P, is disrupted in
sec mutants. (A) Localization
of GFP and the indicated
GFP-�-Syn fusion proteins in
the sec9 mutant LRB934 at ei-
ther 23� or 37� was deter-
mined by fluorescence and
differential interference mi-
croscopy. Cultures were pre-
grown in 2% raffinose �Ura
medium to early log, and
then galactose was added to
a final concentration of 2%
simultaneous with tempera-
ture upshift (37� samples).
Cells were harvested and pho-
tographed 2 hr later. (B) As
in A, except the sec14 mutant
LRB933 was employed.
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Thus, moderate levels of �-Syn are stressful, whereas ele-
vated levels are toxic.)

DISCUSSION

�-Syn is delivered to the plasma membrane via the
classical secretory pathway: �-Syn has been reported to
bind membranes in a selective manner both in vivo
and in vitro (reviewed in Lucking and Brice 2000).
Consistent with this, we have found that when expressed
in S. cerevisiae, �-Syn initially localizes to the plasma
membrane. Two lines of evidence suggest that �-Syn
binds to the yeast plasma membrane and is not simply
sequestered at the cell’s periphery. First, similar to its
behavior in mammalian brain cells (Maroteaux et al.
1988), we found that �-Syn initially accumulates at sites
of new membrane formation (bud sites). Second, tar-
geting of �-Syn is disrupted in sec mutants defective for
discrete steps in the secretory pathway, including ER
vesicle budding, ER-derived vesicle fusion at the Golgi,
intra-Golgi trafficking, secretory vesicle docking, and
secretory vesicle fusion to the plasma membrane. These
disruptions closely parallel those of Yck2, a protein known
to associate with the yeast plasma membrane (Babu et al.
2002), and are reminiscent of findings in mammalian
cells that implicate ER to Golgi signaling in �-Syn traf-
ficking (Nishimura et al. 1999). It is thus likely that
�-Syn is delivered to the plasma membrane through its
association with vesicular intermediates of the classical
secretory pathway. Our data do not distinguish whether
the protein itself is sorted into vesicles or associates withFigure 5.—Overproduced WT and A53T are toxic in yeast,
other cytosolic proteolipid components.while A30P is not. (A) Y382 or TW373 cells carrying the indi-

We have further investigated the localization of twocated GST fusions were grown to stationary phase. Tenfold
serial dilutions were spotted onto synthetic medium lacking �-Syn point mutants associated with autosomal domi-
uracil and containing 2% glucose (dextrose) (SD �Ura) or nant PD, A30P and A53T. We find that like WT, A53T
synthetic medium lacking leucine and containing 2% galac- is also delivered to the yeast plasma membrane via thetose (SGal �Leu) and incubated at 30� for 3 days. (B) Y382

classical secretory pathway. In contrast, A30P remainscultures expressing the indicated GST fusions were grown to
within the cytoplasm and does not enter the sec pathway.midlog phase in �Leu medium and shifted to galactose for

3 hr to induce expression of the indicated fusion proteins. Therefore, consistent with its behavior in mammalian
Lysates were prepared and subjected to immunoblot analysis cells (Jensen et al. 1998; Jo et al. 2002; Bussell and
using an anti-GST antibody. The blot was then reprobed with Eliezer 2003), the A30P mutation appears to abolishan anti-Cdc34 antibody as a loading control.

the protein’s ability to target to specific membranes in
S. cerevisiae. Importantly, we failed to observe aggregate
formation with either WT or A53T (up to 12 hr postin-
duction) in SEC	 strains of varied genetic backgrounds.tributed to different levels of �-Syn expression. Interest-

ingly, �-Syn-expressing cells show robust hsp82-lacZ tran- It is worth noting that others report seeing aggregation
of WT and A53T, but only when the GAL1-regulatedscription following an acute heat-shock, which exceeds

that seen in non �-Syn-expressing cells (Figure 8C). GFP fusion genes are integrated and present in two
copies. Similar to our findings, �-Syn fusions expressedStress elicited by �-Syn may therefore be additive (or

synergistic) with thermal stress. We conclude that accu- from single copy genes fail to aggregate, and those ex-
pressed from 2� plasmids do so very infrequently (Out-mulation of WT and A53T �-Syn per se triggers the heat-

shock response, consistent with their ability to induce eiro and Lindquist 2003). Therefore, by increasing the
intracellular concentration of WT or A53T just twofold,toxicity at elevated expression levels. (Note that we con-

sider the terms “stress” and “toxicity” to have distinct mean- their tendency to aggregate is markedly enhanced.
WT and A53T �-Syn are stressful to yeast when ex-ings. A “stressful” agent is one that activates the heat-shock

response, but does not, by itself, impair growth rate. A pressed at moderate levels and are toxic when overex-
pressed: Given that �-Syn is a natively unfolded protein“toxic” agent, on the other hand, impairs cell growth.



56 C. Dixon et al.

Figure 6.—WT and A30P form
heterogeneous-sized aggregates un-
der conditions of overproduction.
WCEs isolated from Y382 cells (pre-
grown in 2% sucrose �Leu me-
dium; galactose induced for 4 hr)
were fractionated on a Sephacryl
S-300HR column. Protein from
1-ml fractions was precipitated with
10% trichloroacetic acid. The pre-
cipitate was washed with acetone,

resolubilized in 20 �l of SDS-polyacrylamide gel electrophoresis loading buffer, and subjected to immunoblot analysis. The
column was calibrated using blue dextran (2 MDa), thyroglobulin (669 kDa), apoferritin (440 kDa), catalase (232 kDa), aldolase
(158 kDa), ovalbumin (44 kDa), chymotrypsinogen A (25 kDa), and myoglobin (17 kDa).

in aqueous solution (Weinreb et al. 1996; Kim 1997), from a further loss of proteasomal function. Also consis-
tent with this, GFPu, an unstable GFP derivative thatit has been suggested that a diminished capacity of the

cell’s QC system may contribute to age-dependent, acts as a reporter for general proteasome activity (Bence
et al. 2001), was found to specifically accumulate in yeast�-Syn-associated neurodegeneration (Taylor et al.

2002; Berke and Paulson 2003). To test whether the cells expressing high levels of any one of the three
�-Syn isoforms (Outeiro and Lindquist 2003).QC system plays a role in permitting yeast to cope with

ectopically expressed �-Syn, we investigated the role of A potential concern is that the presence of the GST
tag may materially affect the behavior of the �-Syn deriv-two QC systems, the cellular stress response and the 20S

proteasome, in maintaining viability. We found that, atives studied here. However, WT- and A53T-specific
toxicity has also been seen in an unrelated yeast strainwhen expressed at nonelevated levels (on SGal �Ura

medium), both WT and A53T induced the cellular stress using untagged derivatives (Outeiro and Lindquist
2003). So too has �-Syn-induced impairment of protea-(heat-shock) response. Nonetheless, cells grew at a rate

indistinguishable from that of cells expressing GST, sug- somal activity, as discussed above. Moreover, GFP-tagged
�-synucleins have been previously shown to behave simi-gesting that when expressed at these levels, WT and

A53T are adequately handled by the cellular QC system. larly to their untagged counterparts (Outeiro and Lind-
quist 2003). Thus, it is likely that �-Syn fusions behaveHowever, coupled with mutations in the 20S protea-

some, moderate levels of A53T are toxic. And when similarly to their untagged counterparts under the con-
ditions that we have employed, although we cannot dis-their expression is elevated, both WT and A53T are

toxic, even in the absence of a proteasomal mutation. count the possibility that the mechanism of toxicity op-
erative here differs from that employed by the nativeInterestingly, prior exposure to a brief 42� heat shock

protects cells from the toxic effects of subsequently over- proteins.
Insights into the mechanism of �-Syn-mediated toxic-expressing either WT or A53T �-Syn (S. N. Witt and

T. R. Flower, personal communication), implicating a ity : Models for explaining �-Syn toxicity generally in-
voke its nucleated polymerization as central to the toxicrole for heat-shock protein chaperones in ameliorating

�-Syn-induced toxicity. process. Indeed, dopaminergic neurons in PD brains
are characterized by the presence of Lewy bodies, whichOur data are compatible with either of two (not mutu-

ally exclusive) possibilities. First, a dysfunctional protea- are aggregates of �-Syn and other proteins. Supporting
this view, when expressed at elevated levels in S. cerevisiae,some could allow �-Syn to accumulate to sufficiently

high levels such that it could enter cellular compart- WT and A53T form cytoplasmic inclusions and are toxic
to yeast, while under identical conditions of expression,ments from which it would be otherwise excluded. How-

ever, this is unlikely, since we have found no evidence A30P neither forms aggregates nor is toxic (Outeiro and
Lindquist 2003). The absence of A30P toxicity in yeastthat WT, A53T, or A30P �-Syn accumulates to elevated

levels in the pre2 mutant (data not shown). Second, it may relate to its inability to associate with the plasma
membrane and, perhaps, other membranes. This in turnis possible that both 20S subunit mutations and �-Syn

diminish the activity of the proteasome, so that when could be a consequence of proline, an �-helix breaker,
blocking the unfolded to folded transition in �-Synpresent together, proteasome activity is drastically im-

paired, resulting in cell death. Consistent with this, thought to be crucial for �-Syn interaction with phos-
pholipid membranes (Chandra et al. 2003). Indeed,�-Syn filaments and oligomers have been shown to in-

hibit proteasomal function by markedly reducing its the A30P, but not the A53T, mutation decreases the
affinity of �-Syn for lipid surfaces (Bussell and Eliezerchymotrypsin-like activity (Lindersson et al. 2004).

Thus, the accentuated slow growth (or lethal) pheno- 2004). By contrast, A30P toxicity in mammalian cells
may stem from a loss of function, leading to mistargetingtype conferred by moderate expression of �-Syn (partic-

ularly A53T) in the pre2 and pre1 mutants may stem (and possible sequestration of WT �-Syn in inappropri-
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Figure 8.—�-Syn induces the heat-shock response. (A) In-
duction of hsp82-lacZ in response to thermal and oxidative
stress. Strain EVS1013 was maintained at 30�, subjected to a
heat shock (HS), or exposed to 0.3, 0.6, or 1.2 mm hydroperox-
ide for the times indicated. Cells were harvested and lysed, and
extracts were assayed for �-galactosidase activity (expressed in
Miller units). For control, heat-shocked, and 0.6 mm hydroper-
oxide-treated cultures, the means of three to six independent
assays �SEM are depicted. (B) Induction of hsp82-lacZ in re-
sponse to moderate overexpression of �-Syn. EVS1013 cells,
transformed with the plasmids indicated, were cultivated over-
night in synthetic medium lacking uracil and containing 2%

Figure 7.—�-Syn expression impairs growth of a pre2 pro- galactose and then processed as above (n � 8 for GST, n �
teasomal mutant. (A) PRE	 and pre2-1001 strains (EVS1013 10 for WT, and n � 11 for the others). (C) Induction of hsp82-
and HS22, respectively) were transformed with GST-�-Syn lacZ in �-Syn-expressing cells either subjected to an acute heat
expression vectors and streaked onto synthetic medium lack- shock (red) or maintained at 30� (blue) (n � 3). The data
ing uracil. Transformants were grown under either repressing presented in B and C represent replicate assays of the same
(2% dextrose; DEX) or inducing (2% galactose; GAL) condi- transformants. Independent transformants gave essentially
tions. Plates were incubated at 30� for either 2.5 or 3 days, identical results.
respectively (in the case of PRE	) and for 6.5 or 9 days (in
the case of pre2-1001). Vector was pRS316. (B) The isogenic
strains EVS1012 and HS22 were transformed with GST-�-Syn
expression vectors as above and grown in liquid SD �Ura to
stationary phase. Fivefold serial dilutions were spotted onto monitored subcellular localization only under condi-
�Ura medium containing either 2% dextrose (DEX) or 2% tions of moderate expression.
galactose 	 2% raffinose (GAL). Plates were incubated at 30� Therefore, while our data do not provide a definitive
either for 2 or 3 days (PRE	) or for 5 or 8 days (pre2).

explanation for the underlying cause of �-Syn-induced
toxicity, they do indicate that �-Syn’s association with
membranes, the plasma membrane in particular, posi-ate intracellular compartments). Note that our experi-
tively correlates with its toxicity. As �-Syn undergoes anments do not address whether insoluble aggregates or
unfolded to folded transition upon binding to nega-cytoplasmic inclusions form as a consequence of ele-

vated expression of either WT or A53T, as we have tively charged phospholipid membranes (Chandra et
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Dixon, C., L. E. Brunson, M. M. Roy, D. Smothers, M. G. Sehornal. 2003), it is possible that �-Syn-induced toxicity arises
et al., 2003 Overproduction of polypeptides corresponding to

from correctly folded WT and A53T polypeptides that the amino terminus of the F-box proteins Cdc4p and Met30p
inhibits ubiquitin ligase activities of their SCF complexes. Eukar-have entered the secretory pathway and targeted the
yot. Cell 2: 123–133.plasma membrane. Binding of �-Syn to cellular mem-

Elble, R., 1992 A simple and efficient procedure for transformation
branes might influence its self-assembly, promoting for- of yeasts. Biotechniques 13: 18–20.

Erkine, A. M., and D. S. Gross, 2003 Dynamic chromatin alterationsmation of soluble �-Syn protofibrils or insoluble �-Syn
triggered by natural and synthetic activation domains. J. Biol.filaments (Rochet et al. 2004) (note that the latter
Chem. 278: 7755–7764.

would not have been detectable in the WCE fraction- Feany, M. B., and W. W. Bender, 2000 A Drosophila model of
Parkinson’s disease. Nature 404: 394–398.ation of Figure 6). As discussed above, such �-Syn com-

Ferro-Novick, S., and R. Jahn, 1994 Vesicle fusion from yeast toplexes can impair proteasome function (Lindersson et
man. Nature 370: 191–193.

al. 2004) and thus, at least in theory, could account George, J. M., H. Jin, W. S. Woods and D. F. Clayton, 1995 Charac-
terization of a novel protein regulated during the critical periodfor the isoform-specific toxicity that we and others see.
for song learning in the zebra finch. Neuron 15: 361–372.Future experiments will be necessary to test this and

Gething, M. J., 1997 Protein folding. The difference with prokary-
other possibilities. otes. Nature 388: 329, 331.
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