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A yeast model was generated to study the mechanisms and phenotypical
repercussions of expression of a-synuclein as well as the coexpression of
protein tau. The data show that aggregation of a-synuclein is a nucleation—
elongation process initiated at the plasma membrane. Aggregation is con-
sistently enhanced by dimethyl sulfoxide, which is known to increase the
level of phospholipids and membranes in yeast cells. Aggregation of a-synu-
clein was also triggered by treatment of the yeast cells with ferrous ions,
which are known to increase oxidative stress. In addition, data are presen-
ted in support of the hypothesis that degradation of a-synuclein occurs via
autophagy and proteasomes and that aggregation of a-synuclein disturbs
endocytosis. Reminiscent of observations in double-transgenic mice, coex-
pression of a-synuclein and protein tau in yeast cells is synergistically toxic,
as exemplified by inhibition of proliferation. Taken together, the data show
that these yeast models recapitulate major aspects of a-synuclein aggrega-
tion and cytotoxicity, and offer great potential for defining the underlying
mechanisms of toxicity and synergistic actions of a-synuclein and protein
tau.

Aberrant aggregation of specific proteins is a common
pathological hallmark of several neurodegenerative
disorders. The neuropathology of Parkinson’s disease
(PD) is marked by fibrillary cytoplasmic inclusions in
degenerating dopaminergic neurons. These inclusions
contain mainly ubiquitin and o-synuclein and are
known as Lewy bodies. a-Synuclein is an abundant,
presynaptic protein of 140 residues containing seven
imperfect N-terminal repeats, presumed to function in
vesicle binding. The middle portion of a-synuclein is a
hydrophobic domain, termed non-amyloid component
domain, and important in the aggregation of o-synu-
clein [1]. Three mutations in a-synuclein, A30P, E46K
and AS53T, are associated with early-onset familial
forms of PD, but the mutant proteins show differences
in neurotoxicity and physical properties [2-5].

Abbreviations

Although the etiology of the common, sporadic form
of PD remains unknown, some studies highlight the
importance of phosphorylation of a-synuclein at
Ser129 and Tyr125 to promote fibril formation [1,6,7].

Alzheimer’s disease (AD) is defined by extraneuronal
plaques composed of aggregated amyloid (APB) peptides
and by intracellular paired helical filaments and neuro-
fibrillary tangles. In the absence of B-amyloid, paired
helical filaments and neurofibrillary tangles are also
evident in many other tau-opathies, including fronto-
temporal dementia with Parkinsonism linked to chro-
mosome 17 (FTDP-17) and Pick’s disease [8]. Protein
tau is a microtubule-associated protein expressed as six
isoforms by differential mRNA splicing, and contains
zero or two N-terminal inserts of unknown function
and three or four microtubule-binding domains. The

AD, Alzheimer's disease; EGFP, enhanced green fluorescent protein; FTDP-17, frontotemporal dementia with Parkinsonism linked to
chromosome 17; GFP, green fluorescent protein; PD, Parkinson's disease; SD, synthetic dextrose; YPD, yeast peptone dextrose.
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identification of many exonic and intronic mutations
in the tau gene in patients with FTDP-17 established
that mutant and even wild-type protein tau is sufficient
to cause neurodegeneration and dementia [9,10]. Bind-
ing of tau to microtubuli is dynamically controlled by
differential expression of isoforms and by reversible
phosphorylation of many sites by many different kin-
ases, including GSK-3p and cdkS5 [9,11,12]. Phosphory-
lation of tau appears to affect its aggregation, as tau is
invariably hyperphosphorylated in neurofibrillary tan-
gles isolated from brain of patients with AD or other
tau-opathies [13]. It is still a matter of debate whether
hyperphosphorylation is a cause or a consequence of
tangle formation. Moreover, conformational changes
in protein tau appear to be essential in the develop-
ment of tau pathology [14-16].

Considerable overlap in the pathology of AD and
PD has been reported. For instance, tau and o-synu-
clein pathologies were observed in familial AD, in
Down’s syndrome, in the Lewy body variant of AD
(LBVAD), in the parkinsonism—dementia complex of
Guam, and in members of the Contursi kindred
[17,18]. In transgenic mice, expression of the patho-
genic human o-synuclein AS3T mutant induced severe
motor impairment due to the formation of abundant
a-synuclein and tau inclusions in neurons. Further-
more, mice expressing solely human wild-type o-synu-
clein or human mutant protein tau-P301L did not form
inclusions, but only by combined expression in double-
transgenic mice, o-synuclein-positive and tau-positive
inclusions developed in oligodendrocytes. This suggests
that a-synuclein and protein tau directly or indirectly
interact with each other [19]. In vitro, o-synuclein
appeared to interact directly with tau and to stimulate
protein kinase A-dependent phosphorylation of tau
[20], and both proteins were found to promote mutual
fibrilization [21,22].

Different model systems have been developed to
study the pathophysiology of neurodegenerative dis-
eases, although no model displays all the hallmarks
associated with AD or PD. Apart from transgenic
rodents with stable or transient expression of partic-
ular proteins engaged in neurodegenerative diseases
[23-26], less complex systems and organisms are in
use, e.g. mammalian cell lines [27], Drosophila melano-
gaster and Caenorhabditis elegans [10,28,29]. Most
recently, humanized yeast cells were shown to recapit-
ulate several fundamental aspects related to PD and
the pathogenicity of a-synuclein [30] as well as to AD
and processing of amyloid precursor protein [31].

We studied the effects of expression of a-synuclein
as well as coexpression of protein tau and confirm the
effects reported for expression of a-synuclein in yeast
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[30]. In addition, we present data supporting the hypo-
thesis that aggregation of a-synuclein is initiated by
nucleation at the plasma membrane followed by elon-
gation. Moreover, aggregation is enhanced by treat-
ment with Me,SO, which in yeast is known to increase
levels of phospholipids to form new membranes.
Finally, treatment of yeast cells with ferrous ions trig-
gered not only the formation of reactive oxygen species
but also increased aggregation of a-synuclein. Further
data support the hypothesis that degradation of
a-synuclein occurs by autophagy and proteasomes and
that aggregation of a-synuclein interferes with endo-
cytosis. As in double-transgenic mice, the coexpression
of a-synuclein and protein tau was synergistically toxic
in yeast cells. The combined data underline the poten-
tial offered by these yeast models for defining the
underlying mechanisms of toxicity and synergistic
actions of a-synuclein and protein tau.

Results and Discussion

a-Synuclein creates amyloid-like aggregates
in yeast

To study the pathology induced by a-synuclein in a
well-defined cellular model system, we expressed the
wild-type a-synuclein (wt-synuclein) and the clinical
mutant proteins A30P and AS53T in the W303-1A
wild-type yeast strain and its isogenic pho854 mutant.
PHOS85 encodes the orthologue of human cdkS5, a
cyclin-dependent kinase known to play a central role
in neurodegeneration [32,33] that is found in Lewy
bodies [34,35]. We initially used high-copy-number
plasmids whereby the expression of a-synuclein was
under control of the strong constitutive TPI/ promo-
ter. Consistent with a previous report [30], this
approach yielded moderate and comparable expres-
sion levels of wt-synuclein and the A53T mutant and
much higher levels of the A30P mutant in both wild-
type and the pho854 mutant cells (Fig. 1A). Lower
expression of wt-synuclein and the AS53T mutant
could result from selective pressure to reduce average
plasmid copy numbers to avoid a possible toxic effect
[30]. However, we did not observe significant differ-
ences in growth between wild-type and pho854 cells
overexpressing o-synuclein, not even under more
demanding growth conditions (Fig. 1B). To circum-
vent the possibility of counter-selection, we construc-
ted centromeric plasmids that express a-synuclein or
C-terminal a-synuclein—enhanced green fluorescent
protein (EGFP) fusion proteins under the control of
the inducible MET25 promoter, which is induced by
depletion of methionine from the medium and is
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repressed by methionine concentrations exceeding
0.3 mM. Even when the transformants were selected
in media containing 1 mM methionine, the concentra-
tions of wt-synuclein and the mutant proteins after
derepression in methionine-free medium were similar
for native and EGFP-fusion proteins and comparable
to those obtained with the TPI-controlled expression
system (Fig. 2A, and data not shown). Furthermore,
all transformants remained viable after derepression
and displayed similar growth curves to strains trans-
formed with empty vectors (data not shown). Hence,
we concluded that expression of a-synuclein did not
induce toxicity in our strains.

Consistent with previously reported data [30], the
EGFP-fusion proteins of both wt-synuclein and the
AS53T mutant were localized at the membrane during
the first hours after induction. Interestingly, the pro-
teins started to aggregate upon prolonged induction,
and small inclusions became visible, located close to
the membrane (Fig. 2B). The inclusions often trans-
formed into larger cytoplasmic aggregates in up to 5%
of wild-type cells and about 10% of pho854 mutant
cells when the cultures reached the late exponential
phase. The A30P mutant, on the other hand, was
exclusively located in the cytoplasm and did not give
rise to any inclusions (Fig. 2C), which is consistent
with the observation of reduced vesicle binding of the
A30P mutant in other models [36]. It is evidently also
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Fig. 1. Expression of human a-synuclein in
Saccharomyces cerevisiae. (A) Western blot
analysis and (B) growth of wild-type or iso-
genic pho854 cells overexpressing native
wild-type (WT syn) or mutant (A30P, Ab3T)
a-synuclein from the constitutive TP/7 pro-
moter. The strains were grown on SD med-
ium until early exponential phase. Equal
amounts of cells were sampled for immuno-
detection or for spot assays to monitor
growth on selective (SD) or rich (YPD) med-
ium at 23 °C, 30 °C or 37 °C as indicated.
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in line with the reduced affinity of the A30P mutant
for membranes and lipid surfaces [2,37,38]. Interest-
ingly, coexpression of native wt-synuclein with the
A30P-EGFP fusion protein resulted in the formation
of inclusions containing A30P-synuclein (Fig. 2C). This
indicates that the A30P mutant can form inclusions
on the nuclei provided by wt-synuclein, demonstrating
that the A30P mutant is mainly defective in nucleation.
Furthermore, we noted that cells expressing wt-synu-
clein contained less, but larger inclusions per cell than
the A53T mutant (Fig. 2C), suggesting that wt-synu-
clein nucleates less efficiently than the AS53T mutant
and that elongation is primarily determined by the
availability and distribution of the remaining protein
over the preformed nuclei. Therefore, the data provide
additional evidence for the nucleation—elongation
hypothesis, which was formulated on the basis of
in vitro aggregation studies with cell-free extracts as
well as purified recombinant a-synuclein, demonstra-
ting that membrane-bound a-synuclein has a higher
tendency to aggregate than the free cytosolic form and
that nuclei act as seeds [3,4,39].

To rule out the possibility that aggregation was
influenced by the presence of the EGFP tags and to
demonstrate the presence of B-sheeted aggregates, we
performed thioflavin-S staining and analysed in
parallel pho854 cells expressing tagged or untagged
native synuclein. Staining was carried out on sphero-
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Fig. 2. Expression of a-synuclein~-EGFP fusion proteins and the formation of inclusions. (A) Western blot analysis of wild-type or isogenic
pho854 cells expressing C-terminal EGFP fusions of wild-type (WT syn) or mutant (A30P, A53T) a-synuclein under the control of the
inducible MET25 promoter. (B) Time-dependent and expression-dependent redistribution of wt-synuclein~-EGFP fusion proteins in pho854
cells after derepression in methionine-free SD medium for 1 h, 12 h or 24 h, monitored by fluorescence microscopy. As indicated, the fusion
protein was initially (1 h) localized at the plasma membrane, but, upon prolonged derepression (12 h), small membrane-connected inclusions
became visible, which further (24 h) often converted into larger cytoplasmic inclusions. (C) Cellular localization of EGFP and C-terminal EGFP
fusions of wt-synuclein, A53T and A30P after 24 h of derepression. (D) Thioflavin-S staining visualized amyloid-like aggregates in pho854
cells overexpressing either native or EGFP-fused mutant AS3T synuclein in contrast with cells overexpressing native or EGFP-fused mutant

A30P synuclein.

plasts, as intact yeast cells are not permeable to thio-
flavin-S. Spheroplasting of cells expressing o-synu-
clein—-EGFP fusion proteins showed, as expected, a
considerable decrease in the amount of cells with inclu-
sions, and those cells contained only a few large
membrane-disconnected aggregates. Nevertheless, these
cytoplasmic inclusions reacted with thioflavin-S. Simi-
larly, large cytoplasmic inclusions were also visible to a
comparable extent in spheroplasts created from cells
expressing native wt-synuclein (data not shown) or the
AS53T mutant (Fig. 2D), indicating that these proteins
formed amyloid-like aggregates. In contrast, no thio-
flavin-S staining was found in spheroplasts from cells
expressing the A30P mutant either as native or as
EGFP-fusion protein (Fig. 2D).
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Aggregation of a-synuclein is proportional
to its expression level and the lipid content
of yeast cells

The results described above confirmed the importance
of a-synuclein—-membrane interaction in the formation
of aggregates. Moreover, recent genome-wide screens
performed in yeast linked lipid metabolism to a-synu-
clein-induced cellular toxicity [40,41]. Therefore, we
examined whether enhanced lipid biosynthesis would
be sufficient to increase a-synuclein aggregation. This
was accomplished by treatment of the yeast cells with
Me,SO, which is known to stimulate lipid biosynthe-
sis and increase phospholipids in their membranes
[42].
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The addition of Me,SO to the culture medium up to
10% was not toxic, although growth of all the yeast
strains was slower. Staining with DiOCg [42] confirmed
enhanced plasma and intracellular membrane forma-
tion in yeast cells grown in 10% (v/v) Me,SO for 18 h
(Fig. 3A). Moreover, in the strains expressing synu-
clein, a dramatic enhancement in the number of cells
with inclusions was evident (Fig. 3B). Most interest-
ingly, the effect of Me,SO was not restricted to wt-synu-
clein and the AS53T mutant, as the A30P mutant also
formed aggregates when grown in the presence of 10%
(v/v) Me,SO. In all cases, the number of cells contain-
ing aggregates was about, or even above, 80% on
treatment with 10% (v/v) Me,SO. Note that treatment
for 18 h with 4% Me,SO also increased the number of
cells with inclusions formed by wt-synuclein and the
AS53T mutant in the wild-type strain, but not for the
A30P mutant. Remarkably, the effects triggered by
4% (v/v) Me,SO were more pronounced in the pho854
deletion strain, and even the A30P mutant still formed
aggregates under these conditions (Fig. 3B). Besides
the very pronounced effect on the number of cells with
inclusions, Me,SO significantly increased the size of
the inclusions formed by wt-synuclein and by both
mutants (data not shown). In addition, Me,SO
increased up to sixfold the amount of a-synuclein pro-
tein detected by western blotting in wild-type cells and
up to threefold in pho854 cells (Fig. 3C). This can be
ascribed to enhanced synthesis of a-synuclein as
Me,SO stimulates derepression of the MET25 promo-
ter [42], although the Me,SO-induced aggregation may
also reduce the turnover of a-synuclein by preventing
its degradation.

a-Synuclein is eliminated by proteasomal
degradation and by rapamycin-induced
autophagy

The finding that some forms of inherited PD are
caused by mutations in E3 ubiquitin ligase (Parkin)
and ubiquitin carboxyl-terminal hydrolase L1 indicates
that proteasomal dysfunction contributes to the patho-
genesis of PD [1]. A number of studies investigated
the effect of proteasomal inhibition on o-synuclein
degradation with conflicting results, i.e. o-synuclein
appeared not to be subject to proteasomal degradation
[43], whereas others reported that proteasomal inhibi-
tion triggered accumulation and aggregation of a-synu-
clein [44] and even that o-synuclein inhibited the
proteasome [45].

We tested the effect of the proteasome inhibitor,
lactacystin, on the formation of wt-synuclein inclu-
sions in pho854 cells. As lactacystin cannot penetrate
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intact yeast cells, the experiments were performed on
spheroplasts. Incubation of spheroplasts for 4 h
with 50 um lactacystin increased the number of cells
with inclusions from about 10% to more than
40% (Fig. 4A), showing that the proteasome is also
actively involved in synuclein turn-over in yeast cells.

Another potential pathway for clearance of aggre-
gate-prone proteins involves degradation via auto-
phagy, a process involving the formation of
autophagosomes and their subsequent delivery to the
vacuole in yeast [46] or the lysosome in mammals [47].
A role for autophagy has been well documented for
Huntington disease [48], but some observations sugges-
ted that it also has a role in PD [49]. As in mammalian
cells, autophagy in yeast is induced by rapamycin-
dependent inhibition of the Tor kinases [46].

Incubation of wild-type cells or pho854 cells over-
expressing o-synuclein—-EGFP with 50 nM rapamycin
for 30 min almost completely inhibited the formation
of inclusions (Fig. 4B). Moreover, rapamycin almost
completely annihilated the strong inducing effect of
Me,SO on the formation of a-synuclein inclusions in
a concentration-dependent manner, i.e. treatment of
wild-type cells with 10% (v/v) Me,SO together with
50 nM rapamycin reduced the number of cells with
inclusions from 80% to 20% (Fig. 4C). Analysis by
western blot consistently revealed a dramatic decrease
in o-synuclein concentrations in rapamycin-treated
cells (Fig. 4D). Remarkably, pho854 cells appeared
to be less sensitive to rapamycin treatment than
wild-type yeast cells as at least 10-fold higher concen-
trations of rapamycin were required to reduce the
number of cells with inclusions after Me,SO treat-
ment to less than 50%. In addition, wild-type cells
expressing either wt-synuclein or mutant o-synuclein
responded similarly and with comparable sensitivities,
whereas pho854 cells expressing wt-synuclein respon-
ded more markedly than pho854 cells expressing the
AS53T mutant or the A30P mutant (Fig. 4C). For the
latter, we repeatedly observed an increase in the num-
ber of cells with inclusions after treatment with low
concentrations of rapamycin. Most likely, this relates
to the lower affinity of A30P for lipids and membran-
ous compounds as described above. It should be
noted that the differences observed between the two
strains were not reflected in or proportional to the
expression levels of oa-synuclein as determined by
Western blot analysis (Fig. 4D).

In conclusion, the data described above demon-
strate that the levels of expression and aggregation
of a-synuclein in yeast cells are controlled by the
proteasome as well as by the autophagocytic path-
way.

FEBS Journal 272 (2005) 1386-1400 © 2005 FEBS



P. Zabrocki et al. Aggregation of a-synuclein in yeast cells

A
W303 pho85A (WT syn)
DiOC6 staining
SD + 10%DMSO
10%_DMSO
. +
A53T syn
}— +
A30P syn
— e
WT syn
== =
0 100 200 300 400 500 600 700
Normalized units [%]
B
W303 WT (A53T syn)
with 10% DMSO
DMSO 4%10%
.l
A53T syn P o=
. qHES
A30P syn 1 g
B e
WT syn #| - E
|
Vector o B
A53T syn . ' iy s
without DMSO - 14 8
A30P syn = N
WT syn TE ' : g
Vector 11 b gl
0 20 40 60 80 100
Amount of cells with inclusions [%]
W303 WT 10% DMSO W303 pho85A 10% DMSO
' + - F +
A53T syn A53T syn ‘
- - i ™ -
—— + V 1 i
A30P syn - A30P syn .
-| - === - -
+ - — 4 + | -
WT syn WT syn
- —— -| | -
0 200 400 600 aé:o n;oo 0 1(1m ztr)o atlxo -u;o 5:)0 stl)o
Normalized units [%] Normalized units [%]

Fig. 3. Multiple effects triggered by Me,SO treatment of cells overexpressing a-synucleins. (A) Pho854 cells overexpressing native wt-synu-
clein, A30P and A53T were grown for 18 h on methionine-free SD medium with or without 10% (v/v) Me,SO and then stained with the
lipophilic dye DiOCg. The left panel shows typical images of the pho854 cells overexpressing native wt-synuclein when grown on medium
with or without 10% Me,SO. The right panel shows the quantification where the amount of fluorescence from DiOCg obtained with a-synu-
clein expressing cells grown on medium with 10% (v/v) Me,SO was normalized to the amount of fluorescence of the same cells grown on
medium without Me,SO. (B) Wild-type and pho854 cells overexpressing a-synuclein-EGFP fusion proteins were grown on methionine-free
SD medium with or without addition of 10% (v/v) Me,SO for 18 h. Typical images of wild-type cells overexpressing EGFP-fused A53T synu-
clein are shown in the left panel. The right panel displays the percentage of cells forming inclusions of EGFP-fused wt-synuclein, A30P
or AB3T in cultures grown in the absence or presence of 4% or 10% Me,SO. (C) Equal amounts of cells (Agoo) from (B) were sampled for
immunodetection with a-synuclein antibodies. Graphs show the proportion of a-synuclein-EGFP fusion normalized to the amount of wt-synu-
clein expression found in wild-type cells (left panel) or pho854 cells (right panel) when grown on minimal medium without Me,SO.
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Fig. 4. Inhibition of the proteasome and induction of autophagy influences the expression and aggregation of a-synuclein in yeast. (A) Per-
centage of spheroplasts with inclusions of EGFP-fused wt-synuclein in spheroplast preparations treated for 4 h with 50 um lactacystin (+ lac)
or with 1% (v/v) Me,SO as control (cont.) (B) Yeast strains overexpressing EGFP fusions of wt-synuclein were treated with 50 nm rapamy-
cin (+ Rap) or with 1% (v/v) Me,SO as control (cont.) for 30 min. The percentage of cells with inclusions of EGFP-fused wt-synuclein was
determined by visual inspection of at least 400 cells. (C) Yeast cells expressing EGFP fusions of wt-synuclein, A30P or A53T were grown on
methionine-free SD medium with or without 10% Me,SO and treated with the indicated concentrations of rapamycin. The graph shows the
percentage of cells with inclusions based on results of three experiments with independent cultures. (D) Equal amounts of cells from the
cultures described in (C) were used to prepare total protein extracts for immunodetection of a-synuclein. All samples were quantified and
represented in the bar diagrams showing expression as normalized units relative to the expression of wt-synuclein in untreated wild-type
cells, which was set as 1 unit.

functions analogously to the mammalian lysosome, is
enlarged, almost completely transparent, and inter-
nally disorganized, and studies on endocytosis of
The observation that pho854 cells were less respon- fluorescent dyes such as FM4-64 and LY showed
sive to rapamycin was surprising as it has been that pho85A4 cells are defective in endosomal trans-
reported that the pho85A4 strain is more sensitive to port to, and fusion with, the vacuole [50]. In addi-
rapamycin-induced growth inhibition [50] and that tion, it was reported that overexpression of green
Pho85 acts as a negative regulator of autophagy fluorescent protein (GFP)-fused a-synuclein caused
[51]. However, it has also been documented that aberrant accumulation of the dye FM4-64 in yeast
in  pho854 cells the vacuole, which in yeast cells [30].

o-Synuclein expression in yeast interferes
with endocytosis

1392 FEBS Journal 272 (2005) 1386-1400 © 2005 FEBS
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We confirmed these phenotypes in our strains, as that seemed more pronounced in pho854 cells than
overexpression of wt-synuclein or A53T mutant led to wild-type cells and that was further aggravated on
the accumulation of FM4-64 in many intermediates treatment with 10% (v/v) Me,SO (Fig. 5SA,B). Note
and retarded transport to the vacuole, a phenomenon that the inclusions formed by wt-synuclein or the

Fig. 5. Aggregation of a-synuclein retards
endocytosis. Wild-type (A) or pho854 (B)
cells overexpressing wt-synuclein—-EGFP,
AB3T-EGFP or AB0OP-EGFP as well as EGFP
alone were grown for 18 h on methionine-
free SD medium without or with 10% (v/v)
Me,SO, and stained with FM4-64. Endocy-
tosis of FM4-64 was followed until the con-
trol strains, expressing only EGFP, and at
least one of the synuclein expression strains
showed staining of the vacuolar membrane,
except for the pho854 cells treated with
10% Me,SO, which apparently could not
reach this stage. (C) Fluorescence of FM4-
64 and a-synuclein-EGFP was examined on
the same cells using Texas Red and GFP
mode settings on a fluorescence micro-
scope. Overlaying of the images was per-
formed with Adobe Photoshop 5.0
software. As illustrated for wild-type cells
grown in the absence of Me,SO, inclusions
of wt-synuclein~-EGFP and AB3T-EGFP colo-
calized with FM4-64-stained endosomal
intermediates (white arrows).
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AS53T mutant often colocalized with the FM4-64-
stained vesicles in both wild-type (Fig. 5C) and pho854
cells (data not shown). Overexpression of the A30P
mutant, which remains cytoplasmic and does not form
aggregates, did not affect endocytosis of FM4-64.
However, this mutant also caused retardation of endo-
somal transport when its aggregation was induced by
treatment with 10% (v/v) Me,SO. This correlation
suggested that it is actually the aggregation of a-synu-
clein that disturbs the endocytic pathway. Together,
the data also point to the interesting feature that
aggregation of o-synuclein is not restricted to the
plasma membrane and may also occur on intracellular
membranes or, alternatively, that the cells attempt to
remove the aggregates formed at, and bound to, the
plasma membrane via transport to the vacuole by the
endocytic pathway. As the a-synuclein aggregates are
first observed at the plasma membrane (Fig. 2B) before
becoming localized in the cytoplasm, we favor the last
hypothesis.

Iron ions increase oxidative stress and promote
a-synuclein aggregation

Recent studies indicated that iron and other metal ions
may contribute to the pathology of PD [52,53]. Iron
ions are not only identified in Lewy bodies [54], but

A
ROS detection (DHR123 staining)
Control (SD) Fe2*
a c
FITC
mode
b| d
DIic|
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in vitro Fe** ions promote the formation of filamen-
tous aggregates of a-synuclein [55]. More recently, the
promoting effect of iron ions on a-synuclein aggrega-
tion was documented in SH-SYS5Y neuroblastoma cells
which overexpress a-synuclein [56,57]. The mechanism
of iron-enhanced formation of fibrils remains to be
elucidated and may be due to direct alterations in the
secondary structure of a-synuclein [55] or to damage
caused by oxidative stress through hydroxyl radicals
generated via a Fenton-type reaction [57].

We added Fe?" ions to yeast cells to stimulate free
radical production [58,59] and monitored the effect on
aggregation of a-synuclein. Detection of reactive oxy-
gen species with DHR123 [60] confirmed the increase
in free radical production caused by Fe’™ ions
(Fig. 6A). Simultaneously, a sixfold increase in the
number of cells with inclusions of wt-synuclein was
observed, despite a slight decrease in the expression
level of a-synuclein on western blot (Fig. 6B). In con-
trast, Fe’" ions did not induce aggregation of the
A30P mutant.

We further analysed growth in the presence or
absence of Fe?" ions and found that they caused gen-
eral but not a-synuclein-dependent growth retardation,
as cells either expressing a-synuclein or transformed
with an empty plasmid displayed similar growth curves
(data not shown). The data show that, although Fe*"
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Fig. 6. Ferrous ions increase the formation of inclusions of a-synuclein-EGFP. (A) Pho854 transformants were grown on methionine-free SD
medium for 24 h to induce expression of native wt-synuclein. Subsequently, the culture was split and one half was treated for 30 min with
20 mm FeSQy, while the other half was treated with 20 mm (NH4),SO,4 as control. The pictures show reactive oxygen species detection in
pho85A4 cells expressing native wt-synuclein treated with 20 mm (NH4)»,SO4 (A,B) or 20 mm FeSO, (C,D) as visualized with DHR123 staining
and fluorescence microscopy (A,C) and the corresponding digital input computer (DIC) images (B,D). (B) Bar diagram showing the percent-
ages of pho854 cells expressing wt-synuclein—-EGFP (left) or AB0P-EGFP (right) that contain inclusions when treated with or without FeSQO,.
Equal amounts of cells were also sampled to prepare total extracts for immunodetection of a-synuclein as illustrated below the diagram.
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ions induced a surplus of aggregated a-synuclein, this
is not toxic to the yeast strains used in this study.

Coexpression of protein tau with a-synuclein
increased the a-synuclein toxicity

The absence of any significant effects of a-synuclein
expression or aggregation on growth of transformed
yeast cells directed us to examine whether coexpression
with protein tau would enhance toxicity, as described
for double-transgenic mice [19]. Therefore, wild-type
o-synuclein or either clinical mutant were coexpressed
with the wild-type human tau-2N/4R isoform (wt-tau)

Aggregation of a-synuclein in yeast cells

or with tau-P301L mutant (P301L-tau) associated with
FDTP-17 [10]. Wild-type yeast cells that combine the
expression of wt-tau and o-synuclein displayed a
marked reduction in growth in comparison with cells
expressing only one of the two proteins (Fig. 7A). In
contrast, coexpression of wt-tau with either a-synuclein
mutant did not cause a significant growth reduction,
although some delay in growth was observed for the
AS53T mutant. Interestingly, however, the AS53T
mutant yielded a similar growth-retarded phenotype to
wt-synuclein when coexpressed with tau-P301L. The
same trend, but more pronounced, was also observed
in pho854 cells, when growth was monitored on
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Fig. 7. Coexpression of a-synuclein and human protein tau induces toxicity in yeast. (A) Equal amounts of wild-type cells (upper panels) and
pho854 (lower panels) cells expressing wt-tau (left) or tau-P301L (right) alone or in combination with wt-synuclein, A30P or A53T were spot-
ted in serial dilutions on SD medium and allowed to grow for 3 days. (B) Growth on liquid SD medium of pho854 cells expressing tau-P301L
alone (A) or in combination with wt-synuclein (A), A30P (@) or A53T (O). (C) Western blot analysis of wild type cells (upper panels) and
pho854 (lower panels) cells expressing wt-tau (left) or tau-P301L (right) alone or in combination with wt-synuclein, A30P or AS3T. (D) Strains
expressing various combinations of wild-type or mutant protein tau with wild-type or mutant a-synuclein~-EGFP were grown on methionine-
free SD medium until early (12 h; light grey bars) and late (24 h; dark grey bars) exponential growth phase, and the percentages of cells with
a-synuclein inclusions were determined. The graph presents data from three independent experiments.
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synthetic medium (Fig. 7A,B). On rich yeast peptone
dextrose (YPD) medium, the pho854 cells grew slower
at increased temperatures when coexpressing wild-type
or AS3T a-synuclein with tau-P301L, while the corres-
ponding wild-type cells were growing normally (data
not shown).

The cellular levels of a-synuclein were similar in
strains overexpressing o-synuclein alone or in combina-
tion with wt-tau or tau-P301L, ruling out the possibil-
ity that tau protein caused toxicity by increasing
a-synuclein expression (Fig. 7C). On the contrary, con-
sistent with the data presented above (Fig. 1), expres-
sion of the A30P a-synuclein mutant was always the
highest, although no growth retardation was ever
noted.

Next, we investigated whether the observed toxicity
was related to the increased aggregation of a-synuclein.
Therefore, the various strains with combinations of
a-synuclein and tau were tested using MET25 plasmids
to express EGFP-tagged versions of a-synuclein. A sig-
nificant increase in the number of cells that formed
aggregates of wt-synuclein or the AS5S3T mutant was
noted when coexpressed with wt-tau and even more so
when coexpressed with mutant tau-P301L (Fig. 7D).
This confirms most recent data obtained in vitro as
well as in double-transgenic mice in vivo [19,21,22],
demonstrating that tau promotes the fibrilization of
a-synuclein. It should be noted that the number of
cells containing a-synuclein aggregates by coexpression
of human protein tau was lower than that obtained by
treatment with Fe?" ions, for which, however, no
growth inhibitory effects were observed. Hence, the
toxicity caused by coexpression of a-synuclein and pro-
tein tau has to include interference of tau with proces-
ses other than those inducing a-synuclein aggregation.
In this context, the observation of a more pronounced
toxicity in a pho854 background is of particular inter-
est given that PHOSS5 encodes the yeast orthologue of
human cdk$5 [32]. Cdk5 does not appear to affect phos-
phorylation of synuclein [61], but this kinase has a
well-established role in phosphorylation and paired
helical filament formation of protein tau in human
brain [8,12,13]. Therefore, it is tempting to speculate
that, in yeast also, the toxicity of human tau may
depend on its phosphorylation status, which involves
Phos8s5.

In conclusion, we have studied the expression of
a-synuclein in yeast cells, modulation by inhibition of
the proteasome, induction of autophagy, effects
induced by Me,SO and Fe’" ions, and the coexpres-
sion of protein tau. The data confirm and extend
considerably a recent report on the expression of
a-synuclein in yeast [30] and demonstrate that
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aggregation of a-synuclein in yeast cells is initiated by
nucleation at the plasma membrane. Subsequent fur-
ther aggregation is enhanced by Me,SO, which is
known to increase the levels of phospholipids and
new membranes in yeast [42]. Fe’ " ions increased the
aggregation of o-synuclein, probably indirectly by
increasing oxidative stress, although without marked
negative effects on growth or survival of the cells.
Importantly, further data demonstrate that degrada-
tion of a-synuclein occurs by autophagy and by pro-
teasomes and that the aggregation of o-synuclein
interferes with endocytosis. Coexpression of human
protein tau with o-synuclein synergistically increased
the toxicity for the yeast cells, although the number
of cells containing synuclein aggregates was less than
obtained with Fe’* jons. The combined data strongly
indicate that it is not the aggregation of synuclein per
se that is responsible for growth retardation or toxic-
ity, and point to interference of synuclein with mem-
branes and endocytic pathways as the major culprit.
In fact, the formation of aggregates would be protect-
ive to the cells by decreasing the concentrations of
active synuclein, as recently claimed for huntingtin
[62]. The data underline the potential offered by the
yeast models for defining the underlying fundamental
mechanisms involved in the normal function, as well
as the pathology and synergistic action of a-synuclein
and protein tau. Although these mechanisms will ulti-
mately have to be tested in neuronal and animal
models, the yeast-based models have the advantage
that they are less complex and better genetically
defined. An additional benefit is the ease and rapidity
with which yeast cells can be manipulated and grown,
making them also ideal tools for large-scale screening
to identify various factors, including cDNA and pep-
tide libraries or chemical compounds, which may
interfere with the pathological action of a-synuclein
or protein tau.

Experimental procedures

Yeast strains and media

In this study we used the W303-1A (Mat a canl-100
ade2-1 his3-11 trpl-1 wura3-1 leu2-3, 112) wild-type strain
and its isogenic pho854 mutant. Deletion of PHOS85 was
achieved by one-step replacement of the gene with the
appropriate PCR deletion cassette containing a HIS3 or
TRPI auxotrophic marker as described previously [63].
Transformation of yeast was performed using a standard
lithium/poly(ethylene glycol) method [64]. Yeast cells were
grown in rich medium (YPD) or selective minimal glucose-
containing medium (synthetic dextrose; SD) deficient in the
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required amino acids [65]. Transformants with the MET25-
controlled expression cassettes for native or EGFP-fused
a-synuclein were cultured overnight in selective medium
with 1 mM methionine. From this preculture, cells were
taken to inoculate a second culture (starting Agoo = 0.1) on
selective medium without methionine which was then grown
for 18 h at 30 °C unless otherwise indicated.

Plasmids

Oligonucleotide primers were used to amplify a full-length
a-synuclein sequence from pYX212-a-syn plasmids contain-
ing cDNA for wild-type a-synuclein or the mutants A30P
and AS3T (gift from n.v. ReMYND; http://www.
remynd.com). The 0.4-kb products were digested with Xbal
and Sall restriction enzymes and ligated in correct orienta-
tion into pUG23 plasmid to obtain controlled expression
via the MET25 promoter of the native protein or C-termin-
ally fused a-synuclein~-EGFP protein (kindly provided by
J. H. Hegemann, Heinrich-Heine-Universitat, Dusseldorf,
Germany). The multicopy (2p) plasmids YEpl81-o-syn
(WT, A30P and A53T) were generated by ligation of frag-
ments obtained after digestion of the pYX212-a-syn plas-
mids with Ncol and Xhol into YEp181 containing a TPI/
promoter. Human tau isoforms [2N/4R tau (wt) and
2N/4R P301L tau] were inserted into the episomal pYX212
plasmid (R&D Systems, Minneapolis, MN) under control
of constitutive TPII promoter.

Spot assay

Growth was monitored on solid medium by spot assay by
making 10-fold serial dilutions of exponentially growing
cultures, starting from Agpy = 1.0. Samples of each dilution
were spotted on to YPD and SD (without appropriate
amino acid for selection) media. Plates were incubated at
23, 30, or 37 °C for 2-5 days as indicated.

Microscopy

Fluorescence microscopy was performed with the Axio-
plane2 (Zeiss, Oberkochen, Germany) microscope. Cells
grown to mid-exponential or late exponential phase in SD
with methionine were washed in medium depleted for
methionine, resuspended in the same medium and incuba-
ted for 3-24 h at 30 °C to induce production of a-synu-
clein~EGFP fusion proteins before observation. Cells were
placed on to microscopy slides pretreated with 0.1% (w/v)
poly(L-lysine). The proportion of cells containing fluores-
cent inclusions within the population was then determined
by inspection of at least 400 cells per culture. Cells were
observed with a 100/1.3 (Zeiss Plan-NeoFLUOR oil) objec-
tive, and the filter mode with excitation filter BP470/20 and
LP515 long pass emission filter (Zeiss) was used.
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Thioflavin-S staining and lactacystin-mediated
proteasome inhibition

Thioflavin-S staining (Thio S; Sigma) was performed using
a modified method of Kimura and coworkers [66]. To pre-
pare spheroplasts, cells from mid-exponential, late exponen-
tial, or stationary phase were centrifuged at 420 g for
2 min, washed twice with sodium phosphate buffer, pH 6.5,
before fixation with 4% formaldehyde for 15 min. Then the
cells were washed with 0.1 M sodium phosphate buffer,
pH 6.5, supplemented with 1.2 M sorbitol. Cells were resus-
pended in the same buffer supplemented with 1.2 M sorbitol
and 0.002% (v/v) 2-mercaptoethanol, and 200 pg Zymo-
lyase 100T (ICN) was added. Cells were incubated for
30-60 min at 30 °C, washed three times with 0.1 M sodium
phosphate buffer containing 1.2 M sorbitol, and, after addi-
tion of 10% (w/v) SDS (20 puL per 1 mL cells), the sphero-
plasts were used for staining. Thioflavin-S was added to
0.001% concentration (fresh 1% stock in water) and, after
incubation for 10-20 min, the spheroplasts were washed
three times with buffer containing 1% gelatin, 0.12 M NaCl
and 0.1% (v/v) Tween 20. They were then resuspended in
mounting medium [90% (v/v) glycerol with 1 mgmL™
p-phenylenediamine (pH 9.0)], and placed on to microscopy
slides pretreated with 0.1% poly(L-lysine) for observation
using the fluorescence microscope.

To determine the effect of proteasome inhibition, cells
overexpressing EGFP fusions of wt-synuclein were used for
spheroplasting as described above. The spheroplasts were
treated with 50 pum lactacystin or with 1% (v/v) Me,SO as
control for 4 h, and the percentage of spheroplasts with
inclusions of EGFP-fused wt-synuclein was determined by
inspection of at least 400 spheroplasts under the fluores-
cence microscope.

DiOCg, FM4-64 and DHR123 staining

DiOC¢ (3.3’-dihexyloxacarbocyanine iodide; Acros Organ-
ics, Geel, Belgium) staining was carried out as described by
Block-Alper and coworkers [67] with minor changes.
Strains overexpressing native o-synuclein were grown on
methionine-containing SD medium for 24 h. Then new cul-
tures were started in selective medium lacking methionine
with or without addition of Me,SO to final concentrations of
4% or 10% (v/v). After growth for 18 h, cells (Agpo = 1)
were harvested and washed with 1 mL sterile Tris/EDTA
buffer. After centrifugation at low speed, the cell pellet was
resuspended in 1 mL Tris/EDTA buffer, and 1 pL DiOCq
solution (stock solution 1 mgmL™! in ethanol) was added.
Cells were mixed and analyzed immediately.

For FM4-64 [N-(3-triethylammoniumpropyl)-4-(p-diethyl-
aminophenylhexatrienyl)pyridinium dibromide; Molecular
Probes) staining, strains overexpressing EGFP-fused synu-
clein as well as control strains expressing solely EGFP were
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grown until late exponential growth phase and examined for
inclusion formation under the fluorescence microscope with
fluorescein isothiocyanate filter set. Next, the cells were
stained with FM4-64 dye for 20 min at 0 °C, washed, and
incubated at 15 °C to induce transport of FM4-64 dye to
endocytic intermediates. At this point, fluorescence of FM4-
64 dye and EGFP was examined under the fluorescence
microscope with Texas Red and GFP modes. Overlaying of
images was performed with Adobe PHOTOSHOP 5.0 software.
DHR123 staining was as described previously [60].

Antibodies and immunoblot analysis

Western blot analyses were performed as previously des-
cribed [68] making use of Immobilon-P (Millipore, Billerica,
MA) membranes. a-Synuclein was detected with an anti-
a-syn rabbit polyclonal antibodies directed against the
C-terminus (Sigma). Alkaline phosphatase-conjugated
(Santa-Cruz Biotech, Santa Cruz, CA) or horseradish per-
oxidase-conjugated (Bio-Rad, Hercules, CA) rabbit anti-
bodies were used as secondary antibodies. For detection,
the NBT/BCIP or ECL methods (CL-Xposure Film; Pierce
Perbio, Bezons, France) were used.

Samples for western blot analysis were performed as fol-
lows. Equal amounts of cells (A4¢p9) were pelleted by centri-
fugation, resuspended in 4 vol. SDS/PAGE buffer, and
boiled for 5 min at 95 °C. Proteins were then separated by
SDS/PAGE. To equilibrate the amount of protein, we
compared the intensities obtained from Coomassie blue
staining of SDS/polyacrylamide gels or Ponceau S staining
of poly(vinylidene difluoride) membranes (Millipore) after
transfer of the proteins from the gel.
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