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structural analyses (24). ␣-Synuclein binds
lipid membranes (25–27) and can inhibit
phospholipase D2 in vitro (28). ␣-Synuclein
interacts with synphilin-1 (29), which has
been proposed to function as an adaptor protein linking ␣-synuclein to proteins involved
in vesicular transport. Although the precise
function of ␣-synuclein is still not clear, this
protein has been linked to learning, development, and plasticity (30) and most likely
plays a role in synaptic vesicle recycling.
Recent in vitro studies suggest that prefibrillar intermediates called protofibrils formed
by ␣-synuclein can bind and permeabilize
acidic phospholipid vesicles (31), which has
been proposed to lead to defective sequestration of dopamine into vesicles and subsequent generation of reactive oxygen species
in the cytoplasm that contribute to neuronal
dysfunction and cell death (32). Taken together, these results are consistent with those
from our ␣-synuclein genetic screen and with
studies examining the biological and pathobiological effects of ␣-synuclein in yeast.
␣-Synuclein, and not a mutant huntingtin
fragment, localized to membranes, caused the
accumulation of lipid droplets and inhibited
phospholipase D and vesicular trafficking
(11). The results from the yeast screen are
also consistent with recent expressionprofiling studies in Drosophila that overexpress ␣-synuclein, which showed that lipid
and membrane transport mRNAs were tightly
associated with ␣-synuclein expression (33).
The results from yeast screens clearly indicate that toxicity mediated by ␣-synuclein
and a mutant huntingtin fragment is regulated
by nonoverlapping sets of conserved genes
and pathways. The major functional categories enriched in the ␣-synuclein genetic
screen did not overlap with any of the major
categories observed in the HD53Q screen,
and only 1 out of 138 genes that enhanced
toxicity was found in common to both
screens (STP2). Collectively, these results
suggest that distinct pathogenic mechanisms
may underlie HD and PD.
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Yeast Cells Provide Insight
into Alpha-Synuclein Biology
and Pathobiology
Tiago Fleming Outeiro and Susan Lindquist*
Alpha-synuclein is implicated in several neurodegenerative disorders, such as
Parkinson’s disease and multiple system atrophy, yet its functions remain
obscure. When expressed in yeast, alpha-synuclein associated with the plasma
membrane in a highly selective manner, before forming cytoplasmic inclusions
through a concentration-dependent, nucleated process. Alpha-synuclein inhibited phospholipase D, induced lipid droplet accumulation, and affected vesicle
trafﬁcking. This readily manipulable system provides an opportunity to dissect
the molecular pathways underlying normal alpha-synuclein biology and the
pathogenic consequences of its misfolding.
Alpha-synuclein (␣Syn) is abundant and broadly expressed in the brain, where it interacts with
membranes, vesicular structures, and a puzzling
variety of other proteins (1). Some cases of
Parkinson’s disease (PD) have a genetic basis
(2) that implicates protein folding and qualitycontrol (QC) factors, including a ubiquitin ligase (3) and a ubiquitin C-terminal hydrolase
(4, 5), in ␣Syn pathology. In mammalian cells
␣Syn has been reported in the nucleus, cytosol,
associated with membranes and, in diseased
brains, in large cytoplasmic inclusions (Lewy
bodies) (1). Synucleinopathies are now classified as protein-misfolding disorders (6). Given
the strong conservation of protein folding,
membrane trafficking, and protein QC mechanisms between yeast and higher eukaryotes, we
used Saccharomyces cerevisiae to uncover and
establish basic aspects of both normal and abnormal ␣Syn biology.
Whitehead Institute for Biomedical Research, Cambridge, MA 02142, USA.
*To whom correspondence should be addressed. Email: lindquist@wi.mit.edu

To study ␣Syn dynamics in living cells,
we created an ␣Syn-GFP (green fluorescent
protein) fusion that was not subject to proteolysis in yeast cells (Fig. 1A) (7) as related
fusions have been in mammalian cells (8).
Integrating this construct into the genome
under the control of a galactose-inducible
promoter allowed routine manipulations in
the absence of ␣Syn expression. Upon induction with galactose, wild-type (WT) ␣SynGFP localized intensely at the plasma membrane; a smaller quantity accumulated in the
cytoplasm (Fig. 1B). Compared with other
GFP fusion proteins, ␣Syn did not localize to
mitochondrial or nuclear membranes (9).
Thus, reminiscent of its selectivity for membranes with particular lipid compositions in
vitro (10), ␣Syn has a high intrinsic selectivity for particular cellular membranes in vivo.
Two ␣Syn point mutants (A53T and A30P)
are associated with rare forms of early-onset
familial PD but have distinct physical properties (11, 12). In yeast, each ␣Syn mutant accumulated at the same level as WT ␣Syn (Fig.
1A, one copy), but their cellular distributions
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Fig. 1. Expression of ␣Syn in yeast. (A) Immunoblot analysis of cells
expressing ␣Syn-GFP fusions. Single integrated copies (left) of WT, A53T,
and A30P ␣Syn produced similar amounts of protein (supporting online
material). 2 plasmid (variable copy number) expression levels of WT and
A53T were similar but lower than those of A30P ␣Syn (right). (B)
Fluorescence microscopy of yeast cells expressing ␣Syn-GFP. In cells
carrying one copy of WT or A53T, the protein concentrated at the plasma
membrane, and small amounts concentrated in the cytoplasm. Cells with
two copies of WT or A53T showed cytoplasmic inclusions and reduced
membrane localization. When expressed from the 2 plasmid, WT and

differed profoundly: Like WT ␣Syn, A53T
concentrated at the plasma membrane; A30P
dispersed throughout the cytoplasm (Fig. 1B,
one-copy). The effects of the A30P mutation on
membrane association in yeast are consistent
with its poor membrane-binding capacity in
other systems (13, 14).
One hypothesis to explain the late onset of
PD (and several other misfolding diseases) is
that disease occurs in aging neurons when the
capacity of the QC system to cope with accumulating misfolded proteins is exceeded
(15, 16). It should be possible to mimic this
situation, and exceed the QC system of yeast,
by increasing ␣Syn expression. Indeed, simply doubling ␣Syn expression, by integrating
a second copy in the genome, profoundly
changed its fate: The vast majority of ␣Syn
appeared in large cytoplasmic inclusions
(Fig. 1B). Notably, inclusions were not
formed by excess protein unable to find
“docking sites” at the membrane: (i) Much
less protein was membrane-localized in twocopy strains than in single-copy strains (Fig.
1B); and (ii) in time courses with two-copy
strains, ␣Syn first accumulated at the membrane and was later recruited away into cytoplasmic inclusions. The distribution of A53T

A53T distributions varied from cell to cell, whereas A30P showed a
diffuse cytoplasmic distribution. (C) ␣Syn inhibits growth. One copy of
␣Syn WT or A53T had little effect on growth (left), whereas two copies
completely inhibited it (middle). When expressed from a 2 plasmid,
A30P inhibited growth but less so than WT or A53T (right). (D) Immunoﬂuorescence of cells expressing ␣Syn-GFP (2) (top) with an antibody
to ubiquitin (bottom) showed increased levels of ubiquitin accumulation
in cells expressing ␣Syn ( WT and both mutants). (E) Cells coexpressing
␣Syn and GFPu showed accumulation of the reporter when compared to
cells carrying an empty vector control. Scale bars, 1 m.

Fig. 2. ␣Syn inhibits PLD.
A cki1⌬ strain (top) or a
sec14ts cki1⌬ doublemutant strain (bottom)
were transformed with
2 plasmids expressing
␣Syn and grown at
37°C (supporting online material). WT and
A53T␣Syn blocked
growth in sec14ts
cki1⌬ strain, but not in
the cki1⌬ strain.

was similar to that of the WT, but an even
smaller fraction associated with membranes.
A30P maintained its cytoplasmic distribution
(Fig. 1B, two-copies). In vitro, purified ␣Syn
undergoes nucleated polymerization, A53T
having a greater and A30P a lesser propensity
to form large polymers than WT ␣Syn (17).
Our studies demonstrate that the recruitment
of ␣Syn to inclusion bodies is a biologically
relevant property in living cells, where total
protein concentrations are very high (⬃300
mg/ml) and ␣Syn concentrations are low (below detection on stained gels) (9).
Under growth conditions used for microscopy, a single-copy of WT or A53T ␣Syn had no

appreciable effect on growth. Two copies completely inhibited growth (Fig. 1C and fig. S1).
A30P inhibited growth only when expressed
from a high-copy (2) plasmid (Fig. 1C). Curiously, cells were able to grow with 2 plasmids
expressing WT and A53T. Further analysis demonstrated that selective pressures had reduced
expression by reducing the average copy number
of WT and A53T plasmids, confirming the
strong concentration dependence of their toxicity
(Fig. 1A) (9). In this and all other assays (9)
(supporting online material), similar results were
obtained with ␣Syn constructs not fused to GFP.
At various times after galactose induction,
cells were plated on glucose to repress further
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expression and determine the number of viable cells. The vast majority of cells (⬃90%)
retained colony-forming ability after 12
hours. This lag between ␣Syn induction and
cell death afforded an opportunity to study
the protein’s biological effects before toxicity
confounded results.
To investigate interactions between ␣Syn
and the QC system, we first stained cells for
ubiquitin, a highly conserved polypeptide

Fig. 3. Cells expressing ␣Syn accumulate lipids.
(A) Cells expressing either WT or A53T ␣SynGFP (top) were highly reactive for the lipophylic dye Nile red (bottom); cells expressing A30P
were not (supporting online material). (B) Electron microscopy demonstrated the accumulation of lipid droplets (arrowheads) in cells expressing WT or A53T ␣Syn but not in cells
expressing A30P. Scale bars, 1 m.
Fig. 4. ␣Syn overexpression
perturbs the distribution of vesicular pools. Endocytosis of
the ﬂuorescent dye FM4-64
(red) was used to monitor the
effects of all three ␣Syn-GFP
variants and of Q103 Htt exon
1 (green) on vesicular trafﬁcking. Cells grown in rafﬁnose
(uninduced) show normal ringlike vacuolar staining (top). Expression of ␣Syn WT, A53T,
and A30P markedly altered
FM4-64 distributions (punctate
structures in red, bottom).
Scale bar, 1 m.
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that is posttranslationally attached to misfolded proteins to mark them for degradation
(18). We used the extrachromosomal plasmids to create mixed populations, perfectly
matched for growth and culture conditions
but expressing ␣Syn at different levels in
different cells. Direct visualization of ␣SynGFP showed the expected diversity of localization patterns from cell to cell (membranes
and cytosolic inclusions) (Fig. 1B, 2; fig.
S2). After fixation and detergent permeabilization (required for immunological detection
of ubiquitin), membrane fluorescence was
greatly reduced (Fig. 1D; figs. S2 and S3),
demonstrating the advantage of direct GFP
localization. Nevertheless, the preparations
were adequate to unambiguously detect
strong accumulation of ubiquitin (Fig. 1D)
and establish that it varied with ␣Syn expression on a cell-by-cell basis. As in mammalian
cells and human brains, some but not all
␣Syn aggregates stained with antibodies to
ubiquitin (19, 20). Thus, ubiquitylation was
neither required for aggregation nor prevented it (Fig. 1D). We also investigated whether accumulating misfolded ␣Syn impaired
the capacity of the QC system to degrade
other proteins. We used an unstable GFP
derivative, GFPu, previously established as
a reporter for general proteasome activity
and ␣Syn constructs not fused to GFP (21).
All three ␣Syn proteins caused GFPu accumulation, indicating proteasome impairment (Fig. 1E).
Next, we examined properties of ␣Syn
that have been postulated but not directly
tested: participation in the regulation of cellular lipid metabolism and vesicle trafficking
(22, 23). In a search for inhibitors of phospholipase D (PLD) activity, ␣Syn was serendipitously found to potently and selectively
inhibit mammalian PLD in vitro (24). To
determine if ␣Syn inhibits PLD in vivo, we
took advantage of a previously established
relation between PLD, Sec14p (a phosphatidylinositol-phosphatidylcholine transfer protein), and Cki1p (a choline kinase) (25).

When expressed at a level that had no effect
in cki1⌬ cells, ␣Syn completely blocked
growth in cki1⌬ sec14ts double mutants (Fig.
2). This suggested that ␣Syn had inhibited
endogenous yeast PLD activity. A53T had
the same effect; A30P did not. Cells carrying
the sec14ts mutation alone can grow at 37°C
by acquiring any of several “bypass mutations” (26). PLD mutations block the ability
of bypass mutations to rescue growth; expression of ␣Syn did the same (25, 27) (fig. S4B).
Overexpressing PLD (from an extrachromosomal plasmid) restored bypass rescue (fig.
S4A), confirming that the effects of ␣Syn in
these assays were due to the inhibition of
PLD. A mutant huntingtin exon-1 fragment
with 103 glutamines (Q103 Htt) did not inhibit PLD (fig. S4C). Thus, the serendipitously discovered ability of ␣Syn to inhibit
PLD in vitro is a specific, highly conserved,
and biologically relevant property of the protein in vivo.
␣Syn shares biophysical properties with
the broadly distributed family of fatty acid–
binding proteins, and its oligomerization is
affected by lipids in vitro (28, 29). In mammalian cells cultured with lipid-enriched medium, ␣Syn accumulates on lipid monolayers
surrounding triglyceride-rich lipid droplets
and promotes their accumulation by protecting them from hydrolysis (23). We used Nile
red, a fluorescent dye that preferentially binds
neutral lipids such as triglycerides, to assess
the effect of ␣Syn on lipid accumulation.
Cells expressing WT ␣Syn and A53T stained
much more strongly than did cells expressing
A30P, even in the absence of extrinsic lipids
(Fig. 3A, bottom). Electron microscopy established that WT ␣Syn and A53T caused the
accumulation of discrete lipid droplets; A30P
did not (Fig. 3B).
Finally, we tested ␣Syn’s effect on the
status of vesicular bodies by monitoring
internalization of the membrane-binding
fluorescent dye FM4-64. As expected, in
cells not expressing ␣Syn, FM4-64 was
rapidly endocytosed and accumulated at the
vacuolar membrane (large ringlike structure in Fig. 4, top). In cells expressing any
of the three ␣Syns (WT, A53T, or A30P),
FM4-64 distribution was profoundly affected (Fig. 4, bottom). Again, this was not
simply the result of protein aggregation or
toxicity: The dye accumulated at the vacuolar membrane in cells expressing low, but
similarly toxic levels of an aggregationprone Q103 Htt (Fig. 4) (supporting online
material). Notably, the defect in FM4-64
localization was due neither to PLD inhibition nor to lipid droplet accumulation because, in contrast with other assays with the
same plasmids, A30P affected this phenomenon as strongly as WT and A53T did.
Expressing ␣Syn and its mutant derivatives in yeast provides a model for studying
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normal ␣Syn function and its misfunction
in synucleinopathies. We established that
the ability of the protein to inhibit PLD,
promote the accumulation of lipids, influence the balance of vesicular pools, associate with membranes in a highly selective
manner, induce ubiquitin accumulation,
and inhibit the proteasome when misfolded
are all intrinsic and biologically relevant
properties of the protein that can be uncoupled from each other by the effects of ␣Syn
mutations. Constructs expressing mutant
Q103 Htt did not produce similar biological
effects (supporting online material), and
unbiased genetic screens confirmed that
distinct pathways are involved in ␣Syn and
Htt toxicities (30). Notably, membranebound ␣Syn is in dynamic equilibrium with
cytoplasmic forms. Just a twofold difference in expression was sufficient to cause a
catastrophic change in its behavior, inducing nucleated polymerization and recruiting
protein previously associated with membranes to cytoplasmic inclusions. This nucleated polymerization process suggests a
mechanism by which even small changes in
the QC balance of aging neurons could
produce a toxic gain of ␣Syn function concomitantly with a loss of normal function.
Thus, two hypotheses [gain of toxic function or loss of normal function (31)] put
forward to explain PD can be reconciled by
a single molecular mechanism.
Note added in proof: Very recently Singleton et al. (32) reported that a triplication of
the ␣Syn locus on one chromosome (presumably doubling the expression of wild-type
␣Syn) causes premature onset of PD, strongly supporting our model that a small change
in the expression of ␣Syn relative to the cell’s
quality-control systems causes disease-related toxicity.
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Regulation of Cell Polarity and
Protrusion Formation by
Targeting RhoA for Degradation
Hong-Rui Wang,*1 Yue Zhang,*1 Barish Ozdamar,1,2
Abiodun A. Ogunjimi,1 Evguenia Alexandrova,3
Gerald H. Thomsen,3 Jeffrey L. Wrana1,2†
The Rho family of small guanosine triphosphatases regulates actin cytoskeleton
dynamics that underlie cellular functions such as cell shape changes, migration,
and polarity. We found that Smurf1, a HECT domain E3 ubiquitin ligase, regulated cell polarity and protrusive activity and was required to maintain the
transformed morphology and motility of a tumor cell. Atypical protein kinase
C zeta (PKC), an effector of the Cdc42/Rac1-PAR6 polarity complex, recruited
Smurf1 to cellular protrusions, where it controlled the local level of RhoA.
Smurf1 thus links the polarity complex to degradation of RhoA in lamellipodia
and ﬁlopodia to prevent RhoA signaling during dynamic membrane movements.
The Rho family of small guanosine triphosphatases (GTPases) cycle between an active
guanosine 5⬘-triphosphate (GTP)– bound and
inactive guanosine 5⬘-diphosphate (GDP)–
bound state to control cell shape, motility,
polarity, and behavior (1–5). At the leading
edge of motile cells, Cdc42 and Rac1 regulate
the actin cytoskeleton to form fingerlike
filopodia and sheetlike lamellipodia, respectively, whereas in the cell body RhoA induces assembly of focal adhesions and contractile actin-myosin stress fibers. Active Rho
GTPases signal through effector complexes
1
Program in Molecular Biology and Cancer, Samuel
Lunenfeld Research Institute, Mount Sinai Hospital,
Toronto M56 1⫻5, Canada. 2Department of Medical
Genetics and Microbiology, University of Toronto,
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Brook, NY 11794 –5215, USA.
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(5, 6), one of which is the PAR (for partitioning defective) polarity complex (7).
PAR6 is a key component of this complex
that binds atypical protein kinase C zeta
(PKC) (8–10), recruits it to active Cdc42
(8–10), and is important for cell transformation (10), polarity (11, 12), and epithelial
tight junctions (9, 13–15). One effector pathway of this complex involves GSK-3␤ and
APC, which links PAR6 to microtubules and
astrocyte polarity (16); another, involving
Lgl, affects asymmetric cell divisions (17)
and polarization of migrating cells (18). A
direct link between the polarity complex and
regulation of actin cytoskeleton dynamics has
not been defined.
Conjugation of polyubiquitin chains to
protein targets triggers their degradation and
is mediated by E3 enzymes, which include
the Smurf family of C2-WW-HECT ubiquitin
ligases (19, 20) that regulate transforming
growth factor–␤ (TGF-␤) signal transduction
(21–23). Ubiquitin ligases are not known to
regulate cell shape, motility, and polarity.
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