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As a model organism Saccharomyces cerevisiae has greatly contributed to our understanding of many fundamental aspects of
cellular biology in higher eukaryotes. More recently, engineered yeast models developed to study endogenous or heterologous
proteins that lay at the root of a given disease have become powerful tools for unraveling the molecular basis of complex human
diseases like neurodegeneration. Additionally, with the possibility of performing target-directed large-scale screenings, yeast
models have emerged as promising first-line approaches in the discovery process of novel therapeutic opportunities against these
pathologies. In this paper, several yeast models that have contributed to the uncovering of the etiology and pathogenesis of several
neurodegenerative diseases are described, including the most common forms of neurodegeneration worldwide, Alzheimer’s,
Parkinson’s, and Huntington’s diseases. Moreover, the potential input of these cell systems in the development of more effective
therapies in neurodegeneration, through the identification of genetic and chemical suppressors, is also addressed.

1. Introduction

The budding yeast Saccharomyces cerevisiae has long been
used as an eukaryotic model organism mostly due to its ease
of manipulation and amenability to genetic modifications.
This can also explain the forefront position of yeast in the
development of large scale screening approaches, like DNA
and protein microarrays [1–3], two-hybrid analysis [4, 5],
and whole-genome deletion and overexpression libraries
[6, 7]. Additionally, this contributed to the large amount of
easily accessible online dataset for yeast which include genetic
interactions, transcriptional changes, protein interactions,
and localization (reviewed in [8]).

The use of yeast as a model organism was recently
expanded to the dissection of the molecular mechanisms of
human diseases, either by directly studying an endogenous
protein orthologue of a human counterpart involved in the
disease or through the heterologous expression of human
disease-associated proteins. Though several aspects of the
disease are beyond the reach of a unicellular organism like
yeast, many processes and pathways are highly conserved
in this organism, namely, mitochondria biogenesis, protein
quality control, vesicular trafficking, and autophagic path-
ways. Actually, the high simplicity of yeast, when compared

to human cells, has been widely explored to accelerate
the discovery of new drugs and therapeutic targets in
human diseases. In fact, when complemented with more
physiologically relevant models where the hits discovered
will be validated, yeast can be seen as a powerful first-line
screening system for large genetic and chemical libraries.

With the increase in life expectancy, neurodegenerative
disorders such as Alzheimer’s, Parkinson’s, and Huntington’s
diseases became major health problems in our society for
which treatments are critically required [9].

The yeast models herein described, based on both
classical and high-throughput methodologies, have widely
contributed to the uncovering of the molecular mechanism
underlying neurodegenerative disorders. Since many of them
were adapted to target-directed screening approaches, a
promising contribution of yeast to the identification of novel
therapeutic opportunities against these pathologies can be
envisaged.

2. Yeast Models of Neurodegeneration-
Associated Proteins

2.1. Yeast Models Based on Orthologues. Neurodegenerative
diseases are hereditary and sporadic conditions, which are
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characterized by a progressive nervous system dysfunction.
Sporadic diseases like Parkinson’s disease (PD) also have rare
familial forms that have been linked to mutations in sev-
eral genes, providing research opportunities for pathogenic
mechanisms [10]. Because yeast encodes orthologues of
many disease-causing proteins, several disease models based
on the study of protein functions in yeast were established
(Table 1). For example, Yfh1p is the yeast orthologue of
human frataxin whose decreased expression and/or function
is associated with Friedreich’s ataxia (FRDA), a neuro- and
cardiodegenerative disorder [11]. Studies with Yfh1p were
decisive in determining the function of frataxin. Absence of
Yfh1p, likewise of its human orthologue, results in mito-
chondrial iron accumulation, mitochondrial dysfunction,
and oxidative stress [12, 13]. Recently, the yeast model
was applied to the high-throughput screening (HTS) of
compounds able to rescue mitochondrial function [14]. This
was possible because yeast is one of the rare eukaryotes with a
good fermenting capacity allowing the analysis of commonly
disease-associated mitochondrial defects that would be lethal
in other systems [15]. Other proteins that were directly stud-
ied in yeast are associated with Batten’s [16] and Niemann-
Pick’s [17, 18] diseases, Ataxia telangiectasia [19, 20], and
Hereditary Spastic Paraplegia [21]. Though yeast has no true
orthologues of the human prion protein (PrP), responsible in
its prion form for the Creutzfeldt-Jakob disease, it has prions,
with at least three forms [URE3], [PSI+], and [PIN+], that
show similarities concerning transmission of phenotype in
a protein-only mode [22]. The yeast prion system has been
useful, for example, for the screening of inhibitors with
promising activity against mammalian prions [23].

Amyotrophic lateral sclerosis (ALS) is a neurodegener-
ative disease characterized by the selective degeneration of
motor neurons. With the recognition of the involvement
of copper-zinc superoxide dismutase (CuZnSOD1) gene
in familial ALS [24], the respective yeast orthologue was
studied in an attempt to clarify the role of disease-associated
mutations [25]. More recently, TDP-43 (TAR DNA binding
protein) and FUS/TLS (fused in sarcoma/translocated in
liposarcoma) were recognized as major pathological proteins
in sporadic cases of ALS. TDP-43 and FUS/TLS are both
RNA-binding proteins that are found in ubiquitinated
protein aggregates in the cytoplasm of ALS and in frontotem-
poral lobar degeneration patients [26].

2.2. Yeast Models Based on Heterologous Expression. In many
cases, the human gene encoding the neurodegeneration-
causing protein has no orthologue in yeast. As such, its
heterologous expression in this organism (the so-called
“humanized yeast”) has been widely used (see Table 1). For
example, yeast cells provided a useful system for investigating
ALS through TDP-43 and FUS/TLS expression. Similarly to
that observed in ALS patients, yeast expressing human TDP-
43 exhibit cytoplasmic TDP-43 aggregates that correlate with
toxicity [27, 28]. Likewise, expression of FUS/TLS in yeast
was recently described to form protein aggregates and to
induce cytotoxicity, with two ALS-associated mutants show-
ing increased cytotoxicity [29, 30]. Several other proteins

involved in neurodegeneration, namely, α-synuclein and
Lrrk2 in PD, tau and amyloid-β (Aβ) peptide in Alzheimer’s
disease (AD), and Huntingtin with expanded polyglutamine
(polyQ) tracts in Huntington’s disease (HD), have been
studied in yeast through heterologous expression [31–35].
Expression of these human proteins in yeast recapitulated
important aspects related to protein pathology, such as the
aggregation phenotype and toxicity.

Recombinant human proteins most thoroughly ad-
dressed in yeast include Aβ peptide, α-synuclein, and
Huntingtin with expanded polyQ tracts, causally associated
with the three most common neurodegenerative disorders
worldwide, AD, PD, and HD, respectively. As such, these
proteins will be discussed in more detail in the next sections.

3. Amyloid-β Peptide

Amyloid-β disorders include several progressive neurode-
generative disorders characterized by the oligomerization
and deposition into plaques of an amyloid peptide, known
as Aβ. These disorders include not only AD, that is the
most recognized, but also Down syndrome, inclusion body
myositis, and cerebral amyloid angiopathy [36].

Aβ is a cleavage product derived from the amyloid
precursor protein (APP), by the action of specific proteases
known as secretases. APP is usually delivered to the cell sur-
face membrane where it is subjected to proteolytic processing
by α-secretase. APP molecules that fail to be cleaved by α-
secretase can be internalized into endocytic compartments
and subsequently cleaved by β-secretase (identified as BACE-
1) and γ-secretase, a multimeric complex containing the
presenilins. γ-Secretase produces the C-terminal at the end of
the Aβ peptide and it can generate the Aβ40 peptide or more
rarely the longer Aβ42. The Aβ42, which is more aggregating
and cytotoxic, is considered the pathologically important
form, responsible for the formation of amyloid plaques [37].
Despite its toxicity, recent evidence suggests that increased
amounts of Aβ peptide may have a normal function as
an antimicrobial peptide [38]. Mutations in either APP or
presenilin genes associated with early-onset AD have been
noted to increase the relative production of Aβ42. Therefore,
the modulation of the activity of secretases responsible for
APP processing can be a potential therapeutic strategy for
AD.

One of the initial contributions of S. cerevisiae to the
understanding of Aβ disorders has been in the study of APP
processing. In an early study, it was found that when APP
is expressed in yeast, it gets cleaved at the C-terminus of
the α-proteolysis site. This indicated that yeast possessed
α-secretase activity [33, 39]. Additionally, the responsible
proteases for the α-secretase-like activity in yeast were
identified as being two aspartyl proteases, Yap3 and Mkc7
[39], though Mkc7 alone is apparently sufficient to cleave
APP [40]. Since the secretases responsible for APP processing
in humans are still not completely identified, the discovery
of secretases in yeast may help in the identification of new
human secretases by homology.
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Table 1: Proteins associated with human neurodegenerative disorders studied in yeast.

Disease Protein(s) involved Yeast orthologue References

Batten’s disease CLN3 YHC3/BTN1 [16]

Friedreich’s Ataxia Frataxin YFH1 [12, 13]

Ataxia-telangiectasia ATM TEL1, MEC1 [19, 20]

Niemann-Pick disease NPC1 NCR1 [17, 18]

Hereditary Spastic Paraplegia
mAAA-proteases mAAA proteases [21]

(Afg312 and paraplegin) (Yta10 and Yta12)

Creutzfeldt-Jakob disease PrP — [23]

Amyotrophic lateral sclerosis
SOD1 SOD1 [25]

TDP-43 — [27]

FUS/TLS — [29, 30]

Parkinson’s disease
α-synuclein — [31]

Lrrk2 — [32]

Alzheimer’s disease
Amyloid β — [33, 34]

tau — [35]

Huntington’s disease Huntingtin — [41]

—: No orthologue.

Though a possible β-secretase-like enzymatic activity was
also reported in yeast [42], this finding was not supported by
other works. Overcoming the lack of β-secretase-like activity,
a fragment derived from the APP cleaved by β-secretase
(C99) was expressed in yeast [43]. In an attempt to clarify
the role of the proteasome in the C99 proteolytic processing,
authors used proteomic analysis to compare the proteolysis
fragments obtained in the presence and in the absence (using
proteasome mutants) of the proteasome. In agreement with
the concept that APP proteasomal degradation may be ben-
eficial in mammalian cells [44], in yeast it was observed that
the proteasome is involved in C99 processing and that most
of the C99 cleavage products are mainly nonamyloidogenic
[43]. Interestingly, it was reported the existence in yeast
of a compensatory mechanism to overcome the absence
of proteasomal activity [43]. This may be relevant for AD
since proteasomal function is known to decline with age
[45]. With the study of APP processing in yeast, it was
found that secondary modifications, like O-glycosylation, are
also important for protein solubility and processing in this
organism [46].

One of the advantages of using yeast models to study
human APP processing is the possibility to individually
express human secretase complex subunits. This allowed
dissecting the contribution of each subunit, a difficult goal
to achieve in mammals due to the high redundancy of these
proteases. As such, the γ-secretase activity was reconstituted
in yeast by expressing four components of the γ-secretase
multimeric complex, which were therefore established as the
minimal components required for γ-secretase activity [47].
More recently, reconstitution of γ-secretase activity in yeast
was used to produce microsomes. This made possible the
study of the enzymatic properties of this complex in vitro
upon the addition of its substrates, C99 and C55 [48].

Due to the amenability of yeast to HTS, several systems
were developed to search for new proteases. One of those
systems took advantage of the yeast GAL reporter system to

screen for proteases that cleaved at the C-terminal of APP.
When APP was processed, the Gal4 transcription factor was
released activating the GAL-reporter genes. Among other hits
obtained, the screening of a library of human cDNAs led to
the discovery of caspase-3 and -8 [49]. This finding validated
this approach for the screening of APP processing proteases
since these caspases cleave APP generating a fragment also
implicated in the pathogenesis of AD [50]. Another novel
approach to identify APP processing secretases used an
engineered APP (fused to invertase) that only allows the
growth of invertase-null yeast upon processing of APP [51].
The efficacy of this approach was demonstrated by the
absence of yeast growth upon the deletion of proteases Yap3
and Mkc7 that, as referred above, cleaved APP in yeast at
the α-proteolysis site. Also, expression of human BACE-1,
responsible for the β-secretase activity in humans, restored
the growth in the absence of yeast proteases, indicating
processing of APP. This system, initially developed for the
identification of novel secretases, was also adapted for the
screening of compounds that inhibit BACE-1 activity [52].

Additionally to the different approaches and tools devel-
oped in yeast to study APP processing, yeast has been used as
a cell system to study the toxicity of the amyloidogenic APP
fragment Aβ42. In humans, Aβ peptide was first identified
as a component of extracellular amyloid plaques, but the
existence of intracellular Aβ is now recognized [53]. The
intracellular Aβ was found in several cellular locations such
as cytosol, secretory pathway, autophagosomes, and mito-
chondria [54], thus potentially affecting diverse processes.
In yeast, the effects of both extra- and intracellular Aβ were
assessed. Since most of the Aβ is secreted, the addition
of APP end products to the culture medium is the most
straightforward way of investigating their cellular effects. As
in mammals, the physical form in which these products were
provided to S. cerevisiae (oligomeric or fibrillar) was impor-
tant for the obtained effects [34, 55]. While an early study
found no toxicity in adding soluble Aβ to yeast cells [34],
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another group performed the studies in water to better
control the physical form of Aβ. Using this approach, authors
reported a dose-dependent cytotoxicity for the oligomeric
Aβ, while the fibrillar form had a lower toxicity [55].
This observation was consistent with studies in mammalian
cells, suggesting the soluble oligomeric Aβ42 as the major
determinant of neuronal dysfunction in AD [56]. Unlike
the exogenously provided Aβ42, its intracellular expression
caused only a mild toxicity, as evidenced by the slight
reduction on yeast cell growth [57]. Besides the growth stress,
it was observed that Aβ42 activated the yeast heat shock
response [57]. This may explain the unexpected report that
Aβ42 protected yeast from oxidative stress [58]. However, it
was recently reported that directing Aβ42 to the secretory
pathway in order to mimic its trafficking in human cells
leads to a higher toxicity [59] (Figure 1(a)). This phenotype
allowed authors to perform a genome-wide overexpression
screen for toxicity modifiers, which resulted in the dis-
covery of several toxicity suppressors. Interestingly, in this
study, authors uncovered a previously unknown connection
between this peptide and the phosphatidylinositol binding
clathrin assembly protein (PICALM), also involved in AD
[59].

Along with the fact that Aβ42 is found in yeast pre-
dominantly in the insoluble protein fraction, Aβ42 formed
lipidic patches, indicating aggregated protein [57]. Taking
advantage of the fact that, like in humans, Aβ aggregates
in yeast, this model was used to screen for compounds
that reduce the aggregation/oligomerization of Aβ peptide.
One of such studies used a system consisting of Aβ fused
to the green fluorescence protein (GFP), in which Aβ
misfolding contributes to GFP misfolding and consequent
loss of fluorescence. Using this system, folate was validated as
an inhibitor of Aβ misfolding [60]. Bagriantsev and Liebman
[61] used an interesting approach to monitor the formation
of Aβ42 low-n oligomers formed at the early stage of Aβ42
oligomerization and considered the most toxic Aβ species.
Authors used a fusion of Aβ42 with a Sup35p (a translational
termination factor) reporter that becomes inactive when
low-n oligomers are formed, resulting in a robust phenotype
(growth and colony color) that can be easily scored. In
a following work, authors adapted this system to (HTS)
of small molecule inhibitors of the early oligomerization,
since they are potentially more effective than inhibitors
of later steps of oligomerization (e.g., fibrillization) [62].
After validation of the approach, by screening several
known antiaggregation compounds, authors expanded the
screening to a large library of small molecules, resulting
in the identification of two new promising antioligomeric
compounds: AO-11 (2-(4-methoxyphenyl)-1,3-benzoxazol-
5-amine) and AO-15 (1-(2,3-dimethylphenyl)-4-(2-furoyl)
piperazine) [62]. Another strategy developed to study aggre-
gation of Aβ peptides took advantage of the same Sup35
protein as a reporter (that is also a prion protein) and
consisted in replacing the prion domain in the Sup35
protein by the Aβ42 peptide [60]. Authors found that Aβ42
peptide can restore the Sup35p ability to aggregate and that
the Aβ42 aggregates have different properties compared to
the original prion aggregates. This model also offers the

possibility for genetic and chemical screenings of suppressors
of aggregation.

The yeast studies described above allowed better under-
standing the processing of APP and, more importantly,
resulted in a series of high-throughput models for the genetic
screening of secretases and genetic/chemical screenings of
modulators of Aβ42 aggregation and toxicity with potential
therapeutic applicability.

4. α-Synuclein

α-Synuclein plays a crucial role in PD, the second most
common neurodegenerative disorder after AD [63]. Though
the majority of PD cases arise sporadically, there are some
rare (around 10%) familial cases. α-Synuclein was the first
gene to be associated with the familial cases, with several
missense mutations (A53T, A30P, E46K) as well as locus
duplication and triplication causing PD [64, 65].

α-Synuclein is a presynaptic protein with a role in vesicle
dynamics. α-Synuclein exhibits a nonclassical chaperone
activity that in conjunction with the cysteine-string protein-
α (CSPα) helps to promote SNARE complex assembly,
crucial for dopamine neurotransmission, vesicle recycling,
and synaptic integrity [66, 67]. In both sporadic and familial
cases of PD, α-synuclein in the form of amyloid fibrils is the
main constituent of Lewy bodies, proteinaceous aggregates
that are the major feature of this disease [68]. The first
attempt to study α-synuclein in yeast was performed by
Outeiro and Lindquist [31]. Three levels of α-synuclein
expression were tested in yeast, low (one integrated copy),
intermediate (two integrated copies), and high (several
copies using a multicopy vector). In addition to the wild-
type (wt) α-synuclein, two of the PD-associated mutations,
A53T and A30P, were also studied. At low levels, α-synuclein
associated with the plasma membrane with no effect on
the cell viability [31]. At intermediate expression levels, α-
synuclein redistributed from the cell surface into cytoplasmic
foci and became cytotoxic (Figure 1(b)). At high expression
levels, α-synuclein cytotoxicity was increased, with inhibition
of phospholipase D, retardation of endocytosis, and accumu-
lation of cytosolic lipid droplets [31]. This dependence of α-
synuclein toxicity on its expression levels in yeast resembled
the gene dosage-dependent premature onset of PD found in
humans [31]. Despite being PD-associated mutations, and
as such we would expect a higher toxicity, A53T and A30P
had similar and lower toxicities, respectively, than wt [31].
Following this first study, several other groups used yeast
to study α-synuclein pathobiology. The α-synuclein yeast
cytotoxicity was shown to be mediated by increased levels of
reactive oxygen species (ROS), activation of the heat shock
response, endoplasmic reticulum (ER) stress, decreased pro-
teasome function, and altered lipid metabolism [69–76]. In
addition, it was shown that α-synuclein triggers an apoptotic
cell death, involving ROS accumulation and cytochrome c
release from mitochondria [71], which was decreased in the
absence of functional mitochondria (lacking mitochondrial
DNA) [77]. Supporting an important role of mitochondria
on α-synuclein toxicity, microarray data also revealed that
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Figure 1: Yeast models of (a) AD, based on amyloid-β42 expression; (b) PD, based on α-synuclein expression; (c) HD, based on Huntingtin’s
polyQ tract expression. (a) The toxic Aβ42 peptide expressed in yeast causes aggregation and moderate stress, but when expression is directed
to the secretory pathway, the toxicity is increased. (b) At low expression levels, α-synuclein associates with the plasma membrane with no
effect on cell viability. At doubling expression levels, α-synuclein redistributes from the cell surface into aggregates and induces toxicity. (c)
Expression of a Huntingtin polyQ tract with 25 glutamines (normal length) does not lead to aggregation or toxicity. Expression of a polyQ
tract with 103 glutamines (HD-associated expansion) leads to the formation of aggregates and toxicity (dependent on the presence of active
prions).

mitochondrial stress is an early feature of α-synuclein
expression in yeast [78]. The association of α-synuclein
with mitochondria is particularly interesting since other PD-
associated proteins, for example, Parkin and Pink, have been
associated with mitochondrial function/dysfunction [79].
An important feature of α-synuclein expression in yeast is
a defect in ER-to-Golgi complex trafficking [73, 80–82].
In addition, other steps of the vesicular trafficking (e.g.,
vacuolar fusion) were also disrupted by direct interference
of α-synuclein with the yeast transport machinery [81–
83]. Also, as a result of this vesicular defect, cytoplasmic
vesicles that are unable to dock or fuse due to the presence
of α-synuclein formed aggregates [80, 81, 83]. Human
orthologues of vesicular trafficking yeast proteins involved
in α-synuclein toxicity, namely, Rab1, Rab3A, and Rab8A,
were found to also suppress α-synuclein toxicity in neuronal
models of PD [74, 81].

Aggregation of α-synuclein is the major disease-asso-
ciated feature of this protein [68], and as such it has been
often addressed in the yeast-based α-synuclein model. Using
this cell system, sequence determinants for fibrillogenesis
were uncovered [84] as well as risk factors for increased α-
synuclein fibrillation [85, 86]. In spite of this, the contribu-
tion of α-synuclein fibrillation to its toxicity is still dubious
since in most studies a correlation between fibrillation
rate and α-synuclein toxicity was not found [87]. Rather,

through the screening of several random point mutants, the
N-terminal amino acids were shown to contribute to α-
synuclein cytotoxicity as well as membrane affinity [87, 88].
Amino acid residues in the hydrophobic central core of α-
synuclein also contributed to the cytotoxicity, but not inter-
fered with the protein solubility. This further indicated that
harmful α-synuclein species were not the insoluble aggre-
gates [89]. In agreement, the defibrillation of α-synuclein
fibers with dequalinium, an amphipattic molecule described
as a modulator of α-synuclein fibrillation [90], increased its
toxicity [41]. This suggests that early misfolded forms of α-
synuclein are the toxic species, as has been reported for the
Aβ peptide (discussed in the previous section). Since they
are not aggregated, this can be explained by the availability of
these forms to interact with cell membranes. This membrane
interaction-dependent toxicity of α-synuclein is supported
by the observation that A30P, with poor membrane binding
affinity, is not toxic to yeast cells [31, 73]. In addition, while
some yeast strains exhibited α-synuclein inclusions without
showing a significant growth defect [41], in other strains
α-synuclein proved to be extremely toxic in the absence of
visible aggregates [31, 72]. Together, these data indicated that
the aggregation or fibrillation of α-synuclein per se is not
toxic. Instead, it may be the interference of α-synuclein with
membranes and the obstruction of the vesicular trafficking
the culprit for its pathogenicity.
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Yeast was also used to clarify the association of α-
synuclein with other PD-related genes. Coexpression of α-
synuclein with Dj-1, Parkin, Pink1, ubiquitin C-terminal
hydrolase-L1 (UCH-L1), or Synphilin-1 did not significantly
alter the α-synuclein toxicity in exponentially growing yeast
cells [87]. Yet, in aged cultures, likewise in mammalian
cells, Synphilin-1 increased α-synuclein aggregation and
cytotoxicity [91]. Similarly, coexpression of α-synuclein with
tau, a protein involved in AD and occasionally associated
with α-synuclein inclusions [92], caused synergistic toxicity
[93]. Moreover, overexpression of the yeast orthologue of the
human ATP13A2, a risk factor for PD, was shown to suppress
α-synuclein toxicity in yeast, an effect confirmed in animal
and neuronal PD models [94].

The α-synuclein model was also adapted to genetic
large-scale screenings, which allowed the identification of
several factors that influence the toxicity/aggregation of α-
synuclein. A genetic screening of a collection of deleted
nonessential genes led to the identification of several mutants
with enhanced α-synuclein toxicity [69]. This approach
was also used to identify genes that alter the α-synuclein
localization or aggregate formation [82]. Not surprisingly, in
both screens many of the hits found were mutants affected
in lipid metabolism, vesicular transport, and vacuolar
degradation. This reinforced the idea of the importance of
these processes to α-synuclein cytotoxicity. With these data,
a targeted screen using strains deleted on genes involved
in lipid metabolism was recently performed. With this
approach, ER lipid elongases were identified as suppressors
of α-synuclein toxicity [95]. Using a gene overexpression
screening approach, proteins involved in vesicular trafficking
were also identified as suppressors of α-synuclein toxicity
[74]. Remarkably, with this approach, it was identified the
protein Ypt1, whose mammalian homologue Rab1 rescued
the loss of dopaminergic neurons in animal models of PD
[72]. Other two gene overexpression screens were performed
for suppressors of the lethality of wt α-synuclein and A30P
in response to hydrogen peroxide [96, 97]. In this study, little
overlap was found between the suppressors identified for the
wt α-synuclein and the two familial mutations, pointing for
distinct mechanisms of toxicity.

A new mathematic algorithm (ResponseNet), allowing
the combination of data obtained from microarray expres-
sion profiles with genetic screens, was applied to the α-
synuclein yeast model [98]. This algorithm revealed new
potential cellular responses involved in the toxicity of α-
synuclein, including ergosterol biosynthesis and the target of
rapamycin (TOR) pathway [98].

Finally, the use of the yeast-based α-synuclein cell model
as a drug screening tool also allowed the identification of
several toxicity suppressors from large libraries, such as
two cyclic peptides and four 1,2,3,4-tetrahydroquinolinones,
with promising therapeutic potential [78, 89, 99].

Altogether, the yeast model has provided several insights
into the α-synuclein cytotoxicity. The ease to perform
HTS allowed the identification of genetic and chemical
suppressors of α-synuclein, many of them already validated
in higher eukaryotes, with promising applicability in PD
therapy.

5. Polyglutamine-Containing Proteins

Inclusions of proteins containing polyglutamine (polyQ)
expanded tracts are causatively associated with a group
of about 9 fatal hereditary neurodegenerative disorders
globally referred as polyglutamine disease, from which HD
is the most recognized one [100]. PolyQ expansion in
different proteins induces different pathologies; however,
these pathologies share the fact that the longer the polyQ
expansion, the more severe the disease and the earlier the
onset. Huntingtin is a multi-domain protein essential for
cell survival and it is thought to play a role in several
processes, including transcriptional regulation, vesicular
trafficking, metabolism, and synaptic function. It is believed
that underlying HD is not only the loss-of-function of the
Huntingtin protein due to the expansion of the polyQ tract,
but also a new toxic gain-of-function associated with the
expansion [101]. Despite the intensive research in this area,
the mechanisms underlying the neurodegeneration induced
by polyQ expansions remain unclear. Based on this, several
research groups have developed yeast models to study the
mechanisms of aggregation and toxicity of proteins with
expanded polyQ tracts as well as to identify molecular
regulators that could serve as therapeutic targets.

Most of the studies performed in yeast used the N-
terminal of Huntingtin (which includes the polyQ tract)
as a surrogate for proteins with expanded polyQ tracts.
When first expressed in yeast, polyQ constructs with different
lengths, namely, Q25 (corresponding to a normal polyQ
length) and Q47, Q72 and Q103 (representing expanded
HD-related polyQ lengths) were analyzed [102]. Authors
showed that the Q25 protein did not aggregate. However,
the formation of aggregates increased with the polyQ length
(Figure 1(c)). With this, it was possible to recapitulate in
yeast the dependency of the Huntingtin aggregation on the
expansion of the polyQ tract. Despite this, the expression
of polyQ in yeast exhibited minimal toxicity, as further
confirmed by other authors [103]. However, the presence
of the protein Rnq1 in its prion conformation [Pin+] was
sufficient to convert the polyQ tract into a toxic protein to
yeast, establishing an unexpected link between prions and
HD [104, 105]. Toxicity was proposed to be partially due
to sequestration of essential proteins, like Sup35 and Sup45,
in the polyQ aggregates [106]. Yeast prions are responsible
for the transmission of a phenotype but, unlike mammalian
prions, they are not harmful to the cell (reviewed in
[107]). The connection between polyQ and yeast prions was
strengthened by the fact that the polyQ domain facilitated
the appearance of prion states [108] and that both proteins
can coaggregate [105, 109].

As for yeast prions, the aggregating ability of the
expanded polyQ tracts was strongly dependent on chaper-
ones, such as Hsp70 and its cochaperone Hsp40, Hsp26,
Hsp104, and the chaperonin TRiC [69, 102, 103, 110–112].
Chaperones bind aggregates in an orderly fashion, with
Hsp70 and Hsp90 binding in an early phase and Hsp26 and
Hsp104 in a late phase of polyQ aggregate expansion [112].
Chaperones can decrease polyQ toxicity either by decreasing
prion propagation or by directly affecting the size of the
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polyQ aggregates [111]. Besides chaperones, other cellular
factors affected the aggregation of Huntingtin polyQ in yeast,
including the microtubule cytoskeleton [113, 114], proteins
like Cdc48 and cofactors [114], and components of the
late endocytic complex [115]. Making clear that unfolded
protein aggregation is not a spontaneous process, as initially
assumed, the uncovering of aggregation pathways reveals
novel opportunities for intervention [116]. Although most
studies point to the formation of aggregates as beneficial,
whether aggregation should be hindered or promoted to
relieve polyQ toxicity is still controversial [113, 114, 117].

In addition to the polyQ length, the sequences flanking
the polyQ domain also modulate toxicity. In particular, the
polyQ flanking proline-rich region of Huntingtin has an
important role in the toxicity [114, 117, 118]. The presence
of this domain strongly reduced the polyQ toxicity, and along
with the N-terminal N17 domain was proposed to be a
sequence determinant for the addressing of the polyQ to the
large protective perinuclear aggregates [114]. The proline-
rich region can also operate in trans, that is, the coexpression
of the polyQ containing the proline-rich domain converted
the toxic polyQ without the proline-rich region into benign
variants [105]. Also operating in trans and affecting polyQ
toxicity were other glutamine rich proteins, such as yeast
prions [105].

While many studies addressed the properties of polyQ
aggregates, other authors tried to understand the cellular
dysfunction underlying toxicity. Most of the cellular effects
of polyQ observed in yeast were consistent with reports for
HD animal models and HD patients, which validated the
yeast model for the study of polyQ toxicity. For instance, it
was reported that polyQ tracts led to transcriptional dysreg-
ulation [119], caused impairment in ER-protein homeostasis
[120] and in endocytosis [115, 121]. Huntingtin polyQ
also altered mitochondrial morphology and compromised
mitochondrial function, with early alterations in complexes
II and III of the respiratory chain associated with an
increase in ROS production [122, 123]. Stimulation of
mitochondrial biogenesis was able to rescue mitochondrial
dysfunction and cellular toxicity, indicating that mitochon-
dria contribute significantly to polyQ toxicity [124]. In
addition to mitochondrial dysfunction, the occurrence of
DNA fragmentation and caspase activation indicated the
activation of an apoptotic pathway by Huntingtin polyQ
tracts [123]. The same authors reported a disturbance in
the cell cycle that was also involved in polyQ cytotoxicity.
This effect on cell cycle was attributed to the accumulation
of cell cycle substrates likely due to a hindrance in protein
degradation caused by the accumulation of polyQ [123, 125].
Another consequence of the polyQ expression in yeast is the
alteration of the cellular concentration of several metabolites,
namely, alanine, glycerol, glutamine, and valine. Alterations
in these metabolites were proposed as promising biomarkers
for HD [126]. Genome-wide screens in yeast identified
several modifiers of mutant Huntingtin aggregation and
toxicity, which could potentially serve as therapeutic targets.
The proteins identified as loss-of-function suppressors were
majorly associated with stress, protein folding, vesicular
transport, vacuolar degradation, and transcription [69, 127].

An interesting suppressor was the mitochondrial protein
kynurenine 3-monooxygenase involved in the kynurenine
pathway of tryptophan degradation [127]. The kynurenine
pathway was found to be activated in HD patients and in
animal models of this disorder and is regulated by histone
deacetylase enzymes [128]. Notably, a previous work had
shown that the transcriptional profile of yeast expressing a
polyQ tract was similar to those of yeast strains deleted for
components of the histone acetyltransferase complex [119].
Transcriptional deregulation was rescued by treating the cells
with a histone deacetylase inhibitor [119]. Inhibition of
histone deacetylase also suppressed the kynurenine pathway
in yeast, microglia, and mice expressing the Huntingtin
polyQ [129]. This pointed out the kynurenine pathway as
a promising therapeutic target for HD. Consistent with the
previously established connection between polyQ and yeast
prions, the prion form of Rnq1 and proteins involved in
prion-like aggregation were also amongst the hits obtained.
In one of the screenings, the major functional categories
obtained for Huntingtin polyQ was compared to the ones
obtained for the PD-associated protein α-synuclein. The
overlap obtained for both proteins was minimal. This
indicated that despite the coalescence of both proteins into
aggregates, they had distinct pathogenic mechanisms [69].

In addition to genetic screenings, yeast polyQ models
have also been widely used as a cell-based HTS system of
small molecules with potential therapeutic application. The
compounds found have already shown promising results to
ameliorate polyQ toxicity in higher eukaryotes [130–133].

Overall, yeast models of polyQ-containing proteins pro-
vided new insights into the molecular determinants for
polyQ aggregation. Importantly, studies in yeast uncov-
ered promising therapeutic compounds and new molecular
targets in HD, namely, chaperones and kynurenine 3-
monooxygenase.

6. Concluding Remarks

Though this study has been focused on S. cerevisiae, other
yeast species like the fission Schizosaccharomyces pombe and
the methylotrophic Pichia pastoris have also been used
as model organisms of neurodegeneration. Likewise, only
proteins strictly involved in the most common neurode-
generative disorders have been addressed. However, other
human proteins recognized as central players in apoptotic
diseases as neurodegeneration, including several members
of the caspase, Bcl-2, p53, and protein kinase C family,
have also been widely studied in yeast. Supported by
the valuable contribution of yeast as a model organism
towards the understanding of the molecular basis underlying
neurodegenerative disorders, it is expectable that many
other disease-associated proteins will be studied in this
unicellular eukaryote. Even though yeast has no orthologues
of the majority of these proteins, most of them exhibit
some assessable phenotype that can be explored in the
development of target-specific approaches easily adapted to
HTS analysis. In fact, an enormous input in the identification
of new therapeutic opportunities against these pathologies
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has been given through the development of fast and reliable
yeast target-based HTS approaches. Though the obvious
limitations of using a microorganism to address human
diseases, when used in the early phase and with comple-
mentary mammalian systems, yeast may greatly contribute
to the identification of novel targets and to the discovery of
novel agents against neurodegeneration. Therapeutic options
for many patients with neurodegenerative disorders have
changed little. A typical delay between the early steps in the
discovery of a lead compound, in which yeast participate, and
its clinical use make us believe that many great contributions
of the yeast model to the discovery of new therapeutic agents
will be realized in the near future.
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[34] A. Chacińska, W. Woźny, M. Boguta, A. Misicka, M. Brzyska,
and D. Elbaum, “Effects of beta-amyloid on proliferation
and morphology of yeast Saccharomyces cerevisiae,” Letters
in Peptide Science, vol. 9, no. 4-5, pp. 197–201, 2002.

[35] T. Vandebroek, D. Terwel, T. Van Helmont, J. Winderickx,
and F. Van Leuven, “Phosphorylation and aggregation of
protein tau in humanized yeast cells and in transgenic
mouse brain,” New Trends in Alzheimer and Parkinson Related
Disorders, vol. 256, pp. 15–19, 2005.

[36] M. Goedert and M. G. Spillantini, “A century of Alzheimer’s
disease,” Science, vol. 314, no. 5800, pp. 777–781, 2006.

[37] J. T. Jarrett, E. P. Berger, and P. T. Lansbury, “The C-terminus
of the β protein is critical in amyloidogenesis,” Annals of the
New York Academy of Sciences, vol. 695, pp. 144–148, 1993.

[38] S. J. Soscia, J. E. Kirby, K. J. Washicosky et al., “The
Alzheimer’s disease-associated amyloid β-protein is an
antimicrobial peptide,” PLoS ONE, vol. 5, no. 3, Article ID
e9505, 2010.

[39] W. Zhang, D. Espinoza, V. Hines, M. Innis, P. Mehta, and D.
L. Miller, “Characterization of β-amyloid peptide precursor
processing by the yeast Yap3 and Mkc7 proteases,” Biochimica
et Biophysica Acta, vol. 1359, no. 2, pp. 110–122, 1997.

[40] H. Komano, M. Seeger, S. Gandyl, G. T. Wang, G. A.
Krafft, and R. S. Fuller, “Involvement of cell surface
glycosyl-phosphatidylinositol-linked aspartyl proteases in α-
secretase-type cleavage and ectodomain solubilization of
human Alzheimer β-amyloid precursor protein in yeast,”
Journal of Biological Chemistry, vol. 273, no. 48, pp. 31648–
31651, 1999.

[41] J. W. Park, I. H. Lee, J. S. Hahn, J. Kim, K. C. Chung, and S.
R. Paik, “Disintegration of amyloid fibrils of α-synuclein by
dequalinium,” Biochimica et Biophysica Acta, vol. 1780, no.
10, pp. 1156–1161, 2008.

[42] J. P. Greenfield, H. Xu, P. Greengard, S. Gandy, and M. Seeger,
“Generation of the amyloid-β peptide N terminus in Saccha-
romyces cerevisiae expressing human Alzheimer’s amyloid-β
precursor protein,” Journal of Biological Chemistry, vol. 274,
no. 48, pp. 33843–33846, 1999.

[43] L. J. Sparvero, S. Patz, J. L. Brodsky, and C. M. Coughlan,
“Proteomic analysis of the amyloid precursor protein frag-
ment C99: expression in yeast,” Analytical Biochemistry, vol.
370, no. 2, pp. 162–170, 2007.

[44] S. Song and Y. K. Jung, “Alzheimer’s disease meets the
ubiquitin-proteasome system,” Trends in Molecular Medicine,
vol. 10, no. 11, pp. 565–570, 2004.

[45] J. N. Keller, J. Gee, and Q. Ding, “The proteasome in brain
aging,” Ageing Research Reviews, vol. 1, no. 2, pp. 279–293,
2002.

[46] A. Murakami-Sekimata, K. Sato, K. Sato, A. Takashima,
and A. Nakano, “O-Mannosylation is required for the
solubilization of heterologously expressed human β-amyloid
precursor protein in Saccharomyces cerevisiae,” Genes to
Cells, vol. 14, no. 2, pp. 205–215, 2009.

[47] D. Edbauer, E. Winkler, J. T. Regula, B. Pesold, H. Steiner, and
C. Haass, “Reconstitution of γ-secretase activity,” Nature Cell
Biology, vol. 5, no. 5, pp. 486–488, 2003.

[48] S. Yagishita, E. Futai, and S. Ishiura, “In vitro reconstitution
of γ-secretase activity using yeast microsomes,” Biochemical
and Biophysical Research Communications, vol. 377, no. 1, pp.
141–145, 2008.

[49] P. L. Gunyuzlu, W. H. White, G. L. Davis, G. F. Hollis, and
J. H. Toyn, “A yeast genetic assay for caspase cleavage of
the Amyloid-β precursor protein,” Applied Biochemistry and
Biotechnology B, vol. 15, no. 1, pp. 29–37, 2000.

[50] S. A. Park, G. M. Shaked, D. E. Bredesen, and E. H. Koo,
“Mechanism of cytotoxicity mediated by the C31 fragment of
the amyloid precursor protein,” Biochemical and Biophysical
Research Communications, vol. 388, no. 2, pp. 450–455, 2009.
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