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ABSTRACT In the past decade, yeast have been frequently employed to study
the molecular mechanisms of human neurodegenerative diseases, generally
by means of heterologous expression of genes encoding the relevant hallmark
proteins. However, it has become evident that substantial posttranslational
modifications of many of these proteins are required for the development
and progression of potentially disease relevant changes. This is exemplified by
the neuronal tau proteins, which are critically involved in a class of neuro-
degenerative diseases collectively called tauopathies and which includes Alz-
heimer’s disease (AD) as its most common representative. In the course of the
disease, tau changes its phosphorylation state and becomes hyperphosphory-
lated, gets truncated by proteolytic cleavage, is subject to O-glycosylation,
sumoylation, ubiquitinylation, acetylation and some other modifications. This
poses the important question, which of these posttranslational modifications
are naturally occurring in the yeast model or can be reconstituted by heterol-
ogous gene expression. Here, we present an overview on common modifica-
tions as they occur in tau during AD, summarize their potential relevance with
respect to disease mechanisms and refer to the native yeast enzyme
orthologs capable to perform these modifications. We will also discuss poten-
tial approaches to humanize yeast in order to create modification patterns
resembling the situation in mammalian cells, which could enhance the value
of Saccharomyces cerevisiae and Kluyveromyces lactis as disease models.
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INTRODUCTION

With the demographic trend of increasing elderly popula-
tions in industrialized countries the incidence of different
forms of neurodegenerative diseases is presenting a major
challenge both personally within the affected families as
well as to the social health systems. For example, Alzhei-
mer's disease (AD) has been estimated to occur in approx-
imately a quarter of people older than 80 years [1]. Albeit
the genetic basis of mutations leading to familial forms of
AD and other tauopathies have been elucidated, the mo-
lecular mechanisms leading to the more common late on-
set cases of disease are still largely elusive, underlining the
necessity for further investigations in different model or-
ganisms. In this respect, although obviously lacking a brain
with a multicellular neuronal network, simple unicellular
yeast are of great value to investigate the effects of over-
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expression and single point-mutations in genes encoding
key proteins on cell physiology and on the function of con-
served signaling cascades. Moreover, their increasing ap-
plication as host organisms for synthetic biology demon-
strates the ease by which heterologous genes, such as the
ones encoding enzmyes involved in posttranslational modi-
fications, can be expressed and investigated in yeast.

Due to its life cycle and its amenability to both classical
and advanced molecular genetic techniques, the yeast Sac-
charomyces cerevisiae has been established as a prevalent
eukaryotic model organism [2]. Several excellent reviews
have dealt with specific aspects using this model, especially
in the study of key AD proteins such as tau and amyloid
beta (AR; see [3, 4] and references therein). Here, we will
focus on recent advances in the understanding of tauopa-
thies and how baker’s yeast has helped to elucidate dis-
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FIGURE 1: Domain structure and oligomerization of tau. (A) The longest isoform of human tau present in neurons of the central nervous
system (CNS) is shown, which differs from other CNS isoforms in the presence or absence of two N-terminal domains (encoded by exons E2
and E3) and one of the repeats in the microtubule interaction domain (R2 encoded by exon E10). For variations in numbering and nomencla-
ture consult [8]. Modifications by ubiquitination (Ub) and SUMOylation (SUMO) are indicated below. Not all phosphorylation sites (P in blue
ovals) are shown, but the relative degrees are indicated by the number of ovals. Most of the other covalent modifications take place within
the proline-rich region (PRR) and the R1-R4 motif. Some of the cellular structures and proteins for which interaction of the respective domains
has been suggested are designated by the arrows shown below. This scheme summarizes informations from several excellent reviews, from
which more detailed descriptions of the different modifications and their effect on tau in addition to those mentioned in the text can be ob-
tained: [8, 9, 10, 11, 12]. (B) Different oligomerization states of tau are shown. It is believed that the monomeric form fulfills the physiological
functions, while soluble oligomers and/or PHFs are responsible for the neurotoxic effects. As indicated, the formation of oligomers is accom-
panied by increasing degrees of phosphorylation at different sites, as well as by proteolytic trimming (adapted and simplified from [13]).

ease-relevant mechanisms. We will also refer to mutants
and expression systems which could be employed in future
studies, demonstrating that the experimental potential has
only scarcely been exploited so far. Some advantages of
the non-conventional yeast Kluyveromyces lactis, which
has not yet been employed to study mechanisms of neuro-
degenerative diseases, will be briefly addressed with re-
gard to gene redundancy and mitochondrial functions.

TAU HYPERPHOSPHORYLATION AND ITS RELATION TO
AD

Histological hallmarks of AD are the accumulation of two
different protein aggregates, namely that of the extracellu-
lar amyloid precursor protein (APP) peptide AR within amy-
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loid plaques, and intracellular neurofibrillary tangles (NFTs),
which consist of hyperphosphorylated tau proteins that are
mainly modified at serine and threonine residues (Fig. 1). It
should be noted that NFTs display a better correlation with
the cognitive defects associated with AD than amyloid
plaques [5-7]. Phosphorylated tau proteins in precursors of
NFTs either adapt the form of paired helical filaments
(PHFs) or straight helical filaments (SFs). The spatiotem-
poral distribution and aggregation of NFTs within the brain
of AD patients and the potential use of tau as a direct tar-
get for drug treatment in AD patients have been reviewed
[8].

Originally tau has been identified as a microtubule-
associated protein (MAP) in vertebrates, which is abundant
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in neuronal axons [14, 15]. The human tau proteins are
encoded by a single MAPT gene on chromosome 17¢21.
Alternative splicing generates six tau isoforms in the cen-
tral nervous system, which differ in the presence of three
of the 16 encoded exons (Fig. 1). Isoform variation is re-
flected in different lengths of the N-terminal projection
region and the number of microtubule binding repeats in
the C-terminal half of the isoforms. Tau belongs to the
class of intrinsically disordered proteins, which interact
with a large number of partners thereby serving as hubs in
cellular protein-protein interaction networks [16]. Modifi-
cation of tau can render the protein toxic for neurons [17-
20]. In this context, tau neurotoxicity is correlated with
several posttranslational modifications, the most promi-
nent being an increased phosphorylation (hyperphosphory-
lation) at various residues, which affect the strength and
spectrum of its interaction with itself and many other cellu-
lar components. Based on its amino acid composition, al-
most 20% of tau protein has the potential to be phos-
phorylated and tau may thus be considered as a “universal
phosphate acceptor” [21, 22]. Although it is known that
abnormal changes in the phosphorylation state of tau play
a key role in the pathogenesis of Alzheimer's disease, the
signaling cascades and specific protein kinases and phos-
phatases that mediate these alterations are not yet com-
pletely understood. It also remains to be elucidated, which
are the specific functional changes in tau that are respon-
sible for the pathological consequences. Specific kinases
involved in tau phosphorylation which have been studied
in the yeast model system have been extensively reviewed
[4, 9, 23] and will be briefly discussed in the respective
chapter below.

The dominant interaction partners of tau are microtu-
bules and more than 80% of tau is bound to microtubules
at physiological conditions [24]. In neurons tau shows a
highly dynamic interaction with microtubules [25]. The
observed "kiss-and-hop" mechanism explains why tau can
have multiple additional interaction partners in different
cellular compartments. Thus, tau modifications, e.g. by
protein kinases and protein phosphatases, are likely to
affect its interactome and thereby the physiological or
pathological output (Fig. 2). Recent experimental evidence
indicates that soluble oligomeric tau isoforms represent
the toxic species [26-28]. In contrast, the deposition of
higher-order tau aggregates within NFTs may be a cellular
response aimed at reducing this toxicity [27, 29]. This is
reminiscent of the situation in amyloid plaques, where the
AR fragments seem to exert their toxic effects more effi-
ciently in the form of soluble oligomeric precursors, rather
than in the aggregates found in the amyloid plaques (re-
viewed in [3, 30]).

OTHER POSTTRANSLATIONAL
INFLUENCING TAU TOXICITY

In addition to phosphorylation, tau is also subject to a
number of other covalent modifications, such as ubiquiti-
nation, sumoylation, acetylation, and glycosylation, all af-
fecting its biological activities [49, 50] reviewed in [10].

MODIFICATIONS
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Moreover, different truncated forms of the protein arising
from proteolytic cleavage have been implicated in the
pathological phenotypes [13, 51, 52]. Yet, little is known
about how these modifications are provoked in a physio-
logical context, how they affect the biological activity of
the tau isoforms, and which downstream effectors are
involved in mediating the cellular responses. The different
modifications and their effects on tau have been extensive-
ly reviewed (see references in legend of Fig. 1) and some
aspects where yeast may be a good model system will be
discussed below.

It seems clear, that ubiquitination and subsequent pro-
teasomal degradation is an important mechanism to dis-
pose of toxic tau intermediates. Thus, synaptic accumula-
tion of hyperphosphorylated tau was observed in cells with
a defective ubiquitin/proteasome system [53]. Since ubig-
uitinated tau is mainly found in the insoluble NFTs which
accumulate late in AD rather than in the soluble oligomers,
ubiquitination may be a way of detoxification. A specific E3
ubiquitin ligase, Axotropin/MARCH7, has been identified in
a yeast two-hybrid screen and shown to impair binding of
the modified tau to microtubules [54]. Whilst only four
lysine residues of tau were found to be ubiquitinated in
paired helical filaments of human tau [11], a recent work
detected 15 residues in wild-type mouse tau [21]. The dis-
crepancy may be partly due to the fact that most of the
lysine residues reported in the latter work are also subject
to other modifications, i.e. they can be acetylated and the
two modifications are mutually exclusive. This fits well with
the observation, that N-acetylation of tau enhances its
neurotoxicity, offering the identified acetyltransferase
p300 as a therapeutic target [55].

With respect to other modifications, hyperphosphory-
lation of tau and its ubiquitination seem to occur inde-
pendently (see [56], and references therein). On the other
hand, SUMOylation, i.e. the modification by attachment of
an ubiquitin-like protein, seems to be triggered by phos-
porylated tau [57], and vice versa covalent attachment of
SUMO to lysine 340 interferes with both phosphorylation
and ubiquitination [58]. Oxidative stress, caused by mito-
chondrial dysfunction as discussed in the next chapter, will
also lead to malfunction of the ubiquitin/proteasome sys-
tem and thus affect tau toxicity [59]. Although the exact
regulatory relationships still need to be elucidated, N-
glycosylation seems to enhance tau aggregation, while O-
GlcNAcetylation has the opposite effect (reviewed in [10,
60]).

Not only covalent, but also conformational modifica-
tions may change the properties, interactions and aggrega-
tion propensity of tau. Thus, PIN1, a peptidyl-prolyl cis-
trans isomerase, binds to and isomerizes the phosphory-
lated Thr231 in the proline-rich region of tau (PRR; Fig. 1),
thereby restoring its ability to bind microtubules. A death-
associated protein kinase, DAPK1, which is activated in the
brain of AD patients, was recently identified as a new regu-
lator, which inactivates PIN1 by phosphorylation at Ser71
and thereby contributes to tau pathology (Fig. 2; [61]).

Acetylation of proteins can also affect tau aggregation,
probably in an indirect manner. Hsp90 acts as a chaperone
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FIGURE 2: Signaling and modification pathways influencing the intracellular concentration of the toxic oligomeric forms of tau. Arrows indicate activa-
tion of enzymes or promotion of a conformational change, lines with bars indicate their inhibition/inactivation. Different protein functions are colour-
coded as shown in the upper left hand corner. Schematic representation of tau oligomerization states (central lower part) is as in Fig. 1B. Enzymes with
homologs in yeast discussed in the text are marked by an asterisk. Question marks with the neurotoxicity output indicate that the exact molecular mech-
anisms leading to that condition are not known. Despite the number of different protein functions and signaling cascades displayed in this scheme, not
all possible components and interacting networks influencing tau oligomerization are shown. Neither are all possible crosstalks between the depicted
components shown (e.g. the protein phosphatase PP2A will also inactivate the upstream components of the ERK1/2 MAPK cascade, calcineurin also acts
directly on phosphorylated tau, and PIN1 regulates the activities of GSK3R and AMPK). In the following, the different signaling pathways which affect tau
aggregation are briefly summarized. 1. Activation of tau-phosphorylating protein kinases. The glycogen synthase kinase GSK3R phosphorylates tau and
promotes its aggregation [31]. The kinase activity of GSK3R is inhibited upon its phosphorylation by the cyclin-dependent protein kinase CDK5, which can
also phosphorylate tau, thus either preventing or promoting tau aggregation, respectively [32]. The trimeric AMP-activated kinase complex AMPK phos-
phorylates and thus inhibits GSK3R, but can also itself phosphorylate tau and promote its aggregation [33, 34]. The catalytic subunit of AMPK itself is
activated by phosphorylation, which can be catalyzed either by the calmodulin-dependent protein kinase kinase CAMKK or a redundant pair of mitogen
activated protein kinases (MAPKs), designated as extracellular signal recognition kinases ERK1 or ERK2 [35, 36]. Whilst CAMKK is activated by Ca”"-bound
calmodulin, activation of ERK1/2 is triggered through a conserved MAPK cascade, consisting of the MAPKKs MEK1 and MEK2 and the MAPKKK RAF. Both
branches are dependent on the function of the glutamate receptor NMDAR, which triggers an intracellular increase in calcium concentration. This results
in the activation of CAMKK and indirectly of RAF through activation of a Ras-GDP/GTP exchange factor (GEF) not depicted here [37]. AMPK, and thereby
its inhibitory effect on GSK3R and tau aggregation, can also be activited by caloric restriction and antioxidants like resveratrol through their influence on
the intracellular energy state, i.e. by changing the AMP/ATP ratio [38]. 2. Protein phosphatases. Only two major protein phosphatases which influence
tau aggregation are depicted in this scheme, PP2A and calcineurin. Their roles in AD have been reviewed in [39]. Briefly, calcineurin, also called PP2B,
activates the tau-kinase GSK3R and promotes tau aggregation. It can also directly dephosphorylate specific residues in tau and has several other cellular
targets, including the NMDAR receptor, relations that are not included here. PP2A has a large variety of substrates, only a few of which are depicted
here. Interestingly, it has been found associated to microtubules and has been implicated in many aspects of AD, also reviewed in [39]. In this context, it
can desphosphorylate protein kinases in signaling pathways leading to tau aggregation, such as ERK1/2 and AMPK, but also acts directly on phosphory-
lated tau. 3. Influence of AR and mitochondrial functions on tau aggregation. The soluble forms of AR are currently believed to trigger tau aggregation
through signaling pathways which still need to be elucidated. Two possible connections are depicted in this scheme. Thus, AR accumulation leads to an
increased calcium flux through NMDAR and thus triggers both the CAMKK and the ERK1/2 mediated activation of AMPK [40]. While Ca>" concentration
and AR accumulation are interdependent, the latter is prevented by the action of AMPK [41] and by the deacetylase SIRT1 [42]. SIRT1 also inhibits the
formation of tau aggregates [43]. It should be noted that SIRT1 and AMPK activities are interdependent in that one can activate the other [42]. AMPK
also activates the transcription factor PGCla, which triggers mitochondrial biogenesis [44]. A by-product of mitochondrial respiration are reactive oxygen
species (ROS), whose concentration increase with age and mitochondrial malfunctions. While this leads to aggregation of both AR and tau, in turn these
two pathological hallmarks of AD have been proposed to cause mitochondrial malfunctions [45, 46]. 4. Other protein kinases. Indirectly, several other
protein kinases involved in different signaling pathways may influence tau aggregation. Thus, ULK1, which is activated by AMPK, promotes autophagy
and thereby the degradation of tau aggregates. In the same physiological process, inhibition of the mTOR kinase complex, also mediated by AMPK, pre-
vents its inhibitory effect on autophagy again promoting disposal of tau aggregates [47]. Finally, the death-activated protein kinase DAPK activates the
protein isomerase PIN1, which acts on phosphorylated tau and restores its ability to interact with microtubules [48].
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for tau in its native form, but is kept inactive by acetylation.
Active Hsp90 assists in the accumulation of tau aggregates.
A deacetylase, HDACS6, catalyzes the activation of Hsp90
and thus enhances tau filament formation [62].

Tau is also subject to proteolytic cleavage by several
proteases. This includes truncation by caspase-3, which is
activated during apoptosis. On the other hand, cleaved tau
can itself be pro-apoptotic and trigger a vicious cycle [63].
Tau is also cleaved by the calcium-activated protease cal-
pain, which generates a 17 kDa neurotoxic tau fragment
[64]. Moreover, an important role of proteolytic cleavage
during the disease process is indicated by the finding that a
large portion of tau in PHFs is truncated (Fig. 1; [65]).

All these modifications may affect the interaction with
more than 70 predicted tau binding partners [11], including
the tyrosine kinase fyn, the membrane-associated protein
annexin A2, and its effector protein phosphatase PP2A [66-
68]. Despite this plethora of regulatory systems and inter-
actions, knockout mice lacking a functional tau gene do not
display severe defects in brain function or development
[69], which suggests the presence of redundant and com-
pensatory mechanims in vertebrates. Analyzing tau inter-
actions and modifications in yeast may therefore provide a
powerful tool to obtain novel information on the influence
of the interactome in a less redundant environment into
which single components may be introduced at will.

SIGNALING PATHWAYS TRIGGERING TAU TOXICITY

In addition to cell death AD is characterized by a change in
synaptic connectivity and morphological simplification of
dendrites, features jointly referred to as the "neurodegen-
erative triad" [70]. According to the now well-established
amyloid cascade hypothesis AR acts upstream and medi-
ates the neurodegenerative events, at least partially,
through post-translational changes of tau via transmem-
brane signaling. This may involve both calcineurin signaling
mediated by the glutamate receptor NMDAR and signaling
of the energy state through SIRT1/AMPK [71, 72]. Many
components of these signaling cascades are conserved
from yeast to humans. For example, signaling through the
conserved calmodulin-dependent serine/threonine phos-
phatase calcineurin [73] triggers activation of the protein
kinase GSK3R, leading to increased tau phosphorylation. A
comprehensive scheme of the interconnected signaling
pathways affecting tau phosphorylation and mitochondrial
functions in neurons is presented in Fig. 2. It should be
noted, that these pathways are also connected to mTOR
signaling regulating autophagy in the clearance of AR and
tau aggregates, as well as that of dysfunctional mitochon-
dria, whose relation to tauopathies are discussed in the
following chapter.

AGING, ENERGY, MITOCHONDRIA AND OXIDATIVE
STRESS

Tau phosphorylation and aggregation is both triggered by
and triggering itself mitochondrial dysfunctions [45]. Mito-
chondria serve two important physiological functions rele-
vant to AD development: i) they provide the energy supply
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especially needed in the mitochondria-rich synapses of the
brain, and ii) liberation of pro-apoptotic proteins from the
mitochondrial intermembrane space into the cytoplasm,
such as holo-cytochrome C, causes caspase activation and
apoptotic cell death. It has been suggested that AR pep-
tides and hyperphosphorylated tau synergistically cause an
increased mitochondrial production of reactive oxygen
species (ROS), which damage mitochondrial membranes
and mtDNA [45]. This leads to more dysfunctional mito-
chondria and thereby to more ROS production and oxida-
tive stress, which in turn may increase tau phosphorylation
and formation of AR aggregates. Under these conditions
hyperphosphorylation of tau seems to be independent of
GSK3R kinase activity. This cycle has been proposed as the
"mitochondrial cascade hypothesis" [74, 75]. Since mito-
chondrial dysfunction and ROS production are general
hallmarks of the aging process, the hypothesis may also
explain the increased incidence of AD with age.

The relation between oxidative stress and AD offers the
possibility of modulating the effects of ROS by the applica-
tion of antioxidants, for example the red wine component
resveratrol. It has been suggested that resveratrol induces
expression of neuroprotective signaling pathways through
sirtuin 1 and AMPK acting on AR and tau at least in a
mouse model (Fig. 2) [38]. Yeast cells dispose of the homo-
logs of both sirtuins and AMPK, and Sir2 and the AMPK-
homologous SNF1 complex were in fact first described by
yeast geneticists and only later on discovered in mammali-
an cells. This raises the possibility to perform high-
throughput screens in yeast for drugs which affect tau
modifications (Table 1).

TAU EXPRESSION IN SACCHAROMYCES CEREVISIAE
AND MERITS OF KLUYVEROMYCES LACTIS AS AN
ALTERNATIVE YEAST MODEL

Within the past 25 years, the baker’s yeast S. cerevisiae has
achieved the status of a perfect unicellular eukaryotic
model organism, due to its easy handling both in classical
and molecular genetics (reviewed in [2]). There are also
triple-shuttle vectors available for fast construction of
clones in yeast, amplification in E. coli and expression in
neurons [84]. Relevant in the context of this review, heter-
ologous proteins can be cloned and expressed in yeast
either constitutively or under the control of the inducible
GAL1/10 promoter, allowing the expression of genes
whose products are potentially harmful. This has been
convincingly demonstrated by the production of functional
restriction endonuclease EcoRl in the early days of modern
yeast genetics [85].

In fact, (over)expression of genes encoding key proteins
involved in human dementias proved to be lethal to yeast
cells, such as that for synuclein (depending on the genetic
background of the yeast strain) and the protein TDP-43
involved in amyotrophic lateral sclerosis (ALS) [86, 87]. In
contrast, human tau overexpression from the GAL1/10
promoter in yeast, which lacks an endogenous tau homo-
log, does not produce any detectable phenotype in loga-
rithmically growing wild-type cells [23, 66]. Yet, it has been
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TABLE 1. Basic approaches to study aspects of tau biology in S. cerevisiae*

Basic strategy
Complementation of deletion mutants

Use of deletions to study specific modi-
fications of tau

Heterologous gene expression

Chimeric gene expression
Yeast two-hybrid assays (YTH)

Protein aggregation assays

Synthetic lethal screens

Chronological aging

Synthetic biology

Examples of established and future applications
ERK1/2 signaling in slt2A/mpk1A [78] could be used for studies of effects on
tau phosphorylation and aggregation upon co-expression
PP2A function in double mutant pph21A pph22A upon co-expression with tau
PIN1 function in ess14 upon co-expression with tau [61, 79]
use of rim11A/mds1A to reduce tau phosphorylation and study its aggrega-
tion [76]
sod2A to study oxidative stress [77] and its effect on tau aggregation
temperature-sensitive mutants in proteasomal proteases to investigate their
effect on tau processing
tau for purposes of protein production and biochemical/immunological ap-
proaches [77, 81]
expression of tau and annexin A2 for Co-IPs [66]
expression of all three heterologous genes encoding human AMPK subunits
[81] to study their effect on tau phosphorylation and aggregation
expression of genes for modifying enzymes (e.g. acetyltransferase p300 [55]
to study the role of these modifications for tau aggregation
expression of tau and human tubulin or a hybrid yeast/human tubulin gene to
investigate the interaction with microtubules in yeast
identification of E3 ubiquitin ligase modifying tau [54] and other new interac-
tors
application of colony-colour assay for prion functions to tau aggregation [80]
use of fluorescence labels either in conjunction with FACS as demonstrated
for AR [83] or with FRET to study tau aggregation and its interaction with oth-
er proteins
use of a platform yeast strain co-expressing the genes for tau and the AR pep-
tide to screen for suppressors from cDNA libraries or for high-throughput
drug screens
use of tau overexpression strain to screen for cDNA clones enhanc-
ing/provoking toxicity [4]
test the effects of tau variants on long-term survival of yeast transformants in
synthetic medium [9] to obtain a phenotype useful for genetic screens of the
tau interactome [9]
establish entire human modification or signaling pathways in yeast platform
strains (lacking the yeast orthologous genes if required and complemented by
the human counterparts) to establish a "humanized yeast physiology"

* aspects also applicable to the alternative non-conventional yeast K. lactis (but not yet examined for tau-related functions) are under-
lined. Approaches without references are either unpublished results from our laboratory or suggestions for future investigations (see

text for details).

reported that co-expression with the gene encoding synu-
clein aggravates the toxic effects of overexpression of the
latter [88]. More recently, co-expression of tau and a-
synuclein genes from genetically stable single-copy yeast
integrants confirmed the strong synergistic toxicity [89]
which was attributed to the formation of inclusions of a-
synuclein and of insoluble cytoplasmic tau aggregates.

So far, no yeast deletion mutants which display syn-
thetic lethality with tau overproduction have been report-
ed. However, downregulation of an essential protein, Essl
(the yeast homolog of the tau modifying human enzyme
PIN1; Fig. 2), shows synthetic growth defects with tau
overproduction [9]. Recently, a yeast model to study the
relation of PIN1/Ess1 and tau has been investigated, show-
ing that the enzyme may inhibit tau phosphorylation [61].
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In the past decade, expression of tau in S. cerevisiae
has been mainly exploited to study the mechanism and
effect of hyperphosphorylation. For instance, specific tau
mutants expressed in both wild-type and kinase-deficient
yeast strains were used to assess their phosphorylation
state as well as their in vitro binding capacity to porcine
microtubules [76]. These studies revealed that tau in fact
gets phosphorylated in yeast by Rim11 (alias Mds1), the
ortholog of the human GSK3R kinase (Fig. 2). Also similar to
mammalian tau processing, the activity of this kinase
seems to be negatively regulated by the yeast CDK5
ortholog Pho85. Ser409 in the tau protein was specifically
identified as a key residue, whose phosphorylation is cru-
cial to produce the aggregated forms in yeast [77]. Thus,
although aggregates of hyperphosphorylated tau do form
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in the yeast system, no growth phenotypes could be de-
tected in logarithmically growing wild-type cultures, indi-
cating that the neurotoxic effects exerted by oligomeric tau
in mouse models either depend on a further modification
or a specific effector protein, which does not exist in yeast.
This offers the exciting possibility of co-expressing human
cDNA libraries in a tau overproducing yeast strain in order
to screen for such functions, which would render the
strains less viable. Moreover, it has been suggested that
screens may be directed at chronologically aging yeast
cultures [9].

As reported above for neurons, Tau aggregation in
yeast also occurs under oxidative stress and was shown to
be independent of the Rim11/GSK3R kinase activity [77].
To trigger oxidative stress in this case, S. cerevisiae was
either treated with Fe®*, which interferes with mitochon-
drial function and leads to the production of ROS, or by the
use of mutants with defects in mitochondrial proteins such
as sod2 or riml mutants, which lack a superoxide dis-
mutase or a protein affecting mitochondrial DNA replica-
tion, respectively. However, it should be noted that respir-
atory activity is diminished by glucose-repression in the
fermentation-oriented yeast S. cerevisiae, and mitochon-
dria are also less abundant under such conditions. In fact, S.
cerevisiae has been selected for thousands of years for its
capacity for alcoholic fermentation [90] and with respect
to energy production is hardly a physiological equivalent of
neurons, which rely on their respiratory metabolism [91].

Therefore the milk yeast Kluyveromyces lactis may be a
useful alternative since it shares the ease of genetic ma-
nipulations with S. cerevisiae, but has a respiratory metab-
olism more closely resembling that of mammalian cells [92].
For instance, growing under high sugar concentrations (e.g.
2% glucose) mitochondria in K. lactis cells are more readily
observed in TEM images as compared to S. cerevisiae ([93]
and unpublished results from the laboratory of JJH). K.
lactis has also the advantage of not having undergone a
whole-genome duplication in evolution and therefore dis-
poses of a much lower redundancy of gene functions, i.e. a
single gene deletion will result more readily in a trackable
phenotype [92]. Several mutants in homologs of the
mammalian signaling pathways depicted in Fig. 2 are al-
ready available for K. lactis. Thus, the KIMPK1 gene (ho-
mologous to human ERK1/2) has been deleted and shows
similar cell wall integrity phenotypes as its S. cerevisiae
counterpart SLT2 (alias MPK1; [94]). Mutants within the
genes encoding the KISNF1 complex, the yeast homolog of
the AMPK complex, which is composed of the catalytic
subunit KISnfl/Fog2, the R-subunit KIGal83/Fogl, and the
y-subunit KISnf4, have been studied for their role in carbo-
hydrate metabolism [95, 96]. We dispose of deletion mu-
tants in the genes encoding all three subunits of this com-
plex in K. lactis as well as in the genes encoding the cyto-
plasmic and the mitochondrial superoxide dismutase,
KISOD1 and KISOD2 (unpublished results). In principle, this
provides the opportunity to study the effects of energy
signaling and oxidative stress on tau aggregation in K. lactis,
as well as for genetic screens to identify new components
involved in this process.
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GENETIC SCREENS IN YEAST — THE PAST, THE PRESENT,
AND THE FUTURE

For features where respiratory functions are probably ir-
relevant, S. cerevisiae still represents the yeast system that
can be more easily manipulated. It may be of special value
when expression of tau-related human genes is required,
which lack a yeast homolog or for which functional com-
plementation of the respective deletion by the human
counterpart has already been demonstrated. Some basic
approaches in which S. cerevisiae may be especially suited
to study aspects of tau biology are summarized in Table 1
and some examples will be discussed in the following.

Besides the expression/overexpression of different tau
isoforms and its lack of phenotypic effects in wild-type
yeast discussed above, a number of human genes encoding
components of the signaling cascades depicted in Fig. 2
have been successfully expressed, and in many cases
shown to functionally complement the respective yeast
deletion mutants provided by either of the deletion collec-
tions kept in Stanford/USA or the EUROSCARF collection in
Frankfurt/Germany. However, it should be noted that cau-
tion as to the genetic background of the yeast strain ap-
plied for specific purposes may be required, as examplified
for the variations in toxic effects of synuclein gene expres-
sion [87].

One possible application is the expression of the mito-
gen-activated protein kinases (MAPK) ERK1/ERK2 in yeast.
These MAPKs have been proposed to severely affect long-
term memory in mouse models [97], and to be activated
prior to neuronal tau-related cell death [98]. Although the
exact role of ERK1/2 phosphorylation in tau-induced neu-
ronal cell death under physiological conditions is still dis-
puted [99], the yeast system may help to resolve some of
the problems. In fact, hyperactive forms of both MAPK
isoforms have been expressed in yeast [100], and wild-type
forms were shown to be constitutively phosphorylated by a
number of yeast MAPKKs [78]. Together with episomal
expression of tau, all the tools are thus available to investi-
gate the effects that ERK1/2 variants have on the phos-
phorylation and aggregation capacity of tau.

Furthermore, the phosphorylation state of tau is con-
trolled by the activity of the respective protein kinases
(Rim11/Mds1 in yeast and GSK3R in neurons) and its bal-
ance with the activity of protein phosphatases (e.g. PP2A).
Mutants in RIM11/MDS1 have already been studied and
were shown to decrease the phosphorylation state of tau
in yeast [76]. For the catalytic subunit of PP2A two
isoforms exist in yeast, encoded by PPH21 and PPH22 [101].
Double pph21 pph22 deletion mutants could thus be used
for expression of a codon-optimized gene encoding the
human PP2A catalytic subunit, to test its effect on tau
phosphorylation.

Regarding the conformational changes in phosphory-
lated tau restoring its capacity to bind to microtubules, the
human PIN1 ortholog functionally complements a yeast
deletion in the essential gene ESS1 [79]. Its relation to tau
biology has been studied in a yeast model [61]. In this con-
text, the yeast model system presents two major obstacles:
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i) tau does not bind to yeast tubulin and thus has to be
extracted from yeast cells and tested separately for its
binding capacity to porcine microtubules [76], and ii) to
determine the fraction of insoluble tau aggregates, they
also have to be laboriously isolated from yeast cells and
quantified. With the ease of yeast genetics, both problems
may be overcome. The failure of tau to bind to yeast tubu-
lin is most likely due to sequence differences between
yeast a-tubulin and its mammalian homolog, located at the
proposed tau-binding site [102]. It may thus be possible to
produce chimeric yeast/human microtubules in such a
strain which can be employed for in vivo binding assays. On
the other hand, amyloid-forming capacity has been studied
for a variety of prion proteins by using a red/white colony
colour assay for aggregation capacity (reviewed in [80]),
which may also be applied to tau.

As a last example of using established yeast mutants
and chimeric yeast/human enzymes the yeast SNF1 com-
plex was discovered years before its human homolog
AMPK, both being involved in energy signaling (see [103],
and references therein). As shown in Fig. 2, besides being a
target of the protein phosphatase PP2A in humans, it me-
diates the phosphorylation state of tau both directly and
indirectly through regulation of GSK3R kinase activity. De-
letion mutants in all three subunits of the complex are
readily available in different yeast strains and where shown
to affect not only carbohydrate metabolism but also a vari-
ety of other signal transduction mechanisms [103]. Im-
portantly, mammalian orthologs of the catalytic a-subunit
did not complement the yeast snfl defects, but co-
expression of all three genes encoding the complex did
[84]. This humanized yeast may thus be employed to study
the relation of AMPK and tau phosphorylation.

Of the experimental approaches listed in Table 1, yeast
two-hybrid screens have already been applied to identify
components of the tau modification network, e.g. the E3
ubiquitin ligase Axotropin/MARCH7 [54]. As a complemen-
tary strategy, we have expressed tagged versions of wild-
type and a mutant tau (R406W) together with annexin A2
in  yeast to confirm their interaction by co-
immunoprecipitations, thus evading interferences which
might be caused by larger neuron-specific protein com-
plexes [66].

In general heterologous gene expression in yeast is a
powerful tool. Thus, it has also served as a means to pro-
duce enough tau protein to obtain new monoclonal anti-
bodies which can be used to differentiate the oligomeriza-
tion state [82]. In the future, it may be employed to set up
high-throughput screens for drugs affecting enzyme activi-
ties, such as that of the above mentioned acetyltransferase
p300 [55], or to identify the enzyme that mediates O-
glycosylation of cytoplasmic tau. For the latter kind of as-
says it would be very useful to find more synthetic pheno-
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OUTLOOK
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