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Abstract
!
Aggregation or assembly into higher-order structures is an emerging
mechanism regulating protein activity shown to mediate cellular adaptations to

a fluctuating environment, as well as playing roles in disease processes. Lowcomplexity (LC) protein domains, especially those enriched in glutamine and
asparagine, mediate the switch of yeast prion proteins to self-propagating
aggregation-prone conformations, consequently modifying cell's phenotype for
subsequent divisions. Yeast cells contain many LC-proteins, which do not
seem to behave like canonical prions. A notable example is Whi3, which, upon
prolonged pheromone stimulation, super-assembles to enable the acquisition
of a pheromone refractory state and memorization of past unsuccessful mating
attempts by single cells. Due to its stable nature and potential deleterious
effects, if uncontrolled, protein aggregation must be regulated by various
mechanisms. Aging is correlated with protein aggregation in many organisms,
but it is largely unknown, which specific proteins aggregate with age, what are
the causes of their aggregation and what are the consequences of their
aggregation for the aging cell.
Here we show, that aggregation and asymmetric segregation of Whi3 protein
during replicative aging causes pheromone insensitivity of old yeast cells and
shortens the replicative lifespan. Thus, we provide a novel explanation for the
previously described age-related sterility phenotype, attributed to the loss of
Sir2-mediated silencing at the silent mating type loci HML and HMR. We show
that silencing at the HML is stable during the entire lifespan and that
phenotype of old cells is not consistent with the loss of transcriptional
silencing. Moreover, with the examples of Akl1, Cbk1, Cdc39 and Ssd1 also
aggregating with age, we propose that the asymmetric segregation and
aggregation of low-complexity proteins might be a general feature of yeast
aging, contributing not only to the senescence of the mother cell but potentially
leading to a phenotypically diverse yeast population. Finally, we show that
stimulation of cells with calcium or stabilization of the plasma membrane can
regulate the escape from pheromone arrest and propose that formation of the
memory-encoding aggregates by Whi3 might be regulated by posttranslational modifications.
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Zusammenfassung
Die Aggregation oder die Bildung komplexer Strukturen als ein Mechanismus
zur Steuerung der Aktivität von Proteinen gewinnt zunehmend an Bedeutung.
Auf diese Weise passen sich Zellen an sich ändernde Umwelteinflüsse sowie
Krankheitsprozesse an. Proteindomänen, die eine geringe Komplexität
aufweisen, insbesondere solche, die gehäuft Glutamin- und Asparaginreste
beinhalten, vermitteln den Übergang von Hefe-Prionproteinen zu sich selbst
vermehrenden, zur Aggregation neigenden Konformationen. Infolgedessen
verändert sich der zelluläre Phänotyp während der darauffolgenden
Zellteilungen. Nichtsdestotrotz besitzen Hefezellen viele derartige Proteine,
die ein scheinbar anderes Verhalten aufweisen als klassische Prionproteine.
Ein bemerkenswertes Beispiel stellt das Protein Whi3 dar, das infolge
anhaltender

Pheromonstimulation

zusammenlagert.
Pheromonen
Gedächtnis

Dies

gegenüber

ermöglicht

sich

zu

einen

Zustand,

unempfänglich

vorangegangener,

erfolgloser

einem

macht,

der

und

‘Super-Komplex’
die

Hefezelle

gleichzeitig

Paarungsversuche

als

fungiert.

Aufgrund ihrer Stabilität und potentiell schädlichen Folgen, sofern außer
Kontrolle, muss die Aggregation von Proteinen reguliert werden. In vielen
Organismen ist das Altern mit dem Auftreten von Proteinaggregaten verknüpft;
allerdings ist es weitestgehend unklar, welche spezifischen Proteine mit
fortschreitendem Alter aggregieren, welche Ursachen zu deren Aggregation
führen und welche Konsequenzen dies für die alternde Zelle darstellt.
Wir zeigen nun, dass die Aggregation und die asymmetrische Verteilung des
Proteins Whi3 während des proliferierenden Alterns alte Hefezellen Pheromon
gegenüber unempfindlich macht und die reproduktive Lebensspanne verkürzt.
Demzufolge stellen wir eine neue Erklärung für die zuvor beschriebene
altersbedingte Sterilität auf, die dem Verlust des Sir2-vermittelten Abschaltens
der inaktiven genomischen Loci HML und HMR, die den Paarungstyp
bestimmen, zugeschrieben wird. Da darüber hinaus auch die Proteine Akl1,
Cbk1, Cdc39 und Ssd1 mit zunehmendem Alter aggregieren, vermuten wir,
dass die asymmetrische Verteilung und Aggregation derartiger Proteine ein
generelles Merkmal des Alterungsprozesses der Hefe darstellt. Dies trägt
dabei nicht nur zur Seneszenz der Mutterzelle bei, sondern möglicherweise
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auch zu einer phänotypisch sehr verschiedenen Hefepopulation. Abschließend
zeigen wir auf, dass die Behandlung mit Kalzium oder die Stabilisierung der
Plasmamembran

es

den

Zellen

ermöglicht,

wieder

auf

Pheromon

anzusprechen. Darauf basierend nehmen wir an, dass die Enstehung der
Gedächtnis-bildenden

Whi3-Aggregate

Modifikationen reguliert sein könnte.
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durch

posttranslationale

1. Introduction

1.1 Budding yeast, its life cycle and natural environment
Budding yeast Saccharomyces cerevisiae is a unicellular fungus
belonging to phylum Ascomycota. It serves as a valuable model for the
fundamental cell biology of Eukaryota, with topics as diverse as cell cycle
regulation, asymmetric cell division and aging (Denoth Lippuner et al., 2014;
Liti, 2015).

1.1.1 Budding yeast life cycle
Budding yeast can exist in a haploid or diploid form, and both forms can
proliferate mitotically through budding (see section 1.2.1.). Importantly, the
haploid form can transition into the diploid one through mating with another
haploid cell of the opposite mating type (Fig. 1.1). Haploid cells have one of
the two mating types, MATa or MAT", and communicate in the environment
via secreted peptide pheromones: MATa cells secret the a-factor and MAT"
cells secret the "-factor. Upon pheromone stimulation, cells grow a mating
projection towards each other, to finally fuse and form the diploid zygote
(Herskowitz, 1988). The zygote gives rise to a new diploid lineage, which can
proliferate mitotically or, upon nutrient limitation, enter meiosis to produce 4
haploid spores (Herskowitz, 1988). These spores are more resistant than the
normal cells, thus they can survive long periods of dormancy, until the moment
when the conditions for growth are good again (Coluccio et al., 2008).
Apart from the meiosis and mating, the developmental processes,
which involve change in ploidy, certain strains of budding yeast can transition
into filamentous form under nutrient limitation, which enables them to invade
the environment in search for the nutrients (Cullen and Sprague, 2012). Lastly,
yeast cells adapt to long periods of starvation by arresting in the G1 phase of
the cell cycle and entering the non-dividing quiescent state once nutrients
become limiting (Li et al., 2013a). In order to provide the context for the
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experimental part of the thesis, the following parts of the introduction will be
focused only on the selected aspects of haploid yeast's life: their asymmetric
division, pheromone response and aging.

Figure 1.1 Life cycle of budding yeast.
Budding yeast can proliferate mitotically as a haploid (left) or diploid form (right). Two haploid
cells of opposite mating types (MATa or MAT") communicate in the environment with the use
of mating pheromones to grow a mating projection and fuse to form a diploid zygote (Mating).
Diploid cells can exit the mitotic cell cycle and enter meiosis upon nutrient limitation
(Sporulation). Adapted from Herskowitz, 1988.

Mating type determination by the MAT locus
Genes present at the MAT regulatory locus determine the mating type of
haploid cells. MATa allele encodes a1 and a2 proteins, and MAT" allele
encodes "1 and "2 proteins (Herskowitz, 1988). In MAT" cells, "1 activates
the expression of the "-specific genes: STE3, MF!1 and MF!2. STE3
encodes the receptor for a-factor, while MF!1 and MF!2 both encode the "-
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factor. Moreover, MAT" cells express the "2 protein, which represses the aspecific genes: STE2, STE6, MFA1, MFA2 and BAR1 (reviewed in
Herskowitz, 1988). STE2 encodes the "-pheromone receptor; MFA1 and
MFA2 both encode the precursor of the a-factor; STE6 encodes the
transporter required for the secretion of the a-factor. BAR1 encodes a
secreted protease degrading the "-factor, which is though to help the MATa
cells orient the mating projection towards its strongest source (Jin et al., 2011).
Interestingly, both a-specific genes and haploid-specific genes (common to
both MATa and MAT" cells), do not need any special transcriptional activator,
beyond the Mcm1 protein, which also drives the expression of "-specific
genes (Haber, 2012). Thus, both MATa cells and cells lacking the MAT locus,
acquire the a-specific transcriptional program.

Figure 1.2. Regulation of the cell type by MAT locus
(Left) Haploid cell carrying the a1 and a2 genes at the MAT locus. In the absence of any other
regulatory proteins cell expresses the a-specific genes (asg) and haploid specific genes (hsg).
(Center) Haploid cell carrying the !1 and !2 genes at the MAT locus. "1 protein activates the
expression of "-specific genes ("sg) and "2 represses the a-specific genes. Expression of
haploid specific genes is active. (Right) Diploid cells are heterozygous at the MAT locus,
expressing both MATa and MAT!. The a1 and "2 proteins dimerize and repress the haploid
specific genes, and "2 protein represses a-specific genes. Adapted from Herskowitz, 1998.

Upon mating and formation of the MATa/MAT! diploid, a1 and "2 proteins
dimerize and together repress the expression of all of the haploid specific
genes and the expression of the MAT!1 (Figure 1.2, right panel; Herskowitz,
1988). As in the MAT" cells, the "2 alone represses the a-specific genes.
Moreover, the a1/"2 dimer represses the expression of the RME1 gene, which
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encodes an inhibitor of meiosis (Rine et al., 1981). Thus, diploid cells do not
express any of the general haploid-specific genes or mating-type-specific
genes and activate a diploid transcription program, which enables meiosis in
case of starvation (Herskowitz, 1988).
Mating type switching and transcriptional silencing of the HML and HMR
loci
Haploid cells of most wild budding yeast strains, are homothallic: they
have the capability to switch their mating type, which happens in the mother
cell as often as in every cell cycle. The switch occurs due to gene conversion
at the MAT locus. The information determining the mating type is exchanged
to the one encoded in one of the silent mating type loci, HML or HMR (Hidden
mating left and hidden mating right, respectively), through the process of
interconversion (Haber, 2012; Herskowitz, 1988). The switching of the mating
type is controlled by the expression of the HO nuclease in the G1 phase of the
cell cycle. Moreover, HO gene is expressed only in the mother cell, due to the
asymmetric segregation of the Ash1 repressor to the daughter cell (Long et al.,
1997). HO introduces a double-strand break in the DNA present at the MAT
locus, which is repaired on the template of one of the two silent mating type
loci present at the same chromosome (Kostriken et al., 1983). In most
laboratory strains the HML locus contains the " genes, and HMR contains the
a genes. Moreover, in these strains the mating type is fixed by the absence of
HO activity due to a recessive ho allele (Hicks et al., 1977).
Importantly, both HML and HMR encode exactly the same protein-coding
sequences that are normally expressed from MAT! or MATa, respectively
(Herskowitz, 1988; Rine et al., 1979). In order to enable the proper cell-type
specification by MAT, transcription from the HML and HMR is normally
repressed by Sir proteins (Silent information regulator; Rine and Herskowitz,
1987). The active component of the Sir complex is the Sir2 NAD+-dependent
deacetylase, which represses transcription at the target loci by removal of
acetylation from the lysine 16 of the histone 4 (Imai et al., 2000). Inactivation
of any of the SIR genes leads to the simultaneous expression of HML and
HMR, and activation of diploid-like transcription program (Fig. 1.3).
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Consequently, cells lacking Sir proteins are sterile, i.e. do not respond to any
of the two mating pheromones (Rine and Herskowitz, 1987).

Figure 1.3 Sir proteins repress the transcription at the silent mating type loci
HML and HMR.
(A) Schematic representation of the chromosome III of MATa cells. Normally, the a-identity is
determined by the expression of the information at the MAT locus. In this default case, the
cells activate the a-type specific transcription program. The Sir proteins ensure the silencing of
the silent mating type loci HML and HMR. (B) In the absence of Sir proteins, the HML and
HMR loci are de-repressed, which lead to the simultaneous expression of the a- and !- the
a1/"2 dimer. Adapted from Rine and Herskowitz, 1987; and Herskowitz 1988.

Response and adaptation to mating pheromones
The signaling cascade driving yeast pheromone response is one of the bestunderstood signaling cascades in eukaryotes, however its details will be
discussed only very briefly here. Upon exposure to the pheromone secreted
by the cells of the opposite mating type, yeast cells arrest in the G1 phase of
the cell cycle, initiate polarized growth towards the source of the pheromone
and activate the expression of genes required for the subsequent fusion of the
mating cells and their nuclei (Bardwell, 2005). Binding of the pheromone to the
G-protein coupled receptor present at the plasma membrane (Ste2 or Ste3 in
the MATa and MAT" cells, respectively), activates the downstream signaling
cascade leading to the activation of Fus3 and Kss1 MAP kinases (Gartner et
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al., 1992). The effect of the activation of Fus3 includes phosphorylation and
activation of the Far1 protein, which inhibits the Cdk1-cyclin complexes and is
required for the arrest in the G1 phase of the cell cycle (Peter and Herskowitz,
1994; Peter et al., 1993). Moreover, activated Fus3 accumulates in the
nucleus and phosphorylates the Ste12 transcription factor that activates the
expression of more than 200 genes needed for the mating process (Roberts et
al., 2000). Fus3 phosphorylates also Dig1 and Dig2, the inhibitors of Ste12
(Tedford et al., 1997).

Figure 1.4 Major components of the pheromone response pathway
Binding of the "-factor to the G-protein coupled receptor Ste2 activates a downstream
signaling pathway. The major effector of this pathway, Fus3 MAP kinase phosphorylates the
Ste12 transcription factor, which activates transcription of many genes required for the
subsequent mating. Another role of Fus3 is to activate Far1. Far1 inhibits the complex formed
by the Cdc28 and G1-cyclins, thus ensuring the arrest of the cell cycle in the G1 phase.
Adapted from (Bardwell, 2005; Engelberg et al., 2014). Other sources cited in text.
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Importantly, during prolonged pheromone stimulation cells activate various
pro-survival pathways and are able to attenuate the response to pheromone in
order to react to the dynamic mating scenarios. It is likely, that in dense
populations pheromone secreted by many cells can reach high concentrations,
which arrest cells even if the potential mating partner is not in the close
proximity. It is also possible that by the time the prospective mating partner is
reached it already mated with another cell.
Interestingly, the binding of the pheromone to the pheromone receptor causes
the first line of the response attenuation. Binding of the "-factor by the Ste2
induces internalization of the pheromone-receptor complex and drives the
subsequent degradation of the receptor (Schandel and Jenness, 1994). This
internalization is regulated by Rod1 "-arrestin and requires dephosphorylation
of Rod1 by calcineurin (Alvaro et al., 2014, 2016). The pheromone signaling
activates another line of regulation, consisting of the Sst2 protein, which
expression is induced by Ste12. Sst2 inhibits the signaling downstream of the
pheromone receptor by direct binding to the alpha-subunit of the G-protein
Gpa1 (Dohlman et al., 1996). Additionally, Kss1 kinase may promote the
recovery from pheromone arrest, however in the manner independent of its
kinase activity (Courchesne et al., 1989; Ma et al., 1995). Moreover, long-term
survival in presence of the pheromone is dependent on the calcium influx from
the environment (Withee et al., 1997). Calcium activates calcineurin, the
calcium/calmodulin-dependent protein phosphatase (Withee et al., 1997),
which, as mentioned above dephosphorylates Rod1 (Alvaro et al., 2016).
However calcium influx activates also calcium/calmodulin-dependent protein
kinase, which is also required for the recovery from the pheromone
stimulation, although its precise role is not clear (Moser et al., 1996).
Finally, more recent study from the Barral lab, showed that long-term
adaptation to pheromone on the level of single cells involves aggregation and
inactivation of the Whi3 protein which triggers the escape from pheromoneinduced cell cycle arrest (Caudron and Barral, 2013). These results will be
discussed in greater detail in section 1.3.
Thus, yeast cells employ various mechanisms to adapt to mating pheromones,
which affect the response on distinct levels and possibly with a distinct timing.
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1.1.2 Beyond the cell biology
Although S. cerevisiae is one of the best-studied model organisms, we
still mostly lack knowledge about its natural history. Studying yeast in the
laboratory and man-made fermentation conditions gave us hints about its
physiology, however many existing assumptions about yeast biology might not
be true for its natural environment (Goddard and Greig, 2015).Thus, the study
of its wild life might shed light on the selective pressures that shaped the yeast
form and will hopefully help us better understand yeasts inner workings.
Interestingly, out of the ca. 6000 genes identified in the S. cerevisiae
genome, only about 19% is essential for growth in glucose-rich medium as
single deletions (Giaever et al., 2002). Thus, we are yet to find the functions of
many of these genes and conditions in which they are important for the
survival of the cell, and the knowledge of a broader biological context might be
instrumental in understanding these functions.
The natural environment and some aspects of yeast's wild life
Many laboratory experiments involve growing yeast cells in stable conditions,
at temperatures ranging from 25 to 30°C, with high nutrient availability,
including high glucose concentrations. However, yeast was most likely
adapted to live in a fluctuating environment. Moreover, while it thrives in manmade fermentation mixtures we might know very little about its actual
ecological niche (Goddard and Greig, 2015).
S. cerevisiae is most commonly isolated from oak bark and surface of fruits,
however it does not seem to be the most abundant species in these habitats
(Kowallik et al., 2015; Taylor et al., 2014). In some cases, the apparent
abundance of yeast in these habitats might stem from the method of isolation,
which selects for species positive for the Crabtree effect: the ones which favor
fermentation over respiration in a sugar-rich environment, leading to rapid
production of alcohol (as highlighted by Goddard and Greig, 2015). One of the
prevailing views is that Crabtree effect evolved as a tool to outcompete other
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microbes in the community by producing alcohol, which is toxic for many
microbes, but not the alcohol-producing yeast species (Buser et al., 2014).
Interestingly, budding yeast was found to inhabit guts of insects, such as fruit
flies and social wasps (Dapporto et al., 2016; Reuter et al., 2007). Moreover,
yeast might attract these insects by the volatile substances it produces in the
process of fermentation (Buser et al., 2014). These and other observations
raise a possibility that fermentative activity of S. cerevisiae was not primarily
(or not exclusively) selected to suppress the growth of other microbial species
in its vicinity (as in man-made fermentations). Indeed, insects enable
spreading of budding yeast between different habitats, promoting interactions
with microbes from multiple environments and finally serve as a natural
reservoir of S. cerevisiae over all seasons of the year (Stefanini et al., 2012;
Stefanini et al., 2016). Interestingly, presence of certain bacteria in the vicinity
causes yeast to circumvent its preference for glucose fermentation and
enables utilization of multiple carbon sources simultaneously (Jarosz et al.,
2014a). Thus, the life of budding yeast might be much more complex than
anticipated, including communication with species from all domains of life.
Hybridization of budding yeasts
Importantly, both in the insect gut and 'classic' habitats such as oak bark, S.
cerevisiae can coexist with other closely related budding yeast species,
together classified in the Saccharomyces sensu stricto complex (Borneman
and Pretorius, 2015). Comparative genomics of this group revealed ample
hybridization events, with a notable example of S. pastorianus, the
domesticated, lager brewing yeast, suggested to be a hybrid of the S.
cerevisiae and S. eubayanus (Baker et al., 2015; Scannell et al., 2011). The
hybridization is one of the processes thought to influence differentiation and
speciation in some of the evolutionary lineages, before the definitive
reproductive isolation (Abbott et al., 2013). Together with Drosophila and
Schizosaccharomyces, Sacharomyces is one of the few genera in which we
know so many related species for which the extensive genomic data is
increasingly available (Scannell et al., 2011). The ease of working with
budding yeast and its relatively simple genome, makes it amenable for
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experimental evolution studies and might help us to shed new light on
hybridization and other processes shaping speciation and reproductive
isolation in general.
Even without all the above considerations, budding yeast can withstand a
variety of environmental stresses and growth conditions in the laboratory
(Giaever et al., 2002). The survival strategies might differ between the different
types of stress and rely primarily on the adaptive capabilities common to all
the cells (hyperosmotic stress; Nevoigt and Stahl, 1997)) as well as benefit
from age-related differentiation, where older cells are more resistant to stress
at the cost of their growth rate - thus some kind of bet-hedging strategy (in the
case of heat stress; Levy et al., 2012). Moreover in some cases budding yeast
cells engage in cooperative behaviors, such as formation of colonies or
flocculation (Brückner and Mösch, 2012; Campbell et al., 2015; Váchová et al.,
2011).
Taken together, it is becoming increasingly clear that both wild and inner life of
budding yeast is much more intricate than commonly regarded. Moreover, in
order to fully appreciate and understand the biology of budding yeast it might
be important to characterize its wild life in greater detail.
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1.2 Replicative aging as a consequence of the asymmetric cell division
Asymmetric cell division in S. cerevisiae
Both haploid and diploid form of the budding yeast divides by forming a new
compartment (bud) on the surface of the mother cell. This differs from some of
the other unicellular eukaryotes, which during the cell cycle increase in size to
later divide in half, giving rise to two morphologically similar daughter cells.
Division of budding yeast produces two cells of unequal size and potential:
daughter cells are smaller and need to grow to acquire critical cell size before
they enter the mitotic cycle and mothers can immediately start forming the
next bud. Moreover, many factors considered to be toxic for the cell are
retained in the mother (Henderson and Gottschling, 2008). Thus, daughter
cells are given a fresh start, mostly free of their mother's past.
Yeast replicative aging
Strikingly, the various factors retained in the mother cell accumulate with each
subsequent cell division, leading to its deterioration, aging and death
(Henderson and Gottschling, 2008). This process is termed replicative aging
— as the rate of mortality of mother cells increases with their age — and can
be viewed as a consequence of producing rejuvenated daughter cells
(Mortimer and Johnston, 1959). Indeed, while mother cell can produce only a
limited number of daughters before it ages and dies, most of its daughters can
enjoy full replicative potential, at the cost of the mother retaining the aging
factors.
The complex phenotype of old cells
During the subsequent divisions of their lifespan mother cells undergo many
changes, long before they stop to divide and die. One of the most visible
features is the increase in size with every cell division and increased division
time towards the end of life (Denoth Lippuner et al., 2014; Lee et al., 2012).
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Moreover, old cells can enter into senescence with very distinct morphologies:
producing elongated buds, forming extended structures of connected cells or
arresting in unbudded state (Lee et al., 2012).
The underlying causes of these morphological changes are not clear, however
they partially mimic the phenotypes observed upon decreased activity of
Hsp90 chaperone or defects in the assembly of the septin ring normally
present at the bud neck (Hsieh et al., 2013). Moreover, some results suggest
that aging involves not only a decline in viability. Middle-aged cells (ca. 8
divisions old) were shown to be the most resistant to UV irradiation (Kale and
Jazwinski, 1996) and old cells were also suggested to be more resistant to
heat shock, through accumulation of trehalose (Levy et al., 2012). Moreover,
wild populations of yeast were suggested to benefit from the presence of aged
cells, as the ones, which already encountered many stresses in the fluctuating
environment and adapted to them (Denoth Lippuner et al., 2014).
Although most of the aging factors and phenotypes are efficiently retained in
the mother cell, daughters of very old mothers feel the burden of their mother's
age. Daughters born in the last 3-5 divisions before replicative senescence
inherit mother’s age, are much bigger, suggesting that retention of the aging
factors may decline in the end of the lifespan (Kennedy et al., 1994). Thus, it
would be interesting to test if mother cells could share some of their peculiar
phenotypes with the oldest daughters.
Age-related sterility
One of the most striking phenotypes of old cells is their inability to mate, i.e.
sterility (Müller, 1985). This phenotype was later explained by their insensitivity
to mating pheromone, attributed to the loss of transcriptional silencing at the
silent mating type loci HML and HMR (Smeal et al., 1996). Indeed, loss of
silencing at the HML and HMR leads to the simultaneous expression of the a1
and "2 protein, and activation of a diploid-like transcription profile, leading to
the complete inability to respond to mating pheromone, as discussed in
section 1.1.1 (Rine and Herskowitz, 1987). Consistently, deletion of the HML
locus in MATa cells (and therefore loss of the only copy of !2 present in the
cell) restored the capability of old MATa cells to respond to pheromone (Smeal
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et al., 1996). Silencing at the HML and HMR is controlled by Sir2 deacetylase,
and the pheromone insensitivity of old cells could be caused by the agerelated decline of Sir2 levels (Dang et al., 2009; Lindstrom et al., 2011) and its
relocalization to the rDNA array (Kennedy et al., 1997). Moreover, it was
proposed that aging would involve a global loss of Sir2-mediated silencing
(Dang et al., 2009).

Figure 1.4 Selected aspects of yeast aging
In the process of aging cells accumulate aggregated proteins and extrachromosomal rDNA
circles. DNA circles are retained in the mother cell via their attachment to nuclear pores and
restricted diffusion of pores through the diffusion barrier located at the bud neck. Ageassociated deposit (aggregated proteins) is tethered to the ER membrane via Ydj1 cochaperone and retained in the mother due to the diffusion barriers at the bud neck. Increased
cytosolic pH, leads to decreased vacuolar acidity and in consequence to the loss of
mitochondrial membrane potential. Details and references in text. Adapted from (DenothLippuner et al., 2014; Denoth Lippuner et al., 2014).

Selected factors contributing to the replicative aging in budding yeast
and the mechanisms of their retention in the mother cell
Although, yeast replicative aging is often primarily attributed to formation and
accumulation of non-chromosomal rDNA circles (Sinclair and Guarente, 1997),
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multiple other processes significantly contribute to the high mortality of old
cells. Moreover, some of them, such as the loss of vacuolar acidity, occur as
early as in the first 4 divisions (Hughes and Gottschling, 2012). Loss of the
vacuolar acidity was attributed to the accumulation of the plasma membrane
proton ATP-ase Pma1 in the mother cell (Henderson et al., 2014). The
increased activity of Pma1 leads to the increase in cytosolic pH, leading to the
decreased amount of protons available for the vacuolar proton ATP-ase to
acidify the vacuole (Henderson et al., 2014). Loss of vacuolar acidity causes a
decline of its capacity to store basic and neutral amino acids. The release of
amino acids from the vacuole in old cells leads to a decline of mitochondrial
potential (Hughes and Gottschling, 2012).
Extrachromosomal rDNA circles
Extrachromosomal rDNA circles (ERCs) pop out from an array of tandem
rDNA repeats located at chromosome XII, as a side effect of the DNA repair
They are able to replicate and their formation is rapidly followed by their
accumulation

(Sinclair

and

Guarente,

1997).

Moreover,

they

are

asymmetrically segregated and their accumulation in the mother cell correlates
with aging (Sinclair and Guarente, 1997). Interestingly, presence of any nonchromosomal DNA circle, which does not contain any additional partitioning
sequences, shortens replicative lifespan, suggesting that the mechanism of
ERC toxicity is not dependent on their sequence (Falcón and Aris, 2003). Over
the years various models for the retention of non-chromosomal DNA circles
and their toxicity were proposed. Although the geometrical constraints of the
yeast nucleus contribute significantly to the retention of the DNA circles in the
mother cell (Gehlen et al., 2011), they do not guarantee the exquisite fidelity of
their retention in the mother cell. Faithfull retention of DNA circles in the
mother cell requires their tethering to nuclear pores complexes (NPCs) via the
SAGA and TREX2 complexes (Denoth-Lippuner et al., 2014) and the retention
of NPCs by the diffusion barrier in the nuclear envelope (Shcheprova et al.,
2008). Interestingly, attachment of the circles to the NPCs leads to the
accumulation of the NPCs in old cells, leading to the enlargement of the
nucleus (Denoth-Lippuner et al., 2014).
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We still do not understand how DNA circles contribute to the mortality of the
mother cell. The early hypothesis included that DNA circles would attract
replication

and

transcription

factors,

titrating

them

away

from

the

chromosomes (Sinclair and Guarente, 1997). However, basing on the fact that
DNA circles cause retention and clustering of the nuclear pores in the mother
cell it was suggested that ERCs might affect the functionality of the pores
(Denoth Lippuner et al., 2014b)
Aggregated and damaged proteins
Early observations showed that oxidatively damaged proteins accumulate in
the mother cell during aging and that, similarly to the ERCs, they segregate
asymmetrically during mitosis (Aguilaniu et al., 2003). Later studies on heatshocked aggregates and model misfolded proteins showed that cells collect
aggregated and misfolded proteins into major defined deposits, such as IPOD
(Insoluble protein deposit) or JUNQ (Juxta-nuclear protein quality control
compartment, Kaganovich et al., 2008). These model substrates are collected
and sorted between the different deposits by Hsp42 and Sis1 chaperones
associated with Btn2 or Cur1 proteins, respectively (Malinovska et al., 2012).
In consequence, aggregated proteins, including some prion proteins, are
directed to IPOD, while misfolded proteins accumulate in JUNQ (Kaganovich
et al., 2008; Malinovska et al., 2012). Consequently, the collection and
sequestration of the misfolded proteins in these deposits leads to their
retention in the mother cell. Moreover, it was shown that misfolded proteins
are cleared from the buds by the attachment of aggregates to actin cables and
their retrograde transport to the mother cell, which is dependent on Hsp104
chaperone and Sir2 (Erjavec et al., 2007). The fact that deletion of the Hsp104
disaggregase shortens replicative lifespan suggests that even in the absence
of stress protein aggregates may be a burden for the cell (Erjavec et al.,
2007).
However, not many studies focused on the age-associated protein deposits
and it is still not very well understood, what kind of proteins accumulate in old
cells. Recent work in the Barral lab showed that Hsp42 collects ageassociated protein aggregates into one deposit occupied by Hsp104 and
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partially Ssa1/Hsp70 chaperone (Saarikangas and Barral, 2015). Cells lacking
Hsp42 have a profoundly extended lifespan, consistent with the idea that
collection and accumulation of the aggregated proteins would shorten the
lifespan of the mother cell (Saarikangas and Barral, 2015). Moreover, tethering
of the smaller aggregated species to the ER membrane by the farnesylated
Ydj1 chaperone and the presence of the diffusion barriers in the nuclear
envelope and the ER ensures their retention in the mother cell (Saarikangas et
al., 2017).Finally, the presence of the age-associated protein deposit
correlated with the increased ability to degrade ubiquitylated proteins by the
proteasome and old cells could efficiently clear heat shock-induced
aggregates (Saarikangas and Barral, 2015).
The previous results of the lab showed, that diffusion barrier in the cortical ER
(Luedeke et al., 2005) is required for the retention of the misfolded ER-luminal
and ER-membrane proteins in the mother cell (Clay et al., 2014). Conversely,
the tunicamycin-induced ER stress accelerated aging in a diffusion barrierdependent manner (Clay et al., 2014). Thus, different kinds of aging factors
are retained in the mother cell by a common mechanism, involving their
tethering to the membrane and retention by the sphingolipid-based diffusion
barriers located at the bud neck (Clay et al., 2014; Denoth-Lippuner et al.,
2014; Saarikangas et al., 2017; Shcheprova et al., 2008).
Asymmetric division as a mechanism of cell rejuvenation in other
organisms
As highlighted above, yeast produces a rejuvenated cell lineage by retaining
aging factors in the mother cell. Asymmetric segregation of damaged material
has been also found in other organisms, including the morphologically
symmetrical ones.
Fission yeast Schizosaccharomyces pombe divides symmetrically and for a
long time has been thought to not age at all. Indeed, recent reports showed
that under normal growth conditions it is not possible to distinguish the aging
lineage (Coelho et al., 2013). However, after heat-shock the newly formed
aggregates of misfolded proteins coalesce into one aggregate, which remains
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in only one cell after the division and reduces its replicative lifespan (Coelho et
al., 2013, 2014).
More recent work showed that mouse neural stem cells segregate
asymmetrically ubiquitylated proteins (Moore et al., 2015). Similarly to budding
yeast,

the

retention

of

the

aggregates

correlated

with

the

lateral

compartmentalization of the ER membrane (Moore et al., 2015). Such
asymmetric segregation was also shown for damaged mitochondria during
division of the mammary epithelial stem-like cells. In this case, one of the two
daughter cells received less of the aged mitochondria and retained the stemcell character. Consequently, failure to asymmetrically segregate aged
mitochondria resulted in the loss of stem-like properties in both of the
daughters (Katajisto et al., 2015).
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1.3 Protein aggregation as an adaptive mechanism
As emphasized in the first part of the introduction yeast cells can find
themselves in different ecological niches, characterized by various parameters
such as: nutrient availability, presence of toxic compounds or other microbes
as well as temperature fluctuations caused by the day-night cycles. In order to
survive in these different environments yeast can employ various short- or
long-term adaptive mechanisms. Long-term adaptation to stress or a new
environment may include for example transient duplication of a specific
chromosome (Yona et al., 2012) or the protein-based mechanisms such as
prions (Garcia and Jarosz, 2014). As a fast emerging field - of not only
budding yeast biology - these protein-based adaptive mechanisms will be the
focus of this chapter.
Yeast prions
Yeast prions are classically described as protein-based heritable elements,
which appear through conformational change and aggregation of normal
cellular proteins. A key feature of fungal prions is that the conformational
switch they undergo seems to be self-templating and relatively stable over
several cell divisions, enabling their propagation in the population and, in
many cases, long-term change in cell's phenotype (Garcia and Jarosz, 2014).
Many of the prions form insoluble amyloid aggregates, with well-studied
examples of [PSI+] and [URE3], the prion forms of Sup35 and Ure2 proteins,
respectively. [PSI+] formation leads to the inactivation of Sup35 translation
termination factor, read-through at stop codons and thus suppression of
nonsense mutations (Masison et al., 2000). Ure2 is a transcriptional regulator
required for nitrogen catabolite repression, and switch to [URE3] releases this
catabolite repression (Masison et al., 2000).
The amyloid-forming propensity of fungal prionogenic proteins comes from
their low-complexity domains, enriched for polar amino acids such as
glutamine (Q) or asparagine (N) (Halfmann et al., 2011). Importantly, some of
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the newly identified prions do not contain low-complexity sequences and do
not form insoluble aggregates: one of the examples being [GAR+] which was
attributed to stable association of two distinct proteins: Pma1 and Std1 (Brown
and Lindquist, 2009).
Yeast prions are transmitted to the daughter cell during regular cell division
and between two cells during mating, leading to a rapid switch of the
preexisting non-prion form to the prion conformation (Satpute-Krishnan and
Serio, 2005). Prion states are dominant and segregate in a non-Mendelian
manner during meiosis. In case of aggregate-forming prions, such as [PSI+],
their propagation depends on the activity of the Hsp104 molecular chaperone
and the balance between Hsp104 and Hsp70 chaperones (Newnam et al.,
2011). It is thought that shearing of the bigger aggregates by chaperones
produces smaller aggregates, which diffuse to the daughter cell and serve as
seeds for the further self-templating nucleation of the aggregates. It was
suggested that during mild heat-shock some of the [PSI+] prion strains are lost
due to the imbalance between grossly overproduced Hsp104 and Hsp70
chaperones, which normally would cooperate in shearing of the aggregates.
The chaperone imbalance leads to the failure to cleave aggregates and
retention of the prion element in the mother cell (Newnam et al., 2011).
Moreover, the induction and stability of [PSI+] depends greatly and is
accelerated by the presence of [PIN+] factors including the prion form of the
Rnq1 protein (Derkatch et al., 2001).
Thus, prion elements are metastable and seem to be dependent on the
cellular chaperones, stress response machinery and other prions.
Yeast prions as phenotypic modifiers
The initial description of prions as "infectious" elements — stemming from their
ability to transmit the prion conformation to the "normal" soluble protein,
similarity to the disease-causing mammalian prion element — perhaps reflects
well the notion that their apparent benefit for the cell cannot always be easily
identified. Indeed, the consequences of their presence might depend on the
genetic background and in some conditions lower cell's fitness (True and
Lindquist, 2000; Wickner et al., 2011). For example presence of [PSI+]
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negatively affected cell growth on media containing 5 mM ZnCl2 in all of the
genetic backgrounds tested (True and Lindquist, 2000). However, the growing
body of evidence points to many beneficial (adaptive) roles of fungal prions.
The switch of the Sup35 to the prion form [PSI+], leads to its inactivation and
causes read-through of the stop codons and translation of the 3' UTR's
(untranslated regions) resulting in the extension of the produced proteins at
their C-termini. Thus, this prion has the potential to drastically change the
proteome of the cell it is in and produce novel heritable phenotypes.
Comparison of [PSI+] and [psi-] (non-prion) derivatives of various yeast
strains, revealed great variability in the effects that prion element exerts on
cells phenotype. Depending on the genetic background, in some strains [PSI+]
improved their resistance to a given stress, while in other its presence was
deleterious or neutral (True and Lindquist, 2000). Thus, [PSI+] could unleash
phenotypic variation by modifying the expression of the genotype, leading to
appearance of new traits, which could improve yeast's survival under different
selective pressures encountered in a fluctuating environment (True and
Lindquist, 2000).
Considering their infectious, phenotypically dominant nature and unsure
benefit, it is conceivable that the induction and loss of specific prions might be
regulated in response to the environment. This could be selected so the
appearance of new traits occurs mostly when cells cannot cope with stress
and minimize their cost in the time when they are not essential, tuning to the
current ecological niche of the cell (as highlighted in Jarosz et al., 2014b).
Indeed, induction of [PSI+] increased several times in some stressful growth
conditions and with the severity of the stress, for example in media with
increasing concentrations of various salts (Tyedmers et al., 2008).
Another example of a prion element responding to environmental cues is
[MOT3+], the prion form of the Mot3 transcriptional regulator. Mot3 regulates
expression of FLO11, a gene responsible for invasive growth, biofilm formation
and flocculation (Brückner and Mösch, 2012; Váchová et al., 2011). [MOT3+]
induction increased the expression of FLO11 and enabled cells to perform
invasive growth on poor nitrogen source and to form biofilm-like structures on
semi-solid media, but it decreased their flocculation in liquid media (Holmes et
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al., 2013). Comparison of the effects of [MOT3+] and MOT3 gene deletion,
hinted that switch to the prion form involves not only inactivation of the protein,
but also some gain of function, hypothesized to happen through cosequestration of another transcriptional regulator (Holmes et al., 2013). The
spontaneous switching of Mot3 to the prion form occurs in less than 0.01% of
cells, but it is increased 10-fold in 12% ethanol. Interestingly, hypoxia reverts
the [MOT3+] cells to the non-prion state, by repressing the MOT3 expression.
This together was suggested to form a bona fide aggregation cycle of Mot3,
where the prion form is induced during fermentation as the alcohol content
increases and cured when cells switch to respiration (Holmes et al., 2013).
Induction of [MOT3+] by ethanol seems to be rather low, however it is
tempting to speculate that the very few cells, which do acquire the prion state,
could have such an survival advantage to preserve the population in severe
stress.
[GAR+] is another example of a more recently identified prion. Its formation
depends on the interaction between Pma1 and Std1, two proteins residing in
the plasma membrane, and circumvents the glucose repression (Brown and
Lindquist, 2009). Budding yeast prefers glucose as the carbon source and
presence of glucose represses usage of non-fermentable carbon sources such
as glycerol. Similarly, presence of even trace amounts of glucose analog
glucosamine virtually prevents utilization of other carbon sources in the
medium. [GAR+] circumvents this glucose repression and allows yeast to
utilize multiple carbon sources in the presence of glucose (Jarosz et al.,
2014b). Interestingly, the frequency of [GAR+] appearance increases in the
presence of certain bacteria, which induce it by secretion of lactic (Garcia et
al., 2016; Jarosz et al., 2014a). The acquisition of the [GAR+] phenotype by
yeast could be mutually beneficial: improving survival of the prion-inducing
bacteria, due to the decreased alcohol production by the yeast and by
improving yeast's ability to utilize multiple carbon source at once (Garcia et al.,
2016; Jarosz et al., 2014a).
[MOD+], the prion form of a tRNA isopentenyltransferase Mod5, possesses all
the traits of amyloid-forming prions, such as formation of SDS-insoluble
aggregates, dependence on Hsp104 for propagation and ability to infect the
non-prion form of the protein (Suzuki et al., 2012). However it does not contain
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any apparent Q- or N-rich sequences. [MOD+] state seems to decrease the
Mod5 activity which leads to decreased levels of the isopentenyladenosine in
tRNA. Substrate of this reaction, dimethylallyl pyrophosphate (DMAPP), is
used also in sterol biosynthetic pathway and [MOD+] cells contain increased
levels of ergosterol. Consequently, [MOD+] cells are resistant to fluconazole,
ketoconazole and other agents inhibiting ergosterol production (Suzuki et al.,
2012).
Apart from the above, fairly well characterized examples of prions, many more
are emerging, including prion-like states which molecular constituents are yet
to be identified. For example, the [KIL-d] element modifies the phenotype of
yeast infected with the killer virus (Suzuki et al., 2015). The killer virus is
bipartite: the L-A helper virus does not confer a visible phenotype but is
needed for the expression of the M dsRNA virus encoding the preprotoxin.
Upon secretion, the preprotoxin turns into a toxin, which kills neighboring noninfected yeast and is benign for the infected yeast which are resistant to the
toxin (Schmitt and Breinig, 2006). The phenotypes of [KIL-d] yeast are variable
and include yeast with or without killer activity and high or weak resistance to
the toxin in various combinations. Moreover upon meiosis [KIL-d] diploids
displaying normal killer phenotype produce progeny with varied defective killer
and resistance phenotypes. Only recently, [KIL-d] state has been shown to be
protein-based and the associated phenotypes were attributed to the increased
mutation rate in the viral genes. Thus, it was proposed that [KIL-d] could act as
a cellular defense mechanism, which inactivates the virus by catastrophic
mutagenesis of the viral genome (Suzuki et al., 2015).
In summary, the set of examples presented above, supports the view that
prion elements can be very potent modifiers of the phenotype, both in shortand long term. It also suggests that the future investigations of prion-like
elements should be open to novel, peculiar modes of prion formation.
Additionally prion induction can be dependent on different abiotic and biotic
environmental factors. Finally, it can lead to cooperative behaviors between
the cells, both within the same species and between species from different
domains of life, as well as confer resistance to viral elements.
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Non-prion low-complexity proteins
A recent screen identified around 200 potentially prionogenic proteins
containing low-complexity glutamine and asparagine-rich sequences (Alberti et
al., 2009). Some of them were later shown to be bona fide prions ([MOT3+],
described above), but many did not form SDS-resistant amyloid aggregates
and it is also not known if they can form any stably propagating prion states.
Interestingly, the aggregative potential of certain proteins may differ between
the homologues from different species. The low complexity domain of the cell
wall stress MAP kinase Slt2 includes a continuous stretch of glutamines (Q)
encoded by CAA and CAG codons. In S. cerevisiae this stretch contains 16Q,
while in other species of the Saccharomyces sensu stricto group it contains
only 8 to 11Q. Moreover, the same region was found to be polymorphic in two
different strains: a clinical isolate and a wine making strain, measuring up to
18Q. The expansion of the sequence encoding the Q-stretch was common
across a number of clinical isolates and in some cases estimated to encode 38
and more glutamines (De Llanos et al., 2010). Due to the unstable nature of
such repetitive, microsatellite regions, their expansion might be quite rapid
and, if providing a selective advantage, be promoted in certain environments
(De Llanos et al., 2010). It is not known how the glutamine-rich region would
influence Slt2 activity, but some of the clinical isolates showed also hyperphosphorylation of Slt2, suggesting a constitutive activation of the cell wall
integrity pathway, which could result in a more robust cell wall (De Llanos et
al., 2010).
Moreover, some low-complexity proteins undergo phase-separation, forming
liquid droplets in vitro (Kato et al., 2012; Patel et al., 2015; Riback et al., 2017).
Similar mechanism was proposed to underlie the formation of processingbodies (P-bodies). P-bodies form upon stress, such as glucose starvation and
contain various factors, including low-complexity proteins containing RNAbinding domains such as Pab1 (Riback et al., 2017). Formation of P-bodies is
thought to facilitate translational repression of certain mRNAs upon various
stresses, which might be important during long periods of starvation and
quiescence (Cai and Futcher, 2013; Ramachandran et al., 2011). Interestingly,
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the fluid state of P-bodies has to be controlled by the Hsp104 disaggregase
(Kroschwald et al., 2015), suggesting that the border between the formation of
a dynamic compartment and a stable aggregates is thin.
Memorization of the past unsuccessful mating attempts by the Whi3
mnemon
As highlighted in the introduction, yeast cells can adapt to mating pheromone
through a number of mechanisms, which mostly involve the attenuation of the
signaling pathway downstream of the pheromone receptor or the activity of the
receptor itself (shortly reviewed in section 1.1.1). However, these mechanisms
were mostly studied on the population level and often in very high pheromone
concentrations.
More recent work revealed that single cells can stably adapt to pheromone,
through aggregation and inactivation of the Whi3 protein (Caudron and Barral,
2013). Whi3 normally inhibits the entry into the S phase of the cell cycle by
translational repression of the mRNA for CLN3 (Cai and Futcher, 2013). Upon
pheromone exposure, cells initially arrest in the G1 phase of the cell cycle and
start to form the mating projection (also called a shmoo). However, after
prolonged time in pheromone they escape the pheromone induced cell cycle
arrest and start to bud instead (Caudron and Barral, 2013). Remarkably,
despite the constant presence of pheromone, the original cells continue to bud
for many generations, while all of their daughters respond to pheromone
normally. This effect correlates with formation of discreet aggregates by Whi3,
termed super-assemblies. Strikingly, deletion of the low-complexity domains of
Whi3 decreased the formation of super-assemblies and profoundly delayed
the escape from pheromone-induced cell cycle arrest (Caudron and Barral,
2013). Moreover, while some of these mutant cells were able to escape, they
were unable to form a stable adaptation and later responded to pheromone
again. Interestingly, loss of the Ssa1 chaperone accelerated the escape and
increased the number of super-assemblies. Moreover, Whi3 super-assemblies
were enriched in Ssa1, but not Hsp104 (Caudron and Barral, 2013).
Further experiments revealed that aggregation of Whi3 leads to its inactivation
and expression of Cln3. Importantly, formation of Whi3 super-assemblies does
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not prevent pheromone response all together, since 10-fold increase in the
pheromone concentration causes all of the previously adapted cells to shmoo
again. Consistently, pheromone response pathway remains active during the
escape as assayed by the nuclear accumulation of Fus3 (Caudron and Barral,
2013). Thus, in the course of the adaptation to pheromone yeast cells do not
become sterile, but only fail to arrest the cell cycle despite the presence of
pheromone. Moreover, acquisition of this adaptation did not require the
escape itself.
In summary, yeast cells can stably adapt to mating pheromone through
aggregation and inactivation of the Whi3 proteins, which is dependent on its
low-complexity domains. In comparison to prions, Whi3 aggregation is induced
very effectively, yielding the pheromone insensitivity phenotype in most cells of
the starting population. It is also highly stable, committing the adapted cells to
a long-term, memory-like switch in their phenotype (Caudron and Barral,
2013). However, as such a stable commitment could be not always desirable,
i.e. precluding any mating in case of prion-like spreading in the progeny, it is
conceivable that segregation of Whi3 aggregates must be regulated.
As highlighted in the section 1.2.2 budding yeast retains certain factors in the
mother by anchoring them in the membranes and restricting their partitioning
to the bud compartment by diffusion barriers located at the bud neck (Clay et
al., 2014; Denoth-Lippuner et al., 2014; Saarikangas et al., 2017). Fabrice
Caudron in the Barral lab found that the asymmetric segregation of the
pheromone-refractory state conferred by Whi3 super-assemblies is also
dependent on the diffusion barrier in the cortical ER (F. Caudron and Y. Barral,
personal communication). Interestingly, upon disruption of the diffusion barrier,
a number of cells could divide and form colonies in the presence of high
pheromone concentrations. These cells escaped the pheromone-induced cell
cycle arrest constantly and were therefore termed 'constitutive escapers' (F.
Caudron and Y. Barral, personal communication). A manual screen performed
by Daria Zinne a former semester student in the Barral lab revealed that at
least 5 other low-complexity proteins form foci or other unusual structures in
constitutive escapers (D. Zinne, unpublished). These results raise a possibility
that Whi3 is not the only asymmetrically segregated low-complexity protein
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and that individual yeast cells might be able to retain various other
adaptations, instead of sharing them with the progeny.
Perhaps the limited frequency with which some of the prions are induced (and
the possibility of losing them, as in the case of [MOT3+]) and mitotic retention
of mnemons are two different solutions to the same problem of enabling the
population to revert to the basal phenotype in the absence of the given stress
or stimulus.
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1.4 Motivation and aim of this work
Preliminary observations of Fabrice Caudron in the Barral lab revealed that old
cells are not completely sterile and are still able to respond to high pheromone
concentrations. Since these results directly contradicted the previous model of
age-related sterility (discussed in section 1.1.2), we decide to reinvestigate the
phenotype of old cells.
The main aim of this project was to test the hypothesis that aggregation of
Whi3 protein is the cause of the sterility of old yeast cells. Additionally different
other low-complexity proteins were tested for their role in attenuation of
pheromone response in young cells and aggregation in old cells. Moreover, in
the course of this work we tested, which factors could regulate the aggregation
of Whi3 during pheromone response.
The specific goals were the following:
- test whether Whi3 and/or other low-complexity proteins aggregate in old cells
- test contribution of the glutamine-rich domain of Whi3 to the sterility of old
cells
- Investigate potential role of Whi3 aggregation as a factor limiting yeast
lifespan
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2. Results

2.1 Aggregation of Whi3 protein causes pheromone insensitivity of old
cells
This part of the work is build on the preliminary results of Fabrice Caudron in
the Barral lab, who observed that, while old yeast cells are less sensitive to
low pheromone concentrations comparing to young cells, they fully respond to
high pheromone concentrations. Since these observations contradicted the
previous results and did not fit with the model, which attributed the agedependent sterility to the loss of transcriptional silencing at the HML and HMR
loci, we set out by reinvestigating the pheromone sensitivity of old cells.
Old yeast cells are not completely sterile
In order to investigate the pheromone responsiveness of old cells in greater
detail, we purified young and old (14 divisions old on average) MATa cells
using the Mother Enrichment Program (MEP, Lindstrom and Gottschling,
2009) and assayed their response to increasing concentrations of "-factor (10,
20 or 1000 ng/ml), as judged by formation of the mating projection. As
observed before (Smeal et al., 1996), the fraction of cells not-responding to
pheromone increased with age, as assayed at the lowest "-factor
concentration tested (10 ng/ml, Figure 2.1A). However, more, and all cells
responded efficiently when we increased the "-factor concentration to 20- and
1000 ng/ml, respectively, showing that old cells were not sterile. As a positive
control, we exposed cells to 5 mM nicotinamide (NAM) together with 1000
ng/ml "-factor. NAM inhibits NAD+-dependent histone deacetylase Sir2, an
essential factor for maintaining the transcriptional silencing at the silent mating
type loci HML and HMR (Bitterman et al., 2002). As expected, in the presence
of NAM, most cells did not form a mating projection, despite the presence of a
very high pheromone concentration. This result suggests that, if silencing at
the HM loci would be completely lost with age, as proposed before, response
to pheromone would be prevented at any pheromone concentration, which
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was not the case. Thus, old cells are still able to respond to pheromone and
their behavior does not reflect the loss of Sir2 activity at the HM loci. This led
us to re-evaluate the model that loss of silencing at HM loci is a hallmark of
yeast aging.

Figure 2.1 Old cells are insensitive to pheromone, but not sterile.
Young and old (on average 14 divisions old) MATa (yYB4172) cells were purified from 2- and
20 hours MEP cultures, respectively, and their pheromone response was tested on different
"-factor concentrations. As expected, a fraction of cells not responding to pheromone (at 10
ng/ml "-factor) increased with age. However, the fraction of not responding cells decreased in
20 ng/ml "-factor and all cells responded to 1 µg/ml "-factor. Treatment with Sir2 inhibitor
nicotinamide (NAM) prevented the response even at the highest pheromone concentration.
Bars show mean ± SD and dots represent independent experiments (n # 30 cells per
experiment). P value is a result of the two-tailed t-test.
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Silencing at the HML locus is not lost with age
In order to test whether silencing at the HM loci is stable during aging, we
made use of a fluorescent reporter constructed by a former PhD student in the
lab, Sandra Guetg (Fig 2.2A). In this strain, the !1 and !2 genes at the HML
locus are replaced with a green fluorescent protein (GFP) gene placed under
the strong (GPD) promoter, which should give a robust GFP signal in cells that
lost silencing. Indeed, when we artificially de-silenced this locus by addition of
NAM, cells showed high GFP expression (Figure 2.2A, right panel).
To obtain a spectrum of cells of different age, this strain was loaded into a
microfluidic dissection platform, which selectively retains bigger mother cells
while flushing out their daughters away via a continuous flow of the medium
(Lee et al., 2012). After running the microfluidic chip for 42 hours to allow the
trapped cells to divide multiple times, we obtained old mothers and some of
their accidentally retained daughters. We found that, with the exception of a
few younger cells, the GFP signal was 1.5-2 orders of magnitude lower than
the fully de-repressed state (NAM; fig. 2.2A and B) and, importantly, this signal
did not change with age (Fig 2.2B). These data suggested that the HML locus
remains robustly silenced throughout the lifespan.
To further test the de-silencing model, we assayed the pheromone response
of MATa cells lacking the "-genes at the HML locus. If pheromone insensitivity
of old cells would be caused by the loss of silencing, deletion of the HML"
would restore their responsiveness to the level of young cells. We exposed
young and old hml" (hml::GFP reporter strain described above) cells to 10, 20
or 1000 ng/ml "-factor along the wild-type cells shown in figure 2.1.
Interestingly, both young and old hml" cells were more sensitive to
pheromone. However, their ability to respond still decreased with age (Fig.
2.2C). As expected, hml" cells remained sensitive to pheromone when Sir2
function was inhibited with NAM. In summary, the data are consistent with a
model where silencing at the HM loci remains stable in old cells, opening the
possibility for an alternative explanation for pheromone insensitivity of old
cells.
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Figure 2.2 HML locus remains silent during aging and MATa cells lacking HML
still become insensitive to pheromone with age.
(A) Example sum projections of hml::prGPD-yeGFP3 (yYB6829) cells showing that in both
young and old (asterisk) cells the GFP signal was low in comparison with the same cells
treated with Sir2 inhibitor NAM. Cells were kept in the microfluidic device for ~42 hours,
allowing some of the original cells to age. The resulting cohort of old and young cells was
measured for expression of the GFP reporter (left panel), next the same cohort was flushed
with NAM containing media for 4 h 40 minutes (right panel). The scale bars represent 5$m.
(B) Quantification of the GFP expression in untreated and NAM-treated cells of different age.
Only few untreated young cells showed GFP expression comparable to the derepressed
state, and there was no increase of the signal with age (n = 103 untreated cells, n = 90
treated). (C) Cells lacking the ! genes at the HML still become insensitive to pheromone with
age (at 10 ng/ml "-factor). Pheromone response of young and old hml" (yYB6829) cells was
assayed in parallel to the wild type (yYB4172) cells shown in fig. 2.1. Data for the wild type
cells are repeated from fig. 2.1. NAM exposure did not affect the sensitivity of hml" cells to
pheromone. Bars show mean ± SD and dots represent independent experiments (n # 30 cells
per experiment). P values are the result of a two-tailed t-test.
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Daughters of the old mothers do not inherit the pheromone insensitivity
Previous observations of the pheromone response of old cells revealed that
most progeny of pheromone-insensitive mothers does not inherit this
phenotype (F. Caudron). To quantify this, we studied the behavior of the first 3
daughters of pheromone-insensitive mothers (from figure 2.1) and indeed
found that 93% of these daughters responded to pheromone normally (Fig.
2.3). Thus, pheromone insensitivity phenotype of old cells is not passed to
their progeny. This phenotype is similar to the segregation of the adaptation
acquired as a consequence of a deceptive mating attempt in young cells
(Caudron and Barral, 2013).

Figure 2.3 The pheromone insensitivity phenotype is retained in the mother cell
(A) Example sequence showing the old mother cell (green star) and its progeny exposed to 10
ng/ml "-factor. The old mother cell ignores the pheromone and buds instead, while all its
daughters respond to pheromone by forming a mating projection. Scale bar 5 µm. (B)
Quantification of the pheromone response of the first three daughters of pheromoneinsensitive old mothers from Fig. 2.1. Plot shows mean values ± SD.

38

Whi3 aggregates in old cells
As shown in previous sections, the behavior of old cells closely resembled the
insensitivity acquired by young cells as a response to prolonged pheromone
stimulation, through aggregation, inactivation and asymmetric segregation of
the Whi3 protein (Caudron and Barral, 2013). Thus, we investigated the
hypothesis that Whi3 protein aggregates during aging and consequently
causes the attenuation of pheromone response in old cells. As a first step, we
compared the localization of a GFP tagged version of Whi3 (Whi3-3GFP) in
young and old cells purified with MEP. In young cells Whi3 localized mostly
diffusely throughout the cytoplasm with noticeable discrete foci, most likely
representing the sites in which it sequesters its target mRNAs (Gari et al.,
2001). Strikingly, about 30% of old cells exhibited very prominent foci, which
spanned 2-3 focal planes (Figure 2.4A-C).
The appearance of Whi3 foci resembled the age-induced protein deposit,
which contains certain canonical prion aggregates such as [PSI+] and
enriched in chaperones, such as Hsp104 and/or Ssa1 (Saarikangas and
Barral, 2015). To test whether Whi3 aggregates are sequestered in this
compartment, we constructed a strain containing Whi3-GFP where one of the
chaperones was tagged with mCherry (Hsp104-mCherry and Ssa1-mCherry)
and purified young and old cells as before. We found that Whi3 foci never colocalized with the Hsp104 foci and conversely there was no enrichment of
Hsp104 in Whi3 aggregates either (Fig. 2.4D). For Ssa1-mCherry, only a small
fraction of Whi3 foci colocalized with Ssa1-mCherry signal (15.4% in total and
18.2% in cells that contained both Whi3 and Ssa1 foci, Fig 2.4E and F). Thus,
Whi3 is handled differently than the prion form of Sup35 and is not
sequestered in age-induced protein deposits marked by Hsp104 (Saarikangas
and Barral, 2015).
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Figure 2.4 Whi3 protein aggregates in old cells
(A) A fraction of old cells displays bright Whi3 foci. Images show representative young (top)
and old (bottom) cells expressing Whi3-3GFP. Cells purified from 2- (young) or 20-24 h long
MEP cultures, were approximately 5- and 19 divisions old, respectively. (B). Quantification of
cells containing Whi3 aggregates from (A). Whi3 formed higher-order structures in approx.
30% of old cells. Bars represent mean and dots represent independent experiments. P value
indicates a one-tailed t-test. (C) Results of all the experiments from (B) pooled and divided
according to the number of bud scars representing the number of division a cell underwent, n
indicates number of individual cells per age category. (D) Localization of Whi3-3GFP and
Hsp104-mCherry was compared in young old cells purified as above. Hsp104-mCherry forms
foci in both young and old cells (blue arrowhead). Whi3-3GFP foci (yellow arrowhead) do not
co-localize with Hsp104-mCherry. (E) Most of the Whi3-3GFP foci do not co-localize with
Ssa1-mCherry foci (pink arrowhead). (F) 15.4% of the observed Whi3 foci show enrichment of
Ssa1 (white arrowhead). All scale bars show 5 µm.
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Removal of the glutamine-rich domain of Whi3 restores the fertility of old
yeast cells
Super-assembly of Whi3 during adaptation to pheromone depends on its two
domains, a glutamine- and asparagine-rich one. The glutamine-rich domain is
required for the formation of the adaptation, and to some extend for
maintenance of this adaptation (Caudron and Barral, 2013). Removal of this
domain prevents cells from escaping the pheromone-induced cell-cycle arrest.
Thus, in order to test if the aggregation of Whi3 is the cause of pheromone
insensitivity in old cells we tested the response of whi3-"pQ cells, lacking the
amino acids 247-288 of Whi3 (Caudron and Barral, 2013). We found that loss
of this domain largely restored the pheromone sensitivity of old cells, almost to
the level of the young cells (Fig 2.5A). Thus, pheromone-insensitivity of aged
yeast cells is caused by glutamine-rich domain-mediated aggregation of Whi3.
Whi3 aggregation shortens the replicative lifespan
Protein aggregation has been hypothesized to contribute to the functional
decline and senescence of old cells (Erjavec et al., 2007). We wondered
whether Whi3 aggregates could affect the viability of old cells. To test this, we
measured the replicative lifespan of the whi3-"pQ and wild type cells using
manual dissection (Kennedy et al., 1994) and found that deletion of the Whi3
glutamine-rich domain extends lifespan (median lifespan: 26 divisions wildtype; 29.5 divisions whi3-"pQ, Fig 2.5B). This suggests that aggregation of
Whi3 is in some way toxic for the cell.
Since whi3-"pQ are longer lived than the wild type cells, there is a possibility
that cells purified for comparison of pheromone response in the previous
section were of different relative age (i.e. comparing to their median lifespan),
complicating the interpretation of the data. We reinvestigated the pheromone
response of these strains by including an older sample, to obtain whi3-"pQ
cells matching the wild-type cells in their relative lifespan (ca. 70% of median
lifespan, approximating 17.5 and 19.5 divisions in wild type and whi3-"pQ
cells, respectively). We found that the fraction of cells not-responding in whi3-

41

"pQ strain did not increase significantly and remained lower than in the
matching wild type sample (Fig. 2.6A).

Figure 2.5 Deletion of the glutamine-rich domain of Whi3 restores the
pheromone sensitivity of old cells and extends replicative lifespan.
(A) The pheromone response of purified young (2 h MEP) and old (ca. 19 h MEP) wild type
(yYB12887) and whi3-"pQ (yYB12886) cells was tested on agar pads containing 10 ng/ml "factor. As before, the fraction of cells not responding to pheromone increased with age.
Deletion of the glutamine-rich domain of Whi3 (whi3-"pQ) largely restored the pheromone
sensitivity of old cells to the level of young cells. Bars show mean ± SEM and N indicates the
number of independent experiments. Total number of cells: n > 200 young cells, n > 170 old
cells. P values indicate the result of a two-tailed t-test. (B) Survival curves of wild type
(yYB14326) and whi3-"pQ (yYB14325) cells obtained by micro-dissection on YPD medium.
Deletion of the glutamine-rich domain of Whi3 extends replicative lifespan. The P value
indicates the result of the log-rank (Mantel-Cox) test.

Ssa1 has little effect on the age-related pheromone insensitivity
Ssa1 chaperone was shown to counteract the aggregation of Whi3 and colocalize with more than 60% of its super-assemblies in young cells during
adaptation to pheromone (Caudron and Barral, 2013). Moreover, a small
fraction of ssa1" cells contained Whi3 aggregates even without pheromone
stimulation. Accordingly 10% of young ssa1" mutant cells did-not respond to
pheromone in the microfluidic chip (Caudron and Barral, 2013). We tested the
response of old and young ssa1" mutant cells, wondering whether this strain
would gain pheromone insensitivity much faster with age. We found small
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decrease of sensitivity of this strain in comparison to the wild-type, however
the difference was not significant, in fitting with the seeming lack of strong
colocalization of aggregated Whi3 with Ssa1 in old cells (Fig. 2.6B).
Moreover, deletion of the Q-rich domain of Whi3 was in any case increasing
the sensitivity of old cells (Fig. 2.6B).
Finally, we aimed to test whether the deletion of the low-complexity domains of
Whi3 would prevent formation of foci in old cells. Preliminary data showed that
old cells lacking both Q- and N-rich domain of Whi3 (whi3-"pQpN) had slightly
less Whi3 aggregates (Fig 2.6 C, left). Moreover, the foci formed by the mutant
were smaller than the ones found in the wild type cells (Fig 2.6C, right).
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Figure 2.6. Deletion of the Q-rich domain of Whi3 increases the pheromone
sensitivity beyond the lifespan-extending effect. Deletion of SSA1 does not
influence the age-induced pheromone insensitivity.
(A) Comparison of the pheromone responsiveness of cells purified from 19- and 23 hours
MEP cultures, corresponding to average age of 18 and 20 divisions, respectively. (B)
Comparison of the pheromone response of young old cells of wild-type, ssa1% and ssa1%
whi3-%pQ strains. (C) Left: Deletion of both of the low-complexity domains of Whi3 decreased
slightly the number of old cells containing the aggregates. Cells were purified as before from
20-24h MEP cultures. Right: Classification of the aggregates in wild type and whi3-"pQpN
cells.
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2.2 Novel potential factors involved in the acquired and age-induced
pheromone insensitivity
Considering that up to 50% of the young cells lacking one or both prion-like
domains of Whi3 can still adapt to pheromone at a later stage (Caudron and
Barral, 2013), additional factors must contribute to the escape from
pheromone induced cell-cycle arrest. In fitting, deletion of the glutamine-rich
domain of Whi3 did not restore the pheromone response of old cells exactly to
the level of young cells. Notwithstanding the possibility that there are
additional mechanisms inactivating Whi3, we focused on the novel factors,
identified previously in a screen (depicted in fig. 2.7A) carried out by Daria
Zinne, a former master student in the Barral lab. The screen identified lowcomplexity proteins which changed localization in cells which upon disruption
of the ER diffusion barrier and pheromone exposure gained stable adaptation
to pheromone, named therefore constitutive escapers. The identified proteins
included: Cbk1 - a kinase regulating localization of daughter-specific
transcription factor Ace2 and Ssd1, a transcriptional repressor (Jansen et al.,
2009); Ssd1 - RNA binding protein, regulating expression of several mRNAs,
including one of the G1 cyclins CLN2 (Hogan et al., 2008); Akl1 - kinase
regulating endocytosis and cortical actin cytoskeleton (Takahashi et al., 2006),
Cdc39 - part of the CCR/NOT complex regulating mRNA transcription and
degradation (Denis et al., 2001); and Sap30 - component of the Rpd3L histone
deacetylase complex (Zhang et al., 1998).
Akl1 and Ssd1 proteins are required for efficient escape from pheromone
induced cell-cycle arrest
To test whether these proteins could be functionally important for the
adaptation to pheromone we started, by generating mutants lacking full length
ORFs of the corresponding genes, which are not essential in the s288c
background (SSD1, AKL1 and SAP30). We compared the response and
adaptation of the mutant and wild-type strains to pheromone in a microfluidic
device. The trapped (young) cells were followed for 16 hours, to allow most
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cells to escape the pheromone arrest (as described before in Caudron and
Barral, 2013). We found that all 3 mutants initially arrested in the G1 phase of
the cell cycle like wild-type cells, however akl1" and ssd1" cells were
significantly delayed in their escape from this arrest (Fig. 2.7B). Eventually,
most cells were able to escape within 16 hours. Cells lacking SAP30 escaped
the arrest with timing similar to wild type cells. These results suggest a role for
Akl1 and Ssd1 in escape from pheromone-induced cell cycle arrest.
Role of low-complexity domains of Akl1, Cbk1 and Sap30 in the
adaptation to pheromone
In case of Whi3, its low-complexity domains drive the inactivation and
formation of protein super-assemblies (Caudron and Barral, 2013). To
investigate how Akl1, Ssd1 and other candidate proteins could function during
the adaptation to pheromone we decided to construct mutant alleles of the
corresponding genes where all or part of their low-complexity sequences
(depicted in fig. 2.7A) would be replaced by a 3HA tag. All the mutants
obtained so far (akl1-"pQ2, cbk1-"pQ and sap30-"pN) were very similar to
the wild type in their pheromone response and escape from the G1 arrest (Fig.
2.7C-E). Interestingly, cells lacking the asparagine-rich domain of Sap30
(sap30-"pN) escaped with timing similar to wild-type cells, however there was
a noticeable small fraction of cells that could not maintain the adaptation (<5%,
data not shown). The other two mutant proteins, Akl1-"pQ2 and Cbk1-%pQ,
still contain additional low-complexity fragments, which could possibly regulate
their activity, thus more extensive mutants have to be tested in the future.
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Figure 2.7 Akl1 and Ssd1 are required for the normal escape from pheromoneinduced cell cycle arrest
(A) Schematic representation of selected proteins (yellow) with their low-complexity
sequences highlighted in black and grey. (B-E) Pheromone response profiles of cells exposed
to "-factor (5 nM) for 16 hours in the Cell Asic microfluidic device at the pressure of 2 Psi. (B)
Pheromone response of wild type, akl1", ssd1" and sap30" cells was compared. All strains
responded to pheromone normally, however akl1" and ssd1" cells displayed a significant
delay in the escape from pheromone-induced cell cycle arrest. Cells lacking Sap30 (sap30")
differed from the wild type only slightly. (C) Cells lacking the second Q-rich domain of Akl1 did
not differ from the wild type in their response to pheromone. (D) Cells lacking the core of the
Q-rich domain of Cbk1 (marked in black in panel A) respond to pheromone normally. (E) Loss
of the N-rich domain of Sap30 does not change the pheromone response of yeast cells. (B-E)
number of cells n = 30-150 per strains.
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Akl1, Cbk1, Cdc39 and Ssd1 form higher-order structures in old cells
Having observed Whi3 aggregation in old cells, we wondered whether it is a
general feature of low-complexity proteins to aggregate with age. It is possible
that Whi3 is an isolated case and its aggregation reflects its mode of
regulation or some other specific feature of the protein. Alternatively, it is
stemming from the intrinsic propensity of the low-complexity sequences
combined with some age-related changes in the cell, such as change in the
physico-chemical parameters of the cytoplasm (for example pH) or altered
activity of molecular chaperones.
Together with a semester student, Guillaume Petit, we investigated whether
the above-mentioned candidate proteins (Fig. 2.7A), which aggregated in
constitutive escapers, behaved similarly to Whi3 during aging, forming foci.
We tagged the proteins with GFP in their native chromosomal loci and
compared their localization in young and aged cells. We found that Akl1,
Cbk1, and Ssd1 form clear foci in a fraction of old cells, while the Cdc39
formed less prominent structures (Fig. 2.8A). Some of those foci resembled
the ones formed by Whi3 (Fig. 2.4). Similarly to Whi3, the fraction of cells
containing Cdc39 and Ssd1 foci was around 30%. Foci of Akl1 and Cbk1 were
less frequent and we did not observe any change in Sap30 localization.
Nonetheless, these results raise the intriguing possibility that age-dependent
aggregation is a common feature of low-complexity proteins. Moreover, as
activity of Akl1 and Ssd1 is needed for normal pheromone response, it is
possible that their aggregation contributes to the pheromone insensitivity of old
cells.
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Figure 2.8. Multiple low-complexity proteins aggregate in old mother cells
(A) Localization of Akl1, Cbk1, Cdc39, Sap30 and Ssd1 proteins tagged with a GFP were
compared in young and old cells, purified from 1-3 h (Young) and ca. 20 h (Old) MEP cultures.
As visible on the example images all of the tested proteins except Sap30 formed prominent
foci in a fraction of old cells. All scale bars show 5 µm (B) Quantification of the results depicted
in (A). Data for Whi3 are repeated from figure 2.4. (A-B) Young cells were typically ca. 5
divisions old in average and old cells were typically 15 divisions old in average.
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2.3 Towards a mechanism of regulated Whi3 super-assembly
Aggregation is a basic propensity of low-complexity sequences. In the case of
Whi3 we identified two processes during which it aggregates (or superassembles) and becomes inactivated: deceptive mating attempts and aging.
Prolonged pheromone treatment installs memory of deceptive mating
attempts in majority of cells leading to pheromone insensitivity phenotype,
which is stable for many divisions. However it is unclear how the pheromone
signal induces the aggregation of Whi3. Thus, we attempted to unravel the
mode of regulation of Whi3 aggregation during pheromone response.

2.3.1 Role of calcium influx from the environment in the escape from the
pheromone-induced cell cycle arrest
Elevated extracellular calcium accelerates the escape from pheromone
arrest, but not through calcineurin or glutamine-rich domain of Whi3
As highlighted in the introduction, calcium influx from the environment and its
accumulation in the cytoplasm is crucial for the long-term survival of unmated
cells (Withee et al., 1997). Although it was proposed that calcium influx would
primarily stimulate calcineurin-dependent signaling, most of these studies
were performed on the population level and at very high pheromone
concentrations, where cells normally do not escape the arrest (Withee et al.,
1997).
Thus, to test whether calcium influx could be a trigger of the escape, we
followed the behavior of single cells treated with pheromone in the presence of
increasing calcium concentrations (10, 20 and 50 mM CaCl2 in YPD or
standard YPD media as a control, fig. 2.9A). We found that the higher the
concentration of calcium in the media was, the faster cells could escape the
pheromone arrest, suggesting that calcium influx could positively regulate the
escape.
To test whether this effect is mediated through activation of calcineurin, we
followed the escape of cells lacking the regulatory subunit of calcineurin
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(cnb1"). Cnb1 is normally interacting with the catalytic (Cna1 or Cna2) subunit
and is required for the enzymatic activity of calcineurin. A significant fraction of
cnb1" cells (up to 50%) was unable to escape the G1 arrest in normal
conditions, however increasing the levels of calcium in the media still
accelerated the escape (Fig 2.9B). This result shows that some cells require
calcineurin for efficient escape. Nonetheless, we concluded that the effect of
elevating the levels of extracellular calcium was not mediated solely by
calcineurin. Thus, we hypothesized that calcium influx could directly affect
Whi3 aggregation.
To determine whether elevated extracellular calcium stimulates the escape
from pheromone arrest through Whi3 super-assembly we tested if deletion of
the Q-rich domain of Whi3 alleviates the effect of calcium stimulation. We
found that whi3-"pQ cells still escaped the arrest faster upon calcium
treatment (Fig 2.9.C). Although the Q-rich domain of Whi3 was dispensable for
the effect exerted by the calcium treatment, it is possible that calcium
stimulates Whi3 inactivation by acting on another part of the protein, including
its asparagine-rich domain. Alternatively calcium stimulates another protein
required for the escape from pheromone arrest. These possibilities should be
tested in future experiments.
Aggregation of Whi3 and activation of calcineurin synergistically help
cells to adapt to pheromone
Considering that cnb1" mutant strains tend to have a higher than wild-type
fraction of cells that cannot escape within 16 hours of pheromone stimulation,
we hypothesized that Whi3 and calcineurin are parts of two different pathways
facilitating the escape from pheromone arrest. Moreover, the shape of the
escape curve of the cnb1" mutant strain revealed a sharp distinction between
cells, which could escape the pheromone arrest within the first 500 minutes of
pheromone stimulation and remaining cells, which did not escape after this
time. In contrary, the whi3-"pQ cells escaped progressively through the
experiment, suggesting that Whi3 and calcineurin are playing distinct roles in
the escape from pheromone arrest.
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In order to investigate this possibility we tested the response of the cnb1"
whi3-"pQ mutant and found that the double mutant was still sensitive to
calcium stimulation (Fig 2.7D). Moreover the double mutant tends to escape
later than single mutants in Whi3 or calcineurin, suggesting some level of
additivity between the two mutations (data not shown).

Figure 2.9 Elevation of extracellular calcium accelerates the escape from
pheromone arrest, but not through calcineurin or the Q-rich domain of Whi3.
(A) Wild type (yYB4899) cells were exposed to "-factor (5 nM) in a microfluidic device with or
without addition of calcium ions (10-, 20- or 50 mM CaCl2 in YPD or regular YPD, at 2 Psi).
Addition of calcium accelerated the escape. (B) Cells lacking the regulatory subunit of
calcineurin (cnb1") display a delay in the escape from pheromone-induced cell cycle arrest,
however addition of increasing calcium concentrations still accelerates the escape. (C)
Deletion of the Q-rich domain of Whi3 does not alleviate the effect of calcium stimulation on
the escape. (D) The double mutant lacking CNB1 and the Q-rich domain of Whi3 is
susceptible to the escape-triggering effect of elevated extracellular calcium. (A-D) Number of
cells n > 20 per strain.
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Together the above results suggest that Whi3 and calcineurin are indeed the
major triggers of the escape from pheromone-induced cell-cycle arrest.
Comparison of the effects of the two mutants suggests that Whi3 aggregation
triggers most of the early escape events, while some of the later escaping
cells rely on calcineurin for their adaptation (Fig. 2.9 B and C, compare black
curves). However, the above results do not explain how Whi3 is inactivated
during adaptation to pheromone and it is also not clear which pathway
mediates the stimulating effect of calcium on the escape from G1 arrest. In
budding yeast there are at least two major pathways mediating the influx of
calcium ions from the environment: the high affinity calcium influx system and
the low affinity calcium influx system, and CCH1 and FIG1 genes are required
for the function of the these distinct calcium influx systems, respectively
(Cavinder and Trail, 2012; Fischer et al., 1997). We tested the pheromone
response of the cells lacking either of these two genes, expecting that if the
calcium influx from the environment stimulates the escape, loss of one or both
of the calcium influx systems will delay the escape.

Loss of Cch1, the

component of the stretch-activated calcium channel did not influence the
escape in comparison to the wild type (Fig. 2.10A). Cells lacking Fig1, the
component of the low affinity calcium influx system, escaped slightly faster
than wild type cells, however they still escaped faster upon calcium treatment
(Fig. 2.10B). It is possible that the two distinct calcium influx systems are
redundant and compensate the loss of each other, however a significant
fraction of cells lacking either of the two genes lost viability during pheromone
treatment. Thus, it remains unclear how the elevated extracellular calcium
would trigger the escape.
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Figure 2.10 Loss of the components of the two calcium influx systems do not
influence the escape from pheromone induced cell-cycle arrest
(A) Cells lacking the stretch-activated calcium channel Cch1, escape the pheromone arrest
with the timing similar to wild-type cells (B) Lacking Fig1 escape slightly faster than wild-type,
however addition of calcium accelerates their escape. (A-B) Number of cells n >30 per strain.

While the effect of calcium stimulation was not alleviated by deletion of the Qrich domain of Whi3, the role of other domains of Whi3 could be tested in the
future, as well as the role of other aggregating proteins. We attempted to
connect the calcium stimulation to Whi3 aggregation by looking at the
formation of super-assemblies by Whi3-3GFP. We found that after 2.5 hours
of pheromone stimulation Whi3 appeared more punctate in the presence of
calcium (Fig. 2.11). Importantly, there was no visible change after only 1 hour
of treatment, suggesting that the effect is not caused solely by the elevated
calcium levels in the medium, but might be connected with the time spent in
the presence of pheromone.
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Figure 2.11 Calcium treatment increases the number of Whi3 super-assemblies
upon pheromone response.
Cells expressing Whi3-3GFP (yYB6518) were exposed to "-factor (7 nM) in liquid YPD
medium with or without the addition of 10 mM CaCl2. Addition of calcium (right side)
significantly increased the relative appearance and number of Whi3 super-assemblies and foci
after 2.5 hours of treatment with pheromone.

!
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2.3.2 Membrane stress as a trigger of the escape from pheromone arrest
Components of the Cell Wall Integrity pathway modulate the escape from
pheromone arrest
Apart from calcineurin, pheromone treatment activates at least one more
pathway required for long-term survival of unmated cells: the Cell Wall
Integrity pathway (CWI), which includes protein kinase C (Pkc1) and
downstream kinases Bck1, Bck2 and Slt2 MAPK (Zhang et al., 2006). Since
Whi3 contains several potential phosphorylation sites for MAP kinase (S/TP
motifs, depicted in Fig. 2.12A), Slt2 has been tested first. We found that slt2"
cells escaped slightly faster than the wild type cells (Fig. 2.12B). Additionally
many of the cells, that escaped, died within the duration of the experiment,
confirming that this kinase is required for survival of unmated cells and
suggesting that intense growth during pheromone response indeed could be a
source of stress (data not shown). If Whi3 would be a direct target of Slt2, we
would expect a delay instead of acceleration of the pheromone escape. One of
the explanations of the obtained results would be that in the absence of Slt2
membrane stress is persistent, leading to constitutive activation of Pkc1 and
its downstream kinases, which accelerates the escape. In this case Whi3
could be a target of one of those kinases, downstream of the stress exerted on
the membrane during intense growth.
In order to test whether membrane stress would indeed trigger the escape
from pheromone arrest we assayed the "-factor response in the presence of
increasing concentrations of sorbitol. High concentration of sorbitol creates a
hyperosmotic environment stabilizing the membrane and rescues cells with
defective cell wall, including mutants lacking the components of the CWI.
After the expected initial decrease in volume and cell cycle arrest, caused by
the hyperosmotic shock (Bellí et al., 2001) all the cells resumed growth and
eventually responded to pheromone. Strikingly, presence of the sorbitol
delayed the escape, consistent with the notion that membrane stretching might
trigger the escape (Fig. 2.12C). This observation suggests also that previously
observed acceleration of the escape by calcium was not caused by
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hyperosmotic shock, especially that no volume decrease was apparent at the
beginning of the calcium treatment (data not shown).
Although, we found that loss of the stretch-activated calcium channel Cch1 did
not change the timing of the escape (Fig. 2.10A), we decided to test whether
high-sorbitol could prevent the effects of the calcium stimulation (Fig. 2.12D).
Interestingly, addition of sorbitol prevented the acceleration of the escape by
calcium.
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Figure 2.12 The influence of the plasma membrane stress on the escape from
pheromone-induced cell cycle arrest
(A) Schematic representation of the Whi3 protein with the potential MAPK phosphorylation
sites (S/TP motifs, black bars). (B) Deletion of Slt2 MAPK accelerates the escape from
pheromone arrest (C) Addition of sorbitol to the media slows down the escape (D) Presence of
sorbitol alleviates the effect of calcium on the escape.
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3. Discussion
The major goal of this work was to test the hypothesis that, the pheromone
insensitivity of old yeast cells is caused by aggregation, inactivation and
asymmetric segregation of Whi3 protein during aging. Additionally, we reevaluated the model, which attributed the age-related pheromone insensitivity
to the loss of Sir2-dependent chromatin silencing. Moreover, we tested the
hypothesis that replicative aging is accompanied by aggregation of distinct
low-complexity proteins and tested the role of some of these proteins in the
adaptation to pheromone. Finally, we aimed to characterize the cues triggering
the formation of the memory of past unsuccessful mating attempts encoded by
Whi3.

3.1 Novel pathways and factors involved in the adaptation to mating
pheromone

3.1.1 Potential roles of Akl1 and Ssd1 in the adaptation to pheromone
Over the years a number of pathways were shown to be required for the longterm survival of pheromone-arrested cells and for the recovery from this arrest
(Rohrer et al., 1993; Withee et al., 1997). However, most of these studies used
very high pheromone concentrations and macroscopic assays, which (such as
the halo assay) cannot distinguish between cell death and the inability to
escape from the cell cycle arrest induced by the pheromone. To avoid these
issues, we focused on the pheromone response of single cells, as in the
previous work of the lab (Caudron and Barral, 2013). With that approach, we
shed new light on the function of factors, whose role in the recovery from
pheromone was previously identified (such as calcineurin or Akl1, fig. 2.7 and
fig. 2.9).
Among the 5 low-complexity proteins tested for their involvement in the
recovery from the pheromone-induced cell cycle arrest only Akl1 and Ssd1
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showed a clear change in comparison to the wild-type (Figure 2.7B).
Interestingly, these two proteins were also found to form prominent foci upon
pheromone stimulation (F. Caudron, unpublished data). Their known and
possible roles in the adaptation to pheromone as well as potential follow up
experiments are discussed below.
Previous work showed that cells lacking Akl1 recover slower than wild-type
from pheromone treatment, as determined assayed by the halo assay
(Caponigro et al., 1998). Consistently, deletion of the Akl1 significantly delayed
the escape from pheromone-induced cell cycle arrest (Fig 2.7B). Akl1 could
affect the escape through its role in the regulation of endocytosis (Roelants et
al., 2017; Takahashi et al., 2006). Endocytosis influences the general level of
the receptor on the surface of the cell (Davis et al., 1993), as well as mediates
the internalization of the pheromone receptor upon binding of the "-factor
(Jenness and Spatrick, 1986; Schandel and Jenness, 1994). Receptor
internalization and subsequent degradation in the vacuole modulates the
pheromone signaling and is required to tune the response of the cell to the
present concentration of the pheromone by replacing the activated receptor
with a newly synthetized one (Alvaro et al., 2014; Davis et al., 1993; Schandel
and Jenness, 1994). Thus, down-regulating the endocytosis of the activated
receptor could hamper recovery from the cell cycle arrest possibly by
amplifying the signal perceived by the cell (Alvaro et al., 2014; Rohrer et al.,
1993). Akl1 is thought to inhibit endocytosis by phosphorylating Sla1 and Pan1
proteins (Jin and Cai, 2008; Roelants et al., 2017; Takahashi et al., 2006).
Considering the above, deletion of Akl1 would cause the up regulation of
endocytosis and lead to the decreased presence of the pheromone receptor
on the surface, thus desensitizing cells to the "-factor. However, this model is
not consistent with the data showing that AKL1 deletion delays the escape
from pheromone arrest, suggesting persistent sensitivity to pheromone (Fig.
2.5B). However, it is possible that Akl1 would inhibit the constitutive
endocytosis, while promoting the ligand-mediated endocytosis of the
pheromone receptor. It was shown previously that the escape from
pheromone arrest is not correlated with a visible depletion of the Ste2 receptor
at the cell surface (Caudron and Barral, 2013). This assay could be repeated
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in the akl1" cells in order to clarify the potential role of Akl1 in the ligandinduced Ste2 internalization. Alternatively the effect of Akl1 on the escape
from pheromone arrest could be caused by its role in another process,
independent of the pheromone receptor.
In the case of Whi3, its low-complexity domains mediated the escape from the
pheromone

arrest

by

aggregation

and

inactivation

of

the

protein.

Consequently, deletion of the entire protein caused cells to respond poorly to
pheromone and escape fast. Deletion of the second low-complexity domain of
Akl1 (Fig. 2.7C) did not change the response of cells to pheromone, however
the role of the first low-complexity domains should be checked in the future.
Since deletion of the full-length Akl1 delayed the escape, it is tempting to
speculate that low-complexity domains of Akl1 would not mediate its
inactivation, but rather a gain of function.
Loss of Ssd1 also caused a significant delay in the escape from pheromoneinduced cell cycle arrest (Fig. 2.7B). The attempts to delete any of its lowcomplexity domains in the S288c background used in this work were not
successful (data not shown). However, the single deletions of these domains
were obtained in the W303 background and will be tested in the future. One of
the reasons for this could be a substantial difference in Ssd1 structure
between S288c and W303 yeast strains. S288c contains the full length Ssd1
(SSD1-V) while W303 lacks the C-terminus of the protein (ssd1-d allele,
lacking the RNA-binding domain) due to a premature stop codon (Du and
Novick, 2002; Uesono et al., 1997). The difference between the two alleles
becomes apparent upon loss of the Ssd1-inhibiting kinase Cbk1, which
deletion is lethal in the S288c background, but not in W303 (Jansen et al.,
2009; Jorgensen et al., 2002). Mutating the putative Cbk1 phosphorylation
sites on Ssd1 is also lethal (Jansen et al., 2009). If the low-complexity
domains of Ssd1 inhibit its function, their removal would be - similarly to Cbk1
deletion - lethal only in the S288c strain. Ssd1 was shown to bind multiple
mRNAs and it is thought to control the translation of several proteins involved
in the organization of the cell wall and morphogenesis of the bud (Jansen et
al., 2009). Unrestricted Ssd1 activity leads to an aberrant, very rigid cell wall,
especially at the bud site, where it slows down the bud expansion (Jansen et
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al., 2009). Among the other Ssd1-bound mRNAs, KSS1, CDC39 and CLN2
mRNAs were found (Hogan et al., 2008; Jansen et al., 2009). These 3 targets
of Ssd1 could be of interest for the study of the adaptation to pheromone for
the following reasons: Kss1 is a MAP kinase downstream of the pheromone
receptor, which inactivation slows down the recovery from pheromone arrest
(F. Caudron and F. Frei unpublished data). Cdc39 is one of the low-complexity
proteins found to aggregate both in the constitutive escapers and during aging
(F. Caudron and D. Zinne, unpublished data and Fig. 2.6 of this work,
respectively). CLN2 encodes the late G1 phase cyclin, which transcription is
activated by the transcription factors downstream of Cdc28-Cln3 complex.
Deletion of Ssd1 or its RNA-binding domain decreases the stability of CLN2
mRNA during mild heat shock (Ohyama et al., 2010). Moreover, Ssd1 can act
on transcription through its interaction with the carboxy-terminal domain (CTD)
of RNA polymerase II (Ohyama et al., 2010). It is however, not clear if
stabilization of CLN2 mRNA would promote its activity or repression and rather
reflects the cell cycle arrest and inability to enter the S phase upon stress. One
of the possible models could involve sequestration of the CLN2 mRNA,
followed by inactivation of Ssd1 and translation of CLN2. Thus, the role of
different domains of Ssd1 should be dissected. Further experiments could
include testing the role of the RNA-binding domain of Ssd1 on the escape from
pheromone and memorization of deceptive mating attempts, for example by
introduction of the ssd1-d allele to the S288c background.
If the delayed escape of the ssd1" cells would be due to the putative
downregulation of Kss1 it could be rather due to the constitutive
downregulation of Kss1, than disruption of an adaptive process. This could be
checked by assaying the sensitivity of the ssd1" cells in comparison with
kss1"

cells

on

different

low-pheromone

pheromone

concentrations.

Conversely, if Ssd1 would act primarily through CLN2, it is conceivable that
ssd1 cells would not be more sensitive to pheromone.
It is also possible that in the current experimental conditions the roles of Akl1,
Ssd1 and other proteins in the escape were partially masked by Whi3
aggregation. Deletion of the low-complexity domains of Whi3 prevents many
cells from escaping, however there is a considerable fraction (ca. 40%) of cells
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that, while greatly delayed in the timing of their escape, still manages to
escape the arrest within the 16 hours of pheromone treatment. It is possible
that in most cells Whi3 aggregation precludes any effects of the activity or
aggregation of the 5 candidate proteins. Thus, the pheromone response of the
mutants in all the 5 candidates proteins should be assayed on the background
of whi3-"pQ, in order to check if they play a role later into the pheromone
response. It is also possible that their aggregation does not influence the
escape, but is needed for the memorization of the deceptive mating attempts.

3.1.2 Potential role of phosphorylation and calcium binding in the
regulated aggregation of Whi3
In parts 2.3.1 and 2.3.2 we show that the escape from pheromone induced cell
cycle arrest can be regulated by two cues: extracellular calcium and stretching
of the plasma membrane. The aim of this part was to find potential
mechanisms regulating the formation of Whi3 super-assemblies. Although
some of the experiments in this section are admittedly crude, they do show
that escape from pheromone induced cell-cycle arrest might be subjected to
modulation. Our efforts concentrated on the role of calcium influx from the
environment. This calcium influx was previously shown to be required for the
survival of unmated cells (Withee et al., 1997).
Our experiments showed that addition of calcium to the extracellular medium
(10, 20 or 50 mM CaCl2) accelerates the escape from pheromone arrest (Fig.
2.9). Interestingly, deletion of the CNB1, gene encoding the regulatory subunit
of calcineurin, prevented some of the cells from escaping. However,
stimulation of these cells with calcium restored the timing of the escape to
wild-type. Thus, calcineurin may play a role in the regulation of the escape
from the pheromone arrest; however, it is not the only target of calcium. Thus,
we tested if calcium stimulation would work through the Q-rich domain of
Whi3. Normally, the majority of cells in this mutant do not escape the
pheromone arrest. Calcium stimulation accelerated the escape of whi3-"pQ
cells, however it did not restore its timing to wild-type. Thus, the effect of
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calcium stimulation might be partially mediated by its action on the Q-rich
domain of Whi3, but also through additional target.
Nonetheless, we observed that exposure of cells to pheromone in the
presence of calcium, even at the lowest of the concentrations tested (10 mM
CaCl2), induced formation of strong Whi3 foci (Fig. 2.11). These foci, formed
after 2.5 hours of stimulation, but not after 1 hour, suggesting that the effect of
this added calcium was dependent on prolonged pheromone stimulation. This
observation suggests that there might be another triggering factor, which is
activated later into the escape. Such mechanism, involving two triggers, could
be important for the difference between the initial response to pheromone and
later events, such as attenuation of the pheromone-receptor signaling or the
escape from G1 arrest.
Our results regarding the role of the Slt2 and Cell Wall Integrity pathway in the
escape are very preliminary and various upstream kinases in this pathway
(Pkc1, Bck1, Bck2), should be tested in the future. However, addition of
sorbitol profoundly delayed the escape, suggesting that cell may employ the
signaling pathways connected with membrane-stress to sense the time spent
in the presence of pheromone. Moreover, as highlighted before, Whi3 contains
many potential phosphorylation motifs for MAPK, thus the role of Kss1 or Slt2
kinases could be reexamined in the future.
Nonetheless, we would like to propose the general model of the regulated
aggregation of Whi3 through its phosphorylation and direct binding of calcium
ions. Whi3 does not contain any apparent calcium-binding motifs, however
phosphorylated serine residues were proposed to mediate calcium binding by
casein, leading to formation of casein micelles (Cross et al., 2005).
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3.2 Aggregation of the Whi3 protein, not loss of transcriptional
silencing, causes sterility of aging yeast cells
Silencing at the HM loci is not lost with age
Results collected in chapter 2.1 of this thesis refute an existing model and
provide a novel explanation for one of the most striking phenotypes of
replicatively aged yeast cells: their insensitivity to mating pheromone. This
phenotype was previously explained by the loss of transcriptional silencing at
the HM loci, leading to the simultaneous expression of the a1 and "2 genes
and activation of a diploid-like transcription program in the old cells (Smeal et
al., 1996). This was attributed mostly to the decreased levels of Sir2
deacetylase in old cells and relocalization of Sir proteins to the rDNA array on
chromosome XII (Dang et al., 2009; Kennedy et al., 1997; Lindstrom et al.,
2011).
Here, and in collaboration with Gavin Schlissel and Prof. Jasper Rine
(University of California, Berkeley), we showed that transcriptional silencing at
the HM loci is not lost with age (Figure 2.2 of this thesis and Schlissel et al.,
2017). We observed that the expression of a GFP reporter replacing the "genes at the HML remained low in the majority of the young cells and in all of
the old cells obtained, showing that silencing of this locus remains stable
throughout the entire replicative lifespan of yeast. This result is in agreement
with the findings of our collaborators, which used a more sensitive reporter
based on the Cre recombinase gene inserted in the place of !2. In this
system, expression of Cre results in the excision of the red fluorescent protein
(RFP)-encoding gene placed in the HO locus and expression of the GFPencoding sequence, placed downstream of the RFP (Dodson and Rine, 2015).
This leads to a switch from red to green color upon loss of silencing at HML.
Analysis of more than 1500 single cells throughout their lifespan revealed that
loss-of-silencing events are very rare and their frequency does not increase
with age (Schlissel et al., 2017). Furthermore, re-analysis of the previously
published RNA-sequencing data revealed that Sir2-regulated genes do not
show any common expression pattern in old cells and that old cells do not
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phenocopy the deletion of SIR2 in respect to their RNA-expression profiles
(Schlissel et al., 2017).
Together these data establish that many of the Sir2-regulated loci remain
silenced during aging. These findings are perhaps consistent with the previous
results, which showed that acetylation of lysine 16 of histone 4 (H4K16ac) at
the HML locus is only marginally increased in old cells, despite the fact that
Sir2 levels at the HML drop in old cells to less than 10% of the level in young
cells (Dang et al., 2009). Moreover, the same work showed a profound loss of
histones at all of the tested loci in old cells (Dang et al., 2009). This could
suggest that, despite the decreased Sir2 levels, there is still enough Sir2 to deacetylate the remaining nucleosomes and maintain the silencing of certain loci
during aging. Importantly, while Sir2 regulates most of its target loci as a
component of the Sir complex, it is also a part of the RENT (regulator of
nucleolar silencing and telophase exit) complex, which silences transcription at
the rDNA locus (Ghidelli et al., 2001). Thus, the instability of the rDNA locus in
old cells might reflect loss of the activity of Sir2 as a part of this complex.
Many of the previous conclusions regarding the importance of Sir2 for normal
replicative lifespan were drawn from comparison of aging phenotypes to the
phenotypes of sir2& cells. Interestingly, deletion of SIR2 prevented lifespan
extension in a number of long-lived mutants and lead to the suggestion that
the short lifespan of sir2& might not be caused by a simple acceleration of the
wild-type aging process (Delaney et al., 2011). Moreover, while deletion of
FOB1 restores the lifespan of sir2& cells to the wild-type level, the mutant cells
contain even less ERCs than the wild type (Kaeberlein et al., 1999). Thus, the
decreased lifespan of sir2& might be partially independent of ERC
accumulation and in the future a biochemical approach determining Sir2 roles
at various loci would be of help to dissect the roles of Sir2 at its various target
loci. Alternatively, the role of Sir2 in aging is connected with its role in the
confinement of protein aggregates. Cells lacking Sir2 fail to both confine
smaller heat-shock induced aggregates to a single deposit and do not retain
these aggregates in the mother cell (Erjavec et al., 2007; Liu et al., 2010; Song
et al., 2014). This has been attributed to the modulation of the activity of the
CCT actin chaperonin. Loss of Sir2 decreases the activity of CCT and in
consequence decreases the amount of correctly folded actin (Liu et al., 2010).
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However it is not clear how these observations relate to a normal aging
process. One of the predictions would be that as cells age and levels of Sir2
drop the retention of aggregates in the mother cells is compromised. It was
shown that old mothers share carbonylated proteins with their daughters
(Aguilaniu et al., 2003). However, this has been observed only in the oldest
fraction of mothers obtained, presumably much later than the typical onset of
the Sir2 loss (around 9 divisions old, Lindstrom et al., 2011). However, it is
possible that decline of Sir2 levels results in a defect in collection of the
misfolded aggregate proteins, that in consequence are toxic for the cell and
contribute to the age-dependent decline.
Sir2 homologs in other organisms are called sirtuins and have been studied in
Caenorhabtidis elegans, Drosophila melanogaster and mice. Sirtuins can
display various enzymatic activities such as demalonylase, deacylase,
desuccinylase, deglutarylase and ADP-ribosyltransferase apart from the
conserved deacetylase activity (Imai and Guarente, 2016). Since their
discovery sirtuins are studied as a potential target for interventions aiming at
extending human lifespan and mitigating age-associated diseases (Giblin et
al., 2014). Overexpression of homologs of SIR2 in various organisms gave
varied results in the past, with initial reports showing lifespan extension in flies
and worms (Rogina and Helfand, 2004; Tissenbaum and Guarente, 2001).
Later report failed to observe lifespan extension in these organisms upon
sirtuin overexpression (Burnett et al., 2011). However, the most recent studies
support the claim that overexpression of sirtuins extends lifespan in worms
and mice (Mouchiroud et al., 2013; Satoh et al., 2013). Interestingly this can
be achieved even when overexpression of one of the mouse homologs,
SIRT1 is performed in the brain only (Satoh et al., 2013). Moreover,
overexpression of SIRT1 can prevent neuronal cell death in mice expressing
toxic, glutamine-expanded variants of huntingtin, which interacts with and
inhibits SIRT1 (Jiang et al., 2011). However, despite various examples of antiaging properties of sirtuins it is not clear how sirtuins are connected to normal
aging i.e. whether their activity declining with age. The most prominently
studied connection between sirtuins and aging is the age-dependent decline
of NAD+, an essential cofactor of sirtuins (Imai and Guarente, 2016;
Mouchiroud et al., 2013). Conversely, supplementation with compounds
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increasing the intracellular NAD+ levels was shown to extend lifespan in
worms in a Sir2-dependent manner (Mouchiroud et al., 2013).
In summary, we found no age-related loss of transcriptional silencing at the
HML locus. Moreover, analysis of the silencing of subtelomeric genes
regulated by Sir2 revealed that old cells did not phenocopy the deletion of
SIR2 (Schlissel et al., 2017). Thus, despite the age-related decline in Sir2
levels, it is possible that, the remaining pool of the protein is still active at
certain loci. Alternatively, the decline of Sir2 activity in old cells is
compensated by other sirtuins (Hst1-4; Li et al., 2013b). Nonetheless, despite
the effect of Sir2 deletion on the lifespan, its role in the normal replicative
aging of yeast merits a closer evaluation in the future as well as the role of
sirtuins in other organisms.
Old cells are insensitive to pheromone, but not sterile
We also tested two major assumptions of the de-silencing model.
Simultaneous expression of the a- and " -genes would render cells completely
sterile and prevent formation of the mating projection independently of
pheromone concentrations. Consequently, deletion of the !-genes information
at the HML would restore fertility of old MATa cells, as shown before (Smeal et
al., 1996). We found that the fraction of the not-responding cells depends on
the pheromone concentration and that all cells respond to 1 µg/ml "-factor
(Fig. 2.1). Moreover, MATa cells lacking the !-genes at the HML locus still lost
sensitivity to 10ng/ml pheromone with age. Interestingly, we found that both
young and old hml& cells are more sensitive to pheromone than the wild type
however; the explanation for this is yet to be found.
One of the possible reasons of the discrepancies between this and previous
study might be the method of assaying pheromone responsiveness of old
cells. Previously, the pheromone response was tested by placing cells in the
vicinity of a filter paper soaked with pheromone on an agar plate. Thus, cells
were placed in a pheromone gradient, where assuring a uniform pheromone
concentration for all the tested cells might be challenging. Additionally, since
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this assay relied on obtaining cells by micro dissection, the number of
observations was very small (Smeal et al., 1996). Here, we obtained much
larger cohorts of cells and tested the pheromone response on agar pads
containing pheromone in their entire volume. Moreover, in order to explain fully
the discrepancies between the two studies, the previously used strains should
be tested under the same conditions as in our current work. Unfortunately, due
to the 20 years that have passed since the original observations, the strains
could not be retrieved (Schlissel et al., 2017).
Nonetheless, the above results demonstrate that silencing at the HM loci is not
lost with age and old cells are still able to respond to higher pheromone
concentrations.
Whi3 aggregates in old cells causing their insensitivity to pheromone
While reevaluating the pheromone responsiveness of old cells, we observed
that the pheromone-insensitivity phenotype is retained in the old mother cells
and not passed to their progeny. This striking phenotype resembles the
asymmetrically inherited pheromone-refractory state acquired by young cells
during prolonged pheromone stimulation through aggregation and inactivation
of Whi3 protein (Caudron and Barral, 2013). This observation prompted us to
test the hypothesis that aggregation and asymmetric segregation of Whi3
during replicative aging causes pheromone insensitivity of old mother cells.
We found that Whi3 indeed forms higher order structures, i.e. aggregates, in
old cells (Fig. 2.4) and that deletion of its glutamine-rich domain (whi3-"pQ)
largely restores the pheromone sensitivity of old cells (Fig. 2.5). The glutamine
rich domain contributed to most of the Whi3-mediated phenotypes during the
adaptation to pheromone in young cells, where it facilitated the inactivation of
Whi3 and release of CLN3 mRNA from its inhibition (Caudron and Barral,
2013). Thus, we propose that old cells become insensitive to pheromone via
age-related aggregation and inactivation of Whi3 (Fig 3.1). Moreover, removal
of the glutamine-rich domain of Whi3 extended the median lifespan by ca. 3
generations, raising the possibility that its aggregation lowers the fitness of the
cells (Fig. 2.5). Since the age-related pheromone insensitivity was previously
shown to scale with the lifespan of the cell (Smeal et al., 1996) we wanted to
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exclude that the higher pheromone sensitivity of the whi3-"pQ mutant is
caused solely by the lifespan extension. We found that even the mutant cells
that were older than the wild-type cells, were less sensitive to pheromone (Fig.
2.6)
Since pheromone sensitivity of the old whi3-"pQ cells is not restored
completely to the level of young cells, additional mechanisms contributing to
the pheromone insensitivity of old cells must exist. An important next step
would be to systematically dissect the contribution of other domains of Whi3 to
its inactivation, as well as contribution of other proteins which aggregate in old
cells, such as Akl1 or Ssd1. Moreover, the formation of the foci by Whi3-%pQ
should be assayed, to test if indeed restoration of the pheromone insensitivity
correlates with the decreased aggregation of Whi3.
In the course of this study, we aimed to test the contribution of the asparaginerich domain of Whi3 to the age-related pheromone insensitivity. The mutant
lacking both of the low-complexity domains of Whi3 (whi3-"pQpN) formed foci
that were smaller than in the wild-type strain and we observed a decrease in
the fraction of cell containing these foci (Fig. 2.6). We obtained only very
preliminary results regarding the pheromone sensitivity of old whi3-"pQpN,
which showed no difference in comparison to the wild-type cells (data not
shown). Thus, the phenotype of this mutant should be carefully tested in the
future.
The potential mechanism and consequences of Whi3 aggregation during
aging will be discussed in a broader context below.
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Figure 3.1 The model of Whi3 aggregation during adaptation to pheromone and
replicative aging
Left: Upon pheromone stimulation young cells arrest in the G1 phase of the cell cycle and
form a mating projections. Prolong presence of pheromone leads to aggregation and
inactivation of Whi3 and acquisition of a pheromone-refractory state (yellow cell). Both Whi3
aggregates and the adaptations are retained in the mother cell during mitosis. Young cells are
born with fully functional Whi3. Right: Aggregation of Whi3 during replicative aging. After
several divisions (in the absence of pheromone) Whi3 aggregates in the mother cell. This
results in its inactivation and leads to pheromone insensitivity of the old mother cell (yellow).
Daughters of old mother are born with functional Whi3 and respond to pheromone normally.
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3.3. Aggregation of low-complexity proteins in the context of aging,
ecology and protein-conformation diseases
Aggregation of low-complexity proteins is thought to be primarily dependent on
their intrinsic aggregative propensity. However, as highlighted in the
introduction, their assembly into higher-order structures does not always
involve formation of amyloid-like aggregates and is likely to be subjected to
regulation. Indeed multiple factors - such as molecular chaperones - affect
their folding state and the assembly of dynamic protein-based compartments
such as P-bodies is subjected to regulation, for example by protein kinase A
(Ramachandran et al., 2011).

3.3.1 The potential mechanism of Whi3 aggregation during aging
It is not clear what would cause Whi3 inactivation in old cells. Aggregation of
Whi3 during adaptation to pheromone seems to be dependent on the time the
cell spends under pheromone stimulation, however the cues mediating this
aggregation are not known yet. In young cells, aggregation of Whi3 is
counteracted by the Hsp70 chaperone Ssa1. Deletion of Ssa1 results in
formation of aggregates in a small fraction of young cells despite the fact that
they never encountered the pheromone before and it accelerates the escape
from pheromone-induced cell cycle arrest (Caudron and Barral, 2013).
However, the deletion of Ssa1 did not significantly increase the pheromone
insensitivity of old cells, suggesting that Ssa1 no longer controls the
aggregation of Whi3 as cells age and loss of Ssa1 does not increase Whi3
aggregation beyond the normal aging levels. Moreover, while 60% of Whi3
super-assemblies in young cells showed enrichment of Ssa1 (Caudron and
Barral, 2013), we observed that in old cells only about 15% of Whi3
aggregates co-localized with the Ssa1 focus.
One explanation of the above results could be that Ssa1 is no longer active in
old cells; hence its deletion has no further effect on Whi3. Alternatively, during
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aging Whi3 acquires a distinct conformation that cannot be accessed or is not
recognized by chaperones.
As shown in the section 2.2 of the results, Whi3 is not the only low-complexity
protein aggregating with age. Thus, its aggregation might be a consequence of
the intrinsic aggregative propensity and general property of low-complexity
amino-acid sequences. Formation of liquid-like compartments by lowcomplexity proteins can be modulated by various physicochemical parameters
in vitro, such as temperature or pH (Riback et al., 2017). Replicative aging
involves increase in the cytosolic pH (Hughes and Gottschling, 2012) and old
cells were suggested to accumulate trehalose (Levy et al., 2012) which can
also affect protein folding (however it is thought to stabilize heat-denatured
proteins). Thus, aggregation of low-complexity proteins in old cells might be
partially a result of the age-dependent changes in the cytosolic milieu, which
still remain largely unknown.
Some of the structures formed by Whi3-3GFP in old cells are more prominent
than ones observed during adaptation to pheromone (compare figure 2.4 of
this work vs. figure 2.11 and data from Caudron and Barral, 2013). This could
suggest that in old cells Whi3 aggregates are more solid or stable, perhaps
undergoing some kind of maturation process. Thus, further experiments on the
nature of the age-induced Whi3 aggregates could be important for
understanding the mechanism of age-related aggregation of low-complexity.
In young cells, Whi3 aggregation correlates with shifted migration in sucrosegradients of Whi3 to the higher-density fractions, suggesting its coalescence
into higher-molecular weight structures. Pheromone treatment increases also
the resistance of Whi3 to limited proteolysis, which could be interpreted as a
result of tighter interactions between Whi3 monomers (Caudron and Barral,
2013). However, Whi3 behaved unusually in SDD-AGE assay: only the protein
in its monomeric form was found and it only seemed to enter the gel upon
boiling of the extract (Caudron and Barral, 2013). These observations together
were suggested to reflect non-amyloid or hydrogel-like form of Whi3 in the
aggregates (Caudron and Barral, 2013).
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Although, the results presented in this work are consistent with the model of
the age-related inactivation of Whi3 being driven by the aggregation of its
glutamine-rich domains, the putative aggregates were only characterized via
fluorescent microscopy. Thus, their exact molecular nature remains elusive,
and it would be valuable in the future to assay the properties of Whi3 in old
cells by limited proteolysis and SDD-AGE. Due to the difficulties of obtaining
large cohorts of replicatively aged cells, these experiments might be
technically challenging, nonetheless they might shed light on the various
consequences of the presence of low-complexity sequences for a given
protein. Alternatively, the mobility of Whi3 within the aggregates and its
exchange with the cytoplasmic fraction of the protein could be measured by
fluorescent recovery after photobleaching (FRAP) analysis and compared for
example to the mobility of the chaperones in the age-associated protein
deposit described previously (Saarikangas and Barral, 2015). Finally, despite
formation of visible foci, the majority of Whi3 seems to be still located in the
cytoplasm. As the inhibitory effect of Whi3 was shown to be dose-dependent,
it is possible that stable inactivation of even small fraction of the protein could
be responsible for the phenotype conferred by the aggregates. Alternatively,
aggregates are just a terminal fate of the inactivated protein and the cytoplasm
contains smaller, oligomeric Whi3 species, which cannot be distinguished by
conventional fluorescence microscopy. Thus, the mobility of Whi3 in the
cytoplasm could be checked by the fluorescence correlation spectroscopy
(FCS).
Previous results showed the persistence of the phenotype conferred by the
super-assembly of Whi3 upon pheromone stimulation, indicating that the
super-assembled form mediated by the low-complexity domains is stable and
irreversible under standard conditions. However it is still possible that the
assemblies observed in old cells represent a distinct form of aggregation.
Since whi3-%pQ mutant extended the replicative lifespan, it is possible that
age-related aggregation of Whi3 limits replicative potential or viability of the
cell by some toxic gain-of-function - for example sequestration of other lowcomplexity proteins. Thus, it would be interesting to check whether Whi3 and
other low-complexity proteins tested in this work co-aggregate during aging.

74

Alternatively, aggregation of Whi3 shortens lifespan due to its role in
translational regulation of CLN3 (Cai and Futcher, 2013).
In summary, it is not clear why Whi3 aggregates with age. Its aggregation
might be caused by its intrinsic property to aggregate that escapes regulation
by molecular chaperones, or is facilitated by other age-related changes
occurring in old cells. Finally, it might be simply unavoidable for the mother cell
to accumulate the aggregated species of Whi3 because of their retention by
the diffusion barrier in the cortical ER (F. Caudron, personal communication).
In this view, the ability of single cells to memorize past environmental
conditions would come at a cost of accelerated aging. In support of this notion,
prolonged exposure to pheromone was previously shown to shorten replicative
lifespan (Zadrag et al., 2005). Thus, installation of the memory of past
unsuccessful mating attempts encoded by Whi3 aggregation might directly
accelerate aging. In order to test that, we aim to compare the effects of
pheromone exposure on the lifespan of wild-type and whi3-"pQ cells.

3.3.2 Whi3 aggregation in the context of its various functions
Interestingly, Whi3 has been shown to localize to P-bodies during glucose
starvation and stress granules upon heat stress (Cai and Futcher, 2013),
which might be important for the control of cell cycle progression by Whi3 in
the response to various environmental stresses and cues. Moreover Whi3
localization to these structures is not dependent on its Q-rich domain (Cai and
Futcher, 2013). Thus, Whi3 might be an interesting example of a protein,
which can integrate various inputs from the environment in several distinct
ways: forming super-assemblies to encode long-term memory of deceptive
mating attempts, sequestering CLN3 mRNA upon glucose starvation in Pbodies (Cai and Futcher, 2013), as well as regulating quiescence during
stationary phase (as suggested by Honigberg, 2016). Moreover, mutation in
the WHI3 gene was shown to prevent the invasive growth of diploid cells
(Mösch and Fink, 1997).
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Whether these various functions of Whi3 would be specifically regulated is not
clear, however the multiple putative phosphorylation sites for MAPK and PKA
could suggest involvement of these kinases in controlling the Whi3 function in
response to environmental cues or depending on the specific developmental
process carried out by the cell. Indeed, PKA was shown to phosphorylate
Whi3 in vitro and phosphomimetic mutation of the serine 568 located in the
RRM domain (S568D), prevented sporulation and invasive growth (Mizunuma
et al., 2013).
Thus, different developmental processes could be dependent on the regulation
of Whi3. Many proteins undergo process-specific regulation of their activity,
however, it is conceivable, that mutually exclusive - incompatible - functions of
a given protein exist: and that ability to perform one process might come at the
cost of another. Thus, it could be interesting to check broader consequences
of the acquisition of the memory mediated by Whi3 aggregation. For example,
it is not clear if its super-assembly would preclude recruitment of Whi3 to the
p-bodies and whether that would result in the lower survival of the memorycarrying cells during starvation.

3.3.3 Potential ecological consequences of age-related aggregation of
Whi3 and other low-complexity proteins
As highlighted in the section 1.1 of the introduction, the life cycle of wild yeasts
includes periods of proliferation in haploid and diploid forms, which are
connected by periodic mating and sporulation (Herskowitz, 1988). Abrupt
changes in the fluctuating environment, such as nutritional limitation, might
lead to a common response among the individuals in the population, such as
quiescence of haploids and sporulation of diploids. However, the wild
populations are likely to contain individuals in various stages of the life cycle.
With the inclusion of the aging process, this might lead to highly
heterogeneous and structurally dynamic populations. Moreover, in the various
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habitats it occupies budding yeast may encounter other yeast species
(Goddard and Greig, 2015; Stefanini et al., 2016). Thus, the social life of
budding yeast in the wild might be highly complex and still remain largely
secret.
Age-related pheromone insensitivity in the context of breeding behaviors
of wild yeast
It is intriguing to consider, which selective pressures shaped the lowcomplexity and other aggregation-prone proteins present in yeast and various
other organisms. Intuitively, Whi3 aggregation with age could seem like an
aberrant, "disease-like" state, where a phenotypic switch enabling cells to
adapt to pheromone is switched on as a side effect of aging to the detriment of
the mother cell. However, under certain conditions the spontaneous agerelated aggregation of Whi3 and resulting pheromone insensitivity might be
beneficial in the wild yeast population, where, at the cost of limited life-span,
aged mother cells would constitute a small fraction of cells surviving potentially
deleterious scenarios upon encountering other, genetically unrelated yeast
populations.
Wild, homothallic, budding yeast strains, switch their mating type as often as
every cell division, thus are most likely to mate with their, otherwise genetically
identical, siblings or daughters in a process known as inbreeding or haploselfing. Similarly, after the sporulation, the 4 spores coming from the same
meiotic division are more prone to mate within an ascus, a process known as
automixis (Knop, 2006; Murphy and Zeyl, 2010).However, in the wild, cells of a
given yeast population can potentially engage in mating with other, more or
less genetically distant, populations of the same species (outcrossing) or with
another species of the Saccharomyces sensu stricto complex (hybridization).
Strikingly, while outcrossing can increase the fitness of domesticated yeast
strains; it does not seem to be the case for wild yeast isolates (Plech et al.,
2014). It is possible that domestication or stable laboratory culture of S.
cerevisiae relaxed the selective pressures exerted on yeast in comparison to
the fluctuating natural environment, leading to accumulation of harmful
mutations or 'weak' alleles (Plech et al., 2014). In the wild, harmful mutations

77

would manifest themselves immediately in the haploid phase of the life cycle
and be subjected to natural selection. Thus, the periodic haploidisation might
lead to purging of harmful alleles to the benefit of the population. Taken
together, in the wild outcrossing gives, at best, unpredictable outcomes.
Hybridization events are often viewed as potentially deleterious, partially by
reversing speciation, however in some cases they could cause introgression of
new beneficial traits (Abbott et al., 2013). Thus, periodic hybridization could
increase survival of the hybridizing species, even if at the cost of their 'identity'
(genotype and phenotype specific to the species) and also drive the evolution
(Abbott et al., 2013). Indeed, in the case of S. paradoxus, it was shown that in
the guts of social wasps, its survival greatly depends on the hybridization with
S. cerevisiae (Stefanini et al., 2016). However, the viability of meiotic progeny
of the Saccharomyces sensu stricto hybrids is very low (Greig et al., 2002).
Thus, both outcrossing and hybridization may result in various outcomes of
which some are not be beneficial. While the frequency of these processes is
rare and might not be a threat for bigger populations (Plech et al., 2014), such
as the ones already established in a given habitat, it might be different for
smaller populations or when encountering unrelated yeast cells in the insect
gut (Stefanini et al., 2016).
While, presence of pheromone-insensitive individuals would not prevent or
greatly limit the mating behavior of the entire population, pheromoneinsensitive mother cells could facilitate the colonization of new environments.
Such situation could occur when small group of cells is spread between
various habitats by insects (Goddard and Greig, 2015; Stefanini et al., 2012).
In this scenario, the pioneering population might be too small to guarantee
presence of enough cells of the opposite mating type to avoid rapid mating
with the yeast already present in the new habitat. In this scenario old cells
could produce progeny despite the pheromone signals present in the new
environment. Finally, while old mother cells are insensitive to pheromone, they
are likely to still secrete their own pheromone, causing a cell cycle arrest in the
surrounding cells, potentially slowing down the proliferation of the competing
populations.
In summary, mating in the wild might lead to various outcomes of which cells
cannot predict. Thus, it is conceivable, that even a small number of
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pheromone-insensitive cells in a given population could constitute an
important genetic reservoir in case of a catastrophic mating scenario or serve
as a pioneer cells during colonization of new habitats.
Aging as a maturation process generating phenotypic diversity
Alternatively, excluding mothers from the pool of mating cells would help to
preserve them, as cells, which carry specific adaptations beneficial in case of
future unforeseen environmental stresses. As mentioned in the introduction,
middle-aged cells were shown to be more resistant to UV irradiation (Kale and
Jazwinski, 1996). Similarly, resistance to heat-shock correlated with agedependent accumulation of trehalose synthase Tsl1 (Levy et al., 2012). In this
context, the asymmetric cell division would promote both the rejuvenation of
the daughter cells and preservation of the distinct phenotypes and adaptations
acquired by the mother cells during their lifespan.
While aging in its entirety!might be inevitable, it is possible that aggregation of
the low-complexity proteins in old cells could be prevented. However,
considering the rather moderate impact of Whi3 aggregation on longevity, it is
conceivable, that the age-related aggregation of low-complexity proteins was
not strictly counter selected during their evolution. The ability of these proteins
to escape stringent regulation would allow old cells — which already
contributed to the success of the population by producing abundant progeny
— to unleash their phenotypic potential in a less restricted way.
Thus, we propose that yeast mother cells undergo a maturation process and
acquire new, distinct phenotypes, in the course of aging. This could happen
through aggregation of distinct low-complexity proteins or their co-aggregation,
leading sometimes to complex phenotypes, which are unique for individual
cells. In support of this notion, each of the low-complexity proteins tested in
this work formed foci only in a small fraction of the old cells (Akl1, Ssd1, Cbk1
and Cdc39 proteins, figure 2.8B). A possible first test of a model for the agerelated individualization of cells, would be to check how often these various
proteins co-aggregate in a single cell and whether the set of aggregated
proteins varies between individual cells.
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It is important to note, that potential escape of some of the proteins from under
stringent control might not reflect a general decline of the protein quality
control during aging. As discussed previously, old cells can still cope with
acute proteotoxic stress, such as heat shock, and degrade ubiquitylated
proteins (Saarikangas and Barral, 2015). However, it is possible that the toxic
side of protein aggregation and accumulation of the aggregates finally
contributes to the deterioration of the mother cell.
The idea, that unleashing folding flexibility of the proteome could lead to
profound phenotypic variation is not novel. Strikingly, inactivation of the Hsp90
chaperone in Drosophila gave rise to individuals differing in many aspects of
their morphology (Rutherford and Lindquist, 1998). As discussed extensively
in the introduction, modulation of the translation termination and read-through
at the stop codons caused by the [PSI+] prion can also have profound and
varied effects on the phenotype (True and Lindquist, 2000). Modulating the
activity of Hsp90 also leads to generation of diverse morphologies in yeast and
decrease of Hsp90 activity leads to formation of elongated buds (Hsieh et al.,
2013). Conversely, Hsp90 was shown to buffer some of the naturally occurring
genetic variation, increasing the stability of the phenotype despite the
occurrence of spontaneous mutations in the course of evolution (Jarosz and
Lindquist, 2010).
Strikingly, old cells produce elongated buds and show a great variability in
their morphology, especially towards the end of life (Lee et al., 2012). These
observations support the notion that cells can unleash their phenotypic
diversity as they age and explore novel phenotypes. With the recently
available microfluidics chips, which enable close microscopic observation of
single cells throughout their lifespan (Jo et al., 2015; Lee et al., 2012), we will
be able to correlate aging phenotypes with the presence of protein aggregates
and test the contribution of the low-complexity proteins to these phenotypes.
Finally, it will be possible to test the idea that old cells would have a fitness
advantage in various conditions and explain the causes underlying the
previously observed phenotypes.
It is important to note, that some of the phenotypes gained during aging would
be deleterious for an individual. However, such mechanisms of generating
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phenotypic diversity were proposed to provide a long-term benefit by
increasing the evolvability (Rutherford and Lindquist, 1998). Evolvability is
described as the capacity to generate heritable and selectable phenotypic
variation (Kirschner and Gerhart, 1998). While the age-related changes
occurring in the yeast mother cell are unlikely to be heritable, the distinct
phenotypes might be connected with the hidden genetic variation, which is
subject to selection, as shown in the case of cavefish (Rohner et al., 2013).
Thus, in the fluctuating environment the maturation of old cells may have a
lasting effect on the success of the population.
In the light of all of the above considerations, aging and replicative
senescence would be a consequence of a generally rather beneficial process.
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4. Materials and Methods
Strains and culture conditions
Cells were grown at 30°C in YPD (Yeast Extract Peptone Dextrose) or SD
(Synthetic Dextrose) media, as indicated, containing 2% glucose.
All budding yeast strains were of s288c background and are listed in Table 1.
at the end of the methods section. They were either manually constructed
using standard methods (Janke et al., 2004) or previously published (Caudron
and Barral, 2013). MEP strains containing the whi3-Q:3HA allele or Whi33GFP were obtained via crosses with the strains described in (Caudron and
Barral, 2013). The GFP reporter placed at the HML locus was originally
constructed by Sandra Guetg in the Barral lab.
Deletion of specific domains within proteins was carried out using a 3HAURA3-3HA cassette (as described in Schneider et al., 1995). Briefly, after
transformation cells were selected on -ura plates and correct integration of the
cassette was checked by PCR. Correct clones were refreshed on YPD plates,
to allow growth of cells in which the two 3HA-encoding sequences
spontaneously recombined, removing the URA3 gene from the locus, followed
by selection on 5-FOA plates. The correct, in-frame, integration was confirmed
by DNA sequencing.
Operation of microfluidic dissection platform
To measure the hml::GFP using the microfluidic device designed by Lee
et al., 2012, the device was primed with synthetic complete medium (SC, 2%
dextrose), and cells were loaded manually as described previously. Cells
trapped under the PDMS pads were flushed constantly with 1 $L/min flow of
SC medium supplied from 10 ml syringe pump. The microfluidic device was
mounted on an Eclipse Ti epifluorescent microscope (Nikon Instruments),
equipped with Orca R2 CCD camera (Hamamatsu) and 60x/1.4NA Plan Apo
objective, and incubation chamber set at 30°C. Budding events were
monitored by capturing images every 20 minutes for 42 hours using Micro
Manager 1.4 software. GFP signal was captured in old and young cells
obtained in the device by capturing stacks of seven, 1 $m thick, slices every
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40 minutes for 4 h 40 min, using a mercury lamp (Intensilight, Nikon
Instruments). After capturing the first GFP time point (untreated cells), the flow
was switched manually to SC media + 5 mM NAM, first at a rate of 10 $L/min
for 1h (to ensure complete replacement of the chamber and tubing volume
with new medium), followed by 4 h at 2 $l/min, as a positive control for reporter
activity. Most cells started expressing GFP signal within 2 hours after switching
the media source. Total amount of the GFP signal for single cells was
measured in sum projections using ImageJ software and plotted against their
age.
Assaying pheromone responsiveness of old cells
Old cells were obtained as described previously, with modifications (Lindstrom
and Gottschling, 2009). Briefly, prior to experiments cells were kept in
exponential growth for >14 hours, washed with PBS and labeled with EZ-Link
Sulfo-NHS-LC-Biotin (Pierce). Total of 1.8 x 107 of biotinylated cells were
inoculated in 500 ml YPD medium containing 1 $M estradiol and 50 $g/ml
ampicillin and cultured at 30°C for 18-20 hours to obtain old cells, and 2 hours
for young cells. Cells were purified using 65 $l of streptavidin-coated magnetic
beads, LS MACS columns (Miltenyi Biotec) and quadro-MACS separator
(Miltenyi Biotec). Cells were washed and eluted with YPD, pelleted at 650 x g
at room temperature and split in half. One half was fixed for age determination
and second half placed on a-factor containing YPD agar pads placed in LabTek II chambers (Thermo Fisher). Agar pads were cut out from plates
prepared the previous day containing the indicated "-factor (Sigma Aldrich)
concentrations and supplemented with 20 $g/ml casein. Pheromone response
of the cells was assayed by capturing transmitted light images every 10-15
min for 8 hours, using Nikon Eclipse Ti or Deltavision microscopes equipped
with 60x objectives. Cells were counted as responding if they formed a mating
projection within 2 cell cycles since encountering the pheromone, as quantified
previously (Smeal et al., 1996). The second half of the cells was used for age
determination. Cells were fixed with 4% paraformaldehyde/3.4% sucrose
solution for 15 min, pelleted and stored in KPO4 /1.2 M sorbitol solution. Bud
scars

were

stained

with

calcofluor

white

(5

$g/ml)

or

with
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tetramethylrhodamine-coupled wheat germ agglutinin (TRITC-WGA, Molecular
Probes), washed with KPO4 /1.2 M sorbitol and imaged with respective filters
using Nikon Eclipse Ti and Deltavision microscopes.
Quantification of protein aggregates in old cells
Cells expressing GFP or mCherry fusion proteins from the corresponding
native chromosomal loci were prepared by using the mother-enrichment
program as described above, after culturing for 18-24 hours for old cells or 2-3
hours for young cells. For live staining of bud scars, TRITC-WGA (Molecular
Probes) was added to the eluted cells before pelleting, and excess dye
removed with 2 washes of SC media. For assaying colocalizations bud scars
were not stained. Cells were placed on SC agar pads and were visualized with
a Deltavision microscope equipped with CCD HQ camera (Roper), using 100x
objective, solid-state light-emitting diodes illumination and appropriate filters.
Z-stacks of images covering the whole diameter of the cell were acquired and
deconvolved using Softworx program. Cells were quantified as containing
aggregates if they displayed a mass of fluorescence that was typically
spanning 2-3 focal planes (# 1 $m) and visually distinguishable from the rest of
the cytoplasm. In case of assaying colocalization between Whi3-3GFP and
Ssa1-mCherry and Hsp104mCherry, fluorescence intensity of the mCherry
Replicative lifespan analysis
Pedigree analysis was performed by micromanipulation using Zeiss
Axioscope microscope (Zeiss) with methods described before (Kennedy et al.,
1994). Briefly, freshly streaked cells were re-streaked on YPD plates (2%
dextrose) and after one division virgin daughters were picked as a starting
population. Between the dissection rounds cells were kept at 30°C and
overnight at 4°C (ca. 12 h). Lifespan curves were plotted and analyzed using
Prism software (GraphPad).
Assaying escape from pheromone induced cell-cycle arrest

84

Before the experiment, cells were kept in the logarithmic phase of growth for
>20 hours on YPD agar plates, as a very thin layer. Small amount of cells was
suspended in 1ml of YPD medium (filtered) and loaded into the Cell Asic
microfluidic plate. After satisfactory loading of all the chambers, the device
was infused with YPD medium containing 20 $g/ml casein and indicated
concentration of pheromone (usually 4-6 nM) supplied at constant pressure 2
Psi using ONIX controller. Pheromone response was followed for 16 hours by
capturing transmitted light images every 10-15 minutes, using Nikon Eclipse Ti
or Deltavision microscopes equipped with 60x objectives. Unbudded cells
showing polarized growth were scored as shmooing (forming mating
projection) and the time of escape from cell-cycle arrest noted as the moment
when they formed a bud. Obtained data were plotted and analyzed using
Prism software (GraphPad).

Table 1: List of the strains used in the work
yYB number
4172

6829

6830

12887

12886, 13261, 13262

genotype
MATa ade2::hisG his3 leu2 met15"::ADE2
trp1"63 ura3"0 ho"::SCW11pr-CreEBD78-NatMX loxP-UBC9-loxP-LEU2
loxP-CDC20-Intron-loxP-HPHMX
bar1"::KanMX
MATa ade2::hisG his3 leu2 lys2 trp1"63
ura3"0 met15"::ADE2 ho"::SCW11pr-CreEBD78-NatMX loxP-CDC20-Intron-loxPHPHMX loxP-UBC9-loxP-LEU2
HML::HMLE-GPDpr-yeGFP3-HMLI-URA3
bar1"::HIS3MX
MATa ade2::hisG his3 leu2 met15"::ADE2
ura3"0 trp1 ho"::SCW11pr-Cre-EBD78NatMX loxP-UBC9-loxP-LEU2 loxPCDC20-Intron-loxP-HPHMX bar1"::HIS3
WHI3-3GFP:kanMX
MATa ade2::hisG his3 leu2 met15"::ADE2
ura3"0 TRP1 ho"::SCW11pr-Cre-EBD78NatMX loxP-UBC9-loxP-LEU2 loxPCDC20-Intron-loxP-HPHMX bar1"::KanMX
MATa ade2::hisG his3 leu2 met15D::ADE2
ura3"0 TRP1 hoD::SCW11pr-Cre-EBD78NatMX loxP-UBC9-loxP-LEU2 loxPCDC20-Intron-loxP-HPHMX bar1"::KanMX
whi3-Q:3HA
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14325
14326
13499, 13500

13461, 13462

7537

7874

8232, 8322

8323

9184

9153

9152

9313

4899
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MATa his3"1 leu2"0 ura3"0 whi3-Q:3HA
MATa his3"1 leu2"0 ura3"0
MATa ade2::hisG his3 leu2 met15D::ADE2
ura3"0 TRP1 hoD::SCW11pr-Cre-EBD78NatMX loxP-UBC9-loxP-LEU2 loxPCDC20-Intron-loxP-HPHMX bar1"::KanMX
ssa1"::HIS3
MATa ade2::hisG his3 leu2 met15D::ADE2
ura3"0 TRP1 hoD::SCW11pr-Cre-EBD78NatMX loxP-UBC9-loxP-LEU2 loxPCDC20-Intron-loxP-HPHMX bar1"::KanMX
ssa1"::HIS3 whi3-Q:3HA
MATa ade2::hisG his3 leu2 met15"::ADE2
ura3"0 ho"::SCW11pr-Cre-EBD78-NatMX
loxP-UBC9-loxP-LEU2 loxP-CDC20-IntronloxP-HPHMX bar1"::KanMX whi3-%QN
MATa ade2::hisG his3 leu2 met15"::ADE2
ura3"0 ho"::SCW11pr-Cre-EBD78-NatMX
loxP-UBC9-loxP-LEU2 loxP-CDC20-IntronloxP-HPHMX bar1"::KanMX whi3-%pQpN
MATa ade2::hisG his3 leu2 lys2
met15D::ADE2 ura3D0 trp1D63
hoD::SCW11pr-Cre-EBD78-NatMX loxPUBC9-loxP-LEU2 loxP-CDC20-Intron-loxPHPHMX Hsp104-mCherry:kanMX
Whi3-3GFP:kanMX bar1::HIS3
MAT! ade2::hisG his3 leu2 met15D::ADE2
ura3D0 trp1D63 hoD::SCW11pr-CreEBD78-NatMX loxP-UBC9-loxP-LEU2
loxP-CDC20-Intron-loxP-HPHMX
SSA1:mcherry:URA3
WHI3-3GFP:kanMX bar1::HIS3
MAT! ade2::hisG his3 leu2 lys2 ura3D0
trp1D63 hoD::SCW11pr-Cre-EBD78-NatMX
loxP-UBC9-loxP-LEU2 loxP-CDC20-IntronloxP-HPHMX Sap30-GFP:HIS3
MATa ade2::hisG his3 leu2 lys2 ura3D0
trp1D63 hoD::SCW11pr-Cre-EBD78-NatMX
loxP-UBC9-loxP-LEU2 loxP-CDC20-IntronloxP-HPHMX Akl1-GFP:HIS3
MATa ade2::hisG his3 leu2 lys2 ura3D0
trp1D63 hoD::SCW11pr-Cre-EBD78-NatMX
loxP-UBC9-loxP-LEU2 loxP-CDC20-IntronloxP-HPHMX Cdc39-GFP:HIS3
MAT! ade2::hisG his3 leu2 met15D::ADE2
ura3D0 trp1D63 hoD::SCW11pr-CreEBD78-NatMX loxP-UBC9-loxP-LEU2
loxP-CDC20-Intron-loxP-HPHMX Ssd1GFP:HIS3
MATa his3"1 leu2"0 met15"0 ura3"0

6525
9439, 9440, 9441
9442, 9443, 9444
9445, 9446, 9447
9918, 9919, 9920
10044, 10045, 10046
10198, 10199, 101200
10630, 10631, 10632
13463, 13464
11860
11861, 11862
6518
12889

bar1::kanMX
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX whi3-Q:3HA
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX akl1::HIS3
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX ssd1::HIS3
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX cbk1-"polyQ:3HA
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX sap30::HIS3
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX akl1pQ2:3HA
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX sap30N:3HA
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX cnb1::HIS3MX
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX cnb1::HIS3MX whi3-Q:3HA
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX cch1::HIS3
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX fig1::HIS3
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::HIS3 WHI3-3GFP:KanMX
MATa his3"1 leu2"0 met15"0 ura3"0
bar1::kanMX slt2::HIS3
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