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Abstract
Adaptation to fluctuating environments is critical for cellular fitness and survival. Cells need to sense changes in their
surroundings and quickly adjust cellular homeostasis and metabolism accordingly. Diverse sensing and signaling pathways
govern the cellular responses to extracellular cues, enabling for instance adaptation to changes in nutrient availability.
Eukaryotic cells have evolved complex regulatory networks to deal with variable nutrient supply, and most of these
evolutionary conserved nutrient signaling pathways are intimately linked to aging and age-associated diseases. Despite
significant advances, the adaptation to environmental changes through nutrient signaling pathways and the impact of these
pathways on a cell’s lifespan remain incompletely understood. This thesis focuses on the molecular mechanisms by which
nutrient depletion affects cellular remodeling and lifespan of the budding yeast Saccharomyces cerevisiae. In paper I,
we elucidate the impact of nutritional regimes on cellular survival during aging, with a particular focus on phosphate
restriction. We show that phosphate restriction results in an activation of autophagy, the main cellular bulk degradation
process, and a prominent extension of lifespan. Our results indicate that longevity induced by phosphate restriction relies on
the sequential and coordinated function of autophagy and the multivesicular body pathway, a catabolic process critical for
the degradation of plasma membrane components. In addition, we find the nutrient-responsive kinase Pho85 to be essential
for autophagy induction and cellular fitness upon phosphate restriction. In paper II, we illustrate how nutrition limitation
affects interorganellar communication as well as lipid droplet biogenesis, subcellular organization and utilization. We
demonstrate that phosphate depletion induces the remodeling and expansion of the contacts between the perinuclear ER
and the vacuole, the so-called nucleus-vacuole junctions. Moreover, we show that the biosynthesis of sterol esters, which
are stored in lipid droplets upon nutrient depletion, is essential for survival upon phosphate but not glucose exhaustion.
In paper III, we identify Snd3 as novel component of the nucleus-vacuole junctions, critical for membrane contact site
formation and dynamic remodeling upon glucose exhaustion. Additionally, we show that the regulatory function of Snd3 is
governed by central glucose signaling pathways. Taken together, our studies advance our understanding of how nutritional
regimes and signaling pathways impact on cellular remodeling and survival during aging.
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 
Det är av största vikt för alla celler att kunna anpassa sig till nya 
förändringar i vår miljö för att kunna överleva. Celler måste kunna 
analysera den omgivande miljön och snabbt kunna justera dess homeostas 
och ämnesomsättning. Olika avkänningssystem och signalvägar styr de 
cellulära svaren på extracellulära signaler och kan därefter anpassa sig till 
de förändringar i tex näringstillgång. Eukaryota celler har utvecklat 
komplexa nätverk för att reglera och hantera näringstillförseln. De flesta 
av dessa signaleringsvägar är evolutionärt bevarade och är starkt kopplade 
till åldrandet och åldersrelaterade sjukdomar. Trots betydande 
forskningsframsteg är kunskapen om hur cellen anpassar sig till olika 
näringstillstånd genom dessa signaleringsvägar och hur detta påverkar 
cellens livslängd, fortfarande ofullständig. 
 
Denna avhandling fokuserar på de molekylära mekanismerna som visar 
hur en näringsbrist påverkar den cellulära remodelleringen och 
livslängden av jästsvampen Saccharomyces cerevisiae. Den beskriver 
effekterna av hur tillgången av näring påverkar den cellulära 
överlevnaden och åldrandet, med särskild fokus på tillgången till fosfat. 
Den första studien visar att en fosfatbegränsning resulterar dels i en 
aktivering av autofagi, den viktigaste cellulära nedbrytningsprocessen och 
även en markant förlängning av cellens livslängd. Resultaten indikerar att 
livslängd som induceras av fosfatbegränsning är beroende av den 
sekventiella och samordnade funktionen autofagi och multivesicular body 
signalväg, en katabolisk process som är viktig för nedbrytningen av 
komponenter av plasmamembranet. Dessutom fann vi att Pho85, ett kinas 
som reagerar på näringstillgången, är avgörande för autofagi och cellulär 
överlevnad vid fosfatbegränsning. 
 
I den andra studien visar vi på hur bristen på näring påverkar 
kommunikationen mellan organeller, liksom bildningen av lipiddroppar 
och den subcellulära organisationen. Den beskriver att fosfatbegränsning 
inducerar remodelleringen och utbredningen av kontakter mellan det 
perinukleära endoplasmatiska retikulum och vakuolen, något som kallas 
nukleol-vakuol kopplingar. Dessutom, visar det att biosyntesen av 
sterolestrar, som lagras i lipiddroppar är avgörande för överlevnad vid 
bristen på fosfat men inte av glukosutarmning.  
 
Avhandlingen visar även en identifiering av Snd3, som en ny komponent 
av nukleus-vakuol kopplingarna. Snd3 är avgörande för bildningen av 
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kontaktytor i membranet och den dynamiska remodellerin§g vid 
glukosbrist. Den visar även att den regulatoriska funktionen av Snd3 styrs 
av centrala glukossignaleringsvägar. Sammanfattningsvis, studierna i 
denna avhandling främja vår förståelse av hur näringsämnen och dess 
signalvägar påverkar den cellulär remodellering samt överlevnaden under 
åldrandet 
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Cellular aspects of aging  
 
Aging refers to the time-depended, progressive deterioration of diverse 
cellular processes, together leading to a functional decline, decreased 
cellular fitness and enhanced mortality (López-Otín et al. 2013). Aging is 
driven by environmental, genetic and vague factors which cause defects 
in biological functions over time, thus enhancing the development of 
human pathologies such as cancer, cardiovascular diseases, 
neurodegenerative diseases and diabetes (Kennedy et al. 2014; Kim & 
Benayoun 2020). Our society is aging, thus age-related diseases occur 
more frequently and burden the healthcare system (Niccoli & Partridge 
2012). Therefore, aging research has been one of the pressing topics in 
biomedical research, in the hope of slowing its process and increasing 
healthy lifespan. Thereby, decades of studies on aging have broadened our 
knowledge of aging process at the cellular and organismal level, but 
several processes remain incompletely understood, e.g. molecular 
fundamentals remain elusive (Kaeberlein 2010; Petralia et al. 2014).  
 
The hallmarks of cellular aging, including incidents that cause 
accumulation of cellular damage through lifespan, are conserved among 
eukaryotic species and range from cellular senescence, mitochondrial 
dysfunction, genomic instability, telomere attrition, loss of proteostasis, 
epigenetic alterations and stem cell exhaustion to deregulated nutrient-
sensing and altered intercellular communication (López-Otín et al. 2013). 
Lifespan can not only be extended by genetic manipulations, but also by 
other means such as environmental changes and food uptake. In this line, 
the benefits of dietary restriction (DR), a reduction of food intake, 
regarding postponing age-related biological changes and protection 
against age-associated diseases, have been shown in different model 
systems ranging from Saccharomyces cerevisiae, Caenorhabditis elegans 
and Drosophila melanogaster to mice and even monkeys (Mair & Dillin 
2008; Powers et al. 2006; Masoro 2005; Wei et al. 2009). Accordingly, 
identifying the cellular mechanisms by which DR prolongs longevity, 
could support the development of new anti-aging treatments to extend 
human health span (Martín-Montalvo et al. 2011; Fontana & Partridge 
2015). Despite recent advances and findings on genetic responses to DR, 
there is still a knowledge gap on how aging pathways orchestrate lifespan 
extension and enable cells to quickly respond to environmental changes 
such as DR (Gems & Partridge 2013). 
 



 2 

Thus, to understand the aging phenomenon, different organisms such as 
Saccharomyces cerevisiae, Caenorhabditis elegans and Drosophila 
melanogaster have been used as model systems, leading to the uncovering 
of key genes and regulatory networks involved in aging. Here we use 
Saccharomyces cerevisiae to further understand cellular aging. Major 
pathways connected to the aging process are conserved in yeast, it is 
inexpensive, has a short lifespan and is easy to manipulate genetically. 
Moreover, a wealth of genetic and metabolic interaction networks have 
been unraveled, rendering yeast a major model system to further 
understand processes associated with cellular aging(Gershon & Gershon 
2000; Kaeberlein et al. 2007; Denoth Lippuner et al. 2014).  
 
 
Saccharomyces cerevisiae as a model organism for aging 
 
More than 60 years ago, the first aging study on yeast as a model system 
was published by Mortimer and Johnston. This study showed that the 
mortality rate for a yeast population is comparable to the mortality rate for 
different model organisms, including humans (Mortimer & Johnston 
1959). In other word, without considering the effects of diseases or 
preying, human and yeast experience the same aging, where the 
possibility of mortality increases with age. Thus, if we plot the number of 
man alive versus age (the mortality rate), then the aging curve matches 
with the aging of yeast (Sinclair et al. 1998). Notably, studies on the 
budding yeast Saccharomyces cerevisiae as a single-celled model system 
has helped to characterize many crucial conserved pathways and 
mechanisms, including those involved in aging process (Zimmermann et 
al. 2018; Lee & Ong 2021; Banerjee et al. 2020). 
 
Work on this unicellular eukaryotic model system has helped to 
characterize crucial conserved pathways and mechanisms, including for 
instance the cell cycle, central nutrient signaling pathways and autophagy. 
Due to an evolutionary conservation of fundamental cellular networks and 
processes, this unicellular eukaryote represents one of the major model 
organisms to understand the basic cellular process involved in aging, and 
obtained results can often be transferred to higher eukaryotes (Denoth 
Lippuner et al. 2014; Kaeberlein 2010). In that line, the longevity 
pathways can be modified by metabolic regimes, genetic manipulation 
and pharmacological intervention. In sum, S. cerevisiae represents a 
valuable model organism for developing our understanding of the biology 
of aging. 
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Two different modes of cellular aging have been described for S. 
cerevisiae, namely the Replicative Lifespan (RLS) and Chronological 
Lifespan (CLS) (Longo et al. 2012). Both models of S. cerevisiae aging, 
are practical methods to study the patterns of gradual accumulation of 
damages during aging. Even though these two aging models are governed 
by different molecular and genetic interplays, they are not completely 
independent, but are connected. Accordingly, studies have shown a 
reduction in replicative lifespan of chronologically aged yeast cells 
(Ashrafi et al. 1999; Kaeberlein et al. 2005; Murakami et al. 2012). In this 
line, the metabolic state of stationary cells defines their replicative ability 
upon replenishment of nutrients (Delaney et al. 2013). 
 
These two models of yeast aging have been investigated separately by 
robust assays in laboratories. High-throughputs assays under controllable 
laboratory conditions have revealed much about longevity regulation in 
replicatively or chronologically aged yeast.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: The replicative and chronological aging models in yeast 
Saccharomyces cerevisiae. The replicative aging defines the number of 
cells that a mother cell generates before it becomes senescent. The 
chronological aging is a time that a cell remains viable in a stationary 
phase. 



 4 

                                               
Replicative lifespan (RLS) 
 
Replicative aging refers to the number of daughter cells that one 
individual mother cell can produce over its lifespan (Mortimer & Johnston 
1959; Longo et al. 2012), and is often used as a model for the aging of 
proliferating and mitotically active cells in higher eukaryotes, such as 
stem cells (Kaeberlein 2010). Replicative lifespan is based on the fact that 
each mother cell can divide for a limited number of divisions (around 20–
30) before the cell eventually dies. Thus, the full replicative lifespan of a 
yeast cell can be monitored within days rather than weeks. 
 
The principle of RLS studies is based on S.cerevisiae’s budding division, 
where a mother cell undergoes asymmetric cell division to produce a 
daughter cell, followed by budding off once it is mature (He et al. 2018). 
The daughter cell is smaller, thus can be simply recognized and 
separated, using a tetrad dissection microscope equipped with a 
micromanipulator. By this classical technique, the daughter cells are 
manually collected to calculate the number of cell divisions that a single 
mother cell has undergone. Lately, high-throughput methods such as 
microfluidics, time-lapse fluorescent microscopy and computational 
modeling are available for studying RLS in yeast. However, the 
micromanipulator method remains gold-standard for analyzing RLS (Lee 
et al. 2012; Zhang et al. 2012; Jo et al. 2015; Sarnoski et al. 2017). 
 
As mentioned earlier, aging is defined by accumulation of different types 
of cellular and molecular damage. Understanding the type of damage 
associated to aging and aging-related diseases plays an important role in 
this field. In asymmetric cell division, biological material are 
asymmetrically divided between the mother and daughter cells. In the 
budding yeast, it is assumed that mother cells keep damaged cellular 
components, allowing daughter cells to be born “rejuvenated”. Due to this 
asymmetric cell division, age-related damage accumulates in mother cells 
over time. With increasing replicative age, asymmetric inheritance of 
damages cell components becomes less strict, and old mother cells pass 
part of damages to the late daughter cells, resulting in prematurely aged 
daughter cells (Steinkraus et al. 2008). 
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Chronological lifespan (CLS) 
 
Chronological lifespan (CLS) is another model of yeast aging that was 
first introduced by Muller in 1980 (Müller et al. 1980). In contrast to RLS, 
chronological aging describes the time which a cell can survive in a non-
dividing, stationary state (Fabrizio & Longo 2007; Longo & Fabrizio 
2015). This mode of aging resembles the gradual and progressive cellular 
failure of post-mitotic cells in higher organisms, specifically long-lived 
cells such as neurons (MacLean et al. 2001; Longo et al. 2012). Thus, it 
serves as a simple model for the aging of non-dividing higher eukaryotic 
cells. In this thesis, we used chronological lifespan as a model of aging. 
 
Clonogenic survival assays are the classical method for assessing CLS 
under laboratory conditions. This method assesses the percentage of yeast 
cells that can survive in liquid cultures following entry into stationary 
phase at different time points. To measure the percentage of viable cells 
in the clonogenic assay, the ability of a cell to form a colony on the surface 
of solid nutrient-rich medium is calculated. Even though this method is 
effective, it is both time consuming and laborious. The assay requires 
diluting and plating cells from different numbers of cultures following by 
counting the subsequent colony-forming units (Postnikoff & Harkness 
2014; Khawaja et al. 2021). In this thesis, we used a rapid high-
throughput method to measure viability of cells in synthetically defined 
liquid culture over the complete time period after entry into stationary 
phase. Accordingly, viability of cells is determined by propidium iodide 
(PI) staining, which indicates loss of membrane integrity, followed by 
flow cytometric analysis. In contrast to RLS, age-related damages are not 
diluted by the non-dividing cells, therefore accumulating during aging. 
 
The growth phases of budding yeast  
 
S. cerevisiae can grow on different types of liquid or solid media and 
carbon sources in diverse conditions, by modifying its physiological 
responses. The different growth phases of yeast cells in liquid medium are 
(i) a lag phase, where cells adapt to their environment, (ii) an exponential 
or logarithmic phase, where cells divide until nutrient is depleted  and (iii) 
a stationary phase, where the metabolic rate is slow and stress resistance 
pathways are upregulated (Busti et al. 2010). In more detail, during 
logarithmic phase, cells rapidly divide by fermenting glucose to ethanol 
until glucose becomes limiting. In the subsequent transient phase or 
diauxic shift, cells switch their metabolism to respiration and utilize 
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alternative carbon sources such as ethanol. When all carbon sources are 
depleted, cells enter to stationary phase (Busti et al. 2010; Galdieri et al. 
2010). Depending on the medium used in the experiment, stationary phase 
begins between 2-7 days after inoculation (de Virgilio 2012).  
 
As mentioned earlier, CLS describes the lifespan of stationary cells grown 
on liquid medium. In stationary phase, cells starve for specific nutrients 
that become limiting first in the respective growth medium. Cells stop 
dividing due to starvation for an essential nutrient and enter resting state. 
Thus, cells exit the cell cycle when they sense a limitation of nutrients and 
can enter into the G0 phase, termed quiescence. In this state, cells 
completely remodel cellular structures and alter their metabolism and 
physiology. When nutrients become available, quiescent cells are able to 
re-enter the cell cycle and start to proliferate again (Aragon et al. 2008; 
Miles et al. 2013). However, cells in stationary phase are assumed to be 
rather heterogeneous, and at least two distinct populations exist. The first 
population are the so-called quiescent cells, which are mostly unbudded 
daughter cells (Allen et al. 2006; Aragon et al. 2008; Werner-Washburne 
et al. 2015; Li et al. 2013). The second population includes old or mid-
aged mother cells, in part apoptotic or senescent. Senescent cells are not 
able to re-enter the cell cycle upon nutrient replenishment (Aragon et al. 
2008; Werner-Washburne et al. 2015). 
 
All microorganisms can exit cell cycle and enter a resting state or 
quiescence (Gray et al. 2004). In multicellular organisms, survival 
depends on the existence of stems cell, which are quiescent but able to 
reinitiate the cell cycle and proliferate (Miles & Breeden 2017). The 
fundamental processes that regulate the cell cycle and initiation and exit 
of quiescence are conserved across eukaryotic cells. 
 
To survive under starvation, entering the resting state is crucial. In yeast, 
cell cycle exit and entry into quiescence can be induced through a variety 
of nutrient limitations (Daignan-Fornier & Sagot 2011; Klosinska et al. 
2011; Valcourt et al. 2012). Previous studies have shown that depending 
on the limiting nutrient, the genetic requirements for cells to enter 
quiescent vary (Gresham et al. 2011; Klosinska et al. 2011; Sun & 
Gresham 2021). Despite recent advances in studying quiescence, the 
molecular processes governing quiescence entry and exit as well as the 
associated remodeling of cellular structures and metabolism remain 
poorly understood.        
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The link between nutrient sensing pathways and aging   

Nutrients provide the necessary building blocks for producing essential 
cellular components and metabolites in both unicellular and multicellular 
organisms (Broach 2012). The budding yeast S. cerevisiae inhabits the 
skin of sugar-rich fruits, where it experiences starvation after a while. 
Thus, S. cerevisiae has adopted its growth in response to nutrient 
fluctuations. Yeast cells are able to respond to both nutrient-rich- or -poor 
conditions by adjusting their metabolism to the nutrition availability in 
their environment. Moreover, it can utilize different types of compounds 
as a nutrient source (Broach, 2012). However, specific nutrients are more 
favorable than others. Thus, cells adapt their nutrient metabolism to 
enable that the most-favorable nutrient source is utilized first. The gene 
expression patterns of Saccharomyces cerevisiae associated with sensing 
and responding to nutrient accessibility are well established (Boer et al. 
2008).  

Starvation or replenishment of nutrient rapidly modifies transcription 
patterns of large amount of genes, inclduing those that encode proteins 
involved in stress responses and growth (Conway et al. 2012; Gresham et 
al. 2011). The transcriptional and metabolic changes during nutrient 
fluctuations are governed by cross communication of complex regulatory 
networks, which are regulated at several steps (Conrad et al. 2014; 
Rødkær & Færgeman 2014). Due to nutrient-induced signaling networks, 
yeast cells are able to upregulate genes that stimulate cell proliferation 
in nutrient-rich conditions, whereas nutrient depletion scenarios trigger 
the entry into a stationary-quiescent state (Winderickx et al. 2003; Roosen 
et al. 2005; Zaman et al. 2008). Here, the replenishment of the limiting 
nutrients instantly reinitiates growth. The core components of these 
networks have been identified (Sun & Gresham 2021), but still a lot 
remains unknown in respect to signal integration in response to metabolic 
changes and the adjustment of nutrient sensing networks upon 
environmental variations. 

The ability of cells to respond to perturbations or dynamic conditions is a 
critical feature for all living cells. This is the case for any single cell in a 
multicellular organism as well as a single-celled microorganism. Thus, 
signaling pathways have advanced as a mean to sense extracellular cues 
and adapt cellular metabolism. Nutrients represent the main extracellular 
cues for microorganisms, while in multicellular organisms, also growth 
factors or hormones serve this function. Overall, it is assumed that there 
are two ways for sensing and regulating nutrients in cells. One is 
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externally via receptor proteins which are located in the plasma 
membrane, whereby the downstream signaling steps alter upon nutrient 
binding. The other one might occur intracellularly, subsequent to nutrient 
uptake, which results in downstream signaling alternation via possible 
variation in its intercellular concentration, thereby changing its respective 
metabolism (Forsberg et al. 2001; Holsbeeks et al. 2004).  

Various nutrient-sensing signaling pathways and protein kinases exist that 
are intimately linked and converge into a network, influencing cellular 
processes associated to organismal lifespan. Thus, modulating nutrient 
signaling pathways influence aging processes, which can be used as a tool 
to study chronological aging of yeast and its interplay. These main 
nutrient-sensing pathways and their regulators are (i) the target of 
rapamycin (TOR), (ii) the protein kinase A (PKA), (iii) Snf1 (sucrose non-
fermenting, protein 1) and (iv) the Pho85-pho80 kinase complex with 
associated regulators (PHO pathway). Ultimately, all these nutrient-
sensing pathways overlap and target Rim15, a serine/threonine protein 
kinase with a fundamental role in cell cycle arrest at G0 and entry into 
quiescence state. Under nutrient-rich conditions, PKA, TOR and PHO 
pathways stimulate cell growth by repressing pathways which lead to 
quiescence such as the Snf1 pathway, which is repressed by glucose 
(Schneper et al. 2004; Wanke et al. 2005; Jorgensen & Tyers 2004). 
Consequently, these pathways play an important role in regulating 
longevity (Fontana & Partridge 2015). Since activity of these pathways 
are modulated by nutrients, they are termed nutrient sensing pathways. 
 
Studies have shown that nutrient and energy sensing pathways have 
conserved effects and modulate not only yeast CLS but also longevity in 
higher eukaryotes such as worms, flies and mice (Fontana et al. 2010; 
Santos et al. 2016). Hence, an important aspect of nutrient sensing 
pathways is regulation of aging and lifespan. This relation between aging 
and nutrient availability has been shown by caloric restriction, where lack 
of nutrient delays aging (Masoro 2005). 
 
As mentioned earlier, CLS refers to the survival of stationary cells. Entry 
into stationary phase is triggered by starvation for various essential 
nutrients, such as carbon, nitrogen and phosphate, and enables cells to 
survive for a longer period in a resting state (de Virgilio 2012). Although 
nitrogen, carbon, and phosphorus starvations all lead to cell cycle arrest 
and the initiation of quiescence, the genetic requirements of this action are 
distinct for each starvation regime. For instance, when glucose is depleted, 
cells undergo the diauxic shift and consume other carbon sources. After 
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depletion of all carbon sources, cells enter the stationary phase. Instead, 
in case of limitation of another essential nutrients, yeast cells instantly go 
into the stationary phase without transiting through the diauxic phase 
(Herman 2002). That could be the reason for more similar gene 
modulation under nitrogen and phosphorous starvation compared to 
carbon depletion, which requires a unique set of genes (Klosinska et al. 
2011). Likewise, the overlap in their genetic responses could be also 
related to their distinct biological functions. In this context, phosphorous 
and nitrogen are mostly consumed for macromolecular synthesis, while 
carbon in addition is utilized as the main energy source (Wilson & Roach 
2002; Broach 2012; de Virgilio 2012). Hence, the pathways and cellular 
functions needed for quiescence vary depending on the nutrient depletion 
signals (Klosinska et al. 2011). 
 
It is assumed that during nutrient starvation, one or more signals halt the 
cell cycle. Thus, the study of various nutrient starvation pathways is 
required to completely understand how DR prolongs longevity and health 
span. Along with that, understanding the link between nutrient sensing 
pathways and longevity is an important topic in the aging field, due to 
possibility of modulating these pathways both pharmacologically and 
with dietary interventions (Longo et al. 2015). Nutrient sensing pathways 
and their impact on aging processes will be discussed more in the next 
sections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2: Simplified overview of the major nutrient sensing pathways and 

their impact on lifespan. 
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The central glucose-signaling pathways 
  
In most organisms, glucose is the desired energy source and the key 
carbon provider for many biological molecules. S. cerevisiae prefers to 
use glucose as a fermentable carbon source, due to easier utilization than 
semi-fermentative carbon sources such as galactose or non-fermentative 
carbon sources such as glycerol. (Turcotte et al. 2010; Tripodi et al. 2015). 
Saccharomyces cerevisiae harbors two main sensing and signaling 
pathways for glucose: one is called glucose induction pathway and is 
regulated by the glucose-induced, cAMP-dependent protein kinase A 
(PKA) and the another one is termed glucose repression mechanism and 
is regulated by Snf1, a cytoplasmic glucose sensor (Carlson 1999; 
Gancedo 1998; Hardie et al. 1998). The crosstalk between these two 
networks tunes the glucose uptake according to its levels and cellular 
needs. In the presence of glucose, the cAMP-PKA pathway is activated, 
which has a crucial role in regulating metabolism and growth. The Snf1 
pathway is repressed by glucose, leading to the suppression of the 
transcription of genes involved in utilizing alternative carbon sources 
(Broach 2012).  
In presence of glucose or other fermentable sugars such as  fructose or 
mannose, genes involved in growth and utilization of alternative carbon 
sources, respiration and gluconeogenesis are repressed by a complex 
regulatory network (Santangelo 2006; Conrad et al. 2014; Kayikci & 
Nielsen 2015; Broach 2012). This process is termed glucose-repression 
and Snf1 functions as the main protein kinase of the glucose-repression 
network (Celenza & Carlson 1984). 
Snf1 is the yeast homolog of the AMP-activated protein kinase (AMPK) 
and a key regulator of energy metabolism (Wilson et al. 1996). This 
conserved serine/threonine kinase has essential roles in responding to 
different environmental stresses, energy homeostasis and nutrient 
availability, which all influence cell survival (Hedbacker & Carlson 2008; 
Backhaus et al. 2013; Zhang et al. 2011). Snf1 is dephosphorylated in the 
presence of glucose and localizes in the cytosol. Subsequently, processes 
associated with uptake and consumption of alternative carbon sources are 
switched off, for instance respiration, gluconeogenesis and the Krebs 
cycle (Ronne 1995; Gancedo 1998; Hedbacker & Carlson 2008). On the 
other hand, during glucose deprivation, Snf1 as intracellular glucose 
sensor becomes activated and promotes stress resistance through overall 
repression of anabolic processes and partial induction of catabolic 
mechanisms (Carlson 1999; Woods et al. 1994; Chumnanpuen et al. 2012; 
Shirra et al. 2008; Kuchin et al. 2002). 
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At the same time, in S. cerevisiae, signals of glucose replenishment induce 
production of cellular cAMP. The rise in cellular cAMP activates the PKA 
kinase, which influences distinct transcriptional activators. This pathway 
is termed the cAMP-protein kinase A (PKA) pathway, which has crucial 
roles in mediating extracellular glucose sensing and signaling (Tamaki 
2007). 
In the presence of glucose, this pathway reduces stress tolerance and 
gluconeogenesis, while promoting fermentation (glycolysis), cell cycle 
progression and proliferation (Thevelein & De Winde 1999; Santangelo 
2006; Smets et al. 2010). Furthermore, studies have suggested that in the 
presence of glucose, cAMP-PKA pathway may inhibit the activation of 
Snf1 (Conrad et al. 2014).  
 
Nitrogen sensing and signaling in S. cerevisiae 
 
Nitrogen has a main role in various aspects of cellular metabolism due to 
its contribution to the anabolism and catabolism of amino acids, proteins 
and other nitrogenous complexes. Consequently, nitrogen metabolism is 
complicated, since it has common intermediates shared with other 
metabolic pathways. Overall, sensing and regulation of nitrogen is a 
critical for cell proliferation and survival. S. cerevisiae is able to use 
different compounds as nitrogen source but preferably consumes 
ammonium and glutamine. During the process of utilization of favorable 
sources such as glutamine, genes required for consumption and transport 
of poor nitrogen sources such as glutamate, are suppressed. This process 
is termed nitrogen catabolite repression (NCR) and allows yeast cells to 
adapt their metabolism to the available nitrogen sources (Magasanik & 
Kaiser 2002; Tate et al. 2017). 
 
In yeast, nitrogen is sensed through two distinct sensors: the amino acid 
permeases located at the cell surface and the cytoplasmic nitrogen sensors 
Tor1 and Tor2 (Didion et al. 1998; Iraqui et al. 1999; Klasson et al. 1999; 
Conrad et al. 2014; Loewith & Hall 2011). Yeast cells express diverse sets 
of amino acid permeases in response to environmental nitrogen sources. 
Nitrogen starvation induces the expression of plasma membrane-localized 
nitrogen-responsive permeases, such as the general amino acid permease 
Gap1, while upon nutrient rich conditions, basic-high affinity permeases 
are targeted to the plasma membrane (Roberg et al. 1997; Beck et al. 
1999). 
The Target of Rapamycin (TOR) is a highly conserved serine/threonine 
protein kinase. In contrast to higher eukaryotic organisms, yeast harbors 
two TOR homologues, Tor1 and Tor2, however only TOR complex1 
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(TORC1) is inhibited by rapamycin (Zheng et al. 1995; Loewith et al. 
2002). TORC1 activates protein, lipid and nucleotide synthesis in 
nutrition-rich conditions, thus promoting cell growth. Moreover, this 
kinase inhibits catabolic processes such as autophagy when environmental 
conditions are favorable. TORC1 influences transport and metabolism of 
amino acids through various downstream effectors, involving the NCR 
network and regulation of the activity and abundance of amino acid 
permeases. TORC1 senses intracellular nitrogen availability, and all 
amino acids are able to stimulate its activity (Powis & De Virgilio 2016). 
However, glutamine has special mechanisms to activate TORC1, making 
it a key molecule in nitrogen metabolism. Glutamine activates TORC1 
independently of GTP binding proteins (Magasanik & Kaiser 2002; 
Crespo & Hall 2002). Finally, inhibition of TORC1 under nitrogen 
starvation promotes the activity of the protein kinase Rim15. Overall, 
TORC1 inhibition by rapamycin or nitrogen starvation leads to cell cycle 
arrest and entry into G0 as well as downregulation of protein synthesis, in 
combination leading to an extension of chronological lifespan (Kim & 
Guan 2011; Loewith & Hall 2011; Fabrizio et al. 2001; Longo et al. 1996; 
Powers et al. 2006). Despite our understanding of the molecular details of 
the gene networks regulated by nitrogen, it is still not clear how 
intracellular signals synchronize these events. 
 
Insights into phosphate sensing and signaling pathway 
 
Phosphorous (P) is integrated into important macromolecules such 
phospholipids, the main components of all biological membranes, and 
nucleotides, the building blocks of DNA and RNA. Additionally, 
phosphorus is an essential element for various enzymatic processes, 
necessary for the production of adenosine triphosphate (ATP) - the 
cellular energy supply - as well as for intracellular signaling pathways by 
phosphorylating intermediates (Kritmetapak & Kumar 2021). The 
common phosphorous source is inorganic phosphate (Pi). Inorganic 
phosphate is usually a limiting nutrient in nature, specifically for 
microorganisms and plants (Austin & Mayer 2020). Moreover, the need 
for phosphate varies in a cell’s life. For instance, during S-Phase, when 
DNA is duplicated, the peak of Pi demand increases (Bru et al. 2016). In 
general, phosphate is a fundamental component of various cellular 
building blocks and impacts a plethora of biological functions.  Thus, 
phosphate homeostasis is critical for cellular and organismal survival, and 
organisms have developed multiple synchronized mechanisms to deal 
with phosphate fluctuations. 
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Cells harbor a series of genes that directly contribute to regulation of Pi 
homeostasis by monitoring processes such as the export and import of 
inorganic phosphate, synthesis and utilization of polyphosphates as the 
intracellular Pi reservoir, scavenging of environmental Pi, and Pi 
recycling from phosphate-containing compounds inside the cell (Oshima 
1997a; Vardi et al. 2014; Ogawa et al. 2000; Fisher et al. 2005; Xu et al. 
2013). Yeast cells have evolved coordinated signaling networks, which 
enable them to balance between Pi demand for biosynthetic reactions and 
increased cytoplasmic Pi concentration. This indicates the existence of 
networks for sensing of extra- and intracellular Pi as well as for buffering 
the cytosol (Thomas & O’Shea 2005). Via salvaging strategies, cells 
release Pi from different extracellular substrates. In addition, yeast cells 
express two different sets of transporters - low and high affinity 
transporters - which enable uptake of Pi under different concentrations. In 
addition, excess Pi is stored in the vacuole in form of polyphosphate to 
ensure sufficient reserves to complete the cell cycle and enter quiescence 
if Pi suddenly is depleted. Moreover, cells liberate and recycle Pi from 
internal compounds such as phospholipids and nucleotides, which is 
particularly important for cells that have to enter the resting state. Another 
strategy to survive under starvation in a non-dividing state is to reallocate 
the internal Pi pool to support processes critical for survival (Puga et al. 
2017; Austin & Mayer 2020). 
 
On the other hand, cells can encounter a sudden excess of Pi, which can 
be lethal for them. Therefore, they have to change their mechanisms 
towards decreasing the cytosolic Pi, for instance via inducing post-
translational regulation of different enzymes, which quickly and jointly 
regulates different systems for import, export, and storage of Pi 
(Ljungdahl & Daignan-Fornier 2012; Oliveira & Sauer 2012). All 
mentioned factors emphasize the importance of how intracellular Pi 
should be correctly regulated because the disruption in
phosphate homeostasis has serious outcomes for all organisms. For 
instance, Pi deprivation leads to cell cycle arrest, while at the same time 
high level of cytosolic Pi can be potentially dangerous for cells by stalling 
metabolism due to a switch in the equilibria of nucleotide-hydrolyzing 
reactions, therefore reducing the production of ATP, the cellular energy 
currency (Ansermet et al. 2017; Legati et al. 2015) 
 
In S. cerevisiae, many elements that function to cope with phosphate 
fluctuations are known. Yeast cells sense phosphate fluctuations through 
the phosphate signaling pathway (PHO pathway) and produce suitable 
responses, which are vital for cell survival (Yoshida et al. 1989).  



 14 

In the following section, the key components of PHO pathway are 
explained in more detail: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The cooperative transcription factors Pho2-Pho4 
Pho4 is a transcription factor, which translocates to the nucleus when it is 
activated by dephosphorylation under phosphate starvation.
Subsequently, Pho2 binds to Pho4, which leads to its stabilization and 
induction of PHO genes (Bürglin 1988; Oshima 1997a). 
 
The kinase complex Pho85-Pho80  
Pho85 is a multifunctional cyclin-dependent kinase that can associate with 
10 different cyclins named Pho85 cyclins (Pcls) that fine-tune its activity. 
Three of these Pcls play a role in the regulation of G1 in the cell cycle 
(Measday et al. 1997). The other cyclins function in sensing 
environmental fluctuations, thus regulating metabolism (Carroll & 
O’Shea 2002). Generally, in nutrient-rich environmental conditions, 
Pho85 is active and inhibits stress response mechanisms. In the PHO 
pathway, Pho85 is associated with the cyclin Pho80 and localizes in the 
nucleus (Toh-e et al. 1988). The Pho85-Pho80 kinase complex 
phosphorylates Pho4, which not only impairs the interaction of Pho4 with 
Pho2, but also triggers Pho4 export from the nucleus to the cytoplasm. 
Under low Pi conditions, the activity of this kinase complex is inhibited 
by Pho81 (Lee et al. 2008). 

Figure 3: Regulation of the PHO pathway in response to high Pi (A) and low 
Pi (B) conditions. 

A B 
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The cyclin-dependent kinase inhibitor Pho81  
Pho81 is localized in the nucleus under both high and low Pi conditions, 
where it is bound to the cyclin Pho80. Pho81 constitutively binds to the 
Pho80 subunit of the kinase complex when phosphate is the limiting factor 
and inhibits the kinase activity of the Pho85-Pho80 complex. Only the 
minimum domain of Pho81, which is located between amino acid 644 to 
723, is required for preventing Pho4 phosphorylation by Pho85–Pho80 
(Huang et al. 2001). Therefore, the modulation of the activity of Pho81, 
which influences the kinase activity of Pho85-Pho80, is the first step to 
induce or repress the PHO pathway. In S. cerevisiae, low phosphate 
conditions induce the production of diphosphoinositol pentakisphosphate 
(IP7), which physically interacts with Pho81, leading to activation of its 
inhibitory effect, thereby inducing the PHO pathway (Lee et al. 2008; 
Potapenko et al. 2018).  
 
The high affinity phosphate transporters Pho84 and Pho89 
Pho84 and Pho89 are high-affinity transporters at the plasma membrane, 
which allow uptake of Pi from the environment in low-Pi media (<0.2 
mM) (Bun-Ya et al. 1991; Auesukaree et al. 2003). Pho84 is a H+ 

cotransporter, while Pho89 is a Na+ cotransporter. At intermediate 
concentrations of phosphate, Pho84 is active, while at high concentration 
of Pi, Pho84 is targeted to the vacuole for degradation (Petersson et al. 
1999; Pratt et al. 2004; Lundh et al. 2009).  
 
The low affinity phosphate transporters Pho87 and Pho90 
Under high-phosphate conditions, the low-affinity phosphate importers 
Pho87 and Pho90 are active at the plasma membrane. It has been shown 
that the expression of the genes which encode these two transporters are  
not dependent on Pho4 and phosphate accessibility (Auesukaree et al. 
2003; Wykoff & O’Shea 2001; Pinsont et al. 2004). 
 
The vacuolar phosphate transporter Pho91 
Pho91 is a low-affinity Pi transporter, which is located at the vacuolar 
membrane. This importer has a role in storage and mobilization of 
vacuolar polyP, by transporting Pi from the vacuole into the cytosol. Thus, 
it may play a role in buffering cytosolic Pi (Hürlimann et al. 2007; 
Potapenko et al. 2018).  
 
The acid phosphatases Pho5, Pho11, Pho12 and Pho8 
Phosphate starvation induces the expression of genes encoding acid 
phosphatases. They function to liberate Pi from extracellular phosphate-
containing substrates (Oshima 1997a). Pho5, Pho11 and Pho12 are 
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located at the periplasmic space, while the repressible alkaline 
phosphatase, Pho8, is situated at the vacuole (Kaneko et al. 1982). 
 
The vacuolar transporter chaperone (VTC) complex  
VTC is induced under phosphate starvation to maximize the storage of 
phosphate as polyphosphate. It may seem counterintuitive, because under 
phosphate starvation, polyphosphate is actually being consumed. The 
reason behind the induction of VTC in low Pi medium is related to 
increased uptake of phosphate by Pho84. Therefore, to reduce the negative 
feedback of intracellular phosphate, it has to be stored simultaneously 
with polyphosphate via the VTC complex (Vardi et al. 2014; Wild et al. 
2016). 
 
In a resting, non-dividing state, the cytosolic Pi concentration may easily 
be enough for cells, since there is no Pi consumption (Conrad et al. 2014). 
In contrary, in an actively growing and dividing cell, the duplication of all 
cellular components needs major amounts of Pi. Thus, the requirement for 
and usage of cytosolic Pi varies drastically. During proliferation, cells 
have to tightly control and regulate their cytosolic Pi in order to prevent 
major changes in vital parameters. This indicates that, in order to keep 
constant intracellular phosphate concentration for important processes, 
cells need a synchronized, well-tuned system to regulate phosphate 
sensing, mobilization and its storage. The unknow question is that how 
these mechanisms are coordinated.  
  
As mentioned earlier, the PHO pathway is tuned to cope with Pi 
fluctuations. For instance, upon moderate phosphate starvation, it induces 
PHO84 and VTC genes (Vardi et al. 2014). Upon complete phosphate 
starvation, it additionally induces genes encoding for phosphatases 
(Oshima 1997b). Meanwhile, under high phosphate conditions, the low-
affinity phosphate transporters Pho87 and Pho90 are active at the plasma 
membrane, but as soon as phosphate becomes the limiting factor, the PHO 
pathway induces the high-affinity system Pho84 and Pho89.  
It is assumed that yeast cells have two distinct types of transporters to 
allow more efficient adaptation to Pi starvation and to support a quick 
recovery from stationary phase once Pi becomes available again  (Levy et 
al. 2011). In this manner, both transporters are expressed in intermediate 
Pi concentration, therefore a drop in phosphate availability could be 
detected faster (Levy et al. 2011).  
 
The activity of Pho85 kinase decreases when Pi becomes limiting, leading 
to the first peak of PHO gene transcription by partially dephosphorylated 
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Pho4. Thus, only a subset of genes are induced, such as Pho84 and VTC, 
leading to a boost of phosphate acquisition and storage (Springer et al. 
2003). Under complete phosphate starvation, the complete set of PHO 
genes is induced, as Pho81 efficiently inhibits the activity of the Pho85-
Pho80 kinase, leading to complete dephosphorylation of Pho4. Therefore, 
genes for scavenging Pi from environmental phosphate-containing 
compounds and recycling of Pi from internal resources, are transcribed 
only under complete phosphate starvation condition (Oshima 1997a; 
Ogawa et al. 2000; O’Neill et al. 1996; Thomas & O’Shea 2005). Finally, 
similar to glucose and nitrogen deprivation, depletion of phosphate 
induces cell cycle arrest and entry into the quiescent state (Wanke et al. 
2005; Swinnen et al. 2005). Under phosphate starvation, Pho81 inhibits 
the activity of the Pho80-Pho85 kinase, thus Rim15 becomes 
dephosphorylated and promotes entry to quiescence/G0 phase (Reinders 
et al. 1998; Cameroni et al. 2004). In high phosphate conditions, the 
Pho80-Pho85 kinase phosphorylates Pho4, leading to inactivation and 
nuclear export of it, thereby switching off the transcription of the PHO 
genes (Mouillon & Persson 2006). Moreover, the Pho85–Pho80 complex 
deactivates Rim15 by phosphorylation (Wanke et al. 2005).  
 
Overall, cells have to monitor the concentrations of free Pi not only in 
their environment, but also in their cytoplasm and the subcellular 
compartments. Even though the PHO pathway and its key players have 
been well characterized, a lot remains unsolved, such as how cells regulate 
and sense phosphate levels. 
 
Inorganic polyphosphate: a multifunctional polymer 
 
The excess of Pi is stored in the form of polyphosphate (polyP), a 
negatively charged polymer of 3 to 1000 of inorganic phosphate residues, 
which are bound together by an energy-rich phosphoric anhydride bonds 
in a linear chain (Kornberg et al. 1999). This polymer effectively chelates 
ions such as Mg2+, Mn2+ and Ca2+ (LANGEN & LISS 1958). PolyP exists 
in all organisms, though with different length and concentration (Rao et 
al. 2009; Desfougères et al. 2020; Albi & Serrano 2016). In the budding 
yeast, polyP occupies up to a quarter of the dry weight of a cell, meaning 
an internal concentrations of over 200 mM in respect to phosphate 
residues (Auesukaree et al. 2004; Kornberg et al. 1999). In yeast, polyP is 
mostly located in the vacuole, but small amounts can be found in 
mitochondria and the ER (Saito et al. 2005; Pestov et al. 2004; Lichko et 
al. 2006; Kulakovskaya et al. 2010). 
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In yeast, polyP is synthesized from ATP by the vacuolar transporter 
chaperone (VTC) complex (Gerasimaite et al. 2014). The VTC complex 
exists in two distinct forms in yeast: Vtc4/Vtc3/Vtc1, the vacuolar 
membrane form, and Vtc4/Vtc2/Vtc1, the endoplasmic reticulum 
membrane and nuclear envelope form (Hothorn et al. 2009; Uttenweiler 
et al. 2007)(Gerasimaite & Mayer 2016). Still, under phosphate 
starvation, also the latter form is found in the vacuolar membrane 
(Gerasimaite & Mayer 2016). Later,Vtc5, a transmembrane protein, was 
characterized as a novel subunit of the VTC complex, which participates 
in polyP synthesis (Desfougères et al. 2016). Vtc4 is the catalytic domain 
of the complex which synthesizes polyP from nucleotide triphosphates 
(Hothorn et al. 2009; Müller et al. 2003). Additionally, Vtc4 functions as 
a chaperone in vacuolar membrane fusion due to its physical interaction 
with vacuolar H+-ATPase (V-ATPase). Thus, polyP production also 
activates the vacuolar fusion machinery (Müller et al. 2002; Müller et al. 
2003).  
On the other hand, there are two types of polyphosphatases in yeast; (i) 
the exopolyphosphatases, which cleave phosphate from the chain end, and 
(ii) the endopolyphosphatases, which cut long inorganic polyphosphates 
into shorter polymers. Under phosphate starvation, phosphate is liberated 
from polyP by Ppn1 (exo/endo) and Ppn2 (endo), two polyphosphatases 
which are located in the vacuolar lumen (Gerasimaite & Mayer 2016; 
Gerasimaite & Mayer 2017). 
 
In yeast, polyP functions in various cellular processes. It is involved in 
ion metabolism, phosphate homeostasis, vacuolar fusion and fission, cell 
cycle and stress responses (Bru et al. 2016; Trilisenko et al. 2019). 
Moreover, it has a role in post-translational modifications and can act as 
a signaling molecule (Azevedo et al. 2015). Due to its negatively charged 
residues, polyP can change the biological activity of different proteins or 
polysaccharides by binding to them directly or indirectly in presence of 
cations. Additionally, it has been shown that cells induce the transcription 
of phosphate starvation genes when polyP is absent (Neef & Kladde 2003; 
Thomas & O’Shea 2005). Hence, under phosphate starvation, polyP is 
used as a source of phosphate for the synthesis of dNTP, which, as 
mentioned earlier, can be important in buffering the cytosolic phosphate 
(Bru et al. 2016). 
 
In sum, polyP contributes to various biological processes and its cellular 
levels are assumed to influence yeast lifespan. However, there is still a 
gap of knowledge on how the synthesis and degradation of polyP are 
synchronized. 
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Rim15 integrates nutrient signaling pathways and orchestrates 
cellular quiescence 
 
As discussed earlier, several conserved nutrient sensing pathways, 
including TORC1, PKA and the PHO pathway, regulate quiescence (de 
Virgilio 2012). Moreover, the protein kinase Rim15, which functions 
downstream of these pathways, is needed for the initiation of quiescence 
(Broach 2012; de Virgilio 2012). It is assumed that Rim15 functions as 
integrator of these distinct signaling pathways (Castro & Lorca 2018; Sun 
et al. 2020).  
 
Rim15 is a serine/threonine protein kinase which is homologous to the 
mammalian microtubule-associated serine/threonine-like kinase
(MASTL) (Castro & Lorca 2018). Rim15 induces general stress responses 
by activating three transcription factors: Msn2, Msn4, and Gis1, all 
connected to the extension of chronological lifespan (Cameroni et al. 
2004). 
 
Depending on the starvation signals, the genetic requirements for 
quiescence vary (Sun et al. 2019). Thus, Rim15 as the main regulator of 
cellular quiescence, orchestrates various processes in respond to different 
starvation scenarios  (Cameroni et al. 2004; Swinnen et al. 2006). In this 
line, upon nutrient starvation, TORC1 and PKA/cAMP as negative 
regulators of Rim15 are inactivated, thus leading to Rim15, activation and 
entry into G0 (Pedruzzi et al. 2003). Likewise, under phosphate starvation, 
the Pho85-Pho80 kinase is inactivated, resulting in dephosphorylation and 
activation of Rim15, which translocates to the nucleus and initiates the 
quiescence program (Wanke et al. 2005). 
 
In sum, depending on the starvation signals, the functional requirements 
for entering and exiting quiescence vary (Klosinska et al. 2011). 
Furthermore, the length of the quiescence state influences the ability and 
swiftness to re-enter cell cycle (Laporte et al. 2018; Gookin et al. 2017).  
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The role of interorganellar communication in cell fate 
 
Unlike prokaryotic cells, eukaryotic cells are partitioned into different 
membrane-bound compartments such as the endoplasmic reticulum 
(ER), nucleus, mitochondria, the vacuole and the Golgi. These 
membrane-enclosed organelles are unique in terms of function and set 
of enzymes, and the subcellular compartmentalization is required to 
establish microenvironments for dedicated biochemical reactions. On 
the other hand, in order to survive, cells need an interorganellar 
communication system to regulate their cellular responses to external and 
internal changes. To synchronize crucial aspects of cellular physiology, 
organelles exchange metabolites and information using two distinct 
systems. One way of interorganelle communication is via vesicular 
transport, and the other one is through a direct connection of two close 
organelles at a zone termed membrane contact site (MCS) (Scorrano et al. 
2019; Bohnert 2020). These necessary interaction systems exist across all 
eukaryotic organisms (Gatta & Levine 2017). 
 
Pathways of vesicular transport 
 
Vesicular transport allows the dynamic trafficking between a network of 
distinct organelles. In this system, the transport of cargo material, such as 
proteins and lipids, between different organelles is carried out by small, 
membrane-enclosed vesicles. Vesicles receive their specific cargos from 
different compartments and deliver them to an acceptor organelle via 
membrane fusion. Vesicular transport systems have been studied by 
focusing on the vacuole as the center of metabolic signaling and the main 
catabolic organelle (Bryant & Stevens 1998). 
 
For proper vacuolar function, a plethora of proteins such as hydrolases 
and membrane proteins need to be delivered to the vacuole. These 
vacuolar proteins are transported to the vacuole via three routes (Rothman 
& Stevens 1986; Simpson et al. 1996): (i) the vacuolar protein sorting 
(VPS) pathway, where the vesicle carrying its cargo fuses with endosomes 
prior to delivery to the vacuole. This pathway is best recognized as the 
route for the delivery of the carboxypeptidase Y (CPY) to the vacuole 
(Marcusson et al. 1994). (ii) The alkaline phosphatase (ALP) pathway, 
where the vesicle transports its cargo directly to the vacuole from the 
Golgi apparatus. The vacuolar alkaline phosphatase Pho8 is transported 
via this route to the vacuole (Cowles et al. 1997). (iii) The cytosol-to-
vacuole transport (CVT) pathway facilitates transport of the 
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aminopeptidase 1 (Ape1) and the alpha mannosidase 1 (Ams1) to the 
vacuole, which requires the autophagy machinery (Lynch-Day & 
Klionsky 2010). 
Additional vesicular trafficking routes which have the vacuole as their 
endpoint are: (i) Autophagy, a mechanism for degradation of proteins and 
cytoplasmic components in response to starvation and (ii) the 
multivesicular body (MVB) pathway, which delivers plasma membrane 
proteins destined for degradation to the vacuole. 
Vesicles from all these pathways need to fuse with the vacuole in order to 
deliver their cargo. Vesicle fusion with the vacuole requires (i) the small 
Rab GTPase Ypt7, (ii) tether proteins from the Homotypic fusion and 
protein Sorting (HOPS) complex, which act as a bridge, and (iii) Soluble 
N-Ethylmaleimide-sensitive factor attachment protein receptors 
(SNAREs), jointly mediating the docking and fusion events at the vacuole 
(Söllner et al. 1993; Lachmann et al. 2011). 
 
Autophagy: a recycling pathway that supports cellular survival 
 
Autophagy refers to ‘self-eating’ and represents a crucial mechanism for 
the breakdown of cellular material. It is an evolutionarily conserved 
process present in all eukaryotes, which has been discovered in the late 
1950s and early 1960s by electron microscopy. However, a molecular 
understanding of this process has started in the 1990s, when the genes 
regulating autophagy were identified by Yoshinori Ohsumi in budding 
yeast (Tsukada & Ohsumi 1993; Zhuang et al. 2016). The autophagy-
related (Atg) genes encode proteins that mediate autophagic delivery of 
damaged and unneeded intracellular macromolecules such as cytosolic 
proteins, nucleic acids as well as organelles to the vacuole for degradation 
(Yang & Klionsky 2010a). 
 
At first, this degradative system was assumed to be just a cellular response 
to stress, in particular nutrient starvation. Within the last decades, it 
became clear that autophagy serves numerous functions beyond cellular 
adjustment to nutrient depletion, including for instance the regulation of 
organelle and cellular homeostasis, tumor repression, immune system, 
development and aging (Gozuacik & Kimchi 2004; Levine & Klionsky 
2004; Mizushima 2009). Therefore, autophagy plays an important role in 
human health, and defects in autophagy are associated with various 
human diseases, such as neurodegenerative disorders, diabetes, cancer 
and metabolic illness (Yuan et al. 2003; Levine & Kroemer 2019).   
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In yeast, two main forms of autophagy exist: microautophagy and 
macroautophagy. Microautophagy defines the process of direct 
invagination of cytoplasmic components by the vacuole for degradation 
(Li et al. 2012).In contrast, during macroautophagy (hereafter referred to 
as autophagy), cargo destined for degradation becomes isolated by a 
double-membrane vesicle, termed autophagosome. Subsequently, the 
autophagosome delivers its inner-membrane content, named the 
autophagic body into the vacuole by fusing with the vacuolar membrane. 
In the vacuolar lumen, the discharged cargo is subjected to vacuolar 
hydrolytic enzymes, which enables breakdown and recycling of building 
blocks (Klionsky & Ohsumi 1999; Klionsky 2007). Chaperone-Mediated 
Autophagy (CMA) is a third type of autophagy which occurs in higher 
eukaryotic cells. CMA is a type of selective autophagy, where a cytosolic 
chaperone, the heat shock cognate 71 kDa protein (HSC70), facilitates the 
selective degradation of proteins via endosomal microautophagy 
(Kaushik & Cuervo 2018). 
 
In yeast autophagy is initiated at the phagophore assembly site (PAS). The 
phagophore is a cup-shaped membrane, which matures into the 
autophagosome by membrane expansion and enclosing of the cargo. 
Subsequently, autophagosomes are transported to the vacuole, where they 
fuse with the vacuolar membrane and release their cargo. Autophagy is a 
successive process which is regulated by approximately 30 Atg proteins, 
recruited in different steps of the autophagy pathway (Yang & Klionsky 
2010b; Klionsky et al. 2003). Some of the core autophagy proteins are (i) 
the Atg1 kinase complex, which initiates autophagy by phosphorylating 
downstream proteins, (ii) Atg8–phosphatidylethanolamine (PE) which 
functions at the PAS in autophagosome membrane formation by engaging 
the Atg1 complex, (ii) Atg4, a protease which cleaves the C-terminus of 
Atg8 and enables the Atg8 conjugation with PE, (iii) Atg9, an integral 
membrane protein essential for membrane delivery to the PAS and 
autophagosome formation (Ohsumi 2014). 
 
Autophagy can be either non-selective or selective, depending on the way 
respective cargo is recognized and isolated for the delivery to the vacuole. 
In non-selective autophagy, the target of degradation represents bulk 
cytoplasm that is randomly placed into the autophagosome. Instead, in 
selective autophagy, the target for degradation is labelled by special 
adaptor proteins known as ‘selective autophagy receptors’ (SARs) (Kirkin 
2020). Selective autophagy starts, when the selective adaptor proteins 
become phosphorylated, leading to recruitment of the core autophagy 
machinery and subsequent degradation of cargo via delivery by the 
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autophagy pathway to the vacuole. Some of the selective receptors are (i) 
Atg36, which serves to target peroxisomes for degradation (Motley et al. 
2012), (ii) Atg32, which mediates delivery of mitochondria for 
degradation, known as mitophagy (Kanki et al. 2009), and (iii) Atg39, 
which together with Atg40 functions in the delivery of ER for 
degradation, termed ER-phagy (Mochida et al. 2015). 
 
Another selective vesicular trafficking pathway is the CVT pathway 
(Lynch-Day & Klionsky 2010). The CVT pathway is classified as 
selective autophagy, since this pathway uses most of the core autophagy 
machinery and shares similarities. This pathway delivers two hydrolases, 
α-mannosidase (Ams1) and aminopeptidase I (Ape1), to the vacuole and 
represents an anabolic and not catabolic branch of autophagic transport 
(Scott et al. 1996; Hutchins & Klionsky 2001). These enzymes are 
synthesized in the cytosol in an inactive form and, upon delivery to the 
vacuole by CVT vesicles, become active by cleavage of the peptides via 
vacuolar enzymes (Parzych & Klionsky 2019). Atg19 and Atg34 are the 
selective receptors in the CVT pathway (Shintani et al. 2002; Suzuki et al. 
2010). 
 
The multivesicular body pathway at a glimpse  
 
As mentioned earlier, eukaryotic cells have vesicular trafficking systems 
for delivering proteins, lipids and extracellular material to other 
organelles. One of these systems is the multivesicular body (MVB) 
pathway, which delivers transmembrane proteins and lipids to the vacuole 
(Gruenberg & Maxfield 1995; Odorizzi et al. 1998). This system is 
initiated via labeling of membrane protein cargo with ubiquitin by 
dedicated ubiquitin ligases, leading to endosome formation and 
subsequent intralumenal vesicle (ILV) biogenesis, resulting in the 
establishment of MVBs. Successively, MVBs are transported to the 
vacuole, where they fuse with the vacuolar membrane and release their 
inner vesicles for vacuolar degradation. 
 
The ubiquitinated cargo serves as initiation signal for MVB pathway, 
leading to the recruitment of various proteins that mediate the 
intralumenal vesicle sorting of the cargo (Ahmed et al. 2019). These 
proteins are termed as Endosomal Sorting Complex Required for 
Transport (ESCRT), including ESCRT-0, -I, -II, and -III (Urbanowski & 
Piper 2001). ESCRT proteins are encoded by genes called class E 
vacuolar protein sorting (Vps) (Raymond et al. 1992). These four 
complexes together with AAA-ATPase Vps4 carry out the different steps 



 24 

of the MVB pathway (Ahmed et al. 2019; Shields & Piper 2011). The 
MVB pathway is initiated by binding of ESCRT-0 to 
phosphatidylinositol-3-phosphate PI(3)P and interacting with the 
ubiquitinated cargo (Kobayashi et al. 1998; Möbius et al. 2003). The 
curved membrane containing the ubiquitinated cargo and PI(3)P recruits 
both ESCRT-I and II, which in turn mediate the engagement of ESCRT-
III. The neck of the budding vesicle will be narrowed by ESCRT-III. 
Successively, Vps4 in complex with ESCRT-III will separate the vesicle 
from the limiting membrane, followed by disassembly and recycling of 
the ESCRT complexes (Raiborg & Stenmark 2009; Henne et al. 2011). 
 
The ESCRT complex is an evolutionary conserved machinery with 
important roles in membrane remodeling and scission. This multi-subunit 
complex not only serves a critical role in the MVB pathway, but also 
supports other cellular events comprising membrane tightening and 
clipping events, such as plasma membrane repair in the terminal stage of 
cytokinesis where daughter and mother cells are cut off (Carlton & 
Martin-Serrano 2009; Metcalf & Isaacs 2010). Additionally, the ESCRT 
machinery functions in macroautophagy by mediating sealing of the 
autophagosome (Zhou et al. 2019). Moreover, there is evidence 
suggesting a role for the ESCRT machinery in microautophagy, where it 
deforms the vacuolar membrane (Oku et al. 2017). Also, recent research 
suggests that under glucose starvation, aberrant proteasomes are targeted 
for degradation via ESCRT-dependent microautophagy under control of 
AMPK (Li et al. 2019). 
 
Thus, it is clear that the MVB pathway and autophagy are tightly linked, 
and their cooperative activity seems essential for different aspects of 
cellular fitness, for instance in response to nitrogen starvation (Müller et 
al. 2015; Mejlvang et al. 2018). We show that the MVB pathway and the 
ESCRT complex function in combination with autophagy to maintain 
cellular viability upon phosphate restriction (Paper I). While we find that 
the activation of the MVB pathway is critical already during early days of 
aging, a functional core autophagy machinery was only required to sustain 
long-term survival of phosphate-exhausted cells. The rapid degradation of 
plasma membrane cargo via the MVB pathway ensures survival by 
recycling the building blocks required for finalizing the anabolic process 
to support cellular fitness during prolonged starvation, where 
macroautophagy is critical for survival (Paper I). 
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Getting even closer via membrane contact sites 
 
Membrane contact sites bring organelles in close proximity, thereby 
facilitating the exchange of lipids and metabolites for communication and 
cellular signaling (Holthuis & Ungermann 2013; Levine & Loewen 2006). 
Additionally, MCS position and organize organelles within the cell. In S. 
cerevisiae, various MCS have been identified, connecting almost all 
organelles within a cell (Schuldiner & Bohnert 2017; Scorrano et al. 
2019). Studies have shown that nutrient restrictions alter organellar 
dynamics and MCS composition and abundance (Molino et al. 2017; 
Scorrano et al. 2019). In this work, we focus on the nucleus-vacuole 
junctions (NVJs), the first identified MCS in the yeast (Pan et al. 2000). 
NVJs establish a bridge between the main anabolic (ER) and catabolic 
(vacuole) organelle within a cell. These junctions also exist in higher 
eukaryotic, where they connect ER to endosomes, however the structure 
and function of this system is more complex compared to yeast (Hönscher 
& Ungermann 2014; Eden 2016). 
 
To form NVJs, interaction between the main tethering proteins Nvj1 from 
nuclear/ER side and Vac8 from the vacuole side is required (Pan et al. 
2000), leading to recruitment of other components of this contact site, 
most of them involved in lipid metabolism. In the following section, each 
of these components will be briefly described. The accessory proteins of 
NVJs include: OxySterol binding protein Homolog 1 (Osh1) (Levine & 
Munro 2001) and Temperature-sensitive Suppressors of Csg2 mutants 13 
(Tsc13), an essential ER-membrane bound enzyme, which is required for 
fatty acid elongation (Kohlwein et al. 2001). Both of these proteins contact 
with Nvj1, thus their localization is depended on this protein (Jeong et al. 
2017; Manik et al. 2017). Additionally, Nvj2 a lipid binding protein, is 
described as an accessory protein (Liu et al. 2017).  
Mitochondrial Distribution and Morphology (Mdm1) together with Nvj3 
are considered as alternative tether proteins of NVJs, where their 
localization is not depended on Nvj1 (Henne et al. 2015; Hariri et al. 
2016). Mdm1 is  an integral ER-protein, which binds to the vacuole and 
mediates LD biogenesis (Hariri et al. 2018). Other components of NVJs 
involve; Vps13 a membrane protein, that acts as regulatory protein and 
mediates phospholipid transport at this junctions (Bean et al. 2018), as 
well as a sterol transporter, Lipid transfer protein Anchored at Membrane 
contact site (Lam6), that needs Vac8 to be recruited at this contact site 
(Elbaz-Alon et al. 2015). 
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The main tether proteins interact and recruit other protein clients, which 
function to either shape or stabilize the contact sites (Kohler & Büttner 
2021)(Kohler & Büttner 2021).We have identified the integral ER protein 
Snd3 as additional component of the NVJs, targeting these contact sites 
specifically upon glucose exhaustion under the control of central glucose 
signaling pathways (Paper III). We find Snd3 to be required for NVJs 
establishment by stabilizing of the main tether Nvj1 and to be essential for 
efficient NVJ expansion in response to nutrient limitation (Paper III).  

NVJs are dynamic regions that change rapidly in size and composition in 
response to nutrient fluctuations or stress, thus modifying cellular 
subsystems to adapt to metabolic demands. In this line, studies have 
shown that nitrogen and carbon starvation result in the expansion of NVJ 
from small foci to large patches (Hariri et al. 2018; Peper III). As 
mentioned above, several NVJs components have roles in lipid transport 
and metabolism, and NVJs have been suggested to serve as hubs for lipid 
droplet biogenesis (Hönscher & Ungermann 2014; Hariri et al. 2018). 
Additionally, the NVJs function in different cellular processes, such as the 
regulation piecemeal microautophagy of the nucleus (PMN), where 
unneeded portions of the nucleus bud off into the vacuole at NVJs for 
subsequent hydrolytic degradation (Roberts et al. 2003). Besides 
removing part of the nuclear envelope, a role of NVJs in eliminating 
misassembled nuclear pore complexes (NPCs) has been reported (Lord & 
Wente 2020). NPCs mediate the shutteling of macromolecules between 
the nucleus and cytoplasm. All in all, there is still a gap of knowledge on 
how these contacts sites are regulated by metabolic changes, thereby 
influencing yeast survival. 

 

 

 

 

 

 

 

Figure 4:  Illustration of lipid droplets subcellular distribution in respect to NVJs. 



 27 

Lipid droplet biogenesis and dynamics  
 
Lipid droplets (LDs) are fat storage organelles conserved across species 
barriers. They are characterized by a phospholipid monolayer surrounding 
a core of hydrophobic neutral lipids,  the triacylglycerols (TAGs) and 
steryl esters (SEs) (Tauchi-Sato et al. 2002). The lipid monolayer is 
decorated by different LD-specific proteins (Bersuker & Olzmann 2017). 
The synthesis of neutral lipids at the ER initiates the generation of LDs, 
emerging from the ER membrane (Pol et al. 2014; Renne et al. 2020). LDs 
are generated in between the two leaflets of the ER bilayer by forming 
lipid-lens structures. Later, these lipid-lenses fuse and become larger, 
leading to the growth of LDs, which bud off from the ER towards the 
cytoplasm. LDs often remain attached to the ER or in close proximity to 
it (Jacquier et al. 2011; Choudhary et al. 2015). 
In yeast, TAG biogenesis is initiated by the activity of the Phosphatidic 
Acid phosphoHydrolase 1 (Pah1). Pah1 converts phosphatidic acid (PA) 
to diacylglycerol (DAG) (Carman & Han 2006). Subsequently, 
DiacylGlycerol Acyltransferase1 (Dga1) and Lecithin cholesterol acyl 
transferase Related Open reading frame (Lro1) convert DAG to TAG 
(Oelkers et al. 2002). Dga1 uses different acyl-CoA species to synthesize 
TAGs, while Lro1 uses phosphatidylcholine (PC) or
phosphatidylethanolamine (PE) to build TAGs in an acyl-CoA-
independent mode (Choudhary et al. 2011). In yeast, two enzymes called 
Acyl-CoA: cholesterol acyl transferase-Related Enzyme 1 (Are1) and 
Are2 are responsible for generating SEs via esterifying unsaturated acyl-
CoA (Yang et al. 1996). All four enzymes; Dga1, Lro1, Are1 and Are2 
are located in ER-membrane (Sandager et al. 2002). However, Dga1 is 
considered to tether the forming LD to the ER membrane, through binding 
to the phospholipid monolayer of the forming LD (Renne et al. 2020). 
These four enzymes are necessary for neutral lipid production, which is 
required for LDs biogenesis (Oelkers et al. 2002; Sandager et al. 2002).  

The mechanism of LDs formation is poorly understood, but initiation of 
LD formation has been suggested to be initiated at specific ER domains 
through assistance of lipids, proteins or membrane tensions. In general, 
TAGs diffuse freely between the leaflets of the ER bilayer upon synthesis. 
After reaching a critical concentration, TAGs are gathered in specific 
domains of the ER, leading to formation of the lens-like structures 
mentioned above (Thiam & Forêt 2016; Pol et al. 2014). Thus, TAG 
generation may play a role in labeling where LDs biogenesis should occur 
(Adeyo et al. 2011). Another theory explains the trapping of TAGs and 
initiation of lens-like structures via specific proteins at defined 
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microdomain of the ER (Wang et al. 2018; Joshi et al. 2018). However, it 
is not clear yet how these proteins regulate these events. Also surface 
tension has been suggested to play a role in LDs biogenesis (Roux & 
Loewith 2017). These tensions include the bilayer tension, as well as the 
tension between the two monolayers which enclose the forming LD (Ben 
M’barek et al. 2017).  
 
LDs keep growing after budding off from the ER, and the expansion of 
their surrounding monolayer of phospholipids is accomplished either by 
transport of enzymes for phospholipid synthesis to the LD surface, or 
through transport of phospholipids directly from the ER onto the surface 
of LDs at membrane contact sites, for instance the NVJs (Krahmer et al. 
2011; Hariri et al. 2018). LDs localize mainly to the cytoplasm, but can 
also exist in the nucleus (Layerenza et al. 2013; Uzbekov & Roingeard 
2013). Localization and interaction of LDs with other organelles within 
the cell are depended on cellular metabolism (Shai et al. 2018; Herms et 
al. 2015, Paper II).  
 
 
LDs are extremely dynamic structures that can grow in size and interact 
with other subcellular organelles, depending on cellular necessities (Yang 
et al. 2012; Olzmann & Carvalho 2019, Paper II). The neutral lipids 
stored in lipids can be mobilized to provide energy when nutrients are 
depleted and to supply building blocks that are used for membrane 
biogenesis. In addition, they play a role in detoxification of excess free 
fatty acids or toxic lipids, thus protecting cells against lipotoxicity and 
oxidative stress (Olzmann & Carvalho 2019). A growing number of 
studies have shown other functions of LDs, ranging from storage of 
hydrophobic vitamins and signaling proteins to protein quality control via 
removal the misfolded proteins from the ER and cytosol (Welte & Gould 
2017; Henne et al. 2018; Moldavski et al. 2015). 
 
Furthermore, LDs play role in induction of autophagy (Shpilka et al. 
2015). Recent data show that LDs can provide lipids for phagophore 
formation, where the long chain fatty acyl-CoA synthetase (Faa1) directly 
localizes on autophagosomes and expands the autophagosomal membrane 
(Schütter et al. 2020). Additional roles of LDs in autophagy have been 
reported, showing the essential role of Dga1 and Lro1 in the lipidation of 
Atg8, which is required for autophagy (Shpilka et al. 2015). Likewise, 
recent findings suggest that LDs provide building blocks through 
lipolysis. The main lipases in S. cerevisiae  that hydrolyse TAGs to DAGs 
and free FAs are TriGlyceride Lipases 3 (Tgl3), Tgl4, and Tgl5, which are 
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localized to LDs (Athenstaedt & Daum 2003; Athenstaedt & Daum 2005). 
These enzymes are essential for LDs homeostasis and TAGs mobilization, 
along with cellular adaptation to various energy necessities. Moreover 
recent data points towards the importance of mobilization of free FAs and 
DAGs in the induction of autophagy, supporting autophagosomal 
membrane biogenesis (Schepers & Behl 2021) 
 
Taken together, these findings and our work (Paper II) point towards 
importance of LDs in cellular adaptation to various fluctuation. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
  



 30 

AIMS OF THIS THESIS 
 
 
The aim of this thesis was to further our understanding of the cellular 
processes supporting adaptation to different nutritional regimes, with a 
particular focus on cellular remodelling and pathways that sustain cellular 
fitness and survival over time under phosphate restriction. 
 
 
 
Aim of the projects: 
 

• Paper I focusses on the characterization of the cellular which lead 
to an extension of lifespan under phosphate depletion. 
 

• Paper II analyzes the impact of cellular remodeling and 
intercompartmental communication on the aging process upon 
glucose versus phosphate exhaustion. 
 
 

• Paper III investigates the molecular architecture of NVJs upon 
glucose exhaustion and replenishment. 
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CONCLUDING REMARKS AND OUTLOOK 
 
The studies presented in this thesis provide insights into the mechanisms 
of cellular aging upon nutrient depletion, using yeast as a model system. 
Though our knowledge regarding the molecular mechanisms responsible 
for the effects of caloric restriction on lifespan in different species is 
increasing, a lot remains to be learned. As many fundamental mechanisms 
are conserved from yeast to human, accumulating data from yeast serve 
as an excellent base to understand how higher eukaryotic cells age. This 
work sheds more lights on the mechanisms through which phosphate 
exhaustion coordinates different cellular processes to extend yeast 
chronological lifespan. Moreover, we provide insights on how 
coordinated movements of cellular material between various 
compartments via autophagy, the MVB pathway and other vesicle 
trafficking routes impacts yeast aging under phosphate depletion.  
 
Recent studies suggest that organellar communications may play an 
important role in long-term survival of yeast cells during aging, mediating 
the flow of information between organelles to control diverse cellular 
processes (Michelle T 2013; Beach & Titorenko 2011; Dakik & Titorenko 
2016). In S. cerevisiae, the vacuole does not only serve as waste bin and 
recycling facility but in addition represents the storage place for amino 
acids and polyphosphates (Aufschnaiter & Büttner 2019). Therefore, this 
organelle plays an important role in cellular fate. Accordingly, it is 
necessary for the vacuole to be in connection with other organelles to 
carry out its vital functions, such as protein degradation, pH homeostasis, 
osmoregulation and ion transport. In order to understand how metabolic 
changes and homeostasis influence longevity, we focused on the vacuole 
as an important organelle for breakdown and storage of cellular material. 
We studied the regulation of various vesicular pathways that share the 
vacuole as their endpoint, as well as the remodeling of NVJs, establishing 
physical contact between the vacuole and the perinuclear ER, under 
different dietary regimes. 
 
In Paper I, we found that phosphate depletion prominently prolongs 
lifespan via induction of two main catabolic pathways, namely autophagy 
and MVB pathway. We show that the MVB pathway is required at early 
stages of aging, while autophagy is essential for full lifespan extension. 
Thus, a sequential and coordinated action of both pathways is vital for 
longevity induced by phosphate depletion. Moreover, we demonstrate that 
the nutrient-responsive kinase Pho85 regulates autophagy differently in 
response to nutrient deprivation. In this line, under phosphate depletion, 
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Pho85 is required for induction of autophagy and cellular fitness. 
Furthermore, in Paper I, we show that the vacuolar tethering and fusion 
machinery is critical for longevity induced by phosphate restriction.  
 
In Paper II, we focus on the role of NVJs as another way of organellar 
communication, directly comparing their contribution to cellular 
remodeling upon phosphate versus glucose depletion. In this line, we 
studied lipid droplets biogenesis and subcellular distribution in respect to 
NVJs, which is a bridge between the ER, where LDs are generated, and 
the vacuole, where they can be degraded. We show that NVJs increase in 
abundance in phosphate-exhausted cells and efficiently support LD 
biogenesis. This is in line with the fact that NVJs can serve as hubs for 
LDs synthesis by mediating the fast delivery of enzymes and building 
blocks (Henne & Hariri 2018). Under phosphate starvation, cells liberate 
phosphate from phospholipids, resulting in accumulation of free fatty 
acids (FAs), which have to be stored in LDs, since free FAs can act as 
detergent, being toxic for the cell by disrupting proteins and membranes 
(Plötz et al. 2016). Hence, LDs protect cells from FA lipotoxicity. 
Additionally, there is a high demand for lipids under different stages of a 
cell’s life, e.g. for membrane expansion during growth or for recycling 
and usage during nutrient scarcity, where LDs serve as energy reservoir 
(Eisenberg & Büttner 2014). In Paper II, we show that phosphate 
depletion induces LDs formation, which contributes to long-term survival. 
Additionally, we show that Mdm1, the peripheral NVJ tether, accumulates 
in the vacuole in phosphate-depleted cells, which points to turnover of this 
protein.  
Furthermore, we show that phosphate depletion upregulates SE synthesis, 
which is vital for longevity under phosphate depletion. Also, we 
demonstrate that phosphate-depleted cells rewire their system, generating 
increased amounts of neutral lipids and reducing their membrane lipid 
content. Finally, our study indicates that depending on the nutritional 
regime, cells produce specific types of LDs, containing more SEs or TAG, 
which facilitate cellular re-growth upon nutrients replenishment.  
 
In Paper III, we investigated the regulation of NVJs in nutrient-rich 
conditions as well as upon glucose exhaustion, leading to the 
characterization of the integral ER protein Snd3 as a unique component 
and regulator of NVJs. We showed that Snd3 regulates NVJs formation 
by stabilizing Nvj1 and in addition is recruited to the junctions when 
glucose is depleted. Furthermore, we find that the targeting of Snd3 to the 
NVJs is controlled by central glucose signaling pathways and is essential 
for efficient NVJ expansion. 
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Collectively, our studies highlight the importance of interorganellar 
connectivity for survival and cellular adaptation upon different nutritional 
regimes, both in form of vesicular transport and direct physical contact at 
NVJs. This is in line with recent evidence showing the role of ESCRT in 
microautophagy of LDs (Garcia et al. 2020). We could show how cells 
adapt to nutrient fluctuations via cellular remodeling of membrane 
contacts sites and upregulation of degradative pathways that support the 
recycling of cellular material, leading to longevity. For instance, in 
phosphate-depleted cells, massive upregulation of autophagy in early 
stages of aging prime cells for prolonged starvation. 
 
A lot of open questions remain. Do phosphate-depleted cells produce 
more LDs to detoxify the free fatty acids that result from liberation of 
phosphate from phospholipids? Why are SEs specifically important for 
long-term survival under phosphate exhaustion but dispensable for 
viability under glucose depletion? Why do different nutritional regimes 
require special types of LDs? What are alternative mechanisms that 
contribute to the full spectrum of cellular responses to phosphate 
exhaustion? While these and many more questions remain to be 
addressed, our studies have broadened our knowledge of the impact of 
nutritional regimes on cellular remodeling and survival during aging. 
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ABBREVIATIONS 
 

ALP Alkaline phosphate 
AMPK AMP-activated protein kinase 
Ams1 Alpha mannosidase 1 
Ape1 Aminopeptidase 1 
Are1 Acyl-CoA: cholesterol acyl transferase-Related Enzyme 1 
ATG Autophagy-related 
ATP Adenosine triphosphate 
CLS Chronological Lifespa 
CMA Chaperone-Mediated Autophagy 
CPY Carboxypeptidase Y 
CVT Cytosol-to-vacuole transport 
CVT Cytosol to vacuole transport 
DAG Diacylglycerol 
Dga1 DiacylGlycerol Acyltransferase1 
DR Dietary restriction 
ER Endoplasmic reticulum 
ESCRT Endosomal Sorting Complex Required for Transport 
Faa1 Fatty acyl-CoA synthetase 
HOPS Homotypic fusion and protein Sorting 
HSC70 Heat shock cognate 71 kDa protein 
ILV Intralumenal vesicle 
Lam6 Lipid transfer protein Anchored at Membrane contact site 
LDs Lipid droplets 
Lro1 Lecithin cholesterol acyl transferase Related Open 

reading frame 
MASTL Mammalian microtubule-associated serine/threonine-like 

kinase 
MCS Membrane contact site 
Mdm1 Mitochondrial Distribution and Morphology1 
MVB Multivesicular body 
NCR Nitrogen catabolite repression 
NPCs Nuclear pore complexes 



 38 

 
 
 
 

NVJs Nucleus-vacuole junctions 
Osh1 OxySterol binding protein Homolog 1 
Pah1 Phosphatidic Acid phosphoHydrolase 1 
PAS Phagophore assembly site  
PC Phosphatidylcholine 
Pcls Pho85 cyclins 
PE Phosphatidylethanolamine 
PHO Phosphate 

 

PI Propidium iodide 
PI(3)P Phosphatidylinositol-3-phosphate 
PKA Protein kinase A (PKA), (iii) 
PMN Piecemeal microautophagy of the nucleus 
polyP Polyphosphate 
RLS Replicative Lifespan 
SARs Selective autophagy receptors 
SEs Steryl esters 
SNAREs Soluble N-Ethylmaleimide-sensitive factor attachment 

protein receptors 
Snf1 Sucrose non-fermenting, protein 1 
TAGs Triacylglycerols 
Tgl3 TriGlyceride Lipases 3 Pho85 cyclins 
TOR Target of rapamycin 
TORC1 TOR complex 1 
Tsc13 Temperature-sensitive Suppressors of Csg2 mutants 13 
VPS Vacuolar protein sorting 
VTC Vacuolar transporter chaperone 
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