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Abstract

Caloric restriction (CR), without malnutrition, is the most robust intervention used to increase
the “healthspan” and extend the lifespan in model organisms ranging from yeast to mammals. It has
been proposed that CR attenuates growth and improves cellular resistance to stress, thus leading to
longevity. Longevity via CR hinges on extrinsic factors and intrinsic pathways at an organism’s
disposal. Saccharomyces cerevisiae (budding yeast) represents a well-studied model organism to enrich
our understanding of how extrinsic factors and intrinsic pathways can activate longevity pathways. Over
the years, scientists have learned a lot about aging pathways from altering genes and the environmental
conditions in this single cell eukaryote. It has been shown that temperature, carbon source, metabolite
availability, and pH all matter in regulating the longevity of yeast. At the molecular level, new canonical
aging pathways and metabolites have emerged with clear links to growth and nutrient signaling
including the sirtuins, mechanistic target of rapamycin (mTOR), AMP-activated protein kinase
(AMPK), polyamines, and nicotinamide adenine dinucleotide (NAD™"). Our overarching goal is to add to
the understanding of these mechanisms by which CR extends lifespan. One of those mechanisms
appears to be through the unexpected underutilization of amino acids, such as methionine, suggesting a
link between CR (glucose restriction), amino acid restriction, and methionine restriction (MetR), either
at the level of transport or reduced catabolism relative to Non-Restriction (NR) conditions. In Chapter 1,
I focus on the unexpected similarities and common pathways between CR and MetR. In Chapter IV, I
show that this low consumption of amino acids in CR, contrasts with the high demand of amino acids in
the Non-Restriction (NR) condition suggesting that they are limiting for longevity in the context of NR.
In Chapter III, I demonstrate how yeast chronological lifespan (CLS) assays can be used to study

quiescence, and I conduct experiments to show that yeast is an organism with negligible senescence.
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Chapter I
Introduction to Aging

The purpose of Chapter I is describing the importance and evolution of the aging research
field. It will highlight the tradeoff between growth and longevity, which is the principal
theme in this dissertation. After covering some historical background, Chapter I will then
shift to how scientists have turned to more malleable methods of modulating lifespan:
dietary interventions and pharmaceuticals. Finally, Chapter I will discuss the role of yeast
as a model system and preview relevant molecular pathways including the one-carbon

metabolism (OCM) pathway.



The Aging Field Today

Biological aging is characterized by the progressive decline in an organism’s

ability to respond and adapt to the environment. This loss of physiological integrity leads
to loss of autonomy and increased vulnerability to disease and injury (Lopez-Otin et al.,
2013). Because of this, aging is the leading risk factor for most chronic diseases such as
cardiovascular disease, cancer, arthritis, and neurodegeneration (Niccoli & Partridge,
2012).

Increased life expectancy has led to a higher number of older individuals. As the
U.S. population continues to grow older, the prevalence of these diseases will only
increase. In the medical system, healthcare providers, along with their patients, manage
these diseases as they arise currently, offering disease management options to these
patients and their families (Kaeberlein, 2019). In the scientific community, National
Institute of Aging (NIA) investigators are seeking to understand the aging process at the
cellular level and target its conserved hallmarks (Figure 1.1) in the hope to slow down the
aging process, reduce disease development, and retain a healthy population across older
generations. By doing so, scientists hope to extend “healthspan,” which is defined as the
number of years that an individual lives in the absence of serious conditions (Kaeberlein,
2018; Olshansky, 2018). This hypothesis of therapeutically targeting the biological aging
process to slow down the decline in tissue function is termed the Geroscience Hypothesis
(Austad, 2016). A better understanding of the aging process would transform medical
care from reactive disease management toward preventative care (Kaeberlein, 2019). It
would also take us closer to “rectangularizing” the survival curve, meaning increased

average lifespan.
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Figure 1.1 The iconic image of the 9 hallmarks of aging. In a highly cited 2013 review
by Carlos Lopez-Otin et al. authors describe 9 molecular-level defects associated with
mammalian aging that are also frequently observed in simpler eukaryotic models
including yeast. These have become molecular-level assessments of biological aging. The
hallmarks are in no hierarchical order and describe typical characteristics of aging cells
include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion and intercellular communication. This image represents a broad paradigm of
aging, uniting biology of aging scientists working toward a common goal (Gems & de
Magalhaes, 2021). Although it offers a good starting point, it lacks explanatory power of
what precisely causes aging (Gems & de Magalhaes, 2021).

Re-thinking Aging as a Malleable Cell Process

Until recently, aging seemed to lack plasticity; it was thought that aging just
happened in an unprogrammed manner. Because of this mindset we discounted its

scientific investigation (Kenyon, 2011). In addition, although advancements in science



and medicine over the last century improved human mean lifespan, maximum lifespan
seemed to remain constant (Blagosklonny, 2010). Scientists in the field of geroscience
eventually began to re-think the malleability of aging due to the key discovery of
longevity genes (Bartke & Quainoo, 2018).

The field of aging research intensified as soon as scientists realized that the aging
process consists of biologically regulated pathways that can be dissected, analyzed, and
controlled. In 1993, Cynthia Kenyon described a mutant in the C. elegans daf-2 gene that
lives two times longer than wild type (Kenyon et al., 1993). These studies demonstrated
that there truly was a significant genetic component to the aging process. This news
attracted wide attention as it also hinted at the malleability of our own aging process
(Bartke & Quainoo, 2018). Follow-up studies revealed that these longevity genes
centered around insulin signaling pathway. For example, the DAF-2 protein is
homologous to Insulin-like growth factor receptor (IGF-1) in mammals and influences
the conserved FOXO transcription factor (DAF-16) (Kimura et al., 1997; Sun et al.,
2017). Importantly, this pathway regulates glucose metabolism and promotes growth in
response to food intake. Thus, attenuating these pathways induced a physiological state
resembling food shortage response (Kishimoto et al., 2018).

Brown-Borg ef al. (Andrzej Bartke lab) was the first group to publish that the
Ames dwarf mutation (causing dwarfism) allowed mice to live longer (Brown-Borg et al.,
1996). The Ames dwarf mouse has a loss of function mutation in the PROP-1
transcription factor gene that causes an underdeveloped anterior pituitary gland which is
responsible for the secretion of growth hormone (GH), prolactin, and thyroid stimulating

hormone (Brown-Borg et al., 1996). Relevant to the previous discussion, IGF-1 was



found to function downstream of GH, as impaired GH led to a decline in the levels of
IGF-1 factor in circulation of the mice. Studies of the Ames mouse provided more
evidence for the role of growth pathways in longevity and contributed to the development
of interventions to counter this IGF-1/insulin pathway (Brown-Borg, 2006).

There is evidence that attenuation of the GH pathway via secretion or receptor
defects correlates with physiological benefits in humans (reviewed extensively in Bartke
& Quainoo, 2018). Multiple studies have linked beneficial polymorphisms in the human
IGF-1R gene that increase an individual’s probability to become a centenarian (Bonafe et
al., 2003; Milman et al., 2014; Suh et al., 2008). Attenuation of growth via these signals
essentially reduces the rate of aging and decreases age-associated diseases. In contrast,
acromegaly—a hormonal disorder involving too much GH in humans—jpredisposes an
individual to various health problems and early mortality (Wright et al., 1970).

In summary, genes that limit growth tend to enhance longevity in multiple model
organisms, and in humans, delay the onset of age-related disease. Thus, a major goal to
advance healthspan became to attenuate growth pathways. How is attenuating growth

pathways in an organism promoting health?

Attenuating Growth Pathways

Valter Longo and others proposed lifespan extension occurred in model
organisms because the organisms shifted the investment of energy from growth and
reproduction to multiple stress resistance systems (Bartke et al., 2013; Fabrizio et al.,
2003; Fabrizio et al., 2001). This strategy of survival describes Thomas Kirkwood’s 1977
Disposable Soma Theory of aging (Figure 1.2). The Disposable Soma Theory states that

an organism has limited resources that it can allocate to growth or maintenance of tissues



(Gavrilov & Gavrilova, 2002). Findings suggest that GH suppression may have beneficial
effects on cellular response and antioxidant defenses. For example, GH suppression
increased glutathione levels and upregulated heat shock proteins in mouse tissues
(Brown-Borg, 2006). Furthermore, cells isolated from the long-lived Ames mouse were
more stress resistant in culture when exposed to hydrogen peroxide and other stressors
compared to cells from their normal littermates (Salmon et al., 2005). In tandem with the
Theory of ‘Disposable Soma’, the Theory of Hyperfunction describes aging as a
continuation of developmental and reproductive programs that are not fully turned off
during completion (Blagosklonny, 2021). George Williams saw instances of this (i.e. the
benefits of an allele on fitness during development compared to its later negative effect)
and named it antagonistic pleiotropy (Austad & Hoffman, 2018; Williams, 1957). To
mitigate the detrimental impacts of antagonistic pleiotropy, scientists study interventions,
which diminish cell growth pathways. Two interventions commonly studied are Caloric

Restriction (CR) and Methionine Restriction (MetR).
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Figure 1.2 Disposable Soma Theory, Theory of Hyperfunction and Antagonistic
Pleiotropy. In favorable conditions with little stress and abundant resources, organisms
that allocate more energy and resources to grow and reproduce outcompete the slow
growers. These fast-growing organisms do not invest in repair and maintenance of
somatic cells. In unfavorable conditions, organisms invest in survival and resilience and
fare better in the long run as described in the Disposable Somatic Maintenance Theory.

Schematic adapted from (Pitt & Kaeberlein, 2015).
Calorie Restriction (CR)

CR is a well-studied dietary regimen and understanding its mechanism is central
for this thesis. CR extends lifespan in a wide variety of model organisms ranging from
the budding yeast, Saccharomyces cerevisiae, to non-human primates, implying that
conserved cellular processes and pathways must mediate the beneficial effects, or
somehow be impacted by the dietary regimen (Fontana et al., 2010). Indeed, conserved
processes including autophagy, TOR signaling, and AMPK signaling have each been
implicated in regulating aging in most models of CR, including yeast (Kapabhi et al.,
2017). Furthermore, CR promotes a metabolic program that enhances mitochondria
function (Martin-Montalvo & de Cabo, 2013), improving proteasomal activity (da Cunha
et al., 2011), and activating superoxide dismutase against reactive oxygen species
(Agarwal et al., 2005). CR has also been shown to rejuvenate aspects of progenitor cells
in muscle tissue (Cerletti et al., 2012). In humans it has been shown that long-term CR
inhibits the IGF-1/insulin pathway in different tissues (Mercken et al., 2013). CR has also
been tested in humans in the Comprehensive Assessment of Long-term Effects of
Reducing Intake of Energy (CALERIE™) Phase-2 randomized trial (Rochon et al.,
2011). This study consisted of evaluating the effects of reducing individuals’ food intake

by 25% of their base line diet (Rochon et al., 2011). It was conducted over a two-year



period to assess the benefits of CR and separate them from benefits of weight loss
(Belsky et al., 2017). The results showed that achieving a mean of ~11% CR lowered
“biological age,” independent of weight loss with system-wide benefits (Belsky et al.,
2017). Subsequent studies have revealed that intermittent fasting (IF) (de Cabo &
Mattson, 2019) and alternate-day fasting (ADF) (Stekovic et al., 2019) recapitulate
benefits similar to CR, specifically improved cardiovascular parameters and body
composition (Stekovic et al., 2019). In studying CR, great advancements continue to be
made in determining the role of metabolism, diet composition, sex dimorphisms, and
timing of feeding on longevity.

Methionine Restriction

MetR is a dietary regimen that specifically limits intake of the amino acid,
methionine. Methionine plays a role in various biological processes including protein
synthesis, methylation, and glutathione production. It has been shown that an isocaloric
diet with MetR can extend longevity in rodents, fruit flies, and yeast (Lee et al., 2014;
Orentreich et al., 1993; Richie et al., 1994; Sun et al., 2009). The mechanisms underlying
the lifespan extension effects of MetR are not yet fully understood, but several theories
have been proposed. A review by Kitada et al. highlights that MetR mediates benefits by
reducing oxidative stress via autophagy, promoting polyamine synthesis, H>S production,
and lowering mitochondrial free radical leakage (Kitada et al., 2021). For example, MetR
has been shown to increase polyamine levels in the liver of mice (Barcena et al., 2018).
MetR has also been shown to decrease mTOR signaling (Kitada et al., 2020), which is a
central regulator of cell growth and metabolism (Kim & Guan, 2019). MetR and/or

cysteine restriction—another sulfur amino derived from methionine—improves several



hallmarks of aging. For example, in model organisms, their restriction reverses age-
related DNA methylation loss (Mattocks et al., 2017), improves protein folding
machinery (Nichenametla et al., 2022), and induces mitophagy (Plummer & Johnson,
2019). Not restricting these sulfur-containing amino acids in the diet has consequences
outside laboratory studies. For example, epidemiological studies suggest that methionine

intake may increase T2DM risk in humans (Dong et al., 2022).



Summary of Project Aims

Given the difficulty of CR adherence, research has focused on understanding
changes in pathways and the mechanism of action underlying CR lifespan extension to
facilitate the development of new interventions that mimic the beneficial effects of CR
without having to drastically restrict calories. Rapamycin (mTOR inhibition), Metformin
(AMP- activated Protein Kinase (AMPK) activation), Sodium-Glucose Cotransporter-2
(SGLT) inhibitors, and other pharmacological agents show great promise in improving
various health parameters (La Grotta et al., 2022; Novelle et al., 2016). Senolytics are
also potential agents that are just beginning to be explored as healthspan-improving
interventions (Kirkland & Tchkonia, 2020). To add to the list of possible interventions,
NIA scientists are objectively evaluating selected soluble molecules and other drugs in
genetically heterogeneous mice via the intervention testing program (ITP) to identify
promising candidates for trials in humans (Macchiarini et al., 2021).To this end, a better
understanding of the interplay between interventions and intrinsic aging pathways is
warranted. One of the most informative model organisms for these studies is the budding
yeast. Our goal is to use Saccharomyces cerevisiae to identify novel conserved pathways,
factors, metabolic programs, and genes that contribute to CR lifespan extension or are
causative for aging. It is an exciting time to be a scientist in this field as underlying

cellular mechanisms remain to be untangled.

Yeast as a Model System to Explore Intrinsic Cellular
Pathways Described in the Hallmarks of Aging

Model organisms have a crucial role in elucidating the underlying mechanisms of
CR and generating CR-mimetics. Model organisms are used because of their short

10



lifespan, easy maintenance, and environmental and genetic manipulations (Taormina et
al., 2019). Yeast, worms, fruit flies, killifish or mammalian models such as mice,
monkeys, and dogs are helping dissect pathways activated in aging processes (Taormina
et al., 2019). Saccharomyces cerevisiae became and continues to be an important low-
cost model system to understand cellular intrinsic pathways of aging in higher organisms
(Jazwinski, 2005). As single-cell organisms, yeast do not exhibit signs of age-associated
diseases that involve organs, but they do offer a way to study the conserved molecular
pathways involved in the aging process. First, budding yeast is unparalleled in the ease of
genetic manipulation and the variety of available genetic and genomics tools available, as
highlighted by the yeast gene knockout (YKO) collection(Winzeler EA, 1999). Second,
for aging studies, we perform start to finish whole lifespan experiments within 3 to 4
weeks, and in high throughput. Third, the small genome size (6,000 genes) allows us to
heavily multiplex Next-generation sequencing libraries, which again increases throughput
and statistical power of having multiple biological replicates. Fourth, this model
organism also facilitates manipulation of the surrounding environment. For example, the
use of synthetic complete media (SC), which consists of defined levels of amino acids
and nutrients, allows scientists to test for nutritional factors mediating longevity. In
addition, yeast screens became a common tool to identify and study molecular pathways.
In fact, sirtuins, NAD" metabolism, and mTOR, were widely studied and sometimes
discovered in yeast (Croft et al., 2020; Heitman et al., 1991). To understand the general
principles undermining the aging process, scientists rely on Replicative Aging and

Chronological Aging models (Postnikoff & Harkness, 2014).

11



Two models of aging in yeast: RLS and CLS

Yeast Replicative Lifespan (RLS)
Saccharomyces cerevisiae 1s a unicellular eukaryote that reproduces

asymmetrically so a mother cell can be isolated from daughters it produces (Sinclair &
Guarente, 1997). The way that some yeast and bacteria divide has earned them the
reputation of potentially being immortal and immune to senescence (Sheldrake, 2022).
RLS is defined as the number of cell divisions a cell undergoes before it reaches
irreversible cell cycle arrest (R. K. Mortimer & J. R. Johnston, 1959). In this model,
senescence is obtained when the mother cell can no longer divide despite abundant
resources. This model is helpful to understand the conserved process of aging of dividing
cells (Wasko & Kaeberlein, 2014). There are various techniques to use to isolate and
study replicative “old” mother cells. To quantify RLS, individual mother cells can be
manually arrayed onto the surface of an agar plate using a dissection microscope and then
each daughter cell counted and removed after each division (Robert K. Mortimer & John
R. Johnston, 1959; Taormina et al., 2019). Budding scars on the surface of mother cells
can also be counted by staining with calcofluor white. In addition, scientists can
“capture” and visualize cells in real-time using channels in a microfluidics system (Jo &
Qin, 2016). This model of aging is analogous to replicative lifespan of primary
mammalian cells, like fibroblast cells (Steinkraus et al., 2008). These mammalian cells
shorten their telomeres with each passage because they do not express the enzyme
telomerase. This drives senescence. Since yeast constitutively express telomerase, a yeast
cell’s telomeres do not significantly shorten, therefore they become senescent via other

means (D'Mello & Jazwinski, 1991; Wierman & Smith, 2014). Budding yeast offers a

12



way to study replicative aging mechanisms independent of telomere attrition (Wierman &
Smith, 2014). This is advantageous as RLS can be a good model system to study
hallmarks of aging such as DNA instability in actively proliferating cells.

In studying aging using RLS, SIR?2 (silent information regulator 2) emerged as an
anti-aging gene that mediates lifespan at least partially by controlling rDNA stability
(Gottlieb & Esposito, 1989; Kennedy et al., 1995; Smith & Boeke, 1997; Wierman &
Smith, 2014). Sir2p represses transcription at heterochromatic domains and its histone
deacetylase activity is driven by NAD" availability, linking longevity to metabolism
(Imai et al., 2000; Smith & Boeke, 1997). Since its discovery in yeast, Sir2p has been
shown to regulate lifespan in many other species by modulating hallmarks of aging
including changes in genome instability, and epigenetic alterations (Wierman & Smith,
2014). In yeast, deletion of Sir2 increased rDNA instability, augmenting the formation of
toxic extra-chromosomal rDNA circles (ERCs), and decreased viability (Kaeberlein et
al., 1999). Interestingly, although SIR?2 is required for yeast RLS extension under CR
conditions (Lin et al., 2000), it may not be required for the CR effect in chronological
lifespan (Smith Jr. et al., 2007). In fact, loss of Sir2p activity pushes cells toward nutrient
storage in the form of glycogen and trehalose via gluconeogenesis, which promotes stress

resistance and long-term survival in the stationary phase (Casatta et al., 2013).

Yeast Chronological Lifespan

Whereas RLS analyzes proliferating cells in the exponential phase of growth,
CLS analyzes the aging of non-dividing stationary phase cells (Figure 1.3). CLS is
defined as the number of days that a non-dividing yeast cell survives in the stationary-

phase liquid culture (Fabrizio & Longo, 2003). In chronological aging, ERCs do not play

13



arole in CLS (Ashrafi et al., 1999). Interestingly, cells that have undergone chronological
aging have reduced RLS due to cellular damage during stationary phase (Ashrafi et al.,
1999). Most of these CLS experiments utilize glucose and begin when a small number of
cells are inoculated in a liquid culture and grown at 30°C. Herein, yeast undergo rapid
proliferation when cells utilize fermentable carbon sources in the media if available.
Fermentation is preferred even in the presence of oxygen. This is termed the Crabtree
effect and it is like the Warburg effect in cancer cells (Hammad et al., 2016). As the cells
run out of glucose and transition to the stationary phase, cells shift their metabolism to
catabolize non-fermentable products. Herein the cells rely on oxidative phosphorylation
and their mitochondria. This metabolic shift is termed the diauxic shift and it becomes
critical in CLS. During this transition the cells increase endogenous stress defense
mechanisms contributing to cell survival (Casatta et al., 2013). Specifically, cells increase
gluconeogenesis, reduce acetic acid in the media, and accumulate trehalose (Casatta et
al., 2013). Once they enter the stationary phase, cells stop dividing and enter
quiescence—a temporary state of cell cycle arrest (Sun & Gresham, 2021). The most
commonly fermentable carbon source used is glucose. As the cells exhaust glucose
during fermentation, they must shift their transcription and metabolism to the TCA cycle
and oxidative phosphorylation in response to changes in carbon source availability--the
ethanol that has accumulated from fermentation. CLS assays can also be performed with
other non-fermentable carbon sources like acetate and glycerol. With these non-
fermentable carbon sources, these cells are forced to activate mitochondrial-based

metabolism from the start, thus extending CLS (Smith Jr. et al., 2007).
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Once in stationary phase, CLS is assessed by measuring the ability to re-enter the
replicative growth phase and produce colony forming units (CFUs). This traditional
method established by Valter Longo as well as newer methods will be reviewed
extensively in Chapter III. This chronological model has been informative in the aging of
post-mitotic tissues (Fontana et al., 2010). Furthermore, yeast is a model system where
we can readily study quiescence pathways. These quiescent pathways are important
because they tap into genetic programs of resiliency and survival instead of growth and
reproduction (Figure 1.3)(Jazwinski, 2002). Quiescence is a state something that is akin
to estivation in mammals, dauer stage in C. elegans, or diapause in killifish. In these
organisms, urgency exists to appropriately respond to environmental cues in these two
ways: to ensure reproduction now or later. It is thought that by tapping into these
programs or inhibiting growth pathways, we can potentially extend our own longevity
(Jazwinski, 2002). Thus, yeast CLS presents a model system to study pathways and
signals that promote quiescence and ultimately longevity in non-dividing cells. Because
yeast cells shift their metabolism towards oxidative phosphorylation, CLS also can be
used to study the mitochondrial contributions to longevity regulation. Mitochondrial
dysfunction has been identified as a major hallmark of aging (Lopez-Otin et al., 2013).
Previous work in yeast, has shown that non-fermentable carbon sources that force
respiration extend CLS, thus emphasizing its importance.

In CLS, the media is usually not replaced and therefore cells compete for finite
nutrient resources. This aging model has been criticized because cells may not be
“aging,” but instead starving (Nagarajan et al., 2014). However, others show that the cell

death that eventually occurs in stationary phase cultures is not simply due to starvation
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(Fabrizio & Longo, 2003). It has also been argued that CLS in yeast is not a good model
for organismal aging, yet the same pathways that drive successful transition into
quiescence in yeast are the ones studied in mammalian aging (Leontieva &
Blagosklonny, 2011). Both models of aging in yeast have been important in helping
scientists understand the underlying mechanisms of CR (Fabrizio & Longo, 2007; Lin et
al., 2000). We view both to be important for a comprehensive view of the aging process
and discovery of novel genes and concepts. They even may represent each side of the

balance in Figure 1.3.
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pharmaceuticals (SGLT-2, Rapamycin, Metformin). Diagram shows that these play a role
in shifting the balance between growth/reproduction and quiescence/longevity.
Replicative lifespan (RLS) is defined as the number of daughter cells produced before
reaching senescence. Cells in RLS are studied in the exponential growth phase. When
glucose is used, exponentially growing cells generate energy through glycolysis and
fermentation to regenerate NAD". CLS is studied once the cells enter stationary phase
and they are no longer dividing. One of the reasons that yeast live so long in the
stationary phase is that they adapt to the low nutrient environment and enter a temporary
state of quiescence—a program to ensure survival when the conditions call for it. Herein,
the cells change their metabolism during the diauxic shift. Specifically, the cells shift
their energy from growth and reproduction and enter a non-dividing quiescent state. In
this non-dividing quiescent state, cells are more resilient and activate important
pathways for survival including autophagy (Alvers et al., 2009, Matecic et al., 2010).
Interestingly, stationary phase cells are more resistant to stress than dividing cells in log

phase (Calahan et al., 2011), exemplifying the resilience-vs-growth tradeoff.

Caloric Restriction in Yeast

CR condition consists of reducing glucose concentration of the starting media
from 2% in non-restriction (NR) to 0.5% in CR. Lowering glucose limits the growth, but
also extends the longevity of cells in liquid culture (Figure 1.4). This attenuation of
growth reflected by the cell culture density perfectly emulates the tradeoff between
growth and longevity previously discussed (Figure 1.2). In nutrient-favorable conditions,
NR, proliferating cells allocate resources toward cell division. In nutrient unfavorable
conditions, such as CR, cells shift their metabolism towards stress resistance. Even in this
unicellular eukaryote, lower growth is also accompanied by an increase in cell resistance
to elevated temperatures (Smith Jr. et al., 2007), and increase in reactive oxygen species

(ROS) defense (Agarwal et al., 2005). Drawing on evolutionary theory, I propose that CR
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and NR utilize a different metabolic strategy given the environmental challenge, which
has implications on CLS.

First, CR-treated cells expend less energy on proliferation and growth, and
instead, cells allocate resources towards stress resistance. For example CR cells
accumulate trehalose—a reserve carbohydrate—via gluconeogenesis, which contributes
to proteostasis, oxidative damage protection, and life extension (Kyryakov et al., 2012).
In the CR condition, cells also adapt to utilize an alternative carbon source to build
remaining biomass. AMPK activation allows for the utilization of such carbon sources
(Jazwinski, 2002). Indeed, it was observed that acetic acid generated from fermentation
did not accumulate in CR treated cells indicating conversionof acetate into acetyl-CoA
due to AMPK activation (Wierman et al., 2015). This makes sense as carbon source is
limiting under CR. In these CR conditions, shifting metabolism toward gluconeogenesis
and respiration allows the cell to survive in stationary phase and to maintain a quiescence
state (Smith et al., 2007).

In contrast, NR-treated cells allocate resources towards rapid growth and
reproduction, taking advantage of the favorable nutrient conditions (Figure 1.4 A & B).
In favorable conditions, there is less selection for homeostasis and maintenance.
However, activating this strategy may have detrimental effects for longevity as George
Williams’ 1957 antagonistic pleiotropy theory describes (Austad & Hoffman, 2018;
Williams, 1957). Studying NR and CR in yeast has enabled new intrinsic pathways of
aging to be discovered. One central pathway is the one-carbon metabolism (OCM) which

will be discussed below.
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Figure 1.4 CR extends longevity while diminishing liquid culture growth. A) Liquid
culture growth assay of CR-treated cells compared to NR-treated cells. CR condition
consists of reducing glucose level of the starting media from 2% in NR to 0.5% in CR.
Cells were inoculated in liquid cultures and growth was measured. Absorbance of 3
biological replicates was monitored using a spectrophotometer at 600 nm wavelength. An

example of CLS of these two conditions is seen in B).

One-Carbon Metabolism (OCM) in Aging

The OCM pathway is a central metabolic hub where interconnecting biochemical

reversible reactions from the folate, methionine cycle, and transsulfuration pathway
(TSP) meet (Lionaki et al., 2022). Its core function is to deliver one-carbon units (1C)—
important building blocks for anabolic pathways to maintain homeostasis in proliferating
cells (Suh et al., 2016). This 1C transfer from one molecule to another is facilitated
through tetrahydrofolate (Lionaki et al., 2022). Based on mammalian systems, parallel
pathways occur in the mitochondria, in the nucleus, and in the cytosol, each with similar
inputs, outputs, cofactors, and enzymatic reactions (Lionaki et al., 2022). In the nucleus,

dTMP synthesis is generated to support DNA replication during S-phase of the cell cycle
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(Anderson & Stover, 2009). These indispensable series of reactions have been well
established to regulate nucleotide synthesis, amino acids homeostasis, and methionine
availability for epigenetic regulation (Lionaki et al., 2022). The OCM pathway relies on
the availability of micronutrients as substrates for these growth pathways. Nutrients such
as methionine, choline, betaine, threonine, L-serine, glycine, selenium, and retinoic acid
are directly and indirectly involved in this biochemical network (Suh et al., 2016) (Figure
1.5)

The methionine cycle is connected to the OCM (Figure 1.5). Methionine can be
used to synthesize taurine and glutathione which protects a cell from oxidative stress.
Methionine can derive synthesis of S-adenosylmethionine (SAM), which is the universal
donor substrate for DNA methylation and histone methylation (Suh et al., 2016).
Interestingly, SAM is also a precursor for synthesis of the polyamines, spermidine and
spermine, which have been shown to have life extension properties (Suh et al., 2016).
SAM donates a methyl group to methylation reactions and becomes S-
adenosylhomocysteine (SAH). In the process, SAH can then turn into homocysteine
which then becomes remethylated into methionine or reacts with L-serine to become
cystathionine via the TSP, which has been shown to be upregulated in long-lived humans
(Mota-Martorell et al., 2021). Elevated levels of homocysteine are indicative of OCM
imbalance and these levels have been associated with aging (Suh et al., 2016). Past
studies show that SAH supplementation can mimic MetR and activate autophagy by
inhibiting the enzyme that converts methionine to SAM (methionine

adenosyltransferase), thus reducing SAM levels (Ogawa et al., 2022).
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There are increasing reports that the OCM may be a shared pathway that regulates
mechanisms of longevity (Lionaki et al., 2022). For example, folate and OCM have been
hypothesized to alleviate unrepaired DNA damage by providing nucleotides to growing
cells by supporting de novo nucleotide synthesis (Duthie et al., 2002). Various genetic
and environmental manipulations of the pathways have impacted lifespan in various
model organisms (Lionaki et al., 2022). The Ames dwarf mouse, which is long-lived, has
higher levels of OCM enzymes (Suh et al., 2016). Relevant to this dissertation, a study
showed that depletion of ribosomal proteins increased RLS in yeast (Maitra et al.,
2020b). Noteworthy, reduction of these ribosomal proteins specifically reduced the levels
of the OCM proteins, correlating with lifespan extension (Maitra et al., 2020b). Why
would reducing OCM metabolism increase lifespan if it’s critical? This extension due to
reduced translation actually makes sense in the context of the tradeoff between growth
and longevity, as the OCM pathway has been linked to growth and proliferation
pathways—it is especially critical in cancer cells. Specifically, attenuation of growth via
OCM pathway perturbation has been shown to extend lifespan, including work from this

thesis project (Chapter IV).

One-Carbon Metabolism and Proliferating cells

OCM is critical to proliferating cells. In fact, pregnant mothers are encouraged to
increase their folate intake to preserve the flow of 1C units that fuel critical building
blocks for fetal growth (Korsmo & Jiang, 2021). These building blocks ensure proper
neuronal development of the fetus (Lionaki et al., 2022). Aberrant cell growth also relies
on this hub to be successful (Newman & Maddocks, 2017). For example, misregulated

and hyperactivated OCM proteins like Shmt2p often fuel cancer as outputs of this cycle
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are in high demand (Kim et al., 2015; Newman & Maddocks, 2017). Multiple drugs are
designed to inhibit this cycle but are contraindicated in pregnancy. It has been shown that
restricting components linked with OCM, like methionine, improves cancer patient
outcomes (Gao et al., 2019). Interestingly, more and more studies are pointing towards
the OCM being equally important to non-proliferating tissues in regulating longevity
(Suh et al., 2016). In our studies, we showed that mutations in both mitochondrial OCM
and cytoplasmic OCM genes extended yeast CLS in NR conditions (Enriquez-Hesles et

al., 2021; Matecic et al., 2010).
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Figure 1.5 Schematic of intracellular pathways mediating longevity with a focus on the
one-carbon metabolism (OCM) and associated pathways. One-carbon metabolism
(OCM), like the name implies, consists of the transfer of methyl groups to within the
folate and methionine cycles. This occurs in the mitochondria and in the cytoplasm. The
polyamine biosynthesis pathways and the transsulfuration pathway (TSP) are also

involved. The OCM is crucial for early development as the methyl groups are used for a
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range of building blocks including nucleotides and methylation of DNA and protein. Key
metabolites discussed throughout the dissertation are depicted in the diagram including
L-serine, polyamines (spermidine, putrescine, spermine, and MTA). Metabolite
abbreviations are as follows. 5’-methylthioadenosine (MTA), S-adenosyl-L-methionine

(AdoMet).

Back to Dissertation

Aging is an important field of study and great advances have been made since the
discovery of longevity genes. Throughout this dissertation, CR with NR studies were
conducted using CLS in budding yeast as a model system. Specifically, the dissertation
explores extrinsic factors and nutrients influencing intrinsic pathways discussed with a
focus on growth-longevity trade-off. The central hypothesis is that CR and NR cells
employ two different strategies. While CR cells invest in resilience, NR cells invest in
growth. This strategic approach in CR-treated cells leads to underutilization of nutrients,
enhanced mitochondrial function, and increased longevity. In contrast, under glucose
abundant conditions, the NR-treated cells invest in growth pathways depleting nutrients
and losing viability at a faster rate compared to CR cells. Targeting growth pathways like
the OCM pathway or reducing methionine in NR (MetR) attenuates growth and
reproduces longevity employed by CR cells. The loss of OCM enzymes does not extend
longevity in CR cells because this pathway, along with other growth-promoting

pathways, is already attenuated under this condition.
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Chapter 11

Yeast as a model to understand CR
and MetR in Chronological Lifespan
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Abstract

Longevity hinges on extracellular and intracellular resources at the cell’s disposal.
Yeast represents a well-studied model organism to enrich our understanding of how
genes and environment activate longevity pathways. Cynthia Kenyon’s initial
experiments provided the first evidence that shows how individual genes can mediate
longevity (Kenyon et al., 1993). More recent studies show that genetic background
matters in longevity across different model organisms (Korstanje et al., 2021; Mattison et
al., 2017). Here, we investigate the mechanism by which CR in the form of reducing the
glucose concentration in the growth media, extends chronological lifespan (CLS) in
budding yeast. There is an increasing body of evidence suggesting that CR and
methionine restriction (MetR) extend lifespan through overlapping pathways and
metabolic patterns (Hepowit et al., 2021; Hine et al., 2015; Ogawa et al., 2022; Ogawa et
al., 2016; Zou et al., 2020). In this study, we discovered that both CR and MetR augment
polyamine synthesis. This generated accumulation of the geroprotector, spermidine,
which promotes the cellular process of autophagy in various organisms and by regulating
mitochondria function (Tobias Eisenberg et al., 2009; Jing et al., 2018; Messerer et al.,
2023). Through metabolomic analysis we show that methionine auxotrophic strain
BY4741, which genetically mimics MetR by deletion of the MET15 gene (metl5A0),
activates polyamine synthesis under NR glucose conditions. Similarly, CR glucose
conditions activate polyamine synthesis in a MET15+ strain that is not methionine
restricted. Therefore, both conditions that extend CLS (glucose restriction and methionine

restriction) also increase polyamine biosynthesis.
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Introduction

Genetics, diet composition, and environment make a difference in longevity

CR was thought to be a universal intervention for longevity based on numerous
studies in model organisms. Investigators also wondered whether CR worked in humans,
so they put it to the test when they conducted long-term CR on nonhuman primates. In
two iconic and parallel studies where 30% CR was employed (Colman et al., 2009;
Mattison et al., 2012), the robustness of CR came into question when the NIH study
showed that CR did not extend lifespan of rhesus monkeys, a result that contradicted the
Wisconsin study (Mattison et al., 2017). To make sense of these discrepancies, the
investigators focused on understanding the study design differences, including the
genetics (Mattison et al., 2017). Although both studies utilized Rhesus monkeys (Macaca
mulatta), the animals from Wisconsin and NIH were from different origins and as such
differed slightly in genetic background. This result prompted follow up mice studies by
the Jackson laboratories that also concluded that genetic background matters in aging
(Korstanje et al., 2021) and that sex of an organism plays a role in response to CR
(Mitchell et al., 2016). Thus, genetic variations in different species and humans require
further investigation. Furthermore, follow-up studies by Rafael de Cabo and others in
mice have since determined that macronutrient composition is important and even timing
of the food intake can have consequences, both of which differed in the NIH and
Wisconsin monkey studies (Mattison et al., 2017). NIH had naturally sourced food, while
Wisconsin focused on a semi-purified diet (Mattison et al., 2017). It has been clear from
NIH and Wisconsin models that the aging phenotype depends on the interplay of genes

and environmental conditions. Although revelation of diet composition refocused the
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scientific community, yeast scientists studying chronological aging were more attuned to
the finding that longevity was sensitive to even slight changes in diet composition and/or
other extrinsic factors(Santos et al., 2020). For example, our laboratory and others have
shown that temperature, carbon source, metabolite availability, and pH, all impact
chronological lifespan (CLS) of yeast (Burtner et al., 2009; Smith Jr. et al., 2007).
Interestingly, non-fermentable carbon sources in the environment extend yeast
chronological lifespan (Smith Jr. et al., 2007). In addition, it’s been shown that
decreasing glucose in the media (CR) or alteration of one amino acid can have lasting
impacts on the chronological lifespan of yeast. For example, limiting methionine (MetR)
in the diet can promote longevity (Ruckenstuhl et al., 2014).

Genes also play a role in longevity of yeast. The mutation in the LEU2 seems to
make cells incapable of leucine import (Cohen & Engelberg, 2007). Others have also
shown that CLS is sensitive to leucine, showing that both supplemental leucine and
restoring leucine prototrophy (conversion of leu2 to LEU?2) extends lifespan (Alvers et
al., 2009). In addition, strains containing deletion in met15/metl7 or met2 greatly extend
lifespan (Ruckenstuhl et al., 2014). This is the genetic mimicking of methionine
restriction mentioned above. The met15/17A mutant has limited endogenous methionine
biosynthesis and is termed semi-auxotrophic for methionine, while met2A is fully
auxotrophic and depends on methionine derived from the environment for survival
(Ruckenstuhl et al., 2014).

To address the variability surrounding CLS, John Hartman’s lab conducted a
large-scale study demonstrating that CLS extension is dynamic and context dependent

(Santos et al., 2021). They found that CLS depends on multiple genetic and
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environmental factors including auxotrophic mutations, ploidy, media composition, and
aeration(Santos et al., 2021). The study also provides a possible explanation for why
outcomes from various CLS genetic screens have differed across independent
laboratories. Specifically, Hartman ef al. confirmed that mutations in leu2 or lys2
shortens CLS, while metl5/metl7 extends it, and that auxotrophic influences were not
complemented by further supplementation (Smith et al., 2016). Because longevity is
sensitive to these factors, the field and individual labs have tried to standardize the media
and conditions (Santos et al., 2021), although differences between laboratories remain.
Hartman suggests that to avoid variation, these CLS assays should be done in a
prototrophic context with an optimized media composition that they developed,

mimicking DMEM used in mammalian cell culture (Santos et al., 2020).

BY4741 strain background
The BY4741 (MATa his341 leu2A0 met1540 ura3A) strain background is derived

from S288C and was used in the yeast gene knockout (YKO) collection. It has been
frequently used for genetic screens and other studies of replicative and chronological
aging. As described above, metl5A acts as a mimic of dietary methionine restriction
(Johnson & Johnson, 2014). The CLS of BY4741is also highly sensitive to changes in
glucose concentration, thus making it useful for investigating mechanisms underlying CR
(Choi et al., 2017; Hepowit et al., 2021; Matecic et al., 2010; Ocampo et al., 2012; Smith
Jr. et al., 2007; Wierman et al., 2017). Previous data show that CR may induce MetR as
methionine remains underutilized in the media and that CR downregulates methionine
transporters (Enriquez-Hesles et al., 2021; Zou et al., 2020). Ruckenstuhl ef al. also

concluded that TOR inhibition and MetR work partially through the same anti-aging
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pathway, which includes autophagy activation (Ruckenstuhl et al., 2014). Indeed it’s
been shown that in MET" cells under CR conditions stimulating S-adenosyl-L-
methionine (AdoMet) synthesis, or S-adenosyl-L-homocysteine (AdoHyc)
supplementation extends lifespan via activation of AMPK (Ogawa et al., 2016). Others
have pointed out that in a MET" strain, CR suppresses the biosynthesis of methionine,
SAM and cysteine from asparagine, throughout a CLS time course (Mohammad &
Titorenko, 2021). CR-dependent extension of yeast RLS has also been shown to be
abrogated by methionine supplementation (Zou et al., 2020). Finally, studies have shown
that CR (low glucose) limits intracellular methionine levels (Mohammad & Titorenko,
2021), while others have shown that limiting methionine enhances autophagy (Plummer
& Johnson, 2019), which is also switched on during CR (Ruckenstuhl et al., 2014).

This would all be consistent with MetR and CR sharing overlapping mechanisms.
Herein, we conducted our own metabolomic analysis on genetic and dietary MetR, CR
conditions in BY4741 (methionine auxotroph), SY1083 (MET15" version of BY4741),
and FY4 (fully prototrophic strain). Analysis shows that MetR (met!5/meti17A) and CR

may extend lifespan, at least partially, by upregulating the polyamine synthesis pathway.

Results

Metabolomics is a powerful method for understanding an organisms’ active
biochemical pathways or changes between conditions. It also provides insight into the
interaction between genotype and the environment. To help understand CR, we initially
performed a pilot experiment for untargeted metabolomics with cell extracts from
BY4741 in CR and NR conditions at day 5. This experiment yielded preliminary

evidence for increased intracellular metabolites in CR like spermine (polyamine),
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cadaverine (polyamine and lysine metabolism), pipecolic acid (lysine metabolism), and
glutathione —all of which have been implicated in oxidative stress protection, autophagy,
and ultimately longevity (Figure 2.1A and B) (Hobbs & Gilmour, 2000; V. Olin-
Sandoval et al., 2019). Intracellular proline was also elevated in our data set (Figure 2.1).
This amino acid protects cells from osmotic and lipid peroxide-induced oxidative stress
(Takagi, 2008). Lysine was also detected in CR cell extracts consistent with increased
lysine harvesting discussed further in Chapter IV (V. Olin-Sandoval et al., 2019).
Glutathione and spermine were present in the CR, but not detected in the NR (Figure
2.1A & B). 5’-methylthioadenosine (MTA), a byproduct of polyamine biosynthesis, was
also among the most elevated metabolites in CR (Figure 2.1C). High levels of putrescine
(a compound related to polyamines) and gamma-aminobutyric acid (GABA) were present
in NR compared to CR (Figure 2.1B). These results suggested that CR was augmenting
polyamine synthesis. The BY4741 yeast strain used in the experiment was deleted

for MET15/MET17, making it a methionine semi-auxotroph. We therefore could not rule
out that the apparent upregulated polyamine flux under CR condition was related to

the met15/metl7A mutation. However, the experiment did inspire additional

experimentation.
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Figure 2.1 BY4741 yeast strain augments polyamine biosynthesis. A) Table of ranked

metabolites showing enrichment of metabolites present in CR compared to NR in BY4741

at day 5. All reported values are log: transformed ratios, data are the mean of six

biological replicates at day 5. Blanks represent metabolites detected in CR, but not

detected in NR-treated cells. B) Table of ranked metabolites showing enrichment of

metabolites present in NR compared to CR. Blanks represent metabolites detected in NR,
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but not detected in CR-treated cells. C) Schematic of superpathway of polyamine
biosynthesis, highlighting relevant polyamine metabolites detected in metabolomics
analysis (Asterisk). Enzymes are depicted in red box, metabolites are in boxes, other
related compounds appear in red text. Green text depicts other major pathways that are
associated with polyamine biosynthesis. Green Asterisk and blue box are metabolites that
are more abundant in CR in (4). For example, 5 -methylthioadenosine (MTA) is more
abundant in the CR. MTA is a major byproduct of the polyamine synthesis pathway and is
also the principal substrate for the methionine salvage pathway. In this pathway MTA is
recycled back into methionine. Metabolites (highlighted in orange box) were detected in
greater abundance in the NR and shown in (B). For example, putrescine and gamma-
Aminobutyric acid (GABA). This schematic was made by modifying an image from the
website of Saccharomyces Genome Database (SGD).

To further test the idea that cells were salvaging methionine during CR via
polyamine synthesis and the methionine salvage pathway, we conducted a more detailed
metabolomic analysis using LC-MS/MS platform, this time utilizing BY4741(met15A),
SY1083 (MET15"), and FY4 (fully prototrophic strain) under NR and CR conditions. In
these experiments we also reduced both methionine and cysteine levels in exogenous
media to mimic dietary MetR. 5 mg/L methionine and 25 mg/L of cysteine was added for
MetR as opposed to xx and xx for NR. Cysteine is reduced in the media because
methionine can be generated from cysteine in yeast. Cell extracts were prepared during
log phase growth and day 5 as described in the Experimental Procedures in collaboration
with Duke. Metabolite data were normalized to protein levels measured from the extracts.
The following analysis describes data obtained from day 5 (stationary phase), which is
when the cells are chronologically aging.

Enrichment and pathway analysis of the top 38 metabolites (Figure 2.2A) more

abundant in BY4741 (met15A) compared to SY1083 (MET15") was performed using
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MetaboAnalyst (Chong et al., 2019), in which pathway impact (relative circle size) is a
measure that considers the centrality of a metabolite in the pathway (Figure 2.2 B&C).
The most significantly enriched categories (shaded red) were related to arginine and
proline metabolism, alanine aspartate and glutamate metabolism, and cysteine and
methionine metabolism. These also had high pathway impact scores (x-axis). The
significance is indicated in Figure 2.2A with a red asterisk indicating significance
between BY4741/SY 1083 and black asterisks indicating significance for 1083 CR/1083
NR. Noteworthy, methionine was not detected while aspartate was high which coincided
with recent studies showing low intracellular methionine in low glucose conditions
(Mohammad & Titorenko, 2021). We wanted to establish if the ratios of the

BY4741/SY 1083 enriched metabolites were similar to the ratio of 1083 CR/1083 NR and
created a scatter plot with 1083 CR/1083 NR on the x-axis and BY4741/SY 1083 on the
y-axis (Figure 2.3A). The correlation coefficient is 0.3239 showing there is a weak, but
significant, association. The fit is probably heavily weighted by a couple metabolites like
MTA and adenine. The correlation would be weaker without them. Using MetaboAnalyst
software we created our own schematic of metabolites, with red showing the detected and
measured metabolites (Figure 2.3B). The darker the shade of red the higher the
significance. We conclude that CR in the form of glucose restriction appears to undergo a
metabolic shift towards polyamine biosynthesis and methionine salvage that overlaps

with genetic methionine restriction.
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Figure 2.2 Intracellular metabolites converge on polyamine biosynthesis in BY4741
NR and SY1083 CR. A) Table of ranked metabolites showing enrichment of metabolites
present in BY4741 compared to SY1083 (methionine prototroph), and SY1083 CR/
SY1083 NR. All reported values are log: transformed ratios, data are the mean of
biological replicates at day 5. B&C) MetaboAnalyst software was used for Enrichment
and Pathway Analysis of metabolites with a BY4741NR/SY1083 NR ratio greater than
1.5. The names of KEGG pathways with p<0.05 are highlighted. Pathway impact is a
measure that considers the centrality of a metabolite in the pathway. Circle size is
proportional to pathway impact value and darker red color indicates more significant

changes.

35



1400 ) ) y =0.602x + 0.3432
. » Aspartic acid R?=0.3239
1000 «MTA
z «
soo{ e
5 . Adenine ..
gewy e
5 > . e * Aminomalonic acid
® 8 ® .
“ w. . * ., Methionine sulfoxide
L]
omOOO 2.00 400 00 1083 Cl%ﬁ083 NRIO.OO 1200 14.00 16.00
B
| Asparagine
| Asparticacid
"} o l
l 'L'aceﬂc acid
L-cystathionine
f' acetic acid
met17A / \

L-Methlonlne
M | L-homocysteine T\‘
L -arginine g

Methlonlne | Taurine | | Glutathione |
i SAH1
N-Methylhydantoin | — | Creatinine| <+ M pu

SAM2

e | Lomithine | S-Adenosyl-L ‘
- i no: y. -
LU methionine = S-Adenosyl-L-homacysteine AdoHcy |
/ - AdoMet
X L-Glutamyl-5 ? ,
B semialdehyde Futrescine” /

L-Glutamyl- 5phosphate

)1 pyrrolme—&
carboxylate A

‘Adenosine —>

S-methyl-5-thio-a-D-ribose \
Yoo |~
/ '

36



Figure 2.3 Intracellular metabolites converge on polyamine biosynthesis in BY4741
NR and SY1083 CR. A) Scatter plot showing the relationship between enriched pathways
with methionine auxotroph BY4741/SY1083 and SY1083 CR /SY1083 NR. The best fit
line and spearman’s rank correlation coefficient r is shown alongside the regression line.
The figure shows there is a weak correlation between methionine restriction and CR B)
Schematic of polyamine synthesis pathway, highlighting relevant polyamine metabolites
detected in metabolomics analysis. Measured metabolites are bolded and red shade
indicates significance. Arrows represent steps in reactions. Question mark refers to

possible uninvestigated pathway/enzyme in yeast.

Discussion

Context is everything

Recent CR studies have shown that calories are not the only relevant factor in
mediating lifespan. Equivocal results across model organisms have refocused the field
into investigating the context in which CR is performed. In addition to low calorie intake,
timing of food intake and the genetic background of an organism have emerged as
important factors in the effectiveness of CR (Mitchell et al., 2019; Mitchell et al., 2016;
Rothschild et al., 2014; Varady & Hellerstein, 2007; Zhang et al., 2021). Thus, these
factors need to be considered when performing CR studies in any model organism.
CR and MetR work in similar pathways

Budding yeast has been used extensively to gain insight into the mechanisms of
both CR and MetR. There is an increasing body of evidence that suggests that CR and
MetR extend lifespan through similar pathways. Although various studies propose
various mechanisms underlying methionine restriction, all have overlooked polyamine
biosynthesis. Methionine levels and CR (glucose levels) may coordinate longevity

through similar pathways in yeast (Zou et al., 2020). For example, both MetR and CR
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induce autophagy (Aris et al., 2013; Ruckenstuhl et al., 2014). Interestingly, CR down-
regulates transcription and translation of methionine biosynthetic enzymes and
transporters (Zou et al., 2020). Consistent with low intracellular methionine in CR cells,
we previously reported that cells treated with CR may be restricting entry of amino acids,
including methionine (Enriquez-Hesles et al., 2021). Furthermore, endogenous formation
of hydrogen sulfide (H2S) is a molecule derived from the TSP pathway that is
indispensable for lifespan extension through CR and sulfur amino acid restriction (Hine
etal., 2015).

In this study, we set out to understand the similarities between CR and MetR. Our
untargeted metabolomic approach shows that both CR MET* and BY4741 induce
polyamine synthesis, which is a well-known supplement. The novelty of our work is that
the synthesis pathway is induced by both conditions. We hypothesize that BY4741
augments this pathway in a compensatory way to regenerate methionine from MTA—a
byproduct of polyamine synthesis. Indeed, MTA was our top hit in the BY4741
background compared to the equivalent strain with methionine prototrophy (MET"). It
has been reported that in a metl5/met17A mutant, MTA metabolism is a significant factor
in the metabolism of methionine and that MTA usage to salvage methionine accounts for
15% of the methionine used by the cell (Chattopadhyay et al., 2006). This could be even
greater when the cells enter the diauxic shift and enter quiescence. Surprisingly, we found
that CR (with methionine prototrophy) had a similar metabolic profile with MTA also
being near the top. This would predict that CR and genetic methionine restriction may

mediate longevity via similar metabolism and metabolites.
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Figure 2.4 The most common polyamines. Polyamines are low molecular weight
proteins present across phyla (Michael, 2016). First, arginine is cleaved by arginase to
form ornithine and urea (not shown above) (Karp et al., 2019; Wu et al., 2017).
Putrescine is generated from ornithine, which then can make spermidine and spermine.

Lysine makes cadaverine. These are molecules with roles in longevity.

Polyamines and aging
Polyamines, consisting of spermidine, spermine, and putrescine, are a class of

small molecules composed of multiple amine groups (Figure 2.4) (Minois et al., 2011).
Spermidine was first described in yeast as an anti-aging compound (T. Eisenberg et al.,
2009). It was shown to be increased during CLS in wild-type yeast and it remained
elevated in replicative old yeast cells (T. Eisenberg et al., 2009). The concentration of

polyamines varies by strain and by culture conditions (Tabor & Tabor, 1985).
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Supplementation not only increased lifespan in Saccharomyces cerevisiae, but also C.
elegans and Drosophila (T. Eisenberg et al., 2009). Spermidine treatment induces
autophagy in all model systems tested (T. Eisenberg et al., 2009). In yeast, spermidine
reduced acetylation of chromatin and induced transcription of autophagy genes (Tobias
Eisenberg et al., 2009). Autophagy is a self-recycling mechanism that degrades
intracellular macromolecules and organelles. It has been described as a point of
convergence in longevity (Bareja et al., 2019). In various model organisms, polyamines
have also been shown to have roles in cell growth, survival, and proliferation (Tobias
Eisenberg et al., 2009). Due to this finding, scientists have postulated that polyamine
availability, like sugars, could induce a cell response to nutrient availability (Minois et
al., 2011). Their levels have been implicated in the pathophysiology of aging and cancer,
but beneficial or harmful effects seem to be context dependent.

Polyamines can be obtained from the diet, cellular synthesis, or the microbiome.
Specifically, polyamines are derived from amino acids: arginine, ornithine, methionine,
and lysine (Figure 2.4). In BY4741 yeast, we were able to detect intracellular spermidine,
spermine, putrescine, and cadaverine (Figure 2.1). Polyamines are elevated in CR and
low in NR. In our pilot data set (Figure 2.1), putrescine was elevated in NR compared to
CR, but this was done in BY4741. Putrescine is a precursor of spermine and spermidine.
However, NR cells accumulate high levels of putrescine but fail to accumulate spermine
and spermidine. Why? Studies using transgenic mice models have shown that high levels
of putrescine are accompanied by depleted spermine and spermidine, meaning that
putrescine does not automatically replenish low levels of other polyamines in this model

system (Suppola et al., 2001). An alternative mechanism for low levels of polyamines in
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our system could be exported out of the cell. TPO1-4 excrete polyamines at acidic pH (at
which yeast cells usually grow) but uptake them into the yeast cell at pH 8 (Minois et al.,
2011). In our system, media pH is relatively more acidic in NR compared to CR and
could contribute to lower intracellular levels of polyamines. In CR, in the context of
genetic MetR there may be hyperactivation of the pathway and this forces conversion of
putrescine to spermidine and spermine. This would result in lower levels of putrescine.

GABA is also elevated in NR treated cells. GABA in yeast has been shown to be
produced from glutamate or taken up from the environment (Bach et al., 2009). This
GABA has also been shown to be stored within cells as a nitrogen source and converted
to succinate (Bach et al., 2009). Although there are no reports of GABA being produced
in yeast from putrescine, there is evidence that this happens in bacteria and the central
nervous system in mammals (Jakoby & Fredericks, 1959; Sequerra et al., 2007). In yeast,
putrescine could potentially be used to elevate GABA levels through an unidentified
enzyme.
Future Directions

In a previous genetic screen to define genes important for CLS, scientists
confirmed long-lived mutants were mutants defective in the highly conserved de novo
purine biosynthesis pathway (the ADE genes), which ultimately produces IMP and AMP
(Matecic et al., 2010). Blocking this pathway extended lifespan to the same degree as
calorie (glucose) restriction (Matecic et al., 2010). Follow-up studies show that there
were shared gene expression changes induced by CR and ade4 mutation (Wierman et al.,
2015). Additionally, CR did not further extend CLS of the ade4A mutant, suggesting they

could share certain mechanisms of lifespan extension (Wierman et al., 2015). ADE
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mutants could also promote longevity through polyamines. Critical experiments for the
lab moving forward should include testing whether polyamine biosynthesis or the
methionine salvage pathways are required for the lifespan extension induced by MetR or
CR.

As mentioned briefly, urea can be produced in the process of making ornithine
from arginine. The ornithine cycle reported in yeast (Chan & Cossins, 1972) might play
an unidentified role in polyamine synthesis, however there are no studies investigating its

effect on longevity or polyamine biosynthesis.

Experimental procedures

Yeast strains and media
S. cerevisiae strains used in this study were BY4741 (MATa his3A1 leu2A0

metI5A0 ura3A0), FY4 (MATa prototrophic), SY1083 (MATa his3A1 leu2A0 ura3A0) in
the BY4741 background (Winzeler EA, 1999). Synthetic complete (SC) growth medium
was used for all experiments except for the use of MetR where methionine and cysteine
were reduced. 5 mg/L. methionine and 25 mg/L of cysteine was added for MetR. Glucose
was added to a final concentration of either 2.0% (non-restricted [NR]) or 0.5% (calorie
restricted [CR]). All cultures (10 mL) were grown at 30°C in 15 mL glass culture tubes

with loose fitting metal caps on a New Brunswick Scientific roller drum.

Metabolomics
We conducted untargeted GC/MS analysis of 90 yeast lysate samples in
collaboration with James Baine at Duke University. Using SY 1083, BY4741, and FY4,

prepared 50 mL of MetR (methionine restriction), NR (2 % glucose), and CR (0.5%
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glucose) media for each sample (5 biological replicates per condition). Then inoculated
the media with O/N cultures to 0.03 ODgsoonm. After inoculation, we mixed and divided
the 50 mL culture to 3 glass test tubes (sterile) and placed them in the roller drum at
30°C. Three of the tubes contained +15 mL. Two of the three would be used to collect
cells from Log phase growth (Figure 2.4). All 30 mL was used for log phase to ensure
enough cells were recovered. The third tube was used to collect cells (4 mL) at day 5 of
the CLS experiment. Log phase cells were allowed to grow for 6-8 hours in the roller
drum. The ODsgoonm (0f the two tubes were read and averaged) and then the first tube
culture was transferred to a 15 mL conical tube (precleaned with methanol) and the
culture was spun at 1400 rpm for 5 minutes at 4°C. Then 200ul of the conditioned media
was collected at this point and stored at -20°C. The second 15 ml tube of log phase cells
was treated the same and the pellets were combined. Pellet was rinsed once with 3 mL of
ice-cold PBS. Aspirate supernatant and add 300 pl of ice-cold deionized water containing
0.6 % formic acid to the cell pellets. Transfer 400 pl * of volume to a 2 mL Reinforced
tube (cat 15-340-162) and acid-washed glass beads (Sigma G8772-1KG). There was
about 100 ul of PBS remaining in the tube after aspiration. Used Parafilm to wrap the top
of the reinforced tube containing cells, beads, and formic acid to prevent leaking during
the bead beating step. Kept everything on ice. Bead beat 3 cycles of 20 seconds on 30
seconds off at the Cold Room 4°C. Removed the beads and collected sample by poking a
small hole at the bottom of these reinforced tube with a needle. Spun down tube at 1400
rpm into a disposable culture class tube (Cat 14-961-27). This had been precleaned with
methanol. Resuspended the cell debris and supernatant and removed 20 pl and stored it at

-20°C for protein quantification with nanodrop later. For this quantification step, spun 20
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ul at 4°C at 4000rpm and then quantified protein present in supernatant using A280

protein settings. Removed 300 pl from the glass tubes containing cell debris, proteins,

metabolites. Added 300 pl or 250 pl (1:1 volume) of cold acetonitrile, vortex, and store at

-80 °C. For the samples collected at Day 5: collect 4 mL of culture and washed cell pellet

with ice-cold PBS as above. For BY4741 strain re-suspended pellet in 250 ul of 0.6%
formic acid. For SY 196, re-suspended in 300 pl of formic acid. For SY1085 re-
suspended in 250 pl of 0.6% formic acid. These differences in amount of formic acid
used may account for the differences in protein concentrations that we see in the
samples. Aliquoted 300 pl for the metabolomic analysis and shipped on dry ice to the
Metabolomics Laboratory at Duke (Figure 2.5).
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Figure 2.5 Untargeted metabolomic protocol. Schematic shows quenching of metabolites

using formic acid and acetonitrile in cells grown to log phase or day 5. Five biological

replicates were analyzed for each condition and strain. These samples were analyzed by

our collaborators over at Duke University.
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Abstract

As Saccharomyces cerevisiae yeast cells chronologically age, their viability and
ability to re-enter the cell cycle diminishes, thus making chronological lifespan (CLS) a
valuable model system for studying mechanisms of quiescence, including responses to
cell-intrinsic or cell-extrinsic manipulations. CLS focuses on a population of quiescent
cells that was generally thought of as uniform (Burhans & Weinberger, 2007). However
this clonal population is surprisingly heterogeneous in terms of cell size, resilience,
trehalose content, budding state, and metabolism (Svenkrtova et al., 2016). To study
quiescence, multiple groups have developed tools to study the different subpopulations in
the stationary phase cultures. In doing so, some publications have generated conflicting
nomenclature to classify these cells. Currently, there is no real consensus on the different
subpopulations or whether a senescent population exists in the stationary phase. This
Chapter is divided into two parts. Within the first part, we report our own findings of
quiescence and explore the possibility of a senescent population in the stationary phase.
In the second part, we introduce a low-cost semi-automated microcolony counting

method for quantitative yeast CLS assays to study quiescence.
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Part 1

Introduction

Aging depends on the interplay of genes and environmental conditions. Yeast has
been a well-studied organism for understanding conserved aging pathways. It is an
important model organism in the aging field that has contributed to the understanding of
the underlying mechanisms and key pathways of the cellular aging process (Kaeberlein et
al., 2007; Kaeberlein et al., 2001). To understand the general principles underlying the
aging process, we rely on Replicative Aging and Chronological Aging models.
Replicative lifespan is defined as the number of cell divisions a cell undergoes before it
reaches proliferative senescence. In this model system, senescent cells can be isolated via
the Mother Enrichment Program or with a mini-chemostat aging device (Yang & Pon,
2022), which our lab typically utilizes. Senescence is obtained when the mother cell can
no longer divide despite abundant resources. This model is helpful to understand the
process of biological aging and the limits of dividing cells in higher eukaryotes.
Chronological lifespan (CLS) is defined as the number of days that a non-dividing cell
survives in the stationary phase with limited nutrients. Within aging studies, CLS in
budding yeast is an important and well-established tool for determination of cell viability

over time (Fabrizio & Longo, 2007; Hu et al., 2013; Longo et al., 1996).

In CLS, a heterogeneous cell population resides in a low metabolic rate and in a
non-dividing state waiting for more favorable environmental conditions (Lopez-Maury et
al., 2008). These assays involve growing liquid cultures into stationary phase, whereby
nutrient depletion, and other alterations in the growth medium trigger drastic changes in

transcription, metabolism, and other cellular processes that promote exit from the cell
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cycle and establishment of a quiescence-like state. Traditional CLS assays monitor cell
“viability” by measuring the reproductive capacity of these cells, or simply put
quiescence. Aliquots are taken from the liquid cultures at different time points and then
plated onto solid nutrient-rich plates to assess colony forming units (CFUs). In this model
of aging, proliferative capacity decreases over time (Figure 3.2B). Measuring re-growth
is an indirect measure of viability for these aged cells (Chadwick et al., 2016). It is
possible that cells could remain viable but lose the ability to re-enter the cell cycle. This
would represent a senescent population in the CLS model. Are there senescent cells
present in chronologically aged yeast? A large senescent population in the stationary
phase would indicate that CLS assays are missing important viability data. Therefore, we
set out to fill this gap in knowledge by monitoring viability with propidium iodide (PI)
and SYTO 9 in parallel with the traditional assay of CFUs of the same liquid cultures.
We hypothesized that as the cell culture chronologically aged, the population of cells
would deteriorate in a stepwise process where cells would lose quiescence and transition
to a senescent state before undergoing apoptosis. Therefore, as cells chronologically age,
we expected to observe an increase in senescent cells within a culture as cells lose their
ability to re-enter the cell cycle. However, in contrast with our expectations, our
experiments suggest that senescence is negligible in chronologically aged yeast
populations as suggested by others (Cooper, 1994). In our system, the bottom line is an

alive yeast cell is a quiescent cell.

Quiescence and Aging
Quiescent cells are non-dividing cells that remain metabolically active in Go, and

are able to return to the cell cycle given the appropriate external stimuli (Gray et al.,
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2004). Aging is associated with progressive decline of quiescence that results in
inappropriate cell division or decline of regeneration ability (Sousounis et al., 2014), as
has been shown during neurodegeneration and cancer (Kirkland & Tchkonia, 2017; Lee
et al., 2018; Sen et al., 2016). Therefore, enhancing quiescence may provide a powerful
anti-aging strategy, analogous to the current strategy of eliminating senescent cells
(Kirkland & Tchkonia, 2017). Similar to complex multicellular organisms, stationary
phase yeast cells enter a quiescent state in GO, making yeast well-suited to study
quiescent conserved mechanisms in CLS (Dhawan & Laxman, 2015). We conduct CLS
by growing liquid cultures into stationary phase and then monitoring cell viability over
time by diluting and then spreading aliquots of the cultures onto rich YPD agar plates to
quantify colony forming units (CFUs). This assay also allows us to measure quiescence
by determining a cell’s ability to re-enter the cell cycle when nutrients become available.
By contrast, cellular senescence is defined by cells that lose their replicative potential and
cannot be measured using the traditional CLS assay designed by Valter Longo (Fabrizio

et al., 2004).

Senescence and Aging

A major hallmark of aging is accumulation of senescent cells (Lopez-Otin et al.,
2013). Senescent cells lose their self-renewal capacity, arrest in growth, and acquire a
phenotype that is resistant to apoptosis (Iske et al., 2021). In response to a variety of
stressors, senescent cells accumulate in many tissues with aging (Kirkland & Tchkonia,
2017). In chronologically aged tissues, this accumulation may cause bystander
senescence and tissue dysregulation that contribute to age-associated diseases (Iske et al.,

2021). There is a large effort in the aging field focused on identifying and studying
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senescence. This is especially the case when senescent cells acquire a senescence-
associated secretory phenotype (SASP) that promotes damage and compromises the
health of nearby tissue (Coppe et al., 2010). These senescent cells themselves appear to
be immune to these harmful signals (Hu et al., 2022). In addition, further characterization
of these senescent cells shows organelle dysfunction (mitochondrial and lysosome),
distinct transcriptional signatures with upregulated cell cycle arrest genes including p21,
pl6, and p53 (Iske et al., 2021). Because of this, p53, B-galactosidase, Lamin B, p21, and
p16 are common senescent markers that have emerged to identify and target senescent
cells and their SCAPS (Senescent cell anti-apoptotic pathways) (Gonzalez-Gualda et al.,
2021). Scientists are trying to leverage knowledge to promote quiescence and prevent

senescence across different contexts.

Potential advantages of senescence in yeast

In the case of a yeast population, it is unlikely that the presence of senescent cells
would be advantageous for survival. However, senescent cells may be beneficial if they
secrete beneficial factors that support the survival of other cells. These senescent cells
may act as a reservoir of nutrients and energy that can be utilized for other cells within
the population. More research needs to be conducted to test the role, if any, for these
senescent cells. I propose that senescence is short-lived in yeast. It has been shown that
cells enter senescence sharply (Fehrmann et al., 2013) and perhaps cells undergo another

abrupt transition to cell death.

Using Yeast as a Model System to Study Quiescence
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Cell quiescence is incompletely understood. The nature of quiescence has been
hard to characterize since there are no clear markers of quiescence other than
proliferative capacity. Yeast represents a model system that could help us obtain a greater
understanding of the pathways and general principles that regulate quiescence. Yeast
presents an ideal model to study quiescence because the entire culture can enter
quiescence as cells transition to stationary phase. It is likely that quiescence
establishment, like aging pathways, is evolutionarily conserved. Budding yeast has
yielded vast knowledge for fundamental eukaryotic cellular processes including cell
cycle, protein trafficking (Feyder et al., 2015; Schekman, 2002), autophagy (Ohsumi,
2014; Tooze et al., 2017), and nutrient signaling (Loewith & Hall, 2011). The system
could be utilized to guide quiescence studies in other organisms. Can yeast also help us
understand senescence? Senescence happens in microbes and is often argued to be a
universal feature across phyla even in unicellular organisms (Cooper, 1994; Moger-
Reischer & Lennon, 2019). It’s well established that proliferative senescent cells can be
isolated from replicative aging populations, these cells that have ceased to bud have been
reported to survive and remain metabolically active before eventual lysis (Robert K.
Mortimer & John R. Johnston, 1959; Steinkraus et al., 2008). Although senesce seems to

be present in RLS, is senescence prevalent in CLS?

Results

It had been previously reported that in YPD grown cells, a stationary phase
population could be separated into a dense and less dense fraction (Allen et al., 2006).
The dense cells, termed quiescent or ‘Q’ cells exhibited all the expected features of

b

quiescent cells including high proliferative capacity compared to Non-quiescent or ‘NQ
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cells (Allen et al., 2006; Aragon et al., 2008; Werner-Washburne et al., 2012). Based on
the reports of NQ cells in CLS, we wondered how vast this population was— could we
be missing senescence by just looking at CFUs ability (Figure 3.2 panel A). We were
intrigued by the possibility that the number of senescent cells would rise as the yeast
culture chronologically aged. We hypothesized that as the cell culture chronologically
aged, the population of cells would deteriorate in a stepwise process where cells would
lose quiescence and transition to a senescent state before undergoing apoptosis. Based on
this rationale and its implications, we attempted to isolate these different populations by
gradient-density centrifugation as previously reported, using Caloric Restricted cells (CR)
as a positive control, which should be enriched for dense “Q” cells.

To begin our studies in quiescence, we tried to isolate dense cells using iodixanol
gradient as described in Quasem et al. (see materials and methods)(Quasem et al.,
2017).The data in Figure 3.1 were obtained by growing the cells at 24, 48, 72, and 144
hours and then taking the same number of cells and separating them with a 50%
iodixanol gradient. At 24 hours, only NQ cells were detected with no Q-cell pellet in both
CR and NR conditions. At 48 hours and later, a small pellet of Q cells was detected in the
NR condition. However, there were no pellets observed in CR, suggesting absence of Q
cells in CR cells. This suggested that the definition of dense Q cells as the long-lived
quiescent population was not universally correct. Therefore, we shifted our approach to

study quiescence and senescence back to using CLS assays.
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24 hours 48 hours 72 hours 144 hours

NR CR NR CR NR CR NR CR
Figure 3.1 Density is not a reliable isolation method for quiescent cells (A) BY4741

veast cells were grown in synthetic complete (SC) media in NR (2.0% glucose) or CR
(0.5% glucose). Specific number of cells were isolated from liquid cultures and then
layered onto pre-made iodixanol density solution and centrifuged to separate populations
of different densities. lodixanol gradient separation of non-quiescent (NQ) and quiescent
(Q) yeast cells in a microfuge tube in NR conditions and CR conditions. Box represents
detection of Q cells. 50% iodixanol gradient is sufficient for separation of NQ and Q
veast cells.

Traditionally, viability in CLS is monitored by returning cells to rich media plates
and counting colony forming units (CFUs)—a measure of quiescence or proliferative
capacity (Figure 3.2 panel A shows schematic of the typical output of a CLS assay).
Since their introduction in 1996 (Longo et al., 1996), CLS assays continue to be a useful
model to study chronological aging of non-dividing cells, a class that includes neurons.
More recently, a subset of these CLS assays measuring regrowth capacity have been used
to study mechanisms of quiescence. Like others have noted, it does not account for the
possibility that yeast cells may enter a senescent state in which the cells remain viable,
but are unable to re-enter the cell cycle (Alvers et al., 2009). Alvers et al. used FUN-1 to
detect viability of cells (Millard et al., 1997) and found that the cell viability

measurements with the dye were similar to viability based on colony formation. To

supplement these past studies using FUN-1 fluorescent dye, we monitored uptake of PI
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and SYTO 9 in combination with flow cytometry. PI is a well-established method for
monitored cell viability since intact membranes of viable cells exclude the dye (Davey &
Hexley, 2011). On the other hand, SYTO 9 is a nucleic acid that is cell permeable and
thus labels every yeast cell in a population regardless of viability status (x-axis) (Figure
3.2 panel B). In this experiment, we used 4.0% glucose condition (short-lived) and a
0.5% glucose condition (long-lived) and measured CLS by CFUs or flow cytometry. We
hypothesized that cells exposed to lower glucose would minimize senescence and retain
quiescence more effectively than cells exposed to higher levels of glucose. Flow
cytometry distinguishes dead cells within a population that are permeable to PI (loss of
plasma membrane integrity) plotted on the y-axis from total live cells with SYTO 9. A
representative biological replicate is shown at day 8 and day 20. At day 8, cells are
labeled with SYTO 9 and only 22.53% of cells are PI*, the remaining SYTO 9 *
population should be viable (Figure 3.2 panel B). Later at day 20, the viability decreases
as expected, with 96.03% of the cells being PI" consistent with less viability (Figure 3.2
panel B). In conjunction with the flow cytometry approach, we monitored cell quiescence
using a CLS assay (Figure 3.2 D). We expected to observe loss of quiescence and
accumulation of senescence in the stationary phase (Figure 3.2 panel C). If many
senescent cells were indeed present, then the percentage of viable cells from flow
cytometry should be greater than the fraction of ‘viable’ cells obtained from CLS CFU
assay (Figure 3.2 panel C). The difference between these two metrics should represent
the cell population that remains viable but unable to re-enter the cell cycle, in other

words, senescence. However, the data surprisingly showed that there was negligible
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senescence in chronological aged yeast cultures (Figure 3.2 panel D). This is indicated as

no significant differences between the curves.
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fraction viable is on the y-axis and time is on the x-axis. BY4741 strains in SC medium

using 4.0% glucose or 0.5% glucose over a 20-day period.

Discussion

CLS is a direct measure of cell quiescence since quiescent cells are primarily
defined by having the potential to re-enter the cell division cycle. By contrast, ‘senescent’
cells lack cell proliferative capacity, yet remain viable. Human chronological aging has
been associated with increasing cellular senescence due to a variety of stresses (Chaib et
al., 2022). In mammalian systems, senescent cells have been described to acquire
abnormal function which deteriorates organismal health (Chaib et al., 2022). However, in
yeast CLS, proliferative capacity decreases over time, yet it is unclear if there is a
senescent or viable but not culturable (VBNC) population accruing in the population with
the passage of time (Palkova et al., 2014). Could quiescent cells lose quiescence, and then
transition to a senescence state, like mammalian cells? To begin to identify senescence
we sought to separate quiescent cells from senescent cells in CR cells. Surprisingly, there
seemed to be no enrichment of quiescent “Q” cells observed in CR (Figure 3.1), a
condition that enhances quiescence as defined by non-dividing but still viable. Hartman
and others suggest that quiescence is more complex and completely context dependent
(Miles et al., 2023; Peselj et al., 2022; Santos et al., 2021). Due to this result, we decided
to use proliferative capacity rather than buoyant density as a primary metric. Publications
from the Titorenko and Laporte laboratories also re-examined properties attributed to
these Q cells and ultimately demonstrated that proliferative capacity is often similar
between NQ and Q cells (Goldberg et al., 2009; Laporte et al., 2011). Others have shown

that proliferative capacity correlates with mitochondrial morphology and not cell density
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(Laporte et al., 2018). The bottom line is that density is an unreliable marker for
quiescence. To identify potential cellular senescence, we turned to answer this question
by employing the gold standard criteria of cell cycle re-entry.

To fill this gap in knowledge, we monitored viability with PI and SYTO 9 in
parallel with the traditional CLS assay measuring CFUs from the same liquid cultures.
When we conducted a small experiment with both short-lived and long-lived conditions
and BY4741 strains. We expected to observe viability exceeding proliferative capacity in
the yeast population. However, in our study we showed CLS and viability data tracking
almost perfectly which suggested that there were a small number of senescent cells (at
most). Alvers ef al. reached similar conclusions when comparing FUN-1 staining and
CLS (Alvers et al., 2009). In our data, we observed that viability was slightly lower than
reproductive capacity at each time point, which is theoretically impossible. Instead, we
think that measured viability via flow cytometry is lower due to two reasons. First, in
CLS we did not account for the number of dead cells in the population at the start of the
experiment. Instead we normalize to 100% at day 4. In contrast the flow cytometry
measurement is able to detect dead cells even on day 4. Second, this lower quantity of
viable cells could be due to a small subpopulation of viable yet stressed cells uptaking PI
as has been reported previously (Davey & Hexley, 2011). This underestimation of
viability certainly could contribute to the results in this study, but the small number of
senescent cells remain possible.

This evidence that yeast cultures do not accumulate a detectable population of
senescent cells is, perhaps, not surprising given yeast’s life history. Budding yeast are a

short-lived species that can produce many daughter cells, so perhaps in this system there
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is no advantage of maintaining senescent cells in the population. For example, organisms
that have regenerative capacity like hydra escape senescence (Danko et al., 2015).
Undergoing apoptosis may have a much greater benefit for the population (Ruckenstuhl
et al., 2010). Sheldrake and others think that unicellular organisms unlike multicellular
organisms are potentially immortal and ‘carry the potential of unending life”, termed the
“potential immortality paradigm—essentially making senescence unlikely (Sheldrake,
2022). Future experiments should focus on trying to induce senescence in budding yeast
with specific stressors such as hydrogen peroxide or DNA damaging agents. If
successful, then yeast could represent a unique model system to study senescence

induction similar to hydra (Bellantuono et al., 2015).

Part 2

Introduction

Measuring cell viability in the form of CFUs is widely used by yeast researchers,
and not just for CLS assays. Over the years, various laboratories have improved,
modified, or diverged from this traditional CLS method initially described by Longo et
al. 1996. For example, with the rise of expensive liquid handling robots, specialized plate
readers, and imaging systems, outgrowth of yeast cultures or colonies for CLS assays
have become more automated (Shah et al., 2007), but not always accessible to many labs.
Here, we describe our own in-house modified assembly line of the traditional CLS assay
that has allowed for us to realize a greater economy of scale. The modifications are
focused on miniaturization of the system with the use of a standard tetrad dissection

microscope, a compact digital camera, and automated imaging of microcolonies using a
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modified version of open source OrganoSeg software. Herein, we show that our method
is comparable with traditional means of conducting CLS assays. The main advantage of
our protocol consists of increasing resource efficiency by miniaturizing the system and
thus increasing resource efficiency by 36-fold—We fit 36 dilution spots onto one agar
plate, rather than each dilution being spread onto an individual plate. Additionally, the
protocol is adaptable in a variety of settings with minimal equipment needed, making
yeast quantitative CLS studies accessible to practically any yeast lab. Understanding
regrowth capacity mechanisms has implications far beyond the yeast system, so we want
to share this innovative protocol that easily tests viability and maintenance of cellular

quiescence.

The Traditional CLS Assay

CLS is defined as the number of days that non-dividing quiescent yeast cells can
survive at stationary phase (Longo et al., 1996). The original method of monitoring
viability of non-dividing cells in the stationary phase was an effective protocol developed
by Valter Longo and was readily adopted by many yeast laboratories, including
ours. Longo conducted these studies by growing liquid cultures exponentially until they
depleted most nutrients. In response to this depletion, cells transitioned into a quiescent
state where cells are no longer dividing but retained that potential. At this point, Longo
then took an aliquot of the aged liquid cell culture, diluted these aliquots in sterile water
and plated it onto YPD rich media plates (maximum ~300 colonies per plate), and
allowing them to grow for three days (Fabrizio & Longo, 2003). He then counted the
number of colonies that regrew. With increasing time, the ability of cells to re-enter the

cell cycle diminished. Thus, monitoring the loss of regrowth capacity became an
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indicator of cellular aging. This method became known as chronological lifespan assays
(CLS). This assay involves using single plates for each dilution replicates and counting
colonies manually to calculate the fraction viable from the initial population. This is a

labor-intensive task using numerous petri dishes, agar, and media components.

Results

Differentiation from the Original Method

Since initial characterization of the CLS protocol in 1996, there have been several
strategies developed to build upon this original method. For example, to test viability
more directly, multiple groups have established variations of this assay or developed a
variety of different strategies to measure stationary-phase viability such as plate readers,
PI, fluorescent cell counter, semi-quantitative CLS assays, methylene blue, and phloxine
B (Belak et al., 2018; Chadwick et al., 2016; Garay et al., 2014; Murakami & Kaeberlein,
2009; Murakami et al., 2008). Others have also stuck with using regrowth as a CLS
measurement but introduced expensive robotic or spot imaging assays. Our lab initially
shifted to conducting a semi-quantitative method using spot assays, since it was an
inexpensive way to conduct CLS and there appeared to be strong correlation between the
quantitative and semi-quantitative (Smith et al., 2007; Smith Jr. et al., 2007). Although
these qualitative spot assays were informative and visually effective, they lacked a
quantitative component to discern small changes in longevity with statistics. When we
switched to the qualitative spot assay method, we observed that in the dilution spots, the
most diluted sample contained micro-colonies. If the plates were only incubated for 16-
20 hours and these dilution spots were observed under a microscope at 30x

magnification, each dilution spot in the microscope field looked very similar to a petri
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dish agar plate (Figure 3.3A). We were able to merge traditional CLS with spot assays to

return to a quantitative method.
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Figure 3.3 CLS assays. A) Image of dilution spots after 16 hours of incubation compared

to the plate-method used in Longo’s Traditional method B) Schematic of steps 1-6.
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Figure 3.4 Comparing methods. Survival curves representing the viability of three
biological replicates, microcolonies compared with survival curves representing the
viability of three biological replicates using the traditional method (plates) in NR and CR
conditions. E) Microcolony method compared to the traditional plate method. Mean
lifespan in days was calculated using Online Application for Survival Analysis Software
(OASIS 2), which reports standard error of the mean (SEM) and 95% confidence
intervals.

Here, we describe the relatively simple, flexible, low-resource protocol combined
with image-based cell counting estimation assay to facilitate CLS (Figure 3.3B). First,
we’ve modified the assay to count imaged micro-colonies, instead of colonies, where
each petri dish can now accommodate 12 samples (with three dilution spots each) or 36
dilution spots total (Figure 3.3A). This quantitative method uses 1/12 of the resources of
a traditional CLS assay (Figure 3.3A). We conducted an experiment with CR and NR

conditions where the traditional method was run in parallel with our microcolony

method. These results were comparable with traditional ways of conducting CLS. It is a
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reliable assay that can increase scientific output, with fewer resources from the lab and
time commitment by the user. (Figure 3.4 A & B). So, what does this new method entail?
Like the traditional method, this protocol involves taking single yeast colonies
from agar plates, inoculating into 10 mL liquid cultures, then aging them while turning in
a roller drum at a constant temperature. At each time point, an aliquot of the liquid
culture is collected, serially diluted 10-fold and then spotted onto rich growth medium
plates (YPD) to obtain bright field microscopy images using a digital camera placed close
to the oculus of the microscope (we use a model similar to the Sony Cyber-Shot DSC-
H70 16.1 MP Digital Still Camera with 10x Wide-Angle Optical Zoom G Lens and 3.0-

inch LCD) (Figure 3.4 A-C). The microscope isa Nikon Eclipse E400.
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Figure 3.5 Microcolonies and OrganoSeg. A) plate with sample dilutions after 16 hours
of growth. B) Camera set-up for capturing images of dilution spots at 30x, image
acquired from microscope of (C) micro-colonies resembling agar plate. D) Dilution of
3rd dilution spot from day 4 to day 24, showing a decrease in viability. E) OrganoSeg
software depicting user interface and the data acquisition form the MATLAB based
program. F) &G) Output includes the spherical objects detected in each image (The blue
around the colonies represents the colonies being detected. H) Function within the
program allows segmentation of colonies.

For subsequent steps, we now use an image-based program to digitally count
microcolonies, which expedites the data analysis process (Figure 3.4 D -H). We have
adapted OrganoSeg (based on MATLAB), an open-source software used to quantify
images of 3-D spheroid and organoids cultures, to count microcolonies. This MATLAB-
based software uses grayscale-converted images (tif, jpng, png) to quantify spheroids
(Figure 3.4 E). It is comparable with Fiji image analysis, CellProfiler, OpenCFU, and
AutoCellSeg (based on MATLAB)(Carpenter et al., 2006; Geissmann, 2013). OrganoSeg
is an automated colony segmentation system, a user-friendly tool that allows analysis of a
large image number. It was originally developed by Kevin Janes’ lab in the UVA
Department of Biomedical Engineering to count 3-D organoid and spheroids (Borten et
al., 2018). For the yeast CLS assays, OrganoSeg is easy to use as it only requires the
adjustment of a size parameter. It has parameters where one can omit artifacts (Figure 3.4

G). Furthermore, it has a sphere-splitting function that is useful if two or more colonies

begin overlapping on the agar (Figure 3.4H).
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Discussion

Herein, we describe the CLS assay using micro-colonies as an effective, low
resource method for quantifying viability and colony re-growth. First, we show the
microcolony protocol yields similar outputs to manual counting methods, allowing the
researcher to increase sample size and replicate number (Figure 3.2 D & E). Using
microcolonies instead of colonies, we have developed this method into a high-throughput
assay. With this assay, we speculate that mutants, environmental manipulations, and
toxicity studies should easily be tested for viability and maintenance of quiescence. The
CLS methodology will continue to be a valuable tool, which continues to provide insights

into the basic aging and quiescent mechanisms conserved across eukaryotes.

Protocol (Refer to Figure 3.3C)
Step 1: Preparation of CLS

Prepare 2% glucose YPD agar plates. After the plates have been poured, they must be
allowed to dry at least 2 days before plating the dilution spots in Part 2. Wet plates will
not work.

Obtain yeast strains from frozen stocks and streak for single colonies onto YPD [Bacto
yeast extract (10 g L—1), Bacto peptone (20 g L—1), tryptophan (0.32 g L—1), 2%
glucose] agar plates.

. Allow cells to grow at 30°C for 48 hours.

Select a single colony and inoculate into 5 mL of SC (2% glucose) liquid medium in 18-
mm glass culture test tubes with loose metal caps. Allow cultures to reach stationary
phase by growing them O/N at 30°C on a New Brunswick Scientific roller drum ~50 r. p.

m. to maintain cells in suspension.
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4. Inoculate 200ul of the overnight culture into 10 mL of SC medium. Samples are prepared
in triplicate to serve as biological replicates of the lifespan analysis for each condition or
strain. Mark the top of the test tube with a number and record sample type in a notebook.

5. Maintain the cultures at 30°C with constant agitation on a roller drum for the entire
experiment. Day of inoculation is day 0.

Step 2: Taking a time-point in chronological lifespan assays (See image below).

First time point can be acquired at day four of culture (in SC media, the cells should be in
the stationary phase). Viability should be monitored every three to four days for two to
three weeks or until most colonies are unable to regrow in the rich YPD plate. The length
of an experiment can be terminated by plating the dilutions and looking at the YPD plate
after O/N growth. For example, if colonies can only be detected at 0.01 dilution spot,
then most cells have died, and those samples can be removed from the experiment. Time
points should be taken more often for shorter-lived strains (~10-15 days). Frequency will

detect short-lived strains that tend to gasp, including snfi4, gcn5A.

1. Obtain a 96 clear well plate. Prepare by adding 180ul of sterile water to wells. For
each sample, 3 dilution wells are needed. For multiple samples, use the suggested
template (Figure 3.4 A).

2. Remove the aging glass culture tubes from the roller drum in the incubator.

3. Vortex and then collect a 20 ul aliquot of culture with a pipette and place in the
first well containing water. Repeat for remaining samples. Keep everything

sterile.
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. Using a multichannel pipette, take 20 ul of the inoculated first well and conduct
10-fold dilutions for the second and third well. The first well for each is a tenfold
dilution of the culture, the second well is 100-fold dilution and the third is 1000-
fold (Figure 3.4B).

. 2.5ul of 1:10, 1:100, and 1:1,000 dilutions of the cultures were spotted onto yeast
extract-peptone-dextrose (YPD) plates. With a multichannel pipette, mix and
transfer 2.5 ul of each well into a YPD plate. If the template is followed, a YPD
plate can fit 12 replicates or 36 dilution spots. Name the plates, and the number of
tubes it contains. Plate one should be named, P1, 1-6 on one side, and 7-12 on the
other (Figure 3.4 C &D and 3.5). An important point is to avoid touching the agar
with the tip of the pipette since it introduces artifacts that will interfere with
counting (Figure 3.3G).

. Check to make sure 2.5ul is on the plate for each condition and that there is no
overlap between drops. Printing out a paper grid on the countertop and placing the
plate on top of the grid, will facilitate separation. Allow spots to dry before

moving.

. Return the CLS cultures into the 30°C incubator when finished with the

inoculations.
. Place the plate in a 30°C incubator. Allow colonies to grow for 16-24 hours to

allow for micro-colony formation.
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Figure 3.6 Collecting a time point A) 96-well plate was prepared with 180ul of
sterile water in the first three and last three wells of each row. B) First and sixth
column wells of every plate were inoculated with 20 ul of cells taken from cultures
in order. With a multichannel pipette, 20 ul was added to the second column or
seventh column, then thoroughly mixed. Then 20 ul of the second column was
added to the third column or eighth column. This was done for sample number 1-
12 and for the rest of the plates. C) Plates were labeled. 2.5 ul were then collected
from each well starting with the most dilute. For example, the third column of
sample one was plated first, then the second, and then the first. These were plated
onto a rich media plate with the aid of a paper grid placed under the plastic petri
dish to direct placement of each drop without overlap. The layout of the 96-well
plate directly matches the placement of 2.5 ul.

Step 3 Image acquisition
Overview: To capture micro-colonies in these dilution spots, we utilize a dissecting
microscope, where images of dilution spots with micro-colonies are obtained and
subsequently counted (Figure 3.3B).
1. Remove plate from the incubator and using a microscope place the plate on stage
and obtain pictures of the dilution spot. In the beginning of the experiment when
the cells are the most viable, take a picture of the most diluted spot of each

sample. This will change over time as the population loses viability. The rule of
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thumb is to move to the next dilution when there are 5 or less colonies in a
dilution spot. Capture Images of the dilution spots using a Nikon Eclipse E400
tetrad dissection microscope at 30x magnification. One picture per condition.
Record what dilution was captured. At the first time point, growth should be
detected in most conditions at the most diluted spot, 1:1000.

2. Download the images into a folder, naming it with the date of the experiment and
day number. Rename images. Open MATLAB and then OrganoSeg.

3. Using the OrganoSeg software, select ‘File’, ‘new set of images to analyze’, open
and select all the JPG images. Select ‘yes” when prompted ‘to convert image to
optimal size, to improve segmentation’.

4. To begin counting, adjust the size threshold between 0-20, depending on colony
size using ‘Segmentation Parameter Toolbar.” Click “Apply Settings to All
images.” Spheroids detected will be on the left of the screen. Trouble shooting; If
there are artifacts in the gel, try unchecking the ‘out-of—focus correction’ on the
main screen. If the colonies are too small, return the plate to the incubator, until
they are bigger to detect. If they are too big and begin overlapping, attempt to
correct by using the ‘Split function,” which segments two joined colonies. To
export into an excel file, click on the Image set below “Export Signature.” Obtain
output files from software into an excel document or scroll through OrganoSeg
manually and record total spheroids for each image (Figure 3.4).

5. For ease, use the same order in plating the sample and collecting images.

6. Repeat Part 2 and 3 for next time point.

Step 4: Data Analysis
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. For CLS assays, several time points are obtained. The time points for the given
experiments were taken on days: 4, 6, 10, 13, 17, 20, 24, 27, 31. Depending on the
strains or experimental conditions, time points could be collected less or more
frequently. For example, if a short-lived mutant (10 days) is assayed, then it is
important to conduct time-points more frequently. In contrast if a long-lived
mutant is analyzed then taking time points every 4-5 days is sufficient.

. Normalize the data by comparing the number of micro-colony forming units to
the initial measurements (usually day 3 or 4) to obtain percent viability, time point
1 for each sample should be 100% viability.

Generate chronological lifespan curves by plotting the fraction viable cells as a
function of time.

Calculate the % viability for each well based on the viability of the first time
point. For these data will generate a survival curve. The equation used to calculate
% viability is: = # of microcolonies ((obtained with OrganoSeg)* # dilution
spot( 1, 0.1. or 0.01)/ # of microcolonies) x 100 obtained at the first time point.

. In excel, plot the average of each sample as a function of time.

. Mean lifespans (days), standard errors of the means (SEM), and 95th percentile
confidence intervals of the means (95% CI) can be calculated using OASIS, an
online platform for Kaplan-Meier survival curve analysis and other statistical
analysis (Han et al., 2016). There is a specific format to input the data that
requires a number of dead objects at each time point. To obtain the number of
dead objects we took the average number of microcolony forming units for each

condition at each time point. The first average of the first time point represents the
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total number of “individuals” in a population. The average of the next time point
was subtracted from the previous. This in essence would represent the total
individuals that died between time points. If the average exceeds the average of
the previous time point, which can happen in CLS assays due to growth, then that
would yield a negative number. OASIS would interpret this as objects coming
back to life and the program gives an error. To prevent this from happening, we
remove the numbers by equating them to 0. This would indicate that no deaths
occurred between time points. A representative template is provided with
examples of negative numbers and adjustments necessary to use OASIS.

At the completion of the experiment, a survival curve will be obtained and
resemble those in Figure 3, which were conducted in BY4741 background in SC

2% glucose media. We plot Fraction Viable on the y-axis and time on the x-axis.
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Figure 3.7 Data processing and input format for basic survival analysis in OASIS. A)
Shows calculations of colony forming units to input into OASIS B). C) and D) represent

the data output obtained from running the analysis (Han et al., 2016).

Other Methods

Viability and Flow cytometry

LIVE/DEAD® FungaLight™ Yeast Viability Kit (L34952) contains solutions of
our SYTO 9 green, fluorescent nucleic acid stain and the red-fluorescent nucleic acid
stain, PI. The excitation/emission maxima for these dyes are 480/500 nm for SYTO® 9
stain and 490/635 nm for PI. Follow LIVE/DEAD ® FungaLightTM Yeast Viability Kit
Instructions: Collect 0.5 OD of cells for each sample and centrifuge samples at 10,000 g
for 2 minutes to pellet cells. Prepare at least 4 extra tubes to prepare for controls (stained
with PI, stained with SYTO 9, no dye, and killed control). Remove the supernatant. Wash
once and resuspend in 1 ml of PBS. Transfer this 1 ml to a plastic tube for flow
cytometry analysis with LSR Fortessa or FACSCaliburB. To prepare one killed control
sample by resuspending cell pellet in 1 mL of 70% isopropyl alcohol and incubating it for
30 minutes. After incubation, wash once with PBS and resuspend in 1 ml of PBS. For all
samples, check to have approximately 1 million cells in each vial. For staining procedure,
add 1 pL of SYTO 9 dye from the Viability kit to tube, which will only contain SYTO 9.
Add 1 pL of PI from the Viability kit to a tube, which will only contain PI. These will be
controls. Add 1 pL of P and 1 pL of SYTO 9 to the rest of the tubes, except for the
unstained control which receives no dye. After stain is added, each tube should be vortex
and protected from the light. Cells were then analyzed by flow cytometry without
washing.

Q cells
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BY4741 yeast cells were grown in synthetic complete (SC) media in NR (2.0%
glucose) or CR (0.5% glucose). Specific number of cells were isolated from liquid
cultures (OD of 0.5-1.0 spun and resuspended in 0.5 ml of SC-glucose) and then this 0.5
mL was layered gently onto pre-made iodixanol density solution of 1 ml and centrifuged
to separate populations of different densities. lodixanol gradient separation of non-
quiescent (NQ) and quiescent (Q) yeast cells in a microfuge tube in NR conditions and
CR conditions. For this experiment ~50% iodixanol gradient is sufficient for separation

of NQ and Q yeast cells.
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Chapter IV

A cell non-autonomous mechanism of
yeast chronological aging regulated by
caloric restriction and one-carbon
metabolism
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Abstract

Caloric restriction (CR) improves healthspan and lifespan of organisms ranging from
yeast to mammals. Understanding the mechanisms involved will uncover future interventions for
aging-associated diseases. In budding yeast, Saccharomyces cerevisiae, CR is commonly defined
by reduced glucose in the growth medium, which extends both replicative and chronological
lifespan (CLS). We found that conditioned media collected from stationary-phase CR cultures
extended CLS when supplemented into non-restricted (NR) cultures, suggesting a potential cell-
nonautonomous mechanism of CR-induced lifespan regulation. Chromatography and untargeted
metabolomics of the conditioned media, as well as transcriptional responses associated with the
longevity effect, pointed to specific amino acids enriched in the CR conditioned media (CRCM)
as functional molecules, with L-serine being a particularly strong candidate. Indeed,
supplementing L-serine into NR cultures extended CLS through a mechanism dependent on the
one-carbon metabolism pathway, thus implicating this conserved and central metabolic hub in

lifespan regulation.
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Introduction

In Saccharomyces cerevisiae, Caloric Restriction (CR) involves reducing glucose in the
growth medium, which extends both replicative (RLS) and chronological lifespan (CLS).
Specifically, CR is typically characterized by reducing the initial glucose concentration in the
growth medium from 2% (non-restricted; NR) to 0.5% or lower, or reducing overall amino acids
(Jiang et al., 2000; Lin et al., 2002). Glucose restriction robustly extends both yeast replicative
lifespan (RLS) and chronological lifespan (CLS) (Jiang et al., 2000; Lin et al., 2002; Reverter-
Branchat et al., 2004; Smith Jr. et al., 2007), the latter of which is defined by the number of days
that non-dividing cells maintain proliferative capacity in liquid culture after entering stationary
phase, quantified upon transfer to fresh nutrient media (Fabrizio & Longo, 2003; MacLean et al.,
2001). In the stationary phase, the cells remain in this non-dividing state and are considered a
model for the aging of quiescent stem cells, or post-mitotic cells like neurons or muscle fiber
cells (Jones & Rando, 2011; Longo et al., 2012; Ruetenik & Barrientos, 2018).

Before cells enter the stationary phase, they go through an important transition termed the
‘diauxic shift’. Herein, glucose becomes limiting toward the end of exponential growth, and cells
reconfigure their metabolism and enact cell protection systems for survival. For example, cells
switch from fermentative (metabolism of glucose to ethanol) to mitochondrial-driven oxidative
metabolism. This ‘diauxic shift’ into stationary phase of growth is also accompanied by dramatic
changes in transcription, translation, and metabolic profiles that facilitate slower cell growth
using non-fermentable carbon sources such as ethanol and organic acids produced during
fermentation (DeRuisi et al., 1997; Gasch et al., 2000). During this transition, long-term survival
in CLS largely hinges on an adaptive response to nutrient depletion, consisting of cell cycle

arrest, called quiescence (Allen et al., 2006; Gray et al., 2004). CR optimizes this transition.
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In CLS, the initial glucose concentration in cultures has a profound impact on long-term
cell survival in the stationary phase. It was surprising that glucose restriction extended the yeast
CLS even when the glucose was rapidly utilized (Smith Jr. et al., 2007). This suggested that
intrinsic changes occur in a cell during the diauxic shift that has lasting effects on longevity. CR
enhances several processes that occur during the diauxic shift, including Snfl (AMPK) signaling
(Wierman et al., 2017), mitochondrial respiration and ATP production (Choi & Lee, 2013;
Ocampo et al., 2012; Smith Jr. et al., 2007; Tahara et al., 2013), accumulation of the storage
carbohydrate trehalose (Kyryakov et al., 2012), and improved G1 cell cycle arrest (Weinberger et
al., 2007).

Independent of CR, there are several other conserved genetic and environmental
manipulations that extend CLS, such as inhibition of TOR signaling (Powers et al., 2006) and
methionine restriction (Johnson & Johnson, 2014; Ruckenstuhl et al., 2014). Fully understanding
intracellular and extracellular responses underlying the complex adaptive transition into
quiescence, and how CR influences these responses, are of central interest. In budding yeast as in
other unicellular organisms, the impact of environmental and genetic modifications on individual
cell survival is usually expected to occur through cell-autonomous mechanisms. These cell
autonomous mechanisms depend on the intrinsic cellular events, such as direct changes in gene
expression, metabolism, and stress response. However, regulation of survival can also be cellular
independent and can be mediated via cell non-autonomous mechanisms driven by cell-derived
extracellular factors (Burtner et al., 2009; Fabrizio et al., 2004). For example, high acetic acid
concentrations released from cells into the media and the accompanying low pH are associated
with sustained growth signals that lead to cell cycle progression, replication stress, and reduced

CLS (Ruckenstuhl et al., 2010; Weinberger et al., 2010). Furthermore, acetic acid induced stress
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can activate nutrient sensing growth pathways that lead to elevated superoxide (Weinberger et
al., 2010). These examples illustrate the life-shortening and the life-extending effects of the cell
non-autonomous mechanisms in budding yeast.

Longevity-associated cell non-autonomous mechanisms are classically described from
rodent models, where circulating extracellular factors have been identified from heterochronic
parabiosis experiments to mediate beneficial effects or detrimental effects to each parabiont
(McCay et al., 1957). For example, mesencephalic astrocyte-derived neurotrophic factor
(MANF) from younger mice protects against liver damage in the older mice. In contrast,
Senescence-Associated Secretory Phenotype (SASP) from aged mice has been shown to
negatively contribute to the health of the young mouse (Conboy et al., 2013). Interestingly
MANTF’s overexpression extends lifespan in Drosophila (Sousa-Victor et al., 2019).
Furthermore, some factors that act in a cell-autonomous manner, such as the insulin-like
signaling transcription factor FOXO, can impact organismal longevity via cell non-autonomous
mechanisms (Hwangbo et al., 2004; Qin & Hubbard, 2015), raising the possibility that cell non-
autonomous processes are more widespread than previously thought.

Despite budding yeast being single cell organisms, they utilize proteins and metabolites
for cell-cell communication associated with mating, differentiation, and sporulation. Recognition
of opposite haploid mating types (a-cells or a-cells) occurs via the extracellular pheromone
peptides a-factor and a-factor (Haber, 2012), whereas pseudohyphal growth in dense cultures or
colonies is mediated by quorum sensing via the amino acid derived aromatic alcohols, tryptophol
and phenylethanol (Chen & Fink, 2006). Chronological aging of S. cerevisiae, which occurs in
densely crowded cultures and is highly sensitive to gene-nutrient interactions (Smith et al.,

2016), would also seem subject to cell non-autonomous mechanisms. Indeed, unidentified high
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molecular weight (>5,000 Da) extracellular factors from old stationary phase cultures have been
implicated in stimulating survival of other old cells (Herker et al., 2004).

Similarly, our lab observed that conditioned media isolated from glucose-restricted
stationary phase cultures, referred to as CR-conditioned media (CRCM) throughout this chapter,
extended CLS when supplemented into non-restricted cultures (Wierman et al., 2015),
suggesting the presence of one or more extracellular proteins, peptides, or metabolites that
contribute to lifespan regulation. We were interested in elucidating these factors to provide new

insights about CR mechanisms.

Results

Conditioned media from CR stationary phase cultures contain longevity factors.

As previously shown (Smith Jr. et al., 2007), BY4741 yeast cells grown in 2% glucose
(NR) have a short CLS compared to 0.5% glucose (CR) growth conditions. However, when we
conducted media swap experiments where the conditioned media was exchanged after five days,
we observed a change in CLS as monitored by spot viability assays (Figure 4.1A & 4.2B). In this
experiment, cells grown under CR conditions have a shorter lifespan once exposed to NRCM
compared to CR conditions (Figure 4.1B). In addition, the initially grown cells in CR condition
live less once exposed to NRCM compared to the CR control (Figure 4.1B). Importantly, this
conditioned media is obtained at day 5, where the glucose in the media has been depleted,
completely consumed by the cells. This suggests that there are extracellular factors within the

CR media that promote longevity, and perhaps negative factors that hinder longevity in NR.
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Figure 4.1. Media swap experiments show longevity factors in the media. (A) Schematic of
conditioned media swap experiments conducted at day 5 post-inoculation. BY4741 was grown to
stationary phase in SC media containing 2% (NR) or 0.5% (CR) glucose. Cells were pelleted by
centrifugation and the conditioned media (NRCM or CRCM) was removed, filtered, and then
added back to cells. CR cells received NRCM and NR cells received CRCM media. Control
conditions received the same CRCM and NR control cells received the same NRCM. (B)

Qualitative chronological lifespan (CLS) assays used to monitor viability starting at day 1 post-
media switch. This was created by Daniel Smith.

We reasoned that using concentrated media would increase the chances of detecting
longevity activity if the factors were low abundance molecules. Herein, we collected and
concentrated CRCM and NRCM from day 5 stationary phase cultures of BY4741 (Figure 4.2 A).
Concentration and supplementation of CR and NR conditioned media at the time of inoculation
yielded similar results as the media swap experiment. To test this, we utilized 10 mL cultures and

added a small percentage of concentrated media at the time of inoculation. We then monitored
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viability via a microcolony viability assay (see (Wierman et al., 2017) and Chapter 111
Experimental Procedures). As shown in Figure 4.2B and C, the CRCM concentrate addition
significantly extended CLS of BY4741 when diluted 1:50 (2% vol/vol) or 1:100 (1% vol/vol) in
NR (non-restricted) SC media, while NRCM concentrate had a minor effect only at 2% (vol/vol).
Since BY4741 is auxotrophic for histidine, leucine, methionine, and uracil, we next
confirmed that concentrated CRCM isolated from this strain could also extend the CLS of a
prototrophic strain, FY4, when supplemented into NR. As shown in (Figure 4.2D and E), CR

extended the CLS of FY4 as did the supplementation of CRCM derived from BY4741.
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Figure 4.2. Longevity factors are present in conditioned media from calorie restricted yeast

cultures. (A) Schematic of conditioned media CLS experiments. BY4741 was grown to stationary

phase in SC media containing 2% (NR) or 0.5% (CR) glucose. Cells were pelleted by
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centrifugation and the conditioned media (NRCR or CRCM) then concentrated 10-fold with a
Biichi Rotavap apparatus and supplemented into small 15 mL NR cultures of BY4741 or FY4.
(B) Quantitative chronological lifespan (CLS) assay. Concentrated CRCM and NRCM was
supplemented at 1% or 2% (vol/vol) into NR cultures at time of inoculation. To measure the
fraction of viable cells over time, micro-colony forming units were counted after 18 hours of
regrowth after spotting onto YPD plates. Error bars indicate standard deviations (n=3). (C)
Mean lifespan in days was calculated using Online Application for Survival Analysis Software
(OASIS 2), which reports standard error of the mean (SEM) and 95% confidence intervals. (D)
Quantitative CLS assay showing effect of CRCM at 2% (vol/vol) on prototrophic strain FY4. (E)
Statistical analysis of results from panel D.
Fractionation of CRCM isolates CLS factor activities separate from acetic acid

The preliminary experiments in Figures 4.1 and 4.2 provided evidence of longevity
factors enriched in the media of CR cultures, thus raising the question of their chemical nature
and identities. An earlier study concluded that chronologically aged yeast cells release large (>5
kD) heat-stable compounds into the media that improve viability of other cells in the population
(Herker et al., 2004). To determine if CRCM contained such factors, we treated it with
Proteinase K, DNase I, RNase A, phenol/chloroform, autoclaving, or freezing, but none of these
treatments attenuated CLS extension observed (data not shown). Instead, CRCM activity was
found to be smaller than 5,000 daltons, as the fraction passing through an Amicon Ultra-4
centrifugal filter unit (5,000 MW cutoff) had CLS extending activity equivalent to the starting
material (Figure 4.3A). This result demonstrated that the CR-associated longevity factor(s)
described here were different from the previously described higher molecular weight factors
(Herker et al., 2004).

To get a better sense of the size of the active CLS-modifying molecules in the CR

conditioned media we used size exclusion chromatography. To do this, we rigorously
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concentrated 150 mL of NRCM or CRCM down to a final volume of 2.5 mL (60-fold).
Precipitates were then removed by centrifugation, and the remaining soluble material
fractionated through a Sephadex G-10 column, which has a size exclusion limit of ~700 Da.
Fractions that eluted with water were added to NR SC cultures of BY4741 at a 1:5 ratio and CLS
extension detected using a qualitative spot test assay (Figure 4.3B). At day 11, there was a clear
peak of improved viability at fractions 21 and 22 for the CRCM, suggesting the active
compounds were smaller than 700 Da (Figure 4.3B). We considered the possibility that toxic
levels of acetic acid in the NRCM could potentially mask longevity factor activity in the
fractions. However, acetic acid peaked at fractions 18-19 in these columns, distinct from the
CRCM longevity peaked at fractions 21-22 (Figure 4.3C, red arrows). Instead, the reduced day
11 viability with NRCM fractions 16-18 was potentially due to elevated acetic acid (Figure 4.3B
and C). Based on this size exclusion chromatography and the resistance to various treatments
such as heat, phenol extraction, nuclease digestion, etc., we concluded that the longevity factor(s)

in CRCM were small water-soluble compounds separable from acetic acid.
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Figure 4.3. Chromatographic sizing and separation of longevity factor activity in CRCM.
Figure created by Maggie Wierman. (4) Left panel: Qualitative CLS assay showing improved
viability when supplementing CRCM into non-restricted BY4741 cultures. Right panel: CRCM
was first separated into high MW (>5 kDa) or low MW (<5 kDa) fractions using an Amicon
Ultra-4 centrifugal filter unit, then supplemented into non-restricted BY4741 cultures. Longevity
activity was retained in the low MW fraction. (B) Size exclusion chromatography of NRCM and
CRCM was performed using a Sephadex G-10 column (700 dalton MW cutoff). Fractions were
added to non-restricted BY4741 cultures at the time of inoculation, and viability tracked over
time with qualitative spot assays. The effects of fractions 11 to 26 are shown for days 5 and 11.
The longevity peak fractions for CRCM are bracketed in red. (C) Acetic acid concentration (g/L)
was measured for each fraction. Red arrows indicate the fractions (21 and 22) with longevity
activity in CRCM.
CRCM-enriched metabolites and induced genes indicate amino acids modulate CLS

Knowing that the extracellular longevity factors were small molecules, we next utilized a
comparative metabolomics approach to generate metabolite profiles for the CR and NR
conditioned media (Figure 4.4A and 4.4B), reasoning that differential abundance of extracellular
metabolites could be a source of CRCM longevity factors. Enrichment and pathway analysis of
metabolites more abundant in the CRCM compared to NRCM was performed using
MetaboAnalyst (Chong et al., 2019), in which pathway impact (relative circle size) is a measure
that considers the centrality of a metabolite in the pathway (Figure 4.4B). The most significantly
enriched categories (shaded red), were related to amino acids, including L-alanine, L-aspartate,
and L-glutamate metabolism, as well as L-glycine, L-serine, and L-threonine biosynthesis, both
of which had the two highest pathway impact scores (x-axis).

To gain additional insights about candidate factors that were potentially functional, we

also performed transcriptomics analysis on BY4741 cells grown in NR SC media supplemented

with CRCM, NRCM, or water as a control (Figure 4.4C). The goal was to identify cell responses
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to gain more clues about the identity of functional longevity factors. Following inoculation into
these conditions, we harvested cells at 6 hrs (log phase), 24 hrs (late diauxic shift), and 96 hrs
(stationary phase), then performed RNA-seq on isolated mRNAs from three biological replicates.
Principal component analysis (PCA) indicated the major variance within the data was the time
points (Figure 4.4D), consistent with the massive transcriptional changes that occur during the
transition into stationary phase (DeRisi et al., 1997; Gasch et al., 2000). In early log phase cells,
there were no significantly upregulated or downregulated genes in the CRCM- or NRCM-
supplemented samples as compared to the H>O-supplemented control (FDR <0.05), consistent
with earlier microarray analysis from our lab showing that CR (0.5% glucose) had little effect on
gene expression during early log phase (Wierman et al., 2015). At the 24 hr time point, however,
CRCM-supplemented samples diverged from the NRCM- and H,O-supplemented controls in a
PCA plot (Figure 4.4D). We also observed that when focusing on 24 and 96 time points, CRCM
was more different than the NR. This is different when comparing the NR supplemented with the
NRCM. This showed many more differentially regulated genes than the NRCM-treated samples
(Figure 4.4E). As a side note, since we do not observe much gene expression early in log phase,
we suggest that changes observed in previous studies were likely because these cultures had to
progress to the point where glucose had become limiting, thus triggering the initiation of the
diauxic shift.

At the 96 hr time point, gene expression for the NRCM samples was also clearly
differentiated from the H>O-supplemented control, though there were still many genes

exclusively altered in the CRCM samples.
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Figure 4.4. Metabolomic and RNA-seq analysis point toward amino acid metabolism. (A)
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was used for Enrichment and Pathway Analysis of metabolites with a CR/NR ratio greater than
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1.0. The names of KEGG pathways with p<0.05 are highlighted. Pathway impact is a measure
that considers the centrality of a metabolite in the pathway. Circle size is proportional to
pathway impact value and darker red color indicates more significant changes. (C) Schematic of
cell conditions (NR, NR + 2.0 % NRCM, and NR + 2.0% CRCM) collected for RNA-seq analysis
at 6 hours (log phase), 24 hours, and 96 hours. Three biological replicates were performed for
each condition. (D) Principal component analysis of RNA-seq samples at log, 24, and 96 hour
conditions of NR, NR+ NRCM, and NR+ CRCM. (E) Principal component analysis of RNA-seq
samples collected at 24 hours. (F) Venn diagram of differentially expressed genes (up or down,
FDR<0.05) for NRCM- or CRCM-supplemented samples, as compared to the NR + H20O control
at 24 hours. (G) Volcano plot displaying differential expressed genes between the NR + CRCM
and NR + H20 samples at 24 hours. The y-axis indicates the p-adjusted value and x-axis the
log?2 fold change. Red, green, and blue denote genes located in the mitochondrial genome, sub-
telomeric, or telomeric regions, respectively. The most upregulated gene CHAI is highlighted by

an arrow.
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Figure 4.5. Metabolomic and RNA-seq analysis point toward amino acid metabolism.
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(FDR<0.05) and the overlap between each set of genes. Show the numbers of up-regulated and
down-regulated genes between NRCM/NR and CRCM/NR at 96 hours. C) Volcano plot
displaying differential expressed genes between NR + CRCM and NR at 96 hours. The vertical
axis (y-axis) corresponds to the p-adjusted value and the horizontal axis (x-axis) displays the log
2-fold change value. Red, green, and blue denote location of genes in the mitochondria, sub-
telomeric region or telomere region. All points are significant with adjusted p value > 0.05.
Positive x-values represent up-regulation and negative x-values represent down-regulation in

NR + CRCM compared to NR.

REFLIST Fold

GO biological process complete (6026) | Hits | Expected | enrichment | P-value
alpha-amino acid catabolic process 2.93E-
(G0O:1901606) 42 | 19 5.11 3.72 02

1.21E-
carboxylic acid catabolic process (GO:0046395) 89| 35 10.83 3.23 04
cellular amino acid catabolic process 3.68E-
(GO:0009063) 56 | 22 6.81 3.23 02

1.51E-
organic acid catabolic process (G0:0016054) 90| 35 10.95 3.2 04

1.34E-
small molecule catabolic process (G0:0044282) 145 | 44 17.64 2.49 03
alpha-amino acid metabolic process 8.84E-
(GO:1901605) 179 | 51 21.77 2.34 04
monocarboxylic acid metabolic process 6.79E-
(G0O:0032787) 160 | 45 19.46 2.31 03

2.60E-
drug metabolic process (G0O:0017144) 197 | 53 23.96 2.21 03

Table 4.1 Gene Ontology term enrichment from RNA-seq analysis point toward amino acid
metabolism. GO terms of 96hr upregulated genes (> 1.5 fold) in CRCM compared to NR control.
GO terms that show at least 2-fold enrichment. The differentially expressed genes upregulated by
NR+CRCM showed enriched biological process terms related to amino acids.

At 96 hours for the CRCM-supplemented cultures, the top GO term was alpha-amino
acid catabolic process (Table 4.1), consistent with the MetaboAnalyst results indicating amino

acid metabolism. Interestingly, there were a number of telomeric and sub-telomeric ORFs that

were more tightly repressed in the CRCM-treated cells compared to the NR control at 24 and 96
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hr (Figures 4.4G, 4.5C), suggesting that the general transcriptional repression associated with
chromatin condensation in quiescent cells may be enhanced by supplementing with CRCM
(Laporte et al., 2016; Swygert et al., 2019). At 24 hours, the top GO terms for CRCM-
upregulated genes were related to mitochondrial function and respiration, consistent with a more
robust metabolic transition during the diauxic shift (Table 4.2). Furthermore, at 24 hours, the
CHA1 gene clearly stood out as the most significantly upregulated (4.4G). CHAI encodes a L-
serine deaminase that produces pyruvate in the mitochondria, giving us a clue to the importance
of amino acids in longevity and anapleurotic reactions that replenish the TCA cycle
intermediates (Petersen et al., 1988; Ramos & Wiame, 1982). In previous studies, CHA I was
upregulated in response to high concentrations of L-serine and L-threonine in the media (Godard
et al., 2007; Lee et al., 2013). Together, the extracellular metabolite analysis and effects on gene
expression during the diauxic shift and stationary phase pointed toward amino acids, especially

L-serine, as a major component in the CRCM.

REFLIS Fold
T Expecte | enrichmen

GO biological process complete (6026) | Hits d t P-value
mitochondrial translation (GO:0032543) 118 75 15.8 4.75 | 2.14E-19
respiratory chain complex IV assembly
(GO:0008535) 28 16 3.75 4.27 | 4.59E-02
mitochondrial respiratory chain complex IV
assembly (GO:0033617) 28 16 3.75 4.27 | 4.59E-02
mitochondrial gene expression (G0O:0140053) 148 80 19.82 4.04 | 1.50E-17
cytochrome complex assembly (GO:0017004) 41 22 5.49 4.01 | 2.95E-03
mitochondrial respiratory chain complex
assembly (G0O:0033108) 47 25 6.29 3.97 | 6.37E-04
peptidyl-lysine modification (GO:0018205) 116 40 15.53 2.57 | 3.78E-03
transcription by RNA polymerase Il
(GO:0006366) 156 47 20.89 2.25 | 8.72E-03
rRNA processing (GO:0006364) 280 77 37.5 2.05 | 1.60E-04
nucleic acid-templated transcription
(G0O:0097659) 236 64 31.61 2.02 | 3.20E-03
transcription, DNA-templated (GO:0006351) 236 64 31.61 2.02 | 3.20E-03
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Table 4.2 Gene Ontology term enrichment from RNA-seq analysis point toward mitochondrial

genes. GO terms of 24hr upregulated genes (>1.5 fold) in CRCM compared to NR control.
Statistics: Test type: Fisher, Correction: Bonferroni. GO terms that show at least 2-fold
enrichment. The differentially expressed genes upregulated by NR+CRCM showed enriched

biological process terms related to mitochondrial activation.

When we conducted untargeted metabolomics of the media, amino acids were enriched in

the CR media compared to the NR media with serine being our top hit (Table 4.3). To further

confirm these amino acids, we were interested in gaining more insight into amino acid

metabolism.

Table 4.3 Metabolite Profiles for CR and NR conditioned media. Data generated by Nazif
Magani. BY4741 cells were grown, and media was isolated on day 5. Top metabolites in the

media show an enrichment of amino acids in the CRCM compared to NRCM.

Amino Acids were depleted from NR conditioned stationary phase media.

Metabolite in media CR/NR ratio
%kSerine 12.16
N-Acetylglycine 6.17
skAsparagine 5.70
kAspartic acid 5.61
Kynurenic acid 4.05
Methionine sulfoxide 4.05
s Tryptophan 3.95
Pyridoxamine 3.48
gamma-Aminobutyric acid 3.35
skPhenylalanine 2.90
3-Indolelactic acid/tryptophan 2.71
Annotation unknown 2.66
%k Glutamic acid 2.29
Mesaconic acid 2.05
Annotation unknown 2.04
Annotation unknown 2.01
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We next profiled all 20 standard amino acids from BY4741 CRCM and NRCM
concentrates, as well as unconditioned (fresh) SC media that was concentrated 10-fold in the
same manner (Figure 4.6A). All but 6 amino acids (alanine, cysteine, glutamine, glycine, proline,
and valine) were significantly depleted to varying degrees in NRCM concentrate, relative to
unconditioned SC concentrate. One of the most intriguing results was that CR strongly
attenuated the depletion, indicating that amino acid levels were generally higher in CRCM than
NRCM. L-serine is an excellent example of this relationship (Figure 4.6A). The CR/NR
abundance ratios for lysine, asparagine, and L-serine were each 10-fold or higher in the CRCM
(Figure 4.7A), but still less than the level in unconditioned starting SC concentrate (Figure 4.6A).
Notably, the branched chain amino acids (BCAAs) —leucine and valine —were significantly
more abundant in CRCM concentrate than SC (Figures 4.6A), with isoleucine trending in the
same direction. Another amino acid where we see an increase relative to unconditioned starting
material is L-glutamine in BY4741. We conducted similar studies for prototrophic strain FY4

and obtained similar results (Figure 4.6B, 4.7B)
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Figure 4.6 CR conditioned media is enriched for multiple amino acids (A) Quantification of
amino acids in concentrated NRCM and CRCM from stationary phase BY4741 cultures, or the
concentrated unconditioned SC media. Amino acids were separated with a ZipChip and

quantified by mass spectrometry. Error bars indicate standard deviation (n=3), and individual
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data points are displayed. (B) Quantification of amino acids in concentrated NRCM and CRCM

from stationary phase FY4 cultures, or unconditioned SC media.
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Figure 4.7 Amino acids are enriched in the CRCM in FY4 and BY4741 and CRCM

supplementation extends lifespan. (1) Amino acid abundance ratios between BY4741 CRCM

and NRCM are sorted from highest to lowest from previous figure (B) Amino acid abundance

ratios between FY4 CRCM and NRCM sorted from highest to lowest from previous figure.
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Significant differences in panels A and B are indicated (*p<0.05) using a student t-test. (C)
Quantitative CLS of BY4741 and FY4, each supplemented with CRCM isolated from BY4741 at
2% (vol/vol). (D) Mean CLS statistics from panel E calculated using OASIS 2. (E) Quantitative
CLS of BY4741 supplemented with CRCM or unconditioned SC concentrate at 1% (vol/vol). (F)
Mean CLS statistics from panel G calculated using OASIS 2. All CLS assays were run in

biological triplicates.

The effect of increased BCAA’s and alanine was somewhat lost in the prototrophic FY4
strain, suggesting the /eu2A mutation in BY4741 could be a contributing factor (Figure 4.6B).
Otherwise, the pattern of CR rescuing amino acid depletion from the media was recapitulated
with FY4, though stronger NR depletion rendered CR/NR ratios more extreme (Figure 4.7A and
4.7B). Accordingly, the CRCM concentrate isolated from prototrophic BY4741 stationary phase
cultures was also effective at extending FY4 CLS (Figure 4.7C and D). Based on these results we
hypothesized that part of the CR-longevity effect consists of altering amino acid metabolism to
prevent depletion from the CR media. Similarly, the observed NR-shortening effect could be due
to amino acid depletion. Taken together, this difference of the higher amino acid levels in CRCM
concentrate could therefore explain why it was more effective than NRCM concentrate at

extending CLS of NR cultures. Consistent with amino acid limitation in NR, simply
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supplementing the concentrated unconditioned SC 1% media without glucose into NR cultures

also extended CLS (Figure 4.7E and F).
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Figure 4.8 BCAAs in media seem higher in CRCM, suggesting lack of utilization, or synthesis
and subsequent secretion. Isoleucine, leucine, and valine measurements in unconditioned media
CRCM, and NRCM isolated and concentrated 10-fold at day 5.
Amino Acids Accumulate in CR media

The ZipChip data show that amino acids accumulate in CR conditioned stationary phase
media, a finding that has not been reported elsewhere (Figure 4.6). We were intrigued by the
potential for CR cells to use an alternative nitrogen source other than amino acids. In previous
experiments, CR has been shown to slow down the aging process by reducing exposure to
harmful metabolic byproducts like acetic acid (Burtner et al., 2009; Matecic et al., 2010; Smith
Jr. et al., 2007; Wierman et al., 2017). Ammonia is another metabolite that can be toxic to yeast
cells (Santos et al., 2012). CR could similarly promote ammonium assimilation as an additional

strategy to protect against accumulation of harmful extracellular byproducts. This would also
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potentially promote a shift in metabolism towards amino acid synthesis specifically glutamate or
glutamine through the action of either glutamate dehydrogenase or glutamate synthetase

respectively (Figure 4.9) (Magasanik, 2003).

©

TCA NH.+ NH.+
| ATP @
a-ketoglutarate Gdh : : :
Y edns Gint
S Glutamate Glutamine
....... ol

Figure 4.9 CR may promote strategic nitrogen utilization for the generation of glutamine and
glutamate. Diagram shows how ammonium (NHy ") could be assimilated to generate glutamate
(1) and glutamine (2) via two routes. In the first pathway, glutamate is synthesized through
glutamate dehydrogenase (Gdhlp) and utilized ammonia and alpha ketoglutarate. The second
pathway utilizes glutamate reacting with ammonia to form glutamine via glutamine synthetase
Ginlp. Glutamine can react with alpha-ketoglutarate to form glutamate via glutamate synthetase
(Gltlp). This diagram shows how glutamate metabolism, nitrogen assimilation is linked to the
tricarboxylic acid cycle (TCA cycle).

This hypothesis suggests that glutamine accumulation in CR (Figure 4.6A & B) could be
driven by the utilization of ammonia as a nitrogen source. Interestingly, in previous studies
ammonia addition has resulted in higher expression of genes involved in amino acid biosynthesis
(Jimenez-Marti & del Olmo, 2008). Specifically, BCAAs synthesis has been linked with
ammonium assimilation as they together play a critical role in generating a-ketoglutarate

(Kingsbury et al., 2015). In SC medium, and hence in the presence of ammonia, the CR cells in

our system could perhaps promote amino acid synthesis, specifically BCAAs biosynthesis. To

99



begin testing this hypothesis of ammonia utilization we monitored ammonium in the media over
time, but no significant changes in ammonia were detected in NR or CR (Figure 4.10A). Since
10 g of ammonium sulfate/500 mL for standard SC media were used it was difficult to
distinguish small differences in ammonium amount between NR and CR medium (Figure
4.10A). We decided to switch our approach and use media with less ammonium sulfate.

First, we monitored ammonia production in a custom synthetic growth medium (HL)
designed to support longevity that does not have ammonium sulfate as a nitrogen source
(Hartman et al., 2015; Smith Jr. et al., 2016). Surprisingly, we saw higher levels of ammonia
over time in the CR compared to NR condition (Figure 4.10B). This suggested that perhaps CR
cells were relying on ammonia as a nitrogen source and in its absence, cells were catabolizing
amino acids. If indeed ammonia was the main nitrogen source in CR, no ammonia in the medium
would force cells to augment their consumption of amino acids in the media. For now, this

remains unresolved.
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Figure 4.10 Detection of ammonia in HL media. A) Levels of ammonia detected in the media of
CR and NR treated cells using ammonia assay kit. BY4741 strain grown in SC media (n=3) B)
Quantification of ammonia in the media. BY4741 strain grown in HL media (n=3).
Supplementation of specific amino acids is sufficient to extend CLS
Since most amino acids were depleted from stationary phase NR cultures, we reasoned

that one or more of them were critical for maintaining longevity. We initially focused on L-

serine because the biosynthesis gene SER/ was previously identified as a strong quantitative trait
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locus (QTL) for CLS in the BY4741 background (Jung et al., 2018), and CHAI expression was
strongly induced by CRCM supplementation during the diauxic shift (Figure 4.4G). The
concentration of L-serine in our standard SC media is 1 mM (Burke et al., 2000; Matecic et al.,
2010), so we tested the effect of supplementing an additional 1 mM or 5 mM L-serine into NR
cultures at the time of inoculation. 5 mM L-serine significantly extended CLS, while 1 mM did
not (Figure 4.11A and B). To confirm the L-serine effect was not specific to SC media, we also
tested for CLS extension in HL medium (Hartman et al., 2015; Smith Jr. et al., 2016). BY4741
had significantly longer CLS in non-restricted HL medium compared to SC medium, and 5 mM
L-serine further extended it (Figure 4.11 and B). Although we did not test SD medium, it has
been reported that L-serine does not extend CLS in SD medium (Alvers et al., 2009). We next
tested whether other amino acids could extend CLS at 5 mM (Figure 4.11C and D). Some amino
acids did extend CLS, but not always as predicted based on abundance/depletion ratio in the
conditioned media of both CR and NR. For example, L-asparagine had a similar
depletion/enrichment profile as L-serine in NR (Figure 4.11A), but it did not extend CLS of NR
when added back (Figure 4.11C and D). We also tested supplementation with 5 mM L-glycine, a
component of one-carbon metabolism that can be derived from L-serine, but it was not depleted
from the NR media (Figure 4.11A). L-glycine had no effect on CLS at this concentration (Figure
4.11C and D). L-cysteine supplementation at 5 mM dramatically slowed cell growth such that
CFUs were increasing until day 10, after which the decline in CLS was parallel to the NR
control, suggesting a delay rather than a true extension of survival (Figure 4.11C and D). Like
cysteine, histidine at 5 mM was also inhibitory towards growth. This agrees with similar studies,

which suggests that excess cysteine could interfere with ubiquitylation of proteins (Ruiz et al.,
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2020). It is likely that each amino acid will have unique concentration dependence in regulating

CLS.
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Figure 4.11 L-serine supplementation extends lifespan of NR cultures. (1) CLS of non-
restricted BY4741 supplemented with 2% CRCM, I mM L-serine, or 5 mM L-serine. (B) Mean
CLS statistics from panel A calculated using OASIS 2. (C) CLS of non-restricted BY4741

supplemented with 5 mM of each indicated amino acid. *Amino acids 1-5 significantly extended

lifespan compared to the NR control (sample 8) (D) Mean CLS statistics from panel C calculated

using OASIS 2.

L-serine extends CLS through catabolic pathways and non-catabolic pathways
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An earlier study of cellular response to L-serine supplementation found that its uptake
was linear with increasing extracellular concentrations up to at least 100 mM (Lee et al., 2013),
suggesting to us that L-serine concentrations higher than 5 mM may induce stronger CLS
extension. To test this idea, we supplemented NR cultures of BY4741 with 5-, 10-, 20-, or 30-
mM L-serine and observed progressively improved longevity with increasing concentration
(Figure 4.12 A and B). Survival with 30 mM L-serine was even slightly better than the CR
control, showing minimal loss of viability during the experiment. A similar positive correlation
between L-serine concentration and CLS was observed with FY4 (Figure 4.12 E and F) and with

HL media (Figure 4.12 C and D).

c 104 E 104

= = .- - (]
1- —— g S
g BN N H ° : - % 14 o 1 -8
= \\- » - 2 \
5 "y 33 Z H hM
c 0.1 \ < ]
o * NR . . . 2 01 * HL % o & FY4NR
CR N\ - HL N
g # NR « L-serne (SmM) LS E : NR# serne (5miD E @ FY4CR - b ‘2».‘:
W 0.014 = NR -« L-serna (10mM) \\ & 0.017 4 NR +serine (5mM) 0.01{® FY4NR + serine (smM) °
# NR <+ L.senne (20mM) . © FY4 NR + serine (10mM)* \
® NR = L-58rna (30mM)} I & FY4 NR + serine (20mM) \
0.001 0.001 T T : T . 0.00142, FYANR + serine GomM) . ,
: 'o 5 1'0 1'5 2'0 2'5 0 5 10 15 20 25 10 20 30 40
Day Day Day
Mean
Mean % Mean Lif 9
Lifespan 95% Confidence ffespan 95% Confidence
Lifespan Confidence Condition (days) | SEM Interval Condition (days) SEM Interval
Condition (days) |SEM Interval — AL | 13 0.40 12.44 ~ 14.01 CR FY4 16.94 049 15.90 ~ 17.69
CR 19.02 04711811 ~19.93 HL*se;;eSmMI 281;38 8,22 22.;:::23,20 NR FY4 16.88 0.41 16.07 ~ 17.68
NR 1191 |021]11.49~1233 NR + serine 5mM|_1149_|_0.33 1084 ~ 12.14 NR + serine FY4 | 122 0.32 11.57 ~ 12.82
NR + L-serine NR + serine 10mM
4 FY4 19.43 04 18.65 ~ 20.21
(SmM ) : 13.48 0.26 | 12.90 ~ 14.05 NR + serine 20mM
NR + L-serine FY4 26.48 0.49 2552 ~ 27.44
(10mM} 15.77 045 | 14 88 ~ 16.65 NR + serine 30mM
NR + L-serine FY4 2725 | 041 26.45 ~28.04
(20mM) 1853 0461763 ~1943
NR + L-serine
(30mM) 20.82 034]2015~2149

Figure 4.12 L-serine supplementation extends lifespan in HL media and FY4 strain (4) CLS of
non-restricted BY4741 supplemented with SmM, 10mM, 20mM and 30mM serine. (B) Mean CLS
statistics from panel A calculated using OASIS 2. (C) CLS of non-restricted BY4741
supplemented with 5 mM of L-serine. Cultures were grown in HL media or SC media. (D) Mean
CLS statistics from panel C calculated using OASIS 2. (E) CLS of non-restricted FY4
supplemented with 5 mM, 10mM, 20mM, and 30mM of L-serine. (F) Mean CLS statistics from

panel C calculated using OASIS 2.
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CR buffers the acidification of conditioned media by promoting consumption of acetate
and acetic acid via Snfl/AMPK-dependent activation of gluconeogenesis and glyoxylate cycle
gene transcription (Maqani et al., 2018; Wierman et al., 2017). An independent report concluded
that exogenous amino acids, including L-serine, support CLS by preventing hyper-acidification
of the media (Maruyama et al., 2016). We therefore tested whether 10 mM L-serine had the same
pH buffering effect when supplemented into NR cultures. Compared to the CR positive control,
10 mM L-serine partially prevented acidification during CLS assays (Figure 4.13 A), consistent
with the earlier report (Maruyama et al., 2016). We next tested whether supplementing L-serine
into NR media also promoted acetic acid consumption. As shown in Figure 4.13 B, adding 5-,
10-, or 20-mM L-serine did not significantly reduce acetic acid levels in the NR media,
indicating that pH buffering due to L-serine is unrelated to acetic acid. The result also implied
that serine extends CLS through a mechanism different from CR. Indeed, L-serine further
extended CLS when added to CR cultures (Figure 4.13 C and D). We also tested whether L-
serine supplementation decreases culture density using growth assays (Figure 4.13 E). These

efforts support the idea of independent mechanisms.
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Figure 4.13 CR and L-serine supplementation mediate longevity by independent mechanisms.
A) L-serine buffers liquid culture slightly compared to NR, like CR. B) Acetic acid content in the
media of CR, NR, NR + L-serine (5, 10, 20 mM) cultures was measured over the first 72 hours of
the aging assays (mean £ SD, n=3). (C) CLS of BY4741 growing in the NR or CR media
condition supplemented with 10 mM L-serine (n=3). (D) Mean CLS statistics from panel B
calculated using OASIS 2. E) Growth curves of liquid cultures of CR, NR, NR+10mM L-serine.

Culture density was measured using a spectrophotometer over time (n=3).

What is the mechanism by which serine extends lifespan?
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The most obvious candidate to test was CHA/ since it was the most upregulated gene in
the CRCM media (Figure 4.14 A). CHAI is a catabolic deaminase that turns serine into pyruvate
in the mitochondria (Figure 4.14 B). We reasoned that this production of pyruvate would be
beneficial in driving longevity. However, when we tested CHA I mutant, serine still elicited a
longevity response (Figure 4.14 C, E and D). This suggested that CHA 1 was not the major player

driving longevity.
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Figure 4.14 CHA is not the main driver of L-serine-mediated longevity.
A) Volcano plot showing CHAI is the most upregulated gene in NR+CRCM/NR at 24 hours B)

schematic of the role of Chalp in the mitochondria C) CLS of CHAI mutants respond to
supplementation of 10mM L-serine comparable to control (n=3) D) Mean CLS statistics from
panel A calculated using OASIS 2. E) Mean CLS statistics from B displayed visually.
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L-serine extends lifespan via the one-carbon metabolism pathway

Since L-serine is the predominant donor of carbon units to folate in one-carbon
metabolism (OCM) (Zeng et al., 2019), we hypothesized its depletion would constrain this route
of utilization in supporting CLS, which could explain extension by exogenous L-serine. If true,
then mutations that impair OCM should attenuate the effect. The OCM pathway for S. cerevisiae
is depicted in Figure 4.15 A, including serine hydroxy methyltransferases (SHMTs), Shm1 and
Shm?2, that interconvert L-serine and L-glycine in the mitochondria or cytoplasm, respectively.
Shm? is the major isozyme for converting L-serine to L-glycine and one-carbon units on
tetrahydrofolate, whereas Shm1 is the predominant isozyme for the reverse reaction, though their
relative activities are strongly influenced by nutrient availability and growth conditions
(Kastanos et al., 1997). We therefore supplemented NR cultures of shmIA or shm2A mutants
from the YKO collection with 5 mM L-serine to observe any effects on CLS. Without L-serine
supplementation, the shAmIA mutant showed moderate extension of mean CLS when compared to
WT NR cultures (Figure 4.15 B and Table 4.4), while the sAm2A mutant only showed modest
improvements in survival at the later time points (Figure 4.15 C and Table 4.4). Importantly,
both deletions prevented further CLS extension induced by 5 mM L-serine, but did not attenuate
the strong positive lifespan effect of CR. A similar result was obtained for a strain lacking MTD1
(Figure 4.15 D and Table 4.4), which encodes a cytoplasmic NAD"-dependent 5,10-

methylenetetrahydrofolate dehydrogenase.
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Figure 4.15 L-serine extends CLS through the one-carbon metabolism pathway. (4) Schematic
diagram of one-carbon metabolism (OCM) in Saccharomyces cerevisiae. Enzymes that catalyze
specific reactions are in bold. Transporters are boxed. (B) CLS of BY4741 and shmIA mutant
under NR and CR conditions or supplemented with 5 mM L-serine. (C) CLS of BY4741 and

110



shm2A mutant under NR and CR conditions or supplemented with 5 mM L-serine. (D) CLS of
BY4741 and mtdIA mutant under NR and CR conditions or supplemented with 5 mM L-serine.
(E) CLS of BY4741 and fsfIA mutant under NR and CR conditions or supplemented with 5 mM
L-serine. (F) Mean CLS statistics from panel E calculated using OASIS 2. All CLS assays were

run in triplicate.

Mean
Lifespan 95% Confidence
Condition (days) SEM Interval
NR 11.24 0.53 10.20 ~12.27
CR 17.14 0.51 16.15~18.14
NR + 5mM
serine 17.71 0.56 16.61 ~ 18.81
shm1A NR 14.93 0.34 14.26 ~ 15.60
shm1A CR 16.72 0.44 15.85 ~17.58
shm1ANR +
5mM serine 13.08 0.58 11.94 ~ 14.22
shm2A NR 11.26 0.55 10.18 ~12.34
shm2A CR 18.64 0.59 17.50 ~19.79
shm2A NR +
5mM serine 10.69 0.45 9.82 ~11.57
mtd1A NR 13.43 0.40 12.65 ~ 14.21
mtd1A CR 17.05 0.52 16.04 ~ 18.07
mtd1A NR+
5mM serine 13.92 0.42 13.09 ~ 14.75

Table 4.4 Statistical analysis of CLS assays for one-carbon metabolism deletion mutants.
Statistics for CLS assays presented in Figure 4.15, panels B, C, and D. The mean CLS, SEMs,
and 95% confidence intervals were calculated using OASIS 2.

The mechanism of L-serine transport across the mitochondrial membrane for one-carbon
metabolism was unknown until recently, when the Sideroflexin-1 protein (SFXN-1) was
unexpectedly identified as the relevant transporter in human cells (Kory et al., 2018). Moreover,

ectopic expression of the related yeast mitochondrial protein Fsf7 rescued the L-serine transport
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and de novo purine synthesis defects of a SFXN-/ mutant cell line, suggesting that Fsflp has the
same function in yeast cells. We therefore hypothesized that the CLS of fsf7A yeast cells would
be unresponsive to L-serine supplementation, similar to the shmIA, shm2A, and mtdIA mutants.
There was no indication of CLS extension for the fsf/A mutant under the NR condition (Figure
4.11E and F). However, the effects of 5 mM and 10 mM L-serine on CLS were blocked or
attenuated, respectively (Figure 4.11E and F). CLS was still strongly extended by 30 mM L-
serine, perhaps through alternative catabolic pathways such as deamination by Chalp, which is
upregulated by high exogenous L-serine and the CRCM, or through the unknown D-serine
induced mechanism. We conclude that L-serine catabolism through the cytoplasmic and
mitochondrial arms of the one-carbon metabolism pathway promotes chronological

longevity/stationary phase survival under non-restricted conditions.

Discussion

Herein, we found that conditioned media collected from stationary phase CR cultures
extends CLS when supplemented into NR cultures at the time of inoculation, suggesting a
potential cell non-autonomous mechanism of CR-induced lifespan regulation. At the onset of this
study, we hypothesized that CR may induce the production of one or more longevity factors,
perhaps small molecules, peptides, or even proteins, that are released into the growth medium
either through secretion from live cells, or breakdown products from dying cells.

Chromatography of CRCM and NRCM clearly indicated the longevity factors were water
soluble small molecules, but we were surprised to find the major differences between the two
types of conditioned media were amino acids. Several unannotated compounds were more
enriched in the CRCM, so at this time we cannot rule out the existence of other compounds with

weaker effects on longevity. Although the focus of this study was on identifying factors
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extending longevity in the CRCM, NRCM contained factors that decreased longevity. We
speculate that acetic acid and low media pH could certainly be a negative longevity factor in the
NRCM.
Amino acids as extracellular regulators of lifespan

CR in the context of this study consists of glucose restriction. However, dietary
composition, not just overall caloric reduction, plays a critical role in modulating lifespan in
multicellular organisms. In Drosophila, for example, lower dietary concentrations of yeast
(amino acid source) or sugar generally improve lifespan, but moderate concentrations in
combination are more optimal (Skorupa et al., 2008). Most cells in Drosophila or other
multicellular organisms are not directly exposed to the environment, so they rely on specialized
nutrient ‘sensing’ cells that relay messages about nutrient availability, typically in the form of
hormones (Fromentin et al., 2012). Unicellular organisms, on the other hand, must directly
respond to nutrient fluctuations in the environment, making them dependent on both rapid
detection and subsequent response to changes in nutrients. Yeast cells have multiple amino acid
permeases that are under tight transcriptional and translational control, in order to properly
regulate uptake (Ljungdahl & Daignan-Fornier, 2012). For example, when amino acids are
scarce, translation of the GCN4 mRNA is derepressed. Since Gend4p is a transcriptional activator
for these genes (Hope & Struhl, 1985), this leads to transcriptional induction of most genes
encoding amino acid biosynthetic enzymes, a regulatory process known as general amino acid
control (GAAC) (Hinnebusch, 2005). The GAAC pathway also integrates with the TOR
signaling pathway, which senses nitrogen availability (Staschke et al., 2010), and links amino
acid availability to lifespan regulation (Powers et al., 2006). Activation of GAAC generally

reduces CLS, while suppression of GAAC extends CLS (Alvers et al., 2009). This fits well with
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our finding that supplementing non-restricted cultures with CRCM, which contains abundant
amino acids, extends CLS. This is in stark contrast to supplementing with NRCM, which is
depleted for amino acids, and consequently does not extend CLS.

Links between CR and Amino acid Restriction

Amino acid uptake has been genetically implicated in regulation of chronological aging.
Chronological lifespan QTL analysis of outbred strains from a cross between S288C and a
vineyard yeast strain revealed a polymorphism in the BUL2 gene (Kwan et al., 2011). BUL2
encodes a subunit of an E3 ubiquitin ligase that controls trafficking of high affinity amino acid
permeases to the vacuole for degradation (Helliwell et al., 2001). Reduction in Bul2p function
therefore stabilizes the permeases and increases intracellular amino acids, thus increasing TOR
activity and shortening CLS. Thus, minimal amino acid consumption through multiple ways
could mediate longevity. A recent study showed that myriocin, which targets the first step in
sphingolipid synthesis, extends lifespan by lowering the rate of amino acid uptake (Hepowit et
al., 2021). CR and amino acid restriction could have overlapping mechanisms.

Availability of non-essential amino acids in the growth medium was also shown to be
important for chronological longevity (Maruyama et al., 2016). Specific amino acids were not
critical, but rather the total amount of amino acids functioned to prevent hyper-acidification of
the growth medium (Maruyama et al., 2016). This scenario could also be at play with the
numerous amino acids enriched in CRCM. Perhaps part of CR’s benefits due to this reservoir of
amino acids sequestered in the media. In the case of L-serine we found that it was indeed capable
of modestly buffering pH, but the CLS extension was independent of accumulated acetic acid

levels in the media. Other amino acids have a significant impact on lifespan as well.
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Branched chain amino acids

Branched chain amino acid (BCAA) supplementation has been shown to extend CLS of
S. cerevisiae by downregulating the GAAC (Alvers et al., 2009) as described above, and C.
elegans (Mansfeld et al., 2015). This availability of BCAAs is associated with increased
synthesis and release of glycerol, which is inhibited by sustained growth signaling (Ruckenstuhl
et al., 2010). This extension of lifespan effect is consistent with the abundance of BCAAs we
observed under the CR condition. This abundance of BCAAs may act as a signal (perhaps of
autophagy) rather than nutritional support for NR cells receiving the CRCM (Alvers et al., 2009).
The authors also argue that levels of BCAAs are paramount for protein synthesis because leucine
codons are the most numerous annotated open reading frames (ORFs) in the yeast genome
(Alvers et al., 2009) (Figure 4.16). Noteworthy, L-serine codons rank second in relative
abundance (Figure 4.16). However, the authors in this study did not assess the uptake of these
amino acids, as was done in our study.

On the other hand, BCAA restriction improves late-life healthspan and lifespan in
Drosophila and mice (Fontana et al., 2016; Juricic et al., 2020). In a way, CR cells in our
experiment could be restricting BCAA uptake. Given such large differences in effects between
species, this could reflect changes in amino acid balance, rather than direct effects due to BCAA
levels (Fontana et al., 2016; Juricic et al., 2020). In type 2 diabetes (T2DM), where cells are
starved for glucose, abundant BCAAs serve as a biomarker for developing insulin resistance and
reduced metabolism in humans (Lynch & Adams, 2014) (Broer & Gauthier-Coles, 2022). High
BCAAs could represent low metabolic activity within the cell under glucose starvation. Herein,
our yeast system, CR cells are also ‘starving’ for glucose in a similar way to mammalian cells

that are insulin resistant and the effects on BCAAs metabolism could be conserved.
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Considering Auxotrophies

Common laboratory yeast strains such as W303, YPH499, and BY4741/BY4742 have several
amino acid auxotrophies due to mutations in genes like HIS3, LYS2, LEU2, TRP1, or METI5. It
has been shown that BY4741 genotype has consequences for longevity and amino acid uptake.
Leucine

Strains with LEU2 mutations have been shown to be defective in transporting amino acid
leucine into the cell, despite the cell’s inability to synthesize it (Cohen & Engelberg, 2007).
However, our results show that while leucine remains underutilized by BY4741 under CR
conditions, leucine is depleted from the media in NR conditions. This does not suggest impaired
import of leucine by this strain. Moreover, in FY4, these results were recapitulated, suggesting
that leucine uptake might be more dependent on glucose level than the /eu2 A mutation in
BY4741. Intriguingly, leucine availability appears to be an important factor in full extension of
CLS during CR in BY4742 which is autotrophic for lysine and still has the /eu2A mutation (Aris
et al., 2013). The authors in this study found that autophagy levels are elevated in LEU?2 strains
and may contribute to increased respiration proficiency compared to leu2A strains (Aris et al.,
2013). Furthermore, it has been shown that LEU2 mutation could also contribute to longevity of
BY4741 (Alvers et al., 2009), much like MET15 mutation. In our experiments using SmM
concentrations we did not observe that leucine supplementation increased longevity, so the effect
remains unresolved. An important difference is that they focused on SD media, which is minimal
only supplemented with the AAs needed for survival of the auxotrophic strain. In contrast, we
used SC media, which has all the BCAAs.

Methionine
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Methionine restriction also extends lifespan in all model organisms tested thus far
(Mclsaac et al., 2016). It should be noted that BY4741 is auxotrophic for methionine due to the
met15A mutation, indicating that this strain is already relatively long-lived compared to a strain
that is MET15" (Johnson & Johnson, 2014). Even with the metl5A mutation, L-methionine or L-
cysteine supplementation had little effect on CLS (Figure 4.11C). Furthermore, since CRCM and
L-serine both extended CLS of FY4 (prototrophic strain), the met/5A mutation does not appear
to be a major determinant for this cell extrinsic mechanism of lifespan regulation.

L-serine

Less attention has been placed on L-serine within the aging research community. In
addition to our work here and others showing that L-serine supplementation extends yeast CLS
(Maruyama et al., 2016), L-serine was among the best amino acids at extending C. elegans
lifespan when supplemented to the worms in a dose dependent manner (Edwards et al., 2015). L-
serine supplementation to mice was also recently shown to reduce food intake, improve oxidative
stress, and SIRT1 signaling in the hypothalamus of aging mice, though lifespan was not tested
(Zhou et al., 2018). L-serine has the potential to induce a conserved effect in mammals. Lastly,
L-serine is also being studied as a possible neuroprotectant in the treatment of ALS and other
neurodegenerative disorders (Dunlop & Carney, 2020; Dunlop et al., 2018; Wang et al., 2019).
Despite these beneficial effects, supplementing with L-serine was reported to be pro-aging in
yeast when the only other amino acids added to the media were those covering the auxotrophies
(Mirisola et al., 2014). As with BCAAs, these discrepancies could be due to the combination of
auxotrophies and media content, which has been shown to be a major variable driving different

CLS results from different labs (Mirisola et al., 2014; Santos et al., 2020; Smith et al., 2016).
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Figure 4.16. L-serine is an important amino acid for protein synthesis. (A) Bar graph of codon
relative frequency in yeast (S288C) (per 1000 codons). Arrows indicate codons specifying amino
acid L-serine B) The data for the bar graph were derived from a codon usage table generated by
CoCoPUTs, taken from Refseq, updated September, 2021 (Alexaki et al., 2019). It shows the
codon frequency per 1000 codons at the top of each amino acid. Similar results were obtained

from Alvers et al. 2009.

Why do amino acids accumulate in the conditioned media of CR cultures?
In the presence of sufficient glucose, S. cerevisiae cells actively suppress respiratory

metabolism and biomass production through the TCA cycle, a phenomenon known as the
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Crabtree effect in yeast, and the Warburg effect in cancer cells (Diaz-Ruiz et al., 2011). When
glucose becomes limiting, however, S. cerevisiae cells utilize oxidative metabolism over
fermentative metabolism, resulting in elevated respiration and electron transport. Under such
conditions, amino acids may be used to replenish TCA cycle intermediates through trans- and
deamination reactions, a process called anaplerosis. Normally, in cells originally grown in 2%
glucose (NR), glucose depletion triggers increased amino acid uptake that involves upregulation
of permeases via TOR (Peter et al., 2006). Initial growth under CR (0.5% glucose) appears to
generally reduce amino acid uptake as indicated by accumulation of amino acids we observe in
the conditioned medium (Figure 4.6A-D), and instead prioritizes consumption of alternative
carbon sources such as acetate (Figure 4.10A) (Matecic et al., 2010; Wierman et al., 2015),
which yeast cells can convert into acetyl-CoA for TCA intermediate replenishment, or
gluconeogenesis via the glyoxylate cycle (Chew et al., 2019). This likely better accommodates
the increased storage of glycogen and trehalose induced by CR and associated with long-term
cell survival in the stationary phase (Kyryakov et al., 2012). The higher cell densities (biomass)
achieved by NR cultures instead places tremendous demand for synthesis of macromolecules
associated with cell growth, such as nucleotides, lipids, and proteins, thus depleting amino acids
from the media.
Ammonium utilization

One hypothesis explored was that CR could also potentially utilize ammonium sulfate, a
preferred nitrogen source over the amino acids that are usually preferred under NR conditions.
Ammonium is a preferred nitrogen source as it supports rapid growth similar to asparagine,
glutamine, and serine (Godard et al., 2007). Ammonia is also a normal product of amino acid

catabolism in cells (Jin et al., 2018). However, like acetic acid and ethanol, ammonium can be
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toxic at high levels and can impair CLS (Burtner et al., 2009; Casatta et al., 2013; Santos et al.,
2014). Due to this toxicity, it is left out of the custom HL medium designed to optimize CLS
(Hartman et al., 2015; Smith Jr. et al., 2016). Indeed, others have shown that reducing
ammonium in the media extends longevity in NR cultures (Hartman et al., 2015) . Therefore,
assimilation of the ammonium under CR could potentially extend CLS by reducing ammonium
toxicity, like the CR-induced consumption of acetic acid (Matecic et al., 2010; Wierman et al.,
2015). Whether ammonium is utilized for biosynthesis of glutamine or other amino acids in the
CR-treated cells remains unresolved. Not only were we interested in accumulation of amino
acids in the CR condition, but we were also interested in why certain amino acids were depleted
in the NR.

What amino acids are preferred by cells?

Lysine
Support for increased amino acid harvesting comes from studies of amino acid preference

during fermentation by wine yeasts (Crepin et al., 2012). Of the 17 amino acids tracked, lysine
was utilized the fastest, followed by a group of 10 (Asp, Thr, Glu, Leu, His, Met, Ile, Ser, Gln,
Phe) that were consumed quicker than ammonium sulfate, and 6 (Val, Arg, Ala, Trp, Tyr, Gly)
that were slower. In agreement with increased lysine harvesting (Viridiana Olin-Sandoval et al.,
2019), lysine was the most depleted amino acid in BY4741 NR conditioned media, and was
partially rescued by CR (Figure 4.6A and B). Interestingly, this extreme lysine harvesting from
the media could A) promote synthesis of polyamine molecules via Spel decarboxylation and B)
functions to channel NADPH (normally used for lysine biosynthesis) into glutathione

production(Viridiana Olin-Sandoval et al., 2019).

L-asparagine
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L-asparagine was the second most depleted amino acid in the NR condition, but had no
effect when more was added, which was puzzling. It has been shown that cancer cells have a
high demand of L-asparagine and prefer to import it since de novo synthesis is energetically
expensive (Krall et al., 2016). However, it is considered a “metabolic dead-end” and can
contribute to protein synthesis (Krall et al., 2016). So why is it in high demand? There is
evidence to support that L-asparagine acts as an amino acid exchange factor in cancer cells, like
glutamine, and it specifically helps cells uptake L-serine, L-threonine, and L-histidine (Krall et
al., 2016). In this role, L-asparagine exits the cell while another amino acid enters the cell (Krall
et al., 2016). If this role is conserved in our system that would explain why there is no longevity
extension. Although L-asparagine may be required for amino acid uptake in mammalian systems,
L-asparagine is not limiting in the CR conditioned media
L-arginine

Interestingly, arginine is one of the best amino acids in terms of extending lifespan when
added at SmM. As discussed in a previous chapter, arginine is a precursor of putrescine and other
polyamines (Chapter II). We are beginning to conduct experiments on mechanisms underlying
arginine-mediated lifespan extension. Our working hypothesis is that supplementing arginine
extends lifespan via augmenting polyamines.
One-carbon metabolism in regulation of aging

Although multiple amino acids are more abundant in CRCM than NRCM, we focused on
L-serine because the biosynthesis gene SER/ is a QTL for CLS in the BY4741 background (Jung
et al., 2018). L-serine is also a major entry point for the one-carbon metabolism (OCM) pathway,
and a key component of the TSP (Kalhan & Hanson, 2012b), which has been implicated in

longevity (Kabil et al., 2011). The OCM pathway supports multiple cellular processes such as
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biosynthesis of purines, amino acid homeostasis (glycine, serine, and methionine), epigenetics
through SAM and chromatin methylation, and redox defense (Ducker & Rabinowitz, 2017).
However, few studies directly linked OCM to the regulation of aging. In one aging study,
activation of naive T cells from aged mice was attenuated because of a deficit in the induction of
OCM enzymes (Ron-Harel et al., 2018).

In our current study, we identified a link between serine, OCM, and CLS. Specifically,
we found that L-serine supplementation into NR cultures extended CLS in a manner dependent
on the OCM pathway (Figure 4.15), which we interpret as the one-carbon units donated from L-
serine allowing cells to complete biosynthesis processes required to effectively enter quiescence.
Of note, L-glycine, a 1C donor, was not depleted from NR yeast cultures and had no effect on
CLS when supplemented (Figure 4.11). In this sense, NR yeast cells may be similar to cancer
cells that rely on exogenous serine, but not glycine, for proliferation (Labuschagne et al., 2014a).
Overexpression of serine hydroxymethyltransferase SHMT?2 is also associated with poor
prognosis in cancer patients, while downregulating this enzyme suppresses tumorigenesis in
human hepatocellular carcinoma (Woo et al., 2016).

Yeast cells lacking the mitochondrial serine hydroxymethyltransferase Shm1p, or the
NAD-dependent 5,10-methylenetetrahydrofolate dehydrogenase Mtd1p, each displayed extended
mean and maximum CLS. Cells lacking the cytoplasmic Shm2p enzyme also appeared to extend
maximum CLS (Figure 4.15). These results suggest that perturbing flux through the OCM
pathway under NR conditions can influence long term cell survival, perhaps by forcing
metabolism toward gluconeogenesis and the glyoxylate cycle, thus mimicking CR. Interestingly,
yeast RLS extension caused by deletion of the RPL224 gene was recently shown to correlate

with reduced translation of OCM enzymes (Maitra et al., 2020a). Furthermore, deleting genes
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involved in OCM moderately extended replicative lifespan, like what we observed for CLS.
Taken all together, we hypothesize that CR may also reduce flux through the OCM pathway,
consistent with reduced serine consumption from the media and strong CR-induced CLS
extension that occurred even in the shmIA, shm2A, or mtdIA mutants. The impact of these
perturbations, which represent evolutionarily conserved and highly connected pathways, may
depend on genetic and environmental context, and thus the yeast model is ideal for further
systematic experimental characterization (Hartman et al., 2001). Given the common effect of
OCM on yeast RLS and CLS, and its strong conservation from yeast to mammals, future

investigation of its roles in metazoan aging models is warranted.

Experimental procedures

Yeast strains and media

S. cerevisiae strains used in this study were BY4741 (MATa his3A1 leu2A0 met15A0
ura3A0), FY4 (MATa prototrophic), and several deletion mutants from the Euroscarf yeast
knockout (YKO) collection in the BY4741 background (Winzeler EA, 1999). Synthetic complete
(SC) growth medium was used for all experiments except for the use of custom ‘human-like’ HL
media (Hartman et al., 2015; Smith Jr. et al., 2016). A recipe for SC media with individual amino
acid concentrations is provided in Supplemental Table S6 (Burke et al., 2000). Glucose was
added to a final concentration of either 2.0% (non-restricted [NR]) or 0.5% (calorie restricted
[CR]). To supplement amino acids, SC or HL medium was used containing 2% glucose (NR),
and with amino acids added to a final concentration of 5, 10, 20, or 30 mM where indicated.
Unless noted otherwise, all cultures (10 mL) were grown at 30°C in 15 mL glass culture tubes
with loose fitting metal caps on a New Brunswick Scientific roller drum.

Semiquantitative (spot) and quantitative assays for measuring CLS
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To assess CLS, overnight 10 mL SC 2% glucose (NR) cultures were started from single
colonies in triplicate. Next, 200 pL of the overnight cultures was used to inoculate fresh 10 mL
cultures of the indicated SC medium conditions (NR, CR, or NR + amino acid). For each time
point, 20 pL aliquots were then removed from cultures at the indicated times in the stationary
phase (starting at day 3) and serially diluted in 10-fold increments with sterile water in 96-well
plates. For semi-quantitative spot assays, 2.5 pL of each dilution was spotted onto YPD 2%
glucose agar plates as previously described (Smith Jr. et al., 2007). The plates were then digitally
imaged on a gel documentation system after 2 days of colony growth and the time points were
compiled together to visualize the changes in viability over time. For the quantitative CLS
assays, 2.5 uL of the 1:10, 1:100, and 1:1,000 dilutions of each culture were spotted onto YPD
plates that were then incubated at 30°C for 18 to 24 h to allow for microcolony formation
(Wierman et al., 2017). We typically spot the three dilutions for 12 different cultures onto one
YPD plate. Images of each dilution spot were captured on a Nikon Eclipse E400 tetrad dissection
microscope at 30x magnification such that the entire spot fills the field of view. Microcolonies
were then counted from the images either manually with a counting pen, or automatically using
OrganoSeg, a program originally developed for counting mammalian organoids in culture
(Borten et al., 2018), which we have adapted for counting yeast colonies (Enriquez-Hesles et al.,
manuscript in preparation). At the end of each experiment, percent viability was calculated for
each time point by normalizing to the first day of colony forming unit (CFU) measurements.
Standard deviation error bars on the survival curve graphs were determined from 3 biological
replicates. Statistical analysis was performed using the online program OASIS 2 (Han et al.,

2016), reporting mean lifespan (days), standard error of the mean (SEM), and 95th percentile
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confidence interval (95% CI) of the mean for each strain or condition. Q-HTCP analysis was
performed as previously described (Santos et al., 2020).
Chromatography

Fifteen BY4741 NR or CR cultures (10 ml SC each), were grown to saturation for 5 days
at 30°C in 18 mm glass test tubes with loose fitting metal caps. The glassware was acid washed
with 0.1N HCI before use. Cells were pelleted by centrifugation and the conditioned media
pooled. The pooled media was then concentrated in a Biichi Rotavap from 150 ml down to
approximately 2.5 ml (60-fold). The concentrates were centrifuged at 4,000 rpm (2,987 RCF) for
10 minutes in 15 ml conical tubes to remove any solid precipitates. Two ml of the clarified
concentrate was loaded onto a 1 x 26 cm Sephadex G-10 column and fractionated with double
distilled water. Two ml fractions were collected by gravity flow in a Pharmacia fraction collector
and filter sterilized through 0.22um syringe filters. The fractions were then added to new 5 ml
CLS cultures at a 1:5 ratio (ml concentrate: ml culture) and semiquantitative CLS assays
performed. NaCl (100 mM) was eluted through the column before and after the media
concentrates to determine the gel size retention fractions as measured by electrical conductivity.
Preparation of conditioned media concentrates for CLS and amino acid assays.
To collect and concentrate conditioned media for CLS assays and amino acid profiling, BY4741
or FY4 strains were grown in 150 mL SC cultures (with either 2% glucose or 0.5% glucose) at
30°C for 5 days in a shaking water bath. The cultures were then centrifuged, and the supernatants
were condensed from 150 mL down to 15 mL (10-fold) using a Biichi Rotavapor-R apparatus,
then filtered by passing through a 0.22um filter and stored at -20°C. For supplementation
experiments, conditioned media concentrates (derived from NR or CR cultures) were added to 10

mL of non-restricted SC-NR media to final concentrations of 1%, 2%, or higher where indicated.
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Metabolomics

BY4741 NR and CR cultures (10 ml SC each) were grown to stationary phase (day 5),
then centrifuged in 15 ml disposable conical tubes (Falcon). The supernatant media was filter
sterilized through 0.22pum syringe filters and frozen at -80°C. Untargeted metabolomics of
conditioned media from 6 NR and 6 CR cultures was performed via gas
chromatography/electron-ionization mass spectrometry (GC/ei-MS) in the Metabolomics
Laboratory of the Duke Molecular Physiology Institute (DMPI), as described (McNulty et al.,
2011). Metabolites were extracted by the addition of methanol. Dried extracts were
methoximated, trimethylsilylated, and run on an 7890B GC-5977B ei-MS (Agilent Corporation,
Santa Clara, CA), with the MS set to scan broadly from m/z 50 to 600 during a GC heat ramp
spanning 60° to 325 °C. Deconvoluted spectra were annotated as metabolites using an orthogonal
approach that incorporates both retention time (RT) from GC and the fragmentation pattern
observed in MS. Peak annotation was based primarily on DMPI’s own RT-locked spectral
library of metabolites, which is now one of the largest of its kind for GC/EI-MS. DMPI’s library
is built upon the Fiehn GC/MS Metabolomics RTL Library (a gift from Agilent, their part
number G1676-90000; (Kind et al., 2009)). Quantities from the mass spectrometry were
normalized to ODsoo of the cultures to account for cell density. 160 metabolites were annotated
based on matches with a spectral library. Another 115 metabolites were not matched in the
library and remain unannotated.
Quantitative amino acid profiling

Conditioned NR and CR media from day 5 stationary phase cultures was collected and
concentrated with the Rotavap as described above. As a control, SC media without glucose was

also concentrated and analyzed. Samples were submitted to the UVA Biomolecular Analysis
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Facility and then analyzed using a ZipChip system from 908 Devices that was interfaced with a
Thermo Orbitrap QE HF-X Mass Spectrometer. Samples were prepared by diluting 10 pL with
490 pL of LC-MS grade water, which was then further diluted 1:10 with 90 pL of the ZipChip
diluent (908 Devices Inc., P/N 810-00168). The samples were loaded onto ZipChip HR Chip
(908 Devices Inc., P/N 810-00194) for analysis. The following ZipChip analysis settings were
utilized: Field strength: 500V/cm, Injection volume: 7 nl, Chip Type: HR, BGE: Metabolite,
Pressure assist: Enable at 7 minutes, Run time: 10 minutes, MS setting (Thermo Orbitrap QE
HF-X), m/z range: 70-500, Resolution: 15000, 1 microscan, AGC target: 3E6, Max ion injection
time: 20 ms, Inlet capillary temperature: 200°C, S Lens RF: 50.
RNA analysis

Cells from NR overnight cultures were inoculated into 75 ml of fresh NR SC medium
that was supplemented with 1.5 ml of concentrated conditioned media (CRCM or NRCM) or 1.5
ml of sterile water as a control. The starting ODgoo was 0.05 in 250 ml Erlenmeyer flasks.
Cultures were grown at 30°C in a New Brunswick water bath shaker. For the log phase
condition, 50 ml of the samples were collected at ODsoo of 0.2. Equivalent numbers of cells were
collected from smaller aliquots harvested at 24 hr and 96 hr. Total RNA from three biological
replicates was isolated using the hot acid phenol method and then processed into Illumina DNA
sequencing libraries as previously described (Magani et al., 2018), with slight modifications.
Briefly, total RNA was treated with DNase I for 10 min at 37°C and then measured for
concentration and quality with an Agilent Bioanalyzer. PolyA mRNA selection was performed
on 5 pg of the DNase-treated total RNA with the NEBNext Poly(A) mRNA magnetic isolation
module (E7490). DNA sequencing libraries were then generated with the NEBNExt Ultra

Directional RNA library Prep kit for [llumina (E7420). Libraries were sequenced on an Illumina
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NextSeq 500 by the UVA Genome Analysis and Technology Core (GATC). Sequencing files are
available at GEO (accession number GSE151185). Sequencing reads were mapped to the
sacCer3 genome using bowtie2 with default settings (Langmead & Salzberg, 2012). We
preprocessed sequencing data from the UVA GATC and analyzed differential gene expression in
R using DESeq2 (Love et al., 2014).

Acetic acid measurements

100 pl aliquots were taken at designated time points from standard 10 ml CLS cultures.
Cells were pelleted by centrifugation at 2,500 rpm at 4°C, and 50 pl of supernatant was removed
and stored at —80°C, until further analysis. Acetic acid concentration for each sample was then
later determined using an Acetic Acid Kit (Biopharm AG) per manufacturer's instructions. The
acetic acid concentrations and standard deviations provided are an average of three biological
replicates for each condition and reported as g/L.
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Chapter V

Can L-serine promote cell cycle completion
in post-mitotic cells experiencing DNA
replication stress?
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Abstract

In yeast, quiescence depends on initial nutrient conditions. Surprisingly, glucose
concentration in the growth media that is rapidly utilized in the growth phase, impacts longevity
days later, even when no glucose remains (Smith Jr. et al., 2007) . For example, cells initially
exposed to excess glucose in the growth media (non-restriction, NR) fail to enter or maintain
effective quiescence. Resembling neurons in degenerative diseases, many NR yeast cells arrest in
S-phase of the cell cycle (Weinberger et al., 2007; Yurov et al., 2011). In contrast, most cells
exposed to_low glucose (Calorie-Restricted, CR) acquire a resilient quiescent state, as indicated
by a more effective G arrest and extended CLS (Smith Jr. et al., 2007; Weinberger et al., 2007).
Experiments from our lab have shown that amino acids may be limiting in NR conditions in
yeast (Enriquez-Hesles et al., 2021). We have also found that most nucleotides are depleted as
cells enter the stationary phase (Kalita et al., 2021). We hypothesized that L-serine
supplementation may help maintain nucleotide levels by fueling one-carbon metabolism (OCM)
and de novo nucleotide synthesis. We also hypothesized that reduced nucleotide levels would
augment DNA replication stress and prevent proper entry or maintenance of quiescence. CR or
L-serine supplementation could potentially suppress such replication stress by allowing
completion of replication and then proper cell cycle exit from Gi. Unsurprisingly CR extends
viability of both budded and unbudded cells relative to NR-treated cells. Furthermore, we show
that L-serine supplementation mimics these beneficial effects, but how exactly is additional L-
serine mimicking CR? In this section, we explored whether L-serine could push the cells towards
Go by augmenting intracellular nucleotide levels. Surprisingly, we found that CR maintains

elevated nucleotide levels in the cell relative to NR, while L-serine supplementation elevated
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nucleoside levels meaning that the L-serine perhaps is increasing flux through this pathway in

the NR condition.

Introduction

DNA replication stress
DNA replication stress—inefficient DNA replication that arrests cells in the synthesis

phase of the cell cycle—results in stalling the replication machinery and incomplete chromosome
duplication (Burhans & Weinberger, 2007; Mazouzi et al., 2014). In post-mitotic cells like
neurons, this DNA replication stress and inability to complete the cell cycle contributes to
irreversible cell death, leading to neurodegenerative diseases like Alzheimer’s Disease
(AD)(Yang et al., 2001; Yurov et al., 2011). Similarly in yeast cells, DNA replication stress or
improper S-phase entry causes cell death and short CLS (Weinberger et al., 2007). Furthermore,
CR suppressed DNA replication stress, prevented premature S-phase entry, and extended CLS
essentially enhancing quiescence (Weinberger et al., 2007).

One major cause of DNA replication stress is the limitation of nucleotide levels in the
cell (Zeman & Cimprich, 2014). Despite this nucleotide deficit, post-mitotic, non-proliferative
neurons in the Go/G1 phase can improperly re-enter the cell cycle (Lee et al., 2009), and
experience DNA replication stress in the S-phase of the cell cycle. A better understanding of
interventions to restore nucleotide levels for the DNA synthesis completion (S-phase) is essential
to prevent this neuronal loss, implicated in AD. We hypothesized that L-serine could be such an
intervention.

L-serine, like threonine, may contribute to nucleotides

It is known that L-serine is indispensable for proliferating cells by contributing to

nucleotide synthesis via catabolism in the OCM pathway (Hartman, 2007; Kalhan & Hanson,
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2012a; Labuschagne et al., 2014b). More recently, we showed that L-serine-dependent CLS
extension depends on the OCM where L-serine is converted to glycine (Enriquez-Hesles et al.,
2021). Glycine can also be synthesized from L-threonine via threonine aldolase, Glylp. Glycine
production from threonine has been shown to maintain nucleotide level homeostasis in the
context of hydroxyurea (HU) treatment (Hartman, 2007). Based on these data and L-serine’s role
in proliferating cells, we hypothesize that supplemental L-serine may provide nucleotides
similarly to threonine. Specifically, we hypothesized that L-serine promotes cell cycle
completion of post-mitotic cells experiencing replication stress through its catabolism into
nucleotides. In this study, we show that L-serine extends longevity independent of time added,
suggesting a potential role in alleviating cells experiencing replication stress in the stationary-
phase. Furthermore, through budding index measurements and flow cytometry we show that
exogenous L-serine addition does not affect cell cycle progression but improves viability of
budded cells, much like CR-treated cells. This suggested that perhaps L-serine is indeed
benefiting arrested S-phase cells in some manner. Although L-serine does not raise nucleotide
levels, it increases levels of ribonucleosides. This result was perplexing. Why ribonucleosides?
Could these nucleosides be derived from autophagy? Follow-up studies are warranted to support
the hypothesis that these ribonucleosides are derived from autophagy when L-serine is plentiful.
Overall, these studies show that L-serine supplementation and CR elicit similar beneficial effects
in terms of longevity and protecting budded cells, but we provide more evidence that they

mediate these benefits through different mechanisms.

Results

L-serine addition improves viability of stationary phase cells
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L-serine supplementation to BY4741 yeast liquid cultures demonstrates a strong
correlation with extending the viability of post-mitotic cells (Enriquez-Hesles et al., 2021;
Maruyama et al., 2016). Previous results show the Caloric Restriction conditioned media
(CRCM) extended lifespan independent of time added—even to cultures that have been sitting in
the stationary phase for over a week (Figure 5.1A), we wanted to see whether L-serine, a major
component of CRCM, could also extend lifespan when added after cells already entered
stationary phase. Surprisingly, L-serine also extends lifespan independent of time added, but not
to the same extent as when added at the time of inoculation (Figure 5.1B). Herein, that late
addition of L-serine to stationary phase cultures could promote enhanced quiescence, but how?
Given serine’s known role as a OCM input to supply nucleotides to cancer in proliferative cells,
we hypothesized that L-serine may be utilized to maintain nucleotide level homeostasis in the
stationary phase cells. This maintenance of nucleotides in turn would allow replication to
complete in the case of deoxyribonucleotides. Alternatively, this pool would allow transcription
of genes necessary for quiescence entry, in the case of ribonucleotides.

L-serine does not impact the budding index significantly

We set out to determine whether this increase in viability is also correlated with improved
cell cycle completion, measured by quantification of Go/G; arrest via flow and budding index
(Figure 5.1C). This would tell us whether L-serine enhances G arrest. We employed flow
cytometry to determine relative measures of cell number that were arrested with a Gi content of
DNA or S phase content of DNA. We also used a fraction of budded cells to detect potential
replication stress since cells with buds indicate the cells are in S-phase of the cell cycle. Fewer
budded cells would signify efficient G; arrest. Thus, we administered extra L-serine to cultures

and used flow cytometry and microscopy (Figure 5.1 D-F). For these experiments, yeast cells
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were grown in three conditions: non-restricted (NR, normal glucose); calorie restricted (CR, low
glucose positive control that extends viability and improves Go/G arrest); NR+ L-serine
(30mM). The cells were allowed to reach the stationary phase without alterations to the liquid
culture. Percentage of the cell population in Go/G arrest in the different conditions were
compared at Day 8. We prepared samples in triplicate at the indicated time points and collected
cell budding index data as a marker for Go/G arrest in viable cells. We hypothesized that extra
L-serine addition (30mM), would more efficiently complete cell cycle and promote Go/G arrest.
We expected to see a shift in the population proportion from budded cells (S-phase) to unbudded
cells (Go/G1) compared to the NR. Although there was a slight decrease in the budding index
over time, it was not significantly different between conditions (Figure 5.1 D). To complement
the budding index measurements, we performed flow cytometry on the same samples, to analyze
the populations’ cell cycle distribution more closely, as indicated by IN (G0/G1) vs 2N (G2/M)
DNA content ratios. Consistent with budding indices, the flow cytometry measurements in CR,
NR, and L-serine conditions detected a similar proportion of cells in S-phase. At day 8§, cells in
S-phase were 22% in NR, 18% in CR and 23% in NR + L-serine (Figure 5.2C). CR cells had the
lowest percentage of cells in S-phase. At the same time, CR cells had a reduced budding index
compared to NR as previously shown (Weinberger et al., 2007). As shown in Figure 5.1D,
conditions with L-serine supplementation had a higher proportion of cells in S-phase compared
to NR but had a lower budding index throughout the time course experiment. Although no large

changes were observed in the budding index, perhaps CR and L-serine offer protection to

unbudded cells.
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Figure 5.1 CRCM and L-serine improve quiescence in the stationary phase. (A) Quantitative
chronological lifespan (CLS) assay. Concentrated CRCM was supplemented at 2% (vol/vol) into
NR cultures at time of inoculation (day 0), day 7, day 10 or day 15. B) Quantitative
chronological lifespan (CLS) assay. 10mM serine was supplemented into NR cultures at time of
inoculation (day 0), day 7, day 10 or day 15. C) Schematic representation of the cell quiescence
cycle. Nutrient limitation causes cells to enter a non-proliferating state called quiescence. Cells
that arrest in S-phase undergo DNA replication stress. Cells that arrest in Gg are protected
against DNA replication stress. We propose that L-serine fuels nucleotides that allow the cells to
finish DNA replication D) Monitoring budding indices in CLS cultures over time.

L-serine improves viability of budded cells

We wondered whether the budded cells were less viable than the unbudded G, arrested
cells. We used methylene blue as a dye to quantify viability using a compound microscope.
Methylene blue is a commonly used method to measure viability in yeast cells (Kwolek-Mirek &

Zadrag-Tecza, 2014). This dye enters all cells, but only living cells enzymatically reduce the dye
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to a colorless compound (Kwolek-Mirek & Zadrag-Tecza, 2014). Cells that remain blue are
termed methylene blue positive and are counted as unviable (Figure 5.2 B). As expected, in the
NR condition 43% of unbudded cells were methylene negative or alive, while in the CR
condition, 63% of unbudded cells were methylene blue negative (Figure 5.2A). L-serine addition
showed a similar viability profile to CR with 62% viability in unbudded yeast population (Figure
5.2A). Although we did not observe differences in budding index or flow cytometry (Figure
5.2C), we observed fewer budded cells that were blue in CR and with L-serine supplementation
condition (Figure 5.2B). This suggests that CR and L-serine may offer some protection to
budded cells. It is possible that both conditions help cells maintain higher levels of intracellular
nucleotide levels. To test this hypothesis, we conducted target metabolomics of various

nucleotides and intermediates.
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Figure 5.2 L-serine and CR both improve viability of budded cells. A) Diagram showing the %
viability in NR, CR, and NR + 30mM L-serine assessed at day 8. In the outer ring, the white
indicates viability. Blue indicates unviable. The darker blue indicates % unviable in budded
cells. The inner circle represents % budded (green) and % unbudded (blue). B) Pictures of single
cells showing unbudded viable cell (clear cell), an unbudded cell stained with methylene blue
representing an unbudded unviable cell (blue), the next picture shows a budded cell stained with
methylene blue indicating a budded unviable cell. The last picture on the right is of a clear
budded cell which indicates viability. C) Flow cytometry measurements of DNA content at day 8
of BY4741 cells treated with NR, CR or NR + 30 mM L-serine. This pie chart shows % in G1, S
phase and G2.
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CR maintains intracellular nucleotide pools

Next, we conducted a targeted metabolomic analysis of various nucleotides and

intermediates. BY4741 was grown to log phase, 24 hours or 96 hours under NR, CR, or NR+

serine, and NR+ threonine conditions. We used NR+ threonine, because a previous study showed

that threonine availability and catabolism via Gly1p could maintain deoxyribonucleotide pool

homeostasis (Hartman, 2007). We thought that L-serine may also contribute to de novo purine

biosynthesis since L-serine also synthesizes glycine via Shm1p and Shm2p. In addition, L-

threonine also extends CLS at day 0 and at day 7 consistent with the model of nucleotide

production alleviating replication stress in arrested S-phase cells (Figure 5.3).
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Figure 5.3 L-serine and L-threonine both improve CLS independent of time added. CLS of non-

restricted BY4741 supplemented with 10mM L-serine or L-threonine at inoculation (day 0) or day

5.

In addition to testing threonine supplementation, we tested CR-treated cells. Under NR

conditions, cells exhibited depletion of nucleotide pools relative to log phase, recapitulating
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results in a previous study from our lab (Kalita et al., 2021). This depletion of intracellular
nucleotide levels coincides with high replicative stress observed in the cells in previous studies
(Weinberger et al., 2007). Surprisingly, under the CR conditions, CR cells, for the most part,
maintained several nucleotides and associated molecules elevated relative NR in a time course
experiment (Figure 5.4). For example, adenine, glutamine, dGDP, and CDP were all high in CR
relative to NR at 96 hours (Figure 5.4). This elevation of nucleotides and precursors may not
necessarily represent an increase in replication or transcription. These available nucleotides
could be used for DNA repair and exit of quiescence. Accumulation could also represent
underutilization. In mammalian cells it’s been shown that nucleotide synthesis reduction may
contribute to replicative senescence (Delfarah et al., 2019). Thus, maintaining nucleotide pools
may be a currently unexplored mechanism essential to retain enhanced quiescence in CR-treated
yeast cells. For now, this paradoxical effect of high nucleotide levels in G; arrested CR cells
remains unresolved.

When we supplemented extra L-serine and L-threonine, we did not observe an increase in
nucleotide pools as previously seen with hydroxyurea (HU) treatment (Hartman, 2007). HU
inhibits deoxyribonucleotide reductase and stops further processing of ANTP substrates
(Hartman, 2007). In this HU experiment, uptake of threonine from the environment and its
subsequent metabolism into glycine is required for replenishing ANTP substrates. In our
experiments L-serine and L-threonine conditions resembled NR condition except for UDP. UDP
levels in L-serine, and L-threonine resembled levels in CR (Figure 5.4). Overall, this set of
experiments further reinforced the conclusion that L-serine and CR extend lifespan via different

mechanisms.
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Figure 5.4 Caloric restriction increased nucleotide levels compared to Non-Restriction (NR)
condition. Intracellular nucleotide levels are shown for BY4741. Purines, pyrimidines, and
associated precursors were measured at log, 24, 96 hours for NR, CR, NR+ serine and NR +
threonine. In the time course, the x-axis represents hours post-inoculation, and the y-axis
represents relative peak value normalized to optical density at time of collection. For these 96-

hour values, statistical analysis was performed in PRISM 9 using ordinary one-way ANOVA
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followed by a Dunnett’s multiple comparisons test. Data represent mean +SD from five
biological replicates normalized to log phase. L-serine and threonine were supplemented (10mM
total concentration) to the NR condition at the time of inoculation.

Ribonucleosides were elevated with L-serine and L-threonine supplementation

Interestingly, we observed elevated ribonucleoside levels when cells were supplemented
with 10mM L-serine or L-threonine at 96 hours. Ribonucleosides are derived from the
degradation of ribosomes, which are composed of protein and RNA (Figure 5.5A) (Ben-Shem et
al., 2011). Nutrient starvation triggers autophagic breakdown of ribosomes into nucleosides (Xu
et al., 2013). With the addition of L-serine and L-threonine nucleosides including guanosine,
uridine, and cytidine were significantly elevated (Figure 5.5 C). These may be preferentially used
as energy sources during transition into stationary phase (Xu et al., 2013). Interestingly,
nucleotide monophosphates including GMP, UMP, CMP nor AMP were not elevated, these are
upstream of ribonucleosides (Figure 5.5 B). Similarly, hypoxanthine or guanine showed
significant alterations, which are derived from nucleosides (Figure 5.5D). Phm8p is a
nucleotidase that has been implicated as central in this breakdown as it converts nucleotide
monophosphates into nucleosides (Figure 5.5A) (Xu et al., 2013). Ablation of PhmS8p prevents
effective nucleotide salvage and impaired survival of yeast in the stationary phase (Xu et al.,
2013). Like Xu et al., we interpreted this accumulation of nucleosides as active nucleotide
degradation. We wanted to test whether L-serine-mediated-longevity hinged on this process. We
conducted CLS assays with a pAm8A mutant from the YKO and compared it to a control.
Consistent with its central role, we also observed impaired quiescence in the absence of Phm8p
(Figure 5.6A). L-serine was able to slightly extend the lifespan of phmS8A, suggesting that L-
serine does not depend on this pathway for its longevity effect. In the CR condition, viability

dropped sharply after day 15 (Figure 5.6A) suggesting that CR depends on autophagy to extend
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viability as culture ages. Another possible mechanism for nucleoside accumulation from RNA
degradation is autophagy.

Does L-serine elevate ribonucleosides via Autophagy Activation?

Autophagy is a cell process activated upon nutrition stress. In this process cell
components are recycled into basic metabolites. Although we have not tested L-serine’s direct
impact on AMPK, L-serine’s activation of autophagy seemed unlikely given that L-serine and
CR seem to extend CLS in diverse ways (Enriquez-Hesles et al., 2021). Despite this, we tested
the hypothesis that extension of L-serine depended on activating autophagy. We used the azg8A
deletion strain. Figure 5.6B shows that L-serine extends lifespan in this mutant which suggests
that L-serine-life extension does not depend on autophagy. This is consistent with other studies
showing that L-serine supplementation improves respiration in autophagy deficient strains (May

et al., 2020).
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Figure 5.5 L-serine and threonine supplementation to Non-Restricted (NR) condition

maintain levels of ribonucleosides. A) Overview of nucleotide degradation and ribose salvage

in Saccharomyces cerevisiae, which is induced by macroautophagy. Diagram shows breakdown

of RNA into nucleotides (AMP, GMP, UMP and CMP) which are measured in B). These are then

dephosphorylated into ribonucleosides: guanosine, uridine, and cytidine, which are measured in

C). These are then converted into ribose and bases including hypoxanthine and guanine, which

are measured in D). Intermediates of nucleotide degradation pathways were measured at log

phase, 24, and 96 hours for NR, CR, NR+ serine and NR + threonine. Data represent the mean

+SD from five biological replicates normalized to Log phase. L-serine and threonine were

supplemented (10mM total concentration) to the NR condition at the time of inoculation.

Individual values of 96-hour time points are shown below each time course. For these 96-hour

values, statistical analysis was performed in PRISM 9 using ordinary one-way ANOVA followed
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by a Dunnett’s multiple comparisons test. In diagram A), measured metabolites are shown in

bold. Phm8p is shown in red. Diagram in A) is adapted from (Xu et al., 2013).
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Figure 5.6 L-serine extends longevity independent of autophagy. CLS of NR, CR, NR +L-serine
and NR + D serine in BY4741 (left), phm8A (middle) or atg8A (right), n=3.

Discussion

Thinking differently about quiescence and S-phase arrest

It was thought that cells entering the stationary phase also transition into Go or temporary
quiescence, but evidence suggests that it is more flexible than that (Laporte et al., 2011; Wei et
al., 1993). Quiescence is a cell state where cells enter due to glucose limitation and from all cell
cycle states (Laporte et al., 2011). Both budded and unbudded cells subsequently reside in a
temporary arrest of proliferation until glucose is reintroduced (Laporte et al., 2011). Data by
Laporte et al. supports quiescence entry as a cell cycle independent process that can happen in a
budded state or unbudded state—G is not necessary nor sufficient for establishment of
quiescence which differs from convention (Laporte et al., 2011). In the Smith lab, we also
compared budded and unbudded in the stationary phase and that is independent of condition, like
Laporte et al. suggest. Our data show that there are multiple cells that remain in S-phase even in
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long-lived cells like CR. Although most papers indicate that this is a disadvantage as it is thought
to cause replicative stress due to lack of nutrients. Granot et al. suggest that budded cells could
induce faster growth upon transfer to rich media. However, perhaps staying in a budding state is
a strategy giving the replicative older cells an advantage as they are paired with a replicative
young cell—a condition emulating heterochronic parabiosis experiments.

DNA replication stress and L-serine is an alleviating factor

Due to many cells arrested in S-phase in the stationary phase and evidence of nutrient
depletion in NR condition, we hypothesized that L-serine supplementation and CR maintain
nucleotide levels. This could then potentially suppress such replication stress by allowing
completion of replication and then proper cell cycle exit from Gji. Interestingly we observed that
CR and L-serine protect budded cells in the stationary phase from dying. Although we failed to
observe L-serine augmenting nucleotide levels, we found that CR maintains elevated nucleotide
levels in the cell relative to NR, while L-serine supplementation elevated nucleoside levels. The

significance of this observation remains unknown for now.

Experimental Procedures

To determine budding indices and cell cycle progression, aliquots from CLS cultures
were taken at each time point were pelleted by centrifugation and resuspended in PBS (for
determining budding index) or 70% ethanol (for flow cytometry).

Budding index

The budding status of at least 100 cells from each aliquot was visually determined using a
compound microscope with a 40x phase oil immersion objective. Cells were spun down,
conditioned media removed and resuspended in PBS. Methylene blue solution was added in a

1:1 volume to PBS. For example, 100ul of the cell suspension was mixed with 100ul of
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methylene blue solution (0.1 mg/mL stock solution dissolved in a 2% dihydrate sodium citrate
solution) as previously done (Kwolek-Mirek & Zadrag-Tecza, 2014). Methylene blue allows
living cells to reduce the methylene blue stain to a colorless product. Dead cells are unable to
reduce the compound and it remains oxidized (Cwalinski et al., 2020; Kwolek-Mirek & Zadrag-
Tecza, 2014). Cells were incubated with methylene blue solution for less than 1 minute.

Cell cycle progression. To measure cell cycle progression via DNA content by flow cytometry, 1

million cells suspended in 70% ethanol were pelleted by centrifugation, washed with 50 mM
sodium citrate (pH 7.5), and resuspended in 0.5 ml of this same buffer containing 0.5 mg/ml
RNAse. After overnight incubation at 37°C, an additional 0.5 ml. of sodium citrate buffer
containing 2 uM SYTOX Green was added to each sample. Stained cells were briefly sonicated
as described above and DNA content was measured using a FacsCaliber flow at a maximum

flow rate of 500 cells/s.
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Chapter VI

Comparing the roles of L-serine and D-
serine supplementation in promoting
longevity
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Abstract

L-serine is a versatile amino acid that has been implicated in longevity in various model
organisms. L-serine can be synthesized de novo via the serine synthesis pathway (SSP), via one-
carbon metabolism (OCM), or obtained from the extracellular environment, from degradation of
proteins, or from glycine. By monitoring the conditioned media of stationary phase cultures
(Enriquez-Hesles et al., 2021), we hypothesized that L-serine, like many other amino acids, was
in high demand in the NR conditions, while it remained underutilized in the CR condition. We
were intrigued with the high demand of serine in NR and tested the hypothesis that it was
limiting (Enriquez-Hesles et al., 2021). Indeed, supplementation of L-serine to NR cells extended
longevity in a dose-dependent manner (Enriquez-Hesles et al., 2021). L-serine-induced CLS
extension was shown to be partially dependent on OCM enzymes. This chapter aims to continue
understanding how L-serine supplementation improves longevity. Does it depend on autophagy?
Does it increase oxygen consumption rate, does it promote catabolism through the OCM
pathway? Here, we provide more evidence that L-serine supplementation extends lifespan via
pathways that differ from the CR pathways. First, we show that most L-serine was not being
harvested in CR conditions and that a small proportion was synthesized and subsequently
secreted. This reduced utilization is the first indication of different mechanisms. While we
conducted studies of L-serine, we also compared it with D-serine and found that it also extended
longevity, albeit to a lesser extent than L-serine. In this Chapter we investigate the underlying

mechanism driving longevity of L-serine and D-serine supplementation
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Introduction

In the last decade, the connection between L-serine and health has been difficult to
ignore. Although recent reports plead caution, L-serine has been shown to have a protective
effect on health in various model organisms. L-serine-mediated extension was dependent on the
OCM (Enriquez-Hesles et al., 2021). In C. elegans, 11 out of 20 amino acids extended lifespan
when supplemented, with L-serine supplementation showing the largest effect (Edwards et al.,
2015). In mice, impairment of glycolysis derived L-serine in astrocytes contributes to
Alzheimer’s Disease in a genetic model (Le Douce et al., 2020). In the yeast genome, L-serine
codons are numerous in the annotated ORFs, suggesting it could contribute to proteostasis
(Chapter IV). These benefits may extend to humans and offer benefits to neuronal tissues (Sinha
et al., 2020). It has been shown that L-serine metabolism is in high demand in the retina (Sinha et
al., 2020). There are ongoing clinical trials studying the effects of L-serine supplements on ALS
and Alzheimer’s patients (Stark, 2017; Stommel, 2018). Thus, any understanding of L-serine’s
function has immediate and direct implications on current clinical work. Additionally, the Ojimi
village in Okinawa, Japan is famously named the “longevity village” for its higher-than-average
lifespan among its population (Cox & Metcalf, 2017). Interestingly, it was discovered that the
diet in this village has a L-serine content that is three-fold higher than that of the average United
States citizen (Cox & Metcalf, 2017). How L-serine mediates longevity in this context remains
unknown. These proposed mechanistic studies of L-serine will offer additional clues to its
potential benefits. An inexpensive, low-toxicity supplement such as L-serine would be a major
advancement in preventative medicine.

L-serine has been well described as the main donor for the OCM (Ducker et al., 2016).

OCM has also been implicated as a central hub of longevity (Aon et al., 2020) and we provide
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evidence that longevity in yeast acts via OCM and relies on transporters like Fsflp. Fsflp has
been postulated to be the homologue of sideroflexinl (SFXN1)— an inner mitochondrial
membrane protein mediating transport of L-serine from cytoplasmic pools into the mitochondria
(Kory et al., 2018). In other organisms, L-serine entry via SFXN1 into the mitochondria is an
important source of NADH, nucleotides, and f-Met tRNA (Kory et al., 2018). This Chapter
explores the link between L-serine, mitochondria, and longevity in yeast.

This work also explores the mechanism of the stereoisomer D-serine, which is well
known for its role as a neurotransmitter in the brain. It has also been considered as a potential
therapeutic agent or biomarker in schizophrenia and depression (MacKay et al., 2019). D-serine
is a co-agonist for the N-methyl-D-aspartate (NMDA) receptors, produced from L-serine in
metazoans by serine racemase (SR) in neurons (MacKay et al., 2019). This racemase is not
present in yeast, but yeast have a D-serine hydratase called DSD1p that appears to detoxify D-
serine (Ito et al., 2007). In yeast, we provide evidence that cells respond differently to addition of
L-serine versus D-serine. Preliminary data show that D-serine may extend longevity in an

autophagy-dependent manner.

Results And Discussion

An important regulation step in L-serine’s mitochondrial catabolism must be the newly
discovered transporter sideroflexin-1 (SFXN-1)which transports serine into the mitochondrial
space (Kory et al., 2018). Once L-serine is imported, L-serine can donate one-carbon units to
THF. It has been shown that the mitochondrial arm of OCM is preferred in most mammalian
tissues (Ducker & Rabinowitz, 2017; Meiser & Vazquez, 2016) and the cytoplasmic arm can
compensate when loss of mitochondrial pathway occurs (Ducker et al., 2016). Fungal

sideroflexin-1 or FSF'I is the predicted yeast homolog of SFXN-1. However, it is unknown if
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Fsflp performs the same function in yeast. It is not yet annotated as a L-serine transporter in
Saccharomyces Genome Database (SGD). Using stable isotope labeled L-serine, we used
BY4741, and isogenic strains deleted for F.SF/ to localize L-serine catabolism to either the
cytosol or mitochondria.

How is L-serine metabolized in CR compared to NR?

In previous Chapters we provided evidence for L-serine being differentially consumed by
cells under NR versus CR condition (Enriquez-Hesles et al., 2021). We wanted to understand
whether L-serine is indeed being differentially consumed and differentially utilized in CR
compared to NR. Isotope tracing is a tool to quantify the contribution of different pathways to
the same product (Meiser & Vazquez, 2016). To directly test L-serine’s utilization trajectory, we
used [2,3,3-2H] serine, a stable isotope tracer to determine generation of 1C units for thymidine
synthesis via cytosolic or mitochondrial L-serine catabolism. In this tracing experiments,
unlabeled L-serine was omitted from the media and ImM deuterated L-serine was added to both
NR, CR conditions in BY4741 and fsf1 A strains at inoculation. Cells were collected at log phase,
24 hours, and 96 hours. These measurements were normalized to optical density, a marker for
cell number. Media also was collected at the start (time 0) and end of the experiment (time 96
hours). Detection of lower L-serine levels in the media of NR treated cells (Figure 5.1A and B)
aligns with previous findings and the hypothesis that L-serine is in high demand in the NR
condition (Enriquez-Hesles et al., 2021). There is no unlabeled L-serine detected in the media at
the start of the experiment and only a small trace of L-serine present in both CR and NR media,
suggesting that L-serine is being synthesized intracellularly and subsequently secreted, albeit in
small amounts (Figure 6.1A and B). Most of the L-serine is being harvested from the

environment. Intracellular tracing shows that L-serine is being imported in both NR and CR
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conditions. In addition to L-serine being in high amounts in the extracellular space, labeled L-
serine is also detected in CR condition at 24 and 96 hours (Figure 6.2). This suggests that
perhaps L-serine is not being metabolized as quickly in the CR-treated cells. In later stages, L-
serine detected in the cell is no longer labeled (Figure 6.2). There were no significant differences

in L-serine’s consumption of utilization between NR and the fsf71A4 (Figure 6.2).
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Figure 6.1 Tracing experiments show L-serine becomes depleted in NR and remains
underutilized in CR. (4) Levels of labeled and unlabeled L-serine in the media of NR and CR.
Used [2,3,3-2H] serine, a stable isotope tracer to understand serine flux and found that [2,3,3-
2H] serine levels are low at 96 hours in CR (green) and NR (blue) compared to starting medium
(gray) (n=3). Unlabeled L-serine is also measured and found to be present at 95hours in the
conditioned media. B) Schematic of unlabeled serine derived from glycolysis via the serine
synthesis pathway (SSP), the one-carbon metabolism (OCM) or macroautophagy of proteins.
This unlabeled serine could then be exported into the media where it is detected. Schematic also

shows isotope labeled serine is removed from the media via import into the cell.
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Figure 6.2 Tracing experiments show L-serine levels in the cell. (A) Levels of labeled and
unlabeled L-serine measured in cell extracts of NR and CR. Values are normalized to OD600
units. Used [2,3,3-2H] serine, a stable isotope tracer to understand serine flux and found that
intracellular[2,3,3-2H] serine levels remain high (green), compared to NR (blue) and fsf1A

(white) (n=5). M1 refers to labeled serine. M0 refers to unlabeled serine.

Where is L-serine metabolized?

We previously showed that L-serine-mediated lifespan extension depended on the OCM
enzymes like SHM1p and SHM2p (Enriquez-Hesles et al., 2021; Matecic et al., 2010). However,
we wanted to understand whether the cell preferred the mitochondrial arm or the cytosolic arm of
the OCM. By knowing how L-serine is catabolized we would derive additional clues on how it
mediates longevity. We hypothesized that although L-serine was not increasing most nucleotide
levels (previous Chapter), it may contribute to TMP via the OCM. We utilized deuterated serine
([2,3,3-2 H]serine) to enable compartment-specific analysis of one-carbon units (Ducker &
Rabinowitz, 2017). In addition to measuring L-serine intracellular levels, we also detected TMP.
Again, we exposed the cells to ImM isotope labeled L-serine and omitted unlabeled L-serine
from the SC media. At indicated time points we measured unlabeled TMP (TMP 0), which

would indicate that TMP is being derived from unlabeled L-serine or another amino acid such as

155



glycine, or histidine (Meiser & Vazquez, 2016). We also measured TMP plus one deuterated
hydrogen (TMP 1), and TMP plus two deuterated hydrogens (TMP 2). TMP 1 would suggest
that L-serine is entering the mitochondria to be catabolized and TMP 2 would suggest that L-
serine remains in the cytosol and is metabolized by OCM enzymes in the cytosol. Samples were
collected at log, 24, and 96 hours. These measurements were normalized to Optical Density, a
marker for cell number. We see that TMP levels peak at 24 hours (Figure 6.3B). These results
suggest that TMP from L-serine is obtained through the mitochondria and cytoplasm in the NR
and CR condition. Furthermore, it does not depend on the presence of Fsflp (Figure 6.3B)
suggesting that there is an alternative way for serine to be catabolized in the mitochondria. I
propose that serine is being formed from glycine which, like serine, can also enter the
mitochondria. In addition to serine-specific mitochondrial transport, there are also glycine
specific transporters in yeast (Hem25p)(Dufay et al., 2017). I predict that knocking out Fsflp
augmented glycine flux through the Hem25p transporter. To observe an effect, both glycine and
serine mitochondrial transported would have to be removed, and I expect this combination to be
synthetically lethal.

Does L-serine enhance mitochondrial function?

It has been well established that yeast change their metabolism in the diauxic shift and
rely on oxidative phosphorylation in the stationary phase to generate ATP and survive in the
stationary phase (Dickinson, 1998; MacLean et al., 2001). CR-mediated longevity has partially
been attributed to a shift in metabolism from fermentation to aerobic respiration (Lin et al., 2002;
Wierman et al., 2017). Previous data from our lab show that non-fermentable carbon sources
extend CLS at NR concentrations, which suggest respiration offers lifespan benefits (Smith Jr. et

al., 2007). We have already shown that L-serine supplementation does not induce consumption
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of acetic acid as CR cells (Enriquez-Hesles et al., 2021). Could L-serine improve mitochondrial

function in some other way? Interestingly, a link exists between L-serine catabolism in the

mitochondria, mitochondrial translation, and oxidative phosphorylation (Morscher et al., 2018).

The tracing of stable isotope-labeled L-serine suggested that L-serine was not preferentially
being catabolized through OCM in the mitochondria suggesting there may be little effect on

respiration or ATP production. However, it has been shown that L-serine-derived lipids,

ceramides, are essential for mitochondrial function (Gao et al., 2018). To further investigate the

possibility that L-serine supplementation may enhance mitochondrial health we conducted ATP

measurements and optimized Seahorse Assays for yeast. Studies from our lab suggest that L-
serine supplementation has no effect on intracellular ATP levels (Figure 6.4 C).
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Figure 6.3 NR and CR treated cells use L-serine to derive TMP through the mitochondria and
cytoplasm. A) The left schematic shows sources of unlabeled TMP or TMP 0. The middle panel
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shows labeled L-serine being metabolized within the mitochondria to formate and losing two
deuterons. In the right panel labeled L-serine is catabolized in the cytosol and loses one of the
deuterium molecules. (B) Intracellular TMPO, TMP 1 and TMP 2 were accessed and normalized
to OD units. Mean + S.D. N=5.While using [2,3,3-2H] serine, an isotope tracer to understand
serine flux, we observed that [2,3,3-2H] serine diminishes over time in CR and NR compared to

starting medium (n=3).

In parallel to ATP studies, we optimized Seahorse Analyzer assays measuring
mitochondria function as measured by their oxygen consumption rate (OCR) (Figure 6.4A-B).
Although original assays were designed for mammalian cells, we optimized the system for
measuring OCR in yeast. Based on our preliminary findings, we found that L-serine addition
does not increase OCR using Seahorse Analyzer. However, CR cells have increased OCR as
expected. These assays were conducted at 24 hours to ensure that all cells remained viable. The
OCR profile was generated by injecting mitochondrial ATP synthase inhibitor oligomycin
(10uM) and normalized to cell number. We also tested the difference between using conditioned
medium or glucose free medium (data not shown). While we did not see a significant effect with
L-serine, we now have the assay established for future studies thanks to Katie Pavelec and
Norbert Leitinger’s lab. Our results suggest that L-serine and CR extend lifespan via different
mechanisms. While CR enhances respiration, L-serine addition does not. Although it’s been
shown that L-serine-mediated lifespan depends partially on the OCM, we had hoped to generate
an in depth understanding of this mechanism. Future studies could utilize L-serine-3-13C to

conduct targeted metabolomic analysis.
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Figure 6.4 NR + L-serine and CR extend lifespan via different mechanisms. (4) Oxygen
Consumption rate (OCR) data normalized to cell number in NR, CR, and NR+ L-serine cultures
grown to 24 hours. The Max OCR is shown in B with Mean + S.D. N=5. C) In a separate
experiment, intracellular ATP measurements were obtained in NR, CR, and NR + 10mM L-
serine.

D-serine extends longevity via an uncharacterized mechanism

We originally hypothesized that D-serine could potentially be utilized by yeast through
an uncharacterized mechanism. To test this hypothesis, we first supplemented NR cultures of
BY4741 with the presumably non-utilized stereoisomer D-serine (Enriquez-Hesles et al., 2021).
We confirmed its inactivity by showing that 5- or 30-mM D-serine could not rescue the partial L-
serine auxotrophic phenotype of a ser2A mutant in SC minus L-serine media (Figure 6.5 D-G).
D-serine supplementation into BY4741 NR cultures had no effect on CLS at 5 mM (Figure 6.5
B). Consistent with the lack of D-serine utilization, titration of increasing concentrations did not
further extend CLS unlike L-serine (Figure 6.5 E and F). Instead, we hypothesized that D-serine
may have stronger media pH buffering capacity compared to L-serine. However, this was not the
case as D-serine had absolutely no buffering capacity Figure 6.5 G. This suggested that the
buffering capacity of L-serine is related to its metabolism. D-serine, on the other hand, extends

CLS through an unknown mechanism.
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In this Chapter as we explored the underlying longevity mechanisms, more questions
than answers emerged. Consequently, the next step of this project is to conduct an untargeted
mRNA-seq experiment and a tracing experiment to understand how L-serine and D-serine are

being utilized.
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Figure 6.5 D-serine and L-serine are not metabolized similarly. Analysis of L-serine and D-
serine effects on CLS and cell growth(A-D) Growth curves of BY4741 and ser2A mutant in SC-
serine media supplemented with the indicated concentrations of L-serine or D-serine (mean,
n=2). E) L-serine extends CLS of BY4741 in a dose-dependent manner. F) D-serine extends CLS
of BY474. G) Although it initially elevates pH levels, D-serine fails to buffer liquid culture like
CR or NR+L-serine.
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Figure 6.6 Preliminary experiments show that D-serine-mediated longevity could rely on
autophagy activation. A) L-serine and D-serine supplementation extends CLS of BY4741 when
added at 10mM concentration as previously shown. CR also extends lifespan relative to NR in

By4741. B) L-serine supplementation, but not D-serine extends lifespan in atg8 mutant.

Autophagy is essential for D-serine induced longevity

To further investigate the role of D-serine in CLS extension, we turned our attention to
autophagy. Autophagy is well-established as being a mediator of other lifespan extending
regimens in yeast and other models (Bareja et al., 2019). When we tested whether L-serine CLS
extension required autophagy in the previous Chapter, we also tested D-serine. As shown in

Figure 6.6, preliminary results show that D-serine mediated lifespan extension relies completely
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on autophagy pathways. Deletion of 47G8 completely abolished the gain in longevity that was
conferred by D-serine. Considering this discovery, further experiments will be done to evaluate
this connection. Other autophagy deficient mutants will be tested. Although D-serine addition
has been studied in C. elegans (Edwards et al., 2015; Saitoh et al., 2012), the role of D-serine in
yeast CLS has not been previously studied. This is potentially very interesting, and we are now
conducting experiments in follow-up studies.

L-serine is classified as a non-essential amino acid that can be synthesized endogenously
by cells, but rapidly proliferating cells and activated immune cells require an external supply
(Amelio et al., 2014; Meiser & Vazquez, 2016). In fact, cancer cells harvest L-serine at a rate
that exceeds the serine demand (Dolfi et al., 2013). L-serine serves as a precursor molecule for
phospholipids, ATP, NADH and nucleic acid. L-serine has been shown to be a main one-carbon
donor in the OCM, a process that occurs in the cytosol, mitochondria and nucleus (Ducker et al.,
2016). The mitochondria have proved to be the main source where serine is catabolized (Ducker
& Rabinowitz, 2017). In the mitochondria L-serine is a source for NADH generation, pyruvate,
and one-carbon units (Maynard & Kanarek, 2020; Meiser & Vazquez, 2016). In the
mitochondria, that one carbon results in the generation of methionyl-tRNA formyltransferase
(MTFMT) which in turn increase f-Met tRNAs and foster mitochondrial protein synthesis
(Lionaki et al., 2022). Based on this data, we hypothesized that L-serine is metabolized within
the mitochondria while also enhancing mitochondrial health. However, tracing, ATP
measurements, and Seahorse Assay results do not support this hypothesis.

To detect L-serine’s utilization, *C labeled serine should be utilized to explore other
possible pathways. With this approach we could look at whether serine contributes to

sphingolipids and test whether this extends CLS. It has been reported that the uptake of
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exogenous serine is important to maintain sphingolipid homeostasis in S. cerevisiae (Esch et al.,
2020). However, it remains unknown if this homeostasis is important for CLS. If serine’s effect
on extending lifespan were mediated by sphingolipid synthesis, inhibiting sphingolipid synthesis
would shorten lifespan. Interestingly, downregulation sphingolipid synthesis with myriocin
extends CLS (Hepowit et al., 2021; Huang et al., 2012). Myriocin is a sphingolipid biosynthetic
inhibitor that targets serine palmitoyltransferase (Huang et al., 2012). Perhaps lipids are a major
product of serine in the NR condition and myriocin-treatment redirects serine utilization, slowing

down growth.

Materials and Methods

Seahorse assays

Seahorse assays were performed with yeast cultures grown overnight in 2% SC media and in the
morning new cultures 10 ml cultures were diluted to an OD600 of .05 in SC 2% (with or without
L-serine) or SC 0.5% glucose. At 24 hours or indicated time points, 0.5 OD 600 of cells were
collected by spinning them, removing expired media, and resuspended in 1 ml of expired media
(filtered) or SC media without glucose. 20ul of the cell dilution was added to seed the wells of a
Seahorse XF96 cell culture microplate (Agilent) that had been pre-treated with Concanavalin A
to enable cell adhesion to the bottom. Plate was coated with Concanavalin A, the day prior by
adding 50ul of Concanavalin A solution and incubating overnight in a 30°C incubator. The wells
were washed 3 times with ddH20 prior to use. Six technical replicates were seeded leaving the
background control wells empty. The plate was then centrifuged at 300x for 10 minutes
(acceleration 0 and deceleration 0). The Seahorse XF96 Sensor Cartridge was prepared, and
oxygen consumption rate (OCR) was measured.

Quantification of intracellular ATP
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To extract nucleotides from yeast cells as previously described in (Wierman et al., 2017), an
amount equal to 2.5 OD600 units of cells was transferred (at the indicated time points) from 50-
ml cultures into 1.5-ml microcentrifuge tubes and pelleted at 1,500 rpm and 4°C. Cells were
washed in 1 ml ice-cold Tris-EDTA (TE; 10 mM Tris, ] mM EDTA, pH 8.0) and suspended in
250 pl LETS buffer (10 mM Tris [pH 8], 100 mM LiCl, 10 mM EDTA, 0.5% SDS). A 250-ul
volume of 1:1 phenol-chloroform was added, and the samples were vortexed. The samples were
then pelleted at 14,000 rpm in a microcentrifuge at 4°C, and the aqueous supernatants were
transferred to a fresh microcentrifuge tube and diluted 1:10 with ice-cold TE buffer. To
determine the ATP content of each sample, 4 pul of ATP buffer (30 mM KPO4 [pH 7.3], 40 mM
MgS04, 8% Tween 20) was added to 8 pl of sample. After incubation at room temperature for
10 min, 4 pl of AXP buffer (30 mM KPO4 [pH 7.3], 40 mM MgSO4) was added, and the
samples were incubated for an additional 30 min at 30°C. A 10-pul volume of each sample was
then pipetted into a white 96-well plate to determine ATP content using the ATP Determination
kit (Invitrogen) in accordance with the manufacturer's instruction.

TMP and L-serine tracing

Cells were grown in 10 mL SC 2% glucose with 1 mM isotope labeled L-serine (unlabeled L-
serine was omitted) on a roller drum. For each biological replicate three 10 mL cultures were
grown so that 9 mL could be collected at each time point. Cultures were started from SC 2%
overnight liquid cultures at ODgoo adjusted to 0.05. ODs of cultures were measured before
collection for normalization of metabolites. 1 mL of media was collected at the start and the end
of the experiment. Cells were collected at log phase, 24 hr, and 96 hr. Intracellular metabolites
were isolated as previously described in (Kalita et al., 2021).

Mass spectrometry
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Metabolites were analyzed as at the UVA core. Peak areas were normalized to respective ODgoo
of each sample.
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Chapter VII

Discussion and Future Directions
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Although age is often categorized as a non-modifiable risk factor, research suggests that
the rate of aging in model organisms, ranging from yeast to mice, may be altered genetically or
through dietary or CR (Belsky et al., 2017). CR consists of reduced food intake with adequate
nutrition. This dietary regimen delays or prevents age-related diseases and improves cellular
function in multiple model organisms, thus extending healthy aging, as well as lifespan (Belsky
et al., 2017; Fontana et al., 2010). However, currently there are no nutritional regimens that are
completely accepted by the scientific or medical community to prevent aging in humans with
clinical trials only recently beginning for CR-mimetics, metformin in humans (ClinicalTrials.gov
Identifier: NCT03477162) and rapamycin in dogs (Urfer et al., 2017). Thus, understanding CR at
the cellular level would open the door to development of targeted therapies for the aging process.
Targeting the aging process would have immense impacts on individuals’ productivity, our
health care system, and the economy. In the future, it seems possible that we will be able to
promote longevity pathways and extend healthspan. There is a remarkable study showing that
CRISPR-Cas9 was used therapeutically to alleviate suffering of sickle cell disease by targeting
an enhancer within DNA (Frangoul et al., 2021). Could CRSPR-Cas 9 be an intervention that
helps delay or reverse age associated-diseases? It remains to be seen. In the meantime, other
studies suggested that altering the environment, not the cell itself, presents a more feasible
opportunity to slow the aging process.

With this project, we have attempted to understand how extrinsic factors, conserved
cellular pathways, and cell-non autonomous mechanisms modulate chronological lifespan in
yeast. In Chapter II, we discussed the sensitivity of media composition and genetic background
in longevity assays. We found that methionine restriction (MetR) via genetic modification

(metl5) and CR both activate polyamine synthesis. This agrees with the growing evidence that
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CR and MetR work through overlapping pathways (Hepowit et al., 2021; Hine et al., 2015;
Ogawa et al., 2022; Ogawa et al., 2016; Zou et al., 2020). Polyamines may be a point of
convergence for longevity in CLS with these manipulations. Future experiments need to focus on
understanding if and what aspects of the polyamine synthesis pathways are causative for
longevity in BY4741 background and under CR conditions. It would be important to determine
whether the long-lived ADE mutants also upregulate this pathway.

Scientists studying aging have focused on measuring lifespan, however, our goal in the
aging field has shifted from looking for the fountain of longevity to looking for the fountain of
health. Thus, we need to design our experiments to reflect this priority. How do we assess health
in yeast? We set out to find a healthspan marker in yeast, a unicellular organism. We thought that
quiescence, if uncoupled from viability, could represent a healthspan measurement that we could
rely on. However, in this search for a healthspan marker we found that senescence in
chronologically aged cells is negligible (Chapter III). This agrees with the previous studies
(Alvers et al., 2009). Although this result discounts quiescence as a healthspan marker and may
discount CLS as a good model for senescence, CLS could still serve as a tool to find senescent
relevant genes. Genes promoting senescence in the chronological yeast population could be
tested by finding discrepancies between proliferative capacity and viability using the YKO
collection. Specifically, viable cells with low proliferative capacity would represent a population
with a genetic profile that promotes senescence. Further studies need to ensure if this negligible
senescence occurs across conditions and strains.

We identified amino acids as extending lifespan in a cell non-autonomous mechanism
when CR conditioned media (CRCM) was transferred to NR cells (Chapter IV). This study

showed that amino acids are depleted in the NR condition and limiting for longevity. One
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unexplored possibility is that amino acids are being consumed during NR for translation and
protein synthesis. Indeed, we found that replenishing specific amino acids such as L-serine
extended lifespan in a dose-dependent manner. In the NR condition, we found that the effect of
L-serine on lifespan hinges on the OCM pathway. However, this longevity effect was not
specific to L-serine. Arginine was an amino acid with the most impact on longevity. Both amino
acids have been shown to be overrepresented in codons in yeast (Alvers et al., 2009).
Furthermore, D-serine emerged as an additional amino acid extending longevity. Understanding
the mechanism by which arginine, D-serine, and L-serine mediate lifespan is an important goal
of the laboratory. We have shown that L-serine supplementation and CR extend lifespan through
different mechanisms (Chapter V). To continue understanding L-serine and D-serine’s
mechanism, we have isolated RNA samples for mRNAseq analysis at log, 24, and 96 hours. This
study will be valuable as spike-in controls were utilized and we will be able to determine the
relative transcript levels at each of these time points and whether their levels are influenced by
NR, CR, and NR + L-serine or NR + D-serine. In addition, this RNA-seq will offer some clues to
what genes are involved in mediating lifespan in each of these conditions. These RNA-seq data
coupled with the YKO can play an important role in dissecting functional pathways in longevity.
To my knowledge, D-stereoisomers have not been tested in yeast in the context of aging.
Although benefits of D-serine supplementation are emerging in the brain via augmenting NMDA
receptor function (Nava-Gomez et al., 2022), other mechanisms remain undiscovered.
Preliminary studies in Chapter VI suggest that D-serine could perhaps mediate these benefits via
autophagy activation. Autophagy will be assayed using a GFP-Atg8 expression plasmid which
encodes a chimeric protein that is delivered to the vacuole. In the vacuole, Atg8p is degraded and

GFP persists and has been used as a marker for activation of autophagy (Klionsky, 2011). We
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will use CR as a control because autophagy has been observed in CR even when amino acids are

abundant (Alvers et al., 2009).

Strain List

Strain

Relevant genotype

BY4741 MATahis3A1 leu2A0 met15A0 ura3A0

atg84 MATahis3A1 leu2A0 met15A0 ura3A0 atg8A::kanMX
chalA MATahis3A1 leu2A0 met15A0 ura3A0 cha1lA::cloNAT
fsf1A MATahis3A1 leu2A0 met15A0 ura3A0 fsf1A::kanMX
FY4 Fully prototrophic

mtdiA MATahis3A1 leu2A0 met15A0 ura3A0 mtd1A::kanMX
phm8A MATahis3A1 leu2A0 met15A0 ura3A0 phm8A::kanMX
ser2/ MATahis3A1 leu2A0 met15A0 ura3A0 ser2A::kanMX
shmiA MATahis3A1 leu2A0 met15A0 ura3A0 shm1A::kanMX
shm2A MATahis3A1 leu2A0 met15A0 ura3A0 shm2A::kanMX
SY1083 MATahis3A1 leu2A0 ura3A0
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