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A homeostase de aminoacidos é um modelador do envelhecimento: estudos no
modelo de levedura

RESUMO

0 envelhecimento ¢é reconhecido como a uma acumulacdo progressiva de danos ao longo do tempo.
Este processo ¢ um dos principais fatores de risco para a maioria das doencas humanas. Atualmente,
devido ao aumento do numero de idosos, o conhecimento dos fendtipos que favorecem o envelhecimento
saudavel esta entre os principais desafios da medicina e da biologia. Os aminoacidos sdo essenciais para
a sobrevivéncia celular e, garantir sua homeostase € essencial para aumentar a longevidade. Estudos
anteriores demonstraram que a suplementacdo de aminoacidos de cadeia lateral ramificada (BCAA)
regula o envelhecimento, aumentado a longevidade de varias espécies. Com base nestes resultados, o
objetivo principal deste trabalho foi o de estudar o impacto da suplementacdo com aminoacidos de cadeia
lateral carregada (CSCAAs) na regulacdo da longevidade cronoldgica (CLS). Para cumprir o objetivo,
estudamos o tempo a CLS e alguns mecanismos auténomos das células, como ciclo celular, acumulacéo
de espécies reativas de oxigénio, autofagia e modulacao do pH extracelular. Os dados demonstraram
que a suplementacao com Arginina e a MIX de aminoacidos, prolongam a CLS, retardando o processo
de envelhecimento. No entanto, a suplementacao com lisina resulta em envelhecimento prematuro. Os
CSCAAs também afetam o ciclo celular, a acumulacdo de espécies reativas de oxigénio e o pH
extracelular. Também estudamos as vias de sinalizacao envolvidas na modulacdo da CLS promovida
pelos CSCAAs. Observamos que a quinase TOR1 nao esta envolvida na modulacao da longevidade da
levedura por esta classe de aminoacidos. No entanto, a resposta da célula a suplementacao de lisina e
arginina ou MIX de aminoacidos esta sob o controle de Sch9 e Gcn2, mas aparentemente com efeitos
distintos. Um dos principais responsaveis pela manutencao da homeostase dos aminoacidos ¢ a familia
de transportadores AVT. A delecao dos genes AV73ou AV74 anula a extensao da longevidade promovida
pela suplementacao com arginina ou a MIX. Isso significa que os transportadores de AVT também
desempenham um papel importante na modelagem da CLS nestas condicdes de suplementacdo. Em
geral, os resultados demonstram que a suplementacdo com arginina e a MIX promove fosforilacao de
Sch9 que controla a atividade de Gen2, Avt3 e Avtd, assegurando a homeostase de aminoacidos, e 0
aumento da longevidade. Em contraste, a suplementacdo com lisina induz a ativacao de Gcn2 que,

consequentemente, reduz a longevidade das células.

PALAVRAS-CHAVE: Envelhecimento; aminoacidos; vida cronoldgica; ciclo de célula; espécies que reagem ao

oxigénio



Amino acids homeostasis meets aging: studies in the yeast model
ABSTRACT

Aging is the progressive accumulation of damage over time. This process is the main risk factor for most
human diseases. Currently, due to the increase in the number of elderly people, increasing knowledge of
the phenotypes that favor healthy aging, is among the main challenges of medicine and biology. Amino
acids are recognized as essential for cell survival, and ensuring their homeostasis is essential to increase
yeast longevity. Previous studies have demonstrated that branched side-chain amino acids (BCAA)
supplementation regulates aging, increasing the longevity of several species. Based on these results, the
main goal of this work was to study the impact of charged side chain amino acids (CSCAAs)
supplementation on lifespan regulation. To accomplish the objective, we studied the chronological
lifespan and some cell-autonomous mechanisms, as cell cycle, reactive oxygen species accumulation,
autophagy, and extracellular pH modulation. The data demonstrated that Arginine and amino acids MIX
supplementation, significantly extend chronological lifespan, delaying the aging process. However, lysine
supplementation leads to premature aging. CSCAAs supplementation also impacts on cell cycle, reactive
oxygen species accumulation, and extracellular pH modulation. We also studied the signaling pathways
involved in the modulation of CLS promoted by CSCAAs. We observed that TOR1 kinase is not involved
in the yeast longevity modulation by this class of amino acids. However, the cell's response to lysine and
arginine or amino acid MIX supplementation is under the control of Sch9 and Gcn2, but apparently with
distinct effects. One of the main responsible for maintaining amino acids homeostasis is the AVT family
of transporters. Deletion of AV73 or AV74 genes abrogates the longevity extension promoted by arginine
or amino acids MIX supplementation. This means that AVT transporters probably also play an important
role in CLS modeling under these CSCAAs supplementation conditions. Overall, the results demonstrate
that Arginine and amino acids MIX supplementation leads to phosphorylation of Sch9 that controls the
activity of Gen2, Avt3, and Avt4 promoting amino acid homeostasis and longevity. In contrast, Lysine

supplementation induces the activation of Gen2 that consequently reduces cells longevity.

KEYWORDS: Aging; amino acids; chronological lifespan; cell cycle; reactive oxygen species
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1.1.Aging

Throughout history, aging phenomenon has always been the subject of interest and curiosity of
scientists and philosophers. The first attempts to unravel this phenomenon arose in the religious milieu,
since aging affected humans but not the gods, they thought that this decay process could be avoided by
attaining immortality.: However, it was only in 1939 that research in the aging field was revolutionized. It
was found that caloric restriction (CR) increases life expectancy in rats, in addition to reducing the
development of age-related diseases, later the study was repeated with comparable results in several
organism aging models, demonstrating the phylogenetic conservation of longevity pathways.?

Initially, gerontologists sought to develop a single theory to explain the aging phenomenon, such
as a single gene or the decline of the immune system. However, they found that several interacting
processes are in the basis of aging, which is a complex and multifactorial process.: In this sense, in recent
decades, several genetic studies have been performed, and several theories have been developed, but
none has been fully accepted by the scientific community.2+ss In 1968, Bjorksten developed one of the
main theories, which relates aging to free radical-induced damage, after which many other researchers
developed theories about aging as changes in immune functions, telomere shortening and the presence
of senescence genes in DNA . More recently, Rattan has developed a theory that encompasses genes,
performance of genetic maintenance and repair systems, highlighting the need for a systematic and
integrative analysis of the aging process.?

Nowadays, we define aging as a complex and multifactorial physiological phenomenon. It can be
described as a progressive accumulation of damage over time, which reduces the body's capacity to
maintain homeostasis. This process is also responsible for the increased susceptibility to age-related
diseases such as cancer, cardiovascular and neurodegenerative diseases.z:’#21 Longevity and risk for
some diseases differ both between individuals of different species and the same species, with differences
that can rate from days to decades, so biologists have long known that longevity has also a genetic
basis.z+711z Despite advances in understanding the molecular bases of aging, we still know little about the
causal mechanisms, both molecular and environmental, involved in the aging process, as well as
underlying diseases associated with age and longevity.2

Currently, due to the increase in the number of elderly people, increasing knowledge about the
fundamentals of human longevity, as well as the knowledge of the phenotypes that favor healthy aging,

are among the main challenges of medicine and biology.210141s16
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1.2 Aging hallmarks

Aging is a common process for all cells and tissues and can be caused by the combination of
several intracellular and extracellular factors.” Although there are hundreds of theories explored and
developed, our understanding of the aging process remains limited.: Despite this, in 2013, Lopez-Otin
and colleagues categorized, for the first time, the main cellular hallmarks of aging.>:** These hallmarks
are intertwined and contribute to the aging process and together determine the aging phenotype.® Ideally,
each hallmark should follow three criteria, it should manifest itself during normal aging, its experimental
decline should accelerate aging, and its experimental improvement should delay the normal aging process
and therefore increase healthy life expectancy.o

The defined nine hallmarks (Fig. 1) are divided in three main categories: primary, antagonistic and
integrative hallmarks.° The primary hallmarks, which includes DNA damage, epigenetic drift, and defective
proteostasis, are all unequivocally negative events that cause damage that accumulates progressively
with time. The antagonistic hallmarks, senescence, ROS production and nutrient sensing, have opposite
effects depending on their intensity. At low levels, they mediate beneficial effects, but at high levels, they
become deleterious. The progressive changed effects of these antagonistic hallmarks, from positive to
negative function, are in part promoted or accelerated by the primary hallmarks. Finally, the integrative
characteristics that affect homeostasis and tissue function are stem cell exhaustion and altered
intercellular communication.s22

The definition of aging hallmarks contributed to the study of the molecular mechanisms of aging,
as well as to design interventions to improve human health. However, there are still numerous challenges

regarding the understanding of this complex biological process.®
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MITOCHONDRIAL ALTERED INTRACELLULAR
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9;22? Rit

GENOMIC INSTABILITY ‘ @ LOSS OF PROTEOSTASIS
EPIGENETIC ALTERATIONS \ K ) TELOMERE ATTRITION

Fig. 1 —Graphical representation of the nine hallmarks of aging (genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem
cell exhaustion and, altered intercellular communication) described by Lopez-Otin and colleagues in 2013.

Genomic instability, one of the first hallmarks, refers to the accumulation of genetic damage that
occurs in the cell over time. This hallmark is an important facator in the aging process in all eukaryotic
organisms.2# DNA is constantly exposed to many extrinsic (chemicals, radiation) and intrinsic (ROS,
replication errors, spontaneous hydrolytic reactions) agents that damage it. DNA damage consists in
deviations from the normal chemical structure of DNA and changes in information content.» Every day,
cells are subjected to thousands of lesions, like backbone breaks (single and double stranded), base
deletions, and DNA modifications. If DNA damage is not properly repaired, these lesions can result in
permanent alterations, including mutations (deletions, additions, and substitutions) and chromosomal
rearrangements. Furthermore, DNA damage is reversible since it can be restored by the DNA repair
systems, while mutations are not discovered by this system and thus become permanent changes in the
genome.»

DNA damage affects the genome at random, but some chromosomal regions are more susceptible
to modification. This is the case of the terminal sections of chromosomes where the telomeres are located.
During aging, as most somatic cells lack the enzyme telomerase, which is the only DNA polymerase that

allows the complete replication of the terminal ends of linear DNA molecules, progressive loss of
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telomeres occurs in many organisms.=#* Therefore, several studies verified an age dependent
accumulation of mutations in organisms ranging from yeast to humans.

DNA replication stress play also a role in the modulation of chronological aging. It was described a
strong correlation between longevity extension and reduction in the frequency by which cells fail to arrest
in GO/GI in stationary phase, under a variety of experimental conditions. Replication stress can be
influenced by several factors, including the glucose concentration. In yeast, it was demonstrated that the
frequency of budded cell death is augmented in medium containing elevated concentrations of glucose.”
In addition, it was also observed that the loss of reproductive capacity observed in high glucose medium
is further accelerated in the mec1-21 strain which does not encode a protein (mecl) required for cellular
responses to both replication stress and DNA damage. Furthermore, additional evidence that replication
stress modulates aging is provided by the observation that ribonucleotide reductase (RNR) activity is
limiting in wild-type cells during transitions to stationary phase, even in the absence of exposure to
hydroxyurea. This is indicated by suppression of apoptosis in stationary phase cells ectopically expressing
the RNR subunit Rnrlp.=

Another hallmark of aging is related with epigenetic alterations. This hallmark corresponds to changes
on patterns of DNA methylation, post-translational modification of histones and chromatin remodelling,
which modify genetic expression without changing the DNA sequence. The basis of this mechanism
involves the methylation of cytosine in C-G nucleotide pairs, histone modifications and non-coding RNAs,
which will influence how accessible a certain genome locus is to be transcribed.# Sirtuins, a family histone
deacetylases, are the main players involved in transcription regulation. Mounting evidence suggests a role
for these proteins in aging progression. In yeast, the model organism where sirtuin 2 (Sir2) was first
described, overexpression of Sir2 is implicated in a lifespan extension in a mitotic (replicative)
lifespans®:22, whereas in a post-mitotic (chronological) lifespan, Sir2 is implicated in aggravated protein
toxicity.* Contrasting to DNA mutations, epigenetic changes are theoretically reversible, suggesting that
manipulation of the epigenome can be used to prevent age-related pathologies and prolong a healthy
life.o

Aging and age-related diseases are associated with loss of protein homeostasis (proteostasis), other
aging hallmark.® Proteins are responsible for the central cellular processes and the maintenance of the
proteome, protein homeostasis or proteostasis integrity crucial for cell function.®#%s The presence of
damaged proteins and protein aggregates suggests that proteostasis is compromised.e== In fact,

numerous aging-related neurodegenerative pathologies such as Alzheimer's diseases, Huntington’s

5
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disease, Parkinson’s disease, and Amyotrophic Lateral Sclerosis are associated with the aggregation of
certain proteins.®=¥ To struggle with this proteotoxicity, eukaryotic cells activate the proteostasis network,
in an attempt to maintain protein folding at homeostatic levels. This network comprises 1) the chaperone-
mediated protein folding, mediated by several chaperones as those from the heat-shock family of proteins;
2) the unfolded protein response (UPR), which is activated upon ER stress; and 3) the proteolytic systems,
including ubiquitin-proteasome systems (UPS) and autophagy-lysosome (ALP) (vacuoles in yeast).
Furthermore, the proteostasis network have also a spatial protein quality control that limits the toxicity of
damaged and misfolded/aggregated proteins and assurances that the damage is not inherited to other
generations.®

During aging, it is observed an increment of increased mutations, accumulation of reactive oxygen
species (ROS) and changing in lysosomal/vacuolar pH, which could consequently affect protein stability
and lead to the formation of aggregates.»+# Furthermore, it is also established that the proteolytic
systems capacity decline with age,** which culminate in the accumulation of protein aggregates and also
in the consequent disruption of the proteostasis network.*

The proteolytic systems have an important role in the prevention of proteotoxicity resultant from a
variety of stresses. As above described, the proteolytic systems include the UPS and ALP. UPS is the
main system responsible for the ATP-dependent degradation of short-lived, misfolded and truncated
proteins. It requires the coordinate action of a large number of proteins, which are involved in the
recognition and conjugation of multiple ubiquitin molecules to the substrate, to produce the poly-ubiquitin
chains, which will be further degraded by the proteolytic machinery, namely by the 26 proteasome.

Evidence proposes that UPS can interact with the other major proteolytic system, ALP, nevertheless,
the exact mechanisms of crosstalk is still undisclosed.* Recent findings suggest that there is an overlap
of target proteins between both proteolytic systems, as ubiquitin-tagged proteins can also be degraded in
the cytosol by ALP. Furthermore, it is also described that proteasomal inhibition with various compounds
(bortezomib, MG132, lactacystin, etc.) or by genetic abrogation modulate ALP %474

The ALP, pathway is the other proteolytic system responsible for the proteostasis network, namely by
the degradation of cargos such as long-lived proteins and whole organelles. Autophagy is considered a
membrane trafficking process that translocate its cargo to the lysosome/vacuole for degradation. In
higher eukaryotes, three different mechanisms are described: microautophagy, which is responsible for
the direct invagination of the lysosome/vacuole membrane to envelope small portions of cytoplasm#;

macroautophagy, herein called autophagy, which involves the formation of a double membrane vesicle -

6



Amino acids homeostasis meets aging:
studies in the yeast model INTRODUCTION

the autophagosome - that later fuse with the lysosome or vacuole (in yeast) where degradation occurs;
and the Chaperone-mediated autophagy (CMA) that degrades soluble intracellular proteins by direct
engulfment by lysosomes. This particular type of autophagy (CMA) does not exist in yeast. In the yeast
Saccharomyces cerevisiae, autophagy occurs mainly by two mechanisms: macroautophagy and
microautophagy. Other pathways in yeast include cytoplasm-to-vacuole targeting (Cvt)* and secretory
autophagy.®

Autophagy is an important mechanism involved in the maintenance of protein homeostasis,
particularly in post-mitotic cells, that do not benefit from the dilutions of cellular damage that comes with
cell division. It was also described to be required for G1/GO cell cycle arrest and quiescence in yeast
cells.»> However, autophagic activity also decreases during aging, as demonstrated in several model
organisms such as flies, worms, yeast and mammals.®2= This loss of proteostasis could also be
aggravated by aging-associated diseases linked to proteotoxic stress promoted by protein misfolding and
aggregation.®= On the other hand, overexpression of autophagy related genes and pharmacological or
environmental factors, such as caloric restriction (CR), that enhance autophagy resulted in protein
homeostasis and consequent lifespan extension.®=s Nevertheless, it is also described that late-life
exacerbate levels of autophagy could result in deleterious effects to cells, leading to premature aging.
Indeed, studies on yeast point towards shortening of lifespan and increased cell death associated with
sustained activation of autophagy at later stages of chronological lifespan (CLS).%= Together, this data
suggests that autophagy activity should be tightly balanced to extend lifespan. Overall, data above
described showed that loss of proteostasis is associated with aging. There is mounting evidence across
several models that inducing proteotoxicity with the expression of proteins associated with age-related
pathologies promote premature aging, while genetic and non-genetic interventions that enhances
proteostasis improve lifespan.osss

The last two hallmarks, deregulated nutrient sensing, and mitochondrial dysfunction, are the most

important for the development of this project and will be detailed in the following sections.

1.2.1. Mitochondrial dysfunction

Mitochondria are important cellular organelles, considered essential for the eukaryotic cell's
life.« This organelle is mainly known for its biochemical functions, such as pyruvate oxidation, citric acid

cycle, electron transport, oxidative phosphorylation, and ATP generation, being considered the largest
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generator of energy in the cell.sts2 Mitochondria are also responsible for lipid and amino acid biosynthesis,
cytosolic calcium buffering, iron-sulfur (FeS) complex formation, and some stages of heme biosynthesis,
and the urea cycle.=s« This organelle is also integrated into central metabolic pathways, such as
autophagy, regulated cell death, steroid synthesis, and hormonal signaling, regulating communication
between cells and tissues.ssee

Mitochondria have their own genome, which is a small circular DNA molecule (mtDNA), replicated
independently of the host genome. »« Its replication is not related to the cell cycle, which can be
performed numerous times, causing several mutations.® As mtDNA encodes proteins related to the
oxidative phosphorylation system (OXPHOS), mutations in mtDNA mostly lead to OXPHOS
dysfunction,sesses

Mitochondria are responsible for generating ATP for cells through the functioning of eletron

respiratory chain and OXPHOS. A byproduct of electron respiratory chain is reactive oxygen species
(ROS).== ROS consists of radical and non-radical oxygen species and is a natural subproduct of normal
oxygen metabolism.#ss The nitric oxide synthase reaction is a major mitochondrial sources of ROS.¢
Together with electron respiratory chain ROS derived from mtROS include singlet oxygen (O,), superoxide
anion (0;), hydrogen peroxide (H.O,), nitric oxide (NO), hydroxyl radical (OH) and, hydroxyl ion (OH-).®
Initially, oxygen is reduced to O,, which is the precursor to other ROS. The superoxide anion can be
converted to H,0, by the anti-free radical enzyme superoxide dismutases (SOD). In turn, H,O, can be
converted to OH or water.=sn7 Particularly in yeast, the production of NO- by mitochondria remains an
open question, but it is speculated that it may be produced by NO mitochondrial synthase (mtNOS).=

ROS regulates several physiological functions, such as signal transduction, expression, and gene
proliferation.=2 However, high levels of ROS overload the cellular antioxidant defense systems causing
oxidative stress, which can occur by increasing ROS levels or decreasing the cellular antioxidant
capacity.»e Oxidative stress can damage cellular macromolecules such as DNA and proteins, playing
an important role in several chronic diseases related to aging.=s Some diseases related to oxidative stress
are carcinogenesis, neurodegeneration, atherosclerosis, and diabetes. Several pieces of evidence, also
suggest that mitochondrial ROS may influence homeostatic signaling pathways, controlling cell
proliferation and differentiation, and contributing to adaptive stress signaling pathways such as hypoxia.s

ROS can act in different levels. For example, OH: is very reactive and removes electrons from other
molecules, turning them into new radicals, making the ROS formation a chain reaction. The H.,0, is less

reactive, which permits their diffusion in the cytoplasm and may eventually come to the nucleus and
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interact with DNA damaging it.® ROS have the property of being or generating free radicals. In 1956,
Harman explained the impact of aging on biological systems, established a link between the ROS
production and the aging process and created the free radical theory of aging (FRTA). According to him,
aging is a response to the accumulation of damage caused by free radicals, produced by mitochondria
as byproducts of normal metabolism, being responsible for the functional decline characteristic of
aging, 517747576

In response to oxidative stress, organisms developed antioxidant defenses and repair systems.
These defenses include the enzymes of SOD, catalase, and glutathione system that detoxify ROS and
reactive nitrogen species. Moreover, non-enzymatic mechanisms can protect cells and eliminate free
radicals, such as ascorbic acid, a-tocopherol, and other substances, such as cysteine, uric acid, and
glutamine. However, it is hypothesized that the efficiency of protective systems decreases with age, which
is also a potential contributor to the aging process.”

Through the analysis of the free radical theory of aging, we can conclude that the decrease in the production
of ROS is accompanied by decreased oxidative damage and increased CLS.””* However, recent studies in model
organisms have called into question the FRTA veracity,””* and a new theory evolved. Some studies showed that CR
and other experimental manipulations enhanced longevity through the induction of hormesis effects in association
with increased ROS.?” Furthermore, through other studies, it has been observed that increased antioxidant

defenses have contradictory effects in invertebrate aging models.”

1.2.2. Deregulated nutrient sensing

Metabolic signaling pathways coordinate environmental factors such as nutrient availability and cell
status to ensure metabolic homeostasis.® More than 80 years ago, McCay et a/ demonstrated, for the
first time, the relevance of nutrients in the aging process. Cell signaling pathways detect nutrient’s
availability as well as the energy state of cells and, in conjunction with hormones and growth factors
regulate metabolic homeostasis throughout the body.®

Aging results in the gradual deterioration of metabolic regulation, including the sensors and
molecular targets of nutrients involved in homeostatic regulation.”s However, there is a bidirectional
relationship between aging and metabolic regulation. While aging affects the functioning of the main
metabolic signaling pathways, metabolic dysregulation accelerates the aging process.®

CR is one of the best-characterized strategies that favors the life expectancy extension of several

species, reducing the accumulation of ROS. s CR is characterized by the reduction of calorie intake
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throughout life without causing malnutrition.> It is well established that organisms subjected to CR live
longer, a phenomenon that is sustained by the delayed onset of age-related deterioration and pathologies.
Indeed, CR has been associated with a several health benefits, such as reduced risk of diseases, including
cancers, neurodegenerative disorders, autoimmune diseases, cardiovascular complications, and
diabetes.== These beneficial effects are associated with increased stress resistance, enhanced
proteostasis, and reduced inflammation.® Although not fully understood, CR is responsible for repressing
Growth Hormone(GH) /Insulin-like growth factor 1 (IGF-1), insulin/hosphoinositide 3-kinases (PI3K), and
mammalian target of rapamycin (mTOR) pathways and activating the 5' AMP-activated protein kinase
(AMPK) pathway.=# Under CR conditions, plasma glucose levels decrease, decreasing insulin release. As
insulin levels decrease, IGF-1 will also decrease, preventing its binding to the receptor, so IGF-1 remains
unphosphorylated and is unable to activate PI3K. AKT is not phosphorylated by PI3K, so mTOR remains
inactive. The inactivation of mTOR causes longevity extension and forkhead box class O (FOXOQ) is
activated. FOXO is a subfamily of transcription factors involved in main longevity pathways, such as stress
response, cell proliferation, apoptosis, and autophagy. # Decreased glucose availability increases the
AMP/ATP ratio, and consequently activates AMPK,# which has several beneficial metabolic effects,
promotes glucose uptake, and fatty acid oxidation.*> AMPK activation is also responsible for mTOR
inactivation and increases the NAD+/NADH ratio.””# In association with NAD-, high levels of AMP activate
sirtuins, responsible for the insulin signaling pathway and regulation of longevity. 7

Sirtuins, which are a family of NAD+-dependent deacetylases,=## have been also reported as
downstream targets of CR in several organisms supporting a role for Sirtuins as mediators of longevity.z27e
Sirtuins play a role in chromatin formation and are also involved in several other cellular functions,
including maintaining genome stability and promotion of asymmetric inheritance of oxidatively damaged

proteins during cytokinesis.®

1.3. Aging models

As life expectancy increases, it becomes increasingly important to understand the mechanisms
involved in aging. During the last decades, several model organisms have been used to understand this
phenomenon as mice, Caenorhabditis elegans, Drosophila melanogaster and the yeast S. cerevisiae.»

The short lifespan of these organisms is a key advantage, as well as reduced cost and simpler ethical
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concerns than human models. Several studies have also revealed that several pathways associated with

aging are conserved among these species.
1.3.1. Aging yeast models

The budding yeast S. cerevisiae reflects a prototype of a eukaryotic cell. Like all model organisms,
yeast is not a perfect model, nevertheless, the yeast S. cerevisiae has been widely used as a cellular
aging model. Yeast cells exhibit some essential characteristics to be used as a good model organism in
aging studies, such as the short generation time and the cheap manutention, the availability of a collection
of precise deletion mutants of every gene in the genome, the existence of databases of yeast protein-
protein interactions and gene expression patterns.©:»> Additionally, the yeast S. cerevisiae genome was
the first eukaryote genome sequenced in 1996. Afterwards, several studies using this microorganism
allowed a better understanding of the signaling pathways, the identification of molecular actors of aging,
and the screening of new potential interventions anti-aging.=** Several relevant aging pathways are
conserved in yeast, such as nutrient signaling, cell cycle regulation, DNA repair mechanisms,
mitochondrial homeostasis, stress response, and regulated cell death. Several studies have shown that
about half of the essential yeast proteins can be replaced by their human orthologs.*

Two different models of aging are established in S. cerevisiae, the replicative lifespan (RLS) and
the chronological lifespan (CLS).(Fig. 2)s2s:e5%s RLS represents the number of times a mother cell can divide
before dying, this model is used for proliferating cells, such as stem cells and represents a model for
studying aging of mitotically active cells.««%5s Whereas CLS represents the length of time that a mother
cell can survive in stationary phase, and it is proposed to work as a model for aging of post-mitotic cells.

In this thesis, we will focus on the chronological ageing paradigm.
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Fig. 2 — Yeast aging models. Graphical representation of chronological and replicative lifespan. Adapted from:
Kaeberlein, M., Burtner, C. R., and Kennedy, B. K. in PLoS genetics (2007).

1.4 Nutrient signaling pathways that regulate aging in yeast

The master longevity regulator molecules are part of evolutionary conserved nutrient and energy
signaling pathways, many of which were first described in the yeast S. cerevisiae. The TOR /serine-
threonine-protein kinase (Sch9) (homolog of human S6K) pathway, the Ras/Protein Kinase A (PKA)
pathway and sirtuins are major aging regulators described in yeast.®

TOR1 complex (TORC1) is composed by four main components: the catalytic subunit,®s which has
two homologous proteins, Torl and Tor2, responsible for yeast resistance to the growth inhibitory
properties of rapamycin,»wt and three other subunits Kogl, Lst8, and Tco.® TORCI1 activation is
modulated by nutrients, growth factors and stress condition, being responsible for the regulation of cell
growth by targeting both protein synthesis and protein degradation.

The Ras/PKA pathway regulates cellular processes such as cell growth, metabolism, and stress
responses, and it is modulated through alteration in levels of glucose availability. In yeast, PKA is a
heterotetramer composed by a regulatory subunit, Beyl, and three redundant catalytic subunits, Tpk1,

Tpk2 and Tpk3. In response to glucose availability, Ras proteins (Rasl, Ras2) are activated and
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consequently stimulate adenylate cyclase, Cyrl to produce cAMP. After, cAMP binds to the regulatory
subunit of PKA, Bcyl, allowing its dissociation from the PKA catalytic subunits, and the consequent
activation of PKA.e2w0zw0s100 PKA gctivation results in the inhibition of the Msn2/Msn4 transcription factors,
and consequently aging. Under low glucose levels, this cascade of protein interactions does not occur,
which results in the expression of the Msn2/Msn4 transcription factors, and increased longevity.ouoz12
Furthermore genetic abrogation of PKA activity, through deletion of one of its subunits, results in extended
longevity and this extension is not further increased by limiting glucose availability.

Sirtuins have less pronounced anti-aging roles during CLS.* In yeast, Sir2, the NAD-dependent
deacetylase, has a major role RLS.» It is well described that Sir2 suppresses homologous recombination
in ribosomal DNA, which is one of the main defects leading to premature ageing on RLS.* Thus, the SIR2
deletion causes premature aging in replicative cells, and its overexpression prolongs RLS by 40%, reducing
rDNA recombination and extrachromosomal rDNA circles (ERCs) accumulation.zeseeier Sir2 also plays
an important role in reducing epigenetic changes in histones, for example, the increase in H4K16
acetylation happens in parallel with the decrease in Sir2 levels during aging.z

During CLS, Sir2 appears to have a different role. Under non-CR conditions, deletion or
overexpression of S/A2 does not promote any effects on the CLS. However, it is also described that the
CLS extension promoted by extreme CR is dependent on the role of Sir2. Therefore, these findings suggest
that in yeast, Sir2 deacetylases can promote both pro- and anti-aging roles, dependending on the

contexts.#

1.4.1 The impact of carbon sources and stress in TORC1 activity

TORC1 is a crucial regulator of metabolism, stress response, autophagy and protein synthesis. The
two main TORC1 targets in yeast are Sch9 and Tap42/PP2A branches, in combination with several other
signaling routes.®* Sch9 belongs to the AGC protein kinase family and it is an ortholog of the
mammalian S6 protein kinase 1 (S6K1).1:10 Sch9 is a highly conserved kinase that has a multitude of
functions.i=ii2. Sch9 is phosphorylated directly by TORC1 at different sites at its C terminus and
coordinates nutrient availability with cell cycle progression, cell size, autophagy, stress resistance,
sphingolipid metabolism, and protein synthesis.'= Once phosphorylated by TORC1, Sch9 consequently
phosphorylates Rim15, which is a kinase responsible for the induction of cell cycle arrest at G,and

longevity extension through the activation of Msn2/4 transcription factors. Thus, Sch9 phosphorylation
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of Rim15 is able to inhibit longevity. Sch9 is also crucial for the activity of Gisl transcription factor,
independently of Rim15 and TORCI1. Furthermore, in response to both glucose and amino acid
availability, Sch9 inhibits Sod1/2, the mitochondrial superoxide dismutase enzyme, involved in the stress
response to ROS.1s1112 |n addition, although mostly described as a substrate for Torl phosphorylation,
there are at least two more kinases, the sphingolipids activated kinases Pkh1/2 and the energy sensing
regulator Snfl kinase, capable of phosphorylating Sch9 at different residues, in response to different
stimuli.ws1114 Therefore, the activity of Sch9 is also involved in the metabolism of sphingolipids, since
phytosphingosine (PHS), an intermediary of this metabolism, regulates the activity of PKh1/2, which
phosphorylates Sch9. 141

The other TORC1 target, Tap42-2A phosphatase is responsible for the transcription of genes
involved in nitrogen and amino acid metabolism, the environmental stress response (ESR) and autophagy
in response to adverse conditions.=<1»s Under normal conditions, the Tap42-2A phosphatase is associated
with the localization of TORC1 in the vacuolar membrane, but it is released in response to rapamycin
treatment and stress conditions. Once released, the Tap42-2A phosphatase dephosphorylates several
factors downstream of the TORC1 pathway, including Gen2.22 TORC1 can also directly regulate autophagy
by the interaction with the Atg proteins, particularly the Atgl kinase complex by the Atgl 3 phosphorylation
state.nes

Several evidences also suggest that TORC1 may be the mediator of the exchange between growth,
and maintenance and life extension due to CR.2: The studies show that deletion of 7ORI, in yeast, like
exposure to rapamycin, triggers a stress response similar to the nutrient starvation phenotype.z* This
evidence show that TORC1 signaling is dependent on the availability of nutrients.:** The amino acid
limitation increases CLS by activating Gen2 which inhibits TORC1-Sch9 pathway The inhibition of TORC1-
Sch9 activates several transcription factors involved in the regulation of CLS. Among them are Msn2/4,
Gisl and Hsfl, and these players activate the environmental stress response (ESR) activating up-
regulation of enzymes involved in ROS detoxification. Gis1 together with Rph1 regulates the metabolism
of glycerol and acetate, furthermore it also represses the transcription of the Revl subunit of DNA
polymers, preventing DNA damage.x

Inhibition of TORC1-Sch9 also activates transcription factors Hcml and Hap4 ensuring the
transcription of respiratory genes and increased mitochondrial respiration. It is also described that TORC1-
Sch9 represses the expression of the ceramidase genes YDC1 and YPC1, however, this branch is not

well disclosed. The downregulation of TORC1-Sch9 also promotes the catabolism of pro-aging carbon
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sources and the up-regulation of glycerol biosynthesis. All these mechanisms contribute to the extension

of the CLS.0s

1.4.2 The impact of amino acids in TORC1 activity

All organisms are occasionally exposed to stress, putting the organism's cellular integrity at risk.
Likewise, organisms activate different signaling pathways to deal with specific stresses.'» One of the stress
that can affect the homeostasis of cells is the deprivation of amino acids, in these conditions the general
protein synthesis is reduced, and proteins needed for stress conditions begin to be expressed.®

Amino acids are fundamental nutrients used by cells as building blocks. They are metabolic
intermediates, that contribute to many cellular functions, such as protein synthesis, tissues homeostasis,
and as substrates essential for low molecular weight synthesis (for example, polyamines, glutathione,
creatine, carnitine, carnosine).izzz1z1215126 The term "amino acids" refers to any organic compound that
contains amine (-NH,) and carboxyl (-COOH) functional groups.’z Amino acids can be classified as
essential when obtained from the diet, and non-essential when cells synthesize them from metabolic
intermediates. 212212712 Sometimes, in special situations and disease states, non-essential amino acids are
considered essential, since they are obtained from the diet and are called conditionally essential.' Some
non-essential amino acids play other roles such as blood flow, nutrient transport, intestinal microbial
growth, antioxidant responses, and innate immune responses.2 Amino acids are also a source of energy-
producing carbohydrate-like compounds, providing intermediaries for the TCA cycle and
gluconeogenesis.™

When cells age, cellular processes are activated to degrade old components and replace them with
new ones. The key that coordinates these processes is amino acid homeostasis, which consists of five
primary processes: absorption, synthesis, utilization, recycling, and catabolism.* To maintain amino acid
homeostasis, the concentration of free amino acids in the cytoplasm must be strictly controlled,
depending on nutritional conditions, to ensure efficient protein synthesis.’» When amino acids are scarce,
protein synthesis is turned off and catabolic processes are activated, the proteins can be degraded by the
protease or by autophagy, the amino acids are recycled, and new proteins are synthesized to restore cell
function.z2+122 Studying the impact of amino acids on aging has aroused the interest of researchers
because, although the shortage of amino acids normally induces autophagy in eukaryotes, numerous

studies have shown that high concentrations of certain essential amino acids extend the CLS.=
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According to the TORC1 response, the nitrogen sources have been divided into two classes. One
of the classes, referred as the less preferred nitrogen sources, which includes serine, the branched chain
amino acids, the negatively charged amino acids and the hydrophobic amino acids, only induce a short
initial TORC1 activation. Whereas the preferred nitrogen source, including arginine, asparagine, glutamine
and NH.:, promote a sustained TORC1 response.:

One of the mechanisms by which amino acids regulates TORC1 activity comprises the EGO
complex (EGOC), which is a vacuolar/endosomal anchored complex. EGOC is composed by the
scaffolding proteins Ego1-3 and the Rag-family GTPases Gtrl and Gtr2. Activation of Gtr1 and Gtr2 leads
to the binding of them to the TORC1-specific subunit Kogl, enhancing TORC1-activity.2 Different
studies suggested that EGOC is only required for the transient initial activation of TORC1 .11

A wide range of amino acids are known to induce the TORC1 response, but only the mechanisms
by which leucine and methionine signal to TORC1 are well studied. Thus, it is described that leucine
stimulates the interaction between the leucyltRNA synthase (LeuRS) Cdc60 and Gtrl.= By other side, it
is described that methionine, in turns activate the Seh1-associated complex (SEAC). SEAC comprise two
subcomplexes SEAC inhibiting TORC1 (SEACIT) and SEAC activating TORC1 (SEACAT). High cytosolic
methionine levels lead to the phosphorylation of SEACIT by a yet unknown protein kinase.® In addition,
apparently, leucine starvation also indices interaction between SEACIT and Gitrl, which consequently
results in the downregulation of TORC1 activity.®s

Apparently, EGO system also has additional amino acid-dependent response via Lst4 and Lst7.
Stimulation of amino acid leads to the interaction between Lst4-Lst7 with inactive Gtr2, thereby triggering
the activation of TORCI. It is defined that glutamine, aspartate, asparagine, methionine and cysteine have

the capacity to activate this mechanism. o1

1.4.3 The role of Gen2 in response to amino acids during aging

Gen?2 is part of the Integrated Stress Response (ISR) signaling pathway. This adaptive and pro-
survival pathway, conserved in eukaryotes, allows cells to recognize loss homeostasis and respond by
activating protein kinases that change the cell's translation and transcription programs. ISR detects stress,
downregulates global protein synthesis, and increases biosynthetic and autophagic pathways.» Gen2 was
first described in budding yeast as a regulator of elF2a phosphorylation in response to amino acid

deprivation.'s4 The function of this protein kinase is highly conserved from yeast to human cells at
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structural and functional levels. w1215 Gen2 regulates mRNA translation initiation rates according to
amino acid availability, allowing cells to adapt to nutrient deprivation.** CR promotes the accumulation of
deacylated transfer RNAs (tRNAs) close to the ribosome, favoring its binding to Gen2 through the histidyl
tRNA synthetase domain (HisRS). w2141 To ensure the transfer of uncharged tRNA to Gen2, the
cofactor Genl must bind to the ribosome.is The binding of tRNAs to Gen2 promotes a
conformational change of Gen2, allowing its autophosphorylation at a threonine residue and its activation,
leading to the phosphorylation of its substrate, elF2a.1# Phosphorylation of elF2a at Ser51 inhibits the
general translation initiation and favors the selective translation of some mRNAs that induce the
expression of genes that help cells adapt to amino acid deprivation.4 One of the transcribed mRNAs
encodes the transcriptional activator Gen4, which is translated using an alternative and functional open
reading frame, this gene promotes cell survival and adaptation during amino acids insufficiency. 1
Since translation is a process that involves expending about 50% of the cell's energy, overall inhibition of
translation and promotion of selective translation saves cell energy, which can be used to restore and
maintain the requirements of the cell. Therefore, selective translation ensures that homeostasis is better

preserved.t

1.4.4 Relationship between the general amino acid control pathway and TORC1

During amino acid deficiency, discharged tRNAs accumulate in the cell and bind to the Gcn2
kinase, the central regulator of general amino acid control (GAAC), initiating its autophosphorylation due
to a conformational change, and the simultaneous phosphorylation of the translation initiation factor,
elF2a at serine 51. This phosphorylation decreases the overall initiation of protein translation, but favors
transcription of the transcription factor GCN4, which promotes transcription of genes involved in amino
acid synthesis, homeostasis and cell survival. e

In S. cerevisiaethe activation of Gen2 is dependent on TORC1, as it prevents the dephosphorylation
of Gen2 through the inhibition of one or more phosphatases. Amino acid deprivation inhibits TOR signaling
which leads to the removal of inhibitory phosphorylation of Gcn2, activating it and allowing
phosphorylation of elF2a. Thus, in budding yeast, after amino acid deprivation, activation of Gecn2 occurs
due to the accumulation of uncharged tRNAs and the release of an inhibitory effect of TORC1. 010

Furthermore, it has been also proposed that in S. cerevisiae, in response to leucine or histidine starvation,
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Gen?2 can phosphorylate the RNC (Raptor-like N-terminal-Conserved) domain of Kogl, thereby inhibiting
the TORC1 activity.

1.5. The function of vacuolar amino acid transporters during CLS

pH homeostasis is the maintenance of the proper pH in closed cellular compartments by
membranes,” and it is crucial for several molecular operations and physiological processes.** The pH
of each organelle influences the biochemical reactions that occur along the endocytic and secretory
pathways.= 15 In eukaryotic cells, intracellular pH affects enzyme activity, and protein folding, is important
for vesicle trafficking and affects organelle function and integrity.® In humans, changes in intracellular
pH are related to different pathologies, such as diabetes mellitus, obesity, epilepsy, myocardial
arrhythmia, and glaucoma.

Maintaining pH homeostasis is one of the main challenges for cell survival.* The yeast pH
regulation is performed by the yeast vacuolar ATPase (V-ATPase) and Pmal. The V-ATPase is an ATPase,
with a complex structure, with two main domains, peripheral V1 and VO linked to the vacuolar
membrane,’* which mediates the protons translocation.» V-ATPase pumps protons from the cytosol to
the vacuole, > endosomes, and Golgi compartments.'* Pmal is a P-type ATPase, which pumps protons
across the plasma membrane to acidify the extracellular space.= Pmal is the most abundant protein
in the plasma membrane of yeast cells, consumes at least 20% of total cellular ATP, its activity is strictly
regulated by metabolic activity and the physiological conditions of the cells, for example, in response to
a decrease in intracellular pH or increased potassium uptake.'* To ensure pH homeostasis, V-ATPase
and Pmal work in close harmony. The loss of V-ATPase activity causes the incorrect localization of Pmal
to the vacuole and other compartments, reflecting a compensatory mechanism. In addition, to V-ATPase
and Pmal, there are several other proton pumps and exchangers in yeast, which probably adjust the pH
control of the cytoplasm and each organelles.:=

Vacuoles are highly complex organelles, occupy about 25% of the cell volume of S
cerevisiae. =115 |n this organelle 60% of cellular amino acids are stored. The remaining amino acids
are in another pool located in the cytoplasm that is involved in metabolism and protein synthesis. Amino
acids are unevenly distributed throughout organelles, > most basic amino acids and glutamine are located
in the vacuole, while acidic amino acids are located in the cytosol.se1=1 The concentration of cytosolic

free amino acids is strictly regulated as a function of nutritional conditions to ensure efficient protein
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synthesis. In starvation conditions, proteins are degraded, to compensate, amino acids from the vacuole
are transported to the cytoplasm where they are recycled and reused in the synthesis of new proteins.»
Therefore, to ensure the efficient synthesis of proteins, it is necessary to maintain the concentration of
amino acids in the cytoplasm, changes in the level of amino acids can result in damage to cell metabolism
and loss of survival capacity.1z

Ensuring the maintenance of amino acid levels implies some active and specific transport
mechanisms in the vacuolar membrane.» Kinetic experiments for the vacuolar transport activities
suggested seven independent transport systems in the vacuolar membrane of S. cerevisiae: arginine,
arginine-lysine, histidine, phenylalanine-tryptophan, tyrosine, glutamine-asparagine, and isoleucine-
leucine.’= |n yeast, there are three main transporter families of amino acids across the vacuolar
membrane: the VBA-, AVT- and PQ-loop family transporters. The VBA-family (Vbal-4) and PQ-loop family
(Ypq1-3) proteins, in addition to Btnl and Vsbl, are classified as basic amino acid importers, s
suggesting that they can be linked to the preferential storage of basic amino acids in the vacuolar lumen.
In contrast, the AVT transporters are recognized as a more diverse family of transporters, since they are
related with both import and export of many different types of amino acids. Avtl imports several neutral
and basic amino acids,' while Avt3 and Avt4 are essentially responsible for the export and recycling of
neutral amino acids.'= Avt6 mediates the efflux of acidic amino acids, glutamate and aspartate. 1z
Avt7 exports glutamine, and proline.z The activity of Avt2 and Avt5 remains unknown. Avt3 and Avt4
appear to have a redundantly function under normal growth conditions, as single deletion mutants lacking
either AV73 or AVT4 do not display obvious changes in vacuolar amino acids, while the double deletion
mutant displays a remarkable increase of several amino acids in the vacuole.'= The activity and vacuolar
abundance of the referred transporters is dependent of the nitrogen availability. s

Recently, it was showed that vacuolar acidity has been linked to the maintenance of mitochondrial
integrity, which reveals an important function in lifespan regulation.'*« Even though, their mode-of-action
is undisclosed, it seems that 7TORC1, Sch9 and PAA deleted cells revealed a maintenance of vacuolar
acidity and mitochondrial integrity during RLS,* as well as CLS.= Furthermore, overexpression of AV71
resulted in the accumulation of many amino acids in the vacuole, which improved mitochondrial fitness

and prolong the RLS.%
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The overall objective of this master's thesis is to investigate if medium supplementation with
charged side chain amino acids (CSCAAs) impacts on aging, resulting in a longevity extension. Therefore,
yeast cells were supplemented with CSCAAs and the effects on aging and in aging-associated pathways
were explored. Finally, this thesis was also focused on the function of the vacuolar amino acid’s
transporters and their role on aging regulation. To achieve these objectives, two main specific aims were

defined.

Aim 1. To elucidate how differential charged side chain amino acids (CSCAAs) supplementation impacts
on yeast chronological lifespan. This aims allows to understand the impact of medium supplementation
with CSCAAs, namely arginine, histidine, lysine, aspartic acid and glutamic acid, on aging modulations,

as well as the cellular mechanisms elicited by these supplementations.

Aim 2. To determine the role of vacuolar amino acids transporters on yeast CLS. A balance in the
cytosolic and vacuolar amino acid concentrations must be maintained since loss of this maintenance
results in damage to cellular metabolism and viability. Therefore, with this aim we will study the

involvement of vacuolar transports in the regulation of longevity under CSCAAs supplementations.
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3.1. Yeast stains, and growth conditions

All yeast and plasmids are listed in Table 1 and table 2 were inoculated into regular complete

medium containing 0.67% (w/v) Yeast Nitrogen Base (YNB) (Difco Laboratories, Detroit, MI, USA) and 2%

(w/v) glucose as a carbon source, supplemented with the appropriate amino acids for which the strains

were auxotrophic: 100 mg / L uracil; 300 mg/L of leucine, 50 mg/L of histidine and 50 mg/L of lysine.

Cultures were grown at 26°C, with shaking at 150 rpm.

Table 1 - Yeast strains used in this work.

Yeast strain

BY4741

TOR1

SCH9

GCN2

AVT3

AVT4

AVT3 AVT4

AVT3 SCH9
AVT4 SCH9
AVT3 AVT4 SCH9

Pertinent

genotype
Will type
torlA
sch9A
genZA
avitiA
avté
avit3A avt4/
avt3A sch9A
avt4AA sch9A
avi3A avtdA sch9A

Complete genotype

MATa, his3A, leuZA, lys2A, ura3A

MATa, his34, leu2A, lys2A, ura3A, tord ::KanMX

MATa, his3A, leuZA, lys2A, ura3A, sch9A..KanMX

MATa, his3A, leu2A, lys2A, ura3A, genZA::KanMX

MATa, his3A, leu2A, lys2A, ura3A, avi3A::KanMX

MATa, his3A, leuZA, lys2A, ura3A, avit4A ::KanMX

MATa, his3A, leu2A, lys2A, ura3A, avi3A::KanMX avid A..KanMX

MATa, his3A, leu2A, lys2A, ura3A, avi3A::KanMX sch9 A..KanMX

MATa, his3A, leuZA, lys2A, ura3A, avit4A :KanMX sch9 A..KanMX

MATa, his3A, leu2A, lys2A, ura3A, avi3A ::KanMX avit4A :KanMX sch9A ::KanMX

Table 2 - Plasmids used in this work.

Plasmids
pRS416-GFPAtg8
pRS416-SCH9
pRS416-SCH9-2D3E
pRS416-SCH9-5A

Type of Plasmid Source
2u Guedes. A et a/(2016)
2u Urban. J et a/(2007)
2u Urban. J et a/(2007)
2u Urban. J et a/(2007)

3.2. Chronological lifespan (CLS) assays

To analyze the CLS cells were grown for two days in regular medium until the stationary phase,

this is considered CLS day zero. On this day, cultures were supplemented with 10Mm CSCAAs - 10 mM
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of arginine; 10 mM of lysine or amino acids MIX (10 mM of arginine, 10 mM aspartate and 10 mM of
glutamate). To determine cell survival, cultures were serially diluted, and plated on plates containing YEPD
agar medium, consisting in 0,5% (w/v) yeast extract, 1% (w/v) peptone, 2% (w/v) glucose and 2% (w/v)
agar. Survival was assessed by colony-forming units (CFUs) method, the method was started on day O

when survival is considered 100%, and repeated every 2-3 days, until only 0.1% of the cells remain viable.

3.3. Assessment of intracellular superoxide anion and hydrogen peroxide

accumulation

Accumulation of reactive oxygen species, particularly hydrogen peroxide and superoxide anion,
was measured using the two probes, dihydroethidium (DHE) (Molecular Probes, Eugene, OR, USA) and
dihydrorhodamine 123 (DHR) (Molecular Probes, Eugene, OR , USA), respectively. The cells were
collected on days 0, 3, 7, and 10, and then incubated with the two probes. DHE was added to a final
concentration of 5uM in dimethyl sulfoxide (DMSO), followed of incubation in dark for 10min at 30°C.
DHR was added at 15mg/ml of cell culture from in ethanol, followed of incubation for 2h at 30°C in dark.
The DHE and DHR signals were detected using FACSCaliber? flow 6 cytometer (BD-Biosciences, Franklin
Lakes, NJ, USA) with a 488nm excitation laser. Signals from 30,000 cells/sample were captured in FL3
(> 670 nm) at a flow rate of 1,000 cells/s. Data collected with the FACSCaliber2 flow cytometer were

processed with FlowJo software (Tree Star Inc., Ashland, OR, USA).

3.4. Cell cycle analysis

Cell samples (1mL) for cell cycle analysis were collected on days 0, 3, 7, and 10, and fixed with
70% ethanol for 30 min at 4°C, followed by sonication, treatment with RNAse for 1h at 50°C in sodium
citrate buffer (50mM sodium citrate, pH 7.5), and subsequent incubation with proteinase K (0.02 per mg
107 cells). Cell DNA was then stained overnight with SYBR Green 10 000X (Molecular Probes, Eugene,
OR, USA), diluted 10-fold in Tris-EDTA (pH 8.0), and incubated overnight at 4°C. Before cytometric
analysis, samples were diluted 1:4 in sodium citrate buffer. Determination of cells in each phase of the
cell cycle was performed offline with ModFit LT 3.2 software (Verity Software House Inc., Topsham, ME,
USA).
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3.5. Assessment of medium pH

For evaluation of medium pH, 5mL of yeast cells were collected, at days 0, 3, 7 and 10, vortexed

and measured by the Five Easy Plus pH/mV Bench Meter (Mettler Toledo, Columbus, OH, USA).

3.6. Protein extraction and quantifications

The cells were harvested in a centrifuge and washed once with PBS 1X. The cells were pre-treated
with 500ul of lithium acetate (2M), incubated at room temperature for 5 minutes, and then centrifugated.
The supernatant was discarded, and the pellet resuspend in 500pl of NaOH (0.4M), incubated for 5
minutes on ice, and then centrifugated again. The supernatant was discarded, and the pellet resuspend
in 100ul of Laemmli Sample Buffer (BioRad), boiled for 5 minutes, and centrifuged at maximum speed
for 30 minutes at 4°C. Finally, the protein-enriched supernatant was collected to new tubes.

Total protein quantification was performed with the RC DC protein assay (Bio-Rad) and processed

according to the manufacturer’s instructions.

3.7. Immunoblot analysis

Western blots of protein extracts were carried out by resolving 20 pg of the total protein 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After protein were transferred to
a nitrocellulose membrane for 10 minutes in the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes
were blocked for 1 hour at room temperature in tris-buffered saline (TBS) with 0.1% tween 20 (TBS-T)
containing 5% BSA and afterwards incubated overnight at 4°C with the different polyclonal primary
antibodies: rabbit anti-elF2a (1:1000; Cell Signaling), rabbit anti-phospho-elF2a (1:1000; Cell Signaling),
goat anti-GFP (1:5000; Abcam), mouse anti-Pgk1 (1:5000; Invitrogen) in TBST containing 1% BSA and
primary antibody. Then membranes were washed with TBST, and incubated one hour with the
correspondent secondary antibody: HRP-conjugated anti-rabbit 1gG, anti-mouse 1gG or anti-goat 1gG at a
dilution of 1:5000 in TBST containing 1% BSA. Protein bands were detected with ChemiDoc XRS+ system
(Bio-Rad) after incubation with Clarity Western ECL Substrate (Bio-Rad) or SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific). Digital imagens were obtained in the ChemiDoc

XRS+ System (Bio-Rad) with the Quantity One Software (Bio-Rad) and, subsequently, the densitometric
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analysis was performed using the Image Lab software. At least, tow independent biological replicates

were performed.

3.8. Monitoring autophagy by GFP-Atg8 assay

To monitor GFP-Atg8 processing, the delivery of Atg8 to the vacuole was followed by N-terminally
tagged with GFP to Atg8. Thus, cells were transformed with the plasmid pRS416-GFPAtg8, in which, Atg8
is under the control of its endogenous promoter. As GFP is more resistant to the vacuolar degradation
than Atg8, bulk autophagy results in the accumulation of free GFP in the vacuole (Cheong & Klionsky,
2008; Klionsky et al., 2016). Therefore, after protein extraction and western blot assay (described above),
GFP-Atg8 and free GFP were detected using a GFP-specific antibody (described in the antibodies section).
Immunoblot bands were quantified by densitometric analysis using the Quantity One software. Graphical

representation of densitometric analysis refers the ratio between the free GFP and total GFP.

3.9. Statistical analysis

Results shown are mean values and standard error of the mean (SEM) of at least three
independent biological replicates. Statistical analyzes were determined using two-way ANOVA or t-test

(GraphPad Software, San Diego, CA, USA). A value of p<0.05 will be considered statistically different.
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4.1. Medium supplementation with amino acids from the class of the
charged side chain amino acids (CSCAAs) impacts on yeast chronological

lifespan and cell-autonomous mechanisms

Numerous proteins involved in a wide range of cellular processes regulate aging. These
proteins are conserved across species and belong to nutrient and energy detection signaling
pathways. To extend longevity, researchers have begun to develop experiments that interfere with
these signaling pathways regulation. Several authors have described the CR as a robust and
reproducible method to extend lifespan in various organisms. However, the scientific community
continues to look for other approaches. s

Amino acids are essential for yeast cells growth and survival, since they can support cells
with sources of carbon and nitrogen. Previous studies have tested the supplementation impact
of branched side-chain amino acids (BCAAs: isoleucine, leucine, and valine) in cells longevity. As
results, these studies demonstrated that BCAAs supplementation regulates aging, leading to
increased longevity in yeast,** mice, and C. elegans.” In contrast, decreasing BCAAs
supplementation increases Drosophila longevity2. In addition, numerous reports link BCAAs to
diseases such as sarcopenia, obesity, diabetes mellitus, and cardiometabolic risk factors.' Based
on these results, we decided to focus our study in the impact of side-chain charged amino acids
(CSCAAs: lysine, arginine, histidine, aspartic acid, glutamic acid) supplementation on lifespan
regulation.

We started to study the impact of CSCAAs supplementation on yeast CLS. For that, at
beginning of CLS, 48 hours of growth, we supplemented the medium without (non-supplemented,
as control) or with 10 mM of arginine, 10 mM of lysine or a MIX of amino acids (10 mM arginine,
10 mM glutamate and 10 mM aspartate). Data showed that supplementation with arginine or the
amino acids MIX promoted a strong increase on CLS of wild type cells (BY4741 background) in
comparison with the CLS presented by non-supplemented cells (Fig. 3A). Interestingly, in contrast,
lysine supplementation led to a shorter CLS compared to the CLS of cultures without
supplementation and supplementation with the other amino acids (Fig. 3A).

Together, these results demonstrate that CSCAAs, like BCAAs, are associated with longevity
modulation. It is described that during aging, oxidative damage could promote a random

modification of the side-chain charge of proteins, which can lead to loss of protein stability. Thus,
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supplementing the cells cultures with “native” loaded side-chain amino acids can restore protein
stability and promote longevity.

To further understanding how CSCAAs supplementation impacts on the yeast longevity
modulation, we tested whether these amino acid supplementation conditions modulate cell-
autonomous mechanisms, particularly cell cycle, accumulation of reactive oxygen species (ROS)
and autophagy.

Yeast CLS is associated with cell cycle regulation. Some authors have already identified a
relationship between the CR beneficial effects on yeast lifespan and the cell cycle, which is defined
by an efficient cell cycle arrest at GO/G1 phase.'”> Using flow cytometry, we analyze the impact of
amino acids supplementation on the cell cycle profile of the cells. Results showed that cells
supplemented with arginine or the amino acids MIX presented an efficient cell cycle arrest at
GO/G1 phases (Fig. 3B), in comparison with the cell cycle profile revealed by non-supplemented
cells. In this last condition, as already describe, cells undergo a cell cycle arrest at S phase (Fig.
3B), Indeed, short-lived cells tend to arrest in a budded state, creating a subpopulation stopped
prematurely in the S-phase.”” Lysine supplementation that shortened the cells CLS triggered a cell
cycle arrest at S-phase, typically followed by cell death (Fig. 3B). These results reinforce the results
previously obtained with the CLS evaluation (Fig. 3A).

Oxidative stress is the imbalance between ROS formation and antioxidant defense
mechanisms. Due to the biological effects caused by ROS accumulation, numerous studies have
been developed focused on the oxidative stress role as a regulator of aging.s Therefore, we proceed
to the evaluation of ROS accumulation under the studied conditions. For this, we use two dyes
dihydrorhodamine (DHR) and dihydroethidium (DHE), which label the hydrogen peroxide and
superoxide anion species, respectively. DHR is mostly oxidized by hydrogen peroxide (H,0,),
accumulates in mitochondria, and emits fluorescence, whereas DHE is oxidized by superoxide
anion (0,?), accumulates in the nucleus, and emits fluorescence. Regarding the impact of amino
acids supplementation on the accumulation of H,0,, data revealed that supplementation with
arginine and amino acids MIX increased the accumulation of H,O,at time 0 of CLS, with subsequent
reduction during CLS (Fig. 3C and D) in comparison with the H,0, levels presented by non-
supplemented cells. Probably, this cell’s response is associated with an already disclosed hermetic
effect.® On the other hand, lysine supplementation does not decrease ROS accumulation (Fig. 3C

and D), and we detected an exponential accumulation of H,O, during time (Fig. 3C).
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In relation with the levels of O, data revealed that during time, arginine or the amino acids
MIX supplementation significantly reduces the accumulation of this ROS specie, while lysine
supplementation present similar levels compared with the levels showed by non-supplemented
cells. (Fig. 3D)

Together, results suggest that arginine and amino acids MIX supplementation lead to an
improvement in mitochondrial function and a decrease in mitochondrial superoxide accumulation
and oxidative damage, preventing protons leakage, thus maintaining cellular ATP levels.

Autophagy is a highly conserved catabolic process, which contributes to the maintenance of
energy homeostasis. Autophagy also protects cells from stress, by facilitating lysosomal/vacuolar
degradation and recycling of intracellular macromolecules and dysfunctional organelles. Studies in
several model organisms have demonstrated the needed of the autophagy machinery in the
regulation of lifespan.? In this sense, our next questions was related with the effects of amino acids
supplementation in this central mechanism. Therefore, we analyzed autophagy through the
immunoblot analysis of GFP-Atg8 processing assay. For that, we transformed cells with a plasmid
containing the Atg8 protein bound to GFP, and we monitored the vacuolar delivery of GFP-Atg8 by
western blotting. Under pro-autophagy conditions, the GFP-Atg8 reporter is transported to the
vacuole and processed by hydrolases, as GFP is more resistant to vacuolar degradation than Atg8,
when autophagy occurs free GFP accumulates in the vacuole.” We evaluated autophagy at
different time points, during the cells CLS. Data revealed that ratio of free GFP and total GFP levels
was similar independently of the supplementation with the different amino acids. Thus, apparently
CSCAAs supplementation did not have a major impact on autophagy flow (Fig. 4A and B).

Until here, it was clear that arginine and amino acids MIX supplementation extends yeast
longevity, associated with a cell cycle arrest at GO/G1 phase and reduction of ROS accumulation,

while lysine supplementation decreases longevity, with a cell cycle arrest at S-phase and ROS
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accumulation, in comparison with non-supplemented cells. Next, we tried to understand which

signaling pathways modulate the effects of CSCAAs supplementation on yeast lifespan.
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Fig.3 Global effects of CSCAAs supplementation: The supplementation of wild-type cells (BY4741) with CSCAAs
modulate (A) the yeast Chronological lifespan (CLS). Cell viability was measured at 2-3 days interval beginning at the
day that cultures achieved stationary phase (day 0) and is expressed as % survival compared to survival at day O
(100%). The supplementation with CSCAAs also modulate (B) the cell cycle, and accumulation (C) of hydrogen
peroxide (D) and superoxide, two different species of ROS. The cell cycle was evaluated by the measurement of DNA
content by flow cytometry, and ROS accumulation was evaluated with FACS measurements of superoxide anions and
hydrogen peroxide using the superoxide-specific probe DHE and using the peroxides-specific probe DHR. FACS
measurements (20,000 cells per sample in three independent experiments) of DHE-positive cells and DHR mean
fluorescence. Values indicate mean + SEM from three independent experiments. Significance of the values was
determined by two-way ANOVA (*p<0.05; **p<0.01; ***p=<0.001; ****p<0.0001).
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Fig.4 CSCAAs supplementation does not significantly impact autophagy flow: Monitoring of autophagy
levels by ratio between GFP bound to ATG8 and free GFP in the vacuole of wild-type yeast cells (BY4741).by (A)
western blotting. (B) To better analyze the autophagy flow, we also did the Graphical representation of the ratio between
GFP/GFP+ATGS protein expression levels obtained by densitometric analysis. PJK was used as a standard control.
Densitometric analysis was performed using the ImageLab4.1TM software. Values indicate mean + SEM from three
independent experiments. Significance of the values was determined by two-way ANOVA (*p<0.05).

4.2. Signaling pathways involved in modulation of CLS promoted by the

charged side chain amino acids (CSCAAs)

All living organisms have mechanisms that detect the scarcity or abundance of extracellular
and intracellular amino acids in the microenvironment. Furthermore, it is already disclosed that
these pathways modulate CLS.

Eukaryotic cells have nutrient sensors, which sense the fluctuating of several nutrients levels,
including amino acids, and program the cellular machinery to mount an appropriate response.
Amino acid restriction increases the uncharged tRNAs, which activate the Gen?2 pathway, promoting
eif2a phosphorylation and reducing activation of the TOR pathway, which results in decreased
protein synthesis. When the availability of amino acids increases, the accumulation of uncharged
tRNAs reduces, preventing GCN2 activation and, consequently, eif2a phosphorylation.
Furthermore, when the availability of amino acids increases, Torl is sequestered into the vacuole,
leading to increased protein synthesis.** Sch9 is the main target of TORC1 phosphorylation and
has also been shown to be an important player in CLS modulation in response to amino acid

availability. Therefore, we ask whether any of these kinases are involved in CLS modulation by
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CSCAAs supplementation. To answer this question, we started to evaluate the impact of CSCAAs
supplementation on the longevity of sch9A, foriA, and gcnZA cells. For that and using the same
approaches above described, we supplemented or not the culture medium of sch9A, foriA, and
genZA cells with 10 mM of arginine, 10 nm lysine or a MIX of amino acids (10 mM arginine, 10
mM glutamate and 10 mM aspartate), and evaluate their CLS, cell cycle and ROS accumulation.

Concerning foriA cells, we observed, that like wild-type cells, the medium supplementation
with arginine or amino acids MIX increases CLS, in comparison with the CLS presented by non-
supplemented mutant cells (Fig. 5A). Furthermore, this augmented CLS was accompanied with
reduced accumulation of ROS, both H,0,(Fig. 6A) and O.* (Fig. 6B) and a cell cycle arrest at GO/G1
cell cycle phase (Fig. 7A). In the opposite way, in comparison with non-supplemented condition,
the medium supplementation with lysine resulted in shorter the CLS of foriA cells (Fig. bA), which
was accompanied with enhancement of oxidative stress, through the accumulation of, both O,
(Fig. 6A) and H,0, (Fig. 6B). Concerning the cells cycle profile, the supplementation with lysine also
resulted in the cell cycle arrest at GO/G1 phase (Fig. 7A), which suggests that CLS modulation
promoted by lysine supplementation of foriA does not occur via cell cycle regulation.

Sch9 is the main target of TORC1 phosphorylation, it is part of the nutrient-induced signaling
network, regulates several cellular functions, such as protein synthesis and cellular homeostasis.
Some studies performed with sch9A4 cells have already revealed that the deletion of this gene
extends CLS. As described in the literature, sch9A4 cells are longliver cells, 2 which we also
confirmed (Fig. 5B). However, medium supplementation with arginine or the MIX of amino acids
led to a reduction of the CLS. Furthermore, as observed to wild type cells, medium supplementation
with lysine also resulted in a shorter CLS (Fig. 5B).

Supplementation of sch94 cells with amino acids MIX and lysine did not reduce the ROS
accumulation, whereas arginine supplementation is also associated with a reduction of ROS
accumulation (Fig. 6C and D). It is described that arginine could be related to the improvement of
mitochondrial function, therefore, this data suggests that arginine is still able to ameliorate the
accumulation of ROS. Furthermore, the medium manipulation with the different formulation of
amino acids drive cells to arrest at S-phase cells cycle phase (Fig. 7B).

Some studies have shown that amino acid deprivation activates Gen2 kinase, by decreasing

protein synthesis and consequently the reduction of amino acids consumption, which might
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prolong the yeast lifespan.us Abrogation of GCNZ2 by itself is associated with a shorter lifespan, in
comparison with the CLS presented by wild-type cells (Fig. 5C). This same shorter CLS was also
observed when gcnZA cells were cultivated in medium supplemented with arginine or the amino
acids MIX (Fig. 5C). Surprisingly, supplementation with lysine resulted in the extension of CLS in
comparison with the CLS presented by non-supplemented gcrn2A cells (Fig. 5C).

gcnZA cells supplementation with arginine, lysine or the amino acids MIX alleviates oxidative
stress, since, in all these conditions we observed a decrease in the accumulation of both H,0O, (Fig.
4E) and O, (Fig. 6F) levels, in comparison with the non-supplemented mutant cells. Furthermore,
the medium manipulation with the different formulation of amino acids also drives cells to arrest
at GO/G1 cells cycle phase. This arrest was more efficiently observed for the mutant cells
supplemented with lysine (Fig. 7C).

Together results suggest that Torl kinase is not involved in the yeast longevity modulation
by amino acids. In contrast, we observed that both Sch9 and Gcn2 are key regulators of CSCAAs
supplementation, although they have a distinct role under supplementation. Sch9 kinase appears
to a role in the beneficial effects promoted by Arginine and amino acids MIX supplementation, while
Gen2 look to have a dual role, pro-survival and anti-survival, depending on the supplemented amino
acids, suggesting that it may activate different pathways in response to conditions of CSCAAs

supplementation.
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Fig.5 The signaling pathways modulate CLS under these CSCAAs supplementation conditions:
Modulation of chronological lifespan of mutants (A) foriA (B) sch9A (C) gcn2A non-supplemented, supplemented
with arginine, lysine, and MIX (Arginine, Glutamic acid and Aspartic acid). CLS of cells in non-supplemented medium
were used as control. Cell viability was measured at 2-3 days interval beginning at the day that cultures achieved
stationary phase (day 0) and is expressed as % survival compared to survival at day 0 (100%). Values indicate mean +
SEM from three independent experiments. Significance of the values was determined by two-way ANOVA.
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Fig.6 The signaling pathways modulates ROS accumulation under these CSCAAs supplementation
conditions: We analyzed the Ros accumulation of the mutants non-supplemented, supplemented with arginine,
lysine, and MIX (Arginine, Glutamic acid and Aspartic acid) with two difrent dyes. We label (A) foriA with DHR, (B)
torlA with DHE, (C) sch9A with DHR (D) sch9A with DHE (E)gcn2A with DHR (F) gen2A with DHE, FACS
measurements of superoxide anions and hydrogen peroxide using the superoxide-specific probe DHE and using the
peroxides-specific probe DHR.FACS measurements (20,000 cells per sample in three independent experiments) of
DHE-positive cells and DHR mean fluorescence. Values indicate mean + SEM from three independent experiments.
Significance of the values was determined by two-way ANOVA (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Fig.7 The signaling pathways modulates cell cycle under these CSCAAs supplementation conditions:
Cell cycle analysis evaluated by the measurement of DNA content by flow cytometry of mutants (A) foriA (B) sch9A
(C) gcn2A non-supplemented with supplemented with arginine, lysine, and MIX (Arginine, Glutamic acid and Aspartic
acid). The data represents mean + SEM of three independent replicas. The error bars represent the standard error of
the mean (SEM). Significance of the data was determined by two-way ANOVA (*p<0.05; **p<0.01; ****p<0.0001),
being related to Non-sup control graph.

4.3. Regulation of Sch9 activity under CSCAAs supplementation

conditions

According to the literature, several pathways can regulate the Sch9 kinase activity, but the
main responsible for its phosphorylation is TORC1.* As we observed earlier, Tor1 does not appears
to participate in the CLS extension promoted by CSCAAs supplementation. Still, to rule out the
hypothesis that Torl is involved in this pathway as a Sch9 regulator, we designed a new strategy,
by using cells harboring a mutant version of Sch9, in which its TORC1 phosphorylation sites are
mutated. TORC1 can phosphorylate Sch9 at five different sites, the used vectors had all these sites
modified.’ Herein, we tested the requirement of TORC1-dependent Sch9 phosphorylation in wild-
type and sch9A mutant strains complemented with either wild-type Sch9, the Sch9# or the

phosphomimic Sch9=»= alleles.! In Sch9= vector all serine/ threonine residues located at the
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phosphorylation site were replaced by alanine. This amino acid exchange mimics the absence of
Sch9. In Sch9== vector, all serine /threonine residues were replaced by glutamate / aspartate,
causing the loss of TORC1 activity. s

Following the same approaches already described concerning the medium supplementation
with the distinct amino acids formulas, as expected expression of wild type Sch9 allele in the sch94
cells resulted in a profile similar to the one showed by wild type cells (Fig. 3A) for the distinct
supplementations (Fig. 8A). In this assay the transformation of sch9A cells with a vector harboring
the full SCH9 gene is equivalent to wild type cells (Fig. 3A). In sch9A expressing Sch9»x, which
cannot be phosphorylated by TORC1 but can be activated by other key players, supplementation
with arginine or the amino acids MIX increased the CLS in comparison with the same cells without
supplementation (Fig. 8B). On the other hand, expression of Sch9=, which cannot be activated by
any means, has completely lost the arginine and amino acids MIX supplementation beneficial

effects (Fig. 8C).
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Fig.8 Activation of Sch9 in CSCAAs supplementation conditions: Chronological lifespan of vectors (A)
Sch9A::sch9 (B) SCH%» (C) SCH%' non-supplemented, supplemented with arginine, lysine, and MIX (Arginine,
Glutamic acid and Aspartic acid). CLS of cells in non-supplemented medium were used as control. Cell viability was
measured at 2-3 days interval beginning at the day that cultures achieved stationary phase (day 0) and is expressed
as % survival compared to survival at day 0 (100%).

38



Amino acids homeostasis meets aging:
studies in the yeast model RESULTS AND DISCUSSION

Our data establishes that the role of Sch9 kinase in the CLS extension promoted by arginine
and amino acids MIX supplementation is independent of TORC1, suggesting the involvement of

other regulators in this mechanism.

4.4. The relationship between the two key regulators of CSCAAs

supplementation, Sch9 and Gcn2

Gen?2 and elF-2a belong to the main nutrient detection pathway in all eukaryotes called
“General Control of Amino Acids” in yeasts. Amino acid deficiency activates Gen?2, increasing elF-
2o phosphorylation, causing inhibition of translation initiation and reduced overall protein
synthesis. Phosphorylation of elF-2a, on the other hand, favors the translation of mRNA encoding
the transcription factor (TF) Gcn4 which induces the expression of many genes involved in
biosynthesis and amino acid uptake and autophagy.:

Until here, we showed that Gecn2 and Sch9 are key regulators in conditions of CSCAAs
supplementation. So, we want to understand if there is any crosstalk between Gen2 and Sch9 in
our working conditions, for this, we evaluate the phosphorylation levels of elF-2a.

First, we evaluated the phosphorylation levels of elF-2a in wild type cells, and we observed
that supplementation with amino acids MIX and arginine promotes the phosphorylation of elF-2a.
However, supplementation with lysine decreases the phosphorylation of elF-2a (Fig.9A and B).
This result suggests that supplementation with MIX and arginine activates Gen2.

Next, we evaluated the phosphorylation levels of elF-2a in sch9A cells, and we observed
that abrogation of SCH9 gene abolishes the phosphorylation of elF-2a promoted by
supplementation with amino acids MIX and Arginine. However, abrogation of SCH9 gene promotes
the phosphorylation of elF-2a in cells supplemented with lysine (Fig. 10A and B).

Lastly and as a negative control, we evaluated the phosphorylation levels of elF-2a in
genZA cells, and we observed that as expected, deletion of GCNZ gene abrogates the
phosphorylation of elF-2a, independently of the supplementation conditions (Fig.11A and B).

Overall, the results suggests that Sch9 and Gcn?2 collaborate in the same pathway to
promote the CLS extension under condition of medium supplementation with amino acids MIX and

Arginine.
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Fig.9 Supplementation with MIX and arginine increase elF-2a phosphorylation levels in wild type cells:
Western blotting of (A) phosphorylation levels of pelF-2a, elF-2a and PJK, and (B) graphical representation of the
ratio between pelF-2a/ elF-2a protein expression levels obtained by densitometric analysis. PJK was used as a
standard control. Densitometric analysis was performed using the ImagelLab4.1TM software. Values indicate mean +

SEM from three independent experiments. Significance of the values was determined by two-way ANOVA
(*p<0.05,*p=0.01; ****p<0.0001).
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Fig.10 Supplementation with lysine increase elF-2a phosphorylation levels in sch9A cells: Western
blotting of (A) phosphorylation levels of pelF-2a, elF-2a and PJK, and (B) graphical representation of the ratio between
pelF-2a/ elF-2a protein expression levels obtained by densitometric analysis. PJK was used as a standard control.
Densitometric analysis was performed using the ImageLab4.1TM software. Values indicate mean + SEM from three
independent experiments. Significance of the values was determined by two-way ANOVA (p***<0.001).
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Fig.11 GCNZ2 deletion abrogates elF-2a phosphorylation independently of the supplementation: Western
blotting of (A) phosphorylation levels of pelF-2a, elF-2a and PJK, and (B) graphical representation of the ratio between
pelF-2a/ elF-2a protein expression levels obtained by densitometric analysis. PJK was used as a standard control.
Densitometric analysis was performed using the ImageLab4.1TM software. Values indicate mean + SEM from three
independent experiments. Significance of the values was determined by two-way ANOVA.

4.5. Medium alkalization under CSCAAs supplementation is not

associated with the enhancement of longevity

It has been reported by several authors, that the medium pH influences yeast aging. e
According to the literature, medium alkalinization promotes cell survival, as low pH values, caused
by yeast metabolism and increased oxidative stress, accelerate aging.* Based on this, we
wondered if the effect caused by supplementation with CSCAAs on aging is related to medium pH
changes.

In wild type cells, supplementation of cultures with lysine did not cause significant changes
in medium pH compared to non-supplemented cultures. However, cultures supplemented with
arginine and amino acids MIX increased medium pH (Fig. 12A), suggesting that the pro-survival
effects of these supplementations may be related to medium alkalinization. This effect is similar to
CR, which also promotes medium pH increase, some authors attribute this effect to the

accumulation of acetic acid reduction, which occurs with aging and is toxic to cells.
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After verifying that CSCAAs supplementation influences the medium pH of wild type cells,
we tested whether supplementation has the same effect on foriA, sch9A, and genZA cells.
Arginine and amino acids MIX supplementation also promote medium alkalization (Fig. 12B, C and
D), just as happens in wild type cells.

Herein, results suggests that pH is not related to pro-survival effects caused by CSCAAs
supplementation because some supplementations that increase mutants CLS does not increase

the pH, while the supplementation of these mutants decreased the CLS and increased pH.
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Fig.12 CSCAAs supplementation increase extracellular pH: Medium pH of (A) wild-type yeast cells (BY4741),
(B) foriA (C) sch9A (D) gcnZA,non-supplemented, supplemented with arginine, lysine, and MIX. Values indicate
mean + SEM from three independent experiments. Significance of the values between control and supplemented
mediums was determined by two-way ANOVA (*p<0.05; ****p<0.0001).

4.6. The contribution of vacuolar amino acid transporters for the

longevity regulation in conditions of CSCAAs supplementation

The vacuole is an important yeast organelle, analogous to the mammalian lysosome, playing
several roles in the cellular stress response.’ This organelle is also the major storage compartment
for amino acids in the cell, and there is a correlation between vacuolar and amino acids
homeostasis. % Several observations suggest that pH controls V-ATPase activity and consequently

regulates the transport of protons to the vacuole, altering vacuolar pH.:s
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Several membrane transporters use V-ATPase as an electrochemical proton pump to ensure
the necessary gradient for substrate transport.’s> These transporters can mediate the gradient of
amino acids inside the cells, they are actively transported from the cytoplasm to the vacuole and
mitochondria or vice versa. In this sense, next we tested the role of the vacuolar transporters in the
modulation of yeast longevity under amino acids supplementation. As in this work, we manipulated
the concentration of neutral (glutamate and aspartic acid) and basic (lysine and arginine) amino
acids, we chose to study the transporters AVT3 and AVT4, because AVT3 exports neutral amino
acids, and AVT4 exports neutral and basic amino acids.

To understand whether the vacuolar amino acid transporters contribute to the CLS regulation
in these conditions of CSCAAs supplementation, we used avt3A4, avi4A, and avt3Aavi4A, under
the same supplementation conditions, and started by evaluating their CLS. We observed that the
AVT3 deletion alters CSCAAs supplementation effects. In wild type cells, amino acids MIX and
arginine supplementation significantly increased the yeast CLS, however in avt34 cells, amino
acids MIX and arginine supplementation loses the capacity to increment longevity (Fig. 13A). On
the other hand, lysine supplementation did not promote premature aging in av#34 cells (Fig. 13A)
as observed in wild type cells, since the CLS of mutant cells were similar under lysine
supplementation and non-supplementation conditions. In av#4A, the effects of supplementation
with the different amino acids are like the data observed for av#3A4 cells. Deletion of AV74 abrogates
the CLS extension promoted by arginine or amino acids MIX supplementation, while lysine
supplementation slightly increases the CLS of these mutant cells (Fig. 13B). Deletion of both av£34
and avi4A also abrogate the beneficial effects enhanced by arginine and amino acids MIX
supplementation observed in wild type cells. In addition, supplementation with lysine did not result
in a shorter CLS (Fig. 13C).

So far, we have found that Sch9 has a key role in the modulation of CLS by CSCAAs
supplementation. Furthermore, we also found that supplementation impacts pH homeostasis,
which interferes with AVT transporters activity. Therefore, we asked about the relationship between
AVT transporters and Sch9 under CSCAAs supplementation conditions. For this, we used the
sch9Aavt3A, Asch9Aavi4, and Asch9Aavi3Aavi4 cells, and once again, we started cultures
without supplementation or supplemented with arginine, lysine or the amino acids MIX, and we
started by analyzing the CLS of these mutant cells. Like to effects promoted by arginine and amino
acids MIX supplementation in sch9A cells, these interventions, also reduced the CLS of
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sch9Aavi3A, Asch9Aavi4d, and Asch9Aavi3Aavi4 in comparison with non-supplemented
conditions (Fig. 13D, E and F). Furthermore, the absence of SCH9 gene in avi3A, avi4A or
avt3Aavi4 cells resulted in an even more pronounced CLS reduction in comparison with the avt3A4,
avt4A or avt3Aavi4 cells (Fig. 13). Concerning lysine supplementation, like to observed for sch9A
cells, this intervention is responsible for an enhancement of CLS comparing the CLS of non-
supplemented cells. This effect was even more evident in Asch9Aavi4 cells (Fig. 13E).

Together, results suggests that besides Sch9, also Avt3 and Avt4 modulate the cells
response to amino acids supplementation. Furthermore, abrogation of Sch9 exacerbates even
more the effects promoted by abrogation of AV73 or AI/T4 genes. Data suggests that Sch9 is an

upstream regulator of the transporters. Furthermore, the cells response to lysine and arginine or

MIX supplementation appears to be completely distinct.
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Fig. 13 Supplementation with CSCAAs modulates the CLS of AVT transporters: Chronological lifespan of
mutants (A) ant34 (B) avt4A (C) avi3AavidA (D) sch9Aavi3A (E) sch9Aavid4A (F) sch9Aavi3AavidA non-
supplemented, supplemented with arginine, lysine, and MIX (Arginine, Glutamic acid and Aspartic acid). CLS of cells
in non-supplemented medium (Non-sup) were used as control. Cell viability was measured at 2-3 days interval

beginning at the day that cultures achieved stationary phase (day O) and is expressed as % survival compared to
survival at day 0 (100%).
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4.7. Contribution of vacuolar amino acid transporters in the autonomous

mechanism’s regulation in conditions of CSCAAs supplementation.

To conclude this study, we also evaluate whether these CSCAAs supplementation conditions
modulate cell-autonomous mechanisms of vacuolar transporter mutant cells. As we have already
discarded the affected of CSCAAs supplementation on autophagy, herein we just evaluate the cell
cycle and ROS accumulation.

Concerning the single and the double transporter mutants, avi3A4 , avt4A avi3Aavi4A,
respectively, supplementation with arginine or amino acids MIX present a more evident cell cycle
arrest at S-phase in comparison with the cell cycle profile showed by non-supplemented cells. In
contrast, the profile presented by lysine supplemented cells is similar to non-supplemented cells
(Fig.14A, B and C). Abrogation of SCH9in these mutant cells abrogate the S-phase cell cycle arrest
and induced an arrest at GO/G1 cell cycle phase (Fig.14D, E and F). The only exception is related
with the supplementation of the amino acids MIX in sch9Aavi3Aavi4A cells, in which an arrest at
S-phase is still observed (Fig.14F).

Next, we assessed the levels of endogenous accumulation of ROS, H,O, and 0., during CLS
of the transporter mutants. We found that for all the used transporter mutants, supplementation
with arginine or amino acids MIX decreases the accumulation of ROS in comparison with the non-
supplemented cells and observed to the wild type cells. (Fig.15) In relation with lysine
supplementation, accumulation of ROS has a similar profile as the non-supplemented cells
(Fig.15). Thus, apparently ROS is not one responses mounted by these mutant cells to amino acids

supplementation.
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Fig. 14 Supplementation with CSCAAs modulates the cell cycle of AVT transporters: Cell cycle analysis
evaluated by the measurement of DNA content by flow cytometry of mutants A) avt34 (B) avt4A (C) avi3Aavt4A (D)
sch9Aavt3A (E) sch9Aavt4A (F) sch9Aavi3Aavi4A non-supplemented with supplemented with arginine, lysine, and
MIX (Arginine, Glutamic acid and Aspartic acid). The data represents mean + SEM of three independent replicas. The
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error bars represent the standard error of the mean (SEM). Significance of the data was determined by two-way ANOVA
(*p=<0.05; **p<0.01; ***p<0.001; ****p<0.0001), being related to non-sup control graph.
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Fig.15 Supplementation with CSCAAs modulates the ROS accumulation of AVT transporters: FACS
measurements of superoxide anions and hydrogen peroxide using the superoxide-specific probe DHE and using the
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peroxides-specific probe DHR. We observed (A) avt34 label with DHR (B) avt34 label with DHE (C) avt4A label with
DHR (D) avt4A label with DHE (E) avt3A avt4A label with DHR (F) avt34 avt4A label with DHE (G) sch9A avt3A
label with DHR (H) sch9A4 avt3A label with DHE (1) sch9A avi4A label with DHR (J) sch9A avi4A label with DHE
(K) sch9A avi3A avt4A label with DHR (L) sch9A avt3A avt4A label with DHE, non-supplemented, supplemented
with arginine, lysine, and MIX (Arginine, Glutamic acid and Aspartic acid). FACS measurements (20,000 cells per
sample in three independent experiments) of DHE-positive cells and DHR mean fluorescence. Values indicate mean +
SEM from three independent experiments. Significance of the values was determined by two-way ANOVA (*p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001).
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Amino acids are recognized as essential for cell survival, but with age, there is an overall
decrease in amino acids.'®” Some researchers have previously showed that a specific class of amino
acids called branched side-chain amino acids (BCAAs) can increase the lifespan of mice, C.
elegans,” and yeast.’® In the same line, studies in budding yeast demonstrated that isoleucine,
threonine, and valine increase the CLS.* However, the players that contribute to these beneficial
effects are still poorly explored. In this project, we explored the impact of another specific group of
amino acids, the CSCAAs, on yeast CLS and the signaling pathways elicited by their
supplementation.

Our data demonstrate that supplementation with CSCAAs, particularly with Arginine, Lysine,
and a MIX of amino acids (Arginine, aspartic acid, glutamate), significantly interferes with the yeast
CLS. However, the effect of supplementation with these amino acids is different. While arginine
and amino acids MIX supplementations increase the yeast CLS, lysine supplementation decreases
CLS. These results suggest that different amino acids may activate distinct mechanisms underlying
the modulation of longevity. Furthermore, our data also indicate that the pro-longevity effects of
amino acid supplementation depend on the modulation of cell-autonomous mechanisms, such as
the cell cycle and the accumulation of reactive oxygen species, to reduce cell damage and promote
homeostasis.

Cellular aging is characterized as a gradual decline in proliferative capacity, and a
progressive accumulation of cellular and molecular damage, that results in genomic instability and
loss of proteostasis.2 Some researchers have already shown that cell cycle arrest in the GO/G1
phase is associated with increased longevity, as it prevents cells in the stationary phase from
entering the cell cycle again.? Our results demonstrated that arginine and amino acids MIX
supplementation, which were the most efficient in increasing CLS, promote an effective arrest in
GO/G1 phase. These data suggest that supplementation with these amino acids decreases the
genomic instability characteristic of aging. The same researchers also described that GO/G1 arrest
is accompanied by decreased levels of superoxide anion (02).# As revealed, medium
supplementation with arginine and amino acids MIX, which increased the arrest in GO/G1,
decreased the accumulation of 0.2, Furthermore, our data show that in addition to lowering O,
levels, supplementation with these amino acids also lowers H,O, levels. Therefore, our results

suggest that CSCAAs supplementation reduces ROS accumulation.
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Aging is a complex and multi-factorial process that leads to a cumulative development of
molecular alterations that disrupt the cellular functions.®®* Recently, it was suggested that the
nutritional balance, particularly the ratio between key nutrients in the growth medium, instead
merely CR might enhance longevity. For example amino acids and glucose independently and
additively affect longevity by the activation of distinct evolutionarily conserved protein kinases.® In
particularly, it is described that amino acids affect longevity through, Gen2 as well as through
activation of the upstream regulators of Sch9, such as TORC1.:¢ In fact, in this study, we showed
that enhancement of longevity promoted by medium supplementation with CSCAAs is related with
the activation of Sch9 and Gcn?2 kinases. Furthermore, it is described that TORC1 is the major
regulator of Sch9, a pathway that coordinate nutrient availability with cell cycle progression, cell
size, autophagy, stress resistance, sphingolipid metabolism and protein synthesis. e
Nevertheless, herein, we showed that the role of Sch9 in aging modulation by CSCAAs
supplementation is independent of TORC1, thus discarding a possible TORC1 function in this
growing conditions. It is described that Sch9 is activated by at least three kinases, TORC1, Pkh1/2
kinases and Snfl, which phosphorylate Sch9 on different residues. We hypothesized that in these
conditions of CSCAAs supplementation, activation of Sch9 could be under the control of one of the
above kinases. Therefore, in the future, we intend to understand the crosstalk between Sch9 and
Pkh1/2 kinases or Sch9 and Snfl, to further complement this intricate puzzle.

Importantly, we also disclose that the cells response to lysine and arginine or amino acid
MIX supplementation is under the control of Sch9 and Gen2, but apparently with distinct effects.
Therefore, data suggests that medium supplementation with arginine or amino acid MIX results in
the activation of Sch9 and Gen?2 to enhance cells longevity. Furthermore, data also indicates that
Sch9 and Gen?2 are coordinate in the same pathway, and in fact Gen2 is a downstream target of
Sch9, since deletion of SCH9 gene abrogates elF-2a phosphorylation. In contrast, in conditions of
medium supplementation with lysine, Gcn2 appears to be the major regulator, with a minor
contribution of Sch9. Moreover, in these conditions, Gecn2 activation results in premature aging.
Further studies needed to be performed to better corroborate the obtained data.

Ensuring amino acid homeostasis is essential to increasing yeast longevity.* One of the
main responsible for maintaining homeostasis is the AVT family of transporters that ensure the
transport of amino acids from the vacuole, the main storage site of amino acids, to the cytoplasm

and mitochondria.’z Based on this, we also studied the importance of AVT transporters in
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modulating longevity under these conditions of CSCAA supplementation. CSCAAs comprise neutral
(glutamate and aspartic acid) and basic (lysine and arginine) amino acids, thus herein we study
the role Avt3 and Avt4 transporters, because Avt3 exports neutral amino acids, and Avt4 exports
neutral and basic amino acids.» Deletion of AV73 or AVT4 genes abrogates the longevity extension
promoted by arginine or amino acids MIX supplementation. This means that AVT transporters
probably also play an important role in CLS modeling under these CSCAAs supplementation
conditions. Furthermore, we also disclose that Sch9 coordinates the regulation of these
transporters.

Regarding lysine supplementation, we showed that premature aging promoted by this amino
acid supplementation is particularly revoked under abrogation of SCH9 and Al/'T4 genes, which
suggests that in fact, besides Gen2, Sch9 also as a role in the response to lysine supplementation.

Based on the data obtained with this project, we can propose a pathway that mediates the
effects of CSCAAs supplementation on CLS. Arginine and amino acids MIX supplementation lead
to phosphorylation of Sch9 that controls the activity of Gen2, Avt3 and Avt4 promoting amino acid
homeostasis (Fig. 16). Herein, we still need to disclose the crosstalk between Gen2 and the AVT
transporters. Concerning lysine supplementation, this amino acid can induce the activation of Gcn2
that consequently reduces cells longevity. Data also indicates that Sch9 and Avt4 also participates

in this mechanism. Nevertheless, the link between Gen2 and Sch9 s still undisclosed (Fig.17).
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Fig.16: General effect of arginine and MIX supplementation: Arginine and MIX supplementation decrease
ROS accumulation and promote GO/G1 cell cycle arrest. Supplementation with arginine and MIX also leads to Sch9
phosphorylation, which in turn modulate the activity of AVT3 and AVT4, promoting amino acids homeostasis. Sch9

also regulate de activity of GCN2.
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Fig.17: Lysin supplementation leads to premature aging: supplementation with lysin increase ROS
accumulation and promote S-phase cell cycle arrest. Lysin supplementation also induce the activation of Gen2 and
reduce cells longevity. Sch9 and Avt4 also participates in this mechanis.
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