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Resumo

A Niemann-Pick tipo C1 (NPC1) € uma doenga autossémica recessiva de armazenamento
lisossomal (LSD) causada por mutacBes na proteina NPC1, que medeia o exporte de
colesterol de endossomas tardios e lisossomas (LE/Lys). Assim, a principal consequéncia
desta doenca € a acumulacédo de colesterol nos LE/Lys, sendo também caracterizada por
armazenamento invulgar de esfingolipidos (ex., ceramida) e morte prematura. O modelo de
Saccharomyces cerevisiae da NPCL1 resulta da delecéo da proteina Ncrl (ort6logo da proteina
NPC1). Tal como células de mamifero sem NPC1, células de levedura sem Ncrl (ncrld)
possuem tempo de vida cronolégico (CLS) diminuido e disfungdo mitocondrial, que resultam
da acumulacao de fitoceramida e consequente hiperativacédo da fosfatase Sit4. O GIn3 é um
ativador transcricional da via Repressao Catabdlica por Azoto (NCR) e esta hiperativado em
células ncrlA de modo dependente da Sit4. Como o GIn3 promove a sintese de glutamato
(Glu) e glutamina (GIn) a partir de a-cetoglutarato (a-KG), foi colocada a hipétese de que
células ncrlA podem ter niveis aumentados desses aminoacidos, ativando a via do TORC1
(Target of Rapamycin Complex 1), que é um inibidor da funcdo mitocondrial e autofagia,
importantes para a longevidade. Assim, este estudo teve como objetivo caracterizar um
potencial papel do GIn3 nos fendétipos ja descritos de CLS diminuido e disfuncdo mitocondrial
nas células ncrlA, mas também nas vias do TORCL1 e autofagia. Os resultados sugerem que
tanto a sinalizacdo pelo TORC1 como a autofagia estdo diminuidos nestas células, de modo
independente do GIn3, e que este tem um papel minoritario na morte prematura deste
organismo modelo, ndo contribuindo para a disfungdo mitocondrial. Como o GIn3 regula a
sintese e importe de aminoacidos, e defeitos na autofagia podem comprometer a reciclagem
destas moléculas, procuramos caracterizar a homeostasia de aminoacidos nas células ncrlA.
Os resultados indicam que células ncrlA possuem niveis superiores de Glu, mas nao de GIn,
enquanto os niveis de a-KG estao diminuidos, o que sugere que a aminagao de a-KG a Glu
esta aumentada. A andlise revelou ainda uma tendéncia geral de acumulacdo de aminoacidos
a nivel intracelular e vacuolar, em células ncrlA. Curiosamente, observamos que a
suplementacdo com a-KG, Glu ou GIn (em menor extensdo) aumenta a longevidade destas
células. O efeito benéfico do a-KG é acompanhado por uma diminuicdo da ativagdo do
TORC1, enquanto o Glu aumenta a ativacdo do complexo. Apesar de 0s suplementos
modularem a via do TORC1, o fluxo autofagico nas células ncrlA nao é recuperado. Em geral,
estes resultados mostram que a sinalizacdo pelo TORC1, a autofagia e homeostasia de
aminocidos estao alterados neste modelo de levedura da NPC1, de acordo com observacdes
em células ou tecidos NPC1 de mamifero. Mais estudos serdo necessarios para caracterizar

os efeitos protetores da suplementagdo com a-KG, Glu e Gin.
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Abstract

Niemann-Pick type C1 (NPC1) is an autosomal recessive lysosomal storage disease caused
by mutations in the NPC1 protein, which is involved in cholesterol export from late
endosomes/lysosomes (LE/Lys). Hence, cholesterol accumulation in LE/Lys is the primary
hallmark of disease, also characterized by abnormal storage of sphingolipids (e.g., ceramide)
and premature death. The Saccharomyces cerevisiae model of NPC1 originates from deletion
of the Ncrl protein (NPCL1 protein orthologue). Like NPC1 mammalian cells, yeast lacking Ncrl
(ncrlA cells) exhibit a shortened chronological lifespan (CLS) and mitochondrial dysfunction,
which result from phytoceramide accumulation and consequent hyperactivation of the Sit4
phosphatase. GIn3 is a transcriptional activator of the Nitrogen Catabolite Repression (NCR)
pathway and is upregulated in ncrl1A cells, in a Sit4-dependent manner. Since GIn3 is known
to promote glutamate (Glu) and glutamine (GIn) synthesis from a-ketoglutarate (a-KG), we
hypothesized that the levels of these amino acids could be increased in ncrlA cells, activating
the Target of Rapamycin Complex 1 (TORC1), which is an inhibitor of mitochondrial function
and autophagy, important for longevity. Hence, this study aimed to characterize the potential
role of GIn3 in the previously described shortened CLS and mitochondrial dysfunction
phenotypes of ncrlA cells, but also in the TORC1 and autophagy pathways. The results
suggest that TORC1 signalling and autophagic flux are decreased in ncrlA cells, in a GIn3-
independent manner, and that GIn3 seems to play a minor role in the premature death of this
model organism, with no impact on mitochondrial dysfunction. Since GIn3 regulates amino acid
synthesis and uptake, and autophagy impairment may compromise amino acid recycling, we
sought to characterize amino acid homeostasis in ncrlA cells. Our results indicate that ncrlA
cells have increased levels of Glu, but not Gin, while a-KG levels are reduced, suggesting that
a-KG amination to Glu is upregulated. The analysis further revealed a general tendency for
intracellular and vacuolar amino acid accumulation in ncrlA cultures. Interestingly, we
observed that supplementation of a-KG, Glu or GIn (in less extent) extends the CLS of ncrlA
cells. The beneficial effect of a-KG is accompanied by TORC1 downregulation, whereas Glu
increases its activation. Although the supplements modulate TORCL1 activity, the autophagic
flux of ncrlA is not restored. Overall, these results show that TORCL1 signalling, autophagy
and amino acid homeostasis are altered in this yeast model of NPC1, in agreement with reports
on mammalian NPCL1 cells or tissues. Further studies are necessary to fully comprehend the

protective effects of a-KG, Glu and GIn supplementation.
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Lysosomes were first acknowledged in the 1950s by Christian de Duve (1) and since then have
emerged as highly dynamic organelles involved in processes like autophagy, nutrient sensing,
metabolic signalling, cell growth and death. Due to their crucial role in cellular homeostasis
and fitness, investigation on these organelles and associated disorders has escalated over the
years. Lysosomal storage diseases (LSDs), comprehending 70 rare inherited disorders, are
characterized by progressive accumulation of biological molecules (lipids, proteins,
oligosaccharides, among others) in the lysosome, as a result of mutations in proteins important
for lysosomal function (2). Loss or decreased function of these proteins induce morphological
alterations and malfunction of the organelle, ultimately causing cell damage. In this study, we

focus on Niemann-Pick type C (NPC), an LSD with neurovisceral involvement.

1.1. Niemann-Pick type C

1.1.1. Introduction to Niemann-Pick disorders

Niemann-Pick refers to a heterogeneous group of LSDs that cause hepatosplenomegaly and,
in some cases, central nervous system (CNS) damage, due to abnormal storage of
unesterified cholesterol and/or sphingomyelin in lysosomes (3). Lipid accumulation results
from mutations in genes encoding lysosomal-residing proteins. Therefore, depending on the
affected gene and symptoms, these disorders can be subcategorized into the main types A, B
or C. Both types A and B originate from mutations in acid sphingomyelinase-coding SMPD1,
which impair sphingomyelin degradation. However, type A typically manifests in infancy, with
severe CNS injury causing premature death, whereas type B mostly develops in
childhood/adolescence and CNS is usually unaffected (4). Type C can be caused by mutations
in NPC1 or NPC2, thus being further classified into Niemann-Pick type C1 (NPC1) or Niemann-
Pick type C2 (NPC2), respectively. Niemann-Pick diseases are inherited in an autosomal
recessive manner, so mutations must affect both alleles of the gene for disease manifestation
(3, 5).

1.1.2. General aspects and clinical description

NPC is a rare disorder, with a predicted incidence of approximately 1 in 89000 conceptions,
with variations between ethnic groups (6). It is mainly characterized by accumulation of
unesterified cholesterol in late endosomes/lysosomes (LE/Lys), as a result of impaired
intracellular lipid trafficking. Abnormal storage of sphingosine and sphingolipids including
glucosylceramide, sphingomyelin and gangliosides, is also observed, with tissue-dependent

profiles. Although lipid build-up is detectable in most tissues, the brain and visceral organs
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such as the liver, spleen and, occasionally, the lungs, are the most severely damaged organs
(7, 8). Due to severe neurodegeneration, which affects about 90% of patients, and visceral
organ failure, premature death occurs, making NPC a fatal neurovisceral sphingolipidosis (3,
7).

The clinical profile of NPC is remarkably diverse, especially due to the varying onset age of
neurological symptoms, which highly determine the course of disease and patient life
expectancy. Hence, NPC is categorized into the early-infantile (<2 years), late-infantile (2-6
years), juvenile (6-15 years) and adult (>15 years) forms. The infantile forms are essentially
characterized by visceral defects, including hepatomegaly, splenomegaly and cholestatic
jaundice; in late infancy, neurological symptoms such as hypotonia and motor developmental
delay may manifest. The juvenile onset age is mostly of neurological nature, comprising
cerebellar ataxia, vertical supranuclear gaze palsy, dysphagia and dysarthria. These
symptoms are also observed in the adult form, which is further associated with dementia and,
often, psychiatric disturbances. In summary, defects in systemic organs commonly arise at a
young age, while neurological symptoms can manifest years later, gradually developing over
time. Although some patients reach 60-70 years of age, most die prematurely at 10-25

[reviewed in (3, 9)].

1.1.3. Genetic aetiology and cellular pathology

As mentioned before, NPC is caused by loss-of-function point mutations in NPC1, in 95% of
cases, or NPC2, in 5% of cases (3, 10). These genes encode the NPC1 and NPC2 proteins,
respectively, which are co-ordinately involved in intracellular lipid trafficking through the
endocytic pathway, namely cholesterol insertion in the membrane of LE/Lys and egress from
this compartment (11). Hence, despite being structural and functionally distinct, dysfunction of
either NPC1 or NPC2 promote similar cellular defects, making the biochemical phenotypes
and symptoms of NPC1 and NPC2 patients indistinguishable (12).

NPC2 is a small 132-amino acid globular glycoprotein, found in the lumen of LE/Lys.
Structurally, it is composed of seven -strands, which arrange into two -sheets that create a
loosely packed and expandable hydrophobic pocket with high affinity for cholesterol.
Consistently, NPC2 has been proposed to bind low density lipoprotein (LDL)-derived
cholesterol within LE/Lys and transfer it to NPC1, among other proteins that mediate lipid
export from this subcellular compartment (13, 14). NPCL1 is a large 1278-amino acid integral
membrane protein of LE/Lys, with 13 transmembrane segments and 3 luminal domains (Figure
1). The luminal N-terminal domain (NTD) of NPC1 receives the cholesterol molecule from

NPC2, specifically interacting with the lipid’s 33-hydroxyl moiety, opposite from the aliphatic



4 | FCUP/CBAS [APORTO [@PORTO

i 11 I T i FACULDADE DE CIENCIAS INSTITUTO DE CIEN
a-_Ketoquta_rate, amino acid homeostasis and lifespan in a yeast model of | P el S ICBAS BLECIR L.,
Niemann-Pick type C1 BIOMEDICAL SCIENCES

isooctyl tail that is buried in the hydrophobic pocket of NPC2 (15). The middle luminal domain
(MLD) of NPC1 is predicted to serve as a platform for interaction with NPC2, facilitating
cholesterol transfer from NPC2 to the NTD of NPC1 (16). Regarding the sterol-sensing domain
(SSD), formed by the transmembrane segments 3-8, studies have indicated it harbours an
additional cholesterol-binding site (11). In this model, the NTD delivers the cholesterol
molecule to the SSD, specifically to a cavity that is open to both the lumen and the luminal
leaflet of LE/Lys membrane. Cholesterol is likely integrated in the luminal leaflet, which would
require it to flip to the cytoplasmic leaflet to exit LE/Lys, but how flipping occurs is not known
(11). Hence, the mechanism of NPC1-mediated cholesterol export from LE/Lys is not fully
understood.

Up to date, over 250 mutations in NPC1 have been reported to cause NPC1 disease and they
can affect most domains of the NPC1 protein. Mutations in the cysteine-rich domain (CRD),
whose function is not completely clear, account for the largest percentage of cases (17, 18).
In particular, the CRD 11061T (Figure 1) affects about 20% of patients of western European
ancestry and is associated with the severe juvenile onset age (3). I1061T prevents correct
folding of NPC1, leading to its retention and subsequent proteasome-mediated degradation in
the endoplasmic reticulum (19), where the protein is synthesized. Consequently, NPC1 levels
become significantly reduced (19). Disease-causing mutations in NPC1 can also delay the
transport of NPC1 through the secretory pathway or simply impair its activity in LE/Lys (for
example, mutations in the NTD can impair cholesterol binding) (15, 19, 20). Consistently,
delivery of cholesterol to the endoplasmic reticulum and the cell membrane is compromised,
with abnormal build-up in LE/Lys (21, 22).

(NTD) (CRD)

Domain 1 Domain 2 Domain 5

Cytoplasm

Domain 3 Domain 4

(SSD) Domain 6

(CTD)
Figure 1 — Topological representation of human NPC1 protein. NPC1 localizes to the late endosomal/lysosomal system and
is composed of 13 transmembrane segments, 3 large luminal domains — the N-terminal domain (NTD), the middle luminal domain

(domain 2) and the cysteine-rich domain (CRD) —, the membrane-embedded sterol sensing domain (SSD) and a cytoplasmic C-
terminal domain (CTD). The 11061T mutation on the CRD is indicated with an arrow (23).
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It is worth noting that the brain does not obtain cholesterol from plasma LDL, as these patrticles
do not cross the blood-brain barrier. Instead, cholesterol is mostly synthesized by de novo
synthesis in the endoplasmic reticulum, which does not require the function of NPC1. This
could explain why brains of NPC1 patients do not have increased cholesterol mass (7).
However, as previously mentioned, disease-causing mutations in NPC1 induce severe
neurodegeneration, associated with death of Purkinje neurons in the cerebellum (24).
Furthermore, Karten et al. (25) have shown that, although cholesterol content of NPC1-
deficient mice sympathetic neurons is unaltered, there is preferential cholesterol build-up in
LE/Lys. This contributes to uncertainty regarding how NPC1 dysfunction affects cholesterol
trafficking in the brain and has such deleterious effects in this organ. On the other hand, the
livers of NPC1 patients display massive cholesterol accumulation, which is explained by the
fact that plasma LDL are endocytosed by hepatocytes for lipid catabolism (8). The lipid profiles
of the brain and visceral organs also include increased levels of GM2 and GM3 gangliosides
in the former and of glucosylceramide and sphingosine in the latter (7). Hence, lipid trafficking
and metabolism are severely altered in NPC1 disease (7).

How lipid accumulation contributes to lysosomal dysfunction is still not fully clear, but various
studies have reported autophagic defects in NPC1-deficient cells (26-29). Mitochondrial
dysfunction is also documented. Intriguingly, mitochondrial cholesterol levels are significantly
increased in NPC1 mouse brains (correlating with decreased activity of ATP synthase and
ATP levels) and patient fibroblasts (30, 31). Moreover, NPC1 knockdown in human neurons
leads to fragmentation of the mitochondrial network, which seems to derive from impaired
mitophagy (26). Of note, neurons largely rely on mitochondrial respiration for energy supply

and, consequently, adequate excitability and neurotransmission in the CNS (32).

1.1.4. Treatment of Niemann-Pick type C

Up to date, no curative therapy has been developed for NPC, so only symptomatic treatment
can be provided to retard disease progression. Since lipid accumulation in LE/Lys is the
primary hallmark of NPC (7), investigation on therapies that revert this defect has been
pursued. Miglustat (Zavesca®, Actelion Pharmaceuticals Ltd.) is the only disease-modifying
therapy ever approved for NPC treatment and provides a substrate reduction approach. It
crosses the blood-brain barrier and blocks the first step in glycosphingolipids biosynthesis by
reversibly inhibiting glucosylceramide synthase, thus ameliorating cellular glycosphingolipid
storage (33, 34). A recent study showed that about 70% of patients under continuous Miglustat

treatment have stabilized or improved neurological symptoms over time, so this therapy
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attenuates disease progression even though cholesterol metabolism is not directly addressed
(35).

1.1.5. The Saccharomyces cerevisiae model of Niemann-Pick type C1

The budding yeast Saccharomyces cerevisiae, a simple unicellular eukaryote, is widely used
to study signalling pathways and molecular mechanisms involved in human diseases, as many
of these processes are evolutionary conserved. In fact, about 25% of disease-related human
genes have an orthologue in yeast (36). The yeast orthologue of human NPC1 is the Niemann-
Pick type C-related protein 1 (Ncrl). It locates to the membrane of the vacuole, which is the
lysosome equivalent in yeast, and 32% of its amino acid sequence is identical to NPC1’s (37).
Moreover, the NTD, MLD, SSD and CRD of NPC1 are conserved, as are multiple amino acid
residues affected by disease-causing mutations (37, 38).

NPC1 and Ncrl were predicted to have similar functions, as expression of lysosomal
membrane-tagged Ncrl in NPC1-deficient mammalian cells rescued disease phenotypes such
as lysosomal accumulation of cholesterol and gangliosides (39). Function equivalence was
recently confirmed by Winkler et al. (38), who revealed that the yeast Ncrl and the NPC2
orthologue (also named NPC2) work together to deliver sterols to the vacuolar membrane.
According to their model, yeast NPC2 binds a sterol in the vacuole, docks to the MLD of Ncrl
and transfers the lipid to the NTD. Then, the NTD delivers it to a hydrophobic tunnel of Ncrl,
which leads to the membrane-embedded SSD. Lastly, the sterol is predicted to diffuse from
the SSD into the cytoplasmic leaflet of the LE/Lys membrane for integration or subcellular
redistribution. Thus, this sterol transport mechanism seems to be conserved in yeast and
mammals (38).

The S. cerevisiae model of NPCL1 results from disruption of the NCR1 open reading frame,
which generates yeast lacking Ncrl (ncrlA cells). Importantly, Ncrl absence in yeast
recapitulates multiple phenotypes observed in NPC1 mammalian cells. For instance, ncrlA
cells display increased levels of ergosterol (the most abundant membrane sterol in yeast, with
similar functions to mammalian cholesterol) in the endosomal system, whose acidification is
reduced (40, 41). In analogy to sphingosine and ceramide accumulation in LE/Lys of NPC1-
deficient cells (42, 43), ncrlA cells have increased levels of phytosphingosine and
dihydrosphingosine in post-diauxic shift phase (PDS, respiratory phase) and of phytoceramide
in both exponential (fermentative) and PDS phases (41, 44). Moreover, the mutant displays
mitochondrial network fragmentation and mitochondrial membrane depolarization (41).
Mitochondrial respiration is also impaired, as oxygen consumption is decreased and the cells

are not capable of growing on agar plates with glycerol — an exclusively respiratory substrate
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— as sole carbon source (41). Notably, these mitochondrial defects are associated with
decreased oxidative stress resistance and shortened lifespan (41). The similarity between the
phenotypes of NPC1-deficient mammalian cells and Ncrl-deficient yeast, together with the
structural and functional conservation of the NPC1/NPC2 system, validate this yeast model of
NPC1 to study the molecular basis of the disease.

Recently, Vilaga et al. (44) showed that mitochondrial dysfunction and premature death of
ncrlA cells result from phytoceramide accumulation and consequent increase in the activation
of the Ser/Thr phosphatase Sit4, as SIT4 deletion restores mitochondrial respiration and
longevity. Also, ncrlA cells have increased activation of GIn3, mediated by Sit4 (44). The

functions of Sit4 and GIn3 are explored in section 1.2.4.

1.2. TOR signalling
1.2.1. Structure and function of TORC1 and TORC2

Target of Rapamycin (TOR) is a phosphoinositide 3-kinase (PI13K)-related Ser/Thr kinase with
a central role in eukaryotic signalling pathways that regulate cell growth and proliferation (45).
TOR was first identified in S. cerevisiae as a target of rapamycin, through an analysis of
mutations that induced resistance to the growth-inhibitory effect of this macrolide (46). Later,
it was identified in mammalian cells, being highly conserved throughout evolution (47, 48).

In mammals, TOR is solely encoded by the TOR gene and it can be the catalytic subunit of
two different complexes — TOR Complex 1 (TORC1) and TOR Complex 2 (TORC2) —, by
interacting with different partner proteins (Figure 2) (45). Contrarily, S. cerevisiae possesses
two TOR genes, TOR1 and TOR2, which encode the paralogs Torl and Tor2, respectively.
Nonetheless, the structures and functions of TORC1 and TORC2 are conserved (48, 49).

Yeast TORCL1 is composed of either Torl or Tor2, Kogl, Lst8 and Tco89 (Figure 2), whereas
TORC2 can only have Tor2 as the catalytic core, with Avol, Avo2, Avo3, Lst8 and Bit61 as the
remaining subunits (48, 50). In addition to being structurally distinct, the two complexes
respond to different stimuli and regulate different processes in the cell to ultimately promote
cell growth. TORC1 senses nutrient availability, cell energy status, stress and growth factors
to stimulate nutrient mobilization, transcription, protein and lipid synthesis and ribosome
biogenesis, whereas catabolic processes (e.g., autophagy) are inhibited (Figure 2). On the
other hand, TORC2 mostly responds to growth factors and regulates cytoskeletal remodelling
and cell cycle progression [reviewed in (45, 49)]. Studies with rapamycin have facilitated the
separate characterization of these two TOR signalling branches, as rapamycin interacts with
Fprl (equivalent to mammalian FKBP12) to allosterically inhibit TORC1 but not TORC2.

TORC2 cannot bind to rapamycin-Fprl and, thus, is considered insensitive to the antibiotic
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(47, 48). Rapamycin treatment mimics nutrient starvation, promoting exit from the cell cycle
and entrance into the quiescent GO stage (51).

In humans, TORC1 signalling dysregulation has been increasingly implicated in various
diseases, including cancer, neurodegenerative disorders and LSDs (52). In the case of NPC1,
there are divergent observations regarding the degree of TORC1 activation in NPCL1 cells, but
some studies have suggested that dysregulation of TORC1 signalling is implicated in the
pathogenesis of the disease (53, 54).

Cytosol i,

S. cerevisiae Mammals

GTP

c Gtr1

Torie G2

Ego1

Ego3

Stress response
Autophagy

Stress response

Autopha
Mitochondria gy
Translation initiation Translation initiation
Ribosome biogenesis Ribosome biogenesis
Nutrient assimilation Cell proliferation

Mitochondrial biogenesis

Figure 2 — Mammalian and S. cerevisiae TORCL1 signalling at the lysosomal/vacuolar surface. Yeast TORC1 is composed
of Torl or 2, Lst8, Kogl- orthologues of mammalian mTOR, mLST8 and RAPTOR, respectively — and the yeast-specific Tco89.
Mammalian TORCL1 is recruited to the lysosomal surface by Rag GTPases, in response to amino acids, where it is activated by
GTP-bound Rheb. Ribosomal protein S6 kinase (S6K) and 4EBP1 are downstream targets of mammalian TORCL1. Yeast TORC1
constitutively localizes to the vacuolar membrane and is activated by amino acids and other nitrogen sources via the Gtr1-Gtr2
complex, directly phosphorylating and activating Sch9 (S6K homologue) or inhibiting protein phosphatase 2A (PP2A) via Tap42
phosphorylation (55).

1.2.2. TORC1 activation by amino acids

In addition to being the building blocks of proteins — the most diverse and abundant
macromolecules in the cell —, amino acids are involved in metabolic signalling, the synthesis
of nucleotides and neurotransmitters, and constitute an energy source for multiple cell types

(56). Hence, amino acid homeostasis, which according to Aris et al. (57) comprises the import,
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synthesis, use, catabolism and recycling of amino acids, has an important role in cellular fitness
and longevity (57-59). Lysosomes/vacuoles are crucial mediators of amino acid homeostasis
and provide a platform for amino acid sensing and TORCL1 activation.

In both mammals and yeast, amino acids (among other nutrients) activate TORC1 to stimulate
cell growth. In mammalian cells, amino acid availability is perceived by the Rag GTPases,
which locate to the lysosomal surface and recruit mTORC1 for GTP-bound Rheb-mediated
activation (Figure 2). In yeast, TORCL1 locates to the rim of the vacuole, independently of amino
acid levels (60). The Gtr1-Gtr2 (Rag GTPases orthologues) heterodimer is anchored to the
vacuolar membrane by the Ego1-Ego2-Ego3 complex and senses nitrogen sources, including
amino acids. When these are available, Gtrl and Gtr2 bind GTP and GDP, respectively,
associating with and activating TORC1 (Figure 2). Thus, although yeast possesses a Rheb
orthologue (Rhb1l), it does not mediate TORC1 activation (60). In both mammals and yeast,
the vacuolar H'-ATPase (V-ATPase) — a protein complex that pumps protons into
lysosomes/vacuoles, coupled with ATP hydrolysis — is also involved in amino acid-mediated
TORC1 activation, detecting luminal amino acid levels (61, 62). Importantly, distinct amino
acids seem to activate TORC1 via different mechanisms and with different efficiency. For
example, leucine activates TORCL1 through Rag GTPases/Gtrl-Gtr2, whereas glutamine (GIn)
can stimulate TORCL1 independently of these complexes (63-65). Moreover, Gln-mediated
TORCL1 activation in yeast is more sustained in time than that promoted by leucine or glutamate
(Glu) (63). Interestingly, not only do amino acid availability and quality impact TORC1

signalling, TORCL1 inhibition was shown to alter the amino acid profile of yeast cells (66).

1.2.3. TORC1-mediated regulation of longevity and mitochondrial function

For years now, yeast has been a useful model organism to study longevity and aging-related
diseases, because multiple pathways contributing to these phenomena are conserved (36).
The yeast chronological lifespan (CLS) consists in the period that non-dividing cells in
stationary phase remain viable (67). Hence, yeast CLS is a model for the aging process of
post-mitotic cells in multicellular organisms (e.g., neurons) (68).

TORCL1 is an important regulator of longevity in both yeast and higher eukaryotes (69). In
yeast, TORL1 deletion or rapamycin treatment significantly extend CLS. This is associated with
increased mitochondrial respiration and electrochemical potential and a beneficial production
of superoxide throughout growth, thus indicating that TORCL1 inhibits mitochondrial function
and that this is disadvantageous for longevity (70, 71). Importantly, the effects of TORC1 on
mitochondrial function are mostly mediated by its downstream effector Sch9 [homologue of

mammalian ribosomal protein S6 kinase (S6K)], a positive regulator of translation initiation and
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ribosome biogenesis, whose deficiency also increases CLS and mitochondrial fithess (72). In
fact, the beneficial effect of caloric restriction on yeast longevity partially derives from
attenuation of the TORC1/Sch9 pathway (73, 74). TORC1 downregulation also contributes to
increased CLS through activation of the stress resistance transcription factors Gisl and
Msn2/4 (activated by Rim15), which promote proteostasis, the activity of antioxidant enzymes
and accumulation of glycerol and glycogen under nutrient starvation (74, 75). Lastly, TORC1
downregulation promotes autophagy induction (see section 1.3.2.), which enhances yeast
CLS, too (76).

1.2.4. Regulation of Nitrogen Catabolite Repression by TORC1 and Sit4

Yeast Sit4 is a protein phosphatase 2A (PP2A)-related Ser/Thr phosphatase and functional
homologue of mammalian protein phosphatase 6 (77). It controls cell cycle progression and is
a negative regulator of mitochondrial function, as disruption of SIT4 in yeast lacking
mitochondrial DNA restores mitochondrial electrochemical potential and cell proliferation (78,
79). Consistently, downregulation of Sit4 increases CLS (80). Importantly, this phosphatase is
capable of forming distinct complexes in the cell: it is the catalytic subunit of the ceramide-
activated protein phosphatase (CAPP) complex, by interacting with the regulatory subunits
Tpd3 and Cdc55, but it can also interact with Sit4-associated proteins (SAPs), such as Tap42
(79, 81, 82). Sit4 functions downstream of TORC1 and is also involved in nutrient signalling,
regulating the yeast Nitrogen Catabolite Repression (NCR) pathway (83).

The NCR pathway is responsive to nitrogen availability, modulating gene transcription to
repress the mobilization and utilization of poor nitrogen sources when preferred ones are
available. Among these genes are amino acid permeases, transaminases and enzymes
involved in amino acid synthesis and degradation (84). Preferred nitrogen sources include Gin,
asparagine, Glu and ammonium, as they can easily be converted into (other) amino acids
and/or support cell growth, whereas proline, urea and y-aminobutyrate are poor, less preferred,
nitrogen sources (63, 84). Indeed, GIn is the nitrogen source of election for yeast and a major
activator of TORC1, also involved in the regulation of the NCR (63, 84, 85).

Among the downstream targets of TORC1 and Sit4 is the GATA-binding transcription factor
GIn3, one of the two positive regulators of NCR-sensitive genes (Figure 3) (86). When
preferred nitrogen sources are available, namely GIn, TORCL1 is activated and phosphorylates
GIn3. Consequently, Ure2, a negative regulator of transcription, binds to the phosphorylated
form of GIn3, sequestering it in the cytoplasm and thus repressing NCR-sensitive gene
expression (83, 86). TORC1 is also predicted to bind and phosphorylate the Tap42-Sit4

complex, inactivating the Sit4 phosphatase, which has been proposed to regulate GIn3 activity
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by dephosphorylating it and promoting its migration to the nucleus (81, 83, 87). Contrastingly,
under poor nitrogen conditions or rapamycin treatment, TORC1 is downregulated, so GIn3 is
not phosphorylated by this complex and migrates to the nucleus to derepress NCR-sensitive
transcription (88, 89). Moreover, the Tap42-Sit4 complex dissociates from TORC1 and Sit4
dephosphorylates GIn3, abolishing the interaction with Ure2 and promoting GIn3 translocation
to the nucleus (Figure 3) (81, 83, 87, 90).

Glutamine or Proline or Nitrogen
Nitrogen Excess leltatlonlStarvatlon

v

Active TorC1 Rapamycin Inactlve TorC1
2SS
Bound
Free
GIn3 Ure2 Tap42 ..
® +
C t | Ure2
ytopiasm
Nucleus

NCR-sensitive genes

Figure 3— TORC1 and Sit4 regulate GIn3 activation in the Nitrogen Catabolite Repression (NCR) pathway of S. cerevisiae
(simplified representation of the mechanism). Glutamine or nitrogen abundance induce TORC1 activation, which mediates the
cytoplasmic sequestering of GIn3 and repression of NCR-sensitive gene transcription. Poor nitrogen sources (proline), nitrogen
starvation or rapamycin inactivate TORC1, thus freeing Sit4 to dephosphorylate GIn3. GIn3 dissociates from Ure2 and promotes

NCR-sensitive gene expression in the nucleus (91).

Among the genes regulated by GIn3 are GDH1 and GLN1, whose transcription is derepressed
upon GIn3 activation (84). GDH1 and GLN1 encode the NADPH-dependent glutamate
dehydrogenase 1 (Gdhl) and glutamine synthetase (GS) enzymes, respectively. Gdhl
catalyses Glu synthesis from a-ketoglutarate (a-KG) and ammonium, whereas GS catalyses
ATP-dependent condensation of Glu and ammonium to yield GiIn — the only pathway for Gin
synthesis in yeast (Figure 4) (84, 92). Glu can also be produced through the activity of the
Gdhl paralog, Gdh3, which catalyses the same reaction except a-KG is used at a lower rate
(93). Moreover, Gdhl seems to have an important role in Glu synthesis during exponential
growth, whereas Gdh3 is mostly expressed in stationary phase for resistance to stress-induced
apoptosis (94). Another pathway for Glu synthesis, although less contributory (92), involves
the oligomeric NADH-dependent glutamate synthase (GIt1/GOGAT), which transfers the

amide group of GIn to a-KG, generating Glu (Figure 4) (84). Furthermore, transaminases
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(aminotransferases) can use amino acids such as branched-chain amino acids, aromatic
amino acids and methionine for reversible amination of a-KG to Glu (92).

Notably, the amino and amide groups of Glu and GIn, respectively, provide all the nitrogen
necessary for cellular biosynthetic processes, including the synthesis of purines and
pyrimidines and other amino acids (95). Disruption of GDH1 and consequent decrease in Glu
and GIn synthesis was shown to reduce the amino acid pool of exponentially growing cells by
38% (96). This shows that maintenance of adequate levels of Glu, GIn and their precursor, a-

KG, is important for amino acid homeostasis.

NH NADEH MAl M ATP ADPF
MADP-CGIH
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Figure 4 — Glutamate and glutamine synthesis in S. cerevisiae. Gdhl (encoded by GDH1) catalyses glutamate synthesis from
a-ketoglutarate — a Krebs cycle intermediate —, and ammonium, whereas GS (encoded by GLN1) synthesizes glutamine from
glutamate and ammonium. The enzymes encoded by GDH3 and GLT1 also contribute to glutamate synthesis, through different

mechanisms (see text). Adapted from (92).

1.3. Autophagy and amino acid homeostasis

1.3.1. General aspects of autophagy

In addition to being platforms for nutrient sensing and intracellular signalling, lysosomes and
yeast vacuoles have a long-recognized role in autophagy — an intracellular pathway that
promotes enzymatic degradation of cytoplasmic components (biomolecules and organelles)
and subsequent recycling of their building blocks. In yeast, autophagy can be subclassified
into macroautophagy or microautophagy, both culminating in substrate delivery to the vacuole,
where hydrolytic enzymes reside. However, macroautophagy requires de novo assembly of a
cytoplasmic isolation membrane (phagophore), which expands to entrap the substrate and,
when sealed, forms the autophagosome — a double membrane vesicle that fuses with the
lysosome/vacuole for substrate breakdown (97). Contrarily, microautophagy involves
invagination of the vacuolar membrane and formation of luminal vesicles that contain the
cytoplasmic substrate (98). Both macroautophagy and microautophagy are evolutionarily

conserved from yeast to mammals, but the cytoplasm-to-vacuole targeting (Cvt) pathway is
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solely found in yeast, consisting in a constitutive biosynthetic process that uses autophagic
machinery to transport hydrolases to the vacuole (99).

Macroautophagy (hereinafter referred to as “autophagy”) commonly refers to a non-selective
process, in which cytoplasmic material is engulfed in bulk (100), but cytoplasmic components
can also be selectively targeted for degradation. For example, mitophagy promotes selective
degradation of superfluous and defective mitochondria, preventing their accumulation and
damage of biomolecules by reactive oxygen species (101). In addition to defective organelles,
oxidized molecules, misfolded proteins and aggregates can undergo degradation. Thus,
autophagy plays a fundamental role in quality control and protection from cell death, requiring
tight regulation. Indeed, its dysregulation can contribute to severe pathology, including
neurodegeneration (100). As post-mitotic cells, neurons do not have the capacity to
disseminate damaged organelles or molecules to daughter cells, so autophagy is crucial for

their efficient degradation and homeostasis maintenance (68).

1.3.2. Autophagy machinery and regulation

Most of the molecular machinery required for non-selective autophagy was first identified in
yeast, including the conserved core of autophagy-related (Atg) proteins (102, 103). Up to date,
over 30 Atg proteins have been discovered through studies in yeast and mammals and at least
17 are fundamental for induction, nucleation, expansion and maturation of autophagosomes,
as well as for fusion with lysosomes (55, 104). According to the stage in which they are
involved, Atg proteins can be subcategorized into different groups. Among these is the Atgl
kinase complex, crucial for autophagy initiation and formed by the Ser/Thr kinase Atgl
(homologue of mammalian ULK1), Atg13 and the Atgl7-Atg31-Atg29 subcomplex (100, 104).
Assembly of this complex is required for activation of Atgl, which dimerizes and auto-
phosphorylates to promote biogenesis of the phagophore (105, 106). Also worthy of mention
is the Atg8 conjugation system, involved in phagophore expansion and sealing (107). Atg8
(LC3 homologue) is a ubiquitin-like protein that, upon autophagy initiation, is conjugated to
phosphatidylethanolamine (PE) in the inner and outer sides of the phagophore membrane, by
ubiquitin-like Atg machinery (108, 109). Reaching full assembly of autophagosomes, the
interaction between Atg8 and PE in the outer membrane is abolished by Atg4, playing an
important role in Atg8 recycling (110). In contrast, Atg8 molecules in the inner membrane of
the autophagosome remain associated to PE. Only when autophagosomes and vacuoles
merge do they deconjugate and Atg8 is degraded by vacuolar hydrolases. Therefore, Atg8 is
a signature characteristic of autophagic vesicles (104, 111). Of note, both selective and non-

selective types of autophagy require the core Atg machinery (100).
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As a housekeeping mechanism that maintains general homeostasis, autophagy is executed at
basal levels under normal growing conditions. However, under adverse circumstances, such
as nitrogen or amino acid starvation, it is strongly upregulated (112). Hence, yeast vacuoles
(and mammalian lysosomes) are important for maintenance of adequate amino acid levels in
the cytoplasm, delivering autophagy-derived amino acids to this compartment when reserves
are limiting (56, 113). Consistently, yeast lacking essential Atg proteins are not capable of
restoring amino acid pool levels following nitrogen starvation, so protein synthesis and cellular
viability are compromised (113). Importantly, the yeast vacuole also functions as an amino acid
storage compartment. Vacuolar membrane transporters mediate flux of amino acids in and out
of this organelle, the majority relying on the H* gradient established by V-ATPase for H*/amino
acid antiport or symport (114-116). Amino acid transport across the vacuolar membrane is a
balanced and adaptable process, responding to the metabolic status of the cell and

environmental conditions (Figure 5) (114, 117).
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Figure 5 — The vacuole is an important regulator of amino acid homeostasis in S. cerevisiae. Yeast vacuoles are amino
acid storage organelles and display multiple transmembrane amino acid transporters that assist amino acid flow to and from the
cytosol. Under amino acid starvation, stored amino acids or amino acids resulting from autophagy upregulation are delivered to
the cytosol to replenish the free amino acid pool. Moreover, amino acid synthesis is increased. In contrast, when cytosolic amino
acids are abundant, they can be stored in the vacuole, used for protein synthesis or degraded, so adequate cytosolic levels are
maintained. Notably, V-ATPase activity promotes vacuolar acidification, which in turn is essential for efficient proteolysis in the

vacuole and amino acid transport (117).

As a sensor of nutrient availability and stress, TORC1 is a central element in autophagy
regulation and was first acknowledged as an autophagy inhibitor by Noda et al. (118), who
observed that rapamycin treatment induced autophagy in yeast. TORCL1 is most activated
throughout exponential growth, when amino acid uptake and de novo synthesis are increased
(66), so autophagy is maintained at constitutive levels (119). When amino acids become

scarce, especially during stationary phase, TORCL is inactive and autophagy is upregulated
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for increased protein turnover and replenishment of the free amino acid pool (112, 119).
Modulation of autophagy by TORC1 involves its kinase activity. Active TORC1
hyperphosphorylates Atg13, which decreases its affinity for Atgl and, consequently, the Atg17-
Atg31-Atg29 subcomplex. This prevents Atgl activation, compromising autophagy initiation.
In contrast, inactivation of TORC1 allows Atgl3 dephosphorylation, so the Atgl kinase
complex is assembled, Atgl is activated and phagophore biogenesis takes place (120). PP2A
has been proposed to counteract TORC1 activity, dephosphorylating Atgl3 and inducing
autophagy under nutrient starvation (121). Like TORC1, protein kinase A (PKA) can
phosphorylate Atg13 (and Atgl) and inhibit autophagy (105). Other downstream targets of PKA
are Rim15 and the Msn2/4 transcription factors, also inhibited by Sch9 for autophagy
downregulation (Figure 6) (75).

Nutrients Starvation or rapamycin treatment

[ ToRCH ] (PKA) TORC1 PKA
Inactive

=]

Inactive

P
D @
P 4 Atg13

X
Atg17
Atg29 Atg31 - Cvt pathway - Autophagy

Figure 6 — Autophagy regulation by TORC1, PKA and Sch9 in S. cerevisiae. Under nutrient abundance, Atgl3 can be

—®

Active

phosphorylated by TORC1 and PKA, preventing its association with Atgl and the Atgl7-Atg31-Atg29 subcomplex. Therefore,
Atgl is not activated and autophagy initiation does not occur. Under nutrient limitation or rapamycin treatment, TORC1 is
downregulated, so autophagy is promoted through assembly of the Atgl kinase complex, driving biogenesis of the phagosome
assembly site. PKA and Sch9 are negative regulators of Rim15 and Msn2/4, which stimulate autophagy when activated (122).

1.3.3. Autophagy and amino acid homeostasis impact longevity

In mammals, autophagy was shown to decline with aging, alongside decreased expression of
proteins involved in the process, including Atg proteins (123, 124). In yeast, studies have
shown that deletion of autophagy-essential ATG genes decreases CLS, both under normal
growth conditions and nitrogen limitation (58, 125). Hence, autophagy is crucial for normal
lifespan. Indeed, it is a common mechanism of various longevity-enhancing pathways (75).
Consistent with its role in cellular homeostasis and fitness, autophagy upregulation extends

the lifespan of multiple organisms, from yeast to mammals, also delaying aging-related
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phenotypes (58, 126). Like TORC1 downregulation, autophagy seems to be required for CLS
extension by caloric restriction in yeast, promoting respiration proficiency (57, 58). As
previously discussed, TORCL1 inhibition enhances yeast longevity and this is partially caused
by autophagy stimulation, as the lifespan-extending effect of rapamycin requires autophagy
upregulation (76). Of note, the cytoprotective effect of autophagy against aging is well
established, but this mechanism can be detrimental when excessively and persistently
executed (e.g., under proteotoxic stress), causing cell death (127).

In agreement with the role of autophagy in maintaining amino acid homeostasis and promoting
longevity, amino acid composition of yeast growth media was shown to significantly impact the
CLS of autophagy-deficient cells (58). While autophagy is required for normal longevity in
synthetic media, it is not in yeast extract peptone dextrose (YPD, rich media), which is
consistent with the fact that autophagy is induced under amino acid limitation and that growth
in YPD requires lower amino acid recycling (58, 118, 128). Moreover, individual amino acid
supplementation can increase the CLS of autophagy-deficient yeast (58).

Limiting the levels of some essential amino acids was shown to negatively affect yeast CLS,
whereas increased supply can extend CLS, in association with augmented cell biomass and
resistance to oxidative and thermal stresses (58, 129). Supplementation of growth media with
non-essential amino acids can impact longevity, too. For instance, the branched-chain amino
acids isoleucine and valine were shown to enhance yeast CLS, partially repressing the general
amino acid control pathway, which is responsive to starvation for one or more amino acids,
and potentially upregulating protein synthesis (129). In contrast, other amino acids seem to
have a deleterious effect on lifespan and restriction can enhance longevity. For example,
methionine limitation increases rat and yeast lifespan, mimicking effects of caloric restriction
at least in the former (130-132). In yeast, methionine restriction was shown to upregulate ATG
genes and increase CLS in a mitophagy-dependent manner (131). These studies, among
others, indicate that amino acid availability impacts both mammalian and yeast aging (59).
Notably, recent reports show that amino acid metabolism is altered in the liver and brain of

NPC1 mice models, with potential implication in disease pathogenesis (133, 134).

1.4. a-Ketoglutarate as an anti-aging metabolite

a-KG, also known as 2-oxoglutarate, is an endogenous metabolite with several biological
functions. As an intermediate of the Krebs cycle, a-KG plays a role in the production of the
reducing agent NADH, required for ATP synthesis through mitochondrial oxidative
phosphorylation (135). Also, it participates in nitrogen and amino acid metabolism, being a

direct or indirect precursor of several amino acids, including Glu and GIn, proline, arginine and
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lysine (136). Additionally, a-KG is a cofactor of a-KG-dependent dioxygenases. These include
prolyl hydroxylases, which are important for collagen biosynthesis (in mammals), but also the
DNA-demethylating Tet enzymes and histone demethylases, involved in epigenetic regulation
(135, 137).

Recent studies have focused on the physiological role of a-KG as a metabolite that delays the
aging of various organisms. An a-KG-supplemented diet increases both lifespan and
healthspan of mice, in association with reduced levels of inflammatory cytokines (138). In
Drosophila melanogaster and Caenorhabditis elegans, a-KG also extends longevity, which is
associated with TOR signalling inhibition (139, 140). In C. elegans, a-KG was shown to bind
and inhibit the B subunit of ATP synthase, decreasing ATP production and, consequently, the
cellular ATP/AMP ratio (139). This resulted in AMP-activated protein kinase (AMPK)
upregulation, promoting inhibition of TORC1 and induction of autophagy — two factors that
mediate longevity extension in various organisms. Hence, a-KG increased the lifespan of this
organism by approximately 50% (140). Likewise, AMPK and TOR are up- and downregulated,
respectively, in D. melanogaster treated with a-KG, contributing to increased expression of
ATG genes and phagosome formation (139). In mammals, contrasting observations regarding
TORC1 and autophagy regulation by a-KG have been made (140-143).

The main pathways for a-KG synthesis in S. cerevisiae include oxidative decarboxylation of
isocitrate by isocitrate dehydrogenase (a reaction of the Krebs cycle), oxidative deamination
of Glu by NADH-dependent glutamate dehydrogenase 2 (Gdh2) and deamination of Glu by
transaminases, also yielding other amino acids (92, 144). Importantly, supplementation of
growth medium with a-KG also increases yeast CLS, which is associated with augmented
mitochondrial respiration and low-level production of reactive oxygen species, promoting the
activation of antioxidant defences and ultimately increasing oxidative stress resistance in
stationary phase (145). a-KG-mediated longevity extension is also accompanied by
augmented cell biomass, total protein and amino acid levels, and storage of glycogen and
glucose (145, 146). Increased activity of Gdhl and GS by approximately 50% was also
observed and likely contributes to the increased amino acid pool (146). In contrast to other
organisms, modulation of TORC1 and autophagy by a-KG in yeast has not been described.
As a cofactor of enzymes that catalyse epigenetic maodifications, a-KG also regulates
chromatin structure and gene transcription, which in turn affect aging and longevity (135).
Eukaryotes have four broadly conserved core histone proteins — H2A, H2B, H3 and H4 — that
form an octamer by combination of an H2A-H2B dimer and a H3-H4 tetramer (147). In yeast,
there are two copies of each core histone gene, arranged in opposite orientation to the gene
encoding its partner in the nucleosome: the pair HHT1-HHF1 encodes histones H3 and H4,
whereas HHT2-HHF2 encodes H2A and H2B (148, 149). Deletion of HHT1-HHF1 and
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decreased expression of H3 and H4 negatively impact CLS, whereas increased levels of
histone proteins extend both replicative lifespan and CLS (150, 151). Consistently, histone
levels decrease throughout aging (151). CLS is also influenced by the methylation state of
specific histone lysine residues, which can be reversibly mono-, di- or trimethylated. For
instance, trimethylation of lysine 4 in histone H3 (H3K4me3) of yeast is required for normal
CLS, preventing premature aging by promotion of histone gene expression, and trimethylation
of lysine 36 (H3K36me3) is important for replicative lifespan, enhancing transcription fidelity
(150, 152). a-KG is a cofactor of Jumonji C (JmjC) domain-containing demethylases, which
mediate demethylation of histone lysine residues. Thus, yeast JmjC proteins, such as Jhd2
(H3K4 demethylase), Jhd1 and Rph1l (H3K36 demethylases), play an important role in lifespan
regulation (150, 152).
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Recently, Vilaca et al. (44) showed that phytoceramide-mediated hyperactivation of the
Ser/Thr phosphatase Sit4 in ncrlA yeast cells contributes to mitochondrial dysfunction and a
shortened CLS. Moreover, GIn3 activity is increased in these cells, in a Sit4-dependent manner
(44). As previously discussed, GIn3 is a transcription factor that, under the regulation of TORC1
and Sit4, promotes the expression of NCR-sensitive genes, such as GDH1 and GLN1 (84).
These genes are involved in the synthesis of the amino acids Glu and GlIn, respectively, which
can activate TORCL1 in yeast (the former to a lesser extent) (85). Thus, we hypothesized that
Glu and GIn levels of ncrlA cells may be augmented, in a GIn3-dependent manner, stimulating
TORC1 activity. Since TORCL is a known inhibitor of mitochondrial function, its hyperactivation
could contribute to the mitochondrial dysfunction phenotype of these cells. TORC1 also inhibits
autophagy and impaired autophagic flux in NPC1-deficient cells is heavily documented, so we
further hypothesized that ncrlA cells display autophagic defects, causing accumulation of
defective mitochondria and premature death. Of note, GIn3 hyperactivation and autophagy
impairment may affect amino acid homeostasis, which impacts yeast CLS (57). Increased
activity of GIn3 could also decrease a-KG levels of ncrlA cells, as a-KG is used for Glu and
GIn synthesis (84). Besides being an intermediate of the Krebs cycle, a-KG has emerged as a
key metabolite in longevity extension. Therefore, a potential decrease in a-KG levels of ncrlA
cells could negatively impact their lifespan.

This study aimed to: 1) evaluate TORCL1 activation and the autophagic flux in ncrlA cells; 2)
determine the role of GIn3 in those phenotypes and in the previously reported shortened CLS
and mitochondrial dysfunction of ncrlA cells, and 3) characterize amino acid and a-KG

homeostasis in ncrlA cells, and their role in the CLS of this model of NPCL1.
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3.1. Yeast strains and growth conditions

S. cerevisiae strains used in this study are depicted in Table 1.

Yeast cells were grown aerobically to early exponential (ODeoo = 0.6), late exponential (ODsoo
= 2), PDS (ODsoo = 5-6) or stationary phases (ODego = 8-12; 2 days after early exponential
phase) in Erlenmeyer flasks placed on an orbital shaker (140 rpm), at 26 °C. Growth media
were used with a 1:5 ratio of medium volume to flask volume and comprised: YPD [2% (w/v)
bacteriological peptone, 1% (w/v) yeast extract and 2% (w/v) glucose] and synthetic complete
drop-out medium containing either glucose [SC — 2% (w/v) glucose, drop-out, 0.67% (w/v)
yeast nitrogen base without amino acids and, when appropriate, 0.008% (w/v) histidine, 0.04%
(w/v) leucine, 0.008% (w/v) tryptophan and 0.008% (w/v) uracil] or glycerol [SC-glycerol — with
3% (v/v) glycerol instead of glucose]. When indicated, SC or SC-glycerol media were
supplemented with a-ketoglutaric acid (Sigma-Aldrich), L-glutamic acid (Merck), L-glutamine
(Sigma), or L-arginine monohydrochloride (Roth) for a 10 mM final concentration. Media pH
was adjusted to that of non-supplemented media before autoclaving, using 5 M NaOH and a

pH electrode (WTW inoLab pH 720). Solid media were prepared by adding 1.5% (w/v) agar.

Table 1 — Strains, genotypes and sources of S. cerevisiae used in this study.

Yeast strain Genotype Source
BY4741 MATa, his3A1, leu2A40, met15A0, ura3A0 EUROSCARF
ncrlA BY4741 ncrlA::KanMX4 Vilaga et al. (44)
ncrlA BY4741 ncrlA::MXURA3 This study
gin3A BY4741 gin3A::KanMX4 This study
ncrlAgin3A BY4741 ncrlA::MXURA3 gIn3A::KanMX4 This study

3.2. Gene disruption

Yeast null mutants were generated by replacement of target genes with deletion cassettes,
i.e., linear DNA fragments containing a selectable marker gene that allows artificial selection
of transformants. When flanked by homologous regions of the target gene, these cassettes
disrupt the latter by homologous recombination.

Gene deletion cassettes were amplified by polymerase chain reaction (PCR) prior to yeast
transformation, using T100 Thermal Cycler (Bio-Rad). For cassette amplification from plasmid
DNA, reaction mixtures consisted of: 5 ng of plasmid, forward and reverse primers (0.25 uM),
20 pL of Supreme NZYTaq Il 2x Green Master Mix (NZYTech) and ultrapure water for a final

volume of 40 pL. For colony PCR, yeast cells were firstly resuspended in 9 pL of ultrapure
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water and heated in the microwave for 30 seconds at 750 W, for cell lysis. Then, the primers
(0.25 pM) and 10 pL of Supreme NZYTaq Il 2x Green Master Mix were added. PCR programs
and primers used are listed in Table 2.

Table 2 — Polymerase chain reaction (PCR) programs and primers used in this study.

Gene or PCR program
) ) Primer name, application and - -
disruption ) Annealing Elongation
nucleotide sequence ) Cycles
cassette temperature / °C time/s

p82_FW (amplification):
5' TCCTTGACAGTCTTGACG 3
MXURA3 S 47 45 36
p83_RV (amplification):
5' GTATAGCGACCAGCATTC 3
CaURA_FW (confirmation):
5' AGAGAGCAGAAACTCATGC 3
ncrl::MXURA3 49 60 34
Ncrl_ext_RV (confirmation):
5' TTACGAGTGAAGCGTTCTGG 3
GLN3_FW (amplification):

5 TCTATTACCCGGCGGACAG 3'

I 60 60 34
GLN3_RV (amplification):
5' GCTCAGGATTGTGGTCAGAG 3'
gIn3::KanMX4 i i
GLN3_CONF (confirmation):
5' CTCTATCTCTACCTGGCC 3'
48 45 34

p83_RV (confirmation):
5' GTATAGCGACCAGCATTC 3'

PCR products were analysed by nucleic acid electrophoresis using an 1% (w/v) agarose gel
prepared in Tris-acetate-EDTA (TAE) with addition of 0.005% (v/v) GreenSafe Premium
(NZYTech). The purification and quantification of amplified DNA were performed using
NZYMiniprep (NZYTech) and NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific),
respectively.

For construction of ncrlA::MXURA3 mutants, the MXURAS cassette was firstly amplified from
pAG61 plasmid. Escherichia coli carrying pAG61 were grown overnight in liquid lysogeny broth
medium [LB — 1% (w/v) tryptone, 1% (w/v) NaCl, 0.5% (w/v) yeast extract] supplemented with
0.01% (w/v) ampicillin (LB + amp), at 37 °C. After its extraction, purification and quantification,
pAG61 was used for amplification of MXURA3 by PCR as described in Table 2. Lastly,
ncrlA::KanMX4 cells were transformed with the cassette, generating ncrlA::MXURA3 mutants

by KanMX4 replacement. Cassette substitution was confirmed by PCR.
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To create gIn3A::KanMX4 and the double mutant ncrlA::MXURA3 gIn3A::KanMX4, the
KanMX4 cassette with flanking regions of GLN3 was amplified by colony PCR using the
gIn3A::KanMX4 mutant from EUROSCARF. The amplified fragment was purified and used to
transform BY4741 and ncrlA::MXURAS3, generating gIn3A cells and the double mutant,
respectively. GLN3 disruption was confirmed by PCR.

3.3. Plasmid construction and amplification

To analyse autophagic flux levels, yeast cells were firstly transformed with plasmid pRS413-
GFP-ATG8 (HIS3 marker), which was created in this study from pRS416-GFP-ATG8 (URA3
marker, lab collection). For that purpose, pRS413 and pRS416-GFP-ATGS, previously isolated
from E. coli, were doubly digested with restriction enzymes Sacl and Sall in BamHI buffer
(Thermo Fisher Scientific), at 37 °C, for 2 hours. The products of each reaction mixture were
analysed by nucleic acid electrophoresis; then, the pRS413 backbone and the promotor-GFP-
ATG8 fragment (hereinafter referred to as “insert”) from pRS416 were purified using
NZYGelpure Kit (NZYTech) and quantified. Introduction of the insert into pRS413 was
conducted using Rapid DNA Ligation Kit (Thermo Fisher Scientific): 50 ng of vector were
incubated with the insert (1:3 molar ratio) and DNA ligase in ligation buffer at room temperature
for 2 hours (a negative control was performed without insert). An aliquot of DH5a E. coli (100
pL) was transformed with the ligation reaction mixture (10 pL) by incubating 30 min on ice,
followed by 90 seconds at 42 °C and 2 min on ice. LB was then added for a final volume of 1
mL. Cells were incubated at 37 °C for 1 hour and plated in solid LB + amp for overnight growth
at 37 °C. Lastly, pPRS413-GFP-ATG8 was amplified by inoculation of a transformed colony in
liquid LB + amp, at 37 °C. After purification and guantification, the plasmid was used for yeast

transformation.

3.4. Yeast transformation

Yeast were transformed using the lithium acetate/single-stranded carrier DNA/PEG method
described by Gietz et al. (153). Briefly, cells (20-mL culture) were grown to early exponential
phase in YPD and collected by centrifugation at 4000 rpm for 5 min. The pellet was
resuspended in 2 mL of water and equally distributed between two microcentrifuge tubes —
one to harbour the transformants and the other non-transformed cells (negative control). After
washing, cells were resuspended in 240 pL of 50% (w/v) PEG 3350, 36 pL of 1 M lithium
acetate, 25 pL of single-stranded carrier DNA (5 mg/mL), the appropriate volume of plasmid

DNA or gene disruption cassette solution (replaced with water for the control) and water for a



PORTO PORTO FCUP/ICBAS | 25

FACULDADE DE CIENCIAS INSTITUTG GE CIENCIAS H H H i H
T FIIDAE pECials, LEE&E&E’R?ES.’E;E&‘{.‘S a-Ketoglutarate, amino acid homeostasis and lifespan in a yeast model of

BIOMEDICAL SCIENCES Niemann-Pick type C1

final volume of 360 pL. For transformations with pRS413-GFP-ATGS, the mixtures were
incubated at 42 °C for 30 minutes and, after washing with sterile water, cells were plated in
solid SC medium lacking histidine. For transformation with deletion cassette, the incubation at
42 °C was preceded by 30 min incubation at 26 °C. Importantly, in case of deletion with
KanMX4, cells were then transferred to YPD media and allowed to recover with incubation at
26 °C, for 4 hours, before plating in solid YPD supplemented with 0.02% (w/v) geneticin. For
transformation with MXURAS3, cells were plated in SC lacking uracil immediately after
incubation at 42 °C.

3.5. Chronological lifespan

Yeast CLS was assessed as described in (154). Overnight cultures were diluted to ODgyo = 0.2
in SC, non-supplemented or supplemented with 10 mM a-KG, Glu, GIn or arginine, grown to
PDS (24 h; day O of the CLS assay) and maintained in growth medium over time. At indicated
timepoints, a standard dilution of the cultures was plated on solid YPD and the number of
colony-forming units (CFUs) was counted after 3-day incubation at 26 °C. Viability was
expressed as the percentage of CFUs counted for each day in relation to day 0. The area
under each lifespan curve was computed using GraphPad Prism 8. Culture pH was monitored

throughout the assay using a pH electrode (WTW inoLab pH 720).

3.6. Oxygen consumption and growth in glycerol plates

Oxygen consumption rate was measured using an oxygen electrode system (Oxygraph+,
Hansatech). Cells (3x108) grown to PDS in SC medium were harvested and washed with
water. Next, cells were resuspended in 1 mL of phosphate-buffered saline (137 mM NaCl, 2.7
mM KCI, 8 mM Na;HPO., 2 mM KH,PO,). This suspension was loaded into the oxygen
chamber and oxygen levels were measured for 1 min, with constant magnetic stirring, at room
temperature. Data was analysed with Oxyg32 software (version 2.25).

For analysis of respiratory growth capacity, cells grown to PDS in SC, with and without 10 mM
a-KG, were diluted to ODego = 0.1 in sterile water and three 10-fold serial dilutions were made.
Each dilution prepared from non-supplemented SC cultures was pipetted (10 pL) onto SC and
SC-glycerol plates, while dilutions of SC cultures supplemented with a-KG were pipetted onto

SC-glycerol plates containing 10 mM a-KG. The plates were incubated at 26 °C for 4 days.
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3.7. a-Ketoglutarate levels

Intracellular levels of a-KG were assessed using the a-ketoglutarate assay kit from Sigma-
Aldrich (product number: MAK054), which is based on a coupled enzyme reaction. Briefly,
yeast cells grown to late exponential phase in SC medium (30 mL) were harvested and washed
with water. Next, the cells were mechanically lysed in 120 pL of assay buffer by vigorous
vortexing with 0.5 mm zirconia beads (Biospec). Following centrifugation, the supernatant was
collected and protein levels were measured using Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). Protein concentration was normalized to 5 mg/mL and samples were
deproteinized with 3 kDa molecular weight cut-off centrifugal filters (VWR) at 13000 g for 25
min. Lastly, 50 pL of sample incubated with the appropriate reaction mixture at 37 °C for 30
min and fluorometric detection of the product (proportional to a-KG) was conducted at Aex =

535 nm/Aem = 587 nm using Synergy Mx microplate reader (BioTek) and Gen5 software.

3.8. Western blotting
3.8.1. TORCL1 activity

Cells grown to early exponential and PDS phases in SC, non-supplemented or containing 10
mM a-KG, Glu or GIn, were harvested and washed with water. Post-alkaline protein extraction
was subsequently performed as described in (155): cells were treated with 0.1 M NaOH for 5
minutes at room temperature, pelleted and resuspended in sample buffer [2% (w/v) SDS, 10%
(v/v) glycerol, 0.002% (w/v) blue bromophenol, 0.125 M Tris-HCI pH 6.8]. After boiling for 5
minutes at 95 °C, samples were centrifuged at 13000 rpm for 3 min, and the supernatant
collected. Total protein levels of the supernatant were determined using Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific).

For sample preparation, protein extracts (20 pg) were diluted in sample buffer and 5% (v/v) B-
mercaptoethanol was added for a final volume of 10 pL. After 5-min incubation at 95 °C,
proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in a 10%
polyacrylamide gel, at 85-110 V. Then, proteins were transferred to a nitrocellulose membrane
(GE Healthcare Lifesciences) at 40 mA/cm?, for 1 hour, using Tris-glycine transfer buffer (59.9
mM Tris, 48.8 mM glycine, 1.62 mM SDS) with 20% (v/v) methanol for semi-dry transfer. Next,
the membrane was stained with Ponceau S [0.5% (w/v) Ponceau S, 5% (v/v) acetic acid] to
confirm protein electrotransfer, and destained with Tris-buffered saline (TBS — 19.8 mM Tris,
150.6 mM NacCl, pH 7.6).

For immunodetection of phospho-Rps6 (Ser232/233) and Pgkl (loading control), membranes
were blocked with 5% (w/v) non-fat dry milk prepared in TBS containing 0.05% (v/v) Tween 20
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(TBST 0.05%), for 1 hour (room temperature). Membranes were then probed with the following
primary antibodies, prepared in blocking buffer: rabbit anti-phospho-Rps6 (S235/236) (Cell
Signaling) at 1:6000, overnight (4 °C), and mouse anti-Pgkl (Thermo Fisher Scientific) at
1:20000, for 1 hour (room temperature). Following three 5-min washes with TBST 0.05%,
membranes were probed with the appropriate peroxidase-linked secondary antibody — goat
anti-rabbit 1gG (Sigma-Aldrich) or goat anti-mouse IgG (Invitrogen) —, at 1:10000, for 1 hour
(room temperature). Lastly, membranes were washed three times for 5 min with TBST 0.05%
and one time with TBS. Immunodetection was conducted using WesternBright ECL kit and
LucentBlue x-ray films (Advansta). Film scanning and densitometric quantification were
performed using GS-800 Calibrated Densitometer and Quantity One 1-D analysis software
(Bio-Rad).

3.8.2. Autophagic flux

To evaluate autophagic flux levels, cells carrying pRS413-GFP-ATG8 were grown to early
exponential and/or stationary phase in SC lacking histidine, supplemented or not with 10 mM
a-KG, Glu or GIn. As a positive control, exponentially growing BY4741 cells were treated with
rapamycin (200 ng/mL) for 4 hours. Samples were prepared as described for measurement of
TORCL1 activity, except 15 ug of protein extract were loaded in a 12% polyacrylamide gel.
Protein transfer was performed at 40 mA/cm? for 1 hour, followed by membrane blocking with
TBST 0.05% containing 5% (w/v) non-fat dry milk, for 1 hour (room temperature). Membranes
were firstly probed with mouse anti-GFP primary antibody (Roche), prepared at 1:3000 in
blocking buffer, overnight (4 °C), and later with goat anti-mouse IgG (Invitrogen), at 1:10000,
for 1 hour (room temperature). For detection of Pgkl, membranes were stripped by incubation
at 50 °C for 30 minutes in stripping buffer (62.5 mM Tris-HCI pH 6.8, 2% SDS, 100 mM -
mercaptoethanol). After washing with deionised water and TBST 0.05% for B-mercaptoethanol
removal, membranes were blocked again and probed with anti-Pgkl (Thermo Fisher

Scientific).

3.8.3. Histone H3 levels

Yeast cells grown in SC with and without 10 mM a-KG were harvested at early exponential
and stationary phase growth phases. Histones were then extracted according to Zhang et al.
(156): cell pellets were sequentially treated with 2 M lithium acetate and 0.4 M NaOH for 5 min,
on ice; after centrifugation, cells were resuspended in sample buffer, incubated at 95 °C for 5

min and centrifuged at 13000 rpm for 3 min. The supernatant was collected and protein
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concentration was determined using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
SDS-PAGE was performed as described before, except 25 pg of protein were loaded in a 15%
polyacrylamide gel. Protein transfer was conducted at 20 mA/cm? for 1 hour.

For detection of histone H3, membranes were firstly blocked with 5% (w/v) non-fat dry milk
prepared in TBS containing 0.1% (v/v) Tween 20 (TBST 0.1%), for 1 hour (room temperature),
and then probed with rabbit anti-histone H3 antibody (Cell Signaling), prepared at 1:2000 in
blocking buffer, overnight (4 °C). Goat anti-rabbit IgG (Sigma) prepared at 1:5000 in blocking
buffer was used as secondary antibody, with incubation for 1 hour (room temperature).

Immunodetection of Pgkl was carried out as described above.

3.9. Isolation of intact vacuoles

The protocol for vacuole isolation was based on (157) and (158). Yeast cells (2 L culture)
grown to late exponential phase in SC medium were harvested by centrifugation at 4000 rpm
for 10 min (High Speed Centrifuge Beckman Avanti J-26 XP, rotor JLA-8 1000) and washed
with 1 M Tris-HCI (pH 8.9). After measuring the wet weight of cells, the pellet was resuspended
in 25 mL of Tris-HCI, to which 250 pL of 1 M dithiothreitol were added. This mixture incubated
at 30 °C for 10 min, with gentle agitation. Cells were then harvested and resuspended in
spheroplasting buffer, containing: 2.5 mL of 1.1 M sorbitol per g of cells, 1 mM PMSF, and 1.3
mg or 1.5 mg of zymolyase (20T, Amsbio) per g of wild type or ncrlA::KanMX4 cells,
respectively. Formation of spheroplasts was conducted at 30 °C for 40-80 minutes, with light
agitation. This process was monitored under the microscope and by ODgoy measurement over
time. For the latter, the suspension was diluted 100-fold in water. Ideally, a decrease in 90%
and 75% of the initial OD was obtained for the wild type and ncrlA strains, respectively.

All steps following spheroplast formation were performed on ice or at 4 °C. Spheroplasts were
harvested by centrifugation, washed with 1.1 M sorbitol and resuspended in 30 mL of ice-cold
lysis buffer (10 mM Tris-MES, 12% Ficoll, 0.1 mM MgCl;, pH 6.9) containing protease inhibitor
cocktail (PIC — Roche). The suspension was firstly homogenized using a P1000 pipette (with
cut tips for a hole diameter of 4 mm) and then a 40-mL Dounce homogenizer (Wheaton), using
the loose pestle for 15 up and down strokes. The spheroplast lysate was evenly distributed
between two centrifuge tubes (38.5 mL Open-Top Thinwall Ultra-Clear Tube, Beckman
Coulter) and equal volumes of 8% Ficoll (10 mM Tris-MES, 8% Ficoll, 0.5 mM MgCl;, pH 6.9
with PIC) and 4% Ficoll (10 mM Tris-MES, 4% Ficoll, 0.5 mM MgCl;, pH 6.9 with PIC) solutions
were sequentially added for a final volume of 38 mL. Vacuoles were isolated by gradient
centrifugation at 30 000 rpm for 2 hours, 4 °C (SW 32 Ti Swinging-Bucket Rotor, Beckman

Coulter). The white coat on top of the 4% Ficoll layer was pipetted (using cut tips) to 2-mL
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microcentrifuge tubes, diluted to half with 10 mM Tris-MES, 0.5 mM MgCl., pH 6.9 (containing
PIC) and centrifugated at 5 200 g for 20 min, 4 °C, to concentrate the organelles. Finally,
vacuolar protein concentration was measured using Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific).

3.10. Amino acid levels

For analysis of amino acid levels, BY4741 and ncrlA::KanMX4 cells grown to late exponential
and PDS phases in SC, supplemented or not with 10 mM a-KG, were harvested by
centrifugation and washed with water. The amino acid content of vacuoles isolated from
BY4741 and ncrlA::KanMX4 cells (see section 2.10.) was also determined. Analyses were
performed at the University of Minho, Portugal.

Amino acids of whole cells or vacuoles were extracted using a modified version of the protocol
described by McCombie et al. (159). Firstly, samples were resuspended in 300 uL of
chloroform:methanol (1:2) and transferred to a 2-mL bead beater vial, to which 0.5 mm acid-
washed beads were added. Bead beating was executed for 1 min at 4°C, four times, using a
homogenization setting for membrane disruption. Then, the lysate was transferred to a new
Eppendorf and the beads were rinsed with 300 L of chloroform:methanol (1:2). The wash was
added to the lysate, as well as 200 pL of chloroform:methanol (1:2) and 200 uL of water. This
mixture was vortexed and centrifuged at 14000 rpm for 10 min, at 4°C. The resulting aqueous
layer was isolated, transferred to a new Eppendorf and analysed by high performance liquid
chromatography. Precolumn derivatization using ortho-phthalaldehyde (OPA with methanol =
99.9%, potassium borate 1 M pH 9.5 and mercaptoethanol =2 99.0%) 1:5 (Sigma Aldrich) was
performed and the Gilson UV/VIS-155 detector (338 nm) was used. The mobile phases for
elution were degasified for 30 min and comprised: inorganic mobile phase A, pH 7.8 [350 mM
NazHPO4+2H,0:250mM sodium phosphate dibasic (1:1) (Merck) with acetonitrile in water
(10:2:13)] and organic mobile phase B [acetonitrile:methanol:water (3:3:4) (HPLC grade,
HiPerSolv Chromanorm, VWR Chemicals)]. Standard solutions were prepared in Milli-Q water
(Millipore). A Gilson bomb system was used, with a 40 °C Hi-Chrom C18 (model HI5C18-250A)

5-um particle column. Data was analysed with Gilson Uniprot Software (version 5.11).

3.11. Mutation frequency

L-canavanine is a toxic analogue of L-arginine that interferes with the activity of enzymes that
use the latter as a substrate. Mutations in the CAN1 gene, which encodes for a plasma

membrane arginine permease, confer resistance to L-canavanine and increase gradually
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throughout yeast aging, being associated with decreased genomic stability and CLS (160,
161). Consistently, evaluation of cell growth capacity in canavanine selective medium is useful
to determine the rate of CAN1 spontaneous mutations and, hence, genomic instability (161).

Determination of spontaneous mutation frequency was conducted according to Weinberger et
al. (161). BY4741 and ncrlA cells were grown to PDS and stationary phases in SC medium
and a standard dilution of the cultures was plated on solid SC and SC lacking arginine but
supplemented with L-canavanine sulphate (60 mg/L) (Sigma Aldrich). The plates were
incubated at 26 °C for 3 days and the number of CFUs per plate was counted. Mutation
frequency was calculated as the ratio between the number of CFUs grown in canavanine

selective plates and CFUs grown in SC plates.

3.12. Statistical analysis

The results are presented as the mean and standard deviation (SD) or mean and standard
error of the mean (SEM) of at least two independent experiments. The statistical analysis of
results was performed with GraphPad Prism software (version 9.2.0). Values were compared
using the two-tailed t-test (p < 0.05). For the intracellular and vacuolar amino acid analyses,
unpaired t-tests were performed with multiple comparisons, using the Holm-Sidak method (p
< 0.05).
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CHAPTER 4. Results and discussion
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4.1. TORC1 signalling is decreased in yeast lacking Ncrl

In a recent study, Vilaca et al. (44) suggested a link between phytoceramide accumulation in
ncrlA yeast cells and Sit4-mediated activation of the GATA transcription factor GIn3 — a
positive regulator of NCR-sensitive gene transcription, known to upregulate GDH1 and GLN1
expression (84). TORC1 is also involved in GIn3 regulation, and it senses nutrient availability
to ultimately promote cell growth, being activated by GIln and other amino acids (48).
Importantly, TORC1 hyperactivation decreases lifespan whereas its downregulation extends
the lifespan of multiple organisms (128). Thus, we hypothesized that TORC1 could be
dysregulated in the yeast model of NPC1 (ncrl4), contributing to the decreased CLS and
mitochondrial dysfunction of this mutant. To test this, we characterized TORC1 activity in
BY4741 (wild type), ncrlA, gin3A and ncrlAgin3A cells grown to early exponential and PDS
phases, by assessing TORC1-mediated phosphorylation of ribosomal protein S6 (Rps6 in
yeast) at S232/233 (S235/236 in human S6) (162).

Cells lacking Ncrl showed significantly lower levels of phospho-Rps6 than the wild type strain,
at both growth phases tested (Figure 7). This suggests TORCL1 signalling is downregulated in
this yeast model of NPC1. Consistently with having decreased levels of GIn due to GLN1
downregulation (63, 163), the gIn3A mutant also had decreased TORC1 activity, similar to that
observed in ncrlA cells. Similar results were obtained for the double mutant ncrlAgin3A,
indicating that hyperactivation of GIn3 does not contribute to TORC1 signalling dysregulation
in Ncrl-deficient yeast cells.

The decreased TORCL1 activity in ncrlA cells may contribute to their slower growth rate in
comparison to the wild type strain (not shown), as TORCL1 is a major promotor of cell growth.
Moreover, since TORC1 is a negative regulator of GIn3, its reduced activity, together with the
previously reported hyperactivation of Sit4 (44), is likely to contribute to the hyperactivation of
GIn3. As previously mentioned, TOR1 deletion or rapamycin-mediated TORC1 inhibition
increase yeast CLS (70, 71), so it is intriguing that TORCL1 is downregulated in the short-lived
ncr1A mutant. Nonetheless, this observation indicates that the premature death and

mitochondrial dysfunction of yeast lacking Ncrl do not derive from TORC1 upregulation.
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Figure 7 — TORC1 signalling is altered in yeast lacking Ncrl, in a GIn3-independent manner. A) S. cerevisiae BY4741,
ncrlA, gin3A and ncr1AgIn3A cells were grown in SC medium to early exponential and post-diauxic shift phases. The levels of
phospho-Rps6 (S232/233), used as read-out of TORC1 activity, were evaluated by western blotting. Pgkl was used as loading
control. B) Phospho-Rps6 (S232/233)/Pgk1 ratio in BY4741, ncrlA, gin3A and ncr1Agin3A cells grown to early exponential phase.
Values shown are the mean + SD of three independent experiments. *** p < 0.001.

Consistent with our results, Xu et al. (53) reported that siRNA-mediated knockdown of NPC1
in human endothelial cells inhibited TORC1. However, Davis et al. (54) observed that
lysosomal cholesterol build-up in NPC1-defective engineered neurons induced TORC1
hyperactivation. In NPC1-deficient mice embryonic fibroblasts and NPC1 patient fibroblasts no
alterations were reported (28). Overall, these diverging results suggest that disruption of NPC1
function can have different effects on TORCL1 activity, depending on the cells or tissues
analysed. Interestingly, both upregulation and downregulation of TORC1 have been shown to
rescue phenotypes of NPCL1 disease (27, 54, 164).

A recent study showed that mammalian TORCL1 is activated by lysosomal cholesterol through
a mechanism that involves the lysosomal SLC38A9 amino acid transporter, whereas NPC1
inactivates TORCL1 by removing cholesterol from the lysosome (165). Indeed, loss of function
of NPC1 and consequent lysosomal cholesterol accumulation are the cause for TORC1
hyperactivation in the NPC1 model of Davis et al. (54). Up to date, ergosterol-promoted TORC1

activation in yeast has not been described.

4.2. Autophagic flux is impaired in yeast lacking Ncrl, in a GIn3-

independent manner

Autophagy is a conserved and tightly regulated catabolic process with a fundamental role in
development, survival and aging (100). Under normal growth conditions, it is executed at basal
levels for general maintenance of homeostasis. However, if nutrients are scarce, it is
upregulated for increased turnover of macromolecules and utilization of their building blocks

(112). Damaged molecules and organelles can also be targeted for degradation, increasing
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the threshold for apoptosis. Hence, defects in autophagy can contribute to neurodegeneration
and accelerated aging, being highly common in LSDs (2, 68).

We hypothesized that autophagy could be impaired in ncrlA cells, although in a TORC1-
independent manner, since TORC1 signalling was decreased in these cells. Defects in
autophagy may arise from dysregulation of other molecular pathways. Indeed, GIn3 has been
proposed to transcriptionally regulate ATG genes (166, 167). Bernard et al. (167) showed that
GIn3 is required for ATG8 expression under nitrogen starvation, but its absence does not
impact autophagic flux under these conditions. On the other hand, GIn3 decreases Atg8 levels
in normal growing conditions and this negatively affects autophagy in the short term after
nitrogen starvation induction. Hence, GIn3 is predicted to directly or indirectly repress ATGS8
(167). Atg8 is essential for autophagy execution, as ATG8 disruption abolishes
autophagosome formation under nutrient starvation (168).

Throughout autophagosome formation, Atg8 remains associated to its inner membrane by
conjugation to PE. Only when the autophagosome and vacuole fuse does it suffer proteolysis
(110, 111). Hence, the autophagic flux of yeast cells is commonly monitored by assessing Atg8
delivery to the vacuole. For that, cells are transformed with a plasmid that expresses N-terminal
GFP-tagged Atg8, under control of the endogenous promoter. When delivered to the vacuole,
GFP-Atg8 is cleaved and, while Atg8 is rapidly degraded, GFP is resistant to hydrolysis. Thus,
the levels of free GFP are indicative of autophagy flux levels (111). To assess if the autophagic
flux of ncrlA cells was impaired and if this could derive from GIn3 hyperactivation, we
transformed BY4741, ncrlA, gIin3A and ncrlAgIin3A cells with pRS413-GFP-ATGS8. These
cells were grown to early exponential and stationary phases in SC medium lacking histidine
and processing of GFP-Atg8 was monitored by western blotting, using an anti-GFP antibody.
In exponentially growing cells, autophagy was not detected, probably due to the low levels at
which it operates under growing conditions (Figure 8 — A). However, reaching stationary phase,
when nutrients become scarce, autophagy was induced in the wild type strain with a flux of
12%, but not in ncrlA cells (Figure 8 — A, B). This confirms our hypothesis that autophagy is
blocked in the yeast model of NPC1. Consistent with decreased TORC1 activity, the gin3A
mutant displayed a 3-fold increase in autophagic flux, in relation to the wild type. However, the
double mutant ncrlAgIn3A, like ncrlA cells, was not capable of inducing autophagy (Figure 8
— A, B). Thus, autophagic flux impairment in ncrlA cells is not caused by GIn3 hyperactivation.
Atg8 quantification (sum of GFP-Atg8 and free GFP levels; Figure 8 — C) showed that Atg8
expression was also significantly reduced in ncrl1A cells (7.5-fold), in relation to the wild type.
So, decreased levels of Atg8 may contribute to the defective autophagic flux of ncrlA cells,
through reduced autophagosome formation. Atg8 levels were not significantly increased in the

gIn3A mutant and deletion of GLN3 in ncrlA cells did not restore Atg8 to normal levels,
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indicating that decreased Atg8 expression in the ncrlA mutant did not result from GIn3

hyperactivation.
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Figure 8 — Autophagic flux of yeast lacking Ncrl is impaired in stationary phase, in a GIn3-independent manner. A) S.
cerevisiae BY4741, ncrlA, gIin3A and ncrlAgin3A cells carrying pRS413-GFP-ATGS8 were grown to early exponential and
stationary phases. Exponentially growing BY4741 cells were treated with rapamycin for positive control. GFP-Atg8 and free GFP
levels were analysed by western blotting. Pgkl was used as loading control. B) Percentage of autophagic flux [GFP/(GFP+GFP-
Atg8)x100] of BY4741, ncrlA, gIin3A and ncrlAgIin3A cells in stationary phase. C) Atg8 levels [(GFP+GFP-Atg8)/Pgk1l ratio, in
arbitrary units (A.U.)] of BY4741, ncrlA, gin3A and ncrlAgIn3A cells in stationary phase. Values shown are the mean + SD of at

least three independent experiments. * p < 0.05; ** p < 0.01.

Since autophagy is important for the maintenance of a healthy mitochondrial network and
organismal longevity (125), its impairment is likely to contribute to the mitochondrial defects
and premature death of the ncrlA mutant. Additionally, we hypothesized that autophagy
blockage could compromise amino acid homeostasis in ncrlA cells, because this catabolic
pathway helps to maintain the cytosolic amino acid pool at adequate levels, especially under
nutrient starvation (114, 117). Defects in amino acid homeostasis may also contribute to
decreased TORCL1 activity, as TORCL is activated by amino acids, namely Gln and leucine, in
yeast (63). Of note, the previously reported reduced acidification of ncrlA vacuoles may be
related with the defective autophagic flux, as a low pH is required for activity of hydrolytic
enzymes (40, 114). Vacuolar acidification, mediated by V-ATPase, is also important for
maintenance of the cytosolic pH, mitochondrial function and amino acid transport across the

vacuolar membrane (114).
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Consistent with our results, studies have shown that the autophagic flux is impaired in NPC1-
deficient mammalian cells, as autophagosome turnover is decreased (the levels of p62, a
cargo receptor, are increased), leading to their accumulation in the cell (higher levels of
lipidated LC3) (27-29). Notably, cholesterol build-up could derive from autophagic flux
blockage but has also been suggested to cause it (29). Sarkar et al. (28) suggested that
autophagosome accumulation results from impaired recruitment of SNARE machinery to
endosomes, compromising their fusion with autophagosomes. In their study, autophagy
stimulation restored autophagic flux, increasing cell viability, although without ameliorating
cholesterol storage (29). Hence, combination of autophagy-inducing and cholesterol-depleting
drugs could benefit NPC1 patients (27). In line with our hypothesis that autophagy blockage
may contribute to mitochondrial dysfunction in ncrlA cells, autophagic flux impairment in
NPC1-knockdown human neurons promotes accumulation of fragmented mitochondria, which
is particularly deleterious to neurons (169). In NPC1-defective engineered neurons, TORC1
inhibition and consequent increased mitophagy were shown to ameliorate mitochondrial
dysfunction (54).

4.3. The shortened chronological lifespan and mitochondrial
dysfunction of yeast lacking Ncrl are not caused by GIn3

hyperactivation

As mentioned before, yeast lacking Ncrl have decreased CLS in relation to the wild type strain,
which is caused by Sit4 upregulation (41). To uncover a potential role of the Sit4-mediated
hyperactivation of GIn3 in the aging of these cells, we assessed the CLS of BY4741, ncrlA,
gIn3A and ncrlAgIn3A cells grown in SC medium (Figure 9, A). For quantitative evaluation of
CLS, the area under each lifespan curve was calculated (Figure 9, B).

Consistent with previous reports (41, 44), the ncrlA mutant presented a shortened CLS and
gIn3A cells had increased longevity in relation to the wild type, which likely correlates with the
increased autophagic flux in stationary phase that we described earlier and increased
resistance to oxidative stress reported elsewhere (128). GLN3 deletion in ncrlA cells promoted
a slight increase in their CLS (1.6-fold), suggesting that hyperactivation of GIn3 mildly impacts
the chronological aging of the ncrlA mutant. Since the short CLS was not significantly reverted,
we conclude that other targets downstream of Sit4, or Sit4 itself, are more deleterious to ncrlA

cells than GIn3.
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Figure 9 — Yeast lacking Ncrl exhibit a GIn3-independent short chronological lifespan. A) S. cerevisiae BY4741, ncrlA,
gIn3A and ncr1AgIn3A cells were grown to post-diauxic shift phase and maintained in growth medium. The curves of cell viability
over time (chronological lifespan curves) are shown. Values are the mean = SD of at least three independent experiments. B)
Area under the lifespan curves, in arbitrary units (A.U.). Values presented are the mean + SEM of at least three independent
experiments. * p < 0.05; *** p < 0.001; **** p < 0.0001.

Since mitochondrial function is fundamental for longevity (70, 71) and GLN3 disruption
promoted a modest increase in the CLS of ncrlA cells, the role of GIn3 in the mitochondrial
respiration of these cells was also assessed. For that, we tested BY4741, ncrlA, gin3A and
ncrlAgin3A cells for their capacity to grow in agar plates containing glycerol — a non-
fermentative substrate — as sole carbon source (Figure 10, A). Moreover, the oxygen
consumption rate of each strain was measured (Figure 10, B).

In agreement with former reports, ncrlA cells were capable of growing in plates containing
glucose — a fermentative substrate — as sole carbon source, but not in glycerol plates.
Consistently, their oxygen consumption rate was significantly reduced (10-fold). Hence,
mitochondrial respiration is impaired in this yeast model of NPC1 (41). Contrastingly, gin3A
cells were able to use glycerol as a carbon source and had oxygen consumption similar to the
wild type, indicating that mitochondrial respiration is intact in these cells. Nonetheless,
disruption of GLN3 in ncrlA cells did not revert their inability to use glycerol nor their low
oxygen consumption. Therefore, we conclude that hyperactivation of GIn3 in ncrlA cells does

not contribute to mitochondrial dysfunction.
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Figure 10 — Increased activity of GIn3 in yeast lacking Ncrl does not cause mitochondrial dysfunction. A) S. cerevisiae
BY4741, ncr1A, gin3A and ncr1Agin3A cultures grown to post-diauxic shift phase were diluted to an ODeoo = 0.1, which was further
used to perform three ten-fold serial dilutions. For each strain, the four dilutions were sequentially pipetted onto agar plates
containing either glucose or glycerol as sole carbon source. Cell growth capacity was evaluated after 3-day incubation at 26 °C.
B) The oxygen consumption rate of BY4741, ncr1A, gin3A and ncrlAgIn3A cells grown to post-diauxic shift phase was assessed
and the fold change in relation to the wild type strain was calculated. Values shown are the mean + SD of three independent

experiments. * p < 0.05; **** p < 0.0001.

4.4. Yeast lacking Ncrl have decreased levels of a-ketoglutarate

As a promoter of NCR-sensitive gene transcription, GIn3 positively regulates the expression
of the Gdhl and GS enzymes, which use a-KG to produce Glu and GIn, respectively (84). GIn3
is hyperactivated in ncrlA cells, so we hypothesized that a-KG consumption was increased,
causing depletion of its intracellular levels. a-KG is an important intermediate of the Krebs
cycle and supplementation of this metabolite increases mitochondrial respiration in yeast cells
(145), so we further hypothesized that a-KG limitation could contribute to the mitochondrial
dysfunction phenotype of the ncrlA mutant. To test this, we analysed the concentration of a-
KG in BY4741 and ncrlA cells grown to late exponential phase (Figure 11). Additionally, we
evaluated the respiration capacity of BY4741 and ncrlA cells grown in SC medium
supplemented with 10 mM a-KG, by plating them in glycerol agar plates also containing 10
mM a-KG.

In agreement with our hypothesis, ncrlA cells displayed significantly lower a-KG levels (0.013
ng/ug of protein) than the wild type strain (0.2 ng/ug of protein). However, supplementation of
liquid growth medium and glycerol agar plates with 10 mM a-KG was not sufficient for ncrlA
cells to use glycerol as a carbon source, suggesting that increased a-KG supply does not
ameliorate defects in mitochondrial respiration (results not shown). Therefore, a-KG deficiency
does not seem to contribute to mitochondrial dysfunction in ncrlA cells. Since this metabolite
has multiple functions in the cell, a-KG limitation could contribute to the premature aging of

ncrlA cells due to impairment of other processes.
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Figure 11 — a-Ketoglutarate levels are decreased in yeast lacking Ncrl. S. cerevisiae BY4741 and ncrlA cells were grown to
late exponential phase and intracellular a-ketoglutarate levels were measured. Values shown are the mean + SD of three

independent experiments. * p < 0.05.

4.5. a-Ketoglutarate, glutamate and glutamine extend the
chronological lifespan and modulate TORC1 activity in yeast

lacking Ncrl

Recent reports demonstrate that a-KG delays the aging of several organisms through
modulation of metabolic pathways (139, 140). Indeed, supplementation of growth medium with
a-KG extends yeast CLS, which is not only associated with augmented levels of mitochondrial
function and oxidative stress resistance, but also of protein synthesis (146, 170). The latter is
likely due to the fact that a-KG is a precursor of multiple amino acids, playing an important role
in amino acid metabolism (84, 136).

We observed that the intracellular a-KG levels of the ncrlA mutant are significantly reduced.
Moreover, GIn3, TORC1 and autophagy are dysregulated, which may affect amino acid
homeostasis. Since GIn3 is hyperactivated in ncrlA cells, the levels of Glu and GIn could be
altered in these cells, as are the levels of their precursor, a-KG. Hence, we sought to
characterize the effect of a-KG, Glu or GIn supplementation on the CLS of the ncrlA mutant.
For that, BY4741 and ncrl1A cells were grown in SC medium supplemented or not with 10 mM
a-KG, Glu or GIn and CLS was assessed (Figure 12).

Supplementation of growth medium with a-KG, Glu or GIn increased the CLS of the wild type
strain in similar extent, with a fold change varying from 1.4-1.6 (in relation to the CLS of the
same strain grown in non-supplemented SC). Likewise, supplementation of ncrlA cells with
these compounds had a significant impact on their CLS, but with different degree of effect.
Similar to the effect on wild type cells, Gln induced a 1.5-fold increase in the CLS of ncrlA
cells. However, a-KG and Glu promoted a larger increase of 2.4-fold and 3-fold, respectively.

We also supplemented growth medium with 10 mM arginine, which increased the CLS of the
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wild type strain, but not of ncrlA cells (not shown). This suggests that the protective effect of
these supplements does not simply derive from increased nitrogen supply. Hence, nitrogen
starvation per se does not seem to be the cause for the premature death of ncrl1A cells.

Like a-KG, Glu supplementation of growth medium had been reported to extend the CLS of
wild type yeast cells (132). We did not find studies on the effect of GIn supplementation on S.
cerevisiae longevity. However, in contrast with our results, GS inhibition by methionine
sulphoximine and consequent decrease in GIn synthesis was shown to increase yeast CLS,
due to TORC1 downregulation (85, 128).
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Figure 12 — Supplementation of growth medium with a-ketoglutarate, glutamate or glutamine increases the chronological
lifespan of wild type and Ncrl-deficient yeast cells. S. cerevisiae BY4741 (A) and ncrl1A cells (B) were grown to post-diauxic
shift phase in SC medium supplemented or not with 10 mM a-ketoglutarate (a-KG), glutamate (Glu) or glutamine (GIn). The
chronological lifespan curves (left; mean + SD of at least three independent experiments) and the area under each curve, in
arbitrary units (A.U.) (right; mean + SEM of at least three independent experiments) are shown. ** p < 0.01; **** p < 0.0001.

To have more insight on the effects of a-KG, Glu and GIn supplementation, the pH of the

BY4741 and ncrlA yeast cultures was monitored during the CLS assay (Table 3). Importantly,
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the pH of supplemented media was adjusted to that of non-supplemented medium
(approximately 5.2), so all cultures started with similar pH values. In cultures aged for 2 days,
growth medium suffered an increase in acidification (Table 3), which remained stabilized
thereafter (not shown). Interestingly, acidification was more accentuated in non-supplemented
cultures, in comparison to supplemented ones, and pH decay was similar for wild type and
ncrlA strains. Studies indicate that medium acidification results from secretion and
extracellular accumulation of acetic acid (among other organic acids) during fermentative
growth, which has been proposed to negatively impact the aging of yeast cells by inducing
programmed cell death (171, 172). Consistently, buffering growth medium alleviates the effects
of acetic acid and extends CLS (171). The beneficial effect of caloric restriction on yeast CLS
is also associated with attenuated medium acidification, in addition to TORCL1 inhibition and
increased autophagic flux (73, 125, 171). Taking this into consideration, the decreased
acidification of wild type and ncrlA cultures supplemented with 10 mM a-KG, Glu or GIn (to a
lesser extent) may be related with the CLS-extending effect of these compounds. Notably, a-
KG has been proposed to mediate CLS extension through caloric restriction, which is
consistent with the facts that it does not further increase the longevity of calorie-restricted
organisms and that a-KG levels increase in organisms ranging from yeast to mammals under
nutrient limitation (140, 173, 174).

Although a-KG and Glu supplementation promoted a similar pH decrease in wild type and
ncrlA cultures, the protective effect of these compounds was greater in the latter (Figure 12).
Since we observed that ncrlA cells have decreased a-KG levels, a larger positive effect of a-
KG supplementation in these cells in relation to the wild type was expected and raises the
hypothesis that a-KG supplementation could increase CLS by replenishment of intracellular a-
KG levels. The also greater effect of additional Glu supply suggests that Glu levels may be

altered in ncrlA cells.

Table 3 — pH values of S. cerevisiae BY4741 and ncrlA cultures at day 2 of the chronological lifespan assay. Values are

the mean + SD of at least two independent experiments.

Culture pH
Medium
BY4741 ncrlA
SC 29+0.1 3.0+£0.1

SC + 0-KG 10 mM 42+03 40+0.1
SC + Glu 10 mM 42+05 39+0.1
SC + GIn 10 mM 3401 3501

In C. elegans, a-KG mediates lifespan extension through downregulation of the TORC1

pathway, by inhibiting ATP synthase, decreasing ATP production and consequently increasing
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the AMP/ATP ratio, which promotes TORCL1 inhibition by AMPK (140). In yeast, it is unknown
whether modulation of TOR signalling contributes to the CLS-extending effect of this
metabolite. The mechanism of Glu-mediated increase of yeast CLS is also not clear, but it is
associated with increased cell biomass and oxidative stress resistance (132). As a nitrogen
source, Glu was shown to stimulate TORC1 activation in yeast, but its effect is less sustained
than that of GIn (63).

We observed that TORC1 activity is reduced in the ncrlA mutant, which could result from
alterations in amino acid homeostasis, since activation of this complex is regulated by amino
acids. To investigate if modulation of the TORC1 pathway contributes to the protective effect
of a-KG, Glu or GIn, we assessed the levels of phospho-Rps6 (S232/233) in BY4741 and
ncrlA cells grown in SC medium supplemented or not with these compounds (Figure 13, A).
The levels in supplemented cultures were normalized to the levels in the respective strain
grown in non-supplemented medium (Figure 13 — B, C).

We did not detect alterations in wild type cells supplemented with a-KG, Glu or GIn (Figure 13
— A, B). Although Glu and GIn have been reported to stimulate TORC1 activation in yeast (63),
in our studies cells were treated with the supplements for a longer period (about 15 hours), so
TORCL1 activity may have returned to basal levels. On the other hand, we observed significant
alterations in TORCL1 activity of supplemented ncrlA cells (Figure 13 — A, C): a-KG reduced
TORCL1 activity by 2-fold, whereas Glu increased it by 2.3-fold. GIn supplementation showed
a tendency to increase TORC1 activity, but its effect was not statistically significant.

Since supplementation with a-KG, Glu or GIn increased the CLS of ncrlA cells (although to
different extent) but have distinct impact on TORCL1 activity in these cells, it is unclear if or how
modulation of this pathway contributes to the CLS-extending effect of these compounds.
Nonetheless, wild type and ncrlA cells responded differently to supplementation of growth
medium with all three compounds — an amido acid precursor and two amino acids with
important functions in amino metabolism —, which further suggests that amino acid
homeostasis may be altered in ncrlA cells.
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Figure 13 — Supplementation of growth medium with a-ketoglutarate, glutamate or glutamine modulates TORCL1 activity
in yeast lacking Ncrl. A) S. cerevisiae BY4741 and ncrl1A cells were grown to exponential phase in SC medium supplemented
or not with 10 mM a-ketoglutarate (a-KG), glutamate (Glu) or glutamine (GIn). The levels of phospho-Rps6 (S232/233) were
evaluated by western blotting. Pgkl was used as loading control. B, C) The fold change in the phospho-Rps6 (S232/233)/Pgk1
ratio in BY4741 and ncrlA cells grown in supplemented media was calculated in relation to the ratio in the same strain grown in

non-supplemented media. Values shown are the mean + SD of at least four independent experiments. * p < 0.05; *** p < 0.001.

As previously mentioned, impairment of autophagic flux can contribute to defects in amino acid
homeostasis, since autophagy is an important pathway for protein breakdown into amino acids,
especially during stationary phase and nutrient limitation (113). The resulting amino acids exit
the lysosome/vacuole through permeases and can be reutilized for de novo protein synthesis,
among other processes (113, 175). In this work, we found that the autophagic flux of ncrlA
cells is blocked in stationary phase, which may compromise amino acid homeostasis by
reducing amino acid recycling. Since TORC1 is a major regulator of autophagy and the
supplementation of ncrlA cells with a-KG, Glu and GIn induced alterations in TORC1 activity,
we also assessed the effects of these compounds on their autophagic flux. For that, BY4741
and ncrlA cells expressing pRS413-GFP-ATGS8 were grown to stationary phase in SC lacking
histidine, supplemented or not with 10 mM a-KG, Glu or GIn. GFP-Atg8 hydrolysis was
analysed by western blotting (Figure 14).

Intriguingly, although we did not detect alterations in TORC1 activity in supplemented wild type
cells, a-KG, Glu and GIn increased autophagic flux in these cells. These results suggest that

the compounds may promote autophagy independently of TORC1 modulation. The increased
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autophagic flux in wild type yeast cells supplemented with a-KG is consistent with previous
reports of augmented autophagy in D. melanogaster and C. elegans treated with a-KG (139,
140). In contrast, a-KG, Glu or GIn supplementation did not restore the autophagic flux of ncrlA
cells, even though changes in TORC1 activity were registered. Again, this suggests that
autophagic dysfunction in ncrlA cells arises from dysregulation of other pathways other than
TORCL1. Indeed, we observed that Atg8 expression is reduced in ncrlA cells, so
autophagosome formation may be compromised. We conclude that a-KG, Glu and GIn-
mediated extension of CLS in ncrlA cells, in contrast with wild type cells, is not associated

with increased autophagic flux.
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Figure 14 — Supplementation of growth medium with a-ketoglutarate, glutamate or glutamine increases autophagic flux
in the wild type strain, but not in yeast lacking Ncrl. S. cerevisiae BY4741 and ncrlA cells carrying pRS413-GFP-ATG8 were
grown to stationary phase in SC medium lacking histidine, supplemented or not with 10 mM a-ketoglutarate (a-KG), glutamate
(Glu) or glutamine (GIn). Exponentially growing BY4741 cells were treated with rapamycin for positive control. GFP-Atg8 and free
GFP levels were analysed by western blotting and Pgkl was used as loading control. A representative figure of four independent
experiments with similar results is shown.

4.6. Amino acid homeostasis is altered in yeast lacking Ncrl

In line with our findings, we sought to characterize amino acid homeostasis in ncrlA cells and
potential effects of a-KG supplementation on amino acid levels. For that, we assessed the
amino acid content of BY4741 and ncrlA cells grown to late exponential and PDS phases in
SC supplemented or not with 10 mM a-KG (Figures 15-17).

In relation to the wild type, exponentially growing ncrlA cells exhibited significant increases in
Glu (2-fold) and phenylalanine (1.6-fold) levels. Moreover, a tendency for accumulation of
tyrosine (3.2-fold), asparagine (2.1-fold), histidine (3.1-fold), threonine (4-fold) and alanine
(2.3-fold) was observed, while the lysine content tended to be reduced in approximately 2-fold
(Figure 15 — A). A recent study showed that ergosterol is fundamental for the function of the
lysine permease Lypl (176). Hence, this raises the hypothesis that potential ergosterol
limitation in ncrlA yeast membranes, in analogy to what is observed in NPC1-deficient cells

(21), could affect Lypl-mediated uptake of lysine from extracellular medium during exponential
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growth. Plus, the decrease of a-KG levels in ncrlA cells may compromise lysine biosynthesis
since this amino acid is synthesized from a-KG (136).

In PDS phase, Glu levels of ncrlA cells remained significantly increased, with a 9-fold change
in relation to the wild type. Additionally, significant increases in the levels of asparagine (7.8-
fold), histidine (6.1-fold), aspartate (8.3-fold), isoleucine (5.3-fold) and methionine/valine (5.1-
fold) were registered. In fact, ncrlA cells grown to PDS phase exhibited a tendency to
accumulate most amino acids analysed, except for tyrosine (Figure 15 — B).

Of note, GIn levels were not altered during exponential growth and exhibited only a slight
tendency for increase in PDS phase (1.6-fold change in relation to the wild type), comparing
to other amino acids. Hence, unlike initially hypothesized, the results suggest that Gin levels
of ncrl1A cells are not significantly increased, in agreement with the observation that TORC1
activity is not upregulated in this yeast model of NPC1. Consistently, leucine levels were also
not increased. In contrast, Glu levels were significantly augmented at both growth stages
evaluated. These observations, together with the fact that a-KG levels are decreased, suggest
that GIn3 hyperactivation in yeast lacking Ncr1 may upregulate Glu synthesis from a-KG,
potentially through increased transcription of GDH1. As previously mentioned, Glu can be
deaminated to a-KG by Gdh2 or transaminases, so the beneficial effect of Glu supplementation
on the CLS of ncrlA cells could derive from increased a-KG production, preventing its
limitation. Since Glu is used for the synthesis of various amino acids, providing 85% of the
nitrogen necessary for yeast biosynthetic pathways (92, 95), the increased amino acid content
of ncrlA cells may result from augmented amino acid synthesis from a-KG and Glu. Moreover,
increased amino acid levels may result from reduced TORC1 activity and consequent
decrease in amino acid utilization for protein synthesis. Further studies are required to confirm
these hypotheses.

Interestingly, glutamatergic neurotransmission is increased in the brain of NPC1 mice (177).
However, Glu levels in cerebellar neurons are not altered, at least in presymptomatic stages
of disease (133). Contrastingly, but in agreement with our results, livers of NPC1 mice were
shown to have increased Glu levels at postsymptomatic stages of disease (134). Additional
alterations in NPC1 mice cerebellum comprise increased levels of branched chain amino
acids, asparagine, threonine, serine and glycine (133). Valine, threonine, phenylalanine and

tyrosine are increased in the liver at a later stage of disease (134).
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Figure 15 — Yeast lacking Ncrl have increased levels of glutamate and phenylalanine in late exponential phase and
accumulate various amino acids during post-diauxic shift phase. Intracellular amino acid content of S. cerevisiae BY4741
and ncrl1A cells grown to late exponential (A) and post-diauxic shift (PDS) (B) phases in SC medium. Values are the mean + SEM

of at least two independent experiments. ** p < 0.01, *** p < 0.001, **** p < 0.0001.

In wild type cells grown to late exponential phase, a-KG supplementation induced a statistically
significant 2-fold increase in Glu levels (Figure 16 — A). In fact, a tendency for increase of most
amino acids (e.g., tyrosine, histidine, threonine, alanine and leucine, in over 2-fold) was
observed. Indeed, a-KG supplementation had been reported to increase free amino acid levels
in exponentially growing yeast (146). In PDS phase, the a-KG-mediated increase in amino acid
content seemed lower, but the tendency for accumulation of Glu was maintained, in line with
the fact that a-KG is a direct precursor of Glu (Figure 17 — A) (92). Interestingly, Ncrl absence
suppressed the tendency for amino acid increase mediated by a-KG supplementation, at both
growth stages tested. In late exponential phase, a-KG supplementation even promoted a
statistically significant 1.6-fold decrease in phenylalanine levels (Figure 16 — A), which were

increased during growth in non-supplemented media (Figure 15). Of note, phenylalanine levels
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are increased in NPC1 mice liver, as mentioned before (134). In aged D. melanogaster,
phenylalanine levels are also increased (178) and phenylalanine supplementation was shown
to decrease the lifespan of C. elegans (179). Moreover, rats submitted to dietary restriction
exhibit decreased phenylalanine levels in the liver and enhanced longevity (59). In yeast,
phenylalanine supplementation showed a tendency to decrease CLS, but so did its restriction
(132). Therefore, it is not clear if a-KG-mediated suppression of phenylalanine accumulation
in ncrlA cells could be related with its CLS-extending effect.

The only amino acid that showed a slight tendency to increase in ncrlA cells grown to late
exponential phase under a-KG supplementation was lysine (1.7-fold) (Figure 16 — B), which is
synthesized from a-KG (136) and whose levels were downregulated in late exponential phase
(Figure 15 — A). Another interesting observation is that the accumulation of aspartate in ncr1A
cells grown to PDS (Figure 15 — B) tended to decrease in approximately 4-fold when a-KG was
supplemented (Figure 17 — B). A study showed that, besides methionine restriction, limitation
of aspartate showed the most significant increase in yeast CLS (out of 15 amino acids),
whereas increased supply tended to decrease CLS (132). Thus, increased a-KG supply may

promote longevity at least partially by limiting aspartate availability.
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Figure 16 — Supplementation of growth medium with a-KG decreases phenylalanine accumulation in yeast lacking Ncrl
grown to late exponential phase. Intracellular amino acid content of S. cerevisiae BY4741 (A) and ncrl1A cells (B) grown to late
exponential phases in SC medium supplemented or not with 10 mM a-KG. Values are the mean £ SEM of at least two independent

experiments. ** p < 0.01, ** p < 0.001.
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Figure 17 — Supplementation of growth medium with a-KG does not significantly impact the amino acid content of yeast
lacking Ncrl grown to post-diauxic shift phase. Intracellular amino acid content of S. cerevisiae BY4741 and ncrlA cells grown
to late exponential (A) and post-diauxic shift (PDS) (B) phases in SC medium supplemented or not with 10 mM a-KG. Values are

the mean = SEM of at least two independent experiments. *** p < 0.001.

In addition to the intracellular amino acid analysis, we assessed the amino acid profile of
vacuoles isolated from BY4741 and ncrlA cells in late exponential phase (Figure 18). Our
results reveal abnormal storage of threonine in vacuoles of ncrlA cells and a general trend for
amino acid accumulation. Specifically, Glu, aspartate, serine, GlIn, arginine, glycine,
methionine/valine and lysine levels showed a tendency to increase 1.4-1.6 fold in ncrlA
vacuoles. Since phenylalanine, asparagine, histidine and alanine were not detected in vacuolar
fractions of ncrlA cells, the accumulation of these amino acids in late exponential phase
(Figure 15 — A) probably occurs in the cytosol or another organelle. Regarding lysine, the
tendency for a decrease in intracellular levels, along with vacuolar accumulation in ncrlA cells,
suggests that its cytosolic availability may be decreased in these cells.

Vacuolar membranes possess various amino acid transporters, most of which mediate coupled

transport of specific amino acids with H* (antiport or symport) (114, 117). Thus, alterations in
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transporters that regulate amino acid flux to and from the cytosol may contribute to changes
of amino acid homeostasis in ncrlA cells. Indeed, studies of our group showed that the
phosphorylation state of some vacuolar amino acid transporters, including Avt6 [Glu and
aspartate exporter (117)] and Vsb1l [arginine importer (180)], is altered in these cells (Telma
Martins et al., unpublished). Further analyses regarding intracellular and vacuolar amino acid
levels will be performed for accurate characterization of the effect of Ncrl absence on amino
acid homeostasis.
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Figure 18 — Vacuoles of yeast lacking Ncrl exhibit significant threonine accumulation. Amino acid content of vacuolar
fractions isolated from S. cerevisiae BY4741 and ncrl1A cells grown to late exponential phase in SC medium. Values are the mean

+ SEM of at least two independent experiments. *** p < 0.001.

4.7. Yeast lacking Ncrl have decreased levels of histone H3

Histone levels and epigenetic modifications of histone proteins, including methylation of lysine
residues, severely impact organismal lifespan. In fact, epigenetic alterations and genomic
instability are hallmarks of aging (135, 151). In yeast, histone levels decline during aging and
increasing histone expression extends yeast longevity (150, 151). Importantly, H3K4me3
extends CLS by increasing histone expression. Hence, the landscape of histone lysine
methylations also impacts histone levels (150). As a cofactor of JmjC-containing histone
demethylases, a-KG was shown to regulate histone methylation and, consequently, the aging
of eukaryotic cells (181).

Thus far, we reported that ncrlA cells have decreased intracellular a-KG levels and
supplementation of growth medium with this metabolite extends its shortened CLS, also
decreasing TORC1 activity but with no impact on autophagy. The link between a-KG and
histone modulation led us to investigate if ncrlA cells had decreased expression of histone H3

and if a-KG supplementation affected H3 levels. To test this, BY4741 and ncrlA cells were
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grown to early exponential and stationary phases (TO of aging) in SC medium, supplemented
or not with 10 mM a-KG, and histone H3 levels were evaluated by western blotting (Figure 19,
A). For a quantitative analysis, the fold change in relation to non-supplemented wild type cells
in exponential phase was calculated (Figure 19, B).

During growth from exponential to stationary phase, histone H3 levels of wild type cells
increased 6-fold, which was abrogated under a-KG supplementation. It should be noted that,
at the timepoint analysed (TO of aging), viability of wild type cells is close to 100%, so it was
expectable that the decrease in histone H3 levels reported in the literature for aged cells was
not detected at this phase. Since other studies suggested a correlation between lifespan
extension and the increase of histone levels (150), more studies are required to assess if a-
KG supplementation of wild type cells increases histone levels in aged cells or at least prevents
its decline during ageing. Non-supplemented ncrlA cells presented decreased levels of
histone H3 in relation to the wild type at both exponential (5-fold) and stationary phases (9-
fold). Therefore, the shortened CLS of the ncrlA mutant may be related with decreased histone
H3 levels, in agreement with reports that show decreased H3 expression in aged yeast cells
(150, 151). We did not assess H3 levels at later timepoints as the viability of ncrlA cells
decreases rapidly. The supplementation of ncrlA cells with a-KG had little to no effect on
histone H3 expression, suggesting that a-KG does not seem to increase longevity of ncrlA
cells through regulation of H3 levels. Since a-KG was shown to regulate histone demethylases
rather than histone levels directly, its protective effect in both wild type and ncrl1A cells may be
associated with the modulation of H3 methylation rather than its levels per se. More studies

are required to test this hypothesis.
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Figure 19 — Yeast lacking Ncrl have decreased levels of histone H3. A) S. cerevisiae BY4741 and ncrlA cells were grown to
early exponential (log) and stationary (ST) phases in SC medium supplemented or not with 10 mM a-ketoglutarate (a-KG). Histone
H3 levels were analysed by western blotting. Pgkl was used as loading control. B) The fold change in histone H3 levels (H3/Pgk1
ratio) in relation to the levels of exponentially growing BY4741 (in non-supplemented medium) was calculated. Values shown are

the mean + SD of four independent experiments. * p < 0.05; ** p < 0.01.
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To test if decreased levels of histone H3 could compromise genome stability in ncrlA cells,
the frequency of spontaneous mutations in BY4741 and ncrlA cells, grown to PDS and
stationary phases and plated in medium supplemented with canavanine, was assessed.
Neither the wild type nor ncrlA cells formed canavanine-resistant colonies, at both growth
stages tested (not shown), indicating that ncrlA mutant cells do not exhibit genome instability.
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CHAPTER 5. Conclusions and future perspectives
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NPC1 is an integral membrane protein of LE/Lys, involved in intracellular lipid trafficking
through the endocytic pathway. Specifically, it mediates cholesterol export from LE/Lys,
promoting its utilization in the cell and delivery to other organelles or the plasma membrane
(3, 15). Autosomal recessive inheritance of loss-of-function mutations in the NPC1 protein
causes NPC1 disease, which is an LSD characterized by progressive accumulation of
cholesterol and sphingolipids in LE/Lys (7). The clinical profile of this disorder is remarkably
diverse, but neurodegeneration, failure of visceral organs and subsequent premature death
are the primary consequences (3). The S. cerevisiae model of NPC1 originates from deletion
of Ncrl — the functional orthologue of the NPC1 protein, residing in vacuolar membranes —,
and has been used to study the molecular aetiology and pathogenesis of NPC1 disease due
to conservation of such mechanisms and easy genetic manipulation (36, 37, 39). Moreover,
yeast lacking Ncrl (ncrlA cells) exhibit multiple phenotypes of NPC1-deficient mammalian
cells, including mitochondrial fragmentation, decreased respiration and premature death (41).
In analogy to ceramide build-up in NPC1-deficient cells (43), Vilaca et al. (44) reported
phytoceramide accumulation in ncrlA yeast. Constituting the catalytic core of the CAPP
complex, the Ser/Thr phosphatase Sit4 is activated by ceramide species and regulates multiple
biological processes, including cell cycle progression, mitochondrial function and longevity
(80). Consistently, its implication in mitochondrial dysfunction and decreased CLS of ncrlA
cells was described (44). Besides forming the CAPP complex, Sit4 can interact with Tap42 to
regulate nitrogen utilization in yeast through NCR, upregulating GIn3 activation (91).

GIn3 is a transcriptional activator of the NCR pathway, which promotes the utilization of
preferable nitrogen sources (e.g., Glu and GIn) and inhibits the utilization and uptake of poor
nitrogen sources (e.g., proline) (84). Among other functions, GIn3 upregulates the expression
of Gdh1l, which catalyses amination of a-KG to Glu during growth, and the expression of GS,
which converts Glu to GIn (92). Previous studies showed that GIn3 is hyperactivated in ncrlA
yeast in a Sit4-dependent manner (44). Hence, we hypothesized that Gdhl and Ginl
expression was increased in ncrlA cells, upregulating Glu and GIn synthesis. TORCL1 is a
conserved master regulator of cell growth and nutrient availability sensor, known to decrease
mitochondrial respiration, autophagy and longevity (70, 71, 118). In both mammals and yeast,
TORCL1 is activated by amino acids, with GIn and leucine being the best described potent
activators of this complex in the latter (60, 63) Therefore, we further speculated that increased
Glu, but especially GIn, synthesis could upregulate TORCL1 activation in the yeast model of
NPC1, negatively regulating mitochondrial function, autophagy and longevity.

Our results indicate that, in fact, TORC1 activity in ncrlA cells is downregulated, in both
exponential and PDS growth phases (Figure 7). Thus, GIn3 hyperactivation does not cause

TORCL1 upregulation in yeast lacking Ncrl. Plus, GLN3 deletion in ncrlA cells did not
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ameliorate mitochondrial dysfunction (Figure 10) and promoted only a slight increase of CLS
(Figure 9). In agreement with the observation that TORCL1 is downregulated in this yeast model
of NPC1, Xu et al. (53) reported decreased TORCL1 activity in NPC1-knockdown human
endothelial cells. However, it should be noted that other reports implicate TORC1 upregulation
in NPC1 disease pathology, so the degree of TORCL1 activity could be tissue- or cell type-
dependent (54). Our data is not sufficient to conclude if decreased activation of TORCL1 in
ncrlA cells has a detrimental effect, so further studies should be performed to understand how
processes downstream of TORC1, such as protein synthesis, are affected in these cells.
Autophagy is an intracellular catabolic pathway for degradation of cytosolic components
(biomolecules and organelles) via substrate engulfment by autophagosomes, which
subsequently fuse with lysosomes/vacuoles for substrate breakdown by residing hydrolases
(97). As an adaptative response to adverse conditions, autophagy is upregulated under
nutrient starvation, increasing the turnover of macromolecules into their building blocks, which
can exit the lysosome/vacuole through permeases for their reutilization (56, 113). Moreover, it
provides a clearance mechanism for oxidized molecules, toxic proteins and damaged
organelles (e.g., mitochondria), preventing their accumulation in the cell, which is important for
cell death delay (101). Hence, autophagy downregulation decreases lifespan, whereas its
upregulation extends longevity in multiple organisms (58, 126). Autophagy is negatively
regulated by TORC1, which prevents assembly of the Atgl kinase complex and, therefore,
autophagy initiation, in yeast (120).

Multiple studies have shown that autophagic flux is blocked in NPC1-deficient cells, including
neurons, and that this contributes to NPC1 pathology (26, 27). Specifically, autophagosome
turnover seems to be compromised, which has been suggested to result from impaired fusion
with endosomes (28). In agreement, we observed that autophagic flux is compromised in
ncrlA cells (Figure 8), even though TORCL1 activity was decreased throughout growth. This
suggests that autophagic defects in these cells are not caused by TORC1 dysregulation.
Interestingly, expression of Atg8 was significantly decreased in ncrlA cells (7.5-fold) (Figure 8
— C). This alteration may contribute to autophagic flux blockage, as Atg8 is required for
phagophore expansion and sealing and, therefore, autophagosome formation (107, 168). Of
note, GLN3 deletion in ncrlA cells did not restore autophagic flux nor Atg8 levels (Figure 8),
even though GIn3 has been proposed to transcriptionally repress ATG8 (167). Additional
studies are necessary to clarify the mechanism behind autophagic flux impairment in this yeast
model of NPC1. Nonetheless, we suggest that impairment of autophagy progression in ncrlA
yeast may contribute to accumulation of aged mitochondria and, thus, the previously reported
decreased respiratory capacity and mitochondrial fragmentation in this mutant (44). Indeed,

increased autophagy induction was shown to ameliorate mitochondrial dysfunction in NPC1-
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deficient cells (54). Of note, autophagic flux impairment in ncrlA cells may derive from
inadequate vacuolar acidification (40) and a consequent decrease in proteolysis (116).

Glu and GIn play particularly important roles in amino acid metabolism because they provide
all the nitrogen necessary for yeast biosynthetic processes (92). As a precursor of Glu and
GIn, among other amino acids, a-KG also impacts amino acid metabolism. Likewise, execution
of autophagy at adequate levels is fundamental for maintenance of amino acid homeostasis,
especially under nitrogen limitation, when delivery of amino acids to the cytosol and protein
synthesis rely on autophagy upregulation (113). The facts that GIn3 is upregulated, TORC1
activity is decreased and that autophagic flux is blocked in ncrlA yeast prompted us to
characterize amino acid homeostasis in this mutant. In agreement with the observation that
TORC1 activity is not upregulated in ncrlA cells, an intracellular amino acid analysis revealed
that GIn levels were not significantly increased (Figure 15). Likewise, leucine levels were not
affected by NCR1 deletion. In contrast, the intracellular Glu content was significantly increased
during both late exponential and PDS phases (Figure 15). We also observed that a-KG levels
were reduced in late exponential phase (Figure 11), suggesting that Glu synthesis from a-KG
is upregulated in ncrlA cells, potentially through GIn3-mediated increased transcription of
GDH1. Other significant alterations in amino acid levels of ncrlA cells included increased
levels of phenylalanine during exponential growth and of asparagine, aspartate, isoleucine and
methionine/valine, during PDS phase (Figure 15). Hence, the amino acid content of ncrlA cells
seems to be increased throughout growth, in relation to the wild type’s. This may result from
upregulation of amino acid synthesis from a-KG and Glu, or from decreased amino acid
utilization for protein synthesis, due to TORC1 downregulation. Of note, alterations in amino
acid metabolism and their levels have also been reported in NPC1 murine cerebellum and liver
(133, 134).

Since yeast vacuoles are the lysosome-equivalent compartment for autophagic degradation in
yeast and are involved in amino acid storage, regulating amino acid availability in the cytosolic
pool (117), we also evaluated the amino acid content of vacuoles isolated from ncrlA cells.
Our results reveal abnormal accumulation of threonine in ncrlA vacuoles, as well as a
tendency for increased Glu, aspartate, serine, Gin, arginine, glycine, methionine/valine and
lysine vacuolar levels, in relation to the wild type (Figure 18). We hypothesize that
dysregulation of amino acid transporters or amino acid biosynthesis pathways may contribute
to amino acid homeostasis alteration in ncrlA cells. Indeed, ongoing studies in our laboratory
aiming to characterize changes in the vacuolar proteome revealed alterations in the
phosphorylation state of specific vacuolar transporters.

Recent studies identified a-KG as a metabolite with anti-aging properties. Treatment of various

organisms with a-KG was shown to extend longevity (138-140) and, in yeast, growth medium



PORTO PORTO FCUP/ICBAS | 57

FACULDADE DE CIENCIAS INSTITUTG BECIENCIAS H H 1 T H
T FIIDAE pECials, LEE&E&E’R?ES.’E;E&‘{.‘S a-Ketoglutarate, amino acid homeostasis and Ilfespa_n ina yea_st model of
BIOMEDICAL SCIENCES Niemann-Pick type C1

supplementation with a-KG increases CLS, in association with increased oxidative stress
resistance, mitochondrial respiration and also amino acid and protein synthesis (146, 170). In
C. elegans and D. melanogaster, a-KG was suggested to enhance longevity through inhibition
of TORC1 signalling and consequent upregulation of autophagy. Importantly, increasing Glu
concentration in growth medium was also reported to enhance yeast longevity, promoting
oxidative stress resistance and cell biomass increase (132). In this study, we showed that
supplementation with a-KG, Glu and GIn increased the CLS of the wild type strain (1.4-1.6-
fold) (Figure 12). However, the effects of supplementation with a-KG or Glu were remarkably
superior in ncrlA cells, causing a 2.4-fold and 3-fold increase in CLS, whereas GIn
supplementation promoted a 1.5-fold increase in CLS, as in wild type cells (Figure 12). Arginine
supplementation also increased CLS in wild type cells but not in ncrlA cells (not shown),
suggesting that Glu and GIn do not increase longevity simply due to augmented nitrogen
supply. Interestingly, CLS extension promoted by a-KG, Glu or GIn supplementation was
accompanied by attenuation of culture acidification (Table 3), which is observed in yeast
cultures under calorie restriction, an intervention known to delay aging in various eukaryotes.
Since a-KG was demonstrated to enhance longevity through TORC1 downregulation in C.
elegans (140) and Glu and GIn can modulate TORCL1 activity in yeast (63), we searched for a
relation between the CLS-extending effect of these supplements in ncrlA cells and effects on
TORCL1 activity. The supplementation of a-KG induced a 2-fold reduction of TORC1 activation
in ncrlA cells, whereas Glu induced a 2.3-fold increase (Figure 13), so it is not clear how
modulation of TORC1 can impact the longevity of ncrlA cells. Like Glu, GIn exhibited a
tendency to increase TORCL activation (Figure 13). Although the three supplements promoted
autophagy upregulation in the wild type strain, they did not restore the autophagic flux of yeast
lacking Ncrl (Figure 14), indicating that TORC1 modulation in these cells does not ameliorate
autophagic defects and that the aging-delaying effect of these supplements is independent of
autophagy induction. Our results also suggest that the protective effect of a-KG supply is not
associated with the improvement of mitochondrial respiration capacity (data not shown).

In wild type cells, a-KG supplementation led to alterations in the amino acid content, which
included an increase of Glu levels during exponential growth and an overall tendency for
augmented amino acid levels (Figures 16-17). Interestingly, these effects were suppressed in
ncrlA cells. Plus, a-KG attenuated phenylalanine accumulation in ncrlA cells during
exponential growth (Figure 16 — B) and tended to decrease aspartate accumulation in PDS
phase (Figure 17 — B), which may be related to its CLS-extending effect. Analyses with more
replicates will be performed for accurate characterization of amino acid homeostasis in ncrlA

cells under non-supplemented and supplemented conditions.
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In both yeast and mammals, a-KG is an obligatory cofactor of JmjC domain-containing
demethylases and DNA-demethylating Tet enzymes (135). The former catalyse demethylation
of histone lysine residues and alterations in their activity have been implicated in longevity
regulation (135, 150, 152). Consistently, modulation of a-KG availability can affect
demethylation of histone proteins and the aging process (181). In yeast, expression of histone
H3 can be regulated by methylation of lysine residues and decreased levels of histones
negatively affect longevity (150). In this study, we observed that histone H3 levels are
significantly reduced in ncrlA cells (Figure 19), which may contribute to their shortened CLS.
Supplementation with a-KG did not significantly affect H3 levels in these cells (Figure 19),
indicating that regulation of H3 levels is not behind the CLS-extending effect of a-KG
supplementation. Whether a-KG can modulate the CLS of ncrlA cells through regulation of
the methylation state of H3 lysine residues remains to be determined.

In summary, our results demonstrate that hyperactivation of GIn3 does not mediate TORC1
upregulation, autophagy impairment or mitochondrial dysfunction in the yeast model of NPCL1.
However, these cells exhibit decreased a-KG levels and increased Glu levels, which is
consistent with GIn3 hyperactivation, as well as altered amino acid homeostasis. Notably, a-
KG, Glu and, to lower extent, GIn increased the CLS of ncrlA cells. Additionally, we report that
these cells exhibit significantly reduced histone H3 levels, which may contribute to its
premature ageing. Overall, this study and future research may provide new insights on the

molecular aetiology and pathology of NPC1.
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