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RESUM

El ferro és un metall essencial per a tots els tipus cel-lulars. Aquest metall participa en diversos
processos metabolics com en la respiracié mitocondrial dins la cadena de transport electronic,
la sintesi de proteines, lipids i ribosomes, aixi com en la biosintesi i reparacié del DNA, entre
altres. La falta de ferro provoca problemes de salut en €ssers humans com 1’anémia ferropénica,
malalties cardiovasculars i estd relacionada amb alteracions neuroldgiques aixi com en el
cancer de mama, entre d’altres. En aquesta tesi es demostra que la manca de ferro causa en
Saccharomyces cerevisiae la inactivacio del complex TORCI1 i indueix I’activacio de la
macroautofagia, resposta que afavoreix al reciclatge d’aquest metall. Adicionalment es
presenten evidéncies que demostren que el senyal de deplecié de ferro requereix ’activitat de
TORC2/Ypk1 (ortolegs de mTORC2/Sgk1 en cel-lules humanes) per aconseguir la subseqiient
inactivaciéo de TORC1 induint la defosforilaci6 d’Atgl3 i I’autofosforilacio activatoria d’Atgl,
activant aixi I’autofagia generalitzada. El restabliment dels nivells de ferro intracel-lulars causa
la reducci6 del flux autofagic a través de I’AMPK Snf1 i la subseqiient activacio del factor de
transcripcio del reguld del ferro, Aftl. Aquest senyal convergeix en la hiperfosforilacio
d’Atgl3 mitjancada per TORCI. La limitacié de ferro promou I’entrada de les cél-lules en
quiescéncia, que juntament amb 1’activacid de 1’autofagia, sén dos mecanismes que
contribueixen a 1’extensio6 de la vida cronologica de les cel-lules de S. cerevisiae.

Els resultats que es mostren en aquest estudi demostren que TORC2/Ypkl sén necessaris
perque Aftl és transloqui al nucli com a resposta a la depleci6 de ferro. En aquesta senyalitzacio
intervé la ruta dels esfingolipids, concretament els esfingolipids complexos. Les nostres
observacions atorguen un nou rol als esfingolipids que mitjangant la regulacié de TORC2/Ypk1
garanteixen la correcta localitzacid i activitat d’Aft] en resposta a la manca de ferro.

Mtl1 és un receptor de la paret cel-lular que forma part de la via CWI i esta involucrat en la
recepci6 de la senyal de la concentracid de glucosa i la seva transmissio a la via Ras2/Sch9 que
repercuteix en ’activacid de I’autofagia generalitzada. La funcié de Mtll en la repressio de
Ras2 i Sch9 també és important en la senyalitzacio de la degradacié especifica de les
mitocondries a través de mitofagia durant la fase estacionaria, d’una manera totalment
dependent d’Atg33 i Atgll. Aquests resultats reforcen la importancia del receptor Mtl1 en els

processos de senyalitzacié que responen al déficit de glucosa en S. cerevisiae.
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RESUMEN

El hierro es un metal esencial para todos los tipos celulares. Este metal participa en diversos
procesos metabdlicos, tales como la respiracion mitocondrial, la sintesis de proteinas, lipidos
y ribosomas, asi como en la biosintesis y reparacion del DNA, entre otros. El déficit de hierro
conlleva problemas de salud en los seres humanos, como es el caso de la anemia ferropénica,
enfermedades cardiovasculares, alteraciones neurologicas, asi como con el cancer de mama,
entre otros.

En esta tesis se demuestra que la falta de hierro induce, en Saccharomyces cerevisiae, la
inactivacion del complejo TORC1 y promueve la activacion de la macroautofagia. Asimismo,
se presentan evidencias que demuestran que la sefial de deplecion de hierro requiere la actividad
de TORC2/Ypk1 (ortdlogos de mMTORC2/Sgk1 en células humanas) para lograr la inactivacion
de TORCI, induciendo asi la defosforilacion de Atgl3 y la autofosforilacion de Atgl, lo que
conduce a la activacion de la autofagia. El restablecimiento de los niveles de hierro intracelular
provoca la reduccion del flujo autofagico a través de la AMPK Snfl y la subsecuente activacion
del factor de transcripcion del regulon del hierro, Aftl. Esta sefial converge en la
hiperfosforilacion de Atgl3 mediada por TORCI. La limitacion de hierro promueve la entrada
de las células en quiescencia, que,junto con la activacion de la autofagia, contribuyen a la
extension de la vida cronoldgica de las células de S. cerevisiae.

Los resultados presentados en este estudio demuestran que TORC2/Ypk1 son necesarios para
que Aftl se localice en el nlicleo en respuesta a la deplecion de hierro. En este proceso de
sefializacion interviene la via de sefalizacion de los esfingolipidos, concretamente los
esfingolipidos complejos. Nuestras observaciones otorgan un nuevo rol a la via de los
esfingolipidos como mediadora de la sefial entre TORC2/Ypk1 y el mecanismo de homeostasis
del hierro.

Mtl1 es un receptor de la pared celular que forma parte de la via CWI y esta relacionado con
la sefializacion de la concentracion de glucosa y el estrés oxidativo. El receptor Mtl1 es esencial
para detectar la disminucion en la concentracion de glucosa y transmitir la sefial hacia la
represion de las actividades de Ras2 y Sch9, lo que repercute en la activacion de la autofagia
generalizada. La funcion de Mtl1 en la represion de Ras2 y Sch9 ademas es importante en la
sefializacion de la degradacion especifica de las mitocondrias a través de mitofagia durante la
fase estacionaria, de una manera totalmente dependiente de Atg33 y Atgll. Estos resultados
refuerzan la importancia del receptor Mtl1 en los procesos de sefializacion que responden al

déficit de glucosa en S. cerevisiae.
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ABSTRACT

Iron is an essential metal for all cell types since participates in various metabolic processes
such as mitochondrial respiration, protein, lipid, and ribosome synthesis, as well as DNA
biosynthesis and repair, among others. Iron deficiency leads to health problems in humans,
including iron-deficiency anemia, and cardiovascular diseases, and it is associated with
neurological disorders as well as breast cancer, among others. We have demonstrated that iron
deficiency in Saccharomyces cerevisiae leads to the inactivation of the TORC1 complex and
concomitantly induces the activation of macroautophagy. This work also presents evidence that
the iron depletion signal requires the activity of TORC2/Ypk1 (orthologs of mTORC2/Sgk1 in
human cells) to subsequently inactivate TORC1 complex thus inducing both, the
dephosphorylation of Atgl3 and also the activating autophosphorylation of Atgl, leading the
activation of bulk autophagy. Restoring intracellular iron levels reduces autophagic flux
through the AMPK Snfl and the subsequent activation of the iron regulon mediated by the
transcription factor Aftl. This signal converges in the hyperphosphorylation of Atgl3 mediated
by TORCI. Iron limitation promotes cell entry into quiescence, which, together with autophagy
activation, both contribute to the extension of the chronological life in the budding yeast.

The results presented in this study demonstrate that TORC2/Ypk1 are necessary to promote
Aftl nuclear localization upon iron depletion. Sphingolipids are required for this signaling,
specifically complex sphingolipids. These results give a new role to the sphingolipids pathway
as a mediator of the signal between TORC2/Ypk1 and the iron homeostasis mechanism.

Mtll is a cell wall receptor that is part of the CWI pathway and is involved in receiving the
glucose concentration signal to transmit it to Ras/Sch9 pathways. The repression of these
pathways in response to the descent in glucose availability results in the activation of
generalized autophagy. Mtl1 function in the repression of both Ras2 and Sch9 is also important
in signaling the specific degradation of mitochondria through mitophagy during the stationary
phase, dependent on Atg33 and Atgll. These results reinforce the importance of the Mtll

receptor in the signaling processes that respond to glucose deficiency in S. cerevisiae.

-vii-












AC: Adenylate cyclase

AIM: Atg8-Interacting Motif
AMP: Adenosine MonoPhosphate
AMPK: AMP- activated Kinase
Amsl: Alpha-MannoSidase 1

Apel: AminoPEptidase 1

ATG: AuTophagyc related Gene
ATP: Adenosine TriPhosphate
cAMP: Cyclic AMP

CDS: CoDing Sequence

Cer: Ceramide

CFUs: Colony Forming Units
CFW: CalcoFluor White

CK2: Casein Kinase 2

CLS: Chronological Life Span
CMA: Chaperone-Mediated Autophagy
COz: Carbon dioxide

CoA: Coenzyme A

CR: Caloric Restriction

Cvt: cytoplasm to Vacuole Targeting
CWI: Cell-Wall Integrity

DHC: DiHydroCeramide

DHS: DiHydroSphingosine

DNA: Deoxyribonucleic Acid
EGOC: Ego Complex

elF-2: Eukaryotic translations Initiation
Factor 2

ER: Endoplasmic Reticulum

ERCs: Extrachromosomal rDNA Circles
EST: Ever Shorter Telomeres

Fe: Iron

FeRe: Iron Regulatory Element
FRB: FKBP12-Rapamycin-Binding

Go: Quiescence
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ABREVIACIONS

Gi: Gap 1

G2: Gap 2

GAAC: General Amino Acid Control
GAP: GTPase-Activating Protein
GDP: Guanosine DiPhosphate

GEF: GDP/GTP Exchange Factor
GPCR: G-Protein-Coupled Receptor
GRAS: Generally Regarded As Safe
GRO: Genomic Run-On

GSH: Glutathione

GTP: Guanosine TriPhosphate

HA: HemAgglutinin

HisRS: Histidyl-tRNA Synthetase
HOG: High-Osmolarity Glycerol
HXK2: HeXoKinase PII

HXT: Hexose Transporters

IPC: Inositol PhosphoCeramide
IRC: Index of Respiratory Competence
LCB: Long-Chain Base

M: Mitosis

MAPK: Mitogen-Activated Protein
Kinase

MAPKK: MAPK Kinase
MAPKKK: MAPKK Kinase

MIPC: Mannose-Inositol-
PhosphoCeramide

M(IP):C: Mannose-(Inositol-P),-
PhosphoCeramide

miRNA: micro Ribonucleic Acid
mRNA: messenger Ribonucleic Acid
NADH: Nicotinamide Adenine

Dinucleotide



NCR: Nitrogen Catabolic Repression
ORFs: Open Reading Frames

PAS: Pre-Autophagosomal Site

PE: PhosphatidylEthanolamine
PHC: PhytoCeramide

PHS: PhytoSphingosine

PKA: Protein Kinase A

PM: Plasmatic Membrane
PtdIns3K: PhosphaTiDylINOsitol-3-
kinase

RA: mRNA Amounts

rDNA: recombinant Deoxyribonucleic
Acid

RiBi: Ribosomal Biogenesis

RP: Ribosomal Protein

RLS: Replicative Life Span

RNA: Ribonucleic Acid

ROS: Reactive Oxygen Species
rRNA: Ribosomal RNA
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RTG: ReTrograde response Genes
S: Sulfur

S: Synthesis

S. cerevisiae: Saccharomyces cerevisiae
SD: Standard Deviation

SIR: Silent Information Regulator
SNF: Sucrose Non Fermenting
SPT: Serine Palmmitoyl Transferase
STRE: STress Responsive Elements
TCA: TriCarboxylic Acid

TOR: Target of Rapamycin
TORC1: TOR Complex 1

TORC2: TOR complex 2

TR: Transcription Rate

tRNAs: Transfer RNA

uORFs: Upstream ORFs

UPR: Unfolded Protein Response
wt: Wild-Type
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INTRODUCCIO

1.1 Saccharomyces cerevisiae com organisme model en la recerca

biomedica

Saccharomyces cerevisiae és un llevat que des d’un punt de vista filogenétic es pot classicar
dins el regne Fungi, filum Ascomycota, classe Saccharomycetes, ordre Saccharomycetales,
familia Saccharomycetacea, génere Saccharomyces i espécie cerevisiae. Aquesta cel-lula
eucariota ¢s divideix per gemmacio i presenta dues fases biologiques estables, una haploide i
una diploide. La transici6 entre les dues fases és regulada a través de canvis ambientals, la
disponibilitat de nutrients i la preséncia d’altres cel-lules. Aquest llevat, també conegut com
llevat de gemmacio, llevat de la cervesa o llevat del pa, ocupa una posicié important en la
taxonomia dels fongs, ja que és un dels llevats més rellevants i estudiats en biologia cel-lular i
molecular, recerca genctica, la industria i la biotecnologia (Carvelli and Galli 2021; Arifio
2011). L’any 1996 el genoma de S. cerevisiae va ser el primer genoma eucariota completament
seqiienciat. Es un genoma relativament petit, compacte i senzill de manipular, amb 6275 gens

distribuits en 16 cromosomes (Goffeau et al. 1996).

Tot i la seva simple estructura unicel-lular, les diferéncies morfologiques i cel-lulars, i els
bilions d’anys evolucid separada amb organismes eucariotes superiors, molts processos
cel-lulars essencials com son la replicacié del DNA, la transcripcio i traduccid, la glicolisi, la
divisi6 cel-lular, la resposta a 1’estres, 1’autofagia, entre d’altres, s’han conservat (Kachroo et
al. 2022). Convertint al llevat en una eina molt potent per a elucidar gran part de la biologia
basica i caracteritzar rutes de senyalitzacido comunes amb les cél-lules humanes (Carvelli and
Galli 2021). Aquesta afirmacid es ratifica amb els 5 Premis Nobel en Fisiologia o Medicina
atorgats fins al present moment, en estudis realitzats utilitzant el llevat com a organisme model:
i) Premi Nobel del 2001 a Leland H. Hartwell, Tim Hunt i Sir Paul M. Nurse, pels seus
descobriments en reguladors claus del cicle cel-lular; ii) Premi Nobel del 2006 atorgat a
Andrew Z. Fire i Craig C. Mello per la seva investigacié en el RNA d’interferéncia; iii) Premi
Nobel del 2009 d’Elizabeth H. Blackburn, Carol W. Greider i Jack W. Szostak, gracies a la
descoberta de com els cromosomes estan protegits per telomers i I’enzim telomerasa; iv) Premi
Nobel del 2013 guanyat per James E. Rothman, Randy W. Schekman i Thomas C. Siidhof per
les seves investigacions en la maquinaria reguladora del trafic vesicular; i finalment, el v) Premi

Nobel del 2016 atorgat a Yoshinori Ohsumi per al descobriment del mecanisme de 1’autofagia
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(Prize n.d.).

S. cerevisiae, com en la investigacio basica, té una gran importancia en la investigaci6 aplicada
1 biotecnologica. Aquest llevat és utilitzat per a la produccié de proteines recombinants, la
investigacio genetica, 1’estudi de malalties, la recerca farmacologica, la biologia sintética,
I’optimitzacié de processos fermentatius, entre d’altres. El llevat del pa, és una eina molt
versatil en la investigaci6 aplicada que contribueix a moltes arees de coneixement, des de la
comprensio de la biologia a la produccié de medicaments. Un clar exemple d’aquesta
versatilitat 1’us dels llevats com a plataformes per a la produccioé de proteines humanes (Pujol-
carrion et al. 2022) i la investigacié de malalties a través de la humanitzacié del llevat. Aquesta
técnica, es va comengar a utilitzar als anys 90, i fa referéncia a un procés en que es modifiquen
llevats, com S. cerevisiae, per incorporar-hi gens (Mechoud et al. 2020) o caracteristiques
propies de cél-lules humanes (Kachroo et al. 2022). En I’ambit biomédic, existeixen models en
llevat de diverses malalties, incloent-hi: i) malalties neurodegeneratives, ii) desordres
mitocondrials, iii) malalties de prions, iv) desordres metabolics i v) cancer. Modelitzar aquestes
malalties en llevat és possible, ja que, tot i els milions d’anys d’evolucié que els separa amb
els humans, hi ha entre un 20% i 60% d’homologia genética en els gens que tenen funcions
basiques, com son els de les rutes metaboliques, el cicle cel-lular i la regulacid génica
(Kaminska et al. 2022). No existeix un percentatge global Unic d’homologia genética entre
humans i el llevat de gemmacio, ja que varia segons el gen o la regié especifica del genoma

que es consideri.

S. cerevisiae és considerat un organisme GRAS (Generally Regarded As Safe) que pot ser
manipulat sense precaucions especials. El seu Uis com a organisme model en el laboratori
presenta alguns avantatges: i) creix rapidament (~90 min) en medis de cultiu simples i
economics, ii) és estable i es pot treballar amb ell en forma haploide o diploide, iii) existeixen
un gran nombre de mutants per a qualsevol mecanisme cel-lular i iv) els coneixements adquirits
gracies a ’estudi en aquest organisme tenen transferéncia i aplicacié en organismes superiors
(Arifio 2011). En definitiva, la recerca en el llevat S. cerevisiae, s’ha convertit en un els pilars
fonamentals per a I’adquisici6 de coneixement en les arees de la bioquimica, biologia cel-lular,

genética i biologia molecular.

L’us del llevat com a organisme model també comporta algunes limitacions: i) algunes

proteines humanes expressades en el llevat no presentaran la mateixa funcionalitat que en el

4.
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seu ambient endogen, ii) algunes interaccions proteiques poden estar alterades, a causa de la
manca de la proteina d’interaccid o de la divergencia d’aquestes en les cél-lules humanes, iii)
hi ha condicions de “splicing” del transcrit, llocs d’uni6 de miRNA (MlIcro RiboNucleic Acid)
o proteines d’unié de mRNA (Messenger RNA), que no es poden reproduir en una cel-lula de
llevat, iv) al ser un organisme unicel-lular, també existeix una limitacié en la reproduccié de
fenotips resultants de la interaccio cel-lular, fet que no permet 1’estudi de processos de
desenvolupament (Kaminska et al. 2022; Carvelli and Galli 2021). En resum, tot i que el llevat
no permet la investigacié de I’impacte d’una malaltia a nivell sistémic, si que possibilita

I’estudi molecular d’una patologia de manera simple, rapida i econdomica.

1.2 Creixement cel-lular del llevat de S. cerevisiae

S. cerevisiae presenta cinc fases de creixement cel-lular (Figura 1), les quals estan definides

pels factors de creixement i la disponibilitat nutricional:

i) Fase de laténcia. Es el periode inicial en qué les cél-lules de llevat s’adapten a un nou
entorn. En aquesta etapa, el llevat no experimenta un creixement actiu com a resposta
al canvi de la font de carboni emprada, generalment, d’etanol a glucosa. L’exposicio de
les cél-lules a nous medis enriquits dona lloc a una imminent activacié de rutes

bioquimiques i una alta expressio genica (Brejning and Jespersen 2002).

ii) Fase exponencial o logaritmica. Un cop les cél-lules del llevat s’han adaptat a I’entorn,
es comencen a dividir de forma activa produint un rapid augment de la poblacid (Busti
et al. 2010). Durant aquesta fase el llevat del pa presenta I’habilitat de fermentar
rapidament els sucres transformant-los en etanol i dioxid de carboni (CO2), tant en
condicions aerobiques com anaerobiques. Aquest procés es coneix amb el nom d’efecte
Crabtree (Dashko et al. 2014). La capacitat fermentativa dels llevats, ha esdevingut una
de les tecnologies més antigues emprades pels éssers humans, els seus origens es
remunten al periode Neolitic. Els primers estudis de les caracteristiques quimiques,
fisiologiques i microbiologiques de les fermentacions daten del segle XVIII. Antoine
Lavoiser I’any 1789, va presentar dades on es descrivien els canvis quimics que
succeien durant la conversid del sucre en alcohol i CO., en el procés de fermentacio

vinicola. Posteriorment, Louis Pasteur, a finals de la década del 1850, va desenvolupar
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estudis fisiologics que demostraven el rol del llevat en les fermentacions alcoholiques
i va determinar diferéncies quantitatives entre la conversio aerobica i anaerobica del
sucre (Barnett 2003). La fermentacié dels sucres, com la glucosa i la fructosa,
proporciona I’energia necessaria a la c¢l-lula per créixer i mantenir les seves funcions

biologiques.

El llevat és capag¢ de detectar la disponibilitat de glucosa en el medi, i expressar els
transportadors d’hexosa (HXT), per tal d’internalitzar-la, a través de difusio facilitada.
Un cop internalitzada, la glucosa, és dona la glicolisi, que és el procés inicial d’oxidacio
dels sucres, permeten la conversio de la glucosa en dues molécules de piruvat i
alliberant ATP (Adenosine TriPhosphate) i NADH (reduced Nicotinamide Adenine
Dinucleotide), sense la necessitat d’oxigen. El piruvat citoplasmatic és fermentat
alcoholicament donant lloc a etanol i CO». El piruvat també pot ser convertit en acetil-
CoA, a escala citoplasmatica, a través del bypass de la piruvat deshidrogenasa. Aquesta
via involucra la conversid de 1’acetaldehid a acid acétic, el qual es converteix en acetil-
CoA. La ruta de bypass és essencial per a S. cerevisiae, ja que és I’'inica manera
d’obtenir acetil-CoA citoplasmatic, a través de la glucosa, necessari per a la biosintesi

de lipids (Piskur and Compagno 2014).

iii) Fase de transicio o “shift” diauxic. Aquesta fase fa referéncia a un canvi en el
metabolisme i creixement del llevat S. cerevisiae en resposta a I’esgotament de la font
de carboni fermentable que utilitza per créixer. En aquesta situacio, el llevat ajusta la
seva maquindria metabolica i genetica per poder emprar altres fonts de carboni
disponible. El metabolisme passa de ser fermentatiu a respiratori. L’etanol generat
durant la fermentacid, és oxidat a les mitocondries generant acetil-CoA. Finalment, les
reaccions del cicle de Krebs i la cadena de transport electronic, generen a partir de
I’acetil-CoA una gran quantitat d’ATP que proveeix d’energia les cél-lules (Gray et al.

2004).

iv) Fase post-diauxica. Durant aquesta etapa un alt nombre gens presenten canvis en la
seva expressio, les cel-lules creixent molt lentament (una o dues divisions) i minva la
sintesi proteica. L’exhauriment de la font de carboni respiratoria marca el final
d’aquesta fase (Stahl et al. 2004).
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v) Fase estacionaria. L’esgotament de totes les fonts de carboni del medi indueix una
série de canvis que de forma conjunta defineixen la fase estacionaria. Aquests canvis
son: a) reduccid dramatica del creixement, b) induccid de I’emmagatzematge de
glicogen, c) increment a la resisténcia d’estrés mediambiental, d) augment del cos de la
paret cel-lular, e) disminucié severa de la transcripcid genica, traduccid i sintesi
proteica, i f) augment de la supervivéncia davant la inanicié. (Herman 2002; Busti et

al. 2010; Gray et al. 2004).

L’entrada en fase estacionaria esta regulada per la inactivaci6 d’alguna de les vies de
senyalitzaci6 de Ras o Tor (posteriorment descrites), totes dues son critiques per
modular el creixement cel-lular. Aquestes rutes regulen positivament processos com la
traduccio de proteines, la qual és essencial per al creixement cel-lular, i inhibeixen

activitats contraries a la proliferacio cel-lular (Herman 2002).

En cultius que es troben en fase estacionaria, es poden distingir dues fraccions
cel-lulars, cél-lules quiescents i cel-lules no-quiescents. La fraccid majoritaria ¢és la de

cel-lules quiescents (Breitenbach, Jazwinski, and Laun 2012).

a) Quiescéncia (Go). La quiesceéncia en la cel-lula de llevat, és definida per Gray et
al, com a un estat on la cél-lula creix en un cultiu liquid fins a obtenir la saturacid
del medi (Gray et al. 2004). Un alt nombre de cél-lules passen la major part de la
seva vida en quiescencia. En la natura els organismes unicel-lulars, majoritariament,
estan quiescents (Sagot and Laporte 2019). En el laboratori, es poden aconseguir
cél-lules quiescents, a partir d’un cultiu liquid en medi ric a 30°C, creixent durant

un periode de 5 a 7 dies.

Les cél-lules quiescents presenten un seguit de caracteristiques que divergeixen de
les cél-lules proliferatives: 1) no proliferen, 2) no acumulen massa ni volum, 3) es
troben en un estat de repos i sense gemmes, 4) la taxa de transcripcio és entre 31 5
vegades inferior respecte la fase exponencial, 5) hi ha repressio genética, com per
exemple de gens codificants per a proteines ribosomals, 6) s’inhibeix la degradacio6
del mRNA, 7) la sintesi proteica es redueix fins a un 0,3% comparada amb la de la
fase logaritmica de creixement, 8) els cromosomes es condensen, 9) les cel-lules

presenten parets cel-lulars més consistents i menys poroses, 10) s’indueix

-7-
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I’autofagia, 11) s’incrementa la termotolerancia i I’osmotolerancia, 12) disminueix
la quantitat de ROS (Reactive Oxygen Species) i 13) augmenta la supervivéncia
(Gray et al. 2004; Breitenbach, Jazwinski, and Laun 2012; Werner-Washburne et al.
1993).

En la bibliografia es presenta ’estat de quiescéncia com una reaccid reversible.
L’entrada en quiescéncia s’assoleix quan les cél-lules proliferants censen una
disminuci6 del carboni; i la sortida de la quiescéncia es veu marcada per la resposta

a la preseéncia d’una font de carboni (Gray et al. 2004).

Les cel-lules de llevat quiescents i les de mamifer comparteixen les mateixes
caracteristiques (Gray et al. 2004). Fet que permet transferir el coneixement adquirit
en les cél-lules de llevat a cél-lules d’organismes superiors, com poden ser les

cél-lules humanes.

Shift
Diauxic

Densitat optica

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|

<1 4-7 Temps (dies)
Fase Fase Fase Fase
Lag Log Post-Diauxica  Estacionaria

Figura 1. Corba de creixement de S. cerevisiae. Fases de creixement del llevat en un medi ric on la

font fermentable de carboni és la glucosa a 30°C. La inoculacio de cél-lules en fase estacionaria en un

medi de cultiu fresc provoca una fase inicial de laténcia de temps variable. Posteriorment, les cel-lules

comencen a fermentar la glucosa a etanol i la proliferacio cel-lular incrementa exponencialment durant

la fase logaritmica (Log) o també anomenada fase exponencial. L’escassetat de la glucosa, provoca una

disminuci6 del creixement cel-lular i un canvi del metabolisme fermentatiu a metabolisme respiratori,

aquest moment es coneix com a “shift” diauxic. Durant la fase post-diauxica, les cél-lules creixen
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lentament consumint I’etanol produit durant la fermentacid. L’exhauriment de ’etanol provoca una
aturada en el creixement del cultiu i entrada en fase estacionaria. En la fase estacionaria les cél-lules

poden adoptar un estat de quiescéncia durant llargs periodes de temps.

1.3 Metabolisme del ferro en S. cerevisiae

El ferro és un nutrient essencial per a tots els organismes vius (Jing et al. 2022). Es un element
amb un paper clau en el metabolisme cel-lular. Una de les seves funcions és ser emprat com a
cofactor redox en diversos processos: i) la respiracié cel-lular (X. Jin et al. 2021), ii) el
metabolisme dels lipids (Venkataramani 2021), iii) la biogénesi d’aminoacids (Qian et al.
2017), iv) la replicaci6 i reparacié del DNA (C. Zhang 2014), v) el transport d’oxigen (Sanders-
Loehr 1988), vi) la fotosintesi (Castell et al. 2022) i vii) la fixaci6 del nitrogen (Yu et al. 2021).
Tot i que el ferro és essencial, quantitats excessives poden ser perjudicials, ja que, el Fe?* lliure,
¢és capag de reduir el peroxid d’hidrogen generant radicals lliures hidroxils a través de la reaccid
de Fenton, els quals son perjudicials (Martins, Costa, and Pereira 2018). El dany cel-lular que
es pot desencadenar té lloc a diversos nivells: 1) sobre els acids nucleics, ii) a les proteines, iii)
a escala lipidica i iv) sobre el DNA (Martinez-Pastor, Perea-Garcia, and Puig 2017). Aquestes
descompensacions acceleren el dany cel-lular i desencadenen 1’aparici6 de malalties i
envelliment (Martins, Costa, and Pereira 2018). Algunes malalties humanes provocades per
alteracions en 1’homedstasi del ferro son: 1) I’anémia (Newhall, Oliver, and Lugthart 2020), ii)
I’hemocromatosi hereditaria (Murphree et al. 2020), iii) I’ataxia de Friedrich (Cook and Giunti
2017), iv) ’aceruloplasminémia (Vroegindeweij et al. 2021) i v) incrementa el risc d’infeccions
i de cancer (Camiolo et al. 2020). De manera que els organismes per protegir-se de la toxicitat

del ferro, han desenvolupat mecanismes de regulacié del metabolisme del ferro.

L’estudi del metabolisme del ferro és un altre exemple de la importancia del llevat S. cerevisiae
com a model, ja que ha permes establir els mecanismes de transport, distribucio i regulacié del
ferro i descobrir les bases moleculars de malalties relacionades amb el ferro ja mencionades

anteriorment.

1.3.1 Regulacié de I’homeostasi del ferro

En aquest llevat existeixen diferents mecanismes de captar ferro. Presenta dos mecanismes de

-9.
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baixa afinitat i un sistema d’alta afinitat mediat per siderofors. Tots aquests mecanismes es
regulen a nivell transcripcional (Martins, Costa, and Pereira 2018). Els nivells de ferro cel-lular
son detectats a través de la sintesi i biodisponibilitat de clisters Fe/S, no a través de la
concentracid de ferro lliure. La formacio de clisters Fe/S és un procés que es troba conservat
durant I’evoluci6. La membrana de la mitocondria presenta dos transportadors, Mrs3 i Mrs4,
els quals regulen I’import de ferro a I’interior de la mitocondria. Un cop el ferro és dins la
mitocondria el complex format per Nfs1-Isd11 juntament amb la frataxina, Ythl, faciliten la
unio del cluster [2Fe-2S] a una proteina “scaffold” Isul. Posteriorment, el cliister es transfereix
a través d’un sistema de xaperones format per Ssql-Jacl-Mgel a un dimer format per la
glutaredoxina monotiol, Grx5. Finalment, els clusters Fe/S son exportats de la mitocondria al
citoplasma a través del transportador Atm1 (Figura 2) (Lill, Srinivasan, and Miihlenhoff 2014).
Un cop al citoplasma, els clusters Fe/S es converteixen en clasters [2Fe-2S]**, els quals
s’uneixen amb dues glutaredoxines monotiol, Grx3 i Grx4. Grx3 i Grx4 formen part de la
familia de glutaredoxines monotiol de multidomini, formades per un domini tioredoxina a
I’extrem N-terminal i un domini glutaredoxina en el C-terminal. També presenten dos llocs
actius de cisteines, anomenats CGFS, que coordinen els clusters Fe/S (H. Li et al. 2009). Grx3
i Grx4 sén homologues, perd no totalment redundants (Pujol-Carrion et al. 2006). Aquestes
glutaredoxines tenen un paper en la distribuci6 i deteccié del ferro (Pujol-Carrion et al. 2006).
Les dues glutaredoxines s’uneixen com a monodimers amb el cluster [2Fe-2S]*" juntament
amb dues molécules de glutatio (GSH) (Miihlenhoff et al. 2010). El claster Fe/S forma
homodimers amb Grx3/4 que interaccionen amb una proteina tipus Bol-1, Fra2, per formar el
complex [2Fe-2S]Fra2-Grx3/4. Els clusters Fe/S dins el complex format amb Grx3/4 poden ser

emprats per a la biogénesi de proteines Fe/S citosoliques i nuclears (H. Li et al. 2009).

-10 -
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Figura 2. Regulacio intracel-lular del metabolisme del ferro. El ferro del citoplasma és internalitzat

a la mitocondria a través dels transportadors Mrs3/Mrs4. Un cop dins la mitocondria s’uneix amb el
sofre per formar clusters Fe/S. Els clusters s’uneixen a la proteina Isul a través del complex Nfs1-Isd11
juntament amb Yth1. Posteriorment, son transferits a un dimer format per la proteina Grx5, a través del
complex Ssql-Jaql-Mgel. Finalment, els clusters Fe/S son exportats de la mitocondria a través d’Atm1.
Un cop al citoplasma, s’uneixen a monodimers de les glutaredoxines Grx3 i Grx4 i a dues molécules de
glutati6 (GSH). Seguidament, un homodimer de les glutaredoxines i una moleécula de GSH son
intercanviades per la proteina Fra2. En aquestes condicions els factors de transcripcio Aftl/Aft2, que
son exportats del nucli a través de Msn5, s’uneixen als clusters Fe/S del citoplasma impedint la seva
internalitzacié al nucli, a través del seu transportador especific, Psel. Aftl/Aft2 quan es troben al
citoplasma no es poden unir als promotors de gens relacionats amb la captacio del ferro inhibint aixi la
seva transcripcid. A més a més, quan hi ha un excés de ferro el factor transcripcional YapS5, promou la
transcripcio de gens que ajuden la cél-lula a protegir-se dels efectes perjudicials de 1’excés de ferro.
Aftl, independentment de la localitzacid subcel-lular i de la concentracio de ferro es troba unit a la
quinasa Slt2. En condicions d’escassetat de ferro, la quinasa Sit2 fosforila i regula negativament a Aftl,

per tal d’impedir una captaci6 excessiva del metall.

En condicions de suficiéncia de ferro, els clusters Fe/S es transfereixen del complex que formen
amb Fra2 i Grx3/4 als factors de transcripcio Aftl/Aft2, formant un homodimer amb els
clusters. Aftl i Aft2 son dos factors transcripcionals que coordinen la transcripci6 d’un grup de

gens que formen part del regulé del ferro (Philpott, Leidgens, and Frey 2012). El regulé del
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ferro esta format aproximadament per 30 gens. Aquests gens s’agrupen segons la seva funcio:
i) gens relacionats amb 1’adquisicié de ferro d’alta afinitat a la membrana plasmatica, ii) gens
involucrats en el transport de ferro intracel-lular, iii) gens responsables del reciclatge del ferro
i1v) gens encarregats de la remodelacié metabolica per 1’optimitzacié de 1’us del ferro. Els
gens que formen part del regulo del ferro, en la seva regié promotora presenten un element
regulador del ferro (FeRE), el qual és reconegut per Aftl o Aft2 (Kaplan and Kaplan 2009). La
uni6 d’Aft1/2 als clisters Fe/S provoca que disminueix la seva afinitat pel DNA promovent la
seva dissociaci6 dels elements FeRE i, per tant, la transcripcié dels gens del regul6 del ferro
disminueix (Ueta et al. 2012). En aquestes condicions Aft1/2 sén exportats al citoplasma,
mitjangant 1’exportador Msn5 (Yamaguchi-Iwai et al. 2002; Ueta et al. 2007). Si durant aquest
periode on no hi ha manca de ferro, hi ha un procés cel-lular que necessita ferro, el metall és
captat a través d’un sistema de baixa afinitat format per Smfl i Fet4, els quals es troben

constitutivament activats (Dix et al. 1994).

Quan es detecta una disminuci6 del ferro disponible s’activa un grup de gens que formen part
del transport d’alta afinitat del ferro. L’activacié d’aquests gens es dona a través del factor de
transcripci6 Aftl i el seu homoleg Aft2 (Kaplan and Kaplan 2009). L’escassetat de ferro fa que
disminueixin els clusters Fe/S als que s’uneixen, pel que Aftl/2 queden lliures al citoplasma i
son translocats al nucli a través de Psel (Ueta, Fukunaka, and Yamaguchi-Iwai 2003). Aft1/2
dins el nucli s’uneixen a les regions FeRE activant la transcripci6é de gens involucrats en la
captacio de ferro (Yamaguchi-Iwai et al. 2002). La captacio de ferro pel sistema d’alta afinitat
pot estar associada a una via reductora o no (Martins, Costa, and Pereira 2018). En la via
reductora, les molécules de Fe3* es redueixen a Fe?* a la superficie cel-lular a través de les
metal-loreductases Frel i Fre2, un cop reduides son transportades al citosol a través d’un
complex format per Fet3 i Ftrl (Stearman et al. 1996). La via no reductora s’associa amb
siderofors i els complexos siderofor-Fe* son transportats a través de la membrana plasmatica
per Arnl, A2, Arn3 i Arn4 (Lesuisse, Simon-Casteras, and Labbe 1999). El ferro unit a
siderofors també pot ser reduit per les reductases férriques Frel-Fre4 i transportat per
Fet3/Ftrel (Martins, Costa, and Pereira 2018). Les proteines associades a la paret cel-lular, Fitl
i Fit2 també formen part del regul6 del ferro i estan involucrades en la retencio dels complexos
siderofor-Fe3" a la paret cel-lular facilitant la captaci6 de ferro (Protchenko et al. 2001). En
preséncia d’estrés oxidatiu la captacié de ferro es dona per les vies no reductores per minimitzar

el dany oxidatiu dels ions ferrosos (Castells-Roca et al. 2011).
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Recentment, un estudi dut a terme pel grup de la Dra. de la Torre, ha demostrat que en
condicions d’escassetat de ferro, S1t2 fosforila i regula negativament ’activitat d’Aftl quan es
troba dins el nucli. Aixd suggereix un mecanisme de regulaci6 directe de 1’expressio del reguld
del ferro, ja que, Slt2 sempre esta unit a Aftl. Aquesta regulacido és crucial per a la
supervivencia pel fet que els mutants s/t2, presenten disfuncions en Aftl, les quals

repercuteixen en una disminuci6 de la CLS (Pujol-Carrion et al. 2021).

L’activacio del reguld del ferro també dona lloc a la transcripcié de CTHI i CTH2. Cth1/2 sén
proteines que s’uneixen al mRNA de proteines involucrades en processos que tenen una alta
demanda de ferro, per facilitar la seva desintegracio (Puig, Askeland, and Thiele 2005). Un dels
mRNAs dels que promou la seva degradacio és el de CCCI, el qual codifica per una proteina
que facilita ’import de ferro al vacuol, disminuit aixi I’emmagatzematge del ferro al vactiol
(Martinez-Pastor et al. 2013). Els fongs i les plantes guarden el ferro dins el vacuol per protegir-
se de la toxicitat, ja que no expressen la proteina d’uni6 de ferro citosolica ferritina (L. Li and

Ward 2018a).

En condicions d’excés de ferro les cél-lules del llevat presenten diversos mecanismes per
protegir-se dels efectes perjudicials de la sobrecarrega de ferro. El factor de transcripcioé Yap5
coordina la resposta enfront elevats nivells de ferro activant I’expressioé de dianes geniques
(Pimentel et al. 2012). Yap5 es localitza al nucli independentment dels nivells de ferro (L. Li
et al. 2008). Aquesta proteina, igual que Aft1/2, no censa el nivell de ferro citosolic, es regula
através dels clusters Fe/S que sintetitza la mitocondria (L. Li et al. 2012). El primer gen regulat
per Yap5 que es va descriure va ser CCCI (L. Li and Ward 2018a). Yap5 es troba
constitutivament unit al promotor de CCC/ independentment dels nivells de ferro. L’activacio
de transcripcio de CCC1 es a través de la uni6 de dos clusters Fe/S en un domini ric en cisteines
de Yap5, induint un canvi conformacional que permet la transcripcié de CCCI (Rietzschel et
al. 2015). Yap5 també regula I’expressio genica de GRX4, TYW1 i CUPI (Pimentel et al. 2012).
L’activaciéo de GRX4, serveix per inhibir la funcié d’Aft1/2 en resposta a I’increment dels
nivells de ferro (Pimentel et al. 2012). Tyw1 codifica per un enzim que protegeix les cel-lules
de la toxicitat de ferro segrestant a molécules de ferro lliures del citoplasma i unint-les als
clasters Fe/S (A. Li et al. 2011). Cupl és una metal-loproteina d’unié a coure citosolica que
limita el coure disponible per Fet2 i protegeix a les cél-lules del estrés oxidatiu (X. D. Liu and

Thiele 1996).
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1.4 Vies de senvalitzacio cel-lular de S. cerevisiae

En tots els organismes vius, les rutes de senyalitzacido son mecanismes intracel-lulars que
regulen una amplia gamma de processos biologics. Alteracions en la senyalitzacio cel-lular
poden donar lloc a malalties com el cancer (Wu et al. 2021) o la neurodegeneracié (Woodbury
and Ikezu 2014; Jesko et al. 2019). Les vies de senyalitzaci6 cel-lular s’han conservat durant
I’evolucid, des dels llevats fins a organismes superiors. Gracies a aquest fet, el llevat de

gemmaci6 ha esdevingut una eina molt potent per a I’estudi dels mecanismes de senyalitzacio.

En aquest apartat de la introducci6 es mostraran algunes de les rutes de senyalitzacio cel-lular

del llevat més importants.

1.4.1 Ruta de senyalitzacio de la integritat de paret cel-lular (CWI)

La via de senyalitzacié d’integritat de paret cel-lular (CWI) és una de les principals cascades
de senyalitzacio en el llevat. Aquesta s’activa en resposta a estrés mediambiental i processos
morfologics que alteren la superficie cel-lular (Jiménez-Gutiérrez, Alegria-Carrasco, Sellers-
Moya, et al. 2020). Les seves funcions principals son: i) controlar la biosintesi de paret cel-lular
(Klis, Boorsma, and De Groot 2006), ii) mantenir I’estabilitat de la cél-lula enfront d’agressions
a ’estructura superficial (Mishra et al. 2017; Verna et al. 1997; Vilella et al. 2005; Quilis,
Gomar-Alba, and Igual 2021) i iii) regular la dinamica del citoesquelet d’actina (Qadota et al.
1996).

La paret cel-lular del llevat és un complex macromolecular, format majoritariament (80-90%)
per B-1,3-gluca, B-1,6-gluca (8-18%) i minoritariament (1-2%) per xitina i mannoproteines
(Levin 2011; Jendretzki et al. 2011). Les propietats i dinamica de la paret cel-lular varien
constantment, a causa de la divisid i proliferacié cel-lular i de les diferents condicions d’estrés
ambiental que afecten la integritat de la paret, com son la font de carboni, la biodisponibilitat
d’oxigen, la temperatura o el pH extern (A. B. Sanz et al. 2018). La paret cel-lular del llevat és
una estructura essencial que envolta la cél-lula i és necessaria per mantenir la morfologia i la

viabilitat (A. B. Sanz et al. 2022).

Alteracions en la paret cel-lular son detectades per cinc mecanosensors de membrana els quals
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connecten la paret cel-lular amb la membrana plasmatica (Dunayevich et al. 2018). Aquests es
divideixen en dues subfamilies, els sensors tipus Wsc (Wscl, Wsc2, Wsc3) (Verna et al. 1997;
Jacoby, Nilius, and Heinisch 1998) i Mid2 (Ketela, Green, and Bussey 1999) i Mtl1 (Rajavel
etal. 1999), els quals tot i tenir una estructura global compartida, presenten una petita seqiiéncia
primaria diferent (Jendretzki et al. 2011). Tots ells contenen un domini transmembrana, el qual
connecta amb una petita cua citoplasmatica i una regio6 extracel-lular rica en Serines i Treonines
altament O-mannosilades (Rajavel et al. 1999; Petkova, Pujol-Carrion, and de la Torre-Ruiz
2012). Els mecanosensors, mitjangant els factors d’intercanvi de GDP/GTP (GEFs), Rom1,
Rom?2 i Tusl, activen a la GTPasa Rhol (Ozaki et al. 1996; Schmelzle, Helliwell, and Hall
2002). Rhol un cop ¢és activada interacciona amb Pkcl, per activar la cascada de fosforilacio

formada per les MAPKs (Mitogen-Activated Protein Kinases) (Kamada et al. 1996).

Les rutes de senyalitzacio MAPK tenen una estructura comuna en totes les cél-lules eucariotes
(Gonzalez-Rubio et al. 2021). Estan formades per un modul de tres proteines quinasa que
actuen com una cascada de fosforilacio, MAPKKK (MAPK Kinase Kinase), MAPKK (MAPK
Kinase) i MAPK (Jiménez-Gutiérrez, Alegria-Carrasco, Alonso-Rodriguez, et al. 2020). La
cascada de MAPKs que activa la ruta CWI a través de Pkcl esta formada per la MAPKKK,
Bekl (Kyung S Lee and Levin 1992), dues MAPKK, Mkkl i Mkk2 (Irie et al. 1993) i
finalment, la MAPK SIt2 o també anomenada Mpk1 (K S Lee et al. 1993). La fosforilacio de
S1t2 indueix al factor de transcripcié Rlm1 i el complex SBF. Els quals regulen I’expressio d’un
conjunt de gens (entre 100 i 200) involucrats en la construccié de la paret cel-lular, per tal de
reparar el dany causat (Figura 3) (A. B. Sanz et al. 2018; Jiménez-Gutiérrez, Alegria-Carrasco,

Alonso-Rodriguez, et al. 2020).
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Figura 3. Ruta de senyalitzacio de la integritat de paret. Estimuls directes o indirectes sobre el llevat
com [’estrés térmic, canvis en el pH extern, compressié mecanica de la cél-lula, entre altres, alteren
I’estructura de la paret cel-lular (PC) del llevat. Aquests estimuls son detectats per cinc sensors (Mtll,
Mid2, Wsc1/2/3) localitzats en la membrana plasmatica (MP), els quals a través de Rom1, Rom2 i Tus1
transmeten el senyal a la GTPasa Rhol. Rhol interacciona amb Pkcl induint la cascada de senyalitzacio

de les MAPKs Bck1, Mkk1/2 i SIt2. Finalment, Slt2 és fosforilada i translocada del citoplasma (C) al
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nucli (N) permeten la transcripcié de Rlml, Swi4/6 i Aftl; factors de transcripcio de gens de

remodelacio de la paret cel-lular, cicle cel-lular i de I’homeostasi del ferro respectivament.

Rlm1 és el responsable de I’expressio de la majoria dels gens (aproximadament el 90%) que
s’indueixen a través de la resposta d’estrés de paret cel-lular. SIt2 és I’encarregada de regular
I’activitat transcripcional de Rlm1 fosforilant-lo en dos residus (Ser427 i Thr439) (Jung et al.
2002). SLT2 1 RLM1 presenten un mecanisme de feedback positiu, necessari per obtenir una
activacio transcripcional completa (A. B. Sanz et al. 2022). Per al contrari, SBF principalment
esta involucrat en la regulacié de gens durat la transicié Gi/S (A. B. Sanz et al. 2018), tot i que
també s’ha vist la seva participacio en la regulacio de 1’expressié d’un petit grup de gens en
resposta a ’estrés de paret per altes temperatures (K.-Y. Kim, Truman, and Levin 2008). El
complex SBF esta format per dues proteines, Swi4 i Swi6. Swi4 és I’encarregat d’unir-se al
DNA a través d’una seqiiéncia especifica anomenada SCB (CA/GGGAAA) i activar la
transcripci6 (Taylor et al. 2000). Aquesta uni6 és possible gracies a Swi6, la qual s’uneix a
I’extrem C-terminal de Swi4, incrementant I’estabilitat del complex i I’afinitat de Swi4 per la

seqiiencia SCB (Andrews and Moore 1992).

Una activaci6 erronia de la cascada de senyalitzacio MAPK compromet la integritat de la paret
cel-lular donant lloc a la lisi cel-lular en els llocs de creixement polaritzat (Levin 2011). Aquest
fet és degut a Rhol, que integra la senyalitzacio de la superficie cel-lular i del cicle de divisid
cel-lular, a la vegada que regula una gran varietat d’estimuls involucrats en la biogenesi de la

paret cel-lular, 1’organitzacio de 1’actina i la secrecid polaritzada (Qadota et al. 1996).

1.4.1.1 Estimuls activadors de la CWI

La ruta d’integritat de paret cel-lular és activada per una amplia varietat d’estimuls, directes o
indirectes, que alteren ’estructura de la paret cel-lular, alguns dels quals ja mencionats

anteriorment:

i) Canvis en el pH extern. S. cerevisiae creix en un ambient una mica acid, el seu pH
optim es troba entre 5 i 6, sent capag de créixer fins a pH 3. Mid2 activa la CWI en
resposta a pH acid. El senyal es pot detectar amb la fosforilacio Slt2 al cap de 20

minuts (Claret et al. 2005). Contrariament, és Wscl 1’encarregat d’activar la via
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CWI enfront de pH alcali. L’activacié de SIt2 en resposta a pHs alts, és rapida,

s’observa entre els 5 1 15 minuts (Serrano et al. 2006).

Estrés de membrana plasmatica. Alteracions en la membrana plasmatica de la

cél-lula, ja sigui per el tractament amb reactius quimics com el SDS (Igual, Johnson,

and Johnston 1996), o per processos fisics com per exemple I’estrés térmic

desencadenen la cascada de senyalitzacio de la CWI (Delley and Hall 1999),

fosforilant SIt2.

a)

b)

<)

Estrés per compressié mecanica. Pressions extracel-lulars afecten la paret
cel-lular i a la integritat de la membrana plasmatica donant lloc a la lisi cel-lular.
Aquest estimul és detectat per Mid2, activant la CWI. Paral-lelament, la pressio
extracel-lular activa la senyalitzacio del calci a través de la calcineurina, pel que
Mishra et al. suggereixen una actuacio conjunta de les dues vies, CWI i Calci

en resposta a 1’estrés mecanic (Mishra et al. 2017).

Canvis térmics. Les temperatures elevades incrementen la fluidesa de la
membrana i es dona una alteraci6 de la turgéncia a causa de la produccié de
trehalosa. Els mecanosensors que detecten un augment de la temperatura son
Wscel (Verna et al. 1997) i Mid2 (Ketela, Green, and Bussey 1999) activant la
cascada de fosforilacio de Slt2 i la transcripcié de RIm1 i Swid/6. Wscl també
detecta les temperatures baixes, SIt2 rep el senyal, tot i que en aquest cas
s’activa la ruta TORC1-cAMP-PKA (Coércoles-Séez et al. 2012). L’activacio de
la via per estres termic €s detectada després de 20 min de 1’aplicacio6 de I’estimul

(Kamada et al. 1995).

Xoc osmotic. Alteracions en 1’osmolaritat del medi donen lloc a modificacions
en I’abundancia de soluts intracel-lulars (Jiménez-Gutiérrez, Alegria-Carrasco,
Alonso-Rodriguez, et al. 2020). La resisténcia a estrés osmotic s’assoleix a
través de la sobreexpressio d’enzims de remodelacio de la paret cel-lular reduint

Ielasticitat d’aquesta (A. B. Sanz et al. 2018).

1) Xoc hipoosmotic. Actualment, no es coneix com el senyal és censat

per la cel-lula, pero el xoc hipoosmotic, activa la via CWI i fosforila
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S1t2, permeten I’obertura de I’aquagliceroporina Fsp1 de la membrana
plasmatica, alliberant glicerol des de Dinterior de la cél-lula a
I’exterior i aixi, restaurant I’equilibri osmotic i impedint que la cél-lula
exploti. La resposta s’activa 15 segons després i al cap de 30 minuts

es recuperen els nivells basals (Davenport et al. 1995).

Xoc hiperosmotic. La CWI és la cascada de senyalitzacié principal
necessaria per a controlar les respostes d’estres de paret cel-lular, pero
existeixen altres vies de senyalitzacid que regulen I’expressio de gens
diana de la CWI, com ¢és el cas de la ruta HOG (High-Osmolarity
Glycerol). HOG engloba dues branques de senyalitzacid principals,
SLN1 i SHOL1. La branca SLN1 és controlada per I’osmosensor Sin1.
La branca SHOL1 esta formada per dos osmosensors transmembrana
Hkrl i Msb2, i una proteina “scaffold”, Shol (Udom et al. 2019). En
resposta a estrés hiperosmotic s’activa un primer senyal rapid a través
de les dues branques d’HOG, les quals convergeixen en Pbs2, que
fosforila a la MAPK Hogl. Hogl ¢és desplacada al nucli per tal
d’activar diferents factors de transcripcid, entre ells Hotl, Smpl,
Msn2 i Msn4, induint I’activacié de gens de sintesi i captacio de
glicerol i inhibint a Fspl, per tant, incrementant el glicerol
intracel-lular (A. B. Sanz et al. 2018). A conseqii¢ncia de ’increment
de glicerol intracel-lular, s’indueix una resposta tardana, al cap de 45-
60 minuts del xoc hiperosmotic, a través de la CWI, on la fosforilacié
de SIt2 es produeix a través de Shol de la via HOG i de Pkel, Bekl i
Mkk1/2 de la CWI, pero és independent de Rhol (Garcia-Rodriguez
et al. 2005).

Estrés oxidatiu. Les ROS intracel-lulars causen danys en diferents compartiments
cel-lulars i alteren la integritat de paret cel-lular. La resposta que desencadena
’estrés oxidatiu és complexa, una de les rutes de senyalitzacié que s’activen és la
CWI. L’estreés oxidatiu pot ser causat per una gran varietat d’estressos o per
diferents agents oxidants, activant la ruta d’una forma diferent. La diamida oxida
les proteines de la paret cel-lular, alteracio que és detectada per Mtl1 i es transmet

a través dels elements reguladors de la ruta induint la transcripcié de RIm1 (Vilella

-19 -



iv)

v)

vi)

INTRODUCCIO

et al. 2005). D’altra banda, el peroxid d’hidrogen és censat per Mid2 i Mtl1, els
quals per un costat activen la ruta CWI i Mtl1, a més, és necessari inactivar Torl i
Ras2 per tal de mantenir la viabilitat cel-lular (Petkova et al. 2010). El sensor Wscl
s’ha vist implicat en la senyalitzaci6 d’estres oxidatiu induit per altres estressos com
son la cloroquina (Baranwal et al. 2014) o les nanoparticules d’0xid de zinc (Babele

etal. 2018).

Estrés genotoxic. El material genétic es troba constantment exposat a alteracions a
causa dels processos fisiologics, com defectes en la replicacio, activitats erronies
d’enzims, ROS o agents externs fisics o quimics (Quilis, Gomar-Alba, and Igual
2021). Dany en el DNA pot donar lloc a alteracions en les funcions cel-lulars i induir
la mort cel-lular, de manera que és essencial disposar de sistemes de reparacio del
DNA i mantenir [’estabilitat genomica (Jiménez-Gutiérrez, Alegria-Carrasco,
Sellers-Moya, et al. 2020). Diferents treballs connecten la CWI amb la resposta de
dany a DNA (Queralt and Igual 2005; Dardalhon et al. 2009). Sit2 i Bckl
interaccionen genéticament amb diferents “check-points” de dany en DNA i SIt2 és
fosforilat en resposta a dany en DNA. Swel ¢s una de les proteines que es proposa
com a regulador de la resposta de Slt2 enfront de I’estrés genotoxic (Quilis, Gomar-

Alba, and Igual 2021).

Alteracions en el citoesquelet d’actina. La despolaritzacio del citoesquelet
d’actina activa la CWI per tal de tornar a polaritzar-lo. L’actina es pot despolaritzar
després d’estrés térmic, oxidatiu o acidesa del pH (Jiménez-Gutiérrez, Alegria-
Carrasco, Alonso-Rodriguez, et al. 2020). El complex de dinactina té¢ funcions
especifiques en el “check-point” d’integritat de paret cel-lular. Els autors Sukegawa
et al. demostren que la MAPK de la CWI té un paper rellevant en aquest “check-
point” (Sukegawa et al. 2018). De fet, ’organitzaci6 de 1’actina esta controlada per

Rhol a través de les proteines Bnil i Bnrl (Levin 2011).

Estrés de reticle endoplasmatic (ER). L’augment de proteines mal plegades dins
I’ER activa la resposta de proteines no plegades, UPR. Aquesta via connecta I’ER
amb el nucli 1 és essencial per al control de la qualitat proteic durant la secrecié de
proteines. L’acumulaci6 de proteines mal plegades comporta, indirectament, estrés

de paret cel-lular, que és sensat per Mid2, desencadenant la fosforilacio de SIt2 per
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tal d’obtenir una resposta transcripcional a I’estrés de ER a través de Swib6, el qual

indueix I’activitat basal de la UPR (Chen et al. 2005; Scrimale et al. 2009).

vii)  Altres substancies que activen la CWI. Existeixen altres compostos que activen
la CWI, com so6n la rapamicina (Torres et al. 2002), I’etanol (Udom et al. 2019), la
manca de glucosa (Petkova et al. 2010), el blanc de calcofluor (CFW) (Ketela,
Green, and Bussey 1999), el congo red (Bermejo et al. 2010), la tunicamicina

(Bonilla and Cunningham 2003) i la cafeina (Martin et al. 2000), entre d’altres.

1.4.1.2 Inhibicio de la ruta CWI

La inhibici6 de la via CWI es pot donar a varis nivells. A I’inici de la via, Rhol és regulada
negativament a través de 4 proteines activadores de GTPasa (GAPs): Bem?2 (Peterson et al.
1994), Sac7 (A. Schmidt, Schmelzle, and Hall 2002), Bag7 (A. Schmidt, Schmelzle, and Hall
2002) i Lrgl (Roumanie et al. 2001). Bem2 i Sac7 son especifiques de la inhibicié de la ruta
CWI en resposta a estrés de paret, mentre que Bag7 1 Sac7 controlen el citoesquelet d’actina i

Lrgl la sintesi de B-1,3-gluca (Watanabe, Abe, and Ohya 2001; Levin 2011).

Al final de la cascada de senyalitzacio, 1’activitat de Slt2 pot ser inhibida a través de diferents
fosfatases, Ptp2, Ptp3 (Mattison et al. 1999), Ptc1 (Tatjer et al. 2016), Msg5 (Marin et al. 2009)
i Sdpl (Hahn and Thiele 2002); sent Ptp2 i Msg5 estimulades transcripcionalment per Sit2,
mostrant un feedback negatiu de regulacio de la ruta. SIt2 també participa en altres bucles
negatius de regulacio de la ruta CWI, com per exemple, en la disminuci6 de I’activitat de Rom2
a través d’una retrofosforilacié de la cascada MAPK (A. B. Sanz et al. 2018). Mgs5 és una
fosfatasa que manté a Slt2 defosforilada durant estats d’abséncia d’estrés i en resposta a dany

en DNA Msg5 és degradada permeten 1’activaci6 de Slt2 (L. Liu and Levin 2018).

1.4.1.3 Altres substrats de SIt2

SIt2 pot senyalitzar a altres dianes que no siguin els factors de transcripcié Rlm1 i SBF, com
per exemple Sir3 (Ray et al. 2003), Bey1 (Soulard et al. 2010), els reguladors del cicle cel-lular,
Sicl i Ciclina C (C. Jin, Strich, and Cooper 2014), el regulador de la calcineurina Ren2, el
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repressor de la traduccié Caf20 i la proteina de Golgi, Ggal (Alonso-Rodriguez et al. 2016).
Addicionalment, SIt2 participa en vies alternatives a la remodelacié de la paret cel-lular, com
per exemple, la regulacio de la homeostasi del ferro, on fosforila i regula negativament
I’activitat d’Aftl en condicions de falta de ferro (Pujol-Carrion et al. 2021); la pexofagia i la
mitofagia on té un paper en les etapes inicials del procés durant la unié de la mitocondria amb

el PAS (Pre-Autophagosomal Site) (Mao and Klionsky 2011).

1.4.2 Senvyalitzacid cel‘lular a través de la via Ras/cAMP/PKA

La via de senyalitzacio Ras/cAMP/PKA és indispensable per la regulacié del creixement i el
metabolisme cel-lular i la resisténcia a estrés (A. Zhang et al. 2011). La glucosa del medi, és la
responsable d’activar aquesta ruta de senyalitzacid, induint la sintesi d’AMP ciclic (cAMP)
(Rolland, Winderickx, and Thevelein 2002). La deteccid de la glucosa té lloc a través de dos
sistemes (Figura 4): i) un sistema de receptors format per proteines G (GPCR) (Colombo et al.
1998) i ii) un sistema de fosforilacié dependent de la glucosa a través de les proteines Ras

(Rolland et al. 2000).

El sistema GPCR consisteix en dues proteines G (proteines que poden unir nucleotids de
guanina), Gprl i Gpa2, les quals censen la glucosa extracel-lular. El gen GPRI codifica per un
receptor de glucosa localitzat a la superficie cel-lular i format per set regions transmembrana.
Gprl interacciona fisicament amb Gpa2 a través del seu domini C-terminal (A. Zhang et al.
2011). Gpa2 és I’encarregada de transmetre el senyal de la glucosa i induir la sintesi de cAMP
(Colombo et al. 1998). Rgs2 ¢és la proteina encarregada d’inhibir aquest senyal activant
I’activitat GTPasa de Gpa2 (Versele, De Winde, and Thevelein 1999). El sistema GPCR
requereix ’activitat basal de Ras per tal d’induir la produccié de cAMP, per ell sol és incapag;
a més a més els estudis mostren que la seva funcid és necessaria en la resposta a llarg termini i
no en la resposta rapida a la biodisponibilitat de la glucosa (Ying Wang et al. 2004; Tisi, Belotti,
and Martegani 2014).
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Figura 4. Ruta de senyalitzacié6 mitjancada per Ras/cAMP/PKA. En preséncia de glucosa en el
medi, aquesta ¢s internalitzada dins la cel-lula i fosforilada a Glucosa-6-P. La Glucosa-6-P permet la
carrega de Ras2 amb GTP a través de les GEFs Cdc25 i Sdc25, inhibint les GAPs Iral i Ira2. Ras2-GTP
activa |’adenilat ciclasa (AC) estimulant la produccié de cAMP. L’ AC també pot ser activada pel sistema
GPCR, format per Gprl i Gpa2. AMP ciclic, senyalitza a PKA, permeten la dissociacio de les subunitats
catalitiques (Tpk1/2/3), de les dues subunitats reguladores (Bcy1), de manera que PKA esdevé activa
regulant diversos processos cel-lulars. Els nivells de cAMP cel-lulars es regulen a través de les
fosfodiesterases Pdel i Pde2.

El llevat S. cerevisiae conté dos gens RAS, RASI 1 RAS2, els quals codifiquen per les proteines
Ras, altament homologues amb les de mamifer i essencials per al creixement (S. Powers et al.
1984; Kataoka, Broek, and Wigler 1985). Aquestes proteines es troben alterades en moltes
cel-lules tumorals de mamifer (Capon et al. 1983; Nakhaei-Rad et al. 2023). Les proteines Ras
son GTPases monomeériques, que es troben inactives quan estan unides a GDP i actives en unir-
se a GTP (Santangelo 2006). Son sintetitzades com a precursors en el citosol, posteriorment
sofreixen diverses modificacions postranscripcionals: i) eliminaci6 de I’extrem C-teminal per
farnesilacio, ii) acetilitzacié dels acids grassos, iii) palmitosilacid i iv) carboximetilacio; 1

finalment, a través d’un mecanisme de transport especific, son dipositades a la superficie de la
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membrana plasmatica on desenvolupen la seva senyalitzacié (Tamanoi 1988; Tisi, Belotti, and

Martegani 2014).

Els mecanismes de regulacio son diferents en els dos gens RAS, el mRNA de RAS! es reprimeix
en els cultius que creixen sota una font de carboni no-fermentable com son I’etanol o 1’acetat,
a través de Tupl, proteina que s’uneix a la regido promotora del gen de RASI. Pel contrari,
RAS2, s’expressa amb eficiéncia en qualsevol font de carboni, presentant un pic durant la fase
exponencial (Tamanoi 1988). Les dianes d’accié també son diferents pels dos gens, RAS!
regula els fosfolipids d’inositol (Kaibuchi et al. 1986), mentre que RAS2 esta involucrat en la
produccid del cAMP (Toda et al. 1985). L’activitat de les proteines Ras és controlada per dues
proteines reguladores, Cdc25 i Sdc25, son dos GEFs, les quals estimulen I’intercanvi de
GDP/GTP de Ras (Camonis et al. 1986). Contrariament, les proteines Iral i Ira2, son GAPs,
que promouen la hidrolisi del GTP a GDP (Tanaka et al. 1990; A. Zhang et al. 2011; Tisi,
Belotti, and Martegani 2014). Els primers activadors fisiologics de Ras2, identificats en el
llevat, son els sucres fermentables, com la glucosa (J. M. Thevelein 1991). En preséncia de
glucosa en el medi, aquesta s’internalitza dins la c¢l-lula i és fosforilada mitjangant tres enzims,
Hxk1, Hxk2 i Glkl1. La glucosa fosforilada estimula I’increment de la carrega GTP a Ras2, a
través de la inhibicid de les proteines Ira (Colombo et al. 2004; Santangelo 2006; Tisi, Belotti,
and Martegani 2014). Paral-lelament, la glucosa intracel-lular causa acidificaci6 citoplasmatica
que també contribueix a un rapid increment de GTP en les proteines Ras (Caspani et al. 1985;
Lastauskiene, Zinkevigiene, and Citaviius 2014). La carrega de Ras amb GTP no necessita

I’activitat del sistema GPCR (Tisi, Belotti, and Martegani 2014).

Ras2 i Gpa2 estimulen la produccié de cAMP a través de la adenilat ciclasa (AC) codificada
pel gen CYRI (Kataoka, Broek, and Wigler 1985; Conrad et al. 2014). Les condicions
nutricionals influeixen en els nivells cel-lulars de cAMP, els quals es regulen a través de
I’estimulacio6 de la seva sintesi o degradacid. Les cel-lules de llevat presenten un nivell basal
de cAMP, sent estimulada la seva sintesi en preséncia de fonts de carboni fermentables (Park,
Grant, and Dawes 2005) i el cAMP ¢és degradat a AMP per les fosfodiesterases de baixa i alta
afinitat, Pdel i Pde2, respectivament (Nikawa, Sass, and Wigler 1987; Sass et al. 1986), on

Pdel només sembla ser necessaria en abséncia de Pde2 (Park, Grant, and Dawes 2005).

El senyal es transmet des del cAMP fins a PKA, un tetramer format per dues subunitats

reguladores codificades pel gen BCY!I (Toda, Cameron, Sass, Zoller, Scott, et al. 1987) 1 dues
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subunitats catalitiques, codificades pels gens TPKI, TPK2 i TPK3 (Toda, Cameron, Sass,
Zoller, and Wigler 1987). La font de carboni condiciona la localitzacié de Beyl, i el cAMP és
qui controla la localitzacié de Tpkl. Quan la font de carboni és la glucosa, Beyl 1 Tpk2 es
localitzen en el nucli, i Tpk1 i Tpk3 presenten un patr6 difus entre el nucli i el citoplasma, pel
contrari, quan la font de carboni és el glicerol o les cel-lules es troben en fase estacionaria les
diferents subunitats de PKA es localitzen al citoplasma, aquestes variacions en la localitzacio
subcel-lular son importants per la senyalitzacid, de la mateixa manera que les diferents
subunitats catalitiques donen lloc a diferents expressions geniques (A. Zhang et al. 2011;
Santangelo 2006). PKA s’activa quan el cAMP s’uneix a les subunitats reguladores induint la
dissociacio de les subunitats catalitiques (Schmelzle et al. 2004; Park, Grant, and Dawes 2005).
A més a més, PKA presenta un feedback de regulacié negatiu de la ruta mitjancant diferents
dianes: i) fosforila a Cdc25 a través de Tpk2, disminuit la seva activitat GEF (A. Zhang et al.
2011); ii) regula Pdel, per tal d’inhibir la senyalitzacié de cAMP (Ma et al. 1999); iii) influint

en la localitzaci6 i concentracio de Pde2 (Hu et al. 2010).

PKA regula diferents processos cel-lulars i fisiologics: i) el metabolisme del carboni i
I’acumulaci6 de glicogen i trehalosa (W. Schepers et al. 2012; Rittenhouse, Moberly, and
Marcus 1987; Smith, Ward, and Garrett 1998; Rolland et al. 2000); ii) el control de la biogénesi
dels ribosomes, mitjangada pels nutrients, principalment activant el factor de transcripcié Rapl
i regulant la localitzacié subcel-lular del major regulador de la biogeénesi de ribosomes (RiBi)
i de gens i proteines ribosomals (RP) (Klein and Struhl 1994; Neuman-Silberberg,
Bhattacharya, and Broach 1995); (iii) la progressio del cicle cel-lular, a través de la fosforilacio
de la proteina Whi3, inhibint la seva interaccié amb la Ciclina 3, Cln3, necessaria per promoure
la transici6 de la fase G1/S (Johan M. Thevelein and De Winde 1999; Mizunuma et al. 2013);
iv) la quiescéncia, inhibint I’activitat de Riml5, una proteina necessaria per entrar en
quiescencia (Pedruzzi et al. 2003); v) tolerancia a I’estres a través de la fosforilacié de Msn2-
Msn4, els quals s’uneixen a elements de resposta a estrés (STRE) (Gorner, Durchschlag,
Martinez-pastor, et al. 1998); vi) el canvi del creixement d’esporulacio a filamentds (Johan M.
Thevelein and De Winde 1999); vii) I’autofagia, inhibint els seus passos inicials (Budovskaya
et al. 2004); viii) I’envelliment i la supervivéncia (Budovskaya et al. 2004; Longo 2003); ix) la
repolaritzacié de I’actina (Gourlay and Ayscough 2006) i x) I’apoptosi del llevat en resposta a

I’acidificacié del medi (Lastauskiene, Zinkevigiene, and Citavitius 2014).
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1.4.3 Senvalitzacio 1 regulacid de ’expressié génica a través del

complex SNF1

Snfl (Sucrose Non-Fermenting 1) és una proteina quinasa que forma part de la familia de les
quinases serina/treonina; aquestes proteines estan conservades evolutivament en tots els
eucariotes, en mamifers s’anomena AMPK (AMP-activated Kinase). Snfl té un paper
important en la resposta a 1’estrés nutricional i ambiental (Celenza and Carlson 1984; X. Lin
2021). La proteina Snfl de llevat, és I’ortologa de la subunitat o catalitica del complex AMPK
en mamifers (Grahame, Carling, and Carlson 1998). Snfl forma part d’un complex
heterotrimeéric juntament amb la subunitat reguladora y, Snf4, i la subunitat 3, una proteina
“scaffold”, que pot ser una d’aquestes tres: Sipl, Sip2 o Gal83 (Figura 5). Les tres isoformes
B determinen la localitzacié subcel-lular del complex i la seva diana d’acci6 (P. Sanz, Viana,
and Garcia-Gimeno 2016). Sipl dirigeix al complex al vactiol (Hedbacker, Townley, and
Carlson 2004) i li proporciona una baixa activitat quinasa (Nath, McCartney, and Schmidt
2002). Sip2 manté el complex SNF1 al citoplasma (Vincent et al. 2001) i se li ha descrit un
paper en I’envelliment (Ashrafi et al. 2000). Gal83 ¢és la isoforma més important per regular el
creixement de la cél-Iula en preséncia d’una font de carboni no fermentable. Snfl unida a Gal83
es localitza majoritariament al nucli (Vincent et al. 2001). D’ara endavant quan es parla de tot

el complex s’utilitza la forma SNF1.
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Figura 5. Mecanisme de senyalitzacié del complex SNF1. La preséncia de glucosa en el medi de
cultiu del llevat de gemmacio6 estimula la defosforilacié de la proteina Snfl a través de les fosfatases
GlIn7/Regl, Ptcl o Sit4 impedint la formacio del complex SNF1. Quan la glucosa s’exhaureix Snfl és
fosforilada a través de les quinases Sakl, Tos3 i Elml en el seu “/oop” del domini quinasa. Snfl
fosforilada s’uneix a la subunitat reguladora, Snf4, i a una de les tres possibles proteines, Sip2, Sipl o
Gal83, les quals actuen de proteina “scaffold”. Aquest complex heterotriméric s’anomena complex
SNF1 i és actiu. SNF1 indueix la fosforilacio del repressor Mig1 translocant-lo del citoplasma al nucli,
provocant la dissociaci6 de la seva uni6é amb els correpressors Ssn6 i Tupl. D’aquesta forma s’indueix
la transcripcio de gens involucrats en la gluconeogénesi, entre d’altres. A més a més, SNF1 estimula a

les proteines reguladores d’expressio génica Cat8 i Sip4 i al factor transcripcional Adrl.

SNF1 s’activa o inactiva, principalment, en resposta a la concentracié de glucosa del medi, tot

i que, I’estrés ambiental també el pot activar. Baixes concentracions de glucosa, inferiors a
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I’1%, indueixen la fosforilacié de Snfl en el seu “loop” d’activacidé del domini quinasa,
concretament en la Treonina 210 (Thr-210), permetent I’activacié del complex com a resposta
de I’increment cel-lular de la ratio AMP/ATP. Les quinases d’estrés Sak1, Tos3 i EIm1 son les
encarregades de fosforilar a Snfl (Hong et al. 2003; Wilson, Hawley, and Hardie 1996; Willis
et al. 2018). En el llevat, aquestes tres quinases es troben actives constitutivament, per tant, la
regulacié de D’activitat de Snfl es dona a través de la defosforilacio del residu Thr-210,
mitjangant la fosfatasa del llevat tipus 1, Glc7, i la seva subunitat reguladora, Regl. Glc7/Regl
defosforilen a Snfl en resposta a ’addicié de glucosa al medi (Ludin, Jiang, and Carlson 1998;
P. Sanz et al. 2000). Posteriorment, s’han descrit altres mecanismes d’inhibicié de I’activitat de
SNF1. Les fosfatases Sit4 i Ptcl s’han descrit com fosfatases alternatives a Glc7 (Ruiz, Xu,
and Carlson 2011, 2013). A més, la via Ras/cAMP/PKA controla negativament a Snfl a través
de la fosforilaci6 de Sak1 i de la localitzaci6 subcel-lular de la subunitat 3, Sipl (Barrett et al.
2012; X. Lin 2021). Aquestes dues vies de senyalitzacid, Ras/cAMP/PKA i SNF1, estan
altament connectades, ja que no només s’ha demostrat la regulacié de la primera sobre la
segona, sind que també s ha descrit una regulacid des de Snfl cap a PKA a través la interaccio
fisica de Snfl amb AC, provocant una disminucid dels nivells intracel-lulars de cAMP i, per
tant, en 1’activitat de PKA (Nicastro et al. 2015). Finalment, es coneix un altre residu de
fosforilacié de Snfl, el qual també es troba en el seu “loop” d’activacio del domini quinasa, la
serina 214 (Ser-214), important per a la regulacio del complex, ja que la seva fosforilacid

I’inactiva (McCartney et al. 2016).

La fosforilacié de Snfl no és suficient per activar a SNF1, es requereix 1’associacio entre la
subunitat a iy, per tal d’estabilitzar la conformacié activa de la quinasa (Jiang and Carlson
1996). Les modificacions postraducionals d’alguna de les subunitats del complex també
regulen la seva activitat. Sipl és miristoilada per tal de localitzar-la a la membrana vacuolar en
resposta a la deplecid de glucosa, permeten 1’orientacid de I’activitat catalitica de Snfl a
substrats localitzats a la membrana vacuolar (Hedbacker, Townley, and Carlson 2004). Sip2
pot ser acetilada per estabilitzar la interaccié amb la subunitat catalitica de Snfl, inhibint
I’activitat del complex (Y. yi Lin et al. 2009); a més pot ser miristoilada, localitzant-se a la
membrana plasmatica, segrestant Snf4 i, per tant, inhibint SNF1 (S. S. Lin, Manchester, and
Gordon 2003). La quinasa Snfl també és modificada en preséncia de glucosa. La 1ligasa E3-
SUMO, Mms21, catalitza la unié6 de SUMO a I’extrem C-terminal de Snfl, inhibint 1’activitat

del complex 1 marcant a la proteina per ser ubiquitinitzada a través de les proteines SIx5-SIx8
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i posteriorment, degradada. Aquesta modificacio és reversible a través de la proteasa-SUMO

Ulp1 (Simpson-Lavy and Johnston 2013).

SNF1 actiu fosforila al repressor Migl, desplagant-lo del nucli al citoplasma, 1 inhibint aixi la
seva interaccié amb els correpressors Ssn6-Tupl, permetent la transcripcié dels gens inhibits
per la glucosa (Ostling and Ronne 1998; Papamichos-Chronakis, Gligoris, and Tzamarias
2004). Migl dins el nucli també interactua amb I’hexoquinasa PII (Hxk2), enzim que
desenvolupa un paper en la glicolisi i en la regulacié de la transcripci6 de gens inhibits per la
glucosa (Ahuatzi et al. 2007; Palomino, Herrero, and Moreno 2006). Addicionalment, SNF1
activa a Cat8 i Sip4, reguladors de 1’expressiéo de gens gluconeogénics i de 1’activador
transcripcional Adrl, el qual regula I’expressié de gens involucrats en 1’s d’etanol com a font

de carboni (Tripodi et al. 2018).

SNF1 regula molts processos metabolics i fisiologics, segons la biodisponibilitat de la glucosa:
i) ’expressio de gens necessaris per la gluconeogénesi (Soontorngun et al. 2007), ii) la
transcripci6 dels gens que formen part del cicle del glioxilat (Soontorngun et al. 2007), iii) el
control de I’expressio genica del procés de la B-oxidacio dels acids grassos, a través de diversos
factors de transcripcio (Soontorngun et al. 2007), iv) reprimeix la biosintesi lipidica inhibint la
carboxiacetilasa d’Acetil-CoA (Accl) (Woods et al. 1994), v) té un paper en la biosintesi
d’aminoacids i 1’assimilaci6 d’amoni a través de la interacci6 amb Gen2, activant-la i
estimulant la sintesi de Gen4 (J. Zhang et al. 2011; Shirra et al. 2008), vi) controla I’us de fons
de carboni alternatives a la glucosa com la sucrosa, galactosa, maltosa i etanol (Hong and
Carlson 2007), vii) influeix en la respiracié mitocondrial i I’entrada en quiescéncia (Miyata et
al. 2022) viii) durant el “shiff” diauxic contribueix a la induccié de gens relacionats amb
I’homeostasi del ferro a través del factor transcripcional Aftl (Haurie, Boucherie, and
Sagliocco 2003), ix) regula la resposta general d’estrés (Alepuz, Cunningham, and Estruch
1997; Hong and Carlson 2007), x) el creixement pseudofilial (Kuchin, Vyas, and Carlson 2002;
Orlova et al. 2006), xi) I’envelliment (Ashrafi et al. 2000; Y. Yao et al. 2015), xii) ’homeostasi
dels ions (Portillo, Mulet, and Serrano 2005; Ye, Elbing, and Hohmann 2008), xiii) I’autofagia
generalitzada, juntament amb TORCI, a través de la fosforilacio d’Atgl i Atgl3 (Z. Wang et
al. 2001), i ’autofagia especialitzada de reticle a través de la transcripcié d’ATG39, gen inhibit
per Migl (Mizuno, Muroi, and Irie 2020), xiv) D’estrés oxidatiu (Willis et al. 2018), xv) és

important per emmagatzemar els proteosomes en forma de granuls a causa de disfuncions
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mitocondrials (Waite and Roelofs 2022), xvi) promou ’orientaci6 del fus mitotic durant la
divisi6 cel-lular (Tripodi et al. 2018), xvii) és important per la formaci6 d’espores (Honigberg
and Lee 1998) i xviii) a través de la remodelacié de la cromatina pot controlar I’expressio

genica, interaccionant i fosforilant a la histona acetiltransferasa, Gen5 (Abate et al. 2012).

144 Ruta de senyalitzacid encarregada del control general

d’aminoacids (GAACQC)

Els aminoacids son essencials per la sintesi proteica, la qual té un paper important en
I’eficiéncia i eficacia de 1’expressio génica de les cél-lules (Magazinnik et al. 2005). La manca
nutricional d’un o més aminoacids indueix la cascada de senyalitzacid del control general
d’aminoacids, GAAC (Conrad et al. 2014). L’activaci6 de la ruta GAAC (General Amino Acid
Control) desencadena el bloqueig de la traduccié geénica i permet 1’expressio del factor
transcripcional Gen4, el qual activa a més de 50 gens relacionats amb la biosintesi
d’aminoacids, 1’0s del nitrogen i la senyalitzacid i expressio génica (Alan G. Hinnebusch 1986;

Staschke et al. 2010).

La cel-lula percep la falta d’aminoacids a través de 1’acumulacié de tRNAs (Transfer RNAs)
no carregats, els quals son detectats per la proteina quinasa Gen2. Aquesta proteina, en
condicions normals es troba inactiva a través d’interaccions moleculars autoinhibitories, que
fan que la proteina es mantingui en un estat latent i exposat a el senyal d’activacié (Castilho et
al. 2014). Gen2 presenta un domini homoleg a I’enzim Histidil-tRNA sintasa (HisRS); enzim
responsable de la sintesi d’histidil-tRNA, que és essencial per incorporar la histidina a les
proteines (Freist et al. 1999). Els tRNA no carregats s’uneixen directament a aquest domini
tipus-HisRS (Yang, Wek, and Wek 2000). Aquest fet provoca reorganitzacions al-lostériques,
les quals permeten que Gen2 s’autofosforili en dos aminoacids especifics del seu “loop”
d’activacio, en les treonines 882 1 887 (Thr-882 i Thr-887). Provocant I’estimulacio del domini
catalitic de Gen2, i induint que la quinasa fosforili la subunitat o del factor d’iniciacié eucariota
2 (elF-2a) en la serina 51 (Ser-51) (Figura 6) (Castilho et al. 2014; Yang, Wek, and Wek 2000).
Perque I’activacio de Gen2 i fosforilacié d’elF-2a siguin possibles és necessaria la interaccio

de Gen2 amb Genl (Gottfried et al. 2022).
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Figura 6. Ruta de senyalitzacié GAAC. En resposta a la restriccio d’aminoacids els tRNA no carregats
s’uneixen a la quinasa Gen2, provocant la seva autofosforilacio en dos residus activant la seva activitat
quinasa per a fosforilar la subunitat o d’eIF-2. elF-2a fosforilat incrementa 1’expressio del gen GCN4,
el producte d’aquest gen, la proteina Gen4, estimula la transcripci6 de gens relacionats amb la biosintesi

d’aminoacids, entre d’altres.

En condicions optimes de creixement, elF-2 es troba en la seva forma activa unit a GTP,
transportant els tRNAs d’iniciacio, carregats amb metionina (M*tRNA), als ribosomes per tal
d’iniciar la sintesi de proteines (Kimball 1999; Castilho et al. 2014). La fosforilacio de la
subunitat o d’eIF-2, a causa de la no biodisponibilitat d’aminoacids dins la cel-lula, indueix
I’intercanvi de GTP a GDP, reduint I’eficiéncia dels ribosomes per reiniciar la traduccio dels

mRNA i s’incrementa 1’expressio de GCN4 (Yang, Wek, and Wek 2000; Conrad et al. 2014).

Laregulaci6 de I’expressié de GCN4 es dona a través de quatre petites uORFs (Upstream Open
Reading Frames) situades a I’extrem 5’ de la seqii¢ncia no codificant del mRNA de GCN4 (A.
G. Hinnebusch 1984). Davant la biodisponibilitat d’aminoacids, aquestes uORFs bloquegen la

transcripcio de la seqiiéncia codificant (CDS) de GCN4. En aquestes condicions els ribosomes
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tradueixen la uORF1, posteriorment, a causa de 1’alta abundancia d’elF-2-GTP-*tRNA, els
ribosomes poden traduir les altres tres uORFs. Després de traduir aquestes 4 uORF la majoria
dels ribosomes es dissocien el mRNA obtenint una baixa taxa de traduccié de la CDS de GCN4.
La fosforilacié de 1’elF-2a, converteix a elF2 en un inhibidor competitiu del GEF elF2B,
provocant una disminucid en els nivells d’elF-2-GTP-*tRNA. Conseqiientment, després de
traduir la uORF1 els ribosomes no tenen elF-2-GTP-*tRNA disponibles per a traduir les
uORF2,3 1 4, pero si per reiniciar a lectura en I’ORF de GCN4, permeten un increment de la
transcripcié de GCN4 (Dever et al. 1992, 1995; Magazinnik et al. 2005). Els alts nivells de la
proteina Gen4 resultants, estimulen 1’expressio de gens d’enzims i transportadors necessaris

per a la sintesi d’aminoacids (Vazquez de Aldana et al. 1994).

Tot i que la transcripcié de GCN4 s’associa amb falta d’aminoacids, hi ha altres estressos que
poden induir la fosforilacio d’elF-2a, a través de Gen2, i per tant la transcripcio de GCN4.
Aquests estressos son: i) I’escassetat de glucosa, on Gcen2 incrementa 1’acumulacio
d’aminoacids al vactiol i contribueix en mantenir els nivells de glicogen (Yang, Wek, and Wek
2000); ii) la manca de purines, també incrementa 1’expressio de GCN4 a través de Gen2,
indicant una regulaci6é coordinada entre les rutes de biosintesi de nucleotids i d’aminoacids
(Rolfes and Hinnebusch 1993), iii) la radiacié UV, provoca ’activacié de Gen4 a través de la

cooperaciod de les rutes de senyalitzacié Gen2 i Ras/cAMP (Marbach et al. 2001).

1.4.5 Senvalitzacid mitjancada pels complexes TOR

A conseqiiéncia de canvis ambientals, les cél-lules activen un conjunt de senyals
transcripcionals que permeten regular el creixement i metabolisme cel-lular, per tal d’adaptar-
se. Els complexos TOR (Target Of Rapamycin) tenen un paper central en aquesta regulacio
(Deprez et al. 2018). La ruta TOR va ser originalment caracteritzada en S. cerevisiae (Heitman,
Movva, and Hall 1991) i es troba funcionalment i estructuralment preservada en 1’evolucid

(Conrad et al. 2014).

A diferéncia de la majoria de les cél-lules eucariotes que només posseeixen un gen TOR, el
genoma del llevat de gemmacid, codifica per a dos gens TOR, TORI i TOR2. Les proteines
Tor son quinases del tipus serina/treonina que pertanyen a la familia de les quinases fosfatidil-

inositol (PI). Un tret caracteristic d’aquestes proteines és que actuen en forma de complex amb

-32-



INTRODUCCIO

altres proteines, les quals els hi proporcionen versatilitat funcional (Helliwell et al. 1994). Totes
les proteines Tor presenten els mateixos components essencials en la seva estructura, des de
I’extrem N-terminal al C-terminal estan formats per: i) repeticions HEAT, que s6n les regions
d’unio de les diferents subunitats del complex Tor; ii) un domini FAT, altament conservat, iii)
domini FRB (FKBP12-Rapamycin-Binding), és el domini responsable d’uni6 a rapamicina; iv)
el domini quinasa i v) el domini FATC (FAT C-terminous) (Schmelzle and Hall 2000;
Waullschleger, Loewith, and Hall 2006; Loewith and Hall 2011).

La purificacié de les proteines Torl i Tor2 del llevat, va portar a la identificacié de dos
complexos TOR diferents, complex 1 de TOR (TORCI1) i el complex 2 de TOR (TORC2)
(Loewith et al. 2002). La proteina Tor ¢s la subunitat catalitica d’aquests complexos i es troba
unida a subunitats especifiques de cada complex. TORCI1 esta compost per: Kogl, Tco89, Lst8
iuna de les proteines Tor, Torl o Tor2, a diferéncia de TORC2 que esta format per Avol, Avo2,

Avo3, Bit61, Lst8 i Tor2 (Reinke et al. 2004; Wullschleger, Loewith, and Hall 2006).

La rapamicina és una petita molecula hidrofobica produida per un bacteri del sol Streptomyces
hygroscopicus descoberta a I’illa de Rapa Nui (Ted Powers 2022). El complex TORCI1 és
sensible a la droga, gracies al domini FRB que permet la seva unio, pel contrari TORC2 és
insensible a la rapamicina, ja que el domini d’uni6 al macrolid esta protegit per Avol, impedint
la seva unio (Wullschleger et al. 2005); tot i que en mamifers una exposici6 prolongada en el
temps a la rapamicina pot impedir la uni6 del complex TORC?2 i, per tant, indirectament inhibir
a TORC2 en alguns tipus cel-lulars (Sarbassov et al. 2006). Com el complex TORC2
exclusivament esta format per Tor2, fa que TOR2 sigui un gen essencial. L’any 2005, estudis
d’organitzaci6é molecular, van revelar que TORC2 és un supercomplex oligomeric, que es troba
en forma de dimer TORC2-TORC2, associat a través de la interaccié Tor2-Tor2 (Wullschleger
et al. 2005).

1.4.5.1 TORC1

El complex PI quinasa TORC1 (Figura 7) és regulat positivament pels nutrients intracel-lulars
(Gonzalez and Hall 2017a), els nivells d’energia i factors de creixement extracel-lulars;
afavorint I’increment de massa cel-lular, estimulant la sintesi de proteines, lipids i1 nucleotids

(Caligaris et al. 2023), I’homeostasi dels esfingolipids (Swinnen et al. 2014a), inhibint
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I’autofagia i modulant la viabilitat (Sampaio-Marques et al. 2011).

’ Restriccio calorica ‘ ’ Rapamicina ‘ ’ Estrés oxidatiu
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Figura 7. Senyalitzacié i regulacié transcripcional del complex 1 de TOR. EI complex TORCI és
localitza a la membrana vacuolar (MV) i esta format per les proteines Kogl, Tco89, Lst8 i Torl o Tor2.
L’activitat del complex és regulada a través del complex EGO. La restricci6 calorica, 1’estrés oxidatiu
o la rapamicina actuen bloquejant I’activitat del complex. TORCI té activitat quinasa i a través de la
fosforilacio de diferents substrats controla diferents processos cel-lulars com son el creixement cel-lular,
sintesi de proteines i ’autofagia entre d’altres. Alguns exemples dels processos cel-lulars més rellevants
que controla TORC1 soén: i) I’autofagia, fosforilant a Atgl3; ii) la biogenesi ribosomal, mitjangant
I’activacio de la quinasa Sch9 i el factor transcripcional Sfpl; iii) la transcripcié de gens de la via NCR
a través de la proteina GIn3 i el complex PP2A unit a Tap42; iv) la regulacié de gens de resposta a estres
mitjancant la fosforilacié i localitzaciéo subcel-lular dels factors transcripcionals Msn2/4; i v) la

transcripcio de gens de la via de resposta retrograda (RTG) mitjangant a les proteines Rtg3 i Rtgl.
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L’activitat de TORCI1 es regula a la membrana vacuolar, on es localitza principalment, a través
de 4 proteines, Egol, Ego3, Gtrl i Gtr2, les quals formen el complex EGO (EGOC) (Dubouloz
et al. 2005). EGOC pot regular positivament o negativament al complex Tor, a través
d’interaccions fisiques amb les diferents subunitats del complex (Conrad et al. 2014). Gtrl i
Gtr2 son dos Rag GTPases, les quals presenten dues conformacions estables, 1’activadora de
TORCI, on Gtrl es troba unida a GTP i Gtr2 a GDP i la conformaci¢ inhibitoria, es dona quan
la carrega de GTP/GDP ¢és I’oposada (Gtr1-GDP i Gtr2-GTP). Aquestes dues conformacions
estan regulades per les seves GAPs, SEAIT i SEACT, en resposta al nivell d’aminoacids
(Gonzalez and Hall 2017a). El senyal de TORC1 es transmet majoritariament per dues
branques, a través de la quinada Sch9 i del complex Tap42-PP2A (Loewith and Hall 2011).

La proteina quinasa Sch9 coordina els processos relacionats amb la biodisponibilitat nutricional
(Roosen et al. 2005), la progressié del cicle cel-lular (Y. Jin and Weisman 2015), la mida de la
cél-lula (Jorgensen et al. 2004), 1’autofagia (Yorimitsu et al. 2007), resisténcia a estrés i la
sintesi de ribosomes i sintesi proteica (Huber et al. 2011). L’activitat de Sch9 es controla a
través de la fosforilacio. Aquesta quinasa pot ser fosforilada per: i) TORC1 en sis residus serina
i treonina de I’extrem C-terminal, (Urban et al. 2007) ii) Pkh1 i Pkh2 en diferents residus del
extrem C-terminal (Roelants, Torrance, and Thorner 2004) i iii) Snf1, en residus completament
diferents dels anteriors (Lu et al. 2011). En resposta a la manca de carboni, nitrogen, fosfat i
aminoacids Sch9 es defosforila rapidament en resposta a la inhibici6 de TORCI;
conseqilentment, els factors de transcripcié Stb3 i Dot6/Tod6, juntament amb el complex
histona deacetilasa Rpd3L reprimeixen la transcripcié de gens ribosomals i RiBi (Urban et al.

2007; Binda et al. 2009).

La segona branca controlada per TORC1 a través de I’activitat de PP2A i la proteina tipus PP2A
¢és ’encarregada de controlar el metabolisme del nitrogen i aminoacids (Weisman 2016), la
resposta a estrés ambiental (Diivel et al. 2003) o I’autofagia en resposta a condicions adverses
com D’estrés térmic, dany en paret cel-lular i la falta de nitrogen (Yorimitsu, Ke Wang, and
Klionsky 2009). PP2A és un complex heterotrimeéric format per una subunitat “scaffold”, Tpd3,
una subunitat catalitica que pot ser, Pph21, Pph22 o Pph3 i una subunitat reguladora, Cdc55 o
Rts1. El complex tipus PP2A esta format per una subunitat catalitica, que pot ser Sit4 o Ppgl i
acompanyat per una subunitat reguladora. Ambdds complexos poden interaccionar amb Tap42,
que és la proteina reguladora que controla la seva activitat i localitzacié (Weisman 2016).

TORCI fosforila a Tap42 permeten la seva unié amb la subunitat catalitica dels complexos
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PP2A i tipus PP2A, associant-los a la membrana vacuolar i inactivant-los (Deprez et al. 2018).
De manera que en resposta a la manca de nitrogen o la davallada en la qualitat d’aquest
s’indueix la inhibicié de TORCI, el qual a través de 1’activacié de Rhol altera la interacci6 del
complex PP2A amb Tap42 promovent la seva dissociacio i activacio6 de les fosfatases (Crespo
and Hall 2002). Addicionalment, es defosforila la proteina Ure2, alliberant i permeten la
desfosforilaci6 de GIn3 i Gatl, les quals son translocades al nucli per tal d’activar la
transcripcié de gens que tenen un paper critic en la regulacié de la repressié catabolica del
nitrogen (NCR), el procés pel que les fonts de carboni d’alta qualitat son importades i
assimilades en preferéncia a les de baixa qualitat (Weisman 2016). Mafl i Rrn3, so6n reguladors
de la biogenesi ribosomal, és una altra diana d’aquesta branca de senyalitzacié. PP2A estimula
la rapida defosforilaci6 de Mafl en resposta a la falta de nutrients o al tractament per

rapamicina i inhibeix la degradacié de Rrn3 (Rohde et al. 2008).

El complex 1 de TOR també regula I’activitat d’altres proteines i factors transcripcionals, sigui
de manera dependent o independent de les dues vies de senyalitzacié anteriorment descrites.
En condicions d’estrés les cel-lules necessiten ajustar els nivells de transcripcio de gens per tal
de mantenir ’homeostasi cel-lular. Msn2/4 i Gis1, son factors de transcripcié importants per a
la regulacié de I’expressio genica en resposta a estrés. TORC1, a través de Sch9 i Tap42, pot
modular la fosforilacié d’aquests factors de transcripci6 i mediar la seva translocacio6 al nucli

(Yuhua Wang et al. 2023).

Una altra funcié de TORC1 es regula a diferents nivells la biosintesi de ribosomes: i) a través
de la induccid transcripcional del RNA ribosomal (rRNA), ii) activant la transcripcio de
proteines ribosomals o iii) regulant el reguld de biogenesi de ribosomes (Weisman 2016). La
quinasa Sch9, pot regular la transcripcié dels gens RP i RiBi, tot i que existeix un factor de
transcripcid, Sfpl, que de manera independent a Sch9 i especifica regula la transcripcid
d’aquests gens. Sfpl és fosforilat per TORC1 promovent la seva localitzaci6 nuclear i uni6 a
promotors de gens RP, activant la seva transcripcié (Wei and Zheng 2011). En condicions
d’escassetat nutricional, la cel-lula redueix la biogenesi de ribosomes i degrada els ribosomes
a través de 1’autofagia o el proteosoma (Kraft et al. 2008), tot i que una degradacio excessiva
elimina els ribosomes impedeix la reactivacido del creixement en restablir els nivells
nutricionals. Per evitar la degradacié excessiva, hi ha un petit “pool” de ribosomes que es
protegeixen de la degradacid gracies a Slm1, un factor de preservaci6 dels ribosomes. Quan les

condicions nutricionals tornen a ser favorables TORC]1 fosforila i inhibeix a Slm1 estimulant
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la iniciacid de la transcripcio (Shetty et al. 2023). La regulacié de la biosintesi de ribosomes
serveix per a controlar els nivells de sintesi de proteina, a més a més, TORCI, té altres
mecanismes per regular la sintesi proteica, a través de la fosforilacié de Gen2 i regulacié del

factor elF2a. (Weisman 2016).

Dins les multiples funcions de TORCI1, s’engloba la inhibicié de 1’autofagia, en condicions de
creixement favorable, mitjancant la fosforilacié d’Atgl3 i aixi, impedint la formaci6é del
complex quinasa Atgl, clau per a la induccié de I’autofagia. En resposta a la inhibici6é de

TORCI, Atgl3 es defosforila incrementant la seva interaccio amb Atgl (Weisman 2016).

Un altre grup de gens que responen a la repressio per glutamina, anomenats R7G, son
necessaris per a biosintesi “de novo” del glutamat i la glutamina (T. Powers et al. 2004).
Aquests gens inclouen enzims involucrats en el cicle del TCA (TriCarboxilic Acid) i del
glioxilat, com Cit2, Citl, Acol, Idh1 i Idh2, que son regulats pels factors de transcripcid Rtgl
i Rtg3 (Z. Liu and Butow 1999). L’expressio dels gens R7G proveeix de nivells de a-
cetoglutarat per a la produccié de glutamat, que a la vegada son necessaris per a la sintesi de
glutamina. L’activitat TOR és necessaria per mantenir el complex format per Rtgl/Rtg3 al
citoplasma quan les cél-lules creixen en preséncia de glutamina o glutamat, pel contrari quan
les c¢l-lules creixen en un medi ric en nitrogen i es tracten amb Rapamicina, el complex es

trasllada del citoplasma al nucli per activar als seus gens diana (Komeili et al. 2000a).

Finalment, es coneix que la reduccio de I’activitat TORC1 incrementa la CLS, a través de la
defosforilacio Sch9 en un procés que involucra I’activacio de I’autofagia i gens de resposta a

estrés (Weisman 2016).

1.4.5.2 TORC2

El complex TORC2, es troba majoritariament en la membrana plasmatica tot i que també s’ha
identificat en el citoplasma. Actualment, no es coneixen inhibidors especifics de TORC2, fet
que fa més complicat I’estudi de les seves funcions. Tot i aquest fet se sap que I’activitat de
TORC?2 és regulada positivament davant la inhibicié de la sintesi d’esfingolipids (Roelants et
al. 2011a), condicions hipotoniques (Niles et al. 2011), estrés térmic (Y. Sun et al. 2012) i

I’exposicio a altes concentracions exogenes d’un acid organic feble (Guerreiro et al. 2016). Les
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activitats que regula TORC2 son, I’organitzacio del citoesquelet d’actina, I’endocitosi, sintesi

lipidica i la supervivéncia cel-lular (Conrad et al. 2014).

El principal substrat de TORC2 sén les proteines que formen part de la familia de proteines
quinasa AGC, Ypkl i el seu paraleg Ypk2 (Figura 8) (Thorner 2022). Tot i que no sén 1’inic
substrat de TORC2, existeixen evidéncies que Pkcl és substrat de TORC2 (Wullschleger,
Loewith, and Hall 2006). Perqué Ypk1 esdevingui activa i mantingui la seva activitat basal,
necessita ser fosforilada en el seu “loop” d’activacid, concretament, en el residu treonina 504
(Thr-504), per les proteines quinasa Pkh1 i Pkh2, que son components associats als eisosomes.
TORC2, en condicions d’estres, incrementa ’activitat de Ypk1 fosforilant-lo en quatre residus
més del seu extrem C-terminal, entre ells la treonina 662 (Thr-662) (Locke and Thorner 2019).
Ypk! controla la composicio lipidica de la membrana plasmatica, I’endocitosi, la biosintesi

d’esfingolipids i la concentracio intracel-lular de glicerol.
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Figura 8. Funcions cel-lulars de TORC2. A la membrana plasmatica s’hi localitza el complex TORC2
en forma de dimer. El complex TORC2 engloba les proteines: Avol, Avo2, Avo3, Bit61, Lst8 i Tor2.
L’activitat del complex és induida en resposta a baixos nivells d’esfingolipids, a ’estrés térmic i
condicions cel-lulars hipotoniques. TORC2 té dues dianes Pkcl i Ypk1/2, a les quals regula la seva
activitat a través de la fosforilacio. Les quinases Ypkl/2 son el major efector de TORC2, aquestes
quinases son fosforilades per TORC2, pero per tal d’aconseguir una activitat completa requereixen la
fosforilacio de les proteines Pkhl i Pkh2. L’activitat d”Ypk1/2 controla positivament els processos

d’autofagia, la remodelaci6 del citoesquelet d’actina i la sintesi d’esfingolipids.

En el llevat de gemmaci6 un gran percentatge del creixement es produeix en la gemma, i per
assolir aquesta fita, el llevat polaritza els seus cables d’actina cap a la gemma, facilitant el trafic
de macromolécules de la cél-lula mare a la gemma. L’activitat del complex 2 de TOR regula
aquest procés (Wullschleger, Loewith, and Hall 2006). La senyalitzaci6 de TORC2 sobre el
citoesquelet d’actina ¢és a través de 1’activacio de la GTPasa Rhol, la qual interacciona amb
Pkcel, senyalitzant a través de la via MAPK al citoesquelet d’actina (Wullschleger, Loewith,
and Hall 20006).

Alteracions en la membrana plasmatica, també activen a TORC?2, les proteines Slm actuen per
sobre del complex promovent 1’activaciéo del complex en resposta a estrés de membrana
plasmatica (Weisman 2016). Aquestes dues proteines també poden regular 1’organitzaci6 del
citoesquelet d’actina independentment de Ypk1/2 (Fadri et al. 2005). TORC2 no només actua
enfront de I’estrés de la membrana plasmatica, siné que Shmidt et al., van descriure la seva
implicacié en el manteniment de la integritat de la membrana plasmatica (O. Schmidt et al.
2020).

Dins de les funcions descrites en la literatura de TORC2, una d’elles ¢és el control de la ruta de
biosintesi d’esfingolipids, a través d’Ypk1/2 mediant la biosintesi “de novo” de la ceramida

(posteriorment s’explica amb més detall) (Aronova et al. 2008).

Per concloure, Vlahakis et al. I’any 2014, van demostrar la implicacié6 de TORC2-Ypk1 en la

induccié de I’autofagia en resposta a la falta d’aminoacids (Vlahakis et al. 2014).

1.5 Biosintesi i senvalitzacio d’esfingolipids en S. cerevisiae

Els esfingolipids sén components essencials de les membranes de tots els organismes
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eucariotes i la seva estructura basica consisteix en un esquelet format per una base de cadena
llarga (LCB) (Spincemaille et al. 2014). Aquests lipids actuen com una part estructural
important de la membrana i, a més a més, tenen un paper com a molecules de senyalitzacio
cel-lular (Dickson, Nagiec, Skrzypek, et al. 1997) en processos de divisi6 cel-lular (Spiegel
and Merrill 1996), mort cel-lular (Spiegel et al. 1998) i autofagia (S. Liu et al. 2023). La seva
diversitat funcional és deguda a les modificacions que pateixen, com la fosforilacio,
hidroxilaci6 i dessaturacid, les quals canvien les seves propietats bioquimiques i biofisiques
(Megyeri et al. 2016). La via de sintesi d’esfingolipids es troba altament conservada entre els
humans i els llevats (Spincemaille et al. 2014). L’alteracié del seu metabolisme provoca
desordres cel-lulars; s’ha descrit el seu paper en cancers (Muthusamy et al. 2020), malalties
com la diabetis (Roszczyc-Owsiejczuk and Zabielski 2021), patologies cardiovasculars
(Levade et al. 2001), infeccions microbianes (McQuiston, Haller, and Poeta 2006), desordres
neurologics com I’ Alzheimer (Czubowicz et al. 2019) i disfuncions immunologiques (Schirmer
et al. 2019), per tant, les cel-lules posseeixen mecanismes de resposta enfront del metabolisme
aberrant dels esfingolipids (Dickson 2008; Tani and Funato 2018). El mecanisme més
caracteritzat ¢és el de regulacié per TORC2 (Roelants et al. 2011b), tot i que també s’ha
identificat un paper de la ruta HOG (Urita et al. 2022).

1.5.1 Biosintesi d’esfingolipids

La biosintesi “de novo " dels esfingolipids (Figura 9) s’inicia amb la condensacié d’una serina
iun acid acil-CoA grassos, tipicament un palmitoil-CoA, per generar 3-quetodihidrosfingosina
(Dickson 2010). Aquesta conversié es dona a través de I’enzim palmitoiltransferasa (SPT),
format per tres subunitats, Lcbl, Leb2 (Pinto et al. 1992) i Tsc3 (Gable et al. 2000). L’enzim
SPT és regulat negativament per les proteines Orm, Orml i Orm2 (Breslow et al. 2010).
Lactivitat de les proteines Orm es regula a través de fosforilacio (Roelants et al. 2011b).
Posteriorment, la 3-quetodihidrosfingosina es redueix a dihidroesfingosina (DHS), mitjancant
la 3-queto reductasa, Tsc10, codificada per un gen essencial (Beeler et al. 1998). Després, la
DHS és acetilada per les ceramides sintases, Lagl, Lacl i Lip1 per a formar dihidroceramida
(DHC) (Guillas et al. 2001; Vallée and Riezman 2005). DHS i DHC poden ser hidroxilades a
través de I’enzim Sur2 per generar fitoesfingosina (PHS) i fitoceramida (PHC), respectivament
(Haak et al. 1997; Montefusco, Matmati, and Hannun 2014). Addicionalment, DHC i PHC
poden ser degradades per Ydcl i Ypcl, respectivament per tornar a donar DHS 1 PHS (Megyeri
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et al. 2016). Seguidament, les DHC i PHC so6n hidroxilades per I’enzim Scs7 resultant en
hidroxil-dihidroceramida (Megyeri et al. 2016). Fins aquest estadi, totes les reaccions tenen
lloc al reticle endoplasmatic. Finalment, es formen els esfingolipids complexos a través de
1’addici6 de grups polars en la posici6é 1-OH de la ceramida. Aquest procés té lloc en ’aparell
de Golgi (Obeid, Okamoto, and Mao 2002). El llevat t¢ tres tipus d’esfingolipids complexos:
i) inositolfosfoceramida (IPC), obtinguda a través de 1’addicié de fosfo-inositol, mitjangant
I’IPC sintasa, composta per Aurl i Keil (Nagiec et al. 1997; Sato, Noda, and Yoda 2009); ii)
manosa-inositolfosfoceramida (MIPC), la qual es genera a partir d’incorporar una manosa a
I’IPC, gracies a 1’acci6 de la MIPC sintasa, formada per les subunitats Csgl, Csg2 i Cshl
(Uemura et al. 2003); i iii) manosa-diinositolfosfoceramida (M(IP).C) catalitzat per la
inositolfosfotransferasa, Iptl, que afegeix un inositolfosfat a MIPC (Dickson, Nagiec, Wells,

etal. 1997).
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Figura 9. Ruta de la biosintesi d’esfingolipids. L’escassetat d’esfingolipids és detectada per TORC2,
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activant la biosintesi “de novo ” dels esfingolipids. La sintesi comenga amb la condensacié d’una serina
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i un palmitoil-CoA per format 3-quetoesfingosina. Posteriorment, a través de 1’enzim Tscl0 la 3-
quetoesfingosina es transforma en dihidroesfingosina, que pot convertir-se en fitoesfingosina a través
de Sur2 o en dihidroceramida a través de les ceramida sintases. L’enzim Scs7 catalitza la formacio
d’hidroxil-dihidroceramida. Totes aquestes reaccions tenen lloc al reticle endoplasmatic. La ceramida
es transporta a I’aparell de Golgi per ser modificada a través de 1’addicio de caps polars, formant els
esfingolipids complexes, IPC, MIPC i M(IP),C. Si és necessari en resposta a la falta d’esfingolipids,
els esfingolipids complexos poden ser processats per I’enzim Isc1 per donar fitoceramida. La miriocina
i I’aureobasidina A son drogues que inhibeixen la ruta de sintesi en diferents etapes. La miriocina
bloqueja a I’enzim SPT, per tant, inhibeix les etapes inicials. Pel contrari, I’aureobasidina A impedeix
la formacio dels esfingolipids complexos bloquejant 1’accidé de 1’enzim Aurl i, a conseqiiéncia, la

formaci6 del primer dels esfingolipids complexos.

Dins les c¢l-lules, existeix un altre mecanisme per obtenir esfingolipids, a través del reciclatge
d’una proporcid significant d’esfingolipids complexos. Aquest reciclatge consisteix amb la
hidrolisi dels esfingolipids complexos, a través de I’enzim inositol fosfoesfingolipid-
fosfolipasa C, Iscl, per obtenir PHC (Sawai et al. 2000). Aquest enzim també és essencial per
a la coordinaci6é de la morfologia cel-lular i el cicle cel-lular (Matmati et al. 2020), i esta
involucrat en la tolerancia o sensibilitat agents toxics, com son el sodi, liti, peroxid, acid acétic

i hidroxiurea, entre altres (Spincemaille et al. 2014).

Els passos inicials de la biosintesi d’esfingolipids tenen lloc en el reticle endoplasmatic, i s’han
de transportar a I’aparell de Golgi per a sintetitzar esfingolipids complexos, els quals
posteriorment es traslladen a les seves destinacions finals. El moviment dels lipids entre els
organuls esta regulat i es fa a través de mecanismes especifics (Funato, Vallée, and Riezman
2002). Les ceramides es poden transportar del reticle endoplasmatic al Golgi a través de
transport vesicular i no vesicular. El transport no vesicular requereix el contacte entre les
membranes dels organuls per facilitar la transferéncia. Per altra banda el transport dels
esfingolipids complexos a les membranes és a través de vesicules secretores (Hechtberger and

Daum 1995).

La importancia fisiologica de la biosintesi d’esfingolipids ha portat al descobriment de drogues
que inhibeixen enzims especifics de la via. Les millor caracteritzades i més utilitzades als
laboratoris son: i) la miriocina, isolada de Myriociccum albomyces i Mycelia setrilla; la seva

diana ¢és I’enzim SPT (Miyake et al. 1995), ii) I’aureobasidina A, produida per Aureobasidum
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pullulans; efectuant la seva accid sobre la proteina Aurl (Kuroda et al. 1999) i iii) la fumosina
B1, provinent de Fusarium monoliforme, que inhibeix la ceramida sintasa (Riley and Merrill

2019).

1.5.2 Regulacio cel-lular de la sintesi d’esfingolipids

Fisiologicament, TORC2 regula la sintesi d’esfingolipids. En resposta a I’escassetat
d’esfingolipids o al tractament amb miriocina, les proteines Slm1 i Slm2 és dissocien dels
eisosomes activant a TORC2 (Berchtold et al. 2012). Posteriorment, TORC2 fosforila a Ypk1
en el residu Thr-662, activant-la (Aronova et al. 2008). Ypkl1 activa fosforila a les proteines
inhibidores de la SPT, Orm1 i Orm2, inhibint-les i permetent ’activacié de I’enzim per iniciar
la sintesi de novo d’esfingolipids (Roelants et al. 2011b). Addicionalment, Ypkl controla
I’activitat enzimatica de les ceramida sintases Lagl i Lacl, estimulant la biosintesi de Cer

(Muir et al. 2014).

La ruta de senyalitzaci6 TORC2 no ¢és I’mica amb capacitat de regular la sintesi
d’esfingolipids. La quinasa Sch9, a través del control de I’expressié dels gens LAGI, LACI,
YCP1 i YDCI i la localitzacio subcel-lular d’Iscl, pot controlar la biosintesi d’esfingolipids
(Swinnen et al. 2014b). Les quinases Pkh1/Pkh2 s’activen en resposta a I’increment dels nivells
d’esfingolipids. Aquestes quinases regulen la transcripcio del gen CHAI, que codifica per una
serina/diamida dehidratasa que participa en la degradacié de la serina intracel-lular limitant la
seva biodisponibilitat i aixi impedint I’inici de la biosintesi d’esfingolipids (Montefusco et al.

2012).

Alteracions en el metabolisme dels esfingolipids comporten desordres cel-lulars. L’acumulacio
de ceramida és toxica per a les cél-lules del llevat. En les cél-lules els nivells de ceramida han
de ser inferiors als dels esfingolipids complexos, i si aquesta ratio s’altera, les cél-lules pateixen
un defecte en el creixement (Nagiec et al. 1997). Les disfuncions mitocondrials també s’han
descrit com conseqiiéncia d’alteracions en el metabolisme d’esfingolipids, tant en llevats com
en c¢l-lules de mamifer (Spincemaille, Cammue, and Thevissen 2014). Iscl t€ un paper en la
coordinaci6 de la funcié mitocondrial. Aquest enzim es troba en el RE, perd durant el “shift”
diauxic 1 la post-diauxia es localitza en la membrana exterior de la mitocondria. Les cel-lules

que no expressen 1’enzim, presenten major estrés oxidatiu, apoptosi i decreix la seva CLS,
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indicadors de disfuncié mitocondrial (Spincemaille et al. 2014).

L’any 2012 es va demostrar la relaci6 entre la senyalitzacié mitjangant esfingolipids amb
I’estrés causat per la toxicitat del ferro (Spincemaille, Cammue, and Thevissen 2014). Els
resultats que presenten Lee et. al. en el seu treball demostren que una disminucié en la sintesi
i senyalitzacio d’esfingolipids, permet a les cél-lules el llevat créixer en condicions de toxicitat
per ferro, demostrant que la senyalitzacid per esfingolipids contribueix a regular la toxicitat per

ferro (Y. J. Lee et al. 2012).

1.6 Mecanisme autofagic en S. cerevisiae

La paraula autofagia deriva del grec i esta formada per “auto” (jo mateix) i “phagy” (menjar)
(W. Li et al. 2020). L’autofagia és una ruta essencial involucrada en I’homeostasi cel-lular a
través de la degradacio i el reciclatge de tots els components cel-lulars, des de proteines a lipids
i organuls, en el vactiol en els llevats i al lisosoma en mamifers, per retornar els blocs de
construccid, com els aminoacids al citoplasma i aixi suplir les demandes metaboliques

(Abeliovich 2015).

El llevat ha estat un model crucial en I’estudi i regulacié de 1’autofagia, d’acord amb el premi
Nobel de Fisiologia o Medicina de I’any 2016 a Yoshinori Ohsumi pels seus treballs en les
bases de I’autofagia utilitzant principalment el llevat S. cerevisiae com a model. L’us del llevat,
entre altres coses, ha permes el descobriment dels més de 30 gens relacionats amb 1’autofagia
(ATGs) gracies al fet que I’autofagia s’ha conservat durant 1’evolucid, tal com es pot observar
en I’homologia entre el llevat i els mamifers en les proteines Atg i la seva funcio6 en el procés

entre els llevats i els mamifers (Taula 1) (Meijer et al. 2007; J. Schepers and Behl 2021).
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Proteina en Llevat Homoleg en mamifer Funcio

Atgl ULKI1/ULK2 Formaci6 del PAS

Atgl3 ATG13 Formacio6 del PAS

Atgl7 FI1P200 Formaci6 del PAS

Atg29 ATG101 Formaci6 del PAS

Atg31 ATG101 Formaci6 del PAS

Vpsl5 pl150 Nucleacié del PAS

Vps34 VPS34 Nucleaci6 del PAS

Atgb BECNI Nucleacié del PA

Atgl4 ATGI14L Nucleacié del PAS

Atg2 ATG2/ATG28 Transferencia de lipids al PAS

Atg9 ATGY9A Transferéncia de lipids al PAS

Atgl8 WIPI1/WIPI2/WIPI3/WIPI4 Transferencia de lipids al PAS

Atg23 - Transport d’Atg9 al PAS

Atg27 - Transport d’Atg9 al PAS

AtgS ATGS5 Formaci6 del autofagosoma

Atgl2 ATG12 Formacio del autofagosoma

Atgl6 ATG16L1 Formaci6 del autofagosoma

Atg3 ATG3 Enzim tipus E2

Atg7 ATG7 Enzim tipus E1

Atgl0 ATG10 Enzim tipus E2

Atg4 ATG4A/ATG4B/ATG4C/ATG4D Modificar Atg8

Atg8 LC3A/LC3B/LC3C/GABARAP/ Formaci6 del autofagosoma

GABARAPL/GABARAPL2

Cezl - Fusio del autofagosoma amb el
vactol

Monl MONIA/MONI1B Fusi6 del autofagosoma amb el
vacuol

Vam3 - Fusio del autofagosoma amb el
vactol

Vam7 STX8 Fusi6 del autofagosoma amb el
vacuol

Viil VTIIA Fusio del autofagosoma amb el
vactol

Ykt6 YKT6 Fusio del autofagosoma amb el
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Taula 1. Funcio de les proteines autofagiques en llevats i els seus homolegs en mamifer. (Part 2 de 2)

vacuol

Ypt7 RAB7A Fusio del autofagosoma amb el
vactol

Atgl5 - Degradacio del autofagosoma

Atg22 - Exportaci6é d’aminoacids del vactiol

Atgll FIP200 Autofagia selectiva

Atgl9 - Receptor de Cvt

Atg32 - Receptor de mitofagia

Atg33 - Receptor de mitofagia

Atgd4 - Fissio de mitocondries per la
mitofagia

El reciclatge selectiu dels organuls o components cel-lulars a través de 1’autofagia és critic per
mantenir ’homeostasi de les cél-lules eucariotiques. L’autofagia protegeix les cél-lules de
productes toxics i permet el reciclatge i reutilitzaci6 de les biomolécules basiques per la sintesi
de noves macromolecules i components dels organuls. Les anteriors afirmacions fan que
I’autofagia sigui un procés essencial i la seva desregulacid s’ha relacionat amb diverses
malalties com: 1) la neurodegeneraci6 (He and Klionsky 2006; Sarkar et al. 2020), ii) el cancer
(Gao et al. 2022; Bankov et al. 2023), iii) malalties metaboliques (S. Wang et al. 2020; Chua
et al. 2022), iv) cardiopaties (Dong et al. 2019; Du, Li, and Zhao 2020), v) malalties
inflamatories (M. Jin and Zhang 2020; Deretic 2021) i vi) I’envelliment (Ren and Zhang 2018;
Aman et al. 2021).

Actualment, es coneixen 3 tipus d’autofagia: 1) la macroautofagia, ii) la microautofagia i iii)

I’autofagia mitjancada per xaperones (CMA) (Figura 10) (Kirchner et al. 2019).
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Figura 10. Diferents tipus d’autofagia. A) Macroautofagia. L’autofagia s’inicia amb la induccio i
nucleacio de la membrana de la fagofora. Seguidament, la fagofora s’expandeix envoltant el substrat,
que pot ser porcions citoplasmatics o organuls especifics com les mitocondries. L’autofagosoma madur
s’aconsegueix un com s’ha tancat ’estructura de doble membrana. L’autofagosoma madur es fusiona
amb el vactol alliberant el cos autofagic. Finalment, el cos autofagic és degradat i el seu contingut
reciclat i alliberat a I’exterior per poder ser emprat en noves reaccions anaboliques. B) Microautofagia.
Invaginacions de la membrana vacuolar segresten porcions properes del citoplasma, les quals son
degradades a I’interior del vactiol sense haver de formar un autofagosoma. C) Autofagia mitjangada per
xaperones (CMA). Les proteines danyades que especificament expressen el motiu KFERQ son
reconegudes per la xaperona hsc70. Aquesta xaperona dirigeix a les proteines al lisosoma on seran
internalitzades a través d’un canal format per quatre molécules de LAMP2-A. Un cop dins el lisosoma

la carrega és degradada.
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1.6.1 Macroautofagia

La macroautofagia és el procés de degradacio autofagic majoritari, usualment anomenat com
autofagia (KisSova et al. 2007). Consisteix amb la captura de porcions del citoplasma,
mitjangant una estructura de doble membrana, anomenada autofagosoma. L’autofagosoma
madur és fusionat amb el compartiment litic, on les hidrolases vacuolars desintegraran la
membrana exposant el contingut per a la seva degradacié (J. Li and Hochstrasser 2020;
Abeliovich 2015). Aquest procés involucra el catabolisme de molécules cel-lulars, organuls i
agregats de proteines. La formacié de I’autofagosoma es pot dividir en 5 passos: i) induccio i
nucleaci6 de la membrana de la fagofora, ii) expansio de la fagofora, iii) tancament i maduracio
de la fagofora per formar 1’autofagosoma, iv) fusié de 1’autofagosoma amb el vactiol i v)
degradacio i retorn dels productes al citoplasma (Figura 10A) (Delorme-Axford and Klionsky

2018).

L’autofagia s’indueix en periodes d’inanicié (Qin 2019). Es coneix que en periodes de deficit
nutricional TORC1 és inactivat per desencadenar una resposta cel-lular. L’any 1998 Noda i
Ohsumi demostraren la implicacié de TORC1 en la regulacié de I’autofagia (Noda and Ohsumi
1998). Paral-lelament a TORC1, PKA i Snfl també regulen la resposta autofagica,
negativament i positivament, respectivament (Lynch-Day and Klionsky 2010; Nakatogawa
2020). L’activitat de TORC1 hiperfosforila a la proteina Atgl3 en condicions de riquesa
nutricional (Figura 11). En resposta a la deprivacié nutricional TORCI1 és inhibit donant lloc a
la defosforilacio d’Atgl3 a través de les fosfatases 2A i 2C (Yeasmin et al. 2016; Nakatogawa
2020). Atg13 té 51 residus de fosforilacid, 6 dels quals son llocs d’unid a Atgl, per la qual cosa
la defosforilaci6 d’Atgl3 afavoreix la seva associacid amb la quinasa Atgl incrementant
I’activitat quinasa (Lynch-Day and Klionsky 2010). Addicionalment, en resposta a la inanici6
Atgl7, Atg29 i Atg31 formen un complex ternari el qual s’uneix amb Atgl-Atgl3,
incrementant D’activitat quinasa d’Atgl. Aquest complex format per Atgl-Atgl3-Atgl7-
Atg29-Atg31 es coneix com a Complex Atgl (Kabeya et al. 2005). Multiples copies del
complex Atgl s’uneixen per formar unes estructures en forma de punts anomenades estructures

preautofagosomals (PAS) (Tyler and Johnson 2018a).
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Figura 11. Esquema de la Macroautofagia. En condicions normals TORC1 es troba actiu i inhibint a
Atgl3. En resposta a la restricci6 calorica o la rapamicina TORC1 s’inhibeix permeten la defosforilacio
d’Atgl3ilasevaunié amb Atgl. Atgl s’autofosforila i forma un complex juntament amb Atg13, Atgl7,
Atg31 1 Atg29. El complex Atgl se situa al PAS. L’etapa de nucleacié del PAS necessita 1’associacié de
Vps34 amb Vpsl5, Atg6 i Atgl4, els quals permeten la uni6é del complex Atgl8-Atg2-Atg9. Aquest
complex regula la transferéncia de lipids i membranes perqué es pugui expandir la fagofora.
Posteriorment, dues rutes de conjugacio tipus ubiquitina sén necessaries per formar 1’autofagosoma. La
primera consisteix amb Atgl2, Atg7, Atgl0, Atg5 i Atgl6; i la segona esta formada per Atg8, Atg4,
Atg7 i Atg3. El resultat és la conjugacio d’Atg8 amb un grup fosfatidiletanolamina, el qual dirigeix
I’expansio de la vesicula de doble membrana. L’ Atg8-PE unit a la membrana externa de I’autofagosoma
madur és processat per Atgd sent aixi reciclat i utilitzat per la formacié de nous autofagosomes.
Finalment, la membrana interna de 1’autofagosoma madur es fusiona amb el vacuol a través d’un
complex de receptors format per Ykt6, Vam6, Vam3 i Vtil juntament amb el complex HOPS i les
proteines Monl, Cczl i Ypt7. Un cop ’autofagosoma és fusionat amb el vactol s’allibera el cos
autofagic al lumen vacuolar on la seva membrana és degradada per la lipasa Atgl5, exposant la carrega
a les hidrolases vacuolars. Les petites molécules com els aminoacids, resultants de la digestio del cos

autofagic son alliberats a ’exterior gracies a la permeasa de la membrana vacuolar Atg22.

La fosfatidilinositol 3-quinasa de classe III (PtdIns3K), Vps34, controla la nucleacio del PAS.
Vps34 s’associa amb dos complexos diferents, un d’ells necessari per a I’autofagia. El complex
esta format per Vps34, Vps15, Atg6 i Atgl4 i s’anomena complex PI3K I (Tyler and Johnson
2018b). Atgl4 és la proteina responsable de localitzar el complex al PAS i unir-lo amb la
proteina Atgl8. Atgl8 forma un complex amb Atg2 per transportar a Atg9 al PAS (Lynch-Day
and Klionsky 2010). Atg9 és una proteina integral de membrana que es mou entre el PAS i llocs
periférics com ’aparell de Golgi i els endosomes. Tot i que la majoria d’Atg9 es localitza en
vesicules mobils del citoplasma, anomenades vesicules d’Atg9 o en clusters tubulars de
vesicules anomenats reservoris d’Atg9. La transferéncia d’Atg9 dels reservoris al PAS és
dependent d’Atg23 i Atg27 (Nakatogawa 2020). Atg9 és la proteina més rellevant per ser la
font de transferéncia de membranes per I’expansi6 de la fagofora (Y. Inoue and Klionsky 2010).
A més, Atg?2 transfereix lipids del RE a la membrana en formacié. La transferéncia d’aquests
lipids alliberats per Atg2 de la membrana externa a la interna de la fagofora en formacio és a

través d’Atg9 (Matoba et al. 2020).

L’any 1998, el grup liderat per Ohsumi va descobrir la ruta de conjugacié tipus ubiquitina,

necessaria per al procés d’expansio de la fagofora (N Mizushima et al. 1998). La ubiquitina és
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caracteritzada per ser unida reversiblement a altres proteines a través d’un sistema enzimatic
de tres passos: 1) enzim d’activacié (E1), ii) enzim de conjugaci6 (E2) i iii) enzim de lligacio
(E3) (Kirkin 2020). El sistema de conjugacié consisteix en la formacié del complex Atgl2-
Atg5. Atgl2 és activat per Atg7, un enzim tipus E1 i conjugat per Atgl0, un enzim tipus E2, la
conjugacid es dona entre un residu glicina de I’extrem C-terminal d’Atgl2 amb una lisina
interna d’Atg5 (Noboru Mizushima, Noda, and Ohsumi 1999). Finalment Atgl2-Atg5
s’associen amb la proteina Atgl6 per formar el complex Atgl2-Atg5-Atgl6. Atglé
oligomeritza per formar un dimer i és el responsable de portar el complex multiméric al PAS.
Aquest complex un cop 1’autofagosoma és completat s’allibera de la seva superficie i les

proteines son reutilitzades (Fujioka et al. 2010; Y. Inoue and Klionsky 2010).

Posteriorment, I’any 2000 Ohsumi va descriure un segon sistema de conjugacio tipus ubiquitina
essencial per a la formacié de 1’autofagosoma (Kirisako et al. 2000). Aquest segon sistema
conjuga a Atg8 amb un grup fosfatidiletanolamina (PE) per a ser associat a la membrana de la
fagofora i autofagosoma (Lynch-Day and Klionsky 2010). Atg8 és sintetitzat com a precursor
amb una arginina a I’extrem C-terminal, que és eliminada per la proteasa Atg4 exposant un
residu de glicina (Y. Inoue and Klionsky 2010). Seguidament, Atg8 és activat per Atg7 i
conjugat per Atg3, un enzim tipus E2, amb el cap hidrofilic de PE per tal d’acorar a Atg8 a la
doble membrana en formacié (Xie, Nair, and Klionsky 2008). El complex format pel primer
sistema de conjugaci6, Atgl2-AtgS-Atgl6 actua com a enzim tipus E3 amb Atg3 per
incrementar la seva activitat (Lynch-Day and Klionsky 2010). Aquests dos sistemes de
conjugacié son necessaris per completar la formacié de 1’autofagosoma. Un cop
I’autofagosoma és completat, Atg4 també actua com a enzim de deconjugacid per remoure el
PE d’Atg8 de la membrana externa de 1’autofagosoma per ser reutilitzat. L’ Atg8-PE de la
membrana interna de 1’autofagosoma es manté unit a ella i és degradat dins el vactol (Tyler

and Johnson 2018b).

Finalment, I’autofagosoma madur es fusiona amb el vactiol a través d’un complex de receptors
SNARE. Ykt6, Vam3, Vtil i Vam7 formen part d’un paquet de 4 helixs que juntament amb el
complex HOPS, Monl1, Cczl1 i Ypt7, fusionen la membrana exterior de I’autofagosoma amb el
vactol, alliberant la membrana interna de I’autofagosoma, ara anomenada cos autofagic, al
lumen vacuolar acidic (Y. J. Huang and Klionsky 2022). La membrana del cos autofagic és
degradada per la lipasa Atgl5 exposant el seu contingut a les hidrolases vacuolars (Y. J. Huang

and Klionsky 2022). Els aminoacids i petites molecules alliberades son transportades per

-50-



INTRODUCCIO

Atg22, una permeasa de la membrana vacuolar, i alliberades al citoplasma per a ser reutilitzades

en reaccions anaboliques (Lynch-Day and Klionsky 2010).

La degradacié de porcions no especifiques del citoplasma es classifica com a autofagia no-

selectiva, pero també existeixen formes d’autofagia selectiva.

1.6.1.1 Autofagia selectiva

L’autofagia selectiva es caracteritza per la necessitat de receptors autofagics que s’uneixen a la
carrega per a que sigui degradada dins el vacuol. Els receptors de 1’autofagia especifica
presenten un motiu d’interaccié amb Atg8 (AIM), el qual els i proporciona la caracteristica de
la seva uni6 selectiva amb Atg8. Atg8 no només contribueix a la maduracié i biogénesi del
autofagosoma, sin6 que també funciona com pont entre la carrega especifica i la maquinaria

autofagica permeten el reconeixement i segrest de la carrega (W. Li et al. 2020).

Les autofagies selectives que es descriuen en la literatura sén: i) mitofagia, autofagia de les
mitocondries (Bhatia-Kissova and Camougrand 2021), ii) proteofagia, autofagia del
proteosoma (Waite et al. 2022), iii) ribofagia, autofagia dels ribosomes (Waliullah et al. 2017),
iv) pexofagia, autofagia dels peroxisomes (Sakai et al. 2006), v) ER-fagia, autofagia del reticle
endoplasmatic (Gubas and Dikic 2022), vi) lipofagia, autofagia de lipids (Shin 2020) i vii)
nucleofagia, autofagia del nucli (Mijaljica and Devenish 2013).

Dins l’autofagia selectiva també s’engloba el que es coneix com la via Cvt (Cytoplasm to
Vacuole Targeting). Aquest tipus d’autofagia empra el receptor Atgl9 i incorpora dins una
estructura de doble membrana anomenada vesicula Cvt, les formes precursores dels enzims
aminopeptidasa 1 (Apel) o o-manosidasa (Amsl) per ser transportades al vacuol, on les
hidrolases vacuolars les activaran (Meijer et al. 2007; Lynch-Day and Klionsky 2010). La Cvt
requereix la proteina Atgll, una proteina que és necessaria en totes les autofagies selectives,
per aquest motiu la Cvt es classifica dins 1’autofagia selectiva (Lynch-Day and Klionsky 2010).
Una caracteristica especifica de la Cvt és que es tracta d’una via biosintética que té lloc durant
el creixement vegetatiu, a diferencia de I’autofagia que s’indueix en resposta a la inanici6 (J.

Kim and Klionsky 2000).
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1.6.1.1.1 Mitofagia

La mitocondria és la base d’obtencié d’energia cel-lular, i contribueix a la regulacid de
I’homeostasi de la cél-lula, i per aixo la regulacié i el control de qualitat d’aquests organuls és
indispensable. L’homeostasi de la mitocondria s’assoleix a través d’un conjunt de vies de
senyalitzacié involucrades en la reorganitzacid del contingut mitocondrial en resposta a
diferents estressos mitocondrials que impliquen els processos de divisid, fusidé i mitofagia

(Bhatia-Kissova and Camougrand 2021).

La mitofagia es pot produir per micromitofagia o macromitofagia (Bhatia-Kissova and
Camougrand 2021). La micromitofagia és induida quan les c¢l-lules creixen en lactat i la

macromitofagia en glucosa (Kissova et al. 2007).

Durant la micromitofagia les mitocondries son capturades per invaginacions o pertorbacions
de la membrana vacuolar. La proteina Uthl és essencial per a la micromitofagia (Welter et al.
2013). Durant la macromitofagia les mitocondries sén segrestades per membranes de nova
formacio. Les mitocondries son englobades dins els autofagosomes i després es fusionen amb
el vacuol per alliberar el seu contingut (Bhatia-Kissova and Camougrand 2021). La
macromitofagia, a diferéncia de la macroautofagia requereix dos passos addicionals: i) la
selecci6 de regions mitocondrials determinades i ii) la modificacié de la morfologia de la

mitocondria per a poder ser incorporada dins I’autofagosoma (Fukuda et al. 2023).

L’any 2009, paral-lelament Okamoto et. al. i Kanki et. al. van identificar el primer receptor de
la mitofagia, la proteina Atg32 la qual es troba ancorada a la membrana externa de la
mitocondria i pot interaccionar amb Atgll i Atg8 (Okamoto, Kondo-Okamoto, and Ohsumi
2009; Kanki, Wang, Cao, et al. 2009). Atg33 és un altre receptor de la mitofagia de fase
estacionaria (Bhatia-Kissova and Camougrand 2021). Un cop s’indueix la mitofagia, Atg32 és
fosforilada en dos residus, permeten la seva uni6é amb la proteina citosolica Atgl1 (Innokentev
and Kanki 2021). Posteriorment, Atgll interacciona amb el complex Atgl per iniciar la
formacié de la fagofora (Figura 12). Les mitocondries tenen una mida superior al de
I’autofagosoma, pel que abans de ser incorporades en aquest, les mitocondries es fissionen per
a generar fragments de la mida adequada. Atg44 €s una proteina de 1’espai intermembranal de

la mitocondria que proporciona fragilitat lipidica a les membranes de la mitocondria facilitant
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la fissio de la membrana de la mitocondria. Un cop les mitocondries son capturades dins

I’autofagosoma aquest es fusiona amb el vactol per a reciclar el seu contingut (Fukuda et al.

2023).

Figura 12. Macromitofagia. Les mitocondries expressen la proteina Atg32, que es fosforila en resposta
a alteracions mitocondrials. Atg32 fosforilada interacciona amb Atgl1 que actua com a proteina d’uni6d
entre les mitocondries disfuncionals i el complex Atgl del PAS. Les mitocondries son uns organuls molt
grans i per poder ser encabits dins un autofagosoma requereixen I’acci6 d’Atg44. Atgd4 és una proteina
de la membrana mitocondrial que proporciona fragilitat lipidica permeten la fissié mitocondrial i aixi
que les mitocondries puguin ser encapsulades dins 1’autofagosoma. Un cop format I’autofagosoma

aquest es fusiona amb el vactiol alliberant el cos autofagic i promovent la degradaci6 de les mitocondries
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disfuncionals.

La importancia de la mitocondria com a organul cel-lular fa que la mitofagia estigui altament
regulada. La regulacié es dona a nivell transcripcional i posttranscripcional. La proteina d’unid
al DNA Ume6 i el complex d’histona deacetilasa Sin3-Rpd3 interaccionen directament amb el
promotor d’ATG32 per bloquejar la seva transcripcio. La inhibicié de TORCI1 permet que
aquestes proteines es desuneixin permeten la transcripcio del gen. Per altra banda, I’estres
oxidatiu també contribueix a la induccié de la transcripcié d’ATG32 (Innokentev and Kanki
2021). Posttraduccionalment, Atg32 és processada en el seu extrem C-terminal per la proteasa
Ymel, proporcionant una major afinitat entre Atg32 i Atgll per tal d’induir la mitofagia (K.
Wang et al. 2013). Atg32 també és modificada a través de la fosforilaci6 dues serines, la 114 i
la 119; concretament la fosforilacié de la Ser-114 incrementa ’afinitat d’Atg32 amb Atgl1
(Aoki et al. 2011; Okamoto, Kondo-Okamoto, and Ohsumi 2009). La caseina quinasa 2 (CK2)
¢és la responsable d’aquesta fosforilacio. CK2 s’expressa en les cél-lules de manera constitutiva,
per evitar la constant fosforilacié d’Atg32, el complex Far interacciona amb Atg32 reclutant a
Ppgl per a impedir la fosforilacié d’Atg32. Quan la mitofagia s’indueix, el complex Far es

dissocia d’Atg32, permeten la seva fosforilacié (Innokentev and Kanki 2021).

La mitofagia s’ha relacionat amb diverses malalties com: i) fetge gras (Zhou et al. 2019), ii)
tumorogenesi (Deng et al. 2021), iii) malalties neurodegeneratives com el Parkinson
(Malpartida et al. 2021) i I’Alzheimer (Sorrentino et al. 2017), iv) també t€ un paper en la
resposta immunitaria (Angajala et al. 2018) i v) en I’envelliment (J. Guo and Chiang 2022). La
modulaci6 de la mitofagia pot esdevenir una manera prometedora de tractar aquestes malalties

associades amb disfuncions mitocondrials.

1.7 S. cerevisiae com a model d’envelliment

L’envelliment és un procés que es dona en tots els organismes vius, des d’organismes més
simples unicel-lulars, fins a organismes complexos pluricel-lulars. Els estudis d’envelliment en
organismes superiors, com els mamifers son limitats degut a la seva llarga esperanga de vida.
Actualment, existeixen estudis d’envelliment en rosegadors, tot i que per tal d’accelerar el
procés s’empren cultius primaris de cél-lules humanes o de ratoli (Steinkraus, Kaeberlein, and

Kennedy 2008). Una segona aproximacio, i la més utilitzada, és 1’Gs d’organismes model
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invertebrats com la mosca de la fruita (Drosophila melanogaster) (S. Li et al. 2020), els cucs
(Caenorhabditis elegants) (Kenyon et al. 1993) o el llevat (Saccharomyces cerevisiae)
(Sundaram et al. 2015). A priori, estudiar el procés d’envelliment en un organisme unicel-lular,
pot semblar una decisi6 erronia, pero fins al present moment, centenars d’estudis d’envelliment
s’han realitzat en S. cerevisiae, gracies al fet que el procés d’envelliment entre els llevats i les
eucariotes superiors esta altament conservat (Steinkraus, Kaeberlein, and Kennedy 2008). La
recerca de I’envelliment en S. cerevisiae ha permés el descobriment de gens, rutes de
senyalitzacio i petites molécules, que també estan involucrades en el procés d’envelliment en
organismes eucariotes pluricel-lulars (Mohammad et al. 2018). S’han identificat més de 200
gens involucrats en la regulacié de I’envelliment i associat diferents esdeveniments que hi
contribueixen: i) inestabilitat genomica del DNA ribosomal, ii) disfuncié mitocondrial, iii)
acumulacié de proteines danyades, iv) disminucié del nombre d’histones, v) pérdua de
cromatina en els telomers i vi) errors en ’homeostasi del vacuol (Crane et al. 2020). Fets que

proven 1’Gs del llevat S. cerevisiae com una eina unica per a 1’estudi del procés d’envelliment.

El llevat presenta dos tipus d’aproximacions per estudiar el procés d’envelliment, 1I’envelliment
replicatiu (RLS) i I’envelliment cronologic (CLS). El nombre de divisions que una cél-lula pot
tenir és el que es coneix com a RLS (Replicative Life Span), a diferéncia de la CLS
(Chronological Life Span), que es defineix com I’esperanca de vida d’una cél-lula (Galdieri et
al. 2010). Els dos processos d’envelliment tenen lloc durant la fase estacionaria del creixement

(Herman 2002).

1.7.1 Envelliment cronologic (CLS)

L’envelliment cronologic és defineix com el temps que una cél-lula, que no es divideix, pot ser
viable (Steinkraus, Kaeberlein, and Kennedy 2008). La CLS pot servir com a sistema model
de I’envelliment de les cél-lules postmitotiques de mamifer, concretament de I’envelliment de
les neurones del sistema nervios central (Breitenbach, Jazwinski, and Laun 2012), pel que
destaca la rellevancia de S. cerevisiae com a model d’estudi de malalties relacionades amb
I’envelliment com soén el cancer i la neurodegeneracié (Steinkraus, Kaeberlein, and Kennedy

2008).

El métode per monitoritzar la CLS es va desenvolupar als anys noranta (Longo, Gralla, and
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Valentine 1996) i actualment és molt utilitzat en laboratoris de tot el mon. L’assaig per mesurar
la CLS es du a terme quan les cél-lules es troben en un estat d’inanici6 i la supervivencia depén
de la resposta cel-lular i dels canvis morfologics i fisiologics que comporta la manca nutricional
(Breitenbach, Jazwinski, and Laun 2012). La supervivencia és valorada fins que el 99% de les
cél-lules moren, i s’expressa amb la mitja i maxima supervivencia cel-lular, calculada a partir
del nombre de cél-lules amb capacitat de formar colonies, CFUs (Colony Forming Units), en
un medi de cultiu ric (Fabrizio and Longo 2008; Mohammad et al. 2020). Aquesta aproximacio
¢és possible, ja que en els cultius estacionaris del llevat es distingeixen dues poblacions: 1)
cél-lules mare que es moren per apoptosi i ii) cél-lules joves (filles) amb una baixa activitat
metabolica que es divideixen molt lentament, aquesta fraccié representa entre un 3 i 8% del

cultiu (Breitenbach, Jazwinski, and Laun 2012).

Els estudis de CLS han portat al descobriment de dues vies de senyalitzacié que modulen
I’extensié de la vida cronologica, les dues censen la biodisponibilitat de nutrients i controlen
el seu us: i) Tor/Sch9 i ii) Ras/PKA (Figura 13). Aquestes rutes de senyalitzacié estan
conservades evolutivament i formen part del procés d’envelliment d’organismes eucariotes
superiors (Fabrizio and Longo 2008). La inhibici6 d’aquestes rutes de senyalitzacid convergeix
en l’activacié del reguld de residéncia a estrés, a través de Riml5, el qual promou la
translocacio al nucli dels factors de transcripcié Msn2/Msn4 i Gisl induint la transcripci6 de

gens proCLS (Fabrizio and Longo 2008; Longo et al. 2012).

La CLS no esta només regulada a través de les rutes de senyalitzacidé mencionades
anteriorment, és un procés multifactorial, la disfuncié mitocondrial, I’estrés oxidatiu i les ROS,
el dany i mutagénesi del DNA, alteracions metaboliques, disminucié de I’autofagia,
escurgament dels telomers, son alguns dels factors que influeixen la CLS (Figura 13) (Longo
et al. 2012). La disminucid de la senyalitzacié de Tor/Sch9 incrementa la CLS, perd també
indueix I’activitat mitocondrial, fet que indueix una major produccié de ROS mitocondrials. El
paper de les ROS en la CLS és complex, ja que la produccié de ROS durant la fase exponencial
contribueixen a I’extensioé de la CLS, mentre que les ROS durant la fase estacionaria tenen un
paper negatiu en 1’extensio de la vida cronologica del llevat (Bonawitz et al. 2007). Un dels
gens de resisténcia a estres, que els factors de transcripciéo Msn2/4 i Gisl regulen, és SOD2.
Sod2 és una superoxid dismutasa mitocondrial, la qual protegeix a la c¢l-lula enfront 1’estres
oxidatiu i les espécies reactives d’oxigen. La sobreexpressio de Sod2 incrementa la CLS de la

c¢l-lula bloquejant la produccié de ROS (Fabrizio et al. 2003).
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Figura 13. Factors que impacten en I’envelliment cronologic del llevat. La restriccio calorica
inhibeix 1’activitat de les vies de senyalitzacid Tor/Sch9 i Ras/PKA, permeten la translocacié dels
factors de transcripcié Gis1 i Msn2/4 al nucli (N) a través de la proteina Rim15. Gis1 i Msn2/4 indueixen
la transcripci6 genica de proteines implicades en la resposta a estrés, incrementant la CLS. Sch9 té un
paper dual, a més a més, bloqueja I’activitat mitocondrial impedint la generacié de ROS, les quals si
apareixen durant la fase exponencial del creixement, tenen un paper positiu sobre la CLS i si la seva
produccid es dona en la fase estacionaria, repercuteixen negativament a la CLS. Els telomers i

I’autofagia també s’han descrit com a extensors de la vida cronologica del llevat i d’altres organismes.

Els telomers estan directament relacionats amb 1’envelliment. El descobriment dels telomers

en S. cerevisiae va ser reconegut I’any 2009 atorgant un Premi Nobel a Elizabeth H. Blackburn,
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Carol W. Greider i Jack W. Szostak. Els telomers es troben en tots els cromosomes lineals
eucariotes, 1 son unes estructures formades per repeticions de DNA i proteines especifiques
d’aquestes regions. Les estructures telomériques varien entre els organismes, la seqiiéncia
concreta i la llargaria és diversa, perd en tots els casos una de les cadenes és rica en guanines i
I’altra en cisteines, i les bases de la seva regulacidé estan conservades. Els telomers son
essencials per mantenir 1’estabilitat genomica, serveixen per distingir entre els cromosomes i
els trencaments de doble cadena de DNA que es donen accidentalment en la cél-lula. Els
telomers també tenen una funcié important durant la replicacid, ja que 1’asimetria en qué €s
replicat el DNA i la direcci6 de la sintesi del DNA, fa que en cada divisi6 cel-lular 1"altim
nucleotid del cromosoma no es dupliqui, de manera que els extrems dels cromosomes
s’escurcen en cada divisio (Harari et al. 2020). Els organismes que presenten una divisid
constant, com els fongs, codifiquen per un enzim especific dels telomers, la telomerasa, la qual
actua com a transcriptasa inversa estenent els telomers. La telomerasa va ser descoberta en el
llevat del pa, un dels gens que codifica per la telomerasa és EST! (Ever Shorter Telomeres).
En llevat, els mutants est/ son viables, pero tenen una entrada en senescéncia anticipada i els
telomers s’escurcen. Quan els telomers son criticament curts, les cél-lules entren en
senescencia i es dona una parada del cicle cel-lular. Restablir la telomersa incrementa la CLS
(J. Liu et al. 2019). En els humans, la llargaria dels telomers decreix amb 1’edat correlacionant

I’envelliment i els telomers (Aubert and Lansdorp 2008).

Un altre modulador de la CLS és 1’autofagia. L’autofagia és induible, i en la majoria de les
cel-lules, presenten nivells basals d’activitat. L’autofagia degrada components cel-lulars per a
ser reciclats, per exemple organuls danyats com poden ser les mitocondries, les quals poden
contribuir a I’envelliment cel-lular, tal com s’ha esmentat anteriorment. Mutants en gens
autofagics com ATG1, ATG2, ATG7 i1 ATGS presenten una CLS inferior a la de cél-lules wt
(Matecic et al. 2010; Tyler and Johnson 2018a). Concloent que en S. cerevisiae I’autofagia és
necessaria per a la CLS. Aquesta afirmacid és certa en altres espécies com C. elegants i D.
melanogaster (Alvers et al. 2009). En mamifers, el bloqueig de 1’autofagia en alguns teixits
incrementa les malalties neurodegeneratives, cardiovasculars, defectes metabolics i cancers,
entre altres (X. J. Zhang et al. 2013). En esséncia, 1’autofagia és considerada com una via

protectora enfront I’envelliment.









OBJECTIUS

. Analitzar la connexi6 entre la via TORC1 i el metabolisme del ferro.

. Establir la relacié entre la deplecié de ferro, 1’autofagia i les rutes de senyalitzacio

involucrades en aquest procés, determinant-ne la seva importancia biologica.
Explicar la correlacio entre I’autofagia, depenent de la biodisponibilitat de glucosa, i el
receptor de la via de senyalitzacidé d’integritat de la paret cel-lular, Mtl1, aixi com el

seu paper en el reciclatge de les mitocondries durant el procés d’envelliment.

. Elucidar la connexi6 entre TORC2/Ypk1, la ruta dels esfingolipids i el metabolisme del

ferro.
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3.1 Soques de llevat utilitzades en I’estudi

Les soques de llevat S. cerevisiae utilitzades en aquesta tesi estan enumerades en la Taula 2, la

qual inclou el genotip i la font d’obtencio.

Per a la disrupcié genética per tal d’obtenir mutants es van substituir les ORFs corresponents
pels cassets KanMx4, NatMx4 o HIS3Mx6 emprant técniques de recombinacido homologa
descrites per Goldstein i McCusker 1’any 1999 (Goldstein and McCusker 1999). Les soques
obtingudes mitjangant aquesta técnica son: GSL218, 222, 238, 293, 296, 324, 364, 384, 394,
420, 430, 431, 435, 436, 437, 447, 448, 404, rpd3A, dot6Atod6A i publA.

Les soques GSL 197, 198, 199, 200, 201, 202, 226, 265, 279, 297, 313, 325, 352, 370, 371,
374, 382, 414 i 415 s’han assolit a través de la integracio del plasmid pGFP-Atg8 , digerit
préviament amb Stul, en el locus URA3 (el nom original d’aquest plasmid és pHab142). A
través de la integraci6 del plasmid pAtgl-HA, préviament digerit amb BstEII, s’han assolit les
soques GSL 372, 389, 390, 393, 395, 398, 399, 401 i 416. La soca GSL421 s’ha obtingut a
través de la integracié del plasmid pAft1C291F-HA préviament digerit amb EcoRV. La
integracié del plasmid pYpkl-HA, previament digerit amb BstEIl, s’ha utilitzat per a la
construcci6 de les soques GSL454 1 455. Finalment, la soca GSL451, s’ha aconseguit a través

de la integraci6 del plasmid pYpk1S644A/T662A préviament digerit amb BstEIL.

Taula 2. Soques de llevat. Part 1 de 4.

Soca Genotip Font/Referéncia
CML128 MATa leu2-3,112, ura3-52, trpl, his4 (Gallego et al. 1997)
GSLO011 CML 128 background, m#/1.::NatMx4 (Petkova, Pujol-

Carrion, and de la
Torre-Ruiz 2010)
GSL034 CML128 background, fori::KanMx4 (Petkova, Pujol-
Carrion, and de la
Torre-Ruiz 2010)
GSLO053 CML 128 background, ras2.:Leu2MX5 (Petkova, Pujol-

Carrion, and de la
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Taula 2. Soques de llevat. Part 2 de 4.

GSL054

GSL190

GSL197
GSL198
GSL199
GSL200

GSL201

GSL202

GSL205

GSL206

GSL218
GSL222
GSL226
GSL238
GSL265
GSL279
GSL280

GSL284

GSL293
GSL296
GSL297
GSL308

GSL313
GSL324

CML128 background, mtll::KanMx4 ras2::LEU2Mx5

CML 128 background, sit2::KanMx4

CML128 background, GFP-ATGS::URA3

CML128 background, m#1::NatMx4 GFP-ATGS::URA3
CML128 background, torl::KanMx4 GFP-ATGS::URA3
CML128 background, m#/1.::NatMx4 torl::LEU2 GFP-
ATGS::URA3

CML128 background, ras2::Leu2MX5 GFP-
ATG8::URA3

CML128 background, mtll::KanMx4 ras2::LEU2Mx5
GFP-ATGS::URA3

CML128 background, sch9::NatMx4

CML128 background, sch9::NatMx4 mtl1::KanMx4

CML128 background, atg7::NatMx4

CML128 background, atg!3::NatMx4

CML128 background, atg7::NatMx4 GFP-ATGS::URA3
CML 128 background, atgl7::NatMx4

CML128 background, slt2::NatMx4 GFP-ATGS::URA3
CML128 background, sch9::NatMx4 GFP-ATG8::URA3
CML128 background, tetO;AFTIC291F-HA::LEU2

CML128 background, aft!::KanMx4

CML128 background, atgll::NatMx4

CML128 background, atg33::NatMX4

CML128 background, atgll::NatMx4 GFP-ATGS::URA3
CML 128 background, tetO;Aft1-HA::LEU2

CML128 background, aftl::KanMx4 GFP-ATGS::URA3

CML 128 background, atgl.:NatMx4
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Torre-Ruiz 2010)
(Petkova, Pujol-
Carrion, and de la
Torre-Ruiz 2010)
(Sundaram et al.
2015)

Aquest treball
Aquest treball
Aquest treball
Aquest treball

Aquest treball

Aquest treball

(Sundaram et al.
2015)

(Sundaram et al.
2015)

Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
(Pujol-Carrion et al.
2021)
(Pujol-Carrion et al.
2013)

Aquest treball
Aquest treball
Aquest treball
(Pujol-Carrion et al.
2021)

Aquest treball
Aquest treball



Taula 2. Soques de llevat. Part 3 de 4.

GSL325
GSL350
GSL352
GSL364
GSL370
GSL371

GSL372
GSL374
GSL382
GSL384
GSL385

GSL389
GSL390
GSL393
GSL39%4
GSL395
GSL398
GSL399
GSL401
GSL410

GSL414

GSL415

GSL416
GSL420
GSL421
GSLA430
GSLA431
GSL435
GSL436
GSLA437

CML128 background, atgl.:NatMx4 GFP-ATGS::URA3
CML 128 background, gcn2::KanMx4

CML128 background, gcn2::KanMx4 GFP-ATGS::URA3
CML128 background, atg32.::KanMx4

CML128 background, 7100 GFP-ATGS::URA3

CML 128 background, atg32::KanMx4 GFP-
ATGS::URA3

CML128 background, ATGI-HA::LEU2

CML128 background, ypk!::KanMx4 GFP-ATGS::URA3
CML128 background, snfl:KanMx4 GFP-ATG8::URA3
CML128 background, ypkl::KanMx4

CML128 background, ypkl::KanMx4 tetO;Aftl-
HA::LEU2

CML128 background, torl::KanMx4 ATGI1-HA::LEU2
CML128 background, aft!::KanMx4 ATGI-HA::LEU2
CML 128 background, ypkl::KanMx4 ATGI1-HA::LEU2
CML128 background, snf1:KanMx4

CML128 background, snfl:KanMx4 ATGI-HA::LEU2
CML128 background, atgl::NatMx4 ATGI-HA::LEU2
CML 128 background, atg7.::NatMx4 ATGI1-HA::LEU2
CML128 background, gcn2::KanMx4 ATG1-HA::LEU2
CML 128 background, pkcl::LEU2

CML128 background, mtl1::KanMX4 sch9::NatMx4
GFP-ATGS::URA3

CML 128 background, mtl1::KanMx4 slt2::NatMx4 GFP-
ATG8::URA3

CML128 background, mt!1:NatMx4 ATG1-HA::LEU2
CML 128 background, ypkl::KanMx4 atg7::NatMx4
CMLI128, ypkl::KanMx4 tetO;AFTIC291F-HA::LEU2
CML 128 background, laci::KanMx4

CML128 background, lag!::KanMx4

CML 128 background, fet3::KanMx4

CML 128 background, cccl::KanMx4

CML 128 background, mrs3::KanMx4
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Aquest treball
(Mechoud et al. 2020)
Aquest treball
Aquest treball
Aquest treball
Aquest treball

Aquest treball
Aquest treball
Aquest treball
Aquest treball
(Pujol-Carrion et al.
2021)

Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
(Mitjana, Petkova,
and Pujol-carrion
2011)

Aquest treball

Aquest treball

Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball
Aquest treball



Taula 2. Soques de llevat. Part 4 de 4.

GSL447 CML128 background, fet5::KanMx4 Aquest treball

GSL448 CML 128 background, atm::KanMx4 Aquest treball

GSL451 CML128 background, ypkl ::KanMx4 YPK [S64#47024_ Aquest treball

HA::LEU2

GSL454 CML128 background, YPKI-HA::LEU?2 Aquest treball

GSLA455 CML128 background, ypkl::KanMx4 YPK1-HA::LEU2 Aquest treball

R43 CML128 background, 7400 Aquest treball

BY4741 MATa his3-1, leu2, metl5, ura3 (Niles et al. 2011)

pho8A BY4741 background, pho8::HPH (Guedes, Ludovico,
and Sampaio-
Marques 2016)

GSL404 BY4741 background, ypkl::KanMx4 Aquest treball

FY250 MAT & his3-200, leu2-1, trp1-63, ura3-52 (Mayordomo,
Estruch, and Sanz
2002)

SEY6210 MATa his3-200, leu2-3, lys2-801, trp1-901, ura3-52, (Tomotake and Daniel

suc2-9 GAL 2008)

W303 MATa ade2-1, trpl-1, leu2-3,2-111, his3-11,75, ura3 (Niles et al. 2011)

GSL417 W303 background, tor2”::LEU2 (Costanzo et al. 2010)

pubIA W303 background, publ.:KanMx4 Aquest treball

LHY291 MATa his3, trpl, lys2, ura3, leu2, barl (Fresques et al. 2015)

PLY979 LHY291 background, cka2::TRP1 (Fresques et al. 2015)

3.2 Plasmids utilitzats en aquest I’estudi

Els plasmids emprats en aquest estudi es descriuen en la Taula 3.

El plasmid pMM351 és un vector integratiu que expressa 3 copies de I’epitop hemaglutinina
(HA) en I’extrem C-terminal i el promotor tetO7 en I’extrem N-terminal. Aquest plasmid es va
fer servir com a vector per construir els plasmids: i) pAtgl-HA, clonant la seqiiéncia d’ATG1
entre els llocs de restriccid de Pmel i Pstl; ii) pYpkl-HA, amplificant la seqiiéncia d’YPK]
entre els llocs de restriccid dels enzims Pmel i Notl; i iii) pPkc1*, a partir de ’amplificaci6 la
seqiiencia de PKC1 del plasmid pGALPkc1* (proporcionat per la Dra. Maria Molina), el qual

expressa un al-lel constitutivament actiu del gen PKC1, entre els llocs de restriccio dels enzims
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Pmel i Notl.

El vector pUG35 expressa la proteina verda yGRP3 en el seu extrem C-terminal sota el control
del promotor regulable MET25. Els plasmids que es van construir utilitzant aquest vector son:
1) pSfp1-GFP, a partir de I’amplificacié de la seqiiencia del gen SFPI, entre els llocs de
restriccié dels enzims Sall i Smal; ii) pAtg13-GFP, amplificant ’ORF d’A7TG13, flanquejada
per les seqiiéncies de restriccié dels enzims Xbal i Sall; i iii) pPse1-GFP, gracies a la clonacio

de la seqiiencia del gen PSE1, entre els llocs de restriccio dels enzims BamHI i Sall.

El vector pCM64, el qual conté el promotor LacZ es va utilitzar per a construir el plasmid
pCM64-pacoi-lacZ, a través de la insercié d’un fragment del promotor d’ACO1 en els llocs de

restriccid de BglIl i BamHI.

Finalment, el vector pPCM265, el qual conté el promotor ADH1 i 3 copies d’HA en I’extrem C-
terminal, va ser usat per a la construcci6 del plasmid pAtgl3-HA a partir de ’amplificacio de

la seqiiéncia d’ATG13 entre els llocs de restriccid dels enzims Notl i Pstl.
Cada ORF particular es va amplificar per PCR a partir de DNA genomic per ser
direccionalment clonat en el plasmid especific. Excepte I’ORF de PKC! constitutivament actiu

que es va utilitzar com a DNA motlle el plasmid original pGALPkc1*.

Taula 3. Plasmids emprats. Part1 de 2.

Plasmid Marcador Promotor Epitop Font/Referéncia
pStp1-GFP URA3 MET25 GFP Aquest treball
pGFP-Atg8 URA3 ATGS GFP (Ecker et al. 2010)
pAtgl3-HA URA3 ADH1 HA Aquest treball
pYX242-cytPho8 LEU2 PHOS8 (Guedes,

Ludovico, and
Sampaio-Marques
2016)

pAdh1-Msn2-GFP LEU2 ADH1 GFP (Gorner,
Durchschlag,
Martinez-Pastor, et
al. 1998)
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Taula 3. Plasmids emprats. Part 2 de 2.

pAtgl3-GFP
pAtgl-HA
pRtgl-GFP

pAMS363

pldpl-GFP
pBcyl-HA

pPkel*
pBck1-20

pAftl-GFP
ptetO7Aft1-HA
pAft1C291F-HA
pFet3-LacZ
pPsel-GFP
pYpkl-HA

PYpk 15644AT662A
pC-terminal3-HA

pUG35

pCM265

pMM351

URA3

LEU2

URA3

URA3

URA3
HIS3

LEU2
TRPI

URA3

LEU2

LEU2

URA3

URA3
LEU2
LEU2
UAR3
URA3

URA3

LEU2

MET25 GFP
tetO7 HA
RTG1 GFP
2xCDRE:lacZ

IDP1 GFP
ADH1 HA
tetO7 HA
LAC

MET25

tetO7 HA
tetO7 HA
LacZ

MET25 GFP
tetO7 HA
ADH1 HA
ADH1 HA
MET25 GFP
ADH1 HA
tetO7 HA

Aquest treball
Aquest treball
(Komeili et al.
2000b)

(Vlahakis et al.
2014)

(Hagai et al. 2017)
(Sundaram et al.
2015)

Aquest treball
(Petkova et al.
2010)
(Pujol-Carrion et
al. 2006)
(Pujol-Carrion et
al. 2006)
(Pujol-Carrion et
al. 2021)

(Jorda, Rozes, and
Puig 2021)
Aquest treball
Aquest treball
(Niles et al. 2014)
(Niles et al. 2014)
(Pujol-carrion et
al. 2022)
(Petkova, Pujol-
carrion, and Torre-
ruiz 2012)
(Pujol-Carrion et
al. 2006)

3.3 Medis de cultiu, condicions de creixement i reactius

Els medis de cultius utilitzats en 1’elaboracié d’aquesta recerca han estat:
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)

ii)

iii)

iv)

vi)

vii)

viii)

ix)

YPD, és un medi ric que conté glucosa (Serva, 22720.02) al 2%, peptona (Quimega,
1616.00) al 2% i extracte de llevat (Quimega, 1702.00) al 1%.

SC, és un medi definit que conté 0,67% de base nitrogenada de llevat (BD, 291940),
2% de glucosa (Serva, 22720.02) i 0,2% de “drop out” (Formedium; DCS1389). El
“drop out” és una combinaci6é de bases nitrogenades i aminoacids els quals es

detallen en la Taula 4.

SD, és un medi definit a base del 0,67% de base nitrogenada de llevat (BD, 291940)
2% de glucosa (Serva, 22720.02).

SD-Glucosa, medi definit sense glucosa obtingut a partir del 0,67% de base
nitrogenada de llevat (BD, 291940).

SD-Nitrogen, medi definit sense nitrogen elaborat amb el 2% de glucosa (Serva,

22720.02).

SD-Ferro, és un medi definit sense ferro que conté 0,67% de base nitrogenada de
llevat que no conté ferro (US Biological, Y2037), 2% de glucosa (Serva, 22720.02)
i 80 uM de BPS (4,7-diphenyl-1,10-phenanthrolinedisulfonic acid) (Sigma,

146617), un quelant de ferro extracel-lular.

SGlicerol, és un medi definit a base del 0,67% de base nitrogenada de llevat (BD,
291940) i 3% de glicerol (Fisher scientific, 800689).

SSucrosa, medi definit a base de 0,67% de base nitrogenada de llevat (BD, 291940)
i 2% de sucrosa (Sigma, S0389).

SFructosa, medi definit elaborat al 0,67% de base nitrogenada de llevat (BD,
291940) i 2% de fructosa (Sigma, 47740).
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X) LB, medi ric per al cultiu de bacteri que conté triptona (Pronadisa, 1612.00) 1’1%,
NaCl (Serva, 170081) 1’'1% i extracte de llevat al 0,5% (Quimega, 1702.00). Aquest
medi s’ajusta a pH 7,5 amb NaOH (Scharlau, 1839).

Taula 4. Composici6 del “drop out”

Component mg/1 Component mg/1 Component mg/1
Adenina 20 Glutamina 20 Fenilalanina 50
Alanina 20 Acid glutamic 100 Prolina 20
Arginina 20 Glicina 20 Serina 400
Asparagina 20 Isoleucina 30 Treonina 200
Acid aspartic 100 Lisina 30 Tirosina 30
Cisteina 20 Metionina 20 Valina 150

A excepcio dels medis rics, els medis de cultius es complementen amb els requisits auxotrofics

necessaris.

Per als medis de cultiu solid, en tots els casos, s’afegeix el 2% d’agar a la composici6 descrita

anteriorment.

Les cel-lules en placa s’han crescut a I’incubador (Memmert) i els cultius liquids en agitacio a
170 rpm. Els cultius bacterians s’han incubat a 37°C , mentre que els de llevat a 30°C. En els
casos en qué s’han utilitzat mutants termosensibles, els cultius s’han incubat a 25°C i
posteriorment es realitza un canvi a 37°C durant dues hores per inactivar la proteina mutada.
En aquesta tesi es considera cultius en fase exponencial els que es troben a absorbancia optica
a 600nm (0.Ds00):0,6, en els casos que ha estat necessari I’s de poblacions en una etapa de

creixement diferent, s’ha detallat i justificat degudament al text.

A continuaci6 es mostra una llista dels agents quimics que s’afegeixen als medis de cultiu per
dur a terme els diferents assaigs on es detalla la concentracid final en qué s’utilitzen i la casa
comercial on s’han adquirit: acid 4,7-difenil-1,10-fenanthrolidisulfonic (BPS) 80 uM (Sigma,
146617); N-Acetil cisteina (NAC) 5 mM (Sigma, A9165); Rapamicina (Rapa) 200 ng/ml
(Sigma, R0395); Cicloheximida (CHX) 150 mg/ml (Sigma, C4859); DAPI 2 mg/ml (Sigma,
D9541); (N-(3-trietilammonipropil)-4-(p-dietilaminofenilhexatrienil)) piridinum dibromur
(FM464) 30 pg/ul (Invitrogen, T-3166); Miriocina (Myr) 2 mM (Sigma, M1177); D-eritro-
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Dihidrosfingosina (DHS) 20 uM (Sigma, D3314); Aureobasidina A (Aur) 250 ng/ml
(MedChem Express, HY-P1975); SUlfat d’amoni de ferro (III) hexacahidrat
[NH4Fe(SOs4)2-6H20] (Fe) 10 mM (Sigma, F1543); Fosfatasa alcalina (PA) (Roche,
105677520001); Clorur de calci dihidrat [CaCl,-2H,0] 100mM (Serva, 15587); peroxid
d'hidrogen [H20:] 0,5 mM (Sigma, H1009); Sorbitol 0,8 M (Sigma, S6021); Dihidroetidi
(DHE) 50 uM (Sigma, D7008); Eritromicina 0,5 mM (Sigma, E6376); ATP 200 mM (Sigma,
A1852); Glicerol 3% (Fisher scientific, 800689); Sucrosa 2% (Sigma, S0389); Fructosa 2%
(Sigma, 47740).

3.4 Determinacio de la concentracio glucosa, trehalosa i etanol

Per tal de determinar la glucosa i la trehalosa es va seguir el protocol descrit anteriorment en

(Hernandez-Lopez, Prieto, and Randez-Gil 2003).

La concentraci6 d’etanol en el sobrenedant es va determinar a través de la técnica HPLC en el
cromatograf “Surveyor Plus” (Thermo Fisher Scientific), equipat amb un detector d’index de
refraccid, un mostrejador automatic i un detector UV-visible. Cada mostra es va analitzar per

duplicat.

3.5 Determinacio de ’activitat Calcineurina

Per determinar ’activitat de la calcineurina es va emprar un reporter lacZ d’un element de
resposta dependent de la calcineurina (CDRE) (Stathopoulos and Cyert 1997), facilitat pel Dr.
Ted Powers, i seguidament es va procedir a elaborar un assaig [3-galactosidasa, explicat

posteriorment en aquest apartat de material i métodes.

3.6 Tincio cel-lular

Per establir les localitzacions subcel-lulars es va fer us de diferents compostos que tenyeixen

components cel-lulars especifics:

i) Tincié de la membrana vacuolar amb FM4-64.
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ii) Tincié del material genétic del nucli i mitocondries amb DAPI.

iii) Tinci6 cel-lular per determinar oxidacié cel-lular amb DHE.

Aliquotes d’1 mL de cultiu, van ser recol-lectades, centrifugades durant 5 minuts a 3000 rpm i
resuspeses en 50 pl de medi fresc. Posteriorment, les mostres s’incubaren amb 5 pl de FM4-
64 (Invitrogen, T-3166), 0,5 pl de DAPI (Sigma, D9541) o 1 ul de DHE (Sigma, D7008),
durant 1 hora a 30°C. Finalment, abans de I’observacié de les mostres, es van efectuar tres

rentats amb aigua MiliQ estéril i es van resuspendre en 50 pl de medi de cultiu fresc.

3.7 Determinacio del index de competéncia respiratoria (IRC) i

freqiiéncia de mutacions mitocondrials

El IRC es va calcular a través de la ratio del nombre de CFUs observades en plaques de medi
no fermentable YPEG (Glicerol) i les observades en plaques de medi fermentable YPD
(Glucosa).

L’assaig de freqiiéncia de mutacions mitocondrials es va determinar entre la ratio de CFUs
contades en plaques YPEG amb eritromicina (Sigma, E6376) i el nombre de CFUs contades

en plaques de YPD.

Ambdos protocols es van portar a terme segons les directrius descrites en (Parrella and Longo
2008).

3.8 Superviveéncia cel-lular i CLS

Per tal de determinar la supervivéncia cel-lular, les cél-lules es van créixer fins a ODgoo: 0,6 en
el medi de cultiu descrit per a cada experiment. La viabilitat es va calcular a través de dilucions
seriades del cultiu plaquejades per triplicat en plaques de YPD i crescudes a 30°C durant 3 dies.
La CLS es va determinar a través de poblacions de cel-lules que no estan en divisio tal com
s’indica en (Sundaram et al. 2015). Es calcula contant el nombre de cél-lules que poden formar

colonies. Els cultius es van iniciar a ODggo: 0,6. El mateix nombre de cél-lules eren recollides
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de cada cultiu i plaquejades per triplicat en plaques de YPD, les quals es van deixar créixer a
30°C durant 3-4 dies. La representaci6 dels resultats es mostra en forma de grafica a partir de
les mitges i desviacions estandard corresponents de tres experiments independents. La mesura

comenga al dia 3 de cultiu fins als 15 dies.

3.9 Extraccio de proteina i analisi per immunodeteccio en

“western blot”

Per aquesta técnica se segueix el mateix protocol que esta descrit en (Pujol-carrion et al. 2022).
Els extractes de proteina s’obtenen a partir de mostres de cél-lules equivalents a 15 mL de
cultiu a ODgoo: 0,6. Les cél-lules de llevat son escalfades a 95°C durant 2 minuts amb 15 pl
d’urea SM (Serva, 24524). Les c¢l-lules son llisades amb un volum equivalent de boles de vidre
(Sigma, G9268) al “Ribolyser” (5,5 m/s, 5-7 vegades a 4°C). Els lisats cel-lulars es
desnaturalitzen a 95°C durant 2 minuts amb 50 ul de SDS (Affymetrix, 75819) al 10%.
Posteriorment, es centrifuga i separa el sobrenedant del pellet. El sobrenedant conté les
proteines desnaturalitzades, les quals, es quantifiquen a través de 1’assaig de proteines Micro
DC (Bio-Rad, 5000111). Quantitats iguals de proteina total es carreguen i separen en gels de
SDS-poliacrilamida al 10%. Els gels corren amb preséncia de “Running Buffer” (Tris 0,25 M
(Sigma, 37190); Glicina 1,92 M (Fisher, BP381-1); SDS 1% (Affymetrix, 75819) a pH 8,4-
8.,9). Seguidament, les proteines es transfereixen del gel a una membrana de PVDF (Millipore,
IPVHO00010) amb preséncia de buffer de transferéncia (Glicina 39 mM (Fisher, BP381-1); Tris
48 mM (Sigma, 37190); SDS 0,0375% (Affymetrix, 75819); Metanol 20% (Fisher, 10675112).
Un cop les proteines s’han transferit a la membrana, aquesta ¢és bloquejada amb buffer B (5%
de llet desnatada, dissolta en TBS-T (Tris 20 mM (Sigma, 37190); NaCl 150 mM (Sigma,
30183); i Tween 20 al 0,1% (Fisher, 11417160)) durant 1 hora. Posteriorment, es renten les
membranes amb TBS-T i s’incuba tota la nit amb 1’anticds primari. Després, les membranes es
netegen per eliminar ’excés d’anticos amb TBS-T i s’incuben amb ’anticds secundari durant

1 hora a temperatura ambient. Finalment, les membranes es netegen amb TBS-T.

La deteccié dels complexes proteina-anticos es realitza mitjangant el kit “Clarity™ Western
ECL Substarte” (Bio-Rad, 170-5060) i I’equip de deteccid “Chemidoc™-MP Imaging System”
(Bio-Rad). L’adquisicio de les imatges i processament es fa en el programa “/mage Lab” (Bio-

Rad).Els anticossos emprats en els “western blots” es detallen en la Taula 5.
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Taula 5. Anticossos utilitzats per la deteccio de proteines en “western blot”.

Anticos Primari Productor i Dilucié  Anticos Productor i Diluci6
Referéncia Secundari  Referéncia

anti-GFP Living Colours, 1:2000 anti-Mouse  GE Healthcare, 1:10000
632381 LNA931v/AG

anti-HA (3F10) Roche, 1:2000  anti-Rat Millipore, AP136P  1:10000
12158167001

anti-PGK 1 Invitrogen, 1:12000 anti-Mouse GE Healthcare, 1:10000
459250 LNA931Iv/AG

anti-phospho-eIF20. ~ Cell Signalling, ~ 1:1000  anti-Rabbit ~GE Healthcare, 1:10000
3597S LNA934v/AG

anti-phospho- Cell Signalling, 1:1000  anti-Rabbit GE Healthcare, 1:10000

AMPKa 1672538 LNA934v/AG

anti-phospho-Ypk1 Dr. Ted Powers 1:20000 anti-Rabbit GE Healthcare, 1:10000

LNA934v/AG

3.10 Deteccio de ’autofagia

La progressi6 de I’autofagia es va monitoritzar a través de diferents aproximacions: i) deteccid

immunologica de I’acumulacié de GFP lliure procedent de la fusié genomica GFP-AtgS, la

qual s’allibera dins el vacuol com a resultat de la formacid del cos autofagic (Takahiro Shintani

and Daniel J. Klionsky 2004); ii) ’observacié microscopica de 1’acumulacié de GFP dins el

vactiol. En general aquestes dues aproximacions son suficients per determinar 1’activitat

autofagica. En algunes ocasions especials també es va utilitzar un assaig enzimatic per

determinat I’autofagia no especifica mitjancat 1’activitat enzimatica de pho8[160, tal com van

descriure Noda i Klionsky (Noda and Klionsky 2009), i van modificar Guedes i els seus

Companys (Guedes, Ludovico, and Sampaio-Marques 2016).

3.11 Deteccio de ferro endogen

Per detectar el ferro endogen es va emprar un assaig colorimétric descrit per Jordi Tamarit I’any

2006 (Tamarit et al. 2006).
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3.12 Activitat B-galactosidasa

L’activitat B-galactosidasa es va determinar tal com es descriu en (Monica A. Mechoud, Nuria
Pujol-Carrion, Sandra Montella-Manuel 2020), amb algunes modificacions. Es recol-lecta 1ml
de cultiu cel-lular a OD600 0,6 i se centrifuga 5 minuts a 3000rpm. Els pelletes es suspenen en
50uL de buffer Z (Na2HPO4 60 mM (Serva, 30200.01); NaH,PO4 40 mM (Serva, 13472-35-
0); KCI 10 mM (Serva, 26868); MgSOs ImM (Sigma, M7634-100G); B-mercaptoetanol 50
mM (BioRad, 161-0710)) més 2,5 pl de sarcosil 10% (Sigma, T4376) i 0,5 pl de tolue (Merck,
244511). Posteriorment, s’afegeixen 150 pl de buffer Z i 50 pl d’ o-nitrofenil-B-D-
galactopirandsid (ONPG) 4 mg/ml (Sigma, N1127) i s’incuba a 28°C durant 5 minuts.
Finalment, s’afegeixen 500 pl de Na;CO3 1 M (Sigma, S7795-500G) per parar la reaccio. La

descomposicid del substrat produeix un canvi de color que es mesura a absorbancia 420nm.

3.13 Microscopi de Fluorescéncia

Les c¢l-lules s’observen al microscopi de fluorescéncia (Olympus BX-51) utilitzant 1’objectiu
d’augment 60X. Les localitzacions cel-lulars son efectuades als temps indicats en els resultats

sota les condicions descrites per a cada experiment.

3.14 Analisi estadistica

Les barres d’error en els histogrames representen la desviacio estandard (SD) calculada a partir
d’experiments independents. La significanga dels resultats es determina a través del P-valor de
la prova t de Student, seguint el segilient criteri: *=0,05>P>0,01; **=0,01>P>0,001;
***=(0,001>P>0,0001; ****=P>0,0001.
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ABSTRACT

Iron is an essential micronutrient that participates as a protein cofactor in
a broad range of metabolic processes. The yeast Saccharomyces cerevisiae

has been widely used to characterize the responses of eukaryotic cells to iron
depletion. Here, we used a genomic approach to investigate the contribution of

transcription rates (TR) and mRNA stabilities to the modulation of mRNA

amount (RA) during yeast adaptation to iron starvation. We show that iron
deficiency causes an overall decrease in the TR, which effect on RA is partially

compensated by a global mRNA stabilization. Genes from the iron regulon,

mitochondrial retrograde pathway and general stress response display a
remarkable increase in both TR and RA upon iron limitation, whereas genes

encoding ribosomal proteins or ribosome biogenesis  factors exhibit

pronounced fall. This expression profile is consistent with a slow but irreversible
activation of the environmental stress response. Specific molecular markers

including the phosphorylation status of Sch9, Dot6, Rps6, Mafl and elF2a

suggest that the conserved TORCI signaling pathway is inhibited during iron
deficiency leading to a general repression of protein translation. These results

uncover an intricate crosstalk between iron metabolism and the TORCI
pathway that should be considered in many pathological situations.
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INTRODUCTION

Iron is an essential micronutrient for all eukaryotes because it
participates as a redox cofactor in fundamental cellular processes including

DNA replication and repair, translation and cellular respiration. Although iron is
quite abundant, its bioavailability is very restricted under aerobic conditions

because of the insolubility of ferric iron at physiological pH. Thus, the

acquisition and maintenance of sufficient iron levels suppose a challenge for
living organisms, which have evolved sophisticated mechanisms to modulate

iron homeostasis. Indeed, iron deficiency anemia is the most widespread

nutritional disorder in humans, estimated to affect more than two billion people
with a high prevalence in children and women of childbearing age (1). The

budding yeast Saccharomyces cerevisiae has proved to be a reliable model to

identify and characterize mechanisms of adaptation to iron deficiency in
humans and plants. S. cerevisiae responds to the scarcity of iron through two

complementary strategies, which occur at the transcriptional and post-

transcriptional level, respectively. First, the transcription factors Aftl and Aft2
accumulate into the nucleus, bind to iron responsive elements (FeREs), and

activate the expression of ~35 genes known as the iron regulon, which are

mainly involved in the acquisition of extracellular iron and the mobilization and
recycling of intracellular iron (reviewed in (2)). Second, two mRNA-binding

proteins denoted Cthl and Cth2, which are part of the iron regulon, specifically

bind to AU-rich elements within the 3’untranslated region of many mRNAs, and
stimulate  their turnover and translational inhibition (3-6). This post-

transcriptional regulation promotes a metabolic remodeling that limits the

utilization of the scarce iron in non-essential processes, such as respiration, and
optimizes its utilization in indispensable pathways such as DNA synthesis.

The conserved target of rapamycin (TOR) serine/threonine kinase and its
namesake pathway, which were first discovered in yeast, control cell growth

and metabolism in response to environmental cues such as nutrient levels, cell
integrity, stress or energy status ((reviewed in (7-9)). The TOR kinase can

function in two different multiproteic complexes, TORC1 and TORC2, which are

conserved from yeast to mammals. The yeast TORC1 complex is composed of
Torl or Tor2 kinase, and the Lst8, Kogl and Tco89 proteins. The two major

downstream effectors of the TORC1 complex are the Sch9 kinase and the

phosphatase complex Tap42-PP2A. When the environmental conditions are
favorable, the TORC1 pathway promotes ribosome biogenesis and protein

translation by favoring the expression of ribosomal proteins (RPs), ribosome
biogenesis (RiBi) factors, rRNAs and tRNAs at multiple levels (7). Under
nutrient limitation, or in the presence of the lipophilic drug rapamycin, the
inactivation of TORCI provokes a decrease in the phosphorylation of Sch9, and

subsequently of Stb3 and Dot6/Tod6 transcription factors, which, together with
the Rpd3L histone deacetylase complex, repress the transcription of RP and
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RiBi genes (7,10). Under these conditions, Sfpl, an activator of RP and RiBi

genes and a direct target of TORCI, is inactivated by dephosphorylation and
exported to the cytoplasm (reviewed in (7)). Under optimal conditions, TORC1
enhances rRNA expression by inhibiting the proteasome-dependent
degradation of Rrn3, the activating factor of the RNA polymerase I (RNA Pol I)

(11), and tRNA transcription by regulating the phosphorylation stage of the RNA
polymerase III (RNA Pol III) repressor Mafl. TORC1 also regulates the initiation

of translation through elF2o. Under amino acid starvation or rapamycin
treatment, elF2a is phosphorylated by the protein kinase Gen2, which is
previously activated by Tap42-PP2A-dependent dephosphorylation. ~ The

phosphorylation of elF2a causes a block in global 5° cap-dependent translation
initiation, while permitting the translation of genes containing upstream ORFs,
such as GCN4, the transcriptional activator of amino acid biosynthetic genes.

The retrograde response is a signaling pathway that communicates

mitochondria with the nucleus, activating the expression of several nuclear
genes that are necessary for the synthesis of glutamate and other anabolic

precursors of amino acids through anaplerotic reactions. These genes include

CIT2, the peroxisomal isoform of citrate synthase that produces citrate as part

of the glyoxylate cycle, and the genes encoding the enzymes of the three first

steps in the tricarboxylic acid (TCA) cycle: CIT1, coding for the mitochondrial
isoform of citrate synthase; ACO1, aconitase, and IDH1/2, encoding NAD*-
dependent isocitrate dehydrogenase (reviewed in (12)), which enable cells to
maintain  glutamate  and glutamine supplies when mitochondria  are

dysfunctional and cells are respiratory deficient through the synthesis of a-
ketoglutarate. The retrograde signaling requires the nuclear translocation of a
heterodimeric transcription factor constituted by Rtgl and Rtg3 proteins, which

occurs after the Rtg2-dependent partial dephosphorylation of Rtg3. The TORC1
complex negatively regulates retrograde signaling through its component Lst8,
acting both upstream and downstream of Rtg2 (reviewed in (12,13)).

Previous global studies have analyzed the changes in mRNA levels that

S. cerevisiae undergoes in response to iron deficiency (3,14,15). The
information obtained from these transcriptomic analyses is nonetheless limited,

as it involves the measurement of steady-state mRNA amounts (RA), and does

not take into account that RA is the result of the coordinated balance between
mRNA synthesis and decay. In order to assess the relative contribution of
transcriptional and post-transcriptional strategies to the adaptation to iron
limitation, we have used the genomic run-on (GRO) technique (16) to determine
the TR and RA for the entire yeast transcriptome during the progress from mild
to severe iron deficiency, and we have calculated the mRNA decay rates from

the TR and RA experimental data. Our data uncover new insights onto the
molecular mechanisms involved in the adaptation to iron deprivation, including

changes in mRNA stability, an activation of the environmental stress response
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(ESR), a TOR-mediated down-regulation of protein translation, and the
activation of the mitochondrial retrograde response.



VOO NOUhA WN =

-
o

—_
N

-
A ow

[N
0 N oun

N
oo

NN
[N

NN N NN
~N O Ul M

[
o o

w
hag

A WWWWwW W
O V0o~ ONUT AW

FNIN
=

SN
N ow

e
oul

o ]
O O N

[S RS, NS, NE I, N E N, NS N ]
Vo JOoOU AhWN D

[oN)
o

MATERIALS AND METHODS

Yeast strains, plasmids and growth conditions. The yeast strains used in
this study are listed in the Supplementary Table S1. The pCM64-Pacoi-lacZ
reporter plasmid was made by the insertion of a 613-bp PCR amplified fragment
from the ACO7 promoter region into the Bglll-BamHI sites of pCM64 vector
(from Charles Moehle). The Sfpl-GFP plasmid was constructed by amplifying
SFP1 sequence flanked by Sall and Smal restriction sites, digestion and cloned

into pUG35 plasmid. Yeast W303 cells were cultivated in SC medium for at

least 15 hours to reach early exponential phase (ODsoo = 0.2). Then, 100 pM of
the Fe?*-specific chelator bathophenanthroline disulfonic acid (BPS; Sigma)
was added, and aliquots were isolated at 0, 10, 30, 90, 180 and 360 minutes

after iron limitation. In the case of yeast cells from the BY4741 background, an
overnight preculture was used to inoculate SC (+Fe) or SC + 100 uM BPS
cultures (-Fe), and aliquots were taken at the specified times. For mRNA half-

life measurements, yeast cells were cultivated in SC or SC + 100 uM BPS for 3
hours to exponential phase. Then, thiolutin was added to a final concentration
of 3 pg/mL to inhibit RNA polymerase II (RNA Pol II) transcription, and aliquots
were isolated at successive times (0, 5, 10, 15, 20, 35 and 70 min). For

microscopy, cultures were grown at 30°C in SC to ODgoo = 0.6. Then, yeast
cells were washed four times in either SD or SD + 10 uM BPS. Half of the cells

were transferred to fresh SD medium or alternatively to SD + 10 uM BPS (-Fe)

at ODgoo = 0.2. Cultures were grown for 8 hours in continuous shaking. Samples
were taken for observation in an Olympus Bx51 fluorescence microscope.

Determination and analyses of transcription rates and mRNA levels. To

determine the transcription rates (TR) and RA of each gene on a genome-wide
scale, we followed the GRO and mRNA measurement protocols previously
described (16), except that cells were frozen and the reverse transcription of

mRNA was carried out using an oligo-d(T)15VN instead of random primers.
Quantification and normalization of the data were performed as reported (16).
Changes in the normalized median values of TR and RA were evaluated by

cluster analysis with WebMeV (Multiple Experiment Viewer). Finally, we used
the Gene Ontology enRIchment analysis and visuaLizAtion tool (http://cbl-
gorilla.cs.technion.ac.il) to ascertain the enrichment of clusters in specific gene
ontology (GO) categories. Three biologically independent replicates were
performed for each experiment.

Total poly(A) RNA measurements. We used a dot-blot procedure to
determine the poly(A) mRNA/cell as previously described (16).

Messenger RNA decay rate calculations. The decay rate constant (kp) was
calculated from the TR and RA mean value from three biological replicates. We
assumed steady-state conditions for time zero and 180 min of BPS, whereas
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non-steady state conditions were considered for 10, 30 and 90 min of BPS. The
kp at steady-state decay conditions was calculated as the TR/RA ratio (16).

A kp value for the time interval between t; and t, was obtained and
assigned to a time point in the middle of both experimental times (17).

RNA analyses. Total yeast RNA isolation, reverse transcription and
quantitative PCR (RT-qPCR) were performed as previously described (5). An

oligo-dT primer was used for reverse transcription, except in mRNA half-life

measurements, where random primers were used. Specific primer pairs were
used for the qPCR (listed in Supplementary Table S2). The data and error bars

represent the relative average and standard deviations of three independent
biological samples.

Protein analyses. Yeast proteins were extracted and analyzed by Western blot
as previously reported (5), except in the case of Sch9 and Mafl protein

phosphorylations, ~ which were studied with specific procedures  (18-20).

Chromatin immunoprecipitation (ChIP) assays were performed to determine
RNA pol II binding to Rtgl-regulated gene promoters as described (21). Cell

extracts for ChIP were incubated with Dynabeads Pan Mouse IgG (Invitrogen),

previously bound to a monoclonal mouse anti-Rpbl antibody (clone 8WG16,
Covance), and DNA was purified with the High Pure PCR Product Purification

Kit (Roche). The primers used for the RT-qPCR analyses are listed in

Supplementary Table S2. The primary antibodies used in this study included
anti-Rpbl (clone 8WG16, Covance), anti-Rpb1-Ser2-Phosphorylated (Abcam),

anti-HA (3F10; Sigma), anti-Rpal90A (from Olga Calvo), anti-GFP (Roche),

anti-Rps6 (Cell Signaling Technology), anti-Rps6-Ser235/Ser236 (Cell Signaling
Technology), anti-e[F20 (from John M. Zaborske), anti-eIF2a-Ser51/Ser52 (Cell

Signaling Technology), anti-Mafl (from Olivier Lefebvre) and anti-Pgkl
(22C5D8; Invitrogen).

Determination of glucose and ethanol concentrations. Glucose and ethanol
concentrations in all the supernatant samples were determined by HPLC in a

Surveyor Plus Chromatograph (Thermo Fisher Scientific, Waltham, MA)

equipped with a refraction index detector, an autosampler and a UV-Visible
detector. Each sample was analyzed in duplicate.

Miscellaneous. Polyribosome profile analyses were performed as previously

described (5). Cell median volumes were determined with a Coulter Counter Z
(Beckman Coulter, USA). Rrp12-GFP expressing cells were stained with 4°,6-
diamidino-2-phenylindole (DAPI) and visualized in an Axioskop 2 fluorescence
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microscope  (Zeiss), and images were captured with a SPOT camera
(Diagnostic Instruments). -Galactosidase activity was measured as previously

described (21). Tailed t-student tests were applied to evaluate statistical
significance.

Accession numbers. The Gene Expression Omnibus (GEO) accession
number for the whole experiment is GSE127875.
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RESULTS

General responses during the adaptation to iron deficiency

Various studies have shown that the yeast S. cerevisiae alters the
steady-state levels of many transcripts in response to nutritional or genetic iron
deficiencies (3,14,15). However, little is known about the relative contribution of
transcriptional ~ and  post-transcriptional regulatory  mechanisms to the

abundance of specific mRNAs upon iron scarcity. To address this question, we
determined the TR and the RA per cell of the entire yeast genome during the
progress of iron deficiency. We cultivated a haploid prototroph W303 yeast

strain to early exponential phase (A o = 0.3; 7-10° cells/mL), and then we

added 100 uM of bathophenanthroline disulfonate (BPS), a widely used Fe?'-
specific chelator that limits extracellular iron bioavailability. With the aim of

deciphering both early and late responses to iron deprivation, aliquots were
collected up to six hours after iron limitation. Growth rate slightly decreased

after 6 hours of iron depletion, but cells continued duplicating up to 24 hours

under these conditions (Supplementary Figure SIA and S1B). Metabolite
analyses showed a mild decrease in glucose concentration and increase in

ethanol levels (Supplementary Figure S1C). No important changes were

observed in cellular volume during the progress of the experiment
(Supplementary Figure S1D). To quantify the RNA polymerase II (RNA Pol II)
TR of each yeast gene, we used the GRO method (16) (Materials and

Methods). The whole RNA Pol II TR was obtained from the median of the TR
corresponding to all the yeast protein-coding genes, whereas the total RA was
determined by hybridization with labeled oligo(dT) (16) (Materials and Methods).

The profile of total RA and TR distinguished three different stages along the iron
deficiency (Figure 1A). First, cells experienced an early response to low iron
(from O to 30 min), in which both total RA and TR decreased. Following this
initial stage, the TR and RA increased to reach their maximum levels between
90 and 180 min. By using these experimental data, we calculated the predicted
global mRNA degradation constant (kp) (Materials and Methods). We obtained
kp values below 1.0 during the second and third hour of the iron limitation,

which are indicative of mRNA stabilization (Supplementary Figure S2). Finally,
both TR and RA fell and achieved their minimal value after 6 hours of iron

depletion (Figure 1A). To obtain some insight into the molecular reasons for

these changes in TR, we determined the mRNA and protein levels of the largest
subunit of the RNA Pol II complex, Rpbl. Consistently with a decrease in the

RNA Pol II TR, both Rpbl mRNA and protein levels slightly decreased as the

iron deficiency advanced (Figure 1B and 1C). Remarkably, the levels of
elongating Rpbl, which is transiently phosphorylated at the second serine of

the heptapeptide repeat within its carboxy-terminal domain (Rpb1-S,-P), further

diminished (Figure 1B), indicating a stronger defect in elongating RNA Pol II at
longer times. Collectively, these results indicate that yeast cells experience
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important changes in both transcription and mRNA stability during the
adaptation to iron deficiency. Broadly, we observe a decrease in global TR that

is partially compensated by mRNA stabilization during the first stages of iron
starvation.

Identification of gene clusters with coordinated changes in transcription
rates, mRNA levels and mRNA stabilities during iron depletion

To identify sets of genes coordinately regulated at the transcriptional or
post-transcriptional levels along the iron deficiency kinetics, we performed gene

clustering analyses according to the experimental TR and RA profiles on one
side (Supplementary Data S1 and S2), and to the calculated kp pattern on the
other side (Supplementary Data S3 and S4). The individual RA values after 6
hours of iron deficiency were not included in these analyses because we

obtained no detectable signal. By this method, we classified 4389 genes into 8
TR+RA different clusters and 4255 genes in 18 kp clusters, which were

statistically enriched in specific functional categories (Supplementary Figures
S3 and S4; Supplementary Data S2 and S4; p < 10#). The profile for each
cluster was represented (Figure 2; Supplementary Figure S5). Consistent with
the activation of the iron regulon by the Aftl and Aft2 transcription factors
previously reported (3,14,15), the gene ontology (GO) category “iron ion
homeostasis” was over-represented in the TR+RA cluster 1 (p = 7.4-10°"7),
which TR and RA gradually augmented during the time-course of iron

deficiency (Figure 2; Supplementary Figure S3). Cluster 1 also contained the
Mga2-dependent transcriptional induction reported for the OLET fatty acid

desaturase in response to iron limitation (21). Regarding the kp clustering, we

observed that the kp cluster 2 was enriched in targets for the Cthl and Cth2
RNA-binding proteins (3,4), which promote the mRNA turnover of many

transcripts  in response  to iron depletion, especially those involved in

mitochondrial respiration (Supplementary Figure S4; Supplementary Data S4; p
= 1.8:10"5). In particular, the kp values for this cluster 2 are always above one,

which is indicative of mMRNA destabilization (Supplementary Figure S5). Taken

together, these results validated our experimental conditions and, from here
onwards, we focused on identifying new functional categories coordinately
regulated in response to iron depletion.

We first focused on analyzing the TR+RA clustering (Figure 2;

Supplementary Figure S3). Clusters 2-4 displayed a global increase in RA,
although milder than the one observed in cluster 1. Interestingly, the higher RA

obtained in cluster 2 was not explained by a parallel elevation in the TR,

indicating that mRNA stabilization contributes to the RA augment as seen by
the median kp profile calculated for this cluster (Figure 2; Supplementary Figure

S6). Cluster 5 exhibited a remarkable increase in TR at 6 hours of iron
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depletion, and was enriched with the functional categories “redox processes” (p
=4.0-10") and “tricarboxylic acid cycle” (p = 4.5-10°) (Figure 2; Supplementary
Figure S3). The rest of genes (clusters 6-8) did not increase their RA during iron
limitation. Our data suggested an important contribution for mRNA stabilization

in genes from cluster 6, while genes in cluster 8 were probably greatly

destabilized (Supplementary Figure S6). The largest cluster 7 (containing 2164
out of 4389 genes) exhibited an early decrease in both TR and RA followed by

a stabilization of the RA, as shown for the global TR, RA and kp patterns
(Figure 2; Supplementary Figure S3 and S6). Importantly, this profile was
shared by highly expressed genes including the GO categories “RNA
processing” (p = 9.3-10%2), “ribosome biogenesis” (p = 1.3-10"3), and
“translation” (p = 1.2:10'"%) (Figure 2; Supplementary Figures S3 and S6).

Collectively these results strongly suggest that transcription, but also mRNA
stability, contributes to the response of yeast cells to iron deficiency.

To study the contribution of mRNA stability in more detail, we further

analyzed the data that resulted from a more discriminating gene clustering
made directly by their kp profile up to 3 hours of iron deficiency (Supplementary

Figures S4 and S5; Supplementary Data S4). In addition to the enrichment of kp

cluster 2 with Cthl and Cth2 target genes and members of the respiratory
electron transport chain highlighted above, we observed that members of the

GO “mitochondrial respiratory chain complex IV assembly” (p = 4.5:107)
grouped separately in cluster 15 (Supplementary Figure S4). Interestingly these
transcripts were stabilized at both short and long term iron deficiency
(Supplementary Figure S5). A similar kp pattern was observed for the GO

category “negative regulation of cell cycle”, which was present in the kp cluster
14 (p = 6.4:107). Finally, the GO category “cytoplasmic translation” (p < 10-1%)
was significantly represented in k ) clusters 3 and 5 mostly due to RP gene

contribution (Supplementary Figure S4). The kp profile for RP genes showed a
transient destabilization at very short times followed by mRNA stabilization
(Supplementary Figure S5). These data indicate that mRNA stability contributes

to the expression profile of genes implicated in mitochondrial respiration, protein
translation and cell cycle during the progress of iron starvation.

Previous studies have demonstrated that yeast cells initiate a common
gene expression program called the environmental stress response (ESR) to
acclimate to multiple suboptimal conditions (22-24). The ESR set of genes is
comprised of ~300 induced mRNAs (iESR), which encompass genes involved
in protecting cells against stress conditions, and ~600 repressed transcripts

(rESR) encoding RPs, RiBis and other proteins implicated in translation (22).
Since a notable conclusion of our TR+RA clustering was the down-regulation of

genes involved in ribosome biogenesis and translation (p < 107'?), we decided

to explore whether the ESR program was initiated in response to iron depletion.
For this purpose, we represented the median TR and RA profiles of the iESR
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and rESR genes referred to a normalized global TR and RA pattern,
respectively, during the progress of the iron limitation. Consistent with an
activation of the ESR program, we observed an up-regulation of the iESR and a
down-regulation of the rESR set of genes for both the TR and RA profiles in
response to iron deficiency (Figure 3A). This result suggests that transcriptional
mechanisms activate the ESR program upon iron depletion. To compare the
ESR response initiated upon iron depletion to the one activated by other
stresses, we represented the ESR genes described for the oxidative stress
achieved by the addition of 0.1 mM ter-butyl hydroperoxide (25) (Figure 3). The
iron deficiency ESR response was milder and slower than the one commonly
observed in response to oxidative and other stresses (ESR RA-0x)(22,24).

Previous studies had demonstrated that the general stress transcription factors
Msn2 and Msn4 contribute to the activation of a set of the iESR genes in
response to various stresses (22). To ascertain the potential relevance of the

iESR signature and the Msn2 and Msn4 transcription factors to the adaptation
to iron depletion, we assayed the growth of an msn2Amsn4A yeast mutant in

iron-deficient conditions and observed a significant decrease in growth as

compared to wild-type cells (Figure 3B). These results support a role for the
Msn2 and Msn4 transcription factors and the iESR genes in the response to
iron deficiency.

Next, we focused our interest on genes contained in the TR+RA cluster

7, which include highly expressed genes encoding ribosomal proteins (RP) and
proteins implicated in ribosome biogenesis (RiBi), due to their large contribution

to the global expression profile. Our GRO measurements during the first 3
hours of iron deficiency revealed that the TR of RP and RiBi genes declined
when iron bioavailability was limited (Figure 4A; Supplementary Figure S7A).
These experimental data supported that the RA of RP and RiBi genes was

maintained in response to iron scarcity as a consequence of an increase in its
stability (Figures 4B; Supplementary Figure S7B). To directly address it, we

determined the half-life of three representative RP mRNAs (RPL27A, RPL8B
and RPS16B) that exhibited a TR pattern below their RA profile, which was
indicative of mRNA stabilization (Supplementary Figure S7C-E). Consistent with
our genomic data, the mRNA half-life measurements of RPL27A, RPL8B and
RPS16B mRNAs showed an important stabilization in iron-deficient conditions
(Figure 4C-D). The Publ mRNA-binding protein has been implicated in the
stabilization of RP mRNAs (26). Indeed, we observed a destabilization of the
RP mRNAs RPS16B and RPL8B in pub1A as compared to wild-type cells
(Supplementary Figure S8). Upon iron depletion, both wild-type and pub71A cells
increased the mRNA half-life of the RP mRNAs analyzed, although the
stabilization was less pronounced in the pub7A mutant (Supplementary Figure
S8). These results indicate that the TR of RP genes diminishes during the initial
stages of iron limitation, but their mRNA levels are partially compensated
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through specific mRNA stabilization by Publ and other unknown regulatory
factors.

Iron limitation inhibits Sfp1 and the Sch9 branch of the TORC1 pathway

We noticed that the median TR of genes included in the TR+RA cluster
7, and specifically the RP and RiBi genes, further decreased when the iron

deficiency persisted (360 min; Figure 2; Supplementary Data S1). To ascertain

whether this drop in TR had a consequence in the RA, we determined the
mRNA levels of specific RP and RiBi genes by RT-qPCR in two different yeast

backgrounds, W303 and BY4741. All the RP and RiBi genes tested diminished

their RA when the iron deficiency period was extended (Figure 5A and 5B;
Supplementary Figure S9). In the case of the W303 strain, 6 hours of iron

depletion were sufficient to observe the down-regulation of RP and RiBi mRNAs

(Figure 5A and 5B), whereas 9 hours were necessary for the BY4741 strain
(BY4741 background) (Supplementary Figure S9). These results suggest that

the stabilization of RP and RiBi genes cannot overcome the decrease in TR that
occurs when the iron defect persists.

Multiple pathways regulate the transcription of RP and RiBi genes. One
mechanism involves the transcription factor Sfpl that, in response to stress or

low nutrient availability, exits the nucleus, and RP and RiBi expression

decreases (reviewed in (7)). To investigate the implication of Sfpl in the
response to iron starvation, we studied its subcellular localization under both

iron-sufficient and deficient conditions. As expected, Sfpl localized to the

nucleus under iron-replete conditions (Figure 5C and 5D). Consistent with a
decrease in RP and RiBi gene expression, Sfpl exited the nucleus when iron

was depleted (Figure 5C and 5D). These results demonstrate that Sfpl

subcellular localization responds to iron bioavailability, and probably alters RP
and RiBi gene expression. Another mechanism that regulates RP and RiBi

gene expression involves Stb3 and the paralog proteins Dot6 and Tod6, which

recruit the RPD3L histone deacetylase complex to RP and RiBi promoters to
repress transcription when growth conditions are not favorable (10). To test the

involvement of these regulatory factors in iron-deficient conditions, we
determined the fold change of multiple RP and RiBi mRNAs in dot6Atod6A,
stb3A, and rpd3A mutants as compared to wild-type cells (BY4741
background). The RA of the RP genes tested decreased in the iron-deficient
wild-type strain, whereas no decline was observed for the stb3A and rpd3A
mutants (Figure 5E). Moreover, the RiBi RA down-regulation caused by iron
depletion was disrupted in the dot6Afod6A and rpd3A mutants (Figure 5F).
These results strongly suggest that Stb3 and Dot6-Tod6 repress the expression

of RP and RiBi genes respectively in response to iron deficiency, via the Rpd3
histone deacetylase.



N oo wN =

1"

13

14
15

19

18
19

3

22
23
24

28
27

28

18

31
32
33

34
35

36
37
38
39

40

#

43
44

R

47
48

E
51
52
2
55
56
57

58
60

Under optimal growth conditions, the TORC1 kinase complex directly
phosphorylates and activates Sfpl transcription factor and Sch9 kinase
(reviewed in (7)). Then, Sch9 phosphorylates Stb3 and Dot6-Tod6 proteins,
inhibiting their function and facilitating the transcription of RP and RiBi genes to
promote ribosome biogenesis and protein translation (10). Upon TORCI1

inhibition, Sch9 is dephosphorylated and deactivated, and accordingly the
downstream Stb3 and Dot6-Tod6 proteins are also dephosphorylated and

become active in the repression of RP and RiBi genes. The Stb3 and Dot6-

Tod6 dependent down-regulation of RP and RiBi genes promoted by the
depletion of iron predicted a dephosphorylation of these regulatory factors. We
observed that iron deficiency promoted an increase in the electrophoretic

mobility of Dot6 protein and a decrease in its abundance similar to the one
obtained by the addition of the TORCI inhibitor rapamycin (Figure 5G). These
results suggested that Dot6 protein is dephosphorylated in response to iron

limitation. Then, we determined the phosphorylation state of the key TORCI1-
dependent kinase Sch9. We observed that Sch9 protein was gradually
dephosphorylated and its abundance diminished during the advance of the iron
deficiency to reach a stage similar to that obtained with the rapamycin treatment
(Figure 5H). Collectively, these results strongly suggest  that
dephosphorylation of the TORC1-dependent kinase Sch9 limits the expression
of RP and RiBi genes in response to iron starvation via Stb3, Dot6-Tod6 and
Rpd3.

Iron starvation limits the transcription of all RNA polymerases

the

The TORC1 pathway coordinates the expression of RP and RiBi genes

to rRNA and tRNA synthesis in response to different environmental conditions.
Specifically, TORCI regulates at different stages the activity of RNA Pol I,
which is responsible for the transcription of the 35S precursor of the mature

258, 18S and 5.8S rRNAs, and RNA Pol III, which transcribes tRNA genes and
the 5S rRNA (reviewed in (7)). Therefore, we explored whether the deprivation
of iron altered the synthesis of rRNA. We first observed that the RA, which

mostly (~80%) corresponds to rRNA, was fairly constant up to three hours of
iron deficiency, but dropped to 50% after 6 hours (Figure 6A). Consistent with a
drop in the RA, we observed both a decrease in the RNA Pol I TR and a down-

regulation of 25S and 78S RNA levels along the iron starvation period (Figures
6B and 6C). Different mechanisms could account for the decrease in RNA Pol 1
activity. We observed that the protein levels of the largest subunit of the RNA

Pol 1 complex, A190 (Rpal90), strongly diminished after 6 hours of iron
deficiency, when the decrease in RNA Pol I TR is more severe (Figures 6B and
6D). Furthermore, the abundance of the RNA Pol I activating protein Rrn3,

which is degraded in response to TORCI inactivation (11), decreased at severe

iron deficiency (Figure 6E; cells from BY4741 background). These results
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demonstrate that the transcription of rRNAs by the RNA Pol I diminish in
response to a prolonged iron deficiency.

The TORC1-dependent kinase Sch9 also regulates the RNA Pol llI
inhibitor protein Mafl. Under conditions favorable for growth, Sch9
phosphorylates Mafl, leading to its retention in the cytoplasm. On the contrary,
TORCI1 inactivation leads to the dephosphorylation of Mafl and its
accumulation in the nucleus where it binds to the RNA Pol III blocking tRNA
synthesis (19). To investigate whether this branch of the TORC1 pathway was
also altered by changes in iron availability, we determined the phosphorylation
state of Mafl protein under iron-deficient conditions. Similarly to the rapamycin
treatment, the depletion of iron led to Mafl dephosphorylation (Figure 6F;
Supplementary Figure S10). Moreover, as shown for the biggest subunit of
RNA Pol I and II (Figures 1B and 6D), the protein levels of the largest RNA Pol
111 subunit C160 (Rpc160) also diminished in response to low iron levels (Figure
6F). Consistent with defects in RNA Pol III activity, the levels of multiple tRNAs

decreased in iron-deficient conditions (Figure 6G). The decrease in total and
elongating RNA Pol II shown above (Figure 1C) matches with the pattern

exhibited by the other two RNA Pol (Figure 6D and 6F). Thus, these results

strongly suggest that the activity of all RNA polymerases decreases in response
to iron deficiency via TORCI-dependent and probably independent

mechanisms.

The efficiency of protein translation decreases in response to iron
limitation

In addition to the regulation of RP and RiBi gene transcription, the
inhibition of the TORCI cascade promotes a decrease in the levels of newly

synthesized ribosomal subunits that causes the nucleolar entrapment of specific
ribosomal biogenesis factors (27). To address if this was the case of iron

deficiency, we determined the subcellular localization of the Rrp12-GFP protein,
which is trapped in the nucleolus upon TOR inactivation (27). We observed that
the Rrp12-GFP protein did not properly distribute all over the cell when iron was
scarce, but instead it was trapped in the nucleus (Supplementary Figure S11).

We also determined the phosphorylation state of the small ribosomal subunit

Rps6, which is phosphorylated by the Ypk3 kinase in a TORCI-dependent
manner (28,29). By using an antibody specific for its phosphorylated form, we

could state that Rps6 dephosphorylates upon iron depletion, whereas no
changes were observed for the levels of total Rps6 protein (Figure 7A). Both

Rrpl12 mislocalization and Rps6 dephosphorylation support the inactivation of
the TORC1 pathway by iron scarcity.

The drop of rRNA, tRNA, RP and RiBi mRNA levels suggested that
protein translation could be defective during the advance of iron limitation due
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to TORCI-mediated inhibition. To ascertain the efficiency of global protein
translation, we determined the polysome profiles of wild-type W303 cells

cultivated in iron-sufficient conditions or subjected to iron starvation. Only a
slight decrease in polysome abundance was observed after three hours of iron

deficiency (from 80% to 72%; Figure 7B and 7C). However, after six hours of

depletion, we observed a significant increase of the monosomal ribosome peak
and an important decrease in polysome abundance (from 80% to 44%), both

indicative of a general repression of translation (Figure 7D). The TORCI

complex regulates the translation initiation factor eIF2a via both the Sch9 and
the Tap42-PPase branches (18,30). Under optimal growth conditions, elF2a

properly initiates protein translation. However, upon amino acid starvation or
TORC -inhibition, the Gen2 kinase is activated and phosphorylates elF2a,
which interferes with 5’cap-dependent mRNA translation. By using a specific

antibody that only recognizes the phosphorylated form of elF2a, we could

determine  that iron depletion promotes elF2a phosphorylation  without

substantially altering its protein levels (Figure 7E). This result suggested that

Gen?2 represses protein translation in response to iron deficiency. To test this
hypothesis, we determined the polysome profile of wild-type and gcn2A cells

under both iron-sufficient and deficient conditions, and observed that the
deletion of GCN2 partially rescued the repression of global translation caused
by the depletion of iron (Supplementary Figure S12). Opposite to the global
pattern, the translation of GCN4, which encodes for a transcriptional regulator of

amino acid biosynthetic genes, is specifically favored when translation initiation
is repressed by elF2a phosphorylation due to the presence of short upstream

open reading frames (31). To determine the translational state of the GCN4

transcript in iron-deficient cells, we extracted RNA from the different polysomal
fractions, and determined GCN4 mRNA levels. Consistent with an activation of

Gen2 kinase at severe iron deficiency, we observed accumulation of the GCN4

transcript in the monosomal fractions of cells in iron sufficiency, which was still
maintained during mild iron deficiency (3 hours; Figure 7F). However, after 6

hours of iron deprivation, the GCN4 mRNA shifted to the polysomal fractions,

which evidenced ribosome enrichment and suggested an enhancement in its
translation (Figure 7F). Collectively, these results strongly suggest that the

inactivation of the TORC1 cascade during the progress of iron deficiency
inhibits the general initiation of translation via Gen2 and elF2a. factors.

Iron deficiency activates the mitochondrial retrograde pathway

The Lst8 integral component of the TORCI1 kinase complex negatively
regulates the mitochondrial retrograde (RTG) pathway. Therefore, TORC1

inhibition activates the RTG signaling. To address whether this was the case in
iron deficiency, we paid attention to the TR of the RTG genes IDH1, IDH2,
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CIT1, CIT2 and ACO1, which were included in the TR+RA cluster 5.
Remarkably, the TR of all of them augmented at severe iron depletion (Figure
8A). This TR up-regulation correlated with an increase in mRNA levels, except
for the ACOT transcript (Figure 8B). Previous studies had shown that, in
response to iron depletion, the mRNA-binding proteins Cthl and Cth2 promote

the degradation of multiple mRNAs including ACO17 (3,4). Consistent with a
simultaneous post-transcriptional decay by Cthl and Cth2, we observed an

increase in ACO7 mRNA levels in iron-deficient cth1Acth2A cells
(Supplementary Figure S13A). The Rtgl-Rtg3 transcription factors and the Rtg2
regulatory protein activate the RTG pathway in response to mitochondrial
defects (12,13). Various observations indicated that they were also required for

the activation of the RTG pathway when iron was scarce. First, no up-regulation
in the mRNA levels of the different RTG genes was observed in iron-deficient

rtg1A, rtg2A and rtg3A cells (Figure 8C). Second, a fusion of the ACOT
promoter to /acZ caused an increase in B-galactosidase activity when iron was
depleted, which did not occur in rtg71A, rtg2A and rtg3A cells (Supplementary
Figure S13B). Third, RNA Pol II was recruited to the promoter of RTG genes in
response to iron depletion in wild-type cells but not in rfg7A mutants (Figure
8D). And fourth, Rtgl transcription factor moved to the nucleus upon iron

deficiency (Figure 8E and 8F). Taken together, these results demonstrate that
the mitochondrial RTG response is activated in response to iron depletion.
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DISCUSSION

Both transcriptional and post-transcriptional mechanisms regulate the
adaptation of yeast cells to iron deficiency

Gene expression studies on the yeast S. cerevisiae have focused on the
alterations in steady-state mRNA levels that occur when iron is scarce.

However, regardless of Aftl-Aft2 and Cthl1-Cth2 mediated regulation, few

studies have assessed whether the changes in mRNA levels in response to low
iron conditions are under transcriptional or post-transcriptional control (32). The

simultaneous determination of TR and RA performed here enables the indirect
assessment of transcript decay rates and allows the identification of novel
regulatory mechanisms  otherwise hidden (17,24,25). For instance, the
pronounced drop in TR observed for RP genes during the initial 3 hours of iron
depletion did not turn into a parallel decrease in RA due to transcript
stabilization partially mediated by the mRNA-binding protein Publ (Figure 4,
Supplementary Figure S8). The transient mRNA stabilization of RP genes upon

iron deficiency is a distinct effect from that observed in response to other
stresses, such as heat shock, oxidative and osmotic stress, where RP genes

exhibit a decrease in both TR and RA; but similar to what is observed under

other nutritional stresses such as glucose deprivation (16,17,22,24,25,33).
Moreover, the TR and RA profile displayed by the iron regulon (TR+RA cluster

1) suggests that mRNA stabilization also contributes to its up-regulation (Figure

2; Supplementary Figure S6). In fact, previous data had shown that multiple
surveillance pathways, including RNase III, post-transcriptionally limit the
expression of a subset of the iron regulon genes in iron-replete conditions (34).

A decrease in the activity of these mRNA degradative pathways during the
response to iron deficiency could account for the predicted up-regulation in
transcript stability. The direct clustering of genes according to their k p pattern

also points out that, in addition to Cthl, Cth2 and Publ, other post-
transcriptional factors could be regulating genes that participate in mitochondrial
respiration, protein synthesis and cell cycle control when iron is scarce. In the
end, this global approach suggests that multiple transcriptional and post-
transcriptional mechanisms to be explored regulate the response of yeast cells
to iron deficiency.

Similarly to other stresses (22,24), iron depletion activates the yeast ESR

program including the up-regulation of stress-related genes and the down-
regulation of genes implicated in protein translation (Figure 3). The analysis of

both RA and TR profiles for the ESR also suggests that this regulation is

exerted at the level of transcription probably via Msn2/Msn4 for the iESR, and
Stp1, Dot6-Tod6 and Stb3 for the rESR. A recent study has demonstrated that

the initiation of the ESR is not simply the consequence of changes in the growth
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rate or the cell-cycle phase (23). Instead, failure to down-regulate the rESR
genes leads to a defect in polysome association and translation of the iESR

transcripts (23). These data strongly suggest that yeast stressed cells redirect
its translational capacity toward the synthesis of the induced transcripts (23),

which in the case of iron depletion would presumably include the machinery for

iron uptake and mobilization, the RTG response, some stress-related genes,
and essential iron-containing proteins such as Olel fatty acid desaturase. An

important difference between the ESR signature observed in response to

multiple non-lethal stresses and the profile observed in response to iron
deficiency is that in the former case the ESR response is faster but transient
(22,24), probably due to a recovery from the stress, whereas Iron deficiency,

which is a nutritional defect, is irreversible and the ESR remains activated at an
intermediate levels unless iron bioavailability resumes (Figure 3A).

Activation of the mitochondrial retrograde signaling in response to iron
depletion

Despite the global decrease in TR that occurs in response to iron
limitation, yeast cells remarkably activate the transcription of genes from the
mitochondrial RTG via the Rtgl/Rtg3 and Rtg2 regulatory factors (Figure 8).
The physiological significance of RTG activation by iron depletion could be to
ensure the supply of sufficient a-ketoglutarate, which is the source of glutamate,
required as a nitrogen donor for biosynthetic processes. This is especially

important under iron-deficient conditions because the iron-requiring pathway for
glutamate synthesis that depends on the iron sulfur cluster-containing enzyme

glutamate synthase Gltl is repressed, and all glutamate biosynthesis relies on

glutamate dehydrogenases Gdhl and Gdh3 (14). Several factors could
contribute to the initiation of the mitochondrial RTG signaling in response to iron

depletion. Iron deficiency limits the expression of multiple components of the

TCA cycle and the electron transport chain, which compromises mitochondrial
respiration and eventually could decrease ATP concentration and mitochondrial

membrane potential, which is a signal to activate the retrograde response (35).

Therefore, mitochondrial malfunctions would be the main candidate to trigger
RTG activation when iron is scarce. However, other factors could participate in
this regulation. For instance, the E3 ubiquitin ligase complex SCF"!, which

positively regulates RTG signaling by promoting the ubiquitination and
degradation of the Rtgl/Rtg3-inhibitor protein Mksl, has been recently
implicated in the degradation of the iron-regulated protein Cth2, and grr1A cells

are unable to grow in iron-deficient conditions (36). Importantly, the integral
component of the TORCI1 complex Lst8 negatively regulates the RTG signaling

pathway acting both upstream and downstream of Rtg2 (reviewed in (12,13)).
The connection between the RTG and the TORC1 kinase pathway
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bidirectional, since mitochondrial dysfunctions also lead to a decrease in the
phosphorylation state and activity of the Sch9 kinase (37).

The nutrient sensing TORC1 pathway is inactivated during the adaptation
to iron deficiency

Studies in different organisms have suggested that TOR signaling
influences iron metabolism (reviewed in (38)). Mammalian TOR (mTOR)

modulates the expression of iron transporters and the cellular flux of iron via
tristetraprolin, the mammalian Cth2 homologue (39). Consistent with this, an

additional study showed that the disturbance of the mTORCI1 pathway in red
blood cells resulted in anemia (40). A proteomic study has also shown that TOR
gene silencing deregulates the import of proteins into the mitochondria and the
adaptation to iron starvation of the human pathogenic fungus Aspergillus

fumigatus (41). In yeast, the inhibition of TOR pathway by Torin2, a potent
inhibitor of both TORCI1 and TORC2 has been recently shown to increase the

expression of metalloreductases involved in iron uptake leading to excess iron
sensitivity (42). The influence of cellular and systemic iron status on mTOR
signaling has also been explored (38). To this end, the expression or
phosphorylation status of either the mTOR kinase, its upstream regulators Akt,
TSC2 or REDDI, or its downstream target ribosomal protein S6, have been
determined. However, the conclusions obtained with these studies are
contradictory. On one side, data with iron-deficient rats, murine red blood cells,
human myeloid leukemia and intestinal epithelia cells suggest that iron
depletion could inactivate mTOR signaling (40,43-45). On the other side, two
genetic mouse models that cause neuronal-specific iron deficiency support the

opposite conclusion (46). TORCI studies in yeast have enormously increased
our current understanding of the contribution of this pathway to nutrient
signaling and growth control (7,8). By using a yeast genome-wide approach, we

have shown here that iron deficiency inhibits protein synthesis via the TORC1
pathway. Multiple specific molecular markers including Sch9, Dot6, Rps6 and
Mafl dephosphorylation, elF2o phosphorylation, nuclear retention of Rrpl2,

activation of the RTG pathway, decreased expression of RP, RiBi, rRNA and
tRNA genes, and global repression of translation, are consistent with TORC1
inhibition when iron bioavailability decreases (Figure 9).

TORC1 constitutes a major hub to sense and respond to nutrients, in

particular to amino acid and glucose levels (20). At the molecular level, TORC1
activity is regulated by different signaling pathways, which could be directly or

indirectly influenced by iron depletion. Yeast TORC1 activity is controlled by two

major mechanisms that depend on the conserved Gtrl and Gtr2 GTPases and
the aggregation of TORCI into inactive vacuolar-associated aggregates called

TOROIDs (TORCI organized in inhibited domain) (47). A recent report has
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described that both regulatory pathways are tightly coupled by a multilayered
set of proteins including Gen2 (48). In yeast, the biosynthesis of multiple amino

acids including leucine, lysine, methionine and glutamate depends on iron-
requiring enzymes. In fact, the biosynthesis of leucine, and probably lysine and

methionine, decreases in response to iron depletion via specific Cth2-mediated

degradation and metabolite-dependent decrease in the transcription of crucial
iron-dependent enzymes (32). Therefore, despite that the synthetic complete

medium used in these experiments is highly rich in amino acids and other

nutrients, we cannot discard that a decrease in amino acid levels could facilitate
the down-regulation of translation observed upon iron depletion via Gen2-elF2a.

or TORCI. Furthermore, recent studies suggest that Gen4, which expression is

activated upon phosphorylation and inhibition of eIF2c, can work as a repressor
of protein synthesis under different stress conditions (49). A thorough and
systematic study including multiple regulatory factors and the global metabolic
adaptations that occur during the progress of iron deficiency would provide
some insight onto the underlying molecular mechanisms. The alteration of
cellular and systemic iron homeostasis is on the basis of many disorders

including chronic anemia, hemochromatosis, thalassemia, aceruloplasminemia,
various neurodegenerative diseases and cancer (50). TORCI is also implicated

in aging, cancer, cardiovascular diseases, and autoimmune and metabolic
disorders such as diabetes and obesity (7,9). A better comprehension of the
crosstalk between eukaryotic iron metabolism and TOR signaling in both yeast
and mammals is necessary to understand the impact of current treatments and

to develop novel therapeutic strategies for both iron and TOR related diseases
in a selective manner.
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Supplementary Data are available at NAR online.
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FIGURE LEGENDS

Figure 1. Changes in RNA polymerase Il during the progress of iron
deficiency. (A) RNA Pol II transcription rate (TR) and total poly(A) mRNA (RA)
per cell. At time zero, 100 pM BPS was added to W303 cells exponentially
growing in SC at 30°C. Aliquots were processed to measure total RA per cell

and RNA Pol II TR per cell at the indicated times, (Materials and Methods). The
values were referred to their respective values at time zero. The standard

deviation of at least three biologically independent replicates is shown. (B)
RPB1 mRNA levels were determined by RT-qPCR using specific primers.
Average values and standard deviations from at least two independent
experiments are shown and referred to those in time zero. (C) The levels of total

and elongating RNA pol II were determined by Western blot analyses using the
anti-Rpbl antibody that recognizes all the RNA pol II molecules and the anti-

Ser2-phosphorylated  antibody that measures elongating RNA pol II. A
representative experiment of three independent biological replicates is shown.

Figure 2. Global changes in TR and RA during the progress in iron
deficiency corresponding to each cluster. The graphs represent the median

TR and RA for all genes included in each group. The values are referred to time
zero. Clusters are defined in Supplementary Figure S3.

Figure 3. Activation of the ESR in response to iron depletion. (A) The

median TR and RA corresponding to the genes classified as iESR and rESR

was represented during the progress of the iron deficiency and referred to the
normalized global patterns of TR and RA, respectively. The median RA pattern

of the iESR and rESR genes in response to the oxidative stress achieved by
addition of 0.1 mM ter-butyl hydroperoxide previously reported (25) is also
represented as ESR-ox (circles). (B) Msn2 and Msn4 transcription factors are
required for growth in iron-deficient conditions. Wild-type BY4741 and
msn2Amsn4A double mutant were grown in SC (+Fe) and SC with 600 uM
Ferrozine (-Fe).

Figure 4. The stability of the RP mRNAs increases in response to iron

scarcity. (A) TR and RA profiles for RP mRNAs during the first three hours in
iron deficiency. (B) Representation of the median of the kp values
corresponding to the RP mRNAs. The values are referred to value 1 at time

zero. (C, D, E) Experimental determination of mRNA half-life. W303 cells were
grown at 30 °C for 3 hours in SC (+Fe) or in SC with 100 uM BPS (-Fe). Then,



thiolutin (3 pg/mL) was added to stop transcription. RPL27A, RPL8B and
RPS16B mRNA levels were determined by RT-qPCR using random primers for

reverse transcription and specific primers for JPCR. SCR1 levels were used as
a loading control. Mean values of mRNA half-lives were calculated on the basis

of at least three independent experiments and standard deviation
represented.

Figure 5. Regulation of Sfp1, Sch9, Dot6, Stb3, Rpd3, RP and RiBi genes in
response to iron deficiency. (A, B) Determination of specific RP and RiBi

mRNA levels during the progress of iron deficiency by RT-qPCR. W303 cells
were grown as indicated in Figure 1A (GRO experiment). ACTT mRNA levels
were used to normalize. Mean values and standard deviations from at least two

independent experiments are shown and referred to time zero. (C, D) Sfpl
relocalizes to the cytoplasm in response to iron deficiency. Wild type yeast cells
transformed with the SFP1-GFP plasmid were grown at 30 °C in SD (+Fe) and

SD with 10 uM BPS (-Fe) for 8 hours. Sfpl1-GFP subcellular localization was
determined by fluorescence microscopy. Representative images are shown
(panel C). The white bar represents 10 um. The percentage of cells with either

predominantly cytoplasmic or nuclear GFP signal was determined by triplicate.
The average and the standard deviation are represented (Panel D). (E, F) Fold
change in RP and RiBi mRNA levels. Wild type BY4741, dot6Atod6A, stb3A y

rpd3A yeast strains were grown at 30 °C in SC (+Fe) and SC with 100 uM BPS
(-Fe) for 9 hours. Specific mRNA levels of RP and RiBi genes were determined
as mentioned above. Mean values of fold induction in iron deficiency and

standard deviations from at least two independent experiments are shown. (G)
Dot6 protein levels. Yeast cells expressing DOT6-HA were grown at 30 °C in
SC (+Fe), SC with 100 uM BPS (-Fe) for 9 hours and in the presence of

rapamycin (200 ng/ml) for 30 minutes. Dot6-HA and Pgkl protein levels were

analyzed by western blot with anti-HA and anti-Pgkl antibodies, respectively.
(H) Determination of Sch9 protein levels and phosphorylation state. Yeast cells

expressing SCH9-HA were grown as in panel E and NTCB-treated protein
extracts were analyzed as described in Materials and methods.

Figure 6. The activities of RNA polymerase | and Ill are inhibited in iron
scarcity. (A) Total RNA per cell during the iron deficiency kinetics. W303 cells

were grown as in Figure 1A and total RNA per cell determined. (B) The RNA
Pol I transcription rate was determined by summing up the specific probes for

18S and 258 in every time point of the GRO experiment. (C) The 78S and 25S

RNA levels were analyzed by RT-qPCR using specific primers. ACT1 was used
to normalize. (D) The protein levels of the largest RNA Pol I subunit Rpal90

and Pgkl were determined by Western Blot using the anti-Rpal90 and anti-

is



DO N OOUTA W =

-
——y

—_
“N

QN
(SN

—_—
~No

N = =
OO 0o

NN
N =

N NN NN
~N O U1 N

W MY
o oo

w
=

w W L
(€, QN v

W W L
O 00 >

Db
-

2

Pgkl antibodies, respectively. (E) Determination of Rrn3 protein levels. Yeast
BY4741 cells expressing RRN3-GFP were grown at 30 °C in SC (+Fe) and SC
with 100 uM BPS (-Fe) for 9 hours. Rm3-GFP and Pgkl protein levels were
analyzed with anti-GFP and anti-Pgkl antibodies, respectively. (F) Yeast
BY4741 cells expressing RPC160-HA were grown at 30 °C in SC (+Fe), SC
with 100 uM BPS (-Fe) for 11 hours and in presence of rapamycin (200 ng/ml)
for 30 minutes. Rpc160-HA, Mafl and Pgkl protein levels were analyzed by
Western blot with anti-HA, anti-Mafl and anti-Pgk1 antibodies, respectively. (G)
Determination of specific tRNA levels. The level of some tRNAs was determined
in the same conditions as mentioned to develop the GRO by RT-qPCR using
specific primers. ACT7 was used to normalize.

Figure 7. A general repression of protein translation occurs in response
iron deficiency. (A) Determination of Rps6 protein levels and phosphorylation
state. W303 cells were grown as described in Figure 1A. The levels of total

Rps6 and phosphorylated Rps6 protein were determined by Western blot

analyses  using the anti-Rps6 and  anti-Rps6-Ser235/236 antibodies,

respectively. A representative experiment of three independent biological
replicates is shown. (B, C, D) Polysome profiles. W303 cells were grown in SC
(+tFe) and SC with 100 uM BPS (-Fe) for 3 and 6 hours. Polysomal
fractionations were obtained as described in Materials and Methods. The A2eonm
profiles after gradient fractionation are shown and the ribosomal subunits (40S
and 60S), monosomes (80S) and polysomes are indicated. The percentage of
polysomes and the polysomes/monosomes (P/M) ratio are represented in each
condition. (E) Determination of elF2a protein levels and phosphorylation state.
The levels of total elF2a and phosphorylated eIF2a protein were determined by
Western blot analyses using the anti-eI[F2a and anti-elF2a-Ser51/52 antibodies,
respectively. A representative experiment of three independent biological
replicates is shown. (F) Pattern of the GCN4 mRNA in the polysome profile. The
RNA from individual fractions of the polyribosome profiles was extracted and
GCN4 mRNA levels were analyzed by RT-qPCR as described in Materials and
Methods.

Figure 8. The retrograde pathway is transcriptionally activated upon iron
depletion. (A) Transcription rates of RTG genes during the response to iron
deficiency obtained from the GRO experiment. (B) Fold induction of RTG
mRNA levels in response to low iron. W303 cells were grown as described in
Figure 1A, and RNA extracted and analyzed at six hours of iron deficiency by
RT-qPCR using specific primers. (C) Wild type BY4741, rtg14, rtg2A and rtg3A
strains were grown at 30 °C in SC (+Fe) and SC with 100 uM BPS (-Fe) for 9
hours. The mRNA levels of specific RTG genes were determined by RT-qPCR



using specific primers. ACT7 was used as a loading control. Mean values of fold
induction in iron deficiency and standard deviations from at least two
independent experiments  are shown. (D) RNA Pol 1II chromatin
immunoprecipitation. The wild-type BY4741 and rtg1A cells were grown as
described in panel B. Proteins were extracted and immunoprecipitated with anti-

RNA Pol II monoclonal antibody. DNA was extracted and binding to RTG
promoter regions was determined by RT-qPCR. The results were normalized to

FUS1 promoter. Mean values of fold induction in iron deficiency and standard

deviations from at least two independent experiments are shown. (E, F) Rtgl
moves to the nucleus in response to iron deficiency. Wild type yeast cells
transformed with the RTG1-GFP plasmid were grown at 30 °C in SD (+Fe) and

SD with 10 pM BPS (-Fe) for 8 hours. Rtgl-GFP subcellular localization was
determined by fluorescence microscopy. Representative images are shown
(panel E). The white bar represents 10 um. The percentage of cells with either

predominantly cytoplasmic or nuclear GFP signal was determined by triplicate.
The average and the standard deviation are represented (Panel F).

Figure 9. A model for TORC1 regulation in response to iron depletion.

TORCI1 regulates protein and ribosome synthesis, as well as metabolic
pathways including the retrograde response mostly via Sch9 kinase and Tap42-
PP2A protein phosphatases. Upon iron deficiency, yeast cells inhibit the

TORCI pathway, and consequently yeast cells repress the transcription of RP
and RiBi genes, translational initiation, and the activity of the RNA Pol I and III.
Moreover, the ESR and RTG pathways are transcriptionally activated in

response to iron scarcity.
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SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure S1. Determination of specific parameters during the
iron deficiency experiment. (A) W303 cells were grown in SC (+Fe) and SC

with 100 uM BPS (-Fe). The ODgoonm Was measured to compare growth in both
conditions. The values were referred to their respective values at time zero. (B)

Yeast W303 and BY4741 cells were grown in SC with 100 uM BPS (-Fe). The

ODsoonm Was measured to compare growth in both strains during the advance of
iron deficiency. (C) Changes in glucose and ethanol levels were obtained by

HPLC analysis during the progress of iron starvation. (D) Cell volume was

determined during the growth in iron-deficient conditions as described in
Materials and Methods. The standard deviation of at least three biologically

independent replicates is shown.

Supplementary Figure S2. Changes in global kp values in response to iron
deficiency. The graph represents the median kp value for all genes at each

indicated time referred to time zero. The values were calculated as described in
Materials and Methods.

Supplemental Figure S3. Clustering of genes according to their TR and RA
profiles. Time course profiles for both parameters were considered for

clustering. Dataset series are referred to their respective time zero in logarithm
scale. Relative repression is shown in green and relative induction in red. The

most significant GO categories (p value < 10%) are indicated with their

respective p values. The individual data for each gene and the list of genes in
each cluster are listed in Supplementary Data S1 and S2, respectively.

Supplemental Figure S4. Clustering of genes according to their kp profile.

The time course profile for kp was considered for clustering. The dataset is
referred to its time zero in logarithm scale. Relative decrease in kp is shown in
green and relative increase in red. The most significant GO categories (p value

< 10*) are indicated with their respective p values. The individual data for each
gene and the list of genes in each cluster are listed in Supplementary Data S4.

Supplementary Figure S5. Clustering of genes according to their kp

profiles in response to iron depletion. Representation of the mean kp value
corresponding to all the genes in each cluster relative to time zero as a function

of time.
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Supplementary Figure S6. Predicted stability of mMRNAs corresponding to
the different TR+RA gene clusters after iron depletion. Representation of

the mean kp value corresponding to all the genes in each TR+RA cluster
relative to time zero in function of time.

Supplementary Figure S7. Expression of RiBi genes in response to iron
deficiency. (A) TR and RA profiles for RiBi mRNAs during the first three hours
in iron deficiency. (B) Representation of the median of the kp values
corresponding to the RiBi mRNAs. All values are referred to time zero. (C-E) TR

and RA profiles for RPL27A, RPL8B and RPS16B mRNAs during the iron
limitation progress.

Supplementary Figure S8. Role of Publ in the stability of RP mRNAs.

W303 and pub1A cells were grown at 30°C for 3 hours in SC (+Fe) or in SC
with 100 uM BPS (-Fe). Then, thiolutin (3 pg/mL) was added to stop

transcription. RPL27A, RPL8B and RPS16B mRNA levels were determined by

RT-qPCR using random primers for reverse transcription and specific primers
for qPCR. SCR1 was used to normalize. Mean values of mRNA half-lives

(calculated on the basis of at least three independent experiments) and
standard deviation are represented.

Supplementary Figure S9. RP and RiBi mRNA levels decrease in response
to severe iron deficiency. (A, B) Wild type BY4741 strain was grown at 30°C

in SC with 100 uM BPS (-Fe) for 9 hours. The levels of specific RP and RiBi
genes were determined by RT-qPCR using specific primers. ACT1 was used to
normalize. Mean values and standard deviations from at least two independent

experiments are shown and referred to time zero.

Supplementary Figure S10. Mafl is dephosphorylated during the iron
deficiency progress. W303 cells were grown as described in Figure 1A. The

phosphorylation state of Maf1 protein was analyzed by immunoblotting using an
anti-Maf1 antibody. Pgkl protein levels were used as a loading control.

Supplementary Figure S11. Rrp12 is anchored in the nucleolus in iron-
deficient conditions. Yeast cells expressing RRP12-GFP were grown in SC

(+Fe) and SC with 100 yM BPS (-Fe) and were visualized after 9 hours of
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growth. DIC, differential interference microscopy. DAPI, 4’,6-diamidino-2-
phenylindole.

Supplementary Figure S12. GCN2 deletion improves translation during the
growth in iron scarcity. Wild type BY4741 and gcn2A strains were grown in
SC (+Fe) and SC with 100 uM BPS (-Fe) for 9 hours. Polysome fractionation

was carried out as described in Materials and Methods. The Azsonm profiles after
gradient fractionation are shown and the ribosomal subunits (40S and 60S),

monosomes (80S) and polysomes are indicated. The percentage of polysomes
and the P/M ratio are represented in each condition.

Supplementary Figure S13.  ACO1 is  transcriptionally and  post-
transcriptionally regulated in response to iron deficiency. (A) Wild type

BY4741 and cth1Acth2A strains were grown in SC (+Fe) and SC with 100 pM
BPS (-Fe) for 9 hours. ACOT mRNA levels were determined by RT-qPCR.
Mean values of fold induction in iron deficiency and standard deviations from at
least two independent experiments are shown. (B) Wild type BY4741, rig14,
rtg2A and rtg3A strains transformed with the plasmid Pacor-lacZ were grown at
30 °C in SC-ura (+Fe) and SC-ura with 100 pM BPS (-Fe) for 9 hours. -
Galactosidase assays were carried out as described in Materials and Methods.

Mean values of fold induction in iron scarcity and standard deviations from at
least two independent experiments are shown.
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SUPPLEMENTARY TABLES

Supplementary Table S1. List of Saccharomyces cerevisiae strains used in

this work.
Strain Description Source
W303a HTLU-2832-1B: HIS3, TRPI, LEU2, URA3, Fred Cross
ADE?2, canl
publIA W303a publ::KanMX4 This work
. Research
BY4741 MATa, his3A1, leu2 A0, met15A0, ura3A0 .
Genetics
rpd3A BY4741 rpd3::KanMX4 This work
dot6Atod6A BY4741 dot6.::KanMX4, tod6:: HIS3MX6 This work
sth3A BY4741 stb3::KanMX4 Research
Genetics
Sch9-HA ACY359: Sch9-HA (TRP1) Andrew Capaldi
Dot6-HA ACY322: Dot6-HA (KanMX) Andrew Capaldi
Rrp12-GFP BY4741 RRP12-GFP-HIS3MX6 \‘loachlm
Griesenbeck
Rrn3-GFP 0OCG0150 Olga Calvo
MWG671: MATa., ade2-101, ade2-101, lys2-
801, leu2-deltal, his3delta200, ura3-52, trpl- .
HA-RPC160 ! i ’ ’ Francisco Navarro
delta63, rpcl60-1::HIS3, pC160-240[TRP1
HA-RPC160]
Research
tglA BY4741 rtgl::KanMX4 .
8 rigsRan Genetics
Research
tg2A BY4741 rtg2::KanMX4 .
"& rige-Ran Genetics
Research
tg3A BY4741 rtg3::KanMX4
& rgz-Ran Genetics
msn2Amsnga | MAT@ ade2-101, rpIA, msnd-A2::URAS, Francisco Estruch

msn2-A3::HIS3
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Supplementary Table S2. List of oligonucleotides used for RT-qPCR and ChIP

in this work.

Name

Sequence (from 5’ to 3’)

ACO1-613-BglII-F

GGAAGATCTTATACTTCGCACTTTACATAT

ACOI1:6-BamHI-R

CGCGGATCCCAGCATTGTATATCTATAGTA

ACT1-qPCR-F TCGTTCCAATTTACGCTGGTT
ACTI-qPCR-R CGGCCAAATCGATTCTCAA
SCR1-qPCR-F TATCCAGCGTCAGCAAAGGT
SCR1-gPCR-R CCAAATTAAACCGCCGAAG
RPB1-qPCR-F CCAGAAGTGGTCACACCATATAA
RPB1-gPCR-R GGTCTCCGCTATCACGAATG
RPL17A-qPCR-F TCTTCTCCATCCCACATTGA
RPL17A-qgPCR-R GCGGCGATTCTACCTCTTT
RPL8B-qPCR-F GGGTGTTCCATACGCCATT
RPL8B-qPCR-R TTCGTCTTCGGCTCTGACTT
RPS16B-qPCR-F GACGAACAATCCAAGAACGA
RPS16B-gPCR-R AGAACGAGCACCCTTACCAC
RPL27A-qPCR-F AGTTGCTGTCGTTGTCCGTG
RPL27A-qPCR-R ATGGGTGAGACTTGGAACCT
18S-qPCR-F CATGGCCGTTCTTAGTTGGT
18S-qPCR-R ATTGCCTCAAACTTCCATCG
25S-qPCR-F ATTGTCAGGTGGGGAGTTTG
25S-qPCR-R GGGGCTTTTACCCTTTTGTT

tL(UAA)-qPCR-F

CTGTGGGAATACTCAGGTATCGT

tL(UAA)-qPCR-R

TTTCTCGTCTTTAGTCGGCTTC

tV(UAC)-qPCR-F TCCTAAGCTGTCATCCGTAA
tV(UAC)-qPCR-R ATCGAACTCGGGACCTTTG
tS(AGA)J-qPCR-F CGAGTGGTTAAGGCGAAAGA
1S(AGA)J-qPCR-R GGCAAAGCCCAAAAGATTTC
tK(CUU)C-qPCR-F AATCGGTAGCGCGTATGACT
tK(CUU)C-qPCR-R GCTCGAACCCCTAACCTTAT
LTVI-qPCR-F CGTTTTGGTTCCTGTCTCCA
LTV1-qPCR-R CCCTCCTACCCTTTGGTTTT
SRO9-qPCR-F GAATCGGCAGTAGGTGAGGA
SRO9-qPCR-R AGGTGGTTGTTGCTGTTGTG
GUAI-qPCR-F ACTTCGCCGTTGATTTGTGT
GUAT-qgPCR-R GGACCGACCAGTTTICTGATT
NOP14-qPCR-F GAAGAAGGCGAAGAAAGAGGA
NOP14-qPCR-R CAGAATCAGCAATACCGTCA
BRXI-gPCR-F  TGAAGATGGCGAAGAAGACA
BRX1-gPCR-R GGACCACCAAATGAACC

GCN4-qPCR-F

GACAACTTCATTCTTACCCACTCC
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GCN4-qPCR-R GATTCGTCATCCTTTCCAACA
CIT1-gPCR-F GGTCGTGCCAATCAAGAAGT
CIT1-qPCR-R TGCGTTCAAAGTATCCCACA
CIT2-qPCR-F GATTTCGTGGACTTGATGAGAC
CIT2-gPCR-R GGGACAGATAAGGTGATGATAGTG
IDH1-qPCR-F GAGAAAACACGGAGGGTGAG
IDHI1-qPCR-R GGCGAAGTCAAAGGCAAATC
IDH2-qPCR-F CGAGGAGGTTTTTGGCTACT
IDH2-qgPCR-R TCAGGTCCGATACCATCACC
DLD3-qPCR-F AGGACTTGCCTTTCCCTCTG
DLD3-qPCR-R GCTTCTCATCGTCGTGTCTCT
ACOI1-qPCR-F GCCATCAAGAGACCCATTGT
ACO1-qPCR-R ATCCAGCGTTTCCACATTCT

DLD3-ChIP-prom-183F
DLD3-ChIP-prom-57R GCATTTTGGCACCCTGTTCT

GGATGACACCACTTGCCACA

IDH1-ChIP-prom-150F

CCGCTTCATTGGCTTATTCTTG

IDH1-ChIP-prom-25R

AGGGAGAAGAATGAGGATAGGG

CIT2-ChIP-prom-159F

GGCCCATTATTCTCGACGTT

CIT2-ChIP-prom-85R

TGAGGAACGAACACCATATC

ACO1-ChIP-prom-186F

GAAAGGCAAGCACAAAAAGG

ACO1-ChIP-prom-64R

GAGTGAACAGAACAAGGGACAA

FUS1-ChIP-prom-F

CATGTGGACCCTTTCAAAAC

FUS1-ChIP-prom-R

AGACAGCGCGAAAAGTGACA
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Abstract

We have investigated the effects that iron limitation provokes in Saccharomyces
cerevisiae exponential cultures. We have demonstrated that one primary
response is the induction of bulk autophagy mediated by TORC1. Coherently,
Atg13 became dephosphorylated whereas Atg1 appeared phosphorylated. The
signal of iron deprivation requires Tor2/Ypk1 activity and the inactivation of Tor1
leading to Atg13 dephosphorylation, thus triggering the autophagy process. Iron
replenishment in its turn, reduces autophagy flux through the AMPK Snf1 and the
subsequent activity of the iron responsive transcription factor, Aft1. This signaling
converges in Atg13 phosphorylation mediated by Tor1. Iron limitation promotes
accumulation of trehalose and the increase in stress resistance leading to a
quiescent state in cells. All these effects contribute to the extension of the

chronological life, in a manner totally dependent on autophagy activation.

Introduction

Iron is an essential metal for the majority of cellular types. It is required for a
number of metabolic processes such as respiration, proteins, lipids or ribosome
metabolism, DNA biosynthesis and repair and others [1, 2]. Since iron can be
potentially toxic for cells, mechanisms tightly controlling its homeostasis are
required. In budding yeast, Yap5, Aft1 and Aft2 are the classical iron regulators.
Yap5 is a transcriptional factor responding to high levels of cytosolic iron [3]
whereas Aft1 and its paralogue Aft2 mediate the responses to iron starvation [4,
5, 6]. Aft1 localization is determinant for its transcriptional function being localized
in the nucleus when iron is scarce and translocate to the cytoplasm when iron is
repleted [7]. Iron depletion causes health problems in humans such as
cardiovascular diseases or anemia. Some researchers have described the
activation of autophagy in response to iron deprivation as a positive mechanism
to recirculate iron [8, 9]. Sensing and transducing the signal of the iron status to
different cellular targets is essential to achieve a correct cellular homeostasis,
hence, Hog1, Snf1, Ras2/PKA and Pkc1 signalling pathways have been directly
or indirectly related to iron homeostasis (Reviewed in 10). The stress-activated
protein kinase (SAPK) Hog1 (p38 in humans) phosphorylates and regulate Aft1
activity [10].

The kinase Snf1 belongs to the AMPK family, it has been demonstrated its participation



in the regulation of the iron regulon during diauxia through Aft1 [11] and also a role for
Snf1 in iron resistance has been reported [12]. Our group has demonstrated that Sit2
the MAP kinase of the PKC1-MAPK pathway, also regulates Aft1 under iron deprivation
conditions (submitted). Mitochondria and vacuole are both organelles in which iron is
accumulated; this localisation probably contributes to the cellular sensing of iron. TOR
is a known regulator of cellular metabolism and proliferation in all the known eukaryotic
models.

Nutrient starvation provokes changes in the metabolism and cell cycle and under certain
circumstances causes a G1 arrest and entrance in a long-lived quiescent state [13, 14]
When cells are deprived of several biomolecules autophagy activation contributes to
recycle nutrients (reviewed in: [15, 16] Many autophagy mutants exhibit a reduction in
their chronological life span [17]. These findings have led to several studies
demonstrating that autophagy can play a positive role in longevity (For reviews: [18, 19,
20].

TORC2 exerces a control in mitochondrial respiratory function, affecting calcineurin [21].
During amino acid starvation, TORC2 positively regulates autophagy by inhibiting the
activity of the calcium-regulated phosphatase calcineurin and activating the general
amino acid control (GAAC) [22]. In addition, TORC2, controls ATG8 expression upon
repression of the heterodimeric Zinc-finger transcription factors Msn2 and Msn4 [23]
(Vlahakis et al., 2017b).

TORCH1 is down regulated in conditions of iron limitation [24].The inactivation of the
complex retards aging in Saccharomyces cerevisiae [25]; interestingly this mechanism
has been demonstrated to be evolutionary conserved in many eukaryotic models and
human cells (for a review [26]. TOR plays a crucial role in regulating autophagy in all
eukaryotic models [27]. TORC1 is a negative regulator of autophagy [28]. Mild
inactivation of TORC1 stimulates macroautophagy and extends life span [17]. TORC1
activity is registered through its multiple downstream effectors [29]. Sfp1, one of the
downstream effectors of TORCH1, is a transcriptional factor that regulates both RP and
RiBi genes [30, 31]. When TORC1 is active, Sfp1 has a nuclear localisation whereas in
conditions of TORC1 inactivation, Sfp1 is translocated to the cytoplasm. Non starved
cells sequester Msn2/Msn4 in the cytoplasm upon their hyperphosphorylation mediated
by TORC1 and cAMP-PKA. Nutritional starvation causes inactivation of both pathways
leading to Msn2/Msn4 dephosphorylation and nuclear translocation, leading to the

induction of the expression of a wide number of genes by the heterodimeric



transcription factor [32, 33]. Rtg1 is a basic helix-loop-helix/Zip transcription factor that
along with Rtg3 and Rtg2 integrates the pathway termed retrograde regulation [34, 35].
Rtg1 is localized to the cytoplasm when cells grow in the presence of all the required
nutrients in logarithmic phase. Several stimuli such as TORC1 inactivation, nutrient
deprivation or mitochondrial dysfunction provoke Rtg1 translocation to the nucleus
(reviewed in [36]. When active, TORC1 hyperphosphorylates Atg13, thus inhibiting
autophagy [28]. TORC1 inactivation leads to Atg13 dephosphorylation that triggers Atg1
kinase  activity then leading to the formation of the complex
Atg13/Atg1/Atg17/Atg29/Atg31 activating the autophagy process [37, 38].

In this study, we demonstrate that iron deprivation activates macroautophagy in growth
conditions in which iron is the only limiting nutrient. Tor2-Ypk1 is required to detect and
transmit the signal of iron deprivation allowing Tor1 to dephosphorylate Atg13 and induce
the autophagy mechanism. Snf1 and Aft1 participate in detecting the signal of iron
repletion leading to Tor1 induction and the consequent repression of autophagy.

Iron limitation causes an early entrance in quiescence and extension of chronological
life, conditioned to the simultaneous activation of the autophagy machinery. The results
presented here suggest a coordinate linkage between nutritional signalling pathways,
iron homeostasis and autophagy that favors life extension.

Materials and methods

Yeast strains and plasmids

Saccharomyces cerevisiae strains are listed in Table 1. All the strains named GSL are
derivatives of the CML128 background. New null mutants described in this study were
obtained by a one-step disruption method that uses the NatMx4 or KanMx4 cassettes
[51]. Strains GSL199, 226, 297, 313, 325, 352, 374 and 382 were constructed upon
integration of plasmid pGFP-Atg8 (original name: pHab142), previously digested with
Stu1, in the URA2 locus. Strains, GSL395, 398, 399 and 401 were constructed upon
integration of plasmid pAtg1-HA previously digested with BstEIl. The plasmid pAtg1- HA
was obtained upon Atg1 cloning into the Pme1 and Pstl sites of the integrative vector
pMM351 [48].

Plasmid descriptions are listed in Table 2. Each particular ORF was amplified by PCR

from genomic DNA to be directionally cloned in the specific plasmid.



Media, growth conditions and reagents
Yeasts were grown at 30°C in SD medium (2% glucose, 0.67% yeast nitrogen base that
lacked the corresponding amino acids for plasmid maintenance) plus amino acids [52].
Iron depletion conditions (-Fe) consisted on SD medium whose nitrogen base
component was free of iron plus the addition of 80 pM of 4,7-diphenyl-1,10-
phenanthrolinedisulfonic acid (BPS) (Sigma,146617) [42]. Iron was added as ammonium
iron (Ill) sulfate hexacahydrate [NH4+Fe(SOs).*6H.0] (+Fe; F1543; Sigma) at a final
concentration of 10mM.
We present a list of reagents detailing final concentrations in culture media and from
which company they were purchased: Cycloheximide 150mg/ml (SIGMA, C4859); Rapid
alkaline phosphatase (Roche, 105677520001). N-acetylcysteine: NAC 5 mM (Sigma,
A9165); FM464 30 pg/pL (Invitrogen, T-3166); Rapamycin 200 ng/ml (Sigma, R0395);
CaClz:2H20 100 mM (SERVA 15587); H202 0.5 mM (Sigma, H1009); Sorbitol
0.8 M (Sigma, S6021); Dihydroethidium DHE 50 uM (Sigma, D7008); DAPI 2 mg/mL
(Sigma, D9541); Eritromycin 0.5 mM (Sigma, E6376); Glicerol 3% (Fisher scientific,
800689). Cell cultures were exponentially grown at 600 nm [OD600] of 0.6.

Calcineurin activity
To determine calcineurin activity we used a calcineurin-dependent response element
(CDRE) lacZ reporter described in [53] and B-galactosidase assay was determined

according to the protocol previously publish by our group in [42].

Vacuole and dihydroethidium staining
For vacuole visualization, cells were stained with FM4-64 (N-(3-
triethylammoniumpropyl)-4-(p-diethylaminophenylhexatrienyl) pyridinium dibromide,
and to determine cellular oxidation we used dihydroethidium. Both protocols were
previously described by our group in [41].

Glucose and trehalose determinations

We followed the directions detailed in [54].

The index of respiratory competence (IRC) and mitochondria mutation frequency assay



The IRC value was calculated as the ratio between the number of colony-forming units
(CFUs) observed on plates containing a non-fermentable medium YPEG (glycerol) vs a
fermentable medium YPD (glucose). Mitochondria mutation frequency assay was
determined as the ratio between de CFUs counted on YPEG plates plus erythromycin vs
the number el CFUs counted in YPD plates. Both protocols were carried out according
to [55].

Cell survival and chronological life span

To assay cell viability cells were grown to mid log phase O.D.so: 0.6 in SD medium
supplemented with the required amino acids. Viability was registered through serial
dilutions and plated by triplicate onto YPD plates.

We measured the chronological life span (CLS) in the different strains based on the
survival of populations of non-dividing yeast cells according to [42]. The viability was
scored by counting the number of cells able to form colonies, CFU (colony-forming
units). Cultures were started at an O.Deoo: 0.6. The same number of cells collected from
each culture were plated in triplicated into YPD plates and allowed to grow at 30°C for
3-4 days. CLS curves were plotted with the corresponding averages and standard

deviations from three independent experiments.

Protein extraction and immuno blot analyses

Total yeast protein extracts were prepared as previously described in [42]. The
antibodies for western blotting were as follows: anti-HA 3F10 (no. 12158167001; Roche
Applied Science), was used at a dilution of 1:2,000 in 0.25% non-fat milk and the
corresponding secondary was goat anti-rat IgG horseradish peroxidase conjugate (no.
AP136P, Millipore). Anti-GFP (no. 632381; Living Colours) was used at a dilution of
1:2,000 and anti-Phospho-glycerate kinase (459250, Invitrogen) used at a dilution
1:1,200, both with the secondary antibody anti-Mouse (LNA931v/AG, GE Healthcare).
Anti- Phospho-elF2a (Ser51) (3597S, Cell Signalling) at a dilution 1:1,000 and anti-
Phospho-AMPKa (Thr172) (167253S, Cell Signalling) at a dilution of 1:1,000 both with
the secondary antibody anti-Rabbit (LNA934v/AG, GE Healthcare). They were used as
indicated by the manufacturers.

The protein-antibody complexes were visualized by enhanced chemiluminescence,

using the Supersignal substrate (Pierce) in a Chemidoc (Roche Applied Science).



Autophagy activity
For monitoring autophagy, we used the protocol described by [56] and modified
by [43].

Results

Iron deprivation activates autophagy flux in conditions in which the only limiting

nutrient is iron.
Iron is an essential element for eukaryotic cells. In a previous study we have
demonstrated that iron deprivation provoked a descent in TORC1 activity [24],
therefore we wondered whether iron availability also determined the onset of
autophagy, in conditions in which iron is the only nutritional restriction imposed
during exponential phase.
We decided to analyze autophagy progression through the immunological
detection of free GFP from GFP-Atg8 genomic fusion [57]. GFP accumulation
was only clearly detected in wt cells depleted for iron in exponential conditions;
however, the free GFP band was undetectable in atg7 and atg? mutants (Fig.
1A). As expected, GFP moiety was undetectable in cells growing exponentially
in control SD medium not depleted for iron in all the strains tested (Fig1A). The
increase in autophagy flux [58] detected in iron depletion conditions (Fig 1B) was
indicative of induction of bulk autophagy.
Moreover, total Atg8 also experienced an increase in wt cells growing in iron
depletion conditions (Fig 1C). These results were confirmed upon the
microscopical observation of GFP accumulation in vacuoles (the dye FM4-64
accumulates in the vacuolar membranes) in wt cells growing exponentially in iron
starved medium (Fig 1D), as opposed to atg7 and atg? mutants in which GFP-
Atg8 showed a disperse location through the cytoplasm and occasionally as
punctate location to the PAS (Fig 1D and E). In order to discard that this would
be a specific effect of the background we used different backgrounds and
observed that in all of them iron deprivation induced autophagy flux in
exponentially growing cells (not shown). We also observed the appearance of
PAS (preautophagosome sites) detected upon GFPAtg8 (Fig 1D white arrows
and E) and Atg13GFP (Fig 1F) microscopical observation, indicative of activation
of autophagy flux. We discarded the contribution of specialized autophagy in the
vacuolar accumulation of GFP derived from GFP-Atg8 by analyzing atg771 and

atg32 mutants (Supplementary Material)



We used the enzymatic pho8A60 assay [59, 56] to quantify autophagy and
confirmed that iron deprivation provoked an increment of autophagy in cultures
not limited for nutrients other than iron, as compared to SD control cultures (Fig
1G).

Torl and Tor2 regulate autophagy in response to iron availability during exponential phase.
To elucidate whether the signal of iron deprivation flows from TORC1 inhibition
to the different read-outs and to the machinery of autophagy we have analyzed
several TORC1 substrates in wt and atg7 mutant deficient in autophagy (since
we observed the same results in atg7 and in atg?7 mutants we do not show the
results corresponding to the later): Msn2/4 [47, 60, 32, 33 ], Rtg1 [34, 35] Sfp1[30,
31] GCN2/elF2a. [61, 62].

Under optimal growth conditions Rtg1 and Msn2/Msn4 are localized to the
cytoplasm, whereas Sfp1 is located in the nucleus. Iron starvation provoked Rtg1
translocation to the nucleus and Sfp1 localisation to the cytoplasm (Fig 2A),
however Msn2 was not affected by the scarcity of this metal in neither wt nor
atg7 strains and remained localized in the cytoplasm (Fig 2A). Rtg1 localisation
upon iron deprivation was not a consequence of mitochondrial dysfunction
leading to oxidative stress since treatment with the oxidant N-Acetyl cysteine was
unable to induce the translocation of the transcription factor from the cytoplasm
to the nucleus (Fig 2 B). TORC1 and a variety of stresses cause an increased
abundance of uncharged tRNAs that activate the kinase Gcn2, which in turns
phosphorylates elF2a to globally attenuate the protein synthesis. Our data
indicate that TORC1 inactivation caused by iron depletion did not provoke elF2a
phosphorylation when no other nutrient was limiting (Fig 2C).

Atg13 phosphorylation by TORC1 inhibits autophagy [63].

TORC1 inactivation leads to Atg13 dephosphorylation which provokes
detachment and activation of Atg1 by phosphorylation with the subsequent
activation of autophagy. We observed Atg13 dephosphorylated whereas Atg1
became phosphorylated upon iron depletion in wt cells and also in the autophagy
mutants atg? and atg7 (Fig 2D), suggesting that in conditions of iron depletion
with no other nutrient limitation, TORC1 is correctly inactivated and this
inactivation is an event previous to the transmission of the signal to Atg13 and
Atg1 proteins to activate the autophagy machinery.

Consequently, in the absence of either Atg1 or Atg7, even when TORC1 is inactivated

and Atg13 dephosphorylated the autophagy does not take place.



With the aim of completely inactivate TORC1 complex we treated control cultures
growing exponentially with rapamycin and provoked both TORC1 inactivation and bulk
autophagy and autophagy flux induction. However, in iron depleted cultures rapamycin
did not cause any significant additional change taking into consideration that the
starvation for this nutrient had previously caused the inactivation of TORC1 (Fig 2E).
The autophagy analysis of pho8A60 delivery to the vacuole confirmed our conclusions
since rapamycin provoked an expected induction of autophagy in control conditions, but
was unable to alter the already induced autophagy in iron starved conditions (Fig 2F).
Our results support the hypothesis that iron deprivation leads to TORC1 inactivation
during logarithmic phase, however this signal flows only to specific read-outs.

We decided to test other possible signalling pathways related to nutritional responses
that could be related to detection and transduction of the iron starvation signalling, these
are, TOR2/Ypk1, Ras2, Gen2 and Snf1. TOR2 signals to the mitochondrial function to
positively regulate autophagy [50]. Ypk1 is the most relevant target of TORC2 for this
mechanism, therefore we deleted YPK1 as a surrogate for TORC2 disruption, as wisely
indicated in [50]. We could observe that the absence of Ypk1 abrogated the autophagy
flux induced by iron starvation in exponentially growing cells (Fig 3A, B). In addition, from
the observation of TORC1 substrates upon iron deprivation, we concluded that in ypk1
strain Tor1 activity was reduced only for some substrates, Rtg1 and Sfp1 (Fig 3C) but
contrary to that observed in wild type cells, neither Atg1 became phosphorylated nor
Atg13 became dephosphorylated (Fig 3D). We discarded the possibility that iron
deprivation would be provoking mitochondrial damage since in both a rho0 strain and
upon antymicine treatment (not shown) activation of the autophagy flux was clearly
detected (Fig 3E and F). Consequently, we do not believe that the absence of autophagy
activity detected in ypk7 mutant upon iron deprivation is due to mitochondrial damage.
Consequently, our results are consistent with the absence of autophagy flux observed
in ypk1 mutant (Fig 3A) and indicate that in the absence of TOR2/Ypk1 the iron starvation
signal cannot be transmitted to Atg13 and Atg1 to activate the autophagy machinery
through Tor1. We added rapamycine to both wt and ypk7 cultures to fully inactivate
TORC1 complex in both wt and ypk1 strains. Upon TORC1 inactivation with rapamycin,
we observed autophagy activation in ypk1 strain, both in conditions of iron deprivation
or not. In accordance with these observations Atg13 became dephosphorylated and
Atg1 phosphorylated in all the samples treated with rapamycin (Fig 4A). These results

suggest that in conditions of iron deprivation, TORC1 is active



for specific substrates in the absence of Ypk1, nevertheless, TORC1 is inhibible upon
treatment with the macrolide rapamyin which functions independently of iron signaling.
Concerning TORC1 read-outs, we observed that Rtg1 was localized in the cytoplasm
and Sfp1 was localized to the nucleus in 100% of the cells of both strains, indicating that
TORC1 complex was completely inactivated (Fig 4B). Taking altogether our results we
can conclude that Ypk1 is required to transmit the iron starvation signaling to the
autophagy machinery through Tor1.

Ypk1 function has been associated to Gen2 activation with the subsequent induction of
autophagy in conditions of amino acids starvation [50]. We could determine that
autophagy regulation upon iron deprivation when amino acids are not limiting does not
involve Gen2 activity since no elF2alfa phosphorylation was detected (Fig 4C). Ypk1
signalling regulates autophagy by repressing the activity of calcineurin and thus inducing
Gcen2 activity [50]. Calcineurin activity was measured using a CDRE-driven lacZ reporter,
as described previously [53, 50]. Calcineurin activity was not reduced in iron starvation
conditions, moreover, it was even higher than the activity quantified in SD control
conditions, although much lower than that determined in ypk? mutant cells (Fig 4D).
Moreover, gcn2 mutant did not present any defect in autophagy activation in iron limiting
conditions (Fig 4E). Taking into consideration that Msn2 is not translocate to the nucleus
upon iron starvation (Fig 2A), we discard the possibility that neither Msn2/Msn4 [23] nor
calcineurin/Gen2 could be the Tor2 targets that govern autophagy induction when iron
is limited in the cultures. Our results suggest that Tor2 activity is required in order to
transmit the signal to the autophagy machinery through Tor1 when iron is limiting,
suggesting that Tor1 inactivation as a consequence of iron depletion does not activate
bulk autophagy without Tor2 activity. The absence of Ras2 kinase also presented results
related to GFP accumulation from GFPAtg8 and Atg13 and Atg1 phosphorylation similar
to those observed in wt cells (Fig 4E) 1). A certain level of autophagy was already
detected in the mutant tor7 growing in control SD medium that was significantly
increased when cultures were grown in iron starvation conditions (Fig 4E). In addition,
the absence of Snf1 caused a significant increase in Atg8 expression upon iron
deprivation (Fig 4E) suggesting that the AMPK is playing a negative role with respect to
the synthesis of Atg8.

Aft1 is the transcriptional factor involved in regulating iron homeostasis [5]. We observed
that aft1 deletion did not substantially differ from those results obtained with the wt strain

with respect to the autophagy activation in response to iron depletion, since



autophagy flux, GFP accumulation in the vacuoles, Atg13 and Atg1 phosphorylation
patterns were similar to that detected in wt cells upon iron starvation (Fig 4F). However,
upon iron depletion the levels of total protein Atg8 suffered a significant increase in the
absence of Aft1, suggesting that under this nutritional circumstances Aft1 negatively
affects Atg8 synthesis (Fig 4F).

Taken altogether these results we conclude that when iron is the only scarce nutrient in
the culture medium Tor2 activity is required in order to induce bulk autophagy through

Tor1 inactivation.

Snfl through Aft1 are both involved in signal detection of iron availability to down regulate

autophagy through Torl
Iron replenishment to exponential growing cultures previously grown without iron,
caused a remarkable and gradual reduction in the autophagy and autophagy flux,
evidenced upon identification of Pho8 activity (Fig 5A), GFP accumulation from GFP-
Atg8 (Fig 5B), GFP-Atg8 localisation (Fig 5C), and both Atg13HA and Atg1HA
phosphorylation (Fig 5D). Moreover, iron addition to wt cultures caused the activation of
TORC1 through the induction of Atg13 phosphorylation (Fig 5D) and the relocalization
of Sfp1to the nucleus (Fig 5E). In addition, when we tested mutants in several signalling
pathways related to nutritional sensing tor1, snf1, ypk1, ras2, gcn2 and (not shown),
only tor1 and snfl showed a clear impairment in signalling the autophagy down
regulation upon iron refeeding given that we did not observe the descent in the
autophagy flux, GFP-Atg8 translocation to the cytoplasm nor Atg13 phosphorylation as
it did occurred in wt cultures (Fig 5B to E).
Given that Aft1 is involved in iron homeostasis and that is responsive to iron availability,
we decided to investigate the potential contribution of the transcription factor in the
detection and transmission of the iron availability and the transmission to the autophagy
machinery. The absence of Aft1 prevented the down regulation of autophagy when iron
was added to the culture medium (Fig 5B to E). These results suggest that Snf1, Aft1
and Tor1 are involved in the down regulation of autophagy upon iron refeeding.
We discard the possibility that Snf1 or Aft1 act as Tor1 functional regulators upon iron
refeeding since Sfp1 translocated to the nucleus in both snff and aft! mutant as
occurred in wt cells (Fig 5E) suggesting that the signal of iron repletion flows from Snf1
to Aft1 and Tor1 only to specific substrates such is the case of Atg13.



In order to ascertain whether Snf1 kinase activity is responsive to iron signalling, we
chose wt and aft1 posdiauxic cultures because upon 2 days of growth in SD minimum
medium, glucose levels are undetectable (data not shown). At the same time, Snf1
reached a maximum kinase activity (Fig 5F). Addition of iron to the culture medium
provoked a fast inhibition of autophagy flux in wt cells growing in the presence or
absence of Fe (Fig 5G). However, neither snf1 nor aft1 mutants experienced any
reduction in autophagy flux (Fig 5G), on despite that the in aft1 mutant Snf1 kinase
activity was induced in SD medium equivalent to that detected in wt control cultures (Fig
5F and G). As expected, iron repletion did not repress Snf1 activity neither in wt nor in
aft1 cultures (Fig 5F). In conclusion, since in a situation in which Snf1 is active, iron
addition is not capable to inactivate autophagy in the absence of Aft1, we speculate that
Snf1 might signal to Aft1 to inhibit autophagy upon Atg13 phosphorylation through Tor1.
Taking together our results we conclude that iron excess actively represses autophagy
through Snf1, Aft1 and Tor1-Atg13 signalling. Iron availability is a determinant factor to
regulate autophagy and autophagy flux in optimal nutrient conditions when cells are not
exposed to any other nutritional stress.

Iron scarcity promotes trehalose accumulation and resistance to several stresses resembling

a quiescent state that is independent of bulk autophagy.
Iron deprivation caused an early entrance in diauxic shift and stationary phase (Fig 6A)
already reported by [64]. Our data are in agreement with these observations but, in
addition, we also observed a cell cycle blockade in GO, as evidenced by the
accumulation of unbudded rounded and big cells, suggestive of quiescence (Fig 6B). To
check this we determined in cells depleted or not for iron, both the accumulation of
trehalose (Fig 6C) and the resistance to different stresses in stationary cells (Fig 6D)
since quiescent cells are more resistant to different environmental stresses [65]. Iron
deprivation induced trehalose accumulation and certain increase in the resistance to
oxidative stress, high temperature and osmolality during stationary phase (Fig6C and
D). The mutants atg7 and atg17 also accumulated trehalose as a response to iron
deprivation, suggesting that this mechanism is independent of the autophagy machinery
(Fig 6C). Calculation of the index of respiratory competence (IRC) indicated that iron

deprivation did not reduce the respiratory capacity of the cells during exponential or



stationary phase (Fig 6E). In addition, mitochondria mutation frequency was null in cells
growing in iron depleted media during 15 days of observation. However in control
cultures growing in SD minimum medium, non-depleted for iron upon 6 days of growth
some colonies erythromycin resistant were detected, and the number was sequentially
increasing until the end of the experiment, indicating that mitochondrial mutations
accumulate during aging when iron is not limited in the growth medium (Fig 6F).

Taking altogether these results, our hypothesis is that iron depletion causes a premature
entrance into a quiescent like state that has a positive effect in the mitochondrial function

Iron depletion contributes to extend life conditioned to autophagy flux activation whereas

iron overload shortens CLS

In view of the clear involvement that autophagy flux and activation of quiescence have
in the response to iron depletion, we decided to analyze the possible biological role that
iron starvation and the concomitant activation of autophagy flux could be playing in the
chronological life span. First, we carried out experiments of chronological life span (CLS)
up to 15 days in 3 different wt backgrounds (Fig 7A). Iron depletion caused a significant
life extension in the three backgrounds tested as compared to their corresponding
control cultures not starved for iron (Fig 7A). This result demonstrates that iron starvation
causes a genuine effect expanding chronological life. We observed that cells starved for
iron presented a clear tendency to become rounded unbudded and presented a healthier
aspect during all the CLS experiment than wt cells growing in SD medium, consequence
of the entrance in quiescent state, as described in the previous section (Fig 6B). Iron
deprivation did not preclude mitochondrial function since cell survival was equivalent in
glucose and in glycerol during the CLS experiment (Fig 7B). Mutants in different stages
of autophagy: atg7, atg13 and atg17 already experienced a significant reduction in their
CLS as previously reported for atg7 in [17]. Interestingly, iron deprivation cultures
experienced an additional reduction in their CLSs (Fig 7C). In conclusion, our results
demonstrate that in S. cerevisiae, iron homeostasis is particularly relevant in aging

associated and conditioned to the regulation of autophagy and autophagy flux.

Discussion



Results shown here indicate that iron depletion is itself a signal to activate autophagy
when it is the only limiting nutrient in the culture medium. The observation that this
response also occurs in rho0 strain suggest that the reservoir of iron in the mitochondria
is not the source of the main signal to activate the autophagy machinery.

Some authors have reported that activation of the autophagy when iron is scarce could
be a response to overcome the deleterious effects in the cells in human cells, however
the molecular mechanism is poorly understood [8, 66]. According to the elegant studies
of [21, 22, 23, 57] our results could indicate that an intact TOR2 function might be
required to maintain a correct mitochondrial function in order to activate autophagy flux
when iron is the only limiting nutrient. Or alternatively that Tor2 would induce autophagy
through Msn2/Msn4 [50, 21, 23]. However, the observation that a rho0 mutant induced
autophagy upon iron starvation suggested that mitochondrial function turned out to be
dispensable for this response in the conditions established in this study. In addition, the
observation that Msn2 did not translocate to the nucleus in response to iron deprivation
also discarded the possibility that Ypk1 would be signalling to the activation of this
transcription factor. Iron scarcity reveals the requirement for a TOR2 activity as a positive
regulator of autophagy through YPK17 when any other nutrient is limiting. Our results
suggest that iron starvation induces TORT1 inactivation to dephosphorylate Atg13 and
consequently to induce the autophagy machinery only when TOR2/YPK1 is active,
meaning that these proteins are relevant to sense iron scarcity and to transmit de signal
to the autophagy machinery for the adaptive response to iron deprivation specifically.
Iron deficient cells exhibit alterations in the properties and functions of membranes [67].
A recent review by [68] updates the evidences that connect TOR2 to membrane
homeostasis. Therefore we could speculate that TOR2 might play a role as membrane
vigilant when iron is scarce and that one of the mechanisms to overcome this deficiency
would be the activation of autophagy, although this hypothesis requires further research.
Intriguingly, the transmission of the signal of iron deficiently from Ypk1 to TORC1 only
occurs to certain substrates such is the case of Atg13 and Atg1. At the same time, the
signal of iron deprivation influences TORC1 regulation on Sfp1 and Rtg1 substrates
independently of Tor2/Ypk1. Further investigation in this mechanism will be required.
Nevertheless, other nutritional limitations such as nitrogen [69] or even metals such as
zinc [70] have been reported to also provoke the inactivation of TORC1. Nitrogen

starvation, in particular signals only to specific TORC1 substrates, such as Sfp1



coincidentally, leading to autophagy activation. An elevated autophagy flux ensures iron
availability for essential functions such as mitochondrial functioning and synthesis of
iron-sulphur clusters, DNA repair, amino acid synthesis and others. In line with this, our
results suggest that in conditions of serious iron limitation the requirements for a high
autophagy flux to efficiently recycle the metal will preserve life extension.

Respiratory function is essential for standard CLS [71]. Iron depletion not only did not
curtail CLS but notably extended it, respiration capacity was not negatively affected by
low iron levels, meaning that mitochondrial function was potentially optimal. In
accordance with other authors, our results support the hypothesis that iron limitation
during aging requires an optimal mitochondrial function that is relevant for the modulation
of autophagy flux [58] and life extension [72].

Iron hormesis is another possible explanation to the notable increase in life extension
that cells experience in conditions of iron deprivation since the beginning of the
experiment. This limitation forces cells to recycle iron from cellular components through
autophagy and, in addition, it avoids an excess of iron circulation in the cell, provided
that unnecessary vacuolar accumulation of the metal as a result of Aft1 and Aft2
activation, would be prone to cause oxidative stress.

Several studies have shown that quiescence [14] and autophagy contribute to life
extension [74, 19, 73]. In this study we show that quiescent cells caused by iron
deprivation conferred beneficial consequences for life extension. Iron limitation is
another example of treatment intervention to extend life that requires the autophagy
machinery since he CLS of atg? and atg7 mutants were severely impaired as compared
to cultures not starved for iron, on despite of having activated the quiescent program
The observation that iron refeeding can provoke a dramatic descent in CLS and
autophagy flux reinforce the idea that the entry in this quiescent state accompanied of
autophagy flux induction is essential to extend life when iron is scarce, being any
additional metabolic activity detrimental.

In our study we observed that iron limitation caused a mild shift in Snf1 kinase activity as
reported in rat esqueletal muscle [75] apparently because in this metabolic condition
there is a higher dependence on the glucose metabolism [67]. However, Snf1 is not
directly involved in signalling autophagy induction, on the opposite its role is involved in
down regulating autophagy flux once iron is refeeded. And it does so through Aft1. The
Aft1 transcription factor, whose known function is to regulate iron homeostasis in

S. cerevisiae is not required to induce autophagy in conditions of iron deficiency, as



previously reported by [64]. However, and interestingly, Aft1 participates in the
transmision of the iron repletion signal to inactivate autophagy through Tor1 and Atg13
phosphorylation. This is not the first time in which an association between Snf1 and Aft1
has been reported. [11] already described that both proteins were related in order to
induce certain genes from de iron regulon during diauxic shift.

Although autophagy is important for maintaining cellular viability during nutrient stress,
excessive autophagy can be deleterious to cells and lead to apoptosis or necrosis [76].
As such, autophagy paradoxically serves as a mechanism for the suppression as well
as the proliferation and survival of tumor cells [77]. Iron limitation in the time requires a
fine tuning in nutrient recycling and metabolism and signalling activation, a further
increase in any of these mechanisms disables the hormetic mechanism leading to early
aging and cell death.
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Figure 1. Iron deprivation as the only nutrient restriction induces bulk autophagy and
increases the accumulation of both Atg8 and Atg13 foci. A) wt, atg7 and atg? cultures in
which the fusion protein GFP-Atg8 was integrated (strains GSL197, 226 and 325,
respectively), were grown to log phase (ODsoo: 0.6) in SD and SD-Fe medium at 30°C.
Aliquots were collected for total protein extraction and western blot. GFP-Atg8 was
monitored using an anti-GFP antibody. As loading control we used anti-Pgk1 to detect
Pgk1. B) Autophagic flux was calculated as the ratio between free GFP and total GFP-
Atg8 detected in A. Total GFP-Atg8 was determined as the addition of the high mobility
band corresponding to the form GFP-Atg8 and the slow mobility band corresponding to
GFP, as a result of Atg8 vacuolar degradation. C) Total Atg8 was determined as the ratio
between total GFP-Atg8 and Pgk1 expression. D) In vivo observation in the fluorescence
microscope of a sample obtained from the experiment described in A. E) Percentage of
Atg8 foci quantified in the experiment described in D was calculated upon microscopic
observation of 1,000 cells. F) wt, atg7 and atg? strains were transformed with plasmid
pATG13-GFP. Culture conditions were identical as those described in A. Atg13 foci were
counted from a total of 1,000 cells observed in the fluorescence microscopy. G) Autophagy
activity was measured in exponential cultures limited or nor for iron by using the alkaline
phosphatase assay in the strain BY4741pho8A expressing a plasmid with the inactive
Pho8 proenzyme targeted to the cytosol.

For all the figures: We used anti-Pgk1 to detect Pgk1, selected as a loading control in all
the western blots shown in this study. For western blot and microscopy images in this
paper, we have selected representative samples. Error bars in the histograms represent
the standard deviation (SD) calculated from 3 independent experiments. Significance of
the data was determined by P-values from a Student unpaired t-test denoted as follows:
*=0.05>P>0.01; **=0.01>P>0.001; ***=0.001>P>0.0001; ****=P>0.0001

Figure 2. Tor1 inhibition to specific substrates mediates the induction of bulk autophagy in
response to iron deprivation. A) Strains wt and atg7 were each transformed with the
plasmids Sfp1GFP, Rtg1GFP or Msn2GFP, respectively, to be subsequently exponentially
grown at 30°C in SD and SD-Fe media. Aliquots were collected for in vivo observation in
the fluorescence microscope. Histograms represent percentages of in vivo nuclear or
cytoplasmic localization out of 1000 cells. B) Cultures of wt and atg7 strains were

transformed with a plasmid bearing Rtg1GFP to be subsequently grown at



30°C to log phase in both SD and SD-Fe media, cultures were treated with N-Acetyl
cysteine (NAC) 5mM for 2 hours. C) Strains wt and atg7 were exponentially grown in
both SD and SD-Fe and samples were collected for total protein extraction and western
blot analysis. The phosphorylated form of elF2a was detected by using and anti-elF2a.-
P antibody. A 2 days culture of wt strain in SD medium, was included as a control to
detect elF20. phosphorylation. Histogram represents the values of phosphorylated elF2a
normalized with respect to values determined with the loading control. D) wt, atg7 and
atg1 strains were transformed with plasmids bearing Atg13HA or Atg1HA, respectively.
Cultures were exponentially grown in either SD or SD-Fe. Values of Atg13 or Atg1
proteins were determined upon western blot analysis by adding anti-HA antibody.
Samples were collected and each of them was split into two parts, one part was treated
1h at 37°C with alkaline phosphatase and the other remained untreated. E) wt and atg7
bearing GFP-Atg8 were exponentially grown at 30°C in SD and SD-Fe media.
Rapamycin was added to the cultures at 200 ng/ml and samples were collected upon 2
hours of exposure to the drug for total protein extraction and western blot. GFP- Atg8
monitoring in microscope images and histograms were performed as described in Fig 1.
F) Autophagic activity was determined through the alkaline phosphatase assay as in Fig
1G. Rapamycin treatment conditions were as described in Fig 2E.

Figure 3. TOR2/Ypk1 activity is required to transmit the iron starvation signal to the
autophagy machinery. A) wt and ypk1 strains in which the fusion protein GFP-Atg8 was
integrated, were grown and GFP-Atg8 or GFP were detected as in Fig 1A. Autophagy
flux and total Atg8 were determined as in Fig 1B and C, respectively. B) Microscopic
observation of GFP-Atg8 was carried out as in Fig 1D. C) wt and ypk1 strains were
transformed with the plasmids Sfp1GFP, Rtg1GFP or Msn2GFP to be subsequently
grown at 30°C in SD and SD-Fe, respectively, until ODeoo: 0.6. Aliquots were collected
to be in vivo observed in the fluorescence microscope as in Fig 2A. Histograms represent
percentages of in vivo nuclear or cytoplasmic localization. D) Atg13HA and Atg1HA
phosphorylation and treatment with alkaline phosphatase were determined in wt and
ypk1 strains as described in Fig 2D. E) Autophagy determination in wt and rho0 strains

was performed as in A. F) Microscope images from samples collected in E.

Figure 4. Atg13 dephosphorylation dependent of TORC1 inactivation, requires a

previous signalling by TOR2/Ypk1 upon iron starvation in order to initiate bulk



autophagy. A) wt and ypk1 expressing either GFP-Atg8, Atg13HA or Atg1HA were
exponentially grown at 30°C in SD and SD-Fe media to ODsoo: 0.6. Rapamycin was
added to half of the cultures at 200ng/ml and samples were taken upon 2 hours for
western blot analysis. Protein detection, autophagy flux, total Atg8 and in vivo
observation in the fluorescence microscope was performed as described in Fig1A-D and
2D. B) wt and ypk1 strains transformed with the plasmids Rtg1GFP, Sfp1GFP and
Msn2GFP were treated as in A. Aliquots were collected for in vivo observation in the
fluorescence microscope. C) wt and ypk1 strains were exponentially grown in SD and
SD-Fe media at 30°C. Samples were collected for total protein extraction and western
blot to analyze the phosphorylated form of elF2a as in Fig 2C. D) wt and ypk1 cells
containing plasmid pAMS363 expressing a 2xCDRE:lacZ fusion were at 30°C. Samples
were harvested at OD600: 0.6 to determine B-galactosidase activity as described in
Material and Methods. E) wt, for1, ras2, gcn2 and snf1 strains expressing GFP-Atg8,
Atg13HA or Atg1HA, respectively, were grown at 30°C in SD and SD-Fe media.

Protein detection, treatment with alkaline phosphatase and in vivo observation in the
fluorescence microscope was performed as described in Fig1A-D and 2D. F) wt and aft1
transformed with GFP-Atg8, Atg13HA and Atg1HA, respectively were exponentially
grown at 30°C in SD and SD-Fe conditions. Protein detection, autophagy flux, total Atg8
calculations and in vivo observation in the fluorescence microscope was performed as
described in Fig 1A-D and 2D.

Figure 5. Snf1, Aft1 and Tor1 are required to inactivate autophagy upon iron refeeding.
A) Autophagy activity was measured by means of the alkaline phosphatase assay as
explained in Fig 1G. Iron was added to wt cultures at ODggo: 0.6, and samples were
taken upon 2 hours of addition. B) Strains wt, tor1, aft1 and snf1 bearing GFP-Atg8 in
the genome, were grown to ODego: 0.6 at 30°C in SD and SD-Fe media. Iron was added
to the cultures as in A, and samples were collected upon 2 and 6 hours to detect GFP-
Atg8 and C) cellular localization of GFP-Atg8. Autophagy flux and GFP-Atg8 total
expression were determined as in Fig1. D) wt, tor1, aft1 and snf1 transformed either
with Atg13HA or Atg1HA plasmids and subsequently treated as in B. Samples were
processed for western blot assay by using anti-HA antibody. E) Localisation of Sfp1 was
determined microscopically upon transformation of the strains wt, tor1, aft1 and snf1
with plasmid bearing the protein fused to GFP as described in the former figures.

Cultures were carried out as described in B). F) wt and aft1 strains were cultured in SD



and SD-Fe medium during 2 days, iron was added and samples were collected
upon the times indicated in the Figure for western blot analysis. AMPK1 was
detected using an anti-AMPK1-P. G) wt, aft1 and snf1 expressing the fusion
protein GFP-Atg8, were cultured in SD and SD-Fe medium during 2 days. Iron
was added to the cultures and aliquots were collected as indicated in the Figure
for protein extraction and western blot analysis and for microscopical observation
to detect GFP-Atg8 protein. Autophagic flux and total Atg8 expression were

determined as in Fig 1.

Figure 6. Iron deprivation induces an early entrance into quiescence independent
of bulk autophagy. A) wt cells were grown in each SD or SD-Fe media at 30°C
for 15 days in continuous shacking. Samples were taken daily to monitor the
absorbance at 600nm to build the growth curves. Average values from three
independent experiments were represented along with the corresponding error
bars. B) The number of budded or unbudded cells was counted in a sample of
1,000 cells collected from wt cultures grown at ODeoo: 0.6 in both SD or in SD-Fe.
C) Trehalose concentration [ug/uL] was referred to the total protein determined
in cultures from wt, atg7 and atg17 strains growing exponentially in either SD and
SD-Fe media at 30°C. D) Samples from wt cultures growing exponentially in SD
or SD-Fe media were collected and the same number of cells was plated onto
YPD plates to be incubated at 30°C, 39°C or 41°C or alternative, cells were plated
onto media containing H20: or sorbitol. Cell survival was determined as the ratio
between the number of colonies isolated from the treatment plates and the
number of colonies isolated in control YPD plates incubated at 30°C. E) The index
of respiratory competence (IRC) in wt cells and F) mitochondria mutation

frequency, were both determined as described in Materials and Methods.

Figure 7. Iron starvation prolongs life span in a manner dependent of the
activation of bulk autophagy. Cultures were exponentially grown either in SD, SD-
Fe, SGly (containing glycerol as unique carbon source) or SGly-Fe media plus
amino acids at 30°C. Samples were taken at the indicated times to determine
CLS, as described in Materials and Methods. Numerical data regarding maximum
life span (the day when cultures reach 10% survival) and average life span (the

day at which 50% survival was recorded) for each strain is depicted.



Chronological life span curves for A) wt CML128, wt SEY6210 and wt FY250
in SD and SD-Fe media, respectively. B) wt cells growing in SD, SGly, SD-Fe
and SGly-Fe media. C) wt, atg7, atg13 and atg17 strains cultured in SD and
SD-Fe, respectively.



Table 1. Yeast strains used in this study

Strain Genotype Source
CML128  MATa leu2-3,112, ura3-52, trp1, his4 [39]
GSL034  MATa tor1::KanMx4 [40]
GSL053  MATa ras2::Leu2MX5 [40]
GSL197 MATa leu2-3,112, uras3-52, trp1, his4
GFP-ATGS::URA3 This work
MATa tor1::KanMx4 GFP-
GS199 ATG8::URA3 This work
MATa ras2::Leu2MX5 GFP-
GsL201  ATG8:URA3 This work
GSL218 MATa atg7::NatMx4 This work
GSL222  MATa atg13::NatMx4 This work
GSL226  MATa atg7::NatMx4 GFP-ATG8::URA3  This work
GSL238  MATaatg17::NatMx4 This work
GSL284  MATa aft1::KanMx4 41
GSL293  MATa atg11:NatMx4 This work
MATa atg11:NatMx4 GFP-
GSL297  ATG8:URA3 This work
GSL313  MATa aft1::KanMx4 GFP-ATG8::URA3  This work
GSL324  MATa atg1::NatMx4 This work
GSL325  MATa atg1::NatMx4 GFP-ATG8::URA3  This work
GSL350 MATa gcn2::KanMx4 [42]
MATa gcn2::KanMx4 GFP- )
GSL352  ATG8::URA3 This work
MATa atg32::KanMx4 GFP- )
GSL364 ATG8::URA3 This work
GSL370  MATa rho0 GFP-ATG8::URA3 This work
GSL371 MATa atg32::KanMx4 GFP-
ATG8::URA3 This work
GSL372 MATa leu2-3,112, uras3-52, trp1, his4
ATG1-HA:LEU2 This work
GSL374 MATa ypk1::KanMx4 GFP- This work



GSL382

GSL384

GSL389
GSL390

GSL393

GSL394

GSL395
GSL398

GSL399
GSL401

BY4741 pho8A

FY250

SEY6210

ATG8::URA3

MATa snf1:KanMx4 GFP- This work
ATGS8::URA3
MATa ypk1::KanMx4 This work

MATa tor1::KanMx4 ATG1-HA::LEU2 This work
MATa aft1::KanMx4 ATG1-HA::LEU2 This work

MATa ypk1::KanMx4 ATG1- This work
HA::LEU2
MATa snfi::KanMx4 This work

MATa snf1::KanMx4 ATG1-HA::LEU2 This work
MATa atg1::NatMx4 ATG1-HA::LEU2 This work

MATa atg7::NatMx4 ATG1-HA::LEU2 This work

MATa gcn2::KanMx4 ATG1- This work
HA::LEU2

MATa pho8 his3D1, leu2D0, met15D0, 43
ura3DO
MATa his3-200, leu2-1, trp1-63,

ura3- [44]
52

MATa his3-200, leu2-3, lys2-801,

trp1- [45]

901, ura3-52, suc2-9 GAL




Table 2. Plasmids used in this study

Restriction
Marke
Plasmid sites to Promoter Epitope Source
r
clone the
ORF
pSfp1-GFP Sall, Smal URA3 MET25 GFP This work
pGFP-Atg8 EcoRl, Xhol URA3 ATGS8 GFP [46]
pAtg13-HA Notl, Pstl URA3 ADH1 HA This work
pYX242-cytPho8  Avrll, Miul LEU2 PHOS8 [43]
pAdh1-Msn2-GFP Kspl, Sall LEU2 ADH1 GFP [47]
pAtg13-GFP Xbal, Sall URA3 MET25 GFP This work
pMM351 Pstl, Hindlll LEU2 ADHA1 HA [48]
pAtg1-HA Pmel, Pstl LEU2 ADHA1 HA This work
pRtg1-GFP Xhol, EcoRI URA3 RTG1 GFP [49]
pAMS363 Xhol, Sall URA3 2xCDRE:lacZ [50]
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Abstract: Mtllprotein is a cell-wall receptor belonging to the CWI pathway. Mtl1 function
is related to glucose and oxidative stress signaling. In this report, we show data demonstrating
that Mtl1 plays a critical role in the detection of a descent in glucose concentration, in order to
activate bulk autophagy machinery as a response to nutrient deprivation and to maintain cell
survival in starvation conditions. Autophagy is a tightly regulated mechanism involving several
signaling pathways. The data here show that in Saccharomyces cerevisiae, Mtl1 signals glucose
availability to either Ras2 or Sch9 proteins converging in Atgl phosphorylation and autophagy
induction. TORC1 complex function is not involved in autophagy induction during the diauxic
shift when glucose is limited. In this context, GCN2 gene is required to regulate autophagy
activation upon amino acids starvation independently on TORC1 complex. Mtll function is
also involved in signaling the autophagic degradation of mitochondria during the stationary
phase through both Ras2 and Sch9, in a manner dependent on either Atg33 and Atgl1 proteins
and independent on Atg32 protein, the mitophagy receptor. All of the above suggests a pivotal
signaling role for Mtll in maintaining correct cell homeostasis function in periods of glucose

scarcity in budding yeast.

Key words: Cell wall integrity (CWI); Mtll; Autophagy; Glucose, Mitophagy;

Saccharomyces cerevisiae.

1. Introduction



Carbon sources have a major impact on Saccharomyces cerevisiae metabolism and also affect
longevity. Yeast uses a fermentative metabolism when the preferred carbon source, glucose, is
abundant and ethanol, organic acids and ATP are accumulated. Glucose limitation induces a
growth slowing down contributing to the switch to a respiratory metabolism, the hallmark of
the diauxic shift which along with other metabolic configurations prepare cells for the
stationary phase and the process of chronological ageing [1]. Budding yeast chronological life
span (CLS) forced by glucose restriction is also dependent on the availability of other nutrients
in the culture media such as amino acids or nitrogen among others [2-5]. In a simple way,
glucose is a promotor of ageing through the activation of Ras-cAMP-PKA pathway and
TORC1-Sch9 [6-8] pathways whereas amino acids operate through Gen2 protein [9-12] as
well as through activation of TORC1 complex, the upstream regulators of Sch9 protein[13].
TORCI1 and Ras/PKA pathways are both negative and independent regulators of autophagy
[13-16]. Sch9 downregulates autophagy independently and coordinately with Ras/PKA
pathway [17].

Ras proteins are essential for growth in fermentable carbon sources such as glucose. In that
context, Ras proteins trigger the synthesis of cAMP and the activation of PKA pathway upon
binding to the inhibitor Beyl protein. The absence of Ras proteins do not allow growth in non-
fermentative carbon sources (for reviews [18,19]).

The sucrose non-fermenting protein kinase, Snfl, is the yeast orthologue of mammalian AMPK
important for cell adaptation to glucose limitation. Snfl is the key component of the main
glucose repression pathway in yeast and controls genes involved in alternative carbon sources
and metabolism. However, regulation of adaptation to glucose limitation is the main role of the
SNF1 complex [20, for a review 21]. Snfl also plays a role in autophagy [22]; its negative
regulation is required to downregulate autophagy under certain conditions of nutritional
limitation [23].

Mtl1 protein is a transmembrane protein, cell-wall mecano-sensor [24,25] part of the cell wall
integrity pathway (CWI) with structural similarity to its paralogue Mid2 protein [26,27]. Mtl1
is also required to activate a stress response towards TORC1 and Ras/PKA signaling pathways
under conditions of both oxidative stress and glucose starvation [28]. In addition, this cell-wall
receptor plays a role in Cyclin C localization and programmed cell death [29] as well as in the
preservation of mitochondrial integrity and life span by regulating TORC1, Sch9, SIt2 and PKA
[30].

The CWI is involved in sensing and transducing a wide variety of stimuli, (for reviews [31,32])

including both nutritional and oxidative stresses [27,30,33]. In this pathway, a wide number of



sensors are specialized in the detection of different stresses [25,34] which converge in the
GTPase Rhol to subsequently activate Pkcl protein (for reviews [31,32]). Pkel in its turn,
phosphorylates Bckl1 protein, the MAPKKK, thus activating the MAPKK module composed
of Mkk1/Mkk?2 proteins leading to the dual phosphorylation and activation of the last member
of the pathway, the MAPK SIt2 protein, whose double phosphorylation is impaired in the
mutant mtl1 [30].

Nutrient limitation strongly induces macroautophagy [23,35-37] to accomplish two main
objectives, one is to detoxify and the second is to recycle components to build newly
synthetized molecules.

Macroautophagy is a process in which several components (damaged or superfluous
organelles, cytoplasmic elements, microorganisms...) are engulfed within cytosolic double-
membrane vesicles named autophagosomes. The outer membrane of the phagosome fuses to
the vacuolar membrane releasing a spherical body termed autophagic body, that is digested by
hydrolases releasing the breakdown products back to the cytosol to be recycled by cells [38].
Morphological and structural characteristics of autophagy are highly conserved from yeast to
humans.

The signaling network governing life span usually converges in the autophagic machinery
[17,23,39]. In general, nutrient deprivation impinges on Atgl3 dephosphorylation that triggers
Atgl  kinase activity then leading to the formation of the complex
Atgl13/Atgl/Atgl17/Atg29/Atg31 activating the autophagy process [40,41]. Atg7 is an El-like
enzyme essential for macroautophagy since it is part of the Atg8-Ibl conjugation system
[42,43]. Mutants defective in autophagy display a shorter life span [44,45].

Autophagy entails non selective engulfment of cytoplasmic components but there are also other
types of autophagy that selectively degrade specific cellular elements (for a review [46]) such
is the case of mitophagy. Mitophagy clearances dysfunctional mitochondria and impinges on
cellular function by promoting respiration proficiency during the process of ageing (for a
review [47]). Selective mitophagy requires the function of Atg32 protein as a mitochondrial
receptor and its binding to the adaptor Atgll which interacts with Atg8 protein in the
phagophore inner surface (for a review [48]). Atg33 is a yeast protein located at the outer
mitochondrial membrane, its absence suppressed mitophagy in post-log cultures, however, its
precise role in mitophagy is still controversial [49].

In this report, we show that bulk autophagy is highly induced during the transition to diauxic
shift in a manner totally dependent on glucose and amino acids availability. Mtl1 cell-wall

receptor is essential to sense glucose concentration and to transmit the signal to both Ras2 and



Sch9 to phosphorylate Atgl and to activate the macroautophagic machinery. Gen2 is the amino
acids sensor. Both Mtll and Gen2 operate independently of TORCI in the signaling process
leading to the activation of bulk autophagy. Moreover, Mtll is also relevant for the
mitochondria clearance dependent on Atg33 and the inactivation of either Ras2 or Sch9, in

response to glucose exhaustion.

2. Materials and Methods

2.1 Yeast strains and plasmids

Saccharomyces cerevisiae strains are listed in Table 1. All the strains named GSL are
derivatives of the CML128 background. New null mutants described in this study were
obtained by a one-step disruption method that uses the NarMx4 or KanMx4 cassettes [50].
Strains GSL197, 198, 199, 200, 201, 202, 226, 265, 279, 297, 352, 370, 382, 414 and 415 were
constructed upon integration of plasmid pGFP-Atg8 (original name: pHab142), previously
digested with Stul, in the URA3 gene. Strains GSL372 and 416 were constructed upon
integration of plasmid pAtgl-HA previously digested with BstEII. The plasmid pAtgl-HA was
obtained upon Atgl cloning into the Pmel and Pstl sites of the integrative vector pMM351
[51].

Plasmid descriptions are listed in Table 2. Each particular ORF was amplified by PCR from

genomic DNA to be directionally cloned in the specific plasmid.

Table 1. Yeast strains.

Strain Genotype Source
MATa leu2D3,112, ura3D52, trpl1 DO, (52]
CMLI128 his4D0
GSLO11 MATa mtll::NatMx4 [53]
GSL053 MATa ras2::Leu2MX5 [53]
GSL054 MATa mtll::KanMx4 ras2::LEU2Mx5 [53]
GSL197 MATa leu2D3,112, ura3D52, trpl1DO0, 23]
his4D0 URA3::GFP-ATGS
GSL198 MATa mtll::KanMx4 URA3::GFP- .
This work
ATGS
GSL199 MATa torl::KanMx4 URA3::GFP-ATGS [23]
GSL200 MATa mtll::KanMx4 torl::LEU2 This work
URA3::GFP-ATGS
GSL201 MATa ras2::Leu2MX5 URA3::GFP- (23]
ATGS
GSL202 MATa mtll::KanMx4 ras2::LEU2 .
This work

URA3::GFP-ATGS
GSL205 MATa sch9::NatMx4 [30]



GSL206 MATa sch9::NatMx4 mtll::KanMx4 [30]
GSL218 MATa atg7::NatMx4 [23]
GSL226 MATa atg7::NatMx4 URA3::GFP-ATGS [23]
GSL265 MATa sit2::NatMx4 URA3::GFP-ATG8 This work
GSL279 MATa sch9::NatMx4 URA3::GFP-ATGS This work
GSL293 MATa atgll::NatMx4 [23]
GSL296 MATa atg33::NatMX4 This work
GSL297 MATa atgll::NatMx4 URA3::GFP- [23]
ATGS
GSL324 MATa atgl::NatMx4 [23]
GSL352 MATa gen2::KanMx4 URA3::GFP- [23]
ATGS
GSL364 MATa atg32::KanMx4 [23]
GSL370 MATa rho0 URA3::GFP-ATGS8 [23]
GSL372 MATa leu2D3,112, uras3D52, trpl1DO), (23]
his4D0 ATG1-HA::LEU2
GSL382 MATa snfl:KanMx4 URA3::GFP-ATG8 [23]
GSL414 MATa mtll::KanMX4 sch9::NatMx4 This work
URA3::GFP-ATGS
GSL415 MATa mtll::KanMx4 sit2::NatMx4 This work
URA3::GFP-ATGS
GSL416 MATa mitll:NatMx4 ATG1-HA::LEU?2 This work
BY4741 pho8A MATa pho8 his3D1, leu2D0, met15DO0, 54
ura3D0 [54]
Table 2. Plasmids employed.
Restriction
Plasmid sites to clone Marker  Promoter Epitope Source
the ORF
pGFP-Atg8 EcoRI, Xhol URA3 ATGS GFP [55]
pSfpl-GFP Sall, Smal URA3 MET25 GFP [23]
pAdh1-Msn2-GFP  Kspl, Sall LEU? ADH1 GFP [56]
pRtgl-GFP Xhol, EcoRI URA3 RTG1 GFP [57]
pldp1-GFP HindIII, Xhol URA3 IDP1 GFP [58]
pAtgl3-HA Notl, Pstl URA3 ADH1 HA [23]
pAtgl-HA Vot PRIt yivi:uv ANDHHI HAA (23]
pMM351 Pstl, HindIII LEU2 ADH1 HA [51]
pBcylHA Smal, Xhol HIS3 ADHI1 HA [30]
pPkcl* Pmel, Notl LEU2 ADH1 HA This work
pBCKI1-20 HindIII, Pstl TRPI LAC [28]
pYX242-cytPho8  Avrll, Mlul LEU2 PHOS [54]

2.2 Media, growth conditions and reagents

Yeasts were grown at 30°C in SD medium (2% glucose, 0.67% yeast nitrogen base that lacked



the corresponding amino acids for plasmid maintenance) plus amino acids [59].

Glucose depletion consisted on SD medium without glucose plus amino acids. Nitrogen
depletion consisted on SD medium whose nitrogen base component was free of amino acids
and ammonium sulphate plus amino acids. Amino acids depletion consisted in SD medium
without adding amino acids. Glycerol medium (3% glycerol, 0.67% yeast nitrogen base that
lacked the corresponding amino acids) plus amino acids. Sucrose medium (2% sucrose, 0.67%
yeast nitrogen base that lacked the corresponding amino acids) plus amino acids. Fructose
medium (2% fructose, 0.67% yeast nitrogen base that lacked the corresponding amino acids)
plus amino acids.

Glucose was added as a-D-glucose monohydrate (Serva, 22720.01) at a final concentration of
2%; Amino acids were added at concentrations: 60 mg/ml Leucine, 20 mg/ml Histidine and 20
mg/ml Tryptophan. Nitrogen was added as Yeast Nitrogen Base w/o Amino Acids (Difco,
291940) at a final concentration of 0.67%. Sucrose was added as Sucrose (Sigma, S0389) at a
final concentration of 2% and Fructose was added as D-Fructose (Sigma, 47740) at a final

concentration of 2%.

We present a list of reagents detailing final concentrations in culture media and from which
company they were purchased: N-Acetyl cysteine (NAC) 5 mM (Sigma, A9165); FM4-64 30
pug/uL (Invitrogen, T-3166); Rapamycin 200 ng/ml (Sigma, R0395); ATP 200 mM (Sigma,
A1852) and Dihydroethidium (DHE) 50 uM (Sigma, D7008). Cell cultures were exponentially
grown at 600 nm [O.Deo] of 0.6. Iron was added as ammonium iron (III) sulphate hexahydrate

[NH4Fe(SO4)226H20] (+Fe; Sigma, F1543) at a final concentration of 10 mM.

2.3 Vacuole and dihydroethidium staining

For vacuole visualization, cells were stained with the fluorescent styryl dye FM4-64
(N-(3-triethylammoniumpropyl)-4-(p-diethylaminophenylhexatrienyl) pyridinium
Dibromide. To determine cellular oxidation, we used dihydroethidium (DHE. Both protocols

were previously described by our group in [60].

2.4 Cell survival and chronological life span
To assay cell viability cells were grown to mid-log phase ODgo:0.6 in SD medium
supplemented with the required amino acids. Viability was registered through serial dilutions

and plated by triplicate onto YPD plates.



We measured the chronological life span (CLS) in the different strains based on the survival of
populations of non-dividing yeast cells according to [61]. The viability was scored by counting
the number of cells able to form colonies, CFU (colony-forming units). Cultures were started
at an ODe00:0.6. The same number of cells collected from each culture were plated in triplicated
into YPD plates and allowed to grow at 30°C for 3-4 days. CLS curves were plotted with the

corresponding averages and standard deviations from three independent experiments.

2.5 Protein extraction and immunoblot analyses

We follow identical procedure as described in [23]. Total yeast protein extracts were prepared
as previously described in [61]. The antibodies for western blotting were as follows: anti-HA
3F10 (no. 12158167001; Roche Applied Science), was used at a dilution of 1: 2,000 in 0.25%
non-fat milk and the corresponding secondary was goat anti-Rat IgG horseradish peroxidase
conjugate (no. AP136P, Millipore). Anti-GFP (no. 632381; Living Colors) was used at a
dilution of 1:2,000 and anti-Phospho-glycerate kinase 1 (anti-PGK1) (459250, Invitrogen) was
used at a dilution 1:1,200, both with the secondary antibody anti-Mouse horseradish peroxidase
conjugate (LNA931v/AG, GE Healthcare) and anti- Phospho-AMPKa (Thr172) (1672538,
Cell Signalling) at a dilution of 1:1,000 with the secondary antibody anti-Rabbit horseradish
peroxidase conjugate (LNA934v/AG, GE Healthcare). They were used as indicated by the
manufacturers.

The protein-antibody complexes were visualized by enhanced chemiluminescence, using the
Supersignal substrate (Pierce) in a Chemidoc (Roche Applied Science).

For all the figures: We used anti-PGK1 to detect PGK1, selected as a loading control in all the
western blots shown in this study. For western blot in this paper, we have selected

representative samples.

2.6 Autophagy detection

Autophagy progression is monitored through several complementary approaches, such as the
immunological detection of GFP accumulation from GFP-Atg8 genomic fusion which is
delivered to the vacuole to be degraded once autophagy is induced. The GFP moiety is very
resistant to proteolysis compared to Atg8 which is rapidly degraded in the vacuole. Therefore,

detection of free GFP processed from GFP-AtgS8 is a very reliable tool to measure levels of



complete autophagy through the autophagic flux [62], that is delivery and turnover of the cargo
in the vacuole. Autophagic flux is the ratio: free GFP/ GFP-Atg8+free GFP quantified upon
western blot detection by using anti-GFP antibody [23]. Another complementary approach is
the microscopic observation of GFP accumulation in vacuoles. For all the microscope panels,
we have used a representative image of either log or one day samples in order to identify GFP-
Atg8 localization. In general, both assays are sufficient as evidences of autophagy activity.

In some particular occasion we also use an alternative approach consisting on measuring the
Ppho8A60 enzymatic activity to determine nonspecific autophagy, as described by Noda and
Klionsky [63] and modified by Guedes et al. [54].

2.7 Glucose determination

We followed the directions detailed in [64].

2.8 Statistical analysis

We followed the same procedure as described in Montella et al. [23]. Error bars in the
histograms represent the standard deviation (SD) calculated from three independent
experiments. Significance of the data was determinate by P-values from a Student’s unpaired
t-test denoted as follows: *=0.05>P>0.01; **=(0.01>P>0.001;
***=0.001>P>0.0001;****=P>0.0001.

3. Results

3.1 Glucose, amino acids, nitrogen and iron deprivation determine the induction of bulk
autophagy during diauxic transition

In a previous paper we show that autophagy is required for normal life span extension [23]. We
wanted to determine which pathways are involved in autophagy regulation in the process of
ageing. To start our analysis, we took daily samples from log phase (day 0) till day 15,
following a standard CLS analysis. We used SD medium to avoid the addition of excess of
amino acids and thus do not affect the metabolism of the yeast cells. In Figure 1A we can
observe that there is a big induction of autophagy and autophagic flux when cell reach the
diauxic shift upon one day of growth which is maintained and gradually descents until day 6.
The induction of autophagic flux is related with the phosphorylation of Atgl protein, hence,
Atgl receives the starvation signal in order to induce autophagy during diauxic and posdiauxic

shift and also with the enzymatic activity determined by using the pho8A60 assay. Microscopic



observation of the cultures confirmed the former results, since free GFP derived from GFP-
Atg8 fusion protein was accumulated inside vacuoles which appear colored in green and
surrounded by a red membrane stained by the fluorescent styryl dye FM4-64. In order to
ascertain whether our results were compatible with bulk or selective autophagy we repeated
this experiment in the mutants atg7 (involved in general autophagy) and atg/1 (representing of
selective autophagy) (Figure 1B and Figure S1B). Our results demonstrate that free GFP
liberated from GFP-Atg8 fusion protein and detected both in western blot and in the
fluorescence microscopy indicated bulk autophagy and was independent of any type of
selective autophagy.

One day of culture in SD media is the transition between a fermentative to respiratory
metabolism, the diauxic shift, a metabolic regulatory checkpoint determinant in the process of
ageing. At this point we could observe that glucose is nearly exhausted in the culture media
(Figure 1C). Consequently, we performed refeeding experiments upon one day of culture and
observed that only upon 6 hours of glucose addition autophagy (determined upon the p408460
specific activity, identification of free GFP by western blot and in vivo fluorescence
identification of vacuolar accumulation of GFP) significantly decreased, concluding that a
severe descent in glucose concentration provoked the induction of autophagy and there is an
increase in autophagy (Figure 1D and Figure S1C). We carried out the same strategy with other
nutrients which could also be limiting: amino acids, nitrogen and iron. Upon refeeding of iron,
nitrogen and amino acids we observed that upon one-day refeeding did not provoke changes in
the autophagy (Figure 1D and Figure S1C), however upon two days of culture we observed a
clear descent in GFP accumulation caused by amino acids replenishment (Figure 1E and Figure
1D). Both nitrogen and iron replenishment provoked a descent in autophagy upon two days of

culture.
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Figure 1. Sequential descent of glucose and amino acids activates bulk autophagy during the
diauxic shift in Saccharomyces cerevisiae. A) wt cultures in which the fusion protein GFP-
Atg8 or AtglHA were integrated, were grown to log phase (ODsoo: 0.6) in SD medium at 30°C.
Aliquots were collected at the indicated times for total protein extraction and western blot
analysis. GFP-Atg8 was monitored using an anti-GFP antibody. We used anti-PGK1 to detect
Pgkl as loading control. Microscopic observation of GFP-Atg8 was carried out by using a
fluorescence microscope. GFP vacuolar accumulation was also determined upon the used of
the fluorescent dye FM4-64. Autophagic flux was calculated as the ratio between free GFP and
total GFP-Atg8 in the samples. Total GFP-Atg8 was determined as the addition of the form
GFP-Atg8 and the band corresponding to free GFP, as a result of Atg8 vacuolar degradation,
both detected by western blot. Enzymatic autophagy activity was measured by using the
alkaline phosphatase assay in the strain BY4741pho8A expressing a plasmid with the inactive
Pho8 proenzyme targeted to the cytosol. Values of Atgl proteins were determined upon western
blot analysis by using anti-HA antibody. B) azg7 and atg!1 strains expressing the fusion protein
GFP-Atg8, were grown in the same conditions as described in A. Autophagic flux and total
Atg8 expression were determined as in A. C) Glucose content in the culture medium (%) was
determined in wt cultures growing in SD media at 30°C at the days indicated in the table for a
total period of 15 days. Glucose in the sterile media, SD, at a final concentration of 2%, is the
equivalent of 100% in the table. D) wt cells bearing GFP-Atg8 in the genome was
exponentially grown at ODgpo: 0.6 at 30°C in SD media and a sample was collected for analysis.
Upon one day of culture, 2% glucose, amino acids (60 mg/ml Leucine, 20 mg/ml Histidine and

20 mg/ml Tryptophan), 0.67% nitrogen or 10 mM iron, were respectively added to the cultures



and samples were collected upon 2, 6 and 24 hours to perform pho8460 enzymatic assay.
Autophagic flux and GFP-Atg8 total expression were determined as previously detailed in A.
Enzymatic autophagic activity was determined as in A. E) As in D but results correspond to

two days of growth.

3.2 Both Mtl1 and Gen2 control autophagy induction during diauxic transition

In this context, we decided to explore the signaling pathways that could be involved in
signaling autophagy when cells age:

We consider the possibility that amino acids and nitrogen depletion would provoke TORCI
inactivation at least partly. We analyzed TOR function by means of the readouts Rtgl, Sfpl,
Msn2. Under TORCI inactivation, Rtgl and Msn2 are localized into the nucleus, whereas Sfp1l
is located in the cytoplasm confirming that Torl is not inactivated in our model (Figure 2A).
In addition we added rapamycin, a drug that specifically inactivates TORCI, to the previous
cultures as a control, and we observed that Rtgl and Msn2 are localized into the nucleus and
Stp1 is located in the cytoplasm (Figure 2B). Moreover, rapamycin treatment caused a decrease
in Atgl3 phosphorylation and autophagy values calculated upon Pho8 assay did not increase
supporting the conclusion that TORCI1 is not completely inactivated upon diauxic shift in the

conditions of our study (Figure 2C).
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Figure 2. TORCI1 is not inactivated during diauxic and posdiauxic shift. A) wt strain
transformed with the plasmids Rtgl GFP, Sfpl1 GFP or Msn2GFP respectively, was grown at
30°C in SD media for the times indicated in the figures. Aliquots were collected for in vivo
observation in the fluorescence microscope. Histograms represent the percentages of in vivo
nuclear or cytoplasmic localization out of more than 1000 cells. B) Cultures in A were treated
with rapamycin (200 ng/ml) on day one of culture for 6 hours and aliquots were collected for
in vivo observation in the fluorescence microscope. Histograms are performed as in A. C) wt
strain expressing Atgl3HA was exponentially grown at 30°C in SD media. Rapamycin was
added to the culture upon one day of growth at 200 ng/ml and samples were collected upon 6
and 24 hours of exposure to the drug for total protein extraction and western blot analysis and
identification of Atgl3HA by using anti-HA antibody. Autophagic enzymatic activity was
determined through the alkaline phosphatase assay as in (Figure 1A).

However, when TOR1 is deleted we observed that autophagy (free GFP detected in the western
blot and fluorescence microscope accumulated in vacuoles) is extended longer times (Figure
3A and Figure S2A) concomitantly with longer life extension as described in [54]. Taken
altogether these results we conclude that TORCI is not inactivated in our system during the
transition between fermentative and respiratory metabolism, therefore it is not the main
pathway responsible for the bulk autophagy induction.

We also explored ras2 mutant since Ras2 is active in exponentially growing cells and becomes
inactive as long as cells enter in a respiratory metabolism and glucose becomes exhausted.
RAS?2 deletion partially affect autophagy progression as compared to wt cultures (Figure 3B
and Figure S2B). Since other nutrients become depleted upon diauxic shift we took into
consideration the Gen2/elF2alpha pathway which becomes activated under amino acids and
other nutrient starvation [65]. Gen2 pathway is activated upon diauxic shift, indicating the

moment in which amino acids concentration significantly decreased in the culture media.



According to our results and coincident with the above mentioned replenishment results, day
2 of growth should be the moment in which cells become starved for amino acids. We observed
that upon the second day, autophagy disappears when Gen?2 is deleted, however the absence of
Gen?2 did not affect the burst in autophagy observed upon 1 day of growth (Figure 3C and
Figure S2C). This result suggests that Gen2 is required to induce macroautophagy upon two
days of growth in SD medium, after the diauxic shift, probably due to a descent in the amino
acids concentration one day after the glucose starvation and suggest that Gen2 is not involved
in autophagy signaling in response to carbon source. Following this observation, we wanted to
ascertain whether the regulatory function mediated by Gen2 was dependent on TORC1. We
treated gcn2 mutant cultures upon 1 day with rapamycin and we observed induction of
autophagy suggesting that in the transition from fermentative to respiratory metabolism
TORCI1 and GCN? are independent (Figure 3D and Figure S2D). As expected, this conclusion
is consistent with the previous observation that TORC1 function is not inactivated during the
CLS experiment, as a consequence of that, this pathway is not relevant for autophagy induction
during ageing in our experimental conditions.

Our results suggest that glucose is the principal nutrient in the culture medium we use, whose
descent causes autophagy induction during the diauxic shift (1 day of growth) therefore, we
decided to analyses more in depth the role that could be playing Mtl1 in this process. MtlI1 is
a cell wall receptor belonging to the CWI pathway and involved in glucose signaling during
diauxic shift and stationary phase [28,30]. Interestingly, in the absence of Mtl1, autophagy is
undetectable by western blot, AtglHA phosphorylation or in vivo GFP-Atg8 microscopic
accumulation through all the experiment, from day 1 to 15 (Figure 3E and Figure S2E). In yeast,
autophagy is initiated when the pre-autophagosome (PAS) structure is formed [66]. PAS can
be detected in the fluorescence microscope as dotted like accumulations of Atg proteins next
to the vacuole. In mt/1 diauxic cultures PAS can be detected as also observed in wt strain and
they are significantly higher than in atgl mutant (Figure 3F) suggesting that Mtl1 does not
block the initiation of the autophagy complex. This result suggests that Mtl1 is essential to
receive the signal of glucose concentration during the diauxic shift and to transmit this signal
to the autophagy machinery. We have also detected similar results when we use alternative

and fermentative carbon sources such as sucrose or fructose (Figure S2F)
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Figure 3. Mtll and Gcen2 control autophagy induction during glucose and amino acids
starvation. Growth conditions, total Atg8 determination and autophagic flux determined in: A)
torl mutant expressing GFP-Atg8; B) wt strain and ras2 mutant expressing GFP-Atg8 and C)
gen2 mutant expressing GFP-Atg8, was performed as described in (Figure 1B). D) gen2
bearing GFP-Atg8 was exponentially grown at 30°C in SD plus amino acids. Rapamycin (200
ng/ml) was added to the cultures upon 1 day of growth and samples were subsequently
collected upon 2, 6 and 24 hours of exposure to the drug. Aliquots were treated as in (Figure
1B). E) Growth conditions, total Atg8 and autophagic flux determinations in mt/] culture
expressing the fusion protein GFP-Atg8 was performed as in (Figure 1B). Identification of
Atgl protein in mt/l cultures transformed with the plasmid AtglHA was performed upon
western blot analysis by using the anti-HA antibody as in (Figure 1A). F) Percentage of Atg8
foci quantified in the experiments described in (Figure 1A, and Figure 3E) was calculated upon
microscopic observation of more than 1000 cells. The axis label “% of GFP-Atg8 foci” is

referred at the percentage of cells with GFP-Atg8 foci.

3.3 Mtl1 CWI cell-wall receptor signals glucose concentration to the autophagy machinery in
a manner partly dependent on ATP intracellular levels

In previous reports it has been demonstrated that several nutritional stresses (nitrogen,
amino acids, iron...) cause the induction of autophagy. In order to analyze the specificity that
Mtl1 could play in macroautophagy regulation we used different nutrient concentrations:
(glucose: 0.5%, 0.1%, 0.05% and 0%; amino acids: 0.1% and 0%; nitrogen: 0.06%, 0.01% and
0%; and iron: 0%). The descent of each of the nutrients, glucose, amino acids, iron or nitrogen
concentrations induced the activation of macroautophagy in wt cells (Figure 4A and Figure
S3A) along with the corresponding Atgl phosphorylation (Figure 4D). In addition, the absence

of Gen2 precluded autophagy in a manner only dependent of amino acids availability (Figure



4B and Figure S3B), whereas the absence of Mtll specifically abolished the glucose
deprivation dependent autophagy (Figure 4C and Figure S3C) supported by the lack of Atgl
phosphorylation (Figure 4D). We demonstrated that glucose concentration below 0.5%
caused a clear induction of autophagy specifically mediated by Mtl1 since in mt/l1 mutant

autophagy is not induced.
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Figure 4. Mtl1 signals glucose limitation to the autophagy machinery. A) wt cells expressing



GFP-Atg8 were exponentially grown in SD media. Aliquots were taken, washed and
transferred to different minimum media containing: 0.5, 0.1 or 0.05% glucose; 0.1 or 0% amino
acids; 0.06, 0.01 or 0% nitrogen or medium without iron (0%). Autophagic flux and Atg8
expression were determined as in (Figure 1B). The same experiments as in A were carried out
in B) gen2 mutant cultures expressing GFP-Atg8 and in C) mtl! strain expressing GFP-Atg8.
D) Atgl HA protein was identified by western blot using anti-HA antibody, as in (Figure 1A).

However, placing cells at 0% glucose, we did not observe free GFP neither in western blot nor
accumulated in vacuoles. Hence, bulk autophagy was not induced in wt or mt/1 strains, as
previously described by [67] (Figure 5A and Figure S4A). These authors attributed the result
to the sudden lack of ATP required for the autophagy machinery. We added ATP to wt and
mtl1 cultures completely depleted of glucose and observed that whereas in wt cultures the
autophagy induction was high, in mt/I mutant only part of the autophagy response was
restored (Figure 5B and Figure S4B). Identical results were obtained during the diauxic shift in
mtl1 cultures when ATP was added to exponentially growing cells (Figure 5C and Figure S4C).
These results led us to the conclusion that the absence of MTL1 provoked ATP starvation
when glucose concentration descent below a threshold. In the former experiment we can
observe that autophagy induction occurs when glucose concentration descends from 2% to
0.5% in wt cultures (Figure 4A and Figure S3A). However, in mtl/1cultures any descent from
2% aborted autophagy (Figure 4C and Figure S3C).

In order to ascertain the contribution of the mitochondrial ATP to the autophagy response
during diauxic shift and the reduction in glucose concentrations in exponentially growing
cultures, we analyzed a rho0 mutant with lack mitochondrial DNA. We observed that the
absence of mitochondrial DNA did not preclude the induction of bulk autophagy upon one
day of culture (Figure 5D and Figure S4D) and upon glucose concentration reduction (Figure
5E and Figure S5E). These results suggest that the functional role that Mtl1 plays in the

autophagy response to glucose availability is not only linked to ATP accumulation.
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Figure 5. Mtl1 signals the decrease in glucose concentration to the autophagy machinery in a
manner not fully dependent on ATP production by mitochondria. A) wt and mzll cells
expressing GFP-Atg8 grown in SD media were transferred to minimum media devoid of
glucose (0% glucose) to determine autophagic flux and Atg8 expression as in (Figure 1B). B)
Upon transference to minimum media without glucose, ATP (at 200 mM final concentration)

was added to the cultures described in A and samples were collected at the indicated times for



determination of autophagy as in A. C) ATP (200 mM) was added to mzl] cultures growing in
SD minimum medium for one day, at the diauxic shift, and samples were collected at 4 and 8
hours for autophagic flux and Atg8 expression determination as in (Figure 1B). D) r4h0o0 mutant
expressing GFP-Atg8 was grown as in (Figure 1B) for autophagy determination. E) 7100 cells
exponentially growing in SD were washed and transferred to several media containing different

glucose concentrations to analyze autophagy as in (Figure 4A).

3.4 Both Ras2 or Sch9 suppress mtll deficiency in bulk autophagy activation in all the
metabolic conditions that imply glucose reduction levels

We next tried to identify the pathway or pathways with which Mtl1 is connected in the
signaling process converging in the autophagy machinery. In a previous study we found that
Mtl1 is negatively related to both Torl and Ras2 in response to oxidative stress and glucose
starvation [53]. In addition, Mtl1 is also negatively related to each Sch9, Slt2 and PKA, during
the diauxic shift or upon glucose depletion [30].

We demonstrated that Mtll mediates Bcyl activating phosphorylation through TORCI
downregulation thus leading to PKA activation [30]. Therefore, and taking into consideration
the hypothesis that m#/] mutant could cause the impairment of the glucose signal through PKA,
we also analyzed the overexpression of Beyl, the PKA inhibitor, in both wt and mt/] strains.
Overexpression of Beyl prolonged the autophagy induction in wt cultures for longer times
(Figure 6A and Figure S5A) as compared to wt empty strain (Figure 1A and Figure S1A).
However, Beyl overexpression did not restore autophagy in mt/l mutant (Figure 3E, Figure
S2E, Figure 6A and Figure SS5A). In previous papers we observed a clear impairment in SIt2
phosphorylation upon both oxidative stress and glucose deprivation in m¢#// mutant [30].
Consistently with this information, we used a plasmid overexpressing the Pkcl protein and a
second plasmid bearing the BCKI-20 allele which maintains Slt2 kinase constitutively
activated, since Bck1 is the MAPKKK of the CWI pathway. Results depicted in (Figures 3E,
Figure S2E, Figure 6A and Figure S5A) demonstrate that the lack of bulk autophagy activation
observed in mt¢/l mutant, as a result of a descent in glucose concentration during diauxic
transition, is not caused by the lack of Sit2 kinase activity, since neither Pkcl overexpression
nor BCK1-20 allele did not restore the lack of autophagy induction in m#/I mutant. We next
decided to check Ras2 deletion in m#/1 since the GTPase is activated in the presence of glucose
and is responsible for the synthesis of cAMP when glucose is the carbon source. Ras2 deletion

in mt/1 mutant provoked the activation of bulk autophagy during the diauxic shift, in fact, the



distribution levels of autophagy were equivalent between ras2 and mt/1ras2 (Figures 3B, S2B,
6A and SS5A respectively) strains, suggesting that Mtll signals to Ras2 inactivation upon
glucose starvation and diauxic transition signaling to activate bulk autophagy. Lastly and given
the association between Mtll and Sch9 kinase [30], we also analyzed whether both proteins
were also related to the autophagy signaling. Deletion of SCHY also restored the autophagy in
mt/] mutant during the diauxic shift (Figure 6A and Figure S5A). This result suggests a
connection of Mtll with Sch9 towards autophagy. In order to corroborate the glucose
specificity of these responses, exponentially grown cultures of mt/iras2 and mtllsch9 along
with the corresponding controls were assayed for bulk autophagy response upon glucose
starvation (Figure 6B and Figure S5B). As expected, deletion of RAS2 or SCHY suppressed the
lack of autophagy induction in the absence of MTL].

Snfl is an AMPK family member which is highly conserved in eukaryotes. When glucose is
exhausted, at the beginning of the diauxic shift, Snfl becomes activated to trigger a wide
response regulating activators and repressor to trigger respiratory metabolism (for a review
[21]). In order to detect in m#/] mutant a possible defect in Snfl activation, we analyzed Snfl
phosphorylation in Thr20 residue on the activation loop of the catalytic subunit in samples of
wt, mtll, ras2, ras2mtll, sch9 and mtl1sch9. In (Figure 6C) it can be observed that the Snfl is
correctly and similarly phosphorylated in all the strains, concluding that m#// defects in
autophagy during the transition to stationary phase and upon glucose depletion are not a
principal consequence of the lack of Snfl activation as a response to glucose limitation.

In summary, our results suggest that either RAS2 or SCHY deletion reverted the lack of
autophagy in the m¢#/] mutant, suggesting that Mtl1 receives the signal of the descent in glucose
concentration and connects to both Ras2 and Sch9 inactivation, mechanism that converges in
macroautophagy induction. We have also observed similar results when the carbon source is

either sucrose or fructose (Figure S2F).
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Figure 6. Both Ras2 and Sch9 suppress mtl] deficiency in autophagy signaling upon glucose
concentration descent. A) mtllras2, sch9, mtllsch9, slt2, mtllsit2, wt+pBcyl, mtl/1+pBcyl,
wt+pBCK1-20, mtl1+pBCKI-20, wt+pPkc1* and m#/I1+pPkcl* strains expressing GFP-Atg8
were grown at 30°C in SD media during 15 days. Samples were taken to determine autophagic
flux and total Atg8 expression as described in (Figure 1B). B) Strains ras2, mtl1ras2, sch9 and

mtllsch9 expressing GFP-Atg8 were exponentially grown in SD media to be subsequently



transferred to minimum medium containing the indicated concentrations of glucose. Samples
were taken to determine autophagy as in (Figure 4A). C) wt samples from (Figure 4A) and m#/1
samples from (Figure 4C) along with mtll, ras2, mtliras2, sch9 and mtllsch9 samples from
(Figure 6B) were used for western blot analysis and AMPK1 detection by using anti-AMPK1-
P antibody.

3.5 Mtll is required for mitochondrial degradation dependently on Atg33 and independently
on Atg32 during chronological ageing

We wondered whether Mtll involvement in autophagy regulation would be related to any
carbon source, not only to glucose availability. To answer this question we decided to analyze
a non-fermentative carbon source, glycerol, that forces cells to directly enter into a respiratory
metabolism. Mtl1 was clearly not involved in the detection of glycerol concentration linked to
autophagy activity since in both wt and mzlI cells we detected similar levels and patterns of
autophagy (Figure 7A and Figure S6A). In a previous paper, we described that Mtl1 presented
uncoupled respiration that provoked mitochondrial dysfunction and ROS accumulation [30].
In order to ascertain whether oxidative stress would be the cause of the autophagy problem, we
added the antioxidant NAC to both wt and m¢#// diauxic cultures (Figures 7B and S6B). In order
to demonstrate that NAC was exerting its antioxidant function, samples were collected and
stained with dihydroethidium (DHE) for in vivo visualization of cellular oxidation in the
fluorescent microscope (Fig S6C). Our results indicate that oxidative stress is not the cause of

autophagy impairment during diauxic shift in m#// mutant (Figure 7B and Figures S6B and

S6C).
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Figure 7. Mtll is not deficient in bulk autophagy in respiratory conditions. A) wt and mtl]

cultures were grown in minimum medium SGly (containing glycerol as unique carbon source)



plus amino acids at 30°C to stationary phase for 6 days. Samples were collected at the indicated
times to identify macroautophagy as described in (Figure 1B). B) wt and m¢#// cultures in SD
medium growing to 1 day were treated with N-Acetyl cysteine (NAC) 5 mM for 8 and 11 hours.

Samples were collected for autophagy determinations as in A.

There is an alternative possibility, that if the problem of m#/] is the mitochondrial function we
would expect to detect severe deficiencies in mitophagy. For this purpose, we analyzed
mitophagy in cells expressing the fusion of mitochondrial matrix protein to GFP, Idp1-GFP,
transformed in either wt or mt/! strains [68]. We monitored the vacuole clipping of the fusion
protein Idp1-GFP. The identification of free GFP with anti-GFP antibody in a western blot
would reveal the existence of mitophagy since GFP is very resistant to degradation [69].
Mitophagy studies are usually carried out in respiratory carbon sources or alternatively in
stationary cultures. When wt and mt#/l cells were grown in SGly to stationary phase, we
observed mitophagy in both strains (Figure 8A and Figure S7A) as opposed to atg32 and atgl!
mutants in which mitophagy was undetectable (Figure 8B and Figure S7B). Atg32 is a
mitochondrial outer protein required to initiate mitophagy as a selective type of autophagy (for
areview [70]). Atgll is a critical protein for selective autophagy, it is essential in selective and
non-selective autophagy processes (for a review [71]). From the results shown in (Figure 8B
and Figure S7B) we conclude that m#/] mutant does not present any defect regarding mitophagy
dependent on Atg32.

We also checked mitophagy during diauxic shift and stationary phase in cultures growing in
SD, with glucose as the only carbon source. We observed mitochondrial degradation as free
GFP derived from Idp1-GFP accumulated in vacuoles in wt cultures (Figure 8C and Figure
S7C). However, this particular mitochondrial degradation was undetected in each of atg/, atg7
or atgl] strains (Figure 8C and Figure S7C). This particular mitophagy-like was not dependent
on Atg32 since we observed similar results in both wt and atg32 strains (Figure 8C and Figure
S7C). We discarded the possibility that our results reflected bulk autophagy since atgi/ cultures
did not present defects in bulk autophagy during diauxic shift nor stationary phase (Figure 8C
and Figure S7C). It has been reported in yeast that Atg33, is a mitophagy mitochondrial outer
membrane protein [68] required for stationary-phase. We observed a deficiency in mitophagy
when we analyzed atg33 mutant (Figure 8C and Figure S7C). More interesting was the finding
that m¢#/] mutant was as deficient as atg// and atg33 in Idpl mitophagy during diauxic shift
and stationary phase (Figure 8C and Figure S7C). The three mutants turned out to have shorter

chronological life span than the corresponding wt (Figure 8D). Our results suggest that yeast



cultures in SD present mitochondrial degradation in the vacuole upon diauxic shift and during
stationary phase through a selective autophagy process independent of Atg32 but dependent on
Atgl, Atg7, Atgll and Atg33 proteins. We also demonstrate that Mtl1 plays a relevant role in
initiating this mechanism, one potential target would be Atg33 that will have to be further
investigated.

We decided to check whether mtl] absence of mitochondrial degradation during the
chronological life span was also alleviated by either RAS2 or SCH9 deletion and obtained
equivalent results to those described for bulk autophagy, inactivation of RAS2 or SCHY restored
mitophagy-like degradation during the diauxic shift to m#// mutants (Figures 8C, S7C, 8E and
S7D).
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Figure 8. Mtl1 is needed for specific mitochondrial degradation during stationary phase. A) wt
and mtl] cultures transformed with plasmid Idp1-GFP were grown in SGly media plus amino
acids at 30°C. Samples were taken at the indicated times to determine mitophagic flux.
Mitophagic flux was calculated as the ratio between free GFP and total Idp1-GFP detected in
the western blot. B) atg32 and atgl! cultures transformed with Idp1-GFP were grown in SGly
medium plus amino acids at 30°C. Samples were collected at the indicated times to determine
mitophagic flux as in A. C) wt, mtll, atgl, atg7, atgll, atg32 and atg33 strains bearing the
plasmid Idp1-GFP were grown in SD media at 30°C for 15 days in continuous shacking.
Mitophagic flux was determined as in A. D) Chronological life span curves for wt, mtll, atgl,
atg7, atgll, atg32 and atg33 strains cultured in SD media plus amino acids at 30°C. Samples

were taken at the indicated times to determine CLS, as described in Materials and Methods.



Numerical data regarding maximum life span (the day when cultures reach 10% survival) and
average life span (the day at which 50% survival was recorded) for each strain is depicted. E)
ras2, mtllras2, sch9 and mtll1sch9 mutants, transformed with Idp1-GFP were treated as in C

and mitophagic flux was determined as in A.

4. Discussion:

Our results point to a situation by which gradual glucose depletion activates bulk autophagy
and for this response Mtll activity is essential. Unlike in wt cells, in the single mutant mt//
there is no a detectable response towards autophagy unless either RAS2 or SCHY are deleted.
Deletion of RAS2 reverts the mt/] phenotype regarding bulk autophagy what points to the
importance of glucose availability and the switch from a respiratory to a fermentative
metabolism suggesting that during that transition Ras2 pathway must be not active and is Mtl1
the connector between glucose and Ras2 activity. This is supported by the observation that
these results are also extended to other fermentative sugars (Figure S2F). Interestingly, the
signal to autophagy in the models of glucose deprivation does not flow to TORCI, nor to the
PKC1 pathway or PKA, but directly to the autophagy machinery to phosphorylate Atgl protein.
Accordingly, some authors [2] already observed that TORC1 does not seem to play a principal
function in glucose starvation.

According to former studies [67], the abrupt transition from 2% glucose to 0% glucose does
not activate macroautophagy, because for this mechanism, ATP is essential and the mentioned
transition leads cells suddenly exhausted for ATP. This is understandable when cells are
transferred from a culture containing high glucose concentrations to a culture without glucose
nor other carbon source. However, during the transition from fermentative to respiratory
metabolism the descent in glucose concentration occurs gradually. In wt cells autophagy is
activated already when glucose concentration reaches values of 0.5% (27.77 mM) and reaches
maximum values when glucose levels descend to 0.05% (0.13 mM), whereas in mt// mutant
autophagy is never induced. We hypothesized that this could occur because there might be a
threshold for cells to sense glucose levels (or other alternative fermentable sugars), that would
activate autophagy to obtain energy and nutrients probably linked to the induction of a
respiratory metabolism. Mtll could be the sensor for this threshold unable to switch properly
and consequently unable to induce autophagy. In a previous study we observed that m#/] mutant
accumulates higher cAMP levels than wt cells. We believe that since m#// mutant has a high

cyclic AMP accumulation both in exponential or stationary cultures [28], this fact would



deplete cells for ATP, consequently Ras2 deletion might compensate for that depletion avoiding
the accumulation of cyclic AMP in mtl]. Noneless, this hypothesis is not sustained since other
nutrient stresses were capable to activate bulk autophagy in mt/I exponential cells (Figure 4C).
It could be argued that during the diauxic shift glucose reduction forces the switch from
fermentative to respiratory metabolism and in these circumstances the main ATP source should
be mitochondrial. Since in the absence of Mtl1 the ratio cAMP/ATP would be higher than in
wt cells this would generate a signal of glucose starvation leading to the blockade of autophagy.
However, our results demonstrate that the absence of mitochondrial DNA, and consequently
the absence of ATP production through respiration metabolism (7200 mutant) did not preclude
autophagy induction in glucose reduction conditions. Consequently, we also discarded this
second hypothesis.

In humans, ATP increases autophagic flux in some cell lines but not in others [72]. Moreover,
the addition of ATP to mtl] cultures only partly restored at a low degree both autophagy in the
diauxic transition and upon partial glucose depletion. This supports the model by which Mtl1
function couples glucose starvation to Ras activity and autophagy induction.

In agreement with the studies of [67] we have observed that after a full reduction of glucose,
no nutritional stress can provoke bulk autophagy induction (rapamycin, amino acids, nitrogen
or iron).

In this study, we also present a nutritional model by which Gen2 detects the signal of amino
acids deprivation connecting to bulk autophagy in a manner independent of TORCI activity.
Hence, our data demonstrate that both Mtl1 and Gen?2 are key factors to induce bulk autophagy
during the starvation process involving first glucose and secondly amino acids deprivation that
occurs during the transition from fermentative to respiratory metabolism.

The observation that m#/] mutant grows in the presence of glycerol as the only carbon source
at similar rates as wt cells, indicates that mitochondrial function is sufficient to support the ATP
requirements in this condition. Moreover, we also observed that Mtll does not participate in
the induction of mitophagy in glycerol cultures dependent of Atg32 (Figure 8A and B).

We observed that either Mtll or Atgll (involved in selective autophagy), are required to
degrade mitochondria during the transition to stationary phase in synthetic media containing
glucose as the only carbon source. This degradation process depends on the autophagy
machinery since in the absence of Atg7 or Atgl it does not take place. Our data are consistent
with a previous paper in which the authors showed that autophagy in response to carbon
starvation requires Atgl1 as a scaffold protein for the PAS [67]. Nevertheless, the mitophagy-

like process that occurred in media containing glucose is independent of Atg32 but dependent



of Atg33 (Figure 8C). This is not unexpected since Atg33 was characterized as an autophagy
protein, specific of Saccharomyces cerevisiae whose role was linked to the induction of
mitophagy during stationary phase [68]. Whether or not the mitochondria degradation that we
observe during stationary phase is a type of mitophagy dependent of Atgll and Atg33 but
independent of Atg32, it should be further analyzed in future studies. Consequently, the
availability of glucose as a carbon source has specific responses regarding autophagy in which
Mtl1 is directly involved.

Snfl is an AMPK orthologous to the mammalian AMP-kinase (reviewed in [73]) whose
activity has been reported to be required in response to glucose starvation [21,74], to
downregulate autophagy in stationary phase [23] and it is also required to induce autophagy in
that context [67]. Snflp is a catabolic regulator that is activated by the increase in the ADP/ATP
ratio [75]. Nonetheless, in our studies Snfl activation, both in m¢// mutant or in wt cells, is
highly activated during diauxic shift when glucose levels are reduced and this activity is high
during the stationary phase, therefore we cannot attribute to Snfl lack of activity the defects
observed in mtl] mutant.

The conclusion to our data is that the transition from high concentrations to low levels of
glucose triggers the connection between Mtll and autophagy and is not fully dependent on
mitochondrial function and ATP accumulation. Another argument to support our hypothesis is
that in m¢/1 mutant it is clearly detectable the presence of PAS in the diauxic transition and in
the presence of low glucose concentrations (Figure 3F), as opposed to that observed by
previous authors [67] in the absence of ATP.

The linkage between Mtl1 and Ras2 is not the first time that is described [28]. Our data suggest
that Ras2 is the key regulator of bulk autophagy and the autophagy of mitochondria during
stationary phase. Whether or not this connection is related to mitochondria is at this moment
unknown since direct evidence for a regulation of mitochondria by Ras via cAMP-PKA is
absent. Moreover, it is not unlikely that the Ras protein acts independently of adenylate cyclase
and cAMP according to [76]. PKA is one of the effectors of Ras2 [77,78], also involved in
autophagy regulation. However, and concerning Mtl1 signaling to autophagy, PKA does not
appear to be required as an intermediary molecule. Moreover, constitutive activation of the
RAS-cAMP signaling pathway confers resistance to rapamycin [79-81]. This would explain
why in an mtl/] mutant, rapamycin does not provoke the induction of autophagy in diauxic shift
(not shown), taking into consideration the hypothesis that Mtll helps to switch from
fermentative to respiratory metabolism through Ras/cAMP pathway.

Sch9 is a kinase effector of TORC1 pathway [82]. In addition, Sch9 has been described to act



in a different pathway than PKA in the glucose response, this is in agreement with our
observations that Bey1 overexpression or SLT2 deletion did not suppress the lack of autophagy
observed in mt/l mutant. Our results are in line with the conclusion that TORC1, PKA and
Sch9 independently regulate autophagy during growth [17,83]. Deletion of Sch9 is sufficient
to activate autophagy [17]. Here we observe that sch9 mutant suppresses the lack of both bulk
autophagy and mitophagy of mtl/l during the diauxic shift and in conditions of low glucose,
this restricts the signal to glucose availability. Sch9 is also implicated in the selective
autophagic degradation of ribosomes, mitochondria and peroxisomes [84,85]. Although we still
do not have a certain interpretation of the fact that Sch9 regulates ribosomal genes transcription,
and that ribosomal biogenesis is one of the mechanisms that need more ATP consumption, one
interpretation would be that diminishing the level of ribosomal biogenesis also diminishes the
ATP consumption perhaps favoring the induction of autophagy. The molecular mechanisms
underlying the involvement of cAMP in the induction of autophagy related to nutritional
starvation conditions deserves future investigation.

Our findings suggest that Mtll cell wall receptor of the CWI pathway is a glucose sensor
required to activate both bulk autophagy and Atg33-Atgl1 mitophagy in response to glucose
concentration decrease. The activation occurs through either Ras2 or Sch9 inactivation

converging in Atgl phosphorylation.

Supplementary Materials:

Figure S1. Sequential descent of glucose and amino acids activates bulk autophagy during the
diauxic shift in Saccharomyces cerevisiae. Figure S2. Mtll and Gen2 control autophagy
induction during glucose and amino acids starvation. Figure S3. Mtl1 signals glucose limitation
to the autophagy machinery. Figure S4. Mtl1 signals the decrease in glucose concentration to
the autophagy machinery in a manner not fully dependent on ATP production by mitochondria.
Figure S5. Both Ras2 and Sch9 suppress m#/1 deficiency in autophagy signaling upon glucose
concentration descent. Figure S6. Mtll is not deficient in bulk autophagy in respiratory
conditions. Figure S7. Mtl1 is needed for specific mitochondrial degradation during stationary

phase.
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Figure S1. Sequential descent of glucose and amino acids activates bulk autophagy during the

diauxic shift in Saccharomyces cerevisiae. A) atg7 and atgll strains expressing the fusion
protein GFP-AtgS8, were grown to log phase (ODsoo: 0.6) in SD medium at 30°C. Aliquots were
collected for total protein extraction, western blot and for in vivo observation of GFP-Atg8 in
the fluorescence microscope as in A. B) wt cells bearing GFP-Atg8 in the genome was
exponentially grown at ODgpo: 0.6 at 30°C in SD media and a sample was collected for analysis.
Upon one day of culture, 2% glucose, amino acids (60 mg/ml Leucine, 20 mg/ml Histidine and
20 mg/ml Tryptophan), 0.67% nitrogen or 10 mM iron, were respectively added to the cultures
and samples were collected upon 2, 6 and 24 hours to detect GFP-Atg8 by western blot and in
vivo cellular localization through the fluorescence microscope as in A. Microscopic images
represent GFP-Atg8 intracellular localization 24 hours upon re-feeding with each specific

nutrient. C) As in D but results correspond to two days of growth.
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Figure S2. Mtl1 and Gen2 control autophagy induction during glucose and amino acids

wt

sch9 mtliras2 ras2 mtl1

mtl1sch9

starvation. Growth conditions, western blot and in vivo microscope observation determined
in: A) for] mutant expressing GFP-Atg8; B) ras2 mutant expressing GFP-Atg8 and C) gcn2
mutant expressing GFP-Atg8, was performed as described in (Figure S1A). D) gen2 bearing
GFP-Atg8 was exponentially grown at 30°C in SD plus amino acids. Rapamycin (200 ng/ml)
was added to the cultures upon 1 day of growth and samples were subsequently collected
upon 2, 6 and 24 hours of exposure to the drug. Aliquots were treated as in (Figure S1A). E)
Growth conditions, GFP-Atg8 in vivo intracellular localization and western blot in mt/1
culture expressing the fusion protein GFP-Atg8 was performed as in (Figure S1A). F) wt,
mtll, ras2, mtllras2, sch9 and mtllsch9 cultures in which the GFP-Atg8 fusion protein was
integrated, were grown to log phase and 1 day in Sucrose or Fructose medium at 30°.
Aliquots were collected for in vivo microscopic observation by using a fluorescence

microscope.
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Figure S3. Mtl1 signals glucose limitation to the autophagy machinery. A) wt cells expressing

GFP-Atg8 were exponentially grown in SD media. Aliquots were taken, washed and



transferred to different minimum media containing: 0.5, 0.1 or 0.05% glucose; 0.1 or 0% amino
acids; 0.06, 0.01 or 0% nitrogen or medium without iron (0%). Autophagy was determined
upon western blot analysis or in vivo identification of GFP-Atg8 in the fluorescence microscope
as in (Figure S1A). The same experiments as in A were carried out in B) gen2 mutant cultures

expressing GFP-Atg8 and in C) mtl] strain expressing GFP-Atg8.
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Figure S4. Mtl1 signals the decrease in glucose concentration to the autophagy machinery in

a manner not fully dependent on ATP production by mitochondria. A) wt and m#/l cells
expressing GFP-Atg8 grown in SD media were transferred to minimum media devoid of
glucose (0% glucose) to determine autophagy upon detection of GFP-Atg8 vacuolar cleavage
by western blot analyses and also in vivo through fluorescence microscopy as in (Figure S1A).
B) Upon transference to minimum media without glucose, ATP (at 200 mM final concentration)
was added to the cultures described in A and samples were collected at the indicated times for
western blot and microscopic determination of autophagy as in A. C) ATP (200 mM) was added
to mtl! cultures growing in SD minimum medium for one day, at the diauxic shift, and samples
were collected at 4 and 8 hours for western blot analysis and in vivo observation in the
fluorescence microscope. D) rho0 mutant expressing GFP-Atg8 was grown as in (Figure S1A)
for autophagy determination. E) rho0 cells exponentially growing in SD were washed and
transferred to several media containing different glucose concentrations to analyse autophagy

as in (Figure S3A).
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Figure S5. Both Ras2 and Sch9 suppress m#// deficiency in autophagy signaling upon glucose
concentration descent. A) mtllras2, sch9, mtllsch9, sit2, mtllsit2, wt+pBcyl, mtll+pBcyl,
wt+pBCK1-20, mtl1+pBCKI1-20, wt+pPkc1* and mt/I+pPkcl* strains expressing GFP-Atg8
were grown at 30°C in SD media during 15 days. Samples were taken for western blot analysis
and in vivo observation in the fluorescence microscope of GFP cleavage from GFP-Atg8 were
all performed as described in (Figure S1A). B) Strains ras2, mtllras2, sch9 and mtllsch9
expressing GFP-Atg8 were exponentially grown in SD media to be subsequently transferred to
minimum medium containing the indicated concentrations of glucose. Samples were taken to

determine autophagy as in (Figure S3A).



Figure S6
A) Log 1 day

Nomarski GFP Nomarski GFP

SGly

wt mil1
012360 1236 days
GFP-Atg8
— e — e ® [P

[—— e | ANti-PGK 1

11 hours + NAC
GFP

GFP Nomarski

wt mtl1
0111 01 11 days
8 11 8 11 hours +NAC

——  aap GFP-Atg8
See GFP

[ == = = =l Anti-PGK1

C)

Nomarski DHE DAPI Merge

Figure S6. Mtl1 is not deficient in bulk autophagy in respiratory conditions. A) wt and mz/]
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cultures were grown in minimum medium SGly (containing glycerol as unique carbon source)

plus amino acids at 30°C to stationary phase for 6 days. Samples were collected at the indicated



times to perfor western blot analysis and in vivo microscopic determination as described in
(Figure S1A). B) wt and mz/] cultures in SD medium growing to 1 day were treated with N-
Acetyl cysteine (NAC) 5 mM for 8 and 11 hours. Samples were collected for autophagy
determinations as in A. C) wt and m¢/] cultures were grown in SD medium. At one day of
growth, SmM of NAC was added for 11 hours. Samples were collected and stained with
dihydroethidium (DHE) for in vivo visualization of cellular oxidation in the fluorescent

microscope.
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Figure S7. Mtl1 is needed for specific mitochondrial degradation during stationary phase. A)
wt and mtll cultures transformed with plasmid Idp1-GFP were grown in SGly media plus
amino acids at 30°C. Samples were taken at the indicated times for in vivo observation in the
fluorescence microscope and western blot analysis. B) atg32 and atg!/! cultures transformed
with Idp1-GFP were grown in SGly medium plus amino acids at 30°C. Samples were collected
at the indicated times for in vivo observation in the fluorescence microscope and perform
western blot as in A. C) wt, mtl1, atgl, atg7, atgll, atg32 and atg33 strains bearing the plasmid
Idp1-GFP were grown in SD media at 30°C for 15 days in continuous shacking. Samples were
taken at indicated times to monitor Idp1-GFP cleavage. D) ras2, mtliras2, sch9 and mtl1sch9

mutants, transformed with Idp1-GFP were treated as in C.
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Aft1 nuclear localization and transcriptional response to iron starvation relies

upon TORC2/Ypk1 signaling and sphingolipid biosynthesis
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Abstract

Iron scarcity provokes a cellular response consisting of strong expression of high-
affinity systems to optimize iron uptake and mobilization. Aft1 is a primary transcription
factor involved in iron homeostasis and controls expression of high-affinity iron uptake
genes in Saccharomyces cerevisiae. Aft1 responds to iron deprivation by translocating
from the cytoplasm to the nucleus. Here, we demonstrate that the AGC kinase Ypk1,
as well as its upstream regulator TOR Complex 2 (TORC?2), are required for proper
Aft1 nuclear localization following iron deprivation. We exclude a role for TOR Complex
1 (TORC1) and its downstream effector Sch9, suggesting this response is specific for
the TORC2 arm of the TOR pathway. Remarkably, we demonstrate that Aft1 nuclear
localization and a robust transcriptional response to iron starvation also requires
biosynthesis of sphingolipids, including complex sphingolipids such as inositol
phosphorylceramide (IPC) and upstream precursors, including long chain bases
(LCBs) and ceramides. Furthermore, we observe the deficiency of Aft1 nuclear
localization and impaired transcriptional response in the absence of iron when
TORC2-Ypk1 is impaired is partially suppressed by exogenous addition of the LCB
dihydrosphingosine (DHS). This later result is consistent with prior studies linking
sphingolipid biosynthesis to TORC2-Ypk1 signaling. Taken together, these results
reveal a novel role for sphingolipids, controlled by TORC2-YpkA1, for proper localization
and activity of Aft1 in response to iron scarcity.

Key words: TORC2, Ypk1, iron deprivation, Aft1, iron homeostasis, sphingolipids,



LCBs, CK2, survival, inositol phosphorylceramide (IPC)

1. Introduction

Iron is indispensable for life in every organism and plays an essential role in cellular
processes such as respiration, DNA synthesis and repair, and diverse metabolic
reactions as an essential cofactor [1,2]. Iron levels must also be tightly regulated as
elevated levels have toxic effects, including contributing to production of reactive
oxygen species (ROS) [3,4]. However insufficient iron levels also cause detrimental
effects within cells [5]. Indeed, iron deficiency is the most prevalent nutritional disorder
in the world whose consequences on human health are well established [6]. Iron
trafficking and metabolism require tight regulation, where studies in budding yeast,
Saccharomyces cerevisiae, have yielded insights into the metabolism of this metal in
humans. In yeast, iron can be captured and internalized within the cytoplasm through
the multicopper oxidase Fet3 [7] and transmembrane permease Ftr1 [8,9]. The genes
encoding these components, in addition to others involved in iron metabolism,
constitute a regulon under the control of the transcription factor Aft1 (and its paralogue
Aft2) [10,11]. The intracellular localization of Aft1 is regulated by iron availability,
whereby it is localized within the nucleus when iron is scarce and translocates into the
cytoplasm when iron becomes replenished [12]. The karyopherin/importin Pse1
mediates nuclear import of Aft1 in response to iron starvation [13]. Remarkably, cellular
components that link iron scarcity to Aft1 nuclear localization remain poorly
understood.

The TOR (target of rapamycin) is a universal sensor and integrator of nutritional
signals in eukaryotes and exists in two proteins complexes, TORC1 and TORC2,
where TORC1 is sensitive to the antibiotic rapamycin [14—16]. In yeast, TORC2 is
localized at or adjacent to the plasma membrane where it phosphorylates and
activates Ypk1 (or its paralogue Ypk2) [17] or Pkc1 [18]. TORC2 phosphorylates Ypk1
at two sites within a C-terminal regulatory domain [16]. Ypk1 is also phosphorylated
within its kinase domain by Pkh1/Pkh2, which are homologous of mammalian PDK1
[19]. Ypk1 has a wide variety of cellular activities, including direct involvement in the
biosynthesis of sphingolipids. Upon sphingolipid depletion, Ypk1 phosphorylates and
inhibits both Orm1 and Orm2, which are themselves inhibitors of serine



palmitoyltransferase (SPT), the enzyme that catalyzes the initial step of sphingolipid
biosynthesis [20]. Treatment with Myriocin, a small molecule inhibitor of SPT, signals
to Ypk1 via TORC2 through a complex feedback activation loop [21]. Independently,
Ypk1 phosphorylates Lac1 and Lag1, the two catalytic subunits of the enzyme
ceramide synthase (CerS), thereby stimulating ceramide biosynthesis [22]. CerS
activity also requires Casein Kinase 2 (CK2), which independently phosphorylates
Lac1 and Lag1 and contributes to the stability of CerS and its localization within the
ER [23]. Ceramides are subsequently converted in the Golgi to complex sphingolipids:
inositol phosphorylceramide (IPC), mannosylinositol phosphorylceramide (MIPC), and
mannosyl-diinositol phosphorylceramide [M(IP)2C] (see review, [24]).

In addition to TORC2-Ypk1 and CK2, other signaling kinases have been linked to
sphingolipids. For example, Sch9 kinase is a TORC1 target and has been implicated
in the regulation of related of LAG7 and LAC1, as well as the ceramidase genes YPC1
and YDC1. Consequently, deletion of SCH9 causes impairment of LCB levels [25].
Decreased levels of sphingolipids upon impaired TORC2/Ypk1 signaling is also
associated with increased levels of reactive oxygen species (ROS) [27], which impacts
mitochondrial activity and, potentially, iron homeostasis. Additional studies have
reported connections between iron and sphingolipids, including a role for sphingolipids
in iron toxicity [28], as well as influencing survival in stationary phase [29].

We demonstrated previously that TORC2-Ypk1 is required as a positive regulator of
autophagy that is induced when iron is limiting. In this context, the autophagy
machinery is only induced when TOR2/YPK1 is active, suggesting that these proteins
are required for the transmission of a signal for iron scarcity. We also demonstrated
this response contributes to extend the chronological lifespan [30].

In mammals, it has been described that TOR regulates iron homeostasis through the
modulation of iron transporters and cellular iron flux [31].

In this study, we show that TORC2/Ypk1 mediates the signal for iron deprivation to
Aft1. This signal is independent of ROS accumulation, mitochondrial function or
changes in Pse1 localization, the nuclear transporter of Aft1. We also present evidence
that nuclear accumulation of Aft1 in response to iron deprivation requires appropriate
levels of sphingolipids and that this is mediated by TORC2-Ypk1.

2. Material and Methods

2.1 Yeast strains and plasmids



Saccharomyces cerevisiae strains used in this study are listed in Table 1. New mutants

described in this work were obtained by one-step disruption method that uses the

NatMx4 or KanMx4 cassettes [30]. Strain GSL421 was constructed upon the
integration of plasmid pAft1C291F-HA previously digested with EcCoRV. GSL451 strain,
was constructed upon the integration of pYpk1S644AT662A plasmid previously digested
by BstEll. Strains, GSL454 and GSL455 were constructed upon the integration of
plasmid pYpk1-HA previously digested with BstEIl. The plasmid pYpk1-HA was

obtained upon Ypk1 cloning into the Pmel and Notl sites of the integrative vector

pMM351. The plasmid pPse1GFP was obtained through Pse1 cloning into the BamHI
and Sall sites of the pUG35 plasmid.

Table 1. Yeast strains.

Strain Genotype Source
CML128 MATa leu2-3,112, ura3-52, trpl, his4 [32]
GSL034 CML128 background, tor!::KanMx4 [33]
GSL190 CML 128 background, s/t2::KanMx4 [34]
GSL205 CML128 background, sch9::NatMx4 [34]
GSL280 CML 128 background, tetO7AFTIC291F-HA::LEU2 [35]
GSL308 CML 128 background, tetO7Aft1-HA::LEU?2 [35]
GSL384 CML128 background, ypk!::KanMx4 [30]
GSL385 CML128 background, ypk!::KanMx4 tetO7Aft1-HA::LEU2 [35]
GSL410 CML128 background, pkcl::LEU2 [36]
GSL420  CML128 background, ypkl.::KanMx4 atg7::NatMx4 This work
GSL421 CML128 background, ypk!::KanMx4 tetO;AFTIC291F- This work
HA::LEU2
GSL430  CML128 background, lacl::KanMx4 This work
GSL431 CML128 background, lagl.:KanMx4 This work
GSL435 CML128 background, fet3::KanMx4 This work
GSL436 ~ CMLI128 background, cccl.:KanMx4 This work
GSL437  CML128 background, mrs3.::KanMx4 This work
GSL447  CML128 background, fet5::KanMx4 This work
GSL448  CML128 background, atml::KanMx4 This work
GSL451 CML 128 background, ypkl::KanMx4 YPK1S6444AT662A- This work
HA::LEU2

GSL454 CML128 background, Ypkl-HA::LEU2 This work
GSLA455 CML128 background, ypkl::KanMx4 Ypkl-HA::LEU2 This work
R43 CML128 background, rho0 This work
BY4741 MATa his3-1, leu2, metl5, ura3 [37]
GSL404 BY4741 background, ypkl::KanMx4 This work
W303 MATa ade2-1, trpl-1, leu2-3,2-111, his3-11,75, ura3 [38]
GSL417 W303 background, tor2ts::LEU2 [39]
LHY?291 MATa his3, trpl, lys2, ura3, leu2, barl [23]



PLY979 LHY291 background, cka2::TRPI [23]

Plasmid descriptions are listed in Table 2. Each particular ORF was amplified by PCR
from genomic DNA and cloned in the specific plasmid.

Table 2. Plasmids employed.

Plasmid Marker Promoter Epitope Source
pAft1-GFP URA3 MET25 GFP [40]
ptetO7Aft1-HA LEU2 tetO7 HA [40]
pAftIC291F-HA LEU2 tetO7 HA [35]
pFet3-LacZ URA3 FET3 [41]
pUG35 URA3 MET25 GFP [42]
pPsel-GFP URA3 MET25 GFP This work
pC-terminal3-HA URA3 MET25 HA [38]
pMM351 LEU2 ADH1 HA [30]
pYpkl-HA LEU2 ADH1 HA This work
pYpk 1 S644ATT662A LEU2 ADHI HA [38]

2.2. Growth conditions and reagents

Yeasts were grown at 30°C in SD medium (2% glucose, 0.67% yeast nitrogen base
that lacked the corresponding amino acids for plasmid maintenance) plus amino acids
[43]. For iron depletion conditions (SD-Fe) SD medium was used whose yeast nitrogen
base was free of iron plus the addition of 80 pM of 4,7-diphenyl-1,10-
phenanthrolinedisulfonic acid (BPS) (Sigma, 146617).

We present a list of reagents detailing final concentration in culture media and from
which company they were purchased: N-Acetyl cysteine (NAC) 5mM (Sigma, A9165);
Rapamycin (Rapa) 200 ng/ml (Sigma, R0395); Cycloheximide (CHX) 150 mg/ml
(Sigma, C4859); DAPI 2 mg/ml (Sigma, D954 1); (N-(3-triethylammoniumpropyl)-4-(p-
diethylaminophenylhexatrienyl)) pyridinium dibromide (FM4-64) 30ug/ul (Invitrogen, T-
3166); Myriocin (Myr) 2mM (Sigma, M1177); D-erythro-Dihydrosphingosine (DHS) 20
MM (Sigma, D3314); Aureobasidin A (Aur) 250 ng/ml (MedChem Express, HY-P1975).
Cell cultures were exponentially grown at 600 nm [ODsoo] of 0.6 or longer times as
indicated. Iron was added as ammonium iron (lll) Sulfate hexacahydrate
[NH4Fe(S04)226H20] (+Fe) (Sigma, F1543) at a final concentration of 10mM.

2.3. Endogenous iron measurements

Endogenous iron measurements were performed according to the colorimetric assay



described in [42].

2.4. B-galactosidase activity

R-galactosidase activity was determined according to [44], with some variations. 1 ml
of cell culture at [O.D.so0] of 0.6 was centrifuged, and the pellets were suspended in
50 pl buffer Z (NazHPO4 60 mM (Serva, 30200.01); NaH2PO4 40 mM (Serva, 13472-
35-0); KCI 10 mM (Serva, 26868); MgSOs 1mM (Sigma, M7634-100G); R-
mercaptoethanol 50 mM (BioRad, 161-0710)) plus 2.5 ul sarcosyl 10% (Sigma, T4376)
and 0.5 pl toluene (Merck, 244511). After that, 150 pl of buffer Z and 50 pl o-
nitrophenyl-R-D-galactopyranoside (ONPG) 4 mg/ml (Sigma, N1127) were added and
subsequently incubated at 28°C for 5 min. Finally, 500 yl Na2COs 1 M (Sigma, S7795-

500G) was added to stop the reaction. Absorbance was measured at 420 nm.

2.5. Protein extraction and immunoblot analyses

We follow an identical procedure as described in [45]. Total yeast protein extracts were
prepared as previously described in [30]. The antibodies for western blotting were as
follows: anti-HA 3F10 (Roche Applied Science, 12158167001), was used at a dilution
of 1: 2,000 in 0.25% non-fat milk and the corresponding secondary was goat anti-Rat
IgG horseradish peroxidase conjugate (Millipore, AP136P). Anti-Phospho-glycerate
kinase 1 (anti-PGK-1) (Invitrogen, 459250) was used at a dilution 1: 1,200, with the
secondary antibody anti-Mouse horseradish peroxidase conjugate (GE Healthcare,
LNA931v/AG). Anti-phospho-Ypk1 (T662) (from Dr. Ted Powers) at a dilution of
1:20,000, with the secondary antibody anti-Rabbit horseradish peroxidase conjugate
(GE Healthcare, LNA934v/AG). They were used as indicated by the manufacturers.
The protein-antibody complexes were visualized by enhanced chemiluminescence,
using the Supersignal substrate (Pierce, 34577) in a Chemidoc (Roche Applied
Science).

For all the figures: We used anti-PGK1 to detect PGK1, selected as loading control in
the western blots shown in this study. For western blot in this paper, we have selected

representative samples.

2.6. Fluorescence microscopy
Cells were visualized under the Fluorescence microscope (Olympus BX-51) using 60X

magnification. Cellular localizations were registered at the times indicated in the text



under specific described conditions.

2.7. Statistical analysis

We followed the same procedure as described in [30]. Error bars in the histograms
represent the standard deviation (SD) calculated from three independent experiments.
Significance of the data was determined by P-values from a Student’s unpaired t-test
denoted as follows: *=0.05>P>0.01; **=0.01>P>0.001; ***=0.001>P>0.0001;
****=pP>0.0001.

3. Results

3.1. TORC2 and Ypk1 are required for optimal Aft1 activity during iron starvation

In a previous study, we demonstrated a requirement for TORC2-Ypk1 signaling to
induce autophagy under conditions of iron deficiency. This observation made us
explore the potential connection between TORC2-Ypk1 and Aft1 during iron starvation.
We first used a previously characterized temperature sensitive allele of TOR2 (tor2ts)
an essential and central component of TORC2 [39]. We studied the role of Aft1, a
transcription factor that regulates iron homeostasis, by examining its cellular
localization, the expression of one of its reporter genes (FET3), and the levels of
intracellular iron in response to varying iron concentrations. We found that when iron
was deprived, in the tor2ts strain, Aft1 was barely present in the nuclei, with most of
the protein scattered throughout the cytoplasm or concentrated in vacuoles (Figure 1A
and B). This was in contrast to what was observed in the wild type (wt) cell culture,
where Aft1 rapidly translocated to the nucleus in response to low iron levels (Figure
1A and B). These findings correlated with expression of FET3 and iron accumulation
under iron starvation conditions. In the tfor2ts strain, both of these parameters were
significantly lower than those observed in wt cells due to impaired induction of the iron
regulon and internalization of iron (Figure 1C and D). These results suggest that

TORC2 plays a role in linking iron deficiency to the function of Aft1.
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Figure 1. TORC2 regulates iron starvation signal. (A) wt and tor2ts cultures transformed with
pAft1GFP, were grown to log phase in SD and SD-Fe medium at 38°C. Aliquots were collected
for in vivo observation in the fluorescence microscope. (B) Histogram of Aft1 localization
quantified in the experiment described in (A) was calculated upon microscopic observation of
1000 cells. (C) R-galactosidase activity content determination in wt and tor2ts strains. Cells
were grown at 30°C in SD media to ODeg0:0.4. Aliquots were taken, washed and transferred
to SD or SD-Fe media at 38°C for 8 hours. Samples were taken every two hours to determine
the R-galactosidase activity reporter construct. (D) Intracellular iron content was determined

in wt and tor2ts exponential cultures grown in SD or SD-Fe media at 38°C as described under



Material and Methods.

For all the figures: Error bars in the histograms represent the standard deviation (SD)
calculated from 3 independent experiments. Significance of the data was determined by P-
values from a Student unpaired t-test denoted as follows: *=0,05>P>0,01; **=0,01>P>0,001;
***=0,001>P>0,0001; ****=P>0,0001

TORC2 phosphorylates and activates Ypk1, leading to many downstream signaling
events, including crosstalk to Pkc1 and Sch9 kinases [47]. To map the iron starvation
signal from TORC2-Ypk1 to Aft1, we analyzed the potential involvement of Pkc1/SIt2
kinases whose activation depends on TORC2. None of them shown any difference in
Aft1 behavior as compared to the wt strain in response to iron starvation (Figure 2A).
Therefore, the potential role that Pkc1/SIt2 kinases could play in Aft1 nuclear
translocation upon iron starvation was ruled out.

Given that in a recent paper, we described a genetic relationship between Tor2/Ypk1
and Tor1, in the context of iron deprivation and induction of autophagy [29]. We
decided to rule out the possible role of Tor1 and one of its effectors Sch9 [47] also
involved in sphingolipids regulation [25], in Aft1 cellular localization when iron is
scarce. Our results indicate that neither Tor1 nor Sch9 are involved in this signaling
process since neither the absence of Tor1 nor rapamycin treatment affected Aft1

nuclear localization in response to iron depletion (Figure 2B).
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Figure 2. TORC1, Sch9, Pkc1 and SIt2 are not involved in Aft1 nuclear localization. Cultures
were grown in SD or SD-Fe to exponential phase at 30°C. Samples were collected to elucidate
Aft1 subcellular localization. (A) wt, pkc1 and slt2 strains transformed with pAft1GFP. (B) wt,
tor1, sch9 and wt treated with Rapamycin for 2 hours (Rapa) bearing pAft1GFP.

3.2. Neither oxidative stress, mitochondrial function, iron compartmentalization nor
Pse1 nuclear transporter are signals to drive Aft1 localization in ypk1 cells depleted
for iron

In order to check whether the observed aberrant Aft1 localization in ypk7 mutant was
an indirect consequence of either oxidative stress or mitochondrial dysfunction caused
by iron deprivation [46] we added the antioxidant N-acetylcisteine (NAC) to both ypk1
and wt cultures and observed equivalent results as those obtained in the absence of
the antioxidant (Figure 3A). We also used a rho0 strain, deficient in mitochondrial DNA,
and upon iron deprivation Aft1 localized to the nuclei as described for wild type cells
(Figure 3B). These results lead us to conclude that Aft1 miss-localization in iron
starved ypk1 mutant cells was not a consequence of oxidative stress nor of
mitochondrial dysfunction.
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Figure 3. Aft1 miss localization in iron starved ypk? mutant cells was not due to oxidative
stress or mitochondrial dysfunction. (A) wt and ypk7 cells expressing pAft1GFP were
exponentially grown in SD or SD-Fe media with or without NAC overnight. Aliquots were
collected for microscopic observation. The histogram represents percentages of in vivo Aft1
localization. (B) Aft1 subcellular localization in wt, ypk1 and rhoO strains grown in the same
conditions as Figure 1A. (C) wt and ypk1 mutant expressing pPse1GFP were grown to log
phase (ODg0:0.6) in SD or SD-Fe medium at 30°C. Microscopic images represent Pse1

intracellular localization.

Pse1 is the only known transporter for Aft1 which mediates its translocation from the
cytoplasm to the nucleus upon iron starvation [13]. We wondered whether in the
absence of Ypk1, Pse1 was precluding Aft1 nuclear localization upon iron deprivation.
Pse1 was localized to the nuclear envelope (Figure 3C), independently on the

presence or absence of Ypk1, both in iron depleted cells or upon iron replenishment.



In conclusion, Pse1 is not involved in Aft1 localization in ypk1 mutant cells in response
to iron starvation.

We also considered the possibility that the signal to Aft1 nuclear localization in
response to iron starvation could be originated in one of the cellular compartments
where iron is stored. This would imply that one specific iron transporter would be
conditioning the cellular signaling to Aft1. In order to analyze this, we made different
mutants in each of the known iron transporters: Fet3: plasmatic membrane iron
importer; Ccc1: vacuolar iron importer; Fet5: iron exporter from the vacuole; Mrs3:
mitochondrial iron importer; Atm1: mitochondrial exporter of iron-sulfur clusters. Aft1
localization in all the mutants tested was equivalent to that determined in wt cells
growing in SD-Fe (Figure 4). These observations lead us to conclude that iron
accumulation in specific cellular compartments is not the main signal that determines

Aft1 translocation to the nucleus when iron is limited.
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Figure 4. Iron accumulation in organelles do not determine Aft1 localization upon iron
depletion. wt, fet3, ccc1, fets, mrs3 and atm1 mutants were transformed with pAft1GFP and
grown to log phase in SD or SD-Fe media with amino acids at 30°C. Samples were collected

for in vivo observation in the fluorescence microscope.

3.3. Lack of YPK1 prevents Aft1 nuclear translocation in the absence of iron



Ypk1 is phosphorylated and regulated by TORC2 in two specific residues (see review
[47]). We wondered whether Ypk1 was involved in the process of sensing iron
starvation downstream of Tor2. Upon iron depletion, we could observe a similar but
less dramatic phenotype than that shown above for tor2ts mutant (Figure 1A-D). Aft1
mostly remained in the cytoplasm or partly in the vacuole, (Figure 5A). This localization
correlated to the detection of both a very low iron intracellular content and significantly
reduced Fet3 expression in iron deprived ypk1 cultures, as compared to wt cultures
(Figure 5B and C).
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Figure 5. The absence of Ypk1 causes deregulation of the Aft1 dependent iron regulon, during

iron starvation. (A) wt, ypk? and ypk1 pYpk1HA transformed with the plasmid pAft1GFP, were

logarithmically grown in SD medium plus amino acids or in iron-free SD (SD-Fe) to be
observed in fluorescence microscopy. The histogram represents percentages of in vivo
nuclear, cytoplasmic, vacuolar or mitochondrial localization out of 1000 cells. (B) Strains wt,
ypk1 and ypk1+pYpk1HA were each transformed with plasmid pFET3-LacZ. Cells were grown
at 30°C in SD media to ODeg0:0.4. Aliquots were taken washed and transferred to SD or SD-
Fe media for 8 hours. Samples were taken every two hours to determine the 3-galactosidase
activity reporter construct. (C) Intracellular iron content was determined in wt, ypk7 and
ypk1+pYpk1HA exponential cultures grown in SD or SD-Fe media as described under Material
and Methods. (D) In vivo fluorescence observation at indicated times of wt and ypk1 strains
bearing pAft1GFP. Cells were grown in SD or SD-Fe media until exponential phase, cultures
were divided, cycloheximide (+CHX) was added before to both of them. The SD ones were
washed and transferred to a media without iron with CHX; and iron (+Fe) were added to SD-

Fe+CHX cultures.

In order to discard any artifact caused by the mechanical process of ypk1 construct,
we decided to check the specificity of YPKT function in the response to iron starvation
by means of a complementation assay. We transformed ypk?1 mutant cells with a
plasmid overexpressing Ypk1 and observed a clear complementation given that Aft1

both localization and function were equivalent to that observed in wt cells and
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confirming the hypothesis that Ypk1 plays a direct role in the cellular response to iron
deprivation (Figure 5A-C). In order to observe the actual localization of the recently
synthetized protein, we blocked protein synthesis in both wt and aft? strains with
cycloheximide. This assay reinforced our former hypothesis, since we obtained
identical results regarding Aft1 localization in both wt and ypk1 strains (Figure 5A), and
also allowed us to conclude that Ypk1 was not involved in iron replenishment since in
this condition Aft1 translocated from the nucleus to the cytoplasm in both wt and ypk1
cultures (Figure 5D). Given the relevance of our results, we validated them in a
different genetic background (Supplemental 1). Therefore, our results suggest that in
conditions of iron starvation, the absence of Ypk1 precludes Aft1 translocation to the
nucleus and consequently seriously impairs the induction of the iron regulon in
response to the low levels of the metal.

Tor2 activates Ypk1 upon phosphorylation in two residues: S644 and T662 [16, 20]. In
order to biochemically characterize this function, we made use of an antibody that
specifically recognizes both phosphorylated residues and analyzed Ypk1
phosphorylation Tor2 specific in wild type cells starved or not for iron. We did not detect
significant differences (Figure 6A) being Ypk1 constitutively phosphorylated by Tor2
during exponential growth in both conditions. Our results strongly suggest that cells
actually require a constitutively activated Tor2-Ypk1 pathway in order to signal Aft1
correct response to iron availability. In order to gain further insight into this mechanism,
we used a complementation approach by transforming ypk7 mutant with a plasmid
bearing the wild type YPK1 coding sequence and another plasmid mutated in both
S644A/T662A YPK1 residues specifically phosphorylated by TORC2. Upon analyzing
the results, we noted that whereas the plasmid bearing wild type YPK7 ORF
completely complemented ypk1 strain, regarding Aft1 function in response to iron
deprivation, the plasmid carrying pYpk1S644A7T662A '\was not able to complement a ypk1
mutant under the above mentioned nutritional conditions (Figure 5A-C and 6B-D). Our

results strongly suggest that Tor2 signals iron scarcity through Ypk1 to Aft1 function.
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Figure 6. Ypk1 specific phosphorylation by TORC2 regulates the cellular response to iron
starvation. (A) wt strain was transformed with pC-terminal3-HA (vector), pYpk1HA or
pYpk1S844ATT662A Cells were grown in SD to exponential phase, the cultures were washed and
transferred to SD, SD+Myr, SD-Fe or SD+Fe. Samples were collected at indicated times for
western blot analysis, probing with anti-phospho-T662, anti-HA and anti-PGK1 antibodies. The
histogram represents the ratio between Ypk1 phospho-T662 and total Ypk1. (B) wt, ypk7 and
ypk1 pYpk
grown in SD medium plus amino acids or in iron-free SD (SD-Fe) to be observed in

1SB44ATTE62A strains transformed with the plasmids pAft1GFP were logarithmically
fluorescence microscopy. The histogram represents percentages of in vivo nuclear,
cytoplasmic, vacuolar or mitochondrial localization out of 1000 cells and (C) R-galactosidase
activity of wt, ypk? and ypk1+pYpk15644AT662A strains. Aliquots were collected as described in

Figure 5B. (D) intracellular iron was assed as in Figure 5C .

3.4. Complex LCBs levels control Aft1 nuclear localization and function when iron is
limited

Ypk1 kinase activity controls sphingolipids homeostasis upon TORC2 regulation. We
decided to investigate downstream members of the pathway with the aim to identify at
which level of the sphingolipid pathway the signal diverges to regulate Aft1 localization
in response to iron concentration. Hence, we treated wild type iron depleted cultures
with myriocin, which is a very potent inhibitor of serine palmitoyltransferase, that
catalyzes the conversion into 3-ketodihydrosphingosine, the first step in sphingosine
biosynthesis. We observed a high proportion of Aft1 in the cytoplasm and vacuole
correlated to a significant descent both in FET3 expression and iron content (Figures
7A-C).
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Figure 7. Sphingolipid metabolic pathway regulates Aft1 localization and function in iron
starvation conditions. (A) wt strain transformed with pAft1GFP was grown either in SD or SD-
Fe medium with amino acids and subsequently treated or not with Myriocin (Myr). Samples



were taken at the indicated times to analyze Aft1 subcellular localization (B) wt bearing pFET3-
LacZ was grown in either SD or SD-Fe medium with amino acids and subsequently treated or
not with Myriocin. Samples were taken at indicated times. (C) Intracellular iron content
determined in wt cells exponentially grown either in SD or SD-Fe and treated or not with
Myriocin. D) Aft1 subcellular localization in wt, lac?, lag1 and ckaZ2 strains bearing pAft1GFP
plasmid. (E) B-galactosidase activity determined in exponentially growing cultures of each wt,
lac1, lag1 and cka2 strains bearing pFET3-LacZ. (F) Intracellular iron content determined in
wt, lac1, lag1 and cka2 strains. (G) Aft1 subcellular localization and (H) R-galactosidase
activity were analyzed in both wt or ypk1 strains bearing each pAft1GFP or pFET3-LacZ
plasmids. Cultures were exponentially grown either in SD or SD-Fe medium and treated or
not with dihydrosphingosine (DHS). () Aft1 subcellular localization in exponentially growing wt
cells transformed with pAft1GFP, treated or not with Aureobasidin A (Aur). (J) wt strain
transformed with pFET3-LacZ was exponentially grown either in SD or SD-Fe medium and
treated or not with Aureobasidin A, samples were taken at the indicated times. (K) Intracellular
iron content in wt cells exponentially grown either in SD or SD-Fe treated or not with

Aureobasidin A.

Downstream in the sphingolipids pathway, dihydrosphingosine (DHS), is a ceramide
precursor, since it can be converted to ceramide by ceramide synthase (CerS), which
catalyzes the formation of an amide bond between the LCB and a C26 very long-chain
fatty acid [24].

CerS activity is regulated by direct phosphorylation of the catalytic subunits, Lac1 and
Lag1, through TORC1, TORC2, and casein kinase 2 [22,23]. We observed that
blocking CerS activity upon deletion of either LACT or LAG1 genes, or their regulatory
protein CK2, significantly impaired Aft1 function upon iron starvation, since a clear
descent in Fet3 expression and in Aft1 nuclear localization were detected as compared
to wild type values (Figure 7D-F). These results were similar to those previously
described in cells treated with Myriocin (Figs 7A-C).

In order to test the importance of ceramide synthesis in the process of iron deficiency
signaling, we added DHS to both wt and ypk1 iron depleted cultures and allowed them
grown over night to exponential phase. Interestingly, we could observe that addition of
the precursor of ceramide to ypk1 cultures partly restored Aft1 wild type response to
iron starvation, since 35% of the cells contained Aft1 in the nucleus correlated to a
significant increase in both FET3 expression and cellular iron content, as compared to

ypk1 cultures not added for DHS (Figure 7G). All these results evidence that iron



starvation signal relies in ceramide synthesis.

Aureobasidin A is a cyclic depsipeptide which inhibits the inositolphosphorylceramide
synthase, AUR1, downstream of ceramide synthesis, thus preventing the
accumulation of long chain complex sphingolipids. Addition of Aureobasidin A to
cultures depleted for iron also precluded Aft1 translocation into the nucleus and
consequently negatively affected both FET3 induction and iron intracellular
accumulation (Figures 7H-K). Next, we also added DHS to wild type cells blocked in
sphingolipid synthesis after a previous treatment with Myriocin. In this case and
similarly to that described above in ypk1 cultures, we observed that DHS was able to
partly restore Aft1 function in response to iron starvation (Figure 8A). However, and
contrary to the results recently described, DHS addition to iron deprived wt cultures
treated with Aureobasidin A, did not restore Aft1 wild type function in response to iron
starvation (Figure 8B). Taking altogether these results we conclude that the activity of
the sphingolipid pathway leaded by TORC2 and YPKT to induce the synthesis of long
chain sphingolipids, is the main signal converging in Aft1 and induces its nuclear
translocation to activate the iron regulon in order to maintain iron homeostasis in

response to iron deficiency.
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Figure 8. Complex sphingolipids signal Aft1 to localize to the nucleus upon iron depletion. wt
cells expressing pAft1GFP were grown to ODego:0.4 in SD medium at 30°C. (A) Aliquots were
taken, washed and transferred to either SD, SD+Myr, SD-Fe or SD-Fe+Myr media. After 2
hours, the cultures with myriocin (Myr) were divided in two halves and DHS was only added
to one of them, the other half was maintained as a control. Samples were collected for in vivo
observation in the fluorescence microscope, every two hours for eight hours. (B) Aliquots were
taken, washed and transferred to SD, SD+Aur, SD-Fe or SD-Fe+Aur media. After 2 hours the
cultures with aureobasidin A (Aur) were divided into two halves and DHS was only added to
one of them. Samples were collected for in vivo observation in the fluorescence microscope

at the indicated times.



4. Discussion

Iron is an essential metal for living organisms [48]. However, its excess can cause
dramatic damage to cells mainly through oxidative reactions [49], whereas its
deficiency is associated to several metabolic disorders [50], consequently, iron
homeostasis must be tightly regulated in all living cells, part to hinder the potential
damage that its dysregulation can provoke. In Saccharomyces cerevisiae, Aft1 is the
main responsible for iron utilization and homeostasis. Its function has been associated
to its transcriptional regulation correlated to its nuclear localization in order to maintain
the correct equilibrium of the iron cellular requirements [11,39,51]. Grx3/Grx4 both
regulate the translocation of Aft1 from the nucleus to the cytoplasm when iron is
replenished [39]. However, when iron is depleted from the culture medium, Aft1
translocation from the cytoplasm to the nucleus has not been associated with any
accompanying protein to date. Recently, we demonstrated that iron deprivation
induces bulk autophagy in a manner completely dependent on Ypk1 and Tor1 [29].
Our next interest was to explore the potential connection between the iron
homeostasis regulator Aft1 and Tor2/Ypk1 in the cellular response to iron starvation.
Here, we show evidence demonstrating that Aft1 translocation to the nucleus in
response to iron deprivation is dependent on TORC2/Ypk1 signaling pathway.
Interestingly, preliminary and unpublished data from J. Thorner [16] support the
conclusion that TORC2-Ypk1 signaling could be related to iron metabolism at least
mechanistically. It has been widely demonstrated that TORC2 through Ypk1, positively
signals the activation of the sphingolipid pathway in conditions unrestricted of nutrients
[47]. Here, we demonstrate that iron deprivation determines Aft1 nuclear localization
in a manner dependent on the activity of the sphingolipid synthesis through
TORC2/Ypk1 signaling activity.

We also present evidence demonstrating that Aft1 miss-localization upon iron
starvation, in a context of sphingolipid synthesis impairment, is not caused by a
deficient expression of the nuclear import receptor Pse1, which remains localized in in
the nuclear membrane regardless iron availability. Apart from Ypk1, Pkc1 is another
target of TORC2 in the response to certain types of stress [18]. Our results clearly
show that Pkc1 does not participate in the regulation of Aft1 nuclear translocation and
the consequent induction of the iron regulon upon iron deprivation.

Sphingolipids are essential components of the cellular membranes that frequently



participate in several signaling processes in all the eukaryotic cellular systems [28]. In
line with this, we explored the possibility that low iron concentration localized in specific
cellular compartments could be the signal to direct Aft1 into the nucleus. Our results
made us rule out this hypothesis since all the mutants in the various iron-dependent
membrane transporters checked in this study presented a wild type Aft1 response
upon iron deprivation.

Iron can promote the production of ceramides in humans [52] as previously shown in
Saccharomyces cerevisiae [28]. The connection between sphingolipids and iron has
also been reported [53] upon the demonstration that iron deprivation caused the
induction of some sphingolipids. Other authors have described a relationship between
ceramides and the modulation of iron levels [54]. In our study, we observe that
sphingolipids are constitutively activated in wild type cells growing exponentially in
conditions not limited for nutrients, independently of iron availability. As long as the
sphingolipid pathway is active, iron depletion signal is correctly transmitted to Aft1
resulting in its translocation to the nucleus and the consequent induction of the iron
regulon. A blockade in long-chain sphingolipids synthesis interrupts this signal and
provokes a cytoplasmic/vacuolar Aft1 localization when iron is not available. This
aberrant localization is detrimental for survival since forcing nuclear localization of Aft1
by using the pAft1C291F allele in a ypk1 mutant significantly increased cell survival
close to wild type levels (Supplemental 2), which clearly remarks the importance that
sphingolipids signaling has in the response to iron deprivation.

In humans, the mTOR pathway can regulate expression of CD71, which is responsible
for cellular iron uptake [55]. Indeed, it has been recently proposed that inhibition of
mTOR could reduce iron accumulation and thus, lessens the neurodegenerative
effects induced by this metal [55]. These observations are in accordance with our
results in that Tor2 inhibition negatively converges in Aft1 reducing the expression of
the iron regulon. Fet3 is the responsible for extracellular iron uptake in budding yeast
and because is included in the iron regulon, its expression is drastically diminished
upon Tor2 inhibition and the subsequent blockade of the sphingolipid pathway.

We have analyzed the sphingolipid pathway at various levels: i) upstream by blocking
the kinase Ypk1, or wusing myriocin which blocks the activity of the
palmitoiltranspherase and consequently the production of sphingosine, and ii)
downstream in the signaling cascade, by inhibiting both ceramide and LCBs synthesis.

Administration of DHS which promotes ceramides and consequently LCBs synthesis



complements the lack of signaling to Aft1 in iron starved cells when Tor2/Ypk1 are
mutated (Figure 7G-H).

In this study we show evidences demonstrating that long-chain sphingolipids play a
crucial role in the transmission of the iron starvation signal to Aft1, since addition of
the precursor of ceramides (DHS), did not restore Aft1 wild type response to iron
deprivation in cells blocked in the production of long-chain sphingolipids, upon
Aureobasidin A treatment.

Several studies have demonstrated that Ypk1 is related to ROS production in a manner
dependent on sphingolipids [27,46 45]. Our findings rule out the possibility that
sphingolipid downregulation caused by YPKT deletion in iron deprivation conditions,
impinges on Aft1 wild type response in a manner dependent on ROS production or
mitochondrial function.

Recently, Jorda et. al. [56] have published that sterol synthesis impairment precludes
Aft1 function. Although Ypk1 has been suggested to be an ergosterol sensor [57],
subsequent studies discarded this connection and demonstrated the independence
between ergosterol and Ypk1 activity [20].

In this study we also show the existence of a connection between Ypk1 and Tor2 for
bulk autophagy regulation, since in a tor2ts mutant the deficiency in autophagy
activation is equivalent to that determined in ypk? (not shown).

Our results offer a demonstration of the importance of the sphingolipid pathway
mediated by TORC2/Ypk1 proteins in the cellular response to iron scarcity in the
context of iron homeostasis. In addition, our findings suggest that Aft1 not only
regulates the expression of a group of genes needed for iron acquisition, detoxification
or storage but also participates in remodeling the metabolism as previously proposed
for different metalosensors in the eukaryotic model Saccharomyces cerevisiae [58].
Further studies will be required in order to ascertain the molecular mechanism involved
in Aft1 regulation by long-chain sphingolipids as well as its potential role in vacuolar

function.
Supplementary Materials: Figure S1. The absence of Ypk1 causes iron regulon
deregulation during iron starvation. Figure S2. Aft1 nuclear localization is a prosurvival

strategy to sphingolipids pathway impairment.
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5.1 Mecanismes de resposta de S. cerevisiae enfront del déficit de

ferro

L’estudi de I’expressio genética i dels mecanismes de senyalitzaci6 cel-lular que tenen lloc en
les cel-lules de llevat, exposades a déficit de ferro, resulta una eina molt potent per entendre 1
buscar terapies per poder tractar les malalties relacionades amb el déficit de ferro. La manca
de ferro biodisponible al medi obliga les c¢l-lules a consumir el ferro que tenen emmagatzemat
als seus reservoris; en el llevat, el vactiol és el principal reservori subcel-lular del ferro
juntament amb les mitocondries, i en mamifers ho son els lisosomes (L. Li and Ward 2018b),
exhaurint aixi el ferro cel-lular, tal com es mostra en la Figura Suplementaria 1E de I'Article
1. L’esgotament del ferro cel-lular, limita els processos cel-lulars que depenen d’aquest metall,
cosa que es tradueix en una disminucio de la seva taxa de divisi6 i creixement i en una davallada
en el procés de fermentacié de la glucosa en etanol com podem observar en la Figura

Suplementaria 14,C de l’Article 1 ila Figura 6A4,B de I’Article 2.

5.2 La limitacio de ferro indueix la inhibicié del complex 1 de

TOR

L’adaptacio transcripcional del llevat de gemmacié al déficit de ferro engloba 10 clusters
genetics, entre ells s’estimula la transcripcid del clusters genétics de I’homeostasi del ferro i de
resposta a estimuls externs (Figura 2 i 3 de I’Article ). L’activaci6 de la transcripcio de gens
que regulen la resposta a estimuls externs, com és la resposta general a I’estrés a través de
Msn2/4 (Figura 4B de I’Article 2), demostra que la manca de ferro suposa un estres cel-lular.
Aquest mecanisme també s’activa enfront d’altres estressos com 1’estrés térmic, estrés osmotic
i altres restriccions nutricionals com la del carboni (Gasch et al. 2000), demostrant la
importancia de ’homeostasi del ferro pel funcionament normal de la cel-lula i la seva
supervivencia. L’activitat de Msn2/4 és regulada per TORC1 a través de la seva fosforilacio,
impedint aixi, la seva localitzaci6 nuclear i, per tant, 1’activacio de la transcripcié dels gens de
resposta general a estrés (Yuhua Wang et al. 2023). TORC1 també fosforila a Sch9, i el déficit
de ferro indueix la defosforilacié de Sch9 (Figura 5H de I’Article 1), probablement en resposta
a la inhibici6 de TORCI, fet que es tradueix en una menor expressio dels gens RP i RiBi,

similar a la que s’obté amb els mutants stb3 1 dot6tod6 (Figura SE,F de ['Article 1). Sfpl, és
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un altre factor transcripcional regulat per TORC1 i Sch9, involucrat en la regulacid de
I’expressio dels gens RP i RiBi. La inhibicié de TORC1 indueix la defosforilacié de Sch9, i
impedeix que Sfpl es localitzi al nucli, induint aixi la transcripcié dels gens RP i RiBi (Wei

and Zheng 2011). La

manca de ferro, reté a Sfp1 al citoplasma (Figura 5C,D de I’Article 1), prova que demostra que
la depleci6 de ferro inhibeix I’activitat de TORC] i, a més, es correlaciona amb la davallada de

I’expressio de gens RP i RiBi.

TORCI1 promou la disminucié dels nivells de sintesi de noves subunitats ribosomals, causant
que alguns dels factors de biogénesi ribosomal quedin atrapats al nucli. Rrp12 és una d’aquestes
proteines que es queden atrapades dins el nucli (Reiter et al. 2011). En el nostre estudi, la manca
de ferro provoca que Rrp12 quedi atrapada dins el nucli (Figura Suplementaria 3 de I’Article
1), avalant la inactivacié6 de TORCI en aquestes condicions. Altrament, Rrp12 interacciona
fisicament amb Psel. Psel forma el canal d’import del factor transcripcional del reguléd del
ferro, Aftl al nucli (Dosil 2011). Psel es localitza a la membrana nuclear, independentment de
la quantitat de ferro cel-lular (Figura 2C de I'Article 4). Psel no només media I’'import d’Aftl
al nucli sind també d’altres proteines com Yap1, Pdrl, Ste12 (Isoyama et al. 2001; Leslie et al.
2002; Delahodde et al. 2001). Rrp12/Psel participen en la internalitzacié de proteines al nucli
relacionades amb sintesi i reparacié6 de DNA, com és el cas de la ribonucleotid reductasa
(RNR), Rnr4, proteina limitant en la sintesi de dNTPs en el llevat (Voegtli et al. 2001). Rrn4
s’associa amb la subunitat petita Rnr2, en resposta a dany en el DNA, I’heterodimer Rnr2/Rnr4
surt del nucli de forma dependent de Mec1/Rad53/Dunl, per induir la produccié de dNTPs (R.
Yao et al. 2003). El ferro té un paper important en la reparaci6 i transcripcié del DNA (Puig et
al. 2017). El fet que Rrp12 es localitzi al nucli en resposta a la deplecio de ferro t€ un paper
dual, bloquejant la formacié de noves subunitats ribosomals, per tant, disminuint la ratio de
sintesi de proteines; i juntament amb Psel, promovent la internalitzacié de Rnr4 al nucli per a
limitar la sintesi de dNTPs. Les RNR requereixen ferro per a la seva activitat (Sanvisens, de
Llanos, and Puig 2013). El segrest de Rnr4 al nucli en abséncia de ferro impedeix la sintesi de
dNTPs. Els baixos nivells de dNTPs, limiten la replicaci6 i traduccio del DNA, disminuint
I’activitat de les polimerases, tal com passa després de la deplecio del ferro, on els nivells de
Rpc160, una subunitat de la RNA polimerasa III, disminueixen (resultats mostrats en ’article
que es publicat en col-laboracié amb els grups del Dr. Puig i Dr. Perez Figura 6F de I’Article
).

-209 -



DISCUSSIO GLOBAL DELS RESULTATS

La inhibicié de TORCI, la disminuci6 de la sintesi de proteines i de la transcripcié de DNA,
es correlacionen amb 1’alentiment del creixement del llevat i la parada del cicle cel-lular del
llevat que podem veure en la Figura 64,B del Article 2. Caracteristiques que poden indicar que
les cél-lules es troben en quiesceéncia. La Figura 6 de [’Article 2 demostra, segons els criteris
que es recopilen per Sun i Gresham, que les cél-lules de llevat que creixen en un medi amb
deficit de ferro, entren en fase de quiescéncia (S. Sun and Gresham 2021). L’entrada en
quiesceéncia permet a la c¢l-lula adaptar-se a les condicions ambientals adverses per preservar
la seva capacitat proliferativa durant llargs periodes de temps, fent front a 1’envelliment
cel-lular (Sagot and Laporte 2019). L’entrada en quiescéncia en resposta a la deplecid de ferro
li permet optimitzar I’Gs de les seves reserves, entre altres coses, evitant que I’exhauriment de
la glucosa indueixi la respiracio cel-lular, un procés que requereix altes concentracions de ferro
(X. Jin et al. 2021). Les c¢l-lules que creixen sense ferro tenen un major index de competéncia
respiratoria i no presenten mutacions mitocondrials (Figura 6E,F de I’Article 2), aixd es pot
relacionar amb la parada metabolica i possible davallada dels nivells respiratoris en resposta a
llargues exposicions en un ambient sense ferro. La manca de ferro, compromet la funci6
mitocondrial i produccié d’ATP, alterant aixi el potencial de membrana mitocondrial, senyal
que provoca l’activacié de la ruta de senyalitzacid6 RTG. En el cluster genétic numero 4
s’observa que augmenta 1’expressié dels gens RTG (Figura 74,B de I’Article 1). La via RTG
també es controla a través de TORC1; la inactivacié de TORC1 indueix la localitzacid nuclear
del complex Rtgl/Rtg3, activant als seus gens diana (Komeili et al. 2000b). Alguns dels gens
diana del complex Rtgl/Rtg3 son CIT1, CIT2, IDHI, IDH2 i ACO], la transcripci6 d’aquests
incrementa en resposta a la deplecioé de ferro indicant I’activacié de la ruta i indirectament la
inactivaciéo de TORC1 (Figura 7 de I’Article 1). La importancia fisiologica de 1’activacio de la
ruta RTG podria ser la de suplir els nivells de glutamat i glutamina, ja que la sintesi de glutamat

requereix clisters Fe/S per a I’activitat del seu enzim Gltrl (Shakoury-Elizeh et al. 2004).
El complex TORCI1 és el que més contribueix a la regulacié de la disponibilitat nutricional

(Gonzalez and Hall 2017b). Aquest treball demostra que la disminuci6 dels nivells de ferro és

censada per TORCI.
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5.3 L’escassetat de ferro, com a unica restriccio nutricional activa

P’autofagia

En el present treball, descrit en I’Article 2, es demostra que en resposta a la deplecié de ferro
s’indueix 1’activaci6 de I’autofagia a través de les vies de senyalitzacio TORC2/Ypk1 i TORC1
(Figura 14). En cel-lules de mamifer també s’ha detectat activacio de I’autofagia en resposta a
la deficiéncia de ferro per ajudar a eliminar proteines danyades i reciclar els seus components,
inclos el ferro que contenen, pero no es coneixen els mecanismes de senyalitzacié que regulen
aquest procés (H. Inoue et al. 2015). Tant I’autofagia com les rutes de senyalitzacié de TOR es
troben conservades en els diferents organismes. Per tant, en futurs estudis s’haura de comprovar
si el mecanisme d’activacié de 1’autofagia en condicions de deplecié de ferro també es troba
conservat. El comentari publicat per Kakhlon (Kakhlon 2021), un mes després de la publicacio

d’aquest mecanisme, avala la seva rellevancia (Apendix 1).

Depleci6 de ferro
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Figura 14. Mecanisme d’activaci6 de I’autofagia en resposta a la deplecié de ferro. El senyal de la
manca de ferro es transmet a través de TORC2/Ypk1 per inhibir al complex 1 de TOR. La inhibicio de
I’activitat de TORCI permet la defosforilacidé d’Atgl3 i la formaci6 del complex Atgl, estimulant la

inducci6 de I’autofagia.
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TOR?2 és un gen essencial, fet que dificulta la seva manipulaci6. Per aixo en aquest article,
treballem amb el mutant ypk! per estudiar aquesta ruta de senyalitzacid. Anteriorment a aquest
treball, el grup dirigit pel Dr. Ted Powers de la Universitat de Davis, California, va publicar
que [’activitat de TORC2-Ypkl regula positivament ’autofagia en resposta a la falta
d’aminoacids (Vlahakis et al. 2014). Aquests resultats, juntament amb els presentats en aquesta
tesi, suggereixen una regulacié oposada de 1’autofagia pels dos complexos de TOR. Alguns
aminoacids com la leucina, la valina i el glutamat, requereix ferro per a la seva sintesi, me