Universita degli Studi di Milano-Bicocca
Dipartimento di Biotecnologie e Bioscienze
Dottorato di ricerca in Biotecnologie Industriali — XXVII Ciclo

Role of Snfl/AMPK as regulator of cell
cycle, signal transduction and metabolism
in Saccharomyces cerevisiae

Raffaele Nicastro
Matr. 071877

Anno Accademico 2013-2014






The most exciting phrase to hear in science, the
one that heralds new discoveries, is not

'Eureka!’ but 'That's funny...'

Isaac Asimov






Contents

RIASSUNTO 1
ABSTRACT 7
INTRODUCTION 13
1. GLUCOSE SENSING AND METABOLISM IN YEAST 14
1.1. GLUCOSE SENSING AND TRANSPORT 14
1.2. THE RAS/PKA PATHWAY 16
1.3. GLUCOSE METABOLISM 19
1.4. REGULATION OF METABOLISM BY SIGNALING PATHWAYS 24
2. PROTEIN KINASE SNF1/AMPK 29
2.1. SNF1 STRUCTURE 29
2.2. SNF1 REGULATION AND FUNCTION 32
2.3. SNF1/AMPK AND THE REGULATION OF METABOLISM 37
2.4. CROSSTALK OF SNF1/AMPK AND PKA 38
RESULTS 41




1. SNF1/AMPK CATALYTIC ACTIVITY PROMOTES A PROPER G1/S TRANSITION 42
1.1. RESuULTS 42
1.2. SUPPLEMENTARY RESULTS 49

2. SNF1/AMPK PHYSICALLY AND FUNCTIONALLY INTERACTS WITH THE PKA

PATHWAY 51
2.1. RESULTS 51
2.2. SUPPLEMENTARY RESULTS 64

3. ENHANCED AMINO ACID UTILIZATION SUSTAINS GROWTH OF CELLS LACKING

SNF1/AMPK 79
3.1. RESULTS 79
3.2. SUPPLEMENTARY RESULTS 102
MATERIALS AND METHODS 107
DISCUSSION 119
REFERENCES 133

PUBLICATIONS 159




Riassunto



Riassunto

Snfl & una serina/treonina chinasi necessaria per il lievito gemmante
Saccharomyces cerevisiae per la crescita in condizioni di limitazione di
nutrienti e per l'utilizzo di fonti di carbonio alternative al glucosio, quali
saccarosio ed etanolo (Hedbacker and Carlson, 2008). L’attivazione di Snfl
in seguito alla limitazione di nutrienti ne causa la traslocazione nel nucleo
dove é in grado di fosforilare, inattivandolo, il repressore trascrizionale
Mig1, causando I'espressione di oltre 400 geni (Young et al., 2003).

Nel nostro laboratorio € stato precedentemente dimostrato che la
mancanza di Snfl causa un difetto nella transizione G1/S del ciclo cellulare
e un difetto nell’espressione del gene CLB5, codificante per la principale
ciclina di fase S, anche in condizioni di sufficienza nutrizionale (2%
glucosio) (Pessina et al., 2010). E’ stato inoltre dimostrato che in un ceppo
snf1A vi & un difetto globale di espressione dei geni di fase G1, nonché del
legame ai promotori di questi geni dei fattori trascrizionali SBF ed MBF,
che ne determinano la trascrizione ciclo regolata, e della stessa RNA
polimerasi Il. Per dimostrare la necessita dell’attivita catalitica di Snfl per
una corretta transizione G1/S e stato utilizzato un ceppo Snf1-1132G, in cui
I'attivita della chinasi puo essere inibita utilizzando I'inibitore specifico
2NM-PP1. Il grave difetto nell’effettuare la transizione Gi/S e nella
trascrizione dei geni di fase Gi in presenza dell’inibitore e stata dimostrata
sia con esperimenti di blocco con a-factor sia mediante elutriazione

(Busnelli et al., 2013).



Riassunto

Nell’ottica dello studio del coinvolgimento di Snfl nella regolazione di altri
pathway di trasduzione del segnale & stata identificata, mediante
esperimenti di co-immunoprecipitazione accoppiata a spettrometria di
massa, linterazione tra Snfl e [I'adenilato ciclasi (Cyrl), lI'enzima
responsabile della produzione di AMP ciclico (cAMP), attivatore di PKA.
Abbiamo inoltre dimostrato che in un ceppo Snf1-G53R, in cui la chinasi &
costitutivamente attivata, risulta deregolata I'espressione di alcuni geni
PKA-dipendenti. E’ stata quindi ipotizzata l'esistenza di un nuovo
meccanismo di crosstalk fra i pathway di Snfl e PKA, considerando che
fino ad ora sono note soltanto regolazioni di PKA sul pathway di Snfl o
regolazioni di entrambe le chinasi su target comuni (Barrett et al., 2012;
Cherry et al., 1989; Gorner et al., 1998, 2002; Hedbacker et al., 2004;
Ratnakumar et al., 2009; De Wever et al., 2005). La sequenza di Cyrl
presenta cinque possibili siti consenso di fosforilazione per Snfl, dei quali
due risultano essere fosforilati in vivo. Il dominio della proteina adenilato
ciclasi contenente il RAS Associating Domain (RAD) e 2 dei 5 siti consenso
e stato purificato in E. coli e ne e stata dimostrata la fosforilazione in vitro
da parte di Snfl. E stato quindi dimostrato che in un ceppo Snf1-G53R si
osserva una notevole riduzione nel contenuto di cAMP intracellulare (circa
il 50%) paragonato al wt. E stato quindi ipotizzato che questa riduzione
causi una minore attivazione di PKA e, in conseguenza, la deregolazione

dei geni da essa controllati. Sono stati inoltre effettuati esperimenti di
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Riassunto

mappatura dei siti dell’adenilato ciclasi fosforilati in vivo mediante analisi
di spettrometria di massa, identificandone alcuni, prevalentemente
concentrati nel dominio regolatorio della proteina, la cui fosforilazione e
dipendente dalla presenza di Snf1l.

Per chiarire il ruolo globale di Snfl in condizioni di sufficienza nutrizionale
e stata quindi effettuata un’analisi trascrittomica (gene-chip) di cellule wt
e snflA cresciute in 2% e 5% glucosio. Mediante questa analisi & stato
evidenziato che Snfl in 2% glucosio, ma non in 5%, sia importante per
garantire |'espressione di geni coinvolti in traduzione mitocondriale,
replicazione del DNA, biosintesi della parete cellulare e omeostasi del
ferro. E stato viceversa dimostrato che la mancanza di Snfl causi la de-
repressione dei geni coinvolti nel trasporto degli aminoacidi, nella glicolisi
e in alcuni step della biosintesi degli aminoacidi. Sono quindi state
approfondite le deregolazioni metaboliche presentiin cellule prive di Snf1l.
L'analisi dei metaboliti secreti da cellule snflA in crescita in presenza di
2% glucosio ha permesso di dimostrare che queste, in relazione alla
propria velocita di crescita, producono piu etanolo ed acetato in confronto
a cellule wt. Questa maggiore attivita glicolitica € abolita in presenza di 5%
glucosio, nonostante cellule sia wt che mutate, in queste condizioni,
producano pil metaboliti glicolitici in confronto a cellule wt in 2%
glucosio. Mediante analisi di spettrometria di massa & stato dimostrato

che anche nelle condizioni di crescita dei nostri esperimenti (2% e 5%
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glucosio, fase esponenziale), cellule snflA presentano un notevole
accumulo di acidi grassi, fenotipo gia osservato in cellule in crescita con
bassi livelli di glucosio e dovuto all’assenza di fosforilazione Snfl-
dipendente dell’enzima acetyl-CoA carbossilasi (Shirra et al., 2001). Una
piu estesa analisi metabolica, sia mediante spettrometria di massa che
mediante NMR, ha inoltre permesso di descrivere in dettaglio i
riarrangiamenti metabolici che cellule snf1A subiscono perché la crescita
sia garantita nonostante i processi anabolici sopra descritti. Cellule snf1A
in crescita in 2% glucosio accumulano glutammato, I'amminoacido piu
abbondante in cellula, in funzione di un maggiore consumo degli
amminoacidi forniti nel mezzo di crescita (leucina e metionina), evento
che risulta essere necessario per il mantenimento della velocita di crescita
del mutante. Il mutante inoltre, accumula intermedi del ciclo degli acidi
tricarbossilici (in particolare acido malico), permettendo di ipotizzare che
I'attivita mitocondriale sia importante per l'omeostasi energetica di
cellule snflA. Questa ipotesi e stata testata trattando le cellule con
antimicina A, un inibitore del complesso Il della catena di trasporto degli
elettroni. Coerentemente a quanto ipotizzato, cellule snflA in 2%
glucosio, ma non in 5% glucosio, subiscono un effetto deleterio
dall’aggiunta dell’inibitore, che influenza negativamente crescita e
contenuto di ATP, e causa nel mutante aumento di NADH, dimostrandone

la mancata riossidazione mitocondriale. Riassumendo, il mutante risulta
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massimizzare |'utilizzo di amminoacidi come fonte di carbonio, attraverso
la respirazione dei relativi prodotti di degradazione come substrati
anaplerotici del ciclo degli acidi tricarbossilici, per bilanciare la “leva
metabolica” rappresentata dalla deregolata sintesi di acidi grassi.

In conclusione, gli studi compiuti hanno permesso di esplorare il
coinvolgimento di Snfl in condizioni di sufficienza nutrizionale nella
regolazione di importanti processi cellulari, approfondendone
I'importanza nella transizione G1/S del ciclo cellulare, determinandone il
crosstalk con il pathway della PKA e ricostruendo i riarrangiamenti subiti

dal network metabolico in assenza della chinasi.
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Abstract

Snfl is a serine/threonine kinase required by the yeast S. cerevisiae to
grow in nutrient-limited conditions and to utilize carbon sources
alternative to glucose, as sucrose and ethanol (Hedbacker and Carlson,
2008). Following nutrient deprivation Snfl is activated and translocated
to the nucleus where it can phosphorylate and inactivate the
transcriptional repressor Migl, causing the expression of over 400 genes
(Young et al., 2003).

In our laboratory we previously demonstrated that lack of Snfl causes an
impairment of the Gi/S transition of the cell cycle and a defect in the
expression of the CLB5 gene, coding for the major S-phase cyclin, even in
condition of glucose sufficiency (2% glucose) (Pessina et al., 2010). It was
moreover demonstrated that in a snfl1A strain there is a global defect in
the expression of Gigenes and of the binding to the promoters of these
genes of the SBF and MBF transcription factors and of RNA polymerase Il.
To demonstrate the necessity of the catalytic activity of Snfl for a proper
G1/S transition was utilized a Snf1-1132G strain, whose catalytic activity of
the kinase can be inhibited by the specific inhibitor 2NM-PP1. The
impairment of the G1/S transition and of the transcription of Gi genes in
this strain in the presence of the inhibitor was demonstrated performing
a-factor release and elutriation experiments (Busnelli et al., 2013).
Studying the involvement of Snfl in the regulation of other signaling

pathways we identified, through ColP/MS experiments, the interaction
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between Snfl and adenylate cyclase (Cyrl), the enzyme responsible for
the synthesis of cyclic AMP (cAMP), activator of PKA. Furthermore, we
demonstrated that in a Snfl-G53R strain, in which the kinase is
constitutively activated, the expression of PKA-dependent genes is
deregulated. We therefore hypothesized the existence of a new crosstalk
mechanism between the Snfl and PKA pathways, regarding which only
the PKA regulation on the Snfl pathway and the synergistic action of both
kinases on common targets were known (Barrett et al., 2012; Cherry et
al., 1989; Gorner et al., 1998, 2002; Hedbacker et al., 2004; Ratnakumar
et al., 2009; De Wever et al., 2005). The sequence of Cyrl presents five
possible phosphorylation consensus sites, of which two are
phosphoserines in vivo. The RAS Associating Domain of Cyrl, containing 2
putative Snfl phosphorylation sites, was purified in E. coli and its in vitro
phosphorylation by Snfl was demonstrated. Moreover, in a Snf1-G53R
strain we found a reduction of 50% of intracellular cAMP, compared to the
wt. We therefore hypothesized that this reduction could be responsible
for a reduced activation of PKA and, as a consequence, for the
deregulation of the expression of PKA-dependent genes. Moreover, we
performed in vivo mapping of phosphorylated sites of adenylate cyclase
by mass spectrometry, identifying several sites, mainly in the regulatory

domain of the protein, for which the phosphorylation is Snfl-dependent.



Abstract

To investigate the global role of Snfl in conditions of nutritional
sufficiency we performed a transcriptomic analysis (gene chip) of wt and
snflA cells grown in 2% and 5% glucose, evidencing that Snfl in 2%, but
not in 5% glucose, is important to guarantee the expression of genes
involved in mitochondrial translation, DNA replication, cell wall
biosynthesis and iron homeostasis. On the other hand, lack of Snfl causes
the derepression of genes involved in amino acid transport and
biosynthesis and in glycolysis. Therefore, possible metabolic
deregulations in the absence of Snfl were investigated. snf1A cells grown
in 2% glucose secrete more ethanol and acetate, in proportion to their
growth rate, compared to the wt. This enhanced glycolytic activity is
abolished, as observed for transcripts, in 5% glucose. We further
demonstrated that in our growth condition (2% and 5% glucose) snf1A
cells accumulate fatty acids, as previously observed in low glucose, due to
the lack of Snfl-dependent phosphorylation of acetyl-CoA carboxylase
(Shirra et al., 2001). An extended metabolic analysis, both through mass
spectrometry and NMR, revealed in detail the metabolic rewiring
occurring in snf1A cells to guarantee the growth in spite of the enhanced
anabolic processes. snflA cells in 2% glucose accumulate glutamate,
coming from the degradation of supplemented amino acids (leucine and
methionine), in process essential to maintain the growth rate of the

mutant. Moreover, the mutant accumulates TCA cycle intermediates
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(notably malate), giving us the possibility to hypothesize that
mitochondrial activity could be important for the energetic homeostasis
of the mutant. This hypothesis was positively tested since in 2%, but not
5% glucose, snflA cells are negatively affected by treatment with
antimycin A, inhibitor of the complex Ill of the electron transport chain.
The treatment impairs growth and ATP content and increases NADH in the
mutant, demonstrating the necessity of its mitochondrial reoxidation. In
sum, the mutant maximizes the utilization of amino acids as carbon
source, through the respiration of their degradation products as
anaplerotic substrates of the TCA cycle, to balance the “metabolic pull”
represented by the deregulated synthesis of fatty acids.

In conclusion, the studies here reported were focused on the exploration
of the involvement of Snfl, in condition of nutrient sufficiency, in the
regulation of important cellular processes. The results deepened the
knowledge of the role of the kinase in the G1/S transition of the cell cycle,
evidenced the crosstalk between the PKA and Snfl pathways and
permitted the dissection of the rearrangements occurring to the

metabolic network following Snf1l loss.
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1. Glucose sensing and metabolism in yeast

Glucose, the most abundant monosaccharide in nature, in addition to
being the preferred carbon source by microorganisms, among which the
budding yeast Saccharomyces cerevisiae, acts also as a signal molecule
(Santangelo, 2006). Yeasts possess various glucose sensing and transport
mechanisms, and finely regulate the metabolism of the hexose to achieve
proper growth. Hereafter, the basics of glucose sensing, transport and
metabolism, as well as the main signaling pathway involved, are
presented to describe the framework in which acts the protein kinase

Snf1/AMPK, major subject of this thesis.

1.1. Glucose sensing and transport

In yeast, two main sensing mechanisms of extracellular glucose exist: the
GPCR (G Protein-Coupled Receptor) system and the Snf3/Rgt2 pathway.

The GPCRis constituted by the G-protein Gpa2, associated to the receptor
Gprl, which structure presents seven transmembrane domains and
senses both glucose and sucrose, while it does not detect fructose
(Kraakman et al., 1999; Rolland et al., 2000). Gpa2 is the a subunit of a
trimeric G-protein, whose GTPase activity is positively regulated by Ascl
and negatively regulated by Rgs2 (Versele et al., 1999; Zeller et al., 2007).
The binding of glucose to the receptor Gprl triggers the activity of the G-

protein which binds and activates adenylate cyclase (Cyrl) (Peeters et al.,
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2006), which in turn synthesizes cyclic AMP (cAMP) that, as described
below, activates protein kinase A (PKA). The GPCR system is important for
the production of cAMP spikes, while the stimulation of the synthesis of
cAMP basal levels is almost fully dependent from the RAS proteins
(Kraakman et al., 1999). However, the overexpression of GPA2 alleviates
the growth defect of a ras2A strain and a ras2Agpa2A presents an
increased impairment of growth, indicating that these pathways act on
parallel pathways sharing common downstream targets (Xue et al., 1998).
Snf3 and Rgt2 are proteins with twelve transmembrane domain,
evolutionary related to hexose transporters but unable to transport
glucose (Neigeborn et al., 1986; Ozcan et al., 1996, 1998). They form a
transmembrane receptor which acts as an extracellular glucose sensor
(Bisson et al., 1993). Snf3 senses glucose at low concentrations while Rgt2
detects the sugar at high concentrations (Coons et al., 1997; Ozcan et al.,
1996). Both sensors transudce the signal to casein kinase | (CK1), which
phosphorylates, thus causing its ubiquitination and degradation, the
corepressors Stdl and Mthl (Moriya and Johnston, 2004). The
corepressors stabilize the binding of transcription factor Rgtl to the
promoters of a number of glucose-induced genes (Lakshmanan et al.,
2003), among which those coding for glucose transporters (HXT genes)

(Johnston and Kim, 2005).
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The HXT genes code for a set of 18 hexose transporters (Hxt1-17 and
Gal2), which allow the transport of glucose, fructose and mannose
through passive transport or facilitated diffusion (Bisson et al., 1993). The
transporters could be divided in high affinity/low capacity transporters
(Hxt2,4,6,7), expressed when glucose is scarce, and low affinity/high
capacity transporters (Hxt1,3), expressed when glucose concentration is
high (Reifenberger et al., 1997). The remaining Hxt transporters perform
less relevant functions (Ozcan and Johnston, 1999), while Gal2 transports

with an equal efficiency both galactose and glucose (Nehlin et al., 1989).

1.2. The RAS/PKA pathway

The main signaling pathway activated by glucose in Saccharomyces
cerevisiae is the PKA pathway, which shows extended involvement in
growth, proliferation and metabolism (Broach, 2012). The second
messenger responsible for the activation of PKA, as mentioned above, is
cAMP, which is synthesized by adenylate cyclase (Cyrl) upon stimulus
from Gpa2, already discussed, and the RAS proteins (Figure 1)
(Santangelo, 2006; Thevelein and de Winde, 1999).

Ras1,2 are small monomeric G-proteins with redundant functions,
anchored to the inner layer of the plasma membrane (Dong et al., 2003).
The Guanine nucleotide Exchange Factor (GEF) of RAS proteins,

responsible for the exchange of GDP with GTP and thus for their
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activation, is Cdc25 (Martegani et al.,, 1986). On the contrary the IRA
proteins (Iral,2) act as GTPase Activating Proteins (GAPs), favoring GTP
hydrolysis by RAS (Thevelein and de Winde, 1999). It is not until now
perfectly clear how glucose activates the RAS proteins, but mechanisms
involving intracellular acidification and glucose-6-phosphate metabolism
have been proposed (Colombo et al., 1998; Rolland et al., 2001).

Active RAS proteins stimulate cAMP synthesis by adenylate cyclase (Cyrl)
interacting with its Ras Associating Domain (RAD) (Kataoka et al., 1985).
CYR1 is an essential gene, and its loss causes the arrest in the G1 phase of
the cell cycle (Van Dijck et al., 2000), nonetheless it is possible to rescue
the lethality of a cyrlA mutant with the deletion of PDE2, which codes for
the phosphodiesterase responsible for the degradation of basal cAMP,
YAK1, which codes for a kinase with inverse transcriptional involvement
as compared to PKA, or MSN2,4, which code for the main PKA-repressed
transcription factors (Van de Velde and Thevelein, 2008).

cAMP binds to an heterodimer of PKA catalytic subunits (composed either
by the partially redundant proteins Tpk1, Tpk2 and Tpk3), causing their
detachment from the homodimer of regulatory subunits (two Bcyl
molecules) and thus relieving from their inhibitory function (Toda et al.,
1987). The tpkl1Atpk2Atpk3A mutant is lethal even in cells growing in
glucose, demonstrating that PKA activity is required also at basal levels

and not only to respond to glucose refeeding (Toda et al., 1987).
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Notably, the PKA pathway is finely regulated by feedback mechanisms and
several targets of feedback inhibition by PKA have been proposed: Cdc25
(Munder and Kiintzel, 1989), RAS (Resnick and Racker, 1988), IRA (Tanaka
et al., 1989) and Cyr1 (De Vendittis et al., 1986).

Active PKA has a broad influence on transcription. During exponential
growth and in the absence of stress PKA phosphorylates the transcription
factors Msn2,4, thus causing their confinement to the cytoplasm (Gorner
et al.,, 1998). Msn2,4 activate the transcription of genes which have
promoters containing STRE sequences (Stress Response Element),
comprising genes coding for chaperones, antioxidant proteins, proteases
and in general for elements necessary to respond to various stress types
(Gasch et al.,, 2000). Besides Msn2,4, PKA controls several other
transcription factors, here not exhaustively described for conciseness,
including Rim15 (Wei et al.,, 2008) and Rap1l (Klein and Struhl, 1994).
Moreover, as will be discussed in following sections, PKA targets
transcription factors which are also regulated by Snfl and phosphorylates

enzymes to directly tune metabolic pathways.
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Figure 1. Protein Kinase A pathway

Schematization of the activation of PKA and of its main functions.

1.3. Glucose metabolism
The budding yeast Saccharomyces cerevisiae preferentially uses glucose
and fructose over other carbon sources as they can directly enter the
glycolytic pathway (Turcotte et al., 2010). An overview of the central
carbon metabolism is provided in Figure 2. Glucose is converted to
pyruvate through the glycolysis and then fermented to give ethanol even
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in the presence of oxygen (Crabtree effect), leading to the production of
ATP, metabolic intermediates and NADH to be used for other biosynthetic
pathways. However, when glucose is unavailable, a wide variety of
alternative and non-fermentable carbon sources (such as galactose,
sucrose, maltose, ethanol, glycerol, acetate and others) can be used for
the production of metabolic energy and cellular biomass. Indeed, yeast
cells can rapidly switch between respiratory and fermentative metabolism
in response to variations in the availability of oxygen and fermentable
sugars. This response is achieved by changes in the pattern of gene
expression and protein regulation, allowing optimal adaptation to the
most convenient substrate available in a certain situation and ensuring
that enzymes needed for a specific pathway are produced only when
required (Schiller, 2003; Turcotte et al., 2010). Yet, although glycolysis
and gluconeogenesis are two opposite pathways for glucose metabolism,
a number of enzymes are common to both pathways while only a few
enzymes are specific for gluconeogenesis.

The tricarboxylic acid (TCA) cycle occurs in the mitochondrial matrix and
plays a pivotal role in utilizing non-fermentable carbon sources via
generation of NADH, driving aerobic respiration to yield ATP. However,
the TCA cycle is important also under fermentative conditions, since it is a
source of biosynthetic building blocks, such as a-ketoglutarate, succinyl-

CoA and oxaloacetate required for the synthesis of amino acids, glucose
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and of the prosthetic heme group. When cells are grown on two-carbon
compounds, such as acetate, the TCA cycle by itself cannot supply
adequate amounts of biosynthetic precursors unless alternative reactions
are available. In this case, yeast cells use the glyoxylate cycle, which
converts two-carbon units into four-carbon dicarboxylic acids bypassing
oxidative decarboxylation. The glyoxylate cycle shares three of the five
reactions with the TCA cycle, which are catalyzed by malate
dehydrogenase, aconitase and citrate synthase. Instead, the first two
enzymes, isocitrate lyase and malate synthase, are unique to the
glyoxylate cycle and are encoded by ICL1 (Fernandez et al., 1992; Taylor
et al., 1996) and MLS1 (Kunau and Hartig, 1992; Kunze et al., 2002),
respectively.

There are other biosynthetic pathways that branch from glycolysis. The
pentose phosphate pathway starts from glucose-6-phosphate through the
cytoplasmic glucose-6-phosphate dehydrogenase Zwf1, which catalyzes
the first irreversible and rate-limiting step of this pathway. It is required
for generating NADPH, which is a source of reducing energy and of sugar
molecules that are needed for the biosynthesis of nucleic acids and amino
acids. It is also important for protecting yeast cells from oxidative stress,
since NADPH is an essential cofactor for glutathione- and thioredoxin-
dependent enzymes, that defend cells against oxidative damage

(Halliwell, 1994; Wells et al., 1993).
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Glucose-6-phosphate is also the debranching point for the synthesis of the
storage carbohydrate glycogen, a high molecular mass branched
polysaccharide and of the stress protectant trehalose, a non-reducing
disaccharide. Their concentration is high during nutrient limitations and in
resting cells. The large variations in the cell content of these two
compounds in response to different environmental changes indicate that
their metabolism is controlled by complex regulatory systems (Frangois
and Parrou, 2001). Moreover, a short branch of glycolysis consisting of
NAD-dependent glycerol-3-phosphate dehydrogenase (Gpd1, Gpd2) and
glycerol-1-phosphatase  (Rhr2, Hor2), produces glycerol from
dihydroxyacetone phosphate. Glycerol synthesis is not only required
under osmotic stress, but plays an important role in lipid synthesis and it
is necessary in anaerobiosis, since conversion of NADH excess to yield
NAD* is essential for balancing the redox potential (Brisson et al., 2001;

Hohmann et al., 2007).
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Figure 2. Metabolic pathways involved in central carbon metabolism

Metabolic pathways for carbons utilization are schematically shown as well as

key enzymes (in blue) involved in these processes. Compartmentalization

information was omitted for graphical reasons. Black arrows indicate enzymatic

reactions while dashed grey arrows correspond to regulatory steps. Colored

boxes group metabolic reactions and enzymes of the same pathway.
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1.4. Regulation of metabolism by signaling pathways

Yeast cells have to adjust their metabolism in response to genetic and
environmental perturbations and this can be achieved in many different
ways. Widely studied mechanisms include transcriptional regulation of
metabolic genes (Turcotte et al., 2010), control of mRNA stability
(Lombardo et al., 1992), allosteric regulations (Jurica et al., 1998) and
several post-translational modifications of metabolic enzymes (Tripodi et
al., 2015). More interestingly, in the context of this thesis, is the regulation
of metabolism by various signaling pathways. Regulations by the
Snf1/AMPK pathway are discussed in a specific section below.

Most of the metabolic enzymes of the central carbon metabolism which
are targeted by signaling pathways are subject to phosphorylation events
(Figure 3). One of the more studied positive regulators of glycolysis is
protein kinase A (PKA) (Busti et al., 2010; Thevelein et al., 2008; Zaman et
al., 2008). It phosphorylates proteins catalyzing key enzymatic steps, such
as both isoforms of pyruvate kinase, Cdc19 and Pyk2 (Cytrynska et al.,
2001; Portela et al.,, 2002, 2006). PKA phosphorylation on Ser22 was
shown to stimulate Cdc19 activity, although cells expressing Cdc19-S22A
are still able to grow in glucose (Portela et al., 2006). PKA also
phosphorylates the 6-phosphofructo-2-kinase Pfk26 on Ser644, increasing

its enzymatic activity (Dihazi et al., 2003; Francois et al., 1988; Miiller et
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al.,, 1997), as well as on some other residues, whose physiological
relevance have not been fully understood (Dihazi et al., 2003).

Pfk26 is phosphorylated by several other kinases. For instance, it was
reported as a substrate of protein kinase C (Pkc1), a Ser/Thr protein kinase
involved in the regulation of cell wall remodeling, through the activation
of a mitogen-activated protein (MAP) kinase cascade (Levin, 2005). Under
hypotonic stress conditions, Pkcl is activated to respond to the
environmental change (Davenport et al., 1995) and phosphorylates the 6-
phosphofructo-2-kinase Pfk26 on Ser8 and Ser652, causing its inactivation
(Dihazi et al., 2001). This inactivation could be part of the cellular response
to the osmotic stress, since the reduction of the glycolysis could lead to an
accumulation of glucose-6-phosphate for the synthesis of glucane (the
main constituents of the yeast cell wall (Shahinian and Bussey, 2000)), as
well as to a reduction of the synthesis of the strong osmolyte glycerol
(Dihazi et al.,, 2001). Moreover, hypotonic stress stimulates Pfk26
acetylation on Lys3, which affects its N-terminal phosphorylation under
hypo-osmotic stress and slightly inhibits its activity (Dihazi et al., 2005).
On the contrary, hyper-osmotic stress stimulates the HOG-MAPK pathway
(Saito and Posas, 2012) and leads to multiple phosphorylations on Pfk26
within the peptide 67-101, causing its activation and possibly rerouting
glycolytic flux towards lower glycolysis (Dihazi et al.,, 2004; Petelenz-

Kurdziel et al., 2013).
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Remarkably, PKA also modulates gluconeogenesis. It phosphorylates the
fructose-1,6-bisphosphatase Fbp1 on Ser11 in a glucose-induced manner,
leading to its inactivation through a proteolytic mechanism (Gancedo et
al., 1983; Hung et al., 2004; Jiang et al.,, 1998; Mazdén et al., 1982;
Rittenhouse et al., 1987; Schork et al., 1994). PKA is also involved in
glucose storage mobilization and inhibition of their synthesis. In fact, PKA
inhibits glycogen synthase activity through phosphorylation of the C-
terminal tail of Gsy2 (Hardy and Roach, 1993), the most important
glycogen synthase involved in the accumulation of glycogen upon entry
into stationary phase (Farkas et al., 1991). Gsy2 is also inhibited by two
other protein kinases: PAS kinases, which phosphorylate Gsy2 on Ser654,
(Rutter et al., 2002) and Pho85/Pcl8,10 complexes, which phosphorylate
Gsy2 on Ser654 and Thr667, preventing hyper-accumulation of glycogen
during exponential phase, when its function is not required (Huang et al.,
1996, 1998; Wilson et al., 1999). In addition, PKA stimulates glucose
storage mobilization through phosphorylation of the glycogen
phosphorylase Gph1, on Thr31 and Ser333 (Albuguerque et al., 2008; Holt
et al., 2009), as well as through phosphorylation of several residues of the
NTH1-encoded neutral trehalase, which is responsible for trehalose
breakdown (Wera et al., 1999).

Finally, the metabolism of storage carbohydrates is regulated by the

nutrient sensing PAS kinases (Cardon and Rutter, 2012; DeMille and
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Grose, 2013). They phosphorylate Ugpl, the UDP-glucose
pyrophosphorylase, which produces UDP-glucose, a substrate for both

glucan and glycogen synthesis (Daran et al., 1995).
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Figure 3. Phosphorylation network of the central carbon metabolism enzymes
The network reports the known target-kinase associations. Red bordered nodes
indicate a kinase, filled nodes indicate a substrate. Red nodes indicate glycolytic
enzymes, different shades of green indicate enzymes of glycolysis-branching
pathways (trehalose, glycogen and glycerol biosynthesis), pink nodes indicate
pentose phosphate enzymes, orange nodes indicate fermentation enzymes and
blue nodes indicate TCA/glyoxylate cycle enzymes. Node size represents the
degree of connection. The network was generated querying the Yeast Kinase

Interaction Database (KID; (Sharifpoor et al., 2011); updated 2014-01-10).
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2. Protein kinase Snf1/AMPK

All proliferating cells need to match metabolism, growth and cell cycle
progression with nutrient availability to guarantee cell viability in spite of
a changing environment. In yeast, a signaling pathway centered on
effector kinase Snfl is required to adapt to nutrient limitation and to
utilize alternative carbon sources, such as sucrose and ethanol (Hedbacker
and Carlson, 2008). Snf1 shares evolutionary conserved functions with the
AMP-activated Kinase (AMPK) in higher eukaryotes, constituting what has
been defined as a family of regulators of cellular energy homeostasis in

eukaryotes (Hardie, 2007).

2.1. Snfl structure

Protein kinase Snfl in yeast is as a heterotrimeric complex made by the
catalytic a subunit Snfl, a regulatory B subunit (alternatively Gal83, Sip1
and Sip2) and the y subunit Snf4 (Hedbacker and Carlson, 2008)

The catalytic a subunit (encoded by the SNF1, Sucrose Not Fermenting
gene) was identified in a screening of mutants unable to grow in presence
of sucrose (Carlson et al.,, 1981). The Snfl subunit is constitutively
expressed and constituted by a catalytic N-terminal domain and a C-
terminal regulatory region. The regulatory region presents a short
autoinhibitory sequence (AIS) (380-415 aa) and the domain which

mediates the interactions with the B subunits of the complex, such as Sip1,
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Sip2 and Gal83. The autoinhibitory domain interacts with both the
regulatory subunit Snf4 and the kinase domain of Snfl. The interaction
with Snf4 relieves the inhibition of the AIS allowing the phosphorylation
of Thr210 residue of Snfl that determines its activation (Chen et al., 2009;
Rudolph et al., 2005).

In S. cerevisiae, three B subunits (Gal83, Sip1l and Sip2) are present
(Erickson and Johnston, 1993). The B subunits share partially redundant
functions, since only the triple mutant sip14sip2Agal83A strain shows
growth defects growing with glycerol or ethanol as carbon sources and is
unable to present phosphorylation of Snfl targets such as Migl (Schmidt
and McCartney, 2000). The B subunits contain a conserved C-terminal
sequence in which two domains are present: the KIS domain (Kinase
Interacting Sequence) that mediates the interaction with the a-subunit
Snfl (Yang et al., 1994) and the ASC domain (Association with SNF1 kinase
complex) that allows the interaction with Snf4 (Jiang and Carlson, 1997).
Differently, the N-terminal sequence is specific for each B subunit and
confers a different subcellular localization patterns to each protein. All
three proteins are cytoplasmicin presence of high glucose concentrations.
Upon glucose depletion, Sip1 relocalizes to the vacuolar membrane, Gal83
relocalizes to the nucleus, and Sip2 remains cytoplasmic (Vincent et al.,
2001). Thus, the role of the B subunits is to interact with Snfl and to

modulate its subcellular localization (Hedbacker et al., 2004; Vincent et
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al., 2001). The particular localization of the kinase complexes including a
different B subunit confers specialized functions. For example, Sip1 alone
is not able to sustain growth on ethanol or glycerol and determines a very
low kinase activity of the complex (Nath et al., 2002), Sip2 function seems
to be involved in the mechanism of cellular aging (Ashrafi et al., 2000)
while Gal83 seems to play the main role in the Snfl dependent
transcriptional regulation, since in low glucose Gal83 determines the
nuclear localization of the Snfl complex thank to its NLS (Nuclear
Localization Sequences). On the contrary, NES (Nuclear Export Signals)
present in the sequence of Gal83 allows the exit from the nucleus of the
complex when high glucose concentrations are present (Hedbacker and
Carlson, 2006). In addition, Gal83 mediates the interaction of Snfl with
some substrates, such as the transcription activator Sip4 (Vincent and
Carlson, 1999) and the transcriptional apparatus (Kuchin et al., 2000).
More recently, it has also been shown that deletion of the glycogen
binding domain (GBD) of Gal83 leads to a constitutive activation of Snfl
which results able to modulate the expression of some Snfl-regulated
genes also in high glucose concentrations. In addition, the GBD domain of
Gal83 interacts with the Reg1/Glc7 phosphatase complex (Momcilovic et
al., 2008). Taken together those data suggest that Gal83 plays a dual role
regulating nuclear localization of Snfl in low glucose and guaranteeing the

inactivation of Snfl in high glucose.
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Similarly to SNF1, the gene encoding the y subunit, SNF4, was identified
by isolation of a sucrose non fermenting mutant (Carlson et al., 1981).
Snf4 is a constitutively expressed protein that binds both the a and B
subunits of the Snfl complex (Celenza and Carlson, 1989; Jiang and
Carlson, 1997). The role of Snf4 is to relieve the inhibition of Snfl
interacting with its AlS domain, stabilizing the Snfl complex in the active
conformation (Leech et al., 2003). In fact, SNF4 deletion causes a
decreased kinase activity of Snfl, whereas deletion of the AIS domain of
Snfl fully complement the phenotype of a snf4A strain (Celenza and
Carlson, 1989; Leech et al., 2003). Remarkably, the activating
phosphorylation of Thr210 residue of Snfl is still detectable in a snf4A
strain (McCartney and Schmidt, 2001) and in high glucose Snf4 seems to
be required for the proper inactivation of Snfl mediated by the
phosphatase complex Regl/Glc7 (Momcilovic et al., 2008). Thus, these

findings indicate that Snf4 plays a complex role in the regulation of Snfl.

2.2. Snfl activity regulation
Snfl complex is activated, as schematized in Figure 4, through the
phosphorylation of the Thr210 of the a subunit by one of the three
constitutively active upstream kinases Sak1, Tos3 and EIm1 (Hong et al.,
2003; Sutherland et al., 2003). This phosphorylation is essential for Snfl

activity, since the sak1Atos3Aelm1A strain shows the same phenotype of
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a snflA strain, such as growth defects in presence of limiting glucose or
carbon sources like glycerol or ethanol (Hong et al., 2003).

Although Snfl phosphorylation is a key step of its activation, a non-
phosphorylatable Snfl mutant (Snfl-T210A) retains a low catalytic
activity, originating intermediate phenotypes (Pessina et al., 2010). Also
the mutation of the lysine which constitutes the ATP binding site in the
kinase domain (Snf1-K84R), which for many aspects mimics the loss of
Snfl protein (Portillo et al., 2005; Shinoda and Kikuchi, 2007; Wade et al.,
2009), still confers a slight catalytic activity in vitro (our not shown data).
On the other side, in response to high glucose concentrations Snfl is
inactivated through dephosphorylation of Thr210 by the Glc7 protein
phosphatase (also known as PP1), which is targeted to Snfl by the adaptor
subunit Regl (Ludin et al., 1998; Sanz et al., 2000). Protein Regl interacts
both with Glc7 and Snfl when glucose is largely available in the culture
medium and loss of Regl leads to the constitutive activation of Snfl
(Frederick and Tatchell, 1996; Huang et al., 1996; Rubenstein et al., 2008).
It has been reported that in high glucose concentration, Hxk2 (Hexokinase
2) regulates the activity of PP1 and thus indirectly the activation of Snfl
kinase (Sanz et al., 2000).

Active Snfl phosphorylates serines and threonines contained in the
consensus pattern @-x-R-x-x-S/T-x-x-x-®, where ® is a hydrophobic
residue (Dale et al., 1995).
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Differently from its mammalian homolog AMPK, protein kinase Snfl is not
allosterically activated by AMP (Wilson et al., 1996). However, recently it
has been demonstrated that ADP molecules are able to bind the y subunit
Snf4  preventing Snfl dephosphorylation mediated by Glc7
(Chandrashekarappa et al., 2011; Mayer et al., 2011).

Glucose
v
Inactive Snfl Active Snfl
Nucleus -—// \ \
High Capacity Glucose Stress Response  Glucose Metabolic
Transporters Genes Genes Repressed Genes Enzymes

\ J

Figure 4. Snfl pathway

Schematization of the activation of Snfl and of its main functions.

2.3. Snfl-dependent transcriptional regulation
The most studied function of Snfl is the regulation of transcription,
involving more than 400 genes (Young et al., 2012). Snfl acts both on
34



transcription factors and directly on the chromatin (Hedges et al., 1995;
Lesage et al., 1996; Lo et al., 2001; Treitel et al., 1998).

Migl is the most important glucose-regulated transcriptional repressor
(Nehlin and Ronne, 1990). Migl is phosphorylated by Snfl on four sites
when glucose is scarce, causing the activation of a NES sequence that
causes the translocation of Migl from the nucleus to the cytoplasm
through the exportin Msn5 (DeVit and Johnston, 1999; Papamichos-
Chronakis et al., 2004; Treitel et al., 1998). Important in the regulation of
Migl is the glycolytic enzyme Hxk2, which interacts with the
transcriptional repressor directly in the nucleus to avoid its
phosphorylation by Snfl, thus providing a link between glucose
metabolism and transcription of glucose-repressed genes (Ahuatzi et al.,
2007). Migl represses about 90 genes, notably including those coding for
enzymes required for the metabolism of sucrose (SUC2), maltose (the
MAL regulon) and galactose (GAL4) (Ostergaard et al.,, 2001).
Furthermore, Migl controls the expression of high-affinity glucose
transporters, required when glucose is scarce (HXT2, HXT4) (van Oevelen
et al., 2006), represses TPS1, essential for the metabolism of trehalose
(Hohmann et al., 1994) and genes coding for enzymes of the TCA cycle (Jin
et al., 2007).

Besides Migl, Snfl regulates the activity of various transcription factors.

Cat8 and Sip4, which bind Carbon Source Response Elements (CSRE),
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mostly regulate the expression of gluconeogenic genes (Vincent and
Carlson, 1998) and are targeted by activatory phosphorylations by Snfl
(Lesage et al., 1996; Randez-Gil et al., 1997). Cat8 activates the expression
of glucose-repressed genes alongside transcription factor Adrl, which is
itself a target of Snfl (Kacherovsky et al., 2008; Young et al., 2002).
Moreover, in a fine mechanism of positive feedback, the CAT8 gene is
activated by Snfl through inhibition of Migl (Hedges et al., 1995). Gen4,
transcription factor responsible for the expression of amino acid
biosynthesis, is regulated in a peculiar way by Snfl, which acts through a
UORF upstream of GCN4 to control its expression at a post-transcriptional
level (Shirra et al., 2008).

As for the regulation of chromatin structure, it has been shown that
protein kinase Snfl phosphorylates Serl0 residue of histone H3,
promoting its acetylation on Lys14 residue by Gen5, a component of SAGA
complex (Lo et al., 2001). Recently, it has been demonstrated that the
Snfl-mediated regulation of histone H3 is involved in the expression of
ADY2 gene. Infact, Snfl stimulates the binding of Gen5 and the acetylation
of histone H3 at ADY2 promoter, promoting the transcription of this gene
(Abate et al., 2012).

In our laboratory, we recently highlighted the role of Snfl in the regulation
of transcription of cell cycle genes of the Gi phase. The Gj regulon is

controlled by transcription factors SBF and MBF (constituted by the Swi4-
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Swib and Mbp1l-Swi6 heterodimers, respectively), with SBF controlling
mostly genes involved in the budding process and MBF controlling the
expression of genes involved in DNA replication (Koch et al., 1993). In
particular we demonstrated that a delay in the G; to S transition in snf1A
cells is accompanied by impaired expression of CLB5, MBF-regulated gene
coding for the main S-phase cyclin (Pessina et al., 2010). More recently,
the defect was shown to be extended to a wide set of both SBF and MBF-
regulated genes, together with an impaired recruitment to the promoters

of the co-activator Swi6 and RNA polymerase Il (Busnelli, 2013).

2.4. Snfl and the regulation of metabolism

Snfl, besides its role in regulating the transcription of several genes
involved in metabolism, directly regulates through phosphorylation
important metabolic enzymes.

Pfk27, the second isoform of 6-phosphofructo-2-kinase, was shown to be
phosphorylated by protein kinase Snfl (Benanti et al., 2007). Upon
glucose removal, Snfl phosphorylates Pfk27 in its N-terminal domain,
leading to the SCF®™-dependent degradation of Pfk27 (Benanti et al.,
2007). In particular, Snfl-dependent phosphorylation is required to
promote Pfk27 association with the F-box protein Grrl (Benanti et al.,
2007), thus leading to Pfk27 turnover and consequently to a reduction of

fructose-2,6-bisphosphate. The importance of Pfk27 turnover is
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highlighted by the fact that expression of a non-phosphorylatable and
non-degradable Pfk27 protein inhibits growth on glycerol (Benanti et al.,
2007).

Glycerol synthesis is inhibited during the diauxic shift by Snfl
phosphorylation on Gpd2, the glycerol-3-phosphate dehydrogenase
required for anaerobic growth. In fact, it was recently reported that Snfl
phosphorylates Gpd2 on Ser72 priming Gpd2 for subsequent
phosphorylation on Ser75, probably by Yck1 (Lee et al., 2012).

Probably the most impactful function exerted by Snfl as a direct regulator
of metabolism is the regulation of the acetyl-CoA carboxylase Accl (Shirra
et al., 2001). In yeast, loss of Snfl causes a dramatic accumulation of fatty
acids, and the carbon overflow into the fatty acid biosynthetic pathway
has been shown to cause inositol auxotrophy mediated by the impairment
of INO1 expression (Hofbauer et al., 2014; Shirra et al., 2001). Moreover,
the excessive allocation of carbon into fatty acids causes a depletion of
the intracellular acetyl-CoA pool, and thus a global reduction of histone

acetylation (Zhang et al., 2013).

2.5. Crosstalk of Snfl/AMPK and PKA
In Saccharomyces cerevisiae, several crosstalks between the Snfl and PKA
pathways have been reported. PKA phophorylates and inactivates the

Snfl-activating kinase Sak1 (Barrett et al., 2012) and the y subunit Sip1,
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preventing the localization of the Snfl complex to the vacuole (Hedbacker
et al.,, 2004). Remarkably, a direct regulation of the Snfl orthologue AMPK
by PKA has been demonstrated in human adipocytes, where PKA
phosphorylates Ser173 of AMPK preventing the phosphorylation of the
activatory residue Thrl72 (Djouder et al., 2010). Both residues are
conserved in yeast (activatory Thr210 and adjacent Ser211), thus a similar
mechanism has been hypothesized (Barrett et al., 2012).

Snfl and PKA share common downstream targets. PKA phosphorylates
and deactivates Adrl, transcriptional activator of several glucose
repressed genes, while Snfl indirectly causes its dephosphorylation and
activation (Cherry et al., 1989; Ratnakumar et al., 2009). Surprisingly, both
PKA and Snf1 act as repressors of the transcription factor Msn2, but, while
PKA is the main regulator of this factor, Snfl targets it only to shut off
transcription of the STRE regulon after prolonged stationary phase

(Gorner et al., 1998, 2002; De Wever et al., 2005).
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Results

1. Snf1/AMPK catalytic activity promotes a proper

G1/S transition

1.1. Results
Deletion of SNF1 causes a strong defect in the Gi/S transition in
elutriated cells
We previously demonstrated the involvement of Snfl in the cell cycle of
cells growing in glucose non limiting condition, showing that snf1A cells
have increased duplication time, decreased expression of the S-phase
cyclin Clb5 and impaired Gi/S transition in o-factor block/release
experiments (Busnelli, 2013; Pessina et al., 2010). However, snf1A cells are
known to be less resistant to various types of treatments, and cell cycle
arrest with a-factor could be itself a stress for some mutants (Ozeki-
Miyawaki et al., 2005). We therefore wanted to exclude any artefact
caused by a-factor treatment and chose to perform Gi synchronization
experiments through centrifugal elutriation.
After release in fresh pre-warmed medium, G; elutriated snf1A cells
remained mostly unbudded until 240 min and presented a strongly
impaired DNA replication, indicating that loss of Snfl causes a severe
delay in the beginning of a new cell cycle (Figure 5), and that this defect is

not caused by a specific synchronization method.
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Figure 5. Snfl is required for the G:/S transition of elutriated cells
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wt and snf1A cells were grown in synthetic medium containing 2% glucose until
late exponential phase, elutriated to obtain cells in G; phase and then released
in fresh pre-warmed medium. Samples were taken at the indicated time points

to assay (A) budding index and (B) DNA content by FACS analysis.
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Chemical inhibition of Snfl catalytic activity causes a defect in the G1/S
transition and G1 gene transcription

As shown, deletion of SNF1 caused a severe defect in the G1/S transition.
To assess whether this effect was directly due to the lack of Snfl catalytic
activity we used a strain expressing an analog sensitive isoform of Snfl
(Snf1-1132G or Snf1®*), whose catalytic activity could be inhibited by
treatment with the ATP analog 2NM-PP1 (Shirra et al., 2008). Treatment
with 2NM-PP1 reduced the growth rate of exponentially growing Snf1®
cells, determining an increase of cells with 1C DNA content, already
detectable 60 min after the treatment (Figure S1), rendering the Snf12
strain very similar to a snflA strain. To investigate this effect on a
synchronous population, exponentially growing Snfl® cells were
synchronized with a-factor, after 1 h the culture was treated with 25 uM
2NM-PP1 for an additional hour and then released into fresh medium
containing 25 uM 2NM-PP1. In the absence of the inhibitor, in accordance
with the onset of bud emergence and DNA replication, the Snf1® strain
expressed Gi-specific genes as the wild type (Figure 6). Remarkably, the
addition of 2NM-PP1 delayed S-phase entrance by affecting the
expression Gi phase genes (Figure 6). As expected, treatment with 2NM-
PP1 on wt cells had no effect on budding index, DNA content and G1 genes

expression (Figure S2), confirming the specificity of 2NM-PP1.
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As discussed above, deletion of SNF1 affects G; elutriated cells. It has been
reported that centrifugation could cause the activation of Snfl (Wilson et
al., 1996), thus causing a significantly different starting condition between
wt and snflA cells after elutriation. We therefore implemented the
elutriation experiment with the use of the Snf12 strain. Snf12 cells were
grown in synthetic medium with 2% glucose until late exponential phase
and elutriated to obtain cells in G1 phase in the absence of the inhibitor,
to ensure that cells with an active Snfl protein could respond to the g
stress of centrifugation. Small unbudded cells were then re-inoculated in
fresh prewarmed medium at time 0 with 0.1% DMSO (solvent control) or
with 2NM-PP1 to inhibit Snfl activity. Treatment with the inhibitor
severely impaired budding, DNA replication, as well as the expression of
CLN2 and RNR1 mRNA, with an increase of CLN2 expression only 135 min
after the release (Figure 7).

Taken together our results strongly support the notion that the catalytic

activity of Snfl is required to promote Gi-transcription.
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Figure 6. Snfl catalytic activity is required to promote Gi-gene transcription
Snfl% strain was grown in synthetic medium containing 2% glucose until
exponential phase and Gi-arrested by a-factor treatment. After 1 h, the culture
was split in two: half of the culture was treated with 0.1% DMSO and the rest of
the cells were treated with 25 uM 2NM-PP1 (final concentration of DMSO 0.1%)
for an additional hour. Then the cultures were released in fresh medium
containing 0.1% DMSO or 25 uM 2NM-PP1. Samples were taken at the indicated
time points to assay (A) budding index, (B) DNA content by FACS analysis and (C)
CLN2, PCL1, CLB5 and RNR1 mRNA level by quantitative relative Real-time PCR.
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Figure 7. Snfl is required for G;-gene expression in elutriated cells

Snfl* strain was grown in synthetic medium containing 2% glucose until late
exponential phase, elutriated to obtain cells in G; phase that were then released
in fresh pre-warmed medium containing 0.1% DMSO or 25 uM 2NM-PP1.
Samples were taken at the indicated time points to assay (A) budding index, (B),
DNA content by FACS analysis, and (C) CLN2 and RNRI mRNA level by

guantitative relative Real-time PCR.
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1.2. Supplementary results
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Figure S1. Inhibition of Snfl catalytic activity affects cell growth

Snfl® strain was grown in synthetic medium containing 2% glucose until early
exponential phase. At time 0, the culture was split in two: half of the culture was
treated with 0.1% DMSO and the rest of the cells were treated with 25 uM 2NM-
PP1 (final concentration of DMSO 0.1%). Samples were taken at the indicated

time points to assay (A) cell density, (B) DNA content by FACS analysis.
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Figure S2. The inhibitor 2NM-PP1 has no effect on wild type cells
Cells expressing wild type SNF1 were grown in synthetic medium containing 2%
glucose until exponential phase and Gi-arrested by a-factor treatment. After 1
h, the culture was split in two: half of the culture was treated with 0.1% DMSO
and the rest of the cells were treated with 25 uM 2NM-PP1 (final concentration
of DMSO 0.1%) for an additional hour. Then the cultures were released in fresh
medium containing 0.1% DMSO or 25 uM 2NM-PP1. Samples were taken at the
indicated time points to assay (A) budding index, (B) DNA content by FACS
analysis and (C) CLN2 and RNR1 mRNA level by quantitative relative Real-time
PCR.
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2. Snf1l/AMPK physically and functionally interacts
with the PKA pathway

2.1. Results

Snfl interacts with adenylate cyclase

Snfl is known to regulate glucose metabolism and to promote the
utilization of alternative carbon sources mainly through the derepression
of a large transcription regulon and the phosphorylation of metabolic
enzymes (Hedbacker and Carlson, 2008). However, since the cellular
metabolic behaviour could be the result of the action of different, and
somehow opposite, signalling pathways, we wondered whether Snfl
could directly regulate such pathways. To detect possible new targets of
Snfl, we choose to use a ColP/MS approach, immunoprecipitating a
tagged isoform of Snfl and detecting co-immunoprecipitated proteins
with mass spectrometry after resolution with SDS-PAGE. We performed
this experiment with protein extracts of log phase cells growing in 2%
glucose, since we already demonstrated that in this condition Snfl is at
least partially functional (Pessina et al., 2010).

Interestingly, we identified a total of 56 interacting proteins of which only
20 were already identified as Snfl interactors (Table S1 and Figure S3),
probably because in the studies in which these data were obtained the

cells were grown in different conditions, thus originating a different
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interaction pattern (Breitkreutz et al., 2010; Collins et al., 2007; Krogan et
al., 2006). As a proof of the validity of our method in preserving existing
interactions, we detected most of the components of the complex of Snfl
and of the Snfl pathway (Table S1 and Figure S3).

Strikingly, one of the newly identified interactors was adenylate cyclase
(Cyrl1), the essential enzyme responsible for the synthesis of cAMP,
activator of PKA (Table S1 and Figure S3). To validate the interaction, we
performed co-immunoprecipitation experiments, clearly detecting myc-
tagged Snfl in Cyr1-TAP immunocomplexes (Figure 8A). The interaction,
moreover, was not indirectly caused by Snfl and Cyrl being common
substrates of the phosphatase complex Reg1-Glc7, since it was detectable
also in extracts of reg1A cells (Figure 8B). Interestingly, the interaction was
not dependent on the glucose concentration nor the carbon source
(Figure S4), and was detectable in the presence of a catalytic-deficient
isoform of Snfl, Snf1-K84R (Figure 8C). Furthermore, switching bait and
prey proteins and detecting Cyr1-TAP in Snf1-HA immunocomplexes, we
were able to demonstrate that the interaction is stronger in the presence
of a Snf1-K84R isoform (Figure 8D). This finding was of particular interest,
since it was previously shown that in glucose-repressed conditions the
catalytic-deficient isoform of Snfl interacts more strongly than the wt

with Migl, a well-known Snfl substrate (Treitel et al., 1998).
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Taken together, these data demonstrate the physical interaction of Snfl
with Cyrl and support the possibility of adenylate cyclase being a

candidate substrate of Snfl.
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Snfl-myc  + - + Snfl-myc  + + +
Cyrl-TAP . + + Cyr1-TAP - + +
Regl + + -
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Figure 8. Snfl interacts with adenylate cyclase
(A) Western blot showing the detection of Snfl-myc in Cyrl-TAP

immunocomplexes. (B) Western blot showing the detection of Snfl1-myc in Cyr1-
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TAP immunocomplexes obtained from reg1A cells. (C) Western blot showing the
detection of Snfl-HA and Snfl-K84R-HA in Cyrl-TAP immunocomplexes. (D)
Western blot showing the detection of Cyrl-TAP in Snfl1-HA and Snf1-K84R-HA
immunocomplexes. Strains expressing untagged isoforms of either Snfl or Cyrl

are shown as control.

Loss of Snfl causes an alteration in the phosphorylation pattern of
adenylate cyclase

Cyrlis a phosphoprotein and several phosphorylated residues have been
identified in proteomic studies (Gruhler et al., 2005; Holt et al., 2009; Li et
al., 2007; Smolka et al., 2007). Moreover, the sequence of Cyrl presents
5 phosphorylatable residues, 2 of which were identified as phosphosites
in vivo, that are contained in perfect Snfl phosphorylation consensus
motifs (Figure S5). However, no specific function until now has been
assigned to any phosphorylation site.

Since the physical interaction with Snfl suggested Cyrl as a possible target
of the kinase, we aimed to verify whether the presence or the absence of
Snfl could influence the phosphorylation status of adenylate cyclase. We
therefore immunoprecipitated TAP-tagged Cyrl from wt and snf14 cell
extracts and, after resolution on SDS-PAGE and silver staining, detected
the phosphorylated residues by MS analysis (Figure 9). Remarkably, in a

wt strain we identified 21 phosphosites, 7 of which were previously
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reported, providing an extensive map of adenylate cyclase
phosphorylation. Strikingly, a subset of these phosphosites, almost
completely localized in the region flanking the RAS associating domain,
resulted to be Snfl-dependent, not being detectable in the snf1A strain.
Surprisingly, none of these sites is one of the 5 contained in Snfl
consensus sequences discussed above. Interestingly, we also identified 10
additional phosphosites which were exclusively present in a snf1A strain.
However, we checked if the identified sites are contained in consensus
sequences of a specific kinase, but failed to identify any obvious
responsible of the phosphorylation events (data not shown).

These data provide a substantial advance in mapping possible regulatory
post translational modifications of adenylate cyclase and demonstrate the

necessity of Snfl to preserve the proper phosphorylation pattern of Cyr1.
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Figure 9. Schematization of the Cyrl phosphorylated sites identified in vivo

Graphical schematization of the phosphorylated residues identified in vivo by MS

analysis of immunoprecipitated adenylate cyclase. Residues are divided in the

subclasses: wt, if present in a wt strain and not affected by SNF1 deletion; Snfi-
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dependent, if present in a wt strain and no longer retrievable in a snf1A mutant;
snflA-dependent, if not present in a wt strain and only retrievable in a snfiA
mutant. Phosphosites already identified in vivo, as reported in PhosphoGRID, are

highlighted in orange. RAD = RAS Associating Domain, CD = Catalytic Domain.

Snfl phosphorylates in vitro the RAS associating domain of adenylate
cyclase

Since we demonstrated that lack of Snfl could influence the
phosphorylation pattern of Cyrl in vivo, we sought for direct kinase
activity of Snfl on adenylate kinase. We therefore purified from E. coli a
Hise-tagged region of Cyrl containing the whole RAS associating domain
(RAD) and 5 out of 6 residues whose phosphorylation we have shown to
be Snfl-dependent (Figure 9). We then performed an in vitro kinase assay
with y-32P labelled ATP, using the purified protein as substrate and
immunoprecipitated HA-tagged Snfl as kinase (see Materials and
methods for details). In the presence of the kinase, the Hise-Cyr1(335-
1066) recombinant protein incorporates radiolabelled ATP,
demonstrating that this domain of adenylate cyclase is a bona fide

substrate of Snfl in vitro (Figure 10).
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Figure 10. Snfl phosphorylates in vitro the Cyrl RAS associating domain

Autoradiography of the in vitro kinase assay with y-32P labelled ATP. The different
lanes indicate the vector contained by host E. coli from which purification of the
substrate protein was performed. A kinase reaction without substrate is shown

as control.

Catalytic activation of Snfl negatively regulates cAMP content

The function of adenylate kinase is to catalyze the synthesis of cCAMP, the
second messenger responsible for the activation of PKA, in response to
stimuli from the RAS and GPCR systems (Santangelo, 2006). Having shown
that lack of Snfl influences the Cyrl phosphorylation pattern and that
Snfl can phosphorylate Cyr1l in vitro, we wondered whether activation of
Snfl could influence the activity of adenylate cyclase. cAMP is rapidly
synthesized at high levels after nutrient refeeding to starved cells, but is

present at detectable basal levels also in log phase cells (Petkova et al.,

58



Results

2010). Therefore we measured cAMP levels in log phase cells growing in
2% glucose, either lacking Snfl or harboring wt Snfl or a Snfl1-G53R
isoform, which is constitutively activated due to persistent
phosphorylation of the activator Thr210 (Estruch et al., 1992).

Strikingly, while lack of Snfl does not influence the cAMP content of cells
growing in glucose repressed condition, the presence of the Snf1-G53R
isoform nearly halves the cAMP levels, as compared to the wt (Figure 11).
As previously discussed, the sequence of Cyrl presents 5 serine residues
contained in motifs which perfectly match the Snfl phosphorylation
consensus sequence. Two of these residues, Ser554 and Ser736, are
contained in the domain which we demonstrated to be phosphorylated in
vitro by Snfl. We therefore performed site-specific mutagenesis of these
residues to alanine to assess whether their phosphorylation could be
relevant for the cell, in particular for the synthesis of cAMP. However, the
strain transformed with the Cyr1-S554A,5736A isoform did not show
altered cAMP levels (figure S6), compared to the wt, nor presented any
phenotypic defect under standard growth conditions (data not shown).
These data demonstrate that the catalytic activity of Snfl can reduce the
intracellular content of cAMP in glucose repressed condition, but that the
precise mechanism of regulation on adenylate cyclase is still to be

elucidated.
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Figure 11. A constitutively activated isoform of Snfl reduces intracellular cAMP
levels
Histogram showing the intracellular cAMP content of the indicated strains. Data

normalized on cellular dry weight. *p-value < 0.05

Catalytic activation of Snfl negatively influences PKA-regulated
transcriptional expression

PKA regulates several cellular processes including nutrient sensing, energy
metabolism, cell cycle progression, thermotolerance, osmotic shock
tolerance, sporulation, pseudohyphal growth, aging, and autophagy

(Santangelo, 2006). Some of these processes, such as thermotolerance,
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are usually used to indirectly measure the activity of the PKA pathway
(Toda et al., 1987). However, Snfl regulates these processes
independently from PKA (Hong and Carlson, 2007), and the use of these
methods to measure the influence of Snfl catalytic activity on the PKA
pathway was therefore rejected.

Therefore, we chose to indirectly measure the activity of the PKA pathway
through the effect on the transcription of genes which are regulated by
transcription factors that are PKA targets. Some transcription factors are
shared as downstream targets by Snfl and PKA (Cherry et al.,, 1989;
Gorner et al., 1998, 2002; Hedbacker et al., 2004; Ratnakumar et al., 2009;
De Wever et al., 2005), thus the strategy required the identification of
Snfl-independent target genes.

PKA-regulated genes have been mapped (Livas et al., 2011), and we
checked the dependency of selected genes (HXT1, HXT7 and ATR1) using
a cyr1Apde2Ayakl1A strain, in which the disruption of adenylate cyclase
impairs the activation of PKA (Goérner et al., 2002) (Figure S7A-B). HXT1,
whose expression is PKA-dependent, is also known to be regulated by Snfl
(Tomas-Cobos and Sanz, 2002), and therefore was included in subsequent
analyses as a control.

To assess whether Snfl catalytic activity influences the expression of PKA-
regulated genes, we tested the expression of HXT1, HXT7 and ATR1 in the

presence of the aforementioned Snf1-G53R isoform. HXT1 resulted to be
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down-regulated in a Snf1-G53R strain (Figure 12), thus proving the validity
of the use of this isoform to mimic the activated kinase. The PKA-activated
gene ATR1 was slightly down-regulated in the presence of a Snf1-G53R
isoform but, more strikingly, in the same strain the PKA-repressed gene
HXT7 was fivefold derepressed (Figure 12). HXT7 is known to be Snfl-
independent (Zaman et al.,, 2009), and furthermore we checked its
dependency from the Snfl-inhibited repressor Migl using a mig1A strain
(Figure S7C), demonstrating the usefulness of this gene as a PKA-
dependent/Snfl-independent reporter gene.

Altogether, these data demonstrate that Snfl catalytic activity
functionally influences the PKA pathway, determining an alteration in the

expression of PKA-dependent genes.
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Figure 12. Expression of PKA-dependent genes in the presence of constitutively
activated Snfl
Real-time PCR quantification of mRNAs of the indicated genes in cells in

exponential phase of growth in 2% glucose.
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2.2. Supplementary results

Interactor Description

Snfl complex

Alternate beta-subunit of the Snflp kinase complex, may
confer substrate specificity; vacuolar protein containing KIS
(Kinase-Interacting Sequence) and ASC (Association with Snfl
kinase Complex) domains involved in protein interactions

SIP1

yes

One of three beta subunits of the Snfl kinase complex;
involved in the response to glucose starvation; null mutants
exhibit accelerated aging; N-myristoylprotein localized to the
cytoplasm and the plasma membrane

SIP2

yes

One of three possible beta-subunits of the Snfl kinase
complex; allows nuclear localization of the Snfl kinase
complex in the presence of a nonfermentable carbon source;
contains glycogen-binding domain

GAL83

yes

Activating gamma subunit of the AMP-activated Snflp kinase
complex; additional subunits of the complex are Snflp and a
Siplp/Sip2p/Gal83p family member; activates glucose-
repressed genes, represses glucose-induced genes; role in
sporulation, and peroxisome biogenesis; protein abundance
increases in response to DNA replication stress

SNF4

yes

Upstream serine/threonine kinase for the SNF1 complex;
partially redundant with EIm1p and Tos3p; members of this
family have functional orthology with LKB1, a mammalian
kinase associated with Peutz-Jeghers cancer-susceptibility
syndrome; SAK1 has a paralog, TOS3, that arose from the
whole genome duplication

SAK1

yes

Regulatory subunit of type 1 protein phosphatase Glc7p;
involved in negative regulation of glucose-repressible genes;
REG1 involved in regulation of the nucleocytoplasmic shuttling of yes
Hxk2p
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Interactor

Description

Glucose metabolism

HXK2

Hexokinase isoenzyme 2; catalyzes phosphorylation of
glucose in the cytosol; predominant hexokinase during
growth on glucose; functions in the nucleus to repress
expression of HXK1 and GLK1 and to induce expression of its
own gene; phosphorylation/dephosphorylation at serine-14
by protein kinase Snflp and protein phosphatase Glc7p-
Reglp regulates nucleocytoplasmic shuttling of Hxk2p

yes

PFK1

Alpha subunit of heterooctameric phosphofructokinase
involved in glycolysis, indispensable for anaerobic growth,
activated by fructose-2,6-bisphosphate and AMP, mutation
inhibits glucose induction of cell cycle-related genes

no

PFK2

Beta subunit of heterooctameric phosphofructokinase
involved in glycolysis, indispensable for anaerobic growth,
activated by fructose-2,6-bisphosphate and AMP, mutation
inhibits glucose induction of cell cycle-related genes

yes

TDH2

Glyceraldehyde-3-phosphate dehydrogenase, isozyme 2;
involved in glycolysis and gluconeogenesis; tetramer that
catalyzes the reaction of glyceraldehyde-3-phosphate to 1,3
bis-phosphoglycerate; detected in the cytoplasm and cell
wall; protein abundance increases in response to DNA
replication stress

no

TDH3

Glyceraldehyde-3-phosphate dehydrogenase, isozyme 3;
involved in glycolysis and gluconeogenesis; tetramer that
catalyzes the reaction of glyceraldehyde-3-phosphate to 1,3
bis-phosphoglycerate; detected in the cytoplasm and cell
wall

no

PDC1

Major of three pyruvate decarboxylase isozymes, key enzyme
in alcoholic fermentation, decarboxylates pyruvate to
acetaldehyde; subject to glucose-, ethanol-, and
autoregulation; involved in amino acid catabolism

no

CDC19

Pyruvate kinase; functions as a homotetramer in glycolysis to
convert phosphoenolpyruvate to pyruvate, the input for
aerobic (TCA cycle) or anaerobic (glucose fermentation)
respiration; regulated via allosteric activation by fructose
bisphosphate

no
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Interactor

ENO2

Description

Enolase Il, a phosphopyruvate hydratase; catalyzes
conversion of 2-phosphoglycerate to phosphoenolpyruvate
during glycolysis and the reverse reaction during
gluconeogenesis; expression induced in response to glucose

no

ALD6

Cytosolic aldehyde dehydrogenase, activated by Mg2+ and
utilizes NADP+ as the preferred coenzyme; required for
conversion of acetaldehyde to acetate; constitutively
expressed; locates to the mitochondrial outer surface upon
oxidative stress

no

ATP2

Beta subunit of the F1 sector of mitochondrial FIFO ATP
synthase, which is a large, evolutionarily conserved enzyme
complex required for ATP synthesis; F1 translationally
regulates ATP6 and ATP8 expression to achieve a balanced
output of ATP synthase genes encoded in nucleus and
mitochondria; phosphorylated

no

TALl

Transaldolase, enzyme in the non-oxidative pentose
phosphate pathway; converts sedoheptulose 7-phosphate
and glyceraldehyde 3-phosphate to erythrose 4-phosphate
and fructose 6-phosphate

no

Ribosomes and Translation

RPS8A

Protein component of the small (40S) ribosomal subunit;
homologous to mammalian ribosomal protein S8, no
bacterial homolog

no

RPS6A

Protein component of the small (40S) ribosomal subunit;
homologous to mammalian ribosomal protein S6, no
bacterial homolog

no

RPL1A

Ribosomal 60S subunit protein L1A; N-terminally acetylated;
homologous to mammalian ribosomal protein L10A and
bacterial L1

no

RPL3

Ribosomal 60S subunit protein L3; homologous to
mammalian ribosomal protein L3 and bacterial L3; involved
in the replication and maintenance of killer double stranded
RNA virus

no
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Interactor

RPL4A

Description

Ribosomal 60S subunit protein L4A; N-terminally acetylated;
homologous to mammalian ribosomal protein L4 and
bacterial L4

no

RPL6A

Ribosomal 60S subunit protein L6A; N-terminally acetylated;
binds 5.85 rRNA; homologous to mammalian ribosomal
protein L6, no bacterial homolog

no

RPL6B

Ribosomal 60S subunit protein L6B; binds 5.8S rRNA;
homologous to mammalian ribosomal protein L6, no
bacterial homolog

no

RPL8A

Ribosomal 60S subunit protein L8A; mutation results in
decreased amounts of free 60S subunits; homologous to
mammalian ribosomal protein L7A, no bacterial homolog

yes

RPL17B

Ribosomal 60S subunit protein L17B; homologous to
mammalian ribosomal protein L17 and bacterial L22

no

RPL20B

Ribosomal 60S subunit protein L20B; homologous to
mammalian ribosomal protein L18A, no bacterial homolog

no

RPPO

Conserved ribosomal protein PO of the ribosomal stalk;
involved in interaction between translational elongation
factors and the ribosome; phosphorylated on serine 302;
homologous to mammalian ribosomal protein LPO and
bacterial L10

no

EFT1

Elongation factor 2 (EF-2), also encoded by EFT2; catalyzes
ribosomal translocation during protein synthesis; contains
diphthamide, the unique posttranslationally modified
histidine residue specifically ADP-ribosylated by diphtheria
toxin

no

EFT2

Elongation factor 2 (EF-2), also encoded by EFT1; catalyzes
ribosomal translocation during protein synthesis; contains
diphthamide, the unique posttranslationally modified
histidine residue specifically ADP-ribosylated by diphtheria
toxin

no
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Interactor Description

Translational elongation factor EF-1 alpha; also encoded by
TEF2; functions in the binding reaction of aminoacyl-tRNA
(AA-tRNA) to ribosomes; may also have a role in tRNA re-
export from the nucleus

TEF1

no

Translational elongation factor EF-1 alpha; also encoded by
TEF1; functions in the binding reaction of aminoacyl-tRNA
(AA-tRNA) to ribosomes; may also have a role in tRNA re-
export from the nucleus

TEF2

yes

Cytoplasmic RNA-binding protein; associates with translating
ribosomes; involved in heme regulation of Haplp as a
component of the HMC complex, also involved in the
organization of actin filaments; contains a La motif

SRO9

yes

RNA-binding subunit of the mRNA cleavage and
polyadenylation factor; involved in poly(A) site recognition
CFT1 and required for both pre-mRNA cleavage and no
polyadenylation, 51% sequence similarity with mammalian
AAUAA-binding subunit of CPSF

elF3c subunit of the eukaryotic translation initiation factor 3
NIP1 (elF3), involved in the assembly of preinitiation complex and no
start codon selection

Protein required for optimal translation under nutrient
stress; perturbs association of Yef3p with ribosomes;
involved in TOR signaling; binds G4 quadruplex and purine
STM1 motif triplex nucleic acid; helps maintain telomere structure; yes
protein abundance increases in response to DNA replication
stress; serves as a ribosome preservation factor both during
quiescence and recovery
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Interactor

Description

A.a. biosynthesis and transport

LYS20

Homocitrate synthase isozyme; catalyzes the condensation
of acetyl-CoA and alpha-ketoglutarate to form homocitrate,
which is the first step in the lysine biosynthesis pathway

no

LYS21

Homocitrate synthase isozyme; catalyzes the condensation
of acetyl-CoA and alpha-ketoglutarate to form homocitrate,
which is the first step in the lysine biosynthesis pathway

no

CPA2

Large subunit of carbamoyl phosphate synthetase, which
catalyzes a step in the synthesis of citrulline, an arginine
precursor

no

NPR1

Protein kinase; stabilizes several plasma membrane amino
acid transporters by antagonizing their ubiquitin-mediated
degradation; phosphorylates Aly2p; negatively regulates
Ldb19p-mediated endocytosis through phosphorylation of
Ldb19p, which prevents its association with the plasma
membrane; Nprlp activity is negatively regulated via
phosphorylation by the TOR complex

yes

Fatty acid synthesis

FAS1

Beta subunit of fatty acid synthetase, which catalyzes the
synthesis of long-chain saturated fatty acids; contains
acetyltransacylase, dehydratase, enoyl reductase, malonyl
transacylase, and palmitoyl transacylase activities

yes

FAS2

Alpha subunit of fatty acid synthetase, which catalyzes the
synthesis of long-chain saturated fatty acids; contains the
acyl-carrier protein domain and beta-ketoacyl reductase,
beta-ketoacyl synthase and self-pantetheinylation activities

no
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Interactor

Description

IMP dehydrogenases

IMD1

Nonfunctional  protein ~ with  homology to IMP
dehydrogenase; blocked reading frame, located close to the
telomere; not expressed at detectable levels; YARO73W and
YARO75W comprise a continuous reading frame in most
strains of S. cerevisiae

no

IMD2

Inosine monophosphate dehydrogenase; catalyzes the rate-
limiting step in GTP biosynthesis, expression is induced by
mycophenolic acid resulting in resistance to the drug,
expression is repressed by nutrient limitation

no

IMD3

Inosine monophosphate dehydrogenase; catalyzes the first
step of GMP biosynthesis, member of a four-gene family in S.
cerevisiae, constitutively expressed

no

IMD4

Inosine monophosphate dehydrogenase; catalyzes the first
step of GMP biosynthesis, member of a four-gene family in S.
cerevisiae, constitutively expressed

no

YARO75W

Non-functional protein with homology IMP dehydrogenase;
YARO73W/IMD1 and YARO75W comprise a continuous
reading frame in most strains of S. cerevisiae

no

Chaperones

SSA2

ATP binding protein involved in protein folding and vacuolar
import of proteins; member of heat shock protein 70 (HSP70)
family; associated with the chaperonin-containing T-
complex; present in the cytoplasm, vacuolar membrane and
cell wall; 98% identical with paralog Ssalp, but subtle
differences between the two proteins provide functional
specificity with respect to propagation of yeast [URE3] prions
and vacuolar-mediated degradations of gluconeogenesis
enzymes

yes
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Interactor

SSB1

Description

Cytoplasmic ATPase that is a ribosome-associated molecular
chaperone; functions with J-protein partner Zuolp; may be
involved in folding of newly-made polypeptide chains;
member of the HSP70 family; interacts with phosphatase
subunit Reglp

yes

SSB2

Cytoplasmic ATPase that is a ribosome-associated molecular
chaperone; functions with J-protein partner Zuolp; may be
involved in the folding of newly-synthesized polypeptide
chains; member of the HSP70 family

yes

BMH1

14-3-3 protein, major isoform; controls proteome at post-
transcriptional level, binds proteins and DNA, involved in
regulation of many processes including exocytosis, vesicle
transport, Ras/MAPK signaling, and rapamycin-sensitive
signaling; protein increases in abundance and relative
distribution to the nucleus increases upon DNA replication
stress

yes

Others

CYR1

Adenylate cyclase, required for cAMP production and cAMP-
dependent protein kinase signaling; the cAMP pathway
controls a variety of cellular processes, including metabolism,
cell cycle, stress response, stationary phase, and sporulation

no

CKA1l

Alpha catalytic subunit of casein kinase 2 (CK2), a Ser/Thr
protein kinase with roles in cell growth and proliferation;
CK2, comprised of CKA1, CKA2, CKB1 and CKB2, has many
substrates including transcription factors and all RNA
polymerases; regulates Fkhlp-mediated donor preference
during mating-type switching

yes

COoP1

Alpha subunit of COPI vesicle coatomer complex, which
surrounds transport vesicles in the early secretory pathway

no
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Interactor Description

Clathrin heavy chain, subunit of the major coat protein
involved in intracellular protein transport and endocytosis;

CHC1 two heavy chains form the clathrin triskelion structural no
component; the light chain (CLC1) is thought to regulate
function

Table S1. List of Snfl interactors
List of identified interactors, grouped by pathway/complex. The last column
indicates whether the interactions were already present in the database

(BioGRID, as to 01/07/2015).
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Figure S3. Data analysis of the identified Snfl interactors

The known interactions were retrieved in the BioGRID database of physical
interactions. Data visualization was performed with Cytoscape. (A) Intersection
between the already known Snfl physical interactors and the interactors
identified in this study. (B) GO Biological Process enrichment analysis of the Snfl

physical interactors in 2% glucose.
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Figure S4. Snfl interaction with adenylate cyclase is not dependent from
glucose concentration or type of carbon source

(A) Western blot showing the detection of Snfl-myc in Cyrl-TAP
immunocomplexes. Cells were grown with the indicated glucose concentration.
(B) Western blot showing the detection of Snfl-myc in Cyrl-TAP

immunocomplexes. Samples were collected at the indicated times after the cells
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were shifted from 2% glucose to 2% ethanol containing medium. The strain

expressing the untagged isoform of Cyrl is shown as control.
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Figure S5. Schematization of the putative Snfl phosphorylation sites on Cyrl
Graphical schematization of the phosphorylatable residues contained in perfect
Snfl phosphorylation consensus sequences ([MVLIF]-X-R-X-X-[ST]-X-X-X-
[MVLIF]). Phosphosites identified in vivo, as reported in PhosphoGRID, are
highlighted in orange. Putative phosphorylation sites retrieved with PattInProt.
RAD = RAS Associating Domain, CD = Catalytic Domain.
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cAMP content
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Figure S6. A Cyrl-S554A.S736A double mutation does not influence
intracellular cAMP levels
Histogram showing the intracellular cAMP content of the indicated strains. Data

normalized on cellular dry weight.
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Figure S7. Identification of PKA-dependent reporter genes

(A) Real-time PCR quantification of mRNAs of the indicated genes in nutritional
shift-up experiments, in which the cells, growing with 2% ethanol as carbon
source, were feed with 5% glucose (final concentration). Samples were taken at
indicated time points. (B) Real-time PCR quantification of mRNAs of the indicated
genes in cells in exponential phase of growth in 2% glucose. (C) Real-time PCR
guantification of mRNAs of the indicated genes in cells in exponential phase of
growth in 2% glucose. SUC2 expression was evaluated as a control of Migl

inactivation.
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3. Enhanced amino acid utilization sustains growth of

cells lacking Snf1/AMPK

3.1. Results

Deletion of SNF1 causes a large transcriptional reprogramming in cells
growing in 2% glucose

Protein kinase Snfl is known for its role in response to stress conditions
and nutrient limitations (Hedbacker and Carlson, 2008). We recently
highlighted its requirement also for growth and cell cycle progression at
standard glucose growth condition (2% glucose), requirement that
disappears with a larger (5%) glucose supply (Busnelli et al., 2013; Pessina
et al., 2010). To characterize the poor growth phenotype of snfiA cells in
a 2% glucose synthetic medium, we performed transcriptome analysis
(Affymetrix) of wild type and snf1A cells growing in this condition, as well
as in the phenotype-reverting glucose supplemented medium (5%
glucose).

snflA cells growing in 2% glucose showed extensive transcriptional
reprogramming as compared to the wild type, involving about 1000 genes,
with a slight predominance of up-regulated transcripts (Figure S8A).
Increasing the glucose concentration to 5% greatly reduced the number
of differentially expressed genes to roughly 300 (Figure 13A). Strikingly,

the DEGs (differential expressed genes) in 5% glucose resulted mostly in a
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subset of the DEGs in 2% glucose (Figure 13A) and highly correlated with
these, but with reduced fold changes (Figure 13B). This finding indicates
that the reversion of the slow-growth phenotype of snf14 cells with higher
glucose availability correlates with the reversion of the differential gene
expression.

Gene Ontology enrichment analysis of the up-regulated transcripts in
snflA cells growing in 2% glucose showed de-repression of genes involved
mainly in transmembrane transport and in a large number of metabolic
processes (Figure S8B and S8C). In particular, more than 100 up-regulated
genes encode for transmembrane transporters of amino acids and other
metabolites, mostly targets of the Gcn4 transcription factor (Fig S8B).
Interestingly, the inhibition of Snfl catalytic activity has been shown to
cause the de-repression of Gend-regulated genes through the regulation
of translation of the transcription factor in cells growing in low glucose
(Shirra et al., 2008). Our data indicate that this phenomenon could be
extended also to glucose-repressed cells, further supporting the emerging
role of Snfl also in non-limiting nutrient conditions. The major part of the
remaining up-regulated genes were involved in several metabolic
processes such as redox metabolism, iron homeostasis and amino acids
biosynthesis (Figure S8C). Further analysis of the subset of up-regulated
genes in snflA cells growing in 2% glucose for enrichment in KEGG

pathways remarkably identified metabolic processes not previously linked
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to Snfl, overall glycolysis/gluconeogenesis and associated sugar
metabolisms, as well as known Snfl-controlled pathways such as fatty
acid metabolism (Figure 13C). Gene Ontology enrichment of down-
regulated genes revealed that the presence of Snfl is required for the
expression of genes important for mitochondrial functionality and cell
cycle progression (Figure S8D). In particular, several genes coding for
structural proteins of both the small and large subunits of the
mitochondrial ribosomes were down-regulated in snf1A cells grown in 2%
glucose, as well as cell cycle-related genes, mainly involved in microtubule
assembly and mitosis (Figure S8D).

Notably, genes involved in phosphate metabolism present an interesting
response in expression between 2% and 5% glucose in snfl1A cells. Genes
coding for high affinity phosphate transporters (PHO84 and PH0O89), the
membrane glycoprotein PHO11 and the transcription factor SPL2 were
inhibited by the deletion of SNF1 in 2% glucose, while the PHO87 gene
coding for the low affinity transporter was up-regulated in the same
condition (Figure S8B). The same genes switched behaviour in 5% glucose,
possibly indicating that the restored growth due to the higher glucose
availability was sensed as not matched by sufficient phosphate uptake.
Taken together, these data provide a wide picture of the transcriptional
re-arrangement occurring in cells lacking Snfl in a condition in which the

activity of the kinase is not essential for the de-repression of genes subject

81



Results

to catabolite repression but guarantees a proper growth, as well as in the

presence of a larger glucose supply (5% glucose) in which the presence of

Snfl becomes dispensable.
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Figure 13. Transcriptional reprogramming of snf1A4 yeast cells growing in 2%
glucose

(A) Euler diagram showing the overlap between the differential expressed genes
(DEGS) in snflA batch cultures supplemented either with 2% or 5% glucose,
compared to the wt. (B) Dot-plot of the correlation of the fold change of DEGs in
the snflA/wt 2% glucose and snflA/wt 5% glucose comparisons. (C) KEGG

Pathways enrichment of the up-regulated genes in snflA cells growing in 2%
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glucose compared to the wt. Enrichment p-value is shown beside each bar. (D)
Heat map showing the log2 fold change of expression of glycolytic genes in snf1A
cells growing in 2% and 5% glucose, compared to the wt. (E) Real-time PCR
guantification of mRNAs of the indicated genes in wt and snflA cells growing
respectively in 2% glucose and 5% glucose. (F) Real-time PCR quantification of
TDH1 and ENO1 mRNAs in the Snf1® strain following treatment with 2NM-PP1,

DMSO was used as control.

Deletion of SNF1 or inhibition of Snfl catalytic activity causes the up-
regulation of several glycolytic genes

Snfl is known to regulate the transcription of several metabolic genes,
enhancing the expression of enzymes involved in the utilization of low
glucose levels or of alternative carbon sources (Hedbacker and Carlson,
2008). Here we show that Snfl also functions as a regulator of glycolytic
genes as there is de-repression of several of these genes in snfl1A cells
growing in 2% glucose (Figure 13D). To validate this finding we performed
real-time PCR analyses of glycolytic genes mRNAs, confirming the up-
regulation of PFK2, TDH1 and ENO1, and showing that there is also up-
regulation of PFK1 and HXK2, which did not emerge from the gene chip
analysis (Figure 13E). In the previous section, we highlighted that the
reversion of the growth defect of snflA cells once growth in 5% glucose

was accompanied by a consistent normalization of the transcriptional
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phenotype (Figure S8A). This phenomenon was confirmed also for
glycolytic genes, since all of them showed nearly wild type expression
levels in 5% glucose (Figure 13E).

To demonstrate that the de-repression of glycolytic genes was specifically
due to the lack of Snfl catalytic activity, we used a strain carrying an
analog sensitive isoform of Snfl (Snf1-1132G), which activity can be
inhibited by the ATP analog 2NM-PP1 (Busnelli et al., 2013; Shirra et al.,
2008) and checked the mRNA levels of representative genes following
addition of 2NM-PP1 (Figure 13F). Higher levels of TDH1 and ENO1 mRNAs
were detectable already after 1 hour following treatment with the
inhibitor, with an even higher expression after 2 hours (Figure 13F).
Altogether, these data demonstrate that Snfl catalytic activity is required
for the transcriptional repression of glycolytic genes and, more
intriguingly, that this response is performed in a glucose-dependent

fashion.

Lack of Snfl causes enhanced glycolytic flux

Transcription of glycolytic genes has been reported to influence the
enzymatic activity of the corresponding gene products, as shown using
strains lacking the transcription factor Gecrl or the co-activator Gcer2
(Sasaki et al., 2005). We therefore wondered whether the observed

transcriptional up-regulation resulted in higher activity of glycolytic
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enzymes. Surprisingly, we were unable to detect significant variations
except for the GPDH (glyceraldehyde-3-phosphate dehydrogenase)
activity, which showed a 20% increase in snf1A cells growing in 2% glucose
and a subsequent reversion to wt activity in 5% glucose (Figure 14A). This
increase is interesting, since TDH1 was the only up-regulated isoform of
glyceraldehyde-3-phosphate dehydrogenase, but it is the isoform
expressed at lowest level in exponentially growing cells, compared to
TDH2 and TDH3 (McAlister and Holland, 1985).

To determine whether the glycolytic flux was altered in snf1A cells, we
measured the glucose consumption in log phase cultures by NMR
spectroscopy. Interestingly, glucose uptake of the mutant strain was at wt
levels in 2% glucose (consumption normalized with the specific growth
rate), but was appreciably higher, as compared to the wt, in 5% glucose
(Figure 14B). The unaltered glucose uptake in 2% glucose is surprising,
given the up-regulation of the gene coding for the high capacity glucose
transporter Hxtl which depends on the impairment of a known
transcriptional regulation exerted by Snfl (Tomas-Cobos and Sanz, 2002).
Nevertheless, snflA cells produced more glycolytic output products, i.e.
ethanol and acetate, when growing in 2% glucose, but secreted the same
amount of these metabolites as the wt when growing in 5% glucose

(Figure 14C).
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These findings indicate that glycolysis is functionally enhanced in the
absence of Snfl, in spite of unaltered glucose uptake, suggesting that the
increased expression of glycolytic genes may be a transcriptional

adaptation to the metabolic re-arrangement.
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Figure 14. Lack of Snfl enhances glucose uptake and glycolytic flux

(A) Enzymatic activity of the indicated enzymes in total protein extracts. (B)
Glucose consumption of snf1A and wt strains in exponential phase of growth in
2% and 5% glucose, assayed by NMR analysis. (C) Ethanol and Acetate production
of snflA and wt cells in exponential phase of growth in 2% and 5% glucose,

assayed by NMR analysis.

Growth in 5% glucose does not influence the snfiA fatty acid
biosynthesis deregulation

One of the most extensively characterized phenotypes of snf1A cells is the
accumulation of fatty acids, caused by the loss of Snfl-dependent
phosphorylation of the acetyl-CoA carboxylase Accl (Hofbauer et al.,

2014; Shi et al., 2014). This phenotype is of particular interest, since until
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now has been basically a stand-alone in the comparison between the
metabolic roles of Snfl and its mammalian counterpart AMPK, which in
other aspects diverged during evolution (Faubert et al., 2013). In yeast,
loss of Snfl and the consequent carbon overflow into the fatty acid
biosynthetic pathway has been shown to cause inositol auxotrophy
mediated by the impairment of INO1 expression (Hofbauer et al., 2014;
Shirra et al., 2001) and a depletion of the intracellular acetyl-CoA pooal,
causing a global reduction of histone acetylation (Zhang et al., 2013).
However, no information about fatty acid biosynthesis in yeast at higher
glucose concentration (>2%) is available.

We therefore quantitatively measured the fatty acid composition of wt
and snflA cells growing in 2% and 5% glucose by GC-MS analysis, to
investigate whether the phenotype-reverting glucose supply (5% glucose)
influences fatty acid accumulation in snf1A. As previously shown, lack of
Snfl caused accumulation of long chain fatty acids and interestingly this
happened also in cells growing in 5% glucose (Figure 15).

It is well known that fatty acid elongation requires NADPH (Tehlivets et al.,
2007), so we speculated that in snf1A cells the reducing equivalents for
fatty acid elongation could be obtained from the pentose-phosphate
pathway. Nevertheless, when we measured the activity of glucose-6-
phosphate dehydrogenase (coded by ZWF1), we failed to observe any

significant difference (Figure S9A). However, our gene chip analysis
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evidenced that the genes coding for all the three NADH kinases (POS5,
UTR1, YEF1) were up-regulated in snflA cells growing in 2% glucose
(Figure S9B), thus suggesting a compensatory mechanism involving de

novo NADPH biosynthesis.
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Figure 15. Fatty acids are equally accumulated in 2% and 5% glucose snf1A log
phase cells

The most abundant yeast long chain saturated (C16:0 and C:18:0) and un-
saturated (C16:1n-7 and C18:1n-9) fatty acids were quantified by GC-MS analysis

and normalized on cellular dry weight. *p-value < 0.05; **p-value < 0.005.
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Lack of Snfl causes glutamate accumulation and fueling of carbon into
the TCA cycle

Alteration of the Snfl pathway in respiration-defective cells in stationary
phase has been shown to cause a reshaping of the yeast metabolome,
involving storage carbohydrates and amino acids (Friis et al., 2014). To
assess whether the observed alterations in the glycolytic flux and the fatty
acid biosynthetic pathway could be linked to broad alterations of the
metabolism, we performed a metabolome profiling through H-NMR
spectroscopy, measuring a panel of intracellular metabolites. The most
evident effect of the lack of Snfl on metabolite levels in 2% glucose was
the significant accumulation of glutamate, notably the most abundant
metabolite (Figure 16A). Interestingly, the accumulation of glutamate was
reduced in cells growing in 5% glucose, correlating with the reversion of
the growth phenotype of snf1A cells (Figure 16A).

The profiling of intracellular amino acids also showed a slight but
significant accumulation of intracellular methionine and a substantial
reduction in the histidine content (Figure 16A). The wt and snfl1A strains
did not show a differential histidine uptake from the media (data not
shown) and the amino acid itself was supplemented in large excess, thus
the observed reduction in histidine content is attributable only to the
alteration of intracellular processes. The only specific utilization of

histidine, except for protein synthesis, is its use as a precursor for thiamine
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biosynthesis. Thiamine, as thiamine diphosphate, is a cofactor in a number
of biochemical reactions, but it is primarily required for the activity of
pyruvate decarboxylase and pyruvate dehydrogenase (Kowalska and
Kozik, 2008). Hence, the hyper-glycolytic phenotype of snflA cells may
cause an enhanced thiamine utilization by pyruvate decarboxylase
isoforms, thus accounting for the reduction in the intracellular histidine
pool.

Another major alteration in snflA cells was the drastic reduction in
intracellular glycerol (Figure 16B). This reduction was evident also for cells
growing in 5% glucose, even if both wt and snf1A cells presented higher
levels of glycerol at 5% glucose as compared to 2% glucose, consistent
with the role of glycerol as redox sink and as recipient of glucose excess
during exponential growth (Ansell et al.,, 1997). Snfl is known to
phosphorylate and inactivate the major glycerol-3-phosphate
dehydrogenase isoform Gpd2 in nutrient limited conditions (Lee et al.,
2012), but here we show a reduction rather than an increase in glycerol
content, indicating that this repressive role of the kinase is negligible in a
non-limiting glucose concentration.

As mentioned above and shown in Figure 4A, snflA cells accumulate
glutamate. In fermenting yeast cells the biosynthesis of glutamate occurs
via the reaction of ammonia and a-ketoglutarate, thus it seems likely that

cells accumulating this amino acid could increase the activity of the TCA
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cycle to supply biosynthetic building blocks. We therefore performed a
targeted GC-MS analysis to measure intermediates of the TCA cycle and
identified different levels of some of them in snf1A cells compared to the
wt. In particular, snf1A cells accumulated more citrate both in 2% and 5%
glucose, and even more clearly they accumulated malate when growing in
2% glucose (Figure 16C), thus suggesting the hypothesis of an increased
fueling of the TCA cycle in the absence of Snf1l.

During growth on glucose, glutamate biosynthesis from a-ketoglutarate is
performed mainly by the NADPH-dependent glutamate dehydrogenase
Gdh1l (Deluna et al.,, 2001). We therefore measured the NADPH-
dependent Gdh1l activity in total cell extracts, which interestingly was
found lower in snf1A cells as compared to the wt (Figure 16D). This finding
was not surprising in light of the drain of NADPH caused by the enhanced
fatty acid biosynthesis in a snf1A mutant (Figure 16A), which adjusts the
NADPH consuming Gdh1 activity accordingly. Notably, this lower activity
was consistent with the reduction of glycerol accumulation (Figure 16B)
and ethanol overproduction (Figure 14C), matching the results previously
obtained with gdh1A cells (Bro et al., 2004).

We also measured the activity of NAD- and NADP-dependent isocitrate
dehydrogenases (IDH and IDP, respectively), which perform the synthesis
of a-ketoglutarate from isocitrate and thus can be considered shared

reactions between the TCA cycle and the glutamate biosynthetic pathway.
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Both enzymatic activities were lower in snf1A cells growing in 2% glucose,
but the activity was not affected by deletion of Snfl in 5% glucose.
Besides, the activity of Gltl, the NADH-dependent glutamate synthase
catalyzing the synthesis of two glutamate molecules from glutamine and
a-ketoglutarate, was unaltered in snf1A cells (Figure 16D). However this
alternative glutamate biosynthetic pathway, which biochemically could
account for glutamate accumulation, is evidently a hotspot, since all the
genes coding for the enzymes of the pathway were up-regulated in snf1A

cells (Figure S10A-B).
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Figure 16. Absence of Snfl promotes carbon flow into the TCA cycle and
glutamate accumulation

(A) Intracellular concentration of amino acids evaluated by NMR. *p-value < 0.05;
**p-value < 0.005. (B) Intracellular concentration of glycerol evaluated by NMR.
*p-value < 0.05; **p-value < 0.005. (C) Intracellular concentration of TCA cycle
intermediates evaluated by GC-MS. *p-value < 0.05. (D) Enzymatic activity of the

indicated enzymes in total protein extracts.

Increased uptake of amino acids in snf1A4 cells supports growth

The down-regulation of the main glutamate biosynthetic pathway
through Gdhl left unexplained the issue of the origin of exceeding
glutamate in snf1A cells. We therefore tested the possibility of glutamate
being a product of utilization of other amino acids assaying the
consumption of leucine, methionine and histidine in the medium. While
the consumption of histidine was negligible in every tested condition (data
not shown), leucine and methionine uptake were significantly higher in

snflA cells growing in 2% glucose compared to the wt, consistently with
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the enhanced expression of genes encoding for amino acid transporters
(Figure S1B), while in 5% glucose the uptake of amino acids was
comparable between the mutant strain and its control (Figure 17A).
Interestingly, leucine is known to be degraded through the Ehrlich
pathway to glutamate and fusels alcohols (Dickinson, 2000) and snfl1A
cells transcriptionally up-regulate genes (BAT2, THI3, ADH4, ADH5)
belonging to this pathway (Figure S10C). Noteworthy, decreasing the
concentration of leucine and methionine in the medium to 1/5th of the
amount normally supplemented impaired the growth of snf1A cells only
in 2% glucose, while having no effect on wt cells in this condition nor on
wt and snfl1A growing in 5% glucose (Figure 17B).

Strikingly, lowering the concentration of leucine and methionine in the
medium abolished the accumulation of intracellular glutamate in snf1A
cells growing in 2% glucose (Figure 17C).

Altogether, these data support the hypothesis that snfiA cells in 2%
glucose fuel carbon into the TCA cycle from amino acids supplemented in

the medium.
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Figure 17. Enhanced amino acids uptake is necessary to sustain growth of snf1A
cells

(A) Methionine and Leucine consumption of snflA and wt cells in exponential
phase of growth in 2% and 5% glucose, assayed by NMR analysis. OD normalized
to time point 0. (B) Table showing the mean duplication time (MDT) of the
indicated strains in standard medium (leucine and methionine 50 mg/L) or in
amino acids limiting cultures (leucine and methionine 10 mg/L). (C) Glutamate
intracellular content of the indicated strains in amino acids limiting cultures

(leucine and methionine 10 mg/L).
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Oxidative phosphorylation sustains growth and energy production in the
absence of Snfl

The previous findings that indicate an amino acid utilization through the
TCA cycle in snflA cells in 2% glucose, suggest a respiro-fermentative
metabolism, thus requiring the re-oxidation of mitochondrial NADH,
whose pool is well known to be separated from the cytoplasmic one (Kato
and Lin, 2014). To assess the role of mitochondrial activity, snfiA and wt
cells in exponential phase of growth were treated with antimycin A, an
inhibitor of the complex Il of the electron transport chain. In 2% glucose
the drug further impaired the slow growth phenotype of snfiA cells,
without affecting wt cells (Figure 18A). Remarkably, snf1A cells completely
ceased to be affected by antimycin A when grown in 5% glucose (Figure
18B).

Electron flow through the respiratory chain ultimately leads to the
synthesis of ATP, therefore we wondered whether the inhibition in a snf1A
strain could influence energy supply. To assess this issue, we measured
intracellular content of ATP in wt and snf1A cells treated with antimycin A
for 5 hours, as well as in mock controls. Although antimycin A treatment
slightly reduced ATP content of wt cells, indicating a limited role of
oxidative phosphorylation in wt fermenting cells, snfl1A cells growing in
2% glucose synthetized a significantly larger fraction of their ATP through

this mechanism (Figure 18C). Consistently with the observed protective
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role of glucose on the growth of snf1A cells treated with antimycin A, ATP
synthesis was only slightly affected in 5% glucose, as for the wt strain
(Figure 18C). In addition, snf1A cells contained lower basal ATP levels,
indicating that unrequired energy consuming processes, possibly fatty
acid biosynthesis, are draining energy.

Since a direct consequence of the inhibition of electron transport chain
should be a reduction of the capability of mitochondrial NADH pool to be
re-oxidized, we measured total NAD* and NADH intracellular content
(mitochondrial and cytoplasmic) in the same conditions tested above for
ATP content. snflA cells contained significantly lower amounts of NAD
when grown in 2% glucose, with a relative increase of the reduced form
(Figure 18D). After treatment with antimycin A, NADH in snfl1A cells
significantly increased, consistent with the predicted effect of electron
transport chain inhibition (Figure 18D). However, in the same condition
NAD* content increased accordingly, indicating a compensatory
mechanism probably involving the de novo NAD(H) biosynthesis. In
agreement with the aforementioned results for growth and ATP,
NAD*/NADH levels of snflA cells growing in 5% glucose were not
influenced by antimycin A treatment (Figure 18D). Remarkably, antimycin
A treatment of snf1A cells grown with lower concentrations of leucine and
methionine greatly impairs their growth, in respect to that of cells grown

in standard medium (Figure 18E).
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Figure 18. snf1A cells require oxidative phosphorylation to sustain growth and

generate ATP

(A) Growth curve of wt and snf1A cells in exponential phase in 2% glucose treated

and un-treated with antimycin A. (B) Growth curve of wt and snf14 cells in

exponential phase in 5% glucose treated and un-treated with antimycin A. (C)
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Intracellular ATP concentration of the indicated strains after 5 hours treatment
with antimycin A, un-treated sample shown as mock control. *p-value < 0.05. (D)
Intracellular content of NAD and NADH of the indicated strains after 5 hours
treatment with antimycin A, un-treated sample shown as mock control. (E) Table
showing the mean duplication time (MDT) of wt and snf1A cells either treated or
not with antimycin A and growing in standard medium (leucine and methionine

50 mg/L) or in amino acids limiting conditions (leucine and methionine 10 mg/L).
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3.2. Supplementary results
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Figure S8.
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A G6PDH activity B log2 (snf14/wt)
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Figure S9.

(A) Enzymatic activity of glucose-6-phosphate dehydrogenase in total protein
extracts of the indicated strains. (B) Heat map showing the log2 fold change of

expression of the genes coding for the NADH protein kinases.

104



Results

A log2 (snf1A/wt)
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Figure S10.
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(A) Heat map showing the log2 fold change of expression of the genes coding for

enzymes involved in glutamate metabolism. (B) Real-time PCR validation of

expression of genes involved in amino acids transport and glutamate

metabolism. (C) Heat map showing the log2 fold change of expression of the

genes coding for enzymes involved in the Ehrlich pathway of leucine

degradation.
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Yeast strains and growth conditions

S. cerevisiae strains used in this study are listed in Table 1. Synthetic
medium contained 2%, 5%, 0.05% glucose, or 2% ethanol (as indicated in
Figures) 6.7 g/L of Yeast Nitrogen Base (Difco), 50 mg/L of required
nutrients (or less, if indicated), at standard pH (5.5). Cell density of liquid
cultures grown at 30°C was determined with a Coulter counter on mildly
sonicated and diluted samples or spectrophotometrically at 600 nm.
Antimycin A (Sigma) was added at a final concentration of 1 pg/ml (from
a 2 mg/ml stock in 100% ethanol); as a control, a culture grown in the
presence of the same concentration of ethanol was used. For experiments
with the Snf1(1132G)®* strain, 25 uM 2NM-PP1 (from a 25 mM stock in
100% DMSO) was added to inhibit the activity of Snfl (Shirra et al., 2008);
as a control, a culture grown in the presence of the same concentration of
solvent (0.1% DMSO) was used. Synthesis of compound 2NM-PP1 was

carried out as previously described (Busnelli et al., 2013).

Table 1. Yeast strains used in this work

Strain Genotype Origin
. Open

BY wt? MATa his3A1 leu2A0 met15A0 ura340 .
Biosystems
snflAe@ MATa his3A1 leu2A0 met15A0 ura3A0 snfl::HPH This study

MATa his3A1 leu2A0 metl15A0 ura3A0 SNFI- .
- a

Snf1-9myc OmycLEU2 This study

108



Materials and methods

Cyrl-TAP?

Snfl-myc Cyrl-
TAPa

Snfl-myc Cyr1-
TAP reg1A®

Snf1-HA Cyr1-TAPe

Snf1-K84R-HA
Cyrl-TAP?

snflA [pRS316]°

Snfl-HA®

Snf1-G53R-HA®

cyrlA pdelA
yaklA®b

cyrlA pdelA
yaklA Cyriwt?

cyrlA pdelA
yak1A Cyrl-
S554A,S736A%

miglA®

MATa his3A1 leu2A0 met15A0 ura3A0 CYR1-TAP:HIS3

MATa his3A1 leu2A0 metl5A0 ura3A0 SNF1-
9myc:LEU2 CYRI-TAP:HIS3

MATa his3A1 leu2A0 metl15A0 ura3A0 SNFI1-
9myc:LEU2 CYR1-TAP:HIS3 reg1::URA3

MATa his3A1 leu2A0 metl5A0 ura3A0 Snfl::HPH
[pRS316-SNF1-HA] CYR1-TAP:HIS3

MATa his3A1 leu2A0 met15A0 ura3A0 Snfl::HPH
[pRS5316-SNF1-K84R-HA] CYR1-TAP:HIS3

MATa leu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1
can1-100 snfl::HPH [pRS316]

MATa leu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1
can1-100 snfl::HPH [pRS316-SNF1-HA]

MATa leu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1
canl-100 snfl::HPH [pRS316-SNF1-G53R-HA]

MATa leu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1
canl1-100 cyrl:KanMX, pde2::TRP1, yakl::LEU2
[YCplac33]

MATa leu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1
canl1-100 cyrl:KanMX, pde2::TRP1, yakl::LEU2
[YCplac33-CYR1]

MATa leu2-3,112 ura3-1 trp1-1 his3-11,15 ade2-1
canl-100 cyrl:KanMX, pde2::TRP1, yakl1::LEU2
[YCplac33-CYR1-S554A,5736A]

MATa his341 leu2A0 met15A0 ura3A0 migl::KanMX4

Open
Biosystems

This study

This study

This study

This study

This study

This study

This study

(Van de Velde
and Thevelein,
2008)

This study

This study

Euroscarf

9Isogenic to BY4741
b Isogenic to W303-1A

Recombinant and genetic techniques

DNA manipulation and yeast transformations were carried out according

to standard techniques. To obtain the tagged strains, proteins were

tagged with a C-terminal 4HA or 9myc epitope by an in locus 3’ in-frame

insertion. E. coli DH5a and BL21(DE3)[pLysE] were used in cloning
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experiments and for expression of recombinant proteins, respectively.

The Hpal-Xhol fragment of CYRI1, originated from the Ycplac33-CYR1

plasmid (Vanhalewyn et al., 1999), was cloned in the Hincll-Xhol site of

pIVEX2.4a plasmid, originating plasmid plIVEX-Cyr1(335-1066)

or

pIVEX2.4a-Cyr1HX (Figure 19). Mutant CYR1-S554A,S736A gene was

obtained by site-directed mutagenesis of plasmid pIVEX2.4a-Cyr1HX,

using customly designed primers, and sub-cloning in the original Ycplac33-

CYR1 plasmid.

i+ Created with SnapGene™

(5673) Aatll
(s671) ZIral Ndel (184)

BStAPI (185)
Sphl (409)
Sgral (s57)
L NgOMIV (566

Nael (ses)

BgIIL (598}

Xbal (s56)

Eagl - NotI - Sacl ({747}

(5231) Scal

AmpR promoter

Pacl (758)
Ncol [764)

= Hincll (774)

Bell* (1043)

\
A PpuMI (1057)
»/4 AvPII (1060)

PIVEX2.4a-CyriHX
5738 by

(4274) AlveNI ——
—— BmgBI (1493)

T Mlul (1583)

T BstXI (1708)

(3658) Poil BfuAl - BspMI (1893)
(3742) BspQI - Sapl

(3478) BspDI - Clal

(3310} BtgZl BsaAl (2160}

Spel (2364)

3043) Blpl
(299t&;;:)mg|mal Mfel (z506)
(2986) TSPMI - Xmal

(2979) Sacl

(2977) Eco53kI PaeR7I - PspXI - THI - Xhal (2968)

Figure 19. pIVEX2.4a-Cyr1HX plasmid
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Recombinant proteins purification

Escherichia coli strain BL21(DE3)[pLysE] was transformed with pIVEX2.4a-
Cyr1HX, cultured in Luria-Bertani broth with 100 mg/L of ampicillin and 34
mg/L of chloramphenicol at 37°C (ODeoonm = 0.3), and induced for 2 h with
1mM IPTG (isopropyl thio-B-d-galactoside) at 30°C. Hise-Cyr1lHX was
purified on Ni%*/NTA beads (Qiagen) and eluted serially with 200, 400 and
800 mM imidazole. Protein concentration was measured by Bradford
method using Bio-Rad protein assay kit (Bio-Rad). The purified proteins
were dialyzed against a buffer containing 20 mM HEPES pH 7, 100 mM
NaCl, 0.5 mM EDTA, 0.5 mM DTT, 5mM MgAc, 5% glycerol and stored at -
80°C.

Protein extraction, immunoblotting and immunoprecipitation.

Samples of cells were harvested and lysed using ice-cold lysis buffer (50
mM Tris pH 7.5, 150 mM NaCl, 0.1% NP-40, 10% glycerol) plus 1 mM PMSF,
proteases inhibitor mix (Complete EDTA free Protease Inhibitor Cocktail
Tablets, Roche) and phosphatase inhibitor mix (Sigma). An equal volume
of acid-washed glass beads (Sigma) was added and cells were broken by
20 vortex/ice cycles of 1 min each. Extracts were transferred to new tubes
and clarified by centrifugation. Protein concentration was determined
using the Bio-Rad protein assay. Crude protein extracts were incubated 2h

at 4°C with anti-HA affinity matrix (Roche) to immunoprecipitate Snf1-HA
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protein complexes or with IgG-agarose beads (Sigma) to immunopurify
Cyr1-TAP. The immunocomplexes obtained after removal of supernatants
were washed 3 times with lysis buffer and once with 25 mM MOPS pH 7.5.
SDS-sample buffer was then added to the beads and the samples were
heated for 5 min at 95°C. Western blot analysis was performed using anti-
TAP antibody (1:2500, Thermo Scientific, Open BioSystems), anti-HA
antibody (1:1000, 12CA5, Roche) or anti-myc antibody (1:1000, 9E10,

Santa Cruz).

Gene Chip® Analysis

Total RNA concentration and purity of yeast samples was assessed by
spectrophotometer (Nanodrop) evaluating 260/280 and 260/230 ratios.
Total RNA integrity was assessed by Agilent Bioanalyzer. An aliquot (300
ng) of RNA was used for the preparation of targets for Affymetrix® Yeast
Genome 2.0 arrays, according to the Ambion MessageAmp IlI RNA
amplification kit manual. Affymetrix® Yeast Genome 2.0 arrays (which
contain 10928 genes) were purchased from Affymetrix (Affymetrix, USA).
The staining, washing and scanning of the arrays were conducted using
the Fluidics 450 station, Command Console Software and GeneChip®
Scanner 3000 7G, generating .CEL files for each array (Affymetrix, USA).
The images were scanned by Affymetrix GeneChip Command Console

(AGCC) and analyzed with the Affymetrix GeneChip Expression Console.
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The quality control of the scanned data was first estimated by confirming
the order of the signal intensities of the Poly-A and Hybridization controls
using Expression Console Software (Affymetrix, USA). Raw expression
values were imported as Affymetrix .CEL files into Partek Genomics Suite
6.6 (Partek Inc., St. Louis, MO, USA), were analyzed and normalized,
including the Preprocessing, Differentially Expressed Genes (DEGs)
Finding and Clustering modules. The .CEL files were uploaded and
normalized in PM (perfect match)-only conditions as a PM intensity
adjustment. A Robust Multichip Analysis (RMA) quantification method
(Irizarry et al., 2003) was used as a probe set summarization algorithm for
log transformation with base 2 (log2) and the Quantile normalization
method was chosen to evaluate the preliminary data quality in the
Preprocessing module, which functions as a data quality control through
the Affymetrix Expression Console Software. The mean signal intensities
of all genes were obtained using a group of arrays for each condition. After
normalization, the differentially expressed genes (DEGs) satisfying the
conditions of the Fold Change settings (FC = £ 1.5) from all of the genes
probed in the array were selected in the DEGs Finding module.
Hierarchical cluster analysis was also performed to see how data

aggregated and to generate heat maps.
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RNA purification and qReal-time PCR

Total RNA was isolated using a phenol-chloroform protocol, essentially as
previously described (Pessina et al.,, 2010). Obtained data were
normalized to both ACT1 and CDC34 reference genes and organized with
CFX manager software (Bio-Rad). Data are presented as the mean value +
described (Pessina et al., 2010). Reverse transcription of 0.5 pg of mRNAs
was carried out with iScript cDNA Synthesis Kit (BIO-RAD). Quantitative
Real-time PCR for gene expression was performed using SsoFast EvaGreen
Supermix standard deviation from at least three independent

experiments performed in duplicates.

Metabolites extraction and analysis

Metabolic profiling by 'H-NMR of intracellular and extracellular
metabolites was performed as previously described (Airoldi et al., 2014).
Fatty acids were extracted and analyzed by GC-MS as in (Khoomrung et
al., 2012). Analysis of intracellular organic acids was carried out as in
(Khoomrung et al., in preparation). Extracellular levels of glucose, ethanol,
acetate and amino acids were evaluated by *H-NMR on growth media

(Airoldi et al., 2014).
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ATP and NAD*/NADH assays

ATP was measured using the CellTiter-Glo® Luminescent Assay (Promega)
following the manufacturer’s instructions, using 100 pl of a 0.3 OD culture.
NAD* and NADH were measured using the EnzyChrom™ NAD/NADH Assay

Kit (Medibena), following the manufacturer’s instructions.

Enzymatic assays

For enzymatic assays, cells were rapidly collected by filtration and frozen
at -80°C. Total protein extracts were obtained disrupting the cells with
glass beads in the buffer appropriate for each assay, protein
concentrations were determined using the Bio-Rad protein assay (Bio-
Rad) and enzymatic assays were performed on equal amount of protein
extracts. Hexokinase activity was assayed essentially as previously
described (Bergmeyer et al., 1983). Enolase and isocitrate dehydrogenase
activities were assayed essentially as described (Bergmeyer et al., 1983).
Malate dehydrogenase was assayed essentially as previously described
(Bergmeyer et al., 1983). Glyceraldehyde-3-phosphate dehydrogenase
activity assay was performed essentially as described (Delgado et al.,
2001). Glucose-6-phosphate dehydrogenase activity was measured
essentially as in (Noltmann et al.,, 1961). Isocitrate lyase activity was

assayed asin (Chell et al., 1978). Glutamate synthase (GOGAT) activity was
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assayed as in (Cogoni et al., 1995). Glutamic dehydrogenase activity was

assayed essentially as in (Shimizu et al., 1979).

cAMP assay
cAMP was measured using the cAMP Biotrak EIA Assay (GE Healthcare)
following the manufacturer’s instructions. Sample preparation was

carried out as in (Petkova et al., 2010).

In vitro phosphorylation assay

In vitro phosphorylation of recombinant Hise-Cyrl (4 ug of purified
protein) was performed in a buffer containing 20 mM HEPES pH 7, 100
mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 5mM MgAc, 5% glycerol using
protein kinase Snf1-HA immunopurified from exponentially growing yeast
cells. The reaction was started by adding 0.24 uM [y-3?P] ATP (specific
radioactivity 2000 cpm/pmol) and incubated at 30°C for 30 min. The
reaction was stopped by adding 4x SDS sample buffer, then heated for 5
min at 95°C and proteins were separated by SDS-PAGE. Phosphorylated

bands were visualized by autoradiography.

Bioinformatic analyses and data visualization
GO and KEGG enrichment was performed with GeneCodis (Tabas-Madrid

et al.,, 2012). Network data visualization was performed with Cytoscape
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(Shannon et al., 2003). Protein sequence and phosphosites visualization
was performed with DOG (Ren et al., 2009). Target-Kinase associations
were retrieved in KID, Yeast Kinase Interaction Database (Sharifpoor et al.,

2011).

IP/MS

Bands identified as Cyrl by immunodetection, were excised after silver
staining, reduced with dithiothreitol (DTT) and alkylated with 55 mM
iodoacetamide at room temperature for 45 minutes. Bands were dried,
soaked with ammonium bicarbonate 0.1 M and digested overnight with
trypsin sequence grade, at 37 °C using a protease: protein ratio (1:10).
Tryptic digests were extracted with 50% ACN in 0.1% TFA,
desalted/concentrated on a pZipTipC18 (Millipore) and analyzed by mass
spectrometry.

LC-ESI-MS/MS analysis was performed on a Dionex UltiMate 3000 HPLC
System with a PicoFrit ProteoPrep C18 column (200 mm, internal diameter
of 75 um) (New Objective, USA). Gradient:1% ACN in 0.1 % formic acid for
10 min, 1-4 % ACN in 0.1% formic acid for 6 min, 4-30% ACN in 0.1% formic
acid for 147 min and 30-50 % ACN in 0.1% formic for 3 min at a flow rate
of 0.3 pl/min. The eluate was electrosprayed into an LTQ Orbitrap Velos
(Thermo Fisher Scientific, Bremen, Germany) through a Proxeon

nanoelectrospray ion source (Thermo Fisher Scientific). Data acquisition
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was controlled by Xcalibur 2.0 and Tune 2.4 software (Thermo Fisher
Scientific). The LTQ-Orbitrap was operated in positive mode in data-
dependent acquisition mode to automatically alternate between a full
scan (m/z 350-2000) in the Orbitrap (at resolution 60000, AGC target
1000000) and subsequent CID MS/MS in the linear ion trap of the 20 most
intense peaks from full scan (normalized collision energy of 35%, 10 ms
activation).

Data Base searching was performed using the Sequest search engine
contained in the Proteome Discoverer 1.1 software (Thermo Fisher
Scientific). The following parameters were used: 10 ppm for MS and 0.5
Da for MS/MS tolerance, carbamidomethylation of Cys as fixed
modification; oxidation of Met and phosphorylation of Ser, Tyr and Thr, as

variable modifications, trypsin (2 misses) as protease.
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Snfl is a serine/threonine kinase widely recognized as required by the
yeast Saccharomyces cerevisiae to adapt to nutrient limitation and to
utilize alternative carbon sources, such as sucrose and ethanol (Hedbacker
and Carlson, 2008). Being Snfl a kinase whose orthologues in higher
eukaryotes retain important functions as guardians of energy
homeostasis, the study of the implications of alterations in the Snfl
pathway are important not only for yeast itself but also as a model, for
example for human diseases (Hardie, 2007). Our recent finding of the cell
cycle defect of snf1A cells in a condition of glucose sufficiency (Pessina et
al., 2010) raised the challenge of a completely new investigation
framework. The work performed and presented in this thesis, therefore,
deals with different aspects of the role of Snfl in the absence of nutritional
distress.

To clarify the role of Snfl in the regulation of cell cycle, we aimed to
determine the extent of the defect of snf1A cells using a different method
of synchronization from that used before (Pessina et al.,, 2010).
Synchronizing the cells by centrifugal elutriation, we highlighted the
strong delay in the Gi/transition of a snflA strain (Figure 5). In
consequence of the observation that a catalytic deficient isoform of Snfl
(Snf1-K84R) presents a somewhat intermediate cell cycle phenotype
(Busnelli, 2013), we sought to determine the precise involvement of the

catalytic activity of the enzyme in guaranteeing a proper Gi1/S transition.
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By using a combinatory approach of cell synchronization (both in a-factor
and elutriation experiments) and chemical inhibition of an ATP-analog
sensitive isoform of Snfl, we demonstrated that the cell cycle defect is an
immediate consequence of the loss of Snfl catalytic activity (Figure 6 and
7). These findings, together with a detailed analysis carried out in our lab
of the alterations occurring at the molecular level at the promoters of G
genes in snflA cells (Busnelli et al., 2013), provided a neat picture of the
involvement of Snfl in the regulation of the Gi1/S transition of the cell
cycle.

A major challenge in the understanding of a signaling pathway is the
discovery of crosstalks with other pathways. Being Snfl mainly known for
its role in shaping metabolism to guarantee cell growth in nutritional
scarceness, it seemed likely that it could regulate other signaling pathways
that cause opposite outcomes. In search for new targets of Snfl, we
identified a set of previously unknown Snfl interacting proteins (Table S1
and Figure S3), among which adenylate cyclase (Cyrl), suggesting a
possible crosstalk between the Snfl and PKA pathways. PKA was a
possible candidate as a Snfl-regulated pathway, because it is activated in
conditions of nutrient abundance. The two pathways share common
downstream targets, such as transcription factor Adr1 (Cherry et al., 1989;
Gorner et al., 1998, 2002; Ratnakumar et al., 2009; De Wever et al., 2005),

and PKA has been reported to regulate the recruitment of Snfl to the
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vacuole and inactivate the Snfl-activating kinase Sakl (Barrett et al.,
2012; Hedbacker et al., 2004). This regulation seem to be evolutionary
conserved, since in mammalian cells PKA phosphorylates and inactivates
the Snfl orthologue AMPK (Djouder et al., 2010). Thus, by hypothesizing
a regulation of the PKA pathway by Snfl, we were suggesting a novel
crosstalk mechanism. Indeed, we demonstrated that the absence of Snfl
could alter the phosphorylation status of Cyrl in vivo, and that it can
phosphorylate an important regulatory domain of adenylate cyclase in
vitro (Figure 9 and 10). However, the lack of evidence for most of the
identified phosphosites of being Snfl targets, introduced a higher degree
of complexity to the situation, suggesting the existence of other kinases
acting as Snfl downstream effectors. Strikingly, by using a constitutively
activated isoform of Snfl, we highlighted an inverse correlation between
the activation state of the kinase and the intracellular content of cAMP
(Figure 11). On the contrary, we failed to determine any alteration in a
mutant carrying a double serine to alanine substitution of two putative
Snfl phosphorylation sites on the RAD domain of Cyrl (Figure S6).
However, in this case the cAMP content was evaluated, for technical
reasons, in a strain lacking the phosphodiesterase Pde2, which has been
reported to have increased basal levels of the cyclic nucleotide (Ma et al.,
1999), thus possibly flattening the differences between the strains. To

determine whether the activity of Snfl had actual influence on PKA
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activity, we have chosen to establish a method based on the expression
of an endogenous gene used as a reporter. The gene HXT7, identified as a
target of the PKA-repressed transcription factors Msn2 and Msn4 (Livas et
al., 2011), demonstrated to be suitable for the objective, since we checked
the PKA-dependent repression of HXT7 by using a strain lacking adenylate
cyclase (Figure S7A-B), and its independence from direct Snfl activity in a
mig1A strain (Figure S7C). Moreover, HXT7 has already been reported to
be Snfl-independent (Zaman et al.,, 2009), neither the interaction of
transcription factors such as Migl with the promoter of HXT7 is reported
in specialized databases. HXT7 resulted to be dramatically derepressed in
a Snfl-G53R strain (Figure 12), thus linking Snfl activation and
transcription of PKA-dependent genes. HXT7 codes for a high affinity
glucose transporter, specifically expressed in low glucose media
(Reifenberger et al., 1995), and the dependence of its expression from an
interplay between the PKA and Snfl opposing pathways seems therefore
biologically consistent. Altogether, these findings (summarized in Figure
20) added another link in the circuitry involving two major signaling
pathways. The regulation of PKA pathway by Snfl seems likely to occur in
nutrient limiting conditions, but the study in glucose abundance medium
allowed the use of the otherwise lethal mutant snf1A and the activated

mutant Snf1-G53R in the absence of a high basal activity of Snfl.
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Figure 20. Map of the crosstalk between the Snfl and PKA pathways

Schematization of the basic circuitry of the crosstalk between the Snfl and PKA
pathway, applied to the expression of the PKA-repressed gene HXT7. Subsidiary
pathways were omitted for simplification. Red and blue arrows indicate

activatory and inhibitory functions, respectively.
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The last part of the presented work deepens the understanding of the
involvement of signaling pathways in the regulation of metabolism of
proliferating cells, by taking a snapshot of Snfl deficient yeast cells
without nutritional distress. Our analysis showed that even in condition of
nutrient availability, the lack of Snfl causes rearrangements at multiple
levels (summarized in Figure 21), notably resembling the lack of proper
AMPK activity in mammalian cells (Faubert et al., 2014a).
Recent studies evidenced that the activation of AMPK is involved in
growth control and tumorigenesis and that ablation of the catalytic
subunit AMPKal promotes glucose uptake and aerobic glycolysis to
support proliferation of cancer cells (Faubert et al., 2013, 2014b). Here,
we show that glycolysis of snflA yeast cells is functionally enhanced
(Figure 14), with increased secretion in the media of ethanol and acetate
as compared to the wt, although no enhanced glucose consumption can
be observed in 2% glucose. This enhanced glycolytic function is
accompanied by transcriptional up-regulation of several genes of the
pathway in snf1A cells growing in 2% glucose (Figure 13), but we suggest
that this could be an adaptation phenomenon induced by the glycolytic
flux, as observed also in mammalian cells (Roche et al., 1997). Notably, it
was recently observed that mutants of the Snfl pathway present a thinner
cell wall and a higher susceptibility to agents targeting this structure
(Backhaus et al., 2013). This effect is nicely reverted by deletion of PFK1,
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which restores the glucose-6-phosphate pool, which is reduced in snflA
cells. In light of our findings, we propose that the reduced accumulation
of cell wall glucose derivatives could be due to the draining of glycolytic
intermediates and their funneling to the ending products.

In proliferating cells, a conspicuous aliquot of carbon is diverted into lipids
to support membrane biosynthesis and as biomass and energy reservoir
(Vander Heiden et al., 2009). Consistent with its role of keeper of cellular
energy, AMPK has evolved as a negative regulator of fatty acids
biosynthesis to avoid this energetically expensive process when nutrients
are scarce (Hardie, 2007) and this feature is conserved also in yeast cells
(Borklu Yucel and Ulgen, 2013; Usaite et al., 2009). In particular, both Snfl
and AMPK regulate the first step of fatty acid biosynthesis in a conserved
way by direct phosphorylation of acetyl-CoA carboxylase (Accl and ACC1,
respectively) (Davies et al.,, 1990; Shi et al., 2014; Shirra et al., 2001).
Noteworthy, yeast exclusively use acetate activated in the cytoplasm to
provide acetyl-CoA for fatty acids synthesis, since unlike plants and
animals it lacks the citrate lyase activity to fuel this process through the
TCA cycle (Hynes and Murray, 2010). Therefore, given that yeast fully
relies on glycolysis for this process, we propose that snflA cells need to
increase the glycolytic flux (Figure 14) to sustain the hyper-accumulation

of fatty acids (Figure 15).
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The synthesis of fatty acids is not only expensive in terms of carbon and
energy, but it also exploits the reducing equivalent (NADPH) pool of the
cell (Tehlivets et al., 2007), therefore it is likely that snfl1A cells face a
problem in balancing its NADPH/NADP* ratio. Even if the pentose-
phosphate shunt is the main pathway for NADP* reduction, it is
disadvantageous for energy generation and we lack direct evidence of its
enhancement in snfl1A cells. Instead, the limited NADPH pool probably
drives snflA cells to down-regulate the processes which utilize the
cofactor, as we show for glutamate biosynthesis via Gdh1 (Figure 16D).
Interestingly, exceeding glutamate is known to activate its degradation to
succinate via y-aminobutyric acid (GABA), involving the reduction of
NADP* to NADPH (Ramos et al., 1985). Therefore, it is possible that this
phenomenon is occurring in snfl1A cells, concomitantly obtaining NADPH
and fueling the TCA cycle.

In the absence of glucose, Snfl negatively regulates the translation of the
transcription factor Gen4, thus inhibiting the expression of a regulon of
genes involved in amino acids biosynthesis (Shirra et al., 2008). In our gene
chip analysis, that regulon is de-repressed even in snflA cells growing in
2% glucose, suggesting that Snfl effect on Gen4 can be extended also to
non-limiting nutrient conditions (Figure S8B). Furthermore, we show that
alterations of amino acids metabolism are actually relevant for snf1A cells,

the most evident being a significant intracellular accumulation of
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glutamate (Figure 16A). Glutamate is pivotal in the biosynthesis of many
other amino acids, and conversely it is one of the products of their
degradation. Amino acids supplemented in the medium can be used by
the cells not only as nitrogen source, but also as carbon source, via
degradation to glutamate, and this has been described especially for
leucine and methionine (Hothersall and Ahmed, 2013; Perpéte et al.,
2006). In this framework, the reliance of snflA cells on leucine and
methionine uptake (Figure 17A) demonstrated by the impairment of
growth when these amino acids are reduced in the medium (Figure 17B-
C), links leucine and methionine assimilation to compensation of carbon
and energy waste (Figure 21).

Utilization of glutamate as carbon source requires its conversion to a-
ketoglutarate and this process seems to be favored in snflA cells at least
at the transcriptional level (Figure S10A-B). Continuation of this process
essentially requires the execution of a part of the TCA cycle, in keeping
with the accumulation of malate in snflA cells (Figure 16C). Moreover,
inhibition of re-oxidation of mitochondrial NADH (treating with antimycin
A) is detrimental for snfl1A cells, since it coordinately affects growth, ATP
and NAD*/NADH contents (Figure 18). It was recently reported that Snfl
is required to face the impaired respiratory function caused by loss of

mitochondrial DNA in stationary phase (Friis et al., 2014). Our findings
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complement this notion, indicating that lack of Snfl causes an increase of
cellular dependence of mitochondrial function.

The common feature of the phenotypes described for snflA cells in this
paper is their reversion when cells grow in the presence of 5% glucose.
Even if 2% glucose is non-limiting for fermentative growth, increase of
glucose concentration to 5% results in enhanced glycolytic flux in wt cells
(Figure 2C). In addition, glucose uptake is higher in snf1A cells grown in 5%
glucose (Figure 2B). This finding strongly suggests that enhanced glucose
metabolism satisfies the requirements of snf1A cells and abolishes their
reliance on amino acids utilization. Noteworthy, snflA cells have been
shown to have impaired intracellular acetyl-CoA levels and subsequently
reduced histone acetylation, a phenotype that could be at least partially
reverted by the replenishment of acetyl-CoA pool (Zhang et al., 2013).
Increased carbon flux provided in 5% glucose could therefore account for
increased supply of acetyl-CoA, which, as described above, is directly
subtracted for fatty acids biosynthesis (Hynes and Murray, 2010). This
could relieve snf1A cells from effects of reduced histone acetylation on
gene expression, which has been pointed out as particularly important at
growth genes such as CIn3 (Shi and Tu, 2013). This hypothesis well fits our
previous findings of snfl1A cells having a cell cycle defect in the G1 to S
transition, accompanied by the impairment of the transcription of G-

specific genes (Busnelli et al., 2013; Pessina et al., 2010).
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In conclusion, here we describe the rewiring occurring in the metabolic
network of cells lacking Snfl, showing remarkable resemblances with
mammalian cells deprived of AMPK and identifying a strategy adopted by
these cells to guarantee growth. It has been pointed out that although
AMPK loss of function alone is not sufficient to cause transformation,
mutations of the kinase are not infrequent in cancers (Faubert et al.,,
2014a). However, lack of functional AMPK causes ambivalent effects,
because despite the loss of its catalytic activity enhances tumorigenesis,
it also deprives the cells of a critical pathway for the response to
environmental stresses. It is not surprising, therefore, that AMPK has been
indicated as a target for cancer therapy (Hardie, 2013). In this work, we
establish the usefulness of yeast in the study of a signaling pathway which
until now showed marginal similarities with its relative in higher
eukaryotes. The metabolic strategies adopted by Snfl/AMPK deficient
cells to support proliferation, as the increase of the utilization of amino
acids as carbon source reported here, are reminiscent of the increased
glutamine utilization that, together with an enhanced glycolysis, is the

hallmark of several cancer cells (Alberghina and Gaglio, 2014)
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Figure 21. Map of the metabolic rewiring occurring upon Snfl loss

Schematization of the metabolic rewiring occurring upon Snfl loss. Red and blue
arrows indicate processes for which there is evidence at different levels
(transcriptional, enzymatic, product concentration) of enhancement or

reduction, respectively.

Summarizing, this work provided new insights in both the causes and the
consequences of several issues of cells with altered Snfl function,
establishing the kinase as a strong candidate as a coordinator of several
cellular processes. Furthermore, we generated datasets whose further
exploitation will be interesting in the future perspective of the project. For
example, we provided a high resolution map of the phosphorylation

pattern of adenylate cyclase, which indeed will be useful in further studies
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of the regulation of the enzyme, also by feedback mechanisms. Moreover,
the identified Snfl interactors, among which several glycolytic genes,
show the up to now not tackled opportunity of an integrated analysis

together with the mapped transcriptional deregulation.
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