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ZUSAMMENFASSUNG

Die elF2a-Kinase General Control Non-derepressible 2 (GCN2) detektiert die
Abwesenheit von Aminosduren und koordiniert die Translation mit der Verfiigbarkeit der
Aminoséduren, wodurch die Zellen den Stress durch Nahrungsmangel bewéltigen. Es gibt
zunehmende Anzeichen dafiir, dass Aminosduren eine wichtige Rolle in der Modulierung
von Langlebigkeit und Gesundheit in diversen Spezies spielen, die zugrundeliegenden
Mechanismen bleiben jedoch unklar. GCN2 ist ein evolutiondr konservierter Sensor fiir
den Mangel an Aminosduren und ein potentieller Kandidat fiir die Regulierung von

Aminosdure-abhidngigen physiologischen Reaktionen.

Im ersten Teil dieser Studie habe ich die in vivo-Funktionen der GCN2-Kinase unter
Entzug jeder der 10 essentiellen Aminosduren (EAS) untersucht, wobei ich eine
Drosophila Gen2 Null-Mutante und eine vollstdndig definierte chemische Nahrung
verwendet habe. Die vorliegende Studie zeigt, dass die Funktion von GCN2 fiir die
Fliegenentwicklung und das Uberleben unter Entzug individueller EAS essenziell ist. Des
Weiteren konnte GCN2 bei ldngerem Entzug einer EAS eine kompensatorische
Nahrungsaufnahme induzieren, die zu erhohten Fettleveln fiihrt. Diese Fettreserven sind
wahrscheinlich urséchlich fiir die erhohte Resistenz der Fliegen unter vollstaindigem
Nahrungsentzug. Interessanterweise zeigen die Gen2 Null-Mutanten und Wildtyp-Fliegen
dhnliche physiologische Reaktionen unter Methionin-Entzug, was impliziert, dass einzig
der Entzug von Methionin durch einen GCN2-unabhéngigen Mechanismus detektiert
wird. AuBlerdem habe ich ermittelt, ob erhohte Expression von Activating Transcription
Factor 4 (ATF4), welcher der GCN2-Kinase nachgeordnet ist, ausreichend ist, um die
Phénotypen der GCN2 Null-Mutante unter Mangel verschiedener EAS zum Wildtyp-
Phiinotypen wiederherzustellen. Die Uberexpression von ATF4 kann die GCN2-
abhéngigen Funktionen unter Mangel spezifischer EAS teilweise wiederherstellen, und die
Effizienz der Wiederherstellung hangt davon ab, welche EAS in der Nahrung fehlt. Ein
weiterer wichtiger Fund dieser Studie ist, dass ein vollstindiger Entzug von Aminoséuren
sich von dem Entzug einzelner EAS unterscheidet und wahrscheinlich unabhédngig von
GCN2 detektiert wird. Ich habe auBerdem gezeigt, dass die Funktion von GCN2 in
Fliegen, im Gegensatz zu Nematoden, fiir eine Verlingerung der Lebensspanne durch

Rapamycin-induzierte Inhibition von Target Of Rapamycin (TOR) nicht essenziell ist.

Im zweiten Teil dieser Studie habe ich die Rolle der GCN2-Kinase wihrend reduzierter

Néhrstoffaufnahme (RN) und im Transsulfurierungs-Stoffwechselweg (TSW) analysiert.
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Aminoséduren, insbesondere Methionin und Cystein, spielen eine wichtige Rolle fiir
Lebensspannen- und Gesundheits-Vorteile durch RN. Der TSW ist fiir den Stoffwechsel
von Methionin und Cystein verantwortlich und kontrolliert mdglicherweise die RN-
induzierte Langlebigkeit durch H,S, welches ein Metabolit des TSW ist. Ein Anstieg in
der Produktion von H,S wihrend RN wurde in Hefe, Nematoden, Fruchtfliegen und
Nagetier-Modellen beobachtet. Interessanterweise zeigt die vorliegende Studie, dass die
durch RN und Methionin- und/oder Cystein-Restriktion induzierte Langlebigkeit in
Fliegen unabhéngig von GCN?2 ist, aber dass die Produktion von H,S zumindest teilweise
von GCN2 abhéngig ist. Daher habe ich den Zusammenhang zwischen RN-induzierter
Langlebigkeit und der Produktion von H,S erneut untersucht und fand
iiberraschenderweise, dass eine erhdhte Lebensspanne nicht mit erhdhter Kapazitit fiir die

Produktion von H,S korreliert.
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SUMMARY

The elF2a kinase, General Control Non-derepressible-2 (GCN2), senses amino acid
starvation and coordinates cellular translation with amino acid availability allowing cells
to cope with the nutritional stress. Accumulating evidence shows an important role of
amino acids in modulation of longevity and healthspan in diverse species, however the
underlying mechanisms remain elusive. With its function as an evolutionarily conserved
amino acid starvation sensor, GCN2 kinase is a potential candidate to be involved in

regulation of amino-acid-dependent physiological responses.

In the first part of this study, I have analyzed the in vivo functions of GCN2 kinase under
deprivation of each of the 10 essential amino acids (EAAs) using a Drosophila Gen2 null
mutant and a fully defined chemical diet. The present study shows that GCN2 function is
essential for ensuring fly development and survival under deprivation of individual EAAs.
Furthermore, this study suggests that GCN2 induces a compensatory feeding response in
flies under long-term nutritional deprivation of an EAA, leading to increased lipid level,
which is probably causal for the increased resistance of flies under full starvation.
Interestingly, Gen2 null mutant and wild-type control flies exhibit similar physiological
responses upon methionine deprivation, suggesting that methionine is the only EAA
whose deprivation is sensed by a GCN2-independent mechanism. Furthermore, I tested
whether enhanced expression of the downstream effector of GCN2 kinase, activating
transcription factor-4 (ATF4), in the absence of GCN2 is sufficient to rescue the
phenotypes of Gcn2 null mutant under starvation of different EAAs. The present study
shows that ATF4 activation partially rescues GCN2 mediated functions under deprivation
of specific EAAs and that the rescue efficiency upon ATF4 activation depends on which
EAA is being deprived from the diet. Another important finding of this study is that an
EAA starvation is different from full amino acid starvation and probably sensed by
GCN2-independent mechanisms. In addition, this study shows that in contrast to worms,
GCN2 function in flies is not essential for lifespan extension conferred by rapamycin-

mediated Target of Rapamycin (TOR) inhibition.

In the second part of this study, I have analyzed the role of GCN2 kinase in dietary
restriction (DR) and the transsulfuration pathway (TSP). Amino acids, particularly
methionine and cysteine, play an important role in mediating longevity and health benefits
of DR. Recently, it has been suggested that the TSP, responsible for methionine and

cysteine metabolism, controls DR-mediated longevity through one of its metabolite, H,S.
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An increase in the TSP-mediated H,S production was seen in yeast, worm, fruit fly, and
rodent models of DR. Interestingly, the present study shows that DR- and methionine
and/or cysteine restriction (M/C-R)- induced longevity is GCN2-independent in flies but
TSP-mediated H,S production, at least in parts, is dependent on GCN2. I, therefore re-
examined the connection between DR-induced longevity and TSP-mediated H,S
production and surprisingly found that increased lifespan do not correlate with increased

H,S production capacity in flies.
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'CHAPTER 1

‘ General Introduction



Chapter 1: General Introduction




"I shall live forever or die trying."”

1.1 Ageing: the process of growing old

Biologically, ageing is a gradual decline of physiological functions due to accumulation of
molecular and cellular damages over time. By 2050, 22% of the world's population will
be over 60 years (WHO). This puts an immense pressure on our society as ageing is the
major risk factor for age-associated pathologies including neurodegeneration, sarcopenia,
cardiovascular disorders and diabetes, which account for roughly two-third of all the
deaths occurring worldwide (Campisi, 2013). Therefore, it is crucial to understand the
underlying mechanisms of ageing and its associated pathologies and to identify

interventions for long and healthy life.

Understanding ageing is however challenging. The inherent complexity of ageing has lead
to more than 300 different theories explaining why and how ageing occurs (Kirkwood,
2005). Ageing results from intricate interactions between diverse factors including genetic
background, environmental changes and epidemiological conditions (Montesanto et al.,
2012). It exhibits great phylogenetic diversity and broad inter-individual variability
(Christensen et al., 2006). Despite the inherent complexity of ageing, there have been
substantial advances in ageing research over recent years, providing crucial insight into
metabolic pathways and biochemical processes involved in ageing. Recently, a seminal
study identified and categorized nine cellular and molecular hallmarks of ageing that
together determine the ageing process (Lopez-Otin et al., 2013). The existence of several
species in nature including rockfish, sturgeon, turtles, bivalves and lobsters that show
negligible or no signs of ageing (Kirkwood and Austad, 2000), itself demonstrates that
ageing is not inevitable. Indeed, recent work has shown that ageing can be ameliorated by
nutritional, genetic and pharmacological interventions (Fontana et al., 2010; Partridge,

2009).



1.2 Nutrition and ageing

Nutritional intervention is probably the most robust approach to combat ageing in
laboratory animals. Dietary, genetic or pharmacological manipulations that decrease
nutrient signaling extend lifespan (Fontana et al., 2010; Lopez-Otin et al., 2013). An
evolutionarily conserved nutritional intervention that delays ageing and improves lifespan
is dietary restriction (DR). DR, classically defined as reduced food intake without
malnutrition, extends lifespan in diverse species including yeast, worms, flies, fish,
rodents and rhesus monkeys (Fontana et al., 2010). DR also improves metabolic fitness
and protects against age-related decline in function and diseases including obesity,
diabetes, cardiovascular disease, cancers and neurodegeneration in rodents and primates
(Fontana and Partridge, 2015). In humans, DR significantly decreases body weight and
abdominal fat and causes a robust improvement in glycemic control and insulin sensitivity
(Soultoukis and Partridge, 2016; Weissa et al., 2006). DR encompasses different
interventions varying widely in both dietary composition and timing of food intake (Mair
and Dillin, 2008). The beneficial effects of DR can be obtained by reduced intake of
specific macronutrients including carbohydrates, fats or protein in the diet rather than
simple reduction of total calories (Lee et al., 2014b; Mair et al., 2005; Piper et al., 2005).
Among the macronutrients, proteins have been shown to play a causal role in determining

DR-mediated longevity.
1.2.1 Dietary protein and amino acids in ageing

Proteins are made up of 20 different amino acids. In multicellular organisms, half of them
cannot be synthesized de novo, and are hence called essential amino acids (EAAs), and
must be acquired through dietary means (Wu, 2016) (essential and non-essential amino
acids are listed in Table 1.1). Dietary guidelines recommend high intake of proteins,
especially derived from animal products, to combat obesity and promote health (Arentson-
Lantz et al., 2015). However, over the last decade, studies in different model organisms
have demonstrated that restriction of dietary protein and specific amino acid plays a key
role in modulating health and longevity benefits of DR. In Drosophila, reduction of
dietary yeast, the sole source of protein, extends lifespan to much higher extent than
isocaloric reduction of sucrose (Mair et al., 2005). In rodents, reduction in the protein
content of the diet (decreased protein to carbohydrate ratio) also maximizes lifespan

(Solon-Biet et al., 2014).
Furthermore, certain amino acids have distinct effects on longevity. In yeast,
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chronological lifespan can be extended by selective restriction of asparagine, glutamate or
methionine in the medium (Wu et al., 2013a; 2013b). In flies, adding back EAAs, in
particular methionine (or to a lesser degree tryptophan) to the diet of DR flies abrogates
lifespan extension (Grandison et al., 2009). Furthermore, reduced methionine content
under low protein status leads to lifespan extension in flies (Lee et al., 2014a). In rodents,
diets restricted for methionine and tryptophan have also been shown to increase lifespan
(Mclsaac et al., 2016; Miller et al., 2005; Orentreich et al., 1993). Interestingly, DR in
flies leads to increase in the activity of the transsulfuration pathway (TSP) (Kabil et al.,
2011) The TSP controls the conversion of methionine into cysteine and is the primary
source of endogenous hydrogen sulfide (H»S) (Stipanuk and Ueki, 2010). Recently,
increased TSP-mediated H,S production has been suggested to be causative for DR
benefits including extended lifespan, in yeast, worms, flies and rodents (Hine et al., 2015).
Surprisingly, besides methionine and tryptophan, effects of other EAA-restricted diets on
lifespan are not known, although some amino acids have been shown to induce other
benefits of DR. A recent study indicated that restriction of branched-chain amino acids
(leucine, isoleucine and valine) is sufficient to improve glucose tolerance and body
composition equivalently to a protein restricted diet (Fontana et al., 2016). Recent years
have seen significant progress with regard to the influence of amino acids on lifespan,
however more work is needed to understand the underlying mechanisms and pathways

regulating this effect.

Table 1.1: List of essential and non-essential amino acids

(*Arginine is a conditionally essential amino acid in humans)

Essential amino acids (EAAs) Non-essential amino acids (NEAAs)
Methionine (M) Alanine (A)
Trytophan (W) Cysteine (C)

Leucine (L) Aspartic acid (D)
Isoleucine (I) Glutamic acid (E)

Valine (V) Glycine (G)
Histidine (H) Asparagine (N)

Phenyalanine (F) Proline (P)

Threonine (T) Glutamine (Q)

Lysine (K) Serine (S)
Arginine* (R) Tyrosine (Y)




1.3 Amino acid starvation sensing pathway

Cells have evolved different signal transduction mechanisms to sense intracellular amino
acid levels. The presence of amino acids is sensed by Target of rapamycin (TOR) kinase
whereas lack of amino acids is sensed by GCN2 kinase (Gallinetti et al., 2013). The focus

of this thesis is particularly the role of GCN2 kinase under amino acid starvation.
1.3.1 GCN2 - an elF-2a kinase

The ability of an organism to survive depends on its ability to trigger responses against
diverse stresses. In eukaryotes, an important strategy to deal with different stresses is to
down-regulate protein synthesis, allowing cells to conserve resources and maintain
cellular proteostasis (Spriggs et al., 2010). Stress-dependent inhibition of protein synthesis
is attained by a family of kinases that phosphorylates eukaryotic initiation factor-2 alpha
(eIF2a). In mammals, four different elF-2a kinases have been identified and each of them
is activated in response to a different set of stress signals (Wek et al., 2006). Heme-
regulated inhibitor (HRI) is induced by heme deprivation, heat and oxidative stress,
Protein kinase double stranded RNA dependent (PKR) is activated by double stranded
RNA binding and participates in an anti-viral defense mechanism, Pancreatic elF2a kinase
(PEK/PERK) is triggered by endoplasmic reticulum (ER) stress and General control non-
derepressible-2 kinase (GCN?2) is activated primarily by amino acid starvation but can also
be triggered by other stresses including UV irradiation and proteasome inhibition (Wek et

al., 2000).

GCN2 is the only elF-2a kinase that is evolutionary conserved at the structural and
functional levels across diverse species ranging from yeast to mammals (Dever et al.,
1993; Wek et al., 2006). It primarily senses amino acid starvation and coordinates cellular
translation with amino acid availability, thus allowing cells to cope with the amino acid
starvation stress. However, GCN2 is not only relevant for controlling protein synthesis
and maintaining amino acid homeostasis but also has been implicated in several other
biological processes. In higher eukaryotes, GCN2 mediates feeding behavior (Maurin et
al., 2005), energy storage (Guo and Cavener, 2007), long-term memory formation (Costa-
Mattioli et al., 2005), tumor cell survival (Ye et al., 2010), immune response (Murguia and
Serrano, 2012) and intestinal inflammation (Ravindran et al., 2016). Moreover, in humans
GCN2 mutations have been linked to pulmonary veno-occlusive disease, a form of

pulmonary hypertension (Eyries et al., 2013).



1.3.2 Domains composition of the GCN2 protein

The ~180 kDa GCN2 protein is composed of five different domains (Figure 1.1) (Dong et
al., 2000; Hinnebusch and Natarajan, 2002; Wek et al., 1995). From the N-terminus, the
first is the RWD domain (so named from its presence in RING finger proteins, WD-
repeat-containing proteins, and yeast DEAD-like helicases). It acts as a binding site for
GCN1/GCN20 proteins, which are required to stimulate GCN2 activation. Next to the
RWD domain, a pseudokinase domain (‘YK) is present, which is also suggested to help in
GCN2 kinase activation. The third is a typical eukaryotic protein kinase (PK) domain,
which is inherently inert and its activation depends on the interactions with other domains
(Lageix et al., 2015; Qiu et al., 2001). The fourth is a histidyl-tRNA synthetase (HisRS)-
related domain, so named because it is highly homologous to the entire sequence of
histidyl-tRNA synthetase enzyme. The HisRS-related domain interacts and binds different
uncharged tRNAs together with the last domain of GCN2, the C-terminal domain (CTD).
The CTD is also required for association with ribosomes and facilitates GCN2

dimerization (Lageix et al., 2015).

t-RNA binding site

N HisRS-related co |©

Figure 1.1: Schematic representation of the domain arrangement in yeast GCN2

From the N to C terminus: RWD, pseudokinase (WK), protein kinase (PK), HisRS-related, and C-
terminal (CTD) domains. Arrow above GCN2 indicates binding site of t-RNA.

1.3.3 Mechanism of amino acid starvation sensing by GCN2 kinase

GCN2 is a serine/threonine kinase that senses and overcomes amino acid deprivation
(Castilho et al., 2014; Qiu et al.,, 2001). The proposed mechanism for amino acid
starvation sensing by GCN2 suggests that uncharged t-RNAs serve as an activating signal
for this kinase. Amino acid deprivation results in the accumulation of uncharged t-RNAs,
which bind to the HisRS-related domain of GCN2 (Figure 1.2). This binding evokes a
conformational change, resulting in activation of the adjacent PK domain (Diallinas and
Thireos, 1994; Dong et al., 2000; Wek et al., 1995). Subsequently, the activated kinase
domain catalyzes auto-phosphorylation of GCN2 and phosphorylation of its only known

substrate, elF2aq, at residue serine-51. Phosphorylation of e[F2a reduces the activity of the



guanylate exchange factor, elF2B, which recycles inactive GDP-bound eif2a to its GTP-
bound active form. Reduced availability of GTP-bound eif2a inhibits the formation of
ternary complex (elF2a-GTP-Met-tRNA1i), which is essential for delivering the initiator
methionyl t-RNA (Met-tRNAiMet) to the small ribosomal subunit in the first step of
translation initiation, thereby causing a general inhibition of global translation (Hershey,
1991; Qiu et al., 2001; Wek et al., 1995) (Figure 1.2). However, translation of selective
mRNAs with specific regulatory elements in their 5° UTRs (untranslated regions) is
increased. These mRNAs code for transcription factors such as GCN4 in yeast
(Hinnebusch, 1997), or activating transcription factor 4 (ATF4) in mammals (Harding et
al., 2003), which trigger a transcriptional response involving a number of target genes to
effectively manage the stress condition and relieve the cell from amino acid starvation

(Harding et al., 2003; Sikalidis et al., 2010).
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Figure 1.2: Amino acid starvation sensing by GCN2 kinase

Upon amino acid starvation, binding of uncharged t-RNAs to the HisRS-related domain activates
GCN2 kinase activity. Activated GCN2 phosphorylates elF2a, which inhibits eif2B activity
resulting in reduced availability of GTP-elF2a and inhibition of global translation. Concomitantly,
translation of ATF4 is induced which activates transcription of genes to restore amino acid

homeostasis.




1.3.4 Role of GCN2 in lipid metabolism

Dietary amino acid deficiency alters metabolism beyond protein homeostasis. For
instance, a lysine and threonine deficient diet in rats induces expression of genes linked to
cholesterol biosynthesis (Endo et al., 2002) and deprivation of any EAA inhibits
expression of fatty acid synthase (FAS), a key component of lipid metabolism in HepG2
cells (Dudek and Semenkovich, 1995). Interestingly, Guo and Caver first showed that
regulation of lipid metabolism upon deprivation of an EAA is mediated by the amino acid
starvation sensor, GCN2 (Guo and Cavener, 2007). In response to leucine deprivation, a
GCN2-dependent inhibition of lipogenic genes and FAS activity occurred in the liver and
lipid mobilization was increased in the adipose tissue. In contrast, due to the combined
effect of unrepressed lipid synthesis and reduced lipid mobilization, GCN2 deficient mice
developed liver steatosis. Recently, the endocrine hormone, fibroblast growth factor 21
(FGF21), has been implicated as a downstream effector of GCN2 kinase for regulating
lipid metabolism during amino acid starvation (De Sousa-Coelho et al., 2013; Laeger et
al., 2014). Under leucine deprivation, GCN2-dependent phosphorylation of elF2a and

activation of ATF4 induces FGF21, which then represses hepatic lipogenic genes in mice.

An in-depth understanding of lipid metabolism and its link to protein deprivation can
provide new insights into the treatment of obesity and other metabolic diseases.
Particularly, it will be interesting to investigate the role of the central nervous system,
which is implicated in the control of hunger and satiety, in mediating energy storage upon

amino acid starvation.
1.3.5 Role of GCN2 in food uptake upon amino acid starvation

Multicellular organisms including flies, rodents and humans cannot synthesize almost half
of the protein coding amino acids. Moreover, these EAAs cannot be stored (Munro, 1976).
Therefore in order to survive, EAAs must be acquired through dietary means.
Consequently, the ability to actively regulate feeding behavior based on the quality and

quantity of amino acids in the diet is important in these organisms (Gietzen et al., 2007).

Studies in rodents have shown that wild type animals can rapidly identify and reject diets
lacking an EAA (Koehnle et al., 2003; Maurin et al., 2005). Cell ablation experiments and
direct injection of the limiting amino acid have implicated the anterior piriform cortex
(APC) in this aversive response (Beverly et al., 1990; Leung and Rogers, 1971).
Furthermore, elF2a phosphorylation was reported to be increased in the APC of rats after
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consumption of a threonine deficient diet, establisihing a molecular link to this aversive
response (Gietzen et al., 2004). In 2005, two studies proposed that the rejection of the
EAA-deficient diets is mediated by the amino acid starvation sensor GCN2 kinase.
Maurin and colleagues showed that mice fed with a leucine or threonine deficient diet
significantly reduced their food consumption within an hour of feeding (Maurin et al.,
2005), while this aversive response was blunted in mice with brain specific deletion of
GCN2. Interestingly, within 20 minutes of ingestion of an EAA deficient diet (Maurin et
al., 2005) or being injected with amino alcohols (Hao, 2005) an increase in the
phosphorylation of elF2a was observed in the APC of wild type mice but was not in
GCN2 knockout mice, indicating that recognition of uncharged t-RNAs and consequent
elF2a phosphorylation by GCN2 in APC neurons is critical for rejection of diets lacking
an EAA. Further insights into the neural circuitary involved in GCN2 mediated rejection
of EAA deficient diets comes from a recent study in Drosophila (Bjordal et al., 2014).
Similar to rodents, fly larvae also rejected a maize-based diet deficient in trytophan and
lysine. Using genetic interactions and calcium imaging they showed that this rejection
response was a result of GCN2 activation in dopaminergic (DA) neurons and a consequent
repression of GABA signalling. However, whether GCN2 activation in dopaminergic
neurons also influences the feeding behaviour of adult flies, remains currently

unanswered.

Strikingly, a very recent study by Leib and Knight has re-examined dietary amino acid
sensing in mice and, contrary to the earlier reports, showed that mice cannot rapidly
identify and reject diets lacking an EAA (Leib and Knight, 2015). In their study, wild type
mice showed no difference in the consumption of control versus leucine- or threonine-
deficient diets. Furthermore, no activation of GCN2 was observed in the brains of these
mice following consumption of these EAA-deficient diets. The only condition under
which mice attained the ability to rapidly and robustly sense the deficiency of an EAA in
the diet was when they were previoulsy deprived of the same EAA, suggesting that mice
reject an EAA-deficient diet if they have a physiologic need for that EAA. Most
surprisingly, this need-based EAA sensing was independent of GCN2 and the authors

suspected an involvement of some undescribed mechanism for amino acid sensing.

Although, substantial progress has been made in understanding how animals regulate their
feeding behaviour in response to availability of amino acids, very important mechanistic

aspects still have to be investigated. For instance, does individual deprivation of each
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EAAs elicit similar rejection response or can some amino acids be preferred over others to
influence food uptake? What is also presently unclear is, whether the mechanism behind
the aversive response is similar for each of the EAAs or different pathways are involved
for different amino acids. Most importantly, if dietary amino acid sensing is GCN2-

independent then what is the underlying molecular mechanism that mediates it?

1.4 Activating transcription factor-4 (ATF4)

ATF4 is a member of the ATF/CREB (activating transcription factor/cyclic AMP
response element binding protein) family of basic-region leucine zipper transcription
factors (Ameri and Harris, 2008). It is considered to be an important downstream effector
of GCN2 kinase, as it regulates expression and activity of several genes involved in a
variety of adaptive functions, including amino acid import and metabolism (Harding et al.,
2003). Besides being activated by GCN2, ATF4 is also activated by other eif2a kinases.
In mammals each of the four eif2a kinases, including GCN2, in response to specific stress
signals phosphorylates eif2a, which suppresses global translation but promotes increase in

the translation of selected mRNAs including A#f4 (Wek et al., 2006).
1.4.1 Regulation of ATF4 translation

The increase in the translational of ATF4 following eif2a phosphorylation is attributed to
the two upstream open reading frames (WORF1 and uORF2) present within the 5° leader of
the A#f4 mRNA (Kilberg et al., 2009; Lu et al., 2004; Vattem and Wek, 2004). Under
unstressed conditions, sufficient GTP bound eif2a makes it possible for ribosomes that
had translated uORF1 to re-initiate translation at uORF2, an inhibitory element that
overlaps with the coding sequence of ATF4 and blocks ATF4 translation. Conversely,
under stressed conditions, phosphorylation of eif2a and the accompanying reduction in
the availabilty of GTP bound eif2a delays ribosome scanning, consequently uORF2 is
skipped and translation re-initiation starts at the ATG of the ATF4 ORF. Thus, ATF4
translation is selectively up regulated following eif2a phosphorylation under periods of

celluar stress.
1.4.2 Transcriptional regulation by ATF4 under amino acid starvation

The translationally increased ATF4 initiates a transcriptional response involving a number

of genes. A recent study has identified more than 450 ATF4 target genes using chromatin
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immunoprecipitation sequencing (ChIP-seq) (Han et al, 2013). ATF4 triggers
transcription of its target genes by binding to CCAAT enhancer-binding protein (C/EBP)-
ATF response elements (CARE) (Fawcett et al., 1999; Kilberg et al., 2009). The CARE,
which in context of amino acid starvation is called AARE, consists of a half-site for
C/EBP family transcription factors and a half-site for the ATF family members.
Consistent with the critical role of ATF4 in amino-acid stress response, the ATF half site
1s conserved, because ATF4 binds to all the known AARE sites and the half site of C/EBP
is quite divergent (Kilberg et al., 2012). A microarray based analysis in cysteine-deprived
HepG2/C3A cells observed a highly significant up-regulation of expression of genes that
are known to contain AARE, including CCAAT/enhancer-binding protein homologous
protein (CHOP) and asparagine synthetase (ASNS), and to respond to amino acid
deprivation via the binding of ATF4 (Sikalidis et al., 2010). Hence, suggesting that
transcriptional responses to amino acid deprivation is mediated by ATF4 binding to

AARE sites (Sikalidis et al., 2010).

In yeast, under amino acid starvation GCN2 activates GCN4 (the functional homologue of
mammalian ATF4), which induces expression of an array of genes that code for amino
acid biosynthetic enzymes to replenish the supply of depleted amino acids (Hinnebusch
and Natarajan, 2002). However, unlike yeast, higher organisms cannot synthesize EAAs
and therefore upon amino acid starvation the array of genes induced by GCN2/ATF4
pathway in mammalian cells is different compared to those induced by the GCN2/GCN4
pathway in yeast. The ATF4 induced genes in mammalian cells under amino acid
starvation are those involved in aminoacyl-tRNA synthesis, amino acid metabolism and
assimilation and amino acid transport (Harding et al., 2003). One of the target genes of
ATF4, FGF21, has recently been shown to be a key mediator of the physiological
response to dietary protein restriction (Laeger et al., 2014). The study showed that the
GCN2/ATF4 pathway mediated induction of the endocrine hormone FGF21 upon low
protein conditions controls food intake, energy expenditure and growth in mice (Laegar et

al., 2014).

Although the critical role of ATF4 in transcriptional control under amino acid starvation is
well established, research over the past years has suggested that different basic leucine
zipper (bZIP) transcription factor including ATF2, ATF3, ATFS5, cJUN and CHOP might
also influence transcription in response to amino acid starvation (Kilberg et al., 2012).

Therefore it will be interesting to investigate whether deprivation of each of the EAAs
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activates ATF4 or whether specific transcription factors get activated depending on which

EAA is missing.
1.4.3 Regulation of transcriptional specificity of ATF4

GCN2 is one of the 4 kinases that phosphorylate eif2a in response to different cellular
stresses. Another eif2a kinase is PEK, which is activated in response to ER stress and
activates ATF4 translation and downstream transcriptional response (Harding et al.,
2000). Array analysis in yeast and mouse revealed, that the transcriptional profile
activated by ATF4 in response to ER stress (by PEK activation) mostly overlaps with
amino acid starvation (by GCN2) and oxidative stress, suggesting that ATF4 integrates
several upstream stress signals to orchestrate a common downstream transcriptional
response (Harding et al., 2003). However, another study using mouse liver and
hybridization array analysis demonstrated that, despite sharing a common downstream
target, GCN2 and PERK differentially regulate mRNA transcription and translation (Dang
Do et al., 2009). These findings raise an interesting question as to how ATF4 achieves its
transcriptional specificity in response to different stresses. Some insight comes from a
study on one of the ATF4 target gene, sodium-dependent neutral AA transporter 2
(SNAT2), in HepG2 human hepatoma cells (Gjymishka et al., 2008). ATF4 binds to the
CARE in SNAT?2 following amino acid starvation and activates a transcriptional response.
However, upon ER stress, despite increased ATF4 binding to the SNAT?2 gene,
transcription activity was not enhanced. Activating both the ER stress and amino acid
stress response together showed that the ER stress generates a suppressive signal that
blocks the amino acid stress induced SNAT2 transcription activity downstream of ATF4
binding. Another possibiltiy could be that the transcriptional specifity of ATF4 might be a
result of highly coordinated interaction of ATF4 with a precise set of transcription factors
that can bind to the C/EBP half-site of the CARE sequences, however this remains to be
investigated (Kilberg et al., 2009). Thus, it will be intruiging to decipher the mechanisms
by which ATF4 triggeres an appropriate subset of genes on being activated by a specific

elF2a kinase.
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1.5 Interplay between the two amino acid sensing pathways: GCN2 and TOR

In addition to GCN2, eukaryotes have a second evolutionarily conserved signal
transduction pathway, TOR that is activated by the presence of amino acids (Gallinetti et
al., 2013). The central component of the TOR pathway is TOR kinase, which functions in
two different complexes: TORC1 and TORC2. TORCI is activated under favourable,
amino acid rich, conditions and is repressed by AMP-activated protein kinase (AMPK), a
key sensor of cellular energy status (Johnson et al., 2013). Upon activation, TORCI1
promotes mRNA translation and protein synthesis via two of its substrates, positive
regulation by phosphorylated S6 kinase (S6K) (Fenton and Gout, 2011) and inhibitory
phosphorylation of eukaryotic initiation factor 4E-binding protein (4E-BP) (Ma and
Blenis, 2009). Genetic or pharmacological down regulation of TORCI leads to increased
lifespan from yeast to mammals (Kapahi et al., 2010). Rapamycin is the most specific
pharmacological inhibitor of the TOR pathway and treatment with rapamycin extends
lifespan in flies and mice (Bjedov et al., 2010; Guertin and Sabatini, 2009; Harrison et al.,
2010).

Recent evidence suggests cross-talk between the GCN2 and the TOR pathways under
amino acid deprivation. Human lymphocytic leukaemic cell lines when treated with L-
asparaginase, an asparagine degrading enzyme that activates GCN2, inhibits TORCI1
phosphorylation of its target substrates — SOK and 4E-BP1 (liboshi et al., 1999). A recent
study in mouse embryonic fibroblast has reported that GCN2 sustains TORC1 suppression
under amino acid starvation by inducing Sestrin2 (Ye et al., 2015). Consistent with these
cell culture studies, in vivo evidence in mice also suggests that activation of GCN2 can
result in TORCI1 inhibition. Leucine deprivation caused decreased phosphorylation of
S6K and 4E-BPI in liver and pancreas dependent on GCN2 function (Anthony, 2004;
Bunpo et al., 2009). Interestingly, a study in worms suggests that GCN2 activity is
essential to mediate lifespan-extension conferred by down regulation of TOR (Rousakis et
al., 2013). The long lifespan of TOR-deficient (LET-363) worms was abrogated in Gcn2-
deficient worms. Despite growing evidence that the TOR and GCN2 pathways might act
in a concerted manner under amino acid starvation, the direction and the mechanism of
interaction still remains unclear. Moreover, the interplay between these two major

nutrient-sensing pathways in longevity has yet to be established.
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1.6 Aims of the Ph.D. Thesis

Dietary amino acids play a vital role in mediating longevity and health benefits in diverse
species. However, the underlying molecular mechanisms through which amino acids
regulate these benefits are presently unclear. As higher organisms must obtain EAAs
through dietary means for survival, the sensing and signaling mechanisms that monitor
and respond to EAA availability may play an important role in mediating amino-acid-
dependent physiological responses. Thus far, the best understood mechanism for sensing
intracellular amino acid availability is mediated by the evolutionarily conserved elF2a
kinase GCN2. Therefore, I aimed to investigate the role of GCN2 kinase in longevity and
important physiological functions during nutritional deprivation of EAAs using
Drosophila melanogaster, an established model organism for nutrition and lifespan
research. In this study, I utilized two powerful tools, Gen2 null mutants and a fully defined
chemical medium, to dissect the in vivo function of GCN2 kinase in response to the

absence or limitation of each of the 10 EAAs.
Important questions addressed in my doctoral thesis are as follows:

1. How does GCN2 affect the development and lifespan in response to the deprivation of

different individual EAAs?

2. How does GCN2 regulate feeding behavior, energy storage and stress resistance upon

deprivation of each of the 10 EAAs?

3. Does ATF4 mediate the amino acid stress response as a downstream effector of GCN2

upon deprivation of each of the 10 EAAs?

4. What are the genes, biological processes and metabolic pathways differentially

regulated by GCN2 under deprivation of specific amino acids?

5. Do the two amino acid sensing pathways, GCN2 and TOR, interact to modulate

longevity and stress resistance conferred by TOR inhibition?

6. Does GCN2 modulate DR-mediated longevity in flies and does this regulation involve

H,S production by the transulfuration pathway (TSP)?
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2.1 Preparation of fly media

2.1.1 Holidic media

The holidic media, Yaa and HUNTaa, were prepared according to (Piper et al., 2013) (an
open-access editable version of the protocol is available through Nature Protocol

Exchange http://dx.doi.org/10.1038/protex.2013.082, also refer to Table 1 and

Supplementary Table 1 of Piper et al., 2013). Briefly, sucrose, agar, amino acids with low
solubility (L-isoleucine, L-leucine and L-tyrosine), metal ions and cholesterol were
combined with milliQ water and autoclaved at 120 °C under constant stirring for 15 min
in a mediaclave 10 media preparator (Integra Biosciences). After autoclaving, sterile-
filtered stock solutions of buffer, amino acids, vitamins, nucleosides, choline, inositol and
preservatives were added. RU486 (Mifepristone, Sigma) or rapamycin (LC Laboratories)
at required concentrations (as specified in each experiment) were dissolved in ethanol was
added to the food, where required. Control food contained the same volume of ethanol
without addition of the drug. Diets with modified amino acid content were prepared
similar to Yaa or HUNTaa media by only changing the content of the specified amino acid
in the EAAs stock solution. Leucine and isoleucine were added as solid powder directly to

the food and adjusted accordingly (Table 2.1 and 2.2).

Table 2.1: Amino acid content in the modified HUNTaa media. Amino acid changes are
highlighted in red.

HUNTaa HUNTaa + R HUNTaa+ R +1

EAA stock solution (g/200 ml) (g/200 ml) (g/200 ml)

F (L-phenylalanine) 2.60 2.60 3.03

H (L-histidine) 2.00 2.00 2.24

K (L-lysine) 3.80 3.80 5.74

M (L-methionine) 1.60 1.60 1.12

R (L-arginine) 1.60 4.70 4.70

T (L-threonine) 4.00 4.00 4.28

V (L-valine) 5.60 5.60 4.42

W (L-tryptophan) 1.00 1.00 1.45
EAAs added as solid (g/l of medium)  (g/1 of medium) (g/1 of medium)
I (L-isoleucine) 1.82 1.82 3.36

L (L-leucine) 1.21 1.21 1.64

* In HUNTaa+50% aa, all the EAAs and NEAAs were increased by 1.5 times of
their amounts in the HUNTaa medium.
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Table 2.2: Amino acid content in the modified Yaa media. * Only the amount of the specified
AA was changed in the modified diets as indicated while the amounts of other AAs were kept the
same as in the Yaa medium.

AAs amount in Yaa AAs amount in modified diets*

EAA stock solution (g/200 ml) (g/200 ml)
F (L-phenylalanine) 3.03 0.91 in Yaa-F (30%)
H (L-histidine) 2.24 0.67 in Yaa-H (30%)
K (L-lysine) 5.74 1.72 in Yaa-K (30%)
R (L-arginine) 4.70 1.41 in Yaa-R (30%)
T (L-threonine) 4.28 1.28 in Yaa-T (30%)
V (L-valine) 4.42 1.33 in Yaa-V (30%)
0.44 in Yaa-W (30%)
W (L-tryptophan) 1.45 0.29 in Yaa-W (20%)

0.15 in Yaa-W (10%)

0.34 in Yaa-M (30%)
0.22 in Yaa-M (20%)
M (L-methionine) 1.12 0.11 in Yaa-M (10%)
0.22 in 0.2xM Yaa
5.60 in 5xM Yaa

EAAs added as solid (g/1 of medium) (g/1 of medium)

I (L-isoleucine) 1.16 0.35 in Yaa-I (30%)
L (L-leucine) 1.64 0.49 in Yaa-L (30%)
Othe.r AA stock (ml/1 of medium) (ml/l of medium)
solution

C (L-Cysteine) 598 1.05 in

(50 mg/ml stock) ' 0.2xM-0.2xC Yaa

* Inan EAA-deficient diet (Yaa-EAA), the particular EAA was completely removed
* In Yaa-all, all the EAAs and NEAAs were completely removed

* In Yaa-25% aa, all EAAs and NEAAs were decreased by 4 times of their amount
in the Yaa medium
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2.1.2 SYA media used for DR experiments

For DR experiments sugar/yeast/agar (SYA) medium was used and DR food was prepared

according to the optimized protocol described in (Bass et al., 2007) (Table 2.3).

Table 2.3: SYA media used for DR experiments. Yeast (brewers yeast #903312, MP
Biomedicals, London, UK); agar and propionic acid (Sigma, Dorset, UK); Nipagin M (methyl 4-
hydroxybenzoate)

Sugar Yeast Agar Water  Propionic acid Nipagin
(g (g (g (ml) (ml) (ml)

0.1 SYA 50 10 15 917 3 30
0.5 SYA 50 50 15 912 3 30
0.75 SYA 50 75 15 899 3 30
1.0 SYA

(standard) 50 100 15 886 3 30
1.5 SYA 50 150 15 860 3 30
2.0 SYA 50 200 15 834 3 30

2.2 Generation, maintenance and characterization of transgenic fly lines

2.2.1 Generation of Gcn2 null mutants

Gen2' and Gen2? null mutants were generated by ends-out homologous recombination
according to the methods described in (Gong, 2004; Gong and Golic, 2003; Huang et al.,
2009) by Dr. Sebastian Gronke. In the Gen2” allele the complete ORF of the Gen2 gene
was replaced by a white" marker gene, while in the Gen2” allele the 5 part of the Gen2
gene including the part encoding the protein kinase domain were replaced by the white™
marker gene. Donor constructs used for targeting Gcn2 were generated by amplifying
approximately 4 kb of flanking sequences of the corresponding region of the Gen2 gene
and subsequently cloned into the pGX attP vector (Huang et al., 2009) for Gen2' and the
pW25 vector for Gen2? (Gong and Golic 2004). Long-range PCR was done using Takara
LA Taq (Clontech) or Phusion polymerase (NEB) using primer combinations
SOL310/311 and SOL312/313 for the 5'and 3’arm of the Gen2' donor construct and
SOL318/SOL319 and SOL320/321 for the 5'and 3’arm of the Gen2’ donor construct,
respectively (sequence of primers are listed in Table 2.5). BAC clones covering the Gen2
locus used as PCR template for the Gen2! donor construct were CH321-12013 and RP9S-
2GL6 for the 5’and 3 arm, respectively and CH321-12013 for both arms of the Gen2?
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construct. BAC clones were obtained from the BACPAC Resource Center (Oakland,
California, USA). PCR products were cut with the indicated restriction enzymes (Table
2.5) and subcloned into the corresponding vector (see above). Gen2 donor constructs were
full length sequenced and checked for base pair substitutions in the coding region of
neighbor genes before generation of transgenic fly lines. Transgenic fly lines were
generated via P-element-mediated germ line transformation using the Best Gene
Drosophila Embryo Injection Services, (Chino Hills, California, USA). Ends-out
homologous recombination was done following the rapid targeting scheme (Rong and
Golic, 2001) and homologous recombination events were identified by genetic mapping of

the white™ marker gene and subsequent PCR analysis using primers SOL365/366.
2.2.2 Fly maintenance and stocks

All fly stocks were maintained at 25°C on a 12 h:12 h light:dark cycle at constant
humidity (65%) on the standard SYA (1.0) medium (Table 2.4). Gen2' mutants were

backcrossed for at least ten generations into two different wild-type stocks, the outbred

Dah

white Dahomey (w”*") strain and the inbred lab strain w'/’®

(a kind gift from Dr. Pierre

Leopold). All other fly lines were only backcrossed into the w”* background.

Table 2.4: List of fly stocks used

Genotype Chromosome Background Designed by/obtained from
wPhah - wPa Gronke et al., 2010
wP:-Gen2! 3 wPa This study
wPi:-Gen2? 3 wPa This study
w'!® - w'!® Bjordal et al., 2013
W“lg;;Gan1 3 wills This study
wPah.. pE K074 3 wPa Bloomington
wP:-da-Gal4 3 WP W+ Bloomington
wP:-da-Gald,Gen2! 3 wPa This study
wP™ daGS-Gal4 2 wP Wt This study
wP:daGS-Gald; Gen2! 2 wPa This study
wP UAS-Atf4-x3HA 3 WP e+ FlyORF, F000106
WDah;;]UAS-Atf4-x3HA, 3 WP et This study
Gen?2

2.2.3 Generation of experimental flies

All experimental flies were generated by transferring 20ul of eggs to SYA containing

culture bottles (size) ensuring standard larval density. Newly emerged adults were
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collected over a period of 24 h and transferred to fresh SYA food unless otherwise
indicated and allowed to mate for 48 h (once-mated). Subsequently, males and females
flies were sorted under brief CO, anesthesia and transferred to experimental vials (narrow
plastic vials: 9.5 cm x 2.5 cm diameter, wide plastic vials: 9.5 cm x 2.85 cm or glass vials:
7.5 cm x 2.55 cm diameter were used as specified in each experiment). All experiments

were performed at 25°C on a 12 h:12 h light:dark cycle at constant humidity (65%).
2.2.4 Development assay

For development assays, flies were allowed to lay eggs for a period of 4-5 h on grape juice
plates. 250 eggs per genotype and diet were picked and transferred to vials containing
experimental food at a density of 25 eggs per glass-vial. Upon eclosion adult flies were
scored daily at 24-hour intervals and at the end of the experiment viability was calculated

as the percentage of total number of eclosed adult flies per genotype and diet.
2.2.5 Lifespan and fecundity

For lifespan experiments, 100 to 200 once mated male or female flies per genotype and
diet were maintained at a density of 10-15 flies per vial (narrow plastic vials for drug
experiments and glass vials for all other lifespans) containing different experimental diets.
Flies were transferred to fresh vials every 2-3 days and the number of dead flies was
scored on the day of transfer. The sorting day was classified as day 0 of the lifespan
experiment. For fecundity assay eggs were collected over 15-20 h periods at several time-
points during the first 3-4 weeks of lifespan experiments. The number of eggs laid per vial
at each time point was scored using a hand counter. The values are expressed as the mean
number of eggs laid per female fly per 24 h = SEM or as cumulative eggs laid per female
fly.

2.2.6 Starvation stress assay

For starvation stress, 100 once mated female flies per genotype and diet were allocated at
a density of 20 flies per vial (wide plastic vial). Flies were first kept on SYA, Yaa or Yaa-
EAA diets for 7 days and transferred to fresh food vials every 2-3 days. After 7 days, flies

were transferred to starvation medium (1% w/v agarose). Dead flies were scored 3-4 times

per day.
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2.2.7 Larvae food choice assay

Larvae food choice was performed based on the experimental setup described in
(Schipanski et al., 2008). Two different diets (Yaa and HUNTaa, 5 ml each) were poured
in each half of the petri dish (55 mm diameter), 3-4 h before the assay. Larvae were
washed in PBS and starved for 4 h on 1% w/v agarose before the experiment. 15 aged
matched third-instar larvae per genotype were placed in the middle of a petri dish
containing two different diets in each half. Larvae on each side of the dish were scored
hourly for a period of 5 h. Food choice is expressed as a preference index (PI), which was
calculated as: PI for food A = (no. of larvae on food A — no. of larvae on food B) / (no. of
larvae on food A + no. of larvae on food B) (Schipanski et al., 2008). The PI was

calculated for each time-points and mean of these PI was taken as one biological replicate.
2.2.8 Adult food choice assay

For adult food choice assay once mated females flies were starved of amino acids for 3
days on Yaa-all diet. Subsequently, 40 flies per genotype were placed in the apparatus
(Figure 5.1), specially designed for the food-choice assay, 14-15 h (overnight) before the
start of assay. Measurements were started in the morning and readings were taken hourly
for a period of ~8 h. Flies having a direct contact with the food surface were scored. Food
choice is expressed as a preference index (PI), which was calculated similarly like larvae
PI (see section 2.2.7). The PI was calculated for each time-points and mean of these PI

was taken as one biological replicate.

Figure 2.1: Description of the apparatus used for adult food choice assay

The apparatus used for the adult food choice assay is a modified version of that described in
(Cooper, 1960). It contains a chamber in the middle connected to four vials. For each assay, choice
between two diets were given by placing each set of two vials containing the same diet diagonally
opposite to each other. To avoid any light-dependent behaviour or other environmental cues, the
apparatus was enclosed in a polysterene container. The apparatus was designed and constructed by
Wilfried Haider from the Max Planck Institute for Metabolic Research, Cologne.
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2.2.9 Feeding rate: Proboscis-extension assay

For feeding assay newly emerged adults flies were allowed to mate on fresh Yaa medium
for 48 h. Subsequently, female flies were sorted and kept at a density of 5 per vial (glass
vials) on Yaa medium for a day. 15 h before the assay, flies were transferred to vials
containing experimental diets. Next day in the morning (2 h after the lights are switched
on), feeding rates were measured using a proboscis-extension assay in undisturbed
conditions as previously described (Wong et al., 2009). The flies were observed on 7
consecutive days for a period of 90 minutes/day, with feeding events recorded every 10
min. Feeding data is expressed as a proportion by experimental group (sum of scored
feeding events / total number of feeding opportunities, where total number of feeding
opportunities = number of flies in vial X number of vials in the group X number of
observations). For feeding assay with adult-onset of A7F4 overexpression by da-GS
driver, the entire set-up was the same except that all diets used during the assay were

supplemented with 50 uM RU486 (Mifepristone).

2.3 Biochemistry and molecular biology

2.3.1 Triacylglyceride (TAG) measurement

Once mated female flies were kept at the density of 20 per vial (wide plastic vial) on
different food conditions for 7 days after which they were snap-frozen. Triacylglyceride
(TAG) content quantification was performed according to (Gronke et al., 2003). Briefly,
frozen flies were homogenized in 1 ml of 0.05% Tween 20 followed by a heat-inactivation
step for 5 min at 70°C and centrifugation at 14000 rpm. 50 pl of the supernatant was
incubated with 200 pl of Infinity™™ Triglyceride Reagent (ThermoScientific) at 37°C and
absorbance was measured at 540 nm. Absolute TAG content was quantified using
Triglyceride standards (Cayman Chemicals) and were normalised to the total protein

content of the homogenate, determined by using the BCA protein assay reagent (Pierce).
2.3.2 H,S measurements: Lead sulfide method

For H,S measurements, 100 once mated female flies per genotype and diet were kept at a
density of 20 per vial (wide plastic vial) on experimental diets for 15 days and transferred
to fresh food every 2 to 3 days. H,S measurements were done using lead-sulfide method

as described in (Hine et al., 2015). Briefly, 15 days old flies were freshly homogenized in
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300 ml of PBS supplemented with passive lysis buffer (Promega), 10 mM cysteine
(Sigma) and 10 mM PLP (Sigma). Homogenates were transferred to a 96-well plate and a
rectangular lead acetate H,S detection strip (Fluka Analytical 37104-1EA) was placed
over the wells. A layer of thick whatman paper was placed in between the H,S strip and
the cover of the 96-well plate to properly pack the system. The 96-well plate was
incubated for 3-5 h at 37°C until spots appeared on the strip. H,S strips were scanned on
ChemiDoc™ MP imaging system and intensity of the spots was quantified using ImageJ
software (Scion Software). H,S levels were normalised to total protein content of the

homogenate, determined by BCA protein assay reagent (Pierce).
2.3.3 RNA extraction and qRT-PCR

Prior to RNA-extraction 100 once mated female flies per genotype and diet were kept at a
density of 20 per vial (wide plastic vial) on experimental diets for 15 days and transferred
to fresh food every 2 to 3 days. Total RNA was extracted from 20 adult flies using
standard Trizol-Chloroform based protocol (Invitrogen) according to the manufacture’s
instructions. cDNA synthesis was done using oligod(T) primer and Superscript II reverse
transcriptase (Invitrogen). Quantitative RT-PCR was performed with TagMan primers and
probes (Applied Biosystems) in a 7900HT real-time PCR system (Applied Biosystems).
Relative expression (fold induction) was determined using the AACt method (Livak and
Schmittgen, 2001) and Rpl/32 as normalization control. Four independent biological
replicates per genotype and diet were analysed. TagMan primer used: Dm01799764 gl
(for cbs) and Dm01827112_S1 (for cgl).

2.3.4 Genotyping

Genomic DNA was isolated from adult flies using the DNeasy kit (Qiagen). PCR
reactions using primer combinations (SOL365/SOL366), (SOL636/SOL637),
(SOL639/SOL640) and (SOL336/SOL315) were set up with HotStar Taq Plus master mix
(Qiagen) according to the manufacturer’s instructions (sequence of primers are listed in
Table 2.5). PCR was performed for 35 cycles (30 sec 94°C, 30 sec 55°C and 60 sec 72°C)
preceded by 5 min of initial denaturation at 95°C and followed by 10 min final elongation

at 72°C. Gel electrophoresis was done with TAE buffered 1% agarose gels.
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2.3.5 Northern blotting
2.3.5.1 Cloning of Probe Templates

Using the primer combinations (SOL368/403) for the Gen2 5° region, (SOL404/405) for
the Gen2 3’ region as well as (SOL326/402) for the upstream flanking gene, CG31002
and (SOL336/315) for the downstream flanking gene, CG/1337, PCR fragments of
approx. 600 bp using BAC Gcn2 12013 as template were generated. Subsequently those
fragments were cloned into the pCRII vector using the TOPO TA Cloning Kit according

to the manufacturer’s instructions (sequence of primers are listed in Table 2.5).
2.3.5.2 Generation of Probes

Probes were generated by digesting 2 pg of plasmid containing the fragments described
above with EcoRI. Probes (25 ng) were random primed using Klenow Fragment (5 U) and

10 pCi [a**P]-dCTP (3000 Ci/mmol) per reaction.
2.3.5.3 RNA extraction and northern blotting

mRNA was extracted using the Dynabeads mRNA Direct Purification Kit from Trizol-
Chloroform isolated total RNA (see section 5.3.3). Northern blots were performed using
the Northern Max Kit (ThermoFisher Scientific) according to the manufacturer’s
instructions, using 2 pg mRNA per lane and DNA probes specific to the 5’ and 3’ region
of Gen2 as well as for the flaking genes, CG31002 and CGI11337. Overnight
hybridization was carried out at 42°C with 10® cpm/ml probe. For normalization, blots

were re-hybridised with a probe detecting ribosomal protein RpL32 transcripts.
2.3.6 Total protein extraction

For protein extraction once mated 10-days old female flies were snap frozen in liquid
nitrogen. 20 fly heads per biological replicate were homogenized in RIPA-1% SDS buffer
supplemented with Complete mini protease inhibitor without EDTA (Roche) and
PhosStop phosphatase inhibitors (Roche). Protein content was determined by the BCA
protein assay reagent (Pierce). Before western blot analysis, 20 pg total protein was mixed
with 4x SDS loading buffer (950 ul 4x Laemmli sample buffer with 50 ul f-

mercaptoethanol as a reducing agent) and boiled for 5 min at 95°C.
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2.3.7 Western blotting

Proteins were separated on 12% SDS-PAGE gels (Biorad) and transferred to PVDF
membranes (GE Healthcare). After blocking nonspecific binding with 5% nonfat dry milk
powder in TBST (0.1% Tween20), blots were incubated with primary antibodies (p-elF2a
- 1:1000 dilution, Abcam, ab32157 and t-elF2a - 1:5000 dilution, Eurogentec, (Andersen
and Leevers, 2007)), washed with TBST and incubated with HRP conjugated anti-mouse
or anti-rabbit secondary antibodies (1:10,000 dilution, Invitrogen). Detection was done by
chemiluminescence using ECL kits (GE Healthcare) and Hyperfilms (GE Healthcare). For
normalization, blots were re-incubated with an antibody raised against -actin (1:10000
dilution, Abcam, ab8224). Bands were quantified using the ImageJ software (Scion

Software).
2.3.8 Mass-Spectrometry (MS)
2.3.8.1 MS Sample preparation

For mass spectrometry (MS) based measurements of TSP metabolites, 100 once mated
female flies per genotype were kept at a density of 25 per vial (wide plastic vial) on Yaa
medium for 15 days and transferred to fresh food every 2 to 3 days after which they were
snap-frozen in liquid nitrogen. MS sample preparation was done using a modified version
of the protocol described in (Jiang et al., 2009). Frozen flies were homogenised in 71 pl of
15 mg/ml Dithiothreitol (DTT) and 429 ul 50% methanol (for 25 flies total volume was
kept 500 pl with 1 part DTT and 6 parts methanol). Homogenates were vortex-mixed for 5
min and centrifuged at 10,000 rpm at 4°C for 15 min. The supernatant was filtered (0.2
um VWR centrifugal filters) at maximum speed at 4°C for 5 min. The filtrate was
evaporated in a speedvac evaporator at 30°C for ~2h. The pellet was reconstituted into 100
ul of running buffer (SmM ammonium formate, 0.15% formic acid aqueous solution and
100 pg/ml DTT), filtered again and filtrate was immediately frozen at -20 C. Directly
before analysis, samples were thawed. DTT was purchased from Biomol, all other

chemicals were from Sigma.
2.3.8.2 Mass spectrometry (MS) analysis

For absolute quantification of metabolites (Sigma) in positive ESI MRM (multi reaction
monitoring) mode an Acquitiy UPLC™ I-class System / Xevo' ™ TQ-S (Waters™) with
MassLynx and absolute quantification TargetLynx "~ (Waters' ') was used. With settings

for capillary kv 1.5, desolvation temp. 550°C, desolvation gas flow 800 1/h, Cone 150 I/h,
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collision gas flow 0.15 ml/min. A SeQuant™™ zic"™HILIC Column from Merck 5 pm x
2.1 mm x 100 mm was used at 40°C. Solvent A was 5 mM ammonium acetate (Sigma) +
0.1% formic acid (Biosolve) and B acetonitrile (Biosolve). A gradient from 100% A to 0%
in 10 min at a flow rate of 0.35 ml/min and an equilibration step from 10 min to 17 min
was used. The following MRM transitions were used as quantifier (M+H")" for L-Cystein
hydrochloride 121 m/z to 75.93 m/z, DL-Homocystein 135.84 m/z to 56.05 m/z, L-
Methionine 150.03 m/z to 55.99 m/z, Cys-Gly 178.85 m/z to 75.93, L-Cystationine 222.96
m/z to 87.90 m/z, y-Glu-Cys 250.96 m/z to 83.94 m/z, L-Cystein 122.97 m/z to 107.13
m/z, L-Glutathione reduced 308.02 m/z to 75.92 m/z, SAH 385.10 m/z to 136.38 m/z,
SAM 399.10 m/z to 250.03 m/z. Compounds were dissolved in 5 mM ammonium formate
+ 0.15% formic acid. For all compounds a calibration curve was calculated using
following concentrations: 0.5, 1, 2, 4, 10, 20, 40, 60, 100, 150 ng/ml (prepared from stock
solutions 100 pg/ml). Correlation coefficient: r < 0.990; response type: external standard.
The peak integrations were corrected manually, if necessary. Quality control standards of
each standard were used during sample analysis and showed between 0.5% and 40%
deviation respectively. Blanks after the standards, quality control and sample batch proved
to be sufficient. Mass spectrometry was done by Yvonne Hinze of the mass spectrometry

core facility of the Max-Planck Institute for Biology of Ageing
2.3.9 RNA-Sequencing
2.3.9.1 Fly preparation and RNA extraction

For RNA-Seq, 3 replicates of 25 once mated female flies per genotype and diet were kept
for 3 days or 7 days on the experimental diets and transferred to fresh food every 2 to 3
days after which they were snap-frozen in liquid nitrogen. For RNA-Seq, 4 different diets
were used: Yaa, Yaa-M, Yaa-R and Yaa-all. Total RNA was extracted from head and
thorax of 25 frozen flies using standard Trizol-Chloroform based protocol (Invitrogen, see
section 5.3.3). DNase treatment was done with RNase free DNase kit (Qiagen). RNA
quantification was done with the Eppendorf Biophotometer and quality control with the
Bio-Rad Experion Automated Electrophoresis System using Eukaryote Total RNA
StdSens chips. 2 pg RNA in a total of 20 ul was sent for sequencing.

2.3.9.2 Differential Gene Expression and Ontology Enrichment Analysis

Libraries for sequencing were generated using the polyA purification method. RNA

sequencing with 100bp single-end reads and about 35 million reads per sample was
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performed on the HiSeq 2500 platform at the Max Planck Genome Center, Cologne,
Germany. Bioinformatic analysis was done by the bioinformatic core facility of the Max-
Planck Institute for Biology of Ageing. Reads were trimmed for adapter sequences and
quality filtered using Flexbar (1). Alignment and assembly was done using the software
hisat (2) and StringTie (3). Differential expression analysis was carried out using Cuffdiff
(4). Gene ontology enrichment analysis on gene sets of significantly differential regulated
genes (adjusted p < 0.05) for each pairwise comparison was conducted with the

Bioconductor R software package topGO using the elim algorithm (5) and Fisher test.

1. http://www.mdpi.com/2079-7737/1/3/895

2. http://www.nature.com/nmeth/journal/v12/n4/full/nmeth.3317.html

3. http://www.nature.com/nbt/journal/v33/n3/full/nbt.3122.html

4. http://www.nature.com/nbt/journal/v31/nl/abs/nbt.2450.html

5. http://bioinformatics.oxfordjournals.org/content/22/13/1600

2.3.10 Oligonucleotides used in this study

Table 2.5: Oligonucleotides used in this study. Restriction enzymes are specified in brackets.

Primer Sequence

SOL310 TAGCGGCCGCCCAAGCCAATATACAAAACCATC (Notl)
SOL311 TAGGTACCTTCGGATTTCCCACCGGG (Kpnl)

SOL312 TAACTAGTCCAACATCAAATGCATAGAATCGG (Spel)
SOL313 TAGGCGCGCCGGTTGGAGGAGTGGCTTTTC (Ascl
SOL315 TAGGCGCGCCTCTCCACGGATCCGCCCTATT

SOL318 TAGGCGCGCCCAAGCCAATATACAAAACCATC (Ascl)
SOL319 TAGGCGCGCCTTCGGATTTCCCACCGGG (Ascl)
SOL320 TAGGTACCACGATCCCGCCCAGAG (Acc65])

SOL321 TAGCGGCCGCTCTCCACGGATCCGCCCTATT (Notl)
SOL336 GAGGAATTCCCGGGATCTTGAGG

SOL365 GCGGATGAAAAGGCCAAGGAAT

SOL366 CCTCCAGAGATATCTTAGGGGGC

SOL368 TGCGGCCAGTTGCTCTACATAA

SOL403 TGTCTACAAAGTCGCGCATCTCGT

SOL326 CGTTAGCAGCCGTATAATTGTAGACC

SOL402 GCTGAGCGGAAACCCTTGTC

SOL404 TCCAGAAGCAGGCGCAGAAGTT
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SOL405 CGTTGGCTTGTCGTGGGTGAG

SOL636 GGGGCCCACTTTAGAGGAGGAC
SOL637 CCCGAAATAAGCGCCACAGACG
SOL639 GAGCATTGCGGGAACTTGAAACA
SOL640 CATGGCGGGATTAAACTTCTGCG

2.4 Statistical Analysis

Statistical significance for lifespan and stress assays was assessed by log-rank test
performed in Excel (Microsoft). All the other data are presented as mean + standard error
of the mean (SEM). Differences between means were calculated either by two-tailed
unpaired Student’s t-test or one-way ANOVA followed by Tukey’s post hoc test or
Dunnett’s test to compare to a control sample (specified in each experiment), using

Graphpad Prism®. p-values <0.05 were considered as statistically significant.
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3.1 INTRODUCTION

Accumulating evidence shows an important role of amino acids in mediating longevity
and health benefits in diverse species (Fontana and Partridge, 2015). Restriction of dietary
methionine and tryptophan extends lifespan in flies (Grandison et al., 2009, Lee et al.,
2014a) and rodents (Miller et al., 2005; Orentreich et al., 1993). Restriction of branched-
chain amino acids (leucine, isoleucine and valine) improves glucose tolerance and body
composition (Fontana et al., 2016). However, the biological pathways through which

amino acids mediate these beneficial effects are poorly understood.

The elF2a kinase, GCN2, senses amino acid starvation and coordinates cellular
translation with intracellular amino acid availability. GCN2 gets activated by binding of
uncharged t-RNAs, which accumulates in response to amino acid starvation. Activated
GCN2 phosphorylates eif2a which inhibits global translation initiation but concomitantly
activates translation of specific mRNAs such as the transcription factor ATF4 (Lu et al.,
2004; Vattem and Wek, 2004). ATF4 induces expression of its target genes involved in a
variety of adaptive functions, including amino acid import and metabolism allowing cells
to adapt to amino acid starvation (Harding et al., 2003). In mammals, besides regulating
translation, GCN2 activation also initiates important physiological responses such as food
intake inhibition (Hao et al., 2005; Maurin et al., 2005) and suppression of hepatic lipid
metabolism (Guo and Cavener et al., 2007) during nutritional deprivation of an EAA.
Furthermore, several studies suggest that GCN2 activation by pharmacological or dietary
means can suppress TOR activity (Gallinetti et al., 2013). In particular, a worm study
showed that GCN2 activity is essential to mediate lifespan-extension conferred by down

regulation of TOR kinase (Rousakis et al., 2013).

With its function as an evolutionarily conserved amino acid starvation sensor, GCN2 is a
potential candidate to be involved in regulation of amino-acid-mediated longevity and
important physiological responses. Here, I have analyzed the in vivo functions of GCN2
kinase and its downstream effector, ATF4, in modulating longevity and metabolism under
limitation or complete deprivation of each of the 10 EAAs. Furthermore, I have tested
whether GCN2 and TOR kinase, interact to modulate longevity conferred by TOR-

inhibition in flies.
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3.2 RESULTS
3.2.1 Generation and characterization of Drosophila Gcn2 knockout mutants

The Drosophila Gen2 gene consists of 10 exons and encodes for a protein of 1589 amino
acids. The GCN2 protein contains a degenerate protein-kinase domain (yK), a typical
eukaryotic protein kinase domain (PD) and a histidyl-tRNA synthetase (HisRS)-related
domain (DeAnne S Olsen et al., 1998; Santoyo et al., 1997). In order to analyse the in vivo
function of Gcn2, we generated two Drosophila Gen2 mutants alleles by ends-out
homologous recombination. In the Gen2' mutant, the entire Gen2 ORF was replaced by a
mini-white marker gene, while in the Gen2” allele the genomic region covering exon 1 to 7
of the Gen2 gene was replaced by a mini-white marker gene (exon numbering according
to Flybase data for Gcn2-RA transcript). Both mutant alleles lack the PD domain and
therefore should be null alleles for Gen2 (Figure 3.1A). The knockout mutants were first
validated at the DNA and mRNA level. PCR on genomic DNA using primer pairs
targeting different regions of the Gen?2 gene locus confirmed absence of the PD-domain-
encoding region in both Gcen?2 alleles and verified the additional absence of the (HisRS)-
related-domain-encoding region in the Gen2' mutant allele (Figure 3.1B). Northern blot
analysis showed no transcript in Gen2' mutants but a shorter residual transcript using a
probe targeting the 3’ region of the Gen2 gene in Gen2’ mutants (Figure 3.1C). This
additional band on the Northern blot in Gen2’ mutants is probably due to ectopic
expression of exons 8-10. Expression of the adjacent genes CG11337 and CG31002 was
not affected by the deletion of Gen2 (Figure 3.1C). To check whether the lack of GCN2
would affect phosphorylation of eiF-2a, the only known direct target of GCN2 kinase, we
used western blot analysis. Both mutants showed a significant reduction in the
phosphorylation level of eif-2a (Figure 3.1D) and there was no difference between the
two Gcn2 alleles. Of note, eiF2a phosphorylation was not completely eliminated in the
Gcen2 mutants, probably because this protein is also phosphorylated by a second
Drosophila eiF2a kinase termed PEK (Malzer et al., 2013a). For most subsequent
experiments I focused on the Gen2’ knockout mutant, as it is a clear transcript null allele.

Dah

For control, I used wild type, outbred strain white Dahomey (w ) and prior to

experiments, Gen2 mutants were backcrossed for at least ten generations into w ™

background.
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Figure 3.1: Generation of Drosophila Gen2 null mutants

(A) Simplified representation of the Drosophila Gen2 gene locus based on Flybase data for Gen2-
RA transcript and the neighboring genes (CG31002 and CG11337). Gen2 mutants were generated
by ends-out homologous recombination. In the Gen2' mutant, the entire Gen2 ORF was replaced
by a mini-white marker gene. In the Gen2” mutant, the E1 to E7 region was replaced by a mini-
white marker gene. (B) PCR on genomic DNA with gene-specific primer combinations. Primer
pairs used are indicated as: a (putative homologous recombination event), b (exon 5-7), ¢ (exon 8-
9) and d (3’short arm). (C) Northern blot analysis was performed on the heads of w”™ control flies
and Gen2 mutants. No Gen2 transcript was observed in Gen2' mutant. The Gen2” mutant showed a
shorter band at 3’ probably due to the presence of three exons (E8-E10). RpL32 was used as
loading control. The transcripts of the neighboring genes CG11337 and CG31002 were unchanged
in both mutant alleles. (D) Western blot analysis and quantification showed significantly reduced
level of eiF2a phosphorylation in both mutant alleles. Results are normalised to both actin and
total-eiF20 levels and are expressed relative to levels observed in the w™" control flies (Student’s t-
test: ****p<0.0001, error bar shows SEM). Gen2 null mutants were generated by Dr. Sebastian
Grénke; PCR, Northern and Western Blotting were performed by Oliver Hendrich.
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3.2.2 Role of GCN2 kinase in fly development under EAA limitation

Availability of adequate nutrients has a profound effect during development of an
organism. Starvation of EAAs inhibits larval growth and development in Drosophila
(Britton and Edgar, 1998). We therefore assessed whether GCN2, a sensor of amino acid

starvation, is involved in regulating fly development under limitation of EAAs.

3.2.2.1 GCN2 regulates fly development under arginine limitation

Dah - ontrol and Gen2! mutant flies under nutrient

First, we studied the development of w
rich conditions. On our standard sugar-yeast-agarose (SYA) medium, Gen2' mutants
showed normal viability, comparable to control W™ flies (Figure 3.2A). Consistently,
using a chemically defined holidic medium, in which the amino acid composition was
adjusted according to the SYA medium (referred to as Yaa, Piper et al., 2013), wP flies
and Gen2' mutants displayed comparable viability with ~80% of eggs developing into
adult flies (Figure 3.2B). The developmental timing of Gen2' mutants on Yaa was also
comparable to w™ flies (Figure 3.2C), suggesting that fly development is GCN2-
independent under nutrient-rich conditions. To further assess this, we analyzed the

ah control and Gen2! mutant flies on a different holidic medium

development of w”
designed for fly growth and development (referred to as HUNTaa; Piper et al., 2013). On
HUNTaa medium, w”*" control flies took longer to develop but showed normal viability
comparable to Yaa medium (Figure 3.2B & 3.2C). Surprisingly, viability of Gcn2’
mutants was dramatically reduced. Less than 10% of eggs developed into adult flies. In
order to further confirm this phenotype, we analyzed the development of the Gcn2’
mutant and of trans-heterozygous Gen2'/Gen2” mutants on Yaa and HUNTaa medium.
Similar to Gen2' mutants, viability of homozygous Gen2” mutants and of flies carrying
both mutant alleles was normal on Yaa medium but significantly reduced on HUNTaa

medium (Figure 3.2D), confirming that the observed developmental phenotype was likely
due to the lack of GCN2.

Because flies have two eif2a kinases, GCN2 and (Malzer et al., 2013a) we next tested
whether the observed developmental phenotype on HUNTaa medium was specific to
GCN2 activation. To this end, we analyzed the development of PEK null mutants
(generated by Luke Tain, unpublished) on Yaa and HUNTaa medium. PEK mutants
showed lower viability compared to w™™ flies on both diets (Figure 3.2E). However,

viability of PEK mutants was not further affected on the HUNTaa medium, confirming
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that specifically GCN2 kinase is required for development of flies on the HUNTaa

medium.
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Figure 3.2: GCN2 function is essential for development on HUNTaa medium

(A) W™ control and Gen2' mutant flies showed comparable viability on SYA medium (p>0.05,
Student’s t-test). (B) On Yaa medium, w™ control and Gen2' null mutant flies showed comparable
viability. On HUNTaa medium, wP™ flies showed normal viability while viability of Gen2'
mutants was significantly reduced. (C) wP™ control and Gen2' mutant flies were developmentally
delayed on HUNTaa medium compared to Yaa medium. (D) Gen2' mutants, Gen2’ mutants and
flies trans-heterozygous for Gen2' and Gen2? (Gen2') showed normal viability on Yaa but
significantly reduced viability on HUNTaa medium. (E) Viability of PEK null mutants was
comparable on Yaa and HUNtaa medium. Viability (%) represents percentage of eclosed adult flies
on a given diet ("*p>0.5, ***p < 0.001, one-way ANOVA followed by Tukey’s post hoc test; n=10
replicates with 25 eggs each/genotype and diet; error bar shows SEM).

In order to understand what could cause the difference in survival of Gen2' mutants on the
two different holidic mediums, we compared the amino acid composition of Yaa and
HUNTaa and found that HUNTaa contains ~70% less arginine (R) than Yaa (Figure
3.3A). We therefore hypothesized that the reduced viability of Gen2' mutants could be
attributable to arginine limitation in HUNTaa medium. In order to test this hypothesis, we
modified the Yaa diet by reducing the arginine content to 30% (Figure 3.3B). Indeed,
viability of Gen2' mutants on YAA-R (30%) was severely reduced and comparable to the
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lethality observed on the HUNTaa diet (Figure 3.3D). Consistent with HUNTaa medium,
the reduction in arginine on the YAA-R (30%) diet did not affect the viability of w2 flies
(Figure 3.3D). Furthermore, by increasing arginine in HUNTaa medium to the level of the
Yaa diet (HUNTaa+R, Figure 3.3C), viability of Gen2' mutants was completely rescued
(Figure 3.3D), confirming that arginine limitation was causal for decreased viability of

Gen2' mutants.

Addition of arginine to the HUNTaa medium might disturb the amino acid proportion of
the diet. Thus, to test whether arginine limitation per se or changes in the amino acid ratio
were responsible for the reduced viability of Gen2 mutants, we generated a modified
HUNTaa medium that had undisturbed amino acid proportion and also increased arginine,
by increasing the total amino acid content of HUNTaa medium to 150% (designated as
HUNTaa+50% aa). Interestingly, this did not rescue the viability of Gen2' mutants
(Figure 3.3E), suggesting that, for GCN2-dependent regulation of fly development, the
ratio of the limiting amino acid to the other amino acids in the diet is important rather than
the absolute amount of the limiting amino acid. Moreover, we modified HUNTaa medium
in order to keep the degree of the disproportion between the most limiting amino acid
(arginine) and the most excess amino acid (isoleucine) constant. This was done by
increasing isoleucine proportionally to the increase of arginine, which was to the level of
Yaa (Figure 3.3F). On this diet viability of Gen2' mutants was not negatively affected
(Figure 3.3G), suggesting that disproportion between isoleucine and arginine had no effect

on GCN2-mediated viability.

Taken together, our findings suggest that GCN2 is essential for ensuring development of

flies under arginine limitation.
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Figure 3.3: GCN2 function is essential for development under arginine limitation

(A) Relative proportion of EAAs in Yaa and HUNTaa medium. Arginine (R) is the most limiting
EAA in HUNtaa medium, ~30% less than in Yaa medium. (B) Relative proportion of EAAs in Yaa
and Yaa-R (30%). (C) Relative proportion of EAAs in Yaa and HUNTaa+R. (D) Reducing R to
HUNTaa level, Yaa-R (30%), significantly reduced viability of Gen2' mutants. Adding back R to
the level of the Yaa medium, Oaa+R, rescued the viability of Gen2' mutants. (E) Increasing all
amino acids in HUNTaa medium by 50% did not rescue the viability of Gen2' mutants. (F)
Relative proportion of EAAs in Yaa and HUNTaa+R+1. (G) Viability of Gen2' mutants were
rescued back to Yaa level on HUNTaa+R+]1. Viability (%) represents percentage of eclosed adult
flies on a given diet ("*p>0.5, ***p < 0.001, one-way ANOVA followed by Tukey’s post hoc test,
n=10 replicates with 25 eggs each/genotype and diet; error bar shows SEM). Analysis of diets
(Figure 3.34, B, C and F) were done with the help of Dr. George Soultoukis.

3.2.2.2 GCN2 is essential for fly development under limitation of individual EAAs

Our observation that GCN2 regulates development under arginine limitation, prompted us
to investigate whether GCN2 also regulates development under limitation of other EAAs.
In order to test this, we took advantage of the holidic medium Yaa, and generated ten
different diets by dropping down individual EAAs to 30% of the level in the Yaa diet.
Consistent with arginine limitation, individual 30% restriction of all ten EAAs did not affect

Dah control flies (Figure 3.4A). In contrast, viability of Gen2' mutants

the viability of w
was significantly reduced, although to different extents on the individual EAA-limited
diets. The two exceptions were limitation of methionine and tryptophan, for which Gen2’
mutants showed the same viability as the wild type control flies. However, restriction of
methionine and tryptophan, similar to other amino acids, delayed the development of w™*"
control flies and Gen2' mutants to a similar extent compared to Yaa diet (Figure 3.4B-
3.4L), suggesting that methionine and tryptophan were already limiting for developmental

timing.

42



A I w>™ Il Gcen2

100- n.s. n.s. n.s.

*% *%

®
?

k%

r O
2

Viability (%)

N
e

o
I

> 0\0\ 0\0\ 0\0\ 0\0\ 0\0\ 0\0\ c\e\ 0\0\
R R N R R S SN R IR
L @@ @ @@ @ P F P
D
804 Yaa-L (30%)
T 60
@ 40 X
= 20
° 0
2 O RARR IR O RAV LD PISRIY O RAV LD IRV
Time[h] Time[h] Time[h]
3 E F G
;28 Yaa-R (30%) 801 Yaa-K (30%) 804 Yaa-F (30%)
(U
40
220
© 0 0
2 O '\‘1' KRS EV O P RAV R RS
T|me[h] Time[h] Time[h]
5 H | J
< 809 Yaa-H (30%) 804 Yaa-T (30%) 80 Yaa-V (30%)
T 60
c
[72]
o
ha
o
2 O b R2AV S P BV O R AV KPR BV
Tlme[h] Time[h]

80+ Yaa-M (30%)

- - male wPa"
—®&— female wPa"
-4 - male Gen2'
—®— female Gen2!

No of flies hatched

: y 0
O AV R DRIV O @AV PP S
Time[h] Time[h]

Figure 3.4: GCN2 function is essential for development under EAAs limitation

(A) Dropping down individual EAAs to 30% in Yaa medium did not affect the viability of wPh
flies (p>0.05, one-way ANOVA), however viability of Gen2' mutants was significantly reduced on
all EAA drop down diets except on tryptophan (W) and methionine (M) drop-down diets
("“p>0.05 **p <0.01 and ***p <0.001, one-way ANOVA followed by Dunnett’s post hoc test
taking viability of Gen2' mutant on Yaa as control group). (B-L) Development timing of w"™"
control and Gen2' mutant flies on diets having 30% drop-down of individual EAAs (error bar
shows SEM, n=10 replicates with 25 eggs each/genotype and diet).
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To test whether a stronger limitation of tryptophan and methionine would affect the
viability of Gen2' mutants, we repeated the experiment by including diets in which
tryptophan and methionine levels were dropped down to 30%, 20% and 10%.
Interestingly, this titration experiment revealed that drop-down of tryptophan to 20%
significantly decreased the viability of Gen2' mutants without affecting the viability of
wP™ controls (Figure 3.5A). Furthermore, drop-down of trytophan to 10% decreased the
viability of wP*" flies while Gen2” mutants even failed to develop into larvae. Intriguingly,
at no level of methionine drop-down did Gen2' mutants show a reduced viability relative
to the w™" controls (Figure 3.5A). Methionine drop-down to 20% reduced viability and
induced developmental delay in both w™ controls and Gen2' mutants (Figure 3.5A and
3.5B). Methionine dropped down to 10% was lethal for w™® controls and Gen2' mutants
as both of them failed to develop into larvae (Figure 3.5A). Taken together, these findings
demonstrate that GCN2 is essential for fly development under limitation of individual

EAAs, with the exception of methionine.
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Figure 3.5: GCN2 function is not essential for development under methionine limitation

(A) Reduction of W to 20% significantly reduced the viability of Gen2' mutants. Drop-down of W
to 10% was lethal for Gen2' mutants. Reducing M to 20% did not affect the viability of Gen2'
mutants compared to control flies. Drop down of M to 10% was lethal for flies (****p<0.0001,
Student’s t-test). (B) Reduction of M to 30% and 20% delayed the development of w" @ control and
Gen2' mutant flies (error bars show SEM, n=10 replicates with 25 eggs each/genotype and diet).
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3.2.3 Role of GCN2 kinase in lifespan regulation under EAAs deprivation

Reduction of dietary amino acids has been implicated in lifespan extension in diverse
species (Fontana et al., 2010). However, the underlying molecular mechanisms and
pathways of amino-acid-mediated lifespan-regulation are still not fully understood. Given
that GCN2 kinase is a sensor of amino acid starvation we hypothesized that amino-acid-
dependent lifespan-regulation could be mediated by this kinase. To this end we analyzed

ah

survival of w™ control and Gcn2' mutant female flies in response to amino acid

availability.

3.2.3.1 GCN2 modulates fly lifespan under arginine starvation

b control female flies and Gen2' mutants under

First, we studied the lifespan of w"
nutrient-rich conditions. Interestingly, Gen2' mutants showed a modest, but significant,
increase in median lifespan compared to w™*" flies, on the standard yeast based SYA diet
(Figure 3.6A) and on the holidic medium, Yaa (Figure 3.6B, black dotted versus black

ah

solid lines). Next, we analyzed survival of w™" control and Gcn2' mutant flies on

HUNTaa medium. Survival of wP

control flies was comparable to that on Yaa medium
(Figure 3.6B, orange solid line). However, survival of Gen2' mutants was significantly
lower and Gen2' mutants displayed an unusual survival profile on HUNTaa medium
(Figure 3.6B, orange dotted line). The mutants first showed an early phase of increased
mortality after which they stabilized and stop dying, followed by a second mortality phase
that started at about the same time as the control flies started to die on HUNTaa medium.
Notably, the start of early mortality of Gen2' mutants on HUNTaa diet was extremely
consistent among four independent trials. The first deaths always occurred at ~9 days of
age and continued until ~20 days of age. Therefore, we tested whether early mortality
could be rescued if flies were put on HUNTaa medium only after 9 days or 20 days of
age. To this end, we first kept flies on Yaa medium and later switched them to HUNTaa
medium at 10 and 21 days of age. Strikingly, we observed that, irrespective of the age at
which Gen2' mutants were subjected to HUNTaa medium, the mortality started 9 days
after the switch and continued for the next ~10 days (Figure 3.6C, light-green and purple
dotted lines). Furthermore, fecundity of female flies was also affected on HUNTaa
medium. w™ controls displayed significantly reduced egg-laying compared to that on
Yaa medium while Gen2' mutants completely ceased their egg-production on HUNTaa

medium (Figure 3.6D).
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To address whether limitation of arginine in the HUNTaa medium was causal for the
increased mortality of Gen2' mutants, we conducted a lifespan analysis on the Yaa-R
(30%) diet. Interestingly, Gen2' mutants showed a similar survival profile on the Yaa-R
(30%) diet as on the HUNTaa medium (Figure 3.6E, pink dotted line), suggesting that
early mortality of Gen2' mutants was caused by arginine limitation. Residual arginine in
the diet might explain why some of the Gen2' mutants recovered after early mortality on
HUNTaa and Yaa-R (30%). In order to test this, we designed a diet that did not contain
any arginine (Yaa-R), and hence should not be able to rescue the early mortality. Indeed,
on the Yaa-R diet, Gen2' mutants displayed early mortality but did not show the
stabilizing effect as was seen on HUNTaa and Yaa-R 30% diets (Figure 3.6E, dark-green
dotted line). As a result Gen2' mutants were extremely short lived on the Yaa-R diet with

al

a median lifespan of 13 days. In contrast, survival of w” " control flies was only slightly,
although significantly, decreased by arginine restriction (Figure 3.6E, dark-green solid
line).

Interestingly, when arginine along with other amino acids was restricted to 25% (referred

ah control

to as Yaa-25%aa), Gen2' mutants showed normal survival, comparable to w"
flies (Figure 3.6F), suggesting that the ratio of limiting amino acid to other amino acids is
more important for survival of Gen2 mutants than the absolute amount of the limiting

amino acid, consistent with the development data.

Taken together, our results suggest an important role of GCN2 for survival under arginine

deprivation.
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Figure 3.6: GCN2 function is essential for survival under arginine limitation

(A) Gen2' mutants showed significantly increased median lifespan compared to w" " control flies
on SYA medium (***p<0.001, log rank test). (B) Gen2' mutants showed significantly increased
median lifespan compared to w™ control flies on Yaa medium (***p<0.001, log rank test). On
HUNTaa medium, the survival curve of w” ah control flies was comparable to Yaa, however Gen2'!
mutants showed an unusual survival profile. (C) Survival curve of w" “ control and Gen2' mutants
switched from Yaa to HUNTaa at 9 and 20 days of age. (D) Fecundity of Gen2' mutants was
comparable to W flies on Yaa medium. On HUNTaa medium Gen2' mutants had significantly
reduced fecundity (**p<0.01, Student’s t-test). (E) On Yaa-R (30%) Gcn2' mutants showed a
survival profile similar to that on HUNTaa medium. Complete drop out of R (Yaa-R) significantly
reduced the median lifespan of W™ flies compared to Yaa medium (****p<0.001, log rank test).
Survival of Gen2! mutants was severely reduced compared to w™™ flies on Yaa-R (****»<0.0001,
log rank test). (F) wP™ control and Gen2' mutant flies showed comparable lifespan when total
amino acid content of Yaa medium was reduced to 25% (p>0.05, log rank test) (n=200
flies/genotype and diet).

al

3.2.3.2 GCN2 mediates survival in response to deprivation of individual EAAs

Our data demonstrated that GCN2 regulates fly lifespan under arginine deprivation.
Therefore, we next investigated whether GCN2 also mediates survival under deprivation
of other EAAs. To this end, we modified the holidic medium, Yaa and generated ten
different diets, each lacking an EAA. Compared to the control diet Yaa, deprivation of all
single EAAs significantly decreased the survival of w™ flies (Figure 3.7A-3.7J, solid
black line versus solid green/red line). However, deprivation of different EAAs decreased
the survival of wild type control flies to different extents, e.g. deprivation of methionine
caused a strong reduction in median lifespan (median of around 30 days, Figure 3.7)),
while median lifespan of W™ flies on the arginine-deficient diet was about 70 days
(Figure 3.7A). Interestingly, in comparison to w>*" control flies, Gen2' mutant flies were
significantly shorter lived on nine of the ten EAA-deficient diets (Figure 3.7A-3.71, solid
green line versus dotted green line). Strikingly, on the methionine deficient diet Gen2’
mutants were significantly longer lived than w™" flies (Figure 3.7J and 3.7K), consistent

with the results of the development assay.

In addition to single EAA starvation conditions, we also investigated how GCN2 regulate
lifespan under complete deprivation of all the amino acids. To this end we designed a diet
that was devoid of all the essential and non-EAAs (referred to as Yaa-all). Intriguingly,
w™" control and Gen2' mutant flies behaved similarly and survived for a comparatively
long time, with a median lifespan of ~30 days (Figure 3.7L), indicating an involvement of

GCN2-independent regulatory mechanisms under total amino acid deprivation.
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Figure 3.7: GCN2 mediates lifespan under EAAs deprivation

(A-J) Complete deprivation of individual EAAs from the control medium, Yaa significantly
decreased the lifespan of w™™ flies (solid black versus solid green lines, ****p<0.0001 for Yaa-R,
W, K, I, LV, H T, M and **p<0.001 for Yaa-F, log-rank test) and of Gen2' mutants (dotted black
versus dotted green lines, ****p<(0.0001 for all the Yaa-EAA diets, log-rank test) compared to their
respective survival on Yaa medium. (A-I) Compared to the survival of wP™ flies on EAAs-
deficient diets, survival of Gen2' mutants was severely reduced (solid green versus dotted green
lines, ***¥p<0.0001, log-rank test). (J) On Yaa—M diet, Gen2' mutants were significantly longer
lived than w™" control flies (dotted red versus solid red lines, ****p<0.0001, log-rank test). (K)
Summary of lifespan analysis represented as percentage change in median lifespan of Gcn2'
mutants relative to w™™ controls on each diet. (L) On Yaa-all diet, Gen2' mutants and wP™ flies
showed comparable survival (p>0.05, log-rank test). Lifespan analysis on all the diets was
performed in the same lifespan experiment with 150 flies/genotype and diet.
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Flies markedly decrease their egg production if one of the EAAs is missing in the diet
(Sang and King, 196). Therefore, we also analyzed fecundity of w™" control and Gen2’
mutant flies on each of the individual EAA-deficient diets (Figure 3.8A and 3.8B).

Fecundity of w"*

control flies and Gen2' mutants was severely reduced on all the
individual EAA dropout diets and egg-production almost stopped at ~8 days of age. While
there was no difference in fecundity between Gen2' mutants and wild type control flies on
the Yaa control medium, Gen2' mutants had reduced egg production on all individual
EAA-deficient diets (Figure 3.8A). In contrast, under full amino acid starvation, fecundity
of w”* and Gen2' mutants was also severely reduced but was comparable among each

other.

Taken together, these findings demonstrate that GCN2 is an important regulator of
survival under deprivation of individual EAAs, although the mechanism by which it
regulates survival under methionine-deprivation might be different than for the other
EAAs. Furthermore, these results also suggest that full amino acid starvation might act via
different mechanisms than deprivation of individual amino acids and is probably

independent of GCN2 function.
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Figure 3.8: Fecundity of w*" and Gcn2' mutant females on EAA-deficient diets

(A) Comparison of cumulative egg production of w™" control and Gen2' mutant female on
individual EAA-deficient diets and on Yaa-all. (B) Complete deprivation of individual or all EAAs
severely reduced the fecundity of w™ flies and Gen2' mutants to almost zero by ~8 days of age.

3.1.3.3 GCN2 regulates lifespan under EAA deprivation in both genders

All adult survival data presented up to here were done using female flies. To test whether
GCN2 is also required in males for survival in response to amino acid availability, we
performed lifespan analysis under amino acid starvation using w™" control and Gen2'’
mutant males. Consistent with survival of female flies, Gen2” mutant males showed a
modest but significant lifespan-extension compared to w”* males on Yaa medium (Figure

3.9A, black solid versus black dotted lines). Deprivation of arginine on the Yaa-R diet,
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which was chosen as a representative diet, resulted in short-lived Gen2' mutant males
when compared to w™" control flies (Figure 3.9A, green solid line versus green dotted
line). Interestingly, Gen2' mutant males were longer lived than w™ male flies under
methionine deprivation, in line with survival of female flies (Figure 3.9B). Furthermore,
w™ control and Gen2' mutant males had comparable survival under full amino acid

starvation with a comparatively long median lifespan of more than 30 days (Figure 3.9C),

again consistent with the survival of female flies.

Thus, GCN2 regulates survival in both male and female flies under deprivation of EAAs.

Furthermore, also in male flies survival under full amino acid starvation is GCN2-

independent.
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Figure 3.9: GCN2 is essential for survival under EAAs deprivation in male flies

(A-C) Gen2' mutants (males) showed significantly increased median lifespan on Yaa compared to
wP*™ control males (*p<0.05, log rank test). On Yaa-R, Yaa-M and Yaa-all, w™ control and Gen2’
mutant flies showed significantly decreased survival compared to their survival on Yaa
(¥*¥%p<0.0001, log-rank test). (A) On Yaa—R, Gen2' mutant males were significantly shorter lived
than wP™ males flies ( *EXXH<0.0001, log-rank test). (B) On Yaa—M, Gen2' mutant males were
significantly longer lived than w”™ males flies (****p<0.0001, log-rank test). (C) On Yaa-all diet,
Gen2' mutant males and w™ male flies showed comparable survival (p>0.05, log-rank test).
n=150-200 flies/genotype and diet, lifespan analysis of all the diets was performed in the same
lifespan experiment.
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3.2.4. GCN2 mediates starvation resistance

A study in mammal reported that GCN2 is involved in the adaptive response of lipid
metabolism to an EAA-deficient diet (Guo and Cavener, 2007). We therefore evaluated
starvation resistance as a potential indicator of impaired lipid metabolism. First, we tested
starvation survival of Gen2' mutants and wP* female flies after exposure to the yeast-
based SYA medium (Figure 3.10A). Gen2' mutants were significantly short lived on the
full starvation medium (1% agarose) compared to the wild type control flies. Next we
tested starvation survival after a 7-day preconditioning phase on individual EAA
deprivation (for details of the experimental set up see Figure 3.10B). The duration of
preconditioning on EAA-deficient diets was restricted to 7 days, because at ~9 days Gen2'
mutants started dying on the arginine-deficient diet (see Figure 3.7A). Gen2' mutants
preconditioned on Yaa medium were mildly, but significantly, starvation sensitive
compared to w”*" control flies, consistent with the effect on the SYA diet (Figure 3.10C,
black dotted line versus black solid line). Preconditioning on EAA-deprived diets affected
the starvation resistance of w”* control flies and Gen2' mutants in an opposite manner.
Wild type flies raised on EAA-deficient diets, when transferred to full starvation medium,
displayed significantly increased starvation resistance compared to w™* flies raised on the
control Yaa diet (Figure 3.10C-3.10L, solid green line versus solid black line). In contrast,
EAA deprived Gen2' mutants showed significantly decreased starvation resistance (Figure
3.10C-3.10K, dotted green line versus dotted black line). Interestingly, methionine was
again an exception, because Gen2' mutants preconditioned on a methionine-deprived diet
were significantly more starvation resistant, similar to w”*" flies (Figure 3.10L and

3.10M).

Taken together, our findings demonstrate that prior deprivation of an EAA aids in better
survival under conditions of full starvation, and this effect seems to be mediated by GCN2

kinase.
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Figure 3.10: GCN2 increases starvation resistance under normal and individual EAA
deprived conditions

(A) Gen2' mutants raised on SYA diet for 7 days were starvation sensitive compared to w"
control flies (**p<0.001, log-rank test). (B) Schematic representation of the experimental set up for
the starvation-stress assay. Survival under full starvation was measured on Gen2' mutants and w™"
flies, preconditioned for 7 days on diets lacking an EAA. (C-L) Gen2' mutants raised on Yaa diet
were starvation sensitive compared to W™ control flies (solid black versus dotted black lines,
*¥p<0.001, log-rank test). (C-L) w" @ control flies preconditioned on an EAA-deficient diet were
significantly starvation resistant in comparison to the control flies preconditioned on Yaa diet (solid
green/red versus solid black lines, ****p<0.0001, log-rank test). (C-K) Gen2'  mutants
preconditioned on EAA-deficient diets were significantly starvation sensitive in comparison to
mutants preconditioned on Yaa diet (dotted black versus dotted green lines, ****p<0.0001, log-
rank test), (L) with the only exception of methionine-deprived mutants, which showed increased
starvation resistance (dotted black versus dotted red lines ****p<0.0001, log-rank test). (M)
Summary of starvation stress represented as percentage change in median lifespan under full
starvation of w™" control and Gen2' mutant flies preconditioned on a Yaa-EAA diet relative to
their median lifespan under full starvation when preconditioned on Yaa diet (n = 100 flies/genotype
and diet).

ah

3.2.5 GCN2 regulates lipid storage in response to EAA deprivation

GCN2 suppresses hepatic lipid synthesis in response to leucine deprivation in mice (Guo
and Cavener, 2007). Therefore, we hypothesized that GCN2 might affect energy storage

a

under EAA starvation, which could underlie the increased resistance of wP™ control flies
under full starvation medium. To this end, we measured triacylglycerol (TAG) storage in
w™™ and Gen2' mutant flies after 7 days of preconditioning on the EAA-deficient diets

ah control and Gen2' mutant

(Figure 3.11A). Interestingly, the starvation resistance of w"
flies on EAA-deficient diets correlated well with the TAG levels on EAA-deficient diets.
On each of the EAA-deficient diets, Gen2' mutants showed significantly lower TAG
levels as compared to w>* flies (Figure 3.11B), indicating that activated GCN2 in w"*"
flies is required for increased TAG levels and thus increased starvation resistance.
Furthermore, we analyzed how TAG levels on EAA-deficient diets changed relative to
TAG levels on Yaa diet for wP™ control and Gen2! mutant flies. In wP™ flies, TAG levels
on EAA-deficient diets were higher compared to those on the Yaa diet (Figure 3.11D).
This finding is consistent with the increased survival of W™ flies under full starvation
when previously deprived of an EAA (see Figure 3.10C-3.10L). In contrast, Gen2'
mutants had lower TAG levels on EAA-deficient diets compared to the Yaa diet (Figure
3.11D), in line with their decreased survival on full starvation when previously fed an
EAA-deficient diet (see Figure 3.10C-3.10K). Remarkably, under methionine deprivation,

TAG levels of Gen2' mutants were higher than TAG levels on the Yaa diet (Figure
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3.11D), consistent with the increased resistance of Yaa-M fed Gen2' mutants under full

starvation (see Figure 3.10L).

Thus, our results indicate that upon starvation of an EAA, GCN2 function results in
increased TAG levels in flies, which is probably causal for the increased resistance under

full starvation.
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Figure 3.11: GCN2 regulates lipid levels in response to an EAA starvation

(A) Triacylglycerol (TAG) level was measured at the start of full starvation in Gen2' mutants and
w”™ flies, preconditioned for 7 days on diets lacking an EAA. (B) TAG levels of w™" and Gen2'
mutants on Yaa and Yaa-EAA diets (****p<0.0001, Student’s t-test). (C) Protein level of wha
control and Gen2! mutant flies on Yaa and Yaa-EAA diets. On each diet, Gen2' mutants and w”
flies had comparable protein content (“*p>0.05, Student’s t-test). (D) Percentage change in TAG
level on Yaa-EAA relative to Yaa (n=4 replicates/ genotype and diet with 5 flies per replicate;
error bar shows SEM).

ah

57



3.2.6 GCN2 regulates feeding behavior in response to EAA deprivation

Manipulations of dietary amino acids can alter feeding behavior (Morrison et al., 2012;
Toshima and Tanimura, 2012). However, the role of GCN2 in such responses is presently
debatable (Leib and Knight, 2015; Maurin et al., 2005). Therefore, we assessed how

b control flies and Gen2! mutants.

deprivation of individual EAAs affects feeding in w"
We speculated that an altered feeding behavior could be causal for the changed lipid

levels under EAA starvation.

We first performed a two-choice preference assay with larvae, by presenting a choice
between Yaa (control diet) and HUNTaa medium (limited for developmental timing and

Pah control and Gen2' mutant larvae displayed a significantly stronger

egg-laying). Both w
preference for Yaa over HUNTaa (Figure 3.12A). Next we performed a food preference
assay on adult flies. Both w™ flies and Gen2’ mutants preferred Yaa to HUNTaa medium
(Figure 3.12B and 3.12C), consistent with the observation in larvae. We further tested the
preference of adult flies for an EAA-deficient diet (Yaa-T). w>*" control flies as well as
Gen2' mutants preferred Yaa over Yaa-T (Figure 3.12B and 3.12C). Surprisingly, a
methionine deficient diet appeared more attractive to w>*" control and Gen2' mutant flies,
as they preferred it to Yaa medium (Figure 3.12B and 3.12C). In summary, Gen2' mutants
are able to distinguish an amino acid deprived medium from a control diet and show

similar preferences to wild type flies. These findings suggest that GCN2 is not required

for short-term sensing of the amino acid composition of the food.

A two-choice preference assay evaluates the comparative preferences between the
presented diets. We next measured the amount of food intake under no-choice conditions.
We assessed the feeding rate on the EAA-deficient diets by performing proboscis
extension assays over a period of 7 days (we first tested arginine-, leucine- and
methionine-deprived diets). Flies were transferred to the test diet 15 hours prior to the first
observation (represented as day 1, Figure 3.12D). On the control diet Yaa, w”™ control
and Gen2' mutants showed comparable feeding rates over the whole observation period of
seven days (Figure 3.12D, black solid versus black dotted lines). Interestingly, on EAA-
deficient diets, w™™ flies significantly increased their feeding rate from day 3 onwards.
Strikingly, Gen2' mutants massively reduced their feeding rate on Yaa-R and Yaa-L diets.
However, on a methionine deficient diet, Gen2' mutants significantly increased their

feeding rate, similar to w”*" flies.
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Importantly, based on our observations, feeding response under EAA starvation could be
divided into two phases: 1) Aversion phase: the first 15 hours (day 1) during which w*
control and Gen2' mutants both had reduced feeding under amino acid deprived
conditions compared to Yaa diet. 2) Adaptation phase: starting from day 2 onwards during
which w™™ flies increased their feeding rate and Gen2' mutants further decreased their
feeding rate. Because differences in feeding behavior during adaptation phase were
evident from day 2 onwards, for further analysis we chose one time point (day 4) as a

al

representative of this phase. Next we examined the feeding rate of w”*" control and Gen2’
mutant flies on the other individual EAA-deficient diets at day 4 (Figure 3.12E).
Consistent with our observations on arginine- and leucine-deficient diets, Gen2’' mutants
showed a significant decrease in proboscis extension, while w”*" flies showed a
significant increase on most of the EAA-deficient diets. The only exception was the
tryptophan-deficient diet (Yaa-W), on which feeding rate of w™* flies were comparable to
Yaa but not increased. Interestingly, increased feeding rate of w™ flies and reduced
feeding rate of Gen2' mutants on EAA-deficient diets was in line with their observed lipid
levels (see Figure 3.11B). Additionally, we also examined the feeding rate under complete
amino acid deprivation (Yaa-all). Feeding rate was significantly reduced for both w"*
control and Gen2' mutant flies throughout the 7 days, and not different from each other

(Figure 3.12D, purple solid and purple dotted lines).
Taken together our findings suggest that:

a) The mechanisms involved in the perception of and preference for amino acids in the

food are GCN2-independent in flies.

b) GCN2 regulates feeding rate of flies in response to a physiological deficit of EAAs as a

result of the consumption of EAA-deficient diets for more than 24 hours.
c) Feeding rates on a methionine-deficient diet are GCN2-independent

d) Feeding rates under full amino acid starvation are GCN2-independent.
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Figure 3.12: GCN2 regulates feeding rate under EAA deprivation

(A-C) Food choice assay was performed on w" @ control and Gen2' mutant (A) larvae and (B & C)
adult flies. Color of the box represents the specific diet offered against Yaa. Food choice is
depicted as preference index for Yaa over the presented diet. Each bar represents 3-6 biological
replicates, with 40 females per replicate (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001,
Student’s t-test, n for larvae = 3 biological replicates with 15 larvae/genotype, for adult flies each
bar represents 3-6 biological replicates, with 40 females per replicate). (D) Feeding rates of w™
control and Gen2' mutant flies observed over a period of 7 days on individual and all EAAs-
deficient diets. On Yaa, the feeding rate of w™" control and Gen2' mutant flies was comparable
(solid black versus dotted black lines). On Yaa-all diet, both w™" control and Gen2' mutant flies
showed severely reduced feeding rate (solid purple versus dotted purple lines). On Yaa-R and Yaa-
L, w™™ flies showed an increase in feeding rates from day 2 onwards whereas feeding rate of Gen2'
mutants was severely reduced (solid green and blue versus dotted green and blue lines
respectively). On Yaa-M diet, both W™ control and Gen2' mutant flies showed an increase in
feeding rates (solid red versus dotted red lines). Inset shows the feeding rate at day 4. (E) Feeding
rates of w"*" control and Gen2” mutant flies on day 4 for individual EAAs deficient diets. w™" flies
significantly increased their feeding rate on EAA-deficient diets (except on Yaa-W). Gen2' mutants
significantly decreased their feeding rate on EAA-deficient diets (*p<0.05, **p<0.01, ***p<0.001
and ****p<(.0001, Student’s t-test; n=6 replicates/genotype and diet with 5 flies per replicate).

3.2.7 GCN2 function under amino acid deprivation in an independent genetic

background

Genetic background can have profound effects on physiological phenotypes like
development, starvation and lifespan, and phenotypes of specific mutants might only be
restricted to one genetic background (Toivonen et al., 2007). All experiments presented up
to now were done in the outbred w”* background. To test whether Gen2 mutants would
show similar phenotypes in response to amino acid deprivation in an independent genetic

1118

background, we backcrossed Gen2” mutants into a frequently used inbred w'''® strain. We

1118 . N
control and ng;GanJ mutant flies under limitation of

first tested development of w
single EAAs (Figure 3.13A). Interestingly, viability of w'''®;Gen2' mutants was
significantly reduced compared to w'''® flies on the Yaa control diet, suggesting that lack

I8 -ontrol flies on

of GCN2 has more severe consequences in the w'''® background. w
HUNTaa medium and on individual EAAs drop-down diets showed normal viability
comparable to Yaa medium (Figure 3.13A). w'''*;Gen2’ mutants displayed significantly
reduced viability on HUNTaa medium compared to Yaa and on most of the EAAs drop-
down diets with the exception of tryptophan and methionine drop-down diets (Figure
3.13A). Thus, as in the W™ background, limitation of methionine did not negatively
affect the viability of Gen2” mutant flies in the w'''® background (see Figure 3.4A). For
most EAA drop down diets the effect on viability was more severe than in the w™"

background (compare Figure 3.13A with 3.4A), consistent with the hypothesis that lack of
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GCN2 has more severe consequences in the w'''® background compared to the w°*

background.

1118

Next, we analyzed lifespan of w control and w'''*;Gen2' mutant flies under

deprivation of single EAAs. w'''*;Gen2” mutants were significantly shorter lived on the
p g g y

1118

Yaa control diet compared to w ° control flies (Figure 3.13B, black dotted line versus

black solid line). Thus, as with viability during development, mutation of GCN2 has
detrimental consequences for survival in the w'''® background. Furthermore, unlike w™*
control flies, whose survival was significantly reduced on all of the EAA-deficient diets
(see Figure 3.7A-3.7J), w'''® control flies displayed reduced survival compared to Yaa
diet only on 7 of the 10 EAA-deficient diets including —R, -W, -V, -T, -L -I and -M
(Figure 3.13E-3.13K). In general, EAA deprivation affected the survival of w'''® flies to a
lesser extent than survival of wP™ flies. However, consistent with the survival of Gen2’
mutants in the w>*" background (see Figure 3.7A-3.71), survival of w'''"*;Gen2! mutants
compared to w'''® flies was significantly decreased on all individual EAA-deficient diets
(Figure 3.13B-3.13K, dotted green line versus solid green line). Noteworthy, under

methionine deprivation, median lifespan of w'''*;Gen2’ mutants was significantly reduced

compared to w'''® flies, but maximum lifespan was increased (Figure 3.13K).
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Figure 3.13: GCN2 mediates development and lifespan in response to amino acid availability
in w'''® background

(A) w''"®:Gen2' mutants compared to w  control flies showed significantly reduced viability on
Yaa medium (***p < 0.001, Student’s t-test). Compared to Yaa medium, HUNTaa medium and
individual EAAs drop-down diets did not affect the viability of w'''® flies (p>0.05, one-way
ANOVA), however viability of w'''*;Gen2” mutants was significantly reduced on HUNTaa medium
and on all the EAAs drop down diets with the exception of W and M drop-down diets (“*p >0.05
and ***p <0.001, one-way ANOVA followed by Dunnett’s post hoc test taking viability of
w''":Gen2! mutant on Yaa as control group; error bar shows SEM; n=10 replicates with 25 eggs
each/genotype and diet). (B) w''"*;Gen2' mutants were significantly shorter lived on the Yaa diet
compared to w'''® control flies (dotted black versus solid black lines, ****p<0.0001, log-rank test).
(E-K) Only 7 of the 10 Yaa-EAA diets significantly decreased the lifespan of w'''® flies compared
to Yaa diet (solid green versus solid black lines, **p<0.01 for Yaa-R, ****p<0.0001 for Yaa-W, -
V,-T, -L, -1, -M, log-rank test). (B-K) All of the Yaa-EAA diets significantly decreased the lifespan
of w''"";Gen2' mutants compared to Yaa diet (dotted green versus dotted black lines
*¥5%p<(.0001, log-rank test). (B-K) Compared to the survival of w'''® flies on Yaa-EAA diets,
survival of w'""®;Gen2’ mutants was severely reduced (solid green/red versus dotted green/red
lines ****p<0.0001, log-rank test). n=150 flies/genotype and diet; lifespan analysis of all the diets
was performed in the same lifespan experiment.

1118

Next, we tested starvation resistance using the same experimental setup of
preconditioning for 7 days on Yaa and single EAA-deficient diets before being transferred
to full starvation food (see Figure 3.10B). We observed that w'''®;Gen2’ mutants
preconditioned on the Yaa control diet were significantly starvation sensitive compared to
w'!'® control flies (Figure 3.14A and 3.14B). w'!'® control flies preconditioned on Yaa-
EAA diets were significantly starvation resistant compared to the control flies
preconditioned on Yaa diet (Figure 3.14A and 3.14B). In contrast, w'''*;Gen2” mutants
preconditioned on Yaa-EAA diets showed a significantly increased starvation sensitivity
compared to the mutant flies preconditioned on Yaa diet (Figure 3.14A and 3.14B). The
only exception was again deprivation of methionine, which resulted in significantly
increased starvation resistance in w'''*;Gen2' mutants (Figure 3.14A and 3.14B). These
ah

observations are in line with starvation resistance of Gcn2! mutant flies in the w”

background (see Figure 3.10C-3.10L).

Thus, using an independent genetic background, we could confirm most of the phenotypes
observed with Gen2' mutants in the w™™ background. However, the results also show that
the genetic background has effects on the strength of the phenotype, suggesting an
interaction of genetic and dietary factors in the regulation of survival under amino acid

deprivation.
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Figure 3.14: GCN2 mediates starvation resistance under EAA deprivation in w''"®

background

(A) w''"*;:Gen2" mutants raised on Yaa diet were starvation sensitive compared to w  control
flies (striped black versus solid black box, *p<0.05, log-rank test). w''™ control flies
preconditioned on Yaa-EAA diets were significantly starvation resistant in comparison to the
control flies preconditioned on Yaa diet (solid green boxes versus solid black box, ****p<(0.0001,
log-rank test). w'""®;Gen2' mutants preconditioned on Yaa-EAA diets were significantly starvation
sensitive in comparison to mutants preconditioned on Yaa diet (striped green boxes versus striped
black box, ****p<0.0001, log-rank test), with the only exception of M deprived mutants which
showed increased starvation resistance (striped red boxes versus striped red box, ****p<0.0001,
log-rank test). (B) Summary of starvation stress represented as percentage change in median
lifespan under full starvation of w'''® control and w'''®;Gen2’ mutant flies preconditioned on a
Yaa-EAA diet relative to their median lifespan under full starvation when preconditioned on Yaa
diet (n = 100 flies/genotype and diet).

1118
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3.2.8 Analysis of ATF4 as a downstream effector of GCN2 Kinase

In response to amino acid starvation GCN2 suppresses global translational but
concomitantly activates translation of specific mRNAs with open reading frames in their
5> UTRs, such as the transcription factor ATF4 (Lu et al., 2004; Vattem and Wek, 2004).
ATF4 induces expression of target genes involved in a variety of adaptive functions,
including amino acid import and metabolism (Harding et al., 2003). We therefore tested
whether enhanced A#f4 expression in the absence of GCN2 is sufficient to rescue the
phenotypes of Gen2' mutants under EAA starvation. To this end, we used a UAS-Af4 fly

ah

line (FlyORF) and ubiquitous GAL4 driver lines, which were introduced into the w"*";

Gen2' mutant background.
3.2.8.1 Rescue of starvation resistance by ubiquitous overexpression of A#f4

First, we tested if ubiquitous over-expression of A#f4 (driven by the da-GAL4 driver) in
absence of GCN2 could rescue the reduced starvation resistance displayed by Gen2’
mutants. We used the same experimental setup as described above (see Figure 3.10B). We
used three representative amino acid deprived diets: Yaa-L, Yaa-I and Yaa-W. Starvation
resistance was completely rescued to wild-type level upon A#4 over-expression if
previously fed on Yaa diet (Figure 3.15A, rescue of mean survival by A#f4 over-
expression was calculated compared to both driver control and UAS-A4#/4 control and
relative to w™ flies). Interestingly, rescue of starvation resistance by enhanced Atf4
expression was dependent on which amino acid was deprived prior to full starvation. A#f4
over-expression resulted in the strongest rescue of starvation resistance of Gen2' mutants
when previously deprived of tryptophan (Figure 3.15B, 82% compared to UAS-A#f4
control and 83% compared to driver control). Starvation resistance of Gen2” mutants was
rescued by more than 35% (36% compared to UAS-A#f4 control and 46% compared to the
Gal4 driver control) when preconditioned on a leucine-deprived diet (Figure 3.15C). In
contrast, starvation resistance of Gen2' mutants was very mildly rescued (14% compared
to UAS-Atf4 control and 11% compared to driver control) if fed on an isoleucine-deprived

diet (Figure 3.15D).
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Figure 3.15: Ubiquitous overexpression of At#f4 partially rescues starvation sensitivity of
Gen2' mutants

(A-D) Ubiquitous overexpression of A#f4 in the Gen2' mutant background (red lines) partially
rescued the starvation sensitivity of Gcn2 mutants. Rescue is shown as percentage change in mean
survival of induced line compared to the driver control (da-Gal4/Gen2' — light blue) and UAS
control (UAS-Atf4/Gen2' — dark blue) relative to w™™ flies. All fly lines were preconditioned for 7
days on diets lacking single EAAs before being transferred to full starvation food (n=100
flies/genotype and diet).

3.2.8.2 Adult-onset, ubiquitous over-expression of A#f4 is sufficient to rescue

GCN2-dependent starvation sensitivity

The da-GAL4 driver is active during development and adulthood. Thus, it is not clear
whether A#f4 over-expression rescues GCN2 function during adulthood or through an
effect on developmental processes. In order to evaluate whether adult-onset, ubiquitous
over-expression of At¢f4 can rescue the amino-acid-deprivation-induced starvation

sensitivity of Gen2' mutants, the inducible da-GeneSwitch (GS) driver (Osterwalder et al.,
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2001) was used. The experimental set up was modified to ensure similar induction of A#f4
expression at the start of the preconditioning period. Newly eclosed adult flies were
allowed to mate for 48 hours on the control diet, Yaa supplemented with 50 um of the GS
inducer RU486. Subsequently, flies were transferred to RU486 (50 um)-supplemented
single EAA-deficient diets and Yaa control diet for a period of 7 days after which they

were transferred to full starvation food (not supplemented with RU486).

Interestingly, adult-specific over-expression of A#4 was not sufficient to rescue the
starvation sensitivity of Gen2' mutants on the Yaa control diet. This might argue for a
developmental origin of this phenotype (Figure 3.16A, 0% compared to the UAS-A#f4
control and 35% compared to the driver control). Starvation sensitivity of Gen2’ mutants
could be partly rescued by adult onset A#f4 over-expression on the leucine-deprived diet
(Figure 3.16B, 34% compared to UAS-A¢f4 control and 48% compared to driver control)
and on the tryptophan-deprived diet (Figure 3.16C, 22% compared to UAS- Atf4 control
and 31% compared to driver control). Rescue efficiency was slightly higher on the Yaa-L
than on the Yaa-W diet. In contrast, no rescue was observed on flies preconditioned on an
isoleucine-deprived diet (Figure 3.16D), suggesting that the rescue of GCN2 function by
Atf4 over-expression is amino-acid-specific. Despite differences in the degree of rescue of
starvation resistance between constitutive (da-GAL4) and adult onset of A#f4 over-
expression (da-GS), the overall tendency was comparable. In both setups, prior
deprivation of tryptophan and leucine showed stronger rescue of starvation sensitivity
whereas prior deprivation of isoleucine displayed mild or no rescue (compare Figure 3.15

with Figure 3.16).

Rescue efficiency might depend on the level of ATF4 and therefore on the concentration
of RU486 in the diet. Therefore in order to test whether one of the reasons for the partial
rescue of starvation sensitivity was insufficient ATF4 induction by the 50 um
concentration of RU486 used in our set up, we repeated the experiment with a two times
higher RU486 concentration (100 pm) and tested all the ten single EAA-deficient diets.
Doubling RU486 concentration mildly increased the degree of rescue, however did not
result in full rescue on any diet (Figure 3.17A-3.17K), suggesting that 50 um
concentration of RU486 was not the cause for partial rescue of starvation resistance.
Consistent with previous observations, preconditioning with three amino acids (leucine,

tryptophan and threonine) displayed a more than 40% rescue whereas prior starvation of
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most amino acids showed mild/no rescue (isoleucine, methionine, arginine, valine, lysine,

histidine and phenylalanine).
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Figure 3.16: Ubiquitous adult-onset overexpression of A#f4 partially rescues starvation
sensitivity of Gen2' mutants

(A-D) Ubiquitous adult-onset overexpression of A#f4 in Gen2' mutant background (50 pM RU486 -
red lines) partially rescued the starvation sensitivity. Rescue is shown as percentage change in
mean survival of induced line compared to the driver control (da-GS/ Gen2' — light blue) and UAS
control (UAS-Atf4/Gen2" — dark blue) relative to w™™ flies. All the fly lines were preconditioned

for 7 days on diets lacking single EAA as depicted before being transferred to full starvation food
(n=100 flies/genotype and diet).
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Figure 3.17: Ubiquitous adult-onset overexpression of A¢f4 partially rescues the starvation
resistance of Gen2' mutants

(A-K) Ubiquitous adult-onset overexpression of A#f4 in Gen2' mutant background (100 pM
RUA486-red lines) partially rescued the starvation resistance. Rescue is shown as percentage change
in mean survival of induced line compared to the driver control (da-GS/Gen2' — light blue) and
UAS control (UAS-A#f4/Gen2' — dark blue) relative to w™ flies. All the fly-lines were
preconditioned for 7 days on diets lacking single EAA as depicted, before being transferred to full
starvation food (n=100 flies/genotype and diet).

70



3.2.8.3 Adult-onset, ubiquitous over-expression of A#f4 rescues food intake of

Gen2! mutants on EAA-deficient diets

Our data suggested that reduced feeding rates of Gen2' mutants on individual EAA-
deficient diets (with the exception of methionine) decreased lipid levels and thereby
resulted in reduced starvation resistance. Since over-expression of A#4 in the absence of
GCN2 partially rescued starvation sensitivity in an amino-acid-dependent manner, we
hypothesized that this might be a result of rescued feeding rates. Indeed, feeding rates
upon Atf4 over-expression in the Gen2' mutant background correlated well with the
rescue of starvation sensitivity of Gen2' mutants (compare Figure 3.18 with Figure 3.16).
Adult onset, ubiquitous expression of A¢f4 significantly rescued the feeding rate of Gen2'
mutants on leucine and tryptophan-deficient diets, although not to the level of the wild
type control (Figure 3.18). Furthermore, feeding rate on the isoleucine-deficient diet was
not rescued by A#f4 over-expression, consistent with the lack of rescue of starvation

sensitivity (compare Figure 3.18 with Figure 3.16D).
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Figure 3.18: Ubiquitous adult-onset overexpression of A#f4 partially rescues feeding of Gcn2'
mutants on EAA-deficient diets

Feeding rate was partially rescued by ubiquitous adult-onset overexpression of A#f4 in Gen2'
mutant background (red bar) on Yaa-L and Yaa-W but not on Yaa-l (**p<0.01 and ***p<0.001,
one-way ANOVA followed by Tukey’s post hoc test, error bar shows SEM).
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3.2.8.4 Adult-onset, ubiquitous over-expression of A#f4 rescues lifespan of Gcn2'

mutants on EAA-deficient diets

Since adult onset, ubiquitous A#f4 over-expression partially rescued starvation resistance
and feeding on EAA-deficient diets, we tested whether reduced survival due to the

absence of GCN2 under EAA deprivation could also be rescued.

On Yaa medium, lifespans of the control lines (da-GS and UAS-ATF4) and of the induced
line were comparable to that of w™" flies (Figure 3.19A). Interestingly, adult onset,
ubiquitous A#f4 over-expression fully rescued the reduced survival of Gen2' mutants
under leucine deprivation (Figure 3.19B). Furthermore, consistent with starvation
sensitivity and feeding rateno rescue of survival was observed under isoleucine
deprivation (compare Figure 3.19C with Figure 3.16D and Figure 3.18). As lifespan of
Gen2' mutants was significantly increased on a Yaa-M diet (see Figure 3.7J), we also
tested if this could be rescued by A#f4 over-expression. Indeed, lifespan of Gen2’ mutants

under methionine deprivation was rescued back to wild type level (Figure 3.19D).

Taken together our findings show that activation of ATF4 is able to partially compensate

for the lack of GCN2 function, dependent on the dietary context.
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Figure 3.19: Ubiquitous adult-onset overexpression of A#f4 rescues lifespan of Gcn2' mutants
under deprivation of selective EAA

(A-D) Ubiquitous adult-onset overexpression of A#f4 in the Gen2' mutant background (50 pM
RUA486-red lines) completely rescued survival under (B) Yaa-L and (D) Yaa-M but not on (C) Yaa-
I (RU486 induced da-GS<UAS-Atf4 vs. da-GS/Gen2' — light blue asterisk and RU486 induced da-
GS<UAS-Atf4 vs. UAS-Atf4/Gen2" — dark blue asterisk; **p<0.01, ***p<0.00] and
*EXXH<0.0001, log-rank test).
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3.2.9 Genome wide transcriptional profiling: GCN2 dependent and independent

transcriptional response upon amino acid starvation

Amino acid limitation or total deprivation alters gene expression in different species and
this response, at least in part, is mediated by GCN2 kinase (Deval et al., 2008; Kilberg et
al., 2009). However, several aspects of amino acid regulated gene expression are still not
fully understood. For instance, it is unclear whether starvation of different individual
amino acids triggers similar or distinct set of genes, which signaling pathways are
activated upon starvation of different amino acids, and whether full protein deprivation
manifests similar transcriptional changes as single amino acid deprivation. Therefore, this
part of the study was aimed to gain more insights into control of gene expression and
signaling pathways under individual and complete amino acid deprivation and to
distinguish GCN2-dependent and -independent amino acid responsive genes and

a

biological processes. To this end, gene expression profiles of w>* control flies and Gen2'
mutants were analyzed under methionine, arginine and full amino acid starvation using
RNA-seq analysis (for experimental set up see Figure 3.20A). We chose methionine and
arginine deprivation for studying changes in gene expression in response to individual
amino acid starvation because of the different response of Gen2' mutants towards
methionine deprivation and the deprivation of other EAAs (represented by arginine
deprivation). Initially, the experiment was designed to study the effects of long-term
amino acid deprivation (for a period of 7 days) and short-term amino acid deprivation (for
a period of 3 days). However, the sequencing quality of day 7 data was poor with same
treatments not clustering together, therefore only the day 3 data set was used for the
subsequent bioinformatics analysis. Bioinformatics analysis was done in collaboration
with the bioinformatics core facility at the Max-Planck Institute for Biology of Ageing. At
the moment, the analysis is still ongoing therefore only preliminary results are shown

here.

3.2.9.1 GCN2 regulates similar as well as distinct set of gene in response to

individual and complete amino acid deprivation

Gene expression profiles under methionine, arginine and full amino acid starvation were
analyzed in comparison to the control diet (Yaa). The number of differentially regulated

 control flies and Gen2' mutants under methionine, arginine and protein

genes in w"
deprivation is shown in Figure 3.20B. Preliminary bioinformatics analysis revealed some

interesting observations: 1) A significant heterogeneity in the transcriptional responses to

74



the deprivation of methionine, arginine and full amino acid starvation was observed

(Figure 3.20B). (2) A substantial number of genes were commonly regulated under

a

methionine, arginine and protein deprivation in w™" control flies, suggesting that all the

three conditions also triggers a general amino acid deprivation response (Figure 3.20B).
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Figure 3.20: Transcriptional profiling of w”*" control and Gcn2' mutant flies

A) Differential gene regulation by GCN2 under EAA starvation (Yaa-R, Yaa-M and Yaa-all) was
studied using RNA-Seq. (B) Venn-diagrams showing the overlap of genes differentially changed
under Yaa-M, Yaa-R and Yaa-all in wP control and Gen2' mutant flies.

3.2.9.2 GCN2 regulates distinct biological processes in response to individual or

complete amino acid deprivation

To identify GCN2 dependent biological processes specifically regulated under
methionine, arginine or protein deprivation, a GO enrichment analysis using Bioconductor
R software package, topGO, was performed. Preliminary data showed that processes
related to amino acid metabolism and protein translation such as t-RNA aminoacylation

and amino acid transport were among the top 10 GCN2-dependent GO categories under
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methionine deprivation (Figure 3.21A). Furthermore, down-regulation of translation
emerged as the top most enriched GCN2-dependent GO category under arginine
deprivation, in line with previous studies showing that GCN2 modulates translation in
response to amino acid deprivation (Figure 3.21B). GO enrichment analysis for full amino
acid starvation revealed non-canonical GCN2-dependent biological processes such as

potassium ion transport and cellular response to carbon dioxide (Figure 3.21C).

As mentioned before, this is a preliminary analysis of our RNA-seq data and in future we
aim to decipher whether deprivation of any single EAA leads to similar or different
changes compared to the full amino acid starvation or to other single amino acid

deprivation.
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Figure 3.21: GO enrichment analysis of GCN2-dependent gene expression

Cell plots of GO-enrichments for GCN2-dependent GO categories on (A) Yaa-M (B) Yaa-R and
(C) Yaa-all. Horizontal axis represents GO-term enrichment (ElimFisher), colouration represents
specific log, fold change, and the gene count is shown at the end of each bar. The ten most
significantly regulated GO categories (biological process) are shown.
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3.2.10. Cross-talk between GCN2 kinase and TOR Kinase

Cells have evolved at least two different pathways to monitor intracellular amino acid
levels: GCN2 to sense absence of amino acids and TOR to sense presence of amino acids.
Studies in different model organisms have shown that crosstalk between these two
nutrient-sensing pathways exists; however the mechanism and the direction of interaction
are not clearly understood (Gallinetti et al., 2013). We therefore tested whether these two
pathways interact in the regulation of organismal traits such as lifespan and stress

resistance.

3.2.10.1 Longevity and starvation resistance conferred by rapamycin-mediated

TOR inhibition is GCN2 independent.

Genetic or pharmacological down regulation of TORC1 leads to increased lifespan from
yeast to mammals (Kapahi et al., 2010). Interestingly, a recent study in worms suggests
that GCN2 activity is essential to mediate lifespan-extension conferred by down

regulation of TOR (Rousakis et al., 2013).

Therefore, we investigated whether GCN2 mediates lifespan extension conferred by
inhibition of the TOR pathway in flies. To this end we used rapamycin to inhibit TORCI

Db control and Gen2' mutant flies and performed lifespan analysis.

activity in w
Interestingly, rapamycin treatment significantly increased the median lifespan of both
genotypes as compared to the respective EtOH control (Figure 3.22A), suggesting that
longevity conferred by rapamycin-mediated inhibition of TOR is GCN2 independent.
Furthermore, we analyzed survival of rapamycin treated Gen2' mutants and wP™ flies
under full starvation conditions. Aged matched flies were raised on rapamycin
supplemented Yaa diet (Sum, 10um, and 20pum) for ten days and then transferred to
starvation food (1% agarose). Consistent with published data (Bjedov et al., 2010) we

al

observed a dose-dependent increase in survival of rapamycin-treated w™™ control flies
(Figure 3.22B). Interestingly, rapamycin treatment also resulted in a dose-dependent
increase in survival of Gen2' mutants (Figure 3.22C). Thus, our results show that
longevity and starvation resistance conferred by rapamycin-mediated TOR inhibition is

GCN2-independent.
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Figure 3.22: Longevity and starvation resistance conferred by rapamycin-mediated TOR
inhibition is GCN2 independent

(A) Rapamycin significantly extended the median lifespan of w”" control and Gen2' mutant flies.
Survival analysis of rapamycin treated (B) wP™ control and (C) Gen2' mutant flies under full
starvation showed a significant dose dependent increase in the starvation resistance of w”™ control
and Gen2' mutant flies (***%p<0.0001, ***p<0.001 and **p<0.01, log-rank test; n for lifespan
analysis =200 flies/genotype and diet, n for starvation stress =100 flies/genotype and diet).
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3.3 DISCUSSION

The role of nutrient-sensing pathways, such as the TOR or insulin/ IGF-1 signaling (IIS)
pathways, in lifespan and other age-related phenotypes is well documented in diverse
species (Fontana et al., 2010). In contrast, the role of the evolutionary conserved amino
acid sensing pathway mediated via GCN2 kinase in ageing is not yet fully understood.
Using Drosophila melanogaster as a model organism, we show that GCN2 kinase plays a
vital role in modulating longevity and important physiological functions during nutritional

deprivation of EAAs.
3.3.1 GCN2 ensures fly development under limitation of an EAA

Starvation of EAAs inhibits larval growth and development in Drosophila (Britton and
Edgar, 1998), however, the underlying molecular mechanisms remain unclear. Here, we
show that GCN2 kinase ensures fly development under limitation of all EAAs (except
methionine, discussed in section 3.3.6). Our findings are consistent with studies
suggesting a role of GCN2 kinase in growth and development in response to amino acid
availability (Dever et al., 1993; Zhang et al., 2002). In yeast, GCN2 is required for growth
in the absence of amino acids or in the presence of inhibitors of amino acid biosynthesis
(Dever et al.,, 1993) and in mice loss of GCN2 function negatively impacts fetal

development when leucine is missing in the maternal diet (Zhang et al., 2002).

One of the possible mechanisms of GCN2-dependent regulation of fly development under
EAAs limitation might involve control of translation by GCN2. Studies in flies and mice
have shown that regulation of translation through changes in elF2a phosphorylation status
plays a critical role in development (Harding et al., 2009; Malzer et al., 2013b). De-
phosphorylation of eif2a is performed by eif2a phosphatase, PPP1R 15, whose function is
antagonistic to GCN2. In Drosophila, knockdown of both GCN2 and PPP1R15 results in
strongly reduced hatching rate, indicating that precise regulation of elF2a phosphorylation
by GCN2 and PPP1R15 is necessary for efficient embryogenesis (Malzer et al., 2013b). In
mice combined deletion of both PPP1R15 paralogues, PPP1R15a and PPP1R15b, leads to
early embryonic lethality (Harding et al., 2009).

GCN2-mediated feeding response might also influence fly development under EAA
limitation. Activation of GCN2 on a tryptophan and lysine deficient diet reduces food
intake of Drosophila L3 larvae and prolonged expression of a constitutively active form of

fly GCN2 throughout development results in anorexic larvae that die from starvation
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(Bjordal et al., 2014). However, in our study, development of wild type larvae on an EAA
limited diet was not affected, suggesting that activation of GCN2 might not lead to
inhibition of food-intake in larvae (GCN2-mediated feeding response is discussed in detail

in section 3.3.3).

Our study clearly shows that GCN?2 is vital for ensuring fly development under limitation
of EAAs and we speculate that GCN2-mediated control of translation and/or feeding
might be responsible for this effect. However, feeding and translation rate in Gcn2-

knockout and wild-type Drosophila larvae under EAA limitation remain to be tested.
3.3.2 GCN2 function is essential for survival under EAAs deprivation

Previous studies suggest an important role of amino acids in modulating longevity in
diverse species (Fontana and Partridge, 2015). In yeast, supplementation with serine,
threonine, or valine decreases chronological lifespan (Mirisola et al., 2014) while selective
restriction of asparagine, glutamate or methionine extends lifespan (Wu et al., 2013a;
2013b). In flies, adding back EAAs, in particular methionine (or to a lesser degree
tryptophan) to the diet of DR flies abrogates lifespan extension (Grandison et al., 2009)
and restricting methionine content under low protein status increases lifespan (Lee et al.,
2014a). In rodents, methionine and tryptophan restriction increases lifespan (Mclsaac et
al., 2016; Miller et al., 2005; Orentreich et al., 1993) and supplementation of branched
chain amino acids (BCAAs), leucine, isoleucine and valine, increases average lifespan of
male mice (D'Antona et al., 2010). Although the role of EAAs in modulating longevity is

well established, the underlying molecular mechanisms still remain poorly understood.

Here, we have systematically analyzed the role of each of the 10 EAAs in modulating fly
longevity and demonstrate that the amino acid starvation sensor, GCN2 kinase, plays a
vital role in regulating survival under deprivation of individual EAAs. Our data show that
Gen2 knockout flies were significantly shorter lived when any of the EAAs (except
methionine, discussed in section 3.3.6) was absent from the diet. Our findings are
consistent with a recent study in worms suggesting a role of GCN2 in modulating
longevity in response to amino acid availability (Edwards et al., 2015; Rousakis et al.,
2013). Supplementation of histidine and tryptophan increased the lifespan of wild-type
worms but failed to do so in Gen2-deficient worms (Edwards et al., 2015). GCN2 kinase
participates in amino acid starvation stress management by activating the key transcription
factor ATF4 (Wek et al., 2006). This stress-induced reprogramming could also determine

lifespan. In yeast, constitutive expression of GCN4 (homologue of mammalian ATF4)
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suppresses lifespan extension conferred by BCAAs supplementation (Alvers et al., 2009).
Our results showed that reduced survival of Gen2-knockout flies was rescued by A4
overexpression under leucine and methionine deprivation but not under isoleucine
deprivation. This may suggest that to regulate survival under EAA deprivation, GCN2
selectively activates ATF4 or additional transcription factors (e.g. NF-kB, Jiang et al.,
2003) depending on which EAA is being deprived (discussed in detail in section 3.3.5).
One of the possible mechanisms by which GCN2/ATF4 pathway regulates survival under
EAAs deprivation could involve recycling of amino acids through activation of
autophagy. Enhanced autophagy has been linked to increased lifespan in diverse species
including worms (Edwards et al., 2015), mice (Zheng et al., 2010) and flies (Juhasz et al.,
2007) and cell culture studies have shown that the GCN2/ATF4 pathway enhances the
transcription of autophagy-genes involved in the synthesis (Atg5, Atgl2), maturation
(LC3) and turnover of autophagosomes in response to amino acid starvation (B'chir et al.,

2013; Carroll et al., 2015).

Decreased rate of translation is associated with increase in lifespan in diverse species
including yeast, worms and flies (Kaeberlein and Kennedy, 2008). It has been suggested
that GCN2 induced suppression of translation mediates longevity of eat-2 mutants, a
genetic model of DR, in worms (Rousakis et al., 2013). Hence, it could be argued that
failure to repress translation upon amino acid starvation might be responsible for reduced
survival of Gen2-knockout flies. However, our fecundity data suggest that Gen2-knockout
flies are able to down-regulate translation in response to deprivation of an EAA since they
severely reduced their egg production on each of the EAA-deficient diets, similar to wild
type flies. We speculate that, since protein synthesis is central to organisms’ survival, cells
might have feedback mechanisms to keep translation going under long term EAA

deprivation.

Given that determination of lifespan is multifactorial in nature, it might be possible that
GCN2 interacts with several other metabolic pathways and processes to regulate lifespan
in response to amino acid availability. Furthermore, the pathways and processes involved
might vary from one amino acid to the next. We suspect that GCN2-mediated feeding
response (discussed in section 3.3.3) and lipid metabolism (discussed in section 3.3.4)
might also contribute to determination of lifespan during nutritional deprivation of an

EAA.
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3.3.3 GCN2 mediates food-intake in response to long-term deprivation of an EAA

GCN2 is involved in the adaptive response of food intake in response to EAA deprivation
(Bjordal et al., 2014, Hao et al., 2005, Maurin et al., 2005). In mice, GCN2 activation
leads to rapid rejection of a leucine or threonine deficient diet within an hour of feeding
(Maurin et al., 2005). Similarly, fly larvae rapidly reject a sugar/corn-based diet deficient
in trytophan and lysine (Bjordal et al., 2014). However, another study in mice reported
that, under long-term leucine deprivation (7 days and 17 days), both wild-type and Gcn2-
deficient mice show reduced food-intake (Guo and Cavener, 2007). Furthermore, a recent
study has called the rapid rejection of EAA-deficient diets into question, and showed that
mice cannot rapidly sense and reject leucine or threonine deficient diets (Leib and Knight,
2015). Thus, the rapid sensing of dietary EAA deprivation via GCN2 and short-term

GCN2-mediated food rejection is highly controversial.

In this thesis I have performed a comprehensive analysis of GCN2-mediated food intake
in response to short-term and long-term deprivation of each of the 10 EAAs in adult
Drosophila females. There are four main findings from this analysis: (1) Short-term (0-24
hours) single deprivation of all the EAAs triggers a GCN2-independent aversion response
towards EAA-deficient diets. (2) Long-term (2-7 days) single deprivation of all the EAAs
except for methionine induces a GCN2-dependent compensatory feeding response in wild
type flies. (3) Full amino acid deprivation does not cause a compensatory feeding response
and is sensed by a GCN2 independent mechanism and (4) long-term methionine
deprivation is sensed by a GCN2 independent mechanism, suggesting the presence of at

least two independent amino acid sensing systems.

In contrast to fly larvae (Bjordal et al., 2014) we did not observe a short-term GCN2-
dependent food rejection in adult flies. There are several possible explanations for the
observed discrepancy, including differences between larval and adult behavior, different
base food composition and differences in genetic background (w”* in this study, w'''® in
Bjordal et al., 2014). With respect to larval adult differences in food uptake behaviors we
could show that Gen2 mutant larvae can sense the difference between Yaa and the
arginine deprived HUNTaa diet, suggesting that the discrepancy between the studies is
probably not caused by differences in the observed developmental stage. Furthermore, the
larval data were generated by using Gcn2-RNAi expression specifically in DA neurons

(Bjordal et al., 2014), while in the current study we used a Gen2 null mutant. Thus, the

feeding response observed in the larval study might be the effect of some unspecific off-
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target effect of the Gen2-RNAI construct on the DA neurons and therefore the phenotype
is not apparent with the Gen2 null mutant. One notable aspect of the proposed rejection
response in the previously discussed studies is that the activation of GCN2 occurs within
minutes after ingestion of an EAA-deficient diet (within 2 mins in DA neurons of flies or
within 20 mins in the APC of mice) (Bjordal et al., 2014; Hao, 2005; Maurin et al., 2005).
This rapid activation is surprising because GCN2 is supposed to sense the presence of
uncharged t-RNAs as a potential indicator of amino acid deprivation, and it would imply
that within minutes of EAA deprivation of the whole organism, specific cells already run
out of charged t-RNAs. In fly larvae the transcription factor ATF4 has been suggested to
be involved in the rapid food rejection response (Bjordal et al., 2014). However, it seems
unlikely that transcriptional changes modulated by the GCN2/ATF4 pathway in response
to amino acid deprivation will be effective within this short time frame. In line with these
arguments, our data show that GCN2 may not be involved in the first 24 hours of an EAA
deprivation but gets activated later in response to a physiological deficit of EAAs as a
result of the consumption of EAA-deficient diets for more than 24 hours. Furthermore,
mice attain the ability to identify leucine or threonine deficient diets following 2 days of
EAA deprivation but surprisingly, this need-based EAA sensing is independent of GCN2
(Leib and Knight, 2015). Based on our data in flies, we would argue that the duration
needed to create a physiological deficit for a particular EAA in order to activate GCN2 is
probably longer than 2 days in mice. Taken together, our data show that the mechanisms
involved in the perception of and preference for amino acids in the food are GCN2-
independent and GCN2 mediates feeding behavior as a function of intracellular
deprivation of EAAs. We propose that feeding behavior in response to an EAA-deficient
diet is highly dependent on the duration of the amino acid starvation and is mediated, at
least in parts by GCN2 kinase. Short-term deprivation of EAAs is sensed by a currently
unknown mechanism that elicits a rejection response. However, when EAA deprivation
continues over a longer period GCN2 kinase gets activated and might receive feedback
signals from the short-term sensing pathway to trigger a transcriptional response, which

induces compensatory feeding in flies in order to cope with the nutritional stress.

An important aspect of the nutrient sensing mechanism is the identification of the tissue(s)
involved in the GCN2-dependent feeding response. Presently, the brain region most
strongly implicated in feeding response is the APC, however several studies in mice also

suggest an involvement of the hypothalamus (Hao et al., 2010) and other peripheral

84



tissues, including liver. In future we aim to identify the fly tissue(s) involved in the

GCN2-dependent control of feeding behavior.

3.3.4 GCN2-mediated food-intake controls lipid synthesis and starvation resistance

during nutritional deprivation of an EAA

In response to EAA deprivation, GCN2 activation regulates different physiological
responses including food intake and lipid metabolism. In mice, GCN2 suppresses hepatic
lipid synthesis upon 7 days of leucine deprivation (Guo and Cavener, 2007). In contrast to
this finding, our data show that wild type flies had increased lipid levels under deprivation
of any of the EAAs while Gen2 mutant flies had reduced lipid levels in response to
deprivation of EAAs except for methionine. Consistent with the literature that increased
lipid storage enhances survival under starvation stress (Rion and Kawecki, 2007), lipid

levels in w™?

" control and Gen2' mutant flies under deprivation of EAAs co-related well
with their starvation resistance. Furthermore, given that GCN2 alters food intake in
response to deprivation of EAAs, our data suggests that altered feeding behavior is causal
for the changed lipid levels under EAA starvation. The causal link between GCN2-
mediatd food intake, lipid levels and starvation resistance is further demonstrated by our
finding that rescue of feeding rates upon A¢f4 overexpression correlates with the rescue of

starvation sensitivity of Gen2 mutants.

Taken together, we propose that GCN2 mediated regulation of food intake under long-
term nutritional deprivation of EAA controls lipid levels. Because, lipids are the main
source of energy during prolonged starvation, changes in lipid synthesis thereby affects

starvation resistance of flies.

3.3.5 ATF4 activation partially compensates for GCN2-mediated functions under

deprivation of EAAs

ATF4 is suggested to be an important downstream effector of GCN2 kinase as it regulates
expression and activity of several genes involved in amino acid transport, assimilation and
metabolism under amino acid starvation (Harding et al., 2003; Kilberg et al., 2009). Here,
we show that (1) increased A4 expression is necessary but not sufficient to compensate
for GCN2 mediated functions under deprivation of EAAs and (2) the rescue efficiency of
Atf4 over-expression depends on which EAA is being deprived from the diet. One way to
account for our observations is that GCN2 induces A¢f4 translation to different degrees in

response to starvation of different EAAs. This possibility is in accord with the study in
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HepG2 human hepatoma cells that shows valine results in the highest ATF4 protein
content whereas deprivation of isoleucine results in very weak induction of ATF4 protein
content (Palii et al., 2008). This might suggest that under isoleucine deprivation GCN2
activates transcription factor(s) other than ATF4 and that might explain our observation of
no rescue of GCN2-dependent functions upon A#f4 over-expression in Gcn2-knockout
flies when isoleucine was absent from the diet. Studies have shown that GCN2 activates a
different transcription factor, nuclear-factor kB (NF-kB), via phosphorylation of elF2a
upon leucine deprivation in mouse embryonic fibroblasts (Jiang et al., 2003). Furthermore,
in HepG2-C3A hepatoma cells GCN2/ATF4 target genes, including CHOP and ASNS,
were induced to a much greater degree by leucine deprivation in comparison to cysteine
limitation (Lee et al., 2008). These data suggest that degree of ATF4 induction as well as
of its target genes depend on which EAA is being deprived.

We have shown that increased A#f4 expression in Gen2-knockout flies under deprivation
of certain EAAs (tryptophan or leucine) resulted in partial rescue of GCN2-dependent
functions. This could imply that certain EAAs may trigger distinct transcription factors
and co-activators, which may act in concert with ATF4 to fully facilitate its function. This
idea is further reinforced by a cell culture based study, which indicates that, to achieve
same degree of transcriptional activation, the absolute amount of ectopically expressed
ATF4 required is greater than that needed during histidine deprivation, suggesting that
other factors may serve to enhance ATF4 functions (Shan et al., 2009). Several recent
studies have documented that ATF4 and other transcription factors including ATF2,
ATF3, ATF5 and cJUN interact together to regulate amino acid stress response (Bruhat et
al., 2009; Kilberg et al., 2012). Data from human cell lines demonstrate that, in response
to leucine deprivation, ATF4 induction along with ATF2 phosphorylation is necessary to
induce expression of its target gene, CHOP (Averous et al., 2004). Moreover, another
study in MEFs suggests that elevated levels of ATF3 is also essential for triggering
expression of CHOP under leucine deprivation (Jiang et al., 2004). Furthermore, a tandem
affinity purification tag approach identified p300/CBP-associated factor (PCAF) as a

novel interaction partner of ATF4 in leucine-starved cells (Cherasse et al., 2007).

Thus, although it is well established that ATF4 is a primary component of amino acid
stress response, our data suggest that, depending on which EAA is being deprived, GCN2
might activate additional transcription factors that work alone or in concert with ATF4 to

regulate amino acid stress response. Therefore for an accurate understanding of the role of
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ATF4 in amino acid stress response, the GCN2/ATF4 pathway should be studied in
response to deprivation of individual amino acids. The mechanism by which deprivation
of different amino acids selectively triggers ATF4 and the additional transcription factors
are presently unknown. Moreover, it will be interesting to investigate the tissue specificity

of the ATF4 dependent transcriptional response in future.
3.3.6 Methionine deprivation is sensed by a GCN2-independent mechanism

One of the important findings of our study is that GCN2 function is not essential under

ah control flies

methionine deprivation. Our results show that Gen2-knockout and w"
exhibit similar physiological responses upon methionine deprivation, suggesting that
methionine deprivation is sensed by a GCN2-independent mechanism. Our findings are in
line with a recent study in mice that showed that GCN2 is not required for methionine-
restriction-dependent physiological responses including increased food intake, induction
of hepatic FGF21, increased energy expenditure, or enhancement of insulin sensitivity.
They instead suggest that methionine restriction might go via PEK, the other eif2a kinase
(Wanders et al., 2016). Methionine participates in multiple cellular metabolic pathways,
including the salvage pathway, the SAM recycling pathway, the transsulfuration pathway,
polyamine synthesis, and creatine biosynthesis (Drabkin and Rajbhandary, 1998; Stipanuk
and Ueki, 2010; Tang et al., 2015) and hence methionine deprivation could affect a variety
of pathways. Along the same lines, a comprehensive microarray analysis in a mammalian
cell line demonstrated that, unlike deprivation of other EAAs, methionine deprivation
triggers a unique and dramatic gene expression response through a reduction of both
histone methylation and ornithine-mediated signaling (Tang et al., 2015). In future, we
aim to decipher GCN2-dependent and -independent pathways and biological processes

involved in sensing of methionine deprivation using our RNA-Seq data.
3.3.7 Deprivation of individual EAAs might differently affect GCN2 activation

In yeast, GCN2 is activated in response to starvation of a range of different amino acids
including histidine, tryptophan, leucine, isoleucine, valine, lysine, arginine and serine
(Wek et al., 1995). The majority of the work on GCN2 in multicellular organisms has
been done on one or two prototype EAA-deficient diet(s) and the findings are assumed to
be applicable to deprivation of the rest of the EAAs. For instance, a role of GCN2 in (1)
inhibition of hepatic lipid synthesis is reported under leucine deprivation (Guo and

Cavener, 2007), (2) inhibition of food intake in mice is tested on either leucine or
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threonine deficient diets (Maurin et al., 2005, Hao et al., 2005) and (3) rejection of amino
acid deficient diet in fly larvae is tested using corn based diet, which is deficient in
tryptophan and lysine (Bjordal et al., 2013). Moreover, evidence for cross-talk between
GCN2 and TOR pathways upon amino acid starvation is reported under leucine
deprivation in mice (Anthony et al., 2004) or under leucine and arginine deprivation in
mouse cell lines (Ye et al., 2015). Here we show that GCN2-mediated responses vary in
degree under deprivation of different EAAs, suggesting that GCN2 is not comparably
activated by each of the EAAs. This hypothesis is consistent with cell culture based
studies that show in breast cancer cell line MCF7, 24 h deprivation of individual EAAs
increases phosphorylation of eif2a but to varying degrees (Tang et al., 2015) and in
HepG2 human hepatoma cells 2 h deprivation of leucine and threonine result in the largest
increase in p-elF2a, whereas isoleucine, lysine, methionine, and tryptophan elicit the
weakest responses (Palii et al., 2009). In addition, previous work with leucine deprivation
(100%) and leucine restriction (85%) shows that the physiological responses to them are
fundamentally different, thereby questioning the assumption that GCN2 is comparably
activated by any degree of restriction of an EAA (Anthony et al., 2013). Considered
together, these findings indicate that both the EAA being deprived and the degree of
restriction play important role in the activation of GCN2 kinase. Therefore, a precise way
to dissect GCN2 functions is to study its responses under deprivation of individual amino

acids.

Moreover, our study also highlights that full amino acid starvation poses different stress
than an EAA deprivation and is dealt by GCN2 independent mechanisms. Consistently,
data from HEK293 cells suggest that protein synthesis under full amino acid starvation is
controlled by phosphorylation of elF2B and is independent of changes in GCN2/elF2a
phosphorylation (Wang and Proud, 2008). Furthermore, in HepG2 total amino acid
starvation decreases 4E-BP phosphorylation, suggesting that full amino acid starvation
might involve the TOR pathway (Palii et al., 2009). However, more in vivo work is needed
to understand the mechanisms by which cells sense and response to single and total amino

acid starvation.
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3.3.8 Effect of genetic background on GCN2 mutation

Physiological phenotypes including development, lifespan and stress resistance are highly
sensitive to genetic background. A study with 41 recombinant inbred mouse strains shows
that the response to DR-mediated longevity vary greatly between the different genetic
strains (Liao et al., 2010). Furthermore, single gene mutations can interact epistatically
with the genetic background to influence specific traits (Spencer et al., 2003). Previous
work in flies has reported that phenotypes of specific mutants might only be restricted to
one genetic background. No Influence of I'm-not-dead-yet (Indy) mutations on lifespan in
Drosophila was observed after correction for genetic and cytoplasmic background effects
(Toivonen et al., 2007). Superoxide dismutase over-expression in shorter-lived fly strains
had a more dramatic increase in longevity than in the long-lived fly strain (Sun and
Tower, 1999). We have shown that most of the phenotypes controlled by Gcn2 mutation
were independent of genetic background effects. However, the genetic background had
strong effects on the strength of the phenotype, suggesting a strong interaction of genetic
and dietary factors in the regulation of survival under amino acid deprivation.
Furthermore, our observation that removal of some of the EAAs from the diet has no
effect on the survival of the w'''® inbred strain is counter-intuitive given that EAAs are
critical for survival. This argues in favor of using a healthy long-lived outbred genetic

Dah

background like w™" to study the effect of single gene mutations on lifespan.

3.3.9 Lifespan extension and starvation resistance conferred by rapamycin mediated

TOR-inhibition is GCN2 independent in flies

Genetic or pharmacological down regulation of TOR extends lifespan from yeast to
mammals (Kapahi et al., 2010). A recent study shows that Gcn2 deletion decreases the
long lifespan of TOR-deficient (LET-363) worms (Rousakis et al., 2013) suggesting that
GCN2 is required as a downstream effector to modulate longevity benefits conferred by
TOR inhibition. In contrast our data show that in flies rapamycin-induced inhibition of
TOR increased lifespan and starvation resistance in both wild type and Gcen2-deficient
flies, indicating that GCN2 is not essential in modulating longevity benefits conferred by
rapamycin-induced TOR repression. Our observation is in accordance with a gene
expression analysis study (Deval et al., 2008) that shows rapamycin and amino acid
deprivation do not regulate the same pattern of genes, indicating that TOR and GCN2
pathways are not involved in regulation of similar functions. However, since rapamycin

directly inhibits the TOR pathway, we cannot exclude the possibility that GCN2 activation
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might occur upstream of TOR repression. This direction of interaction between the two
pathways is supported by some findings in cell culture and rodents showing that GCN2
activation is necessary to inhibit TOR signaling in response to amino acid deprivation
(Averous et al., 2016; Gallinetti et al., 2013; Ye et al., 2015). A diet devoid of leucine fails
to inhibit TOR activity in the liver of Gen2-deficient mice (Anthony, 2004). Furthermore,
a recent study in mouse embryonic fibroblast suggests that transcriptional activation of
sestrin2, a target gene of GCN2/ATF4 pathway, is required to sustain TOR inhibition
upon leucine deprivation (Ye et al., 2015). Together these studies suggest that GCN2 act
upstream of TOR kinase, however by what mechanisms GCN2 inhibits TOR kinase

remains poorly understood.
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4.1 INTRODUCTION

DR, classically defined as reduced food intake without malnutrition, extends lifespan in a
broad range of organisms ranging from worms, flies to mammals (Fontana et al., 2010).
Accumulating evidence suggests a causal role of amino acids, particularly methionine, in
mediating longevity benefits of DR (Fontana and Partridge, 2015). In flies, adding back
methionine to the diet of DR flies abrogates lifespan extension (Grandison et al., 2009). In
rodents, methionine restriction increases lifespan (Mclsaac et al., 2016; Miller et al., 2005;
Orentreich et al., 1993). However, the underlying molecular mechanisms of DR-mediated
longevity are only poorly understood. Recent studies suggest a role of the highly
conserved transulfuration pathway (TSP) in mediating DR-dependent longevity in yeast,

worms and flies (Hine et al., 2015; Kabil et al., 2011).

4.1.1 The Transsulfuration Pathway

The evolutionary conserved transsulfuration pathway (TSP) is responsible for the
metabolism of sulfur containing amino acids (SAAs) methionine and cysteine (Figure 4.1).
Dietary methionine, is converted to homocysteine via the intermediates S-AdoMet (SAM)
and S-AdoHcy (SAH). Homocysteine can either be re-methylated back to methionine by
the process of transmethylation under conditions of methionine limitation or directed to the
TSP to form cysteine under conditions of methionine sufficiency (Figure 4.1) (Stipanuk
and Ueki, 2010). Conversion of homocysteine to cysteine via the TSP occurs in two steps,
which are catalyzed by the tandem activity of the two pyridoxal-phosphate (PLP)
dependent TSP-enzymes. The first step is catalyzed by cysthathionine-beta-synthase
(CBS), which converts homocysteine to cystathionine. In the second step, cystathionine is
converted to cysteine by cysthathionine-gamma-synthase (CGL). Further, cysteine is used
for production of taurine and glutathione (GSH) (McBean, 2011; Mclsaac et al., 2016).
Besides, the canonical role of homocysteine conversion to cysteine, the two regulatory
enzymes of the TSP, CBS and CGL, also catalyze alternative reactions utilizing cysteine or

homocysteine to produce hydrogen sulfide (H,S) gas (Figure 4.1) (Singh et al., 2009).
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Figure 4.1: The Transsulfuration pathway (TSP)

Key metabolites involved in the transmethylation and transsulfuration pathway. Both CBS and
CSE enzymes can produce H,S using a number of reactions (red). Enzymes: SAMS (S-adenosyl
methionine synthase), MT (methyl transferase), SAHH (S-adenosyl homocysteine hydrolase),
CBS (cystathionine beta synthase), CGL (cystathionine gamma lyase), GCL (glutamyl cysteine
synthase), GS (glutathione synthase), MS (methionine synthase).
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4.1.2 Linking H,S and DR-mediated longevity

H,S, a water and fat soluble gas has been implicated in a variety of physiological functions
and has emerged as a potential therapeutic target in a growing list of maladies including
atherosclerosis, typel diabetes and angiogenesis (Guangdong Yang et al., 2008; Zhang et
al., 2013). Evidence that H,S could also affect organismal lifespan came from a study that
showed that exposure to low levels of exogenous H,S extends lifespan in worms (Miller et
al., 2005). Recently, another study in worms has suggested a role of the TSP and H,S in

promoting lifespan extension of germline-deficient animals (Wei and Kenyon, 2016).

A link between the TSP and DR-mediated lifespan extension was first suggested in flies
(Kabil et al., 2011) Increased gene expression and protein level of the TSP enzyme, CBS
was sufficient to increase fly lifespan, while inhibition of the TSP abrogated lifespan
extension in DR animals (Kabil et al., 2011). More recently, it has been suggested that the
TSP controls DR-mediated longevity through one of its metabolite, H,S (Hine et al., 2015).
Increased TSP-mediated H,S production has been suggested to be causative for DR
benefits including extended lifespan, in yeast, worms, and flies. However the underlying
mechanism by which endogenous H,S would control DR-mediated longevity and other
benefits are still unknown. Moreover, some other aspects remain unanswered, including
whether increased H,S is an essential requirement for different DR regimens, how the TSP
enzymes and H,S production are regulated in response to SAAs availabity and whether
major amino acid sensing pathways (TOR or GCN2) could potentially be involved in this
pathway? Thus, although progress in understanding TSP-dependent control of DR-
longevity has been initiated, several important mechanistic questions remain to be

investigated.
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4.2 RESULTS

In eat-2 worms, a C. elegans model for DR, GCN2 is essential for DR-mediated lifespan
benefits (Rousakis et al., 2013). Our data from previous chapter furthermore show that
GCN2 is required for survival under single amino acid deprivation. Therefore, we tested
whether GCN2 function is also essential for the beneficial effects of DR on survival in
flies. In addition we tested whether GCN2 plays a role in the transulfuration pathway
(TSP), which has recently been suggested to confer DR benefits via production of H,S gas
(Hine et al., 2015).

4.2.1 GCN2 function is not essential for DR mediated lifespan extension

Traditionally DR in Drosophila is achieved by diluting the yeast content, the major
protein source, in the food. Thus, we first tested the effect of dietary protein restriction via

Pah control and Gen2' mutant flies. As expected, wDah

yeast dilution on the survival of w
control flies displayed a typical tent-shaped DR response, with increased median lifespan
on intermediate yeast concentrations (0.5-1.0SYA) and a reduced lifespan on the high
yeast 2.0SYA food (Figure 4.2A and 4.2B). Interestingly, Gen2' mutant flies showed a
very similar DR response with higher median lifespan on intermediate yeast
concentrations (Figure 4.2A and 4.2B). Noteworthy, on both intermediate yeast
concentrations, Gen2' mutants were significantly longer lived than w™ flies. Thus, in

summary our data show that Gen2 mutants are able to respond to DR and suggest that

GCN2 function is not essential for DR-mediated lifespan extension in flies.

Methionine and/or cysteine restriction (M/C-R) can also extend lifespan in mice and flies
(Grandison et al., 2009; Lee et al., 2014a; Miller et al., 2005). We therefore tested whether
GCN2 is required for the beneficial effects of methionine restriction on lifespan,
employing the holidic medium. A 5-fold reduction in methionine content (0.2xM Yaa) and
a combined methionine and cysteine restriction (0.2xM-0.2xC Yaa) significantly
increased the survival of w™" flies compared to the control diet Yaa (Figure 4.2C and
4.2D). Gen2' mutants also displayed significantly increased lifespan on the M/C-R diets,
compared to Yaa medium, suggesting that GCN2 function is not essential for lifespan
extension under M/C-R (Figure 4.2C and 4.2D). In addition, we tested the survival of w"*"
flies and Gen2' mutants under high methionine conditions (five fold higher (5xM Yaa)).
Interestingly, Gen2' mutants showed a significantly reduced median lifespan on the 5xM

a

Yaa medium compared to Yaa medium. In contrast, w™" control flies remained unaffected

by excess methionine (Figure 4.2C and 4.2D), suggesting that GCN2 function is important
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in the organismal response to high methionine levels. In summary our results show that in
contrast to C.elegans, GCN2 function is not essential for DR- or methionine-restriction-

mediated lifespan extension in flies.
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Figure 4.2: GCN2 is not essential for DR-mediated lifespan extension in Drosophila

(A & C) Survival curve of w™ flies and Gen2' mutants under DR and M/C-R respectively. (B)
w”™ flies and Gen2' mutants showed significantly increased median lifespans under DR (yeast
dilution: 0.5 SYA and 1.0 SYA) compared to 2.0 SYA. (D) w"  flies and Gen2' mutants showed
significantly increased median lifespans under M/C-R (0.2xM Yaa and 0.2xM-0.2xC Yaa)
compared to the control diet Yaa. Gen2' mutants were significantly shorter lived under high
methionine condition (5xM) compared to Yaa. (****p < 0.0001. ***p<0.001, **p<0.01, log-rank
test; n=150 flies/diet). Lifespan analysis under DR (Figure 4.24) was done by Dr. Sebastian
Gronke.
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4.2.2 GCN2 is required for the TSP mediated H,S production in flies

The sensitivity of Gen2 mutants to high methionine concentrations might implicate GCN2
function in regulation of methionine metabolism. Thus, we analyzed H,S production
capacity as a proxy for TSP activity (Hine et al., 2015). The enzymatic based assay
required exogenous addition of substrate (cysteine or homocysteine) and the cofactor
pyridoxal-5'-phosphate (Hine et al., 2015). Because enzymatic activity is affected by the
concentration and type of substrate used, we measured H,S production at different
concentrations of cysteine as well as homocysteine.

Interestingly, we observed that at low exogenous cysteine concentrations (SmM and
7.5mM), Gen2' mutants had significantly reduced H,S production compared to w ™
control flies (Figure 4.3A). In contrast, at high cysteine concentrations (10mM and
15mM) Gen2' mutants and w™*™ control flies had comparable H,S production (Figure
4.3A). We next measured H,S production by adding homocysteine as a substrate (Figure
4.3B). Strikingly, no H,S production was observed in Gen2' mutants at any of the tested

. . Dah - .
homocysteine concentrations. In contrast, w " flies showed normal H,S production.

Notably, H>S measurements were done on flies that were kept on the Yaa medium for 15
days. Therefore, to rule out any possible diet-induced effect on H,S production and to
confirm our observations on an independent fly food medium, we repeated H,S
measurements on standard yeast based SYA medium. Consistent with our observation on
Yaa medium, H,S production was significantly reduced in Gen2' mutants compared to
w™ " flies at low exogenous cysteine concentrations but was comparable at high cysteine
concentrations (Figure 4.3C). Remarkably, and in line with our observations on Yaa
medium, Gen2' mutants did not produce any H,S when homocysteine was added as a
substrate (Figure 4.3D). Thus, using two independent food conditions, we showed that

GCN2 kinase affects TSP-mediated H,S production in flies.

98



A H,S on cysteine concentrations - Yaa

woan Gen2! 0.025-

SmM = 0.0201

75mM| B & & & £ 0.015.

1omM 0000 [ D008 - .|
15mM| D998 'EEE 1 B,

Blank| | T 0.0054

B H,S on homocysteine concentrations - Yaa

0.0 -

8.01
wpbah Gen2' 1
5mM| || 6.0
u_zs o
10mM .."‘ &, 4.0
L o & & 5 4 T |
MM 99 00® 2.01
Blank T
0.0
C H,S on cysteine concentrations -1.0SYA 0.015
wbah Gen2' .
5mM £
| f | $0.0104
7.5mM &
10mM ® @ & > 2
9 0.0051
15mM W o B oy T
Blank| |
0.0 -
D H,S on homocysteine concentrations -1.0SYA
8.0+
wban Gen2! ;
S T T X >80
10mM!“.‘. 2.4.01
S T I I T 2.0
Blank| | 0.0l

I Gen2'

- WDah

*%
KKX¥*
R S G
S & &
RO NS

Figure 4.3: GCN2 affects TSP-mediated H,S production in flies

H,S production was measured at different concentrations of cysteine and homocysteine on Yaa and
SYA medium. Image of H,S blot is shown right, corresponding quantification is shown left. On (A)
Yaa and (C) SYA medium H,S production in Gen2' mutant flies was significantly reduced

Dah
compared to w

flies on lower cysteine concentrations (SmM and 7.5mM) but was similar on

higher cysteine concentrations (10mM and 15mM), (****p<0.0001, **p<0.01, Student’s t-test).
On (B) Yaa and (D) SYA medium, no H,S was detected in Gen2' mutant flies at any of the tested
concentrations of homocysteine (n=>35 replicates/treatment/genotype; error bar shows SEM).
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4.2.3 TSP mediated H,S production is not essential for DR-mediated longevity in

flies.

As previously mentioned, increased TSP-dependent H,S is essential for DR-mediated
longevity in yeast, worm, fruit fly, and rodents (Hine et al., 2015). Interestingly, our data
showed that DR-induced longevity is GCN2 independent but TSP mediated H,S
production, at least in part, is dependent on GCN2. Therefore, we decided to re-examine
the link between DR-mediated longevity and H,S production in flies by measuring H,S

production of w>* control flies and Gen2' mutants under DR.

We first measured H,S production under M/C-R using cysteine (7.5mM) as a substrate.
To our surprise, we found that H,S production in w”* flies as well as in Gen2' mutants
was lower on M/C restricted diets (0.2xM Yaa and 0.2xM-0.2xC Yaa), which resulted in
significant lifespan extension, compared to control and high methionine diets (Yaa and
5xM Yaa), in contrast with the published results (Figure 4.4A). Similar observations for
H,S production under M/C-R were seen when 10mM cysteine was used (Figure 4.5A).

Dah flies on all diets was

Notably, H,S production in Gen2' mutants compared to w
significantly reduced when 7.5 mM cysteine was used (Figure 4.4A) and comparable

when 10mM cysteine was used (Figure 4.5A).

Next we repeated H,S measurements under M/C-R using homocysteine as a substrate. We
observed the same trend in w™™ flies i.e. low H,S production under methionine (0.2xM)
and methionine-cysteine (0.2xM-0.2xC) restriction compared to high methionine
concentrations (Yaa and 5xM Yaa) (Figure 4.4B). Notably, Gen2' mutants did not
produce any H,S with homocysteine as substrate on any of the diets, in line with previous
observation (see also Figure 4.3B). Furthermore, we also measured the expression of the
two main H,S producing TSP enzymes, CBS and CGL, on 0.2xM and 1xM Yaa.
Consistent with the H,S production, relative expression of both the enzymes in w"*" flies
and Gen2' mutants was significantly reduced under methionine restriction (Figure 4.4C

and 4.4D).

To further verify our results we measured H,S production under DR using yeast dilution
(SYA) and 7.5mM cysteine as exogenous substrate. Consistent with our observations
under M/C-R and contrary to the published results, we observed that flies kept on the
protein restricted diet (0.5 SYA) which resulted in lifespan extension, had significantly
less HaS production compared to the protein rich diet (2.0 SYA) on which survival was

reduced (Figure 4.4E). Similar observations for H,S production under DR were seen when
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10mM cysteine was used (Figure 4.5B). Notably, H.S production in Gen2' mutants
compared to w>*" flies on all diets was significantly reduced when 7.5 mM cysteine was

used (Figure 4.4E) and comparable when 10mM cysteine was used (Figure 4.5B).

In summary, using two different lifespan extending dietary interventions, M/C-R and DR
our results show that in flies increased lifespan is not correlated with increased H,S
production capacity. Furthermore, we show that in Gen2' mutants, a genetic model of
reduced H,S production capacity, lifespan is also uncoupled from H,S production
capacity. In contrast to published data our results rather suggest that H,S production is

correlated with methionine concentration in the diet and not with lifespan.
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Figure 4.4: TSP mediated H,S production capacity does not correlate with longevity in flies
Image of H,S blot is shown right, corresponding quantification is shown left. Median lifespans are
plotted against H,S measurement on each diet (A) H,S measured under M/C-R using 7.5mM
cysteine as a substrate. w™*" control and Gen2' mutant flies produced significantly less H,S on diets
restricted for methionine and/or cysteine (0.2xM-0.2xC Yaa and 0.2xM Yaa) compared to control
diet, Yaa (One way ANOVA followed by Tukey’s multiple comparison test, ***p<0.001) (B) H,S
measured under M/C-R using 10mM homocysteine as a substrate. w™*" flies showed significantly
reduced H,S on 0.2xM Yaa and 0.2xM-0.2xC Yaa compared to the control diet Yaa (One way
ANOVA followed by Tukey’s multiple comparison test, ***p<(0.001). No H,S production was
observed in Gen2' mutants. (C & D) Relative mRNA expression of CBS and CGL was
significantly reduced on 0.2xM Yaa compared to Yaa diet in w™" flies and Gen2' mutants
(Student’s t-test: ***p<0.001, **p<0.01). (E) H,S measured under DR using 7.5mM cysteine as a
substrate. w”* and Gen2” mutants produced significantly less H,S on the protein restricted diet (0.5
SYA) compared to 2.0 SYA (One way ANOVA followed by Tukey’s multiple comparison test,
*¥%,<0.001, *p<0.05). (A, B & E) Compared to w™™ flies H,S production in Gen2' mutants was
significantly reduced on each diet (p<0.001, Student’s t-test, n=35 replicates/treatment/genotype;
error bar shows SEM).
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Figure 4.5: TSP mediated H,S on DR diets using 10 mM cysteine

H,S measured under M/C-R ad DR using 10mM cysteine as a substrate. Median lifespans are
plotted against H,S measurement on each diet. (A) w™" control and Gen2' mutant flies produced
significantly less H,S on diets restricted for methionine and/or cysteine (0.2xM-0.2xC Yaa and
0.2xM Yaa) compared to control diet, Yaa. (B) w™™ control and Gen2' mutant flies produced
significantly less H,S on protein restricted diet (0.5 SYA) compared to 2.0 SYA (One way ANOVA
followed by  Tukey’s  multiple comparison  test,  ***p,0.001, **p<0.0I, n=5
replicates/treatment/genotype; error bar shows SEM).

4.2.4 GCN?2 affects the status of some of the TSP metabolites

Upon observing that the TSP-mediated H,S production was lower or absent in Gen2'
mutants when cysteine or homocysteine was used as a substrate, respectively, we
speculated that limitation in intermediate TSP metabolites might be causal for the lower
H.S production in Gen2' mutants. In order to address this possibility, we conducted a
mass spectrometry-based metabolomics analysis using w™" control and Gen2’ mutants to

measure different TSP metabolites. Mass-spectrometry was done in collaboration with the
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mass-spectrometry core unit at the Max-Planck Institute for Biology of Ageing. Most TSP

metabolites were unchanged between w™*"

control and Gen2' mutant flies including
methionine, homocysteine, reduced glutathione and cysteine (Figure 4.5A-4.5I),
suggesting that differences in TSP metabolite availability are probably not sufficient to
explain the differences in H,S production capacity in Gen2' mutants. Interestingly, we
observed statistically significant differences in S-adenosyl methionine (SAM) and
cystathionine levels between Gen2' mutants and w™ control flies (Figure 4.6B and 4.6E),
suggesting that TSP activity are altered in Gen2' mutants, however, the exact mechanisms

at work are still unclear.
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Figure 4.6: UPLC-MS/MS analysis of TSP metabolites in w”*" control and Gcn2' mutant flies
(A-I) UPLC-MS/MS analysis of TSP metabolites in 15-days old w™" control and Gen2' null
mutant flies. SAM and cystathionine were differentially regulated in Gen2' mutants. (Student’s t-
test: ¥*p<0.01, *p<0.05; error bar shows SEM for 4 biological replicates).
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4.3 DISCUSSION
4.3.1 Role of GCN2 in DR-mediated longevity and the TSP

DR, classically defined as reduced food intake without malnutrition, extends lifespan in
diverse species (Fontana et al., 2010). Amino acids, in particular methionine restriction,
have been shown to play a causal role in mediating longevity benefits of DR in yeast (Wu
et al., 2013a; 2013Db), flies (Grandison et al., 2009; Lee et al., 2014) and rodents (Mclsaac
et al., 2016; Miller et al., 2005; Orentreich et al., 1993), however the underlying molecular
mechanisms remain elusive. In ear-2 worms, a C. elegans model for DR, GCN2 is
essential for DR-mediated lifespan benefits (Rousakis et al., 2013). In contrast, our
finding shows that GCN2 function is not essential for DR- or methionine-restriction-
mediated lifespan extension in flies, suggesting that methionine restriction might not be
sensed by GCN2. This hypothesis is consistent with a recent finding that shows that
physiological responses to methionine restriction are independent of GCN2 in mice
(Wanders et al., 2016). However, our data indicate that GCN2 function is important for
organismal survival under high methionine condition. A high methionine content could be
detrimental due to its conversion to homocysteine (Pamplona and Barja, 2006), which
could imply that GCN2 function is required for the clearance of homocysteine that occur
via the TSP. This hypothesis is consistent with our finding that GCN2, at least in parts,
regulates the TSP. In addition, our observation that no H»S is produced in the absence of
GCN2 when homocysteine is used as a substrate also argues for a role of GCN2 in
regulating homocysteine levels through the TSP, although the exact mechanisms at work
are still unclear. Interestingly, microarray data in cell culture suggest that cysteine
deprivation induces expression of the TSP gene, cgl, most likely via the GCN2/ATF4
pathway (Harding et al., 2003; Lee et al., 2008). However, our qRT-PCR data indicate
that, at least under methionine restriction, cbs and cg/ expression is not dependent on
GCN2. Nonetheless, GCN2 function could affect the activity of these enzymes at the

protein level, which remains to be tested.
4.3.2 Uncoupling the link between TSP-dependent H,S production and DR-mediated
longevity in flies

Increased H,S production via the TSP is reported to be an evolutionary conserved
response to DR in yeast, worm, fruit fly, and rodent (Hine and Mitchell, 2015; Hine et al.,

2015). Here, we have re-examined the connection between DR-induced longevity and
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TSP-mediated H,S production and surprisingly found no evidence to support this link in
flies. Using two different lifespan extending dietary interventions, M/C-R and DR, and a
genetic model of reduced H,S production capacity, Gen2 mutants, we have shown that
increased lifespan is not correlated with increased H,S production capacity. We cannot
exclude the possibility that the discrepancy between our results and the published report
might reflect differences in the food conditions or use of different genetic background

Dah .

(w"™ in this study and w'''®

in the Hine et al., 2015). Nevertheless, our findings clearly
show that this phenomenon is not nearly as robust or universal as is implied by the recent

findings.

In contrast to the published data, our results rather suggest that H,S production is
positively correlated with methionine concentration in the diet and not with lifespan. Our
observations are consistent with the available literature about the TSP and its regulation in
response to methionine availability (Stipanuk and Ueki, 2010). Prudova and colleagues
have shown that under conditions of methionine restriction, CBS protein levels are
reduced by >10 fold, suggesting that the TSP activity is down regulated under limitation
of methionine (Prudova et al., 2006). Furthermore, under high methionine conditions CBS
is allosterically activated by SAM and methionine is directed towards the TSP to form
cysteine. Conversely, when methionine levels are low, CBS is destabilized and flux
through the TSP is down-regulated to conserve cellular methionine (Martinov et al.,
2000). Therefore, the idea that TSP-mediated H,S production is high under limitation of

methionine and cysteine is counter-intuitive.
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In this study, I have dissected the in vivo functions of the amino-acid-starvation-sensor,
GCN2 kinase, in response to the absence/limitation of each of the 10 EAAs, using a
Drosophila Gen2 null mutant and a fully defined chemical diet. Findings of the study
demonstrate that GCN2 kinase plays a vital role in regulating several important
physiological responses during nutritional deprivation of EAAs and that GCN2-mediated

responses are not influenced by genetic variability.

I have shown that GCN2 is essential for development and longevity under deprivation of
an EAA. Furthermore, this study suggests that GCN2 induces a compensatory feeding
response in flies under long-term nutritional deprivation of an EAA, leading to increased
lipid level, which is probably causal for the increased resistance of flies under full
starvation. Notably, these GCN2-mediated physiological responses vary in degree under
deprivation of different EAAs, suggesting that absence of each of the 10 EAAs might not
activate GCN2 to similar extent. However, given that GCN2 uses the presence of
uncharged t-RNAs as a potential indicator of EAAs starvation, it will be interesting to
understand how GCN2 activation depends on the EAA being deprived. Is it the ratio of
uncharged to charged t-RNAs that decides the extent of GCN2 activation or is GCN2
more sensitive to specific uncharged t-RNAs? Answers to these questions will enhance
our understanding of how GCN2 senses absence of EAAs. Interestingly, our data indicates
that GCN2 function is not essential for sensing methionine deprivation, suggesting that
there might be other amino acid sensors or pathways to be discovered. In addition, this
study shows that an EAA starvation is different from full amino acid starvation and

probably dealt with GCN2-independent mechanisms.

ATF4 is considered as a primary downstream effector of GCN2-induced amino acid stress
response. This study shows that increased A#f4 expression is necessary but not sufficient to
compensate for GCN2 mediated functions under deprivation of EAAs and the rescue
efficiency of At#f4 over-expression is different under deprivation of different EAAs,
suggesting that, depending on which EAA is being deprived, GCN2 might activate
additional transcription factors that work alone or in concert with ATF4 to regulate amino
acid stress response. However we still have to understand how the cellular concentration
of different EAAs differentially trigger the GCN2/ATF4 pathway. In future I plan to use
our RNA-seq data to decipher genes, biological processes and pathways differentially
regulated by GCN2 under deprivation of different EAAs.
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Furthermore, in contrast to worms, GCN2 function in flies is not essential for lifespan
extension conferred by rapamycin-mediated TOR inhibition or by DR and M/C-R.
However our data suggest that GCN2 function is important in the organismal response to
high methionine levels and implicates GCN2 in regulation of the TSP, which is
responsible for methionine metabolism. Finally, in contrast to the recent finding that
increased TSP-mediated H,S production is an evolutionary conserved response to DR-
mediated longevity in yeast, worm and fruit fly, we have shown that increased lifespan is
not correlated with increased H,S production capacity in flies. However, the molecular

mechanisms by which GCN2 mediates the TSP and H,S production still remain unclear.

Thus, given the crucial role of GCN2 in regulating survival and other important
physiological responses under EAAs deprivation, an in-depth understanding of how
GCN2 senses absence of an amino acid and transform it to behavioural and physiological

changes will provide important insights into the biology of metabolic age-related diseases.

112



'CHAPTER 6

‘ References



Chapter 6: References

114



Alvers, A.L., Fishwick, L.K., Wood, M.S., Hu, D., Chung, H.S., Dunn, W.A., Jr, and Aris,
J.P. (2009). Autophagy and amino acid homeostasis are required for chronological
longevity in Saccharomyces cerevisiae. Aging Cell 8, 353-369.

Ameri, K., and Harris, A.L. (2008). Activating transcription factor 4. The International
Journal of Biochemistry & Cell Biology 40, 14-21.

Andersen, D.S., and Leevers, S.J. (2007). The Essential Drosophila ATP-binding Cassette
Domain Protein, Pixie, Binds the 40 S Ribosome in an ATP-dependentManner and Is
Required for Translation Initiation. The Journal of Biological Chemistry 1-10.

Anthony, T.G. (2004). Preservation of Liver Protein Synthesis during Dietary Leucine
Deprivation Occurs at the Expense of Skeletal Muscle Mass in Mice Deleted for elF2
Kinase GCN2. Journal of Biological Chemistry 279, 36553-36561.

Anthony, T.G., Morrison, C.D., and Gettys, T.W. (2013). Remodeling of Lipid
Metabolism by Dietary Restriction of Essential Amino Acids. Diabetes 62, 2635-2644.

Arentson-Lantz, E., Clairmont, S., Paddon-Jones, D., Tremblay, A., and Elango, R.
(2015). Protein: A nutrient in focus 1. Appl. Physiol. Nutr. Metab. 40, 755-761.

Averous, J., Bruhat, A., Jousse, C., Carraro, V., Thiel, G., and Fafournoux, P. (2004).
Induction of CHOP Expression by Amino Acid Limitation Requires Both ATF4
Expression and ATF2 Phosphorylation. Journal of Biological Chemistry 279, 5288-5297.

Averous, J., Lambert-Langlais, S., Mesclon, F., Carraro, V., Parry, L., Jousse, C., Bruhat,
A., Maurin, A.-C., Pierre, P., Proud, C.G., et al. (2016). GCN2 contributes to mTORC1
inhibition by leucine deprivation through an ATF4 independent mechanism. Nature
Publishing Group 1-10.

B'chir, W., Maurin, A.C., Carraro, V., Averous, J., Jousse, C., Muranishi, Y., Parry, L.,
Stepien, G., Fafournoux, P., and Bruhat, A. (2013). The elF2 /ATF4 pathway is essential
for stress-induced autophagy gene expression. Nucleic Acids Research.

Bass, T.M., Grandison, R.C., Wong, R., Martinez, P., Partridge, L., and Piper, M.D.W.
(2007). Optimization of Dietary Restriction Protocols in Drosophila. J Gerontol a Biol Sci
Med Sci 1-16.

Beverly, J.L., Gietzen, D.W., and Rogers, Q.R. (1990). Effect of dietary limiting amino
acid in prepyriformcortex on food intake. American Journal of Physiology - Regulatory,
Integrative and Comparative Physiology 1-8.

115



Bjedov, 1., Toivonen, J.M., Kerr, F., Slack, C., Jacobson, J., Foley, A., and Partridge, L.
(2010). Mechanisms of Life Span Extension by Rapamycin in the Fruit Fly Drosophila
melanogaster. Cell Metabolism /1, 35-46.

Bjordal, M., Nathalie Arquier, Kniazeff, J., Pin, J.P., and Le opold, P. (2014). Sensing of
Amino Acids in a Dopaminergic Circuitry Promotes Rejection of an Incomplete Diet in
Drosophila. Cell 510-521.

Britton, J.S., and Edgar, B.A. (1998). Environmental control of the cell cycle in

Drosophila: nutrition activates mitotic and endoreplicative cells by distinct mechanisms.
1-10.

Bruhat, A., Cherasse, Y., Chaveroux, C., Maurin, A.-C., Jousse, C., and Fafournoux, P.
(2009). Amino acids as regulators of gene expression in mammals: Molecular
mechanisms. BioFactors 35, 249-257.

Bunpo, P., Dudley, A., Cundiff, J.K., Cavener, D.R., Wek, R.C., and Anthony, T.G.
(2009). GCN2 Protein Kinase Is Required to Activate Amino Acid Deprivation Responses
in Mice Treated with the Anti-cancer Agent L-Asparaginase. Journal of Biological
Chemistry 284, 32742-32749.

Campisi, J. (2013). Aging, Cellular Senescence, and Cancer. Annu. Rev. Physiol. 75, 685—
705.

Carroll, B., Korolchuk, V.I., and Sarkar, S. (2015). Amino acids and autophagy: cross-talk
and co-operation to control cellular homeostasis. Amino Acids 1-24.

Castilho, B.A., Shanmugam, R., Silva, R.C., Ramesh, R., Himme, B.M., and Sattlegger, E.
(2014). Biochimica et Biophysica Acta. BBA - Molecular Cell Research /843, 1948—
1968.

Cherasse, Y., Maurin, A.C., Chaveroux, C., Jousse, C., Carraro, V., Parry, L., Deval, C.,
Chambon, C., Fafournoux, P., and Bruhat, A. (2007). The p300/CBP-associated factor
(PCAF) is a cofactor of ATF4 for amino acid-regulated transcription of CHOP. Nucleic
Acids Research 35, 5954-5965.

Christensen, K., Johnson, T.E., and Vaupel, J.W. (2006). The quest for genetic
determinants of human longevity: challenges and insights. Nat Rev Genet 7, 436—448.

Cooper, D.M. (1960). Food Preferences of larval and adult Drosophila. Evolution 1-16.

116



Costa-Mattioli, M., Gobert, D., Harding, H., Herdy, B., Azzi, M., Bruno, M., Bidinosti,
M., Ben Mamou, C., Marcinkiewicz, E., Yoshida, M., et al. (2005). Translational control
of hippocampal synaptic plasticity and memory by the elF2a kinase, GCN2. Nature 1-11.

D'Antona, G., Ragni, M., Cardile, A., Tedesco, L., Dossena, M., Bruttini, F., Caliaro, F.,
Corsetti, G., Bottinelli, R., Carruba, M.O., et al. (2010). Branched-Chain Amino Acid
Supplementation Promotes Survival and Supports Cardiac and Skeletal Muscle
Mitochondrial Biogenesis in Middle-Aged Mice. Cell Metabolism /2, 362—-372.

Dang Do, A.N., Kimball, S.R., Cavener, D.R., and Jefferson, L.S. (2009). elF2 kinases
GCN2 and PERK modulate transcription and translation of distinct sets of mRNAs in
mouse liver. Physiological Genomics 38, 328-341.

De Sousa-Coelho, A.L., Relat, J., Hondares, E., Perez-Marti, A., Ribas, F., Villarroya, F.,
Marrero, P.F., and Haro, D. (2013). FGF21 mediates the lipid metabolism response to
amino acid starvation. The Journal of Lipid Research 54, 1786-1797.

DeAnne S Olsen, Barbara Jordan, Dreeny Chen, Wek, R.C., and Cavener, D.R. (1998).
Isolation of the Gene Encoding the Drosophila melanogaster Homolog of the
Saccharomyces cerevisiae GCN2 elF-2. 1-15.

Deval, C., Chaveroux, C., Maurin, A.-C., Cherasse, Y., Parry, L., Carraro, V., Milenkovic,
D., Ferrara, M., Bruhat, A., Jousse, C., et al. (2008). Amino acid limitation regulates the
expression of genes involved in several specific biological processes through GCN2-
dependent and GCN2-independent pathways. FEBS Journal 276, 707-718.

Dever, T.E., Chen, J.-J., Barber, G.N., FENG, L., Donahue, T.F., London, I.M., Katze,
M.G., and Hinnebusch, A.G. (1993). Mammalian eukaryotic initiation factor 2a kinases
functionally substituteforGCN2 proteinkinaseintheGCN4 translational control mechanism
of yeast. Proceedings of the National Academy of Sciences 1-5.

Diallinas, G., and Thireos, G. (1994). Genetic and biochemical evidence for yeast GCN2
protein kinase polymerization. Gene 1-7.

Dong, J., Qiu, H., Garcia-Barrio, M., Anderson, J., and Hinnebusch, A.G. (2000).
Uncharged tRNA Activates GCN2 by Displacing the Protein Kinase Moiety from a
Bipartite tRNA-Binding Domain. Molecular Cell 6, 269-279.

Drabkin, H.J., and Rajbhandary, U.L. (1998). Initiation of Protein Synthesis in
Mammalian Cells with Codons Other Than AUG and Amino Acids Other Than
Methionine. Molecular and Cellular Biology 1-8.

117



Dudek, S.M., and Semenkovich, C.F. (1995). Essential Amino Acids Regulate Fatty Acid
Synthase Expression through an Uncharged Transfer RNA-dependent Mechanism*. The
Journal of Biological Chemistry 1-8.

Edwards, C., Canfield, J., Copes, N., Brito, A., Rehan, M., Lipps, D., Brunquell, J.,
Westerheide, S.D., and Bradshaw, P.C. (2015). Mechanisms of amino acid-mediated
lifespan extension in Caenorhabditis elegans. BMC Genetics 1-24.

Endo, Y., Fu, Z., Abe, K., Arai, S., and Kato, H. (2002). Dietary Protein Quantity and
Quality Affect Rat Hepatic Gene Expression. American Society for Nutritional Sciences
1-6.

Eyries, M., Montani, D., Girerd, B., Perret, C., Leroy, A., Lonjou, C., Chelghoum, N.,
Coulet, F., Bonnet, D., Dorfmiiller, P., et al. (2013). mutations cause pulmonary veno-

occlusive disease, a recessive form of pulmonary hypertension. Nature Publishing Group
46, 65-69.

Fawcett, T., Martindale, J., Guyton, K., Hai, T., and Holbrook, N. (1999). Complexes
containing activating transcription factor (ATF)/cAMP-responsive- element-binding
protein (CREB) interact with the CCAAT/enhancer-binding protein (C/EBP)-ATF
composite site to regulate Gadd153 expression during the stress response. Biochem. J.1-7.

Fenton, T.R., and Gout, I.T. (2011). The International Journal of Biochemistry & Cell
Biology. International Journal of Biochemistry and Cell Biology 43, 47-59.

Fontana, L., Partridge, L., and Longo, V.D. (2010). Extending Healthy Life Span--From
Yeast to Humans. Science 328, 321-326.

Fontana, L., and Partridge, L. (2015). Promoting Health and Longevity through Diet:
From Model Organisms to Humans. Cell /67, 106—118.

Fontana, L., Cummings, N.E., Apelo, S.LA., Neuman, J.C., Kasza, 1., Schmidt, B.A.,
Cava, E., Spelta, F., Tosti, V., Syed, F.A., et al. (2016). Decreased Consumption of
Branched-Chain Amino Acids Improves Metabolic Health. CellReports /6, 520-530.

Gallinetti, J., Harputlugil, E., and Mitchell, J.R. (2013). Amino acid sensing in dietary-
restriction-mediated longevity: roles of signal-transducing kinases GCN2 and TOR.
Biochem. J. 449, 1-10.

Gietzen, D.W., Hao, S., and Anthony, T.G. (2007). Mechanisms of Food Intake
Repression in Indispensable Amino Acid Deficiency. Annu. Rev. Nutr. 27, 63-78.

118



Gietzen, D.W., Ross, C.M., Hao, S., and Sharp, J.W. (2004). Biochemical and Molecular
Actions of Nutrients. American Society for Nutritional Sciences 1-7.

Gjymishka, A., Palii, S.S., Shan, J., and Kilberg, M.S. (2008). Despite Increased ATF4
Binding at the C/EBP-ATF Composite Site following Activation of the Unfolded Protein
Response, System A Transporter 2 (SNAT2) Transcription Activity Is Repressed in
HepG2 Cells. Journal of Biological Chemistry 283, 27736-27747.

Gong, W.J. (2004). Genomic Deletions of the Drosophila melanogaster Hsp70 Genes.
Genetics 168, 1467-1476.

Gong, W.J., and Golic, K.G. (2003). Ends-out, or replacement, gene targeting in
Drosophila. Pnas 1-6.

Grandison, R.C., Piper, M.D.W., and Partridge, L. (2009). Amino-acid imbalance explains
extension of lifespan by dietary restriction in Drosophila. Nature 462, 1061-1064.

Gronke, S., Beller, M., Fellert, S., Ramakrishnan, H., Jiackle, H., and Kihnlein, R.P.
(2003). Control of Fat Storage by a Drosophila PAT Domain Protein. Current Biology /3,
603-606.

Guangdong Yang, Wu, L., Jiang, B., Yang, W., Qi, J., Cao, K., Mustafa, A K., Weitong
Mu, Zhang, S., Snyder, S.H., et al. (2008). H2S as a Physiologic Vasorelaxant:
Hypertension in Mice with Deletion of Cystathionine g-Lyase. 1-5.

Guertin, D.A., and Sabatini, D.M. (2009). The Pharmacology of mTOR Inhibition.
Science Signaling 2, pe24—pe24.

Guo, F., and Cavener, D.R. (2007). The GCN2 elF20 Kinase Regulates Fatty-Acid
Homeostasis in the Liver during Deprivation of an Essential Amino Acid. Cell
Metabolism 5, 103—114.

Han, J., Back, S.H., Hur, J., Lin, Y.-H., Gildersleeve, R., Shan, J., Yuan, C.L., Krokowski,
D., Wang, S., Hatzoglou, M., et al. (2013). ER-stress-induced transcriptional regulation
increases protein synthesis leading to cell death. Nature Cell Biology /5, 481-490.

Hao, S. (2005). Uncharged tRNA and Sensing of Amino Acid Deficiency in Mammalian
Piriform Cortex. Science 307, 1776-1778.

Hao, S., Ross-Inta, C.M., and Gietzen, D.W. (2010). Pharmacology, Biochemistry and
Behavior. Pharmacology, Biochemistry and Behavior 94, 333-340.

119



Harding, H.P., Zhang, Y., Scheuner, D., Chen, J.-J., Randal J Kaufmanb, D., and Ron, D.
(2009). Ppplrl5 gene knockout reveals an essential rolefor translation initiation factor 2
alpha (elF2)dephosphorylation in mammalian development. Pnas 1-6.

Harding, P.H., Zhang, Y., Bertolotti, A., Zeng, H., and Ron, D. (2000). Perk Is Essential
for Translational Regulation and Cell Survival during the Unfolded Protein Response.
Molecular Cell 1-8.

Harding, Heather P, Zhang, Y., Zeng, H., Novoa, ., Lu, P.D., Calfon, M., Sadri, N., Yun,
C., Popko, B., Paules, R., et al. (2003). An Integrated Stress Response Regulates Amino
Acid Metabolism and Resistance to Oxidative Stress. Molecular Cell /1, 619-633.

Harrison, D.E., Strong, R., Sharp, Z.D., Nelson, J.F., Astle, C.M., Flurkey, K., Nadon,
N.L., Wilkinson, J.E., Frenkel, K., Carter, C.S., et al. (2010). Rapamycin fed late in life
extends lifespan ingenetically heterogeneous mice. Nature 460, 392—-395.

Hershey, J.W.B. (1991). Translational control in mammalian cells. Annu. Rev. Biochem.
1-41.

Hine, C., and Mitchell, J.R. (2015). Calorie restriction and methionine restriction in
control of endogenous hydrogen sulfide production by the transsulfuration pathway.
Experimental Gerontology 68, 26-32.

Hine, C., Harputlugil, E., Zhang, Y., Ruckenstuhl, C., Lee, B.C., Brace, L., Longchamp,
A., Trevifio-Villarreal, J.H., Mejia, P., Ozaki, C.K., et al. (2015). Endogenous Hydrogen
Sulfide Production Is Essential for Dietary Restriction Benefits. Cell 1-13.

Hinnebusch, A.G. (1997). Translational Regulation of Yeast GCN4. The Journal of
Biological Chemistry 1-5.

Hinnebusch, A.G., and Natarajan, K. (2002). Gcndp, a Master Regulator of Gene
Expression, Is Controlled atMultiple Levels by Diverse Signals of Starvation and Stress.
Eukaryotic Cell 1-11.

Huang, J., Zhou, W., Dong, W., Watson, A.M., and Hong, Y. (2009). Directed, efficient,
and versatile modifications of the Drosophila genome by genomic engineering. Pnas 1-6.

Iiboshi, Y., Papst, P.J., Hunger, S.P., and Terada, N. (1999). L-Asparaginase Inhibits the
Rapamycin-Targeted Signaling Pathway. Biochemical and Biophysical Research
Communications 534-539.

120



Jiang, H.Y., Wek, S.A., McGrath, B.C., Lu, D., Hai, T., Harding, H.P., Wang, X., Ron,
D., Cavener, D.R., and Wek, R.C. (2004). Activating Transcription Factor 3 Is Integral to

the Eukaryotic Initiation Factor 2 Kinase Stress Response. Molecular and Cellular Biology
24,1365-1377.

Jiang, H.Y., Wek, S.A., McGrath, B.C., Scheuner, D., Kaufman, R.J., Cavener, D.R., and
Wek, R.C. (2003). Phosphorylation of the Subunit of Eukaryotic Initiation Factor 2 Is

Required for Activation of NF- B in Response to Diverse Cellular Stresses. Molecular and
Cellular Biology 23, 5651-5663.

Jiang, Z., Qiongling, L., Luoa, G., Huc, P., Li, P, and Wang, Y. (2009). HPLC-
electrospray tandem mass spectrometry for simultaneous quantitation of eight plasma
aminothiols: Application to studies of diabetic nephropathy. Talanta 77, 1279-1284.

Johnson, S.C., Rabinovitch, P.S., and Kaeberlein, M. (2013). mTOR is a key modulator of
ageing and age-related disease. Nature 493, 338-345.

Juhasz, G., Erdi, B., Sass, M., and Neufeld, T.P. (2007). Atg7-dependent autophagy
promotes neuronal health, stress tolerance, and longevity but is dispensable for
metamorphosis in Drosophila. Genes & Development 2/, 3061-3066.

Kabil, H., Kabil, O., Banerjee, R., Harshman, L.G., and D, P.S. (2011). Increased
transsulfuration mediates longevity and dietary restriction in Drosophila. 1-11.

Kaeberlein, M., and Kennedy, B.K. (2008). Protein translation, 2008. Aging Cell 7, 777—
782.

Kapahi, P., Di Chen, Rogers, A.N., Katewa, S.D., Li, P.W.-L., Thomas, E.L., and Kockel,
L. (2010). With TOR, Less Is More: A Key Role for the Conserved Nutrient-Sensing TOR
Pathway in Aging. Cell Metabolism /7, 453—465.

Kilberg, M.S., Balasubramanian, M., Fu, L., and Shan, J. (2012). The Transcription Factor
Network Associated With the Amino Acid Response in Mammalian Cells. Advances in
Nutrition: an International Review Journal 3, 295-306.

Kilberg, M.S., Shan, J., and Su, N. (2009). ATF4-dependent transcription mediates
signaling of amino acid limitation. Trends in Endocrinology & Metabolism 20, 436—443.

Kirkwood, T.B.L. (2005). Understanding the Odd Science of Aging. Cell 120, 437-447.

121



Kirkwood, T.B.L., and Austad, S.N. (2000). Why do we age? Nature 1-6.

Koehnle, T.J., Russell, M.C., and Gietzen, D.W. (2003). Rats Rapidly Reject Diets
Deficient in Essential Amino Acids. American Society for Nutritional Sciences 1-5.

Laeger, T., Henagan, T.M., Albarado, D.C., Redman, L.M., Bray, G.A., Noland, R.C.,
Miinzberg, H., Hutson, S.M., Gettys, T.W., Schwartz, M.W., et al. (2014). FGF21 is an
endocrine signal of protein restriction. J. Clin. Invest. /24, 3913-3922.

Lageix, S., Zhang, J., Rothenburg, S., and Hinnebusch, A.G. (2015). Interaction between
the tRNA-Binding and C-Terminal Domains of Yeast Gen2 Regulates Kinase Activity In
Vivo. PLoS Genet /1, e1004991.

Lee, B.C., Kaya, A., Ma, S., Kim, G., Gerashchenko, M.V., Yim, S.H., Hu, Z., Harshman,
L.G., and Gladyshev, V.N. (2014a). Methionine restriction extends lifespan ofDrosophila
melanogaster under conditions of lowamino-acid status. Nature Communications 5, 1-12.

Lee, D., Hwang, W., Artan, M., Jeong, D.-E., and Lee, S.-J. (2014b). Effects of nutritional
components on aging. Aging Cell /4, 8-16.

Lee, J.I., Dominy, J.E., Sikalidis, A.K., Hirschberger, L.L., Wang, W., and Stipanuk, M.H.
(2008). HepG2/C3A cells respond to cysteine deprivation by induction of the amino acid
deprivation/integrated stress response pathway. Physiological Genomics 33, 218-229.

Leib, D.E., and Knight, Z.A. (2015). Re-examination of Dietary Amino Acid Sensing
Reveals a GCN2-Independent Mechanism. Cell Reports /3, 1081-1089.

Leung, HM.B., and Rogers, Q.R. (1971). Importance of prepyriform cortex in food-
intakeresponse of rats to amino acids. American Journal of Physiology 1-7.

Liao, C.-Y., Rikke, B.A., Johnson, T.E., Diaz, V., and Nelson, J.F. (2010). Genetic
variation in the murine lifespan response to dietary restriction: from life extension to life
shortening. Aging Cell 9, 92-95.

Livak, K.J., and Schmittgen, T.D. (2001). Analysis of Relative Gene Expression Data
Using Real-Time Quantitative PCR and the 2—AACT Method. Methods 25, 402—408.

Loépez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The
Hallmarks of Aging. Cell 153, 1194-1217.

122



Lu, P.D., Harding, H.P., and Ron, D. (2004). Translation reinitiation at alternative open
reading frames regulates gene expression in an integrated stress response. J Cell Biol /67,
27-33.

Ma, X.M., and Blenis, J. (2009). Molecular mechanisms of mTOR-mediated translational
control. Nat Rev Mol Cell Biol /0, 307-318.

Mair, W., and Dillin, A. (2008). Aging and Survival: The Genetics of Life Span Extension
by Dietary Restriction. Annu. Rev. Biochem. 77, 727-754.

Mair, W., Piper, M.D.W., and Partridge, L. (2005). Calories Do Not Explain Extension of
Life Span by Dietary Restriction in Drosophila. Plos Biol 3, €223.

Malzer, E., Szajewska-Skuta, M., Dalton, L.E., Thomas, S.E., Hu, N., Skaer, H., Lomas,
D.A., Crowther, D.C., and Marciniak, S.J. (2013a). Coordinate regulation of
elF2 phosphorylation by PPPIR15 and GCN2 is required during Drosophila
development. Journal of Cell Science /26, 1406—-1415.

Malzer, E., Szajewska-Skuta, M., Dalton, L.E., Thomas, S.E., Hu, N., Skaer, H., Lomas,
D.A., Crowther, D.C.,, and Marciniak, S.J. (2013b). Coordinate regulation of
elF2 phosphorylation by PPPIR15 and GCN2 is required during Drosophila
development. Journal of Cell Science /26, 1406—-1415.

Martinov, M.V., Vitvitsky, V.M., Mosharov, E.V., Banerjee, R., and Ataullakhanov, F.I.
(2000). A Substrate Switch: A New Mode of Regulation in the Methionine Metabolic
Pathway. Journal of Theoretical Biology 204, 521-532.

Maurin, A.-C., Jousse, C., Averous, J., Parry, L., Bruhat, A., Cherasse, Y., Zeng, H.,
Zhang, Y., Harding, H.P., Ron, D., et al. (2005). The GCN2 kinase biases feeding
behavior to maintain amino acid homeostasis in omnivores. Cell Metabolism 1, 273-277.

McBean, G.J. (2011). The transsulfuration pathway: a source of cysteine for glutathione in
astrocytes. Amino Acids 42, 199-205.

Mclsaac, R.S., Lewis, K.N., Gibney, P.A., and Buffenstein, R. (2016). From yeast to
human: exploring the comparative biology of methionine restriction in extending
eukaryotic life span. Annals of the New York Academy of Sciences /363, 155-170.

Miller, R.A., Buehner, G., Chang, Y., Harper, J.M., Sigler, R., and Smith-Wheelock, M.
(2005). Methionine-deficient diet extends mouse lifespan, slows immune and lens aging,
alters glucose, T4, IGF-I and insulin levels, and increases hepatocyte MIF levels and stress
resistance. Aging Cell 4, 119-125.

123



Mirisola, M.G., Taormina, G., Fabrizio, P., Wei, M., Hu, J., and Longo, V.D. (2014).
Serine- and Threonine/Valine-Dependent Activation of PDK and Tor Orthologs Converge
on Sch9 to Promote Aging. PLoS Genet /0, €1004113.

Montesanto, A., Dato, S., Bellizzi, D., Rose, G., and Passarino, G. (2012).
Epidemiological, genetic and epigenetic aspects of the research on healthy ageing and
longevity. Immunity & Ageing 9, 6.

Morrison, C.D., Reed, S.D., and Henagan, T.M. (2012). Homeostatic regulation of protein
intake: in search of a mechanism. AJP: Regulatory, Integrative and Comparative
Physiology 302, R917-R928.

Munro, H.N. (1976). Regulationofbodyprotein metabolism inrelation todiet. Proc. Nutr.
Soc. 1-12.

Murguia, J.R., and Serrano, R. (2012). New functions of protein kinase Gen2 in yeast and
mammals. IUBMB Life 64, 971-974.

Orentreich, N., Matias, J.R., Defelice, A., and Zimmerman, J.A. (1993). Low Methionine
Ingestion by Rats Extends Life Span. 1-6.

Osterwalder, T., Yoon, K.S., White, B.H., and Keshishian, H. (2001). A conditional
tissue-specific transgene expression system using inducible GAL4. Pnas 1-6.

Palii, S.S., Kays, C.E., Deval, C., Bruhat, A., Fafournoux, P., and Kilberg, M.S. (2008).
Specificity of amino acid regulated gene expression: analysis of genes subjected to either
complete or single amino acid deprivation. Amino Acids 37, 79-88.

Pamplona, R., and Barja, G. (2006). Mitochondrial oxidative stress, aging and caloric
restriction: The protein and methionine connection. Biochimica Et Biophysica Acta
(BBA) - Bioenergetics 1757, 496-508.

Partridge, L. (2009). The new biology of ageing. Philosophical Transactions of the Royal
Society B: Biological Sciences 365, 147-154.

Piper, M.D.W., Blanc, E., Leitao-Goncalves, R., Mingyao Yang, He, X., Linford, N.J.,
Matthew P Hoddinott, Hopfen, C., Soultoukis, G.A., Niemeyer, C., et al. (2013). A holidic
medium for Drosophila melanogaster. Nat Meth 1-8.

Piper, M.D.W., Mair, W., and Partridge, L. (2005). Counting the Calories: The Role of

124



Specific Nutrients in Extension of Life Span by Food Restriction. Journal of Gerontology
1-7.

Prudova, A., Bauman, Z., Braun, A., Vitvitsky, V., Lu, S.C., and Banerjee, R. (2006). S-
adenosylmethionine stabilizes cystathionine -synthase and modulates redox capacity. Pnas
1-6.

Qiu, H., Dong, J., Cuihua, H., S, F.C., and Hinnebusch, A.G. (2001). The tRNA-binding
moiety in GCN2 contains a dimerization domain that interacts with the kinase domain and
is required for tRNA binding and kinase activation. The EMBO Journal 1-14.

Ravindran, R., Loebbermann, J., Nakaya, H.I., Khan, N., Ma, H., Gama, L., Machiah,
D.K., Lawson, B., Hakimpour, P., Wang, Y.-C., et al. (2016). The amino acid sensor
GCN2 controls gut inflammation by inhibiting inflammasome activation. Nature 53/,
523-527.

Rion S., and Kawecki, T.J. (2007). Evolutionary biology of starvation resistance: what we
have learned from Drosophila. Journal of Evolutionary Biology 20, 1655-1664.

Rong, Y.S., and Golic, K.G. (2001). A Targeted Gene Knockout in Drosophila. Genetics
1-6.

Rousakis, A., Vlassis, A., Vlanti, A., Patera, S., Thireos, G., and Syntichaki, P. (2013).
The general control nonderepressible-2 kinase mediates stress response and longevity
induced by target of rapamycin inactivation in Caenorhabditis elegans. Aging Cell.

Santoyo, J., Alcalde, J., ndez, R.L.M., Pulido, D., and de Haro, C.S. (1997). Cloning and
Characterization of a cDNA Encoding a Protein Synthesis Initiation Factor-2. 1-8.

Schipanski, A., Yarali, A., Niewalda, T., and Gerber, B. (2008). Behavioral Analyses of
Sugar Processing in Choice, Feeding, and Learning in Larval Drosophila. Chemical
Senses 33, 563-573.

Sikalidis, A.K., Lee, J.-1., and Stipanuk, M.H. (2010). Gene expression and integrated
stress response in HepG2/C3A cells cultured in amino acid deficient medium. Amino
Acids 41, 159-171.

Singh, S., Padovani, D., Leslie, R.A., Chiku, T., and Banerjee, R. (2009). Relative
Contributions of Cystathionine -Synthase and -Cystathionase to H2S Biogenesis via
Alternative Trans-sulfuration Reactions. Journal of Biological Chemistry 284, 22457—
22466.

125



Solon-Biet, S.M., McMahon, A.C., Ballard, J.W.O., Ruohonen, K., Wu, L.E., Cogger,
V.C., Warren, A., Huang, X., Pichaud, N., Melvin, R.G., et al. (2014). The Ratio of
Macronutrients, Not Caloric Intake, Dictates Cardiometabolic Health, Aging,and
Longevity in Ad Libitum-Fed Mice. Cell Metabolism 79, 418—430.

Soultoukis, G.A., and Partridge, L. (2016). Dietary Protein, Metabolism, and Aging.
Annu. Rev. Biochem. 85, 5-34.

Spencer, C.C., Howell, C.E., Wright, A.R., and Promislow, D.E.L. (2003). Testing an
“aging gene” in long-lived Drosophila strains: increased longevity depends on sex and
genetic background. Aging Cell 1-17.

Spriggs, K.A., Bushell, M., and Willis, A.E. (2010). Translational Regulation of Gene
Expression during Conditions of Cell Stress. Molecular Cell 40, 228-237.

Stipanuk, M.H., and Ueki, I. (2010). Dealing with methionine/homocysteine sulfur:
cysteine metabolism to taurine and inorganic sulfur. J Inherit Metab Dis 34, 17-32.

Sun, J., and Tower, J. (1999). FLP Recombinase-Mediated Induction of Cu/Zn-
SuperoxideDismutase Transgene Expression Can Extend the LifeSpan of Adult.
Molecular and Cellular Biology 1-13.

Tang, X., Keenan, M.M., Wu, J., Lin, C.-A., Dubois, L., Thompson, J.W., Freedland, S.J.,
Murphy, S.K., and Chi, J.-T. (2015). Comprehensive Profiling of Amino Acid Response
Uncovers Unique Methionine-Deprived Response Dependent on Intact Creatine
Biosynthesis. PLoS Genet /7, e1005158.

Toivonen, J.M., Walker, G.A., Martinez-Diaz, P., Bjedov, ., Driege, Y., Jacobs, H.T.,
Gems, D., and Partridge, L. (2007). No Influence of Indy on Lifespan in Drosophila after
Correction for Genetic and Cytoplasmic Background Effects. PLoS Genet 3, €95.

Toshima, N., and Tanimura, T. (2012). Taste preference for amino acids is dependent on
internal nutritional state in Drosophila melanogaster. Journal of Experimental Biology
215,2827-2832.

Vattem, K.M., and Wek, R.C. (2004). Reinitiation involving upstream ORFs regulates
ATF4 mRNA translation in mammalian cells. 1-6.

Wanders, D., Stone, K.P., Forney, L.A., Cortez, C.C., Dille, K.N., Simon, J., Xu, M.,
Hotard, E.C., Nikonorova, I.A., Pettit, A.P., et al. (2016). Role of GCN2-independent
signaling through a non-canonical PERK/NRF2 pathway in the physiological responses to
dietary methionine restriction. Diabetes 1-47.

126



Wang, X., and Proud, C.G. (2008). A Novel Mechanism for the Control of Translation
Initiation by Amino Acids, Mediated by Phosphorylation of Eukaryotic Initiation Factor
2B. Molecular and Cellular Biology 28, 1429-1442.

Wei, Y., and Kenyon, C. (2016). Roles for ROS and hydrogen sulfide in the longevity
response to germline loss in Caenorhabditis elegans. Proceedings of the National
Academy of Sciences /13, E2832-E2841.

Weissa, E.P., Racettea, S.B., Villareala, D.T., Luigi Fontanaa, C., Steger- Mayb, K.,
Schechtmanb, K.B., Kleina, S., Holloszya, J.O., and Group, T.W.C. (2006). Improvements
in glucose tolerance and insulin action induced by increasing energy expenditure or
decreasing energy intake: a randomized controlled trial. Am J Clin Nutr 1-18.

Wek, A.S., ShuhaoO, Z., and Wek, C.R. (1995). The Histidyl-tRNA Synthetase-Related
Sequence in the elF-2a Protein Kinase GCN2 Interacts with tRNA and Is Required for
Activation in Response to Starvation for Different Amino Acids . Molecular and Cellular
Biology 15, 4497-4506.

Wek, R.C., Jiang, H.Y., and Anthony, T.G. (2006). Coping with stress: elF2 kinases and
translational control. Biochem. Soc. Trans. 34, 7-11.

Wong, R., Piper, M.D.W., Bregje Wertheim, and Partridge, L. (2009). Quantification of
Food Intake in Drosophila. PLoS One 4, 1-10.

Wu, G. (2016). Dietary protein intake and human health. Food Funct. 7, 1251-1265.

Wu, Z., Liu, S.Q., and Huang, D. (2013a). Dietary Restriction Depends on Nutrient
Composition to Extend Chronological Lifespan in Budding Yeast Saccharomyces
cerevisiae. PLoS One 8, e64448.

Wu, Z., Song, L., Liu, S.Q., and Huang, D. (2013b). Independent and Additive Effects of
Glutamic Acid and Methionine on Yeast Longevity. PLoS One &, €79319.

Ye, J., Kumanova, M., Hart, L.S., Sloane, K., Zhang, H., De Panis, D.N., Bobrovnikova-
Marjon, E., Diehl, J.A., Ron, D., and Koumenis, C. (2010). The GCN2-ATF4 pathway is
critical for tumour cell survival and proliferation in response to nutrient deprivation. The
EMBO Journal 29, 2082-2096.

Ye, J., Palm, W., Peng, M., King, B., Lindsten, T., Li, M.O., Koumenis, C., and
Thompson, C.B. (2015). GCN2 sustains mTORC1 suppression upon amino acid
deprivation by inducing Sestrin2. Genes & Development 29, 2331-2336.

127



Zhang, P., McGrath, B.C., Reinert, J., Olsen, D.S., Lei, L., Gill, S., Wek, S.A., Vattem,
K.M., Wek, R.C., Kimball, S.R., et al. (2002). The GCN2 elF2 Kinase Is Required for
Adaptation to Amino Acid Deprivation in Mice. Molecular and Cellular Biology 22,
6681-6688.

Zhang, Y., Tang, Z.H., Ren, Z., Qu, S.L., Liu, M.H., Liu, L.S., and Jiang, Z.S. (2013).
Hydrogen Sulfide, the Next Potent Preventive and Therapeutic Agent in Aging and Age-
Associated Diseases. Molecular and Cellular Biology 33, 1104—1113.

Zheng, S., Clabough, E.B.D., Sarkar, S., Futter, M., Rubinsztein, D.C., and Zeitlin, S.O.
(2010). Deletion of the Huntingtin Polyglutamine Stretch Enhances Neuronal Autophagy
and Longevity in Mice. PLoS Genet 6, ¢1000838.

128



CONTRIBUTIONS

The Gen2' and Gen2’ mutants were designed and generated by Dr. Sebastian Gronke.
Microinjection of the constructs for transgenic flies was performed by Jacqueline Efer.
Experiments in Figure 3.1 (B, C and D) were performed by Oliver Hendrich. Analysis of
diets in Figure 3.3 (A, B, C and F) was performed together with Dr. George Soultoukis.
Lifespan analysis in Figure 4.2A was performed by Dr. Sebastian Gronke. Bioinformatic
analysis for RNA-Sequencing was done in collaboration with the bioinformatic core
facility at the Max-Plack institute for Biology of Ageing. Mass-spectrometry was done in
collaboration with the mass-spectrometry core unit at the Max-Planck Institute for

Biology of Ageing.

129



130



EIDESSTATTLICHE ERKLARUNG

Ich versichere, daB3 ich die von mir vorgelegte Dissertation selbstindig angefertigt, die
benutzten Quellen und Hilfsmittel vollstindig angegeben und die Stellen der Arbeit —
einschlieBlich Tabellen, Karten und Abbildungen —, die anderen Werken im Wortlaut oder
dem Sinn nach entnommen sind, in jedem Einzelfall als Entlehnung kenntlich gemacht
habe; dal} diese Dissertation noch keiner anderen Fakultit oder Universitdt zur Priifung
vorgelegen hat; dal sie — abgesehen von unten angegebenen Teilpublikationen — noch
nicht veroffentlicht worden ist sowie, dal} ich eine solche Veroffentlichung vor Abschluf3
des Promotionsverfahrens nicht vornehmen werde. Die Bestimmungen dieser
Promotionsordnung sind mir bekannt. Die von mir vorgelegte Dissertation ist von Fau

Prof. Dr. Linda Partridge betreut worden.

Anchal Srivastava

Koln, September 2017

131



132



133



