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Abstract

Nutrient deprivation is a type of stress that can change the stability, activity and
subcellular localization of a protein. The cellular response to starvation includes
lysosomal response mechanisms composed of the autophagy/lysosomal
degradation pathway and the nutrient signaling pathway via the mechanistic
target of rapamycin complex 1 (nTORC1) as the regulator of cell growth. The
current study investigates the impact of in vivo starvation on the lysosomal
proteome and on cellular metabolism. Before analyzing the lysosomal proteome,
the activity of mMTORC1 was defined at various time periods. The protein complex
displayed different activity patterns in three key mouse metabolic organs. It was
deactivated/reactivated after short/prolonged starvation periods, respectively, in
the liver, gradually deactivated in the skeletal muscle, and continuously activated
in the brain.

In the second part of this study, the two selected starvation periods with distinct
molecular effects in the liver had different impacts on the body metabolism after
measuring the levels of essential metabolites in blood serum. Glucose levels
were stable at 6 hours of starvation, while the ketogenesis started to occur as
shown by a 2.04-fold increase in beta-hydroxybutyrate (B-HB) concentrations.
Furthermore, the 2.1-fold decrease in glucose levels after 24 hours of starvation
was accompanied by a significant increase in B-HB and in the relative expression
of ketogenesis-related genes as examined by enzyme assay and real-time PCR,
respectively. Besides ketogenesis, the levels of long-, but not short-, chain
acylcarnitines significantly increased after prolonged starvation as a marker of
potential fatty acid beta-oxidation. In addition, the increased levels of muscle
protein breakdown biomarkers indicated an activation of gluconeogenesis. These
results suggest alternative energy sources during starvation.

The last part of the thesis focused on the analysis of starvation-induced changes
in liver lysosomal/non-lysosomal protein amounts by large-scale quantitative
mass spectrometry of enriched lysosomes using tandem mass tag (TMT) labeling
approach. The proteomic analysis quantified 1725 proteins. From 233 quantified

lysosomal proteins, 4 out of 11 and 8 out of 17 downregulated proteins after 6
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and 24 hours, respectively, were linked to the mTOR signaling pathway. Western
blot analysis of the lysosomal fractions depicted a decreased abundance of
MTORCL1 and Rag complex after short starvation and an increase after 24 hours
of starvation, while a continuous decrease in LAMTOR complex levels was
monitored after short and prolonged starvation, suggesting a Ragulator-
independent mMTORCL1 reactivation. However, the specific activator is not yet
defined. Moreover, 162 and 283 differentially regulated non-lysosomal proteins
were quantified after 6 and 24 hours of starvation, respectively. The selected non-
lysosomal proteins for further validation included biomarkers of glycogen
metabolism and gluconeogenesis. In addition, the data depicted a persistent
decreased levels of the endosomal WASH complex in the lysosomal fraction
during starvation. Moreover, the results showed a significant upregulation in 12
proteasome subunits after 6 and 24 hours of starvation indicating a continuously
induced proteaphagy. In contrast, starvation-induced autophagy displayed a
significant upregulation of 12 peroxisomal proteins and 54 mitochondrial proteins
after short and prolonged starvation, respectively, hypothesizing an early
pexophagy and a late mitophagy, and therefore an ordered organelle
degradation. This thesis provides a thorough analysis and insights into the
lysosomal proteome changes in mouse liver during different starvation periods

and the associated cellular metabolic alterations.
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1 Introduction

1.1 Metabolism

The human body consists of about 37 trillion cells (Bianconi et al. 2013) that are
classified into more than 200 types of tissues forming the different organs. These
cells need to use energy to function, survive and reproduce (Eknoyan 1999). This
energy is the result of a variety of biochemical reactions involved in anabolic and
catabolic processes (DeBerardinis and Thompson 2012). The breakdown and
synthesis of large macromolecules like proteins, lipids and carbohydrates are
critical mechanisms that regulate energy metabolism throughout the whole body
and coordinate the metabolic interactions among the organs to reach a fuel
homeostasis (Curi et al. 2016). Brain, liver, heart and skeletal muscle oxidize
most of the metabolites, mainly glucose, lactate and fatty acids consuming more
than 70 % of the body’s total oxygen (Hall 2006; Kim et al. 2007). These
metabolites are the product of a large number of metabolic pathways mainly
glycolysis, acetyl-CoA oxidation, fatty acid f-oxidation, oxidative phosphorylation,
urea cycle and gluconeogenesis (Schultz 2005). The consumption of specific
metabolites for energy production may differ depending on the body’s
physiological state. At rest, during normal activities or endurance training, lipids
are the major source of energy. Under intense exercise, the main fuel source
shifts to carbohydrates, which provide more than two thirds of the required energy
(Melzer 2011). In the case of prolonged starvation, fatty acids and ketone bodies
become the primary source to spare the body’'s remaining glucose supply
(Watford 2015). In addition, while the contributions of lipids and carbohydrates to
energy metabolism are relatively high compared to proteins, specific amino acids
such as glutamine are crucial for both glucose synthesis and the nitrogen
transport in the liver (Stumvoll et al. 1999; Chaudhry et al. 2002).

1.1.1 Metabolic profile of key organ systems

The metabolic characteristics of each organ are related to its function and
biochemical reactions (Figure 1.1) (Cahill 2006). Briefly, liver and adipose tissue

store nutrients that are digested and taken up into the blood stream via the
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intestines. Glucose produced in the liver will be distributed to other body organs
and will be mainly consumed by the brain under rest conditions. During starvation,
amino acid breakdown in the skeletal muscle provides most of the metabolites
needed for gluconeogenesis. In parallel, the renal back filtration system avoids
energy loss due to the reabsorption of soluble metabolites (Alberts et al. 2002).
As a major producer of ~ 95 % of blood glucose, the liver acts as a central hub
for regulating metabolic homeostasis by the short storage of carbohydrates and
the supply of glucose to several body organs such as the brain and also red blood
cells (Han et al. 2016). Glucose production and its concentration in the blood is
regulated by gluconeogenesis and glycogenolysis, where most of the glycolysis
metabolites like lactate and pyruvate and half of the glycerol produced by lipolysis
are taken up by the liver and used as precursors for glucose synthesis (Jelen et
al. 2011; Sharabi et al. 2015; von Morze et al. 2017). The liver depends on the
oxidation of free fatty acids (FFAs) for energy metabolism. The uptake of FFA
increases during prolonged starvation and leads to the production of the ketone
bodies acetoacetate, beta-hydroxybutyrate (most abundant) and acetone (least
abundant) (Laffel 1999), which are used as an alternative energy source (Figure
1.1).

Even though adipose tissue is a massive triacylglycerol fuel storage, its major
metabolic energy is supplied by glucose. Adipose tissue is not only known to be
a fat reservoir for the body, but it is also a dynamic organ, which can regulate
several homeostatic reactions. During periods of starvation, adipose tissue
releases FFA through lipolysis to supply energy to other organs such as the liver
and skeletal muscle (Coelho et al. 2013).

In the brain, more than half of the produced blood glucose, which is considered
to be the primary source of energy metabolism under normal nutrient
circumstances, is consumed (Figure 1.1). The cerebral glucose level remains
stable due to the constant supply mediated by the glucose transporter type 3
(GLUT3) (Simpson et al. 2008). To adapt to nutrient deprivation, ketone bodies
partially replace glucose as a fuel source, as fatty acids are not able to cross the
blood-brain barrier and thus cannot serve as an energy source for the brain
(Puchalska and Crawford 2017).
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Figure 1.1: Starvation fuel metabolism
Schematic view of the main metabolic organs and their chemical reactions during
starvation (Cahill 2006).

The skeletal muscle uses FFA at rest for its energy metabolism, which covers
most of its energy needs. During exercise and starvation, alanine and glutamine
represent more than half of the amino acids released by the skeletal muscle, with
alanine being taken up by the liver and used as a substrate for gluconeogenesis
(Felig 1973).

The kidney’s main function is to produce urine as a way to secrete any remains
created by metabolic reactions. After several filtration cycles, various water
soluble ions and molecules such as glucose are reabsorbed to avoid energy loss
and to supply the brain with metabolic fuel (Figure 1.1). As a response to
starvation, the kidney increases the metabolism of glutamine, resulting in the
production of ammonium ions, and the remaining glutamine carbon is used in the

gluconeogenesis pathway (Goodman et al. 1966). Renal reabsorption of ketone
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bodies is also increased, retaining a high concentration of circulating ketone
bodies (Sapir and Owen 1975).

1.1.2 Cellular metabolism (Beta-oxidation and ketogenesis)

All metabolites produced and consumed by key metabolic organs are the
products of cellular biochemical processes that are highly influenced by the
amount and sort of food intake (Woods and Ramsay 2011). After the mechanical
and chemical breakdown of nutrients within the digestive system, the absorbed
molecules by the cell are either transported into the cytosol and take part in some
biochemical pathways for example glycolysis, fatty acid biosynthesis and
gluconeogenesis (Berg et al. 2003), or to the mitochondria where other reactions
such as fatty acid B-oxidation, ketogenesis and branched-chain amino acid
(BCAA) catabolism occur completely or partially (Demine et al. 2014).

Mitochondrial fatty acid (FA) B-oxidation is a major catabolic mechanism that
provides ATP to the body’s organs and guarantees a continuous energy supply
(Houten and Wanders 2010). It begins with converting FAs to acyl-CoA esters
through the acyl-CoA synthase (Figure 1.2) (Xiong 2018). This conversion
facilitates the transport of FAs from the cytosol into the mitochondria, which is
mediated by the carnitine acylcarnitine translocase system also known as the
carnitine shuttle (Foster 2004). Carnitine palmitoyltransferase 1 (CPT1), mainly
known by its liver isoform CPTla, is localized in the outer mitochondrial
membrane and converts acyl-CoA esters into acylcarnitines (Ramsay et al.
2001). After reaching the mitochondria via the inner membrane transporter
carnitine acylcarnitine translocase (CACT), the CPT2 enzyme converts
acylcarnitines back to their former CoA esters (Bonnefont et al. 2004) (Figure
1.2). Peroxisome proliferator-activated receptor alpha (PPARa) plays an
essential role as a regulator of the acylcarnitine metabolism, especially in
response to starvation (van Vlies et al. 2007). The carnitine shuttle is used to
transfer long-chain fatty acids (> C8), while short-chain fatty acids are carnitine-
independent (Schonfeld and Wojtczak 2016). In the mitochondria, the process of
dehydrogenation, hydration, oxidation and thiolysis results in the production of a

two carbons shorter acyl-CoA ester (Bartlett and Eaton 2004).
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Formed acetyl-CoA can either enter the tricarboxylic acid cycle (TCA) or be
involved in starvation-related metabolic pathways such as mitochondrial
ketogenesis via 3-hydroxymethylglutaryl-CoA synthase (HMGCS2) (Figure 1.2)
(Nicholson et al. 1999). The catalyzed acetyl-CoA generates HMG-CoA that is
cleaved and produces acetyl-CoA and acetoacetate (first ketone body).
Acetoacetate, in turn, is later reduced to beta-hydroxybutyrate (second ketone
body) and also decarboxylated to acetone (third ketone body) (Dedkova and
Blatter 2014). The generated ketone bodies are ready to be transported outside

the liver to supply energy to other tissues within the body.

Fatty acids
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Figure 1.2: Metabolic roles of acyl-CoA

Schematic presentation of fatty acid transport through carnitine shuttle system, and
acyl-CoA function in energy production or ketone body formation via fatty acid beta-
oxidation, adapted from Xiong (Xiong 2018).

Beta-oxidation and ketogenesis are part of several important mitochondrial-
controlled biochemical processes for the production of cellular energy. In
addition, mitochondria can connect with other cellular organelles such as

lysosomes, to coordinate their metabolic functions by setting the transfer of
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metabolites through their contact sites (Todkar et al. 2017; Wong et al. 2019). As
a mitochondrial-interacting organelle, lysosome degradation and nutrient

signaling pathways play an important role in mitochondrial energy production.

1.2 Lysosomes

Lysosomes were first discovered and described by Christian de Duve as the main
degradative organelles of eukaryotic cells (de Duve et al. 1955). These
membrane-bound organelles, which are in average 0.1-2 um in diameter
(Novikoff et al. 1956), are enclosed by a lipid-bilayer and have an acidic lumen
(pH 4.5-5). The acidification, which is regulated by a vacuolar H*-ATPase that
pumps protons into the lumen (Finbow and Harrison 1997), maintains a high
activity of at least 60 different soluble lysosomal hydrolases (Lubke et al. 2009)
that are involved in the breakdown of polysaccharides, proteins, lipids and other
macromolecules (Luzio et al. 2007). Deficiencies in the lysosomal enzymes can
lead to numerous lysosomal storage diseases (Ballabio and Gieselmann 2009).
More than 100 highly glycosylated membrane proteins are directly involved in
lysosomal functions by maintaining the lysosomal membrane integrity, regulating
the transport of metabolites across the lysosomal membrane as well as
modulating lysosomal motility and fusion capability (Saftig 2005; Huynh et al.
2007; Ruivo et al. 2009; Schwake et al. 2013). Along with lysosomal membrane
proteins, lipids protect the integrity of the membrane to prevent the release of
hydrolases into the cytosol, which may lead to lysosomal-dependent cell death
(Wang et al. 2018). Lysosomes are also involved in biological and physiological
functions such as plasma membrane repair (Pu et al. 2016), production of
inflammatory cytokines (Ge et al. 2015) and osteoclastogenesis (Erkhembaatar
et al. 2017).

1.2.1 Lysosomal adaptation in response to nutrient status

Lysosomes are dynamic organelles, which can adapt to alterations in nutrient
availability via changes in their size, number, enzyme activity and positioning
(Reviewed by Settembre and Ballabio 2014). Apart from the lysosomal luminal

enzymes, the solute transporters and the motility proteins, the lysosome has a
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set of membrane-associated complexes that can respond to the changes in
nutrient status, primarily via the master regulator of cell growth and metabolism,
the mechanistic target of rapamycin (MTOR) as part of mMTOR complex 1
(mMTORC1) (Sancak et al. 2010). In addition to the 289-kDa serine/threonine
protein kinase, the signaling complex consists of four components: the
regulatory-associated protein of mTOR (RAPTOR); the proline-rich AKT
substrate 40 kDa (PRAS40); the DEP-domain-containing mTOR-interacting
protein (DEPTOR); and the mammalian lethal with Sec13 protein 8 (MLST8)
(Sengupta et al. 2010b) as shown in figure 1.3. Moreover, mTOR is a catalytic
subunit of a distinct mMTORC2 complex (Reviewed by Liu and Sabatini 2020).

mTORC1

RAPTOR

DEPTOR

Figure 1.3: Components of the mTORC1 complex
Cartoon illustrating the structure of mMTORC1 complex. mMTORCL1 is composed of five
know protein components: mMTOR, RAPTOR, mLST8, PRAS40 and DEPTOR.

In the presence of nutrients, mMTORCL1 is localized on the lysosomal surface and
can sense the availability of the nutrient components like amino acids. During
starvation, the inactive complex dissociates into the cytosol as part of a well-
known adaptive mechanism to nutrient deprivation (Kim et al. 2013). Inactivation
of MTORC1 enables autophagy initiation and nuclear translocation of the
transcription factor EB (TFEB) to activate lysosomal biogenesis (Settembre et al.
2012; Roczniak-Ferguson et al. 2012). Lysosomes are relocated in order to fuse
with the newly formed autophagosomes. This process is mediated by several
autophagy-related (ATG) proteins such as phosphatidylethanolamine-conjugated
LC3-1l, which is associated with the inner and outer membrane of the
autophagosome throughout the autophagy process (Korolchuk and Rubinsztein
2011; Ktistakis and Tooze 2016; Nguyen et al. 2016). Higher acidification in the
lysosomal lumen leads to an increase in the degradation of macromolecules and

the cytosolic release of amino acids to enable the reactivation of mMTORC1 after
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a prolonged starvation (Yu et al. 2010). The number of lysosomes is finally
adapted via lysosomal biogenesis and autophagic lysosome reformation (ALR)
(Shen and Mizushima 2014).

1.2.2 The molecular mechanisms of nutrient signaling at the lysosome

Lysosomes play a crucial role as a cellular signaling hub, regulating different
metabolic pathways like cell growth (Sancak et al. 2008). In nutrient-rich
conditions, mTORC1 activation and lysosomal positioning are controlled by
several proteins mainly the arginine-regulated transporter SLC38A9 (Wang et al.
2015) and the lysosomal nutrient sensing machinery (LYNUS), consisting of
vacuolar H*-ATPase, Rag GTPases, Rag GAPs and Ragulator complex
(Settembre et al. 2013; Wolfson and Sabatini 2017) (Figure 1.4).

SLC38A9, a positive regulator of mTORC1, senses the arginine in the lysosome
and activates the Ragulator complex. The active pentameric complex consisting
of LAMTORI1-5 functions as guanine nucleotide exchange factor (GEF) for Rag
GTPases heterodimers converting them into their active forms with GTP bound-
RagA/B and GDP bound-RagC/D (Sancak et al. 2010; Bar-Peled et al. 2012).
Active Rags then recruit and bind mTORC1 at the lysosomal surface (Figure 1.4).
Another essential activator of mTORC1 is the small GTPase Rheb, ras homolog
enriched in brain, which directly activates it through a strong interaction (Saito et
al. 2005; Buerger et al. 2006). This interaction is negatively regulated by the
tuberous sclerosis complex (TSC) consisting of TSC1, TSC2 and TBC1 domain
family member 7 (TBC1D7) (Dibble et al. 2012). TSC’s strong GTPase activating
protein (GAP) can convert Rheb into its GDP-bound inactive form and thus
inhibits it. As regulators of Rag GTPases, Folliculin and its bound proteins
FNIP1/2 have a GAP activity against RagC/D (Tsun et al. 2013). At the same
time, the GAP activity towards the Rags 1 complex (GATOR1) consisting of
DEPDC5, NPRL2 and NPRL3, as well as its partner GATOR2 complex consisting
of WDR59, WDR24, MIOS, SEH1L and SEC13 can regulate RagA/B by their
GAP activity (Bar-Peled et al. 2013).
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Figure 1.4: mTORCL1 upstream nutrient signaling pathway
Schematic describing the nutrient sensing pathway upstream of mMTORCL1 and its key
molecular components (Wolfson and Sabatini 2017).

GATOR1 and GATOR2 have recently being identified to be recruited to the
lysosomal surface by the KICSTOR complex which is composed of KPTN, ITFG2,
C12o0rf66 and SZT2 (Figure 1.4). The vacuolar H*-ATPase pump is suggested to
sense the amino acids in the lysosome and send a signal to Rag GTPases via

the Ragulator complex (Figure 1.4) (Zoncu et al. 2011).

1.2.3 Downstream targets and functions of lysosomal mTORC1

Several anabolic and catabolic reactions need to be regulated for normal cell
growth and division (Kuo et al. 1992). When nutrient and energy are abundant,
activated mTORC1 triggers a variety of cellular processes such as protein, lipid
and nucleotide synthesis, along with suppressing autophagy and thus lysosome
biogenesis by phosphorylation of distinct substrates (Figure 1.5) (Reviewed by
Liu and Sabatini 2020).

MTORCL1 stimulates protein synthesis by phosphorylating p70S6 Kinase 1
(S6K1) and elF4E Binding Protein 1 (4EBP1) (Figure 1.5). Direct phosphorylation
of S6K1 promotes mRNA translation initiation and leads to the activation of
several substrates. S6K1 phosphorylates the S6 protein, a ribosomal 40S subunit

that is claimed to be involved in the transcription of ribosomal genes (Chauvin et
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al. 2014). 4EBPL1 inhibits translation by binding the eukaryotic translation initiation
factor 4E (elF4E) and thus prevents the assembly of elF4AF complex. mTORC1
phosphorylates 4EBP1 and dissociates it from elF4E and allows a 5' cap-
dependent mRNA translation (Pause et al. 1994; Brunn et al. 1997; Hara et al.
1997; Gingras et al. 1999).

Amino acids Glucose Growth factors
mTORC1
Active

P =

Autophagosome
e MTHFD2 SREBPs m s6

C Autophagy ) @ucleotide synthesis) Q.ipid synthesisD (Protein synthesis)

Figure 1.5: mTORC1 downstream signaling targets

Schematic representation of mMTORCL1 activation and the initiation of anabolic processes
that stimulate the production of proteins, lipids and nucleotides as well as the inhibition
of catabolic programs such as autophagy.

—

For a balanced cell membrane expansion, mTORC1 promotes lipid synthesis
through the transcription factors sterol regulatory element binding protein 1/2
(SREBP1/2) (Porstmann et al. 2008), which is activated by S6K-dependent
mechanisms or lipin-1. Lipin-1 gets inhibited by mTORC1 phosphorylation (Duvel
et al. 2010; Peterson et al. 2011).

MTORCL1 also regulates DNA replication and nucleotide synthesis by stimulating
ATF4 transcription factor and the mitochondrial tetrahydrofolate cycle enzyme
methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) associated with purine
synthesis (Ben-Sahra et al. 2016).

Besides the anabolic reactions, mMTORCL1 controls cell growth by suppressing
catabolic processes such as autophagy. In the presence of nutrients, mMTORC1
inhibits autophagy via the phosphorylation of Unc-51 like autophagy activating
kinase 1 (ULK1) (Figure 1.5). As a result, phosphorylated ULK1 is prevented from
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activating AMPK and thus the initiation of autophagosome formation is inhibited
(Zhao and Goldberg 2016).

1.3 Mass spectrometry (MS)-based proteomics

Each cell contains an entire set of expressed proteins called proteome. The
cellular proteome consists of subcellular protein groups, that refer to the
proteome of different organelles such as mitochondria, Golgi apparatus and
lysosomes (Bernhardt 2005). The organelle proteome undergoes several
changes based on the environmental conditions, internal stimuli, stress factors
as well as several other aspects (Anderson and Anderson 1998; Anderson et al.
2016).

Mass spectrometry (MS) is a method frequently used to analyze protein samples
of a proteome, by either measuring intact proteins through so called ‘top-down
proteomics’ or peptide products of proteolytic cleavage via ‘bottom-up
proteomics’ (Aebersold and Mann 2003; Chait 2006). A mass spectrometer
consists of an ion source, a mass analyzer and a detector (Zhang et al. 2013). In
the bottom-up approach, peptides are commonly ionized by the electrospray
ionization technique (ESI) or the matrix assisted laser desorption/ionization
(MALDI) method (Tanaka et al. 1988; Fenn et al. 1989) to be detectable in the
gas-phase during the MS measurement (Awad et al. 2015). After peptide
ionization, the mass analyzer measures the mass-to-charge (m/z) ratio of the
generated precursor ions and the selected ions are fragmented in a tandem mass
spectrometry into product ions by collision. Later on, the detector defines the
ratios and intensities of each ion (Awad et al. 2015). Finally, during the processing
step, the generated MS data are compared to reliable databases using specific
software, which identify the peptides and thus the proteins detected in the sample
(Aebersold and Mann 2016). Recently, following the development of label-free
and label-based methods, mass spectrometry is considered not only a qualitative
but also a quantitative technique (Smith et al. 2019). Label-free method relies on
the peptide spectral counts or the precursor ion peak intensities for a relative
comparison of two peptides (Cox et al. 2014). Stable isotope labeling by/with
amino acids in cell culture (SILAC), stable isotope dimethyl labeling, tandem
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mass tags (TMT) and isobaric tags for relative and absolute quantification
(ITRAQ) (Ong et al. 2002; Thompson et al. 2003; Hsu et al. 2003; Wiese et al.
2007), are some of the label-based methods that utilize isotopic/isobaric labels

integrated into peptides to compare their abundances.



Aim of the Project 13

2 Aim of the Project

The goal of this study is to obtain a detailed understanding of the lysosomal
proteome changes and to define the impact of starvation on the cellular metabolic
status after short and prolonged starvation periods.

To analyze the lysosomal proteome during starvation and define the starvation
time periods, mTORCL1 activation/deactivation is monitored in different metabolic
organs for various starvation periods by quantifying the phosphorylation of its
downstream targets and the cellular autophagy status using western blot.
Subsequently, in order to examine the impact of starvation on cellular
metabolism, serum metabolites are investigated using different approaches at
two starvation periods with distinct effects on mTORCL1 activity. For this purpose,
the blood glucose levels and the concentrations of amino acids and acylcarnitines
are measured. In addition, the production of essential metabolites such as ketone
bodies are analyzed by real-time PCR along with a colorimetric enzyme assay.
Furthermore, due to the lack of in vivo proteomic data analyzing starvation-
induced changes in lysosome-specific proteins, our aim is to characterize
changes in the liver lysosomal proteome at the same two starvation periods by
large-scale quantitative mass spectrometry approach. Moreover, as the possible
interaction of several non-lysosomal proteins with the lysosome is not yet fully
understood, the shift in their abundances depending on the starvation duration
are investigated in this thesis. Based on a comparative bioinformatics analysis,
the in vivo regulation of candidate lysosomal/non-lysosomal proteins are further

evaluated by western blot.
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3 Materials and Methods

3.1 Materials

3.1.1 Consumables

Table 3.1: List of used consumables

Consumable

Provider

10 kDa cut off spin filter

VWR international (Radnor, USA)

Axygen pipette tips maximum

recovery

Corning (Corning, USA)

Axygen reaction tubes maximum

recovery 1.5 ml

Corning (Corning, USA)

C18 empore extraction-membrane

Merck KGaA (Darmstadt, Germany)

Centrifuge tubes (polypropylene)

Beckman Coulter (Brea, USA)

Centrifuge tubes (Ultra-clear™)

Beckman Coulter (Brea, USA)

Conical plastic tubes 15 ml, 50 ml

Sarstedt (NUmbrecht, Germany)

Disposable scalpels

Feather® Safety Razor (Osaka, Japan)

Filter papers

Whatman™ (Maidstone, UK)

Filtropur V50

Sarstedt (NUmbrecht, Germany)

Folded filter papers

Whatman™ (Maidstone, UK)

Glassware (beakers, bottles,
graduated cylinders)

Carl Roth (Karlsruhe, Germany)

Microplate 96-well

BD Falcon (Heidelberg, Germany)

Nitrocellulose membrane

GE Healthcare (Little Chalfont, UK)

Oasis HLB cartridges

Waters (Eschborn, Germany)

Pipette tips

Greiner (Frickenhausen, Germany)

Plastic dishes

Sarstedt (NUmbrecht, Germany)

Polyethersulfone membrane

Pall Filtersystems (Crailsheim, Germany)

Polyvinylidene fluoride membrane

GE Healthcare (Little Chalfont, UK)

gPCR adhesive film

Applied Biosystems (Foster City, USA)

gPCR microplate 96-well

Applied Biosystems (Foster City, USA)

Reaction tubes 1.5 ml, 2 ml

Sarstedt (NUmbrecht, Germany)

Syringes, micro-fine+ 29G 1 ml

Becton Dickinson (Franklin Lakes, USA)

3.1.2 Equipment

Table 3.2: List of used equipment

Equipment

Model

Manufacturer

Analytical balance

A 200S

Sartorius (Goéttingen, Germany)

Basic power supply

Power Pac 200 Bio-Rad (Hercules, USA)
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Centrifuge 5702, 5425 Eppendorf (Hamburg, Germany)
Centrifuge benchtop Allegra X-15R Beckman Coulter (Brea, USA)
Dounce homogenizer 1ml Wheaton (Millville, USA)
Dounce homogenizer 5ml Sigma-Aldrich (St. Louis, USA)
Electronic pipette Easypet 3 Eppendorf (Hamburg, Germany)

controller

Electrophoresis system

Mini-PROTEAN®
Tetra Cell

Bio-Rad (Hercules, USA)

Electrotransfer system

Trans-Blot® Cell

Bio-Rad (Hercules, USA)

Fridge 4 °C

Pentan

Bosch (Gerlingen, Germany)

Accu-Chek® F. Hoffmann-La Roche (Basel,
Glucose meter Guide Switzerland)

ReproSil-Pur 120 | Dr. Maisch (Ammerbuch-Entringen,
HPLC column C18-AQ Germany)
Ice machine Ziegra (Isernhagen, Germany)

Forma™ Series Il | Thermo Fisher Scientific (Waltham,
Incubator

3110

us)

Laboratory rocker

Rotamax 120

Heidolph (Schwabach, Germany)

Magnetic stirrer

RH basic

IKA Werke (Staufen, Germany)

Magnetic stirrer

RCT classic

IKA Werke (Staufen, Germany)

Mass spectrometer

Orbitrap Fusion
Lumos

Thermo Fisher Scientific (Waltham,
USA)

Micro scale

CP 124-OCE

Sartorius (Gottingen, Germany)

Microcentrifuge

Galaxy MiniStar

VWR (Darmstadt, Germany)

Micropipettes

Research Plus

Eppendorf (Hamburg, Germany)

Microplate reader

GENios

Tecan (Mannedorf, Switzerland)

Microplate reader

Infinite 200 Pro

Tecan (Mannedorf, Switzerland)

Multisteppipette Eppendorf (Hamburg, Germany)
Nano HPLC system Ultimate 3000 Dionex (Idstein, Germany)

RSLC
Offgel fractionator 3100 Agilent Technologies (Waldbronn,

Germany)

pH electrode

WTW SenTix 50

Xylem (Weilheim, Germany)

pH-meter Calimatic 761 Knick (Berlin, Germany)
Pinsette 5 extra Dumont (Montignez, Switzerland)
Real-Time PCR System 7300 Applied Biosystems (Foster City,

USA)

Refrigerated centrifuge

5810 R, 5417 R

Eppendorf (Hamburg, Germany)

Refrigerator -20 °C

Comfort

Liebherr (Bulle, Switzerland)

Refrigerator -80 °C

Sanyo™ MDF-
u55vVv

Fischer Scientific (Dublin, Ireland)

Roller mixer

RS-TROS5

Carl Roth (Karlsruhe, Germany)

Rotor

Ti-50

Beckman Coulter (Brea, USA)
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Rotor SW41 Beckman Coulter (Brea, USA)
Scale gce:létl:ggnge Mettler Toledo (Columbus, USA)
Spectrophotometer NanoDrop 2000 | PeQlab (Ehrlangen, Germany)
Fume hood EN 14175 ARGE (Wathlingen, Germany)
Thermomixer Comfort Eppendorf (Hamburg, Germany)
Tissue homogenizer HOMGEN gt‘:at:rt::;rL];bortechnlk (Gottingen,
Ultra Thurrax T 10 basic IKA Werke (Staufen, Germany)
Ultracentrifuge Optima L-80 XP | Beckman Coulter (Brea, USA)
Ultrapure water system Arium® Pro Sartorius (Gottingen, Germany)
Ultrasonic bath 2510 Branson (Danbury, USA)
Vacuum centrifuge ScanSpeed 40 ScanVac (Lynge, Denmark)
Vortex mixer UNIMAG ZX3 UniEquip (Leipzig, Germany)

Vortex mixer

Vortex Genie

Scientific Industries (Bohemia,
USA)

Water bath

ED

Julabo (Seelbach, Germany)

Western blot imaging
system

Fusion Solo

Vilbert Lourmat (Collégien, France)

3.1.3 Chemicals

All MS-related chemicals were either HPLC or MS grade.

Table 3.3: List of used chemicals

Chemical Provider

2-Mercaptoethanol Sigma-Aldrich (St. Louis, USA)

Acetic acid Biosolve (Valkenswaard, Netherlands)
Acetonitrile Biosolve (Valkenswaard, Netherlands)
Acrylamide Merck KGaA (Darmstadt, Germany)

Ammonium persulfate (APS)

Carl Roth (Karlsruhe, Germany)

Bovine serum albumin (BSA)

Carl Roth (Karlsruhe, Germany)

Bromophenol blue

Merck KGaA (Darmstadt, Germany)

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich (St. Louis, USA)

Dithiothreitol (DTT)

Sigma-Aldrich (St. Louis, USA)

Deoxynucleoside triphosphates
(dNTPs)

Thermo Fisher Scientific (Waltham, USA)

Ethanol

AppliChem (Darmstadt, Germany)

Ethyl acetate

AppliChem (Darmstadt, Germany)

Ethylenediaminetetraacetic acid
(EDTA)

Sigma-Aldrich (St. Louis, USA)

Formic acid (FA)

Biosolve (Valkenswaard, Netherlands)

Glycine

Merck KGaA (Darmstadt, Germany)

Halt™ phosphatase inhibitor cocktail

Thermo Fisher Scientific (Waltham, USA)
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Hydrochloric acid

Carl Roth (Karlsruhe, Germany)

Hydroxylamine

Sigma-Aldrich (St. Louis, USA)

Isopropanol Merck KGaA (Darmstadt, Germany)
Methanol Merck KGaA (Darmstadt, Germany)
Milk powder Carl Roth (Karlsruhe, Germany)

N,N,N°,N"-Tetramethylethylenediamine
(TEMED)

Carl Roth (Karlsruhe, Germany)

Nuclease-free distilled water

Thermo Fisher Scientific (Waltham, USA)

Pageruler™ prestained protein ladder

Thermo Fisher Scientific (Waltham, USA)

PonceauS

AppliChem (Darmstadt, Germany)

Protease inhibitor cocktail cOmplete™

F. Hoffmann-La Roche (Basel, Switzerland)

RevertAid Reverse Transcriptase

Thermo Fisher Scientific (Waltham, USA)

RiboLock RNAse Inhibitor

Thermo Fisher Scientific (Waltham, USA)

Sequencing grade modified trypsin,
porcine

Promega (Madison, USA)

Sodium chloride

Carl Roth (Karlsruhe, Germany)

Sodium dodecyl sulfate (SDS)

Bio-Rad (Hercules, USA)

Sodium deoxycholate (SDC)

Thermo Fisher Scientific (Waltham, USA)

Spectra™ multicolor high range protein
ladder

Thermo Fisher Scientific (Waltham, USA)

Sucrose

Carl Roth (Karlsruhe, Germany)

SYBR © Select Master Mix

Applied Biosystems (Foster City, USA)

TMT10plex reagents

Thermo Fisher Scientific (Waltham, USA)

triethylammonium bicarbonate (TEAB)

Thermo Fisher Scientific (Waltham, USA)

Trifluoroacetic acid (TFA)

Biosolve (Valkenswaard, Netherlands)

Tris(hydroxymethyl)aminomethane

Carl Roth (Karlsruhe, Germany)

Triton WR1339 (tyloxapol bioXtra)

Sigma-Aldrich (St. Louis, USA)

Triton X-100

Fluka Chemie (Buchs, Switzerland)

TRIzoI® reagent

Thermo Fisher Scientific (Waltham, USA)

Tween-20

Sigma-Aldrich (St. Louis, USA)

Water

Biosolve (Valkenswaard, Netherlands)

3.1.4 Buffers, media and solutions

As far as not otherwise mentioned, all buffers, media and solutions were prepared
in ddH20. MS-related buffers and solutions were either HPLC or MS grade.

Table 3.4: List of used buffers, media and solutions

Name

Components

10x SDS-running buffer
(3.2.2.6 SDS-PAGE)

3.02 % (w/v) Tris-base
14.4 % (w/v) Glycin
1 % (w/v) SDS
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10x TBS, pH 7.4
(3.2.2.8 WB stripping)

1.21 % (w/v) Tris-HCI
8.76 % (w/v) NaCl

4x Laemmli buffer, pH 6.8
(Laemmli 1970)
(3.2.2.6 SDS-PAGE)

250 mM Tris-HCI

8 % (w/v) SDS

40 % (v/v) Glycerol

10 % (v/v) Mercaptoethanol
0.004 % (w/v) Bromophenol blue

4x Running gel buffer, pH 8.8
(3.2.2.6 SDS-PAGE)

1.5 M Tris-HCI

4x Stacking gel buffer, pH 6.8 0.5 M Tris-HCI
(3.2.2.6 SDS-PAGE)
Blocking buffer 1x TBS

(3.2.2.7 WB analysis)

0.1 % (v/v) Tween-20
5 % (w/v) Milk powder or 5 % (w/v)
Bovine serum albumin

Blotting buffer
(3.2.2.7 WB analysis)

48 mM Tris-base
39 mM Glycin
0.037 % (w/v) SDS
20 % (v/v) Methanol

Digestion buffer (DB)
(3.2.4.1 FASP)

20 mM TEAB
0.5 % (w/v) SDC

Running gel solution 12.5 %
(3.2.2.6 SDS-PAGE)

12.5 % (v/v) Acrylamide

25 % (v/v) Running gel buffer
0.1 % (w/v) SDS

0.1 % (w/v) APS

0.1 % (v/v) TEMED

Running gel solution 7.5 %
(3.2.2.6 SDS-PAGE)

7.5 % (v/v) Acrylamide

25 % (v/v) Running gel buffer
0.1 % (w/v) SDS

0.1 % (w/v) APS

0.1 % (v/v) TEMED

Solvent B
(3.2.4.6 MS instrumental analysis)

90 % (v/v) Acetonitrile
0.1 % (v/v) Formic acid
5 % (v/v) DMSO

Stacking gel solution 5 %
(3.2.2.6 SDS-PAGE)

5 % (v/v) Acrylamide

25 % (v/v) Stacking gel buffer
0.1 % (w/v) SDS

0.1 % (w/v) APS

0.2 % (v/v) TEMED
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Sucrose gradient solutions
(3.2.2.3 Tritosome enrichment)

p 1.21 Sucrose solution
(26.98 g + 33.02 g dH20)
p 1.15 Sucrose solution
(20.09 g + 39.91 g dH20)
p 1.14 Sucrose solution
(18.88 g + 41.12 g dH20)
p 1.06 Sucrose solution
(8.59 g + 51.40 g dH20)

Tissue homogenization buffer, pH 7.4
(3.2.2.1 Tissue homogenate preparation)

10 mM Tris-HCI

250 mM Sucrose

1 mM EDTA

1x Protease inhibitor cocktail

1x Phosphatase inhibitor cocktail

Washing buffer
(3.2.2.7 WB analysis)

1x TBS
0.1 % (v/v) Tween-20

3.1.5 Kits and assays

Table 3.5: List of used kits and assays

Name

Provider

Beta-Hydroxybutyrate (beta-HB) Assay Kit

Abcam (Cambridge, UK)

Bio-Rad DC™ Protein Assay

Bio-Rad (Hercules, USA)

Clarity™ Western Blotting ECL Substrate Kit

Bio-Rad (Hercules, USA)

Kit

RevertAid™ H Minus First Strand cDNA Synthesis Thermo Fisher Scientific

(Waltham, USA)

3.1.6 Mouse strains

All mice were obtained from our animal facility at Bonn University Hospital and
housed in accordance with the institutional guidelines. The wild-type mice used
in all experiments had a C57BL/6 genetic background and supplied either from
Janvier Labs (Le Genest-Saint-Isle, France) or Charles River Laboratories
(Massachusetts, USA). The experimental procedures were carried out in

correspondence with the instructions approved by the local and state authorities

regarding animal welfare.
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3.1.7 Antibodies

3.1.7.1 Primary antibodies

Table 3.6: List of used primary antibodies

Antigen Host :?]”wli;n Manufacturer/Order number
o | 1000 | Gl ety Oaners
CPT2 Rabbit | 1:1000 EILOr;egre‘tr‘fczréé'\é'g_”lc_g‘;Ste“ UK); Order
GAPDH Rabbit | 1:2000 ﬁlz‘m;rgi(z%a?";"; USA); Order
GYS2 Rabbit | 1:1000 EILOr;egre‘tr?Cthé'\ff_”lc_g‘;Ster’ UK); Order
Developmental Studies Hybridoma
LAMP-1 Rat 1:1000 Bank (DSHB) (lowa, USA); Order
Number: 1D4B
LAMTOR1 Rabbit | 1:1000 ﬁligg‘géﬁ'ﬂrgxégztég‘;“is’ USA); Order
wome | wae | aam | o ogrng Tecnacy Ganers
wtoms | raoot | aoo0 | GEhSnaingTecnoty Ganers
et | aamn | el Sgrang Tecnocgy Ganer
LONP2 Rabbit | 1:1000 ,F\]Lor;eggtf‘igg\gg_”lﬂfte“ UK); Order
NDUFB11 Rabbit | 1:1000 ,F\]Lor;eggtf‘i%g'\z"g”ffg‘fte“ UK); Order
NDUFB7 Rabbit | 1:1000 ,F\]Lor;eggtr‘?‘ﬂg\l"g_”l‘fg‘;Ste“ UK); Order
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* Western Blot

3.1.7.2 Secondary antibodies

Table 3.7: List of used secondary antibodies

: Dilution
Antigen/Tag Host in WB* Manufacturer
, Dianova (Hamburg, Germany);
Mouse 1gG (H+L)/HRP Goat | 1:5000 Order Number: 115-035-044
. , Dianova (Hamburg, Germany);
Rabbit 1IgG (H+L)/HRP Goat | 1:5000 Order Number: 111-035-003
, Dianova (Hamburg, Germany);
Rat IgG (H+L)/HRP Goat | 1:5000 | 5 e Number: 112-035-167
*. Western Blot
3.1.8 Primers
Table 3.8: List of used primers
Primer Sequence 5°-3’ Temperature °C
Actin for TCCATCATGAAGTGTGACGT 48
Actin rev GAGCAATGATCTTGATCTTCAT 48
CPT1a for CCATGAAGCCCTCAAACAGATC 55
CPTlarev ATCACACCCACCACCACGATA 55
HMGCS2 for ATACCACCAACGCCTGTTATGG 55
HMGCS2 rev CAATGTCACCACAGACCACCAG 55
PPARA for AGAGCCCCATCTGTCCTCTC 52
PPARA rev ACTGGTAGTCTGCAAAACCAAA 51
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3.1.9 Software
Table 3.9: List of used software

Software Provider

7300 System SDS RQ Study 1.4

Thermo Fisher Scientific (Waltham, USA)

BioRender 2020

www.biorender.com

CorelDRAW X6

Corel Corporation (Ottawa, Canada)

g:Profiler 2020

https://biit.cs.ut.ee/gprofiler/gost

FusionCapt Advance Solo 4

Vilber Lourmat (Collégien, France)

GraphPad Prism 6.01

GraphPad Software Inc. (San Diego, USA)

Gene Ontology (GO)

http://geneontology.org/

i-control™ (Infinite 200 Pro)

Tecan (Mannedorf, Switzerland)

Mascot server 2.6.1

Matrix Science Ltd (London, UK)

Office Professional Plus 2016

Microsoft Corporation (Redmond, USA)

Proteome discoverer 2.3

Thermo Fisher Scientific (Waltham, USA)

R35.1

R Core Team 2018 (Vienna, Austria)

Thermo Xcalibur 2.2

Thermo Fisher Scientific (Waltham, USA)

UniProt

www.uniprot.org

Venny 2.1

https://www.stefanjol.nl/venny

Xfluord (GENios)

Tecan (Mannedorf, Switzerland)

3.2 Methods

3.2.1 Molecular biology methods

3.2.1.1 RNAisolation

All RNA isolation steps were performed on ice and mice liver tissues were placed
on dryice, unless stated differently. To enable cDNA synthesis, RNA was isolated
from liver tissues of control and starved mice. Samples were resuspended in 500
pl TRIzol reagent (Chomczynski and Sacchi 1987) and homogenized at low
speed using Ultra Thurrax T 10 basic. After 5 min incubation at room temperature
(RT), 100 pl chloroform was added and the samples were vortexed for 15
seconds. Samples were again incubated under the same conditions as described
above and then centrifuged for 15 min at 16000 x g at 4 °C, creating three phases
within each sample. The upper transparent phase containing the mRNA was
carefully transferred to a new 1.5 ml reaction tube and both the lower
TRIzol/chloroform phase and the thin white protein interphase were discarded.

After adding 500 pl of isopropanol, samples were incubated for 15 min at RT and
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centrifuged again for 15 min at 16000 x g at 4 °C. The resulting pellet was washed
with 700 pl of 70 % ethanol and the samples were recentrifuged. Following this,
the remaining ethanol was removed and the pellets were dried at RT and
resuspended in 40 ul nuclease-free water. Samples were stored overnight at -80
°C and the concentration and purity of isolated RNA were measured using a
spectrophotometer.

3.2.1.2 Spectrophotometric analysis of nucleic acids

NanoDrop 2000 spectrophotometer was used to determine the concentration and
purity of RNA and DNA using wavelengths of 230, 260 and 280 nm absorbance
and calculated ratios of 260/280 and 260/230. The measured absorbance was
proportional to the nucleic acid amount of 50 ng/pl dsDNA or 40 ng/pul RNA. 1 pl
of DNA or RNA sample was used for every measurement and 1 absorbance unit

=1 cm light path.

3.2.1.3 Reverse transcription (First strand cDNA synthesis)

To perform a cDNA synthesis, RevertAid™ H Minus First Strand cDNA Synthesis
Kit was carried out as described in the manufacturer’s instructions. Briefly, 5 ug
of isolated RNA was diluted to a final volume of 10 pl using nuclease-free water.
The sample was pipetted to a PCR reaction tube along with 1 pl of oligo (dT)1s
primer and the volume was filled to a total volume of 12 pl using nuclease-free
water. The first strand cDNA master mix (Table 3.10) was added to the sample
and incubated for 60 min at 42 °C and the reaction was stopped by heating up to
70 °C for 5 min. The 250 ng/ul synthesized cDNA was then diluted to a final
concentration of 25 ng/pl and stored at -20 °C for future qPCR experiments.

Table 3.10: First strand cDNA master mix composition

Component Volume
Reaction buffer (5x) 4 ul
RiboLock RNase inhibitor (20 U/pl) 1 pl
dNTP mix (10 mM) 2 pl
RevertAid H Minus M-MuLV reverse transcriptase (200 U/ul) 1l

3.2.1.4 Quantitative real-time polymerase chain reaction (QPCR)
To amplify the gene of interest (GOI), appropriate forward and reverse primers
were selected and a primer test PCR was performed. To perform the quantitative
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real-time PCR, SYBR® Select Master Mix was used to detect the amplified gene
by increased fluorescence intensities using The SYBR GreenER™ dye. As
recommended by the manufacturer, 125 ng cDNA was pipetted in triplicates into
a 96-well microplate together with the reaction mixture (Table 3.11). The reaction
was conducted by the 7300 Real-Time PCR System using the thermocycling
program mentioned below (Table 3.12). Data analysis was performed by 7300
System SDS RQ Study 1.4 software, and the 222Ctmethod (Livak and
Schmittgen 2001) was used to analyze the changes and relative gene
expression. Together with each target gene reaction, an internal control such as

actin as well as water control reactions were performed in triplicates.

Table 3.11: Reaction mixture Table 3.12: gPCR program
Component Volume Stage | Cycles | Temperature | Time
Forward primer 1u 1 1 50 °C 2 min
Reverse primer 1yl 2 1 95 °C 2 min
SYBR® Select Master 10 ul 3 40 95°C 15 s.ec
Mix M 4 40 60 °C 1 min
Nuclease-free water 3ul

3.2.2 Protein-biochemistry methods

3.2.2.1 Tissue homogenate preparation

Removed mice tissues were weighed and homogenized in five volumes of ice-
cold tissue homogenization buffer (Table 3.4). After douncing for 20 strokes using
a 1 ml dounce homogenizer, 1 % (v/v) Triton X-100 was added to the homogenate
and incubated for 1 h on ice. For a separation into soluble and insoluble Triton X-
100 fractions, the mixture was centrifuged at 15.000 x g for 15 min at 4 °C using
a refrigerated centrifuge. After centrifugation, the insoluble fraction (pellet) was
discarded and the soluble fraction (supernatant) was transferred into a new 1.5

ml reaction tube for protein concentration determination or stored at -20 °C.

3.2.2.2 Protein concentration determination
Based on Lowry assay protocol (Lowry et al. 1951), the colorimetric determination
of protein concentration was followed using detergent compatible Bio-Rad DC™

protein assay.
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According to the manufacturer’s manual, 20 pl of reagent S was added to 1 ml
reagent A to prepare reagent A’. 5 pl of the protein sample and seven BSA
standard dilutions, namely 2.0000, 1.0000, 0.5000, 0.2500, 0.1250, 0.0625,
0.0312 and 0.0000 pg/ul were loaded in triplicates into a 96-well microplate. 25
pl of working reagent A’ and 200 pl of reagent B were added successively to the
already loaded samples. The mixture was incubated for 15 min at RT and the
absorption was measured at 750 nm wavelength using Tecan GENios microplate
reader. The protein concentration of the sample was calculated with the help of
the BSA standard.

3.2.2.3 Tritosome enrichment

Tritosomes are lysosomes isolated from mice liver using a sucrose gradient-
based technique (Wattiaux et al. 1963) after an injection of Triton WR1339
solution (Tyloxapol) (Leighton et al. 1968). Their content corresponds to that of
the lysosomes and thus are expected to show comparable catalytic reactions
(Gersten et al. 1974).

Enrichment of tritosomes was performed as previously described (Markmann et
al. 2017). Four days ahead of sacrifice, control and starved mice were
intraperitoneally (IP) injected with 17 % (w/v) Triton WR1339 solution in 0.9 %
(v/v) NaCl. 4 pl/g of bodyweight. In the case of starved mice, chow depletion was
introduced prior to the experimental day in accordance with the time of starvation.
On the experimental day, mice were sacrificed by a cervical dislocation and livers
were removed. Mice livers were homogenized in five volumes of 250 mM ice-cold
sucrose buffer. After douncing for three strokes using 5 ml dounce homogenizer,
homogenates were centrifuged at 1000 x g for 10 min at 4 °C. The supernatant
was transferred to a new 15 ml conical plastic tube, while the pellet was re-
homogenized in 3.5 ml of 250 mM sucrose buffer followed by another similar
centrifugation. Both post-nuclear supernatants (PNS) were pooled and ultra-
centrifuged for 7 min at 56.500 x g at 4 °C using Ti-50 fixed angle rotor. After
discarding the supernatant and resuspending the pellet in 10 ml of 250 mM
sucrose buffer with a glass pestle, another ultra-centrifugation was performed
under the same conditions. The resulting pellet, containing mitochondria and

lysosomes, represents the M/L layer. In order to separate both organelles, a
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discontinuous sucrose gradient using different sucrose density solutions was
carried out (Table 3.4). The M/L pellet was resuspended in 3.5 ml sucrose
solution of p 1.21 density, forming the first layer of a discontinuous sucrose
gradient. Using a 1000 pl micropipette, the following 2.5 ml sucrose solution
layers of p 1.15, 1.14 and 1.5 ml of p 1.06 density were carefully added. The
density gradient was ultra-centrifuged at 110000 x g for 150 min at 4 °C, using
SW41 swinging-bucket rotor. Subsequently, the resulting tritosome-enriched
interphase fraction, located between p 1.14 and p 1.06 layers, was carefully
collected and further prepared for western blot analysis and tandem mass tag
(TMT) labeling or stored at -20 °C.

3.2.2.4 Mouse serum preparation

6-month-old male wild-type mice were sacrificed, and the thorax was opened.
After collecting 400-1000 pl of whole blood samples from the chest region using
a 1000 ul micropipette, coagulation at RT was performed for 30 min. Samples
were centrifuged at 18000 x g for 10 min at 4 °C and the supernatant was
transferred to a new 1.5 ml reaction tube. 50 pl of serum samples were sent to
Dr. Eberhard & Partner medical care center (Dortmund, Germany) for the
determination of amino acid and acylcarnitine concentrations by mass

spectrometry.

3.2.2.5 Measurement of blood glucose levels

Accu-Chek® Guide instrument was used to test the blood glucose levels in
control, 6 and 24 hours starved mice. To prevent blood clotting, samples were
collected quickly and directly after the sacrifice. According to the manufacturer’'s
manual, the test strip was inserted into the instrument and a fresh whole blood
drop was carefully added to the edge of the strip. The test results were obtained

in mg/dl and the mean out of three individual measurements was calculated.

3.2.2.6 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

In a discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis,
negatively charged proteins are separated based on their molecular mass while

migrating through a SDS polyacrylamide gel to the anode (Laemmli 1970).



Materials and Methods 27

Either 12.5 % or 7.5 % running gel was prepared, followed by a 5 % stacking gel
(Table 3.4) and both mixtures were cast using a BioRad Mini-PROTEAN Tetra
Cell Stand. The desired number and size of pockets formed in the stacking gel
was decided using the appropriate comb. After polymerization, the gel was placed
into an electrophoresis chamber filled with 1x SDS-running buffer (Table 3.4).
Ahead of samples loading, 10-20 pg of protein samples were mixed with 1x
laemmli buffer (Table 3.4) and incubated for 5 min at 95 °C. During this process,
proteins will be denatured and negatively charged. In addition, 3 pl of Pageruler™
prestained protein ladder or 7.5 pl of Spectra™ multicolor high range protein
ladder were loaded into the gel pocket. Gel electrophoresis was carried out at a
constant 90 V for 2 h.

3.2.2.7 Western blot (WB) analysis

Western blot is an analytical method used for transferring previously separated
SDS-PAGE proteins onto a protein-binding membrane. The protein of interest is
then detected using specific antibodies. Antibodies are usually coupled to
enzymes or chemical compounds to visualize the signal (Towbin et al. 1979).
For the immune detection, separated proteins were transferred onto a
nitrocellulose (NC) or a methanol activated polyvinylidene fluoride (PVDF)
membrane using Trans-Blot® Cell electrotransfer system. First, three thin
Whatman papers were soaked in blotting buffer (Table 3.4). Subsequently, the
membrane and the gel were submerged shortly into the blotting buffer and placed
on top of it, followed by three additional presoaked Whatman papers. The semi-
dry electrotransfer was carried out for 45 min at 300 mA.

After the electrotransfer, the membrane was blocked for 1 h by using 5 % (w/v)
milk powder or 5 % (w/v) BSA blocking buffer (Table 3.4) to avoid unspecific
binding of antibodies. Afterwards, the membrane was washed three times with a
washing buffer (Table 3.4) and incubated with the diluted primary antibody in
blocking buffer overnight at 4 °C. The appropriate horseradish peroxidase (HRP)
conjugate secondary antibody was applied for 1 h at RT.

For a specific protein signal detection, additional three washes using the same
washing buffer were completed. An equal amount of the enhanced

chemiluminescence (ECL) substrates was mixed in a 1:1 ratio and poured over
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the whole surface of the membrane. After 1 min, visualization was accomplished

using Fusion Solo imaging system.

3.2.2.8 Western blot stripping

To investigate more than one protein on the same WB membrane, primary and
secondary antibodies need to be removed before the detection with other
antibodies. Therefore, a mild stripping protocol was used.

The dry membrane was equilibrated in 1x TBST for 5 min. Following this, the
membrane was agitated thrice with an acidic stripping buffer (100 mM glycine,
pH 2.0), while alternating with three washes of 1x TBS (Table 3.4) for 10 min
each. Subsequently, the membrane was blocked again, if necessary, prior to the

addition of primary and secondary antibodies.

3.2.2.9 Western blot quantification

Enhanced chemiluminescence (ECL) was developed and visualized protein
signals were quantified using FusionCapt Advance Solo 4. The software displays
the emitted light from each detected band in the form of a gray scaled signal. By
choosing the appropriate exposure time, the detected protein signals below the
saturation limit were further used for quantification purposes. After defining the
boundary and subtracting the background intensities from the signal of interest,
the quantity of the detected protein was determined by the sum of the pixel
intensities in the selected area. For normalization, housekeeping proteins were
utilized as a control. Band intensities originating from the protein of interest were
divided by the corresponding housekeeping (control) protein band intensities, for
example: Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for whole
lysates or tripeptidyl-peptidase 1 (TPP1) for lysosomal fractions. Subsequently,
the amounts of the normalized signals were compared to the control sample
intensities which was set to 1. Values greater or less than 1 represent an increase
or a decrease in the amount of protein in the treated sample compared to the
control sample, respectively.

For a statistical analysis of the selected normalized signals, a two samples t-test
(two-tailed distribution, unpaired) was performed, with a p-value <0.05 was

defined as significant, a p-value <0.01 as highly significant and a p-value >0.05



Materials and Methods 29

as not significant. The standard deviation was determined using the n-1 method
and the standard error of the mean was calculated using the following formula:

Standard error = standard deviation/square root of total number of samples

3.2.3 Beta-hydroxybutyrate enzymatic assay

While undergoing starvation, the body glucose levels drop and the liver responds
by producing B-hydroxybutyrate as the most abundant ketone body in mammals,
which is used as an alternative energy source for the body (Newman and Verdin
2017).

Beta-hydroxybutyrate (beta-HB) Assay Kit was used according to the
manufacturer’s protocol to determine the concentrations of beta-HB in control and
starved mice serum samples. In brief, 2 yul enzyme mix and 2 pl substrate mix
were added to 46 pl assay buffer to prepare the colorimetric reaction mix. 5 pl of
serum samples were added in duplicates into a 96-well microplate and the total
volume was adjusted to 50 pl using assay buffer. 50 ul of six prepared B-HB
standard dilutions were also pipetted in duplicates, namely 10.0 8.0, 6.0, 4.0, 2.0
and 0.0 nmol/well. Following this, 50 pl of the colorimetric reaction mix was added
into the already loaded samples. The mixture was then incubated in the dark for
30 min at RT and the absorption was measured at 450 nm wavelength using
Tecan Infinite 200 Pro microplate reader. The protein concentration of the sample
was calculated using the B-HB standard. A background reaction mix of 2 ul
substrate mix added to 48 ul assay buffer was prepared then pipetted into new
duplicates of serum samples and B-HB standard dilutions. Subsequently, the
background readings were subtracted.

3.2.4 Techniques for mass spectrometry-based proteomics

3.2.4.1 In-solution digest by filter aided sample preparation (FASP)

To convert the proteins obtained from biological samples to peptides compatible
for tandem mass tag (TMT) labeling, filter aided sample preparation method was
used. In-solution digest by FASP utilize a molecular mass cut off spin filter, where
passing through peptides get collected for mass spectrometry-based protein

analysis (Manza et al. 2005; Ledn et al. 2013).
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A 10 kDa cut off spin filter was equilibrated by adding 300 ul digestion buffer (DB)
(Table 3.4) and centrifuging for 5 min at 10000 x g. After adding 50 pg of protein
sample to the filter, proteins were reduced using 20 mM dithiothreitol (DTT) in DB
and incubated for 30 min at 55 °C. To wash the remaining DTT, the sample was
centrifuged again using 300 ul DB. Thereafter, the sample was alkylated using
DB containing 40 mM acrylamide and incubated in the dark for 30 min at RT. Two
centrifugation steps using 100 pl DB were applied to remove the acrylamide
residues. After adjusting the volume to 100 pl, the protein sample was trypsinized
ata 1:100 mass ratio and incubated for 10 h at 37 °C. The next day, the incubated
sample was centrifuged for 10 min at 10000 x g and the flow through containing
peptides was transferred to a new reaction tube. The centrifugation procedure
described above was repeated using 200 ul digestion buffer and both flow
throughs were combined. An appropriate volume of trifluoroacetic acid (TFA) was
added to the peptides to reach a final concentration of 2.5 % (v/v) TFA. TFA
acidification led to the precipitation of sodium deoxycholate (SDC). The acidified
peptide sample was centrifuged for 10 min at 10000 x g and the supernatant was
carefully pipetted to a new reaction tube. Pelletized SDC was resuspended in 250
pl 0.1 % (v/v) TFA and centrifuged for 10 min at 14000 x g. After combining both
supernatants, SDC remains were extracted by centrifuging the peptide sample
twice in 500 pl ethyl acetate for 2 min at 10000 x g. Finally, the peptides were

dried and concentrated in a vacuum centrifuge at 60 °C.

3.2.4.2 Tandem mass tag (TMT) labeling

Tandem mass tag (TMT) is an isobaric labeling method used for a relative protein
guantification by mass spectrometry (Thompson et al. 2003). TMT10plex labeling
uses ten different isobaric compounds with the same mass and chemical
structure. It enables ten variable peptide samples to be labeled in parallel then
mixed together for MS analysis.

Dried peptides were dissolved in 100 pl of 0.1 M triethylammonium bicarbonate
(TEAB) and sonicated for 5 min. TMT10plex reagents were removed from the
freezer and equilibrated to room temperature in a desiccator. After dissolving
each reagent in 41 pl of acetonitrile (ACN), the reagent vials were incubated at

RT for 5 min and centrifuged shortly for 30 sec. Each reagent solution was
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carefully pipetted to a different 100 pl peptide sample and incubated in the dark
for 1 h at RT. Later on, 10 pl 5 % (v/v) hydroxylamine was added, and the samples
were vortexed for 20 sec. After 15 min incubation at RT, the peptide solutions
were combined and ready for desalting through the solid phase extraction (SPE)

method.

3.2.4.3 Peptide purification by solid phase extraction (SPE)

TMT labeled peptides were purified and desalted by the solid phase extraction
(SPE) technigue using Oasis® hydrophilic-lipophilic balance (HLB) cartridges.
First, the columns were equilibrated with 1.5 ml ACN and washed using 5 ml 0.1
% (v/iv) TFA. Afterwards, the peptide solutions were loaded and washed with 1
ml 0.1 % (v/v) TFA. Before the elution step, the columns were washed off ten
times with 1 ml 0.1 % (v/v) TFA. Finally, the peptides were eluted in 1.5 ml 70 %
(v/v) ACN in 0.1 % (v/v) TFA and dried in a vacuum centrifuge at 60 °C.

3.2.4.4 Peptide isoelectric fractionation (OFFGEL)

The peptide isoelectric fractionation step is important for a higher number of
protein identifications and comprehensive MS analysis of complex samples.
Agilent 3100 fractionator device was used to separate peptides in a pH gradient
based on their isoelectric point (pl).

For a 12 fractions separation, dried peptides were dissolved in 1.9 ml of 0.2 %
(v/v) IPG buffer, pH 3-10. After assembling the offgel apparatus and fixing the
strip according to the manufacturer’s instructions, 20 pl of IPG buffer was pipetted
to each slot to rehydrate the strip. 150 pl of the sample was pipetted to each well
after placing two wetted electrode pads at each protruding end of the strip. The
mineral oil was pipetted onto anode and cathode, and then a high voltage (see
offgel fractionation program, table 3.13) was applied to achieve an overnight
separation of peptides. After the fractionation was finished, samples were
transferred to separate reaction tubes. To collect the remaining peptides, each
well was incubated in 200 pl of 0.1 % (v/v) FA for 15 min at RT and combined
with the corresponding extract. The samples were dried in a vacuum centrifuge
at 60 °C.
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Table 3.13: Offgel fractionation program (12-well frame)

Volt Hour Voltage Current Power Time
(kVvh) V) (HA) (mW) (h:m)
Focusing 64 4500 50 200 100:00
Hold 500 20 50

3.2.4.5 Peptide purification by stop and go extraction (STAGE) tips

Offgel fractionated peptides need to be purified and desalted prior to LC-MS
measurement. For this purpose, small quantities of peptides were desalted using
the stop and go extraction (STAGE) tips protocol (Rappsilber et al. 2007). Briefly,
6 small disks of Empore C18 material were pressed over each other into a 200
pul micropipette tips with the aid of a glass capillary tube. Afterwards, the
micropipette tips together with a self-made holder were positioned into a 2 mi
reaction tube forming so called a ‘column’.

To activate the C18 material, 20 pl of methanol was added and the stagetips were
centrifuged for 1 min at 2500 x g. The column was washed and equilibrated by a
subsequent addition of 20 ul 0.5 % (v/v) AcOH in 80 % (v/v) ACN and 20 ul 0.5
% (v/v) AcOH solutions with centrifugation in between for 1 min at 2500 x g. The
dried peptides were dissolved in 20 ul 5 % (v/v) ACN 5 % (v/v) FA solution and
resuspended in an ultrasonic bath for 5 min. To dilute the ACN amount, the
reaction tube volume was filled up to 100 ul with water and applied to the column.
After a centrifugation for 1 min at 2500 x g, stagetips were washed with 100 pl of
5 % (v/v) AcOH and transferred to the new 1.5 ml reaction tube in preparation for
the elution step. Desalted peptides were eluted two times in 20 pl 0.5 % (v/v)
AcOH in 80 % (v/v) ACN and centrifuged for 1 min at 2500 x g in between. The
40 ul eluted peptides were dried in a vacuum centrifuge at 60 °C. Shortly before
the MS measurement, peptides were dissolved in 20 pl 5 % (v/v) ACN 5 % (v/v)
FA solution and resuspended in an ultrasonic bath for 5 min. Resuspended
samples were centrifuged for 15 min at 16000 x g and 5 pl were pipetted into a

96-well microplate.

3.2.4.6 Mass spectrometry instrumental analysis
Peptides were separated on a Dionex Ultimate 3000 RSLC nano HPLC system.
Liquid chromatography (LC) separation was performed on an in-house C18

analytical column using a P-2000 laser puller and fused silica capillaries (200 mm
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length, 75 pm inner diameter, ReproSil-Pur 120 C18-AQ, 1.9 uym). The
autosampler was operated in pl-pickup mode with 3 pl per injection and peptides
were dissolved in 10 pl of 0.1 % (v/v) formic acid (solvent A) before being loaded
on the column. Peptides were separated at a flow rate of 300 nl/min during a 90
min linear gradient ranging from 1 % to 35 % solvent B (Table 3.4). The nano
HPLC was connected online to an Orbitrap Fusion Lumos mass spectrometer.
Peptide precursor ions between 330-1600 m/z were scanned every 3 seconds in
the Orbitrap mass analyzer (resolution 120000, maximum injection time 50 ms,
automatic gain control (AGC) target 4 x 10°). Internal calibration with a typical
mass error <1.5ppm was conducted using polysiloxane (445.12002 Da).
Precursor ions were identified and isolated by collision induced dissociation (CID:
0.7 Da quadrupole isolation, threshold intensity 5000, normalized energy 35 %,
charges 2-7) in the top speed mode. Fragments were analyzed in the linear ion
trap using turbo mode with AGC target 10* and maximum injection time of 35 ms.
The top 5 fragment ions were isolated with an isolation width of 2 Da and
fragmented with a high-energy collision dissociation (HCD) represented by 65 %
collision energy. For the detection of reporter ions, the MS2 spectra was
processed in the Orbitrap detector (resolution 50000, maximum injection time 86
ms, AGC target 10°). Fragmented precursor ions were excluded from repeated

analysis for 20 sec.

3.2.4.7 Mass spectrometric data analysis

MS raw files were analyzed by the proteome discoverer software 2.3. For peptide
identification, database searches were performed using an in-house made server
(Mascot 2.6.1). Using the annotated protein sequences (SwissProt) and
contaminants of the common repository adventitious proteins (cRAP) as
reference databases, the MS data were searched against Mus musculus
sequences. A maximum of two trypsin miss cleavages was accepted. The
precursor mass tolerance was 10 ppm and the fragmentation tolerance (CID) was
0.5 Da. For a TMT10plex experiment, propionamide at cysteine was searched as
static modification and oxidation at methionine was set as dynamic modification.
The percolator algorithm (Kéall et al. 2008) was applied to validate the mascot

results. The algorithm performs a strict false discovery rate (FDR) of 0.01 based
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on the g-value. Spectral identifications <0.01 were appointed to a second mascot
database search (SwissProt). Semi-tryptic peptides with one miss cleavage were
searched. Precursor and fragment mass tolerance parameters were kept the
same. In addition to the previously mentioned dynamic modifications, acetylation
at protein N-terminus was added. Quantified reporter ions were derived from the
MS3 level. Peptide spectral matches (PSMs) were validated with a strict FDR of

0.01 and ‘total peptide amount’ was used as a normalization method.

3.2.4.8 Statistical analysis

Raw MS-data, processed by proteome discoverer 2.3, was subjected to a
comparative statistical analysis. The entire (PSM-level) TMT dataset
representing all the replicates of control, 6 and 24 hours starvation samples were
statistically analyzed in an R environment (R 3.5.1) (R Core Team 2018) using
an in-house developed workflow. The R-script was provided by Dr. Farhad
Shakeri from the Core Unit for Bioinformatics Data Analysis of Bonn University
Hospital. Prior to the statistical analysis, all low-quality data, namely unspecific
peptides and single-hit proteins, were filtered out, and only fractions with a
maximum average intensity per protein in all channels were selected. After
applying the variance stabilizing normalization method (VSN 3.54.0) (Huber et al.
2002), the data were aggregated from the peptide-level to the protein-level using
the robust Tukey’s median polish process (Mosteller and Tukey 1977). In this
statistical study, the R package Limma 3.40.0 was implemented to correct the p-
values for multiple testing according to the Benjamini-Hochberg procedure
(Ritchie et al. 2015).

The online software (g:Profiler) for functional enrichment analysis and
conversions of gene lists was used to map genes on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway (Raudvere et al. 2019).

Statistical graphs and diagrams were created using GraphPad Prism 6.01
(https:/lwww.graphpad.com/), FactoMineR 1.42, ggplot2 3.2.0 and Venny 2.1
(https://github.com/benfred/venn.js) software (Oliveros 2007; Lé et al. 2008; Gu
et al. 2016; Wickham 2016).
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3.2.5 Metabolite analysis by mass spectrometry

The sample preparation and MS measurement of serum amino acid and
acylcarnitine concentrations were carried out by Dr. Eberhard & Partner medical
care center (Dortmund, Germany).

3.2.5.1 Serum sample preparation for acylcarnitine analysis

From control and starved mice, 50 pl of serum samples were mixed with 200 pl
of methanol extraction buffer containing stable isotope-labeled acylcarnitines,
which were used as an internal standard (IS). The mixture was centrifuged at
15.000 x g for 5 min at 4 °C using a refrigerated centrifuge. The collected
supernatant was concentrated and dried under a nitrogen stream at 60°C for 20
min. Following this, acylcarnitines were derivatized to their butyl esters by adding
50 pl of an anhydrous n-butanol/HCI solution to the dried samples. After the
derivatization step, the samples were concentrated and dried again under the
same conditions as described above. Reconstituted samples in a 100 pl

acetonitrile-based solution were then ready for ESI-MS/MS measurement.

3.2.5.2 Serum sample preparation for amino acid analysis

Before the injection into the mass spectrometer, 50 ul of control and starved mice
serum samples were mixed with 200 pl of methanol extraction buffer. The
extraction buffer contained stable isotope-labeled amino acids, which were used
as an internal standard (1S). After the centrifugation at 15.000 x g for 5 min at 4
°C, 10 pl of the supernatant was mixed with 70 ul of borate buffer (pH 8.0) and
20 pl of 6-aminoquinolyl-n-hydroxysuccinimidyl carbamate solution leading to a
substitution reaction at the primary and secondary amino groups. Processed

samples were then ready for LC-MS/MS measurement.

3.2.5.3 Mass spectrometric analysis of serum acylcarnitines

After the sample preparation, the serum acylcaritine concentrations were
measured using an ESI-MS/MS system. Briefly, 7 ul of the analyte mixture was
directly injected into the MS ionization source without prior chromatographic
separation. The ionization was conducted using a positive electrospray ionization

(ESI +) mode (cone voltage 35V, collision energy 25 V, capillary voltage 3000 V,
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source temperature 120 °C). After setting the measurement mode to parent ion
scan (PIS), ions within a mass range of 200-500 Da were scanned in MS1. The
ions corresponding to the mass-to-charge (m/z) ratio of butylated acylcarnitines
were isolated and fragmented in the collision cell containing argon gas. The
characteristic fragment ion of m/z 85 Da was selected and transferred through
MS2. A photomultiplier was used for the ion detection.

Since the isotope-labeled acylcarnitines from the internal standard (IS) were
added in a known quantity, the concentrations of the analogous acylcarnitines (A)
were calculated from the fragmentation ratios of the intensities following this
formula:

. Sample A
conc. acylcarnitine = —————— x conc. IS
Sample IS

3.2.5.4 Mass spectrometric analysis of serum amino acids

The serum amino acid concentrations in the processed samples were measured
using an LC-MS/MS system. Briefly, the liquid chromatography (LC) separation
was carried out on a C18 analytical column and the autosampler was set to 1 pl
per injection. The column was equilibrated using 0.1 % (v/v) formic acid.
Molecules were separated at a flow rate of 0.4 ml/min during a 9 min linear
gradient ranging from 1 % to 95 % using a solvent composed of 90 % (v/v)
acetonitrile and 0.1 % (v/v) formic acid. The LC system was connected to a
tandem mass spectrometer. The multiple reaction monitoring (MRM) mode was
used for the detection of the amino acids (cone voltage 25 V, collision energy 20
V, capillary voltage 400 V, source temperature 150 °C), where only defined ions
were scanned in MS1. After the fragmentation in the collision cell containing
argon gas, the selected fragment ions were transferred through MS2. The internal
standard (IS) was used to compensate potential effects caused by co-eluting
matrix components such as the changes in the ionization and chromatographic
response of target amino acids (Reviewed by Panuwet et al. 2016).

By calculating the peak area of the recorded chromatogram, the respective peaks
provided quantitative information about the analyzed amino acids. The
guantitative analysis was performed using a 7-point calibration standard and a

blank. The calculation was based on a linear calibration function.
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4 Results

4.1 Monitoring mTORC1 activity in different mouse tissues

Lysosomes can respond to changes in nutrient status via the key lysosome-
associated protein mTORC1, which controls cell growth and metabolism.
MTORC1 activity and localization change based on the nutrient availability in the
cell, where the presence of nutrients leads to mTORC1 activation and thus to the
phosphorylation of specific downstream substrates (Reviewed by Perera and
Zoncu 2016; Lamming and Bar-Peled 2019). In order to monitor whether
MTORCL1 activity varies between the body organs upon starvation and to
determine the starvation time frame in which mTORC1 is the least active, adult
C57BL/6 mice were food starved for 6, 9, 12, 16 or 20 hours and control mice
were fed ad libitum before sacrifice. From three biological replicates, the liver,
skeletal muscle and brain were removed at each starvation period (Figure 4.1 A).
A. B.
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Figure 4.1: Monitoring mTORC1 activity in different mouse tissues

A. Experimental set-up of mice starvation and organ removal. Adult C57BL/6 mice were
food starved for 6, 9, 12, 16 or 20 hours and control mice were fed ad libitum before
sacrifice. The liver, skeletal muscle and brain were removed at each time period. B.
Schematic of mMTORC1 activity and its downstream targets in the presence of nutrients.
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MTORC1 activity was determined by the phosphorylation of two of its
downstream targets: 40S ribosomal protein S6 (S6) and elF4E binding protein 1

(4EBP1) which are both involved in the protein synthesis pathway as well as by
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the observation of autophagosome formation mediated by the microtubule-
associated proteinl light chain 3 (LC3) (Figure 4.1 B).

The phosphorylation of mMTORC1 downstream targets and autophagy monitoring
were mainly investigated by western blotting of homogenated tissues (see 3.2.2.1

and 3.2.2.7) followed by the relative quantification of measured intensities.

4.1.1 Effect of starvation on mTORCL1 activity in liver tissues

The activity of mTORCL1 was first monitored in liver tissues of mice sacrificed by
cervical dislocation. The liver of control and starved mice was homogenized and
the proteins were separated using SDS-PAGE. Transferred proteins were
examined for mTORC1 activity by antibody-based detection of the mTORC1
direct downstream target 4EBP1 phosphorylation sites T37/46, which play an
important role in the protein synthesis, as well as the total 4EBP1 protein. 4EPB1
is a small 15 to 20 kDa-sized protein represented by 3 migrating isoforms named
gamma, beta and alpha. Gamma (y) is the uppermost phosphorylated isoform
and alpha (a) is the lower and least phosphorylated isoform (Brunn et al. 1997).
As a stable expressed protein in whole cell lysates of prokaryotic and eukaryotic
samples as well as a well-known housekeeping protein (Wu et al. 2012), the
detected 37 kDa Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served
as a loading control. After densitometric quantification, the intensities of p-4EBP1
and total 4EBP1 within the different samples were normalized to the
corresponding GAPDH signals. Figure 4.2 A shows the detected signals of p-
4EBP1 and GAPDH of three biological replicates, starting from the control mice
and ending with samples having starved for 20 hours. The mean GAPDH-
normalized p-4EBP1 intensities and the standard error of the mean (SEM)
detected in the starved sample group as well as the control are visualized in figure
4.2 B. The summed intensities of all isoforms within a sample were calculated
and the control sample intensity was set to 1. Compared to control samples, the
measured intensities showed a gradual decrease in the phosphorylation of
4EBP1 reaching a statistical significant decrease of 2.19- and 2.39-fold after 9

and 12 hours of starvation, respectively. Subsequently, the phosphorylation
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increased after prolonged starvation with a significant 1.43- and 1.56-fold
increase after 16 hours compared to 9 and 12 hours of starvation, respectively.
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Figure 4.2: Investigation of mMTORCL1 activity in liver tissues by 4EBP1 immune
detection

Adult C57BL/6 mice were starved for 6, 9, 12, 16 or 20 hours and control mice were fed
ad libitum before sacrifice. After liver tissues were removed and lysed, 12 ug proteins
were separated on a 12.5 % SDS-PAGE gel, transferred onto a nitrocellulose membrane
and probed with antibodies. A. Membranes were incubated with p-4EBP1 (T37/46) as a
readout of mTORC1 activity and GAPDH as a loading control. B. Densitometric
quantified p-4EBP1 signals were normalized to the corresponding GAPDH intensity. C.
Total 4EBP1 and GAPDH signals were visualized by immune detection. D. The relative
protein amounts of all isoforms from control and starved sample groups are depicted as
bar charts. Shown are mean + SEM; n=3 and the significance was calculated by unpaired
student’s t-test (*=p<0.05; **=p<0.01). Control samples were set to 1.

Figure 4.2 C displays the observed signals of total 4EBP1 and GAPDH for three
biological replicates of control and starved samples, where all 4EBP1 isoforms
are more prominent compared to p-4EBP1 blots. The relative quantities of total
4EBP1 were calculated as the ratio of total 4EBP1 and GAPDH signal intensities
for the single replicates and the average of control and starved sample groups as

well as SEM are depicted in figure 4.2 D. The summed intensities of all isoforms
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as well as the single intensities of each isoform within a sample were calculated
relative to total 4EBP1 intensity where the control was set to 1. The relative
intensity of the uppermost phosphorylated isoform, gamma isoform, decreased
after a short starvation period reaching a significant decrease of 1.67-fold after 9
hours of starvation, while its increase after prolonged starvation was not
statistically significant. Furthermore, the relative intensities of the least
phosphorylated isoform, alpha isoform, demonstrated no significant change
except for a 1.68-fold increase relative to the control after 16 hours of starvation.
In addition, the beta isoform intensities as well as the summed intensities of all
isoforms displayed neither a notable pattern nor a statistically significant change
for the entire starvation course.

As a second validation of mTORC1 activity in liver tissues, the 32 kDa phospho
S6 ribosomal protein, an indirect downstream target, was detected by anti-
phospho S6 antibody which detects the phosphorylation sites S240/244, in
addition to the total S6 protein abundance. The intensities of p-S6 and total S6
were normalized to GAPDH as a loading control. The p-S6 and GAPDH signals
for control and starved samples are displayed in figure 4.3 A. The mean of
GAPDH-normalized p-S6 intensities and the standard error of the mean detected
in all sample groups are depicted in figure 4.3 B. After comparing all starvation
conditions, the unpaired student’s t-test demonstrated a 4-fold decrease in S6
phosphorylation after 6 hours of starvation compared to control samples set to 1.
Afterwards, the relative intensities depicted a continuous increase in the
phosphorylation throughout the starvation time course, reaching its highest after
20 hours of starvation. Compared to 6 hours starved samples, phosphorylation
signals at 16 and 20 hours showed a significant increase of 7.18- and 8.89-fold,
respectively. Similarly, phosphorylation increased by 3.5-fold between 9 and 20
hours of starvation. In addition, a phosphorylation increase of 2.2-fold was
monitored after 20 hours compared to the non-starved control samples.

After incubating the membranes with anti-S6 and anti-GAPDH antibodies (Figure
4.3 C), the plotted intensities with the standard error of the mean of normalized

total S6 protein showed no significant change, except after 20 hours of starvation
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with a phosphorylation increase of 1.29-, 1.34- and 1.24-fold relative to control,
12 and 16 hours starved samples, respectively (Figure 4.3 D).
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Figure 4.3: Investigation of mTORC1 activity in liver tissues by S6 immune
detection

Adult C57BL/6 mice were starved for 6, 9, 12, 16 or 20 hours and control mice were fed
ad libitum before sacrifice. After liver tissues were removed and lysed, 12 pg proteins
were separated on a 12.5 % SDS-PAGE gel, transferred onto a PVDF membrane and
probed with antibodies. A. Immune detection of p-S6 (S240/244) as a readout of
MTORC1 activity and GAPDH as a loading control was performed by protein specific
antibodies. B. The relative p-S6 intensities were depicted after normalization to the
corresponding GAPDH intensities. C. After membrane incubation with total S6 and
GAPDH antibodies, immune detected signals were visualized. D. For control and starved
sample group, densitometric quantified total S6 signals were normalized according to
their GAPDH intensities. Shown are mean + SEM; n=3 and the significance was
determined by unpaired student’s t-test (*=p<0.05; **=p<0.01). The control samples were
setto 1.

After monitoring mMTORCL1 activity by the phosphorylation of S6 and 4EBP1 as
two downstream targets, the results show a relevant loss in the phosphorylation
levels reaching its lowest after 6 hours and a complete recovery after prolonged
starvation.



Results 42

4.1.2 Effect of starvation on mTORCL1 activity in skeletal muscle tissues

Skeletal muscle is considered a key metabolic organ, especially during starvation
(Baskin et al. 2015). Based on this fact and after showing mTORC1 activation
pattern in the liver, the influence of starvation on mTORC1 in starved skeletal
muscle tissues was examined. The investigation was performed in three
biological replicates from control and starved mice by western blot analysis. For
signal quantification, obtained intensities were normalized to GAPDH signals as
a loading control. Obtained signals at 15-20 kDa and 37 kDa representing p-
4EBP1 and GAPDH, respectively, are visualized in figure 4.4 A. Figure 4.4 B
represents the normalized results of p-4EBP1 at each starvation period after
setting the control sample to 1, with a decrease in the intensities appearing from
the early starvation periods. The significance of the normalized intensities was
measured using the unpaired student’s t-test. By comparing the control sample
to the starvation time periods, there is a gradual decrease of signal intensity until
12 hours of starvation. After 16 and 20 hours the signal increases slightly, but
stays significantly below the control values. Compared to the fed state, 4EBP1
phosphorylation decreased by 1.60-, 7.85-, 4.58- and 2.41-fold after 9, 12, 16 and
20 hours of starvation, respectively. Compared to 9 hours starved samples, a
4.89- and 2.86-fold decrease was measured after 12 and 16 hours of starvation,
respectively. In figure 4.4 C, samples were subjected to western blotting using
antibodies directed against total 4EBP1 and GAPDH proteins. Figure 4.4 D
depicts the quantification of immune detected signals relative to control samples
which were set to 1. The amount of gamma isoform, the uppermost
phosphorylated isoform, dropped starting from 12 hours in contrast to increased
alpha isoform amount, showing a reduction in 4EBP1 phosphorylation. In parallel,
the beta isoform levels were not affected by starvation. Statistical analysis was
applied to gamma, beta and alpha isoforms as well as the sum of all isoforms at
each starvation period, and demonstrated no statistical change in the intensities
at the early starvation time periods. On average, the gamma isoform revealed a
significant decrease of 3.4-, 2.78- and 2.73-fold compared to control, 6 and 9
hours, respectively, starting from 12 hours of starvation. In contrast, alpha isoform

amounts increased substantially after 12 and 16 hours compared to control, 6
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and 9 hours starved samples. The increase was by 3.13- and 2.76-fold (control),
2.62- and 2.33-fold (6 hours) as well as 3.1- and 2.75-fold (9 hours), all after 12

and 16 hours, respectively.

A. B.
I
1.5
o
< w =
(U] T Py
-~ T - 1
=y - 1
Control __6h 9h 12h S 40l L
U T T E——— 20 kDa 5 -
(T37/46) 15 kDa E —
GAPDH | s s e s . s s s s e | 37 kDa -
Control 16 h 20h &
p-4EBP1 =i - 20 kDa w 0.5 .
(T37146) ~ = l15kDa b
GAPDH w137 kDa £
[77]
2
T 0.0 ‘
Control 6 9 12 16 20
Starvation time (h)

Control _6h 9h  Control _12h
Total AEBPA | s o s oo o - m[ 20 kDa
GAPDH | s e s s s s st e | S 5 s s o | 37 kDa

Control _16h _20h

20 kDa
Total 4EBP1 | s s 55 mm mm L 00 15 kDa

GAPDH | s s s s s s o s - 37 kDa

Total 4EBP1/ GAPDH

0,
Control 6 9 12 16 20

Starvation time (h)
B Gamma isoform [] Beta isoform [ Alpha isoform [l Isoforms sum

Figure 4.4: Investigation of mMTORCL1 activity in skeletal muscle tissues by 4EBP1
immune detection

Adult C57BL/6 mice were starved for 6, 9, 12, 16 or 20 hours and control mice were fed
ad libitum before sacrifice. After skeletal muscle tissues were removed and lysed, 12 ug
proteins were separated on a 12.5 % SDS-PAGE gel, transferred onto a nitrocellulose
membrane and probed with antibodies. A. Obtained signals from p-4EBP1 (T37/46) and
the loading control GAPDH were visualized. B. Densitometric quantified and normalized
intensities are depicted as bar charts. C. Western blot signals of total 4EBP1 and GAPDH
proteins were displayed. D. For all conditions and isoforms, intensities were normalized
to GAPDH signals. Shown are mean + SEM; n=3 and the significance was determined
by unpaired student’s t-test (*=p<0.05; **=p<0.01). The control samples were set to 1.

The comparison of the sum of the isoforms under all conditions depicted no
significant change except for an increase of 1.22-fold between the control and 16
hours starved samples. In addition, a 1.32- and 1.4-fold increase after 12 and 16

hours was calculated relative to 9 hours. As a measure of the mean distribution
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of the samples, the standard error of the mean (SEM) was applied (Figure 4.4 B,
D).

In addition to 4EBP1, signals of total S6 and p-S6 were detected by western blot
and GAPDH-normalized intensities were subjected to the unpaired student’s t-
test. Figure 4.5 A shows the immune detected signals of p-S6 and the loading
control GAPDH where low protein abundances were seen in all starvation periods

relative to control samples except of 9 hours starved samples.
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Figure 4.5: Investigation of mMTORCL1 activity in skeletal muscle tissues by S6
immune detection

Adult C57BL/6 mice were starved for 6, 9, 12, 16 or 20 hours and control mice were fed
ad libitum before sacrifice. After skeletal muscle tissues were removed and lysed, 12 ug
proteins were separated on a 12.5 % SDS-PAGE gel, transferred onto a nitrocellulose
membrane and probed with antibodies. A. Western blotting of p-S6 (S240/244) and the
loading control GAPDH. B. Quantified signals were normalized to the corresponding
loading control intensities. C. Total S6 and GAPDH signals were detected in skeletal
muscle samples of control and starved mice. D. The level of total S6 in each sample was
normalized to the GAPDH level. Shown are mean + SEM; n=3 and the significance was
determined by unpaired student’s t-test (*=p<0.05). The control samples were set to 1.

After setting the control sample to 1, the average of normalized p-S6 with the
SEM are depicted in figure 4.5 B, where S6 phosphorylation showed a statistical
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decrease of 1.43-fold between 12 and 16 hours of starvation. Although p-S6
abundance showed a decrease up from 6 hours of starvation, however this
decrease was not statistically significant. The second replicate of 9 hours starved
mice, which showed a strong signal intensity, was considered an outlier and was
excluded from the calculation of the mean abundance. Therefore, the unpaired
student’s test is not reliable at 9-hour starvation period.

As for p-S6, total S6 together with GAPDH signals are visualized in figure 4.5 C
and the relative intensities as well as the standard error of the mean are shown
in figure 4.5 D. The obtained signals showed a varying pattern throughout the
time course of starvation. The unpaired student’s t-test showed a statistical
decrease of 3.11-, 2,41- and 1.96-fold after 16 hours in correlation with control, 6
and 12 hours starved samples, respectively.

Regarding the results obtained from the starved skeletal muscle tissues,
phosphorylation of 4EBP1 and S6 indicates a gradually decreased level by

increasing the duration of starvation.

4.1.3 Effect of starvation on mTORCL1 activity in brain tissues

As one of the most active metabolic organs in the body, the brain is supplied with
several fuel sources for cerebral metabolism under different nutrient conditions
(Owen et al. 1967; Hasselbalch et al. 1994; Clarke and Sokoloff 1999). In addition
to liver and skeletal muscle tissues, starvation-mediated changes in mTORCL1
activity was examined in brain tissues from three biological replicates by western
blot. To quantify the detected signals, probed samples with 4EBP1, S6 and their
phospho forms-specific antibodies were normalized to GAPDH as a loading
control. Control samples were set to 1 and the standard error of the mean was
used to calculate the distribution of the sample.

Signals obtained from p-4EBP1 and GAPDH are shown in figure 4.6 A. The
unpaired student’s t-test of normalized signals depicted no significant changes in
phosphorylation except for a 1.21-fold decrease between 9 and 16 hours of
starvation (Figure 4.6 B).

Figure 4.6 C represents total 4EBP1 detected signals along with their
corresponding loading control. Densitometric quantified signals of total 4EBP1
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were normalized to GAPDH. The levels of gamma, beta and alpha isoforms were
relatively stable during the starvation course, except for the alpha isoform at the
starvation period of 12 hours (Figure 4.6 D). At this starvation period, alpha
isoform normalization revealed a 1.48-, 1.29- and 1.6-fold increase compared to
control, 6- and 9-hour starvation periods, respectively. In addition, a decrease of
1.23-fold was also measured between 12 and 16 hours of starvation by unpaired

student’s t-test.
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Figure 4.6: Investigation of mMTORC1 activity in brain tissues by 4EBP1 immune
detection

Adult C57BL/6 mice were starved for 6, 9, 12, 16 or 20 hours and control mice were fed
ad libitum before sacrifice. After brain tissues were removed and lysed, 12 ug proteins
were separated on a 12.5 % SDS-PAGE gel, transferred onto a nitrocellulose membrane
and probed with antibodies. A. Signals of p-4EBP1 (T37/46) as a readout of mMTORC1
activity and GAPDH as a loading control were detected by western blot. B. The protein
abundance was densitometrically quantified and normalized to GAPDH. C. After probing
the samples with protein-specific antibodies, total 4EBP1 and GAPDH signals were
visualized. D. Relative abundances of different starvation periods were depicted after
GAPDH normalization. Shown are mean + SEM; n=3 and the significance was
determined by unpaired student’s t-test (*=p<0.05; **=p<0.01). The control samples were
setto 1.
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As a second observed downstream target of mTORC1, phosphorylated S6
ribosomal protein signals were detected during the starvation experiment (Figure
4.7 A). The uniformity of GAPDH signals served as a loading control. The
starvation periods analyzed showed no significant changes between the
normalized samples during different starvation periods except for a 1.73-fold
decrease between control and 12 hours of starvation (Figure 4.7 B). Figure 4.7 C
depicts the signals observed after incubating the membrane with anti-total S6 and
anti-GAPDH antibodies. Normalized total S6 intensities showed no significant

differences in control or starved brain tissues (Figure 4.7 D).
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Figure 4.7: Investigation of mMTORCL1 activity in brain tissues by S6 immune
detection

Adult C57BL/6 mice were starved for 6, 9, 12, 16 or 20 hours and control mice were fed
ad libitum before sacrifice. After brain tissues were removed and lysed, 12 pg proteins
were separated on a 12.5 % SDS-PAGE gel, transferred onto a nitrocellulose membrane
and probed with specific antibodies. A. Brain homogenate analysis after incubation with
p-S6 (S240/244) and GAPDH antibodies. B. Relative p-S6 quantification results
normalized to the loading control are depicted as bar charts. C. Immune detection of total
S6 and GAPDH signals. D. After densitometric quantification, the mean abundance
values of total S6 normalized intensities are displayed. Shown are mean + SEM; n=3
and the significance was determined by unpaired student’s t-test (*=p<0.05). The control
samples were set to 1.
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The results acquired from the starved brain tissues depict that the abundance
levels of mMTORC1 downstream targets and their phosphorylation show no

relevant change during the 20 hours of starvation.

4.1.4 Autophagy induction in liver, skeletal muscle and brain tissues

Since autophagy activation is tightly regulated by mTORC1 and starvation-
induced autophagy indicates mMTORC1 inactivation (Kim et al. 2011), it was
examined to monitor mTORC1 activity in different mouse tissues. The lysosome-
mediated degradation of cytosolic material could be enhanced as a response to
cellular damage and nutrient deprivation (Reviewed by Singh and Cuervo 2011;
Reviewed by Yim and Mizushima 2020). Microtubule-associated protein 1 light
chain 3 (LC3) is an indicator of autophagosome biogenesis via its conversion of
a cytosolic LC3-I form to lipid bound LC3-II form, which binds to the autophagic
membranes (Kabeya et al. 2000). LC3 has three isoforms, namely LC3A, B and
C, with the first two being preserved in mice (Cann et al. 2008).

In this experiment, LC3B isoform was used as an autophagy marker. In the
presence and absence of food intake, autophagy activation was monitored in
liver, skeletal muscle and brain tissues via western blot. SDS-PAGE separated
proteins were blotted and probed with LC3B and GAPDH antibodies. Since
LC3B-II is bound to the autophagosomal membrane and is subject to lysosomal
degradation, the detected signals of LC3B-Il normalized to GAPDH correspond
to the levels of autophagosomes (Reviewed by Klionsky et al. 2016). For a more
informative picture of the cellular autophagic response, LC3B-1l was normalized
to LC3B-I and the ratio was measured (Kabeya et al. 2004; Tanida et al. 2005).
At each starvation condition, three biological replicates were used. The
distribution of the sample means was measured via the standard error of the
mean (SEM) after setting the control samples to 1.

Figure 4.8 A shows the detected signals of the 16 kDa LC3B-I and the 14 kDa
LC3B-II as well as GAPDH as a loading control in liver tissues. The GAPDH-
normalized LC3B-Il intensities depicted a gradual increase reaching their highest
after 9 and 12 hours of starvation with a statistical significant increase of 3.68-

and 3.64-fold, respectively, compared to control samples. A 1.82-fold increase
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was also measured between the control and 16 hours starved samples.
Subsequently, the intensities decreased by 2.02- and 2.84-fold after 16 and 20
hours compared to 9 hours of starvation, respectively. In addition, a decrease of
2.81-fold was monitored between 12 and 20 hours of starvation. In parallel, the
measured LC3B-II/LC3B-I ratio in liver lysates showed a similar pattern with an
increase of 1.51- and 1.58-fold after 9 and 12 hours of starvation, respectively,
compared to control samples. The ratio then decreased by 2.6- and 2.73-fold

after 20 hours compared to 9 and 12 hours, respectively.
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Figure 4.8: Levels of LC3B in different tissues of starved mice

Adult C57BL/6 mice were starved for 6, 9, 12, 16 or 20 hours and control mice were fed
ad libitum before sacrifice. After liver, skeletal muscle and brain tissues were removed
and lysed, 12 pg proteins were separated on a 12.5 % SDS-PAGE gel, transferred onto
a nitrocellulose membrane and probed with LC3B as an autophagosome marker and
GAPDH as a loading control. A-C. The protein abundance was densitometrically
guantified and LC3B-II signals were normalized to GAPDH and LC3B-I intensities. The
average relative intensities are shown as bar charts for the three different tissues. Shown
are mean + SEM; n=3 and the significance was determined by unpaired student’s t-test
(*=p<0.05; **=p<0.01). The control samples were set to 1.
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In skeletal muscle, figure 4.8 B displays the protein amounts of LC3B-I and -l
together with GAPDH. The intensities of normalized LC3B-Il demonstrated no
statistical significant change throughout the starvation course. Meanwhile, the
abundance of LC3B-II signals was getting more distinct than LC3B-I the longer
the starvation occurs. This shift was also measured after applying the unpaired
student’s t-test to the LC3B-1I/LC3B-I ratio. At the early starvation time periods,
no change in the intensities was monitored. Next, after 16 hours, LC3B-Il/LC3B-
| ratio increased by 9.21-, 6.66-, 8.46- and 3.12-fold compared to control, 6, 9 and
12 hours starved samples, respectively.

In figure 4.8 C, brain homogenates were incubated with LC3B and GAPDH
specific antibodies and a very low abundance of LC3B-1l was observed. LC3B-II
signals were normalized to GAPDH and no statistical significant change was
measured except for a 1.14-fold decrease between 6 and 12 hours of starvation.
At the same time, LC3B-II signals were normalized to LC3B-I and the intensities
decreased by 1.41- and 1.2-fold after 16 and 20 hours, respectively, compared
to 6 hours of starvation. No further significant change was recorded.

These findings suggest that autophagy takes place when mTORC1 is least
active, consistent with previous observations of protein synthesis regulation by
mMTORC1.

4.2 Analysis of short- and long-term starvation and their impact

on body metabolism in wild-type mice

Metabolism of the main energy sources glucose, fatty acids and amino acids can
vary as a response to different starvation situations. Although starvation is usually
accompanied by weight and energy loss, the body adapts by producing other fuel
molecules such as ketone bodies (Berg et al. 2002a).

Findings of starvation experiments in key metabolic organs demonstrated
interesting response mechanisms to short and prolonged nutrient deprivation on
the molecular level. In liver tissues, phosphorylation of downstream targets by
MTORC1 was decreased after short starvation and autophagy occurred. In
contrast, prolonged starvation demonstrated a reactivation in downstream targets

phosphorylation and a decline in starvation-mediated autophagy. Therefore, two
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starvation periods with different molecular impacts, namely 6 and 24 hours, were
selected and the effect of starvation on body and cellular metabolism was
investigated.

From control, 6 and 24 hours starved mice for later lysosome enrichment
experiment, the body weight and the whole blood glucose levels were tested too.
In addition, the concentrations of ketone bodies, acylcarnitines, amino acids and

their derivatives were also measured in the serum of the same sacrificed mice.

4.2.1 Investigation of body weight and blood glucose levels

Weight loss is strongly associated with the lack of energy intake and is often used
as an indicator of starvation (Dokken and Tsao 2007). To evaluate the influence
of short and long starvation periods on the body weight, control and starved mice
were weighed using a lab animal scale with a dynamic weighing mode.

The documentation of body weight was performed for all mice that were included
in this study and therefore in 18, 14 and 12 biological replicates representing
control, 6 and 24 hours starved mice, respectively. The average weight of each
condition and the standard error of the mean are represented in the bar chart as

a percentage of the original body weight (Figure 4.9).
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Figure 4.9: Weight changes induced by starvation in mice

6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before the body weight was measured. Average weights are depicted as
a percentage of the initial weight. Samples from control (n=18), 6 hours (n=14) and 24
hours (n=12) starved mice were statistically analyzed. Shown are mean + SEM and the
significance was calculated by unpaired student’s t-test (**=p<0.01).
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Compared to control mice, the body weight decreased significantly by 3.18 % and
14.6 % after 6 and 24 hours of starvation, respectively. In parallel, a significant
weight loss of 11.42 % was calculated between 6 and 24 hours starved mice
(Figure 4.9).

As a simple carbohydrate involved in many metabolic processes, glucose
oxidation is responsible for most of the energy produced at rest and its
consumption is mainly spared for the brain during prolonged starvation (Unger et
al. 1963; Brosnan 1999). Using a glucose meter, blood glucose levels were

measured in control and starved mice after sacrifice (see 3.2.2.5).
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Figure 4.10: Monitoring blood glucose levels in starved mice

6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before sacrifice. Blood glucose level was tested using a blood glucose
meter. Average concentrations (mg/dl) were calculated to each group. Samples from
control (n=12), 6 hours (n=8) and 24 hours (n=12) starved mice were statistically
analyzed. Shown are mean + SEM and the significance was calculated by unpaired
student’s t-test (**=p<0.01).

The experiment was performed in 12, 8 and 12 biological replicates representing
control, 6 and 24 hours starved mice, respectively. The average concentrations
(mg/dl) of each group as well as the standard error of the mean are depicted in
figure 4.10. Compared to control samples, no change was monitored after short
period of starvation. In addition, after 24 hours of starvation, blood glucose levels
showed a significant decrease of 2.1- and 2.23-fold compared to control and 6
hours starved mice, respectively.

Monitored body weight and circulating glucose concentrations after starvation

show a drop mainly after prolonged starvation.
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4.2.2 Investigation of ketone body metabolism

In physiological states where glucose supply is limited for example under
prolonged starvation conditions, the three ketone bodies acetoacetate, beta-
hydroxybutyrate and acetone are produced as a potential source of energy for
peripheral tissues such as brain and skeletal muscles (Robinson and Williamson
1980; Newman and Verdin 2014). To verify this notion, concentrations of ketone
bodies were monitored using a colorimetric beta-hydroxybutyrate assay.
Furthermore, the relative expression of genes involved in the ketogenesis
pathway was determined by quantitative real-time PCR (gPCR).

4.2.2.1 Verification of ketone body production by B-HB assay

After mice sacrifice, concentrations of beta-hydroxybutyrate (3-HB) in control and
starved mice serum were measured by a colorimetric enzyme assay. The
experiment was performed in 12, 8 and 12 biological replicates representing
control, 6 and 24 hours starved mice, respectively. The average concentration
(nmol/ul) and the standard error of the mean of each mouse group is depicted in
figure 4.11. The data significance was examined by unpaired student’s t-test.
Compared to control mice, ketone body production increased by 2.04- and 5.01-
fold after 6 and 24 hours of starvation, respectively. Moreover, a 2.46-fold

increase between 6 and 24 hours starved mice was monitored (Figure 4.11).
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Figure 4.11: Serum concentration of ketone bodies in starved mice

6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before sacrifice. Blood serum was collected from each group and the
average concentrations of ketone bodies (nmol/ul) were measured by beta-
hydroxybutyrate colorimetric assay. Samples from control (n=12), 6 hours (n=8) and 24
hours (n=12) starved mice were statistically analyzed. Shown are mean + SEM and the
significance was calculated by unpaired student’s t-test (**=p<0.01).
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4.2.2.2 Analysis of ketogenesis-related gene expression by qPCR
Mitochondrial 3-hydroxy-3-methylglutaryl-COA synthase 2 (Hmgcs2), a key
ketogenic enzyme, and carnitine palmitoyl transferase 1a (Cptla) are involved in
fatty acid oxidation and ketogenesis. Both are regulated by peroxisome
proliferator-activated receptor alpha (Ppara), which is activated under prolonged
starvation conditions (Song et al. 2010; Newman and Verdin 2014).

As an additional method to analyze the production of ketone bodies, the
expression of Ppara, Hmgcs2 and Cptla as three candidate genes involved in
the synthesis of ketone bodies, was monitored in liver tissues of control and
starved mice. After RNA isolation and cDNA synthesis, the gene expression was
quantified by real-time PCR (see 3.2.1.4). Three biological replicates represented
each condition, except for 24 hours with four biological replicates. Fold changes
were analyzed by 2722Ct method (Livak and Schmittgen 2001) and the average

relative expression is depicted in figure 4.12.
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Figure 4.12: Relative expression of candidate genes in starved mice

6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before RNA was isolated from liver tissues. After cDNA synthesis, 125 pg
of cDNA and SYBR® Select Master Mix were used to quantify the gene expression by
real-time PCR. Fold changes of ketogenesis-related genes (Ppara, Hmgcs2 and Cptla)
were analyzed by 222¢t method. Samples from control (n=3), 6 hours (n=3) and 24 hours
(n=4) starved mice were statistically analyzed. Shown are mean + SEM and the
significance was calculated by unpaired student’s t-test (*=p<0.05; **=p<0.01).



Results 55

Relative expression of Ppara showed an increase after starvation. In comparison
to control mice, a significant increase of 2.4-fold after 6 hours of starvation was
measured, while the increase after 24 hours was not statistically significant
(Figure 4.12).

Regarding Hmgcs2 relative expression to control mice, a significant increase was
determined for both starvation time periods. The increase was by 1.66- and
10.68-fold after 6 and 24 hours, respectively. Subsequently, the expression
values increased by 6.43-fold between 6 and 24 hours of starvation (Figure 4.12).
Finally, Cptla-expression values expressed a continuous increase after short
and prolonged starvation. Relative to control samples, an increase of 4.76- and
19.24-fold after 6 and 24 hours of food deprivation, respectively, was measured.
In addition, a 4.04-fold of significant increase in expression was monitored after
24 hours compared to 6 hours of starvation (Figure 4.12).

Based on the acquired data from beta-hydroxybutyrate concentrations and the
relative expression of ketogenesis-related genes, a progressive increase in

ketone body production throughout the starvation time course can be observed.

4.2.3 Investigation of acylcarnitine concentrations in whole blood serum

Acylcarnitines, esters of fatty acids and L-carnitines, are involved in long-chain
fatty acid mitochondrial B-oxidation to produce cell-function energy (Kerner and
Hoppel 2000). They differ between short, medium and long-chain acylcarnitines
based on the acyl group length. To indicate the effect of short- and long starvation
on fatty acid metabolism, whole blood serum of fed and starved mice was
collected after sacrifice. After the derivatization of extracted acylcarnitines to their
butyl esters, the concentrations were determined using ESI-MS/MS. The levels
of 30 acylcarnitines were measured (Supplementary table 8.1), while significantly
changed metabolites after starvation are shown in figure 4.13, 4.14 and 4.15. The
experiment was performed in 12, 8 and 12 biological replicates representing
control, 6 and 24 hours starved mice, respectively. Concentrations (umol/l) and
the SEMs of differentially long acylcarnitines are depicted as bar charts. Results

were subjected to unpaired student’s t-test to examine the significant changes.
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In figure 4.13, the concentrations of acylcarnitines (C0-C6) showed no significant
change between control and 6 hours starved mice. In contrast, a significant
decrease in the serum was monitored after prolonged starvation compared to
control or 6 hours starved mice. After 24 hours, the concentrations of
acylcarnitines CO, C2, C3, C4, C5 and C6 decreased by 1.82-, 1.41-, 1.96-, 3.76-
, 2.19- and 3.74-fold compared to control mice, respectively. In a parallel
comparison to 6-hour starvation period, C0O, C2, C5 and C50H acylcarnitines

showed a decrease of 1.92-, 1.68-, 1.77- and 1.7-fold after 24 hours, respectively.
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Figure 4.13: Acylcarnitine (C0-C6) concentrations in serum of starved mice
6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before sacrifice. Blood serum was collected from each group and the
average concentrations (pumol/l) of acylcarnitines (C0-C6) were measured using ESI-
MS/MS. Samples from control (n=12), 6 hours (n=8) and 24 hours (n=12) starved mice
were statistically analyzed. Shown are mean + SEM and the significance was calculated
by unpaired student’s t-test (*=p<0.05; **=p<0.01).

Acylcarnitines with longer chain lengths demonstrated no statistical significant
change between control and 6 hours starved mice with the exception of a
significant 1.72-fold increase of tetradecenoyl (C14:1). Subsequently, the
concentrations increased significantly after prolonged starvation in mice serum

(Figure 4.14 and 4.15). After the long starvation period, concentrations of C10,
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C10:1, C12, C14, C14:1 and C14:2 acylcarnitines increased by 1.88-, 1.82-, 2.04-
, 3.69-, 4.17- and 3.45-fold compared to fed mice, respectively. Equal to previous
findings but in comparison to 6-hour starvation period, C10:1, C12, C14, C14:1
and C14:2 concentrations increased by 1.62-, 2.21-, 2.46-, 2.42- and 2.63-fold
after 24 hours, respectively (Figure 4.14).
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Figure 4.14: Acylcarnitine (C10-C14) concentrations in serum of starved mice
6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before sacrifice. Blood serum was collected from each group and the
average concentrations (umol/l) of acylcarnitines (C10-C14) were measured using ESI-
MS/MS. Samples from control (n=12), 6 hours (n=8) and 24 hours (n=12) starved mice
were statistically analyzed. Shown are mean + SEM and the significance was calculated
by unpaired student’s t-test (*=p<0.05; **=p<0.01).

When evaluating acylcarnitine (C16-C18) concentrations in mouse serum after
24 hours of starvation, C16, C16:1, C160H, C16:10H, C18, C18:1, C180H,
C18:10H and C18:20H showed an increase of 3.41-, 3.3-, 3.92-, 4.92-, 8.6-,
7.48-, 2.9-, 6.67- and 4.15-fold compared to fed mice, respectively. The same
tendency was monitored when comparing to 6 hours starved mice, where C16,
Cl16:1, C160H, C16:10H, C18, C18:1, C180H, C18:10H and C18:20H
concentrations increased by 3.1-, 2.37-, 3.26-, 5.63-, 14.65-, 5.77-, 4.36-, 7.29-
and 6-fold after 24 hours, respectively (Figure 4.15).
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Figure 4.15: Acylcarnitine (C16-C18) concentrations in serum of starved mice
6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before sacrifice. Blood serum was collected from each group and the
average concentrations (umol/l) of long-chain acylcarnitines (C16-C18) were measured
using ESI-MS/MS. Samples from control (n=12), 6 hours (n=8) and 24 hours (n=12)
starved mice were statistically analyzed. Shown are mean + SEM and the significance
was calculated by unpaired student’s t-test (*=p<0.05; **=p<0.01).

4.2.4 Investigation of serum amino acid and derivative concentrations

Amino acids have been described to be involved as intermediates for
gluconeogenesis, energy sources for most cells and can affect the regulation of
the amino acids sensor mMTORC1 (Reviewed by Broer and Broer 2017). To
examine the impact of starvation on amino acid metabolism, the whole blood
serum was collected from the mice after sacrifice and the amino acids were
extracted. After stabilizing the amino acids by a substitution reaction at the
primary and secondary amino groups, the concentrations were measured by LC-
MS/MS. Changes in the levels of 36 circulating amino acids and derivatives in
control and starved mice were monitored (Supplementary table 8.1). In figure
4.16 and 4.17, significantly changed metabolites after starvation are depicted.

The experimental procedures were conducted on 12, 8 and 12 biological
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replicates representing control, 6 and 24 hours starved mice, respectively. mean
concentrations (umol/l) identified for each amino acid or derivative are shown as
bar charts together with their standard error of the mean. Significance was

verified by unpaired student’s t-test.
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Figure 4.16: Circulating amino acid levels in starved mice

6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before sacrifice. Blood serum was collected from each group and the mean
concentrations (umol/l) of amino acids were measured using LC-MS/MS. Samples from
control (n=12), 6 hours (n=8) and 24 hours (n=12) starved mice were statistically
analyzed. Shown are mean + SEM and the significance was calculated by unpaired
student’s t-test (*=p<0.05; **=p<0.01).

From the investigated amino acids, 5 showed a decrease in their levels after short
or prolonged starvation, while the 3 branched-chain amino acids (BCAAS),
namely valine, leucine and isoleucine, increased after long-term starvation.

After short starvation period, proline and lysine decreased by 1.39- and 1.14-fold
in relation to recorded fed concentrations, respectively. After prolonged
starvation, alanine, proline and tryptophan depicted a 1.55-, 1.46- and 1.29-fold
decrease in their levels compared to fed mice, respectively. At the same time,
glycine decreased by 1.47-fold between 6 and 24 hours of starvation. In contrast,

leucine and isoleucine increased by 1.89- and 1.41, respectively, after comparing
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fed to 24 hours starved mice. Compared to 6 hours of starvation time, valine,
leucine and isoleucine raised by 1.71-, 1.91- and 1.58-fold after 24 hours,
respectively (Figure 4.16).

Possible changes in the derivatives resulting from amino acid reactions were also
investigated. By comparing control to 6 hours starved mice, no change in the
circulating amino acid derivative levels was monitored. After 24 hours of
starvation, two histidine derivatives, 1- and 3-methylhistidne, as well as 2-
aminoadipic acid and 2-aminobutyric acid derivatives concentrations increased
by 1.29-, 2.63-, 5.04- and 3.9-fold compared to control mice serum, respectively.
The same propensity was recorded when comparing to the short starvation
period, where 3-methylhistidine, 2-aminoadipic acid, 2-aminobutyric acid and
methionine-derivative taurine increased by 2.07-, 6.4-, 4.12- and 1.43-fold after

24 hours, respectively.
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Figure 4.17: Circulating amino acid derivative levels in starved mice

6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before sacrifice. Blood serum was collected from each group and the mean
concentrations (umol/l) of amino acid derivatives were measured using LC-MS/MS.
Samples from control (n=12), 6 hours (n=8) and 24 hours (n=12) starved mice were
statistically analyzed. Shown are mean + SEM and the significance was calculated by
unpaired student’s t-test (*=p<0.05; **=p<0.01).
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In contrast, glycine-derivative sarcosine and proline-derivative hydroxyproline
showed a 1.4- and 1.7-fold decrease, respectively, when comparing control to 24
hours starved samples. In parallel, the level of hydroxyproline decreased by 1.76-

fold between 6 and 24 hours of starvation (Figure 4.17).

4.3 Proteomic study on lysosomes from starved mice

To study the differences in the proteome composition of lysosomes between
control, short- and long-term starved mice, proteomic data to detect lysosomal
protein changes, depending on the metabolic status, were required. Therefore,
liver lysosomes were enriched from mice injected with Triton WR1339 and TMT
labeled peptides were fractionated, desalted and analyzed on an Orbitrap Fusion

Lumos mass spectrometer (Figure 4.18).
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Figure 4.18: Experimental procedure of the proteomic study on lysosomes

Male wild-type mice were injected with Triton WR1339 at the age of 6 months. After liver
isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 50 pg proteins were digested in solution and tryptic
peptides were labeled with TMT10plex. Peptides were purified, OFFGEL fractionated
and desalted via STAGE tips. Orbitrap Fusion Lumos mass spectrometer was used to
analyze the sample and the proteomic dataset obtained was processed by proteome
discoverer software 2.3.

4.3.1 Lysosome enrichment from mouse liver

In order to isolate and enrich lysosomes from liver tissues, wild-type mice were
injected with Triton WR1339. The solution is taken up by liver hepatocytes leading

to the accumulation of lipids in the lysosomes as a result of lipoprotein lipase
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inhibition. This treatment induces a density shift in the ‘tritosomes’ compared to
other organelles, mainly mitochondria (Wattiaux et al. 1963). Enrichment of
tritosomes was carried out as described in 3.2.2.3. Briefly, the removed liver from
control, 6 hours and 24 hours starved mice was homogenized and centrifuged.
The resulting pellet of post-nuclear supernatant (PNS) ultra-centrifugation
represents the mitochondria/lysosomes layer (M/L). Both organelles were
separated by a discontinuous sucrose gradient using different sucrose density
solutions. To verify the success of the lysosome ‘tritosome’ enrichment in fed and
starved mice, equal protein amounts of liver, PNS, M/L and tritosome fractions
collected during the experiment were analyzed by western blot. Enrichment
efficiency was examined by antibody-based detection of lysosome-associated
membrane glycoprotein-1 (LAMP-1). The 110 kDa-sized protein, one of the most
abundant lysosomal membrane proteins, showed a gradual increase in the
protein levels throughout the experiment steps, reaching the highest abundance

in the tritosome fractions (Figure 4.19).
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Figure 4.19: Verification of lysosome enrichment by LAMP-1 immune detection
Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Liver was
removed from control and starved mice and lysosomes were enriched via sucrose
gradient-based separation. 20 pg proteins of crude liver lysate, post-nuclear supernatant
(PNS), mitochondria/lysosomes layer (M/L) and lysosome ‘tritosome’ fraction were
separated on a 12.5 % SDS-PAGE gel, transferred onto a nitrocellulose membrane and
probed with LAMP-1 antibody.

4.3.2 Proteomic analysis of lysosomes from starved mice

Tryptic peptides of fed, 6 hours and 24 hours starved samples were labeled using
a 10plex tandem mass tag isobaric reagents. Since TMT10plex labeled peptide
of control and starved samples were mixed and measured together in Orbitrap
Fusion Lumos mass spectrometer, proteomic analysis and quantification

processes applied to all conditions are equal, including upcoming filtration and
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normalization steps. The proteomic raw data were searched against Mus
musculus databases by proteome discoverer (PD) software 2.3 and further
subjected to a comparative statistical analysis. The proteomic dataset was
represented by three biological replicates of fed and 6 hours starved mice, and
by four biological replicates of 24 hours starved mice. Mass spectrometric
analysis yielded 3417 identified proteins. After filtering low-quality data such as
non-unique peptides and single-hit proteins from exported PD 2.3 raw files and
accepting proteins with at least two unigque peptides, 1725 proteins and
consequently 9639 peptide-spectral-matches (PSMs) were suitable for
quantification and further statistical analysis of labeled and pooled TMT fractions.
From a total of 1725 proteins, 233 lysosomal proteins were detected out of 456
according to the protein center database in PD 2.3 (Supplementary table 8.2) and
gene ontology (GO) analysis tool, which equals 13.5 % of all quantified proteins.
To enhance the statistical analysis and to be able to proceed with the already
measured and filtered proteins, quality control procedures were applied to
investigate the sample distribution and the correlation between the replicates.
The results were visualized by boxplots and principal component analysis plot
(PCA).

First of all, it was necessary to remove possible technical bias between samples
as well as the effect of heteroscedasticity. Therefore, proteomic dataset was loge-
transformed and calibrated by the variance stabilizing normalization method
(VSN) (Huber et al. 2002). In figure 4.20, boxplots of normalized replicates at
each condition showed the summarized protein abundances displaying a close-
to-normal sample distribution. Outliers are given as colored dots according to the

respective replicate color.
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Figure 4.20: Distribution of replicates after normalization visualized by boxplots
Proteomic data were normalized by the variance stabilizing normalization method (VSN).
Normalized values were used to display the boxplots by ggplot2 3.2.0 software. Boxplots
represent every replicate of control (n=3), 6 (n=3) and 24 (n=4) hours starved mice.
Summarized proteins of each replicate were represented by abundance values. Outliers
are demonstrated as colored dots in relation with the appropriate replicate.

Next, to evaluate the correlation between replicates related to a particular
condition, a principal component analysis (PCA) plot is displayed as shown in
figure 4.21. Each replicate is depicted by a dot, where the color represents the
treatment and the size reflects the contribution of each replicate to the variability
explained by the first two principle components ‘dimensions’. Dimension 1 and 2
represent 42 % and 27.2 % of the total variability, respectively. Clear distinctions
were observed between the studied groups revealing high correlation between

replicates belonging to the same treatment.
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Figure 4.21: Clustering of similarly treated replicates visualized by PCA plot

The correlation between individual replicates belonging to control (n=3), 6 (n=3) and 24
(n=4) hours starved mice are shown through a principal component analysis plot using
FactoMineR 1.42 software. Three groups of replicates demonstrating each condition are
represented with a particular colored dot (Yellow: control group, green: 6 hours starved
group, red: 24 hours starved group). Dot sizes diverse based on their contribution to

each dimension (Dim1 and Dim2).
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4.3.2.1 ldentification of differentially regulated lysosomal proteins upon
short- and long-term starvation in lysosome-enriched fractions

The proteomic dataset obtained from lysosome-enriched fractions of 6 and 24
hours starved mice was examined for changes in lysosomal proteome
composition after low-quality data filtration and normalization as described above.
The 233 quantified lysosomal proteins include classical lysosomal enzymes as
well as lysosomal integral and lysosome-associated proteins. In this study, the
term regulation was used to represent the protein abundances in the lysosomal
fraction, meaning proteins with an increased or a decreased abundance are
referred to as up- or downregulated, respectively. To determine the differentially
regulated lysosomal proteins, the ratios of starved to control samples were
calculated for three biological replicates of fed and 6 hours starved mice, except
for 24 hours starved mice for four biological replicates. The p-values were
corrected for multiple testing by the Benjamini-Hochberg method. A volcano plot
was used to visualize the statistical analysis of protein abundance changes. In
this type of scatter plot, the -logio of the p-values are plotted on the Y-axis, while
the logz fold changes between starved and control mice are depicted on the X-
axis. The adjusted p-value threshold of 0.05 was defined by a red horizontal solid
line. Each dot represents one of the 233 quantified lysosomal proteins. The red
dots indicate significantly regulated proteins, whereas black dots are non-
significant proteins. All proteins with a corrected p-value <0.05 as well as an
increased or decreased amounts by a log2 fold change of at least -0.75 or 0.75
according to their starvation/control ratios were considered to be differentially
regulated. These proteins are located above the red horizontal solid line and
before or after two black vertically dashed lines (Figure 4.22). After applying these
criteria in the present dataset, direct analysis of the lysosomal proteins after 6
hours of starvation revealed a significant down- and upregulation of 11 and 1
lysosomal annotated proteins, respectively (Figure 4.22 A, table 4.1).
Furthermore, 17 and 1 lysosomal annotated proteins were detected to be down-
and upregulated after 24 hours of starvation, respectively (Figure 4.22 B, table
4.2). Both volcano plots showed an almost similar protein distribution of

significantly regulated proteins (Figure 4.22).
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Figure 4.22: Volcano plots of quantified lysosomal proteins after 6 and 24 hours
of starvation

Enriched lysosomal fractions from control (n=3), 6 (n=3) and 24 (n=4) hours starved mice
were tryptic digested. TMT labeled peptides were mixed and fractionated prior to MS
measurement. Raw data were searched by proteome discoverer 2.3. Normalized
lysosomal proteins were statistically analyzed and p-values were corrected by the
Benjamini-Hochberg method with a threshold of 0.05. A and B. The -logio p-values were
plotted against log. fold change of starved/control. Lysosomal proteins with an adjusted
p-value <0.05 are marked in red. Among those, proteins with a log. fold change <-0.75
or >0.75 are considered differentially regulated. Others are marked in black.

After 6 hours of starvation, 4 out of 11 downregulated proteins are lysosome-
associated proteins related to the mTOR signaling pathway, namely GATOR
complex protein WDR59, Rag complex members (RagA, RagC) and the
mammalian target of rapamycin (mMTOR) (Table 4.1). Furthermore, 8 out of 17
downregulated proteins after 24 hours of starvation are lysosome-associated
proteins involved in the mTOR signaling pathway, namely Ragulator complex
components (LAMTOR1, 2, 3 and 5) and GATOR complex subunits (WDR59,
MIOS, NPRL2 and DEPDC5) (Table 4.2). The only significantly upregulated
protein identified after 6 and 24 hours of starvation is peroxiredoxin-6 (PRDX6)
with 4 unique peptides. PRDX6 has a logz fold change of 1.14 and 0.77 after 6
and 24 hours of starvation, respectively (Figure 4.22). In each table, the logz fold
change ratios of the lysosomal proteins at the starvation period of interest are

marked in blue and depicted in a descending order.
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Table 4.1: Downregulated lysosomal proteins upon 6 hours of starvation

List of the 11 downregulated lysosomal proteins identified after short-term starvation in
the proteomic dataset. Shown are proteins with more than one unique peptide, p-value
<0.05 and log: fold change ratios <-0.75. In addition, the log: fold change ratios after 24
hours as well as the log, fold change ratios of the difference between 6 and 24 hours of
starvation are also shown in the table (#: number of unique peptides, blue: starvation
period of interest).

. Gene LogoFC | LogoFC | Log2FC
Protein name name | (6h) | (2ah) | (2a-6h) | *
WD repeat-containing protein 81 Wwdr81 -1.43 -1.06 0.37 2
Ganglioside-induced differentiation- Gdap2 135 151 016 9
associated protein 2
Heme transporter HRG1 Slc48al -1.35 -0.24 1.11 2
Proprotein convertase Pcsk9 | -1.09 | -149 | 04 | 3
subtilisin/kexin type 9
Ras-related GTP-binding protein C Rragc -0.94 -0.6 0.33 5
AP-3 complex subunit delta-1 Ap3dl -0.92 -0.53 0.38 9
Serine/threonine-protein kinase Mtor 091 .0.68 0.23 5
mTOR
Vesm_le—assomated membrane Vamp? -0.86 071 0.14 5
protein 7
GATOR complex protein WDR59 Wdr59 -0.85 -0.76 0.09 2
Transmembrane protein 106B nggnlo -0.81 -0.23 0.57 5
Ras-related GTP-binding protein A Rraga -0.78 -0.47 0.3 2

Following the analysis of differentially regulated lysosomal proteins at each
starvation period independently, a comparative study using Venn diagrams
generated by Venny online software (Oliveros 2007) was conducted (Figure
4.23). Since only one lysosomal upregulated protein, PRDX6, was identified after
both short and prolonged periods of starvation, the comparative study was
applied for the downregulated proteins after 6 and 24 hours of starvation.
Lysosomal downregulated proteins after 6 hours of starvation are marked in blue,
whereas the orange color represents downregulated proteins in 24 hours starved
samples. When comparing the downregulated proteins, 4 out of 11 and 17
downregulated proteins after 6 and 24 hours of starvation, respectively, are
overlapping between both datasets (Figure 4.23). The overlapping proteins
include the GATOR complex protein WDR59 (Table 4.3).



Results 68

Table 4.2: Downregulated lysosomal proteins upon 24 hours of starvation

List of the 17 downregulated lysosomal proteins identified after long-term starvation in
the proteomic dataset. Shown are proteins with more than one unique peptide, p-value
<0.05 and log: fold change ratios <-0.75. In addition, the log: fold change ratios after 6
hours as well as the log, fold change ratios of the difference between 6 and 24 hours of
starvation are also shown in the table (#: number of unique peptides, blue: starvation
period of interest).

. Gene Log2FC | Log2FC | LogoFC
Protein name name | (6h) | (24h) | (24-6h) | *
Ganglioside-induced differentiation- Gdap2 135 151 016 9
associated protein 2
E/g)é)gtem convertase subtilisin/kexin Pesk -1.09 -1.49 04 3
Rabankyrin-5 Ankfyl -0.07 -1.34 -1.26 22
Vacuolar protein sorting-associated Vps26a | -0.17 1.30 113 7
protein 26A
Vacu_olar protein sorting-associated Vps35 033 117 084 | 18
protein 35
Ragulator complex protein LAMTOR2 | Lamtor2 -0.26 -1.16 -0.9 3
Ragulator complex protein LAMTOR3 | Lamtor3 -0.57 -1.11 -0.54 4
Ragulator complex protein LAMTOR5 | Lamtor5 -0.78 -1.08 -0.3 3
WD repeat-containing protein 81 Wdr81 -1.43 -1.06 0.37 2
Ragulator complex protein LAMTOR1 | Lamtorl -0.84 -1.02 -0.18 5
GATOR complex protein NPRL2 Npri2 -0.54 -1.02 -0.48 2
Apolipoprotein E Apoe 0.17 -0.98 -1.15 13
ATP-binding cassette sub-family A |, ., -0.08 091 .0.83 3
member 2
GATOR complex protein MIOS Mios -0.68 -0.79 -0.1 10
Ras-related protein Rab-14 Rab14 -0.27 -0.78 -0.51 9
GATOR complex protein DEPDC5 Depdc5 -0.62 -0.77 -0.14 3
GATOR complex protein WDR59 Wdr59 -0.85 -0.76 0.09 2

Lysosomal downregulated proteins

Figure 4.23: Comparative analysis of lysosomal downregulated proteins after 6
and 24 hours of starvation using a Venn diagram

Lysosomal downregulated proteins were subjected to a comparative analysis after short
and prolonged starvation using Venny online software. Downregulated proteins of both
starvation datasets were compared and the number of overlapping proteins is shown in
black color. The blue color represents downregulated proteins after 6 hours of starvation,
whereas downregulated proteins after 24 hours of starvation are shown in orange.
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Table 4.3: Overlapping lysosomal downregulated proteins after 6 and 24 hours of
starvation

List of the 4 overlapping lysosomal downregulated proteins identified after short- and
long term starvation in the proteomic dataset. Shown are proteins with more than one
unigue peptide, p-value <0.05 and log: fold change ratios <-0.75. In addition, the log.
fold change ratios of the difference between 6 and 24 hours of starvation are also shown
in the table (#: number of unique peptides).

. Gene LogoFC | Log2FC | Log2FC
Protein name name | (6h) 24h) | (a-6h) | #
WD repeat-containing protein 81 Wdr81 -1.43 -1.06 0.37 2
Ganglioside-induced
differentiation-associated protein 2 Gdap2 -1.35 -1.51 -0.16 9
Proprotein convertase Pcsk9 | -1.09 | -149 | -04 | 3
subtilisin/kexin type 9
GATOR complex protein WDR59 wWdr59 -0.85 -0.76 0.09 2

4.3.2.2 Starvation influence on the regulation of lysosomal candidate
proteins based on the proteomic analysis

The above analyzed proteomic dataset showed a significant change in the
abundance of several lysosomal proteins at the lysosomal level after 6 and 24
hours of starvation. A closer look and a manual investigation of the lysosomal
regulated proteins revealed a change in the abundances of complexes
associated with the lysosome and mTORC1 signaling pathway such as Ragulator
complex proteins (LAMTOR1, 2, 3 and 5), two members of ras-related GTP-
binding (Rag) complex (RagA and RagC), 4 components of GAP activity towards
the Rags (GATOR) complex (WDR59, DEPDC5, MIOS and NPRL2) as well as a
change in the regulation of the mechanistic target of rapamycin (mTOR) as part
of mMTOR complex 1 (Table 4.4).

The alteration in the regulation of the lysosomal complexes, shown in the MS
results, was validated by further western blot experiments using protein members

of each complex.
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Table 4.4: List of the quantified proteins from the selected lysosomal complexes
for subsequent validation experiments

Differentially regulated proteins after short and prolonged starvation in the proteomic
dataset were analyzed and protein complexes related to the lysosome and mTORC1
signaling pathway were further investigated. The table displays the candidate
complexes, their log, fold change ratios after 6 and 24 hours of starvation as well as the
log: fold change ratios of the difference between 6 and 24 hours of starvation and the
corresponding unique peptide number (#: number of unique peptides, *: not significant).

. Gene Log2FC | Log2FC | LogoFC
Protein name name | (6h) | (2ah) | (a-6h) | *
Serine/threonine-protein kinase Mtor 091 .0.68 0.23 5
mTOR
Ragulator complex protein .

LAMTOR1 Lamtorl | -0.84 -1.02 -0.18 5
Ragulator complex protein .

LAMTOR? Lamtor2 | -0.26 -1.16 -0.9 3
Ragulator complex protein .

LAMTOR3 Lamtor3 | -0.57 -1.11 -0.54 4
Ragulator complex protein .

LAMTORS Lamtor5 | -0.78 -1.08 -0.3 3
Ras-related GTP-binding protein A Rraga -0.78 -0.47* 0.3 2
Ras-related GTP-binding protein C Rragc -0.94 -0.6 0.33 5
GATOR complex protein WDR59 wWdr59 -0.85 -0.76 0.09 2
GATOR complex protein DEPDC5 Depdc5 -0.62* -0.77 -0.14 3
GATOR complex protein MIOS Mios -0.68* -0.79 -0.1 10
GATOR complex protein NPRL2 Nprl2 -0.54* -1.02 -0.48 2

4.3.2.2.1 Validation of mMTORC1 regulation after different starvation periods
Before confirming the findings of the proteomic analysis concerning the regulation
of Ragulator-Rag complex and GATOR complex proteins under different
starvation conditions, it was necessary to investigate the localization and thus the
regulation of mMTORCL1 on the lysosomal surface. In addition to the core protein
MTOR, mMTORC1 consists of its two unique proteins RAPTOR and PRAS40 as
well as two common proteins with mTORC2, namely DEPTOR and mLST8
(Reviewed by Liu and Sabatini 2020). In previous liver starvation experiments
performed in this study, phosphorylation of mTORC1 downstream targets was
decreased after short starvation and increased after prolonged starvation
demonstrating a reactivation in their phosphorylation (Figure 4.2 and 4.3).
Moreover, in the proteomic dataset (Table 4.4), significant logz fold change ratios
demonstrated more downregulation of mMTOR protein after 6 hours of starvation

than after a longer starvation period. To clarify whether the alterations in the
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abundances during starvation were consistent, a confirmation of these findings
by western blot analysis was applied.

The experiment was performed in eight biological replicates from control and
starved mice. Since the immune detection of the mTOR protein was not
successful, size-separated proteins were probed with protein-specific antibodies
against RAPTOR and PRAS40 proteins. The protein abundance was
investigated at the levels of crude liver lysate and lysosome ‘tritosome’ fraction
after 6 hours of starvation and a prolonged starvation period of 24 hours. For
signal quantification, obtained intensities were normalized to loading controls.
Control samples were set to 1 and the standard error of the mean (SEM) was
used to calculate the distribution of the sample. A representative figure of four
biological replicates is shown, while the statistical significance of all eight
replicates was calculated by unpaired student’s t-test.

Depending on the sample source, the selected loading control is either the
housekeeping protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or
the lysosomal hydrolase tripeptidyl-peptidase 1 (TPP1). In this study, MS analysis
of lysosome-enriched samples showed no change in the protein amount of the
lysosomal hydrolase TPP1 after short- and long period of starvation compared to
control samples. At the same time, cell culture experiments conducted by Wyant
et al. demonstrated that TPP1 abundance in lysosomal fractions is stable when
comparing control, nutrient-starved and mTOR inhibitor Torinl-treated human
embryonic kidney (HEK) 293T cells (Wyant et al. 2018). Therefore, TPP1 was
selected as a loading control for the western blot experiments in this research.
Figure 4.24 A shows the detected signals of the 150 kDa RAPTOR, 37 kDa
GAPDH and 48 kDa TPP1 for control, 6 and 24 hours starved mice, as well as
the average relative intensities of normalized liver lysate and lysosome samples.
In liver whole lysates, no significant differences in RAPTOR amounts was
observed. The lysosomal fractions depicted a decrease of 2.62-fold in the
abundance after 6 hours of starvation whereas an increase of 2.49-fold was
measured after 24 hours compared to 6 hours of starvation.

Furthermore, figure 4.24 B shows the detected signals of PRAS40. The
normalized 40 kDa-sized protein depicted a decrease in the abundances after
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prolonged starvation in liver tissues. Compared to the control and 6-hour
starvation periods, PRAS40 amounts decreased significantly by 1.67- and 1.51-
fold, respectively, after prolonged starvation. In the lysosome fraction, the
decrease in the signal intensities after short starvation period and the increase

after 24 hours was not statistically significant.
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Figure 4.24: Abundances of mTORCZ1 subunits during starvation

Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 ug proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 7.5 % SDS-PAGE gel, transferred onto a PVDF
membrane and probed with RAPTOR- and PRAS40-specific antibodies representing the
MTORC1 unique subunits together with GAPDH and TPP1 as loading controls. A and
B. After densitometric quantification, detected signals were normalized and the average
relative intensities of RAPTOR and PRAS40 are shown as bar charts defining each
condition. Protein signals represent four biological replicates out of eight. Shown are
mean + SEM; n=8 and the significance was determined by unpaired student’s t-test
(*=p<0.05; **=p<0.01). The control samples were set to 1.

The validation experiments of mMTORC1 unique subunits reveal that the protein
levels of PRAS40 are continuously decreasing at the crude liver lysate level. In

addition, RAPTOR levels at the lysosome show a relevant decrease after a short
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starvation period of 6 hours and the abundance increases significantly after 24

hours of starvation.

4.3.2.2.2 Validation of Ragulator complex regulation after different
starvation periods

The pentameric Ragulator complex plays an important role in mTORC1 activation
and hence its positioning on the lysosomal surface (Reviewed by Kim and Guan
2019). In the proteomic results, the logz fold change ratios of LAMTORL, 2, 3 and
5 demonstrated significant downregulation after 24 hours of starvation, while their
downregulation after 6 hours was not statistically significant (Table 4.4). To clarify
whether the decrease in the abundance after starvation was relevant, a validation
of the findings by western blot analysis was applied. The immune detection was
performed on crude liver lysate and lysosome ‘tritosome’ fraction of eight
biological replicates and the protein abundances were detected by LAMTOR1-,
2- and 5-specific antibodies. For relative quantification, protein signals were
normalized to GAPDH or the lysosomal hydrolase TPP1 as a loading control after
setting control values to 1 and the standard error of the mean was calculated to
measure the sample distribution. Shown here are the detected signals of four
biological replicates, while the statistical significance of eight biological replicates
was calculated and the relative intensities are depicted as bar charts.

Figure 4.25 A displays the 18 kDa signals of LAMTORL1 as well as the loading
controls GAPDH and TPP1. At the crude liver lysate level, the mean of LAMTOR1
intensities normalized to GAPDH showed a continuous increase in the protein
abundances during starvation. The statistical analysis revealed a significant
increase of 1.61- and 2.38-fold after 6 and 24 hours of starvation, respectively,
compared to control samples. In the same time, the protein level increased by
1.47-fold after 24 hours of starvation in comparison to 6 hours starved samples.
In contrast, LAMTORL signals at the tritosome level showed a decrease in the
abundances beginning from 6 hours of starvation. The unpaired student’s t-test
of normalized signals to TPP1 indicated a decrease of 3.17- and 2.99-fold after 6

and 24 hours of starvation, respectively, relative to fed mice.
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Figure 4.25: Abundances of Ragulator complex components during starvation
Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 ug proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 12.5 % SDS-PAGE gel, transferred onto a
nitrocellulose membrane and probed with LAMTOR1-, 2- and 5-specific antibodies
representing the Ragulator complex components together with GAPDH and TPP1 as
loading controls. A-C. The detected signals were densitometrically quantified and protein
intensities were normalized to their loading control. The average relative intensities of
LAMTOR1, 2 and 5 at each condition are shown as bar charts. Displayed signals
represent four biological replicates out of eight. Shown are mean + SEM; n=8 and the
significance was determined by unpaired student’s t-test (*=p<0.05; **=p<0.01). The
control samples were set to 1.
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In figure 4.25 B, samples were detected using antibodies directed against the 14
kDa-sized LAMTORZ2 protein and the loading controls. Opposite to an increase
at the crude liver lysate level, LAMTORZ2 amounts decreased in tritosome fraction
from 6 hours of starvation. The statistical analysis applied to the liver lysate after
24 hours showed that LAMTOR2 amounts increased significantly by 2.25- and
1.61-fold compared to control and 6 hours starved samples, respectively. At the
tritosome level, normalized LAMTOR2 intensities were also verified for
significance. Compared to control samples, a significant decrease of 3.39- and
10.96-fold after 6 and 24 hours, respectively, was monitored. Furthermore, a
3.23-fold decrease between 6 and 24 hours was also measured.

Moreover, LAMTORS detected signals at 10.5 kDa were visualized at the liver
lysate and lysosome ‘tritosome’ level along with the corresponding loading
control. The average relative intensities are depicted as bar charts in figure 4.25
C. Similar to LAMTORZ2, the unpaired student’s t-test of liver whole lysates
depicted a significant 1.68- and 1.52-fold increase in LAMTORS5 intensities after
24 hours of starvation, compared to control and 6 hours starved mice,
respectively. Contrary to this, a 2.69- and 8.02-fold decrease was calculated in 6
and 24 hours tritosome fraction of starved mice compared to the control mice,
respectively. In addition, a 2.98-fold decrease between 6 and 24 hours was also
measured.

Western blot validation experiments reveal a significant decrease in the
abundances of LAMTOR1, 2 and 5 on the lysosome ‘tritosome’ level during
starvation, consistent with the results of proteomic analysis. At the same time, the
analysis of Ragulator complex proteins in crude liver lysate displays a continuous

increase over the course of starvation.

4.3.2.2.3 Validation of Rag complex regulation after different starvation
periods

Essential recruiters of mMTORC1 to the lysosomal surface are the Rag GTPases
heterodimers, part of the Ragulator-Rag complex, which bind to mTORCL in their
active forms, GTP bound-RagA/B and GDP bound-RagC/D (Reviewed by Kim
and Guan 2019). The proteomic analysis of MS data showed a higher
downregulation in RagC protein after 6 hours of starvation than after 24 hours. At
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the same time, RagA protein was significantly downregulated after short
starvation but not after prolonged starvation (Table 4.4). Therefore, the proteomic
data of the Rag complex members was verified by western blot analysis. The
validation experiment was carried out in eight biological replicates representing
control, 6 and 24 hours starved mice. Size-separated proteins of crude liver lysate
and lysosome ‘tritosome’ fraction were probed with RagA- and RagC-specific
antibodies. To quantify the detected signals, protein intensities were normalized
either to GAPDH or the lysosomal hydrolase TPP1 as a loading control. The
sample distribution was measured via the standard error of the mean (SEM) and
the control samples were set to 1. The detected signals of four biological
replicates are depicted, while the statistical significance of all eight replicates was
calculated by unpaired student’s t-test.

For control, 6 and 24 hours starved mice, figure 4.26 A shows RagA, GAPDH
and TPP1 obtained signals at 30, 37 and 48 kDa, respectively, for liver lysate and
lysosome samples. The average relative intensities with the standard error of the
mean of normalized RagA are depicted as bar charts. In liver whole lysates, the
statistical analysis of RagA showed no significant change in the abundances after
short- and long-term starvation in comparison to control. At the lysosomal level,
the protein abundance decreased significantly by 1.76-fold after 6 hours of
starvation compared to control mice.

The immune detected signals of the 50 kDa-sized RagC protein and the
corresponding loading control, GAPDH or TPP1, as well as the normalized
intensities are displayed in figure 4.26 B. At the crude liver lysate level, GAPDH-
normalized signals depicted an increase in RagC amounts after prolonged
starvation. The statistical analysis demonstrated no significant change between
control and 6 hours starved mice. In parallel, a significant 1.74- and 1.44-fold
increase after 24 hours of starvation was measured compared to control and 6
hours starved mice, respectively. In the lysosomal fraction, the decrease in RagC
intensities after 6 hours of starvation was not statistically significant. In contrast,
the protein abundance increased significantly by 1.78- and 2.71-fold after 24

hours of starvation relative to control and 6-hour starvation periods, respectively.



Results 77

By comparing the protein abundances of Ragulator-Rag complex components in
the lysosome fraction after immune detection experiments, RagC shows a
significant increase after 24 hours of starvation, whereas the abundance of
Ragulator complex, LAMTOR1, 2 and 5, decreases significantly at the same

starvation period.
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Figure 4.26: Abundances of Rag complex members during starvation

Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 pg proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 12.5 % SDS-PAGE gel, transferred onto a
nitrocellulose membrane and probed with RagA- and RagC-specific antibodies
representing the Rag complex members together with GAPDH and TPP1 as loading
controls. A and B. Western blot signals were visualized and optical densities were
gquantified. The average relative intensities of RagA and RagC at each condition are
depicted as bar charts after normalization. Displayed signals represent four biological
replicates out of eight. Shown are mean + SEM; n=8 and the significance was
determined by unpaired student’s t-test (*=p<0.05; **=p<0.01). The control samples were
setto 1.
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4.3.2.2.4 Validation of GATOR complex regulation after different starvation
periods

The activity of Rag proteins is negatively regulated by the upstream GAP activity
towards the Rags complex (GATOR). GATOR consists of eight protein
components separated into two subcomplexes based on the affinity of protein-
protein interactions (Shaw 2013). GATOR1 regulates the GATOR-Rag
interactions and GATORZ2 is an upstream inhibitor of GATOR1 (Bar-Peled et al.
2013). The proteomic dataset indicates a significant downregulation of two
GATOR1 constituents, DEPDC5 and NPRL2, as well as two GATOR2
components, WDR59 and MIOS, after 24 hours of starvation in the lysosome-
enriched samples. In addition, their downregulation after 6 hours was not
statistically significant, with the exception of WDR59 (Table 4.4). Therefore,
western blot analysis was performed to verify the MS results. Crude liver lysate
and lysosome ‘tritosome’ fractions of eight biological replicates were used and
protein abundances were detected by NPRL2-specific antibody. Obtained signals
were normalized either to GAPDH or the lysosomal hydrolase TPP1 as a loading
control after setting control values to 1. A representative figure of four biological
replicates is shown, whereas the statistical analysis of eight biological replicates
is depicted as bar charts and standard error of the mean (SEM) was calculated
to measure the sample distribution.

Figure 4.27 shows the detected signals of the 41 kDa-sized NPRL2 protein and
the corresponding loading controls, namely GAPDH and TPP1. At the crude liver
lysate level, the average intensities of normalized NPRL2 and their SEMs
depicted a continuous increase in the protein abundance during starvation.
Compared to control mice, a significant increase of 1.34- and 1.83-fold was
measured after 6 and 24 hours of starvation, respectively. In addition, NPRL2
abundance increased by 1.37-fold between 6 and 24 hours of starvation. At the
lysosomal level, NPRL2 abundance showed a continuous decrease after short
and long periods of starvation. The unpaired student’s t-test revealed a significant
1.46- and 1.88-fold decrease after 6 and 24 hours, compared to control mice,

respectively.
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In line with the results of proteomic analysis, the western blotting shows a
continuous decrease in the level of NPRL2 at the lysosome ‘tritosome’ during
starvation. Meanwhile, the analysis of the GATOR complex protein in crude liver

lysate demonstrates a significant increase after 6 and 24 hours of starvation.
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Figure 4.27: Abundances of GATOR complex protein NPRL2 during starvation
Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 ug proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 12.5 % SDS-PAGE gel, transferred onto a PVDF
membrane and probed with NPRL2-specific antibody representing the GATOR complex
together with GAPDH and TPP1 as loading controls. Densitometrically quantified signals
were normalized to their loading control. The average relative intensities at each
condition are shown as bar charts. Demonstrated signals represent four biological
replicates out of eight. Shown are mean + SEM; n=8 and the significance was
determined by unpaired student’s t-test (*=p<0.05; **=p<0.01). The control samples were
setto 1.

4.3.2.3 ldentification of differentially regulated non-lysosomal proteins
upon short- and long-term starvation in lysosome-enriched fractions

In addition to the lysosomal proteins identified in both starvation datasets, 1492
quantified non-lysosomal proteins were detected as well. To investigate the
potential reasons for the presence of these proteins in lysosome-enriched
fractions such as their delivery to the lysosome through autophagic pathways
after starvation or their interaction with the lysosome, the abundance of the non-
lysosomal proteins was evaluated. The proteomic analysis processes applied to
non-lysosomal proteins were similar to previously utilized measures on lysosomal
proteins, including filtration and normalization steps. For each replicate,

starvation to control ratios of 1492 quantified non-lysosomal proteins were
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calculated. Fed and 6 hours starved mice were represented by three biological
replicates, except for 24 hours starved mice, which were represented by four
biological replicates. Adjusted p-values according to the Benjamini-Hochberg
method were used to set the significance threshold of 0.05. A volcano plot was
used to visualize the results of statistical analysis employing the same standards
as those mentioned in section 4.3.2.1. By applying two main parameters, namely
adjusted p-value <0.05 and logz fold change <-0.75 or >0.75, proteins were

considered to be differentially regulated (Figure 4.28).
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Figure 4.28: Volcano plots of quantified non-lysosomal proteins after 6 and 24
hours of starvation

Enriched lysosomal fractions from control (n=3), 6 (n=3) and 24 (n=4) hours starved mice
were tryptic digested. TMT labeled peptides were mixed and fractionated prior to MS
measurement. Raw data were searched by proteome discoverer 2.3. Normalized non-
lysosomal proteins were statistically analyzed and p-values were corrected by the
Benjamini-Hochberg method with a threshold of 0.05. A and B. The -logio p-values were
plotted against log. fold change of starved/control. Non-lysosomal proteins with an
adjusted p-value <0.05 are marked in red. Among those, proteins with a log»fold change
<-0.75 or >0.75 are considered differentially regulated. Others are marked in black.

In figure 4.28, the volcano plot analysis of non-lysosomal proteins after 6 hours
of starvation showed a significant increase in the upregulated proteins, while 24
hours starved samples demonstrated a comparable distribution in significantly
down- and upregulated proteins. 12 and 150 non-lysosomal proteins were
detected to be down- and upregulated after 6 hours of starvation, respectively

(Figure 4.28 A, table 4.5, table 4.6 and supplementary table 8.3). Furthermore,
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the analysis of non-lysosomal proteins after 24 hours of starvation revealed a
significant down- and upregulation of 121 and 162 proteins, respectively (Figure
4.28 B, table 4.7, supplementary table 8.4, table 4.8 and supplementary table
8.5). In each table, the log2 fold change ratios of the non-lysosomal proteins at
the starvation period of interest are marked in blue and depicted in a descending
order.

Table 4.5: Downregulated non-lysosomal proteins upon 6 hours of starvation

List of the 12 downregulated non-lysosomal proteins identified after short-term starvation
in the proteomic dataset. Shown are proteins with more than one unique peptide, p-value
<0.05 and log: fold change ratios <-0.75. In addition, the log: fold change ratios after 24
hours as well as the log, fold change ratios of the difference between 6 and 24 hours of
starvation are also shown in the table (#: number of unique peptides, blue: starvation
period of interest).

. Gene Log2FC | Log2FC | Log2FC
Protein name name 6h) | (24n) | (24-6h) | *
Serotransferrin Tf -1.20 -1.65 -0.46 19
Maspardin Spg21 -1.19 -1.37 -0.17 8
gé/naptosomal-assouated protein Snap29 107 108 001 5
Heme oxygenase 1 Hmox1 -1.06 -0.54 0.52 4
Histone H2B type 1-B Hist1h2bb -1.04 -0.34 0.70 4
Target of Myb protein 1 Toml -1.00 -0.77 0.23 2
Probable low affinity copper uptake Sic31a2 .0.95 .0.04 0.91 4
protein 2
Tyrosine-protein kinase FRK Frk -0.94 -0.18 0.76 2
Protein RUFY3 Rufy3 -0.94 -1.05 -0.11 10
Serine/threonine-protein kinase 16 Stk16 -0.85 -0.44 0.40 2
Kelch-like protein 9 KIhl9 -0.79 -1.14 -0.34 3
Histone H4 Histlh4a -0.77 -0.53 0.25 2

Next, to evaluate the quantified proteins and to determine the biological pathways
to which they belong, kyoto encyclopedia of genes and genomes (KEGG)
pathway analysis was conducted on 12 (Table 4.5) and 150 (Supplementary table
8.3) non-lysosomal down- and upregulated proteins after 6 hours of starvation,
respectively, using the online software g:Profiler (Raudvere et al. 2019). After
protein quantification, significantly enriched pathways were sequenced in a
descending order as shown in figure 4.29. Significance threshold was set to 0.05
and p-values were corrected for multiple testing according to the Benjamini-
Hochberg method. Pathways were plotted against their -logio of the adjusted p-
value. Number of proteins representing each group is given next to the respective
bar.
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Table 4.6: Top 20 upregulated non-lysosomal proteins upon 6 hours of starvation
List of the top 20 upregulated non-lysosomal proteins identified after short-term
starvation in the proteomic dataset. Shown are proteins with more than one unique
peptide, p-value <0.05 and log: fold change ratios >0.75. In addition, the log. fold change
ratios after 24 hours as well as the log, fold change ratios of the difference between 6
and 24 hours of starvation are also shown in the table (#: number of unique peptides,
blue: starvation period of interest).

Gene | Log:FC | Log2FC | Log2FC
name (6h) (24h) | (24-6h)

Baat 2.67 1.25 -1.42

+H

Protein name

Bile acid-CoA:amino acid N-

acyltransferase 4
Glycogen [starch] synthase, liver Gys2 2.21 0.52 -1.69 3
Proteasome subunit alpha type-5 Psmab 2.21 1.26 -0.95 4
Proteasome subunit alpha type-1 Psmal 2.12 1.22 -0.90 5
Proteasome subunit beta type-3 Psmb3 2.10 1.33 -0.77 4
Proteasome subunit alpha type-3 Psma3 2.04 1.20 -0.84 10
2-hydroxyacyl-CoA lyase 1 Hacll 2.03 0.75 -1.28 10
D-dopachrome decarboxylase Ddt 2.01 1.16 -0.86 4
Proteasome subunit alpha type-2 Psma2 1.96 1.47 -0.49 2
N-acyl-aromatic-L-amino acid Acy3 195 0.93 1.03 2
amidohydrolase

Sorbitol dehydrogenase Sord 1.95 1.00 -0.95 10
Proteasome subunit beta type-6 Psmb6 1.94 1.33 -0.61 2
Proteasome subunit beta type-5 Psmb5 1.93 1.21 -0.72 4
Acylamino-acid-releasing enzyme Apeh 1.92 1.21 -0.71 7
Aldehyde oxidase 3 Aox3 1.90 1.01 -0.89 14
Proteasome subunit alpha type-4 Psma4 1.88 1.11 -0.77 4
Delta-aminolevulinic acid dehydratase | Alad 1.87 0.63 -1.24 2
Proteasome subunit alpha type-7 Psma7 1.81 1.05 -0.77 3
NAD(P)H-hydrate epimerase Naxe 1.75 1.28 -0.47 3
Alanine aminotransferase 1 Gpt 1.74 0.50 -1.24 5

Figure 4.29 A depicts all 6 KEGG pathways which were significantly enriched
from 12 downregulated proteins. Top 3 enriched pathways were found to be
‘Mineral absorption’, ‘Ferroptosis’ and ‘HIF-1 signaling pathway’. Some of these
guantified proteins are involved in metal ion homeostasis such as the iron binding
transport protein serotransferin (TF) and the probable low affinity copper uptake
protein 2, also known as solute carrier family 31 member 2 protein (SLC31A2).

In figure 4.29 B, top 20 enriched pathways from 150 upregulated proteins showed
‘Metabolic pathways’, ‘Proteasome’ and ‘Peroxisomes’ as most enriched
pathways. Further analysis of enriched pathways demonstrated 5 are directly
linked with amino acid metabolism and 3 are associated with carbohydrate

metabolism.



Results 83

A. Downregulated proteins (6 h)

Mineral absorption
Ferroptosis 2

HIF-1 signaling pathway
Systemic lupus erythematosus
Alcoholism 2

Viral carcinogenesis

1 2
-10910(Pagj.)
B Upregulated proteins (6 h)
Metabolic pathways
Proteasome
Peroxisome

Drug metabolism - enzymes

Tryptophan metabolism

Glutathione metabolism

Carbon metabolism

Retinol metabolism

Chemical carcinogenesis

Steroid hormone biosynthesis

Metabolism of xenobiotics by cytochrome P450
Drug metabolism - cytochrome P450
Tyrosine metabolism

Histidine metabolism

Nicotinate and nicotinamide metabolism
Folate biosynthesis

Pentose and glucuronate interconversions
Arginine and proline metabolism
Glyoxylate and dicarboxylate metabolism
Starch and sucrose metabolism

-log19(Paqj.)

Figure 4.29: KEGG pathway analysis of non-lysosomal down- and upregulated

proteins after 6 hours of starvation

KEGG pathway enrichment was performed on 12 (A) and 150 (B) non-lysosomal down-
and upregulated proteins after short starvation period, respectively. Top enriched
pathways with an adjusted p-value <0.05 were shown using g:Profiler online software.
P-values were corrected based on the Benjamini-Hochberg method. Pathways were
plotted against their -logio of the adjusted p-value and sequenced in a descending order.

Number of proteins is given next to the respective bar.
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Table 4.7: Top 20 downregulated non-lysosomal proteins upon 24 hours of
starvation

List of the top 20 downregulated non-lysosomal proteins identified after long-term
starvation in the proteomic dataset. Shown are proteins with more than one unique
peptide, p-value <0.05 and log. fold change ratios <-0.75. In addition, the log. fold
change ratios after 6 hours as well as the log. fold change ratios of the difference
between 6 and 24 hours of starvation are also shown in the table (#: number of unique
peptides, blue: starvation period of interest).

. Gene Log2FC | Log2FC | LogoFC
Protein name name | (6h) | (24h) | (24-6h) | *
WASH complex subunit 5 Washc5 -0.75 -2.14 -1.39 15
WASH complex subunit 4 Washc4 -0.77 -2.01 -1.25 13
COMM domain-containing protein 3 | Commd3 | -0.63 -1.87 -1.24 3
WASH complex subunit 1 Washcl -0.49 -1.85 -1.36 3
WASH complex subunit 2 Washc2 -0.64 -1.70 -1.06 2
Zinc finger protein-like 1 Zipll -1.11 -1.69 -0.58 3
COMM domain-containing protein 1 | Commdl1 | -0.35 -1.68 -1.32 2
Growth hormone receptor Ghr 0.19 -1.66 -1.85 4
Serotransferrin Tf -1.20 -1.65 -0.46 19
Vacuolar protein sorting-associated Vps26c | -0.41 165 1.5 4
protein 26C
COMM domain-containing protein 4 | Commd4 | -0.39 -1.64 -1.25 5
Angiopoietin-related protein 3 Angptl3 -0.39 -1.60 -1.21 6
COMM domain-containing protein 5 | Commd5 | -0.36 -1.60 -1.24 7
Lipoprotein lipase Lpl -0.38 -1.59 -1.20 4
COMM domain-containing protein 8 | Commd8 | -0.44 -1.57 -1.13 5
COMM domain-containing protein 9 | Commd9 | -0.57 -1.55 -0.98 2
Golgi-associated PDZ and coiled- Gope 085 153 .0.68 5
coil motif-containing protein
COMM domain-containing protein 7 | Commd7 | -0.30 -1.51 -1.21 2
;/PSBS.endosomal protein sorting Vps35| 027 148 192 9
actor-like
COMM domain-containing protein 10 COTOmd -0.43 -1.47 -1.05 3




Results 85

Table 4.8: Top 20 upregulated non-lysosomal proteins upon 24 hours of starvation
List of the top 20 upregulated non-lysosomal proteins identified after long-term starvation
in the proteomic dataset. Shown are proteins with more than one unique peptide, p-value
<0.05 and log: fold change ratios >0.75. In addition, the log. fold change ratios after 6
hours as well as the log, fold change ratios of the difference between 6 and 24 hours of
starvation are also shown in the table (#: number of unique peptides, blue: starvation
period of interest).

Gene Log2FC | Log2FC | Logz2FC
name (6h) (24h) | (24-6h)

Prdx3 0.50 2.81 2.31 13

Protein name #

Thioredoxin-dependent peroxide
reductase, mitochondrial

Copine-3 Cpne3 1.86 2.65 0.78 4
Insull_n—llke growth factor-binding lgfbp1 0.39 252 213
protein 1

Superoxide dismutase [Cu-Zn] Sodl 0.8 2.07 1.27 19
Annexin A4 Anxa4 1.45 1.83 0.38 8
Glutathione peroxidase 1 Gpx1 0.77 1.82 1.05 20
Na(+)/H(+) exchange regulatory

cofactor NHE-RE2 Slc9a3r2 | 0.05 1.68 1.63 3
GTP cyclohydrolase 1 Gchl 0.60 1.60 1.00
Tyrosine aminotransferase (TAT) Tat 0.88 1.54 0.66 3

Spectrin beta chain, non-erythrocytic
1

Phosphoenolpyruvate
carboxykinase, cytosolic

Phenazine biosynthesis-like domain-

Sptbnl 0.54 1.52 0.98 16

Pckl 0.87 1.51 0.64 8

- : Pbld1l 1.40 1.47 0.07 4
containing protein 1
Proteasome subunit alpha type-2 Psma2 1.96 1.47 -0.49 2
Phenaz_lne blosynthess-llke domain- Pbld2 138 1.41 0.02 6
containing protein 2
Prolyl endopeptidase Prep 1.32 1.39 0.07 5
éghesmn G protein-coupled receptor Adgrf5 -0.002 138 139 2
Amine oxidase [flavin-containing] B Maob 0.66 1.36 0.70 11
Dy_sferlln (Dystrophy-assomated fer- Dysf 0.15 134 1.49 4
1-like protein)
Annexin A2 Anxa2 0.15 1.33 1.18 15
Proteasome subunit beta type-3 Psmb3 2.10 1.33 -0.77 4

Afterwards, g:Profiler online software was used to conduct KEGG pathway
analysis on 121 (Supplementary table 8.4) and 162 (Supplementary table 8.5)
non-lysosomal down- and upregulated proteins, respectively, after prolonged
starvation. Based on the g:Profiler database, significantly enriched pathways with
a corrected p-value <0.05 according to the Benjamini-Hochberg method were
represented in a descending order and plotted against their -logio of the adjusted
p-value as shown in figure 4.30. Number of proteins representing each group is

given next to the respective bar.
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A. Downregulated proteins (24 h)

Complement and coagulation cascades
Cholesterol metabolism

Staphylococcus aureus infection
Endocytosis

Systemic lupus erythematosus

SNARE interactions in vesicular transport
Pertussis

PPAR signaling pathway

Legionellosis

-10919(Pagj)

B. Upregulated proteins (24 h)
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Figure 4.30: KEGG pathway analysis of non-lysosomal down- and upregulated
proteins after 24 hours of starvation

KEGG pathway enrichment was performed on 121 (A) and 162 (B) non-lysosomal down-
and upregulated proteins after prolonged starvation period, respectively. Top enriched
pathways with an adjusted p-value <0.05 were shown using g:Profiler online software.
P-values were corrected based on the Benjamini-Hochberg method. Pathways were
plotted against their -logio of the adjusted p-value and sequenced in a descending order.
Number of proteins is given next to the respective bar.

Figure 4.30 A reveals 9 enriched pathways from 121 downregulated proteins
where ‘Complement and coagulation cascades’, ‘Cholesterol metabolism’ and
‘Staphylococcus aureus infection’ were described as most enriched pathways.
After a manual investigation was performed, the identified proteins are part of

several protein complexes such as Wiskott-Aldrich syndrome protein and scar
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homolog (WASH), soluble N-ethylmaleimide-sensitive factor-attachment protein
receptor (SNARE) as shown in the enriched pathways ‘Endocytosis’ and ‘SNARE
interactions in vesicular transport’, respectively, as well as protein-lipid
complexes and copper metabolism gene MURR1 (Comm) domain proteins 1-10.
In figure 4.30 B, top 20 enriched pathways from 162 upregulated proteins
depicted ‘Parkinson disease, ‘Huntington disease’ and ‘Alzheimer disease’ as the
most enriched pathways. Simultaneously, among the enriched pathways, several
pathways are directly correlated with mitochondrial processes such as ‘Oxidative
phosphorylation’, ‘Citrate cycle’ and ‘Fatty acid degradation’ and 6 enriched
pathways are associated with amino acid metabolism.

Subsequent to the independent analysis of differentially regulated non-lysosomal
proteins at each starvation period, a comparative study was conducted using
Venn diagrams, generated by Venny online software (Oliveros 2007), between
the downregulated proteins after 6 and 24 hours of starvation as well as the
upregulated proteins (Figure 4.31). Up- and downregulated proteins after 6 hours
of starvation are marked in blue, whereas the orange color represents

differentially regulated proteins in 24 hours starved samples.
A. B.
Non-lysosomal downregulated proteins Non-lysosomal upregulated proteins

Figure 4.31: Comparative analysis of non-lysosomal differentially regulated
proteins after 6 and 24 hours of starvation using Venn diagrams

Non-lysosomal differentially regulated proteins were subjected to a comparative analysis
after short and prolonged starvation using Venny online software. A. Non-lysosomal
downregulated proteins of both starvation datasets were compared and the number of
overlapping proteins is shown by Venn diagram in black color. B. After 6 and 24 hours
of starvation, Venn diagram shows the number of overlapping upregulated proteins. The
blue color represents up- and downregulated proteins after 6 hours of starvation,
whereas differentially regulated proteins after 24 hours of starvation are shown in orange.

When comparing the downregulated proteins, 6 out of 12 and 121 downregulated
proteins after 6 and 24 hours of starvation, respectively, are overlapping between
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both datasets (Figure 4.31 A). The overlapping proteins are involved in variable
biological pathways. For example, the kelch-like protein 9 (KLHL9) is required for
cell cycle regulation, the target of Myb protein 1 (TOM1) is associated with
intracellular trafficking and the RUN and FYVE domain containing 3 protein
(RUFY3) plays a role in axon growth (Table 4.9).

Table 4.9: Overlapping non-lysosomal downregulated proteins after 6 and 24
hours of starvation

List of the 6 overlapping non-lysosomal downregulated proteins identified after short-
and long term starvation in the proteomic dataset. Shown are proteins with more than
one unique peptide, p-value <0.05 and log: fold change ratios <-0.75. In addition, the
log- fold change ratios of the difference between 6 and 24 hours of starvation are also
shown in the table (#: number of unique peptides).

. Gene | Log.FC | Log.FC | LogoFC
Protein name name | (6h) | (24h) | (24-6h) | *
Serotransferrin Tf -1.20 -1.65 -0.46 19
Maspardin Spg21 -1.19 -1.37 -0.17 8
Synaptosomal-associated protein 29 | Snap29 | -1.07 -1.08 -0.01 5
Target of Myb protein 1 Toml -1.00 -0.77 0.23 2
Protein RUFY3 Rufy3 -0.94 -1.05 -0.11 10
Kelch-like protein 9 KlhI9 -0.79 -1.14 -0.34 3

Moreover, 51 proteins are overlapping between 150 and 162 upregulated
proteins after short and prolonged starvation, respectively (Figure 4.31 B,
supplementary table 8.6). The detected proteins are involved in metabolic
processes, specifically catabolic reactions and energy production such as
oxidation-reduction and proteolysis reactions according to significantly enriched
pathways after applying GO term ‘biological process’. Top 20 overlapping
proteins are shown in table 4.10.

Depending on the results acquired from the MS analysis, the lysosome-enriched
fractions from mice liver show a change in the regulation of non-lysosomal

proteins after 6 hours of starvation compared to a prolonged starvation period.
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Table 4.10: Top 20 overlapping non-lysosomal upregulated proteins after 6 and
24 hours of starvation

List of the top 20 overlapping non-lysosomal upregulated proteins identified after short-
and long term starvation in the proteomic dataset. Shown are proteins with more than
one unigue peptide, p-value <0.05 and log- fold change ratios >0.75. In addition, the log.
fold change ratios of the difference between 6 and 24 hours of starvation are also shown
in the table (#: number of unique peptides, N/A: not available).

: Gene Log2oFC | Log2FC | LogoFC
AT name (gh) (294h) (24?-6h) i
Proteasome subunit alpha type-2 Psma?2 1.96 1.47 -0.49
Phenazine biosynthesis-like Pbld1 140 | 147 | 007 | 4
domain-containing protein 1
Phenazine biosynthesis-like Pbld2 138 | 141 | 002 | 6
domain-containing protein 2
Prolyl endopeptidase Prep 1.32 1.39 0.07 5
Proteasome subunit beta type-3 Psmb3 2.10 1.33 -0.77 4
Proteasome subunit beta type-6 Psmb6 1.94 1.33 -0.61 2
Thioredoxin reductase 1, Txardl | 148 | 132 | -016 | 4
cytoplasmic
Ester hydrolase C11orf54 homolog N/A 1.51 1.29 -0.22 7
NAD(P)H-hydrate epimerase Naxe 1.75 1.28 -0.47 3
Proteasome subunit alpha type-5 Psma5b 2.21 1.26 -0.95 4
Glutathione S-transferase P 1 Gstpl 1.35 1.26 -0.10 10
Proteasome subunit alpha type-1 Psmal 2.12 1.22 -0.90 5
Proteasome subunit beta type-5 Psmb5 1.93 1.21 -0.72 4
Acylamino-acid-releasing enzyme Apeh 1.92 1.21 -0.71 7
Proteasome subunit alpha type-3 Psma3 2.04 1.20 -0.84 10
Selenium-binding protein 2; Selenbp2; 092 119 0.27 20
Selenium-binding protein 1 Selenbpl ' ' '
D-dopachrome decarboxylase Ddt 2.01 1.16 -0.86 4
Proteasome subunit alpha type-4 Psma4 1.88 1.11 -0.77 4
Glutaredoxin-1 Glrx 1.52 1.09 -0.43 3
Hypoxanthine-guanine Hprtl 145 | 108 | -038 | 3
phosphoribosyltransferase

4.3.2.4 Starvation influence on the regulation of non-lysosomal candidate
proteins based on the proteomic analysis

Since the quantification of the non-lysosomal proteins identified in the MS data
revealed a significant change in the abundance of several proteins at the
lysosomal level after 6 and 24 hours of starvation, a validation of the results was
applied on differentially regulated proteins related to various complexes,
organelles and biological processes such as proteasome complex (PSMA7 and
PSMB5), WASH complex (WASHC4), gluconeogenesis (PCK1), glycogen
metabolism (GYS2 and PYGL) as well as mitochondrial (CPT2, VDAC1, NDUFB7
and NDUFB11) and peroxisomal (LONP2 and NUDT12) proteins (Table 4.11).
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Table 4.11: List of the non-lysosomal proteins selected for subsequent validation
experiments

Differentially regulated proteins after short and prolonged starvation in the proteomic
dataset were analyzed and further investigated. The table displays the candidate
proteins, their log; fold change ratios after 6 and 24 hours of starvation as well as the
log: fold change ratios of the difference between 6 and 24 hours of starvation and the
corresponding unique peptide number (#: number of unique peptides, *: not significant).

. Gene Log2FC | Log2FC | LogoFC
Protein name name | (6h) | (24h) | (24-6h) | *
Proteasome subunit alpha type-7 Psma7 1.81 1.05 -0.77 3
Proteasome subunit beta type-5 Psmb5 1.93 1.21 -0.72 4
WASH complex subunit 4 Washc4 | -0.77* -2.01 -1.25 13
Glycogen phosphorylase, liver form Pygl 1.64 0.85 -0.79 11
Glycogen [starch] synthase, liver Gys2 2.21 0.52* -1.69 3
Phosphoenolpyruvate Pckl | 0.87* | 151 | 064 | 8
carboxykinase, cytosolic
Lon protease homolog 2, . i
peroxisomal Lonp2 1.08 0.02 1.06 2
Peroxisomal NADH "
oyrophosphatase NUDT12 Nudt12 1.37 0.59 -0.78 4
Carnitine O-palmitoyltransferase 2, N
mitochondrial Cpt2 -0.07 0.79 0.86 11
Voltage-deperjdent anion-selective vdacl 0.01* 0.85 0.84 7
channel protein 1
NADH dehydrogenase [ubiguinone]

1 beta subcomplex subunit 7, Ndufb7 -0.16* 0.90 1.06 2
mitochondrial

NADH dehydrogenase [ubiquinone]

1 beta subcomplex subunit 11, Ndufbll | -0.18* 0.87 1.06 2
mitochondrial

The changes in the regulation of the non-lysosomal candidate proteins, shown in
the MS results, were further investigated by western blot experiments.

4.3.2.4.1 Validation of proteasome complex regulation after different
starvation periods

Besides the lysosomal degradation pathway, the proteasome is responsible for
the degradation of intracellular proteins by ubiquitination. It consists of the 20S
core complex containing 4 rings, each of which is composed of either seven a or
B subunits, and the 19S regulatory complex of ubiquitin (Reviewed by Tanaka
2009). In case of starvation, the large cytosolic protein complex could also be
degraded by autophagy (Waite et al. 2016). The proteomic dataset demonstrated
a significant upregulation in 12 proteasome subunits after 6 and 24 hours of

starvation (Supplementary table 8.3 and 8.5). In addition, the ‘Proteasome’
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pathway was also enriched after short- and log-term starvation as shown by
KEGG pathway analysis (Figure 4.29 and 4.30).

To verify the upregulation of this large complex in the proteomic data, a western
blot experiment was applied with specific antibodies against two significantly
upregulated subunits, namely proteasome subunit alpha type-7 (PSMA7) and
proteasome subunit beta type-5 (PSMB5) proteins (Table 4.11). Protein signals
detected from crude liver lysate and lysosome fractions at each condition were
normalized to GAPDH or TPP1 as loading controls. After setting the control
values to 1, the standard error of the mean and the statistical significance were
determined for eight biological replicates, while the visualized signals for four
biological replicates are shown in the following figure.

Figure 4.32 A displays the obtained signals of the 28 kDa-sized PSMA7 protein,
37 kDa GAPDH and 48 kDa TPP1 for control and starved mice. At the crude liver
lysate level, PSMA7 amounts did not show a significant change after starvation,
while a significant increase in the protein abundance was monitored at the
lysosomal level. The unpaired student’s t-test of normalized signals to TPP1
revealed a 4.08- and 3.74-fold increase after 6 and 24 hours of starvation,
respectively, compared to control mice.

Furthermore, figure 4.32 B shows the detected signals of PSMB5 at 22 kDa in
crude liver lysate and lysosomal fractions together with the corresponding loading
control. The average relative intensities indicated no change in PSMB5
abundances at the crude liver lysate level. At the same time, similar to PSMA7,
the protein abundance in the lysosomal fraction increased significantly by 2.35-
and 2.02-fold after 6 and 24 hours of starvation, respectively, compared to control
samples.

Western blot experiments demonstrate a significant increase in the levels of two
proteasome complex subunits, namely PSMA7 and PSMB5, at the lysosomal
level, in accordance with the proteomic analysis. Moreover, no significant change

is detected at the crude liver lysate level.
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Figure 4.32: Abundances of proteasome subunits during starvation

Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 ug proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 12.5 % SDS-PAGE gel, transferred onto a
nitrocellulose membrane and probed with PSMA7- and PSMB5-specific antibodies
representing proteasome complex subunits together with GAPDH and TPP1 as loading
controls. A and B. Western blot signals were densitometrically quantified, normalized
and the average relative intensities of both subunits are depicted as bar charts
representing each condition. Displayed signals represent four biological replicates out of
eight. Shown are mean + SEM; n=8 and the significance was determined by unpaired
student’s t-test (*=p<0.05; **=p<0.01). The control samples were set to 1.

4.3.2.4.2 Validation of WASH complex regulation after different starvation
periods

The pentameric WASH complex localized on the endosomal surface plays a key
role in endosome sorting, by inducing the formation of branched actin network
used for cargo trafficking, as well as the autophagy regulation as a response to
nutrient starvation (Gomez and Billadeau 2009; Derivery and Gautreau 2010;
Dupont and Codogno 2013). In the proteomic dataset, the WASH complex
subunits, namely WASH 1, 2, 4 and 5, showed a significant downregulation after

24 hours of starvation, while their downregulation after 6 hours was not
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statistically significant (Table 4.7). Similarly, KEGG pathway analysis depicted
the downregulation of WASH proteins after prolonged starvation (Figure 30). For
this reason, the decline in the abundance after starvation was validated by
immune detection using specific antibody against WASH complex subunit 4
(WASHC4). The validation experiment was carried out using eight biological
replicates on the crude liver lysate and lysosome ‘tritosome’ fraction. The protein
intensities of control, 6 hours and 24 hours starved samples were normalized
either to GAPDH or the lysosomal hydrolase TPP1 as a loading control. After
setting the control to 1, the sample distribution was measured by SEM and the
statistical significant of eight biological replicates was measured. The detected
signals of four biological replicates are depicted in the following figure.

Figure 4.33 represents the detected signals of the 136 kDa-sized WASHC4
protein with the corresponding loading control as well as the average relative
intensities of the normalized crude liver lysate and lysosomal samples. In liver
whole lysates, no significant changes in WASHC4 amounts were monitored,
except for a 1.45-fold increase after 24 hours of starvation compared to 6 hours
starved samples. At the lysosomal level, the protein amounts decreased after
short as well as prolonged starvation periods. Compared to control samples, the
statistical analysis depicted a significant 1.8- and 3.16-fold decrease after 6 and
24 hours of starvation, respectively.

The results obtained from the western blot analysis of lysosomal fractions are
consistent with the proteomic analysis, which indicates a downregulation in

WASH complex subunits after starvation.
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Figure 4.33: Abundances of WASH complex subunit 4 during starvation

Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 ug proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 7.5 % SDS-PAGE gel, transferred onto a PVDF
membrane and probed with WASHCA4-specific antibody representing WASH complex
together with GAPDH and TPP1 as loading controls. Protein signals were
densitometrically quantified, normalized and the average relative intensities at each
condition are shown as bar charts. Demonstrated signals represent four biological
replicates out of eight. Shown are mean + SEM; n=8 and the significance was
determined by unpaired student’s t-test (*=p<0.05; **=p<0.01). The control samples were
setto 1.

4.3.2.4.3 Validation of enzymes of glycogen metabolism after different
starvation periods

As a branched polymer of glucose, glycogen is synthesized in high circulating
glucose levels and serves as a ready glucose source of energy by breaking down
when blood glucose levels are diminished (Berg et al. 2002b). One key enzyme
needed in the synthesis process is the hepatic glycogen synthase (GYS2),
contrarily to the hepatic glycogen phosphorylase (PYGL) which is a decisive
factor in the glycogenolysis (Roach et al. 2012; Andersson et al. 2016). The
proteomic data indicated a significant upregulation of the two enzymes after 6
hours of starvation, while their level of upregulation was either reduced, PYGL,
or not statistically significant, GYS2, after prolonged starvation (Table 4.11). In
addition, after the short starvation period, both upregulated proteins were
identified in the KEGG enriched pathway ‘Starch and sucrose metabolism’
(Figure 4.29). Therefore, the MS results were then validated by western blot

analysis of crude liver lysate and lysosome fractions of control, 6 and 24 hours
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starved mice. Samples from eight biological replicates were probed with PYGL-
and GYS2-specific antibodies. The detected signals were normalized to GAPDH
or TPP1 loading controls and the control samples were set to 1. The SEM and
the unpaired student’s t-test were applied to calculate the sample distribution and
the statistical significance of eight biological replicates, whereas the depicted
signals represent four biological replicates.

The obtained signals of the 97 kDa PYGL and the corresponding loading control,
namely GAPDH or TPP1, at each starvation condition are depicted in figure 4.34
A. At the crude liver lysate level, the statistical analysis showed no significant
change in the protein abundances after short- and long-term starvation.
Meanwhile, at the lysosomal level, the protein amounts increased significantly by
1.97- and 2.23-fold after 6 and 24 hours of starvation, respectively, relative to
control samples.

Figure 4.34 B depicts the detected signals of GYS2 and the corresponding
loading control. Relative to liver lysate control samples, the abundances of the
normalized 81 kDa-sized protein increased by 2.17-fold after 6 hours of
starvation. In contrast, a 1.75-fold decrease was demonstrated after 24 hours of
starvation comparing to 6 hours starved samples. Similarly, at the lysosomal
level, the protein amounts increased by 2.57-fold after short starvation period
compared to control samples and decreased by 2.65-fold after prolonged
starvation compared to 6 hours starved mice.

These western blot experiments show no change in the amounts of PYGL protein
at the crude liver lysate level, but a significant increase is depicted at the
lysosomal level after short- and long-term of starvation. Regarding the hepatic
glycogen synthase GYS2, the protein intensities pattern is similar in crude liver

lysate and lysosome fraction.
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Figure 4.34: Abundances of glycogen-associated proteins during starvation

Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 ug proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 12.5 % SDS-PAGE gel, transferred onto a
nitrocellulose membrane and probed with PYGL- and GYS2-specific antibodies
representing enzymes of glycogen metabolism together with GAPDH and TPP1 as
loading controls. A and B. Abundances of both proteins were densitometrically
quantified, normalized and the average relative intensities at each condition are depicted
as bar charts. Displayed signals represent four biological replicates out of eight. Shown
are mean + SEM; n=8 and the significance was determined by unpaired student’s t-test
(*=p<0.05; **=p<0.01). The control samples were set to 1.

4.3.2.4.4 Validation of enzymes of gluconeogenesis after different
starvation periods

Gluconeogenesis is a metabolic pathway which takes place in the liver or kidney
after prolonged starvation and results in the production of glucose from the
breakdown of macromolecules such as proteins and lipids (Reviewed by
Petersen et al. 2017). Several enzymes are involved in this biological process
such as the rate-limiting phosphoenolpyruvate carboxykinase (PCK1), also

known as PEPCK, which converts oxaloacetate and GTP into
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phosphoenolpyruvate and carbon dioxide (Hanson and Garber 1972; Burgess et
al. 2007). The proteomic analysis demonstrated a statistically non-significant
upregulation of PCK1 after 6 hours of starvation, while its upregulation after 24
hours was significant (Table 4.11). In parallel, after prolonged starvation,
upregulated PCK1 was detected in the KEGG enriched pathway
‘Glycolysis/Gluconeogenesis’ (Figure 4.30). Therefore, the abundance of PCK1
was validated by western blot analysis using eight biological replicates
representing control, 6 and 24 hours starved mice. After antibody detection,
PCK1 obtained signals from crude liver lysate and lysosomal fractions were
normalized to GAPDH or TPP1 loading controls and control samples were set to
1. The standard error of the mean and the unpaired student’s t-test were used to
determine the sample distribution and the statistical significance of all eight
replicates, respectively, whereas the signals of four replicates are depicted in the
following figure.

For control and starved samples, the detected signals of PCK1, GAPDH and
TPP1 at 69, 37, 48 kDa, respectively, are shown in figure 4.35. At the crude liver
lysate level, no change was displayed in PCK1 levels between control and 6
hours starved mice. GAPDH-normalized intensities of 24 hours starved samples
showed a significant increase of 1.55- and 1.82-fold compared to control and 6
hours starved mice, respectively. At the same time, PCK1 abundances in the
lysosomal fraction increased significantly by 1.95- and 4.04-fold after 6 and 24
hours of starvation, respectively, compared to control. Furthermore, an increase
of 2.07-fold was measured between 6 and 24 hours starved mice.

In line with the proteomic data, PCK1 shows an increase in the abundance after
short and prolonged starvation as depicted in the western blot confirmation
experiments at the lysosomal level. Furthermore, in liver lysate, PCK1 amount

increases after prolonged starvation.
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Figure 4.35: Abundances of the gluconeogenic protein PCK1 during starvation
Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 ug proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 12.5 % SDS-PAGE gel, transferred onto a PVDF
membrane and probed with PCK1-specific antibody representing a gluconeogenic
enzyme together with GAPDH and TPP1 as loading controls. Protein signals were
visualized, quantified and the average relative intensities of each condition are depicted
as bar charts. Displayed signals represent four biological replicates out of eight. Shown
are mean + SEM; n=8 and the significance was determined by unpaired student’s t-test
(*=p<0.05; **=p<0.01). The control samples were set to 1.

4.3.2.4.5 Validation of peroxisomal protein regulation after different
starvation periods

As a fundamental organelle for cellular homeostasis maintenance, peroxisomes
are involved in several metabolic pathways such as the metabolism of hydrogen
peroxide and fatty acid oxidation (Reviewed by Islinger and Schrader 2011).
Meanwhile, starvation conditions lead to a decrease in peroxisome abundance in
the cell via the autophagic-lysosomal degradation pathways (Sakai et al. 2006).
The proteomic data revealed a significant upregulation in a peroxisomal group of
12 proteins after 6 hours of starvation, where no significant change in their
regulation was monitored after prolonged starvation (Supplementary table 8.3).
These results were also depicted in the KEGG pathway analysis by the
enrichment of ‘Peroxisome’ pathway (Figure 4.29). To clarify whether the
increase in the abundance after short starvation is significant, western blot
verification experiment was applied to two peroxisomal proteins, namely lon
protease homolog 2 (LONP2), an ATP-dependent protease involved in selective

degradation of oxidized proteins (Pomatto et al. 2017) and the peroxisomal NADH
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pyrophosphatase NUDT12 (NUDT12), a hydrolase regulating the concentrations
of independent nucleotides (Abdelraheim et al. 2003) (Table 4.11). The obtained
signals of control, 6 and 24 hours starved mice were normalized to GAPDH or
TPP1 loading controls and control samples were set to 1. For crude liver lysate
and lysosome fractions, the sample distribution and the statistical significance
were calculated for eight biological replicates, while the visualized signals
represent four biological replicates.

Figure 4.36 A displays the obtained signals from the 95 kDa-sized LONP2 protein
as well as GAPDH and TPP1. At the crude liver lysate level, the unpaired
student’s t-test of LONP2 normalized intensities revealed no change in the protein
abundance during starvation. At the lysosomal level, the protein abundances
increased significantly by 1.95-fold between control and 6 hours starved mice and
a decrease of 1.53-fold was demonstrated after 24 hours of starvation compared
to 6 hours starved samples.

Figure 4.36 B represents the detected 52 kDa NUDT12 signals of control, 6 and
24 hours starved mice along with the corresponding loading controls. At the crude
liver lysate level, the average relative intensities showed no significant change in
the abundances of NUDT12 after starvation, whereas a 1.40-fold increase was
measured between control and 6 hours of starvation at the lysosomal level. In
parallel, the decrease in NUDT12 levels in the lysosome between 6 and 24 hours
of starvation was not statistically significant.

In line with the proteomic data, western bot validation experiments at the
lysosomal level depict a significant increase in the levels of peroxisomal proteins
after short starvation. Meanwhile, the decrease in the abundances after
prolonged starvation is statistically significant in case of LONP2 protein. The
analysis on the crude liver lysate level indicates no relevant differences during

starvation.
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Figure 4.36: Abundances of different peroxisomal proteins during starvation

Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 ug proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 7.5 % SDS-PAGE gel, transferred onto a PVDF
membrane and probed with LONP2- and NUDT12-specific antibodies representing
peroxisomal proteins together with GAPDH and TPP1 as loading controls. A and B.
Densitometrically quantified signals were normalized and the average relative intensities
of both proteins are shown as bar charts. Displayed signals represent four biological
replicates out of eight. Shown are mean + SEM,; n=8 and the significance was
determined by unpaired student’s t-test (**=p<0.01). The control samples were set to 1.

4.3.2.4.6 Validation of mitochondrial protein regulation after different
starvation periods

Mitochondria regulate a wide spectrum of biochemical processes like oxidative
phosphorylation and is responsible for cellular energy production. In addition,
when mitochondrial metabolism is not required, it is potentially degraded by
autophagocytosis to maintain homeostasis (Melser et al. 2015). In this proteomic
analysis, the logz fold change ratios of 54 mitochondrial proteins, showed a
significant upregulation after 24 hours of starvation, while no significant change
was monitored after 6 hours (Supplementary table 8.5). These results were also
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displayed in the KEGG pathway analysis by the enrichment of several
mitochondria-related pathways (Figure 4.30). As another method to verify this
observation, western blot confirmation experiment was applied to the carnitine O-
palmitoyltransferase 2 (CPT2), which is involved in fatty acid beta-oxidation, the
voltage-dependent anion-selective channel protein 1 (VDACL1), which is the most
expressed isoform in comparison to VDAC2 and -3 and builds an ion channel
through the outer mitochondrial membrane (Hodge and Colombini 1997; Craigen
and Graham 2008), as well as two mitochondrial respiratory chain proteins,
namely NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 7 and 11
(NDUFB7 and -11) (Table 4.11). After antibody detection, acquired signals from
crude liver lysate and lysosome fractions were normalized to GAPDH or TPP1
loading controls and control samples were set to 1. The sample distribution and
the statistical significance of eight biological replicates were calculated, while the
depicted signals represent four biological replicates.

Figure 4.37 A depicts the obtained signals from the 65 kDa-sized CPT2 protein
as well as the GAPDH and TPP1 loading controls for control, 6 and 24 hours
starved mice. At the crude liver lysate level, the statistical analysis displayed no
change in CPT2 amounts between control and 6 hours starved samples. In
parallel, the normalized CPT2 intensities showed a 1.35-fold increase in protein
levels between 6 and 24 hours starved samples. At the lysosomal level, the
protein abundances increased significantly by 2.08- and 1.66-fold after prolonged
starvation compared with control and 6 hours starved mice, respectively.

Figure 4.37 B shows the detected signals of the 32 kDa-sized VDAC1 protein
with the corresponding loading control as well as the average relative intensities
of crude liver lysate and lysosomal fractions. In liver whole lysates, no significant
variations in VDAC1 amounts was monitored, except for a 1.72-fold increase after
24 hours of starvation compared to 6 hours starved mice. Meanwhile, the protein
amounts in the lysosomal fraction increased after starvation. Compared to control
samples, the unpaired student’s t-test displayed an increase of 1.51- and 2.54-
fold after 6 and 24 hours of starvation, respectively. Furthermore, between 6 and

24 hours starved samples, a 1.68-fold increase was measured.
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Figure 4.37: Abundances of different mitochondrial proteins during starvation
Male wild-type mice were injected with Triton WR1339 at the age of 6 months. Following
liver isolation from control, 6 and 24 hours starved mice, lysosomes were enriched via
sucrose gradient-based separation. 10 pg proteins of crude liver lysate and lysosome
‘tritosome’ fraction were separated on a 12.5 % SDS-PAGE gel, transferred onto a
nitrocellulose membrane and probed with CPT2-, VDAC1-, NDUFB7- and NDUFB11-
specific antibodies representing mitochondrial proteins together with GAPDH and TPP1
as loading controls. A-D. Densitometrically quantified signals were normalized and the
average relative intensities of CPT2, VDAC1, NDUFB7 and -11 are shown as bar charts.
Displayed signals represent four biological replicates out of eight. Shown are mean +
SEM; n=8 and the significance was determined by unpaired student’s t-test (*=p<0.05;
**=p<0.01). The control samples were set to 1.
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The detected 16 kDa NDUFB7 signals at the liver lysate and lysosome level
together with the corresponding loading controls are shown in figure 4.37 C. The
average relative intensities of each condition are depicted as bar charts. NDUFB7
abundances displayed no change at the crude liver lysate level, whereas a 1.53-
fold increase was measured between 6 and 24 hours of starvation at the
lysosomal level.

Moreover, figure 4.37 D demonstrates the obtained signals from NDUFB11,
GAPDH and TPP1 proteins. The statistical analysis of the normalized 18 kDa-
sized protein depicted no change in the intensities after starvation in the liver
tissues. Furthermore, in the lysosome fraction, the increase in the protein
abundances throughout the starvation time course was not statistically
significant.

Western bot validation experiments display a significant increase in the
abundances of the mitochondrial proteins CPT2 and VDACL1 on the lysosomal
level after prolonged starvation. The analysis on the crude liver lysate level
depicts no significant change, except for an increase between 6 and 24 hours
starved samples. Furthermore, mitochondrial respiratory chain proteins display
no significant changes in liver lysate or lysosome fractions, except for an increase

between 6 and 24 hours starved lysosomal samples of NDUFB?7.
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5 Discussion

Lysosomes are multifunctional organelles that are involved in many molecular
processes which regulate cell homeostasis. Beside the degradation of
macromolecules in its lumen, the lysosomal surface plays an important role in
nutrient sensing and therefore in cell growth via the active mTORCL. In a nutrient
deprived state, the kinase mTOR is inactivated and the phosphorylation of its
target proteins is reduced (Reviewed by Ballabio and Bonifacino 2020). The
precise regulation profile of mTORCL1 following different starvation periods and
the starvation-induced changes in lysosomal protein amounts are not yet
completely understood on the in vivo level.

In this thesis several aspects related to cellular metabolism and lysosomal
signaling during starvation were studied. The activation of mTORC1 was
monitored in different key metabolic organs for different starvation time periods.
Subsequently, the lysosomal proteome of the liver was analyzed for alterations
in lysosomal/non-lysosomal proteins after two selected starvation periods for
short- and long-term starvation. Additionally, the impact of the two starvation

periods on the body metabolism was examined.

5.1 mTORC1 activity is differentially regulated in different

mouse organs

To investigate the lysosomal proteome under different starvation conditions, it is
necessary to determine the starvation time frame in which mTORCL1 is the least
active. Although some in vitro studies have reported on mTORC1 regulation after
prolonged starvation (Yu et al. 2010; Rong et al. 2011; Chen et al. 2014; Tan et
al. 2017), there is a lack of comprehensive in vivo studies to define mTORC1
activity in starved mice. Therefore, liver, skeletal muscle and brain were removed
at different starvation time periods (Figure 4.1). In this study, the activity of kinase
MTOR was investigated by monitoring the phosphorylation of two downstream
targets, 4EBP1 and S6, as part of the protein synthesis pathway (Saxton and
Sabatini 2017). The phosphorylation status of both targets is widely accepted as
an indicator of mTORC1 activity. T37, T46, S65, T70, S83, S101 and S112 are
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the seven 4EBP1 phosphorylation sites identified in humans (Qin et al. 2016).
The detected phosphorylation of 4EBP1 at T37/46 works as a precursor to T70
phosphorylation followed by S65 indicating that these phosphorylations are
necessary to block 4EPB1 binding to elF4E protein and therefore to initiate
protein synthesis (Gingras et al. 2001). Furthermore, the observed
phosphorylation of S6 ribosomal protein, an indirect target of mTOR, at S240/244
is exclusively mediated by p70 ribosomal S6 kinases which enhances mRNA
translation initiation (Ferrari et al. 1991; Peterson and Schreiber 1998). In addition
to the above described targets, the protein level of LC3, an autophagosome
biogenesis marker, was also determined (Hosokawa et al. 2009).

In the liver, starvation was associated with a gradual decrease in mTORC1
activity reaching a significant decrease after 9 and 12 hours of starvation, as
depicted by the p-4EBP1 intensities and the gamma isoform levels of total 4EBP1
signals. Following this, a reactivation can be seen after 16 hours (Figure 4.2). The
low number of statistically significant changes measured in the phosphorylation
of 4EBP1 can be predominantly caused by the uneven abundances in the
triplicates of most time periods. Therefore, the activity pattern of mTORC1 was
confirmed by western blot analysis of p-S6 ribosomal protein showing a relevant
decrease after 6 hours of starvation and a complete reactivation after 20 hours
(Figure 4.3). Since the liver plays a key metabolic role in prolonged starvation
and provides the body with the necessary energy metabolites (Rui 2014), it is
logical to see a reactivation in mTORC1 as a pivotal regulator of liver metabolism
in starvation (Reviewed by Liu and Sabatini 2020). In a comparative study of
HepG2 and Huh6, two human hepatic cancer cell lines, as well as the human
fibroblast cell line LM217, starvation using glucose-free DMEM without fetal
bovine serum (FBS) showed a reactivation of mMTORCL1 in HepG2 and Huh6 cells
after 6 and 12 hours of starvation, respectively, but not in LM217 cells (Murata et
al. 2015). Another in vitro study conducted by Tan and colleagues on amino acid
starved HepG2 cells reported a possible reason for mTORC1 reactivation after
prolonged starvation. The study suggests that the addition of glutamine alone is
sufficient to restore mTORC1 activity after 8 hours of starvation through its role

in the production of non-essential amino acids (NEAAs) and the TCA cycle



Discussion 106

substrate alpha-ketoglutarate (Tan et al. 2017). Although the starvation time
periods at which mTORC1 shows its reactivation are shorter than the in vivo
results obtained in this study, these variations can possibly be explained due to
a change in the biological system used. In other words, in vitro experiments are
processed in a controlled environment, whereas in vivo studies are conducted
inside a living organism where many interfering reactions can occur.

In the skeletal muscle, by observing the 4EBP1 phosphorylation and the shift in
the protein abundances from gamma isoform, the uppermost phosphorylated
isoform, to alpha isoform, the lower and least phosphorylated one in total 4EBP1
blots, a gradual decrease in mTORC1 signaling can be concluded starting from
the early starvation periods (Figure 4.4). Although the p-S6 relative quantification
results appear to support these findings, there were no statistically significant
results, except for a decrease between 12 and 16 hours of starvation, due to
variances in the detected signals, mainly the control and 9-hour time period
(Figure 4.5). The variation of intensities between the replicates increased the
mean abundance and the standard error of the mean leading to a failure in
reaching the significance. In addition, after excluding one replicate at the 9-hour
starvation period, the statistical analysis using only two values is not accurate
and hence it is necessary to increase the number of replicates at this time period.
In 2001, in vivo experiments conducted by Bodine et al. demonstrated that
MTORC1 activation/deactivation is related to muscle hypertrophy/atrophy
(Bodine et al. 2001). In parallel, two separate studies on muscle-specific mMTOR
knockout mice and muscle-specific Raptor knockout mice showed a severe
muscle atrophy phenotype (Bentzinger et al. 2008; Risson et al. 2009). The
protein breakdown in the skeletal muscle resulting from mTORC1 deactivation is
a direct response to starvation. Many amino acids are released, such as
glutamine and alanine, then consumed by the liver as substrates for
gluconeogenesis (Felig 1973; Hatazawa et al. 2018).

Western blot analysis of p-4EBP1 and p-S6 in the brain shows no significant
alteration in the protein expression after starvation except for a 1.21-fold
decrease in the abundance of p-4EBP1 between 9 and 16-hour time periods

(Figure 4.6) and a 1.73-fold decrease in the abundance of p-S6 between control
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and 12 hours of starvation (Figure 4.7). These reductions are probably not
biologically significant. Therefore, the obtained results confirm no relevant
change in mTORC1 activity during 20 hours of starvation. The stability in
MTORCL1 activity is due to the permanent supply of nutrients to the brain either
by glucose through the glucose transporter type 3 (GLUT3) or ketone bodies
during prolonged starvation, which is then used as the major fuel (Simpson et al.
2008; Watford 2015). This ‘nutrition protection’ is essential for the regulatory role
of mMTORCL1 in different neurological functions such as neuronal growth and
differentiation, circuit formation and synaptic pruning (Park et al. 2008; Tang et
al. 2014; Reviewed by Lipton and Sahin 2014).

After monitoring mTORCL1 activity through phosphorylation targets within the
protein synthesis pathway, the obtained results could be corroborated by
analyzing starvation-induced autophagy (Figure 4.8). Autophagosome synthesis
or degradation was monitored by measuring the endogenous levels of LC3B
marker protein. Since the antibodies affinities can differ between LC3-I and LC3-
Il and the abundance levels of the forms could be dependent on the tissue type,
LC3B-Il intensities were normalized to GAPDH as a housekeeping protein
(Kimura et al. 2009). However, it is still recommended not to neglect LC3-I
abundance levels and its conversion pattern to LC3-1l according to Klionsky and
colleagues guidelines for monitoring autophagy (Klionsky et al. 2016). Therefore,
LC3B-II/LC3B-I ratio was measured as well. For a better understanding of the
autophagic process, several starvation studies have also quantified LC3-II
accumulation levels as well as LC3B-II/LC3B-I ratio as an indicator of autophagy
(Fritzen et al. 2016; Redmann et al. 2017; Raz et al. 2017; Kang and Rhee 2019).
Although the lipidated form is larger in molecular mass, it is detected at a lower
molecular weight position than LC3B-I. This is probably due to LC3B-II lipidation,
which increases the hydrophobicity of the protein, resulting in faster
electrophoretic mobility in the SDS-PAGE gel than its actual size (Nath et al.
2014).

In the liver, an analysis of LC3 levels shows a significant increase in lipidated
LC3B at the starvation time periods where mTORC1 is least active. This suggests

that autophagy occurs mainly after short starvation and reduces after prolonged
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starvation. A possible reason for the decrease in the autophagy and for mTORC1
reactivation after prolonged starvation is related to the initiation of autophagy (Yu
et al. 2010). Yu and colleagues indicated that the lysosomal degraded
components are released into the cytosol as a requirement for lysosome
reformation and as nutrient source for mTORC1 activation. In contrast, the
amounts of LC3B-II in the skeletal muscle demonstrated no statistical significant
change when normalized to GAPDH. Consistent with our results, a separate
study on nutrient starved mice for 48 hours showed no significant change in the
amounts of actin-normalized LC3-II in the skeletal muscle (Ju et al. 2010). In our
study, the conversion of LC3B-I to LC3B-Il increased significantly after prolonged
starvation. Interestingly, in most studies where LC3-1l levels were increased after
nutrient starvation (Paolini et al. 2018; Nakai et al. 2020) or after high-intense
exercise (Pagano et al. 2014) in the skeletal muscle, LC3B-1I/LC3B-I ratio was
the method of choice. Since LC3B-Il is localized on the inner and outer membrane
of the autophagosomes during the autophagy process, the accumulation of
LC3B-II could indicate either an enhanced autophagosome formation or an
impaired autophagosome degradation (Reviewed by Yoshii and Mizushima
2017). At the same time, this distinct shift to LC3B-Il form could be misleading
due to the normalization method used as described above. Both normalization
methods investigate the steady-state levels of LC3B-Il, but not the autophagic
flux. Therefore, to monitor the dynamic changes in LC3B-II levels, lysosomal
protease inhibitors such as leupeptin, pepstatin and chloroquine (Ahlberg et al.
1985) or lysosomal lumen acidification inhibitors like bafilomycin A1 (Yoshimori
et al. 1991), need to be administered. In the presence of the inhibitors, the
increase in LC3B-Il amounts is an indication of autophagic flux and thus the
accumulation of autophagosomes (Reviewed by Loos et al. 2014). In an in vivo
macroautophagic flux study conducted by Haspel and colleagues on male wild-
type mice, an intraperitoneal injection of leupeptin resulted in a high accumulation
of LC3-II in different organs reaching its highest in the liver. These amounts
increased further after 17-18 hours of starvation (Haspel et al. 2011). Similarly,
another in vivo autophagic flux study on skeletal muscles of male wild-type mice

revealed an augmented LC3-1l amounts after an intraperitoneal injection of the
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microtubule depolarizing agent colchicine. An additional increase was monitored
after applying an autophagic stimulus such as nutrient starvation (Ju et al. 2010).
In the brain, both normalization methods depicted a relative stability in LC3B-II
levels throughout the course of starvation. In parallel, a strong abundance of
cytosolic form LC3B-I signals can be observed compared to LC3B-Il. The same
observation was shown by Mizushima et al. in a starvation-induced autophagy
study on wild-type mice, where distinct intensities of LC3-1 were monitored in
comparison to LC3-1l in brain samples of 24- and 48 hours starved mice
(Mizushima et al. 2003). The commonly known high abundance of LC3B-I in brain
tissues could be associated with the fast clearance of newly formed
autophagosome in neurons (Ariosa and Klionsky 2016; Benito-Cuesta et al.
2017) and the continuous supply of nutrient to the brain (Mizushima et al. 2003;
Watford 2015), which probably inhibits the conversion of LC3B-I form to LC3B-II
form.

In conclusion, mMTORC1 demonstrates different activity patterns during
starvation. In the liver, mMTORCL1 was reactivated after prolonged starvation, while
a continuous deactivation in the skeletal muscle was monitored. In contrast,
MTORCL1 was continuously active in the brain. Monitoring mTORC1 activity and
the inverse autophagosome formation after different starvation periods in three
key mouse model metabolic organs brings a unique comprehensive overview of

the response to nutrient deprivation on the molecular level.

5.2 Short- and long-term starvation have different impacts on

body metabolism

The previously obtained findings showed mTORC1 activity varies in different
starvation periods. These results at the molecular level did not define the
metabolic status of the body, thus requiring additional investigation to determine
the changes in the metabolism of the energy sources and the body response to

different starvation periods.
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5.2.1 Starvation causes weight loss and changes in blood glucose levels

The first investigation to evaluate the general metabolic state of the body after a
short and prolonged starvation was to measure the body weight of the mice. Mice
were deprived of food, but had access to water. Since starvation is widely
correlated with changes in body weight (Strubelt et al. 1981; Claassen 1994;
Williams et al. 2002; Sokolovi¢ et al. 2007), and while the documentation of
weight loss can also be used as a confirmation of starvation, it is mandatory to
avoid undetected weight loss >20 % since this is a criterium to end the animal
experiment. Starved mice showed a significant decrease in their body weight,
starting at 3.18 % and followed by 14.6 % after 6 and 24 hours of starvation,
respectively (Figure 4.9). As expected, starvation had a clear physiological effect
leading to body weight loss, where the decline was proportional to the starvation
period. This decrease can be mainly concluded by the weight loss of adipose
tissue (Bronson 1987), skeletal muscle (Donnelly et al. 1991), liver, heart and
kidney, whereas the brain weight remains unchanged (Warwick et al. 1985).
Compared to this study, other starvation experiments reported a weight loss of 6
% after 6 hours of starvation (Prior et al. 2012) and 11 % after 24 hours (Furner
and Feller 1971). Many experimental factors may be the reason for these
differences in the measured body weight after starvation between the mentioned
studies. For example, the water intake, the possibility of feces or nesting material
consumption during starvation periods as well as the differences in housing
conditions (Reviewed by Jensen et al. 2013).

Next, the circulating levels of glucose as the main metabolite for energy
production was measured. Since age and sex variation can affect the
measurement sensitivity of blood glucose concentrations (Carvalho et al. 1996;
Macotela et al. 2009), selected wild-type mice were male and 6 months old.
Although Tsunseki and colleagues have shown a tendency towards a decrease
in the circulating levels after short starvation in mice (Tsuneki et al. 2002), the
starved mice in this study depicted no significant change in blood glucose levels
after 6 hours (Figure 4.10). At the same time, studies have demonstrated that a
significant decrease in blood glucose levels can be first measured after 12 hours

of starvation (Geisler et al. 2016; Park et al. 2019). The possible maintenance of
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glucose levels in our study in early starvation periods can be attributable to pre-
starvation food intake, mice activity and the depletion of hepatic glycogen stores
during the transition from fed to fasted state (Izumida et al. 2013). Afterwards,
circulating glucose levels show a significant drop after 24 hours of starvation
compared to control and 6 hours starved mice, reflecting a strong limitation of
carbohydrate intake, in addition to an ongoing transport of glucose to the
metabolic organs, mainly the brain, as well as to the red blood cells which are
entirely reliant on it (Gelfand and Sherwin 1983). At the same time, the fuel
preference starts shifting to ketone bodies, where gluconeogenesis also occurs
(Hatting et al. 2018).

5.2.2 Synthesis of ketone bodies increases during starvation

As a metabolic response to the diminished blood glucose levels in starvation, it
has been clearly shown that liver ketogenesis increases to replace glucose as an
energy source (Dhillon and Gupta 2020). Therefore, as a commonly known rising
metabolite in response to starvation (Pan et al. 2001; Rojas-Morales et al. 2016),
the synthesis of beta-hydroxybutyrate was investigated. In this study, a
continuous increase of 2.04- and 5.01-fold after 6 and 24 hours of starvation,
respectively, was monitored (Figure 4.11). In a separate metabolic study
performed on 3-month-old male wild-type mice, a persistent increase in serum
beta-hydroxybutyrate levels was depicted during 16 hours of starvation, reaching
a 5-fold increase compared to control mice (Geisler et al. 2016). The time
difference in reaching the same concentrations of beta-hydroxybutyrate in the
mentioned studies could be due to different parameters such as the metabolic
activity, the age of the animal and the differences in the colorimetric enzyme
assays used for the measurement. In another metabolic study conducted by
Miyamoto et al. on 7-week-old male wild-type mice, beta-hydroxybutyrate levels
elevated by ~11-fold in 48 hours starved mice (Miyamoto et al. 2019). In addition,
starvation for 72 hours also showed a significant rise in the amounts of beta-
hydroxybutyrate (Hashimoto et al. 2000). The increase after prolonged starvation
probably indicates the hepatic export and brain consumption of ketone bodies as

they are able to cross the blood-brain barrier (Lopes-Cardozo et al. 1980).
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So far, the results show the increase in beta-hydroxybutyrate formation as a final
product of ketogenesis. In order to further investigate the influence of starvation
on the activation of the ketogenesis process, the expression of two key regulatory
genes, Hmgcs2 and Cptla, as well as their activator Ppara in liver lysates was
verified via gPCR (Figure 4.12). A relative increase in the expression can be
observed through the time course of starvation compared to control. Hmgcs2 and
Cptla displayed a 1.66- and 4.76-fold increase after 6 hours of starvation,
respectively, as well as a 10.68- and 19.24-fold increase after 24 hours of
starvation, respectively. Compared to our study, Vila-Brau et al. starvation
experiments on 10-week-old male wild-type mice showed that Hmgcs2 and
Cptla expression increased by ~3- and 2-fold after 6 hours of starvation,
respectively (Vila-Brau et al. 2011). In another study performed by Geisler and
colleagues on 3-month-old male wild-type mice, 16 hours of starvation resulted
in a ~7.5- and 8-fold increase in the expression of Hmgcs2 and Cptla,
respectively (Geisler et al. 2016). Since Cptla enhances the production of acetyl-
CoA, and Hmgcs2 is responsible for its flux into ketogenesis (Reviewed by
Grabacka et al. 2016), it is reasonable to monitor a continuous increase in the
expression of Hmgcs2 and Cptla during starvation as described above.
Ketogenesis-related gene Ppara depicts a significant increase of 2.4-fold after 6
hours of starvation. In addition, at 24-hour starvation time period, Ppara shows
an increased expression but is not statistically significant due to variations in the
measured Ct values between the replicates of the time point. These variations
can be observed due to possible contamination during the RNA isolation process
or low primer amplification efficiency in one of the replicates. Although the
increase was not statistically significant in our study, a ketogenesis-related study
on eight-week-old male wild-type mice demonstrated that hepatic
Ppara expression increased by 4-fold after 24 hours of starvation (Nakagawa et
al. 2016). The same study showed that Ppara-deficient mice (Ppara’) display
ketogenesis impairment, where the expression of its target genes, Hmgcs2 and
Cptla, is significantly decreased. This may explain the pivotal role of Ppara in

hepatic ketogenesis.
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The highly expressed Hmgcs2, Cptla and Ppara genes, after starvation, are
identified to be involved in fatty acid B-oxidation and ketone body production (Vila-
Brau et al. 2011; Reviewed by Grabacka et al. 2016). Besides the regulation via
the genes mentioned above, a detailed study about mMTORCL1 association with
the ketogenesis process shows that mTORCL1 inhibition is necessary for
starvation-induced Ppara activation (Sengupta et al. 2010a). Based on the
acquired data from beta-hydroxybutyrate concentrations and the relative
expression of ketogenesis-related genes, it is reasonable to recognize a
successful activation of the ketone body synthesis pathway and a progressive

increase in ketogenesis throughout the starvation time course.

5.2.3 Concentration of acylcarnitines alters during starvation in a chain-

length-dependent manner in whole blood serum

Fatty acids are a main source of body energy stored in adipose tissues in the
form of triglycerides (Cohen and Spiegelman 2016). It has been shown that
mitochondrial beta-oxidation of long-chain fatty acids is mediated by
acylcarnitines, while short-chain fatty acids are carnitine-independent (Schonfeld
and Wojtczak 2016; Longo et al. 2016). Prior studies demonstrated that energy
production via beta-oxidation increases during starvation (Soeters et al. 2009;
Torchon et al. 2016). In this study, no significant change was calculated in the
regulation of short- or long-chain acylcarnitines after 6 hours of starvation, except
for an increase in tetradecenoyl (C14:1) compared to the control. This result is
consistent with a maintained level of glucose in the whole blood serum after 6
hours of starvation (Figure 4.10), reflecting the use of glucose at this time period
requiring no shift to fatty acids yet. In a metabolic study conducted by Park and
colleagues on 6 hours starved mice, 5 monitored acylcarnitines were also
investigated in our study. 3 of which, namely C14, C16:1 and C18, did not show
any change in their concentrations after short starvation, while C16 and C18:1
levels elevated in the mouse serum (Park et al. 2019). The increased levels of
these two acylcarnitines could be due to their known role as a starvation marker
(Reviewed by McCoin et al. 2015).
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Moreover, the concentration of circulating acylcarnitines was monitored as a
marker of fatty acid beta-oxidation. Compared to the control, the investigation
depicts a significant decrease in the concentrations of short-chain acylcarnitines
after prolonged starvation (Figure 4.13). Since short-chain acylcarnitines are
formed from the catabolism of different metabolites, not only from fatty acids,
such as propionyl (C3) and isovaleryl (C5) from amino acids or butyryl (C4) from
amino acids and fatty acids (Makrecka-Kuka et al. 2017), the concentrations
measured after starvation do not precisely reflect the beta-oxidation of fatty acids.
Furthermore, the high abundances of the acetylcarnitine (C2) measured for
control and starved samples compared with other short-chain acylcarnitines
seem logical, as it is an intermediate metabolite originating from acetyl-CoA, and
thus a product involved in most biochemical reactions like beta-oxidation and can
be derived from catabolism of amino acids, fatty acids or glucose (Shi and Tu
2015). For free carnitine (CO0), the decrease in the concentration after 24 hours
potentially represents the highly active transport of long-chain fatty acids to the
mitochondria for energy production (Houten et al. 2016).

In contrast, the concentrations of longer acylcarnitines were significantly
increased after 24 hours of starvation (Figure 4.14 and 4.15). Consistent with our
results, in a separate study conducted by Pomar and colleagues on 3-week-old
male and female mice, 8 investigated acylcarnitines were in common with our
study. All 8 acylcarnitines, namely C10, C12, C14, C14:1, C16, C16:1, C18 and
C18:1, depicted a significant increase in their plasma levels after 12 hours of
starvation (Pomar et al. 2019). Since long-chain acylcarnitines are only
synthesized in the mitochondria (Berg et al. 2002c) and can be transported back
to the cytosol (Violante et al. 2013), the increased concentrations in the whole
blood serum samples reveal oxidation of fatty acids and the body probably shifts
to fatty acids as primary source of energy during prolonged starvation as
previously shown by other studies (Costa et al. 1999; Steinhauser et al. 2018).
Since [(-oxidation increases during starvation, it is interesting to mention the
significant increased expression of three key genes involved in ketogenesis and
fatty acid oxidation after prolonged starvation (Figure 4.12), namely Hmgcs2 and

Ppara as regulators of hepatic B-oxidation and also Cptla as fatty acid
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transporter across the outer mitochondrial membrane (Rodriguez et al. 1994; Hsu
et al. 2001; Erol et al. 2004). These findings are consistent with two separate
studies on Ppara-deficient mice showing a substantial impairment of 3-oxidation
after prolonged starvation by demonstrating changes in carnitine levels and a
decrease in the expression of Pparatarget genes (Hashimoto et al. 2000;
Makowski et al. 2009).

Most experiments on fatty acid metabolism during starvation were conducted at
least after overnight fasting or longer starvation periods, after which changes in
acylcarnitine abundance were monitored (Schooneman et al. 2014; Makrecka et
al. 2014). The displayed data suggests increased beta-oxidation after prolonged
starvation, which is mainly represented by the augmented levels of mitochondrial-
specific synthesis of long-chain acylcarnitines.

5.2.4 Starvation is associated with changes in the concentration of

circulating amino acids and derivatives

To understand the cellular metabolism after short- and long-term starvation, the
concentrations of circulating amino acids and derivatives were measured as
essential metabolites in gluconeogenesis, ketogenesis and mTORCL1 activation.
During starvation, the amino acids and their derivatives displayed differences in
regulation that demonstrate the variable responses to food deprivation and
protein metabolism (Figure 4.16 and 4.17).

In 2015, Yamamoto and colleagues showed a decrease in the serum levels of 9
amino acids after 24 hours of mice starvation, except for branched-chain amino
acids (BCAAs), which are leucine, isoleucine and valine (Yamamoto et al. 2015).
After prolonged starvation, 4 of the 9 amino acids, namely alanine, glycine,
proline and tryptophan, also decreased significantly in our study. Since the
essential amino acids cannot be synthesized due to the lack of the biochemical
pathways needed, the absence of food intake might be a reason for the reduction
in their concentrations after prolonged starvation (Reviewed by Lopez and
Mohiuddin 2020). In contrast, BCAAs demonstrated a significant increased level
although they are indispensable amino acids. This increase was also shown
previously in other studies (Charkey et al. 1955; Schauder et al. 1985). The
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elevated concentrations can either be explained by their important role in nitrogen
transport for skeletal muscle synthesis of gluconeogenic amino acids during
starvation (Felig 1973; Tom and Nair 2006; Hatazawa et al. 2018), or their
diminished transport from the blood due to the decreased insulin that have been
shown to modulate BCAA levels in the blood (Shin et al. 2014; Holecek 2018).
Additionally, BCAAs are involved in ketogenesis (Holecek et al. 2001) and can
activate mMTORCL1 (Zhenyukh et al. 2017). In an in vitro study conducted by
Zhenyukh and colleagues, peripheral blood mononuclear cells (PBMCs) exposed
to increased BCAAs concentrations demonstrated maximal mTORC1 activation
at 10 mmol/l after 1 hour of stimulation (Zhenyukh et al. 2017). As BCAAs levels
increased significantly after prolonged starvation (Figure 4.16), this could be a
reason for mMTORCL1 reactivation, as shown in liver tissues (Figure 4.2 and 4.3).

Since methylhistidine, a histidine derivative, is present in muscle proteins such
as actin and myosin, and cannot be reused for protein synthesis (Johnson et al.
1967; Vr and Hn 1978), accumulation of circulating methylhistidine was used as
an accurate biomarker of muscle protein degradation in starved rodents
(Nagasawa et al. 1996; Yoshizawa et al. 1997; Agrawal et al. 2003). In our thesis,
the concentrations of 1- and 3-methylhistidine increased significantly after
prolonged starvation, indicating a muscle protein breakdown for glucose
synthesis. In addition, taurine, a methionine derivative, showed a significant
increase after 24 hours of starvation compared to the short starvation period,
which could be attributed to its tissue release or circulation before transportation
to other tissues (Baba et al. 1981; Lima and Jaffé 1998). Another probable reason
was shown by Miyazaki et al., where the increased circulating levels of taurine
are explained by its role in binding acetyl-CoA after endurance physical activities
(Miyazaki et al. 2015), which could possibly be the case for prolonged starvation.
Moreover, in our study the concentrations of 2-aminoadipic acid (2-AAA) and 2-
aminobutyric acid (2-ABA) increased significantly after prolonged starvation. The
significant increase in 2-AAA, an intermediate in lysine degradation pathway, is
associated with the measured decreased levels of lysine or related to insulin
resistance, where the accumulation of 2-AAA is shown to be used as a marker

for insulin resistance in wild-type mice (Lee et al. 2019). As insulin is reported to
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modulate the levels of circulating 2-ABA, similar to BCAAs, and prolonged
starvation decreases insulin levels in the blood, elevated 2-ABA concentrations
can hence be explained as previously shown in starved human cells (Felig et al.
1969).

Considering the thorough analysis and the results attained after short and long
starvation from essential metabolites, namely glucose, ketone bodies,
acylcarnitines, amino acids and their derivatives, different characteristics and
response mechanisms were revealed at each starvation period. In our study, it is
reasonable to claim a stability in glucose concentrations at 6 hours of starvation,
where the production of ketone bodies begins to increase. Furthermore, the
reduction in glucose levels following 24 hours of starvation is probably
accompanied by a significant increase in ketogenesis and beta-oxidation as
alternative energy sources. At the same time, the muscle breakdown and release
of amino acids for gluconeogenesis starts to occur. In a separate study, where
mice starvation was prolonged to 72 hours, it has been shown that the liver
metabolism relies predominantly on amino acid-based glucose synthesis
(Sokolovi¢ et al. 2008), which is consistent with the muscle breakdown seen after
24 hours in this thesis project.

5.3 Proteomic study of altered lysosomal proteome according

to the metabolic status

In recent years, several proteomic studies were conducted to identify the proteins
of cellular organelles and large-scale analyses were used to determine the
changes after various cellular treatments, thus accumulating numerous datasets
from different subcellular components such as mitochondria, lysosomes and the
endoplasmic reticulum (Reviewed by Andersen and Mann 2006). However, some
starvation-related aspects have not yet been examined, especially in the
lysosomal research field.

After selecting two time periods, 6 and 24 hours, with distinct molecular response
mechanisms and different cellular metabolic status after food deprivation,
starvation-dependent changes in the lysosomal proteome regulation were

investigated by mass spectrometry (MS)-based proteomics. In this project,
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enriched lysosome fractions from starved mice via sucrose gradient-based
technique were tryptic digested, mixed and tandem mass tag (TMT) labeled.
Fractionated and desalted peptides were analyzed by the MS machine (Figure
4.18). The accurate protein identification, the quantitative proteomic analysis and
the utilization of novel bioinformatics methods enabled a reliable proteomic study
to define starvation-induced protein alterations on the lysosomal level.

5.3.1 Lysosomes are successfully enriched from mouse liver

Lysosome enrichment is a mandatory step for mass spectrometry-based analysis
of lysosomal proteins. Variable approaches were applied to achieve this goal.
Some are in vitro-specific, such as superparamagnetic iron oxide nanoparticles
(SPIONS) delivery into the lysosomes in cell culture (Walker and Lloyd-Evans
2015) and lysosome immunoprecipitation (LysolP) with tagged transmembrane
proteins (Abu-Remaileh et al. 2017), while other methods can be applied for
tissues and cultured cells experiments, for example the isolation of lysosomes via
density-gradient centrifugation (Graham 2001). Each of these methods has its
own advantages and disadvantages, such as the amount of starting material,
isolation efficiency, the costs for lysosome isolation and the protein identification
numbers obtained after MS analysis (Singh et al. 2020).

In the current study, lysosomes were enriched using a sucrose density-gradient
fractionation, where they are present in one of the subfractions. This technique is
widely adapted for the enrichment of lysosomes from liver tissues (Aguado et al.
2016). The main difficulty is to purify the lysosomes from other organelles with
similar density, namely mitochondria and peroxisomes (Leighton et al. 1968). To
improve the purity of the lysosome fraction, an intraperitoneal injection (IP) of
Triton WR1339 solution was carried out. Since the solution is taken up by liver
hepatocytes and results in the accumulation of lipids in the lysosomes due to
lipoprotein lipase inhibition, a lysosomal density shift will be generated in the liver
of the animals compared to other organelles (Wattiaux et al. 1963). Therefore,
lysosomes treated with Triton WR1339 solution are referred to as liver tritosomes.
The purity of the collected fraction depends on many factors including optimal IP

injection site, type of tissue homogenizer and the precise formation of a
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discontinuous sucrose gradient. In addition, alternative strategies for a successful
lysosome enrichment are also available by using other injection solutions like
colloidal gold (Henning and Plattner 1974) and dextran (Arai et al. 1991) or
applying different density-gradient substances such as percol (Symons and
Jonas 1987), metrizamide (Wattiaux et al. 1978) and nycodenz (Graham et al.
1990).

After successful subcellular fractionation, the enrichment of lysosomes was
verified by immune detection. Since LAMP-1 is highly enriched in late
endosomes/lysosomes and forms an abundant component of lysosomal
membrane proteins, it was used as a lysosomal marker protein (Fukuda 1991;
Eskelinen et al. 2003). Markmann et al. also performed tritosome isolation from
mice liver and displayed LAMP-1 signals obtained from different fractions during
the process where the highest abundance of glycosylated membrane protein was
in the enriched subfraction (Markmann et al. 2017). Consistently, in this thesis,
the collected tritosome fractions from fed, 6- and 24-hour starved mice depicted
the most enrichment of lysosomes described by LAMP-1 intensities compared to
liver, post-nuclear supernatant and mitochondria/lysosomes fraction (Figure
4.19). Therefore, a successful lysosome enrichment can be concluded. The
enriched proteins could be localized at the lysosomal membrane or in the lumen.
However, as a result of the lysosome dynamic cellular interaction with other
organelles (Pu et al. 2016), the lysosomal degradative function as well as the
possible contamination during the enrichment process, numerous non-lysosomal

proteins could also be detected.

5.3.2 Proteomic analysis reveals a reliable dataset of quantified proteins

in the lysosomal fraction

Quantitative and qualitative proteomics are two powerfully evolving aspects of
mass spectrometry-based proteomics (Reviewed by Cox and Mann 2011).
Although several large-scale proteomic analyses were conducted, there is still a
lack of comprehensive in vivo large-scale proteomic studies to investigate the

lysosomal proteome after starvation using quantitative mass spectrometry.
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In the current project, as the lysosome-enriched samples are obtained from the
liver of fed and starved mice, TMT was used as a relative quantitative proteomics
technique, where up to 10 peptide samples are chemically labeled with isobaric
compounds and combined for MS analysis. This results in a mass shift between
the acquired peptide samples from different starvation conditions which helps for
an appropriate comparison between the samples (Thompson et al. 2003).
Meanwhile, other labeling methods are available, depending on the type of
samples, such as SILAC approach for labeling proteins with stable isotopes of
amino acids in cell culture (Ong et al. 2002; Thelen et al. 2017), and stable isotope
dimethyl labeling of proteins in cultured cells (Hsu et al. 2003).

In this study, 3417 is the overall number of identified proteins in the lysosomal
fraction. Since a list of same peptides appears sometimes in two or more
identified proteins or some proteins can be identified by only one peptide
detected, it is challenging to refer to the proteins in the sample (Nesvizhskii and
Aebersold 2005; Huang et al. 2012). Therefore, non-unigue peptide and single-
hit proteins were excluded resulting in 1725 quantified proteins identified by two
or more unique peptides. These included 233 known lysosomal proteins
according to the protein center database in PD 2.3 and gene ontology (GO)
analysis tool. The lower number of quantified lysosomal proteins compared to
1492 quantified non-lysosomal proteins is due to the degradation of various
proteins within the lysosome, the contribution of cytoskeleton and organelle
contacts to the spatial distribution of the lysosomes as well as the potential loss
of lysosomal proteins and interference of protein contaminants through the
purification of lysosomes (Pu et al. 2016; Cohen et al. 2018). Separate studies
using the same tritosome isolation technique and TMT-based proteomics of
mouse liver showed 904 quantified proteins with 157 lysosomal proteins
(Markmann et al. 2017) or 1048 quantified proteins with 169 lysosomal proteins
(Massa Lopez et al. 2019) in the lysosome fraction. These differences in the
numbers of quantified proteins between the studies could be derived from the
quality of sample preparation, the variations in the used MS machines and their
sensitivity to detect low abundant peptides after MS scanning (Eriksson and
Feny6 2007).
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Before proceeding with statistical analysis, quality control processing of MS data
was performed to ensure a good quality of the results. The proteomics quality
control aim is to reduce data variations and sample outliers that can influence the
outcome due to the usually small number of biological samples in the proteomics
experiments (Matzke et al. 2011). Several studies in the lysosomal research field
have visualized the quality of their proteomic analysis by depicting sample
distribution after normalization using boxplot (Sigloch et al. 2016; Tebani et al.
2020) or visualizing the correlation of replicates belonging to the same treatment
by principal component analysis plot (PCA) (Leeman et al. 2018; Hao et al. 2019).
In the current research, normalized replicates showed close-to-normal
distribution (Figure 4.20) and a high correlation between replicates related to the
same nutrient condition (Figure 4.21). Verification of MS data reliability through
quality control means that the variability which originates from different steps of
the bottom-up proteomics workflow has been decreased, resulting in a reduced

bias in the forthcoming statistical analysis (Piehowski et al. 2013).

5.3.2.1 Quantified lysosomal proteins in the lysosomal fractions are
differentially regulated after short and prolonged starvation

The proteomic data yielded 1725 quantified proteins, of which 233 were
confirmed lysosomal proteins representing 13.5 % of total quantified proteins.
These proteins contain luminal soluble acid hydrolases, highly glycosylated
membrane proteins, integral-membrane proteins such as ion channels,
metabolite transporters and lysosomal fusion proteins, as well as several
membrane-associated complexes including members of mMTORC1 and its
associated complexes, which regulate nutrient signaling (Reviewed by Ballabio
and Bonifacino 2020). After determining the significant regulation parameters,
corrected p-value <0.05 and logz fold change <-0.75 or >0.75, only 11 and 17
proteins were found to be downregulated after 6 and 24 hours of starvation,
respectively, and one protein was upregulated after both starvation periods
(Figure 4.22). Although a small number of differentially regulated proteins were
quantified, which could be attributed to the strict criteria mentioned above, the
protein mTOR depicted a significant downregulation after nutrient deprivation as

a clear indication of starvation in our data.
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Wyant and colleagues also performed a large-scale quantitative proteomic study
from lysosome-enriched samples but on amino acid-starved cultured HEK 293T
cells using lysosome immunoprecipitation (LysolP) with tagged transmembrane
proteins (Wyant et al. 2018). In their study, 364 UniProt-based lysosomal proteins
were quantified when comparing control to starved samples representing 6.8 %
of total proteins. In their analysis, 7 proteins were downregulated and 7 were
upregulated upon 1 hour of starvation. Between these two studies, 128 detected
lysosomal proteins were in common. In addition, from differentially regulated
proteins, only mTOR was found to be overlapping as a significantly
downregulated protein in amino acid-starved cells and our 6 hours starved mice,
which was already shown to be deactivated after starvation in several researches
(Sancak et al. 2010; Manifava et al. 2016). The disparity between the two studies
could be due to the different biological model systems, the approach and time
span of starvation as well as the lysosome-enrichment methods used.

A closer look at the data reveals that 4 out of 11 and 8 out of 17 downregulated
proteins after 6 and 24 hours, respectively, are related to the mTOR signaling
pathway (Table 4.1 and 4.2). Since nutrient deprivation inhibits mTORC1 as well
as Ragulator/Rag signaling and enhances catabolic activities, it was expected
that mTOR and its associated proteins to be among the top downregulated
proteins after starvation. Moreover, the downregulated mTOR-related proteins at
each time period of starvation were changing, except for the overlapping GATOR
complex protein WDR59 (Figure 4.23, table 4.3). In parallel, the thiol-specific
peroxidase peroxiredoxin-6 (PRDX6) was the only upregulated protein after both
starvation periods (Figure 4.22). These alterations in the regulation of the
lysosomal proteins upon short and prolonged periods of starvation were further

examined.

5.3.2.2 Starvation affects the abundances of candidate lysosomal

proteins according to proteomic analysis

Based on the proteomic results indicating changes in the regulation of several
lysosomal proteins after starvation, mTOR, RagA, RagC, LAMTOR1, LAMTORZ2,
LAMTOR5 and NPRL2 were chosen as candidate proteins for further

investigation to validate these results (Table 4.4). The proteins share a common
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characteristic of being all directly involved in the mTOR signaling pathway. These
selected members of the Ragulator-Rag GTPases complex as well as the
GATOR complex are part of the mTORC1 activation machinery that recruits it to
the lysosomal surface in the presence of nutrients (Bar-Peled and Sabatini 2014).
Active mTOR, a subunit of mTORC1 complex, regulates cell growth and
proliferation (Laplante and Sabatini 2012).

5.3.2.2.1 Short and long periods of starvation can differently impact
MTORC1 abundance

Before showing the influence of starvation on the abundances of regulatory
proteins associated with mTORC1 activity, namely the LAMTOR complex, the
Rag GTPases and the GATOR complex, the abundance of mMTORC1 was
investigated. Separate in vitro studies showed that mTOR protein interacts with
RAPTOR (Kim et al. 2002) and PRAS40 (Sancak et al. 2007) proteins, and these
components form the unique part of the mTOR complex 1. Since the subunits are
bound together and change their localization as one complex (Reviewed by Liu
and Sabatini 2020), the results displayed on these proteins reflect the behavior
of the whole complex. When analyzing the proteomic dataset, mTOR protein
depicted a greater downregulation after 6 hours of starvation than after 24 hours
of starvation (Table 4.4). As the immune detection of the mTOR protein was not
successful, RAPTOR and PRAS40 proteins were investigated. Western blot
analysis of RAPTOR protein showed a decrease in the abundance after short
starvation in the lysosomal samples and an increase after 24 hours. In addition,
PRAS40 showed, similarly to RAPTOR protein, a decrease after short starvation
and an increase after prolonged starvation, though not statistically significant. In
liver whole lysates, a significant decrease after prolonged starvation was
demonstrated for PRAS40, while the decreased levels of RAPTOR were not
statistically significant (Figure 4.24). Here, the proteomic dataset and western blot
results indicate an early dissociation and late repositioning of mMTORC1 from and
on the lysosomal membrane, consistent with the results regarding mTORC1
reactivation and downstream targets phosphorylation after prolonged starvation
in liver (Figure 4.2 and 4.3).
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In response to nutrients presence, mTORC1 activation and localization on the
lysosome require the binding of two Ras-related small G proteins, Rag- and
Rheb-GTPase, in their active forms (Groenewoud and Zwartkruis 2013; Kim and
Guan 2019). In addition, the interaction of the Ragulator complex with the Rag
GTPases is also mandatory (Colaco and Jaattela 2017).

After a short period of starvation, the abundance of Rag GTPases and their
recruiter LAMTOR complex was significantly decreased (Figure 4.25 and 4.26),
which are probably the main causes for mTORC1 release into the cytoplasm as
shown in figure 4.24. Furthermore, Demetriades et al. demonstrated that during
starvation Rag GTPases are inactivated and the TSC complex is recruited, the
Rheb negative regulator, leading to the inhibition of MTORC1 (Demetriades et al.
2014). Based on that, both Ras-related small G proteins are inactivated after
short starvation and mTORCL is relocated into the cytoplasm.

Furthermore, after prolonged starvation, the indicated mTORC1 lysosomal
repositioning is probably correlated with the lysosomal localization of its recruiter
Rag GTPases as shown in this research (Figure 4.26). Moreover, several in vitro
studies have reported that mTORCL1 reactivation after prolonged starvation is
autophagy-dependent, where amino acid uptake is increased by lysosomal
degradation and the upregulation of amino acid transporters (Yu et al. 2010; Chen
et al. 2014; Tan et al. 2017). In addition, another in vitro study on HepG2 and
Huh6 cell lines proposes a possible serine/threonine protein kinase Akt activation
as a potential reason to promote mMTORC1 reactivation under starvation
conditions (Murata et al. 2015). This activation is mediated by the phosphorylation
of TSC2 and therefore the release of GTPase Rheb (Dan et al. 2014).
Subsequently, Vandoorne and colleagues indicated an enhanced mTORC1
activity by the intake of ketone bodies (Vandoorne et al. 2017). In the current
research, ketone bodies could be involved in mMTORCL1 reactivation because
ketogenesis increased significantly after prolonged starvation (Figure 4.11 and
4.12).
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5.3.2.2.2 Starvation induces a progressive decrease of Ragulator complex
levels on the lysosome

The pentameric Ragulator complex is a late endosomal/lysosomal scaffold that
consists of two heterodimers, the first contains LAMTOR2-3 and the second
contains LAMTORA4-5. In addition, LAMTORL1 protein surrounds and anchors
both heterodimers to the lysosomal surface via its palmitoyl and myristoyl groups
at the N-terminus (Sancak et al. 2010; Bar-Peled et al. 2012). Several protein
crystallography studies have shown a connection of LAMTORL1 to all other
Ragulator complex proteins as well as the interaction sites between the proteins
of each heterodimer (Araujo et al. 2017; Su et al. 2017; Mu et al. 2017). In the
current study, MS data showed significant downregulation of LAMTOR1, 2, 3 and
5 after prolonged starvation (Table 4.4) and the abundances of LAMTOR1 and
one protein of each heterodimer, namely LAMTOR2 and LAMTORS5, were
monitored after starvation. Immune detection depicts a continuous decrease in
the intensities of all investigated proteins after 6 and 24 hours of starvation at the
lysosomal level and a significant increase in crude liver lysates (Figure 4.25),
which indicates a probable dissociation of the Ragulator complex into the cytosol
and thus an inhibition in its function. The reason for its dysfunction could be due
to the binding of the p27 protein, a negative regulator of the cell cycle, to
LAMTORL1 after starvation. This could lead to Ragulator complex suppression
and the blocking of the pentameric complex assembly, as recently shown in a
study on amino acid-starved mouse embryonic fibroblast (MEF) cells (Nowosad
et al. 2020). As the abundance of Ragulator complex is significantly decreased
after starvation and it is known to regulate mTORCL1 activity in the presence of
amino acids (Bar-Peled et al. 2013), the results obtained from 6 hours starved
samples are consistent with our previous results (Figure 4.24) and the literature
showing a deactivation and thus dissociation of mMTORC1 (Kim et al. 2013).
However, mTORCL1 was reactivated after prolonged starvation during LAMTOR
complex dissociation suggesting a Ragulator-independent mTORC1 reactivation.
These results provide novel insights about Ragulator complex localization and its

association with mTORC1 regulation after short and prolonged starvation.
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Additionally, it has been shown that lysosomal positioning is another important
aspect controlled by the LAMTOR pentamer (Pu et al. 2017). The Ragulator
complex can either bind to the lysosomal membrane protein SLC38A9 and Rag
GTPases to promote mMTORC1 activation or to BLOC-1-related complex (BORC)
causing lysosomal perinuclear positioning (Filipek et al. 2017). In nutrient-rich
conditions, while Ragulator recruits mTORC1, BORC-ArI8b interaction leads to
lysosome peripheral movement. In contrast, during starvation, LAMTOR
interaction with mTORCL1 is abolished and directly switched towards BORC-ArI8b
complex causing lysosomes accumulation in the juxtanuclear region (Filipek et
al. 2017; Pu et al. 2017). Based on these facts and the downregulation of
Ragulator complex after starvation, it is possible that a perinuclear lysosomal
localization in the hepatic cells of starved mice assists the fusion with
autophagosomes (Li et al. 2016). This could support an mTORC1 reactivation in
an autophagy-dependent manner.

5.3.2.2.3 Rag complex abundance differs from its GATOR1 regulating
complex after prolonged starvation

The previously described effect of Ragulator in activating mTORCL1 is linked to
the interaction with Rag GTPases, where LAMTORL, -2 and -3 bind to Rags C-
terminal domains (Araujo et al. 2017). As a guanine nucleotide exchange factor
(GEF), the pentameric scaffold Ragulator converts Rag heterodimers into their
active forms with GTP bound-RagA/B and GDP bound-RagC/D, which in turn
locates mTORC1 onto the lysosomal membrane by binding to its RAPTOR
subunit without triggering any conformational changes (Sancak et al. 2010; Bar-
Peled et al. 2012; Anandapadamanaban et al. 2019). In this research, the
proteomic analysis demonstrated a more prominent decrease in the regulation of
Rags after 6 hours of starvation than after prolonged starvation (Table 4.4). At
the same time, the abundance of one Ras-related small GTP-binding protein of
each heterodimer, namely RagA and -C, was analyzed after short and prolonged
starvation. Unlike LAMTOR complex, RagC shows a significant increase in the
amounts after prolonged starvation in the lysosomal fraction compared to control
and 6 hours starved samples. At the same time, a significant decrease of RagA

was measured after short time of starvation, but its increase in the abundance
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after 24 hours of starvation was not statistically significant (Figure 4.26). These
results suggest a relocation of Rags to the cytoplasm after 6 hours of starvation
and a repositioning on the lysosomal membrane after prolonged starvation.

As amino acid-specific regulators of mMTORCL1 activity, Rag complex inhibition
and dissociation after short starvation was probably due to the lack of amino acids
turning it into its inactive form, which is consistent with the experiments shown by
Sancak and colleagues (Sancak et al. 2008). However, the reanchoring after
prolonged starvation may possibly be due to the sensing of the accumulated
amino acids in the lysosomal lumen by vacuolar H*-ATPase, which activates the
Ragulator-Rag complex via direct signals as indicated by Zoncu et al. (Zoncu et
al. 2011). Furthermore, in the current study, the negative regulator of Rag
GTPases, GATOR complex, was also monitored as another potential cause for
the high abundances of Rag complex after prolonged starvation. The proteomic
analysis of the lysosome-enriched fraction revealed a significant downregulation
in 4 quantified protein components of GATOR complex after prolonged starvation
(Table 4.4). Meanwhile, the immune detection of GATOR1 complex protein
NPRL2 showed a continuous decrease in the abundance during starvation at the
lysosomal level and an increase in liver whole lysates (Figure 4.27). The obtained
results suggest that the GATOR1 complex dissociates into the cytoplasm and
loses its direct interaction with Rags after starvation. Bar-Peled and colleagues
proved that GATOR1-deficient cancer cell lines displayed a high activity and a
permanent localization of mMTORCL1 at the lysosomal membrane despite amino
acid starvation (Bar-Peled et al. 2013). Since the lysosomal relocalization of
MTORCL1 after prolonged starvation is linked to Rag GTPases repositioning
(Figure 4.24 and 4.26), and mTORCL1 activation is firmly related to Rag GTPases
binding to the RAPTOR subunit of the complex (Sancak et al. 2008), these
findings support our data showing Rags lysosomal repositioning in the absence
of GATOR1 complex after prolonged starvation.

As a conclusion from these results, in the presence of nutrients, mTORCL1 and its
associated protein complexes show an activation of mMTORC1 and therefore a
localization to the lysosomal surface together with regulatory proteins LAMTOR

complex and Rag GTPases. At the same time, the Rag complex is kept active
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through the inhibition of GATORL1 by its negative regulator GATOR2 (Panchaud
et al. 2013; Bar-Peled et al. 2013). After a short starvation period, all the
complexes involved are dissociated into the cytosol. A prolonged starvation
period resulted in the repositioning of MTORC1 and Rag complex but not
LAMTOR complex (Figure 5.1).

Therefore, our study on the lysosomal proteome changes in the mouse liver
provides a new understanding of the possible regulation of mMTORC1 and its
associated proteins during different starvation periods and suggests potential
causes for the reactivation. However, the exact mechanism or activator of the
complex, independently of its recruiter LAMTOR complex, is not yet revealed.
Therefore, more investigation is needed to specify the activator of Rag complex
and thus mTORC1.
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Figure 5.1: Hypothetical model representing the effect of different starvation
periods on the activation of mMTORCL1 and its associated proteins

In the presence of nutrients, mTORC1 and the regulatory proteins LAMTOR complex,
Rag GTPases and GATOR complex are active and localized at the lysosomal
membrane. These complexes are inactive and relocate into the cytoplasm after short
starvation period. After prolonged starvation, Rag GTPases and mTORC1 repositioned
at the lysosome by an unknown activator (activator X). (aa: amino acids)
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5.3.2.3 Quantified non-lysosomal proteins in the lysosomal fractions are
differentially regulated after short and prolonged starvation

Beside the lysosomal proteins, 1492 out of 1725 quantified proteins were
identified as non-lysosomal proteins. Only 162 proteins were differentially
regulated in 6 hours starved samples representing 10.8 % of the quantified non-
lysosomal proteins (Figure 4.28 A). In particular, 12 were downregulated, while
the remaining 150 proteins were upregulated in the lysosome fraction (Table 4.5
and supplementary table 8.3). This boost in the numbers of upregulated proteins
and decrease in downregulated proteins in the lysosome-enriched samples could
be explained by the rise in catabolic processes and the decline of anabolic
reactions as a response to starvation in the maintenance of cellular homeostasis
(Howell and Manning 2011). Moreover, the upregulation of many proteins can
also be interpreted by the increase of the protein transport through the autophagic
pathways (Reviewed by Yu et al. 2017).

To evaluate the biological impact of the regulated proteins and their role in the
cellular starvation response, KEGG pathway analysis was applied (Figure 4.29).
The downregulated proteins were assigned to metabolic processes linked to
metal ion homeostasis, which could explain the importance of the metal ions in
the activity of many enzymes involved in cytoplasmic metabolic activities
(Riordan 1977). Regarding the upregulated proteins, the top KEGG pathways in
the dataset were found to be ‘Metabolic pathways’, ‘Proteasome’ and
‘Peroxisome’ which is understandable due to the elevation in the metabolic
processes during starvation, particularly the catabolic reactions. In addition, the
macroautophagy of organelles is also enhanced such as proteasomes and
peroxisomes by proteaphagy (Cuervo et al. 1995) and pexophagy (De Duve and
Baudhuin 1966), respectively, for the production of energy and the regulation of
cellular homeostasis (Anding and Baehrecke 2017). Furthermore, a possible
reason for the enrichment of KEGG pathways related to amino acid and
carbohydrate metabolism could be the degradation of enzymes involved in
several reactions associated to the metabolism of macromolecules such as
proteins and polysaccharides after the initiation of autophagy (Reviewed by Yim

and Mizushima 2020). Moreover, Mathew and co-workers performed a
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comparative large-scale proteomic study on wild-type and autophagy-deficient
(Atg57) immortalized baby mouse kidney epithelial (iBMK) cells during starvation
using SILAC labeling approach. The research depicts the enrichment of biological
pathways associated with protein degradation and demonstrates that induced
autophagy is responsible for the breakdown of a significant number of identified
proteins after 5 hours of starvation, which implies a pivotal role for autophagy in
protein turnover (Mathew et al. 2014). Therefore, it is not surprising that several
pathways linked to organelle and macromolecule metabolism are enriched in our
MS dataset derived from lysosomal fractions of 6 hours starved samples.

After 24 hours of starvation, 283 proteins were differentially regulated,
representing 19 % of the quantified non-lysosomal proteins (Figure 4.28 B). In
particular, 121 were downregulated and 162 proteins were upregulated in the
lysosome fraction (Supplementary table 8.4 and 8.5). Relative to the short
starvation period, downregulated proteins increased by 13.5-folds, while the
number of upregulated proteins is still comparable. Since autophagy-degraded
metabolites contribute to energy production and several anabolic pathways in the
cytoplasm, such as protein synthesis, fatty acid biosynthesis and
gluconeogenesis (Reviewed by Kaur and Debnath 2015), it is rational to monitor
a significant decrease in the abundance of many proteins in the lysosome after
prolonged starvation.

When KEGG pathway analysis was carried out (Figure 4.30), the downregulated
proteins were linked to cholesterol metabolism pathway, which supports the
switch to fatty acids as a fuel source during prolonged starvation and the increase
in mitochondrial B-oxidation (Steinhauser et al. 2018). These results are
consistent with our previous findings where long-chain acylcarnitine levels
increase in the plasma as a marker for fatty acid oxidation (Figure 4.14 and 4.15).
Furthermore, several proteins of the enriched pathways ‘Endocytosis’ and
‘SNARE interactions in vesicular transport’ are related to endosome export
pathways and retrograde sorting routes, which are involved in the reuse of
metabolites by other organelles in biosynthetic processes explaining their
downregulation in the lysosomal fraction (Johannes and Popoff 2008; Huotari and

Helenius 2011). The top 3 pathways of upregulated proteins are
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neurodegenerative diseases, namely ‘Parkinson disease’, ‘Huntington disease’
and ‘Alzheimer disease’. A thorough examination reveals that the majority of the
proteins in these pathways are part of the proteasome or mitochondrial
organelles. Since impaired organelles are degraded by selective autophagy and
also dysfunctioning proteasomes and mitochondria were implicated as a likely
cause for neurodegenerative diseases, the enrichment of these pathways may
thereby be explained (Reviewed by Ciechanover and Brundin 2003; Johri and
Beal 2012; Anding and Baehrecke 2017). In addition, several enriched pathways
are related to mitochondria, proteasome and amino acid metabolism, which
validate the well-established hypothesis of mitochondrial and proteasomal
macroautophagy via mitophagy (Lemasters 2005) and proteaphagy (Cuervo et
al. 1995), respectively, as well as the lysosomal degradation of proteins during
starvation (Reviewed by Ciechanover 2005).

Furthermore, the overlapping of differentially regulated proteins after short and
prolonged starvation demonstrate the continuous adaptive mechanism of the cell
to shift its fuel sources starting already after a short nutrient deprivation time

period (Figure 4.31, table 4.9 and supplementary table 8.6).

5.3.2.4 Starvation affects the abundances of candidate non-lysosomal
proteins according to proteomic analysis

Based on the proteomic dataset and the KEGG enrichment analysis, protein
members of interesting complexes, organelles and biological processes
displaying changes in their regulation upon starvation were selected for further
validation experiments. The candidates are proteasomal (PSMA7 and PSMB5),
mitochondrial (CPT2, VDAC1, NDUFB7 and NDUFB11l) and peroxisomal
(LONP2 and NUDT12) proteins, as well as WASH complex subunits (WASHCA4).
In addition, proteins associated with glycogen metabolism (GYS2 and PYGL) and
gluconeogenesis (PCK1) biological pathways were also investigated (Table
4.11). The candidate proteins share one feature of being enriched at least in one
of the KEGG pathways after short and prolonged starvation periods.
Furthermore, the enrichment of non-lysosomal proteins after starvation may imply
either their involvement in a lysosome-related biological process or simply their

localization in the lysosomal lumen via autophagy (Kaushik et al. 2010).
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5.3.2.4.1 Proteaphagy is induced after short and prolonged starvation

As a major proteolytic machinery, the proteasome complex can selectively
degrade ubiquitin-tagged proteins (Hershko and Ciechanover 1998). This
process eliminates unfolded proteins and provides amino acids for de novo
protein synthesis (Finley 2009). It has also been shown that autophagy of
proteasomes, called proteaphagy, occurs upon starvation in various eukaryotes
as a possible source of energy (Marshall et al. 2015; Waite et al. 2016; Cohen-
Kaplan et al. 2016).

In this study, MS results show an upregulation in 12 proteasome subunits and
the enrichment of ‘Proteasome’ pathway by KEGG analysis after short and
prolonged starvation in the lysosome fraction (Figure 4.29 and 4.30,
supplementary table 8.3 and 8.5). In addition, the increase in the abundances
was confirmed by western blotting of two proteasomal proteins, namely PSMA7
and PSMB5, while the protein abundances were not significantly decreased in
liver whole lysates (Figure 4.32). In line with our results, Cuervo and colleagues
demonstrated the accumulation of proteasomes in rat liver lysosomes after
nutrient starvation (Cuervo et al. 1995). Moreover, Cohen-Kaplan and co-workers
concluded from experiments on HelLa cervical carcinoma cells that starvation-
induced autophagy by amino acid depletion leads to the rise in proteasome
degradation after its ubiquitination (Cohen-Kaplan et al. 2016). In a large-scale
guantitative proteomic study performed by Dengjel et al. on starved MCF7
carcinoma cells using SILAC method, the abundance of proteasomal proteins
decreased in whole cell lysates after 12 hours of starvation (Dengjel et al. 2012).
Consistent with our results, the above cited studies confirm the induction of

proteaphagy after starvation using different models.

5.3.2.4.2 Starvation enhances a continuous decrease of WASH complex
levels in the lysosome

Another validated protein is WASHC4, a member of Wiskott-Aldrich syndrome
protein and SCAR homologue (WASH) complex, which localizes to endosomes
(Reviewed by Alekhina et al. 2017). WASH complex consists of 5 protein subunits
and plays an important role in endosomal trafficking via actin polymerization as

well as autophagy modulation (Reviewed by Kast and Dominguez 2017).
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Separate studies in mammalian cells show that the complex subunits are
mutually dependent and the knockdown of one member is accompanied by
instability and disruption of the remaining constituents (Gomez and Billadeau
2009; Derivery et al. 2009; Jia et al. 2010). In addition, a research conducted by
Gomez and colleagues on MEF cells depicted a significant decrease in the
abundance of complex subunits after WASH1 knockout (Gomez et al. 2012).
Since the proteins are bound together and function as one complex, the results
displayed on WASHC4 would indicate the whole complex behavior.

In the current research, the proteomic analysis demonstrates a significant
downregulation in WASH complex components after prolonged starvation in the
lysosome (Table 4.7), as also shown by KEGG analysis in ‘Endocytosis’ enriched
pathway (Figure 4.30). Furthermore, the immune detection confirms these results
and depicts an additional decrease in the amounts after 6 hours of starvation,
while liver whole lysates depict an increase comparing 6 and 24 hours starved
samples (Figure 4.33). The change in the abundances in the lysosome and liver
lysate could be due to its role in the early steps of the autophagic pathway where
WASH proteins were found to be localized at the autophagosomal membrane
during starvation according to Xia and colleagues (Xia et al. 2013). Moreover, the
same study indicates WASH complex role as an autophagy inhibitor through its
interaction with beclinl protein that is localized at the phagophore and tightly
regulates autophagy initiation (Xia et al. 2013). In addition, King et al. comparative
starvation study between wild-type and WASH1 knockout cells using
Dictyostelium discoideum model system demonstrates that WASH complex is
required for a correct delivery of lysosomal hydrolases into phagosomes and
autophagosomes to attain an effective proteolysis during starvation. Meanwhile,
in WASH1 knockout cells, lysosomal enzymes such as cathepsin D were trapped
in the late endosomes and an accumulation of phospholipids was monitored in
their lysosomes (King et al. 2013). Two separate studies using Dictyostelium
discoideum (Carnell et al. 2011) and Drosophila (Nagel et al. 2017) model
systems showed that WASH1 physically interacts with the v-ATPase at the
lysosomal surface and can inhibit its acidification function. Nagel and colleagues

showed that the loss of WASH1 stimulates the lysosomal acidification during
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starvation (Nagel et al. 2017). Since one function of the WASH complex is to
negatively regulate autophagy and because low lysosomal acidification is
associated with defective autophagy (Reviewed by Colacurcio and Nixon 2016),
the decrease in WASH complex abundance at the lysosome in our study could
be explained by the initiation of starvation-induced autophagy.

Another potential reason for its regulation pattern could be derived from WASH
complex role in endosomal protein sorting. WASH complex is responsible for
actin patches formation on endosomal membranes (Derivery et al. 2009), where
it is recruited by the retromer complex which consists of VPS35, VPS29 and
VPS26 proteins (Harbour et al. 2010). In the current proteomic data, these
proteins were also shown to be downregulated in the lysosomal fraction after
prolonged starvation (Supplementary table 8.4). Since retromer and WASH
complexes are part of the endosome-to-cell surface recycling pathway and also
interact with each other (Harbour et al. 2012), the demand for energy production
via the recycling endosomes during starvation could clarify the increased WASH
complex levels in the liver lysate and the decrease in the lysosome throughout
the course of starvation. The above studies on WASH complex roles suggest

potential reasons for its abundance levels monitored in our study after starvation.

5.3.2.4.3 Glucose metabolism alters substantially during starvation

The next two investigated proteins are glycogen metabolism-related enzymes
GYS2 and PYGL. In nutrient presence, the redundant amounts of glucose are
converted to glycogen and stored. The glycogenesis process is mediated by the
hepatic glycogen synthase GYS2. Under fasting conditions, the liver produces
glucose from the glycogen stores via the activation of PYGL, the key glycogen
phosphorylase enzyme in glycogenolysis, and the inhibition of GYS2 (Nordlie et
al. 1999). The proteomic dataset and KEGG pathway analysis depict an
upregulation of several enzymes, including GYS2, as part of the ‘Starch and
sucrose metabolism’ enriched pathway in the lysosomal fraction, after a short
period of starvation but not after prolonged starvation (Table 4.6, figure 4.29). The
validation via western blot displays the same pattern of regulation, where GYS2
abundances increased after 6 hours of starvation and decreased after 24 hours

in liver lysate and lysosome fraction (Figure 4.34). Since the hepatic glycogen



Discussion 136

stores are consumed during starvation and no glycogen synthesis is likely to
occur (lIzumida et al. 2013), the reason for GYS2 increased abundance in the
liver lysate after 6 hours of starvation is unclear. To investigate a possible role of
GYS2 and thus glycogenesis after short starvation period, more proteins related
to the pathway need to be examined. In contrast, the elongation of glycogen
chains by GYS2 decreases significantly after prolonged starvation as a
reasonable response to the lack of glucose. The analogous enzyme regulation
pattern in the lysosome in our data could be due to the higher rate of protein
degradation induced by starvation and the glycogenesis absence after prolonged
starvation (Jones et al. 2012).

Furthermore, the proteomic dataset and western blot validation experiment show
PYGL increased level in the lysosomal samples after short and prolonged
starvation (Table 4.11, figure 4.34), at the same time, PYGL did not display a
significant increased amount in liver whole lysates. These results suggest a
glycogenolysis activity after starvation and therefore an increased amount in
PYGL degradation. Within the same context, in addition to the cytosolic glycogen
breakdown explained by the blood glucose availability in 6 hours starved mice as
shown in our data (Figure 4.10), a lysosomal-autophagy pathway called
glycophagy also degrades glycogen via alpha acid glucosidase to provide
glucose homeostasis (Kotoulas et al. 2006). However, the exact mechanism of
glycogen transport into the lysosome remains elusive. Therefore, it would be
interesting to monitor alpha acid glucosidase activity and examine a possible
lysosomal interaction with PYGL by co-Immunoprecipitation experiments. This
may reveal a potential role for PYGL in the lysosomal glycogen degradation or
other lysosomal processes and would further our understanding of the individual
enzymes involved in glycogen metabolism.

Related to this, after the depletion of glycogen stores in the liver, non-
carbohydrate metabolites are used as a fuel for de novo glucose synthesis.
Gluconeogenesis takes place mostly in the cytosol and is regulated by the rate-
limiting enzyme phosphoenolpyruvate carboxykinase (PCK1), which converts
pyruvate to oxaloacetate (Reviewed by Pilkis and Claus 1991). Proteomic dataset

demonstrates a continuous upregulation in PCK1 levels after short and prolonged
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starvation in the lysosomal fraction and WB confirmation experiment displays a
significant increase in the abundance in both lysosome as well as liver lysate
(Table 4.11, figure 4.30 and 4.35). During an extended course of starvation,
gluconeogenesis is responsible for glucose generation from various precursors
such as lactate and glycerol from skeletal muscles and adipose tissues,
respectively (Pilkis et al. 1988). For this reason, an increased level of the cytosolic
protein PCK1 after food depletion is to be expected. In line with our results, in a
glucose-rich environment, Latorre-Muro and colleagues showed a continuous
decrease in cytosolic PCK1 activity by increasing glucose concentrations,
reaching a reduction of 33 % and 50 % in HEK293T and HepG2 cells,
respectively (Latorre-Muro et al. 2018). In parallel, PCK1 abundances also
increased in the lysosome but higher than in the liver lysate. Since PCK1 has a
destabilized N-terminal proline residue as a primary signal of protein degradation
according to N-end rule pathway and a poly ubiquitin chain as a second
degradation signal (Varshavsky 2011; Varshavsky 2012; Chen et al. 2017), it is
reasonable to have a short intracellular half-life and thus high amounts of
accumulated PCK1 in the proteasome. However, proteins could also be
degraded through the nonselective starvation-induced autophagy (Kundu and
Thompson 2008), which might be another degradation pathway for PCK1 protein.
A possible explanation for PCK1 high levels in the lysosome, 4.04-fold increase
compared to control, is that the protein gets degraded due to the adaptation of an
alternative cellular pathway for energy production, before gluconeogenesis, after
prolonged starvation. As this hypothesis is not yet tested and a possible function
of the enzyme in the lysosome is not examined, metabolomic studies, an in vitro
pulse-chase assay as well as a mice refeeding experiment may help to obtain a
clearer picture. In addition, a study on PCK1 roles in cellular metabolism using
human colon (Colo205) cell line demonstrated that PCK1 has the ability to
regulate mTORC1 activity at the lysosome (Montal et al. 2015). Montal and
colleagues showed that PCK1-expressing cells have a stronger lysosomal
localization and higher activation of mMTORCL1 than in PCK1 knockdown cells.
This could be a second potential reason for PCK1 high levels in the lysosomal

fraction in our study, which is consistent with the thesis results regarding



Discussion 138

MTORCL1 higher abundance levels at the lysosome after prolonged starvation
compared to 6 hours starved samples (Figure 4.24).

5.3.2.4.4 Peroxisomal- and mitochondrial autophagocytosis occur at
different starvation time periods

Autophagy is a major catabolic pathway that could be induced by starvation and
is responsible for the degradation of cytosolic proteins and organelles (Reviewed
by Seglen and Bohley 1992). Starvation-induced autophagy experiments
conducted by Komatsu et al. on control and Atg7-deficient mice depict an
impaired degradation of several cytosolic proteins and organelles in knockout
mice (Komatsu et al. 2005). In the current study, the proteomic dataset shows a
significant upregulation in a group of 12 peroxisomal proteins after 6 hours of
starvation in the lysosome fraction, but not after prolonged starvation
(Supplementary table 8.3). These results were also displayed in the KEGG
analysis by the enrichment of ‘Peroxisome’ pathway (Figure 4.29). In addition,
the western blotting of two peroxisomal proteins, namely LONP2 and NUDT12,
validates these results and also demonstrates no change in the abundance after
starvation in liver whole lysates (Figure 4.36). Consequently, the results indicate
an early pexophagy. Peroxisomal autophagocytosis has been shown to be
induced by PEX2 ligase ubiquitination of peroxisomal membrane proteins and
when mMTORCL1 is inhibited, which suggests the mTORC1 regulation of
pexophagy in fed conditions (Sargent et al. 2016). Sargent and co-workers
research on amino acid-starved Hela cells demonstrates an increase in PEX2
levels at the peroxisome surface after 2 hours and a return to initial levels after
prolonged starvation. These findings explain the increase in targeting
peroxisomes to autophagosomes for degradation after a short starvation,
MTORCL1 inhibition period, and the reduction after prolonged starvation,
MTORCL1 reactivation period. In line with Sargent et al. results, in our study, the
abundance of several peroxisomal proteins increased when mTORCL1 is least
active, 6 hours of starvation, and not after its reactivation, prolonged starvation,
in the lysosomes of liver tissues. The above mentioned study supports our
suggestion of early pexophagy. One of the validated proteins is the peroxisomal

matrix protein LONP2, a quality control protein, whose absence or degradation
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enhances pexophagy (Bartel et al. 2014). In addition, the increased level of
peroxisomal NADH diphosphatase NUDT12 after 6 hours of starvation in the
lysosome and its insignificant change in the liver lysate probably suppose active
pexophagy after short starvation.

Within the same context of organelle autophagocytosis, mitochondria are also
degraded after nutrient depletion but only after prolonged starvation periods due
to morphological elongation and the formation of large interconnected networks
to prevent sequestration within autophagosomes for several hours (Tondera et
al. 2009; Gomes et al. 2011; Rambold et al. 2011). In tested mammalian cell lines
such as MEF, HepG2 and HelLa cells, Gomes and colleagues indicated
mitochondrial elongation beginning from 1 hour of starvation. In addition, several
mitochondrial marker proteins were preserved from degradation in elongated
mitochondria of MEF cells and optimal ATP production levels were maintained
(Gomes et al. 2011). Furthermore, amino acid starvation experiments on the
breast cancer cell line MCF7 demonstrate a major mitochondrial/lysosomal co-
localization after 30 hours of starvation in comparison to control and 7 hours
starved cells (Kristensen et al. 2008). These studies provide evidence of late
mitophagy and show the probable underlying mechanisms. In accordance with
the previous results, in the current study, proteomic dataset shows a significant
upregulation in a set of 54 mitochondrial proteins after 24 hours of starvation in
the lysosome fraction, but not after short starvation (Supplementary table 8.5).
These results were also depicted in the KEGG analysis by the enrichment of
several mitochondria-related pathways (Figure 4.30). Moreover, four
mitochondrial proteins, namely CPT2, VDAC1, NDUFB7 and -11, were validated
by WB and three proteins from different biological processes showed a significant
increase in the abundances after prolonged starvation in the lysosome, with two
depicting a small increase between 6 and 24 hours of starvation in liver whole
lysates as well. The findings suggest a late mitophagy (Figure 4.37). Besides
mitophagy, the elevated levels of the CPT2 enzyme in the cytoplasm could be
related to its involvement in fatty acid beta-oxidation that is increased during
starvation (Wolfgang 2020). However, the 1.35-fold increase in CPT2 levels
between 6 and 24 hours of starvation in liver lysates is probably not biologically
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significant. Furthermore, as a mitochondrial marker protein and a substrate of the
mitochondrial ubiquitination enzyme parkin, VDAC1 was displayed to be required
for selective mitophagy (Geisler et al. 2010). Therefore, VDACL1 increase could
be interpreted as a reason for mitophagy induction. Moreover, NDUFB7 depicted
only a small increase between 6 and 24 hours of starvation in the lysosome, while
NDUFB11 did not display any significant changes, so further investigation on the
respiratory chain proteins is required.

In conclusion, the current in vivo research indicates an early pexophagy and a
late mitophagy throughout the period of starvation suggesting an ordered
organelle degradation and highlights the essential role of autophagy in organelle
turnover and cellular homeostasis. In agreement with our outcome, a SILAC-
based quantitative proteomic study conducted by Kristensen and colleagues
shows that over 36 hours of amino acid starvation of cultured MCF7 cells an
autophagic degradation was claimed starting from cytosolic proteins, then
ribosomes, and ending with mitochondria based on a bioinformatics cluster
analysis of identified proteins. The authors believe that the organelles associated
with energy production, such as mitochondria, are degraded last as they help to
survive nutrient depletion (Kristensen et al. 2008). This could be an explanation
for the degradation order in the present study. However, there is still a gap in our
understanding of the mechanism behind the selection of different organelles as
well as the biological factors responsible for the shift in degraded organelles
during starvation. Our research on the lysosomal proteome changes during
different starvation conditions gives novel insights into the degradation time
periods of cellular organelles in an in vivo mouse model as well as the metabolic

changes that accompany it.
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6 Conclusion

The conducted study revealed several insights related to lysosomal signaling and
cellular metabolism during starvation. In the first part of the thesis, the activity
patterns of mMTORC1 were successfully determined in three key metabolic organs
at various starvation periods. The protein complex indicated unique responses to
nutrient starvation. In the liver, mTORC1 was deactivated/reactivated after
short/prolonged starvation periods, respectively, while a gradual deactivation in
the skeletal muscle and a continuous activation in the brain was monitored.
Subsequently, the two selected starvation periods with distinct molecular effects
in the liver demonstrated different impacts on cellular metabolism. The levels of
the metabolites varied as a response to short- and long-term starvation. Our
results showed a stability in glucose levels at 6 hours of starvation, where the
synthesis of ketone bodies started to increase. Additionally, the decline in glucose
levels after 24 hours of starvation was accompanied with a significant increase in
ketogenesis. Other alternative energy sources such as beta-oxidation and
gluconeogenesis were also suggested to occur after prolonged starvation.

In the last part, the proteomic analysis of starvation-induced changes in liver
lysosomal proteome and the verification experiments indicated a new in vivo
understanding about the possible localization of mMTORC1 and its associated
complexes during starvation. The decreased levels of mMTORC1 and Rag
complex after short starvation and the increase after prolonged starvation, as well
as the continuously decreased abundance of Ragulator complex over the course
of starvation, suggested a Ragulator-independent mTORC1 reactivation.
However, this reactivation mechanism is not yet defined. In addition, the results
related to quantified non-lysosomal proteins after starvation showed the
abundance levels of gluconeogenesis and glycogen metabolism biomarkers. In
addition, the continuous decreased level of WASH complex in the lysosomal
fraction was also depicted. In parallel, proteaphagy seemed to be continuously
induced during starvation, while in contrast, starvation-induced autophagy
suggested an early pexophagy and a late mitophagy indicating an ordered

organelle degradation.
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8 Appendix

8.1 Metabolic analysis (Acylcarnitines and amino acids)

Supplementary table 8.1: List of serum acylcarnitine and amino acid
concentrations

6-month-old male wild-type mice were starved for 6 or 24 hours and control mice were
fed ad libitum before sacrifice. Blood serum was collected from each group and the
average concentrations (umol/l) of acylcarnitines and amino acids were measured using
ESI-MS/MS and LC-MS/MS, respectively. Shown are mean + SEM (N/A: not available).

Acylcarnitine Fed 6 hours 24 hours
(umol/) ad libitum starvation starvation
30H-butyryl (C40H) 0.458 + 0.094 0.502 + 0.095 0.397 + 0.060
?gl%zrl‘%xj)dece”oy' 0.013+0.002 | 0.011+0001 | 0.063+0.007
30H-isovaleryl (C50H) 0.156 + 0.031 0.17 + 0.022 0.1 +0.017
30H:-linoleoyl (C18:20H) 0.014 + 0.002 0.01 + 0.001 0.06 + 0.012
30H-oleoyl (C18:10H) 0.012 + 0.002 0.011 + 0.002 0.083 + 0.019
30H-palmitoyl (C160H) 0.01 + 0.001 0.012 + 0.002 0.039 + 0.006
30H-stearoyl (C180H) 0.015 + 0.003 0.01 + 0.002 0.044 + 0.010
?gl'lge:)adecanoy' 0.01 + 0.001 0.01+0.002 | 0.016+0.003
Acetyl (C2) 24.616 + 1.936 29.287 + 2.727 17.4 + 1.649
Butyryl (C4) 2.629 + 0.404 2.139 + 0.818 0.699 + 0.099
Free carnitine (C0) 24.391 + 2.609 25.787 + 2.151 13.43 + 1.483
Decenoyl (C10:1) 0.02 + 0.004 0.022 + 0.003 0.036 + 0.005
Decanoyl (C10) 0.016 + 0.003 0.026 + 0.005 0.030 + 0.004
Dodecanoyl (C12) 0.039 + 0.004 0.036 + 0.006 0.08 + 0.011
Glutaryl (C5DC) 0.08 + 0.021 0.061 + 0.010 0.232 + 0.077
Hexanoy! (C6) 0.296 + 0.060 0.311 + 0.146 0.079 + 0.011
Isovaleryl (C5) 0.200 + 0.028 0.162 + 0.020 0.092 + 0.011
Malonyl (C3DC) 0.180 + 0.038 0.172 + 0.021 0.205 + 0.025
Methylmalonyl (C4DC) 21.012 + 9.053 0.175 + 0.026 12.93 + 5.489
Octadecanoyl (C18) 0.076 + 0.016 0.045 + 0.008 0.659 + 0.138
Octanoyl (C8) 0.028 + 0.005 0.034 + 0.010 0.032 + 0.005
Octenoyl (C8:1) 0.013 + 0.002 0.015 + 0.004 0.014 + 0.002
Oleoyl (C18:1) 0.166 + 0.024 0.215 + 0.024 1.241 + 0.199
Palmitoleyl (C16:1) 0.058 + 0.009 0.081 + 0.012 0.192 + 0.026
Palmitoyl (C16) 0.274 + 0.036 0.303 + 0.030 0.935 + 0.107
Propionyl (C3) 1.043 + 0.146 0.789 + 0.131 0.531 + 0.085
(Tgiﬁg‘)ecad'enoy' 0.019 + 0.003 | 0.025+0.004 | 0.065 +0.011
Tetradecanoyl (C14) 0.048 + 0.006 0.072 + 0.013 0.178 + 0.024
Tetradecenoyl (C14:1) 0.039 + 0.005 0.067 + 0.010 0.163 + 0.019
Tiglyl (C5:1) 0.015 + 0.001 0.012 + 0.001 0.015 + 0.003
Amino acid Fed 6 hours 24 hours
(umol/l) ad libitum starvation starvation
1-Methylhistidine 3.04 + 0.361 3.4 +0.624 3.925 + 0.360
3-Methylhistidine 3.5+ 0.539 4,437 + 0.481 9.2 +0.922
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2-Aminoadipic acid 10.7 + 1.182 8.437 + 0.838 53.983 + 11.513
2-Aminobutyric acid 4.95 + 0.406 4.687 + 0.371 19.333 + 1.967
Alanine 449.416 + 42.844 | 392.25 + 37.535 | 290.333 + 37.341
Arginine 85.95 + 17.203 61.3 +14.776 90.441 + 20.937
Asparagine 42.941 + 2.185 43.812 + 8.334 44.908 + 3.219
Aspartic acid 44558 + 6.168 51.975 + 7.778 52.667 + 8.875
B-Alanine 6.208 + 0.593 6.737 + 0.357 6.472 + 1.028
Carnosine 8.158 + 2.277 6.875 + 1.262 5.808 + 1.258
Citrulline 66.717 + 5.490 58.875 + 8.054 66.433 + 6.835
Cystathionine 2.2 +0.290 2.7 +0.452 3.95 + 0.682
Cystine 3.111 + 0.497 2.933 + 0.549 7.65 + 2.297
Ethanolamine 32.933 + 3.288 36.575 + 2.547 34.458 + 3.312
y-Aminobutyric acid 3.05 + 0.355 2.22 +0.412 2.775 + 0.417
Glutamine 800.333 + 31.155 | 815.25 + 38.856 | 747.833 + 33.645
Glutamic acid 161.767 + 30.537 13165%%72+ 135.981 + 25.852
Glycine 37325+31280 | “0°/5F | 305333+ 26,087
Histidine 66.058 + 3.477 | 70.587 + 11.431 | 72.133 + 7.627
Hydroxylysine N/A N/A 4.033 + 0.633
Hydroxyproline 11.525 + 1.122 11.925 + 0.950 6.763 +1.112
Isoleucine 94.625 + 6.113 84.225 + 6.364 133.55 + 10.100
Leucine 146.875 + 9.790 145 + 10.587 277.5 + 35.543
Lysine 251.917 + 10.157 | 220.125 + 9.709 229 + 24.614
Methionine 31.672 +10.148 | 42.275 + 2.083 24.02 + 7.752
Ornithine 145.95 + 19.251 227:;?18178+ 133.45+ 17.177
Phenylalanine 92.65 + 3.772 89.75 + 5.495 110.35 + 6.288
Phosphoethanolamine 18.617 + 6.845 18.925 + 2.878 21.675 + 4.534
Proline 113.108 + 8.277 | 81.337 +11.368 | 77.217 + 4.792
Sarcosine 3.488 + 0.515 3.317 + 0.598 2.487 + 0.372
Serine 116.5 + 9.930 178.25 + 74.115 | 106.675 + 7.463
Taurine 1172.833 + 996.875 + 1423.833 +
100.879 58.236 144.397
. 131.925 +
Threonine 131.1 + 7.080 16.505 140 + 7.566
Tryptophan 80.673 + 8.226 81.725 + 7.217 62.383 + 6.618
Tyrosine 95.137 + 3.706 79 + 8.076 68.587 + 9.638
Valine 243.25+12.185 | 211.75+9.842 | 361.875 + 43.413

8.2 Proteomics

Supplementary table 8.2: List of 233 lysosomal annotated proteins in lysosome-
enriched fractions from control, 6 and 24 hours starved mice according to the
protein center database in Proteome Discoverer 2.3

Uniprot ID Gene Uniprot ID Gene Uniprot ID Gene
P41234 Abca2 P54818 Galc Q62086 Pon2
Q8R4P9 Abccl0 Q571E4 Galns 088531 Pptl
P09470 Ace P17439 Gba 035448 Ppt2
Q05117 Acp5 Q9DBL2 Gdap2 Q7TMRO Prcp
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Q64191 Aga Q9Z0L8 Ggh 008709 Prdx6
P45376 Akrlbl Q8BWF2 Gimap5 Q61207 Psap
Q91Y97 Aldob P51569 Gla P49769 Psenl
Q810B6 Ankfyl P23780 Glb1l Q61144 Psen2
Q3UMRO Ankrd27 Q60648 Gm2a Q91Vv41 Rab14
P97449 Anpep P21278 Gnall P53994 Rab2a
Q9z1T1 Ap3bl P21279 Ghaq P35278 Rab5c
054774 Ap3dl P62874 Gnbl P51150 Rab7a
Q9JKC8 Ap3ml P62880 Gnb2 Q9ROM6 Rab9a
P08226 Apoe Q8BFR4 Gns Q9ERI6 Rdh14
Q8VEHS3 Arl8a 070362 Gpldl Q8VvC42 Rmcl
Q9CQW?2 Arl8b P28798 Grn COHKG5 Rnaset2a
P50428 Arsa P12265 Gusb 054965 Rnfl13
P50429 Arsb P14438 H2-Aa Q80X95 Rraga
Q3TYD4 Arsg P29416 Hexa Q99K70 Rragc
Q9WV54 Asahl P20060 Hexb Q61009 Scarbl
P16460 Assl Q3UDW8 Hgsnat 035114 Scarb2
P98197 Atplla Q6YGZ1 Hpse Q8R2U0 Sehll
Q9QZWO0 Atpllc Q9ESB3 Hrg P70665 Siae
Q9CTG6 Atpl3a2 P11499 Hsp90abl Q8CIF6 Sidt2
P15920 Atp6v0a2 P63017 Hspa8 P49282 Siclla2
P51863 Atp6v0dl P48441 Idua Q9JIS8 Sicl2a4
Q80SY3 Atp6v0d2 Q9ESY9 Ifi30 Q8BPX9 Sicl5a3
P50516 Atp6vla Q9CQW9 Ifitm3 Q8BN82 Slcl7a5
P62814 Atp6vlb2 Q07113 Igf2r Q80zD3 Sic26all
Q971G3 Atp6vicl 009046 114i1 Q9JIF3 Slc2a8
P57746 Atpévld Q60766 Irgm1l Q8VE96 SlIc35f6
P50518 Atpévlel Q80XH1 Kxdl Q8BGD6 Slc38a9
Q9CR51 Atp6vigl P11438 Lampl Q9D8M3 Slc48al
Q8BVE3 Atp6vlh P17047 Lamp2 Q04519 Smpd1
055102 Bloclsl Q9CQ22 Lamtorl 009044 Snap23
QICWG9 Bloc1s2 Q9JHS3 Lamtor2 Q92266 Snapin
Q9D920 Borcs5 088653 Lamtor3 Q9WV80 Snx1
Q9D6WS8 Borcs6 Q9D1L9 Lamtor5 QICWKS8 Snx2
Q9CRC6 Borcs7 P35951 Ldlr Q6P8X1 Snx6
Q9D6Y4 Borcs8 089017 Lgmn Q3UHA3 Spgll
P24270 Cat Q9Z0M5 Lipa Q8ROG7 Spnsl
Q8C1Y8 Cczl Q8K0B2 Lmbrdl Q9JJF9 Sppl2a
P11609 Cdidi Q8C129 Lnpep Q61542 Stard3
P31996 Cd6s8 Q91zX7 Lrpl Q9DCI3 Stard3nl
P04441 Cd74 P25911 Lyn Q3TAA7Y Stk11ip
070496 Clcn7 P24668 M6pr 070439 Stx7
Q3UMWS8 CIn5 009159 Man2bl 088983 Stx8
Q68FD5 Cltc 054782 Man2b2 Q64324 Stxbp2
Q61147 Cp Q8K214 Manba A2A9C3 Szt2
Q9WVJ3 Cpq Q99J21 Mcolnl Q99MB1 TIr3
P21460 Cst3 Q8BH31 Mfsd8 P58681 TIr7
Q8R242 Ctbs Q8VE19 Mios Q9EQU3 TIr9
P16675 Ctsa P11247 Mpo Q9DBUO Tm9sfl
P10605 Ctsb P27573 Mpz Q80X71 Tmem106b
P97821 Ctsc Q9JLN9 Mtor P52875 Tmem165
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P18242 Ctsd Q9D7V9 Naaa Q9CXT7 Tmem192
Q9R013 Ctsf Q90QWRS Naga Q9QY73 Tmem59
P49935 Ctsh QICWZ7 Napg Q91YT8 Tmem63a
P55097 Ctsk 009043 Napsa Q9EQJO Tpcnl
P06797 Ctsl P57716 Ncstn 089023 Tppl
Q8BM88 Ctso 035657 Neul Q02053 Ubal
070370 Ctss 035604 Npcl P70280 Vamp7
Q9WUU7 Ctsz Q9z0J0 Npc2 070404 Vamp8
Q91WC9 Daglb Q9WUE4 Nprl2 Q91W86 Vpsll
P61460 Depdch Q8VI1J8 Nprl3 Q92004 Vpsl6
P60904 Dnajch5 P46460 Nsf Q8R307 Vpsi18
P56542 Dnase?2 Q8BGTO Ostm1 P40336 Vps26a
P28843 Dpp4 Q9JJIX6 P2rx4 Q9D2N9 Vps33a
Q9ET22 Dpp7 Q80W65 Pcsk9 Q9EQH3 Vps35
Q9CR48 Dram?2 Q9CQF9 Pcyox1 Q8R5L3 Vps39
Q4PZA2 Ecel Q2TBE®6 Pi4k2a Q5KU39 Vps4l
P16406 Enpep Q8CBQ5 Pi4k2b 088384 Vtilb
008917 Flotl Q3TWL2 Pip4pl Q8CFJ9 wWdr24
P09528 Fthl Q9CzZX7 Pip4p2 Q3UDPO wdr41l
P29391 Ftl1 Q8VEB4 Pla2g15 Q8COMO Wdr59
Q99LJ1 Fucal Q8VCIO Plbdl Q5ND34 wdr81
P70699 Gaa Q3TCN2 Plbd2 Q3UPF5 Zc3havl
Q9DCD6 Gabarap Q97280 Pld1

Supplementary table 8.3: Upregulated non-lysosomal proteins upon 6 hours of

starvation

List of the 150 upregulated non-lysosomal proteins identified after short-term starvation
in the proteomic dataset. Shown are proteins with more than one unique peptide, p-value
<0.05 and log- fold change ratios >0.75. In addition, the log- fold change ratios after 24
hours as well as the log, fold change ratios of the difference between 6 and 24 hours of
starvation are also shown in the table (#: number of unique peptides, blue: starvation
period of interest, green: proteasome complex subunits, yellow: peroxisomal proteins,
N/A: not available).

. Gene | Log.FC | LogoFC | LogoFC
SUEUIUIEG name | (6h) | (24h) | (24-6h) | #
Bile acid-CoA:amino acid N- Baat 267 1.25 1.42 4
acyltransferase
Glycogen [starch] synthase, liver Gys2 2.21 0.52 -1.69 3
Proteasome subunit alpha type-5 Psma5 2.21 1.26 -0.95 4
Proteasome subunit alpha type-1 Psmal 2.12 1.22 -0.90 5
Proteasome subunit beta type-3 Psmb3 2.10 1.33 -0.77 4
Proteasome subunit alpha type-3 Psma3 2.04 1.20 -0.84 | 10
2-hydroxyacyl-CoA lyase 1 Hacll 2.03 0.75 -1.28 10
D-dopachrome decarboxylase Ddt 2.01 1.16 -0.86 4
Proteasome subunit alpha type-2 Psma?2 1.96 1.47 -0.49 2
N-acyl-aromatic-L-amino acid Acy3 195 0.93 103 2
amidohydrolase
Sorbitol dehydrogenase Sord 1.95 1.00 -0.95 10
Proteasome subunit beta type-6 Psmb6 1.94 1.33 -0.61 2
Proteasome subunit beta type-5 Psmb5 1.93 1.21 -0.72 4
Acylamino-acid-releasing enzyme Apeh 1.92 1.21 -0.71 7
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Aldehyde oxidase 3 Aox3 1.90 1.01 -0.89 14
Proteasome subunit alpha type-4 Psma4 1.88 1.11 -0.77 4
Delta-aminolevulinic acid dehydratase Alad 1.87 0.63 -1.24 2
Proteasome subunit alpha type-7 Psma7 1.81 1.05 -0.77 3
NAD(P)H-hydrate epimerase Naxe 1.75 1.28 -0.47 3
Alanine aminotransferase 1 Gpt 1.74 0.50 -1.24 5
Aldehyde oxidase 3;1 A%ﬁ'A 173 | 054 | -1.19 | 2
glflo-keto reductase family 1 member Akrldl 173 0.86 .0.87 4
dGcheraldehyde—:%—phosphate Gapdh 1.70 0.98 0.72 9

ehydrogenase

Aldehyde oxidase 1 Aoxl 1.70 1.04 -0.66 6
Fructose-1,6-bisphosphatase 1 Fbpl 1.68 0.73 -0.95 13
Retinol dehydrogenase 16 Rdh16 1.68 0.78 -0.91 2
Proteasome subunit beta type-7 Psmb7 1.68 0.91 -0.77 2
Hydroxyacid oxidase 1 Haol 1.67 0.25 -1.42 2
17-beta-hydroxysteroid Hsd17b
dehydrogenase type 6; Retinol 6;Rdh7; 1.67 0.66 -1.01 3
dehydrogenase 7;16 Rdh16
Proteasome subunit beta type-1 Psmbl 1.67 0.82 -0.85 2
Aspartate aminotransferase Gotl 1.66 1.03 -0.63 6
R&)gjlg?gg/]nmldme dehydrogenase Dpyd 164 0.43 -1.20 9
Glycogen phosphorylase, liver form Pygl 1.64 0.85 -0.79 11
Kynuren_me--oxoglutarate Kyatl 163 063 -1.00 2
transaminase 1
Peroxiredoxin-4 Prdx4 1.62 0.92 -0.70 3
Tripeptidyl-peptidase 2 Tpp2 1.62 0.97 -0.65 3
17-beta-hydroxysteroid Hsd17b 157 0.77 .0.79 6
dehydrogenase type 6 6
Alpha-aminoadipic semialdehyde Aldh7a 155 1.06 .0.48 12
dehydrogenase 1
Proteasome subunit alpha type-6 Psma6 1.54 0.97 -0.57 4
Glutaredoxin-1 Glrx 1.52 1.09 -0.43 3
Ester hydrolase C11orf54 homolog N/A 1.51 1.29 -0.22 7
Cytosolic 10-formyltetrahydrofolate Aldhil1 150 032 119 17
dehydrogenase
Glutathione reductase, mitochondrial Gsr 1.49 0.90 -0.59 5
Thioredoxin reductase 1, cytoplasmic | Txnrdl 1.48 1.32 -0.16 4
Carboxylesterase 1F Ceslf 1.47 0.36 -1.11 9
Carnitine O-octanoyltransferase Crot 1.47 0.83 -0.64 3
Inositol monophosphatase 1 Impal 1.47 0.94 -0.54 2
Hypoxanthine-guanine
pggsphoribosyﬁransferase Hprtl LS 1.08 -0.38 3
Glutathione S-transferase Mu 2 Gstm2 1.44 0.97 -0.47 2
Peroxisomal coenzyme A
diphosphatase NUgT7 Nudt7 | 1.43 | -0.15 | -159 | 2
Gephyrin Gphn 1.43 0.51 -0.92 6
Urocanate hydratase (Urocanase) Urocl 1.42 0.81 -0.61 4
Cytochrome P450 2D9 Cyp2d9 | 141 0.43 -0.99 5
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Phenz_az_lne blosy_nthe5|s-llke domain- Pbld1 1.40 1.47 0.07 4
containing protein 1
Alanine--tRNA ligase, cytoplasmic Aars 1.39 0.67 -0.72 4
Phenz_az_lne blosy_nthe5|s-llke domain- Pbld2 138 141 0.02 6
containing protein 2
Argininosuccinate lyase Asl 1.37 0.38 -1.00 7
Peroxisomal NADH pyrophosphatase
NUDT12 Nudt12 1.37 0.59 -0.78 4
Alpha-methylacyl-CoA racemase Amacr 1.35 0.39 -0.96 4
4-trimethylaminobutyraldehyde Aldh9a 135 0.48 .0.87 6
dehydrogenase 1
Glutathione S-transferase P 1 Gstpl 1.35 1.26 -0.10 10
Bleomycin hydrolase Blmh 1.34 0.87 -0.47 6
Histidine ammonia-lyase Hal 1.33 0.40 -0.93 10
Ribosyldihydronicotinamide N2 133 0.75 .058 3
dehydrogenase
Threonlne'--tRNA ligase 1, Tars 132 0.65 067 3
cytoplasmic
Prolyl endopeptidase Prep 1.32 1.39 0.07 5
60 kDa heat shock protein,
mitochondrial Hspdl 1.30 0.72 -0.58 16
Inosine-5'-monophosphate Impdh2 130 103 .0.27 2
dehydrogenase 2
Acyl-coenzyme A amino acid N- Acnatl 126 0.40 .0.86 4
acyltransferase 1
Cytochrome P450 2D26 CypGZdZ 124 | 024 | 099 | 7
Carboxymethylenebutenolidase cmbl 124 0.65 -0.59 2
homolog
Glutathione synthetase Gss 1.24 0.69 -0.56 4
1,4-alpha-glucan-branching enzyme Gbel 1.23 0.52 -0.71 2
Peroxisomal trans-2-enoyl-CoA
B . Pecr 1.21 -0.02 -1.23 5
Bifunctional epoxide hydrolase 2 Ephx2 1.21 0.19 -1.02 8
Epoxide hydrolase 1 Ephx1 1.21 0.85 -0.36 11
Xanthine dehydrogenase/oxidase Xdh 1.21 0.97 -0.24 11
Regucalcin Rgn 1.20 0.85 -0.35 6

Cyp2c2

Cytochrome P450 2C29 9 1.19 0.30 -0.89 10
Peroxisomal 2,4-dienoyl-CoA Decr2 118 008 126 3
reductase
Glyoxylate reductase/hydroxypyruvate Grhpr 118 057 061 4
reductase
'{gloredoxm domain-containing protein Txn7dc1 118 0.63 .056 5
Retinol dehydrogenase 7;16 RgEIGR 1.17 0.64 -0.53 2
Regulator of nonsense transcripts 1 Upfl 1.14 0.31 -0.83 2
ATP-dependent (S)-NAD(P)H-hydrate Naxd 112 0.50 0.62 3

dehydratase




dehydrogenase
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Sgrme--pyr_uvate aminotransferase, Agxt 111 0.30 081 2
Mitochondrial
Serine--tRNA ligase, cytoplasmic Sars 1.11 0.74 -0.37 2
Purine nucleoside phosphorylase Pnp 1.11 0.75 -0.36 2
Tetratricopeptide repeat protein 38 Ttc38 1.10 0.63 -0.47 2
UTP--glucose-1-phosphate Ugp2 | 109 | 063 | -046 | 12
uridylyltransferase
Lon protease homolog 2, peroxisomal | Lonp2 1.08 0.02 -1.06 2
DNA damage-binding protein 1 Ddbl 1.08 0.39 -0.69 6
Thioredoxin Txn 1.08 0.61 -0.48 4
Galactose mutarotase Galm 1.08 0.67 -0.41 3
Fumarylacetoacetase Fah 1.07 0.37 -0.70 4
Adenosylhomocysteinase Ahcy 1.07 0.57 -0.50 9
N-fatty-acyl-amino acid Pm20d 107 0.69 .0.38 8
synthase/hydrolase 1
GDH/6PGL endoplasmic bifunctional
protein H6pd 1.06 0.44 -0.62 6
Isochorismatase domain-containing Isocl 1.06 0.73 .0.34 3
protein 1
2-iminobutanoate/2-iminopropanoate .
deaminase Rida 1.06 0.84 -0.23 8
Sepiapterin reductase Spr 1.06 0.85 -0.20
Gstm1;
. Gstmz2;
G.Iu_ta_thllone S-transferase Mu Gstm3: 105 0.55 .0.49 4
1;2;3;6;7 !
Gstm6;
Gstm7
2-aminomuconic semialdehyde Aldhga |, oo 0.27 076 | 10
dehydrogenase 1
Retinol dehydrogenase 7 Rdh7 1.03 0.56 -0.47 5
Cholinesterase Bche 1.03 0.91 -0.11 3
Cytosol aminopeptidase Lap3 1.02 0.41 -0.60 7
Isoleucine--tRNA ligase, cytoplasmic lars 1.02 0.77 -0.25 2
2,4-dienoyl-CoA reductase, Decrl | 1.01 | 064 | 038 | 6
mitochondrial
Glutathione S-transferase A4 Gsta4 1.01 0.66 -0.35 4
Formlmldoyltransferase- Ftcd 1.00 0.47 053 3
cyclodeaminase
Indolethylamine N-methyltransferase Inmt 1.00 0.65 -0.35 5
Phenylalanine-4-hydroxylase Pah 0.99 0.51 -0.47 11
Cytochrome P450 2C70 Cy%2C7 098 | 085 | -1.82 | 7
26S proteasome non-ATPase Psmd2 | 098 0.62 -0.36
regulatory subunit 2
Malate dehydrogenase, cytoplasmic Mdhl 0.98 0.70 -0.28
von V\_/|I_Iebrand f_actor A domain- Vwas 0.95 0.35 -0.60
containing protein 8
Estradiol 17 beta-dehydrogenase 5 Akrlc6 0.95 0.37 -0.58 10
Trans-1,2-dihydrobenzene-1,2-diol Dhdh 0.95 0.43 _052 2
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Aldehyde dehydrogenase, cytosolic 1; | Aldhla
Aldehyde dehydrogenase, 7;Aldh2
mitochondrial; Retinal dehydrogenase | ;Aldhla 0.95 0.47 -0.48 2
1; Aldehyde dehydrogenase X, 1;Aldh1
mitochondrial bl
3-hydroxyisobutyrate dehydrogenase | Hibadh 0.94 0.31 -0.64 7
Agmatinase, mitochondrial Agmat 0.93 0.26 -0.67 2
Glutathione S-transferase omega-1 Gstol 0.93 0.65 -0.28 5
Endoplasmic reticulum Erapl | 092 | 022 | -070 | 7
aminopeptidase 1
26S proteasome non-ATPase Psmdl
regulatory subunit 12 2 Uk 0.61 -0.31 2
. - o . Selenb
S_ele_nlum—bln_dlng protein 2; Selenium- p2:Sele 0.92 1.19 0.97 20
binding protein 1
nbpl

4-hydroxyphenylpyruvate Hod | 091 | 012 | -079 | 8
dioxygenase
Cytochrome P450 2D10 p2dl | 001 | 029 | 062 | 2
Dihydropteridine reductase Qdpr 0.91 0.48 -0.44 4
élflg-keto reductase family 1 member Akr31c1 0.89 0.78 011 3
Ketohexokinase Khk 0.88 0.33 -0.54 4
Kynureninase Kynu 0.88 0.34 -0.54 4
T-complex protein 1 subunit theta Cct8 0.86 0.34 -0.52 7
Carboxylesterase 1D Cesld 0.86 0.36 -0.50 9
Alpha-enolase Enol 0.86 0.46 -0.40 11
Carboxylesterase 3B Ces3b 0.85 -0.12 -0.98 2
Phytanoyl-CoA dioxygenase, Phyh | 085 | 009 | -076 | 3
peroxisomal
Nicotinate-nucleotide Qprt 0.85 0.60 .0.25 5
pyrophosphorylase

. Aldhla
Retinal dehydrogenase 1 1 0.84 0.47 -0.37 10
Aldehyde dehydrogenase family 3 Aldh3a 0.84 0.73 011 9
member A2 2
Glutathione S-transferase Mu 1 Gstml 0.82 0.31 -0.51 6
Peroxiredoxin-2 Prdx2 0.82 0.54 -0.28 5
Carbonyl reductase [NADPH] 1 Cbrl 0.81 0.53 -0.28 2
Phosphatldylethanolamme-bmdmg Pebpl 0.80 0.59 021 5
protein 1
EIfukaryo'uc translation initiation factor Eif6 0.79 011 .0.68 2
Plastin-3 Pls3 0.79 0.45 -0.33 3
Glycerol kinase Gk 0.78 0.46 -0.32 5
Xylulose kinase Xylb 0.77 0.47 -0.30 2
Acyl-CoA dehydrogenase family Acadil 0.76 0.07 .0.69 5
member 11
5-oxoprolinase Oplah 0.76 0.37 -0.39 3
Triokinase/FMN cyclase Tkfc 0.76 0.38 -0.38 11
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Supplementary table 8.4: Downregulated non-lysosomal proteins upon 24 hours

of starvation

List of the 121 downregulated non-lysosomal proteins identified after long-term
starvation in the proteomic dataset. Shown are proteins with more than one unique
peptide, p-value <0.05 and log. fold change ratios <-0.75. In addition, the log. fold
change ratios after 6 hours as well as the log. fold change ratios of the difference
between 6 and 24 hours of starvation are also shown in the table (#: number of unique
peptides, blue: starvation period of interest).

. Gene Log2FC | Log2FC | LogzFC
Protein name name | (6h) | (2ah) | (2a-6h) | *
WASH complex subunit 5 Washcb -0.75 -2.14 -1.39 15
WASH complex subunit 4 Washc4 -0.77 -2.01 -1.25 13
COMM domain-containing protein 3 | Commd3 | -0.63 -1.87 -1.24 3
WASH complex subunit 1 Washcl -0.49 -1.85 -1.36 3
WASH complex subunit 2 Washc2 -0.64 -1.70 -1.06 2
Zinc finger protein-like 1 Zfpll -1.11 -1.69 -0.58 3
COMM domain-containing protein 1 | Commdl | -0.35 -1.68 -1.32 2
Growth hormone receptor Ghr 0.19 -1.66 -1.85 4
Serotransferrin Tf -1.20 -1.65 -0.46 19
Vacuplar protein sorting-associated Vps26¢ 041 165 1.5 4
protein 26C
COMM domain-containing protein 4 | Commd4 | -0.39 -1.64 -1.25 5
Angiopoietin-related protein 3 Angptl3 -0.39 -1.60 -1.21 6
COMM domain-containing protein 5 | Commd5 | -0.36 -1.60 -1.24 7
Lipoprotein lipase Lpl -0.38 -1.59 -1.20 4
COMM domain-containing protein 8 | Commd8 | -0.44 -1.57 -1.13 5
COMM domain-containing protein 9 | Commd9 | -0.57 -1.55 -0.98 2
Golgl—assoqla_lted PDZ_ and coiled-coil Gope 085 153 .0.68 5
motif-containing protein
COMM domain-containing protein 7 | Commd7 | -0.30 -1.51 -1.21 2
;/PS35_endosomal protein sorting Vps35| 027 .1.48 1.92 9
actor-like
COMM domain-containing protein 10 Co;r:)md -0.43 -1.47 -1.05 3
Coiled-coil domain-containing Ccdco3 | -0.25 146 121 | 10
protein 93
COMM domain-containing protein 6 | Commd6 | -0.49 -1.45 -0.96 2
COMM domain-containing protein 2 | Commd2 | -0.16 -1.42 -1.26 2
Coﬂeql-con domain-containing Cede2? -0.40 -1.40 1.00 11
protein 22
Maspardin Spg21 -1.19 -1.37 -0.17 8
Complement factor B Cfb -0.46 -1.33 -0.87 12
Transmembrane protein 176B nggﬂ? -0.29 -1.30 -1.01 5
Vacuplar protein sorting-associated Vps29 .0.42 -1.29 .0.86 8
protein 29
Apolipoprotein F Apof -0.54 -1.28 -0.74 2
Gamma-secretase-activating protein Gsap -0.05 -1.28 -1.24 2
Vesicle-trafficking protein SEC22b Sec22b -0.68 -1.21 -0.53 4
Haptoglobin Hp -0.46 -1.21 -0.75 14
Apolipoprotein A-| Apoal -0.71 -1.17 -0.47 10
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Pigment epithelium-derived factor Serpinfl -0.18 -1.17 -1.00 5
Integral membrane protein 2B Itm2b -0.22 -1.16 -0.93 8
Kelch-like protein 9 KIhl9 -0.79 -1.14 -0.34 3
Apolipoprotein C-llI Apoc3 -0.42 -1.14 -0.73 4
Hemopexin Hpx -0.89 -1.13 -0.24 15
Vacu_olar protein sorting-associated Vps26b 015 113 .0.98 3
protein 26B
Apolipoprotein C-I Apocl 0.24 -1.13 -1.37 5
Fibulin-1 Fbinl 0.35 -1.12 -1.47 2
Protein AMBP Ambp -0.81 -1.11 -0.29 3
Tripartite motif-containing protein 14 Trim14 -0.28 -1.11 -0.84 9
Melanoregulin Mreg -0.28 -1.09 -0.80 2
Sodium-coupled neutral amino acid | ¢ .ag.5 | 927 -1.09 .0.82 5
transporter 3
Synaptosomal-associated protein 29 | Snap29 -1.07 -1.08 -0.01 5
éﬁD\P—nbosylaﬂon factor-like protein Arl5a -0.46 108 .0.62 5
Major urinary protein 3 Mup3 -0.27 -1.08 -0.81 3
Protein ERGIC-53 Lmanl -0.67 -1.07 -0.40 7
Kininogen-1 Kngl -0.37 -1.07 -0.70 9
Protein transport protein Sec23a;
Sec23A;Sec23B Secozp | 049 | 106 | 057 | 2
Beta-galactoside alpha-2,6- Stégall | -0.13 | -1.06 | -0.93 | 15
sialyltransferase 1
Protein RUFY3 Rufy3 -0.94 -1.05 -0.11 10
xIePS|3c6uIar integral-membrane protein | | . 063 105 .0.42 6
Plasma kallikrein Klkb1 -0.39 -1.05 -0.67 2
Alpha-1-acid glycoprotein 1 Oorml -0.79 -1.04 -0.25 6
Serpinal
a;Serpin
Alpha-1l-antitrypsin 1-1;1-2;1-5;1-4 alb;Serp | -0.68 -1.03 -0.36 7
inale;Se
rpinald
Ribonuclease 4 Rnase4 -0.38 -1.03 -0.65 2
Proteoglycan 4 Prg4 -0.13 -1.03 -0.89 2
Hepatic triacylglycerol lipase Lipc 0.10 -1.03 -1.14 4
Albumin Alb -0.72 -1.02 -0.30 | 30
Serpinal
Alpha-1-antitrypsin 1-1;1-4 a;Serpin -0.63 -1.02 -0.40 2
ald
II(Ei>r<1t6r1z;1gelI:I'lillf/llrzze(::r|ne/threonlne protein Fam20c 0.08 102 -1.09 5
Sorting nexin-3 Snx3 -0.38 -1.00 -0.62 2
Insuli_n-like growth factor-binding lgfop4 -0.30 .0.99 .0.69 5
protein 4
Syndecan-2 Sdc2 -0.04 -0.99 -0.96 3
Beta-1,4-glucuronyltransferase 1 B4gatl -0.65 -0.98 -0.32 2
Follistatin-related protein 1 Fstl1 0.08 -0.98 -1.07 2
Casein kinase Il subunit alpha Csnk2al | -0.63 -0.97 -0.34 3
Protein transport protein Sec23A Sec23a -0.44 -0.97 -0.53 15
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Carboxypeptidase B2 Cpb2 -0.24 -0.97 -0.74 3
Chloride channel protein 2 Clcn2 -0.21 -0.97 -0.76 3
Vacuolar protein sorting-associated
protein 8 Vps8 -0.10 -0.97 -0.88 4
Alpha-2-HS-glycoprotein Ahsg -0.38 -0.95 -0.58 5
Serum paraoxonase/arylesterase 1 Ponl -0.23 -0.95 -0.71 5
Corticosteroid-binding globulin Serpina6 0.17 -0.95 -1.13 2
Sulfhydryl oxidase 1 Qsox1 -0.36 -0.94 -0.58 8
Insull_n-llke growth factor-binding lgfop7 0.96 -0.92 .0.66 3
protein 7
Vitamin K-dependent protein C Proc -0.11 -0.92 -0.81 3
Secl family domain-containing
protein 1 Scfdl -0.19 -0.91 -0.72 3
Sorting nexin-27 Snx27 -0.13 -0.90 -0.76 8
Tsukushin Tsku -0.40 -0.89 -0.49 3
Protein transport protein Sec24A Sec24a -0.31 -0.89 -0.58 9
Protein PRRC1 Prrcl -0.29 -0.89 -0.60 4
Inte_r-alpha-trypsm inhibitor heavy Itih3 063 .0.88 .0.24 14
chain H3
Sorting nexin-17 Snx17 -0.17 -0.88 -0.71 3
Receptor-type tyrosine-protein Ptprf 0.08 .0.88 .0.96 3
phosphatase F
Vitamin D-binding protein Gce -0.48 -0.87 -0.39 14
Sodium/bile acid cotransporter 5 Slcl0a5 -0.33 -0.87 -0.54 3
Syntaxin-5 Stx5 -0.33 -0.86 -0.53 5
Complement C4-B C4b -0.26 -0.86 -0.60 | 20
Complement factor H Cfth -0.09 -0.86 -0.77 19
Protein dopey-2 Doplb -0.29 -0.85 -0.56 3
Complement component C9 C9 -0.14 -0.85 -0.72 5
Complement C1r-A subcomponent Clra 0.11 -0.85 -0.96 4
Cytochrome P450 2C70 Cyp2c70 0.98 -0.85 -1.82 7
Serine protease inhibitor A3K Ser;i(lna?, -0.65 -0.84 -0.19 6
Transforming g_rowth facto_r-beta Tgfbrapl | -0.59 .0.84 .0.24 5
receptor-associated protein 1
Apolipoprotein A-II Apoa2 -0.46 -0.84 -0.38 3
Transmembrane 9 superfamily Tmosf2 041 .0.84 .0.43 10
member 2
Prothrombin F2 -0.30 -0.84 -0.53 8
Asialoglycoprotein receptor 2 Asgr2 -0.38 -0.83 -0.45 3
Alpha-mannosidase 2 Man2al -0.30 -0.83 -0.54 22
gr?arl?nplement component C8 gamma C8g 0.11 .0.83 .0.94 4
Probable C-mannosyltransferase
DPY19L1 Dpy19I1 -0.20 -0.82 -0.63 2
Consgrved oligomeric Golgi complex Cog7 011 .0.82 071 5
subunit 7
Serpina3
Serine protease inhibitor A3K;A3M k;Serpin -0.71 -0.81 -0.10 2
a3m
Ras-related protein Rab-1A RablA -0.32 -0.81 -0.48 4
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Afamin Afm -0.19 -0.80 -0.61 6
Arma(_jll_lo—hke he_IlcaI domain- Armh3 041 0.79 .0.38 6
containing protein 3

Complement C2 Cc2 0.09 -0.79 -0.88 2
Complement C3 C3 -0.79 -0.78 0.01 53
Golgin subfamily A member 3 Golga3 0.13 -0.78 -0.91 7
Target of Myb protein 1 Toml -1.00 -0.77 0.23 2
Extracellular matrix protein 1 Ecml -0.03 -0.77 -0.74 2
Retinol dehydrogenase 10 Rdh10 0.07 -0.77 -0.84 2
Heparin cofactor 2 Serpindl | -0.32 -0.76 -0.43 3
Solute carrier family 35 member E1 Slc35el -0.30 -0.76 -0.46 2
Stimulated by retinoic acid gene 6

protein-like Straél -0.30 -0.76 -0.46 5
Transmembrane protease serine 6 Tmprss6 0.25 -0.75 -1.01 5
Major urinary protein 17;2 M“S;Z M1 051 | -052 | -052 | 10

Supplementary table 8.5: Upregulated non-lysosomal proteins upon 24 hours of

starvation

List of the 162 upregulated non-lysosomal proteins identified after long-term starvation
in the proteomic dataset. Shown are proteins with more than one unique peptide, p-value
<0.05 and log: fold change ratios >0.75. In addition, the log. fold change ratios after 6
hours as well as the log, fold change ratios of the difference between 6 and 24 hours of
starvation are also shown in the table (#: number of unique peptides, blue: starvation
period of interest, green: proteasome complex subunits, orange: mitochondrial proteins,

N/A: not available).

. Gene LogoFC | LogoFC | LogoFC
SEEITIEG name | (6h) | (24n) | (24-6h) | *
Thloredoxm-c_iependen_t peroxide Prdx3 0.50 281 231 13
reductase, mitochondrial
Copine-3 Cpne3 1.86 2.65 0.78 4
Insulin-like growth factor-binding
protein 1 Igfbpl 0.39 2.52 2.13
Superoxide dismutase [Cu-Zn] Sodl 0.8 2.07 1.27 19
Annexin A4 Anxa4 1.45 1.83 0.38 8
Glutathione peroxidase 1 Gpx1 0.77 1.82 1.05 20
Na(+)/H(+) exchange regulatory
cofactor NHE-RE2 Slc9a3r2 0.05 1.68 1.63 3
GTP cyclohydrolase 1 Gchl 0.60 1.60 1.00 2
Tyrosine aminotransferase (TAT) Tat 0.88 1.54 0.66 3
fpectrln beta chain, non-erythrocytic Sptbn1 0.54 152 0.98 16
Phosphoenolpyruvate Pcki | 087 | 151 | 064 | 8
carboxykinase, cytosolic
Phengz_lne blosy_nthe3|s-llke domain- Pbld1 1.40 1.47 0.07 4
containing protein 1
Proteasome subunit alpha type-2 Psma2 1.96 1.47 -0.49 2
Phena;me blosynthe3|s-llke domain- PbId2 138 1.41 0.02 6
containing protein 2
Prolyl endopeptidase Prep 1.32 1.39 0.07 5
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I,g\;;lhe5|on G protein-coupled receptor Adgrf5 -0.002 138 139 2
Amine oxidase [flavin-containing] B Maob 0.66 1.36 0.70 11
Dy_sferlln (D_ystrophy-assouated fer- Dysf 015 134 1.49 4
1-like protein)
Annexin A2 Anxa2 0.15 1.33 1.18 15
Proteasome subunit beta type-3 Psmb3 2.10 1.33 -0.77 4
Proteasome subunit beta type-6 Psmb6 1.94 1.33 -0.61 2
Cell adhesion molecule 3 Cadm3 0.11 1.32 1.21 2
Spectrin alpha chain, non-
erythrocytic 1 Sptanl 0.41 1.32 0.91 27
Thioredoxin reductase 1, Txordl | 148 | 132 | -016 | 4
cytoplasmic
GMP reductase 2 Gmpr2 0.43 1.31 0.88 4
Ester hydrolase C11orf54 homolog N/A 1.51 1.29 -0.22 7
NAD(P)H-hydrate epimerase Naxe 1.75 1.28 -0.47 3
Steryl-sulfatase Sts 0.44 1.27 0.83 5
Glutathione S-transferase P 1 Gstpl 1.35 1.26 -0.10 10
Proteasome subunit alpha type-5 Psma5 2.21 1.26 -0.95 4
Kynurenine 3-monooxygenase Kmo 0.75 1.24 0.49 7
Proteasome subunit alpha type-1 Psmal 2.12 1.22 -0.90 5
Acylamino-acid-releasing enzyme Apeh 1.92 1.21 -0.71 7
Proteasome subunit beta type-5 Psmb5 1.93 1.21 -0.72 4
Band 4,1-like protein 2 Epb41I2 0.11 1.20 1.09 4
Proteasome subunit alpha type-3 Psma3 2.04 1.20 -0.84 10

. - . Selenbp

Selenium-binding protein 2; 2:Selenb | 0.92 | 119 | 027 |20
Selenium-binding protein 1 ol
Cell surface hyaluronidase Cemip2 -0.14 1.17 1.31 3
(I;’rr]c;%n S100-A10 (Calpactin | light $100a10 | -0.36 117 153 3
D-dopachrome decarboxylase Ddt 2.01 1.16 -0.86 4
Annexin A11 Anxall 0.65 1.11 0.47 6
Proteasome subunit alpha type-4 Psma4 1.88 1.11 -0.77 4
Glutaredoxin-1 Glrx 1.52 1.09 -0.43 3
Hypoxanthine-guanine i
phosphoribosyltransferase Hprtl 1.45 Ll 0.38 3
Mitochondrial pyruvate carrier 2 Mpc2 0.33 1.08 0.75 2
Filamin-A Flna 0.44 1.07 0.63 13
Alpha-aminoadipic semialdehyde Aldh7al 155 1.06 .0.48 12
dehydrogenase
7-alpha-hydroxycholest-4-en-3-one
12-alpha-hydroxylase Cyp8b1l 0.15 1.05 0.90 2
Proteasome subunit alpha type-7 Psma7 1.81 1.05 -0.77 3
Aldehyde oxidase 1 Aox1 1.70 1.04 -0.66 6
24-hydroxycholesterol 7-alpha- Cyp39al 0.47 1.04 0.57 2
hydroxylase
Mitochondrial glutamate carrier 1 Slc25a22 | -0.04 1.04 1.08 3
Aspartate aminotransferase Gotl 1.66 1.03 -0.63 6
Transmembrane glycoprotein NMB Gpnmb -0.19 1.03 1.23 3
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Inosine-5'-monophosphate Impdh2 130 103 .0.27
dehydrogenase 2
Amine oxidase [flavin-containing] A Maoa 0.39 1.02 0.63 4
Aldehyde oxidase 3 Aox3 1.90 1.01 -0.89 14
Ferrochelatase, mitochondrial Fech 0.39 1.00 0.62 5
OCIA domain-containing protein 2 Ociad2 -0.07 1.00 1.07 2
Sorbitol dehydrogenase Sord 1.95 1.00 -0.95 10
AFG3-like protein 2 Afg3I2 0.28 0.99 0.71 2
Cytochrome c oxidase subunit 5B, Cox5b .0.26 0.99 1.5 4
mitochondrial
Phenz_iz_lne blosy_nthgss—llke domain- | Pbld1;Pb 0.69 0.99 0.31 5
containing protein 1;2 Id2
Platelet endothelial cell adhesion Pecaml | -0.06 0.99 105 3
molecule
Glyceraldehyde-3-phosphate Gapdh 1.70 0.98 0.72
dehydrogenase
Stabilin-2 Stab2 -0.24 0.98 1.22 3
Glutathione S-transferase Mu 2 Gstm2 1.44 0.97 -0.47 2
Tr_|funct|one_1I enzyme subunit alpha, Hadha 0.16 0.97 0.81 10
mitochondrial
NADH dehydrogenase [ubiquinone]
1 beta subcomplex subunit 5, Ndufb5 -0.19 0.97 1.16 2
mitochondrial
Proteasome subunit alpha type-6 Psma6 1.54 0.97 -0.57 4
Selenium-binding protein 2 Selt;nbp 0.71 0.97 0.26
Tripeptidyl-peptidase 2 Tpp2 1.62 0.97 -0.65 3
Xanthine dehydrogenase/oxidase Xdh 1.21 0.97 -0.24 11
D|_hydroI|po_yI dehydrogenase, DId 0.88 0.96 0.09 10
mitochondrial
?{laJ homolog subfamily C member Dnajci1 0.08 0.96 0.88 5
CDGSH iron-sulfur domain- Cisdl | -011 | 095 | 106 | 2
containing protein 1
Apopt05|s-|_nducmg factor 1, Aifm. 0.95 0.94 0.68 8
mitochondrial
Inositol monophosphatase 1 Impal 1.47 0.94 -0.54 2
Integrin alpha-9 ltga9 -0.39 0.94 1.33 2
55 k[?a erythrocyte membrane Mpp1 018 0.94 113 3
protein
NADH dehydrogenase [ubiquinone] i
1 alpha subcomplex subunit 8 Nl R R e €
Voltage-deper_ldent anion-selective Vdac? 0.10 0.94 0.84 8
channel protein 2
N-a_tcyl-aromatlc-L-amlno acid Acy3 105 0.93 1.03 >
amidohydrolase
Glutathione hydrolase 5 proenzyme Ggtb -0.14 0.93 1.08 3
Isocitrate dehydrogenase [NADP], 1dh2 0.16 093 0.77

mitochondrial
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Serpinal
. . Al a;Serpin
Alpha-1-antitrypsin 1-1;1-2;1-4 alb:Serp -0.04 0.93 0.97 2
inald
Very long-chain sp_ecmc acy!-CoA Acadvl 0.19 0.92 0.73 18
dehydrogenase, mitochondrial
NADH dehydrogenase [ubiquinone] | \yccr | 022 | 092 | 071 | 3
iron-sulfur protein 4, mitochondrial
Peroxiredoxin-4 Prdx4 1.62 0.92 -0.70 3
Sideroflexin-5 Sfxn5 0.26 0.92 0.66 2
Mlto_chondrlal 2-oxodicarboxylate Sic25a21 | 0.29 0.92 0.63 5
carrier
ADP/ATP translocase 1;2 Sle25ad; |33 | 092 | 059 | 6
Slc25a5
Acyl-coenzyme A thioesterase 13 Acotl13 0.64 0.91 0.28 2
Cholinesterase Bche 1.03 0.91 -0.11 3
FERM, ARHGEF and pleckstrin Fap2 | -032 | 091 | 123 | 2
domain-containing protein 2
NADH dehydrogenase [ubiquinone]
iron-sulfur protein 3, mitochondrial Nebise heie . b £
Programmed cell death protein 6 Pdcd6 0.27 0.91 0.64 2
Proteasome subunit beta type-7 Psmb7 1.68 0.91 -0.77 2
Cytochrome b-c1 complex subunit 9 Uqcrl0 -0.34 0.91 1.25 2
Plasma membrane calcium-
transporting AT_Pase 4; Plasma Atp2b4;A 0.07 0.90 0.97 >
membrane calcium-transporting tp2bl
ATPase 1
Glutathione reductase, mitochondrial Gsr 1.49 0.90 -0.59 5
Integrin alpha-1 ltgal -0.16 0.90 1.06 11
Major urinary protein 20 Mup20 1.08 0.90 -0.18 4
NADH dehydrogenase [ublqumone] Ndufas 0.44 0.90 0.47 4
1 alpha subcomplex subunit 5
NADH dehydrogenase [ub_lqumone] Ndufb7 016 0.90 1.06 2
1 beta subcomplex subunit 7
Mltqchondrlgl carnitine/acylcarnitine SIc25220 | 0.10 0.90 0.80 6
carrier protein
Tr_|funct|ona_1l enzyme subunit beta, Hadhb 0.31 0.89 0.58 3
mitochondrial
Pyruvate dehydrogenase E1
component subunit alpha, somatic Pdhal 0.54 0.89 0.35 2
form, mitochondrial
Mitochondrial 2-oxoglutarate Slc25all | 0.44 0.89 0.45 2
Slc25a31
ADP/ATP translocase 4;1;2 ;Slc25a4; 0.29 0.89 0.61 2
Slc25a5
Tr'|carboxylf_ate transport protein, Sic25al 0.08 0.88 0.80
mitochondrial
Bleomycin hydrolase Blmh 1.34 0.87 -0.47 6
NADH dehydrogenase [ubiquinone]
1 beta subcomplex subunit 11, Ndufb11 -0.18 0.87 1.06 2

mitochondrial
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NADH dehydrog(_enase [ub_lqumone] Ndufvl 0.35 0.87 052
flavoprotein 1, mitochondrial
Sulfite oxidase, mitochondrial Suox 0.34 0.87 0.53
Aldo-keto reductase family 1 Akrldl 173 0.86 .0.87 4
member D1
NADH dehydrogenase [ubiquinone]
1 alpha subcomplex subunit 10, Ndufal0 0.13 0.86 0.73 3
mitochondrial
NADH dehydrogenase [ubiquinone]
1 alpha subcomplex subunit 9, Ndufa9 0.01 0.86 0.85 3
mitochondrial
NADH dehydrogenase [ub_lqumone] Ndufba 011 0.86 0.96 2
1 beta subcomplex subunit 4
Mitochondrial ornithine transporter 1 | Slc25al15 | 0.26 0.86 0.60 2
Sushi domain-containing protein 2 Susd?2 -0.12 0.86 0.98 2
Catenin alpha-1; Catenin alpha-2 Ctnnal; 0.01 0.85 0.83 3

Ctnna2

Epoxide hydrolase 1 Ephx1 1.21 0.85 -0.36 11
Unconventional myosin-Id Myold -0.01 0.85 0.86 4
Glycogen phosphorylase, liver form Pygl 1.64 0.85 -0.79 11
Regucalcin Rgn 1.20 0.85 -0.35 6
Sepiapterin reductase Spr 1.06 0.85 -0.20 3
VoItage—deper_ldent anion-selective Vdacl 0.01 0.85 0.85 7
channel protein 1
P e SNl gL AtpSflc | 005 | 084 | 0.79
mitochondrial
Integrin beta-3 Itgb3 0.04 0.84 0.80
2—|m|n_obutanoate/2—|mmopropanoate Rida 1.06 0.84 .0.23 8
deaminase
ATP synthase F(0) complex subunit
S, s Atp5pb 0.04 0.83 0.79 4
Carnitine O-octanoyltransferase Crot 1.47 0.83 -0.64 3
Malate dehydrogenase, Mdh2 | 076 | 083 | 008 | 7
mitochondrial
Radixin; Moesin Rdx;Msn -0.24 0.83 1.06 7
Heat shock protein beta-1 Hspbl 0.56 0.82 0.26 2
Proteasome subunit beta type-1 Psmbl 1.67 0.82 -0.85 2
Regu_lator of microtubule dynamics Rmdn1 0.95 0.82 0.56 5
protein 1
Sideroflexin-2 Sfxn2 0.15 0.82 0.68 2
AU it SUaU s AtpSflb | 006 | 081 | 075 | 12
mitochondrial
Cytochrome c oxidase assembly
protein COX15 homolog Cox15 0.14 0.81 0.67 2
Dynamln-llke 120 kDa protein, Opal 001 0.81 0.82 8
mitochondrial
Calcium-binding mitochondrial Slc25a13 | 010 | 081 | 071 | 14
carrier protein Aralar2
Urocanate hydratase (Urocanase) Urocl 1.42 0.81 -0.61 4
Annexin A5 Anxab 0.73 0.80 0.07 9
Citrate synthase, mitochondrial Cs 0.36 0.80 0.44 3
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Glycerol-3-phosphate
dehydrogenase, mitochondrial ol ez Vil Olle
Myosin light polypeptide 6 Myl6 0.13 0.80 0.67 3
Cgrmtme O_-palmltoyltransferase 2, Cpt2 .0.07 0.79 0.86 11
mitochondrial
Cytochrome ¢, somatic Cycs 0.36 0.79 0.43
Neuroplastin (Stromal cell-derived
receptor 1) Nptn 0.07 0.79 0.72 3
Aldo-keto reductase family 1 Akrlc13 | 0.89 0.78 011 3
member C13
Plasma membrane calcium-
transporting ATPase 1 Atp2bl -0.10 0.78 0.87 2
Prohl_bltm (B-cell receptor-associated Phb 0.24 0.78 0.54 10
protein 32)
Retinol dehydrogenase 16 Rdh16 1.68 0.78 -0.91 2
Cytochrome b-c1 complex subunit 2 Uqcre2 0.34 0.78 0.43 7
Vascular cell adhesion protein 1 Vcaml -0.37 0.78 1.16 4
Voltage-deper_ldent anion-selective vdac3 0.05 0.78 0.73 8
channel protein 3
Isoleucine--tRNA ligase, cytoplasmic lars 1.02 0.77 -0.25 2
Myosin-9 Myh9 0.31 0.77 0.46 23
Acyl carrier protein, mitochondrial Ndufabl | -0.21 0.75 0.96 3
Vinculin Vcl 0.38 0.75 0.38 3

Supplementary table 8.6: Overlapping upregulated non-lysosomal proteins after

6 and 24 hours of starvation

List of the 51 overlapping non-lysosomal upregulated proteins identified after short- and
long term starvation in the proteomic dataset. Shown are proteins with more than one
unigue peptide, p-value <0.05 and log; fold change ratios >0.75. In addition, the log- fold
change ratios of the difference between 6 and 24 hours of starvation are also shown in
the table (#: number of unique peptides, N/A: not available).

Gene

LogoFC

LogoFC

LogoFC

TSI N name ©6h) | (24n) | (24-6h) | *
Proteasome subunit alpha type-2 Psma2 1.96 1.47 -0.49
Phenazine biosynthesis-like Pbld1 1.40 1.47 0.07 | 4
domain-containing protein 1

Phenazine biosynthesis-like Pbld2 138 | 141 | 002 | 6
domain-containing protein 2

Prolyl endopeptidase Prep 1.32 1.39 0.07 5
Proteasome subunit beta type-3 Psmb3 2.10 1.33 -0.77 4
Proteasome subunit beta type-6 Psmb6 1.94 1.33 -0.61 2
Thioredoxin reductase 1, Txordl | 148 | 132 | -016 | 4
cytoplasmic

Ester hydrolase C110rf54 homolog N/A 151 1.29 -0.22 7
NAD(P)H-hydrate epimerase Naxe 1.75 1.28 -0.47 3
Proteasome subunit alpha type-5 Psmab 2.21 1.26 -0.95 4
Glutathione S-transferase P 1 Gstpl 1.35 1.26 -0.10 10
Proteasome subunit alpha type-1 Psmal 2.12 1.22 -0.90 5
Proteasome subunit beta type-5 Psmb5 1.93 1.21 -0.72 4
Acylamino-acid-releasing enzyme Apeh 1.92 1.21 -0.71 7
Proteasome subunit alpha type-3 Psma3 2.04 1.20 -0.84 10
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Selenium-binding protein 2; Selenbp2;
Selenium-binding protein 1 Selenbpl 0.92 1.19 0.27 20
D-dopachrome decarboxylase Ddt 2.01 1.16 -0.86 4
Proteasome subunit alpha type-4 Psma4 1.88 1.11 -0.77 4
Glutaredoxin-1 Glrx 1.52 1.09 -0.43 3
Hypoxanthine-guanine Hprt1 145 | 108 | -038 | 3
phosphoribosyltransferase
Alpha-aminoadipic semialdehyde Aldh7al 155 1.06 .0.48 12
dehydrogenase
Proteasome subunit alpha type-7 Psma7 1.81 1.05 -0.77 3
Aldehyde oxidase 1 Aox1l 1.70 1.04 -0.66 6
Aspartate aminotransferase Gotl 1.66 1.03 -0.63 6
Inosine-5'-monophosphate Impdh2 130 103 .0.27 2
dehydrogenase 2
Aldehyde oxidase 3 Aox3 1.90 1.01 -0.89 14
Sorbitol dehydrogenase Sord 1.95 1.00 -0.95 10
Glyceraldehyde-3-phosphate Gapdh 1.70 0.98 072 9
dehydrogenase
Tripeptidyl-peptidase 2 Tpp2 1.62 0.97 -0.65 3
Proteasome subunit alpha type-6 Psma6 1.54 0.97 -0.57 4
Glutathione S-transferase Mu 2 Gstm2 1.44 0.97 -0.47 2
Xanthine dehydrogenase/oxidase Xdh 1.21 0.97 -0.24 11
Inositol monophosphatase 1 Impal 1.47 0.94 -0.54 2
N—acyl—aromatlc—L—amlno acid Acy3 195 0.93 103 5
amidohydrolase
Peroxiredoxin-4 Prdx4 1.62 0.92 -0.70 3
Proteasome subunit beta type-7 Psmb7 1.68 0.91 -0.77 2
Cholinesterase Bche 1.03 0.91 -0.11 3
Glutathione reductase,
mitochondrial Gsr 1.49 0.90 -0.59 5
Bleomycin hydrolase Blmh 1.34 0.87 -0.47 6
Aldo-keto reductase family 1 Akrldl 173 0.86 .0.87 4
member D1
Glycogen phosphorylase, liver form Pygl 1.64 0.85 -0.79 11
Epoxide hydrolase 1 Ephx1 1.21 0.85 -0.36 11
Regucalcin Rgn 1.20 0.85 -0.35 6
Sepiapterin reductase Spr 1.06 0.85 -0.20 3
2-iminobutanoate/2- Rida 106 | 084 | -023 | 8
iminopropanoate deaminase
Carnitine O-octanoyltransferase Crot 1.47 0.83 -0.64 3
Proteasome subunit beta type-1 Psmbl 1.67 0.82 -0.85 2
Urocanate hydratase (Urocanase) Urocl 1.42 0.81 -0.61 4
Retinol dehydrogenase 16 Rdh16 1.68 0.78 -0.91 2
Aldo-keto reductase family 1 Akrlcl3 0.89 0.78 011 3
member C13
Isoleucine--tRNA ligase, lars 102 0.77 .0.25 2

cytoplasmic
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