Analysis of the glutamine dependent
transaminases as possible therapeutic targets in

colon cancer cells

Inaugural-Dissertation

to obtain the academic degree

Doctor rerum naturalium (Dr. rer. nat.)

submitted to the

Department of Biology, Chemistry, Pharmacy
of

Freie Universitat Berlin

by

Safak Bayram, M. Sc.

Berlin, 2023






This thesis was carried out under the supervision of Dr. Stefan Kempa from April 2018 until

December 2022 at the Max Delbriick Centrum fiir Molekulare Medizin, Berlin, Germany.

1% Reviewer: Dr. Stefan Kempa

214 Reviewer: Prof. Dr. Petra Knaus

Date of Disputation: 27.11.2023

Hiermit erkldre ich, dass die vorliegende Dissertation selbststandig von mir verfasst und
angefertigt wurde. Es wurden aufierdem keine anderen als die angegebenen Quellen und Hilf-
smittel verwendet. Geistiges Eigentum anderer Autoren wurde entsprechend gekennzeichnet.
Ebenso versichere ich, dass ich an keiner anderen Stelle ein Priifungsverfahren beantragt bzw.
die Dissertation in dieser oder anderer Form keiner anderen Fakultit als Dissertation vorgelegt

habe.






Acknowledgements

First of all, I want to thank Dr. Stefan Kempa for giving me the chance to be a part of his
team as well as introducing me to the world of science. Thank you for the impressive lecture
you gave at the university that inspired me to start my journey at your lab. Thank you for
teaching me that biology is hard to predict and time will help to understand even the most
confusing data results. Furthermore, thank you for always playing good music! I also would
like to thank Jenny Grobe without whom I couldn’t have finished any pSIRM experiments.
Thank you for your support and your patience, when I asked again and again for "nur noch
ein kleines Experiment", which usually ended up with 400 plates and a night shift. Thank you
for keeping the lab going, you made lab-life easier. Many thanks to Dr. Martin Forbes, my
lab partner in crime, for introducing to and teaching me about the world of codes. Thank you
for your support at every stage during my doctoral studies and especially for your friendship.
Furthermore thanks go to Dr. Guido Mastrobuoni for sharing his proteomics know how and
overall skills, creating good-mood and of course for the best Tiramisu recipe. I want to thank
Dr. Sabrina Geisberger for her unconditional support from day one on.

Thanks go also to former lab members Susi, Matthias, Nadine, Christin, and Fardad who all
made a lasting impression on me.

I would like to acknowledge my Doctoral Committee members: Prof. Dr. Claus Scheidereit
and Prof. Dr. Matthias Selbach for providing crucial input and expertise. Furthermore, I would
also like to thank Prof. Dr. Petra Knaus for her impressive lectures during my biochemistry
studies, our discussions and her supervision on my work. To me she is a true inspiration as a

woman in science.

Last but not least, I also want to thank Fouad El-Haj, Navid Afkhami, and Sabrina Deter,
who always steadily provided the necessities of logistics, IT and administration to keep my
Doctoral studies running.

Thank you all! I will always cherish this special and unique time in my life!



Summary

The project’s objective is to gain knowledge about the interconnection between cell growth and
metabolism in the colon cancer cells HCT116 and RKO that rely on glutamine’s nitrogen. The
non-cancerous HEK293 cells were tested in parallel to understand the specific metabolic set-
tings and differences in glutamine-independent proliferation. A proteome analysis via liquid
chromatography coupled to mass spectrometry (MS) was performed and revealed compart-
ment specific protein expression in HCT116 and RKO cells. Interestingly, the enzyme glu-
tamine synthetase (GLUL) was highly expressed in HEK293 cells under normal growth condi-
tions. We wanted to know if HCT116 and RKO cells can grow independently from glutamine
and starved the cells upon glutamine for a longer period. Surprisingly, HCT116 cells survived
and persisted, while RKO cells did not. We suspected small molecules or residual glutamine in
the growth medium and replaced the cell culture medium composition by dialyzed fetal bovine
serum (FBS). Interestingly, in this case neither HCT116 nor HEK293 cells were able to proliferate
when glutamine was deprived. Thus, glutamine was also essential for these cells when using
dialyzed FBS. Based on these results, we assumed that HCT116 and HEK293 cells synthesize
glutamine in the absence of external glutamine. Therefore, a supplementation growth experi-
ment with substrates of the glutamine-centric metabolic network was performed. HCT116 and
HEK293 cells showed highest proliferation rates in Glu + NH;", while RKO cells revealed an
irreplaceable dependence on glutamine supplemented medium. Treatment with a competi-
tive inhibitor of glutamine synthetase, methionine sulfoximine (MSO), blocked proliferation.
Thus, glutamine synthetase was confirmed to be the survival factor in glutamine-depleted
conditions, if substrates are provided. In order to examine the metabolic fate of glutamine,
newly synthesized via GLUL, we have developed an isotope tracing technique using ultra
high resolution MS, which allows us to distinguish between simultaneous labeling of carbon-
13 and nitrogen-15 isotopic patterns and that allows new insights into biological reactions in
glutamine-deprived HCT116, RKO and HEK293 cells. With this new technique we were able
to observe 13C and N incorporation in purine nucleotides. Additionally, we investigated the
glutamine-analogue 6-Diazo-5-oxo-l-norleucine (DON) as it inhibits all glutamine-utilizing en-
zymes with focus on amidotransferases. An inital DON-inhibition experiment was performed
to examine the interconnection of nucleotide synthesis and glutamine. We revealed an accu-
mulation of nucleotide intermediates in HCT116 and HEK293 cells. To gain a clearer under-
standing, we traced glutamine’s nitrogen flow in de novo nucleotide biosynthesis and where it
is interfered by DON. Therefore, in the Kempa laboratory a new technique and method based
on direct-infusion MS was developed that facilitates dynamic tracing of nitrogen with applied
drugs on nucleotide substrates (Rayman| (2022)). Finally, we observed decreased nitrogen in-
corporation into FGAR and the nucleotides of the purine pathway upon DON treatment in



HCT116 cells. In conclusion, we demonstrated the inability of RKO cells to synthesize glu-
tamine or to compensate glutamine-deficiency perhaps because of missing functionality of the
enzyme GLUL. However, HCT116 and HEK293 cells have proven survivability. Furthermore,
we were able to show DON targets in the purine nucleotide biosynthesis.



Zusammenfassung

Ziel des Projekts ist es, Kenntnisse tiber die Verbindungen zwischen Zellwachstum und Metabo-
lismus in Kolonkrebszellen zu erlangen, die vom Nitrogen des Glutamins abhédngig sind. Die
nicht-karzenomen HEK293-Zellen waren Gegenstand von Parallelversuchen, deren Zielset-
zung das Verstdndnis von spezifischen metabolischen Grundanlagen und Unterschieden bei
Glutamin-unabhingiger Proliferation waren. Eine Proteomen-Analyse via Fliissigchromatogra-
phie verbunden mit Massenspektrometrie offenbarte Kompartiment spezifische Protein-Expres-
sionen in HCT116- und RKO-Zellen. Bemerkenswerterweise war die Glutamin-Synthetase
(GLUL) in HEK293-Zellen bereits unter normalen Bedingungen hochgradig exprimiert. Wir
wollten nun wissen, ob HCT116- und RKO-Zellen von Glutamin unabhéingig wachsen kon-
nen, und enthielten ihnen zunichst fiir eine langere Zeit Glutamin génzlich vor. Uberraschen-
derweise iiberlebten die HCT116-Zellen und blieben bestehen, wihrend dies den RKO-Zellen
nicht gelang. Wir fiihrten dies auf kleine Molekiile oder restliches Glutamin im Wachstums-

medium zuriick und ersetzten die Zellkulturmediumskomposition durch dialysiertes Rinder-
fotalserum (FBS). Interessanterweise gelang es in diesem Falle weder den HCT116- noch den
HEK?293-Zellen, sich unter Glutamin-Abwesenheit zu vermehren. Damit erwies sich Glutamin
also auch fiir HEK293-Zellen bei Nutzung dialysierten FBS’ als essentiell. Basierend auf diesen
Ergebnissen kamen wir zu dem Schluss, dass HEK293-Zellen in Abwesenheit externen Glu-
tamins das fehlende Glutamin selbst synthetisieren. Deshalb wurde ein Supplementierungs-
Wachstumsexperiment mit Substraten aus dem Glutamin zentrischen metabolischen Netzw-
erk durchgefiihrt. HCT116- und HEK293-Zellen zeigten die hochsten Vermehrungsraten in
Glu + NH4*, wahrend RKO-Zellen eine unersetzbare Abhiangigkeit von Glutamin supplemen-
tiertem Medium zeigten. Die Behandlung mit einem konkurrierenden Inhibitor der Glutamin-
Synthetase, Methionin-Sulfoximin (MSO), blockierte die Vermehrung, wodurch sich die Gluta-
min-Synthetase als der entscheidende Uberlebensfaktor unter Glutamin entzogenen Bedingun-
gen erwies, wenn Substrate zur Verfligung gestellt werden. Um das metabolische Schick-
sal des via GLUL neu synthetisierten Glutamins zu untersuchen, haben wir eine Isotopen-
Tracing-Technik auf dem ultrahoch auflésenden Massenspektrometer entwickelt, die uns er-
moglicht, isotopische Muster der simultan gelabelten *C und >N voneinander zu unterschei-
den, was neue Einblicke in biologische Reaktionen in des Glutamins beraubten HCT116-, RKO-
und HEK293-Zellen ermoglicht. Wir beobachteten Carbon-13- und Nitrogen-15-Inkorporation
bei Purin-Nucleotiden. Dariiberhinaus untersuchten wir das Glutamin-Analog DON, da es
alle Glutamin verwendenden Enzyme inhibiert, wobei wir den Schwerpunkt auf die Amido-
transferasen legten. Ein einleitendes DON-Inhibitionsexperiment wurde durchgefiihrt, um die
Zusammenschaltung von Nucleotid-Synthese und Glutamin zu untersuchen. Dies legte die
Akkumulation von Nucleotid-Intermediaten in HCT116- und HEK293-Zellen offen. Um dies



besser zu verstehen, verfolgten wir den Nitrogen-Fluss des Glutamin in der de novo Nucleotid-
Biosynthese und wo dieser von DON gestort wird. Hierfiir wurde in der Kempa-Gruppe
eine neue Technik und Methode entwickelt, basierend auf der Direktinfusion MS, die eine dy-
namische Untersuchung des Nitrogens mittels Drogen hinsichtlich der Nucleotid-Substrate er-
moglicht (Rayman (2022)). SchliefSlich beobachteten wir abnehmende Nitrogen-Einbindung in
FGAR und in die Nucleotide des Purin-Weges bei DON-Behandlung in HCT116-Zellen. Ab-
schlieffend demonstrierten wir die Unfahigkeit der RKO-Zellen, Glutamin zu synthetisieren
oder Glutamin-Defizienz durch andere Substrate zu kompensieren, was womdoglich auf die
fehlende Funktionalitit des Enzyms GLUL zuriickzufiihren ist. Demgegeniiber erwiesen sich
HCT116- und HEK293-Zellen als tiberlebensfahig. Des Weiteren konnten wir DON-Targets in
der Purine Nukleotidbiosynthese zeigen.
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Chapter 1

Introduction

1.1 Cancer and Metabolism

Cancer is a complex disease that undergoes specific metabolic reprogramming to sustain cell
growth and proliferation (Vander Heiden et al.|(2009), Amelio et al.| (2014), Cairns et al.| (2011)).
Nearly a century ago, the pioneering work of Otto Warburg linked metabolism and tumor
cells by revealing enhanced aerobic glycolysis compared to normal cells (Warburg) (1956), Dang
(2012a)). Nowadays it is known that crucial characteristics of cancer disease and metabolism
are multifaceted, spanning from activation of oncogenes to loss of tumor suppressors resulting
in changed signaling pathways due to mutated enzymes (Coller| (2014)). The re-engineered
metabolism effectively contributes to cancer development providing energy, macromolecules
and production of antioxidants to counteract detrimental effects of reactive oxygen species
(ROS) (Cairns et al. (2011)). Moreover, the complex deregulation enables cancer cells to evade
immune cells and circumvent drug treatment through resistance. Cancer metabolism alter-
ations in intracellular and extracellular metabolites also have profound effects on the tumor
microenvironment (Pavlova and Thompson| (2016)). In sum, the continuous progress in deci-
phering cancer cell biology demonstrates how intricate and heterogeneous cancer is and why
no single model of cancer metabolism can cover this diversity (Cantor and Sabatini/(2012)). One
most intensively studied cell transformation is the glucose metabolism as well as glutamine as
an additional source of carbon and nitrogen to satisfy the cancer cells’ demands (Amoédo et al.
(2013)).

1.1.1 Glucose metabolism

Glucose is a sugar with six carbon and six oxygen atoms and is an anaerobic energy source
for normal cells. Glucose metabolism comprises the glycolysis pathway as well as the hex-
osamine pathway, the pentose phosphate pathway (PPP) and the one-carbon metabolism that
requires glucose. Together, these pathways contribute to anabolic processes producing nucleic
acids, proteins and membranes via the generation of nucleotides, amino acids and fatty acids
(Hay (2016)). Glycolysis is divided into two stages and is the first part of cell respiration. In
the "investment phase" energy is required to convert one molecule glucose to two glyceralde-
hyde 3-phosphate via 4 steps, including phosphorylation by two ATP molecules. Followed
by the "energy-releasing phase", where the phosphates are converted to pyruvate, and where
two molecules of ATP and two molecules of NADH are produced (Berg et al.|(2013)). Finally
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pyruvate is transported from the cytosol to the mitochondria to enter the tricarboxylic acid
(TCA) cycle. In the second part of cell respiration, the glucose derivate is further processed
in eight enzymatic steps under aerobic conditions. Before entering into the TCA cycle pyru-
vate is decarboxylated to acetyl-CoA via pyruvate dehydrogenase. Followed by the conden-
sation of acetyl-CoA and oxaloacetate (OAA) to the metabolite citrate via the enzyme citrate
synthase (CS). In the upcoming steps isomerisation, oxidative decarboxylation and hydration
of the six-carbon generates two molecules CO,, three molecules of NADH, and one molecule
of GTP and FADH; (Berg et al.|(2013)). The third and final part of cellular respiration is the
electron transport chain (ETC). Here, four protein complexes (complex I-IV) are involved to
oxidize NADH and FADH, (Berg et al. (2013)). Thereby, electrons are transported from donors
to acceptors by pumping protons from the mitochondrial matrix to the intermembrane space,
generating a potential. The ATP synthase complex (complex V) generates ATP from ADP and
inorganic phosphate (Pi) to equalize the membrane potential. Overall, the end products from
one molecule glucose of the oxidative phosphorylation (OXPHOS) chain are 34 molecules ATP
(Berg et al.|(2013)).
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Figure 1.1: Central carbon metabolism - Glycolysis and TCA cycle. One molecule glucose is transported into the
cytosol. Followed by 10 enzymatic reactions of the glycolysis 2 moles of pyruvate, ATP and NADH are generated.
Pyruvate is transported to the mitochondria and is condensed to acetyl-CoA via PDH. In the TCA cycle acetyl-CoA
is oxidized into CO, and 3 moles of NADH, 1 mole of GTP and 1 mole of FADH), are generated at once.
Subsequently, NADH and FADHj are used for ATP generation via electron transport chain (ETC) and oxidative
phosphorylation (OXPHOS). Beside ATP generation glycolysis and TCA cycle contributes to the production of
nucleotides, amino acids and fatty acids. Essential abbreviations provided in the list of abbreviations.
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1.1.2 Glutamine metabolism

Glutamine is the most abundant amino acid in the blood plasma with concentrations varying
between 0.6 and 0.8 mM (Scalise et al. (2017), Cruzat et al. (2018)). The human body endoge-
nously synthesizes glutamine from glucose, which is provided to the blood stream by adipose
tissue, lung and skeletal muscle. Exogenous glutamine is absorbed via the gut and liver. Under
particular conditions, such as injury or sepsis, glutamine request is increased and it becomes
an essential amino acid, while in physiological conditions it is nutritionally classified as a non-
essential amino acid (Altman et al.| (2016), Oehler and Roth! (2003), Bergstrom et al.| (1974),
Cruzat et al.| (2018)). Glutamine plays a central role in several cellular processes including
maintenance of mitochondrial membrane potential and integrity, supporting redox homesta-
sis, macromolecule synthesis, essential amino acid uptake and maintaining activation of Target
of Rapamycin kinase (Wise and Thompson| (2011), Nicklin et al.| (2009), Bott et al.| (2019)). Glu-
tamine is an universal precursor as it provides its carbon skeleton as well as its nitrogen for sev-
eral cellular processes and purposes. Considering the carbon flow: As an anaplerotic substrate,
glutamine fuels the TCA cycle to produce TCA cycle intermediates and other amino acids (e.g.
aspartate). Furthermore, this routing of glutamine, termed as glutaminolysis, contributes to
the generation of ATP, precursors for fatty acids, and the maintenance of the redox equilibrium
(Amoédo et al.|(2013)). The glutaminolysis takes place in the mitochondria. For a long time, it
was not clear how glutamine enters mitochondria. Recent studies by |Yoo et al.[(2020) showed
that a variant of the glutamine plasma transporter SLC1A5 has a mitochondrial targeting signal
for mitochondrial localization caused by HIF-2a. The versatile amino acid is converted to gluta-
mate either by deamination through the enzyme glutaminase (GLS), which in addition releases
a free ammonium, or by aminotransamination by the enzymes asparagine synthetase (ASNS),
glutamate oxaloacetate transaminase (GOT) and glutamate pyruvate transaminase (GPT) (Alt-
man et al.[(2016)).

Fig[1.2) presents the multiplicity of glutamine’s nitrogen. Transaminases are involved in the
nitrogen flow of glutamine as they transfer the y-nitrogen of glutamine to another acceptor
molecule. Asparagine synthetase (ASNS), for instance, converts asparatate and glutamine
to asparagine and glutamate (Zhang et al. (2017)). Since transaminases are the majority of
glutamine-converting enzymes and have bilateral functions, they link glutamine metabolism
to a multitude of other pathways, e.g., NAD synthesis or glucosamine 6-phosphate synthe-
sis. In particular, glutamine-dependent transaminases are involved in the de novo nucleotide
biosynthesis. However, intracellular glutamine-derived glutamate is surmised to be produced
mainly from the enzyme GLS (Zhang et al.|(2017), Yang et al.|(2017)).
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Figure 1.2: Glutamine-centric nitrogen metabolism with focus on amino acids and nucleotides.
Glutamine-centric nitrogen metabolism with focus on amino acids and nucleotides. Abbreviations:
inosine-monophosphate (IMP), guanosine-monophosphate (GMP), adenosine monophosphate (AMP), cytidin
triphosphate (CTP), uridine monophosphate (UMP), glutamine (gln), asparagine (asn), aspartate (asp), glutamate
(glu), serine (ser), glycine (gly), alanine (ala), formyl-glycine-amide-ribonucleotide (FGAR),
formyl-glycine-amidine-ribonucleotide (FGAM), 5amino-imidazol-4-N-succino-carboxamid-ribonucleotide
(SAICAR). Figure was published in figure 1 inBayram et al.|(2020).

Glutamine’s carbon bone fuels TCA cycle

Glutamate produced from glutamine can be further deaminized to a-ketoglutarate by either
glutamate dehydrogenase (GLUD), which releases a free ammonium, or again by aminotransam-
inases (fig. . Aminotransaminases, such as GOT, GPT, or phosphoserine aminotransferase
(PSAT), transfer the a-nitrogen from glutamate in order to produce other amino acids, e.g.,
alanine, cysteine or aspartate. Just as in glutamine-dependent transaminases deamination of
glutamate via GLUD to a-ketoglutarate is the main contributor, despite a greater amount of
transaminases (Yang et al.| (2017)). The glutamine-derived carbon back bone of a-ketoglutarate
is further proceeded in the TCA cycle to generate bioenergetic NADH and FADH,; equivalents,
followed by the usage of the coenzymes to generate ATP via the ETC coupled to OXPHOS
or for cellular redox homeostasis maintenance. Furthermore, the reductive carboxylation pro-
duces acetyl-CoA from a-ketoglutarate, that is carboxylated into citrate and exported to the
cytosol, followed by cleavage to oxaloacetate and acetyl-CoA via ATP-Citrate lyase (ACLY).
Acetyl-CoA serves as an acetylation precursor and is also used for fatty acid synthesis (Ku
et al.| (2020)). Besides, glutamine-derived a-ketoglutarate generates diverse biosynthetic pre-
cursors, e.g., citrate and aspartate, supporting nucleotide as well as amino acid synthesis (Icard
et al.[(2021), Berg et al. (2013),|Zhang et al.| (2017).
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1.1.3 Introduction to nucleotide metabolism

Steadily proliferating cells rely on access to DNA replication as well as RNA production, hence
cells increase nucleotide synthesis. A nucleotide is built of three subunit molecules: a 5-carbon
sugar, a nitrogen base and one to three phosphates. The energy demanding nucleotide biosyn-
thesis consumes a number of carbon and nitrogen sources, that are provided through several
metabolic pathways in varied cell compartments (Lane and Fan| (2015)). Ribose 5-phosphate
(R5P) is the main precursor for purine and pyrimidine nucleotide biosynthesis and derives
from glycolysis, which is branched twice and feeds into the pentose phosphate pathway (PPP).
The oxidative as well as the non-oxidative PPP use different glycolysis intermediates for R5P
production, glucose-6-phosphate (G6P) and fructose-6-phosphate (F6P), and glyceraldehyde-3-
phosphate (G3P), respectively. By activating RSP to phosphoribosyl pyrophosphate (PRPP) via
phosphorylation nucleotide biosynthesis pathway is initiated. One obligate nitrogen donor for
de novo nucleotide biosynthesis is glutamine (Fig. . Besides, one-carbon pathway, aspartate-
transaminase, and glutaminolysis also contribute to the synthesis of the building blocks of
DNA and RNA (Lane and Fan|(2015)).

De novo purine nucleotide biosynthesis

Once PRPP is produced it is further converted to inosine monophosphate (IMP), which is pro-
ceeded to generate adenosine and guanosine derivates (Fig. [I.4). First, PRPP is transformed
to 5-phosphoribosylamine (5-PRA) by condensation with glutamine via the enzyme glutamine
phosphoribosyl pyrophosphate aminotransferase. Glutamine’s nitrogen links the purine base
with the ribose. Producing 5-PRA is the rate-limiting step of the purine biosynthesis, that is
allostericaly inhibited by IMP, AMP and GMP. Next, two carbon atoms and one nitrogen atom
of glycine are used to build the purine ring. In addition, 1 mole of ATP is used to catalyse
the synthesis of glycinamide ribonucleotide (GAR) by the enzyme glycinamide kinosynthase.
The folate cycle contributes a formyl group from N10-formyltetrahydrofolate (10-formyl THF)
for the synthesis of formylglycinamide ribonucleotide (FGAR). Again, glutamine’s nitrogen is
incorporated which consumes 1 mole of ATP. In five enzymatic steps formylglycineamidine ri-
bonucleotide (FGAM) is converted to N-formylaminoimidazole 4-carboxamide ribonucleotide
(FAICAR) through the usage of ATP, aspartate, and 10-formyl THEF. Via a hydrolysation step
the purine base hypoxanthine is formed. Together with linked R5P the intermediate inosine
monophosphate (IMP) is synthesized. Subsequently, aspartate and NAD+, glutamine and ATP
are used to synthesize AMP and GMD, respectively (Lane and Fan! (2015)).

De novo pyrimidine nucleotide biosynthesis

The first three steps of the pyrimidine biosynthesis are performed by the protein CAD (fig. [I.4).
The trifunctional enzyme comprises carbamoyl phosphate synthetase, aspartate carbamoyl-
transferase and dihydroorotase. Thereby, glutamine, aspartate, and CO, are used, while glu-
tamine is donating a nitrogen group in a rate-limiting step. The generated dihydroorotate
(diORO) is further proceeded to orotic acid (ORO) in an NAD+-dependent reaction, followed
by a condensation with PRPP to orotidine-5-phosphate (OMP). A decarboxylation forms uri-
dine monophosphate (UMP), which is phosphorylated by 2 moles of ATP to UTP. Subsequently,
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glutamine donates a nitrogen to generate CTP from UTP via the enzyme CTP synthetase (CTPS)
(fig. (Lane and Fan|(2015)).
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Figure 1.3: Glutamine centric carbon and nitrogen pathway in TCA cycle anaplerosis and de novo nucleotide
biosynthesis. Glutamine’s carbon backbone (black circle) is converted to glutamate by either transaminases (red)
that transfer glutamine’s nitrogen to an acceptor molecule or by glutaminase (GLS (yellow)) accompanied by the
release of free ammonia (NH3). Glutamate is further converted to a-ketoglutarate by deamination by
glutamate-dehydrogenase (GLUD (yellow)) or by transamination (red). a-ketoglutarate introduces the carbon
backbone of glutamine in the TCA cycle. Glutamine contributes its nitrogen (grey box) in three reactions in the de
novo purine biosynthesis and in two reactions in the de novo pyrimidine biosynthesis. All reactions were carried
out by transamination enzymes (red). Essential abbreviations provided in the list of abbreviations.).
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1.2 Reprogrammed glutamine metabolism in cancer cells

The proto-oncogene c-MYC (MYC) is a major regulator of cellular processes such as prolifer-
ation, cell growth, differentiation, metabolism as well as apoptosis (Poole and van Riggelen
(2017), Roylal (2018)). It plays a pivotal role in cancer developement as 60-70 % of all can-
cers show upregulated levels of MYC protein and is a hallmark of those cells (Poole and van
Riggelen| (2017)). Deregulated MYC expression leads to changes in glucose and glutamine
metabolism, which causes a higher consumption of these substrates to meet the needs of af-
fected cells (Wise et al.| (2008), Dang| (2012b), (Gao et al. (2009), |[Dang| (2013)). To increase the
import of glutamine MYC positively regulates the upregulation of the plasma glutamine trans-
porters Amino acid transporter/ Solute carrier family 1 member 5 (ASCT2/SLC1A5) and Sys-
tem N transporter 2/ Solute carrier family 38 member 5 (SN2/SLC38A5) (Pavlova et al. (2022),
Wise et al| (2008)). Besides, MYC also has an impact on the enzyme Glutaminase 1 (GLS1),
that enhances the activity and finally maintains the TCA cycle with carbons from glutamine
via a-ketoglutarate (Gao et al.| (2009)). Furthermore, microRNAs-23a/b, respressors of GLS
transcription, were suppressed by MYC to increase its expression (Li et al. (2021)). As well ami-
dotransferases involved in the nucleotide pathway e.g. Phosphoribosylpyrophosphate (PRPP),
CTP synthase (CTPS) and carbomyl phosphate synthetase II (CAD protein) were transcription-
ally regulated by MYC (Bush et al.|(1998), Li et al,| (2021)). However, in vivo studies with 13C-
glucose labeling have demonstrated that tumor-dependent different anaplerotic routes were
preferred. For example: pancreatic and lung tumors prefer TCA cycle replenishment via ox-
aloacetate, which is generated due to the carboxylation of pyruvate by pyruvate carboxylase
(PC) (Pavlova et al.| (2022), |Lau et al.| (2020), [Sellers et al.|(2015)). [Zhao et al.[(2019) could show
in in vivo studies by applied 13C5—glutamine that colorectal originated xenografts depend on
glutamine for anaplerosis. In vitro studies by [Eagle in 1955 revealed that glutamine require-
ments were significantly greater than for any other amino acid and the depletion of glutamine
causes cell death in mammalian cells (Zielke et al.| (1984), Yuneva et al.|(2007),|Wise and Thomp-
son| (2011)). Over the decades further investigation pointed out the crucial role of altered glu-
tamine metabolism in tumorigenesis and tumor development and its interconnection to MYC,
which heightened the interest (Deberardinis and Cheng| (2010), [Yuneva et al.| (2007), Wise and
Thompson| (2011), Le et al.| (2012), Nieminen et al|(2013)). The latter was shown to be not
one-side influenced by Dejure et al.| (2017) as the depletion of the amino acid glutamine sup-
presses translation of endogenous MYC via the 3’-UTR of the MYC mRNA (Royla (2018)). Fur-
thermore, it was observed that proliferation was stopped under glutamine deprivation in the
tested colon cancer cell lines. Increased protein expression of enzymes involved in glutamine
metabolism was also revealed in KRAS-transformed cells due to the oncogenic KRAS (Gaglio
et al. (2011), Yang et al.|(2017)). Besides, some cancers with deregulated phosphatidylinositol
3-kinase/ AKT/mammalien target of rapamycin (PI3K/AKT/mTOR) pathway show changed
glutamine metabolism (Yang et al. (2017)).

Based on the knowledge of glutamine’s potential role as the second major nutrient in cancer
it has been examined extensively in order to elucidate novel therapeutic approaches that are
based on the concept of glutamine dependency.
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1.2.1 Targeting glutamine metabolism in cancer therapy

Several therapeutic strategies utilizing the regulation of glutamine have been developed: Trans-
porter inhibition to reduce glutamine uptake, reduction of glutamine pools in the blood stream,
inhibition of key enzymes involved in glutaminolysis, and glutamine mimetics to restrain all
glutamine-utilizing enzymes (Li et al| (2021), |(Chen et al. (2016), Cluntun et al.| (2017)). Based
on the pivotal role of glutamine in MYC-driven cancer cells the enzyme glutaminase has been
proposed as a biomarker. Therefore, investigations have been focused on the inhibition of this
enzyme as promising therapeutic target (Cluntun et al.|(2017), Chen and Cui (2015)). In mam-
mals glutaminase occurs in two isoforms: GLS and GLS2, also known as kidney-glutaminase
isoform (KGA) and liver-type glutaminase (LGA), respectively. GLS has a truncated version
termed GAC by alternative splicing. KGA and GAC are broadly expressed with highest ex-
pression in kidney cells, whereas liver cells have mainly the GLS2 isoform. GLS and GLS2
differ in their regulation. The product glutamate inhibits GLS, while GLS2 is not inhibited. Vice
versa ammonia inhibits GLS2 but not GLS. Both GLS isoforms require inorganic phosphate as
an activator (Altman et al|(2016)). MYC-driven cancer cells show upregulated KGA and GAC
expression, while the tumor suppressor p53 regulates the transcription of GLS2 (Delabarre et al.
(2011)). Many cancer cells show a lack of p53 positively function and thus GLS2 expression is
reduced (Lane| (1994), Saha et al.| (2019)). Accordingly, investigations focused on the devel-
opment of therapeutic targets against GLS (Cluntun et al.| (2017), Chen and Cui (2015), Katt
and Cerione| (2014)). The inhibitor Bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide
(BPTES) was identified by a compound library screening and selectively inhibits GLS (New-
comb (2001), Delabarre et al|(2011), |Robinson et al.| (2007)). It is a non-competitive inhibitor
regarding the substrate glutamine and phosphate. BPTES causes a change in the conformation
of GLS, associated with reduced affinity for phosphate. Thus, the latter cannot allosterically
activate GLS. Structurally BPTES has no similarity to glutamine or glutamate and binds glu-
taminase to a site distinct from the substrate-binding site (Robinson et al.| (2007)). Moreover, it
binds glutaminase without as well as with glutamine (Robinson et al. (2007)). Despite promis-
ing results in preclinical studies, BPTES was not examined in clinical trails because of low sol-
ubility, poor metabolic stability and moderate potency (Li and Simon| (2013)), Chen et al. (2016),
Elgogary et al.|(2016)). Compound-968 (C968) is a specific, non-competitive and allosteric in-
hibitor of GLS (fig. (Katt and Cerione (2014)). It binds to a hydrophobic pocket within the
monomer, which is a different allosteric site than BPTES. Here, C968 impedes the formation of a
tetramer by inorganic phosphates and prevents GLS activation (Lukey et al.|(2013), Ramachan-
dran et al.| (2016)). Even though C968 was demonstrated to block glutaminase activation and
suppress cell growth, it is largely ineffective at inhibiting once the enzyme has been activated
by phosphate (Wang| (2010), Katt and Cerione (2014), Chen and Cui (2015)). The low potency
and poor aqueous solubility made C968 an unsatisfactory drug candidate for clinical trails (L1
and Simon| (2013)). The inhibitor CB839 is a selective, non-competitive and more potent GLS
inhibitor than BPTES (fig. [5.3). It has shown to decrease proliferation in various cancer cell lines
(Parlati et al.|(2014), Chen and Cui (2015)). Currently, CB839 undergoes a clinical trial phase
IT in combination trials as this single agent showed minimal antitumor activity conducted by
Calithera Biosciences (Parlati et al.| (2014), Motzer et al. (2019), Emberley et al.|(2021), Lemberg
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et al.[(2018)). Another strategy to target the glutamine pathway is the usage of a glutamine an-
tagonist. 6-diazo-5-oxo-L-norleucine (DON) has been studied for decades. In early 1956 Ehrlich
and Coffey isolated and characterized the biological effects of DON (Ehrlich et al.| (1956)). In
the same year DON was examined and further characterized by Dion et al.| (1956). DON is
produced by an undefined Streptomycin strain, which inhibits glutamine-utilizing enzymes
in a two-step mechanism (Lemberg et al. (2018), /Ahluwalia et al. (1990)). On one hand, it is
a competitive inhibitor that binds covalently the catalytic pocket, resulting in an irreversible
inhibition of the active site (Thangavelu et al|(2015), Thomas et al.|(2013)). DON acts as a re-
active electrophile that attacks nucleophile, which leads to the release of the diazo group and
thereby to the formation of an enzyme-inhibitor complex (Lemberg et al.| (2018), Thangavelu
et al. (2015)). It is a non-selective inhibitor, which targets all glutamine metabolizing enzymes
including glutaminase, glutamine aminotransferases involved in de novo purine and pyrim-
idine synthesis, amino acid synthesis, hexosamine production and coenzyme synthesis (fig.
(Lemberg et al. (2018), Cervantes-Madrid et al.|(2015), Hartman| (1963), Kaufman| (1985),
Levenberg et al.|(1957), Levitzki et al. (1971), Laronde-Leblanc et al|(2009)). Preclinical studies
showed promising results of DON in various tested cancer cell lines (Thangavelu et al.|(2015)).
However, in clinical trials DON demonstrated cytotoxic activity like nausea, vomiting, mucosi-
tis, leukopenia and thrombocytopenia (Cervantes-Madrid et al.|(2015)). Therefore, DON never
entered clinical phase III because of its dose-limiting toxicity (Kovach et al.|(1981)). Meanwhile,
Hanaford et al. (2019) have investigated a modification of DON and expounded preclinical re-

sults of increased oral bioavailability, which have to be further examined.

The glutamine synthesizing enzyme: Glutamate ammonia ligase

Glutamate ammonia ligase (GLUL) is a cataplerotic enzyme that uses in an ATP-dependent
reaction glutamate and ammonia to synthesize glutamine (fig. [5.3). It supports nucleotide
biosynthesis and mitochondrial bioenergetics and is mostly located in the cytosol. Studies
have revealed that some cancer cells have overexpressed GLUL induced by MYC (Wang et al.
(2019), Chiodi et al. (2021), Yuneva et al. (2012)). The function of high GLUL expression differs
in each cancer type, e.g. breast cancer cells show high GLUL expression and glutamine inde-
pendence, while lung cancer cells show high GLUL expression with glutamine accumulation
despite of activated glutamine catabolism (Kim et al.| (2021)). Besides, GLUL plays a key role
in the tumor microenvironment. Among others, it supplies glutamine, modulates inflamma-
tory responses and supports vascularization and metastasis of cancer cells (Kim et al.[(2021)).
Methionine sulfoximine (MSO) is an organosulfur analogue of glutamate and an irreversible
competitive inhibitor of GLUL (fig. (Berlicki (2008), Eisenberg et al. (2000)). Despite of ef-
fective inhibition of GLUL activity it is not applicable in clinical practice because of side effects
such as convulsion.
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Figure 1.4: Glutamine-synthesizing and glutaminolysis. Glutaminolysis: Glutamine is converted to glutamate
via GLS. Glutamine-synthesis: Glutamine is synthesized via GLUL. MSO is inhibiting GLUL. Essential
abbreviations provided in the list of abbreviations.).
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1.3 Medical Systems Biology in Cancer Research

Hanahan and Weinberg| (2011) defined hallmarks to characterize the tremendous impact of al-
tered cells to become tumor cells: Sustaining proliferative signaling, evading growth suppres-
sors, activating invasion and metastasis, enabling replicative immortality, inducing angiogene-
sis, resisting cell death, deregulating cellular energetics, avoiding immune destruction, tumor-
promoting inflammation, and genome instability and mutation. The rewired metabolic pro-
gram of tumors affects the cell at the levels of the genome, transcriptome, proteome, metabolome
and signaling, which in turn is in exchange with the environment and affects it vice versa. The
traditional linear thinking of a restricted one-way-flow as it was stated by Francis Crick has
been proven to be too limited to understand the multifaceted network of these molecular in-
teractions (Crick (1970), Wagener et al,| (2016)). For the characterization and analysis of the
entire interactive and dynamic network of a cancer cell, an approach providing an overall sys-
temic perspective is needed. In this regard, technological progress and innovation in high-
throughput methods prompted the field of systems biology. Studies in systems biology are
applied in order to gain an understanding of the biological and physiological complexity of a
disease. In this framework, methods such as next generation genome sequencing, microarrays,
nuclear magnetic resonance (NMR), gas chromatography (GC) coupled with mass spectrome-
try (MS), and others provide comprehensive data on genomics, epigenomics, transkriptomics,
proteomics and metabolomics that can be integrated based on the combination of empirical,
mathematical and computational techniques (Wang|(2010)). Systems biology in cancer research
could provide new insights into novel pathway interactions that allow to elude therapeutic tar-
gets. This would help to develop anti-cancer drugs and optimize treatment strategies - espe-
cially in personalized medicine (Wang| (2010)).

1.3.1 The vital role of metabolomics

An essential component of systems biology is the field of metabolomics, which comprises the
qualitative and quantitative study of small molecular weight molecules (Tolstikov| (2016)). In
the systems biology hierarchy metabolomics reveals the downstream products of gene and pro-
teinexpression that can provide regulatory feedback to upstream processes (fig. (Baharum
and Azizan|(2018), Zhang et al.| (2013)).
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Figure 1.5: Metabolomics systems biology. Regulation of omics levels (grey arrows) via metabolites beyond the
central dogma of molecular biology. Adapted and modified from|Tolstikov]|(2016).).
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The interaction between the regimes and metabolites can occur in form of, e.g. enzyme reg-
ulation via allosterical control or providing macromolecules to build DNA or RNA (Buescher
and Driggers| (2016)). Thus, metabolites are involved in cell cycle regulation, proliferation, and
apoptosis (Zhang et al|(2013), [Hsu and Sabatini| (2008)). [Ferrara et al. (2008) demonstrated a
specific causal network that links gene expression and metabolic changes in liver cancer cells.
Furthermore, an investigation on interaction of metabolomics and transcriptomics in prostate
cancer cells revealed, inter alia, a potential biomarker (Ren et al. (2016)). In particular, inves-
tigation on metabolites to discover biomarkers for cancer and thus identify potential novel
therapeutic targets has been increased over the last decade (Nam et al.| (2009), Griffiths et al.
(2010)).

1.3.2 Metabolomics studies

As stated in|1.1|cancer cell metabolism is a highly dynamic and complex network. The central
carbon metabolism (CCM) has an essential role as it supplies energy and building blocks for
cell growth and proliferation (Pietzke and Kempa (2014)). Metabolic flux analysis can show the
effect of cellular interactions directly and provide an understanding of the metabolic changes
that occur during carcinogenesis (Bruntz et al.| (2017)). For this purpose gas chromatography
coupled to Time-of-Flight mass spectrometry (GC-ToF-MS) has become a powerful platform. In
particular, monitoring the conversion of stable isotope-labeled metabolites in a dynamic man-
ner enables profound insights into an altered metabolism by tracking individual atomic routes
within the CCM, e.g. glutamine (Pietzke and Kempa (2014)). The GC-ToF-MS technique is sen-
sitive, robust and allows easy metabolite identification, because of standard libraries, which are
based on the retention time and the specific fragmentation pattern of the equivalent compound.
The metabolic flux displays the activity of enzymatic reactions, which are regulated by post-
translational modifications such as phosphorylations (Pietzke and Kempa (2014)). The cellular
metabolism adapts within seconds to environmental changes. Signal-transduction adaptations
take minutes and transcription and translation take minutes to hours (Royla (2018)). In pre-
vious studies stable isotopes were applied to trace the carbon flow throughout the metabolic
network in a dynamic manner. Due to long labeling times only stationary incorporation was
observed. A method called pulsed Stable Isotope Resolved Metabolomics (pSIRM), established
by the Kempa group in 2014, enables the measurement of the instationary metabolic turnover
by applying heavy atom-labelled nutrients (fig. (Pietzke and Kempa|(2014)).
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Figure 1.6: Pulsed stable isotope-resolved metabolomics (pSIRM). Dynamic incorporation of u-'3C-glutamine
(red) allows to monitor the turnover-dependent replacement of carbon-12. By using time-resolved pulsed labeling
the routing of applied substrates with or without inhibitor enables the assessment of preferated pathways (Royla
(2018)).

1.3.3 Proteomics studies

In order to gain comprehensive data to understand cellular processes proteome analysis will
also be required. Enzymes and proteins are an integral part of the metabolic network and thus
of particular importance for the breakdown of cancer cell metabolism. The aim of proteomics
is part of the larger network system by studying the multi protein systems in an organism
(Karpievitch et al.|(2011)). Liquid chromatography coupled to mass spectrometry (LC-MS) has
become increasingly popular over the past decade as the tool of choice for identifying and
quantifying the proteome (Xie et al.| (2011)). For the characterization and analysis of proteins,
mass spectrometry has been proven an effective tool. Combined with LC this high-throughput
approach allows the separation and relative quantification of complex samples, e.g. cell culture
samples. In the general workflow for proteomics by LC-MS cells first are lysed and proteins
are converted to peptides by proteolytic digestion. Peptides are separated by LC, in which the
samples are pushed with the polar mobile phase through the column with a non-polar, hy-
drophobic stationary phase. Depending on interactions of hydrophobic segments of the pep-
tides, hydrophilic peptides will elute faster than hydrophobic peptides. Followed by ionization
via electrospray ionization (ESI), peptides are then introduced into the mass spectrometer. To
determine the mass to-charge ratio (m/z) the ionized samples get assigned via ion source and
measured by mass analyzer. Subsequently, the ion detector measures the intensity of each ion
species (Karpievitch et al. (2011)). The retention time (RT) is captured by a detector. Peptides
are identified by the comparison of observed fragmentation spectra with the once generated
in silico from a chosen database. The advantage of LC-MS technique is no limitation in the
molecular weight of the analyses, more sensitivity than GC-MS, easy sample preparation and

analyzation of thermolabile molecules (Lubes and Goodarzi (2018))

1.3.4 Nucleotide analysis via direct infusion MS-MS

The exploitation of multidisciplinary omic networks also includes the determination of nu-
cleotides as well as intermediates of the nucleotide biosynthesis pathway. LC-MS was shown
to be the method of choice to measure nucleosides rather than the former used GC-MS method
(Esmans et al.| (1985), Dudley and Bond (2014)). However, the phosphate groups of nucleotides
hinder chromatographic seperation. Thus, a further possibility is direct infusion of MS-MS,
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especially suitable for pure samples. For this, samples must be purified from contaminants
that might interfere with mass spectrometric measurements. Before direct injection, cell ex-
tracts with enriched nucleotides are dissolved in methanol. MS-MS allows to obtain readily
recognizable fragmentation patterns and to quantify the amount of the nucleotide (Quinn et al.
(2013)). Characterization of nucleotide based either by monitoring the nucleotides end points
or by using radioactive labelling to trace nucleotide intermediates (Madrova et al.|(2018), Sant
et al.| (1989)). The lack of an appropriate method for a detailed analysis of all intermediates
is due to restricted sensitivity, the commercial unavailability of the compounds and the abs-
cence of experimental fragmentation spectra (Mddrova et al. (2018)). The developement of a
dedicated method would allow cancer research, enzyme studies as well as inhibition studies.
In particular, an approach with applied labeling of relevant substrates for de novo nucleotide
biosynthesis would provide a detailed insight of altered mechanisms in cancer.

1.4 Previous work of Kempa group

Previous investigations of Kempa Lab (BIMSB/MDC, Berlin-Germany) focused on the valida-
tion of glutaminase inhibitors in HCT116 and RKO cells (Royla (2018)). The application of 1BC-
glutamine to glutaminase-inhibited cells revealed that several GLS inhibitors do not impair glu-
tamine to glutamate conversion in the presence of glutamine. Contrarily, GLS inhibitor treated
cells that have been deprived of glutamine prior to the *C-glutamine application showed a
decelerated '3C-incorporation into glutamate. Additionally, cell growth of HCT116 and RKO
cells was affected upon inhibitor treatment, but not completely suppressed. We believe that
other glutamine to glutamate converting reactions catalyzed by aminotransferases compensate
for the inhibition of glutaminase. In particular, those involved in the nucleotide biosynthesis.
Consequently, HCT116 and RKO cells may maintain glutamine requirements for bioenergetic
and anabolic demands as well as for cell growth.
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Chapter 2

Aims of the Thesis

MYC-driven cancer cells show enhanced glutaminolysis, which causes glutamine dependency
for growth and survival. Besides glutamine being an anaplerotic substrate in providing its
carbon skeleton to produce TCA cycle intermediates, it also plays a key role as a nitrogen
donor in the synthesis of amino acids or nucleotides. Initial experiments revealed that HEK293
cells can grow independently from glutamine availability in FBS. It was demonstrated, that
DON, a glutamine analoque, reduced cell proliferation, that was not due to restrictions of the
glutaminolysis (Roylal (2018)). The aim of the thesis is to gain knowledge about the intercon-
nection of cell growth and metabolism in cancer cells that rely on glutamine’s nitrogen as a
substrate of transaminases involved in nucleotide biosynthesis. Consequently, this study will
test for correlations between glutamine dependency and the survival in the absence of glu-
tamine. In addition, DON was examined in interrupting glutamine’s nitrogen flow. Firstly, we
examined the glutamine dependency in two colon cancer cell lines, HCT116 and RKO, and in
the non-cancerous cell line HEK293 in FBS and dialyzed FBS mediums. In addition, we an-
alyzed, the capability of the cells to adapt in glutamine depleted and supplemented dialyzed
FBS medium. The application of quantitative mass spectrometry approaches aimed at the iden-
tification of critical metabolic pathways, that may mediate for the adaptation. Identified path-
ways were validated for their involvement via rescue or inhibition experiments in the tested
cell lines. Secondly, to enable simultaneous measuring of carbon and nitrogen, we have de-
veloped isotope tracing techniques using ultra high-resolution mass spectrometry. With these
techniques we analyzed the incorporation of different stable isotopes within cellular metabolic
intermediates. We wanted to determine metabolic dynamics at the crossroads of carbon and
nitrogen, especially at nucleotide level. The integrative data analysis of cell growth, proteome
and metabolic conversion data may provide a comprehensive insight into metabolic alteration
that occur in glutamine-addicted cancer cells. Thirdly, we retraced glutamine’s nitrogen do-
nation to the nucleotide biosynthesis to expose DON’s effect on involved transaminases and
how purine synthesis pathway may be disrupted. Therefore, a new technique was developed
based on direct-infusion MS to study dynamic nitrogen flow by using pSIRM and inhibition-

treatment in parallel.
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Chapter 3

Materials

3.1 Cell biology methods

3.1.1 Cell culture

HCT116, HEK293 and RKO cells were maintained in Dulbeccos modified Eagle Medium (DMEM /
without glutamine, glucose, phenol red and sodium pyruvate) supplemented with 2.5 g/ L glu-
cose, 2mM glutamine and 10 % fetal bovine serum (FBS, v/v) or with 10 % dialysed fetal bovine
serum (dFBS, v/v) at 37 °C, 21 % O, and 5 % CO, for routine cell cultivation. Cells have been
passaged in appropriate split ratio every 2-3 days to avoid contact inhibition. When a conflu-
ence of at least 70 % was reached cells were washed once with 1x phosphate buffered saline
(PBS) and detached from the plate by using TrypLE. To cease trypsinization fresh medium was
added. Collected cell suspension was centrifuged (300 xg, 2 min), arised supernatant was re-
moved and remaining cell pellet was resuspended in fresh pre-warmed media. Appropriate
cell suspensions depending on cell line specific doubling time was transferred into a new dish.

3.1.2 Cell number determination

Cells were washed, trypsinized and harvested as descriped in Resuspended cell pellet
were mixed in a 1:2 ratio with trypan blue solution and subsequently 10 uL were loaded twice
onto a cell counting slide. Cell number and viability was measured in technical duplicates

using the automated cell counter TC20 (Biorad).

3.1.3 Cell defrosting

Cryovials were directly placed in a 37 °C water bath after removal from liquid nitrogen. Once
cells started to thaw, cell suspension was transferred into a 15 mL falcon tube containing fresh
media. Afterwards cells were centrifuged at 300 xg for 2 min. Supernatant was discarded
and remaining cell pellet was resuspended in fresh media. Generated cell suspension was
transferred into a new dish and cultivated. After 24 h media was replaced to remove residual
DMSO.
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3.1.4 Cell harvest

After discarding media from the plate, cells were gently washed with 1x PBS and subsequently
scratched and transferred to a reaction tube. Cells were centrifugated for 2 min at 300 xg and
4 °C. Supernatant was removed and remaining cell pellet was snap-frozen in liquid nitrogen.
Pellet was stored at -20 °C until further processing e.g. protein extraction.

3.1.5 Glutamine starvation experiment

HCT116 cells were seeded at 2.5 e+6 cells and HEK293 and RKO cells at 2.0 e+6 cells per well
and cultivated in standard cell culture media with normal or dialzyed FBS for at least 24 h.
To starve cells from glutamine, cells were washed once with 1x PBS and fresh media without
glutamine was added.

3.1.6 Glutamine starvation experiment for 2 weeks 0, 0.1 and 2 mM Glutamine

Cells were cultivated in standard cell culture media with normal FBS and 2 mM glutamine for
24 h. The following day cells were washed once with 1x PBS and glutamine was added to the
media in different concentrations of 2 mM, 0.1 mM or 0 mM. Cells were cultivated for at least 2
weeks. When reaching a confluency of at least 70% cells were passaged. Otherwise, media was
replaced every 2-3 days to avoid limiting nutrients.

3.1.7 Readdition experiment

Cells were treated in normal FBS-supplemented standard medium as described above. Ad-
ditional to glutamine starvation, cells were treated with 10 pM of an intended inhibitor or
analogue for 16 h. Afterwards, fresh media with 2 mM glutamine was re-added for 30 min, 60
min, 120 min and 240 min. Table 3.1| lists inhibitors and analogues with their targets and the
applied concentrations.

Table 3.1: Inhibitors applied in in vitro experiments.

Component ‘ [clfinal Target Reference

Acivizin* 10 uM Glutaminase Dringen et al.| (1997)
Azaserine* 10 uM Glutaminase Yanagida et al.|(2014)
DON* 10 uM Glutaminase Chen and Cui|(2015)
BPTES 10 tM Glutaminase Chen and Cui|(2015)
CB839 10 yM Glutaminase Chen and Cuil(2015)
C968 10 yM Glutaminase Chen and Cuil(2015)
* glutamine analogue, inhi-

bition of glutamine-utilizing

enzymes

3.1.8 Supplementation experiment

Cells were cultivated in dialyzed FBS-supplemented medium with glutamine as described in
section After 24 h viable cell count was measured for the 0 h time point. Afterwards, me-
dia was changed to dialyzed FBS-supplemented medium containing the following substances
(corresponding abbrevations and concentrations are shown in brackets) instead of glutamine
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in separate experiments: Asparagine (N, 1 mM), Aspartate (D, 1 mM), Aspartate (D, 1 mM) +
NH 4* (0.8 mM), Glutamate (E, 1 mM), Glutamate (E, 1 mM) + NH 4* (0.8 mM), Glutamine (Q, 2
mM), NH 4* (0.8 mM). When reaching a confluency of at least 60%, cell count was determined
and cells were passaged as described in section Media was replaced every 2-3 days to
avoid nutrient limitation.

Doubling time was calculated using the equation:

At

T2= —
loga(Rfy +1)

(1)

In the equation (1) Ny is the number of cells at day 0 and AN is the increase in the number of
cells during the period of time of the length At.

3.1.9 Proliferation inhibition assay with MSO-treatment

In a 6-well plate 3e+5 and 12e+5 cells/well of HCT116 and HEK293 cells, respsectively were
plated in dialyzed FBS-supplemented cell culture media. The following day medium was re-
placed with medium containing either Methionine Sulfoximine (MSO) or sterile H,O (solvent
control). To avoid nutrient limitations, media containing respective treatment was replaced

every 24 h. Viable cell count was determined at 24, 48, 72 and 96 hours post-treatment.

3.1.10 Inhibition assay with DON-treatment without glutamine labeling

HCT116 and HEK293 cells were plated in standard cell culture media with normal FBS as de-
scribed above (3.1.1). After two weeks of glutamine starvation medium was replaced with
medium containing the glutamine-analogue DON or the solvent control PBS for maximal 24
hours. Cells were harvested (section at2, 8 and 24 hours and analysed via direct-infusion
MS (section [3.5).

3.1.11 Inhibition assay with DON-treatment and glutamine labeling

HCT116 cells were plated in standard cell culture media with normal FBS as described above
(B.1.1). After two weeks of glutamine starvation medium was replaced with medium contain-
ing the glutamine-analogue DON or the solvent control PBS in 4 different conditions: i.) Cells
were simultaneously treated with DON or the solvent control PBS and labelled glutamine. Af-
terwards, cells were incubated for 24 hours.

ii.) Cells were simultaneously treated with DON or the solvent control PBS and labelled glu-
tamine. Afterwards, cells were incubated for 6 hours.

iii.) Cells were treated with DON or PBS for 6 hours. After 2 hours of treatment labelled glu-
tamine was added for 4 hours.

iv.) Cells were treated with DON or the solvent control PBS for 6 hours. After 5 hours of treat-
ment labelled glutamine was added for 1 hour.

In addition to each condition 2 counting plates were added. For the determination of natural
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abundance 3 plates were left untreated and unlabelled. In total, HCT116 cells were harvested
afterOh,1h,4h,6hand 24 h of 15N—glutamine labelling for nucleotide measurements.

3.2 Biochemical methods

3.21 Celllysation

After thawing cell pellets on ice, RIPA buffer (1 mM ETDA, 140 mM NacCl, 1 % Triton x-100
(v/v), 0.1 % sodium deoxycholate (v/v), 0.1 % sodium dodecyl sulfate (SDS, w/v), 50 mM
TrisHCl (pH 7.9)) supplemented with protease and phosphatase inhibitors was added to the
samples, accordingly to pellet size. Cells were resuspended, followed by chilling on ice for
10 min and sonification for 25 s (Bandelin Sonorex Digitec DT 100). Afterwards, cells were
vortexed for 10 s. In total these steps were repeated three times. Subsequently, cell lysates were
centrifuged at 14000 xg speed for 5 min at 4 °C to remove cell debris and protein concentration
was determined as described in section Overall 40 pg of protein were diluted in 2x SDS
sample buffer (10 g/L bromphenol blue, 100 mM dithiothreitol (DTT), 2 % SDS (w/v), 10 %
glycerol (v/v), 50 mM TrisBase (pH 6.8), diluted in H20) and snap-frozen in liquid nitrogen.
Cell lysates were stored at -20 °C for subsequent sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

3.2.2 Protein quantification

To determine protein concentration colorimetric Pierce BCA Protein Assay Kit from Thermo
Scientific was used. According to the manufacturer’s instructions, 2 pL of cell lysate, a negative
control (1x PBS) and a standard dilution series of bovine serum albumin (BSA) (50-10000 pg/
mL diluted in 1x PBS) were each mixed with 100 pL of working solution and incubated for
30 minutes at room temperature. Colorimetric absorbance was detected via a plate reader at
a wavelength of A = 562 nm (Infinite2000, Tecan). Each sample was measured in technical
duplicates. Negative control was used to correct for the background signal.

3.2.3 SDS PAGE

As given by Laemmli (Laemmli (1970)), 40 pg of protein were diluted in 2x SDS sampling
buffer, denatured under constant agitation for 5 min at 95 °C and afterwards chilled on ice.
Samples were spun down and subsequently loaded onto a suitable self-casted SDS polyacry-
lamide gel (for exact composition see to separate proteins of interest. Biorad Mini Protean
system filled with 1x SDS running buffer (190 mM glycine, 0.1 % SDS (w/v), 25 mM TrisBase,
diluted in H,O, pH 8.3) was used to carry out discontinuous electrophoresis at 60-135 V. A
PageRuler pre-stained protein ladder from Thermo Scientific was used as a molecular weight

marker.

3.2.4 Western Blot

Subsequent to separation proteins were transferred onto a polyvinylidene difluoride (PVDF)
membrane. For that purpose the Biorad Trans-Blot Turbo Transfer semi-dry blotting system
was used and carried out for 30 min at 25 V and 1 A. Transfer time was prolonged to 60 min for
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proteins with higher molecular weight (> 150 kDa). First, PVDF membrane was activated in
Methanol (MeOH) and washed in HO. Membrane, filter papers and gel was then equilibrated
in blotting buffer (40 mM glycine, 20 % MeOH (v/v), 0.075 % SDS (w/v), 48 mM TrisBase,
diluted in H,O) and assembled for western blotting. Subsequently, membrane was blocked for
30-60 min at room temperature with 1-5 % BSA (w/v) or 5 % milk (w/v) in TBS-T (1x TBS (137
mM NaCl, 20 mM TrisBase), 0.1 % Tween-20 (v/v)). Membrane was probed with a primary an-
tibody under constant agitation overnight at 4 °C. The following day membrane was washed
three times for 10 min in TBS-T before and after probing with a HRP-coupled secondary anti-
body for 1 hour at room temperature. To expose antibodies Amersham ECL Western Blotting
detection solution (GE Healthcare) was used according to the manufacturer’s protocol and per-
formed on the ImageQuant LAS4000 system (GE Healthcare). The image processing program
Image] was used for relative quantification of protein expression (Schneider et al. (2012)). Ac-

cording to the experimental setting, expression levels were normalized to a loading control.

3.3 Proteomics

3.3.1 Whole cell lysis

According to cell pellet size urea buffer (8 M Urea, 100 mM Tris (pH 8.2)) was added. Cells
were lysed followed by sonification and centrifugation for 3 min at 14.000 xg at 4 °C. Super-

natant were transferred into new reaction tubes and protein concentration was determined as
described before (3.2.2).

3.3.2 Protein digestion

For further processing maximal 100 pg of protein were first denaturated and alkylated by treat-
ing samples with 2 mM Dithiothreitol (DTT) for 30 min at 25 °C and afterwards with 11 mM
iodoacetamide (IAA) for 20 min at room temperature in the dark. Subsequently, proteins were
digested by incubation with Lys-C (Wako, 1:40 w/w) overnight at 30 °C under gentle shaking
(750 rpm). The next day Lys-C digestion products were diluted 1:4 (v/v) with 50 mM ammo-
nium bicarbonate (AmBic), followed by incubation with trypsin beads (Applied Biosystems,
1:80 w/w, 4 h, 30 °C under rotation). After samples were spun down (10 min, 14.000 xg at
room temperature), 5 pL of trifluoroacetic acid was added to stop tryptic digestion. Subse-
quently, samples were desalted on Stage Tips as described below in (Rappsilber et al.
(2007)).

3.3.3 Stage Tip desalting

For shotgun proteome analysis desalting of 15 ng of protein was performed with self-made
STAGE Tips. The C18 matrix was activated by the addition of 50 pL buffer A (0.5 % acetic acid)
followed by 50 pL buffer B (80 % acetonitrile, 0.5 % acetic acid) to wash out the MeOH. Again
50 pL buffer A was added to equilibrate the matrix. 15 pg of protein sample were loaded on a
STAGE Tip. By adding 50 pL buffer A salts were washed out. To elute peptides in low-binding
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tubes 50 pL of buffer B were put on the STAGE Tips. Samples were dried and finally resus-
pended in 15 pL of buffer A. Subsequently samples were measured on Liquid chromatography
coupled to mass spectrometry (LC-MS) (section [3.3.4) (Rappsilber et al. (2007)).

3.3.4 LC-MS measurements

Five microliters of each peptide digest were injected in two technical replicates to a liquid chro-
matography coupled to tandem mass spectrometry system (LC-MS/MS; NanoLC 400 (Eksi-
gent) coupled to Q Exactive Plus (Thermo Scientific)), using a 240 min gradient ranging from
5 % to 40 % of solvent B (80% acetonitrile, 0.1 % formic acid) in solvent A (5 % acetonitrile,
0.1 % formic acid). For the chromatographic separation 100 cm long MonoCap C18 HighRes-
olution 2000 column (GL Sciences) was used. The nanospray source was operated with spray
voltage of 2.4 kV and ion transfer line temperature of 260 °C. Data were acquired in data de-
pendent mode, with a top10 method (one survey MS scan with a resolution of 70.000 at m/z
200, followed by up to 10 MS/MS scans on the most intense ions, intensity threshold 5.000).
Once selected for fragmentation, ions were excluded from further selection for 45 s, in order to
increase the identification rate of lower abundant peptides (Royla|(2018), Bayram|(2018)).

3.3.5 LC-MS data analyis

Raw data were analyzed using the MaxQuant proteomics pipeline (version 1.5.3.30) and the
built in Andromeda search engine with the human Uniprot database (Cox et al.|(2011), Iyanova
et al.| (2016)). Carbamidomethylation was set as a fixed modification, oxidation of methionine
as well as acetylation of N-terminus as variable modifications. FDR was set at 1% to filter
peptide assignments. Peptides with a minimum length of seven amino acids and a maximum
of two miscleavages were further processed. For shotgun analysis peptides were matched
between runs. All samples were quantified using label-free quantification (LFQ). Assigned
razor peptides involves peptide groups with the largest matches and were used for calculation.
To collate LFQ data the software Perseus (version 1.5.6.0) was used. Data were further analyzed
via custom R script

3.4 Metabolomics

Targeted Stable Isotope Resolved Metabolomics (tSIRM) is a method that enables the direct
measurement of a specific biological reaction by using dual isotope tracing. It allows the detec-
tion of relative contribution of extracellular carbon and nitrogen for a specific reaction and its
downstream contribution. It was developed by the group of Dr. Stefan Kempa (Bayram et al.
(2022)).

Pulse stable isotope resolved metabolomics (pSIRM) is a method that enables the direct mea-
surement of the dynamic metabolic activity of the CCM by using stable isotopes. It allows
time-resolved studies and was developed by the group of Dr. Stefan Kempa (Pietzke et al.,
2014).
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3.4.1 Targeted stable isotope resolved metabolomics (tSIRM)

HCT116 and HEK293 cells were plated on 10 cm plates in cell culture media with dialyzed
FBS and supplemented with 1 mM Glu + 96 uyM NHy*. Cells were cultivated in this con-
dition for at least 1 month for cell growth assays. RKO cells were pre-cultivated in GIn-
supplemented medium as RKO cells were unable to proliferate in Glu + NH4". Therefore,
medium was changed 3 days prior to targeted stable isotope resolved metabolomics (tSIRM)
study to medium containing Glu + NH;*. HCT116 and HEK293 cells were seeded at 2 e+6
cells dish for tSIRM study. All three cell lines were labelled with 13 C-glutamate and I5N-NH,*
and treated with either 500 ptM MSO or sterile H,O (control) for 24 hours. Subsequently, media
was removed, cells were shortly flushed with labeling buffer (140 mM NaCl, 5 mM HEPES,
2.5 g/mL Glc, pH 7.4) to remove extracellular metabolites. Labeling buffer was removed and
ice-cold methanol (MeOH, 50 % v}, containing 2 pg/ uL cinnamic acid as an internal extraction
standard, was immediately added in order to quench metabolism. Cells were scratched and
transferred into a 15 mL Falcon tube and stored at -20 °C until further processing.

3.4.2 pulse Stable Isotope Resolved Metabolomics (pSIRM)

HCT116, RKO and HEK293 cells were cultivated as described in All three were pre-
treated for 6 hours with either 1 mM MSO or sterile H,O (control), in fresh Glu + NHy*-
supplemented dialyzed FBS medium. Afterwards, cells were labeled for 15 min, 30 min, 1
hour, and 3 hours with 13C-glutama’ce and N-NH," with or without 1 mM MSO treatment.
Cells were harvested as described in[3.4.1l

3.4.3 Extraction of Polar Metabolites

1 mL Chloroform was added to methanolic cell extracts (sectionand , followed by 1 h
shaking at 4 °C and a centrifugation for 15 min at 4.000 xg at 4 °C. Polar phases were collected,
transferred to a new 15 mL Falcon tube and vacuum dried overnight. The next day 600 pL
20 % MeOH were added to dried polar phases, shaken for 30 min at 4 °C and subsequently
centrifuged (5 min, 4.000 xg at 4 °C). Polar phases were fractionated to generate two technical
replicates. Twice 290 pL were transferred to new tubes and once more vacuum dried over
night. Samples were stored at -20 °C until preparation for Gas chromatography coupled to
mass spectrometry (GC-MS) measurements

3.4.4 Sample Preparation for GC-MS

In order to obtain volatility and stability for GC-MS measurements, dried cell extracts were
resuspended in 25 puL of N-(tert-Butyldimethylsilyl)-N-methyltrifluoracetamide (MTBSTFA),
25 pL of Acetonitrile (ACN) and and 0.5 pL. alkane mix. Afterwards, cells were incubated for
60 min at 80 °C under constant shaking. Subsequently, samples were centrifuged for 15 min
at 14.000 xg to remove insoluble parts. Aliquots of 40 uL were transferred into glass vials for
GC-MS measurements. Identification and quantification standards were treated in parallel.
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3.4.5 GC-MS Settings

Metabolite profiling analysis (pSIRM) was performed on a GC-ToF-MS and tSIRM on a Q Ex-
active Orbitrap system (Thermo Fisher). 1 puL of quantification standards and samples were
injected in a temperature-controlled injector (TriPlus RSH auto-sampler, Thermo Fisher) with a
baffled glass liner in a 1:5 split mode. A temperature gradient program (80 °C for 155, 7 °C/s
until 260 °C, hold for 3 min) was used for distinct seperation of metabolites and a flow rate of
1.2 mL/ min helium, as carrier gas, was adjusted. Gas chromatographic separation was carried
out on a Trace 1,300 GC (Thermo Fisher) equipped with a TG-5SILMS column (30 m length,
250 pm inner diameter, 0.25 um film thickness (Thermo Fisher). Gas chromatography was per-
formed with an initial temperature of 68 °C for 2 min, followed by an increase of 5 °C/min up
to 120 °C, followed by an increase of 7 °C/min up to 200 °C, followed by an increase of 12 °C/
min up to 320 °C which is held for 6 min. The spectra were recorded in a mass range of m/z =
60—600 with resolution at 200 m/z set at 120,000 (Bayram et al. (2022)). First idents and quants
were determined, followed by measuring biological replicate (Opialla et al.[(2020)). Wash steps
(consisting of alkanmix and MTBSTFA) were integrated between different cell lines and within

a cell line. Quant dilution series was treated in parallel.

3.4.6 Data Analysis

For the calculation the exact mass of elemental composition of different glutamine fragments
were compared with known literature-values. An in-house made compound library including
the mass shifts induced by >C and >N was used to extract the intensities for the different iso-
topic masses. A custom R-script that based on the known masses for the fragments and the
number of potentially incorporated carbon and nitrogen atoms were used for mass shift cal-
culations. Each incorporated 3C or N increased the target mass by 1.0033548 or 0.99693689,
respectively. For the analysis of the SIRM experiment, this newly developed target list was im-
ported as a Tracefinder Compound database (Tracefinder 5.0 (Thermo Fisher)). Subsequently,
SIRM samples were then processed and peaks were integrated by extracting the extracted ion
chromatograms (EIC) within a 5 ppm window. For the analysis of the pSIRM experiment Xcal-
ibur Quanbrowser (Thermo Fisher) was used. Samples were processed and peaks integrated
by extracting EIC with a mass tolerance of 2.5 ppm. For both, peak integration quality was
visually checked and finally all peak areas were exported (Bayram et al.|(2022)).

3.5 Nucleotides

3.5.1 Sample preparation

For direct-infusion MS nucleotide measurements samples (section 3.1.10|and [3.1.11)) were pre-

pared to an established protocol (Lorkiewicz et al. (2012)). Dried samples (polar metabolites
(3.4.3)) were resuspended with required volume of 5 mM hexylamine buffer A (5 mM hexy-
lamine, pH adjusted to 6.3 with acetic acid) to get 3 e+5 cells in 10 puL. Followed by centrifuga-
tion (at 4 °C at 14.000 xg for 5 min) of samples and nucleotide calibration standards (10 pM - 20
nM in 5 mM hexylamine buffer, pH 6.3). In the upcoming preparation steps samples were kept
on ice. ZipTips (Millipore) were equilibrated by aspirating 5x 10 uL of 100 % MeOH followed
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by 5x 10 uL of buffer A. Afterwards, samples were loaded onto the C18 solid phase of the Zip-
Tip by 8x 10 pL aspirating and dispensing. Followed by a wash step by aspirating buffer A (4x
10 pL) to flush out unbound residuals. Finally, nucleotides were eluted by 12 cycles aspirating
and dispensing with 10 pL of elution buffer (70 % buffer A, 30 % buffer B (90 % MeOH, 10 %
ammonium acetate (NH4AC), pH adjusted to 8.5 with NH4OH)). Elution was diluted with 20

pL of MeOH before direct-infusion MS measurements.

3.5.2 Direct-infusion MS measurements

Nucleotide analysis of the samples in section were performed on a TSQ Quantiva triple
quadrupole mass spectrometer (Thermo Scientific) coupled to a Triversa Nanomate (Advion)
nanoESI ion source (1.5 kV spray voltage, 0.5 psi head gas pressure). Argon was used as the
collision gas (1.5 mTorr pressure). Data acquisition for the sum of the two transitions for each
of the 40 nucleotides was carried out in negative mode. In total, for three minutes per sample
with a cycle time of 3.3 seconds, resulting in 55 SRM scans per nucleotide. The full width
half maximum (FWHM) resolution was set at 0.7 for both Q1 and Q3. Transitions and unique
fragment sizes are documented in[7.1.1}

3.5.3 Direct-infusion MS measurements with labelling

The following nucleotide measurement and analysis protocol was established by Dr. Martin
Forbes (Research scientist in the Kempa-Lab, BIMSB/MDC, Berlin-Germany) and Liam Ray-
man (Master student in the Kempa-Lab, BIMSB/MDC, Berlin-Germany) (Rayman, (2022)).

For the preparation of a target list: The elemental composition of various fragments for each
coumpound was calculated based on the exact mass and compared with known literature-
values (7.1.I). The nucleotides AMP and dGMP, ADP and dGDP, and ATP and dGTP were
grouped and measured together as these compounds have identical masses. Each sample was
added with 15 pl to a well on a 96 well plate and subsequently placed on a TriVersa Nano-
Mate® nanoESI ion source (spray voltage: 1.5 kV, head gas pressure: 0.5 psi) coupled to a Q
Exactive HE, Thermo Fisher Scientific. Each sample was run in triplicate. Data acquisition was
performed in negative mode over three minutes. Full scans were performed from 140 m/z to
850 m/z before switching to 10 multiplexed targeted Single Ion Monitoring (tSIM) scans, each
of five nucleotide masses taken from a target list of 48. In total scans were repeated for 10 cycles
over 3 minutes. Targeted scans went from -1 m/z to +5 m/z of the intermediate or nucleotide
m/z for the detection of isotopes and for accounting of mass errors. Scan resolution at 200 m/z
was set to 240,000. A constructed compound library including the mass shifts induced by *C
and °N were used as comparision to extract intensities of different isotopic masses. A custom
R-script that based on the known masses for the fragments and the number of potentially incor-
porated carbon and nitrogen atoms was used for mass shift calculations. Each incorporated >C
or 1°N increased the target mass by 1.0033548 or 0.99693689, respectively. To calculate the M-H
fragment of the uncharged molecule 1.00728 was subtracted from the exact mass. Transitions
and unique fragment sizes are documented in[7.1.1}
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3.5.4 Direct-infusion MS analysis

The quality of each measurement was checked manually by using Xcalibur (Software, Thermo
Fisher Scientific). Scans with poor signal or stalling in scanning were not taken into account.
OpenMS package and in-house developed R-scripts were used for further data processing and
statistical analysis RStudio Desktop software (version 1.2.5019.0.).
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Chapter 4

Results

Parts of this chapter present data that was published under the title "Investigating the role
of GLUL as a survival factor in cellular adaptation to glutamine depletion via targeted stable
isotope resolved metabolomics" in the Frontiers Journal in 2022 (Bayram et al.|(2022)).

4.1 Glutamine and cMYC interaction

Roylal (2018) demonstrated that glutamine starvation suppressed MYC expression and cell
growth in several cell lines via a fine-tune feedback in response to external glutamine sup-
ply. In all cell lines, except for HEK293, GIn starvation inhibited and Gln re-addition induced
MYC protein expression. HEK293 cells sustained MYC protein expression in the absence of
glutamine and maintained proliferation. How this effect might be mediated and whether there
is a candidate mediating alterations in glutamine supply is still to be elucidated.

To examine if the GLS inhibitors BPTES, CB839 and C968 as well as the glutamine ana-
logues Acivizine, Azaserine and DON have an effect on MYC-levels by targeting glutamine
metabolism a time-course experiment was performed. Here, after the respective treatment glu-
tamine was re-added for maximal 4 hours and MYC protein expression was monitored (fig.
fig.[4.2] fig. [4.3). In order to evaluate the inhibitory effects, solvent controls were treated in
parallel.

The investigated two colon cancer cell lines HCT116 and RKO and the non-cancerous cell
line HEK293 were plated and starved for glutamine in standard cell culture media with nor-
mal FBS and treated with an inhibitor or analogue for 16 h. Subsequently, the amino acid was
re-added for 30 min, 60 min, 120 min and 240 min Substrates were either solved in DMSO or
H,O. Both solvents were used as control. MYC protein expression was analyzed by Western
Blotting. The depletion of glutamine distinctly suppressed MYC levels in HCT116 and RKO
cells. The non-cancerous kidney cell line HEK293 showed a moderate repression and overall
sustained MYC protein expression. All three cell lines restored MYC protein levels with a cell
line-specific kinetic (fig. fig. [73). A dynamic recovery is observable in the glutami-
nase specific inhibitors BPTES, CB839 and, C968 as well as the glutamine-analogue Acivizine
and Azaserine in HEK293, HCT116 and RKO cells. The recovering upon glutamine re-addition
in DON treated conditions is strongest delayed and interrupts the dynamic, especially at glu-
tamine re-addition for 30 min in HCT116 and RKO cells. Therefore, in fig. fig. 4.2land fig.
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the ratio of 30 min solvent control and treatment with 30 min re-added glutamine after 16 h
of starvation is calculated for HCT116, RKO and HEK293 cells.

2.0

C
©
o}
€ 15
e
o
™
El
o
o B DMSO
o . H20
2 1.04
©
e
G}
o
e} *
e
0.5_ i
0 A
' 5 ; > 5 5 5 S
Q& < ° 4 & 0 ) 9
Inhibitor

Figure 4.1: Calculated ratio of MYC protein expression upon glutamine starvation and re-addition in normal
FBS in HCT116 cells. Relative quantification of MYC protein expression after glutamine re-addition for 30 min of
at least three independent experiments. Each value was normalized to solvent control re-addition for 30 min.
Asterisk indicates statistically significant differences.
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Figure 4.2: Calculated ratio of MYC protein expression upon glutamine starvation and re-addition in normal
FBS in RKO cells. Relative quantification of MYC protein expression after glutamine re-addition for 30 min of at
least three independent experiments. Each value was normalized to solvent control re-addition for 30 min.
Asterisk indicates statistically significant differences.
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Figure 4.3: Calculated ratio of MYC protein expression upon glutamine starvation and re-addition in normal
FBS in HEK293 cells. Relative quantification of MYC protein expression after glutamine re-addition for 30 min of
at least three independent experiments. Each value was normalized to solvent control re-addition for 30 min.



32 Chapter 4. Results

4.2 Glutamine deprivation in normal FBS-supplemented medium

The goal was to evaluate the persistent MYC expression in HEK293 cells in glutamine deprived
medium compared to glutamine dependent MYC expression in HCT116 and RKO cells. There-
fore, data on cell growth and metabolic conversion were integrated, in order to correlate differ-
ences in the metabolic profiles of the cell lines with their survival and their MYC expression.
To investigate the apparent glutamine dependency in HCT116 and RKO cells, we starved the
cells for glutamine in normal FBS-supplemented medium and subsequently analysed their pro-
teome profiles and nucleotide levels.

4.2.1 Proliferation test in normal FBS

The non-cancerous HEK293 cells were shown to grow independent from glutamine. Only
when treated with DON, a glutamine analogue, HEK293 showed decreased cell number and
MYC expression (Roylal (2018), Dejure et al. (2017)). In order to determine whether HEK293
cells can survive and grow in a glutamine independent manner, we first repeated the prolifer-
ation experiment and starved the cells for glutamine without additional inhibition of GLS, for
96 h.

In a second approach we extended this growth experiment to 7 d and 14 d. HEK293 and RRO
cells were seeded at 2.0 e+6 cells and HCT116 at 2.5 e+6 cells per dish for 24 h with normal FBS
medium containing 2 mM glutamine. After 24 h medium was changed to FBS-supplemented
medium without glutamine (0 mM) and cells were starved for 96 h for the inital and for at
least 14 days for the second experiment. To sustain a sufficient supply of nutrients cell culture
media was renewed every 24 h. Cells were splitted at a confluency of 70-80 %. Proliferation
rate was determined via cell counts every 24 h for 96 h of the first experiment. For the second
approach cell growth was recorded after 16 h, 7 d and 14 d of glutamine deprivation. Re-
garding the first experiment: The cell growth of colon cancer cell lines HCT116 and RKO are
strongly reduced upon glutamine withdrawal compared to glutamine-fed condition for 96 h.
Considering the second experiment with a longer period of glutamine depletion, HCT116 cells
were able to adapt and survive. In contrast, RKO cells could not adapt to glutamine depri-
vation and cells were depleted at 14 d. The non cancerous HEK293 cells showed a continued
growth in glutamine-fed as well as in glutamine-starved conditions for all tested time points.
In conclusion, the findings of the before mentioned glutaminase inhibition assay in combina-
tion with pSIRM imply that glutamine-dependent anaplerosis seems not to be the key for the
resistance of the tested cells against inhibitors. To gain knowledge about glutamine’s nitrogen
and the capability of HCT116 cells to adapt to glutamine withdrawal and their differences to
RKO cells as well as to glutamine independent HEK293 cells proteome and nucleotide analysis
were performed.
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Figure 4.4: Proliferation upon glutamine starvation in normal FBS in total 96 hrs. Cell proliferation upon
glutamine starvation in normal FBS medium in HEK293, HCT116 and RKO cell lines. Cells were starved for 96

hrs. Cell number was normalized to 0 h. Results represent mean + SD (n=3, each measurement was performed in
technical duplicates).
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Figure 4.5: Proliferation upon glutamine starvation in normal FBS in total 14 days. Cell proliferation upon
glutamine starvation in normal FBS medium in HEK293, HCT116 and RKO cell lines. Cells were starved for 14
days. Cell number presented are relative cell numbers. Results represent mean + SD (n=3, each measurement was
performed in technical duplicates).
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4.2.2 Proteome analysis in normal and glutamine deprived conditions

As mentioned in section[4.2.1} a previous proliferation experiment revealed that the glutamine-
antagonist DON was the most effective substrate in decreasing cell counts for HCT116, RKO
and also HEK293 cells while glutamine’s carbon flow was not affected (Roylal (2018)). It seems
reasonable to assume that GLS is inhibited. However, other bypassing reactions might com-
pensate for the inactivation of the enzyme, especially amidotransferases that are particularly
abundant in nucleotide metabolism (Koper et al. (2022)). Therefore, we hypothesized that the
efficiency to suppress cell growth by the glutamine analogue DON is not due to the blockage
of the conversion of glutamine into glutamate and TCA cycle intermediates. In order to test
for correlations between glutamine metabolism and their affect on proliferation a comprehen-
sive data matrix combining cell growth and metabolic conversion data of glutamine starved
cells was set up, primarily to see if glutamine-utilizing transaminases might play a key role
in glutaminolysis. Hence, the protein abundance of transaminases, that can enlighten the dif-
ferent proliferation phenotypes that have been observed for HCT116, RKO and HEK293 cells,
was determined and the protein expression regarding a pattern or escape route, that might
elucidate how HEK293 cells continue growing under glutamine withdrawal, was examined.
Therefore, the focus was on proteins, for which either glutamine or glutamate serve as sub-
strate. HCT116, RKO and HEK293 cells were plated in standard cell culture medium either
with 2 mM, 0.1 mM or 0 mM glutamine for 2 weeks. A shotgun proteome analysis was per-
formed to evaluate protein expression profiles under glutamine fed (0.1 mM and 2 mM) and
deprived (0 mM) conditions. As shown in Fig. all enzymes involved in glutamine or glu-
tamate metabolism are expressed in HCT116, RKO and HEK293 cells. The two transaminases
GOT1 (Glutamate oxaloacetate transaminasel) and GPT2 (Glutamate pyruvate transaminase2)
display a compartment-specific differential expression in HCT116 and RKO cells. GOT1 syn-
thesizes L-glutamate from L-aspartate or L-cysteine. GPT2 catalyzes the reversible transami-
nation between alanine and 2-oxoglutarate to form pyruvate and glutamate. These differences
could be the reason why the colon cancer cell lines prefer different reactions and pathways
to generate glutamate and a-ketoglutarate from glutamine. Interestingly, RKO cells have the
highest GLS expression in all tested conditions, whereas the enzymes ASRGL1 (Asparaginase)
and ABAT (4-Aminobutyrate aminotransferase) are not expressed in RKO cells. In HCT116
cells the enzyme CCBL1 (Cysteine-S-conjugate beta-lyase) is not expressed. Compared to the
colon cancer cell lines HEK293 cells showed a clear increase of GLUL, especially in glutamine
starved conditions. However, also HCT116 and RKO cells have an increased expression of
glutamine synthetase in the glutamine-deprived medium compared to fed conditions. This
observation led to the assumption that all three cell lines are able to synthesize glutamine in

glutamine-deprived conditions.

Nevertheless, the observered glutamine independent cell growth in section can not be
explained by the differences in GLUL protein levels alone. Still, in total a remarkable diver-
sity regarding the transaminases that might clarify the different proliferation phenotypes is not
detectable. The enyzmes involved in the purine or pyrimidine nucleotide biosynthesis show
no significant changes for all three cell lines. Apparently expression of these enzymes is not
the reason for the different response upon glutamine starvation. To further address the ques-
tion if the enzyme GLUL is the decisive difference in HEK293 cells compared to HCT116, RKO
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and HEK293 cells further approaches testing the performance of GLUL activity have been per-
formed (see sections and [4.4.7).
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Figure 4.6: Protein expression of glutamine/glutamate utilizing enyzmes in glutamine fed and deprived
conditions. LC-MS obtained label-free quantities of selected enzymes are shown for HCT116, RKO and HEK293
cells. Cells were cultivated for 24 hrs in standard cell culture media and subsequently either starved (0 mM) or fed
upon glutamine (0.1 mM or 2 mM) for 2 weeks. Results represent mean + SD (n=3). Abbreviations — ABAT:
4-Aminobutyrate aminotransferase ASNS: Asparagine synthetase, ASRGL1: Asparaginase, CCBL1:
Cysteine-S-conjugate beta-lyase, GCLC: Glutamate-cysteine ligase catalytic subunit, GOT: Glutamate oxaloacetate
transaminase, GPT: Glutamate pyruvate transaminase, GLS: Glutaminase, GLUL: Glutamine synthetase, PSAT:
Phosphoserine aminotransferase. For the complete metabolite names refer to the list of abbreviations
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Figure 4.7: Protein expression of glutamine utilizing enyzmes in glutamine fed and deprived conditions.
LC-MS obtained label-free quantities of selected enzymes are shown for A de novo purine biosynthesis and B de
novo for HCT116, RKO and HEK293 cells. Cells were cultivated for 24 hrs in standard cell culture media and
subsequently either starved (0 mM) or fed upon glutamine (0.1 mM or 2 mM) for 2 weeks. Results represent mean
+ SD (n=3). Abbreviations — CPS2: CAD protein, CTPS1: CTP synthase 1, GMPS: GMP synthase, PFAS:
Phosphoribosylformylglycinamidine synthase, PPAT: Amidophosphoribosyltransferase. For the complete

metabolite names refer to the list of abbreviations
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4.2.3 Nucleotide analysis in normal and glutamine deprived conditions

Nucleotide biosynthesis of purine or pyrimidine requires carbon and nitrogen. Therefore, sev-
eral sources of carbon and nitrogen are used. Besides nitrogen that is released in form of free
ammonia by different processes (e.g. protein degradation) or nitrogen from transaminase re-
actions a major nitrogen donor is the non-essential amino acid glutamine. It contributes either
directly the amido (y-nitrogen) or indirectly the amino (a-nitrogen) group via aminoacids orig-
inated from glutamine (e.g. aspartate) to de novo nucleotide biosynthesis (Deberardinis and
Cheng| (2010)).

To investigate changes in deoxy- and ribonucleotide levels upon 2 mM, 0.1 mM and 0 mM
glutamine in the cell culture medium, direct infusion MS was employed. For the non-cancerous
cell line HEK293 nucleotides were not decreased at 0.1 mM or deprived glutamine concentra-
tion compared to the 2 mM condition. Despite limited supply of glutamine, HEK293 cells
displayed increased nucleotide levels, likewise cell growth is unaffected. In HCT116 cells nu-
cleotide levels decreased in dependance of glutamine availability, as well as in RKO cells. In
particular, in both, HCT116 and RKO cells nucleotides involved in the purine biosynthesis
namely ATP, dATP, ADP, AMP, GDP, dGDP, GMP are decreased the most. In the de novo purine
synthesis glutamine is contributing to three reactions, wherein glutamine’s nitrogen is transam-
inased from three different enzymes (PPAT, PFAS, GMPS). This leads to the question, if one or
all of these enzymes are the limiting factor in synthesizing enough purine nucleotides to pro-
liferate in glutamine deprived medium.
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Figure 4.8: Effect of different glutamine concentrations on desoxynucleotide levels. Direct-infusion MS acquired
relative fold change of deoxyribonucleotide levels are shown in response to two weeks of different glutamine
concentration for HEK293, HCT116 and RKO cells. Cells were starved or treated with low (0.1 mM) or normal cell
culture (2 mM) glutamine conditions for 2 weeks. Results representing the mean of three biological replicates.
Each measurement was performed in technical triplicates.
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Figure 4.9: Effect of different glutamine concentrations on ribonucleotide levels. Direct-infusion MS acquired
relative fold change of ribonucleotide levels are shown in response to two weeks of different glutamine
concentration for HEK293, HCT116 and RKO cells. Cells were starved or treated with low (0.1 mM) or cell culture
normal (2 mM) glutamine conditions for 2 weeks. Results representing the mean of three biological replicates.
Each measurement was performed in technical triplicates.
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4.3 HCT116 and HEK293 cells depends on glutamine in dialyzed FBS

medium

Different theories exist in the literature regarding "glutamine addiction" in cancer cells. One
of these is that MYC-driven cancer becomes dependent on glutamine as MYC induces upreg-
ulation of glutamine transporters (SLC1A5, SLC38A5) and the enzyme glutaminase (Altman
et al. (2016)). Consequently, glutamine metabolism is elevated. However, Dejure et al.| (2017)
could demonstrate that glutamine deprivation in colon cancer cell lines did not result in a
high degree of apoptosis. Rather, glutamine withdrawal induced a cell cycle arrest, which was
fully reversible by glutamine re-addition (Dejure et al.| (2017)). They concluded that the hu-
man colon carcinoma HCT116 cells are not addicted to glutamine as expected for MYC-driven
tumor cells. Based on this statement and the outcome of an initial glutamine starvation as-
say, where HCT116 and RKO cells arrested (data not shown), the experiment’s cell culture
system was to be scrutinized. According to the literature, standard cultivation conditions
comprise DMEM, FBS, glucose and glutamine. However, under these conditions, glutamine
depletion was insufficient to suppress cell growth in the non-cancerous HEK293 cells, while
the "glutamine-dependent" cell line HCT116 survived and RKO cells showed a stronger sup-
pressed cell growth. Investigations performed by Yasmin Razzaque (Master student in the
Kempa-Lab, BIMSB/MDC, Berlin-Germany) on FBS revealed that the serum contains a mix of
undefined nutrients including several amino acids, which led to the hypothesis that the normal
fetal bovine serum contains residual glutamine or other small molecules that promote this ap-
parent glutamine independence and enable HCT116 and HEK293 cells to survive in glutamine
withdrawal (Razzaque| (2021)).

4.3.1 Dialyzed FBS prevents proliferation in HCT116 and HEK?293 cells

To verify the presence of residues in FBS medium that might compensate for glutamine ab-
sence, the initial proliferation assay was repeated, but with 10 % dialyzed FBS instead of 10 %
standard FBS. 2.0 e+6 cells cells were seeded for 24 h with dialyzed FBS-supplemented medium
containing 2 mM glutamine. Afterwards medium was exchanged with dialyzed FBS cell cul-
ture medium containing 2 mM or 0 mM glutamine. Cells were split at a confluency of 70-80 %
and counted via cell counter. If splitting was not possible, only medium was changed to sustain
a sufficient supply of nutrients. Proliferation was determined at day 4 and 7. Except for 0 mM
glutamine in HCT116 cells. Here, cell count was only detectable for 0 h and day 7. Determina-
tion after day 7 was not possible due to too few cells left, which were not countable anymore.
All three cell lines showed a decreasing cell number, when glutamine was depleted from the
medium. Upon supplementation of the dialyzed cell culture medium with 2 mM glutamine
cell numbers were comparable to normal FBS medium. This showed that HEK293 cells were
partially glutamine auxotroph and HCT116 and RKO cells glutamine addicted in dialyzed FBS
medium (Bayram et al.[(2022)). At the same time, these findings confirmed the assumption that
cell growth is ensured due to either glutamine residuals or other small molecules in the normal
FBS medium when glutamine is deprived (Bayram et al.| (2022)).
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Figure 4.10: Proliferation upon glutamine starvation in dialyzed FBS. Cell proliferation upon glutamine
starvation in dialyzed FBS medium in indicated cell lines. Cells were starved for seven days. Cell number was
normalized to 0 hrs. Results represent mean + SD (n=3, each measurement was performed in technical duplicates).
Data were published in fig. 2 in (Bayram et al.|(2022)).

4.3.2 Supplementation of dialyzed FBS medium

Two previously performed proliferation experiments in standard FBS- supplemented medium
tirst showed an apparent glutamine-addiction for both colon cancer cell lines HCT116 and RKO
(see fig. [£.4). In case of a long-term glutamine withdrawal HCT116 cells adapted to this con-
dition and survived, whereas RKO could not adapt and stopped proliferation (see Figl4.5).
The non-cancerous HEK293 cells remained unaffected. Nonetheless, a repetition of the growth
experiment in dialyzed FBS medium emphasized the dependency on glutamine for all three
tested cell lines. To investigate, if substrates of glutamine’s transaminase network can fuel cell
growth and in order to identify which metabolic pathways are utilised in cell culture medium
with dialyzed FBS and glutamine-depleted conditions a supplemented proliferation assay was
performed. Therefore, transaminase substrates that are components of human blood and are
associated in local network with glutamine were chosen. Finally, alanine, asparagine, aspar-
tate and glutamate were supplemented individually or in combination with ammonium (see
figli.11] for detailed composition), which can contribute to synthesize glutamine or is a de-
composition product of glutamine. Concentration were chosen based on Human Metabolome
Database.
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Medium Supplementation
+/- GIn (2 mM)
+/- Asn (1 mM)
DMEM +/- Ala (1 mM)

+Gle(2.5g/L)
+ dia. FBS (10 %)

+/- Ala (1 mM) + NH;* (0.8 mM)
+/- Asp (1 mM)
+/- Asp (1 mM) + NHs* (0.8 mM)
+/- Glu (1 mM)
+/- Glu {1 mM) + NHa* (0.8 mM)
+/- NH4* (0.8 mM)

Figure 4.11: Cell Culture media compositions for cell growth assays.

The experiment was assisted by Yasmin Razzaque (Master student in the Kempa-Lab,

BIMSB/MDC, Berlin-Germany) under my supervision. For the cell growth assays, all tested

cell lines were pre-cultivated and seeded at 2 e+6 cells in 10 cm plates in dialyzed FBS medium

containing 2 mM glutamine. The f;

ollowing day, cell count was determined via a cell counter

(TC20TM automated, Bio-Rad) and medium was changed to the appropriate supplement con-

dition. Cells were splitted at a confluency of at least 60 %. Thereby, cell count was determined

at every passage for at least one month. Each passage was considered as biological replicate.

To avoid nutrient limitation medium was replaced every 2-3 days. To account for experimental

cell growth cell counts were log transformed and graphically represented (fig. [4.12). A detailed

presentation of the results is attached in the supplements (fig. [7.6).
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Figure 4.12: Cell Culture media compositions for cell growth assays. Cell proliferation upon the application of
various amino acid substrates in dialyzed FBS medium in indicated cell lines. Day 31 is represented graphically.

Viable cell count was determined at every

passage over one month. Cell count data were Log transformed. Data

were published in figure 3 in|Bayram et al.

(2022).
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Figure 4.13: Doublingtime. The doubling time was calculated based on the duration in culture and the number of
duplications underwent during this time. Data were published in figure 3 in[Bayram et al|(2022)

HEK293 cells exhibit the highest proliferation rate in GIn-supplemented medium. Followed
by Glu and Glu + NH4*, with the doubling time being just 1.6 times higher. For Asp + NH4*
and Asp-supplemented media cell proliferation is also observable, whereby Asp with ammo-
nium shows nearly a twofold and without ammonium a threefold higher doubling time com-
pared to gln. Similar to Asp is Asn with a doubling time of 6.63 and thus threefold higher than
gln. The lowest proliferation rate as well the highest doubling time are in Ala and Ala + NH4*-
supplemented medium. It is sixfold higher compared to Gln-supplemented medium. HCT116
cells exhibit the highest proliferation rate in Gln-supplemented medium and the lowest in Ala
+ NHy4*-supplemented medium. The second highest proliferation rate is achieved in both Glu
+ NH4*- and Asp + NH,*-supplemented media, with the doubling times both being 1.5 times
higher than that in GIn-supplemented medium. The corresponding amino acids without am-
monium supplementation exhibit lower cell counts, whereas the proliferation rate for Asp is
slower compared to Glu. They are 3.1 fold slower for Asp and 1.9 fold slower for Glu. A clear
distinction is shown for Alanine, especially with additional ammonium. Here, the doubling
time is 69.1 days. In case of Alanine alone the proliferation rate is 18 times slower compared
to GIn. Interestingly, RKO cells were able to grow only in glutamine supplemented medium.
In the remaining conditions after approximately two weeks RKO cells stopped growing and
detached from the plate. Therefore, it was not possible to obtain viable cell count data. In con-
sequence, the proliferation rate of Ala-, Ala + NHy*-, Asn-, Asp-, Asp + NH4"-, Glu-, Glu +

NHy*-+-supplemented cell culture media was 0.

Together these results provide important insight into compensating glutamine withdrawal in
dialyzed medium to ensure cell proliferation . It emphasizes the assumption that HCT116 cells
are sensitive to glutamine depletion whereas RKO are auxotrophic cells that rely on glutamine
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only (Bayram et al.[(2022)). HCT116 and HEK293 cells prefer Glu + NH4*-+-supplemented me-
dia in glutamine depleted conditions. One interesting factor is that Glu + NH* both are rele-
vant substrates for the glutamine-synthesizing enzyme GLUL. A performed proteome analysis
revealed increased GLUL expression upon glutamine starvation in HCT116 and HEK293 cells
(see figlt.7). Latterone showed a more significant increase and led to the assumption of glu-
tamine independent cell growth in HEK293 cells. Taken together: Both results strengthen the
suspicion that GLUL is the decisive difference regarding RKO cells. This led to the question
whether GLUL plays a key role as a survival factor in cellular adaptation to glutamine deple-
tion. Therefore, further experiments were performed with the aim to assess GLUL's role upon

glutamine starvation.
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4.4 Self-sufficient glutamine production in HCT116 and HEK293 cells

Based on the presented results, the enyzme GLUL was examined as possible survival factor
that enables self-sufficient glutamine production in glutamine depleted conditions in HCT116
and HEK293. The investigation should also cover the effect of the GLUL inhibitor Methionine-
Sulfoximine (MSO) on synthesizing glutamine and consequently the restricted nitrogen flow
to nucleotide biosynthesis.

44.1 Glutamine synthesis by the enzyme GLUL

The amino acid glutamine can be synthesized by GLUL-mediated ligation of glutamate and
ammonium, with ammonium providing the amido-group. The performed cell growth assays
with different supplementation substrates for glutamine’s transaminase network showed that
in glutamine-depleted dialyzed FBS conditions, HEK293 and HCT116 cells proliferate best
when supplemented with the substrates of the enzyme GLUL: Glu + NH4* (see figl4.12] and
figl7.6). To investigate GLUL's role upon glutamine starvation in dialyzed FBS an inhibitor
assay was performed to assess the effect of blocking de novo glutamine synthesis. The ex-
periment was assisted by Yasmin Razzaque (Master student in the Kempa-Lab, BIMSB/MDC,
Berlin-Germany) under my supervision. HCT116 and HEK293 cells were cultivated in Glu +
NH,*-supplemented dialyzed medium to trace nitrogen and carbon. Subsequently, cells were
treated with MSO, which is a competitive inhibitor of GLUL. In order to evaluate the effect of
GLUL inhibition on cell growth cell proliferation was monitored every 24 hrs for in total 96 hrs.
The cell culture medium was renewed every 24 hrs to sustain a sufficient supply of nutrients. To
analyze the simultaneous incorporation of extracellular 1*C and '°N within cellular metabolic
intermediates and in order to determine metabolic dynamics, especially at nucleotide level, an
isotope tracing technique using ultra high-resolution mass spectrometry (SIRM) was designed
in the group Kempa. RKO cells are unable to proliferate in glutamine-depleted conditions,
they were not subjected to this assay. Each conduction was performed with three biological
replicates.

4.4.2 Effects of GLUL inhibition on cell growth

MSO was applied to validate the activity of GLUL to synthesize de novo glutamine and the
effect of GLUL-inhibition. Initially a pilot assay was performed to calculate IC50 of MSO in
HEK?293 cells (data shown). Based on these results HCT116 and HEK293 cells were exposed
to 500 pg/ 10 mL of the inhibitor MSO. In parallel sterile water was used as control for each
cell line. Cell culture medium containing the inhibitor or the solvent control were refreshed
daily. Cell count and viability was determined every 24 hours over a 96 hour time period.
Each measurement was taken for three biological replicates. The mean and standard deviation
of the viable cell counts for each time point were graphically represented in figlt.14] In the
control without MSO-treatment HCT116 cells exhibited similar proliferation rates to those ob-
served in the supplemented cell growth assay (compare fig[7.6). Again HCT116 cells showed
highest proliferation rate in Glu + NH;"-supplemented medium. In MSO-treated HCT116 cells
constant increase of viable cell count was only observable in GIn-supplemented medium. Af-
ter 72 hours cellular proliferation slowed down and plateaued (Bayram et al. (2022)). In the



4.4. Self-sufficient glutamine production in HCT116 and HEK293 cells 47

conditions with Asn-, Ala-, Ala+NHy*-, Asp-, Asp+NH4*-, Glu and Glu+NH,*-supplemented
media with MSO-treatment HCT116 cells decreased viable cell count from 0 hours on. Similar
to the colon cancer cell line in HEK293 cells growth rates were alike to the supplementation
experiment in the control (7.6). In MSO-treated HEK293 cells proliferation took place only in
Gln-supplemented medium. In Glu+NHj*-supplemented media a slight increase in cell count
was observable for 48 h before decreasing. These findings supported the hypothesis that the
enzyme GLUL plays a key role to sustain cell growth in adaptation to glutamine depletion.
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Figure 4.14: Proliferation in untreated and MSO-treated HCT116, RKO and HEK?293 cells. Cell proliferation
upon MSO treatmeant in the indicated cell lines. Cells were treated for 96 hrs. Cell number was normalized to 0
hrs. Results represent mean + SD (n=3, each measurement performed in technical duplicates). Data were
published in figure 4 in|Bayram et al.[(2022).

4.4.3 GC-MS analysis of synthesized glutamine during MSO treatment

Based on the results of section[#.4.2]a dual-tracer and targeted Stable Isotope Resolved Metabolomics
(SIRM) method was established in order to demonstrate GLUL activity and to determine the
metabolic fate of GLUL's substrates (Bayram et al.| (2022)). Hence, to monitor the specific bio-
logical reaction of GLUL '*C-Glutamate and >N-ammonium were used and via high resolution
mass spectrometry relative contribution of isotopes to intracellular glutamine synthesis and de
novo nucleotide biosynthesis were detected (4.15) (Bayram et al. (2022)).
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Figure 4.15: Glutamine synthesis via GLUL using 1°N-NH*, and 3C-Glutamate. Biological reaction of
glutamine synthesis by the enzyme GLUL using applied >’N-NH#, and '3C-Glutamate. Grey line shows nitrogen
donation of newly synthesized glutamine to purine and pyrimidine nucleotide pathway.

HCT116 and HEK293 cells were labelled with *C and '°N for 24 h. To monitor the ligation
of carbon and nitrogen to glutamine *Cs-, 1*Nj-, and 13Cs- 1°N;-glutamine isotopologues were
detected via GC-MS. Tracefinder (Thermo Fisher) was used for automated peak extraction from
GC-MS spectra. To calculate mean *C and >N enrichment a custom R script was used (Bayram
et al.| (2022)). For the incorporation into glutamine several characteristic glutamine-3TBDMS
fragments were detected, which were indicated by the corresponding *C and '®N-induced
mass shift of the peaks. While fragments of Glutamine-3TBDMS comprising a 5C skeleton
and 2N atoms, underwent a mass shift of approximately 6 Da (m+6), fragments comprising a
4C skeleton and 2N atoms underwent a mass shift of 5 Da (m+5), corresponding to 13C5-15N;
and 13C4-1°N; isotopologues, respectively (Bayram et al. (2022)). As the 5C and 2N fragment
431 m/z showed the cleanest signal it was used for further analysis (Bayram et al. (2022)). In
HCT116 cells 87 % enrichment of 3C and 22 % enrichment of °N in the glutamine-3TBDMS
fragment was monitored, whereas for HEK293 cells 51 % enrichment of 13C and 2 % enrichment
of N was detectable. In both cell lines neither 3C nor >N incorporating was observable
in MSO-treated conditions. RKO cells did not show de novo glutamine synthesis. No 13C or
15N enrichment was monitored in untreated and MSO-treated conditions (fig, albeit the
protein could be detected in the proteomic and western blot analyses (4.19).
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Figure 4.16: Mean 3C and '°N in untreated and MSO-treated cells. Mean *C and '°N in glutamine in untreated
and MSO-treated HCT116, RKO and HEK?293 cells. Cells were cultivated with 13C5—glutamate and N-ammonium
for 24 h. After obtaining mass spectra, peak areas were extracted and natural isotope abundance correction and
isotope enrichment calculations were performed. Data were published in figure 5 in[Bayram et al.| (2022).

4.4.4 Direct infusion MS for nucleotide analysis during MSO treatment

To monitor *Cs-glutamate and '®N-ammonium contribution of newly synthesized glutamine
isotopologues to nucleotide biosynthesis direct-infusion MS was used to detect nucleotide iso-
topologues. XCalibur Qualbrowser (Thermo Fisher) was used manually for peak extraction
from direct infusion-MS spectra (Bayram et al|(2022)). As obligate nitrogen donor glutamine
donates two nitrogen atoms to IMP and AMP, and three nitrogen atoms to GMP in the de novo
purine biosynthesis pathway (Bayram et al| (2022)). Hence, the fractional enrichment of nu-
cleotide isotopologues was measured containing up to two °N atoms (NO, N1 and N2) for
IMP and AMP and three 1°N atoms (N3) for GMP. In HCT116 and HEK?293 cells 1°N enrich-
ment in AMP/dGMP and GMP is observable. Both cells have one N atom (N1) incorporated
into each AMP/dGMP and GMP. Thereby, HCT116 cells have approximately 20 % enrichment
of 1°N; in AMP/ dGMP and 20 % enrichment in GMP, while HEK293 cells demonstrate 30 %
enrichment of °N; in AMP/ dGMP and 15 % in GMP. Enrichment of >N nucleotide isotopo-
logues containing two or three 1°N atoms (N3) was insignificantly increased for HCT116 as well
as HEK293 cells. RKO cells do not demonstrate °N enrichment of nucleotide isotopologue in

AMP and GMP (figld.17).
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Taken together the outcomes of the GC-MS and direct-infusion MS emphasize the assump-
tion, that GLUL is a survival factor in cellular adaptation to glutamine depletion in HCT116
and HEK?293 cells, if substrates are available.
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Figure 4.17: 15N Enrichment in AMP/GMP. 15N Enrichment in AMP/GMP in purine nucleotides in HEK293,
HCT116 and RKO cells. Cells were cultivated with 3Cs-glutamate and 1>N-ammonium for 24 h. Nucleotide
isotopologues were measured via direct-infusion MS and relative quantities are graphically represented. Data
represent mean + SD of three biological replicates. Data were published in figure 6 in|[Bayram et al.|(2022).

4.4.5 Dynamics of glutamine synthesis

A time course experiment by using dual-isotope tracing was performed to analyze the dy-
namics of glutamine synthesis in HCT116 and HEK293 cells (Bayram et al|(2022)). This work
was done in collaboration with Dr. Sabrina Geisberger (Research scientist in the Kempa-Lab,
BIMSB/MDC, Berlin-Germany). The tested cell lines were incubated for 15 min, 30 min, 1 h
and 3 h with 1*C-glutamate and > N-ammonium. Glutamine label incorporation was analyzed

as described above (section4.4.3). Already after 15 min of labeling incorporation in glutamine
was detectable in HCT116 cells and after 30 min in HEK293 cells (Bayram et al[(2022)). Both cell
lines showed a fast glutamine synthesis with different kinetics. In HCT116 cells the incorpora-

tion of "N-ammonium into glutamine exceeded the formation of carbon and nitrogen labeled
glutamine. Therefore, HCT116 cells have faster ammonium import compared to HEK293 cells
(Bayram et al./(2022)).
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Figure 4.18: Isotope incorporation of 13Cs-glutamate and '>N-ammonium into Glutamine. Isotope incorporation
into glutamine after pulse labelling with 13Cs-glutamate and '®N-ammonium in HCT116 and HEK293 cells.
HCT116 and HEK?293 cells were incubated with 13C5-glutamate and ®N-ammonium for 15 min, 30 min, 1 h, and 3
h (n = 2 each). Shown are the relative pool sizes of non-labelled (CONO), 15N labelled (CONT1), 13C5 labelled (C5NO0)
15N-13Cj5 labelled (C5N1) glutamine. Data were published in figure 7 in|Bayram et al.[(2022).

GLUL protein expression via immunoblotting

Considering the results of the above mentioned experiments, particularly in case of RKO cells
and the low to no recovery in different medium-supplemented conditions due to glutamine
starvation, a western blot analysis was performed to analyze GLUL protein expression in
HCT116, RKO and HEK293 cells. In all tested cell lines GLUL protein was present even un-
der normal conditions (Bayram et al.| (2022)). Consequently, the reason for the lacking GLUL
activity in RKO cells can not be explained by missing GLUL protein levels and must be caused
by other factors. The experiment was performed by Carolina Vechiatto (Master student in the
Kempa-Lab, BIMSB/MDC, Berlin-Germany).
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Figure 4.19: GLUL protein expression under normal conditions in HCT116, HEK293 and RKO cells. The
representative immunoblot documents GLUL and Vinculin levels under the described condition in the indicated
cell lines with in total 3 BR. Abbreviations M: Marker.
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4.5 The targets of the glutamine-analogue DON

DON is produced by an undefined Streptomycin strain and is a structural analogue of glu-
tamine (Ahluwalia et al.| (1990)). It was evaluated to have potent anti-tumor activity in vitro
and in vivo and has been officially discussed as an inhibitor of glutaminases (Cervantes-Madrid
et al|(2015),Lemberg et al.| (2018)). Among glutaminases it binds all glutamine-converting en-
zymes, e.g. ASNS, PPAT and PFAS (Pinkus| (1977)). Nevertheless, the targets of DON are not
entirely known. An imbalance in nucleotide pools due e.g. drug treatments prevents cell prolif-
eration (Camici et al. (2019),Messina et al.| (2004)). Both enzymes, PPAT and PFAS, are involved
in purine biosynthesis and are possible DON targets, which should be explored below.

4.5.1 DON treatment affecting nucleotide pools

Roylal (2018) and Bayram| (2018) revealed in a proliferation inhibition assay pronounced cell
growth arrest in HCT116, RKO and HEK293 cells. The pSIRM experiment with applied 1BC-
glutamine and DON showed no reduction of carbon-13 flow for all tested cell lines (Royla
(2018), Bayram (2018)). These results lead to the hypothesis that DON is affecting the flow
of nitrogen into the de novo nucleotide biosynthesis pathway as glutamine plays a vital role
in purine and pyrimidine synthesis (Cory and Cory| (2006)). To investigate this assumption
HCT116 and HEK293 cells were cultivated in standard DMEM media containing 10 % FBS and
0 mM or 2 mM glutamine for two weeks. Afterwards a pSIRM study with different time points
(Oh,2h, 8h and 24 h) of 2 mM DON treatment were set up.

The nucleotide analysis revealed an accumulation of PRPP and a decrease in AICAR and
SAICAR. We assumed that PPAT or PFAS, which are amidotransferases and uses glutamine,
could be a target of DON. RKO cells did not survive glutamine starvation and could not be
tested.
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Figure 4.20: Nucleotide precursors in HCT116 cells. Nucleotide precursors. HCT116 cells after two weeks

starvation or normal conditions and subsequently DON treatment for 2 h, 8 h and 24 h.
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Figure 4.21: Nucleotide precursors in HEK293 cells. Nucleotide precursors. HEK293 cells after two weeks
starvation or normal conditions and subsequently DON treatment for 2 h, 8 h and 24 h.

Purine and pyrimidine nucleotide synthesis originates from R5P. For the synthesis of purine
nucleotides the intermediates PRPP, 5-PRA, GAR, FGAR, FGAM, AIR, CAIR, SAICAR, AICAR,
FAICAR and IMP are required. Thereby, glutamine donates its amido group by producing 5-
PRA and FGAM. A protocol was developed to measure those (Rayman! (2022)). Therefore, the
previously performed nucleotide analysis for quantification in the section before was
repeated with an addition time point. To determine the pool size of each intermediate and nu-
cleotide the isotope intensities for each compound per condition were summed up. In fig.
compared pool sizes of intermediates involved in the purine biosynthesis are displayed (Ray-
man (2022)). After 6 h of DON-treatment pool sizes were primarily larger compared to those
treated with PBS. At 24 h this was inverted and DON-treated samples showed less intensities
than to PBS-treated samples.
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Figure 4.22: Sum intensities of intermediates of HCT116 cells. Sum intensities of intermediates of DON-treated-
and PBS-treated-HCT116 cells at 0 h, 6 h and 24 h (Rayman), (2022)).

In addition to the intermediates the sum intensities of purine and pyrimidine nucleotides
were also measured (Rayman| (2022)). Unlike to the intermediates most of the nucleotide in-
tensities were greater in PBS-treated samples at both time points. At 6 h CMP, UMP, UDP and
UTP and at 24 h UDP and UTP intensities were higher in DON-treated cells compared to the
PBS treated cells.
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PBS-treated-HCT116 cells at 0 h, 6 h and 24 h (2022)).
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4.5.2 Advanced usage of pSIRM to identify DON targets

To study the assumption that DON interrupts glutamine’s nitrogen flow in the purine nu-
cleotide biosynthesis due targeting transaminases a new technique was necessary to design.
This new approach connects pSIRM with applied inhibitor and parallel dynamic tracing of
labelled nitrogen. Furthermore, an extension of detection of nucleotide precursors was re-
quired to assess DON impact. Finally, a customized analysis protocol was needed. These tasks
were carried out in cooperative work with Dr. Martin Forbes (Research scientist in the Kempa-
Lab, BIMSB/MDC, Berlin-Germany) and Liam Rayman (Master student in the Kempa-Lab,
BIMSB/MDC, Berlin-Germany). A pSIRM study with different time points of 2 mM DON
treatment and 2 mM °N labelled glutamine was performed. In total four conditions and DON
treatment were set up (4.24): (i) Cells were simultaneously treated with DON and labelled glu-
tamine for 24 hours, (ii) Cells were simultaneously treated with DON and labelled glutamine
for 6 hours, (iii) Cells were first treated with DON for 6 hours, before 1“"-’N—glutamine being
added after 2 hours for 4 hours labelling and (iv) Cells were first treated with DON for 6 hours,
before °N-glutamine being added after 5 hours for 1 hour labelling. For each condition PBS
was tested as control instead of DON. Furthermore, 2 counting plates were added for each
condition and 3 untreated and unlabelled plates to allow for natural abundance determina-
tion. The experiment was performed by Liam Rayman (Master student in the Kempa Lab,
BIMSB/MDC, Berlin-Germany) under the co-supervision of Dr. Martin Forbes and I (Rayman
(2022)).
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Figure 4.24: Experimental set up: DON treatment and '>N-glutamine labeling. Black arrows present PBS- or
DON-treatment starting at time point 0 h for in total 6 or 24 h. Red arrows present 1’ N-glutamine labeling i)
simultaneously to PBS- or DON-treatment: started at 0 h for 6 h or 24 h, ii) delayed to PBS- or DON-treatment at 2
h and 5 h for 4 h and 1 h labeling, respectively. Cells were harvested after treatment and labeling at 6 h and 24 h.
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The implementation of advanced pSIRM allows to measure the dynamic flow of °N-glutamine
in DON-treated and -untreated conditions. By treatment an decreased flow can provide insight

into potential targets of DON (fig. fig. [4.26).
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Figure 4.25: Purine biosynthesis pathway with applied >N-glutamine. Dynamic measuring of purine nucleotide
biosynthesis with different time points of applied '°N-glutamine. Essential abbreviations provided in the list of
abbreviations.
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Figure 4.26: Purine biosynthesis pathway with applied '>N-glutamine and DON treatment. Dynamic
measuring of purine nucleotide biosynthesis with different time points of applied ®N-glutamine and DON
treatment. Essential abbreviations provided in the list of abbreviations.

4.5.3 DON targets PFAS in the purine nucleotide biosynthesis

As stated previously, glutamine serves as a major nitrogen donor as it provides the amido-
group directly and amino-group indirectly via aspartate and glycine that originate from glu-
tamine (Deberardinis and Cheng (2010)). To detect 1’N-glutamine incorporation peak intensi-
ties of each purine synthesis intermediate and nucleotide at each mass shift were measured
(Rayman| (2022)). Thereby each mass shift represents the addition of '°N to intermediates
or nucleotides of de novo purine biosynthesis (Rayman! (2022)). Intensities of mass shifts of
a molecule were compared to the total intensity of that molecule to determine the percentage
of nitrogen incorporation. Untreated and unlabelled samples served to determine background
noises (Rayman|(2022)).

In fig. the incorporation of °N-glutamine into the intermediates of the purine biosyn-
thesis in DON-treated HCT116 cells is depicted (Rayman| (2022)). Glutamine’s nitrogen was
first donated at the conversion of PRPP to 5-PRA by the enzyme PPAT. However, a clear incor-
poration of the labelled amido was not detectable in 5-PRA at m/z + 1. 5-Pra was followed by
GAR and FGAR. The latter showed a clear incorporation pattern at m/z + 1. In DON-treated
samples as well as in the PBS-treated samples a continued increase in the percentage of incor-
poration was observable into FGAR with elevated labelling time. However, a decrease in the
percentage of incorporated °N was observable in DON-treated samples when compared to
the control. By converting FGAR to FGAM via the enyzme PFAS another amido-group was
donated from glutamine, therefore compounds after this point in the purine biosynthesis were
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analysed atm/z + 2.

Purine nucleotides, which comprise adenosine and guanosine were analyzed at m/z + 3 as
glutamine donates an amido-group when XMP is converted to GMP via the enzyme GMPS.
Due to overlapping of adenosine-based ribonucleotides and guanosine based deoxyribonu-

cleotides m/z, m/z + 3 were used to delineate them (Rayman (2022)).

Taking a look in the purine nucleotides 15N incorporation can be observed for PBS-treated
HCT116 cells (Rayman| (2022)). While N incorporation is increasing in the control, DON-
treated samples decrease incorporation below detection over the tested time. Both, m/z + 2
and m/z + 3, showing similar increases of incorporation in the control over the time, whereas
DON-treated HCT116 cells having marginal to no 15N incorporation (Rayman|(2022)).
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Figure 4.27: Incorporation of 5N into purine synthesis after DON or PBS treatment. A: Diagram depicts the
intermediates and nucelotides of the purine pathway and the flow of labelled nitrogen from ®N-Glutamine. B:
Incorporation of >N into purine synthesis intermediates in DON- or PBS-treated HCT116 cells. FGAR: Single 1°N
atom incorporation at m + 1. ADP/dGDP: Two 15N atoms incorporation at m + 2. ADP/dGDP: Three 15N atoms

incorporation at m + 3. Error bars represent mean + SEM (Rayman| (2022)).
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In fig the incorporation of ’N-glutamine into the pyrimidine biosynthesis is depicted
(Rayman| (2022)). The first incorporated glutamine amid into the pyrimidine synthesis path-
way occurs with the conversion of HCO3™ to CBMP by the enzyme CPS2. Therefore UMP, UDP
and UTP were analyzed at m/z + 1. Herein, an increasing of >N incorporation can be observed
over the tested time in the control. Similar to decreasing >N incorporation in DON-treated
samples in the purine nucleotides, HCT116-treated DON cells diminished nitrogen incorpo-
ration in pyrimidine nucleotides. UMP is converted to cytidine nucleotides, thereby another
amid-group is donated from glutamine via the enzyme CTPS1. Hence, CDP was examined
at m/z + 2. At time point 1 h of treatment incorporation is not detectable for both condi-
tions. However, an increase in 1°N incorporation is observably beginning at 4 h in PBS-treated
HCT116 cells over time. While for DON treated cells an incorporation is not detectable at this
mass shift.
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represent mean + SEM (2022)).

In conclusion, these findings verify the hypothesis that DON is targeting the nitrogen flow.
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Thereby the analysis revealed that DON is inhibiting the enzyme PFAS in the purine nucleotide
biosynthesis (Rayman) (2022)).
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Chapter 5

Discussion

The metabolism of cancer cells is highly flexible as it can be fueled with various substrates that
are converted via different pathways. Consequently, this flexibility complicates the dissection
of metabolic rewiring processes that are acquired during tumorigenesis and tumor develop-
ment. Cancer cells undergo significant metabolic changes in order to support proliferation with
certain increases in glycolysis and glutaminolysis. This upregulated nutrient supply facilitates
solid tumor cells to meet bioenergetic and biosynthetic needs and to run alternative metabolic
programs (Hanahan and Weinberg| (2011), De Berardinis and Chandel (2016)). The metabolism
of the non-essential glutamine is highly accelerated in cancer cells due to the profound expres-
sion of glutaminase. The oncogene c-MYC induces a metabolic program that renders tumor
cells to be dependent on glutamine for survival (Wise et al. (2008)). Compounds were devel-
oped to perturb glutaminolysis by targeting the enyzme GLS.

Prior investigations of the Kempa group focused on the impact of glutaminase inhibition
on cell growth and cell metabolism with marginal effects by the specific inhibitors. In line
with this,Meric-Bernstam et al.|(2016) and [DeMichele et al.|(2017)) demonstrated low antitumor
activity of CB839 in clinical trials phase 1. In the proliferation experiment only the glutamine
analogue DON was effective in decreasing the cell counts of the tested cell lines. This effect was
neither explainable by the inhibition of GLS nor by the fate of the carbon skeleton of glutamine.
It is known, that glutamine also has a crucial role in nucleotide synthesis.

Perhaps a reason for the lack of robust clinical effect of selective glutaminase inhibitors is
that glutamine metabolism in tumors is more complex and heterogenous than initially hypoth-
esized. The work presented in this thesis describes the sensitivity of HCT116 cells and the
auxotrophy of RKO cells on glutamine. In the following I will discuss (i) the pivotal role of
glutamine’s nitrogen, (ii) the role of GLUL as a survival factor in cellular adaptation to glu-
tamine depletion and (iii) the influence of the glutamine analogue DON on the cell growth via

nucleotide analysis.
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5.1 Evaluation of glutamine metabolism inhibitors on MYC protein

expression

The proto-oncogene c-MYC is frequently activated in human cancer cells to support the high
demand of building blocks and energy. MYC is a major regulator of cell growth, metabolism
and apoptosis. Deregulated expression of MYC enhances the expression of genes involved in
glutamine metabolism and renders cell survival dependent on glutamine as an anaplerotic fuel
(Chen and Cuil (2015), Yuneva et al.[(2007)). This phenomenon is the basis for several therapeu-

tic approaches, targeting the enzyme glutaminase, which converts glutamine into glutamate.

We investigated the effect of 16 h glutamine depletion and glutaminase inhibition by the
glutaminase specific inhibitors BPTES, CB839 and C968 and the glutamine analogues Acivizine,
Azaserine and DON and subsequently re-addition of glutamine for 30 min, 60 min, 120 min
and 240 min in suppressing MYC protein expression. We observed that the quantities of MYC
levels were significantly decreased in the absence of glutamine (16 h) in HCT116, RKO and
HEK?293 cells [7.3). After 16 h of glutamine starvation the recovery of MYC protein
expression levels is particularly observable after 30 min of glutamine re-addition. The fastest
recovery were shown in the specific glutaminase inhibitors, while DON-treated samples were
significantly strongest delayed in HCT116 and RKO cells. Interestingly, HEK293 cells are not
MYC-driven cells and show only a marginal effect in protein levels at 30 min of glutamine

re-addition compared to the colon cancer cells.

We focused on DON and aimed to reveal specific targets that actually effect proliferation,
and assumed them to fall under the category of numerous transaminases that use glutamine as
a nitrogen donor. This will be discussed in the sections below.
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5.2 Dependency on the non-essential amino acid glutamine in sub-

ject to the choosen FBS medium

Glutamine is the most abundant non-essential amino acid in the blood plasma that provides
its carbon skeleton to produce TCA cycle intermediates and at the same time is an obligate
nitrogen donor, supporting de novo nucleotide biosynthesis (Altman et al. (2016), (Oehler and
Roth| (2003)). It is also required for several cellular processes including essential amino acid
(EAA) uptake, macromolecule biosynthesis and autophagy inhibition (Nicklin et al. (2009)). In
the cell culture glutamine is supplemented to the medium and so it is plentifully available for
the cells. Several in vivo and in vitro studies focused on MYC-induced glutamine addiction, but
not all cancer cell lines require glutamine for proliferation and survival (Yuneva et al.|(2007),
Nieminen et al. (2013), [Le et al.| (2012) Timmerman et al.| (2013)).

5.2.1 Cell growth is not affected by glutamine absence in normal FBS medium

The concept of glutamine addiction in cancer cells is disputed. Multiple cancer cell lines show
a glutamine dependency or addiction. This has spurred to develop inhibitors that effect the
glutaminolysis, especially GLS. Some of these inhibitors are in current clinical trials. How-
ever, Timmerman et al. (2013) reported increased cell death or decreased cell proliferation due
to glutamine withdrawal, differing between cell types. In order to examine the apparent glu-
tamine dependency in HCT116 and RKO cells we starved the cells for glutamine in normal
FBS medium and analyzed the effect on proliferation. In addition, we used no to low to nor-
mal glutamine concentrations and analysed cellular proteome profiles and nucleotide levels.
Furthermore, we set up metabolic profiles of HCT116 and RKO cells to understand correla-
tions about differences regarding cell growth and metabolic conversion. In parallel we tested
the non-cancerous HEK293 cells for comparison. In the proliferation assay for at least 96 h of
glutamine depletion, we observed that both cancerous cell lines HCT116 and RKO were not
able to grow, whereas HEK293 cell continued proliferation. We wondered, if longer glutamine
starvation could lead to a adaption of HCT116 and RKO cells as it was shown for the HEK293
cells. Indeed in the second performed proliferation assay for at least two weeks we saw a dif-
ference in the colon cancer cell lines. After 16 h HCT116 decreased cell numbers, but kept it
up over time. In contrast, RKO cells showed an increase before cell count decreased on day 14.
In response to the absence of external glutamine RKO cells seem to exhaust their surrounding
glutamine stocks as the cell count was still stable at 7 d time point. However, after splitting
and non addition of glutamine RKO cells seem to be unable to proliferate anymore. HCT116
show a fast response to glutamine withdrawal as already after 16 h cell counts are decreased. It
could be, that HCT116 have a faster consumption of glutamine and hence have a faster reaction
to glutamine depletion. However, in comparison to RKO cells, HCT116 cells did not exhaust
glutamine storages. Even more, they adapt to an up to here unknown mechanism to the ab-
sence of the non-essential amino acid. It is suspected that this capacity of HCT116 and HEK293
relies on small molecules or residual glutamine in the not further specified normal fetal bovine
serum. Additional MYC-driven cancer cell lines have to be tested in regards to glutamine-
dependent cell growth in normal FBS. In consequence, cell culture medium composition and
supplementation have to be reconsidered.
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5.2.2 Increased GLUL protein expression in HEK293 cells

Previous work in the Kempa group could show that glutaminase inhibition only has a small
effect, while the glutamine analogue DON has the strongest effect on suppressing cell prolif-
eration in HEK293 cells (Royla (2018)). As stated earlier, glutamine deprivation seems to have
no relevant effect in the non-cancerous cell line. We aimed to gain a comprehensive insight to
identify key metabolic pathways that enable HEK293 cells to grow independently of glutamine
and performed proteome and nucleotide analysis.

More than 8.000 proteins were received in the proteome analysis. However, the focus was set
on enzymes with importance for glutamine and glutamate metabolism. The plotted enzymes
for the colon cancer cells revealed different abundance in the compartments. As depicted in fig.
enzymes in HCT116 cells are more abundant in the cytosol and less in the mitochondria.
The same enzymes apparently are more abundant in RKO cells in the mitochondria and less
in the cytosol. In HEK293 cells a bias is not discernible. The two considered compartments
show differently active enzymes in the non-cancerous cells. In a performed proteome analy-
sis, we could see significant changes between the three cell lines (4.7). HEK293 cells showed
higher expression of the enzyme GLUL compared to the colon cancer cell lines, especially in
the tested conditions with low to no glutamine concentrations. GLUL is the enzyme that syn-
thesizes glutamine from glutamate and a free ammonium. Nonetheless, HCT116 cells showed,
similar to HEK293 cells, an increase in GLUL expression upon glutamine withdrawal over
the tested time. The same development can be observed for RKO cells although expression is
lower. Additionally, while HCT116 cells decreased glutaminase expression, RKO cells did not.
Apparently the glutamine-dependent HCT116 cell line changed it’s enzymatic activity from
favoring glutaminase to aminotransferase to assure glutamine metabolism. In line with our
results observed for HCT116 and HEK293 cells, Kung et al.[(2011) showed the ability of GLUL
to repress GLS expression, but not the other way around.

We assume that HEK293 cells and HCT116 cells synthesize glutamine in depleted conditions
in FBS. If so, the pivotal function of glutaminase in glutamine metabolism has to be rethought
in cell lines like HCT116. In particular, the property to synthesize glutamine makes this type
of cancer less vulnerable to glutamine deprivation treatment and thus therapeutic approaches
have to reconsidered.
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5.2.3 Proteome analysis showed no significant changes in the nucleotide biosyn-
thesis pathway

Glutamine is also involved in the purine and pyrimidine nucleotide biosynthesis. Transami-
nases e.g. PFAS, GMPS utilize glutamine’s nitrogen to transfer it to an substrate (Deberardinis
and Cheng (2010). We examined the protein expression of the intermediates of the correspond-
ing pathway upon various glutamine concentrations. Both colon cancer cell lines have slightly
decreased protein expressions in the reduced and depleted glutamine samples compared to
the normal cell culture concentration. But no distinct protein expression changes are shown
between HCT116 and RKO cells. The non-cancerous cell line HEK293 showed high expression
of the measured proteins in all tested conditions. In summary, a significant change could not
be observed that provides evidence for the different response on glutamine starvation. Royla
(2018) could demonstrate, that carbon-13 flow is not affected by mimicking glutamine deple-
tion via glutaminase inhibition. Moreover, it was speculated that glutamine-utilizing transam-
inases linked to nucleotide biosynthesis play a pivotal role. In the upcoming sections we pro-
vide evidence that the nitrogen flow of glutamine is affected and will discuss them.

5.2.4 Glutamine depletion decreased nucleotide levels in RKO cells

In order to measure the perturbations of lacked glutamine on nucleotides we examined changes
in deoxy- and ribonucleotide levels regarding fed, low and no glutamine in the cell culture
medium. Therefore, we used direct infusion MS. Glutamine absence does not cause signifi-
cant changes in HEK293 cells. Nucleotide levels remained upregulated. HCT116 cells showed
a slightly decreased trend in the low and depleted conditions. In contrast, a sharp decline
can be observed in RKO cells in purine as well as pyrimidine nucleotides. We suspected that
nucleotide biosynthesis is not impaired in HEK293 cells due to the capability to produce glu-
tamine. The same applies for HCT116 cells with certain delay because of adaption. RKO do not

succeed to produce glutamine and fail in the adaption and thus nucleotide levels decreased.
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5.3 Dialyzed FBS medium restricts cell growth without glutamine

supplementation

Since we could show that HEK293 and HCT116 cells can grow without glutamine in growth
medium containing FBS, we hypothesized that the growth medium contains residual glu-
tamine or other small molecules that promote this apparent glutamine independence. There-
fore, we repeated a previously performed starvation experiment using growth medium con-
taining dialyzed fetal bovine serum. Interestingly, neither HCT116 nor HEK293 cells were able
to reenter cell proliferation in the absence of glutamine, which emphasizes the importance of
glutamine in conditions with dialyzed FBS and without other supplementations. It also pro-
vides evidence, that the medium contains molecules or small substrates to overcome glutamine
depletion. In line with our results, Muir et al. (2017) observed differential reliance on glutamine
as anaplerotic substrate in in vitro cultured cancer cells, depending on enviromental conditions,
especially when cystine levels were high. However, decades of research for glutamine depen-
dence is well described and still remains elusive and poorly understood (Coles and Johnstone
(1962), Kovacevi¢ and Morris (1972), Reitzer et al. (1979), |DeBerardinis et al.| (2007)), (Wise et al.
(2008)).

5.3.1 Substrates of the enzyme GLUL allowed optimal proliferation in dialyzed
FBS-supplemented medium for HCT116 and HEK293 cells

In further starvation experiments we supplemented the dialyzed FBS medium with substrates
of glutamine-centric metabolic pathways and free ammonium after starvation (see fig. [5.1). We
wanted to know if other substrates can replace glutamine and allow cell growth. The colon
cancer cell lines HCT116 and RKO as well the non-cancerous cell line HEK293 demonstrated
the highest proliferation rate upon glutamine supplementation. RKO cells appear to have
restricted metabolic flexibility, given that they only proliferate with extracellular glutamine,
while HCT116 cells demonstrated to be adaptable. HCT116 and HEK293 showed that the sup-
plementation of GLU+NH," - the substrates of the enzyme GLUL- allowed optimal prolifera-
tion. Moreover, this result implicates that glutamine withdrawal is rather rescued by glutamine
prototrophy than due to TCA cycle replenishment. Consistent with our findings Tardito et al.
(2015) observed autonomously synthesized glutamine by GLUL in glioblastoma cells rather
than anaplerotic reactions. This strengthened our presumption of a decisive role of GLUL.
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Figure 5.1: The Local Transaminase Network of Glutamine. Transaminase reactions enable the interconversion of
amino acids including the generation of glutamate, a substrate required for de novo glutamine synthesis.
Established metabolic pathways are shown in black. Hypothetical metabolic pathway is shown in grey.
Abbreviations: Ala = alanine, Asn = asparagine, ASNS = asparagine synthetase, Asp = aspartate, ASRGL1 =
asparaginase-like 1, Gln = glutamine, GLS = glutaminase, Glu = glutamate, GLUL = glutamine synthetase, GOT =
Glutamic-oxaloacetic transaminase, GPT = Glutamate-Pyruvate transaminase, Oaa = oxaloacetate, Pyr = pyruvate,
a-KG = a-ketoglutarate.

5.3.2 GLUL acts as a survival factor

To demonstrate GLUL activity, a SIRM study was performed in which stable isotope labeled
substrates of GLUL (}*Cs-glutamate and 1°N-ammonium) were applied to the cells, after which
13C and N incorporation into newly synthesised metabolites was detected via GC-MS and
direct-infusion MS (Bayram et al| (2022)). To demonstrate the essentiality of GLUL activity,
MSO treatment was also applied.

The in fig. depicted heatmap shows incorporation of 1*C and '°N into glutamine for the
fragment glutamine-3TBDMS at 431 m/z in HCT116 and HEK293. In RKO cells an incorpora-
tion is not detectable. We investigated also incorporation in nucleotide biosynthesis and could
observe 13C and N incorporation in purine and °N incorporation in pyrimidine nucleotides
in HEK293 and HCT116 cells while RKO cells did not show incorporation.
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These findings provide evidence that GLUL is active and subsequently allows glutamine
independency because all pathways funnel into de novo glutamine synthesis in HEK293 and
HCT116 cells (Bayram et al. (2022)). RKO did not show GLUL activity as none of the sup-
plements could contribute to cell growth and survival. This could be attributed to mutations,
which cause loss of GLUL activity and thus less catalytical activity (Bayram et al.| (2022)).

Furthermore, a literature research on "DepMap Portal" revealed (based on a calculation for
each gene score in a cell line the probability of dependency with a score higher than 0.5) that
RKO cells with 5.5 has a dependency on GLUL. Further work is required to investigate GLUL
activity. In addition, we demonstrated MSO-treatment abolished GLUL activity and conse-
quently HCT116 and HEK293 were incapable to overcome glutamine-depletion by using the
supplemented nutrients. However, once more GLUL has been verified as a key player in regard

of glutamine independency.

We highlighted the combination of innovative MS-based approaches via simultaneous ap-
plication of 3C-glutamate and 'N-ammonium. This allows new insights into biological reac-
tions. The simultaneous application of 1*C-glutamate and >N-ammonium and MSO-treatment
allowed us to detect the relative contribution of extracellular glutamate and ammonium to in-
tracellular glutamine synthesis. In addition, the downstream contribution of glutamine’s car-

bon and nitrogen into the de novo nucleotide biosynthesis could be monitored.
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5.4 DON effects transaminases involved in the nucleotide pathway

5.4.1 Cell growth and off-target effect of DON

Investigation of the impact of glutaminase inhibitors revealed resistance in colon cancer cells
and outlined preserved glutaminolysis due to glutamine-utilising transaminases (Royla (2018),
Bayram et al.| (2020)).

The glutamine analogue DON does not impair glutamine to glutamate conversion although
it does affect proliferation (Royla (2018),Bayram et al. (2020)). Apparently, off-target effects
take place that are not based on the carbon skeleton of glutamine. Therefore, we focused on
DON, as it was the most efficient inhibitor in suppressing cell growth. We aimed to reveal
specific targets that actually affect proliferation and assumed them to fall under the category of
numerous transaminases that use glutamine as a nitrogen donor, especially those involved in

nucleotide biosynthesis.

Therefore, we examined DON’s affect on nucleotide precursors under normal conditions and
after glutamine withdrawal for two weeks in HCT116 and HEK293 cells (see fig. [4.20). RKO
cells were excluded due inability to overcome glutamine depletion. We observed an accumula-
tion of PRPP and decrease in AICAR and SAICAR. So far the detection of all purine synthesis
intermediates is still missing. Methods to describe purine synthesis are either nucleotide levels
or certain intermediates by direct tracing via radioactive labelling (Zhao et al.| (2015), Sant et al.
(1989), Madrova et al.[(2018)). Therefore, Dr. Martin Forbes (Research scientist in the Kempa-
Lab, BIMSB/MDC, Berlin-Germany) and Liam Rayman (Master student in the Kempa-Lab,
BIMSB/MDC, Berlin-Germany) explored the possibility to characterize further precursors of
de novo produced purine nucleotides by direct infusion mass spectrometry (Rayman| (2022)). In
addition, in collaboration with Dr. Guido Mastrobuoni (Research scientist in the Kempa-Lab,
BIMSB/MDC, Berlin-Germany) a method was established that combines nitrogen flow with
PSIRM and applied treatment based on direct infusion MS (fig. [5.2). Furthermore, a computa-
tional analysis and custom R script were developed (Rayman|(2022)). Based on this method we
examined DON's affect on the nitrogen flow of intermediates involved in de novo nucleotide
biosynthesis and illuminated the mechanism of action.
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Figure 5.2: Purine nucleotide biosynthesis with >N-glutamine labeling and DON treatment. Dynamic
incorporation of '°N-glutamine in the purine nucleotide biosynthesis. A Time-resolved pulsed labeling at time
point 0 without labeling and treatment. B Time-resolved pulsed labeling with appropriated °N-glutamine
labeling and without treatment. C Time-resolved pulsed labeling with appropriated '*N-glutamine labeling and

with DON treatment. .
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We repeated the first experiment and extended by a further 6 h time point for HCT116 cells.
Regarding purine precursors a variation of intensities is shown after 6 h and 24 h in fig.
(Rayman| (2022)). While intensities are increased at 6 hours in DON-treated cells, 24 hours
intensities are greater in PBS-treated cells. Furthermore, an increased precursor intensity was
as well as shown for the 2 h DON-treatment from the first experiment (fig. [4.20). This indicates
that the cells increases nucleotide precursor levels as a result of DON-treatment.

In fig. we observed changes in pool sizes between the nucleotides in PBS-treated and
DON-treated samples. Purine intensities were greater in PBS-treated samples compared to
DON:-treated samples, which implies a greater pool in the PBS-treated cells (Rayman| (2022)).
In contrast, CMP, UMP, UDP and UTP of pyrimidine nucleotides exhibited some increase in
pool size in DON-treated samples relative to PBS-treated samples. We suggest that purine
and pyrimidine synthesis are affected differently by DON as varied nitrogen from glutamine
contributes to nucleotide biosynthesis. Subsequently, DON interferes with purine differently
than with pyrimidine nucleotide biosynthesis (Rayman, (2022)).

As only a single replicate treated with DON could be used, further experiments will be nec-
essary to be able to make a more general statement on changed pool sizes caused by DON
(Rayman|(2022)).

5.4.2 DON interacts with the aminotransferase PFAS

1963 Hartman|(1963) reported that DON is inhibiting PPAT. Over the following decades further
investigations revealed PPAT as another target|/Ahluwalia et al. (1990). Both enzymes transam-
inate glutamine and contribute its amido-group into the pathway. The studies used radioactive
approaches. We provided HCT116 cells with °N-glutamine to demonstrate changes in the flux
of the purine synthesis pathway. Subsequently, we displayed DON's inhibitory effect (Rayman
(2022)).

5-PRA is the first intermediate of the purine pathway, that is donated with glutamine’s nitro-
gen via the enzyme PPAT. However, 5-PRA has a half-life of 5 seconds and is unstable in vivo.
Thus, a full degree of incorporation in these samples is not delineated (Rudolph and Stubbe
(1995)).

A clear incorporation of 1°N was seen in the intermediate FGAR at m/z + 1 (Rayman|(2022)).
PBS-treated as well as DON-treated cells show an incorporation of labelling over time, while
DON samples show this to a lesser extent. It seems, glutamine’s nitrogen is prevented from
being incorporated into the purine pathway. However, the 6 h time point has a higher increase
of 1®N incorporation when treated with DON. A reason for that is the simultaneous application
of DON-treatment and labeling. Obviously to assess DON efficiency on the nucleotide pathway
a time gap before labelling is more conclusive.

FGAR is converted to FGAM via the enzyme PFAS, which contributes a nitrogen from glu-
tamine. Therefore, FGAM is detected at m + 2. However, FGAM showed low abundances and
was undetected. The observed signals could be noises or exaggerated signals from the other
mass shifts and were not shown.
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We examined incorporation of >N into nucleotides (Rayman|(2022)). In PBS-treated HCT116
cells an incorporation was noted in the purine nucleotides in all mass shifts. Interestingly,
DON-treated samples showed little to no °N incorporation, suggesting incorporation is below
detection as a result of treatment. We assume that DON treatment causes the reduced flow
of 1°N to the nucleotides, which leads to stalled production in purine nucleotides as we also
noted decreased pool sizes in fig. (Rayman| (2022)). Same was noted for pyrimidine nu-
cleotide CDP at m + 2 as shown in figure 4.28{Rayman| (2022)). Adenosine-based nucleotides
contain two and guanosine-based nucleotides three nitrogenes of glutamine. Mass shift at + 3
for AMP/ dGMP, ADP/ dGDP, ATP/dGTP denotes °N incorporation into dGMP, dGDP and
dGTP. However, mass shift at M + 2 represents nucleotides from adenosine- and guanosine-
based nucleotides.

Examination of pyrimidine nucleotides showed incorporation of 15N into UMP, UDP and
UTP at m + 1 (fig. 4.28) (Rayman]|(2022)). Glutamine’s nitrogen is contributed in the first step
of pyrimidine synthesis via the enzyme CTPS Ter-Ovanessian et al.[(2021).

In samples treated with DON a decreased incorporation of °N into UMP, UDP and UTP was
noted. Indicating that DON could be affecting the enzyme CTPS. Further MS analysis of the
intermediates involved in pyrimidine synthesis are required for a better understanding of the
data.

Based on our examination we can state that DON is effecting different transaminases of the
nucleotide pathway as earlier studies have demonstrated (fig. (Hartman|(1963), Ahluwalia
et al. (1990)).
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5.5 ¢-MYC and glutamine connection

Another important phenomenon is the interaction between glutamine and c-MYC. C-MYCis a
proto-oncogene that plays a key role in regulating cell growth, proliferation, metabolism and
apoptosis. MYC expression levels are low in non-cancerous cells and the expression is tightly
controlled. In human cancer, c-MYC expression is deregulated, which leads to a transcriptional
imbalance (Kalkat et al. (2017)). This in turn causes a constitutive cell growth cascade, which
induces a dependence of cancer cells on the non-essential amino acid glutamine. In cancer cells
with MYC-overexpression, the metabolism of glutamine is changed by the oncogene that en-
hances the expression of enzymes that utilize the amino acid (Yuneva et al.[(2007), Wise et al.
(2008)). As mentioned before, glutamine addicted cells were shown to undergo apoptosis when
deprived of the amino acid glutamine. Interestingly, glutamine deprivation decreases adeno-
sine levels, which also decreases MYC levels. Evidently there is a mutual interaction between
glutamine and MYC that is mediated by translational control, but has not been elucidated (De-
jure et al.| (2017)).

5.5.1 Glutamine’s effect on the oncogene cMYC

In previous work by the Kempa group, it was shown that MYC protein expression is controlled
by glutamine availability via adenosine derived nucleotides (Royla| (2018)). Glutamine deple-
tion leads to changes in adenosine nucleotide levels, which has a suppressive effect on MYC
translation. This metabolic feedback protects cells from MYC-driven apoptosis. In this process,
decreasing MYC levels have a protecting effect on cancer cells, probably by a RNA binding
protein sensitive to low nucleotide levels, adenine in particular.

As stated earlier glutamine depletion in dialyzed FBS stopped cell growth in HCT116, RKO
as well as HEK293 cells. Latter showed still MYC expression in glutamine deprived medium
when normal FBS was used. A western blot analysis was performed to analyze MYC expres-
sion in HCT116, RKO and HEK293 cells in dialyzed FBS and glutamine withdrawal. Regarding
MYC levels, a diminished expression upon glutamine deprivation can be observed when using
growth medium containing dialyzed FBS for all three cell lines.
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Figure 5.4: MYC protein expression in HCT116, HEK293 and RKO cells. The representative immunoblot
documents MYC and Vinculin levels under the described condition in the indicated cell lines with in total 3 BR.
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Chapter 6

Conclusion and Outlook

This thesis describes recent efforts to investigate glutamine addiction in colon cancer cell lines
and their altered glutamine metabolism. In order to gain insights into that a comprehensive
analysis of cell growth, metabolism, protein expression and nucleotide levels was carried out.
The non-cancerous HEK293 cells were analyzed in parallel and used as a comparison only. We
showed that HCT116 cells are sensitive and RKO cells are auxotrophic to glutamine depletion
in FBS. While HCT116 cells as well as HEK293 become auxotrophic to glutamine when dialyzed
FBS was used. However, we demonstrated that HCT116 cells can overcome glutamine addic-
tion in dialyzed FBS medium by supplementation with different substrates, especially in Glu +
NH4* supplemented medium. A proteome analysis revealed high protein expression of GLUL.
We speculated that GLUL serves as a survival factor. A performed SIRM study demonstrated
GLUL activity by sustaining de novo nucleotide biosynthesis. Additionally, these findings were
confirmed via a proliferation assay with applied GLUL-inhibitor (MSO). An immunoblotting
confirmed GLUL expression in all three cell lines. Nevertheless activity could not be displayed
for RKO cells. We assume, that GLUL is inactive due to gene mutations or impaired transport
of substrates for GLUL reaction (Bayram et al. (2022)). Therefore, we propose to perform DNA-
sequencing of the RKO colon cancer cell line. Furthermore, to demonstrate and evaluate the in-
activity of GLUL in RKO cells and consequently glutamine dependency, an approach by apply-
ing recombinant produced GLUL protein in Glu + NH4* supplemented medium in RKO cells
should be investigated. Moreover, other glutamine-sensitive cells should be contemplated and
analysed concerning GLUL as survival factor in glutamine depleted conditions. Altogether, we
could only shed light on a small part of the complex metabolism of cancer cells, regarding glu-
tamine. We found evidence for GLUL as a survival factor in glutamine-sensitive cells, which
should be considered as an additional therapeutic agent in targeting glutamine metabolism. A
monotherapy does not seem to be useful as glutamine is a versatile used substrate with the op-
portunity to circumvent the restriction as already adaption of colon cancer cells to single-sided
treatment has been demonstrated (Roylal (2018), [Bayram, (2018), Bayram et al.|(2020), Bayram
et al| (2022)). Another important but not further discussed fact is cancer-associated drug re-
sistance due to cancer-associated fibroblasts, which secrete GLUL-synthesized glutamine and
induce proliferation and differentitaion (Li et al.|(2021)). This corollary finding emphasizes
our conclusion of dual targeting of glutamine metabolism. The glutamine analogue DON
has shown strong effectiveness to suppress cell growth in HCT116, RKO and HEK293 cells.

We demonstrated reduced *N-incorporation in purine nucleotides when HCT116 cells were
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treated with DON. To gain further information of DON’s effect on nucleotide synthesis, in-
termediates” MS analysis would be required to provide further context to this. The effect of
DON in RKO and HEK293 cells should also be investigates. In addition, we propose to knock
out glutamine-utilizing enzymes involved in the nucleotide biosynthesis in order to see if the
protective mechanism induced by suppressing MYC levels can be circumvented. We assume,
those belong to the glutamine-utilizing enzymes targeted by DON. Nonetheless, the hetero-
geneity of glutamine metabolism regarding tissue types and the associated cancer genetics as
well as the tumor microenviroment shows the intricate network of cancer cell. However, a
closer look on cell culture medium and conditions is recommended and should be modified
to human plasma concentrations to avoid misinterpretation of results. In particular, the high
concentration of glutamine can effectuate favoured routes of cultured cells that re-orientate
themselves if glutamine is depleted (Pavlova et al.|(2022), (Cheng et al|(2011)). Subsequently,
glutamine dependency or addiction or to put it another way glutamine sensitive or auxtrophic
cells can be better categorized and perhaps the phenomenon termed glutamine addiction can
be cleared up.
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Chapter 7

Supplementary Data

7.1 Materials

Table 7.1: Cell culture reagents and supplements

Name

Supplier

2-Deoxyglucose
3-Bromopyruvate

Dimethyl sulfoxide

DMEM, no glucose, glutamine, phenol red
Fetal bovine serum
Dialyzed Fetal bovine serum
Glucose

L-Glutamine
Phosphate-buffered saline
Trypan Blue Solution (0.4%)
TrypLE Express
U-13C-Glutamate
I5N-Ammonium

Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Gibco, USA - Waltham

Gibco, USA - Waltham

Gibco, USA - Waltham
Sigma-Aldrich, D - Darmstadt
Gibco, USA - Waltham

Gibco, USA - Waltham

Gibco, USA - Waltham

Gibco, USA - Waltham
Campro-Scientific, D - Berlin
Campro-Scientific, D - Berlin

Table 7.2: Chemicals

Compound

Supplier

Acetic acid

Acetonitrile

Acrylamide

Ammonium bicarbonate
Ammonium persulfate
Bromphenol blue

BSA

CaCl, (1 M), nuclease-free
Chloroform
Chloroform-isoamyl alcohol (24:1)
Cinnamic acid

DIT

EDTA

Ethanol (EtOH)
Formaldehyde (16%)

Fluka, D - Darmstadt

VWR, USA - Radnor

Carl Roth, D - Karlsruhe

Fluka, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
AppliChem GmbH, D - Darmstadt
SERVA, D - Heidelberg
Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Carl Roth, D - Karlsruhe
Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Carl Roth, D - Karlsruhe
LiChrosolv, D - Darmstadt
Polysciences, USA - Warrington

Continued on next page




Table 7.2: Continued from previous page

Compound

Supplier

Formamide

Formic acid

Glucose

Glycerol

Glycine

HEPES

Hexylamine

IAA

Isopropanol

MgCl,

MeOH

MeOx

Skim milk powder

MSTFA

NaCl

Na-deoxycholate

NaOAc

NH4AC

NH,OH

NP-40

Page ruler prestained protein ladder
PBS (10x)

Phophatase inhibitor cocktail
Protease Inhibitor Cocktail, EDTA-free
Pyridine

Sodium acetate (3 M), pH 5.5, nuclease free

SDS (20%)
TEMED
Triflouracetic acid
TrisBase

TrisHCI

Triton x-100
Trypsin Beads
Tween-20

Urea

AppliChem GmbH, D - Darmstadt
Fluka, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Carl Roth, D - Karlsruhe

Carl Roth, D - Karlsruhe
Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Carl Roth, D - Karlsruhe
Sigma-Aldrich, D - Darmstadt
Merck, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
VWR, USA - Radnor
Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Thermo Fisher, USA - Waltham
Carl Roth, D - Karlsruhe
Sigma-Aldrich, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Bio-Rad, D - Miinchen
Biochrom, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Roche, D - Darmstadt
Sigma-Aldrich, D - Darmstadt
Invitrogen, USA - Waltham
Carl Roth, D - Karlsruhe

Carl Roth, D - Karlsruhe
Merck, D - Darmstadt

Carl Roth, D - Karlsruhe

Carl Roth, D - Karlsruhe

Carl Roth, D - Karlsruhe
Aplied Biosystems, USA - Waltham
Carl Roth, D - Karlsruhe

Carl Roth, D - Karlsruhe

Table 7.3: SDS-PAGE gel preparation

Component 4% 8% 10% 12%
H,O 6.1 mL 4.6 mL 4.0mL 3.3mL
Acrylamide 30% 1.33 mL 2.7 mL 3.3mL 4.0 mL
0.5M Tris (pH 6.8) 2.5mL - - -

1.5 M Tris (pH 8.8) - 2.5 mL 2.5mL 2.5mL
SDS 10% 100 uL 50 uL 50 uL 50 uL
Ammonium persulfate 10% | 50 uL 50 uL 50 uL 50 uL
TEMED 10 uL 6 uL 4L 4uL
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Table 7.4: Commercial kits

Kit

Supplier

ECL Prime Western Blotting Detection Reagent
MycoAlert Mycoplasma Detection Kit
Pierce BCA Protein Assay Kit

GE Healthcare, UK - Little Chalfont
Lonza, CH - Basel
Thermo Fisher, USA - Waltham

Table 7.5: Antibodies

Antibody Cat.-No Manufacturer

Anti-MYC 5605 Cell Signaling
Anti-GLUL(MSO) PA1-46165 Cell Signaling

Mouse, horseradish peroxidase-linked 7075 Cell Signaling

Goat, horseradish peroxidase-linked 7074 Cell Signaling

Rabbit, horseradish peroxidase-linked 7076 NEB, DE, Frankfurt am Main
Vinculin V9131 Sigma-Aldrich, D - Darmstadt

Table 7.6: Consumables

Name Supplier

Cell lifter Sigma-Aldrich, D - Darmstadt
Counting slides Biorad, D - Miinchen

Gas liner, CI34 Gerstel, D - Miithlheim an der Ruhr

Glass vials

Nytran N Blotting Membrane
PVDF membrane

Whatman Blotting paper

Th.Geyer, D - Berlin

GE Healthcare, UK - Little Chalfont
GE Healthcare, UK - Little Chalfont
Biorad, D - Miinchen

Table 7.7: Equipment

Name

Manufacturer

Autosampler - MPS2XL-Twister

Autosampler, ESI ion source - TriVersa NanoMate
Blotting device - TransBlot Turbo

Cell counter - TC20

Centrifuge - 5417R

Centrifuge - 5430

Electrophoresis system - ReadySub-Cell
Electrophoresis system - Protean Tetra cell

Gas chromatograph - Agilent 78903

Imager - Vilber fusion

Mass Spectrometer - Q Exactive Plus

Mass Spectrometer - TSQ Quantiva

Mass Spectrometer-TOF - Pegasus IV

Microplate reader-Infinite M200

Microplate reader- Spectramax iD microplate reader
Microscope- Keyence Bz-x700

Japan, Osaka

Microscope-Eclipse TS2 microscope

Nano Liquid Chromatograph 400

Gerstel, DE - Miihlheim an der Ruhr
Advion, DE - Ithaca

Biorad, DE - Miinchen

Biorad, DE - Miinchen

Eppendorf, DE - Hamburg
Eppendorf, DE - Hamburg

Biorad, DE - Miinchen

Biorad, DE - Miinchen

LECO, USA - St. Joseph

GE Healthcare, UK - Little Chalfont
Thermo Fisher, USA - Waltham
Thermo Fisher, USA - Waltham
LECO, USA - St. Joseph

Tecan, CH - Madnnedorf

Molecular Devices, USA, California
Keyence

Nikon, DE- Diisseldorf
Eksigent, DE - Darmstadt

Continued on next page
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Name Manufacturer

pH meter - VMS C7 VWR, USA - Radnor
Power supply - PowerPac Universal Biorad, DE - Miinchen
Vacuum concentrator - 2-33 CD plus Christ, DE - Osterode
Sonicator - Sonorex Digitech DT 100 Bandelin, DE - Berlin
Tube roller - SRT6D Stuart, UK - Staffordshire

Table 7.8: Software

Name

ChromaToF (Version 4.51.6.0)
Flow]Jo (Version.10)

Fuji

Adobe Illustrator (Version 5.6)
Adobe infinity (Version X.X)
Image]

MAUI-SILVIA (Version 1.0.5)
MaxQuant (Version 1.5.3.30)
MetMax

Perseus (Version 1.5.6.0)
RStudio Desktop (Version 1.1.383

7.1.1 Nucleotides

Table 7.9: Direct infusion MS transition parameters

Compound Precursor Product Collision Energy RF lens
[m/z] [m/z] (V] (VI

ADP 426.02 134.06 24 92
ADP 426.02 158.92 27 92
AICAR 337.00 79.00 29 93
AICAR 337.00 97.00 20 93
AMP 346.06 107.08 47 80
AMP 346.06 134.06 31 80
ATP 505.99 158.96 29 92
ATP 505.99 408.04 20 92
cAMP 328.02 107.08 44 78
cAMP 328.02 134.07 25 78
CDpP 402.01 159.03 25 94
CDP 402.01 272.94 23 94
CMP 322.04 79.03 26 72
CcMP 322.04 97.01 22 72
CTP 481.98 159.05 29 85
CTP 481.98 383.93 20 85
dADP 410.09 158.94 25 94
dADP 410.09 256.96 24 94
dAMP 330.09 134.12 27 68
dAMP 330.09 194.94 27 68
dATP 490.05 158.94 26 136

Continued on next page
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Table 7.9: Continued from previous page

Compound Precursor Product Collision Energy RF lens
[m/z] [m/z] [V] (V]
dATP 490.05 256.96 29 136
dCDP 86.05 158.96 23 78
dCDP 86.05 177.01 22 78
dCMP 306.08 97.00 23 80
dCMP 306.08 110.11 23 80
dCTP 66.01 158.94 26 111
dCTP 466.01 256.80 28 111
dGDP 426.05 158.96 24 99
dGDP 426.05 176.94 24 99
dGMP 346.09 79.00 22 73
dGMP 346.09 150.07 25 73
dGTP 506.11 159.03 28 120
dGTP 506.11 238.97 26 120
dTDP 401.05 158.94 24 82
dTDP 401.05 256.96 23 82
dTMP 321.11 125.05 22 69
dTMP 321.11 194.95 16 69
dTTP 480.98 158.94 30 90
dTTP 480.98 256.84 15 90
GDP 442.00 158.93 26 105
GDP 442.00 343.96 16 105
GMP 362.05 133.05 40 83
GMP 362.05 150.06 29 83
GTP 522.03 240.96 29 163
GTP 522.03 320.90 26 163
IMP 347.00 97.07 22 80
IMP 347.00 135.05 27 80
NAD+ 622.09 27291 34 68
NAD+ 622.09 539.94 15 68
NADH 664.07 396.94 31 231
NADH 664.07 407.94 31 231
NADP+ 742.05 272.92 40 80
NADP+ 742.05 619.88 16 80
NADPH 744.06 272.92 33 97
NADPH 744.06 407.94 16 97
PRPP 389.00 621.66 16 75
PRPP 389.00 177.00 18 75
SAICAR 453.00 294.00 21 124
SAICAR 453.00 355.00 17 124
[8)D) 402.99 158.91 22 95
uDP 402.99 272.89 22 95
UMP 323.03 79.04 28 70
UMP 323.03 97.02 23 70
UTP 482.98 158.93 28 118

UTP 482.98 403.01 24 118
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Table 7.10: GC-MS masses used for quantification. Peak areas under the indicated masses, were summed and
normalised to Cinnamic acid and cell counts.

Metabolite Derivate RI Quantification masses [m/z]

Alanine (2TMS) 1106 110;133;114;100;188;190

Aspartic acid (2TMS) 1442 160

Cinnamic acid, trans- (1TMS) 1555 205

Citric acid (4TMS) 1848 149.0;273.0;183.0;133.0;211.0;275.0;277.0;278.0

Cysteine (3TMS) 1574 116;100;132;218;220

Dihydroxyacetone-phosphate ~ (IMEOX)(3TMS) 1773 133;103;142;89;315;400;403

Fructose-1,6-diphosphate (IMEOX)(7TMS) 2795 217;299;387,315;129;220

Fructose-6-phosphate (IMEOX)(6TMS) 2385 129;217;299;315;103;220

Fumaric acid (2TMS) 1369 143;246;133;115;245,247,249

Gluconic acid (6TMS) 2060 292

Gluconic acid-6-phosphate (7TMS) 2512 129;299;133;387;101;220

Glucose-6-phosphate (IMEOX)(6TMS) 2420 160;299;129;387;133;220,162;132

Glutamic acid (3TMS) 1640 246

Glutaric acid, 2-hydroxy- (3TMS) 1596 129

Glutaric acid, 2-oxo- (IMEOX)(2TMS) 1596 156;112;170,89;198;200;,203

Glyceric acid (3TMS) 1362 189

Glyceric acid-3-phosphate (4TMS) 1840 211;227;299;101;133,357;359

Glycerol (3TMS) 1303 205

Glycerol-3-phosphate (4TMS) 1794 101;299;133;357;103;359

Glycine (2TMS) 1124 86.0;133.0;175.0;100.0;174.0

Glycine (3TMS) 1330 86.0;133.0;175.0;100.0;174.0

Isoleucine (1TMS) 1179 86

Lactic acid (2TMS) 1065 118.0; 190.0; 191.0; 117.0; 133.0;119.0; 193.0;
219.0; 222.0

Leucine (1TMS) 1158 86

Lysine (3TMS) 1867 174

Malic acid (3TMS) 1507 101;133;117;149,233;245;247,;249

Methionine (2TMS) 1532 176

Phenylalanine (2TMS) 1642 192

Proline (2TMS) 1318 142

Putrescine (4TMS) 1754 174

Pyroglutamic acid (2TMS) 1534 157

Pyruvic acid (IMEOX)(1TMS) 1053 100.0;99.0 ;89.0; 174.0; 115.0 ;177.0

Ribose-5-phosphate (IMEOX)(5TMS) 2161 299.0;315.0;217.0;133.0;129.0;220.0

Serine (3TMS) 1391 116;218;133;204,;100;206

Succinic acid (2TMS) 1336 149;247;129;133;172;249;251

Threonine (3TMS) 1417 218

Uracil (2TMS) 1363 241

Urea (2TMS) 1253 171

Uridine (3TMS) 2506 217

Valine (2TMS) 1230 144
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Table 7.11: GC-MS fragment ranges used for determination of stable isotope incorporation

Metabolite Derivate Fragment Min = Fragment Max
Alanine (2TMS) 116 120
Aspartic acid (2TMS) 245 251
Citric acid (4TMS) 273 279
Fructose-1,6-diphosphate (IMEOX)(7TMS) 217 222
Fructose-6-phosphate (IMEOX) (6TMS) 217 222
Fumaric acid (2TMS) 245 251
Gluconic acid-6-phosphate (7TMS) 217 220
Glucose-6-phosphate (IMEOX) (6TMS) 217 220
Glutamic acid (3TMS) 246 250
Glutamine, DL- (3TMS) 156 163
Glutaric acid, 2-hydroxy- (3TMS) 247 252
Glutaric acid, 2-oxo- (IMEOX) (2TMS) 198 205
Glutaric acid, 2-oxo- (IMEOX)(2TMS) 288 295
Glyceric acid (3TMS) 357 361
Glyceric acid-3-phosphate (4TMS) 357 361
Glycerol (3TMS) 218 222
Glycerol-3-phosphate (4TMS) 357 361
Glycine (3TMS) 276 279
Lactic acid (2TMS) 219 224
Malic acid (3TMS) 245 251
Pyruvic acid (IMEOX)(1TMS) 174 179
Serine (3TMS) 204 208
Serine (2TMS) 116 120
Succinic acid (2TMS) 247 252
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7.2 Additional results

721 Cell biology
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Figure 7.1: MYC protein expression upon glutamine starvation and readdition in normal FBS in HCT116 cells.
MYC regulation after 16 h glutamine starvation and subsequent re-addition of glutamine for 30 min, 60 min, 120
min and 240 min in normal FBS medium in HCT116 cells. Quantification of MYC protein expression of at least
three independent experiments. Each value was normalized to 0 h.).
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Figure 7.2: MYC protein expression upon glutamine starvation and readdition in normal FBS in RKO cells.
MYC regulation after 16 h glutamine starvation and subsequent re-addition of glutamine for 30 min, 60 min, 120
min and 240 min in normal FBS medium in RKO cells. Quantification of MYC protein expression of at least three
independent experiments. Each value was normalized to 0 h.).
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Figure 7.3: MYC protein expression upon glutamine starvation and readdition in normal FBS in HEK293 cells.
MYC regulation after 16 h glutamine starvation and subsequent re-addition of glutamine for 30 min, 60 min, 120
min and 240 min in normal FBS medium in HEK293 cells. Quantification of MYC protein expression of at least
three independent experiments. Each value was normalized to 0 h.).
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Figure 7.4: Cell Culture media compositions for cell growth assays. Cell proliferation upon the application of
various amino acid substrates in dialyzed FBS medium in indicated cell lines. Day 1 till day 31 are represented
graphically. Viable cell count was determined at every passage over one month. Cell count data were Log
transformed to fit a non-linear regression model. Data were published in figure 3 in|Bayram et al.|(2022).
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Figure 7.5: Cell Culture media compositions for cell growth assays. Cell proliferation upon the application of
various amino acid substrates in dialyzed FBS medium in indicated cell lines. Day 1 till day 31 are represented
graphically. Viable cell count was determined at every passage over one month. Cell count data were Log
transformed to fit a non-linear regression model. Data were published in figure 3 in|Bayram et al.|(2022).
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Figure 7.6: Cell Culture media compositions for cell growth assays. Cell proliferation upon the application of
various amino acid substrates in dialyzed FBS medium in indicated cell lines. Day 1 till day 31 are represented
graphically. Viable cell count was determined at every passage over one month. Cell count data were Log
transformed to fit a non-linear regression model. Data were published in figure 3 in|Bayram et al.|(2022).
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