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Abstract…….
The tricarboxylic acid (TCA) cycle is a major pathway in central carbon metabolism that
supports energy production and anabolic processes required for cancer cell survival and
proliferation. To maintain flux through the TCA cycle, individual anaplerotic reactions
need to coordinate with cataplerotic reactions and other anaplerotic pathways.

This work uses in vitro reconstitution of mitochondrial metabolism to explore the
mechanisms through which glutamine- and glucose-derived anaplerotic pathways are
coordinated. In cell-free mitochondria, increased ammonium levels, as a consequence
of

glutamine

deamidation,

increased

reductive

amination

through

glutamate

dehydrogenase (GDH) and flux through transaminases for anaplerosis. Ammoniummediated changes to glutamine-derived anaplerosis were correlated with increased
pyruvate-derived anaplerosis evidenced by increased flux through pyruvate carboxylase
(PC). Addition of exogenous substrates to invoke flux through the urea cycle, as an
alternative pathway to detoxify ammonium, rescued the effects of ammonium on GDH
and PC. The studies in cell-free mitochondria revealed that acute changes in
intramitochondrial ammonium levels coordinated glutamine- and glucose-derived
anaplerosis without gene expression changes.

To determine if chronic changes in gene expression could induce ammonium-mediated
coordination of anaplerosis, enzymes that may affect intramitochondrial ammonium
levels in whole cells were modulated. Overexpression of the urea cycle enzyme,
carbamoyl-phosphate synthetase 1 (CPS1) was associated with decreased flux through
PC and increased sensitivity to oxidative stress. Analysis of mRNA expression data from
human cancers showed that CPS1 mRNA expression was down-regulated in
hepatocellular carcinoma (HCC). A mouse model of HCC, which exhibited the same
changes in gene expression on the protein level, was used to show that attenuation of
CPS1 expression was associated with increased reductive amination through GDH and
increased PC-derived anaplerosis. Altogether, this study provides evidence suggesting
that down-regulation of the urea cycle and ammonium-mediated coordination of
anaplerosis may promote survival and proliferation of HCC cells.

3

Impact Statement
Cancers are often implicated with aberrant metabolism, which helps cancer cells survive
and proliferate. In order to target cancer metabolism with increased efficacy, it is vital to
understand both the impact of the changes to the metabolic network and the
mechanisms through which such changes may take place. The tricarboxylic acid (TCA)
cycle is a central metabolic pathway that can supply both the increased demands for
energy and for biosynthetic macromolecules in cancer cells. Therefore, maintaining
carbon flux through the TCA cycle is critical for cancer cell growth. Pathways that
maintain TCA cycle flux are called anaplerotic pathways; these pathways can individually
be regulated through several different mechanisms. However, lesser is known about how
the different pathways may be coordinated with each other.

This thesis provides evidence for ammonium-mediated coordination of two distinct
anaplerotic pathways (glucose-derived and glutamine-derived). Furthermore, the study
presented in this thesis examines how chronic changes in the expression of the
canonical ammonium detoxifying pathway, the urea cycle, leads to increased
ammonium-mediated coordination of anaplerosis in hepatocellular carcinoma.
Altogether, this project increases our understanding of an important metabolic pathway
and may, ultimately, lead to more efficient therapeutic strategies that target metabolism.
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Chapter 1.
Introduction

Cellular metabolism refers to the network of biochemical reactions that occur within a
cell, which altogether break-down exogenous nutrients to support many biological
processes, including generation of energy through catabolic pathways and production of
macromolecules through anabolic pathways, required for cell growth and proliferation.
The metabolic network demonstrates a high level of plasticity and is able to adapt to
acute changes in the microenvironment and the demands of the cell as tissues grow,
develop, and repair after damage.

Metabolic rewiring in cancer cells was first recognised decades ago, when it was
observed that cancer cells have enhanced glucose uptake and lactate secretion, in a
phenomenon commonly referred to as the Warburg effect (Warburg, 1956). Alterations
in energy metabolism, in addition to increased glucose oxidation, are now identified as
an emerging hallmark of cancer (Hanahan and Weinberg, 2011). Growth factor signalling
and elevated expression of nutrient transporters often increases the uptake of sugars,
such as glucose, and amino acids, such as glutamine (Edinger and Thompson, 2002,
Roos et al., 2007, Momcilovic et al., 2018). Fluorinated analogues of both glucose and
glutamine have been used in positron emission tomography (PET) to image tumours that
have increased reliance on glucose and glutamine as a nutrient (Lieberman et al., 2011,
Vander Heiden et al., 2009). Targeting specific metabolic pathways required by cancer
cells is thought to be a promising strategy for treatment, with several compounds already
in clinical trials (Galluzzi et al., 2013).

There are several ways through which metabolic rewiring may support cancer cell
proliferation and survival (Vander Heiden and DeBerardinis, 2017). First, cell proliferation
requires a heightened supply of biosynthetic intermediates for the synthesis of
macromolecules, such as lipids, proteins, and nucleic acids. Certain metabolic pathways
also maintain cellular redox state and generate the reducing power required for
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continued nutrient oxidation. Finally, metabolic pathways are required for the generation
of energy, in the form of adenosine triphosphate (ATP).

There are several pathways within central carbon metabolism that are implicated in
reshaping the metabolic network to support cancer cell survival and growth, such as
glycolysis, the pentose-phosphate pathway, and the tricarboxylic acid (TCA) cycle
(Anastasiou, 2016, DeBerardinis and Chandel, 2016). Given that these pathways are
critical for the survival of both diseased and normal cells, understanding the mechanisms
through which disease-specific alterations to these pathways are mediated may hold
promise for more efficient therapeutic strategies. This thesis will focus on understanding
mitochondrial metabolism, in particular the TCA cycle. First, fundamental mechanisms
through which the different pathways that fuel the TCA cycle can be regulated will be
explored and then, the potential applications of such regulation to support cancer cell
survival and growth will be investigated.

1.1 The TCA cycle
The TCA cycle is a series of eight reactions in animal tissues that altogether oxidise
products of nutrient degradation (Krebs and Johnson, 1980, Krebs et al., 1938). The
oxidation of citrate releases two CO2 molecules for each acetyl-CoA molecule fed into
the cycle. This generates reducing equivalents (NADH and FADH2) that are necessary
for ATP production via the mitochondrial electron transport system (ETS). Intermediates
of the TCA cycle may be removed from the cycle, in a process known as cataplerosis,
and used by anabolic pathways for the synthesis of macromolecules (Figure 1.1).
Because the TCA cycle has dual role in both breaking down and synthesizing
metabolites, it is termed ‘amphibolic’ (Davis, 1961). Defined pathways, known as
anaplerotic pathways, are required to replenish the metabolic intermediates of the TCA
cycle that are removed to feed into anabolic pathways (Kornberg, 1965).

In order to maintain flux through the TCA cycle, anaplerotic reactions regenerate TCA
cycle intermediates to produce oxaloacetate (OAA), the acceptor for the acetyl group.
Major anaplerotic substrates include pyruvate (derived either from glucose, alanine or
lactate), glutamate (derived from glutamine) and propionyl-CoA (derived either from oddchain fatty acids or certain amino acids), which generate the TCA cycle intermediates,
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OAA, a-ketoglutarate (a-KG), and succinyl-CoA, respectively (Brunengraber and Roe,
2006, Owen et al., 2002, Jungas et al., 1992).
1.1.1

Glucose-derived anaplerosis

Glucose is an abundant carbon source in mammalian circulation and its catabolism
through glycolysis is a significant source of anaplerosis. Both glucose (through
glycolysis) or circulating lactate (derived from glucose catabolism in a distal site) may be
used to provide pyruvate for the TCA cycle (Hui et al., 2017). Pyruvate is metabolised
through the TCA cycle either through pyruvate dehydrogenase (PDH) or pyruvate
carboxylase (PC; Figure 1.1). Pyruvate catabolism through PDH produces acetyl-CoA,
which is required to maintain flux through the TCA cycle (even in the absence of a
cataplerotic reaction) because each turn of the cycle releases two CO2 molecules
(Brunengraber and Roe, 2006). On the other hand, PC is an anaplerotic enzyme
because it directly generates OAA, a four-carbon TCA cycle intermediate, by condensing
a bicarbonate ion with pyruvate (Böttger et al., 1969, Jitrapakdee et al., 2008, St Maurice
et al., 2007).
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Figure 1.1. Overview of the TCA cycle, major anaplerotic and cataplerotic
pathways and related end-products.
Schematic summary of anaplerotic pathways (highlighted in green) derived from glucose,
glutamine, and branched-chain amino acids. Pathways highlighted in red correspond to
cataplerotic reactions that feed into anabolic pathways for the production of proteins, RNA, DNA,
membranes and energy (in the form of ATP).
a-KG; a-ketoglutarate; AcCoA, acetyl-CoA; Ala, alanine; Asn, asparagine; ASNS, asparaginase;
Asp, aspartate; ATP, adenine triphosphate; BCAT, BCAA aminotransferase; BCKA, branched
chain a-ketoacids; BCKDH, branched-chain a-ketoacid dehydrogenase; CAD, carbamoylphosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; Cit, citrate DHO,
dihydroorotase; ETS, electron transport system; Fum, fumarate; GDH, glutamate
dehydrogenase; Glc, glucose; Gln, glutamine; GLS, glutaminase; Glu, glutamate; GOT2,
glutamate oxaloacetate transaminase 2; GPT2, glutamate pyruvate transaminase 2; Ile,
isoleucine, IMM, inner mitochondrial membrane; OAA, oxaloacetate; OMM, outer mitochondrial
membrane; P5C, D1-pyrroline-5-carboxylate; PDH, pyruvate dehydrogenase; POX/PRODH,
proline oxidase/proline dehydrogenase; Pro, proline; Prop-CoA, propionyl-CoA; Pyr, pyruvate;
Suc-CoA, succinyl CoA; Val, valine;
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1.1.2

Amino acid-derived anaplerosis

Glutamine
Glutamine is the most abundant amino acid in mammalian circulation, with a
concentration of 510.4±118.2 µM measured in human adult blood (Psychogios et al.,
2011). It is, therefore, a significant carbon source for the TCA cycle anaplerosis in
proliferating normal cells and in cancer cells (Eagle et al., 1956, Kovacevic and McGivan,
1983, Chen et al., 2018, Still and Yuneva, 2017, Reitzer et al., 1979, Moreadith and
Lehninger, 1984, Zielke et al., 1984). Similar to glucose-dependent anaplerosis, the
contribution of glutamine to the TCA cycle is multi-step and first requires deamidation of
glutamine to glutamate (in either mitochondria or in the cytosol), followed by deamination
of glutamate to a-KG (Reitzer et al., 1979, Petch and Butler, 1994). Glutamine can be
hydrolysed to glutamate and ammonium by mitochondrial glutaminases. There are two
glutaminase isoforms: GLS1 (expressed in most normal tissues) and GLS2 (expressed
primarily in the normal liver) (Aledo et al., 2000, Curthoys and Watford, 1995, Elgadi et
al., 1999). GLS1 also has two alternative splice isoforms, known as KGA and GAC, which
differ in their C-terminus (KGA being the longer isoform with ankyrin repeats). GAC is
more catalytically active than KGA and both KGA and GAC have higher catalytic activity
than GLS2 (Cassago et al., 2012). In the cytosol, glutamine breakdown to glutamate may
occur either via the CAD complex (which comprises of three enzymatic activities:
carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase),
through transamidases involved in hexosamine biosynthesis or through asparagine
synthetase (ASNS) (Lane and Fan, 2015, Altman et al., 2016). Glutamate, either
generated in or transported to mitochondria, can then form a-KG either via glutamate
dehydrogenase (GDH), which also releases an ammonium ion, or via mitochondrial
transaminases (Figure 1.1).

Branched-chain amino acids
Branched-chain amino acids (BCAAs) are essential amino acids that comprise of
leucine, isoleucine and valine. Products of BCAA metabolism can also be utilised for
anaplerosis and increased BCAA catabolism has been implicated in many cancer types
(Ananieva and Wilkinson, 2018). BCAAs are catabolised to branched-chain a-ketoacids
(BCKAs) through BCAA transaminases (BCATs). BCKAs are further catabolised by the
branched-chain a-ketoacid dehydrogenase complex (BCKDH), and subsequently, a
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series of reactions either generate acetyl-CoA (from isoleucine and valine) or propionylCoA (from valine and isoleucine). Propionyl-CoA is further metabolised to the TCA cycle
intermediate, succinyl-CoA [Figure 1.1, (Lerin et al., 2016)]. BCAT1 suppression in wildtype isocitrate dehydrogenase glioblastomas reduced proliferation and invasiveness in
vitro and in a xenograft model. It was suggested that this may be due to decreased
anaplerosis to succinyl-CoA, which limited the ability of cells to maintain the pools of TCA
cycle intermediates required for anabolism and proliferation (Tönjes et al., 2013).

Proline
In conditions of nutrient stress, such as glucose deprivation, proline is a significant
source of anaplerosis (Pandhare et al., 2009). Proline oxidase (also known as proline
dehydrogenase; POX/PRODH) catalyses the first step in proline catabolism to generate
D1-pyrroline-5-carboxylate (P5C), which spontaneously converts to glutamate-gsemialdehyde (GSA). GSA is a substrate of P5C dehydrogenase, which produces
glutamate. Glutamate may then get catabolised to a-KG (through GDH or mitochondrial
transaminases) to enter the TCA cycle (Figure 1.1). POX/PRODH was shown to
attenuate tumour formation by causing G2 cell cycle arrest, impaired signalling by the
hypoxia-inducible factor 1a (HIF1a), and reactive oxygen species (ROS)-induced
apoptosis (Liu et al., 2009, Liu et al., 2006). Furthermore, cancer cell proliferation
mediated by the oncogene, Myc, required suppression of POX/PRODH protein
expression (Liu et al., 2012, Liu et al., 2010). These studies suggest that proline-derived
anaplerosis is detrimental for cancer growth and survival, indicating that the nutrient
source may be an important aspect of understanding how different anaplerotic reactions
are implicated in cancer.

1.2 Regulation and coordination of anaplerotic pathways
Balancing anaplerotic and cataplerotic reactions is critical to maintain stable
concentrations of TCA cycle intermediates and increase or decrease their supply
according to the biosynthetic demands of cells. Different anaplerotic pathways also need
to be coordinated with each other in order to maintain TCA cycle flux. However, how
these pathways are coordinated is not clear.
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One idea is that proliferative cells increase the use of multiple anaplerotic substrates to
sustain their increased demands for energy and macromolecules. For instance, mitogen
stimulation in lymphocytes enhanced both glucose- and glutamine-derived anaplerosis
(Curi et al., 1988, Brand et al., 1992). In cancer cells, however, enhanced expression of
one anaplerotic pathway is often associated with attenuation of another. For example,
many hepatocellular carcinomas (HCCs) have a decrease in expression and activity of
PC, in comparison to the normal liver, accompanied with a switch in glutaminase
expression from GLS2 to the more active isoform, GLS1 (Cassago et al., 2012). This
switch may promote increased glutaminolysis and glutamine-derived anaplerosis in HCC
cells (Chang and Morris, 1973, Hammond and Balinsky, 1978, Xiang et al., 2015, Yuneva
et al., 2012). Oestrogen stimulation enhanced proliferation of MCF7 breast cancer cells
by decreasing PC activity and simultaneously increasing glutaminolysis, as evidenced
by

13C-labelling

experiments and metabolic flux modelling (Forbes et al., 2006).

Conversely, in non-small cell lung cancers (NSCLC), in comparison to the normal
adjacent lung, PC expression was significantly higher, but the expression of other
anaplerotic enzymes was unchanged, and tumour growth rate was significantly
correlated with PC expression (Sellers et al., 2015). These examples suggest that, in
cancer, regulation of anaplerosis may be more complex, and reflect a combination of the
biosynthetic needs of the cell and the tissue origin of the cancer. The following section
will describe mechanisms through which individual anaplerotic pathways may be
regulated, starting from chronic changes in protein expression to changes in the levels
of intracellular metabolites that may acutely modify the activity of anaplerotic enzymes
(Figure 1.2).
1.2.1

Mechanisms regulating anaplerotic pathways

microRNA mediated changes in gene expression
In some cases, the expression of anaplerotic enzymes is under the control of non-coding
RNA molecules that post-transcriptionally regulate gene expression, called microRNAs
(miRNAs). For example, miR-23a/b attenuated GLS1 expression and were
transcriptionally repressed by Myc expression. Cells with increased Myc expression,
therefore, had increased GLS1 expression and this was shown to promote glutaminederived anaplerosis (Gao et al., 2009). miR-23b* (processed from the same transcript as
miR-23b) mediated the down-regulation of POX/PRODH, which simultaneously
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decreased proline-derived anaplerosis and increased glutamine-derived anaplerosis in
human kidney tumours and in Myc inducible cancer cells (Liu et al., 2012).

Post-translational modifications of anaplerotic enzymes
Post-translational modifications (PTMs) on anaplerotic enzymes may also regulate
anaplerosis. Lysine-glutarylation of GDH in the brain and liver significantly reduced the
catalytic activities and protein-protein interactions of GDH, thereby decreasing
glutamine-derived anaplerosis (Schmiesing et al., 2018). In NSCLC, protein kinase C etype (PKCe) was shown to regulate phosphorylation of glutaminases, which promoted
GAC activity and increased TCA cycle flux (Han et al., 2018).

Sirtuins, a family of enzymes that include NAD+-dependent deacetylases, regulate the
activities of many metabolic enzymes, including anaplerotic enzymes (Imai et al., 2000,
Wang et al., 2010, Zhao et al., 2010). In mouse embryonic fibroblasts, mammalian target
of rapamycin complex 1 (mTORC1) suppressed SIRT4 (an NAD-dependent
lipoamidase, ADP-ribosyl transferase and deacetylase) expression (which normally
inhibits GDH activity) by promoting proteasome-mediated destabilisation of the
transcription factor, cAMP-responsive element binding 2 (CREB2). Therefore, mTORC1
activity led to enhanced glutamine-derived anaplerosis (Csibi et al., 2013). In two
separate studies, SIRT1 was shown to be involved in regulating glucose- and glutaminederived anaplerosis. Dynamic acetylation by p300 (an acetyltransferase) and
deacetylation by SIRT1 of the traditionally gluconeogenic enzyme, phosphoenolpyruvate
carboxykinase (PEPCK), mediated anaplerosis through PEPCK, converting PEP to OAA
in high glucose conditions (Latorre-Muro et al., 2018). On the other hand, under chronic
acidosis, SIRT1-mediated deacetylation of HIF2a increased its activity, which promoted
the expression of both the glutamine transporter, ASCT2, and GLS1, increasing
glutamine-derived anaplerosis. Simultaneously, SIRT1-mediated deacetylation of HIF1a
suppressed its activity, which led to a decrease in expression of HIF1a target enzymes,
including glycolytic enzymes, and was associated with a reduction in glucose-derived
anaplerosis (Corbet et al., 2014).

Substrate channelling through enzyme supercomplexes
There is increasing evidence that TCA cycle enzymes may also form supercomplexes,
or metabolons, to drive substrate channelling, which refers to the direct transfer of
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metabolic intermediates between the active sites of two enzymes in a sequential
pathway (Ovádi, 1991, Srere, 1987). Glutamate-oxaloacetate transaminase 2 (GOT2)
from bovine liver mitochondria was shown to associate with a-KG dehydrogenase
(OGDH) and mitochondrial malate dehydrogenase (mMDH) to form a ternary protein
complex. mMDH associated with this protein complex had a lower Km for malate
compared to free mMDH. Such a complex may allow OAA generated by mMDH to be
directly transferred to GOT2, facilitating an efficient use of the transaminase for
glutamate-derived anaplerosis (Fahien et al., 1988).

Differential utilisation of cataplerotic pathways
Certain anaplerotic inputs are sometimes required to drive specific cataplerotic
pathways. For example, in the normal liver, ammonium released by GLS2 is assimilated
by the urea cycle, which requires stoichiometric amounts of aspartate (typically produced
from PC-derived OAA) (Meijer et al., 1978, Krebs and Henseleit, 1932). Mice with liverspecific knock-out of PC (PC-KO) had lower TCA cycle flux and also impaired urea cycle
function, in comparison to control mice. This indicated that in PC-KO mouse livers,
glutamine-derived anaplerosis could not compensate for the decrease in pyruvatederived anaplerosis, or its associated cataplerotic reactions (Cappel et al., 2019,
Shambaugh, 1977). Consistent with these results, patients with PC deficiencies often
suffer from hyperammonaemia, hypercitrullinemia and hepatic encelopathy due to
impaired urea cycle function (García-Cazorla et al., 2005, Habarou et al., 2015, MarinValencia et al., 2010).

In some cases, the requirement of a specific anaplerotic source to drive a cataplerotic
pathway may lead to fragmentation of the TCA cycle (Baggetto, 1992). For instance,
citrate efflux from mitochondria is a requirement for de novo lipid synthesis and, in
hepatoma cells, pyruvate was the primary source of the citrate required for cholesterol
biosynthesis. The rate of proliferation in these cells was directly proportional to the rate
of mitochondrial citrate efflux, but inversely proportional to respiration from citrate
oxidation in the TCA cycle. Furthermore, the lower TCA cycle was supported by
glutamate in these cells (Parlo and Coleman, 1984, Hatzivassiliou et al., 2005). Similarly,
HeLa cells, which were shown to rely on glutamine for anaplerosis, depended on GOT2
to produce α-KG. Inhibition of GOT2 by a pan-transaminase inhibitor, aminooxyacetate
(AOA), diminished TCA cycle intermediates and respiration in these cells, but did not
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affect citrate efflux, suggesting that the citrate pool that feeds into the classical TCA cycle
and that used for citrate efflux are distinct (Reitzer et al., 1979, Piva and McEvoy-Bowe,
1998).

Dysfunction of the mitochondrial electron transport system
Specific mitochondrial defects may also trigger citrate efflux for functions other than lipid
synthesis, and this may coordinate anaplerotic reactions as well. For example, cells with
mutations in mitochondrial DNA (mtDNA) or ETS defects showed increased glutaminederived anaplerosis which drove increased reductive carboxylation in comparison to
oxidative flux through the TCA cycle (Chen et al., 2018). Reductive glutamine
metabolism was, therefore, thought to support the growth of cells with defective
mitochondria, and consistent with this idea, cells with mutations in ETS complex I or III,
cells exposed to hypoxia, or cells subjected to acute inhibition of ETS complexes used
reductive carboxylation for citrate production, which was required to provide both acetylCoA for lipid synthesis and OAA for maintaining TCA cycle pools (Mullen et al., 2011,
Metallo et al., 2011). Similarly, murine cells with succinate dehydrogenase (SDH; also
known as complex II) knocked-out showed increased citrate production from reductive
glutamine metabolism, which was further metabolised to OAA (for aspartate generation
required for pyrimidine synthesis) by a reversed citrate synthase (CS), a typically
irreversible reaction (Lee et al., 2019). On the contrary, a previous study suggested that
SDH-deficient cells had increased flux through PC in order to generate OAA for
pyrimidine synthesis (Cardaci et al., 2015). Altogether, these studies show that
mitochondrial dysfunction may also drive a fragmented TCA cycle, which may then
necessitate differential utilisation of anaplerotic inputs.

Differential nutrient availability and uptake
In some cases, nutrient availability in the tumour microenvironment determined, in part,
by the perfusion level within the tumour, plays a role in regulating anaplerosis. In human
NSCLC, low perfusion levels were associated with increased oxidation of glucose
through the TCA cycle via both PDH and PC (relative to other nutrients). It was
suggested that the increase in glucose contribution to the TCA cycle in tumours with poor
perfusion was primarily due to the high concentration and diffusivity of glucose in
comparison to other nutrients (Hensley et al., 2016). Differences in nutrient levels in
varying tissues may also impact substrate utilisation for anaplerosis. For instance, lung
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metastases, but not the primary breast cancers, show increased PC-dependent
anaplerosis, which is both a consequence of increased PC mRNA expression in the lung
metastases and increased pyruvate availability in the lung microenvironment (allowing
mitochondrial pyruvate levels to reach within the range of the Km of PC) (Christen et al.,
2016).

Tumour models also behave differently in vivo compared to in culture as a consequence
of changes in available nutrients and interactions with other tissues. KRAS-driven lung
cancer cells had increased dependency on glutamine-derived anaplerosis when grown
in vitro versus in vivo, primarily due to influences from the lung tissue microenvironment
(Davidson et al., 2016). Similarly, stable-isotope labelling (in tissue culture conditions) in
C6 rat glioma cells and in SF188 human glioblastoma cells showed that glutamine was
the main anaplerotic source (Portais et al., 1996, DeBerardinis et al., 2007). However, in
human orthotopic models of glioblastoma, a significant fraction of glucose carbons in
fluorodeoxyglucose (18FDG)-PET-positive tumours was oxidised via the TCA cycle,
through both PDH and PC (Marin-Valencia et al., 2012). Consistent with this finding, a
later report showed that in glioblastoma tumours, glutamine from circulation only
marginally contributed to TCA cycle pools and glioblastoma tumours relied on the
cataplerotic enzyme glutamine synthetase (GLUL) to produce the glutamine required for
nucleotide biosynthesis (Tardito et al., 2015).

Regulation of anaplerotic pathways by TCA cycle intermediates
TCA cycle intermediates themselves can regulate anaplerotic enzymes through
allostery. PC is a tetrameric protein with two active sites: one site catalyses the ATPand HCO3--dependent carboxylation of biotin and the other site is a transferase that
transfers the carboxyl group onto pyruvate (Jitrapakdee et al., 2008, St Maurice et al.,
2007). Acetyl-CoA is required to bind to PC for its anaplerotic activity; however, binding
of TCA cycle intermediates, such as a-KG, to PC reduces its binding affinity for acetylCoA and inhibits PC activity. Such allosteric regulation may make PC activity adaptable
to acute changes in a-KG pools (Keech and Utter, 1963, von Glutz and Walter, 1976,
McClure and Lardy, 1971, Williamson et al., 1966).
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Figure 1.2. Mechanisms for regulation of anaplerotic pathways.
Schematic summarising mechanisms that regulate anaplerotic reactions, from those associated
with chronic changes to more acute ones.
1. miRNAs may regulate anaplerotic enzymes. miR-23 inhibits GLS1 expression and Myc
transcriptionally represses miR-23, leading Myc to induce GLS1-derived anaplerosis.
2. Post-translational modifications, such as dynamic acetylation of PEPCK, mediates
anaplerotic activity through PEPCK under high glucose conditions.
3. Enzyme supercomplexes, such as the protein complex formed by mMDH, GOT2 and
GDH may facilitate more efficient glutamine-derived anaplerosis.
4. Certain conditions, such as inhibition of mitochondrial ETS complexes or ETS
dysfunction, can give rise to a fragmented TCA cycle, requiring certain anaplerotic
substrates, such as Pyr, to feed into cataplerotic pathways, like Asp generation, for
pyrimidine synthesis.
5. Nutrient availability in the cancer cell microenvironment can regulate anaplerosis. GBM
cells in vitro relied on glutamine, but orthotopic models of GBM were more likely to use
glucose for oxidation through the TCA cycle.
6. Allosteric regulation by TCA cycle intermediates may regulate anaplerosis. a-KG inhibits
binding of acetyl-CoA to PC, which is required for PC-derived anaplerosis.
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1.2.2

Targeting anaplerosis in cancer

Identifying the regulatory mechanisms affecting individual anaplerotic pathways is often
the focus of most studies on anaplerosis; this is also the case for therapeutic strategies
targeting anaplerosis in cancer. In some cases, such strategies are successful. For
example, in a diverse panel of cancer cell lines, glutamine starvation in glutamineaddicted cells did not increase compensatory anaplerosis from other sources leading to
decreased proliferation rates (Cetinbas et al., 2016). Additionally, in MCF7 cells,
treatment with dimethyloxaloylglycine (DMOG), an a-KG-mimic, showed marked
decrease in the levels of TCA cycle intermediates and a decrease in glutaminedependent anaplerosis, which ultimately led to cell death (Fets et al., 2018). In triplenegative breast cancer cells and xenograft models, GLS inhibition using the smallmolecule inhibitor, CB-839, was associated with decreased glutamine-derived
anaplerosis and significant anti-proliferative activity (Gross et al., 2014).

In many cases, however, inhibition of a single anaplerotic enzyme leads to increased
utilisation of compensatory pathways. Glutamine deprivation in glioblastoma cells, for
example, resulted in increased PC activity and HCC cell lines that had high PC
expression better tolerated attenuation of GLS expression by shRNA-mediated knockdown (Cheng et al., 2011). In HeLa cells, GLS inhibition by Bis-2-(5-phenylacetamido1,3,4-thiadiazol-2-yl)ethyl sulphide (BPTES) increased dependence on mitochondrial
glutamate-pyruvate transaminase 2 (GPT2) for anaplerosis. This is because GLS
inhibition increased the levels of ROS, which induced the activating transcription factor
4 (ATF4) antioxidant stress response pathway to increase both GPT2 and ASNS
expression; as a result, cells inhibited by BPTES consume aspartate and glutamine in
the cytosol to generate asparagine and glutamate, which then produces a-KG through
anaplerotic GPT2 activity (Kim et al., 2019). This example illustrates that, upon acute
inhibition of one anaplerotic pathway, alternative routes that use the same substrate may
be activated to sustain anaplerosis. In a different context, in a panel of breast cancer cell
lines, there was differential sensitivity to GLS inhibition by BPTES, whereby sensitive
cells suffered from both bioenergetic stress (due to decreased TCA cycle metabolite
levels) and redox stress (due to depletion of glutathione, a product of glutamine
metabolism). Unlike sensitive cells, resistant cells had increased anaplerotic flux through
PC and an ability to maintain TCA cycle metabolite pools (Daemen et al., 2018). This
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study suggests that cells with the ability to maintain TCA cycle flux by upregulating
alternative anaplerotic pathways may have an advantage against inhibition of a single
anaplerotic enzyme. Altogether, these studies indicate that it is important to study the
consequence of therapeutic strategies on not only single anaplerotic pathways, but also
on compensatory pathways. Likewise, to generate effective strategies for targeting
anaplerosis, it may be critical to study and target the mechanisms that regulate the
coordination of different anaplerotic pathways.

1.3 Metabolic compartmentalisation
The mechanisms described in the previous section appertain to temporal regulation of
anaplerosis – from chronic changes in gene expression to acute changes through
allosteric

modulation.

A

related

aspect

of

these

mechanisms

is

spatial

compartmentalisation of metabolic pathways, from cells in a heterogenous population to
compartmentalisation of metabolism through enzyme supercomplexes (Figure 1.3).
Such compartmentalisation may contribute to the regulation of metabolism, and of
anaplerosis, in health and disease.
1.3.1

Metabolic compartmentalisation occurs at different scales

Compartmentalisation of metabolic activities within tissues is due to heterogenous cell
populations with distinct metabolic features (Altschuler and Wu, 2010). For example, in
the healthy liver, there is differential distribution of both enzymatic activities and
subcellular organelles between hepatocytes from the periportal and the perivenous
regions, indicating zonation of liver metabolic capacities (Gebhardt and Matz-Soja, 2014,
Jungermann, 1995). An important example of hepatic zonation comes from the
differential localisation of the two systems for ammonium detoxification. The full urea
cycle is expressed in the bulk of hepatocytes whereas GLUL is only expressed in
approximately 6% of the total hepatocyte population, primarily in those surrounding the
central lobular vein (Brosnan and Brosnan, 2009). The localisation of these two systems
was shown to be in series by experiments in which livers were either perfused in the
antegrade or the retrograde direction with ammonium; those perfused in the antegrade
direction released urea as the main nitrogenous product, whereas those perfused in the
retrograde direction released larger levels of glutamine and lower amounts of urea
(Häussinger and Gerok, 1983).
36

Chapter 1 Introduction

On the other hand, compartmentalisation within cells is due to segregation of reactions
to different organelles with the use of membranes that restrict the free flow of metabolites
(Gabaldón and Pittis, 2015). As briefly discussed in Section 1.2.1, metabolic
compartmentalisation can also occur at the single compartment level through enzyme
super-complexes. It is thermodynamically advantageous for the proteins in a particular
pathway to cluster together, so as not to rely on slow diffusion rates within the cellular
matrix for the metabolic product of one enzyme to become the substrate of the next
(Svetic, 2004, Ovádi, 1991). The earliest evidence of substrate channelling was the
observation that ammonium from glutamine deamidation was channelled to carbamoylphosphate synthetase 1 (CPS1) for urea production in both E. coli and in mitochondria
from isolated rat livers (Huang et al., 2001, Miles et al., 1999, Meijer, 1985, Nissim et al.,
1996). This also represented a link between glutamine anaplerosis and the urea cycle.
More recently, chemical cross-linking and subsequent mass spectrometry experiments
have provided evidence for mMDH, CS, and aconitase to form octameric complexes with
a continuous positively charged zone across their surface to facilitate directed transport
of negatively charged substrates (Wu and Minteer, 2015, Bulutoglu et al., 2016).
Furthermore, complexes of the ETS may also form respiratory supercomplexes, or
respirasomes, facilitating differential respiratory capacities (Milenkovic et al., 2017).
Thus, cellular metabolic compartmentalisation may occur at varying scales, from the
physical separation of organelles with different metabolic functions to the selective
channelling of metabolites through particular pathways within a single organelle.

Figure 1.3. Metabolic compartmentalisation occurs at varying scales.
Schematic illustrating the different scales at which metabolic compartmentalisation may occur.
Healthy tissues and tumours are comprised of heterogenous cell populations with different
metabolic features, represented by different coloured cells. Within a cell, membrane-separated
organelles, such as mitochondria, have different metabolic functions. Finally, within a single
organelle, enzyme supercomplexes may form, inducing substrate channelling.
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1.3.2

Whole cell metabolomics do not capture the dynamics of metabolism
within a single compartment

Current cellular metabolomics techniques are able to provide broad, as well as sensitive,
methods to quantify absolute and relative intra- and extra-cellular metabolite levels. Use
of stable-isotope tracers (such as

13C, 15N, 2H)

further illuminate qualitative changes in

pathway contributions by analysis of the isotopic labelling patterns in the quantified
metabolites, or the mass distribution vectors (MDVs) (Buescher et al., 2015). While these
tools are indispensable to our understanding of overall cellular metabolism, they fail to
capture the specific dynamics of metabolism within the different compartments of the
cell.

Many metabolites are simultaneously present in multiple cellular compartments. Under
certain experimental conditions, it may be possible to infer compartment-specific
labelling patterns. Pyruvate, for example, is present in both mitochondria and the
cytoplasm. Lactate and alanine are directly derived from pyruvate, where lactate is
typically produced in the cytosol and alanine in mitochondria. Thus, by looking at MDVs
of lactate and alanine, one may estimate the compartment specific MDV for pyruvate
(Vacanti et al., 2014, Yang et al., 2014, Groen et al., 1982, Buescher et al., 2015).
However, such an output for compartmentalised metabolism may only be used for a
small number of metabolites, given that they or their products are not supplemented in
the media. Additionally, genetic engineering tools may be used to attenuate expression
of compartment-specific isoforms of metabolic enzymes, such that labelling of the
product metabolite reflects compartment-specific production (Lewis et al., 2014).
However, given the inherent plasticity of metabolic networks, such an approach may not
be appropriate for all metabolic pathways.
1.3.3

Developing tools to study metabolism in isolated mitochondria

Mitochondria are eukaryotic organelles that are enclosed by an outer and inner
membrane. Mitochondria carry out essential metabolic processes, including oxidation of
carbons through the TCA cycle, ATP generation by the ETS, amino acid synthesis by
mitochondrial aminotransaminases, and long-chain fatty acid catabolism via b-oxidation
(Wallace, 2009, Birsoy et al., 2015). An emerging idea is that mitochondria may act as
signalling organelles since they have evolved to form a metabolic symbiosis with the cell
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(Chandel, 2015, Frezza, 2017). There are several ways that mitochondria may
communicate their fitness to the cell, including the release of metabolites and ROS,
changes in inner mitochondrial membrane potential, and calcium uptake and release
(Wallace, 2009). Therefore, it is increasingly important to decipher how the two main
functions of mitochondria (the bioenergetic and the biosynthetic) interplay under varying
stresses.

Mitochondria are often studied for their role in energy metabolism. This function is
typically investigated by assaying respiration fuelled by substrates (e.g. pyruvate,
glutamate, malate). These substrates, in combination with inhibitors of oxidative
phosphorylation (OXPHOS) and uncouplers have been used to decipher the link
between TCA cycle and respiratory function (Gnaiger, 2014, Chance and Williams,
1955a, Chance and Williams, 1955b). It has previously been suggested that TCA cycle
intermediates may drive OXPHOS in a manner that depends on the pathway they are
derived from. For example, in Ehrlich tumour mitochondria, malate derived from
glutamate oxidation was oxidised by malate dehydrogenase (MDH) to produce OAA,
whereas malate that was added exogenously was converted to pyruvate via malic
enzyme (Moreadith and Lehninger, 1984). Thus, differences in the mitochondrial port of
entry of the same metabolite could lead to different metabolic fates.

Lehninger and colleagues came to these conclusions by studying metabolite efflux over
time of compounds such as aspartate, glutamate and ammonia from isolated
mitochondria (Moreadith and Lehninger, 1984). Such tools, though effective, are limited
since coupled enzyme reactions could only measure exported metabolites. Stableisotope tracers can provide more detailed insights into the exact metabolic pathways
utilised by different substrates to study the molecular mechanisms that led to the
observations of compartmentalisation within mitochondria.

Recently, there have been interesting developments in investigating compartmentalised
mitochondrial metabolism. Rapid isolation of epitope-tagged mitochondria from cells
showed that inhibition of different respiratory chain complexes led to unique
metabolomics signatures, which could not be identified by analysing whole cell
metabolites (Chen et al., 2016). Tracing with stable-isotopes followed by fractionation of
the cytoplasmic and mitochondrial fraction was also used to show that SDH-deficient
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cells may use reversed CS to support cell growth (Lee et al., 2019). These approaches
highlight the value of tools that provide information about compartmentalisation to
discover previously unknown pathways. Therefore, to understand the impact of spatial
compartmentalisation of anaplerotic pathways on the TCA cycle, this thesis will first aim
to develop and optimise tools to correlate mitochondrial metabolic fluxes with
mitochondrial respiratory fluxes; such tools will aid in understanding the impact of
different carbon fluxes to the TCA cycle on an essential mitochondrial functional output
– oxygen consumption and ATP production through the ETS.

1.4 Revisiting old ideas with new technologies: carbon and
nitrogen balance within mitochondria
Aside from being a source of carbon, glutamine is also an important nitrogen donor
through transamidation and transamination reactions (Altman et al., 2016). The
pathways used to balance the dual role of glutamine as both a carbon and a nitrogen
donor in varying tissue- and cell-types have long been debated, and studies often
consider the two functions separately (Brosnan and Brosnan, 2009).

Braunstein first proposed that GDH plays a central role in glutamate catabolism due to
its high abundance in most mammalian tissues (Braunstein, 1957). Later studies in
isolated mitochondria (from the liver and Ehrlich tumour cells) found that about 80-90%
of glutamate oxidation was primarily through transaminases, whereas only a small
percentage was deaminated by GDH (Kovacevic, 1971, Moreadith and Lehninger,
1984). However, experiments performed in the whole liver suggested higher rates of
glutamate oxidation via GDH than in isolated liver mitochondria (Parrilla and Goodman,
1974). Braunstein also introduced the terms ‘transreamination’ (incorporation of an
ammonia nitrogen into an amino acid) and ‘transdeamination’ (removal of an ammonia
from an amino acid) to point out that oxidation of glutamate through GDH may be coupled
with an aminotransferase reaction, and more recent studies in the brain have shown tight
association of GDH with BCAT, suggesting that the amino group on BCAAs may undergo
transdeamination (Braunstein, 1957, Cooper, 2012, Hutson et al., 2011). In the brain, it
was also suggested that differential distribution of transaminases and GDH may
contribute to compartmentalisation of glutamate metabolism (McKenna et al., 2000).
Finally, in mammary epithelial cells, it was shown that proliferative cells were more likely
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to oxidise glutamate through GOT2, whereas quiescent cells were more likely to use
GDH (Coloff et al., 2016). Altogether, these studies suggest that, depending on the
context, glutamate- (and, by extension, glutamine-) derived carbons may utilise different
pathways to contribute to a-KG production (Figure 1.4).

The above examples consider the amine group on both glutamate and glutamine;
however, glutamine also has an extra amide group, which is released as ammonium by
mitochondrial glutaminases (Figure 1.4). Early reports in Ehrlich ascites tumour cells and
in isolated rat liver mitochondria suggested that there may be differences in the way
glutamate and glutamine are metabolised within mitochondria, which may be, in part,
due to differences in ammonium production (Moreadith and Lehninger, 1984, Kovacevic
and McGivan, 1983). In the normal liver, glutamine-derived ammonium is channelled into
CPS1 and assimilated to urea through the urea cycle (Meijer, 1985, Krebs and Henseleit,
1932). In bovine liver mitochondria, in the presence of NADPH and ammonium, GDH
catalysed the conversion of GOT2 from the pyridoxal phosphate form to the pyridoamine
phosphate form, rendering GOT2 more active in the anaplerotic direction (generating aKG from glutamate) and promoting the reductive amination of a-KG via GDH to fix free
ammonium into glutamate, and transfer the amine group directly to aspartate (Fahien
and Smith, 1969). More recently, it was shown that in breast cancer cells, glutaminederived ammonium and that from the tumour microenvironment was assimilated by GDH
activity (Spinelli et al., 2017b). Together, these studies raise the possibility that
differential mitochondrial ammonium levels from the combined effects of glutaminase
activity and mitochondrial ammonium scavenging pathways may influence glutamine
carbon flux into the TCA cycle. This thesis will use the tools developed to analyse
compartmentalised mitochondrial metabolism to resolve the differences observed in
glutamate and glutamine catabolism and gain an understanding for why these
differences may occur.
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Figure 1.4. Carbon and nitrogen balance from glutamine catabolism.
Schematic illustrating the major pathways that catabolise glutamine (and glutamate) for the TCA
cycle (transamidases, CAD, ASNS in the cytosol; GDH, GPT2, GOT2 and GLS in
mitochondria), and the pathways that are involved in nitrogen maintenance, either through the
transfer of nitrogen groups to carbon backbones, the generation of free ammonium or the
clearance of free ammonium (CAD, ASNS, transamidases, GLUL and part of the urea cycle in
the cytosol; GLS, GDH, GPT2, GOT2, CPS1 and part of the urea cycle in mitochondria).
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1.5 Thesis aims
The overarching aim of this thesis is to resolve the differences in glutamine-derived
anaplerosis when glutamine is deamidated to glutamate within mitochondria versus in
the cytosol or when glutamate is provided exogenously and to investigate the
consequences of differential glutamine-anaplerosis on glucose-derived anaplerosis. The
results chapters of this thesis will address this aim in the following manner:

1. To reduce the complexity of interpreting metabolomics data from whole cells, in
Chapter 3, a pipeline was established and optimised to study mitochondrial
metabolism in vitro. Cell-free mitochondria isolated from normal mouse livers
were used to establish methods for studying mitochondrial respiration and stableisotope labelling-based metabolomics and analysis by GC-MS and NMR.
2. In Chapter 4, tools developed to study metabolism in cell-free mitochondria were
used to resolve differences in mitochondrial metabolism with glutamate versus
glutamine as substrates.
3. In Chapter 5, cell-free mitochondria were used to study the impact of the changes
associated with differential glutamine versus glutamate metabolism on pyruvatederived anaplerosis.
4. In Chapters 4 and 5, changes in metabolism observed in cell-free mitochondria
were a consequence of acute changes to the metabolic network. In Chapter 6,
whole cells and HCC tumour models were used to investigate the interplay
between the acute coordination between glutamine- and glucose-derived
anaplerosis and chronic changes in the expression of ammonium producing and
scavenging enzymes.
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Chapter 2.
Materials & Methods
2.1 General methods
2.1.1

Chemicals, consumables and frequently used solutions

Chemicals were purchased from Sigma-Aldrich, unless otherwise stated. Stable isotope
labelled compounds were purchased from Cambridge Isotope Laboratories. Table 2.1
contains the formulations of frequently used solutions and buffers. Concentrated stocks
of Tris-Acetate-EDTA (TAE) buffer, protein running buffer, protein transfer buffer, and
stocks of Luria broth (LB), phosphate-buffered saline (PBS) and Super Optimal broth
with Catabolite repression (SOC media) were obtained from the Francis Crick Institute
media kitchen.
2.1.2

Animals

All experimental procedures were conducted in conformity with public health service
policy on humane care and use of laboratory animals. These studies were approved by
the Francis Crick Institute animal research committee and comply with a license ratified
by the UK Home Office. Mice were housed under a light-dark cycle of 12:12 h with
controlled humidity (45%) and temperature (22 – 24˚C).

Induction of liver tumours
Two-week

old

C57BL/6J

male

mice

were

injected

intraperitoneally

with

diethylnitrosamine (DEN) at a dose of 25 mg/kg (Park et al., 2010). At 5 weeks of age,
mice were switched to either western diet or chow. Tumour development was evaluated
by magnetic resonance imaging (MRI) at 25 weeks after which stable isotope infusions
were performed. DEN injections and MRI imaging were performed by Patricia Nunes
(Anastasiou Lab).
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Table 2.1. Frequently used solutions and buffers

Name

Constituents

ECL-A
ECL-B

100 mM Tris-HCl pH 8.5, 5 mM luminol, 0.8 mM coumaric acid
100 mM Tris-HCl pH 8.5, 0.018% H2O2
50 mM Tris-HCl pH 6.8, 1% sodium dodecyl sulfate (SDS), 10%
glycerol, 5% beta-mercaptoethanol, 0.0002% bromophenol blue
50 mM Tris-HCl pH 7.5, 250 mM NaCl, 5 mM EDTA, 50 mM NaF,
IGEPAL CA630
137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4

Laemmli buffer
TNN Lysis buffer
PBS
Protein running
buffer
Protein transfer
buffer
Protein stripping
buffer
TBS-T
TAE buffer
Luria broth
SOC medium
Mitochondrial
isolation buffer
Mitochondrial
washing/storage
buffer
Mitochondrial
working buffer

2.5 mM Tris-HCl pH 7, 0.2 M glycine, 0.01% SDS
20% methanol, 2.5 mM Tris-HCl pH 7, 0.2 M glycine
62.5 mM Tris-HCl pH 6.8, 2% SDS, 100 mM β-mercaptoethanol
500 mM Tris-HCl pH 7.5, 1.5 M NaCl, 1% Tween-20
40 mM Tris-HCl pH 8.3, 0.1% acetic acid, 1.3 mM EDTA, 0.005%
SDS
1% bactotryptone, 0.5% yeast extract, 170 mM NaCl, 36 mM
K2HPO4, 13 mM KH2PO4, 1.7 mM sodium citrate, 0.4 mM MgSO4,
6.8 mM (NH4)2SO4
1.6% bactotryptone, 0.4% yeast extract, 0.8 mM NaCl, 2 mM KCl, 2
mM MgCl2, 2 mM Mg SO4, 4 mM glucose
250 mM sucrose, 10 mM HEPES, 0.1% bovine serum albumin (fatty
acid-free), adjusted to pH 7.2
250 mM sucrose, 10 mM HEPES, adjusted to pH 7.2
130 mM sucrose, 50 mM KCl, 5 mM KH2PO4, 5 mM MgCl2, 5 mM
HEPES, 50 µM EDTA, adjusted to pH 7.2

2.2 Molecular methods
2.2.1

Molecular cloning

Bacterial cultures were grown in LB supplemented with either 25 µg/mL chloramphenicol
or 100 µg/mL carbenicillin (a stable version of ampicillin) at 37°C. Agarose gels were
prepared using TopVision Agarose (#R0492, Thermo Fisher Scientific) with Midori Green
(#MG 04, Nippon Genetics). GeneRuler 1 kb DNA Ladder (#SM0311, Thermo Fisher
Scientific) was used as a molecular weight marker. Purification of DNA from agarose
gels was carried out using the QIAquick Gel Extraction Kit (Qiagen). For small-scale DNA
purifications (mini-preps), the QIAprep Spin Miniprep Kit (Qiagen) was used. For larger45
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scale DNA purifications (midi-preps), the Nucleobond Xtra Midi Kit (Macherey-Nagel)
was used. DNA was eluted in or resolubilised with nuclease-free water (Qiagen,
#129114). Restriction enzymes were from New England Biolabs and DNA ligation was
performed using the Rapid DNA Ligation Kit (Thermo Fisher Scientific). Sub-cloning
Efficiency DH5a Competent E. coli cells (#18265-017, Thermo Fisher Scientific) were
chemically transformed according to manufacturer instructions. Cloned DNA was Sanger
sequenced by Source Biosciences (Cambridge, UK).
2.2.2

Plasmids used in this work

Table 2.2 lists all DNA plasmids used in this work. DNA plasmids were obtained as
glycerol stocks from Addgene, the TRC library (Dharmacon), Origene, or VectorBuilder.

Table 2.2. List of DNA plasmids used in this work
Amp, ampicillin; Cam, chloramphenicol; Kan, kanamycin; Puro, puromycin; Bsd, blasticidin.
Name

Backbone

Type

Bacterial
Mammalian
Source
Resistance Resistance

ID

pLKO.1 empty
GLS1-1 shRNA
GLS1-2 shRNA
GLS1-3 shRNA
pLenti-HA-Bsd empty

pLKO.1
pLKO.1
pLKO.1
pLKO.1
pLenti-HA-Bsd

lentiviral
lentiviral
lentiviral
lentiviral
lentiviral

Amp
Amp
Amp
Amp
Cam

8453
TRCN0000051133
TRCN0000051134
TRCN0000051135
PS100104

huKGA cDNA

pLV[Exp]-CMV

pLenti-huKGA-HA-Bsd
huCPS1 cDNA

Puro
Puro
Puro
Puro
Bsd

Addgene
TRC
TRC
TRC
Origene

mammalian
Amp
expression

Bsd

Vectorbuilder

pLenti-HA-Bsd

mammalian
Cam
expression

Bsd

This work

N/A

pCR-XL_TOPO

bacterial
expression

N/A

Dharmacon

BC140943 Clone ID
9056755

Bsd

This work

N/A

pLenti-huCPS1-HA-Bsd pLenti-HA-Bsd

2.2.3

Kan

mammalian
Cam
expression

VB180502-1228agk

Design and cloning of overexpression constructs

Human GLS1 (KGA alternative splice isoform) and human CPS1 cDNAs were amplified
and cloned into the pLenti-HA-IRES-BSD using the restriction sites (noted in Table 2.3)
for lentivirus production. The primers used to amplify the cDNAs are also listed in Table
2.3. Results from experiments where these constructs were used were compared to a
control cell line transduced with virus encoding empty pLenti-HA-IRES-BSD vector.
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Table 2.3. List of primers used for cloning
lowercase italics = Kozak sequence; UPPERCASE BOLD = restriction enzyme cleavage site;
UPPERCASE = insert
cDNA
Species Forward Primer Sequence
Reverse Primer Sequence
Restriction Enzymes
GLS1 (KGA) Human cgcGGATCCacc ATGATGCGGCTG
gcgCTCGAGCAACAATCCATC BamH1 & Xho1
CPS1
Human cgcGCGATCGCaccATGACGAGGATT gcgCTCGAGTGCTGCTTTTCC Sgf1 & Xho1

2.3 Cell culture methods
2.3.1

Cell lines and media

HEK293T, MCF7, HepG2, and Huh7 cells were provided by the Crick Cell Services
facility. All cells were maintained in a humidified incubator at 5% CO2 and 37°C. Media
components were purchased from Gibco (Thermo Scientific Fisher), unless otherwise
stated, and sterile materials for cell culture were purchased from Mettler-Toledo,
Corning, BD Biosciences, Thermo, and Eppendorf. Except MCF7 cells, all parental cell
lines were maintained in DMEM [high glucose (Glc), no glutamine (Gln), #11960085,
detailed formulation in Appendix Table A 1], supplemented with 10% fetal calf serum
(FCS), 2 mM L-Gln (#25030-081) and penicillin-streptomycin (#15140122). Cells were
passaged by removing growth medium, washing cells with DPBS (no calcium, no
magnesium, #14190169), and adding Trypsin-EDTA (0.05%, #253000054). After
trypsinisation (at 37°C), cells were resuspended in growth medium and transferred to
new plates.

MCF7 cells were cultured in RPMI (no glutamine, #21870076) supplemented with 10%
FCS, 2 mM L-Gln, and penicillin/streptomycin. Cells were passaged as described above,
but in RPMI media with appropriate supplements.

To seed cells for experiments, cells were centrifuged at 1500 rpm for 3 minutes (Thermo
Heraeus Multifuge X3R) after trypsinisation, counted using a Nexcelom Cellometer Auto
T4 cell counter and seeded in DMEM (no Glc, no Gln, no phenol-red, #A14430001), with
5.5 mM Glc, 10% dialysed FCS, 2 mM L-Gln and penicillin/streptomycin added or RPMI
(no Gln) with 10% dialysed FCS, 2 mM L-Gln and penicillin/streptomycin. FCS was
dialysed for 24 hours in 2x 5 L PBS using a Spectra/Por 3 dialysis membrane (MWCO
3.5 kDa, #132724).
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2.3.2

Virus production and transduction of cells with virus

For lentivirus production, a 10 cm dish of HEK-293T cells (at 50-60% confluency) were
transfected with 0.4 µg pMD2.G (VSV-G), 3.7 µg pMDLg/pRRE (GAG/POL), 3.7 µg
pRSV-Rev, and 4.2 µg overexpression plasmid, shRNA plasmid or empty-vector control
plasmid (for details, see Table 2.2). Transfections were performed using FuGENE HD
Transfection Reagent (Promega), following manufacturer instructions. Medium was
changed the day after the transfection and viral supernatant was harvested two and three
days after transfection. Viral supernatants were filtered with a 0.45 µm syringe filter
(#SLHV033RS, Merck) and polybrene (#107689, Sigma Aldrich) was added to a final
concentration of 4 µg/mL, before aliquots were stored at -80°C until further use. Cells to
be infected were seeded the day before viral transduction. 6 mL of viral supernatant per
10 cm dish was added for 6 hours before the medium was changed to fresh media. The
next day, cells were passaged into media with either 1 µg/mL puromycin or 5 µg/mL
blasticidin (203350, Millipore). Selection efficiency was measured using an untransfected
control plate and complete selection was usually achieved within a week.
2.3.3

Continuous cell proliferation assay

Cells were seeded the day before the start of the experiment in 96-well plates (black,
transparent bottom, #CLS3606, Sigma Aldrich) at 6000 cells/well or in 24-well plates at
30,000 cells/well. Media was changed to appropriate experimental conditions 16-18 h
after seeding. Continuous cell growth was monitored on an IncuCyte FLR (Essen
BioScience) by taking phase contrast photos every 4 h for 4-5 days at 10x magnification.
NucView 488 Caspase-3 substrate was added to each well at 5 µM final concentration
to measure the number of apoptotic cells over time (IncuCyte Caspase 3/7 Reagent,
#4440). The dye enters the cytoplasm and is cleaved by Caspase-3/7 during apoptosis,
releasing the high affinity DNA dye, which then migrates to the cell nucleus and stains
DNA with green fluorescence (Cen et al., 2008). Fluorescence was also detected on the
IncuCyte FLR.
2.3.4

Cell mass accumulation assay (crystal violet staining)

Cells were seeded in 24-well plates (30,000 cells/well). Media was changed to
appropriate experimental conditions 16-18 h after seeding. Cells were washed twice with
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PBS and fixed with 4% PFA, pH 7.4 for 15 min at room temperature. Fixed cells were
washed with PBS. Cells were stained with crystal violet staining solution (0.1% crystal
violet, 20% methanol) for 15 min, washed twice with distilled water (10 min each) and
dried overnight. Crystal violet staining was resolubilised in 200 - 400 µL of 10% acetic
acid and 100 µL were subsequently transferred to transparent 96-well plates.
Absorbance was measured at 595 nm using a Tecan infinite M1000 Pro plate reader.

2.4 Biochemistry methods
2.4.1

Western blot

Cells were washed twice with PBS and lysed in Laemmli buffer (without bmercaptoethanol and bromophenol blue, refer to Table 2.1) and stored at -20˚C until
further use. Isolated mitochondria, corresponding cytosolic fractions and whole cell
extracts were also lysed in Laemmli buffer and stored at -20˚C until further use. Mouse
tissues were flash-frozen with liquid N2 and powderised. 30-50 mg of ground tissue was
weighed out and protein was extracted with TNN lysis buffer (Table 2.1) supplemented
with protease and phosphatase inhibitors. Samples were tip sonicated, centrifuged at
maximum speed for 20 min at 4˚C. Protein concentration of lysed samples was
measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific), according
to manufacturer instructions. After addition of 5% b-mercaptoethanol and bromophenol
blue, samples were boiled at 95˚C for 5 min. Sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) gels were hand cast in 10- or 15-well formats using the
Bio-Rad Mini-PROTEAN Tetra Handcast System. Resolving gels were made by mixing
8% or 10% acrylamide, 375 mM Tris pH 8.8, 0.1% SDS, 0.1% APS, and 0.06% TEMED.
Stacking gels were prepared using 5% acrylamide, 130 mM Tris pH 6.8, 0.1% SDS, 0.1%
APS and 0.1% TEMED. 20-30 µg of protein was loaded onto an SDS-PAGE gel and
separated in protein running buffer (refer to Table 2.1) at 80-100 V until the molecular
weight marker, EZ-Run Prestained Rec Protein Ladder (Thermo Fisher Scientific),
showed appropriate separation. Subsequently, proteins were transferred onto a 0.2 µm
nitrocellulose membrane (#1620112, Bio-Rad) in protein transfer buffer (Table 2.1) for 2
h at 400 mA and 4˚C using a Hoefer TE 22 transfer system. Ponceau S staining (#P7170)
was used to test the quality of the protein transfer as well as the consistency in protein
loading. Membranes were then blocked with 5% milk (#70166) in TBST (Table 2.1) for 1
h at room temperature while shaking. Membranes were incubated in primary antibodies
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(Table 2.4) diluted appropriately in 5 mL of either 5% milk in TBST or 5% bovine serum
albumin (BSA, #A4503) in TBST overnight at 4˚C. Membranes were washed three times
with TBST for 10 min before incubation with secondary antibody (horseradish peroxidase
conjugated goat anti-rabbit IgG, goat anti-mouse IgG, or rabbit anti-goat, Merck, 1:2000
in 5% milk in TBST, 10 mL total) for 1 h at room temperature. After, membranes were
washed with TBST three times, 10 min each. Prior to visualising membranes, ECL-A and
ECL-B solutions (Table 2.1) were mixed 1:1 and membranes were incubated in 2 mL of
ECL mixture for 1 minute. Antibodies were visualised by chemiluminescence and imaged
with Amersham Imagequant 600 RGB, according to manufacturer’s instructions or using
medical x-ray film developed in an AGFA Curix 60 processor. Membranes were first
exposed using the automatic setting on the Amersham and then exposed for longer
intervals until appropriate bands were visualised.

Table 2.4. Antibodies used in this work

Protein
Target
Cytochrome
C
Tubulin
GLUL
GLS1
(human)

Host

Supplier

Mouse
Mouse
Mouse

BD Biosciences
Sigma Aldrich
BD Biosciences

556433
T9026
610518

15
50
42

1:500
1:5000
1:1000

Rabbit

Abcam

156876

65-70

1:5000

65-70
66
42
50

1:1000
1:500
1:1000
1:1000

150
47.5
58

1:500
1:500
1:500

130

1:500

GLS1
(mouse)
GLS2
B-Actin
GDH

Rabbit
Rabbit
Mouse
Rabbit

CPS1
GOT2
GPT2

Mouse
Mouse
Rabbit

PC

Goat

2.4.2

Catalogue # MW (kDa)

Abcam
93434
Abcam
113509
Sigma Aldrich
A2228
ProteinTech
14299-1-AP
Santa Cruz
Biotechnologies sc-376190
Thermo
MA5-15595
Thermo
PA5-27453
Santa Cruz
Biotechnologies
sc-46228

Dilution

Isolation of mitochondria from mouse tissues

The mitochondria isolation method was adapted from Frezza et al, 2007. 2-6 wild-type
C57BL/6J mice were euthanized by cervical dislocation and livers were quickly
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dissected, washed in ice-cold PBS and pooled in 40 mL ice-cold mitochondrial isolation
buffer (Table 2.1) per two livers. Livers were homogenised using a Potter-Elvehjem
PTFE pestle and glass tube on ice. Homogenates were centrifuged at 800g for 10 min
at 4ºC and the supernatant was collected. The supernatant was centrifuged at 10,000g
for 10 min at 4ºC. The supernatant was discarded and the mitochondrial pellet was
washed twice in mitochondrial storage buffer (Table 2.1). Mitochondria from all the livers
were pooled and the final pellet was resuspended in 100-500 μL mitochondrial storage
buffer. Mitochondrial protein was quantified using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific), according to manufacturer instructions.
2.4.3

Mitochondrial oxygen consumption

Mitochondrial oxygen consumption was determined in 1 mg of mitochondrial protein
suspended in 2 mL mitochondrial working buffer (Table 2.1) through oxygen
concentration measurements in an Oroboros Oxygraph-2K oxygen electrode system
(Oroboros Instruments) at 37ºC.

Substrate and inhibitor titrations were adapted from Gnaiger, 2014. Substrate titrations
were as follows: Glu, Gln, ornithine, NH4+ and HCO3- were titrated up to 10 mM final
concentration (unless otherwise noted in the corresponding figure); pyruvate (Pyr) was
titrated up to 5 mM final concentration; ADP was titrated up to 3 mM final concentration;
octanoylcarnitine (Oct) was titrated up to 0.2 mM final concentration; N-acetylglutamate
(NAG) was titrated up to 1.5 mM final concentration. Cytochrome c was used at 10 μM
final concentration. Inhibitor titrations were as follows: antimycin A was used at 2.5 μM
final concentration to inhibit complex III and measure residual oxygen consumption;
oligomycin was used at 2.5 μM final concentration to block the proton channel of the
ATP synthase complex; aminooxyacetate (AOA) was titrated up to 6 mM to inhibit
transaminases.
2.4.4

NADH absorbance measurement

The NADH absorbance method was adapted from Frezza et al, 2011. 250 μg
mitochondria were added to 100 μL media per well of a 96-well plate. Media contained
10 mM Glu or Gln, 5 mM Pyr, 3 mM ADP, 10 mM ornithine, 10 mM HCO3-, 1.5 mM NAG
and up to 10 mM NH4Cl in mitochondrial working buffer (Table 2.1), depending on the
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substrate composition noted in the corresponding figure. All measurements were
recorded in triplicate. Rotenone was added to three wells per condition tested (at 0.5 μM
final concentration) to measure maximum NADH autofluorescence under the appropriate
substrate composition. Plates were shaken for 5 sec and incubated at 37ºC during the
measurements in a Tecan Infinite M1000 Pro plate reader. NADH autofluorescence was
measured using a fluorescence excitation of 340 ± 10 nm and an emission of 470 ± 10
nm.
2.4.5

Stable isotope labelling and sample preparation for metabolomics analysis

Cell-free mitochondria
Metabolomics sample preparation, gas chromatography-mass spectrometry (GC-MS)
data processing and analysis were adapted from Grimm et al, 2016. For GC-MS analysis
of polar metabolites from cell-free mitochondria, 0.6 mg mitochondrial protein per 250 µL
mitochondrial working buffer (Table 2.1) were resuspended in triplicate in 1.5 mL
eppendorf tubes and supplemented with the appropriate concentration of nutrients or
inhibitors, stable isotope-labelled or unlabelled (10 mM Glu or 10 mM Gln, 5 mM Pyr, 3
mM ADP; up to 10 mM NH4Cl; 10 mM ornithine, 0.2 mM N-acetylglutamate, up to 10 mM
HCO3; up to 2 mM AOA). Eppendorf tubes containing mitochondria, buffer, nutrients and
a magnetic stir bar were immersed in a water bath at 37ºC atop a magnetic heat-stir.
Mitochondria were incubated with nutrients for 10 min, unless otherwise noted; the
reaction was quenched by rapidly centrifuging mitochondria using a table-top centrifuge
at 4ºC, removing the buffer and resuspending the mitochondrial pellet in 2:1 (v/v) icecold chloroform/methanol (900 μL total). Samples were sonicated in a water bath for 3x8
min and metabolites were extracted overnight at 4ºC. The chloroform/methanol mixture
was transferred to a fresh eppendorf and dried down using a centrifugal evaporator
(Christ RVC 2-33 CDplus). The original samples were re-extracted on ice with 2:1 (v/v)
methanol/H2O (600 μL total, with 1 nmol scyllo-inositol (#I8132) added as an internal
standard). Samples were centrifuged and the methanol/H2O mixture was combined with
the

dried

samples,

dried

again

and

resuspended

in

3:3:1

(v/v/v)

methanol/H2O/chloroform, to separate polar metabolites from apolar metabolites.

For NMR analysis of labelling into intramitochondrial ammonium from isolated
mitochondria, 2.5 mg mitochondrial protein per 1 mL mitochondrial working buffer (Table
2.1) were resuspended in 1.5 mL eppendorf tubes supplemented with the appropriate
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concentrations of nutrients (10 mM [U-13C, 15N]-Glu or 10 mM [U-13C, 15N]-Gln, or 10 mM
[15N-e]-Gln, 5 mM Pyr and 3 mM ADP). 12-15 mg total mitochondrial protein was used
per sample, and mitochondrial extracts were pooled together during extraction.
Eppendorf tubes containing mitochondria, buffer, nutrients and a magnetic stir bar were
immersed in a water bath at 37ºC atop a magnetic heat-stir. Mitochondria were incubated
with nutrients for 10 min, and the reaction was quenched by rapidly centrifuging
mitochondria using a table-top centrifuge at 4ºC, removing the buffer and resuspending
the mitochondrial pellet with 500 μL 7% ice-cold perchloric acid. Protein was centrifuged
out by using a table-top centrifuge at 4ºC for 10 min. Supernatants belonging to the same
sample were pooled together in a 15 mL falcon tube and pH was adjusted to pH 3.5
using potassium hydroxide (KOH). Precipitated potassium perchlorate (KClO4) was
removed by centrifugation at maximum speed at 4ºC for 10 min. The supernatant was
transferred to a fresh 15 mL falcon tube and lyophilised (Labconco). Freeze-dried
samples were resuspended in 400 μL H2O.

Whole cells
For GC-MS analysis of polar metabolites from cells, cells were seeded in 6-well plates
at 0.5 - 1x106 cells per well, 4 replicates per condition, 24 h prior to harvest. 1 h before
the start of the experiment, media was changed, and again at the start of the experiment
containing the isotopically labelled nutrient (5.5 mM [U-13C]-Glc, 2 mM [15N-e]-Gln, or 2
mM [U-13C]-Gln). After 4 h or 24 h of labelling, cells were washed twice with ice-cold
PBS, immediately quenched with liquid N2 and kept on dry ice until extraction. In parallel,
cells from 3 wells per experimental condition were counted using a Nexcelcom
Bioscience Cellometer Auto T4 for subsequent normalisation of data per cell number.

Metabolites were extracted by scraping cells in 725 μL ice-cold methanol, and
transferring the contents to a microcentrifuge containing 180 μL H2O (with 1 nmol scylloinositol added as an internal standard) and 160 μL chloroform. Wells were re-scraped in
an additional 725 μL of cold methanol and added to the same corresponding tube.
Samples were sonicated in a water bath for 3x8 min and metabolites were extracted
overnight at 4ºC. Samples were centrifuged and the supernatant was dried using a
centrifugal evaporator and resuspended in 3:3:1 (v/v/v) methanol/H2O/chloroform (350
μL total), to separate the polar metabolites from the apolar metabolites.
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Animal tissues
Infusions and tissue collection were performed with Patricia Nunes (Anastasiou Lab).
Mice were subjected to a primed-constant infusion with [U-13C]-Glc at 0.012 mg g-1 min1

and prime 0.4 mg g-1 for 120 min via jugular vein. Blood spots were collected from the

saphenous vein at 0, 60, 90 and 120 min using a micro-sampling capillary blood
collection device (Neoteryx #100601). For labelling with [15N-e]-Gln, mice were subjected
to a primed-constant infusion with the stable-isotope label at 0.005 mg g-1 min-1 and
prime 0.14 mg g-1. Blood spots were collected from the saphenous vein at 0, 60, 120 and
180 min. At the end of the infusion, tissues were rapidly excised and freeze-clamped in
liquid N2 and whole-blood withdrawn. Tissues and serum were stored at -80ºC till further
analysis. To extract polar metabolites, tissues were freeze-dried overnight (Labconco),
and dried tissues were ground using a mortar and pestle. Approximately 10 mg of ground
tissue (2 replicates per animal) were weighed. The tissue metabolites were first extracted
with 900 µL 2:1 (v/v) chloroform/methanol, sonicated in a water bath for 3x8 min and
metabolites were extracted for 1 h at 4˚C. Protein was spun out by table-top
centrifugation at maximum speed for 10 min at 4˚C, supernatant was transferred to a
fresh eppendorf and tissue metabolites were re-extracted in 450 µL 2:1 (v/v)
methanol/water, sonicated in a water bath for 3x8 min and extracted for 1 h. The entire
supernatant was dried down using a centrifugal evaporator and resuspended in 1050 µL
1:3:3 (v/v/v) chloroform/methanol/water to separate the polar and apolar phases. 150 µL
of the polar phase was dried down for analysis by GC-MS (see Section 2.4.6). Polar
phase was also used for analysis by LC-MS of glutamine and citrulline (see Section
2.4.7).

To determine the

13C-glucose

enrichment in blood, blood spots were extracted with

methanol and sonicated in a water bath for 3x8min and metabolites were extracted
overnight at 4ºC. The extract was dried and separated from lipids with resuspension into
1:3:3 (v/v/v) chloroform/methanol/H2O (1 nmol scyllo-inositol (#I8132) added as an
internal standard). Blood polar metabolites, including glucose, were dried down and
subjected to methoxymation. Glucose

13C

enrichment was determined by GC-MS (see

Section 2.4.6). Glutamine 15N enrichment was determined by LC-MS (see Section 2.4.7).
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2.4.6

Metabolite analysis by GC-MS

For GC-MS analysis of polar metabolites, the aqueous phase of cell / mitochondria /
tissue extracts (as described in section 2.4.5) was transferred to glass vial inserts
(#5183-2085 Agilent). Samples were dried in a centrifugal evaporator and washed twice
with 50 μL methanol, followed by drying. Samples were derivatised by methoxymation
(20 μL of 20 mg/mL methoxyamine #226904 in pyridine at room temperature overnight)
before

addition

of

20

μL

of

N,O-bis(trimethylsilyl)trifluoroacetamide

+

1%

trimethylchlorosilane (BSTFA-TMCS; #33148) for > 1 h. Metabolite analysis was
performed by GC-MS with an Agilent 7890B-5977 system using splitless injection mode
(1 μL of sample, injection temperature of 270°C) onto a 30 m + 10 m X 0.25 mm DB5MS + DG column (Agilent J&W), with a helium carrier gas, in electron-impact ionization
(EI) mode. The instrument was calibrated and tuned before every sample analysis
queue. The instrument was cleaned and columns replaced and maintained every month
by either James MacRae or James Ellis (Crick Metabolomics STP). The oven
temperature was first 70°C for 2 min, and was then increased to 295°C at 12.5°C/min,
then to 320°C at 25°C/min (held for 3 min). Hexane blanks were run every 3-6 samples
to check for column bleed and sample carry-over. Polar metabolite standard mixes
(provided by the Crick Metabolomics STP) were also run interspersed throughout the
run for downstream analysis of polar metabolites in samples.
2.4.7

Metabolite analysis by LC-MS

Polar phase (as described in section 2.4.5) was transferred to glass vial inserts and dried
in a centrifugal evaporator. Dried metabolites were resuspended in 100 µL
methanol:water (1:1) for analysis by liquid chromatography-mass spectrometry (LC-MS).
Samples were stored at -20˚C until the analysis and kept at 4˚C throughout the LC-MS
analysis. LC-MS method development and data acquisition was performed by Mariana
Santos (Crick Metabolomics STP). The LC method was adapted from Zhang et al, 2012.
Samples were injected into a Dionex UltiMate LC system (Thermo Scientific) with a ZICpHILIC (150 mm x 4.6 mm, 5µm particle) column (Merck Sequant). A 15 min elution
gradient of 80% solvent A to 20% Solvent B was used, followed by a 5 min wash of 95:5
Solvent A to Solvent B and a 5 min re-equilibration, where Solvent B was acetonitrile
(Optima HPLC grade, Sigma Aldrich) and Solvent A was 20 mM ammonium carbonate
in water (Optima HPLC grade, Sigma Aldrich). Other parameters were as follows: flow
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rate 300 µL/min; column temperature 24˚C, injection volume 10 µL; autosampler
temperature 4˚C.

MS was performed with positive polarity using a TSQ QuantivaTM Tripe Quadrupole
(Thermo Scientific) with a HESI II (Heated electrospray ionisation) source. MS
parameters were as follows: spray voltage 3.5 kV, temperature of capillary and vaporiser
gas was 375˚C and 225˚C; sheath and auxiliary gases were 30 and 10 arbitrary units,
respectively; the CID gas was set at 1.5 mTorr. Data were collected using selected
monitoring reaction (SRM) mode (SRM parameters listed in Appendix Table A 3) and
recorded using Xcalibur 4.0.27.10 software (Thermo Scientific). Collision energies were
manually optimised and dwell times were set to 40 ms for each SRM transition.
2.4.8

High-resolution NMR spectroscopy

NMR measurements were performed using Bruker Avance III HD NMR spectrometers
operating at 1H frequency 700 MHz, equipped with either 5 mm QCI or TCI cryoprobes.
NMR method development and data acquisition were performed by Paul Driscoll (Crick
Metabolomics STP).

Measurement of ammonium by NMR
The assessment of the levels of

14N-

and

15N-

ammonium was performed using 1D 1H

excitation-sculpting at 700 MHz 1H frequency using the Bruker pulse sequence zgesgp.
Each sample comprised of 400 μL in a 5 mm NMR sample tube. To avoid complications
of chemical exchange and isotope shift effects arising from the presence of deuterated
ammonia species, the experiments employed an external 2H field-frequency lock with
D2O in a co-axial NMR tube insert. The sample temperature was maintained at 2°C.
Typical parameters were: 1H 90° pulse 11.5 μs; 1H sweep width 16 ppm; acquisition time
4 s (corresponding to 89284 complex points); relaxation delay 2 s; number of transients
64; overall measurement time per sample 7 min. Data processing employed exponential
multiplication (1 Hz line broadening) and zero-filling to 128 K data points.

GDH & GLS enzyme assays by NMR
The activity of bovine GDH was assayed in the NMR tube at 1H frequency of 600 MHz.
The sample was prepared by addition of 400 ng enzyme to a microcentrifuge tube
containing substrate (10 mM Glu and 10 mM NAD+) in reaction buffer (150 mM K2HPO4,
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100 mM NaCl, pH 8.6) supplemented with increasing concentrations of NH4Cl (from 0
mM to 10 mM) followed by brief gentle mixing. 500 μL (with 6% D2O) of the reaction
mixture was placed in a 5 mm NMR tube which was rapidly inserted into a pre-shimmed
magnet, with a pre-tuned NMR probe. Following locking and temperature equilibration,
the reaction progress was monitored using a pseudo-2D version of the Bruker excitation
sculpting pulse sequence: zgesgp. The sample temperature was maintained at 37°C.
Typical parameters were: 1H 90° pulse 15.5 μs; 1H sweep width 16 ppm; acquisition time
3 s (corresponding to 57690 complex points); relaxation delay 0.75 s; number of
transients 8; making for an overall measurement time point of 30 s. Consecutive time
points were recorded, without dummy scans, for a total period of 30 min. Data processing
employed exponential multiplication (line broadening by 4 Hz) and zero-filling to 128 K
data points.

The activity of human recombinant GLS was assayed by conducting the reaction at 37˚C
in separate microcentrifuge tubes for 0 min, 5 min, and 10 min. The sample was prepared
by addition of 200 ng enzyme to the tube containing substrate (10 mM Gln) in reaction
buffer (150 mM K2HPO4, 100 mM NaCl, pH 8.6) supplemented with increasing
concentrations of NH4Cl (from 0 mM to 10 mM). Reactions were quenched at 95˚C for 5
min, and subsequently, 500 uL of the reaction mixture (with 6% D2O) was added an NMR
tube and assayed at 1H frequency of 600 MHz, as with GDH enzyme assays.

HSQC measurements by NMR
The incorporation of 15N labels into citrulline exported in media was assessed using 15Nedited heteronuclear single quantum coherence (HSQC) spectroscopy, using the Bruker
pulse sequence hsqcetf3gpsi2, principally in 1D mode. Each sample comprised of 180
μL media (5% v/v D2O) in a racked Bruker 3 mm sample tube. The temperature was
maintained at 30°C. Typical parameters were: 1H 90° pulse 7.5 μs; 15N 90° pulse 36 μs;
1H

sweep width 16 ppm; acquisition time 92 ms (corresponding to 2048 complex points);

relaxation delay 1.7 s; 15N transmitter offset 80 ppm; number of transients 2048; overall
measurement time per sample 62 min. Data processing employed exponential
multiplication (5 Hz line broadening) and zero-filling to 8 K data points.
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2.5 Microscopy methods
2.5.1

Preparation of isolated mitochondria for electron microscopy

For electron microscopy (EM) of liver slice, a small slice was dissected from a mouse
liver and dropped directly into paraformaldehyde. Isolated mitochondria were pelleted
after being exposed to the appropriate buffer and substrate conditions and subsequently
prepared for EM. EM sample preparation was conducted by Marie-Charlotte Domart
(Crick Electron Microscopy STP). Mitochondrial pellets were processed using a Pelco
BioWave Pro+ microwave (Ted Pella Inc, Redding, USA). See Appendix Table A 4 for
full BioWave program details. Each step was performed in the Biowave, except for the
phosphate buffer (PB) and water wash steps, which consisted of two washes on the
bench followed by two washes in the Biowave without vacuum (at 250 W for 40 sec). All
the chemical incubations were performed in the Biowave for 14 min under vacuum in 2
min cycles alternating with/without 100 W power. The SteadyTemp plate was set to 21ºC.
In brief, the samples were fixed in 2.5% (v/v) glutaraldehyde (Taab Laboratory
Equipment Ltd, Aldermaston, UK) / 4% (v/v) formaldehyde (Taab) in 0.1 M PB pH 7.4.
Mitochondria were then stained with 1% (v/v) osmium tetroxide (Taab) / 1.5% (v/v)
potassium ferricyanide (Sigma), incubated in 1% (w/v) tannic acid in 0.05 M PB pH 7.4
(Sigma), followed by 1% sodium sulphate in 0.05 M PB pH 7.4 (Sigma). The samples
were then washed in dH2O and dehydrated in a graded ethanol series (25%, 50%, 70%,
90%, and 100%, twice each), and in acetone (3 times) at 250 W for 40 sec without
vacuum. Exchange into Epon 812 resin (Taab) was performed in 25%, 50% and 75%
resin in acetone, followed by 4 pure resin steps, at 250 W for 3 min, with vacuum cycling
(on/off at 30 sec intervals), before embedding at 60ºC for 48 h. Blocks were sectioned
along the length of the pellet using a Leica UC7 ultramicrotome (Leica Microsystems,
Vienna, Austria) and post-stained with Reynolds lead citrate for 2 min.
2.5.2

Imaging isolated mitochondria by transmission electron microscopy (TEM)

TEM imaging of isolated mitochondria was performed by Marie-Charlotte Domart. 70 nm
sections were picked up on 2 mm slot copper grids (Gilder Grids Ltd., Grantham, UK). A
section through the pellets was viewed in each condition using a 120 kV Tecnai G2 Spirit
transmission electron microscope (Thermo Fisher Scientific, Hillsboro, USA) and images
were captured using an Orius CCD camera (Gatan Inc., Pleasanton, USA).
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2.5.3

Imaging isolated mitochondria by scanning electron microscopy (SEM)

SEM imaging of isolated mitochondria was performed by Marie-Charlotte Domart. 200
nm sections were placed on indium tin oxide (ITO)-coated glass coverslips (DELMIC
B.V., Delft, The Netherlands). Coverslips were mounted on sticky carbon discs, and a
section through the pellet in each condition was viewed at 5 kV with a FEI Quanta FEG
250 scanning electron microscope and a backscattered electron detector (vCD). For
each condition, the whole sections were first checked and imaged at ~50x magnification.
A tile scan at 500x magnification (pixel size of 83 nm) covering the whole pellet and
another tile scan at 2000x magnification (pixel size of 21 nm) in the middle of pellet and
through its whole length were then set up in Maps software (Thermo Fisher Scientific).
Individual images from each tile scan (50-75 images at 500x, 200-500 images at 2000x)
were then stitched together using TrakEM2, a plugin of the FIJI framework (Cardona et
al., 2012).

2.6 Bioinformatics methods and statistics
2.6.1

General statistics

All error bars shown in graphs and measurement error indicated in the text (±) represent
standard deviation (SD). t-tests were used to compare two sample groups, and one-way
or two-way analyses of variance (ANOVA) were used to compare two or more sample
groups. Dunnett’s, Tukey’s or Sidak’s corrections were used to correct for multiple
comparisons. Log-rank (Mantel-Cox) test was used to compare Kaplan-Meier survival
curves.
2.6.2

Analysis of SEM images

For quantitative analysis, a machine learning-based pipeline for automated
segmentation and classification of the mitochondria was developed in ilastik software
with Marie-Charlotte Domart (Sommer et al., 2011). In brief, ilastik’s Autocontext 2-step
pixel classification workflow was first used. The prediction maps were then loaded into
ilastik’s Object classification workflow, resulting in 1) each mitochondria classified as
individual objects, 2) the associated measurements for each object exported as a .csv
table and 3) images of each object exported as an .hdf5 file. For both workflows, one
classifier was trained on three 2000x magnification images per condition (27 in total)
59

Chapter 2 Materials and Methods

selected at the bottom, middle and top of each pellet to be representative of the whole
pellet. The first training step of the Autocontext workflow was done by sparse annotations
of the following classes: mitochondria, edges, background. The second training step of
the Autocontext workflow was done by sparse annotations of the following classes:
mitochondria, contact line between mitochondria, background. The object classification
workflow was used for the segmentation of the mitochondria in the images using
hysteresis thresholding and size filter (smoothing 2.1 in x and y, core threshold 0.86, final
threshold 0.77, min size 105, max size 2000, no merging of objects). The classifier was
then trained to classify orthodox, swollen, condensed, and excluded mitochondria
(consisting of doublets of mitochondria or EM artefacts; 1-2% of objects were excluded
overall). In both workflows, all features were selected apart from location features (more
details on the features in Appendix Table A 5). The two classifiers were then tested on
two 2000x magnification images per condition (18 in total), intercalated between the
training images along the pellet. The trained and tested classifers were then used for
batch prediction of a slice of approximately two 2000x images high (±70 µm) and as long
as each pellet (±1.7 – 2 mm). Between 56,000 and 85,000 mitochondria were classified
in each condition and used for downstream analysis.
2.6.3

Metabolomics data analysis

GC-MS data analysis was performed using Chemstation and MassHunter software
(Agilent). Metabolite abundances were measured semi-quantitatively in relation to polar
metabolite standard mixes (as indicated in section 2.4.6). The internal standard, scylloinositol, was used to correct for sample losses during the metabolite extraction process.
Metabolite abundances were normalised to mg of mitochondrial protein, cell numbers,
or mg of mouse tissue, depending on the sample in question. GC-MS fragment ions used
for quantification are listed in Appendix Table A 2. Table of GC-MS fragment ions. LCMS data analysis was performed by Mariana Santos (Crick Metabolomics STP), using
Xcalibur Qual Browser and TraceFinder 4.1 softwares (Thermo Fischer Scientific). LCMS fragment ions used for quantification are listed in Appendix Table A 3. SRM
parameters used for LC-MS/MS determination of Glutamine and Citrulline. For both GCMS and LC-MS analysis, stable-isotope labelling was corrected for natural abundance
of heavy isotopes according to Nanchen et al, 2007, using a Python script kindly provided
by Dr. Sean O’Callaghan (Mass Spectrometry and Proteomics Facility, Bio 21 Institute,
University of Melbourne, Australia). Downstream data analysis and visualisation was
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performed in GraphPad Prism 8 and in the R environment using dplyr (Wickham et al.,
2018), ggplot2 (Wickham, 2016a), reshape2 (Wickham, 2007), scales (Wickham,
2016b), and RColorBrewer (Neuwirth, 2014) packages. The script used was modified
from one originally developed by Fiona Grimm (Anastasiou Lab).

NMR data analysis was conducted with the help of Paul Driscoll (Crick Metabolomics
STP). For the quantification of ammonium from 1D 1H spectra, data analysis was
performed using the peak deconvolution facility in Topsin 3.6 (assuming a 100%
Lorentzian fit). For analysis of live GDH enzymatic assays, time courses of the growth of
the product, a-KG (multiplet resonance of 2.96 ppm), were extracted using the Dynamics
Center module in Topspin 3.6. The time course data was plotted and IC50 values were
determined by fitting a curve of inhibitor (NH4+) concentration versus response (three
parameter) in Graphpad Prism 8. For quantification of citrulline in media from HSQC
measurements, data fitting was done using standard peak integration facility in Topsin
3.6.

2.6.4

Analysis of mRNA-Seq data from TCGA

All analysis of human mRNA expression data was in whole based upon data generated
by the Cancer Genome Atlas (TCGA) research network: https://www.cancer.gov/tcga.
Analysis of TCGA data was performed in the R environment. mRNA expression data for
a particular gene of interest (GOI) in all TCGA cancer cohorts were downloaded using
the FireBrowseR R package (Deng et al., 2017). mRNA-Seq data (RSEM- normalised
for genes) and clinical data for the liver hepatocellular carcinoma (LIHC) cohort were
downloaded from the Firehose Broad GDAC repository: https://gdac.broadinstitute.org.

Gene expression correlation analysis
For determining log2-fold changes in GOI expression in tumour versus adjacent tissue,
the tumour log2-expression values were subtracted from adjacent tissue log2-expression
value per patient before taking the mean fold change in expression per tumour cohort.
Correlations between the mRNA expression of a GOI versus GLS mRNA expression
were determined by taking the Spearman’s rank correlations (using the cor() function in
R) between the GOI and GLS per tumour cohort and plotting the values ordered from
highest to lowest. Significance was tested using the cor.test() function in R.
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Patient survival analysis from clinical data
Patient survival analysis was done using the Survival R package (v2.43-1; (Therneau,
2015, Therneau and Grambsch, 2000)). For each GOI, patients were ranked according
to their GOI mRNA expression value; the top quarter of patients were labelled as ‘high
GOI’ and the bottom quarter of patients were labelled as ‘low GOI’. For comparison of
patients with different GLS and CPS1 expression, patients were ranked according to
CPS1 expression. Top and bottom quartiles of CPS1 expressing patients were then
ranked according to their GLS expression, in the respective groups and the top and
bottom quarters from each group were used to compare survival outcomes.
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Chapter 3.
In vitro reconstitution and analysis of mitochondrial
metabolism
3.1 Introduction
Mitochondria are metabolically important organelles and probing mitochondrial
metabolism in vitro has long been an important discovery tool in biochemistry. A central
mitochondrial function is to generate ATP via the ETS; this is coupled to the TCA cycle
which produces reducing equivalents (NADH and FADH2). Therefore, measuring
mitochondrial respiratory capacity is broadly used to determine mitochondrial function
(Moreadith and Lehninger, 1984, Kovacevic, 1971, Brand and Nicholls, 2011). Although
oxygen consumption through the ETS is coupled to carbon flux through the TCA cycle,
it may not always be possible to interpret TCA cycle flux from respiratory measurements.
Therefore, I developed methods to assess both the respiratory function and TCA cycle
activity from cell-free mitochondria.

The following chapter describes a streamlined pipeline for the isolation of functional
mitochondria from mouse livers, the assessment of respiratory capacity of cell-free
mitochondria, and methods for extracting polar metabolites from mitochondria for GCMS and NMR-based metabolomic analysis. Importantly, this chapter will address the
impact of freezing cell-free mitochondria for storage and the repercussions this may have
on various aspects of mitochondrial form and function.

3.2 Enrichment of Mitochondria by Differential Centrifugation
Mouse livers are an abundant source of cells and are soft tissues that make them
amenable to homogenisation. Therefore, livers from male C57BL/6J mice were collected
after cervical dislocation and were immediately placed in cold buffer with high sucrose in
order to maintain osmotic pressure over the isolation process (Frezza et al., 2007, Lampl
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et al., 2015). Tissues were homogenised in the same buffer, and rounds of differential
centrifugation were used to enrich for the mitochondrial fraction, as evidenced by
transmission electron microscopy (TEM) images taken over different steps of the
isolation process and by western blot, which showed a separation of mitochondrial
fraction with that of the rest of the cell marked by the expression of the mitochondrial
respiratory chain protein Cytochrome C only in the mitochondrial fraction and whole cell
extract and that of cytosolic enzyme glutamine synthetase (GLUL) only in the cytosolic
fraction and whole cell extract. (Figure 3.1A, B). Homogenisation of livers led to changes
in mitochondrial morphology, where mitochondria adopted a more rounded shape when
compared to in situ (Figure 3.1A), as observed by TEM. This may be explained by the
fact that the isolation process occurs on ice, and previous reports suggest that
mitochondria adopt a more rounded form when placed at lower temperatures
(Kondrashova et al., 2009). Shear stress from homogenisation may also lead to
breakage of larger mitochondrial networks to smaller, rounded ones.
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Figure 3.1. Enrichment of mitochondria from liver extracts by differential
centrifugation.
A. Schematic of protocol for isolating mitochondria from mouse livers. Representative TEM
images from mitochondria in situ in a mouse liver slice (scale bar 0.5 µm), post-homogenisation
(scale bar 2 µm), and final purified mitochondria (scale bar 2 µm).
B. Western blot of whole cell extract (WCE), purified mitochondria (M) and cytosolic fraction (C)
collected during differential centrifugation.

3.3 Analysis

of

Respiratory

Capacity

from

Cell-Free

Mitochondria upon Freeze-Thaw
3.3.1

Protocol used to assess respiratory capacity

Substrate, uncoupler, inhibitor titration (SUIT) protocols (Gnaiger, 2014) were used in
order to probe respiratory steady states, as described originally by Chance and Williams
(Chance and Williams, 1955a, Chance and Williams, 1955b). Isolated mitochondria were
added to an isotonic medium supplemented with inorganic phosphates. Substrates and
inhibitors were then sequentially added to test various respiratory states (Figure 3.2).
First, glutamate (up to 10 mM) and malate (up to 0.5 mM; 1GM) were titrated, without
the presence of ADP, in order to measure leak respiration, which represents a basal
state, and respiration measured in this state mainly comes from proton leak. Then, ADP
+ Mg2+ (2D) was titrated up to 3 mM to measure the ADP-activated OXPHOS capacity;
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this state is often referred to as State 3 respiration. Cytochrome c (3c) was then titrated
up to 10 µM in order to determine whether the mitochondrial outer membrane (MOM)
was intact, because rupture of the MOM would lead to release of Cytochrome c from the
intermembrane space, leading to inefficient transfer of electrons between complex III and
complex IV of the respiratory chain (Figure 3.2). Titration of oligomycin (4omy) up to 2.5
µM, which inhibits the ATP synthase complex, was used to induce a leak respiratory
state. This respiratory state is often referred to as State 4o. Finally, Antimycin A (5ama)
was titrated up to 2.5 µM in order to measure the residual oxygen consumption (ROX)
when the entire electron transport system is blocked (by inhibition of Complex III); this
oxygen consumption may come from oxidative side reactions outside of the electron
transport system. This may include reactions originating from contaminating
peroxisomes. ROX is often also referred to as State 2 respiration (Figure 3.2).

Figure 3.2. Schematic summary of SUIT protocol used to analyse mitochondrial
respiratory function and the relevant ETS complexes involved in the titrations.
The titrations, in order, are as follows: 1GM is 10 mM Glutamate and 0.5 mM Malate; 2D is 3
mM ADP; 3c is 10 µM cytochrome c; 4omy is 2.5 µM oligomycin; 5ama is 2.5 µM antimycin A.

3.3.2

Mitochondria isolated in either sucrose or trehalose maintain their outer
membrane integrity

High sugar concentrations are typically used in order to maintain the osmotic pressure
once cells are lysed and mitochondria are isolated, such that mitochondria do not burst
(Frezza et al., 2007, Lampl et al., 2015). Sucrose is the standard sugar used in
mitochondrial isolation buffers; however, it was previously shown that mitochondria
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isolated and stored in buffers with trehalose maintained better their biological features,
such as MOM integrity, after freeze-thaw (Yamaguchi et al., 2006). Therefore,
mitochondrial respiratory capacity was tested from mitochondria isolated in both
sucrose- and trehalose- based buffers, comparing freshly isolated mitochondria with
those frozen at -20˚C and thawed to 37˚C or those frozen at -80˚C and thawed to 37˚C
(Figure 3.3A, B).

Mitochondria isolated in both sucrose and trehalose retained their membrane integrity
(both in fresh and frozen preparations), as determined by the Cytochrome c effect (Figure
3.3C). The Cytochrome c effect is calculated by the following equation, where each value
represents the O2 flux per protein mass mitochondria at the given titration (Gnaiger,
2014):
Equation 3.1
Cyt C Effect =

3c-2D
3c

The Cytochrome c effect for all conditions tested was below 0.2 and not significantly
different between the different conditions (Figure 3.3C) (Laner et al., 2014, Miller et al.,
2017).
3.3.3

Mitochondria isolated in sucrose have higher OXPHOS capacity than those
isolated in trehalose

Although mitochondria isolated in both sucrose and trehalose maintain their MOM
integrity, mitochondria isolated in sucrose have higher rates of oxygen consumption in
both fresh and -80˚C frozen preparations than trehalose-isolated mitochondria. Sucroseisolated mitochondria frozen at -80˚C retain 55±16% of their oxygen consumption rates,
while trehalose-isolated mitochondria frozen at -80˚C only retain 23±3% of their oxygen
consumption rates (Figure 3.3A, B). Mitochondria frozen at -20˚C almost completely lose
their respiratory capacity when isolated in either sucrose- or trehalose-based buffers.
From these analyses, it was determined that mitochondria frozen (to -80˚C) in sucrosebased buffer better retained their bioenergetics functions; therefore, subsequent
experiments comparing fresh versus frozen mitochondria were performed using
mitochondria isolated in sucrose buffer, and mitochondria frozen to -80˚C.
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Figure 3.3. Analysis of mitochondrial respiratory function.
A, B. Oxygen consumption rates from freshly isolated mitochondria in a sucrose-based (A) or
trehalose-based (B) buffer, frozen at -20˚C, or at -80˚C. Data shown as mean ± SD. Significance
tested using a two-way ANOVA with Dunnett’s multiple comparisons test.
C. Cytochrome C effect of mitochondria isolated in sucrose or trehalose, freshly isolated, frozen
at -20˚C or at -80˚C. Dotted red line corresponds to a Cytochrome C effect of 0.2. Data shown as
mean ± SD. Significance tested using an ordinary one-way ANOVA with Dunnett’s multiple
comparisons test.
ns p>0.05; * p<0.05; ** p<0.01; **** p<0.0001
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3.3.4

Freezing mitochondria decreases their OXPHOS coupling efficiency due to
increased proton leak

In order to further characterise the impact of freezing on mitochondria, changes in
mitochondrial coupling, using the OXPHOS coupling efficiency as an index, were
examined. The OXPHOS coupling efficiency is the ratio of the free (i.e. total minus leak)
to the total OXPHOS capacity of the system, where an efficiency of 1.0 indicates a fully
coupled system and an efficiency of 0 indicates no capacity to perform phosphorylation.
In short, the OXPHOS coupling efficiency assesses the aerobic competence of a
mitochondrial preparation. The OXPHOS coupling efficiency is measured using the
following equation:
Equation 3.2
OXPHOS coupling efficiency =

3𝑐 − 4𝑜𝑚𝑦
4𝑜𝑚𝑦
1
=1−
=1−
3𝑐
3𝑐
𝑅𝐶𝑅

where 4omy and 3c refer to the O2 flux per mitochondrial protein mass at the given
titration (Figure 3.3A). In the above equation, RCR, or the respiratory control ratio, refers
to a value typically used in mitochondrial bioenergetics to express how coupled a
mitochondrial system is (Chance and Williams, 1955b); however, RCR ranges from 1 to
infinity making comparisons of RCR’s across different mitochondrial preparations both
statistically and conceptually difficult to perform. The OXPHOS coupling efficiency, on
the other hand, is non-linearly related to the RCR (as exhibited in the above equation)
and ranges from 0 to 1, making it a better index for determining how coupled a system
is (Gnaiger, 2014).

Freezing down mitochondria at -80˚C significantly decreases their OXPHOS coupling
efficiency, from an efficiency of 0.68±0.08 in fresh preparations to 0.42±0.07 in frozen
ones (Figure 3.4A). This decrease in OXPHOS coupling efficiency is primarily
attributable to the increase in the relative dissipative, or leak, respiration in frozen
mitochondria, in comparison to fresh mitochondria (Figure 3.3B). This is especially
evident when O2 flux values from fresh preparations and those from frozen preparations
are normalised to the respective maximum O2 flux value (Figure 3.4B). Leak respiration
exhibited higher values for normalised respiratory flux in frozen mitochondria when
compared to fresh mitochondria, though not significantly. Importantly, although
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normalised leak state respiratory flux values are higher in frozen mitochondria than in
fresh mitochondria, normalised respiratory flux values at the OXPHOS respiratory state
(2D, 3c) are indistinguishable between the two preparations (Figure 3.4B). Therefore,
normalised respiratory fluxes at ADP-stimulated OXPHOS respiratory states may be
measured from either fresh mitochondrial preparations or those frozen at -80˚C.

Figure 3.4. Frozen mitochondria show increased proton leak in comparison to
fresh mitochondria.
A. OXPHOS coupling efficiency values for fresh and -80˚C frozen mitochondrial preparations in
sucrose buffer. This value assesses how tightly coupled mitochondria are. Data shown as mean
± SD. Significance tested using a two-tailed, unpaired t-test.
B. Respiratory flux values over SUIT protocol from fresh and -80˚C frozen mitochondrial
preparations in sucrose buffer when normalised to the maximum respiratory flux for the given
condition. Data shown as mean ± SD. Significance tested using a two-way ANOVA with Sidak’s
multiple comparisons test.
ns p>0.05; * p<0.05
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3.4 Analysis of Mitochondrial Structure by Electron Microscopy
Freeze-thawing mitochondria has been previously shown to induce mitochondrial
swelling (Yamaguchi et al., 2006). To visually inspect mitochondrial preparations and to
determine if there are changes in mitochondrial morphology associated with the freezethaw process, fresh and frozen mitochondria preparations were imaged using scanning
electron microscopy (SEM). Mitochondria were pelleted by centrifugation and pellets
were sectioned into 200 nm thick slices. SEM images at 2000x were taken along the
midline of each mitochondrial pellet (represented by the red box in Figure 3.5). Visual
inspection of SEM images from different areas of the pellet (top, middle and bottom,
Figure 3.5) showed a variation in mitochondrial morphology depending on the position
along the pellet. Therefore, to avoid bias in analysis of the morphological changes
associated with different conditions, a machine learning algorithm was employed to
identify and characterise the mitochondrial morphology in the entire pellet.

Mitochondria switch from orthodox to condensed states upon the addition of ADP and
transition back from condensed to orthodox during State IV respiration (Figure 3.6A, B)
(Hackenbrock, 1968). Therefore, cell-free mitochondrial pellets (freshly isolated or
frozen) with or without the presence of exogenous substrates, including ADP, were
imaged by SEM and mitochondria were categorised into three sub-types – condensed,
orthodox or swollen – based on several characteristics as described in Appendix Table
A 5 (Figure 3.6A, B).
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Figure 3.5. SEM image of mitochondrial pellet reveals heterogeneity in
mitochondria size and shape depending on the location in the pellet.
Stitched overview image (500x) of entire mitochondrial pellet (top) of freshly isolated mitochondria
in storage buffer. Red rectangle represents area of pellet imaged by SEM at 2000x. Insets are
SEM images of top, middle and bottom of the mitochondrial pellet.
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3.4.1

Although mitochondria freezing induces swelling, frozen mitochondria
respond to exogenous ADP as fresh mitochondria do

Freshly isolated mitochondria resuspended in buffer with or without substrates consisted
of a very small percentage of swollen mitochondria. Freeze-thawing mitochondria
increased the percentage of swollen mitochondria from 5% to 30% without substrates
and from 9% to 41% with substrates (Figure 3.6C). Also, addition of exogenous
substrates (10 mM glutamate, 5 mM pyruvate, and 3 mM ADP) increased the fraction of
mitochondria in the condensed state from 44% to 52% in freshly isolated mitochondria
and from 4% to 25% in frozen mitochondria (Figure 3.6C). Therefore, morphological
changes induced in mitochondria upon freeze-thaw were consistent with respiratory
capacity measurements from cell-free mitochondria because ADP stimulation increased
both respiration and the fraction of mitochondria in the condensed state.

After excluding swollen mitochondria from the analysis, it was observed that the fraction
of mitochondria in the condensed state after substrate addition was more comparable
between fresh and frozen mitochondria – 57% vs 43%, respectively (Figure 3.6D). In the
previous section (Section 3.3.4), it was shown that freeze-thawing mitochondria leads to
lower respiratory flux and increased leak respiration. One reason for increased
dissipative proton flux in frozen mitochondria could be that the freeze-thaw process
induces mitochondrial swelling (Figure 3.6); mitochondrial swelling has been associated
with opening of the mitochondrial transition pore, which may induce dissipation of the
proton gradient and loss of membrane potential (Hackenbrock, 1968, Safiulina et al.,
2006). Therefore, although after freeze-thaw a large fraction of mitochondria become
swollen and, therefore, bioenergetically less capable, the fraction that remains normal
may still function as expected.
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Figure 3.6. Quantification of SEM images of mitochondrial pellets shows
morphological changes in mitochondria upon addition of substrates.
A. Representative mitochondria from SEM images for orthodox, condensed and swollen
mitochondria. These categories were used for the machine learning-assisted classification of
mitochondria.
B. Diagram explaining general reason for transition from orthodox to condensed mitochondrial
morphology (due to addition of substrates/ADP). Freeze-thaw process leads to mitochondrial
swelling.
C. Classification of mitochondria to condensed, orthodox or swollen states from SEM images at
different conditions, represented as percent of total. Conditions tested were as follows: freshly
isolated mitochondria resuspended in working buffer; mitochondria frozen at -80˚C and thawed
to 37˚C and resuspended in working buffer; mitochondria from the same two conditions as before
but with the addition of 10 mM Glu, 5 mM Pyr and 3 mM ADP. Total number of mitochondria
classified per condition listed below each bar.
D. Classification of mitochondria from SEM images to orthodox or condensed, represented as
percent of total. Here, mitochondria classified as swollen were removed from the total. Conditions
shown are the same as in (C).
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3.5 Optimisation of Metabolite Extraction from Cell-Free
Mitochondria for Analysis by GC-MS
3.5.1

Optimal mitochondrial amount for generating robust metabolomics profiles
by GC-MS

To determine the quantity of mitochondria that produced reliable GC-MS data, which
was above the limit of detection for the instrument, a range of mitochondrial amounts
were tested to extract polar metabolites, starting from 0.1 mg mitochondrial protein up to
1.2 mg mitochondrial protein. Metabolites were extracted from mitochondria before
incubation with substrates and 10 min after incubation with 10 mM glutamate, 5 mM
pyruvate and 3 mM ADP.

To determine the robustness of the data collected and whether there were differences
between the mitochondrial protein amounts tested, the coefficient of variation (CV) was
calculated for each metabolite per condition using the following equation:

Equation 3.3
CV=

𝜎
𝜇

where, s is the standard deviation of the measurement and µ is the mean. The CV was
calculated for samples where mitochondria were incubated with substrates. Increasing
mitochondrial protein amount from 0.3 mg to 0.6 mg significantly decreased the average
CV of all the detected metabolites (Figure 3.7B). Moreover, the number of detected
metabolites increased from 24 (from 0.1 mg and 0.3 mg mitochondrial protein) to 27
(from 0.6 mg and 1.2 mg mitochondrial protein). Specifically, phenylalanine, threonine
and leucine were the three metabolites not detected when 0.1 mg or 0.3 mg of
mitochondrial protein was used. Finally, for metabolites that maintain a small pool size,
more mitochondria lead to better detection, but for metabolites that maintain a large pool
size, more mitochondria actually lead to worse quantification, due to the metabolite
reaching the saturation limit of the instrument. Therefore, 0.6 mg of mitochondrial protein
was used for all subsequent GC-MS experiments to minimise measurement errors
caused by saturation.
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Table 3.1. List of metabolites detected with or without addition of exogenous
substrates.
N.D. refers to metabolites that were not detected and L.O.D. refers to metabolites that were
close to the limit of detection by GC-MS.

Metabolite
Without Substrate With Substrate
α-Glycerophosphate
N.D.
N.D
α-Ketoglutaric acid
N.D.
Alanine
Aspartic acid
L.O.D.
Citric acid
L.O.D.
Cysteine
Fumaric acid
GABA
L.O.D.
Glutamic acid
N.D.
Glycine
Histidine
N.D.
N.D.
Isoleucine
Lactic acid
Leucine
N.D.
Lysine
N.D.
N.D.
Malic acid
L.O.D.
Methionine
L.O.D.
myo-Inositol
Norleucine
N.D.
N.D.
Ornithine
N.D.
N.D.
Phenylalanine
N.D.
Proline
L.O.D.
Putrescine
Pyruvic acid
Serine
L.O.D.
Succinic acid
L.O.D.
Threonine
Tryptophan
L.O.D.
L.O.D.
Tyrosine
N.D.
N.D.
Uracil
Valine

3.5.2

Evidence that metabolites in mitochondria are subject to active transport
and metabolism

Upon extraction of metabolites from mitochondria without substrate addition, it was found
that several metabolites (listed in Table 3.1) known to be present in mitochondria were
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either not detected or were close to the limit of detection (Figure 3.7A, 0 min). Incubation
of mitochondria with substrates replenished these metabolites (Figure 3.7A, 10 min;
Table 3.1). One explanation for this may be that mitochondria are ruptured or leaky and,
therefore, metabolites are diluted with the medium during the process of isolating
mitochondria. However, this is an unlikely explanation because the Cytochrome c test
confirmed that mitochondrial preparations had intact outer membranes, EM images also
confirmed intact mitochondria and mitochondrial metabolites were replenished upon
substrate addition (Figure 3.3, Figure 3.6, Figure 3.7A, 10 min). This raised the possibility
that metabolites were subject to active transport and/or metabolism within mitochondria.
Changes in metabolite levels upon substrate addition, therefore, may take place with
varying dynamics. To determine the differences in mitochondrial metabolite dynamics,
upon substrate addition, the following equation was used for every metabolite:

Equation 3.4
x'=

[𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒]789:; − [𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒]89:;
[𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒]789:;

where, x’ refers to the normalised absolute abundance upon substrate addition,
[Metabolite]10min is the absolute abundance of a given metabolite 10 min after substrate
addition and [Metabolite]0min is the absolute abundance of the same metabolite before
substrate addition. A value of 1 for x’ for a given metabolite would indicate that the entire
amount detected was a consequence of substrate addition, a value of 0 for x’ would
indicate that substrate addition had no change on the pool size of the given metabolite,
and a value of -1 would indicate that substrate addition led to depletion of the metabolite.
A normalised difference (instead of fold-change) was calculated to determine the
magnitude of change in metabolite abundance because metabolites were often
undetected at 0 min, making the fold-change impossible to calculate. In Equation 3.4,
normalisation to abundance after substrate addition was used so that changes in
metabolite levels could be compared across all the metabolites, irrespective of
metabolite pool size. If all metabolites leaked from ruptured mitochondria and were
replenished only by substrate addition, the x’ value would be 1 across all the metabolites.
However, this is not the case. While the majority of metabolites had an x’ close to 1, x’
for myo-inositol, lactic acid and glycine were closer to 0, and x’ for tryptophan was close
to -1 (Table 3.2, Figure 3.7C). This result indicated that there is active transport and
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active metabolism in play that generates some metabolites, consumes others, while
others are maintained (Table 3.2, Figure 3.7C). To illustrate this point further, changes
in the levels of a-KG, lactic acid and tryptophan before and after substrate addition were
plotted, which showed that levels of a-KG (and other metabolites with x’ close to 1)
increase with substrate addition, the pool size of lactic acid (and other metabolites with
x’ close to 0) is maintained upon substrate addition and tryptophan levels decrease upon
substrate addition (Figure 3.7D).

Finally, to demonstrate that changes in metabolite levels before and after substrate
addition were indeed due to mitochondrial metabolism and active transport, mitochondria
that were fully replenished with metabolites were resuspended in buffer without
substrates for 2, 5, 10, 20, and 40 mins; subsequently polar metabolites were extracted
and measured by GC-MS. If metabolite escape from mitochondria was caused by
ruptured or leaky mitochondria, the rate of depletion of a given metabolite would be the
same no matter the intramitochondrial concentration. However, the rate constant of
decay changed across the measured metabolites and did not depend on the abundance
of metabolite accumulated at the beginning of the resuspension (Figure 3.7E). To better
illustrate this point, the changes in abundance of representative metabolites were plotted
(Figure 3.7F). a-KG is quickly depleted upon resuspension in buffer without substrate;
citric acid depletes first, but then slightly increases and is maintained at a lower level
than the beginning; and, isoleucine also depletes, but then steadily increases at a slow
rate over time.
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Table 3.2. List of x’ values for polar metabolites measured from mitochondrial
extracts indicating differences in metabolite dynamics upon substrate addition.
Metabolite
Tryptophan
myo -Inositol
Lactic acid
Glycine
Valine
Leucine
Isoleucine
GABA
Proline
Threonine
Uracil
Citric acid
Succinic acid
Fumaric acid
Alanine
α-ketoglutaric.acid
Aspartic acid
Cysteine
Glutamic acid
Malic acid
Methionine
Putrescine
Pyruvic acid
Serine
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x'
-0.882651
-0.024845
0.022468
0.151652
0.537053
0.582828
0.658161
0.784702
0.876627
0.914088
0.945084
0.954936
0.959099
0.986316
0.994833
1
1
1
1
1
1
1
1
1
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[Figure legend on next page]
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Figure 3.7. Polar metabolites in cell-free mitochondria are subject to active
transport and metabolism.
A. Absolute abundance of polar metabolites detected by GC-MS after extracting metabolites from
cell-free mitochondria without incubation in substrates (0 min) and after incubation with 10 mM
Glu, 5 mM Pyr and 3 mM ADP (10 min). Metabolites were extracted from increasing amounts of
mitochondrial protein, ranging from 0.1 mg to 1.2 mg. Data shown as mean ± SD (n = 4).
B. Average of the coefficients of variation per detected metabolite extracted from increasing
amounts of mitochondria (after 10 min incubation with substrates). n refers to the number of
metabolites detected from the corresponding amount of mitochondrial protein extracted. Data
shown as mean ± SD. Significance tested using an ordinary one-way ANOVA with Tukey’s
multiple comparisons test.
C. The normalised absolute abundance of each detected metabolite at 10 min (incubated with
substrates) subtracted by that at 0 min. Absolute abundance of metabolite normalised to the
respective amount detected at 10 min, extracted from 0.6 mg mitochondrial protein. Data shown
as mean (n = 4).
D. Representative changes in absolute abundances over time for three metabolites (a-KG, lactic
acid, tryptophan) upon addition of substrate and incubation for 10 min. Metabolites extracted from
0.6 mg mitochondrial protein. Data shown as mean ± SD (n = 4).
E. Absolute abundance of each metabolite after 10 min incubation with Glu, Pyr and ADP and the
calculated rate constant of decay (K) of the metabolite once substrates are removed. Rate
constants were determined using a non-linear one-phase decay fit of the absolute abundance of
each metabolite over time.
F. Representative changes in absolute abundance over time after resuspension of mitochondria
in buffer without substrates. Three metabolites with different decay dynamics represented (a-KG,
citric acid, isoleucine). Data shown as mean ± SD (n = 4).
* p<0.05

3.6 Analysis of Metabolite Profiles from Cell-Free Mitochondria
Upon Freeze-Thaw
3.6.1

Fresh and frozen mitochondria maintain the same metabolite pools upon
substrate addition

Because normalised mitochondrial OXPHOS respiration was maintained upon freezethaw (Figure 3.4B), metabolite profiles from freshly isolated and -80˚C frozen
mitochondrial preparations were analysed to determine whether metabolic pathways
were also unchanged upon freeze-thaw. Absolute abundances of metabolites extracted
from fresh mitochondria incubated with substrates fell on the diagonal (x = y) line with an
R2 value of 0.9386 when compared with metabolites extracted from frozen mitochondria
incubated with the same substrates (Figure 3.8A). This indicated that, at least in terms
of metabolite abundances, fresh and frozen mitochondria responded similarly to
exogenous substrates.
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3.6.2

Stable isotope labelling reveals different fractional labelling of TCA cycle
intermediates in frozen versus fresh mitochondria

Next, to determine whether exogenous substrates utilised the same metabolic pathways
in fresh versus frozen mitochondria, mitochondria were incubated with stable isotope
tracers, and the fractional labelling of TCA cycle intermediates was determined.
Mitochondria were labelled with [U-13C]-Glu, in the presence of unlabelled pyruvate and
ADP. Both fresh and frozen mitochondria exhibited the same fractional labelling in some
TCA cycle metabolites downstream of Glu – a-KG, and malate. However, succinate and
fumarate had lower fractional labelling in frozen mitochondria, whereas citrate had higher
fractional labelling in frozen mitochondria when compared with fresh mitochondria
(Figure 3.8B).

Although the overall respiratory phenotype may be maintained in frozen mitochondria
(possibly due to the maintenance of metabolite pool sizes between fresh and frozen
preparations), the exact metabolic pathways invoked to maintain those pool sizes may
be different. Such differences in labelling between fresh and frozen mitochondria may
occur because import and export of specific metabolites often relies on the proton
gradient; given that frozen mitochondria exhibited swelling and potential dissipation of
the proton gradient, metabolite transport may be impacted upon freeze-thaw.
Furthermore, some TCA cycle enzymes, such as succinate dehydrogenase (SDH) are
attached to the inner mitochondrial membrane. Therefore, mitochondrial swelling may
impact the function of membrane-associated metabolic enzymes as well. Together,
these data suggest that, for analysis of mitochondrial metabolism through stable-isotope
labelling, it may be beneficial to use fresh mitochondrial preparations over frozen ones.
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Figure 3.8. Comparison of Metabolite Extraction from Fresh vs Frozen
Mitochondria.
A. Metabolite absolute abundance from fresh versus frozen mitochondrial preparations incubated
with 10 mM Glu, 5 mM Pyr, 3 mM ADP. Data shown as mean ± SD (n = 4). Red dotted line
represents x = y line. R2 calculated using a non-linear regression fit to the x = y line.
B. Fractional labelling of fully-labelled TCA cycle intermediates from fresh versus frozen
mitochondrial preparations labelled with 10 mM [U-13C]-Glu, 5 mM [12C]-Pyr, 3 mM ADP. Data
shown as mean ± SD (n = 4). Significance tested using a two-way ANOVA with Sidak’s multiple
comparisons test.
*** p<0.001; **** p<0.0001
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3.7 Measurement of Ammonium using NMR Spectroscopy
In mitochondria, ammonium is a toxic by-product of the catabolism of amino acids, such
as glutamate and glutamine (Adeva et al., 2012). In the liver, mitochondrial ammonium
is cleared by the action of the urea cycle (Krebs and Henseleit, 1932). Because the urea
cycle is partially mitochondrial and partially cytosolic, it was anticipated that the urea
cycle would not be fully functional in cell-free liver mitochondria. Therefore, tools to
measure ammonium levels in cell-free mitochondria were required in order to study if
there could be downstream consequences of ammonium accumulation on mitochondrial
metabolism.

Current methods for ammonium measurement include ion selective electrodes (Mueller
and Hemond, 2016, Papias et al., 2018); enzyme-based assays, using enzymes such
as glutamate dehydrogenase (GDH) (Carbonero-Aguilar et al., 2012); and using
reactions that convert ammonium into compounds that may be quantified using mass
spectrometric methods, such as reacting ammonium with formaldehyde to generate
hexamethylenetetramine (HMT) for analysis by GC-MS or using the Berthelot reaction
to convert ammonium to indophenol for analysis by LC-MS (Yang et al., 1999, Spinelli
et al., 2017a). However, all these methods have limitations. Ion-selective electrodes are
not accurate because measurements may vary depending on pH or interfering ions, such
as K+. Enzymatic assays or assays based on reactions require those reactions to be run
to completion, in not only standard buffer conditions, but also in the presence of
components from a cellular or mitochondrial lysate. Additionally, other than the mass
spectrometric methods, most methods cannot differentiate between labelled or
unlabelled ammonium and, therefore, may not be used with stable-isotope labelling
experiments.

In order to address these limitations, NMR spectroscopy was used to measure
ammonium from cell-free mitochondrial lysates for several reasons. First, measurement
of ammonium by NMR does not require any chemical or enzymatic modification of
ammonium to another compound because ammonium may be detected directly by NMR
spectroscopy. Second, labelled (15N) versus unlabelled (14N) ammonium may be
differentiated by NMR because

15N

has two nuclear spin states [nuclear spin quantum

number (I) = ½; magnetic quantum number (MI) = ±1/2] and
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produces a 1:1 doublet by proton NMR. On the other hand,

14N

has three nuclear spin

states (I = 1; MI = 1, 0, -1), and 14N-labelled ammonium produces a 1:1:1 triplet by proton
NMR (Figure 3.9A).

3.7.1

Ammonium may be robustly quantified by NMR at low pH and low
temperature

One consideration while using NMR for quantification of ammonium is that detection of
ammonium is sensitive to pH and the temperature at measurement. Because protons
from ammonium can be in rapid exchange with bulk water, the pH of the solution must
be kept low in order to decrease the rate of proton exchange and maintain sharp NMR
resonances, as observed (Figure 3.9B). This is because the abstraction of a proton from
NH4+ is dependent on [OH-]. Similarly, the temperature of the sample at the time of
measurement also impacts the ammonium proton signal. This is because the rate of
exchange also depends on temperature (as determined by the Arrhenius equation):
Equation 3.5
k=A𝑒

<=>A
?@

where, k is the rate constant, A is a reaction constant, Ea is the activation energy of the
reaction, R is the universal gas constant, and T is the absolute temperature. Therefore,
the lower the temperature, the lower the rate of exchange and the sharper the
resonances, as observed in Figure 3.9C. Accordingly, subsequent measurements of
ammonium by NMR were performed at 275.2 K (2˚C) and at pH 3.5 - 4.
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Figure 3.9. Ammonium may be measured by NMR at low pH and low temperature.
A. Tetrahedral molecular geometry of ammonium (NH4+) makes all four N-H bonds equivalent.
14N has three spin states (+1, 0, -1), which generates a 1:1:1 triplet in the proton spectra for
unlabelled ammonium (top). 15N has two spin states (-1/2, +1/2), which generates a 1:1 doublet
for labelled ammonium (bottom).
B. Change in 14N-NH4+ triplet peaks with decreasing pH due to reduced exchange rate of
ammonium protons with bulk water. Measurements made at a constant temperature of 295.2 K
or 22˚C
C. Change in 14N-NH4+ triplet peaks with decreasing temperature due to reduction in exchange
rate of ammonium proton with bulk water. Measurements made at a constant pH of 4.5.
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3.7.2

Establishing limits of detection for unlabelled and

15N-labelled

ammonium

by NMR
Next,

15N-labelled

and unlabelled ammonium standards were used to determine the

lower limit of detection of ammonium by NMR. For both labelled and unlabelled
ammonium, as little as 1 µM ammonium could be reliably detected, when the standards
were run alone (Figure 3.10A, B). These values correspond to similar limits of detections
in comparison to published mass spectrometric methods, which report a lower limit of
detection for ammonium at 0.5 µM and a saturation limit at 0.4 mM, depending on the
instrument used, whereas there is effectively no saturation limit by NMR methods
(Spinelli et al., 2017a).

A standard curve of increasing concentrations of

15N-NH +
4

with a constant amount of

unlabelled NH4+ was also used to determine if there were any effects on peak intensity
from having both species of ammonium present. However, such effects were minimal
and as little as 10 µM 15N-NH4+ could be reliably detected even in the presence of 1 mM
unlabelled NH4+ (Figure 3.10C). Indeed, 2D

15N-HSQC

NMR techniques may also be

applied to quantify extremely low levels of labelled ammonium in the presence of large
levels of unlabelled ammonium or to confirm that there is no labelled species (Figure
3.11C).

87

Chapter 3 Results

Figure 3.10. NMR analysis of labelled and unlabelled ammonium standards.
A. Full scale NMR spectra (left panel) and zoomed-in NMR spectra (right panel) of unlabelled
(14N) ammonium standard titration curve, ranging from 10 nM to 10 mM, at pH 3.5 and measured
at 275.2 K. Triplet peak (marked with ‘a’) intensities increases with increasing concentrations of
NH4+.
B. Full-scale NMR spectra (left panel) and zoomed-in NMR spectra (right panel) of labelled (15N)
ammonium standard titration curve, ranging from 10 nM to 10 mM, at pH 3.5 and measured at
275.2 K. Doublet peak (marked with ‘b’) intensities increases with increasing concentrations of
15N-NH +.
4
C. Original NMR spectra (left panel) and scaled NMR spectra (right panel) of a titration of 15Nlabelled ammonium standard in a solution with 1 mM unlabelled (14N) ammonium standard.
Doublet peak (marked with ‘b’) intensities increase with increasing concentrations of 15N-NH4+,
while triplet peak (marked with ‘a’) intensities (corresponding to unlabelled NH4+) remain constant.
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3.7.3

Measurement of Ammonium from Cell-Free Mitochondria

To detect ammonium in cell-free mitochondria prior to addition of any exogenous
substrates, ammonium was extracted from mitochondrial pellets using perchloric acid,
and potassium hydroxide (KOH) was used to adjust the pH to 4.0. The extracts were
then analysed by proton NMR. Although the full spectra contained many unassigned
peaks, the characteristic unlabelled ammonium 1:1:1 triplet at the appropriate frequency
(between 6.9 and 6.6 ppm) was observed (Figure 3.11A).

In order to quantify the absolute amount of ammonium in the extract, unlabelled and 15Nlabelled ammonium were spiked in (Figure 3.11B) and peak areas before and after the
spike-ins were determined using peak deconvolution (assuming a 100% Lorentzian lineshape). 2D 15N-HSQC spectra confirmed that 15N-labelled ammonium was only detected
upon spiking in a labelled standard (Figure 3.11C). After correction for changes in volume
of sample upon addition of the spike-ins, it was determined that cell-free mitochondria
had 1.1 ± 0.2 nmol NH4+/mg mitochondrial protein after the isolation process, prior to
addition of any exogenous substrates (Figure 3.11D). In conclusion, NMR spectroscopy
may be reliably used to measure ammonium from cell-free mitochondria.
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Figure 3.11. Measurement of ammonium from cell-free mitochondria.
A. Full proton NMR spectra from mitochondrial extract, with a zoom into ammonium 1:1:1 triplet
corresponding to unlabelled ammonium.
B. Proton spectra from mitochondrial extract (blue), spike-in of 20 nmol unlabelled ammonium
(red), and spike-in of 15 nmol labelled ammonium (green).
C. 2D 15N-HSQC spectra from mitochondrial extract [blue (positive contour)/green (negative
contour)] and 15 nmol labelled ammonium spike-in [red (positive contour)/pink (negative
contour)]. Boxed area corresponds to peak for labelled ammonium (only detected in spike-in).
D. Quantification of ammonium in nmol per mg mitochondrial protein for both the labelled and
unlabelled species from cell-free mitochondria (with no other substrates added). Data shown as
mean ± SD (n = 3).
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3.8 Conclusions
Understanding the functional changes associated with freeze-thawing mitochondria was
important for a few reasons. Practically, knowing the limitations of functional assays after
freeze-thaw was useful for reducing the waste of biological materials, as not all the
mitochondria isolated in one preparation may be used by a single assay. Secondly,
different functional assays can be lengthy; therefore, it is not possible to conduct various
experiments on a mitochondrial preparation on the same day. Understanding these
technical limitations will be useful in the context of analysing mitochondrial function from
more precious samples, such as patient biopsies or tissue samples from animals that
have undergone various treatments. Methods for cryopreserving tissues for respiratory
analysis have been recently investigated (García-Roche et al., 2018); however, this
study is the first to take a holistic approach, looking at a combination of respiratory
function, morphological changes, and metabolomics analysis from frozen mitochondria.

This chapter described methods for isolating functional mitochondria from mouse livers
and assessing their morphology and function by a combination of techniques, including
high-resolution respirometry; electron microscopy and machine learning-supported
analysis of EM images; and GC-MS- and NMR- based metabolomics. GC-MS analysis
of cell-free mitochondria revealed that cell-free mitochondria, upon addition of
exogenous substrates, increase certain metabolite pool sizes (Figure 3.7A), and that
stable-isotope labelled substrates may be used to probe different metabolic pathways
(Figure 3.8B). These methods will be employed in the following chapter to probe
glutamine-derived versus glutamate-derived anaplerosis on mitochondrial metabolism
and respiratory capacity.

In this chapter, the effects of freezing and exogenous substrates on mitochondrial
morphology and function were also assessed. Freezing mitochondria induced
considerable mitochondrial swelling (Figure 3.6C) and this was associated with
increased dissipative or leak respiration in frozen mitochondria (Figure 3.4B). Due to the
relative increase in leak respiration, frozen mitochondria exhibited decreased OXPHOS
coupling efficiency, when compared with freshly isolated preparations (Figure 3.4A).
However, both normalised OXPHOS respiratory fluxes and ADP-induced changes
towards condensed mitochondrial morphology were comparable between fresh and
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frozen mitochondria (Figure 3.4A, Figure 3.6D). Finally, absolute abundances of polar
metabolites extracted from both fresh and frozen mitochondria were comparable,
although the stable-isotope labelling from exogenous substrates was not (Figure 3.8).
Therefore, for independent OXPHOS respiratory analysis, frozen mitochondria may be
used when comparing two different substrate conditions, as long as respiratory fluxes
are normalised to the same condition. However, freshly isolated mitochondria are better
suited for conducting metabolomics analysis and for understanding changes in OXPHOS
based on metabolomics, to avoid discrepancies caused by the freeze-thaw process.
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Chapter 4.
Glutamine-derived

ammonium

drives

differential

anaplerosis from glutamate and glutamine in cell-free
mitochondria
4.1 Introduction
Glutamine (Gln) is the most abundant amino acid in mammalian circulation and a
significant source of carbons for TCA cycle anaplerosis in proliferating cells (Eagle et al.,
1956, Reitzer et al., 1979, Zielke et al., 1984). Gln may get deamidated to glutamate
(Glu) either in mitochondria or in the cytosol. Both mitochondria-derived Glu and cytosolderived Glu may further catabolise to the TCA cycle intermediate, a-KG. Therefore, cellfree mitochondria incubated with either Glu or Gln are expected to exhibit the same
respiratory capacities, because they both supply the same TCA cycle intermediate
(Figure 4.1a). However, early reports from Ehrlich ascites-tumour cells and isolated rat
liver and kidney mitochondria suggested that there may be differences in the way Glu
and Gln are metabolised within mitochondria (Moreadith and Lehninger, 1984,
Kovacevic, 1971, Kovacevic and McGivan, 1983).

The following chapter uses the tools developed in Chapter 3 to establish if cell-free
mouse liver mitochondria exhibit differences in respiration and TCA cycle activity when
incubated with Glu in comparison to Gln and investigates the potential biochemical
causes for such differences.
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4.2 Mitochondria incubated with Glu versus Gln exhibit distinct
respiratory, morphologic and metabolic profiles
4.2.1

Mitochondria respiring on Gln have lower respiratory capacities than those
on Glu

To test whether there were differences in respiratory capacities from mitochondria
respiring on Glu versus Gln, mitochondria were incubated with increasing concentrations
of Glu or Gln (from 0 mM to 10 mM) in the presence of 5 mM Pyr and 3 mM ADP (Figure
4.1A). Pyr was added to generate acetyl-CoA, which is required to maintain a full TCA
cycle. Oxygen consumption rates (OCRs) were measured and, at all concentrations
tested, mitochondria respiring on Glu and Pyr had significantly higher OCRs than
mitochondria respiring on Gln and Pyr (Figure 4.1B). Consistent with this result,
mitochondria incubated with Gln and Pyr had significantly lower NADH levels than
mitochondria incubated with Glu and Pyr, as analysed by NADH autofluorescence
measurements of mitochondria incubated with the respective substrates (Figure 4.1C).
These results suggest that, Glu and Gln invoke differential respiratory capacities in
mitochondria, even though the anaplerotic pathway the two substrates utilise is assumed
to be the same.

To determine whether the functional changes in the presence of Glu versus Gln were
associated with morphological changes, mitochondria were incubated with either Glu or
Gln (in the presence of Pyr and ADP) for 10 min, and subsequently fixed and imaged by
SEM. SEM images were quantified to assess the number of mitochondria in condensed
versus orthodox states in the two conditions. As discussed in the previous chapter,
mitochondria in the condensed state have previously been correlated with mitochondria
with increased respiratory activation (Figure 3.6). However, a greater percentage of
mitochondria were in the condensed state when incubated with Gln than with Glu (76%
versus 57%; Figure 4.1D). Previous studies have indicated that inhibition of the ETS by
inhibitors such as cyanide may fix mitochondria in the condensed state (Hackenbrock,
1968); therefore, it may be that decreased respiratory flux upon Gln-stimulated
respiration in mitochondria also stabilises them in the condensed state instead of
transitioning back to orthodox. However, more studies will be required to understand the
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dynamics of switching between condensed and orthodox mitochondria upon the addition
of respiratory substrates.

Figure 4.1. Decreased respiratory flux and NADH production from mitochondria
incubated in Gln in comparison to Glu.
A. Schematic illustrating the expected pathways of Gln (left) or Glu (right) metabolism in
mitochondria. Gln/Glu and Pyr are utilised by mitochondria to produce the reducing equivalents
(NADH and FADH2) required for ETS-derived ATP production.
B. Oxygen consumption rates from mitochondria respiring on Glu and Pyr (blue) vs Gln and Pyr
(orange) over a titration of Glu/Gln from 0 mM to 10 mM, in the presence of ADP. Respiratory
fluxes are normalised to titration of 10 mM Glu + 5 mM Pyr. Data shown as mean ± SD (n = 3).
Significance tested using an ordinary two-way ANOVA.
C. NADH autofluorescence measured in mitochondria incubated with 10 mM Glu, 5 mM Pyr and
3 mM ADP (blue) versus 10 mM Gln, 5 mM Pyr and 3 mM ADP (orange). Maximum
intramitochondrial NADH autofluorescence measured by blocking NADH utilisation by Complex I
using rotenone (Rot, striped bar). Data shown as mean ± SD (n = 3). Significance tested using
an ordinary one-way ANOVA with Tukey’s multiple comparisons test.
D. Quantification of the percent of mitochondria (as imaged by SEM) in condensed state versus
orthodox state when mitochondria were incubated with 5 mM Pyr and 3 mM ADP and either 10
mM Glu or 10 mM Gln for 10 min.
* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001
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4.2.2

Mitochondria incubated with Gln have decreased flux through the TCA
cycle than those incubated with Glu

To determine if the differences in OCRs, NADH levels, and morphological responses
from mitochondria respiring on Glu versus Gln were caused by differences in TCA cycle
activity, mitochondria were incubated with [U-13C]-Glu or [U-13C]-Gln (in the presence of
Pyr and ADP), and absolute abundances of stable isotope-labelled TCA cycle
intermediates (a-KG, succinate, fumarate, malate and citrate) were measured over time.
Stable-isotope labelling patterns expected from [U-13C]-Glu or [U-13C]-Gln are illustrated
in Figure 4.2A. Mitochondria incubated with [U-13C]-Gln showed significantly lower
labelling into and abundance of TCA cycle intermediates when compared to
mitochondria incubated with [U-13C]-Glu (Figure 4.2B). Therefore, decreased flux
through the TCA cycle may be, in part, a reason why Gln-respiring mitochondria have
lower OCR and NADH levels in comparison to Glu-respiring mitochondria.
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Figure 4.2. Decreased stable-isotope labelling of TCA cycle intermediates from
13C-Gln

vs 13C-Glu over time.

A. Schematic illustrating stable-isotope labelling patterns from [U-13C]-Glu (blue) and 12C-Pyr
versus [U-13C]-Gln (orange) and 12C-Pyr. Filled black circles represent heavy carbon (13C), empty
black circles represent unlabelled carbon (12C), and empty red circles represent unlabelled
nitrogen (14N).
B. Absolute abundances of 13C-labelled TCA cycle intermediates (a-KG, succinate, fumarate,
malate and citrate) over time generated from [U-13C]-Glu (blue) or [U-13C]-Gln (orange). Data
shown as mean ± SD (n = 3). Significance tested using an ordinary two-way ANOVA.
**** p<0.0001

4.2.3

Mitochondria incubated with Gln have increased intramitochondrial
ammonium levels

Differences in the metabolic pathways used to break down Glu and Gln in mitochondria
were next examined in order to find potential reasons behind differential TCA cycle
activities on the two substrates. In liver mitochondria, Gln gets metabolised to Glu via
Glutaminase 2 (GLS2), which produces an ammonium ion (Figure 4.3A). Glu may further
get metabolised to a-KG via either transaminase reactions or glutamate dehydrogenase
(GDH). Transaminase reactions transfer the amine group of Glu to a keto-acid to
generate another amino acid and a-KG, whereas the oxidative GDH reaction releases
the amine group on Glu to, again, produce ammonium (Figure 4.3A). To test if Glnrespiring mitochondria produce more ammonium than Glu-respiring mitochondria (due
to the GLS2 step), mitochondria were incubated with [U-13C,15N]-Glu or [U-13C,15N2]-Gln,
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and intramitochondrial NH4+ was quantified by NMR spectroscopy (Figure 4.3B, C).
Mitochondria incubated with [U-13C,15N2]-Gln produced 1.8 ± 0.7 nmol

15NH +
4

whereas

mitochondria incubated with [U-13C,15N]-Glu did not produce detectable amounts of
15NH +
4

(Figure 4.3B, C). Therefore, mitochondria incubated with Gln have increased

ammonium production. This result also indicated that mitochondria incubated with Glu
likely rely on transaminases, over GDH, for a-KG production. Together, these data raise
the possibility that mitochondria incubated with Gln may need to remodel their metabolic
network in order to manage increased ammonium levels.

Figure 4.3. Decreased respiratory flux and TCA cycle activity on Gln is associated
with increased ammonium production.
A. Schematic illustrating stable-isotope labelling patterns from [U-13C, 15N]-Glu and [U-13C, 15N]Gln. Filled black circles represent heavy carbon (13C) and filled red circles represent heavy
nitrogen (15N). Glutamine breakdown via GLS2 results in production of Glu and release of the
amide group of Gln as 15N-labelled NH4+. Further breakdown of glutamate by GDH results in
production of a-KG and release of the amine group on Glu as 15N-labelled NH4+.
B. Representative 1D proton NMR spectra of mitochondrial extracts labelled with 10 mM [U13C,15N]-Gln and 5 mM 12C-Pyr (top, orange) or 10 mM [U-13C, 15N]-Glu and 5 mM 12C-Pyr (bottom,
blue). Peaks associated with 1:1:1 triplet, indicating 14N-NH4+ are marked with ‘a’. Peaks
associated with 1:1 doublet, indicating 15N-lNH4+ are marked with ‘b’.
C. Absolute abundance of unlabelled ammonium (white) and 15N-labelled ammonium (grey) from
cell-free mitochondria labelled with 10 mM [U-13C,15N]-Gln and 5 mM 12C-Pyr or 10 mM [U13C,15N]-Glu and 5 mM 12C-Pyr. Data shown as mean ± SD (n = 3).

4.3 Mitochondria incubated with Gln are associated with altered
transamination and GDH activities
4.3.1

Decreased TCA cycle flux from Gln is associated with increased aspartate
production

The results in the previous section indicate that cell-free mitochondria have decreased
TCA cycle flux, and this may contribute, in part, to decreased respiration in Gln-respiring
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mitochondria. Consistent with previous studies in isolated mitochondria, the previous
results also indicated that Glu oxidation may primarily take place through transaminases
(Kovacevic, 1971). Therefore, to test if there were differences in the anaplerotic pathway
utilised by Glu and Gln, the abundances of aspartate (Asp) and alanine (Ala) were
quantified because they are the products of the two main mitochondrial transaminases
– GOT2 and GPT2, respectively (Figure 4.4A). As with other mitochondrial metabolites
quantified, Ala abundance was significantly higher in Glu-respiring mitochondria in
comparison to Gln-respiring mitochondria (Figure 4.4B). In contrast, Asp production was
significantly higher in Gln-respiring mitochondria (Figure 4.4C). These results suggest
that cell-free mitochondria incubated with Gln may have a greater relative dependence
on GOT2 for a-KG production.

Figure 4.4. Mitochondria incubated with Gln have increased aspartate production
in comparison to those incubated with Glu.
A. Schematic of GOT2 and GPT2 transaminase reactions involved in generation of a-KG and
aspartate/alanine from glutamate and oxaloacetate/pyruvate, respectively.
B. Absolute abundance of alanine generated from 10 mM Glu and 5 mM Pyr (blue) versus 10 mM
Gln and 5 mM Pyr (orange). Data shown as mean ± SD (n = 3). Significance tested using an
unpaired, two-tailed t-test.
C. Absolute abundance of aspartate generated from 10 mM Glu and 5 mM Pyr (blue) versus 10
mM Gln and 5 mM Pyr (orange). Data shown as mean ± SD (n = 3). Significance tested using an
unpaired, two-tailed t-test.

* p<0.05; *** p<0.001
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4.3.2

Cell-free mitochondria incubated with Gln have increased reductive
amination through GDH and increased dependence on GOT2 for a-KG
production

To study the specific effect of GLS2-derived ammonium on GOT2 and GPT2,
mitochondria were incubated with either

15N-Glu, 15N-a-Gln

(label on the amine group)

or 15N-e-Gln (label on the amide group), in the presence of Pyr and ADP. The fate of the
respective labelled nitrogen groups was followed into Glu, Asp, and Ala. Surprisingly,
mitochondria labelled with 15N-e-Gln showed M+1 labelling in Glu, Asp, and Ala (Figure
4.5A, B, C). This suggested that the ammonium released from the GLS2 reaction may
get assimilated into Glu via GDH-mediated reductive amination of a-KG to Glu, as
illustrated in Figure 4.5D. Furthermore, as observed before, Asp absolute abundance
was higher in mitochondria incubated with Gln, when compared to those incubated with
Glu (Figure 4.4C, Figure 4.5B); however, Ala absolute abundance was significantly lower
in mitochondria incubated with Gln, when compared to Glu (Figure 4.4B, Figure 4.5C).
In Asp, the contribution to
to that from

15N-Glu,

15N-Asp

from both

15N-a-Gln

and

15N-e-Gln

was comparable

whereas, the unlabelled fraction was significantly higher in

mitochondria labelled with either 15N-a-Gln or 15N-e-Gln in comparison to those labelled
with

15N-Glu.

This led to a doubling in total Asp levels, from 0.026±0.002 nmol/mg

mitochondrial protein from
15N-a-Gln

15N-Glu

to 0.073±0.022 nmol/mg mitochondrial protein from

and 0.09±0.008 nmol/mg mitochondrial protein from

15N-e-Gln

(Figure 4.5B).

Altogether, these data suggest that, in Gln-respiring mitochondria, GLS2-derived
ammonium levels drive GDH in the cataplerotic direction, assimilating the released
ammonium into Glu (Figure 4.5D). Furthermore, these mitochondria may increase
reliance on GOT2 to generate a-KG, indicated by increased Asp production in the
presence of Gln but decreased Ala production (Figure 4.5E). This suggested, that the
GOT2 reaction may be necessary for managing increased ammonium levels, and that
Asp may act as a sink for excess ammonium, as illustrated in Figure 4.5E. Unlike the
GPT2 reaction, the GOT2 reaction uses the TCA cycle intermediate, OAA; therefore, the
GOT2 reaction removes carbons from the TCA cycle, making it both anaplerotic and
cataplerotic. This raises the possibility that decreased TCA cycle activity in Gln-respiring
mitochondria may be due to increased GOT2 activity.

100

Chapter 4 Results

Figure 4.5. Reversal of GDH reaction caused by GLS-derived ammonium.
A. Absolute abundance of unlabelled (white) or 15N-labelled (red) glutamate in mitochondria
incubated with 10 mM 15N-a-Gln or 10 mM 15N-e-Gln and 5 mM Pyr and 3 mM ADP for 10 min.
Data shown as mean ± SD (n = 3). Significance tested using a two-way ANOVA with Sidak’s
multiple comparisons test.
B, C. Absolute abundance of unlabelled (white) or 15N-labelled (red) aspartate (B) and alanine
(C) in mitochondria incubated with either 10 mM 15N-Glu, 10 mM 15N-a-Gln or 10 mM 15N-e-Gln
and 5 mM Pyr and 3 mM ADP for 10 min. Data shown as mean ± SD (n = 3). Significance tested
using a two-way ANOVA with Sidak’s multiple comparisons test.
D. Schematic of metabolic route taken by nitrogen groups on glutamine, based on stable-isotope
labelling. The amide group on Gln (filled green circle) is released as ammonium by the GLS
reaction. Released ammonium is condensed with a-KG by GDH to produce Glu. Glu, generated
both by GLS and GDH, may be used by transaminases (for example, GOT2), to generate amino
acids (represented here by Asp).
E. Schematic of possible differences in flux between GOT2 and GPT2 in mitochondria incubated
with Glu (top) versus mitochondria incubated with Gln (bottom), based on stable-isotope labelling
and abundance data. Bolder lines represent greater flux, and vice versa.
ns p>0.5; ** p<0.01; *** p<0.001; **** p<0.0001
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The previous results suggested that there may be a differential dependence on GPT2
versus GOT2 transaminases in the presence of Glu versus Gln. To further investigate if
mitochondria incubated with Gln relied more on GOT2 than GPT2 for anaplerosis, a pantransaminase inhibitor, aminooxyacetate (AOA), was used to differentially inhibit GPT2
versus GOT2 in cell-free mitochondria. AOA is known to inhibit GPT2 at lower
concentrations than GOT2 (Gonzalez et al., 2011, De Rosa et al., 1979). Therefore, it
was hypothesized that at low [AOA], GPT2 may be inhibited, increasing Glu availability
for GOT2, and increasing flux through the TCA cycle on Gln-respiring mitochondria
(Figure 4.6A, left panel). Meanwhile, at high [AOA], both GPT2 and GOT2 would be
inhibited, thereby diminishing a-KG production and flux through the TCA cycle (Figure
4.6A, right panel). Titration of AOA (from 0 mM to 0.5 mM) to mitochondria incubated
with either Glu or Gln (in the presence of Pyr and ADP), showed that Ala abundance was
decreased at 0.25 mM AOA, whereas Asp levels were sustained (Figure 4.6B). Titration
of low concentrations (0.25 mM) of AOA to mitochondria incubated with Gln significantly
increased the abundances of TCA cycle intermediates, a-KG, malate and citrate,
whereas production of these metabolites was decreased upon AOA titration in
mitochondria incubated with Glu (Figure 4.6C). Consistent with the changes in TCA cycle
intermediates, respiratory flux from mitochondria incubated with Gln (in the presence of
Pyr and ADP) increased with low titrations of AOA before declining, while respiratory flux
from mitochondria respiring on Glu did not increase (Figure 4.6D). These data, in
combination with the data from the

15N-labelling

experiments, suggest that when

mitochondria are incubated with Gln, GLS2-derived ammonium may invoke reductive
amination through GDH along with increased GOT2 activity to generate a-KG for the
TCA cycle (Figure 4.5D, E).
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Figure 4.6. Inhibition of GPT2 increases respiration and TCA cycle activity from
mitochondria incubated with Gln.
[Figure legend on the next page]
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A. Schematic of inhibitory effect of AOA on metabolic pathways in cell-free mitochondria
incubated with 10 mM Gln or Glu, 5 mM Pyr and 3 mM ADP. Low [AOA] (left panel) inhibits GPT2,
but not GOT2, and this may increase Pyr usage for PC and PDH, thereby increasing flux through
the TCA cycle.
B. Absolute abundance of Alanine (left) and Aspartate (right) in mitochondria incubated with 10
mM Glu (blue) or 10 mM Gln (orange), 5 mM Pyr and 3 mM ADP, with a titration of AOA (0 mM,
0.25 mM and 0.5 mM). Data are relative to abundance on respective substrates with 0 mM AOA.
Data are shown as mean ± SD (n = 3).
C. Absolute abundance of a-KG (left), Malate (middle) and Citrate (right) in mitochondria from the
same experiment as (B). Data are relative to abundance on respective substrates with 0 mM
AOA. Data are shown as mean ± SD (n = 3). Significance tested using a two-way ANOVA with
Sidak’s multiple comparisons test, compared to 0 mM AOA in the respective condition.
D. Oxygen consumption rates from mitochondria incubated with 10 mM Glu (blue) or 10 mM Gln
(orange), 5 mM Pyr and 3 mM ADP, with an increasing titration of AOA from 0 mM to 0.5 mM.
Data are relative to respiration on respective substrates with 0 mM AOA. Data shown as mean ±
SD (n = 3). Significance tested using a two-way ANOVA with Sidak’s multiple comparisons test,
comparing mitochondria respiring on Glu with those respiring on Gln at the respective AOA
titration.
ns p>0.05; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001

4.4 Differential mitochondrial metabolism in Gln-respiring
mitochondria is induced by ammonium
4.4.1

Oxidative GDH activity is sensitive to ammonium levels

The result if Figure 4.3 suggested that basal levels of ammonium in mitochondria may
be enough to inhibit oxidative GDH activity because mitochondria incubated with [U13C,15N]-Glu

did not release a

15N-labelled

ammonium. Therefore, to test whether the

oxidative GDH reaction (Glu to a-KG) was sensitive to ammonium, an enzymatic assay
with purified bovine GDH was conducted by proton NMR and the rate of a-KG production
was assessed over increasing concentrations of ammonium. The oxidative GDH reaction
was inhibited by increasing ammonium levels with an IC50 of 16.1 mM (Figure 4.7A). By
comparison, the activity of human recombinant GLS was uninhibited even in the
presence of 100 mM ammonium (Figure 4.7B). These results suggest that cell-free liver
mitochondria may primarily rely on transaminases to support a-KG production because
mitochondria have basal levels of ammonium, as observed in Figure 3.11; this may be
enough to inhibit GDH activity in the oxidative direction, without addition of exogenous
ammonium.
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Figure 4.7. GDH activity in the oxidative direction is sensitive to ammonium.
A. Activity of purified bovine GDH incubated with glutamate, NAD+ and increasing concentrations
of NH4Cl. Data shown as mean ± SD (n = 3). IC50 was determined by fitting a curve of inhibitor
concentration versus response (three parameters).
B. Activity of purified human GLS incubated with glutamine and increasing concentrations of
NH4Cl. Data shown as mean ± SD (n = 3).

4.4.2

Either

exogenous

ammonium

or

Gln

increase

transamination

in

mitochondria incubated with Glu and Pyr
The results in Figure 4.3 and Figure 4.7 indicate that basal ammonium levels may inhibit
oxidative GDH activity even in mitochondria incubated with Glu. Labelling from 15N-e-Gln
suggested that extra ammonium produced by GLS2 may further promote reductive
amination through GDH (Figure 4.5). These results raise the possibility that changes to
GDH activity may be a consequence of increased mitochondrial ammonium levels. To
test this, exogenous unlabelled ammonium was titrated (from 0 mM to 10 mM) to
mitochondria incubated with 15N-Glu (in the presence of Pyr and ADP) and 15N-absolute
labelling into Asp and Ala were measured. Titration of exogenous ammonium to
mitochondria incubated with Glu increased absolute abundances of both Asp and Ala
(Figure 4.8A, B). The exogenous ammonium was unlabelled (M+0); therefore, the
increase in the unlabelled levels of both Asp and Ala indicated that exogenous
ammonium may be assimilated into Glu via reductive GDH activity (Figure 4.8A, B).
Addition of exogenous ammonium significantly increased the abundance of labelled
(M+1) Asp, but not labelled Ala.

To test if ammonium derived from Gln deamidation could have the same effects as
exogenous ammonium, unlabelled Gln was titrated (from 0 mM to 10 mM) to
mitochondria incubated with 15N-Glu (with Pyr and ADP). Titration of Gln also increased
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Asp and Ala abundances, indicating that GLS2-derived ammonium may increase flux
through transaminases for a-KG production (Figure 4.8C, D). Like with exogenous
ammonium, GLS2-derived ammonium also enhanced reductive amination from GDH, as
indicated by the increase in unlabelled (M+0) species of Asp and Ala upon titration of
Gln. Consistent with the ammonium titration, addition of exogenous Gln to mitochondria
incubated with Glu also exhibited increased flux through GOT2 for ammonium
detoxification, due to the increased labelling into Asp, but not Ala. Altogether, these data
suggest that the changes to mitochondrial metabolism observed in mitochondria
incubated with Gln, when compared to Glu, may be promoted by increasing ammonium
levels.

Figure 4.8. Addition of exogenous ammonium and Gln increase reductive
amination through GDH and reliance on GOT2 in mitochondria incubated with Glu
and Pyr.
A, B. Absolute abundance of 15N-labelled (blue) and unlabelled (white) aspartate (A) and alanine
(B) in mitochondria incubated with 10 mM 15N-Glu, 5 mM Pyr and 3 mM ADP with 0 mM, 5 mM,
or 10 mM unlabelled NH4Cl. Data shown as mean ± SD (n = 3). Significance tested using a twoway ANOVA with Sidak’s multiple comparisons test.
C, D. Absolute abundance of 15N-labelled (blue) and unlabelled (orange) aspartate (C) and
alanine (D) in mitochondria incubated with 10 mM 15N-Glu, 5 mM Pyr and 3 mM ADP with 0 mM,
5 mM, or 10 mM unlabelled Gln. Data shown as mean ± SD (n = 3). Significance tested using a
two-way ANOVA with Sidak’s multiple comparisons test.
ns p>0.5; ** p<0.01; *** p<0.001; **** p<0.0001

4.4.3

Exogenous ammonium or Gln decrease respiratory flux and NADH levels
in Glu-respiring mitochondria

To investigate if changes in the mitochondrial metabolic network could be a
consequence of increased mitochondrial ammonium levels, exogenous ammonium was
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titrated (from 0 mM to 10 mM) to mitochondria respiring on Glu and Pyr, and respiratory
flux and NADH levels were measured. Mitochondrial respiratory fluxes and
intramitochondrial NADH levels significantly decreased upon titration of exogenous
ammonium (Figure 4.9), indicating that ammonium may play a role in the observed
metabolic differences between Glu and Gln. Next, to test if the same phenotype was
observed due to ammonium generated by Gln (via GLS2), respiratory fluxes and NADH
levels were measured from mitochondria respiring on Glu, Pyr and ADP with a titration
of Gln (from 0 mM to 10 mM). Consistent with the results from the ammonium titration,
addition of exogenous Gln to mitochondria respiring on Glu (with Pyr and ADP)
significantly decreased respiratory fluxes (Figure 4.9A). Addition of 5 mM exogenous Gln
significantly decreased NADH levels, but 10 mM exogenous Gln only showed a
moderate decrease in NADH autofluorescence. These data suggest that the increase in
mitochondrial ammonium levels may, in part, explain the differences in respiratory
capacity and TCA cycle activity observed in mitochondria incubated with Glu versus Gln.

Figure 4.9. Exogenous ammonium and Gln-derived ammonium decrease oxygen
consumption and NADH levels in mitochondria incubated with Glu and Pyr.
A. Oxygen consumption rates from mitochondria respiring on 10 mM Glu, 5 mM Pyr and 3 mM
ADP with increasing titration of NH4Cl (black) or Gln (orange) from 0 mM to 10 mM. Respiratory
fluxes are normalised to titration of 10 mM Glu, 5 mM Pyr and 3 mM ADP. Data shown as mean
± SD (n = 3). Significance tested using a two-way ANOVA with Dunnett’s multiple comparisons
test.
B. NADH autofluorescence measured in mitochondria incubated with 10 mM Glu, 5mM Pyr and
3mM ADP (blue) with increasing titrations of NH4+ (5 mM, 10 mM, black) or Gln (5 mM, 10 mM,
orange). Data shown as mean ± SD (n = 3). Significance tested using an ordinary one-way
ANOVA with Sidak’s multiple comparisons test.
ns p>0.05; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001
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4.5 Urea cycle mediated NH4+ scavenging rescues the effects of
GLS2-derived NH4+ on GDH activity
In the intact liver, mitochondrial ammonium is typically detoxified through the urea cycle.
Carbamoyl-phosphate synthetase 1 (CPS1) combines free ammonium with bicarbonate
and ATP to produce carbamoyl-phosphate (CP). CP condenses with ornithine via
ornithine transcarbamylase (OTC) to produce citrulline, which is exported to the cytosol
to run the cytosolic portion of the urea cycle (Figure 4.10). Therefore, urea cyclemediated ammonium scavenging may rescue the effects of Gln-derived ammonium on
mitochondrial metabolism – namely, increased reductive amination through GDH,
decreased flux through the TCA cycle and decreased OCR. However, because the urea
cycle is partially mitochondrial and partially cytosolic, it was expected that the
mitochondrial portion of the cycle would not be functional in cell-free mitochondria
because of a lack of the substrate, ornithine, required to accept any CP produced. To
overcome this limitation and invoke activity of the mitochondrial portion of the urea cycle,
exogenous ornithine was added to cell-free mitochondria. N-acetyl-glutamate (NAG; an
obligate activator of CPS1) and bicarbonate were also added in order to maximise any
possible mitochondrial urea cycle flux and urea cycle-mediated ammonium scavenging.
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Figure 4.10. Schematic of urea cycle mediated ammonium detoxification in cellfree mitochondria.
CPS1 combines mitochondrial ammonium with bicarbonate and ATP to generate carbamoylphosphate (CP). CP condenses with ornithine to generate citrulline, which is exported out of
mitochondria for the cytosolic portion of the urea cycle. N-acetyl-glutamate (NAG) is an obligate
activator of CPS1. The part of the urea cycle highlighted in grey is cytosolic and does not take
place in the cell-free mitochondria set-up.
ARG, arginase; ASL, arginosuccinate lyase; ASS1, arginosuccinate synthetase 1; CPS1,
carbamoyl-phosphate synthetase 1; CS, citrate synthase; GDH, glutamate dehydrogenase; GLS,
glutaminase; GOT2, glutamate oxaloacetate synthetase 1; OTC, ornithine transcarbamylase;
PDH, pyruvate dehydrogenase

4.5.1

Addition of exogenous urea cycle substrates scavenges Gln-derived
ammonium

To validate that the addition of exogenous ornithine, NAG and bicarbonate invoked the
mitochondrial portion of the urea cycle, mitochondria were labelled with [U-13C,15N]-Gln
(in the presence of unlabelled Pyr and ADP), and unlabelled ornithine, NAG, followed by
a titration of bicarbonate (from 0 mM up to 10 mM). In the presence of an active urea
cycle, Gln-derived ammonium would be scavenged, citrulline would be labelled in the
ureido-15N1 position, and get exported into the media as illustrated in Figure 4.11A.
Therefore, the abundance of ureido-15N1-citrulline in the media was measured upon
addition of urea cycle intermediates. Increasing titration of urea cycle substrates
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significantly increased the levels of ureido-15N1-citrulline in the media (Figure 4.11B),
indicating that exogenous urea cycle substrates could activate the mitochondrial portion
of the cycle and that this activated urea cycle could scavenge ammonium derived from
Gln.

Figure 4.11. Exogenous urea cycle substrates scavenge Gln-derived ammonium.
A. Schematic of labelling with [U-13C,15N]-Gln (13C is identified by filled black circles and 15N is
identified by red circles) to produce ureido-15N1-citrulline.
B. Relative peak area of ureido-15N1-citrulline, as quantified by NMR (1H-15N-HSQC) exported to
media from mitochondria incubated with 10 mM [U-13C,15N]-Gln, 5 mM 12C-Pyr and 3 mM ADP,
with addition of 10 mM 12C-Orn and 1.5 mM NAG and increasing concentrations of HCO3 (0 mM,
2 mM, 4 mM and 10 mM). Data are shown as mean ± SD (n = 4). Significance tested using an
ordinary one-way ANOVA with Dunnett’s multiple comparisons test.
ns p>0.05; **** p<0.0001

4.5.2

Urea

cycle

mediated

ammonium

scavenging

decreases reductive

amination through GDH
The previous results suggest that addition of urea cycle substrates scavenged Glnderived ammonium. This raised the possibility that the ammonium released by the GLS2
reaction would contribute less to reductive amination through GDH, therefore reducing
the relative incorporation of the amide group from Gln into amino acids, as illustrated in
Figure 4.12A. To test this hypothesis, cell-free mitochondria were incubated with 10 mM
15N-e-Gln,

5 mM Pyr and 3 mM ADP with or without the presence of urea cycle

substrates, and 15N-labelling into Glu, Asp and Ala was quantified. Addition of urea cycle
substrates significantly decreased the incorporation of

15N

from

15N-e-Gln

into Glu, Asp

and Ala, indicated by the decrease in the fraction of M+1 isotopologues of the respective
amino acids (Figure 4.12B). These data suggest that urea cycle mediated ammonium
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scavenging decreases reductive amination through GDH caused by free GLS2-derived
ammonium.

Figure 4.12. Urea cycle mediated scavenging of Gln-derived ammonium in cellfree mitochondria decreases reductive amination through GDH.
A. Schematic of labelling from 15N-e-Gln (filled green circles) or 15N-a-Gln (filled red circles) into
Glu, Asp and Ala in the presence of urea cycle substrates.
B. 15N-labelling into Glu, Asp and Ala in cell-free mitochondria incubated with 5 mM Pyr, and 3
mM ADP and 15N-e-Gln with or without urea cycle (UC) substrates. Data shown as mean ± SD (n
= 4). Significance tested using unpaired, two-tailed t-tests.
ns p>0.05; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001

4.5.3

Urea cycle mediated ammonium scavenging rescues oxidative GDH
activity

The above results demonstrated that the addition of urea cycle substrates scavenged
Gln-derived ammonium into citrulline and attenuated reductive amination through GDH.
Previously, GDH oxidative activity was shown to be sensitive to ammonium levels
(Figure 4.7A). Together, these results raised the possibility that urea cycle mediated
ammonium scavenging could also invoke oxidative GDH activity. To test this, cell-free
mitochondria were incubated with

15N-a-Gln

(in the presence of Pyr and ADP), with or
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without UC substrates. This was because oxidative GDH activity would release the
labelled amine group as ammonium, as illustrated in Figure 4.13A. Addition of urea cycle
substrates increased oxidative GDH activity, as evidenced by the release of
from

15N-a-Gln

15N-NH +
4

in cell-free mitochondria incubated with urea cycle substrates, when

compared to those without (Figure 4.13B).

Figure 4.13. Rescue with urea cycle intermediates invokes oxidative GDH activity
in cell-free mitochondria incubated with Gln.
A. Schematic illustrating the labelling patterns used to measure anaplerotic activity from the GDH
reaction from 15N-a-Gln.
B. Quantification of 15N-labelled (red) and unlabelled (white) ammonium species from cell-free
mitochondria incubated with 10 mM 15N-a-Gln, 5 mM Pyr and 3 mM ADP with or without the
addition of urea cycle (UC) substrates. Data shown as mean ± SD (n = 3). Significance tested
using multiple t-tests.
ns p>0.05; *** p<0.001

Previous data suggested that mitochondria incubated with Glu did not exhibit anaplerotic
GDH activity either, perhaps due to basal inhibitory levels of ammonium retained in cellfree mitochondria (Figure 4.3, Figure 3.11). Therefore, it was concluded that, all cell-free
mitochondria may depend on transaminases for a-KG production, regardless of whether
they were incubated with Glu or Gln. However, the addition of urea cycle substrates was
enough to invoke anaplerotic GDH activity in mitochondria incubated with Gln (Figure
4.13); this raised the possibility that addition of urea cycle substrates to cell-free
mitochondria may decrease their dependence on transaminases and they may be able
to use GDH for a-KG production. To test if the addition of urea cycle substrates to
mitochondria decreases their reliance on transaminases, OCRs from mitochondria
respiring on either Glu or Gln (in the presence of Pyr and ADP) were measured with or
without the addition of urea cycle substrates. Subsequently, the pan-transaminase
inhibitor, AOA, was titrated up to high concentrations (6 mM) to ensure inhibition of all
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mitochondrial transaminases. Mitochondria incubated without urea cycle substrates
exhibited a severe decrease in respiration upon increasing AOA treatment (both in Gluand Gln-respiring mitochondria), whereas addition of urea cycle substrates rescued the
effects of AOA on respiration (Figure 4.14A, B). Therefore, in the presence of urea cycle
substrates, mitochondria are less sensitive to respiratory inhibition by AOA, and
therefore less reliant on transaminases for anaplerosis. This may be because GDH may
still be able to produce a-KG required for TCA cycle activity and respiratory flux, as
illustrated in Figure 4.14C (for the case of mitochondria incubated with Gln). Taken
together, these results demonstrate that mitochondrial urea cycle activity can scavenge
mitochondrial ammonium, and this alleviates the effects of ammonium on anaplerotic
GDH activity. These data also suggest that the long-observed low contribution of
oxidative GDH activity in isolated liver mitochondria may be an artefact due to the lack
of urea cycle activity (Kovacevic, 1971, Parrilla and Goodman, 1974, Moreadith and
Lehninger, 1984).
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Figure 4.14. Addition of urea cycle rescues the inhibitory effects of
aminooxyacetate on respiration.
A. OCR (relative to 0 mM AOA) on 10 mM Glu, 5 mM Pyr and 3 mM ADP without urea cycle (UC)
substrates (open circles) or with UC substrates (10 mM ornithine, 1.5 mM NAG, 10 mM
bicarbonate; closed circles). AOA was titrated from 0 mM up to 6 mM. Data shown as mean ± SD
(n = 3).
B. OCR (relative to 0 mM AOA) on 10 mM Gln, 5 mM Pyr and 3 mM ADP without urea cycle (UC)
substrates (open circles) or with UC substrates (10 mM ornithine, 1.5 mM NAG, 10 mM
bicarbonate; closed circles). AOA was titrated from 0 mM up to 6 mM. Data shown as mean ± SD
(n = 3).
C. Schematic illustrating decrease in TCA cycle flux (and NADH-producing reactions) upon
titration of AOA in Gln-respiring mitochondria incubated without urea cycle substrates (left panel)
versus those incubated with urea cycle substrates (right panel). Without ammonium detoxification
by the urea cycle, GDH is not able to compensate for transaminase inhibition by producing a-KG
in order to keep the TCA cycle running.
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4.6 Urea cycle mediated ammonium scavenging increases TCA
cycle activity and respiration in mitochondria
4.6.1

Addition of urea cycle substrates rescues flux through the TCA cycle in
cell-free mitochondria incubated with Gln

Urea cycle activity scavenged Gln-derived ammonium and rescued anaplerotic GDH
activity in cell-free mitochondria. This raised the possibility that the addition of exogenous
urea cycle substrates could also rescue flux through the TCA cycle in mitochondria
incubated with Gln. To test this hypothesis, mitochondria were incubated with [U13C,15N]-Gln

(in the presence of Pyr and ADP), and urea cycle substrates were titrated

(ornithine and NAG, followed by a titration of bicarbonate from 0 mM up to 10 mM). The
absolute levels of 13C-labelled TCA cycle intermediates (a-KG, succinate, fumarate and
malate) were measured to determine Gln-derived anaplerosis. Titration of urea cycle
intermediates increased labelling from Gln into TCA cycle intermediates in a dosedependent manner (Figure 4.15). This suggested that increasing ammonium
detoxification via the urea cycle also enhanced Gln-derived anaplerosis in cell-free
mitochondria.
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Figure 4.15. Rescue with urea cycle substrates increases Gln-derived anaplerosis
into the TCA cycle.
Absolute abundances of fully 13C-labelled TCA cycle intermediates (a-KG, Suc, Fum and Mal) in
mitochondria labelled with 10 mM [U-13C,15N]-Gln, 5 mM 12C-Pyr and 3 mM ADP, with addition of
10 mM 12C-Orn and 1.5 mM NAG and increasing concentrations of HCO3 (0 mM, 2 mM, 4 mM
and 10 mM). Data are shown as mean ± SD (n = 4). Significance tested using an ordinary oneway ANOVA with Dunnett’s multiple comparisons test.
ns p>0.05; * p<0.05; **** p<0.0001
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4.6.2

Addition of urea cycle substrates increases respiration in cell-free
mitochondria

Urea cycle mediated ammonium detoxification enhanced flux through the TCA cycle.
This suggested that ammonium detoxification by the urea cycle may also be associated
with an increase in mitochondrial respiration. To test this hypothesis, OCRs were
measured from mitochondria incubated with Gln (with Pyr, ADP and NAG) as urea cycle
substrates were titrated. Consistent with the changes in TCA cycle flux, OCRs and NADH
levels increased with the titration of urea cycle substrates (Figure 4.16). Interestingly,
mitochondria incubated with Glu (with Pyr, ADP and NAG) also exhibited an increase in
OCRs and NADH levels upon titration of urea cycle substrates (Figure 4.16). This
indicated that the increase in respiration in Glu-respiring mitochondria upon addition of
urea cycle substrates may be due to initiation of oxidative GDH activity (as also implied
by the AOA experiments) may be a consequence of detoxifying basal mitochondrial
ammonium levels (Figure 4.14A, Figure 4.16A). Altogether, these data suggest that
induction of the urea cycle in cell-free mitochondria scavenges ammonium; without the
urea cycle, ammonium causes inhibitory effects on oxidative GDH activity and increases
the relative flux through transaminases for a-KG production. The effects of ammonium
are particularly evident in mitochondria incubated with Gln because Gln breakdown to
Glu involves release of additional ammonium ions, which cause TCA cycle and
respiratory defects when compared to mitochondria incubated with Glu. However,
addition of urea cycle substrates rescues, in part, the effects of Gln-derived ammonium
on mitochondrial metabolism.
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Figure 4.16. Respiratory flux and NADH levels from cell-free mitochondria increase
upon rescue with urea cycle substrates.
A. OCR from cell-free mitochondria respiring on 5 mM Pyr, 3 mM ADP, 1.5 mM NAG and either
10 mM Glu (blue) or 10 mM Gln (orange), with a titration of 10 mM ornithine followed by increasing
concentrations of bicarbonate. Data shown as mean ± SD (n = 3). Significance tested using a
two-way ANOVA with Dunnett’s multiple comparisons test.
B. NADH autofluorescence from cell-free mitochondria incubated with 5 mM Pyr, 3 mM ADP, and
either 10 mM Glu or 10 mM Gln with or with the addition of UC substrates. Data shown as mean
± SD (n = 3). Significance tested using an ordinary one-way ANOVA with Sidak’s multiple
comparisons test.
* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001
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4.7 Conclusions
This chapter probed the differences in Glu- and Gln-derived anaplerosis by first
characterising respiration, NADH generation, mitochondrial morphology and TCA cycle
flux on the two substrates (in the presence of Pyr and ADP; Figure 4.1, Figure 4.2).
Analysis of these aspects of mitochondrial form and function led to the conclusion that
Gln-respiring mitochondria had decreased respiration and TCA cycle flux in comparison
to Glu-respiring mitochondria. By probing the differences in the pathways used to
generate a-KG from Glu versus Gln, it was determined that Gln-respiring mitochondria
may have lower respiration due to increased mitochondrial ammonium levels (Figure
4.3). Increased ammonium levels in Gln-respiring mitochondria was associated with
increased reductive amination through GDH and increased flux through GOT2 to both
manage ammonium and produce a-KG for the TCA cycle (Figure 4.4, Figure 4.5).
Invoking the urea cycle rescued, in part, the effects of ammonium on Gln-respiring
mitochondria (Figure 4.12, Figure 4.15, Figure 4.16), while addition of either exogenous
ammonium or Gln to Glu-respiring mitochondria decreased respiration, NADH levels and
increased reductive amination through GDH (Figure 4.9, Figure 4.8). Altogether, these
results suggest that the differences in Glu- and Gln-derived anaplerosis in cell-free
mitochondria arise from the increased production of ammonium in the presence of Gln,
which impacts downstream pathways related to glutaminolytic anaplerosis. Importantly,
these changes in the mitochondrial metabolic network occurred due to acute changes in
ammonium levels (within minutes), without the need for any changes in gene expression
or for chronic exposure to ammonium.
Reductive amination through GDH removes an a-KG molecule from the TCA cycle, and
although GOT2 produces an a-KG, it also consumes OAA, another TCA cycle
intermediate. Therefore, assimilation of excess ammonium leads to a net decrease in
TCA cycle intermediates because in order to detoxify a single ammonium ion (in the
absence of a functional urea cycle), there are two cataplerotic reactions and one
anaplerotic one, as illustrated in Figure 4.17. This raises the possibility that to sustain
even low TCA cycle flux, other anaplerotic pathways may have increased activity in
mitochondria with elevated ammonium levels.
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Figure 4.17. Schematic of anaplerotic and cataplerotic reactions involved in
ammonium detoxification.
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Chapter 5.
Glutamine-derived ammonium mediates anaplerotic
flux from pyruvate in cell-free mitochondria
5.1 Introduction
In Chapter 4, it was found that mitochondria incubated with Gln had increased
mitochondrial ammonium levels, which invoked reductive amination through GDH and
increased dependence on GOT2. Therefore, Gln-respiring mitochondria had distinct
metabolic profiles in comparison to Glu-respiring mitochondria. This chapter will explore
if mitochondrial ammonium (derived from Gln or provided exogenously) can regulate
non-glutaminolytic pathways.

5.2 Evidence for increase in flux through anaplerotic pathways
that are not fuelled by Gln
Mitochondria incubated with Gln had increased Asp production than those incubated
with Glu. Asp is a product of OAA, through the GOT2 reaction, and OAA can be provided
by both flux through the TCA cycle and through pyruvate carboxylase (PC). Because
mitochondria incubated with Gln had lower TCA cycle activity, this raised the possibility
that Pyr could provide carbons for OAA production in the presence of Gln.

Analysis of

13C-labelling

into Asp from mitochondria incubated with [U-13C]-Glu versus

[U-13C]-Gln (in the presence of unlabelled Pyr and ADP) showed mitochondria incubated
with [U-13C]-Gln had a significantly greater abundance of both the Asp M+4 isotopologue,
which refers to the carbon contribution from either [U-13C]-Glu or [U-13C]-Gln, (Figure 4.4,
Figure 5.1A) and the unlabelled (M+0) Asp isotopologue, which suggested that Pyr could
be contributing to Asp production (Figure 5.1A). Therefore, it may be that there is
increased flux through PC in mitochondria that have increased levels of ammonium (i.e.
mitochondria incubated with Gln), as a mechanism to maintain flux through the TCA
cycle, as illustrated in Figure 5.1B
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Figure 5.1.

13C-Labelling

in Asp from [U-13C]-Glu/Gln suggests increased

anaplerosis from pyruvate.
A. Absolute abundance of unlabelled (M+0) and 13C-labelled (M+4) aspartate from mitochondria
incubated with either 10 mM [U-13C]-Glu (blue) or 10 mM [U-13C]-Gln (orange) and 5 mM Pyr and
3 mM ADP for 10 min. Data shown as mean ± SD (n = 3). Significance tested using an ordinary
one-way ANOVA with Sidak’s multiple comparisons test.
B. Schematic illustrating how aspartate may have M+4 or M+0 labelling patterns as a
consequence of anaplerosis through PC when mitochondria are labelled with [U-13C]-Gln.

5.3 Mitochondria incubated with Gln have increased flux
through PC in comparison to those incubated with Glu
To test if there was increased activity through PC when mitochondria were incubated
with Gln, mitochondria were labelled with [U-13C]-Pyr (in the presence of ADP and either
unlabelled Glu or unlabelled Gln). Because mitochondrial malate pools are in equilibrium
with OAA, the product of PC, the M+3 isotopologue of malate was quantified as a
measure of PC activity [Figure 5.2A, (Cheng et al., 2011)]. PC-derived OAA may also
produce Asp, as hypothesized previously (Figure 5.1); therefore, the M+3 isotopologue
from Asp was also quantified to determine the contribution of PC-derived OAA to Asp
production (Figure 5.2A). Finally, PC-derived OAA may also condense with acetyl-CoA
to generate citrate, via citrate synthase (CS). However, measuring the M+3 isotopologue
of citrate underestimates total contribution of carbons through PC because the only
acetyl-CoA source in the system is also [U-13C]-Pyr. Therefore, a sum of the M+3 and
M+5 isotopologues of citrate were quantified to estimate PC contribution towards citrate
production, as illustrated in Figure 5.2A. Mitochondria incubated with Gln had
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significantly higher absolute abundances of PC-derived malate, aspartate and citrate
(Figure 5.2B). These data suggest that increased flux through PC was associated with
increased mitochondrial ammonium from Gln. Because Gln-respiring mitochondria have
increased reliance on GOT2, they may require higher levels of OAA. PC directly
produces OAA, which may be used to both maintain TCA cycle flux and supply the GOT2
reaction.

Figure 5.2. Mitochondria incubated with Gln have increased PC activity in
comparison to those incubated with Glu.
A. Schematic summarising metabolic routes taken by carbon from pyruvate and glutamine based
on stable-isotope labelling from [U-13C]-Pyr. Filled black circles represent heavy carbon (13C),
empty black circles represent unlabelled carbon (12C) and empty red circles represent unlabelled
nitrogen (14N). Flux through PC generates M+3 OAA (in equilibrium with Mal) and flux through the
lower TCA cycle generates M+0 OAA (from glutamine carbons). Both M+0 and M+3 OAA species
can generate Asp via GOT2 and Citrate via CS. Because Pyr also generates M+2 labelled AcCoA,
Citrate species can be M+2, M+3 or M+5 labelled. Citrate species generated due to flux through
PC must be a sum of M+3 and M+5.
B. Absolute abundances of malate (M+3), aspartate (M+3) and citrate (M+3 + M+5) formed as a
result of flux through PC. Metabolites extracted from mitochondria labelled with 5 mM [U-13C]-Pyr
and either 10 mM Glu (blue) or 10 mM Gln (orange) and 3 mM ADP for 10 min. Data shown as
mean ± SD (n = 3). Significance tested using a two-tailed, unpaired t-test.
* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001
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5.4 Titration of either exogenous ammonium or Gln increases
flux through PC from mitochondria incubated with Glu
Mitochondria incubated with Gln exhibited increased reliance on PC (Figure 5.2), which
raised the possibility that flux through PC may be part of the mechanism required to
manage excess ammonium when canonical ammonium detoxification pathways, such
as the urea cycle, are not present. That is, when ammonium is assimilated by reductive
amination through GDH and assimilated into Asp through GOT2 activity, anaplerotic PC
activity may be required to maintain TCA cycle pools.

In Chapter 4, addition of either exogenous ammonium or Gln to mitochondria incubated
with Glu and Pyr decreased both OCR and NADH levels (Figure 4.9). Furthermore,
addition of either ammonium or Gln to mitochondria incubated with Glu also invoked the
same mechanisms to manage ammonium as with mitochondria incubated with Gln alone
(increase in cataplerotic GDH, use of transaminases to support a-KG production and
increased reliance on GOT2; Figure 4.8). Therefore, addition of either exogenous
ammonium or Gln to mitochondria incubated with Glu may also invoke anaplerotic PC
activity, as observed in mitochondria incubated with Gln alone. To test this hypothesis,
mitochondria were labelled with [U-13C]-Pyr (in the presence of unlabelled Glu and ADP)
and unlabelled ammonium was titrated from 0 mM to 10 mM. To measure PC activity,
M+3 labelling into malate was quantified, as before. Titration of ammonium had minimal
effects on the total pool size of malate (Figure 5.3A); but increased PC contribution to
malate, as evidenced by a significant increase in malate M+3 isotopologues (Figure
5.3B). To test if a similar effect was also caused by ammonium produced by deamidation
of exogenous Gln, mitochondria were labelled with [U-13C]-Pyr (in the presence of
unlabelled Glu and ADP) and unlabelled Gln was titrated from 0 mM to 10 mM. Malate
M+3 labelling was quantified as a proxy for PC activity. As with the ammonium titration,
the addition of increasing levels of Gln did not decrease total malate pool sizes (Figure
5.3C); however, there was an increase in malate M+3 isotopologues with increasing Gln,
suggesting increased PC-derived anaplerosis (Figure 5.3D). Together, these results
indicate that when the urea cycle is not present, increased anaplerotic activity through
PC may support clearance of excess ammonium. Interestingly, this mechanism may be
in play even when there is no apparent shortage of OAA molecules, as indicated by the
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fact that the total malate pool size does not decrease with titration of either exogenous
Gln or ammonium.

Figure 5.3. Titration of either exogenous ammonium or glutamine-derived
ammonium increase labelling through PC in mitochondria incubated with Glu.
A. Total abundance of malate in mitochondria incubated with 10 mM Glu, 5 mM [U-13C]-Pyr and
3 mM ADP with increasing concentrations of NH4Cl (0 mM, 5 mM and 10 mM). Data shown as
mean ± SD (n = 3). Significance tested using an ordinary one-way ANOVA with Dunnett’s multiple
comparisons test.
B. Fractional labelling of malate M+3 isotopologue formed as a result of flux through PC from the
same experiment as in (A). Data shown as mean ± SD (n = 3). Significance tested using an
ordinary one-way ANOVA with Dunnett’s multiple comparisons test.
C. Total abundance of malate in mitochondria incubated with 10 mM Glu, 5 mM [U-13C]-Pyr and
3 mM ADP with increasing concentrations of Gln (0 mM, 5 mM and 10 mM). Data shown as mean
± SD (n = 3). Significance tested using an ordinary one-way ANOVA with Dunnett’s multiple
comparisons test.
D. Fractional labelling of malate M+3 isotopologue formed as a result of flux through PC from the
same experiment as in (C). Data shown as mean ± SD (n = 3). Significance tested using an
ordinary one-way ANOVA with Dunnett’s multiple comparisons test.
ns p>0.05; * p<0.05; ** p<0.01; *** p<0.001
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5.5 Urea cycle-mediated ammonium scavenging modestly
decreases flux through PC
The evidence from the previous sections suggests that mitochondrial ammonium levels
can mediate flux through PC. In Chapter 4, invoking the activity of the mitochondrial urea
cycle scavenged GLS2-derived ammonium and attenuated reductive amination through
GDH (Figure 4.12, Figure 4.13) and increased TCA cycle and respiratory flux in
mitochondria incubated with Gln and Pyr (Figure 4.15, Figure 4.16). To test the possibility
that addition of urea cycle intermediates could also rescue the ammonium-related effects
on PC, and decrease anaplerosis through PC in mitochondria incubated with Gln,
mitochondria were labelled with [U-13C]-Pyr (in the presence of Gln and ADP), with or
without the addition of exogenous urea cycle substrates (ornithine, NAG and
bicarbonate). As before, the malate M+3 isotopologue was quantified as a measure of
flux through PC, as illustrated in Figure 5.4A. Addition of urea cycle substrates decreased
the fraction of the malate M+3 isotopologue from 0.11±0.02 nmol/mg mitochondrial
protein to 0.078±0.007 nmol/mg mitochondrial protein; however, this decrease was not
statistically significant (Figure 5.4B). This may be because the added bicarbonate is not
only a substrate for CPS1, but also for PC; however, further experiments with
bicarbonate would be required to test if this is the case.
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Figure 5.4. Rescue with urea cycle substrates decreases flux through PC in cellfree mitochondria incubated with Gln.
A. Schematic of labelling with 13C-Pyr (filled black circles) via PC into OAA, and further
equilibration with Mal, to produce M+3 Mal isotopologue.
B. Fractional 13C-labelling of Mal (M+3) from 5 mM 13C-Pyr, 10 mM Gln, and 3 mM ADP with or
without urea cycle (UC) substrates. Data shown as mean ± SD (n = 3). Significance tested using
an unpaired, two-tailed t-test.

5.6 Conclusions
In this chapter, the effect of Gln and Glu on Pyr-derived anaplerosis were explored.
Particularly, in Chapter 4, Gln-respiring mitochondria were shown to have increased
production of mitochondrial ammonium, which led to enhanced cataplerotic GDH activity
and increased production of aspartate through GOT2, which raised the possibility that
Gln-respiring mitochondria may require additional carbon sources to maintain even low
TCA cycle flux (Figure 4.17). The contribution of Pyr to anaplerosis, through PC, was
significantly higher in Gln-respiring mitochondria, in comparison to Glu-respiring
mitochondria (Figure 5.2). The addition of either exogenous ammonium or Gln to Glurespiring mitochondria increased flux through PC, whereas the addition of urea cycle
substrates slightly decreased flux through PC in Gln-respiring mitochondria (Figure 5.3,
Figure 5.4). Together with the data from Chapter 4, these results suggest that
glutaminase-derived ammonium may coordinate Glc- and Pyr-derived anaplerotic flux,
in cell-free mouse liver mitochondria.
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Chapter 6.
Ammonium-mediated coordination of Glc- and Glnderived anaplerosis in hepatocellular carcinoma
6.1 Introduction
In Chapter 4 and 5, acute changes in mitochondrial ammonium levels, either through
increased mitochondrial glutamine deamidation or through the addition of exogenous
ammonium, modulated Gln- and Pyr-derived anaplerosis by enhancing reductive
amination through GDH and increasing flux through PC. This occurred in cell-free
mitochondria in the absence of canonical ammonium assimilating pathways, such as the
urea cycle. This raises the possibility that exogenous ammonium or Gln-derived
ammonium may coordinate Gln- and Glc-derived anaplerosis (because Pyr is a product
of glycolysis). This chapter will first investigate if acute changes in cellular ammonium
levels mediate coordination of Glc- and Gln-derived anaplerosis, then study if there are
chronic gene expression changes that reflect such coordination of anaplerosis and if
there are any functional reasons why such a coordination may be important for cancer
cell survival. Finally, this chapter will examine if there is evidence for such coordination
of Glc- and Gln-derived anaplerosis in a carcinogen-induced mouse model of
hepatocellular carcinoma (HCC) and in human cancers.
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6.2 Titration of extracellular ammonium is associated with
increased flux through PC in HCC cell lines
6.2.1

HepG2 and Huh7 HCC cell lines have differential expression of enzymes
associated with Glc- and Gln-derived anaplerosis

HepG2 and Huh7 HCC cell lines have been shown to differentially express PC and GLS,
and this was associated with differential reliance on Glc- and Gln-derived anaplerosis
(Cheng et al., 2011). Therefore, to determine the consequence of acute increases in
ammonium levels in HCC, HepG2 and Huh7 cells were selected to observe if there were
potential differences in the effect of ammonium on the coordination of anaplerotic
pathways depending on whether the cells had a predisposition to use either Glc or Gln
for anaplerosis.

To verify that HepG2 and Huh7 cells had differential expression of GLS and PC, protein
expression of GLS and PC, as well as expression of a panel of relevant proteins were
analysed by Western blot (Figure 6.1). As expected from previous reports, HepG2 cells
had higher expression of GLS, whereas Huh7 cells had higher expression of PC.
Interestingly, expression of GDH and GPT2, proteins also involved in Gln-derived
anaplerosis, was also higher in HepG2 cells when compared to Huh7 cells. Finally, the
expression of canonical ammonium assimilating enzymes, GLUL and CPS1, was also
analysed. Huh7 cells had slightly higher expression of GLUL in comparison to HepG2
cells. Expression of CPS1 was minimal in both cell lines, as has been observed
previously where CPS1 expression was suppressed in a panel of human HCC cells and
in HCC tumours due to DNA methylation (Liu et al., 2011).
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Figure 6.1. HepG2 and Huh7 HCC cell lines have differential expression of
anaplerotic enzymes.
Western blot of HepG2 and Huh7 cells showing protein levels of GLS1, PC, GDH, GOT2, GPT2,
GLUL, and CPS1. GLS1 has two alternative splice isoforms, marked on the blot, as KGA and
GAC. b-actin was used as a loading control.
GLS1, Glutaminase 1; PC, Pyruvate carboxylase; GDH, Glutamate dehydrogenase; GOT2,
Glutamate-oxaloacetate transaminase 2; GPT2, Glutamate-pyruvate transaminase 2; GLUL,
Glutamine synthetase; CPS1, Carbamoyl-phosphate synthetase 1.

6.2.2

Addition of extracellular ammonium does not decrease cell proliferation
rates

Ammonium is a toxic by-product of metabolism that, typically, needs to be cleared by the
liver through the urea cycle (Martinelle and Häggström, 1993). Therefore, prior to
assessing the effect of extracellular ammonium on coordinating Glc- and Gln-derived
anaplerosis, it was critical to determine the concentration of exogenous ammonium that
was not deleterious to cell growth. HepG2 and Huh7 HCC cells were grown in standard
media conditions with increasing concentrations of ammonium, from 0 mM up to 2 mM.
Cell growth and the number of apoptotic cells was measured over 4.5 days by a
continuous cell-proliferation assay (Figure 6.2). The addition of extracellular ammonium
did not decrease cell growth or cause increased apoptosis in either HepG2 or Huh7 cells.
On the contrary, extracellular ammonium may support increased proliferation, as
evidenced by higher confluence at increasing ammonium concentrations in both HepG2
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and Huh7 cells (Figure 6.2C). Therefore, to test the effect of extracellular ammonium on
the coordination of Glc- and Gln-derived anaplerosis, up to 2 mM ammonium may be
used without any deleterious effects on growth of these specific cell lines.

Figure 6.2. Extracellular ammonium does not decrease cell growth in HepG2 and
Huh7 cell lines.
[Figure legend on next page]
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A. Continuous cell proliferation measurements of HepG2 (left) and Huh7 (right) cells without
(black) or with (shades of red) increasing concentrations of exogenous NH4Cl added to the media,
from 0.05 mM to 2 mM. Cells were grown in otherwise standard conditions – 5.5 mM Glc and 2
mM Gln. Data shown as mean ± SD (n = 3).
B. Continuous measurement of apoptotic cells from HepG2 (left) and Huh7 (right) cells grown
with increasing concentrations of extracellular NH4Cl added to the media, from 0.05 mM to 2 mM.
Data shown as mean ± SD (n = 3).
C. Percent confluence of HepG2 (left) and Huh7 (right) cells at the end of treatment with
increasing concentrations of extracellular NH4Cl, from 0.05 mM to 2 mM, after 4.5 days. Data
shown as mean ± SD (n = 3). Significance tested using an ordinary one-way ANOVA with
Dunnett’s multiple comparisons test.
* p<0.05; ** p<0.01

6.2.3

Extracellular ammonium incorporates into amino acids in HCC cell lines

In Chapter 4, exogenous ammonium added to cell-free mitochondria was assimilated by
cataplerotic GDH activity. To test if extracellular ammonium invoked reductive amination
through GDH in HCC cells, cells were treated for 24 h with

15N-NH +,
4

and reductive

amination through GDH was measured by quantifying the incorporation of the stableisotope labelled nitrogen into Glu, Asp and Ala (M+1 isotopologue), as illustrated in
Figure 6.3A. Both HepG2 and Huh7 cell lines incorporated exogenous ammonium into
Glu, Asp and Ala (Figure 6.3B, C). Interestingly, GDH expression was correlated with
the fraction of Glu that incorporated extracellular ammonium, because HepG2 had a
higher GDH expression and 36.4±0.4% of Glu was the M+1 isotopologue, whereas Huh7
had lower GDH expression and 19.8±0.2% of Glu was the M+1 isotopologue (Figure 6.1,
Figure 6.3B, C). These results suggest that addition of extracellular ammonium may be
a way to acutely modulate intracellular (and intramitochondrial) ammonium levels.
Therefore, addition of extracellular ammonium may be used to ask if an increase in
intramitochondrial ammonium coordinated anaplerotic flux through PC.
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Figure 6.3. Extracellular ammonium is assimilated into amino acids by reductive
GDH activity in HepG2 and Huh7 cell lines.
A. Schematic illustrating labelling patterns arising in Glu and Asp from cells labelled with [15N]NH4+ in HepG2 and Huh7 cells. Not shown here, but labelling into Ala occurs through the GPT2
transaminase reaction. Filled red circle represents 15N, empty red circle represents 14N, empty
black circle represents 12C.
B, C. Fractional labelling of Glu, Asp and Ala M+1 isotopologues from HepG2 (B) and Huh7 (C)
cells grown with 0 mM or 2 mM [15N]-NH4+. Data shown as mean ± SD (n = 4). Significance tested
using a two-way ANOVA with Sidak’s multiple comparisons test.
**** p<0.0001
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6.2.4

Addition of exogenous ammonium increases flux through PC in HCC cell
lines

To test if the addition of exogenous ammonium was associated with increased flux
through PC, HepG2 and Huh7 cells were labelled with [U-13C]-Glc for 24 h with
increasing concentrations of unlabelled ammonium, from 0 mM up to 2 mM. [U-13C]-Glc
is expected to produce fully-labelled Pyr through glycolysis; therefore, as with cell-free
mitochondria, PC activity was measured by the M+3 isotopologue of malate or the sum
of the M+3 and M+5 isotopologues of citrate, as illustrated in Figure 6.4A. HepG2 cells
had a significant and dose-dependent increase in PC-derived malate and citrate,
exhibited by the increase in the fraction of the PC-derived malate (M+3) and citrate (M+3
+ M+5) isotopologues (Figure 6.4B). Huh7 cells, however, did not exhibit a significant
increase in PC-derived malate and only had increased PC-derived citrate in the presence
of 2 mM ammonium (Figure 6.4C). This may be a consequence of the already enhanced
activity of PC in Huh7 cells, in comparison to HepG2 cells. Furthermore, Huh7 cells had
lower incorporation of exogenous ammonium into Glu (and downstream amino acids) in
comparison to HepG2 cells, and this may also be a reason why the effect of ammonium
of PC is not as significant in Huh7 cells (Figure 6.3). Altogether, these data suggest that
acute changes in ammonium levels may not only enhance cataplerotic GDH activity but
also coordinate anaplerotic flux through PC.

134

Chapter 6. Results

Figure 6.4. Exogenous ammonium increases flux through PC in HepG2 cells.
A. Schematic illustrating labelling patterns arising in Glu and Asp from cells labelled with 13C-Glc
in HepG2 and Huh7 cells with a titration of NH4+ (0 mM, 1 mM and 2 mM). Filled black circle
represents 13C, empty black circle represents 12C, empty red circle represents 14N.
B, C. Fractional labelling from [U-13C]-Glc in malate (M+3), and citrate (M+3 + M+5) isotopologues
from HepG2 (B) and Huh7 (C) cells grown with 0 mM, 1 mM or 2 mM NH4+. Data shown as mean
± SD (n = 4). Significance tested using a two-way ANOVA with Sidak’s multiple comparisons test.
ns p>0.05; *** p<0.001; **** p<0.0001
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6.3 Reciprocal relationship between Glc- and Gln-derived
anaplerosis upon stable up- or down-regulation of GLS
In the previous section, acute modulation of intramitochondrial ammonium levels
coordinated Glc- and Gln-derived anaplerosis. To ask if chronic changes in
intramitochondrial ammonium production led to similar ammonium-driven coordination
of anaplerosis, expression of GLS, the enzyme that produces mitochondrial ammonium,
was modulated.
6.3.1

Decreasing GLS expression in cancer cell lines decreases Gln-derived
anaplerosis

First, to chronically decrease mitochondrial ammonium production, GLS was knockeddown to varying degrees using three different shRNAs in MCF7 and HepG2 cell lines
and the degree of GLS knock-down (GLS-KD) was assessed by Western blot (Figure
6.5A, B). To confirm that GLS-KD resulted in decreased Gln-derived anaplerosis in the
two cell lines (and therefore, decreased Gln-derived mitochondrial ammonium
production), cells were labelled with [U-13C]-Gln for 4 h, and fractional labelling into TCA
cycle intermediates was quantified, as illustrated in Figure 6.5C. GLS- KD decreased
Gln-derived anaplerosis in both MCF7 and HepG2 cells, as indicated by the decrease in
fractional labelling from Gln to a-KG, malate and citrate, in all three shRNA-mediated
KDs (Figure 6.5D, E). Additionally, there was a tendency for greater inhibition of Glnderived anaplerosis when there was a greater knock-down of GAC, which is consistent
with previous reports that suggest GAC has greater catalytic activity than KGA (Cassago
et al., 2012).
6.3.2

Decreasing GLS expression in cancer cell lines is associated with
increased Glc-derived anaplerosis

GLS-KD decreases Gln-derived anaplerosis, and therefore, mitochondrial ammonium
production, which raised the possibility that this would result in decreased flux through
PC. However, previous studies in glioblastoma cells have shown that PC activity is
induced in conditions of Gln deprivation (Cheng et al., 2011). To test if, in MCF7 and
HepG2 cells, GLS-KD resulted in changes in PC activity, cells expressing shRNAs
targeting GLS were labelled with [U-13C]-Glc for 4 h and PC-derived malate and citrate
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were quantified, as illustrated in Figure 6.6A. Consistent with previous reports, GLS-KD
significantly increased compensatory anaplerosis through PC in both MCF7 and HepG2
cells, though to a greater degree in MCF7 cells than HepG2 cells, as determined by
labelling into malate and citrate from [U-13C]-Glc (Figure 6.6B, C). Therefore, although
reducing Gln breakdown by GLS-KD reduces Gln-derived anaplerosis and, hence, Glnderived ammonium production, cells upregulate PC activity to compensate for the
decrease in Gln-derived anaplerosis. This result is contrary to what was predicted by
acute modulation of ammonium levels by extracellular ammonium. One explanation for
the inconsistency could be that GLS-KD leads to a chronic decrease in Gln-derived
anaplerosis (that is, carbon flux from Gln to the TCA cycle), and increased flux through
PC is required in this case to maintain TCA cycle flux, by a mechanism separate from
ammonium-driven coordination of the two anaplerotic inputs.
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Figure 6.5. GLS-KD attenuates Gln-derived anaplerosis in MCF7 and HepG2 cells.
A, B. Western blot of MCF7 (A) and HepG2 (B) cells stably infected with pLKO.1 empty vector
(eV) or with three different GLS shRNAs. GLS isoforms KGA and GAC marked by arrows. Tubulin
was used as a loading control.
C. Schematic illustrating labelling patterns arising in a-KG, malate and citrate from cells labelled
with [U-13C]-Gln in cells stably expressing shRNAs targeting GLS. Filled black circle represents
13C, empty black circle represents 12C, empty red circle represents 14N.
D, E. Fractional labelling of a-KG (M+5), malate (M+4) and citrate (M+4) isotopologues from [U13C]-Gln in MCF7 (D) and HepG2 (E) pLKO.1 empty vector cells (black) and those infected with
shRNAs targeting GLS (red). Data shown as mean ± SD (n = 4). Significance tested using a twoway ANOVA with Dunnett’s multiple comparisons test.
ns p>0.05; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001
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Figure 6.6. GLS-KD increases glucose-derived anaplerosis in MCF7 and HepG2
cells through increased flux through PC.
A. Schematic illustrating labelling patterns arising in malate and citrate from cells labelled with [U13C]-Glc in cells stably expressing shRNAs targeting GLS. Filled black circle represents 13C,
empty black circle represents 12C, empty red circle represents 14N.
B, C. Fractional labelling of malate (M+3) and citrate (M+3 + M+5) isotopologues from [U-13C]Glc in MCF7 (B) and HepG2 (C) pLKO.1 empty vector cells (black) and those infected with
shRNAs targeting GLS (red). Data shown as mean ± SD (n = 4). Significance tested using a twoway ANOVA with Dunnett’s multiple comparisons test.
ns p>0.05; * p<0.05; **** p<0.0001
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6.3.3

GLS overexpression increases cell proliferation in Huh7 cells but not in
HepG2 cells

GLS-KD led to a decrease in Gln-derived anaplerosis, which may be why an increase in
flux through PC is required to maintain TCA cycle flux, in a mechanism separate from
ammonium-driven coordination of the two anaplerotic inputs. Overexpression of GLS, on
the other hand, would increase mitochondrial ammonium production while ensuring that
TCA cycle flux was maintained. Therefore, to test the effects of increased glutaminolysis
on PC activity, the GLS alternative splice isoform, KGA, was overexpressed using a
lentiviral expression vector with an HA tag, in both Huh7 and HepG2 cell lines, and
overexpression was verified by Western blot (Figure 6.7A, B). A continuous cell
proliferation assay was used to test if GLS overexpression (GLS-OE) affected overall
proliferation rate. HepG2 cells showed no difference in proliferation between the control
and GLS-OE, whereas Huh7 cells showed a marked increase in cell proliferation with
GLS-OE (Figure 6.7C, D). Additionally, GLS-OE was associated with in increased cell
proliferation upon Glc deprivation in Huh7 cells, but not in HepG2 cells (Figure 6.7E, F).
Together, these results show that GLS-OE was associated with increased cell growth in
Huh7 cells. This was interesting because HepG2 parental cells have higher GLS
expression, in comparison to Huh7 parental cells, and it may be that overexpressing GLS
in HepG2 does not affect Gln-derived anaplerosis, and therefore, TCA cycle flux, to the
same degree as in Huh7 cells (Figure 6.1).
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Figure 6.7. GLS-OE increases proliferation rates in Huh7 cells but not in HepG2
cells.
A, B. Western blot of HepG2 (A) and Huh7 (B) cells stably infected with pLenti-HA empty vector
or pLenti-GLS-HA (KGA isoform) overexpression vector. GLS isoforms KGA and GAC are
marked with the arrows. b-actin was used as a loading control.
C, D. Continuous cell proliferation measurements of HepG2 (C) and Huh7 (D) cells with (green)
or without (black) GLS overexpression. Cells were grown in standard conditions – 5.5 mM Glc
and 2 mM Gln. Data shown as mean ± SD (n = 4).
E, F. Crystal violet absorbance measurement from HepG2 (E) and Huh7 (F) cells with (green) or
without (black) GLS overexpression grown in increasing Glc concentrations (0 mM, 5.5 mM and
25 mM). Data shown as mean ± SD (n = 4). Significance tested using an ordinary two-way ANOVA
with Sidak’s multiple comparisons test.
ns p>0.05; ** p<0.01; **** p<0.0001
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6.3.4

GLS-OE is associated with increased Gln-derived anaplerosis but
decreased Glc-derived anaplerosis

Next, to confirm if GLS-OE in HepG2 and Huh7 cells increased Gln-derived anaplerosis,
GLS-OE and control cells were labelled with [U-13C]-Gln for 4 h and fractional labelling
from Gln into a-KG, malate and citrate was measured according to the labelling patterns
illustrated in Figure 6.8A. Overexpression of GLS modestly (though statistically
significantly) increased Gln-derived anaplerosis in both HepG2 and Huh7 cells, as
determined by the increase in the fraction of the appropriate isotopologues for a-KG,
malate and citrate (Figure 6.8B, C). The increase in Gln-derived anaplerosis was greater
in Huh7 cells than in HepG2 cells, which is consistent with the changes in cell growth
upon GLS-OE in the two cells observed previously (Figure 6.7). Because an increase in
Gln-derived anaplerosis suggests that Gln-derived ammonium production also
increases, GLS-OE likely increased mitochondrial ammonium production in both HepG2
and Huh7 cells.

To test if increased mitochondrial ammonium production due to increased GLS activity
affected flux through PC, GLS-OE and control HepG2 and Huh7 cells were labelled with
[U-13C]-Glc for 4 h and PC activity was determined by measuring the labelling patterns
into malate and citrate, as illustrated in Figure 6.9A. Contrary to the hypothesis, GLS-OE
cells had decreased flux through PC, as evidenced by the decrease in fractional
abundance of the appropriate isotopologues from malate (M+3) and citrate (M+3 + M+5)
from [U-13C]-Glc (Figure 6.9B, C). That is, although GLS-OE cells had increased Glnderived anaplerosis, which may suggest increased mitochondrial ammonium production,
these cells still maintained the reciprocal relationship between PC and GLS flux, as
suggested by experiments with GLS-KD in MCF7 and HepG2 cells (Figure 6.5, Figure
6.6).
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Figure 6.8. GLS-OE increases glutamine-derived anaplerosis in both HepG2 and
Huh7 HCC cell lines.
A. Schematic illustrating labelling patterns arising in a-KG, malate and citrate from cells labelled
with [U-13C]-Gln in cells stably expressing a GLS overexpression vector. Filled black circle
represents 13C, empty black circle represents 12C, empty red circle represents 14N.
B, C. Fractional labelling of a-KG (M+5), malate (M+4) and citrate (M+4) isotopologues from [U13C]-Gln in HepG2 (B) and Huh7 (C) pLenti-HA empty vector cells (black) and pLenti-GLS-HA
cells (green). Data shown as mean ± SD (n = 4). Significance tested using a two-way ANOVA
with Sidak’s multiple comparisons test.
ns p>0.05; * p<0.05; ** p<0.01; **** p<0.0001
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Figure 6.9. GLS-OE decreases glucose-derived anaplerosis in both HepG2 and
Huh7 cell lines.
A. Schematic illustrating labelling patterns arising in malate and citrate from cells labelled with [U13C]-Glc in cells stably expressing pLenti empty vector or GLS overexpression vector. Filled black
circle represents 13C, empty black circle represents 12C, empty red circle represents 14N.
B, C. Fractional labelling of malate (M+3) and citrate (M+3 + M+5) isotopologues from [U-13C]Glc in HepG2 (B) and Huh7 (C) pLenti-HA empty vector cells (black) and pLenti-GLS-HA cells
(green). Data shown as mean ± SD (n = 4). Significance tested using a two-way ANOVA with
Sidak’s multiple comparisons test.
* p<0.05; **** p<0.0001
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6.3.5

GLS-OE is not associated with increased reductive amination through GDH

The previous results suggest that GLS-OE cells may utilise a mechanism distinct from
the one observed upon acute modulation of mitochondrial ammonium levels. A
necessary component of the mechanism through which ammonium coordinates GLSand PC-derived anaplerosis was through by engaging reductive GDH activity (Figure
6.3, Figure 4.5, Figure 4.8). If a different mechanism was used, then GLS-OE cells may
not promote reductive amination through GDH. To investigate if this were the case, GLSOE and control cells were labelled with [15N-e]-Gln for 4 h (because the amide group is
expected to be released as ammonium from the GLS reaction), and labelled ammonium
was followed into Glu, Asp and Ala, as illustrated in Figure 6.10A. GLS-OE HepG2 and
Huh7 cells did not have a significant difference in the M+1 isotopologues of Glu, Asp and
Ala, when compared to control cells (Figure 6.10B, C). Altogether, these results suggest
that stable overexpression of GLS is not sufficient to promote ammonium-mediated
coordination of Gln- and Glc-derived anaplerosis. This finding raises the possibility that
GLS-OE may induce changes in other metabolic enzymes which may help these cells
manage ammonium through a different mechanism, not including reductive amination
through GDH and anaplerosis through PC.
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Figure 6.10. GLS overexpression does not affect reductive GDH activity in both
HepG2 and Huh7 cells.
A. Schematic illustrating labelling patterns arising in Glu and Asp from cells labelled with [15N-e]Gln in cells stably expressing pLenti empty vector or GLS overexpression vector. Not shown here,
but labelling into Ala occurs through the GPT2 transaminase reaction. Filled red circle represents
15N, empty red circle represents 14N, empty black circle represents 12C.
B, C. Fractional labelling of Glu, Asp and Ala M+1 isotopologues from [15N-e]-Gln in HepG2 (B)
and Huh7 (C) pLenti-HA empty vector cells (black) and pLenti-GLS-HA cells (green). Data shown
as mean ± SD (n = 4). Significance tested using a two-way ANOVA with Sidak’s multiple
comparisons test. ns p>0.05
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6.3.6

Stable GLS overexpression is associated with increased expression of
GLUL in HepG2 and Huh7 cells

To investigate whether stable overexpression of GLS induced expression changes in
other metabolic enzymes known to manage ammonium, expression of CPS1 and GLUL
was analysed by Western blot in Huh7 and HepG2 control and GLS-OE cells. As
described in previous chapters, CPS1 is a mitochondrial enzyme that is part of the urea
cycle (Figure 6.11A). GDH and CPS1 expression did not change upon stable GLS-OE
in either HepG2 or Huh7 cells (Figure 6.11B, C). GLUL is a cytoplasmic enzyme that
condenses ammonium with Glu to produce Gln (Figure 6.11A). Surprisingly, GLUL
expression was increased with GLS-OE (Figure 6.11B, C). These results suggest that
HepG2 and Huh7 cells with overexpression of GLS maintain the reciprocal utilisation of
GLS and PC because excess ammonium derived from the GLS reaction may actually
be assimilated by GLUL, in an apparent futile cycle. Altogether, modulation of GLS
expression resulted in a reciprocal relationship between Glc- and Gln-derived
anaplerosis that did not involve ammonium-mediated coordination. Importantly, both
GLS-KD and GLS-OE not only modulated ammonium levels, but also impacted Gln’s
carbon contribution to the TCA cycle. Therefore, to overcome these issues and establish
if there are any chronic gene expression changes that were associated with ammoniummediated coordination of Gln- and Glc-derived anaplerosis, it may be necessary to
modulate expression of metabolic enzymes that are involved in assimilating ammonium,
without directly providing carbons for the TCA cycle.
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Figure 6.11. Stable expression of GLS leads to increased expression of GLUL in
HepG2 and Huh7 cells.
A. Schematic showing the main cellular reactions involved in ammonium assimilation mediated
by the mitochondrial enzymes, GDH and CPS1 and the cytoplasmic enzyme, GLUL.
B, C. Western blot of GDH, CPS1 and GLUL from HepG2 (B) and Huh7 (C) cell lines stably
infected with either pLenti-HA-Bsd empty vector (eV) or pLenti-GLS1-HA-Bsd vector for GLS1
overexpression. b-actin was used as a loading control. GLS1 blot same as in Figure 6.7.
GDH, Glutamate dehydrogenase; CPS1, Carbamoyl-phosphate synthetase 1; GLUL, Glutamine
synthetase; GLS, Glutaminase 1.
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6.4 CPS1-driven assimilation of mitochondrial ammonium may
coordinate Glc- and Gln-derived anaplerosis in HCC cell
lines
6.4.1

Overexpression of CPS1 is not associated with changes in cell proliferation

Although acute modulation of intramitochondrial ammonium levels coordinated Glc- and
Gln-derived anaplerosis, chronic upregulation or suppression of GLS-derived
ammonium levels was not associated with ammonium-mediated coordination of
anaplerosis, but rather a reciprocal relationship between GLS- and PC-dependent
anaplerosis. To modulate mitochondrial ammonium levels without interfering with carbon
contributors to the TCA cycle, HA-tagged CPS1 was overexpressed (using a lentiviral
expression vector) in HepG2 and Huh7 cells, as confirmed by Western blot (Figure
6.12A, B). Additionally, overexpression of CPS1 did not affect expression of other
metabolic enzymes related to assimilation of ammonium, such as GLUL, or the
expression of GLS, PC and GDH (Figure 6.12A, B). A continuous cell proliferation assay
was used to test if CPS1 overexpression (CPS1-OE) affected overall cell growth rate.
Both HepG2 and Huh7 cells exhibited no difference in cell proliferation rates upon
overexpression of CPS1 (Figure 6.12C, D). Therefore, there were no deleterious effects
of overexpressing CPS1 on HepG2 and Huh7 cells, upon cell growth in standard
conditions.
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Figure 6.12. CPS1-OE does not affect cell growth in HepG2 and Huh7 cells.
A, B. Western blot of CPS1, HA GLS1, GDH, PC, and GLUL from HepG2 (A) and Huh7 (B) cell
lines stably infected with either pLenti-HA-Bsd empty vector (eV) or pLenti-CPS1-HA-Bsd vector
for CPS1 overexpression. b-actin was used as a loading control.
C, D. Continuous cell proliferation measurements (left) and % confluence at the end of experiment
(right) from HepG2 (C) and Huh7 (D) cells stably infected with either pLenti-HA-Bsd empty vector
(eV) or pLenti-CPS1-HA-Bsd vector for CPS1 overexpression. Data shown as mean ± SD (n =
4). Significance tested using an unpaired two-tailed t-test.
ns p>0.05
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6.4.2

CPS1-OE is associated with decreased Glc-derived anaplerosis and
increased Gln-derived anaplerosis in HepG2 and Huh7 cells

In cell-free mitochondria, induction of the urea cycle with the addition of exogenous urea
cycle intermediates resulted in assimilation of Gln-derived ammonium and was
associated with decreased reductive amination through GDH and lower anaplerotic flux
through PC (Figure 4.12, Figure 5.4). Therefore, overexpression of CPS1 in cells was
expected to increase ammonium assimilation and decreased PC-derived anaplerosis.
To test this hypothesis, CPS1-OE and control HepG2 and Huh7 cells were labelled with
[U-13C]-Glc for 24 h and PC activity was determined by measuring the labelling patterns
into malate and citrate, as illustrated in Figure 6.13A. Consistent with the predictions
from experiments in cell-free mitochondria, CPS1-OE cells showed decreased fractional
labelling of the malate M+3 isotopologue in both HepG2 and Huh7 cells, though fractional
labelling of PC-derived citrate was not significantly different in either cell line (Figure
6.13B, C). Even though PC-derived citrate was not significantly lower in CPS1-OE cells,
the PC to PDH ratio was significantly lower in CPS1-OE cells in both HepG2 and Huh7
cell lines, indicating a change in the relative carbon contribution of PC and PDH
pathways for pyruvate entry into the TCA cycle (Figure 6.13D). These results suggest
that CPS1-OE may be associated with a decrease in Glc-derived anaplerosis in HepG2
and Huh7 cells.

Finally, in cell-free mitochondria, addition of urea cycle intermediates to Gln-respiring
mitochondria increased Gln-derived anaplerosis (Figure 4.15). To test if this were the
case in CPS1-OE cells, CPS1-OE and control HepG2 and Huh7 cells were labelled with
[U-13C]-Gln and fractional labelling from Gln into TCA cycle intermediates (a-KG,
succinate, fumarate, malate and citrate) was measured according to the labelling
patterns illustrated in Figure 6.14A. Overexpression of CPS1 resulted in a modest but
statistically significant increase in fractional labelling into succinate, fumarate and malate
in HepG2 cells and into malate and citrate in Huh7 cells (Figure 6.14B, C). Altogether,
these results suggest that CPS1-OE may affect mitochondrial ammonium levels in whole
cells and this may result in the attenuation of ammonium-mediated coordination between
Glc- and Gln-derived anaplerosis.
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Figure 6.13. CPS1-OE increases flux through PC in HepG2 and Huh7 cells.
A. Schematic illustrating labelling patterns arising in malate and citrate [U-13C]-Glc labelling in
cells stably expressing pLenti-CPS1-HA-Bsd vector for CPS1 overexpression. Filled black circle
represents 13C, empty black circle represents 12C, empty red circle represents 14N.
B, C. Fractional labelling from [U-13C]-Glc in malate (M+3), and citrate (M+3 + M+5) isotopologues
from HepG2 (B) and Huh7 (C) cells stably expressing either pLenti-HA-Bsd empty vector (eV;
black) or pLenti-CPS1-HA-Bsd vector for CPS1 overexpression (blue). Data shown as mean ±
SD (n = 4). Significance tested using multiple two-tailed t-tests.
D. Illustration of isotopologues used to calculate the PC:PDH ratio (top) and quantification of
PC:PDH ratio from HepG2 (left) and Huh7 (right) cells stably expressing either pLenti-HA-Bsd
empty vector (black) or pLenti-CPS1-HA-Bsd for CPS1 overexpression (blue). Data shown as
mean ± SD (n = 4). Significance tested using unpaired two-tailed t-tests.
ns p>0.05; ** p<0.01; *** p<0.001
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Figure 6.14. CPS1-OE leads to increased Gln-derived anaplerosis in HepG2 and
Huh7 cells.
A. Schematic illustrating labelling patterns arising in a-KG, malate and citrate [U-13C]-Gln labelling
in cells stably expressing either pLenti-HA-Bsd empty vector (eV) or pLenti-CPS1-HA-Bsd vector
for CPS1 overexpression. Not shown here: labelling pattern in succinate and fumarate mirror
malate. Filled black circle represents 13C, empty black circle represents 12C, empty red circle
represents 14N.
B, C. Fractional labelling of a-KG (M+5), succinate, fumarate, malate and citrate (M+4)
isotopologues from [U-13C]-Gln in HepG2 (B) and Huh7 (C) cells stably expressing either pLentiHA-Bsd empty vector (eV; black) or pLenti-CPS1-HA-Bsd vector for CPS1 overexpression (blue).
Data shown as mean ± SD (n = 4). Significance tested using multiple t-tests.
ns p>0.05; * p<0.05; ** p<0.01
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6.4.3

CPS1-OE is associated with increased sensitivity to oxidative stress

Previous reports have shown that CPS1 expression is down-regulated in human liver
cancer tissues and in liver cancer cell lines (Liu et al., 2011, Network, 2017). However,
the functional role of this down-regulation is not known. One hypothesis, based on our
observations, is that down-regulation of CPS1 allows GLS-derived ammonium to drive
anaplerotic flux through PC and such a mechanism may be useful to ensure that TCA
cycle flux is maintained when Gln carbons are required for other pathways, such as
glutathione synthesis to scavenge reactive oxygen species (ROS). To test if CPS1-OE
affected survival under oxidative stress, control and CPS1-OE HepG2 and Huh7 cells
were treated with diamide (0.1 mM and 1 mM) and H2O2 (0.1 mM and 1 mM) and %
confluence was measured over 4 days. Diamide is a thiol-specific oxidant that reacts
with reduced glutathione (GSH) to produce glutathione disulphide (GSSG) (Kosower and
Kosower, 1987). CPS1-OE cells were more sensitive to oxidative stress by diamide in
both HepG2 and Huh7 cells (Figure 6.15A, B). H2O2 caused the maximal effect even at
the lowest concentration used in both cell lines and may need to be titrated down in
future experiments. These data suggest that the down-regulation of CPS1 found in HCC
may confer advantages to HCC cells against oxidative stress, likely by enabling use of
Gln for the anti-oxidant response, as illustrated in Figure 6.15C.
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Figure 6.15. HepG2 and Huh7 cells overexpressing CPS1 are more sensitive to
oxidative stress.
[Figure legend on next page]
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A, B. Percent confluence of HepG2 (A) and Huh7 (B) cells stably expressing pLenti-HA-Bsd
empty vector (eV; black) or pLenti-CPS1-HA-Bsd for CPS1 overexpression (blue) treated with
increasing concentrations of diamide (left) and H2O2 (right). Data shown as mean ± SD (n = 4).
Significance tested using an ordinary one-way ANOVA with Sidak’s multiple comparison’s test.
ns p>0.05; * p<0.05; **** p<0.0001
C. Schematic of working model illustrating how cells expressing CPS1 may have increased
sensitivity to oxidative stress due to decreased availability for Gln-derived Glu to generate
reduced glutathione (GSH), required for scavenging reactive oxygen species (ROS).

6.5 Decreased CPS1 mRNA expression in human HCC is
associated with decreased patient survival
6.5.1

Human HCC is associated with increased GLS but decreased CPS1
expression in the tumour in comparison to the adjacent tissue

To determine if there were human cancers that showed gene expression changes
associated with ammonium-dependent coordination of Glc- and Gln-derived anaplerosis,
mRNA expression data from the Cancer Genome Atlas were analysed. Although only a
fraction of TCGA samples offered information regarding the adjacent tissue (Table 6.1),
the log2 fold-changes in mRNA expression of GLS, CPS1, GDH, PC and GLUL between
the tumour and the adjacent tissue for 25 TCGA tumour cohorts were determined (Figure
6.16). In most tumours, with the exception of cholangiocarcinoma (CHOL) and
hepatocellular carcinoma (LIHC), increased GLS mRNA expression was associated with
increased expression of CPS1. This raised the possibility that in LIHC and CHOL,
increased Gln deamidation through GLS may not be associated with an increase in the
expression of ammonium assimilating enzymes. To utilise the statistical power of
samples from the entire TCGA dataset, correlations between GLS mRNA expression
and the expression of CPS1, GLUL and GDH were determined for every TCGA tumour
cohort (Figure 6.17A, B, C). GLS mRNA expression was most negatively correlated with
the mRNA expression of ammonium assimilating enzymes in human HCC, when
compared with all other TCGA tumour cohorts. To illustrate this further and correlate the
expression of all the enzymes in urea cycle, a correlation plot was generated from the
TCGA LIHC dataset, which showed that GLS mRNA expression had a significant
negative correlation with not only CPS1, but all enzymes of the entire urea cycle, as well
as with GLUL (Figure 6.17D). GLS mRNA expression was also negatively correlated
with the mRNA expression of GDH and PC. HepG2 cells had lower PC protein
expression than Huh7 cells, suggesting that lower PC expression may actually contribute
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to a more exaggerated ammonium-mediated coordination of anaplerosis (Figure 6.1,
Figure 6.4). Altogether, these data suggest that, based on mRNA expression data,
human HCC is likely to exhibit ammonium-mediated coordination between Glc- and Glnderived anaplerosis because decreased ammonium assimilating pathways would allow
for more ammonium to invoke reductive amination through GDH and promote
anaplerotic flux through PC.
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Table 6.1. List of TCGA cancer cohorts and the number of cases in each cohort.
All analysis of human mRNA expression data was in whole based upon data generated by the
Cancer Genome Atlas (TCGA) research network: https://www.cancer.gov/tcga.

Disease Name

Cohort

Adrenocortical carcinoma
ACC
Bladder urothelial carcinoma
BLCA
Breast invasive carcinoma
BRCA
Cervical and endocervical cancers
CESC
Cholangiocarcinoma
CHOL
Colon adenocarcinoma
COAD
Colorectal adenocarcinoma
COADREAD
Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
DLBC
Esophageal carcinoma
ESCA
FFPE Pilot Phase II
FPPP
Glioblastoma multiforme
GBM
Glioma
GBMLGG
Head and Neck squamous cell carcinoma
HNSC
Kidney Chromophobe
KICH
Pan-kidney cohort (KICH+KIRC+KIRP)
KIPAN
Kidney renal clear cell carcinoma
KIRC
Kidney renal papillary cell carcinoma
KIRP
Acute Myeloid Leukemia
LAML
Brain Lower Grade Glioma
LGG
Liver hepatocellular carcinoma
LIHC
Lung adenocarcinoma
LUAD
Lung squamous cell carcinoma
LUSC
Mesothelioma
MESO
Ovarian serous cystadenocarcinoma
OV
Pancreatic adenocarcinoma
PAAD
Pheochromocytoma and Paraganglioma
PCPG
Prostate adenocarcinoma
PRAD
Rectum adenocarcinoma
READ
Sarcoma
SARC
Skin Cutaneous Melanoma
SKCM
Stomach adenocarcinoma
STAD
Stomach and Esophageal carcinoma
STES
Testicular Germ Cell Tumors
TGCT
Thyroid carcinoma
THCA
Thymoma
THYM
Uterine Corpus Endometrial Carcinoma
UCEC
Uterine Carcinosarcoma
UCS
Uveal Melanoma
UVM
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Total Cases

Cases with
Adjacent
Tissue

92
412
1098
307
51
460
631
58
185
38
613
1129
528
113
973
537
323
200
516
377
585
504
87
602
185
179
499
171
261
470
443
628
150
503
124
560
57
80

0
19
112
3
9
41
50
0
11
0
0
0
43
25
129
72
32
0
0
50
58
51
4
0
4
3
52
9
2
0
32
43
0
59
2
23
0
0
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Figure 6.16. Increased GLS expression in the tumour, in comparison to the
adjacent tissue, is not always associated with increased expression of ammonium
assimilating pathways.
Log-2 fold-change in mRNA expression of GLS, CPS1, GDH, PC and GLUL in tumour over
adjacent tissue from TCGA cohorts (defined below). Darker red represents higher fold
expression in the tumour than the adjacent tissue and darker blue represents higher fold
expression in the adjacent tissue than the tumour. Cancer cohorts described in Table 6.1
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Figure 6.17. Human HCC tumours exhibit a negative correlation between GLS and
ammonium assimilating pathways.
A, B, C. Spearman’s rank correlation between mRNA expression of GLS and CPS1 (A), GLUL
(B) and GDH (C) in all the TCGA tumour cohorts. Bars highlighted in red correspond to
correlations with a statistically significant p-value (p < 0.05). Cancer cohorts described in Table
6.1.
D. Correlation plot comparing the mRNA expression of GLS with GDH, PC, GLUL, and enzymes
related to the urea cycle (CPS1, NAGS, OTC, ASS1, ASL, ARG1). Darker red colour represents
a Spearman’s rank correlation closer to 1 and darker blue colour represents a Spearman’s rank
correlation closer to -1.
*** p<0.001
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6.5.2

Low CPS1 expression in HCC patients is associated with lower patient
survival

To determine if decreased mRNA expression of CPS1 and GLUL or increased mRNA
expression of GLS was associated with changes in survival outcome of HCC patients,
clinical data from TCGA associated with the LIHC cohort were analysed. Patients were
ranked based on the mRNA expression of the gene in question, and the survival
outcomes from the bottom and top quartiles were compared. HCC patients with high
GLS mRNA expression had worse survival than those with low GLS mRNA expression,
though this was not a statistically significant difference (Figure 6.18A). Strikingly, patients
with low CPS1 mRNA expression had significantly worse prognosis in comparison to
those with high CPS1 mRNA expression, whereas there was no difference in survival
between patients with low and high GLUL expression (Figure 6.18B, C). Finally, to
investigate if there was an impact of GLS expression in the presence of high or low CPS1
expression on patient outcome, patients from the top and bottom quartiles of CPS1
expression were ranked according to their GLS expression, in the respective groups.
Survival outcomes from patients from the top and bottom quartiles of GLS expression,
in the respective groups, was then plotted (Figure 6.18D). HCC patients with both high
CPS1 and high GLS mRNA expression had the best survival outcome, whereas patients
with low CPS1 expression, regardless of whether GLS expression was high or low, had
the worst survival outcome. Altogether, these data suggest that in human HCC, high
CPS1 expression may be associated with increased survival.
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Figure 6.18. Low CPS1 expression in HCC patients is associated with lower
survival.
A, B, C. Kaplan-Meier survival curves from TCGA LIHC data comparing survival of patients with
the top 25% (high) or the bottom 25% (low) mRNA expression of GLS (A), CPS1 (B) and GLUL
(C). 93 patients per group. Significance tested using a Log-rank (Mantel-Cox test).
D. Kaplan-Meier survival curves from TCGA LIHC data comparing survival of patients with the
top 25% CPS1 mRNA expression with either the top 25% GLS expression (CPS1 High GLS High)
or the bottom 25% GLS expression (CPS1 High GLS Low), and the same analysis from patients
with the bottom 25% CPS1 mRNA expression (CPS1 Low GLS High; CPS1 Low GLS Low). 24
patients per group. Significance tested using multiple Log-rank (Mantel-Cox) tests.
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6.6 DEN-induced HCC

tumours may exhibit ammonium-

mediated coordination of Glc- and Gln-derived anaplerosis
6.6.1

DEN-induced HCC tumours have decreased expression of ammonium
assimilating enzymes in comparison to the peritumoral tissue

The previous section suggests that human HCC is associated with down-regulation of
CPS1 and patients with lower CPS1 expression had significantly worse prognosis.
Although these results were based on stable mRNA expression, they raised the
possibility that HCCs with lower CPS1 expression may invoke ammonium-mediated
coordination of Glc- and Gln-derived anaplerosis. To test if this were the case, a mouse
model of HCC was used. Expression of a panel of relevant proteins from tumours and
peritumoral liver tissues from a carcinogen (DEN)-induced HCC model were analysed
by Western blot (Figure 6.19). Both CPS1 and GLUL expression was attenuated in
tumours, in comparison to the adjacent liver. Although GLS2 expression was decreased
in the tumour, GLS1 expression was enhanced, as has been observed in previous
studies with HCC (Hammond and Balinsky, 1978, Xiang et al., 2015, Yuneva et al.,
2012). Finally, there were no observable differences in the expression of PC, GDH,
GOT2 and GPT2 between the tumours and the adjacent livers. Given the marked
decrease in CPS1 and GLUL expression, these results suggest that DEN-induced HCC
tumours may utilise ammonium-mediated coordination of Glc- and Gln-derived
anaplerosis.
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Figure 6.19. DEN-induced HCC tumours have decreased expression of ammonium
assimilating enzymes, CPS1 and GLUL, in comparison to the adjacent liver.
Western blot of normal liver from a control mouse (NL), and adjacent liver (AL) and DEN-induced
HCC tumour (T) from three mice (labelled 1, 2, 3). b-actin was used as a loading control.
CPS1, Carbamoyl-phosphate synthetase 1; PC, Pyruvate carboxylase; GDH, Glutamate
dehydrogenase; GLUL, Glutamine synthetase; GLS1, Glutaminase 1; GLS2, Glutaminase 2;
GOT2, Glutamate-oxaloacetate transaminase 2; GPT2, Glutamate-pyruvate transaminase 2.
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6.6.2

DEN-induced HCC tumours exhibit increased reductive amination through
GDH

To determine if DEN-induced HCC tumours exhibited ammonium-mediated coordination
of anaplerosis, utilisation of reductive GDH activity by the tumour, in comparison to the
adjacent liver, was first verified. Mice were infused with [15N-e]-Gln for 180 min (to
achieve a stable blood enrichment of the label; Figure 6.20B), and

15N-labelled

metabolites (glutamine, citrulline, glutamate, alanine and aspartate) were quantified in
the tumour and the adjacent liver (Figure 6.20A). The relative change in labelling
between the tumour and the peritumoral tissue of each metabolite was compared to the
relative change in labelling in Gln to determine if there were changes in the utilisation of
the Gln amide group between the tumour and the surrounding tissue (Figure 6.20C).
Labelling in citrulline was modestly (though statistically significantly) lower than labelling
in glutamine, which was consistent with the result that CPS1 expression was lower in the
tumour than the adjacent liver. Although there were no significant differences in the
change in labelling between glutamine and either glutamate or alanine, change in
aspartate was significantly higher when compared to glutamine (Figure 6.20C). Finally,
both the absolute abundance of the total metabolite pool and the fractional labelling of
the

15N-labelled

isotopologues (M+1) of glutamate and aspartate were increased in the

tumour, when compared to paired adjacent liver samples, although there was no
significant difference in fractional labelling in alanine between the tumour and the
adjacent liver (Figure 6.20D, E, F). Altogether, these results suggested that DENinduced HCC tumours had increased reductive amination through GDH and lower
activity through CPS1, when compared to the adjacent liver (Figure 6.20A).
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Figure 6.20. DEN-induced HCC tumours exhibit increased reductive GDH activity
in comparison to the adjacent liver.
[Figure legend on next page]
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A. Schematic illustrating labelling from [15N-e]-Gln into Glu and Asp in DEN-induced HCC tumour
and the adjacent liver. Tumours are expected to have increased assimilation of Gln-derived
ammonium into Glu (via GDH) and into amino acids, such as Asp, via transaminases. In
comparison, the adjacent liver is expected to have increased clearance of Gln-derived ammonium
into citrulline, and urea, via the urea cycle.
B. Enrichment in blood of [15N-e]-Gln from an infusion of the tracer in three mice over 180 min.
C. Fold-change in 15N-labelled (M+1) species of glutamine, citrulline, glutamate, alanine and
aspartate in the tumour versus the adjacent liver. Data shown as mean ± SD (n = 3). Significance
tested using multiple unpaired, two-tailed t-tests, comparing enrichment in glutamine versus the
other metabolites.
D, E, F. Absolute abundance (left) and fractional abundance of the 15N-labelled (M+1)
isotopologue (right) of glutamate (D), aspartate (E) and alanine (F) in adjacent liver (AL) versus
HCC tumour (T). Pairs refer to AL and T from the same mouse. Significance tested using paired,
two-tailed t-tests.
ns p>0.05; * p<0.05

6.6.3

DEN-induced HCC tumours exhibit increased anaplerotic flux through PC

DEN-induced HCC tumours had increased cataplerotic flux through GDH, raising the
possibility that they would also have increased anaplerotic flux through PC, as illustrated
in Figure 6.21A. To test this idea, mice harbouring DEN-induced HCC tumours were
infused with [U-13C]-Glc for 120 min, which achieved a stable blood enrichment of the
label (Figure 6.21B) and PC-derived

13C-labelled

malate, citrate and aspartate were

quantified in the tumour and the adjacent liver (Figure 6.21C, D, E). DEN-induced HCC
tumours showed significantly higher absolute abundance of the total metabolite pool and
fractional labelling of the M+3 isotopologue of malate, in comparison to the adjacent liver
(Figure 6.21C). Fractional labelling of the M+3 isotopologue of aspartate was also
significantly greater in the tumour, in comparison to the adjacent liver, and the absolute
abundance of the total aspartate pools trended to be greater in the tumour for three out
of the four mice infused (Figure 6.21E). Finally, there was no difference in either the
absolute pool size or the fractional labelling of either PC- or PDH-derived citrate between
the tumour and the adjacent liver (Figure 6.21D). The mass isotopologues arising in
citrate may be complicated due to the combined effect of Glc-derived pyruvate producing
both OAA and acetyl-CoA, multiple turns of the TCA cycle and exchange of mitochondrial
citrate pools with the cytosol; therefore, malate M+3 may be a better representation of
activity through PC when [U-13C]-Glc is used as a tracer (Chen et al., 2019, Buescher et
al., 2015). Altogether, these data indicate that DEN-induced HCC tumours exhibit
increased reductive GDH activity, which is associated with increased anaplerotic flux
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through PC. These results suggest that HCC tumours are associated with coordination
of Glc- and Gln-derived anaplerosis through GLS-derived ammonium.

Figure 6.21. DEN-induced HCC tumours exhibit increased labelling through PC.
[Figure legend on next page]
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A. Schematic illustrating labelling from [U-13C]-Glc into Mal, Asp and Cit in DEN-induced HCC
tumour and the adjacent liver. Tumours are expected to have increased anaplerosis and
therefore, labelling, through PC in comparison to the adjacent liver.
B. Enrichment in blood of [U-13C]-Glc from an infusion of the tracer in four mice over 120 min.
C, D, E. Absolute abundance (left) and fractional abundance of the 13C-labelled species derived
from flux through PC (right) of malate (M+3; C), citrate (M+3; D) and aspartate (M+3, F) in
adjacent liver (AL) versus HCC tumour (T). Fractional abundance of M+2 labelled (PDH-derived)
citrate also shown (D, bottom right). Pairs refer to AL and T from the same mouse. Significance
tested using paired, two-tailed t-tests.
ns p>0.05; * p<0.05

6.7 Conclusions
This chapter explored the relevance of ammonium-mediated coordination of Glc- and
Gln-derived anaplerosis in cells. As with cell-free mitochondria, acute increases in
cellular ammonium levels by the addition of exogenous ammonium was associated with
both reductive GDH activity and increased flux through PC in two different HCC cell lines
with differential expression of anaplerotic enzymes (Figure 6.1, Figure 6.3, Figure 6.4).
To study if there were chronic changes in gene expression that may also be associated
with ammonium-mediated coordination of anaplerosis, genes that may modulate
mitochondrial ammonium levels were targeted.

First, GLS, the enzyme that produces mitochondrial ammonium through the deamidation
of Gln, was either knocked down or overexpressed in HCC cell lines. GLS-KD resulted
in reciprocal activation of PC flux, whereby cells with decreased glutaminolytic
anaplerosis had compensatory anaplerotic flux through PC (Figure 6.5, Figure 6.6). This
is consistent with previous studies in glioblastoma cells, where Gln deprivation resulted
in increased PC activity (Cheng et al., 2011). Conversely, GLS-OE resulted in decreased
flux through PC, also exhibiting a reciprocal relationship between GLS and PC activity
(Figure 6.9). In this case, however, stable GLS overexpression resulted in an increase
in GLUL protein expression, suggesting that GLS-derived ammonium may be fixed by
GLUL, instead of utilised in ammonium-mediated coordination of anaplerosis (Figure
6.10, Figure 6.11). Increase in both GLS and GLUL expression suggests a futile cycle
whereby Gln is deamidated by GLS, and GLS-derived ammonium is fixed back into Gln
by GLUL, which may allow for Gln-derived carbons to fuel the TCA cycle while managing
the excess ammonium generated by Gln deamidation.
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To modulate ammonium levels in an orthogonal way that did not directly impact
anaplerosis, CPS1 was overexpressed in HCC cells. CPS1-OE resulted in decreased
flux through PC and a modest increase in Gln-derived anaplerosis (Figure 6.13, Figure
6.14). Strikingly, CPS1-OE cells were more sensitive to oxidative stress (Figure 6.15).
Mechanistically, this may be because CPS1-OE cells have decreased anaplerosis
through PC; therefore, more Gln-derived carbons may be required to sustain TCA cycle
flux, making them less available for other pathways, such as glutathione synthesis, which
is required for scavenging ROS. However, more studies are required to have a complete
understanding of the importance of ammonium in coordinating anaplerosis and its role
in managing oxidative stress.

Finally, this chapter examined if there was evidence for ammonium-mediated
coordination of Glc- and Gln-derived anaplerosis in HCC. First, mRNA expression data
from TCGA was used to show that not only do human HCCs exhibit significant negative
correlations between GLS expression and that of CPS1 and GLUL, but also that low
CPS1 expression was associated with worse prognosis. Then, a DEN-induced mouse
model of HCC was used to show that tumours, which had decreased expression of CPS1
and GLUL, exhibited increased cataplerotic GDH activity and increased flux through PC,
in comparison to the adjacent tissue (Figure 6.19, Figure 6.20, Figure 6.21). Altogether,
these data suggest that down-regulation of CPS1 in HCC may play a role in increasing
the severity of the cancer. Although this represents a chronic change in gene expression,
ammonium-mediated coordination of Glc- and Gln-derived anaplerosis may be utilised
by cancer cells to adapt to acute changes within the cell, such as increased oxidative
stress.
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Chapter 7.
Discussion

Proliferating cells require an enhanced supply of energy, in the form of ATP, and of
biosynthetic intermediates for the synthesis of macromolecules needed to support
increased growth (Vander Heiden et al., 2009). The TCA cycle is a significant source of
both, generating reducing equivalents (required for ETS-dependent ATP production) and
metabolic intermediates (required to feed into anabolic pathways through cataplerosis).
Therefore, anaplerotic pathways that maintain TCA cycle flux are critical for proliferative
cells. Gaining a deeper understanding of the mechanisms through which different
anaplerotic pathways may be coordinated with each other may lead us to more
effectively target anaplerosis in diseases, such as cancer.

7.1 Reconciling carbon and nitrogen balance in mitochondria
Differences in respiratory flux from Glu and Gln have previously been reported in isolated
mitochondria (Kovacevic, 1971). In this thesis, it was shown that isolated mitochondria
from normal mouse livers exhibited significantly decreased respiration, as well as TCA
cycle flux, when incubated with Gln in comparison to Glu, even though both substrates
canonically supply the same anaplerotic input, a-KG (Figure 4.1, Figure 4.2).
Furthermore, ammonium production from Gln was higher than that from Glu (Figure 4.3);
consistent with this observation, previous studies have also alluded to ammonium efflux
from Gln-respiring mitochondria being a key difference between isolated mitochondria
respiring on Glu versus Gln (Moreadith and Lehninger, 1984). With the use of stableisotope labelling (coupled with GC-MS and NMR), this study resolved that Gln-derived
ammonium induced reductive amination through GDH and increased flux through GOT2
in cell-free mitochondria (Figure 4.5, Figure 4.6). Early studies with isolated mitochondria
suggested that only a small percentage of glutamate deamination occurred via GDH,
and that 80-90% of glutamate oxidation was primarily through transaminases; however,
studies in the whole liver suggested higher rates of glutamate oxidation via GDH than in
isolated liver mitochondria (Kovacevic, 1971, Moreadith and Lehninger, 1984, Parrilla
and Goodman, 1974). Interestingly, in the present study, addition of urea cycle
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intermediates alleviated the ammonium-dependent effects on GDH activity, and also
induced oxidative flux through GDH (Figure 4.12, Figure 4.13). Therefore, it is likely that
studies in isolated liver mitochondria led to an underappreciation of the role of GDHderived anaplerosis in the liver due to the lack of urea cycle activity.

Finally, this study reconciles the differential respiratory capacities between Glu and Gln
with the effects of Gln-derived ammonium to the mitochondrial metabolic network. First,
increased transreamination (or incorporation of an ammonium ion into an amino acid)
requires NADH to support reductive amination through GDH, which may limit TCA cycleproduced NADH availability for the ETS in Gln-respiring mitochondria (Braunstein, 1957,
Cooper, 2012). Second, increased reductive amination through GDH and increased flux
through GOT2 requires the removal of two TCA cycle intermediates (a-KG and OAA)
per ammonium assimilated, resulting in lower total flux through the NADH-producing
pathways of the cycle (Figure 4.9, Figure 4.15, Figure 4.16, Figure 4.17). Therefore, this
study highlights a role for nitrogen (ammonium) in carbon flux through the TCA cycle.

7.2 Interplay between acute and chronic changes that regulate
anaplerosis in cancer
Previous studies have shown that GLS- and PC-derived anaplerosis may be under
reciprocal regulation (Sellers et al., 2015, Cheng et al., 2011). In these studies, reciprocal
regulation was associated with chronic increases in gene expression of either PC or
GLS. Consistent with previous reports, stable knock-down or overexpression of GLS also
mediated reciprocal anaplerotic flux through PC, whereby cells with GLS-KD had
increased PC activity and vice versa for cells with GLS overexpression (Figure 6.6,
Figure 6.9).

In addition to reciprocal regulation of GLS- and PC-derived anaplerosis, this thesis also
provides evidence for coordination of anaplerosis through PC by acute increases in
ammonium levels (Figure 6.4). There are many reports showing elevated glutaminase
expression and activity in several cancer types (Lampa et al., 2017, Cassago et al., 2012,
Gross et al., 2014, Gao et al., 2009). Increased GLS activity has been suggested to be
important for Gln-derived anaplerosis, as well as providing carbons for amino acid and
glutathione synthesis (Still and Yuneva, 2017). However, increased GLS activity also
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raises the possibility that cancers increased mitochondrial ammonium production via
mitochondrial Gln deamidation. Consistent with the findings of this thesis, Gln-derived
ammonium was also shown to promote reductive amination through GDH in breast
cancer cells (Figure 4.5, Figure 4.8, Figure 6.20) (Spinelli et al., 2017b). In both cases,
reductive amination through GDH was coupled to amino acid and a-KG production via
transaminases. Importantly, the observations in this thesis suggest that such a
mechanism may only take place in the absence of the canonical mitochondrial
ammonium-scavenging pathway, the urea cycle, because invoking the mitochondrial
portion of the urea cycle in cell-free mitochondria and overexpression of CPS1 in HCC
cells decreased anaplerosis through PC (Figure 5.4, Figure 6.13). Therefore, a chronic
decrease in activity through CPS1 evoked ammonium-mediated regulation of Gln- and
Glc-derived anaplerosis, similarly to the acute conditions.

The capacity of ammonium to mediate Glc- and Gln-derived anaplerosis depended on
the expression and activity of ammonium-scavenging pathways, outside of GDH. As
mentioned before, overexpression of CPS1 in HCC cells and addition of urea cycle
intermediates to cell-free mitochondria decreased flux through PC (Figure 5.4, Figure
6.13). Additionally, overexpression of GLS in HCC cells increased expression of GLUL;
although this was an artificial situation that generated a possible futile cycle, this
experiment suggested that coordination between GLS and PC activity may only occur in
a non-reciprocal manner if there was decreased ammonium-scavenging capacity
through the urea cycle and through GLUL. Indeed, mRNA expression data from TCGA
showed that liver cancers exhibited attenuation of both CPS1 and GLUL in comparison
to the peritumoral tissue in HCC (Figure 6.16, Figure 6.17). In a mouse HCC model, we
confirmed the change in expression at the protein level and showed that these changes
were associated with increased ammonium-mediated coordination of PC and GLS in the
tumour in comparison to the adjacent liver (Figure 6.19, Figure 6.20, Figure 6.21).
Complementary to these findings, it was previously reported that CPS1 expression was
attenuated in HCC cells by methylation of the promoter region of the CPS1 gene (Liu et
al., 2011, Network, 2017). Down-regulation of urea cycle enzymes in non-malignant
lymphocytes was also shown to be a feature of normal proliferative cells (Lee et al.,
2017). Taken together, our and others’ observations suggest that low CPS1 expression
imposes a greater dependence for ammonium clearance on GDH, which we show is
associated with coordination of Glc- and Gln-derived anaplerosis.
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Interestingly, use of pegylated arginine deiminase (ADI-PEG20) to pharmacologically
induce the depletion of the urea cycle intermediate arginine in cancer cells deficient for
the urea cycle enzyme, arginosuccinate synthetase 1 (ASS1), was associated with
increased glutaminolysis and OXPHOS, and TCA cycle intermediates were used to
generate aspartate and asparagine. Furthermore, targeting glutaminase simultaneously
with ADI-PEG20 treatment induced synthetic lethality (Kremer et al., 2017). Arginine
depletion also decreases flux through the urea cycle due to decreased ornithine
production; therefore, this study along with the observations from this thesis raise the
possibility that tumour sensitivity to targeting anaplerotic pathways, such as GLS, may
be influenced by their urea cycle activity. However, the exact advantages conferred to
HCC cells from attenuation of CPS1 expression (leading to ammonium-mediated
coordination of anaplerosis) have, so far, been unclear.

Overexpression of CPS1 in HCC cell lines increased sensitivity to oxidative stress in
those cells (Figure 6.15). A recent study highlighted the role of glutamate in balancing
carbon flux between TCA cycle anaplerosis and glutathione synthesis, either by directly
providing carbons for glutathione or for antiport of cysteine via the cysteine/glutamate
transporter, xCT, also required for glutathione synthesis (Sayin et al., 2017). Therefore,
one possibility is that CPS1-OE cells have decreased ammonium-mediated increase in
Glc-derived anaplerosis, making CPS1-OE cells more susceptible to decreases in TCA
cycle flux when Gln-derived carbons are diverted to ROS-scavenging pathways, such as
glutathione synthesis. Another possibility is that Gln-derived carbons may be less
available for either direct synthesis or for xCT-mediated transport of cysteine required
for synthesis of glutathione in CPS1-OE cells (Figure 7.1). Cancer cells are often subject
to oxidative stress from increased generation of ROS, through the mitochondrial
respiratory chain, and need to maintain ROS levels below cytotoxic levels (Reuter et al.,
2010, Porporato et al., 2018). Cells with the ability to respond to acute increases in ROS
levels, by upregulating ROS-scavenging pathways, while maintaining flux through
pathways required for biosynthesis, such as the TCA cycle, may therefore have an
advantage. Interestingly, a recent study showed that in hypoxia and in acidic conditions,
cancer cells with lower expression of the urea cycle enzyme, ASS1 (by either a HIF1a
mediated induction of miR-224-5p, which targets ASS1 or by shRNA-mediated knockdown of ASS1), showed increased glutathione levels, increased ammonium production
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and higher cell survival (Silberman et al., 2019). While TCA cycle flux was not measured,
this study, together with our data from CPS1-OE cells, suggest that attenuation of flux
through the urea cycle may confer increased resistance against oxidative stress in
cancer cells. Further experiments will be necessary to clarify the exact effect of oxidative
stress on Gln- and Glc-derived anaplerosis in CPS1-OE cells. One idea is to use [U-13C]Glc to determine if there is a more exaggerated difference in flux through PC between
control and CPS1-OE cells upon inducing oxidative stress (either through diamide or
H2O2). Another experiment that would clarify the role of Gln carbon availability would be
to use [U-13C]-Gln and determining if there is increased glutathione production in control
cells, in comparison to CPS1-OE cells.

Attenuation of CPS1 expression in HCC cells may also promote utilisation of ammonium
for biosynthetic macromolecules. Results from stable-isotope labelling in cell-free liver
mitochondria and in DEN-induced HCCs suggest that there may be increased reliance
on GOT2, for aspartate production, over other transaminases in the presence of
increased mitochondrial ammonium levels (Figure 4.4, Figure 4.6, Figure 6.20).
Consistent with this, it was previously shown that tumours with attenuated urea cycle
activity, due to deficiencies in ASS1, had increased diversion of aspartate to the cytosolic
CAD complex for de novo pyrimidine synthesis (Rabinovich et al., 2015). Whether there
is increased aspartate utilisation through the CAD complex in the DEN-induced HCC
tumours studied in this thesis, however, is still an open question and may be addressed
by measuring labelling from

13C-Asp,

derived from [U-13C]-Glc, into intermediates of de

novo pyrimidine synthesis pathways, such as orotic acid (Figure 7.1).
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Figure 7.1. Working model summarising ammonium-mediated changes in HCC
cells.
Decreased ammonium scavenging by the urea cycle in HCC cells may increase reliance on GOT2
for Asp production and on PC for anaplerosis. Increased Asp production may feed into de novo
pyrimidine synthesis through the CAD complex and increased PC-dependent anaplerosis may
allow for sustenance of TCA cycle flux when glutamine carbons need to be utilised for other
pathways, such as glutathione synthesis for ROS scavenging.

7.3 Differential urea cycle enzyme activity in the liver and other
tissues may underlie tissue-specific roles in cancer
Decrease in CPS1 mRNA expression in HCC was associated with significantly lower
patient survival (Figure 6.18). This was in contrast to previous studies in colon cancer (Li
et al., 2019) and lung adenocarcinoma (Kim et al., 2017), where decreased CPS1
expression was associated with increased survival. Unlike other tissue types, the liver
has a physiological role in ammonium detoxification and is the only organ where the
complete urea cycle takes place (Keshet et al., 2018, Brosnan and Brosnan, 2009, Krebs
and Henseleit, 1932). However, it has been shown that some cancers may differentially
express particular urea cycle enzymes in order to promote anabolism, through a concept
referred to as “urea cycle dysfunction” (Keshet et al., 2018, Lee et al., 2018). For
example, in the case of lung adenocarcinoma, CPS1-derived carbamoyl-phosphate
feeds into the cytosolic CAD complex and leads to increased de novo pyrimidine
synthesis (Kim et al., 2017).
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Expression of both GLUL and CPS1 was shown to be attenuated in patients with cirrhotic
livers, an advanced liver disease state that often leads to hepatocellular carcinoma
(Kaiser et al., 1988). In HCC cells, as discussed previously, promoter methylation
attenuated CPS1 expression; however, the expression of other urea cycle enzymes was
not changed, and it was suggested that overexpression of CPS1 could restore the urea
cycle because cells with CPS1 overexpression had increased capacity for ammonium
detoxification (Liu et al., 2011). It is possible that in liver cancer, ammonium scavenged
by CPS1 is likely to be expelled as the waste product, urea, instead of being utilised for
anabolism, rendering HCC tumours with higher CPS1 expression to be less aggressive
than those with lower CPS1 expression. However, it is still an open question as to
whether this is the case in the CPS1-OE HCC cells or in the DEN-induced HCC tumours
used in this study. Measuring labelling from [15N-e]-Gln into urea cycle intermediates in
these models may address this question.

Finally, HCCs may be uniquely responsive to ammonium-mediated coordination of Glcand Gln-derived anaplerosis due to the high expression of PC in liver tissues, in
comparison to other tissue types, because PC is known to be the first committed step of
gluconeogenesis, a physiological function of the liver (Jitrapakdee et al., 1996).
However, as with ammonium detoxification through the urea cycle, gluconeogenesis has
been shown to be suppressed in HCC, which may explain the finding from the TCGA
data analysis that, in HCC, mRNA expression of PC was negatively correlated with that
of GLS (Figure 6.17) (Wang et al., 2012). Although PC expression may be downregulated in HCC, in comparison to the normal liver, thereby down-regulating
gluconeogenesis, there may still be enough PC expression to contribute to TCA cycle
anaplerosis and be susceptible to ammonium-mediated coordination. This is particularly
evident from the experiments comparing HepG2 cells with Huh7 cells, where HepG2
cells showed lower PC expression than Huh7 cells, but showed a greater response to
the addition of ammonium in increasing flux through PC (Figure 6.1, Figure 6.4). Finally,
the simultaneous down-regulation of the expression of PC and CPS1 may, in general,
lead to increased activity through PC, because carbamoyl-phosphate has been shown
to allosterically inhibit PC through interactions with its biotin carboxylase domain,
suggesting a reciprocal relationship between PC and urea cycle activity (Zeczycki et al.,
2010, Attwood and Graneri, 1991).
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7.4 Insights from studying in vitro reconstituted mitochondrial
metabolism
Complex systems can be studied by reconstructing simpler compartments in vitro. This
approach is often used in biology to uncover basic processes from component molecules
(Liu and Fletcher, 2009). In the present study, cell-free mitochondria were used to probe
metabolic pathways, and metabolic flexibility, in mitochondria without gene expression
changes. While genetic manipulation of enzymes is powerful, such tools are limited in
their ability to assess acute changes; this is especially relevant for metabolic enzymes
given the inherent plasticity of metabolic networks (Nabet et al., 2018). By conducting
specific titrations of different metabolites in an isolated setting (that is, without the
presence of cytosolic reactions), the immediate effects of substrate availability on the
mitochondrial metabolic network could be examined and the relevant mechanisms – the
ability of ammonium levels to influence anaplerotic flux through PC – could be
discovered. Moreover, because cell-free mitochondria could not invoke flux through the
urea cycle unless specific exogenous substrates were added, the relevance of urea cycle
mediated ammonium scavenging could be established, and further explored in a whole
cell setting, where acute changes in metabolism and chronic changes in gene expression
of metabolic enzymes may take place simultaneously.

This approach also underscored the importance of compartmentalisation of ammonium
metabolism within mitochondria versus the cytosol. Gln break-down to Glu may occur
either through mitochondrial glutaminases or through cytosolic transamidases, and the
produced glutamate may enter the TCA cycle through a-KG. Therefore, comparing Gln
to Glu in cell-free mitochondria revealed differential metabolism between the two
substrates even though they converge to the same canonical anaplerotic pathway. Going
forward, techniques used here and those used in other studies to investigate metabolism
in different cellular compartments will be important for gaining a better understanding of
the importance of cellular compartments in the coordination of metabolic networks (Chen
et al., 2016, Lee et al., 2019).

One caveat of the current study is that mitochondria isolated from several different livers
were pooled together. Furthermore, although the bulk of liver cells are hepatocytes
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(approximately 78% by volume), it is known that hepatocytes are neither functionally the
same nor have the same expression of mitochondrial enzymes. Indeed, periportal
hepatocytes are known to express GLS2 and CPS1, whereas perivenous hepatocytes
express GLUL (Brosnan and Brosnan, 2009, Jungermann, 1995). However, since all
analyses from cell-free mitochondria were performed with pooled mitochondrial
preparations, it was assumed that an average readout of mitochondrial metabolism from
the liver was assessed. However, the results from this study may underestimate
ammonium-induced rewiring of mitochondrial metabolism in hepatocytes with GLS2
expression and overestimate those that do not express GLS2. Further studies may be
required for resolving this by using techniques to first isolate either periportal or
perivenous hepatocytes and then assessing mitochondrial metabolism within a
homogenous hepatocyte population (Quistorff, 1985).

Finally, this study shed further light into the relationship between mitochondrial
metabolism, respiration and mitochondrial morphology that warrant further investigation.
Previously, detailed studies in isolated mitochondria have correlated the morphological
state (condensed or orthodox) with different mitochondrial respiratory states. For
example, mitochondria were shown to primarily be in the orthodox state after leak or
State 3 respiration, transition to a condensed state upon the addition of ADP and in the
presence of succinate, and transition back from condensed to orthodox states at the end
of ADP-driven respiration (Hackenbrock, 1981, Hackenbrock, 1968). However, it has
been unclear whether TCA cycle flux, respiration, or other associated mitochondrial
properties drive the morphological changes. By analysing structure in parallel to function,
the experiments in this thesis showed that the switches between condensed to orthodox
states may be more nuanced and not just a product of limited ADP supply. Mitochondria
respiring on Gln had more mitochondria in the condensed state than in the orthodox state
than those respiring on Glu, even though neither ADP nor oxygen were limiting within
the experimental conditions (Figure 4.1D). Therefore, the metabolites used to drive the
TCA cycle may determine the morphological state assumed by mitochondria. Further
studies will be required to understand whether the differences in mitochondrial
morphology between different substrates are driven by TCA cycle flux, respiratory
capacity, changes in membrane potential or any other mitochondrial properties.
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7.5 Summary
The study herein developed and optimised tools to reconstitute mitochondrial
metabolism in vitro and study the effect of compartmentalised glutamine-derived
anaplerosis. In cell-free mitochondria, increased ammonium levels, as a consequence
of glutamine deamidation, led to increased reductive amination through GDH and activity
of transaminases, in particular GOT2, for anaplerosis. As a consequence of an increase
in reductive activity through GDH to assimilate free ammonium, flux through PC was
enhanced in mitochondria incubated with Gln, when compared to those incubated with
Glu. Addition of exogenous substrates to invoke the urea cycle (as an alternative
mitochondrial ammonium-scavenging pathway) rescued the effects of ammonium on
GDH and, to some extent, on PC. The studies in cell-free mitochondria highlighted the
plasticity within the mitochondrial metabolic network because acute changes in intramitochondrial ammonium levels were enough to recapitulate Pyr- and Gln-derived
anaplerosis without gene expression changes. To test if there was a role for specific
enzymes in this coordination, pathways that may affect mitochondrial ammonium levels
were modified. Modulating expression of GLS revealed that chronic changes to gene
expression led to adaptations, further emphasising the need for studies that monitor
acute changes in metabolism. However, overexpression of the urea cycle enzyme,
CPS1, which consumes mitochondrial ammonium, decreased relative anaplerotic flux
through PC, similar to the effects of addition of urea cycle intermediates in cell-free
mitochondria. Analysis of stable mRNA expression from human HCC showed that HCC
tumours were associated with decreased expression of CPS1 (and of the urea cycle). A
carcinogen-induced mouse model of HCC, which showed the same changes in
expression of ammonium assimilating pathways at the protein level, was used to show
that attenuation of CPS1 expression was associated with increased reductive amination
through GDH and increased PC-derived anaplerosis in the mouse model. A decrease in
CPS1 mRNA expression was also correlated with lower survival rates in HCC patients.
Altogether, this study provides evidence for ammonium-mediated coordination of Glcand Gln-derived anaplerosis and instances in cancer where such coordination may be
important.
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7.6 A1. Formulation of cell culture media
Table A 1. Chemical formulation of DMEM (Gibco, #11966)
Components

Concentration (mM)

Amino Acids
Glycine
L-Arginine hydrochloride
L-Cystine 2HCl
L-Glutamine
L-Histidine hydrochloride-H2O
L-Isoleucine
L-Leucine
L-Lysine hydrochloride
L-Methionine
L-Phenylalanine
L-Serine
L-Threonine
L-Tryptophan

0.4
0.398
0.201
4
0.2
0.802
0.802
0.798
0.201
0.4
0.4
0.798
0.078

L-Tyrosine disodium salt dihydrate

0.398

L-Valine
Vitamins
Choline chloride
D-Calcium pantothenate
Folic Acid
Niacinamide
Pyridoxine hydrochloride
Riboflavin
Thiamine hydrochloride
i-inositol
Inorganic Salts
Calcium Chloride (anhyd.)
Ferric Nitrate
Magnesium Sulfate (anhyd.)
Potassium Chloride
Sodium Bicarbonate
Sodium Chloride
Sodium Phosphate monobasic
Other Components
D-Glucose (Dextrose)
Phenol Red

0.803
0.029
0.008
0.009
0.033
0.019
0.001
0.012
0.04
1.802
2.48E-04
0.814
5.33
44.04
110.3
0.906
25 (high Glc) or 5.5 (low Glc)
0.04

181

Appendix

7.7 A2. Tables of mass spectrometry fragment ions
Table A 2. Table of GC-MS fragment ions
Metabolite

Retention
time (min)

Chemical Formula (after
TMS derivitisation)

m/z

α-Glycerophosphate

13.617

C11 O5 N0 H30 Si3 S0 P2

357

α-Ketoglutaric acid
Alanine

11.902
6.882

C10 O5 N0 H20 Si3 S0
C5 O0 N1 H14 Si1 S0

304
116

Aspartic acid (3
carbon fragment)

11.387

C9 O2 N1 H22 Si2 S0

232

11.387

C12 O4 N1 H28 Si3 S0

334

14.133
11.771
9.624
11.512

C17 O7 N0 H37 Si4 S0
C9 O4 N0 H17 Si2 S0
C12 O2 N1 H30 Si3 S0

465
220
245
304

12.325

C10 O2 N1 H23 Si2 S0 P0

246

12.325

C13 O4 N1 H30 Si3 S0

348

9.185
14.741
9.035
6.402
8.785
15.586
11.07
11.387
16.337
9.302
14.133
12.444
9.107
13.508
6.272
9.74
9.247
10.008
17.182
15.139
9.502

C10 O2 N1 H26 Si3 S0 P0

276
154
158
117
158
174
245
219
318
158
174
218
142
174
174
204
247
218
202
280
241

Aspartic acid (4
carbon fragment)
Citric acid
Cysteine
Fumaric acid
GABA
Glutamic acid (4
carbon fragment)
Glutamic acid (5
carbon fragment)
Glycine
Histidine
Isoleucine
Lactic acid
Leucine
Lysine
Malic acid
Methionine
myo-Inositol
Norleucine
Ornithine
Phenylalanine
Proline
Putrescine
Pyruvic acid
Serine
Succinic acid
Threonine
Tryptophan
Tyrosine
Uracil
Valine

C5 O1 N0 H13 Si1 S0 P0

C10 O3 N0 H21 Si2 S0
C13 O3 N0 H30 Si3 S0 P0
C7 O0 N1 H20 Si2 S0 P0
C7 O0 N1 H16 Si1 S0 P0
C6 O3 N1 H12 Si1 S0 P0
C8 O1 N1 H22 Si1 S0 P0
C9 O4 N0 H19 Si2 S0

C9 O2 N4 H17 Si1 S0 P0

8.152

144
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Table A 3. SRM parameters used for LC-MS/MS determination of Glutamine and
Citrulline
Compound

Retention
Time (min)

Glutamine
Glutamine

11.7
11.7

RT
Window
(min)
1
1

11.7
11.7
12
12
12
12
12
12

Glutamine M+1

(15N-amide)
15

Glutamine M+1 ( N-amide)
Citruline
Citruline
Citruline M+1
Citruline M+1
Citruline M+2
Citruline M+2

Polarity

Precursor
(m/z)

Product
(m/z)

Collision
Energy (V)

Positive
Positive

147.1
147.1

84.044
129.893

18
10.25

1

Positive

148.1

85.044

18

1

Positive

148.1

130.893

10.25

1
1
1
1
1
1

Positive
Positive
Positive
Positive
Positive
Positive

176.1
176.1
177.1
177.1
178.1
178.1

70.065
159.04
70.065
160.04
71.065
161.04

22
10
22
10
22
10
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Description
PFA Glut fixation ON
PFA Glut fixation OFF
PFA Glut fixation ON
PFA Glut fixation OFF
PFA Glut fixation ON
PFA Glut fixation OFF
PFA Glut fixation ON
BENCH STEP Rinse in 0.1M PB
BENCH STEP Rinse in 0.1M PB
Rinse in 0.1M PB
Rinse in 0.1M PB
Osmium ON
Osmium OFF
Osmium ON
Osmium OFF
Osmium ON
Osmium OFF
Osmium ON
BENCH STEP Rinse in 0.1M PB
BENCH STEP Rinse in 0.1M PB
Rinse in 0.1M PB
Rinse in 0.1M PB
Tannic acid ON
Tannic acid OFF
Tannic acid ON
Tannic acid OFF
Tannic acid ON
Tannic acid OFF
Tannic acid ON
Sodium sulphate ON
BENCH STEP Rinse in water
BENCH STEP Rinse in water
Rinse in water
Rinse in water
25% Ethanol ON
25% Ethanol ON
50% Ethanol ON
50% Ethanol ON
70% Ethanol ON
70% Ethanol ON
90% Ethanol ON
90% Ethanol ON
100% Ethanol ON
100% Ethanol ON
100% Acetone ON
100% Acetone ON
100% Acetone ON
25% Resin ON
50% Resin ON
75% Resin ON
100% Resin ON
100% Resin ON
100% Resin ON
100% Resin ON
TURN SYSTEM OFF

Step#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

Time
(min)
2
2
2
2
2
2
2
0
0
0
0
2
2
2
2
2
2
2
0
0
0
0
2
2
2
2
2
2
2
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
3
3
3
3
3
3
0

Time
(sec)
0
0
0
0
0
0
0
0
0
40
40
0
0
0
0
0
0
0
0
0
40
40
0
0
0
0
0
0
0
0
0
0
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
0
0
0
0
0
0
0
0

Power
(Watts)
100
0
100
0
100
0
100
0
0
250
250
100
0
100
0
100
0
100
0
0
250
250
100
0
100
0
100
0
100
100
0
0
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
0

SteadyTemp
Vacuum cycle
temperature Vacuum cycle vent vacuum time
(ºC)
time (sec)
(sec)
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
0
0
21
30
30
21
30
30
21
30
30
21
30
30
21
30
30
21
30
30
21
30
30
21
0
0

Vacuum
set point
(inch Hg)
20
20
20
20
20
20
20
0
0
0
0
20
20
20
20
20
20
20
0
0
0
0
20
20
20
20
20
20
20
20
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
20
20
20
20
20
20
20
0

User Prompt
(1 = YES, 0 =
NO)
1
0
0
0
0
0
0
1
1
1
1
1
0
0
0
0
0
0
1
1
1
1
1
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0

Vacuum OFF (1 =
no vacuum, 0 =
vacuum)
0
0
0
0
0
0
0
1
1
1
1
0
0
0
0
0
0
0
1
1
1
1
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
1

Vacuum
cycle (1 =
ON, 0 = OFF)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
0

Vacuum ON (1 =
vacuum, 0 = no
vacuum)
1
1
1
1
1
1
1
0
0
0
0
1
1
1
1
1
1
1
0
0
0
0
1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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7.8 A3. EM Sample Preparation – Biowave Settings

Table A 4. Biowave program setting for EM sample preparation.
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7.9 A4. Ilastik features for object classification
Table A 5. List of features used by Ilastik to classify mitochondria in SEM images.
2D Convex Hull Features
Convexity
Defect Center
Number of Defects
Mean Defect Displacement
Kurtosis of Defect Area
Mean Defect Area
Skewness of Defect Area
Variance of Defect Area
Convex Hull Center
Convex Hull Area
Object Center
Object Area
2D Skeleton Features
Average Branch Length
Number of Brances
Diameter
Euclidean Diameter
Number of Holes
Center of the Skeleton
Length of the Skeleton
Standard Object Features
Size in Pixels
Histogram of Intensity
Histogram of Intensity in neighbourhood
Kurtosis of Intensity
Kurtosis of Intensity in neighbourhood
Maximum Intensity
Maximum Intensity in neighbourhood
Mean Intensity
Mean Intensity in neighbourhood
Minimum Intensity
Minimum Intensity in neighbourhood
Quantiles of Intensity
Principle components of the object
Radii of the object
Skewness of Intensity
Skewness of Intensity in neighbourhood
Total Intensity
Total Intensity in neighbourhood
Variance of Intensity
Variance of Intensity in neighbourhood
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