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Abstract

Mitochondria continuously alter their shape via fusion and fission and interestingly,
this dynamic balance is critical for maintaining organelle function and cellular
homeostasis. Studies have shown that mitochondria undergo fusion during amino
acid starvation-induced autophagy. This mitochondrial response has been proposed
to be regulated by MTORC1, a key regulator of nutrient-sensing signalling pathway.
However, the mechanism linkihng MTORC1 and nutrient sensing to mitochondrial

hyperfusion has not been fully elucidated.

This project aimed at studying mitochondrial remodelling during nutrient starvation.
As a sensor of regulatory amino acids, the role of MTORCL1 in the regulation of
mitochondrial fusion was studied. In addition, this study also aimed to investigate the
kinase-dependent regulation of mitochondrial fusion during amino acid starvation.
This project studied the roles of the Ulk1l, AMPK and PKA pathways in amino acid
starvation-dependent mitochondrial fusion. Using a metabolomics approach, this
project also studied changes in cellular metabolism during amino acid starvation-
dependent mitochondrial fusion and how hyperfusion could crosstalk with these

metabolic changes.

The results in this study indicated that mitochondria undergo remodelling towards a
hyperfused state specifically in response to amino acid availability. Importantly,
mitochondria surprisingly undergo extensive hyperfusion in response to elevated
levels of glutamine (Q), leucine (L) and arginine (R). Contrary to predictions from the
current model, mitochondria sensed Q, L and R levels independently of MTORC1.
Interestingly, amino acid-dependent mitochondrial hyperfusion critically required the
Ulk1/2 autophagy initiation complex. In addition, amino acid-dependent mitochondrial
hyperfusion did not require AMPK and PKA-dependent phosphorylation of Drpl.
However, amino acid-dependent mitochondrial fusion required the regulators, Optic
atrophy 1 (Opal) and Mitofusin 1 (Mfn1).

Metabolomic analysis revealed both QLR-dependent and fusion-dependent changes
in levels of metabolites involved in the urea cycle, Krebs cycle and REDOX balance.
Findings in this project suggest putative mechanisms linking amino acid metabolism,

mitochondrial dynamics and mitochondrial function
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Chapter 1

1.1 Introduction to Autophagy

Autophagy is a vital catabolic process which recycles cellular contents such as
proteins, macromolecules and organelles during starvation and stress (Kobayashi,
2015). During this process, a double membrane structure termed the phagophore
firstly forms around the target content. Subsequently, the targeted content is
sequestered in the autophagosome and finally the autophagosome fuses with the
lysosome to form the autolysosome (Xie and Klionsky, 2007). The targeted contents
are degraded in the autolysosome by the lysosomal hydrolases (Overall scheme
summarised in Fig 1.1). Cells are highly dependent on autophagy for regular renewal
of organelles and recycling of amino acids and other molecules. Autophagy plays
important physiological roles in cellular immunity, apoptosis, cancer, neuronal
functionality and aging (Nakagawa et al., 2004, Sanchez-Sanchez et al., 2015,
Shibutani et al., 2015, Martinez-Lopez et al., 2015, Mizushima, 2009, Levine and
Kroemer, 2019).

1.1.1 Non-selective and selective autophagy

Mammalian autophagy is classified into three categories depending on the type of
cargos, and how the cargos are recruited to the lysosome. Cargoes can be delivered
directly into lysosomes through the formations of tubular invaginations in a process
called microautophagy (Ahlberg et al., 1982, Mortimore et al., 1988). In some cases,
proteins are delivered directly into lysosomes through a protein translocation pathway
in a process called chaperone-mediated autophagy (Chiang and Dice, 1988). The
most characterized and well-defined process of autophagy and lysosomal delivery is
through the formation of autophagosomes termed macroautophagy. In this project,

macroautophagy is hereafter referred to as autophagy.

Autophagy is thought to be a non-selective bulk degradative process. However, it is
now well established that cargo can be selectively targeted and sequestered into the
autophagosome for degradation in the lysosome (Gatica et al., 2018). For example,
invading microorganisms and pathogens have been shown to be degraded by
autophagy in a distinct sub-category of autophagy called xenophagy. Other
autophagy sub-categories are aggrephagy (turnover of misfolded proteins),
pexophagy (clearance of peroxisomes), reticulophagy (Endoplasmic reticulum

turnover), ribophagy (ribosome clearance), zymophagy (secretory granule removal)
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and mitophagy (clearance of mitochondria) (Mizushima and Komatsu, 2011, Kim et
al., 2007, Gatica et al., 2018).

Specific cargo are selected for autophagy via the activation of receptor proteins that
can recruit light chain-3 (LC3), hence the autophagy machinery to its site (Kirkin et
al., 2009, Sandoval et al., 2008). For example, sequestosome-1 (p62/SQSTM1) is
suggested to serve as an adaptor protein by binding ubiquitinated mitochondrial
proteins and LC3 during mitophagy (Katsuragi et al., 2015, Ding et al., 2010). Due to
the important physiological functions of organelles sequestered through selective
autophagy, understanding the specific mechanism of this process have been
suggested to be relevant in preventing diseases such as neurodegeneration, ageing,
immune-deficiencies and cancers (Boland et al., 2013, Stefano and Kream, 2015,
Levine and Kroemer, 2019). Most importantly, the clearance of mitochondria through
mitophagy has been linked to cancer (Chourasia et al., 2015), Parkinson’s disease
(Narendra et al., 2008), and there are many diseases suggested to have developed
as a result of impaired mitochondrial clearance (Xu et al., 2019). As one main role,
mitophagy has been proposed to maintain quality control by degrading damaged-
mitochondria with mutated mtDNA and abnormal reactive oxygen species (ROS)
production. Dysfunctional mitophagy will lead to the accumulation of damaged
mitochondria thereby enhancing ROS production which can eventually induce cellular
DNA mutation and cell damage or cell death. This basis for further cellular damage
can also contribute to development of disease (Um and Yun, 2017). Initially, this
project started by studying the mitophagy-autophagy process during mitochondrial
damage. However, the focus shifted towards understanding how mitochondria

respond to nutrient-dependent autophagy.



Phagophore Autophagosome

Lysosome

Autolysosome

Figure 1.1: The general autophagy process. During autophagy, a phagophore is formed
around macromolecules such as proteins and damaged organelles. Subsequently, the target
cargo is enclosed in a double membrane termed the autophagosome which fuses with the
lysosome to form an autolysosome. The macromolecules are degraded and recycled as
metabolites such as amino acids and lipids.




1.1.2 Historical contexts of autophagy

The term “Autophagy” meaning “self-eating” was first used in 1963 (De Duve, 1963).
Autophagy became better understood for its molecular mechanisms in the early
1990s, following yeast studies of autophagy proteins (Dunn, 1990b, Dunn, 1990a,
Lawrence and Brown, 1992, Tsukada and Ohsumi, 1993). Prior to this, protein
degradation had been established and argued to occur either through a lysosomal-
dependent process or a lysosomal independent process using the
ubiquitin/proteasome pathway (Schworer et al., 1981, Mortimore and Poso, 1986,
Mortimore et al., 1989).

Glucagon was discovered to regulate autophagy in rat liver (Deter et al., 1967). It was
reported that an autophagosome, a double membrane bound structure lacking
hydrolytic enzymes, is formed first before fusion with the lysosomes to form the
autophagolysosome (Arstila and Trump, 1968). Subsequently, the physiological roles
were studied, showing that autophagy is highly regulated by the availability of
nutrients (Pfeifer and Warmuth-Metz, 1983). Similarly, Mortimore and Ward (1976)
observed that autophagy is highly dependent on the availability of amino acids, after
their studies on hepatocytes showed that protein degradation occurs rapidly when
amino acids are in shortage, and then degradation was suspended when amino acids
were present. Their findings were confirmed by Seglen et al. (1980). The race to
understand the regulation of autophagy continued over the years and some
autophagy inhibitors were discovered such as 3-methyladenine, which acts by
blocking the autophagic/lysosomal protein degradation pathway by inhibiting the class
Il phosphoinositide 3-kinase (PI3K) complex (Seglen and Gordon, 1982, Holen et al.,
1993).

In 1992, work by Ohsumi and colleagues opened the molecular era by isolating 15
autophagy-defective mutants (Takeshige et al., 1992, Tsukada and Ohsumi, 1993).
By the late 1990s, the characterization and identification of the autophagy-related
genes began and in 2004 a unified nomenclature for autophagy-related genes in yeast
was accepted (Klionsky et al., 2003). Interestingly, Ohsumi’s work on the mechanisms
of autophagy has been rewarded with a Nobel Prize in Physiology or Medicine in 2016
(Levine and Klionsky, 2017).

1.1.3 The autophagy genes and proteins



Genetic studies have presently classified 41 genes that have important roles in
autophagy (Klionsky et al., 2011, Klionsky et al., 2016). These genes, many of which
were initially identified in yeast, are now termed Autophagy-Related Genes “Atg”.
Some of the genes were identified using a microscopy-based screen to isolate
autophagy-defective mutants (Tsukada and Ohsumi, 1993). In addition, cytoplasmic-
to-vacuole targeting (CVT) genes, glucose-mediated autophagy (GSA) genes,
peroxisome degradation-deficient genes (PDD), peroxisome degradation autophagy
(PGA) genes and autophagocytosis defective mutants AUT genes were identified by
independent studies (Harding et al., 1995, Thumm et al., 1994). The AUT and CVT
genes were later discovered to correspond to Atg genes after studies showed that
cells with AUT mutants had defective processing of targets from the cytoplasm to the
vacuole. After years of accumulation of experimental studies and confusion due to
gene terminology, a comprehensive nhomenclature was adopted for all Atg genes in
2003 with a further update in 2010 (Klionsky et al., 2011, Klionsky et al., 2003).
Interestingly, the Atg genes identified in yeast have structural and functional
homologues in vertebrates, plants and humans. The Atg genes are highly conserved
between yeast and humans (Table 1.1). For example, in mammals, the bcl2-binding
protein Beclinl is a structural homologue of Atg6 in yeast (Liang et al., 1999).
Similarly, LC3, a microtubule-associated protein 1 light chain-3, is a homologue of
Atg8 in yeast (Kabeya et al., 2000). The corresponding proteins of the genes are
called the Autophagy-related proteins, and they are the drivers of non-selective and

selective autophagy.



Table 1.1: The nomenclature of Autophagy-Related genes (Atg). List of autophagy
genes in yeast and human showing the autophagy (APG), autophagocytosis defective
mutants (AUT), cytoplasmic-to-vacuole targeting (CVT), glucose-mediated autophagy
(GSA), peroxisome degradation-deficient genes (PDD) and pexophagy zeocin-resistant
(PAZ) nomenclature.

Yeast  Human APG  AUT  CVT GSA PDD PAZ

Atg

1 Ulk1/2 1 3 10 10 7 1

2 Atg 2A/B 2 8 11 7

3 Atg3 3 1 20

4 Atg4A/BIC/ID 4 2 8

5 Atg5 5

6 Beclinl 6

7 Atg7 7 2 7 12

8 LC3, 8 7 5 2
GABARAP

9 Atg9A/B 9 9 7 14 9

10 Atg10 10

11 9 9 18 6

12 Atg12 12

13 Atg13 13

14 Atg14 14 12

15 5 17

16 Atg16L1/2 16 11 3

17 FIP200 17




Table 1.1: The nomenclature of Autophagy-Related genes (Atg) Continuation. List
of autophagy genes in yeast and human showing the autophagy (APG),
autophagocytosis defective mutants (AUT), cytoplasmic-to-vacuole targeting (CVT),
glucose-mediated autophagy (GSA), peroxisome degradation-deficient genes (PDD)
and pexophagy zeocin-resistant (PAZ) nomenclature.

Yeast Human APG AUT CVvT GSA PDD PAZ
ATG

18 WIPI1 10 18 12

19 19

20 20

21 WIPI2 21

22 4

23 23

24 SNX30/4 13 16
25 4

26 4
27 24

28 -31

32 BCL2L13

33 -36

37 ACBD5

38-41

Atg101




1.2 Molecular mechanisms of autophagy

1.2.1 Autophagy initiation

The hallmark of autophagy is the formation of autophagosomes, which at the end fuse
with the lysosomes for degradation of their contents by hydrolases. Specific core
protein complexes are responsible for the initiation and maturation of
autophagosomes. The process of autophagosome formation is highly conserved
between yeast and mammals. However, certain unique properties have been
described for the phagophore membrane structure in mammals. Axe et al. (2008)
observed a unique protrusion of the endoplasmic reticulum (ER) during the initiation
of autophagy in mammalian cells which was termed an omegasome. The omegasome
structure is now thought to be associated with (or serve as a marker for) a cradle-
scaffold to support the formation of autophagosomes during autophagy initiation
(Mercer et al.,, 2018, Karanasios et al., 2016). In yeast, autophagosomes are
suggested to form from a single peri-vacuolar structure called phagophore assembly
site (PAS), which act as the recruitment site for Atg proteins (Yang and Klionsky,
2009, Mari and Reggiori, 2010, Mari et al., 2010). However, in mammalian cells,
multiple sites equivalent to PAS are observed (Tooze and Yoshimori, 2010). The
molecular mechanisms leading to the activation of autophagy are complex and
involve multiple protein complexes that converge at multiple nodes as described

below.

1.2.1.1 The signalling pathways that control the initiation of

autophagy during nutrient stress

The first phase is the initiation of autophagy which involves three main kinases in
yeast/mammalian cells which are Atg1/Ulk1, TOR/MTOR and SNF1/AMPK (Orlova et
al., 2006) (Mizushima, 2010, Yang and Klionsky, 2009). Note: Protein kinase-A PKA
also functions as a negative regulator of autophagy induction in yeast and mammals
(Budovskaya et al., 2004, Mavrakis et al., 2006). The yeast autophagy induction
machinery, which is first described below, entails a distinct pathway from mammalian

autophagy initiation.

In yeast, Atgl recruits other autophagy proteins such as Atg13, Atgl7, Atg29 and
Atg31 to successfully initiate autophagy. In nutrient rich conditions, a nutrient-

sensitive TOR signalling complex is activated. TOR, a serine-threonine kinase,
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normally hyper-phosphorylates Atg13. In the hyper-phosphorylated state, Atg13 loses
its binding ability to the Atgl-Atgl7-Atg31-Atg29 complex, inhibiting autophagy
(Kamada et al., 2010). TOR is deactivated during starvation or stress while Atg13 is
dephosphorylated, thereby recruiting Atgl, Atgl7, Atg31l and Atg29 to induce
autophagy (Kabeye et al., 2005). Atg13 recruitment of Atgl7 activates Atgl by auto-
phosphorylation at Thr266 residue (Yeh et al., 2010). Although there is much similarity
in the molecular machinery of autophagy in yeast and mammalian cells, Atgl7
recruitment of Atg13 at the PAS is an aspect of the mechanism that is specific to yeast
(Suzuki et al., 2007). There is also no Atg101 (mammalian) homologue in the yeast
autophagy machinery. In yeast, Atg29 and Atg31 may provide homologous function
to mammalian Atg101 (Noda and Fujioka, 2015). This project will focus on autophagy
in mammalian cells, which is generally regulated by core pathways homologous to

these yeast systems.

1.2.1.2 MTOR is the master regulator of autophagy initiation via its

nutrient sensing mechanisms

MTOR is a serine/threonine protein kinase known as the mechanistic target of
rapamycin. MTOR is made up of five domains: 1) The Huntington, Elongation factor
3, A subunit of protein phosphatase 2A (PP2A) and TOR1 (HEAT) repeat; 2) FRAP-
ATM-TTRAP (FAT) domain; 3) FKBP12-Rapamycin binding (FRB) domain; 4) a
catalytic kinase domain; and 5) a FAT domain at C terminus (FATC) domain. MTOR
is linked to the discovery of rapamycin as an antifungal, anti-tumour and
immunosuppressant agent (Vezina et al., 1975, Martel et al., 1977, Eng et al., 1984).
Subsequently, MTOR was identified as the mammalian/yeast target of rapamycin
after it was reported that rapamycin inhibits cell proliferation and cell growth by
forming a complex with FKBP12 to negatively regulate MTOR (Chung et al., 1992,
Brown et al., 1994, Sabatini et al., 1994, Sabers et al., 1995, Heitman et al., 1991).
MTOR belongs to the PI3K-related kinase (PIKK) family of protein kinases and can
form two structurally distinct complexes with other proteins as either MTOR-complex-
1 (MTORC1) or complex-2 (MTORC?2). In addition to their structural differences,
MTORC1 and MTORC2 also have distinct overall functions. For example, MTORC1
controls protein synthesis, growth, cellular metabolism and autophagy while MTORC2

primarily regulates cell proliferation and cell survival (Saxton and Sabatini, 2017).

MTORC1 is made up of regulatory associated protein (Raptor) (Hara et al., 2002),
DEP domain-containing MTOR-interacting protein (DEPTOR) (Peterson et al., 2009),
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mammalian lethal with SEC13 protein 8 (mLST8) (Kim et al., 2002), proline-rich AKT
substrate of 40kDa (PRAS40) (Sancak et al., 2007), tel2 and Ttil (Kaizuka et al.,
2010) (Fig 1.2A). In addition, Ras homologue enriched in brain (Rheb) also binds
MTORC1 and this interaction is also required for MTORC1 localization and function
(Long et al., 2005). MTOR, Raptor, DEPTOR and mLST8 represent the core members
of the MTORC1, and each member has a distinct role in the regulation of MTORC1
activity. For example, Raptor stabilizes and recruits MTORCL1 substrates by binding
to their TOR signalling motif while DEPTOR negatively regulates MTORC1 by binding
directly to MTOR at the C-terminal sequence upstream of the MTOR kinase domain
(Aylett et al., 2016, Peterson et al., 2009, Nojima et al., 2003). mLST8 is a positive
regulator of MTORCL1 where it binds to the catalytic unit and stabilizes the kinase
activation loop (Yang et al., 2013a). PRAS40 binds indirectly to MTOR via Raptor
leading to the inhibition of MTOR kinase activity (Wang et al., 2007). In this way,
PRAS40 coordinates the presence of growth factors to MTORCL1 by negatively
regulating the complex (Vander Haar et al., 2007). This inhibitory role on MTORC1 is
blocked via the direct phosphorylation of PRAS40 at Thr246 by Akt in the presence
of growth factors, thereby, activating MTORC1 (Vander Haar et al., 2007, Kovacina
et al., 2003).

MTORC2 also includes core binding members DEPTOR and mLST8 (Fig 1.2B).
However, the core complex also binds distinct proteins such as mammalian stress-
activated protein kinase-interacting protein (mSinl) (Yang et al., 2006), Raptor-
independent companion of MTOR (RICTOR) (Sarbassov et al.,, 2004) and Protein
observed with Rictor-1/2 (Protorl/2) (Pearce et al., 2007). In contrast to MTORC1
which is responsive to rapamycin inhibition through FKBP12, MTORC2 only responds
to longer time-point rapamycin treatment (Sarbassov et al., 2006, Lamming et al.,
2012). This project will focus on MTORC1 due to its roles in the regulation of
autophagy and nutrient sensing.
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Figure 1.2: MTOR and its binding partners. The core MTOR complex members are MTOR,
mLST8 and DEPTOR. The other binding members of complex 1 are A) Raptor, PRAS40, Tel2 and
Ttil. DEPTOR and PRAS40 serve as a negative regulator of MTOR. DEPTOR binds directly to
MTOR at the C-terminal sequence upstream of MTOR kinase domain. PRAS40 binds indirectly to
MTOR via Raptor leading to the inhibition of MTOR kinase activity. Other members of complex 2
are B) Rictor, mSinl, Protorl/2 and also Tel2 and Ttil.



1.2.1.2A MTORC1 senses growth factors via multiple mechanisms

Cells coordinate a network of inter-dependent mechanisms for the intake of
extracellular nutrients and subsequent sensing to control proliferation and cellular
metabolism. Specific receptors are embedded in the plasma membrane to detect
nutrients such as growth factors, hormones, neurotransmitters, and amino acids,
(Mortimore and Poso, 1986). These receptors relay extracellular conditions to the cell
by activating multiple downstream signal transduction such as the PI3K signalling
cascade and the Ras-signalling cascade. These mechanisms indirectly converge on
MTORC1 which in turn coordinates cellular processes such as autophagy and cell
growth (Laplante and Sabatini, 2012, Saxton and Sabatini, 2017, Kim and Guan,
2019, Jia and Bonifacino, 2019).

MTORC1 senses the availability of insulin via the tumour suppressor protein
Tuberous Sclerosis complex (TSC), which is a heterodimer complex consisting of
TSC1, TSC2 and TBC1D7 (Dibble et al., 2012) (Fig 1.3A). Mechanistically, TSC1
acts as the scaffold maintaining the stability of the complex while TSC2 functions as
the main GTPase binding and activating protein (GAP). Mutations in TSC2 have been
implicated in the pathogenesis of tuberous sclerosis (Cheadle et al., 2000). TSC
serves as an intermediate linking PI3K and PDK1/Akt pathway to Rheb and MTORC1
activity (Manning et al., 2002, Inoki et al., 2002, Garami et al., 2003, Menon et al.,
2014, Potter et al., 2002).

At the lysosome, TSC negatively regulates Rheb-MTORC1 by binding to Rheb loaded
with GTP. This binding induces hydrolysis of GTP and a resulting conformational
change on Rheb. Thereby TSC primarily controls the GDP/GTP loading status of
Rheb. Rheb-GTP (active form) interacts with MTORC1 and this binding promotes the
full activation of MTORCL1 at the lysosome (Long et al., 2005). A more recent cryo-
electron microscopy study demonstrated that Rheb induces a conformational change
in MTORC1 which leads to repositioning in the active site, thereby enhancing catalysis
(Yang et al., 2017).

TSC also can regulate MTORC1 via additional mechanisms (Fig 1.3A). For example,
Whnt inhibits glycogen synthase kinase 3 (GSK3)B-dependent activation of TSC2. In
this way, Wnt can inhibit TSC2 leading to the activation of Rheb-MTORCL1 (Inoki et
al., 2006). Similarly, TNFa activates IKKB-dependent inhibition of TSC1, thereby,
enhancing Rheb-MTORC1 activation (Lee et al., 2007). The epidermal growth factor
receptor (EGFR) (Ras-dependent) signalling pathway activates MTORC1-Rheb

through mitogen-activated protein kinase (MEK/MAP2K). MEK activates extracellular
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signal-regulated kinase (ERK)-dependent inhibition of TSC2 or 90kDa ribosomal
protein S6K (RSK)-dependent inhibition of TSC2 (Ma et al., 2005, Roux et al., 2004).
These two MEK-dependent regulations lead to the activation of MTORCL1.

Akt remains one of the better-characterised mechanisms upstream of MTORCL. In
the presence of insulin or growth factors, Akt phosphorylates TSC2 at multiple sites
such as S939 or T1462 (Menon et al., 2014, Inoki et al., 2002, Manning et al., 2002,
Potter et al., 2002). The phosphorylation of TSC2 disrupts its lysosomal localization
leading to the inhibition and dissociation from Rheb, hence enhancing MTORC1-Rheb
activity (Menon et al., 2014) (Fig 1.3B). Similarly, Akt also directly regulates MTORC1
activity independently of the TSC-Rheb mechanism. In insulin-rich conditions, Akt
phosphorylates PRAS40 at T246 and inhibits PRAS40-dependent inhibition of
MTORC1, leading to MTORCL1 activation (Sancak et al., 2007, Vander Haar et al.,
2007, Kovacina et al., 2003). Interestingly, PRAS40 is also a substrate of MTORC1
where it is phosphorylated at S183 and S221 (Wang et al., 2008, Oshiro et al., 2007).
PRAS40 phosphorylation weakens its interaction with MTORC1 while promoting
binding to 14-3-3 chaperone proteins (Dubois et al., 2009, Sancak et al., 2007). The
regulation of TSC2 and PRAS40 by Akt together provides parallel signalling routes
linking growth factor signal to MTORCL.

In low growth factor conditions, Rheb and MTORC1 remain inactive, therefore
promoting autophagy (Fig 1.3C). In addition to the PI3K-Akt mechanism that links
growth factors to autophagy via PRAS40 and TSC2 (described above), there are other
parallel Akt-independent pathways controlling autophagy. Growth factor deprivation
has been shown to induce autophagy via the activation of GSK3 (Lum et al., 2005,
Lin et al.,, 2012). While GSK3f activation can lead to MTORC1 inhibition and
autophagy via activation of TSC2, GSK3 can also phosphorylate acetyltransferase
HIV-1 Tat interactive protein, 60 kD (TIP60) on S86 (Lin et al., 2012). It was shown
that phosphorylated-TIP60 had a strong binding affinity with Ulk1 which leads to the
acetylation and activation of Ulk1. The activation of Ulk1 (Atgl homologue) generally

promotes the induction of autophagy as described in section 1.2.1.3 below.

The inhibition of Akt also mediates the synthesis of core autophagy proteins to further
enhance autophagy during growth factor deprivation. The inhibition of Akt terminates
the phosphorylation and inhibition of forkhead box O3 transcription factor (FOXO3)
(Brunet et al., 1999). Upon activation, FOXO3 also promotes the expression of LC3B
which functions in the biogenesis of autophagosomes downstream of MTORC1

inhibition. However, FOXO3-dependent autophagy can also occur independently of
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MTORC1 (Mammucari et al., 2007, Sengupta et al., 2009). Interestingly, the growth
factor-dependent regulation of MTORC1 is distinct from the amino acid-sensing
mechanism, however, both contribute (Demetriades et al., 2014). For example, it was
recently reported that the presence of arginine enhances MTORC1 ability to respond
to growth factors (Carroll et al., 2016a). Arginine represses the localization of TSC to
the lysosomal membrane, thereby, reducing Rheb-TSC2 interaction, further activating
MTORC1. The regulation of MTORCL1 by the above mechanisms coordinates the
progression of autophagy during limited growth factors.
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Figure 1.3: The regulation of MTORC1 by growth factors. A) The multiple signalling pathways
that converge on MTORCL via the regulation of the TSC2 complex. PI3K activates Akt which leads
to the inhibition of TSC2. This abrogates TSC2 inhibition of Rheb at the lysosome thus allowing
MTORCL1 recruitment and activation. Wnt can also inhibit GSK@ activation of TSC2. MEK and
TNFa also indirectly activate MTORCL1 by activating ERK and IKKa respectively which both serve
as repressors of the TSC complex. B) shows the regulatory state of Akt, TSC2, Rheb and
MTORC1 when growth factors are available and autophagy is blocked. C) shows their regulatory
status when growth factors are not available and autophagy is activated.



1.2.1.2B MTORC1 senses amino acid through Rag-dependent and
Rag-independent mechanisms

A balanced mixture of amino acids is a key prerequisite for protein synthesis, and as
such, it is important for a cell to readily sense their availability (van Venrooij et al.,
1972). There are currently 22 known naturally proteinogenic amino acids (although
only 20 commonly used in eukaryotic cells), characterized into two main groups:
essential amino acids and non-essential amino acids (Fig 1.4). Essential amino acids,
by definition, must be supplied exogenously primarily through nutrients from food
because mammalian cells cannot synthesize them. In contrast, non-essential amino
acids are readily synthesized in cells in sufficient amounts from metabolic precursors.
Amino acids are also characterised based on their structure, charge and organic
content. For example, leucine is an essential amino acid, characterized by its
hydrophobic branched-chain R-group (side-chain). On the other hand, glutamine is a
polar, neutral charged, non-essential amino acid. Arginine, a non-essential amino acid
and in neutral pH, is positively charged. Apart from their biochemical roles in protein
synthesis, leucine, glutamine and arginine have also gained attention due to their

function during nutrient-sensing signalling.

Recent studies have begun to unravel the mechanisms linking amino acid sensing to
key cellular processes such as autophagy. In mammalian cells, leucine, glutamine
and arginine are sensed by parallel pathways in a MTORC1-dependent manner
involving either Rag-dependent or independent mechanisms (Zhang et al., 2002,
Abraham, 2015, Shimobayashi and Hall, 2016). This project will focus on how
MTORC1 senses the availability of amino acids and the effects on autophagy and

mitochondrial processes.

To begin, the extracellular pool of amino acids is transported into the cell by an array
of amino acid transporters embedded in the plasma membrane (Porcelli et al., 2014,
Palmieri, 2013, Taylor, 2014, Hyde et al., 2003). These mechanisms are driven by the
solute-linked carrier (SLC) family of transporters that generally serve to shuttle small
molecules such as vitamins, metabolites, inorganic/metal ions and neurotransmitters
into cells and organelles. There are over 430 SLC members characterized by the
HUGO gene nomenclature committee encoded by 400 genes in humans (César-
Razquin et al., 2015, Perland and Fredriksson, 2017). In parallel with the transport of
amino acids into cells, amino acids are sensed in the cytosol and from within the
lysosome via an inside-out mechanism (as further discussed, below) (Zoncu et al.,

2011). This project focuses majorly on: leucine, glutamine and arginine, which are the
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3 regulatory amino acids potently sensed upstream of MTORC1 (Chantranupong et
al., 2016, Saxton et al.,, 2016a, Wolfson et al., 2016). In addition, a sensor for
methionine upstream of MTORC1 was recently identified (Gu et al., 2017).
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Essential AA Non-essential AA
Leucine (L) Arginine (R)
Methionine (M) Glutamine (Q)
Isoleucine (1) Tyrosine (Y)

Lysine (K) Glutamate (E)
Phenylalanine (F) Serine (S)
Threonine (T) Proline (P)
Valine (V) Asparagine (N)
Tryptophan (W) Histidine (H)
-- Glycine (G)
-- Aspartate (D)
-- Alanine (A)
-- Cysteine (C)
-- Selenocysteine (U)
-- Pyrrolysine (O)

Leucine © o Glutamine o
OH H,N OH
NH, NH,
NH L.
/[L Arginine
H,N N OH
H
NH,

Figure 1.4: Amino acids and the structure of L, Q and R. The list of 22 amino acids
grouped into essential and non essential amino acids. In red, are the amino acids that are
specifically sensed by MTORC1. Subset shows the biochemical structure of Leucine,
Glutamine and Arginine.



1.2.1.2B.1 Regulation of Rag-dependent MTOR signalling

Amino acids such as arginine and leucine regulate MTORC1 via a Rag-complex that
includes Rag GTPases, Ragulator, KICSTOR, lysosomal H+-ATPase (v-ATPase) and
SLC38A9 at the lysosome (Fig 1.5A). Each of these proteins has a distinct

mechanistic role in the activation of MTORC1 by amino acid.

The Rag GTPases are comprised of members Rag A, B, C and D, and these form
heterodimers in which Rag A (or RagB) binds RagC (or RagD). In the active state,
RagA/B is GTP loaded while RagC/D is GDP bound, and this conformation is required
for MTORCL localization and activation. The activated RagA/B binds MTORC1 via
Raptor, recruiting the complex to the lysosome membrane (Kim et al., 2008, Sancak
et al., 2008, Gong et al.,, 2011). Furthermore, the Rag heterodimer maintains
lysosomal anchorage by interacting with the Ragulator complex (a pentameric protein
consisting of p18, p14, MP1, c7orf59, and HBXIP also termed LAMTOR 1, 2, 3, 4 and
5 respectively), in a vVATPase dependent manner (Sancak et al., 2010, Zoncu et al.,
2011, Bar-Peled et al., 2012, Rasheed et al., 2019). Initially, studies suggested that
Ragulator functions as the guanine exchange factor (GEF) towards RagA/B by
promoting a RagA/B GTP-activated state that stimulates MTORCL1 localization and
activity (Bar-Peled et al., 2013, Bar-Peled et al., 2012). However, recent findings that
GTP readily dissociates from RagC due to Ragulator-dependent opening of RagC
nucleotide-binding pocket suggest that the Ragulator also has a non-canonical GEF
function on RagC (Shen and Sabatini, 2018).

Moreover, KICSTOR recruits GATOR1, a member of the GATOR complex and a
negative regulator MTORC1 (Wolfson et al., 2017, Peng et al., 2017). The GATOR
complex is composed of GATOR 1 (DEPDC5, NPRL2 and NPRL3) and GATOR 2
(MIOS, WDR24, WDR59, SEH1L and SEC13) (Bar-Peled et al., 2013). GATOR1
inhibits RagA/B-dependent recruitment and activation of MTORC1 by serving as a
GAP towards RagA/B (promoting the inactive RagA/B GDP state), and this is
mediated via the Arg-78 residue of GATORL1 subunit (Neinast et al., 2019, Shen et
al., 2019, Shen et al., 2018). In contrast, GATOR2 serves as the negative regulator
of GATORL1 and therefore, a positive regulator of MTORC1. GATOR1 and GATOR2

both connect amino acid sensors to the control of Rag and MTORC1 activation.

Overall, the presence of amino acid promotes GATOR2 inhibition of GATOR1,
suppressing GATOR1 function for MTORCZ1-inhibition. In the presence of amino
acids, RagA/B is in an active state due to the binding of GTP. This active state

promotes the recruitment of MTORCL1 to the lysosome and then its activation (Fig
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1.5A). Upon amino acid starvation, this conformation changes to RagA/B-GDP due to
the inhibition of GATOR2 and the activation of GATORL1. The activation of GATOR1
promotes its GAP activity towards RagA/B, thereby, leading to MTORC1
dislodgement from the lysosome and its inhibition (Fig 1.5B). Further details are
discussed below on how sensing of specific amino acid feeds into the Rag-MTORC1

mechanism.
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Figure 1.5: The regulation of MTORC1 at the lysosome by amino acids. Multiple protein
complexes are localised at the lysosome where they play important roles in amino acid sensing A)
In the presence of amino acids, GATOR?2 is active and GATOR1 is inhibited. This allows Ragulator
to serve as GEF for RagA. The RagA-GTP state promotes MTORCL activity and its recruitment to
the lysosome. KICSTOR stabilizes GATOR1 while vATPase, SLC38A9 and Rheb are embeded in
the lysosome and are required for MTORC1 activation. B) In the absence of amino acids, GATOR2
is inactive while GATORL1 is active. GATORL1 serve as the GAP for RagA conversion to a GDP
state. This leads to the inhibition of MTORC1 and its delocalization from the lysosome.




1.2.1.2B.2 Arginine transport and sensing

Extracellular arginine is shuttled into cells by the SLC7 family which are generally
cationic transporters (CAT) and include SLC7A1 (CAT-A), SLC7A2A (CAT-2A),
SLC7A2B (CAT-2B) and SLC7A3 (CAT-3) (Closs et al., 2006). 4F2hc/y+LAT2
heterodimer also serves as another arginine uptake mechanism into cells (Broer et

al., 2000). Once inside, arginine is sensed by two mechanisms within the cell.

SLC38A9 senses arginine from within the lysosomal lumen, therefore, bypassing the
GATOR2 and GATORL1 pathway (Rebsamen et al., 2015, Wang et al., 2015). The
SLC38A9 protein was identified by mass spectrophotometry after it precipitated with
the Ragulator, RagA and RagC protein complex. Structural studies showed that
SLC38A9 is embedded in the lysosomal membrane in a manner where the N-terminus
is facing the cytosol and its C-terminus protrudes into the lysosomal lumen (Lei et al.,
2018). SLC38A9 binds the Rag-Ragulator complex with its N-terminal domain and its
overexpression sufficiently activates MTORC1 independently of amino acids
(Rebsamen et al., 2015, Wang et al., 2015). At the lysosome, SLC38A9 functions as
an amino acid transporter for the efflux of essential amino acids and also an arginine
sensor (Wyant et al., 2017, Jung et al., 2015, Scalise et al., 2019).

The role of SLC38A9 in arginine sensing and MTORCL1 regulation was shown in
SLC38A9-depleted HEK-293T cells after it was observed that MTORC1 did not
phosphorylate its downstream substrates when amino acids were present (Wang et
al., 2015). SLC38A9 was also shown to have a high preference for arginine binding
(Jung et al., 2015). It is suggested that the binding of arginine to SLC38A9 leads to a
conformational change that promotes the interaction of SLC38A9 with Rag-GTPases
(Shen and Sabatini, 2018). Furthermore, SLC38A9 binds strongly with RagA/B loaded
with GDP and its ability to activate MTORC1 was suggested to depend on Ragulator-
GEF activity on RagGTPases. Affinity and kinetic studies revealed that both Ragulator
and SLC38A9 have distinct but parallel GEF roles in activating Rag-GTPases in
response to arginine binding (Shen and Sabatini, 2018). Shen and Sabatini (2018)
showed that SLC38A9 promoted the release of GDP from RagA in the presence of
arginine, thereby, stimulating the binding of GTP to RagA. In contrast, Ragulator
stimulates the release of GTP from RagC, thereby, both SLC38A9 and Ragulator
promote the activated-Rag conformations required for MTORC1 activation thus

serving as a mechanism for sensing arginine levels within the lysosome.
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Alternatively, arginine is also sensed at the cytosol by cellular arginine sensor for
MTORC1 protein 1 (CASTOR1) (Chantranupong et al., 2016, Saxton et al., 2016a).
CASTOR1/2 was identified in a protein-protein interaction screen which was pulled
down with GATOR2. Although CASTOR1 has a 63% sequence similarity with
CASTOR?2 and are both able to bind three subunits of GATOR2, only CASTOR1
exclusively binds arginine. CASTORL1 has four tandem ACT domains (ACT1, ACT2,
ACT3, ACT4) and it binds arginine via a narrow pocket at the interphase of ACT2 and
ACT4 (Saxton et al., 2016a). It has been proposed that the binding of arginine to
CASTOR1 induces a conformational change leading to an intramolecular interaction
of ACT2 and ACT4 domain. This conformational change rearranges the residues
required for CASTOR1 and GATOR?2 interaction therefore blocking their binding. The
inability of CASTORL1 to bind GATOR?2 activates GATOR2 inhibitory role on GATOR1
which leads to MTORCL1 activation. Therefore, in the absence of arginine,
CASTOR1/2 binds and inhibits GATOR2 upstream of MTORC1. However, in rich
arginine conditions, arginine directly binds CASTORL1 (disrupts CASTOR1-GATOR2
binding) leading to the activation of GATOR2 hence activating MTORC1.

1.2.1.2B.3 Leucine transport and sensing

Leucine is transported into the cells by a neutral amino acid carrier; L-type transporter
belonging to the family (LAT1-4). This includes SLC7A5 (LAT1), SLC7A8 (LAT2),
SLC43A1 (LAT3) and SLC43A2 (LAT4) (Wang and Holst, 2015). As one mechanism,
it has been suggested that leucyl-tRNA synthetase (LRS) can sense intracellular
levels of leucine via its interaction with Rag GTPase where it functions as a GAP for
RagD (Han et al., 2012, Lee et al., 2018). In the presence of leucine, LRS activates
MTORC1 by inducing the hydrolysis of RagC/D leading to its activation. LRS also
induce leucylation (addition of leucine) of RagA on Lys142 which leads to the
activation of MTORC1 (He et al., 2018). Interestingly, it was recently reported that
leucine is sensed through its metabolic product acetyl-CoA (Son et al., 2019). In
leucine-rich conditions, acetyl-CoA level increases leading to the acetylation of
RAPTOR at K1097 by ElA-associated protein p300 acetyltransferase (EP300),
therefore, activating MTORCL1.

In addition, leucine can interact with Sestrin2 in the cytosol to signal into the
GATOR1/2 pathway (Wolfson et al., 2016). Sestrins are conserved to the family of
stress-inducible proteins and were originally shown to regulate cellular homeostasis
during stress conditions (Chen et al., 2019a). Sestrins have three isoforms (Sestrinl,

Sestrin2, Sestrin3), and structural studies have shown that Sestrin2 has two
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functionally-distinct globular subdomains (The N-terminal and C-terminal domain)
(Kim et al., 2015). Sestrins was identified as amino acid-sensing modulators after they
precipitated with GATOR?2 after studies initially reported that it inhibits MTORC1
(Chantranupong et al.,, 2014, Budanov and Karin, 2008, Parmigiani et al., 2014).
Further studies on the roles of Sestrins in amino acid sensing revealed that during
amino acid deprivation, Sestrin binds tightly to GATORZ2, leading to the inhibition of
GATOR?2 (Chantranupong et al., 2014, Wolfson et al., 2016). The Sestrin-dependent
inhibition of GATOR2 was also shown to occur upstream of MTORCL1 after it was
observed that the knockdown of Sestrin rescued the activation of MTORC1 during
amino acid starvation. In contrast, the overexpression of Sestrin2 was shown to
prevent MTORCL1 localization to the lysosome, thereby, leading to MTORC1
inhibition.

Further studies confirmed Sestrin2-negative regulation of MTORC1, and its specificity
for leucine-binding was identified. It was reported that cells expressing mutated-
Sestrin2 that were unable to bind leucine did not sense the availability of leucine,
thereby leading to the inhibition of MTORC1 by GATOR1 (Wolfson et al., 2016).
Wolfson et al, (2016) also observed that Sestrin2 binds to leucine with an affinity of
approximately 20uM which resulted in the destabilization of Sestrin2-GATOR2
binding thus promoting GATOR2 activation. Although it is suggested that Sestrin2
binds leucine via a single pocket at the intersections of helixes C2, C3 and C7 in the
C-terminal domain which leads to a thermal shift that increases its melting point, it is
not clear whether this binding induces a conformational change on Sestrin2 that leads
to a reduced interaction with GATOR2 (Saxton et al., 2016b, Wolfson et al., 2016).
However, the current model stipulates that in the presence of leucine, Sestrin2
detaches from GATORZ2, thus allowing GATOR2 to block GATOR1-dependent
inhibition of MTORC1 (Saxton et al., 2016b, Chantranupong et al., 2014, Parmigiani
et al., 2014). The inhibition of GATOR1 promotes the activation of RagA/B, further
enhancing MTORCL1 activity.

1.2.1.2B.4 Glutamine transport and sensing

Glutamine import into cells occur via multiple mechanisms but it is primarily
transported in by a group of symporters and antiporters from families SLC1, SLC6,
SLC7 and SLC38. They include SLC1A5 (ASCT2), SLC6A19 (BOAT1), SLC6A14
(ATBO), SLC7A5 (LAT1) and SLC38A1, 2 (SNAT1, 2) and SLC38A3, 5, 7 (SNAT3,
5, 7) (Scalise et al., 2017, Bhutia and Ganapathy, 2016). The antiporters SLC1A5 and

SLC7AS5 transport glutamine via a bi-directional amino acid exchange mechanism.
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For example, the efflux of glutamine for leucine import at the plasma membrane by
heterodimer SLC7A5/SLC3A2 is required for MTORCL1 activation (Nicklin et al.,
2009). Although it is not totally clear how these mechanisms are coordinated, the
MTORC1-dependent sensing of cytosolic glutamine has been shown to occur in a
Rag-independent manner, in contrast to leucine and arginine (Jewell et al., 2015).

Glutamine is sensed at the cytosol independently of RagA-dependent MTORC1
activation. For example, glutamine still led to the activation and localization of
MTORC1 to lysosomal membranes in RagA/B double knockout MEF, while arginine
and leucine-dependent MTORC1 activation were abrogated (Jewell et al., 2015).
However, glutamine-dependent activation of MTORC1 requires v-ATPase and the
Golgi-localized ADP ribosylation factor 1 (Arfl) GTPase. Arfl was first linked to the
regulation of MTORC1 in Drosophila studies after RNAi screens for GTPases that
regulates MTORC1 identified Arfl as a putative regulator of MTORCL1. It was
observed that the depletion and inhibition of Arfl led to the inhibition of MTORCL1 (Li
et al.,, 2010). Li et al, (2010) also showed that the knockdown of Arfl sufficiently
induced autophagy. Similarly, it was observed that inhibition or siRNA-mediated
knockdown of Arfl in RagA/B KO cells blocked glutamine-dependent activation of
MTORC1 (Jewell et al., 2015). Arfl was shown to promote the localization of
MTORC1 to the lysosomes. However, upon forced-lysosomal localization of
MTORC1, Arfl did not have any effect. This observation led to the conclusion that
Arfl signals glutamine availability to MTORC1 which leads to the translocation of
MTORCI1 to the lysosome, where it is activated.

MTORC1 is also suggested to be regulated by metabolites synthesised during
glutaminolysis (Duran et al., 2012). During glutaminolysis, glutamine is metabolized
to glutamate. Leucine binds and activates glutamate dehydrogenase (GDH) which
further converts glutamate to alpha-ketoglutarate by deamination (Carobbio et al.,
2009). It was observed that the inhibition of glutaminolysis in the presence of
glutamine and leucine blocked RagB GTP-activated state which prevented the
recruitment of MTORC1 to the lysosomes (Duran et al., 2012). Interestingly, it was
also observed that supplementation of alpha-ketoglutarate stimulated MTORC1
lysosomal localization and activation. Due to the roles of mitochondria in the
metabolism of glutamine and leucine (Wang et al., 2019a) (where they utilise
glutaminase (GLS) and GDH to produce glutamate and alpha-ketoglutarate,

respectively), a possible mitochondrial role in amino acid sensing is suggested.
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1.2.1.2B.5 Methionine transport and sensing

Similar to leucine intracellular import, methionine is imported by L-type amino acid
transporter 1 SLC7A5 (LAT1) (Kanai et al., 1998, Christensen, 1990). The sensor of
intracellular methionine was recently identified as a previously-uncharacterised
protein termed SAMTOR by Gu et al (2017). SAMTOR was originally identified as an
interacting protein of KICSTOR or GATORL1 as it co-immunoprecipitated with
components of GATOR1 and KICSTOR. However, SAMTOR interaction with
GATORL1 is dependent on the co-expression of KICSTOR. SAMTOR bypasses
GATOR?2 by directly activating GATORL1 in the absence of S-adenosylmethionine

(SAM), a direct metabolite synthesised from methionine.

The sequence analysis of SAMTOR revealed that it contains domains that have a
high binding affinity for SAM. Interestingly, binding assays also showed that SAMTOR
binds the de-methylated form of SAM, S-adenosylhomocysteine. In the presence of
methionine, SAM binds to SAMTOR leading to the destabilization of SAMTOR-
GATOR1-KICSTOR interaction in both in vitro an in vivo models. This blocks
GATOR1-dependent inhibition of MTORCL thereby activating MTORCL. Interestingly,
SAM serves as a major donor for methyl groups during the methylation of nucleic
acids and proteins. Although the enzyme driving SAM metabolism is mainly cytosolic,
mitochondria are reservoirs of SAM where it is metabolised to S-
adenosylhomocysteine (Farooqui et al., 1983, Horne et al., 1997). This suggests that
mitochondrial metabolism of methionine to SAM may be a prerequisite for MTORC1

activation at the lysosome.

1.2.1.2B.6 Other amino acid sensing mechanisms

Multiple modes of transport and sensing mechanisms for amino acid converge onto
the regulation of MTORC1, thus highlighting the complexity of amino acid sensing in
the regulation of cellular homeostasis. While the above amino acid sensing
mechanisms seem to occur simultaneously in the cytosol and the lysosome, yet other
MTORC1-dependent general amino acid sensing mechanism have also been
defined. Amino acids are sensed by Folliculin (FLCN) and Folliculin interacting
proteins (FNIP) at the lysosomes by communicating amino acid availability to
MTORC1 (Tsun et al.,, 2013). Mechanistically, FLCN-FNIP act as a GAP which
regulates the GDP status of RagC/D GTPases. During amino acid starvation, it is
suggested that FLCN-FNIP localised to the lysosomes where it binds RagA/B GDP
and exhibits it GAP activity on RagC/D GDP leading to MTORC1 inhibition (Meng and
Ferguson, 2018, Shen et al., 2017).
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Another study reported that amino acids are sensed via a Rab1A GTPase mechanism
at the Golgi (Thomas et al., 2014). In this model, amino acid stimulation induces GTP
loading on Rabl which subsequently forms a complex with MTORC1-Rheb on the
Golgi apparatus. This interaction activates MTORC1, though, independently of Rag.
Upon amino acid starvation, Rab1A is maintained in a GDP state leading to MTORC1
inhibition. Interestingly, Rabl also plays important roles in the membrane transport
between the Golgi, ER, mitochondrial-associated membrane and mitochondria (Barr,
2013, Chae et al., 2018). Overall, these studies highlight a possible multi-organelle
mechanism of amino acid sensing that includes the lysosomes, Golgi, ER and
mitochondria. Although the lysosome seems to play a well-established role in amino
acid sensing, how these organelles coordinate changes in amino acids whether
dependently or independently remain unclear. For example, how does the ER, which
is highly dependent on changes in amino acids due to protein synthesis, sense amino
acids? Also, how do mitochondria sense amino acids that are required as substrates

for mitochondrial metabolites?

Nevertheless, it is established that the presence of any regulatory amino acid
(glutamine, leucine and arginine) at least in part, sufficiently activates MTORC1 and
blocks autophagy (Nwadike et al., 2018, Jewell et al., 2015, Carroll et al., 2016a).
Upon amino acid starvation, there is a shortfall in amino acid sensing, hence
MTORC1-inhibition. This subsequently leads to the induction of autophagy via the
downstream activation of MTORC1 substrates such as Ulk1.

1.2.1.3 The Unc-51-like autophagy activating kinase 1 (Ulk1)

complex and the regulation of autophagy initiation

Ulk1l (Unc-51-like autophagy activating kinase 1) represents the best characterised
mammalian homologue of the yeast Atgl serine-threonine autophagy protein kinase.
Ulk1 has a closely related family member Ulk2 with nearly identical kinase domain at
about 78% (Chan and Tooze, 2009). However, three other Ulk homologues have been
characterised as Ulk3, Ulk4, and STK36 in mammals, but with less clear functional
conservation. Ulk1l appears to play predominant roles in autophagy relative to the
other homologues (Chan et al., 2007, Lee and Tournier, 2011), since functional
defects have been described in many cell contexts in multiple laboratories due to

genetic targeting of Ulk1 alone.

Ulk1 contains an N-terminal kinase domain, a serine and proline-rich spacer domain

(S/P spacer) and a C-terminal domain (Tomoda et al., 1999, Kuroyanagi et al., 1998).

28



The C-terminal domain encodes sequences for Atg13 binding (Chan et al., 2009). It
was observed that Ulkl forms a complex with Atgl3, Focal adhesion kinase
interacting protein of 200kD (FIP200) and Atg101 (Hara et al., 2008, Chan, 2009,
Hosokawa et al., 2009b, Mercer et al., 2009). Subsequently, further details on specific
interactions within the complex were revealed. Ulk1 binds Atg13 directly while Atg101
interacts indirectly with Ulk1l through Atgl3. Moreover, FIP200 can directly or
indirectly (through Atg13) bind to Ulk1. The interaction of Atg13 and FIP200 with Ulk1
is required for the activity and stability of Ulk1 and ultimately critical for autophagy
(Ganley et al., 2009, Jung et al., 2009, Hosokawa et al., 2009a). Ulk1 phosphorylates
multiple members of the complex; Atgl3 (at S318), FIP200 (at S943, S986 and
S1323), and Atg101 (at S11 and S203) (Egan et al., 2015, Joo et al., 2011, Jung et
al., 2009). Although the role of Ulk1l phosphorylation of Atgl3 is associated with the
degradation of mitochondria. Furthermore, Atg13 and FIP200 also have distinct UIk1-
independent roles in mitophagy (Zachari et al., 2019). Atgl101 phosphorylation sites
have not yet been defined.

Ulk1 was identified as a critical regulator of autophagy in mammalian cells in a SIRNA
screen (Chan et al., 2007). However, initial genetic studies identified its homologue
uncoordinated-51 first in C. elegans and subsequently the role of Atgl in autophagy
in Saccharomyces cerevisiae (Matsuura et al., 1997, Ogura et al., 1994). The
structural characterization of Ulkl has helped develop specific kinase targeting
inhibitors (Lazarus et al., 2015, Egan et al., 2015, Petherick et al., 2015). Ulk1 has
been shown to have other autophagy-independent roles in ER-to-Golgi trafficking and
in axon guidance during mammalian forebrain development (Wang et al., 2018, Joo
et al., 2016). However, attention on Ulk1 mechanistic function has generally focussed
on roles for early initiation and (more recently) late stages of autophagy (Konno et al.,
2013, Ganley et al., 2009).

During autophagy initiation, the Ulkl complex translocates to autophagy initiating
sites at the ER where it phosphorylates and recruits VPS34, Beclinl, Atgl4L and
VPS15 which all serve as the initial template for early autophagosome formation and
are members of the class Ill phosphatidylinositol 3-kinase PI3K-complex (Karanasios
et al., 2016, Russell et al., 2013, Wold et al., 2016, Egan et al., 2015). Upon amino
acid starvation, activated Ulkl phosphorylates Beclinl at Serl4 leading to the
activation of Atg14L-VPS34 complex (Russell et al., 2013). Recently, another Ulk1-
phosphorylating site on Beclinl was identified as Ser30 for which is required for the
formation of autophagosomes and effective autophagy flux (Park et al., 2018).

Meanwhile, Ulk1 phosphorylates Atgl4L at Ser29 to potentiate autophagy induction
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during amino acid starvation (Park et al., 2016, Wold et al., 2016). Ulk1 forms puncta
at the ER which sometimes are in close proximity to mitochondria (Karanasios et al.,
2013, Karanasios et al.,, 2016, Nishimura et al.,, 2017). However, the cellular

localization of Ulk1 in normal basal conditions is not yet known.

Ulk1 also plays important roles in the termination of autophagy after the protein auto-
phosphorylates and becomes ubiquitinated by KLHL20 leading to the degradation of
Ulk1, Atgl3, Atg1l4 and Beclinl (Liu et al., 2016a). Interestingly, a factor identified as
UPS20 deubiquitinates Ulkl which is essential for the stability of Ulkl during
autophagy induction (Kim et al., 2018). To induce autophagy, UIk1 receives signals
in the form of multiple regulatory phosphorylation events from the upstream nutrient
sensors, MTORC1 and AMPK.

1.2.1.4 5’-AMP-activated protein kinase (AMPK) and the regulation

of autophagy initiation

The regulatory function of AMPK was initially identified after it was observed that
acetyl-CoA carboxylase was phosphorylated and inhibited in an ATP-dependent
manner (Carlson and Kim, 1973). Subsequently, AMPK was characterized and
identified as a master regulator of glucose metabolism (Munday et al., 1988, Grahame
Hardie et al., 1989, Carling et al., 1994). AMPK exist as a heterotrimeric protein
complex consisting of a catalytic a subunit and regulatory  and y units (Lin and
Hardie, 2018). PRKAA1 and PRKAAZ2 encode the two catalytic alpha subunits a1 and
a2 subunits. PRKAB1 and PRKAB2 encode 31 and 2 while PRKAG1, PRKAG2 and
PRKAG3 code for the y1, y2 and y3 subunits of AMPK in mammals (Thornton et al.,
1998, Cheung et al., 2000). AMPK is a master energy sensor that is activated during
energy stress such as glucose starvation with the main aim to maintain metabolic
homeostasis that rejuvenates ATP (Hardie, 2007, Hardie and Carling, 1997, Hardie
et al., 1998). For example, AMPK coordinates gluconeogenesis, mitochondrial
biogenesis, mitochondrial dynamics, lipid metabolism and autophagy by differentially
regulating an array of downstream substrate proteins (Table 1.2) (Herzig and Shaw,
2018).
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Table 1.2: AMPK-dependent regulation of cellular processes. AMPK
regulates a variety of substrates such as Forkhead box protein O (FOXO) and
cAMP response element-binding protein (CREB) during gluconeogenesis,
Peroxisome proliferator-activated receptor-y co-activator la (PGCla) during
mitochondrial biogenesis, Mitochondrial fission factor (MFF) during mitochondria
dynamics, Acetyl-CoA carboxylase 1/2 (ACC1/2) during lipid metabolism and
regulators of autophagy as indicated.

AMPK Substrates Cellular Process
FOXO, CREB Gluconeogenesis
PGCla Mitochondrial biogenesis
MFF Mitochondrial dynamics
ACC1/2 Lipid metabolism

Ulk1, Raptor, TSC2, Atg9, Beclinl, | Autophagy

VPS34




The activation of AMPK is dependent on its upstream activators such as CaMKK,
TAK1 and LKB1 (Hawley et al., 2005, Hawley et al., 2003, Woods et al., 2005, Woods
et al.,, 2003, Hurley et al., 2005, Momcilovic et al., 2006). As a prerequisite for its
activity during energy stress, LKB1 must phosphorylate AMPK at the conserved
threonine site (T172) mapped to the activation loop of its catalytic a-subunit (Woods
et al., 2003, Hawley et al., 2003). AMPK senses low energy levels by detecting
changes in ADP, AMP and ATP levels mainly through AMP/ATP ratios. ADP is used
in the synthesis of ATP with a reverse process catalysed by AMP. A high AMP/ATP
ratio conforms to a low energy state (a low AMP/ATP ratio represents a high energy
state). During high glucose conditions, the AMP/ATP ratio is reduced leading to the
inactivation of AMPK.

It has been suggested that AMP binds allosterically (Sanders et al., 2007) to the
regulatory y-subunit of AMPK leading to activation and phosphorylation of AMPK at
Thrl72 (Oaknhill et al., 2011, Xiao et al., 2007). Conversely, it is also suggested that
ADP albeit at higher concentration binds to the regulatory unit of AMPK inhibiting the
dephosphorylation of AMPK at Thr172 (Xiao et al., 2011). These models suggest that
AMPK can readily sense ADP and AMP. Interestingly, in contrast, independent
studies have also shown that the phosphorylation of AMPK at Thrl72 is independent
of AMP levels (Woods et al., 2003, Oakhill et al., 2010, Ross et al., 2016). More recent
findings suggest that AMPK is activated via other AMP/ADP-independent
mechanisms by directly sensing the shortage of fructose-1,6-bisphosphate (FBP), a

metabolite synthesized from glucose via glycolysis (Zhang et al., 2017a).

In addition, an alternative recently proposed model involves differential binding of
AXIN, LKB1, FBP aldolase, vATPase, Ragulator, AMPK and MTORC1 at the
lysosome (Lin and Hardie, 2018, Zhang et al., 2017a) (Fig 1.6). Initial studies revealed
that the v-ATPase-Ragulator complex and the AXIN-LKB complex are required for
AMPK activation (Zhang et al.,, 2013, Zhang et al., 2014a). Subsequently, it was
observed that aldolase enhanced the binding of these complexes and promoted
AMPK activation during acute glucose starvation when AMP/ATP or ADP/ATP ratios
were mostly unaltered. Aldolase was further proposed as the glucose sensor at the
lysosomes linking AMPK to glucose availability (Zhang et al., 2017a). In high glucose
conditions, FBP forms a complex with aldolase, v-ATPase, regulator, Rag and
MTORC1 at the lysosome (Fig 1.6A). AMPK remains localised to the lysosome,
however, remains inactive and unable to bind AXIN/LKB1 complex. In depleted
glucose conditions, FBP level is reduced and it is not available to bind aldolase (Fig

1.6B). This leads to a conformational change in the complex which dislodges
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MTORC1 from the lysosome due to the inhibition of Rag. This allows AXIN/LKB1 to
form a complex with aldolase, vATPase, Ragulator, and AMPK. These interactions
bring AXIN/LKB1 to close proximity with AMPK leading to its phosphorylation and

activation.
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Figure 1.6: The aldolase glucose-sensing model at the lysosome. A) In this model, Fructose-
1,6-bisphosphate (FBP) accumulates in the presence of glucose. FBP is sensed by aldolase which
is in a complex with v-ATPase, Ragulator and MTORC1 at the lysosome. Axin and LKB1 are
recruited away from the lysosome therefore leading to the inhibition of AMPK. B) In low glucose,
FBP is depleted. This leads to a conformational change in the aldolase complex. This displaces
MTORC1 from the lysosome while Axin and LKB1 translocate to the lysosome where they bind the
Ragulator complex. This places LKB1 at close proximity to AMPK leading to AMPK
phosphorylation at Thr172 hence AMPK activation.



AMPK also has other mechanisms which enable MTORC1 regulation by glucose
levels. For example, upon glucose starvation, AMPK phosphorylates TSC2 at S1345,
enhancing the GAP activity (Inoki et al., 2006, Inoki et al., 2003). This has the
downstream effect of inhibiting Rheb and MTORC1 due to the termination of TSC-
dependent inhibition. Moreover, the observation that TSC2-deficient cells were able
to respond to energy stress led to the identification of a direct mechanism where
AMPK inhibits MTORC1 by phosphorylating Raptor at two sites (S722 and S792)
(Gwinn et al., 2008). While it was initially thought that AMPK signals glucose
availability to MTORC1, recent evidence suggests that MTORC1-dependent glucose
sensing can also occur via AMPK-independent mechanisms. For example, it was
reported that glucose starvation inhibited MTORCL1 in TSC2-KO MEF and AMPK KO
MEF (Efeyan et al., 2013, Zhang et al., 2014a, Kalender et al., 2010). These studies
show that in TSC2-KO and AMPK KO cells, MTORC1 dissociates from the lysosome
during glucose starvation. These findings further highlight the multiple routes leading
to MTORC1 in nutrient sensing.

While some studies have shown that glucose starvation leads to the induction of
autophagy (Kim et al., 2011b, Chang et al., 2015, Roberts et al., 2014), other studies
(including one from our laboratory) have shown the opposite: inhibition of autophagy
upon glucose starvation (Ramirez-Peinado et al., 2013, Moruno-Manchon et al., 2013,
Nwadike et al., 2018). Although this remains a controversial area, a recently proposed
model from our laboratory is that during glucose starvation, upstream initiation and
downstream autophagy flux are both inhibited (Nwadike et al., 2018). In this study, we
reported that glucose starvation was not able to induce bulk autophagy responses
such as the early autophagy signal of Ulkl translocation to assembly sites, the
initiation of autophagosomes formation and lysosomal acidification. In addition, it was
concluded that AMPK activation could inhibit autophagy via novel mechanisms
involving Ulk1-dependent autophagosome initiation and Ulk1-independent lysosomal
activity (Nwadike et al., 2018). However, AMPK has a wide range of substrates
(presently suggested to be at least 60) that are regulated during changes in energy
levels (Hardie et al., 2016). For example, proteomic studies revealed that AMPK binds
Ulkl leading to at least seven phosphorylation events on Ulkl (Kim et al., 2011b,
Egan et al., 2011, Shang et al., 2011, Puente et al., 2016). Overall, the control of
autophagy by MTORC1 and the Ulkl complex seems tightly coordinated by AMPK,

potentially by multiple positive and negative acting mechanisms
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1.2.1.5 The crosstalk between MTORC1, AMPK and Ulkl during

autophagy initiation

The autophagy initiation process involves a complex signalling pathway which keeps
expanding by the identification of new regulators. For example, Src was recently
identified as a regulator of MTORC1 and autophagy, where Src bypasses amino acid
regulation of MTORCL to disrupt GATOR1-Rag interaction and recruit MTORCL1 to
lysosomes (Pal et al., 2018). This Src-MTORC1 pathway presumably functions
independently of Src targeting as an autophagy substrate (Sandilands et al., 2011).
For context purposes, emphasis is made in this project on how MTORC1, AMPK and

Ulk1 are interconnected during autophagy initiation.

AMPK regulates autophagy initiation through multiple stress-dependent
phosphorylations of its substrates. The functional roles of these AMPK-dependent
phosphorylations are not fully known especially regarding nutrient-stress response.
For example, the roles of AMPK in the initiation of autophagy could be context specific
to a selective form of autophagy where mitochondria are specifically targeted for
degradation during energy stress (Egan et al., 2011). This AMPK mechanism seems
to occur through its regulation of Ulk1l at multiple phosphorylation sites. Consistent
with this model, initial knockout studies have shown that Ulk1 -/- cells are unable to
degrade mitochondria during erythroid maturation leading to the accumulation of
damaged mitochondria (Kundu et al., 2008). It is suggested that AMPK
phosphorylates Ulk1 at S467, S555, T574 and S637 leading to the induction of Ulk1-
dependent autophagy of mitochondria (Egan et al., 2011). Consistent findings were
reported by Tian et al. (2015) where it was reported that active AMPK phosphorylates
Ulk1 at S555 during hypoxia leading to Ulk1 translocation to damaged mitochondria
hence degradation. This is consistent with observations on Ulkl phosphorylation of
the substrate FUNDC1 during hypoxia stress to induce mitochondrial degradation
(Wu et al.,, 2014). In addition, Ukl has also been shown to mediate Atgl3
translocation to damaged mitochondria by phosphorylating Atg13 at S318, leading to
mitochondrial degradation (Joo et al., 2011). All these support a model in which AMPK
and Ulkl regulate mitochondrial homeostasis with the overall trend that AMPK

function activates Ulk1 and autophagy/mitophagy.

AMPK regulation of Ulk1 is dependent on MTORCL1 (Kim et al., 2011b). In full nutrients
when MTORCL1 is active, it inhibits Ulk1 thereby preventing AMPK and Ulk1 from
interacting. This MTORC1-dependent regulation of the AMPK-UIk1 interaction inhibits
AMPK-dependent activation of Ulkl thus blocking autophagy. Kim (2011b) also
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suggested that upon prolonged glucose starvation, AMPK inhibits MTORC1, therefore
promoting AMPK and UIk1 interaction. This interaction allows AMPK phosphorylation
of Ukl at S317 and S777 to drive autophagy (Kim et al., 2011b).

In contrast to the model by Kim et al. (2011b), Shang et al. (2011) suggested that in
full nutrients, all three subunits of AMPK binds Ulkl thereby preventing Ulkl
association with its downstream substrates leading to autophagy inhibition. Upon
amino acid starvation, MTORCL1 inhibition promotes the dissociation of AMPK from
the Ulkl complex leading to the activation of Ulkl and autophagy. The interaction of
Ulk1 with AMPK in this context was independent of AMPK activity but dependent on
MTORC1 phosphorylation of Ulk1l at S757 as the mutation of the site or reduced
phosphorylation hampers AMPK-UIk1 interaction.

Moreover, our laboratory recently reported that AMPK inhibits Ulk1l function by
phosphorylation at the S555 site during glucose starvation (Nwadike et al., 2018). In
addition, a double starvation signal (from glucose and amino acid starvation) was
inhibitory over a single amino acid (autophagy activating) signal. This AMPK-
dependent inhibition blocked Ulk1 localization and autophagy, in contrast to a pro-
autophagy role for AMPK in Kim et al. (2011b) model. Therefore, the multiple AMPK-
dependent phosphorylation events on Ulkl appear to be able to have positive or
negative regulatory roles, perhaps depending on the context. In contrast, there is
much more consistent agreement on how MTORC1 and Ulk1 are regulated during

amino acid starvation-induced autophagy.

The current MTORC1-Ulk1 model (Fig 1.7A) postulates that in mammalian cells with
sufficient nutrients, autophagy is blocked. Mechanistically, MTORC1 phosphorylates
Ulk1/2 on at least two possible sites S757 and S637 (mouse annotation) (Kim et al.,
2011b, Shang et al., 2011, Wong et al., 2015, Hosokawa et al., 2009a). MTORCL1 also
phosphorylates Atgl3 at S258 (Chan, 2009, Puente et al., 2016, Hosokawa et al.,
2009a, Ganley et al.,, 2009, Jung et al., 2009). These phosphorylation events
ultimately block the Ulkl complex from initiating autophagy, although underlying

structural/biochemical mechanisms remain elusive at this time.

Upon amino acid starvation, MTORCL1 is inactivated and MTORC1-dependent
phosphorylation of UIK1 is inhibited (Shang et al., 2011). Starvation also induces the
activation of protein phosphatase 2 (PP2A) which dephosphorylates MTORCL1
phosphorylation of S637 on Ulk1 (Wong et al., 2015). The de-phosphorylation at S637
responds rapidly to amino acid starvation and it is critical for autophagosome
formation (Shang et al., 2011, Wong et al., 2015). Together, MTORC1 inhibition and
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PP2A-dependent de-phosphorylation together lead to the activation of the Ulkl
complex and its translocation to autophagosome initiation site (Fig 1.7B). Upon
localization at the initiation sites, the Ulkl complex regulates phagophore formation
and activates downstream autophagy proteins in the PI3K complex. These events are
the early regulatory mechanisms that mark the initiation of autophagy during amino

acid starvation.
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Figure 1.7: The control of autophagy initiation by MTORC1 and the Ulkl complex.
A) In high nutrients, MTORCL1 inhibits autophagy by phosphorylating and repressing the
Ulk1l complex. Upon starvation, MTORCL1 is inactivated and it dissociates from the Ulk1l
complex. This leads to the activation of Ulk1 and B) its translocation to autophagosome
initiation site where it phosphorylates its downstream substrates.




1.2.2 Vesicle nucleation and autophagy progression

A primary mechanism for autophagy initiation is thought to be Ulkl-mediated
phosphorylation of Beclinl. The initiation of the autophagosome membrane by the
PI3K complex is directed by Beclinl in a mechanism involving the differential binding
of proteins Atgl4/Atgl4L/Barkor, UVRAG, Rubicon and VPS15/p150 (Takahashi et
al., 2007, Matsunaga et al., 2009, Zhong et al., 2009, Sun et al., 2008). Beclinl serves
as the nexus point for the formation of distinct complexes that regulate autophagy
differentially. Beclinl can also bind Ambral, Bcl2 and Bifl during the initiation of
autophagy (Takahashi et al., 2007, Fimia et al., 2007). Ambral is an activating binding
molecule of Beclinl and also a substrate of Ulk1. The interaction of Ambral promotes
the binding of Beclinl with Vps34 and it is required for autophagy initiation (Di
Bartolomeo et al., 2010). In contrast, Bcl2 binding inactivates Beclinl, by competing
for Ambral, therefore blocking autophagy (Strappazzon et al., 2011). Bifl regulates
the biogenesis of autophagosomes by modulating the generation of membrane
curvature, for example at sites marked by the omegasome (Takahashi et al., 2007,
Takahashi et al., 2009). Overall, the type of PI3K complex formed is dependent on
the Beclinl-associated protein which directs the distinct stage of autophagy the

complex will be regulating.

The PI3K complex (complex type-I) consists of Atgl4L, Beclinl, VPS34 and VPS15
which is recruited to the nascent autophagosomal membrane (Zhong et al., 2009, Sun
et al., 2008) (Fig 1.8A). This leads to the generation of phosphatidylinositol-3-
phosphate (PI3P) at the membrane which enhances UIk1l translocation to
omegasomes and the induction of autophagy (Karanasios et al., 2013). The second
possible PI3K complex (Complex type-Il) includes VPS34, UVRAG, VPS15, and
Beclinl, and is required for the fusion of lysosomes with autophagosome at the final
stages of autophagy (Bento et al., 2016). As autophagosome generation progresses
and finally leads to closure of the phagophore, Beclinl recruits UVRAG leading to the
activation of VPS34 activity in a VPS15 dependent manner. This interaction displaces
Atgl14L from the initial PI3K complex (Matsunaga et al., 2009, Itakura et al., 2008).
Beclinl can also be in another complex (Complex type-lll) consisting of UVRAG,
Rubicon, VP34 and Vps15. It was observed that the overexpression of Rubicon led to
the accumulation of immature autophagosomes which suggests that the Rubicon
containing complex inhibits autophagosome maturation (Matsunaga et al., 2009,
Zhong et al., 2009). This observation also correlated with a decrease in VPS34 activity
mediated by Rubicon. Overall, these Beclin1-dependent signalling pathways together

dynamically help drive the progression of autophagy.
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The molecular responses above-mentioned are required for the recruitment of
vesicles to the autophagy membrane assembly sites as described below. The main
complexes involved in membrane vesicle nucleation are the Ulk1 complex and (PI3K)
complex | (Fig 1.8A). Upon activation and translocation of the Ukl complex to sites
where autophagosomes are formed, Ulkl phosphorylates substrates in the PI3K-
complex which lead to the formation of PI3P phospholipid at the nascent
autophagosomal membrane (Russell et al., 2013).

Subsequently, Atg9A, a transmembrane protein, recruits membrane vesicles for
autophagosome generation although Atg9A itself is not embedded in autophagosome
(Fig 1.8B). Interestingly, Ulk1 phosphorylates Atg9A at S14 which is required for the
recruitment of Atg9A from the plasma membrane to autophagy initiation site (Zhou et
al., 2017). Atg9A translocation to autophagosomes also requires phosphorylation by
AMPK at S761 which triggers a conformational change and increases the interaction
between 14-3-3¢ and Atg9A (Weerasekara et al., 2014). Mechanistically, this AMPK-
dependent phosphorylation is dependent on Ulkl under normal cellular states.
However, in hypoxic conditions which induces autophagy, AMPK directly mediates
Atg9A phosphorylation. Therefore both AMPK and Ulkl induces autophagy via
distinct mechanisms. Although the ER is reported to be the major site for
autophagosome initiation (where it forms a cradle by membrane protrusion (Ktistakis,
2019)), Atg9A is suggested to recruit lipids and membranes from the Golgi, ER,
endosomes, plasma membrane and mitochondria (Orsi et al., 2012, Ravikumar et al.,
2010, Hailey et al., 2010, Hayashi-Nishino et al., 2009). In the process of recruiting
membranes, Atg9A recruits other important autophagy proteins such as PI4KIIIB,
Atg2 and WIPI1/2 that are required for autophagy progression (Velikkakath et al.,
2012, Gémez-Sanchez et al.,, 2018, Judith et al., 2019, Valverde et al., 2019).
Therefore, the overall consensus is that autophagosome formation may utilize
different membrane sources, perhaps depending on the type of autophagy, cargo or
stimulation context. The formation of phagophore marks the end of autophagy

nucleation.
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Figure 1.8: Vesicle nucleation and the recruitment of membranes during autophagy.
A) Ulkl phosphorylates members of the class Il phosphatidylinositol 3-kanse (PI3K)
complex Vps34 (S249), Beclinl (S14, S30) and Atgl4 (S29). This nucleate the
phagophore and allows B) Atg9 to recruit membranes from the plasma membrane,
mitochondria, Golgi and endosomes to the phagophore.




1.2.3 Vesicle expansion and maturation

Subsequently, after membrane nucleation, the phagophore is expanded to engulf
contents needed to be degraded or recycled through autophagy. The PI3P
phospholipid recruits members of the Ubiquitin-Like Conjugation (UBL) complex UBL
complex to autophagosomes by interacting with WIP11/2 (Dooley et al., 2014, Polson
et al., 2010). Similar to ubiquitination, (addition of ubiquitin to substrates for the
proteasome), the UBL complex tags substrates with LC3 to drive autophagy through

the lysosome.

LC3 and y-aminobutyric acid (GABA)-receptor-associated protein (GABARAP) are
mammalian homologues of yeast Atg8. The LC3 and GABARAP subfamilies
comprise of a group of seven proteins (LC3A, LC3B, LC3B2, LC3C, GABARAP,
GABARAPL1, GABARAPL2). The LC3 and GABARAP proteins are well conserved
(have 2 N-terminal a-helices and a C-terminal ubiquitin domain) with high sequence
similarity (Sugawara et al., 2004). However, studies have shown that some of the LC3
proteins have distinct functions in autophagy. For example, LC3B has been shown to
be critical in the early stages of autophagy during the formation and elongation of
autophagosomes while GABARAPL2 promotes autophagosome maturation and
closure (Weidberg et al., 2010).

GABARAP and GABARAPL1 have a higher affinity for binding and recruiting Ulk1 to
phagophore nucleation site (Alemu et al., 2012, Grunwald et al., 2019). Grunwald et
al. (2019) suggested that LC3B and LC3C inhibit Ukl while GABARAP subfamilies
promote Ulk1 activity during phagophore formation. Although the genetic ablation of
both LC3 and GABARAP proteins have been shown to impair the formation of
autophagosomes, LC3B is widely used as a biomarker for autophagy (Weidberg et
al., 2010).

The UBL complexes are made of Atg3, Atg4, Atg5, Atg7, Atg8/LC3, Atg10, Atg12 and
Atgl16/Atgl6L1. Each of these protein plays specific roles in the elongation of the
vesicle, and the concerted function of these complexes is absolutely essential for
canonical autophagy (Fig 1.9). Atg7 activates Atgl2, which is followed by the
recruitment of Atg10. Atgl2 is subsequently conjugated covalently with Atg5 which
then forms a complex with Atg16/Atg16L1 (Mizushima et al., 1999). The Atg12-Atg5-
Atgl16/Atgl6L1 complex is attached to phagophore where it catalyses the covalent
conjugation of phosphatidylethanolamine to Atg8/LC3 at the carboxyl-terminal
glycine. Prior to this, Atg7 also activates Atg8/LC3, allowing its transfer to Atg3. LC3-

| is converted to LC3-II, a phosphatidylethanolamine conjugated lipidated form. LC3-
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Il subsequently binds to autophagy adaptor proteins that possess a LC3-interacting
regions (LIR), which form a molecular bridge to autophagy target for specific
degradation (Birgisdottir et al., 2013). This unique step also makes LC3-1l an excellent
marker of autophagosome formation and autophagy in laboratory experiments
(Kabeya et al., 2000).

The LIR on autophagy adaptor proteins is a well conserved short linear motif
containing canonical aromatic residue of either W/F/Y, followed by either of
hydrophobic residue L/I/V, however, separated by any two amino acids
[WIYIFIxX[L/I/V]. The LIR motif was first characterised in p62/SQSTM1 where it was
shown that p62/SQSTM1 binds both mono and poly-ubiquitinated targets with its
ubiquitin associated domain (UBA) and interacts with LC3 via its LIR motif (Pankiv et
al., 2007, Vadlamudi et al., 1996).

Importantly, the presence of LIR motifs is suggested to be a prerequisite for selective
autophagy such as mitophagy. However, the role of p62/SQSTM1 in mitophagy has
been controversial. p62/SQSTM1 was shown to interact with poly-ubiquitinated
damaged mitochondria while cells transfected with p62/SQSTM1 siRNA lost the
ability to clear dysfunctional mitochondria. This observation suggested that
p62/SQSTML1 functions as an adaptor protein for mitophagy (Geisler et al., 2010). In
contrast, Narendra et al. (2010) showed that p62/SQSTM1 is not required for the
clearance of dysfunctional mitochondria after it was observed that MEF and HelLa
cells lacking p62/SQSTM1 cleared dysfunctional mitochondria within 24-hours.
Nevertheless, p62/SQSTM1 was shown to be required for the concentrating and
clustering of damaged mitochondria for subsequent degradation (Narendra et al.,
2010, Okatsu et al., 2010). Interestingly, another study confirmed that p62/SQSTM1
is indispensable for mitophagy and it is was suggested that the primary mitophagic
adaptor proteins that bind to ubiquitinated mitochondria are Optineurin (OPTN) and
NDP52 (Lazarou et al., 2015). However, other mitophagy adaptors have been
identified and the prominent ones include NIX/BNIP3, FUNDC1, AMBRAl and
Bcl2L13 (Strappazzon et al., 2015, Novak et al., 2010, Hanna et al., 2012, Liu et al.,
2012, Murakawa et al., 2019, Murakawa et al., 2015). These adaptors were shown to
have LIR and are able to bind LC3, thereby, recruiting damaged mitochondria to

nascent phagophore where they are encapsulated as autophagosome closes up.
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Figure 1.9: The Ubiquitin-like conjugation complex drives cargo selection and autophagy
progression. LC3 is cleaved to form LC3I which is subsequently conjugated with PE to form LC3II
in a process catalysed by Atg3 and Atg7. Atg7 and Atgl0 are also required for the formation of
Atg5-Atg12-Atgl6L1 complex at the phagophore. The formation of the Atg5 complex and LC3II are
critical for autophagy progression.



1.2.4 Vesicle completion and fusion with lysosomes

The final phase of autophagosome formation is closure to generate a fully matured
double bilayer membrane sac which eventually undergoes fusion with lysosomes (Fig
1.10). The closing of autophagosomes is mediated by Atg3, Atgb and Atg7
(Tsuboyama et al., 2016). Interestingly, only fully enclosed autophagosomes are able
to progress with lysosomal fusion (Tsuboyama et al., 2016). At this stage, the
autophagosome may contain varying contents such as misfolded proteins,
mitochondria, peroxisomes and other cytoplasmic contents depending on the cues
inducing the autophagy.

Autophagosomes are transported to the lysosomes via actin filaments after interaction
with Toml and Myosin VI motor proteins (Tumbarello et al., 2012). Similarly,
microtubule-associated movement is mostly reported and well characterised. In this
transport system, Rab7, a small GTPase is recruited to mature autophagosomes
where it tethers autophagosomes to microtubule motor proteins such as Kinesin and
dynein to mediate both retrograde or anterograde movement of autophagosomes
(Gutierrez et al., 2004, Pankiv et al., 2010, Jordens et al., 2001, Wijdeven et al., 2016).
The anterograde movement directs mature autophagosomes to the perinuclear sites
in the cytosol. Live-imaging studies provided insights into autophagosomal transport
where it was shown that mature autophagosomes are transported towards lysosomal-
rich perinuclear regions on the microtubule involving dynein-dynactin motor proteins
(Kimura et al., 2008). In vivo studies also confirmed that the deregulation of the
autophagosomal transport system reduces autophagy and it is one of the
pathogenesis of age-induced autophagy defects (Bejarano et al., 2018). Interestingly,
the perinuclear concentration of lysosomes is also required for autophagy flux as it
was reported that enhancing lysosomal localization at these sites by depleting kinesin
motor protein enhances autophagosomal fusion (Bejarano et al., 2018). This also
correlated with the overexpression of kinesins reducing perinuclear lysosomal
concentration and reducing autophagy (Korolchuk et al., 2011). These studies show
that every step of the canonical autophagy process is critical for an effective

autophagy flux

At the perinuclear region, the autophagosome fuses with the lysosome which is
enriched with acidic hydrolases. These hydrolytic enzymes are grouped into different
classes such as lipases (digest lipids), glycosidases (digest glycosides), nucleases
(digest nucleic acids) and proteases (digest proteins). For example, cathepsins

promote proteolytic degradation within the lysosome (McGlinchey and Lee, 2015).
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The digestive hydrolases digest both the autophagosome and its contents to generate
simple molecules such as amino acids. These simple molecules can then be recycled

for other purposes such as protein synthesis or amino acid metabolism.

Importantly, lysosomal fusion with the autophagosome is mediated by membrane-
tethering complexes, SNARESs (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor) complexes and Rab GTPases. Rab7 localises to late endosomes
and lysosomes where it recruits effector proteins such as Pleckstrin homology
domain-containing family M member 1 (PLEKHM1) and Rab-interacting lysosomal
protein (RILP), and also tethering membranes HOPS subunits (Homotypic fusion and
vacuole protein sorting) (Jiang et al., 2014, Wijdeven et al., 2016). SNARE protein
syntaxin-17 mediates the physical interaction and fusion of the lipid bilayers after
binding HOPS tethering complexes which also include VPS33A, VPS16, VPS18
VPS11, VPS39 and VPS41 (Jiang et al.,, 2014). In addition, Atgl4L binds and
stabilizes Sytaxin1l7-SNAP29 complex where it potentiates the interaction with

VAMPS, allowing autophagosome—endolysosomal fusion (Diao et al., 2015).

Recent studies have also shown that specific members of the LC3 protein family,
GABARAPs, are required for autophagosomal fusion with lysosomes (Nguyen et al.,
2016). Upon lysosomal fusion, the acidic content of the lysosome mediates the
degradation. The consistent pH range of the lysosome is maintained mainly by
vATPase an ATP-dependent proton pump that also mediates the efflux of non-
essential amino acid from the lysosomes (Abu-Remaileh et al.,, 2017). This
mechanism is used as a drug-able target to study autophagosomal delivery into
lysosomes. For example, Bafilomycin Al is commonly used to block vATPase activity
which in turn inhibits autolysosomes degradation and autophagosome fusion with
lysosomes (Zoncu et al., 2011, Yoshimori et al., 1991, Yamamoto et al., 1998). The
fusion and degradation of the autophagosome signify the end of the dynamic
autophagy process. This can be a general process to restore amino acids following
amino acid starvation or a quality control mechanism to remove damaged proteins

and organelles such as mitochondria.
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Figure 1.10: The formation of matured autophagosome and the fusion with lysosome. Upon
autophagosome formation, it fuses with the lysosome. This process is coordinated by LC3lII,
STX17, SNAP29, PLEKHM1, Atg14L, VAMPS8, HOPS and Rab7. Rab7 tethers autophagosomes to
microtubules for transport to perinuclear sites enriched with lysosomes. Also, Rab7 and VAMPS8
are recruited to late endolysosome or lysosomes where they promote autophagosome fusion by
binding LC3Il via the PLEKHM1, HOPS, ATG14L, STX17 and SNAP29 complex.




1.3 Autophagy of mitochondria: role for mitochondrial
remodelling

Mitochondria are symbiotic organelles that have successfully colonized mammalian
cells in an event historically predated to a million years (Dyall et al., 2004, Schwartz,
2007, Katz, 2012, Roger et al., 2017). Mitochondria are now stably inherited and play
essential roles for their host as evidenced in their numerous numbers in mammalian
cells where they can divide, be degraded and be synthesized (Youle, 2019). While
they have retained some portions of their own genome (MtDNA), they have also
adapted many key cellular events for their own maintenance and housekeeping.
These include cellular protein synthesis, nutrient uptake and energy synergisms.
Although mitochondria have been extensively studied over the years, they have been
poorly exploited for medical and health benefits, especially regarding how they

respond to nutrients and amino acid availability.

Mitochondria are double membrane organelles with a diameter of approximately 0.5
— lpm. Mitochondria are generally numerous in cells and their numbers are
dependent on different physiological conditions (Albert et al., 2002). For example,
mature red blood cells have no mitochondria while paternal mitochondria are
degraded during fertilization (Mortensen et al., 2010, Sato and Sato, 2011, Dumollard
et al., 2007). Mitochondria synthesize ATP via the electron transport chain (E.T.C.)
and oxidative phosphorylation (OXPHOS). It has been suggested earlier that
mitochondria can transition in morphology between highly fused, fragmented or
rounded, depending on the cells metabolic conditions (Amchenkova et al., 1988). Due
to their highly specific roles in ATP generation and metabolic homeostasis,
mitochondria have their own mtDNA of 15 -20kb with 37 genes. The mtDNA is circular
and codes for several important subunits (13 out of 90 protein subunits) needed by
mitochondria for ATP generation through the E.T.C. (Saccone et al., 2000, Anderson
et al., 1981, Youle, 2019, Gammage and Frezza, 2019). However, the relationships
between mitochondrial function, metabolism and remodelling of mitochondria are still

an expanding area.

During the complex events of autophagy and mitophagy, an interesting coordinated
response involving mitochondrial fusion has been suggested (Fig 1.11). In this
pathway, mitochondria undergo both inner and outer membrane fusion during amino
acid starvation, which may represent a means for mitochondria to avoid degradation
and sustain cell energy (Gomes et al., 2011a, Rambold et al., 2011). Mitochondrial

dynamics is defined as the balance of processes that alter mitochondrial shapes,
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length and size under both normal and stress response conditions (Westermann,
2010). The key molecular regulators of mitochondrial dynamics are well
characterised. These include Mitofusin-1 (Mfn-1) (and Mfn-2) regulating outer
membrane fusion (Santel and Fuller, 2001) and optic atrophy 1 (Opal) regulating
inner membrane fusion (Cipolat et al., 2004). On the other hand, dynamin-related
protein 1 (Drpl) GTPase and adaptor proteins such as mitochondrial fission 1 (Fisl)
and Mff direct mitochondrial fission (Smirnova et al., 2001, James et al., 2003, Otera
et al.,, 2010). These regulators are each discussed in further detail later in this

Introduction.

Mitochondrial dynamics are normally required in the maintenance of a healthy
mitochondrial pool. During mitochondrial damage, it has been suggested that
mitochondrial division occurs prior to mitochondrial degradation. On the other hand, it
has been proposed that mitochondrial fusion occurs to prevent untargeted
mitochondrial degradation during autophagy (Gomes et al., 2011a). This is based on
the observation that hyperfused mitochondria are not rapidly degraded while
fragmented mitochondria are suggested to be recycled more efficiently (Parone et al.,
2008, Twig et al., 2008). In contrast, other findings also suggest that mitochondria
can be readily degraded when in a fused state. For example, it was reported that
mitophagy occurred during amino acid starvation (where mitochondria are generally
fused) at similar levels to when mitochondria were damaged with proton ionophore
(Allen et al., 2013). This finding suggests that the mitochondrial fusion during amino

acid starvation does not occur to prevent mitochondrial degradation.

Interestingly, it has been shown that mitochondria form contact sites with lysosomes
without being degraded (Wong et al., 2018). In Wong et al. (2018), it was observed
that mitochondrial fission occured at sites marked with lysosomal-associated
membrane protein 1 (LAMP1), a lysosomal marker. The observation that
mitochondrial-lysosomal contact marked sites of mitochondrial fission suggest that
there is a direct lysosomal role in the regulation of mitochondrial dynamics. Since
mitochondrial fusion only responds to changes in amino acids rather than overall
nutrient starvation (Rambold et al., 2011), fusion may be more a direct mitochondrial
response to amino acids rather than a mechanism to avoid degradation. This concept

will be relevant as we discuss experimental results in this thesis.
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Figure 1.11: Mitochondrial remodelling during autophagy. During amino acid (AA) starvation,
mitochondria fuse to form tubulated forms that are supposedly protected from degradation during
autophagy. Mitochondrial remodelling is achieved via Mfnl and Opal which mediate the outer and
inner mitochondrial fusion respectively. In contrast, Drpl is recruited to mitochondria by its
receptors Fis1l and Mff to mediate mitochondrial division.




1.3.1 Biological significance of mitochondrial remodelling

The study of mitochondrial dynamics can be traced back to 1914 when it was first
observed that mitochondria divide and fuse (Lewis and Lewis, 1914). Citing more
recent findings, mitochondrial dynamics have been shown to play a central causative
role in the modulation of overall cellular fate (Song et al., 2015). Alteration of
mitochondrial dynamics is critical for cellular division (Mitra et al., 2009) and apoptosis
(Pyakurel et al., 2015). For example, mitochondria have been shown to form punctate
and short structures during cytochrome c release in apoptotic events, while individual
cristae fuse and cristae junction narrow (Martinou et al., 1999, Frank et al., 2001,
Scorrano et al., 2002). Also, during quality maintenance of the cellular mitochondrial
population through mitophagy, mitochondria dynamics are altered toward short
fragmented forms to favour mitochondrial enclosure by autophagosomes (Wu et al.,
2016b, Wu et al., 2016a, Yamashita et al., 2016). Conversely, it has been shown that
mitochondrial shape is modified towards a fused state in response to OXPHOS-
dependent generation of ATP (Rossignol et al., 2004, Mishra et al., 2014). These
studies propose that the mitochondrial response to OXPHOS activity ensures that
mitochondrial structure and function correlates with energy production in different

nutrient conditions (Mishra et al., 2014).

Furthermore, mitochondrial dynamics are associated with the generation of reactive
oxygen species (ROS), with increased ROS levels being linked to mitochondrial
fragmentation (Willems et al., 2015). This is consistent with the observation that cells
with aberrant mitochondrial fragmentation due to Mfn1/2 depletion have increased
ROS (Munoz et al., 2013). Similarly, treatment of cells with hydrogen peroxide (H20)
(to increase cellular ROS) stimulated mitochondrial fragmentation (Rakovic et al.,
2011). In contrast, an increase in ROS has also been linked to mitochondrial fusion
after it was shown that L-buthionine-S, R-sulfoximine (BSO), an inhibitor of
glutathione (GSH) promotes the accumulation of ROS stimulated mitochondrial fusion
(Shutt et al., 2012). Clearly, these roles of mitochondrial remodelling are in response
to cellular stress and it is proposed to be a requirement for attaining cellular

homeostasis (Eisner et al., 2018).

The disruption of mitochondrial remodelling can be detrimental to cellular health. For
example, mitochondria have been implicated in the pathogenesis of many diseases
ranging from ageing-related to metabolic dysfunction. This correlates with the
observation that the genetic loss of key factors of mitochondria remodelling cause life-
threatening diseases (Bach et al., 2003, Zuchner et al., 2006, Zuchner et al., 2004).
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Unfortunately, epidemiological data seems to indicate these mitochondria-
deregulated associated diseases are still a major burden (Gorman et al., 2015).
Below, we further summarise key examples of biological significance characterised

for mitochondrial remodelling.
1.3.1.1 Role of mitochondrial dynamics in ageing

Ageing includes the gradual decline in multiple physiological functions that enhance
mortality or loss of normal biological function. Many mitochondrial processes such as
ROS generation, mitophagy, mitochondrial apoptotic events, ATP generation and
mutated mtDNA have been associated with ageing at the cellular level (Jendrach et
al., 2005, Korwitz et al., 2016). Hence, it is not surprising that mitochondrial dynamics
have been intimately associated with ageing (Rana et al., 2017, Chaudhari and
Kipreos, 2017). Mitochondrial fusion and fission mechanisms have been noted to
evolve as ageing progresses (Jendrach et al., 2005). It is not yet totally clear which

mitochondrial phenotype is more prominent in aged animals, fragmented or fused.

Recent evidence suggests that mitochondrial fusion may be overall beneficial in
ameliorating age-related defects. For example, mitochondrial elongation suppresses
ageing-induced neurodegeneration in mouse neurons as a result of
metalloendopetidase (OMAL1) inhibition thereby increasing lifespan (Korwitz et al.,
2016). Interestingly, expression of fission initiator Drpl is suppressed in aged
muscles, suggesting that overall mitochondrial fusion increases with age (Crane et
al., 2010). Increased mitochondrial size has also been reported in aged cells, and this
has been associated with decreased mitophagy and the pile-up of damaged
mitochondria (Murakoshi et al., 1985). Interestingly, enhancing Drpl-dependent
mitochondrial fission and mitophagy has been reported to reverse ageing and
increase life span in midlife fruit files (Rana et al., 2017). In contrast, enhanced
mitochondrial fusion increased longevity in aged C. elegans (Chaudhari and Kipreos,
2017).

These studies all highlight the multi-functional roles of mitochondrial dynamics during
ageing. More in vivo studies are still needed to clarify fusion and fission roles, which
still are controversial. This is because mitochondria are highly ubiquitous organelles
and their roles are tissue and cell-specific. Therefore, conclusion made from a
particular tissue or cell may not be directly translatable to others, thus creating
challenges in defining mitochondrial shapes during ageing that can be generalised.
Despite this limitation, it is suggested that fusion may be the main altered

mitochondrial phenotype in ageing because mitochondria fission has been shown to
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be involved in the pathology of many age-related disorders such as Alzheimer's
disease (Cho et al., 2009).

1.3.1.2 Role of mitochondrial dynamics in Charcot Marie Tooth
type2A disease (CMT2A)

Deregulation of key mitochondrial dynamic genes underlies developmental disorders
such as Charcot Marie Tooth type2A disease (CMT2A) and optic dystrophy. CMT2A
is an inherited peripheral neuropathy subtype of CMTD. Importantly, this disorder is
caused by an autosomal dominantly inherited mutations in Mitofusin-2 (Mfn2)
(Zuchner et al., 2006). Although rare recessive forms of Mfn2 mutation have been
reported, it is not yet clear how either dominant or recessive Mfn2 mutations cause
neuropathy (Polke et al., 2011, El Fissi et al., 2018). However, CMT2A mutations in
Mfn2 has been mapped to the coiled-coil and GTPase domain which is required for
Mfn2-dependent mitochondrial transport and fusion (Zuchner et al., 2004, Misko et
al., 2010).

Phenotypically, CMT2A patients have dysfunctional motor neurons leading to stork-
leg deformity and abnormal gait. At the cellular level, mitochondrial transport and
mitochondrial-dependent energetics are greatly impaired. Intriguingly, by modifying
Mfn2 to structurally favour a pro-fusion conformation ameliorates mitochondrial
dysfunction in mutant neurons and fibroblast that carry CMT2A mutations (Franco et
al., 2016, Rocha et al., 2018). This is based on a previous study which showed that
the heptad-repeat region 2 (HR2) of Mfn2 promotes mitochondrial fusion through
intermolecular HR2-HR2 binding on opposite mitochondria (Koshiba et al., 2004).
However, HR2 intermolecular binding is only efficient when the HR2-domain extend
towards the cytosol, a conformation that is normally less prominent due to HR1-HR2
intramolecular interaction that folds up the HR2-domain. Interestingly, Franco et al
designed a cell-permeable Mfn2-HR1 mini peptide that disrupts HR1-HR2
intramolecular binding, thereby, promoting HR2 extension towards the cytosol. The
introduction of this engineered fusion-permissive peptide into wildtype and Mfn2
knockout MEF was shown to promote HR2 intermolecular interaction and
mitochondrial fusion. Similarly, this peptide-construct was also shown to restore
mitochondrial fusion in neurons from CMT2A mouse models with Mfn2 T105M
(Detmer et al., 2008, Franco et al., 2016). These studies, therefore, suggest that
therapeutic approaches that promote mitochondrial fusion may be useful in the

treatment of CMT2A and other diseases where fusion is disrupted.
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1.3.1.3 Role of mitochondrial dynamics in Optic atrophy

Mutations in Opal represent the most frequent (60% - 80%) molecular lesions of optic
atrophy, which is an autosomal dominantly inherited defect affecting 1 in 25,000
people in the United Kingdom (Delettre et al., 2000, Yu-Wai-Man and Chinnery, 2013).
Note, mutations in Mfn2 have also been associated with the development of optical
atrophy (Zuchner et al., 2006). Most heterozygous mutations in Opal causes either
dominant-negative effect or haploinsufficiency and the majority of the mutations have
been mapped to its GTPase domain (Alexander et al., 2000, Yu-Wai-Man et al.,
2011). It has been shown that Opal mRNA transcripts from patients carrying mutated-
Opal are mostly truncated, unstable and are degraded leading to a reduction in Opal
protein levels (Pesch et al., 2001, Schimpf et al., 2006). The pathogenesis of these
mutations in Opal has been shown to involve dysfunctional mitochondrial dynamics
such as aberrant mitochondrial fragmentation, disorganised and swollen cristae in
patient fibroblasts (Amati-Bonneau et al., 2008, Olichon et al., 2007, Chevrollier et al.,
2008). Similarly, mitochondrial function in optic atrophy patients has been shown to
be affected, and it is majorly characterised by increased apoptosis, reduced ATP
synthesis, depolarised mitochondria and reduced OXPHOS capacity in patient’s
fibroblasts (Carelli et al., 2004, Zanna et al., 2008, Olichon et al., 2007). The clinical
manifestation of optic atrophy patient includes a gradual and progressive loss of sight,
which occasionally leads to blindness. This also agrees with the recent observation
that mice lacking YMELL, an enzyme required for Opal processing developed ocular
dysfunctions, cataracts and degradative spinal cord axons (Sprenger et al., 2019).
Interestingly, YME1L-deficient mice developed reduced mitochondrial respiration,
swollen mitochondrial cristae and aberrant mitochondrial fragmentation in their spinal
cord. This further highlights the strong deleterious effects of altered mitochondrial

fusion on mitochondrial metabolism, cellular homeostasis and apoptosis.
1.3.1.4 Role of mitochondrial dynamics in cancer

The deregulation of mitochondrial dynamics has been implicated in the progression
of cancer and cell transformation. For example, it was reported that mitochondrial
fission mediated by the phosphorylation of Drpl at S616 was required for Ras-
dependent transformation of mouse embryonic fibroblasts (Serasinghe et al., 2015).
Serasinghe et al, 2015 expressed oncogenic Ras G12V which drives proliferative

cellular hallmarks of cancer. This led to extensive mitochondria fragmentation, which
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they could show was an integral requirement of cell transformation. Interestingly,
genetic ablation of Drpl ameliorates Ras-G12V-induced cancer progression thereby
suggesting that mitochondrial fission can be potentially be exploited as a direct or
sensitising therapeutic in tumours where the Ras/MAPK pathway is deregulated. This
agrees with more recent suggestions that mitochondrial dynamics are promising
candidates for the development of new drugs for cancer treatment (Anderson et al.,
2018). Pro-fission activation via Drpl phosphorylation at S616 as a result of MAPK
activation was also reported to drive tumorigenesis in pancreatic cancer (Kashatus et
al., 2015). Interestingly, in pancreatic cancer tumours, phosphorylation of Drpl and
abnormal mitochondrial fragmentation was commonly observed, and shRNA targeting

Drpl in the BXPC3 pancreatic cancer model led to reduced tumour size and growth.

Similarly, hyperactivation of Drpl was reported in lung cancer cells, thereby leading
to increased mitochondrial fission and apoptotic resistance. Interestingly, by blocking
Drpl activation, apoptosis increased while cellular proliferation decreased (Rehman
et al., 2012). While, these findings indicate that mitochondrial fusion may inhibit the
transformation of cancer cells, and further suggest that it may be exploited in cancer
therapeutics, contradictory observations have been made. It has also been reported
that defective Drpl-dependent fission (leading to mitochondrial fusion) promotes
apoptotic resistance and survival in lung cancer cells A549. Similarly, mitochondrial
fusion induced by the inhibition of Drpl promoted tumour survival in hepatocellular
carcinoma cells (Li et al., 2017). These contradictory observations may reflect in part
cancers heterogeneity and plasticity. Therefore, both mitochondrial fusion or fission
could be deregulated in cancer (depending on context), and exploitation of either end
of mitochondrial dynamics would depend on the particular patient molecular lesion as
recently proposed (Anderson et al., 2018). These findings further highlight the
importance of maintaining the overall proper balance between mitochondrial fission
and fusion for crucial cellular homeostasis. To achieve this, cells have adapted

multiple signalling mechanisms to regulate pro-fusion and pro-fission mediators.

1.3.2 Mitochondrial pro-fusion initiators and their regulators

At a steady state, mitochondria continuously cycle between the fused state and a
fragmented state (Lewis and Lewis, 1914). However, a particular mitochondrial
morphology can be favoured to facilitate the needs of a cell such as high energy
demand, response to stress-conditions or ROS. These cellular events directly

regulate at least one member of the proteins responsible for mitochondrial dynamics.
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Below, we further summarise how proteins involved in mitochondrial dynamics

mediate mitochondrial fusion or fragmentation.
1.3.2.1 Mitofusin 1/2 (Mfn1/2) mediates outer mitochondrial fusion

Mfn1/2 were originally identified as mammalian homologs of Drosophila fuzzy onions
protein Fzo (Santel and Fuller, 2001). Mfn1/2 have at least 60% identity with each
other, and have at least 32% identity with Fzo. Structurally, Mfn1/2 contains an N-
terminal GTPase domain and a C-terminal transmembrane domain (TM). Importantly,
Mfn1/2 contains two heptad repeats (HR); HR1 is situated after the N-terminal
GTPase domain, and HR2 is located in the C-terminal domain after the TM. The N-
terminal domain and C-terminus extrudes to the cytosol. Despite Mfnl/2 strong

sequence similarity, they are not totally functionally redundant (Eura et al., 2003).

Mfn1/2 can coordinate mitochondrial fusion together by forming both homotypic and
heterotypic complexes in a cell type-dependent manner (Chen et al., 2003a). It is not
surprising that the combined loss of Mfnl and Mfn2 can lead to drastic mitochondrial
fission and reduced cellular health (Chen et al., 2005). However, Mfnl KO cells have
severely more fragmented mitochondria than Mfn2 KO cells, indicating that Mfnl
homotypic binding may be prioritised during fusion. Therefore, distinct roles have
been suggested for Mfnl vs Mfn2 (Ishihara et al., 2004). It has been proposed that
Mfnl mediates a higher GTPase activity and is the main inducer of GTPase-
dependent mitochondrial fusion. This finding suggested that Mfn1 may be the main
player in mitochondrial fusion and Mfn2 may have other mitochondrial fusion-

independent roles.

Further studies subsequently suggested that Mfn2 is not required for mitochondrial
fusion, but is actually essential for tethering mitochondria to the ER (de Brito and
Scorrano, 2008). The loss of Mfn2 in these experiments drastically led to the
disruption of mitochondria-ER contact sites thereby reducing mitochondrial Ca2+
uptake. Interestingly, this was independently confirmed in different cell types by other
groups (Chen et al.,, 2012, Schneeberger et al., 2013, Sebastian et al., 2012). In
addition, Mfn2 also regulates mitochondria-ER contacts by also recruiting
mitochondrial ubiquitin ligase (MITOL) to induce ubiquitination of mitochondria-
bounded Mfn2 (Sugiura et al., 2013). Intriguingly, while ubiquitinated proteins are
expected to be proteasomally degraded, MITOL-dependent ubiquitinated Mfn2 is not

degraded but rather activated via enhanced GTP-dependent oligomerization.
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One of the suggested roles of Mfn2 at the ER site was to regulate mitochondria cristae
and ER contacts by regulating Opal cleavage, as shown in vivo (Sood et al., 2014).
These authors suggested that during postprandial physiological homeostasis after 12-
hours of fasting in mice, MTORCL1 signalling is downregulated and mitochondria-ER
contact site increases in number and length in mouse liver lysates. Furthermore,
mitochondria were fragmented with a decrease in cristae density and respiration rate.
Interestingly, these mitochondrial remodelling events and the metabolic shift were
mediated by an increase in Opal cleavage and surprisingly these changes involved
Mfn2, but not Mfnl. However, to note, further contradicting results have been
documented. For example, some results suggest an Mfn2-independent ER-
mitochondria juxtaposition, and that rather than a reduction of ER-mitochondria
contact sites, contact sites were increased upon Mfn2 loss (Cosson et al., 2012, Filadi
et al., 2015). Naon et al. (2016) have also used electron microscopy to confirm that
ER-mitochondria juxtaposition was reduced following Mfn2 loss. While the exact role
of Mfn2 in mitochondria-ER contact sites is not yet totally clear, the importance of this
functional link seems consistent amongst all the studies. Novel functions of Mfn2 in
the maintenance of mitochondrial level of Coenzyme Q was recently reported, thereby
linking Mfn2 to energy metabolism (Mourier et al., 2015).

The mechanism and model of Mfn1 during fusion has been proposed after intriguingly
exploring Mfn1 structure. The original functional model was that Mfn1 mediates fusion
via HR2 binding and tethering of two adjacent mitochondrial membranes (Ishihara et
al., 2004, Koshiba et al., 2004). Recent evidence suggests mitochondrial tethering
can occur at the GTPase domain in contrast to HR2-C-terminal mediated tethering
(Qietal., 2016, Yan et al., 2018, Daumke and Roux, 2017). Qi et al (2016) generated
a crystal structure using a short form of Mfnl containing the GTPase domain and a
distal part of HR2 in the C-terminal tail (that is similar to bacterial dynamin-like
protein). Upon purification and in vitro study, they observed that the GTPase domain
can dimerize shortly after GTP binding. The new revised model proposes that a
conformational change occurs upon GTP hydrolysis. This conformational change
drives the interaction of helix bundles, and then the dimerization of the GTPase
domain, thereby bridging opposing mitochondria to close proximity for outer
mitochondrial membrane tethering to occur. Interestingly, this model has been
independently supported (Cao et al., 2017). This subsequent study also reported that
upon GTP hydrolysis, GTPase domain mediates conformational change to enhance

GTPase domain dimerization.
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It is possible that Mfnl domains may mediate a step by step tethering process that
first involves GTPase-domain mediated dimerization and subsequently HR2-
mediated tethering. In agreement with this model, further studies have now shown
that the HR and GTPase domains have distinct roles in the induction of mitochondrial
fusion (Daste et al., 2018). These studies clearly highlight the complexities in outer
mitochondrial fusion which may explain why Opa-mediated inner membrane fusion is

highly dependent on Mfn1-mediated outer membrane fusion (Cipolat et al., 2004).
1.3.2.2 Optic atrophy 1(Opal) mediates inner mitochondrial fusion

Opal was identified as the molecular lesion in dominant optic atrophy and as a
homologue of mgmlp and mslp in yeast (Delettre et al., 2000). Opal includes
multiple isoforms formed from 30 exons that can be alternatively spliced at exon 4, 4b
and 5b to generate eight mMRNA species. Opal structural characteristics were
revealed to entail a GTPase domain, middle domain and a GTPase effector domain
(GED), placing the protein as a member of the dynamin protein family. In addition,
Opal may carry between one and three coiled-coil domains (CC0-CC2), and between
one and three transmembrane helixes (TM1-TM3) depending on the splice variant.
CC1 and CC2 complexes have been suggested to drive the formation of homotypic
dimers between Opal proteins while CCO and CC1 have been linked with the
formation of heterotypic dimers (Akepati et al., 2008, Belenguer and Pellegrini, 2013).
Recent studies have further suggested that during fusion, Opal interacts with the lipid
cardiolipin to induce heterotypic inner membrane space (IMS) fusion in a GTPase

independent manner (Ban et al., 2017).

Opal protein is translated in the cytoplasm but these proteins contain a mitochondrial
import sequence that is cleaved by mitochondrial processing peptidase (MPP)
protease during mitochondrial import to form initially a long L-Opal isoform. L-Opal
is anchored into the inner membrane where it is functionally regulated via a series of
protease-dependent cleavages events that shifts its protein length from the long
isoform to a soluble short isoform, s-Opal. The s-Opal is released from the

transmembrane regions as a result of the cleavage.

There are at least two cleavage sites on L-Opal that are recognized by inner
membrane peptidases YmellL and OMAL. The cleavage sites have been mapped as
S1 and S2 on exon 5 and exon 5b respectively (Duvezin-Caubet et al., 2006, Ishihara
et al., 2006). YmelL is an i-AAA ATP-dependent metalloprotease which consists of
AAA-domain and a metallopeptidase domain carrying a zinc binding site (Truscott et
al., 2010). YmelL cleaves Opal at site 2 (S2) (Song et al., 2007, Mishra et al., 2014).
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On the other hand, OMAL1 is a membrane potential-dependent protease that cleaves
Opal at exon 5 on site 1 (S1) during stress to s-Opal (Head et al., 2009, Ehses et
al., 2009).

Opal-induced fusion is achieved by the alteration in relative levels of s-Opal and L-
Opal. During normal basal conditions, levels of s-Opal and L-Opal are balanced
and the presence of both is critical for basal levels of mitochondrial fusion (Song et
al., 2007). However, the relative accumulation of L-Opal has been suggested to be
sufficient to induce mitochondrial fusion (Ishihara et al., 2006, Anand et al., 2014,
Tondera et al., 2009). This conclusion is based on the observation that cristae and
fusion integrity is maintained in OMA1/YmelL double knockouts that only expressed
L-Opal forms. In contrast, the continuous cleavage of L-Opal by OMA1 has been
shown to accumulate s-Opal forms resulting in mitochondrial fragmentation (Head et
al., 2009, Ehses et al., 2009, MacVicar and Lane, 2014). The homeostasis of both L-
Opal and s-Opal is therefore critical for the continuous remodelling of mitochondria

and this could affect cellular metabolism.

Interestingly, the biological significance of OMAL and YmelL-dependent cleavage of
Opal suggest that they can be differentially activated during distinct cellular
processes. For example, it has been shown that OMA1-dependent cleavage of Opal
is increased during stress-induced mitochondrial dysfunction (Head et al., 2009,
Ehses et al., 2009, Baker et al., 2014). This correlates with the observation that OMA1
has a positively-charged amino acid sequence in the N-terminal region that is required
for stress-induced mitochondrial fragmentation but dispensable for OMA1-dependent
Opal cleavage (Baker et al., 2014). This sequence is therefore proposed to be a
stress-sensor on OMAL. On the other hand, YmellL-dependent cleavage of Opal has
been shown to induce mitochondrial fusion (Mishra et al., 2014). Interestingly, it was
shown that the stimulation of OXPHOS led to mitochondrial inner-membrane fusion
via YmellL-dependent cleavage of Opal. These studies suggest that YmellL and

OMAL1-dependent cleavage of Opal may have different functional outcomes.

Furthermore, Opal is also suggested to be processed by other proteases. It has been
shown that Presenilin-associated Rhomboid-like protein (PARL) is required for
effective Opal processing (Cipolat et al., 2006). PARL is a resident of the inner
mitochondrial domain where it functions as an anti-apoptotic protein. Cipolat et al.
(2006) observed small variants of soluble Opal at the IMS, which was inhibited in
PARL knock out model. However, independent studies indicated that loss of PARL

did not alter Opal processing (Duvezin-Caubet et al., 2007). It is possible that there
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are unidentified proteases that are involved in the proteolytic processing of Opal to
meditate mitochondrial fusion, and this may be dependent on the type of mitochondrial
stress. Overall, these studies suggest that the proteolytic processing of Opal is
required for maintaining the balance between L-Opal and s-Opal. Hence, proteases

play a key regulatory role in Opal-dependent mitochondrial fusion.

Opal-induced inner mitochondrial membrane fusion is critical for energy metabolism,
as Opal KO cells are extensively fragmented with fewer cristae and OXPHOS
capacity (Chen et al.,, 2005). Recently, Lee et al. (2017) reported that in L-Opal
deficient cells, s-Opal mediates mitochondrial energy production and cristae
structure while mitochondria remained fragmented. Interestingly, L-Opal deficient
cells were generated by expressing Opal-variant 5 containing exon 4, 4b and
cleavage S1 but not S2 in Opal KO cells (Song et al., 2007). Therefore, the protein
product of Opal-variant 5 is completely cleaved at S1 after mitochondrial targeting,
resulting in the production of only s-Opal in the Opal KO cells. It was shown that
cells expressing only s-Opal had similar cristae widths relative to wildtype cells.
Similarly, s-Opal-expressing cells were viable at similar levels to wildtype when
forced to utilize mitochondrial-generated energy (Lee et al.,, 2017). In addition, a
similar oxygen consumption rate was also observed in cells expressing only s-Opal
vs. wildtype, thus suggesting that cells expressing only s-Opal are competent in
synthesizing energy via OXPHOS. As mitochondrial fusion is coordinated by Mfnl
and Opal to maintain cellular homeostasis, the process can also be regulated by

post-translational modifications, which we further clarify below.
1.3.2.3 Post-translational regulation of pro-fusion initiators

While it is well-established that mitochondrial fusion is critical for embryonic
development, mitochondrial fitness and metabolic efficiency, it is surprising that only
few post-translational regulations of profusion proteins have so far been established
(as reviewed (Tilokani et al., 2018, Escobar-Henriques and Joaquim, 2019)). Recent
studies have shown that Mfnl is regulated by phosphorylation, ubiquitination and
acetylation. For example, ERK1/2 phosphorylates Mfnl at Thr-562 or T564 which
inhibits fusion during conditions such as oxidative stress, oxygen limitation and
glucose starvation. This phosphorylation promotes cytochrome release, BAK
oligomerization and apoptosis (Pyakurel et al., 2015). ERK immunnoprecipitated with
Flag-Mfn1 but not Flag-Mfn2 indicating an Mfn1-specific modification. Similar to ERK
canonical phosphorylation site, the sequence on the sites was ASTPTAP, suggesting

that the Mfn1 phosphorylation site is well conserved. Interestingly, the activation of
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ERK using pharmaco-activators and genetic overexpression also amplifies Mfn1-

T562 phosphorylation, confirming this site is directly phosphorylated by ERK.

Phosphorylation of fusion mediators may also serve as a priming upstream signal for
other regulation such as ubiquitination. For example, c-jun N-terminal kinase (JNK)
phosphorylates Mfn2 at Ser-27 during doxorubicin-induced-stress, which is a
prerequisite for its ubiquitination by E3-ARF-BP1 to mediate mitochondrial
fragmentation and cell death (Leboucher et al., 2012). Similarly, Pinkl initially
phosphorylates Mfnl and Mfn2, followed by Parkin-ubiquitination during early
mitophagy event to promote Mfnl/2 proteasomal degradation and mitochondrial
fragmentation (Gegg et al., 2010, Chen and Dorn, 2013). Furthermore, the stability of
Mfn1l is regulated by MARCHS5, which ubiquitinates acetylated Mfn1 forms leading to
their degradation by proteasomes (Park et al., 2014). Park et al. (2014) reported that
during mitochondrial stress induced by a low dosage of antimycin A (which inhibits
complex Il of the E.T.C), mitochondrial hyperfusion first occurs, preceding later acute
mitochondrial fragmentation to aid cell survival. Interestingly, it is also suggested that
HDACG6 deacetylates Mfnl to induce mitochondrial fusion during glucose starvation
which protects cells from oxidative stress (Lee et al., 2014). These all further suggest
that modulation of mitochondrial fusion may have specific roles in maintaining

metabolic homeostasis and cell survival under stress conditions.

1.3.3 Mitochondrial pro-fission initiators and their regulators

As the contrast to mitochondrial fusion, mitochondria can be severed into smaller,
shorter or rounded organelles via the action of pro-fission initiators. These include
pro-fission proteins: Drpl in conjunction with receptor proteins mitochondrial fission
factor (Mff), mitochondrial fission protein 1 (Fis1) and mitochondrial dynamics protein
(MiD49 and MiD51) (that are resident in the outer mitochondrial membrane).
Together, these factors coordinate to help promote mitochondrial division. This
section summarises how currently known fission initiators together alter mitochondrial

shape by receiving signals from upstream regulators.
1.3.3.1 Dynamin-related protein-1 severs mitochondria

Drpl belongs to the large dynamin protein family of GTPases. A key characteristic of
the dynamin protein family is their ability to assemble inter multimeric ring-shaped
structures via GTP hydrolysis. Drpl is 80kDA cytosolic protein and it structural
contains N-terminal GTPase domain, a middle and variable domain, and a C-terminal
GTPase effector domain (GED) (Smirnova et al., 2001). The GTPase domain drives
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GTP binding for hydrolysis (Chappie et al., 2010). The middle domain is critical for
assembling and oligomerization of Drpl. The molecular function of the variable
domain has not been fully characterized but the GED promotes Drpl intramolecular
interaction. In addition, the variable domain and GED carry important phosphorylation
sites S616 and S637 (human Drpl isoform-1) respectively that mediates Drpl
function in response to specific cellular stimuli. For example, phosphorylation of Drpl
at S616 promotes recruitment to the outer mitochondrial membrane to initiate

mitochondrial constriction and division during cell growth (Taguchi et al., 2007).

Drpl was identified as a key player of mitochondrial fission after it was discovered
that mutations of Drpl led to increased and unopposed mitochondrial fusion
(Smirnova et al., 2001). The role of Drp1 in mitochondrial remodelling was then shown
to be critical for development, cell cycle, mitochondrial-dependent apoptosis, cristae
remodelling and mitophagy (Otera et al., 2016, Qian et al., 2012). This led to interests
in identifying the mechanism in which Drpl drives mitochondrial fission. It was
revealed that upon mitochondrial division, cytosolic oligomers of Drpl assemble on
the mitochondrial membrane to form large oligomers dependent on the activation of

GTPase hydrolysis (Ingerman et al., 2005, Mears et al., 2011).

Advancement was also made by the identification of Drpl inhibitors and specific
receptors on mitochondria. Mitochondrial division inhibitor (Mdivi-1) was initially
proposed to selectively block Dnmil-dependent GTPase activity (in yeast), as
identified via a chemical library screen (Cassidy-Stone et al., 2008). Mdivi-1 induces
mitochondrial fusion in mammalian cells independent of GTPase activity, and it has
been widely used in different studies as a purported Drp1 inhibitor. However, this area
has controversy as more recent evidence suggests that Mdivi-1 is more likely a E.T.C
complex-1 inhibitor (Bordt et al., 2017). Bordt et al. (2017) showed that Mdivi-1 inhibits
oxygen consumption as a result of a collapse in the E.T.C, independent of Drpl.
Mdivi-1 failed to induce mitochondrial fusion in neurons suggesting it may be a cell
type-dependent response or its induction of fusion as previously reported is totally
independent of Drpl inhibition. Interestingly, another Drpl inhibitor P110 has been
identified (Qi et al., 2013). P110 is a peptide that disrupts the interaction of Drpl with
its mitochondrial receptors Fisl. The recruitment of Drpl to mitochondria to form
punctate oligomeric structures and its interaction with outer mitochondrial receptors

has been shown in wide studies to be critical for mitochondrial division.

However, related protein Dynamin-2 (Dyn2) has also been shown to mediate

mitochondrial fission in collaboration with Drpl. In this model, Drp1l initially initiates
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mitochondrial constriction and Dyn2 further assembles and mediates the division (Lee
et al,, 2016). In Lee (2016), it was observed that knockdown of Dyn2 led to
mitochondrial hyperfusion. Interestingly, live-cell imaging showed that Dyn2 was
recruited to Drpl-marked constriction sites on mitochondria where it mediates the final
mitochondrial division. This agreed with the observation that mitochondrial division
was halted in Dyn2-depleted cells undergoing mitochondrial fission induced with
BAPTA (a calcium chelator). Similarly, electron microscopy also showed stalled
mitochondrial division in Dyn2-depleted cells. These findings clearly support a pro-
fission role for Dyn2, where it functions downstream of Drp1 to complete mitochondrial
division. Presently, four Drpl receptors have been proposed to bridge Drpl onto the

outer mitochondrial membrane.

1.3.3.2 Mitochondrial fission protein 1 (Fisl)

Fisl was first identified as a novel mitochondrial resident receptor of Dnm1l in yeast
(Mozdy et al.,, 2000). A human conserved form (hFis) was later identified and
characterised to recruit Drpl to mitochondria (James et al., 2003). Fisl is structurally
made up of two tetratricopeptide repeats (TPR); the interaction domain and a carboxy-
terminal mitochondrial membrane-bound domain. hFisl anchors to outer
mitochondria membrane via a transmembrane domain in the C-terminal tail. However,
the role of hFisl in the recruitment of Drpl to mitochondria and mitochondrial division

has been controversial.

Fis1l was proposed to be a Drpl-receptor after it was shown that the overexpression
of Fisl induces mitochondrial fragmentation and cytochrome-c dependent apoptosis
(James et al., 2003). This was consistent with the observation that the expression of
Drpl mutant (K38A) blocks hFis-induced mitochondrial fragmentation. Further
evidence supporting Drpl-Fisl role in mitochondrial fission has been proposed as it
was shown that this pathway mediates fission-dependent heart dysfunction and
fission-dependent apoptosis (Zhang et al., 2016, Tian et al., 2017). Similarly, by using
immunoprecipitation assay, another study also suggested that Drpl interacts with
Fis1 to induce mitochondrial dysfunction in neurons treated with Amyloid 8 (AB) (Joshi
et al., 2017). However, these experiments did not directly show Drpl recruitment to
Fisl on mitochondrial axis or monitor functional effects of Drpl-Fisl interaction on
mitochondrial fission. Using a MEF KO model, Fisl was also suggested to promote
mitochondrial fission mutually exclusive of mitochondrial fission factor (Mff) (another

Drpl receptor) (Loson et al., 2013). Fis1 KO MEF had moderately fused mitochondria,
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and Drpl recruitment was partially inhibited, thereby supporting only a partial

contributing role for Fis1 mitochondrial fission.

On the other hand, recent studies have raised controversy and suggested that Fisl
may have a limited role as a Drpl receptor. Otera et al. (2010) reported that the
genetic deletion of Fisl in human colorectal carcinoma HCT116 did not alter
mitochondrial morphology. However, these authors suggested that Mff was primarily
driving mitochondrial fission. Similarly, by using proximity-based labelling, it was
shown that there is no interaction between Fisl and Drpl (Osellame et al., 2016).
However, Drpl strongly interacted with Mff and other Drpl receptors on mitochondria.
Interestingly, it was also observed that KO of Fis1 in MEF did not alter mitochondrial
infrastructure. The observation that Drpl does not readily interact with Fis1 suggests
that P110 (used to block Fis1/Drpl interactions) is likely mislabeled mechanistically.
Another study also supports Fisl-independent Drpl recruitment, as Fis1 did not bind
Drpl but binds TBC1D15 protein (a RAB7 GAP) in a stable complex (Onoue et al.,
2013). Interestingly, it was recently shown that hFisl can mediate mitochondrial
fission independent of Drpl and Dyn2 (Yu et al., 2019). This study reported that hFis1
binds and inhibits the GTPase activity of profusion proteins Mfnl, Mfn2 and Opal
leading to reduced fusion, further differentiating it from a bona fide Drpl1 receptor. The
observations from these studies overall suggest that Fisl is not an intrinsic Drpl

adaptor.

Nevertheless, recent studies have suggested that Fis1 may have other non-canonical
functions in mitophagy. For example, the Fisl KO was shown to block degradation of
damaged mitochondria in C. elegans and mammalian cells (Shen et al., 2014).
Similarly, Fisl interaction with TBC1D15/17 was required for mitophagy (Yamano et
al., 2014) and TBC1D15/17 was shown to anchor mitochondria to LC3 during
mitophagy. This agrees with the observation that Fis1 KO cells were unable to recruit
TBC1D15/17 to mitochondria, resulting in the build-up of abnormal LC3 aggregates,
swollen lysosomes and increased mitochondrial-lysosomal contacts (Yamano et al.,
2014, Wong et al., 2018). These roles of Fisl in mitophagy suggest that it is a

prerequisite for an effective mitochondrial clearance during mitochondrial damage.

Overall, these studies support a multiple Drpl mitochondrial receptor localization
mechanisms that may be dependent on the cell type or functional divergence between
human and yeast. However, other evidence better supports that Mff serves a stronger
role as a receptor for mitochondria fission because its overexpression led to excessive

mitochondrial fragmentation (Loson et al., 2013).
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1.3.3.3 Mff and other Drp1 receptors on mitochondria

The presence of multiple candidate receptors for Drpl on mitochondria highlights the
importance of mitochondrial division. Gandre-Babbe and van der Bliek (2008)
identified mitochondrial fission factor (Mff) as a mitochondrial outer membrane
resident protein functioning as a component of mitochondrial fission using a small
interfering RNA screen. Mff was later confirmed to be a Drpl receptor after studies
revealed Mff co-localizes in vitro and in vivo with Drp1 on mitochondria (Otera et al.,
2010). Furthermore, overexpression of Mff was shown to result in extensive
mitochondrial fragmentation. The knockdown of Mff also reduced Drp1l recruitment to
mitochondria resulting in mitochondrial fusion (Gandre-Babbe and van der Bliek,
2008, Otera et al., 2010). However, Mff KO had the strongest effect on inhibiting
mitochondrial fission relative to other receptors, suggesting that Mff is the main Drpl
adaptor on mitochondria (Loson et al., 2013). A two-hybrid screen also suggested that
Mff binds oligomerized Drpl, further strengthening the evidence of a direct link
between Mff and Drpl-mediated mitochondrial fission (Liu and Chan, 2015). This is
consistent with the observation that Mff, but not Fisl, rescued defective Drpl
recruitment to the mitochondria in cells where all proposed Drpl receptors were
simultaneously knocked out (Osellame et al., 2016). While it was surprising that Drpl
has multiple receptors resident on mitochondria, yet more novel receptors were
further identified.

MiD49 and MiD51 also known as MIEF2 (Mitochondrial elongation factor) and MIEF1
(respectively), were identified as novel members of the mitochondrial fission
signalosome (Palmer et al., 2011, Zhao et al., 2011). MiD49/MiD51 were previously
identified as Smith-Magenis syndrome chromosome region candidate gene 7
(SMCR7 and SMCRT7L) as 2 related proteins with 45% amino acid similarity (Simpson
et al., 2000). Structural and functional analysis of MiD49 and MiD51 have been
independently confirmed (Richter et al.,, 2014, Loson et al., 2015). These data
collectively show that MiD51 contains a nucleotidyltransferase fold domain and can
bind ADP and GDP. MiD51 mediates Drpl recruitment to mitochondria via a domain
within the nucleotidyltransferase fold. Similar to MiD51, MiD49 also carries a
nucleotidyltransferase domain and external loop that binds Drpl. Despite their close
structural similarity, MiD49 has been proposed to adopt a monomeric structure that
cannot bind ADP. In contrast, MiD51 is thought to adopt a dimeric structure and these
differences have been suggested to promote a differentially regulated mechanism
(Loson et al., 2015).
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The roles of MiD49 and MiD51 in Drpl-recruitment and mitochondrial fission have
been studied by genetically targeting their expression in different cell models. MiD49
and MiD51 are classified as Drpl receptors due to the observation that their
knockdown together resulted to reduced Drpl recruitment to mitochondria thereby
promoting mitochondrial fusion (Palmer et al., 2011, Loson et al., 2013). However, it
was also observed that the knockdown of either MiD49 or MiD51 did not alter
mitochondrial shape (Palmer et al., 2011). In contrast, Zhao et al (2011) showed that
the knockdown of MiD51 resulted in mitochondrial fission (Instead of fusion). This
unexpected observation was later attributed to being a cell-dependent response and
variability in the efficiency of shRNA (Dikov and Reichert, 2011). Further studies in
MEF knock out cells model indicated that the deletion of either MiD49 or MiD51 is not
sufficient to greatly alter mitochondrial morphology (Osellame et al., 2016). However,
it was observed that the triple KO of Mff, MiD49 and MiD51 led to mitochondrial
hyperfusion, and MiD49 and MiD51 sufficiently rescued Drpl recruitment and
mitochondrial fission. While these studies suggest that the presence of one receptor
can sufficiently compensate for the loss of another, it was also suggested that
functional consequences from loss of certain Drpl receptors may be cell type-
dependent.

Indeed, findings from overexpression studies suggest that MiD49 and MiD51-
dependent regulation of fission via Drpl recruitment is context-specific. The
overexpression of either MiD49 or MID51 increased the recruitment of Drpl to
mitochondria further identifying them as direct Drpl receptors (Zhao et al., 2011).
Paradoxically, recruitment of Drpl to mitochondria upon MiD49 and MiD51
overexpression does not correlate with mitochondrial fission. While MiD49 and MiD51
overexpression led to increased Drpl recruitment to mitochondria, extensive
mitochondrial fusion was observed (Zhao et al., 2011, Palmer et al., 2011, Palmer et
al., 2013, Liu et al., 2013). This finding seemed to suggest that MiD49 and MiD51
negatively regulate Drpl. Although this unexpected observation was later shown to
occur as a result of inhibitory post-translational phosphorylation at Drpl S637 when
MiD51 is overexpressed (indicating that MiD49 and MiD51 recruits inactive Drpl).
Other studies have shown that MiD51 can also directly inhibit Drp1-GTPase activity
(Loson et al., 2013, Zhao et al., 2011).

While observations indicate that Drpl have multiple receptors that can be functionally
redundant, it has been proposed that MiD49, MiD51 and Mff together facilitate Drpl1-
mediated mitochondrial fission. It is suggested that MiD49 and MiD51 specifically

promote the recruitment of Drpl to mitochondria where it inhibits the GTPase activity
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(Osellame et al., 2016). Mechanistically, since Mff has been shown to bind MiD49 and
MiD51, it is suggested that MiD49/51-dependent recruitment of Drpl enhances the
amount of Drpl located at the mitochondrial axis. This mitochondrial pool of Drpl is
subsequently used for the next round of fission that would be initiated by Mff-
dependent activation of Drp1-GTPase.

Insights from crystal structural studies suggest full wildtype Drpl, truncated MiD49
and MiD51 can bind to four molecules of Drpl to form linear inter-Drpl organisation
(Kalia et al., 2018). Interestingly, it was observed that this linear arrangement changes
upon GTP-hydrolysis to a ring shape Drpl. It was shown that MiD49 is unable to bind
to Drpl in its ring state thereby suggesting that MiD49 detaches from Drpl prior to
mitochondrial constriction. This observation agrees to the proposed model that MiD49
and MiD51 recruit Drpl to mitochondria after which Drp1 constricts mitochondria upon
GTPase activity that occur independently of MiD49 or MiD51.

In addition, recent studies also show that the ER can also regulate Drpl recruitment
to mitochondrial constriction sites (Ji et al., 2017). Interestingly, it was shown that Mff
and Fisl are also ER-bound Drpl receptors due to the observations of Mff and Fisl
subpopulations on ER independently of mitochondria and peroxisome populations. Ji
et al (2017) proposed another mitochondrial fission model where ER donates ER-
bound Drpl to mitochondria to increase the rate of Drpl-mediated mitochondrial
fission. Overall, these multiple pro-fission mechanisms may serve as a resilient set of
coordinated mechanisms to keep mitochondrial fission in check. While there is still
lack of clarity in how these pro-fission proteins mediate fission together, there is
general consensus that Mff or MiD49 and MiD51 can each independently mediate
some Drp1l recruitment to mitochondria. However, whether this Drpl-recruitment will
lead to mitochondrial fission is also dependent on other post-translational regulatory

signals dictated by cellular events.

1.3.3.4 Post-translational regulation of pro-fission initiators

Mitochondrial fission is an important biological process that has been proposed to
regulate key cellular events such as cell division, apoptosis and mitophagy. Since
mitochondrial remodelling is continuous, cells would thus need to modulate this
process in response to particular contexts. Key post-translational regulation of pro-
fission initiators include phosphorylation, SUMOylation, ubiquitination, S-nitrosylation

and acetylation. Regulatory sites on pro-fission initiators have now become better
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characterised at the molecular level. This section summarises key regulatory

pathways mapped for the pro-fission initiators.

1.3.3.4A AMP-activated kinase (AMPK) regulates Drp1 receptors
on mitochondria

During a metabolic crisis such as ATP depletion, for example, caused by damage to
subunits of the E.T.C., AMPK is phosphorylated at Thr127 leading to its activation.
AMPK centrally enhances ATP-catabolic pathways while limiting ATP consuming
processes. AMPK phosphorylates key members (eg Raptor) of the MTORCL1 nutrient-
sensing pathway to signal low energy status and inhibit cell growth and
phosphorylates Ulk1l to promote autophagy (under certain contexts) (Egan et al.,
2011, Kim et al., 2011b).

However, AMPK also is able to promote ATP generation by directly phosphorylating
mitochondrial resident proteins. Proteomic studies in COS-1 cells firstly suggested
Mff to be a downstream target of AMPK (Ducommun et al., 2015). Subsequently,
Toyama et al. (2016) reported that during mitochondrial stress induced by E.T.C
collapse, AMPK is activated, leading to the phosphorylation of Mff (and also Ulk1 and
ACC) in U20S cells. Phosphorylation of Mff enhanced Drpl localization to
mitochondria thereby promoting mitochondrial fragmentation. Mff-phosphorylation-
induced fragmentation was associated with increased ROS and enhanced mitophagy.
Therefore, increased mitophagy served as a survival mechanism by facilitating
mitochondria turnover and biogenesis of new healthy mitochondria. Due to the role of
AMPK as an energy sensor, phosphorylation of Mff, therefore, links energy sensing
to mitochondrial remodelling.  Further characterization indicated that AMPK
phosphorylates Mff Ser155 and Serl72, which map between the Drpl binding site
and transmembrane domain. The identification of these sites indicated that Drpl
receptors such as Mff can be directly regulated by stress-sensing kinases, thus

widening the scope of mechanisms converging onto mitochondrial regulation.

1.3.3.4B Cyclin-dependent kinase 1 (Cdkl) regulates Drpl to
enhance mitochondrial fragmentation

Cyclin-dependent kinasel belongs to a large family kinases that includes Cdkl
through Cdk20. The Cdk superfamily is further divided into subfamilies based on their
functional role. Cdk1 belongs to the cell cycle-dependent subgroup containing Cdk1,
Cdk4 and Cdk5. Cdk1 is structurally made up of a catalytic and a regulatory subunit.
Cdkl mainly functions as a critical regulator of cell-cycle by binding cell cycle

regulatory proteins termed cyclins (Santamaria et al., 2007). The binding of specific
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cyclins to Cdkl promotes its activation, followed by the phosphorylation of its target
genes. During cell cycle which is made up of a long growth phase (G1), a DNA
replicating phase (S), a short growth phase (G2), and cell division (mitosis, M) phase,
cellular contents and organelles such as mitochondria must be divided into daughter

cells.

Progression through the cell cycle clearly is only favoured under high energy
conditions. Thus, this may explain why mitochondrial morphology has been described
to be differentially altered continuously through various phases of the cell cycle. For
example, mitochondria were detected in a hyper-fused state during the G1-S phase,
a shift that was suggested to sustain ATP. On the other hand, mitochondria remodel
to a fragmented state in the pre-mitotic phase, which was proposed to aid in the
segregation of smaller mitochondria to daughter cells upon cytokinesis. As
mitochondrial division has been proposed to be critical for proper progression of the
cell cycle, it was further shown that Cdkl regulates pro-fission proteins during
mitochondria division (Mitra et al., 2009). Cdk1/CyclinB was shown to phosphorylate
Drpl at Ser565 (rat nomenclature similar to human Ser616) to initiate the
translocation of Drpl to fragment mitochondria during mitosis (Taguchi et al., 2007).
The Ser616 site is located in the variable domain and its phosphorylation is suggested
to enhance Drpl binding to Fis1 (Han et al., 2008). Other kinases phosphorylate Drpl
at S616 such as Protein kinase C (Qi et al., 2011). Interestingly, this phosphorylation
site was also associated with oncogenic induced Ras tumorigenesis. In this case,
Drp1-S616 phosphorylation by ERK1 induces mitochondria fission for cell
transformation (Serasinghe et al., 2015).

Surprisingly, the S616 site has also been linked to the NF-kB-inducing kinase (NIK)
pathway (Jung et al., 2016). NIK enhanced mitochondrial fragmentation by binding
Drpl to form a complex that enhanced S616 phosphorylation while repressing a
negative phosphorylation-S637 site. The phosphorylation of S616 is so far the only
identified regulatory signal for Drp1 that enhances mitochondrial fission. However, the
S637 site on Drpl is phosphorylated by PKA to overall enhance mitochondrial fusion
in response to elevated cAMP. Therefore, phosphorylation of Drpl at different sites

can have both positive and negative effects.

1.3.3.4C cAMP signalling and the PKA regulation of mitochondrial
dynamics

cAMP (3-5-cyclic adenosine monophosphate) is a second messenger which is

generated by soluble adenylyl cyclase (SACs) or transmembrane adenylyl cyclase
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(tmACs). There are presently one sAC and nine tmACs isoforms identified in
mammalian cells (Buck et al.,, 1999). sACs are localised to different cellular
compartments such as the nucleus, centrioles and mitochondria. In contrast, tmACs
are localised at the plasma membrane. However, no mitochondrial-localised tmACs
have been identified. tmACs are coupled with G-protein coupled receptors (GPCRS)
that transmit an extracellular signal to intracellular molecular factors by inducing the
release of G-proteins subunits initiating downstream signalling (Hilger et al., 2018).

CAMP can be generated at multiple cellular locations (Fig 1.12). For example, cCAMP
is distinctly generated in the cytosol and this cannot cross mitochondrial membranes
to reach IMM or matrix in yeast and mammalian cells (Acin-Perez et al., 2009,
Di Benedetto et al., 2013, Lefkimmiatis et al., 2013, Hess et al., 2014, Zhang et al.,
2015). These studies all suggested that cAMP functioning in the mitochondrial matrix
would need to be generated within the matrix itself. cAMP is also generated at the
plasma membrane following the binding of a ligand to a GPCR. This leads to a
conformational change that releases the G-a subunit from the heterotrimeric
guanosine-binding protein complex. Subsequently, G-a binds to ACs leading to its

activation and cAMP is formed from ATP.

In contrast to G-protein regulation of tmACs, cAMP is formed from sACs
independently of GPCR regulation. sACs are regulated by changes in calcium and
bicarbonate levels (Chen et al., 2000). Interestingly, studies have shown that calcium
activates sAC by increasing the affinity for ATP (Litvin et al., 2003). On the other hand,
sACs senses bicarbonate generated during the diffusion and hydration of carbon
dioxide (CO). This hydration process is catalysed by carbonic anhydrase (CA)
localised at different cellular compartments such as the cytoplasm and mitochondria
(Dodgson et al., 1980, Acin-Perez et al., 2009). Mechanistically, bicarbonate binds
and activates sAC by increasing the activation of the active site closure on sAC
(Steegborn et al.,, 2005, Kleinboelting et al., 2014). This is consistent with the
observations that an increase in mitochondrial bicarbonate levels increase cAMP
generation from sAC localised within the mitochondrial matrix (Zippin et al., 2003,
Acin-Perez et al., 2009, Bitterman et al., 2013). Acin-Perez et al. (2009) suggested
that the activation of SAC ensures that equilibrium is maintained between the supply
of reducing equivalents and the generation of ATP within mitochondria. Interestingly,
many pharmacological activators and inhibitors have been identified as tools for
studying cAMP-dependent regulation and treatment of disease. Most prominent
examples include B-adrenoceptor agonist isoproterenol and forskolin (Awad et al.,

1983, Laurenza et al., 1989). While isoproterenol activates Ga, forskolin activates
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ACs to stimulate cAMP generation (Litvin et al., 2003). On the other hand, it has been
shown that KH7 specifically inhibits SAC while 2,5-dideoxyadenosine blocks the

activation of tmACs (Bitterman et al., 2013).

cAMP signalling is mediated by multiple effector proteins such as cyclic nucleotide-
gated Ca(2+)-channel (CNG), exchange proteins activated by cAMP (EPAC) and
Protein kinase-A (PKA). CNG is a cyclic nucleotide-gated ion channel that plays vital
roles in sensory neurons (Matulef and Zagotta, 2003). EPAC (isoform 1 and isoform
2) is a guanine nucleotide exchange protein (for Rapl and Rap2) activated by cAMP
(Kawasaki et al., 1998, Enserink et al., 2002). PKA is a protein kinase that plays a
multifunctional role in regulating a diverse downstream signalling network for the
maintenance of cellular homeostasis in different contexts (Walsh et al., 1968). PKA is
a tetrameric kinase with two catalytic subunits (I and Il) and 2 regulatory unit (I and II)
(Corbin et al., 1978). The regulatory subunits have four unique isoforms which are
characterized as two classes Rl and RIl, each having the alpha or beta subunits (Lee
et al., 1983, Jahnsen et al., 1986, Scott et al., 1987). PKA is activated by the binding
of ubiquitous (CAMP) to its regulatory subunit which leads to the dissociation of the
regulatory unit and the release of the catalytic units. The catalytic units further initiate
the phosphorylation of target proteins such as CREB and Drpl.

Recent studies have shown that PKA can be regulated by distinctly localised cAMP
levels at different cellular confinements (Lefkimmiatis and Zaccolo, 2014,
Lefkimmiatis, 2014). The levels of cAMP are regulated by phosphodiesterases
(PDEs) which are located at different cellular locations, with some isoforms distinctly
localized to mitochondria (Acin-Perez et al., 2011b). At their localised sites, PDEs
degrade cAMP which leads to termination of PKA activity thus serving as a molecular
switch for PKA (Lomas and Zaccolo, 2014). Mechanistically, PDEs mediates cCAMP
degradation by removing the phosphate group in cAMP and cGMP, and this functional
role is dependent on the family of PDE (Neves-Zaph, 2017). For example, studies
have shown that PDEs families 1, 2, 3, 10 and 11 hydrolyse both cAMP and cGMP.
In contrast, PDE families 4, 7 and 8 are specific for the hydrolysis of cCAMP while
families 5, 6 and 9 directly target cGMP. Interestingly, recent studies have also shown
that the effects of cAMP signalling are indirectly modulated by phosphatases
(Burdyga et al., 2018, Cribbs and Strack, 2007, Cereghetti et al., 2008). This is due
to the observation that phosphatases such as protein phosphatase 2A (PP2A) target
the substrates that are phosphorylated in response to cAMP generation. However,
this process can be differentialy activated at different cellular localization to further

finetune the activity of cCAMP-dependent signals.
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CAMP regulation of mitochondrial pathways is regulated by specific members of the
PKA anchorage protein (AKAP) family (Affaitati et al., 2003). In humans, AKAPs are
encoded by 47 genes which encode multiple splice variants. AKAPs act as anchorage
for PKA and stations the kinase at close proximity to CAMP generation sites. AKAPs
are multifaceted adaptor proteins that can bind the regulatory subunit of PKA and also
phosphatases and PDEs (Dodge et al., 2001, Tasken et al., 2001). Therefore, AKAPs
direct PKA activity to different subcellular compartment upon cAMP generation. For
example, it has been shown that AKAP79 is targeted and localised to the plasma
membrane where it anchors PKA, protein kinase C (PKC) and calcineurin (Dell’Acqua
et al., 1998). Importantly, a subgroup of AKAPs (AKAP1, AKAP84, AKAP121 and
AKAP149), which are all splice variants of the AKAP1 gene, are localised on outer
mitochondrial membrane where they direct PKA mitochondrial recruitment (Chen et
al., 1997, Ma and Taylor, 2002).

Overall, cAMP-signalling involves the dynamic interplay of multiple modulators
including: 1) localization and type of ACs generating cAMP; 2) type of effector
translating the signal; 3) anchoring proteins for the effector; 4) location of substrates;
5) phosphatases; and finally, 6) PDEs neutralizing the signal. While the role of PKA
in mitochondrial dynamics has been established, the mechanisms of this complex
interplay in the context of mitochondrial dynamics remain unclear. For example, the
regulatory and catalytic subunits of PKA have been purified from different
mitochondrial compartments but how cAMP and PKA are activated in response to
amino acid starvation-induced stress is not clear (Papa et al., 1999). Since sAC is a
sensor of ATP, and ATP also serves as the substrate for cCAMP, it is still not clear how
cAMP increases during amino acid starvation (since amino acid starvation should lead
to a reduction in ATP levels). In addition there are over 60 substrates of PKA that
have been proposed to signal to mitochondria and their regulation can alter apoptosis,
oxidative phosphorylation, mitochondrial cristae and mitochondrial function (Grimsrud
et al., 2012, Harada et al., 1999a, Darshi et al., 2011, Garcia-Bermudez et al., 2015,
Acin-Perez et al., 2009).
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Figure 1.12: The multiple sites of cCAMP generation. cCAMP is generated within a cell by
plasma membrane-coupled transmembrane adenylyl cyclase tmAC in response to G-
Protein activation. cAMP is also generated in the cytosol, nucleus and mitochondria by
soluble adenylyl cyclase (SAC) which converts ATP to cAMP. These multiple cAMP
generation sites lead to the formation of microdomains with a distinct cAMP signalling at
different cellular compartments. This enables the activation of cAMP effectors such as
PKA at the mitochondrion where it is attached to its scaffold AKAPL1.



1.3.3.4D Protein kinase A (PKA) regulation of mitochondrial
dynamics

PKA was amongst the first set of signalling regulators identified upstream of Drpl.
PKA phosphorylation of Drpl on Ser637 (also Ser656 in alternative Drpl splice
variants), was first identified using two-dimensional tryptic phospho-peptide mapping
(Chang and Blackstone, 2007). In this seminal study, HeLa cells expressing Myc-Drpl
were treated with Forskolin and IBMX (PKA activator and PDE inhibitor respectively)
to induce PKA-dependent phosphorylation, leading to the identification of Drp1-S637.
Phosphorylation of Drpl-S637 was confirmed with in vitro phosphorylation and
mutagenesis to test effects of S637A substitution. The Ser637 phosphorylation site
on Drpl was mapped to the GTPase effector domain, and this domain is critical for
Drpl intramolecular and intermolecular interactions. Interestingly, by using
phosphomimetic studies in the yeast two-hybrid system, Chang and colleagues
showed that intramolecular interactions are inhibited during Drpl-S637
phosphorylation (due to reduced Drpl GTPase activity).

An independent study confirmed PKA phosphorylation of Drpl at S637 and
importantly, calcineurin was identified as the specific phosphatase that
dephosphorylates this site (Cribbs and Strack, 2007). Calcineurin de-phosphorylation
of Drpl could remodel mitochondria from a fused to a fragmented state. This
promotion of fission was determined to be a result of the re-activation and
translocation of Drpl onto mitochondria (Cereghetti et al.,, 2008). Therefore,
dephosphorylation of Drpl at S637 positively regulated fission (which is indirectly
opposite to Drp1-S616 phosphorylation by Cdk members, summarised earlier). The
phosphorylation of Drpl by PKA at S637 has been shown to enhance tumour survival
by promoting mitochondria—generated ATP (Li et al., 2017). The phosphorylation of
Drpl at S637 is also shown during amino acid starvation that activates PKA (Gomes
etal., 2011a). Interestingly, PKA has been shown to phosphorylate MTOR and Raptor

at three plausible sites during cold dependent-adipose browning (Liu et al., 2016b).

1.4 Current model on mechanism linking nutrient
availability and mitochondrial dynamics

The relationship between MTORC1, mitochondrial dynamics and cellular metabolism
remains not totally clear despite evidence supporting biological importance for this
pathway. Amino acid starvation has been reported by 2 independent groups to induce
mitochondrial fusion (Gomes et al., 2011a, Rambold et al., 2011). While amino acids

could be sensed via changes in downstream metabolites (Duran et al., 2012, Gu et
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al., 2017, Son et al., 2019), details of this dynamic metabolite sensing in response to
amino acid starvation have not been studied. Since amino acid are shuttled into
mitochondrial matrix where it is broken down into different metabolic precursors that
are utilized for cell growth and survival, how mitochondria coordinate these metabolic

changes to MTORCL1, a master regulator of cell growth needs to be studied.

It has been suggested that the fusion of mitochondria observed during amino acid
starvation serves to prevent non-selective autophagic degradation (mitophagy) hence
rescuing healthy mitochondria to maintain a sufficient cellular population (Gomes et
al., 2011a). However, there are still limitations and open questions in this model.
Interestingly, mitochondrial fusion does not occur in other stress conditions that
stimulate autophagy such as hypoxia and serum starvation (Bellot et al., 2009, Kim et
al., 2011a, Lum et al., 2005). This suggests that a purpose of mitochondrial fusion is
to promote ATP production via E.T.C. during limited energy and low ATP levels
(Gomes and Scorrano, 2011, Gomes et al., 2011a). Although studies have assessed
the relationship between specific amino acid levels and MTORC1 activation in the
regulation of autophagy (Jewell et al., 2015, Nwadike et al., 2018), it is not known

whether mitochondria specifically respond to distinct amino acids.

Since MTORC1 serves as the master sensor of amino acids, this mechanism was
initially proposed as a key molecular controller of mitochondrial fusion during amino
acid starvation (Gomes et al., 2011a). Some evidence suggests that MTORC1
inhibition via RNA interference is sufficient to induce mitochondrial fusion (Gomes et
al., 2011a). In addition, the pharmacological inhibition of MTORC1 led to
mitochondrial hyperfusion via the reduced expression of mitochondrial fission protein
Mtfpl (Morita et al., 2017). Despite these links between MTORC1 and mitochondrial
dynamics, cellular signalling events involving MTORCL regulation and mitochondrial

dynamics during nutrient starvation remain unclear.

In addition to MTORCL1, the current model of starvation-induced mitochondrial fusion
also features involvement of PKA, but how these 2 kinase pathways may coordinate
this process is not clear. For example, mitochondrial fusion during amino acid
starvation was accompanied by PKA phosphorylation of Drpl at S637 (to block Drpl
fission activity) (Gomes et al., 2011a, Rambold et al., 2011). It was proposed that
during amino acid starvation, cCAMP accumulates leading to PKA activation, but the
mechanisms driving cAMP generation is not known. Interestingly, other studies
showed that the addition of essential amino acids and glutamine into cell culture

media did not induce mitochondrial fusion, but still led to the synthesis of cAMP
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(Gomes et al.,, 2011b). This suggests that cAMP generation and amino acid
starvation-induced fusion can be independent responses. Hypothetically, it is possible
that mitochondria directly sense the presence of these essential amino acids and
glutamine, hence inhibiting mitochondrial fusion. Is mitochondrial fusion in response
to full amino starvation due to lack of specific amino acids? These questions are

addressed in part by the experiments in this Ph.D. thesis project.
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1.5 Aims and objective

There is a wide range of evidence indicating that quality of mitochondria within a cell
affects cellular function. Mechanistic and clinical evidence has shown that
mitochondria are deregulated in ageing, cancer and metabolic diseases. Therefore,
maintaining the quality of mitochondria can be a beneficial strategy, as it could prevent
the development of age-related disorders, reduce deleterious effects of ROS and
ensure cellular metabolic fitness. Understanding how autophagy and mitochondrial
dynamics directly control the fithess of mitochondria is therefore critical. The study of
these processes can lead to the discovery of new drug targets that could be exploited
to enhance mitochondrial fitness and treat diseases where mitochondria are

dysfunctional.

Therefore, the overall objective of this PhD thesis project was to study the amino acid
sensing signalling pathway that regulates mitochondrial dynamics during starvation

stress and the effects of mitochondrial remodelling on cellular metabolism.
The overall aims are:

1. To study mitochondrial remodelling during nutrient availability and to
investigate whether mitochondria respond to specific amino acids during
starvation conditions.

2. To identify the main signalling pathway connecting nutrient availability to
mitochondrial remodelling.

3. To explore the metabolic changes occurring during nutrient starvation and

how these metabolic changes are affected by mitochondrial remodelling.
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Chapter 2
Materials and Methods
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2.0 Materials and Methods

2.1 Cells and Cell culture

Mouse breast cancer cells (4T1) and human cervical cancer cells (HeLa) were
obtained from American Type Culture Collection (ATCC). Human osteosarcoma cells
(U20S) were obtained from the Cancer Research UK London Research Institute
Central cell bank. Human embryonic kidney cells (HEK-293FT and HEK-293A) were
obtained from Invitrogen Life Technologies. Wildtype MEF and Ulk1/2 DKO MEF
were generated by Edmond Chan (McAlpine et al., 2013). Paired wildtype MEF and
Atg5 KO MEF were provided by Noboru Mizushima (Kuma et al.,, 2004). The
generation of Ulkl-retrovirally reconstituted DKO cells were generated by Edmond
Chan and was previously reported in (Nwadike et al., 2018). AMPK a1/a2 DKO MEF
were provided by Benoit Viollet and have been described previously in (Laderoute et
al., 2006). Immortalized kidney cells from mice homozygous for a conditionally
targeted Fumarate hydratase (Fh1) allele which contains LoxP sites flanking exons 3
and 4 expressing Fhl (Fh1 fl/fl) and Fh1 KO clones isolated from Fh1 fl/fl cells infected
with recombinant adenovirus expressing Cre recombinase were provided by
Christian Frezza and Eyal Gottlieb (Zheng et al.,, 2015). FIP200 KO MEF were
provided by Guan Jun-Lin (Gan et al., 2006). The Mfn1 KO, Mfn2 KO, Mfn1/2 DKO,
Opal KO MEF and their pairing wildtype MEF were generated previously from (Chen
et al., 2003a, Koshiba et al., 2004, Song et al., 2007) but were provided by Luca
Scorrano. The CRISPR Atgl3 and CRISPR Ulkl targeted 4T1 cell clones were
generated in-house by Dr L. Gallagher (unpublished data, Chan laboratory). The
Translocator Protein 18 kDa (TSPO) CRISPR and wild type ARPE19 cells were a gift
from Dr Xinhua Shu (Biswas et al., 2017).

All cell types were maintained in regular culture medium DMEM (Lonza, Bel2-614F)
supplemented with 10% fetal bovine serum South American origin, sterile filtered
(Labtech, 40811), 4mM L-glutamine (Lonza; Bel7-605E) and 1% (100 units/mL)
(penicillin-streptomycin) (Lonza, DE17602E) at 37°C with 5% CO, in standard cell
culture coated plates bought from Griener. Cells were continuously maintained and
kept healthy by subculturing at least twice a week by using a standard operating
procedure of pre-wash with phosphate buffered saline (PBS; BE17-605E) and cell
dissociation using Trypsin/EDTA (Lonza, BE17-161E). For experiments, cells were
counted and diluted to attain a concentration of either 0.1 X 108 cells/ml or 0.05 X 10°
cells/ml for 4T1 cells, or 0.075 X 10° cells/ml for U20S and MEF. Cells at these

concentrations were plated for experiments in 24 well plates (0.5ml), 12 well plates
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(1.0ml), 6 well plates (2.0ml), 6 cm dishes (5ml) or 10 cm dishes (10 ml). Cells for
experiments were plated in DMEM (Lonza; BE12-614F) on either, plastic well plates,
glass coverslips or fibronectin (Sigma, #F1141) coated glass coverslips (typically 16

to 18 hours prior to treatments and starvation conditions on the following day).

2.2 SU9-GFP and GFP-OMP25 expression in cells

The stable expression of subunit 9 of mitochondrial ATPase- green fluorescent protein
(SU9-GFP) and GFP-mitochondrial outer membrane protein 25 (GFP-OMP25) in
target cells was achieved by using retroviral vector expression systems. SU9-GFP
and GFP-OMP25 plasmids were sourced from Addgene and their maps are published
on Addgene website as (Plasmid #23214) and (Plasmid #38249) respectively.
Retroviruses were made by transfecting plasmids constructs MXIP-SU9-GFP or
MXIP-GFP-OMP25 (Yoshii et al., 2011) and pseudo-retrovirus packaging plasmids;
pMDLG polymerase + pMD-VSV-G (Kind gifts from F. Randow, MRC Laboratory of
Molecular Biology (LMB), Cambridge, UK) into HEK-293FT packaging cells using
standard Calcium phosphate transfection. To achieve this, the packaging plasmids
and GFP-plasmid were added into a 1.5ml microcentrifuge tube containing 0.4M
CacCl, in a final volume of 350ul with distilled water. This was mixed in another tube
containing 350ul of 2X HBS (Hepes buffered saline) (280mM NaCl, 1.5mM Na;HPO,
and 50mM HEPES pH 7.0). The mix was incubated at room temperature for 30 mins
and subsequently added slowly to HEK293FT cells cultured in a 6cm tissue culture
dish (in 4ml normal DMEM growth medium), followed by incubation for 4hours at 37°C,
5% CO2. The mix was then replaced with 5ml fresh regular media and cells were
further incubated for 48hours. Retroviruses were harvested by adding polybrene
(2pg/ml) and then passing through a syringeffilter of 0.22um. Virus stocks were used
fresh or stored at -80. Target cells plated in 6¢cm dishes were transduced with 1ml of
the packaged virus (for 1hr) followed by the addition of 3ml regular media with further
incubation for 48hr. Retrovirally transduced cells were selected in 2ug/ml puromycin

for 72-hours (Sigma, P9620) followed by confirmation via fluorescence microscopy.

2.3 The stable knockdown of Drpl/Dnm1l

Bacteria cultures of mouse Dnm1l pLKO lentiviral ShRNA constructs (Table 2.1) were
obtained from Dharmacon, Open Biosystems. The plasmids were amplified in LB-
Amp broth (200ml) by following standard microbiological operating procedure and
subsequently purified using a Qiagen Plasmid Maxi Kit (Qiagen, 12163). Pelleted

bacteria were dissolved in Qiagen buffers and centrifuged (3279 x g for 15 minutes at
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4°C). Supernatants were passed through a glass wool and allowed to drip through the
plasmid binding column by gravity. Plasmids were collected on the column, washed
and eluted. The eluted DNA was precipitated with 2-propanol and resuspended and
washed twice with 70% ethanol and 95% ethanol by centrifugation (13672 x g for 1
minute). Pelleted DNA was air-dried overnight and resuspended in Tris-EDTA (TE)
buffer. Plasmid DNA quantification were done using Thermo Scientific NanoDrop

2000c instrumentation.

Table 2.1: Sequences of Drpl/Dnm1l shRNA

pLKO shRNA Dnmll plasmids Sequence
RMM3981-201744182 - GCCAACTGGATATTAACAATA
TRCNO0000012604

RMM3981-201744183 - GCTTCAGATCAGAGAACTTAT
TRCNO0000012605

RMM3981-201744184 - CGGTGGTGCTAGGATTTGTTA
TRCNO0000012606

RMM3981-201744185 - CCTGCTTTATTTGTGCCTGAA
TRCNO0000012607

Lentiviruses were made by transfecting pLKO shRNA plasmids and Lentivirus
packaging plasmids into HEK293FT cells using Lipofectamine 2000 (Life
Technologies) and standard protocols. To achieve this, the transfection pre-mix was
made up by adding 6.4ul of Lipofectamine 2000 to 320ul of OptiMEM (Life
Technologies) into a 1.5ml microcentrifuge tube and left to incubate for five minutes
at room temperature. This was added into another tube containing 400ul of optiMEM,
1pg of pLKO shRNA plasmids, 0.5ug of psPAX2 (Addgene 12260) and 0.25ug pCMV-
VSVG. The mix was incubated at room temperature for 20 minutes to package
plasmid into lipid vesicles. The plasmid/Lipofectamine mix was further diluted with
optiMEM and added onto HEK293FT cells. After incubation for 4 hours at 37°C, 5%
CO. the transfection mix was replaced with 5ml regular media. The cells were further
incubated for 48 hours at 37°C, 5% CO.. Lentiviruses were harvested and transduced

into target cells as described for retrovirus systems above.
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2.4 Amino acid and glucose starvation

Cells were starved of all amino acids by replacing regular DMEM culture medium
(containing 4.5¢g/l glucose, amino acid and vitamins as stated in Lonza DMEM, Bel2-
614F formulation) with PBS (0.5ml for 24 well plates and 1ml 12 well plates) to rinse
the cells. Subsequently, PBS was aspirated with vaccum aspirator to ensure no
residual PBS or culture medium, and then replaced with Earle Balanced Salt Solution
(EBSS) (Sigma; E2888) containing 1g/l glucose but no amino acid. Where indicated,
4mM glutamine (Lonza, Bel7-605E), 0.48mM arginine (Sigma; A8094), 0.78mM
isoleucine (Sigma, 12752), 0.78mM leucine (Sigma; L8912), 0.78mM valine (Sigma;
V0500) or 0.8mM lysine (Sigma L5501) were added back into EBSS for specific amino
acid addback/starvation. Amino acid stocks (except glutamine) were made from
powder in distilled water and sterile-filtered (Millex GP, SLGPO33RS).

All amino acid addback starvation experiments were done in the presence of 10%
dialyzed fetal bovine serum (Sigma; F0392) except where indicated for serum-starved
cells with no added serum. For glucose starvation, glucose-free DMEM media
containing 4mM L-glutamine with no sodium pyruvate (Gibco, #11966-025) was used.
For amino acid and glucose double starvation, we used PBS (containing Ca/Mg)
(Lonza; BE17-513F) lacking sodium pyruvate but supplemented with phenol red and
0.22% sodium bicarbonate (Sigma; S8761). As a pairing media control, PBS with 1g/I
glucose and sodium pyruvate (Lonza 04-479Q, containing Ca/Mg) supplemented with
phenol red and 0.22% sodium bicarbonate was also used as amino acid starvation
media where indicated. For starvation media with drug treatments, we used starvation
media as above in the presence or absence of the following drugs; Ulk1 inhibitor
MRT68921 (Petherick et al.,, 2015), MTOR inhibitor Torinl (TOCRIS, 4247) and
cycloheximide (Sigma, C7698).

2.5 Western blot analysis

Lysates were harvested by cell scraping (on ice) into 30ul lysis buffer (per well of 12
well dish) (TNTE buffer or TNTE-FB buffer). The TNTE buffer consist of (150mM
NaCl, 20mM Tris pH7.5, 5mM EDTA, 0.3% TX100), supplemented with EDTA free
protease inhibitor cocktail (Roche Diagnostics, #5892791001). 10mM sodium fluoride
(NAF) and 40mM Beta-glycerol phosphate phosphatase inhibitors were added to
TNTE to make TNTE-FB lysis buffer. Cell lysates were processed after scraping by
centrifugation at (15294 x g, 5mins at 4°C). The protein sample was mixed with 1.5x
concentrated Laemmli sample buffer (94mM Tris pH 6.8, 30% glycerol, 3% SDS,

supplemented with 5% pB-mercaptoethanol (Sigma, M318)) in a ratio of 1 volume
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(1.5xLSB) : 2 volume (protein sample). The protein sample was heated at 95°C for 5

mins and then centrifuged for 13672 x g for 1min.

The heated sample was loaded on hand poured 1.5mm Bis-Tris gels made up of 10%
acrylamide lower stack (separating gel) with 0.33M Bis-Tris (Sigma, #B9754) and 5%
acrylamide upper stack (with 0.33M Bistris) from (30% (w/v) Acrylamide stock
[National Diagnostics, EC-890]). Hand poured gels were polymerized by addition of
10% ammonium Persulphate (APS) (Sigma, #T9281) + tetramethylethylenediamine
(TEMED) (45pl APS + 15l TEMED into 9ml lower gel mix and 60pl + APS 20pl
TEMED into 6ml upper gel mix).

Pre-stained molecular weight maker (Sigma #SDS7B2) (26kDa to 180kDa) was used
as a standard weight guide (Table 2.2).

Table 2.2 Sigma molecular weight marker proteins

Pre-stained protein Weight (Da)
a2—macroglobulin from human blood plasma 180,000
B-galactosidase from E.coli 116,000
Lactoferrin from human milk 90,000

Pyruvate kinase from rabbit muscle 58,000

Fumarase from porcine heart 48,500

Lactic dehydrogenase from rabbit muscle 36,500
Triosephosphate isomerase from rabbit muscle 26,600

Gels were typically run for 1-hour at 150V using MES-SDS running buffer (NOVEX
life technologies, #NP0002) and then transferred to Immobilon-FL PVDF membrane
(Millipore, U.K) with Towbin transfer buffer (250mM Tris, 2mM Glycine, 20% (v/v)
methanol) using a submerged wet-transfer apparatus (Idea Scientific Company,
Minneapolis U.S.A). The transfers were performed for 35 minutes at 20V and
membranes were stained with Ponceau S solution (Sigma, #170729) to confirm the

efficiency of transfer.

After membranes were trimmed and excised, membranes were blocked in 5% (w/v)
skimmed milk powder in TBS (150mM NacCl, 25mM Tris-base pH 7.4). After blocking,
membranes were washed in TBS 3x (1minute each wash). The membranes were
probed for corresponding proteins overnight for primary antibody (Table 2.3)
incubation (RT, Dark) and lhour secondary incubation with interval washes with
0.05% Tween-20/TBS (TTBS). Images were analyzed and acquired by Licor Odyssey

infrared imager (Image studio v2.0).
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Table 2.3 List of antibodies used for western blot showing dilution factors and

final concentration (where available)

Protein Weight (kDa) Primary antibody Secondary antibody
Actin 48 Monoclonal anti-actin Alexa fluor 680 goat anti-
mouse, 0.25ug/ml (BD mouse IgG. Final conc. :
Bioscience: #612657) 0.4pg/ml (Thermo
scientific, #A21057)
pS6 (S240/244) 32 Polyclonal rabbit (Cell Dylight 800 conjugated
signaling, #2215) (1:1000) goat anti rabbit igG
(Thermo scientific)
(1:4000)
Total S6 32 Monoclonal mouse Alexa fluor 680 goat anti-
antibody (Cell signaling, mouse IgG. Final conc. :
2317) (1:1000) 0.4pg/ml (Thermo
scientific, #A21057)
Phospho-Ulkl 757 120 Polyclonal rabbit (Cell Dylight 800 conjugated
signaling, #6888) (1:1000) goat anti-rabbit 1gG
(Thermo scientific)
Ulk1 120 monoclonal rabbit (Cell Dylight 800 conjugated
signaling, 8054) goat anti-rabbit 1IgG
(2:1000) (Thermo scientific)
Atg13 72 monoclonal Rabbit D4P1K Dylight 800 conjugated
(Cell signaling, #13273) goat anti-rabbit 1gG,
(1:1000) (Thermo scientific)
Mfn2 monoclonal Rabbit D2D10 Dylight 800 conjugated
(Cell signaling, #9482) goat anti-rabbit I1gG,
(2:1000) (Thermo scientific)
Opal 80 - 100 Mouse IgG1 (BD Alexa fluor 680 goat anti-
transduction, #612606) mouse IgG. Final conc. :
(2:1000) 0.4pg/ml (Thermo
scientific, #A21057)
Phospho-Drpl S637 (1) 78 - 82 Polyclonal rabbit (Cell Dylight 800 conjugated
signaling, #4867) (1:1000) goat anti rabbit IgG
(Thermo scientific)
Phospho-Drpl S637 (2) 78 - 82 monoclonal rabbit (Cell Dylight 800 conjugated
signaling, #6319) (1:1000) goat anti rabbit IgG
(Thermo scientific)
Phospho-Drpl S616 78 - 82 monoclonal rabbit (Cell Dylight 800 conjugated
signaling, #4494) (1:1000) goat anti-rabbit 1I9G
(Thermo scientific)
Drpl 78 - 82 monoclonal Mouse (BD Alexa fluor 680 goat anti-

Bioscience, #611113)
(1:1000)

mouse IgG. Final conc. :
0.4pg/ml (Thermo
scientific, #A21057)

Phospho-PKA
substrates (RRXS*/T*)

monoclonal Rabbit 100G7E
(Cell-signaling, #9624)
(1:2000)

Dylight 800 conjugated
goat anti-rabbit 1gG,
(Thermo scientific)
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Phospho-CREB S133 43 monoclonal Rabbit (Cell- Dylight 800 conjugated
signaling, #9198) (1:1000) goat anti rabbit igG,

(Thermo scientific)

CREB 43 monoclonal Mouse (Cell- Alexa fluor 680 goat anti-
signaling, #9104) (1:1000) mouse IgG. Final conc. :
0.4pg/ml (Thermo
scientific, #A21057)

Fumarase 49 monoclonal Rabbit D9C5 Dylight 800 conjugated
(Cell signaling, #4567) goat anti-rabbit 1gG,
(2:1000) (Thermo scientific)

2.6 Microscopy

2.6.1 Fixing and staining cells seeded on coverslips

Cells were seeded on to fibronectin-coated (for 4T1 cells) or uncoated (all other cell
types) glass coverslips in 24-well tissue culture plates. After stress/starvation
treatments, cells were rinsed with PBS once and then fixed with 3.2%
paraformaldehyde/PBS (Agar Scientific, #R1026) for 15 minutes. The coverslips were
washed twice with PBS followed by permeabilisation with 0.2% TritonX100 (Sigma
#T-9284) for 5 minutes and then rinsed with PBS twice. Methanol was used for
permeabilisation for 5 minutes specifically for LC3B staining. Blocking of fixed cells
was achieved with incubation in 0.2% (v/v) porcine gelatin/PBS solution (Sigma,
#G6144) for 20 minutes. Coverslips were incubated for 20 minutes on parafilm onto
drops of primary or secondary antibodies (Table 2.4) diluted in gelatin/PBS. After
antibody incubation, coverslips were washed with 3-times PBS incubation. Coverslips
were rinsed in PBS 3x and finally mounted on 8ul 4mM Mowiol (Sigma #81381) on

glass slides.
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Table 2.4 List of antibodies used for immunofluorescence showing dilution
factors and final concentration (where available)

Protein Primary antibody Secondary antibody

p62/SQSTM1 Polyclonal guinea pig Alexa 555 anti guinea pig
(PROGEN, #GP62-C) (Invitogen, #A21435)
(1:500)

LC3B Polyclonal rabbit (Cell Alexa 555 anti-rabbit,
signaling, #2775) (1/200) (Invitrogen, #1037302)

TOM20 Rabbit polyclonal (Santa cruz,  Anti-rabbit Alexa Fluor-555
FI-145) (1:400) (0.5ug/ml) (Invitrogen, 1037302) (1:400)

(5pg/ml).
Drpl monoclonal Mouse (BD Alexa 555 anti-mouse,

Bioscience, #611113) (1:400)  (Invitrogen, A21422)

2.6.2 Epifluorescence microscopy

Mitochondria were visualized by epifluorescence upright microscopy (Nikon Eclipse)
E600 using a 60X 1.40 NA objective using MetaMorph software (MDS Analytical
Technologies) or WinFluor software (Strathclyde University). 5 — 10 images of
different fields were acquired at random from each coverslip. The mitochondrial length
was quantified as pixels in at least 50 cells per treatment in epifluorescence
microscopy-generated images as detailed below.

Live cell imaging was achieved by epifluorescence inverted microscopy (Nikon
Eclipse TE300) coupled with Solent Scientific Incubator and LAMBDA Sc smart
shutter controller (Sutter Instrument). Cells were plated on glass-bottom coverslip
embedded 35mm plates (Invitro Scientific) overnight in an incubator 5% CO, 37°C.
The growth medium was replaced with PBS/glucose supplemented with 10% dFBS,
50mM HEPES, 4mM glutamine, 0.78mM leucine, 0.48mM arginine as addback/amino
acid starvation media. Microscope environmental chamber temperature was
maintained at 37°C. Time-lapse Images were acquired with a 63 x 1.40 NA oil
immersion lens at one image per minute for one hour by using the Metamorph

software.
2.6.3 Confocal microscopy

Micrograph images were acquired using confocal microscopy (Leica, SP5) equipped
with a HCX PL APO CS-63x objective- 1.40 NA and HyD detector system. Sequential

excitation was provided by Argon (480nm wavelength) and Helium-Neon (HeNe)
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(543nm wavelength) gas lasers. The following settings were used; scanspeed
(200Hz), line average (4), frame average (1) and lasers: Dapi (PMT1), YFP (HYD),
Alexa 555 (HYD). Images were processed using Leica application suites (Advanced
fluorescence Lite, version 2.6.0) and exported as TIFF. 3 — 5 images were acquired
per coverslip and mitochondrial length was quantified in at least 40 cells per treatment
(as detailed below). Images were adjusted for brightness/contrast as required using

ImageJ software (Rueden et al., 2017).
2.6.4 Transmission electron microscopy

Transmission electron microscopy (TEM) images of mitochondria were acquired in
collaboration with Professor Eeva-Liisa Eskelinen, University of Helsinki, Finland. 4T1
cells treated with amino acid starvation media as stated above were fixed in 2%
glutaraldehyde (diluted from 25% stock Sigma G5882) in 0.2 M Hepes pH 7.5 (diluted
from 1M stock Invitrogen Life Sci/ Gibco 15630-049) for 2 hours at room temperature
and stored in 0.2 M Hepes without fixative at 4°C. Sample coverslips were delivered
to collaborator stored in 0.2 M Hepes on cool wet ice packs. Image acquisition were
done as previously described in (Anwar et al., 2019). Images were acquired using a
JEM-1400 (Jeol, Tokyo, Japan) transmission electron microscope (primary
magnification of 5000X). At least two images at different scales (1um and 500nm) per
region were acquired and between 10 and 18 mitochondrial regions were acquired

per treatment group.

2.6.5 Mitochondrial and autophagy quantification

Mitochondrial length was quantified in images opened using Image-J software
(Rueden et al., 2017). For measurements, free-hand line was traced on mitochondria.
Each line was measured by using the analyse/measure function of Image-J. This
generated values directly related to the longest estimated mitochondria length. In
each cell, ten mitochondrial lengths were quantified and then averaged to calculate a
mean mitochondrial length per cell. The number of cells quantified per experiment is
stated in each figure legend (typically 40 - 50, per coverslip sample). Experiments
were repeated to typically represent 3 - 4 coverslips representing at minimum 2
independent days. Each treatment group in all mitochondrial length graphs were
indicated for their mean +SEM. Quatified mitochondria were chosen by random
among mitochondria distributed within the cytosol. Collapsed mitochondria that could
not be classified as a distinct structure or shape were avoided (e.g collapsed

mitochondria close to the nucleus). To limit bias, some experiments were blinded
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before quantification or observed blinded by another member of the Lab to
corroborate results. Notable, QLR-hyperfusion response were blindly-confirmed on
multiple occasisons and representative of results in Figure 3.5 and Figure 4.13 were
quantified blinded.

To measure Drpl colocalization with mitochondria, colocalization score was
generated by using Image-J as follows. Images were converted to 8 bit formats and
split into two channels. By using the colocalization plugin, the colocalization was
highlighted and the colocalisation channel was split to identify colocalization alone.
The threshold was adjusted to filter out background noise signal, and the threshold
values of the first quantified image was noted and used in the quantification of
subsequent images to ensure threshold were kept the same. The number of white
pixels (indicating colocalization) was counted using analyze particle tab and
normalized to the total mitochondrial area in each image multiplied by 100 to calculate
the percentage of colocalization. Mitochondrial area was measure using Mitochondrial
Network Analysis (MiNA) image-J plugin.

LC3B and p62 puncta were counted manually on the microscope and representative
images were acquired. Mean puncta and standard error of mean (SEM) were

generated and graphed on Prism.

2.7 Polymerase chain reaction (PCR) quantification of
MRNA

Wildtype MEF, Mfn1, Mfn2 and Mfn1/2 knock out MEF in 6 well plates were lysed
and total RNA was extracted using 350ul RNA lysis buffer + 1% B-mercaptoethanol
(RLY) following standard operating procedures of Isolate Il RNA kit (Bioline). The
procedure involved filtering the lysate at 11,000 x g and conditions were adjusted with
70% ethanol. RNA was collected on silica membrane followed by desalting and
digestion of DNA with DNase. The silica membrane was washed, dried and total RNA
was eluted with RNase-free water. The nucleic acid concentration was determined by

using the nano-spectrophotometer (Thermo Scientific NanoDrop 2000c).

First strand cDNA was synthesized from 1ug of total RNA by using 0.4 pg oligo-dT
primer according to standard protocols. The first annealing reaction in a final volume
of 12ul with water was heated in the PCR cycler for 70°C/5mins. For the second step,
cDNA extension reaction, 8ul reaction mix containing 0.5pul M-MuLV reverse
transcriptase (New England Biolabs #M0253S) was added to make a final volume of

20pul and further incubated at 42°C/1-hour. This reaction mix contained, 2ul of 10X
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PCR buffer (New England Biolabs #B90142) and 2.5mM dNTPs (dATP, dCTP, dGTP
and dTTP) (Promega #U1511). In the final enzyme deactivation step, volume was

made up to 100ul with water and heated at 70°C/5mins.

For semi-quantitative PCR of Mfn1 and -actin, the following primers (Table 2.5) were
used. Primers were designed on RefSeq (Ye et al., 2012) and ordered from Life
technologies Invitrogen. The PCR reaction mixes contained 200nM (each) forward
and reverse primers, 5ul of cDNA (from 100ul reactions prepared above from equal
amounts of total RNA), 2.5mM of dNTPs (Promega #U1511), 5ul of 10X buffer (New
England Biolabs) and 0.25ul Taq DNA polymerase (New England Biolabs #M0273S)
to make a volume of 50pl. The PCR program was denaturation step at 94°C/2 mins,
denaturation at 94°C/30 seconds (40X), annealing at 55°C/30 seconds and extension
at 68°C/1 min (Calculated at 1min/kb).

Table 2.5 List of PCR primers

Primer Forward sequence Reverse sequence

Name

Mfnl GAAAGCTGGCTGTCTTGTGC GTTTTCCAAATCACGCCCCC

Mfn1l GTTGTTGGGGGCGTGATTTG TCAAAGCTTCCAGTGGGGAC

Mfnl TGGTCACACAACCAACTGCT CTAGGGACCTGAAAGAtgGGC

B-actin GCCTTC CTT CTT GGGTAT GCACTGTGTTGGCAT GAGG
GG

The 100ul PCR product was purified and eluted with 30ul Milli-Q nuclease-free water
using standard QiaQUICK microcentrifuge spin columns kit (Qiagen). To visualize the
DNA sample, equivalent fractions of sample was mixed with 6X loading dye (0.5M
EDTA pH 8, 1M Tris pH 7.5, 100% (v/v) glycerol, bromophenol, xylene cyanol). The
PCR products were separated on 1% (w/v) agarose gels using 1X TAE (40mM Tris-
Acetate and 1mM EDTA) stained with SYBR safe (Invitrogen #1942037). The DNA
bands were visualized using a UV transilluminator (GeneFlash, Syngene) equipped
with a PULNIX TM-300 CCD camera as a means to estimate levels of Mfn1 mRNA in
original cell samples. The molecular sizes were estimated by using the 2-log DNA
ladder (New England Biolabs, #3200S) as a reference.

2.8 Metabolomics
2.8.1 Sample preparation

For metabolite analysis experiments, 960000 cells were seeded in 100mm x 20mm
(10ml) tissue culture dishes (Greiner) 16 hours before the experiment. After

treatments, cells were placed on ice and the media aspirated and replaced with pre-
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cooled PBS. The PBS was aspirated and replaced with 1ml pre-cooled 80/20% HPLC-
grade (methanol/water) and cells were scraped and transferred to 1.5ml
microcentrifuge tubes. The cell lysates were rocked for 5 minutes in the cold room
and then centrifuged (15294 x g, 5mins at 4°C). 900ul of the supernatant was
transferred into glass, screw top, autosampler vials (Fisher Scientific #12765058).
Also, 100ul from each sample was pooled together to generate an internal control
samples to allow confirmation of ho mass spectrometer instrument drift. Extracted

metabolites were stored at -80 °C until analysis.
2.8.2 Data processing

The extracted metabolites were analysed on a Thermo Scientific Orbitrap Exactive
liquid chromatography/mass spectrometer (LC/MS/MS) at Strathclyde Institute of
Pharmacy and Biomedical Sciences in collaboration with Dr David Watson, Dr Naser
Al-Tannak and Mohammad Al-Rofaidi. pHILIC column was used with a gradient
mobile phase solvents system consisting of 20mM ammonium carbonate in water at
pH 9.2 (A) and acetonitrile (B) with flow rate of 300ul/min (Watson et al., 2013). For
downstream data processing, the LC/MS raw data files were separated into positive
or negative ionisation mode signals (negmzxmilfiles and posmzxmlifiles) using a
windows command batch script written in-house to customise the msconvert tool from
ProteoWizard (Chambers et al., 2012).

Next, the negative data was imported first into MZmine 2.10 program for data
processing followed by the positive data using the parameters below (Table 2.6) and
peak lists were generated. For the identification of metabolites, the generated peak
list (negative and positive) were screened via an Excel macro library database
containing metabolites mass data from the human metabolome, Kyoto Encyclopedia
of Genes and Genomes (KEGG), Lipidmaps, MetaCycand and Metlin databases
(Creek et al., 2012). Peak quality and retention time was also crosschecked with

standards run on pHILIC column.
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Table 2.6: MZmine parameters used for data processing

Step

Parameters

PEAK and mass detection

Noise level: 1000

Chromatogram building

0.3 min, minimum height of 104, m/z, tolerance

range from 0.001 to 10 ppm

For chromatogram

deconvolution

Algorithm: local minimum search
chromatographic threshold of 1%, search
minimum in RT range of 0.3 min, a minimum
relative height of 5%, a minimum absolute
height of 104, minimum ratio of peak and top
edge of 5 and peak duration range from 0.1 to

10 min

Isotope detection

m/z tolerance from 0.001 to 5 ppm, relative
retention time tolerance of 5%, a maximum
charge equal to 1, and the most intensive

isotope was selected

Alignment

Aligned using join aligner m/z tolerance: 0.001
— 10 ppm

weight for m/z: 15, retention time tolerance: 5%
relative

Weight for RT (15)

Filtering

Minimum peaks in a row: 1, Minimum peak in an
isotope pattern = 0, M/Z=auto range, retention
time: Autorange min = 2, max = 30, peak
duration (0.00 — 3.00). For duplicating peak filler
m/z tolerance = 0.001m/z or 5.0ppm, RT

tolerance = 0.3 absolute min

Gap filling

m/z tolerance 0.001m/z or 5.0ppm

Peak identification

lonization (M-H)- for negative value (M+H)+ for
pos value. Retention tolerance = 0.3, 0.001
(m/z) or 5.0ppm, max complex peak height
50.0%.

Data exportation

Positive and negative peak lists were exported
as CSV showing the export row ID, M/Z,
retention time, name, peak area, Export Identify
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Element and Peak status.

2.8.3 Metabolomics data analysis

Data analysis on the metabolite levels were done on the MetaboAnalyst-4.0 online
resource (Chong et al., 2018). The peak intensities of each metabolite were uploaded
to metaboAnalyst (without data normalization). Metaboanalyst was used to generate
the principal component analysis (PCA) which showed the unsupervised multivariate
analysis of the variance of data by scoring the data and estimating the separation

between the groups within a set of data.

Metaboanalyst also generated the partial least square discriminant analysis (PLS-DA)
as a supervised data analysis by using linear regression to optimise the separation
found in the PCA. The PLS-DA calculated the Q squared and R squared ratio as a
means to measure the quality of the data. For example, when R?/Q? is greater than

0.7, the data is categorized as sufficiently robust.

Pathway enrichment analysis was done on MetaboAnalyst to estimate the biological
significance of changes in a set of metabolites in the biological setting by comparing
how enriched the metabolites are (based on the number of hits they return) when
cross-analysed with a database of metabolic pathways listed in KEGG (Kanehisa et
al., 2018). Hypergeometric test was selected for overrepresentation analysis.
Metabolites selected for upload into the enrichment analysis were first filtered to be
significant at p<0.05 based on t-test analysis between two groups (as indicated in the

figure legends).

Pathway analysis was performed on MetaboAnalyst to enhance the metabolite set
enrichment analysis using relative-betweeness centrality. This analysis used an
algorithm to measure centrality and connectivity between metabolites relative to
biological pathway libraries in the small molecule pathway database (SMPDB) (Frolkis
et al., 2010). This analysis ranked the pathways by impact based on the centrality of
metabolites. Pathway impact analysis uses the log fold change of metabolites, the
statistical significance of the pathways and the topology of the signalling pathway.
Overall, high—log P/impact values correlate with increased significance of alterations

(bigger graphical circles signify more metabolites involved in the data set statistically).

After the integrative set of analyses outlined above which identified pathways that are
altered between two treatment groups, further data mining was done in Microsoft

Excel to identify specific changes in metabolites of interest such as the metabolites of
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the Kreb cycle, nucleotide synthesis and energy synthesis. This was achieved by
filtering metabolites based on their pathways as indicated in the Excel macro library
database (Creek et al., 2012).

Graphs of peak intensities were plotted using GraphPad Prism-4 (GraphPad
Software, La Jolla California USA) and heatmaps were generated to show significant
changes in metabolite peak intensities by using online resource Heatmapper (Babicki
et al., 2016).

2.9 Statistical analysis

Statistical analysis was performed with either unpaired t-test or 1-way ANOVA with
Bonferroni post-test using GraphPad Prism-4. For mitochondrial length analysis, one
way ANOVA with Bonferroni post-test was typically done. Altered metabolites were
highlighted between two groups for example (glutamine, leucine and arginine
addback into amino acid starvation media versus full amino acid starvation cells).
Therefore unpaired t-test was used to analyse metabolomics experiments based on
existing statistical protocol in Dave Watson lab (Alamri et al., 2019, Alonezi et al.,
2017). Significance was denoted as P<0.05, ** P<0.01, *** P<0.001.
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Chapter 3

Mitochondrial response to changes in nutrient

and amino acid pools
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3.1 Introduction

Mitochondrial fusion occurs in response to different cellular processes such as ER
stress, increased OXPHOS, nutrient-dependent stress and autophagy. Mitochondrial
hyperfusion occurs as a physiological response to stress (Tondera et al., 2009,
Lebeau et al., 2018). This unique stress-induced mitochondrial hyperfusion (SIMH) is
activated during ER-stress, and the mechanism linking ER-stress to fusion and fission
initiators has been studied. It has been shown that during ER-stress, the protein
kinase RNA-like ER kinase (PERK) arm of unfolded protein response (UPR) is
activated (Rainbolt et al., 2014, Teske et al., 2011, Lebeau et al., 2018). The activation
of PERK-UPR signalling protects mitochondria from extensive mitochondrial
fragmentation and metabolic collapse by enhancing fusion and mitochondrial
metabolic fitness. This is due to the observation that SIMH requires the mitochondrial
scaffolding protein SLP2 which maintains the stabilization of L-Opal for the induction
of mitochondrial fusion (Tondera et al., 2009, Wai et al., 2016). This is consistent with
the observation that SLP2 knockout MEFs are more sensitive to ER-stress relative to
wildtype MEF as it was shown that SLP knockout MEF have reduced mitochondrial
respiratory chain capacity. The findings from these studies show that mitochondria
have intrinsic mechanisms in response to stress, and these responses can affect

mitochondrial metabolism.

Interestingly, studies have shown that there is a correlation between mitochondrial
metabolism, ATP production and mitochondrial hyperfusion (Rossignol et al., 2004,
Mishra et al., 2014). These studies observed that mitochondria hyperfuse to
accommodate increases in OXPHOS when glutamine is used as a sole substrate for
energy production. While it was shown that the increase in OXPHOS promotes Opal
cleavage by Ymell, leading to inner membrane fusion, it is not totally clear how
bioenergetics and glutamine metabolism regulates mitochondrial hyperfusion (Mishra
et al., 2014). For example, the role of the regulators of outer membrane fusion during
OXPHOS-induced hyperfusion is not yet known.

The essential roles of mitochondria as central hubs for the generation of cellular
energy further highlights the need to understand the link between fusion, metabolism
and energy production. For example, energy in the form of ATP is generated via
transformation of the proton gradient formed from the electron transport chain, and
the overall rate for this process is directly linked to nutrient availability such as glucose
and amino acid (Johnson et al., 2014, Mishra et al., 2014). Glucose is metabolised to

pyruvate by glycolysis in the cytoplasm. Pyruvate is then transported into
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mitochondria and converted to acetyl CoA that then enters the Krebs cycle, where
NADH and FADH substrates are produced to drive OXPHOS. On the other hand,
branched-chain amino acids (BCAAs; leucine, Isoleucine and valine) are converted
into acetyl-CoA or succinyl-CoA, which serve as substrates for the Krebs cycle. In
addition, amino acids such as glutamine and arginine can be metabolized to
glutamate to produce alpha-ketoglutarate, thus providing another channel to feed the
Krebs cycle. However, the conversion of glutamate to alpha-ketoglutarate is
dependent on leucine, which serves as an allosteric activator of glutamate
hydrogenase (GDH) (Carobbio et al., 2009). Since all these metabolites serve as a
precursor of mitochondrial-generated energy, mitochondria may have devised means

to sense the nutrient required for metabolism.

Nutrients are required to fuel energy and it is a metabolic requirement for cell growth
and cell replication. Changes in nutrient availability in many cellular contexts are
rapidly sensed and cells have evolved multiple survival mechanisms to function during
nutrient shortages (Gomes and Scorrano, 2011). The availability of regulatory amino
acids is detected at the lysosome by a number of specific specialized sensor proteins
to regulate the formation of protein complexes for the activation of MTORC1 (Palmieri,
2013, Bar-Peled et al., 2012). MTORC1 activation at the lysosome also interconnects
with nutrient-dependent cellular signalling pathways involving GSK3 and AMPK that
respond to changes in growth factors and glucose levels respectively (Lin et al., 2012).
While cells sense amino acids by activating MTORCL1 to inhibit autophagy, it is not
yet clear whether mitochondria sense the availability of amino acids or overall
nutrients. Although it has been shown that the knockdown or pharmacological
inhibition of MTORC1 leads to mitochondrial fusion, how MTORC1 regulates
mitochondrial fusion and fission initiators is not also clear (Gomes et al., 2011a, Morita
et al., 2017). For example, it is observed that the supplementation of essential amino
acids and glutamine alongside amino acid starvation blocked mitochondrial fusion
(Gomes et al.,, 2011b). Since regulatory amino acids are sufficient to activate
MTORC1, more evidence is therefore needed to fully understand the role of MTORC1
and its amino acid signalling pathway in the regulation of mitochondrial fusion during

amino acid starvation.

Amino acid deprivation leads to the activation of the autophagy process, which has
been shown to be a cellular survival mechanism (Vera-Ramirez et al., 2018).
Interestingly, this catabolic process is accompanied by increased mitochondrial fusion
(Gomes et al., 2011a). The autophagy and fusion processes have been closely linked

due to the observations that mitochondrial fusion prevents mitophagy during amino
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acids starvation-induced autophagy (Rambold et al., 2011a, Gomes et al., 2011a,
Gomes and Scorrano, 2013). However, recent evidence suggests that they are two
independent processes. For example, it has been shown that mitochondrial fusion
occurs in Atg5 knockout MEF that are unable to undergo autophagy (Rambold et al.,
2011). In addition, it is also observed that mitochondrial fusion does not occur in other
stress conditions that stimulate autophagy such as hypoxia and serum starvation
(Bellot et al., 2009, Kim et al., 2011a, Lum et al., 2005). These studies, therefore,
suggest that mitochondrial fusion during amino acid starvation may be a direct

response to amino acid shortages.
Chapter 3 Aims

The aim of this chapter is to characterize the mitochondrial response to nutrient
availability and further understand the roles of amino acids in the regulation of
mitochondrial dynamics. Mitochondrial response to nutrients will be characterized in
U20S, RPEL, HelLa, MEF, and 4T1 cells, encompassing varieties of transformed cells
and non-transformed cell lines that are established cellular models for studying
mitochondrial dynamics (Toyama et al., 2016, MacVicar and Lane, 2014, Darshi et
al., 2011, Mishra et al., 2014, Zhang et al., 2017b). The objectives of this chapter are:

1. Investigate the mitochondrial remodelling responses to glucose, amino
acids and serum starvation.
Establish a robust model for studying mitochondrial remodelling.
Decipher the mitochondrial remodelling response to distinct regulatory
amino acids glutamine, leucine and arginine, since they are the main
activators of MTORCL.

4. Investigate the role of fusion and fission mediators in amino acid-

dependent mitochondrial remodelling.
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3.2 Results

3.2.1 Mitochondrial response to nutrient availability.

It has been suggested that mitochondria respond to nutrient scarcity (to aid survival,
escape apoptosis or enhance mitochondrial function) by undergoing fusion to form an
interconnected network (Rambold et al., 2011, Gomes et al., 2011a). Recent studies
have also suggested that mitochondria increase their overall metabolic activity and
that this was specific to amino acid starvation rather than overall nutrient changes or
energy demand (Johnson et al., 2014). To understand how mitochondria undergo
morphology remodelling, responses to various forms of nutrient starvation were first

examined. For this survey, we used a range of cell types.

We studied mitochondrial remodelling in mouse breast cancer 4T1 cells (Zhang et al.,
2017b), human U20S osteosarcoma cells (Toyama et al., 2016), human retinal
pigment epithelial RPE1 cells (MacVicar and Lane, 2014) and human cervical cancer
HelLa cells (Rossignol et al., 2004). Mitochondrial remodelling was studied in these
cells because they are established models for the study of mitochondrial responses
to nutrient changes (Toyama et al., 2016, MacVicar and Lane, 2014, Darshi et al.,
2011, Mishra et al., 2014, Zhang et al., 2017).

4T1, U20S, RPE1 and HelLa cells were starved of nutrients; glucose or all amino
acids. In addition, we also tested serum starvation, either alone or in combination (i.e.
serum + amino acid starvation, or serum + glucose starvation). After starvation for 4-
hours, cells were fixed and stained for outer mitochondrial membrane protein
translocase of outer membrane-20 (TOM20). Cell images were taken and the

mitochondrial length was measured using an ImageJ based quantification approach.

It was observed that mitochondrial morphologies in untreated 4T1 cells cultured in full
nutrient media were short and generally fragmented (Fig 3.1). A similar observation
was seen in serum-starved cells with mitochondria having a punctate and fragmented
morphology. In contrast, it was observed that mitochondria remodel their shape to a
fused, long and tubular state during amino acid starvation. Similarly, the withdrawal
of both serum and amino acids by using EBSS led to mitochondrial fusion. It was
observed that glucose starvation led to a mild increase in mitochondrial fusion relative
to untreated cells. This mild fusion effect was inhibited upon serum and glucose

double starvation cues as mitochondria were observed as greatly fragmented.
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Figure 3.1: The effects of nutrient starvation stress on mitochondrial
dynamics. Epi-fluorescence microscope representative images of mouse breast
cancer 4T1 cells starved of different nutrients; None (Full Media), Glucose (-Glu),
Serum (-Ser) and Amino acid (-AA) for 4 hours. Cells were stained for TOM20
outer mitochondrial membrane protein. Scale bars: 17um



To better understand nutrient-dependent fusion and responses across the cell
population, mitochondria sizes were quantified in 150 cells per condition in 4T1,
U20S, RPE1 and HelLa cells

Consistent with imaging shown in Fig 3.1, 4T1 in the basal full nutrient state (plot:
green dots) contained predominantly mitochondria in a small-sized (fragmented)
morphology. Interestingly, quantification detected that serum starvation caused
mitochondria to further shift (not significant) toward smaller sizes (plot: red dots) (Fig
3.2A). Importantly, starvation of amino acids (and serum) (using EBSS) led to high
levels of mitochondrial elongation (plot: blue dots).

In contrast, glucose and serum starvation did not stimulate mitochondrial fusion (Fig
3.2A). Interestingly, similar trends were observed when dialysed fetal bovine serum
was supplemented to allow only amino acid starvation. In fact, re-addition of serum
significantly promoted fusion after amino acid starvation. The supplementation of
dialysed serum to glucose starved cells also led to a mild but significant increase in
mitochondrial length relative to untreated 4T1 cells.

Similar results were observed when the same starvation conditions were tested in
U20S cells (Fig 3.2B). Amino acid starvation led to a robust 5-fold increase in
mitochondrial length relative to the basal full nutrient controls. Glucose starvation did
not stimulate mitochondrial fusion. The presence or absence of dialysed serum did
not have large effect, in comparison with amino acid starvations signals. In RPE1
cells, we also detected similar responses. Amino acid starvation led to at least 3-fold

increase in mitochondrial length relative to controls (Fig 3.2C).

In contrast to the observation that amino acid starvation led to mitochondrial fusion
(by 4-hours) in 4T1, U20S and RPEL1 cells, there was no amino acid-starvation effect
on mitochondrial morphologies at 4-hours in HeLa cells (Data not shown). To
investigate whether HelLa cells required more time to respond to amino acid

starvation, the nutrient starvation time was extended to 24-hours.

Consistent with observations in 4T1, U20S and RPE1 cells (where amino acid
starvation led to mitochondrial fusion at 4-hours), at 24-hours amino acid starvation
(plus or minus dialysed serum) led to mitochondrial fusion in HelLa cells (Fig 3.2D).
Taken together, it was observed that amino acid starvation alone induced a higher
mitochondrial length relative to cells starved of both amino acid and serum-starved
cell. This suggests that serum removal might have an inhibitory role in mitochondrial

fusion. Overall, these findings show that mitochondria respond to amino acid
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starvation specifically, rather than to general nutrient insufficiency, by remodelling

their shape from short, fragmented forms, to long and fused forms.
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Figure 3.2: Mitochondria remodel towards fusion during amino acid
starvation stress. Cells were starved of different nutrients; Glucose (Glu), Serum
(Ser) and Amino acid (AA) in

(A) Mouse breast cancer 4T1 cells for 4h

(B) Human Osteosarcoma bone cancer U20S cells for 4h

(C) Retinal pigmented epithelial RPEL cells for 4h

(D) Cervical cancer Hela cells for 24h.

Each dot represents the mean length of 10 mitochondria within a cell. Each
treatment shows 150 cells quantified from 3 independent experiments. *** indicate
P< 0.001, ns (not significant) analysed with one way ANOVA with Bonferroni post
test.



3.2.2 Mitochondrial remodelling in cells expressing GFP-tagged

mitochondrial constructs.

To study and visualize mitochondria shapes independently of staining mitochondrial
membranes with antibodies, plasmids of GFP-tagged outer mitochondrial protein
OMP25 (GFP-OMP25) or inner mitochondrial ATPase subunit protein SU9 (SU9-
GFP) constructs were expressed in 4T1, U20S and HelLa cells. To confirm
mitochondrial localization of GFP-OMP25 and SU9-GFP, cells were stained with
antibodies against TOM20. We next examined whether expression of GFP-tagged

proteins altered mitochondrial fusion phenotypes following amino acid starvation.

It was observed that the TOM20 signal co-localised with the GFP green signal,
indicating that both GFP-OMP25 and SU9-GFP were correctly localized to
mitochondria (Fig 3.3A). Both 4T1 and HelLa cells expressing either SU9-GFP or
GFP-OMP25 responded to amino starvation by inducing mitochondrial fusion after 4-
hours and 24-hours respectively (Fig 3.3B/C). Following amino acid starvation, 100%
of 4T1 cells expressing SU9-GFP or GFP-OMP25 had fused mitochondria above the
basal length in cells with full nutrients (Fig 3.3B). Similar results were observed in
HelLa cells, where at least 70% of the cells starved of amino acid have fused
mitochondria relative to control cells with short mitochondria (Fig 3.3C). These
findings indicate that cells expressing SU9-GFP or GFP-OMP25 are able to alter
mitochondrial shapes in response to amino acid starvation as previously shown in

wildtype cells.
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Figure 3.3: SU9-GFP and GFP-OMP25 localized to mitochondria.

(A) Representative images of 4T1 cells-stably expressing either SU9-GFP or
GFP-OMP25 in full media, stained with antibody against outer mitochondria
protein TOM20. Bee-swam plot indicating normal mitochondrial fusion in cells
expressing SU9-GFP or GFP-OMP25 during amino acid starvation in (B) 4T1 cells
at 4hrs and (C) HelLa cells at 24h. Starvation media conditions also contained
10% dialysed FBS. Each dot represent the mean length of 10 mitochondria within
a cell. Each treatment shows 150 cells quantified from 3 independent experiment.
*** indicate P< 0.001 analysed with one way ANOVA with Bonferroni post test.
Scale bars: 7.5um



3.2.3 Amino acid-dependent mitochondrial fusion.

Previous studies have shown that cells have multiple mechanisms to sense regulatory
amino acids (glutamine, leucine and arginine) to control lysosome-based MTORC1
signalling (Rebsamen et al., 2015, Chantranupong et al., 2016). Interestingly, as
demonstrated in different cell contexts, any single amino acid of these 3 is sufficient
to activate MTORCL1 signalling (Jewell et al., 2015, Carroll et al., 2016a) but our
laboratory has documented that a greater response is observed in the presence of
addition of all three (Nwadike et al., 2018). It has been suggested that MTORCL1
inhibition has the ability to drive mitochondrial fusion (Gomes et al., 2011a, Morita et
al., 2017). This would be overall consistent with a mechanism where starvation of
glutamine (Q), leucine (L) and arginine (R) would lead to MTORC1 inactivation, and
then downstream mitochondrial fusion. Based on this model, re-supplementation of
Q, L and R should re-activate MTORC1 and then rescue/reverse mitochondrial
fragmentation. To date, there was no reported evidence linking the availability of these
amino acids to both MTORCL1 activity and mitochondrial dynamics. Therefore, firstly,
we investigated whether supplementation of Q, L and R would inhibit mitochondrial

fusion.

We starved 4T1-SU9 GFP cells of either all amino acids (No amino acid) or starved
of amino acid but supplemented with Q, L and R (only Q + L + R present) for 4h. Cells
were fixed and mitochondrial fusion was quantified. Surprisingly, the supplementation
of Q + L+ R to the amino acid starvation medium led to dramatic and extensive
hyperfused mitochondria relative to amino acid-starved cells (Fig 3.4A). Upon
guantification, Q, L and R-supplementation treatment of 4T1-SU9 GFP cells led to
increased mitochondrial length (up to three fold longer relative to cells that were
starved of all amino acids) (Fig 3.4B). In contrast, supplementation with either Q, L or
R (each singly) did not induce any hyperfusion above that observed in cells starved
of all amino acids. This suggests that supplementation of QLR together might
synergistically induce mitochondrial hyperfusion. Overall, the addback of QLR to
starvation media led to mitochondrial hyperfusion, which was exactly the opposite of
what was predicted based on the model in the literature. Therefore, we performed

further studies to investigate the mechanism and role for this response.

In the above experiment, Q, L and R were supplemented fresh into Earle Balanced
Salt Solution (EBSS), the buffer serving as the amino acid deprivation medium. QLR
was supplemented to the same concentrations (4mM, 0.79mM and 0.48mM
respectively) as listed in the DMEM (Dulbecco’s Modified Eagle Medium) formulation.
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To test whether the QLR-induced hyperfusion observed in starved cells requires the
starvation of other amino acids present in DMEM, QLR was supplemented at a final
2X concentration (8mM, 1.58mM and 0.96mM respectively) into DMEM and EBSS.
Next, 4T1-SU9 GFP cells were treated with these media for 4-hours and their effects

on mitochondrial length were quantified.

It was observed that supplementation of QLR into DMEM (to make 2XQLR) did not
alter mitochondrial length relative to untreated cells (Fig 3.4C). In contrast,
supplementation of QLR into EBSS at 1X concentration led to mitochondrial
hyperfusion. The supplementation of QLR into EBSS at 2X concentration did not block
or enhance QLR-induced mitochondrial hyperfusion. These findings suggest that
QLR-induced mitochondrial hyperfusion requires the starvation of other amino acids

and that it is not occurring as a result of increased concentrations of Q, L and R.

We found earlier that glucose withdrawal led to an increase in mitochondrial length in
a small fraction of 4T1 cells (Fig 3.2A). To clarify the role of glucose in QLR-dependent
mitochondrial hyperfusion, we studied QLR-induced hyperfusion in Dulbecco's
Phosphate-Buffered Saline (dPBS) (+ or — glucose). As an alternative to EBSS, dPBS
was supplemented with sodium bicarbonate and phenol red pH indicator. Next, QLR

was supplemented into dPBS in the presence or absence of glucose.

As controls, glucose starvation alone (using DMEM without glucose) led to the
increase in mitochondrial length in some cells relative to untreated cells in full media
(Fig 3.5), consistent with the observation in (Fig 3.2A). As expected, starvation of all
amino acids in EBSS resulted in mitochondrial fusion while starvation of amino acid
with supplementation of QLR led to extensive mitochondrial hyperfusion. Interestingly,
in dPBS containing glucose, QLR supplementation led to an increase in mitochondrial
length by approximately 2-fold relative to amino acid starved cells (Fig 3.5). Similarly,
in dPBS without glucose, QLR supplementation also led to mitochondrial hyperfusion
relative to amino acid starved cells (but did not reach significance). This indicated that
QLR-dependent mitochondrial hyperfusion occurs independently of glucose usage /

glycolysis.
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Figure 3.4: Glutamine, Leucine and Arginine (Q, L, R) induce mitochondrial hyperfusion in
4T1 cells during starvation stress.

(A) Representative images of 4T1-SU9 GFP cultured in full media (FM), starved of either all amino acids (-AA)
or starved of amino acid but supplemented with QLR for 4h. Starvation media conditions also contained 10%
dialysed FBS. (B) Bee-swarm indicating that only QLR induced mitochondrial hyperfusion, 250 cells quantified
from five independent experiments.

(C) QLR did not induce hyperfusion when added to full media, QLR was added to full nutrient media (FM) (to
yield 2X final concentration) or to EBSS at 1X concentration or 2X concentration. Concentrations of 1X based
on DMEM were defined as Q= 4mM, 1X L= 0.79mM, 1X R= 0.48mM. N=3 independent experiment. ***
indicate P< 0.001 analysed with one way ANOVA with Bonferroni post test. Scale bars: 25um
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Figure 3.5: Mitochondrial hyperfusion in response to QLR is independent of
glucose. 4T1-SU9 GFP were cultured in full media (Un) or starved of glucose (-glu).
QLR was supplemented into EBSS (contains glucose) or PBS +/- glucose for 4h.
Starvation media conditions also contained 10% dialysed FBS. Bee-swam plot
indicating Q, L and R induce mitochondrial hyperfusion in the presence or absence of
glucose. Each dot represents the mean length of 10 mitochondria within a cell. Each
treatment shows 100 cells quantified from three independent experiments. *** indicate
P< 0.001, ns (non significant) analysed with two-tailed T test.



Cells respond within 30-minutes to nutrient availability by regulating key signals to
drive processes such as autophagy. This rapid cellular response controls cellular fate
in the early and late stages of cellular stress (Jewell et al., 2015, Efeyan et al., 2013,
Shen et al., 2017). Next, we wanted to know whether mitochondria respond to amino
acid rapidly and if this response is maintained after 4-hours. The time-dependent
response of Q, L and R-dependent mitochondrial hyperfusion was investigated.
Firstly, cells incubated in dPBS but supplemented with QLR were observed by live-
cell inverted epi-fluorescent microscope. Images were acquired every minute for 1-
hour. Time-lapse images of a section of 4T1-SU9 GFP cell showed the dynamics of
mitochondria during QLR-supplementation (in starvation media) (Fig 3.6A). It was
observed that mitochondria responded to the presence of Q, L and R by inducing
hyperfusion within 1-hour of incubation. Interestingly, mitochondrial fusion was not

obvious before the 1-hour timepoint.

Further time course studies of mitochondrial hyperfusion from 1-hour to 8-hours
(using conventional fixed cell methodology) confirmed that mitochondrial fusion
occurs rapidly by 1-hour in response to both amino acid starvation alone or the
presence of QLR (Fig 3.6B). By 4-hours of incubation, amino acid-dependent
mitochondrial fusion increased by 2-fold relative to the 1-hour timepoint. As expected,
at the 4-hours timepoint, QLR stimulated mitochondrial hyperfusion by 3-fold. At the
8-hours timepoint, the level of hyperfusion in QLR-supplemented cells was similar to
4-hours. These findings indicate that mitochondria respond to changes in amino acids
rapidly which appears to peak approximately by 4-hours of incubation, but that this
maximal hyperfused state can persist for up to 8-hours. However, it was observed
that by 24-hours, either starved or starved but QLR-supplemented 4T1 cells undergo
cell death (Data not shown).

Next, it was investigated whether QLR-induced mitochondrial hyperfusion could be
observed in another cell type. QLR supplementation was tested on U20S cells
expressing SU9-GFP. Similar to 4T1-SU9 GFP, supplementation of Q, L and R into
amino acid starvation media resulted in hyperfused mitochondria in U20S-SU9 GFP
(Fig 3.7A). Q, L, and R supplemented cells showed extensive hyperfusion with
mitochondria length approximately 3-fold higher than mitochondrial length during full
amino acid starvation (Fig 3.7B). Therefore, our results suggest that Q, L and R

induced mitochondrial hyperfusion is conserved across multiple cell types.
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Figure 3.6: Time-dependent amino acid-induced mitochondrial hyperfusion.

(A) Time-lapse live-cell imaging indicates that Q, L and R-induced mitochondrial
hyperfusion is rapid. 4T1-SU9 GFP cells were treated with PBS supplemented with Q, L
and R. Starvation media conditions also contained 10% dialysed FBS. Live cell images
were taken every minute for 1hr. Shown are representative times from the same field of
cells. Scale bars: 17um

(B) 4T1-SU9 GFP cultured in full media (Un), starved of either all amino acids (-AA) or
starved of amino acid but supplemented with QLR for 1 hour, 4 hours and 8 hours.
Starvation media conditions also contained 10% dialysed FBS. Each dot represents the
mean length of 10 mitochondria within a cell. Each treatment show 120-150 cells
qguantified from three independent experiment. *** indicate P< 0.001 analysed with one
way ANOVA with Bonferroni post test.
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Figure 3.7: Glutamine, Leucine and Arginine (Q, L, R) induce mitochondrial
hyperfusion in U20S cells.

(A) Representative images of U20S-SU9 GFP cultured in full media (Un), starved of
either all amino acids (-AA) or starved of amino acid but supplemented with QLR for 4h.
Starvation media conditions also contained 10% dialysed FBS.

(B) Bee-swarm plot indicating Q, L and R together induced mitochondrial hyperfusion.
Each dot represents the mean length of 10 mitochondria within a cell. Each treatment
shows 200 cells quantified from 4 independent experiments. *** indicate P< 0.001
analysed with one way ANOVA with Bonferroni post test. Scale bars: 10um



It was next investigated whether Q, L and R are all required for inducing QLR-
dependent mitochondrial hyperfusion. Mitochondrial hyperfusion was assessed by
comparing effects from supplementation with QLR together, or with only two of the
regulatory amino acids: either QL, QR or LR. It was confirmed as control that, while
full amino acid starvation induces moderate mitochondrial fusion, supplementation
with Q + L + R induced extensive mitochondrial hyperfusion in 4T1-SU9 GFP cells
(Fig 3.8A). In contrast, supplementation of any two of Q, L and R induced only
moderate mitochondrial fusion but not as strongly as Q, L and R-induced hyperfusion
(Fig 3.8B). Similar results were observed in U20S-SU9 GFP, where only QLR
combined addback exclusively led to robust mitochondrial hyperfusion (Fig
3.9A/3.9B). This suggests that the simultaneous addition of all three of Q, L or R are
required for the stimulation of mitochondrial hyperfusion. Curiously, removal of any
one amino acid from the QLR addback mixture reduced the signal that was driving

hyperfusion.

Since a withdrawal effect was observed in the QLR-addback mixture, we next wanted
to investigate whether substituting QLR with other amino acids will have similar
hyperfusion effects. Leucine is one of three branched-chain amino acids (BCAA) (with
valine (V) and isoleucine (I) representing the other 2). Importantly, all BCAA have
been proposed to play similar metabolic roles as ketogenic amino acids (Green et al.,
2016, Neinast et al., 2019). Amino acids R and lysine (K) have a positively charged
side chain (at neutral pH) similar to histidine (H) which can be found in a protonated
state at neutral pH (Betts and Robert, 2003).

To study whether BCAA has similar responses in the stimulation of QLR-dependent
mitochondrial hyperfusion, we substituted L for V or I. In addition, we also investigated
whether R substitution for K in the QLR addback mixture will have similar

mitochondrial hyperfusion.

As shown earlier, QLR supplementation into amino acid starvation media led to
mitochondrial hyperfusion by approximately 3-fold relative to cells starved of all amino
acid (Fig 3.10). It was observed that the supplementation of Q + | + R into amino acid
starvation media led to a reduction in hyperfusion relative to cells starved of amino
acid but supplemented with QLR. Similarly, the supplementation of Q + V + R into
amino acid starvation media led to a reduction in hyperfusion relative to cells starved
of amino acid but supplemented with QLR. Interestingly, the supplementation with
either Q + 1 + Ror Q + V + R into amino acid starvation media did not induce any

hyperfusion above that observed in cells starved of all amino acids but supplemented
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with Q + R alone. Similarly, it was observed that the supplementation of Q + L into
amino acid starvation media did not induce any hyperfusion above that observed in

cells starved of all amino acids but supplemented with Q + L + K.

These findings suggest that L or R has a specific role in hyperfusion induced by the
QLR addback mixture. Overall, results indicate that effects from L or R are lost when
either amino acid is removed or replaced with another BCAA or K respectively.
Therefore, indicating that Q, L and R exclusively stimulate mitochondrial hyperfusion

in a synergistic manner in starved cells.

Since mitochondrial hyperfusion involves the fusion of outer mitochondrial membrane
and inner membrane fusion mediated by Mfn1/2 and Opal respectively, we wanted
to understand if these mechanisms were involved. Mitochondria are made up of the
outer membranes, inner membranes, the intermembrane space, the cristae and the
matrix. However, mitochondrial images acquired and studied on confocal microscope
cannot distinguish between these compartments. To further understand the changes
in mitochondrial morphology, transmission electron microscope (TEM) was utilized to
observe mitochondrial membrane ultrastructure during QLR-dependent mitochondrial
hyperfusion. TEM corroborated QLR-dependent mitochondrial hyperfusion. As
observed in confocal images, untreated cells have rounded mitochondria but with
clear matrix and continuous cristae structure (Fig 3.11). In contrast, amino acid-
starved cells often showed condensed mitochondrial matrix compartments with no
apparent cristae formation. Mitochondrial ultrastructure in amino starved cells often
varied between averagely sized tubule forms and rounded forms with no obvious
mitochondrial hyper-branching. In contrast, the supplementation of QLR into amino
acid starvation media led to mitochondrial hyper-branching and hyperfused
mitochondria relative to amino acid-starved cells. Similarly to amino acid starved cells,
QLR supplementation led to the formation of condensed mitochondrial matrix,
however, with often clear cristae structures within mitochondria. This finding confirms
that QLR supplementation into amino acid starvation media stimulates mitochondrial
hyperfusion and hyper-branching. Together, findings in this section reveal a
previously undocumented and rapid mitochondrial hyperfusion response following
addback of Q, L and R.
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Figure 3.8: Mitochondrial hyperfusion requires combined addition of QLR in 4T1-
SU9 GFP cells (A) Confocal representative images of 4T1-SU9 GFP cultured in full
media (Un), starved of either all amino acids (-AA) or starved of amino acid but
supplemented with either three or two of these amino acid; Q (Glutamine), L (Leucine)
and R (Arginine) for 4h. Starvation media conditions also contained 10% dialysed FBS.
(B) Bee-swarm plot indicating Q, L and R supplemented altogether induced
mitochondrial hyperfusion higher than combination of any two. Each dot represents the
mean length of 10 mitochondria within a cell. Each treatment shows 100 cells quantified
from representatives of four independent experiments. *** indicate P< 0.001, ** P< 0.01
analysed with one way ANOVA with Bonferroni post test. Scale bars: 25um
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Figure 3.9: Mitochondrial hyperfusion requires combined addition of QLR in
U20S-SU9 GFP cells (A) Confocal representative images of U20S-SU9 GFP cultured
in full media (Un), starved of either all amino acids (-AA) or starved of amino acid but
supplemented with either three or two of these amino acid; Q (Glutamine), L (Leucine)
and R (Arginine) for 4h. Starvation media conditions also contained 10% dialysed FBS.
(B) Bee-swarm plot indicating Q, L and R supplemented altogether induced
mitochondrial hyperfusion higher than combination of any two. Each dot represents the
mean length of 10 mitochondria within a cell. Each treatment shows 100 cells
quantified from representatives of four independent experiments. *** indicate P< 0.001,
** P< 0.01 analysed with one way ANOVA with Bonferroni post test. Scale bars: 25um
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Figure 3.10: Mitochondrial hyperfusion is maximal upon supplementation with QLR.
4T1-SU9 GFP were cultured in full media (Un), starved of either all amino acids (-AA) or
starved of amino acid but supplemented with different amino acid combinations (QLR,
QIR, QVR, QR, QL or QLK) for 4h. Starvation media conditions also contained 10%
dialysed FBS. Bee-swarm plot indicating Q, L and R altogether induced mitochondrial
hyperfusion higher than any other combination. Each dot represents the mean length of 10
mitochondria within a cell. Each treatment shows 100 cells quantified from representatives
of 3 independent experiments. *** indicate P< 0.001, analysed with one way ANOVA with
Bonferroni post test.
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Figure 3.11: Transmission electron microscopy confirms glutamine, leucine and
arginine induce mitochondrial hyperfusion in 4T1 cells. (A) T.E.M representative images
of 4T1-SU9 GFP cultured in full media (FM), starved of either all amino acids (EBSS) or

starved of amino acids but supplemented with QLR for 4h. Starvation media conditions also
contained 10% dialysed FBS. Scale bars: 1um



3.2.4 Investigating the similarities between stress-induced
mitochondrial hyperfusion and QLR-dependent mitochondrial

hyperfusion

Previous studies have reported a stress-induced mitochondrial hyperfusion response
(SIMH) following protein synthesis inhibition or induction of endoplasmic reticulum
(ER) stress (Tondera et al., 2009, Lebeau et al., 2018). In these studies, cells were
tested under other stress stimuli conditions such as UV irradiation, thapsigargin (Tg)
(an ER stressor) and cycloheximide (CHX) (a ribosomal inhibitor) which all led to rapid
mitochondrial hyper-branching and hyperfusion. Our studies of amino acid starvation
and addback identified an apparently novel mitochondrial hyperfusion response.
Therefore, we aimed to explore how QLR-addback dependent hyperfusion may be
related to the previously described SIMH response. To test this, CHX was used to

induce SIMH in combination with amino acid-starvation and QLR-supplementation.

Mitochondrial hyperfusion was observed in CHX-treated cells, for example, when
added under full-nutrient conditions, recapitulating the reported SIMH response (Fig
3.12A). Upon guantification, there was a 3-fold increase in mitochondrial length in
CHX-treated cells relative to untreated cells (Fig 3.12B). Interestingly, CHX further
increased mitochondrial length in amino acid-starved cells by approximately 2-fold.
Lastly, while QLR supplementation into amino acid starvation media led to clear
mitochondrial hyperfusion, addition of CHX in this condition had a yet small further

stimulatory effect on mitochondrial length.

Since the induction of hyperfusion by CHX alone generally resembled QLR-induced
hyperfusion, either may represent near-maximal levels of mitochondrial remodelling.
Amino acid starvation alone leads to only mild sub-maximal levels of fusion. The
findings also suggest that QLR-dependent hyperfusion may occur via a similar

mechanism as SIMH.

The SIMH response (eg following CHX) was dependent on the function of Opal, Mfnl
(but not Mfn2) (Tondera et al.,, 2009). Opal and Mfnl drive inner and outer
mitochondrial fusion, respectively, while Mfn2 is now better understood to primarily
maintain ER-mitochondrial tethering. To investigate whether QLR-dependent
mitochondrial hyperfusion also requires Mfn1/2 and Opal like SIMH, amino acid-
dependent mitochondrial hyperfusion was next studied in Opal KO (Song et al.,
2007), Mfn1 KO, Mfn2 KO (Chen et al., 2003a) and Mfn1/2 KO MEF (Koshiba et al.,
2004).
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Amino acid (QLR)-dependent mitochondrial hyperfusion was first confirmed in
wildtype MEF (with functional Opal) (Fig 3.13A). Untreated wildtype MEF have a
more mixed mitochondria population (short and medium-sized) relative to untreated
4T1 (Fig 3.12A) with uniformly fragmented mitochondria. In contrast to wildtype MEF,
amino acid starvation-induced mitochondrial fusion and QLR-induced mitochondrial
hyperfusion were both completely blocked in Opal KO cells: mitochondrial length
remained short and unchanged after amino acid starvation or QLR-supplementation
in Opal KO cells (Fig 3.13B). Western blot analysis confirmed Opal KO status (Fig
3.13C). These finding show that Opal is required for both basal mitochondrial fusion
and QLR-dependent mitochondrial hyperfusion

We next confirmed the expression levels of Mfnl and Mfn2 in Mfnl KO, Mfn2 KO
Mfn1/2 KO cells. We tested two commercially available Mfn1l and Mfn2 antibodies to
detect Mfnl and Mfn2 expression levels respectively. Unfortunately, Mfn1 antibodies
failed to detect the expression levels of Mfnl in MEF. Next, semi-quantitative reverse
transcription polymerase chain reaction (PCR) was set up to detect mRNA levels of
Mfnl. The PCR products of amplified Mfnl-sequence from Mfnl KO, Mfn2 KO and
Mfn1/2 KO cells were detected by agarose gel electrophoresis. Upon visualization, it
was confirmed that Mfnl is present in wildtype and Mfn2 KO while Mfnl was
undetected in Mfnl KO and Mfnl/2 KO (Fig 3.14A). Similarly, using antibodies
against Mfn2, western blot analysis confirmed that Mfn2 is expressed in wildtype and
Mfnl KO MEF while Mfn2 expression is undetectable in Mfn2 KO and Mfn1/2 KO
cells.

Again, it was confirmed that amino acid starvation promoted mitochondrial fusion
while QLR supplementation led to further mitochondrial hyperfusion in the control
wildtype MEF (isolated in parallel with the Mfn KO lines) (Fig 3.14B). As in the Opal
KO experiment, wildtype MEF displayed mixed mitochondrial sizes but overall
average distributions increased upon amino acid starvation and QLR-addback.
Interestingly, amino acid-dependent mitochondrial fusion was blocked in Mfn1 KO
cells and Mfn1/2 KO cells but not in Mfn2 KO cells. Confocal images showed that
Mfn1l KO and Mfn1/2 KO cells have punctate small-sized mitochondria regardless of
the status of amino acids while wildtype and Mfn2 KO cells were able to form
mitochondrial tubulation after amino acid starvation or QLR supplementation (Fig
3.15). Taken together, these findings indicate that QLR-dependent mitochondrial
hyperfusion requires Opal and Mfn1, but not Mfn2. The data also suggest that amino
acid dependent-mitochondrial hyperfusion is occurring as a result of an increase in

mitochondrial fusion.
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Figure 3.12: QLR-dependent mitochondrial hyperfusion resembles ER-Stress-related
hyperfusion

(A) Representative images of 4T1-SU9 cells in full media (FM), starved of either all amino acids (-
AA) or starved of amino acid but supplemented with QLR, +/- Cycloheximide (CHX) (10uM) for 4h.
Starvation media conditions also contained 10% dialysed FBS. B) Bees-warm plot of mitochondrial
length. Each dot represents the mean length of 10 mitochondria within a cell. Each treatment shows
100-150 cells quantified from three independent experiments. ** p, 0.01, *** indicate P< 0.001
analysed with one way ANOVA with Bonferroni post test. Scale: 25um
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Figure 3.13: Opal is required for amino acid-dependent mitochondrial
hyperfusion. A) Confocal representative images of wildtype MEF and Opal KO cells
cultured in full media (Un), starved of either all amino acids (-AA) or starved of amino
acid but supplemented with QLR for 4h. Starvation media conditions also contained
10% dialysed FBS.

(B) Bee-swarm plot indicating mitochondrial fusion is blocked in Opal KO cells. Each
treatment shows 150 cells quantified from three independent experiments.

C)Western blot showing the absence of Opal. *** indicate P< 0.001, ** P< 0.01
analysed with one way ANOVA with Bonferroni post test. Scale: 10um
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Figure 3.14: Mfn1l is required for amino acid-dependent mitochondrial hyperfusion.
(A) Wildtype, Mfnl KO, Mfn2KO and Mfn1/2 KO cells were lysed for RNA and protein
lysates. Semi-quantitative polymerase chain (PCR) was performed for Mfnl on the RNA
lysates and the product was analysed on agarose gel. Mfn2 protein levels was assessed in
the protein lysate via western blot analysis. Actin was used as a loading control. Images
show the absence of Mfn1 and Mfn2

(B) Wildtype, Mfn1l KO, Mfn2 KO and Mfn1/2 KO MEF cultured in full media (Un), starved of
either all amino acids (-AA) or starved of amino acid but supplemented with QLR for 4hr.
Starvation media conditions also contained 10% dialysed FBS. Bee-swarm plot indicating
mitochondrial fusion is blocked in Mfnl KO and Mfn1/2 KO cells. Each treatment shows
150 cells quantified from three independent experiments. *** indicate P< 0.001, *P< 0.05
analysed with one way ANOVA with Bonferroni post test.
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Figure 3.15: Mfnl is required for amino acid-dependent mitochondrial
hyperfusion. Confocal representative images of wildtype, Mfnl KO, Mfn2 KO and
Mfn1/2 KO MEF cultured in full media (Un), starved of either all amino acids (-AA) or
starved of amino acid but supplemented with QLR for 4hr h. Starvation media
conditions also contained 10% dialysed FBS. Scale: 10um



3.2.5 Investigating the role of mitochondrial division in QLR-

dependent mitochondrial hyperfusion

Mitochondrial dynamics is a continuous process involving a balance of mitochondrial
division and mitochondrial fusion. An increase in net mitochondrial size may be a
result of inhibited mitochondrial division or increased fusion. During mitochondrial
division, Drpl is recruited to mitochondria where it constricts and divides mitochondria
into small forms (Smirnova et al., 2001). To determine whether mitochondrial fusion
is enhanced or whether mitochondrial division is reduced during QLR-
supplementation, we first tested the effects of the compound Mdivi-1 (Mitochondrial
division inhibitor-1). Mdivi-1 has been shown to inhibit mitochondrial fission in
mammalian cells where it promotes mitochondrial fusion (Cassidy-Stone et al., 2008).
Mechanistically, it was initially suggested that Mdivi-1 selectively inhibits Drpl-
GTPase activity and Drpl-polymerization. Here, as a simple pharmacological test,
Mdivi-1 was included to induce mitochondrial fusion in combination with amino acid-

starvation and QLR-supplementation.

Surprisingly, it was observed that Mdivi-1 did not stimulate strong mitochondrial fusion
in 4T1-SU9 GFP and U20S-SU9 GFP cells at 10uM (Fig 3.16 A and B). Mdivi-1 led
to a mild (but insignificant) increase in mitochondrial length in Mdivi-1-treated cells
relative to untreated cells. While amino acid starvation and QLR supplementation both
led to expected increases in mitochondrial length, further Mdivi-1 treatment in either
context did not alter mitochondrial phenotypes in both 4T1-SU9 GFP and U20S-SU9
GFP cells. As these experiments were being performed, it was reported that Mdivi-1
may in fact not function as an effective Drpl inhibitor (Bordt et al., 2017). These
authors reported that Mdivi-1 did not alter mitochondrial dynamics nor inhibit Drpl-
GTPase activity but rather served to inhibit complex-1 of the E.T.C in a distinct

mechanism.

To overcome these issues, Drpl was silenced in wildtype MEF and 4T1 cells using
different shRNA Dnmll constructs packaged into lentivirus (Fig 3.17A). It was
observed that all shRNA-sequences tested targeted Drpl which led to a stable
reduction in the total Drpl protein in MEF, with sh_Dnm1l (F3) having the most
efficient knockdown (Fig 3.17B). Interestingly, shRNA_Dnm1l (F3) also effectively
silenced Drpl in 4T1 cells (Fig 3.17C).

Amino acid-dependent mitochondrial fusion was next tested in shDrpl (F3 sequence)

MEF and shDrp1 4T1 cells. Confocal images revealed that knockdown of Drpl led to
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increased mitochondrial fusion regardless of the status of amino acid starvation, for
example in (Fig 3.18). Upon quantification, we observed that mitochondrial length
increased by approximately 2-fold in untreated shDrp1l MEF cells relative to wildtype
cells (Fig 3.19A). This increase in mitochondrial size would be expected based on
lack of fission in combination with basal levels of fusion. Amino acid starvation led to
mild mitochondrial fusion in wildtype cells (as expected) but levels of overall fusion
were higher when this starvation condition was tested in shDrpl MEF. This suggests
that amino acid starvation increases levels of fusion, which are more pronounced
since fission is inhibited upon loss of Drpl. Similarly, QLR-supplementation increased
mitochondrial length in wildtype MEF which was further increased when Drpl was
knockdown. Therefore, QLR-supplementation appears to also increase rates of
fusion. In wildtype MEF, QLR-supplementation may be stimulating maximal levels of

fusion, but basal levels of fission are still operational.

Similar results were observed in 4T1 cells. The knockdown of Drp1l led to an increase
in mitochondrial length by approximately 2-fold in untreated shDrpl1 4T1 cells relative
to wildtype cells (Fig 3.19B). The knockdown of Drp1l further increased mitochondrial
length in amino acid-starved cells by approximately 2-fold. In contrast to MEF, the
level of increase in QLR-dependent hyperfusion in wildtype relative to shDrpl 4T1
cells was mild, although the shift in distribution is still seen and significant by ANOVA.
These results suggest that QLR-dependent mitochondrial fusion occurs as a result of
increased rates of mitochondrial fusion pathways (rather than the inhibition of
mitochondrial fission). Collectively, findings in this chapter indicate that mitochondria
specifically respond to the presence of QLR addition by inducing a mitochondrial
hyperfusion mechanism similar to SIMH. This increase in mitochondrial fusion is
dependent upon the activities of Mfn1 on the outer mitochondrial membrane and Opal

for fusion of inner mitochondrial membranes.
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Figure 3.16: The effect of Drp1 inhibition on mitochondrial fusion. Cells were starved
of either all amino acids (-AA) or starved of amino acid but supplemented with QLR, +/-
Drpl inhibitor (mdivi-1) (10uM) for 4h in (A) 4T1-SU9 B) U20S-SU9. Starvation media
conditions also contained 10% dialysed FBS. Each treatment shows 100 cells quantified
from two independent experiments. n.s: non significant. Analysed with one way ANOVA,
with Bonferroni post test.



pLKO shRNA Dnmll plasmids Code Sequence
RMM3981-201744182 - F2 GCCAACTGGATATTAACAATA
TRCNO0000012604
RMM3981-201744183 - F3 GCTTCAGATCAGAGAACTTAT
TRCN0000012605
RMM3981-201744184 - F4 CGGTGGTGCTAGGATTTGTTA
TRCNO0000012606
RMM3981-201744185 - F5 CCTGCTTTATTTGTGCCTGAA
TRCN0000012607
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Figure 3.17: Knockdown of Dnm1L (also known as Drp1).

(A) pLKO shRNA sequences targeting Drpl

(B) Western blot showing the stable knockdown efficiency of Drpl shRNA in MEF.

C) Effective knockdown of Drpl in 4T1 cells.



Figure 3.18: Effect of Drpl knock down on mitochondrial dynamics. A) Confocal
representative images of wildtype MEF and ShDrpl/MEF cultured in full media (Un),
starved of either all amino acids (-AA) or starved amino acid but supplemented with QLR
for 4h. Starvation media conditions also contained 10% dialysed FBS. Cells were

stained with anti-Tom20. Scale: 25um
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Figure 3.19: Effect of Drpl knockdown on amino acid-dependent mitochondrial
fusion. Wildtype cells ShDrpl cells were cultured in full media (Un), starved of either all
amino acids (-AA) or starved of amino acid but supplemented with QLR for 4h.
Starvation media conditions also contained 10% dialysed FBS.

Bee-swarm plot showing increase in mitochondrial length following Drpl knockdown in
(A) MEF (B) 4T1 cells. Each treatment shows 150 cells quantified from three
independent experiments. *** indicate P< 0.001, ** P< 0.01, * P < 0.05, ns (not
significant) analysed with one way ANOVA, with Bonferroni post test.



3.3 Discussion

3.3.1 Mitochondrial fusion during starvation depends on the

depleted nutrients

Several studies have linked mitochondrial dynamics to nutrient availability. In the
literature, it has been suggested that mitochondria may alter their shape and size as
a stress response, for example, to maintain energy homeostasis, prevent mitophagy
and ameliorate apoptosis (Gomes et al., 2011a, Rambold et al., 2011, Li et al., 2017,
Molina et al., 2009). Recent studies have now suggested that cellular responses to
stress are specific and it is dependent on the depleted nutrient or the type of stress.
For example, while amino acid or serum starvation have been shown to induce
autophagy, glucose starvation has been shown by our laboratory and others to inhibit
autophagy (Nwadike et al., 2018, Lum et al., 2005). This suggests that autophagy is
not a response to general nutrient starvation. Furthermore, the molecular pathway of
mitophagy during mitochondrial damage with CCCP is Parkin-dependent while E.T.C.
damage induced by chelating iron is Parkin-independent (Allen et al., 2013). This also
suggests that there is a specialized mitochondrial response to stress. To better
understand the mitochondrial responses to different nutrient deprivation-induced
stress, we studied mitochondrial remodelling during serum, glucose and amino acid
starvation in this chapter. We show here that mitochondria remodel to a fused state

only during specific nutrient starvation stress.

3.3.1.2 Mitochondria do not hyperfuse during serum starvation

An important “nutrient” that is needed for cellular division and growth is serum, which
provides stimulatory signals (Antoniades and Owen, 1982). The key pathway that is
activated in response to growth factors (or insulin) is the PI3K-AKT pathway (Lin et
al., 2012). Although the PI3K pathway has been reported to be involved in
mitochondrial trafficking in cancer (Caino et al., 2015), interrelationships between
PI3K-AKT signalling and mitochondria dynamics remain elusive. Interestingly, we
observed that serum starvation does not stimulate mitochondrial hyperfusion. This
suggests that members of the serum sensing pathways do not activate signals that

promote mitochondrial fusion during serum starvation.

Our observation that mitochondria do not fuse during serum starvation in HelLa, 4T1,
RPE1 and U20S is in line with previous studies (Rambold et al., 2011). Rambold et

al. (2011) showed in MEF that mitochondria undergo fission during serum starvation
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despite the induction of autophagy. This is also consistent with recent studies which
reported in other cell types that serum starvation in 3T3-L1 and HCT116 cells led to
extensive mitochondrial fragmentation (Yao et al., 2019, Cesarini et al., 2018). These
findings in multiple cell types indicate that the observation here that serum starvation

does not induce fusion is conserved.

The inability of mitochondria to hyperfuse during serum starvation confirms that
mitochondria fusion is a nutrient-specific effect. Mitochondria might hyperfuse in
response to specific changes in mitochondrial function, which is caused by the effects
of specifically-starved nutrients. Interestingly, serum depletion has been shown to
have an adverse effect on mitochondrial processes such as the increase in ROS,
cytochrome-c release and apoptosis (Lee et al., 2010, Cesarini et al., 2018). These
mitochondria-dependent processes have been shown to correlate with enhanced
mitochondrial fission which is suggested to occur via the increase in Drpl recruitment
to mitochondria (Cesarini et al., 2018, Germain et al., 2005). Hence, the fragmented
mitochondria observed during serum-starvation is likely to contribute to cytochrome-

¢ and sensitize towards apoptosis.

3.3.1.3 Mitochondrial hyperfusion is not a response to changes in

glycolysis

Acetyl-CoA is a major product of glucose metabolism and is further metabolised in
mitochondria via the TCA cycle to generate NADH and FADH. As a result,
mitochondria have been proposed to possibly sense changes in glucose levels since
it an important precursor of acetyl-CoA required for mitochondrial-generated energy.
At the cellular level, AMPK activation serves as a major signal of glucose insufficiency
(Lin and Hardie, 2018). As one mechanism for mitochondria, increases in
fragmentation occur as a result of AMPK phosphorylation of Mff that brings Drpl to
localise on mitochondria (Toyama et al., 2016).

We found that mitochondria retain their normal (basal) small punctate forms during
glucose starvation in RPE1, U20S and Hela. In contrast, glucose starvation mildly
led to mitochondrial fusion in 4T1. This suggests that glucose-dependent regulation
of mitochondrial dynamics may be context and cell type-dependent. Additional
contradicting observations have been reported to indicate that glucose starvation did
not induce mitochondrial fusion in MEF (Rambold et al., 2011, Mishra et al., 2014).
Furthermore, the inhibition of glucose metabolism with 2-Deoxy-D-glucose (2-DG) or

overall glucose deprivation has been shown to promote mitochondrial fusion in yet
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other reports (Li et al., 2017, Lee et al., 2014). This cell type-dependent mitochondrial
fusion response during glucose starvation may be associated with changes in

bioenergetic capacities of the cell.

Interestingly, forcing cells to depend on mitochondrial ATP (by switching energy
source from glucose to galactose or acetoacetate) led to mitochondrial fusion (Mishra
et al., 2014). This carbon switch blocks ATP generation from glycolysis and it has
been suggested that mitochondria thereby induce fusion to sustain energy demands.
This suggests that the stimulation of mitochondrial fusion during glucose starvation is
dependent on the switch from glycolytic to OXPHOS as a source of energy, an effect
which varies in cells. For example, Q-driven OXPHOS has been reported to be the
major source of energy for HeLa cells even in the presence of glucose (Reitzer et al.,
1979) and it has been shown that HelLa cells mitochondria hyperfuse specifically in
response to increases in glutaminolysis (Rossignol et al., 2004). It has also been
shown that glucose deprivation led to a transient increase in mitochondrial ATP pool
by five minutes in HelLa cells. However, this effect was followed by a great reduction
in mitochondrial ATP pool by seven minutes (Depaoli et al., 2018). These studies
suggest that glucose starvation does not necessarily increase in OXPHOS activity in
HelLa cells. This may explain why glucose starvation did not have any major effect on
mitochondrial fusion in HeLa cells.

In contrast to HelLa cells, it has been shown that RPEL cells mainly generate energy
via glycolysis (MacVicar and Lane, 2014). Similarly, bioenergetics studies suggest
that U20S are also highly dependent on glycolysis (Issaq et al., 2014). It is possible
that these cells do not readily switch to OXPHOS upon glucose starvation, and
thereby do not undergo mitochondrial fusion. Glucose starvation also led to fusion in
4T1 cells. In line with this, 4T1 cells have been shown to have high dependency on
both glycolysis and glutaminolysis, and these cells readily switch to OXPHOS upon
energy stress (Simdes et al., 2015). Based on reports that mitochondrial fusion
correlates with bioenergetic efficiency (Mishra and Chan, 2016), our data would be
consistent with a model in which mitochondria only undergo fusion to enhance ATP
production via glutaminolysis under glucose insufficiency. Therefore, our findings
suggest that mitochondrial response in glucose starvation is dependent on the overall

bioenergetic needs of the cell.
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3.3.1.4 Mitochondria hyperfuse mainly during amino acid

deprivation

It has been previously reported that cells respond to the starvation of amino acids by
increasing mitochondrial fusion to enhance cellular viability via OXPHOS-dependent
ATP production (Gomes et al., 2011a). Similar to these studies, we observed that
mitochondria remodel towards a fused state during amino acid starvation in cancer
cell models and non-cancer RPE1 and MEF cell types. Surprisingly, in several MEF
cell models, we observed that amino acid starvation led to only mild mitochondria
fusion, as compared to responses in 4T1, U20S and HeLa cells. Others had
previously reported mitochondrial fusion following amino acid starvation of MEF
(Rambold et al.,, 2011, Gomes et al., 2011a). This apparent difference could be
explained in part by varying methods of assessing mitochondrial fusion. MEF
generally have a high level of intermediate variable mitochondria (mixed population
of fused and fragmented) in the untreated basal condition. For example, 80% of
untreated MEF in Rambold et al were categorised by manual scoring as having
intermediate mitochondrial shape Rambold et al. (2011). Therefore, we propose that
the mitochondrial fusion reported in the Gomes et al. (2011a) and Rambold et al.
(2011) studies likely represent highly variable basal levels. This granularity may be
normalised somewhat by their quantification method based on categorising
percentages of cells having overall fusion phenotypes. In contrast, our ImageJ-based
approach measures mitochondrial size cell-by-cell to assess levels of fusion in the
population. Therefore, discrepancies between our data and previous reports could be
explained if mild size increases that we measure are scored as positive-for-fusion via
categorisation. Despite these method differences, altogether, the data are consistent
with a mitochondrial fusion response following amino acid starvation and our data

highlight that the extent of this response in MEF is not as robust relative to other cell
types.

3.3.1.5 Unique form of mitochondrial amino acid sensing

Here, we aimed at reversing amino acid starvation-induced mitochondrial fusion by
adding back three regulatory amino acids sensed by MTORC1 (Shen et al., 2019,
Chantranupong et al., 2016, Wolfson et al., 2016, Wang et al., 2015, Jewell et al.,
2015). It was expected that the addback of Q, L and R into amino acid starvation
media would block amino acid starvation-induced mitochondrial fusion due to the

reactivation of MTORCZ1. Surprisingly, in contrast to this model, we identified a distinct
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mitochondrial hyperfusion response: supplementation of Q+L+R into amino acid
starvation media led to further mitochondrial hyperfusion and hyper branching.
Interestingly, this unique mitochondrial hyperfusion is exclusive to the addback of
Q+L+R to starvation media. It was observed here that either the substitution of L with
other BCAA or R for K stimulate lesser levels of mitochondrial fusion relative to QLR-
dependent hyperfusion. In addition, the absence of one amino acid from the QLR-
addback set greatly reduces mitochondrial hyperfusion. However, R seems to be the
less important amino acid among the three for the stimulation of mitochondrial
hyperfusion. Reflecting on the mitochondrial function of amino acid, our data suggest
that mitochondria may directly sense these three amino acids by three separate
pathways, as they are sensed at the cellular level. However, it is also possible that
mitochondria sense Q, L and R through the same pathway. Nevertheless, all three
signals are required for a maximal effect as consistently shown in U20S and 4T1
cells.

We propose that mitochondrial fusion could be a direct cellular response to nutrient
availability. Consistent with a direct effect, it has been established that mitochondria
can respond differently to energy stress conditions depending on the deficient nutrient
(Rambold et al., 2011). For example, amino acid starvation has been reported to
induce ATP synthase dimerization and enhance mitochondrial ATP generation but
not during glucose starvation (Gomes et al., 2011a). Here, we also found in our
experiments that mitochondrial hyperfusion does not strongly occur under glucose
starvation conditions, supporting the idea that mitochondria are more sensitive

sensors of amino acids.

This notion is supported by the recent findings that demonstrate mitochondria can
respond directly to specific amino acids such as serine (Gao et al., 2018). These
authors showed that serine starvation led to extensive mitochondrial fragmentation. It
is suggested that mitochondrial fragmentation occurs due to the reduction in
mitochondrial-dependent lipid metabolism such as reduced mitochondrial ceramides.
Interestingly, the serine mitochondrial transporter sideroflexin-1 (SFXN1), which is
required for one-carbon metabolism, was also recently identified in an independent
study (Kory et al., 2018). This study also showed that the knockout of all homologues
of SFXN1 (SFXN2 and SFXN3) led to a reduction in mitochondrial length. Although
serine effects were not studied in this chapter, findings from these studies support a
model where mitochondrial-dependent metabolic processing of amino acids directly

modulates mitochondrial dynamics.
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Amino acid levels are sensed in the lysosomal lumen through both cytosolic and
inside out mechanisms which require the lysosomal localization of MTORC1
(Lawrence and Zoncu, 2019, Lawrence et al., 2018, Yang et al., 2017). Interestingly,
recent evidence in yeast has better defined a signalling mechanism interaction
between mitochondria and lysosomes, involving the exchange of lipids and potentially
direct sensing of amino acids (Todkar et al., 2017, Elbaz-Alon et al., 2014, Gonzalez
Montoro et al., 2018). In these studies, mitochondrial contact sites with vacuoles were
identified and shown to be enriched with amino acid transporters. Similar observations
have been reported in HeLa cells where it was revealed that mitochondrial-lysosomal
contact sites also function as a locus for mitochondrial fragmentation (Wong et al.,
2018). These contact sites are also important for cellular metabolism where they
enhance metabolites transfer (Honscher et al., 2014) thus driving the TCA cycle which
is the main pathway for Q, L and R catabolism. These studies further support a
possible direct mitochondrial amino acid sensing mechanism that may involve

mitochondrial-lysosomal contacts.

In addition, mitochondrial solute carriers directly regulate mitochondrial dynamics by
enhancing Opal-oligomerization and cristae tightening also linking metabolic sensing
to mitochondrial dynamics (Patten et al., 2014). Patten et al. (2014) suggested that
mitochondrial solute carriers may also function as mitochondrial metabolite sensors
in addition to their solute-carrying function. This is consistent with the observation that
Opal oligomerize in response to the depletion of E.T.C substrates while the addition
of E or malate reduces the formation of Opal oligomers. Furthermore, it was shown
that mitochondrial carrier proteins (SLC25A) such as SLC25A11 and SLC25A12
which shuttles malate and E respectively into mitochondria interact with Opal, and
they are required for Opal oligomerization during depleted energy substrates.
Together with the findings here, mitochondria seem to sense regulatory amino acids

directly independent of the overall cellular nutrients status.

3.3.2 Is amino acid-dependent mitochondrial fusion an ER stress

response

Our data contradict Gomes et al. (2011b) where it was reported that the
supplementation of essential amino acids (Leucine, Methionine, Isoleucine, Lysine,
Phenylalanine, Threonine, Valine, Tryptophan) and glutamine blocked mitochondrial
fusion. In our experiments, QLR was supplemented as we were originally studying
MTORC1-reactivation and mitochondrial dynamics. In this way, we found that QLR-

supplementation led to a high degree of mitochondrial hyperfusion. Interestingly, the

136



hyperfusion observed here is very similar to SIMH which occur as a result of different
types of cell stress including abrogated protein synthesis (Tondera et al., 2009).
Speculatively, this suggests that QLR-induced hyperfusion may be associated with
the inhibition of protein synthesis. It is possible that addition of QLR (in an otherwise
amino acid-deficient state) was not sufficient to continue protein synthesis, hence
stalling translation and inducing a stress-induced mitochondrial fusion. In relation to
the observations by (Gomes et al., 2011b), the presence of EAA and Q might be
sufficient to continue translation hence blocking stress-induced hyperfusion. It would
be interesting to investigate the role of SLP-2 and PERK in amino acid starvation-
induced fusion and QLR-induced hyperfusion since they are required for SIMH
(Tondera et al., 2009).

In addition to SLP-2 and PERK, SIMH was also reported to require fusion mediators
Mfnl and Opal as a result of increased fusion (Tondera et al., 2009, Lebeau et al.,
2018). Interestingly, QLR-dependent hyperfusion also required Mfn1l, Opal but not
Mfn2. Therefore, both these forms of mitochondrial hyperfusion require Mfnl and
Opal, which are well established critical fusion factors (Cipolat et al., 2004). However,
mitochondrial hyperfusion occurs due to increased fusion or reduced fission. Similar
to SIMH which occur due to enhanced fusion rather than the inhibition of fission, our
QLR-dependent hyperfusion increased in shDrpl cells that have less fission
machinery. This finding indicates that an enhanced mitochondrial fusion is the main

mechanism driving QLR-dependent hyperfusion.

Fusion is driven via coordinated steps mediated by Mfnl and Opal. Mfnl forms
homotypic dimers leading to the tethering of outer mitochondrial membrane and this
function is independent of Mfn2, which plays another role as a regulator of ER-
mitochondria contact site stabilization (Chen et al., 2003a, de Brito and Scorrano,
2008). ER-mitochondria contact sites serve as loci for mitochondrial constriction
independent of Drpl (Chakrabarti et al., 2018, Friedman et al., 2011, Korobova et al.,
2013). In line with our findings, depletion of total Drpl has been shown to be one of
the diverse mechanism that can be activated for the stimulation of mitochondrial
hyperfusion (Sabouny et al., 2017). Although QLR-induced hyperfusion increased in
shDrp1 cells, post-translational regulation of Drp1 by PKA and other regulators cannot
be totally ruled out (Gomes et al., 2011a). Similarly, post-translation regulation of Mfn1
and Opal during QLR-dependent mitochondrial hyperfusion are possible. For
example, during glucose starvation-induced mitochondrial fusion, Mfnl is
deacetylated due to its interaction with protein deacetylase HDACG6 (Lee et al., 2014).
Opal is also cleaved by YmelL at the site (S2) during increased OXPHOS activity
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thereby leading to mitochondrial fusion (Mishra et al., 2014). Despite the critical
requirements of Mfn1 and Opal in amino acid-dependent mitochondrial fusion, their

specific post-translational regulatory changes remain elusive.

3.3.3 Conclusion

In this chapter, we first confirmed that amino acid starvation stimulates mitochondrial
fusion, consistent with literature. Unexpectedly, we discovered a novel mitochondrial
hyperfusion response stimulated by the supplementation of Q, L and R. This amino
acid driven fusion suggests the potential involvement of a MTORC1-dependent
sensing since these 3 amino acids have been directly linked to this nutrient sensor
mechanism. This unique mitochondrial response requires both Mfn1 and Opal which
drives the outer and inner mitochondrial membrane fusion. Therefore, QLR amino
acid levels appear to promote proper canonical mitochondrial membrane fusion. The
extent of QLR hyperfusion was similar to previously reported stress-sensing
mitochondrial remodelling responses. In the following chapters, we investigate
potential regulatory mechanisms and roles of QLR-dependent fusion.
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Chapter 4

Investigating roles for nutrient sensing kinase
pathways during amino acid-dependent
mitochondrial hyperfusion
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4.1 Introduction

The molecular definition of intracellular amino acid sensing pathways has
substantially expanded in the last decade (Shimobayashi and Hall, 2016, Bar-Peled
et al., 2012, Zoncu et al., 2011, Sancak et al., 2010). Overall, a network of multiple
molecular sensors detect increases or decreases (ie starvation) in amino acid levels
to coordinate protein translation, cell growth and catabolism via autophagy. This
central control of cell expansion vs cell recycling thereby influences many
downstream cellular processes such as apoptosis, cell division, cellular immunity and
cellular metabolism (Gallagher et al., 2016, Villar et al., 2017, Wang and Proud, 2009,
Shibutani et al., 2015, Galluzzi et al., 2014, Herzig and Shaw, 2018, Laplante and
Sabatini, 2012). In Chapter 3, we described a unique pathway of mitochondrial
dynamics that we discovered involving the stimulation of mitochondrial hyperfusion
by Q, L and R. In this chapter, we further investigate kinase signalling pathways that

may underlie the hyperfusion response.

Q, L and R are 3 main activating signals for MTORCL, the central cellular amino acid
sensing pathway that further coordinates with AMPK and Ulk1 (Jewell et al., 2015,
Carroll et al., 2016a, Chan, 2009, Kundu, 2011, Kim et al., 2011b). In addition, amino
acid starvation has been suggested to increase cAMP levels and downstream
activation of PKA, a proposed key regulator of mitochondrial dynamics (Gomes et al.,
2011b, Gomes et al., 2011a). Interestingly, MTOR, AMPK, Ulk1/2 and PKA all have
been shown by a range of biochemical and functional studies to form an interaction
network that can serve to maintain cellular homeostasis by coordinating catabolic
processes, energy balance, autophagy and mitochondrial processes (as shown upon
our searches of interaction databases, Fig 4.1) (Lin and Hardie, 2018, Shin et al.,
2015, Stephan et al., 2009, Tian et al., 2015, Xie et al., 2011). Recent studies have
revealed the multiple roles of MTORC1 and AMPK, especially in the regulation of
mitochondrial dynamics independent of their canonical role in autophagy (Morita et
al., 2017, Toyama et al., 2016).
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PRKACA

Figure 4.1: Interaction map of the molecular regulators involved in amino acid
sensing and mitochondrial dynamics. The map generated from the STRING
database show the interaction between MTOR (mechanistic target of Rapamycin), Ulk1
(Unc51-like autophagy activating kinase 1), PRKAAL (5° AMP-activated protein kinase
catalytic subunit alpha-1) and PRKACA (Protein kinase cAMP-activated catalytic
subunit alpha).



MTOR is a drug target for the treatment of cancer and metabolic disorders (Bendell
et al., 2015, Basu et al., 2015). In view of that, multiple potent MTOR inhibitors have
been developed, some of which have been exploited in the study of mitochondrial
dynamics (Thoreen et al., 2009, Morita et al., 2017, Sehgal, 2003). Rapamycin was
first identified as an allosteric inhibitor of MTORC1 and it was initially used as an
immunosuppressive and anti-proliferative agent. However, due to its poor solubility
and pharmacokinetics, other soluble analogues such as temsirolimus and everolimus
were developed for cancer treatment. Rapamycin and analogues inhibit MTOR by
binding FKBP12 but rapamycin has been shown to poorly inhibit other MTOR
functions such as protein synthesis and phosphorylation of 4E-BP1 (Thoreen et al.,
2009, Thoreen and Sabatini, 2009).

More recently, new MTOR inhibitors with better efficacy have been developed
(Rodrik-Outmezguine et al., 2016, Thoreen et al., 2009). Torinl, a competitive ATP
agent was developed as a specific and potent MTOR inhibitor with an IC50 of between
2 — 10nM (Thoreen et al., 2009). Mitochondrial studies have shown that rapamycin
has a very weak effect on mitochondrial dynamics relative to the new class of ATP-
competitive inhibitors. For example, pharmacological inhibition of MTOR for 24-hours
using active-site inhibitors such as Ink1341 and Torinl resulted in hyperfusion in 20%
of mitochondria (relative to rapamycin-treated cells with fusion in 6% of mitochondria)
(Morita et al., 2017). In one proposed mechanism, MTOR enhances translation of
MTFP1 (Mitochondrial fission process-1) which has been shown to enhance
recruitment of Drpl to mitochondria to induce fragmentation (Morita et al., 2017,
Morita et al., 2013). MTFPL1 is an integral protein of the inner mitochondrial membrane
which when overexpressed colocalises with Drpl to promote mitochondrial
fragmentation (Ehses et al., 2009, Tondera et al., 2005, Tondera et al., 2004). Upon
MTOR inhibition, MTFP1 translation is inhibited, leading to the abrogation of

mitochondrial fission, hence unopposed fusion.

Interestingly, MTORC1 has also been reported to regulate mitochondrial function by
enhancing the translation of nucleus-encoded mRNA for the expression of factors
required for OXPHOS and coupling of the E.T.C complexes (Morita et al., 2013). In
addition, previous studies have shown that knockdown of MTOR could induce
mitochondrial fusion (Gomes et al., 2011a). Since QLR activates MTORC1, our
observations of mitochondrial hyperfusion suggest that MTORC1 may engage
multiple mechanisms during amino acid-dependent remodelling of mitochondria. The
sensing of amino acids and growth factors is integrated into MTORCL1 activity levels
via the function of the PI3K/Akt pathway (Fig 4.2).
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Figure 4.2: The regulation of MTORC1 by amino acids and growth factors. The signalling
pathway shows how amino acids and growth factor are sensed by MTORC1. CASTOR1 and
Sestrins sense Arginine (Arg) and Leucine (Leu) respectively in the cytosol which activates
GATOR?2 to block GATORZ1 inhibition of MTORC1, thereby activating MTORCL1. Arginine is
also sensed at the lysosomes through SLC2889, leading to MTORC1 activation. The
presence of Methionine (Met) is sensed as S-adenosylmethionine by SAMTOR, a positive
regulator of GATOR1, thereby blocking GATORL1 inhibitory effect on MTORC1, activating it.
Glutamine directly feed into MTORCL1 via Arfl independent of GATOR. The presence of
growth factors amplify MTORC1 activity by enhancing Rheb/MTORC1 interaction and
localization through the inhibition of TSC1/2 or PRAS40. An active MTORC1 phosphorylates
and inhibit Ulk1, and also indirectly lead to the phosphorylation of S6 via p70S6K. Pathway
modified from (Kim and Guan, 2019)




As introduced in Chapter 1, Akt phosphorylates and inhibits TSC2 and PRAS40, both
of which are negative upstream regulators of MTORC1 (Sancak et al., 2007, Vander
Haar et al., 2007). TSC2, in complex with subunit TSC1, inhibits Rheb, a GTP-binding
protein that is required for MTORC1-lysosomal localization and activation. Therefore,
in the presence of serum, Akt relieves Rheb from TSC1/2 inhibition, thereby promoting
MTORC1 activation. MTORC1 phosphorylates downstream targets such as Ulk1 at
Serine757 to mediate autophagy repression (Kim et al., 2011b). This phosphorylation
event has been proposed to disrupt Ulk1l interaction with AMPK, thereby blocking
autophagy (Kim et al., 2011b). Recent work from our laboratory has shown that upon
supplementation of Q, L or R (or combination thereof), MTORCL1 is activated and
downstream targets such as Ulk1 are phosphorylated (Nwadike et al., 2018). In this
chapter, the role of MTORCL1 activation in amino acid-dependent mitochondrial

dynamics will be investigated.

The activity of MTORC1 is also regulated by AMPK via multiple mechanisms (Lin and
Hardie, 2018). AMPK activates TSC2 via phosphorylation at multiple sites leading to
the inhibition of Rheb and MTORC1 (Inoki et al., 2003). Similarly, AMPK
phosphorylates MTORC1 via Raptor (Gwinn et al., 2008). In addition, AMPK
phosphorylates Ulkl at Ser 317 and Ser 777, priming Ulk1l for the induction of
autophagy (Kim et al., 2011b). AMPK also regulates Ulk1 via other phosphorylation
events to connect cellular energy and nutrients stress to mitophagy (Tian et al., 2015,
Egan et al., 2011). For example, in hypoxic conditions, AMPK phosphorylates Ulk1 at
Ser555 thereby allowing Ulk1 to translocate to mitochondria during mitophagy (Tian
et al., 2015). AMPK can also coordinate hypoxia-induced mitophagy by reducing
mitochondrial potential in cardiomyocytes (Zhang et al., 2018). On the other hand,
mitochondria can fine-tune AMPK regulation during the increased generation of
reactive oxygen species (Hinchy et al., 2018, Rabinovitch et al., 2017). Lastly, AMPK
directly phosphorylates fission mediator Mff, the mitochondrial receptor for Drpl
recruitment, under conditions that target mitochondrial-generated ATP (Toyama et al.,
2016, Ducommun et al., 2015). This mechanism has been proposed to drive fission
and thereby mitochondrial homeostasis during conditions of stress. Despite these
direct roles of AMPK in mitochondrial dynamics, its potential role in mitochondrial
remodelling during amino acid starvation was unclear, leading to our investigations in

this chapter.

The upstream autophagy kinase Ulk1 has also been shown to play important roles in
the cellular stress response involving mitochondria (Wu et al., 2014, Tian et al., 2015,
Kundu et al., 2008, Joo et al., 2011). Multiple Ulk1 inhibitors have been developed in
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view of exploiting autophagy inhibition as a drug target in cancer (Egan et al., 2015,
Petherick et al., 2015). Ulk1 function is activated during amino acid starvation, as an
early regulatory event in the induction of autophagy (Chan et al., 2007, Gallagher et
al., 2016). Although Ulk1 has not been specifically linked to mitochondrial dynamics,
previous studies have shown that Ulkl can indirectly regulate mitochondrial fission
via FUN14 domain-containing 1 (FUNDC1) protein during mitophagy (Wu et al., 2014,
Wu et al., 2016b). During hypoxia, Ulkl phosphorylates FUNDC1 at Ser-17 on the
mitochondria. Interestingly, FUNDC1 knockdown was sufficient to stimulate
mitochondrial fusion (Chen et al.,, 2016a). Additional studies have clarified that
FUNDCL1 stimulates recruitment of Drpl to the mitochondrial-associated membrane
thereby inducing fragmentation (Wu et al., 2016b). To note, FUNDCL1 also interacts
with Opal, which is abrogated during stress. Although interaction with Drpl and Opal
is dependent on FUNDC1 phosphorylation by other kinases such as CK2 and SRC,
the role of UIk1 in regulation of FUNDC1 interactions is not fully understood (Chen et
al., 2016a, Chen et al., 2014). Ulk1 has also been suggested to regulate mitochondrial
processes via mitophagy. For example, a recent study reported that the Ukl complex
also binds Bcl2-L-13 at the mitochondrial outer membrane to enhance mitophagy
(Murakawa et al., 2019). It was shown that Ulk1 binds LC3B via its LC3-interaction
region (LIR) and forms a complex with Bcl2-L-13. Interestingly, the Ulk1, LC3B and
Bcl2-L-13 complex requires Ulk1 kinase activity, thereby suggesting that Bcl2-L-13 is
also a UIk1 substrate. The current evidence for Ulk1 in the regulation of mitophagy
and mitochondrial dynamics led us to explore potential roles in mitochondrial fusion

during amino acid starvation.

The molecular mechanism behind mitochondrial elongation during amino acid
starvation has been previously shown to involve PKA regulation of Drpl (Gomes et
al., 2011a, Rambold et al., 2011). In Chapter 1, we summarised how PKA serves as
effector of the second messenger cyclic-AMP (cAMP) (Lefkimmiatis et al., 2013,
Lefkimmiatis and Zaccolo, 2014, Monterisi and Zaccolo, 2017, Valsecchi et al., 2013).
Importantly, the interaction of PKA with downstream substrates can involve multiple
mechanisms functioning at different subcellular locations. More specifically,
mitochondria respond to cytosol-generated cAMP, therefore leading to the activation
PKA and mitochondrial fusion (Di Benedetto et al., 2017). The current model suggests
that PKA phosphorylates Drpl at Ser637 at the cytosol to inhibit Drp1 translocation to
mitochondria, thereby inducing unopposed mitochondrial fusion (Flippo and Strack,
2017, Lefkimmiatis, 2014, Di Benedetto et al., 2017, Chang and Blackstone, 2007,
Cribbs and Strack, 2007).
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Apart from its role in mitochondrial fission, PKA intriguingly also has been reported to
coordinate mitophagy, amino acid sensing and apoptosis (Akabane et al., 2016).
CAMP accumulation activated via forskolin also can inhibit both MTORC1 and
MTORC2 in a PKA dependent manner (Xie et al., 2011). PKA has been reported to
phosphorylate Atgl (Ulk1l) and Atgl3 in yeast (Stephan et al., 2009). Interestingly,
another independent study suggested that PKA phosphorylates Ulk2 at Ser1027 in
mammalian cells (Shin et al., 2015). The effects of these phosphorylation events on

mitochondrial dynamics are not yet known.

Collectively, MTORC1, Ulkl, AMPK and PKA signalling pathways have been shown
by a range of studies to converge on mitochondria through potentially cross-talking
mechanisms. However, details on how they might regulate mitochondrial dynamics
during nutrient shortages remain unclear. The aim of this chapter was to dissect the
kinase-dependent molecular processes during amino acid-dependent mitochondrial

remodelling.
The objectives are to:

1. Investigate whether amino acid-dependent mitochondrial hyperfusion is
dependent on MTORCL.

2. Investigate whether energy-sensing regulator AMPK is required for amino
acid-dependent mitochondrial fusion.

3. Ultilize UIk1 inhibitors, CRISPR-Cas9 and knockout models to study Ulk1 and
its binding targets (Atgl3 and FIP200) in the regulation of amino-acid-
dependent mitochondrial fusion.

4. Assess the role of autophagy during amino acid-dependent mitochondrial
fusion.

5. Investigate the role of PKA during amino acid-dependent mitochondrial

hyperfusion.
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4.2 Result

4.2.1 Assessing the role of MTORC1 in amino acid-

dependent mitochondrial hyperfusion

The inhibition of MTOR via siRNA knockdown or long term pharmacological inhibition
has been reported to induce mitochondrial hyperfusion (Gomes et al., 2011a, Morita
et al., 2017). In the previous chapter, we demonstrated that addback of amino acids
Q+L+R led to a dramatic and unexpected augmented mitochondrial hyperfusion.
Since Q, L and R are critical regulatory amino acids that activate MTORCL1
(Chantranupong et al., 2016, Wolfson et al., 2016, Jewell et al., 2015), this raised
questions as to whether mitochondrial hyperfusion was caused by MTORC1
activation or inactivation. To first investigate MTORC1 in QLR-dependent

mitochondrial hyperfusion, a pharmacological approach was used.

Torinl is an ATP competitive potent MTOR inhibitor which actively targets both
MTORC1 and MTORC2 (Thoreen et al., 2009). Here, 4T1 and U20S cells were fully
starved of all amino acids or supplemented with QLR in the presence or absence of
Torinl (0.25uM). Immunoblotting was first performed to assess MTORCL1 activation
status via phosphorylation of substate Ulkl at serine 757 and MTORC1-dependent
phosphorylation of ribosomal protein S6 at Serine 240/244.

As expected, Torinl effectively inhibited MTORCZ1, blocking both phosphorylation of
Ulk1 and S6 in U20S cells in full-nutrient untreated condition (Lanes 1 vs 2, Fig 4.3A).
Similarly, MTORC1 was inhibited upon amino acid-starvation which was further
inhibited in the presence of Torinl (Lanes 3 and 4). As expected, QLR addback fully
restored MTORC1-dependent phosphorylation of Ulk1l and S6, while Torinl blocked
this activation (Lanes 5 and 6). Similar results were observed in 4T1 cells treated with
Torinl, amino acid starvation and QLR addback (Fig 4.3B). These findings indicated
that Torinl is a potent inhibitor of MTORC1 and that QLR are potent activators of
MTORCL.

To investigate whether MTOR inhibition by Torinl would stimulate mitochondrial
hyperfusion, mitochondrial length was assessed in cells under basal full nutrient
conditions in the presence and absence of Torinl. Surprisingly, Torinl alone did not
induce mitochondrial fusion (mitochondrial length did not increase relative to
untreated cells) (Fig 4.4A and 4.4B). In contrast, amino acid-starvation induced

moderate mitochondrial fusion, but further inhibition of MTOR with Torinl did not
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increase mitochondrial length further (rather a significant reduction in length) (Fig
4.4B). As established in Chapter 3, supplementation of Q, L and R induced extensive
mitochondrial hyperfusion. However, QLR-dependent increases in mitochondrial
length were significantly reduced by the presence of Torinl. These findings suggest
that: 1) MTOR inhibition is not sufficient to induce mitochondrial fusion and 2) QLR-
addback can still promote hyperfusion even with inhibited MTORCL1. Overall, the
results suggest that amino acid-dependent mitochondrial hyperfusion can be

dissociated from MTOR activity.

Another approach was used to investigate the role of MTORC1 in QLR-induced
mitochondrial hyperfusion. MTORC1 activation by amino acids is dependent on
interaction with Rheb at the lysosome (Sancak et al., 2010, Sancak et al., 2007). The
presence of serum (growth factors) is required for Rheb interaction on the lysosome.
In the absence of growth factors, the TSC complex (TSC1, TBC1D7 and TSC2)
inhibits Rheb, blocking its interaction with MTORC1. Upon serum availability, the TSC
dependent-inhibition of Rheb is released, hence allowing Rheb interaction with
MTORC1 at the lysosome and MTORCL1 activation. As such, it was confirmed
whether QLR-activation of MTORCL1 requires serum in our cell system. As expected,
withdrawal of serum fully blocked MTORC1-dependent phosphorylation of S6 in QLR
supplemented cells (Fig 4.5).

To further investigate QLR-induced mitochondrial hyperfusion and the roles of
MTORC1 activation, mitochondrial length was assessed in starved/QLR
supplemented cells but in the presence or absence of serum. In 4T1-SU9 GFP cells,
it was observed that mitochondria remained short and fragmented upon serum
withdrawal alone (Fig 4.6A, B). Therefore, mild MTORCL1 inhibition (serum starvation)
did not promote mitochondrial fusion. Mitochondrial hyperfusion was strongly induced
by amino acid starvation + QLR-addback and levels of hyperfusion were strong
regardless of serum availability. However, we noted that mitochondrial elongation
was significantly reduced in starved/QLR-supplemented 4T1-SU9 GFP cells where
serum is depleted (Fig 4.6B).

Similar trends were observed in U20S-SU9 GFP cells. QLR-addback stimulated
strong mitochondrial hyperfusion in U20S-SU9 GFP regardless of serum availability
(Fig 4.6C) and mitochondrial length remained the same (+/-) serum in QLR-
supplemented cells (Fig 4.6D). Taken together, these data suggest that the signalling
mechanism that induces amino acid-dependent mitochondrial fusion is independent
of MTORCL1 activity.
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Figure 4.3: The regulation of MTORCL1 signalling by amino acid availability.
Cells were maintained in full media (UN) or either fully starved of amino acid (-AA)
or starved of amino acid but supplemented with Q, L and R (QLR) +/- MTOR
inhibitor (Torinl: 0.25uM) for 4 hours in (A) 4T1-SU9 GFP and (B) U20S-SU9

GFP.

Starvation

media conditions also contained 10%

dialysed FBS.

Representative of two independent experiments. Graphs show average of band
density of n = 2 blots, each bar (1-6) represent each band from left to right
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Figure 4.4: Mitochondrial dynamics in the presence of MTORCL inhibition.

(A) Representative epifluorescent-microscope images of 4T1-SU9 GFP cells maintained in full
media (UN) or either fully starved of amino acid (-AA) or starved of amino acid but
supplemented with Q, L and R (QLR) +/- Torinl (0.25uM) for 4 hours. Starvation media
conditions also contained 10% dialysed FBS.

(B) Each dot represents the mean length of 10 mitochondria within a cell. Each treatment
shows 150 cells quantified from 3 independent experiments. *** indicate P< 0.001, ** p<0.01,
n.s: non-significant, analysed with one way ANOVA with Bonferroni post test. Scale: 17uM
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Figure 4.5: Serum-dependent activation of MTORC1 signalling. 4T1-SU9 GFP cells
were maintained in full media (UN) or amino acid starvation media supplemented with
Q, L and R (QLR) +/- dialysed FBS for 4 hours. Immunoblot representative of two
independent experiments showing serum-dependent phosphorylation of S6, with actin
as a loading control. Graphs show average of band density of n = 2 blots.
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Figure 4.6: Minimal effect of serum on amino acid-dependent mitochondrial
hyperfusion. (A) Representative images of 4T1-SU9 GFP cells treated with full media (FM),
or amino acid starvation media supplemented with Q, L and R (QLR) +/- dialysed FBS.
Mitochondrial length was measured in

(B) 4T1-SU9 GFP, each dot represents the mean length of 10 mitochondria within a cell.

(C) Representative images of U20S-SU9 as treated in A.

(D) U20S-SU9 GFP, each dot represents the mean length of 10 Mitochondria within a cell.
Each treatment shows 150 cells quantified from 3 independent experiment. *** indicate P<
0.001, n.s (non-significant), analysed with one way ANOVA with Bonferroni post test. Scale:
25uM



4.2.2 AMPK is aregulator of mitochondrial dynamics

AMPK is a master signalling sensor of cellular energy and it is also activated during
mitochondrial damage (Kahn et al., 2005). AMPK phosphorylates Ulk1, which has
been shown to be critical for the progression of mitophagy following mitochondrial
damage (Egan et al., 2011, Kim et al., 2011b). During mitochondrial metabolic stress,
AMPK also regulates mitochondrial dynamics by phosphorylating mitochondrial
fission factor (Mff) at S155 and S172 leading to the recruitment of Drpl to

mitochondrial surface to induce fragmentation (Toyama et al., 2016).

Due to the emerging roles of AMPK in mitochondrial remodelling, it was investigated
whether AMPK is required for amino acid-dependent mitochondrial hyperfusion.
Matched wildtype and AMPK a1/a2 double knockout (DKO) MEF (Laderoute et al.,
2006) were starved of amino acids or supplemented with QLR. Cells were fixed and
stained for TOM20. Subsequently, mitochondrial length was quantified. It was
observed that amino acid starvation did not significantly increase mitochondrial length
in both wildtype and AMPK DKO relative to untreated cells (Fig 4.7A, B). However,
the level of mitochondrial fusion observed in untreated and amino acid starved AMPK
DKO cells were significantly lower relative to corresponding wildtype. While QLR
supplementation into amino acid starvation media led to strong mitochondrial
hyperfusion in wildtype cells and AMPK DKO cells, this response was significantly
impaired in AMPK DKO MEF (Fig 4.7B). Western blot confirmed that AMPKa forms
were deleted in AMPK a1/a2 DKO MEF (Fig 4.7C). Therefore, data suggest that
AMPK plays a role in the regulation of mitochondrial dynamics. Mitochondria are
overall more fragmented in the absence of AMPK signalling. However, the QLR-
induced hyperfusion response remains partially active in the absence of AMPK

function.
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Figure 4.7: Role of AMPK in amino acid—dependent mitochondrial hyperfusion.

(A) Representative images of wildtype MEF and AMPK al1/a2 null MEF maintained in full media
(Un), or either fully starved of amino acid (-AA) or starved of amino acid but supplemented with
Q, L and R (QLR) for 4h. Starvation media conditions also contained 10% dialysed FBS.

(B) Mitochondrial length was measured in wildtype and AMPK al/a2 null MEF , each dot
represents the mean length of 10 mitochondria within a cell. Each treatment shows between
130-150 cells quantified from 3 independent experiment. *** indicate P< 0.001, ** P< 0.01, ns
(non significant) analysed with one way ANOVA with Bonferroni post test

(C) Western blot confirming the absence of AMPKa in AMPK al/a2 null MEFs by using anti
AMPKa. Scale: 25uM



4.2.3 The Ulkl-complex is a regulator of amino acid-

dependent mitochondrial hyperfusion

The Ulk1l complex, which forms along with subunits Atg13, FIP200 and Atg101, has
been shown to regulate mitochondrial remodelling during hypoxia (Wu et al., 2014,
Wu et al., 2016b). Ulk1 has been more extensively demonstrated to serve critical roles
in the activation of downstream autophagy-related proteins via direct phosphorylation
of Atg1l3 and Beclinl (Russell et al., 2013). Atgl3 and FIP200 are important for Ulk1
localization to early autophagosomes during autophagy (Ganley et al., 2009, Jung et
al., 2009, Hosokawa et al., 2009a, Hara et al., 2008). This translocation event is
followed by p62/SQSTM1 accumulation, which forms a bridge between ubiquitinated
protein targets and LC3B on the autophagosome membrane (Pankiv et al., 2007,
Bjorkoy et al., 2005). During this autophagosome formation process, p62/SQSTM1
and LC3B form punctate structures which can be quantified to assess the extent of
autophagy activation (Yoshii and Mizushima, 2017). While Ulk1 and Atg13 have been
previously shown to regulate mitochondria biology, their role in mitochondrial

hyperfusion during amino acid starvation remained unclear.

4.2.3.1 Atgl3 and FIP200 are required for amino acid-

dependent mitochondrial hyperfusion

It was next tested whether the Ulkl complex is required for amino acid-dependent
mitochondrial hyperfusion. To study the Ulkl complex, we first targeted essential
subunits of the complex (e.g. Atg13). Firstly, amino acid-dependent mitochondrial
fusion was studied in 4T1 clones (13.2.1 and 13.1.1b) in which Atgl3 has been
targeted with the CRISPR-Cas9 system. These Atgl3 CRISPR cells were tested for
autophagy by assessing p62 and LC3B puncta to confirm that they were unable to

undergo autophagy during amino acid starvation.

A basal level of p62 puncta was observed in untreated wildtype 4T1 cells (Fig 4.8A).
Upon amino acid starvation for 2-hours, p62 puncta accumulated in 4T1 wildtype
which was blocked in the presence of Q, L and R. It was observed that the amino
acid-dependent increase in p62 puncta was inhibited in CRISPR Atg13 cells although
basal p62 puncta were maintained. Upon quantification, p62 spots accumulated in
amino acid-starved 4T1 wildtype cells by at least 3-fold relative to untreated cells but
this response was abrogated upon QLR-addback (Fig 4.8B). Interestingly, amino acid

starvation did not stimulate an increase in p62 puncta in CRISPR Atg13 cells relative
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to amino acid starved wildtype cells. In fact, there were no differences in the levels of
p62 puncta between untreated, amino acid starved, and QLR supplemented CRISPR
Atgl3 cells. Also, western blot confirmed that Atg1l3 was targeted in the CRISPR
Atgl3 4T1 cells (Fig 4.8C).

Similar to the p62 puncta formation results, LC3B-positive puncta accumulated
following amino acid starvation in 4T1 wildtype cells, which was suppressed when Q,
L and R were supplemented into the amino acid starvation medium (Fig 4.9A). After
amino acid starvation, LC3B spots accumulated in 4T1 wildtype cells by
approximately 3-fold relative to untreated cells (Fig 4.9B). In contrast, LC3B puncta
accumulation is inhibited following amino acid starvation in CRISPR Atgl3 cells.
These data confirm that CRISPR Atgl3 cells were unable to undergo autophagy
following amino acid starvation. In addition, the addback of Q, L and R is sufficient to

reverse the normal amino acid starvation-induced autophagy response.

Mitochondrial hyperfusion following Q, L and R addback in autophagy-deficient
CRISPR Atg13 cells was next examined. Cells were starved or supplemented with

QLR for 4-hours, and stained for outer mitochondrial membrane protein TOM20.

In 4T1 wildtype cells, amino acid starvation led to a moderate mitochondrial fusion (as
compared with untreated controls), while supplementation with Q, L and R stimulated
mitochondrial hyperfusion, as observed previously (Fig 4.10A). In contrast,
mitochondrial fusion was totally blocked in CRISPR Atg13 cells, both following amino
acid starvation and QLR supplementation conditions. In quantitation, with 4T1
wildtype cells, addback of Q, L and R led to an increase in mitochondrial length by at
least 2-fold relative to full amino starved cells, consistent with other experiments (Fig
4.10B). In contrast, Q, L and R addback did not induce any increase in mitochondria
length in CRISPR Atgl3 4T1 cells. Mitochondrial fusion was blocked by at least 4-
fold in Q, L and R supplemented Atgl3 CRISPR cells relative to Q, L and R
supplemented wildtype cells. This suggests that Atgl3 function is required for Q, L
and R-induced mitochondrial hyperfusion.
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Figure 4.8: p62/SQSTM1 puncta formation is inhibited in Atg13 CRISPR 4T1 cells.

(A) Representative images of 4T1 WT and CRISPR Atg13 (13.1.1b) cells maintained in full media (UN),
starved of either all amino acids (-AA) or starved of amino acids but supplemented with QLR for 2h.
Starvation media conditions also contained 10% dialysed FBS. Cells were fixed and stained for p62.
Starvation media conditions also contained 10% dialysed FBS.

(B) Each bar represents the mean p62 puncta/cell for N=90 cells from 3 independent experiment (30
cells per experiment). *** indicate P< 0.001 analysed with one way ANOVA with Bonferroni post test.

(C) Western blot confirming targeting in CRISPR Atg13 4T1 cells. Scale: 10um
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Figure 4.9: LC3B puncta formation is inhibited in Atg1l3 CRISPR 4T1 cells.

(A) Representative images of 4T1 WT and CRISPR Atg13 cells maintained in full media
(UN), starved of either all amino acids (-AA) or starved of amino acids but supplemented
with QLR for 2h. Starvation media conditions also contained 10% dialysed FBS. Cells
were fixed and stained for LC3B.

(B) Each bar represent mean quantification of LC3B puncta/cell from 90 cells from 3
independent experiment (30 cells per experiment). *** indicate P< 0.001 analysed with
one way ANOVA with Bonferroni post test. Scale: 10um
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Figure 4.10: Mitochondrial hyperfusion is inhibited in Atg13 CRISPR 4T1 cells.

(A) Representative images of 4T1 WT and CRISPR Atgl3 cells maintained in full media
(UN), starved of either all amino acids (-AA) or starved of amino acid but supplemented with
QLR for 4h. Starvation media conditions also contained 10% dialysed FBS. Cells were fixed
and stained for outer mitochondrial outer membrane TOM20. (B) Each dot represent the
mean length of 10 mitochondria within a cell. Each treatment shows 150 cells quantified from
3 independent experiment. *** indicate P< 0.001, ** P< 0.01, analysed with one way ANOVA
with Bonferroni post test. Scale: 10um



FIP200 is another essential functional component of the Ulk1/2 complex. It has been
reported that disruption of members of the complex, including FIP200, affects the
overall stability and functionality of the Ulk1 complex (Ganley et al., 2009, Hara et al.,
2008). By exploring KO MEF, it was investigated whether FIP200 is required for amino

acid-dependent mitochondrial fusion.

In wildtype MEF, amino acid starvation did not greatly induce mitochondrial fusion
relative to untreated controls, while supplementation with Q, L and R stimulated
mitochondrial hyperfusion, as shown previously (Fig 4.11A). In contrast,
mitochondrial fusion was not observed after both amino acid starvation and QLR
supplementation conditions in FIP200 KO MEF. Upon guantification, mitochondrial
length in amino acid starved wildtype cells were similar to untreated wildtype cells
(Fig 4.11B). In contrast, Q, L and R addback stimulated mitochondrial hyperfusion by
at least 3-fold in wildtype MEF relative to cells maintained in full media or starved of
all amino acid. However, Q, L and R addback did not induce any significant increase
in mitochondria length in FIP200 KO cells. Mitochondria length is overall significantly
reduced in FIP200 KO cells.

Taken together, loss of function in either Atgl3 or FIP200 showed striking inhibition
of QLR-dependent mitochondrial hyperfusion thereby suggesting that the Ulkl

complex is required for this amino acid sensing mechanism.
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Figure 4.11: Mitochondrial hyperfusion is inhibited in FIP200 knockout MEF.

(A) Representative images of WT and FIP200 KO MEF maintained in full media (FM) or
starved of either all amino acids (-AA) or starved of amino acid but supplemented with QLR
for 4h. Starvation media conditions also contained 10% dialysed FBS. Cells were fixed and
stained for outer mitochondria membrane (TOM20).

(B) Each dot represents mean length of 10 mitochondria within a cell. Each treatment shows
150 cells quantified from 3 independent experiments. *** P< 0.001 analysed with one way
ANOVA with Bonferroni post test. Scale: 25um



4.2.3.2 Ulk1 is required for QLR-dependent mitochondrial

hyperfusion

To further study the Ulkl complex, amino acid-dependent mitochondrial fusion was
investigated in 4T1 CRISPR UIk1 cells. 4T1 CRISPR Ulk1 were previously generated
in the lab by using CRISPR-Cas9 guide constructs targeting Ulkl. Multiple
puromycin-resistant 4T1 clones were isolated (1.1.2, 1.4.1, 1.3.4 and 1.1.4). Western
blot indicated that 4T1 CRISPR Ulk1 clone 1.3.4 had the most efficient targeting,
hence further experiment was carried out using these (Fig 4.12A). To confirm that
CRISPR UIk1 4T1 cells had blocked autophagy due to loss of Ulk1, cells were starved
of amino acids and p62 and LC3B puncta were assessed. Similar to CRISPR Atg13
cells, p62 and LC3B puncta accumulation was inhibited in starved CRISPR UIk1 cells
relative to starved wildtype cells (Fig 4.12B, C). Levels of autophagy inhibition due to
Ulkl targeting were significant, although some response was still observed in
CRISPR Ulk1 cells, possibly due to residual Ulkl (or Ulk2 function). As expected,
QLR addback also blocked autophagy as observed via suppression of p62 and LC3B
puncta accumulation (Fig 4.12B, C).

Following this confirmation, 4T1 CRISPR UIk1 cells were next starved of amino acids
or tested with QLR supplementation, and mitochondrial length was assessed.
Interestingly, full amino acid starvation-dependent mitochondrial fusion was overall
observed in both 4T1 wildtype cells and 4T1 CRISPR Ulk1 cells (Fig 4.12D).

In CRISPR Ulkl cells, amino acid-starved-induced mitochondrial fusion was
observed, but levels were significantly inhibited relative to amino acid starved wildtype
(Fig 4.12D). In CRISPR UIk1 cells, QLR-addback led to mild (insignificant) increase
in mitochondrial length relative to cells starved of all amino acids. However,
mitochondrial hyperfusion observed from QLR-addback in CRISPR UIk1 cells was
significantly lower relative to wildtype cells treated with QLR-addback. These results
further suggest that the Ulk1l complex is required for the maximal mitochondrial fusion
responses to amino acid starvation or QLR-supplementation. However, the
observation of partial amino acid-dependent mitochondrial fusion in Ulkl CRISPR
cells (in contrast to CRISPR Atg13 and FIP200 KO cells) suggested that the Ulkl

complex was still partially functional due to residual Ulk1 or functional UIk2.

Following these observations suggesting roles of the Ulk1l complex, pharmacological

inhibitors of Ulkl were used. Here, we tested reported Ulkl kinase inhibitors
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(e.g-MRT68921 from Petherick et al. (2015), SBI-0206965 from Egan et al. (2015))
that had been successfully used in our laboratory (Nwadike et al., 2018, Radhi et al.,
2019). In addition, we tested several other unpublished candidate Ulk1 inhibitors
(MRT239016 and MRT238993) obtained via collaboration from Medical Research
Council Technology/Life Arc. MRT239016 and MRT238993 analogues were made
with objective of minimising off-target effects. These two analogues have been
demonstrated in our lab to inhibit Ulk1/2 kinase catalytic activity by reducing the
phosphorylation of Atgl3 at Ser 318, albeit without blocking amino acid starvation-

induced autophagy (Chan, Radhi and Nwadike unpublished data).

Here, MRT68921 effectively blocked QLR-addback dependent mitochondrial
hyperfusion at 10uM (Fig 4.13A). Upon quantification, MRT68921 treatment led to a
reduction in mitochondrial length in both amino acid starvation-induced fusion and
QLR-stimulated hyperfusion (Fig 4.13B). To further explore this promising effect, we
tested dose responses at 1uM, 5uM and 10uM in cells treated with QLR-
supplemented amino acid starvation media. The inhibition of QLR-induced
mitochondrial hyperfusion with MRT68921 was dose-dependent, with 10uM having a
greater inhibitory effect relative to 5uM and 1uM (Fig 4.13C). However, MRT68921 at
1uM sufficiently inhibited mitochondrial fusion by about 2-fold relative to QLR-
supplemented cells. As we tested different Ulk1l inhibitors, surprisingly, only
MRT68921 and MRT239016 inhibited QLR-induced mitochondrial hyperfusion while
MRT238993 and SBI-0206965 did not have any effect. Although SBI-0206965 has
been shown to block autophagy, inhibition of autophagy was weaker relative to
MRT68921(Radhi et al., 2019). Taken together, these findings suggest that
MRT238993 and SBI-0206965 have a lower in vitro potency relative to MRT239016
and MRT68921.

To address this discrepancy, Ulk1/2 DKO MEF (McAlpine et al., 2013) were used to
further clarify. Firstly, it was confirmed that Ulkl/ DKO MEF were unable to induce
autophagy after amino acid starvation. Wildtype and Ulk1/2 DKO MEF were starved
of amino acids for 1.5-hours and stained for LC3B puncta. It was observed that LC3B
spots accumulated following amino acid starvation in wildtype MEF (Fig 4.14A). In
contrast, in Ulk1l/2 DKO, LC3B accumulation was inhibited following starvation. In
wildtype MEF, LC3B spots increased by 3-fold upon amino acid starvation relative to
cells maintained in full media but this response was inhibited 3-fold in starved Ulk1/2
DKO MEF (Fig 4.14B). This result confirms that Ulk1/2 DKO MEF are robustly
targeted for autophagy.
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Subsequently, mitochondrial hyperfusion following Q, L and R addback was assessed
in wildtype MEF and two different lines of Ulk1/2 DKO MEF (4SVN and 5SVN, isolated
from independent embryos) (McAlpine et al., 2013). It was observed that wildtype
cells maintained in either full media or starved of amino acid have a mixture of short
and intermediate mitochondria length (Fig 4.15A, B). However, as expected, the
addback of Q+L+R (to starvation medium) stimulated extended mitochondrial
hyperfusion in wildtype MEF. Surprisingly, Ulk1/2 DKO (5SVN) showed hyperfused
mitochondria in full nutrient media relative to wildtype cells (Fig 4.15B). There was
no further increase in mitochondrial length upon full amino acid starvation. Indeed,
amino acid starvation tended to shift towards smaller mitochondrial sizes.
Furthermore, Ulk1/2 DKO (5SVN) did not show similar patterns of hyperfusion upon
QLR-addback.

Similar overall quantitation results were observed in the independent Ulk1/2 DKO cell
line 4SVN (Fig 4.15C). In 4SVN, amino acid starvation or QLR supplementation did
not lead to increases in mitochondrial length relative to untreated 4SVN cells.
However, mitochondrial hyperfusion length was significantly reduced in QLR-
supplemented Ulk1/2 DKO 4SVN cells relative to QLR-supplemented wildtype MEF.
This data suggest that roles of Ulk1/2 in mitochondrial dynamics are complex since
DKO of Ulk1/2 resulted in mitochondrial fusion, but led to amino acid starvation-
induced mitochondrial fragmentation. However, these findings altogether suggest that
Ulk1/2 are required for QLR-induced mitochondrial hyperfusion.

To clarify further the mitochondrial fusion patterns observed in Fig 4.15C, Ulk1 was
reconstituted into Ulk1l/2 DKO MEF (4SVN) and then investigated whether amino
acid-dependent mitochondrial hyperfusion responses could be rescued. Interestingly,
UIk1 reconstitution blocked mitochondrial hyperfusion in untreated Ulk DKO cells (Fig
4.16A, B). Also, Ulk1 reconstitution blocked the significant amino acid starvation-
induced mitochondrial fission observed in Ulk DKO cells. UIk1 reconstitution did not
stimulate mitochondrial hyperfusion upon amino acid starvation (this is consistent with
previous result that wildtype MEF does not fuse in response to amino acid starvation).
Indeed, Ulkl reconstitution rescued QLR-addback dependent mitochondrial
hyperfusion. Mitochondrial length increased by ~2-fold in QLR-supplemented (amino
acid starvation) Ulk1 reconstituted cells (Fig 4.16B). Western blot confirmed that Ulk1
was successfully reconstituted into Ulk1/2 DKO (Fig 4.16C). Taken together, the
findings from CRISPR Ulk1, Ulk1 inhibitors, and Ulk1/2 DKO rescue experiments

suggest that the Ulk1 complex is required for QLR-induced mitochondrial hyperfusion.
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Figure 4.12: The effect of CRISPR Ulkl targeting on amino acid—dependent
mitochondrial hyperfusion. (A) Western blot confirming levels of targeting in 4T1 Ulkl-
CRISPR clones. Clone 1.3.4 was selected and tested for autophagy.

(B) 4T1 wildtype and 4T1 Ulkl CRISPR cells were maintained in full media (UN), starved of
either all amino acids (-AA) or starved of amino acid but supplemented with QLR. Starvation
media conditions also contained 10% dialysed FBS. Each bar represents the mean p62
puncta/cell for 90 cells from 3 independent experiment (30 cells per experiment) for 2h.

(C) Each bar represent the mean quantification of LC3B puncta/cell from 90 cells from 3
independent experiment (30 cells per experiment) as treated in B for 2h. Starvation media
conditions also contained 10% dialysed FBS.

D) Mitochondrial length was measured after staining for outer mitochondria membrane,
TOM20 after treatment as B for 4hours. Each dot represent the mean length of 10
mitochondria within a cell. Each treatment shows 150 cells quantified from 3 independent
experiment. *** indicate P< 0.001, ** P< 0.01, n.s non significant, analysed with one way
ANOVA with Bonferroni post test. Note: 4.12 B, C and D WT treatments are the same for Fig
4.8B, Fig 4.9B and Fig 4.10B respectively as they are parallel experiments.



=)
3 1207
e
D
& 80
s
2
o 401
- N
QLR + A 8
MRT68921 b=
) MRT68921
A (10uMm)
n.s
[ 1
n.s
*kk I *k*k I

Mitochondrial length (a.u)

Figure 4.13: Pharmacological inhibition of Ulkl blocks mitochondrial hyperfusion. (A)
Representative images of 4T1-SU9 GFP maintained in full media (UN) or either fully starved of
amino acids (-AA) or starved of amino acid but supplemented with QLR. Where indicated,
starvation conditions were supplemented with Ulk1 inhibitor MRT68921 (10uM). Starvation media
conditions also contained 10% dialysed FBS. (B) Mitochondrial hyperfusion was assessed after
inhibiting Ulk1 with MRT68921 (10uM). Each dot represents the mean length of 10 mitochondria
within a cell. Each treatment shows 150 cells quantified from 3 independent experiment (C)
Mitochondrial hyperfusion was assessed after inhibiting Ulk1 with varying doses of MRT68921 and
varying Ulk1 inhibitors (all at 10uM) (Each treatment shows 80-100 cells quantified from
representative of 2-4 independent experiments.*** indicate P< 0.001, n.s (non-significant) with one
way ANOVA with Bonferroni post test. Scale : 25uM
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Figure 4.14: UIk1/2 is required for LC3-positive autophagosome formation (A)
Representative images show LC3B puncta in WT MEF (clone 1SVN) and Ulk1/2 DKO MEF
(clone 4SVN). Cells were either maintained in full media (UN) or starved of all amino acids (-
AA) for 1.50hr. Starvation media conditions des not contain 10% dialysed FBS. Cells were
fixed and stained for LC3B. (B) Each bar is the mean of LC3B puncta/cell in 90 cells from
three independent experiments. *** indicate P< 0.001 unpaired t test. Scale: 10pum
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Figure 4.15: Ulk1/2 is a regulator of amino acid-dependent mitochondrial hyperfusion. (A)
Representative images of WT MEF (clone: 1SVN) and Ulk1/2 DKO MEF (clone: 5SVN) cells
maintained in full media (UN) or starved of either all amino acids (-AA) or starved of amino acid but
supplemented with QLR for 4h. Starvation media conditions also contained 10% dialysed FBS.
Cells were fixed and stained for outer mitochondrial membrane TOM20.

(B) Mitochondrial hyperfusion was measured in WT and Ulk1l/2 DKO MEF (clones: 4SVN vs
5SVN). Note: 4.15B 1svn WT treatments are the same for Fig 4.11B as they are parallel
experiments. Each dot represents the mean length of 10 mitochondrial within a cell. Each
treatment shows 150 cells quantified from 3 independent experiments. *** indicate P< 0.001, n.s
(non-significant). Analysed with one way ANOVA with Bonferroni post test. Scale: 25um
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Figure 4.16: Ulk1l reconstitution rescues QLR-induced mitochondrial hyperfusion. (A)
Representative images of Ulk DKO MEF (clone: 4SVN) +/- reconstitution with Ulk1l. Cells were
maintained in full media (UN) or starved of either all amino acids (-AA) or starved of amino acid but
supplemented with QLR for 4h. Starvation media conditions also contained 10% dialysed FBS.
Cells were fixed and stained for outer mitochondrial membrane TOM20. (B) Mitochondrial
hyperfusion was measured in Ulk DKO and Ulk DKO + Ulkl WT. Each dot represents the mean
length of 10 mitochondria within a cell. Each treatment shows 150 cells quantified from 3
independent experiments. *** indicate P< 0.001, n.s (non-significant). Analysed with one way
ANOVA with Bonferroni post test. (C) Western blot showing expression levels of Ulkl
reconstitution, with actin as a loading control. Scale: 25uM



4.2.4 Amino acid-dependent mitochondrial fusion is

independent of autophagy.

The Ulkl complex is essential in the regulation of amino acid starvation-induced
autophagy (McAlpine et al., 2013). Ulk1 phosphorylates Beclinl to drive the activation
of VPS34 PI3K and autophagy vesicle nucleation (Russell et al., 2013, Park et al.,
2018). Mitochondrial fusion during starvation-induced autophagy has been suggested
to be a mechanism for mitochondrial evasion possibly reflecting a balance between

autophagy and excessive mitophagy (Rambold et al., 2011).

Since it was shown that loss of the Ulkl complex would block autophagy, it was next
investigated whether the block of mitochondrial hyperfusion was due to general
inhibition of autophagy (or rather a more specific UIk1 role). For this, Atgs KO MEF
that are unable to induce autophagosome formation were tested (Kuma et al., 2004,
Gallagher et al., 2017). As done previously in Ulkl and Atgl3 KO cells, it was
confirmed that Atg5 KO MEF were indeed unable to undergo autophagy during amino

acid starvation.

It was observed that LC3B puncta accumulated as expected following amino acid
starvation in wildtype MEF (derived in parallel with Atg5 KO) (Fig 4.17A). In contrast,
in Atgs KO MEF, LC3B puncta formation was completely inhibited following amino
acid starvation. In wildtype MEF, LC3B spots increased by 4-fold upon amino acid
starvation relative to cells maintained in full media. However, basal and starvation-
induced accumulation of LC3B spots were totally inhibited in Atg5 KO MEF (Fig
4.17B). This finding is consistent with strong inhibition of autophagy in Atg5 KO cells.

In wildtype MEF, as observed in other cell systems, addback of Q, L and R induced
extended mitochondrial hyperfusion (Fig 4.18A). In contrast, MEF maintained in
either full nutrient media or fully starved of amino acid retained short mitochondrial
length. Similar to wildtype MEF, Atg5 KO MEF produced hyperfused mitochondria in
response to Q, L and R-addback, but not in amino acids-starved cells. Mitochondrial
length increased by at least 3-fold in Q, L and R supplemented wildtype cells relative
to amino acid-starved and untreated wildtype MEF (Fig 4.18B). In Atg5 KO MEF,
supplementation of QLR increased mitochondria length by 2-fold relative to amino
acid-starved and untreated cells. These findings indicate mitochondrial hyperfusion in

response to Q, L and R addback can occur even in Atg5 KO autophagy-deficient cells.
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Figure 4.17: Autophagy deficiency in Atgs KO MEF. (A) Representative images of WT and
Atg5 KO MEF. Cells were either maintained in full media (UN) or starved of all amino acids (-
AA) for 2hr. Starvation media conditions also contained 10% dialysed FBS. Cells were fixed
and stained for LC3B and puncta quantified. (B) Each bar shows mean of LC3B puncta/cell in
120 cells from four independent experiments (30 cells quantified per experiment). *** indicate
P< 0.0001 analysed with one way ANOVA with Bonferroni post test. Scale: 10um
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Figure 4.18: QLR-induced mitochondrial hyperfusion is independent of autophagy (A)
Representative images of WT and Atgs KO MEF. Cells were maintained in full media (UN) or
starved of either all amino acids (-AA) or starved of amino acid but supplemented with QLR for 4h.
Starvation media conditions also contained 10% dialysed FBS. Cells were fixed and stained for
outer mitochondrial membrane TOM20. (B) Mitochondrial hyperfusion was measured in WT and
Atgs KO MEF. Each dot represents the mean length of 10 mitochondria within a cell. Each
treatment shows 150 cells quantified from 3 independent experiments. *** indicate P< 0.001.
Analysed with one way ANOVA with Bonferroni post test. Scale: 25um



4.2.5 Role of PKA-signalling in amino acid-dependent

mitochondrial hyperfusion

The stimulation of mitochondrial fusion during amino acid starvation has been
reported to involve the activation of PKA which phosphorylates Drpl at S637 (Gomes
et al.,, 2011a). Phosphorylation of Drpl at S637 has been shown to repress Drpl
recruitment to mitochondria, therefore favouring an unopposed mitochondrial fusion
(Chang and Blackstone, 2007).

The localization of Drpl during amino acid starvation and QLR-supplementation was
thereby studied to determine if subcellular Drp1 distribution could explain hyperfusion
results. 4T1-SU9 GFP cells fixed on glass coverslips were stained with antibody
against Drpl. It was observed that Drpl could be detected as punctate structures
spread over the cytoplasm in untreated cells maintained in full nutrient conditions (Fig
4.19A). Interestingly, Drpl localisation did not change upon amino acid starvation or
QLR addback. Upon image analysis of Drpl puncta co-localization, there was no
significant difference in the number of Drpl puncta localised on mitochondria (SU9-
GFP) between untreated cells, starved cells or QLR-addback conditions (Fig 4.19B).
This finding suggests that levels of Drp1l localized on mitochondria remained relatively
constant in our experimental treatments. Therefore, amino-acid dependent

hyperfusion could not be explained by Drp1 translocation away from mitochondria.

PKA is activated by accumulation of second messenger cAMP during low energy
stress or pharmacological-activation by Forskolin (Frsk) (Gomes et al., 2011b, Gomes
et al., 2011a, Chang and Blackstone, 2007). In contrast, PKA-activity can be inhibited
using H89 dihydrochloride hydrate (Chijiwa et al., 1990). PKA phosphorylates multiple
downstream targets such as CREB at S133 and pro-apoptotic protein BAD at S112
(Gonzalez and Montminy, 1989, Harada et al., 1999b). Phosphorylation of CREB at
S133 is a well-established readout of PKA activation. To ascertain whether QLR-
dependent mitochondrial hyperfusion is occurring as a result of PKA-activation and
phosphorylation of Drpl at pro-fusion site S637, western blot analysis was carried
out. Here, we also investigated PKA-dependent phosphorylation following Frsk

treatment as control.

It was observed that Frsk did not alter S6 phosphorylation, a reflection of MTORC1
activity (Fig 4.20A). On the other hand, amino acid starvation led the inhibition of the
phosphorylation of S6, while QLR addback (in the presence of serum growth factors)
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restored the phosphorylation of S6, consistent with the expected MTORCL1 signalling
pattern. Frsk led to increased phosphorylation of CREB relative to untreated cells.
However, amino acid-starvation led to even stronger levels of CREB phosphorylation
and these levels remained high even with QLR-supplementation (Fig 4.20A).
Therefore, PKA appears activated in all three treatments but to differing extents.
Surprisingly, while Frsk-dependent PKA activation led to phosphorylation of Drpl at
S637, amino acid starvation and QLR-supplementation did not induce this response
(although PKA was activated according to P-CREB) (Fig 4.20A). As this was entirely
unexpected, another commercially-available phospho Drpl-S637 antibody was also
tested. This additional immune blot further confirms the result, indicating that Drp1l is
not phosphorylated at S637 during amino acid starvation or further QLR-

supplementation (Fig 4.20A).

Next, another Drpl-phosphorylation site was investigated. In contrast to the
phosphorylation of Drp1-S637 which leads to overall mitochondrial fusion, multiple
kinases Cdkl1, PKC and Erk2 phosphorylate Drpl at S616, leading to an increased
Drpl recruitment to mitochondria hence mitochondrial fission (Taguchi et al., 2007,
Kashatus et al., 2015, Qi et al., 2011, Serasinghe et al., 2015). Less phosphorylation
of Drpl at S616 is associated with mitochondrial fusion. It was observed that
phosphorylation of Drpl at S616 did not greatly change under our different treatments.
For example, relative to untreated cells, Drpl phosphorylation at S616 did not
decrease after Frsk treatment, even though mitochondrial fusion (and S637
phosphorylation) is promoted by this drug (Fig 4.20B). Amino acid starvation led to
mild dephosphorylation of S616 but QLR-supplementation (hyperfusion) did not lead
to further S616 dephosphorylation. Therefore, dephosphorylation of Drpl S616 does
not appear to be a driver of Frsk- or QLR-dependent mitochondrial hyperfusion.

Mitochondrial dynamics can also be altered via Opal-proteolytic processing to form
long (L) Opal or short (S) Opal oligomers. The accumulation of L-Opal favours
fusion while the accumulation of S-Opal enhances mitochondrial fragmentation
(Duvezin-Caubet et al., 2006, Ishihara et al., 2006, Head et al., 2009). Therefore, it
was also investigated here whether Opal proteolysis occurs during Frsk treatment,
amino acid starvation or QLR supplementation. Interestingly, it was observed that
Opal was present in both L-Opal and S-Opal forms at generally unchanged ratios
in all treatments (Fig 4.20C). There were no changes in the relative levels of L-Opal

or S-Opal to correlate with mitochondrial hyperfusion during amino acid starvation
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and QLR-supplementation. This finding also suggested that Opal remodelling cannot

explain the regulation of amino acid-dependent mitochondrial hyperfusion.

To further explore the unexpected lack of phosphorylation on Drpl at (pro-fusion)
S637 after amino acid starvation and QLR supplementation, we considered that the
phosphorylation might occur at earlier time points. To test this, PKA-dependent
phosphorylation of Drpl at S637 was re-examined. Furthermore, since it was shown
in the previous chapter that amino acid-dependent mitochondrial fusion begins rapidly
at 1-hour (peaking at 4-hours), it was investigated whether phosphorylation of Drpl
at S637 precedes mitochondrial fusion after amino acid starvation or QLR

supplementation.

It was observed that PKA led to basal steady levels of phosphorylated CREB in
untreated cells (collected as controls) at 1, 2 and 4-hours (Fig 4.21). In contrast, Frsk
treatment led to phosphorylation of CREB at 1-hour, which reduced by 2 and 4-hours.
However, amino acid starvation or starvation with QLR supplementation led to
phosphorylation of CREB at a higher level relative to Frsk treated cells, with sustained
activation between 1, 2 and 4-hours. As observed previously, only Frsk treated cells
were able to phosphorylate Drpl at S637. Frsk led to the phosphorylation of S637 at
an early time point of 1-hour which was maintained at 2-hours and 4-hours despite
only transient phosphorylation of CREB. This further confirms that amino acid
starvation leads to PKA activation but QLR-addback dependent mitochondrial fusion
occurs independently of Drpl-phosphorylation at S637.

Since PKA was shown to be activated during amino acid-dependent mitochondrial
hyperfusion, the role of PKA-activation on mitochondrial dynamics was examined.
4T1-SU9 GFP cells were starved of amino acids or further supplemented with QLR.
In addition, we further tested effects of activating PKA with Frsk or inhibiting PKA with
H89. Mitochondrial length was assessed and western blot was performed to confirm
changes in phosphorylation of CREB, Drpl and S6 as a readout of PKA and
MTORCL.

As expected, Frsk alone in untreated cells (under full nutrients) led to a moderate
mitochondrial fusion relative to untreated cells (Fig 4.22). Unexpectedly, the inhibition
of PKA alone with H89 (under full nutrients) also led to mitochondrial fusion relative
to untreated cells. Interestingly, while amino acid starvation led to mitochondrial
fusion, further PKA activation with Frsk increased mitochondrial length (column 4 vs

5). However, H89 did not alter amino acid starvation-induced mitochondrial fusion
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(column 4 vs 6). Surprisingly, while QLR addback led to mitochondrial hyperfusion,
further activation of PKA did not enhance mitochondrial length (column 7 vs 8).
However, inhibition of PKA with H89 blocked QLR-dependent mitochondrial

hyperfusion (column 7 vs 9).

Western blot analysis confirmed that PKA is activated in all Frsk treated cells via
phosphorylation of Drpl S637 (lanes 2, 5 and 8). Similarly, H89 effectively blocked
PKA activity via its inhibition of the phosphorylation of CREB (lanes 3, 6 and 9).
However, H89 was also observed to inhibit phosphorylation of S6 (lanes 3 and 9),
thereby indicating a potential off-target effect (Fig 4.22). These findings suggest that
there are multiple distinct PKA signalling mechanisms during Frsk treatment, amino
acid starvation and QLR supplementation. The H89 data suggest that full amino acid
starvation-induced mitochondrial fusion is independent of PKA, while QLR-dependent

mitochondrial hyperfusion might be PKA-dependent.

Based on the potential off-target inhibition by H89, the role of PKA in QLR-dependent
mitochondrial hyperfusion required further clarification. H89 has been reported to
have multiple targets with IC50 values of 80nM for S6K1 and 135nM for PKA (Davies
et al., 2000). Since S6K1 phosphorylates S6, this interaction may explain why H89
decreased phospho S6 levels. Davies et al. (2000) reported that at 10puM
concentration, H89 inhibits other kinases such as AMPK, CHK1, ROCKIIl and S6K,
some of which have been reported to regulate mitochondrial dynamics. To limit this
off-target interference in H89-inhibition of QLR-dependent mitochondrial hyperfusion,

dose-dependent phosphorylation of CREB and S6 was examined by western blot.

As shown previously, PKA led to the phosphorylation of CREB in QLR-supplemented
cells, with phosphorylation of S6 at relatively high levels, similar to untreated cells (Fig
4.23A). It was observed that H89 effectively blocked the phosphorylation of CREB
(in the presence of QLR) at all concentrations tested from 5uM — 20uM. H89 at 20uM
led to inhibition of PS6 but this was greatly reduced at 10uM and 5uM. This result
indicated that lower concentrations of H89 can effectively inhibit PKA while having
less effect on the phosphorylation of S6. Next, the effect of H89-inhibition of PKA on

mitochondrial fusion was re-examined at 5uM concentration.

Similar to our previous experiment, H89 at 5uM led to mitochondrial fusion in
untreated cells under full nutrients (Fig 4.23B). This lower concentration of H89 did
not alter amino acid-starvation induced mitochondrial fusion. In contrast, H89 mildly

(but significantly) reduced QLR-dependent mitochondrial hyperfusion. Although the
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H89 effect at 5uM effect was less than what was observed with 20puM, the data are
still consistent with some PKA-dependent regulation during QLR-induced
mitochondrial hyperfusion. However, the level of mitochondrial fusion observed during
Frsk treatment or QLR-dependent mitochondrial hyperfusion did not correlate with
patterns of Drpl phosphorylation at S637. This distinct pattern of PKA signalling

involving CREB, but not Drpl S637, was next examined.

PKA has been reported to have multiple spatially distinct phosphorylation pathways
located in the cytoplasm, nucleus, outer mitochondrial membrane and inner
mitochondrial membrane (Burdyga et al., 2018). At these subcellular localisations,
PKA can drive unique phosphorylation events on specific target proteins, generally
containing a PKA substrate consensus defined as RRx(S/T) (Zettergvist et al., 1976,
Kemp et al., 1977). Next, it was explored whether global PKA-signalling patterns are

different in Frsk treated cells, amino acid-starved cells and QLR-supplemented cells.

PKA-phosphorylation of cellular target proteins was examined by western blot using
a pan phospho-PKA consensus RRXx(S/T) antibody. It was observed that Frsk
distinctively increased the phosphorylation of multiple PKA substrates (corresponding
to 180kDA, 116kDA and 60kDA protein size) relative to untreated cells (Fig 4.24). In
contrast, amino acid starvation or QLR addback did not lead to the phosphorylation
of these substrates (red arrows). Interestingly, relative to untreated and Frsk-treated
cells, amino acid starvation or QLR addback led to the dephosphorylation of PKA
substrate corresponding to 36kDA (blue arrow). Therefore, there were distinct PKA
substrate phosphorylation patterns in amino acid-starved cells, QLR-addback and
Frsk treated cells (marked by red and blue arrow). On the other hand, Frsk treatment,
amino acid starvation or QLR addback increased the phosphorylation of PKA
substrates relative to untreated cells (black arrows), thereby indicating that PKA is
activated. Interestingly, QLR addback into amino acid starvation led to similar
phosphorylation pattern as observed in amino acid starved cells. However, relative to
amino acid starved cells, QLR addback increased the phosphorylation of the PKA
substrate corresponding to 36kDA. These findings suggest that Frsk-dependent PKA
signalling is different from amino acid starvation or QLR-addback dependent PKA

activation.

Collectively, the data from this section suggest that PKA may have multiple roles in
the regulation of mitochondrial dynamics. 1) Amino acid starvation leads to the
activation of PKA as shown in the phosphorylation of CREB and other PKA-

substrates. 2) Upon PKA activation during amino acid starvation, PKA does not
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phosphorylate certain substrates as it would during Frsk treatment as shown in Drpl
phosphorylation at S637 and other substrates. 3) QLR addback into amino acid
starvation led to a PKA-dependent phosphorylation that is absent during amino acid
starvation. These all suggest that there is a distinct PKA mechanism during amino

acid-dependent mitochondrial hyperfusion.
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Figure 4.19: Drp1l localization during amino acid-dependent mitochondrial fusion (A) Representative
images of 4T1-SU9 GFP cells stained with anti-Drpl antibody after amino acid starvation and QLR
supplementation for 4 hours. Starvation media conditions also contained 10% dialysed FBS. (B) Bar chart
indicating the percentage of co-localization of Drpl1 spots with mitochondria (quantification of co-localization
normalised to total mitochondrial area). Merged confocal images of Drpl and SU9-GFP were analysed on
Image-J to identify co-localization. The highlighted co-localization was counted with analyse-particle after
all the images were adjusted to the same threshold. Average of 11 cells per image, 9 images per treatment
were analysed from 3 independent experiments. Analysed with one way ANOVA. n.s: No significance.

Scale bar: 25pm
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Figure 4.20: PKA activation does not correlate with mitochondrial hyperfusion (A) Western blot showing
the PKA-dependent phosphorylation after treatment of 4T1 cells with Forskolin (20uM), amino acid starvation and
amino acid starvation/QLR supplementation for 4 hours. Starvation media conditions also contained 10%
dialysed FBS. Graphs show band densitometry, average of n=2 for P-S6/T-S6, mean of n=3 for P-Creb/T-Creb,
mean of n=3 for P-Drpl/T-Drpl (B) Western blot showing phosphorylation of Drpl at S616 after indicated
treatments. Graph of average of n=2 for P-Drp1 (S616)/T-Drpl (C) Western blot showing Opa-1 processing after
indicated treatments. Representing N=3 independent experiments. * (P< 0.05), ** (P< 0.01), ns (hon significant),
relative to untreated. Analysed with T-test unpaired.
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Figure 4.21: Rapid PKA activation upon amino-acid starvation. Western blot showing PKA-
dependent phosphorylation events in 4T1 cells after treatment with Forskolin (20uM), amino acid
starvation or amino acid starvation/QLR supplementation for 1 hour, 2 hours and 4 hours.
Representing N=2 independent experiments. Starvation media conditions also contained 10%
dialysed FBS.
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Figure 4.22: Mitochondrial fusion is regulated by both PKA activation and inhibition. 4T1-

SU9 GFP cells were starved of either all amino acid or starved of amino aci
with Q, L and R plus/minus either: PKA activator (Forskolin 20uM), or PKA i

d but supplemented
nhibitor (H89 20uM)

for 4 hours. Starvation media conditions also contained 10% dialysed FBS. Each dot represents
the mean length of 10 mitochondria within a cell. Each treatment shows 150 cells quantified from 3
independent experiments. *** indicate P< 0.001. Analysed with T.test unpaired. Western blot
showing PKA and MTORC1 regulation of downstream targets. Representing N=3 independent

experiments
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Figure 4.23: H89 inhibition of PKA inhibits QLR-dependent mitochondrial hyperfusion. (A)
Western blot showing H89 dose-dependent inhibition of PKA in 4T1-SU9 GFP cells treated to
amino acid starvation/QLR supplementation for 4 hours. Starvation media conditions also
contained 10% dialysed FBS. Representing N= 2 independent experiments. Graphs show average
of band density of n = 2 blots, P-Creb/T-Creb, P-S6/T-S6, each bar (1-5) represent each band from
left to right.

(B) Mitochondrial length of 4T1-SU9 cells starved of all amino acid or amino acid starved but
supplemented with Q, L and R plus/minus PKA inhibitor (H89 5uM) for 4 hours. Starvation media
conditions also contained 10% dialysed FBS. Each dot represents the mean length of 10
mitochondria within a cell. Each treatment shows 180 - 200 cells quantified from 4 independent
experiments. * indicate P< 0.05. Analysed with T-test unpaired.
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Figure 4.24: Detection of phosphorylation of PKA substrate motif during amino acid
starvation. Western blot showing the phosphorylation of PKA substrates motif (detected with
phospho-PKA substrate antibody RRx(S/T)P) after PKA activation with Forskolin (20uM), amino
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4.3 Discussion

4.3.1 Regulatory roles of autophagy mediators in
mitochondrial remodelling

We proposed that mitochondrial hyperfusion in response to Q, L and R might be
explained by the function of MTORC1, AMPK, and UIk1 since these pathways are
critical regulators of amino acid sensing. MTORC1, AMPK and Ulk1 also have been
implicated as key regulators of mitochondrial biology (e.g. MTORCL1 regulation of
mitochondrial hyperfusion (Morita et al., 2017), AMPK-dependent induction of
mitochondrial fragmentation (Toyama et al., 2016) and Ulk1-dependent regulation of
mitochondrial degradation (Wu et al., 2014, Tian et al., 2015, Egan et al., 2011)).
These studies highlighted the possible roles of MTORC1, AMPK and Ulk1 in amino
acid-dependent mitochondrial hyperfusion. In this chapter, we discovered that some
(but not all) of these nutrient-sensing kinase pathways are required for amino acid-
dependent mitochondrial hyperfusion.

4.3.1.1 Amino acid-dependent mitochondrial hyperfusion
iIs MTORCL1 independent

Here, we showed that amino acid addback-dependent mitochondrial hyperfusion is
independent of MTORCL. Interestingly, our results are in contrast to another study
Gomes et al. (2011a) that linked MTORCL1 inhibition to mitochondrial fusion. We
found that MTOR inhibition with Torinl in otherwise normal conditions clearly was not
sufficient to induce mitochondrial fusion despite total inhibition of MTORC1-
dependent phosphorylation of downstream substrates. Conversely, we observed only
a minimal block in QLR-dependent mitochondrial fusion in response to Torinl or
serum withdrawal in 4T1 cells. These results do not fit with the MTOR inhibition-
mitochondrial fusion model. Overall, a major MTORC1-dependent effect (for example,
from addback of Q, L and R) was not found that correlates with QLR-dependent
mitochondrial hyperfusion. Therefore, our data suggest that mitochondria have a

distinct amino acid sensing mechanism independent of MTORC1.

Furthermore, it was reported that long term inhibition of MTORC1 stimulated
mitochondrial hyperfusion as a result of a reduction in MTFP1 translation. In Morita et
al. (2017) MTOR was inhibited for 24-hours while in our study MTOR was inhibited
for 4-hours. The inhibition of MTOR for 4-hours corresponds to the optimal time for

amino acid starvation—inhibition of MTORC1 which occur rapidly before 2-hours
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(Nwadike et al., 2018). Similarly, the timing also correlates with the optimal response
of mitochondria to amino acids shortages. Clearly, MTOR inhibition-induced fusion
occurs in response to translational break down which can be ruled out at 4-hours. In
addition, cellular response to starvation-induced stress is a short term survival mode,
which over time if the stress continues, cell death will be inevitable (Sadasivan et al.,
2006). These, therefore, lead us to conclude that amino acid-dependent mitochondrial
fusion is a separate cellular response from long term MTOR-inhibition induced fusion.

4.3.1.2 AMPK is a regulator of mitochondrial hyperfusion

We show here that AMPK is partially required for amino acid-dependent mitochondrial
hyperfusion. Amino acid addback of QLR still stimulated some fusion in AMPK KO
MEF but the response was much reduced. Therefore, our data suggest that AMPK is
required for maximal mitochondrial hyperfusion. Interestingly, AMPK has been shown
to regulate mitochondria via multiple mechanisms such as transcriptional upregulation
of PGC-1a which is required for mitochondrial biogenesis (Baur et al., 2006, Marin et
al., 2017). AMPK also regulates mitochondrial dynamics via the phosphorylation of
Mff (Toyama et al., 2016). Yet, roles for AMPK in mitochondrial biology remain still
not fully explored. Due to the roles of AMPK as a master regulator of energy, it was
suggested that AMPK regulates yet to be identified substrates resident in
mitochondria (Herzig and Shaw, 2018). The role of AMPK in the regulation of
mitochondrial dynamics has mostly been associated with mitophagy and metabolic
challenges via phosphorylation of Mff to enhance mitochondrial fragmentation (Egan
et al., 2011, Toyama et al., 2016). Another recent study has identified ARMC10 as a
novel substrate of AMPK via a phospho-proteometric analysis of CRISPR-targeted
AMPKa1 and AMPKa2 HEK293A cells (Chen et al., 2019b). This study found that
AMPK can phosphorylate ARMC10 at S45 to promote mitochondrial fragmentation by
interacting with Drpl. In contrast to the above AMPK-pro-fission model, our data
indicate that AMPK also as a pro-fusion role in basal states since mitochondria of
AMPK DKO MEF tend to shift toward fragmentation.

Interestingly, AMPK deficiency is reported in many metabolic diseases such as
obesity and it is currently a drug target for diseases where mitochondrial metabolism
is altered (Peralta et al., 2016, Marcinko et al., 2015, Bujak et al., 2015). Mitochondrial
generated ROS have been reported to activate AMPK by increasing its
phosphorylation of Ulk1, for the maintenance of metabolic homeostasis (Rabinovitch
et al., 2017, Hinchy et al., 2018). Vice-versa, in AMPK DKO cells, mitochondrial ROS
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is elevated (Rabinovitch et al., 2017). Since an increase in mitochondrial ROS has
been reported to induce mitochondrial fragmentation, it is possible that the reduction
in mitochondrial fusion in AMPK DKO cells is an effect of elevated ROS (Wu et al.,
2011). Our findings also complement the observation that AMPK promotes longevity
in C.elegans by maintaining the continuous interplay between mitochondrial fusion
and fission (Weir et al., 2017). Therefore, our data highlight that detailed roles of
AMPK in fission and fusion still lack full clarity.

4.3.1.3 Ulk1 is aregulator of mitochondrial dynamics

We show here by multiple approaches that members of the Ukl complex (Ulk1, Atgl3
and FIP200) are critical for Q, L and R induced mitochondrial hyperfusion. How Ulk1
regulates nutrient-dependent mitochondrial dynamics remains unclear, but this
interaction is particularly intriguing due to the laboratory’s long-standing interest in the
Ulkl pathway. While we had effective targeting of Ulkl using the CRISPR-Cas9
system, it is not entirely surprising that mitochondrial fusion in Q, L and R addback
conditions was only partially blocked. With UIk1 loss, Ulk2 has been reported to
complement for Ulk1 functions in a cell type-dependent manner (Lee and Tournier,
2011). Pharmacological inhibition of Ulk1l greatly inhibited both full amino acid
starvation and Q, L, R induced hyperfusion, consistent with the notion that UIk1-

dependent phosphorylation is critical for mitochondrial fusion.

It was surprising that Ulk1/2 DKO MEF showed a mixed phenotype with hyperfused
mitochondria in basal untreated cells. However, consistent with our other results, Q,
L and R addback did not induce further hyperfusion in Ulk1/2 deficient cells. The
reconstitution of wildtype Ulk1 into Ulk1/2 DKO reduced mitochondrial fusion in basal
untreated cells and rescued QLR-induced hyperfusion responses, thereby further

supporting the idea that Ulk1 function is a critical regulator of mitochondrial dynamics.

Surprisingly, not all the Ulk1 inhibitors blocked mitochondrial hyperfusion to the same
extent. MRT68921 and newer “2nd generation” MRT239016 both showed a similar
strong effect (Petherick et al., 2015). MRT68921 inhibition of amino acid-dependent
mitochondrial fusion is consistent with other results from our lab where MRT68921
strongly inhibited the Ulk1-dependent phosphorylation of Atg13-S318 and autophagy
((Radhi et al., 2019) (Nwadike et al., 2018) and Chan, Nwadike, Radhi, unpublished
data). In these studies from our group, 2nd generation MRT238993 and reported
compound SBI0206921 (Egan et al., 2015) also blocked autophagy and phospho

Atg13-S318. However, unexpectedly, these compounds did not alter mitochondrial
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fusion phenotypes here. In contrast to MRT68921 and MRT239016 (which blocked
QLR-dependent mitochondrial fusion), MRT238993 and SBI0206921 did not inhibit
this response. However, while MRT238993 and SBI0206921 did not have an effect
on mitochondrial dynamics, the MRT68921 and MRT239016 inhibitory effect further

suggests that UIk1 is required for amino acid-dependent mitochondrial hyperfusion.

Complementing Ulk1 targeting results, Atgl3 and FIP200 loss of function led to
extensive mitochondrial fission, thereby further supporting a role of the Ulkl complex
in QLR-induced mitochondrial hyperfusion. Previous studies have reported that Atg13
is released from Ulk1l and then translocates to damaged mitochondria where it aids
their degradation (Joo et al., 2011). Similarly, FIP200 has been recently associated
with mitochondria dynamics (Yamashita et al., 2016). FIP200 is shown to be critical
for mitochondrial fragmentation during mitophagy. Interestingly, studies have also
shown that the absence of Atg13 or FIP200 destabilizes the Ulkl complex and also
inactivates Ulk1/2 (Alers et al.,, 2011, Hosokawa et al., 2009a, Hara et al., 2008,
Hosokawa et al., 2009b). These findings are consistent with our observation that
Atgl3 CRISPR, FIP200 KO, Ulk1 targeting all mediate the same mechanism during

amino acid-dependent mitochondrial hyperfusion.

Ulkl has been previously shown to regulate mitochondrial fission (albeit indirectly)
during hypoxia. Under hypoxia stress, Ulkl was observed to translocate onto
mitochondria where it phosphorylated a novel identified substrate, FUNDC1 (Wu et
al., 2014). Subsequently, FUNDC1 initiates the recruitment and binding of Drpl to
mitochondria-ER contact sites to induce mitochondrial fission (Wu et al., 2016b).
Under normal conditions, FUNDC1 interacts with both L-Opal and S-Opal forms,
and this interaction is reduced during mitochondrial stress (Chen et al., 2016a).
Interestingly, other studies have shown that Ulkl is required for mitochondrial
remodelling during skeletal muscle regeneration (Call et al., 2017). This study
reported that muscular injury led to mitochondrial fragmentation but wildtype mice are
able to recover by remodelling mitochondria to a striated state. In contrast, it was
observed that conditional Ulkl muscle-specific KO mice are unable to remodel the
mitochondrial network following muscular injury. Therefore, this supports a direct role
of Ulk1 in mitochondrial dynamics. Another independent study has shown that the
Ulkl complex was critical for Bcl2-L-13- dependent mitophagy (Murakawa et al.,
2019). It was shown that Ulkl forms a complex with LC3B via its LIR and this
interaction is required for Ulk1 interaction with Bcl2-L-13. Interestingly, similar to our

observation, all members of the Ulkl complex are required for the Ulk1-Bcl2-L-13
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interaction (Murakawa et al., 2019). Therefore, our findings highlight a novel role of
the Ulk1 complex in the regulation of amino acid-dependent mitochondrial fusion but

the direct mechanism remains an open question.

4.32 Amino acid-dependent mitochondrial hyperfusion is

autophagy-independent

Autophagy is a self-degradative process that non-specifically sequesters cellular
compartments to the lysosomes or specifically identifies damaged proteins, damaged
organelles or foreign organisms, priming them for degradation (Okamoto et al., 2009,
Losier et al., 2019). Acute amino acid starvation initiates a non-specific autophagy
process to aid cell survival and maintain cellular homeostasis by differentially
regulating MTORC1, AMPK and Ulk1 (Bujak et al., 2015, Ho et al., 2017). As shown
here, this autophagy response can be exclusively abrogated in the presence of Q, L

and R and are therefore identified as the main regulatory amino acids sensed.

During amino acid starvation, a cascade of signalling events take place whereby
MTORC1 is inhibited and UIk1 is activated. Here, Q, L and R-addback were sufficient
to switch off autophagy as a result of activation of MTORC1, inhibition of Ulk1. This
agrees with previous studies where QLR addback activates MTORC1, blocks Ulk1
and Atgl3 translocation to autophagosomes, and also inhibits LC3B accumulation
(Nwadike et al., 2018). Similar results were also reported in Duran et al. (2012) as the
addition of Q and L activated MTORC1 by increasing E catabolism and enhancing
alpha-ketoglutarate production. These suggest that apart from amino acid-dependent
regulation of MTORCL1, mitochondrial-dependent metabolites are also regulators of
MTORCL.

To our surprise, autophagy-specific regulatory signals do not correlate with
mitochondrial fusion. It was observed here that Q, L and R extensively induced
mitochondrial hyperfusion despite reducing accumulation of p62 and LC3B-positive
autophagosomes. QLR-induced mitochondrial hyperfusion was also functional in
Atg5 KO autophagy-deficient cells. Therefore, this supports a model that mitochondria
directly respond to the presence of QLR during amino acid starvation independently

of the autophagy status.
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4.3.3 Roles of PKA and Drpl phosphorylation in amino

acid-dependent mitochondrial fusion

The cAMP-PKA signalling pathway has been previously demonstrated to be a key
regulator of mitochondrial dynamics during complete amino acid starvation (Gomes
et al., 2011a). We show here contrasting results that amino acid-dependent
mitochondrial fusion can be largely independent of increased phosphorylation of Drpl
at S637. We also observed that there were no significant changes in Drpl localization
on mitochondria despite increased activity of PKA (from CREB phosphorylation
levels) in amino acid-starved and QLR-stimulated cells. This subcellular localisation
is consistent with low phosphorylation of Drpl at S637 since phosphorylation at S637
has been reported to promote Drpl displacement from mitochondria (Chang and
Blackstone, 2007, Morita et al., 2017). We also show that complete amino acid
starvation-induced fusion occurs independently of PKA because kinase inhibitor H89
did not show any effect on this response. Our findings, therefore, challenge the current
model where PKA is activated and subsequently, Drpl is phosphorylated at S637
(pro-fusion site) upon amino acid starvation (Gomes et al., 2011a, Rambold et al.,
2011, Li et al., 2017). Our data suggest that complete amino acid starvation can
stimulate mitochondrial fusion rather than an indirect effect due to inhibition of Drp1-

mediated fission.

Complementary to this, we indeed found that Frsk led to strong phosphorylation of
Drpl S637 and increased mitochondrial size, entirely consistent with the PKA-Drpl
translocation model previously established in other studies (Chang and Blackstone,
2007, Cribbs and Strack, 2007). Despite the rapid and strong phosphorylation of Drpl
after Frsk, the level of mitochondrial fusion was lower relative to QLR addback-
dependent mitochondrial hyperfusion. This suggests that other molecular events are
responsible for amino acid-dependent mitochondrial fusion since patterns of Drpl-
S637 phosphaorylation did not correlate with mitochondrial hyperfusion. This notion is
supported by the observation that H89 did not have a major effect on mitochondrial
fusion after amino acid starvation or QLR supplementation when tested at a low dose
to minimize off-target effects. Interestingly, H89 as a specific PKA inhibitor has been
controversial and H89 has been shown to block multiple kinases (Davies et al., 2000,
Limbutara et al., 2019). Nevertheless, our data indicate that QLR-dependent
mitochondrial hyperfusion occurs independently of the PKA-Drpl phosphorylation

model.
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4.3.3.1 The phosphorylation role of Drpl is context-

specific

The Drpl phosphorylation sites are overall well conserved between multiple species
(Fig 4.25). The differences in amino acid numbering relate to the range of Drpl
isoforms. For example, phospho Drpl S600 of mouse isoform-b, mapped to the
GTPase effector domain (GED), corresponds to S637 in human Drpl Isoform-1.
Similarly, the pro-fission phosphorylation site S579 corresponds to S616 in human
Drpl isoform-1. Interestingly, multiple kinases such as CDK1, ERK1/2, PKCd and
CDKS5 have been shown to phosphorylate Drpl at S616 (Fig 4.25) (Taguchi et al.,
2007, Kashatus et al., 2015, Qi et al., 2011, Serasinghe et al., 2015, Cho et al., 2014,
Strack et al., 2013, Prieto et al., 2016, Zaja et al., 2014). Similarly, in addition to PKA,
CAMKIa, ROCK1 and PIM1 have been shown to phosphorylate Drp1 at S637 (Han
et al., 2008, Wang et al., 2012b, Din et al., 2013). While these two phosphorylation
sites (S616 and S637) have been characterised by multiple studies, some controversy

(as summarised below) exists in their respective roles for fission or fusion.

Contradicting functional roles from phosphorylation of Drpl at S600, (human S637
(initially understood as pro-fusion)) have been reported. It was observed here that
Frsk led to the phosphorylation of Drpl at S637 hence promoting mitochondrial fusion.
This finding correlates with studies identifying phosphorylation of S637 site as a pro-
fusion mediator (Chang and Blackstone, 2007, Kim et al., 2011a, Gomes et al.,
2011a). In contrast, phosphorylation of Drpl at S600 by PKA has been reported to
promote mitochondrial fragmentation and increased mitochondrial function for heat
production and energy consumption in brown adipocytes (Wikstrom et al., 2014).
Similarly, a pro-fission role for phosphorylation of S637 by CAMKIla and ROCK1 has
been reported in HelLa cells and mouse kidney glomeruli, in which phospho-Drpl
S637 promoted Drpl localization to mitochondria (Han et al., 2008, Wang et al.,
2012b). This was further supported by an independent study (Jhun et al., 2018a, Jhun
et al., 2018b) suggesting that opposing functional consequences of Drpl S637

phosphorylation may reflect specific cell type or stimulus-dependent responses.

These apparently contradicting observations may reflect complex or multiple roles of
the Drpl pathway. It has been proposed that Drpl is phosphorylated at the cytoplasm
thereby preventing its translocation to mitochondria or alternatively that Drpl
phosphorylation at the outer mitochondrial mitochondria to enhances translocation off
mitochondria (Di Benedetto et al., 2017) (Ould Amer and Hebert-Chatelain, 2018).
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Conversely, it has been reported that PKA-phosphorylation of Drpl also can reduce
GTPase activity of Drpl, thereby reducing fission without necessarily altering
mitochondrial localisation (Merrill et al., 2011). Nevertheless, amino acid-dependent
mitochondrial fusion observations here appear to avoid these controversies since we
found low Drpl-S637 phosphorylation levels during starvation and amino acid

addback in a range of normal and cancer cell lines.
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M. Musculus Drpl isoform b: 576-MPASPQKGHAVNLL-DVPVPV-ARKLSAREQRDC-607
M. Musculus Drpl isoform a: 589-MPASPQKGHAVNLL-DVPVPV-ARKLSAREQRDC-620
H. sapiens Drpl isoform 1: 613-MPASPQKGHAVNLL-DVPVPV-ARKLSAREQRDC-644
H. sapiens Drpl isoform 2: 587-MPASPQKGHAVNLL-DVPVPV-ARKLSAREQRDC-619
H. sapiens Drpl isoform 3: 576-MPASPQKGHAVNLL-DVPVPV-ARKLSAREQRDC-607
D. Melanogaster Drp1:611- NIVSP --VKPVNLLPDVPANHNPRRLTDKEQKDC- 642
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Figure 4.25: Drpl phosphorylation site conservation in different isoforms and summary
model: (A) Sequence alignment of the Drpl isoforms due to splice variants of different species.
Indicated are phosphorylation consensus sites of CDK1 (Annotated in red and shaded orange) and
PKA consensus sequence (shaded green). Schematic shows the GTPase domain, middle domain,
variable domain (VD) and GTPase effector domain (GED). (B) Chapter summary model of
MTORC1, PKA and P-Drpl S637, AMPK and Ulkl during amino acid-dependent mitochondrial
fusion. The arrow indicates activity status (Increase or decrease)




4.3.3.2 PKA signalling is compartmentalised

PKA compartmentalisation may explain opposing PKA-dependent Drpl
phosphorylation roles during Frsk and amino acid-dependent mitochondrial fusion.
Studies have shown that cAMP signalling is compartmentalised into multiple
subcellular domains (Lefkimmiatis and Zaccolo, 2014, Torres-Quesada et al., 2017).
This compartmentalization leads to differential regulation of cAMP-PKA-dependent
substrates (Lefkimmiatis et al., 2013). Here, we observed that PKA can differentially
phosphorylate CREB and Drp1 following amino acid starvation, QLR addback or Frsk.
Speculatively, one possible explanation for this finding is that Frsk and amino acid
starvation induce PKA activation at different cellular compartments. Differentially
localised PKA can be directed via the action of phosphodiesterases (PDEs) which
neutralise cAMP signals (Lomas and Zaccolo, 2014). Also, the localization of
transmembrane ACs at the plasma membrane and outer mitochondrial membrane, in
addition to soluble ACs at different sites (cytosol, nucleus and mitochondrial-matrix)
can also direct differential cCAMP-dependent pathways (Zippin et al., 2003, Acin-Perez
et al., 2009).

Acin-Perez et al. (2009) reported that cAMP can be generated within mitochondria by
sAC which leads to activation of PKA within mitochondria. Mitochondrial-generated
cAMP was suggested to be a metabolic sensing mechanism that identifies changes
in mitochondrial-generated ATP and ROS. Furthermore, fluorescence resonance
energy transfer (FRET) reporter / cAMP studies revealed that Frsk induces cAMP at
the outer mitochondrial membrane via transmembrane AC independent of GCPRs/AC
route (Acin-Perez et al., 2011a, Burdyga et al., 2018). Burdyga et al. (2018) found that
Frsk activates cCAMP in the cytosol and outer mitochondrial membrane (OMM) but it
has greater PKA-dependent phosphorylation at the OMM, including phosphorylation
of Drpl. This suggests that Frsk activates PKA at the OMM leading to the
phosphorylation of Drpl, but PKA does not appear to be activated at the OMM during

amino acid starvation or QLR addback.
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4.3.3.3 The role of phosphatases in amino acid-dependent

mitochondrial hyperfusion

Our phospho PKA substrate motif blot further indicates differential patterns in Frsk vs.
amino acid-starved cells. This supports our hypothesis that Frsk and amino acid
starvation have different downstream PKA signalling patterns. Apart from the possible
roles of PDE and the sub-cellular localization of cAMP-PKA signalling, phosphatases
can play a major role in differential PKA-regulation (Haj Slimane et al., 2014, Burdyga
et al., 2018). Burdyga et al. (2018) reported that during physiological CAMP activation,
CAMP levels in cytosol and OMM are mostly comparable but downstream PKA
phosphorylation of target proteins greatly differ. It was proposed that this opposite
observation in cAMP and PKA is as a result of local PP2A-dependent
dephosphorylation (Burdyga et al., 2018). Frsk was reported to promote PKA
activation at the outer mitochondrial membrane than in the cytosol. Cytosolic and
OMM cAMP was measured by using soluble and OMM targeted- EPAC respectively.
Similarly, PKA activity in the cytosol and at the OMM was measured using soluble
and OMM-targeted FRET-based sensors respectively. This difference in PKA
activation was concluded to be directed by reduced activity of PP2A at the outer
mitochondrial membrane (Burdyga et al., 2018). Interestingly, inhibition of
mitochondrial phosphatases increased the phosphorylation CREB by Frsk. This,
therefore, suggests that mitochondrial phosphatases are activated during Frsk

treatment, thereby, explaining the low phosphorylation of CREB by Frsk in our study.

Despite calcineurin being a direct phosphatase of Drp1-S637 (Cereghetti et al., 2008,
Cribbs and Strack, 2007), inhibition of PP2A was proposed to be the major factor to
enhance PKA-activity at the cytosol and outer mitochondrial membrane (Burdyga et
al., 2018, Dickey and Strack, 2011). Therefore, PP2A is the proposed main
phosphatase that drives lower PKA activity at the cytosol. Interestingly, amino acid
starvation has been shown to lead to an increase in PP2A activity on Ulk1l (Wong et
al., 2015). It is possible that this starvation-induced PP2A activity is responsible for
the reduced PKA-dependent phosphorylation of Drpl1-S637 we observed. Whether
PP2A regulates the mitochondrial fusion via its activity on Ulk1 during amino acid-

dependent mitochondrial fusion will need to be examined.

PGAMS5 is another phosphatase that is strongly linked to the regulation of
mitochondrial dynamics such as fusion, degradation and motility. PGAMS5

dephosphorylates Drpl at S637 during necrotic cell-death, leading to the activation of
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Drpl GTPase activity and mitochondrial fragmentation (Wang et al., 2012c).
Interestingly, PGAMS also dephosphorylates Ulk1-substrate FUNDC1 at Ser-13 to
promote mitochondrial degradation during hypoxia (Chen et al., 2014, Liu et al., 2012,
Sugo et al., 2018). In addition, PGAM5 enhances mitochondrial motility via Miro2
activity during stress induced by proteasome inhibition (O'Mealey et al., 2017).
Interestingly, PGAMS inhibition has been implicated in the pathogenesis of hereditary
spastic paraplegia, a neurological disorder associated with (Receptor Expression-
Enhancing Protein-1) REEP1 mutations (Beetz et al., 2008, Solowska and Baas,
2015, Zichner et al., 2006, Lavie et al., 2017). The inhibition of PGAMS5 in hereditary
spastic paraplegia is due to its reduced interaction with REEP1, which ultimately leads

to hyperphosphorylation of Drp1-S637 (Lavie et al., 2017).

Localization of PGAMS5 to mitochondria was dependent on Syntaxin-17 (Sugo et al.,
2018), a protein that also regulates mitochondrial-ER contacts and mitochondrial
remodelling (Arasaki et al., 2018, Arasaki et al., 2015, Arasaki et al., 2017). It was
reported that the depletion of Syntaxin-17 disrupts PGAMS5 localization to outer
mitochondrial membrane thereby enhancing phospho-Drpl S637 and mitochondrial
fusion (Sugo et al., 2018). Syntaxin-17 also regulates autophagy and autophagosome
maturation from the ER-mitochondrial contact site (ltakura et al., 2012, Arasaki et al.,
2018, Hamasaki et al., 2013). Interestingly, amino acid starvation abrogates the
interaction of Syntaxin-17 with Drpl but increases its affinity with Atg1l4L (Arasaki et
al., 2018). Although it is suggested that the dissociation of Syntaxin-17 from Drpl
during starvation induces the phosphorylation of Drpl at S637, it is not clear whether
it is involved in the reduced activity of PGAMS5 or the enhanced activity of PKA. While
this evidence strongly implicates PGAMS in the regulation of mitochondrial dynamics,
amino acid-dependent mitochondrial hyperfusion appears to occur independently of
PGAMb5/syntaxin 17 mechanism since changes in phospho Drpl-S637 were not

observed. Therefore, this suggests multiple independent mechanisms.

Our findings clearly show that amino acid-dependent mitochondrial fusion occurs
independently of phospho Drpl-S637. Taken together, it will be interesting to know
whether amino acid starvation or QLR-addback will lead to the phosphorylation of
Drpl at S637 upon phosphatase inhibition. Also, whether cAMP regulates PKA
activation in the cytosol or on OMM during amino acid-dependent mitochondrial-

hyperfusion will need to be assessed.
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4.3.4 Conclusion

In summary (Fig 4.25B), we show here that amino acid-dependent mitochondrial
hyperfusion occurs independent of MTORC1 but requires AMPK in part. Amino acid-
dependent mitochondrial hyperfusion required the Ulkl complex. We also show that
QLR addback sufficiently block autophagy via its inhibition of LC3B and p62/SQSTM
positive puncta accumulation but QLR-addback dependent hyperfusion occurred
independently of autophagy. The inhibition of PKA during starvation did not block
fusion but had a mild effect on QLR-dependent mitochondrial hyperfusion.
Interestingly, we identified a differential regulation of PKA-targets which revealed that
PKA-phosphorylation of Drpl S637 is not the major cue driving amino acid-dependent
mitochondrial hyperfusion. This also correlated with unaltered Drpl co-localization
with mitochondria indicating that mitochondria can hyperfuse even when Drpl is
mitochondrial-bounded. Our findings support an intrinsic amino acid sensing
mechanism within mitochondria which connects mitochondrial dynamics to the

presence of regulatory amino acids.
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Chapter 5

Roles of amino acid-dependent mitochondrial
hyperfusion in regulating cellular metabolism
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5.1 Introduction

Mitochondria are central hubs for cellular metabolism, hosting a complex network of
biochemical reactions involved in REDOX balance, cellular energetics, nucleotide
synthesis, lipid metabolism and amino acid metabolism (Spinelli and Haigis, 2018).
Relevant to this thesis here, mitochondria are specialised in the processing of carbon
and nitrogen backbones of amino acids to metabolic intermediates required in the
Krebs cycle (Wang et al., 2019b, Coloff et al., 2016, Lane and Fan, 2015, Hosios et
al., 2016). Despite the intimate role of mitochondria in cellular metabolism, how

mitochondrial dynamics regulate cellular metabolism is not yet clear.

5.1.1 Mitochondria dynamics are regulators of cellular

metabolism

Mitochondria have distinct roles in regulating cellular metabolism. Within
mitochondria, ROS is produced normally as a by-product of cellular metabolism. Due
to the roles of ROS in the control of cell death, apoptosis and tumorigenesis,
mitochondria thereby regulate levels of ROS to promote cellular homeostasis
(Schieber and Chandel, 2014). One mechanism involves the synthesis of antioxidants
such as Nicotinamide adenine dinucleotide-hydrogen (NADH) and glutathione (GSH)
(which is synthesized from of glutamate, cysteine and glycine) (Garcia et al., 2010,
Korge et al., 2015). Therefore, the synthesis of these antioxidants requires sufficient
levels of amino acids. On the other hand, another mechanism involves changes in
mitochondrial fusion and fission to regulate ROS synthesis during nutrient-dependent
stress. For example, it has been shown that high glucose availability increases ROS
and oxidative stress as a result of enhanced mitochondrial fragmentation (Yu et al.,
2006). Conversely, mitochondrial fusion has been shown to prevent oxidative stress
by ameliorating metabolic-induced stress via the increase in Mfnl deacetylation (Lee
et al., 2014). These studies indicate that mechanisms of mitochondrial dynamics are

able to mitigate oxidative stress and maintain metabolic homeostasis.

In the previous chapter, we observed that amino acid-dependent mitochondrial
hyperfusion requires UIk1 signalling. Interestingly, other studies have shown that the
Ulk1 signalling pathway regulates mitochondrial processes such as mitophagy and
MtDNA maintenance (Webster et al., 2014, Cogliati et al., 2016). The disruption of
these processes promotes the accumulation of dysfunctional mitochondria which is
implicated in the pathogenesis of metabolic disorders, age-related disorders and

ageing (Srivastava, 2017). The mitochondria-ageing model suggests that there is a
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correlation between mitochondrial fragmentation, reduced metabolic rate and poor-
ageing (Wai et al., 2015, Guo et al., 2013, Disatnik et al., 2013, Srivastava, 2017).
Therefore, it has been suggested that cells undergoing mitochondrial hyperfusion
have a greater metabolic rate. For example, it has been shown that mitochondrial
fragmentation is prominent in aged rat (Latorre-Pellicer et al., 2016). These authors
also reported that there is an age-dependent increase and reduction in the levels of
Drpl and Opal respectively. Similarly, Chaudhari and Kipreos (2017) suggested that
mitochondrial fusion is critical in aiding the survival of aged animals which is
associated with an increase in mitochondrial metabolism. Mitochondrial fusion also
ameliorates ageing-induced neuropathy in Purkinje cells that have reduced E.T.C.
activity due to the inability of mitochondria to fuse effectively (Chen et al., 2007).
These studies, therefore, suggest that mitochondrial fusion can be targeted to

ameliorate age-related depletion of cellular metabolism

Mitochondria are key regulators of amino acid catabolism and nucleotide metabolism
(Liesa and Shirihai, 2013, Wai and Langer, 2016). Studies have demonstrated that
amino acid starvation led to reduction in the synthesis of purine nucleotides (Boss,
1984). Interestingly, the cyclic nucleotide cAMP has been shown to increase upon
amino acid starvation (Gomes et al., 2011b, Gomes et al., 2011a). It has also been
proposed that fused mitochondria generate more ATP relative to fragmented
mitochondria due to the increase in electron coupling and ATPase activity (Gomes et
al., 2011a, Cogliati et al., 2013). While ATP and cAMP can be synthesized in the
cytosol and mitochondria, how mitochondria generate these nucleotides when their

precursors are limiting remain unclear.

5.1.2 Metabolic and physiologic significance of mitochondrial

dynamics
5.1.2.1 OXPHOS-dependent regulation of mitochondrial hyperfusion

Mitochondrial dynamics have been shown to be interdependent on energy
metabolism. For example, it has been demonstrated in mouse models that muscle
fibres that are highly dependent on OXPHOS have increased mitochondrial fusion, in
contrast to fibres dependent on glycolysis with fragmented mitochondria (Mishra et
al., 2015). In this study, it was shown that glycolytic fast-twitch fibres such as extensor
digitorum longus (EDL) normally have low OXPHOS activity with small and non-
connected mitochondria. Interestingly, when EDL muscles were isolated and cultured

in acetoacetate-containing media that force them to switch to OXPHQOS, an increase
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in oxygen consumption rate (OCR) was accompanied with mitochondrial fusion.
Similarly, MEF cultured in galactose or acetoacetate-containing media also have high
OCR with enhanced mitochondrial fusion relative to MEF maintained in glucose-
containing media (Mishra et al., 2014). The significance of OXPHOS-dependent
mitochondrial fusion has also been demonstrated in RPE1 cells expressing YFP-
Parkin required for CCCP-induced mitophagy (MacVicar and Lane, 2014). It was
shown that mitochondrial fusion is stimulated in YFP-Parkin RPE1 cells cultured in
galactose media to escape CCCP-induced mitophagy. In this study, YFP-Parkin
RPEL1 cells cultured in galactose-containing media have higher OCR relative to those
cultured in glucose-containing media. Mechanistically, CCCP treatment of YFP-
Parkin RPE1 cells cultured in either glucose or galactose media led to the recruitment
of Parkin, p62 and LC3 to mitochondria, but mitochondrial incorporation into
autophagosome was impaired in galactose containing media. It was shown that
mitophagy impairment in galactose media occurred due to the inability of CCCP-
treated YFP-Parkin RPE1l cells to degrade 40-kDa OMA1 required for Opal
processing and mitochondrial fission. These studies, therefore, indicate that

mitochondrial fusion can be regulated by mitochondrial energy status.

Studies have also shown that mitochondrial hyperfusion regulates immune response
specifically in memory T cells through metabolic reprogramming to favour OXPHOS
(Buck et al., 2016). It was shown that memory T cells generated from naive T cells
after infection (with Listeria monocytogenes ovalbumin) have increased OCR
accompanied with fused mitochondrial phenotype relative to effector T cells with low
OCR and smaller mitochondria. In Buck et al. (2016), Opal was knocked down in T
cells by crossing Opal floxed mice with OT-I CD4 Cre transgenic mice. It was
demonstrated that upon infection, Opal deficient naive T cells differentiated into
effector T cells but memory T cells generation was impaired due to lack of
mitochondrial fusion. Interestingly, it was shown that the activation of mitochondrial
fusion with M1 and Mdivi-1 (fusion inducing drugs (Wang et al., 2012a, Cassidy-Stone
et al., 2008)) or by virus-mediated Opal overexpression in IL-2 effector T cells
increased OCR and OXPHOS. Upon mitochondrial fusion, IL-2 effector T cells have
the same metabolic properties as IL-15 memory T cells. Importantly, it was also
demonstrated that fusion-activated IL-2 effector T cells are more competent in
preventing tumour growth. Overall, it was demonstrated in Buck et al. (2016) that cells
undergoing mitochondrial fusion are metabolically more efficient and the increase in

both fusion and metabolism is required for differentiation and cell-specific functions.
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Furthermore, mitochondrial dynamics is also altered to favour OXPHOS and energy
production during the exclusive utilization of amino acid Q as an energy source in
HelLa cells (Rossignol et al., 2004). It has been demonstrated that mitochondrial
hyperfusion tightens the cristae leading to closely associated E.T.C. complexes that
are more efficient in OXPHOS (Patten et al., 2014). This promotes the rate of NADH
production from the Krebs cycle and also enhance NADH utilization as electrons in
complex | of the E.T.C. (Buck et al., 2016). Since amino acids are critical upstream of
OXPHOS, these studies highlight the importance of amino acids and mitochondrial

fusion in the maintenance of energy metabolism.
5.1.2.2 Amino acid regulates cell fate and cell survival

The distinct roles of amino acid in cellular metabolism serve as mechanisms that can
be exploited in the pathogenesis of cancer. For example, it has been demonstrated
that R withdrawal or blocking R metabolism can reduce tumour mass (Poillet-Perez
et al., 2018). These authors demonstrated that the deletion of Atg5 or Atg7 in tumour
cells blocked autophagy and reduced tumour growth. Interestingly, reduction of
tumour growth was shown to occur due to the inability of autophagy-deficient tumour
cells to restore serum R levels. Similarly, it has been shown that the dietary restriction
of serine and glycine prevents glycolytic-ATP synthesis and tumour growth
(Maddocks et al., 2017, Maddocks et al., 2016, Maddocks et al., 2013). In these
studies, it was demonstrated that serine starvation promoted de novo serine synthesis
which enhanced OXPHOS and promoted Krebs cycle flux. Interestingly, it was also
reported that lymphoma tumour mouse models that were fed serine- and glycine-free
chow survived longer than mouse fed control chow-diet with amino acids or protein
source. These studies demonstrate that amino acid availability can dramatically alter
cancer cell survival and tumour progression. Further studies are therefore justified in
order to understand the potential role of mitochondrial dynamics in the context of

amino acid-dependent metabolism (Wai and Langer, 2016).
5.1.3 Metabolomics is a tool to study cellular metabolism

Metabolomics has benefitted from improved instrument sensitivity over the last
decade to increase reproducibility and become a more feasible tool to routinely study
mitochondrial and cellular metabolism (Chen et al., 2016b, Chen et al., 2017). This
involves the use of liquid chromatography and tandem mass spectrometry
(LC/MS/MS) to identify metabolites involved in both cellular and mitochondrial
metabolism based on their polarities, masses, retention times and charges. A spectral

bin is generated and screened to known metabolite bins in a comprehensive database
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to identify the metabolite pool. Importantly, the use of metabolomics to identify and
quantify metabolites can involve two final data analysis approaches (Bowen and
Northen, 2010). A targeted approach identifies and analyses metabolites in known
specific metabolic pathways of interest. Untargeted approaches identify all metabolic
changes in an unbiased manner occurring in a diseased state. Interestingly,
metabolomics has been used to identify changes in the Krebs cycle, amino acid
metabolism and urea cycle in bipolar disorder (Yoshimi et al., 2016). Metabolomics
has also been used to study changes in stress conditions such as autophagy,
therefore making it relevant for this project (Shen et al., 2016, Weckmann et al., 2018,
Johnson et al., 2018a).

Chapter Aims

Due to the prominent roles of mitochondrial dynamics in modulating cellular
metabolism, cancer and ageing, the aim of this chapter was to explore cellular
metabolic profiles following amino acid starvation and QLR-addback. Since
mitochondrial hyperfusion has generally been associated with increased metabolism,
we hypothesised that QLR-dependent hyperfusion increases mitochondrial energetic
and biosynthetic activity. To investigate this hypothesis, we used LC/MS/MS to carry
out the following:

1. Identify the metabolic profile of cells treated with amino acid starvation
media plus/minus QLR addback

2. To study mitochondrial dynamics and cellular metabolism in fumarase
deficient cells that have dysregulated Krebs cycle so as to identify the
relationship between metabolism and amino acid-dependent
mitochondrial hyperfusion

3. Identify the metabolic significance of amino acid-dependent
mitochondrial hyperfusion by studying cellular metabolism in Mfn1 KO

cells that are unable to undergo hyperfusion
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5.2 Results

5.2.1 Metabolic profile of cells undergoing amino acid-

dependent mitochondrial hyperfusion

Studies have suggested that mitochondrial dynamics and the rate of cellular
metabolism are closely linked (Mishra and Chan, 2016, Schrepfer and Scorrano,
2016, Wai and Langer, 2016, Liesa and Shirihai, 2013). We established in the
previous chapters that supplementation of Q, L and R into amino acid starvation
conditions led to extensive mitochondrial hyperfusion in the treated cells. Interestingly,
in addition to regulatory roles in the amino acid sensing pathway, Q, L and R also can
be transformed into important intermediate metabolites of the Krebs cycle, urea cycle,
ammonia synthesis, bio-energetics and nucleotide synthesis (Spinelli et al., 2017,
Lane and Fan, 2015). Therefore, we were interested in studying if QLR-addback,
mitochondrial hyperfusion and cell metabolism could be interconnected. We
determined the metabolic profile of cells treated to QLR-addback using LC/MS/MS.

We showed earlier that QLR-dependent mitochondrial hyperfusion occurs regardless
of glucose availability (Chapter-3, Fig 3.5). Since glucose metabolism is the more
prevalent carbon and energy source in cultured mammalian cells, we reasoned that
the flux through this pathway would mask our ability to detect patterns of amino acid
metabolism (Szablewski, 2011). Therefore, we set up metabolomics experiment in

the absence of glucose to limit contributions of glycolysis.

We tested 4 nutrient conditions on 4T1 cells: 1) Cells maintained in full-nutrients
(containing glucose and amino acids) as controls; 2) Cells starved of glucose alone
(with amino acids); 3) Cells incubated in a modified PBS buffer (with no glucose and
amino acids) as double starvation media; and 4) QLR supplemented into PBS double
starvation media. All four treatment groups were supplemented with 10% dialysed
FBS. After 4-hours starvation, cells were lysed in 80/20% (methanol/water) to extract

metabolites for analysis on LC/MS/MS.

Raw data from LC/MS/MS were converted into mzXML files and peak lists were
generated for metabolite identification (refer to Methods for details). The list of named
metabolites with their peak intensities was uploaded into Metaboanalyst (Chong et
al., 2018) for multivariate analysis to assess the quality and experimental noise of the
dataset. Principal component analysis (PCA) was used to estimate the clustering

between replicates within each treatment and to explore data separation between
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treatment groups (Ivosev et al., 2008, Kirwan et al., 2012). PCA specifically separate
that data within each sample groups into two dimensions to show differences and

similarities between samples within a group of data.

PCA demonstrated clear clustering between the three replicates of the controls (Fig
5.1A). Similar clustering between replicates was observed in cells subjected to
glucose starvation, and QLR-supplemented double (glucose and amino acid)
starvation media. However, replicates of cells treated with amino acid starvation (blue
points) were the least well clustered. PCA also showed that metabolites across the
four treatment groups were well separated. However, it was observed that cells
treated with double (glucose and amino acid) starvation media versus QLR-
supplemented double (glucose and amino acid) starvation media had overlapping
PCA points. This analysis suggests that the overall metabolomics workflow is robust.
Individual samples within treatment groups show reproducibility and different nutrient
starvations (including QLR addback) produce clear shifts in metabolite profiles. In

this set of data, the double starved cell samples showed relatively higher variability.

PCA does not supervise the classification between treatments groups (Kirwan et al.,
2012). In contrast, partial least squares-discriminant analysis (PLS-DA) specifically
classifies and analyses differences between the treatment groups. Therefore, PLS-
DA detects differences between groups relative to differences within groups in a three-
dimensional model. The combined use of PLS-DA is recommended when PCA
illustrates a clustering pattern (Alamri et al., 2019). PLS-DA component scores were
used to analyse the separation points between treatment groups observed in Fig 5.1A
to assess the robustness of the data. PLS-DA corroborated PCA data separation as
all the four treatment groups were individually well clustered and they have separate

data points, further indicating that the dataset is sound (Fig 5.1B).

Metabolomic analyses generally generate large unbiased profiles of metabolites
across all active cellular pathways (Lee et al., 2019). Due to the complex global view
of these metabolites, strategized analytical approaches are required to robustly
identify top and most significantly altered metabolites. To identify pathways containing
the most significantly-altered metabolites between cells treated with double (glucose
and amino acid) starvation versus QLR-supplementation, overrepresentation analysis
(ORA) was used. ORA demonstrates whether a set of specific metabolites in a
particular pathway are more represented within a list of random metabolites
(Chagoyen and Pazos, 2013). A subset list of metabolites was first generated with

significant differences (p<0.05 based on t-test) comparing QLR supplementation vs
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double (glucose and amino acid) starved cells. This subset of significantly altered

metabolites was then uploaded into Metaboanalyst for ORA (refer to Methods).

ORA indicated at least 20 pathways that were significantly enriched in the subset of
metabolites affected by QLR supplementation (relative to double starved cells) (Fig
5.2A). More specifically, ORA analysis highlighted that metabolites of the urea cycle,
ammonia recycling, R/P amino acid metabolism are the most significantly enriched
between these 2 conditions.

Pathway analysis is also used to measure the importance of metabolites by analysing
the degree of centrality and connection of metabolites within a pathway library (Xia
and Wishart, 2011, Xia and Wishart, 2010). Pathway analysis on the subset of
significant metabolites (used above for ORA) with the biological pathway library Small
Molecule Pathway Database (SMPDB) confirmed that the urea cycle, ammonia cycle
and R/P metabolism are the most significantly altered pathways between QLR-

supplemented vs double starvation conditions (Fig 5.2B).

This identification of significantly altered pathways was associated with the following
parameter readouts (Table 5.1): 1) total number of metabolites in the pathway (Total);
2) number of metabolites in the uploaded list that match metabolites in the pathway
(Hits); 3) p-value of the enrichment analysis (Raw p); 4) p-value adjusted using the
false discovery rate (FDR); and 5) Pathway impact value calculated from pathway
topology analysis (as cumulative percentage from matched metabolite nodes -
maximum of 1 (indicating 100% importance)). FDR is the recommended measure of
significance because it ensures fewer false-positive pathways and significance is set
at < 0.05 (Benjamini and Hochberg, 1995, Drusian et al., 2018, Cheng et al., 2018).

The urea cycle, ammonia cycle and R/P metabolism presented the lowest FDR at
0.004 respectively as shown in Table 5.1. It was observed that 9 metabolites in the
significant metabolite list were among the 25 metabolites involved in the urea cycle.
The pathway impact of these 9 metabolites suggested that they have 49% importance
in the urea cycle. Similarly, there were also 9 hits in the 27 metabolites of ammonia
recycling pathway with importance of 38%. For R/P metabolism, there were 12 hits in

the 47 metabolites and these hits had 30% importance.

Overall, this initial analysis establishes a robust workflow that has allowed us to
demonstrate significant changes in the metabolic profiles of cells treated with different

starvation conditions including QLR-addback. Satisfyingly, this analysis identified
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amino acid-dependent pathways (ammonia cycle, urea and R metabolism) as the
most prominent altered metabolites when QLR were supplemented back into double
starvation media. Therefore, this suggests that QLR-addback was able to immediately
re-enter several amino acid-dependent metabolic pathways and further highlight

granular details on the most affected pathways.
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Figure 5.1: Metabolomics LC-MS/MS analysis of 4T1 cells after amino acid and glucose
starvation (-AA), amino acid and glucose starvation with QLR supplementation (QLR). 4T1 cells
were maintained in full media (Ctrl), starved of glucose alone (+AA, -glucose), starved of all amino acids
and glucose (-AA, - glucose) or starved of amino acid and glucose but supplemented with QLR (QLR, -
glucose) for 4h. Starvation media conditions also contained 10% dialysed FBS. A) Principal-Component
Analysis (PCA) score plot showing the separation between treatment groups. B) Partial Least
Squares- Discriminant Analysis (PLS-DA) showing the supervised classification of the treatment
groups. N=3 independent biological replicates.
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Table 5.1: Detailed results of pathway analysis of relevant pathways (P < 0.05) following amino
acid starvation with QLR supplementation relative to amino acid and glucose starvation in 4T1
cells. Total: total number of metabolites in the pathway; the hits indicate the matched number from the
analysed data; Raw p signifies the original P value calculated from the enrichment analysis; FDR is the
adjusted p value using the false discovery rate; the impact

calculated from the topology analysis.

represents the pathway impact value

Pathway Total Hits Rawp FDR Impact
Urea Cycle 25 9| 5.57E-05 | 0.004658 0.49012
Ammonia Recycling 27 9| 0.000112 | 0.004658 0.38031
Arginine and Proline Metabolism 47 12 | 0.000141 | 0.004658 0.30624
Lactose Synthesis 15 6 0.00057 | 0.014114 0.72143
Histidine Metabolism 35 9| 0.000995 | 0.019701 0.29545
Nucleotide Sugars Metabolism 17 6 0.001239 | 0.020444 0.51724
Amino Sugar Metabolism 31 8| 0.001895 | 0.026804 0
Starch and Sucrose Metabolism 26 7| 0.002851 | 0.035277 0.13959
Aspartate Metabolism 30 7 0.0068 | 0.074796 0.89583
Galactose Metabolism 33 7| 0.011742| 0.11617 | 0.021739
Nicotinate and Nicotinamide Metabolism 34 7| 0.013858 | 0.11617 0.15203
Alanine Metabolism 13 4| 0.014947 | 0.11617 0
Glutamate Metabolism 44 8 0.01817 | 0.11617 0.56822
Phosphatidylcholine Biosynthesis 14 4| 0.019687 | 0.11617 0
Spermidine and Spermine Biosynthesis 14 4| 0.019687 | 0.11617 0.42857
Phenylacetate Metabolism 8 3| 0.019949 | 0.11617 0
Malate-Aspartate Shuttle 8 3| 0.019949| 0.11617 0.42857
Thiamine Metabolism 9 3 0.02824 | 0.14617 0
Purine Metabolism 66 10| 0.029084 | 0.14617 0.15733
Cysteine Metabolism 23 5 0.02953 | 0.14617 0.29032
Ethanol Degradation 16 4| 0.031696 | 0.14942 0
Butyrate Metabolism 17 4| 0.039012 | 0.16792| 0.054688
Mitochondrial Beta-Oxidation of Long 25 5| 0.041155| 0.16977 0.1387
Chain Saturated Fatty Acids

Pyrimidine Metabolism 52 8| 0.045806 | 0.17979 0.44013
Mitochondrial Beta-Oxidation of Short 18 4| 0.047218 | 0.17979 0.26923

Chain Saturated Fatty Acids




5.2.1.1 Confirmation of glucose starvation metabolic profile

This initial metabolomics experiment was performed in starvation media lacking
glucose (to allow us to detect metabolic re-fuelling via QLR-addback). To further
confirm the robustness of our metabolic workflow, we first surveyed the effects of

glucose starvation on metabolites of glycolysis.

Glycolysis begins with the conversion of glucose to glucose-6-phosphate and further
biochemical intermediates leading to the formation of pyruvate (Chaudhry and
Varacallo, 2018). It was observed that the deprivation of glucose alone reduced the
peak intensity of glucose-6-phosphate by at least 70% relative to the control under
full nutrients (Fig 5.3A). Similarly, double starvation of glucose and amino acids or
QLR-supplementation into double starvation media led to 60% reduction in glucose-

6-phosphate relative to the full nutrient control.

As expected, the downstream metabolite of glucose-6-phosphate (i.e. fructose-1,6-
phosphate) was totally depleted in all 3 glucose-starvation conditions, regardless of
amino acid or QLR-addback conditions (Fig 5.3B).

Studies have also shown that glucose-6-phosphate enters the pentose phosphate
pathway (PPP) where it is oxidized to ribose-5-phosphate (Berg et al., 2002b).
Ribose-5-phosphate is used for the synthesis of nucleotides in combination with Q
which serves as the primary nitrogen donor (Tardito et al., 2015). Interestingly, it was
observed that glucose starvation alone did not alter the levels of ribose-5-phosphate
relative to control cells (Fig 5.3C). In contrast, double amino acid and glucose
starvation led to a clear increase in ribose-5-phosphate (by 10-fold) relative to cells
starved of glucose alone. This change suggests that cells lacking amino acids
accumulate ribose-5-phosphate, possibly due to lack of Q. Consistent with this idea,
QLR-addback into the starvation media reversed the accumulation of ribose-5-
phosphate (by 20-fold relative to cells with double starvation). Therefore, QLR
addback can lead to dramatic effects on intermediates in the PPP.

During glycolysis, the main net metabolic result is the conversion of glucose to
pyruvate. Pyruvate is catabolised through oxidative decarboxylation by pyruvate
dehydrogenase into acetyl-CoA, which serves as a substrate to generate citrate in the
Krebs cycle (Lee et al.,, 2011). Therefore, acetyl-CoA levels should reduce upon
glucose starvation. It was observed that glucose starvation alone led to a mild
reduction (insignificant) in acetyl-CoA levels relative to the full nutrient condition

control (Fig 5.3D). Double (glucose and amino acid) starvation led to a further
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reduction in acetyl-CoA levels (resulting in 50% relative to the full nutrient control). In
contrast, QLR supplementation into double starvation media restored acetyl-CoA
levels to similar levels in cells treated with glucose starvation media (red bar)
(approximately 2-fold increase relative to cells in double starvation (green vs. blue
bars). These changes suggest that amino acids QLR are able to be metabolized to

generate acetyl-CoA during other amino acid starvation conditions.

Overall, this experiment shows that upon glucose starvation, glycolysis is reduced to
background levels (as expected) but acetyl-CoA levels are maintained due to amino
acid metabolism. These data also show that amino acid metabolism remained

generally functional despite reduction in glycolytic metabolism.
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Figure 5.3: Metabolic changes due to glucose starvation. 4T1 cells were maintained in full media
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5.2.1.2 QLR-addback increases amino acid metabolism.

ORA and pathway analysis in Fig 5.2 revealed that metabolites of the urea cycle,
ammonia recycling, R and P metabolism were the most significantly altered following
QLR supplementation into double starvation media. These indicate that QLR directly
feed into these pathways through amino acid metabolism. Therefore, we further
analysed the effects of QLR-supplementation into double starvation media by

focussing on amino acid metabolism pathways.

Here, we identified metabolites using an Excel macro library database containing
metabolite mass data from the human metabolome, KEGG, Lipidmaps, MetaCyc and
and Metlin databases (Creek et al., 2012) (see Methods for details). This Excel macro
library also characterises metabolites based on their associated pathway (i.e. data
can be filtered to view only metabolites involved in a particular pathway). We thus
filtered for metabolites involved in amino acid metabolism. We further filtered data to
focus on significant differences (by t-test) between QLR supplementation (relative to
double starved cells). To filter out noisy metabolites (insignificant between double
starvation and QLR-addback), we selected a cut-off of p<0.2. The peak intensity
values of these metabolites were normalised and fold change was calculated for each
treatment. Fold change values were visualised via the online resource Heatmapper

using average linkage as the clustering method (Babicki et al., 2016).

There were distinct clusters of metabolites from amino acid pathways that appear to
be robustly altered in coordinated fashion when comparing the 3 different
experimental nutrient conditions (Fig 5.4). Interestingly, each treatment specifically
led to either an increase or reduction in amino acid-dependent metabolites. We next

explored this dataset via a focussed approach.

Since the urea cycle was the most significantly altered pathway in cells treated with
QLR-supplemented double starvation media, we further investigated metabolites
associated with this pathway. The urea cycle involves the conversion of R to
ornithine, ornithine to citrulline and citrulline to argininosuccinate (Fig 5.5), to thereby
process amino groups into urea as bi-product (Krebs, 1982). We graphed the peak
intensities of several key urea cycle metabolites that could be detected in our data
set. It was observed that glucose starvation alone did not have any effect on R levels
relative to controls (Fig 5.6A). In contrast, double starvation of amino acids and
glucose led to the depletion of R by 95% (relative to cells starved of glucose alone).

Interestingly, the supplementation of QLR into double starvation media restored R to
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a greater level than control cells. This finding demonstrates the depletion of R in cells
treated with double (glucose and amino acid) starvation and the expected strong
replenishment upon QLR addback.

Glucose starvation alone led to a 70% reduction in ornithine levels despite the
presence of all other amino acids (Fig 5.6B). Interestingly, double starvation of
glucose and amino acids mildly increased ornithine levels relative to cells treated with
glucose-starvation media alone. Surprisingly, supplementation of QLR into double
starvation media restored the level of ornithine to the same level as control cells
treated in full nutrients media. Ornithine levels in QLR-supplemented double
starvation cells was 3-fold higher than cells starved of glucose alone or double starved
cells. This suggests that QLR-addback maximised the generation (or accumulation)

of ornithine in double (glucose and amino acid) starvation media.

Glucose starvation alone led to about 95% reduction in citrulline, which is generated
from ornithine and carbamoyl phosphate (Fig 5.6C). A similar reduction was seen in
cells treated with double starvation (citrulline levels reduced by at least 90% relative
to control). Interestingly, QLR supplementation into double starvation media did not
replenish citrulline levels. In fact, there was a mild reduction of citrulline upon QLR
addback (relative to double starved cells). These data suggest that glucose is critically
required for maximal citrulline synthesis in the urea cycle, regardless of the amino

acid status.

In contrast, glucose starvation alone led to a mild (but significant) increase in
argininosuccinate levels (Fig 5.6D). Interestingly, this glucose starvation dependent-
increase in argininosuccinate is dependent on the presence of amino acids. Double
(glucose and amino acid) starvation led to a 100% reduction in argininosuccinate
levels. Surprisingly, QLR supplementation into double starvation media restored the
level of argininosuccinate but to a higher level (3-fold more) relative to controls.
Similarly, QLR addback into double starvation media increased argininosuccinate
levels (e.g. 2-fold higher vs. cells starved of glucose alone or 15-fold higher vs. double
starved cells). This finding suggests that QLR-supplemented double starved cells

produce high levels of argininosuccinate.

Taken together, these findings suggest that the urea cycle may be enhanced in cells
treated with QLR-addback due to apparent increases in R and ornithine levels and
possibly the enhanced processing of citrulline to argininosuccinate (a process

requiring aspartate and ATP).
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The urea cycle is closely inter-connected with overall cellular nitrogen metabolism
(Berg et al., 2002a). Glutamine (Q) serves as a central reservoir for nitrogen and
metabolites formed from Q such as D and oxaloacetate are required in reactions of
the urea cycle (Wise and Thompson, 2010). Amino acid Q is firstly converted by
glutaminase to E (glutamate) to release ammonia. Amino acid E is used as the main
substrate for the de novo synthesis of nonessential amino acids such as P, D and N
(Fig 5.7). Due to the important roles and interconnection of the urea cycle and E
metabolism, we studied the effects of QLR-supplementation into double (glucose and

amino acid) starvation media on metabolites involved in glutamine metabolism.

It was observed that relative to controls, glucose starvation alone led to a 50%
reduction in E levels and upon double starvation, E was totally depleted (Fig 5.8A).
As expected, supplementation of QLR into double starvation media led to a 15-fold
increase in E levels (relative to double starvation) and fully restored levels similar to
full-nutrient control conditions. These findings indicate that E is efficiently produced

(inter-converted) from QLR in the addback conditions.

Interestingly, relative to controls, glucose starvation alone led to a 2-fold increase in
D levels while upon double starvation, D levels were almost depleted (Fig 5.8B). As
expected, supplementation of QLR into double starvation media restored D levels to
a similar high level observed in cells treated with glucose-starvation media (higher
than normal basal levels). Downstream of D, there were no changes in N levels
following glucose starvation alone or double starvation relative to the control (Fig
5.8C). Surprisingly, QLR supplementation greatly increased N levels by at least 10-
fold relative to the other three treatment groups. This suggests that N is strongly

synthesized via amino acid inter-conversion in QLR-supplemented cells.

In addition, P synthesis was clearly altered following starvation conditions. P levels
were reduced by at least 50% in glucose starved cells and double starved cells
(relative to controls) (Fig 5.8D). In contrast, QLR supplementation into double
starvation media increased P levels by 4-fold (relative double starvation or glucose
starvation levels). Interestingly, P levels in QLR-supplemented double starved cells
were mildly higher than in control cells. These data also suggest that P is produced

by inter-conversion in QLR-supplemented cells.

Taken together, these data suggest that QLR-addback generates substantial
amounts of E which is then readily interconverted to several other (but not all) amino
acids. Overall, these findings suggest that amino acid metabolism is stimulated when

QLR is supplemented into starvation media. This major QLR-addback dependent

219



metabolic reprogramming occurs independently of glucose levels. Therefore, our data
indicate that cells facing QLR-addback (which is associated with mitochondrial
hyperfusion) may be more active in urea cycle and amino acid metabolism pathways.
Speculatively, mitochondrial fusion may be helping to support these altered metabolic

activities.
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Figure 5.7 Glutamate metabolism. The carbon and nitrogen backbones of glutamine is
distributed into glutamate during glutamine catabolism and ammonia is generated as a bi-product.
Glutamate serves as the precursor for the de novo synthesis of nonessential amino acids such as
proline, aspartate and asparagine.
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Figure 5.8: The supplementation of QLR maximizes glutamate metabolism. 4T1 cells were
maintained in full media (Ctrl), starved of glucose alone (+AA, -glucose), starved of all amino acids and
glucose (-AA, - glucose) or starved of amino acid and glucose but supplemented with QLR (QLR, -
glucose) for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar graphs show the
mean peak intensity of (A) Glutamate (B) Aspartate (C) Asparagine (D) Proline. N=3 independent
biological replicates. * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).



5.2.1.3 QLR-addback restores REDOX balance to reduce

oxidative stress.

We found above that E catabolism is enhanced in QLR-supplemented double starved
cells. E catabolism also generates metabolic substrates such as alpha-ketoglutarate
that enters the Krebs cycle where NADH is produced. NADH is synthesised from
multiple pathways: (1) NADH are produced during glycolysis and pyruvate conversion
to acetyl-CoA; (2) Fatty acid catabolism to acetyl-CoA synthesises NADH; (3)
mitochondria produce NADH via the Krebs cycle (Fig 5.9A).

Studies have shown that NAD*/NADH maintains REDOX balance and it is critical for
the maintenance of mitochondrial homeostasis (Stein and Imai, 2012). Since
mitochondrial fusion has been associated with the reduction in oxidative stress (Lee
et al., 2014), we studied the effects of QLR-addback on REDOX balance. As follows,
we analysed levels of NAD"and NADH in our metabolomics data set.

It was observed that the oxidised form NAD* increased by 4-fold upon glucose
starvation regardless of the availability of amino acids (Fig 5.9B). There were no
significant changes in NAD" between double starvation and QLR-supplemented
conditions. In contrast, the reduced form NADH was totally depleted upon glucose
starvation alone or double starvation relative to control cells (Fig 5.9C). NADH levels
in cells treated with QLR-supplemented double starvation media reduced by 80%
relative to control cells. To note: QLR-addback significantly increased NADH by 2-fold
relative to glucose starved or double starved cells. These data suggest that glycolysis
is the main pathway for NADH synthesis. However, QLR-supplemented double
starved cells (that have hyperfused mitochondria) show some additional synthesis of

NADH from glycolysis-independent sources.

In addition to NAD* and NADH, the GSH/GSSG REDOX pair is also critical for the
maintenance of cellular metabolism (Carroll et al., 2016b). GSH scavenges reactive
oxygen species leading to the release of water and the formation of its oxidized form
GSSG. GSSG is recycled to reform GSH via the donation of reducing power from
NADPH (Fig 5.10A). Due to GSH buffering capacity of oxidative stress, the ratio of
GSH/GSSG is often used as a biomarker to assess the REDOX status intracellularly
(lower ratios indicate more oxidative stress) (Kemp et al., 2008, Zitka et al., 2012,
Chen et al., 2016b). To further investigate whether QLR-addback reduced oxidative

stress, we analysed GSH/GSSG in our metabolomics data.
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It was observed that (oxidised) NADP* levels did not significantly change following
glucose starvation, double starvation nor QLR-addback into double starvation media
(Fig 5.10B). In contrast, relative to controls, GSH levels reduced by 40% upon
glucose starvation alone (Fig 5.10C). GSH levels did not show any significant
changes upon double starvation relative to control. Also, QLR-supplementation did
not lead to any significant changes in GSH levels relative to glucose starved or double
starved cells.

Interestingly, oxidized GSSG reduced by 25% after glucose depletion alone relative
to control cells (Fig 5.10D). Similarly, GSSG reduced by 40% in double starved cells
(relative to control) while QLR-supplemented double starved cells showed the lowest
levels (60% compared to controls). In fact, GSSG levels upon QLR-addback was
reduced by 30% relative to double starved cells. Interestingly, the GSH/GSSG ratio
in cells starved of glucose alone was similar to that in control cells (Fig 5.10E). In
contrast, the GSH/GSSG ratio increased in double starved cells. Moreover, QLR-
supplementation further increased the GSH/GSSG ratio. These changes suggest that
oxidative stress is lowered upon amino acid starvation, and QLR-addback further

reduces levels of oxidative stress.

Taken together, these findings suggest that decreased amino acid availability and
(surprisingly) QLR-addback both lead to lower levels of reactive oxygen species and
oxidative stress. Therefore, QLR-addback-dependent mitochondrial hyperfusion

speculatively might be part of the mechanism that protects cells from oxidative stress.

224



A B NAD+
*%k%k
Glucose §1-7'
] + Zs
| NAD >
Glyclolysis | B1.1-
| z
| NADH -
v &0.5-
Pyruvate +
+ NAD
NAD NADH
T
NADH S ¥ >
FA =—===—3» Acetyl-CoA -
B.Oxidation y Glucose
NAD' C NADH
NADH
- ~ ~—
NADH —
\ o1 X
y .
NAD ey
Krebs cycle 2
©1.1-
Q
+| £
X
\___/ NAD §0.5-
NADH
S N

- Glucose

Figure 5.9: The effect of QLR supplementation on NADH synthesis. A) Sketch showing sources of
NADH from glycolysis, Beta-oxidation and the Krebs cycle pathways. 4T1 cells were maintained in full
media (Ctrl), starved of glucose alone (+AA, -glucose), starved of all amino acid and glucose (-AA, -
glucose) or starved of amino acid and glucose but supplemented with QLR (QLR, - glucose) for 4h.
Starvation media conditions also contained 10% dialysed FBS. Bar graphs show the mean peak
intensity of (B) NAD+ (C) NADH. N=3 independent biological replicates * represents p < 0.05, ** (p <
0.01), *** (p < 0.001).
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Figure 5.10: QLR supplementation reduces ROS production. A) Schematic representation of
Glutathione (GSH) and Glutathione-disulfide (GSSG) role in ROS homeostasis. 4T1 cells were
maintained in full media (Ctrl), starved of glucose alone (+AA, -glucose), starved of all amino acids and
glucose (-AA, - glucose) or starved of amino acid and glucose but supplemented with QLR (QLR, -
glucose) for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar graphs show the
mean peak intensity of (B) NADP+ (C) GSH (D) GSSG (E) ratio of GSH/GSSG. N=3 independent
biological replicates * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).



5.2.1.4 Cellular energetics is enhanced by QLR-addback

Studies have shown that mitochondrial fusion can help optimise cellular bioenergetic
capacity (Westermann, 2012). It has been suggested that mitochondrial fusion might
promote the transfer of bioenergetic metabolites between mitochondrial
compartments and mitochondria may hyperfuse as an adaptation to enhanced
OXPHOS (Mishra et al., 2014, Westermann, 2012). We found above that NADH is
increased upon QLR supplementation into starvation media. Electrons from NADH
flow through the E.T.C, and protons accumulate in the intermembrane space which
flows back into the matrix through the ATPase complex for ATP synthesis from ADP
(Fig 5.11).

Since NADH serves as the electron carrier for the eventual synthesis of ATP via the
E.T.C, we hypothesised that QLR-addback may enhance ATP levels. We next
analysed the effects of QLR-supplementation on levels of metabolites (ADP, ATP,
creatine and phosphocreatine) that reflect cellular energy charge levels. It was
observed that glucose starvation alone led to a 5-fold increase in ADP levels relative
to controls (Fig 5.12A). However, double (glucose and amino acid) starvation led to
a mild reduction in ADP levels relative to cells starved of glucose alone. In contrast,
QLR-supplementation into double starvation media increased ADP levels (e.g.

relative to double starvation).

On the other hand, glucose starvation alone led to a 60% reduction in ATP levels
(despite having high ADP levels, indicating lower energy charge: ATP/ADP) (Fig
5.12B). Interestingly, the levels of ATP were similarly low in double starved cells.
Surprisingly, QLR-addback into double starvation media rescued ATP to similar levels
as control cells. ATP levels in QLR-supplemented cells was 3-fold higher than the
double starvation. This finding suggests non-glycolytic ATP production driven by QLR

metabolism.

Moreover, the level of creatine (substrate for synthesis of phosphocreatine, another
high energy storage molecule), increased by at least 2-fold in glucose-starved cells
and double starved cells relative to control (Fig 5.12C). In contrast, QLR
supplementation media led to a significant reduction in creatine levels (relative to
glucose starved cells). In contrast, it was observed that glucose starvation alone and
double starvation both led to 80% reduction in phosphocreatine relative to control (Fig
5.12D). Interestingly, supplementation of QLR led to a 4-fold increase in

phosphocreatine levels relative to cells starved of glucose or double starved cells.
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This further suggests that QLR-supplementation stimulated the synthesis of

phosphocreatine and increased the cell energy charge.

Findings in this section suggest that glycolysis-independent energy generation is
stimulated by QLR-supplementation. These data suggest that there might potentially
be a role of QLR-dependent mitochondrial hyperfusion and mitochondrial-dependent
bioenergetics. In addition, our findings indicated that QLR-addback increased the
levels of metabolites in the urea cycle, levels of inter-converted amino acids, and
lower levels of oxidative stress metabolites. We speculate that these metabolic
changes may depend on the mitochondrial hyperfusion that is associated with QLR-
addback.
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Electron Transport chain

Matrix

Complex I: NADH Reductase
Complex II: Succinate Dehydrogenase
Complex lll: Cytochome Reductase
Complex IV: Cytochome Oxidase
Complex V: ATP synthase

Figure 5.11: The electron transport chain showing the shuttling of electrons. The electron
transport chain comprises of five protein complexes (I — V). NADH and FADH2 are transported
through complex | and Il respectively leading to the generation of protons that are pumped into the
intermembrane space. Coenzyme Q (CoQ) and cytochrome C (CytC) shuttles electrons into
complex Il and IV respectively. The proton gradient generated across membrane allows protons
to flow through ATP synthase where ATP is formed from ADP.
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Figure 5.12: QLR supplementation maximises cellular energy production. 4T1 cells were
maintained in full media (Ctrl), starved of glucose alone (+AA, -glucose), starved of all amino acids and
glucose (-AA, - glucose) or starved of amino acid and glucose but supplemented with QLR (QLR, -
glucose) for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar graphs show the
mean peak intensity of (A) ADP (B) ATP (C) Creatine (D) Phosphocreatine. N=3 independent biological
replicates. * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).



5.2.1.5 The effects of QLR-addback on nucleotide metabolic

pathways.

It was found earlier by Pathway analysis (Fig 5.2) that nucleotide sugar metabolites
were significantly over-represented as altered upon QLR supplementation into double
starvation media. Interestingly, other recent evidence has revealed that there is a
connection between mitochondrial fusion and nucleotide metabolism (Miret-Casals et
al., 2017). These authors reported that depletion of the cellular pyrimidine pool
increased Mfn1/Mfn2-dependent mitochondrial fusion. Similarly, studies have shown
that the signalling cyclic nucleotide cAMP is increased during amino acid starvation
(Gomes et al., 2011a). In light of this and our observed Pathway analysis association
between nucleotide metabolism and QLR-supplementation, we further analysed
details here. We focused on nucleotides (GTP, GDP, AMP and cAMP) that have
been previously linked to mitochondrial dynamics. Studies have shown that GTP is
an important energy molecule/protein functional co-factor that facilitates membrane
fusion and fission via the action of GTP binding mitochondrial regulatory proteins and
GTP hydrolysis to GDP (Yan et al.,, 2018, Kalia et al., 2018). We observed that
glucose starvation alone led to 70% reduction in GTP levels relative to controls (Fig
5.13A). In contrast, upon double nutrient starvation, GTP levels increased by 3-fold
relative to glucose starved cells. Interestingly, QLR-supplementation into double
starvation media led to a further increase in GTP levels (e.g. 5-fold increase as
compared to glucose starved cells). This suggests that amino acid-dependent
mitochondrial hyperfusion may help sustain GTP levels during nutrient stress. On the
other hand, it was observed that glucose starvation alone led to 80% reduction in GDP
levels relative to control cells (Fig 5.13B). Upon double glucose and amino acid
starvation, the levels of GDP increased (but not significant) relative to glucose starved
cells. In contrast, QLR supplementation into double starvation medium restored GDP
to the same level as control cells. In fact, QLR addback led to at least 6-fold increase
in GDP levels relative to glucose starved. This suggests that amino acid starvation

promotes GTP/GDP interconversion during nutrient stress.

During glucose starvation, AMP has been shown to bind allosterically to the regulatory
y-subunit of AMPK which promotes AMPK activation by facilitating LKB1-dependent
phosphorylation of AMPK at Thr172 (Oakhill et al., 2011). Upon activation, AMPK
mediates phosphorylation of downstream substrates such as Mff. During E.T.C.
collapse, AMPK has been shown to phosphorylate Mff which lead to the recruitment

of Drpl to induce mitochondrial fragmentation (Toyama et al., 2016). Surprisingly, we

231



observed that AMP levels decreased by 70% in cells starved of glucose alone, or
under double starvation, relative to control cells (Fig 5.13C). Similarly, AMP levels
were reduced by 65% in QLR-supplemented starved cells relative to controls. There
were no significant changes in AMP levels between cells treated with the three
starvation or addback conditions. These findings suggest unexpectedly that AMP
levels are reduced when glucose is withdrawn and glycolysis is halted. However,
under these starvation conditions, lack of AMP accumulation suggests that AMPK

would not be activated.

cAMP functions as a second messenger to activate PKA. It has been suggested that
during amino acid starvation, CAMP levels increases, leading to the downstream
activation of PKA which then phosphorylates Drpl at S637 to promote mitochondrial
fusion (Gomes et al., 2011a). Surprisingly, we observed that glucose starvation alone
or double starvation led to 60% reduction in cAMP levels relative to controls (Fig
5.13D). Interestingly, in contrast to the reported model, starvation of amino acids (in
glucose-depleted cells) did not alter cCAMP levels when compared to glucose starved
cells (containing full amino acids). Surprisingly, QLR supplementation into double
starvation media led to a 3-fold increase in cAMP levels relative to cells under glucose
starvation or double starvation. This suggests that cCAMP synthesis is rescued in cells
treated with QLR-supplementation. The data also suggest that full amino acid

starvation-induced mitochondrial fusion does not occur as a result of increased cAMP.

Taken together, the findings in this subsection suggests that QLR-addback dependent
mitochondrial hyperfusion correlates with increased levels of multiple metabolites
linked to nucleotide biogenesis (especially those required for activation of
mitochondrial fusion). More broadly, this metabolite profile experiment (As
summarised in table 5.2) suggests that QLR-addback into double starvation media
increases the rate of the urea cycle and E catabolism to enhance NADH production

for the sustenance of cellular energetics during nutrients stress.
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Figure 5.13: The effect of the supplementation of QLR on nucleotide metabolism. 4T1 cells were
maintained in full media (Ctrl), starved of glucose alone (+AA, -glucose), starved of all amino acids and
glucose (-AA, - glucose) or starved of amino acid and glucose but supplemented with QLR (QLR, -
glucose, -AA) for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar graphs show the
mean peak intensity of (A) GTP (B) GDP (C) AMP (D) 3,5-cyclic AMP. N=3 biological replicates. *
represents p < 0.05, ** (p < 0.01), *** (p < 0.001), ns (not significant).



Table 5.2: Summary of key significant metabolic changes after QLR addback in no glucose media
The effect of amino acid starvation on metabolites (After -AA relative to AA). The effect of QLR addback
into amino acid starvation media on metabolites relative to full amino acid starvation (After QLR addback
relative —AA). N.A indicate metabolite is not significantly altered.

Summary of key significant metabolic changes between groups
No glucose media

Metabolites After -AA relative to AA After QLR addback relative -AA
Acetyl-CoA Reduced Increased
ADP N.A Increased
Arginine Reduced Increased
Argininosuccinate Reduced Increased
Asparagine N.A Increased
Aspartate Reduced Increased
ATP N.A Increased
CAMP N.A Increased
Glutamate Reduced Increased
GTP Increased N.A
NADH N.A Increased
Ornithine N.A Increased
Phosphocreatine N.A Increased
Proline N.A Increased

Ribose-5-phosphate Increased Reduced




5.2.2 The metabolic profile of cells treated to amino acid

addback in the presence of glucose

We observed above that QLR addback could reprogram reactions in the urea cycle,
E catabolism and cellular energetics. This addback condition was performed into
glucose and amino acid starvation medium and this experimental design was to
minimise generation of metabolites from glycolysis. We had already confirmed in
Chapter 3 that stimulation of mitochondrial hyperfusion by QLR-addback could occur
independently of glucose levels. As we identified QLR-dependent metabolic changes
in the context of double (glucose and amino acid) starvation media, we aimed to
further confirm if similar patterns of reprogramming could be observed in starvation
media containing glucose. Therefore, a similar metabolomics experiment was
repeated using cells treated with EBSS (as our more commonly used amino acid
starvation media containing glucose). 4T1 cells were maintained in full nutrient control
media or starved of all amino acids (EBSS) or incubated in EBSS supplemented with

QLR. After 4-hours, cellular extracted metabolites were analysed on LC/MS/MS.

Firstly, the metabolomic data were confirmed for data quality and robustness.
Multivariate analysis demonstrated that there was close clustering of biological
replicates within each treatment group and clear separation between the three
treatment groups, as indicated by the PCA (Fig 5.14A) and PLS-DA scored plots (Fig
5.14B). Interestingly, similarly to the metabolomics experiments performed in
glucose-free starvation, ORA and Pathway enrichment analysis indicated that
metabolic pathways involving multiple amino acids (R, P, H, E and D were among the
top twenty most enriched pathways upon QLR-supplementation into EBSS (relative
to EBSS starvation) (Fig 5.15A, B). ORA also identified alterations of the urea cycle,
ammonia recycling, and electron transport chain. Bioinformatic analysis confirmed
that alterations of the urea cycle and amino acid metabolism were generally
associated with low FDR ranging from 0.008 to 0.05 (Table 5.3).
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Figure 5.14: Metabolomics LC-MS/MS analysis of 4T1 cells starved of amino acid (-AA) with or
without QLR supplementation. A) Principal-Component Analysis (PCA) score plot showing the
separation between treatment groups. B) Partial Least Squares- Discriminant Analysis (PLS-DA)
showing the supervised classification of the treatment groups. Starvation media conditions also
contained 10% dialysed FBS.
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Figure 5.15: Pathway analysis of metabolites with significant changes after amino acid
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Table 5.3: Detailed results of pathway analysis of relevant pathways after amino acid starvation
with or without QLR supplementation. Total: total humber of metabolites in the pathway; the hits
indicate the matched number from the analysed data; Raw p signifies the original P value calculated
from the enrichment analysis; FDR is the adjusted p value using the false discovery rate; the impact
represents the pathway impact value calculated from the topology analysis.

Pathway Total Hits Raw p FDR Impact
Urea Cycle 25 10| 8.43E-05| 0.008345| 0.49012
Arginine and 47 13| 0.000547 | 0.027079 | 0.32424
Proline Metabolism

Histidine 35 10| 0.001918 | 0.055599 | 0.17641
Metabolism

Aspartate 30 9| 0.002246 | 0.055599 | 0.89583
Metabolism

Alanine Metabolism 13 51 0.007243 0.1195 0
Thiamine 9 4| 0.00926 | 0.12803 0
Metabolism

Phosphatidylcholine 14 5] 0.010346 | 0.12803| 0.21171
Biosynthesis

Ammonia Recycling 27 71 0.016577| 0.18235| 0.38031
Nicotinate and 34 8] 0.019088 | 0.18897| 0.15203
Nicotinamide

Metabolism

Carnitine Synthesis 17 51 0.024793| 0.22314| 0.38824
Glutamate 44 9] 0.031799 | 0.25391| 0.57458
Metabolism

Purine Metabolism 66 12| 0.033342 | 0.25391| 0.20944
Phenylacetate 8 3| 0.041612 | 0.29426 0
Metabolism

Threonine and 2- 14 41 0.048837| 0.30218| 0.14286
Oxobutanoate

Degradation

Spermidine and 14 41 0.048837 | 0.30218| 0.42857
Spermine

Biosynthesis

Mitochondrial 16 41 0.075536| 0.43988| 0.13433
Electron Transport

Chain

Glycine and Serine 52 9| 0.08119| 0.44654 | 0.014647
Metabolism




5.2.2.1 QLR-addback restores amino acid catabolism in EBSS

conditions

The urea cycle, R and P metabolism were the most significantly altered pathways
after QLR addback as shown above. Due to the roles of these pathways in amino acid
metabolism, we filtered through metabolites in the Excel macro library and highlighted
metabolites involved in amino acid metabolism. The fold changes of these metabolites
were uploaded into Heatmapper to generate heatmap to observe amino acid-

dependent metabolic profile after amino acid starvation and QLR addback.

Similar to the profile in the double starvation experiment, heatmap clustering showed
that many groups of metabolites associated with amino acid pathways were depleted
upon amino acid starvation in EBSS (Fig 5.16). Surprisingly, some metabolites also
increased upon amino acid starvation in EBSS. It was also observed that QLR
supplementation into EBSS restored (or elevated) levels of some metabolites. This
profile confirms QLR addback re-enters and re-fuels many amino acid catabolic

pathways.

We analysed further metabolites of the urea cycle since this was a highly affected
pathway upon addback (similar to the double starvation experiment). It was observed
that amino acid starvation led to a 75% reduction in ornithine levels relative to
untreated cells while QLR-addback significantly increased ornithine by 2-fold (Fig
5.17A). Similarly, citrulline levels diminished by 85% following amino acid starvation
relative to untreated cells. In addition, further slight reduction was observed when
QLR was added back into EBSS (Fig 5.17B). Similar to the observations in double
starvation, incubation in EBSS led to a total depletion in arginosuccinate levels relative
to untreated cells (Fig 5.17C). Also consistent, QLR-addback into EBSS led to a 5-
fold increase in argininosuccinate relative to untreated cells. This suggests that the
urea cycle is enhanced leading to argininosuccinate accumulation upon QLR-

supplementation.

It was observed earlier (Fig 5.8) that QLR addback into double (glucose and amino
acid) starved cells have enhanced amino acid E interconversion to D and N. To clarify
whether consistent trends occurred in EBSS starvation media, metabolites from E
catabolism were analysed. Amino acid starvation led to at least 90% reduction in E
and D levels relative to untreated cells. Upon QLR addback into EBSS, levels of E
and D were restored to similar levels as untreated cells (Fig 5.18A, B). Consistent

with observations in double starved cells, amino acid starvation did not alter N levels
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but QLR addback into EBSS led to 3-fold increase in N (Fig 5.18C). These findings
indicated that E catabolism to non-essential amino acids is maximised in QLR
supplemented-amino acid starved as observed earlier in our double starvation

experiment.

Amino acid E derived from Q and R metabolism can be further converted to alpha-
ketoglutarate via the Krebs cycle (Fig 5.19). Similarly, citrate is also synthesised from
acetyl-CoA which is produced from L. Biochemical studies have also shown that
argininosuccinate in the urea cycle can also be converted to fumarate which is
metabolised in the Krebs cycle (Barmore and Stone, 2019). Since QLR all feed into

the Krebs cycle, we analysed the metabolites of this pathway.

Initially, it was observed that most of the Kreb’s cycle metabolites could not be
detected in the double starvation metabolomics dataset. In contrast, in this EBSS
starvation experiment, three metabolites of the Krebs cycle could be detected (Fig
5.20). Interestingly, it was observed that there were no significant changes in citrate
upon amino acid starvation or QLR supplementation (although a mild increase under
starvation was observed) (Fig 5.20A). This suggests that there may be a constant

supply of acetyl-CoA via pyruvate from glucose catabolism.

It was observed that amino acid starvation led to 80% reduction in fumarate levels
(despite having the same levels of citrate) (Fig 5.20B). In contrast, QLR-addback into
EBSS increased fumarate levels relative to untreated cells. In fact, QLR addback led
to a 14-fold increase in fumarate levels relative to cells starved in EBSS. Similar trends

were observed with malate levels (Fig 5.20C).

Collectively, these data further suggest that the urea cycle, amino acid catabolism
and the Krebs cycle are maximised (or at least replenished) in cells treated with QLR-
supplementation. In addition, these QLR-addback dependent increases still occurred
in the context of sufficient levels of glucose and glycolysis, suggesting that these are

primarily reflections of amino acid metabolic pathways.
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Figure 5.16 : Heat map showing the profile of metabolites involved in amino acid metabolism
after amino acid starvation with or without QLR supplementation. 4T1 cells were treated with full
media (UN), starved of either all amino acids (-AA) or starved of amino acid but supplemented with
(QLR) for 4h. Each treatment group has three independent biological replicates. Starvation media
conditions also contained 10% dialysed FBS. Metabolites involved amino acid metabolism were
highlighted on the excel macro library and all the highlighted metabolites were processed into heat map.
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Figure 5.17: The supplementation of Glutamine (Q), Leucine (L) and Arginine (R) drives
Argininosuccinate flux in 4T1 cells. 4T1 cells were treated with full media (UN), starved of either all
amino acids (-AA) or starved of amino acid but supplemented with (QLR) for 4h. Starvation media
conditions also contained 10% dialysed FBS. Bar graphs show the mean peak intensity of (A) Ornithine
(B) Citrulline and (C) Argininosuccinate. N=3 independent biological replicate. Black arrow show the
synthesis direction. * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).
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Figure 5.18: The supplementation of Glutamine (Q), Leucine (L) and Arginine (R) drives
Asparagine synthesis in 4T1 cells. 4T1 cells were treated with full media (UN), starved of either all
amino acids (-AA) or starved of amino acid but supplemented with (QLR) for 4h. Starvation media
conditions also contained 10% dialysed FBS. Bar graphs show the mean peak intensity of (A)

Glutamate and (B) Aspartate (C) Asparagine. N=3 independent biological replicate. Black arrow show
the synthesis direction. * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).
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Figure 5.19: QLR metabolism in Tricarboxylic Acid (TCA) cycle (also referred to as Krebs
cycle). This shows the recycling of metabolites of TCA cycle and their enzymes (in red). Leucine
enters the TCA cycle by conversion to acetyl-CoA which undergoes condensation with
oxaloacetate (OAA) to form citrate as the first reaction process catalysed by citrate synthase.
Citrate is converted to isocitrate by Aconitase and isocitrate is converted to alpha-ketoglutarate
and NADH by oxidative decarboxylation catalysed by isocitrate dehydrogenase. Arginine enters
the Krebs cycle in a multi-step reaction involving arginine conversion to ornithine (Catalysed by
arginase (ARG)), ornithine to glutamate semialdehyde (Catalysed by ornithine-8-aminotransferase
(OAT)), then glutamate semialdehyde to glutamate (Catalysed by glutamate semialdehyde
dehydrogenase (GSDH)). Similarly, glutamine is converted to glutamate by Glutaminase (GLS).
Glutamate formed from arginine or glutamine is converted to alpha-ketoglutarate by deamination
which enters the Krebs cycle. In the cycle, alpha-ketoglutarate is further converted to succinyl-
CoA and NADH in a process catalysed by alpha-ketoglutarate dehydrogenase. Succinyl-CoA
generates succinate and GTP. Subsequently, succinate is oxidized to fumarate and FADH2 by
succinate dehydrogenase. The next step of fumarate hydration to malate is catalysed by fumarase
also referred to as fumarate hydratase (Fh). The ‘last’ reaction of the cycle recycles oxaloacetate
from malate in a process catalysed by malate dehydrogenase which releases NADH.
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Figure 5.20: The supplementation of Glutamine (Q), Leucine (L) and Arginine (R) increased TCA
cycle metabolites in 4T1 cells. 4T1 cells were maintained in full media (UN), starved of either all
amino acid (-AA) or starved of amino acid but supplemented with (QLR) for 4h. Starvation media
conditions also contained 10% dialysed FBS Bar graphs show the mean peak intensity of (A) Citrate (B)
Fumarate and (C) Malate. N=3 independent biological replicate. p < 0.05, ** (p < 0.01), *** (p < 0.001).



5.2.2.2 QLR-addback into EBSS increased cellular energy

We further clarified whether QLR-addback dependent increases in NADH and cellular
energy (observed earlier in the double starvation experiment) were also present under
EBSS starvation contexts. The Krebs cycle is one of the major sources of NADH
which is synthesized at three reactions. As established earlier in Fig 5.9, other sources
such as glycolysis can account for over 90% of NADH levels in 4T1 cells. Interestingly,
in EBSS starvation media (which contains glucose), QLR addback led to a 25%
increase in NAD* and NADH levels but not significant (Fig 5.21A, B). Although this
change in NADH was not significant, the 25% increase observed upon QLR-addback
appears to support our earlier conclusion that NADH is generated upon QLR-addback

as a result of metabolic recycling in the Krebs cycle.

As observed previously, ADP and ATP levels were reduced upon amino acid
starvation but supplementation of QLR back into EBSS restored both ADP and ATP
levels (Fig 5.22A, B). In fact, QLR-addback led to mild increases in ADP and ATP
relative to untreated cells. Therefore, ATP (and ADP) synthesis appear to be

promoted by QLR-supplementation (during which mitochondria are hyperfused).

On the other hand, amino acid starvation led to a 30% reduction of creatine levels
relative to untreated cells. Upon QLR supplementation into EBSS, there was an even
greater (70%) reduction relative to untreated cells (Fig 5.22C). This trend mirrors
changes in creatine levels in the double starvation experiment. Creatine was
effectively converted into high energy phosphocreatine upon amino acid starvation
(despite having a lower creatine level) (Fig 5.22D). However, phosphocreatine level
was higher in QLR-supplemented cells. This suggests that QLR-supplementation is
able to re-feed metabolic pathways that ultimately lead to storage of cell energy

equivalents in ATP and phosphocreatine.

Together, QLR addback into EBSS increases the rate of the urea cycle, E catabolism
and the Krebs cycle to enhance NADH production and of cellular energetics. These
effects occurred even in the presence of glucose and therefore appear to reflect
downstream steps following metabolism of supplemented QLR and are overall
consistent with observations from the double nutrient (glucose and amino acid)

starvation metabolomics experiment.
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Figure 5.21: QLR supplementation increased NADH synthesis. 4T1 cells were maintained In full
media (UN), starved of either all amino acids (-AA) or starved of amino acid but supplemented with
(QLR) for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar graphs show the
mean peak intensity of (A) NAD+ (B) NADH. N=3 independent biological replicate
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Figure 5.22: QLR supplementation into amino acid-starved cells restore cellular energy. 4T1 cells
were treated with full media (UN), starved of either all amino acids (-AA) or starved of amino acid but
supplemented with (QLR) for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar
graphs show the mean peak intensity of (A) ADP (B) ATP (C) Creatine (D) Phosphocreatine. N=3
independent biological replicate * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).



5.2.2.3 Effects of QLR-addback into EBSS on nucleotide and

lipid metabolism

We observed a nutrient-dependent change in metabolites involved in nucleotide
metabolism and mitochondrial dynamics in double starvation conditions. We thus
further clarified whether QLR-dependent increases in GTP and AMP (observed earlier

in double starvation) were also present under EBSS starvation contexts.

GTP levels did not significantly change upon amino acid starvation in EBSS relative
to controls with full nutrient (Fig 5.23A). However, supplementation of QLR into EBSS
led to a 2-fold increase in GTP levels relative to cells starved in EBSS, therefore
further suggesting that QLR-addback stimulates GTP synthesis. Similarly, QLR
supplementation led to a 3-fold increase in AMP levels relative to cells in EBSS (Fig
5.23B). These findings suggest that while QLR-addback increased GTP and AMP
under both EBSS and double (glucose and amino acid, Fig 5.13) dPBS starvation
media, their levels upon amino acid starvation are affected by glucose availability.

Recently, it was reported that lipid metabolism is altered during serine starvation
which promotes mitochondrial fragmentation (Gao et al., 2018). It was shown that
serine starvation led to a decrease in ceramide levels accompanied by reduced
glutamine catabolism to alpha-ketoglutarate in mitochondria. Since these authors
suggested that changes in lipid metabolism can alter mitochondrial metabolism and
mitochondrial dynamics, we wanted to understand whether QLR addback-dependent

mitochondrial hyperfusion was associated with changes in lipid metabolism.

We highlighted metabolites involved in lipid metabolism and identified taurine and
phosphodimethylethanolamine as two of the most significantly altered lipid
metabolites after QLR-addback into amino acid starvation media. Studies indeed
have shown that taurine is required for proper mitochondrial function. For example,
taurine was reported to function as an antioxidant, therefore protects mitochondria
against oxidative stress (Yang et al., 2013c, Jong et al., 2017). It was observed that
amino acid starvation in EBSS led to a 20% reduction in taurine levels relative to
controls (Fig 5.24A). However, QLR-addback led to a further 50% reduction in taurine
levels relative to cells incubated in EBSS. This suggests that QLR amino acid re-
feeding (and its associated hyperfused mitochondria) leads to depletion or inhibits

synthesis of taurine.

Phosphodimethylethanolamine is an intermediate of glycerophospholipid metabolism

which is used for the biosynthesis of cardiolipin (Schlame, 2008). However, the
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association of glycerophospholipid metabolism and nutrient-dependent mitochondrial
hyperfusion is uncharacterised. Building on this, it was observed that amino acid
starvation led to a 25% reduction in phosphodimethylethanolamine levels relative to
untreated cells (Fig 5.24B). Interestingly, QLR-addback into amino acid starvation
media further reduced the levels of phosphodimethylethanolamine by at least 70%.
These findings highlight that QLR-addback can drive the depletion of specific lipids.

Studies have shown that during amino acid starvation, fatty acids are distributed
between compartments of fused mitochondria (Rambold et al., 2015). This suggests
that lipid trafficking within mitochondria may play a role in regulating mitochondrial
fusion. To clarify the link between lipid metabolism and QLR-dependent mitochondrial
hyperfusion, we studied the potential role of Translocator protein 18kDA (TSPO).
More specifically, we used TSPO-deficient human retinal pigment epithelium cells
(ARPE19) that were shown to have dysfunctional mitochondrial lipid cholesterol
trafficking (Biswas et al., 2017). TSPO has been shown to localise to the outer
mitochondrial membrane where it shuttles cholesterol from the outer mitochondrial
membrane to the inner membrane (Biswas et al., 2017, Lacapere and Papadopoulos,
2003). Metabolomic studies have also shown that the loss of TSPO leads to further
dysfunctional lipid metabolism, leading to intracellular lipid accumulation and ROS
production (Alamri et al., 2019).

To investigate whether mitochondrial hyperfusion involved lipid metabolism, wildtype
ARPE19 and CRISPR-targeted TSPO deficient cells (Biswas et al., 2017) were
starved in EBSS or in EBSS with supplemented QLR. Starvation of wildtype ARPE19
cells in EBSS and the further supplementation of QLR both led to mitochondrial fusion
(as we observed in other cell types) (Fig 5.25A). Similar mitochondrial fusion
responses could be observed in TSPO-CRISPR ARPE cells. Upon quantification, we
found that starvation in EBSS led to a significant increase in mitochondrial length and
QLR-addback led to further hyperfusion (Fig 5.25B). However, QLR-addback led to
a further increase in mitochondrial length (up to 2-fold longer relative to cells starved
of all amino acids, in both TSPO wildtype and TSPO KO cells). However, the level of
mitochondrial hyperfusion was significantly lower in QLR-addback treated TSPO KO
cells relative to QLR-addback treated wildtype cells. This indicated that TSPO KO
cells (deficient in lipid trafficking) can still respond to QLR-addback by stimulating
mitochondrial hyperfusion, albeit to a lesser extent. Therefore, these results suggest
that QLR-addback dependent mitochondrial hyperfusion is not occurring as a result

of reduced mitochondrial lipid trafficking or changes in lipid metabolism.
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Collectively, these data suggest that QLR-addback into amino acid starvation media
can robustly reprogram multiple pathways in cellular lipid metabolism. However,
inhibition of a mitochondrial lipid transporter could only partially inhibit amino acid-
dependent hyperfusion. Therefore, altered generation of lipid metabolites may be
playing some regulatory role during QLR-dependent mitochondrial hyperfusion. In
addition, similar metabolomics changes in the urea cycle, E metabolism and
bioenergetics could be observed after QLR-addback into EBSS amino acid starvation
media (containing glucose), consistent with our earlier observations in double

starvation contexts.
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Figure 5.23: QLR supplementation into amino acid-starved cells alter nucleotide
metabolism. 4T1 cells were treated with full media (UN), starved of either all amino acids (-
AA) or starved of amino acid but supplemented with (QLR) for 4h. Starvation media
conditions also contained 10% dialysed FBS. Bar graphs show the mean peak intensity of (A)

GTP (B) AMP. N= 3 independent biological replicates. * represents p < 0.05, ** (p < 0.01), ***
(p <0.001).
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Figure 5.24: QLR supplementation into amino acid-starved cells alter lipid metabolism.
4T1 cells were treated with full media (UN), starved of either all amino acids (-AA) or starved of
amino acid but supplemented with (QLR) for 4h. Starvation media conditions also contained
10% dialysed FBS. Bar graphs show the mean peak intensity of (A) Taurine (B)
Phosphodimetthlyethanolamine. N=3 independent biological replicates. * represents p < 0.05,
** (p <0.01), *** (p < 0.001), ns (non significant).
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Figure 5.25: Q, L, R-induced hyperfusion is independent of TSPO-mediated lipid transport.
(A) Representative images of WT and ARPE19 CRISPR TSPO cells in full media (Un), starved of
either all amino acids (-AA) or starved of amino acid but supplemented with (QLR) for 4h in EBSS.
Starvation media conditions also contained 10% dialysed FBS. Mitochondrial membrane is stained
with antibody against TOM20. B) Beeswarm plot showing similar mitochondrial hyperfusion in WT
and CRISPR TSPO cells. Each dot represents the mean length of 10 mitochondria within a cell.
Each treatment shows between 120-150 cells quantified from three independent experiments. *
represents p < 0.05, ** (p < 0.01), ** (p < 0.001), ns (non significant) analysed with one way
ANOVA, Bonferroni post test. Scale: 25um



5.2.2.4 Distinct cellular metabolism profiles following QLR or

single amino acid addback

Studies have shown that intermediates of the Krebs cycle can be replenished from Q
via anaplerotic reactions (Owen et al., 2002). Since it was shown earlier that addback
of Q alone into amino acid starvation media stimulated lower levels of mitochondrial
hyperfusion relative to QLR addback (Refer to Fig 3.4), LC/MS/MS metabolomics
were performed to compare metabolic changes between these 2 addback conditions.
It was observed that similar metabolic pattern was observed for QLR addback versus
Q addback alone (As summarised in Table 5.4). However, Q-addback treated cells
have some distinct metabolic patterns relative to QLR-addback treated cells. It was
observed that 4-guanidinobutanal, 4-aminobutanoate and spermidine were
significantly different between QLR- and Q-treated cells (Fig 5.26). Therefore, levels
of these metabolites were further assessed. Studies have demonstrated that R
serves as precursor for guanidino compounds such as 4-guanidinobutanal and 4-
aminobutanoate. Both these metabolites have been shown to be elevated in patients
with arginase deficiency and high plasma R levels (Burrage et al., 2019). It was
observed that amino acid starvation led to depletion of 4-guanidinobutanal while QLR-
addback restored levels (Fig 5.26A). In contrast, Q addback did not restore levels of
4-guanidinobutanal (which fits expectations since R is lacking). Surprisingly, levels of
4-aminobutanoate were sustained in amino acid starved, QLR-addback and Q-
addback treated cells (Fig 5.26B). The levels of 4-aminobutanoate in QLR-addback
treated cells were significantly lower relative to cells starved of all amino acid.
Similarly, levels of 4-aminobutanoate in Q-addback treated cells were also
significantly lower relative to QLR-treated cells. However, R is not the only precursor
contributing to 4-aminobutanoate, since this could be maintained from other sources

when R is lacking.

On the other hand, studies have shown that spermidine is synthesised in the
polyamine pathway by R conversion to ornithine which is further converted to
putrescine, spermidine and spermine (Pegg, 2009). Studies have shown that
spermidine can have pro-apoptotic functions when its concentration is raised to
promote release of cytochrome c, cleaved-caspase 3, BAX and inhibition of Bcl-2
(Mandal et al., 2015, Chen et al., 2018). Interestingly, it was observed that amino acid
starvation did not alter the levels of spermidine relative to untreated cells (Fig 5.26C).
In contrast, QLR-addback increased spermidine levels by 2-fold relative to cells

starved of all amino acid. Surprisingly, the addback of Q alone further increased
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spermidine levels by ~2-fold relative to QLR-addback treated cells. Therefore, QLR-
vs. Q-addback can lead to distinct metabolic profiles that include distinct changes in

the pro-apoptotic metabolite spermidine.

Taken together, these data further confirmed, via an independent experiment, QLR-
dependent metabolic changes observed in earlier EBSS contexts (including increased
E metabolism, reduced oxidative stress and increased cellular energetics). However,
we found that these changes did not correlate with patterns of mitochondrial
hyperfusion, since cells facing Q-addback alone had similar metabolic pathways as
QLR-addback alone. We had shown earlier that mitochondrial hyperfusion is
associated with QLR-addback (but not Q-addback). However, cells facing Q-addback

did show a distinct pattern in a small number of metabolites.
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Table 5.4: Summary of key significant metabolic changes after QLR and Q addback in EBSS

The effect of amino acid starvation on metabolites (After -AA relative to AA). The effect of QLR addback
into amino acid starvation media on metabolites relative to full amino acid starvation (After QLR
addback relative —AA). The effect of Q addback on metabolites relative to QLR (Q addback relative to
QLR). N.A indicate metabolite is not significantly altered. N.I indicate metabolite was not identified.
Note, summary is pool from two independent metabolomics experiment (i.e QLR metabolomics and
separate QLR Vs Q experiment)

Summary of key significant metabolic changes between groups

EBSS media
After -AA relativeto  After QLR addback Q addback relative to

Metabolites AA relative -AA QLR
Arginine Reduced Increased Reduced
Argininosuccinate  N.A Increased NI
Asparagine N.A Increased N.I
Aspartate Reduced Increased N.A
ATP Reduced Increased N.A
Citruline Reduced N.S N.A
Fumarate Reduced Increased N.I
Glutamate Reduced Increased N.A
GSH N.A Reduced N.A
GSSG N.A Reduced N.A
Malate Reduced Increased N.I

Ornithine Reduced Increased N.A
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Figure 5.26: Metabolic variations between QLR and Q-addback. 4T1 cells were treated with full
media (UN), starved of either all amino acids (-AA), or starved of amino acid but supplemented with
(QLR) or with Q alone for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar
graphs show the mean peak intensity of (A) 4-guanidinobutanal (B) 4-aminobutanoate (C) Spermidine
N=4 independent biological replicates. * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).



5.2.3 The Krebs cycle is required for QLR-dependent

mitochondrial hyperfusion

Studies have shown that metabolites generated from Q-dependent anaplerotic
reactions can play roles to modulate amino acid sensing pathways (Duran et al., 2012,
Son et al., 2019). For example, it has been shown that the supplementation of alpha-
ketoglutarate blocks amino acid starvation-induced autophagy (Baracco et al., 2019).
Since we showed earlier that addback of Q, L and R amino acids stimulate
mitochondrial hyperfusion (Refer to Fig 3.4), we hypothesise that mitochondria sense
QLR-dependent metabolites generated in synergy during QLR-supplementation into

amino acid starvation media.

The carbon backbone derived from metabolism of Q, L and R all feed directly into the
Krebs cycle at different points (Refer to Fig 5.19). In addition, R is an intermediate in
the urea cycle. We next wanted to determine whether the Krebs cycle (and by
extension the urea cycle) was required for QLR-addback dependent mitochondrial
hyperfusion. Therefore, we investigated mitochondrial hyperfusion in a cell model
lacking fumarate hydratase (Fh, also referred to as fumarase) (Zheng et al., 2015).

Fumarate hydratase 1 (Fh1l) gene codes for Fh, which is an enzyme that catalyzes
the reversible hydration of fumarate to form malate in the Krebs cycle. Fh has been
shown to localize within mitochondria and cytosol/nucleus where it has dual functions
(Adam et al., 2013, Yogev et al., 2010). In the cytosol, Fh functions during the DNA
damage response by translocating to the nucleus and catalysing reverse conversion
of malate to fumarate for DNA repair. In contrast, mitochondrial-localised Fh

participates in the Krebs cycle by canonically converting fumarate to malate.

The deficiency of Fh has been shown to underlie pathogenesis of hereditary
leiomyomatosis and renal cell cancer (HLRCC) and kidney cancer (Tomlinson et al.,
2002). Cells lacking Fh function have aberrant metabolism characterised by reduced
mitochondrial respiration, dysfunctional Krebs cycle and dysregulated urea cycle / R
metabolism (Frezza et al., 2011, Yang et al., 2010, Zheng et al., 2013, Tyrakis et al.,
2017, Adam et al., 2013, Raimundo et al., 2008). For example, it was initially reported
that Fh deficient cells were unable to convert fumarate to malate thereby truncating
the Krebs cycle and leading to the accumulation of oncometabolites that promote
tumorigenesis (Yang et al., 2010, Raimundo et al., 2008, Tyrakis et al., 2017).
Similarly, it has been shown that while normal cells synthesize argininosuccinate from

D and citrulline via the urea cycle (Refer to fig 5.5), in contrast, Fh deficient cells
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reversely produce argininosuccinate from fumarate and R (Zheng et al., 2013). In
addition, E levels have also been shown to be depleted in Fh deficient cells (Adam et
al., 2013). These studies show that Fh deficient cells have dysregulated urea cycle,
E catabolism and Krebs cycle. Therefore, this is a useful system to test effects on
QLR-dependent mitochondrial hyperfusion.

We utilised immortalized kidney cells from mice homozygous for a conditionally
targeted Fh1l allele which contains LoxP sites flanking exons 3 and 4 (Fh1 fl/fl) (Frezza
et al., 2011). We could compare Fhl fl/fl cells as control (wildtype Fhl) with two
different deletion clones (Fh -/- clonel and Fh -/- clone19) that were isolated from Fhl
fl/fl cells infected with recombinant adenovirus expressing Cre recombinase (Frezza
etal., 2011). Therefore, Fhl fl/fl, Fhl -/- clonel and Fh1l -/- clonel9 cells were starved
of either all amino acids (EBSS) or starved of amino acid but supplemented with QLR

for 4h. Cells were fixed and mitochondrial fusion was quantified.

Initial observation of mitochondrial structure in (fl/fl) wildtype, clonel and clonel9 cells
indicate that mitochondria were small and fragmented in all untreated cell types (Fig
5.27A). However, clonel9 cells often had rounded and swollen mitochondria, albeit
less observed in untreated clonel cells. Interestingly, amino acid starvation led to
mitochondrial fusion in wildtype, clonel and clonel9 cells. QLR-addback (into EBSS)
led to strong mitochondrial hyperfusion in wildtype cells. Surprisingly, both clonel
and clonel9 cells did not undergo any observable QLR-dependent mitochondrial

fusion.

Upon quantification, in wildtype Fhl fl/fl cells, amino acid starvation increased
mitochondrial length by 3-fold relative to untreated cells (Fig 5.27B). Also in Fh1 fl/fl
cells, QLR-addback into amino acid starvation media further increased mitochondrial
length relative to cells starved of all amino acid. With Fhl deficiency, amino acid
starvation still led to 3-fold increase in mitochondrial length in both clonel and clone19
cells. However, QLR-addback mitochondrial hyperfusion length was totally blocked

in both clonel and clonel9 cells.

We confirmed that wildtype Fh1l fl/fl expressed normal levels of Fh while both Fhl -/-
clonel and clonel9 did not express any protein (Fig 5.27C). These findings suggest
that a functional Krebs cycle is required for QLR-addback dependent mitochondrial
hyperfusion, possibly due to urea cycle or amino acid E metabolism. However, the
Krebs cycle was not required for amino acid starvation-induced mitochondrial fusion.
These results further suggest that amino acid starvation vs. QLR-dependent

mitochondrial fusion involve different mechanisms.
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Multiple studies have shown that cellular metabolism is dramatically reprogrammed
in Fh deficient cells (Yang et al., 2013b, Zheng et al., 2013). This metabolic
reprogramming is characterised by aberrant depletion and accumulation of distinct
metabolites such as fumarate and argininosuccinate. To determine how metabolic
changes in Fhl deficient cells might reveal clues about hyperfusion, we performed
metabolomics of wildtype Fh1 fl/fl and clonel deleted cells after amino acid starvation
vs QLR supplementation.

PCA scores plot showed that there is a close clustering within replicates of each
treatment groups in both cell types (Fig 5.28A). Clear separation between treatment
groups was also observed. Similarly, PLS-DA analysis also demonstrated tight
clustering and good separation within and between each treatment groups (Fig
5.28B). These findings indicate that this metabolomic data set is overall of robust
quality and that there were distinct metabolic changes between each treatment
groups in both cell types.

ORA indicated that metabolites of the urea cycle, nucleotide sugar metabolism, D
metabolism, ammonia recycling and the E.T.C. were among the top 20 pathways
altered (when comparing wildtype vs. clonel cells under the QLR-addback condition)
(Fig 5.29A). Pathway analysis also identified the urea cycle as the most significantly
altered pathway between wildtype vs. Fhl deleted cells (under the QLR-addback
condition) (Fig 5.29B). Table 5.5 shows that the urea cycle has an FDR of 0.000194.
These findings suggest that defective QLR-dependent mitochondrial hyperfusion in

Fh1-deficient cells are associated with changes in amino acid metabolism pathways.

To investigate further the metabolic changes in amino acid metabolism, heatmap
clustermap analysis was performed (for all metabolites involved in amino acid
metabolism). The heatmap showed that many amino acid metabolites were
differentially altered following amino acid starvation and QLR-addback in both
wildtype and Fh deficient cells (Fig 5.30). Interestingly, the heatmap illustrated that a
group of QLR-addback dependent metabolites were depleted in Fh deficient cells
(highlighted in red dashed box). The red dashed boxes highlight metabolic clusters
that have reduced levels in Fhl KO cells relative to corresponding wildtype. Groups
of metabolites could also be seen to accumulate in Fh deficient cells (highlighted in
green dashed boxes). The green dashed boxes highlight metabolic clusters that have
increased levels in Fh1l KO cells relative to corresponding wildtype. This indicated that

QLR-dependent amino acid metabolism is dysregulated upon Fh loss of function.

262



Studies have reported that R and ornithine levels were similar in Fh deficient cells
(under full nutrient condition) relative to wildtype (although argininosuccinate was
increased with Fh-loss) (Adam et al., 2013). Our LC/MS/MS analysis indicated that
metabolites of the urea cycle were significantly altered in the Fhl experiment, which
generally agrees with our other metabolomics data. As follows, it was investigated in
detail how urea cycle metabolites are altered in Fh-deficient cells. R levels were
similar in both wildtype and Fh deficient cells in the control (untreated) nutrient
condition (Fig 5.31A). It was observed that amino acid starvation led to the total
depletion of R in both wild type and Fh deficient cells. QLR-addback into amino acid
starvation media overall restored R levels in wildtype cells. However, QLR-addback
led to significantly higher R accumulation in Fh deficient cells (3-fold higher). This
finding suggests that R metabolism to downstream intermediates (following QLR-

addback) is inefficient without Fh function and flux via the Krebs cycle.

Consistent with the previously reported metabolic profile in Fh deficiency (Adam et
al., 2013), it was also observed that ornithine levels were similar in both untreated
wildtype and Fh deficient cells (Fig 5.31B). Interestingly, amino acid starvation or
QLR-addback did not significantly alter ornithine levels in both wildtype and Fh
deficient cells. This finding suggests that ornithine levels are not strongly affected by
the varying nutrient conditions or status of Fh function. Surprisingly, this lack of effect

in ornithine differed from our earlier data sets (Fig 5.17 and 5.27).

Studies have shown that argininosuccinate is a metabolic biomarker for Fh deficiency,
produced via conversion of R and fumarate by argininosuccinate lyase (ASL) (Zheng
et al., 2013). In wildtype cells, starvation of all amino acids led to total depletion of
argininosuccinate (relative to untreated) while QLR-addback restored the levels (Fig
5.31C). A similar amino acid-dependent argininosuccinate profile was observed in Fh-
deficient cells, although higher levels of accumulation were observed. In line with the
previously reported profile in Fh deficient cells, argininosuccinate in untreated and
QLR-addback Fh deficient cells were 74-fold and 71-fold higher relative to wildtype.
This finding indicates that argininosuccinate (and potentially other intermediates) of

the urea cycle accumulate upon Fh deficiency.

Taken together, the similar ornithine levels in both wildtype and Fh deficient cells (Fig
5.36B) does not support the forward conversion of ornithine to argininosuccinate.
Therefore, this suggests that R back conversion to argininosuccinate is over-activated

in Fh deficient cells. Overall, these findings suggest that QLR-addback dependent
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mitochondrial hyperfusion might be blocked in Fh deficient cells due to dysregulation

of the urea cycle, perhaps involving argininosuccinate conversion.
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Figure 5.28: Metabolomics LC-MS/MS analysis of Fumarate hydratase deficient cells. Fumarate
hydratase-1 (Fh1) control cells (Fh1 fl/fl) and Fh1l KO cells (Fh1-/- clonel) were maintained in full media
(Un), starved of either all amino acids (-AA) or starved of amino acid but supplemented with (QLR) for
4h. Starvation media conditions also contained 10% dialysed FBS. A) Principal-Component Analysis
(PCA) score plot showing the separation between treatment groups. B) Partial Least Squares-
Discriminant Analysis (PLS-DA) showing the supervised classification of the treatment groups. N=3
independent biological replicate
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Figure 5.29: Pathway analysis of metabolites with significant changes after QLR
supplementation into amino acid-starved Fh1l fl/fl relative to amino acid-starved Fh1-/- (clonel)
cells. (A) Over-representation analysis (ORA) showing the top 20 enriched pathways based on
significantly (p < 0.05) altered metabolites between wildtype and clonel cells under the QLR-addback
condition. Ranked according to significant p values (Top = Down, Darkest shade most significant) (B)
Pathway analysis indicating the most relevant pathways. The darker the shade the greater the
significance and the larger the circle, the more the metabolites involved in the pathway. Starvation
media conditions also contained 10% dialysed FBS.



Table 5.5: Detailed results of pathway analysis of relevant pathways after QLR supplementation
into amino acid-starved Fhl fl/fl cells relative to Fhl-/- clonel cells. Total: total number of
metabolites in the pathway; the hits indicate the matched number from the analysed data; Raw p
signifies the original P value calculated from the enrichment analysis; FDR is the adjusted p value using
the false discovery rate; the impact represents the pathway impact value calculated from the topology
analysis.

Pathway Total Hits Rawp FDR Impact
Urea Cycle 25 15| 1.96E-06| 0.000194| 0.41628
Nucleotide Sugars Metabolism 17 10| 0.000149| 0.006359| 0.93103
Aspartate Metabolism 30 14| 0.000193| 0.006359 0.95
Lactose Synthesis 15 9| 0.000269| 0.006666| 0.85714
Arginine and Proline Metabolism 47 18 0.0005| 0.009896| 0.41456
Starch and Sucrose Metabolism 26 12| 0.000649| 0.010702| 0.23466
Ammonia Recycling 27 12| 0.000988| 0.013977| 0.28684
Purine Metabolism 66 21| 0.002859| 0.026918| 0.44513
Mitochondrial Electron Transport 16 8| 0.002961| 0.026918| 0.21393
Chain

Fructose and Mannose Degradation 30 12| 0.002985| 0.026918| 0.18449
Alanine Metabolism 13 7| 0.003231| 0.026918 0
Glycolysis 23 10| 0.003263| 0.026918| 0.63688
Pyrimidine Metabolism 52 17| 0.005349| 0.037586| 0.62739
Gluconeogenesis 32 12 0.00559| 0.037586| 0.37299
Glutamate Metabolism 44 15| 0.005695| 0.037586| 0.42714
Galactose Metabolism 33 12| 0.007442| 0.046044| 0.021739
Pentose Phosphate Pathway 27 10| 0.012477| 0.065009| 0.25122
Citric Acid Cycle 27 10| 0.012477| 0.065009| 0.32009
Glucose-Alanine Cycle 10 5( 0.019407| 0.096063 0.375
Cardiolipin Biosynthesis 11 5 0.03056 0.14407 0
Riboflavin Metabolism 15 6| 0.034934 0.15287| 0.21795
Phenylacetate Metabolism 8 4 0.03706 0.15287 0
Malate-Aspartate Shuttle 8 4 0.03706 0.15287| 0.42857
Phosphatidylethanolamine 12 5 0.045035 0.16992 0
Biosynthesis

Glycerolipid Metabolism 24 8| 0.04678 0.16992 0
Ethanol Degradation 16 6| 0.047889 0.16992

Phytanic Acid Peroxisomal Oxidation 20 7| 0.04806 0.16992




Fh1 fl/fl Fhl-/- clonel
Un -AA +0OLR uUn -AA QLR

mm%ﬁmﬁm

T

ﬁﬂ%ﬁﬁ i

Figure 5.30: Heat map showing the profile of metabolites involved in amino acid metabolism in
Fh deficient cells. Fumarate hydratase-1 (Fh1) control cells (Fhl fl/fl) and Fh1l KO cells (Fh1-/- clonel)
were maintained in full media (Un), starved of either all amino acids (-AA) or starved of amino acid but
supplemented with (QLR) for 4h. Starvation media conditions also contained 10% dialysed FBS. Each
treatment group has three independent biological replicates. All metabolites involved amino acid
metabolism were highlighted on the excel macro library and processed into heatmap. Red dashed
boxes highlight metabolic clusters that have reduced levels in Fhl KO cells relative to corresponding
wildtype. Green dashed boxes highlight metabolic clusters that have increased levels in Fhl KO cells
relative to corresponding wildtype.
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Studies have highlighted that Fh deficiency leads to suppression of E biogenesis
which is characterised by reduced E and D levels (Adam et al., 2013). Accordingly,
the effect of Fh deficiency on E metabolism in our dataset was explored. As expected,
amino acid starvation led to total Q depletion while QLR-addback restored levels in
both Fh wildtype and Fh deficient cells (Fig 5.32A). Interestingly, Q levels were
significantly higher by 2-fold in QLR-supplemented Fh deficient cells (relative to
wildtype cells). This accumulation of Q further suggests that glutaminolysis is

decreased when the Krebs cycle is blocked by Fh deficiency.

Consistent with our previous observation (Fig 5.18), amino acid starvation led to at
least 70% depletion of E in wildtype and Fh-deficient cells. QLR-addback into amino
acid starvation media significantly increased E levels by at least 3-fold (relative to
amino acid-starved cells) in both wildtype and Fh-deficient cells. In line with previous
profiling of Fh-deficient cells (Adam et al., 2013), it was observed that E levels in both
untreated and full amino acid starved Fh deficient cells was 40% lower relative to
wildtype controls (Fig 5.32B). In contrast, E levels in both wildtype and Fh deficient
cells following QLR-supplementation were similar. Therefore, this confirms that
conversion Q to E by GLS (in QLR-addback) is not altered in Fh-deficient cells.

We observed that amino acid starvation led to a 90% reduction in D levels in both
wildtype and Fh deficient cells, as expected (Fig 5.32C). A clear QLR-dependent
increase in D levels was observed in wildtype cells. In line with the previously reported
profile of Fh-deficient cells (Adam et al., 2013), the levels of D were reduced by 80%
in Fh deficient cells (vs. wildtype), both in full nutrient or addback conditions. This
suggests that conversion of Q/E to D by glutamate-oxaloacetate transaminase (GOT)

is blocked in Fh-deficient cells due to the lack of Krebs cycle derived oxaloacetate.

Interestingly, levels of amino acid N also showed a distinct dysregulated pattern in Fh
deficient cells. It was observed that amino acid starvation led to at least 70% reduction
in N levels in both wildtype and Fh deficient cells relative to their corresponding
untreated cells, as expected (Fig 5.32D). Consistent with our previous observation
(Fig 5.18C), in wildtype cells, QLR-addback led to 3-fold increase in N levels relative
to untreated cells. QLR-addback also increased N levels by 17-fold relative to amino

acid starved Fh wildtype cells.

Surprisingly, N levels increased mildly in both untreated and amino acid starved Fh
deficient cells relative to their corresponding wildtypes. In contrast, N levels reduced
by 50% in QLR-supplemented Fh deficient cells relative to wildtype cells. This finding

suggests that Fh deficiency does not lower basal N levels but inhibits QLR-dependent
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generation of N. Therefore, the generation of N by asparagine-synthetase from D is
inhibited in Fh deficient cells since there is loss of the Krebs cycle and a depletion of

oxaloacetate (and hence D).

Since it was observed in (Fig 5.37C) that E catabolism is reduced in Fh deficient cells,
we analysed whether E conversion to P is also dysregulated. E is converted to
pyrroline-5-carboxylate (P5C) (catalysed by P5C synthase) and P5C undergoes
reduction to generate P (catalysed by P5C reductase) (Spinelli and Haigis, 2018).
Amino acid starvation led to the reduction in P while QLR-addback restored levels in
wildtype cells (Fig 5.32E). In contrast, E conversion to P was inhibited in Fh deficient
cells. Levels of P were reduced by 50% in both untreated and QLR-addback
conditions in Fh deficient cells relative to wildtype. In Fh deficient cells, P levels did
not significantly increase after QLR addback relative to full starvation. These findings

indicate that Fh deficient cells are unable to carry out E conversion to generate P.

Taken together, these observations indicate that Fh deficiency (and blockage of the
Krebs cycle) have clear effects on specific amino acid metabolic pathways. Rates of
glutaminolysis are reduced. Generation of amino acids D and P are particularly
affected with distinct effects as compared, for example, with N. Therefore, the
blockage of QLR-dependent mitochondrial hyperfusion in Fh deficient cells is
associated with poor efficiency in several amino acid catabolic or interconversion
pathways. These data suggest that QLR-dependent mitochondrial hyperfusion may
be caused by sensing of downstream Krebs cycle associated metabolites, as
opposed to direct sensing of Q, L or R. This model is consistent with our earlier data
suggesting that QLR-dependent mitochondrial hyperfusion does not occur via

MTORC1 amino acid sensing mechanisms.

The metabolic profile in Fh deficient cells has also been shown to include dramatic
reprogramming of the Krebs cycle such as a reduction in citrate, alpha-ketoglutarate
and malate levels, and by the accumulation of fumarate and succinate (Frezza et al.,
2011, Adam et al., 2013, Zheng et al., 2013). To confirm whether a similar signature
is observed, we studied metabolites of the Krebs cycle in Fh deficient cells after QLR-
supplementation. In wildtype cells, amino acid starvation led to 30% reduction in
citrate levels relative to untreated cells (Fig 5.33A). Also, in wildtype cells, QLR
supplementation led to further 50% reduction in citrate (relative full starvation). A
similar citrate profile was observed in Fh deficient cells. However, the level of citrate
in each treatment group was reduced by at least 70% relative to their corresponding

treatments in the wildtype cells. These findings agree with the model that Fh
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deficiency leads to overall citrate depletion. QLR-addback possibly may be depleting
citrate as the Krebs cycle is likely abnormally halted, as further suggested below by

other metabolites.

It was observed that amino acid starvation led to a 75% reduction in alpha-
ketoglutarate levels relative to untreated cells in both wildtype and Fh deficient cells
(Fig 5.33B). QLR supplementation only led to mild increases in alpha-ketoglutarate
levels (relative to full starvation) and this pattern was generally similar in both wildtype
and Fh deficient cells. In line with the expected alpha-ketoglutarate profile of Fh
deficient cells, the levels of alpha-ketoglutarate were reduced by at least 50% in all
treatments of Fh deficient cells relative to wildtype. This finding suggests that Fh
deficiency suppresses basal levels of alpha-ketoglutarate. Also, QLR-addback does

not lead to alpha-ketoglutarate accumulation.

Interestingly, it was observed that succinate levels were reduced by 50% upon amino
acid starvation, without any further QLR-addback dependent change, in wildtype cells
(Fig 5.33C). In line with the reported metabolic profile of succinate in Fh deficient cells
(Frezza et al., 2011, Adam et al., 2013), succinate levels increased by 3-fold under
control conditions upon Fh loss. In contrast, in Fh deficient cells, QLR-addback into
amino acid starvation led to a 3-fold increase in succinate levels relative to full
starvation. In the starvation or QLR supplementation condition, there was at least 2-
fold increase in succinate in Fh deficient cells relative to the corresponding wildtype.
This finding indicates that Fh deficiency blocks the Krebs cycle such that there is

accumulation of succinate when amino acids are available.

Consistent with our previous data (Refer to Fig 5.20), in Fh wildtype cells, amino acid
starvation led to 90% reduction in fumarate levels relative to untreated cells. QLR-
addback to wildtype cells increased fumarate levels by 7-fold (relative to amino acid
starved cells) (Fig 5.33D). Surprisingly, the QLR-addback dependent increase in
fumarate was inhibited in Fh deficient cells. Also, in contrast to previous report that
fumarate levels increase in Fh deficient cells (Sciacovelli et al., 2016), levels of
fumarate were generally reduced by at least 90% relative to wildtype. These findings
suggest that succinate to fumarate conversion (carried out by the succinate
dehydrogenase complex in the inner mitochondrial membrane) is also defective in the

Fh deficient cells that we are investigating.

Fh converts fumarate to malate. Studies have accordingly shown that upon Fh
depletion, malate levels were reduced (Frezza et al., 2011, Adam et al., 2013).

Consistent with this, malate levels were reduced by at least 60% in our dataset under
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all treatment groups in Fh deficient cells relative to corresponding wildtype (Fig
5.33E). Furthermore, in line with our data from 4T1 cells (Fig 5.20), amino acid
starvation led to 70% reduction in malate levels in both wildtype and Fh deficient cells.
However, while QLR-addback increased malate level by 3-fold relative to amino acid
starved wildtype cells, there was no QLR-dependent increase of malate in Fh deficient
cells. These findings suggest that Fh-deficient cells are unable to process QLR-
supplemented amino acids to generate malate. However, Fh deficient cells in full
nutrient media were still able to generate basal levels of malate from reversible

conversion of oxaloacetate (formed from pyruvate via pyruvate carboxylase).

Together, these findings confirm that QLR-addback (to amino acid-free conditions)
leads to dramatic metabolic re-feeding/re-programming of the Krebs cycle, urea cycle,
and amino acid interconversion pathways. Several, but not all, metabolic changes
were blocked (or altered) when Krebs cycle enzyme Fh is deleted. There was
accumulation of urea cycle intermediates. Several amino acids were no longer
produced through conversion of Q. Therefore, we have defined several metabolite
changes that correlate with the blocked QLR-dependent mitochondrial hyperfusion
observed in Fh deficient cells.
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Figure 5.32: QLR-induced glutamate metabolism flux is inhibited in fumarate hydratase KO
cells. Fumarate hydratase (Fh1) control (Fhl fl/fl) and Fh KO (Fh1-/- clonel) cells were maintained in
full media (Un), starved of either all amino acids (-AA) or starved of amino acid but supplemented with
(QLR) for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar graphs show the
mean peak intensity of (A) Glutamine (B) Glutamate (C) Aspartate (D) Asparagine (E) Proline. N=3
independent biological replicate. * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).
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Figure 5.33. Effect of Fumarate Hydratase-1 (Fh1l) KO on metabolites of the Krebs cycle during
amino acid starvation with or without the supplementation of QLR. Fumarate hydratase (Fh1l)
control (Fh1l fl/fl) and Fhl KOs (Fh1-/- clonel) cells were maintained in full media (Un), starved of either
all amino acids (-AA) or starved of amino acid but supplemented with (QLR) for 4h. Starvation media
conditions also contained 10% dialysed FBS. Bar graphs show the mean peak intensity of (A) Citrate
(B) Alpha-ketoglutarate (C) Succinate (D) Fumarate (E) Malate. N=3 independent biological replicate. *
represents p < 0.05, ** (p < 0.01), *** (p < 0.001).



5.2.3.1 Cellular energy is diminished in Fumarase deficient

cells

Studies have suggested that dysregulation of the Krebs cycle due to Fh deficiency
severely reduces bioenergetic capacity (Tyrakis et al., 2017, Frezza et al., 2011).
Since we observed that QLR-dependent re-fuelling of the Krebs cycle is blocked in

Fh-deficient cells, it was investigated whether cellular bioenergetics is also blocked.

NAD" levels were reduced by at least 40% in all treatments of Fh deficient cells
relative to their corresponding wildtype (Fig 5.34A). Similar to our previous
observation in EBSS media (Refer to Fig 2.1), amino acid starvation alone or QLR-
addback did not significantly alter NADH levels relative to untreated cells (in both
wildtype and Fh deficient cells) (Fig 5.34B). Surprisingly, levels of NADH were overall
greatly increased by at least 4-fold in Fh deficient cells relative to wildtype. This
suggests that Fh deficiency increases the production of NADH from other pathways
such as glycolysis independently of the Krebs cycle. Also, NADH may not be
effectively utilised in the E.T.C. of Fh deficient cells, hence promoting NADH buildup.

NADH serves as the electron donor molecule for ATP generation in the E.T.C.
Therefore, we next assessed whether ATP levels were altered in the Fh deficiency
dataset. It was observed that amino acid starvation led to a 25% reduction in ADP
levels while QLR-addback restored the levels in wildtype cells (Fig 5.35A). Therefore,
amino acid depletion tends to lower levels of nucleotides. Amino acid dependent-
changes in ADP levels were not significant in Fh deficient cells, suggesting that the
link between amino acids and nucleotides requires the Krebs cycle. Interestingly, ADP
levels were overall generally similar in both wildtype and Fh deficient cells. Therefore,

this suggests that the contribution of Fh to nucleotides like ADP may be only partial.

Furthermore, a similar metabolic profile was observed for ATP in wildtype cells. In
wildtype cells, amino acid starvation led to a 25% reduction in ATP levels relative to
untreated cells. QLR-addback restored ATP levels (Fig 5.35B). Similarly, in Fh
deficient cells, amino acid starvation led to a mild decrease in ATP levels. However,
QLR-addback did not significantly restore the levels. Interestingly, levels of ATP in
amino acid starved or QLR addback Fh deficient cells were significantly lower relative
to their corresponding wildtype. This finding indicates that Fh deficient cells
accumulate sufficient levels of ATP but at a significantly reduced rate relative to

wildtype cells.
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Taken together, these findings indicate that QLR-dependent generation of ATP is
inhibited in Fh deficient cells. The findings highlighted that enhanced NADH levels in
Fh deficient cells did not correlate with levels of ATP. Therefore, NADH usage in the
E.T.C. appears less efficient in Fh deficient cells. Overall, we speculate that NADH
processing into the E.T.C. for the synthesis of ATP might be required for QLR-induced
mitochondrial hyperfusion. In addition, key metabolic changes in Fh KO cells are
summarised in table 5.6.
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Table 5.6: Summary of key significant metabolic changes after QLR addback in Fh KO

The effect of QLR addback on metabolites in wildtype relative to full amino acid starvation (QLR
addback relative -AA (WT)). The effect of QLR addback on metabolites in Fh KO relative to full amino
acid starvation (QLR addback relative -AA (WT)). The effect of Fh KO on QLR addback-changes, i.e
metabolic levels in QLR Fh KO relative to QLR in wildtype (Effect of Fh KO on QLR-metabolism). N.A
indicate metabolite is not significantly altered.

Summary of key significant metabolic changes after QLR in Fh KO

QLR addback relative -
AA (WT)

N.A

Increased

Increased

Increased

Increased

Increased

Effect of Fh KO on QLR-
metabolism

Reduced

Increased

Increased

Reduced

Reduced

Reduced

Reduced
Increased
Increased
Increased
N.A

Reduced
Reduced

N.A
Reduced
Increased

N.A Increased




Studies have shown that loss of Fh is sufficient to cause E.T.C defects leading to the
depletion of mitochondrial-generated ATP (Tyrakis et al., 2017). Since we found that
ATP levels were reduced in QLR-supplemented Fh deficient cells, it was next tested
whether this inhibition is due to poor NADH shuttling into the E.T.C.

The compound rotenone blocks complex-I of the E.T.C leading the inhibition of NADH
consumption (Palmer et al., 1968). To investigate the roles of the E.T.C. mitochondrial
fusion, 4T1-SU9 GFP cells were starved of either all amino acids or supplemented
with QLR for 4h. Rotenone (1uM) was added to the starvation media to block the
complex-1 of the E.T.C. It was observed that rotenone did not alter mitochondrial
dynamics in 4T1 cells maintained in full media (Fig 5.36A). Surprisingly, rotenone did
not block mitochondrial fusion in 4T1-SU9 GFP cells starved of all amino acids. In
contrast, QLR- dependent mitochondrial hyperfusion was blocked by rotenone. Upon
guantification, rotenone alone indeed did not alter mitochondrial length (Fig 5.36B).
Similarly, while amino acid starvation led to mitochondrial fusion, rotenone did not
significantly block this response. In contrast, relative to QLR supplemented
conditions, rotenone addition to QLR-addback reduced the extent of mitochondrial
hyperfusion in at least 25% of the cells. This finding suggests that NADH usage by
the E.T.C. is required for QLR-addback induced mitochondrial hyperfusion.

Overall, our data indicate that QLR addback enhanced the urea cycle, E metabolism
and the Krebs cycle, thereby increasing the rate of the E.T.C and ATP levels.
Supplementation of Q alone only restores E metabolism and ATP levels but did not
lead to mitochondrial hyperfusion. Genetic targeting of Fh, a Krebs cycle enzyme,
blocks QLR-dependent mitochondrial hyperfusion. Lastly, inhibition of the E.T.C
suppresses QLR-dependent mitochondrial hyperfusion. Therefore, our data support
a model in which combined metabolic reprogramming is required for QLR-dependent

mitochondrial hyperfusion.
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Figure 5.36: Q, L, R-induced hyperfusion requires the electron transfer process in complex |
of the E.T.C. (A) Representative images of 4T1-SU9 GFP cells maintained in full media (FM),
starved of either all amino acids (-AA) or starved of amino acid but supplemented with (QLR), +/-
Rotenone (1uM) for 4h. Starvation media conditions also contained 10% dialysed FBS. B) Each dot
represents the mean length of 10 mitochondria within a cell. Each treatment shows between 120-150
cells quantified from three independent experiments. *** indicate P< 0.001 analysed with one way
ANOVA, Bonferroni post test. Scale: 25um



5.2.4 The role of mitochondrial fusion in QLR-addback

dependent metabolic re-programming

A number of studies have suggested a model in which mitochondria respond to
metabolic changes by altering their shape and size, thereby modulating function
(Mishra and Chan, 2016). For example, it has been suggested that increased
mitochondrial fusion supports the ability to maintain sufficient ATP levels (Gomes et
al., 2011a). It was observed above (in our experiments) that QLR-supplemented
amino acid starved cells have increased ATP levels. It was also observed that
metabolites of the urea cycle, E metabolism and Krebs cycle are increased in QLR-
supplemented cells. These metabolic changes due to QLR addback speculatively
may cause mitochondrial hyperfusion. However, given the proposed link between
mitochondrial form upstream of function, we also wondered if the metabolic changes

also required mitochondrial hyperfusion, in a reciprocal inter-dependent relationship.

To ascertain whether metabolic re-programming from QLR required mitochondrial
hyperfusion, we studied the metabolic fingerprint in fusion-deficient Mfn1 KO cells.
Wildtype MEF and Mfnl KO cells were maintained in full nutrients media or starved
of either all amino acids or supplemented with QLR. After 4-hours, metabolites were
extracted for LC/MS/MS.

PCA demonstrated that there was closer association in overall metabolite patterns
between amino acid starvation and QLR-addback conditions in both wildtype and
Mfnl KO cells (Fig 5.37A). Similar close relationships were observed in PLS-DA
although replicates within each treatment appeared better clustered using this
analysis method (Fig 5.37B). PLS-DA also highlighted clear shifts in metabolites due
to QLR-addback (in both cell types). Mfnl KO had the strongest effect (vs wildtype)
in the control full nutrient condition. These findings indicate that there may be a
combination of complex effects in the metabolite patterns due to roles of Mfnl-

dependent fusion and extracellular nutrients.

ORA analysis highlighted metabolites involved in nucleotide sugar metabolism,
pyrimidine metabolism and lactose synthesis to be the most significantly altered when
comparing between wildtype vs. Mfn1 KO cells (QLR-addback condition) (Fig 5.38A).
Metabolites of glutathione metabolism, D/E metabolism, and urea cycle were also
significantly altered. Similarly, pathway analysis also indicated that nucleotide sugar
metabolism, pyrimidine metabolism, lactose synthesis and starch metabolism were

altered in Mfn1 KO cells relative wildtype cells (in the QLR-supplemented condition)
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(Fig 5.38B). However, the FDR rates of all these highlighted metabolic changes were
1, therefore indicating lower confidence relative to earlier metabolomics experiments
(Table 5.7). This higher FDR is consistent with the close clustering observed in PCA
and PLS-DA. Putting this into consideration, we focused analyses on the same set
of QLR-dependent metabolites from the urea cycle, amino acid metabolism, Krebs
cycle and bioenergetics.
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Figure 5.37: Metabolomics LC-MS/MS analysis of mitofusin-1 deficient cells. Wild type MEF and
Mfnl KO MEF were maintained in full media (Un), starved of either all amino acids (-AA) or starved of
amino acid but supplemented with QLR for 4h. Starvation media conditions also contained 10%
dialysed FBS. A) Principal-Component Analysis (PCA) score plot showing the separation between
treatment groups. B) Partial Least Squares- Discriminant Analysis (PLS-DA) showing the supervised
classification of the treatment groups. N=4 independent biological replicate.
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Figure 5.38: Pathway analysis of metabolites with significant changes after QLR supplementation
into amino acid-starved WT MEF relative to Mfn1 KO MEF. Wild type MEF and Mfnl KO MEF were
maintained in full media (Un), starved of either all amino acids (-AA) or starved of amino acid but
supplemented with QLR for 4h. Starvation media conditions also contained 10% dialysed FBS. (A) Over-
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altered metabolites. Ranked according to significant p values (Top -> Down, Darkest shade most
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Table 5.7: Detailed results of the pathway analysis of relevant pathways after QLR
supplementation into amino acid-starved WT MEF relative to Mfn1 KO MEF. Total: total number of
metabolites in the pathway; the hits indicate the matched number from the analysed data; Raw p
signifies the original P value calculated from the enrichment analysis; FDR is the adjusted p value using
the false discovery rate; the impact represents the pathway impact value calculated from the topology

analysis.

Pathway Total Hits Raw p FDR Impact
Nucleotide Sugars Metabolism 17 5| 0.012516 1 0.93103
Pyrimidine Metabolism 52 9| 0.032511 1 0.21348
Lactose Synthesis 15 4| 0.036095 1 0.72143
Starch and Sucrose Metabolism 26 5| 0.070738 1 0.23466
Aspartate Metabolism 30 5 0.11621 1 0.34583
Homocysteine Degradation 7 2 0.12044 1 0
Galactose Metabolism 33 5 0.15758 1| 0.021739
Urea Cycle 25 4 0.17125 1 0.13996
Selenoamino Acid Metabolism 26 4 0.18952 1 0
Sphingolipid Metabolism 36 5 0.20414 1| 0.016636
Pentose Phosphate Pathway 27 4 0.2084 1| 0.013685
Arginine and Proline Metabolism 47 6 0.22661 1 0.14217
Phosphatidylethanolamine Biosynthesis 12 2 0.28589 1 0.5
Estrone Metabolism 22 3 0.30506 1 0
Glutathione Metabolism 22 3 0.30506 1| 0.091683
Alanine Metabolism 13 2 0.31987 1 0
Androstenedione Metabolism 23 3 0.33029 1 0.02924
Glutamate Metabolism 44 5 0.34463 1 0.00636
Ethanol Degradation 16 2 0.4188 1 0
Ammonia Recycling 27 3 0.43024 1| 0.050121




To investigate how metabolites involved in amino acid metabolism are altered in
fusion deficient Mfnl KO cells, a heatmap was generated for metabolites involved
amino acid metabolism that show p < 0.2 (based on T-test) between wildtype vs. Mfnl
KO (QLR-addback cells). Heatmap and cluster analyses demonstrated that many
metabolites were depleted during amino acid starvation in both wildtype and Mfn1 KO
cells (Fig 5.39). It also showed that some metabolites in amino acid starved wildtype
cells were inhibited in Mfn1 KO cells (highlighted in yellow dotted box). Interestingly,
the heatmap also demonstrated that a group of metabolites in QLR addback wildtype
cells were dependent on Mfnl expression (highlighted in red dotted box). Also,
another group of metabolites accumulated only during QLR-addback in both wildtype
and Mfn1 KO cells (highlighted in green dotted box).

Data mining of metabolites in the urea cycle indicated that R levels did not significantly
change in Mfnl KO cells relative to wildtype cells in all treatments (Fig 5.40A). In
contrast, ornithine levels in untreated Mfn1 KO cells were significantly higher relative
to wildtype cells (Fig 5.40B). However, differences in ornithine were less apparent
following amino acid starvation or QLR-addback. Similarly, citrulline levels were
similar in Mfn1 KO vs wildtype in the basal condition (Fig 5.40C).

Although argininosuccinate is just downstream of citrulline in the urea cycle, this
metabolite showed a different trend. QLR-addback led to strong increase of
argininosuccinate levels in wildtype cells (Fig 5.40D). QLR-dependent
argininosuccinate accumulation was increased further in Mfnl KO cells. Taken
together, fusion deficient cells appear to show similar levels of urea cycle metabolites
as wildtype (although ornithine in basal state and argininosuccinate metabolites in
QLR addback for Mfn1 KO were higher). Therefore, fusion may have affected flux in
these pathways. However, changes in urea cycle metabolites following QLR-addback
even occurred in Mfnl KO and therefore are not strictly dependent on functional

mitochondrial fusion.

In contrast, it was observed that Q and E levels overall were not different when
comparing Mfn1 KO cells relative to wildtype (Fig 5.41A/B). Moreover, there was clear
accumulation of Q and E following QLR-addback, and this accumulation was Mfn1-
independent. This finding indicates that mitochondrial fusion is not required for Q

deamination to form E.

Similarly, D levels were also maintained in Mfnl KO cells at similar levels as in
wildtype cells in all starvation conditions (Fig 5.41C). Strikingly, it was observed that

QLR-addback led to a massive increase in N levels, in both wildtype and Mfnl KO
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cells (Fig 5.41D). However, the extent of N generation following QLR-addback was
significantly lower in Mfn1 KO cells relative to wildtype. Similar trends were observed
for P (Fig 5.41E). P levels increased after QLR addback in both wildtype and Mfnl
KO cells but the level was lower in QLR-addback Mfnl KO cells. Altogether, these
findings suggest that mitochondrial fusion is not required for initial stages of Q
metabolism and conversion to D after QLR-addback. However, the efficiency for
synthesis of N and P during QLR addback was reduced in fusion-deficient cells.
Therefore, mitochondrial fusion appears to modulate the rates of certain

mitochondrially localised amino acid metabolism pathways.

Consistent with this notion, we detected changes in the levels of certain metabolites
of the Krebs cycle in Mfnl KO cells. It was observed that citrate levels were
significantly reduced in amino acid starved and QLR supplemented amino acid
starved Mfnl KO cells relative to their corresponding wildtype (Fig 5.42A). In fact,
there was a mild QLR-addback dependent reduction of citrate in wildtype cells, which

was not observed in Mfn1 KO cells.

In contrast, there were no significant differences in the levels of alpha-ketoglutarate
between wildtype and Mfnl KO cells (when comparing each nutrient condition) (Fig
5.42B). Similar to data from wildtype Fh1 fl/fl kidney cells, QLR-addback did not lead
to any clear accumulation of alpha-ketoglutarate. It was also observed that succinate
levels were generally depleted following amino acid starvation (and were not rescued
by QLR-addback, similar to trends in Fh1 fl/fl cells) (Fig 5.42C). Succinate levels were

similar between wildtype and Mfnl KO (in the three treatment groups).

QLR supplementation (into amino acid starvation media) led to a clear increase in
fumarate (Fig 5.42D). This accumulation was generally present in both wildtype and
Mfn KO1 cells. However, the QLR-dependent build-up fumarate was significantly
higher in Mfn1 KO cells vs wildtype. There was also a QLR-dependent rescue of
malate levels in both wildtype and Mfn1 KO cells. The level of malate in Mfn1 KO cells
was similar to wildtype in all treatment groups (although significantly lower for QLR
addback) (Fig 5.42E). These findings suggest that mitochondrial fusion does not
greatly alter levels of Krebs cycle metabolites (except for some very weak changes in

some QLR-responses).

Lastly, we analysed how NADH levels and ATP levels were maintained in Mfnl KO
cells. It was observed that NAD* levels in wildtype cells were reduced following
starvation and were not replenished with QLR-addback (similar to Fhl fl/fl cells).

Overall, NAD" levels were generally similar in Mfn1 KO vs the wildtype. However, the
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only difference that was significant could be found in the amino acid starved condition
(Fig 5.43A).

Interestingly, amino acid starvation appeared to deplete NADH, while QLR-addback
had a rescue effect, in wildtype cells (Fig 5.43B). However, these NADH nutrient-
dependent changes did not show significance due to high variability. In contrast,
NADH levels did not show any discernable QLR-dependent trend in Mfn1 KO cells.
Therefore, these preliminary data suggest that Mfnl-dependent fusion may help

maintain NADH levels following QLR-addback.

Interestingly, it was observed that levels of ADP and ATP were generally well
maintained in fusion deficient cells (Fig 5.44). In fact, QLR-addback increased ATP
levels in both wildtype and Mfnl KO cells to very similar extents (Fig 5.44B).
Therefore, this suggests that QLR-addback dependent increase in cellular ATP levels

does not require mitochondrial fusion.

Overall, this data set further confirms several QLR-addback responsive metabolites
from the urea cycle, amino acid metabolism and Krebs cycle in wildtype MEF cells.
These findings, combined with datasets from 4T1 breast cancer and Fhl fl/fl mouse
epithelial kidney cells, better highlight the most robust generalizable metabolic
changes that follow QLR-addback. The Mfn1 KO experiment here also highlights that
mitochondria-dependent metabolic pathways such as the urea cycle, amino acid
conversion and Krebs cycle can be modulated by levels of mitochondrial fusion (As
summarised in table 5.8). Several metabolites in each of these pathways were
altered (although modestly in most cases) in fusion-deficient cells. In our working
model, this suggests that QLR-dependent metabolite changes may play more of a
causative role promoting mitochondrial hyperfusion, rather than being a downstream

result of mitochondrial hyperfusion.
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Figure 5.39: Heat map showing the profile of metabolites involved in amino acid metabolism
after Mfn1 KO. Wild type MEF and Mfnl KO MEF were maintained in full media (Un), starved of either
all amino acids (-AA) or starved of amino acid but supplemented with QLR for 4h. Starvation media
conditions also contained 10% dialysed FBS. Each treatment group has four independent biological
replicates. Metabolites involved amino acid metabolism were highlighted on the excel macro library and
those whose p-value is less than 0.2 based on t.test analysis between QLR-addback wildtype and QLR-
addback Mfnl KO were processed into heatmap



= UN
- _AA
= QLR

A ns Arginine B Ornithine

ns

ns 45 *kk

=
~
[

o
a1
1

Peak intensity (X107)
=
=
[}
Peak intensity (X10°)

Wt Min1 KO WT Mfn1l KO
C Citrulline D Argininosuccinate
ns
3 2.1
X o
gl —
=y oS
= =
o £1.4-
E S
I =
y < 0.7-
()
o

WT Mfnl KO

WT Mfnl KO
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Figure 5.41: Effect of Mfnl KO on glutamate metabolism after amino acid starvation with or
without QLR supplementation. Wild type MEF and Mfn1 KO MEF were maintained in full media (Un),
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Figure 5.42: Effect of Mfnl KO on metabolites of the Krebs cycle during amino acid starvation
with or without QLR supplementation. Wild type MEF and Mfnl KO MEF were maintained in full
media (Un), starved of either all amino acids (-AA) or starved of amino acid but supplemented with QLR
for 4h. Starvation media conditions also contained 10% dialysed FBS. Bar graphs show the mean peak
intensity of (A) Citrate (B) Alpha-ketoglutarate (C) Succinate (D) Fumarate (E) Malate. N=4 independent

biological replicate. N=4 independent biological replicate. * represents p < 0.05, ** (p < 0.01), *** (p <
0.001).
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Figure 5.43: Effect of Mfn1 KO on NADH level. Wild type MEF and Mfnl KO MEF were maintained in
full media (Un), starved of either all amino acids (-AA) or starved of amino acid but supplemented with
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peak intensity of (A) NAD+ (B) NADH (C) GSSG. N=4 independent biological replicate. * represents p <
0.05, ** (p < 0.01), *** (p < 0.001).
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Figure 5.44: Effect of Mfn1 KO on ATP levels during amino acid starvation with or without QLR
supplementation. Wild type MEF and Mfnl KO MEF were maintained in full media (Un), starved of
either all amino acids (-AA) or starved of amino acid but supplemented with QLR for 4h. Starvation
media conditions also contained 10% dialysed FBS. Bar graphs show the mean peak intensity of (A)
ADP (B) ATP. N=4 independent biological replicate. * represents p < 0.05, ** (p < 0.01), *** (p < 0.001).



Table 5.8: Summary of key significant metabolic changes after QLR addback in Mfn1 KO

The effect of QLR addback on metabolites in wildtype relative to full amino acid starvation (QLR
addback relative -AA (WT)). The effect of QLR addback on metabolites in Mfn1 KO relative to full amino
acid starvation (QLR addback relative -AA (WT)). The effect of Mfn1 KO on QLR addback-changes, i.e
metabolic levels in QLR Mfnl KO relative to QLR in wildtype (Effect of Mfnl KO on QLR-metabolism).
N.A indicate metabolite is not significantly altered.

Summary of key significant metabolic changes after QLR in Mfn1 KO

QLR addback relative -

Metabolites AA (Mfnl KO)
Argininosuccinate Increased
Asparagine Increased
Citrate N.S

Fumarate Increased

Malate Increased




5.3 Discussion

5.31 Metabolomics as a high-resolution robust tool for

studying cellular metabolism

A range of studies have focused on understanding how cellular metabolism is inter-
related with mitochondrial degradation, mitochondrial damage and mitochondrial
remodelling (Schrepfer and Scorrano, 2016, Mishra and Chan, 2016, Galluzzi et al.,
2014). This interest is due to the emerging better molecular understanding of
mitochondria in the pathogenesis metabolic disorders (Maddocks et al., 2017,
Maddocks et al., 2013, Buck et al., 2016, Tezze et al., 2017, Bach et al., 2003). By
doing comparative genomic, proteomic, transcriptomic and metabolic analyses,
potential key targets and mitochondrial pathways in normal health and in a diseased
state are now being defined (Kuhl et al., 2017, Maldonado et al., 2019).

Metabolomics is a powerful approach that collects unbiased relatively large datasets
to explore and highlight key metabolic biomarkers that can identify the most affected
biochemical pathways under any given experimentally controlled condition. In this
chapter, we aimed to use untargeted metabolomics to gain further insight into the
amino acid-dependent mitochondrial hyperfusion response that we characterised in
the earlier chapters of this thesis. More specifically, we aimed to: 1) identify the key
metabolites in the central amino acid, carbohydrate and energy metabolic pathways
that are perturbed during nutrient starvation stress and QLR supplementation; 2)
explore if metabolite changes potentially may play a causal role in promoting
hyperfusion; or 3) alternatively, if hyperfusion may play a reciprocal role in the

regulation of metabolic pathway flux.

5.32 Nucleotide metabolism is altered during amino acid-

dependent mitochondrial hyperfusion.

Studies have suggested that there is a relationship between nucleotide metabolism
and mitochondrial function, however, the molecular mechanism is not clear (Miret-
Casals et al.,, 2017). For example, genes regulating nucleotide metabolism are
upregulated in Drosophila model of Parkinson disease and it has been suggested that
this pathway may be a mechanism to reduce mitochondrial dysfunction (Tufi et al.,
2014). This agrees with these author’s observations that enhancing nucleotide

metabolism with pharmacological approaches ameliorate Parkinson-related
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mitochondrial dysfunction. Therefore, these studies place mitochondrial function in

close relationship with cellular nucleotide metabolism.

We show here that metabolites involved in both purine and pyrimidine metabolism are
altered after QLR-supplementation into amino acid starvation condition. This agrees
with an earlier report that de novo synthesis of purine derivatives decreases during
amino acid starvation (Boss, 1984). However, the changes we have observed here in
nucleotide metabolism are highly dependent on glucose and Q since they are the

major sources of carbon and nitrogen.

GTP is a purine nucleotide triphosphate that plays multiple important roles in energy
regulation and cellular signalling. GTP hydrolysis is needed to drive both structural
and kinetic changes of Mfnl and Opal (Ishihara et al., 2004, Sekiguchi et al., 2001).
We showed here that QLR addback into amino acid starvation media promotes GTP
synthesis. This suggests that mitochondrial hyperfusion may be a response to the
high levels of GTP generated during QLR-addback. This highlights a potential novel
pathway involving the nucleotide metabolite (GTP) as a signalling molecule that can

regulate mitochondrial fusion when present in the cell at increased levels.

Interestingly, it is shown here that cAMP, a well characterised cyclic nucleotide
second messenger, did not increase in response to full amino acid starvation
conditions. These results contradict the current model linking increased cAMP during
amino acid starvation to mitochondrial fusion. Using an exchanged protein directly
activated by cAMP (EPAC)-based fluorescence resonance energy transfer (FRET)
probe, it was shown that CAMP increase upon amino acid starvation in MEF (Gomes
et al., 2011a). However, the massive depletion in ATP levels that we observed during
amino acid starvation does not seem to correlate with CAMP increases since ATP is
required for cAMP generation. While it is possible that cAMP increases over time upon
starvation, biochemically, cAMP levels would be expected to drop upon amino acid
starvation relative to cells with full nutrients. Interestingly, our metabolomics finding
here correlates with our previous results in earlier chapters that PKA-inhibitor H89
does not block amino acid starvation-induced mitochondrial fusion. Hence, the

process appears to involve a PKA/CAMP-independent mechanism.

On the other hand, we also showed here that QLR supplementation increased cAMP
levels. Interestingly, this agrees with our observation that QLR-dependent

mitochondrial hyperfusion is PKA-dependent. These findings, therefore, indicate that
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changes in cAMP are not involved during amino acid-starvation-dependent

mitochondrial fusion, but rather are involved during addback-dependent hyperfusion.

5.33 Amino acid metabolism is altered during nutrient

deprivation

Multiple pathways are coordinated during metabolism of extracellular derived amino
acids such as the Krebs cycle, phosphocreatine pathway, glutathione metabolism,
glutamate catabolism, ammonia generation and the urea cycle. These pathways have
their own defined functional importance in metabolism but are highly inter-linked via
the exchange of intermediates. This highlights the overall complexity in trying to
understand and dissect definitive singular metabolic changes in a dynamically inter-

connected metabolic network.

Our different analyses consistently revealed (not surprisingly) that the amino acid
related metabolic profile robustly re-programmed following QLR supplementation.
Although the effect of full amino acid starvation on cellular metabolism has been
previously studied, the parallel effects on mitochondrial fusion were not considered
(Johnson et al., 2014, Shen et al., 2016, Steinhauser et al., 2018). Clearly, we show
here that metabolites of the Krebs cycle and the urea cycle are altered in multiple cell
types under the addback condition that is tightly associated with mitochondrial

hyperfusion.

5.3.3.1 The urea cycle and the Krebs cycle are regulated by

amino acid-dependent mitochondrial hyperfusion

One round of the urea cycle is completed at the expense of one mole each of
carbamoyl phosphate, D (aspartate), and ATP. Each round produces one mole of
urea and one mole of fumarate. Fumarate can also be reversibly converted to
argininosuccinate, linking the urea cycle with consumption of this Krebs cycle
intermediate. However, the urea cycle has a unique essential function in converting
toxic ammonium equivalents to excrete metabolic waste as urea. Importantly,
reactions of the urea cycle are located across the mitochondria and cytoplasm.
Carbamoyl phosphate is combined with ornithine to form citrulline, which is then
transported into the cytoplasm. Once in the cytoplasm, citrulline is converted to
argininosuccinate then to R, and finally to ornithine, which is transported back into the

mitochondria to join with more carbamoyl phosphate.
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Overall, in our different LC/MS/MS experiments, the urea cycle was often identified
as the most significantly altered pathway, for example with the QLR and Q addback
datasets. The urea cycle was also robustly altered when comparing wildtype and Fh
deficient cells. This agrees with previous findings on urea cycle function in Fh deficient
cells (Zheng et al., 2013). Fh deficient cells are, therefore, unable to catabolise QLR
to feed into the urea cycle. This is generally in line with expectations. Without Fh
function, the Krebs cycle is halted and carbon atoms from QLR metabolism cannot
be incorporated. Fumarate levels unexpectedly dropped in Fh KO cells (as opposed
to accumulation). It appears Fh deficiency might drive fumarate towards
argininosuccinate (further detailed below). The blockage of QLR carbon backbone
metabolism might explain why Fh KO cells do not show hyperfusion in the QLR-
addback condition. This suggests that hyperfusion requires active metabolism of Q,

L and R and does not take place via direct sensing per se of native amino acids.

Our data also showed that Mfn1 KO cells are generally competent in maintaining the
urea cycle. However, there were minor but significant accumulation of several urea
cycle intermediates when mitochondrial fusion was blocked. This suggests that
normal fusion activity can help maintain efficient flux of the substrates or perhaps the
levels or activities of urea cycle enzymes. For a causal mechanism of the urea cycle
in controlling fusion, roles for intermediate in mitochondrial dynamics has not yet been

described. No literature has been reported to directly link both pathways.

Notwithstanding, the role of R in maintaining mitochondrial homeostasis suggests that
this intermediate via the urea cycle might potentially regulate mitochondrial fusion.
For example, studies have shown that R starvation leads to perturbations in
mitochondrial function (Qiu et al., 2014, Cheng et al., 2018). Cheng et al (2018)
reported that R starvation downregulates OXPHOS related genes which led to the
reduction in OCR and ATP generation. This study also suggested that R starvation
disrupts NADH shutting into mitochondria and also impairs the balance between NAD*
and NADH. These R starvation-induced changes in mitochondrial metabolism are all
consistent with increased mitochondrial fragmentation. Therefore, our findings here
suggest a model where QLR availability enhances R recycling in the urea cycle,
therefore promoting NADH shuttling, OXPHOS and ATP. In response, mitochondria
might sense these metabolic changes during QLR-addback to induce hyperfusion to

better support homeostasis.

Although it is not shown here, R could mechanistically feed into cellular energetics via

its further conversion to alpha-ketoglutarate to aid the synthesis of NADH via the
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Krebs cycle. Another potential mechanism is through the urea cycle where excess
cytosolic R is hydrolysed to form urea and cytosolic ornithine. Ornithine transported
back into the mitochondria can be converted after several steps to eventually form
argininosuccinate and then to cytosolic fumarate (Adam et al., 2013). The portion of
cytosolic fumarate that gets re-imported back into mitochondria can subsequently re-
enter the Krebs cycle, therefore, promoting the metabolic cycling for NADH
production. While previous studies have suggested that both mechanisms are
involved in the enhancement of cellular energetics, the additional presence of L and
Q will provide more substrates for Krebs cycle intermediates. Metabolic tracer studies
will be needed to identify the main metabolic shuttling patterns of R, Q and L in our
system. So far, our data support a model where the metabolic effects of QLR are

greater than Q-alone, suggesting certain degrees of inter-dependency.

Other reported tracer studies have shown that argininosuccinate production in Fh KO
cells was from both R and fumarate (Adam et al., 2013). The accumulation of fumarate
in Fh-deficient cells has been shown to promote succination and inhibition of Fe-S
clusters in complex-1 of the E.T.C leading to reduced mitochondrial respiration
(Tyrakis et al., 2017). Thus, E.T.C dysfunction in Fh deficient cells may explain in part
why there was no hyperfusion in response to QLR-addback. Interestingly, rotenone
E.T.C. inhibition blocked QLR-dependent mitochondrial hyperfusion. Moreover,
rotenone and Fh deficiency both inhibited QLR-addback induced mitochondrial
hyperfusion but not full amino acid starvation-induced mitochondrial hyperfusion.
Therefore, hyperfusion in response to QLR-addback appears to more strongly require
NADH shuttling and the E.T.C. Our current working model is that QLR-dependent
mitochondrial hyperfusion involves enhanced amino acid metabolism, elevated NADH

synthesis and shuttling into E.T.C.

5.3.3.2 Truncation of the Krebs cycle and urea cycle lead to

mitochondrial dysfunction

The role of fumarase on cellular metabolism have been well studied (Adam et al.,
2013, Cipolat et al., 2006, Frezza et al., 2011, Tyrakis et al., 2017, Zheng et al., 2015,
Zheng et al., 2013, Pollard et al., 2007, Johnson et al., 2018b, Yogev et al., 2010).
Yet, it is surprising that there are only few reports on Fh roles in mitochondrial
dynamics, since this was one of the most evident abnormalities we observed in our
studies. It was observed here that Fh deficient cells have dysfunctional mitochondria
characterized by dense and swollen matrix. Similar findings have noted that

mitochondria of Fh deficient cells were “oedematous” but the underlying cause was
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not defined (O'Flaherty et al., 2010, Yang et al., 2010). Interestingly, it was observed
here that amino acid starvation ameliorated this swollen phenotype by inducing basal
mitochondrial fusion. However, QLR addback promoted mitochondrial swelling.
Therefore, this suggests that the inability to efficiently process amino acids through
the Krebs cycle may lead to metabolites that promote abnormal swelling. It is possible
that truncation and build-up of Krebs cycle metabolites alter mitochondrial
infrastructure hence promoting downstream mitochondrial dysfunctional. Our
findings, therefore, might suggest that promoting mitochondrial fusion in Fh deficient
cells (e.g. via full starvation) may ameliorate mitochondrial dysfunction. Hence, forced
mitochondrial fusion might be a therapeutic strategy in diseases where Fh is

deregulated.
5.3.3.3 Wider effects of Fh deficiency on cellular metabolism

Studies have shown that the genetic loss of Fh has a drastic effect on both the
cytoplasmic and mitochondrial metabolic network, affecting the urea cycle, R
metabolism, Krebs cycle and E.T.C (Tyrakis et al., 2017, Adam et al., 2013). Our
metabolomics studies in Fh cells are generally in agreement with previous profiling
data (Adam et al., 2013, Zheng et al.,, 2013). For example, we could detect
accumulation of argininosuccinate, while R and ornithine levels were maintained.
There were multiple defects in E catabolism and Krebs cycle in our study
(characterised by depleted E, D, malate, citrate and alpha-ketoglutarate levels, but
with elevated succinate) (Adam et al., 2013).

Interestingly, previous studies found fumarate elevated in Fh deficient cells (Frezza
et al., 2011, Pollard et al., 2007, Pollard et al., 2005). As mentioned above, we
observed a reduction in fumarate levels in Fh KO cells. However, while increased
levels of fumarate have been reported as a biomarker of Fh-deficient cells (Pollard et
al., 2005), other studies have suggested fumarate reduction in Fh deficient contexts.
In line with our findings, levels of fumarate were found to be dependent on the stage
of tumour development and when the loss of Fh occurs (Yogev et al., 2010, Jiang et
al., 2015, Raimundo et al., 2008, Leshets et al., 2018). This suggests that fumarate
accumulation might only occur at the early stage of tumorigenesis, which could mean
that upon continuous cell culture, accumulated fumarate is transformed to other

intermediates such as argininosuccinate.

There are other noted differences between our observations on Krebs cycle
metabolites vs. other reported studies. In line with our observation, (Adam et al., 2013)

reported that E and alpha-ketoglutarate levels were diminished in Fh deficient cells.
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In contrast, E and alpha-ketoglutarate were shown by others to be increased in Fh
deficient human-derived cell lines (Goncalves et al., 2018). Despite these difference,
these studies all highlight that the Krebs cycle and the urea cycle are dysregulated in
Fh deficient cells.

5.3.3.4 N (Asparagine) is a potential metabolic regulator of cell

fate and mitochondrial dynamics

Studies have shown that mitochondria from amino acid starved cells were more
competent in amino acid catabolism (Johnson et al., 2014). We observed a massive
increase in N synthesis in the presence of QLR addback. Interestingly, this great
increase was blocked in Fh deficient cells. Therefore, a functional Krebs cycle was
required to derive N from excess Q, L and R.

The Krebs cycle begins with the combination of oxaloacetate and acetyl-CoA to form
citrate (catalysed by citrate synthase). It has been reported that inhibition of citrate
synthase suppressed the Krebs cycle but led to an activation of N synthesis (Zhang
et al., 2014b). These authors showed that it occurs via amination of oxaloacetate to
form D, which undergoes another transamination reaction to form N, and that this was
a response to Q starvation-induced apoptosis. Interestingly, N was shown to directly
reduce apoptosis, thus serving as a metabolic regulator of cell fate. In addition, N was
suggested to be a metabolic biomarker of an enhanced Krebs cycle. Taken together,
the findings suggest that the QLR-dependent increase of N might reflect that the
Krebs cycle is maximised. This may explain why the QLR-dependent N increase is
blocked in Fh-KO cells that are unable to process the Krebs cycle. This is in line with
a model where QLR from the addback enters Krebs cycle metabolism and thereby

increases generation of anaplerotic intermediates.

Studies have also suggested a correlation between the levels of N and mitochondrial
fusion. It was shown that Atg5 KO in KRAS-driven tumour cells led to autophagy
inhibition and a further accumulation of fragmented and dysfunctional mitochondria
(Lin et al., 2018). In addition, metabolic rewiring occurred in Atg5 KO KRAS-driven
tumour cells, characterised by reduced N levels despite having increased asparagine
synthetase enzyme activity. Interestingly, while Atg5 KO in KRAS-driven tumour cells
reduced cell survival and cell migration, N supplementation (or inhibition of
mitochondrial fission adaptor protein, Mff) rescued these phenotypes. These effects
suggest that enhanced N levels may have the same effects as increasing

mitochondrial fusion. Relevant to our studies, increased N levels may directly help
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promote mitochondrial hyperfusion. It will be interesting to test whether supplementing
cells with N can stimulate mitochondrial hyperfusion. Our data support a model
wherein QLR-addback during amino acid starvation fuels the Krebs cycle and cellular
metabolism, to generate downstream metabolites which promote mitochondrial

hyperfusion.

5.34 Mitochondrial hyperfusion prevents stress-induced

oxidative stress

Studies have highlighted a close relationship between mitochondrial shape, function
and ROS (Willems et al., 2015, Chen et al., 2003b). This understanding is based on
observations that the mediators of mitochondrial dynamics can be directly regulated
by molecules that reflect the REDOX status of the cell. For example, mitofusins have
a REDOX sensitive cysteine residue located at the mitochondrial intermembrane
space (IMS) which promotes Mfn oligomerization hence mitochondrial fusion (Shutt
et al., 2012, Mattie et al., 2017). Reciprocally, mitochondrial fusion has been shown
to reduce mitochondrial ROS during glucose starvation (Lee et al., 2014). Similarly,
high glucose concentration was shown to stimulate mitochondrial fragmentation
leading to an increase in mitochondrial ROS (Yu et al., 2006). Interestingly, high
glucose-induced ROS accumulation was blocked in cells where Drpl was inhibited or
where fusion mediators were overexpressed. These studies all support a model in

which mitochondrial hyperfusion serves to reduce ROS levels during nutrient stress.

In line with this model, it was observed here that QLR-addback led to a reduction in
the ratio of GSH / GSSG, a biomarker for oxidative stress (Zitka et al., 2012). It has
been shown that the higher the ratio, the lower the oxidative damage in the cell.
Therefore, our data fit into the model that hyperfused mitochondria promotes ROS
scavenging, leading to a lower oxidative status. However, in contrast to Lee et al
(2014), where it was shown that glucose starvation-induced fusion lowered oxidative
stress, the GSH / GSSG ratio in our data in glucose starved cells indicated no change
in the REDOX state. This is likely due to the low basal level of fusion occurring in
glucose starved 4T1 cells. In fact, GSH/GSSG correlated with levels of mitochondrial
hyperfusion, with QLR addback and Q addback showing greater GSH/GSSG ratios
relative to cells in full starvation. Therefore, one key role amino acid-dependent

mitochondrial hyperfusion may be to protect cells from oxidative stress.

Furthermore, we observed a QLR-dependent reduction in taurine levels. Taurine is a

lipid metabolite that contains a sulfonic acid group that has been implicated in the
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maintenance of ROS. For example, taurine is characterised as a conditional non-
protein amino acid which scavenges free radicals such as NO, O2-, ONOO but not
H202 (Higuchi et al., 2012). Interestingly, supplementation of taurine is currently a
purported popular approach used for the reduction of oxidative stress and lipid
peroxidation. Taurine supplementation has been shown to reduce apoptosis, ROS
and mitigates the loss of membrane potential in iron-overloading induced stress
(Zhang et al., 2014c). Similarly, it has been suggested that high levels of taurine is a
compensatory mechanism to mitigate ROS production during oxidative stress
(Takano et al., 2016). These findings indicate that low taurine levels can reflect as a
biomarker for reduced oxidative stress. Consistent with this model, we observed that
QLR-addback into amino acid starvation media led to a reduction in taurine levels.
This finding agrees with data on GSG/GSSG ratios, consistent with the model that

mitochondrial hyperfusion overall lowers levels of oxidative stress.

5.35 Cellular energetics do not require mitochondrial

hyperfusion

Many studies have linked mitochondrial hyperfusion to the rate of cellular
bioenergetics. For example, (Gomes et al., 2011a) reported that mitochondrial fusion
under amino acid starvation sustains ATP production to promote cell survival.
Similarly, it has been shown that fragmented mitochondria generate lower ATP levels
even when nutrients are in excess (Jheng et al., 2012). Interestingly, fusion mediators
such as Mfn2 and Opal have been shown to also directly regulate cellular energetics
independent of their fusion roles (Bach et al., 2003, Patten et al., 2014, Pich et al.,
2005). This all suggests that cellular energetics and mitochondrial fusion may have

both inter-dependent and independent mechanisms, although details are still unclear.

In contrast with this model, it was found here that fusion deficient Mfn1 KO cells were
overall competent in maintaining normal ATP levels. Similarly, addback of Q alone
enhanced ATP levels to similar extents as QLR-addback, despite lower levels of
associated mitochondrial hyperfusion. In line with our findings, Lee et al., 2014
reported that Mfn1 KO cells maintained energy production to similar levels as wildtype
cells during glucose-starvation induced mitochondrial fusion. Although it was
observed that Mfn1 KO cells were less efficient in maintaining the levels of metabolic
intermediates needed for synthesizing mitochondrial-dependent cellular energy, our
findings here suggest that mitochondrial fusion is not strictly required for the

maintenance of cellular energetics. We need to add that our starvation experiments
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with Mfn1 KO cells was performed in glucose-sufficient contexts (EBSS). Therefore,

a background level of ATP generation was also taking place via glycolysis.

It remains possible that there is a wider relationship between fusion and ATP
generated through the E.T.C, as studies have shown that ATPase activity is increased
upon fusion (Gomes et al., 2011a). Interestingly, QLR-addback greatly enhanced ATP
levels in double glucose and amino acid starvation contexts, hence focussing ATP
generation through the E.T.C, and not glycolysis. Therefore, it would be interesting to
further assess the relationship of mitochondrial-generated ATP and fusion when cells
are forced to depend on mitochondrial energy via galactose supplementation or
glucose starvation. (MacVicar and Lane, 2014) reported that cells forced to respire
via OXPHOS have increased mitochondrial length as a result of reduced Drpl-
mitochondrial localization. This agrees with our observed increase in NADH synthesis
after QLR addback to double glucose and amino acid starvation (since NADH feeds
OXPHOS-dependent ATP generation). While it is clear that QLR-dependent increase
of ATP observed in the double starvation condition is sourced from mitochondria, it is
still not clear where the QLR-dependent ATP seen in EBSS starvation experiments is

derived.
5.36 Conclusion

We characterised here the unique metabolic signatures in cells during amino acid
starvation and addback. The addback condition can also be thought of as limited
starvation of 17 of the 20 amino acids in normal full nutrient media. Our data, together
with the other chapters, suggest that mitochondria respond to amino acid availability
by sensing metabolic intermediates of downstream catabolism. This metabolic
sensing control of mitochondrial dynamics may form a direct response to control
metabolic rates and ROS scavenging. In our model, QLR addback increases
anaplerotic reactions which promote downstream mitochondrial hyperfusion. QLR
addback replenishes metabolites of the Krebs cycle, urea cycle and amino acid inter-
conversion. In line with this, our findings suggest efficient flux of the urea cycle, Krebs
cycle and E metabolism, in addition to NADH shuttling into the E.T.C, are critical for
QLR-dependent mitochondrial hyperfusion. We thereby propose a model where
mitochondrial hyperfusion occurs in response to increased metabolic rates. Overall,
the data in this chapter indicate that there is signal from amino acid availability and

downstream metabolites resulting in mitochondrial hyperfusion.
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Chapter 6

General Discussion
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6.0 General Discussion

The aim of this project was to study the inter-relationship between mitochondrial
dynamics and nutrient availability/starvation. This interest stemmed from several
initial reports indicating the elongation of mitochondria during starvation to avoid
mitophagy. As we characterised mitochondrial fusion in response to differing amino
acid availability conditions, we focused on kinases that have been previously shown
to regulate mitochondrial dynamics. Lastly, we were particularly interested in
understanding how mitochondrial hyperfusion may play a role in maintaining
metabolic homeostasis during nutrient stress. Below, we review the key findings of
this project and integration into current models of nutrient-dependent mitochondrial

dynamics.

Altogether, our findings indicated that mitochondria mainly undergo fusion in response
to changes in amino acid levels rather than other types of nutrient starvation such as
glucose or serum. We identified an unexpected distinct role of Q, L and R in the
stimulation of mitochondrial hyperfusion. We then focused on understanding how and
why this previously-unreported QLR-dependent mitochondrial remodelling was

occurring.

To our surprise, results indicate that this unique amino acid sensing occurs
independently of MTORCL, in contrast to a model which suggested that MTORCL1
inhibition promotes mitochondrial fusion during amino acid starvation. Rather, we
found here that amino acid-dependent mitochondrial hyperfusion requires the
functions of the Ulk1 complex. In contrast to other studies demonstrating AMPK and
PKA as regulators of mitochondrial dynamics (Toyama et al., 2016, Cereghetti et al.,
2008), we found that amino acid-dependent mitochondrial hyperfusion does not
involve AMPK or PKA-dependent phosphorylation of Drpl at S637. Furthermore, we
found that QLR-dependent mitochondrial hyperfusion requires the formation of
intermediates of the urea and Krebs cycle. The biological significance of QLR-
addback induced mitochondrial hyperfusion may be to enhance ROS-scavenging,
hence reducing oxidative stress that may arise from increased amino acid

metabolism.

Findings in this thesis suggest that mitochondria have unique amino acid and
metabolic sensing mechanisms that link cellular metabolism to mitochondrial

remodelling.
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6.1 Amino acid-dependent mitochondrial hyperfusion is
an amino acid-sensing response, not an MTORC1-

inhibition response

Mitochondrial fusion during amino acid starvation has been shown by studies
(Rambold et al.,, 2011, Gomes et al., 2011a). However, there are no detailed
mechanisms linking amino acid availability to the control of mitochondrial dynamics.
One established mechanism suggests that mitochondrial fusion during amino acid
starvation occurs upon the inhibition of MTORC1 (Gomes et al., 2011a). However,
details on how MTORC1 inhibition promotes mitochondrial fusion were never

elucidated.

Initially, it appeared reasonable that MTORC1 inhibition was linked to mitochondrial
fusion during amino acid starvation due to the known roles of MTORCL1 for amino acid
sensing and suppression of autophagy (Hosokawa et al., 2009a, Kim and Guan,
2019). In this model, mitochondrial fusion served to protect mitochondria from
degradation during autophagy to maintain energy production and promote survival
(Gomes et al., 2011a).

Curiously, we reasoned that since MTORC1 senses regulatory amino acids Q, L and
R, their supplementation into amino acid starvation conditions would reactivate
MTORC1 and inhibit mitochondrial fusion. Indeed, we confirmed that QLR-addback
reactivated MTORC1 as shown by the downstream phosphorylation of MTORC1
targets. In fact, we showed that QLR-addback sufficiently blocked autophagy as
shown by the inhibition of p62 and LC3B positive autophagosome formation,
consistent with the literature including other work from our laboratory (Nwadike et al.,
2018, Saxton et al., 2016a, Chantranupong et al., 2016, Wolfson et al., 2016, Jewell
et al., 2015).

Paradoxically, QLR-addback into amino acid starvation media led to extensive and
dramatic mitochondrial hyperfusion (rather than inhibiting fusion). Interestingly, the
level of hyperfusion observed in QLR-addback treated cells was similar to stress-
induced mitochondrial hyperfusion (Tondera et al., 2009, Lebeau et al., 2018). Also,
QLR-dependent hyperfusion occurred in line with the canonical fusion pathways
requiring Mfn1 and Opal function (Cipolat et al., 2004). In addition, full amino acid
starvation stimulated mitochondrial fusion in Fh deficient cells that have a
dysregulated Krebs cycle, but hyperfusion was blocked when QLR was added back.

Rotenone treatment also inhibited QLR-addback induced mitochondrial hyperfusion
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but not amino acid starvation-induced fusion. Therefore, we found that QLR-addback

induced hyperfusion is unique from amino acid starvation-induced fusion.

To further investigate the role of MTORC1 in QLR-addback induced hyperfusion, we
inhibited MTORCL1. Firstly, we targeted MTOR activity with Torinl, a well-established
ATP-competitive inhibitor (Thoreen et al., 2009). Secondly, we removed growth
factors that promote MTORCL1 lysosomal localization and activation (Sancak et al.,
2007, Yang et al., 2017). Indeed, both Torinl and serum depletion blocked MTORC1
activity when QLR were added back. However, QLR addback still promoted
mitochondrial hyperfusion when MTORCL1 was inhibited. Interestingly, in contrast to
the previous model, MTOR inhibition via Torinl or serum depletion did not increase
further mitochondrial fusion during amino acid starvation or stimulate fusion when
used alone. Therefore, we concluded that amino acid-dependent mitochondrial

hyperfusion is a unique response occurring independently of MTORCL.

6.2 Mitochondria have an intrinsic amino acid sensing

mechanism that requires glutaminase

Surprisingly, our results indicated that MTORC1 was not the main mechanism driving
amino acid-dependent mitochondrial hyperfusion. Rather, amino acid availability
seemed to be sensed via other means. In line with this notion, studies have shown
that MTORCL1 sensing of L or Q is dependent on amino acid metabolism, for example,
the synthesis of E by glutaminase (GLS) (Duran et al., 2012, Tan et al., 2017, Son et
al., 2019). This suggests that mitochondrial-dependent metabolism occurs upstream
of MTORCI1 translocation to the lysosome and activation during amino acid-sensing
(Duran et al.,, 2012, Sancak et al.,, 2008). Therefore, we considered whether

mitochondria may have their own unique amino acid sensing mechanism.

Indeed, a recent study further reported that GLS senses Q availability to promote
mitochondrial fusion (Cai et al., 2018). Similarly to Rambold et al. (2011), Cai et al.
(2018) observed that glutamine starvation led to mitochondrial fusion in MEF. Cai et
al. (2018) could show that GLS deficiency blocked mitochondrial fusion in Q starved
cells. Intriguingly, the re-expression of mutant GLS isoforms (that are unable to
catalyze Q conversion to E) into Q-starved GLS-deficient cells rescued mitochondrial
hyperfusion. Therefore, this suggests that GLS can promote mitochondrial
hyperfusion independent of its enzymatic activity. In support of this notion, it was also
shown that the inhibition of GLS activity with inhibitors (such as BPTES, DON or 968)

alone is not sufficient to stimulate mitochondrial fusion. Instead, it was observed that
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GLS-dependent stimulation of mitochondrial fusion by Q starvation required the ability
of GLS to oligomerise into tetramers. Therefore, GLS-dependent mitochondrial fusion
may occur via structural changes rather than catalytic function. Overall, GLS perhaps
might sense Q starvation by undergoing structural re-arrangement to stimulate

mitochondrial fusion although further mechanistic details are not yet known.

On the other hand, in line with our data from Fh deficient cells, Cai et al. (2018)
showed that E or alpha-ketoglutarate supplementation blocked Q-starvation induced
mitochondrial fusion. These findings therefore support a model where enzymes
involved in amino acid metabolism can also function as mitochondrial sensors to

signal amino acid availability to control mitochondrial hyperfusion.

Interestingly, studies have shown that mitochondrial glutaminases exist mostly as
inactive dimers but their ability to form tetramers is dependent on allosteric binding of
inorganic phosphates (Cassago et al., 2012, Godfrey et al., 1977, Morehouse and
Curthoys, 1981). It has been suggested that GLS may be a possible substrate of yet
to be identified kinases (Han et al., 2018). It is also shown that GLS activity is
regulated by the binding of E to the active site (Li et al., 2016b). Although the
regulators of GLS structural changes have yet to be identified, it is possible that GLS
ability to oligomerise and transmit metabolic signals is also dependent on the
metabolic processing of Q, L and R.

6.3 Ulk1/2 signalling, not PKA signalling regulate amino

acid-dependent mitochondrial hyperfusion.

Overall, we also showed here that Ulkl, AMPK and PKA regulate mitochondrial
dynamics. Indeed, due to the particular interest of our lab in Ulk1 signalling, it was
exciting to identify a novel role of Ulk1 signalling in the regulation of mitochondrial
dynamics. Previous studies have already linked AMPK and PKA to the regulation of
mitochondrial dynamics (Toyama et al., 2016, Cereghetti et al., 2008, Gomes et al.,
2011a).

The current model suggests a pro fission role for AMPK, due to the observation that
AMPK phosphorylates Mff to promote mitochondrial fragmentation during
mitochondrial damage (Toyama et al., 2016). In contrast, we observed a pro-fusion
role for AMPK, due to the observation that AMPK a1/a2 DKO MEF have more
fragmented mitochondria relative to wildtype cells. However, AMPK DKO cells were

still able to stimulate QLR-dependent mitochondrial hyperfusion. Therefore, QLR-
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sensing does not require AMPK signalling, although AMPK may play other roles in

mitochondrial dynamics.

On the other hand, the current PKA model suggests that increased cAMP leads to
activation of PKA and phosphorylation of Drpl at S637 to drive mitochondrial fusion
(Gomes et al., 2011a). Interestingly, our data confirm that the cAMP-PKA mechanism
functions for mitochondrial fusion. Our findings also agree with the observation that
PKA-phosphorylation of Drpl-S637 inhibits fission in OXPHOS-active RPE1 cells,
thus serving as a mechanism to evade CCCP-induced mitochondrial degradation
(MacVicar and Lane, 2014). Similar to our studies, MacVicar and Lane (2014) also
showed that Frsk activates PKA-dependent phosphorylation of Drpl S637, which
could be inhibited by the PKA inhibitor, H89. However, to our surprise, the cAMP-
PKA-Drpl signalling pathway does fully account for amino acid-dependent

mitochondrial hyperfusion.

Therefore, we concluded that while AMPK and PKA are regulators of mitochondrial
dynamics, they are not involved in the regulation of amino acid addback-dependent
mitochondrial hyperfusion. Ulk1 signalling may play a stronger role for amino acid-

dependent mitochondrial hyperfusion.

6.3.1 Amino acid-dependent mitochondrial hyperfusion

does not require the cAMP-PKA-Drp1 signalling pathway

We were intrigued by our observations that amino acid-dependent mitochondrial
hyperfusion was independent of the cAMP-PKA-Drpl mechanism, since this has
been reported in multiple studies (Gomes et al., 2011a, Li et al., 2017). However,
more recent findings (Cai et al., 2018) support a nutrient-dependent mitochondrial
fusion model that can function independently of the cAMP-PKA-Drpl pathway.

Therefore, multiple mechanisms appear to be involved.

Firstly, during amino acid starvation, cAMP levels did not robustly change in our
experiments. These observations were consistent with the Cai et al. (2018) study
where it was shown that Q starvation promoted mitochondrial hyperfusion but cAMP
levels did not increase. Interestingly, CAMP levels have been previously shown to
reduce following amino acid starvation in Morhenn et al. (1974). It was reported that
V and W starvation led to the reduction of cAMP levels in both 3T3 and SV3T3 cells.
Therefore, our findings and multiple others show that cAMP levels do not always

correlate with mitochondrial fusion during amino acid starvation.
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The canonical cAMP-PKA mechanism highlights that PKA is activated when cAMP
levels increase (Gomes et al., 2011a). In this model, cAMP generated from adenylyl
cyclase binds to the regulatory units of PKA, promoting PKA catalytic units to detach
from the PKA tetramer complex. However, our data indicate that cAMP levels are not
altered upon amino acid starvation but PKA becomes activated. This suggests that
PKA activation observed here during amino acid starvation is occurring via CAMP-
independent mechanisms (Niu et al., 2001, Dulin et al., 2001, Kohr et al., 2010, Zhong
et al., 1997).

Frsk activates adenylyl cyclase leading to the increase in cAMP levels and
downstream activation of PKA (Litvin et al., 2003). In support, Frsk activated PKA as
shown by the phosphorylation of Creb and Drpl. However, Frsk did not stimulate
mitochondrial hyperfusion (via PKA-dependent phosphorylation of Drpl at S637) as
strongly as QLR-dependent mitochondrial hyperfusion. This agrees with Cai et al.
(2018) which found that Frsk did not lead to extensive mitochondrial hyperfusion
despite inducing high levels of cAMP. These results indicate that PKA-dependent
phosphorylation is not absolutely required for amino acid dependent-mitochondrial
hyperfusion. Indeed, we found that PKA activity is not required for amino acid-
dependent mitochondrial hyperfusion since H89 did not inhibit the response. We also
observed that Drpl1-S637 phosphorylation was not increased by either amino acid
starvation or QLR-addback.

Therefore, our results present an alternative model for mitochondrial hyperfusion
independent of cAMP-PKA-Drp1-S637 phosphorylation. In our model, mitochondria
appear to sense amino acid availability more through changes in downstream amino

acid metabolism.

6.3.2 Ulk1/2 signalling regulates cellular metabolism

Our data here strongly indicate that Ulk1/2 signalling regulates amino acid-dependent
mitochondrial hyperfusion. Speculatively, some enzymes required for amino acid
metabolism might be substrates of Ulk1. If this was the case, upon UIk1 inhibition,
amino acid metabolism could be altered, therefore abrogating mitochondrial amino
acid sensing. It would be interesting to further study cellular metabolism in Ulk1/2 KO

models.

Interestingly, a recent study has shown that Ulk1/2 directly regulate glycolytic
enzymes during amino acid and growth factor starvation (Li et al., 2016a). In Li et al.
(2016a), UIk1/2 was shown to phosphorylate hexokinase (HK1, at Serl24 and
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Ser364), Enolase 1 (ENO1, at Ser115 and Ser282), fructose-1, 6-biphosphatase-1
(FBP1, at Ser63 and Ser88) and phosphofructose kinase 1 (PFK1, at Ser74 and
Ser762). These Ulk1l phosphorylation events increased the catalytic activity of HK1
(but reduced the activities of ENO1, FBP1, and PFK1) during amino acid and serum
starvation. These maodifications promoted utilization of glucose-6-phosphate in the
pentose phosphate pathway for the synthesis of NADPH and REDOX homeostasis.
Therefore, this study is consistent with the possibility of Ulk1-dependent regulation of
amino acid metabolism (e.g. speculatively by targeting GLS or other enzymes

required for amino acid metabolism).

Interestingly, it has been shown that inhibition of GLS2 stimulates autophagy by
activating AMPK and Ulkl (Lee et al., 2014). This further supports crosstalk
mechanisms between amino acid metabolism and Ulk1l. The possible regulation of
amino acid metabolic enzymes by Ulkl remains an exciting potential area for
exploration. Interestingly, another independent study reported that cells with Ulk1
silencing have reduced B-oxidation, oxygen consumption and ATP synthesis which
all led to increased mitochondrial-generated ROS (Ro et al.,, 2013). We also
consistently showed that hyperfused mitochondria have reduced oxidative state as
shown by higher GSH/GSSG. Interestingly, Ulkl phosphorylation of glycolytic
enzymes was shown to also promote the synthesis of ROS-scavenging metabolites
(Lietal., 2016). This further supports a model where Ulk1/2 deficient cells facing QLR-
addback may exacerbate metabolic deficiencies hence leading to mitochondrial

fragmentation.

Our data showed that mitochondrial amino acid sensing occurred normally in
autophagy-deficient Atg5 KO cells which suggested that the mitochondrial-specific
Ulk1 role was independent of autophagy. Indeed, Ulkl phosphorylation of glycolytic
enzymes occurred independently of autophagy but was dependent on Atgl3 and
FIP200 (Li et al., 2016). This resembles our trends with amino acid-dependent
mitochondrial hyperfusion, which also required Atgl3 and FIP200. Our data clearly
establishes that the Ulkl-complex regulates amino acid-dependent mitochondrial

hyperfusion, speculatively via Ulk1 regulation of cellular metabolism.
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6.4 Mitochondria hyperfuse to meet metabolic demand

during amino acid starvation-dependent stress

Multiple studies have demonstrated that both mitochondrial fission and fusion are
critical for the maintenance of cellular homeostasis. For example, fission is critical for
the quality control of mitochondria by segregating damaged mitochondrial regions for
degradation (Twig et al., 2008). Similarly, mitochondria must be divided equally to
daughter cells during cellular division and fission is required for embryonic

development and apoptosis (Ishihara et al., 2009, Mitra et al., 2009).

On the other hand, mitochondrial fusion is required for embryonic development,
dilution of mutated DNA and energy generation (Chen et al., 2003, Chen et al., 2010).
Mitochondrial hyperfusion has been reported to increase longevity in C.elegans,
thereby promoting healthy ageing (Chaudhari and Kipreos, 2017). Mitochondrial
hyperfusion sustains the rate and efficiency of OXPHOS by promoting oxygen
consumption and E.T.C. capacities (Rossignol et al., 2004, Mishra et al., 2014,
Cogliati et al., 2013). During conditions of enhanced OXPHOS, mitochondrial fusion
also prevents damage-induced mitochondrial degradation to maintain high metabolic
rates (MacVicar and Lane, 2014). Another suggested role for hyperfusion is restriction
of mitochondrial degradation (Gomes et al., 2011a, Rambold et al., 2011). Lastly,
mitochondrial fusion reduces mitochondrial-dependent ROS generation (Lee et al.,
2014). We show here that mitochondrial hyperfusion promotes metabolic

homeostasis by potentially aligning mitochondrial shape to mitochondrial function.

According to our data, nutrient (amino acid) addback conditions that drive hyperfused
mitochondria also lead to formation of more metabolic intermediates representing
energy production pathways. Cells undergoing QLR-dependent mitochondrial
hyperfusion had greater levels Krebs cycle intermediates. Loss of fusion in Mfn1 KO
reduced the levels of some of these metabolites. Cells generally maintained levels of
cellular ATP regardless of mitochondrial fusion (as long as glucose and amino acid
are available). However, our data suggest that cells with mitochondrial hyperfusion
have more mitochondrial-dependent ATP generation, likely via OXPHOS. This is in
line with previous studies in which ATPase activity was increased in cells undergoing
fusion (Gomes et al., 2011a). Overall, our data suggest that mitochondrial hyperfusion
is a specific response to changes in metabolic demand that help enhance

mitochondrial function.
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Decline or inefficient mitochondrial function is associated with increased generation
of ROS. Our data showed that cells undergoing mitochondrial hyperfusion have
reduced oxidative stress as shown by reduced taurine levels and increased
GSH/GSSG ratio. This correlates with previous studies suggesting that mitochondrial
hyperfusion prevents the build-up of ROS (Lee et al., 2014). Based on this, we
conclude that during amino acid starvation, mitochondria are unable to maximally
meet metabolic demands. In response, mitochondria adapt to help sustain function
and cell homeostasis via fusion and helping to reduce ROS. On the other hand, the
presence of Q, L and R during addback provides replenishment of certain
intermediates (including those from glutaminolysis) to promote mitochondrial

metabolic function and further ROS-scavenging activity.

We propose a summary model (Fig 6.1) whereby mitochondria sense the availability
of Q, L and R through metabolic pathways. As a regulatory mechanism, the Ulkl
complex speculatively regulates enzymes to control rates of cellular metabolism
during nutrient stress. Mitochondrial hyperfusion occurs in response to amino acid-
dependent metabolism via a putative signal linking amino acid metabolism,
mitochondrial dynamics and mitochondrial function. As such, mitochondria hyperfuse
to match mitochondrial shape to their functional state. Functionally, mitochondrial
hyperfuse to meet metabolic demands such as maintaining levels of Krebs cycle

metabolites and reducing ROS during amino acid starvation-dependent stress.

We show that the signal linking amino acid availability to mitochondrial hyperfusion is
independent of MTORC1 and the canonical cAMP-PKA-Drpl pathway (Fig 6.2).
While AMPK is required for the maintenance of mitochondrial dynamics, Ulk1 plays
stronger roles for mitochondrial hyperfusion. Amino acid starvation led to depletion of
metabolites in the urea cycle, Krebs cycle, cellular ATP and ROS maintenance. In
contrast, QLR addback replenished the urea cycle, Krebs cycle, and cellular ATP but
led to a reduction in ROS levels. Our evidence indicates that these metabolic changes
are associated with amino acid-dependent mitochondrial hyperfusion and we

speculate that a subset may be causal.
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Figure 6.1: Proposed model for QLR-addback induced mitochondrial hyperfusion.
We propose a model whereby mitochondria sense the availability of glutamine, leucine
and arginine through metabolic pathways they feed and the enzymes that catalyse their
metabolic catabolism. As a cellular regulatory check, the Ulkl complex regulates these
enzymes and metabolic pathways to control cellular metabolism during nutrient stress.
Mitochondrial hyperfusion occurs in response to amino acid-dependent metabolism and
there is a signal linking amino acid metabolism, mitochondrial dynamics and mitochondrial
function. Functionally, mitochondrial hyperfuse to meet metabolic demands such as
maintaining levels of Krebs cycle metabolites and reducing ROS during amino acid

starvation-dependent stress.
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Figure 6.2: Summary model of amino acid-dependent mitochondrial dynamics. Our
model indicates that mitochondria sense regulatory amino acids Q, L and R independently
of MTORC1, PKA and AMPK but dependent on the Ulk1l complex. The supplementation of
QLR increased distinct metabolites that represents an increase in the urea cycle, the
Krebs cycle, ATP levels and a decrease in ROS.



6.5 Future work

In the course of this study, we have highlighted interesting areas to be explored.
Further studies should measure oxygen consumption rate in QLR-addback cells
relative to amino acid starved cells to assess the extent of rescue in OXPHOS.
Studies should further explore the signalling pathways that connect mitochondrial
amino acid sensing to mitochondrial dynamics. We showed here that AMPK and PKA,
two likely mechanisms are largely not involved. Further studies should focus on Ulk1-
dependent amino acid-dependent metabolism, and how enzymes involved in
metabolism could affect mitochondrial dynamics (Cai et al., 2018). Studies could use
metabolomics to study amino acid flux in Ulk1/2 KO cells. To specifically identify
changes in mitochondrial-dependent metabolites, a rapid technique that quantifies
metabolites after mitochondria isolation should be utilised (Chen et al., 2016b). Also,
the effects of pharmacological targeting of Ulkl on cellular metabolism should be
studied with metabolomics. We should also study whether there is Ulk1l-dependent
regulation of GLS or other enzymes required for amino acid metabolism. For example,
mass spectrometry phosphorylation proteomic analysis of GLS upon amino acid
starvation and QLR-addback (in normal vs Ulk1 inhibited conditions) may give insight

into whether Ulk1 binds and phosphorylate GLS.

On the other hand, studies have clearly shown that AMPK, MTORC1 and Ulk1
crosstalk for autophagy regulation (Kim et al., 2011b, Chan, 2009, Nwadike et al.,
2018). While we showed that MTORC1 has limited roles in the regulation of
mitochondrial dynamics, other studies have shown that long term inhibition of
MTORC1 promotes mitochondrial hyperfusion (Morita et al., 2017). It is not yet clear
how MTORC1, AMPK and Ulk signalling might converge to regulate mitochondrial
dynamics so future studies should explore if this coordinated signalling pathway
regulates mitochondrial dynamics at the basal state. Using molecular sensors, recent
evidence suggests that AMPK signalling is compartmentalized with unique
mitochondrial-AMPK pools similar to PKA-mitochondrial domains (Miyamoto et al.,
2015). Roles of these mitochondrial AMPK pools on mitochondrial function have not

been reported yet.

Due to the off-target limitations of PKA inhibitors (Limbutara et al., 2019), future
studies should clarify the role of PKA in the regulation of mitochondrial dynamics (e.g.
in cells where the PKA-catalytic units have been deleted (Isobe et al., 2017) or where

CAMP generation has been blocked due to adenylyl cyclase KO (Soto-Velasquez et
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al., 2018)). Further studies could investigate amino acid starvation or QLR-

supplementation in these genetic PKA functional deficient cell models.

PKA and MTORCL1 can be inter-dependent. It was reported recently that insulin and
serum-dependent activation of MTORC1 required the AKAP1-PKA mitochondrial axis
(Rinaldi et al., 2017). A recent study also showed that PKA can inhibit MTORC1 via
phosphorylation of Raptor at S791 in multiple cell types (Jewell et al., 2019). In further
contrast, another study reported that PKA activates MTORC1 via phosphorylation of
Raptor at S791 (Liu et al., 2016b). PKA may regulate MTORCL1 via yet another
mechanism because mutation of phospho-Raptor S791 did not fully block MTORC1
inhibition (Jewell et al., 2019). Therefore, the regulatory inter-relationship between
MTORC1 and PKA may have multiple or context specific mechanisms that need to

be clarified further, especially in terms of mitochondrial regulation.

Surprisingly, there were some data in our studies that raise questions relative to
findings of Jewell et al. (2019). We consistently showed here that amino acid
starvation strongly led to the phosphorylation of CREB. In contrast, amino acid
starvation did not lead to the phosphorylation of CREB in Jewell et al. (2019). Also,
we also clearly showed that Frsk did not alter MTORC1 activity via the MTORC1-
dependent phosphorylation of S6. In contrast, Frsk led to the inhibition of MTORCL1
via reduced phosphorylation of S6K in Jewell et al. (2019). Another important
discrepancy from these authors is that H89 blocked PKA leading to the reactivation
of MTORCL in their cell systems. This contradicts with our findings showing that H89
blocked both PKA and MTORC1/S6K. HEK293A were used in Jewell et al. (2019)
while MEF, U20S and 4T1 cells were used in our studies so cell-dependent
responses may be involved. Further careful examination of this issue may shed light
on potential tissue-specific or cancer-specific aspects of PKA-MTORCL1 crosstalk,

which would have important implications.
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