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Abstract 

 

Mitochondria are central to cellular metabolism; therefore, changes in nutrient 

availability are expected to impact the organelle’s function. To assess the 

interdependence of mitochondria and nutrients, two models were investigated: 

rapidly proliferating cells, and fibroblasts derived from patients with mitochondrial 

disorders. In Human Embryonic Kidney (HEK) cells, amino acid withdrawal increases 

mitochondrial function (Johnson et al., 2014). Investigation of two unrelated cell lines, 

A549 and HeLa cells, revealed perturbed regulation of cytosolic translation, and 

reduced mitochondrial function during amino acid starvation. This was associated 

with reduced survival compared to HEK cells, demonstrating that these cells differ in 

their nutrient-processing pathways in response to amino acid deprivation. 

Assessment of mitochondrial protein translocases for a role in retrograde signalling 

revealed that Tim17A, a component of the TIM23 translocase, is rapidly down-

regulated during amino acid withdrawal, in all cell lines investigated. Among the 

amino acids, cysteine metabolism has previously been suggested to be important for 

the spontaneous recovery from certain mitochondrial translation disorders 

(Boczonadi et al., 2013; Zeharia et al., 2009). Investigation into the regulation of the 

transsulphuration pathway (TSP), which produces cysteine as well as catabolising it 

to hydrogen sulphide (H2S), revealed interindividual differences in TSP expression 

in fibroblasts with a mutation in mitochondrial tRNA modifying enzymes. Strikingly, 

one patient surviving to adulthood in a normally fatal infantile disease showed up-

regulation of H2S-detoxifying enzyme, SQR, and its catabolite, thiosulphate. 

Furthermore, the TSP and SQR were induced using a pharmacological model of 

mitochondrial dysfunction, highlighting the response of this pathway to mitochondrial 

disease. Together, these data demonstrate the central role of the mitochondria in 

nutrient metabolism and stress response, and the possibility to adapt metabolic 

pathways to ameliorate the pathological consequences of mitochondrial defects. 
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Impact Statement 

 

Cells undergo periods of starvation during development, tumour growth, or lack of 

nutrients. Given the prominent role of the mitochondria in energy and biosynthetic 

metabolism, the effect of nutrient deprivation on mitochondria was studied in different 

cell lines. Previous work demonstrated that amino acid-deprived HEK cells increase 

their mitochondrial capacity for energy production, whilst repressing Target of 

Rapamycin Complex 1 (TORC1) (Johnson et al., 2014). It was unknown whether this 

was a conserved cellular response; therefore, two established cell lines, A549 and 

HeLa, were compared to HEK cells during amino acid starvation. Unlike HEK cells, 

A549 and HeLa cells both showed reduced mitochondrial capacity and cell viability, 

correlating mitochondrial function with the ability to survive prolonged periods without 

amino acids. Further investigation could yield new mitochondrial-nuclear signalling 

to coordinate cell survival and energy production during nutrient stress. 

Numerous prior studies attribute a substantial role to the TORC1 pathway in 

regulating protein synthesis for cap-dependent translation (Haghighat, Mader, Pause, 

& Sonenberg, 1995); however, here, TORC1 inhibition during amino acid starvation, 

or by inhibitor Torin1, did not reduce the global translation rate in HEK or HeLa cells. 

These data corroborate the finding that dephosphorylation of downstream TORC1 

targets affects targeted translation (Zid et al., 2009), rather than the global translation 

rate. Instead, the translation rate during amino acid starvation correlated with eIF2α 

phosphorylation, indicating eIF2α has a dominant role in regulating translation. 

TORC1 inhibition partially phenocopied the mitochondrial translation pattern of 

amino acid deprivation in HEK and HeLa cells, highlighting TORC1’s role in 

modulating mitochondrial metabolism in response to nutrient availability. 

One mechanism to control OXPHOS during nutrient stress is through the import of 

nuclear-encoded mitochondrial proteins. The inner membrane translocase subunit, 

Tim17A, a core component of the mitochondrial protein import machinery is over-

expressed in different cancer types. Tim17A is known to be depleted during arsenite 

treatment, which was attributed to eIF2α activity (Rainbolt, Atanassova, Genereux, 

& Wiseman, 2013). Here, amino acid starvation and pharmacological TORC1 

inhibition was shown to provide an independent means of repressing Tim17A 

through active degradation by mitochondrial protease Yme1L. Although the specific 
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mediator remains unkonwn, two new routes to repressing Tim17A have been 

identified that could be targeted during cancer treatment. 

The TSP produces cysteine de novo, which has been suggested to be important in 

certain mitochondrial diseases. Assessment of this pathway in mitochondrial tRNA-

modifying mutant fibroblasts revealed alterations in TSP enzyme expression. The 

TSP enzymes also catabolise cysteine to produce H2S, which is detoxified by the 

mitochondria and contributes to the electron transport chain (ETC) through complex 

II. MTO1 fibroblasts from a long-surviving patient in a normally fatal infantile disease 

showed high expression of H2S-detoxifying enzyme, SQR, and its metabolite, 

thiosulphate, implicating this pathway as part of the beneficial metabolic adaptations 

in response to mitochondrial dysfunction. Furthermore, a pharmacological model of 

mitochondrial dysfunction increased TSP and SQR expression, corroborating this 

hypothesis. Therefore, stimulation of H2S production by the TSP through increasing 

dietary cysteine might represent a way to ameliorate the mitochondrial dysfunction. 
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Chapter 1. Introduction 

1.1 Mitochondria: The Powerhouse of the Cell 

1.1.1 Mitochondrial DNA, Transcription and Translation 

Mitochondria are double-membrane bound organelles highly efficient in energy 

production, and are the product of symbiosis between high energy-producing 

bacteria and the pro-eukaryotic cell, as proposed by Paul Portier in 1918. Today, 

these organelles have only a fraction of the DNA they once contained: a small circular 

16.6kb DNA (mtDNA) molecule that encodes 13 essential proteins of the energy-

producing machinery, and 2 ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAs), 

which are required as part of the machinery to translate these proteins (Figure 1.1) 

(Anderson et al., 1981; Takeo Suzuki & Suzuki, 2014; Taanman, 1999).  

MtDNA differs significantly from nuclear DNA in a number of ways: the compact 

genome means mitochondrial genes lack introns, and, excepting the regulatory 

region for initiation of DNA replication and transcription termed the D loop, there are 

few or no intergenetic nucleotides (Taanman, 1999). MtDNA is transcribed in two 

long polycystronic RNAs starting from the D loop, read from the outer heavy strand 

and the inner light strand (named due to the guanine content and the resulting 

different molecular weight of each strand) (Montoya, Ojala, & Attardi, 1981). Most of 

the mitochondrial protein-encoding genes are punctuated by tRNA regions, and the 

long precursor RNA is processed through cleavage of these tRNAs; however, the 

genes for ATP6/8 and ND4/4L overlap in bicistronic mRNAs (Temperley, Wydro, 

Lightowlers, & Chrzanowska-Lightowlers, 2010). For many of the mitochondrial 

genes, no stop codon is coded in the mtDNA; instead, the stop codon is completed 

by the addition of adenosine during polyadenylation (Chang & Tong, 2012; Hällberg 

et al., 2014). Unlike the diploid nuclear DNA, mtDNA is found in multiple copies within 

a given cell, ranging in number from a few hundred to hundreds of thousands (Wai 

et al., 2010); thus, understanding the regulation and expression of the mitochondrial 

genome must be approached from a different perspective to that of nuclear DNA.  

Beyond their crucial role in energy production through oxidative phosphorylation 

(OXPHOS), mitochondria play a part in many other vital metabolic reactions and 

signalling pathways, including amino acid and fatty acid metabolism, heme and iron-
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sulphur cluster biosynthesis, ion (for example, Ca2
+) homeostasis, and apoptosis 

(Atamna, 2004; Contreras, Drago, Zampese, & Pozzan, 2010; Gogvadze, Orrenius, 

& Zhivotovsky, 2006; Y. Shi, 2001; Stehling & Lill, 2013). There are currently 

estimated to be ~1500 proteins within the mitochondria; the majority of these proteins 

are encoded in the nuclear genome, translated in the cytosol and must then be 

imported into the mitochondria (Neupert & Herrmann, 2007). This requires tightly 

controlled mitochondrial-nuclear coordination to match the energy requirements of 

the cell, and to prevent disease through mitochondrial dysfunction (Battersby & 

Richter, 2013; Butow & Avadhani, 2004; Goldenthal & Marín-García, 2004).  
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Figure 1.1: Map of the mitochondrial genome.  

Human mitochondrial DNA is a circular DNA molecule of 16.6kb, designated into the H 
and L strand, where most of the genes are located on the H strand. It encodes 13 proteins 
of the OXPHOS complexes, seven subunits from complex I (ND1, ND2, ND3, ND4/4L, 
ND5 and ND6), one subunit from complex III (CYTB), three subunits from complex IV 
(COX I, COX II, and COX III), and two subunits from complex V (ATP6 and ATP8). Two 
ribosomal RNAs are also encoded, the 12S and 16S, alongside 22 tRNAs required for 
mitochondrial translation. The D-loop region contains the origin for DNA replication, as 
well as the origins for transcription. In mitochondria, the DNA is transcribed into two long 
mRNAs (from the H and L strand), and individual mRNAs and tRNAs are processed 
post-transcriptionally. Heavy (H) strand, light (L) strand, oxidative phosphorylation 
(OXPHOS). 
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1.1.2 Energy Production: The Tri-Carboxylic Acid Cycle and Oxidative 

Phosphorylation 

Glycolysis, the metabolic pathway which breaks down glucose into pyruvate, occurs 

in the cytosol. From here, pyruvate can follow two catabolic routes: either cytosolic 

conversion into the metabolite lactate, which regenerates NAD+, or uptake into the 

mitochondria and conversion into acetyl CoA (Ac-CoA), which can then combine with 

oxaloacetate (OAA) to form citrate as the first step of the tri-carboxylic acid (TCA) 

cycle (Akram, 2014). Through a series of reactions, the TCA cycle provides electron 

donors NADH and FADH2, which deliver both protons and electrons to the OXPHOS 

complexes needed to create the proton gradient, and for the ETC, respectively 

(Akram, 2014; Kornberg, 2000). For each turn of the TCA cycle, beginning with the 

addition of two carbons from Ac-CoA to OAA to form citrate, three NADH and one 

FADH2 are produced (Figure 1.2).  

Mitochondria provide the majority of the energy for the cell, in the form of adenosine 

triphosphate (ATP), through a series of reactions oxidising NADH and FADH2 by 

OXPHOS complexes (Gautheron, 1984; Papa et al., 2012). OXPHOS requires two 

primary components: the electrochemical proton gradient across the mitochondrial 

inner membrane (IMM), and the flux of electrons through OXPHOS complexes I to 

IV, which is used to reduce O2 to H2O (Figure 1.3). 

Complex I of the ETC oxidises NADH whilst simultaneously pumping a proton across 

the IMM to the inter-membrane space (IMS) (Kühlbrandt, 2015; Wikström, 1984). 

FADH2 is oxidised by complex II, but does not provide enough reducing potential to 

transfer protons across the membrane, and can only contribute to the electron flow 

(Buckel & Thauer, 2013; Draper & Ingraham, 1968). Electrons pass from complexes 

I and II to reduce quinone to form quinol; from here, quinol is oxidised by complex III 

(and is thus available to accept electrons again; a redox cycle known as the Q cycle 

(Slater et al., 1983)). The flow of electrons through complex III to cytochrome C (cyt 

C) pumps protons across the IMM to contribute to the proton gradient. Once complex 

IV receives electrons from cyt C, it reduces O2 to H2O using these electrons, and 

protons from the mitochondrial matrix. To form the high-energy bond between 

inorganic phosphate (PO4
3-, or Pi) and adenosine di-phosphate (ADP), the protons 

pumped across the IMM flow down their electrochemical gradient through multi-

domain complex V component F0, which acts as an ion channel, back into the matrix. 
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This movement of protons drives the F1 domain, and energy is released to yield ATP 

(Capaldi, Aggeler, Turina, & Wilkens, 1994). 

Maintenance of the OXPHOS complexes falls to two genomic systems, and therefore 

must be highly regulated for both sufficient energy production and to maintain the 

electrochemical gradient required for numerous reactions. To coordinate the needs 

of the cell with the state of the mitochondria, both nucleus-to-mitochondria, and 

mitochondria-to-nucleus signalling is employed. 
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Figure 1.2: Glycolysis and the TCA cycle produce reducing equivalents, NADH and 

FADH2. 

Glycolysis converts glucose to pyruvate, yielding two molecules of ATP, and three of 
NADH. Pyruvate can further be converted to lactate in anaerobic respiration. In the 
mitochondria, pyruvate is converted to Ac-CoA in the matrix. From here, Ac-CoA 
combines with OAA to form citrate. Through a series of reactions in the TCA cycle, three 
molecules of NADH and one of FADH2 and of GTP are produced, alongside reduction of 
Q. Cataplerosis, the extraction of TCA cycle intermediates for biosynthesis, can occur 
through conversion of citrate to fatty acids (orange arrow). In turn, anaplerosis, the 
replenishment of TCA cycle intermediates, can occur through glutaminolysis, where 
glutamate is converted to α-KG, or through carboxylation of pyruvate to OAA (blue 
arrows). α-ketoglutarate (α-KG), acetyl CoA (ac-CoA), flavin adenine dinucleotide 
(FADH2), nicotine adenine dinucleotide (NADH), oxaloacetate (OAA), quinone/quinol 
(Q/QH2), tri-carboxylic acid (TCA). 
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Figure 1.3: Oxidative phosphorylation at the mitochondrial inner membrane.  

OXPHOS complex I oxidises NADH and pumps protons across the IMM, whereas 
oxidation of FADH2 by complex II does not yield sufficient reducing potential for transfer 
of protons from the matrix to the IMS. The electrons from oxidation of NADH and FADH2 

are subsequently transferred to Q, reducing it to QH2. Complex III oxidises QH2, and 
uses this reaction to pump protons and contribute to the electrochemical gradient. From 
complex III, electrons are transferred via cyt c to complex IV, which reduces molecular 
oxygen to water. Protons in the IMS travel down their electrochemical gradient through 
the F0 channel component of complex V, which causes rotation of the F1 component. 
This movement creates the high-energy bond between ADP and Pi. Cytochrome c (cyt 
c), flavin adenine dinucleotide (FADH2), inner mitochondrial membrane (IMM), inter-
membrane space (IMS), nicotine adenine dinucleotide (NADH), oxidative 
phosphorylation (OXPHOS), quinone/quinol (Q/QH2), membrane potential (ΔΨ). 
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1.2 Communication: Balancing the Requirements of the 

Mitochondria and the Cell 

1.2.1 Anterograde Signalling 

Given the central role that mitochondria play in metabolism, they must be able to 

respond to the changing demands of the cell. This is met through ‘anterograde 

signalling’, where, through cascades of signalling pathways, the cell alters 

mitochondrial function to fit its needs. There are three main categories for 

anterograde regulation: 1) changes in the availability of ATP and nutrients, 2) 

changes in calcium ion (Ca2+) subcellular concentrations (Duchen, Verkhratsky, & 

Muallem, 2008; Szabadkai & Duchen, 2008; Wan, Lanoue, Cheung, & Scaduto, 

1989), and 3) nuclear stress (Cantó & Auwerx, 2009; Rodgers et al., 2005; Scheibye-

Knudsen et al., 2014). For the purposes of this thesis, only changes in ATP and 

nutrient availability will be discussed in detail.  

The role of mitochondria extends beyond ATP production, as they are also a 

biosynthetic hub: mitochondria not only consume metabolites, but they are also 

involved in the production of both fatty acids and amino acids, as well as 

gluconeogenesis. To this end, if nutrients become scarce the mitochondria must be 

able to respond so they can continue providing ATP during times of starvation. 

Signalling kinase TORC1 has been well characterised as an intracellular nutrient-

responsive protein, whose inactivation causes a reduction in cytosolic translation, 

and an increase in nutrient recycling processes. TORC1 is active at times when 

nutrients are plentiful, and the AMP:ATP ratio is low (Shimobayashi & Hall, 2016). 

Most nutrient/energy-sensing signalling pathways converge on TORC1 through 

tuberous sclerosis complexes, TSC1-TSC2. These are negative regulators of 

TORC1, which act through their GTPase-activating protein activity on Ras 

homologue enriched in brain (Rheb) (Gao et al., 2002; Radimerski, Montagne, 

Hemmings-Mieszczak, & Thomas, 2002). Conversion of Rheb-GTP to Rheb-GDP 

renders it inactive, and it is unable to tether TORC1 to the lysosome. TORC1 is 

subsequently released into the cytosol, and cytosolic translation is inhibited (Huang 

& Manning, 2008; R. J. Jackson & Wickens, 1997; Pause et al., 1994). A decrease 

in amino acid availability, however, has been shown to act independently of TSC1-

TSC2. Ras-related GTP binding proteins (RAGs) are small GTPases that are active 
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in the GTP-bound state. This state in turn is controlled by the availability of amino 

acids; when amino acids are scarce, RAGs are converted to the GDP-bound state, 

and are no longer able to recruit TORC1 to the lysosome, rending it inactive (E. Kim, 

Goraksha-Hicks, Li, Neufeld, & Guan, 2008; Powis & De Virgilio, 2016; 

Shimobayashi & Hall, 2014). In particular, amino acids leucine and arginine are able 

to control TORC1 activity through their availability (Ban et al., 2004; Fox, Pham, 

Kimball, Jefferson, & Lynch, 1998; Hara et al., 1998; S. Wang et al., 2015). 

Amongst TORC1’s targets are the translational repressor, eukaryotic translation 

initiation factor 4E-binding protein 1 (4E-BP1), and ribosomal protein S6 Kinase 

(S6K) (Fox, Kimball, Jefferson, & Lynch, 1998; Fox, Pham, et al., 1998). 

Phosphorylation of 4E-BP1 by TORC1 blocks its binding and inhibition of translation 

initiation factor 4E (eIF4E) (Brunn et al., 1997; Fadden, Haystead, & Lawrence, 1997), 

whereas phosphorylation of S6K activates it; both actions promote translation (Figure 

1.4) (De Virgilio & Loewith, 2006; Dumont & Su, 1995; Hay & Sonenberg, 2004). 

When amino acids are available, TORC1 promotes cytosolic protein synthesis and 

enables cell proliferation. During times of amino acid scarcity, TORC1 is released 

into the cytosol, and translation is inhibited (Figure 1.4).  

Other than these well-defined targets, TORC1 has also been shown to phosphorylate 

and inhibit Maf1, an RNA polymerase III repressor. This action subsequently 

increases transcription of 5S rRNA and tRNAs, promoting translation through 

increased abundance of these translation components (Kantidakis, Ramsbottom, 

Birch, Dowding, & White, 2010; Shor et al., 2010). Furthermore, TORC1 activates 

the regulatory element tripartite motif-containing protein-24 (TIF-1A), which 

increases its interaction with RNA polymerase I and expression of rRNA (Mayer, 

Zhao, Yuan, & Grummt, 2004).  
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Figure 1.4: TORC1 regulation by nutrient availability.  

TORC1 can be activated by multiple signalling pathways, sensitive to the AMP:ATP ratio, 
and by amino acid availability. Processes that activate TORC1 are shown in green, 
whereas processes that negatively regulate TORC1 are shown in red; grey components 
indicates inactive proteins. When the AMP:ATP ratio is low, the TORC1-regulating 
complex TSC1-TSC2 is active, maintaining Rheb in the GTP-bound state, which 
activates TORC1. Amino acids can directly stimulate TORC1 activity through RAGs (not 
shown). Active TORC1 phosphorylates and activates S6 Kinase, which in turn activates 
ribosomal subunit S6 to drive translation. TORC1 also phosphorylates and inhibits 4E-
BP1, leaving downstream target eIF4E active to initiate translation. When the AMP:ATP 
ratio increased, the TSC1-TSC2 complex hydrolyses Rheb-GTP to Rheb-GDP. No 
longer active, Rheb-GDP cannot activate TORC1. Downstream target S6K is no longer 
phosphorylated and cannot promote S6, whereas lack of phosphorylation of 4E-BP1 
activates this kinase, which in turn inhibits eIF4. These actions block general cytosolic 
protein synthesis. 4E-binding protein (4E-BP1), amino acids (AAs), adenosine 
monophosphate (AMP), adenosine triphosphate (ATP), eukaryotic translation initiation 
factor 4E (eIF4E), Ras homologue enriched in brain (Rheb), ribosomal subunit S6 (S6), 
S6 kinase (S6K), target of rapamycin complex 1 (TORC1), tuberous sclerosis complex 
(TSC).  
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Mitochondria are the site of both catabolism and anabolism of numerous amino acids, 

and are therefore expected to play a role in responding to the needs of the cell during 

changes in amino acid availability. The link between mitochondria and TORC1 

regulation is complex and, at times, seemingly contradictory. In yeast, strains deleted 

of the TORC1 homologue, Tor1, exhibited increased lifespan, which has been 

connected to an increase in stress resistance (Powers, Kaeberlein, Caldwell, 

Kennedy, & Fields, 2006), or reduced protein synthesis.  

A reduced rate of protein synthesis modulated by dietary restriction has been linked 

to prolonged lifespan in numerous model organisms (C. Lee & Longo, 2016). These 

studies have been further extended to demonstrate that a key part of this mechanism 

is due to TORC1 inhibition (Jia, Chen, & Riddle, 2004; Kaeberlein et al., 2005; Kapahi 

et al., 2004; Vellai et al., 2003). Reduced TORC1 activity increases the fidelity of 

translation through reduced speed of translational elongation. This effect is thought 

to promote protein quality at the expense of quantity, through which the activity of 

S6K is key to increasing longevity (Conn & Qian, 2013).  

However, other groups have attributed increased longevity to higher mitochondrial 

respiration in Tor1-null strains (Bonawitz, Chatenay-Lapointe, Pan, & Shadel, 2007). 

through increased translation of mitochondrial-encoded OXPHOS subunits 

increased in when Tor1 was deleted. Studies in human cells have provided 

contrasting evidence. One group shows treatment with rapamycin, an inhibitor of 

TORC1, lowered mitochondrial function (Schieke et al., 2006). Another group 

demonstrated that TORC1 interacts in a complex with yin-yang 1 (YY1) and PGC1α, 

and that inhibition of TORC1 or depletion of YY1 resulted in a decrease of 

mitochondrial gene expression and respiration (Cunningham et al., 2007). Recently, 

amino acid starvation in human embryonic kidney (HEK) cells was shown to increase 

mitochondrial function, associated with an inhibition of TORC1 (Johnson et al., 2014). 

Thus, the role of TORC1 in regulation of mitochondrial remains unclear, and it is 

likely that cell-specific responses account for some of the apparently contradictory 

results. 

Another pathway involved in the sensing of nutrients is the integrated stress 

response (ISR). This pathway can be triggered by a number of different factors, 

including global and mitochondrial stress, where upstream kinases converge on 

regulation of eukaryotic translation initiation factor 2α (eIF2α). The four kinases 

involved in the ISR are: general control non-derepressible 2 (GCN2) which responds 
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to uncharged tRNAs, protein kinase R (PKR) which is activated by double-stranded 

viral RNA, PKR-like endoplasmic reticulum kinase (PERK), activated by the unfolded 

protein response (UPR), and heme-regulated inhibitor (HRI), which responds to 

heme deprivation (Berlanga, Santoyo, & De Haro, 1999; Heather P. Harding et al., 

2003; Kilberg, Balasubramanian, Fu, & Shan, 2012; Maurin et al., 2005; Michel, 

Canonne, Arnould, & Renard, 2015; Sood, Porter, Olsen, Cavener, & Wek, 2000). 

Phosphorylation of serine 51 of eIF2α results in competitive inhibition of eIF2B, a 

guanine nucleotide exchange factor. This retains the eIF2 complex in the inactive 

GDP-bound state, and eIF2 is unable to bind methionyl-initiator tRNAMet, leading to 

inhibition of global translation (Krishnamoorthy, Pavitt, Zhang, Dever, & Hinnebusch, 

2001; Schmitt, Naveau, & Mechulam, 2010) (Figure 1.5). Whilst repressing 

translation of the majority of mRNAs, phosphorylation of eIF2α induces translation of 

specific mRNAs with an alternative upstream open reading frame involved in stress 

adaptation, such as activating transcription factor 4 (ATF4) (H P Harding et al., 2000; 

P. D. Lu, Harding, & Ron, 2004; Wek et al., 2006). 

Both of these pathways are able to modulate global cellular processes, primarily 

through reduced cytosolic protein synthesis, and aid the cell to conserve energy in 

the face of low nutrient availability. 
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Figure 1.5: The ISR regulates protein synthesis through the eIF2 complex. 

When no stress is sensed, the ISR is inactive (grey), and eIF2α associates with eIF2B 
to initiate translation. When stress is encountered (uncharged tRNAs by GCN2, double-
stranded viral RNA by PKR, unfolded protein response by PERK, heme deprivation by 
HRI), the ISR kinases phosphorylate the eIF2α subunit, causing its dissociating from 
eIF2 and decreasing general translation. Eukaryotic translation initiation factor 2 (eIF2), 
heme regulated inhibitor (HRI), integrated stress response (ISR), PKR-like endoplasmic 
reticulum kinase (PERK), protein kinase R (PKR). 

 

1.2.2 Retrograde Signalling 

 More recently, it has been recognised that ‘retrograde signalling’ is an important 

mechanism whereby problems encountered by the mitochondria can be 

communicated to the nucleus, and counteracted to avoid or limit mitochondrial 

dysfunction and stress. This field has expanded to recognise that retrograde 

signalling can occur in response to: OXPHOS deficiency or perturbations within the 

ETC, increased production of reactive oxygen species (ROS) (De Haes et al., 2014; 

Liu et al., 2005; Ristow & Schmeisser, 2011; Schaar et al., 2015; Schieber & Chandel, 

2014; Scialò et al., 2016), or the mitochondrial unfolded protein response (UPRmt) 

and mito-nuclear protein imbalance (Whelan, Zuckerbraun, Whelan, & Zuckerbraun, 
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2013). These responses have been extensively characterised in yeast; however, the 

mammalian signalling pathways for the retrograde system are still largely unknown. 

OXPHOS deficiency or decreased mitochondrial membrane potential in yeast 

increases transcription of genes involved in glutamate metabolism (Jazwinski, 2013), 

and cells with perturbations in the ETC undergo reductive carboxylation to produce 

TCA cycle intermediates for biosynthesis (Birsoy et al., 2015). These mechanisms 

ensure the cell is able to produce metabolites necessary for cell growth and division 

despite mitochondrial defects, and suggests the cell is able to employ a range of 

adaptive methods to cope with long-term mitochondrial dysfunction. 

Another well-established mechanism of retrograde signalling is mitochondrial UPR 

(UPRmt). This occurs when there is an accumulation of unfolded or misfolded proteins 

in the mitochondria. In C. elegans, one mechanism through which this is sensed 

through the protein Activating Transcription Factor associated with Stress (ATFS-1). 

Under normal circumstances, this protein is imported into the mitochondria and 

rapidly degraded. If ATFS-1 is not imported efficiently, a secondary nuclear 

localisation signal causes its translocation to the nucleus, where it activates 

transcription of UPRmt genes (Nargund, Pellegrino, Fiorese, Baker, & Haynes, 2012). 

A similar mechanism has yet to be found in mammalian UPRmt, although recently 

mammalian ATF5 has been proposed to play a similar role to ATFS-1 (Fiorese et al., 

2016). 

Mammalian UPRmt can occur through an imbalance in the proportion of 

mitochondrial- and nuclear-encoded proteins, demonstrated by treatment of cells 

with ethidium bromide, an inhibitor of mtDNA replication and transcription. This gave 

rise to incomplete OXPHOS complexes, and caused an increase in mitochondrial 

heat-shock protein steady state level (Martinus et al., 1996). ROS production through 

treatment with redox-cycler paraquat has also been shown to induce UPRmt (Yoneda 

et al., 2004). In mammals, UPRmt triggers upregulation of the transcription factor 

CCAAT/enhancer binding protein homology protein (CHOP), which activates 

transcription of proteins involved in mitochondrial homeostasis, such as ClpXP 

protease, involved in degrading misfolded or damaged proteins (Baker & Sauer, 

2012), as well as the mitochondrial heat-shock protein, Hsp70, which is involved in 

the translocation of pre-proteins across the IMM (Yoneda et al., 2004). Thus, a 

number of different mechanisms are employed to maintain the balance between 
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production of mitochondrial proteins and their import into the organelle to ensure 

correct functioning of the mitochondria. 

 

1.2.3 Autophagy and Mitophagy 

Autophagy is the controlled catabolism of macromolecules for recycling of nutrients, 

and is an evolutionarily-conserved process (De Duve & Wattiaux, 1966; Levine & 

Klionsky, 2004; Noboru Mizushima, 2007; Takeshige, Baba, Tsuboi, Noda, & 

Ohsumi, 1992). Cellular proteins and organelles destined for degradation by 

autophagy are first sealed in a double-membrane structure termed the 

autophagosome, which subsequently fuses with lysosomes, whereupon the contents 

are degraded (Klionsky, 2007; Levine & Klionsky, 2004; N Mizushima et al., 2001). 

In the majority of situations, autophagy is utilised by the cell as a cytoprotective 

mechanism to maintain the balance of nutrients within the cell; however, if the 

damage to the cell proves too great, autophagy can be induced to aid in cell death 

(Boya et al., 2005; L. Yu et al., 2004).  

Autophagy can be induced by nutrient starvation, although the process can also be 

controlled hormonally (Deter, Baudhuin, & De Duve, 1967; Lum et al., 2005; Pfeifer, 

1977) or through an increase in AMP:ATP ratio (Liang et al., 2007). In yeast, 

autophagy is up-regulated during withdrawal of a variety of nutrients, including 

nitrogen, amino acids, and nucleic acids (Takeshige et al., 1992). Many of the 

proteins involved in autophagy were identified in yeast (Klionsky et al., 2003; 

Tsukada & Ohsumi, 1993) and were shown to have mammalian homologues 

(Kabeya et al., 2000; N Mizushima, Sugita, Yoshimori, & Ohsumi, 1998). In mammals, 

autophagy is induced in response to low nutrient levels, including limiting abundance 

of amino acids (Mortimore & Schworer, 1977). TORC inhibitor, rapamycin, was 

demonstrated to be responsible for activation of autophagy in response to amino 

acid levels (Blommaart, Luiken, Blommaart, van Woerkom, & Meijer, 1995). Under 

plentiful nutrient conditions, TORC1 is tethered to the lysosome by Rag GTPases 

(Sancak et al., 2010) and inhibits autophagy via its action on Atg1/ULK1 kinase 

complex (Kamada et al., 2010; Yao, Jones, & Inoki, 2017). When nutrients are scarce, 

TORC1 is released into the cytosol, and autophagy is derepressed (Yao et al., 2017). 

Autophagy can also be activated by AMPK in response to reduced energy levels 
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(Carroll & Dunlop, 2017), or by extracellular signal-related kinases (ERK) via Beclin 

1 in response to changes in import of amino acids (Martinez-Lopez, Athonvarangkul, 

Mishall, Sahu, & Singh, 2013; J. Wang et al., 2009). 

Whilst autophagy is mainly viewed as non-selective (Kopitz, Kisen, Gordon, Bohley, 

& Seglen, 1990), it can also be selectively induced to target particular organelles 

(Bolender & Weibel, 1973; Klionsky, 2007; Veenhuis, Douma, Harder, & Osumi, 

1983). Mitochondria can be targeted to the autophagosome for degradation when 

they are dysfunctional.  Mitochondria become depolarised during the mitochondrial 

permeability transition – part of the apoptotic or necrotic process – a process which 

was shown to increase autophagy (Lemasters et al., 1998); this was subsequently 

demonstrated to selectively target the mitochondria for autophagic degradation 

(Elmore, Qian, Grissom, & Lemasters, 2001; Xue, Fletcher, & Tolkovsky, 2001), a 

process later termed mitophagy (I. Kim, Rodriguez-Enriquez, & Lemasters, 2007). 

Deletion of proteins involved in maintaining mitochondrial membrane potential, or 

chemical depolarisation of the mitochondria, caused activation of autophagy 

(Campanella, Seraphim, et al., 2009; Narendra, Tanaka, Suen, & Youle, 2008; 

Priault et al., 2005). Moreover, mitophagy has been demonstrated to selectively 

degrade mitochondria containing mutant mtDNA, representing a mechanism for 

mitochondrial quality control to avoid mitochondrial disease (Suen, Narendra, 

Tanaka, Manfredi, & Youle, 2010). Mitophagy can also be used by the cell to regulate 

mitochondrial number in response to developmental or physiological changes (Kanki 

& Klionsky, 2008; Novak et al., 2010).  

The removal of damaged mitochondria by autophagy is mediated by PTEN-induced 

putative protein kinase 1 (PINK1) and E3 ubiquitin ligase Parkin through response to 

loss of mitochondrial membrane potential (Kazlauskaite & Muqit, 2015; Kondapalli et 

al., 2012). This pathway is activated when PINK1 is stabilised on the outer 

mitochondrial membrane (OMM), where it recruits Parkin1 (Narendra et al., 2008).  

Aberrant mitophagy has been implicated in a number of diseases, including cancer, 

Parkinson’s and Alzheimer’s disease (Chourasia, Boland, & Macleod, 2015; Kerr et 

al., 2017; Koentjoro, Park, & Sue, 2017). Thus, changes in nutrient status leading to 

alterations in mitophagy warrant further study to understand how cancer or other 

disease state cells may respond differently to nutrient stresses.  
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1.2.4 Mitochondrial Dynamics 

Mitochondria are highly plastic organelles, and constantly undergo fusion and fission, 

which is regulated according to the cell’s metabolic demands, and for mitochondrial 

quality control (Wai & Langer, 2016). Dysregulation of mitochondrial dynamics has 

been linked to aging and neurodegenerative diseases (H. Chen & Chan, 2009; 

Sebastián, Palacín, & Zorzano, 2017) 

Mitochondrial fusion is coordinated by three proteins: mitofusin (Mfn1 and Mfn2) 

required for fusion of the outer membrane, and optical atrophy protein 1 (OPA1) for 

fusion of the inner membrane; both processes are tightly coupled to ensure 

synchronised fusion of both membranes (Meeusen et al., 2006; Z. Song, Ghochani, 

McCaffery, Frey, & Chan, 2009). Genetic deletion of either Mfn1 or Mfn2 causes 

embryonic lethality in mice, demonstrating the necessity of mitochondrial dynamics 

for cell survival (H. Chen et al., 2003). Mutations in Opa1 in humans causes 

autosomal dominant optic atrophy (Burté, Carelli, Chinnery, & Yu-Wai-Man, 2014; 

Ferré et al., 2015), and Opa1 null mice are not viable, although heterozygous mice 

survive to develop neurological and cardiac dysfunction (L. Chen et al., 2012).  

Mitochondrial fission is facilitated by dynamin-like protein 1 (Drp1), a cytosolic protein 

that is recruited to the mitochondria to cause fragmentation. The function of Drp1 is 

dependent on Fis1 and Mff, two mitochondrial outer membrane proteins, although 

the precisely how these proteins instigate fusion, and how conserved these 

processes are between species, is still under investigation (Gandre-Babbe & van der 

Bliek, 2008; Y. -j. Lee, Jeong, Karbowski, Smith, & Youle, 2004; Okamoto & Shaw, 

2005).  Many active GTP-bound Drp1 proteins are recruited to the outer 

mitochondrial membrane to form an oligomeric spiral around the mitochondrion. Drp1 

then constricts to cause scission of the mitochondria (Mears et al., 2011).  A patient 

with dominant-negative mutation in Drp1 caused fatality in the neonatal period, with 

derived fibroblasts showing a tubular mitochondrial network (Schrader, Costello, 

Godinho, Azadi, & Islinger, 2016; Waterham et al., 2007).  

An increased mitochondrial network is associated with greater ATP production, whilst 

increased fragmentation is associated with impaired OXPHOS, mtDNA depletion 

and increased ROS production (Liesa & Shirihai, 2013). Balancing mitochondrial 

fusion and fission is achieved by regulating both machineries, to ensure a 

coordinated output in response to metabolic stimuli. Conversely, mutations in 
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components of mitochondrial fusion or fission have been demonstrated to alter 

cellular metabolism (Jheng et al., 2012). 

Mitochondria have been shown to fuse in response to amino acid starvation, 

purportedly to protect them from autophagy and preserve the energy-producing 

organelles during periods of starvation (Gomes, Di Benedetto, & Scorrano, 2011a, 

2011b). Conversely, mitochondrial fragmentation occurs in response to an excess of 

nutrients in diseases such as diabetes (Jheng et al., 2012; T. Yu, Sheu, Robotham, 

& Yoon, 2008). Fission is important to allow damaged mitochondria to be selected 

for degradation by mitophagy (Wai & Langer, 2016). Thus, the balance of fusion and 

fission in response to changing nutrient availability, as well as mitochondrial quality 

control, must be achieved to avoid mitochondrial dysfunction or disease.  

1.2.5 Mitochondrial Biogenesis 

Mitochondrial biogenesis – the growth and division of existing mitochondria within 

the cell – must coordinate the production of mitochondrial proteins encoded by both 

the nuclear and mitochondrial DNA, as well as mtDNA replication, and fusion and 

fission, to ensure functional mitochondria. A number of master-regulator proteins are 

involved in controlling the expression of mitochondrial genes and function. 

Translation of the majority of OXPHOS genes, and many of those involved in mtDNA 

maintenance and expression are mediated by two transcription factors: nuclear 

respiratory factor 1 (NRF1), and NRF2α (Jornayvaz & Shulman, 2010). These 

transcription factors can be co-activated, or co-repressed to regulate transcription of 

genes encoding mitochondrial proteins.  

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) was 

first discovered to be induced in response to cold, where an increase in the PGC1α 

transcript correlated with increased expression of key mitochondrial enzymes 

required for ATP synthesis (Puigserver et al., 1998). Further experiments proved 

causality between PGC1α transcript levels and mitochondrial biogenesis (Irrcher, 

Adhihetty, Sheehan, Joseph, & Hood, 2003). 

PGC1α, PGC1β, and PGC-1-related coactivator (PRC), are transcription factors that 

coordinate with nuclear respiratory factors (NRFs) to induce transcription of 

mitochondrial genes (Cullinan et al., 2003; Evans & Scarpulla, 1989; Gleyzer, 

Vercauteren, & Scarpulla, 2005; Jones, Yao, Vicencio, Karkucinska-Wieckowska, & 
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Szabadkai, 2012). PGC1β, however, is not up-regulated in response to cold, or in 

muscles in response to exercise (Meirhaeghe et al., 2003), unlike PGC1α, 

suggesting that these two isoforms have specific roles within the cell. Amongst the 

nuclear-encoded mitochondrial genes to be induced by the PGC1α-NRF1 complex 

is mitochondrial transcription factor A (TFAM) (Wu et al., 1999). The increase in 

TFAM protein levels promotes mitochondrial transcription and replication. 

The master-regulator AMP-activated kinase (AMPK) is activated when ATP levels 

are low (Atkinson, 1968; Mihaylova & Shaw, 2011), and stimulates mitochondrial 

biogenesis to ensure the cell’s energy requirements are met. AMPK achieves this 

through phosphorylation of PGC1α, causing an increase in transcriptional activity 

(Jäger, Handschin, St-Pierre, & Spiegelman, 2007), but this stress-activated kinase 

can also increases cellular NAD+ levels, which activates NAD-dependent sirtuin 1 

(SIRT1). SIRT1 subsequently increases mitochondrial biogenesis and energy 

metabolism through positive regulation of PGC1α (Cantó et al., 2009; Rodgers et al., 

2005).  AMPK also positively regulates other ATP-producing processes, such as fatty 

acid oxidation and autophagy, and negatively regulates processes that consume 

ATP (O’Neill, Holloway, & Steinberg, 2013).  

 

1.2.6 Mitochondrial Protein Import: A Highly Complex System 

As almost the entire mitochondrial proteome is nuclear-encoded, these proteins are 

produced outside of the mitochondria and must be imported. This import process is 

highly complex, and has recently emerged to be regulated in physiological and 

pathophysiological conditions to ensure continued mitochondrial function during 

stress conditions (Hu & Liu, 2011; MacKenzie & Payne, 2007). 

Nuclear-encoded mitochondrial proteins are translated on cytosolic ribosomes in the 

form of precursors with a cleavable mitochondrial targeting sequence (MTS) that 

contain positively charged amino acids forming an amphipathic α-helix (Omura, 

1998). This sequence is recognised by the translocase of the outer membrane (TOM), 

and imported through the OMM (Chacinska et al., 2005). Once through TOM, pre-

proteins can take a number of routes, depending upon their final destination (Figure 

1.6) Translocase of the inner membrane 23 (TIM23) imports two thirds of the 

mitochondrial proteome (Chacinska et al., 2009; O. Schmidt, 2010) through its twin 

pores to the mitochondrial matrix using the membrane potential (Δψ) of the IMM, and 
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ATP hydrolysis by mtHsp70 (a chaperone component of the proton assisted motor, 

PAM), where the pre-protein’s targeting sequence is typically cleaved by the 

mitochondrial processing peptidase (MPP). A precursor with a hydrophobic region 

directly following the MTS is arrested whilst in the TIM23 channel, and is laterally 

translocated to the IMM without the need for ATP (Milisav, Moro, Neupert, & Brunner, 

2001; Mokranjac & Neupert, 2010; van der Laan et al., 2007). For hydrophobic IMM 

proteins that do not contain a presequence and contain multiple transmembrane 

regions, an alternative import pathway is utilised. Here, these pre-proteins are also 

imported through the TOM complex, but are then bound by small TIM chaperone 

proteins in the IMS and transported to the twin pore TIM22 complex (Jensen & Dunn, 

2002; Sokol, Sztolsztener, Wasilewski, Heinz, & Chacinska, 2014). Insertion into the 

IMM via TIM22 is also reliant on Δψ. 

Proteins destined for the inter-membrane space which are rich in cysteine residues 

are sorted via the mitochondrial inter-membrane space import and assembly (MIA) 

machinery, of which Mia40 is the central component (Sokol et al., 2014). Once the 

pre-protein is imported via TOM, Mia40 forms a temporary disulphide bond with the 

unfolded precursor, and acts as an oxidoreductase, inserting two or more disulphide 

bonds into the imported protein, and enabling stable folding. Mia40 can then be re-

oxidised to facilitate further pre-protein import and oxidation. 

For proteins destined for the OMM, these are separated into two classes: proteins 

containing α-helical transmembrane sections, and β-barrel proteins. β-barrel proteins 

are imported as precursors through the TOM complex, and inserted from the IMS 

side into the inner membrane by the sorting and assembly machinery (SAM) 

(Neupert & Herrmann, 2007). The mechanism of insertion of α-helical OMM proteins 

is not yet well understood; it has been suggested that some bypass the TOM complex 

and insert directly into the OMM (J. Song, Tamura, Yoshihisa, & Endo, 2014; Wenz 

et al., 2014), whilst others are imported through the mitochondrial import machinery 

(MIM). Given the complexity of the mitochondrial import process, there are a number 

of stages where regulation is necessary to ensure that each protein is folded properly 

and reaches its correct compartment.  
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Figure 1.6: Mitochondrial protein import of nuclear-encoded proteins. 

Nuclear-encoded proteins destined for the mitochondria are translated on cytosolic 
ribosomes in an unfolded state, many of which contain a positively charged α-helical 
MTS. These are imported via the TOM machinery, and can take a number of routes once 
they have entered the IMS depending on the final destination. Small chaperone proteins, 
Tim9-Tim10 escort mitochondrial proteins to different import machineries. β-barrel 
proteins are inserted into the OMM from the inter-membrane space side through the 
SAM complex (green arrows), whereas α-helical proteins are inserted via MIM (red 
arrows), although there is evidence some proteins are able to insert themselves directly 
into the OMM (dotted black arrow). Multi-pass transmembrane proteins destined for the 
inner membrane are imported via TIM22 (blue arrows), which is dependent on ΔΨ. TIM23 
interacts directly with the TOM complex, and imports all pre-proteins into the matrix, as 
well as single-pass transmembrane proteins (purple arrows). Import by TIM23 is also 
dependent on ΔΨ, and relies on this for import of both single-pass transmembrane 
proteins, and matrix proteins; however, import into the matrix also requires assistance 
from PAM and hydrolysis of ATP. Once inside the matrix, the MTS is cleaved by MPP 
and can fold to its final protein conformation. Inner mitochondrial membrane (IMM), inter-
membrane space (IMS), membrane potential (ΔΨ), mitochondrial inter-membrane space 
import and assembly (MIA), mitochondrial import machinery (MIM), mitochondrial 
processing peptidase (MPP), mitochondrial targeting sequence (MTS), outer 
mitochondrial membrane (OMM), proton assisted motor (PAM), sorting and assembly 
machinery (SAM), translocase of the inner membrane (TIM), translocase of the outer 
membrane (TOM). 
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1.2.7 Regulation of Mitochondrial Protein Import as a Response of Cellular 

and Mitochondrial Function 

Until recently, it was assumed that the import machinery was constitutively 

expressed. Now, many different mechanisms of regulation have now been described. 

In mammalian cells it has been demonstrated that reduced mitochondrial import 

capacity and build-up of mitochondrial precursor proteins activates the cytosolic 

protease to reduce mitochondrial import stress and maintain cellular function (Wrobel 

et al., 2015). Import of specific mitochondrial pre-proteins has been discovered to be 

regulated through different methods: phosphorylation to promote import (Avadhani, 

Sangar, Bansal, & Bajpai, 2011; De Rasmo, Panelli, Sardanelli, & Papa, 2008), 

cytosolic folding of pre-proteins to prevent import (Strobel, Zollner, Angermayr, & 

Bandlow, 2002), and binding of precursors to binding partners to promote or block 

import (Frechin et al., 2009; Vongsamphanh, Fortier, & Ramotar, 2001). These 

mechanisms, however, appear to be protein-specific and do not apply to the majority 

of mitochondrial proteins (Harbauer, Zahedi, Sickmann, Pfanner, & Meisinger, 2014). 

Global control over mitochondrial protein import can also be achieved through 

modulating the import complexes themselves. In yeast, it has been shown that the 

TOM complex is regulated through phosphorylation by casein kinase 2 (CK2) (Oliver 

Schmidt et al., 2011). The mechanism through which this is achieved is two-fold: 

firstly, CK2, a ser/thr kinase involved in a number of cellular functions, and important 

for cell survival (Litchfield, 2003), phosphorylates the precursor of TOM receptor 

component, Tom22. This stimulates Tom22 uptake through the TOM complex itself 

through increased affinity for subunit Tom20; secondly CK2 also phosphorylates MIM 

component Mim1, which is responsible for import of numerous α-helical outer 

membrane proteins, including other receptor components of TOM, Tom20 and 

Tom70. In this manner, CK2 controls the rate of mitochondrial protein import, 

although upstream pathways that regulate this kinase have yet to be fully elucidated. 

Protein kinase A (PKA) phosphorylates Tom70 to inhibit the TOM translocase when 

yeast are grown with a fermentable carbon source (Oliver Schmidt et al., 2011). 

Further work has shown that kinase CK1 also stimulates mitochondrial import via 

action on TOM proteins (Gerbeth et al., 2013; Rao et al., 2012). In humans, however, 

regulation at the TOM complex has yet to be elucidated.  
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Regulation at the inner membrane has been demonstrated in human cells, where 

Tim23 degradation has been found to play a role in caspase-independent cell death, 

after mitochondrial outer membrane permeabilization and release of cyt C (Goemans, 

Boya, Skirrow, & Tolkovsky, 2008). Import of mitochondrial proteins across the IMM 

through either TIM23 or TIM22 complex requires a membrane potential, which has 

dual action: the Δψ exerts an electrophoretic effect on the positively charged residues 

of the precursor MTS towards the negatively charged matrix, as well as activating 

the channel-forming subunits of each complex (Matthias F. Bauer, Sirrenberg, 

Neupert, & Brunner, 1996; Mokranjac & Neupert, 2010). Therefore, the rate of import 

is highly affected by the Δψ of the mitochondria. Whilst import of precursors into the 

IMM does not require more than Δψ, import into the matrix requires hydrolysis of ATP 

by mtHsp70. The mtHsp70 motor binds to incoming pre-proteins in the matrix and 

uses ATP to exert a driving force for import; thus, if ATP is low, import through TIM23 

may be impaired (M F Bauer et al., 1999; Mokranjac & Neupert, 2010; Moro, 

Okamoto, Donzeau, Neupert, & Brunner, 2002). TIM23 has been shown to be 

associated with respiratory chain supercomplexes consisting of complex III and IV in 

a variety of organisms (Matthias F. Bauer et al., 1996; Kulawiak et al., 2013; Murcha, 

Wang, & Whelan, 2012). Although the reason for such association has yet to be 

defined, many hypotheses have been put forward, including facilitating the switch 

between pre-protein translocation across the membrane and stop-transfer of IMM 

proteins, increasing import efficiency through the strong proton gradient in the 

microenvironment around the respiratory chain complexes, or to help maintain 

cristae and mitochondrial structure (Chacinska et al., 2010; van der Laan et al., 2006). 

Through the dependency of the mitochondrial import on Δψ, and ATP hydrolysis by 

mitochondrial import chaperones, import of proteins by the IMM translocase TIM23 

is controlled by both respiratory chain activity and ATP availability within the matrix.  
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1.3 Cancer and Metabolic Adaptations 

Cancer is a disease characterised as a collection of cells that proliferate without 

regulation, to the detriment of the host. As our understanding develops, it is clear 

that there is no single cause of cancer, but there are a number of common underlying 

aspects (Hanahan et al., 2000; Hanahan et al., 2011). The interest in cancer 

metabolism began with the observation that cancer cells prefer anaerobic respiration 

despite the lower efficiency for energy production even in the presence of oxygen, a 

phenomenon termed the Warburg effect (Warburg, 1956). This stemmed a burst of 

research into metabolic alterations in cancer cells. Recent work has allowed us to 

appreciate the complexity and diversity of the changes in nutrient uptake and 

metabolic signalling pathways that allow cancer cells to circumvent normal 

checkpoints and achieve uncontrolled proliferation. 

1.3.1 The Necessity of Cancer Cells to Increase Nutrient Uptake and 

Biosynthetic Pathways 

The constant division of cancer cells creates a need for rapid production of 

biosynthetic intermediates such as nucleotides, proteins and lipids. The observed 

increase in glycolysis:OXPHOS ratio permits the cell to meet these demands through 

increased metabolism of glycolytic intermediates (Berg, Tymoczko, & Stryer, 2002; 

Marin-Valencia et al., 2012; Vander Heiden, Cantley, & Thompson, 2009). Whilst 

glycolysis - and the subsequent conversion of pyruvate to lactate required to 

regenerate NAD+ (Fantin et al., 2006) - is a much less efficient route for ATP 

production than OXPHOS, this inefficiency can be overcome through increased 

uptake of glucose (Guppy, Greiner, & Brand, 1993). To this end, glucose transporters 

are often upregulated in tumour cells to meet the increased demand (Birsoy et al., 

2014; Carvalho et al., 2011; K. Shibuya et al., 2015; Young et al., 2011). 

The increased requirement for lipid production creates a higher demand for precursor 

Ac-CoA, which is produced in the mitochondria. In the TCA cycle, where ac-CoA 

condenses with OAA to form citrate (Figure 1.7); this citrate can then be transported 

out of the mitochondria and metabolised back to Ac-CoA by ATP citrate lyase (ACL) 

and used for de novo production of lipids (Bartley, Abraham, & Chaikoff, 1965; 

Hardwick, 1966; Spencer & Lowenstein, 1962) (Figure 1.7). Cytosolic Ac-CoA is 

necessary for lipid synthesis, but export of citrate causes a net loss of TCA cycle 
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intermediates. In many cancer cells, this problem has been overcome through 

increased uptake and oxidation of glutamine for anaplerosis (Ahn & Metallo, 2015; 

D. E. Bauer, Hatzivassiliou, Zhao, Andreadis, & Thompson, 2005; Berg, Tymoczko, 

Stryer, et al., 2002; DeBerardinis et al., 2007; Parlo & Coleman, 1984, 1986). A 

subset of cancer cells contain dysfunctional mitochondria, which may aid increased 

glycolysis. The requirement for cataplerosis remains, however, and this can be met 

through reductive carboxylation of glutamine to citrate (Mullen et al., 2012).  

 

1.3.2 Metabolic Transformation Permits Cancer Cell Growth  

Many nutrient sensitive signalling pathways are altered during the development of 

cancer (Dang, 2012; Fritz & Fajas, 2010; Vogelstein & Kinzler, 2004). Signalling 

pathways upstream of TORC1, such as the Phosphoinositide 3-kinase (PI3K)-Akt 

pathway, are often mutated in cancer cells, which promote TORC1 activity and 

increases TORC1-dependent expression of nutrient transporters (Edinger & 

Thompson, 2002). PI3K and Akt also promote other nutrient-responsive pathways to 

increase biosynthesis for cell proliferation (Haas-Kogan et al., 1998; Hirsch, Ciraolo, 

Franco, Ghigo, & Martini, 2014; K. H. Khan, Yap, Yan, & Cunningham, 2013; J. Li et 

al., 1997; Sun et al., 2009). 

The enhanced amino acid uptake through dysregulation of signalling pathways such 

as TORC1 can in turn increase the translation rate by Rag GTPase stimulation of 

TORC1 (E. Kim et al., 2008; Ögmundsdóttir et al., 2012; Sancak et al., 2008). 

Hyperactivation of TORC1 through greater PI3K-Akt signalling also increases 

resistance to apoptosis, thus aiding the cell in its cancerous transformation (Lazaris-

Karatzas, Montine, & Sonenberg, 1990; Schmelzle & Hall, 2000). 

The complexity of metabolic pathways and their regulation means that many 

mutations which occur in cancerous cells can alter key pathways to favour 

biogenesis of macromolecules required for increased proliferation. These alterations 

come at a cost to cellular integrity, however, and leave cancer cells vulnerable and 

unable to halt proliferation in the face of an energy or nutrient crisis. Many discoveries 

over the last decade demonstrate that favouring of glycolysis is only one of a plethora 

of metabolic changes to promote cancer growth. 

Many cancer cells are ‘glutamine addicted’, and inhibition of glutaminolysis to reduce 

anaplerosis represents a potential therapeutic pathway (Anastasiou & Cantley, 2012; 



Chapter 1. Introduction 

44 

 

Brian J. Altman, Zachary E. Stine, & Chi V. Dang, 2016; Jeong, Hwang, Park, Yang, 

& Seong, 2016; L. Yang et al., 2014). An increase in glutamine abundance has also 

been demonstrated to inhibit thioredoxin-interacting protein, which negatively 

regulates glucose uptake. Thus, a higher level of glutamine uptake can also support 

increased glucose usage (Kaadige, Looper, Kamalanaadhan, & Ayer, 2009). Other 

cancer cells have been shown to export excess glutamine in exchange for essential 

amino acids, a phenomenon which stimulates TORC1 (Nicklin et al., 2009). 

Moreover, in yet different cancer cells, a significant portion of glutamine is 

deaminated and released into the medium as glutamate, which is coupled to cystine 

import into the cell (Bannai & Ishii, 1988; Timmerman et al., 2013). Similarly, 

asparagine export can regulate intracellular levels of serine, arginine and histidine, 

promoting TORC1 activation (Krall, Xu, Graeber, Braas, & Christofk, 2016). Thus, 

many cancer cells will actively exchange amino acids with the extracellular 

environment to aid proliferation, and nutrient transporters may provide a target for 

therapeutics. 

Besides increased glutaminolysis, cancer cells have also been shown to remodel the 

TCA cycle towards aspartate biosynthesis (Gaglio et al., 2011; Son et al., 2013), 

which can then be transported outside of the mitochondria through the malate-

aspartate shuttle, or converted in the cytosol from OAA, and used to produce 

nucleotides (Sullivan et al., 2015) (Figure 1.7). The malate-aspartate shuttle can also 

contribute to maintaining the NAD+/NADH ratio, which is often altered in cancer cells, 

alongside the -glycerophosphate shuttle, and the fatty acid shuttle (A I Cederbaum 

& Rubin, 1976; Arthur I. Cederbaum & Rubin, 1973; Dawson, 1979; Dennis & Clark, 

1978; Estabrook & Sacktor, 1958; Safer, 1971; Scholz & Koppenhafer, 1995; 

Whereat, Orishimo, Nelson, & Phillips, 1969; Williamson, Jakob, & Repino, 1971). 
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Figure 1.7: Amino acid metabolism in cancer cells is geared towards increased 

biosynthesis 

Aspartate can be produced from the TCA cycle, either through citrate conversion to OAA 
by ACL in the cytosol, or OAA conversion to aspartate and subsequent export to the 
cytosol. In the cytosol, aspartate can combine with nucleotide precursor IMP to produce 
AMP. Glutamine is also necessary for de novo synthesis of nucleotides GMP, CTP, and 
a precursor of TTP. Glutaminolysis is often up-regulated in cancer cells for anaplerosis 
as TCA intermediates are used up rapidly for biosynthesis. Export and catabolism of 
citrate also produces cytosolic Ac-CoA, a precursor for fatty acids. α-ketoglutarate (α-
KG), acetyl-CoA (Ac-CoA), acetate citrate lyase (ACL), adenosine monophosphate 
(AMP), cytidine triphosphate (CTP), guanosine monophosphate (GMP), inosine 
monophosphate (IMP), oxaloacetate (OAA), tri-carboxylic acid (TCA), thymidine 
triphosphate (TTP). 
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These discoveries demonstrate the huge variation and metabolic plasticity of cancer 

cells, but also the difficulties in assessing which pathways will be valid targets for 

drug treatments. Recent advancements in our understanding of metabolic alterations 

favouring cancer proliferation have highlighted the dependency of different cancers 

on pathways that produce nucleotides, lipids, NADPH for biosynthetic reactions, 

alongside upregulation of metabolic pathways that increase cellular NAD+ to balance 

the increase in glycolysis. Our knowledge has vastly increased, but due to the 

heterogeneity of cancer, it is often necessary to target multiple pathways to inhibit 

cancer growth, adding to the complexity of treating cancer patients (Verma, 2012). 

As genome sequencing becomes a standard procedure, and our understanding of 

the metabolic changes in cancer cells increases, tailored therapies which can target 

multiple pathways within tumour cells are starting to become a reality (De Palma & 

Hanahan, 2012; Schilsky, 2010).  
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1.4 Mitochondrial Dysfunction and Altered Metabolism 

1.4.1 Both Nuclear and Mitochondrial DNA Mutations Cause Mitochondrial 

Disease 

Due to the multicopy nature, usually mtDNA mutations present as heteroplasmic 

(Stewart & Chinnery, 2015), although there have been some homoplasmic mutations 

recorded. These usually present a milder clinical phenotype and affect only one or a 

subset of organs (for example, LHON (Lieber hereditary optical neuropathy) patients 

contain a mutation in ND4 (m.11778G>A), giving them a pre-disposition to blindness 

(Wallace et al., 1988)). Random (vegetative) segregation of mitochondria during cell 

division means that the percentage of mutated mtDNA present within a cell can 

change over time through chance. If the proportion of mutated mtDNA reaches above 

a certain percentage (typically 70-90%), then symptoms of mitochondrial disease 

begin to present. This is known as a threshold effect (Rossignol et al., 2003; Stewart 

& Chinnery, 2015). 

Mitochondrial diseases can arise from either mtDNA mutations, which are maternally 

inherited, or nuclear DNA mutations via maternal or paternal inheritance (McFarland, 

Taylor, & Turnbull, 2007). The small size of the mtDNA molecule combined with the 

contiguous genes it encodes means that most mutations in mtDNA will affect a 

coding region. Many mutations affecting mitochondria are, however, encoded by 

nuclear genes and follow Mendelian inheritance. Whole genome sequencing of 

previously undiagnosed patients has revealed a plethora of new pathological 

mutations in mitochondrial proteins (Boczonadi & Horvath, 2014; Ghezzi et al., 2012; 

Spinazzola, 2011; Taylor & Turnbull, 2005). Mitochondrial diseases show vast 

clinical heterogeneity. Depending on the disease, the severity and organs affected 

vary widely (Alston, Rocha, Lax, Turnbull, & Taylor, 2016; Chinnery, 2000; DiMauro 

& Hirano, 2009; Taylor & Turnbull, 2005). Mitochondrial disorders can present at any 

age, and can be progressive, or episodic, and some patients can undergo 

spontaneous recovery, depending upon the mutation. Clinically, most mitochondrial 

disorders present with a broad spectrum, including hypotonia, lethargy, lactic 

acidosis, cardiomyopathy, deafness, blindness, and movement disorders. Typically, 

paediatric-onset disorders have a more negative prognosis than adult-onset 

(Chinnery, 2000). 
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As technology advances and our understanding of mitochondrial diseases increases, 

it has been discovered that certain patients, whilst phenotypically severely depleted 

of OXPHOS components, are able to cope with a disease that in others causes 

infantile death. Striking examples reported of patients in early adulthood with 

complex I and IV deficiencies suggests that in spite of dramatic OXPHOS deficiency, 

survival is possible (Brito et al., 2015; Metodiev et al., 2015). These examples could 

hold the key to understanding the underlying mechanisms that confer the ability to 

live with a disease that is normally fatal.  

 

1.4.2 The Importance of Regulating Metabolism During Mitochondrial 

Dysfunction 

Mitochondrial disorders – whether the defective gene is associated with mtDNA 

replication, transcription, translation, protein import, OXPHOS complex assembly or 

function – impact on the crucial production of mitochondrial ATP (Koenig, 2008). 

Thus, if the cell/organism is to survive, it must look to alternative metabolic pathways 

to meet its ATP demand. One well-characterised aspect of mitochondrial disorders 

is lactic acidosis, where patients have highly elevated lactate within their bloodstream 

due to increased glycolysis (Chinnery, 2000). In a model of mitochondrial disease in 

Drosophila, remodelling of metabolism was observed to cope with almost complete 

loss of ATP synthase activity through an increase in glycolysis and ketone body 

metabolism (Celotto et al., 2011). 

The role of these metabolic changes during mitochondrial dysfunction is still under 

investigation, but recent evidence has highlighted how an altered nutrient regime can 

have a dramatic impact upon mitochondrial function during disease state. Treatment 

with ketone bodies and reduced glucose has recently been shown to increase 

mitochondrial function in OXPHOS complex I deficient neuronal cybrids almost 

homoplasmic for m.3243A>G, without reducing the mutant load. This suggests that 

modulation of certain metabolites alone can ameliorate mitochondrial dysfunction 

(Frey et al., 2017). Whether other metabolic pathways are crucial for cell survival 

during mitochondrial disease is still an open question, however. Current 

understanding of mitochondrial biology is not yet able to prevent or reverse 

mitochondrial diseases, and therefore improving patient survival and quality of life 
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through modulating metabolism and diet is an attractive option for future studies and 

treatments. 

 

1.4.3 Mitochondrial Disease Associated with Mitochondrial tRNA Modifying 

Enzymes 

Many genes associated with mitochondrial disease affect the expression of 

mitochondrially-encoded proteins, and over 200 mutations have been ascribed to 

mitochondrial tRNA dysfunction (Brandon et al., 2004). Two well-characterised 

mtDNA diseases, MELAS (mitochondrial encephalomyopathy and lactic acidosis 

with stroke-like episodes) and MERRF (myoclonic epilepsy and ragged-red fibre), 

are associated with mutations in the mitochondrial genes for tRNALeu(UUR) and 

tRNALys, respectively (Chinnery, 2000). It has been shown that these pathogenic 

mutations affect the post-transcriptional modification of the U34 position of the tRNAs, 

leading to reduced or aberrant codon-anticodon pairing, and instability of the 

mitochondrial proteins (T. T. Suzuki, Suzuki, Wada, Saigo, & Watanabe, 2002).  

Post-transcriptional modification of the wobble position allows for redundancy in the 

coding of amino acids through stabilisation of non-Watson-Crick base pairing 

(Horvath & Chinnery, 2015; Tsutomu Suzuki, Nagao, & Suzuki, 2011). To facilitate 

more stable binding by the anticodon in the tRNA to the codon of the mRNA, there 

are two major post-transcriptional modifications at the U34 position in mitochondria: 

5-taurinomethylation (τm5) and 2-thiolation (s2).  

The τm5 modification is suggested to be catalysed by two enzymes, Mitochondrial 

Translation Optimisation 1 (MTO1) and GTPase binding protein 3 (GTPBP3), which 

form a heterodimer (Colby, Wu, & Tzagoloff, 1998). Position 5 of the wobble U34 is 

instead modified to form 5-methylaminomethyluridine (mnm5) by MnmE and GidA in 

E. coli, and 5-carboxymethylaminomethyluridine (cmnm5) by MSS1 and MTO1 in S. 

cerevisiae, which are homologues of GTPBP3 and MTO1, respectively (X. Li & Guan, 

2002). Mutations of MSS1 or MTO1 in yeast lead to reduced mitochondrial 

respiration as a result of increased degradation or decreased aminoacylation of 

mitochondrial tRNAs, reduced stability of mitochondrial transcripts, and 

subsequently decreased production of mitochondrially-encoded proteins (Xinjian 

Wang, Yan, & Guan, 2010). Pathological mutations in MTO1 or GTPBP3 in 
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mammals cause similar phenotypes to those in yeast such as diminished 

mitochondrial translation, complex I and IV deficiency, and reduced OXPHOS 

capacity (Ghezzi et al., 2012). Whilst it has not been proven that GTPBP3-MTO1 is 

responsible for the τm5 modification of U34, it is assumed that this enzyme complex 

uses taurine instead of glycine as a substrate to yield τm5 rather than cmnm5.  

In mammals, mitochondrial tRNAs LeuUUR, Gln, Glu, Trp and Lys have been shown 

to contain the τm5 modification. tRNAs Lys, Gln and Glu are further modified with 2-

thiolation (s2), catalysed by mitochondrial tRNA-specific 2-thiouridylase 1 (MTU1, 

otherwise known as MTO2 or TMRU) (T. T. Suzuki et al., 2002; Takeo Suzuki & 

Suzuki, 2014). These modifications act synergistically to increase mitochondrial 

translation efficiency and accuracy: MTO1 null yeast strains are accompanied by a 

decrease in s2 of the U34 position, and reduced mitochondrial protein synthesis 

through disruption of MTU1 is exacerbated when MTO1 or MSS1 is concurrently 

mutated (Umeda et al., 2005; Xinjian Wang et al., 2010). These discoveries 

demonstrate that post-transcriptional modification is crucial for correct synthesis of 

mitochondrially-encoded proteins, and thus OXPHOS function. 

 

1.4.4 Cysteine Metabolism and the Role in Mitochondrial Function and 

Disease 

Cysteine availability has been suggested to be important for clinical outcome in 

mitochondrial disorders associated with mutations affecting the structure or specific 

post-transcriptional modifications of particular mitochondrial tRNAs. The 

transsulphuration pathway (TSP) has further been suggested to play a critical role in 

this process (Boczonadi & Horvath, 2014). 

The TSP details the movement of sulphur atoms through conversion of 

homocysteine, a metabolite of the methionine cycle, to cysteine, by enzymes 

cystathionine-β-synthase (CBS) and cystathionine-γ-lyase (CSE). Afterwards, the 

fate of cysteine diverges: it can either be metabolised to taurine, and excreted from 

the cell, used for protein synthesis or glutathione production, or catabolised to 

hydrogen sulphide (H2S) (Belalcázar et al., 2014; Martha H Stipanuk & Ueki, 2011; 

Vitvitsky, Thomas, Ghorpade, Gendelman, & Banerjee, 2006) (Figure 1.8). Although 

the TSP enzymes are located in the cytosol, both of these enzymes have been 

demonstrated to translocate to the mitochondria during certain stress conditions, 
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suggesting that mitochondrial localisation may be beneficial to the cell in these 

circumstances (Fu et al., 2012; Teng et al., 2013). 

A higher rate of ROS production has been demonstrated in numerous models of 

neurodegenerative diseases and mitochondrial disorders (Andersen, 2004; Birket, 

Passos, von Zglinicki, & Birch-Machin, 2009; Calabrese et al., 2005; Geromel et al., 

2001; Gonzalo et al., 2005; Kowaltowski, de Souza-Pinto, Castilho, & Vercesi, 2009; 

J. Li et al., 2008; Menzies, Robinson, & Hood, 2009; Wei & Lee, 2002). Increased 

ROS production occurs through two main mechanisms: either by a reduction in the 

production of ATP, which causes a high proton motive force, but a low relative 

abundance of oxidised CoQ pool to accept electrons, or when there is an increased 

NADH/NAD+ ratio in the mitochondrial matrix. To reduce oxidative stress, anti-

oxidant defences must be increased, of which glutathione is a major component. 

Changes in production of cysteine through the TSP has been linked to controlling 

glutathione levels (Belalcázar et al., 2014; Brown-Borg, Rakoczy, Wonderlich, 

Armstrong, & Rojanathammanee, 2014; Mosharov, Cranford, & Banerjee, 2000; 

Vitvitsky et al., 2006), however, the potential role of the TSP in mitochondrial 

dysfunction remains unexplored.  
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Figure 1.8: The Methionine cycle and the TSP interact. 

The methionine cycle can be used to generate S-AM, used in methylation reactions, 
which produces SAH. SAH can further be converted to hCys, which can either be used 
to regenerate methionine through methyl group donation by m-THF or betaine, or 
irreversibly catabolised to cystathionine by CBS in the first step of the TSP. Cystathionine 
is further catabolised to cysteine and αKB by CSE as the second and final step of the 
TSP. Cysteine can then be used by the cell for a number of purposes, including protein 
synthesis, production of antioxidant glutathione, desulphuration and release as waste 
metabolite, taurine, or further catabolism by the TSP enzymes to produce H2S. α-
ketobutyrate (αKB), cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE), 
dimethylglycine (DMG), homocysteine (hCys), hydrogen sulphide (H2S), methyl-
tetrahydrofolate (m-THF), S-adenosylmethionine (S-AM), S-adenosylhomocysteine 
(SAH), tetrahydrofolate (THF), transsulphuration pathway (TSP). 
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1.5 Aims of Thesis 

Mitochondria play a key role in the metabolism of many different nutrients; however, 

the impact of altered nutrient availability upon mitochondrial function has yet to be 

fully elucidated. Adaptations in metabolism to support rapid proliferation, including 

upregulation of the biosynthetic pathways in the mitochondria, are now a well-

established feature of dividing cells, including cancer cells (Douglas Hanahan et al., 

2011). Understanding the metabolic changes that occur within proliferating cells, and 

how these differences impact upon mitochondrial function will be key to exploring 

whether these pathways can be manipulated to control cell proliferation, potentially 

as modulating diet may impact tumour growth (Jacobs, 2013). 

In Chapter 1, I investigated how the response of two unrelated cancer cell lines, A549 

(adenocarcinoma) and HeLa (cervical carcinoma) during total amino acid withdrawal 

differs from that of previously-characterised HEK cells (Johnson et al., 2014). I 

demonstrated that A549 and HeLa cells are more sensitive to amino acid starvation, 

and undergo cell death much more rapidly than HEK cells. These cells were unable 

to maintain mitochondrial function during amino acid withdrawal, and compared to 

HEK cells, HeLa cells showed a much greater rate of cytosolic translation. I further 

investigated how these responses change upon the withdrawal of glutamine (Q), or 

sulphur amino acids (SAAs), which are known to play a role in regulating 

mitochondrial function. I demonstrated that glutamine withdrawal alone produced a 

similar mitochondrial translation phenotype. I also investigated the role of nutrient-

responsive signalling kinase, TORC1, in mitochondrial function, revealing that its 

inhibition increases the translation of mitochondrial-encoded complex IV subunits, 

but does not inhibit the overall rate of cytosolic translation. 

Chapter 2 focusses on the regulation of the mitochondrial protein translocases in 

response to withdrawal of amino acids. I determined that TIM23 translocase subunit, 

Tim17A, is rapidly depleted in response to amino acid deprivation, which was a 

conserved response in all cell lines tested. I then demonstrated that this regulation 

is downstream of the signalling kinase, TORC1, but can also be regulated 

independent of TORC1 activity. I show that this response can also be induced by 

glucose restriction, and by OXPHOS complex III inhibition in HEK cells. 

In Chapter 3, metabolic alterations in response to mitochondrial dysfunction were 

investigated. To study these changes, fibroblasts from patients with mitochondrial 
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dysfunction were used. Patient fibroblasts carried mutations in the mitochondrial 

tRNA-modifying enzymes, MTO1 and GTPBP3, and displayed a complex I and IV 

deficiency, as previously observed (Tischner et al., 2015). These patients had 

dramatically different clinical outcomes, however: only one patient, MTO1 C, 

survived past infancy, and is still alive at 22 years old, The focus was on changes in 

metabolism of sulphur amino acids, as a precursor for the τm5 modification of the 

U34 on mitochondrial tRNAs LeuUUR, Gln, Glu, Trp and Lys, catalysed by the MTO1-

GTPBP3 complex, and the synergistic cysteine-derived s2 modification on U34 

catalysed by MTO2. 

I showed that all patients had altered expression of TSP enzymes. These enzymes 

can also catabolise cysteine to produce H2S. Patient MTO1 C was shown to have 

high expression of H2S-detoxifying enzyme, SQR, and higher levels of the 

downstream catabolite of H2S, thiosulphate. Further investigation using a 

pharmacological model of mitochondrial dysfunction revealed an increase in TSP 

enzyme expression, and SQR, highlighting increased cysteine catabolism as a 

cellular adaptation, which may benefit patients with mitochondrial disease. 
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Chapter 2. Materials & Methods 

2.1 Cell Culture 

Cells were cultured at 37°C in a 5% CO2 incubator. Immortalised cell lines were 

grown in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco 41966) 

supplemented with 10% foetal bovine serum (FBS, Pan Biotech) and 1% penicillin-

streptomycin (PS, Gibco). HEK293T cells (Invitrogen) were cultured as above with 

the addition of 15μg/mL zeocin and 200μg/mL blasticidin. Primary fibroblasts were 

cultured in high glucose, 1mM glutamax DMEM (Gibco, 31966), and supplemented 

with 10% FBS and 1% penicillin-streptomycin. Control primary fibroblasts were 

obtained from UCL BioBank, and MTO1 and GTPBP3 patient fibroblasts were a kind 

gift from Dr. Robert Taylor, Newcastle University. For studies assessing the variation 

of glucose or amino acids, supplemented with dialysed serum (DS, Pan Biotech); 

compositions used are detailed in Table 1. Cells were washed once with HBSS 

before being incubated with the desired medium. Cells were harvested at 80% 

confluency unless otherwise stated. Drug treatments were used at the following 

concentrations: Torin1 (100nM), piericidin (1µM), antimycin A (100nM). 

 

Table 1: Media composition for treatment of cells 

Medium Company, DMEM 

Product number 

Supplemented 

High glucose, amino acids 

(HG+AA) 

Gibco, 41966 10% DS, 1mM PS 

Low glucose/galactose, 

amino acids (LG/Gal+AA) 

Gibco, 11966 10% DS, 1mM PS, 5mM 

glucose/galactose, 1mM Na-

pyruvate 

Very low glucose, amino 

acids (VLG) 

Gibco, 11966 10% DS, 1mM PS, 1mM 

glucose, 1mM Na-pyruvate 

High glucose/Low 

glucose/Galactose, no AA 

Dundee custom 

media, no AAs 

10% DS, 1mM PS, 1mM 

glucose, 1mM Na-pyruvate 

High glucose, no cysteine, 

no methionine (HG-SAA) 

Gibco, 21013 10% DS, 1mM PS, 1mM 

glutamax, 1mM Na-pyruvate 
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2.2 In cell Silencing of Target Protein 

Cells were reverse transfected to down-regulate expression of target proteins, using 

a final oligo concentration of 10nM for immortalised cell lines, or 20nM for primary 

fibroblasts. Briefly, the lipofectamine- small interfering RNA (siRNA) mix was 

incubated at room temperature for 25 minutes in the culture dish. Cells were 

trypsinised and added to the dish after the incubation period (50 x 105 cells for 

immortalised cell lines, 20 x 105 cells for primary fibroblasts). Medium was changed 

the following day, and cells were collected at 48 or 72 hours post-transfection. Oligos 

used for silencing can be found in Table 2. 

  

Table 2: Oligos used for in cell silencing. 

Oligo Sequence 

Tim17A 1 (Dharmacon) CGACAAUAUCAGUAGGACU 

Tim17A 2 (Dharmacon) GAAGGGUGCUAAAAGAUAA 

Yme1L 1 (Dharmacon) GAAAUUAUAGCUCGAGGUA 

Yme1L 2 (Dharmacon) GAAUGCUCCUUGUGUUAUA 

Non-Target (Thermo 

Scientific) 

UGGUUUACAUGUCGACUAA 

 

2.3 Confluency Measurement as a Measure of Cell Growth 

Cells were plated on a 6-well plate, at 20% confluence, grown until 40% confluence, 

and medium changed for amino acid studies. Confluence was assessed by live-

imaging using an Incucyte ZOOM 2000. 

2.4 Cell Lysis 

Cells were lysed on ice in a PBS-PIC buffer (phosphate buffer saline containing 

protease inhibitor cocktail, Na3VO4, phosphatase inhibitor cocktail, 0.1% n-Dodecyl 

β-maltoside (DDM), 1% sodium dodecyl sulphate (SDS), 20U/mL benzonase) for 30 

minutes. Protein concentration was determined by DC Protein Assay (BioRad) as 

per manufacturer’s instructions. 
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2.5 De novo Total Protein Synthesis and Mitochondrial Protein 

Synthesis Assay 

2.5.1 Assessment of Mitochondrial Protein Synthesis Rate 

Cells were assayed at 80% confluence. Cells were washed for 3 x 10 minutes in Met 

and Cys free medium (Gibco, DMEM 21013) for mitochondrial protein synthesis, and 

incubated for a further 10 minutes in pre-labelling medium (DMEM 21013, 

supplemented with 45μg/mL cysteine, 1mM Na-pyruvate, 1mM glutamax, 5% DS for 

mitochondrial protein synthesis). Cells were then incubated with 25μg/mL emetine to 

inhibit cytosolic protein synthesis for 20 minutes before labelling with 5μCi 35S-

Methionine for 1h. Cells were then washed in PBS, collected by scraping, and 

centrifuged at 500g for 5 minutes. The pellet was lysed as described in chapter 2.4, 

and analysed on a 12% gel with 2-(N-morpholino)ethanesulphonic acid (MES) buffer. 

Gels were stained with Coomassie Brilliant Blue G250 (Bio-Rad) for 30 minutes, and 

bands detected using a destaining solution (30% methanol, 5% glycerol, 5% acetic 

acid). The gel was dried and exposed to x-ray film for an appropriate amount of time.  

 

2.5.2 Assessment of Total Protein Synthesis Rate 

Cells were assayed at 80% confluence. Cells were washed in the corresponding 

medium without methionine as detailed in Table 3. Cells were then radiolabelled for 

20 minutes with 2μCi 35S-Methionine, and samples collected, lysed and analysed as 

outlined in chapter 2.5.1, except that samples were run on a 4-12% gel with MOPS 

buffer. 
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Table 3: Medium composition for washes during assessment of cytosolic 

translation rate 

Pre-labelling Medium for 

Washes 

Company, DMEM 

Product number 

Supplemented 

HG+AA Gibco, 21013 5% DS, 1mM Na-pyruvate, 

1mM glutamax, 200M cystine 

HG+AA (Torin1 treated) Gibco, 21013 5% DS, 1mM Na-pyruvate, 

1mM glutamax, 200M cystine, 

100nM Torin1 

HG-AA Dundee Custom 

Media, no AAs 

5% DS, 1mM Na-pyruvate, 

25mM glucose 

 

2.6 Immunoblotting 

Protein lysates were denatured at 42°C for 10 minutes in Llameli sample buffer 

containing 200mM dithiothreitol (DTT). Proteins were separated by molecular weight 

on 10%, 12% or 4-12% bis-tris SDS acrylamide gels (Life Technologies) using either 

MES or 3-(N-morpholino)propanesulphonic acid (MOPS) buffer (Life Technologies), 

and then transferred at 4oC to a 0.45μM polyvinylidene fluoride (PVDF) membrane 

(Millipore). Membranes were blocked in 5% milk PBS-Tween (0.1%) for 1h, and 

incubated in primary antibody overnight at 4oC. Membranes were further washed in 

PBS-Tween (0.1%) for 3 x 10 minutes, and incubated in secondary antibody for 2h 

at RT, followed by 3 x 10 minute washes in PBS-Tween before developing using x-

ray film. Antibodies used can be found in Table 4. 
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Table 4: Antibodies used for immunoblotting.  

Antibody against Company, Product Number Dilution 

4E-BP1 Cell Signaling Technology, 9644 1:4000 

4E-BP1 (S65) Cell Signaling Technology, 9451 1:1000 

Aconitase Abcam, ab110321 1:2000 

AFG3L2 Kind gift from Dr. Taroni, Milan 1:10,000 

ATP5A Abcam, ab14748 1:20,000 

CBS Abnova, H00000875-M01 1:2000 

ClpX Abcam, ab 1:10,000 

CORE I Abcam, ab110252 1:2000 

CORE II Abcam, ab14745 1:2000 

COX I Abcam, ab14907 1:2000 

COX II Abcam, ab110258 1:2000 

COX IV Abcam, ab14744 1:1000 

COX Vb Abcam, ab180136 1:1000 

CSE Proteintech, 12217-1-AP 1:2000 

eIF2α Santa Cruz Biotech, sc-11386 1:1000 

eIF2α (S51) Cell Signaling, 3597 1:1000 

FH Abcam, ab95947 1:2000 

GAPDH Abcam, ab8245 1:25,000 

LONP1 Proteintech, 15440-1-AP 1:10,000 

NDUFA9 Abcam, ab14713 1:3000 

NDUFB8 Abcam, ab110242 1:2000 

SDHB Abcam, ab14714 1:2000 

SQR Atlas, HPA017079 1:2000 

Tim17A Santa Cruz Biotech, sc-271152 1:1000 

Tim17B Abcam, ab122034 1:4000 

Tim22 Abcam, ab167423 1:2000 

Tim23 Sigma, SAB1100941 1:3000 

Tom20 Santa Cruz Biotech, sc-11415 1:20,000 

VDAC Abcam, ab14734 1:10,000 

Yme1L Proteintech, 11510-1-AP 1:5000 

Rabbit Promega, W401B 1:4000 

Mouse Promega, W402B 1:4000 
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2.7 Mitochondrial Enrichment and Lysis 

HEK or HeLa cells were grown in 4 x 500cm2 plates per condition until 40% 

confluence, cells washed, and medium changed to HG±AA (refer to Table 1 for 

media composition) for 24h. Cells were then harvested by scraping at 4°C and 

centrifuged for 5 minutes (4°C, 600g). Pellets were then washed twice with ice cold 

PBS. Cells were resuspended in extraction buffer (210mM mannitol, 70mM sucrose, 

10mM Tris-HCl (pH 7.5), 0.2mM EGTA, and 0.5mg/mL BSA) with 2.5mL/500cm2 

plate. Cells were then passed through a 23g needle for 10 strokes, and 500μL 

aliquoted for whole cell lysate (WCL). The homogenate was then centrifuged for 5 

minutes (4°C, 1,100g), and the supernatant transferred to a fresh tube and 

centrifuged for a further 20 minutes (4°C, 19,000g) to sediment the mitochondria. 

Crude mitochondrial pellets were washed once with extraction buffer and stored at -

80°C until further use. 

Pellets were resuspended in 1M 6-aminohexanoic acid, 50mM Bis-Tris-HCl (pH 7.0) 

at 10μg/μL, and 10% digitonin added (prepared in buffer containing 50mM NaCl, 

50mM imidazole, 5mM 6-aminohexanoic acid, 4mM PMSF). Samples were then 

incubated on ice for 10 minutes, and centrifuged for 30 minutes (4°C, 13,000g). The 

supernatant was then transferred to a fresh tube. 

 

2.8 Blue Native Gel Electrophoresis 

Buffers for blue native gel electrophoresis were prepared the night before and 

allowed to cool to 4°C. The anode buffer was comprised of: 50mM Bis-Tris pH 7.0, 

and the cathode buffer of: 50mM Tricine, 15mM Bis-Tris pH 7.0. 50μg crude 

mitochondrial lysate was resuspended with native sample buffer (Biorad) on ice. 

Samples were loaded onto a 3-12% native gel (Thermo Fisher), and run on ice, first 

for 10 minutes at 100V with cathode buffer containing 0.02% Coomassie Brilliant 

Blue G250 (Biorad), followed by 40 minutes at 220V. After this, the cathode buffer 

was changed to buffer without Coomassie, and the gel run for a further 90 minutes 

at 220V. Gels were then transferred overnight to a 0.45μM PVDF membrane, and 

immunoblotted using the same procedure as detailed in Chapter 2.6. 
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2.9 DNA Extraction 

DNA was extracted from cells on the plate. Briefly, media was removed and the plate 

washed with PBS before removal of all liquid. Lysis buffer (75mM NaCl, 50mM EDTA, 

0.25% SDS) was added to the plate, and harvested after 2 minutes. Proteinase K 

was added to the lysis buffer, and incubated for 4h at 50°C with regular mixing. An 

equal volume of phenol was added, the sample mixed thoroughly, and centrifuged 

(5000rpm, 10 minutes). The upper aqueous layer was removed and transferred to a 

fresh tube. An equal volume of chloroform was added, the sample mixed, and 

centrifuged (5000rpm, 5 minutes). The upper aqueous phase was removed and 

transferred to a fresh tube. Samples were mixed with 0.8 volumes isopropanol, and 

centrifuged (8000rpm, 20 minutes). The supernatant was then removed, the pellet 

washed with 70% ethanol, and centrifuged (8000rpm, 10 minutes). The supernatant 

was removed and pellet air-dried, followed by resuspension in an appropriate volume 

of water. 

  

2.10 Q-PCR Estimation of mtDNA Copy Number 

Q-PCR was performed on 25ng aliquots of total cellular DNA, using portions of the 

COXII gene for mtDNA, and APP1 for nuclear DNA measurements (Table 5). DNA 

levels were estimated using Power SYBR Green PCR Master Mix (Life 

Technologies) for all reactions. Cycle conditions were the default setting on an ABI 

7500 Fast Real-Time PCR System. 

 

Table 5: Primers used for Q-PCR assessment of mtDNA copy number. 

Primer Sequence 

COX II Forward CGTCTGAACTATCCTGCCCG 

COX II Reverse TGGTAAGGGAGGGATCGTTG 

APP1 Forward TTTTTGTGTGCTCTCCCAGGTCT 

APP1 Reverse TGGTCACTGGTTGGTTGGC 
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2.11 RNA Extraction 

RNA was extracted from cell pellets using TRIzol (Life Technologies). Per 1mL 

TRIZOL, 200μL chloroform was added and the sample vortexed thoroughly, then 

spun for 15 minutes (12,000rpm, 4°C). Upper aqueous phase was transferred to a 

fresh tube, mixed with 70% ethanol, and transferred to a spin column (PureLink RNA 

Mini Kit, Invitrogen). RNA was extracted using the RNA kit as per manufacturer’s 

instructions, and eluted in an appropriate volume of water. 

  

2.12 Q-PCR Analysis of Transcript Level 

Whole-cell RNA samples were analysed using Quantifast SyBr Green RT-qPCR kit 

(Qiagen) as per manufacturer’s instructions. Briefly, 50ng RNA was used per 

reaction with Quantifast SyBr Green mix, forward and reverse primers, and reverse 

transcriptase. 10μL of reaction mix was loaded per well on a 96-well plate (MicroAmp 

Fast Optical 384-well reaction plate, Applied Biosystems). Samples were analysed 

on a 7900HT Fast Real-Time PCR System machine (Applied Bioscience), (50 oC for 

5 minutes, 90 oC for 10 minutes, and 31 cycles of 90oC for 30 seconds, followed by 

60 oC for 10 seconds). Primers used to assess mRNA levels can be found in Table 

6. mRNA levels were normalised to housekeeping mRNA β-2-Globulin. 
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Table 6: Primers used for Q-PCR analysis of transcript levels. 

Primer Sequence 

ND1 Forward GAGCAGTAGCCCAAACAATCTC 

ND1 Reverse GGGTCATGATGGCAGGAGTAAT 

Cytb Forward CTGATCCTCCAAATCACCACAG 

Cytb Reverse GCGCCATTGGCGTGAAGGTA 

COX I Forward GGAGCAGGAACAGGTTGAACAG 

COX I Reverse GTTGTGATGAAATTGATGGC 

COX III Forward TCCTCACTATCTGCTTCATCCG 

COX III Reverse CCCTCATCAATAGATGGAGACA 

ATP6/8 Forward CACAACACTAAAGGACGAACCT 

ATP6/8 Reverse GGGATGGCCATGGCTAGGTTTA 

Tim17A Forward CAAAGGTTTTCGCAATTCTC 

Tim17A Reverse TGGAGCCCTGGTTTTAATAG 

Tim23 Forward GTTTATTTTACCTACCGGAGC 

Tim23 Reverse GTTCTGGGTTTCCTTCAATC 

β-2-Globulin Forward TCTTTTTCAGTGGGGGTGAA 

β-2-Globulin Reverse CTCACGTCATCCAGCAGAGA 

 

2.13 Northern blot analysis of mitochondrial transcripts 

Gels were made the day before running and allowed to set overnight at 4°C, with the 

composition: 1.2% Agarose, 1x MOPS (Lonza), 1% formaldehyde, in nuclease-free 

water. 5μg RNA was loaded in 2x RNA loading buffer (Ambion), and heated at 55°C 

for 10 minutes. Samples were transferred to ice before loading. Gels were run in 1x 

MOPS, 0.75% formaldehyde buffer at 80V for 3.5h, or 60V for 2h to study mRNA or 

tRNA, respectively. Gels were imaged under UV to assess loading by 18S and 28S 

abundance before transfer. For transfer, the gel and 0.45μM Nylon membrane were 

soaked in 10X SSC for 15 minutes, and were wet transferred overnight. RNA was 

UV-crosslinked to the membrane, then blocked in hybridisation solution (2x SSPE, 

2% SDS, 6x Hernahrdts reagent, 5x Dextran sulphate) in a rotator at 55°C for 30 

minutes. 
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Probes were made using Ambion T7 Maxiscript Kit. Briefly, PCR products were 

created for mitochondrial tRNAs LeuUUR, Val and Phe, and cytosolic 18S was used 

as a loading control (see Table 7 for primer sequence). 100ng PCR product was 

incubated with ATP, TTP, UTP, and α32P-UTP with 1x transcription buffer and T7 

reverse transcriptase for 2h at 20°C. The probe was then purified using a kit spin 

column. Probe was then added to fresh hybridisation solution on the membrane, and 

incubated overnight at 55°C. Membranes were then washed 4 x 30 minutes in 

Ribowash solution (0.1x SSPE, 0.5% SDS), or until background count was negligible. 

Membranes were dried and exposed to x-ray film for an appropriate amount of time. 

 

Table 7: Primers used for northern blot analysis of mitochondrial tRNA abundance. 

Primer Sequence 

tRNA LeuUUR Forward TAATACGACTCACTATAGGGAGACTGTTAAGAAGAG

GAATTGAACCTCTG 

tRNA LeuUUR Reverse GTTAAGATGGCAGAGCCCGG 

tRNA Val Forward TAATACGACTCACTATAGGGTCAGAGCGGTCAAGTT

AAGTTG 

tRNA Val Reverse CAGAGTGTAGCTTAACACAAAG 

tRNA Phe Forward TAATACGACTCACTATAGGGTGTTTATGGGGTGATG

TGAGCCC 

tRNA Phe Reverse GTTTATGTAGCTTACCTCCT 

18S Forward CGGCGACGACCCATTCGAACTGTTTATGGGGTGAT

GTGAGCCC 

18S Reverse GAATCGAACCCTGATTCCCCGTC 
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2.14 Metabolomic Analysis of Cultured Fibroblasts 

For extraction of fibroblast metabolites, the procedure was performed at 4°C 

throughout. An aliquot of medium was taken from each plate and the rest discarded. 

Plates were washed with 2 x 5mL PBS, and all PBS removed before proceeding. 

400μL water (containing 13C5,15N-Valine as an internal standard for liquid 

chromatography-mass spectrometry (LC-MS), final concentration 10μM) was added 

to each plate, and the cells scraped and transferred to a chilled 2mL tube. The plate 

was further washed with 800μL methanol, and transferred to the same tube. 400μL 

chloroform was added to each tube, and incubated for 1h at 4°C, with periodic 

sonication (3 x 8 minutes). Samples were then spun for 10 minutes at 4°C, 16,000 

rpm. The supernatant was transferred to a fresh tube, and dried in a Speed Vac. The 

sample was resuspended in 50μL chloroform, 150μL methanol, 150μL water, and 

was vortexed briefly before centrifuging for 10 minutes at 4°C, 16,000 rpm. The upper 

aqueous phase was transferred to a fresh tube and stored at -80°C until further 

analysis. Samples were prepared separately, however, all LC-MS sample runs and 

subsequent analysis were performed in collaboration with Dr. James MacRae and 

Dr. Mariana Silva dos Santos, Francis Crick Institute, as described below. 

The LC separation was performed using hydrophilic interaction chromatography with 

a ZIC-pHILIC 150mm 4.6mm, 5μm column (Merck Sequant), operated by a Dionex 

UltiMate liquid chromatography system (Dionex, Camberley, Surrey). The elution 

gradient was programed as decreasing the percentage of B from 80% to 20% in 15 

minutes, followed by washing of the column at 5% of B for 3 minutes and finally re-

equilibrating the column at 80% of B for 5 minutes, where solvent B is acetonitrile 

and solvent A is 20mM ammonium carbonate in water. The flow rate was 300μL/min, 

column temperature 25°C, injection volume 10μL, and samples were maintained at 

4°C. The mass spectrometry was performed using a quadrupole Orbitrap Q Exactive 

(Thermo Fisher Scientific, Hemel Hempstead, U.K.) with a HESI II probe. The 

spectrometer was operated in a positive/negative polarity switching mode and the 

spray voltage was 3.5 kV for positive mode and 3.2 kV for negative mode. The probe 

temperature was 320°C and heat and auxiliary gas was 30 and 5 arbitrary units 

respectively. The full scan range was 70 to 1050 m/z for both positive and negative 

modes with settings of automatic gain control target and resolution as Balanced and 

High (106 and 70,000), respectively. The data was recorded using Xcalibur 3.0.63 
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software package (Thermo Fisher Scientific). Mass calibration was performed for 

both electrospray ionisation polarities before the analysis using the standard Thermo 

Calmix solution. To enhance calibration stability, lock-mass correction was also 

applied to each analytical run using these ubiquitous low-mass contaminants. For 

parallel reaction monitoring acquisition the collision energy was set individually 

according to mzCloud breakdown curves in high-energy collisional dissociation 

mode and the resolution was set to 17,500. Qualitative and quantitative analysis was 

performed using Thermo Scientific Xcalibur Qual Browser and Tracefinder 4.0 

software according to the manufacturer’s manual.  

 

2.15  Mitochondrial Respiration 

Mitochondrial respiration was assayed in HeLa and A549 cells on 24-well 

microplates, using an XF24 Extracellular Flux Analyser (SeahorseTM Bioscience) 

after 24 hours of amino acid starvation (48 hours after seeding). The Seahorse 

Instrument measures changes in oxygen consumption per unit time. Cells were 

plated at 1.5x104 or 2.8x104 cells/well, and cultured with and without amino acids, 

respectively. The basal oxygen consumption was measured, and each well was 

sequentially injected with: 1μM oligomycin to inhibit ATP synthase (Complex V) to 

measure ATP-coupled oxygen consumption, 0.5μM carbonylcyanide-4-

trifluoromethoxyphenylhydrazone (FCCP) to uncouple the respiratory chain and 

measure maximal respiratory capacity, followed by 1μM rotenone to inhibit complex 

I to measure non-mitochondrial oxygen consumption. The oxygen consumption rate 

(OCR) was assessed in three independent experiments per cell line, with five 

replicates per experiment. Samples were normalised to cell number. Non-

mitochondrial oxygen consumption (rotenone-insensitive) was subtracted from the 

basal reading to give the basal rate of mitochondrial oxygen consumption. 

  

2.16 Mitochondrial Membrane Potential 

Cells were seeded on live imaging chambers (Thermo Scientific) (30x103 cells/well 

and 60x103 cells/well for HG±AA, respectively) in three independent experiments. 
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After 24h, medium was changed to HG±AA, and cells incubated for a further 24h. 

Following amino acid starvation, cells were washed with modified Krebs-Ringer 

buffer (KRB, containing 125mM NaCl, 5mM KCl, 1mM Na3PO4, 1mM MgSO4, 1g/L 

glucose, 20mM HEPES, 1mM CaCl2 pH7.4). Cells were incubated with 100nM 

mitotracker green (Life Technologies) in KRB for 25 minutes at 37oC, and washed 3 

times in KRB to stain the mitochondrial network. Once mitotracker green has entered 

the mitochondria, it is cleaved and remains in the organelle. Cells were then 

incubated with 20nM tetramethylrhodamine methylester (TMRM) and allowed to 

equilibrate for 30 minutes at 37oC. TMRM is a lipophilic cation, and accumulates in 

the negatively charged mitochondrial matrix. TMRM forms a dynamic equilibrium 

which is dependent upon the membrane potential across the IMM. Cells were imaged 

on a Leica SP5 inverted confocal microscope with a x40 oil immersion objective lens 

(N.A. 1.8) at 37oC. Laser power was kept at 4% to avoid bleaching of the signal. 10 

representative fields of view were acquired per condition. FCCP was added to cells 

cultured with amino acids as a negative control to ensure response of TMRM to 

changes in membrane potential (data not shown). TMRM intensity was analysed 

using Fiji. The mitotracker green was thresholded to include only mitochondrial signal, 

and this mask applied to the TMRM image to exclude non-mitochondrial TMRM 

signal when measuring mean TMRM intensity per pixel. 10 representative fields of 

view were analysed per condition. 

 

2.17 H2S Production Capacity 

All H2S production capacity measurements were undertaken by Daniela 

Mastronicola and Aleck Jones, University College London. Briefly, 8 x 100mm dishes 

of confluent fibroblasts were washed once with PBS and centrifuged at 500g for 5 

minutes. The PBS was removed, and the pellet resuspended in 0.5mL lysis buffer 

(50mM Tris-HCl, pH 8.0, 150mM NaCl, 1% NP40, 1% Triton, 0.1% DDM) and kept 

for 1 hour on ice. Lysates were then centrifuged at 20,000g for 5 minutes and the 

supernatant split equally into two Eppendorf tubes. To one tube, 1mM 

aminooxyacetic acid (AOAA, an inhibitor of CBS and CSE) was added. Samples 

were incubated for 30 minutes on ice. During this time, the sample protein 

concentration was determined by DC Protein Assay (BioRad). In a black-sided, 
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transparent bottomed 96-well plate, assay buffer (0.5mM homocysteine, 10mM 

cysteine, 50M pyridoxal phosphate, 1mM S-adenosyl methionine, 10M 7-azido 4-

methylcoumarin) was added to each well. Blank samples with and without AOAA 

were used to adjust for differences in absorbance by 7-azido 4-methylcoumarin. For 

each condition, 1mM lysate pre-incubated with or without 1mM AOAA was added to 

the assay buffer. All wells were topped up to a final volume of 250L with 100mM 

Tris-HCl, pH 8.0, and the plate incubated for 2 hours at 37oC. The absorbance was 

then read using 365nm excitation, and 450nm emission. Readings were subtracted 

for background absorbance from blank wells (with or without AOAA, correspondingly), 

and the absorbance from the sample with AOAA subtracted from the absorbance 

without AOAA treatment for each condition to determine AOAA-specific changes in 

absorbance. 

 

2.18 Quantification and Statistical Analysis 

Analysis of immunoblots and de novo mitochondrial protein synthesis was performed 

using Fiji. For immunoblots, the pixel intensity of the band was measured, and all 

values were normalised to a housekeeping gene (GAPDH or Vinculin). The values 

were expressed as a ratio of the (mean of) control(s). Plot profiles of de novo 

mitochondrial protein synthesis were first smoothed twice to remove background 

noise, and the plot profile of the mitochondrial bands created, and subtracted for 

background variances.  

Data were expressed as mean values of independent experiments, with error bars 

showing the standard error of the mean (SEM). Probability was determined using a 

two-tailed, unpaired Student’s t-test using Welch’s correction between pairs, or a 

two-way ANOVA where more than two samples were compared at once, as indicated 

in the figures. 
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Chapter 3. Amino Acid Withdrawal Decreases 

Mitochondrial Function in Cancer Cells 

Mitochondria play a crucial role within the cell for both ATP production, and as a 

biosynthetic hub. During various stages of development, and in adult life during 

prolonged fasting or tumour growth, cells can undergo periods of starvation. The role 

of mitochondria during glucose restriction has been well studied (J. Li et al., 2017; 

Liesa & Shirihai, 2013; Muñoz-Pinedo, El Mjiyad, & Ricci, 2012); however, the 

response of the mitochondria, which are involved in the catabolism and synthesis of 

many different amino acids, when amino acids become limiting has not been fully 

investigated. Currently, the organelle is known to undergo fusion in response to 

nutrient withdrawal, a phenomenon that is proposed to offer protection from 

autophagy (Gomes et al., 2011b; Rambold, Kostelecky, Elia, & Lippincott-Schwartz, 

2011), but only one study has assessed changes in mitochondrial function. Here, the 

authors showed that amino acid-deprived HEK cells up-regulate their mitochondrial 

function via increased membrane potential, maximal respiratory capacity and 

mitochondrial translation (Johnson et al., 2014). These changes were accompanied 

by TORC1 repression, suggesting reduced cytosolic translation, in contrast to the 

increased mitochondrial protein synthesis. However, it was not known whether this 

was a general effect of amino acid deprivation or a unique feature of HEK cells. 

Many cancer cells undergo changes in amino acid metabolism to support rapid 

proliferation, including increases in glutaminolysis, serine biosynthesis, and 

methionine metabolism (Ahn & Metallo, 2015; D. E. Bauer et al., 2005; Berg, 

Tymoczko, Stryer, et al., 2002; DeBerardinis et al., 2007; Gaglio et al., 2011; 

Locasale et al., 2011; Parlo & Coleman, 1984, 1986; Son et al., 2013; Tedeschi et 

al., 2013; Vazquez, Markert, Oltvai, Lenormand, & Oliver, 2011), and therefore their 

response to amino acid withdrawal may be altered. Thus, mitochondrial function and 

amino acid-responsive signalling pathways in two cancer-derived cell lines from 

different epithelial origins, HeLa (cervical carcinoma), and A549 (adenocarcinoma) 

were assessed during amino acid starvation to determine whether the mitochondrial 

response of these cells to amino acid starvation was similar to HEK cells, and, where 

differences occurred, whether these could be segregated into phenotypes relating to 

changes in mitochondrial function. 
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3.1 Amino Acid Starvation Decreases Mitochondrial Function 

in Cancer Cells 

To study the response to amino acid withdrawal in HEK cells, the authors performed 

a prolonged 72-hour starvation (Johnson et al., 2014), however, both A549 and HeLa 

cell lines underwent widespread cell death by this time point, as indicated by the 

rounding of cells and decrease in cell confluence (Figure 3.1). In comparison, HEK 

cells maintained cell number and viability, indicating that A549 and HeLa cells are 

more sensitive to amino acid deprivation (Figure 3.1). Therefore, a maximum period 

of 24 hours of amino acid withdrawal was employed throughout this study to ensure 

cell viability during the experimental period. 
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Figure 3.1: Cancer cell lines A549 and HeLa are unable to maintain cell viability 

during prolonged amino acid starvation. 

Amino acids were withdrawn from: A. HEK cells, B. A549 cells, and C. HeLa cells in high 
glucose medium. D. Representative growth curve showing the change in cell confluence 
in HEK, A549 and HeLa cells during amino acid starvation. N=3 independent 
experiments. 
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Whilst HEK cells increased their mitochondrial function after 72 hours of amino acid 

deprivation (Johnson et al., 2014), this phenomenon was not recapitulated in HeLa 

or A549 cells after 24 hours. HeLa cells displayed a 50% decrease in basal oxygen 

consumption rate (OCR) after 24 hours of amino acid starvation, and a similar 

decrease in maximal OCR, compared to a 25% increase in control cells (Figure 3.2A). 

A549 control cells appeared to be functioning at maximal respiratory capacity, as 

addition of FCCP did not increase the OCR, a phenomenon which has previously 

been reported (Módis et al., 2012). In contrast, these cells showed a 90% decrease 

in basal OCR after 24 hours of amino acid starvation, although the maximal 

respiratory capacity was maintained (Figure 3.2C). Proton leak and ATP-coupled 

OCR was reduced after amino acid withdrawal in both cell lines (Figure 3.2A and C), 

likely owing to their reduced basal respiratory rate. However, the percentage ATP-

linked OCR relative to basal OCR remained unchanged for both HeLa and A549 cells 

(Figure 3.2B and D), suggesting the efficiency is unaffected. 

Mitochondrial membrane potential (ΔΨ) was decreased in HeLa cells by 40% after 

24 hours of amino acid starvation, a similar ratio to OCR reduction, suggesting a tight 

coupling between OCR and ΔΨ (Figure 3.3). Contrastingly, A549 cells, despite a 90% 

reduction in OCR, maintained their membrane potential during amino acid starvation 

(Figure 3.3). Possibly this occurs through the reverse function of ATP synthase to 

hydrolyse ATP and pump protons into the IMS to maintain the membrane potential 

for other vital cellular functions (Campanella, Parker, Tan, Hall, & Duchen, 2009). 

The overall mitochondrial function in both A549 and HeLa cells is decreased after 

amino acid starvation, compared to the previously demonstrated increase in HEK 

cells (Johnson et al., 2014). Therefore, there is not a single conserved mitochondrial 

response to amino acid starvation. These observed differences might be due to the 

cell origin, or whether the cells were derived from healthy or cancer tissue. 
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Figure 3.2: Oxygen consumption rate is decreased after 24 hours amino acid 

starvation in both HeLa and A549 cells. 

HeLa and A549 cells were starved of amino acids in high glucose medium for 24 hours 
and the oxygen consumption assessed compared to cells grown with amino acids. A. 
Basal, maximal, and ATP-linked oxygen consumption rate, and proton leak was 
measured in HeLa cells, normalised relative to +AA basal rate. B. Relative ATP-linked 
oxygen consumption, expressed as a ratio of the basal oxygen consumption in HeLa 
cells. C. Basal, maximal, and ATP-linked oxygen consumption rate, and proton leak was 
measured in A549 cells, normalised relative to +AA basal rate. D. Relative ATP-linked 
oxygen consumption, expressed as a ratio of the basal oxygen consumption in A549 
cells. N≥4 independent experiments. Significance calculated using an unpaired t-test 
with Welch’s correction. Not significant (ns), * P<0.05, ** P<0.01, *** P<0.001. 
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Figure 3.3: Membrane potential is decreased in HeLa cells, but not A549 cells after 

24 hours of amino acid starvation 

HeLa or A549 cells were cultured in the presence or absence of amino acids for 24 
hours, and mitochondrial membrane potential assessed by incorporation of TMRM: A. 
Representative images of TMRM fluorescence, and mitotracker green to identify 
mitochondria in HeLa and A549 cells. FCCP was added as a positive control that TMRM 
fluorescence was in response to mitochondrial membrane potential. B. Quantification of 
images in A. Not significant (ns). ** P<0.01, calculated by an unpaired T-test with Welch’s 
correction of n≥3 independent experiments. 
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The increased mitochondrial function in HEK cells during amino acid starvation was 

linked with elevated de novo synthesis of mitochondrially-encoded subunits; 

therefore mitochondrial protein synthesis (MPS) was assessed in A549 and HeLa 

cells after 24 hours of starvation through incorporation of radiolabelled 35S-

methionine into newly translated mitochondrial-encoded proteins. The rate of MPS 

in HEK cells was significantly increased over two-fold for all mitochondrial-encoded 

proteins except for subunits ND5, COX I/ND4 and ND6 (Figure 3.4), in a similar 

pattern previously observed after 72 hours of amino acid starvation (Johnson et al., 

2014).  

HeLa and A549 cells cultured without amino acids both showed specific translational 

increases in de novo synthesis of OXPHOS subunits ND2, COX III/II, ND3 and ND4L, 

with HeLa containing additional increases in translation of subunits ND5, COX I/ND4 

and ND1. Decreases in translation of Cytb and ATP8 were observed in both cell lines, 

as well as decreases in de novo synthesis of ATP6 and ND6 specific to A549 cells 

(Figure 3.4). Although the extent of these changes varied between A549 and HeLa 

cells, the pattern of translational changes during amino acid starvation was similar 

(Figure 3.4B), suggesting a conserved MPS response by these cell lines.  

To determine whether these specific changes in translation in A549 and HeLa were 

a response to a difference in nutrient availability, or specifically withdrawal of amino 

acids, cells were cultured for 24 hours in 5mM glucose (LG) or 5mM galactose (Gal), 

and compared to the 25mM glucose (HG) used for previous experiments, with or 

without amino acids. In both cell lines, no change in translation was observed when 

glucose was reduced to 5mM; however, when grown with 5mM galactose, an 

increase in de novo synthesis of COX I/ND4, COX III/II and ND4L were observed in 

A549 cells, and COX III/II in HeLa cells, as well as a small decrease in translation of 

ATP8 in A549 cells (Figure 3.5A-B). This suggests that translation of complex IV 

subunits is increased when the sugar source alone becomes limiting to the cell. 

Regardless of glucose availability, both A549 and HeLa cells showed conserved 

translational increases in ND2 and COX III/II when cultured without amino acids, and 

decreases in Cytb, ATP6 and ATP8 (Figure 3.5A and C). Thus, translation of 

complex III and V mitochondrial-encoded subunits is down-regulated by withdrawal 

of amino acids but show little variability when the carbon source is altered, whereas 

de novo synthesis of COX III/II and certain complex I subunits are more broadly 

responsive to nutrient availability.  
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Figure 3.4: Amino acid starvation causes specific changes in mitochondrial 

translation in A549 and HeLa cells. 

HEK, A549 and HeLa cells were subjected to 24 hours of amino acid starvation, followed 
by assessment of mitochondrial translation. A. Representative autoradiogram of de novo 
synthesis of mitochondrial-encoded proteins as measured through 35S-methionine 
incorporation. B. Quantification of expression of mitochondrial-encoded proteins in HEK, 
A549 and HeLa cells in -AA, relative to de novo synthesis of each protein for +AA (dotted 
line). * P<0.05, ** P<0.005, *** P<0.001, **** P<0.0001, calculated by an unpaired t-test 
with Welch’s correction. N≥3 independent experiments. Error bars represent ±SEM. 
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Figure 3.5: Amino acid starvation, but not glucose limitation, represses translation 

of Cyt b and ATP6/8 in cancer cells. 

Cells were treated for 24 hours with or without amino acids, with high glucose (HG, 
25mM), low glucose (LG, 5mM) or galactose (Gal, 5mM), and de novo mitochondrial 
translation was assessed in A. A549 cells, and B. HeLa cells. Quantification of de novo 
mitochondrial translation from autoradiograms for LG and Gal with amino acids relative 
to HG for: C. A549 cells, and D. HeLa cells, and for cells cultured for 24 hours without 
amino acids in HG, LG, or Gal in E. A549 cells, and F. HeLa cells, with expression shown 
relative to HG+AA. * P<0.05, ** P<0.005, *** P<0.001, **** P<0.0001, of n=3 independent 
experiments, calculated by a one-way ANOVA. Error bars represent ±SEM. 
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Further investigation into the kinetics of these changes in translation revealed little 

alteration in the MPS pattern after 6 hours of amino acid starvation in any cell line, 

suggesting that the differences in translation occur during the latter stages of amino 

acid starvation (Figure 3.6A).  

The regulation of mitochondrial protein production could occur due to changes in 

mRNA abundance; therefore, mitochondrial transcript levels were next investigated 

by RT-PCR in HEK and HeLa cells after 2, 6 or 24 hours of amino acid starvation. In 

HEK cells, no significant changes were found in the abundance of any transcripts 

investigated, excepting ND1, which showed a 2-fold increase (Figure 3.6B). This is 

contrary to the increase observed in all mitochondrial transcripts checked at 72 hours 

(Johnson et al., 2014), suggesting that changes in translation precede alterations in 

transcript levels. All mitochondrial transcripts in HeLa cells were significantly 

decreased by 24 hours, with some COX III mRNA already decreased by 6 hours  

(Figure 3.6B). Whilst the decrease in mRNA levels correlated with reduced 

translation of some mitochondrial proteins in HeLa cells, de novo synthesis of COX 

III was stimulated by amino acid starvation, despite the lower transcript level. Thus, 

during amino acid starvation, mitochondrial transcription and translation can be 

uncoupled. 
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Figure 3.6: Changes in mitochondrial translation do not correlate with the 

transcript levels. 

A. Total amino acid starvation was performed for 6 hours in HEK, A549, or HeLa cells to 
determine changes in mitochondrial translation by 35S-methionine incorporation into de 
novo mitochondrial proteins, representative autoradiogram of n=2 independent 
experiments. B. Mitochondrial transcript levels were assessed in HEK and HeLa cells by 
qPCR after 2, 6 or 24 hours of amino acid deprivation. * P<0.05, *** P<0.001, 
****P<0.0001, calculated by an unpaired t-test with Welch’s correction for each time 
point; Error bars represent ±SEM of n=3 independent experiments. 
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To determine whether translation might be altered by the availability of tRNAs, 

mitochondrial tRNA abundance was assessed by northern blot after 24 hours of 

amino acid starvation. These results revealed a trend towards increased 

mitochondrial tRNA levels in both cell lines (Figure 3.7), although this requires 

repetition for confirmation. If verified, higher tRNA levels might explain the increase 

in translation in HEK cells, but would not account for the specific increases and 

decreases observed in HeLa cells. 

 

 

Figure 3.7: Mitochondrial tRNA levels increase during amino acid starvation in 

HEK and HeLa cells. 

HEK and HeLa cells were subjected to 24 hours of amino acid deprivation, and 
mitochondrial tRNA abundance assessed. A. Northern blot analysis of mitochondrial 
tRNA abundance in HEK and HeLa cells. B. Quantification of mitochondrial tRNA 
abundance. Amino acids (AA). Error bars represent ±SEM of n=3 for tRNA LeuUUR, n=2 
for tRNA Val, n=1 for tRNA Phe. 
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Whilst many different changes occur in mitochondrial transcription and translation 

during amino acid starvation, the abundance of OXPHOS subunits and their 

assembly into the ETC holoenzymes determines mitochondrial function; therefore, 

the steady state level of individual OXPHOS subunits and the assembled complexes 

were investigated. 

All cell lines displayed a reduction of nuclear-encoded complex I subunits (NDUFA9 

and NDUFB8) in response to amino acid withdrawal (Figure 3.8), whilst the 

expression of complex II subunit SDHB and complex V subunit ATP5A remained 

unaffected. Complex III subunit CORE I was decreased in HEK cells but not A549 or 

HeLa cells, and CORE II expression was not altered in any cell line. 

An increase in the translation of mitochondrial complex IV subunits COX I and II 

resulted in an increased steady state level in A549 and HeLa cells (Figure 3.8). 

These subunits were decreased in HEK cells, however, despite an increase in their 

translation, implying that there must be increased turnover of COX I/II. Nuclear-

encoded complex IV subunit COX IV was down-regulated in all cell lines to a varying 

extent, but only HEK cells displayed decreased COX Vb. Together, these results 

suggest that the nuclear components of complexes I and IV are most affected by 

amino acid starvation. The difference in expression of nuclear and mitochondrial-

encoded subunits for complex IV in HeLa and A549 cells indicates that there is 

discordance between cytosolic and mitochondrial regulation of OXPHOS 

components during amino acid starvation. Thus, to understand how amino acid 

withdrawal impacts the holoenzyme given the changes in expression of individual 

subunits, blue native gel electrophoresis (BNE) was performed on mitochondrial-

enriched samples from HEK and HeLa cells after 24 hours of amino acid starvation 

(Figure 3.9). 
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Figure 3.8: Alterations in OXPHOS expression differs between cell lines in 

response to amino acid starvation. 

HEK, A549 and HeLa cells were starved of amino acids for 24 hours, and expression of 
OXPHOS complex subunits assessed by western blot. A. Representative immunoblots 
of OXPHOS complex subunits. B. Quantification of blots of the type shown in A, 
expressed as a ratio of +AA for each cell line. Green bars indicate mitochondrially-
encoded subunits. Amino acids (AA), not significant (ns). * P<0.05, **P<0.01, *** 
P<0.001, **** P<0.0001, calculated by an unpaired t-test using Welch’s correction. Error 
bars represent ±SEM of n≥3 independent experiments. 
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Complex I holoenzyme (n=2) was not observed in all repeats of this experiment in 

either HEK or HeLa cells, and gave a faint signal when detectable, indicating that 

most of this complex resides in supercomplexes. No significant changes were 

observed in HEK or HeLa cells for total complex I expression (Figure 3.9A and C), 

or a change in holoenzyme/supercomplex ratio (Figure 3.10). Similarly, complex II 

abundance was unaffected, and HeLa cells, which expressed only 30% of complex 

II compared to HEK cells, maintained this low level during amino acid starvation 

(Figure 3.9A and C).  

Total complex III expression was increased when amino acids were withdrawn in 

both cell lines, which was attributable to an increase in I+III2/I+III2+IV supercomplex 

formation, whereas with HeLa cells, the incorporation of the holoenzyme into III2+IV 

or I+III2/I+III2+IV supercomplexes was variable (Figure 3.10), with no single 

supercomplex formation responsible for the increase in total complex III expression.  

Complex IV expression was unchanged in HEK cells after amino acid starvation, but 

HeLa cells – which had low complex IV expression compared to HEK cells – 

increased total complex IV abundance to match HEK cells (Figure 3.9A and C). No 

single change in complex IV holoenzyme or supercomplex formation was attributable 

to this increase (Figure 3.10). 

Total complex V expression did not change in either cell line during amino acid 

starvation, however, HEK cells produced significantly more subcomplexes, which 

had low expression in cells cultured with amino acids, but did not alter their 

holoenzyme or dimer composition. HeLa control cells, however, showed high 

subcomplex formation, which were not present after amino acid withdrawal. Dimer 

formation was also reduced in amino acid-starved HeLa cells (Figure 3.10). 

Subcomplex formation is linked to either an overproduction of complex V subunits, 

or a deficiency in complex V assembly (Carrozzo et al., 2006); thus, in HEK cells, 

there appears to be a blockage in holoenzyme formation.  
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Figure 3.9: Holoenzyme abundance is increased during amino acid starvation in 

HEK and HeLa cells. 

HEK and HeLa cells were starved of amino acids for 24 hours and OXPHOS complexes 
assessed by BNE: A. Subcomplex, holoenzyme and supercomplex abundance. B. 
VDAC was used as a loading control, as assessed by SDS-PAGE. C. Quantification of 
total OXPHOS complex expression, as a summation of all complexes, relative to HEK 
+AA. Error bars represent ±SEM of n=4 for HEK cells (n=2 complex I holoenzyme and 
complex IV III2+IV, n=2), and for HeLa (except complex I holoenzyme, n=1, 
supercomplex n=2, and complex V dimer, n=2). Amino acids (AA), ◄ supercomplexes 
I+III2/I+III2+IV, ^ III2+IV, * holoenzymes, ~ subcomplexes, # dimer. * P<0.05, **P<0.01 
calculated by an unpaired t-test using Welch’s correction.  
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Figure 3.10: Assembly into OXPHOS supercomplexes is differentially affected by 

amino acid starvation in HEK and HeLa cells. 

HEK and HeLa cells were starved of amino acids for 24 hours, and OXPHOS complexes 
analysed by BNE. Quantification of blots, separated into holoenzymes, subcomplexes, 
dimers and supercomplexes (I+III2, I+III2+IV and III2+IV) accordingly. * P<0.05, **P<0.01 
calculated by an unpaired t-test using Welch’s correction. Error bars represent ±SEM of 
4 independent experiments for HEK, and 3 independent experiments for HeLa (n=2 for 
complex I holoenzyme, and complex V dimer). 
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No change, or decreases, were observed in the steady state of many OXPHOS 

complex subunits by SDS-PAGE for both HEK and HeLa cells (Figure 3.8); these 

alterations were not matched by the holoenzyme abundance. To reconcile this data, 

it is likely that there is a change in the turnover of OXPHOS complexes during amino 

acid starvation, hence leading to an increase in specific holoenzymes. It is possible 

that these maintained complexes become gradually damaged as amino acid 

starvation continues, but they are unable to be replaced; thus, SDS lysis of these 

samples removes these damaged proteins, leading to an apparent reduction in 

steady state, whereas blue native analysis keeps the damaged complexes intact.  

To determine whether mitochondrial proteases were altered when amino acids were 

withdrawn, and could contribute to changes in OXPHOS complex expression, the 

protein expression of two IMM proteases, Yme1L and AFG3L2, and two 

mitochondrial matrix proteases, ClpX and LONP1, were assessed. In HEK and HeLa 

cells, Yme1L was reduced, alongside an increase in LONP1 in both HEK and HeLa 

cells, whereas ClpX was reduced only in HeLa cells. No changes in AFG3L2 levels 

were observed in either cell line, although this assessment does not exclude the 

possibility of these proteases being regulated post-translationally (Figure 3.11). 

Yme1L has previously been shown to target OXPHOS subunits (Stiburek et al., 

2012); therefore, this decrease might account for the maintained or increased 

holoenzyme levels. 
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Figure 3.11: The mitochondrial proteases Yme1L and ClpX are down-regulated by 

amino acid starvation. 

HEK and HeLa cells were starved of amino acids for 24 hours, and the relative 
abundance of certain mitochondrial proteases assessed. A. Representative 
immunoblots showing changes in the relative expression of mitochondrial proteases: 
Yme1L (IMM protease, active site facing IMS), AFG3L2 (IMM protease, active site facing 
matrix), ClpX (matrix protease), LONP1 (matrix protease). B. Quantification of 
mitochondrial protease immunoblots shown as relative to +AA. Not significant (ns). * 
P<0.05, ** P<0.01, **** P<0.0001, calculated by an unpaired t-test with Welch’s 
correction. Error bars represent ±SEM of n≥3 independent experiments. 
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3.2 A549 and HeLa Cells Show Altered Response in Signalling 

Pathways to Amino Acid Withdrawal That Favour Increased 

Cytosolic Protein Synthesis 

The TORC1 and the ISR pathways can be regulated by amino acid availability, 

amongst other cellular stresses. TORC1 is purported to respond directly to amino 

acid levels (Ban et al., 2004; Fox, Pham, et al., 1998; Hara et al., 1998; S. Wang et 

al., 2015), and causes reduced translation through action on two downstream 

targets: dephosphorylation and activation of the inhibitor of translation initiation factor 

4E, 4E-BP1, and dephosphorylation and inhibition of ribosomal kinase, S6K (Brunn 

et al., 1997; De Virgilio & Loewith, 2006; Dumont & Su, 1995; Fadden et al., 1997; 

Hay & Sonenberg, 2004). The ISR comprises four kinases: PERK, which is activated 

by ER stress; PKR, which is activated by viral infection; HRI, which responds to heme 

deprivation, and GCN2, which senses uncharged tRNAs. All of the ISR kinases 

target translation initiation factor eIF2α (Berlanga et al., 1999; Maurin et al., 2005; 

Sood et al., 2000). eIF2α phosphorylation maintains eIF2B in its inactive GDP-bound 

form, inhibiting the initiation of translation (Krishnamoorthy et al., 2001; Schmitt et al., 

2010). Dysregulation of these pathways is known to occur in many cancer cells 

(Grzmil & Hemmings, 2012; He et al., 2011; Hsieh et al., 2010; Janes & Fruman, 

2010; Kusio-Kobialka et al., 2012; O’Reilly et al., 2009; K. Yu et al., 2009), promoting 

proliferation even when nutrient conditions aren’t optimal. Changes in the response 

of these pathways might explain the reduced viability of A549 and HeLa cells to 

amino acid starvation; thus, the activities of these pathways were assessed in A549 

and HeLa cells, compared to HEK cells. 

Amino acid withdrawal for 24 hours repressed the phosphorylation of 4E-BP1 to 

almost undetectable levels in HEK and HeLa cells, as expected, but was partially 

maintained in A549 cells (Figure 3.12). There was no significant change in eIF2α 

phosphorylation in HEK cells, suggesting that the ISR is not activated at 24 hours of 

amino acid deprivation. A549 and HeLa cells, however, showed a small reduction of 

eIF2α phosphorylation, implying that cytosolic translation is maintained or promoted 

via the ISR, despite a lack of exogenous amino acids (Figure 3.12). 
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Figure 3.12: TORC1 and eIF2α are differentially regulated in cultured cells in 

response to amino acid starvation. 

HEK, A549 and HeLa cells were subjected to 24 hours of amino acid starvation. A. 
Representative immunoblots of TORC1 inhibition and ISR activation after 24h total 
amino acid starvation, as measured by phosphorylation relative to total protein 
abundance of 4E-BP1 and eIF2α, respectively. B. Quantification of blots in A, expressed 
relative to +AA for each cell line. Amino acids (AA), not significant (ns). ** P<0.01, **** 
P<0.0001 calculated by an unpaired t-test with Welch’s correction. Error bars represent 
±SEM of n≥3 for all experiments. 

 

 

To retain repression of the ISR during amino acid starvation, a pool of charged tRNAs 

must be maintained. One way this could occur is through TORC1 repression, which 

up-regulates autophagy, and thus increases the intracellular levels of free amino 

acids derived from protein degradation. To understand how these pathways respond 

to amino acid starvation over time, and whether the response varied between cell 

lines, the phosphorylation state of 4E-BP1 and eIF2α was assessed during a time 

course of amino acid starvation. 
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Withdrawal of all amino acid from the growth media caused rapid 4E-BP1 

dephosphorylation in both HEK and HeLa cells, which was retained up to 24 hours, 

suggesting a conserved and continuous TORC1 inhibition (Figure 3.13). A549 cells 

did not exhibit this swift 4E-BP1 dephosphorylation; rather, partial TORC1 inhibition 

was only evident during the latter stages of amino acid starvation (Figure 3.14). The 

effect of amino acid starvation upon eIF2α phosphorylation differed between cell 

lines: HEK cells showed no significant changes in phosphorylation, whereas HeLa 

cells displayed a biphasic response with eIF2α phosphorylation increased by 50% 

during the early stages (1-6 hours) of amino acid starvation, but maintained at the 

later time points (16-24 hours). A549 cells deprived of amino acids exhibited milder 

changes, but with a similar time-dependent pattern of eIF2α phosphorylation to HeLa 

cells (Figure 3.14).  
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Figure 3.13: Independent regulation of TORC1 and eIF2α occurs in response to 

amino acid starvation in HEK and HeLa cells. 

HEK and HeLa cells were subjected to total amino acid withdrawal for 0, 1, 2, 4, 6, 16 or 
24 hours. A. Representative immunoblots of TORC1 inhibition and ISR activation during 
a time course of amino acid starvation, as measured by 4E-BP1 and eIF2α 
phosphorylation, respectively. B. Quantification of blots in A, expressed as 
phosphorylated/total protein levels, and relative to 0 hours. Amino acids (AA). * P<0.05, 
** P<0.01, *** P<0.001, calculated by an unpaired t-test with Welch’s correction for each 
time point.  Error bars represent ±SEM of n=4 independent experiments.  
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Figure 3.14: TORC1 inhibition only occurs in the later stages of amino acid 

starvation in A549 cells. 

HEK and HeLa cells were subjected to total amino acid withdrawal for 0, 1, 2, 4, 6, 16 or 
24 hours. A. Representative immunoblots of TORC1 inhibition and ISR activation during 
a time course of amino acid starvation, as measured by 4E-BP1 and eIF2α 
phosphorylation, respectively. B. Quantification of blots in A, expressed as 
phosphorylated/total protein levels, and relative to 0 hours. Amino acids (AA). * P<0.05, 
** P<0.01, *** P<0.001, calculated by an unpaired t-test with Welch’s correction for each 
time point.  Error bars represent ±SEM of n=4 independent experiments.  
 

 

To assess whether cytosolic protein synthesis was differentially regulated, and could 

thus account for the difference in ISR response, radiolabelling was performed after 

2 hours of amino acid withdrawal in HEK and HeLa cells. At this time point, TORC1 

is inhibited in both of these cell lines, but eIF2α is differentially regulated. 

HeLa cells displayed a translation rate almost double that of HEK cells in complete 

growth media (Figure 3.15A-B), but de novo protein synthesis was decreased by 

40% within 2 hours of amino acid withdrawal (Figure 3.15A-B); thus, HeLa cells are 

unable to maintain high levels of translation without a supply of exogenous amino 

acids. Conversely, the rate of translation was maintained in HEK cells after 
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withdrawal of amino acids for 2 hours (Figure 3.15A-B). Alterations in protein 

synthesis are concordant with the changes seen in eIF2α phosphorylation HEK and 

HeLa (Figure 3.13); however, it does not appear that TORC1 inhibition impacts the 

overall translation rate at this time point.  

To understand how cytosolic translation is regulated over time during amino acid 

starvation, a time course was performed assessing the protein synthesis rate at 2, 6 

or 24 hours after amino acid withdrawal in HEK and HeLa cells. Both cell lines 

maintained a similar rate of translation at all time points in control samples. After 2 

or 6 hours of amino acid withdrawal, HEK cells did not have an impaired translation 

rate, and even increased their capacity for translation after 24 hours (Figure 3.15C-

D). Contrastingly, HeLa cells were unable to maintain the high level of translation 

during the early hours of amino acid starvation, and showed a 50% reduction after 6 

hours. These cancer cells were, however, able to increase their translation rate again 

to levels comparable to control cells after 24 hours (Figure 3.15C-D). The changes 

in translation rates are strikingly similar to the phosphorylation pattern of eIF2α during 

amino acid starvation (Figure 3.13), suggesting that eIF2α is a main regulator of 

translation in these conditions, or that combined TORC1 and eIF2α inhibition is 

necessary to reduce the translation rate. It should be noted, however, that the 

changes observed in eIF2α phosphorylation are quite mild, therefore, it may be that 

another pathway not investigated in this thesis also contributes to controlling 

translation rate during amino acid starvation. 

TORC1 inhibition occurs within the first hour after amino acid withdrawal in HEK and 

HeLa cells, but appears to have little impact on the global translation rate alone, and 

thus is likely to regulate changes in translation of specific proteins. It is possible that 

TORC1 inhibition increases autophagy, which could in turn lead to a re-charging of 

tRNAs in HeLa cells, that then re-stimulates translation. 
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Figure 3.15: Cytosolic protein synthesis is maintained in HEK cells, but is 

compromised in HeLa cells during the early starvation period. 

HEK and HeLa cells were cultured in medium with or without amino acids for 2, 6 or 24 
hours, and translation capacity assessed. A. Representative autoradiogram of 35S-
methionine labelled proteins after 2 hours of amino acid starvation comparing the 
translation rate of HEK and HeLa cells. B. Quantification of 35S-methionine incorporation 
into total protein synthesis, shown as radiolabelling intensity compared to HEK HG+AA. 
C. Autoradiogram showing translation rate at 2, 6 or 24 hours in HEK and HeLa cells 
during amino acid starvation. D. Quantification of protein synthesis rate in C, expressed 
relative to 2 hours +AA. Amino acids (AA), untreated (UT). * P<0.05, ** P<0.01, 
calculated by an unpaired t-test with Welch’s correct, between time-matched samples. 
Error bars represent ±SEM of n=3 independent experiments.  
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3.3 Starvation of Selected Amino Acids Partially Recapitulates 

the Mitochondrial Translation Phenotype 

Increased reliance on the uptake and metabolism of certain amino acids is an 

established feature of many cancer cells (Ahn & Metallo, 2015; D. E. Bauer et al., 

2005; Berg, Tymoczko, Stryer, et al., 2002; DeBerardinis et al., 2007; Gaglio et al., 

2011; Locasale et al., 2011; Nicklin et al., 2009; Parlo & Coleman, 1984, 1986; Pollari 

et al., 2011; Possemato et al., 2011; Son et al., 2013). Therefore, particular amino 

acids may be more important for cell function in cancer cells, and the mitochondrial 

effect of withdrawal of specific selected amino acids was determined in HEK and 

HeLa cells. 

Mitochondria are involved in the metabolism of many different amino acids, some of 

which are also necessary for mitochondrial function other than protein synthesis. This 

includes amino acids involved in maintaining the level of TCA cycle intermediates, 

such as glutamine (Mullen et al., 2012), as well as the response to mitochondrial 

ROS through cysteine-containing glutathione (Belalcázar et al., 2014), or methylation 

reactions through methyl donation from the methionine cycle (Chiang et al., 1996). 

The effect of glutamine (Q) or cysteine/methionine (sulphur-containing amino acids, 

SAAs) withdrawal upon mitochondrial function and amino acid-sensing pathways in 

HEK and HeLa cells was therefore assessed. 

Firstly, as mitochondrial translation was significantly altered during total amino acid 

starvation, the phenotype was assessed 24 hours after withdrawal of specific amino 

acids. Glutamine withdrawal induced a mild increase in translation of mitochondrial 

complex IV subunits in HEK cells, and appeared to cause an increase in other 

subunits, although the extent of this was variable, and would therefore require 

repetition to determine whether these increases were significant. Contrastingly, SAA 

starvation reduced translation of ND5 and ND6, but increased translation of ND3 in 

HEK cells, but did not show many of the changes observed during total amino acid 

starvation (Figure 3.16). In HeLa cells glutamine deprivation produced similar effects 

to complete amino acid withdrawal, with an increase in translation of ND2, ND6 and 

complex IV subunits, and a comparable decrease in Cytb . No changes in translation 

was observed in HeLa cells deprived of SAA, suggesting that the availability of these 

amino acids do not induce changes in mitochondrial translation. 
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Figure 3.16: Glutamine restriction recapitulates key features of the MPS phenotype 

of total amino acid starvation. 

HEK and HeLa cells were starved for 24 hours of: amino acids (AA), glutamine (Q), or 
sulphur-containing amino acids (SAA). A. Representative autoradiogram of de novo 
mitochondrial protein synthesis measured by 35S-methionine incorporation. B. 
Quantification of in is shown of n=2 experiments for HEK cells, n=3 experiments for HeLa 
cells. * P<0.05, ** P<0.01, calculated by an unpaired t-test with Welch’s correct, between 
each subunit for each condition, compared to +AA. Error bars represent ±SEM of n=3 
independent experiments. Amino acids (AA). 
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To determine whether withdrawal of glutamine or SAAs affected the steady state of 

OXPHOS complex subunits, HEK and HeLa cells starved of amino acids were 

assessed by immunoblotting. Glutamine withdrawal did not affect OXPHOS subunit 

expression in HEK cells, but recapitulated some of the changes to the OXPHOS 

subunit steady state level induced by total amino acid starvation in HeLa cells: 

reduced expression of NDUFA9 and COX IV, and increased expression of 

mitochondrial-encoded COX II (Figure 3.17), which matched the increase in 

translation. This implies that glutamine withdrawal has a greater impact on OXPHOS 

steady state in HeLa cells than HEK cells, suggesting that HeLa cells rely on 

glutamine more. 

SAA withdrawal caused a reduction in all nuclear-encoded OXPHOS subunits 

investigated in HEK cells, except for ATP5A, but did not impact mitochondrial-

encoded complex IV expression. In HeLa cells, a reduction of all subunits except for 

COX II and ATP5A was observed (Figure 3.17). The decrease in the steady state 

level of OXPHOS components is more severe in both cell lines with SAA withdrawal 

than with total amino acid starvation. Thus, despite SAAs also not being present 

during total amino acid starvation, and withdrawal of SAAs not impacting 

mitochondrial translation rate as dramatically as total amino acid withdrawal, 

deprivation of these amino acids alone had a greater negative impact upon OXPHOS 

expression. 
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Figure 3.17: Glutamine withdrawal affects OXPHOS expression in HeLa cells, but 

not HEK cells. 

HEK and HeLa cells were subjected to glutamine or sulphur amino acid withdrawal for 
24 hours. A. Representative immunoblots of OXPHOS subunits during glutamine or 
sulphur amino acid starvation. B. Quantification of immunoblots, shown as change in 
expression relative to +AA (dotted line). Green bars/writing indicate mitochondrial-
encoded OXPHOS subunits. Glutamine (Q), sulphur amino acids (SAA); * P<0.05, ** 
P<0.01, *** P<0.001, calculated by an unpaired t-test with Welch’s correction. Error bars 
represent ±SEM of n=3 independent experiments. 
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To understand whether mitochondrial changes in glutamine and SAA withdrawal 

were concurrent with changes in the activity of the amino acid-responsive pathways, 

a time course was performed to monitor the phosphorylation of 4E-BP1, the target 

of TORC1, and eIF2α, the target of the ISR. 

Both HEK and HeLa cells previously showed rapid and constant TORC1 inhibition 

with total amino acid deprivation (Figure 3.13) In contrast to withdrawal of all 

exogenous amino acids, HEK cells showed a trend towards reduced 4E-BP1 

phosphorylation during glutamine and SAA starvation only after 6 hours (Figure 3.18 

and Figure 3.19), which was maintained at around 50%, and no change in eIF2α 

phosphorylation. No reduction in 4E-BP1 phosphorylation, nor an increase in eIF2α 

phosphorylation, was observed in either glutamine or SAA withdrawal in HeLa cells 

(Figure 3.18 and Figure 3.19), unlike in total amino acid starvation (Figure 3.13). 

Thus, TORC1 and ISR activity is not rapidly altered upon withdrawal of glutamine or 

SAAs. 
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Figure 3.18: TORC1 and ISR activity not rapidly altered with glutamine withdrawal. 

HEK and HeLa cells were subjected to glutamine withdrawal for 0, 1, 2, 4, 6, 16 or 24 
hours, and TORC1 and eIF2α activity assessed by the phosphorylation of downstream 
targets, 4E-BP1 and eIF2α, respectively. A. Representative immunoblots of TORC1 
inhibition and ISR activation during glutamine starvation, as measured by 4E-BP1 and 
eIF2α phosphorylation, respectively. B. Quantification of immunoblots, expressed as 
phosphorylation/total protein level, and shown as change in expression relative to 0h. 
Glutamine (Q); * P<0.05, ** P<0.01, calculated by an unpaired T-test with Welch’s 
correction for each time point.  Error bars represent ±SEM of n=3 independent 
experiments. 
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Figure 3.19: TORC1 and the ISR are not rapidly altered to sulphur amino acid 

withdrawal. 

HEK and HeLa cells were subjected to SAA withdrawal for 0, 1, 2, 4, 6, 16 or 24 hours, 
and TORC1 and eIF2α activity assessed by the phosphorylation of downstream targets, 
4E-BP1 and eIF2α, respectively. A. Representative immunoblots of TORC1 inhibition 
and ISR activation during sulphur amino acid starvation, as measured by 4E-BP1 and 
eIF2α phosphorylation, respectively. B. Quantification of immunoblots, expressed as 
phosphorylation/total protein level, and shown as change in expression relative to 0h. 
Sulphur amino acids (SAA); * P<0.05, ** P<0.01, calculated by an unpaired T-test with 
Welch’s correction for each time point. Error bars represent ±SEM of n=3 independent 
experiments. 
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3.4 Pharmacological Inhibition of TORC1 Partially 

Phenocopies the Changes in Mitochondrial Translation 

During Amino Acid Starvation 

During total amino acid starvation, HEK and HeLa cells displayed a rapid inhibition 

of TORC1, monitored through the phosphorylation state of downstream target, 4E-

BP1 (Figure 3.13). TORC1 activity has previously been demonstrated to affect 

mitochondrial function (Bonawitz et al., 2007; Cunningham et al., 2007; Ramanathan 

& Schreiber, 2009; Schieke et al., 2006; Zid et al., 2009). Withdrawal of glutamine or 

SAA did not rapidly or completely inhibit TORC1, unlike in total amino acid 

deprivation, and did not completely phenocopy the MPS changes observed during 

total amino acid withdrawal (Figure 3.16). Thus, it was unclear whether changes in 

TORC1 activity could impact mitochondrial translation. To determine the potential 

contribution of TORC1 repression upon mitochondrial translation, HEK and HeLa 

cells were incubated with TORC1 inhibitor, Torin1, and mitochondrial translation 

assessed. Torin1 was an efficient inhibitor of TORC1 in both cell lines, and 4E-BP1 

was dephosphorylated within 2 hours of treatment, remaining so up to 24 hours 

(Figure 3.20). 
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Figure 3.20: Torin1 treatment rapidly inhibits TORC1. 

HEK and HeLa cells were treated with 100nM Torin1 for 2, 6 or 24 hours and assessed 
for TORC1 inhibition by immunoblotting of downstream target, 4E-BP1. A. 
Representative immunoblots of total and phosphorylated 4E-BP1. B. Quantification of 
4E-BP1 phosphorylation/total protein level, shown as change relative to 2 hours UT. Not 
significant (ns), untreated (UT). * P<0.05, ** P<0.01, *** P<0.001 determined by an 
unpaired t-test with Welch’s correction for each time point. Error bars represent ±SEM of 
n=4 independent experiments.  
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Assessment of MPS revealed that pharmacological TORC1 inhibition recapitulated 

many of the translational changes observed for total amino acid withdrawal in HEK 

and HeLa cells. In HEK cells, Torin1 treatment increased translation of COX I/ND4, 

ND2 and ND4L, but reduced translation of ATP8. Torin1 treatment caused an 

increase in translation of ND5, COX I/ND4, and COX III/II in HeLa cells, and 

decreased de novo synthesis of ATP6 and ATP8, but caused only partial reduction 

of translation of Cyt b, and no increase in ND2 was observed, unlike with total amino 

acid starvation (Figure 3.21). Increase in translation of COX I, and reduction of 

translation of ATP8 in both cell lines suggests a specific role for TORC1 activity in 

modulating complex IV and V. These results suggest that, despite the differences in 

MPS changes between HEK and HeLa cells in amino acid starvation, 

pharmacological inhibition of TORC1 is able to phenocopy many of these same 

alterations specific to each cell line. This indicates that TORC1 plays a significant 

role in modulating mitochondrial translation. 

Whilst total amino acid withdrawal rapidly inhibited TORC1, global cytosolic 

translation was not inhibited in HEK cells (Figure 3.15). Since many different factors 

are likely to be altered when the cells are incubation without amino acids, I sought to 

determine whether pharmacological TORC1 inhibition impacted cytosolic translation. 

Assessment of translation after 2, 6, or 24 hours of Torin1 treatment revealed no 

appreciable change in the rate of global protein production in either HEK or HeLa 

cells (Figure 3.22). Thus, TORC1 inhibition does not appear to inhibit general 

translation, although it is likely that de novo synthesis of specific proteins may be 

inhibited, given TORC1’s well-known role in regulation of the translation machinery. 
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Figure 3.21: Torin1 inhibition recapitulates key features of the MPS phenotype of 

amino acid starvation in HEK and HeLa cells. 

HEK and HeLa cells were incubated with or without amino acids, or with 100nM Torin1 
for 24 hours. A. Representative autoradiogram of mitochondrial translation, assessed by 
35S-methionine incorporation. B. Quantification of A. * P<0.05, **P<0.01, ***P<0.001, 
calculated by a t-test comparing the autoradiogram signal for each subunit in either -AA 
or Torin1 treatment compared to +AA. Error bars represent ±SEM of n=3 independent 
experiments. Amino acids (AA). 
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Figure 3.22: Torin1 inhibition does not decrease the global rate of translation. 

HEK and HeLa cells were starved of amino acids or treated with 100nM Torin1 for 2, 6 
or 24 hours and the cytosolic translation rate assessed. A. Autoradiogram showing 35S-
methionine incorporation into newly synthesised proteins after amino acid starvation. 
The phosphorylation of TORC1 target, 4E-BP1, was determined by immunoblotting in 
the samples to verify maintained TORC1 inhibition during addition of radiolabelled 
methionine. B. Quantification of autoradiograms, normalised to coomassie staining, and 
shown relative to 2 hours UT. Amino acids (AA), untreated (UT). Error bars represent 
±SEM of n=3 independent experiments. 
 
  



Chapter 3. Results 

107 

 

3.5 Summary 

The aim of this work was to determine whether the previously characterised 

response of HEK cells to amino acid starvation (Johnson et al., 2014) was a 

conserved feature between different cell lines, or was cell-type specific. Here, I have 

shown that the prolonged viability and increased mitochondrial function displayed by 

HEK cells deprived of amino acids is a specific feature of this cell type. Unrelated 

cell lines A549 and HeLa both showed an inability to adapt to prolonged amino acid 

starvation, which correlated with a decrease in mitochondrial function. 

Further investigation into the mitochondrial phenotype during amino acid starvation 

showed strikingly similar alterations in mitochondrial translation between HeLa and 

A549 cells, namely an increase in COX III/II and ND2, and a decrease in Cytb and 

ATP6/8. This contrasted markedly to the overall increase in translation in amino acid-

deprived HEK cells seen at this time point. These changes in translation were shown 

to be a product of withdrawal of exogenous amino acids rather than a more 

generalised nutrient response, as changes to sugar availability did not produce this 

striking pattern.  

Analysis of mitochondrial OXPHOS complexes and assembly revealed an increase 

in complex III abundance in both amino acid-deprived HEK and HeLa cells, and an 

increase in complex IV abundance in HeLa cells. After 24 hours of amino acid 

starvation, a reduced steady state of complex IV proteins was observed in both HEK 

(both nuclear- and mitochondrial-encoded), and HeLa cells (which displayed a 

decrease in nuclear-encoded, but an increase in mitochondrial-encoded complex IV 

proteins), as analysed by SDS-PAGE. These data, alongside the reduced translation 

of core complex III component, Cytb, in HeLa cells, appear to contradict those of the 

native gel. Since the holoenzyme must contain all the subunits, the only mechanism 

by which complex III is able to increase during amino acid starvation would be 

selective maintenance by reduced degradation. This was corroborated by a 

decrease in protease Yme1L, which is known to degrade certain OXPHOS 

components (Stiburek et al., 2012). Reduced turnover of the complexes will 

eventually affect their integrity, however, and thus they are kept intact in native 

conditions, but likely the damaged subunits are not detectable by SDS-PAGE. The 

changes in nuclear-encoded OXPHOS subunits could also be influenced by changes 

in mitochondrial protein import, which was investigated in the following chapter. 
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The amino acid-responsive signalling pathways differed between each cell line 

during amino acid starvation: HEK and HeLa cells showed rapid and continuous 

inactivation of TORC1, but only HeLa cells showed induction of the ISR, and only 

then for the first six hours. The response of A549 cells was different again, with 

TORC1 inhibited only after 16 hours of amino acid deprivation. The inhibition of 

eIF2α, and its subsequent reactivation in A549 cells was milder, but occurred at 

similar time points to HeLa cells. These cell line-specific differences are likely to 

reflect the requirement for free amino acids. One key difference identified between 

HEK and HeLa cells was the cytosolic translation rate, which was 2-fold higher in 

HeLa control cells. Whilst HEK cells maintained a steady translation rate throughout 

amino acid starvation, HeLa cells rapidly decreased translation at the beginning of 

starvation, but this was restored by 24 hours. This suggests that HEK cells can meet 

their amino acid requirement during exogenous amino acid starvation, whereas HeLa 

cells undergo an early crisis, but then subsequently generate sufficient free amino 

acids to restore the translation rate by 24 hours. It is possible this maintenance of a 

high translation rate is detrimental to the HeLa cells in prolonged starvation. 

Starvation of either glutamine or sulphur-containing amino acids revealed different 

effects on mitochondrial translation: glutamine withdrawal increased translation of 

selected subunits in HeLa cells, whereas sulphur amino acid deprivation had no 

effect on translation. Changes in OXPHOS steady state were milder than with total 

amino acid starvation when glutamine was withdrawn, but showed the same pattern 

in altered up-regulation of mitochondrial-encoded complex IV subunits, and down-

regulation of NDUFA9 in HeLa cells. No change in the steady state of any OXPHOS 

subunit was observed in HEK cells deprived of glutamine, however, suggesting that 

HeLa cells are more sensitive to glutamine withdrawal than HEK cells. SAA 

starvation, despite not impacting the translation rate, caused a severe reduction in 

the steady state of many subunits in both HEK and HeLa cells. 

Investigation into the role of TORC1 with inhibitor Torin1 in translation revealed no 

decrease in cytosolic translation in either HEK or HeLa cells up to 24 hours, 

suggesting that TORC1’s role in regulating cytosolic translation is involved with 

regulating translation of specific proteins more than global translation. 

Pharmacological TORC1 inhibition altered mitochondrial translation in a similar 

manner to total amino acid withdrawal in HeLa cells, implicating TORC1 as a 

regulator of mitochondrial protein synthesis. The mitochondrial translation pattern 
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with Torin1 treatment in HEK cells also showed an increase similar to that of amino 

acid withdrawal, although this requires repetition for statistical conclusions. 

Together, these data shed light on the coupling of nutrient availability and changes 

to mitochondrial translation. Withdrawal of glutamine alone, or pharmacological 

TORC1 inhibition, appears to have a greater impact on the translation of specific 

mitochondrial-encoded subunits than withdrawal of sulphur amino acids, suggesting 

that the regulation of mitochondrial translation is beneficial when nutrients are 

imbalanced, but is only activated upon withdrawal of particular nutrients. 
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Chapter 4. Tim17A is a Stress-Responsive Protein 

Rapidly Regulated by Amino Acid Withdrawal 

The vast majority of the mitochondrial proteome is nuclear-encoded, translated on 

cytosolic ribosomes and imported into the mitochondria. The protein import 

machinery plays a critical role for the maintenance of mitochondrial protein 

homeostasis and organelle biogenesis under different stimuli, and the coordination 

of nuclear and mitochondrial protein production is key to meeting the energy 

requirements of the cell. This is a complex process, which is currently best 

understood in yeast and worms.  

Work in yeast has revealed a number of mechanisms employed by the cell to 

regulate mitochondrial protein import, including phosphorylation of TOM components 

by pro-survival kinases CK1/2 to promote import, and PKA to inhibit import (Gerbeth 

et al., 2013; Rao et al., 2012; Oliver Schmidt et al., 2011). In C. elegans, under 

normal conditions, transcription factor ATFS-1 is transported into the mitochondria 

where it is degraded by mitochondrial proteases; a reduction in the capacity of 

mitochondrial protein import, however, causes its translocation to the nucleus via a 

secondary nuclear localisation signal. In the nucleus, ATFS-1 activates transcription 

of UPRmt targets to reduce mitochondrial protein stress (Nargund et al., 2012).  

Accumulation of mitochondrial proteins in the cytosol activates a proteostatic 

response which reduces mitochondrial protein import, and alleviates mitochondrial 

protein import and misfolding stress in yeast (Wrobel et al., 2015). Little is known 

about the role mammalian mitochondrial translocases may play during mitochondrial 

stress; more recently, it has been shown that in HEK cells, arsenite treatment causes 

degradation of TIM23 component Tim17A (Rainbolt et al., 2013), and Tim23 

degradation is involved in caspase-independent cell death (Goemans et al., 2008). 

Thus, the TIM23 components appear to have a role in responding to different cellular 

stresses. Regulation of the mitochondrial import machinery could therefore represent 

a mechanism of modulating mitochondrial function during amino acid starvation. 
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4.1 Tim17A, a Component of the TIM23 Mitochondrial Import 

Complex, is Depleted During Amino Acid Starvation 

The mitochondrial import machinery consists of three main translocases: TOM in the 

outer membrane, and inner membrane translocases TIM22, responsible for import 

of multi-pass membrane proteins, and TIM23, responsible for import of certain 

membrane proteins, and all matrix proteins (Chacinska et al., 2005; Jensen & Dunn, 

2002; Milisav et al., 2001; Mokranjac & Neupert, 2010; Sokol et al., 2014; van der 

Laan et al., 2007). To understand whether nutrient stress could induce changes in 

the expression of mitochondrial translocases, the steady state of subunits of the 

three mitochondrial translocases was assessed by immunoblotting.  

Expression of TOM component Tom20 was not altered after 24 hours of amino acid 

starvation in HEK or A549 cells, but decreased by 20% in HeLa cells. No significant 

changes were observed in the TIM22 component, Tim22, in any cell line (Figure 

4.1A-B). In contrast, TIM23 component Tim17A was almost undetectable in 

response to amino acid withdrawal (Figure 4.1A-B) in all three cell lines. The core of 

the TIM23 complex contains Tim23 bound mutually exclusively to either Tim17 

isoform, A or B. There was a substantial but smaller decrease in the partner of 

Tim17A, Tim23. This was attributable to the continued expression of the Tim17B 

isoform. Considering that there was little or no reduction of most OXPHOS subunits 

during amino acid starvation, this reduction in Tim17A-containing TIM23 complexes 

suggests that reduced import may be compensated for by a decrease in proteolysis. 

This corroborates the decreased expression of certain mitochondrial proteases 

(Figure 3.11), indicating a coordinated response to maintain mitochondrial 

proteostasis during nutrient stress.  

Although Tim17A and Tim17B are highly conserved proteins (76% sequence 

identity) (Figure 4.1C), there are 10 serine and threonine residues present in the A 

isoform, and 3 in Tim17B that are isoform-specific, offering numerous opportunities 

for regulation via ser/thr kinases. 
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Figure 4.1: TIM23 complexes containing Tim17A are depleted during amino acid 

starvation. 

HEK, A549 and HeLa cells were starved of amino acids for 24 hours, and the abundance 
of mitochondrial import subunits assessed. A. Representative immunoblots of subunits 
from mitochondrial import complexes. B. Quantification of abundance of mitochondrial 
import components. C. Sequence alignment of human Tim17A and Tim17B isoforms. 
was performed using Clustal Omega between human Tim17A and Tim17B. Protein 
sequences corresponding to Tim17A (NCBI accession no. NP_006326.1) and Tim17B 
(NCBI accession no. NP_001161419.1) were taken from the NCBI database. Identical 
residues are highlighted in black; similar residues are highlighted in gray using software 
from www.bioinformatics.org. Ser/Thr residues found in Tim17A but not Tim17B are 
shown in red, and in Tim17B but not Tim17A are shown in blue. Amino Acids (AA); * 
P<0.05, ** P<0.01, calculated by an unpaired T-test with Welch’s correction for each time 
point. Error bars represent ±SEM of n≥3 independent experiments. 

http://www.bioinformatics.org/
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Time course assessment of the steady state of the TIM23 subunits revealed a rapid 

depletion of Tim17A, beginning within the first hour after amino acid withdrawal in 

both HEK and HeLa cells. The level of Tim23 dropped within the first 6 hours and 

plateaued at later time points in both cell lines, although the depletion is slower for 

both Tim23 and Tim17A in HEK cells (Figure 4.2). Tim17B remained unchanged in 

both cell lines during the 24 hours of starvation. In A549 cells, time course 

assessment showed Tim17A levels were maintained for the first two hours of amino 

acid starvation, but then dropped dramatically by 4 hours and were absent after 16 

hours (Figure 4.3). The maintenance of Tim17B protein levels to near that of cells 

grown with amino acids in all cell lines confirms that the Tim17A-Tim23 complex is 

specifically degraded during amino acid starvation.  

Cancer cells often upregulate Tim17A at the transcriptional or protein level 

(Kannangai, Vivekanandan, Martinez-Murillo, Choti, & Torbenson, 2007; Salhab, 

Patani, Jiang, & Mokbel, 2012; Świtnicki, Juul, Madsen, Sørensen, & Pedersen, 

2016; Xu et al., 2010; Y. Zhang et al., 2015), thus increasing the proportion of TIM23 

complex containing Tim17A rather than Tim17B. This was found to true of HeLa cells 

compared to HEK cells (Figure 4.1A), and accounts for the more severe depletion of 

Tim23 in HeLa cells (60%), compared to HEK cells (40%) after 24 hours of amino 

acid deprivation (Figure 4.2A-B). Whilst the level of Tim17A appeared comparable 

between HEK and A549 cells (Figure 4.1A), time course assessment showed an 

85% reduction of Tim23 in A549 cells (Figure 4.3), demonstrating that the proportion 

of Tim17A-containing TIM23 is much higher in A549 than HEK cells. 

Arsenite is an environmental toxin that has been widely used to study cell responses 

to stress. One of its effects is to induce Tim17A depletion, which is regulated through 

phosphorylation and inhibition of eIF2α (Rainbolt et al., 2013). During amino acid 

starvation, there is an increase in eIF2α phosphorylation in HeLa cells for the first 6 

hours, however, no such change was observed in HEK cells (Figure 3.12, Figure 4.6 

and Figure 4.7). Therefore, eIF2α inhibition cannot be responsible for Tim17A 

depletion during amino acid starvation in HEK cells, suggesting that multiple 

mechanisms regulate Tim17A expression. 
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Figure 4.2: TIM23 complexes containing Tim17A but not Tim17B are rapidly 

depleted during amino acid starvation. 

HEK and HeLa cells were starved of amino acids for 0, 1, 2, 4, 6, 16 or 24 hours. A. 
Representative immunoblots of amino acid starvation time course showing Tim17A and 
Tim23 depletion, but not Tim17B. C. Quantification of the abundance of TIM23 core 
components assessed during amino acid starvation. * P<0.05, ** P<0.01, calculated by 
an unpaired t-test with Welch’s correction for each time point.  Error bars represent ±SEM 
of n=4 independent experiments. 
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Figure 4.3: TIM23 complexes containing Tim17A but not Tim17B are rapidly 

depleted during amino acid starvation in A549 cells. 

A549 cells were starved of amino acids for 0, 1, 2, 4, 6, 16 or 24 hours. A. Representative 
immunoblots of amino acid starvation time course showing Tim17A and Tim23 depletion, 
but not Tim17B. C. Quantification of the abundance of TIM23 core components assessed 
during amino acid starvation. * P<0.05, ** P<0.01, calculated by an unpaired t-test with 
Welch’s correction for each time point.  Error bars represent ±SEM of n=4 independent 
experiments. 
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Pharmacological TORC1 inhibition altered mitochondrial translation in a similar 

pattern to total amino acid starvation in both HEK and HeLa cells, demonstrating this 

pathway’s role in regulating mitochondrial protein synthesis (Figure 3.21). Thus, it 

was speculated that the rapid TORC1 inhibition, occurring within the first hour of 

amino acid withdrawal in HEK and HeLa cells, could affect the mitochondria through 

changes in Tim17A levels. Whilst no TORC1 inhibition was seen in A549 cells until 

the latter stages of amino acid starvation, there was a delay of 4 hours before Tim17A 

was depleted in this cell line, compared to reduction in Tim17A levels within the first 

hour in HEK and HeLa cells. Thus, TORC1 inhibition may be the first response of the 

cell to cause Tim17A depletion, whereas other signalling pathways may cause its 

depletion during prolonged nutrient stress. If true, then Tim17A depletion should be 

induced in cells treated with TORC1 inhibitor, Torin1. Torin1 treatment caused 4E-

BP1 dephosphorylation within 2 hours, which was maintained up to 24 hours, 

confirming rapid and persistent inhibition of TORC1 by the drug (Figure 4.4). The 

steady state of Tim17A was already appreciably reduced in HeLa cells after 2 hours 

of Torin1 treatment, and was decreased by 50% in both cell lines after 6 hours, 

becoming almost undetectable after 24 hours of Torin1 treatment (Figure 4.5). 

Tim17B levels were maintained in both cell lines, implying that the decrease in 

Tim17A is not due to TORC1’s role in autophagy. 

In contrast to TORC1, eIF2α phosphorylation was unaffected by Torin1 (Figure 4.4), 

and depletion of Tim17A caused by Torin1 treatment did not occur as rapidly as with 

amino acid starvation in either HEK or HeLa cells (Figure 4.5 versus Figure 4.2). 

Furthermore, TORC1 was not inhibited until the later stages of amino acid starvation 

in A549 cells (Figure 3.14). Therefore, whilst TORC1 regulates Tim17A protein levels 

by an eIF2α-independent pathway, in amino acid starvation, other factors must also 

play a role in Tim17A depletion in addition to TORC1 inhibition. 
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Figure 4.4: Torin1 treatment causes rapid dephosphorylation of 4E-BP1, but does 

not affect eIF2α phosphorylation. 

HEK and HeLa cells were incubated with 100nM Torin1 for 2, 6, or 24 hours. A. 
Representative immunoblots of the steady state and phosphorylated forms of 4E-BP1 
and eIF2α. B. Quantification of immunoblots in A, relative to 2 hours UT. Not significant 
(ns), untreated (UT). * P<0.05, **P<0.01, *** P<0.001, calculated by unpaired T-test with 
Welch’s correction for each time point. Error bars represent ±SEM of n=4 independent 
experiments.  
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Figure 4.5: Tim17A is depleted with pharmacological TORC1 inhibition. 

Torin1 treatment causes decrease of Tim17A in HEK and HeLa cells. A. Representative 
immunoblots of Torin1 (100nM) impact on TIM23 complex and the phosphorylation of 
downstream TORC1 target, 4E-BP1 at 2, 6 and 24 hours. B. Quantification of blots for 
A., expressed as a ratio of 2 hours UT. Untreated (UT). * P<0.05, ** P<0.01, calculated 
by an unpaired t-test with Welch’s correction for each time point. Error bars represent 
±SEM of n=3 independent experiments. 
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4.2 Tim17A is Rapidly Depleted in Response to Selected Amino 

Acid Withdrawal 

The reduction of Tim17A levels during Torin1 treatment was slower than that 

observed in amino acid starvation, and eIF2α phosphorylation was not altered in HEK 

cells during amino acid withdrawal (Figure 3.12 and Figure 4.6). Therefore, Tim17A 

depletion could be a direct response to changes in amino acid levels, rather than to 

amino acid-responsive pathways. Since withdrawal of particular amino acids induced 

many of the same mitochondrial effects as complete amino acid deprivation (Chapter 

3.3), Tim17A levels were assessed after withdrawal of glutamine or SAA. 

HEK cells rapidly depleted Tim17A without an exogenous supply of glutamine or 

SAAs, although after 4 hours, Tim17A levels were stabilised in glutamine-free 

medium (Figure 4.8), unlike during total amino acid (Figure 4.2) or SAA (Figure 4.9) 

withdrawal. HeLa cells displayed the same kinetics for Tim17A depletion when 

glutamine (Figure 4.8) or SAAs (Figure 4.9) were removed, as with total amino acid 

starvation (Figure 4.2). In HEK cells, however, neither withdrawal of glutamine or 

SAAs had as rapid or as marked an effect on TORC1 inhibition as with complete 

amino acid withdrawal (Figure 4.6), and in HeLa cells, TORC1 was not inhibited 

(Figure 4.7). eIF2α phosphorylation did not increase in response to glutamine or SAA 

withdrawal in HEK or HeLa cells (Figure 4.6 and Figure 4.7), reinforcing the earlier 

conclusion that eIF2α plays no role in the mitochondrial phenotypes investigated 

upon changes in amino acid availability. 

These results suggest that an alteration in individual amino acid levels is sufficient to 

cause rapid Tim17A depletion, and that Tim17A depletion does not require inhibition 

of either TORC1 or the ISR, thus confirming that this phenomenon is downstream of 

multiple pathways. The difference in response to glutamine deprivation between HEK 

and HeLa cells implies different requirements or mitochondrial adaptations to the 

availability and metabolism of this amino acid between the two cell lines. 



Chapter 4. Results 

 

120 

 

 

Figure 4.6: TORC1 is differentially regulated in HEK cells in response to different 

amino acid withdrawals, but eIF2α is not inhibited. 

HeLa cells were subjected to total amino acid, glutamine, or sulphur amino acid 
withdrawal for 0, 1, 2, 4, 6, 16 or 24 hours Quantification of the change in the 
phosphorylated protein relative to steady state expression for TORC1 target, 4E-BP1, 
and ISR target, eIF2α is shown, relative to 0 hours. Representative immunoblots may be 
found in Figure 3.13, Figure 3.18: , and Figure 3.19:  for total amino acid, glutamine, and 
sulphur amino acid withdrawal, respectively. Amino acids (AA), glutamine (Q), sulphur 
amino acid (SAA); * P<0.05, ** P<0.01, *** P<0.001, calculated by an unpaired t-test with 
Welch’s correction for each time point. Error bars represent ±SEM of n≥3 independent 
experiments. 
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Figure 4.7: TORC1 and eIF2α are only significantly inhibited in response to total 

amino acid withdrawal in HeLa cells. 

HeLa cells were subjected to total amino acid, glutamine, or sulphur amino acid 
withdrawal for 0, 1, 2, 4, 6, 16 or 24 hours. Quantification of the change in the 
phosphorylated protein relative to steady state expression for TORC1 target, 4E-BP1, 
and ISR target, eIF2α is shown, relative to 0 hours. Representative immunoblots may be 
found in Figure 3.13, Figure 3.18: , and Figure 3.19:  for total amino acid, glutamine, and 
sulphur amino acid withdrawal, respectively. Amino acids (AA), glutamine (Q), sulphur 
amino acid (SAA); * P<0.05, ** P<0.01, calculated by an unpaired t-test with Welch’s 
correction for each time point. Error bars represent ±SEM of n≥3 independent 
experiments. 
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Figure 4.8: Tim17A is depleted with glutamine withdrawal. 

Time course assessment of glutamine withdrawal in HEK and HeLa showed decreased 
Tim17A and Tim23. A. Representative immunoblots of time course of glutamine 
withdrawal. B. Quantification of immunoblots, shown as change in expression relative to 
0h. * P<0.05, ** P<0.01, calculated by an unpaired t-test with Welch’s correction for each 
time point.  Error bars represent ±SEM of n=3 independent experiments.  
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Figure 4.9: Tim17A is depleted with sulphur amino acid withdrawal. 

Time course assessment of sulphur amino acid withdrawal in HEK and HeLa cells 
showed decreased Tim17A and Tim23. A. Representative immunoblots of time course 
of sulphur amino acid withdrawal. B. Quantification of immunoblots in A, shown as 
change in expression relative to 0h. * P<0.05, ** P<0.01, *** P<0.001 calculated by an 
unpaired t-test with Welch’s correction for each time point. Error bars represent ±SEM of 
n=3 independent experiments. 
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Tim17A is rapidly depleted during withdrawal of single or multiple amino acids. Its 

maintenance might also depend on other nutrients and could be influenced by 

mitochondrial capacity for energy production. To test whether Tim17A responded to 

restriction of nutrients other than amino acids, or pharmacological mitochondrial 

dysfunction through inhibition of the ETC, HeLa and HEK cells were treated for 6 or 

24 hours with 1mM glucose (VLG), or with the complex I inhibitor piericidin (Pier) or 

complex III inhibitor antimycin A (Ant. A). Doses of 1µM Pier and 0.1µM Ant. A were 

found to inhibit the oxygen consumption efficiently in both HEK and HeLa cells 

(Figure 4.10), therefore, these concentrations were used to assess the drugs’ impact 

upon Tim17A. 

In HEK cells, no treatment caused significant Tim17A reduction by 6 hours, but 

incubation with antimycin A or glucose restriction showed a clear decrease in Tim17A 

levels by 24 hours, although not to the extent of total amino acid deprivation ( 

Figure 4.11). No change in Tim17A levels after 6 hours were observed in HeLa cells 

with any treatment except for total amino acid starvation; however, after 24 hours, 

cells incubated with 1mM glucose showed a 70% decrease in Tim17A protein 

expression, a change comparable to that seen in HEK cells. Thus, nutrient restriction 

depletes Tim17A, although glucose restriction elicits a much later response, but 

induced respiratory chain dysfunction has little or no impact on Tim17A abundance. 

No change was seen in Tim17B protein level for any treatment in either cell line, 

indicating that any changes were again specific to the Tim17A-Tim23 complex ( 

Figure 4.11). 

To determine whether TORC1 activity was a determinant for Tim17A levels during 

these treatments, phosphorylation of TORC1 target, 4E-BP1, was assessed in these 

samples. In HeLa cells, the phosphorylation of 4E-BP1 relative to untreated (+AA) 

showed a similar pattern to Tim17A protein expression, apart from after 24 hours 

glucose restriction. In HEK cells, the pattern was less clear, where other than amino 

acid-deprived cells, phosphorylation of 4E-BP1 appeared uncorrelated to Tim17A 

depletion (Figure 4.12). Thus, whilst pharmacological TORC1 inhibition 

demonstrated a clear decrease in Tim17A levels, TORC1 inactivation is again not 

necessary for Tim17A depletion, reinforcing the results of glutamine and SAA 

withdrawal (Figure 4.8 and Figure 4.9) in HEK and HeLa cells, as well A549 cells 

deprived of all amino acids. 
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Figure 4.10: Inhibition of the ETC occurs with Piericidin or Antimycin A treatment 

OCR was measured in HEK and HeLa cells without treatment (basal OCR), followed by 
addition of 1µM piericidin, or 0.1µM Antimycin A (as indicated by the arrow). N=1 of 
triplicate wells. Antimycin A (Ant A), Oxygen Consumption Rate (OCR), Piericidin (Pier).
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Figure 4.11: Tim17A is depleted in response to nutrient restriction in HEK and 

HeLa, and OXPHOS inhibition in HEK cells. 

HEK and HeLa cells were subjected to 6 or 24 hours of total amino acid starvation, 1μM 
piericidin, 100nM antimycin A treatment, or glucose restriction (VLG, 1mM). A. 
Representative immunoblots of TIM23 complex abundance. B. Quantification of 
immunoblots, shown as change in expression relative to +AA at the corresponding time 
point; significance calculated by a one-way ANOVA, comparing time-matched 
treatments to +AA. Error bars represent ±SEM of n=3 independent experiments. Amino 
acid (AA), Antimycin A (Ant. A), Piericidin (Pier), Very Low Glucose (VLG, 1mM). * 
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. Where no significance is indicated, 
values were not significantly different. N=3 independent experiments. 
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Figure 4.12: Glucose restriction and mitochondrial dysfunction alter 4E-BP1 

phosphorylation. 

HEK and HeLa cells were subjected to 6 or 24 hours of total amino acid starvation, 1μM 
piericidin, 100nM antimycin A treatment, or glucose restriction (VLG, 1mM). A. 
Representative immunoblots of Tim17A, and the phosphorylation and steady state of 
TORC1 target, 4E-BP1. B. Quantification of immunoblots, normalised to time-matched 
+AA samples. Significance determined by a one-way ANOVA, comparing treatment 
values against time-matched +AA samples. * P<0.05, ** P<0.01, *** P<0.001, **** 
P<0.0001. Amino acid (AA), Antimycin A (Ant. A), Piericidin (Pier), Very Low Glucose 
(VLG, 1mM). * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. Where no significance is 
indicated, values were not significantly different. N=3 independent experiments. 
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4.3 Regulation of Tim17A Occurs Through Active Degradation 

by Yme1L 

Tim17A has previously been demonstrated to have a half-life of ~6h in HEK cells 

(Rainbolt et al., 2013). Thus, regulation at the translational level and/or rapid turnover 

could contribute to the reduction of Tim17A steady state. To determine whether 

amino acid starvation affects the Tim17A gene expression, Tim17A and Tim23 

mRNA levels were assessed during amino acid withdrawal. Tim17A mRNA levels 

were not dramatically altered after 2 or 6 hours of amino acid starvation in HEK or 

HeLa cells, but a reduction in transcript levels of both Tim17A and Tim23 in HEK 

cells was observed after 24 hours (Figure 4.12). These findings indicate that rapid 

Tim17A depletion upon amino acid withdrawal occurs at the post-transcriptional level. 

Tim17A is regulated through Yme1L degradation in response to arsenite poisoning 

(Rainbolt et al., 2013). To determine whether the same protease was responsible for 

Tim17A degradation during amino acid starvation, Yme1L was first silenced in HEK 

and HeLa cells, which were then subjected to glutamine withdrawal, or Torin1 

treatment. Glutamine withdrawal was used in place of total amino acid deprivation in 

this study as withdrawal of all amino acids in a Yme1L-depleted background caused 

rapid cell death in both cell lines (data not shown). Yme1L silencing was most 

efficient in HeLa cells, whereas the protein was still detectable by immunoblotting in 

HEK cells, with oligo 1 giving a less efficient knockdown than oligo 2 after 48 hours 

(Figure 4.14A and B). Both glutamine withdrawal and Torin1 treatment decreased 

the protein expression of Yme1L also. Cells deficient in Yme1L after 72h displayed 

elevated Tim17A levels (Figure 4.14A and C), confirming this protease’s role in 

modulating Tim17A abundance. 

Without Yme1L, Tim17A levels were maintained at a high level during both glutamine 

and Torin1 treatment (Figure 4.14A and C), the extent of which depended upon the 

silencing efficiency (Figure 4.14A, compare Tim17A protein expression after 

treatment in Yme1L silenced cells with either oligo 1 or 2). This suggests that very 

low levels of Yme1L are still able to degrade Tim17A. Tim17B levels were increased 

in both cell lines when Yme1L was depleted, suggesting a role for this protein in the 

regulation of the B isoform also, but no reduction of this protein was seen during 

treatments with or without Yme1L silencing (Figure 4.14A and C). 
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Figure 4.13: Tim17A and Tim23 transcript levels do not match the reduction in 

protein levels. 

Tim23 and Tim17A transcript levels were measured by Q-PCR in HEK and HeLa cells 
after 2, 6 or 24 hours of total amino acid starvation, and normalised to 2 hours +AA. * 
P<0.05, *** P<0.001, calculated by an unpaired t-test with Welch’s correction between 
time-matched transcript levels. Significant changes or P-values close to P<0.05 are 
indicated; all other time-matched pairs showed a non-significant change in mRNA 
expression. Error bars represent ±SEM of n=3 independent experiments. 
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Figure 4.14: Tim17A depletion occurs through active Yme1L degradation. 

HEK and HeLa cells were subjected to 48 hours of Yme1L silencing, with or without 
subsequent glutamine withdrawal or 100nM Torin1 treatment for 24 hours. A. 
Representative immunoblots showing TIM23 core components, and 4E-BP1 steady 
state and S65 phosphorylation as a positive control for Torin1 treatment. B. 
Quantification of Yme1L protein steady state for siRNA oligos 1 and 2, with or without  
treatment; significance was calculated by a one-way ANOVA compared to NT (UT 
samples). C. Protein expression of TIM23 during Yme1L silencing, with or without 
treatment. Values for pooled Yme1L oligos were compared to NT. Significance was 
calculated by an unpaired T-test using Welch’s correction. N=3 independent 
experiments. Glutamine (Q), untreated (UT). Not significant (ns), * P<0.05, ** P<0.01, *** 
P<0.001, **** P<0.0001. 
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4.4 Silencing of Tim17A Decreases mtDNA Copy Number and 

selected TCA cycle enzyme expression 

Tim17A silencing offered a means to assess the effects of amino acid withdrawal 

directly attributable to Tim17A depletion, rather than due to other effects of nutrient 

restriction. Thus, investigation into mitochondrial function in the absence of Tim17A 

was undertaken. Tim17A was silenced in HEK or HeLa cells for 72 hours, and 

revealed efficient knockdown (Figure 4.15), but with a more modest reduction in 

Tim23 protein levels than was observed with amino acid starvation. This was 

attributable to a compensatory increase in Tim17B steady state (Figure 4.15). 

This finding suggests that gene expression of Tim17A and B are coordinated, and 

because Tim17A depletion in response to nutrient deprivation acts at the post-

transcriptional level, there is no such compensatory adjustment in Tim17B protein 

expression during amino acid starvation. The increase in Tim17B limited the 

depletion of the TIM23 complex, thus potentially confounding the central aim of the 

experiment. Nevertheless, in Tim17A-silenced cells, there was less Tim23 than in 

cells transfected with Non-Target (NT) siRNA, and so some features of mitochondrial 

metabolism were assessed after Tim17A silencing. 

Tim17A gene silencing had no significant effect on the steady state level of selected 

OXPHOS components (Figure 4.16), however, the regulation in this experiment is at 

the mRNA level, rather than at the protein level as seen in response to nutrient stress. 

The maintenance of OXPHOS components despite Tim17A depletion is likely to 

reflect a combination of Tim17B up-regulation, and potentially a change in proteolysis 

of the OXPHOS subunits, as observed with decreases in specific mitochondrial 

proteases during total amino acid deprivation in Chapter 4.1. Two TCA cycle 

enzymes were decreased at the protein level in response to Tim17A depletion 

(Figure 4.16), fumarate hydratase (FH) in HEK cells, and succinate dehydrogenase 

subunit B (SDHB) in HeLa cells. That different enzymes were altered could well 

reflect differences in the requirement of the TCA cycle to generate carbon skeletons 

for anabolism.  

Mitochondrial translation and membrane potential were unaltered in both cell lines 

(Figure 4.17A-B), and Tim17A silencing did not affect basal respiration (Figure 

4.17C). In HEK cells, after addition of FCCP, Tim17A-depleted cells were unable to 

increase their respiration back even to basal levels, suggesting some dysfunction 
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when the respiratory chain is challenged. HeLa cells did not exhibit any difference in 

maximal respiratory capacity, however (Figure 4.17C).  

A modest decrease in mtDNA copy number was observed in HeLa cells (Figure 

4.17D). This reinforces previously published work indicating that Tim17A is involved 

in some capacity in maintaining mtDNA copy number (Iacovino et al., 2009).  

 

 

 

Figure 4.15: Tim17A silencing causes a compensatory increase in Tim17B 

expression  

Tim17A was silenced for 72 hours in HEK and HeLa cells. A. Representative 
immunoblots of TIM23 subunits. B. Quantification of immunoblots in A, shown as change 
in expression relative to NT for each oligo. Not significant (ns), non-target (NT). * P<0.05, 
** P<0.01, **** P<0.0001 calculated by a one-way ANOVA. Error bars represent ±SEM 
of n=3 independent experiments. 
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Figure 4.16: Tim17A silencing alters TCA cycle enzyme expression. 

Tim17A was silenced for 72 hours in HEK and HeLa cells. A. Representative 
immunoblots of OXPHOS subunits and mitochondrial matrix TCA cycle enzymes. B. 
Quantification of immunoblots in A, shown as change in expression relative to NT for 
each oligo. not significant (ns), non-target (NT). * P<0.05, ** P<0.01 calculated by a one-
way ANOVA. Error bars represent ±SEM of n=3 independent experiments. 
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Figure 4.17: Tim17A Silencing Reduces mtDNA Copy Number. 

Tim17A was silenced in HEK and HeLa cells for 72 hours, and mitochondrial function 
assessed. A. Mitochondrial translation was measured by 35S-methionine radiolabelling 
in HEL and HeLa cells. Panels B-D are expressed as the combined values measured for 
oligos 1 and 2. Mitochondrial function was assessed for: B. Mitochondrial membrane 
potential (ΔΨ) and C. Basal oxygen consumption rate (OCR). D. mtDNA copy number 
was measured by Q-PCR in HEK and HeLa cells. Not significant (ns), non-target (NT). * 
P<0.05, calculated by an unpaired t-test with Welch’s correction. Error bars represent 
±SEM. N≥3 independent experiments for HeLa cells, and for HEK cells (mitochondrial 
translation assay, and mtDNA copy number), and n=2 for HEK cells (ΔΨ and OCR). 
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4.5 Summary 

Tim17A has been demonstrated here to be a conserved nutrient-responsive subunit, 

which is rapidly degraded in response to both total amino acid withdrawal, and also 

shows a milder reduction when glucose availability is limited. Delving further into this 

phenomenon revealed that withdrawal of glutamine alone, or of sulphur-containing 

amino acids, cysteine and methionine, also provoked a similar time-matched 

reduction in Tim17A in both HEK and HeLa cells.  

Investigation into potential signalling pathways regulating Tim17A protein expression 

revealed that TORC1 inhibition caused a significant reduction in Tim17A levels, but 

that eIF2α phosphorylation did not appear to correlate with Tim17A abundance in 

any cell line during amino acid starvation. A caveat to this is that Tim17A depletion 

occurs with similar kinetics during glutamine or SAA starvation in HEK and HeLa 

cells without rapid TORC1 inhibition, nor did pharmacological TORC1 inhibition 

cause the same extent of Tim17A depletion at early time points in HEK and HeLa 

cells. Tim17A is also depleted in A549 cells during amino acid deprivation before 

TORC1 inhibition occurs. Thus, whilst TORC1 activity has been shown to play an 

important role in regulating Tim17A protein expression, there must be another factor 

involved. It is likely that a currently unknown component responsible for regulation of 

Tim17A is downstream of multiple signalling pathways, and the particular cellular 

stress will dictate which pathway activates Tim17A degradation. 

Tim17A depletion, and reduction of the TIM23 complex does not match the changes 

in steady state level of OXPHOS subunits during amino acid starvation, nor after 

Tim17A silencing. This suggests that a compensatory decrease in turnover of 

OXPHOS complexes is invoked to maintain proteostasis. Isolation of the potential 

functions specific to the A isoform of Tim17 was confounded by an up-regulation of 

the B isoform, which was not seen during nutrient starvation. Thus, it cannot be ruled 

out that Tim17A reduction under physiological stress conditions may regulate 

mitochondrial function in a manner undetectable with silencing. Despite upregulation 

of Tim17B during Tim17A silencing, and no apparent mitochondrial dysfunction 

under basal conditions, mtDNA copy number was decreased, suggesting a specific 

role for this protein. The potential role for Tim17A in maintaining mtDNA, and other 

functions of the mitochondria when the B isoform is not up-regulated warrants further 

investigation.
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Chapter 5. Mitochondrial Dysfunction Causes 

Alterations in Sulphur Metabolism 

The clinical heterogeneity of mitochondrial diseases depends not only on the primary 

genetic defect, but also on the induced changes in gene expression and subsequent 

remodelling of cellular metabolism (N. A. Khan et al., 2017; Koenig, 2008; Nikkanen 

et al., 2016; Tyynismaa et al., 2010). Such alterations can contribute to the pathology, 

or be part of the compensatory mechanism. The current challenge lies in recognising 

which of these changes are beneficial for cells with mitochondrial dysfunction and 

can be targeted for therapeutic benefit. 

Patients harbouring MTO1 mutations typically present with hypertrophic 

cardiomyopathy, lactic acidosis and multiple respiratory chain deficiency (Baruffini et 

al., 2013; Ghezzi et al., 2012). In fibroblasts taken from MTO1 patients, a complex I 

+ IV deficiency was observed, although only complex I reduction was found in muscle 

biopsies (Tischner et al., 2015). This reduction correlated with aberrant mitochondrial 

tRNAGlu thiolation. MTO1-deficient mice mimic the human disease well, including 

OXPHOS impairment and altered de novo mitochondrial protein synthesis (Becker 

et al., 2014). 

Pathological mutations in either MTO1 or its binding partner, GTPBP3, cause severe 

mitochondrial dysfunction, and normally result in infantile death (Ghezzi et al., 2012; 

Kopajtich et al., 2014). The heterodimer formed by these proteins post-

transcriptionally modifies the U34 of mitochondrial tRNAs LeuUUR, Gln, Glu, Trp and 

Lys (T. T. Suzuki et al., 2002; Xinjian Wang et al., 2010), purportedly through addition 

of taurine (τm5). This tRNA modification acts synergistically with a second 

modification, thiolation (s2), on the U34 of tRNAs Lys, Glu and Gln, which is catalysed 

by mitochondrial tRNA-specific 2-thiouridylase 1 (MTU1, otherwise known as MTO2 

or TMRU) (T. T. Suzuki et al., 2002; Takeo Suzuki & Suzuki, 2014). These 

modifications are believed to be important for the efficiency and accuracy of 

mitochondrial protein synthesis through stabilising non-Watson-Crick base pairing at 

the wobble position (Horvath & Chinnery, 2015; Kirino et al., 2004; Tsutomu Suzuki 

et al., 2011), ribosome binding (Ashraf et al., 1999) tRNA stabilisation (Shigi, 

Sakaguchi, Suzuki, & Watanabe, 2006) and improved maintenance of the reading 

frame (Urbonavicius, Qian, Durand, Hagervall, & Björk, 2001). 
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Cysteine can be used by the cell for a number of processes beyond protein synthesis, 

and contributes to several biological processes linked to mitochondrial homeostasis. 

Cysteine availability controls the synthesis of glutathione (GSH), which regulates the 

redox state of the cells and is linked to mitochondrial function (Belalcázar et al., 2014). 

It is also connected to one-carbon metabolism and nucleotide homeostasis 

(Locasale, 2013). Metabolism of cysteine can result in the production of H2S (Abe & 

Kimura, 1996; X. Chen, Jhee, & Kruger, 2004; Chiku et al., 2009; Kimura, 2014; 

Singh, Padovani, Leslie, Chiku, & Banerjee, 2009), which, in mitochondria, might 

serve as a means for energy production by donation of electrons to the ETC 

(Goubern, Andriamihaja, Nubel, Blachier, & Bouillaud, 2007; M. R. Jackson, Melideo, 

& Jorns, 2012; Vozdek, Hnízda, Krijt, Kostrouchová, & Kožich, 2012). 

Notably, both post-transcriptional modifications on the U34 position require sulphur 

derived from cysteine (Boczonadi & Horvath, 2014). Thus, changes in sulphur 

availability and metabolism may be altered in response to mitochondrial disorders 

that require cysteine as a substrate for modification of U34. The transsulphuration 

pathway (TSP) metabolises the methionine cycle intermediate, homocysteine, to 

cysteine, via the action of two enzymes, CBS and CSE (Figure 5.1). From there, 

cysteine can be used in protein synthesis, glutathione production, or catabolised via 

Cysteine Dioxygenase Type 1 (CDO1) and excreted as taurine (M. H. Stipanuk, Ueki, 

Dominy, Simmons, & Hirschberger, 2009). Moreover, due to loose substrate 

specificity, metabolism of cysteine by the TSP enzymes can produce H2S (Abe & 

Kimura, 1996; X. Chen et al., 2004; Chiku et al., 2009; Kimura, 2014; Singh et al., 

2009). 

Given the importance of cysteine as a precursor for mitochondrial tRNA modifications, 

the role of this pathway was investigated using MTO1 and GTPBP3 mutant 

fibroblasts derived from patients. The three MTO1 patients harboured the same 

Thr411Ile amino acid change, whilst the mutation affecting the GTPBP3 patient was 

Glu142Lys. All four patients presented with typical features of mitochondrial disease, 

characterised by lactic acidosis and hypertrophic cardiomyopathy, but the disease 

progression and outcome was remarkably different. Amongst the three MTO1 

patients, one is still alive at 22 years old (indicated as MTO1 C), whereas the other 

two MTO1 patients (MTO1 A, MTO1 B) and the GTPBP3 patient died before the age 

of two, all from cardiomyopathy. 
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Figure 5.1: The Transsulphuration Pathway. 

The TSP begins with the metabolite, homocysteine. Homocysteine can either regenerate 
the essential amino acid, methionine, through the methionine cycle, or it can be 
irreversibly converted to cystathionine by the TSP enzyme, CBS. Conversion of 
cystathionine to cysteine by CSE completes the second and final step of the TSP. 
Maintenance of cysteine levels within the cell are regulated by the activity of CDO1, 
which controls the irreversible catabolism of cysteine to eventual waste product, taurine. 
α-ketobutyrate (αKB), cystathionine-β-synthase (CBS), cysteine dioxygenase type 1 
(CDO1), cystathionine-γ-lyase (CSE), dimethylglycine (DMG), homocysteine (hCys), 
hydrogen sulphide (H2S), methyl-tetrahydrofolate (m-THF), S-adenosylmethionine (S-
AM), S-adenosylhomocysteine (SAH), tetrahydrofolate (THF), transsulphuration 
pathway (TSP). 
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5.1 Decreased Complex I and IV Protein Levels Occur in MTO1 

Patient-Derived Fibroblasts 

To determine whether the clinical outcome of the patients could be due to a 

difference in OXPHOS deficiency, which has previously been demonstrated to be 

present in MTO1 patients (Ghezzi et al., 2012; Kopajtich et al., 2014), the protein 

expression of subunits of the OXPHOS complexes were assessed by 

immunoblotting. All patient cell lines displayed a decrease in the steady state levels 

of complexes I and IV subunits, but there were no appreciable differences observed 

between the patient fibroblasts (Figure 5.2A-B). Next, as MTO1 modulates 

translation efficiency and accuracy, the rate of mitochondrial translation was 

assessed. In the MTO1 A and C patient fibroblasts, a decrease in translation of COX 

I/ND4, Cytb/ND2 and COX III/II was observed, but only a decrease in COX I/ND4 for 

the GTPBP3 cell line. Contrastingly, translation of mitochondrial-encoded proteins 

with a lower molecular weight was not affected in patient fibroblasts MTO1 A and C, 

and in MTO1 B and GTPBP3, the translation of certain subunits was increased 

(Figure 5.2C-D). Thus, the translation rate is only modestly affected by the MTO1 or 

GTPBP3 mutation. This implies that the mutation is more likely to affect the accuracy 

of translation more than the efficiency.  

Both the steady state and translation rate were similar between the patient fibroblasts, 

suggesting that the long survival rate of patient MTO1 C might be due to changes 

outside the OXPHOS system. 
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Figure 5.2: MTO1 and GTPBP3 patient fibroblasts show decreased steady state in 

OXPHOS complex I and IV subunits. 

MTO1 and GTPBP3 patient fibroblasts were assessed for differences in OXPHOS 
subunit expression, and mitochondrial translation rate. A. Representative immunoblots 
of MTO1 and GTPBP3 patients showing reduced OXPHOS steady state in complex I 
and IV. B. Quantification of OXPHOS immunoblots, normalised to the mean of controls. 
C. 35S-Methionine radiolabelling of de novo mitochondrial protein synthesis. D 
Quantification of autoradiograms, expressed relative to mean of control for each band. * 
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, calculated by a one-way ANOVA. Error 
bars represent ±SEM of n≥3 independent experiments.  
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5.2 MTO1 Patient Fibroblasts Show Alterations in the 

Transsulphuration Pathway 

In yeast, sulphur amino acid availability regulates cytosolic translation, and tRNA 

thiolation mutants increase expression of factors involved in the metabolism of SAAs 

(Laxman et al., 2013). Moreover, in humans, the limited cysteine availability during 

neonatal period due to low TSP expression has been proposed to play a role in the 

pathogenic mechanism of liver dysfunction and OXPHOS deficiency in mitochondrial 

tRNA modifying MTU1/TMRU patients (Zeharia et al., 2009). However, whether SAA 

metabolism is altered and plays a role in the pathology of other tRNA mutants, or in 

mitochondrial dysfunction in general, is not known. Therefore, the metabolism of 

SAAs via the TSP was analysed. 

Immunoblot assessment of the steady state of CBS and CSE revealed an alteration 

of CBS expression in all the mutants compared to control fibroblasts, with an 

increase in CBS levels in MTO1 A and GTPBP3 deficient cells, and a decrease in 

MTO1 B and C mutant cells (Figure 5.3A-B). CSE, instead, was only elevated in 

MTO1 A (Figure 5.3A-B). The expression of CBS correlated well with H2S production 

capacity, which was 2.5-fold higher in the cellular extracts of MTO1 A and GTPBP3, 

and decreased in MTO1 B and C fibroblasts (unpublished data, Dr. Mastronicola and 

Dr. Jones) (Figure 5.3C). Thus, the capacity for cysteine metabolism through the 

TSP is altered in mitochondrial tRNA modifier mutant fibroblasts. 



Chapter 5. Results 

 

142 

 

 

Figure 5.3: MTO1 and GTPBP3 patient fibroblasts show alterations in the TSP. 

MTO1 and GTPBP3 fibroblasts were assessed for alterations in the steady state of TSP 
enzymes, and glutathione abundance. A. Representative immunoblots of the expression 
of TSP enzymes, CBS and CSE, relative to the mean of controls. B. Quantification of 
steady state expression of TSP enzymes. C. H2S production capacity in patient 
fibroblasts#. Cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE), ns (non-
significant). * P<0.05, ** P<0.01, **** P<0.0001, calculated by a one-way ANOVA. Error 
bars represent ±SEM of n≥3 independent experiments.  #work by Dr. Mastronicola and 
Dr. Jones. 
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5.3 Cysteine Fate in tRNA Modifier Mutant Fibroblasts 

Cysteine has several possible fates, including incorporation into new proteins or 

glutathione, or catabolism by CDO1 to taurine. Cysteine can also be further 

catabolised by CBS and CSE to produce serine, pyruvate or cystathionine, with H2S 

created as a by-product (Abe & Kimura, 1996; X. Chen et al., 2004; Chiku et al., 

2009; Kimura, 2014; Singh et al., 2009) (Figure 5.4A). Additionally, H2S can be 

produced by 3-mercaptopyruvate sulphurtransferase (3-MST), located primarily in 

the mitochondria, through catabolism of 3-mercaptopyruvate (3-MP) (Modis, Coletta, 

Erdelyi, Papapetropoulos, & Szabo, 2013; N. Shibuya et al., 2009). H2S is now 

recognised as an important signalling molecule (Hosoki, Matsuki, & Kimura, 1997; 

Pearson, Wilson, & Wang, 2006; W. Zhao & Wang, 2002), but it is highly toxic 

(>10µM) through inhibition of complex IV (Collman, Ghosh, Dey, & Decreau, 2009; 

Cooper & Brown, 2008; Hill et al., 1984; Nicholls & Kim, 1981; Petersen, 1977). 

Detoxification of H2S is mediated by sulphide quinone oxidoreductase (SQR) (Vande 

Weghe & Ow, 1999), as the first step catalysed by the Sulphide Oxidising Unit (SOU), 

resulting in thiosulphate production. Thiosulphate is subsequently converted to 

sulphate by the SOU, and excreted by the cell (T. M. Hildebrandt & Grieshaber, 2008; 

Tatjana M. Hildebrandt & Grieshaber, 2008) (Figure 5.4B). When H2S is present at 

low levels (<10µM), it can instead stimulate OXPHOS through electron donation to 

quinone via SQR (Goubern et al., 2007; M. R. Jackson et al., 2012). Thus, the fates 

of cysteine were investigated in the MTO1 and GTPBP3 mutant fibroblasts to 

determine further details of the impact upon sulphur amino acid metabolism. 

Assessment of 3-MST expression by immunoblotting revealed no differences 

between patient and control fibroblasts, suggesting that this aspect of sulphur 

metabolism is not altered in response to the tRNA modifier defects (Figure 5.5A-B). 

Glutathione levels were assessed by LC-MS, and showed highly variable levels, but 

no significant changes in oxidised (GSSG) or reduced (GSH) glutathione levels 

between controls and patient fibroblasts were observed, nor was the ratio of 

reduced:oxidised glutathione altered (Figure 5.5C). Therefore, mitochondrial 

dysfunction in MTO1 and GTPBP3 patient fibroblasts does not impact glutathione 

levels. 
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Figure 5.4: H2S production and detoxification in the cell. 

A. H2S can be produced through alternative reactions catalysed by TSP enzymes CBS 
and CSE due to their loose substrate specificity. H2S can also be produced by 3-MST, 
which is located primarily in the mitochondria, and catabolises 3-MP. B. The first step of 
the SOU requires SQR to oxidise H2S and forms persulphide residues, in the process 
removing an electron from the molecule. The bound sulphur is then reduced by 
glutathione or an alternative reducing agent, and this is in turn reduced by ETHE1 to 
form thiosulphate, whilst consuming O2 in the process. The final stage of the SOU is 
catalysed by TST to form sulphate; both thiosulphate and sulphate can be excreted as 
waste products. Cytochrome c (Cyt c), ethylmalonic encephalopathy protein 1 (ETHE1), 
intra-membrane space (IMS), 3-mercaptopyruvate (3-MP), 3-mercaptopyruvate 
sulphurtransferase (3-MST) quinone/quinol (Q/QH2), sulphide oxidising unit (SOU), 
sulphide:quinone oxidoreductase (SQR), thiosulphate transferase (TST). 
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Figure 5.5: 3-MST expression, and glutathione levels are unchanged in MTO1 and 

GTPBP3 mutant fibroblasts. 

MTO1 and GTPBP3 fibroblasts were assessed for alterations in 3-MST expression and 
glutathione production. A. Representative immunoblots of the expression of H2S-
producing enzyme, 3-MST. B. Quantification of 3-MST steady state, expressed as 
relative to the mean of the control fibroblasts. C. Reduced (GSH) and oxidised (GSSG) 
glutathione levels were measured by LC-MS, and the reduced:oxidised ratio calculated. 
Levels were expressed as relative to the mean of the control fibroblasts. No significant 
(ns) changes were observed, as calculated by a one-way ANOVA. 3-mercaptopyruvate 
sulphurtransferase (3-MST). Error bars represent ±SEM of n≥3 independent 
experiments for expression of 3-MST, and 5 replicates of n=1 for LC-MS data. All LC-
MS work was performed in collaboration with Dr. Silva dos Santos and Dr. MacRae. 
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The LC-MS analysis also assessed taurine levels, the product of cysteine catabolism 

through CDO1 (M. H. Stipanuk et al., 2009). Taurine was elevated in the MTO1 A 

fibroblasts (Figure 5.6A), which also displayed elevated levels of CBS and CSE 

expression. Thus, it appears that in these cells, the defect leads to the production of 

excess cysteine through enhanced TSP activity, which is degraded and excreted. 

However, there was no increase in taurine in two of the other mutant cell lines, and 

MTO1 C showed only a modest increase. Therefore, this is not a general 

consequence of mitochondrial tRNA-modification deficiency. 

The H2S produced from the catabolism of cysteine by CBS and CSE is converted to 

thiosulphate and sulphate by the SOU. LC-MS analysis revealed an increase in 

thiosulphate levels only in the cells of MTO1 C (Figure 5.6B), indicating that they 

alone had elevated H2S. This was further corroborated by analysis of SQR 

expression, which showed no difference in expression from controls in the MTO1 B 

and GTPBP3 fibroblasts, whereas it was increased two-fold in MTO1 A, and four-

fold in the fibroblasts of the long-lived patient, MTO1 C (Figure 5.6C-D). This 

identifies increased H2S detoxification as a difference between MTO1 C and the 

other cell lines, making it a candidate as a metabolic adaptation to mitochondrial 

dysfunction.  



Chapter 5. Results 

 

147 

 

 

Figure 5.6: MTO1 C patient fibroblasts show increased thiosulphate production 

and SQR expression. 

MTO1 and GTPBP3 fibroblasts were assessed for changes in H2S metabolism. LC-MS 
analysis of A. taurine, and B. thiosulphate, expressed as relative change to mean of 
controls. C. Immunoblot analysis of SQR. D. Quantification of SQR expression, relative 
to mean of controls. * P<0.05, ** P<0.01, **** P<0.0001, calculated by a one-way 
ANOVA. Error bars represent ±SEM of n≥3 independent experiments for expression of 
SQR, and ±SEM of five replicates of n=1 for LC-MS data. All LC-MS work was performed 
in collaboration with Dr. Silva dos Santos and Dr. MacRae.  
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5.4 Pharmacological Modelling of Mitochondrial Dysfunction 

Increases Sulphur Amino Acid Metabolism 

The changes in sulphur metabolism observed in fibroblasts from tRNA modifier 

deficient patients could be a general response to mitochondrial dysfunction. If so, 

pharmacological inhibition of the ETC, or decreased substrate availability for the ETC 

(through pyruvate withdrawal) should alter the expression of the TSP enzymes, and 

SQR in control fibroblasts. Therefore, control fibroblasts were grown in low glucose 

(5mM) medium to promote reliance on OXPHOS for ATP production, and treated for 

three days with either the complex I inhibitor, piericidin (Pier), or the complex III 

inhibitor, antimycin A (Ant. A). This treatment did not alter the expression of CBS, 

CSE or SQR by immunoblot analysis after 3 days, nor did the withdrawal of pyruvate 

from the growth medium. However, when either inhibitor was added to cells cultured 

in growth medium lacking pyruvate, there was a clear increase in the steady state of 

the TSP enzymes, but not SQR (Figure 5.7A-B). High expression of CBS and CSE 

was maintained when this treatment was extended to 6 days, and was accompanied 

by a two-fold increase in SQR (Figure 5.7C-D). The effects were reproducible in three 

different control fibroblast lines; hence, there were none of the inter-individual 

differences found among the mitochondrial tRNA modifier defective cells for basal 

SQR expression (Figure 5.3). 

The changes in sulphur metabolism induced by combined ETC inhibition and 

pyruvate withdrawal differ from those seen in the cells with mutant tRNA modifier 

genes (Figure 5.3 and Figure 5.6, compared to Figure 5.7), although the conditions 

used were not fully equivalent. Specifically, the measurements of the TSP enzymes 

and SQR were made after the cells were grown in high (25mM) glucose, and 

supplemented with pyruvate, which may have enabled the cells to balance the 

NAD+/NADH ratio via glycolysis. Nevertheless, the findings for control cells indicate 

that sulphur metabolism is responsive to mitochondrial energy metabolism and 

substrate availability. Chronic dysfunction, that was moreover present throughout the 

development of the patients, might well have produced adaptations beyond those 

induced by modulating pyruvate and inhibiting the ETC pharmacologically. 

Despite low CBS and CSE expression, there were higher thiosulphate levels in 

MTO1 C fibroblasts. Combined with the pharmacological model of mitochondrial 

dysfunction, these data support the hypothesis that SQR up-regulation occurs in 
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response to an increased need for H2S detoxification. Whether this increase is a 

marker of mitochondrial dysfunction, or contributes to the adaptive response during 

mitochondrial disease remains an open question, however. 
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Figure 5.7: Control fibroblasts upregulate TSP enzymes and SQR expression in 

response to pharmacologically-induced mitochondrial dysfunction. 

Control fibroblasts were cultured in low glucose (5mM) medium with or without 1mM 
pyruvate, and treated with either 1µM piericidin or 0.1µM antimycin A to simulate 
mitochondrial dysfunction, A. Representative immunoblots of fibroblasts treated for 2-3 
days with or without pyruvate concomitant with OXPHOS inhibitors. B. Quantification of 
immunoblots from experiments as detailed in A. C. Representative immunoblots of the 
TSP enzymes and SQR after 6 days of treatment with or without pyruvate or piericidin, 
or combined treatment. D. Quantification of immunoblots from experiments as detailed 
in C. Ant. A (antimycin A), not significant (ns), piericidin (pier), pyruvate (pyr), sulphide 
quinone oxidoreductase (SQR). * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 
calculated by a one-way ANOVA. Error bars represent ±SEM of n≥3 independent 
experiments, using multiple control fibroblast cell lines. 
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5.5 Summary 

Pathological mutations in the fibroblasts from three MTO1 patients and one GTPBP3 

patient showed reduced subunit expression of complexes I and IV, but little change 

in the translation rate of mitochondrial-encoded proteins. These results suggest that 

the τm5 tRNA modification at the U34 position catalysed by this heterodimer does 

not play a vital role in translation efficiency. The only other known role of this 

modification is for translational fidelity; therefore, it is suggested that mutations in the 

MTO1-GPTBP3 complex are likely to have a more negative impact on the accuracy 

of translation.  

As there were no clear differences in OXPHOS expression or translation between 

the fibroblasts of patients who died in infancy and the fibroblasts from the MTO1 C 

patient who is currently alive at 22 years old, this suggests that compensation for 

OXPHOS impairment does not come from increasing the expression of OXPHOS 

subunits. Cysteine metabolism, which provides the precursor for the τm5 tRNA 

modification, was shown to have interindividual differences between the patients, 

and the H2S catabolite, thiosulphate, was increased in the fibroblasts of the MTO1 C 

patient. Furthermore, SQR, the only enzyme within the cell capable of detoxifying 

H2S, was also up-regulated in MTO1 C fibroblasts. SQR expression was also 

induced in a pharmacological model of mitochondrial dysfunction, suggesting the up-

regulation of this protein is an important response to reduced mitochondrial function. 

Determining the biological consequences of the increased expression of SQR will be 

necessary to understand whether this is a beneficial or pathological response during 

mitochondrial dysfunction. 



Chapter 6. Discussion 

 

152 

 

Chapter 6. Discussion 

6.1 Mitochondrial function is compromised in A549 and HeLa 

cells during amino acid starvation 

6.1.1 A549 and HeLa Cells Prioritise Cytosolic Translation Over Mitochondrial 

Function  

Maintaining mitochondrial metabolism is crucial for the biosynthesis of many different 

cellular components. Cells may experience periods of nutrient deprivation during 

development, starvation or tumour growth. To isolate the amino acid-specific 

response of mitochondria in cells when amino acids are restricted, three cell lines 

were investigated for mitochondrial and cellular function. 

A549 and HeLa cells were unable to survive an extended period of amino acid 

withdrawal, unlike HEK cells (Figure 3.1). Two key features identified in this work 

differ between cells of cancer (A549 and HeLa) and non-cancer (HEK) origin. A549 

and HeLa cells both had processes dysregulated in relation to cytosolic translation 

(Figure 3.13 and Figure 3.14), either in their maintained activation of TORC1 despite 

no exogenous amino acids (A549 cells), or an increased translation rate (HeLa cells), 

compared to HEK cells. Secondly, HEK cells were able to maintain or increase their 

mitochondrial function in response to amino acid withdrawal, whereas this did not 

occur in A549 or HeLa cells (Figure 3.2 and Figure 3.3). It is therefore likely that 

survival is prioritised during amino acid withdrawal in HEK cells through arresting cell 

proliferation and increasing efficient energy production, whereas A549 and HeLa 

cells are unable to halt biosynthesis and cell division, and thus continue to employ 

energy-demanding processes without up-regulating their mitochondrial function, 

which ultimately causes an energy crisis and cell death. 

The alterations observed in the amino acid responsive pathways, TORC1 and eIF2α, 

over time during amino acid withdrawal in HEK and HeLa cells may be linked to their 

cytosolic translation rate, which could impact their survival during amino acid 

deprivation. TORC1 and eIF2α both respond to amino acid availability, but via 

different mechanisms: TORC1 senses free amino acid levels, whereas eIF2α is 

regulated by GCN2, which senses uncharged tRNAs. TORC1 inhibition is known to 
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increase autophagy, leading to the release of amino acids, which could maintain 

charged tRNA levels. 

When exogenous amino acids are withdrawn, it is likely that free amino acids are 

scarce, and are instead bound by their cognate tRNA, explaining the continuous 

TORC1 inhibition in HEK and HeLa cells, and the inferred activation of autophagy. 

In HEK cells, it is likely that the lower rate of translation does not exceed the tRNA 

charging rate since eIF2α is not activated at any point. A continuous supply of amino 

acids might be provided through increased autophagy (Onodera & Ohsumi, 2005); 

thus inhibiting activation of the eIF2α kinase, GCN2. Instead, in HeLa cells with a 

higher cytosolic translation rate, it is likely that the release of free amino acids during 

the early hours of starvation is not sufficient, leading to reduced translation. This lull 

in translation might allow increased tRNA charging by amino acids, potentially 

through increased autophagy or proteolysis, restarting the higher rate of translation 

seen in HeLa cells at 24 hours. Maintaining this higher rate of translation, however, 

requires a lot of energy; thus, HeLa cells’ increased translation may eventually cause 

an energy crisis, which could account for the earlier cell death during amino acid 

starvation. Conversely, the lower translation rate in HEK cells will require less ATP; 

combined with the increase in mitochondrial function, this may provide the cell with 

enough energy to stave off cell death for a much longer period (Figure 6.1). 

The downstream targets of TORC1, 4E-BP1 and S6K, are both known to have roles 

in regulating translation (Choo, Yoon, Kim, Roux, & Blenis, 2008); however, the 

effects on global translation rates are often indirectly measured through the 

phosphorylation state of these proteins, and not translation itself. Here, I have shown 

that translation in HEK cells is not inhibited during amino acid starvation, despite 

continuous TORC1 inhibition, as evidenced by the rapid and maintained 4E-BP1 

dephosphorylation. This result was further confirmed through Torin1 treatment, 

where translation was not inhibited up to 24 hours (Figure 3.22). Therefore, TORC1 

inhibition likely regulates a more specific subset of proteins, rather than global 

translation. A similar observation was made in Swiss 3T3 cells, where rapamycin 

treatment rapidly dephosphorylated TORC1 target S6K, however, its target, 

ribosomal subunit S6, remained phosphorylated and active for up to 2 hours 

afterwards, indicating that there is a delay in translational repression (Jefferies, 

Reinhard, Kozma, & Thomas, 1994). Furthermore, this group reported only a modest 

decrease in 35S-methionine incorporation with rapamycin incubation, but inhibition of 



Chapter 6. Discussion 

 

154 

 

a specific set of mRNAs. 4E-BP1 up-regulation during dietary restriction has been 

observed to increase specific translation of nuclear-encoded OXPHOS subunits, 

which were necessary for the longevity associated with dietary restriction in 

Drosophila (Zid et al., 2009). Thus, whilst TORC1 is well known for its role in 

regulating cytosolic protein synthesis, it appears that its inhibition has only a modest 

effect on the global translation rate in both HEK and HeLa cells, and might play a 

greater role in regulating specific changes in translation.  

The rise in cytosolic translation observed in HEK cells after 24 hours of amino acid 

starvation (Figure 3.15) was unexpected. Despite autophagy presumably being 

activated in amino acid starvation, it is counter-intuitive that these cells up-regulate 

cytosolic translation, and are still able to survive prolonged periods of starvation. This 

could, however, be explained as an artefact of the radiolabelling experiment. Amino 

acid starvation has been demonstrated to increase the expression of amino acid 

transporters (Alfieri et al., 2005; Gaccioli et al., 2006; Hellsten, Lekholm, Ahmad, & 

Fredriksson, 2017); therefore, the radiolabelled methionine may be taken up and 

incorporated by the cells at a greater rate at later time points. It is also likely that 

there is more free methionine in cells incubated in medium containing amino acids, 

despite washing the cells before adding the radiolabelled methionine. Thus, a higher 

ratio of labelled:unlabelled methionine in amino acid starved cells would increase the 

percentage incorporation into the translatome in amino acid-deprived cells where 

methionine levels are limiting. Whilst these caveats should be taken into account, it 

is nevertheless clear that a defect in translation is not present in amino acid-deprived 

HEK cells at the early stages of amino acid starvation. Ribosome profiling during 

amino acid starvation and Torin1 treatment could complement the radiolabelling 

profile of the cells to resolve these issues, and indicate changes in the translatome 

as well as the rate of protein synthesis. 
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Figure 6.1: High levels of protein synthesis may compromise HeLa cells during 

amino acid starvation. 

During amino acid deprivation, HEK cells are able to maintain their cytosolic translation, 
and increase their mitochondrial function for more efficient ATP production, thus allowing 
cell survival during prolonged amino acid withdrawal. Cancer cells have a higher 
translation rate, which is compromised during the early stages of starvation, but 
subsequently regained, likely through activation of autophagy by TORC1 inhibition and 
release of amino acids to re-charge tRNAs and re-active eIF2α. Mitochondrial function 
is not increased in cancer cells, and cytosolic processes are preferentially maintained, 
which causes an energy crisis, followed by cell death. Amino acids (AAs), cytosolic 
Protein Synthesis (CPS), eukaryotic initiation factor 2α (eIF2α), Target of Rapamycin 
Complex 1 (TORC1). 
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6.1.2 Regulation of Mitochondria Function Occurs at the Translational Level 

During Amino Acid Starvation 

In HEK cells, the synthesis of nascent polypeptides was elevated after 72 hours of 

amino acid starvation, but the change was not associated with an increase in the 

steady state levels of nuclear- or mitochondrial-encoded proteins, except for ND1 

(Johnson et al., 2014). Moreover, since many but not all mitochondrial transcripts 

were up-regulated in response to amino acid deprivation, and the levels of key 

proteins involved in the mitochondrial transcription machinery were unchanged, it 

was proposed that a decrease in turnover rather than synthesis accounted for the 

transcript levels. Furthermore, it was suggested that the main regulation of 

mitochondrial energy production occurred at the translational level, and that to 

increase mitochondrial function, it is not necessary to replace old mitochondria with 

new ones; instead, the substitution of a subset of components is sufficient during 

periods of starvation (Johnson et al., 2014). Withdrawing amino acids from HEK cells 

for 24 hours produced similar changes to those at 72 hours, including increases in 

MPS, tRNA levels, and ND1 transcript level. To ensure that the increased 

mitochondrial translation phenotype seen here resulted in greater mitochondrial 

function, membrane potential and oxygen consumption also need to be determined. 

Amino acid starvation also reconfigures mitochondrial translation in HeLa and A549 

cells, although in different ways to HEK cells, overall repressing rather than 

stimulating MPS. The decrease in mitochondrial translation, evident at 6 hours, 

preceded the decrease in mitochondrial mRNAs, which were only pronounced after 

24 hours of amino acid starvation (Figure 3.6). This suggests a feedback loop, where 

the mRNA abundance is decreased in response to low mitochondrial function; 

however, the translation rate of mitochondrial complex IV subunits did not match the 

decreases in mRNAs, indicating that the mitochondrial translation is not directly 

proportional to the transcript level, and implying that ribosome activity may be able 

to compensate for low transcript levels. 

Comparison of the OXPHOS steady state levels of individual components (by SDS-

PAGE, Figure 3.8), and holoenzymes (by BNE, Figure 3.9 and Figure 3.10) produced 

apparently conflicting results. The total complex III (HEK and HeLa) and complex IV 

(HeLa) were more abundant after 24 hours of amino acid starvation (Figure 3.9), 

whereas the expression of individual OXPHOS subunits were often decreased 
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(Figure 3.8). One possibility to reconcile these differences is that the individual 

subunits might be more sensitive to damage after amino acid starvation, and whilst 

held together in their native condition, they may be broken during cell lysis using a 

harsher detergent, thus accounting for the decrease in steady state observed by 

SDS-PAGE. This hypothesis could be confirmed by running an SDS-PAGE gel after 

BNE, which, in conjunction with a shorter BNE, could provide supporting evidence 

for the idea that sample preparation for SDS-PAGE is causing more damage to the 

amino acid-starved samples. Moreover, pulse-chase radiolabelling of mitochondrial 

translation products, followed by assessment of holoenzymes by BNE, would 

address any changes in incorporation or stability of the OXPHOS complexes during 

amino acid starvation.  

Supercomplex formation is proposed to aid efficient electron transfer (Bianchi, Fato, 

Genova, Parenti Castelli, & Lenaz, 2003; M.L. Genova et al., 2008; Maria Luisa 

Genova & Lenaz, 2014); an increase in supercomplex I+III2+IV in HEK cells may aid 

in energy production and cell survival. Variable but not significant changes were 

observed in HeLa cells, which suggested these cells may produce a similar increase 

in I+III2+IV, but more repetitions are required to confirm this. Furthermore, to 

understand whether these changes aid the cell, or are a futile attempt to response to 

amino acid starvation, activity of the complexes should be measured, which would 

give an indication of whether up-regulation of the complexes resulted in increased 

complex function in either cell line. 

The changes in translation of specific mitochondrial subunits in both A549 and HeLa 

cells during amino acid starvation suggest that there are certain conserved 

responses in mitochondrial function between unrelated cells. Recent work in yeast 

has highlighted alterations in mitochondrial translation of specific subunits when the 

cells are rapidly switched from a fermentable to a non-fermentable carbon source 

(Couvillion, Soto, Shipkovenska, & Churchman, 2016). An extension of these results 

revealed that inhibition of cytosolic translation with cycloheximide decreased 

mitochondrial translation of complex III and V subunits, COB and ATP6/9, 

respectively, alongside increased translation of complex IV subunit, COX II. This is 

strikingly similar to the mitochondrial translational pattern observed in amino acid 

starved cancer cells, suggesting that the changes in mitochondrial translational of 

individual subunits may be responding to differences in cytosolic translation. It would 
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therefore be pertinent to determine whether A549 cells show the same changes in 

cytosolic translation in response to amino acid starvation. 

Changes in yeast mitochondrial translation upon carbon source switching correlated 

with changes in transcript levels (Couvillion et al., 2016), however, whereas this was 

not the case in this study (Figure 3.5). Thus, the regulation of mitochondrial 

transcription and translation is different between mammalian and yeast cells in 

respect to amino acid availability. 

This is perhaps unsurprising as yeast mitochondrial mRNAs have long 5’-

untranslated regions (5’-UTRs) and introns, thus requiring more processing than 

mammalian mitochondrial mRNAs. The 5’-UTRs can be bound by activators and 

repressors, which regulate the translation directly, or translation can be attenuated 

through mRNA processing or degradation (Ackerman, Gatti, Gellefors, Douglas, & 

Tzagoloff, 1991; Islas-Osuna, Ellis, Marnell, Mittelmeier, & Dieckmann, 2002; 

Manthey & McEwen, 1995; Mittelmeier & Dieckmann, 1995; Mulero & Fox, 1993; 

Poutre & Fox, 1987; Rak & Tzagoloff, 2009; Rödel, 1986; Tavares-Carreón et al., 

2008; Zeng, Hourset, & Tzagoloff, 2007; Ziaja, Michaelis, & Lisowsky, 1993). The 

rate of translation of Cox1p and COB in yeast has also been linked to correct 

assembly of the nascent polypeptide into the holoenzyme by translational activators 

which localise the translation to the IMM, and can also bind the nascent polypeptide 

(Barrientos, Zambrano, & Tzagoloff, 2004; Herrmann, Woellhaf, & Bonnefoy, 2013; 

X. Perez-Martinez, Broadley, & Fox, 2003; Xochitl Perez-Martinez, Butler, Shingu-

Vazquez, & Fox, 2009; Sanchirico, Fox, & Mason, 1998); thus, if there is a problem 

with assembly, feedback inhibition prevents production of new mitochondrial-

encoded subunits (Duvezin-Caubet et al., 2006; Herrmann et al., 2013). This has 

been proposed to prevent accumulation of potentially damaging assembly 

intermediates of the reaction centres of the OXPHOS enzymes, reducing the risk of 

ROS production (Herrmann et al., 2013). Since mammalian mitochondrial mRNAs 

lack 5’-UTRs, translational control of these mRNAs must be regulated in a different 

manner, although similar mechanisms linking translation and assembly may exist. 

Little is currently known about translational activators or repressors for specific 

mitochondrial mRNAs in mammalian cells. 

An increase in translation in HEK mitochondria during amino acid starvation suggests 

possible regulation of a common factor. This could be due to the observed increased 

tRNA abundance (although this requires repetition to confirm), or through post-
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translational modification to promote MPS. Recent studies have shown that many 

mitochondrial ribosomal proteins and translation factors are phosphorylated or 

acetylated to regulate translation. For example, NAD+-dependent SIRT3 

deacetylates mitochondrial ribosomal protein, MRPL10, leading to reduced 

translation (Yang et al. 2010). Investigation of changes in post-translational 

modifications of mitochondrial proteins involved in translation after 24 hours of amino 

acid withdrawal could determine whether this might contribute to increased 

translation in HEK cells. 

The increase in mitochondrial translation of complex IV subunits in total amino acid 

withdrawal and glutamine starvation was observed in both HEK and HeLa cells. 

Promotion of COX I translation in mammals has been demonstrated to be regulated 

by translational activator of COX I (TACO1) (Weraarpachai et al., 2009). It would 

therefore be relevant to determine whether this mitochondrial translational regulator 

is more active during nutrient stress conditions. ATP6/8 was not increased in HEK 

cells in glutamine, compared to an increase in translation during withdrawal of all 

exogenous amino acids (Figure 3.16). Although the factors regulating translation of 

mitochondrial-encoded complex V subunits are unknown in mammals, the change in 

ATP6/8 protein production during total amino acid starvation but not glutamine 

withdrawal suggests an involvement of specific factors. 

Glutamine withdrawal phenocopied most of the changes in MPS occurring during 

total amino acid starvation. It is conceivable that glutaminolysis, a major pathway for 

anaplerosis, may affect the abundance of TCA cycle metabolites within the 

mitochondria, and may alter mitochondrial function through the regulation of 

mitochondrial OXPHOS and translation to meet these changes. To determine if 

changes in the rate conversion of glutamine to -ketoglutarate affect MPS, cells 

could be treated with an inhibitor of glutaminolysis, followed by assessment of 

mitochondrial translation. 

It is proposed here that currently unknown mitochondrial translational 

activators/repressors could be responsible for the alterations in expression of certain 

mitochondrial proteins, which are regulated in a nutrient- and cell-dependent manner. 

This could be determined through RNA fractionation under native conditions, 

followed by isolation of mitochondrial mRNAs, and identification of bound proteins by 

mass spectroscopy. This approach could determine novel translational regulators of 

specific mammalian mitochondrial mRNAs. 
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6.1.3 TORC1 Regulates Mitochondrial Translation 

Pharmacological TORC1 inhibition with Torin1 in both HEK and HeLa cells 

reproduced many of the same cell line-specific changes in mitochondrial translational 

occurring during total amino acid starvation. The changes in MPS in A549 cells were 

almost identical to HeLa cells after 24 hours of amino acid starvation, despite 

downstream TORC1 target 4E-BP1 remaining partially phosphorylated even at the 

later stages of starvation (Figure 3.14). Thus, TORC1 inhibition is sufficient but likely 

not necessary to induce many of the same changes in MPS as with total amino acid 

withdrawal. It is possible that TORC1 and amino acid deprivation both affect an 

unknown downstream signalling pathway, which then alters mitochondrial translation. 

Determining mitochondrial transcriptional activators/repressors as described in 

Chapter 6.1.2 during Torin1 treatment could lead to understanding how translation 

of certain mitochondrial-encoded subunits are regulated by TORC1. Moreover, it 

would be of interest to understand how TORC1 inhibition affects mitochondrial 

function beyond the changes in translation. For instance, does TORC1 regulate 

mitochondrial respiration and membrane potential, also? Current data on TORC1 

regulation of mitochondrial activity is conflicting, with groups observing decreases 

(Cunningham et al., 2007; Schieke et al., 2006) or increases (Bonawitz et al., 2007; 

Zid et al., 2009) in mitochondrial respiration upon TORC1 inhibition. Thus, the 

signalling pathways downstream of TORC1 may be cell type-specific, which might 

account for the different changes in mitochondrial translation upon Torin1 treatment 

observed between HEK and HeLa cells. 

 

6.1.4 Key Experiments 

Many of the mitochondrial changes occurring in HEK cells when amino acids were 

withdrawn for 72 hours (Johnson et al., 2014) were reproducible at 24 hours, 

however, the mRNA abundance was not increased in all transcripts at this time point; 

thus, to ensure that HEK mitochondrial function has increased at this time point, 

measurements of mitochondrial function through oxygen consumption and 

membrane potential need to be performed at 24 hours to be comparable to the 

changes in A549 and HeLa cells. To determine whether increased mitochondrial 
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function in HEK cells maintains ATP levels compared to HeLa and A549 cells, total 

cellular ATP should be measured. 

The differences between holoenzyme and OXPHOS subunit steady state can be 

explained such that components of these complexes may be damaged but 

maintained in the holoenzyme during amino acid deprivation as there are not enough 

resources to repair them. These damaged subunits may then fall apart upon analysis 

by SDS-PAGE; to verify this hypothesis, the steady state should be taken from the 

same samples prepared for native gel electrophoresis. Furthermore, once samples 

are lysed, this leads to instability, and therefore comparing samples analysed upon 

collection and kept for a month may lead to a decrease in native complexes from the 

same samples. To determine whether the turnover of the complexes is altered during 

amino acid starvation, a pulse-chase analysis could be performed to understand 

whether de novo mitochondrial proteins are incorporated into new OXPHOS 

complexes, and if these components are more stable in the complex due to changes 

in turnover. Given the similarity between the mitochondrial translation pattern of 

HeLa and A549 cells deprived of amino acids, it should be determined whether the 

changes in complex assembly are also conserved in A549 cells. 

The decrease in mitochondrial function in HeLa cells does not match the increase in 

complex III and IV abundances, thus, to determine whether these complexes are 

functional, activity assays should be performed for each complex, thus aiding the 

understanding between preservation and function, and whether this mechanism 

differs between HEK and HeLa cells. 

Changes in mitochondrial translation and steady state during glutamine and SAA 

withdrawal varied between HEK and HeLa cells. Since HeLa cells showed a more 

pronounced change in these mitochondrial markers with glutamine withdrawal, 

whereas HEK cells showed a more marked decrease in OXPHOS subunit steady 

state with SAA deprivation, markers of mitochondrial function (oxygen consumption, 

membrane potential, complex activity) should be investigated in these conditions. 

Torin1 treatment also produced similar effects on mitochondrial translation as with 

total amino acid starvation in both HEK and HeLa cells. Understanding whether 

TORC1 inhibition is beneficial in HEK cells through stimulating mitochondrial function 

in a similar manner to amino acid starvation, but damaging in HeLa cells, may reveal 

how changes in mitochondrial function can be regulated through signalling pathways. 

Further investigation into regulators downstream of TORC1 would then be necessary 
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to determine why the same TORC1 inhibition might give rise to both an inhibition or 

stimulation of the mitochondria. 

Continued TORC1 activation in A549 cells until the latter stages of amino acid 

starvation suggests either a dysregulation of this pathway, or that there is a 

maintained pool of free amino acids during the early stages. Potentially, this could 

be achieved through an increased basal rate of autophagy. Similarly, reactivation of 

eIF2α in HeLa cells at 16-24 hours of amino acid starvation suggests that the ISR is 

repressed; most likely this is due to recharging of tRNAs, and repression of ISR 

component, GCN2. Charging of tRNAs requires a pool of free amino acids; thus, to 

determine the mechanism which leads to inactivation of the ISR in HeLa cells, and 

to prolonged TORC1 activity in A549 cells during amino acid starvation, the rate of 

autophagy should be measured in each cell line. 

 

 

6.2 Tim17A is a Rapidly Regulated Stress-Responsive Protein 

6.2.1 Tim17A Levels Respond to Nutrient Availability and Mitochondrial 

Dysfunction 

It has been reported that Tim17A depletion occurs in response to arsenite treatment 

(Rainbolt et al., 2013). In this study, I have demonstrated that the change in Tim17A 

protein expression is a more general response to a number of metabolic challenges, 

including amino acid starvation and glucose restriction, as well as a mild response 

to antimycin treatment in HEK cells (Figure 4.11).  

Whilst the Tim17A response has previously been shown to be downstream of eIF2α 

phosphorylation during arsenite treatment (Rainbolt et al., 2013), inhibition of eIF2α 

is not necessary to elicit this response during amino acid starvation in HEK cells 

(Figure 3.13). Furthermore, treatment with Torin1 did not alter eIF2α phosphorylation, 

but still caused Tim17A depletion, confirming this result. Thus, Tim17A is 

downstream of multiple nutrient- and stress-sensitive signalling pathways within the 

cell. 

Canonically, TORC1 regulates cytosolic translation initiation (Choo et al., 2008; 

Gingras, Raught, & Sonenberg, 2001; Jefferies et al., 1994; Terada et al., 1994) and 

autophagy (J. Kim, Kundu, Viollet, & Guan, 2011; Park et al., 2016). Although no 
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changes in cytosolic translation were observed after 2 hours with Torin1 treatment, 

and all other components of the mitochondrial proteome investigated were 

unaffected at this time point, there may nevertheless be selective inhibition in 

translation or degradation of specific proteins (Calap-Quintana et al., 2015; Komatsu 

& Ichimura, 2010), which might include Tim17A. However, TORC1 may act on 

Tim17A levels outside of its canonical roles; recently, two new downstream targets 

of TORC1 have been discovered to be involved in the temporal regulation of 

neurogenesis in D. melanogaster, without affecting protein translation and cell 

growth (Avet-Rochex et al., 2014). This demonstrates that our knowledge of TORC1 

regulation and targets within the cell is still incomplete. Thus, it is possible that an 

unknown target of TORC1 regulates Tim17A levels. 

Tim17A, as part of the TIM23 translocase, is responsible for importing all 

mitochondrial matrix proteins, as well as some IMM proteins. Previous assessments 

of changes in mitochondrial protein import efficiency in Tim17A-silenced HEK cells 

have shown minimal reduction in import kinetics, compared to Tim17B silencing 

(Rainbolt et al., 2013; Sinha, Srivastava, Krishna, & D’Silva, 2014). In contrast, stress 

conditions such as arsenite treatment (Rainbolt et al., 2013) has a more marked 

effect on mitochondrial protein import. The difference is readily explained, however, 

as the gene silencing of Tim17A is mitigated by the upregulation of Tim17B (Figure 

4.15). Thus, clearly it is important to check Tim17B and Tim23 levels whenever 

Tim17A is depleted. 

Since reduction in Tim17A levels decreases mitochondrial protein import following 

arsenite treatment (Rainbolt, Saunders, & Wiseman, 2015), and by inference also 

during amino acid withdrawal, an accumulation of mitochondrial-targeted preproteins 

in the cytosol might occur, leading to feedback inhibition of cytosolic translation. In 

yeast, problems with mitochondrial protein import have been shown to reduce 

cytosolic protein synthesis and activate the proteasome to prevent accumulation of 

mitochondrial proteins outside the mitochondria (Xiaowen Wang, Zuo, Kucejova, & 

Chen, 2008; Wrobel et al., 2015). Therefore, Tim17A reduction may act as an 

additional signal to the cell to reduce cytosolic protein synthesis in response to 

nutrient stress (Figure 6.2). 

The compensatory upregulation of Tim17B during knockdown of the A isoform 

(Figure 4.15) confounds the investigation into the potential roles of reduced import 

through the TIM23 translocase during stress conditions. Thus, it is not possible to 
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ascertain that Tim17A depletion during amino acid withdrawal does not affect 

mitochondrial functions such as translation or membrane potential by this method. 

The reduction in mtDNA copy number (20-25%) during Tim17A knockdown, despite 

only 10% reduction of the Tim23 subunit suggests that the Tim17A isoform may have 

a role in mtDNA stability. This is complementary to previous work by Iacovino et al., 

where Tim17A overexpression in NT2 cells partially rescued mtDNA depletion in an 

mtDNA mutant background (Iacovino et al., 2009). To determine whether Tim17A 

interacts directly with the mtDNA, the components from isolated mitochondria should 

be separated on an iodixanol gradient to assess possible co-fractionation. Tim17B 

interaction with mtDNA should also be determined to understand whether the A 

isoform has a unique role. 

 

6.2.2 Why is Tim17A Upregulated in Cancer Cells? 

Tim17A is often upregulated in tumours and cancer cell lines (Kannangai et al., 2007; 

Salhab et al., 2012; Sinha et al., 2014; Świtnicki et al., 2016; Xu et al., 2010; Y. Zhang 

et al., 2015), however, the specific reasons for this remain unknown. Tim17B 

expression remained constant in a variety of stress conditions tested here, and 

following arsenite treatment (Rainbolt et al., 2013), which is concordant with the 

previous observation identifying the Tim17B:Tim23 translocase as the housekeeping 

TIM23 complex (Sinha et al., 2014).  

The Tim17A isoform, instead, responds to a variety of stresses, and therefore 

determines the proportion of TIM23 complexes that can be modulated according to 

the cell’s needs. This could confer an advantage to cancer cells to exert tight 

regulation over mitochondrial import in the fluctuating nutrient environments that 

often accompany tumour growth (Sancho, Barneda, & Heeschen, 2016; X. Zhang et 

al., 2015, 2016). 

As demonstrated conclusively here, Tim17A is depleted in response to reduced 

nutrient levels. Cancer cells often increase nutrient uptake through higher expression 

of glucose and amino acid transporters (Y. D. Bhutia, Babu, Ramachandran, & 

Ganapathy, 2015; Yangzom D. Bhutia, Babu, Prasad, & Ganapathy, 2014; Carvalho 

et al., 2011; Haase, Bergmann, Fuechtner, Hoepping, & Pietzsch, 2007; Labak et al., 

2016; Macheda, Rogers, & Best, 2005; Q. Wang & Holst, 2015); thus, it is 
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conceivable that the up-regulation of Tim17A is a response to increased nutrient 

availability within the cell. This increase in uptake of nutrients could lead to a higher 

rate of cytosolic translation, and therefore increased synthesis of nuclear-encoded 

mitochondrial proteins, which require import. Thus, the higher expression of Tim17A 

may reflect increased cytosolic translation, and greater requirement for mitochondrial 

protein import. This hypothesis is concordant with the higher rate of cytosolic 

translation observed in HeLa cells compared to HEK cells, which correlates with the 

Tim17A steady state level. 

 

Figure 6.2: Tim17A regulation during nutrient stress, and the downstream 

response. 

Amino acid starvation, glucose restriction and mitochondrial dysfunction (in HEK cells) 
cause TORC1 inhibition, which induces Tim17A depletion through Yme1L degradation, 
possibly through a currently unknown protein, or through metabolic changes which affect 
mitochondrial function. Amino acid deprivation also reduces Tim17A though a TORC1-
independent component. Tim17A depletion reduces protein import capacity, which may 
in turn signal to the cell, inducing both cellular and mitochondrial adaptations to reduced 
amino acid availability. 
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6.2.3 Key Experiments to Determine Mechanisms for Tim17A Regulation, and 

its Consequences 

Reduction of Tim17A during amino acid starvation or Torin1 treatment requires the 

mitochondrial IMM protease, Yme1L, as has been previously demonstrated during 

arsenite treatment (Rainbolt et al., 2013) and here (Figure 4.13). However, the 

activation of rapid degradation of Tim17A by Yme1L during stress conditions remains 

unknown. The degron sequence for Yme1L recognition is known to be located in the 

C-terminal, which is proposed to project into the IMS, and is the least conserved 

region between the Tim17A and B isoforms (H. Shi, Rampello, & Glynn, 2016). 

One potential method for regulation of Tim17A is through post-translational 

modification. Sequence alignment identified ser/thr residues which are not 

conserved between the Tim17 isoforms that could be potential targets for kinases to 

affect the stability of the protein (Figure 4.1). Alternatively, the N-terminal of JC15 

has been shown to bind specifically to the Tim17A isoform on the C-terminal (Sinha 

et al., 2014). JC15 binding to Tim17A under non-stress conditions might prevent 

Yme1L recognition of Tim17A, and during nutrient stress, JC15 might dissociate from 

Tim17A and reveal the degron sequence for Yme1L to bind. 

Since the degradation of Tim17A occurs so rapidly, to ensure any changes in post-

translational modification or binding partners are present, amino acid starvation 

should be performed in a Yme1L-null background. In this manner, stress-dependent 

changes to Tim17A should still occur, but without degradation of protein. 

Mitochondrial isolation, followed by immunoprecipitation and mass spectroscopy 

would identify any changes in post-translational modification(s), whereas BNE would 

highlight whether the molecular weight of the TIM23 complex is altered during amino 

acid starvation. Determining whether Tim17A, but not Tim17B, is part of any 

complexes, and identification of these complexes, within the mitochondria may also 

aid to discovering the consequences of Tim17A depletion during nutrient stress. 

Understanding the mechanism that targets Tim17A for degradation by Yme1L during 

nutrient stress will be important to determine exactly how it is regulated. This insight 

could lead to understanding how TORC1 inhibition, eIF2α phosphorylation and 

amino acid withdrawal are able to cause depletion of this protein. 
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6.3 The Relevance of Altered TSP and SQR Expression in 

Mitochondrial Dysfunction Models 

Cysteine is a critical amino acid for cell growth and survival (Suraweera, Münch, 

Hanssum, & Bertolotti, 2012), and its metabolism is highly complex. Excess cysteine 

is catabolised by CDO1 and excreted, and cysteine is synthesised by the TSP in 

conditions of cysteine deficiency. Less intuitively, cysteine catabolism persists when 

cysteine is scarce, but via CBS and CSE rather than CDO1 (Martha H Stipanuk & 

Ueki, 2011). Dietary restriction in Drosophila induces CBS expression (H. Kabil, Kabil, 

Banerjee, Harshman, & Pletcher, 2011), and up-regulates both the TSP enzymes 

and SQR in mice (Hine et al., 2015).  

Deciding the fate of cysteine depends in part on the mitochondria, as they harbour 

the SOU, which is essential for H2S detoxification and, as described elsewhere in 

this thesis, the mitochondria constitute a biosynthetic hub that responds in numerous 

ways to changes in amino acid availability. The genetic and pharmacological models 

of ETC impairment studied here demonstrate that SAA metabolism is responsive to 

mitochondrial function, and a decrease in this function can increase expression of 

both the TSP enzymes, and SQR, which catalyses the first step of H2S detoxification. 

One inference could be that such forms of mitochondrial dysfunction associated with 

tRNA modifications mimic a cysteine-restricted state, similar to the changes 

observed during dietary restriction. Thus, this group of patients might benefit from 

increased dietary cysteine. Currently, there are no effective treatments for these 

disorders. Cysteine supplementation would be simple to administer, and could be 

rapidly translated into the clinic, making it an appealing option for these patients. 

The intriguing finding that increased sulphur catabolism to thiosulphate, alongside 

elevated SQR expression (Figure 5.6), occurs in the fibroblasts of the long-lived 

patient, MTO1 C, indicates that these cells produce and detoxify more H2S than is 

normal, despite low TSP enzyme levels. The relative activity of CBS and CSE 

crucially determines the production of H2S (O. Kabil, Yadav, & Banerjee, 2016), 

however, which could explain the high H2S levels in these cells. Furthermore, given 

that H2S production is increased relative to controls, this suggests higher TSP 

activity; thus, it is possible that MTO1 C cells can produce more cysteine through the 

TSP also, which might have a beneficial effect for the cell, although this needs to be 

determined.  
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MTO1 C cells are nevertheless catabolising larger amounts of cysteine than controls, 

crucially through SQR, and not CDO1. This implies a beneficial purpose to increased 

cysteine catabolism via SQR, and a key difference is that H2S is produced through 

this route. The biochemical switch away from CDO1-mediated cysteine catabolism 

might have a physical basis - CSE has been shown to translocate from the cytosol 

to the mitochondria during calcium or ER stress, which increases mitochondrial ATP 

production (Fu et al., 2012); thus, higher mitochondrial CSE levels might promote 

production of H2S rather than CDO1 catabolite, taurine. Cellular fractionation would 

address whether TSP enzyme localisation is altered in MTO1 C fibroblasts. 

 

6.3.1 Key Experiments to Determine the Relevance of SQR in Mitochondrial 

Dysfunction 

The next key question is: what is the benefit of H2S that would justify MTO1 C 

fibroblasts remodelling their metabolism to increase its production? Although toxic at 

high concentrations (>10µM), H2S can serve as an electron donor, and in the range 

of 0.1-10µM, it boosts mitochondrial ATP production (Módis et al., 2014; Modis et al., 

2013; F. Zhao et al., 2016), specifically in stress conditions during hypoxia or 

elevated intracellular calcium levels (Fu et al., 2012). Thus, H2S metabolism may 

partially compensate for the OXPHOS deficiency in MTO1 C cells. This could be 

determined through measuring oxygen consumption in the patient fibroblasts, with 

or without SQR silencing to understand if increased SQR reflects increased flow of 

electrons from H2S to the ETC, thus aiding mitochondrial ATP production. 

Chemically, H2S is an antioxidant, and acts as a ROS scavenger (Carballal et al., 

2011; Whiteman et al., 2004; Yan et al., 2006). It has been proven to increase cell 

survival during oxidative stress (Bos et al., 2013; Elrod et al., 2007; Lobb et al., 2012; 

Shen et al., 2013; Xie et al., 2016), although the relative direct contribution of H2S to 

ROS detoxification is disputed, as its antioxidant properties might be mediated 

through downstream signalling (Hamar et al., 2012; Lan et al., 2011; M. Lu, Hu, Hu, 

& Bian, 2008; Taniguchi, Kang, Kimura, & Niki, 2011; Xie et al., 2016). Despite these 

mechanistic uncertainties, H2S production could be beneficial during mitochondrial 

dysfunction to reduce ROS levels within the cell, and might therefore contribute to 

the long survival of patient MTO1 C. Measurement of cellular and mitochondrial ROS 
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production, and cell resistance to oxidative stress, would indicate whether this 

mechanism was important in the MTO1 C cells. 

 

 

6.4 The Interplay Between Mitochondrial Function, Nutrients 

and Metabolism in Disease Models 

HeLa and A549 cells displayed a reduced ability to adapt to lack of exogenous amino 

acids, and HeLa cells maintained high energy-consuming cytosolic protein synthesis 

without up-regulating mitochondrial function. Thus, reducing mitochondrial function 

whilst maintaining cytosolic translation may present a mechanism to induce an 

energy crisis. Further understanding of the mechanisms behind this process may aid 

prediction of which cells will survive nutrient stress, and adapt, and which will 

undergo cell death. This may be of use when determining if modulating diet will 

decrease tumour growth (Jacobs, 2013). 

Amino acid starvation clearly altered mitochondrial protein synthesis, and showed 

specific changes in different cell lines, demonstrating the control over translation of 

individual subunits. This work highlights the need for further research into the 

mechanisms behind translational activation/repression of particular mitochondrial-

encoded subunits, which could provide insight into why these changes are altered 

depending upon nutrient availability, and why regulation of specific subunits might 

be favoured in certain cells. TORC1 inhibition has been shown here to regulate 

mitochondrial translation, underlining the crossover between cytosolic signalling 

pathways and the mitochondria to coordinate cellular activity. The conserved down-

regulation of mitochondrial protein translocase subunit, Tim17A, in response to 

nutrient withdrawal demonstrates one mechanism by which the cell can modulate 

mitochondrial protein import depending upon nutrient availability. The import 

machinery represents an interface between the mitochondria and the cytosol, and 

could be a key player in ensuring cytosolic production of mitochondrial proteins is 

attenuated during stress conditions.  

Cysteine catabolism by the TSP enzymes geared towards H2S production was 

shown to be up-regulated in the fibroblasts of a long-surviving patient with a 

mitochondrial tRNA modifier mutation. Furthermore, pharmacological induction of 
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mitochondrial dysfunction increased this pathway, demonstrating that sulphur amino 

acid metabolism has an important role in the cellular adaptation to mitochondrial 

dysfunction. 

This thesis highlights the intricate relationship between the mitochondria and the cell, 

and explores the changes occurring in different cell lines which affect their ability to 

adapt to reduced exogenous amino acid availability, as well as investigating the 

metabolic adaptations accompanying OXPHOS deficiency in mitochondrial disease 

models. 
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