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ABSTRACT 

The human mitochondrial genome is approximately 16.6kbp and encodes 22 tRNAs, 2 

rRNAs and 13 polypeptides. These polypeptides are synthesised by the mitoribosome, 

composed of a large (39S) and small (28S) subunit. Although recently published cryo-EM 

structures of the human, porcine and yeast mitoribosomes have identified a number of 

significant differences including new components with uncharacterised functions. 

One such component was mS38 (AURKAIP1) as a part of the mt-SSU of the mitoribosome. 

This was consistent with previous work in my host laboratory using a siRNA screen of 

candidate mitochondrial proteins, which identified AURKAIP1 as having a role in mitochondrial 

gene expression. I continued this work and confirmed levels of AURKAIP1 are tightly controlled 

within the cell. Overexpression of both AURKAIP1 and AURKAIP1-FLAG caused disruption to 

the mitoribosome and mitochondrial translation, and depletion of AURKAIP1 impaired cell 

growth and resulted in cell death. Although the exact function of AURKAIP1 is still elusive, 

AURKAIP1 may have a role as an RNA chaperone. When overexpressed, AURKAIP1 was 

cleaved by the mitochondrial matrix protease LONP1, from a 25kDa to a 15kDa species by two 

cleavage events, although this could not be determined in the endogenous species. 

This work led to the characterisation of LONP1 variants that were believed to be 

pathogenic. Whole exome sequencing identified two novel mutations (p.Tyr565His; 

p.Glu733Lys) in LONP1 in a paediatric patient with a severe mitochondrial disease. By cloning 

and sequencing LONP1 from patient samples, I showed compound heterozygosity in the 

patient for 2 independent mutations, confirming the disorder to be autosomal recessive. 

Skeletal muscle showed severe defects in OXPHOS complexes I, III and IV, reduced mtDNA 

copy number and a decrease in the steady state levels of TFAM. Steady state levels of LONP1 

remained unaffected. The p.Tyr565His mutation is localised to a highly conserved aromatic-

hydrophobic (Ar-φ) motif present in hexameric ATP-dependent proteases and in vitro assays 

indicated a retained ability to hydrolyse ATP but a loss of proteolytic activity. This suggests 

that the mutation is likely to prevent the substrate from reaching the proteolytic site. 
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CHAPTER 1: INTRODUCTION 

1.1 Mitochondria: An Overview 

Mitochondria are essential organelles that are present in the cytosol of all nucleated 

eukaryotic cells and are one of the major sources of adenosine triphosphate (ATP) production 

within the cell. As a reticulum, the mitochondrial mass within a human cell can vary, 

depending on the cell type and ATP requirement.  

1.1.1 Evolutionary Origin of Mitochondria 

All eukaryotes contain an organelle of mitochondrial origin. It had been widely-accepted 

that mitochondria evolved from an endosymbiotic event between the ancestral pre-eukaryote 

and a prokaryotic α-proteobacteria (Margulis, 1970, Gray, 1983), approximately 1.5 billion 

years ago, (Brocks et al. 1999) to generate the first eukaryote. Rickettsia prowazekii was found 

to contain a genome that is highly similar to the mitochondrial genome (Andersson et al. 

1998), indicating that a Rickettsiales microbe could be the origin of mitochondria. More 

recently, opinion is not unanimous as the marine microbe SAR11 was proposed as the original 

α-proteobacterium (Thrash et al. 2011) and then contested soon after (Rodríguez-Ezpeleta 

and Embley, 2012). It is unclear as to whether the ancestral pre-eukaryote already contained 

a nucleus, or that the nucleus evolved simultaneously during the endosymbiotic event. Over 

time, the α-proteobacteria evolved into our modern mitochondria, including the introduction 

of the components of mitochondrial replication and transcription from an ancestral T-odd 

bacteriophage (Shutt and Gray, 2006). 

Mitochondria contain their own genome, and current data suggests that the mitochondrial 

genome (mtDNA) is monophyletic (Gray et al. 1999) despite mtDNA sizes ranging from ~6kb 

in Plasmodium falciparum (Conway et al. 2000) to 2.9Mb in Cucumis melo (Ward et al. 1981). 

Since the endosymbiotic event, many of the mitochondrial genes have been transferred to the 

nucleus including the genes for all mitoribosomal proteins, but exceptions exist including that 

for the mitochondrial protein var1 in yeast (Foury et al. 1998). In humans, mitochondrial genes 

encoding certain subunits of the respiratory chain have been retained. Their retention in the 

mitochondrial genome has been suggested to be due to the hydrophobic nature of these 

subunits, which may make it more difficult to import from the cytosol and assemble (Claros et 
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al. 1995) although genes such as ATP9, which encodes ATP synthase subunit 9, are highly 

hydrophobic and yet are located on the nuclear genome (Anderson et al. 1981). 

There are four types of mitochondria that have currently been identified in eukaryotes: 

classic mitochondria, anaerobic mitochondria (Tielens et al. 2002), hydrogenosomes 

(Lindmark and Müller, 1973) and mitosomes (Tovar et al. 1999). Classic mitochondria are 

present in all aerobic eukaryotes and are one of the major sources of adenosine triphosphate 

(ATP) production within the cell, producing 36 moles of ATP on oxidative metabolism of 1 mole 

of glucose and using O2 as the final electron acceptor during aerobic respiration (Martin, 

2010). Anaerobic mitochondria are most often associated with invertebrates that have 

anaerobic phases of their life cycle, utilising compounds either produced endogenously e.g. 

fumarate or present in the local environment, such as nitrate, as their final electron acceptor 

(Tielens et al. 2002), producing 5 mol of ATP per mole of glucose (Martin, 2010).  

Hydrogenosomes and mitosomes are considered as reduced mitochondria, since they 

have lost a number of pathways seen in classic mitochondria (reviewed in Embley and Martin, 

2006). Hydrogenosomes were originally identified in parasitic unicellular eukaryotes, 

producing hydrogen by fermentative pyruvate oxidation (Müller et al. 2012) and generating 4 

mol of ATP per mole of glucose (Martin, 2010). Mitosomes are highly-reduced mitochondria 

that were identified in Entamoeba (Tovar et al. 1999), with no direct role in ATP synthesis but 

are involved in iron-sulphur (Fe-S) cluster assembly (Embley and Martin, 2006).  

Due to the variety in the types of mitochondria, for this body of work I will focus on classic 

mitochondria, present in aerobic eukaryotes. 

1.1.2 Structure of Mitochondria 

Mitochondria are cytosolic, double-membraned organelles consisting of the outer (OMM) 

and inner (IMM) mitochondrial membranes, separated by the intermembrane space (IMS) 

(Sherratt, 1991). The IMM then encloses the mitochondrial matrix and is folded into structures 

called cristae (Figure 1.1).  
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The OMM is a simple phospholipid bilayer and unlike other membranes, the OMM is 

permeable to most small molecules and ions, acting as a barrier for large hydrophilic solutes 

(Benz, 1994). This permeability is largely due to multiple copies of the transmembrane channel 

protein, porin (VDAC1, voltage-dependent anion channel 1) (Benz, 1994). The IMM, however, 

is only permeable to O2, CO2 and H2O and has a different lipid content, notably a higher 

percentage of cardiolipin (Osman et al. 2010), and a higher protein:lipid ratio of 3:1 compared 

to the OMM, with a ratio of 1:1 respectively (Gohil and Greenberg, 2009). The cardiolipin is 

thought to be important for the structure of the membrane, as well as for mitochondrial 

dynamics (1.1.3) (Frohman, 2015). The IMM is further subdivided into two compartments: the 

inner boundary membrane (IBM) and the cristae (Frey and Mannella, 2000). These two IMM 

compartments are contiguous, and the connection between the boundary membrane and the 

cristae are called crista junctions (Perkins et al. 1997). The cristae are predominantly tubular 

in structure but are known to take other forms and are described as having a dynamic 

structure (Hackenbrock, 1966). During apoptosis, for example, the cristae respond to pro-

apoptotic signalling proteins e.g. BAX and BAK (Yamaguchi et al. 2008) and are inverted 

resulting in the release of cytochrome c (Scorrano et al. 2002). It is thought that the shape of 

the cristae can determine the efficiency of mitochondrial respiration by influencing the 

assembly and stability of membrane protein complexes, notably the respiratory chain 

supercomplexes (Cogliati et al. 2013). Briefly, narrower, longer cristae appear to increase rates 

of respiration compared to wider, shorter cristae (Cogliati et al. 2013). In addition, the more 

energy-demanding the cell, the more cristae that are present within the IMM. Proteins 

involved in oxidative phosphorylation are enriched on the cristae membrane and it has been 

OMM 

IMS 

IMM 

Cristae 

Matrix 

IBM 

Figure 1.1 – A cross-section of the basic structure of the mitochondrion. A 2D cartoon drawing 
depicting the different compartments of the mitochondrial organelle. OMM = outer mitochondrial 
membrane, IMM = inner mitochondrial membrane, IMS = intermembrane space, IBM = inner 
boundary membrane. 
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hypothesised that F0F1-ATP synthase (complex V) supercomplexes can influence the curvature 

of the IMM, contributing to the shape of the cristae (reviewed in Zick et al. 2009). 

The IMM maintains the mitochondrial membrane potential (ψ), which is generated by the 

transport of protons across the IMM as a function of electron transfer through the respiratory 

chain (Mitchell, 1961). This membrane potential is maintained at 150-180mV and is used to 

import nuclear-encoded mitochondrial proteins into the matrix. The matrix contains the 

majority of mitochondrial proteins including, but not limited to, those involved in mtDNA 

replication, transcription and replication, the citric acid cycle and iron-sulphur cluster 

biogenesis. It has been suggested that the matrix contains two additional but transient sub-

compartments: nucleoids and RNA granules. 

Nucleoids house the mtDNA and mtDNA-associated proteins, and their primary function 

is to provide a separate compartment for mtDNA replication and transcription to occur. The 

average nucleoid in cultured mammalian cells was thought to contain 5-7 mtDNA genomes 

(Iborra et al. 2004), although more recent data suggests that more often they contain only a 

single mtDNA molecule (Kukat et al. 2011). The mtDNA within these nucleoids are packaged 

with the aid of various DNA-binding proteins e.g. TFAM (mitochondrial transcription factor A) 

(Kaufman et al. 2007) and mtSSB (mitochondrial single-stranded binding protein). Other 

proteins that have been identified in nucleoids, notably in the oocytes of Xenopus laevis, 

include proteins involved in mtDNA maintenance, replication and transcription as well as 

proteins with unknown mtDNA functions e.g. LONP1 (Lon protease 1) (Barat et al. 1985). 

Closely associated with the nucleoids are RNA granules. RNA granules are 

ribonucleoparticles that lack a defined membrane and have been found in the nucleus and 

cytosol of somatic cells, neurons and germ cells (Jourdain et al., 2016). Structures resembling 

cytosolic RNA granules were also identified in mitochondria (Iborra et al. 2004, Antonicka et 

al. 2013, Jourdain et al. 2013) and they colocalised with GRSF1 (G-rich RNA sequence binding 

factor 1), a mitochondrial RNA binding protein involved in RNA processing and translation 

(Antonicka et al. 2013). Further research on these mitochondrial RNA granules identified 

proteins involved in RNA processing, mitoribosome assembly, rRNA methylation, tRNA 

processing, RNA degradation and translation initiation (summarised in Jourdain et al. 2016), 
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allowing immature polycistonic RNAs to be processed and mitoribosome assembly to occur 

away from the translational machinery (Jourdain et al. 2016). 

1.1.3 Mitochondrial Dynamics 

The mitochondrial membranes are not static as mitochondria are dynamic organelles that 

are constantly undergoing fusion and fission. The mitochondrial network can be present in 

different morphological states, reflected in the name ‘mitochondria’ derived from the Greek 

‘mitos’ (µίτος) and ‘chondron’ (χονδρόν) meaning threads and grains respectively as they 

continually fuse and divide. 

In brief, mitochondrial fission (Figure 1.2A) is initiated by the recruitment of a cytosolic 

GTPase, DRP1 (dynamin-related protein) by the OMM proteins FIS1 (mitochondrial fission 

protein 1, Yoon et al. 2003) and MFF (mitochondrial fission factor, Otera et al. 2010). DRP1 

forms constrictive spiral multimers around the mitochondria, severing the IMM and OMM via 

a GTP-hydrolysis-dependent mechanism (Smirnova et al. 2001) resulting in division.  

DRP1 

FIS1 

MFN1 

MFN2 OPA1 

MFF A 

B 

Figure 1.2 – Mitochondrial fission and fusion. A 2D cartoon drawing of the major proteins involved in 
both mitochondrial fission (A) and fusion (B). MFF = mitochondrial fission factor, FIS1 = mitochondrial 
fission 1, DRP1 = dynamin-related protein 1, MFN1 = mitofusin 1, MFN2 = mitofusin 2, OPA1 = optic 
atrophy 1. 
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Mitochondrial fusion is also regulated by dynamin family proteins, notably the GTPases 

MFN1 and MFN2 (mitofusin 1 and 2 respectively) for the OMM and OPA1 (optic atrophy 1) for 

the IMM (Figure 1.2B). Fusion can either be complete, in which two mitochondrial fully fuse 

or fusion can be transient, in which only soluble proteins are exchanged (Liu et al. 2009). 

Mitochondria will continually fuse and divide depending on the ATP requirements of the cell, 

generated by a process called oxidative phosphorylation (OXPHOS). 

1.1.4 The OXPHOS System 

In eukaryotes, mitochondria are associated with the production of ATP via OXPHOS, 

involving 5 multi-subunit enzymatic complexes: complexes I-IV comprising the electron 

transport chain or the respiratory chain, and complex V, F0F1-ATP synthase (Figure 1.3). In brief 

electrons, generated from the oxidation of NADH and FADH on complexes I and II, are 

transported via Fe-S clusters through ubiquinol (QH2) and reduced cytochrome c on complexes 

III and IV. This movement of electrons allows the pumping of protons across the IMM, 

resulting in a proton gradient and together produces the proton motive force (pmf) that 

generates potential energy (ψm), utilised by complex V to phosphorylate ADP (adenosine 

diphosphate) to ATP (Mitchell, 1961).  

Complex I is ~980kDa and consists of 44 subunits (Vinothkumar et al. 2014, Balsa et al. 

2012): 14 conserved core subunits and 30 supernumerary subunits. Of the 14 conserved core 

subunits, 7 are hydrophobic and encoded by mtDNA (Anderson et al. 1981) and 7 are 

hydrophilic, and they form two distinct domains: a hydrophilic redox domain in the 

mitochondrial matrix and a hydrophobic antiporter-like (Na+/H+) domain in the IMM 

(Vinothkumar et al. 2014). NADH, generated by the tricarboxylic acid (TCA) cycle and β-

oxidation of fatty acids, binds to the redox domain and is oxidised by flavin mononucleotide 

(FMN) (Hirst, 2013) to NAD. From this reaction, two electrons are carried by eight Fe-S clusters 

to bound ubiquinone (Q), which is subsequently reduced to QH2, and the generated potential 

energy is used to transfer 4 protons per reaction across the IMM (Galkin et al. 1999).  
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Complex II is ~124kDa, consisting of a hydrophilic head and hydrophobic membrane 

anchor (Sun et al. 2005), the subunits of which are encoded by the nuclear genome (nDNA). 

Complex II couples the TCA cycle with OXPHOS, in which the oxidation of succinate to 

fumarate is dependent on the reduction of flavin adenine dinucleotide (FAD) to FADH2, 

resulting in the loss of 2 electrons. These electrons are carried along Fe-S clusters and a heme 

group to Q, which is reduced to QH2 (Hägerhäll, 1997). Unlike the other OXPHOS complexes, 

complex II is the only complex not to transport protons across IMM (Rutter et al. 2010). 

Complex III is a dimer, with each monomer ~240kDa in size and consists of 11 subunits, 1 

of which is encoded by mtDNA, cytochrome b (Iwata et al. 1998). Between these 2 monomers 

lies the catalytic centre consisting of cytochrome b, cytochrome c1 and the Rieske [2Fe-2S] 

protein (Robertson et al. 1993). By a process known as the Q cycle, via this catalytic centre, 2 

electrons from QH2 are transferred to cytochrome c1, which is subsequently reduced, and 2 

QH2 are oxidised to 2 Q, with one rereduced to QH2 (Trumpower, 1990). The Q cycle is coupled 

with the net transfer of 4 protons per cycle to the IMS (Mitchell, 1976).  
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Figure 1.3 – Enzymatic complexes of oxidative phosphorylation. A 2D cartoon drawing (not to scale) 
of the five complexes involved in OXPHOS. Fe-S clusters = blue circles, IMS = intermembrane space, 
IMM = inner mitochondrial membrane, NAD = nicotinamide adenine dinucleotide, FAD = flavin 
adenine dinucleotide, Cyt.C = cytochrome C, oxi = oxidised, red = reduced, FMN = flavin 
mononucleotide, Q = ubiquinone, QH2 = ubiquinol, e- = electron, Pi = inorganic phosphate. 
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Complex IV is a dimer, with each monomer consisting of 14 subunits (Balsa et al. 2012, 

Piceathly et al. 2013), 3 of which are encoded by mtDNA (Anderson et al. 1981). The two 

monomers are connected via a cardiolipin molecule (Tsukihara et al. 1996). Complex IV is the 

terminal electron acceptor in the chain of complexes, oxidising cytochrome c and transporting 

the electrons via Fe-S and Cu2+ clusters to reduce molecular O2 forming H2O. The movement 

of 2 electrons from cytochrome c is also coupled to the transport of 4 protons into the IMS. 

Complex V consists of 2 functional domains: F0, located in the IMM and F1, located in the 

mitochondrial matrix (Capaldi et al. 1994). Using the electrochemical gradient of the pmf 

provided by complexes I, III and IV, the released energy causes rotation of subunits in F0 in 

relation to F1 in a fixed direction (Noji et al. 1997). The rotation of subunit γ in the F1 domain 

provides the energy for synthesising ATP from ADP and inorganic phosphate (Pi) by a process 

known as rotary catalysis (Menz et al. 2001). 

There are currently 2 proposed models for the OXPHOS complexes: the fluid-state model 

and the solid-state model. The fluid-state model states the complexes I-IV diffuse freely in the 

IMM, and that the electron transfer between these complexes is due to random collision 

events between the complexes. The solid-state model states that the OXPHOS complexes also 

form supercomplexes, where the interactions are stable. Supercomplexes that have so far 

been identified include a dimeric ATP synthase (V2, Arnold et al. 1998), supercomplex I+III2, 

supercomplex III2+IV1-2 and supercomplex I+III2+IV1-4 (Schägger and Pfeiffer, 2000). 

Supercomplex I+III2+IV1-4 is unique in that it can carry out respiration in the presence of 

ubiquinone and cytochrome c, and has thus been termed the respirasome. The function of 

this respirasome is thought to assemble and activate complex I, which cannot assemble as a 

free holoenzyme, or on supercomplex intermediates (Moreno-Lastres et al. 2012). 

1.1.5 Additional Functions of Mitochondria 

Mitochondria have a range of diverse functions besides OXPHOS that are vital for the 

survival of the cell (Figure 1.4). The proton motive force (pmf) generates potential energy (ψm) 

in the IMM that is maintained at 150-180mV. The pmf and the ψm is used to import nuclear 

proteins across the IMM into the mitochondrial matrix (Nicholls et al. 2000) and utilised for 

the biosynthesis of both Fe-S clusters and haem, both of which are components of many 

nuclear and mitochondrial proteins. Pyrimidine biosynthesis however only utilises the import 
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machinery of the OMM. Dihydroorotate is imported into the IMS and converted to orotate by 

dihydroorotate dehydrogenase, also located in the IMS. Orotate is subsequently used in the 

cytosol for the synthesis of uridine monophosphate (UMP), a key molecule for pyrimidine 

biosynthesis (Rawls et al. 2000). 

Mitochondria are also involved in the intrinsic pathway of apoptosis. When the cell 

receives stimuli to undergo apoptosis, oxidised cytochrome c is released from the IMS into the 

cytosol (Borutaite and Brown, 2007). Cytochrome c forms a vital component of the 

apoptosome, together with APAF-1 (apoptotic protease activating factor 1) and procaspase-9 

(Ow et al. 2008). Once procaspase-9 has been recruited to the apoptosome and activated, the 

caspase cascade is triggered, initiating apoptosis. 

Proteins used for these functions are nuclear-encoded but for 13 polypeptides that make 

up some of the OXPHOS complex subunits, they are encoded on the mitochondrial genome. 
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Figure 1.4 – Additional functions of mitochondria. A 2D cartoon drawing (not to scale) summarising 
some of the functions performed by the mitochondria. UMP = uridine monophosphate, ISC = iron-
sulphur cluster. 
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1.2 Mitochondrial DNA 

Human mitochondria contain their own genome in the form of a circular, double-stranded 

16,569bp molecule that is maternally inherited (Figure 1.5). The mitochondrial network 

contains mitochondrial DNA (mtDNA) molecules packaged with additional proteins into 

structures called nucleoids (1.1.2, Bogenhagen et al. 2008), in a similar way to nuclear DNA 

(nDNA) being contained within chromatin. The mtDNA molecule encodes 37 genes (Anderson 

et al. 1981): 13 polypeptides encoding for subunits of OXPHOS complexes I, III, IV and V (Table 

1.1), 22 transfer RNAs (tRNAs) and 2 ribosomal RNAs (rRNAs). These genes are encoded on 

two strands: the G-rich heavy strand of mtDNA contains 28/37 genes and the C-rich light 

strand contains the remaining 9 genes. Some studies have suggested that mtDNA could 

encode for more peptides (Capt et al. 2015) including humanin (Hashimoto et al. 2001) and 

gau (Faure et al. 2011) although this is yet to be confirmed. 

The mtDNA molecule undergoes replication and transcription within the mitochondria, 

utilising machinery that is imported from the cytosol. 

 

 

 

 

Figure 1.5 – Human mtDNA molecule. Image taken from Falkenberg et al. 2007. The 16.6kb mtDNA 
molecule encodes genes for 13 polypeptides, 22tRNAs and 2 rRNAs. Replication originates at OH 
(origin of replication, heavy strand) and OL (origin of replication, light strand). Transcription 
originates at HSP (heavy strand promoter, here H1 and H2) and LSP (light strand promoter). H1/H2 
are both present in the D loop (Displacement loop). 
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Table 1.1 – OXPHOS complex subunits encoded by mtDNA. 

OXPHOS Complex mtDNA mtDNA genes nDNA 

Complex I 7 proteins MTND1, MTND2, MTND3, MTND4, MTND5, 

MTND6, MTND4L 

36 proteins 

Complex II - - 4 proteins 

Complex III 1 protein MTCYB 10 proteins 

Complex IV 3 proteins MTCOI, MTCOII, MTCOIII 11 proteins 

Complex V 2 proteins MTATP6, MTATP8 14 proteins 

 

1.2.1 Replication 

Replication of mtDNA occurs in the nucleoids, independently of the cell cycle (Bogenhagen 

et al. 2008) and is initiated at two origins of replication that are found on the heavy strand 

(OH) and the light strand (OL) of mtDNA (Falkenberg et al. 2007). Replication is achieved 

through DNA polymerase γ (POLG), a hexameric 5’-3’ DNA helicase (TWINKLE) and 

mitochondrial single-stranded binding protein (mtSSB). There are currently two major 

theories for mtDNA replication: the strand displacement model (Clayton, 1982) and RITOLS 

(RNA Incorporation Throughout the Outer Lagging Strand) (Reyes et al. 2013). 

The strand-displacement model states that replication is initiated from OH on the heavy 

strand and is unidirectional. Frequently, replication can terminate after 650bp at 15bp DNA 

elements called termination-associated sequences (TAS), producing the triple-stranded D-

loop (Doda et al. 1981). If the replication machinery proceeds past the TAS, two thirds of the 

heavy strand of the mtDNA molecule is synthesised, before exposing OL. When the L-strand 

becomes exposed, RNA primers for replication initiation at OL are produced by POLRMT (Kühl 

et al. 2016), allowing for synthesis of the light strand from OL in the opposite direction (Fusté 

et al. 2010). Once both strands are fully synthesised, the 5’ and 3’ ends of the strands will 

ligate to form a closed circle. 

In the RITOLS model, replication is initiated either at OH or OriB (origin of replication B) 

located within the D-loop, and proceeds unidirectionally. At the same time, nascent 200-

600bp RNA strands (Yasukawa et al. 2006) synthesised by POLRMT (DNA-directed 

mitochondrial RNA polymerase) bind to the lagging strand by the ‘bootlace mechanism’, 

protecting it from degradation (Yang et al. 2002). As the leading strand is synthesised, OL is 

exposed and synthesis of the light strand from OL is initiated in the opposite direction (Fusté 
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et al. 2010). The RNA that was on the lagging strand is subsequently replaced by, or converted 

to, DNA (Yasukawa et al. 2006). 

In addition to the strand-displacement and RITOLS models, there is a third that is termed 

the “strand-coupled model” that is thought to only occur following ethidium bromide (EtBr)-

induced depletion of mtDNA. Replication is initiated on both strands at the ‘initiating region’ 

of mtDNA that contains MTCYB, MTND5 and MTND6. Replication continues bidirectionally 

until it reaches the D-loop where it terminates (Bowmaker et al. 2003). However, this model 

is yet to be validated. 

1.2.2 Transcription 

In humans, the minimal components for transcription are mitochondrial transcription 

factor B2 (TFB2M), mitochondrial RNA polymerase (POLRMT) and mitochondrial transcription 

factor A (TFAM) (Falkenberg et al. 2002). There are different promoter sites for the light strand 

(LSP) and debatably one or two for the heavy strand (HSP or HSP1 and HSP2) (Falkenberg et 

al. 2007, Lodeiro et al. 2012). First, TFAM binds to specific sequences upstream of the 

promoter sites, causing the mtDNA to bend. POLRMT is then recruited to the promoter sites 

by binding TFAM and specific sequences on mtDNA, forming the pre-initation complex. The 

formation of this complex leads to the recruitment of TFB2M, initiating transcription. Once 

transcription is initiated, TFB2M dissociates. Mitochondrial transcription elongation factor 

(TEFM) enhances the activity of POLRMT, promoting transcription (Posse et al. 2015). 

Polycistronic mRNA transcripts covering the entire heavy strand or light strand of the 

mitochondrial genome are generated from HSP and LSP respectively (Montoya et al. 1983). 

An additional transcript is also generated from HSP (or HSP2) that contains the two rRNAs, 

MT-RNR1 (12S rRNA) and MT-RNR2 (16S rRNA) and two mt-tRNAs (mt-tRNAVal and mt-

tRNAPhe).  

Following transcription, the transcripts undergo processing and modifications. 

1.2.3 Post-transcriptional modifications 

The open reading frames (ORFs) of most polycistronic transcripts generated from 

transcription of mtDNA are flanked by precursor tRNAs (pre-tRNAs). These tRNAs are removed 

by a process described as the “tRNA punctuation model” (Ojala et al. 1981). The tRNAs are 
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cleaved off the transcripts at the 5’ and 3’ ends by the endonucleases mtRNaseP and 

mtRNaseZ respectively post-transcription and prior to translation. 

Mitochondrial RNase P is a multimeric enzyme consisting of 3 subunits: MRPP1, MRPP2 

and MRPP3 (mitochondrial ribonuclease P protein 1,2,3). Unlike other RNaseP complexes, 

human mitochondrial RNaseP has no RNA component (Rossmanith and Karwan, 1998). 

MRPP1 is involved in the methylation of mitochondrial tRNAs, MRPP3 has a catalytic role and 

MRPP2 has a currently unknown function. More precisely, RNaseP is a metallonuclease, using 

Mg2+ for phosphodiester hydrolysis, generating a 5’-PO4 and 3’-OH at the 5’ end of tRNAs 

(Hartmann et al. 2009) following cleavage.  

RNaseZ is encoded by two genes, ELAC1 and ELAC2, which encode a short form and a long 

form respectively. The short form localises to the cytosol and at present little is known about 

its physiological role (Takahashi et al. 2008). The long form is found in mitochondria (Zhao et 

al. 2009) and is a zinc phosphodiesterase containing a C-terminal domain with tRNA-

processing endoribonuclease activity (Brzezniak et al. 2011). From in vitro studies with human 

mitochondria, pre-tRNAs are processed in a particular order, with mtRNaseP cleavage 

occurring prior to mtRNaseZ (Rossmanith, 1997). 

There are 3 ORF junctions that lack mt-tRNAs but still require further processing: MTND6-

ncRNA (non-coding RNA), MTND5-MTCYB and RNA14-MTCO3. To date, PTCD2 has been 

shown to be involved in the processing of MTND5-MTCYB (Xu et al. 2008) and GRSF1 for the 

processing of MTND6-ncRNA and RNA14-MTCO3 (Antonicka et al. 2013). Further 

transcriptional modifications can also occur to the transcripts, which are further reviewed in 

Rorbach and Minczuk (2012). 

 

1.3 Mitochondrial Protein Synthesis 

1.3.1 The Mitoribosome 

Mitochondrial protein synthesis occurs in the mitochondrial matrix, closely associated 

with the IMM (Mai et al. 2016, Englmeier et al. 2017) and is performed by the mitochondrial 

ribosome or mitoribosome. Similar to the cytosolic ribosome, mitoribosomes are composed 

of a large subunit (mt-LSU, 39S) and a small subunit (mt-SSU, 29S) that together form the 
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functional monosome. To date, the mammalian mitoribosome (Figure 1.6) contains 83 

proteins, 37 of which are unique to mitochondria, and 3 RNA molecules: 16S rRNA in mt-LSU, 

12S rRNA in mt-SSU and either mt-tRNAVal (human) or mt-tRNAPhe (porcine) in the mt-LSU 

(Amunts et al. 2014, Greber et al. 2014) rather than 5S rRNA present in the prokaryotic 

ribosome (Greber et al. 2014).   

Cryo-electron microscopic (cryo-EM) structures of the complete human (Figure 1.6, 

Amunts et al. 2015), porcine (Greber et al. 2015) and yeast (Desai et al. 2017) mitoribosomes 

were recently solved to 3.5Å, 3.8Å and 3.3Å respectively. When compared to crystal structures 

of the prokaryotic ribosome (E. coli, 3.5Å, Schuwirth et al.  2005) and the human cytosolic 

ribosome (3.6Å, Khatter et al. 2015), differences can be seen (Table 1.2). The mammalian 

mitoribosome is unique in that it contains 70% protein and 30% RNA unlike its cytosolic, 

prokaryotic and other mitochondrial counterparts (Table 1.2). This is due to both the loss of 

rRNA and the addition of 36 mitochondrial-specific proteins, primarily on the periphery of the 

mitoribosome (Brown et al. 2014). Despite the greater mass, mitoribosomes have a more 

porous structure (Table 1.2) and like its counterparts, it still contains the aminoacyl-tRNA site 

mt-SSU 

mt-tRNA
Val 

12S rRNA 
16S rRNA 

mt-LSU 

Figure 1.6 – Structure of the human mitochondrial ribosome. Complete structure of the human 
mitochondrial ribosome, originally published in Amunts et al. 2015. Structure pdb file 3J9M was 
imported into PyMOL and coloured. Mt-SSU = yellow, 12S rRNA = purple, mt-tRNAVal = pink, mt-LSU 
= green, 16S rRNA = orange. 
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(A-site) and peptidyl-tRNA site (P site) and a recently-identified exit site (E-site) (Amunts et al. 

2015, Greber et al. 2015). 

Table 1.2 – Features of Ribosomes.  

a = Anger et al. 2013, b = Mai et al. 2017. 

 

1.3.2 Mitoribosome Assembly 

Mitoribosomes contain additional proteins compared to their prokaryotic counterparts, 

which makes the process of mitoribosome assembly a little more complex. Assembly of the 

mitoribosome is regulated by several factors that coordinate the process of maturation of the 

rRNA with the assembly of the mitoribosomal subunits. Initial stages of mitoribosome 

assembly are thought to occur at mtDNA nucleoids (Bogenhagen et al. 2014) and RNA granules 

(Antonicka and Shoubridge, 2015) since both compartments were found to contain 

mitoribosomal proteins, assembly factors and RNA processing enzymes. 

In human mitochondria, the rRNA genes are cleaved from a single polycistronic transcript 

that contains mt-tRNAPhe, 12S rRNA, mt-tRNAVal and 16S rRNA. ERAL1, an RNA-binding GTPase 

is thought to stabilise 12S rRNA (Dennerlein et al. 2010); no RNA-binding protein has been 

identified for 16S rRNA. Following cleavage, both the 12S rRNA and 16S rRNA are modified. 

The 12S rRNA is methylated at 4 bases by TFB1M (A936 and A937, Metodiev et al. 2009) and 

NSUN4 (C839 and C841/C842, Metodiev et al. 2014) and potentially at U429, although this 

has only been identified in hamster mitochondria (Baer and Dubin, 1981). Recently, RBFA has 

also been shown to be important for 12S rRNA maturation (Rozanska et al. 2017), associating 

with helix 44 and 45 of 12S rRNA and enhancing the methylation of A936 and A937 by TFB1M. 

The 16S rRNA has 2’-O’ribose methylations that are further modified by the 

methyltransferases MRM1, MRM2 and MRM3 (Lee and Bogenhagen, 2014) and one potential 

Feature Human cytosolic 
ribosomea 

Human mitochondrial 
ribosomeb 

Prokaryotic ribosomeb 

Sediment coefficient 80S 55S 70S 

RNA:Protein 70%:30% 30%:70% 70%:30% 

Mass ~3MDa ~3MDa ~2MDa 

Large subunit 60S, 47 proteins 39S, 53 proteins 50S, 34 proteins 

Small subunit 40S, 32 proteins 28S, 30 proteins 30S, 21 proteins 

RNA species 28S rRNA, 5S rRNA, 
5.8S rRNA, 18S rRNA. 

16S rRNA, 12S rRNA, 
mt-tRNAVal. 

23S rRNA, 16S rRNA, 5S 
rRNA. 
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pseudouridylation, although the enzyme responsible for this modification is yet to be 

identified (Ofengand and Bakin, 1997). 

A number of GTPases are used in the assembly of ribonucleoproteins including cytosolic 

and mitochondrial ribosomes, although few have been identified in mitochondria. The GTPase 

NOA1 (nitric oxide associated-1, C4orf14) has been shown to be involved in assembly of the 

mt-SSU (He et al. 2012) and in binding RNA species containing G-quadruplexes in vitro, 

indicating that G-quadruplex-containing RNA may be involved in mitoribosome assembly (Al-

Furoukh et al. 2013). Mitochondrial GTPases MTG1 and MTG2 have been shown to interact 

with both the IMM and the immature mt-LSU (Kotani et al. 2013) and MTG1 has been 

identified in RNA granules (Jourdain et al. 2016). Precise functions for these GTPases however 

are yet to be identified. 

Other factors have also been identified including the helicases DDX28 (Tu and Barrientos, 

2015) and DHX30 (Antonicka and Shoubridge, 2015), the IMM protein MPV17L2 (Dalla Rosa 

et al. 2014) and MALSU1 (Rorbach et al. 2012). DDX28 interacts with the mt-LSU and the 16S 

rRNA, with DDX28 silencing in HEK293T cells results in the lack of mt-LSU assembly, suggesting 

a role in mt-LSU biogenesis (Tu and Barrientos, 2015). DHX30 is thought to be involved in all 

stages of monosome assembly since it interacts with the mt-LSU, mt-SSU and the assembled 

monosome, and silencing of DHX30 in human fibroblast cell lines results in a substantial loss 

of assembled monosomes (Antonicka and Shoubridge, 2015). The IMM protein MPV17L2 is 

not present in Rho0 (ρ0) cells, a 143B cell line lacking mtDNA, indicating that MPV17L2 is 

dependent on the presence of mtDNA and additionally, it has been shown that it interacts 

with the mt-LSU and the monosome (Dalla Rosa et al. 2014). MALSU1, also known as C7orf30, 

is also involved in mt-LSU assembly and through immunoprecipitation experiments, MALSU1 

has been shown to specifically-interact with uL14 within the mt-LSU (Fung et al. 2013) 

although the reason for this interaction is still unknown. A recent publication describing the 

structures of late-stage assembly intermediates of the mt-LSU determined that MALSU1 forms 

a complex with L0R8F8, a LYR-motif-containing protein, and mitochondrial acyl carrier protein 

(mt-ACP), as additional assembly factors (Brown et al. 2017). It is thought that this module 

prevents the mt-SSU from joining with the mt-LSU, preventing early monosome assembly.  

Once the monosome has assembled, protein synthesis can be initiated.  
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1.3.3 Initiation 

The mitoribosome translates 9 monocistronic and 2 dicistronic transcripts (RNA14 and 

RNA7, encoding ATP8/6and ND4L/ND4 respectively). These transcripts are unusual in that 

they typically lack, or have reduced, untranslated regions (UTRs) and contain no introns 

(Temperley et al. 2010a). There are 3 initiating codons in human mitochondrial transcripts: 

AUG, AUA and AUU (Anderson et al. 1981), although it is currently unknown how the 

mitoribosome recognises these start codons. In vitro, 2 initiation factors have been identified: 

mtIF2 (Liao and Spremulli, 1990) and mtIF3 (Koc and Spremulli, 2002). These factors are 

orthologous to the prokaryotic initiation factors IF1 and IF2 (mtIF2) and IF3 (mtIF3) 

respectively (Gaur et al. 2008). The mt-SSU is bound by mtIF3, preventing premature assembly 

of the mt-LSU with the mt-SSU. GTP-bound mtIF2 binds the mt-SSU (Gaur et al. 2008). The 

first 17 nucleotides of the mt-mRNA enter the mt-SSU and if a start codon is present in the P-

site, mtIF2-GTP stimulates the binding of a formyl-methionine tRNA (fMet-tRNA) and mt-LSU 

associates with the mt-SSU to form the monosome (Christian and Spremulli, 2010). The GTP-

bound mtIF2 is hydrolysed, mtIF2-GDP and mtIF3 dissociate from the monosome and 

translation is initiated (Figure 1.7). If there is no start codon present, the mt-mRNA is passed 

through the mt-SSU and dissociates from the complex (Christian and Spremulli, 2010).  

mtIF2 

mtIF3 

mtIF3 mtIF2 

28S 

GTP 
mtIF3 mtIF

2 mt-mRNA 5’ 3’ 

GTP 

GDP 

28S 

fMet 

P A mt-mRNA 3
’ 

fMet 

5
’ 

39S 

28S 
E 

Figure 1.7 – Initiation of mitochondrial translation. A 2D cartoon image depicting the initial steps of 
mitochondrial translation. Process is described in detail within the text. 39S = mt-LSU, 28S = mt-SSU. 
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1.3.4 Elongation 

There are three mitochondrial elongation factors (mtEFs) that are homologous to the 

prokaryotic EFs and are involved in elongation (Figure 1.8): mtEF-Tu (Schwartzbach and 

Spremulli, 1991), mtEF-Ts (Schwartzbach and Spremulli, 1991) and mtEF-G1 (Hammarsund et 

al. 2001). In order for elongation to proceed, the monosome must be assembled, the mt-

mRNA must be present and fMet-tRNA must be located within the P-site. A complex of mtEF-

Tu-GTP and an amino-acylated mt-tRNA enters the A-site and binds its respective cognate 

triplet codon. An intermediate mtEF-Tu/mtEF-Ts complex promotes the hydrolysis of GTP, 

triggering the release of mtEF-Tu-GDP and allowing the tRNA to enter the P-site. As the mt-

tRNA is transposed to the P-site, a peptide bond is formed between the start codon and the 

newly-added residue (catalysed by the peptidyl transfer centre of the mt-LSU) extending the 

polypeptide chain. The mt-tRNA is subsequently deacylated. MtEF-G1 catalyses the 

P A mt-mRNA 
3’ 

fMet 

5’ 
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28S 
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’ 
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5
’ 
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E 

GTP 
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mtEF-Ts 
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Figure 1.8 – Elongation of mitochondrial translation. A 2D cartoon image depicting the elongation 
steps of mitochondrial translation. Process is described in detail within the text. 39S = mt-LSU, 28S 
= mt-SSU. 
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movement of the mitoribosome, allowing the deacylated tRNA to be released and the new 

peptidyl-tRNA to move from the A-site to the P-site. This process continues until the 

mitoribosome reaches a stop codon (Christian and Spremulli, 2012). 

1.3.5 Termination 

When the stop codon enters the A-site of the mitoribosome, termination is initiated 

(Figure 1.9). The standard UAA/UAG stop codons are present in both nuclear and 

mitochondrial transcripts but UGA, present in nuclear transcripts as a stop codon, encodes for 

tryptophan in human mtDNA (Barrell et al. 1979). Additionally, AGA and AGG present at the 

end of MTCO1 and MTND6 transcripts respectively are unassigned triplet codons. Since they 

are unassigned, they cause a -1bp frameshift during translation (Temperley et al. 2010b). Both 

AGA and AGG codons are preceded by a ‘U’, placing UAG into the A-site once the frameshift 

has occurred. A class-1 release factor, mtRF1a, recognises the UAA/UAG stop codons 

(Soleimanpour-Lichaei et al. 2007) in the A-site via a PKT tripeptide motif and a region at the 

α5 helix present in its codon recognition domain. The nascent polypeptide chain is released 

via the mitoribosome activity in conjunction with a GGQ motif in mtRF1a that is important for 

hydrolysis of the ester bond between the mt-tRNA and the polypeptide chain (Temperley et 

al., 2010). Three other class-1 release factors have been identified in human mitochondria 

that all contain the GGQ motifs: mtRF1 (Soleimanpour-Lichaei et al. 2007), ICT1 (Richter et al. 

2010) and C12orf65 (Antonicka et al. 2010). Mt-RF1, unlike other class 1 release factors, does 

not contain a PXT motif, but contains a PEVGLS motif and to date, mt-RF1 has yet to display 
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Figure 1.9 – Termination of mitochondrial translation. A 2D cartoon image depicting the elongation 
steps of mitochondrial translation. Process is described in detail within the text. 39S = mt-LSU, 28S 
= mt-SSU. 
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release factor activity either in vitro or in vivo (Soleimanpour-Lichaei et al. 2007). C12orf65 

has also lost the PXT motif and to date, has not exhibited peptidyl-tRNA hydrolysis in vitro 

(Wesolowska et al. 2014). Finally, ICT1 is a structural component of the mt-LSU and some 

studies have suggested that ICT1 directly binds to the AGG and AGA stop codons directly, 

indicating that the -1bp frameshift would not be required (Lind et al. 2013). Its position in the 

mitoribosome precludes this so it would need to be free ICT1, however, further research is 

still needed to determine the functions of these identified release factors. 

1.3.6 Ribosome Recycling 

The release of mtRF1a from the mitoribosome allows mitochondrial ribosome recycling 

factors 1 and 2 (mtRRF1 and mtRRF2 [mt-EFG2]) to bind in the A-site. This binding facilitates 

the dissociation of the monosome into the mt-LSU and mt-SSU and the release of mt-mRNA 

and the deacylated tRNA. GTP hydrolysis appears to be necessary for the release of mtRRF1 

and mtRRF2 (Tsuboi et al. 2009). MtIF3 then binds to the mt-SSU to prevent premature re-

association of the two subunits until translation can be reinitiated (Christian and Spremulli, 

2009). 

1.4 Nuclear-Encoded Mitochondrial Proteins 

1.4.1 Protein Import 

MtDNA only encodes for 13 polypeptides, and thus the mitochondria must import 

approximately 1500 proteins encoded by nuclear DNA and synthesised in the cytosol in order 

to perform all of its functions. These proteins typically have an N-terminal amphipathic helical 

mitochondrial targeting sequence (MTS) that is recognised and imported by the TOMM 

(translocase of the outer mitochondrial membrane) complex on the OMM, notably TOMM20, 

TOMM22 and TOMM70 (Fan et al. 2011). From here, the protein is sorted through different 

sub-complexes depending on its target destination (Figure 1.10).  

OMM α-helical proteins are transferred to the MIM (mitochondrial import) complex prior 

to insertion into the OMM; all other proteins are imported into the IMS. OMM β-barrel 

proteins are sorted through the SAM (sorting and assembly machinery) complex via the TIMM 

(translocase of the inner mitochondrial membrane) chaperone complex in the IMS, consisting 

of TIMM9 and TIMM10 (Wiedemann et al. 2004).  
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Proteins for the IMS are handled by the MIA (mitochondrial intermembrane space 

machinery) complex. This complex is important for both recognising the ITS (intermembrane 

targeting signal) present in some of these proteins and for promoting the correct folding of 

the proteins by introducing intramolecular disulphide bonds (Chacinska et al. 2004). The ITS is 

subsequently cleaved by the IMP (inner membrane peptidase) located in the IMM (Burri et al. 

2005). 

For proteins to pass through the IMM, the membrane potential is required for import; the 

TIMM22 and TIMM23 complexes are the primary complexes used to import such proteins. 

Furthermore, the TIMM22 complex is used for the insertion of IMM metabolite carrier 

proteins (Sirrenberg et al. 1996), which are guided through the IMS via the TIMM chaperone 

complex. The TIM23 complex is for the import of mitochondrial proteins with a designated N-

terminal mitochondrial targeting sequence (MTS). The membrane potential of the IMM 

activates the TIMM23 channel (Truscott et al. 2001) and allows full translocation of the 

preproteins into the matrix together with the PAM (presequence translocase-associated 

motor) complex, whose energy is derived from hydrolysis of ATP (Bauer et al. 2000). 

Independently from the PAM complex, the mitochondrial processing peptidase (MPP) cleaves 

Imported Nuclear-Encoded 
Mitochondrial Protein 

TOMM MIM SAM 

MIN
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OXA TIMM23 
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TIMM22 
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MATRIX 

Mitochondrial 
translation 

IMP 

Figure 1.10 – Mitochondrial protein import mechanisms. Image is adapted from Kulawiak et al. 2013. 
A 2D cartoon (not to scale) depicting the main pathways for imported nuclear-encoded 
mitochondrial proteins. Black arrows = movement of imported proteins. Red arrows = final insertion 
of imported proteins. OMM = outer mitochondrial membrane, IMS = intermembrane space, IMM = 
inner mitochondrial membrane. Import mechanisms are explained within the text. 
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off the MTS resulting in the mature protein. The primary peptidase responsible for this 

cleavage is the mitochondrial processing peptidase (MPP) complex that is located within the 

mitochondrial matrix. This complex is a heterodimer composed of peptidase mitochondrial 

processing alpha subunit (PMPCA), which binds and recognises the MTS, and PMPCB, which 

facilitates the cleavage of the MTS (Dvoráková-Holá et al. 2010). 

1.4.2 Identification of Nuclear-Encoded Mitochondrial Proteins 

There have been several proteomic studies to identify nuclear-encoded mitochondrial 

proteins using mass spectrometry. These studies have been performed in various species 

including mouse (Pagliarini et al. 2008), yeast (Reinders et al. 2006), plant (A. thaliana, 

Heazlewood et al. 2004) and protozoa (T. thermophilus, Smith et al. 2007). The coverage for 

each of these studies has been set at around ~85% (Meisinger et al. 2008), giving a total 

number of mitochondrial proteins in mammals of c.1500. A more recent study, the 

chromosome-centric Human Protein Project (c-HPP) (Marko-Varga et al. 2013) aimed to 

characterise and quantify human nuclear-encoded proteins alongside a second study, the 

mitochondrial Italian Human Proteome Project initiative (mt-HPP) (Urbani et al. 2013), 

investigating the structure-function relationships of the mitochondrial-encoded proteins. 

Using these databases, further research can be performed on these proteins to further 

understand mitochondria. 

1.4.3 AURKAIP1: mS38 

One of these unknown nuclear-encoded mitochondrial proteins that was identified was 

AURKAIP1. AURKAIP1 was first identified as a candidate mitochondrial protein in the 

MitoCarta study (Pagliarini et al. 2008) and further studies have since confirmed this finding 

(Szklarczyk et al. 2012, Koc et al. 2013). AURKAIP1 (mS38) is a nuclear-encoded protein, whose 

gene is located on chromosome 1p36.33. There are three transcript variants of human 

AURKAIP1 (NM_012900.2, NM_0011272291, NM_001127230), all of which encode the same 

199 amino acid sequence (22.4kDa) with alternative splicing producing variation in the 5’-

UTRs. Initially, AURKAIP1 was identified as an ubiquitously-expressed nuclear protein that 

negatively regulated Aurora-A, a mitotic serine/threonine kinase (Kiat et al. 2002) that 

regulates the assembly and maintenance of the mitotic spindle, particularly in G2 and M 

phases (Bischoff and Plowman, 1999) and also plays critical roles in the centrosome cycle, 
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spindle assembly and chromosome segregation (Meraldi et al. 2004). The same research 

group also determined that Antizyme1 was a binding partner of Aurora-A and that this 

interaction was enhanced by AURKAIP1 (Lim and Gopalan, 2007). However, another group 

suggested that AURKAIP1 promoted the stability, and not the degradation, of Aurora-A kinase 

(Katayama et al. 2007). Additionally, AURKAIP1 was shown to bind to glycogen synthase kinase 

3-beta (GSK-3β) in the nucleus (Fumoto et al. 2008), which is another serine/threonine kinase 

that is also reported to regulate Aurora-A. Fomoto et al. hypothesised that phosphorylation 

of AURKAIP1 by GSK-3β would reduce the interaction between AURKAIP1 and Aurora-A, 

activating Aurora-A kinase activity (Doble and Woodgett, 2003, Fumoto et al. 2008) and 

allowing for mitotic entry.  

Utilising the MitoCarta study, my host laboratory identified 224 proteins that were 

likely to be both mitochondrial and involved in mitochondrial gene expression. Each protein 

was depleted in both HeLa and ρ0 cells using 3 different small interfering RNAs (siRNAs). 

AURKAIP1 was one of the proteins identified that when depleted, caused a significant growth 

defect in HeLa cells, but not ρ0 cells (Figure 1.11). Since ρ0 lack mtDNA (King and Attardi, 1989), 

a growth defect in HeLa cells but not ρ0 cells suggests that the protein is involved in 

maintaining or transcribing mtDNA, translating mt-mRNA or involved in rRNA/tRNA 

modifications. During the course of my project, four studies have placed AURKAIP1 within the 
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Figure 1.11 – Effects on mitochondrial translation and O2 consumption following depletion of 
candidate mitochondrial proteins. HeLa cells were depleted of candidate mitochondrial proteins 
using siRNA. Levels of mtDNA (red), mRNA (dark blue), 35S-Cys/Met incorporation (light blue) and O2 
consumption (white) were determined for each depletion. AURAIP1 is highlighted (green box). 
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mt-SSU (Figure 1.12A) but only amino acids 128 to 199 have been detected within the cryo-

EM structures of the mitoribosomes (Figure 1.12B) (Koc et al. 2013, Amunts et al. 2015, Greber 

et al. 2015, Desai et al. 2017). This could suggest that AURKAIP1 has a long mitochondrial-

signalling peptide at its N-terminus (Koc et al. 2013) or that the protein is cleaved twice upon 

import into the mitochondria.  

AURKAIP1 contains a domain of unknown function at the C-terminus, DUF1713, that is 

also present in the yeast protein Cox24 (Figure 1.13, Barros et al. 2006, Koc et al. 2013). Little 

is known about the function of this domain, although it is most likely an RNA binding domain 

(Barros et al. 2006). In addition, this region is highly conserved between the two proteins and 

across species (Figure 1.13). Cox24 has recently been identified as a subunit of the 

mitoribosome in S. cerevisiae (Desai et al. 2017) but also has a function in the processing and 

the translation of MT-COXI mRNA (Barros et al. 2006). In humans, MT-COX1 mRNA does not 

need to be processed since mammalian mitochondrial genes do not contain introns.  

In the cryo-EM structure of the human mitochondrial ribosome, AURKAIP1 forms one 

of two intersubunit bridges at the core of the mt-SSU, with its N-terminus interacting with 12S 

rRNA, notably helix 44 at the 3’ end (Amunts et al. 2015). However, previous data from my 

host laboratory using expressed AURKAIP1-FLAG in both U2OS and HEK293T cell lines 

suggested that AURKAIP1 is cleaved to a 15kDa species by an unknown mechanism and may 

mt-SSU 

mt-tRNA
Val 

12S rRNA 
16S rRNA 

mt-LSU 

AURKAIP1 

B A 

Figure 1.12 – Current structure of AURKAIP1 within the human mitoribosome. Complete structure of 
the human mitochondrial ribosome, originally published in Amunts et al. 2015. Structure pdb file 
3J9M was imported into PyMOL and coloured. Mt-SSU = yellow, 12S rRNA = purple, mt-tRNAVal = 
pink, mt-LSU = green, 16S rRNA = orange, AURKAIP1 = red. A = complete mitoribosome highlighting 
the location of AURKAIP1 (red). B = AURKAIP1 (mS38), showing amino acid residues 128-199 
identified in the cryo-EM structure of the human mitoribosome.  



25 
 

not be a bona fide mitoribosomal protein (Thompson, 2014). This cleavage event, from a 

25kDa full-length species to a 15kDa species, is most likely performed by one of the 

mitochondrial proteases. 

1.5 Mitochondrial Proteases 

Cell viability is dependent upon protein homeostasis within the cell and the individual 

cellular compartments. Proteases are used not only for protein catabolism but for modulating 

biochemical activities and this is also true for the mitochondrial proteases. In humans, 

mitochondria have maintained their own proteasome of which the vast majority of 

components are nuclear-encoded (Pagliarini et al. 2008) and in most cases, are highly 

conserved in eukaryotic cells (Käser and Langer, 2000). The mitochondrial proteases are 

AUR1_D.rerio            MFL---------PRVVSRLNLLSKV---SSPLQTQSQVLTSAVQH------------CHF 36 

AUR1_H.sapiens          MLL---------GRLTSQLLR-AVPWAGGRPPWPVSGVLG----S------------RVC 34 

AUR1_M.musculus         MFL---------ARLTSRLARTVVPWAGFSRSCPGSGVIG----S------------YAF 35 

Cox24_S.cerevisiae      -------------MLG---RALRPGWLGI------------------------------- 13 

Cox24_S.pombe           MLRRGALSTILKGLNGLSLRSPIPIWHVSASPEVGSKYNLPTVPTTSHVSYRQIAKANFF 60 

                                                                                     

 

AUR1_D.rerio            TPFRALHHTNRCFTSAADNTLPPKLWTPLEP--ELEEVLVPRKLSVSPLESWLSLRYSLP 94 

AUR1_H.sapiens          GPLYSTSPAG----PGRAASLP---RKGAQL--ELEEMLVPRKMSVSPLESWLTARCFLP 85 

AUR1_M.musculus         RPLYSLQPAS----PSRAASLP---GKRTQS--ELEEFLVPRKMAISPLESWLTAQYLLP 86 

Cox24_S.cerevisiae      --TRTVVKKPSCGS---------YFNRTFQTA--------INTTMPPMQEGMLSTMMM-- 52 

Cox24_S.pombe           AGYRPLSANQICVP---------KVESKTQVSQSQDEEDQPQEYVLSLEDGYLYAQSFSA 111 

                                                     :           .       :. *        

 

AUR1_D.rerio            PLLEVSPPLDEGEIVGKSM-VLPS-----SSVPLLEDGEHVTPLNCKNVLDIRRRKMNRH 148 

AUR1_H.sapiens          RLDTGTAGTVAP---PQSY-QCPPSQIGEGAEQGDEGVADAPQIQCKNVLKIRRRKMNHH 141 

AUR1_M.musculus         RRNVEVPVTLAP---SQFY-ECPPRQGEEEAQQGVREAWDATPVQCKNVLKIRRRKMNHH 142 

Cox24_S.cerevisiae      ------------------MTATATRITGTVSEPLNG---SNIVMQLDSVMRKRKKKMKKH 91 

Cox24_S.pombe           S--------------GSVTQTQPARISTQVWEQICDKLISITPLDLTSVKRKRKLKMNKH 157 

                                                                   ::  .*   *: **::* 

 

AUR1_D.rerio            KYKKLQKRTKFLRKRVRDARRKNKQERFEKDLERILRRAGLKKAPEGCTVPKIYVRVGRS 208 

AUR1_H.sapiens          KYRKLVKKTRFLRRKVQEGRLRRKQIKFEKDLRRIWLKAGLKEAPEGWQTPKIYLRGK-- 199 

AUR1_M.musculus         KYRKLVKRTRFLRRKVREGRLKKKQIKFEKDLKRIWLKAGLKEAPENWQTPKIYLKNK-- 200 

Cox24_S.cerevisiae      KLRKRRKREKAERRKLSQGR---------------------------------------- 111 

Cox24_S.pombe           KFKKRLRRQRALRKRLGK------------------------------------------ 175 

                        * :*  :: :  *::: .                                           

 

AUR1_D.rerio            K 209 

AUR1_H.sapiens          - 199 

AUR1_M.musculus         - 200 

Cox24_S.cerevisiae      - 111 

Cox24_S.pombe           - 175 

 

Figure 1.13 – AURKAIP1 and Cox24 contain a conserved DUF1713 domain. Protein sequences for 
H.sapiens AURKAIP1 (Q9NWT8), D.rerio AURKAIP1 (), M.musculus AURKAIP1 (), S.cerevisiae Cox24 
(P32344) and S.pombe Cox24 (Q9P7H5) were aligned using clustal omega 
(http://www.ebi.ac.uk/Tools/msa/clustalo) . The location of the DUF1713 domains (IPRO13177) 
domains in each sequence were taken from InterPro (www.ebi.ac.uk/interpro), and are highlighted 
in red above. Black asterisk (*) = fully conserved residue, colon(:) = residues with strongly similar 
properties, period (.) = residues with weakly similar properties. 

http://www.ebi.ac.uk/interpro


26 
 

located within all mitochondrial subcompartments (Figure 1.14) and are involved in processes 

such as mitophagy, protein import, protein quality control and mitochondrial biogenesis.  

The mitoproteases involved in protein import of nDNA-encoded mitochondrial proteins 

have already been discussed (1.4.1). Following protein import, there are additional proteases 

that are involved in further maturation of some mitochondrial matrix proteins. Mitochondrial 

intermediate peptidase (MIP) cleaves an octapeptide from some matrix proteins once the MTS 

has been cleaved off by MPP (Vögtle et al. 2011) in order to improve the stability of these 

proteins. For mtDNA-encoded proteins, methionine aminopeptidase 1D (METAP1D), a 

deformylase that is located within the mitochondrial matrix, removes the methionine residue 

at the N-terminus as part of the N-terminal methionine excision pathway generating 

functional, active proteins (Serero et al. 2003) prior to their insertion into the IMM.  

Mitophagy is the selective degradation of damaged or excess mitochondria (Kissova et al. 

2004). One of the proteases involved in mitophagy, USP30 (ubiquitin-specific peptidase 30, a 

cysteine protease), is located on the OMM (Figure 1.14). Briefly parkin, an E3 ubiquitin ligase, 

attaches ubiquitin onto target proteins e.g. TOMM20 when there is mitochondrial damage. 

USP30 hydrolyses the ubiquitin which inhibits mitophagy, since the target protein is no longer 

recognised by parkin. This process of ubiquitylation and deubiquitylation regulates mitophagy 

(Cunningham et al. 2015).  

To date, there are four ATP-dependent proteases and two ATP-independent proteases 

that are involved in protein degradation within the mitochondria. Within the IMS, HTRA2 (high 

temperature requirement A2), an ATP-independent serine protease, plays an important role 

in degrading oxidised proteins (Vande Walle et al. 2008) and ATP23 (mitochondrial inner 

membrane protease Atp23 homologue), an ATP-independent protease, is thought to be 

involved in degrading lipid transfer proteins (Potting et al. 2010).  

In the IMM, members of the AAA (ATPases associated with diverse cellular activities) 

degrade damaged IMM proteins: the intermembrane AAA (iAAA) and the matrix AAA (mAAA) 

ATP-dependent proteases. The iAAA has a catalytic site that faces the IMS (Gerdes et al. 2012) 

and in humans is a zinc metalloprotease, YME1L. YME1L, like ATP23, is also thought to be 
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involved in degrading lipid transfer proteins such as PRELI domain-containing protein 1  

(PRELID1), which is associated with apoptosis resistance (Potting et al. 2013) and it has been 

suggested that both ATP23 and YME1L play a role in respiratory chain biogenesis (Zeng et al. 

2007, Stiburek et al. 2012). YME1L also has a role in regulating mitochondrial dynamics, as 

YME1L1 mediates processing of OPA1 in the IMS together with the metalloendopeptidase 

OMA1 (Anand et al. 2014). The mAAA has its catalytic site orientated towards the matrix and 

in humans can be composed of AFG2-like protein 2 (AFG3L2) alone, or a combination of 

AFG3L2 and paraplegin (SPG7) (Koppen et al. 2007). Similar to YME1L1, AFG3L2 degrades 

damaged or misfolded OXPHOS complex subunits within the IMM (Hornig-Do et al. 2012) and 

in yeast, mAAA protease has been shown to be involved in the maturation of MrpL32 (bL32) 

(Nolden et al. 2005) suggesting that the mAAA protease may be involved in mitoribosome 

assembly in humans.  

In the mitochondrial matrix, there are two further ATP-dependent proteases: CLPXP and 

LONP1. CLPXP consists of hexamers of two distinct proteins: CLPX and CLPP. CLPX recognises 

(Flynn et al. 2003), binds and partially unfolds the substrate (Baker and Sauer, 2012) before 

chaperoning the substrate to CLPP, the proteolytic subunit, for proteolysis (Barkow et al. 

Mitochondrial 
translation 

TOMM 

TIMM23 

MPP 

mAAA 

iAAA 

METAP1D 

MIP 

LONP1 CLPXP 

HTRA2 ATP23 

USP30 

OMM 

IMM 

IMS 

MATRIX 

IMP 

Figure 1.14 – Overview of human mitochondrial proteases.  A 2D cartoon (not to scale) depicting 
some of the main proteases present in human mitochondria within different mitochondrial 
subcompartments. Red arrow = pathway of imported nuclear-encoded mitochondrial matrix 
proteins, green arrow = pathway of mitochondrial-encoded proteins. Proteases are explained 
further in the text. 
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2009). Little is known about the function of CLPXP although a recent publication suggested 

that CLPXP is involved in mitoribosome assembly, by removing ERAL1 (Era-like 12S 

mitochondrial rRNA Chaperone 1), a 12S rRNA chaperone, from the mt-SSU in order for the 

full assembly of the mitoribosome to occur prior to mitochondrial translation (Szczepanowska 

et al. 2016). 

1.5.1. LONP1  

Human LONP1 is a mitochondrial, nuclear-encoded serine ATP-dependent protease whose 

gene, PRSS15 or LONP1, is located on chromosome 19p13.3. The promoter region for LONP1 

contains binding sites for NRF2 (-623/+1), NF-κB (-2023/-1230) and potentially HIF-1 (Pinti et 

al. 2011, Fukuda et al. 2007). NRF2 (nuclear factor erythroid 2-related factor 2) is involved in 

regulating several antioxidant pathways, NF-κB is involved in controlling energy homeostasis 

by upregulating proteins involved in mitochondrial respiration, and HIF-1 has been shown to 

be a regulator of mitochondrial metabolism. The presence of these binding sites within the 

promoter region suggests that LONP1 is a highly regulated mitochondrial protein that is 

important in the cellular stress response (Ngo et al. 2009). 

The LONP1 monomer is roughly 100kDa although it is thought that LONP1 is only an active 

protease as a hexamer. In addition, LONP1 is post-translationally regulated by SIRT3 (Sirtuin 

3) via acetylation most likely at residue K917 (Gibellini et al. 2014). There are three 

evolutionary-conserved domains in LONP1 that have been identified (Figure 1.15): MTS, 

ATPase domain and the proteolytic domain. Within the ATPase domain, highly-conserved 

Walker A and Walker B motifs are primarily responsible for binding and hydrolysing ATP 

(Walker et al. 1982) (Figure 1.15). Human LONP1 shows significant homology to the bacterial 

La protease (García- Nafría et al. 2010) and the yeast Pim-1 (Suzuki et al. 1994) but in addition 
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Figure 1.15 – The functional domains of LONP1. A cartoon depicting the functional domains of LONP1. 
Each domain is shown and their locations are taken from Venkatesh et al. 2012. MTS – mitochondrial 
targeting sequence. The Walker A and B motifs (orange and white respectively) in the ATPase 
domain, and the catalytic dyad (purple, serine 855 and lysine 896) in the proteolytic domain are 
shown. 

114 



29 
 

to these, human LONP1 contains a substrate recognition domain at the N-terminus (Figure 

1.14). When LONP1 is an active hexamer, the substrate is recognised by the substrate 

recognition domain, ATP is hydrolysed which induces a conformational change in the hexamer 

to allow the substrate to reach the proteolytic domain and the substrate is subsequently 

cleaved (Kereïche et al. 2016). A highly-conserved catalytic dyad of Ser855-Lys896 is located 

within the active site of proteolytic domain (Figure 1.15) that is required for the peptide bond 

hydrolysis (Botos et al. 2004). Generally, LONP1 degrades misfolded proteins but several more 

specific substrates have also been identified - oxidised mitochondrial proteins e.g. aconitase 

(Bota & Davies, 2002), StAR (steroidogenic acute regulatory protein, Granot et al. 2007) and 

phosphorylated TFAM (Matsushima et al. 2010) amongst others. Human LONP1 degrades 

TFAM when it is not associated with mtDNA, but in one study LONP1 has been shown to bind 

to mtDNA physiologically at the D-loop (Lu et al. 2007), notably mtDNA sequences that are G-

rich e.g. G-quadruplexes (Chen et al. 2008).  Although, it is currently unknown why LONP1 

would bind to mtDNA. 

1.6 Mitochondrial Diseases 

Mitochondrial disease refers to a clinically heterogeneous group of genetic disorders 

that are characterised typically by defective oxidative phosphorylation, and caused by 

mutations in either the nDNA or mtDNA that can be inherited via all known mechanisms i.e. 

maternal, de novo, autosomal dominant and recessive, and X-linked. These mutations occur 

in mitochondrial proteins or proteins that are involved in mitochondrial function, with the 

current estimate of 1,158 proteins making up the mitoproteome (Calvo et al. 2016).  

Since mtDNA is exclusively maternally-inherited, the Mendelian laws of inheritance do 

not apply (Giles et al. 1980). Mutations rates in mtDNA are roughly 15 times higher than in 

nDNA (Tuppen et al. 2009). To date, mutations in almost 300 genes have been identified in 

patients with mitochondrial disease, including 36 genes located in mtDNA (summarised in 

Craven et al. 2017), as point mutations in protein-coding genes, rRNA genes or tRNA genes 

and mtDNA rearrangements for e.g. deletions (Lott et al. 2013). Most pathogenic mtDNA 

mutations are heteroplasmic, in which mutant and wild-type mtDNA molecules co-exist in 

individual cells. When the number of mutant mtDNA molecules reaches a critical threshold in 

which the cell can no longer tolerate the mutant mtDNA molecules (typically >60%), 
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mitochondrial disease occurs (Stewart and Chinnery, 2015). This threshold level varies 

depending on the mutation, the disease, the organ involved and the individual (Craven et al. 

2017). In addition, heteroplasmy levels can vary within and between generations due to the 

mitochondrial genetic bottleneck (Figure 1.16, Olivo et al. 1983). The age of onset varies from 

neonatal to adulthood and mitochondrial disease can affect one or multiple organ systems 

(Lightowlers et al. 2015), typically affecting organs with a high-energy requirement e.g. 

skeletal muscle and brain (Gorman et al. 2016). Considering these factors, and that there is a 

lack of correlation between genotype and phenotype, mitochondrial diseases are difficult to 

diagnose.  

 Due to the complexities of diagnosing mitochondrial disease, identifying the defective 

gene can sometimes prove difficult. Next Generation Sequencing (NGS) methods are now 

being implemented to aid in diagnosis, since many genes can be sequenced with a high-

throughput. NGS technologies that are being implemented include: unbiased whole exome 

sequencing (Haack et al. 2010), in which only the exons and exon-intron boundaries are 

targeted, whole genome sequencing (Hartmannová et al. 2016), in which the coding and non-

coding regions of the genome are analysed, and targeted panels of candidate genes (Lieber et 

No mutated mtDNA 
(unaffected offspring) 

High level of mutated 
mtDNA (affected offspring) 

Low level of mutated 
mtDNA (unaffected/mildly 

affected offspring) 

Mature oocytes Primary oocytes Germ Cell 

Figure 1.16 – Overview of the mitochondrial genetic bottleneck. A random selection of mtDNA 
molecules are transferred into each primary oocyte, resulting in mixed populations of wild-type and 
mutant mtDNA molecules in each. The maturation of oocytes is associated with rapid replication of 
these mtDNA molecules, which can lead to a shift in the proportion of mutant mtDNA molecules 
potentially reaching the critical threshold, resulting in mitochondrial disease. Orange mitochondria 
= contain wild-type mtDNA. Red mitochondria = contain mutant mtDNA. Blue circle = nucleus. 
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al. 2013), if clinical and functional data have suggested a possible disease of which there are 

known candidate disease genes. The NGS methods are being utilised in diagnostic and 

research settings and thus novel unidentified disease candidate genes are being identified. 

For example, mutations in TMEM126B, a previously unidentified complex I assembly factor, 

were found in patients with a previously unidentified complex I deficiency (Alston et al. 2016) 

and later validated with functional data. 

Even though an increasing number of diverse gene mutations have been identified 

associating with mitochondrial disease, a multidisciplinary approach involving histochemistry, 

biochemistry and molecular genetics is employed for diagnosis (summarised in MacFarland et 

al. 2010). This approach is often required due to the clinical heterogeneity of mitochondrial 

disease although some clinical features can provide clues as to the nature of the mutation e.g. 

visual deterioration in a young adult suggests Leber’s Hereditary Optic Neuropathy (LHON), 

which would result in the targeted sequencing of the three known LHON mtDNA mutations 

(Yu-Wai-Man et al. 2003). However, mitochondrial diseases tend to have multiple overlapping 

phenotypes such as muscle weakness and muscle biopsy findings such as a reduction in 

complex IV as revealed by COX/SDH staining or biochemistry. Further complications can arise 

in diagnosing patients such as a lack of family history, or a reduction in penetrance amongst 

other family members. Therefore, many patients with genetic diseases remain undiagnosed. 

One of the techniques that has been employed in identifying mutations in the exons (protein-

coding) of genomes is whole exome sequencing (WES). Only ~2% of the human genome 

consists of exomes, the coding sequences of the genome, yet they account for ~85% of known 

disease-related variants (Bamshad et al. 2011) WES is therefore deemed to be a faster and 

more cost-effective method compared to whole genome sequencing (WGS), and an effective 

alternative to gene-panel tests if the phenotype is more general. 
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1.7 Aims of the Project 

Many of the patients with a mitochondrial disease of unknown origin present with 

mitochondrial protein synthesis defects. It is therefore crucial that we increase our 

understanding of this process, where currently several areas of mitochondrial gene expression 

remain unknown. Recent cryo-EM structures of the mitoribosome, involved in mitochondrial 

translation, have identified new mitoribosomal proteins. I, therefore, decided to focus my 

project onto one of these uncharacterised proteins that has recently been identified as a 

member of the mt-SSU, AURKAIP1. Currently, there is conflicting data from within the 

literature and my host laboratory with regards to AURKAIP1. This could be due to the use of a 

human cell line expressing C-terminal FLAG-tagged AURKAIP1, since the FLAG-tag could 

interfere with the function of AURKAIP1. There are also some discrepancies in the size of 

AURKAIP1 within the mitochondria, since cryo-EM structures have only identified the N-

terminal 71 amino acids of AURKAIP1, whereas AURKAIP1-FLAG was identified as a 15kDa 

species. The primary focus of my project was therefore to further characterise AURKAIP1 and 

determine its role within the mitoribosome.  

During the course of my project, I generated data indicating a role for a mitochondrial 

matrix protease, LONP1, in the cleavage of AURKAIP1. A patient with mutations in LONP1 was 

also identified during my studies and was utilised to further investigate LONP1. 

More specifically, the aims of my project were: 

• To produce stable human cell lines that can express AURKAIP1 with or without a C-

terminal FLAG-tag and to characterise the consequences of their overexpression. 

 

• To determine whether AURKAIP1 associates with the mitoribosome. 

 

• To identify the point site at which AURKAIP1 is cleaved using in vitro assays and 

siRNA depletion of known matrix proteases. 

 

• To investigate a patient with mutations in LONP1, a mitochondrial matrix protease, 

and characterise the effects of these mutations on LONP1 function in vitro. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell Culture 

2.1.1 Mammalian Cell Lines and Tissues 

HEK293 Flp-In™/TREx™: The human embryonic kidney (HEK293T) cell line containing the Flp-

In™/TREx™ system (Life Technologies) contains a constitutively active tetracycline (Tet) repressor and 

integrated Flip recombinase target (FRT) sites. 

Tetracycline-inducible HEK293T cell lines: HEK293T-mS27-FLAG was prepared by Dr Mateusz 

Wydro (Richter et al. 2010). HEK293T-mL45-FLAG was prepared by Dr Nicole Mai (Mai, 2016). 

HEK293T-AURKAIP1 and HEK293T-AURKAIP1-FLAG were prepared as part of this project. 

HeLa (ATCC®-CCL-2™): An immortalised human cervical cancer cell line originating from Henrietta 

Lacks (Gey et al. 1952). 

U2OS (ATCC®-HTB-96™): An immortalised human osteosarcoma cell line (Ponten and Saksela, 

1967). 

143B (ATCC®-CRL-8303™): An immortalised human osteosarcoma cell line.  

143B.206 Rho0 (ρ0): A 143B cell line that is devoid of mtDNA following extended ethidium bromide 

treatment (as described in King and Attardi, 1989). 

Primary Skin Fibroblasts: All skin fibroblast cell lines were provided by the NHS Highly Specialised 

Service for Rare Mitochondrial Disorders, Newcastle-upon-Tyne with full ethical approval. Paediatric 

control cell lines used were: M1202-16, M1203-16, M1123-12 and M1171-13. LONP1 patient cell lines 

used were: M0938-13, M0561-16. 

Skeletal Muscle Tissue: Samples were provided by the NHS Highly Specialised Service for Rare 

Mitochondrial Disorders, Newcastle-upon-Tyne with full ethical approval. Paediatric control tissue 

used: M0466-16, M0861-16. LONP1 patient tissue used: M0840-13. 

Informed consent had previously been obtained by the NHS Highly Specialised Service for Rare 

Mitochondrial Disorders from patients and/or guardians for use of their cells and tissues for research 

purposes.  
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2.1.2 Cell Culture Maintenance 

Cell culture work was performed in a class II Microflow cabinet and cells were monitored daily 

using an Axiovert25 inverted microscope (Zeiss). Cell lines were cultured at 37oC, 5% CO2 with humidity 

in 24-well plates, 6-well plates (Cellstar) or 25cm2, 75cm2, 225cm2 and 300cm2 vented tissue culture 

flasks (Corning). 

All cell lines were cultured in Dulbecco’s modified Eagle’s medium containing 1mM pyruvate, 2mM 

L-glutamine and 4500mg/L glucose (DMEM, D6540) supplemented with 10% foetal calf serum (FCS, 

Sigma-Aldrich, F7524), 1 x non-essential amino acids (NEAA, Sigma-Aldrich, M7145) and 50µg/ml 

uridine. HEK293T cell lines with inducible expression of AURKAIP1, AURKAIP1-FLAG, mL45-FLAG and 

mS27-FLAG were cultured in supplemented DMEM (as above) with 10µg/ml BlasticidinS (Melford 

laboratories, B1105) and 100µg/ml HygromycinB (Invitrogen, 10687010) every third feed. 

At 80-100% confluency, cell lines were passaged to ~30% confluency by harvesting in 1 x phosphate 

buffered saline (PBS)/1mM EDTA or 1 x trypsin-EDTA (Sigma-Aldrich, 59418C) for fibroblast cell lines. 

An equal volume of media was added and cells were pelleted at 230g, 4mins. Cell pellets were 

resuspended in fresh media and a fraction of the cells were seeded, the number of which was 

determined by the intended application. 

2.1.3 Cell Counting 

Cells were harvested (2.1.2) and resuspended in 5ml or 10ml fresh media. Of this cell suspension, 

10µl was added to each chamber of a Neubauer improved haemocytometer. The number of cells in 

each square of the chamber were counted and averaged, then multiplied by 104 to determine the 

number of cells per ml of cell suspension.  

2.1.4 Cell Line Storage and Thawing 

Cell lines were harvested (2.1.2) at >80% confluency and the cell pellet was resuspended in 0.75 

ml FCS supplemented with 10% dimethyl sulphoxide (DMSO) in cryostorage vials. The vials were stored 

in a Nalgene® Mr Frosty at -80oC overnight and then transferred to a liquid nitrogen storage tank for 

long-term storage. 

Cell lines removed from liquid nitrogen storage were placed directly onto a 37oC heat block. Once 

defrosted, 5ml pre-warmed media was slowly added to the cells. The cell suspension was subsequently 

pelleted at 230g for 4 mins, resuspended in fresh media and transferred to a new flask. 
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2.1.5 Mycoplasma Testing 

Cell cultures were tested for the presence of Mycoplasma. A 1ml aliquot of spent media was taken 

from the flask (minimum 24hrs with cells) and centrifuged at 230g for 4mins. The supernatant was 

transferred to a fresh tube and stored at 4oC until tested. The MycoAlert® Mycoplasma Detection Kit 

(Lonza, LTD7-218) was used according to manufacturer’s instructions. If Mycoplasma was detected, 

cells were either thrown away or treated with 25µg/ml plasmocin™ (Invivogen, ant-mpp) every 3-4 

days for 2 weeks in isolation. The media was subsequently retested to confirm that the culture was 

free from mycoplasma. 

2.1.6 Transfection with siRNA 

Transfection with small interfering RNA (siRNA) was performed on HeLa, HEK293T and U2OS cell 

lines in 6-well plates, T25cm2 or T75cm2 flasks. For 3 days treatment, reverse transfection was 

performed. For 6 days, forward transfection was performed following 3 days treatment by reverse 

transfection. Volumes of each reagent are stated below (Table 2.1). 

Table 2.1: Volumes of reagents for siRNA transfection. 

 6-well plate T25cm2 flask T75cm2 flask 

No. of cells seeded (3 days) 150,000 350,000 1,000,000 

No. of cells seeded (6 days) 30,000 75,000 200,000 

OptiMEM®-Glutamax™ 250µl 750µl 2.25ml 

Lipofectamine RNAiMAX 2µl 6µl 18µl 

siRNA (20µM) 2.5µl 7.5µl 22.5µl 

Fresh media 1.245ml 3.736ml 11.209ml 

Total volume 1.5ml 4.5ml 13.5ml 

 

For reverse transfection, Opti-MEM®-GlutaMax™ (Gibco, 51985-026), siRNA (Appendix B) and 

lipofectamine RNAiMAX (Invitrogen, 13778150) were mixed and incubated at room temperature for 

15mins. During this time, the cells were counted (2.1.3), diluted in fresh media and seeded (Table 2.1). 

The siRNA mix was added to the seeded cells slowly and the cells were incubated at 37oC, 5% CO2 for 

3 days.  

For forward transfection, the media was aspirated off and fresh media was slowly added to the 

adherent cells. The siRNA mix was added as previously described, without disturbing the cells. 



36 
 

2.1.7 Stable Transfection 

HEK293T cell lines (2.1.1) were independently transfected with one of two plasmid constructs that 

were generated in my host laboratory (Thompson, 2014): pcDNA5™/FRT/TO containing the full-length 

AURKAIP1 gene with or without a FLAG-tag at the C-terminus.  

In a 6-well plate, 3 x 105 cells were seeded with 2ml supplemented DMEM media (2.1.2) and 

incubated overnight at 37oC, 5% CO2 with humidity. Two wells were left untransfected as controls. To 

the remaining wells, 189.4μl DMEM (without supplements), 1.8μg pOG44 (Invitrogen), 200ng plasmid 

DNA and 10μl ViaFECT™ reagent (Promega, E4981) were mixed and incubated at room temperature 

for 15mins. The media in each well was replaced with 1.8ml fresh media and the ViaFECT™ mixture 

was added slowly to avoid disturbing the cells. The cells were incubated at 37oC, 5% CO2 with humidity 

for 2 days after which the media was replaced, and selection performed by the addition of 10μg/ml 

BlasticidinS (Melford Laboratories, B1105) and 100μg/ml HygromycinB (Invitrogen, 10687010) added. 

The media with added antibiotics was replaced every 3 days. After ~10days, individual clones were 

transferred to separate wells and cultured. Cells transfected with pcDNA5™/FRT/TO-AURKAIP1 and 

pcDNA5™/FRT/TO-AURKAIP1-FLAG are designated in this thesis as HEK-AUR1 and HEK-AUR1-FLAG 

respectively. 

2.1.8 Expression of Recombinant Protein in Mammalian Cell Lines 

HEK293T cell lines transfected with a DNA construct that allowed expression of recombinant 

proteins were split into two flasks at either 15% or 30% confluency. One of the two flasks was induced 

with tetracycline (1µg/ml) for either 3 days (from 30% confluency) or 6 days (from 15% confluency). 

The uninduced flasks were used as controls.  

2.2 Bacterial Manipulation 

2.2.1 Bacterial Culture and Storage 

Bacterial cultures were grown in Lysogeny Broth (LB, 1% NaCl, 1% bacto-tryptone, 0.5% yeast 

extract, pH 7.0) as a liquid broth, or on LB plates containing 2% agar, with ampicillin (100µg/ml) at 

37oC. For long-term storage, cultures were resuspended in 1.5ml LB media containing 18% glycerol and 

stored at -80oC. 
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2.2.2 Transformation 

For constructs generated using the Strataclone Blunt PCR cloning kit (Agilent Technologies, 

240207), StrataClone SoloPack competent cells were thawed on ice, and 1µl of the ligation mixture 

was added to the cells. For all other reactions, 40µl α-select silver efficiency (BIO-85026, Bioline) cells 

were thawed on ice per reaction, and 4µl of the ligation mixture was added to the cells. The 

transformation mixtures were incubated on ice for 20mins, heat-shocked at 42oC for 45secs and then 

incubated on ice for 2mins. Pre-warmed SOC media (250µl) was added to the mixture before 

incubation at 37oC for 1hr with agitation to allow the cells to recover. The transformation mixtures 

were centrifuged at 12,000g for 30secs, resuspended in 100µl SOC media and spread onto each LB 

agar plate with appropriate antibiotics. The plates were incubated overnight at 37oC.  

2.2.3 Expression of Recombinant Protein in Bacterial Cell LInes 

Bacterial cultures (100ml) were grown overnight at 37oC with appropriate antibiotics in a shaking 

incubator (Orbisafe TS Netwise). The 100ml culture was split into 2 x 5 litres flasks, each containing 2 

litres of LB media (2.2.1) and grown until the cultures had reached an optical density at 600nm (OD600) 

of 0.6. The cultures were induced with 1mM IPTG (final concentration) and incubated for 2.5hrs at 

30oC at 160rpm in a shaking incubator. After 2.5hrs, the cultures were centrifuged at 3750g for 10mins 

at 4oC in an Avant J26 ultracentrifuge in a JLA-8.100 rotor. The pellets were resuspended in a small 

volume of PBS, combined and centrifuged at 3750g for 15mins at 4oC in 50ml falcon tubes. The 

supernatants were discarded and the pellets were frozen in liquid nitrogen and stored at -80oC until 

use. 

2.2.4 Bacterial Cell Lysis 

All samples were kept on ice at all times. In a 50ml falcon tube, 5ml bacterial cell pellets from a 

large-scale culture (2.2.3) were lysed initially in 3ml lysis buffer (50mM Tris-HCl pH 8.0, 10mM β-

mercaptoethanol (β-ME), 0.1mM EDTA). The cell pellets were resuspended with a glass rod until the 

suspension was viscous. A further 27ml of lysis buffer was added in 3 stages and mixed as before. The 

suspension was homogenised using the UltraTurrax® T3 Homogeniser (Ika) for 3 x 10secs, with 20secs 

break in between. All samples were decanted into a pre-chilled 50ml falcon tube and centrifuged at 

12,000g at 4oC for 1hr in Beckman-Coulter Avanti J25 centrifuge with the JA25-50 rotor. The 

supernatants were transferred to fresh tubes and used straight away. 
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2.2.5 Cracking Gel Bacterial Lysis 

The cracking gel allowed for rapid screening of bacterial clones to determine if an insert was 

present in the transformed vector. Using a toothpick, a small sample of the clone was smeared onto 

the inside of a 0.5ml Eppendorf tube, before being restreaked onto a fresh agar plate with appropriate 

antibiotics. To each sample, 20µl cracking buffer (50mM NaOH, 0.5% SDS, 5mM EDTA) and 4µl 5 x DNA 

loading dye (35% glycerol, 0.02% bromophenol blue) was added. The tubes were incubated at 68oC for 

30mins and then pelleted at 13,000g for 10mins. The supernatants were directly loaded onto a 0.7% 

agarose gel and separated by agarose gel electrophoresis (2.3.9) before visualisation on the 

ChemiDoc™ MP Imaging System (BioRad) using Image Lab™ Software. 

2.3 DNA Manipulation 

2.3.1 Isolation of Plasmid DNA from Bacterial Cultures 

Bacterial cultures were grown in 5ml LB media with appropriate antibiotics overnight at 37oC at 

180rpm in a floor-standing orbital shaker. The plasmid DNA was extracted from these cultures using 

the GeneJET® Plasmid Mini-Prep kit (Thermoscientific, K0503) according to the manufacturer’s 

protocol. The eluate was used immediately or stored at -20oC. 

2.3.2 Restriction Digest 

Restriction endonuclease sites were selected by ensuring that they were not present in the 

amplified fragment, and were present in the multiple cloning site (MCS) of the vector. Restriction sites 

(Appendix G) were incorporated into the 5’ end of primer sequences (Appendix C). Typically, 200ng - 

1µg DNA (vector, amplified fragment or ligation fragment) was incubated with appropriate restriction 

endonucleases (Appendix G) in NEB restriction buffer 2 pH 7.9 (1 x buffer = 50mM NaCl, 10mM Tris-

HCl, 10mM MgCl2, 1mM DTT) in volumes of 10 - 50µl. The reactions were incubated at 37oC for 3hrs 

and then immediately placed on ice. 

2.3.3 Dephosphorylation of Vectors 

Vectors that were digested by restriction endonucleases required dephosphorylating to remove 

the 5’-PO4 that remains following digestion. Removal of this PO4 ensures that the vector does not re-

ligate, and that the digested DNA fragment can be efficiently ligated into the digested vector. To a 

typical restriction digest reaction (20µl), 2µl 10% SDS, 2µl 1M Tris-HCl pH 9.0 and 1U alkaline 

phosphatase (10713023001, Roche) were added. The reaction was incubated at 37oC for 30mins, and 
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then 50oC for 30mins. The reaction was stopped by placing on ice, and the plasmid was isolated by 

phenol/chloroform extraction. 

2.3.4 Ligation 

Typical ligation reactions contained 50ng digested, dephosphorylated vector and digested DNA 

fragments at a molar ratio of 1:3 respectively. Reactions were carried out using the Rapid DNA Ligation 

kit (K1422, ThermoScientific®) according to manufacturer’s instructions. Reactions were kept on ice 

until necessary for bacterial transformation (2.2.2). 

Blunt PCR products (AURKAIP1-TransSyn) were ligated into pSC-amp/kan (Appendix A) using the 

StrataClone Blunt PCR cloning kit (Agilent Technologies, 240207) according to manufacturer’s 

instructions. Briefly, 3µl StratClone Blunt Cloning Buffer, 2µl PCR product (20ng) and 1µl Strataclone 

Blunt Vector Mix amp/kan were mixed gently and incubated at room temperature for 5 mins. The 

reaction was immediately placed on ice. 

2.3.5 Phenol/Chloroform Extraction 

Typically, an equal volume of phenol (Sigma, P-4557) was added to the sample in a 1.5ml 

Eppendorf tube. The tube was vortexed for 15secs and centrifuged at 12,000g for 2mins. The aqueous 

phase was transferred to a clean tube, and an equal volume of a 1:1 mix of phenol and chloroform 

(Sigma, C2432) was added. The tubes were vortexed and centrifuged as above. The aqueous phase 

was transferred to a clean tube and an equal volume of chloroform was added.  The tube was vortexed, 

centrifuged as before and the aqueous phase was transferred to a clean tube for DNA precipitation 

(2.3.6). 

2.3.6 Ethanol Precipitation 

To the DNA sample, 3M sodium acetate and 100% ice-cold ethanol (EtOH) were added to the DNA 

sample at 0.1 x and 2 x sample volumes respectively and incubated at -80oC for 2hrs – overnight. The 

samples were then centrifuged at 12000g for 10 mins at 4oC, the supernatants were discarded, and 

the pellets were washed in ice-cold 75% EtOH. The samples were centrifuged as above and the 

supernatants were removed. The pellets were left to air-dry, resuspended in 10-20μl dH2O and either 

used immediately or stored at -20oC. 

2.3.7 Measuring Nucleic Acid Concentration 

DNA and RNA concentrations were determined using the Nano-drop (Spectrophotometer ND-

1000) using 1μl of sample that was measured at wavelengths of 230nm and 260nm wavelengths. The 
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algorithm calculated concentrations based on 260nm, 1 A260 unit (1cm light path) being equivalent to 

50μg/ml double-stranded DNA, 40μg/ml double-stranded RNA or 33µg/ml oligodeoxynucleotide. 

2.3.8 DNA Extraction from Whole Cells 

Mammalian cells were harvested, pelleted (2.1.2) and resuspended in 400μl 1 x TE buffer (10 mM 

Tris-HCl, pH 7.4, 1mM EDTA) with 1% SDS and 2mg/ml proteinase K (Roche, 25530-049). The samples 

were transferred to a 1.5ml Eppendorf tube, inverted 5 times and incubated at 37oC overnight with 

agitation. If the suspension was clear, phenol/chloroform extraction (2.3.5) and ethanol precipitation 

(2.3.6) were performed, and following resuspension the DNA concentration was measured (2.3.7). 

2.3.9 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to analyse DNA using 1% - 4% agarose gels, depending on 

the size of the DNA species. Agarose (NBS Biologicals, NBS-AG500) was dissolved in 1 x TAE buffer 

(40mM Tris-acetate, 1mM EDTA pH 8.0) in a microwave until clear. Once cooled, EtBr was added to a 

final concentration of 0.5μg/ml. The liquid agarose was poured into a gel cast and allowed to set at 

4oC. The samples were mixed in 6 x DNA loading dye (40% glycerol, 0.02% bromophenol blue, 0.02% 

xylene cyanol) prior to loading and electrophoresed alongside a 1kb ladder (Invitrogen) in 1 x TAE 

buffer at a constant voltage of 70V. The samples were visualised on the ChemiDoc™ MP Imaging 

System (BioRad) using Image Lab™ Software. 

2.3.10 Polymerase Chain Reaction (PCR) 

PCR reactions were performed on a PTC200 PCR Thermal Cycler and appropriate PCR conditions 

were used (Table 2.2). All primers were custom synthesised by Eurogentec (Appendix C) and stored as 

stock (100µM) and working concentration (10µM) primers were in distilled, deionised sterile water 

(ddH2O) at -20oC.  

Standard PCR reactions contained (final concentrations in brackets): 10-50ng DNA template, Taq 

buffer (1x), dNTPs (0.2mM), forward and reverse primers (0.5µM each, Appendix C), MgCl2 (1mM), Taq 

polymerase (1U). PCR reactions requiring a proof-reading enzyme contained (final concentrations in 

brackets): 50-100ng DNA template, Phusion HF buffer (1x), dNTPs (0.2mM), forward and reverse 

primers (0.5µM each, Appendix B), Phusion Hot Start II High Fidelity DNA Polymerase (1U), ddH2O (to 

50µl).  
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Table 2.2: PCR conditions used for proofreading PCR, general PCR, sequencing and qPCR. 

aAnnealing temperatures for proofreading PCR and general PCR (Tm) were determined by the 

primers used for each reaction (Appendices C, D, E).  

2.3.11 Real-Time PCR (qPCR) 

Real-time PCR reactions were performed in the LightCycler® Nano (Roche). Briefly, 300ng total 

RNA was reverse transcribed to generate single-stranded cDNA using random hexamers (2.4.2). The 

qPCR was then performed as follows: 2µl reverse transcription reaction, forward and reverse primers 

(0.5µM each, Appendix D), 1 x Fast SYBR® Green Mastermix (Roche) and ddH2O (to 20µl). Negative 

controls lacking cDNA were used for both primer pairs and appropriate qPCR conditions were used for 

the reaction (Table 2.2). 

The cycle threshold (Ct) values were determined by the LightCycler® Nano (Roche) computer 

program for each sample. The levels of gene expression were determined using the normalised 

expression ratio (2-ΔΔCt) equation (Livak and Shmittgen, 2001), comparing the Ct values of gene of 

interest to the Ct values of a standard housekeeping gene (8S rRNA or RNaseMRP) for each sample. 

2.3.12 Sanger Sequencing 

To each DNA construct (450ng), 3µl 5 x BigDye® Sequencing Buffer, 3µl 2.5 x BigDye® Ready 

Reaction Premix (Applied Biosystems) and 1µl 10µM forward or reverse primer (Appendix E) was 

added. The PCR was performed using a proof-reading enzyme (2.3.7) and samples were analysed on 

the ABI 3130xl Genetic Analyser (Applied Biosystems). Raw data was converted into a complete DNA 

sequence using the sequencing app, MySequence Version 1.3.2 (Shinjukunian). 

2.3.13 Whole Exome Sequencing, Analysis and Interpretation 

Whole Exome Sequencing was funded by the Lily Foundation and performed using the Illumina 

TruSeq Rapid Exome (45Mb) capture kit. Sequencing was performed using the Illumina HiSeq 2000 

platform in 100bp reads, which were subsequently aligned to the human reference genome version 

Step 
Proofreading 

PCR  
General PCR Sequencing qPCR 

Initial denaturation 98oC, 3mins 95oC, 3mins 95oC, 10mins 95oC, 10mins 

Denaturation 98oC, 30secs 95oC, 1min 95oC, 10secs 94oC, 30secs 

Annealinga Tm, 30secs Tm, 1min 60oC, 10secs 60oC, 30secs 

Elongation 72oC, 30secs 72oC, 1min 72oC, 15secs 72oC, 15secs 

No. of Cycles (total) 35 35 45 19 

Final Elongation 72oC, 3mins 72oC, 5 mins 65oC, 50secs 72oC, 10mins 

Final Hold 4oC, ∞ 4oC, ∞ 4oC, ∞ 4oC, ∞ 
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19 (UCSC hg19). Called variants were restricted to coding or splice-site variants with a minor allele 

frequency ≤ 1%, determined by variant databases (ExAC, NHLBI ESP, 1000G), with priority given to 

autosomal recessive homozygous or compound heterozygous variants in nuclear-encoded 

mitochondrial proteins. The pathogenicity of each variant was determined using PolyPhen-2 

(genetics.bwh.harvard.edu/pph2/), Align GVGD (Tavtigian et al. 2006) and SIFT (sift.jcvi.org) and the 

identified candidate variants were confirmed with Sanger sequencing (2.3.12). Analysis was kindly 

performed by Dr Ewen Sommerville. 

2.4 RNA Manipulation 

2.4.1 RNA Extraction from Whole Cells 

Cells were harvested, pelleted (2.1.2) and then resuspended in 1ml TRIzol® reagent (Invitrogen, 

15596018) following manufacturer’s instructions. Briefly, cell suspensions were incubated at room 

temperature for 5 mins and 200μl chloroform was added. Samples were shaken vigorously for 15secs 

and centrifuged at 12,000g for 15mins at 4oC. The aqueous phase was transferred to a fresh tube with 

600μl isopropanol (Sigma, 278475) and 1μl glycogen (Ambion, AM9510). The sample was incubated at 

room temperature for 10mins and centrifuged at 12,000g for 15mins at 4oC. The supernatants were 

removed, and the pellets were washed in ice-cold 75% EtOH. The pellets were left to air dry, and 

resuspended in 10-50μl DEPC-treated water, depending on the pellet size. RNA concentrations were 

determined using the Nanodrop (2.3.3) and either used immediately or stored at -80oC. 

2.4.2 Reverse Transcription 

RNA (300ng - 3µg) was reverse transcribed to single-stranded cDNA using the Superscript™ First-

Strand Synthesis System (Invitrogen, 11904-018) or Maxima H minus Reverse Transcriptase kit 

(Thermoscientific, EP0751) following manufacturer’s standard protocol with either random hexamers 

or oligo-dT(18) primers.  

2.4.3 Ammonium Acetate Precipitation 

An equal volume of 5M NH4OAc was added to the RNA samples and incubated on ice for 15mins. 

The samples were then centrifuged at 10,000g for 15mins at 4oC and the supernatants were removed. 

The pellets were washed in 200µl ice-cold 75% EtOH and centrifuged at 10,000g for 15mins at 4oC. The 

supernatants were removed and the samples were centrifuged at 10,000g for 1min at 4oC. The 

remaining supernatants were removed, the pellets were resuspended in 20µl DEPC H2O and the RNA 

concentrations were determined using the Nanodrop (2.3.7). 
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2.4.4 Denaturing Agarose Gel Electrophoresis 

Samples of isolated RNA were prepared in a total volume of 6µl DEPC H2O, and made up to 20µl in 

1 x MOPS (40mM MOPS acid, 10mM NaOAc, 1mM EDTA pH 7.2), 35% formamide, 5.5% formaldehyde. 

The samples were incubated at 55oC for 15mins after which ethidium bromide was added (final 

concentration of 0.1µg/µl), with an equal volume of RNA denaturing loading dye (80% formamide, 

10mM EDTA, 0.5% bromophenol blue, 0.5% xylene cyanol).  

In order to remove RNases, the gel apparatus was pre-soaked in 3% H2O2 for 10mins, rinsed in 

DEPC H2O and left to air dry prior to use. The RNA samples were electrophoresed through a denaturing 

agarose gel (1% agarose, 0.925% formaldehyde, 1 x MOPS) at a constant voltage of 55V for 2hrs.  

2.4.5 High Resolution Northern Blot 

RNA was extracted from samples as described above (2.4.1), except that the pellets were 

resuspended in 5µl DEPC H2O with 1U RiboSafe (Bioline, BIO-65027). Samples were left to incubate for 

1hr on ice and then mixed with an equal volume of RNA denaturing loading dye (80% formamide, 

10mM EDTA, 0.5% bromophenol blue, 0.5% xylene cyanol), incubated at 55oC, 5mins and immediately 

placed back on ice. Samples were loaded onto a 15% denaturing polyacrylamide gel (Table 2.3) and 

electrophoresed in 0.5 x TBE (50mM Tris base, 50mM boric acid, 1mM EDTA) at 3mA for 1hr, then 6mA 

for 2hrs.  

Table 2.3: Reagents for a 15% denaturing polyacrylamide gel. 

Stock Reagent 15% PAG Final Conc’n 

Urea 9.6g 8M 

10 x TBE in DEPC H2O 2ml 1 x 

40% acrylamide/bisacrylamide 19:1 7.5ml 15% 

25% APS in DEPC H2O 24µl 0.03% 

TEMED 24µl 0.12% 

Nuclease-free water Up to 20ml - 

 

Once complete, the gels and Genescreen Plus membranes (Perkin Elmer) were washed for 3 x 

15mins in 0.25 x TBE. In order to remove RNases, a transfer tank (TE22, Mini Trans-Blot™, BioRad), 

cassette, sponges and flea were treated as above. The gels and membranes were subsequently 

sandwiched between 2 layers of 3MM Whatman filter paper and sponges in the cassette, and placed 

in the tank. The wet transfer was effected in 0.25 x TBE at 4oC at 150mA for 15mins, then 400mA for 

30mins. The membranes were removed from the cassette, UV-crosslinked onto a Genescreen Plus 
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membrane (Perkin Elmer) at 120mJ for 60secs, wrapped in 3MM Whatman filter paper, Saran wrap 

and kitchen foil and stored at -20oC until use.  

 

Table 2.4: Probes for high resolution northern blotting.  

Probe Internal/Externala Location on mt genome Size 

mt-tRNAVal Internal m.1601-1655 54bp 

mt-tRNALeu Internal m.3199-3352 153bp 

mt-tRNAPhe External m.523-677 154bp 
aProbes were designed to span either inside (internal) or outside (external) the desired gene. 

Prior to hybridisation with a radioactive probe, the membranes were removed from -20oC and 

blocked for 2hrs at 42oC with rotation in 10ml of pre-hybridisation solution (50% formamide, 5 x SSPE, 

1% SDS, 5 x Denhardt’s solution [50 x stock = 1% Ficoll type 400, 1% PVP, 1% BSA –Fraction V]). During 

this time, the 32P-labelled DNA probes were prepared that targeted specific mitochondrial tRNA 

transcripts (Table 2.5). The DNA templates used for generating the radioactive probes were prepared 

using proof-reading PCR (2.3.10, Table 2.4), purified using the Stratagene StrataPrep kit (Agilent 

Technologies, 400771) and then stored at -20oC. For each probe, the DNA templates (100ng) were 

resuspended in DEPC H2O to a final volume of 9µl and denatured at 95oC for 4mins. The templates 

were immediately placed on ice, mixed with 3µl 5 x random hexamer mix, 5U Klenow fragment (DNA 

polymerase I, Promega, M2201) and 2µl 32P α-dCTP (=20µCi, Perkin Elmer NEG513H) and incubated at 

37oC for 2hrs. The radiolabelled probes were subsequently purified using Illustra G-25 columns (GE 

Healthcare) according to manufacturer’s instructions and the incorporation of activity into the final 

probe was estimated using a Cerenkov counter, of which 500,000cpm was added to the pre-

hybridisation solution following blocking. The membranes and probes were incubated at 42oC 

overnight with rotation. 

The membranes were then washed twice in 2 x SSPE (20 x stock = 3M NaCl, 0.2M NaH2PO4, 20mM 

EDTA) for 15mins at room temperature with rotation and then once in pre-warmed 2 x SSPE/2% SDS 

at 65oC for 15mins with rotation. The membranes were placed in a cassette with a PhosphoImage 

screen for 1 – 5 days (depending on the counts returned on the membrane) and the signal visualised 

using the Typhoon FLA 9500 (GE Healthcare) using ImageJ™ software. 
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2.5 Protein Manipulation 

2.5.1 Cell Lysis 

Mammalian cells were harvested (2.1.2), pelleted and stored on ice in 1.5ml Eppendorf tubes. The 

cell pellets were resuspended in 50-200µl cell lysis buffer (50mM Tris-HCl pH 7.5, 130mM NaCl, 2mM 

MgCl2, 1mM PMSF, 1% NP-40, 1 x EDTA-free protease inhibitor cocktail [Pierce, 88666]) depending on 

size of the pellet. The resuspension was vortexed for 30secs and centrifuged at 564g for 5mins at 4oC. 

The supernatants were retained, snap frozen in liquid N2 and stored at -20oC until use. 

2.5.2 Isolation of Mitochondria from Mammalian Cell Cultures 

Mammalian cells were grown in T75cm2, T225cm2 or T300cm2 flasks until 80-90% confluent and 

harvested (2.1.2). The pellets were resuspended in 2ml homogenisation buffer (0.6M mannitol, 10mM 

Tris-HCl pH 7.4, 1mM EGTA, 0.1% BSA, 1mM PMSF) and homogenised with a homogeniser with 15 

passes. The mix was centrifuged at 400g for 10mins at 4oC and the supernatants were retained on ice. 

The homogenisation step was repeated a further two times. The three supernatant fractions of each 

sample were centrifuged at 11000g for 10mins at 4oC and the supernatants were removed. The pellets 

were each resuspended in 100µl homogenisation buffer and the 3 fractions of each sample were 

pooled together. The combined fractions were subsequently centrifuged at 11000g for 5mins at 4oC 

and the resulting pellet was washed 3 times in 500µl homogenisation buffer without BSA. The 

supernatants were removed, and the resulting pellets were used instantly or snap frozen in liquid 

nitrogen and stored at -80oC. 

2.5.3 Mitochondria Shaving 

Cells were harvested (2.1.2) and a small volume of cells were retained and lysed, as the cell lysate. 

Mitochondria were isolated as previously described (2.5.2), except that the final supernatant was 

retained at the end, as the post-mitochondria supernatant. The pelleted mitochondria were 

resuspended in homogenisation buffer without BSA (HB –BSA) and the protein concentration was 

determined using a Bradford assay (2.5.9). The mitochondrial samples were diluted to 5µg/µl in 100µl 

HB – BSA and divided into 2 samples (sample 1 and sample 2). Sample 1 was left on ice (designated as 

the unshaved mitochondria). Sample 2 was incubated with 1.25µg proteinase K (Roche, 25530) for 

30mins on ice. PMSF was added to sample 2 as a final concentration of 5mM and centrifuged at 

11,000g for 10mins at 4oC. The supernatants were removed and the pellet was washed in 100µl HB –

BSA + 5mM PMSF followed by centrifugation at 11,000g for 10mins at 4oC. The supernatants were 
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removed and the pellets were resuspended in the same volume of HB –BSA as sample 1. All samples 

were snap frozen in liquid nitrogen and stored at -80oC until required. 

2.5.4 Total Protein Extraction from Muscle Tissue 

Muscle tissue samples were kindly received from Newcastle-upon-Tyne NHS Diagnostics 

department and stored in liquid nitrogen. To pre-cool the apparatus, liquid nitrogen was poured into 

the centre of a pestle and mortar and left until all the nitrogen had evaporated. The tissue sample was 

placed into the centre of mortar along with a little liquid nitrogen and crushed into fine pieces. Drop-

by-drop, 350µl RIPA buffer (1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% EDTA, 10mM β-

mercaptoethanol, 10µg/ml PMSF, 15µl/ml Triton X-100, 1 x EDTA-free protease inhibitor cocktail in 1 

x PBS) was added, followed by a further 350µl aliquot of RIPA buffer. Once defrosted, the suspensions 

were transferred to an ice-cold 2ml tube and vortexed for 6 x 10secs. The samples were incubated on 

ice for 45mins to allow for initial lysis to occur. During this time the homogeniser was assembled, 

cleaned in 75% ethanol and rinsed with ddH2O. The samples were homogenised for 1 x 15secs at speed 

3, incubated 1min on ice and homogenised again for 1 x 15secs, speed 3. The samples were incubated 

on ice for 10mins to allow the samples to settle prior to centrifugation at 14000g, for 10mins at 4oC. 

The supernatants were transferred to fresh ice-cold 1.5ml tubes (125µl in each aliquot) and the protein 

concentrations were measured by a Bradford assay (2.5.9). The samples were either used immediately, 

or snap frozen in liquid nitrogen and stored at -80oC. 

2.5.5 SDS-PAGE 

SDS-PAGE was performed using the Hoefer Mighty Small™ (GE Healthcare) or Bio-Rad Mini Protean 

Tetra® Cell systems. All samples were mixed with Laemmli buffer (final concentrations: 10% glycerol, 

2% SDS, 125mM Tris-HCl pH 6.8, 0.01% bromophenol blue, 0.01% xylene cyanol, 50mM DTT) and 

denatured by incubating at 95oC for 3mins, or 37oC for 20mins. The samples were separated on 

polyacrylamide gels with a 12%, 15% or 18% resolving gel depending on the molecular weight of the 

protein, and a 3.75% stacking gel (Table 2.5). Electrophoresis was performed in 1 x SDS running buffer 

(192mM glycine, 25mM Tris, 0.1% SDS) at 100V through the stacking gel, and 150V through the 

resolving gel. The broad-range molecular weight coloured protein ladder (CSL-BBL, Cleaver Scientific 

Ltd) was used as a marker. 
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Table 2.5: Volumes of reagents for SDS-PAGE gels. 

 

2.5.6 Coomassie Brilliant Blue Staining 

Following electrophoresis, polyacrylamide gels were incubated at room temperature with 

agitation in Coomassie Brilliant Blue stain (45% methanol, 10% acetic acid, 0.2% Coomassie Blue R250) 

for 30mins. The gels were then washed three times in a de-staining solution (45% methanol, 10% acetic 

acid) for 20mins each. The signals were visualised with white light on the Chemi-Doc™ Imaging System 

(Bio-Rad) using ImageLab™ software. 

2.5.7 Silver Staining 

Following electrophoresis, polyacrylamide gels were incubated at room temperature with slight 

agitation in 50ml 50% methanol for 1hr, and then in freshly-made silver staining solution (0.1% AgNO3, 

10mM NH4OH, 0.36% NaOH) for 15mins. The gel was incubated with the developer solution (0.05% 

citric acid, 0.04% formaldehyde) until the desired signals could be visualised. The reaction was then 

quenched with the stop solution (45% methanol, 10% acetic acid). The signals were visualised on the 

Chemi-Doc™ Imaging System (Bio-Rad) using ImageLab™ software. 

2.5.8 Western Blot and Immunodetection 

After samples were separated using SDS-PAGE (2.5.4), the gel was equilibrated in 1 x transfer 

buffer (192mM glycine, 25mM Tris, 0.02% SDS, 15% methanol). A PVDF membrane (Immobilin-P, 

Millipore), pre-wet in 100% methanol for 15secs and then transfer buffer for 15secs, was sandwiched 

against the gel between double thickness 3MM Whatman filter papers and gauze pads in a cassette. 

The wet transfer was effected in 1 x transfer buffer in the Mini Trans-Blot™ module (Bio-Rad) for 100V 

for 1hr at 4oC. The membrane was then blocked in 10ml 5% skimmed milk/TBS-T (Tris-buffer saline 

[50mM Tris, 150mM NaCl pH 7.6], 0.1% Tween-20) for 1hr with agitation at room temperature before 

Stock Reagent 

12%  

Resolving 

Gel  

15%  

Resolving 

Gel 

18%  

Resolving 

Gel 

3.75% 

Stacking 

Gel 

30% 29:1 acrylamide:bisacrylamide 2ml 2.5ml 3ml 0.625ml 

3.75M Tris-HCl pH 8.5 0.5ml 0.5ml 0.5ml - 

0.5M Tris-HCl pH 6.8 - - - 1.25ml 

ddH2O 2.395ml 1.895ml 1.395ml 3.02ml 

10% SDS 50µl 50µl 50µl 50µl 

10% APS 50µl 50µl 50µl 50μl 

TEMED 5µl 5µl 5µl 5µl 
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incubation overnight with the primary antibody (Appendix J) at 4oC with agitation. The membranes 

were washed 3 times for 15mins in TBS-T at room temperature with agitation to remove the excess 

primary antibody and then incubated with the secondary antibody (Appendix J) for 1hr. The 

membranes were finally washed 3 times for 15mins in TBS-T at room temperature with agitation to 

remove the excess secondary antibody. Detection was carried out using the ECL Prime kit (GE 

Healthcare) according to manufacturer’s instructions and the chemiluminescent signals were 

visualised on the Chemi-Doc™ Imaging System (Bio-Rad) using ImageLab™ software. 

The anti-AURKAIP1 antibody was produced by Eurogentech and purified by Dr Kyle Thompson 

(Thompson, 2014). Briefly, soluble AURKAIP1 elution was sent to Eurogentech using their speedy 28-

day polyclonal antibody production protocol. Two rabbits were utilised and blood was taken at day 0 

(pre-immune serum), day 21 (medium bleed) and day 28 (final bleed). Serum from the final bleed was 

subjected to further purification (detailed in Thompson, 2014). Briefly, approximately 900µg of soluble 

AURKAIP1 was purified using NHS-activated Sepharose 4 fast flow beads (detailed in Thompson, 2014). 

Serum from the final bleed was added to the beads, incubated overnight at 4oC. Affinity-purified 

antibodies were finally eluted with glycine buffer pH 2.5 (50mM Glycine pH2.5, 0.1% Triton X, 150mM 

NaCl) and immeditately neutralised with 1M Tris/HCl pH 9.0. The three sera were then pooled together 

and dialysed before the addition of 10% glycerol and 0.02% sodium azide (final concentrations) to 

produce the final antibody reagent. 

2.5.9 Bradford Assay 

The Bradford assay was used to estimate protein concentrations in samples. Experimental samples 

were measured in 1µl or 2μl with ddH2O to a final volume of 800µl. A BSA standard curve was also 

prepared with 0, 2, 5, 10, 15 and 20µl BSA of a 1mg/ml stock solution to a final volume of 800µl in 

ddH2O to give concentrations of 0, 2, 5, 10, 15 and 20µg/µl respectively. Each sample was mixed with 

200µl Bradford Reagent (Bio-Rad), vortexed and incubated at room temperature for 5mins. Of each 

sample, 200µl aliquots were dispensed into a 96-well plate and analysed on the SpectraMax H3 

microplate reader (Molecular Devices). The absorbance at 595nm was determined and in conjunction 

with the BSA standard curve, was used to calculate the protein concentration of the samples. 

2.5.10 Isokinetic Sucrose Gradient Separation 

A total of 0.5g and 1.5g sucrose were each dissolved in 5mls sucrose gradient buffer (50mM Tris-

HCl pH 7.2, 10mM MgOAc, 40mM NH4Cl, 100mM KCl, 1mM PMSF, 50µg/ml chloramphenicol) to 

generate 10% and 30% sucrose solutions respectively. For each gradient, 0.5mls of 10% sucrose 

solutions was added to an ultracentrifuge tube with a sterile syringe and needle. A 30% sucrose 
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solution was then carefully dispensed underneath using a sterile syringe and needle. The gradients 

were mixed using the Biocomp Gradient Maker 107 (TL55 program – short sucrose, 10-30% S1/1, 

0:55/85.0/22) and incubated at 4oC for 1hr. Harvested and pelleted cells (2.1.2) were resuspended in 

lysate buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 1 x EDTA-free protease 

inhibitor tablet, 10mM MgCl2, 1mM PMSF) and incubated for 40mins at 4oC with agitation. The lysed 

cells were centrifuged at 12000g for 10mins at 4oC and the supernatants were retained. The protein 

concentrations of the supernatants were measured by the Bradford assay (2.5.9) and 700µg of the 

lysate was loaded onto each gradient in a total volume of 100µl. The gradients were centrifuged at 

100,000g for 2hrs 15mins at 6oC in the Beckman Optima TLX ultracentrifuge with acceleration of 1, and 

deceleration of 4. The gradients were carefully removed from the ultracentrifuge and a total of eleven 

100µl fractions were collected. The fractions were either used immediately or stored at -20oC. 

2.5.11 Trichloroacetic Acid (TCA) Precipitation of Proteins 

Trichloroacetic acid (TCA) precipitation was used to concentrate protein samples. An equal volume 

of 20% TCA was added to each sample, mixed by inversion and incubated on ice for 30mins. The 

samples were centrifuged at 16000g for 15mins at 4oC and the supernatants were carefully removed 

and discarded. Each sample was then washed three times with 1ml acetone. For each wash, 1ml ice-

cold acetone was added, the samples were centrifuged at 16000g for 15mins at 4oC and supernatants 

were carefully removed and discarded.  After the second wash, the precipitated proteins were scraped 

off the side of the microcentrifuge tubes with pipette tips to ensure that all the precipitated protein 

was pelleted. After the final wash, the samples were pulsed for 30secs and the remaining supernatant 

was discarded. The samples were left to air-dry on ice for 5mins and the pellets were resuspended in 

20µl 1 x Laemmli buffer with 50mM DTT. The samples were used immediately or stored at -20oC. 

2.5.12 Immunoprecipitation (IP) 

Cells were grown in T75cm2 flasks until 95% confluent and then harvested (2.1.2). The 

mitochondria were isolated from these cells (2.5.2), and the pellets were resuspended in 500µl lysis 

buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 1 x EDTA-free protease 

inhibitor cocktail, 1mM PMSF, 1mM MgCl2). The lysate was incubated for 30mins, 4oC with agitation. 

During this incubation, anti-FLAG® affinity gel (60µl, Sigma, FLAGIPT-1) was centrifuged at 5000g for 

30secs at 4oC in hydrophobic 1.5ml tubes. The supernatants were carefully removed and the resin was 

washed 3 times in 1 x wash buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 1mM MgCl2, 1mM PMSF, 1 x 

EDTA-free protease inhibitor tablet), 1U RiboSafe) followed by centrifugation at 5000g for 30secs at 

4oC, removing the supernatants in between each wash. The mitochondrial lysates were centrifuged at 
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12000g for 10mins at 4oC and the supernatants were transferred to chilled 1.5ml tubes and kept on 

ice whilst the protein concentrations of the lysate were determined by a Bradford assay (2.5.9). Two 

20µg samples were retained for each sample as the input, and 500µl (up to 2mg) of the mitochondrial 

lysates were added to the washed resins, and incubated with agitation for 2hrs at 4oC. The samples 

were centrifuged at 5000g for 30secs at 4oC and the supernatants were removed and retained as the 

flowthrough. The resin was washed 3 times with 500µl 1 x wash buffer, centrifuging at 5000g for 30secs 

at 4oC in between each wash and ensuring all wash buffer was removed. To elute the samples, 1 x PBS 

and 3 x FLAG® peptide solution (250ng/µl final concentration in 110µl) was added to the resins. The 

samples were incubated in a Thermomixer at 4oC, shaking at 1050rpm for 45mins, and flicking the tube 

every 5mins. The samples were centrifuged at 5000g for 30secs at 4oC and the supernatants were 

carefully transferred to chilled 1.5ml tubes. The supernatants are designated as the eluates. The beads 

were retained in 50µl 1 x PBS and all samples were stored at -20oC. 

2.5.13 Protein Purification using Nickel Resin 

For each sample, 4ml regenerated HIS-Select® Nickel Affinity Resin (Sigma-Aldrich, P6611) was 

added to 15ml 0mM imidazole solution (Table 2.6) in a 50ml falcon tube. The resin was centrifuged at 

1455g for 10mins at 4oC in a Beckman Coulter Allegra X-15R ultracentrifuge. The supernatants were 

discarded and 15ml 5mM imidazole solution (Table 2.6) was added to each tube. The resins were 

centrifuged at 1455g, 10mins, 4oC and supernatant was discarded. Bacterial cell lysate (2.2.4) was 

added to the prepared resin and incubated at 4oC on a rotator for 45mins. The tubes were then 

centrifuged at 1455g for 10mins at 4oC. The supernatants were retained as the flowthrough and a 15ml 

5mM imidazole solution + β-ME (Table 2.6) was added to the resins. The resins were incubated at 4oC 

on a rotator for 15mins, centrifuged at 1455g for 10mins at 4oC and supernatants were retained, 

designated as wash 1. A 25ml column was rinsed in ~3ml of 10mM imidazole solution + β-ME (Table 

2.6). The resins were added to the columns and washed in ~20ml 10mM imidazole solution + β-ME 

(Table 2.6), with the flowthrough designated as wash 2. Approximately 8ml 250mM Imidazole solution 

+ β-ME (Table 2.6) was added to the columns and the eluates were collected in 20 fractions (750µl for 

fractions 1 + 2, 500µl for fractions 3-20). 

An equal volume of 1 x Laemmli buffer was added to 10µl of each sample, which were 

subsequently incubated at 99oC for 3mins and analysed by SDS-PAGE using a precast 4-20% gradient 

SDS-PAGE gel (BioRad, 567-8094). The gels were visualised on a ChemiDoc MP Imager using ImageLab™ 

(BioRad) to determine the efficiency of elution of the protein of interest. The fractions containing 

protein of interest were pooled together, frozen in liquid nitrogen and stored at -80oC. 



51 
 

Table 2.6: Imidazole solutions for Nickel columns. 

Stock Reagent 
0mM 

Imidazole  

5mM 

Imidazole 

10mM 

Imidazole 

250mM 

Imidazole 

Final 

Conc’na 

2 x Nickel Bufferb 50ml 50ml 50ml 50ml 1 x 

0.5M EDTA 20µl 20µl 20µl 20µl 0.1mM 

1M Imidazole - 0.5ml 1ml 25ml As stated 

β-mercaptoethanol (+/-) 60µl 60µl 60µl 60µl 0.06% 
aVolumes stated are for solutions of 100ml. Conc’n = concentration.  b2 x Nickel Buffer = 50mM Tris-

HCl pH 8.0, 20% glycerol, 0.8M NaCl.  

2.5.14 Protein Purification using Heparin Sepharose Column 

Purification was performed on the ÄKTApurifier™ with a Frac-950 (fraction collector), INV-907 

(injection valve), M-925 (mixing valve) and PV-908 (outlet valve) (Amersham Biosciences) using the 

5ml HiTRAP™ heparin HP columns and data was analysed using Unicorn 5.31 software (GE Healthcare). 

All solutions were filter-sterilised prior to use. Pumps A1 and B1, and the heparin column were washed 

in filtered dH2O. Pump A1 was transferred to deliver Low Salt Buffer (Table 2.7) and pump B1 was 

moved to deliver High Salt Buffer (Table 2.7). Each pump was subsequently washed in their respective 

salt buffers. The heparin column was washed in 25ml Low Salt Buffer at a flow rate of 2ml/min. Using 

a 10ml syringe, 10ml dH2O followed by 10ml Low Salt Buffer were injected through a filter to wash the 

injection valve. The sample that was purified using nickel resin (2.5.13) was removed from -80oC, made 

up to 40ml with No Salt Buffer (Table 2.7) and mixed 5 times by inversion. The sample was then injected 

as 3 x 10ml to allow the protein of interest to bind to the resin. The column was washed in 20ml of 

Low Salt Buffer at a flow-rate of 2ml/min. The samples were eluted with a gradient of 0-100% High Salt 

Buffer at a flow-rate of 2ml/min into 55 x 1ml fractions.  

An equal volume of 1 x Laemmli buffer was added to 10µl of selected fractions, incubated at 99oC 

for 3mins and analysed by SDS-PAGE using a precast 4-20% gradient polyacrylamide gel (BioRad, 567-

8094) to determine the efficiency of elution of the protein of interest. 

 

Table 2.7: Salt buffers for Heparin columns. 

 

 

 

 

aDTT was added fresh on the day of purification.  

No Salt Buffer  Low Salt Buffer High Salt Buffer 

0mM NaCl 100mM NaCl 1.4M NaCl 

10% glycerol 10% glycerol 10% glycerol 

20mM Tris-HCl pH 8.0 20mM Tris-HCl pH 8.0 20mM Tris-HCl pH 8.0 

1mM EDTA 1mM EDTA 1mM EDTA 

1mM DTTa 1mM DTT 1mM DTT 
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2.5.15 Protein Purification using Q Sepharose 

Purification was performed on the ÄKTApurifier™ with a Frac-950 (fraction collector), INV-907 

(injection valve), M-925 (mixing valve) and PV-908 (outlet valve) (Amersham Biosciences) using the 

1ml HiTRAP™ Q-HP columns and data was analysed using Unicorn 5.31 software (GE Healthcare). The 

HiTRAP™ Q-HP columns were washed in high salt buffer (Table 2.7) to remove any unbound protein 

from a previous run, at a flow rate of 1ml/min for 5mins and then washed in low salt buffer (Table 2.7) 

to remove the high salt at a flow rate of 1ml/min for 5mins. Using a 10ml syringe and a 0.45µm filter, 

the injection valve was rinsed by injecting 10ml filtered nanopure water, followed by 10ml low salt 

buffer. The samples that were purified using heparin Sepharose (2.5.14) were removed from -80oC, 

made up to 30ml with No Salt Buffer (Table 2.7) and mixed 5 times by inversion. The samples were 

then injected as 3 x 10ml to allow the protein of interest to bind to the resin. The columns were washed 

in 5ml low salt buffer at a flow rate of 1ml/min and the samples were eluted with a gradient of 0-43% 

high salt buffer at a flow rate of 1ml/min for 10mins into 40 x 250µl fractions. An equal volume of 1 x 

Laemmli buffer was added to 10µl of selected fractions, incubated at 99oC for 3mins and analysed by 

SDS-PAGE using a precast 4-20% gradient SDS-PAGE gel (BioRad, 567-8094) to determine the efficiency 

of elution of the protein of interest. 

2.5.16 Gel Filtration Analysis 

Gel filtration analysis by size exclusion chromatography was performed on the ÄKTApurifier™ 

with a Frac-950 (fraction collector), INV-907 (injection valve), M-925 (mixing valve) and PV-908 

(outlet valve) (Amersham Biosciences) by using the 2.5ml Superose 6 Increase 3.2/300 column (GE 

Healthcare, 29-0915-98). All solutions were filter-sterilised prior to use. For identifying LONP1 

monomers, the Superose 6 column was washed in 5ml high salt buffer (Table 2.9) with a flow rate of 

0.04ml/min. Once the column was washed, purified protein (20µl) was injected into the column. The 

column was washed in 3ml high salt buffer at a flow-rate of 0.04ml/min and 60 x 50µl fractions were 

collected. For identifying LONP1 hexamers, 60µl of purified recombinant LONP1 protein (2.5.13) was 

dialysed in a Slide-a-Lyzer™ MINI 20K dialysis device (ThermoFisher, 10668284). Briefly, the dialysis 

device was soaked in nuclease-free water for 15mins. The dialysis device was transferred to a beaker 

of low salt buffer (Table 2.8), stirring at 4oC and 60µl recombinant LONP1 was added directly onto 

the membrane. The sample was left to dialyse for 2hrs. During this time, the Superose 6 column was 

washed in 5ml low salt buffer with a flow rate of 0.04ml/min. Once dialysed, 20µl sample was injected 

into the column. The columns were washed in 3ml low salt buffer at a flow-rate of 0.04ml/min and 

50µl fractions were collected. Selected fractions were mixed with Laemmli buffer, incubated at 99oC, 
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3mins and analysed by SDS-PAGE using a precast 4-20% gradient SDS-PAGE gel (BioRad, 567-8094) 

to determine the efficiency of elution of the protein of interest. 

 

Table 2.8: Salt buffers for gel filtration analysis. 

Low Salt Buffer High Salt Buffer 

20mM Tris-HCl pH 8.0 20mM Tris-HCl pH 8.0 

100mM NaCl 1M NaCl 

10mM MgCl2 10mM MgCl2 

2mM DTT 2mM DTT 

10% glycerol 10% glycerol 

2mM ATP 2mM ATP 

Water to 250ml Water to 250ml 

 

2.5.17 Microscale Thermophoresis (MST) 

Microscale thermophoresis was kindly performed by Dr Bradley Peter (University of Gothenburg, 

Sweden). TFAM was cysteine-labelled using a two-fold excess of NT-547-maleimide dye according to 

the manufacturer’s instructions (NanoTemper Technologies). Twelve two-fold dilutions of unlabelled 

LONP1 (2.3 to 4650nM) were made in MST buffer (50mM Tris-HCl pH 8.0, 10mM MgCl2, 10% (w/v) 

glycerol) supplemented with 4mM ATP or ATP-γS, a non-hydrolysable form of ATP. Dilutions were 

incubated with 200nM labelled TFAM for 10min at 24°C. Samples were analysed in triplicate using a 

Monolith NT.115 instrument (NanoTemper Technologies, Munich, Germany) with standard capillaries, 

80% LED power and 60% MST power for 30secs at 24°C. Thermophoresis data were baseline-corrected 

and used to calculate Kd (dissociation constant), bound state and unbound state in the NanoTemper 

analysis software. 

2.5.18 Thermofluor Stability Assay 

The Thermofluor stability assay was kindly performed by Dr Bradley Peter (University of 

Gothenburg, Sweden). The fluorescent dye Sypro Orange (λex = 490nm, λem = 570nm) was used to 

monitor the temperature-induced unfolding of wild-type and mutant LONP1. At higher temperatures, 

the proteins unfold and expose hydrophobic residues to which the dye binds, allowing for 

determination of thermal stability. LONP1 proteins (1.6µM) were set-up in 96-well plates in 5 x dye in 

assay buffer (50mM Tris-HCl, pH 8.0, 50mM NaCl) in the presence or absence of 10mM MgCl2 and 

4mM ATP. Differential scanning fluorimetry was performed in a C1000 Thermal Cycle using CFX96 real-
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time software (BioRad) in 0.5oC increments with a 5secs equilibration time. The relative thermal 

stability (melting temperature/Tm) was determined as described in Matulis et al. 2005. 

2.6 In Vitro Protein Import Assay 

2.6.1. In Vitro Transcription 

DNA fragments encoding AURKAIP1 and AURKAIP1-FLAG were amplified by PCR using a forward 

primer containing an SP6-promoter sequence together with the appropriate reverse primer (Appendix 

C). Amplified fragments were purified from the PCR mix using phenol/chloroform extraction (2.3.5), 

and following resuspension in nuclease-free water, the DNA concentration was determined using the 

Nanodrop. As a control sample, pSU9-DHFR (kindly donated by Professor Roland Lill, University of 

Marburg, Germany) was digested using PvuII (New England Biosciences) for 4hrs in NEB Buffer 2, 

purified from the digestion mix by phenol/chloroform extraction (2.3.5), ethanol precipitated (2.3.6), 

resuspended in DEPC H2O and the DNA concentration was determined using the Nanodrop (2.3.7). In 

vitro transcription reactions (20µl) were prepared using the AmpliScribe™ SP6 High Yield Transcription 

Kit (Epicentre Technologies, AS3107) in the order shown (Table 2.9) and incubated for 2hrs at 37oC. 

The resulting RNA from each reaction was precipitated (2.4.3) and the RNA concentration was 

determined using the Nanodrop (2.3.7). Each sample (2µl) was electrophoresed alongside 5µg HeLa 

RNA as a marker on a 1% denaturing agarose gel (2.4.4). 

Table 2.9: Constituents for the in vitro transcription reaction. 

Reagent Sample Final Concentration 

RNase-free H2O Up to 20µl - 

10 x SP6 reaction buffer 2µl 1 x 

100mM ATP 1µl 5mM 

100mM CTP 1µl 5mM 

100mM GTP 1µl 5mM 

100mM UTP 1µl 5mM 

100mM DTT 2µl 10mM 

Linearised DNA 1µg 50ng/µl 

10 x SP6 enzyme solution 2µl 1 x 

 

2.6.2. In Vitro Translation and Analysis 

Each reaction was set-up as detailed (Table 2.10) and incubated at 30oC for 1hr. Each reaction was 

immediately placed on ice, and 2µl of each reaction was electrophoresed on a 15% polyacrylamide gel 

(2.4.4) at 100V through the stacking gel, and then 150V through the resolving gel. The gels were then 
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incubated at room temperature on a rocker at a slow speed for 15mins in 20ml fixing solution (50% 

MeOH, 10% acetic acid), soaked for 5mins in 20ml pre-drying solution (7% acetic acid, 7% MeOH, 1% 

glycerol) and vacuum-dried at 65oC for 2hrs until dry. The gels were exposed to a PhosphorImage 

screen overnight or up to 4 days and signals were visualised using the Typhoon FLA9500 system and 

ImageQuant™ software. 

Table 2.10: Constituents for the in vitro translation reaction. 
Reagent Volume Final Concentration 

Rabbit Reticulocyte Lysatea 10µl - 
35S-EasyTag protein mix 3.5µl 35µCi 

Amino acids minus Met 0.5µl 25µM 

RNA substrate Xµl 100ng/µl (=2µg) 

RiboSafe 0.5µl 1U 

Nuclease-free water Up to 20µl - 
aRabbit reticulocyte lysate (Promega, L4960) is nuclease-treated.  

2.6.3. Isolation of Rat Liver Mitochondria 

The liver was extracted from a humanely-sacrificed rat and minced in ~20ml ice-cold MSE buffer 

(220mM mannitol. 70mM sucrose, 10mM HEPES-KOH pH 7.4, 2mM EGTA, 1mM PMSF, 0.1% BSA). All 

steps were carried out on ice in the cold room at 4oC. The buffer was replaced 3-4 times to remove the 

released blood. Using a glass/Teflon homogeniser, the sample was homogenised 3-5 times in 20ml 

volume on top speed to produce an even-textured homogenate. The sample was centrifuged at 400g 

for 4mins at 4oC in a Sorvall SS34 rotor. The turbid supernatant was transferred to SS34 tubes and 

centrifuged at 8500g for 10mins at 4oC. The supernatant was discarded and the pellet was carefully 

resuspended in 5ml MSE buffer, avoiding the red blood cells. The pellets were pooled together into a 

SS34 tube, which was filled with MSE buffer without BSA, designated as wash 1. The sample was 

centrifuged at 8500g for 10mins at 4oC, the supernatant was discarded and the resulting pellet was 

initially resuspended in 5ml MSE buffer without BSA, and then the tube was filled to the top with the 

same buffer, designated as wash 2. The sample was centrifuged at 8500g for 10mins at 4oC and the 

supernatant was removed. The final mitochondrial pellet was resuspended in a small volume of MSE 

buffer without BSA in a pre-chilled 2ml Eppendorf tube. The isolated mitochondria were kept on ice 

for immediate use and the protein concentration was determined by a Bradford assay (2.5.9). 

2.6.4. In Vitro Protein Import 

Each reaction was set-up on ice as detailed (Table 2.11), but omitting proteinase K, into a 0.5ml 

eppendorf tube and incubated at 30oC, 1hr. All tubes were directly placed on ice. Selected samples 

(Table 2.12) were then incubated with 5µg proteinase K (Roche, 25530-49) at 37oC for 30mins. To stop 
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the reaction, PMSF was added to each tube (final concentration of 1mM). All samples were centrifuged 

at 13,000g for 10mins at 4oC after which the supernatant was removed and the pellets were 

resuspended in 1 x Laemmli buffer (2.5.4). These samples were subsequently analysed following 

separation through a 15% polyacrylamide gel (2.5.4). The gels were exposed to a PhosphorImage 

screen overnight or up to 4 days and the signals were visualised using the Typhoon FLA9500 system 

and ImageQuant™ software. 

Table 2.11: Reaction constituents for in vitro protein import. 

Component 
+ FCCP, 

- Prot. K 

- FCCP,  

- Prot. K 

+ FCCP,    

+ Prot. K 

- FCCP,     

+ Prot. K 

In vitro translated protein 3µl 3µl 3µl 3µl 

10mg/ml rat liver mitochondria 10µl 10µl 10µl 10µl 

100mM ATP 1µl 1µl 1µl 1µl 

100mM NADH 2µl 2µl 2µl 2µl 

1M succinate 2µl 2µl 2µl 2µl 

5mM FCCP 1µl - 1µl - 

Protein Import Reaction Buffera 80µl 80µl 80µl 80µl 

ddH2O - 1µl - 1µl 

Proteinase K (5mg/ml) - - 1µl 1µl 
aProtein import reaction buffer (final concentrations) = 100µM GTP, 1mM creatine phosphate, 

15µg/ml creatine kinase, 1mM DTT in isolation buffer. Isolation buffer = 220mM mannitol, 70mM 
sucrose, 10mM HEPES-KOH pH 7.4, 2mM EDTA, 1mM MgCl2. 

 

2.7 In Vitro Protein Activity Assays 

2.7.1. In Vitro ATPase Assay 

In vitro ATPase assays were performed using the Malachite Green Phosphate Assay kit (BioAssay 

systems, POMG-25H) according to manufacturer’s instructions. Briefly, samples were prepared +/- ATP 

with 0, 0.5, 1 or 2µg recombinant LONP1 and with or without 6.5pmol TFAM in a total volume of 20µl 

per reaction and loaded on to Nunclan 96-wells flat transparent plates. A standard curve with 

phosphate concentrations of 0 - 40µM were also prepared. The samples were incubated in the plate 

at 37oC for 30mins. A working reagent was prepared by mixing reagent A with reagent B in the ratio of 

100:1, and 80µl of this mix was added to each sample. The plates were incubated at room temperature 

for 25mins and then analysed on the Tecan Infinite M200 at 630nm with 25 flashes, using Magellan 6 

software. 
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2.7.2. In Vitro TFAM Degradation Assay 

Mastermixes were prepared for 8 x 10µl reactions to include: 9.5pmol recombinant LONP1 protein, 

+/- 6.5pmol TFAM and 2 x Buffer A or B (Table 2.12). Recombinant LONP1 and TFAM proteins were 

diluted in Buffer B (Table 2.12) if necessary. The samples were incubated at 37oC for 0, 5, 10, 15, 30, 

45, 60 and 75mins respectively and then immediately placed on ice. Samples were separated on a 

precast 4-20% gradient SDS-PAGE gel (BioRad, 567-8094) and visualised on a ChemiDoc MP Imager 

using ImageLab™ (BioRad) to determine the efficiency of TFAM degradation. 

 

Table 2.12: Constituents of TFAM degradation assay buffers.  

Stock 2 x Buffer A (+ ATP) 2 x Buffer B (- ATP) Final 2 x Conc’n 

5M NaCl 4µl 4µl 100mM 

1M Tris-HCl pH 8.0 10µl 10µl 50mM 

0.5M MgCl2 4µl 4µl 10mM 

1mg/ml BSA 20µl 20µl 0.1mg/ml 

100mM ATP 4µl - 2mM 

Nuclease-free water 158µl 162µl - 
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CHAPTER 3: Levels of AURKAIP1 are Tightly Controlled 

3.1 Introduction 

A preliminary siRNA screen of candidate mitochondrial proteins was performed in my 

host laboratory in both HeLa and ρ0 cells. Since ρ0 lack mtDNA, a cell growth defect seen in 

HeLa and not ρ0 would suggest that the candidate protein had a potential role in mitochondrial 

gene expression. AURKAIP1 was identified as one of the proteins that may have a role in 

mitochondrial gene expression via this preliminary siRNA screen, as a growth defect was seen 

in HeLa cells, but not in ρ0. At this time little was known about AURKAIP1, and my project 

aimed to characterise this protein and identify its function.  

AURKAIP1 was originally identified as an ubiquitously-expressed nuclear protein through 

experiments using ectopic expression of recombinant AURKAIP1 with an N-terminal FLAG-tag, 

expressed in NIH 3T3 and COS fibroblast cells (Kiat et al. 2002). Using FLAG-AURKAIP1, 

transiently transfected within a pcDNA3 (Invitrogen) vector for continuous expression, Kiat et 

al. demonstrated that AURKAIP1 localised to the nucleus and negatively-regulated Aurora-A 

kinase, a mitotic serine/threonine kinase (Kiat et al. 2002) that is involved in centrosome 

maturation and separation (Glover et al. 1995), promotion of mitotic entry (Hirota et al. 2003) 

and tumourigenesis (Bischoff et al. 1998). AURKAIP1 was shown to interact with Aurora-A 

kinase in vivo promoting its degradation via the proteasome-dependent pathway. Further 

research also revealed that AURKAIP1 was also a binding partner of GSK-3β, another 

serine/threonine kinase, and that GSK-3β bound and phosphorylated AURKAIP1. 

Phosphorylated AURKAIP1 was thought to downregulate Aurora-A kinase, as a way of 

regulating the stages of early mitosis (Fumoto et al. 2008) and therefore, GSK-3β was thought 

to regulate levels of Aurora-A kinase via AURKAIP1. 

After this research was published, a MitoCarta study identified AURKAIP1 as a candidate 

mitochondrial protein (Pagliarini et al. 2008) and later the Human Protein Atlas Project (Uhlen 

et al. 2010) concluded that AURKAIP1 had both nuclear and mitochondrial localisation. Since 

most mitochondrial targeting sequences (MTSs) are located at the N-terminus of nuclear-

encoded mitochondrial proteins, Kiat et al. may have interfered with the MTS by generating 

an N-terminal FLAG-tagged protein and thus causing AURKAIP1 to mislocalise to the nucleus.  
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AURKAIP1 was first shown to localise to mitochondria by utilising a HEK293T cell line that 

stably expressed AURKAIP1 protein with a C-terminal GFP-tag (Szklarczyk et al. 2012) that co-

localised with TMRM (tetramethylrhodamine methyl ester), a red fluorescent dye that is taken 

up by active mitochondria, and is therefore used as a marker for the mitochondrial network 

(Scaduto and Grotyohann, 1999). Subsequently, AURKAIP1 was identified in preparations of 

bovine mitochondrial ribosomes via capillary liquid chromatography-mass spectrometry 

(capLC-MS/MS) (Koc et al. 2013) implying that AURKAIP1 not only localised to the 

mitochondria but that it associated with the mitochondrial ribosome. However, in my host 

laboratory, endogenous AURKAIP1 could not be detected in cell lysates or mitochondrial 

lysates using a custom-made or Sigma anti-AURKAIP1 antibody, and thus in order to study 

AURKAIP1 further an overexpressing cell line had to be utilised. In a previous PhD study 

(Thompson, 2014), a cell line that could inducibly express AURKAIP1 with a C-terminal FLAG-

tag (AURKAIP1-FLAG) was produced by Dr Kyle Thompson. When expression of AURKAIP1 was 

induced (tetracycline, 1µg/ml, for 3 days), there was a severe reduction in the steady state 

levels of mitoribosomal proteins, particularly those of the mt-LSU (Thompson, 2014). 

However, since these data were produced using a C-terminal FLAG tagged protein, and recent 

publications suggested that AURKAIP1 was located at the interface between the two 

mitoribosomal subunits (Amunts et al. 2015, Greber et al. 2015), it was possible that the FLAG 

tag, rather than elevated levels of AURKAIP1, was causing the severe reduction in 

mitoribosomal proteins by interfering with the function of AURKAIP1. 

Previous work performed by my host laboratory had determined that depletion of 

AURKAIP1 resulted in a severe cell growth defect, a reduction in COXI, COXII and ND1 protein 

levels but no change in mtDNA copy number (Thompson, 2014). The current data therefore 

suggests that levels of AURKAIP1 are very tightly controlled since too much or too little 

AURKAIP1 is detrimental to the cell.  

In this chapter, I will validate previously obtained data from my host laboratory by using 

an alternative AURKAIP1 overexpressing cell line lacking the C-terminal FLAG-tag so that it is 

more representative of the endogenous species and to confirm whether the effects of siRNA 

depletion of AURKAIP1 seen both in the preliminary screen and by Dr Kyle Thompson using 

siRNA targeted to different regions of the AURKAIP1 gene. 
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3.2 Results 

3.2.1 Expression of AURKAIP1 and AURKAIP1-FLAG in HEK293T cell lines 

Constructs of pcDNA™5/FRT/TO-AURKAIP1-FLAG and pcDNA™5/FRT/TO-AURKAIP1 were 

readily available in my host laboratory. These constructs were checked by Sanger sequencing 

(Appendix H) before being used to transfect HEK293T cells. Individual clones of HEK293T-

pcDNA™5/FRT/TO-AURKAIP1-FLAG (HEK-AUR1-FLAG) and HEK293T-pcDNA™5/FRT/TO-

AURKAIP1 (HEK-AUR1) were isolated, propagated and then induced with tetracycline for 3 

days to identify expression of either AURKAIP1-FLAG or AURKAIP1.  

Uninduced (U) and induced (I) cells were harvested and lysates were produced which were 

subjected to western blotting with a custom anti- AURKAIP1 antibody (Thompson, 2014). HEK-

AUR1 clones 1 and 2 as well as HEK-AUR1-FLAG clone 5 expressed high levels of AURKAIP1 

and AURKAIP1-FLAG respectively, detectable as a 15kDa species (Figure 3.1). HEK-AURKAIP1 

clones 4 and 5 also expressed AURKAIP1 as a 15kDa species, but only at low levels. HEK-

AURKAIP1 clones 1 and 2, and HEK-AURKAIP1-FLAG clone 5 were subsequently used 

throughout this project. 

3.2.2 Effects of AURKAIP1 and AURKAIP1-FLAG overexpression 

Previous work in my host laboratory had shown that after only 3 days overexpression 

of AURKAIP1-FLAG, there was a decrease in the steady state levels of the components of the 

Figure 3.1 – Expression of AURKAIP1 and AURKAIP1-FLAG in HEK293T cells. Cell lysates (60µg) taken 
from uninduced (U) and induced (I) cells. Induced cells were grown in 1µg/ml tetracycline for 3 days. 
Lysates were subjected to 15% SDS-PAGE western blotting and incubated with anti-AURKAIP1 
antibody. 
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mt-LSU and mt-SSU (Thompson, 2014). I therefore induced HEK-AUR1 clones 1 and 2 and 

AURKAIP1-FLAG clone 5 were for 3 days with tetracycline (1µg/ml) and immunoblotted with 

antibodies that recognised mitoribosomal proteins of the mt-LSU and mt-SSU (Figure 3.2). In 

all 3 clones, there was a dramatic decrease in the steady state levels of mt-LSU proteins, a 

decrease in the levels of mt-SSU proteins and potentially a reduction in mitochondrial 

translation or an increase in mtDNA degradation, indicated by the reduction in steady state 

levels of COXII. There was a greater effect on the mt-SSU proteins with AURKAIP1-FLAG 

expression compared to AURKAIP1 overexpression, suggesting that the FLAG tag may have 

affected the steady state levels of mt-SSU.  

Since the steady state levels of the mt-LSU and mt-SSU proteins were decreased upon 

induction of AURKAIP1 and AURKAIP1-FLAG, real-time PCR was used to determine whether 

this was possibly due to decreased mitochondrial rRNA. The levels of the 16S rRNA and 12S 

rRNA of the mt-LSU and mt-SSU respectively were analysed following 3 days of induction of 

Figure 3.2 – Effects of AURKAIP1-FLAG and AURKAIP1 overexpression on mitochondrial proteins. Cell 
lysates (60µg) generated from uninduc ed (U) and induced (I) cells (3 days) were subjected to 15% 
SDS-PAGE western blotting and incubated with antibodies as indicated. SDHA was used as a loading 
control.  
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AURKAIP1 and AURKAIP1-FLAG after 3 days (tetracycline, 1µg/ml). Levels of 16S rRNA and 12S 

rRNA were reduced when compared to uninduced samples (Figure 3.3). There was a greater 

reduction in 16S rRNA compared to the 12S rRNA in both AURKAIP1 and AURKAIP1-FLAG, 

consistent with the observation that the mt-LSU was more affected than the mt-SSU upon 

AURKAIP1 overexpression. There was a stronger effect on both 16S and 12S rRNA when 

AURKAIP1-FLAG was expressed compared to untagged AURKAIP1, which reflected the steady 

state levels of the mt-LSU and mt-SSU proteins respectively (Figure 3.3B).  

From these results, overexpression of both AURKAIP1 and AURKAIP1-FLAG cause 

disruption to the mitoribosome, with decreased levels of both mitoribosomal proteins and the 

mitoribosomal RNA species. Since AURKAIP1 has been identified as a mtSSU protein (Koc et 

al. 2013), HEK293T cell lines that could inducibly express either mL45-FLAG or mS27-FLAG for 

the mt-LSU and mt-SSU respectively were utilised to identify whether overexpression of other 

mitoribosomal proteins had the same effect on the mitoribosome upon overexpression. Both 

cell lines expressed a protein with a C-terminal FLAG-tag. Overexpression of either HEK-mS27-

FLAG or HEK-mL45-FLAG did not cause a decrease in the polypeptide levels of either 

mitoribosomal subunit, nor in the steady state levels of COXII, suggesting either a decrease in 

the translation of mtDNA-encoded proteins or an increase in stability (Figure 3.4). There was 

a slight increase in uL3 with mL45-FLAG expression, and mS29 with mS27-FLAG suggesting 

that more mt-LSU and mt-SSU is generated upon induction of these recombinant proteins 

Figure 3.3 – Effects of AURKAIP1-FLAG and AURKAIP1 expression on mitoribosomal rRNA species. RNA 
was isolated from uninduced and induced (3 days) HEK-AURKAIP1 (NoFLAG) and HEK-AURKAIP1-FLAG 
(FLAG) cell lines. Reverse transcription and qPCR was performed with A = AUR1 and 18S rRNA primers 
and B = 18S rRNA, 16S rRNA and 12S rRNA primers. 18S rRNA was used to normalise the data using 
ΔΔCt (2.3.11). Standard error bars are indicative of three technical repeats. 
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respectively. Since this effect was not seen with either AURKAIP1 or AURKAIP1-FLAG 

overexpression, AURKAIP1 may not be a typical mitoribosomal subunit.  

3.2.3 Effects of AURKAIP1 depletion in mammalian cell lines 

Previous work performed in my host laboratory had depleted AURKAIP1 using three 

different siRNAs, with siRNA2 being used for the majority of the experiments (Thompson, 

2014). Using these siRNAs, cell growth was severely affected. The sequence of siRNA2 

however has 100% homology to CARD11 (caspase recruitment domain-containing protein 11, 

Figure 3.5), a protein that contains a CARD domain that interacts with BCL10 (B-cell 

lymphomia/leukaemia 10) and is involved in apoptosis signalling (Bertin et al. 2001). For this 

AUR1_siRNA2        1 GTACCGGAAGCTGGTGAAG 19 

AURKAIP1_t1      745 GTACCGGAAGCTGGTGAAG 763 

AURKAIP1_t2      664 GTACCGGAAGCTGGTGAAG 682 

AURKAIP1_t3      568 GTACCGGAAGCTGGTGAAG 586 

CARD11_t1       2736 GTACCGGAAGCTGGTGAAG 2754 

CARD11_t2       2675 GTACCGGAAGCTGGTGAAG 2693 

                     ******************* 

Figure 3.5 – AURKAIP1 siRNA2 has 100% homology to CARD11. Amino acid sequences were compared 
using Clustal Omega. AURKAIP1 sequences NM_017900.2 (t1), NM_001127229.1 (t2) and 
NM_001127230 (t3) and CARD11 sequences NM_001324281.1 (t1) and NM_032415.5 (t2) were used. 
Black asterisk represents 100% identity between all sequences. 

 

Figure 3.4 – Effect of mL45-FLAG and mS27-FLAG overexpression on mitoribosomal proteins.  Cell 
lysates (60µg) were generated from uninduced (U) and induced (I, 3 days) HEK293T cells with inducible 
mS27-FLAG or mL45-FLAG expression. Lysates were subjected to 12% SDS-PAGE western blotting and 
incubated with antibodies as stated. 
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reason, AURKAIP1 siRNA1 was used to deplete AURKAIP1 in mammalian cell lines, that upon 

a BLAST search, had 100% homology only to AURKAIP1. 

Endogenous AURKAIP1 could not be detected using any available anti-AURKAIP1 

antibodies. Therefore, real-time PCR was used as a substitute to determine whether the 

transcript encoding AURKAIP1 was depleted in different mammalian cell lines. The efficiency 

of siRNA1 to deplete AURKAIP1 mRNA was tested after 3 days of treatment, using RNA 

extracted from HEK293T, HeLa and U2OS cells. This was reverse-transcribed to generate cDNA 

that was used as the template for quantitative real-time PCR. HeLa and U2OS cells showed 

the greatest average level of AURKAIP1 depletion with 15% and 9% remaining respectively 

(Figure 3.6). 
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Figure 3.6 – AURKAIP1 siRNA1 is efficient at depleting AURKAIP1. AURKAIP1 was depleted in HEK293T, 
HeLa and U2OS cell lines using AURKAIP1 siRNA1 (33nM) for 3 days to test the efficiency of the siRNA. 
RNA was extracted, reverse transcribed and subjected to real-time PCR using AUR1 and 18S rRNA 
primers. The percentage of AURKAIP1 mRNA remaining compared to wild-type (WT) is depicted here. 
Untransfected (wild-type) and cells transfected with non-targeting siRNA (siNT) are used as controls. 
Experimental repeats were performed in triplicate. 
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Since AURKAIP1 siRNA1 showed robust and reproducible levels of depletion of 

AURKAIP1 (Figure 3.6), mammalian cell lines were depleted of AURKAIP1 for 3 days using 

AURKAIP1 siRNA1 (Figure 3.8) to determine the effects on cell growth. After 3 days, there was 

a slight reduction in cell number and a change in cell morphology in both HEK293T and HeLa 

cell lines (Figure 3.7, 2 upper panels). There is a slight decrease in the confluency of the siNT-

treated cells, which could be due to the siRNA transfection reagent, lipofectamine. The 

lipofectamine reagent that is used for the siRNA transfection forms liposomes surrounding the 

siRNA. These liposomes can merge with the phospholipid bilayer in the cell membrane, 

transporting the siRNA into the cell, which is thought to be required for optimal levels of 

transfection (Bauer et al. 2006) allowing transport of the siRNA into the cell. However, 

cytotoxicity can be a side effect of the lipofectamine reagent (Rasmussen et al. 2006). 

HEK293T cell lines show a more significant phenotype when subjected to treatment with 

AURKAIP1 siRNA compared to siNT, with a greater reduction in cell number and a change in 

cell shape which is suggestive of apoptosis (Figure 3.7).  

Figure 3.7 – Effects of AURKAIP1 siRNA1 in mammalian cell lines after 3 days. HeLa, HEK293T and U2OS 
cells were either untreated (wild-type), or treated with 33nm siNT or AURKAIP1 siRNA for 3 days. 
Images are representative of biological and technical repeats. 
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To analyse any changes in the steady state levels of mitoribosomal proteins, and to 

determine whether there was a possible effect of mitochondrial translation, cell lysates were 

taken from HeLa, HEK293T and U2OS cell lines after treatment with AURKAIP1 siRNA1 for 3 

days. The cell lysates were subjected to western blotting (Figure 3.8), but no significant change 

in the steady state levels of mitoribosomal proteins, or mitochondrial translation, as 

determined by the levels of COXII, was observed. If AURKAIP1 is an essential mitoribosome 

protein, and the turnover of mitoribosomes is slow than within the timeframe of the 

experiment, there could still be AURKAIP1 within the mitochondria even after the treatment 

with AURKAIP1 siRNA1 for mitochondrial translation to occur.  

Figure 3.8 – Treatment with AURKAIP1 siRNA1 does not change steady state levels of mitoribosomal 
proteins or mitochondrial-encoded COXII. Mammalian cells were untreated (WT) or treated with 33nm 
non-targeting siRNA (siNT) or 33nm AURKAIP1 siRNA1 (siAUR1) for 3 days in 6-well plates. Cells were 
harvested, lysed and subjected to western blotting following 12% SDS-PAGE. Antibodies for the mt-
LSU, mt-SSU, mitochondrial translation (COXII) and loading control (SDHA) were used. Lysates were 
analysed from HeLa cells (A), HEK293T cells (B) and U2OS cells (C). 
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Treatment with AURKAIP1 siRNA1 for 3 days caused a cell growth defect, as well as a 

decrease in the steady state levels of COXII when compared to the control protein, SDHA 

(Figure 3.8C) as was seen previously (Thompson, 2014). There were no detectable changes in 

steady state levels of mitoribosomal proteins. Depleting AURKAIP1 for 3 days may not have 

been long enough for an effect to be seen with regards to mitoribosomal protein steady state 

levels. Therefore, the depletion treatment with siRNA1 against AURKAIP1 was extended to 6 

days. After this time, HEK293T, HeLa and U2OS cells all displayed a more severe growth defect 

(Figure 3.9) with very few attached, live healthy cells visible. This was particularly the case for 

HEK293T cells.  

Unfortunately, due to the severity of the growth defect and cell death there was 

insufficient material from HEK293T cells for further investigations. Cells from both U2OS and 

HeLa cells were harvested, lysed and subjected to western blotting. HeLa cells, showed no 

significant change in the steady state levels of mitoribosomal proteins, or in mtDNA-encoded 

protein COXII (Figure 3.10A) when compared to treatment with siNT and untreated cells. In 

Figure 3.9 – Effect of AURKAIP1 depletion on mammalian cell lines after 6 days. Mammalian cells were 
untreated (WT) or treated with 33nm non-targeting siRNA (siNT) or 33nm AURKAIP1 siRNA1 
(AURKAIP1 siRNA1) for 6 days in 6-well plates. Cells were reverse transfected with siRNA on day 0, and 
forward transfected with the same siRNA on day 3.  



69 
 

U2OS cells, there was a decrease in the steady state levels of mS26 and mS27 of the mt-SSU 

(Figure 3.10B) but only a slight decrease in mitochondrial COXII. Since there was a greatest 

amount of depletion of AURKAIP1 in U2OS cells (Figure 3.6) compared to other mammalian 

cell lines, the more efficient depletion of AURKAIP1 in U2OS cell lines may have more of an 

effect on the mitoribosome. 

Since there was little change in the steady state levels of the mitoribosomal proteins, 

a sucrose gradient was performed on U2OS cells treated with AURKAIP1 siRNA1 for 6 days to 

determine whether mt-tRNAVal, a structural component of the mt-LSU, was affected and to 

determine whether there was an effect on mitoribosome assembly. U2OS cells were treated 

with siNT or AURKAIP1 siRNA1 for 6 days and the mitochondria were isolated from these cells. 

The isolated mitochondria were lysed and separated on a 10-30% isokinetic sucrose gradient. 

RNA was isolated from the fractions of the sucrose gradient and analysed by high resolution 

northern blotting. The sucrose gradient conditions had been optimised by my host laboratory 

to separate protein complexes according to their size such that the mt-SSU (fractions 4 and 5) 

and mt-LSU (fractions 6 and 7) are distinguishable. Oligonucleotide sequences that targeted 

Figure 3.10 – Effect of AURKAIP1 depletion for 6 days on mitoribosomal proteins in mammalian cell lines. 
Mammalian cells were untreated (WT) or treated with 33nm non-targetting siRNA (siNT) or 33nm 
AURKAIP1 siRNA1 (siAUR1) for 7 days in 6-well plates. Cells were harvested, lysed and subjected to 
western blotting on a 12% polyacrylamide gel. Antibodies for the mt-LSU, mt-SSU, mitochondrial 
translation (COXII) and loading control (SDHA) were used. A = Lysates from HeLa cells. B = Lysates from 
U2OS cells. 
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mt-tRNAVal and mt-tRNALeu were generated using PCR and radiolabelled with 32P-γATP to 

visualise the relative positions of these two mt-tRNA species. 

Upon depletion of AURKAIP1, there was no evidence of a change in the steady state 

levels of mt-tRNAVal and there was no dissociation of the mitoribosome as a similar proportion 

of mt-tRNAVal compared to controls was still located in the mt-LSU in fractions 6 and 7 (Figure 

3.11) relative to the free fractions (fractions 1-3). The signal in fraction 7 appears weaker in 

the siAUR1 sample, but this is most likely due to the strength of the overall signal rather than 

a decrease in the mt-LSU. The western blot was performed on the same samples to confirm 

that the distribution of the mt-SSU and mt-LSU correlated with the distribution of mt-tRNAVal. 

The distribution of both the mt-SSU in fractions 4 and 5 and the mt-LSU in fractions 6 and 7 

was the same in both the siNT and AURKAIP1 siRNA1-treated cells and showed a co-migration 

of mt-tRNAVal with mt-LSU components.  
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Figure 3.11 – Treatment with AURKAIP1 siRNA1 for 6 days has no effect on mitoribosome assembly. 
U2OS cells were untreated (WT), treated with 33nm non-targeting siRNA (siNT) or with AURKAIP1 
siRNA1 (siAUR1) for 7 days. Mitochondrial lysate (750µg) were separated on a 10-30% isokinetic 
sucrose gradient. Post-centrifugation, eleven fractions (100µl) with RNA extracted from 50µl of each 
fraction, subjected to high resolution northern blotting and incubated with radiolabelled probes as 
indicated (A). The probe against mt-tRNALeu was used as a control. The remaining 50µl of each fraction 
was TCA precipitated and subjected to western blotting with antibodies against the mt-SSU (mS29) 
and the mt-LSU (uL3m). 
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3.3 Discussion 

The data presented in this chapter has shown that both overexpressed AURKAIP1 and 

AURKAIP1-FLAG cause disruption to the mitoribosome and to mitochondrial translation. 

Further, depletion of AURKAIP1 with AURKAIP1 siRNA1 impairs cell growth and causes cell 

death. These data are consistent with previous work performed in my host laboratory using a 

different AURKAIP1-FLAG overexpresser and a different siRNA targeting AURKAIP1 

respectively (Thompson, 2014). The preliminary screen performed in my host laboratory, in 

which AURKAIP1 depletion resulted in a cell growth defect in HeLa cells but not in ρ0 cells, 

suggested a role for AURKAIP1 in mitochondrial gene expression. However, with the different 

siRNA, the decrease in the steady state levels of COXII could not be recapitulated.  

The phenotype seen with AURKAIP1 overexpression is unusual for a mitoribosomal 

protein, since overexpression of other mitoribosomal proteins caused an increase in their 

respective subunit but no effect on mitochondrial translation. Data from another PhD student 

in my host laboratory showed that overexpression of mL45-FLAG resulted in an increase in the 

steady state levels of mt-LSU proteins, but no significant changes to levels of other 

mitoribosomal components and no detectable alteration in levels of COXII (Mai, 2016). 

AURKAIP1 therefore must have a role in mitochondrial gene expression that is not typical of a 

mitoribosomal protein. At present, AURKAIP1 is assigned to the mt-SSU, although curiously 

overexpression results in a decrease of the mt-LSU components. Current data produced in my 

host laboratory has shown that the mt-LSU associates with the IMM, potentially through the 

interaction of mL45 to the IMM (Mai, 2016). What is unclear with regards to mitoribosome 

assembly, is whether the mt-LSU or mt-SSU are assembled first. If AURKAIP1 is a mt-SSU 

protein, it may assemble initially with the mt-SSU before the mt-LSU assembles to form the 

monosome. When AURKAIP1 or AURKAIP1-FLAG is overexpressed, excess AURKAIP1 may also 

associate with the mt-LSU and thus prevent the two subunits from coming together. Since the 

mt-LSU is degraded, this hypothesis assumes that the mt-SSU is more stable than the mt-LSU. 

Depletion of AURKAIP1 using siRNA1 caused a dramatic cell growth defect but there was 

no apparent change in the steady state levels of mitoribosomal proteins. Since endogenous 

AURKAIP1 cannot be detected using the available AURKAIP1 polyclonal antibody (Thompson, 

2014; Sigma Aldrich, HPA031821) it is not possible to accurately determine the levels of 
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AURKAIP1 following depletion with AURKAIP1 siRNA1. Real-time PCR was therefore used as a 

surrogate to determine the efficiency of depletion of the AURKAIP1 mRNA as it was not 

possible to accurately determine the depletion level of the protein.  

Since siRNA treatment is not 100% efficient, and a cell growth defect is apparent even 

after 3 days’ treatment with AURKAIP1 siRNA1, the cells that remain after 7 days after 

treatment with AURKAIP1 siRNA1 may represent an untransfected population. Although 

structural data has confirmed AURKAIP1 to be a mitochondrial protein (Amunts et al. 2015, 

Greber et al. 2015, Desai et al. 2017), previous research performed by Lim et al. had indicated 

that AURKAIP1 was a nuclear protein that was involved in cell cycle. This was based on an N-

terminal FLAG-tagged protein for their experiments that may have interfered with a potential 

mitochondrial targeting sequence, which is often found at the N-terminus. However, it cannot 

be ruled out that AURKAIP1 may have dual functionality. Several cytosolic ribosomal proteins 

have dual functionality and most often associated with the cell cycle. For example, in the 

cytosol, human ribosomal protein S3A (hRPS3A) depletion can induce apoptosis with 

characteristic morphological characteristics e.g. cell shrinkage and nuclear and cell 

fragmentation (Naora et al. 1998). Moreover, recent data has shown that human ribosomal 

protein S3 (hRPS3) is involved in Cdk2-mediated cell cycle regulation (Han et al. 2017). In the 

mammalian mitochondrial ribosome, several mt-SSU and mt-LSU proteins have been 

implicated in the regulation of the cell cycle. These include mS29 and mS30, which are both 

reported to be involved in apoptosis (Cavdar Koc et al. 2001). It should be noted that there is 

currently debate in the literature as to whether mS29 (DAP3) is involved in apoptosis due to 

its localisation to the mitochondrial matrix and mitoribosome (Berger and Kretzler, 2002), and 

that mitochondria are involved in apoptosis later in the cascade.  

Originally, AURKAIP1 was identified as a protein that interacted with Aurora-A kinase, a 

mitotic serine/threonine kinase that contributes to the regulation of the cell cycle (Kiat et al. 

2002). AURKAIP1 was thought to promote degradation of this kinase via a proteasome-

dependent pathway. If AURKAIP1 does have two functions and two localisations, this would 

explain my data with both overexpression and depletion of AURKAIP1. If this was the case, 

then the AURKAIP1 present in the cytosol would play a role in regulating the cell cycle and 

therefore depletion of AURKAIP1 results in apoptosis as Aurora A kinase is no longer degraded. 

The fraction of the AURKAIP1 population that is present within the mitochondria could 
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potentially be involved in assembly of the mitoribosome and when there is too much 

AURKAIP1, the mitoribosome fails to assemble. This is a hypothesis that I will investigate in 

the next chapter. 

My data presented here confirmed previous data that AURKAIP1 is an essential protein 

and unlike other mitoribosomal proteins, the levels of AURKAIP1 must be very tightly 

controlled. If there is too much AURKAIP1 within the cell, the steady state levels of the mt-LSU 

decrease and if there is too little AURKAIP1, cell growth is inhibited and cells undergo 

apoptosis.  However, previous work in my host laboratory had been unable to demonstrate 

an association of AURKAIP1-FLAG with the mitoribosome upon overexpression and therefore 

determined that it was a mitochondrial matrix protein (Thompson, 2014). In the next chapter 

I will describe experiments using the HEK-AURKAIP1 cell line. I will investigate whether 

overexpressed AURKAIP1 may associate with the mitoribosome, since there is an absence of 

a C-terminal FLAG-tag that could have interfered with mitoribosome assembly. My next 

chapter will therefore describe whether AURKAIP1 is a bona fide mitoribosomal protein and 

whether overexpressed endogenous AURKAIP1, rather than AURKAIP1-FLAG, can interact 

with the mitoribosome. 
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CHAPTER 4: Is AURKAIP1 a component of the mature 

mammalian mitoribosome? 

4.1 Introduction 

Initial work by Koc et al. 2013 suggested that AURKAIP1 was a member of the mt-SSU 

of the mitoribosome having identified AURKAIP1 using capLC-MS/MS (capillary liquid 

chromatography tandem-mass spectrometry) and confirming by western blot. However, in 

this publication, no size markers were used for the western blot image. The same AURKAIP1 

antibody (HPA031821, Sigma) that was used to confirm the presence of AURKAIP1 within the 

mt-SSU as a 15kDa species was used by my host laboratory (Thompson 2014) and only a 27kDa 

protein could be detected in the mt-SSU (Thompson, 2014).  

Since the start of this project, there have been three publications showing detailed 

cryo-EM structures of the human (Amunts et al. 2015), porcine (Greber et al. 2015) and yeast 

(Desai et al. 2017) mitoribosomes respectively that have identified AURKAIP1 (also known as 

mS38) within the mitoribosome as a member of the mt-SSU using densitometry and mass 

spectrometry. However, only amino acids 128-199 (~9kDa) of the C-terminus of AURKAIP1 

could be identified in these structures. Furthermore, to produce homogeneous structures in 

cryo-EM it is necessary to discard a large percentage of single molecule images that do not 

conform to the consensus image. Thus, more than c.95% of the single molecule mitoribosome 

images were discarded prior to the generation of final publishable structures of the human or 

porcine mitoribosomes. AURKAIP1 could therefore only be present in the consensus structure 

of the mitoribosomes, potentially because AURKAIP1 enhances the homogeneity of the 

mitoribosome in these preparations, and could reflect a mitoribosome structure that is not 

fully mature. Previous data from my host laboratory suggested that AURKAIP1-FLAG does not 

associate with the mitoribosome upon induction but this have may been due to the addition 

of a C-terminal FLAG-tag, since my data in the previous chapter has shown that the 

overexpression of AURKAIP1-FLAG has a more profound effect on the mitoribosome, 

particularly on the mt-SSU, and therefore may prevent AURKAIP1 from associating with the 

mitoribosome, leading to degradation of mt-LSU and mt-SSU. Overexpressed natural 

AURKAIP1 lacking the C-terminal FLAG had a less profound effect on the mt-SSU but still 
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caused a decrease in the steady state levels of the proteins of the mt-LSU. This effect is not 

seen with the overexpression of other mitoribosomal proteins (Chapter 3).  

AURKAIP1 contains a domain of unknown function at the C-terminus, DUF1713, that is 

also present in the yeast protein Cox24p (Figure 4.1) and is thought to be associated with RNA 

binding. Both proteins have been shown to be subunits of the mitoribosome in human and 

yeast respectively. The mitoribosome itself contains 3 RNA species: 16S rRNA and mt-tRNAVal 

in the mt-LSU, and 12S rRNA in the mt-SSU. All three species are co-transcribed along with mt-

tRNAPhe in a major polycistronic RNA unit. The 16S rRNA and 12S rRNA are released following 

cleavage of mt-tRNAs presumably my mtRNase P (5’) and ELAC2 (3’) and are modified at 

various sites before integration into the nascent mitoribosome (1.3.2). The published cryo-EM 

structures of the mitoribosomes places AURKAIP1 at the interface between the mt-LSU and 

mt-SSU where much of the 16S rRNA and 12S rRNA are located (Amunts et al. 2015, Greber et 

al. 2015, Desai et al. 2017). Potentially, AURKAIP1 could therefore be involved in the 

processing of these RNA species, or as a chaperone due to the presence of the DUF1713 

domain. Using a technique called CLIP (cross-linking and immunoprecipitation), it is possible 

to identify interacting RNA species by cross-linking the RNA using ultraviolet (UV) light to the 

overexpressed RNA binding protein, purifying the protein, isolating the RNA species that have 

bound and identifying them by sequencing the isolated RNA fragments.   

In this chapter, I investigated whether overexpressed AURKAIP1 lacking a C-terminal 

FLAG-tag associated with the mitoribosome itself and determined whether AURKAIP1-FLAG 

interacted with any mitochondrial RNA species. 
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4.2 Results 

4.2.1 Overexpressed AURKAIP1 does not associate with the mitoribosome 

In the previous chapter, I demonstrated that both overexpressed AURKAIP1-FLAG and 

AURKAIP1 resulted in a decrease in the steady state levels of mitoribosomal proteins. Using a 

sucrose gradient, which separates protein complexes according to their mass, I was able to 

determine whether overexpressed AURKAIP1 and AURKAIP1-FLAG associate with the 

mitoribosome, as inferred by the cryo-EM structures of the human, porcine and yeast 

mitoribosomes.  

 Mitochondrial lysates from induced HEK-AURKAIP1-FLAG cells were separated on a 10-

30% sucrose gradient. My host laboratory has optimised this technique so that the mt-SSU, 

mt-LSU and the monosome are visible in distinct fractions. Using our custom anti-AURKAIP1 

antibody, I could detect AURKAIP1-FLAG in fractions 1 and 2 only, and not associated with 

either the individual subunits or the fully assembled monosome (Figure 4.1B). This was also 

repeated and confirmed using anti-FLAG (data not shown). The steady state levels of the 

mitoribosomal proteins were reduced upon induction, as was seen previously, and the 

endogenous AURKAIP1 species could not be detected in the uninduced sample. This data 

agrees with previous observations that AURKAIP-FLAG does not associate with the 

mitoribosome (Thompson, 2014). However, here there are 3 species that are identified with 

the anti-AURKAIP1 antibody: 25kDa, 20kDa and 15kDa species respectively (Figure 4.1B). Koc 

et al. had suggested that AURKAIP1 is cleaved to a 15kDa species (Koc et al. 2013) as was 

shown by their bovine liver mitoribosomal preparations and this may be the case with 

overexpressed AURKAIP1-FLAG. However, this 15kDa species is not detected in the mature 

mitoribosomes. 
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Figure 4.1 – AURKAIP1-FLAG does not associate with the mitoribosome. Mitochondrial lysates (750µg) 

from HEK-AURKAIP1-FLAG cells that were uninduced (A) and induced (B) for 3 days with tetracycline 

(1µg/ml) were separated on a 10-30% sucrose gradient. Eleven 100µl fractions were taken, TCA 

precipitated and subjected to western blotting on a 15% polyacrylamide gel. The membranes were 

immunoblotted with antibodies recognising mitoribosomal antibodies as shown. AURKAIP1 (15kDa 

species) is shown with a red arrow. 
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Using the HEK-AURKAIP1 cell line, overexpressed AURKAIP1 also did not associate with the 

mitoribosome and was detected in fractions 1, 2 and 3 (Figure 4.2). As with AURKAIP1-FLAG, 

the anti-AURKAIP1 antibody could detect 3 AURKAIP1 species of 25kDa, 20kDa and 15kDa in 

the induced sample, but was unable to detect endogenous AURKAIP1 in the uninduced 

sample. The steady state levels for the mt-LSU proteins were reduced in fractions 6 and 7 

compared to the uninduced sample, supporting the data from chapter 3. Interestingly, 

overexpression of AURKAIP1 causes a reduction in the mt-SSU proteins of fraction 4, which 

could indicate a reduction in a partially-assembled mt-SSU. Similarly, there was a reduction in 

the mt-LSU proteins associated with the fully assembled monosome when compared to the 

Figure 4.2 – Overexpressed AURKAIP1 does not associate with the mitoribosome. Mitochondrial lysates 
(750µg) from HEK-AURKAIP1 cells that were uninduced (A) and induced (B) for 3 days with tetracycline 
(1µg/ml) were separated on a 10-30% sucrose gradient. Eleven 100µl fractions were taken, TCA 
precipitated and subjected to western blotting on a 15% polyacrylamide gel. The membranes with 
immunoblotted with antibodies recognising mitoribosomal antibodies as shown. AURKAIP1 (15kDa 
species) is shown with a red arrow.  



80 
 

uninduced sample (Figure 4.2, fractions 8 and 9). The reduction of mitoribosomal proteins of 

the mt-LSU in fractions 8 and 9 of the sucrose gradients could indicate a problem with 

mitoribosome assembly upon overexpression of AURKAIP1 and AURKAIP1-FLAG. 
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Figure 4.3 – Mt-tRNAVal is no longer associated with the mitoribosome upon AURKAIP1 and AURKAIP1-
FLAG overexpression. Mitochondrial lysates (750µg) from uninduced and induced HEK-AURKAIP1-
FLAG (A) and HEK-AURKAIP1 (B) cells was separated on a 10-30% sucrose gradient. Eleven 100µl 
were taken and RNA extracted from each fraction. Samples were subjected to high resolution 
northern blotting and incubated with 32P-γATP radiolabelled probes as shown. Mt-tRNALeu was used 
as a control mt-tRNA. One tenth of each fraction was subjected to western blotting and 
immunoblotted with antibodies recognising mS29 (mt-SSU) and uL3 (mt-LSU). 
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4.2.2 AURKAIP1-FLAG associates with mitoribosomal RNA species  

The sucrose gradients performed with mitochondrial lysates resolve the distribution of the 

mt-LSU and mt-SSU proteins but do not reveal the distribution of mt-tRNAVal, a structural tRNA 

of the mt-LSU. To confirm that overexpression of AURKAIP1 or AURKAIP1-FLAG prevents the 

formation of mt-LSU, sucrose gradients were performed as previously described, and RNA was 

extracted from the eleven fractions. The isolated RNA was subjected to high resolution 

northern blotting and probed for mt-tRNAVal, mt-tRNAPhe and mt-tRNALeu.  

In the uninduced control samples (U) for both HEK-AURKAIP1 and HEK-AURKAIP1-FLAG, 

mt-tRNAVal was visible in fractions 6 and 7, where the mt-LSU is located (Figure 4.3). Upon 

induction, the levels of mt-tRNAVal in these fractions decreased, and there was an increase in 

fractions 1 and 2 for both AURKAIP1 and AURKAIP1-FLAG overexpression. However, AURKAIP 

and AURKAIP1-FLAG overexpression result in a decrease in the steady state levels of the mt-

LSU in particular (Figure 4.3). The proportion of mt-tRNAVal associated with the mitoribosome 

has therefore decreased although the total amount of mt-tRNAVal, as shown in the input 

(Figure 4.3), did not change. Upon overexpression of both AURKAIP1 species there was an 

increase in the total amount of mt-tRNAPhe, of which some is now associated with the mt-LSU, 

as confirmed by the increased levels of mt-tRNAPhe in fractions 6 and 7. As the mt-tRNAVal 

disassociated with the remaining mitoribosome, the mt-tRNAPhe replaced the mt-tRNAVal. This 

phenomenon is unique to mt-tRNAPhe, since there was no change in total levels, or location 

on the sucrose gradient in the control mt-tRNA, mt-tRNALeu. One cannot disclude, however, 

that the increase it mt-tRNAPhe in fractions 6 and 7 could potentially be due to a larger amount 

overall of mt-tRNAPhe, rather than specifically being in the mt-LSU, as shown by a trailing 

signal down the gradient (Figure 4.3B). 

Currently, my data has shown that overexpressed AURKAIP1 and AURKAIP1-FLAG do not 

associate with the mitoribosome, and that there is a reduction in the mt-tRNAVal that 

associates with the mt-LSU, with most mt-tRNAVal being present in the free fractions of the 

sucrose gradient, fractions 1, 2 and 3. However, the cryo-EM structures place AURKAIP1 in 

between the mt-LSU and mt-SSU, near to the 16S rRNA and 12S rRNA of the mt-LSU and mt-

SSU respectively. The DUF1713 domain located at the C-terminus of AURKAIP1, suggests that 

potentially AURKAIP1 could be an RNA binding protein. From my previous data (Figure 4.3), 
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AURKAIP1 could be binding mt-tRNAVal and sequestering mt-tRNAVal in the mitochondrial 

matrix. In order to determine whether AURKAIP1 could bind mitoribosomal RNA species, a 

CLIP assay was performed.  

Dr Agata Rozanska performed a CLIP assay using overexpressed AURKAIP1-FLAG from a 

HEK293T cell line. Unfortunately, the HEK-AURKAIP1 cell line as there was not a suitable 

antibody available to perform the immunoprecipitation to isolate AURKAIP1 bound to RNA 

species following UV crosslinking. Thus, beads containing anti-FLAG were used for the 

immunoprecipitation instead.  

As a control, mt-Luciferase-FLAG had previously been used for immunoprecipitation using 

the same anti-FLAG beads, and there were no RNA species represented that corresponded to 

mtDNA (Hornig-Do et al. 2014). 
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From the transcripts that were isolated, the RNA species that were highly represented and 

therefore bound to AURKAIP1-FLAG, were the 16S rRNA, mt-tRNAVal and the 12S rRNA from 

the mitoribosome (Figure 4.4). There were also several transcripts detected that represented 

mt-tRNAMet. A peak for mt-tRNAMet was also identified in the control CLIP assay, so it is likely 

that the peak for mt-tRNAMet identified using AURKAIP1-FLAG is artefactual, although due to 

the high number of hits, an interaction between AURKAIP1-FLAG and mt-tRNAMet cannot be 

discounted. Given the proposed location of AURKAIP1 within the mitoribosome, the hits for 

the 16S rRNA and 12S rRNA agree with the cryo-EM structures (Figure 4.5) since they are also 

located at the interface between the mt-LSU and mt-SSU. As a control, mt-Luciferase-FLAG 

had previously been used for immunoprecipitation using the same anti-FLAG beads, and there 

were no RNA species represented that corresponded to mtDNA (Hornig-Do et al. 2014). 

There was also a distinct peak for transcripts representing mt-tRNAVal, which is not located 

close to AURKAIP1 on the structure of the human mitoribosome (Figure 4.5). The UV-
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Figure 4.4 – AURKAIP1-FLAG binds to mitoribosomal RNA species. Experiment was performed by Dr 
Agata Rozanska, and the graph was generated by Dr John Grady after filtering the data to remove 
outliers. AURKAIP1-FLAG was induced with tetracycline for 3 days, UV-crosslinked and purified using 
immunoprecipitation. The RNA species were isolated, and sequenced by Ion Torrent™ sequencing 
(ThermoFisher). The number of transcripts sequenced for each nucleotide (hits) on the mtDNA was 
summarised into a graph using the program, R. Genes with the highest number of hits are labelled. 

12S rRNA 
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crosslinking may have caused mt-tRNAVal to interact with AURKAIP1-FLAG if they were in close 

proximity or that AURKAIP1-FLAG was interacting with mt-tRNAVal outside of the 

mitoribosome. 

4.2.3 Mycoplasma stress increases levels of a mitoribosomal protein 

AURKAIP1 can only be visualised with our antibodies if overexpressed, as the endogenous 

levels of AURKAIP1 are particularly low, the antibodies available to detect AURKAIP1 are 

inefficient at recognising AURKAIP1, or the epitopes recognised by the antibody are lost upon 

cleavage of AURKAIP1 following import. Intriguingly, at an early stage of my studies a species 

at 27kDa had been detected by our custom anti-AURKAIP1 antibody (Eurogentec) in one 

aliquot of both HEK-AURKAIP1-FLAG and HEK-AURKAIP1 cell lysates, but not in HEK293T wild-

type cells (Figure 4.6A). This 27kDa protein had not been previously seen in other aliquots of 

my clones but was shown to be localised to the mitochondrial matrix, since the species was 

present even in shaved mitochondria (Figure 4.6B).  

Upon routine testing for Mycoplasma contamination on all cell cultures, it was 

discovered that both HEK-AURKAIP1 and HEK-AURKAIP1-FLAG cell lines tested positive for 

Mycoplasma. As a result, the cultures were treated with plasmocin (25µg/ml) for two weeks 

Figure 4.5 – CLIP data agrees with published structure of the human mitoribosome. The complete 
cryo-EM structure of the human mitoribosome, originally published by Amunts et al. 2015, was 
imported into PyMOL and coloured (PDB file = 3J9M). A = Structure of the human mitoribosome. B 
= Structure of the human mitoribosome, with the peak hits identified by CLIP indicated by white 
circles. AURKAIP1 = red, mt-LSU = green, 16S rRNA = orange, mt-SSU = yellow, 12S rRNA = blue. 
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before being re-tested to confirm that the cell lines were Myoplasma-free. Cell lysates taken 

during this treatment period showed that the 27kDa mitochondrial protein was expressed as 

a result of Mycoplasma contamination (Figure 4.7) and that the levels of Mycoplasma (Figure 

4.11B) were correlated with the steady state levels of this 27kDa protein (Figure 4.7).  

However, since AURKAIP1 was currently undetectable in standard cell lines, the 

contaminated cell line provided a unique cell model for potentially investigating AURKAIP1. 

For these experiments, the cell lines were grown in a separate incubator and all equipment 

was routinely cleaned with 1% Trigene solution and 75% ethanol prior and after use to limit 

the spread of contamination to other cell lines. The contaminated cell lines are referred to as 

HEK-AUR1M and HEK-AUR1-FLAGM respectively. 

This 27kDa species was recognized by the custom anti-AURKAIP1 antibody and 

localized to the mitochondria without the need for induction of AURKAIP1 or AURKAIP1-FLAG. 

Since this species was present only in Mycoplasma-infected cell lines, this 27kDa protein could 

be endogenous unprocessed AURKAIP1, or produced from leaky expression of the 

pcDNA5/FRT/TO-AURKAIP1 or –AURKAIP1-FLAG constructs. Therefore, a sucrose gradient was 

performed to see whether this 27kDa species associated with the mitoribosome. 

Figure 4.6 – A 27kDa mitochondrial protein is recognised by anti-AURKAIP1 antibody. A = Cell lysates 
(60µg) were separated on a 15% polyacrylamide gel and subjected to western blotting. Antibodies 
are stated. SDHA was used as a loading control. The 27kDa species is highlighted with a red arrow. 
B = 20µg of whole cell lysate, mitochondrial lysate, cell membrane/nuclei, post-mitochondrial 
supernatant (S/N) and shaved mitochondria (mitos) were separated on a 15% polyacrylamide gel 
and subjected to western blotting. TOMM20 was used as marker to ensure the outer membranes 
of the mitochondria were degraded (lanes 5 and 10). 



87 
 

Sucrose gradients were performed on the uninduced cell lysates of both HEK-

AURKAIP1 and HEK-AURKAIP1-FLAG. In both cell lines, the 27kDa species migrated with the 

mt-LSU (fractions 6 and 7, Figure 4.8) and the fully assembled monosome (fraction 8, Figure 

4.10). Since AURKAIP1 is located at the interface between the mt-SSU and mt-LSU, this 27kDa 

species could represent AURKAIP1 with the hypothesis being that AURKAIP1 is involved in late 

mitoribosome assembly, acting as an anchor between the mt-SSU and mt-LSU.  

  

  

Figure 4.7 – The 27kDa unknown mitochondrial protein is no longer detected upon plasmocin 
treatment to remove Mycoplasma. HEK-AURKAIP1-FLAGM cell line was treated with or without 
plasmocin (25µg/ml) for 2 weeks. A = Cells were harvested from the flask at day 0, 2, 5, 9, 12 and 
14, lysed and 60µg of cell lysate separated by SDS-PAGE on a 15% polyacrylamide gel and subjected 
to western blotting. Membrane was immunoblotted with anti-AURKAIP1 and anti-TOMM20. 
TOMM20 was used as a loading control. B = Media was taken from the HEK-AURKAIP1-FLAG flask at 
day 0, 2, 5, 9, 12 and 14 and tested for B = Media was taken from the HEK-AURKAIP1-FLAG flask at 
day 0, 2, 5, 9, 12 and 14 and tested for Mycoplasma contamination using the MycoAlert™ kit. A B/A 
ratio of <0.9 indicates that the cells are free from Mycoplasma. 
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To confirm whether the 27kDa species was generated from leaky expression of the 

pcDNA5/FRT/TO™ construct, sucrose gradient fractions from uninduced HEK-AURKAIP1-FLAG 

together with whole cell lysate harvested from an induced HEK-mL45-FLAG cell line (Mai, 

2016) were incubated with the anti-FLAG antibody. The antibody was able to detect mL45-

FLAG, but the 27kDa species was not present in any of the sucrose gradient fractions (Figure 

4.9). This confirmed that the 27kDa species was not induced from the pcDNA5/FRT/TO-

AURKAIP1-FLAG construct.  

  

Figure 4.8 – A 27kDa mitochondrial protein migrates with the mt-LSU in uninduced AURKAIP1 cell 
lines. Mitochondrial lysates (750µg) from uninduced HEK-AURKAIP1-FLAG (A) and HEK-AURKAIP1 (B) 
cells were separated on a 10-30% sucrose gradient. Eleven 100µl fractions were taken, TCA 
precipitated and subjected to western blotting on a 15% polyacrylamide gel. The membranes were 
immunoblotted with antibodies recognising AURKAIP1 (AUR1, mS38), mS29 (mt-SSU) and uL3 (mt-
LSU). The 27kDa species is highlighted with a blue arrow. 
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Figure 4.9 – Generation of the 27kDa species is not due to leaky expression of AURKAIP1-FLAG. 
Mitochondrial lysates (750µg) from uninduced HEK-AURKAIP1-FLAG (A) and HEK-AURKAIP1 (B) cells 
were separated on a 10-30% sucrose gradient. Eleven 100µl fractions were taken and TCA 
precipitated. Cell lysate (50µg) from HEK-mL45-FLAG induced for 3 days with tetracycline (1µg/ml) 
was added as a control for the presence of a FLAG-tag. The samples were subjected to western 
blotting on a 15% polyacrylamide gel and incubated with anti-FLAG. 
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Since Mycoplasma contamination was present, the resulting stress on the cells may 

have caused the upregulation of the full-length endogenous AURKAIP1. In order to try and 

mimic the cell stress caused by the Mycoplasma, HEK-AURKAIP1-FLAG cells were grown in 

DMEM media with different amounts of glucose, foetal calf serum and non-essential amino 

acids. The cells were harvested, lysed and subjected to western blotting. As shown in Figure 

4.10, a 27kDa species was undetectable using the anti-AURKAIP1 antibody under these 

conditions, consistent with the 27kDa species being expressed as a result of the Mycoplasma 

contamination, or is a Mycoplasma protein itself which was recognised by our custom anti-

AURKAIP1 antibody. 

 The 27kDa species was only visible in Mycoplasma-infected cells and it was still unclear 

whether this protein was AURKAIP1 or another protein entirely, despite localising to the 

mitochondria, fractionating with the mitoribosome and being recognised by the anti-

AURKAIP1 antibody. In attempt to identify the protein, mass spectrometry was employed. The 

Figure 4.10 – Cellular stress does not result in expression of the 27kDa mitochondrial protein. 
Mycoplasma negative HEK-AURKAIP1-FLAG cells were grown for 3 days in normal DMEM, 0.5 x 
DMEM (DMEM diluted 1:1 with 1 x PBS), or DMEM media containing low glucose (5mM), low FCS 
(2%) or low NEAA (0.002 x). A = Cells lysates (60µg) were subjected to western blotting on a 15% 
polyacrylamide gel and immunoblotted with antibodies as shown. TOMM20 was used as a loading 
control. B = Images taken of HEK-AURKAIP1-FLAG cells grown in each of the different media 
conditions. 
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remaining mitochondrial lysate of HEK-AURKAIP1-FLAGM that was utilised for a sucrose 

gradient (Figure 4.7A) was prepared for mass spectrometry analysis by centrifugation at a high 

MW H
EK

 W
T 

A
U

R
1

-F
LA

G
 

M
yc

 +
ve

 

25 

20 

kDa 

14 15 16 17 

W
T 

25 

20 

kDa MW 

35 

11 12 13 

A
U

R
1

-F
LA

G
 

M
yc

 +
ve

 

B C 

mS38 
(AUR1) 

M
it

o
 L

ys
at

e 

IN
P

U
T 

Su
p

er
n

at
an

t 

P
el

le
t 

M
it

o
 L

ys
at

e 

IN
P

U
T 

Su
p

er
n

at
an

t 

P
el

le
t 

(2
0µ

g)
 

HEK293T Wild-Type HEK-AUR1-FLAG Myc +ve 

25 

20 

35 

48 

25 

20 

35 

48 

kDa kDa MW MW 

1 2 3 4 6 7 8 9 10 5 

A 

MW 

Figure 4.11 – Preparation of Mycoplasma-contaminated lysates for mass spectrometry. Mitochondrial 
lysates (Mito Lysate) from HEK293T wild-type cells and Mycoplasma positive HEK-AURKAIP1-FLAG 
cells were used. A = Lysates were centrifuged at 12,000g for 10mins at 4oC. The supernatant was 
taken (INPUT) and centrifuged at 200,000g for 1hr at 4oC. The supernatant and pellet fractions were 
taken. 20µg of each sample was separated on a 15% polyacrylamide gel and subjected to western 
blotting. The membrane was immunoblotted with anti-AURKAIP1 antibody. Unspecific band = blue 
arrow, 27kDa mitochondrial protein = red arrow. B = Mitochondrial lysate (10µg) from HEK293T 
wild-type (WT) and HEK-AUR1-FLAG Mycoplasma positive (AUR1-FLAG Myc +ve) cells were 
separated on a 12% polyacrylamide gel. The proteins were visualised using silver staining. A band 
indicating the 27kDa species is indicated (red arrow). C = Mitochondrial lysates (30µg) were 
separated on a 12% polyacrylamide gel and subjected to western blotting using anti-AURKAIP1 
antibody. A band indicating the 27kDa species is indicated (red arrow). Corresponding areas excised 
for tandem mass spectrometry are indicated by the red squares. MW = molecular weight marker, 
kDa = kiloDaltons. 
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speed. The high centrifugation speed separated out the heavy complexes as a pellet to further 

purify the 27kDa species, since it segregated on the sucrose gradient with either the mt-LSU, 

or a complex of a similar mass (Figure 4.7A).  

 Using the anti-AURKAIP1 antibody, the 27kDa species was visualised in the HEK-

AURKAIP1-FLAGM mitochondrial lysate and purified in the pellet fraction (Figure 4.11A). 

HEK293T wild-type mitochondrial lysate was used as a control. A larger species of about 30kDa 

was detected in both samples but was not present in the pellets (Figure 4.11A, lanes 5 and 9). 

A small amount of the pellet fraction was initially checked by silver stain (Figure 4.11B) and 

then by western blot (Figure 4.11C) to determine if the 27kDa species could still be visualised. 

Table 4.1: Mass spectrometry does not identify AURKAIP1 as the 27kDa species in Mycoplasma positive 

cells. 

Unique Proteins  Protein  AUR1-

FL (%) 

HEK WT 

(%) 

No. of 

Peptides 

FRIH_HUMAN Ferritin heavy chain 44.3 0 9 

SSRB_HUMAN Translocon-associated protein subunit beta 16.4 0 8 

P29_MYCHR Probable ABC transporter ATP-binding protein p29 38.9 0 7 

SCO1_HUMAN SCO1 homolog (copper chaperone) 28.9 0 6 

RHOA_HUMAN Transforming RhoA precursor  39.4 0 6 

CYB5B_HUMAN Cytochrome b5 type B precursor 31.5 0 5 

ROA2_HUMAN Heterogeneous nuclear ribonucleoproteins A2/B1 14.4 0 5 

MAAI_HUMAN Maleylacetoacetate isomerase 19.4 0 5 

RM02_HUMAN 39S ribosomal protein L2, mitochondrial 22.6 0 4 

K2C6B_HUMAN Keratin, type II cytoskeletal CB 8.5 0 4 

A table summarising the top 10 unique proteins in the HEK-AURKAIP1-FLAG Mycoplasma positive 
sample. MYCHR = Mycoplasma hyorhinis, HUMAN = Homo sapiens. 

 

Samples of HEK293T wild-type and HEK-AURKAIP1-FLAG Mycoplasma-positive cells 

were cut out from polyacrylamide gels (indicated by the red squares, Figure 4.13) and sent to 

Dr Hans Wessels (Radboud University, Nijmegen, Netherlands) for targeted mass 

spectrometry. The data was compared to H. sapiens and various E. coli and Mycoplasma 

databases. In the HEK293T wild-type sample, 492 proteins and 1985 peptides were identified 

and in the HEK-AURKAIP1-FLAGM sample 464 proteins and 2019 peptides were identified. 

However, AURKAIP1 was not identified as a unique protein in the HEK-AURKAIP1-FLAGM cells 

(Table 4.1, Appendix N). In the list of unique proteins, there was one human mitoribosomal 

protein, uL2m (RM02_HUMAN, Table 4.1). However, when aligned to AURKAIP1, there was 
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no significant stretch of amino acids in uL2m that could be an epitope for the AURKAIP1 

antibody to recognise the mt-LSU protein (Figure 4.12).  

Of the proteins that were enriched in the HEK-AURKAIP1-FLAGM sample, AURKAIP1 was 

also not identified (Table 4.2). The proteins that were enriched primarily corresponded to the 

26S cytosolic proteasome. The cytosolic proteasome has been shown to be upregulated when 

cells are infected with intracellular bacteria (Iovino et al. 2014) so it is possible that subunits 

of the 26S cytosolic proteasome are upregulated in response to Mycoplasma infection also. 

Of the proteins that were enriched in the HEK-AURKAIP1-FLAGM sample, there were none that 

identified in the E. coli or Mycoplasma databases. 

Figure 4.12 – Few sequence similarities appear between uL2m and AURKAIP1. Amino acid sequences 
for uL2m (Q5T653) and AURKAIP1 (Q9NWT8) were aligned using Clustal Omega 
(http://www.ebi.ac.uk/Tools/msa/clustalo/).  Black asterisk = fully conserved residue, colon (:) = 
residues with strongly similar properties, period (.) = residues with weakly similar properties. Region 
of similarity is highlighted in the blue box. 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Table 4.2: AURKAIP1 is not enriched in HEK-AURKAIP1-FLAGM cells 

Enriched Proteins Protein  AUR1-

FL (%) 

HEK WT 

(%) 

Ratio 

Peptides 

A/H 

PSB7_HUMAN Proteasome subunit beta type-7  54.2 20.9 8 

AR6P1_HUMAN ADP-ribosylation factor-like protein 6-interacting 

protein 1 

17.7 3.9 7 

PSB4_HUMAN Proteasome subunit beta type-4  37.1 11 6.5 

PSB6_HUMAN Proteasome subunit beta type-6  38.9 13.8 6.333 

PSB2_HUMAN Proteasome subunit beta type-2  751 31.8 5 

DCXR_HUMAN L-xylulose reductase 72.1 41 4.8 

PSA3_HUMAN Proteasome subunit alpha type-3  27.8 12.2 4.5 

PGAM1_HUMAN Phosphoglycerate mutase 1 43.7 16.5 4 

ERP29_HUMAN Endoplasmic reticulum resident protein 29 26.1 10.3 4 

ETHE1_HUMAN Persulphide dioxygenase ETHE1, mitochondrial 36.2 11.4 4 

A table summarising the top 10 enriched proteins in the HEK-AURKAIP1-FLAG Mycoplasma positive 

sample. A/H = AUR1-FL/HEK WT. 
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4.3 Discussion 

In this chapter I have investigated whether overexpressed AURKAIP1 and AURKAIP1-

FLAG associated with the mitoribosome, as has been shown in the cryo-EM structures of the 

mitoribosome (Amunts et al. 2015, Greber et al. 2015, Desai et al. 2017). Previous work using 

AURKAIP1-FLAG had indicated that AURKAIP1-FLAG did not associate with the mitoribosome, 

and thus overexpressed AURKAIP1 lacking the FLAG-tag was used in case the FLAG-tag had 

interfered with mitoribosome assembly. I confirmed that AURKAIP1-FLAG does not associate 

with the mitoribosome as previously seen (Thompson, 2014) as the 15kDa AURKAIP1-FLAG 

species was not detected in the mt-SSU and mt-LSU fractions as indicated by mS29 and uL3m. 

Following fractionation of mitochondria lysate, AURKAIP1-FLAG could only be detected in 

sucrose gradient fractions 1 and 2, suggesting that AURKAIP1-FLAG localised to the 

mitochondrial matrix. Overexpressed AURKAIP1 also did not associate with the mitoribosome, 

as the 15kDa AURKAIP1 species was only present in fractions 1, 2 and 3. However, there was 

a specific decrease in the levels of mitoribosomal proteins that localised to fraction 4, 

representing the early assembled mt-SSU, and fraction 7, representing the late assembled mt-

LSU. The process of mitoribosome assembly is largely unknown, although various RNA-binding 

proteins and assembly factors have been identified (1.3.2). Potentially AURKAIP1 could be 

involved in this assembly process and being located at the interface of the mt-SSU and mt-

LSU, AURKAIP1 could have a role in the assembly of both subunits and the full monosome as 

a possible RNA binding protein through its DUF1713 domain.  

The human mitoribosome lacks the 5S rRNA species and instead contains mt-tRNAVal in 

the mt-LSU (Amunts et al. 2015). Porcine mitoribsomes typically contain mt-tRNAPhe, whereas 

the macaque and rat mitoribosomes prefer mt-tRNAVal (Rorbach and Gao et al. 2016). Upon 

induction of both AURKAIP1 and AURKAIP1-FLAG, mt-tRNAVal became dissociated from the 

mt-LSU and mt-tRNAPhe partially associated with the remaining mt-LSU instead. This 

phenomenon is not unusual in human cells; Rorbach and Gao et al. demonstrated that in a 

143B cybrid cell line harbouring a homoplasmic m.1624C>T mutation in MTTV, in which the 

steady state levels of mt-tRNAVal are greatly reduced, mt-tRNAPhe associated with the 

mitoribosome instead. However, in the case of overexpressed AURKAIP1 and AURKAIP1-FLAG, 

the steady state levels of mt-tRNAVal have not been reduced, but there was more a greater 

proportion of mt-tRNAVal that was not associated with the mt-LSU when compared to the 
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uninduced samples. Overexpressed AURKAIP1 and AURKAIP1-FLAG also did not associate with 

the mitoribosome when analysed by sucrose gradients, and one possibility is that 

overexpressed AURKAIP1 and AURKAIP1-FLAG are binding to and sequestering mt-tRNAVal in 

the matrix.  

The DUF1713 domain identified in AURKAIP1 is present in Cox24p, the yeast protein that 

is involved in splicing COXI mRNA and thus could be representative of an RNA-binding protein. 

The CLIP data suggested that AURKAIP1-FLAG bound to 12S rRNA, 16S rRNA and mt-tRNAVal. 

The areas of 12S and 16S rRNA that AURKAIP1-FLAG bound to are located at the interfaces of 

the mt-SSU and mt-LSU, indicating that AURKAIP1-FLAG does localise to this area of the 

mitoribosome, albeit temporarily. However, mt-tRNAVal is not located in the close vicinity of 

AURKAIP1 if the cryo-EM structure of the mitoribosome is a true reflection of the fully mature 

mitoribosome. AURKAIP1 may have the potential function therefore of a mt-tRNAVal 

chaperone, binding to mt-tRNAVal when mt-tRNAVal is cleaved off the rRNA transcripts (1.2.3) 

until ready for assembly into the mitoribosome. When AURKAIP1 and AURKAIP1-FLAG are 

overexpressed, there is more AURKAIP1 than is required and thus more mt-tRNAVal is bound 

and sequestered in the mitochondrial matrix. Without mt-tRNAVal, the partially-assembled mt-

LSU would degrade, which in turn could lead to the degradation of the mt-SSU if fully-

assembled mitoribosomes were not being produced.  

Physiologically, endogenous AURKAIP1 may act as the chaperone to mt-tRNAVal and 

before associating with the mitoribosome as a bona fide mt-SSU subunit. However, when the 

cryo-EM structures of the mitoribosomes were determined, only homogeneous structures are 

analysed which typically accounts for ~2% of all available molecular images. AURKAIP1 may 

stabilise the fully assembled monosome under experimental conditions, and is thus the reason 

why AURKAIP1 is present in the structure but may not be the true situation in vivo. One caveat 

to AURKAIP1 being a bona fide mitoribosomal subunit is that the steady state levels of 

AURKAIP1 appear very low when visualising AURKAIP1 in either cell or mitochondrial lysates 

via western blot with the custom AURKAIP1 antibody or Sigma antibody. Since AURKAIP1 can 

be detected when AURKAIP1 or AURKAIP1-FLAG is induced, the custom antibody certainly 

recognises epitopes on AURKAIP1, although it is unclear whether the antibody recognises the 

C- or N-terminus, or many epitopes within the structure. 



97 
 

As the steady state levels of AURKAIP1 do not seem to reflect the steady state levels of 

other mitoribosomal proteins, AURKAIP1 is more challenging to investigate as it difficult to 

visualise. When a species at 27kDa appeared in one vial each of Mycoplasma-contaminated 

AURKAIP1 or AURKAIP1-FLAG, it was possible that the increase in stress to the cells would 

result in an increase in AURKAIP1 to stabilise the mitoribosome and would thus provide a good 

model system to investigate the function of AURKAIP1.  

The vector pcDNA5/FRT/TO™ is known to result in low leaky expression (Meyer-Ficca 

et al. 2001) and potentially the low level of AURKAIP1 or AURKAIP1-FLAG expression was at a 

suitable level that AURKAIP1 behaved in a physiological manner, since depletion of AURKAIP1 

and overexpression of AURKAIP1 both result in detrimental effects to the cell. The FLAG 

antibody could not identify this 27kDa species, suggesting that this species was not due to 

leaky expression of the pcDNA5/FRT/TO vector and could be the endogenous AURKAIP1. Full-

length AURKAIP1 is predicted to be ~23kDa (199 amino acids) and since some proteins tend 

to migrate slightly higher or lower than predicted when analysed by western blot, potentially 

this species could represent the full-length species. To date, only amino acids 128-199 of 

AURKAIP1 have been identified in the crystal structures of the mitoribosomes but the exact 

size of AURKAIP1 is currently unknown. Upon further analysis, this species turned out to be 

an unidentified protein that was not AURKAIP1. 

Figure 4.13 – Mycoplasma proteins also contain the DUF1713 domain. The FASTA sequences for 
AURKAIP1 from H. sapiens (Q9NWT8), and uncharacterised proteins from M. leprae (P0A5D0) and 
M. tuberculosis (P9WKT4 and P9WKT5) were aligned using clustal omega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The DUF1713 domain is highlighted (red box). 

https://www.ebi.ac.uk/Tools/msa/clustalo/
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 Unfortunately, the mass spectrometry was unable to identify the individual protein 

conclusively. If the protein is of human origin, then potentially it is one of the subunits of the 

proteasome which would be upregulated upon infection with Mycoplasma.  However, this 

would be surprising since the 27kDa species was found in the mitochondrial matrix, 

colocalised to fractions containing mitoribosomes and was recognised by our custom 

antibody. A second option is that the species is a Mycoplasma protein since there are several 

Mycobacterium proteins that also contain a DUF1713 domain (Interpro: IPR013177) (Figure 

4.13). However, Dr Wessels was unable to find a hit on searching a Mycoplasma proteomics 

database that corresponded with a protein of similar mass. In addition, the custom antibody 

that was generated from the purification of AURKAIP1 was produced in E. coli cells 

(Thompson, 2014). Since it is difficult to produce a pure fraction of protein from bacterial cells 

despite several purification steps, the sample used to generate the polyclonal custom 

AURKAIP1 antibody would have contained some bacterial proteins. Thus, the antibody may 

recognise an epitope from one of these contaminant bacterial proteins. Once again, however, 

Dr. Wessels compared data against the E. coli database and was unable to find a suitable 

candidate. To date, we are unsure as to the identity of this 27kDa protein but it was clearly 

expressed as a function of Mycoplasma contamination. 

A major problem in investigating AURKAIP1 is that it is unclear what size AURKAIP1 is 

when it enters the mitoribosome. The unidentified 27kDa species could have represented the 

full-length species of AURKAIP1 that associated with the mitoribosome, or alternatively the 

15kDa species that is seen with AURKAIP1 and AURKAIP1-FLAG overexpression may be the 

correct size but this would indicate that AURKAIP1 is therefore not a bona fide mitoribosomal 

protein. Using in vitro assays, it may be possible to confirm where AURKAIP1 is cleaved in vitro 

to indicate what size AURKAIP1 is in vivo once it is imported into the mitochondria to could be 

determine if the AURKAIP1 and AURKAIP1-FLAG 15kDa species are the correct size, despite 

not localising to the mitoribosome. Both possibilities seem unlikely, although data available 

from mass spectrometry has only been able to identify peptides from 128-199 amino acids of 

the AURKAIP1 protein in the mitochondrial matrix. Combining the data altogether, it is likely 

that AURKAIP1 goes through a major cleavage event upon import prior to association with the 

mitoribosome and that this cleavage event may result in the loss of any epitopes that are 

recognised by our custom anti-AURKAIP1 antibody. Using in vitro assays, it may be possible to 
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confirm where AURKAIP1 is cleaved in vitro to indicate what size AURKAIP1 is in vivo once it is 

imported into the mitochondria. Additionally, this approach would determine if AURKAIP1 and 

AURKAIP1-FLAG 15kDa species are the correct size, despite not localising to the mitoribosome. 
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CHAPTER 5: Determining the true size of AURKAIP1 

5.1 Introduction 

During the course of my PhD investigations, cryo-EM structures of the mitoribosome 

from human (Amunts et al. 2015), porcine (Greber et al. 2015) and yeast (Desai et al. 2017) 

have been published. All of which have identified AURKAIP1 as a mitoribosomal protein that 

is located at the interface between the mt-LSU and mt-SSU. Previous data from my host 

laboratory, current data suggested that AURKAIP1 was not a bona fide mitoribosomal protein 

and that there are very low endogenous levels of AURKAIP1 within the cell. Utilising AURKAIP1 

fused with a C-terminal FLAG tag, Dr Kyle Thompson identified that AURKAIP1-FLAG localised 

to the mitochondrial matrix and was present as a 15kDa protein, ~10kDa smaller than the full-

length species. I have confirmed this data using a cell line capable of overexpressing 

AURKAIP1, as shown in the previous chapter. 

In each of the published crystal structures the region corresponding to amino acids 

128-199 of the full-length AURKAIP1 were identified, which correlates to a ~9kDa protein. 

AURKAIP1 is predicted to have an N-terminus MTS of 77 amino acids, according to TargetP 

(www.cbs.dtu.dk/services/TargetP), which would be predicted to be cleaved upon import by 

MPP, for example. If mature AURKAIP1 is ~9kDa, then at least one more cleavage event would 

have to occur. My work presented thus far, together with previous work from my host 

laboratory, has shown that overexpressed AURKAIP1 and AURKAIP1-FLAG is a 15kDa species 

(Chapter 3, Thompson, 2014) that localises to the mitochondria. Since the full-length 

AURKAIP1 species is predicted to be ~24kDa, overexpressed AURKAIP1 and AURKAIP1-FLAG 

must have undergone at least one cleavage event. The cryo-EM structures of the 

mitoribosomes only represent a sub-population, since homogeneous structures are used for 

the final analysis and some peptide regions in these structures may also be flexible, and cannot 

be visualised since they may not be the same in the homogeneous structures. Peptide 

sequences upstream of the 128-199 amino acids identified from AURKAIP1 may therefore be 

unresolved and unidentified. It is therefore difficult to determine the true size of AURKAIP1 

within the mitoribosome from these data. The overexpressed AURKAIP1 and AURKAIP1-FLAG 

could therefore still represent the true size of AURKAIP1 within the mitoribosome. 

http://www.cbs.dtu.dk/services/TargetP
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Endogenous AURKAIP1 is difficult to detect using current methodologies. Since it is not 

possible to look at the endogenous form of AURKAIP1 as it is expressed in such low levels in 

the cell (Thompson, 2014), and the AURKAIP1 antibodies available are unable to detect 

endogenous AURKAIP1 using western blotting, one way to determine the pattern of AURKAIP1 

cleavage is to use an in vitro approach. The full-length AURKAIP1 gene is amplified by PCR 

either using a forward primer that contains an RNA polymerase recognition site (for either T3, 

T7 or SP6 RNA polymerase), or the AURKAIP1 gene is cloned into a vector that already contains 

an RNA polymerase recognition site. The respective recognition site is recognised by T3, T7 or 

SP6 RNA polymerase which when incubated with ribonucleoside triphosphates (rNTPs) allows 

for in vitro transcription. The amplified RNA species can then be in vitro translated in the 

presence of radiolabelled 35S-methionines/cysteines (35S-met/cys) to generate a radiolabelled, 

full-length AURKAIP1 protein. Using this substrate with active mitochondria prepared from rat 

liver, it is possible to determine whether AURKAIP1 is cleaved in vitro upon import into the 

active mitochondria since a smaller, radiolabelled species would be detected when the sample 

was separated by SDS-PAGE if a cleavage event has occurred. 

Other than using an in vitro method to determine the pattern of AURKAIP1 cleavage, 

an additional approach is to try and identify the mitochondrial protease that is involved in the 

cleavage event. AURKAIP1 has a role in mitochondrial gene expression, albeit the function is 

yet to be determined and three of the mitochondrial matrix ATP-dependent proteases, CLPXP, 

AFG3L2 and LONP1, have been shown to be involved in mitochondrial translation. CLPXP and 

AFG3L2 are also thought to be involved in mitoribosome maturation with CLPP acting as a 

chaperone for ERAL1 in mammalian cells (Szczepanowska et al. 2016). AFG3L2 is also involved 

in the cleavage of Mrpl32 in yeast (Nolden et al. 2005). LONP1 has been shown to be involved 

in mtDNA maintenance, by controlling the levels of TFAM and may bind to mtDNA itself (Lu et 

al. 2007). With these three mitochondrial matrix proteases being involved in mitochondrial 

translation, there is a possibility that one of them may associate with AURKAIP1, by either 

cleaving AURKAIP1 to the 9kDa species prior to assembly into the ribosome in a similar manner 

to AFG3L2 with Mrpl32, or chaperoning AURKAIP1 to the mitoribosome as with CLPP and 

ERAL1. 

The aim of this chapter was to investigate whether AURKAIP1 can be identified in 

purified mitoribosomes and if so, whether the N-terminus of AURKAIP1 can be determined. In 
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addition, I aimed to investigate whether in vitro translated AURKAIP1 is cleaved upon import 

into active isolated mitochondria, in order to determine the true size of AURKAIP1 within the 

mitochondrial matrix and determine whether any of the mitochondrial matrix proteases is 

involved in the processing of AURKAIP1. 
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5.2 Results 

5.2.1 Determining the cleavage of AURKAIP1 in vitro 

The size of AURKAIP1 within the mitoribosome, or indeed the mitochondria, is currently 

debated within the literature (Koc et al. 2013, Amunts et al. 2015). Since AURKAIP1 has been 

identified as a mitoribosomal protein, one approach was to purify the mitoribosome using a 

cell line that could overexpress a mitoribosomal subunit, and was known to be able to purify 

the mitoribosome through immunoprecipitation, followed by LC-MS/MS (liquid 

chromatography mass spectrometry) combined with N-terminal labelling and sequencing. By 

labelling the N-termini of the purified proteins, these peptides could be sequenced and thus 

identifying the final cleavage point of each protein before associating with the mitoribosome.  

HEK-mS27-FLAG was induced for 3 days and purified via immunoprecipitation as described 

above. Previous work performed by my host laboratory showed that mS27-FLAG is able to 

purify the monosome as well as the mt-SSU. The eluate from immunoprecipitation of mS27-

FLAG was separated by SDS-PAGE on a 12% polyacrylamide gel and stained with silver stain to 

visualise the proteins. In addition, a protein calibration curve was concurrently separated by 

using known amounts of BSA (bovine serum albumin) on the same gel in order to estimate the 

quantity of protein present in the eluate (Figure 5.1). The eluate, along with anti-FLAG M2 

Figure 5.1 – Immunoprecipitation of the mitoribosome via mS27-FLAG for N-terminal sequencing of 
MRPs. Silver stain of an immunoprecipitation of mS27-FLAG, separated on 12% polyacrylamide gel 
by SDS-PAGE. Heavy and light chains of the anti-FLAG M2 that coats the beads are indicated (IgG H 
+ L respectively). Expected size of mS27-FLAG (red) = 46kDa. ELUATE = 10µl of 110µl elution in 1 x 
phosphate buffered saline (PBS) post-elution with 3 x FLAG peptide. BEADS = 5µl of 50µl anti-FLAG 
M2 bead suspension in 1 x PBS post-elution. BSA = bovine serum albumin, and is used to estimate 
the quantity of protein present in the eluate.  
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beads used for the experiment, were sent to Professor Christine Carapito (University of 

Strasbourg, France) for doublet N-terminal oriented proteomics (dN-TOP). Briefly, proteins 

were separated by SDS-PAGE and the N-terminus labelled with TMPP (trimethoxyphenyl 

phosphonium) (Bertaccini et al. 2013). The proteins were subsequently digested with trypsin 

to form short peptide fragments and subsequently analysed by LC-MS (liquid chromatography 

mass spectrometry). In the first experiment, Professor Carapito’s group were able to 

determine that AURKAIP1 was present but AURKAIP1 contains many arginine and lysine 

residues. Since trypsin, which is used to digest the peptide fragments for sequencing, cut at 

these residues, the peptide fragments produced were too small for further analyses, despite 

other mitoribosomal proteins being successfully labelled with TMPP (Appendix M). The 

immunoprecipitation was repeated and a second set of samples were sent to be digested with 

an alternative endopeptidase, Asp-N (flavastacin), that cleaves the N-terminal side of 

aspartate residues. A peptide corresponding to amino acids 172-183 (DLRRIWLKAGLK) was 

identified, however it was still not possible to determine the N-terminal cleavage point of 

AURKAIP1 since the fragment was not labelled with TMPP. 
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5.2.2 Optimising in vitro translation 

Since it was not possible to identify the cleavage point using basic proteomics, an in vitro 

approach was adopted. Using radiolabelled protein with an MTS that has been transcribed 

and translated in vitro, the approximate cleavage site of a mitochondrial protein can be 

determined using freshly-prepared rat liver mitochondria. The construct pGEM4-SU9-DHFR 

(pSU9-DHFR), which consists of mouse dihydrofolate reductase (DHFR) fused to the N-

terminal MTS presequence of ATP synthase subunit 9 from Neurospora crassa, was used as 

the control. This protein is known to be successfully translated in vitro, and is known to be 

cleaved upon import into isolated rat liver mitochondria. SU9-DHFR is considered the gold 

standard for this experiment. The AURKAIP1 gene with and without a FLAG-tag was amplified 

using PCR. A forward primer was designed to target the 5’ terminus of AURKAIP1 with the 

addition of the SP6 promoter ahead of the AURKAIP1 sequence, to facilitate in vitro 

transcription by SP6 polymerase. The same reverse primers designed for the cloning of HEK-

AUR1 and HEK-AUR1-FLAG (Thompson, 2014) respectively were used to target the 3’ terminus 

of AURKAIP1 (Appendix C). PCR was performed with HeLa cDNA as the template to generate 

SP6-AUR1 and SP6-AUR1-FLAG DNA templates. 

Previous work performed by my host laboratory suggested that in vitro transcription was 

more efficient if the pSU9-DHFR construct was linearised (Rorbach, 2008). Therefore, pSU9-

DHFR was digested for 2.5hrs and 5hrs with PvuII to ensure full digestion prior to in vitro 

translation. The sample that was digested for 2.5hrs was used for subsequent reactions. 

SP6-AUR1, SP6-AUR1-FLAG and SU9-DHFR DNA templates were used in AmpliScribe™ SP6 

in vitro transcription reactions (EpiCentre, following manufacturer’s protocol) to produce RNA 

transcripts. Linearised pSU9-DHFR was more efficient at producing an RNA transcript 

compared to undigested, as previously found in my host laboratory, and thus the construct 

was fully digested with PvuII. RNA transcripts were generated from linearised SU9-DHFR, SP6-

AUR1 and SP6-AUR1-FLAG (Figure 5.2A). Rabbit reticulocyte lysate, amino acids and 35S-Met 

were combined with the RNA transcripts and incubated at 37oC to produce radioactive-

labelled protein by in vitro translation. The in vitro translation was more efficient in the 

control, SU9-DHFR, compared to SP6-AUR1 or SP6-AUR1-FLAG (Figure 5.2B, C) although 

specifics product were seen for both SP6-AURKAIP1 and SP6-AURKAIP1-FLAG. 
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Since in vitro translation of SP6-AURKAIP1 produced the highest amounts product, I tried 

to optimise the reaction by altering the amount of template RNA. In vitro translation was 

repeated with 3µl and 0.3µl RNA transcripts but similar levels of SP6-AURKAIP1 were achieved 

Figure 5.2 – In vitro transcription and translation of AURKAIP1 and AURKAIP1 FLAG. A - 5µg HeLa RNA 
and 1/10 in vitro transcription reactions analysed on 1% denaturing agarose gel. 28S rRNA = 5025bp, 
18S rRNA = 1868bp, SU9-DHFR = 950bp, SP6-AUR1 = 628bp, SP6-AUR1-FL = 656bp. B – in vitro 
translation of SU9-DHFR (26kDa), SP6-AUR1-FLAG and SP6-AUR1 (~25kDa). Samples analysed on 
15% polyacrylamide gel, fixed in 50% MeOH, dried, exposed to a PhosphorImage screen and 
developed for 4 days. Signals were visualised on the Typhoon FLA9500 system using ImageQuant™ 
software.  C – higher exposure of in vitro translation of SP6-AUR1 and SP6-AUR1-FLAG from (B). 

Figure 5.3 – Improving the efficiency of in vitro translation for SP6-AURKAIP1. One tenth of each in 
vitro translation reaction for SU9-DHFR (3µl) and SP6-AUR1 (3µl or 0.3µl) were separated by SDS-
PAGE in a 15% polyacrylamide gel. The gels were dried, and exposed to a PhosphorImage screen for 
5 days. A = normal brightness. B = darker brightness. Red arrow = SP6-AURKAIP1. SU9-DHFR = 950bp, 
SP6-AUR1 = 628bp, SP6-AUR1-FL = 656bp. 
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(Figure 5.3). Therefore, the original in vitro translated SP6-AURKAIP1 was used for the in vitro 

import assay.  

Active mitochondria were isolated from fresh rat liver homogenate, to maintain the 

membrane potential and the ability to import mitochondrial proteins. Four reactions were 

each set-up for SU9-DHFR and SP6-AURKAIP1. As controls, FCCP was used to inhibit 

mitochondrial import and proteinase K was used to degrade proteins that were outside of the 

mitochondria. The first reaction contained FCCP, which inhibits mitochondrial import so only 

the full-length, uncleaved species should be seen (Figure 5.6, lanes 2 and 7). The second 

reaction contains both FCCP and proteinase K, a protease that degrades proteins not imported 

into the mitochondria. In this lane, there should be no protein visible since the species would 

not be imported and yet all degraded (Figure 5.6, lanes 3 and 8). The third reaction contains 

neither FCCP or proteinase K, and therefore both the full-length species that has not been 

imported into the mitochondria, and the cleaved species should be visible (Figure 5.6, lanes 4 

and 9). The final reaction contains only proteinase K, and thus only the species that has been 

imported into the mitochondria and cleaved should be detected (Figure 5.6, lanes 5 and 10). 

Figure 5.4 – SU9-DHFR, but not AURKAIP1, is visibly cleaved upon in vitro import. SU9-DHFR and SP6-
AURKAIP1 that had been in vitro translated were incubated in the presence or absence of FCCP and 
proteinase K as shown with active mitochondria. Mitochondrial lysates were separated out by SDS-
PAGE on a 15% polyacrylamide gel. Gels were dehydrated, and exposed to a PhosphorImage screen 
for 5 days. A = SU9-DHFR. Blue arrow = SU9-DHFR, green arrow = Δ35SU9-DHFR, red arrow = DHFR.  
B = SP6-AURKAIP1. Black arrow = immature SP6-AURKAIP1, purple arrow = potential cleaved 
AURKAIP1 species. 
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SU9-DHFR is used as the gold standard control for this experiment. The DHFR protein 

undergoes two cleavage events at residues 35 and 66 (Schmidt and Neuport, 1984) to produce 

an intermediate and mature protein respectively which can both be detected. 

In the SU9-DHFR sample, the three species were detected in the input (Figure 5.4, lane 1). 

With the addition of FCCP, the full-length and Δ35 species were detected, indicating that the 

initial cleavage event most likely occurs in the cytosol (Figure 5.4, lane 2). When both FCCP 

and proteinase K were added, no proteins were detected since they would have all been 

degraded (Figure 5.4, lane 3). Without FCCP or proteinase K added, all three species can be 

detected; the full-length, intermediate species and the mature species (Figure 5.4, lane 4). 

Finally, the addition of proteinase K degrades all protein that has not been imported into the 

active isolated mitochondria. Only the DHFR species resulting from two cleavage events is 

detected, since the SU9-DHFR and Δ35SU9-DHFR species would have degraded outside the 

mitochondria (Figure 5.4 lane 5). In the SP6-AUR1 sample, unfortunately the protein could not 

be detected clearly. In the input lane, it appears that there are two species (Figure 5.4, lane 6) 

but these are closer in size than predicted. If AURKAIP1 was cleaved to a ~9kDa species, then 

the rabbit reticulocyte lysate that contains excess 35S-Met/Cys may be covering the signal of 

the SP6-AURKAIP1. When this sample is incubated with active mitochondria, the second, 

smaller band could still be detected (Figure 5.4, lane 9). However, since there was not a clear 

detected signal from the reaction that contained only proteinase K (Figure 5.4, lane 10), 

leaving only the imported species, it is not possible to conclude the cleavage pattern of 

AURKAIP1 from this data.  
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Since it was not possible to generate radiolabelled SP6-AURKAIP1 which could be detected 

despite attempts at optimisation, a third approach was used. The radiolabel used for in vitro 

translation is 35S-Met/Cys that labels both methionine and cysteine. However, methionine 

residues are generally better incorporated compared to cysteine residues. By changing leucine 

or isoleucine residues to methionines in the SP6-AURKAIP1 sequence, it may be possible to 

enhance the radioactive signal without interfering with the structure of AURKAIP1. Since the 

predicted MTS is in the N-terminus, only isoleucine and leucine residues in the C-terminus 

were changed to prevent interference with the MTS. The new sequence was termed SP6-

AUR1-TransSyn (Figure 5.5). 

  

Figure 5.5 – Synthesised AURKAIP1 has increased methionine residues. SP6-AURKAIP1 was custom 
synthesised with leucine and isoleucine residues replaced with methionine residues. The amino acid 
sequence of the synthesised sequence (AUR1_TransSyn) was compared using to the AURKAIP1 
amino acid sequence (Q9NWT8) using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
Asterisk (*) = single, fully-conserved residue, colon (:) = conservation between groups with strongly 
similar properties. 

https://www.ebi.ac.uk/Tools/msa/clustalo/
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SP6-AUR1-TransSyn was transcribed and translated in vitro alongside digested SU9-DHFR 

(Figure 5.6). Despite a single PCR product (Figure 5.8A) in vitro transcription produced two 

RNA products (Figure 5.8B). However, the RNA samples were used for in vitro translation. SP6-

AUR1-TranSyn did produce a stronger signal, but due to the presence of multiple other 

products the sample was not used for the in vitro import assay, since it would not be possible 

to identify the true cleaved AURKAIP1 species. (Figure 5.6C). 

5.2.3 Depletion of matrix proteases 

Since it was not possible to determine whether AURKAIP1 was cleaved in vitro using the in 

vitro import assay, the mitochondrial matrix proteases were investigated to determine if any 

of them were involved in cleaving AURKAIP1. Overexpressed AURKAIP1 and AURKAIP1-FLAG 

are detectable only as a 15kDa species, whereas the full-length species is ~25kDa and the 

species that has been visualised in the mitoribosome is ~9kDa. Potentially, there may be two 

cleavage events on AURKAIP1 before it is inserted into the mitoribosome, as shown by my 

previous data (Chapter 4), and one of the matrix proteases could be involved. To test this 

1000bp 

28S rRNA 

18S rRNA 

Figure 5.6 – In vitro transcription and translation of SP6-AUR1-TransSyn. A = PCR (2µl of a 50µl 
reaction) of SP6-AUR1-TransSyn using the single-stranded synthesised AURKAIP1 oligonucleotide. 
Samples were separated on 1% agarose gel. Expected size = 628bp. B = In vitro transcription using 
digested SU9-DHFR (expected size = 950bp) and the purified SP6-AUR1-TransSyn PCR product 
(expected size = 628bp). RNA samples are separated on a 1% denaturing agarose gel. 5µg HeLa RNA 
was also separated as a marker. 28S rRNA = 5025bp, 18S rRNA = 1868bp C = In vitro translation of 
SU9-DHFR and SP6-AUR1-TransSyn (red arrow). Protein samples were separated on a 15% 
polyacrylamide gel. 
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hypothesis, four of the mitochondrial matrix proteases were depleted using siRNA, at the 

same time that AURKAIP1-FLAG was overexpressed (Figure 5.7A). Depletion of LONP1 resulted 

in an increase in the levels of the full-length 25kDa AURKAIP1 species and an intermediate 

20kDa species (Figure 5.7B). This was also repeated with AUR1-NoF (data not shown). 

However, there was no increase in the 25kDa species in the uninduced control samples with 

LONP1 depletion. LONP1 could still be cleaving the endogenous species, but with the current 

antibodies available this is not possible to detect. Repeats of this experiment were also 

performed using the FLAG antibody, and the same species were visible in the induced 

AURKAIP1-FLAG samples following LONP1 depletion. In order to verify that the 25kDa species 

was indeed AURKAIP1-FLAG, samples of uninduced and induced HEK-AURKAIP1-FLAG lysates 

Figure 5.7 – LONP1 degrades overexpressed AURKAIP1-FLAG to a 15kDa species. A = Overview of the 
experiment. In 6-wells plates, HEK-AURKAIP1-FLAG cells were treated with siRNA (non-targetting, 
ClpP, ClpX, LONP1 and AFG3L2) for 4 days. At Day 2, half the samples were induced with 1µg/ml 
tetracycline for 2 days. B = Samples were harvested, lysed and separated on a 15% polyacrylamide 
gel by SDS-PAGE and analysed by western blot. The membrane was incubated with antibodies as 
stated. Red arrow = 25kDa AURKAIP1-FLAG species, green arrow = 20kDa AURKAIP1-FLAG species, 
blue arrow = 15kDa AURKAIP1-FLAG species. UT = untreated. 
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treated with either siNT or siLONP1 were analysed by silver staining and western blot to 

confirm the presence of the 25kDa species in the induced, siLONP1 sample (Figure 5.9). 

Uninduced and induced HEK-AUR1-FLAG lysates treated with siLONP1 were subsequently 

separated by SDS-PAGE and gel sections sent to the Nijmegen proteomics facility (Dr Hans 

Wessels) for analysis by mass spectrometry (Figure 5.8).   

Figure 5.8 – Identifying 25kDa AURKAIP1-FLAG species upon depletion of LONP1 using mass 
spectrometry. Uninduced and induced HEK-AURKAIP1-FLAG lysates treated with either non-
targeting (siNT) or LONP1 (siLONP1) siRNA as described in Figure 5.6 were separated on a 15% 
polyacrylamide gel by SDS-PAGE and analysed by silver staining (A) or western blot using anti-
AURKAIP1 antibody (B). Red box = corresponding area of gel excised for mass spectrometry analysis. 
Red arrow = 25kDa AURKAIP1-FLAG species, green arrow = 20kDa AURKAIP1-FLAG species, blue 
arrow = 15kDa AURKAIP1-FLAG species. 
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Mass spectrometry analysis identified 608 proteins from 2595 peptides in the uninduced 

sample, and 268 proteins from 1044 peptides in the induced sample (Appendix O). Analysis 

confirmed the presence of AURKAIP1 in the induced, siLONP1 HEK-AURKAIP1-FLAG lysate 

(Figure 5.9). In my previous chapter (Chapter 3) I had shown that the levels are tightly 

controlled. Therefore, LONP1 may be involved in processing overexpressed AURKAIP1-FLAG 

because the levels of the protein are too high. The 25kDa and 20kDa species, although only 

detected when AURKAIP1 was overexpressed, could still be components of the mitoribosome.  

5.2.4 Novel AURKAIP1-FLAG species do not associate with the mitoribosome 

Upon LONP1 depletion, a 25kDa and a 20kDa AURKAIP1-FLAG species can be detected 

using our custom AURKAIP1 antibody. The 25kDa species was also confirmed to be AURKAIP1 

using mass spectrometry. To determine if either of these species associated with the 

mitoribosome, mitochondrial lysates were prepared from induced HEK-AURKAIP1-FLAG cells 

that had also been treated with non-targeting or LONP1 siRNA (as described in Figure 5.9). 

These lysates were resolved on sucrose gradients (Figure 5.10). Western blot analysis of each 

of the fractions identified that neither the 25kDa nor the 20kDa AURKAIP1-FLAG species 

associated with the mitoribosome (Figure 5.10B). The 25kDa species was identified in fraction 

4 of the siLONP1 sample, indicating that potentially the full-length species was associated with 

the early mt-SSU, but this is more likely to be due to carryover from fractions 1-3, due to the 

large amount of the protein that was present in the sample. 
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Figure 5.9 – LONP1 is involved in the degradation of overexpressed AURKAIP1-FLAG. Controls were: 
PHB (polyhydroxybutyrate) and ADT2 = (ADP/ATP translocase 2). AKIP1 = AURKAIP1. Values for 
summed area/protein were taken for each protein. Two repeats (A and B) were analysed. 
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Figure 5.10 – Exogenous AURKAIP1-FLAG species do not associate with the mitoribosome. 
Mitochondrial lysate (750µg) of induced HEK-AURKAIP1-FLAG treated with non-targeting siRNA 
(siNT, A) or LONP1 siRNA (siLONP1, B) was separated through a 10-30% sucrose gradient. Eleven 
fractions were taken, TCA precipitated and half of each sample was loaded on 15% SDS-PAGE gels. 
Membranes were subjected to western blotting with antibodies as shown. Mitoribosomal proteins 
mS29 and uL3 are used as markers for the mt-SSU and mt-LSU respectively. Red arrow = 25kDa 
AURKAIP1 species, green arrow = 20kDa AURKAIP1 species, blue arrow = 15kDa AURKAIP1 species. 

 



116 
 

5.3 Discussion 

I have confirmed that AURKAIP1 associates with the mitoribosome, as determined by 

LC-MS of immunoprecipitated mS27-FLAG. However, the N-terminus of AURKAIP1 could not 

be determined as the identified peptides was not labelled with TMPP for sequencing. Trypsin 

was originally used for the cleavage of the peptides prior to mass spectrometry, which cleaves 

C-terminal to arginine and lysine residues (Figure 5.11A). By using trypsin, this resulted in 

peptides that were too small to be analysed (Figure 5.11B). There are six other proteases that 

MLLGRLTSQLLRAVPWAGGRPPWPVSG
VLGSRVCGPLYSTSPAGPGRAASLPRKGA
QLELEEMLVPRKMSVSPLESWLTARCFLP
RLDTGTAGTVAPPQSYQCPPSQIGEGAE
QGDEGVADAPQIQCKNVLKIRRRKMNH
HKYRKLVKKTRFLRRKVQEGRLRRKQIKFE
KDLRRIWLKAGLKEAPEGWQTPKIYLRGK 
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VLGSRVCGPLYSTSPAGPGRAASLPRKGA
QLELEEMLVPRKMSVSPLESWLTARCFLP
RLDTGTAGTVAPPQSYQCPPSQIGEGAE
QGDEGVADAPQIQCKNVLKIRRRKMNH
HKYRKLVKKTRFLRRKVQEGRLRRKQIKFE
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HKYRKLVKKTRFLRRKVQEGRLRRKQIKFE
KDLRRIWLKAGLKEAPEGWQTPKIYLRGK 
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Figure 5.11 – Endoproteases used for cleaving peptides for mass spectrometry. A – Table detailing the 
seven common proteases that are used for mass spectrometry. B – Lysine (red) and arginine (blue) 
residues present within the AURKAIP1 sequence that are digested by trypsin (lysine, arginine), LysC 
and LysN (lysine). C – Aspartate (purple) residues present within the AURKAIP1 sequence that are 
digested by AspN (aspartate). D – Glutamate (orange) residues present within the AURKAIP1 
sequence that are digested by GluC (aspartate, aspartate). E – Trytophan (pink), tyrosine (blue) and 
phenylalanine (F) residues present in the AURKAIP1 sequence that are digested by chymotrypsin. 

Protease Origin Cleavage Residues 

Trypsin Porcine pancreas C-terminal Arginine and lysine, except 

when followed by a proline 

Chemotrypsin Bovine pancreas C-terminal Tyrosine, phenylalanine, 

tryptophan 

LysC Lysobacter enzymogenes C-terminal Lysine 

LysN Grifola frondosa N-terminal Lysine 

AspN Flavobacterium 

menigosepticum 

N-terminal Aspartate 

GluC Staphylococcus aureus C-terminal Glutamate, aspartate 

ArgC Clostridium histolyticum C-terminal Arginine, lysine. 
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are often used for mass spectrometry (Giansanti et al. 2016, Figure 5.11) of which AspN was 

a suitable candidate for analysing AURKAIP1 as the endopeptidase would have produced long 

enough fragments for analysis (Figure 5.11C).   

However, only one peptide corresponding to residues 172-183 (DLRRIWLKAGLK) was 

identified. Previous mass spectrometry analyses on the cryo-EM structures of the 

mitoribosomes had also identified AURKAIP1 peptides from residues 128-199. Either the N-

terminus of AURKAIP1 is not well-suited for mass spectrometry analyses, or AURKAIP1 is 

cleaved to a protein of ~9kDa as indicated by the cryo-EM structures. To increase the chances 

of identifying more AURKAIP1 peptides, a protein-protein cross-linker e.g. DSP 

(dithiobis(syccinimidyl propionate)) could be used on the induced HEK-mS27-FLAG cells prior 

to harvesting and immunoprecipitation. DSP contains an N-hydroxysuccinimide ester at both 

the N- and C-termini which reacts with primary amines that are typically located on lysine 

residues, forming stable amide bonds. If the interaction between AURKAIP1 and the 

mitoribosome is weak, then DSP will cross-link AURKAIP1 to the mitoribosome via these amide 

bonds so that more protein is present in the eluate of the immunoprecipitation (Gingras et al. 

2007). 

Unfortunately, I was unable to determine the cleavage point of AURKAIP1 using the in 

vitro import assay. The efficiency of in vitro translation of SP6-AURKAIP1-FLAG and SP6-

AURKAIP1 were both low despite attempts at optimising the protocol with both increased and 

decreased amounts of RNA template, as well as altering the sequence to contain more 

methionines for 35S-Met/Cys labelling. Due to time restraints, it was not possible to optimise 

the protocol further, but other factors can be altered to improve translation efficiency. Firstly, 

the RNA concentration within the reaction can be optimised further. In vivo, AURKAIP1 

appears to be present at low levels within the cell and it may be that efficient translation 

occurs with a reduced amount of template within the reaction. Secondly, magnesium and 

potassium concentrations can be optimised within the in vitro translation reaction to try and 

improve the yield of AURKAIP1 protein. The ribosome uses both magnesium and potassium 

ions as cofactors (Lightfoot, 1988) and in the current reaction, magnesium is present as 

0.35mM MgOAc, whereas potassium is present as 56mM KOAc (2.6.2). Similar to PCR, optimal 

concentrations of these two ions will change depending on the template (Nierhaus, 2014) with 

optimal potassium concentrations ranging from 30-120mM and additional magnesium can be 
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added as 0.5-2.5mM (final concentration). Thirdly, AURKAIP1 has several rare codons (Table 

5.1). Despite rabbit reticulocyte lysate containing tRNAs for rare codons, lowering the 

temperature of the reaction may enable these tRNAs to be incorporated into the ribosome 

when required more efficiently by slowing down the reaction. Since it is not possible to 

visualise AURKAIP1 using conventional methods, the in vitro import assay will be a useful tool 

in predicting the mature size of AURKAIP1 within the mitochondria once optimised.  

Table 5.1: Rare codon usage within AURKAIP1 mRNA sequence. 

Amino Acid Rare Codona Frequency of Occurrence 

Arginine CGA 0 

CGG 7 

AGG 5 

AGA 2 

Glycine GGA 2 

GGG 9 

Isoleucine AUA 1 

Leucine CUA 1 

Proline CCC 8 

Threonine ACG 2 
 

aNumber of rare codons present in the AURKAIP1 sequence was determined using the “Rare Codon 
Calculator” (http://people.mbi.ucla.edu/sumchan/caltor.html). 

I was able to confirm that overexpressed AURKAIP1-FLAG were both being degraded 

by LONP1 via two cleavage events from the full-length 25kDa species to an intermediate 

20kDa species and finally to a 15kDa species. However, LONP1 does not seem to act on the 

endogenous AURKAIP1 species, since there was no increase of a 25kDa endogenous species 

in the uninduced samples upon LONP1 depletion. Potentially, this could indicate that the 

overexpressed proteins are either misfolded, oxidatively-damaged or that there is too much 

AURKAIP1 within the cell. By protein quality control pathways within the cell and the 

mitochondria, the damaged or excess protein therefore needs to be degraded and removed. 

Within the mitochondrial matrix, LONP1 and CLPXP are involved in protein quality control. 

CLPXP is involved in the mitochondrial unfolded protein response (UPRmt), in which a 

disturbance in protein homeostasis activates a signalling pathway to the nucleus (Zhao et al. 

2002). LONP1 is not a component of the UPRmt but has been shown to be the primary matrix 

protease that degrades misfolded, not aggregated, mitochondrial proteins (Bezawork-Geleta 

et al. 2015). Since the sequences of both constructs had been confirmed with Sanger 
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sequencing, it is unclear as to why the overexpressed proteins, and not the endogenous 

AURKAIP1 protein, are being degraded specifically by LONP1.  

Since it is difficult to study mitochondrial proteins in vivo without using RNAi, or 

overexpressed proteins, patient cell lines that harbour mutations in the respective proteins 

are often utilised. Using whole exome sequencing, a patient with compound heterozygous 

mutations in LONP1 was identified. The patient’s muscle and primary fibroblasts were 

available for further analysis. Since this protein has been shown to be important in processing 

overexpressed AURKAIP1-FLAG in my experiments shown here, I will analyse these samples 

to confirm the inheritance of these mutations, and determine the effect of these mutations 

on mitochondrial function in order to further understand the functions of LONP1. 
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CHAPTER 6: INVESTIGATING A PATIENT WITH LONP1 

MUTATIONS 

6.1 Introduction 

Utilising patient cell lines harbouring mutations in mitochondrial proteins allows us to 

investigate mitochondrial protein function in more detail without altering cell homeostasis 

using molecular biology techniques. This is very much the case for mitochondrial proteases 

such as LONP1, and mutations in several mitochondrial ATP-dependent proteases have been 

identified. In iAAA (YME1L), which mediates the processing of OPA1 in the IMS together with 

OMA1 (Rainbolt et al. 2015), a homozygous missense mutation (c.616C>T, p.R149W) was 

identified in a highly conserved region of the MTS of YME1L1 in four siblings from a Saudi 

Arabian family, resulting in infantile-onset mitochondriopathy. In these four siblings, 

mitochondriopathy presented as intellectual disability, motor developmental delay, speech 

delay, optic nerve hypoplasia, and hearing impairment.  

The mAAA protease is composed of two subunits, AFG3L2 and SPG7, of which 

mutations have been identified in both. AFG3L2 is highly expressed in cerebellar Purkinje cells 

(Sacco et al. 2010) and mutations in AFG3L2 have been associated with dominant hereditary 

spastic ataxia type 28 (Di Bella et al. 2010) and spastic ataxia-neuropathy syndrome (Pierson 

et al. 2013). SPG7 (paraplegin) is also highly expressed in Purkinje cells (Sacco et al. 2010) and 

mutations in SPG7 result in the autosomal recessive hereditary spastic paraplegia (ARHSP) and 

chronic progressive ophthalmoplegia due to impaired mtDNA maintenance (Pfeffer et al. 

2014).  

The matrix protease CLPXP is made up of the two subunits, CLPX and CLPP. No 

mutations have so far been identified in CLPX in humans, but mutations in CLPP have been 

associated with Perrault syndrome, an autosomal recessive disease that causes hearing loss 

and ovarian failure (Jenkinson et al. 2013). Interestingly, mutations in several other 

mitochondrial genes including LARS2 (Pierce et al. 2013), HARS2 (Pierce et al. 2011) and 

Twinkle primase-helicase (Morino et al. 2014) also result in Perrault syndrome.  

Mutations in LONP1 that have been identified are typically associated with CODAS 

(cerebral, ocular, dental, auricular, skeletal) syndrome. This disease was first identified in 1991 
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(Shebib et al. 1991) in an endogenous German Mennonite community and was characterised 

by a distinctive phenotype consisting of developmental delay (cerebral), cataracts, ptosis 

(ocular), delayed tooth eruption, anomalous cusp morphology (dental), malformed helices, 

hearing loss (auricular), short stature, coronal clefts in the lower vertebrae (T11-S2) and hip 

dysplasia (skeletal). As a part of the Lily Foundation-funded WES of patients with mtDNA 

depletion, a patient was identified with two novel LONP1 mutations. I will investigate the 

effects of these LONP1 mutations on the OXPHOS complexes. 
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6.2 Results 

6.2.1 Identifying a patient with LONP1 mutations 

Since the first case of CODAS syndrome, identified by Shebib et al., several reports of 

patients with similar phenotypes have been published (Innes et al. 2001, Cabral de Almeida et 

al. 1995, Marlin et al. 2010). CODAS syndrome was later associated with mutations in the 

mitochondrial matrix protease, LONP1, with the mutations identified as being located 

throughout the ATPase and proteolytic domains (Figure 6.1). These mutations (Figure 6.1) 

have all resulted in CODAS syndrome. One atypical case has recently been published in a 

patient who harboured a compound heterozygous mutation in LONP1 (p.Ser100GInfs*46; 

p.Arg786Trp, Figure 6.1), and whose phenotype was described as atypical CODAS syndrome, 

overlapping with Marinesco-Sjögren syndrome (Inui et al. 2017), a disorder that is  typically 

characterised by mild-moderate intellectual disability, skeletal abnormalities including 

scoliosis and short stature (Alter et al. 1962). The patient harbouring the apparent mutation 

in LONP1 had myopathy, ataxia, scoliosis, cataracts, developmental delay and delayed/absent 

1 67 124 
SUBSTRATE RECOGNITION 

DOMAIN 
ATPASE 

DOMAIN 
PROTEOLYTIC 

DOMAIN 

368 492 523 530 656 737 855 898 948 959 

MTS 

ATP binding 
domain 

Catalytic Ser 
residues 

P749S 

G767E 

E476A 
I927del 

R672C W464* 
R679H 

P676S 

S631Y 

R786W 

A724V A670V 

Ser100fsGInfs*46 

Figure 6.1 – LONP1 mutations have been identified throughout the LONP1 protein domains. LONP1 

mutations that have been published in the literature are shown here. Each mutation has been 

mapped (not to scale) to the respective domain in LONP1. Each domain is shown and their locations 

are taken from Venkatesh et al. 2012. 

MUTATIONS 
HETEROZYGOUS
/HOMOZYGOUS 

REFERENCES 

Ser100fsGlnfs*46; R786W Heterozygous Inui et al. 2017 

P749S; G767E Heterozygous Dikoglu et al. 2015 

P761L; P761L Homozygous Nimmo et al. 2017 

S631Y; A724V Heterozygous Strauss et al. 2015 

E476A; P749S Heterozygous Dikoglu et al. 2015 

A670V; I927del Heterozygous Dikoglu et al. 2015 

R672C; R672C Homozygous Dikoglu et al. 2015 

A670V; A670V Homozygous Dikoglu et al. 2015 
W464*; R679H Heterozygous Dikoglu et al. 2015 

P676S; P676S Homozygous Shebib et al. 1991, 
Strauss et al. 2015 

 

P761L 
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puberty. At my host laboratory, there was one patient that was identified to harbour two 

potential LONP1 mutations using WES.  

The proband was a male who was born in 2013 to non-consanguineous parents. The 

patient presented with congenital lactic acidosis, muscle weakness and a brain MRI that 

showed a Leigh-like syndrome pattern, with bilateral hypertensity that can be seen in cortical 

areas and the basal ganglia.  

Quantitative real-time PCR was used to quantify mtDNA copy number and a severe mtDNA 

depletion was discovered, with the proband harbouring <10% mtDNA versus age-matched 

controls (Professor Robert Taylor, personal communication). Thus, the patient’s DNA was 

sequenced using a targeted screen of genes that when mutated are known to be causative of 

mtDNA depletion. These genes were SLC25A4, MPV17, SUCLG1, SUCLA2, TK2 and RRM2B 

(Table 6.1), but no mutation was discovered in the patient.  

Table 6.1: Known genes that are associated with depletion of mtDNA copy number when mutated. 

aPEO = progressive external ophthalmoplegia. 

 

GENE PROTEIN DISEASE REFERENCES 

SLC25A4 ANT1, adenine nucleotide 
transporter 1 

Adult-onset PEOa childhood-onset 
mitochondrial myopathy and 
cardiomyopathy 

Napoli et al. 2001 Komaki et 
al. 2002 Siciliano et al. 2003 
Deschauer et al. 2005 
Thompson et al. 2016 

MPV17 MPV17, mitochondrial 
inner membrane protein 

Neuropathy and 
leukoencephalopathy; 
Hepatocerebral mitochondrial DNA 
depletion syndrome 

Blakely et al. 2012 
Spinazzola et al. 2006 
Wong et al. 2007 
El-Hattab et al. 2010 

SUCLG1 SUCLG1, succinate-coA 
ligase α sununit 

Fatal infantile lactic acidosis with 
mitochondrial DNA depletion 

Ostergaard et al. 2007 
Rivera et al. 2010 
Rouzier et al. 2010 

SUCLA2 SUCLA2, succinate-coA 
ligase β subunit 

Encephalopathy with elevated 
methylmalonic acid and mtDNA 
depletion; Mild methylmalonic 
aciduria, Leigh-like 
encephalomyopathy, dystonia and 
deafness 

Elpeleg et al. 2005 
Lamperti et al. 2012 
Ostergaard et al. 2007 
Carrozzo et al. 2007 

TK2 TK2, Thymidine kinase 2 Fatal mitochondrial DNA depletion 
myopathy;  

Mancuso et al. 2002 
Mancuso et al. 2003 
Wang et al. 2005 
Blakely et al. 2008 

RRM2B P53R2, p53-controlled 
ribonucleotide reductase 

Mitochondrial DNA depletion 

syndrome; adult-onset PEOa 

Bourdon et al. 2007 
Bornstein et al. 2008 
Acham-Roschitz et al. 2009 
Tyynismaa et al. 2009 
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Since a mutation was not identified, the proband’s DNA was analysed by WES. WES 

filtering identified two compound heterozygous missense variants in LONP1 gene, encoding 

Lon peptidase 1 (LONP1), a mitochondrial matrix protease. The identified mutations were 

c.1693T>C (p.Tyr565His) (rs144125085) and c.2197G>A (p.Glu733Lys). The p.Tyr565 residue is 

located within a highly conserved region of the ATPase domain (Figure 6.2), and is itself highly 

conserved. Polyphen-2 also predicted that this mutation would be probably damaging (Table 

6.2). On the contrary, the p.Glu733 residue is not highly conserved, is only located within a 

moderately-conserved region (Figure 6.2) and polyphen-2 predicted the mutation to be 

benign (Table 6.2). 

Table 6.2: Variants identified in LONP1 in the proband using WES. 

VARIANT ANNOTATION POPULATION ALLELE 
COUNT 

ALLELE 
NUMBER 

MAF POLYPHEN-2 
(HumVar) 

c.1693T>C, 
p.Tyr565His 

(rs144125085) 

Missense European (non-
Finnish) 

1 118492 0.000008439 0.983 
(probably 
damaging) 

c.2197G>A, 
p.Glu733Lys 

Missense 
 

European (non-
Finnish); South 

Asian 

2 119658 0.00001671 0.006 
(benign) 

The ExAC (Exome Aggregation Consortium) browser (www.exac.broadinstitute.org) was used to 
determine the minor allele frequency (MAF) for both variants. Both variants were heterozygous. For 

A 

B 

Figure 6.2 – LONP1 variants in the proband are not both conserved across all species. Protein 

sequences for B. subtilis LON1 (P37945), E. coli Lon (P0A9M0), S. cerevisiae LonM (PIM1, P36775), 

A. thaliana LONM1 (P93655), M. musculus LONM (Q8CGK3), H. sapiens LONP1 (P36776) and B. 

taurus Lonp1 (Q59HJ6) were aligned using Clustal omega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). A = Tyr565His is highlighted in a yellow box. B = 

Glu733Lys is highlighted in a yellow box. Black asterisk = fully conserved residue, colon (:) = residues 

with strongly similar properties, period (.) = residues with weakly similar properties. 

565 

733 

http://www.exac.broadinstitute.org/
http://www.ebi.ac.uk/Tools/msa/clustalo/
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p.Tyr565His, rs144125085 is the SNP identifier number. PolyPhen-2 (Adzhubei et al. 2010; 
http://genetics.bwh.harvard.edu/pph2/) was used to determine the pathogenicity of each variant. 

 

These two mutations are located within the ATPase domain (p.Tyr565His) and the 

proteolytic domain (p.Glu733Lys) of LONP1 respectively. When modelled onto the hexameric 

structure of LONP1 from B. subtilis, which has a high level of homology with the H. sapiens 

ATPase and proteolytic domains, the p.Tyr565 residue was suggested to be located on the 

innermost ring of the LONP1 hexamer (Figure 6.3) and since this area is highly conserved, the 

mutation in this residue could affect an important function. The p.Glu733 residue was located 

on the outermost ring of LONP1 (Figure 6.3) and although the mutation in this residue was 

not deemed pathogenic, it may still play a role in the function of LONP1. 

  

Figure 6.3 – The p.Tyr565His mutation affects an important residue in LONP1. The p.Tyr565His 

(Y565H, red) and p.Glu733Lys (E733K,white) mutations are shown on the hexameric structure of 

LONP1 from Bacillus subtilis. Structure file 3M6A was imported into PyMol and coloured. Mutations 

are highlighted. Blue = ATPase domain, yellow = P domain.  

http://genetics.bwh.harvard.edu/pph2/
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6.2.2 Determining the inheritance of the LONP1 mutations 

Unfortunately, it was not possible to obtain parental DNA samples from the LONP1 

patient to determine the inheritance patterns of these two mutations directly. As an 

alternative, the LONP1 alleles from the patient were cloned and sequenced individually as one 

fragment to determine if the mutations were on the same, or different, alleles. RNA was 

extracted from primary fibroblasts and reverse transcribed to cDNA in order to remove the 

introns from the amplified fragments and ensuring that both mutation sites were located on 

the same fragment. Using this cDNA, primers targeting exons 10 and 15 (Appendix C), which 

spanned the region where the two mutations were located, were used to generate PCR 

products. The fragments together with the pcDNA5/FRT/TO™ vector were digested and 

ligated together.    

The ligation mixture was transformed into α-Select E. coli cells and colonies were checked 

for the presence of a plasmid containing an insert using a cracking gel. The plasmid was 

extracted and subsequently digested to confirm the presence of the LONP1 fragment. Positive 

clones were analysed by Sanger sequencing using CMV forward and BGH reverse primers, 

whose sequences are located 5’ and 3’ of the multiple cloning site of pcDNA5/FRT/TO™ 

respectively. Sanger sequencing revealed that only one mutation was present on each allele 

(Figure 6.4, Appendix I), suggesting that the mutations were inherited in an autosomal 

recessive manner. 

 

 

 



128 
 

  

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

1685 1698 

2208 2195 

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

CMV Forward 

1685 1698 

2208 2195 

B 

BGH Reverse 

A 
CMV Forward 

BGH Reverse 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

1685 1698 

2208 2195 

D 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

1685 1698 

2208 2195 

C 

CMV Forward 

BGH Reverse 

CMV Forward 

BGH Reverse 

Figure 6.4 – LONP1 mutations are located on different alleles. Isolated plasmids were amplified using 
BigDyes™ reagents and analysed by Sanger sequencing. Primers targeting the CMV and BGH 
sequences located on the pcDNA5/FRT/TO™ plasmid were used for the forward and reverse reactions 
respectively. A = clone 3. Contains the c.2197G>A mutation only (red box). B = clone 11. Contains the 
c.2197G>A mutation only (red box). C = clone 7. Contains the c.1693T>C mutation only (red box). D 
= clone 8. Contains the c.1693T>C mutation only (red box). Black box denotes the wild-type sequence. 
Not all clones that were sequenced are shown. 
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6.2.3 The effects of LONP1 mutations in skeletal muscle and skin fibroblasts 

The proband’s primary fibroblast cells and a skeletal muscle biopsy were available for 

further studies. Immunohistochemistry was performed on skeletal muscle biopsy samples. 

COX/SDH staining is one of the gold standards in diagnosing mitochondrial disease (Old and 

Johnson, 1989). The combined staining targets cytochrome c oxidase (complex IV, COX) which 

has key subunits encoded by the mtDNA (Anderson et al. 1981), and succinate dehydrogenase 

(complex II, SDH) which has subunits encoded entirely the nuclear genome. COX/SDH staining 

on this patient revealed a slight increase in SDH activity (Figure 6.5A) and patchy COX-deficient 

fibres (Figure 6.5B). A haematoxylin and eosin stain revealed areas of degenerated muscle 

(black arrows, Figure 6.5D) as can be seen by the lighter staining of the muscle fibres and the 

cluster of purple staining, indicative of the nuclei of invading immune cells. (Ross, 2011).  

Figure 6.5 – Skeletal muscle of LONP1 patient displays degenerated muscle fibres and a COX 

deficiency. Immunohistochemistry was performed by Mr Gavin Falkous (NHS Highly Specialised 

Mitochondrial Diagnostic Service, Newcastle-upon-Tyne) on 10µm transversely orientated serial 

cryosections of skeletal muscle biopsy samples. A = SDH staining. B = COX staining. C – COX/SDH 

staining. D = haematoxylin and eosin staining. Black arrows = areas indicative of the inflammasome. 
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Biochemical assays of mitochondrial respiratory chain activities of complexes I, II, III and 

IV (Kirby et al. 2007) were performed using muscle homogenates by Dr Langping He (NHS 

Mitochondrial Diagnostic Laboratory, Newcastle-upon-Tyne). These studies revealed severe 

deficiencies in the activities of complex I and complex IV (Figure 6.6). Further confirmation of 

the complex I and complex IV defects were seen using the quadruple immunofluorescence 

assay (Rocha et al. 2015), performed by Miss Sila Hopton (NHS Mitochondrial Diagnostic 

Laboratory, Newcastle-upon-Tyne). The quadruple immunofluorescence assay utilises 
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Figure 6.6 – Skeletal muscle in LONP1 patient shows a decrease in the respiratory activities of 

complexes I and IV. Mitochondrial respiratory chain activities of OXPHOS complexes were measured 

and normalised to citrate synthase (CS). Complex I, complexes II + III and complex IV were analysed. 

This was performed by Dr Iain Hargreaves (The National Hospital for Neurology and Neurosurgery, 

University College London Hospitals NHS Foundation Trust, London). Significant differences (p<0.05) 

are marked with a black asterisk in CI/CS and CIV/CS.  

Figure 6.7 – Complexes I and IV are severely depleted in skeletal muscle sections. MRC (mitochondrial 

respiratory chain) profile produced from data generated using quadruple immunofluorescence 

assay that was performed on skeletal muscle sections. Each dot represents an individual muscle fibre 

and coded according to the mitochondrial mass (very low = dark purple, low – light purple, normal 

– yellow, high = orange). Images were used in conjunction with IMARIS software to determine the 

levels of COXI and NDUFB8 in individual fibres. 
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fluorescent antibodies targeting complex I (NDUFB8), complex IV (COX-I), porin (mitochondrial 

mass marker) and laminin (cell membrane marker) on the same 20µm section. The patient’s 

skeletal muscle tissue biopsy revealed a severe complex I and complex IV defect when 

analysed (Figure 6.7).  

For this proband, skeletal muscle tissue and a primary skin fibroblast cell line were 

available for further analysis. When analysed by western blot, the skeletal muscle of the 

proband showed a severe defect in the steady state levels of subunits comprising complexes 

I, III and IV when compared to age-matched controls (Figure 6.8). The skin fibroblasts however 

showed no defects by western blot (Figure 6.8B) but skin fibroblasts do not always show 

mitochondrial disease phenotypes due to tissue-specific effects (Antonicka et al. 2006, Zhang 

and Falk, 2014). Interestingly, in skeletal muscle the steady state levels of LONP1 were slightly 

increased but the steady state levels of TFAM, a known substrate of LONP1 that is involved in 

transcription, mtDNA stability and mtDNA replication (1.2.2), were decreased. The reduced 

steady state levels of TFAM could reflect the reduction in mtDNA copy number that was 

originally seen using quantitative real-time PCR. Overall, the data suggests that LONP1 protein 

Figure 6.8 – Effects of LONP1 mutations on OXPHOS complexes in tissue and cell lines. A = skeletal 

muscle lysates (30µg) from control 1 (C1, M0466-16), control 2 (C2, M0861-16) and patient 2 (PT2, 

M0840-13) were subjected to western blotting on a 12% polyacrylamide gel. B = Primary skin 

fibroblasts (70µg) from control 1 (C1, M1123-12), control 2 (C2, M1171-13) and patient 2 (PT2, 

M0938-13) were subjected to western blotting on a 12% polyacrylamide gel. Membranes were 

immunoblotted with antibodies targeting LONP1, TFAM and subunits of the OXPHOS complexes: 

NDUFB (complex I), SDHA (complex II), CORE2 (complex III), COX I and COXII (complex IV) and ATP5A 

(complex V, F1). VDAC1 was used as a loading control. 
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is stable, but that there may be a defect in function that is related to mtDNA copy number, 

possibly through TFAM.  
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6.3 Discussion 

For CODAS syndrome, there has yet to be a clear genotype-phenotype correlation 

identified from the published cases (Dikoglu et al. 2015). Although the patient described in 

this chapter has mutations in LONP1, the clinical phenotype is not characteristic of CODAS 

syndrome. However, the literature shows variability in patients described as having CODAS 

syndrome, particularly with differences in the presence of skeletal-ocular form and 

developmental delay (Dikoglu et al. 2015).  The patient presented in this chapter may 

therefore have atypical CODAS syndrome, or another condition not previously associated with 

mutations in LONP1. Indeed, the clinical presentation reflected a more classical mitochondrial 

disease phenotype, with lactic acidosis, muscle weakness and a Leigh-like MRI.  

Two novel mutations were identified in the LONP1 gene, localising to the ATPase and 

proteolytic domains respectively. From cloning the individual alleles and analysing them by 

Sanger sequencing, it appears that these compound heterozygous missense mutations 

identified in the proband were inherited in an autosomal recessive manner since individual 

alleles only contained one of the two mutations. However, without the parental samples this 

cannot be confirmed. The p.Tyr565His mutation localises to the innermost circle of the 

hexameric LONP1 on the ATPase domain and predictions by PolyPhen-2 suggest that this 

mutation is pathogenic. Other LONP1 mutations that have been identified in the ATPase 

domain have not localised to this specific region, but rather to the C-terminal end of the 

ATPase domain (amino acids 630-660), or the region between the ATPase and proteolytic 

domains (amino acids 660-750, Figure 6.1). The p.Glu733Lys mutation localises to the 

outermost ring of the LONP1 hexamer in the proteolytic domain and although polyphen-2 

identified the mutation as benign, the mutation may still be pathogenic.  

In the skeletal muscle of this patient, steady state levels of LONP1 slightly increased and 

steady state levels of TFAM have reduced dramatically. The mutations may therefore result in 

an increase in the proteolytic activity of LONP1, which could increase the rate of TFAM 

degradation, causing the reduction of mtDNA copy number since there would be less TFAM 

to coat the mtDNA molecules. This data suggests that LONP1 is involved in regulating the 

levels of TFAM and therefore mtDNA, albeit indirectly.   
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There are a few examples of functional work on specific LONP1 mutations or samples 

from patients with CODAS syndrome in the literature. In one study, Dikoglu et al. reported 

mutations in LONP1 from seven patients, each with CODAS syndrome. Dikoglu et al. had 

modelled these mutations onto a structure of B. subtilis LonA, which as a high degree of 

homology with the human LONP1 protein, and had observed that the mutations in LONP1 

clustered around the ATP-binding and proteolytic domains of the enzyme. In a second study, 

Strauss et al. produced EBV-immortalised B-lymphoblast cell lines from the peripheral blood 

of a proband with CODAS syndrome harbouring homozygous p.Arg721Gly;p.Arg721Gly 

mutations (Strauss et al. 2015). However, it should be noted that CODAS syndrome does not 

typically affect B-lymphoblast cells (Strauss et al. 2015). Steady state levels of LONP1 and 

TFAM were unchanged in this cell line, and mtDNA copy number was reduced. In addition, 

this study had claimed that COXII was aggregated and insoluble in this CODAS cell line. 

Previous studies in both yeast and mammalian cells had suggested that LONP1 was involved 

in the assembly of complex IV by its additional function as a chaperone for COXII (Hori et al. 

2002, Rep et al. 1996). Strauss et al. suggested that the failure of the mutated LONP1 to 

degrade or chaperone COXII may be the cause of the reduced spare respiratory capacity that 

was observed in these cells.  

Using muscle histochemistry, quadruple immunofluorescence assay and western blots, 

the LONP1 patient presented in this chapter highlighted a deficiency in complexes I, III and IV. 

Steady state levels of LONP1 were unchanged, as was seen in the CODAS cell line by Strauss 

et al., but unlike the CODAS cell line steady state levels of TFAM were greatly reduced. The 

p.Tyr565His or the p.Glu722Lys mutant forms may therefore play a key function in the 

structure of LONP1 that affects its proteolytic activity. The severe deficiencies in complexes I, 

III and IV that were indicated by quadruple immunofluorescence assay, western blot and 

respiratory chain activity could be a consequence of the reduction in mtDNA copy number, as 

previously discussed. However, it is more likely that since LONP1 is known to have a number 

of substrates, some of which may not yet have been identified, and potentially a number of 

functions besides proteolysis including as a COXII chaperone, a mutation in LONP1 could have 

an effect on a number of mitochondrial and cellular processes. In order to investigate the 

consequences of these mutations further, recombinant wild-type and mutated LONP1 

proteins were produced in vitro and will be subjected to further analysis and investigation.    
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CHAPTER 7: CHARACTERISING LONP1, A MATRIX 

PROTEASE 

7.1 Introduction 

As mentioned previously (Chapter 1), LONP1 is a mitochondrial matrix protease that is 

thought to be active as a hexamer, and has been reported to be involved in the degradation 

of various substrates including aconitase, TFAM and StAR. In the previous chapter, the skeletal 

muscle of the proband showed a decrease in the steady state levels of TFAM but not in the 

steady state levels of LONP1. 

TFAM is a high-mobility group-box (HMGB) protein, a subclass of HMG proteins which 

are known to be DNA-binding proteins and are typically highly abundant (Goodwin et al. 

1973). TFAM is most often associated with its role in mitochondrial transcription, by initially 

binding upstream promoter sequences and recruiting POLRMT to the promoter sites on 

mtDNA (1.2.2). When TFAM binds to these promoter sequences, it introduces a 180o kink at 

the promoter region to provide access for POLRMT to bind (Ngo et al. 2011). Within 

mitochondrial nucleoids, where TFAM is highly abundant (Bogenhagen et al. 2008, Garrido et 

al. 2003), TFAM packages the mtDNA, binding along the molecule and bending the DNA (Kukat 

et al. 2015, Figure 7.1) with one mtDNA molecule per nucleoid. With regards to LONP1, it has 

been postulated that LONP1 degrades TFAM when it is phosphorylated and not bound to DNA.  

Figure 7.1 – TFAM introduces a 180o turn in mtDNA. Structure of TFAM (light blue) bound to the LSP 

of mtDNA (orange). PDB structure 3TQ6 was imported into PyMOL and coloured as appropriate. 
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In Drosophila melanogaster, Lon overexpression results in a reduction in the steady 

state levels of TFAM as well as a reduction in copy number, whereas a reduction in Lon by 

RNAi results in an increase in the steady state levels of TFAM (Matsushima et al. 2010). 

Additionally, studies have indicated that LONP1 may be a DNA-binding protein (Lu et al. 2007, 

Chen et al. 2008) and one study suggested that LONP1 may bind to the antisense strands of 

the HSP and LSP, located on mtDNA in the D-loop (Fu et al. 1998). These data suggest that 

Figure 7.2 – Cryo-EM structures of proteolytically inactive human mutant LONP1. Figure adapted from 

Kereïche et al. 2016. Human LONP1 harbouring a Ser855Ala mutation to deem the protein 

catalytically inactive was used. Surface representation of the reconstructed cryo-EM structure of a 

human LONP1-Ser855Ala with non-hydrolysable ATP, AMP-PNP to 15Å (A) and hydrolysed ATP, ADP, 

to 21Å (B). Proteolytic and ATPase domains were fitted as shown in B. subtilis structures (PDB = 

3M6A), N-terminal domains were fitted as with residues 1-219 of E. coli N-terminal domain (PDB = 

3JLC). Black arrow/white arrow = opening for substrate, C = Cross-sections of the reconstructed 

structures. Dashed arrows represent the section as shown in (B). D = Location of the legs, neck and 

head of the human LONP1-S855A structure as well as the mutated catalytic residue (red). 
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LONP1 may play a role in mitochondrial gene expression other than in the regulating levels of 

TFAM. 

Mechanistic studies have been performed only using purified wild-type and mutated 

bacterial and human LONP1 in order to try and understand further how LONP1 functions. 

Patterson-Ward et al. generated two proteolytically-inactive E. coli Lon protease proteins, 

mutating the serine residue of the catalytic dyad to either alanine or tryptophan (S679A, 

S679W) (Patterson-Ward et al. 2007). In both mutants, they demonstrated that Lon protease 

binds to the peptide substrate in a two-step process i.e. a rapid initial peptide binding event, 

followed by a conformational change. The S679W mutation, due to the indole side chain of 

tryptophan, demonstrated a conformational change within the proteolytic site itself. These 

data supported a mechanism by which ATP first binds to the allosteric site of Lon protease, 

and energy derived from ATP hydrolysis is used to induce a conformational change that allows 

the substrate to reach the proteolytic site. A similar study was also performed using the 

human LONP1 protein, in which the serine residue of the catalytic dyad was also mutated to 

alanine to make the protein catalytically inactive (S855A, Kereïche et al. 2016, Figure 7.1). 

Similar to the E. coli Lon protease, when ATP is hydrolysed to ADP there is a conformational 

change in the N-terminal domain which allows access to the proteolytic domain (Figure 7.2). 

Further work was performed by Ambro et al. in which they focussed on a particular loop 

that is found in the proteolytic domain and is in close proximity to the active site (Figure 7.3A, 

Figure 7.3 – Structure of the human LONP1 proteolytic domain. A = Structure of the human LONP1 

proteolytic domain, as published by García-Navría et al. 2010 (PDB structure 2X36). Visualised using 

PyMOL. White square = area of the glycine loop. B = The glycine loop, highlighting residues that were 

mutated by Ambro et al. 2014. Mutations are Gly893 (red), Gly894 (green), Trp770 (orange) and 

Thr880 (purple).  

A B 



138 
 

Ambro et al. 2014). By mutating residues on and interacting with this loop (Figure 7.3B), they 

discovered that this loop was also involved in a conformational change upon substrate 

binding. They also demonstrated that this loop only undergoes a conformational change when 

cleaving large peptides e.g. β-casein, but does not move when cleaving small, fluorogenic 

peptides, highlighting a structural flexibility for LONP1 when cleaving differently-sized 

substrates. 

Very few functional studies have been performed using patient mutations that have 

been identified in LONP1. Most reports regarding LONP1 mutations have focussed on the 

clinical phenotypes of the patients and the identification of the mutations via sequencing 

methodologies. Strauss et al. had performed protease assays using purified recombinant 

human LONP1 with p.Pro676Ser, p.Arg721Gly, p.Ser631Tyr or p.Ala724Val mutations, all of 

which were found in patients with CODAS syndrome. Using fluorogenic S3, a decapeptide 

reporter substrate that can be cleaved by LONP1, all four mutants demonstrated reduced 

peptidase activity when compared to wild-type recombinant human LONP1. In addition, 

recombinant LONP1 harbouring the p.Pro676Ser and p.Arg721Gly mutations were able to 

degrade steroidogenic acute regulatory protein (StAR), but were not able to degrade TFAM. 

Using Epstein-Barr virus-transformed B-lymphoblastoid cell lines generated from p.Arg721Gly 

homozygous CODAS patient cell lines, Strauss et al. confirmed that the cells showed abnormal 

mitochondrial ultrastructure that included swollen intercristal spaces and vesiculated cristae 

(Strauss et al. 2015). Lysates from these cells, when analysed by western blotting, were shown 

to have decreased steady state levels of COXII, but normal steady state levels of other subunits 

from all OXPHOS complexes.  

The LONP1 patient described in the previous chapter (Chapter 6) is unlike the patients 

presented in Strauss et al. not only for the different mutations present, but also the 

phenotypical presentation. As the WES pipeline identifies putative pathogenic mutations, it 

was important to confirm pathogenicity. When dealing with putative recessive mutations, the 

gold standard is to infect defective cell lines with the wild-type copy of the gene that is 

mutated in the patient and to confirm that the deficiency is rescued. Unfortunately, in this 

case it was not possible, as the primary fibroblast cell line did not express any defect, a 

common problem often associated with mitochondrial disease. Therefore, to confirm 

pathogenicity, it was necessary to examine these LONP1 mutations in vitro to determine their 
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effects on the multimerization and proteolytic activity of the enzyme. Further, these 

mutations may reveal additional information about the function of LONP1 when analysed.  

In this chapter, I investigated the activities of the two LONP1 mutations described in 

chapter 6 using in vitro functional studies. 
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7.2 Results 

7.2.1 Purification of recombinant LONP1 proteins 

Recombinant wild-type LONP1-His (WT), LONP1-Y565H-His (Y565H) and LONP1-E733K-His 

(E733K) that lacked the MTS (Δ1-114 amino acids residues, Strauss et al. 2015) were cloned 

into the pET20b+ vectors by Miss Monica Olsson (University of Gothenburg, Sweden) and E. 

coli cells were transformed with these constructs. Cells were induced with IPTG and the 

recombinant LONP1 proteins produced were purified using nickel affinity resin via the 6 x 

histidine tags on the C-terminal of the recombinant LONP1 proteins (Figure 7.4). Following 

elution with imidazole (a histidine analogue), fractions that contained the LONP1 protein 

(c.100kDa) were pooled together and further purified using heparin columns.  

Heparin is a large polyanion that bears similarity to nucleic acid polymers. Herparin 

columns are therefore traditionally used as a purification step for DNA or RNA binding 

proteins. The recombinant LONP1 proteins were eluted using increasing concentrations of salt 

(Figure 7.5, 2.5.14). All three recombinant proteins could be purified in this manner, with the 

recombinant wild-type and mutant LONP1 proteins predicted to be the same size of 100kDa. 

  

Figure 7.4 – Purifying recombinant LONP1-His proteins using nickel resin. A = wild-type LONP1-His 

(red arrow). Fractions 2-16 were pooled together. B = LONP1-Y565H-His (blue arrow). Fractions 3-

13 were pooled together. C = LONP1-E733K (green arrow). Fractions 4-16 were pooled together. 
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A final purification step was performed using a Q sepharose anionic exchange column to 

remove any further impurities from the samples (Figure 7.6, 2.5.15). After purification, some 

minor impurities still remained but the samples were sufficiently pure to perform further 

investigations using in vitro activity assays. 

 

 

  

Figure 7.5 – Purifying recombinant LONP1-His proteins using heparin sepharose. A = wild-type LONP1-
His (red arrow). Fractions B10-C5 were pooled together. B = LONP1-Y565H-His (blue arrow). 
Fractions B1-C5 were pooled together. C = LONP1-E733K (green arrow). Fractions B10-C5 were 
pooled together. 
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Figure 7.6 – Purifying recombinant LONP1-His proteins using Q sepharose. A = wild-type LONP1-His 
(red arrow). Fractions B5-B14 were pooled together. B = LONP1-Y565H-His (blue arrow). Fractions 
B5-B14 were pooled together. C = LONP1-E733K (green arrow). Fractions B5-B14 were pooled 
together. A trace generated by the Unicorn software indicating the eluted protein by an increase in 
absorbance units is shown for each sample. FT = flowthrough., MW = molecular weight marker. 
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7.2.2 Effects of LONP1 mutations on LONP1 hexamerisation 

Once the LONP1 proteins were purified, each was assessed for their ability to form 

hexamers. By using a gel filtration column and altering the salt conditions in the buffer, the 

LONP1 proteins would either favour a multimeric or monomeric confirmation, as determined 

by comparing to a gel filtration standard. In low salt, all three proteins appeared to adopt the 

hexameric form (Figure 7.7A). In high salt, most of the recombinant LONP1 proteins 

dissociated into the monomeric form, although a small fraction of hexamers could still be 

visualised in each sample (Figure 7.7B). This was confirmed using densitometry analysis 

Figure 7.7 – Recombinant LONP1 proteins can be separated out into monomers. Gel size exclusion 
chromatography was performed with 60µl dialysed, purified LONP1-WT, LONP1-Y565H or LONP1-
E733K protein. A = 50mM NaCl + 4mM ATP. B =1M NaCl -ATP. C = a standard curve. 
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(performed by Dr Bradley Peter, University of Gothenburg, Sweden) in which under high salt 

conditions, all 3 LONP1 proteins were predominantly monomers (Figure 7.8A). In low salt 

conditions, however, LONP1-WT and LONP1-E733K predominantly formed hexamers but 

LONP1-Y565H showed some defects in oligomerisation, as most LONP1-Y565H remained as 

monomers (Figure 7.8B). 

7.2.3 Effects of LONP1 mutations on ATP hydrolysis in vitro 

The mutations that were identified in the patient localised to the ATPase domain (Y565H) 

and the proteolytic domain (E733K) respectively. To determine the effect of the mutations on 

the ATP hydrolysis function of LONP1, purified recombinant wild-type and mutant LONP1 

proteins were incubated with or without ATP and analysed using the malachite green 

phosphate assay (2.7.1). This assay measured the levels of phosphate released from the 

hydrolysis of ATP to ADP and Pi. Both LONP1-Y565H and LONP1-E733K could hydrolyse ATP. 

LONP1-Y565H appeared to hydrolyse more ATP but this was not statistically significant when 

Figure 7.8 – LONP1 mutation affects the relative stability of LONP1 oligomerisation. Densitometry 
analysis was performed on LONP1-WT, LONP1-Y565H and LONP1 E733K. A – High salt (1M NaCl) 
buffer. B – Low salt (50mM NaCl) buffer. LONP1 proteins appear as monomers, and LONP1-Y565H 
displays monomeric and hexameric species. 

A B 
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compared to wild-type (p=0.5872) or LONP1-E733K (p=0.5409) (Figure 7.7) which had 

comparable rates of ATP hydrolysis (p=0.8699).  

A known substrate of LONP1 is TFAM and it has been suggested in E. coli Lon protease that 

the presence of a substrate may increase the rate of ATP hydrolysis compared to ATP alone 

(Wohlever et al. 2014). The malachite green phosphate assay was repeated in the presence 

and absence of TFAM, in addition to the presence and absence of ATP. Recombinant TFAM-

His (cloned into pET3A) was purified by Miss Monica Olsson (University of Gothenburg, 

Sweden, Shi et al. 2012) and stored at -20oC. The rates of ATP hydrolysis were unaffected by 

the addition of TFAM for each of the recombinant LONP1 proteins (Figure 7.10).  

Figure 7.9 – Mutant recombinant LONP1 can hydrolyse ATP. Purified LONP1 proteins (0-2µg) were 
prepared with or without ATP using the Malachite Green Phosphate Assay kit in 100µl reactions. A 
standard curve of 0-40µM phosphate concentration was also prepared, and the samples were 
analysed on the Tecan Infinite M200 at 630nm using Magellan 6 software. Standard error bars are 
from 3 technical repeats. Table represents no. of pmol of ATP hydrolysed per µg of LONP1 per min. 
Baseline rates were calculated using –ATP reactions respectively. 
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Figure 7.10 – Presence of TFAM does not affect rates of ATP hydrolysis in vitro. Purified LONP1 
proteins (0-2µg) were prepared with or without ATP, with or without TFAM, using the Malachite 
Green Phosphate Assay kit in 100µl reactions. A standard curve of 0-40µM phosphate concentration 
was also prepared, and the samples were analysed on the Tecan Infinite M200 at 630nm using 
Magellan 6 software. Tables show no. of pmol of ATP hydrolysed per µg of LONP1 per minute. 
Standard error bars are representative of two repeats. Baseline rates were calculated using +/- TFAM 
-ATP respectively. 
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7.2.4 Mutant recombinant proteins cannot degrade TFAM in vitro 

LONP1-WT, LONP1-Y565H and LONP1-E733K proteins were incubated with TFAM (2.7.2) 

to determine whether the mutations individually affected the proteolytic function of LONP1. 

As LONP1 is an ATP-dependent protease, the experiment was performed both with and 

without 1mM ATP as a control, in the presence and absence of TFAM. A time course was used 

to track the degradation of TFAM from 0 – 75mins. LONP1-WT and LONP1-E733K degraded 

TFAM in the presence of ATP, consistent with its role as an ATP-dependent protease, whereas 

LONP1-Y565H could not degrade TFAM at all, even after 75mins (Figure 7.11). 

  

Figure 7.11 – LONP1-Y565H is unable to degrade TFAM in vitro. TFAM degradation assay was 
performed with each protein at the same time. A = LONP1-WT +/- ATP. B = LONP1-Y565H and 
LONP1-E733K + ATP. C = LONP1-Y565H and LONP1-E733K –ATP. D = Quantification of the levels of 
TFAM remaining based on the gel images. Band intensities were measured using ImageLab, and 
were normalized to band intensities at 0mins. Standard error bars are representative of 3 technical 
repeats. 



148 
 

In order to mimic the protein that is seen in the patient, a mixed LONP1 hexamer of both 

LONP1-E733K and LONP1-Y565H was produced. To facilitate the production of mixed 

hexamers, the individual homomeric hexamers were broken down to their monomers by 

increasing NaCl concentrations to 1M, equimolar amounts of the relevant monomers mixed, 

and then the salt gradually removed by dialysis. The mixed recombinant LONP1 hexamers 

were then subjected to the protease assay with TFAM as the substrate. When combined with 

LONP1-WT, either the LONP1-Y565H or LONP1-E733K mixed hexamers could degrade TFAM 

after 75mins (Figure 7.12A). When the two mutant proteins were mixed, there was a slight 

degradation of TFAM after 75mins, but the majority remained undegraded (Figure 7.12B). 

When compared to the homogeneous hexamers, LONP1-Y565H showed the least amount of 

proteolytic function in vitro, followed by LONP1-Y565H/E733K. Interestingly, LONP1-

WT/E733K was less effective at degrading TFAM than LONP1-WT, suggesting that LONP1-

E733K may be affecting the function of LONP1 albeit slightly.  

Figure 7.12 – Mixed mutant recombinant LONP1 hexamers cannot degrade TFAM. TFAM degradation 
assay was performed with mixed LONP1 hexamers, with ATP. A – LONP1-WT and LONP1-Y565H were 
mixed. B – LONP1-Y565H and LONP1-E733K were mixed. C – Quantification of the levels of TFAM 
remaining based on the gel images. Band intensities were measured using ImageLab, and were 
normalised to band intensities at 0mins. Data from Figure 7.11 is also included, and represents the 
average of 3 technological repeats. D – The rate of TFAM degraded per 1µg LONP1 protein per 
minute (initial first order rates were used). 
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These experiments determined that TFAM can be degraded in vitro, but not whether the 

recombinant LONP1 proteins bound to TFAM. Microscale thermophoresis utilises 

fluorescently-labelled TFAM to analyse protein interactions. A temperature gradient is used 

and the strength of the interaction between the LONP1 proteins and TFAM can be determined 

by analysing the changes in thermophoretic movement of unbound TFAM compared to bound 

TFAM along a capillary. As shown in Figure 7.13, in buffer alone without ATP, both LONP1-WT 

(KD = 1.4µM) and LONP1-E733K (KD = 1.5µM) were able to bind TFAM with similar affinities 

Figure 7.13 – LONP1-Y565H is unable to bind to TFAM. Microscale thermophoresis was kindly 
performed by Dr Bradley Peter (University of Gothenburg, Sweden). LONP1-WT, LONP1-Y565H and 
LONP1-E733K were analysed in the presence of TFAM in buffer alone (A), with added ATP (B) and 
with added ATP-γS (C). 

A B C 
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whereas no binding was detectable for LONP1-Y565H, indicated by the lack of consistent 

change in absorbance units as the concentration of TFAM was increased (Figure 7.13A). When 

MST was performed with ATP, there was no TFAM bound to any of the LONP1 proteins, 

because TFAM was degraded in the presence of ATP in both the LONP1-WT and LONP1-E733K 

samples and LONP1-Y565H could not bind TFAM (Figure 7.13B). In the presence of a non-

hydrolysable analog of ATP, ATP-γS, TFAM still bound with similar affinities to LONP1-WT and 

LONP1-E733K, but no binding was measurable for LONP1-Y565H (Figure 7.13C). In order to 

mimic the LONP1 proteins present in the parental samples, heterogeneous hexamers were 

used. Mixing of LONP1-Y565H and LONP1-WT resulted in a weaker binding affinity for TFAM 

(Figure 7.14). I did not determine the population spread of the various permutations for the 

mixed hexamer, and it could even have been possible that no mixed hexamers were formed, 

with all hexamers being essentially monomers. However, irrespective this situation would 

model the LONP1 in the matrix of one of the unaffected parents of the patient. The second 

parent would have a mix of LONP1-WT and LONP1-E733K, which resulted in a similar affinity 

Y565H/E733K 

A B 

C 

Figure 7.14 – Mixed mutant recombinant LONP1 hexamers are unable to bind TFAM. Microscale 
thermophoresis was kindly performed by Dr Bradley Peter (University of Gothenburg, Sweden). 
Mixed LONP1 hexamers were incubated with ATP-γS. A – LONP1-WT/Y565H. B – LONP1-WT/E733K. 
C – LONP1-Y565H/E733K. 
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to either homohexamer (KD = 2.2µM). Intriguingly, binding of TFAM to the equimolar mixture 

of the two mutant forms of LONP1 was undetectable. This result is consistent with the 

recessive but profound clinical presentation of the child who expressed the two mutant 

alleles. Together, they were unable to bind the substrate, consistent with the very low 

protease activity measured in the mixture of the two mutant alleles. 

  



152 
 

7.3 Discussion 

In this chapter, I have reported the expression and purification of His-tagged wild-type 

LONP1-WT (wild-type), LONP1-Y565H and LONP1-E733K in order to investigate the 

pathogenicity of the two mutations that were identified in the patient described in Chapter 6.  

Individually, all three proteins could hydrolyse ATP in vitro. For LONP1-Y565H, this was 

unexpected since this mutation localised to the ATPase domain and was considered to be 

pathogenic by PolyPhen-2 (Chapter 6). The presence of a substrate, TFAM, did not alter the 

ability of the LONP1 proteins to hydrolyse ATP, although only LONP1-WT and LONP1-E733K 

could bind and subsequently degrade TFAM, suggesting that the Y565H mutation is associated 

with a severe substrate binding defect. One caveat, however, is that although the rates were 

consistent between the LONP1 proteins, the amount of free phosphate should have doubled 

with double the amount of LONP1 protein, and should show a linear relationship. One likely 

explanation is that 0.5µg and 1µg LONP1 protein hydrolysed too little ATP for the assay, and 

is therefore representative of the background hydrolysis in the assay. Ideally, the ATP 

hydrolysis assays would need to be repeated using 4µg and 8µg LONP1 proteins, but 

undortunately due to time restraints this was not possible. The rates of ATP hydrolysis 

reported here were the average amounts of ATP hydrolysed for 0.5, 1 and 2µg LONP1 

respectively.  

The LONP1-E733K mutant appeared to behave in a similar manner to LONP1-WT, 

although the mixed hexamer LONP1-WT/E733K was less efficient at degrading TFAM than 

LONP1-WT, indicating that this mutation may interfere with the structure of LONP1, despite 

being located at the periphery of the LONP1 hexamer (Chapter 6).  

Gel filtration analysis indicated that hexamers could only be detected in the presence of 

ATP and in a low salt buffer, and that the hexamer formation was not particularly stable, since 

monomers were also present under these conditions. All three recombinant proteins however 

could form hexamers, indicating that the mutations did not affect hexamer formation 

however LONP1-Y565H was less efficient, as determined by densitometry analysis. By using 

high salt conditions without ATP, each protein could be forced into monomers and allow for 

the formation of mixed hexamers upon dialysis and the addition of ATP into the buffer. Even 

though LONP1-Y565H was unable to degrade TFAM alone, when combined with LONP1-WT 
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the mixed hexamers could degrade TFAM albeit at a slower rate than LONP1-WT alone. If 

mixed hexamers do form, then the Y565H mutation alone reduces the efficiency of either 

substrate binding or substrate degradation in a mixed hexamer. The microscale 

thermophoresis indicated that LONP1-Y565H alone was unable to bind to the substrate, even 

in the presence of non-hydrolysable ATP, ATP-γS, but LONP1-WT/Y565H could (Figure 7.13). 

In both cases, there is a possibility that only LONP1-WT hexamers are degrading the TFAM. 

The Y565H mutation could interfere with the binding pocket of the LONP1 hexamer, since the 

mutation is located on the inner ring of LONP1, or effect the second conformational change 

that LONP1 adopts once ATP has been hydrolysed. However, under these conditions it cannot 

be ruled out that only LONP1-WT hexamers have formed, and since there is half as much 

LONP1-WT in the sample the rate of TFAM binding, as shown by microscale thermophoresis, 

and the rate of TFAM degradation will therefore be slower as shown by the TFAM proteolysis 

assay.  

The Y565H mutation is located in a conserved aromatic-hydrophobic (Ar-φ) motif which 

is an axial pore loop (Kereïche et al. 2016), that is highly conserved amongst hexameric ATP-

dependent proteases e.g. ClpX (Bar-Nun and Glickman, 2012; Martin et al. 2016). This loop is 

located within the ATPase domain and acts as a gateway into the catalytic site of the protease 

domain. The loop extends from all 6 monomers into the central chamber and upon ATP 

hydrolysis, a structural conformation occurs in which the loop moves, “opening” the gate and 

allowing the peptide to enter (Kereïche et al. 2016). In LONP1, the sequence for this motif is 

‘RTYVG’ whereas in ClpX, the sequence is ‘GYVG’, but in both cases the tyrosine residue 

however is deemed to be vital for the function of each protease. When a Y153A mutation was 

introduced into the motif in ClpX, ClpX was unable to degrade the substrate, even though the 

mutant still maintained ATP hydrolysis activity. Interestingly, ATP hydrolysis activity increased 

from 10-fold to 40-fold (Siddiqui et al. 2004). In LONP1-Y565H, there was a slight increase in 

ATP hydrolysis, although it was not statistically significant, as well as a loss of TFAM 

degradation which closely mimics the Y153A mutant studied by Siddiqui et al. in ClpX. From 

the microscale thermophoresis data (Figure 7.12), the LONP1-Y565H mutant could not bind 

TFAM in the presence of non-hydrolysable ATP or ATP, suggesting that the ‘gate’ to the 

proteolytic domain remained closed throughout. For the mixed mutant of LONP1-

Y565H/E733K, the gate still remains closed and TFAM is unable to bind to LONP1. However, it 
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is unclear as to whether this is because hexamers have not formed with the mixed monomers, 

or that the heterogeneous hexamers have formed but are inactive.  

The LONP1-WT/E733K and LONP1-WT/Y565H are representative of the proteins found 

in each parent. Both proteins could hydrolyse ATP and degrade TFAM, albeit less efficiently 

than LONP1-WT. This is consistent since neither parent were affected with mitochondrial 

disease. The patient harbours both mutations and I have demonstrated that the mixed 

hexamer cannot degrade TFAM. Unfortunately, there was insufficient time to determine if the 

mixed hexamer also hydrolysed ATP. In addition, it was not possible to determine with the 

whether the reconstituted hexamers were truely heterogeneous hexamers or homogeneous. 

There was also insuffiecient time to test the hexamer reconstitution on homogeneous LONP1-

WT and LONP1-E733K proteins. Thus, the results could be due to reduced levels of LONP1-WT 

alone, rather than a true effect of mixed hexamers 

If TFAM cannot be degraded, then one would hypothesise that TFAM levels would 

increase, but an increase in TFAM has not been associated with mtDNA depletion, as has been 

observed in skeletal muscle of the proband, but leads to an increase in mtDNA copy number 

(Ikeda et al. 2015). LONP1 may yet have an unidentified role in mitochondrial gene expression 

which results in the effects observed in the skeletal muscle of the proband, but further 

research would still be required. 
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CHAPTER 8: FINAL CONCLUSIONS 

 The work presented in this thesis has focused on the characterisation of two proteins, 

AURKAIP1 and LONP1, which are involved in ribosome assembly, proteolysis and pathogenesis 

within human mitochondria. I initially focussed on human AURKAIP1 (mS38), a newly-

identified component of the mt-SSU of the mitoribosome. During my project, data generated 

through my investigations into AURKAIP1 led into work on LONP1, a mitochondrial matrix 

protease. The data obtained about the two proteins are summarised below. 

8.1 AURKAIP1 

I generated two HEK293T cell lines that could overexpress AURKAIP1 either with or 

without a C-terminal FLAG-tag. In both cell lines, induction with tetracycline resulted in 

disruption to the mitoribosome. Even after 3 days’ induction, steady state levels of 

mitoribosomal proteins were dramatically decreased, notably those of the mt-LSU. Induction 

of AURKAIP1 that lacked the C-terminal FLAG had less of an effect. In both cell lines, 12S rRNA 

and 16S rRNA were also decreased. Steady state levels of the mtDNA-encoded protein COXII 

were also reduced, indicating that AURKAIP1 overexpression resulted in a defect in 

mitochondrial translation. However, depletion of AURKAIP1 using siRNA did not affect the 

steady state levels of mitoribosomal proteins, but caused severe cell growth defects and cell 

death in U2OS, HEK293T and HeLa cell lines.  

These data suggest that levels of AURKAIP1 are tightly controlled within the cell, since 

too much or too little AURKAIP1 is detrimental to mitochondrial translation and to cell growth 

respectively. It is uncertain as to whether the cell growth defects observed upon AURKAIP1 

depletion are a direct cause of the reduction in AURKAIP1, or a secondary effect. However, 

the severeity and rapidness of onset suggests that AURKAIP1 does have an important function 

in the cell cycle. The cell growth defect could potentially be linked to the observation that 

AURKAIP1 is a regulator of Aurora-A kinase. Despite localising to the mitochondria, there are 

proteins with dual subcellular localisation for example DDX28, a mitoribosomal assembly 

factor that localises both to the mitochondria and to the nucleolus (Valgardsdottir et al. 2001). 

Indeed, many mitoribosomal proteins have been associated with apoptosis for e.g. mL41, 

mS29, mS40, mL37 (Yoo et al. 2015, Carim et al. 1999, Chintharlapalli et al. 2005, Levshenkova 
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et al. 2004) either suggesting that the mitoribosome and mitochondrial translation are 

themselves involved in apoptosis, or that these mitoribosomal proteins do have dual 

functionality (Kim et al. 2017).  The cell growth defect observed when depleting AURKAIP1 is 

unlikely to be as a result of the function of the mitoribosome in apoptosis, since depletion of 

other mitoribosomal proteins does not induce rapid cell death for e.g. mL45 (Mai, 2016). It is 

more likely that AURKAIP1 possesses a function within the nucleus. If this is the case, then 

based on the work by Fumoto et al., depletion of AURKAIP1 could lead to an increase in 

Aurora-A kinase activity since they suggested that AURKAIP1 negatively-regulated Aurora-A. 

The work produced by Katayama et al. would, however, suggest a decrease in activity since 

AURKAIP1 was suggested to promote the stability of Aurora-A. Since the cells undergo 

autophagy when AURKAIP1 is depleted, the more likely function would be to stabilise Aurora-

A kinase. Currently, this function remains elusive. 

Overexpressed AURKAIP1-FLAG resulted in the depletion of steady state levels of the 

mitoribosomal proteins. This is most likely due to lack of mitoribosome biogenesis and 

subsequent degradation of the MRPs which in turn would impair mitochondrial translation 

and lead to degradation of the 16S and 12S rRNA since they would no longer be protected by 

the MRPs. Additionally, as identified by the CLIP assay, AURKAIP1-FLAG was able to bind 

regions of 12S rRNA, 16S rRNA and mt-tRNAVal. The highest hits were located at regions of 

RNA that were at the interface between the mt-LSU and mt-SSU, agreeing with the location 

of AURKAIP1 that has been suggested in the cryo-EM structures of the mitoribosomes. In 

addition, AURKAIP1 and AURKAIP1-FLAG overexpression resulted in mt-tRNAVal dissociating 

from the mitoribosome with mt-tRNAPhe taking its place. One potential hypothesis for these 

data is that AURKAIP1 is an RNA chaperone for mt-tRNAVal. AURKAIP1 contains the DUF1713 

domain which is also seen in the yeast protein Cox24 and is thought to be a homolog of 

AURKAIP1. Cox24, however, is used in the splicing of COXI transcripts, which is not required in 

humans since there are no introns in the mitochondrially-encoded genes. However, AURKAIP1 

could be involved in stabilising mt-tRNAVal once it is cleaved off from the rRNA species, as 

demonstrated in the tRNA punctuation model. During overexpression of AURKAIP1, mt-

tRNAVal is sequestered in the mitochondrial matrix, which in turn prevents mitoribosome 

assembly. Since mt-tRNAPhe can replace mt-tRNAVal (Rorbach and Gao et al. 2016), and mt-
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tRNAPhe is present in the porcine mitoribosome (Greber et al. 2015), there must be an 

additional explanation as to why the mitoribosome disassembles so quickly.  

A second potential hypothesis is that AURKAIP1 is a mitoribosomal assembly factor. The 

cryo-EM structures only represent a small proportion of the mitoribosome conformations and 

AURKAIP1 may be present in the cryo-EM structure because this is the most stable 

conformation during experimental preparations. Since the cryo-EM structures place 

AURKAIP1 surrounded by rRNA with only one potential protein interaction with mS15 at the 

3’ terminus of AURKAIP1, it is likely that AURKAIP1 associates with the mitoribosome via its 

RNA binding domain. Therefore, AURKAIP1 may assemble with the mt-SSU during late 

assembly via 12S rRNA, or may associate with the mt-LSU via the 16S rRNA. ERAL1 is thought 

to stabilise 12S rRNA (Dennerlein et al. 2010) but as yet, no RNA-binding protein has been 

identified to stabilise the 16S rRNA.  

Both overexpressed AURKAIP1 and AURKAIP1-FLAG were recognised by our custom anti-

AURKAIP1 antibody as a 15kDa species, even though the full-length species is predicted to be 

c.25kDa. The 15kDa species did not associate with the mt-SSU, mt-LSU or monosome when 

mitochondrial lysate was separated out through a sucrose gradient, yet LC-MS of purified 

mitoribosome using overexpressed mS27-FLAG could identify AURKAIP1 in the eluate. The size 

of AURKAIP1 within the mitochondria remains a mystery. Even though overexpressed 

AURKAIP1 and AURKAIP1-FLAG are detected as a 15kDa species, I determined that LONP1 was 

degrading both proteins from a 25kDa species to a 15kDa species by two cleavage events. 

However, via western blot it was not possible to determine if LONP1 was also involved in 

cleaving the endogenous species. One possibility is that the overexpressed AURKAIP1-FLAG is 

present in such great amounts that only these species can be detected, or alternatively the 

endogenous species is translated in such low amounts that it could not be visualised, 

regardless of LONP1 depletion. The anti-AURKAIP1 antibody may not recognise the cleaved 

species if the epitopes only localise to the N-terminus of AURKAIP1. Within the cryo-EM 

structures, AURKAIP1 has been detected as a 9kDa protein although this is yet to be confirmed 

by any other method. At the interface, there does not appear to be sufficient space for a 15kDa 

protein to fit so it is likely that AURKAIP1 is cleaved.  
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8.2 LONP1 

During my studies, LONP1 was found to cleave overexpressed AURKAIP1-FLAG. To 

further characterise LONP1, I investigated samples from a paediatric patient who presented 

with severe mitochondrial disease, Through WES, two novel compound heterozygous 

mutations, p.Tyr565His; p.Glu733Lys, in LONP1 were identified which I confirmed 

demonstrated autosomal recessive inheritance. The patient did not present with typical 

CODAS syndrome although the phenotype was characteristic of a severe mitochondrial 

disorder, notably with depletion of mtDNA. Skeletal muscle showed biochemical defects in 

OXPHOS activity, which was reflected in the severe decrease in steady state levels of subunits 

from complexes I, III and IV using western blotting.  Interestingly, steady state levels of LONP1 

were albeit slightly increased and yet levels of TFAM were reduced. The patient fibroblasts did 

not exhibit a mitochondrial disease phenotype, which is a known phenomenon in some 

fibroblast cell lines (Rodenburg, 2011). Since it was not possible to confirm pathogenesis by 

rescuing the phenotype in the patient cell line, in vitro functional studies were performed. 

Mature LONP1 proteins lacking the N-terminal MTS were expressed with a C-terminal His-tag 

and purified. 

The p.Tyr565His mutation localised to a highly conserved residue in pore loop 1, 

containing a dipeptide aromatic-hydrophobic motif that is seen in many AAA+ proteases (Bar-

Nun, 2012). This motif was shown to be vital for the movement of the substrate into the 

proteolytic domain, as well as undergoing conformational changes following ATP hydrolysis. 

My data demonstrated that recombinant LONP1-Y565H could hydrolyse ATP, but was unable 

to bind or to degrade TFAM, confirming the role of this residue in the movement of the 

substrate for subsequent proteolysis. The presence of TFAM did not alter the rate of ATP 

hydrolysis in vitro, suggesting that ATP is initially hydrolysed but the subsequent 

conformational change cannot occur in order to degrade TFAM.  

The Glu733Lys mutation is in a less conserved residue located at the periphery of the 

LONP1 hexamer, and was predicted to be a non-pathogenic mutation. Indeed, LONP1-E733K 

behaved in a similar manner to LONP1-WT. However, when combined with the LONP1-WT 

protein to form a mixed hexamer, LONP1-WT/E733K was less efficient at degrading TFAM than 
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either LONP1-WT or LONP1-E733K alone, suggesting that the mutation does cause a structural 

change that does affect proteolysis efficiency.  

The LONP1-Y565H/E733K mixed hexamer that mimicked the protein that would form 

within the proband was unable to bind and to degrade TFAM. The E733K mutation may allow 

for the formation of LONP1 hexamers with monomers carrying the Y565H mutation, since 

LONP1-WT/Y565H could bind and degrade TFAM in vitro, with the most likely explanation 

being that only LONP1-WT hexamers had formed in this sample. 

In vitro studies have confirmed that the Y565H mutation is inactive in degrading TFAM 

on its own and when combined with the E733K mutation. The mutation affects the ability of 

LONP1 to degrade substrates, although ATP can still be hydrolysed. It is likely that there are 

other substrates of LONP1 that are yet to be identified that contribute to the disease 

phenotype observed in the proband. The decrease in the steady state levels of the OXPHOS 

complexes and the decrease in respiratory chain activity is consistent with the depletion of 

mtDNA. The levels of TFAM and mtDNA are related, since TFAM is degraded by LONP1 when 

not associated with mtDNA, and mtDNA is degraded when not associated with TFAM as it is 

left exposed.  One of the functions of LONP1 is thought to be in maintaining the optimum 

mtDNA:TFAM ratio through degradation of TFAM (Matsushima et al. 2010). However, it is 

unclear how mutations in LONP1 this would lead to mtDNA depletion. In Drosophila Schneider 

cells, inducing mtDNA depletion in a Lon knockdown cell line did not result in the degradation 

of TFAM (Matsushima et al. 2010).  It is likely that there are many unknown substrates of 

LONP1 involved in currently unidentified pathways that could lead to mtDNA depletion, which 

would produce the phenotype seen in the proband. 
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APPENDICES 

Appendix A: Vector Maps 

A - Vector pcDNA5/FRT/TO™ was used for the cloning of AURKAIP1, AURKAIP1-FLAG and 

LONP1 exons 10-15. B - pET-20b+ was used for the cloning of LONP1-WT-His, LONP1-Y565H-

His and LONP1-E733K-His, by Miss Monica Olsson. C - pGEM-4 was used for the cloning of SU9-

DHFR, from Professor Roland Lill. 
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Appendix B: siRNA Duplexes 

 

  

siRNA Sense/antisense Sequence (5’-3’, with 3’-dTdT overhangs) 
Stock 

conc’n 

Final 

conc’n 

Hs_AFG3L2_1 

(AFG3L2 siRNA) 

Sense GGC-ACC-AAU-CGA-CCA-GAU-A 
20µm 33nM 

Antisense UUU-CUG-GUC-GAU-UGG-UGC-CGG 

Hs_CLPP_1 

(CLPP siRNA) 

Sense CGA-UGC-AGU-ACA-UCC-UCA-A 
20µm 33nM 

Antisense UUG-AGG-AUG-UAC-UGC-AUC-GTG 

Hs_CLPX_3 

(CLPX siRNA) 

Sense GAU-UGG-CAC-UAG-AAC-GAA-A 
20µm 33nM 

Antisense UUU-CGU-UCU-AGU-GCC-AAU-CTG 

Hs_PRSS15_1 

(LONP1 siRNA) 

Sense CGC-GCU-UUA-UCA-AGA-UUA-U 
20µm 33nM 

Antisense AUA-AUC-UUG-AUA-AAG-CGC-GGG 

AUR1_siRNA1 Sense GAU-GAA-CCA-CCA-CAA-GUA-C 
20µm 33nM 

Antisense GUA-CUU-GUG-GUG-GUU-CAU-C 

AUR1_siRNA2 Sense GUA-CCG-GAA-GCU-GGU-GAA-G 
20µm 33nM 

Antisense CUU-CAC-CAG-CUU-CCG-GUA-C 

Non-Targeting Sense+antisense OR-0030-NEG05 (Eurogentec) 20µm 33nM 
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Appendix C: PCR Primers 

Red lettering – nucleotides that were changed in the DNA template to change leucine to 
methionine. Bold lettering – binds to the reference sequence. 

 

 

  

Primer 
For/

Rev 
Sequence (5’-3’) Tm 

Ref. Seq Nts 

AURKForSP6 For 
ATT-TAG-GTG-ACA-CTA-TAG-ACC-ACA-GAC-

CAT-GCT-CCT-G 
58oC 

NM_017

900.2 

320-

328 

SP6TransSyn For 
ATT-TAG-GTG-ACA-CTA-TAG-ACC-ACA-GAC-

CAT-GGT-TCT-GG 
56oC 

NM_017

900.2 

320-

329 

AURKRev Rev 
ATA-CTA-CTC-GAG-CGG-ATC-ACA-GCA-GCA-

ACG 
58oC 

NM_017

900.2 

959-

942 

AURKRevFLAG Rev 

ATA-CTA-CTC-GAG-CTA-CTT-ATC-GTC-GTC-

ATC-CTT-GTA-ATC-GCC-CGC-AGG-TAG-ATC-

TTG-G 

58oC 

NM_017

900.2 

921-

893 

MtVal_For For CAG-AGT-GTA-GCT-TAA-CAC-AAA-G 52oC 
NC_012

920 

1602-

1623 

MtVal_Rev Rev CAC-TTA-GGA-GAT-TTC-AAC-TTA-A 52oC 
NC_012

920 

1656-

1635 

MtPhe_Ex_F For ACC-GCT-GCT-AAC-CCC-ATA 52oC 
NC_012

920 

523- 

540 

MtPhe_Ex_R Rev GCT-AAT-AGA-AAG-GCT-AGG-A 52oC 
NC_012

920 

677-

659 

MtLeu1_For For TAT-ACC-CAC-ACC-CAC-CCA-AG 52oC 
NC_012

920 

3200-

3219 

MtLeu1_Rev Rev GCG-ATT-AGA-ATG-GGT-ACA-AT 52oC 
NC_012

920 

3353-

3334 

LON_ex10_F For 
TAC-TAT-AAG-CTT-CTG-AAC-CGA-GAG-TAC-

TTC-C 
58oC 

NM_004

793.3 

1744-

1762 

LON_ex15_R Rev 
ATA-CTA-CTC-GAG-AAG-TCC-TCC-TGC-AGG-

TTC-TCG 
58oC 

NM_004

793.3 

2343-

2360 
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Appendix D: qPCR Primers 

qPCR Primer For/Rev Gene Sequence (5’-3’) Tm 

18S_qPCR_For For 18S rRNA GTA-ACC-CGT-TGA-ACC-CCA-TT 59oC 

18S_qPCR_Rev Rev 18S rRNA CCA-TCC-AAT-CGG-TAG-TAG-CG 59oC 

hRNaseMRP_For For RMRP CGT-GCT-GAA-GGC-CTG-TAT-CC 62oC 

hRNaseMRP_Rev Rev RMRP ACT-TTC-CCC-TAG-GCG-GAA-AG 56oC 

APP_qPCR_For For APP TTT-TTG-TGT-GCT-CTC-CCA-GGT-CT 64oC 

APP_qPCR_Rev Rev APP TGG-TCA-CTG-GTT-GGT-TGG-C 58oC 

AUR1_qPCR_For For AURKAIP1 GCT-GCT-TCC-TGC-CCA-GAC 58oC 

AUR1_qPCR_Rev Rev AURKAIP1 CGC-CTT-CAT-CCC-CCT-GCT 58oC 

16S_qPCR_For For MTRNR2 CCA-ATT-AAG-AAA-GCG-TTC-AAG 58oC 

16S_qPCR_Rev Rev MTRNR2 CAT-GCC-TGT-GTT-GGG-TTG-ACA 64oC 

12S_qPCR_For For MTRNR1 ACA-CTA-CGA-GCC-ACA-G 50oC 

12S_qPCR_Rev Rev MTRNR1 ACC-TTG-ACC-TAA-CGT-CT 50oC 

Val16SFor For MT-TV, MTRNR2 CAA-CTT-AAC-TTG-ACC-GCT-C 56oC 

Val16SRev Rev MT-TV, MTRNR2 AGG-TTT-CAA-TTT-CTA-TCG-CC 56oC 

MTCOII_qPCR_For For MT-COII CGT-CTG-AAC-TAT-CCT-GCC-CG 64oC 

MTCOII_qPCR_Rev Rev MT-COII TGG-TAA-GGG-AGG-GAT-CGT-TG 62oC 

 

Appendix E: Primers used for Sanger Sequencing 

 

 

 

Appendix F: Oligonucleotide Sequences for EMSA 

Sequencing Primer For/Rev Sequence (5’-3’) Tm 

CMV Forward For CGC-AAA-TGG-GCG-GTA-GGC-GTG 50oC 

BGH Reverse Rev TAG-AAG-GCA-CAG-TCG-AGG 50oC 

Oligonucleotide 
Location on mtDNA 

(NC_012920) 
Sequence (5’-3’) 

Oligo 262 m.12021-12100 
ACC-ACA-TTA-ACA-ACA-TAA-AAC-CCT-CAT-TCA-CAC-
GAG-AAA-ACA-CCC-TCA-TGT-TCA-TAC-ACC-TAT-CCC-
CCA-TTC-TCC-TCC-TA 

Oligo 263 m.12100-12021 
TAG-GAG-GAG-AAT-GGG-GGA-TAG-GTG-TAT-GAA-
CAT-GAG-GGT-GTT-TTC-TCG-TGT-GAA-TGA-GGG-TTT-
TAT-GTT-GTT-AAT-GTG-GT 

HSP_sense m.500-550 
CCC-ATC-CTA-CCC-AGC-ACA-CAC-ACA-CCG-CTG-CTA-
ACC-CCA-TAC-CCC-GAA-CC 

HSP_antisense m.550-500 
GGT-TCG-GGG-TAT-GGG-GTT-AGC-AGC-GGT-GTG-TGT-
GTG-CTG-GGT-AGG-ATG-GG 

LSP_sense m.400-450 
TTA-TCT-TTT-GGC-GGT-ATG-CAC-TTT-TAA-CAG-TCA-
CCC-CCC-AAC-TAA-CAC-AT 

LSP_antisense m.450-400 
ATG-TGT-TAG-TTG-GGG-GGT-GAC-TGT-TAA-AAG-TGC-
ATA-CCG-GGA-AAA-GAT-AA 
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Appendix G: Restriction Enzymes 

Restriction Enzyme Recognition Sequence Temperature Digestion Time Manufacturer 

HindIII A^AGCTT 37oC 3hrs Promega 

XhoI C^TCGAG 37oC 3hrs Roche 

PvuII CAG^CTG 37oC 5hrs Promega 

BglII A^GATCT 37oC 1.5hrs NEB 

EcoRI-HF G^AATTC 37oC 1hr NEB 
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Appendix H: Sanger Sequencing of HEK-AURKAIP1 clones 1 and 2 

HEK-AURKAIP1 clone 1 

AURKAIP1 sequenced is indicated by […] below. 

 

HEK-AURKAIP1 clone 2 

  

[ 

] 
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HEK-AURKAIP1 clone 2 

AURKAIP1 sequenced is indicated by […] below. 

  

[ 

] 
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Appendix I: Sanger Sequencing of LONP1 exons 10-15 in patient 

Clones containing the p.Tyr565His (c.1693T>C) mutation only 

 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl1_Forward 

LONP1_cl1_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl7_Forward 

LONP1_cl7_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl8_Forward 

LONP1_cl8_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl9_Forward 

LONP1_cl9_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 
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G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl10_Forward 

LONP1_cl10_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl12_Forward 

LONP1_cl12_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl15_Forward 

LONP1_cl15_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl18_Forward 

LONP1_cl18_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 
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G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl18_Forward 

LONP1_cl18_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     C     G      G 

LONP1_cl26_Forward 

LONP1_cl26_Reverse 

c.1693T>C (p.Tyr565His) is present 

WT 

1685 1698 

2208 2195 
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Clones containing the p.Glu733Lys (c.2197G>A) mutation only 

    

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

LONP1_cl3_Forward 

LONP1_cl3_Reverse 

WT 

c.2197G>A 
(p.Glu733Lys) is present 

1685 1698 

2208 2195 

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

LONP1_cl5_Forward 

LONP1_cl5_Reverse 

WT 

c.2197G>A 
(p.Glu733Lys) is present 

1685 1698 

2208 2195 

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

LONP1_cl11_Forward 

LONP1_cl11_Reverse 

WT 

c.2197G>A 
(p.Glu733Lys) is present 

1685 1698 

2208 2195 

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

LONP1_cl21_Forward 

LONP1_cl21_Reverse 

WT 

c.2197G>A 
(p.Glu733Lys) is present 

1685 1698 

2208 2195 
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G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

LONP1_cl22_Forward 

LONP1_cl22_Reverse 

WT 

c.2197G>A 
(p.Glu733Lys) is present 

1685 1698 

2208 2195 

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

LONP1_cl36_Forward 

LONP1_cl36_Reverse 

WT 

c.2197G>A 
(p.Glu733Lys) is present 

1685 1698 

2208 2195 

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     T     G       G 

LONP1_cl37_Forward 

LONP1_cl37_Reverse 

WT 

c.2197G>A 
(p.Glu733Lys) is present 

1685 1698 

2208 2195 

C     A      C    G      T     A    G    G     T    C     C     G     C     C 

C      T     C      C   A    C    G      G      A    C      T     T     G      G 

LONP1_cl16_Reverse 

LONP1_cl16_Reverse 

WT 

1698 1685 

2208 2195 

c.2197G>A (p.Glu733Lys) 
is present 
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Due to the use of 40 cycles for PCR of LONP1 exons 10-15, PCR jumping may have occurred 

which resulted in one wild-type clone, and one double mutant clone. Unfortunately, there was 

not enough time for me to repeat the cloning, but this is currently ongoing in the lab. 

Clone containing the p.Tyr565His (c.1693T>C) and p.Glu733Lys (c.2197G>A)   

 

Clone containing no mutations 

   

 

  

G     G      C    G      G     A    C    C     C    A     C     G     T     G 

C      T     C      C   A    C    G      G      A    C      T     T     G      G 

LONP1_cl42_Forward 

LONP1_cl42_Reverse 

c.1693T>C (p.Tyr565His) is present 

1685 1698 

2208 2195 

c.2197G>A (p.Glu733Lys) is present 

G     G      C    G      G     A    C     C      T    A     C     G      T    G 

C     T      C      C   A    C     G      G      A    C      T     C     G       G 

LONP1_cl17_Forward 

LONP1_cl17_Reverse 

WT 

WT 

1685 1698 

2208 2195 
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Appendix J: Antibodies Used for Western Blotting 

Antibody Protein Size Secondary Dilution Manufacturer 

PRIMARY 

Anti-AFG3L2 88kDa Rabbit polyclonal 1:1000 Proteintech (14631-1-AP) 

Anti-ATP5A 53kDa Mouse monoclonal 1:1000 Life Technologies (7F9BG1) 

Anti-ATP6 18kDa Rabbit polyclonal 1:600 Proteintech (55313-1-AP) 

Anti-AURKAIP1 15kDa/25kDa Rabbit polyclonal 1:1000 Eurogentec (custom) 

Anti-β-actin 42kDa Mouse monoclonal 1:10000 Sigma (A1978) 

Anti-CLPP 30kDa Rabbit monoclonal 1:1000 Abcam (ab124822) 

Anti-CLPX 69kDa Rabbit monoclonal 1:1000 Abcam (ab168338) 

Anti-CORE2 45kDa Mouse monoclonal 1:1000 Invitrogen (A11143) 

Anti-COXI 39kDa Mouse monoclonal 1:1000 Abcam (ab14705) 

Anti-COXII 25kDa Mouse monoclonal 1:1000 Abcam (ab110258) 

Anti-FLAG - Mouse monoclonal 1:2000 Sigma Aldrich (F1804) 

Anti-ICT1 20kDa Rabbit polyclonal 1:800 Proteintech (10403-1-AP) 

Anti-LONP1 106kDa Rabbit polyclonal 1:1000 Sigma Aldrich (HPA002192) 

Anti-uL3m 38kDa Goat polyclonal 1:1000 Abcam (ab39268) 

Anti-uL11m 21kDa Rabbit monoclonal 1:1000 Cell Signalling Tech (D68F2) 

Anti-bL12m 19kDa Rabbit polyclonal 1:1000 Eurogentec (custom) 

Anti-mL45 36kDa Rabbit polyclonal 1:1000 Proteintech (15682-1-AP) 

Anti-uS17m 14kDa Rabbit polyclonal 1:1000 Proteintech (18881-1-AP_ 

Anti-mS22 39kDa Rabbit polyclonal 1:1000 Proteintech (10984-4-AP) 

Anti-mS26 24kDa Rabbit polyclonal 1:1000 Proteintech (15989-1-AP) 

Anti-mS27 47kDa Rabbit polyclonal 1:1000 Proteintech (17280-1-AP) 

Anti-mS29 45kDa Mouse monoclonal 1:1000 Abcam (ab11928) 

Anti-mS40 29kDa Rabbit polyclonal 1:2000 Proteintech (16139-1-AP) 

Anti-NDUFB8 20kDa Mouse monoclonal 1:1000 Abcam (ab110242) 

Anti-SDHA 72kDa Mouse monoclonal 1:2000 Abcam (ab14715) 

Anti-TFAM 28kDa Mouse monoclonal 1:1000 Abcam (ab119684) 

Anti-TOMM20 20kDa Rabbit polyclonal 1:1000 Santa Cruz Biotech (Sc-17764) 

Anti-VDAC1 39kDa Mouse monoclonal 1:10000 Abcam (ab14734) 

SECONDARY (IgG, HRP-Conjugated) 

Anti-rabbit - - 1:3000 Dako Cytomation (P0260) 

Anti-mouse - - 1:2000 Dako Cytomation (P0339) 

Anti-goat - - 1:2000 Dako Cytomation (P0449) 
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Appendix K: New Nomenclature for Ribosomal Proteins 

Modified from Amunts et al. 2014. 

Small Subunit (mtSSU) 

NEW OLD UNIPROT ID 

bS1m MRPS28 Q9Y2Q9 

uS2m MRPS2 Q9Y399 

uS3m MRPS24 Q96EL2 

uS5m MRPS5 P82675 

bS6m MRPS6 P82932 

uS7m MRPS7 Q9Y2R9 

uS9m MRPS9 P82933 

uS10m MRPS10 P82664 

uS11m MRPS11 P82912 

uS12m MRPS12 O15235 

uS14m MRPS14 O60783 

uS15m MRPS15 P82914 

bS16m MRPS16 Q9Y3D3 

uS17m MRPS17 Q9Y2R5 

bS18b (mS40) MRPS18b Q9Y676 

bS18c (bS18m) MRPS18c Q9Y3D5 

bS21m MRPS21 P82921 

mS22 MRPS22 P82650 

mS23 MRPS23 Q9Y3D9 

mS25 MRPS25 P82663 

mS26 MRPS26 Q9BYN8 

mS27 MRPS27 Q92552 

mS29 MRPS29 (DAP3) P51398 

mS31 MRPS31 Q92665 

mS33 MRPS33 Q9Y291 

mS34 MRPS34 P82930 

mS35 MRPS35 P82673 

mS37 MRPS37 (CHCHD1) Q96BP2 

mS38 MRPS38 (AURKAIP1) Q9NWT8 

mS39 MRPS39 (PTCD3) Q96EY7 
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Large Subunit (mtLSU) 

NEW OLD UNIPROT ID NEW OLD UNIPROT ID 

uL1m MRPL1 Q9BYD6 bL35m MRPL35 Q9NZE8 

uL2m MRPL2 Q5T653 bL36m MRPL36 Q9P0J6 

uL3m MRPL3 P09001 mL37 MRPL37 Q9BZE1 

uL4m MRPL4 Q9BYD3 mL38 MRPL38 Q96DV4 

bL12m MRPL7 P52815 mL39 MRPL39 Q9NYK5 

bL9m MRPL9 Q9BYD2 mL40 MRPL40 Q9NQ50 

uL10m MRPL10 Q7Z7H8 mL41 MRPL41 Q8IXM3 

uL11m MRPL11 Q9Y3B7 mL42 MRPL42 Q9Y6G3 

uL13m MRPL13 Q9BYD1 mL43 MRPL43 Q8N983 

uL14m MRPL14 Q6P1L8 mL44 MRPL44 Q9H9J2 

uL15m MRPL15 Q9P015 mL45 MRPL45 Q9BRJ2 

uL16m MRPL16 Q9NX20 mL46 MRPL46 Q9H2W6 

bL17m MRPL17 Q9NRX2 mL48 MRPL48 Q96GC5 

uL18m MRPL18 Q9H0U6 mL49 MRPL49 Q13405 

bL19m MRPL19 P49406 mL50 MRPL50 Q8N5N7 

bL20m MRPL20 Q9BYC9 mL51 MRPL51 Q4U2R6 

bL21m MRPL21 Q7Z2W9 mL52 MRPL52 Q86TS9 

uL22m MRPL22 Q9NWU5 mL53 MRPL53 Q96EL3 

uL23m MRPL23 Q16540 mL54 MRPL54 Q6P161 

uL24m MRPL24 Q96A35 mL55 MRPL55 Q7Z7F7 

bL27m MRPL27 Q9P0M9 mL56 MRPL56 P83111 

bL28m MRPL28 Q13084 mL63 MRPL63 Q9BQC6 

uL29m MRPL47 Q9HD33 ICT1 ICT1 Q14197 

uL30m MRPL30 Q8TCC3 CRIF1 CRIF1 Q8TAE8 

bL32m MRPL32 Q9BYC8 bS18a MRPS18a Q9NVS2 

bL33m MRPL33 O75394 mS30 MRPS30 Q9NP92 

bL34m MRPL34 Q9BQ48 
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Appendix L: Summary of the CLIP Data Using AURKAIP1-FLAG 

Data was taken from sequencing file: “IonXpress_033_R_2014_09_09_18_56_36_user_SN1-

19-Agata_Auto_user_SN1-19-Agata_090914_13S”. Nucleotide number and number of 

sequenced transcripts (hits) for each gene were determined using Microsoft Excel. Data has 

been filtered to remove outliers. This experiment was repeated twice and data shown here is 

representative of both samples. MT-RNR1 = 16S rRNA, MT-RNR2 = 12S rRNA. 

 

 

  

Gene 
mtDNA nucleotide 

(peak maximum) 
No. of Hits 

Conserved sequence Block 2 271 531 

MT-RNR1 [m.648-1601] 874 1002 

 910 954 

 1150 992 

 1348 305 

 1574 668 

MT-TV [m.1602-1669] 1638 1058 

MT-RNR2 [m.1670-3227] 3060 550 

 3115 1177 

MT-TM 4444 1390 
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Appendix M: FLAG Immunoprecipitation of mS27-FLAG  

A list of peptides identified using nanoLC-MS/MS, using eluate from an immunoprecipitation 

of mS27-FLAG with anti-FLAG resin beads. Performed in the laboratory of Professor Christine 

Carapito (University of Strasborg, France). The peptides listed below were successfully labelled 

at the N-terminus and sequenced. 

Sequence Accession Description Start End 

STHSLVGDK Q8IYQ7|THNS1_HUMAN Threonine synthase-like 1 48 56 

VNDGDMR Q08380|LG3BP_HUMAN Galectin-3-binding protein 19 25 

LHTDGDK Q07021|C1QBP_HUMAN 
Complement component 1 Q subcomponent-

binding protein, mitochondrial 
74 80 

AHESVVK P13073|COX41_HUMAN 
Cytochrome c oxidase subunit 4 isoform 1, 

mitochondrial 
23 29 

LHTAANAAATATETTCQD

VAATPVAR 
Q9NP92|RT30_HUMAN 28S ribosomal protein S30, mitochondrial 18 43 

VTGEGTSFR Q8NBZ9|NEAS1_HUMAN Putative uncharacterized protein NEXN-AS1 191 199 

STSSSCHAPAVTQHAPYF

K 
P30048|PRDX3_HUMAN 

Thioredoxin-dependent peroxide reductase, 

mitochondrial 
55 73 

APAVTQHAPYFK P30048|PRDX3_HUMAN 
Thioredoxin-dependent peroxide reductase, 

mitochondrial 
62 73 

LHSEPGLEER Q96EH3|MASU1_HUMAN 
Mitochondrial assembly of ribosomal large 

subunit protein 1 
61 70 

LAGAPLDNAPK P52815|RM12_HUMAN 39S ribosomal protein L12, mitochondrial 48 58 

GTNSVICSK Q92665|RT31_HUMAN 28S ribosomal protein S31, mitochondrial 61 69 

FGTNSVICSK Q92665|RT31_HUMAN 28S ribosomal protein S31, mitochondrial 60 69 

GTDAGVAVR Q5JPH6|SYEM_HUMAN Probable glutamate-tRNA ligase, mitochondrial 30 38 

FSSVLASCPK Q00059|TFAM_HUMAN Transcription factor A, mitochondrial 42 51 

SSVLASCPK Q00059|TFAM_HUMAN Transcription factor A, mitochondrial 43 51 

SDMPPLTLEGIQDR O14561|ACPM_HUMAN Acyl carrier protein, mitochondrial 69 82 

SSSGVIPNEK Q96RP9|EFGM_HUMAN Elongation factor G, mitochondrial 36 45 

AALVPGVTQVDNK Q9H7H0|MET17_HUMAN Methyltransferase-like protein 17, mitochondrial 28 40 

ASSFPVPPPGAQGVAELL

R 
Q8IVS2|FABD_HUMAN 

Malonyl-CoA-acyl carrier protein transacylase, 

mitochondrial 
22 40 

SSFPVPPPGAQGVAELLR Q8IVS2|FABD_HUMAN 
Malonyl-CoA-acyl carrier protein transacylase, 

mitochondrial 
23 40 

ASASSTNLK O75390|CISY_HUMAN Citrate synthase, mitochondrial 26 34 

RHTAFVIPK P82933|RT09_HUMAN 28S ribosomal protein S9, mitochondrial 50 58 

LGMLEAGILP Q9NRC6|SPTN5_HUMAN Spectrin beta chain, non-erythrocytic 5 469 478 

STAEDTQNEGK Q9H2K0|IF3M_HUMAN Translation initiation factor IF-3, mitochondrial 56 66 

LQDAAAK P82912|RT11_HUMAN 28S ribosomal protein S11, mitochondrial 40 46 

SNLHVDVPK P82664|RT10_HUMAN 28S ribosomal protein S10, mitochondrial 48 56 

SDVLELTDDNFESR P30101|PDIA3_HUMAN Protein disulfide-isomerase A3 25 38 

MVPPVQVSPLIK P56385|ATP5I_HUMAN ATP synthase subunit e, mitochondrial 1 12 

VPPVQVSPLIK P56385|ATP5I_HUMAN ATP synthase subunit e, mitochondrial 2 12 

AQTAAATAPR P21912|SDHB_HUMAN 
Succinate dehydrogenase [ubiquinone] iron-

sulfur subunit, mitochondrial 
29 38 
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SEITFELPDNAK Q9Y3B3|TMED7_HUMAN 
Transmembrane emp24 domain-containing 

protein 7 
35 46 

LNTPSDK Q9BUB7|TMM70_HUMAN Transmembrane protein 70, mitochondrial 82 88 

SSGGAYPNIPLSSPLPGVP

KPVFATVDGQEK 
Q10713|MPPA_HUMAN 

Mitochondrial-processing peptidase subunit 

alpha 
34 64 

SCPGTVAK Q9NVV4|PAPD1_HUMAN Poly(A) RNA polymerase, mitochondrial 31 38 

AAPAVQTK P55084|ECHB_HUMAN 
Trifunctional enzyme subunit beta, 

mitochondrial 
34 41 

AAQTSPSPK P06576|ATPB_HUMAN ATP synthase subunit beta, mitochondrial 47 55 

ADQPIDADVTVIGSGPGG

YVAAIK 
P09622|DLDH_HUMAN Dihydrolipoyl dehydrogenase, mitochondrial 36 59 

LMARYGR Q9UL40|ZN346_HUMAN Zinc finger protein 346 218 224 

FANDATFEIK P08559|ODPA_HUMAN 
Pyruvate dehydrogenase E1 component subunit 

alpha, somatic form, mitochondrial 
30 39 

FANDATFEIKK P08559|ODPA_HUMAN 
Pyruvate dehydrogenase E1 component subunit 

alpha, somatic form, mitochondrial 
30 40 

SHGSQETDEEFDAR P20674|COX5A_HUMAN Cytochrome c oxidase subunit 5A, mitochondrial 42 55 

SSEAPPLINEDVKR P04843|RPN1_HUMAN 
Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit 1 
25 38 

STGPSEPGAFQPPPKPVIV

DK 
P49406|RM19_HUMAN 39S ribosomal protein L19, mitochondrial 45 65 

AGPLQGGGAR Q9P015|RM15_HUMAN 39S ribosomal protein L15, mitochondrial 2 11 

AAATLTSK Q9UDW1|QCR9_HUMAN Cytochrome b-c1 complex subunit 9 2 9 

ANFVSWK Q5T653|RM02_HUMAN 39S ribosomal protein L2, mitochondrial 61 67 

LTPTHYLTK P04844|RPN2_HUMAN 
Dolichyl-diphosphooligosaccharide--protein 

glycosyltransferase subunit 2 
23 31 

SSSGGGDSAAAGASR P23378|GCSP_HUMAN 
Glycine dehydrogenase (decarboxylating), 

mitochondrial 
37 51 

SATPVPTPSLPER P82673|RT35_HUMAN 28S ribosomal protein S35, mitochondrial 28 40 

VYSATPVPTPSLPER P82673|RT35_HUMAN 28S ribosomal protein S35, mitochondrial 26 40 

SSSASPQEQDQDR O00411|RPOM_HUMAN DNA-directed RNA polymerase, mitochondrial 41 53 

LSQTQGPPDYPR Q13405|RM49_HUMAN 39S ribosomal protein L49, mitochondrial 26 37 

SQTQGPPDYPR Q13405|RM49_HUMAN 39S ribosomal protein L49, mitochondrial 27 37 

QSHLAIK Q04724|TLE1_HUMAN Transducin-like enhancer protein 1 174 180 

VLESVAR Q8N5K1|CISD2_HUMAN CDGSH iron-sulfur domain-containing protein 2 2 8 

SSEAAESGSPETK P82650|RT22_HUMAN 28S ribosomal protein S22, mitochondrial 54 66 

STSSEPAAKPEVDPVENE

AVAPEFTNR 
Q9H0U6|RM18_HUMAN 39S ribosomal protein L18, mitochondrial 25 51 

NSQSTSYLPGYVPK Q7Z2W9|RM21_HUMAN 39S ribosomal protein L21, mitochondrial 40 53 

SQSTSYLPGYVPK Q7Z2W9|RM21_HUMAN 39S ribosomal protein L21, mitochondrial 41 53 

SSSSSQLPLGQER O75127|PTCD1_HUMAN 
Pentatricopeptide repeat-containing protein 1, 

mitochondrial 
47 59 

SSGGGGGGGGGR Q6UB35|C1TM_HUMAN 
Monofunctional C1-tetrahydrofolate synthase, 

mitochondrial 
32 43 

SSLAEEAAR Q9BYD3|RM04_HUMAN 39S ribosomal protein L4, mitochondrial 22 30 

PVPPLPEYGGK P24539|AT5F1_HUMAN 
ATP synthase F(0) complex subunit B1, 

mitochondrial 
43 53 

AHLDNQVPVESPR P51398|RT29_HUMAN 28S ribosomal protein S29, mitochondrial 34 46 

IAAHLDNQVPVESPR P51398|RT29_HUMAN 28S ribosomal protein S29, mitochondrial 32 46 

SIAAHLDNQVPVESPR P51398|RT29_HUMAN 28S ribosomal protein S29, mitochondrial 31 46 
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SSAAALPSPILNPDIPYNQ

LFINNEWQDAVSK 
sp|P30837|AL1B1_HUMAN Aldehyde dehydrogenase X, mitochondrial 20 51 

TKPTHGIGK Q96GC5|RM48_HUMAN 39S ribosomal protein L48, mitochondrial 50 58 

LVEQLDIEETEQSK Q92552|RT27_HUMAN 28S ribosomal protein S27, mitochondrial 313 326 

VAASPEDIK Q92552|RT27_HUMAN 28S ribosomal protein S27, mitochondrial 266 274 

ALTSADGASEEQSQNDE

DNQGSEK 
Q92552|RT27_HUMAN 28S ribosomal protein S27, mitochondrial 289 312 

IESEGLLSLTTQLVK Q92552|RT27_HUMAN 28S ribosomal protein S27, mitochondrial 347 361 

SSAYVDSHK Q92552|RT27_HUMAN 28S ribosomal protein S27, mitochondrial 31 39 

LLSSAYVDSHK Q92552|RT27_HUMAN 28S ribosomal protein S27, mitochondrial 29 39 

LLSSAYVDSHKWEAR Q92552|RT27_HUMAN 28S ribosomal protein S27, mitochondrial 29 43 

PSATSHSGSGSK Q14444|CAPR1_HUMAN Caprin-1 2 13 

ASGGGVPTDEEQATGLE

R 
P10606|COX5B_HUMAN Cytochrome c oxidase subunit 5B, mitochondrial 32 49 

IIEPSLR P62987|RL40_HUMAN Ubiquitin-60S ribosomal protein L40 77 83 

ATLNQMHR O15235|RT12_HUMAN 28S ribosomal protein S12, mitochondrial 31 38 

VGTESGSESGSSNAK Q9Y2Q9|RT28_HUMAN 28S ribosomal protein S28, mitochondrial 29 43 

VGTESGSESGSSNAKEPK Q9Y2Q9|RT28_HUMAN 28S ribosomal protein S28, mitochondrial 29 46 

QTMQNLN Q2M2I5|K1C24_HUMAN Keratin, type I cytoskeletal 24 142 148 

STQAATQVVLNVPETR O75439|MPPB_HUMAN Mitochondrial-processing peptidase subunit beta 44 59 

DDLVTVK P36957|ODO2_HUMAN 

Dihydrolipoyllysine-residue succinyltransferase 

component of 2-oxoglutarate dehydrogenase 

complex, mitochondrial 

68 74 

LHVDVPK P82664|RT10_HUMAN 28S ribosomal protein S10, mitochondrial 50 56 

SGSATLSK Q96EY7|PTCD3_HUMAN 
Pentatricopeptide repeat domain-containing 

protein 3, mitochondrial 
38 45 

AEGQAAARR Q9H1R3|MYLK2_HUMAN 
Myosin light chain kinase 2, skeletal/cardiac 

muscle 
133 141 

LHAGSGADTGDTVNIGD

VSYK 
A3KMH1|VWA8_HUMAN 

von Willebrand factor A domain-containing 

protein 8 
46 66 

ASSFQHSSSLGR Q8NC60|NOA1_HUMAN Nitric oxide-associated protein 1 39 50 
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Appendix N: Mass Spectrometry of Mycoplasma positive AURKAIP1-FLAG  

The LC MS/MS was carried out by Dr Hans Wessels (UNMC, Nijmegen, Netherlands). 

Sample A = HEK-AUR1-FLAG, Sample B = HEK wild-type. SC% = percentage sequence coverage. 

Proteins shown here are unique to the HEK-AUR1-FLAG sample. Contaminants such as keratin 

have been removed. MYCMO = Mycoplasma mobile (strain ATCC 43663 / 163K / NCTC 11711), 

MYCFP = Mycoplasma fermentans (strain ATCC 19989 / NBRC 14854 / NCTC 10117 / PG18), 

MYCHR = Mycoplasma hyorhinis, MYCH2 = Mycoplasma hyopneumoniae (strain 232), MYCPU 

= Mycoplasma pulmonis (strain UAB CTIP), MYCH7 = Mycoplasma hyopneumoniae (strain 

7448), MYCA5 = Mycoplasma arthritidis (strain 158L3-1), MYCS5 = Mycoplasma synoviae 

(strain 53), MYCAP = Mycoplasma agalactiae (strain PG2). The top 60 peptides are shown, 

listed from high (green) to low (red) number of peptides identified per protein. 

Accession Protein 

Meta 

Score 

(A) 

Meta 

Score 

(B) 

Peptides 

(A) 

Peptides 

(B) 

SC% 

(A) 

SC% 

(B) 

FRIH_HUMAN Ferritin heavy chain 199.8 0 9 0  0 

SSRB_HUMAN Translocon-assoc. protein subunit β 80.4 0 8 0  0 

P29_MYCHR 
Probable ABC transporter ATP-

binding protein p29 121.9 0 7 0 
 

0 

SCO1_HUMAN 
Protein SCO1 homolog, 

mitochondrial 171.4 0 6 0 
 

0 

RHOA_HUMAN Transforming protein RhoA 203.5 0 6 0  0 

CYB5B_HUMAN Cytochrome b5 type B 133.6 0 5 0  0 

ROA2_HUMAN 
Heterogeneous nuclear 

ribonucleoproteins A2/B1 136.8 0 5 0 
 

0 

MAAI_HUMAN Maleylacetoacetate isomerase 175.1 0 5 0  0 

RM02_HUMAN 
39S ribosomal protein L2, 

mitochondrial 314.3 0 4 0 
 

0 

RAB1B_HUMAN Ras-related protein Rab-1B 224.1 0 4 0  0 

RAC3_HUMAN 
Ras-related C3 botulinum toxin 

substrate 3 72.7 0 4 0 
 

0 

HDHD3_HUMAN 

Haloacid dehalogenase-like 

hydrolase domain-containing 

protein 3 59.4 0 4 0 

 

0 

GGH_HUMAN Gamma-glutamyl hydrolase 100.8 0 3 0  0 

KCRB_HUMAN Creatine kinase B-type 79.9 0 3 0  0 

RS3_MYCMO 30S ribosomal protein S3 20.9 0 3 0  0 

PRLD1_HUMAN 
PRELI domain-containing protein 1, 

mitochondrial 95.7 0 3 0 
 

0 

APT_MYCFP AP-2 complex subunit alpha-1 20.9 0 3 0  0 

TPIS_MYCHR Triosephosphate isomerase 87.2 0 3 0  0 

RL21_HUMAN 60S ribosomal protein L21 91.7 0 3 0  0 

AP2A1_HUMAN AP-2 complex subunit alpha-1 135.9 0 3 0  0 

PGRC2_HUMAN 

Membrane-associated 

progesterone receptor component 

2 172 0 3 0 

 

0 
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UCHL1_HUMAN 
Ubiquitin carboxyl-terminal 

hydrolase isozyme L1 76.9 0 3 0 
 

0 

RM40_HUMAN 
39S ribosomal protein L40, 

mitochondrial 172.5 0 3 0 
 

0 

PI4KA_HUMAN Phosphatidylinositol 4-kinase alpha 17.8 0 3 0  0 

PFD3_HUMAN Prefoldin subunit 3 148.9 0 3 0  0 

GILT_HUMAN 
Gamma-interferon-inducible 

lysosomal thiol reductase 91.6 0 3 0 
 

0 

RL3_MYCH2 50S ribosomal protein L3 37.9 0 3 0  0 

KTHY_HUMAN Thymidylate kinase 109.9 0 3 0  0 

MASU1_HUMAN 
Mitochondrial assembly of 

ribosomal large subunit protein 1 126.8 0 3 0 
 

0 

YBOX3_HUMAN Y-box-binding protein 3 137.9 0 3 0  0 

RAB14_HUMAN Ras-related protein Rab-14 160.8 0 3 0  0 

CSN8_HUMAN 
COP9 signalosome complex subunit 

8 52.1 0 2 0 
 

0 

EFTU_MYCPU Elongation factor Tu 20.8 0 2 0  0 

SCAM1_HUMAN 
Secretory carrier-associated 

membrane protein 1 99 0 2 0 
 

0 

SAR1B_HUMAN GTP-binding protein SAR1b 51.2 0 2 0  0 

SPRE_HUMAN Sepiapterin reductase 116.1 0 2 0  0 

HEBP1_HUMAN Heme-binding protein 1 29 0 2 0  0 

HSC20_HUMAN 
Iron-sulfur cluster co-chaperone 

protein HscB, mitochondrial 46.4 0 2 0 
 

0 

AATM_HUMAN 
Aspartate aminotransferase, 

mitochondrial 68.6 0 2 0 
 

0 

ATP6_HUMAN 
ATP synthase subunit a, 

mitochondrial 79.8 0 2 0 
 

0 

MR1L1_HUMAN 
MORF4 family-associated protein 1-

like 1 22.8 0 2 0 
 

0 

FBX17_HUMAN F-box only protein 17 53.9 0 2 0  0 

RM01_HUMAN 
39S ribosomal protein L1, 

mitochondrial 47 0 2 0 
 

0 

RB39B_HUMAN Ras-related protein Rab-39B 69.6 0 2 0  0 

T126A_HUMAN Transmembrane protein 126A 40.6 0 2 0  0 

TM109_HUMAN Transmembrane protein 109 48.8 0 2 0  0 

CREG1_HUMAN Protein CREG1 33.4 0 2 0  0 

MTAP_HUMAN 
S-methyl-5'-thioadenosine 

phosphorylase 29.4 0 2 0 
 

0 

RM13_HUMAN 
39S ribosomal protein L13, 

mitochondrial 56 0 2 0 
 

0 

DNS2A_HUMAN Deoxyribonuclease-2-alpha 64.4 0 2 0  0 

ICT1_HUMAN 

Peptidyl-tRNA hydrolase ICT1, 

mitochondrial 80.5 0 2 0 
 

0 

MDHM_HUMAN 

Malate dehydrogenase, 

mitochondrial 75.4 0 2 0 
 

0 

RS5_MYCH7 30S ribosomal protein S5 32.9 0 1 0  0 
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DNPH1_HUMAN 

2'-deoxynucleoside 5'-phosphate N-

hydrolase 1 49.5 0 1 0 
 

0 

DEOC_MYCA5 Deoxyribose-phosphate aldolase 15.9 0 1 0  0 

ESRP2_HUMAN 

Epithelial splicing regulatory protein 

2 19.2 0 1 0 
 

0 

EFTU_MYCS5 Elongation factor Tu 27.3 0 1 0  0 

VLPC_MYCHR Variant surface antigen 23.5 0 1 0  0 

RL1_MYCH2 50S ribosomal protein L1 20.6 0 1 0  0 

KTHY_MYCAP Thymidylate kinase 16.9 0 1 0  0 
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Proteins shown here are enriched in the HEK-AUR1-FLAG sample (A) vs HEK293T 

wild-type sample (B). SC% = percentage sequence coverage. The top 60 peptides are shown, 

listed from high (green) to low (yellow) ratio of peptides in sample A vs sample B. 

Accession Protein 

Meta 

Score 

(A) 

Meta 

Score 

(B) 

Ratio 

Pep.A/ 

Pep.B 

SC% 

(A) 

SC% 

(B) 

PSB7_HUMAN Proteasome subunit beta type-7 479.5 195.7 8 54.2 20.9 

AR6P1_HUMAN 
ADP-ribosylation factor-like protein 6-

interacting protein 1 
119.1 27.1 7 17.7 3.9 

PSB4_HUMAN Proteasome subunit beta type-4 591.4 157 6.5 37.1 11 

PSB6_HUMAN Proteasome subunit beta type-6 452.7 120 6.3333 38.9 13.8 

PSB2_HUMAN Proteasome subunit beta type-2 575.1 202.6 5 75.1 31.8 

DCXR_HUMAN L-xylulose reductase 744.4 566.3 4.8 72.1 41 

PSA3_HUMAN Proteasome subunit alpha type-3 260.6 209.1 4.5 27.8 12.2 

PGAM1_HUMAN Phosphoglycerate mutase 1 242.5 78 4 43.7 16.5 

ERP29_HUMAN 
Endoplasmic reticulum resident protein 

29 
230.6 90.2 4 26.1 10.3 

ETHE1_HUMAN 
Persulfide dioxygenase ETHE1, 

mitochondrial 
257.6 92.7 4 36.2 11.4 

TSN_HUMAN Translin 228.1 92.6 4 51.8 9.6 

NACA_HUMAN 
Nascent polypeptide-associated 

complex subunit alpha 
137.2 39.9 4 19.5 7 

PSA2_HUMAN Proteasome subunit alpha type-2 608.5 283.5 3.5 56.8 26.5 

RL11_HUMAN 60S ribosomal protein L11 229.3 182.1 3.5 37.6 14.6 

6PGL_HUMAN 6-phosphogluconolactonase 111.3 151 3.5 21.7 14.3 

PSA6_HUMAN Proteasome subunit alpha type-6 481.8 436.8 3.2 56.1 23.2 

PSB5_HUMAN Proteasome subunit beta type-5 745.8 398.5 3.1428 56.3 28.1 

PSA1_HUMAN Proteasome subunit alpha type-1 444.5 120.3 3 47.5 14.8 

CPSF5_HUMAN 
Cleavage and polyadenylation 

specificity factor subunit 5 
204.6 136.7 3 37.9 14.5 

RAB10_HUMAN Ras-related protein Rab-10 154.8 127.4 3 24 11.5 

SODM_HUMAN 
Superoxide dismutase [Mn], 

mitochondrial 
213.6 205.2 3 33.8 15.3 

DCAKD_HUMAN 
Dephospho-CoA kinase domain-

containing protein 
130.5 63.7 3 16 5.6 

RL18A_HUMAN 60S ribosomal protein L18a 70.7 94.3 3 11.9 7.4 

SAR1A_HUMAN GTP-binding protein SAR1a 145.4 50.9 3 23.2 5.6 

DOPP1_HUMAN Dolichyldiphosphatase 1 113.1 16.4 3 20.6 5.5 

RRAS2_HUMAN Ras-related protein R-Ras2 104.9 57.9 3 11.8 7.8 

PPIB_HUMAN Peptidyl-prolyl cis-trans isomerase B 80.6 22.6 3 15.7 4.2 

SPCS3_HUMAN Signal peptidase complex subunit 3 41.6 58.5 3 11.1 5 

RU2B_HUMAN U2 small nuclear ribonucleoprotein B 70.9 14.9 3 19.1 5.8 

YBOX1_HUMAN 
Nuclease-sensitive element-binding 

protein 1 
125.6 106.4 3 14.2 5.2 

RAN_HUMAN GTP-binding nuclear protein Ran 618.6 555.1 2.9090 79.6 49.5 

RAB35_HUMAN Ras-related protein Rab-35 274.2 272.8 2.75 53.2 22.9 

GRPE1_HUMAN GrpE protein homolog 1, mitochondrial 693.4 413 2.7142 59 37.3 
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NPS3A_HUMAN Protein NipSnap homolog 3A 592.1 276.8 2.6666 59.1 30 

DGUOK_HUMAN Deoxyguanosine kinase, mitochondrial 180.2 218.3 2.6666 39.4 17 

RM19_HUMAN 
39S ribosomal protein L19, 

mitochondrial 
182.6 72.4 2.6666 26.4 11.3 

HEXB_HUMAN Beta-hexosaminidase subunit beta 405.5 147.1 2.6 29.1 9.5 

ACTB_HUMAN Actin, cytoplasmic 1 228.1 81.3 2.5 20.3 7.7 

CBR1_HUMAN Carbonyl reductase [NADPH] 1 172.9 155.7 2.5 23.1 10.8 

RT25_HUMAN 
28S ribosomal protein S25, 

mitochondrial 
167.6 134.2 2.5 37 16.8 

1433G_HUMAN 14-3-3 protein gamma 585.5 360.9 2.4166 55.5 37.2 

PSA5_HUMAN Proteasome subunit alpha type-5 366 318.8 2.4 44 29 

PGES2_HUMAN Prostaglandin E synthase 2 500.5 484.2 2.4 34.2 16.2 

PSA7_HUMAN Proteasome subunit alpha type-7 651.2 573.9 2.3333 60.5 50.4 

PSA4_HUMAN Proteasome subunit alpha type-4 590.5 481.2 2.3333 59 34.9 

TMEDA_HUMAN 
Transmembrane emp24 domain-

containing protein 10 
256.1 94.4 2.3333 21.5 12.8 

RAB8A_HUMAN Ras-related protein Rab-8A 169.2 123.2 
2.3333

33 
25.1 14.5 

CY1_HUMAN 
Cytochrome c1, heme protein, 

mitochondrial 
696.3 577.6 2.1333 54.8 51.1 

ABHDB_HUMAN Protein ABHD11 590.8 370.2 2 60 32.1 

DIC_HUMAN Mitochondrial dicarboxylate carrier 458.2 419 2 43.9 35.5 

HCDH_HUMAN 
Hydroxyacyl-coenzyme A 

dehydrogenase, mitochondrial 
389.2 370.4 2 54.8 39.2 

PSB1_HUMAN Proteasome subunit beta type-1 478.4 382.2 2 42.7 29.5 

RL6_HUMAN 60S ribosomal protein L6 207.5 206.8 2 21.5 14.6 

RMD1_HUMAN 
Regulator of microtubule dynamics 

protein 1 
277.7 108.5 2 20.1 11.1 

PSB3_HUMAN Proteasome subunit beta type-3 202 224 2 24.9 32.2 

D39U1_HUMAN Epimerase family protein SDR39U1 178.1 126.7 2 22.9 5 

SCOT1_HUMAN 
Succinyl-CoA:3-ketoacid coenzyme A 

transferase 1, mitochondrial 
167 98.4 2 10 6.3 

MBLC2_HUMAN 
Metallo-beta-lactamase domain-

containing protein 2 
183.7 181.3 2 24.4 13.6 

VAMP7_HUMAN Vesicle-associated membrane protein 7 151.5 43.5 2 19.5 5.5 

OXND1_HUMAN 
Oxidoreductase NAD-binding domain-

containing protein 1 
143.3 96.7 2 20.2 9.6 
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Appendix O: Mass spectrometry of AURKAIP1-FLAG, treated with siLONP1 

 

 AutoMSn Targeted AutoMSn 

Sample Proteins Peptides AUR1_

Human 

AUR1_

Human 

Score 

AUR1_Human 

Seq. Cov (%AA) 

AUR1_

Human 

AUR1_

Human 

Score 

AUR1_Human 

Seq. Cov (%AA) 

Un, 

siLONP1 

608 2595 NaN NaN NaN NaN NaN NaN 

Ind, 

siLONP1 

268 1044 3 253 19.1 4 318 39.2 

 

 NL summed area/protein 

Sample PHB ADT2 AURKAIP1 

Uninduced, siLONP1 A 4727715.571 3314415.306 0 

Uninduced, siLONP1 B 4201849 3788558 0 

Induced, siLONP1 A 4371976.747 3635163.902 643204.5958 

Induced, siLONP1 B 3905719.796 4055560.137 883582.3667 
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Appendix P: Histochemistry and Immunohistochemistry Methods 

COX/SDH Staining 

COX/SDH staining was performed by Mr Gavin Falkous (NHS Highly Specialised Mitochondrial 

Diagnostic Service, Newcastle-upon-Tyne). The technique is used to assess mitochondrial 

respiratory chain activity by measuring complex IV (COX, cytochrome c oxidase) and complex 

II (SDH, succinate dehydrogenase) activity in individual muscle fibres from 10µm transverse 

skeletal muscle sections. Serial skeletal muscle sections (10µm) on Polysine™ microscope 

slides (631-0107, VWR) were removed from the freezer and allowed to thaw at room 

temperature for 1hr. The sections were rehydrated in 1 x PBS, and incubated with 100µl COX 

solution (100µM cytochrome c, 4mM diaminobenzidine tetrahydrochloride, 20µg/ml catalase 

in 0.2M phosphate buffer, pH 7) for 45mins at 37oC. The sections were washed in 1 x PBS for 

3 x 5mins, and then incubated with 100µl SDH solution (130mM sodium succinate, 200µM 

phenazine methosulphate, 1mM sodium azide, 1.5mM nitroblue tetrazolium in 0.2M 

phosphate buffer, pH 7) for 40mins at 37oC. The sections were washed in 1 x PBS, 70% ethanol, 

95% ethanol, 2 x 100% ethanol and 2 x Histo-Clear (HS2001GLL, National Diagnostics). Sections 

were mounted in DPX medium (36029 4H, VWR) and covered with a coverslip prior to analysis. 

Hematoxylin and Eosin (H&E) Staining 

H&E staining was performed by Mr Gavin Falkous (NHS Highly Specialised Mitochondrial 

Diagnostic Service, Newcastle-upon-Tyne). The technique is used to shown general tissue 

architecture. Serial skeletal muscle sections (10µm) were prepared onto Polysine™ 

microscope slides (631-0107, VWR), left to air dry for 1hr and fixed in formol calcium solution 

for 10mins. The sections were washed in running tap water for 2mins and stained in Mayers 

Haemalum (LAMB/170-D, Raymond Lamb) for 2mins. The sections were washed in running 

tap water for 2mins until blue, and then stained in 1% aqueous eosin solution (LAMB/100-D, 

Raymond Lamb) for 4mins. The sections were washed rapidly running water three times to 

remove excess eosin, and then washed in 70% ethanol, 95% ethanol, 2 x 100% ethanol and 2 

x Histo-Clear (HS2001GLL, National Diagnostics). Sections were mounted in DPX medium 

(36029 4H, VWR) and covered with a coverslip prior to analysis. 
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Quadruple Immunofluorescence Assay 

The quadruple immunofluorescence assay (Rocha et al. 2016) was kindly performed 

by Miss Sila Hopton (NHS Highly Specialised Mitochondrial Diagnostic Service, Newcastle-

upon-Tyne). Briefly, skeletal muscle sections (10µm) were fixed in 4% paraformaldehyde 

solution for 3mins and then permeabilised in a gradient of methanol solutions. The sections 

were washed in TBS-T, blocked in 5% normal goat serum for 30mins at room temperature and 

incubated with MTCO1, NDUFB8, porin and laminin α-1 primary antibodies (Table A1) at 4oC 

overnight in a humidified chamber. The sections were washed in TBS-T and then incubated 

with secondary antibodies (Appendix K) for 2hrs at room temperature in a humidified 

chamber. The sections were then incubated with streptavidin 647 (Table A2) for 1hr at room 

temperature, washed in TBS-T and mounted with Vectashield hard set mounting medium 

(Vector Laboratories, 101098-048). 

Table A1: Primary antibodies for the quadruple immunofluorescence assay. 

PRIMARY COCKTAIL 

Antibody Ig type Secondary Dilution Manufacturer 

MTCO1 IgG2a Mouse monoclonal 1:100 Abcam (ab14705) 

NDUFB8 IgG1 Mouse monoclonal 1:100 Abcam (ab110242) 

Porin IgG2b Mouse monoclonal 1:100 Abcam (ab14734) 

Laminin α-1 IgG Rabbit polyclonal 1:50 Sigma Aldrich (L9393) 

 

Table A2: Secondary antibodies for the quadruple immunofluorescence assay. 

SECONDARY 

Antibody Dilution Manufacturer 

Anti-mouse IgG2a, biotin 1:200 Life Technologies (M32315) 

Anti-mouse IgG1, Alexa fluor – 546nm 1:200 Life Technologies (A21123) 

Anti-mouse IgG2b, Alexa fluor – 488nm 1:200 Life Technologies (A21143) 

Anti-rabbit IgG, Alexa fluor – 405nm 1:50 Life Technologies (A31556) 

Streptavidin – 647nm 1:100 Life Technologies (S31556) 

 

 

 

 

 


