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1. Introduction 

 

“If you base medicine on science you cure people;  

If you base the design of planes on science they fly; 

If you base the design of rockets on science they reach the moon.” 

Richard Dawkins 

 

However contested this sentence might be in this time of fake news and full of 

conspiracy theories it remains as true as a mathematical equation or one of Newton’s 

axioms. If we work thoroughly and systematically in science we will send people to 

space and we will cure diseases that torment humans and humanity. 

Mitochondria are a hub in cell homeostasis by not only providing energy through 

tricarboxylic acid cycle and oxidative phosphorylation but also by taking part in 

signaling pathways and apoptosis, fatty acid degradation, lipid and amino acid synthesis 

and metal ion metabolism (reviewed in: Wiedemann and Pfanner 2017). Therefore, the 

biogenesis and function of mitochondria must be strictly controlled. Indeed, a single 

disturbance in this sensible fabric can lead to severely impaired phenotypes and various 

diseases (reviewed in: Nunnari and Suomalainen 2012, reviewed in: Kang et al. 2018).  

The coordination of mitochondrial protein expression is a special challenge for the cell. 

On one hand, the expression of 37 mitochondrial (Anderson et al. 1981) and about 1100 

nuclear encoded (Calvo et al. 2016, Johnson et al. 2007) genes has to be spatially and 

temporally matched to enable the assembly of functional protein complexes in 

mammalian mitochondria. On the other hand, the produced proteins have to be placed 

and assembled correctly within the organelle’s compartments and therefore must pass 

up to two membranes to reach their target site. Evidence found over the past decades 

lead us the assumption that, beyond transcription regulation, additional 

posttranscriptional regulation processes are key players that create the mitochondria’s 

composition (Schatton and Rugarli 2018). Within these processes, the correct 

localization of a mRNA encoding a mitochondrial protein to the vicinity of 

mitochondria was shown to be a matter of great importance (Margeot et al. 2002, 

Kaltimbacher et al. 2006, reviewed in: Schatton and Rugarli 2018).  
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The transport of RNAs to a specific target site in the cell has been demonstrated for 

various organisms from prokaryotes to mammals (reviewed in: Chin and Lécuyer 

2017). mRNA targeting to cellular organelles was first observed and most extensively 

studied at the endoplasmatic reticulum (reviewed in: Lesnik et al. 2015). However, the 

localization of nuclear encoded mRNAs to the mitochondrial surface has nowadays 

been widely demonstrated (Marc et al. 2002, Sylvestre et al. 2003, Kaltimbacher et al 

2006, Garcia et al. 2007, Fazal et al. 2019). 

Advantages of mRNA localization and their subsequent translation restricted to a 

cellular compartment could include the reduction of potentially harmful protein activity 

in a non-target site as well as enabling a faster response to sudden intra- or extracellular 

stimuli compared to transcriptional regulation. In addition, the transport of one mRNA 

molecule can serve multiple rounds of translation. Thus, it seems preferable to the 

transport of its translation products with regard to energy efficiency (reviewed in: 

Golani-Armon and Arava 2016). Moreover, coupling of mRNA localization to cellular 

organelles with cotranslational import prevents premature folding and reduces energy 

expenditure of the import (reviewed in: Lesnik et al. 2015). Indeed, electron cryo-

tomography has demonstrated the presence of ribosomes at the mitochondrial surface in 

yeast. These attached ribosomes had a characteristic orientation and clustered around 

the TOM complex (Gold et al. 2017) that is crucial for mitochondrial protein import 

(reviewed in: Wiedemann and Pfanner 2017). First evidence in this matter was found by 

Kellems et al. in the 1970s who already demonstrated that translating ribosomes locate 

to the mitochondrial outer membrane in yeast depending on metabolic changes 

(Kellems and Butow 1974, Kellems et al. 1975). These mitochondria-attached 

ribosomes were shown to bind preferentially nuclear encoded mitochondrial targeted 

mRNAs (Marc et al. 2002, Sylvestre et al. 2003, Garcia et al. 2007, Gadir et al. 2011, 

Williams et al. 2014). This was lately confirmed by Fazal and his colleagues (Fazal et 

al. 2019). However, it has to be noted that they found a large overlap in mitochondrial 

and ER-targeted mRNAs. 

The findings that posttranslational import of proteins into mitochondria was 

demonstrated in vitro (Behra and Christen 1986) and that a mislocalized mRNA does 

not necessarily lead to mislocalization of its encoded protein (Shepard et al. 2003) 

question the functional impact of mRNA transport and local translation in vivo.  
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In 2002, Margeot et al. examined the impact of ATP2 mRNA mislocalization from its 

mitochondrial target site in yeast and reported not only a decreased import of its 

encoded protein but also a severely impaired respiration (Margeot et al. 2002). 

Consistent with that, Gehrke et al. found that a decrease in mitochondria-bound mRNAs 

is accompanied by reduced protein levels and decreased oxidative phosphorylation 

activity in HeLa cells and tissue-specific in Drosophila melanogaster (Gehrke et al. 

2015) upon depletion of PINK1, a protein that is involved in localization.  

The localization of a given mRNA is dependent on cis-elements in its sequence and 

trans-acting proteins that are able to recognize them (reviewed in: Jansen 2001). 

Although most involved factors are still unknown, some proteins and their target signals 

that take part in mRNA localization have been identified within the past years. It has to 

be noted that the distribution of mitochondria-targeted mRNAs is dependent on many 

external factors (reviewed in: Schatton and Rugarli 2018). For example, nuclear 

encoded mitochondrial RNAs can be trapped by the nuclear long non-coding RNA 

NEAT1 upon mitochondrial stress sensing (Wang et al. 2018) and many RNA-binding 

proteins change their behavior in response to metabolic stimuli (Hong et al. 2017, 

Lapointe et al. 2018). However, this work will focus on RNA-binding proteins acting at 

the mitochondrial surface and their mRNA targets.  

The most common cis-acting elements for sorting of mRNAs and proteins to the 

mitochondrial surface are the mitochondrial targeting sequence (MTS) and the 3’UTR 

of target mRNAs (reviewed in: Lesnik et al. 2015). Each of this two sequence elements 

were shown to be sufficient for distribution of mRNAs to the mitochondrial vicinity that 

increased when both elements were added to a construct (Kaltimbacher et al. 2006, 

Eliyahu et al. 2010).  

The MTS is located at a protein’s N-terminus and has a typical length between 8 and 80 

amino acids. In yeast, the sequence is bound by the nascent polypeptide-associated 

complex (NAC) upon release from the ribosomal exit tunnel (reviewed in: Hansen and 

Herrmann 2019). The NAC targets the nascent polypeptide and associated ribosomes to 

the mitochondrial surface via its interaction with OM14, a mitochondrial outer 

membrane protein (Lesnik et al. 2014). Finally, the presequence carrying proteins are 

usually recognized by the TOM complex subunit TOM20 and imported through the 

TOM40 channel (reviewed in: Wiedemann and Pfanner 2017). Indeed, TOM20 was 
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shown to recruit MTS-containing mRNAs to the mitochondrial surface in a translation-

dependent manner (Eliyahu et al. 2010). Besides the N-terminal MTS, internal MTS-

like structures in the ORF of proteins were recently identified (Backes et al. 2018). 

They are found mainly in mitochondrial matrix proteins and are especially recognized 

by the subunit TOM70 (yeast TOM71) receptor that also recognizes cytosolic 

chaperones. Although TOM70 and TOM20 prefer to bind a specific subset of 

mitochondrial targeted proteins, respectively, they can functionally replace each other 

since single knockout yeast strains show at least sufficient mitochondrial protein import 

for viability (reviewed in: Hansen and Herrmann 2019).  

The second important cis-element is the 3’ untranslated region of a mRNA. It is 

suggested to interact with RNA-binding proteins that mediate localization of the 

transcript independently of translation (reviewed in: Lesnik et al. 2015). 

One of the first and best studied proteins involved in 3’UTR-mediated sorting of nuclear 

encoded mRNAs to the mitochondrial surface is the yeast mRNA-binding protein Puf3. 

It is resident on the cytosolic surface of the mitochondrial outer membrane (reviewed in: 

Lesnik et al. 2015) and was first identified in 2008 as a binder of mitochondrial targeted 

cytosolic mRNAs (Saint-Georges et al. 2008). The protein was shown to act as 

translational regulator and also mediates mRNA decay and stability (reviewed in: 

Lesnik et al. 2015). It represses translation of mitochondrial targeted mRNAs including 

several encoding for respiratory chain subunits, tricarboxylic acid cycle enzymes, 

mitochondrial lipids and proteins of the import machinery and innermitochondrial 

translation in fermenting Saccharomyces cerevisiae. This repression is released in 

respiring yeast cells (likely by phosphorylation of Puf3) although the protein stays 

bound to its mRNAs (Lapointe et al. 2018). In addition to the direct binding and impact 

on mitochondrial targeted mRNAs, Puf3 was found to alter the protein level of cytosolic 

ribosomes and to regulate a network of 65 RNA binding proteins (Wang et al 2019). 

Taken together, Puf3 is considered a sensor for metabolic changes in yeast cells that 

mediates expression of proteins for mitochondrial biogenesis under non-fermentive 

conditions and balances mitochondrial and cytosolic translation (Lapointe et al. 2018, 

Wang et al. 2019). The two mammalian Pumilio family members, PUM1 and PUM2, 

are also RNA-binding proteins with a posttranslational regulatory function. However, 



 

 

 15 

none of them exhibits a specificity for nuclear encoded mitochondrial targeted mRNAs 

(Bohn et al. 2018).  

PINK1, a protein associated with Parkinson’s disease, was shown to recruit a subset of 

mitochondrial targeted mRNA to the mitochondrial outer membrane in Drosophila 

melanogaster and in Hek293 cells. In this study, in fly tissue and mammalian cells, Pum 

was shown to interact with PINK1’s mitochondrial outer membrane targets, most likely 

downstream of PINK1 (Gehrke et al. 2015). Therefore, Pum might not exclusively, but 

also regulate mitochondrial targeted mRNAs.  

PINK1 interacts with Parkin to release translation repression from its bound mRNAs 

and recruits the translation initiation factor eIF4G (Gehrke et al. 2015). Since the 

PINK1-Parkin pathway is also involved in mitophagy (Narendra et al. 2010), it might 

provide an interesting link between in translation and mitochondrial homeostasis 

(Gehrke et al. 2015). 

Another study performed in D. melanogaster oocytes reported a novel mitochondrial 

outer membrane protein belonging to the AKAP family, MDI, that interacts with 

TOM20 and recruits the La-related protein (Larp) to the mitochondrial surface. This 

interaction was demonstrated essential for mitochondrial biogenesis and replication of 

mitochondrial DNA in Drosophila oocytes (Zhang et al. 2016). LARP1, the human 

homolog of Larp, is a known RNA binding protein that was shown to regulate the 

translation of cytosolic ribosomal proteins dependent on phosphorylation (Hong et al. 

2017). Although the localization of mRNAs encoding mitochondrial proteins that 

showed alterations in expression in MDI deficient cells was not studied by Zhang and 

colleagues (2016), it is likely that MDI and Larp have an impact on mRNA distribution 

to the mitochondrial surface. In addition, another AKAP protein localized at the 

mitochondrial outer membrane, the mouse AKAP121 was shown to tether the nuclear 

encoded SOD2 mRNA to the surface of mitochondria in transfected Hela S3 cells and 

increases SOD2 protein level especially following cAMP stimulation (Ginsberg et al. 

2003). Thus, the AKAP protein family might be an interesting field to mine for new 

mRNA binders at the mitochondrial outer membrane. 

The clustered mitochondria protein homolog (CLUH) is nowadays considered the main 

interactor for mitochondrial targeted mRNAs. The protein is an evolutionary conserved 

RNA-binding protein (reviewed in: Schatton and Rugarli 2018) that, in mammalian 
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cells, was shown to bind especially mRNAs belonging to nuclear encoded 

mitochondrial proteins (Gao et al. 2014). Concurrently, Hela S3 cells with a CLUH 

knockout were impaired in oxidative phosphorylation, tricarboxylic acid cycle function 

and fatty acid oxidation and displayed an altered mitochondrial translation pattern 

(Wakim et al. 2017). In addition, a homozygote deletion of CLUH in mice lead to 

postnatal lethality and the mitochondrial proteome in CLUH deficient liver tissue of 

mice is significantly altered compared to wildtype mice (Schatton et al. 2017). The 

Drosophila homolog of CLUH, Clueless (Clu) was shown to associate with ribosomal 

proteins at the mitochondrial outer membrane in larval neuroblasts. Moreover, the 

depletion of Clu does not only exhibit the conserved phenotype of mitochondrial 

clustering in the examined cells, but also leads to an impairment of mitochondrial 

function (Sen and Cox 2016).  

Although Schatton et al. observed an increased decay of investigated target mRNAs in 

CLUH depleted mouse embryonic fibroblasts (MEFs) (Schatton et al. 2017), Vardi-

Oknin and Arava reported almost no impact on steady-state levels of examined targets 

in Hek293 cells. Moreover, CLUH binding transcripts exhibited a stronger localization 

to the mitochondrial vicinity upon transfecting with CLUH silencing RNA. Thus, the 

exact function of CLUH on its target mRNAs and interacting proteins are still to be 

elucidated (Vardi-Oknin and Arava 2019). However, CLUH’s function has shown to be 

crucial in adipose tissue differentiation linking it obesity, hepatosteatosis and 

cardiovascular diseases (Cho et al. 2019). 

Most of the studies presented above approach the question what factors are involved in 

mRNA localization to the mitochondrial surface from the view of the trans-acting 

proteins. Usually one or few proteins are chosen and it is examined what mRNAs are 

altered in their localization. In contrast, this work aims to put a specific mRNA to the 

center of interest and to identify potential trans-acting proteins that are involved in its 

transport.  

The bait RNA chosen for this work is the human mitochondrial superoxide dismutase 2 

(SOD2, also known as MnSOD) mRNA. SOD2 is a mitochondrial superoxide radical 

scavenger protein (Wong 1995) that protects proteins, lipids and nucleic acids in the 

organelle from reactive oxygen species (ROS), the byproducts of oxidative 

phosphorylation. The SOD2 and especially its active site is conserved from bacteria to 
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human and a deletion of the enzyme was demonstrated to be lethal in mice. In human, 

SOD2 mutations were observed in several cancers and neurological disorders (including 

Parkinson’s disease). Polymorphisms within its sequence were associated with type II 

diabetes and hypertension. Moreover, pre-clinical studies in mice and rat using 

recombinant SOD2 as a drug demonstrated irradiation protection of healthy tissue and a 

toxic effect in tumor cells. Moreover, it seems to have a positive impact on fibrosis and 

to reduce inflammation (reviewed in: Azadmanesh and Borgstahl 2018).  

The sequence is encoded in the nucleus (compare Anderson et al. 1981) and its mRNA 

was found enriched in mitochondria associated polysomes in HeLa cells (Sylvestre et al. 

2003) indicating the sorting of SOD2 mRNA to the mitochondrial surface. In addition, 

the transcript was recruited in a cAMP-dependent manner to the vicinity of HeLa 

mitochondria upon transfection with a vector encoding the mouse mitochondrial 

membrane protein AKAP121 (Ginsberg et al. 2003). Moreover, the SOD2 MTS and its 

3’UTR were characterized as sufficient to retarget the mitochondrial encoded ATP6 

from a genomic locus to a successful mitochondrial import although ATP6 constructs 

without the SOD2 cis-elements failed to enter the mitochondria (Kaltimbacher et al. 

2006).  

Here, 24 MS2 loops were introduced between the SOD2 ORF and the 3’UTR to tether 

the mutant biotin ligase BirA* via MS2 coat proteins to the bait. This RNA-BioID 

method has already been proven to be successful to identify trans-acting proteins 

involved in ß-Actin mRNA localization (Mukherjee et al. 2019).  

The work presented here seeks to find potential candidates responsible for the sorting of 

SOD2 mRNA to the mitochondrial vicinity by applying RNA-BioID on SOD2 mRNA 

in human HeLa and U2OS cells.  
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2. Materials and methods 

 

2.1. Materials 

 

Table 1: machines and equipment in the cell culture. 

Sterile Hood HLB 2448  

Water bath Isotemp 210 

Incubator CB210 

Refridgerator  

Tabletop centrifuge 5702 

Mini centrifuge 

Inverse Microscope 

Light source Mikroskopierleuchte 1000 

Freezer 

Vortex Genie 2 

Pipette 10 µl 

Pipette 20µl 

Pipette 200µl 

Pipette 1000µl 

Pipetboy Acu 

IBS Fireboy 

Laboport
R 

Hemocytometer 

Microscopy cover glass 

Heraeus  

Thermo Fisher Scientific  

Binder GmbH  

Liebherr Profi line 

Eppendorf  

Biozym 

Zeiss West Germany 

Zeiss West Germany 

Liebherr  

VWR 

Eppendorf 

Gilson 

Eppendorf 

Gilson 

Integra Biosciences 

Integra Biosciences 

KNF 

Brand 

VWR 

10 cm dishes 

75 cm² flasks 

150 cm² flasks 

300 cm² flasks 

6 well plates with lid 

4-well microscopy chambers with lid 

Corning  

Corning  

TPP  

TTP 

Corning  

Sarstedt 
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Filtertips 10 µl 

Filtertips 20 µl 

Filtertips 200 µl 

Filtertips 1000 µl 

Pipette tips 10 µl 

Pipette tips 200 µl 

Pipette tips 1000 µl 

CoStar
R
 Strippettes 2ml-25ml 

15 ml tubes with lid 

50 ml tubes with lid 

1.5 ml safelock microcentrifuge tubes 

2ml Cryopure freezing tubes 

nerbe plus  

nerbe plus  

nerbe plus  

nerbe plus  

Sarstedt  

Sarstedt  

Sarstedt  

Corning 

Sarstedt  

Greiner bio-one  

Sarstedt 

Sarstedt 

 

Table 2: Machines and equipment in the laboratory. 

CCD Camera Axiocam 506 

Filter cube HE 38 

Filter cube F45 

Cell observer microscope 

Lambda unit with Xenon lamp 

Objectives 40x-63x 

Nanodrop spectral photometer 

SDS-page and western blotting chambers 

SDS-page glass plates 

Agarose gel chambers 

Power supply PowerPac
TM 

Refridgerator  

Freezer -20°C 

Freezer -80°C  

Tabletop centrifuge 5424 

Tabletop centrifuge 5415 R 

Centrifuge 5810 R 

Canon 

Zeiss 

AHF 

Zeiss 

Zeiss 

Zeiss 

Thermo Fisher Scientific 

Bio-Rad 

Bio-Rad 

Thermo Fisher Scientific 

Bio-Rad 

Liebherr Profi line 

Liebherr Comfort line 

Thermo Scientific 

Eppendorf 

Eppendorf 

Eppendorf 
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Vortex Genie 2 

Thermocycler FlexCycler 

Thermocycler MyCycler 

Genesys 10 spectrophotometer 

DeVision Dbox imaging system 

Microwave 

Odyssey imaging system 

Thermocell mixing block MB102 

Incubator INCU-line 

Minitron incubation shaker 

Milli-Q water purification system 

Pipetboy Acu 

Pipette 10 µl 

Pipette 20 µl 

Pipette 200 µl 

Pipette 1000 µl 

IKAMAG RCT (stirrer and heating plate) 

dounce glass homogenitizer 

Scales 

Beaker glasses 

Erlenmeyer flasks 

Glass bottles 200ml-1000ml with lid 

Glass beads 

Rotator SB2 

VWR 

Analytik Jena 

Bio-Rad 

Thermo Scientific 

Decon Science Tec 

Sharp 

Li-Cor Biosciences 

Bioer 

VWR 

Infors-HT 

Millipore company 

Integra Biosciences 

Eppendorf 

Eppendorf 

Eppendorf 

Eppendorf 

IKA 

Braun 

Kern ABJ and PLS 2100-2 

Schott 

SIMAY 

Schott 

Roth 

VWR 

Filter tips 10 µl 

Filter tips 200 µl 

Filter tips 1000 µl 

Pipette tips 10 µl 

Pipette tips 200 µl 

Pipette tips 1000 µl 

Safelock 1.5 ml microcentrifuge tubes 

Nerbe plus 

Nerbe plus 

Nerbe plus 

Sarstedt 

Sarstedt 

Sarstedt 

Sarstedt 
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1.5 ml microcentrifuge tubes 

15 ml tubes with lid 

50 ml tubes with lid 

Polystyrene Cuvettes 

2 ml microcentrifuge tubes 

CoStar
R
 Stripettes 2 ml-25ml 

PCR tubes 

PCR stripes 

Petri dishes 

Soft-ject 2ml Syringes 

Needles 21G 

Greiner-bio/Sarstedt 

Sarstedt 

Greiner-bio/Sarstedt 

Sarstedt 

Sarstedt 

Corning 

Sarstedt 

Sarstedt 

Sarstedt 

VWR 

Sterican 

 

Table 3: Chemicals, enzymes and antibodies in the cell culture. 

1x Trypsin-EDTA 

10x Trypsin-EDTA 

FBS, heat-inactivated 

Dulbecco‘s modified Eagle‘s medium 

Opti-MEM medium 

Trypan blue solution 

DMSO 

Hygromycin B 

G418 

Ganciclovir 

Doxycycline hyclate 

Blasticidin S hydrochloride 

X-treme Gene transfection reagent 

FuGENE
R
 6 transfection reagent 

FuGENE
HD

 transfection reagent 

Biotin 

Salmon Protamine sulfate 

Penicillin/Streptomycin 

Sigma-Aldrich  

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

gibco 

Sigma-Aldrich 

Sigma-Aldrich 

Roth 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Roth 

Sigma-Aldrich 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 
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Mitotracker
R 

deepRed staining 

Mitotracker
R
 Green staining 

DPBS  

Thermo Fisher Scientific 

Thermo Fisher Scientific 

Sigma-Aldrich 

  

Table 4: Chemicals, enzymes and antibodies in the laboratory. 

Phenol/Chloroform 

Ethanol 

Agarose 

GelRed
R
 dye 

Cutsmart
R
 10x buffered 

1kb DNA ladder 

6xloading buffer 

BamHI-HF enzyme 

KpnI-HF enzyme 

NotI Fast digest 

BamHI Fast digest 

Buffer “Green” 

Herculase
R
 II Fusion DNA polymerase 

100 mM dNTP mix 

5x Herculase buffer 

10 T4 DNA ligase buffer 

T4 DNA ligase 

Pageruler
TM

 prestained protein ladder 

RiboRuler high range RNA ladder 

PVDF membrane 

Immobilon-FL PVDF membrane  

Sodium chloride 

NBT 

BCIP 

Streptadvidin-Alkaline phosphatase 

Streptavidin magnetic beads 

Roth 

Riedel de Haen 

Sigma-Aldrich 

BioTrend 

New England BioLabs 

New England BioLabs 

New England Biolabs 

New England Biolabs 

New England Biolabs 

Fermentas 

Fermentas 

Fermentas 

Stratagene 

Agilens 

Stratagene 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

GE Healthcare Sciences 

Merck –Millipore 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

KPL 

GE Healthcare 
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Proteinase K 

Agarose 

Methanol 

BSA 

Tween 20 

Bradford reagent Roti-Quant
R 

Potassium chloride 

Sodium hydrogen phosphate 

Potassium hydrogen phosphate 

Tris 

NP-40 

SDS pellets 

Magnesium chloride 

Mannitol 

Magnesium acetate 

ß-Mercaptoethanol 

PMSF 

HEPES 

Glucose 

Trehalose 

Magnesium sulfate 

Calcium chloride 

Glycerol 

Bromphenolblue 

Sodium deoxycholate 

Triton X-100 

EDTA 

Lithium chloride 

DTT 

Sucrose 

EGTA 

Ammoniumperoxidisulfate 

Thermo Fisher Scientific 

Roth 

Thermo Fisher Scientific 

Sigma-Aldrich 

Roth 

Roth 

Applichem/Roth 

Merck 

Applichem 

Applichem 

Roche 

Roth 

Merck 

Roth 

Roth 

Roth 

Roth 

Roth 

Roth 

Sigma-Aldrich 

Sigma-Aldrich 

Merck 

Roth 

Roth 

Sigma-Aldrich 

Roth 

Applichem 

Applichem 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Roth 



 

 

 24 

TEMED 

Isopropanol 

Sodium acetate 

Glycine 

Trypton/Pepton 

Yeast extract 

Ampicillin 

Sodium hydroxide 

Anti GFP rabbit antibody 

Anti FLAG mouse antibody 

Anti Tom20 rabbit antibody 

Anti Lamin A/C rabbit antibody 

Anti GAPDH rabbit antibody 

Goat anti mouse 680nm 

Goat anti rabbit 680nm 

Goat anti mouse 800 nm 

Goat anti rabbit 800nm 

Roti
R 

Load RNA 

DNA ladder 

Applichem 

Merck 

Merck 

Sigma-Aldrich 

Roth 

Roth 

Roth 

Baker 

lifeTechnologies 

Sigma-Aldrich 

Santa Cruz 

Cell Signaling 

Cell Signaling 

Li-Cor 

Li-Cor 

Li-Cor 

Li-Cor 

Roth 

Thermo Fisher Scientific 

 

Table 5: Commercially available kits. 

Nucleospin
R
 Plasmid Easypure kit 

Nucleospin
R
 Gel and PCR cleanup kit 

Nucleosnap
R
 plasmid Midi kit 

Nuckeospin
R
 RNA kit 

Goscript
R
 reverse transcriptase system 

Machery and Nagel 

Machery and Nagel 

Machery and Nagel 

Machery and Nagel 

Promega 
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2.2. Methods 

2.2.1. Plasmids and Cloning 

 

Plasmid amplification 

All plasmids were amplified in Escherichia coli DH5α. The purified plasmids were 

transformed into the competent bacteria by heat shock transformation. A maximum 

amount of 1 ng DNA was placed in a 1.5 ml microcentrifuge tube. 5x10
5
 competent E. 

coli DH5α were added to the plasmid DNA. The tubes were incubated on ice for 40 

minutes, heat shocked in a 42°C waterbath for 42 seconds and placed on ice for another 

2 minutes. After addition of 700 µl of room-temperatured LB medium without 

antibiotics, the bacteria were incubated at 37°C for 45-60 minutes. Following, the tubes 

were centrifuged with 7000 rpm for 1 minute and 600 µl of the supernatant were 

discarded. The prokaryotes were resuspended in the remaining medium and plated on 

LB plates containing the selection marker Ampicillin with the help of glass beads. The 

plates were incubated overnight at 37°C. 

The next day, several colonies from one plate were picked to inoculate separate cultures 

with LB medium containing 100µg/ml Ampicillin for overnight incubation. The 

plasmids were purified using the Nucleospin plasmid Easypure kit following the 

provided protocol. The obtained DNA amount was measured by spectrophotometry 

using the Nanodrop system. Each plasmid was checked by restriction digestion. 

 

Plasmid purification by phenol-chloroform extraction and ethanol precipitation 

For phenol-chloroform extraction, the DNA had to be diluted to a volume of at least 50 

µl. Following, the same volume of phenol/chloroform solution was added onto the 

plasmids. The tube was vortexed for 15-20 seconds. The sample was then kept at room 

temperature for 3 minutes until both phases had been separated again. Following, the 

tube was centrifuged at 12000 x g for 15 min at 4 °C to neatly separate the phases and 

the interphase layer. The upper liquid phase was then transferred into a new 1.5 ml 

microcentrifuge tube. 

1
/3 of the primary volume (e.g. if started with 100 µl plasmid solution, now 30 µl) of 

sodium acetate 3 M pH 5.2 was added to the new tube. Then 3 times the primary 

volume (e.g. 300 µl) of ice-cold 100% ethanol was added and the tubes were stored at   
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-80 °C for at least 4 hours, but mostly overnight for 8-10 hours. After this time, the 

samples were centrifuged at 13000 x g and 4 °C for 30 minutes. The supernatant was 

discarded and the pellet resuspended in 75 % ice-cold ethanol. The centrifugation was 

repeated at 4 °C and 13000 x g for 20 minutes. The supernatant was discarded and the 

tubes were left at room temperature for 15 minutes under an extractor fan to let the 

alcohol evaporate. The plasmids then were resuspended in ddH2O and concentration 

was measured using the Nanodrop system.  

 

Constructs for transient transfection and stable integration  

In figure 1 the constructs that were transfected into HeLa S3, U2OS and HeLa 11ht 

cells are portrayed. The first shown construct is the bait mRNA, SOD2MS2, that was 

developed by Joyita Mukgerjee (unpublished data, laboratory of Prof. Jansen, IFIb 

Tübingen). Here, the DNA coding for the FLAG epitope and the MS2 loops are inserted 

between the human SOD2 open reading frame and the SOD2 3’UTR. The stop codon is 

located after the FLAG tag, so that the SOD2 expressed from the plasmid will have a 

FLAG tag at its C-terminal end.  

In the bottom of figure 1, the RNA-binding fusion protein constructs used for the 

experiments are shown. The aminoterminal nuclear localization sequence (NLS) 

relocates the protein to the nucleus in absence of the bound target mRNA. The MS2 

coat protein (MCP) binds as a dimer to the MS2-loops. The fusion proteins contain 

either one or two MCP units. This segment is followed by an enhanced GFP (eGFP) 

that allows the detection of the protein in the cell by fluorescence microscopy. The 

mutant biotin ligase BirA* represents the carboxyterminal component of the fusion 

protein(s) (Mukherjee et al. 2019). When targeted via MCP to the MS2 loops, the fusion 

protein will travel with the target RNA and biotinylate surrounding proteins including 

the RNA-interacting proteins within the approximate range of 10nm (reviewed in: Kim 

and Roux 2016).  
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Fig. 1: SOD2 bait mRNA and BirA* fusion protein constructs. 

The picture shows the constructs for the experiments developed by Joyita Mukherjee 

(Mukherjee et al. 2019, SOD2MS2: unpublished data, laboratory of Prof. Jansen, IFIB 

Tübingen) by linking the BioID method (Roux et al. 2013) to a bait mRNA via the widely 

used MS2/MCP system (Mukherjee et al. 2019). 

The first construct is encoded on the plasmid SOD2MS2 shown in figure 2 (see transient 

transfection vectors section in this chapter). The second containing one MCP is 

encoded on BirA*t and the last one on BirA*tt for transient transfection. For stable 

integration into cells, one MS2 coat unit per protein was preferred over the construct 

with two. 

 

In addition, constructs lacking BirA* but containing MCP and eGFP were developed for 

first localization experiments.  

 

Transient transfection vectors 

Three plasmids were used for transient transfection experiments in the HeLa S3 cell 

line.  

First, SOD2MS2 was created to introduce the target RNA of human SOD2 together with 

24 MS2 loops between the ORF and the 3’UTR into the cells. The plasmid has a 

pcDNA3 backbone and the mRNA is expressed from a CMV promotor. The plasmid 

was created by Joyita Mukherjee (unpublished data, laboratory of Prof. Jansen, IFIB 

Tübingen). 
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Fig. 2: SOD2MS2 (RJP 2029). 

The plasmid was used to introduce the bait mRNA into the cells. The blue box highlights 

the region expressing the target mRNA. It consists of the ORF of human SOD2 in frame 

with a FLAG tag, 24 MS2 loops, the 3’UTR of human SOD2 and a bovine growth 

hormone polyadenylation signal. 

 

The second plasmid RJP 1953 was also designed by Joyita Mukherjee. The construct in 

a phage backbone can be seen in figure 3 and contains the sequence of the 2xMCP-

eGFP-BirA* fusion protein that will bind to the SOD2MS2 bait mRNA. In addition, 

another variant of this plasmid expressing the protein construct with only one MCP 

instead of two was designed. Here, theoretically twice the amount of biotin ligase and 

eGFP units can be bound per RNA molecule for a brighter signal.  

Moreover, plasmids containing the sequences for fusion proteins lacking BirA*, 

respectively, were designed in the same backbone by Joyita Mukherjee (unpublished 

data, laboratory of Prof. Jansen, IFIB Tübingen).  
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Fig. 3: The plasmid BirA*tt (RJP 1953). 

BirA*tt encodes the MS2 loop binding protein construct that is highlighted in the blue 

box. It consists of the mutant biotin ligase BirA* derived from E.coli (reviewed in: Kim 

and Roux 2016) that is expressed in frame with the fluorescent protein eGFP and two 

MS2 coat proteins. Moreover, it contains a nuclear targeting sequence that will guide 

the expressed protein to the nucleus unless bound to the MS2 loops (Mukherjee et al. 

2019). 

 

Stable integration vectors 

The HeLa 11ht cells and U2OS cells are optimized for different ways to achieve stable 

integration of added plasmids into their genome.  

The used U2OS T-Rex cell line has FRT sites integrated in their genome. Therefore, the 

Flp/FRT system can be used to integrate a given DNA sequence at these sites. Several 

requirements have to be fulfilled for a successful integration in this system. First, the 

Flip recombinase must be produced in the cells at the time of transfection. For this, a 

plasmid encoding this protein has to be co-transfected with the target DNA sequence. 

The according plasmid map is shown below in figure 4. 
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Fig. 4: Plasmid map of pPGKFLPobpA (Raymond and Soriano 2007).  

The vector encodes a codon optimized Flip recombinase for mammalian cells (blue box) 

with a bovine growth hormone poly-A signal (Raymond and Soriano 2007). It is 

commercially available via Addgene. 

 

Second, the plasmid with the DNA sequence that has to be integrated must contain the 

fitting FRT site to enable its insertion by the Flip recombinase.  

The plasmid construct with Tet operators and two CMV promoters in a pcDNA5 

backbone was created by Alfred Hanswillemenke (laboratory of Prof. Stafforst, IFIB 

Tübingen, unpublished data) as shown in figure 5. Box two highlights the FRT site 

necessary for stable integration of the plasmid into the genome of U2OS T-Rex cells. 
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Fig. 5: Plasmid pcDNA5_1xTet (Alfred Hanswillemenke, unpublished data, laboratory 

of Prof. Stafforst, IFIB Tübingen).  

The plasmid pcDNA5_1xTet is the backbone for transfer of genes into U2OS cells. Box 

number 1 shows the KpnI and BamHI restriction sites I used for inserting the fusion 

proteins containing the biotin ligase. Before the insertion site you find the CMV 

promoter and the Tet-response elements necessary for the tetracycline or doxycycline 

dependent expression of the inserted gene. Again, the inserted sequence is followed by a 

bovine growth hormone poly-A signal. 

The FRT (flip recombinase target) site is highlighted in box number 2. It is needed for 

stable integration of the plasmid into the U2OS genome using the Flp/FRT system. 

 

The DNA inserts containing the eGFP or eGFP+BirA* were created by PCR from the 

psF3 plasmids RJP 2052 and RJP 2053 (see figure 8) that have been cloned for stable 

integration of the fusion proteins’ sequences in Hela 11ht cells by Joyita Mukherjee 

(unpublished data, laboratory of Prof. Jansen, IFIB Tübingen). The products were 

amplified with the primers KpnI-stop-SV40NLS_F and either BamHI-eGFPwithstop_R 

or BamHI-BirAwithstop_R (for sequences see appendix) for constructs without or with 

BirA*, respectively. The PCR program is shown in figure 6.  
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The primers insert a KpnI site and, to avoid frame shift, an ATG triplet in the beginning 

as well as a BamHI site for cloning at the end. The PCR product was purified by 

agarose gel electrophoresis and the correct band was extracted using the Nucleospin kit. 

The insert as well as the backbone vector were digested with BamHI and KpnI high 

fidelity enzymes in the recommended buffer. The digested DNA was again purified via 

agarose gel electrophoresis, extracted and following ligated with T4 DNA ligase. The 

ligation products were transformed into E.coli DHα by heat shock transformation (for 

protocol see plasmid amplification in this chapter). Correctly assembled plasmids were 

checked with colony PCR and partially by sequencing.  

 

Fig. 6: Generating 1xMCP-eGFP and 1xMCP-eGFP-BirA* inserts for cloning in 

pcDNA5_1xTet. 

Left: PCR program. Right: amplified products. Lane 2 shows the band for 1xMCP-

eGFP-BirA* (2127 base pairs) and lane 3 the band of 1xMCP-eGFP (1158 base pairs). 

 

The plasmid map below shows the final plasmid 1xTet_1xMCP eGFP BirA* used for 

stable integration into U2OS cells. The backbones created by Alfred Hanswillemenke 

(unpublished data, laboratory of Prof. Stafforst, IFIB Tübingen) contain two CMV 

promoters followed by multiple cloning sites. In 2xTet plasmids, both CMV promotors 

are controlled by Tet-response-elements, whereas in 1xTet plasmids only the first insert 

is expressed in a tetracycline (or doxycycline) dependent manner.  
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Fig. 7: 1xTet_1xMCP-eGF-BirA*. 

The MCP-eGFP-biotin ligase construct integrated into pcDNA5 backbone. The blue 

box highlights the integrated fusion protein and its surroundings.  

 

The other cell line used was the HeLa EM2-11ht cell line that is optimized for stable 

integration via recombinase mediated cassette exchange (RMCE). Instead of only one 

FRT site, they carry two heterologous recombination sites in their genome. Between 

them a target DNA sequence can be introduced. Figure 8 shows a typical vector for 

stable integration in HeLa 11ht cells, the two different FRT sites are highlighted in box 

1 and 2. The cells as well as the psF3 vector were kindly given to the Jansen group from 

ZMBH Heidelberg. The cloning sites of the vector follow the bidirectional arranged 

promotors and tetracycline response elements. Each of the two is followed by a bovine 

growth hormone poly-A signal. The sequence of MCP-eGFP and MCP-eGFP-BirA* 

fusion proteins were integrated by Joyita Mukherjee (unpublished data, laboratory of 

Prof. Jansen, IFIB Tübingen,). The luciferase was already integrated and can be used as 

an expression reporter.  
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For integration into HeLa EM2-11ht, the same plasmid encoding the Flip recombinase 

as described above had to be cotransfected with the plasmid carrying the target DNA. 

 

Fig. 8: Vector psF3_1xMCP-eGFP-BirA*(RJP 2053). 

1xMCP-eGFP-BirA* integrated in the psF3 backbone (created by Joyita Mukherjee). 

The boxes 1 and 2 show the two different FRT sites used for recombinase mediated 

cassette exchange in HeLa 11ht cells. 

 

The original Flp/FRT system used in U2OS cells is based on DNA insertion that works 

against thermodynamic and kinetic barriers. On the contrary, the RMCE works by 

exchanging DNA fragments instead of inserting one. It should therefore, at least 

theoretically, face lesser energetic hurdles which makes an insertion of the wanted DNA 

sequence into the genome of a target cell more likely to happen (reviewed in: Turan et 

al. 2011). 
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Cloning of mitochondrial phosphate carrier protein fusion with mCherry  

For cloning of the sequence of the mitochondrial phosphate carrier protein (MPCP), 

RNA was extracted from HeLa S3 cells using the Nucleospin
R
 RNA extraction kit, 

following the large RNA purification protocol.  

The MPCP cDNA was produced using the primer Q00325-2_backward (for sequence 

see appendix) and the Goscript
R
 reverse transcription kit in a sample volume of 20 µl 

per PCR tube. The thermocycler program for reverse transcription is shown in figure 9.  

 

Fig. 9: Reverse transcription program for MPCP cDNA from HeLa S3 RNA with primer 

Q00325-2_backward.  

 

The cDNA of the mitochondrial phosphate carrier protein was then amplified in a PCR. 

This time Q00325-2_backward and Q00325-2_forward (for sequences see appendix) 

were used as forward and backward primers, respectively. The PCR was set up with 

Herculase polymerase according to recommended composition. The PCR program and 

the gel electrophoresis of the amplification product are shown in figure 10. 
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Fig 10: Amplification of mitochondrial phosphate carrier DNA. 

Left: PCR program for amplification of mitochondrial phosphate carrier DNA. Right: 

Correctly amplified MPCP sequence (1171 base pairs). 

 

 

Fig. 11: The final plasmid map of Mitochondrial Phosphate Carrier Protein in frame 

with mCherry in a pcDNA3.1. backbone that was transfected into HeLa S3 cells.  
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The chosen primers help to introduce the restriction sites for BamHI and NotI at the 

beginning and the end of the MPCP ORF. The amplified product was ligated with 

restricted RJP 1987 that encodes the mCherry fluorescent protein. Therefore, the PCR 

product was cleaned using the Nucleospin
R
 Easypure gel and PCR cleanup kit. RJP 

1987 as well as the MPCP PCR product were digested overnight with BamHI and NotI 

fast digest enzymes from Fermentas in the recommended buffer “Green”. The digested 

DNA samples were purified by agarose gel electrophoresis and the correct bands were 

isolated using the PCR and gel cleanup kit. The ligation was performed with T4 DNA 

ligase in its provided buffer for 2 hours at room temperature. Vector and insert were 

used in at 1:5 ratio with 30 ng digested plasmid and 150ng of insert DNA. After ligation 

50 µl of competent E.coli DH5α were directly added to the ligation mix for 

transformation via heat shock protocol. A set of colonies were amplified and tested via 

plasmid digestion for the correct insert size, one plasmid was sequenced to verify the 

correct integration and sequence. The final plasmid map is shown in figure 11. 

 

2.2.2. Cell culture 

 

HeLa S3 

HeLa cells, widely used for scientific research, are human cervical cancer cells. The 

immortal cell strain was already cultured for about five years when Puck and Fisher 

(Puck and Fisher 1956) described subpopulations of cells with different growth 

behavior dependent on the preconditions. The S3 cell line was used for transient 

transfection experiments. 
 

The cells were cultivated in DMEM with 10% heat-inactivated FBS and 1% 

penicillin/streptomycin. Since they grow adherently, they were kept in 75 cm² (10ml of 

medium) or 150 cm
2
 (20 ml of medium) tissue culture flasks. These were incubated at 

37°C and under 10 % CO2 conditions in the incubator’s atmosphere. The medium was 

changed every second to fourth day depending on the cell number in the flask. 

When grown confluent, the cells were splitted in a dilution of 1:5 with fresh medium. 

After removing the old medium, the cells were detached by incubating them for 3 min 

at 37°C with 5 ml of 1x trypsin solution. The enzyme was then inactivated by adding an 
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equal amount of DMEM with 10%FBS. The cell suspension was transferred into a 50 

ml Falcon tube and centrifuged at 2000 rpm for 5 min. The supernatant was discarded 

and the cells were resuspended in 5ml of growth medium. 1 ml was transferred into a 

new tissue culture flask with the according amount of fresh medium (if splitting the 

cells into a new flask of different size the cell amount must be adjusted). 

For fluorescence microscopy the cells were counted to select an optimal number. For 

this 20 µl of the resuspended cells were mixed with the same amount of Trypan blue 

staining. Living cells were counted using a hemocytometer. The cell suspension was 

then diluted to the required concentration so the accurate cell number could be splitted. 

To store the cells for a longer time, they were frozen in liquid nitrogen. Therefore, the 

cells were also detached, resuspended and counted. The cells then were pelleted at 2000 

rpm for 5 min and diluted in DMEM with 9% FBS and 10% DMSO to a concentration 

of 10
6
 cells per ml. They were distributed in 1ml aliquots into cryogenic tubes. The 

tubes were phased cooled by keeping them 30 min at 4°C, 30 min at -20°C, 2 – 8h at -

80°C before finally storing the stocks in liquid nitrogen. 

To avoid toxic effects of DMSO, cell stocks must be thawed quickly. They were 

transferred from the liquid nitrogen into a prewarmed water bath at 37°C. Immediately 

after thawing they were placed into a centrifuge and pelleted at 2000 rpm for 5 min. The 

medium was discarded, the cells were resuspended in growth medium and placed into a 

75cm
2 

tissue culture flask. They had to be cultured for at least two passages to recover 

from the stress and normalize their biochemical behavior. 

 

HeLa EM2-11ht  

The HeLa EM2-11ht cell line was designed and characterized by Weidenfeld and 

colleagues in 2009. Any gene can be stably inserted into the genome of this cell line. 

The designers have shown that the insertion site can be retargeted and that, after 

successful insertion of a gene, it contains a single copy of it per cell. Moreover, the 

transcription of the inserted genes is regulated by the addition of tetracycline or 

doxycycline (Weidenfeld et al. 2009).  

The HeLa 11ht cells were usually grown in DMEM with 10% FBS. The cell line needs 

200 µg/ml Hygromycin B and 200 µg/ml G418 in the medium for selection to keep the 
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FRT sites for recombinase-mediated cassette exchange. Stocks were prepared under the 

same conditions as described for HeLa S3 cells.  

For stable integration, the cells were grown in 10 cm dishes and transfected with the 

plasmids encoding the Flip recombinase and the target DNA sequence in a ratio of 1:1 

(2 µg per plasmid were used) using Fugene transfection reagent and following the 

according protocol.  

For efficient recombination, the cells were grown for 1-2 days in medium containing 

only G418 before changing to medium that also contains 50 µM Ganciclovir. The 

cassette surrounded by FRT sites on the psF3 plasmid encodes a Ganciclovir-resistance 

gene, therefore a strict selection for the recombinant cells was possible. The cell clones 

producing the eGFP or eGFP-BirA* fusion protein were grown in 10 cm plates and 

subsequently transferred in 75 cm² and 150 cm² tissue culture flasks. To select cells 

with similar eGFP expression upon induction, the cell clones were seeded in 10 cm 

dishes, induced in medium containing 1 µg/ml doxycycline for 24h and sorted by FACS 

(performed by Cornelia Grimmel, FACS Core Facility of Tübingen university), the 

specific details of the sort are shown in the appendix.  

Due to frequent contamination even of the cell stocks, this cell line was several times 

screened for mycoplasma infection by PCR from a whole cell lysate, but the expected 

bands indicating presence of mycoplasma could not be detected. However, plating 

medium of the cells on LB plates gave positive results in growing colonies, therefore a 

bacterial contamination has to be suspected. Because contamination could not be 

eradicated even by adding penicillin and streptomycin to the medium as for the HeLa 

S3 cells, the cell line was left for working with U2OS cells in later experiments. 

 

U2OS – T-Rex 

U2OS is a human cancer cell line that was derived by Ponten and Saksela in 1964 as 2T 

cells. The original tumor was a moderately differentiated osteosarcoma of the tibia 

(Ponten and Saksela 1967). Nowadays, it is a cell line widely used in scientific research. 

The U2OS T-Rex cells were a kind gift from Alfred Hanswillemenke (laboratory of 

Prof. Stafforst, IFIB Tübingen) together with the pcDNA 5 vectors containing Tet-

response elements designed by himself. The genome of U2OS T-Rex cells carries a 
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single FRT site that allows integration of a gene using a FLP recombinase (Gordon et 

al. 2009).  

Native U2OS cells were grown in DMEM with 10 % heat-inactivated FBS, 15 µg/ml 

Blasticidin S and 100 µg/ml Zeocin under the same incubation conditions as HeLa cells 

(see above). Also the splitting and storage of U2OS cells follow the same protocol as 

the one of HeLa cells.  

For stable integration of a desired sequence the osteosarcoma cells were seeded into 6-

well plates 1x10
5
 cells per well. For transfection the medium was changed to DMEM 

with 5% FBS. 4 µg of pOG44 (encoding the Flip-recombinase) and 2µg of carrier 

plasmid were transfected per well. I used Fugene HD transfection reagent in a ratio of 

1:3 (which means 18µl per well) according to the company’s protocol. The transfection 

complex was prepared in Opti-MEM medium and then added to the cells. The plates 

were tilted carefully and then incubated for 6 h. Afterwards, the U2OS cells were 

washed once with DMEM containing 10% FBS and incubated overnight in medium of 

the same composition. After 24 h it was withdrawn from the plates and replaced by 

selection medium that contains 100 µg/ml Hygromycin B instead of the Zeocin. The 

medium was changed every second day until the forming colonies reached a diameter of 

approximately 3 to 5 mm. Then the cells were grown in 10 cm dishes.  

To standardize the eGFP expression between the cells, they were seeded in 10 cm plates 

and induced with 1µg/ml doxycycline for 24h. Afterwards, cells were detached, washed 

twice with PBS and re-diluted in FACS buffer. The cells were sorted into a 6-well 

microscopy plate by FACS (performed by Cornelia Grimmel, FACS Core Facility of 

Tübingen university), the FACS details can be found in the appendix. 

 

2.2.3. Laboratory methods 

 

Fractionation protocol by Kaltimbacher et al. (2006) 

The subcellular fractionation was performed with the HeLa S3 and 11ht lines. When the 

cells were grown confluent, they were detached with trypsin solution and washed once 

with PBS. After centrifugation of approximately 6x10
7
 cells at 2000rpm for 5 min, the 

supernatant was discarded and the cells were resuspended in 2ml of homogenization 

buffer (see Appendix for composition). The cells were homogenized with 15 strokes in 
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a dounce glass homogenizer. The lysate was centrifuged again in a 15 ml Falcon tube at 

1000 x g for 8 min at 4° C. To release the mitochondria from the unbroken cells, the 

pellet was resuspended as suggested and homogenized with another 25 strokes. Before 

repeating the centrifugation a 20 µl aliquot (whole cell lysate) was removed for the 

western blots. To pellet the membrane fraction and unbroken cells, the lysate was 

centrifuged again at 1000 x g for 8 min at 4° C. As suggested in the protocol, the 

mitochondria were pelleted by centrifugation at 12000 x g for 30 min at 4° C and then 

washed four times with homogenization buffer. 

 

Modified fractionation protocol according Frezza et al. (2007) 

This protocol was performed with HeLa 11ht cells grown until they covered the surface 

confluently. The cells were detached with trypsin as described above. Detachment was 

stopped by adding FBS containing medium. The cells were re-diluted in PBS for 

counting and then pelleted at 600 x g for 10 minutes. The pellet was resuspended in 500 

µl of ice-cold IBC buffer (see appendix for composition) and transferred into a glass 

potter. The suspension was treated with 50 strokes with a teflon pestle before 

transferring it into a 1.5ml microcentrifuge tube and centrifuged at 600 x g for another 

10 minutes for pelleting the membrane fraction. 

The supernatant was transferred into another tube and spun at 7000 x g and 4° C for 10 

minutes to pellet the mitochondrial fraction. This was washed 3 times with 50 µl of IBC 

buffer with another centrifugation at 7000 x g at each step.  

 

Cell dissection protocol by Shaiken et al. (2014) 

U2OS cells were grown confluently and detached using trypsin solution. After 

centrifugation they were washed one time using PBS. Two times the packed cell 

volume of buffer A (see appendix for composition) was added to the cell pellet and it 

was left rotating at 4° C for 30 min for cell lysis. The nuclei were pelleted by 

centrifugation at 1000 x g 4° C for 5 minutes, the supernatant was centrifuged again at 

10000 x g for 10 minutes to pellet the perinuclear fraction. The only fraction left in the 

supernatant should be the cytosolic one containing also the mitochondria.  
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Blotting experiments 

All western blots were performed after SDS polyacrylamide gel electrophoresis (PAGE) 

using gels which composition can be found in the appendix. The PAGE was usually run 

at 110 V for 1 h to maximum 1.5 h.  

The western blot transfers were performed by tank blotting. The PVDF membrane was 

activated in methanol shortly before use, washed twice in distilled water and briefly 

stored in cold Towbin buffer (for composition see appendix). The gels were also 

washed in Towbin buffer. For protein transfer the electric field was held at a constant 

voltage. The blots were run at 36 V for 16 h at 4° C. 

After transfer the membranes were blocked with 5 % BSA in TBS for 1 h at room 

temperature or at 4 °C overnight. Following, the blots were washed 3 times for 5 

minutes at room temperature with TBS-T 0.1 %. The biotinylated proteins were labeled 

with streptavidin bound alkaline phosphatase that was incubated with the membranes 

same as the primary antibodies (see below). For development, staining buffer (see 

appendix for composition) as well as 50 µl of BCIP (final concentration 150 µg/ml) and 

NBT stock solutions (final concentration of 300 µg/ml) were added to the membranes 

and the blots were developed at room temperature. 

Protein tags like GFP and FLAG were detected using corresponding rabbit or mouse 

antibodies. The membranes were also blocked with 5% BSA and washed with TBS-T. 

The primary antibody were incubated with the membranes for 1 h at room temperature 

or at 4 °C overnight. The antibody solution was discarded and the after a second round 

of TBS-T washes, the secondary antibodies for Near Infrared Imaging (using Li-Cor 

Odyssey) were incubated the same way as the primary ones. Before imaging, the 

membranes again were washed in TBS-T. 

Relative quantification of western blots was performed with ImageJ following the 

protocol of Luke Miller (https://lukemiller.org/index.php/2010/11/analyzing-gels-and-

western-blots-with-image-j/, latest access 23
rd

 of March 2020). 

 

Microscopy  

For fluorescence microscopy experiments, 20000 cells were seeded per chamber in 4-

well microscopy dishes one day before beginning of the experiment.  
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Transient transfection of HeLa S3 cells was performed the following day. Vectors 

encoding MCP-eGFP constructs with or without BirA* were transfected either alone or 

simultaneously with SOD2MS2. The transfections were performed with FuGene
R
 

transfection reagent according to the provided protocol at a ratio of 5:1 or 3:1. Although 

the transfection complex was initially incubated on the cells for a maximum time of 24 

h, the transfection time was reduced in later experiments to decrease cell toxicity. In this 

case medium was changed to normal growth medium until the next day. At this day the 

cells were stained with Mitotracker
R
 Deep Red before performing microscopy.  

For microscopy of the mitochondrial phosphate carrier protein with mCherry fusion 

protein, the cells were transfected with different concentrations of pcDNA3.1 MPCP 

mCherry plasmid (see chapter 2.2.1.) per well, again using FuGene transfection reagent. 

The cells were stained with Mitotracker
R
 Green.  

For microscopy of cell lines with stably integrated biotin ligase constructs, the cells 

were treated similarly. The SOD2MS2 plasmid was transfected the day before 

microscopy. The eGFP-containing fusion protein will be transcribed only in presence of 

tetracycline (see plasmid maps in chapter 3.2.1.), therefore the medium was changed 

after 12 hours and transcription was induced by adding doxycycline containing medium. 

 

Preparation of mass spectrometry samples for mRNA interactome 

For mass spectrometry 1x10
6
 U2OS1xMCP-eGFP-BirA* cells were seeded in a 10cm dish and 

incubated overnight in selection medium. The transfection complex of 10 µg of 

SOD2MS2 plasmid with 30 µl FuGene
R
 transfection reagent was prepared in 400 µl 

Opti-MEM medium. Subsequently it was added on the cells that were maintained for 

transfection in a total volume of DMEM with 5% FBS without antibiotics. The 

transfection was performed over 12 h, then the medium was changed to the U2OS 

selection medium. The cells were left to recover for another 12 h. Following, the biotin 

ligase production was induced by changing the medium to medium containing 10 ng/µl 

doxycycline and 50 µM biotin. For preparation of the last sample and control pair, the 

transfection was performed in medium with 8 µg/ml protamine to increase the number 

of transfected cells.  

After 16 h the cells were washed twice with DPBS and then detached with 4 ml trypsin 

solution per plate for 3 minutes. Detaching was stopped by adding DMEM with 5% 
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FBS. After centrifugation at 2000 rpm for 5 minutes the cells were washed in 10 ml 

DPBS by resuspension. Following another centrifugation the U2OS cells were 

resuspended in 1 ml PBS and transferred into a 1.5 ml microcentrifuge tube. This again 

was followed by centrifugation at 2000 rpm for 5 minutes.  

The cells were resuspended in 0.5 ml of lysis buffer and passaged 30 times through a 

21G needle. The suspension was then centrifuged at maximum speed and 4 °C for 10 

minutes to pellet the membrane fraction.  

The protein concentration in the supernatant was measured using a Bradford assay. 

Since the experiments produced only low amounts of protein, the complete samples 

beside 20 µl were loaded onto the prepared beads. Before loading the proteins the 

magnetic beads (100 µ per sample) used for capturing the biotinylated proteins were 

washed in lysis buffer (for buffer composition see appendix) at room temperature twice 

for 5 minutes.  

After addition of the samples to the beads, they were incubated rotating at 4 °C 

overnight. The next morning the supernatant was removed and the beads were washed 

once with 300 µl bead wash buffer 1, wash buffer 2 and wash buffer 3, followed by 

washing  3 times in buffer 4 (for detailed composition see appendix). The beads were 

resuspended in 500 µl of ABC buffer. 25 µl were kept at -20 °C for the western blotting, 

the rest of the beads were stored at -80 °C until they were used for mass spectrometry 

(performed by Dr. Mirita Franz-Wachtel, Proteome Center of Tübingen University). 

Proteins were considered to be enriched if they were found twice as often in the samples 

as in the controls. For that, the arithmetical mean of the frequencies of samples and 

controls were compared. The properties of the captured and identified proteins, 

especially corresponding to their localization and RNA-binding, were extracted from 

the Uniprot database (https://www.uniprot.org/, latest access 05
th
 of May 2020).  
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3. Results 

 

3.1. Validation of RNA-BioID on SOD2MS2 mRNA in transiently transfected HeLa 

S3 cells 

 

First experiments where performed by transiently transfecting HeLa S3 cells. The cells 

were transfected either with BirA*tt and SOD2MS2 simultaneously or only with 

SOD2MS2 for western blots.  

 

 

Fig. 12: Western blot against biotinylated proteins in transiently transfected HeLa S3 

cells.  

In the lanes 2, 5 and 8 the whole cell lysate of each population is shown. The 

biotinylated proteins were enriched using Streptavidin-beads. Lanes 3, 6 and 9 show the 

supernatants and lanes 3, 6 and 9 the bead fractions of the according lysate. 
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The correct expression of the construct was checked using different ways. The 

expression of a functional biotin ligase was detected indirectly via changes in the 

biotinylation pattern of cellular proteins in whole cell lysates.  

The cells were grown in 50 µM biotin containing medium. Only the cells transfected 

with plasmid BirA*tt show an expanded biotinylation pattern in whole cell lysates 

(compare lane 8 to 2 and 5) as well as in the streptavidin-bead captured fraction 

(compare lane 10 to 4 and 7). Cells only transfected with the artificial SOD2MS2 vector 

show a biotinylation pattern similar to untransfected cells (compare lanes 5 to 7 with 

lanes 2 to 4).  

Upon expression, the fusion protein containing the biotin ligase BirA* does not only 

produce a more intense signal in the western blot, but also leads to a change in the 

protein pattern. For example, in the cell population transfected with BirA*tt a band 

between 15 and 25kDa (see streptavidin-bead enriched fraction of cotransfected cells in 

lane 10) as well as two additional ones (see lane 8) with a size of over 130 kDa appear. 

Thus, the expression and function of the biotin ligase can be deduced from this blot.  

In addition, the successful enrichment of biotinylated proteins by using streptavidin 

magnetic beads (see lanes 4, 7 and 10) compared to the whole cell lysates (see lanes 2, 5 

and 8) could be demonstrated. 

Next, the expression of the second component of the fusion protein, eGFP, was checked 

by western blot. eGFP expression was detected using an anti-GFP rabbit primary 

antibody and anti-rabbit secondary antibody coupled to a near-infrared (680 nm) 

fluorescent dye, using the Odyssey Near-Infrared Fluorescence detection system. The 

blot is shown in figure 13. 

As expected there is no expression of GFP in the wildtype cells (see lines 2 to 4) or in 

the population that was only transfected with SOD2MS2 (see lanes 5 to 7). On the 

opposite, the GFP containing product can be found in the lysate of BirA*tt transfected 

cells (see lanes 8 to 10). Furthermore the size of the detected protein corresponds to the 

expected product size of about 90 kDa which demonstrates that the construct is 

expressed in its full size. Moreover, since the protein is enriched in the bead fraction, 

the biotin ligase is likely to biotinylate itself as well as its surroundings.  
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Fig. 13: Western blot against GFP in transiently transfected HeLa S3 cells. 

 The depicted cell lysates were arranged as described in figure 12. In the HeLa cells 

transfected with BirA*tt (lanes 8 to 10) the GFP unit could be detected. The fusion 

protein can be detected in the the bead supernatant as well as in the bead-bound 

fraction (lane 10). 

 

The SOD2MS2 protein encoded on SOD2MS2 was tagged with a FLAG-tag. Therefore 

the expression and the correct product size could also be detected by western blotting. 

This was performed with a mouse anti-FLAG primary antibody and anti-mouse 

secondary antibodies coupled to a near-infrared (800 nm) fluorescent dye. The results 

are shown in figure 14. 
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Fig. 14: Western blot against FLAG in transiently transfected HeLa S3 cells. 

Lysate arrangement as described in figure 12. In the lanes 5 to 7 and 8 to 10 lysates 

from cell samples transfected with SOD2MS2tt are blotted. The correct expression of the 

tagged SOD2 with its correct protein size of approximately 27 kDa is demonstrated.  

 

In the cell populations transfected with SOD2MS2 the artificial SOD2MS2 is expressed 

in the correct size of approximately 27 kDa. Interestingly enough the FLAG-tagged 

SOD2MS2 is missing in the protein fraction that binds to the Streptavidin beads (lanes 7 

and 10) even in the presence of BirA* fusion protein in the cells (lane 10).  The BirA* 

bound mRNA and the resulting SOD2MS2 protein are parts of the same translation 

process, therefore it does seem likely that the protein should be biotinylated during 

translation. The absence of SOD2MS2 in the bead fraction might indicate a shielding of 

the protein from BirA* activity due to a cotranslational import, but could also be the 

effect of a sterical shielding through ribosomal proteins. However, it also has to be 

considered that the contact time between RNA and SOD2MS2 protein is simply to short 

for an efficient biotinylation.   
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Next it had to be tested whether the binding of MCP to the MS2 loops is working in the 

HeLa S3 cells. This could be easily done using the eGFP part of the fusion protein and 

fluorescence microscopy.  

 

 

Fig. 15: Distribution of eGFP signals in a HeLa S3 cell transfected only with the vector 

BirA*t encoding 1xMCP-eGFP-BirA* fusion protein. 

 Left: Due to the NLS the eGFP-containing fusion protein is found mainly in the nucleus 

with a weaker background signal in the cytoplasm. The middle picture shows the 

distribution of mitochondria in the cell that are stained by Mitotracker
R
 Deep Red. 

Right: Merged image. 

 

 

Fig. 16: Distribution of eGFP signaling in HeLa S3 cells simultaneously transfected 

with the plasmids BirA*t and SOD2MS2.  

Middle: Mitochondria stained with Mitotracker
R
 Deep Red. Left: Although the 

cytoplasmic background signal of eGFP is high in this cell, small eGFP-spots can be 

detected within the cytoplasm. They likely represent the fusion protein bound to RNA 

particles that travel through the cell. Right: Merged.  
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Fig. 17: HeLa cell transfected with BirA*tt (encoding 2xMCP-eGFP-BirA* fusion 

protein) and SOD2MS2. 

Left:  Even the bigger protein containing two MS2 coat structures leaves the nucleus 

with the MS2-containing mRNA and can be detected as eGFP containing granule in the 

cytoplasm. Middle: Mitochondria stained with Mitotracker
R
 Deep Red. Right: Merged 

image. The granules seem to locate mainly around the mitochondria.  

 

Figure 15 shows that the eGFP signal of the fusion protein in cells transfected only with 

the biotin ligase plasmid is restricted to the nucleus with low cytoplasmic eGFP signal. 

This distribution was expected due to the added nuclear localization sequence in the 

front of the protein.  

The one or two MCPs included to the fusion protein enable it to bind to MS2 loops of 

the bait SOD2MS2 mRNA. Cells co-transfected with SOD2MS2 and BirA*t or BirA*tt are 

shown in figures 16 and 17. Besides the diffuse nuclear eGFP signal, eGFP spots in the 

cytoplasm and around the mitochondria can be detected that likely represent the fusion 

protein bound in the RNA granules.  

 

3.2. Subcellular fractionations 

 

Since the aim of the project was to identify proteins from the mitochondrial fraction that 

can be labeled by an RNA-associated biotin ligase, it could be beneficial to enrich 

mitochondrial proteins in the samples used for mass spectrometry. There are different 

protocols available to perform such a subcellular fractionation. 

Various protocols for subcellular fractionation were compared, using a mitochondrial 

marker protein (TOM20) and a cytoplasmic (GAPDH) as well as a nuclear (Lamin A/C) 
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protein as controls. For all performed western blots the protein amount per fraction was 

measured with a Bradford assays and equal amounts of protein were loaded per lane. 

Quantification was performed relatively to the summarized signal of all quantified 

bands according to the protocol of Luke Miller 

(https://lukemiller.org/index.php/2010/11/analyzing-gels-and-western-blots-with-

image-j/, latest access 23
rd

 of March 2020).  

The protocol developed by Kaltimbacher et al. (2006) shows hardly any increase in 

TOM20 concentration in the final mitochondrial fraction as compared to the lysate, as 

shown in figure 18. 
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Protocol according to Kaltimbacher et al. (2006) 

 

Fig. 18: Subcellular fractionation according to Kaltimbacher et al. (2006). Western blot 

against mammalian TOM20. 

Top: Blot membrane. Bottom: Quantification of lane 2 (whole cell lysate) and lane 10 

(final mitochondrial fraction). In the mitochondrial fraction (lane 10) only a slightly 

higher concentration (52.82% of the summarized signal) of this TOM20 can be detected 

than in the whole cell lysate (lane 2). Therefore, the enrichment of mitochondrial 

proteins in this fraction is not as high as expected. 
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In addition, the cytosolic control protein GAPDH is also enriched in the mitochondrial 

fraction, as shown in figure 19. Thus, the fractionation might not fulfill the aim to 

cleanly separate a mitochondrial fraction from cytosolic components.  

 

 

 

Fig. 19: Subcellular fractionation according to Kaltimbacher et al. (2006). Western blot 

against mammalian GAPDH, a cytosolic protein. 

Top: Blot membrane. Bottom: Quantification of lane 2 (whole cell lysate) and lane 10 

(mitochondrial fraction). The mitochondrial fraction (lane 10) shows even a higher 

concentration of GAPDH than the whole cell lysate (lane 2). 
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Protocol according to Frezza et al. (2007) 

In figure 20 the enrichment of TOM20 using the subcellular fractionation protocol of 

Frezza and his colleagues (Frezza et al. 2007) is demonstrated by western blotting. A 

portion of mitochondria gets lost with the initial membrane fraction (see lane 3), but the 

final mitochondrial fraction shows a stronger TOM20 signal than the whole cell lysate – 

clearly indicating an enrichment. However, there is a detectable loss of TOM20 during 

the washing steps. Therefore, the protocol results in an increased enrichment of 

mitochondrial proteins, but a decreased protein amount.  
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 Fig. 20: Subcellular fractionation according to Frezza et al (2007). Western blot 

against mammalian TOM20.  

Top: Blot membrane. Bottom: Quantification of lane 2 (whole cell lysate) and lane 8 

(final mitochondrial fraction). Throughout every fractionation and washing step (lane 3 

to 7) a loss of mitochondrial protein could be detected. However, the protocol results in 

an enrichment of TOM20 in the final mitochondrial fraction (almost 70% of the 

summarized signal of lane 2 and 8).  
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Shown in figure 21 is the GAPDH distribution in the fractions when using this protocol. 

In the mitochondrial fraction GAPDH is clearly reduced compared to the whole cell 

lysate (compare lanes 2 to 8 and quantification), but still well detectable. However, the 

reduction of GAPDH in the mitochondrial fraction is definitely an advantage compared 

to the protocol described above.  

  

 

 

Fig. 21.: Subcellular fractionation according to Frezza et al. (2007). Western blot 

against mammalian GAPDH. 

Top: Blot membrane. Bottom: Quantification of lane 2 (whole cell lysate) and lane 8 

(mitochondrial fraction). The mitochondrial fraction (lane 8) still shows a significant 

contamination with cytoplasmic GAPDH (35% of the summarized signal of lanes 2 and 

8).  
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Fig. 22.: Fractionation protocol according to Frezza et al. (2007). Western blot against 

mammalian Lamin A.  

Top: First western blot membrane against Lamin A. High amounts of nuclear Lamin A 

pellet in the membrane fraction (lane 2). Bottom left: The Lamin A contamination of the 

mitochondrial fraction (lane 8) was quantified up to 23% of cumulated GFP-signal 

compared to the whole cell lysate (lane 2).The baseline was adjusted to a clear double 

band. Bottom right: Western blot of the technical replicate. The mitochondrial fraction 

(lane 4) seems free of nuclear contamination.  

 

The Lamin A as a marker for nuclear contamination is shown in figure 22. In the first 

experiment the mitochondrial fraction (lane 8 on membrane at the top) is contaminated 

with Lamin A (quantification left bottom). However, several shady bands are visible in 

lane 8 (for example at 100 kDa and 130 kDa), suggesting crossreacting bands or a 
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contamination. In a technical replicate of the blot (see bottom right), the mitochondrial 

fraction seemed devoid of a Lamin A signal.  

In summary, the protocol developed by Frezza and colleagues seems to result in a better 

separation of a mitochondrial fraction from contaminating cytoplasm than the 

Kaltimbacher protocol. However, this protocol also needs a high number of cells to 

obtain a detectable mitochondria mass, e.g. an amount of 6 million cells resulted in only 

20 µg of mitochondrial protein. This required mass of cells cannot easily be handled 

under the given circumstances, e.g. they would require high amounts of plasmid for 

transfection. In addition, both shown protocols are time-consuming and are hence 

difficult to integrate into the already time-consuming experimental approach. 

 

Modified cell dissection protocol according to Shaiken et al. (2014) 

Shaiken and colleagues (Shaiken et al. 2014) have suggested another fractionation 

protocol. The protocol does not aim to separate the mitochondria from the cytosolic 

fraction, but at least to extract it from nuclear contamination. Figure 23 shows the 

distribution of TOM20 at various steps of the experiment. Some mitochondrial marker 

protein is lost over the washing steps resulting in a similar concentration of 

mitochondrial marker protein (50.21% in the whole cell lysate compared to 49.79% in 

the mitochondrial fraction) in the final mitochondrial fraction compared to the whole 

cell lysate, but an overall decreased protein amount. 

Figure 24 shows the western blot against nuclear Lamin A. It is clearly reduced, but still 

detectable in the mitochondrial fraction. Therefore the protocol does not give as good 

results as the protocol from Frezza et al. in terms of reduction of nuclear contamination. 

The protocol needs definitely less time than the both presented above, but also has the 

problem that only little amounts of mitochondrial protein can be obtained from many 

cells. Moreover, using this protocol a separation of mitochondria from the cytosolic 

proteins is not possible.  
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Fig. 23: Modified cell dissection protocol according to Shaiken et al. (2014). Western 

blot against mammalian TOM20. 

 Top: Blot membrane with TOM20 signal. Bottom: Quantification of lane 2 (whole cell 

lysate) and lane 6 (mitochondrial fraction). After subtracting the different background 

signals by manually adjusting the baseline for quantification, the bands show almost an 

equal concentration for TOM20 in the mitochondria fraction as well as in the whole cell 

lysate.  
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Fig. 24: Modified cell dissection protocol according to Shaiken et al. (2014).Western 

blot against mammalian Lamin A. 

Top: Blot membrane with typical double band signal for Lamin A. Bottom: 

Quantification of lane 2 (whole cell lysate) and lane 6 (mitochondrial fraction). The 

background line was manually adjusted to measure only the characteristic double band 

in lane 2. The mitochondrial fraction shows a slight (about 10% of the concentration in 

the whole cell lysate) contamination with the nuclear protein Lamin A. 
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3.3.Validation experiments with stably integrated BirA* fusion proteins in HeLa 

EM2-11ht cells and U2OS T-Rex cells 

 

 

 

 

Fig. 25: Expression of 2xMCP-eGFP-BirA* fusion protein dependent on doxycyline 

concentration.  

Top: Western blot membrane with GFP signal. Bottom: Quantification of lanes 2 to 7. 

HeLa 11ht2xMCP-eGFP-BirA* cells were induced with different concentrations of doxycycline 

for 24 h. In the plots a sufficient expression starting from 500 ng/ml doxycycline can be 

detected.  

 

The biotin ligase fusion protein was first integrated into the genome of HeLa EM2-11ht 

cells and first validation experiments were performed in this cell line. The fusion 

constructs were expressed under a tetracycline dependent promoter. Hence, the 

concentration of doxycycline for an optimal expression needed to be determined by 

western blot against eGFP. The result is shown in figure 25. With an induction time of 
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24 h a concentration of at least 100 ng/µl doxycycline (lane 5, 16.07% of the 

summarized signal of lanes 2 to 7) was needed for a well detectable signal. An 

induction with 500 ng/µl (lane 6, 37.69%) gives a clearly better result, an increase up to 

a concentration of 1 µg/ml does not result in a similar enhancement of GFP signal (lane 

7, increase only up to 45.72%). 

In parallel, HeLa 11ht cells were induced and grown in medium with different biotin 

concentrations to find the best concentration for the biotinylation experiments. Whole 

cell lysates were prepared for the western blot that was developed using streptavidin 

coupled alkaline phosphatase. The blot is shown in figure 26. 

 

Fig. 26: Assessing the optimal concentration of biotin for in vivo biotinylation.  

HeLa2xMCP-eGFP-BirA* 11ht cells were induced with 1µg/ml doxycycline in media of 

different biotin concentrations. Beginning with a concentration of 50 µM biotin (see 

lane 4) a saturation of labeling is reached as shown by the identical pattern of 

biotinylated proteins. 

 

Due to better handling and, more than that, a highly resilient contamination in the HeLa 

EM2-11ht cell cultures, later experiments were performed in U2OS T-Rex cells. 
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The fusion protein consisting of biotin ligase, eGFP and one MCP together with its 

nuclear localization sequence was successfully integrated into the genome of U2OS 

cells as shown by its expression (figure 27). In U2OS cells the gene is expressed under a 

tetracycline dependent promotor that is activated in the presence of tetracycline or its 

derivate doxycycline (Das et al. 2016). Thus, the cells were induced with 10 ng/ml of 

doxycycline as suggested by Alfred Hanswillemenke (unpublished data, laboratory of 

Prof. Stafforst, IFIB Tübingen), who constructed the backbone of the plasmid.  

 

Fig. 27: Confirmation of integration of 1xMCP-eGFP-BirA* fusion protein into the 

genome of U2OS cells.  

Western blot against GFP and FLAG. The U2OS1xMCP-eGFP-BirA* cells have been induced 

with 10 ng/ml doxycycline for 16 h. If compared to the similar HeLa cell system (shown 

in figure 25), the GFP signal is weaker although well detectable. The cell population 

that has been transfected with SOD2MS2 (lanes 5 to 7) shows SOD2MS2 protein 

expression.  

 

The expression is detectable, but could be improved in future experiments. It also shows 

the expression of tagged SOD2 by detecting the FLAG protein. In transfected cells, as 

expected, a FLAG signal can be found. Strikingly, the biotin ligase fusion protein itself 

cannot be detected in the bead fraction (see lanes 4 and 7) – unlike in the transient 
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transfection experiment shown in figure 13. However, the SOD2MS2 protein is 

consistently absent in the bead fractions (lane 7).  

Next, the required time of biotinylation was checked by western blotting. U2OS1xMCP-

eGFP-BirA* cells were induced with 10 ng/µl doxycycline for 16 h. The biotin was added to 

the cells at different time points from 16 h to 3 h before lysation. As shown below, 

saturation in the biotinylation pattern starts after 6 h of biotin presence.  

 

Fig. 28: Saturation of biotinylation in U2OS cells expressing 1xMCP-eGFP-BirA* 

fusion protein induced for 16h (10 ng/ml doxycycline).  

Shown is a western blot against biotinylated proteins. The biotin was added to medium 

at the according timepoints. From lane 4 to lane 7 the same protein pattern occurs. 

Therefore I expect a sufficient time of biotin supply for in vivo biotinylation  from 6 h in 

50 µM biotin containing medium.  

 

In addition, the distribution of the eGFP signal in cells with stably integrated biotin 

ligase fusion protein was controlled by fluorescence microscopy. The cells were 

induced and transfected with SOD2MS2. The result can be seen in figure 29. In 

transfected cells, the GFP signal is not only present in the nucleus, but the protein is 
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also included in particles (most likely RNA particles) that are distributed through the 

cytoplasm and also seem to localize around the mitochondria. However, as also shown 

in this figure, there are two problems with this approach. The first is the low 

transfection rate by transiently transfecting SOD2MS2, as (RNA) particles can only be 

detected in few cells. Secondly, different expression levels were detected in the cells 

although they were pre-sorted by FACS. As seen in figure 29, two cells are stained by 

Mitotracker
R
 Deep Red staining, but do not express GFP-BirA* fusion protein. 

 

 

Fig. 29: U2OS1MCP-eGFP-BirA* transfected with SOD2MS2.  

Left: eGFP signal. Middle: Staining with Mitotracker
R
 Deep Red. Right: Merged image. 

 The RNA-particles with bound GFP can easily be detected in the cell body. The cell is 

surrounded by untransfected cells where the GFP signal is restricted to the nuclei and 

two without detectable GFP production.  

 

3.4. Identification of SOD2MS2 bait RNA interactome by mass spectrometry of 

transfected U2OS1xMCP-eGFP-BirA* cells 

 

Although the experiments were initially planned for Hela 11ht cells and the validation 

of the U2OS cell lines can still be improved, the U2OS1MCP-eGFP-BirA* were chosen for 

upscaling the proximity labeling experiments. For this, cells were transiently transfected 

with SOD2MS2, biotinylated, and the biotinylated protein fraction was extracted with 

magnetic streptavidin beads from the whole cell lysate. The beads with the captured 

proteins were sent for mass spectrometry to identify the interactome of SOD2MS2 

mRNA. Four samples and two non-transfected controls (lacking SOD2MS2) were 

analyzed by Dr. Mirita Franz-Wachtel (Proteome Center of Tübingen University). 



 

 

 66 

 

Fig. 30: Summary of the mass spectrometric analysis of the SOD2MS2-dependent 

proximity labeling. 

The majority of identified proteins were found in the samples expressing SOD2MS2 

mRNA as well as in the untransfected controls. However, 16.77% of all identified 

proteins were found only in the samples transfected with SOD2MS2.  Only 1% of 

identified proteins were restricted to the controls.  

 

Altogether, 1765 proteins were identified by mass spectrometry. Figure 30 shows the 

distribution of proteins found only in samples, only in controls or on both. Proteins that 

are found in samples as well as in the controls have a similar distribution within the cell 

as proteins that were only found in the transfected samples. Within the few proteins 

only found in the controls are two mitochondrially localized proteins. 

Promising candidates (see table 6 in chapter 4.4) to interact with SOD2MS2 bait RNA 

that were only found in the SOD2MS2 transfected samples but not in untransfected 

controls are the insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2), the 

leucine-rich repeat-containing protein 40 (LRRC40) and the G patch domain-containing 

protein 8 (GPATCH8).  
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2 

 

3 

 

Fig. 31: Localization of proteins identified by mass spectrometry.  

(1) shows the localization of proteins found only in the samples of cells that were 

transfected with SOD2MS2 (red). (2) shows the distribution of proteins found in the 

controls as well as in the samples (blue), (3) shows the localization pattern of proteins 

that have been identified only in the controls (green). 



 

 

 68 

 

The first one is an RNA-binding protein located in the cytoplasm in ribonucleoproteins 

and less abundant in the nucleus. Its paralog IGF2BP1 is involved in mRNA transport, 

stability and translation processes. In igf2bp2
-
/igf2bp2

-
 deletion mice, the translation 

level of 15 proteins including 13 mitochondrial ones were altered and in glioblastoma 

cells the protein was shown to take part in the localization and localized translation of 

proteins in the vicinity of mitochondria (reviewed in: Cao et al. 2018). Moreover, 

IGF2BP2 was shown to bind SOD2 mRNA as well as many others by RNA 

immunoprecipitation experiments in mouse cardiomyocytes (Hosen et al. 2018).  

Even more interesting in this context is LRRC40, a so far uncharacterized protein that is 

found in none of the controls but in every transfected sample. Neither its function nor its 

localization was investigated so far. However, it is known to interact with the tumor 

suppressor leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1) (Faraz et 

al. 2018).  

GPATCH8 seemed primarily another candidate of interest due to its possible RNA-

binding domain, but was identified as a nuclear protein located in paraspeckles, most 

possibly involved in splicing (Chapman et al. 2019).  

None of these proteins was determined to sit at the mitochondrial outer membrane using 

proximity biotinylation (Hung et al. 2017).  

In contrast, the Ras-related protein RAB5C was identified as so far unknown 

mitochondrial outer membrane protein in their publication (Hung et al. 2017). No 

interaction with mRNA was described so far, instead, the RAB5 proteins are involved in 

membrane and vesicle trafficking as well as in mitophagy (reviewed in: Hervé and 

Bourmeyster 2018, Nepal et al. 2020, Yamano et al. 2018). The RAB5C could not be 

detected for sure in our mass spectrometry samples due to its sequence similarity to 

RAB5A as well as RAB5B and its low overall abundance, but the cluster of RAB5 was 

found in all SOD2MS2 transfected samples and none of the controls. Therefore, it 

should be considered as protein interacting directly or indirectly with the SOD2MS2 bait 

mRNA. 

Some proteins that are found enriched in cells that express SOD2MS2 mRNA are already 

known or suspected to take part in the transport of mRNAs through the cytoplasm. One 

of the most interesting of them is the Clustered mitochondria protein homolog (CLUH) 
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that is known to play a role in the local translation of mRNAs for nuclear encoded 

mitochondrial proteins (Gao et al. 2014). It is enriched in the samples transfected with 

SOD2MS2 although it also occurs, less frequently, in the controls.  

Another protein of interest might be the fragile x mental retardation syndrome – related 

protein 1 (FXR1) which is also found enriched in the cells producing SOD2MS2 mRNA. 

It is a RNA-binding protein (reviewed in: Bardoni et al. 2001) that was shown to take 

part in translation regulation of proinflammatory transcripts (Herman et al. 2018) and its 

family member FMR1 was early associated to mRNA transport and translation 

regulation (reviewed in: Bardoni et al. 2001). CLUH as well as FXR1 are mainly 

localized in the cytoplasm (reviewed in: Schatton and Rugarli 2019, Herman et al. 

2018).  

Also, the leucine-rich PPR motif-containing protein LRPPRC can be noted enriched in 

the samples compared to the controls. LRPPRC has various subcellular localizations 

and can therefore be found in the nucleus as well as in mitochondria (reviewed in: Cui 

et al. 2019). It was shown to take part in the cellular energy metabolism by regulating 

the mitochondrial encoded mRNAs, but so far is not expected to regulate the expression 

of nuclear encoded mitochondrial genes (reviewed in: Cui et al. 2019).  

Other proteins known to be involved in mRNA localization were found enriched in the 

samples with SOD2MS2 mRNA, among them the La-related protein 1 (LARP1). Its 

homolog Larp, a translation regulator, was previously reported to be recruited to the 

mitochondria by the mitochondrial outer membrane protein MDI in Drosophila 

melanogaster (Zhang et al. 2016). However, AKAP1, the human homolog to MDI, has 

not at all been found in our mass spectrometry data. Other AKAP proteins, including 

the AKAP2 (also known as AKAP-KL), show a trend to be more abundant in the 

transfected cells than in the controls, but none of them passes the cut-off criteria. Six 

isoforms of AKAP2 derive from its genes via alternative splicing that are expressed in a 

tissue-specific matter and have been suggested to differ in subcellular localization 

(Dong et al. 1998).  

Larp is known to interact with the eukaryotic translation initiation factor 4 gamma 1 

(eIF4G), a cytosolic protein (Nousch et al. 2007) that is involved in recruiting mRNAs 

to ribosomes (reviewed in: Pévot et al. 2003), and the polyadenylate binding proteins 

(PABPs) that bind the poly(A) tail of mRNAs and are involved in many tasks of mRNA 
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metabolism and regulation (Smith et al. 2014, Tcherkezian et al. 2014). Although eIF4G 

is similarly enriched in SOD2MS2 transfected cells and controls, the poly A binding 

proteins are enriched in the transfected samples. Additionally, ATAD3 proteins passed 

the threshold of a twofold enrichment in the samples. The homolog of ATAD3A was 

copurified with MDI in Drosophila melanogaster and mammalian ATAD3 was thought 

to tether the mtDNA at contact sites of mitochondria and ER (Zhang et al. 2016), but 

ATAD3 also pops up in the list of mitochondrial outer membrane orphans from 2017 

(Hung et al. 2017). 

In addition, the far upstream element-binding protein 3 (FUBP3) that was lately 

discovered to be involved in ß-actin mRNA localization (Mukherjee et al. 2019) is also 

found enriched in samples transfected with SOD2MS2 mRNA.  

Another protein passing the threshold for possible interacting proteins is the Double-

stranded RNA-binding protein Staufen homolog 1 (STAU1). It is a common RNA-

binding protein involved in mRNA transport in neurons and mRNA decay after binding 

preferentially to complex secondary structures of its targets (Vessey et al. 2008, 

Mitsumori et al. 2017, Gowravaram et al. 2019).  

In yeast, vesicular trafficking has been reported to participate in mRNA transport to the 

mitochondrial surface (reviewed in: Schatton and Rugarli 2018). In fact, four coatomer 

proteins were detected as biotinylated in the lysates. Two of them, the coatomer 

subunits beta and delta are enriched in the transfected samples. Also the subunits 

gamma-2 and alpha showed a trend to be more enriched in the presence of SOD2MS2 

mRNA, but both did not cross the threshold. It has to be mentioned, that in one sample 

there was no hit at all for the coatomer subunits beta and delta which over all makes it 

unlikely that this proteins interact with the target mRNA directly (for detailed table see 

appendix). 

Beside them, Vacuolar protein sorting-associated protein 13D (VPS13D) was lately 

identified as an outer mitochondrial membrane orphan (Hung et al. 2017) and is, despite 

it lacks a suggested or known function as RNA-binder, highly enriched in the samples 

expressing SOD2MS2 bait mRNA. It further was suggested involved in mitochondrial 

homeostasis and clearance (Anding et al. 2018). Except VPS13D and the RAB5B 

protein (that is also involved in vesicle trafficking) mentioned above none of the other 



 

 

 71 

orphan mitochondrial outer membrane proteins detected by Hung et al. were found in 

our dataset (Hung et al. 2017). 

Despite the crucial role the TOM complex has in mitochondrial protein import 

(reviewed in: Wiedemann and Pfanner 2017), only the cytosolic chaperone TOM34 that 

is suggested to interact with TOM70 targeted mitochondrial precursor proteins (Faou et 

al. 2012) shows up in our dataset. It is not found in the controls, but also not frequent in 

the samples expressing the artificial SOD2 (for detailed table see appendix). Indeed, in 

one of the samples no TOM34 was detected. 

Furthermore, heat shock proteins, especially Hsp70 and Hsp90, are known to be 

involved in the so-termed “carrier pathway” of mitochondrial protein import (reviewed 

in: Wiedemann and Pfanner 2017). Two of their co-chaperones are enriched in the 

samples transfected with my target RNA. The heat shock 70 kDa protein 4 (HSPA4) is 

a protein of the Hsp110 family interacting with the Hsp70 proteins (Cabrera et al. 2019) 

that play a role in mitochondrial protein import (Young et al. 2003). The second protein 

passing the threshold is the CDC37 co-chaperone of Hsp90. Units of the heat shock 

proteins 90 were found mostly equally enriched in mass spectrometry samples of 

SOD2MS2 transfected and untransfected cells. CDC37 helps to sort the client proteins 

to Hsp90 itself. However, its target proteins were widely studied and it was shown to 

interact exclusively with protein kinases (Li et al. 2018). Indeed, a list of CDC37 target 

proteins lacks the SOD2. Taken together, to my knowledge, none of the two proteins 

were shown to interact with mitochondrial targeted proteins directly so far. In addition, 

no other heat shock protein showed a difference in abundance that passed our threshold.  

Finally, peptides of the artificially integrated biotin ligase BirA* were identified by 

mass spectrometry, giving us the certainty of its expression in the cells. It was found at 

almost the same rates in controls and transfected samples.  

 

3.5. Mitochondrial phosphate carrier protein 

 

The mitochondrial phosphate carrier protein (MPCP) is a protein that has been 

identified in the vicinity of SOD2MS2 RNA in earlier mass spectrometry experiments 

performed by Joyita Mukherjee (unpublished data, laboratory of Prof. Jansen, IFIB 

Tübingen) with transiently transfected HeLa S3 cells.  
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As an initial experiment to verify this potential interaction of MPCP with SOD2 

mRNA, I designed a construct of MPCP ORF in frame with a mCherry fluorescent 

protein, keeping the 3’UTR of MPCP. The localization of this fusion was tested by 

fluorescence microscopy. Figure 32 shows the distribution of the mCherry signal in a 

transiently transfected HeLa S3 cell. The distribution of MPCP mCherry fusion protein 

overlaps with the Mitotracker
R
 Green, confirming its mitochondrial localization. 

However, the mitochondrial phosphate carrier protein was not found in mass 

spectromety experiments with U2OS T-Rex cells. 

 

 

Fig. 32: Localization of MPCP-mCherry fusion protein in transiently transfected HeLa 

S3 cells. 

Left: Mitochondria stained with Mitotracker
R
 Green. Middle: Distribution of MPCP 

mCherry fusion protein. Right: Merged image. The MPCP-mCherry is localized only in 

the mitochondria, the merged picture shows a perfect overlap signal in transfected 

cells.  
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4. Discussion 

 

The importance of RNA localization was brought into focus by many studies over the 

past few years (reviewed in: Chin and Lécuyer 2017, reviewed in: Schatton ans Rugarli 

2018). This work aims to extend our current knowledge about the factors involved in 

the targeting of SOD2 mRNA to the mitochondrial surface. Therefore, the RNA-BioID 

method (Mukherjee et al. 2019) was applied on a SOD2MS2 bait mRNA in Hela S3 and 

U2OS1xMCP-eGFP-BirA* cells.  

 

4.1.Validation of SOD2 RNA-BioID in transiently transfected HeLa S3 cells 

 

The correct expression of the biotin ligase fusion protein and the FLAG-tagged bait 

SOD2MS2 protein could be verified by western blotting of transfected HeLa S3 whole 

cell lysates (figure 13 and 14). In addition, a western blot using Streptavidin coupled 

alkaline phosphatase demonstrated the biotinylating activity of BirA* in cells 

transfected with the encoding vector (see figure 12). The successful enrichment of 

biotinylated proteins by streptavidin magnetic beads used for extraction of biotin 

marked proteins before mass spectrometry could also be demonstrated (figure 12).  

In addition, the correct localization of the fusion protein could be determined by 

fluorescence microscopy. Transfecting cells with vectors encoding eGFP-BirA* or 

eGFP containing fusion proteins, the correct nuclear localization due to the C-terminal 

nuclear localization sequence (NLS) was observed (figure 15). Upon cotransfection 

with SOD2MS2, the fusion protein was also detected outside the nucleus in small 

particles suggesting its correct binding to SOD2MS2 bait mRNA (see figures 16 and 17). 

 

4.2.Fractionation protocols 

 

Several protocols were tested for an enrichment of mitochondrial proteins. As 

mentioned before (see chapter 3.2.), the rationale for this was to find a protocol to 

enrich for mitochondrial or mitochondrial outer membrane proteins after biotinylation. 

By applying any of the tested protocols, a loss of mitochondrial TOM20 could be 

detected during the fractionation steps, and most mitochondrial proteins are lost in the 
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membrane pellets (figures 18, 20 and 23). In addition, the protocols of Kaltimbacher 

and Frezza failed in clearing cytosolic GAPDH from the mitochondrial fraction (figures 

19 and 21). The protocol of Shaiken and colleagues did not aim to isolate a clean 

mitochondrial fraction. However, their protocol was clearly able to separate the nuclear 

Lamin A containing fraction from mitochondrial proteins such as TOM20 (figure 24). 

The protocol performed according to Frezza et al. showed a large variation in technical 

replicates of Lamin A blotting. Therefore a successful separation of mitochondrial 

TOM20 and nuclear Lamin A could not be determined.  

All applied protocols suffer from a high requirement of cells whereas resulting in few 

micrograms of final mitochondrial protein. The idea of fractionating cells prior to 

pulldown of biotinylated proteins via streptavidin beads was therefore abandoned.  

 

4.3.Validation of SOD2 RNA-BioID in HeLa EM2-11ht and U2OS T-Rex cells with 

stably integrated BirA* fusion protein 

 

The first experiments with stably integrated BirA* fusion proteins were performed in 

HeLa EM2-11ht cells. The doxycyline concentration needed for sufficient expression of 

the fusion protein under the Tet-dependent promotor was confirmed by western blot 

(figure 25) with at least 100 ng/ml doxycycline for 24 h.  

The optimal biotin concentration in HeLa 11ht cells and the corresponding time were 

examined in HeLa 11ht cells and U2OS cells, respectively. The results are similar to 

those published for RNA-BioID of beta-actin (Mukherjee et al. 2019), suggesting that a 

50 µM concentration and 6 h of biotin in the cells’ medium are sufficient for an 

effective BirA*-dependent biotinylation (figures 26 and 28).  

In addition, the correct expression of 1xMCP-eGFP-BirA* fusion protein in U2OS cells 

and of the SOD2MS2 protein were demonstrated. Consistent with the results of 

transiently transfected HeLa S3 cells (figure 14, lane 6 and 9) the SOD2MS2 protein is 

absent in the fraction binding to streptavidin beads (figure 27, lane 7). This might 

support the thesis of a cotranslational import of SOD2MS2, but could also be considered 

as a result of short contact time between mRNA and protein at the ribosome or a sterical 

shielding.  
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In contrast, the BirA* fusion protein was found to be enriched in the fraction of 

biotinylated proteins in transiently transfected HeLa S3 cells (figure 13, lane 10). 

However, it is missing when the vector is stably integrated in the genome of U2OS T-

Rex cells (figure 27, lanes 4 and 7). This pattern is consistent in control and in 

transfected cells (figure 27). The result might reflect the lower expression of inducible 

1xMCP-eGFP-BirA* compared to the overexpressed 2xMCP-eGFP-BirA* expressed 

from a plasmid backbone. Taken together, the expression of the fusion proteins as well 

as the successful transfection of SOD2MS2 with expression of its encoded protein could 

be demonstrated. Moreover, a cytoplasmic granular distribution of the 1xMCP-eGFP-

BirA* in SOD2MS2 transfected U2OS1xMCP-eGFP-BirA* cells was shown (figure 29), which 

is similar to the one in transiently transfected HeLa S3 cells (figure 16 and 17). As some 

validation experiments (e.g. the assessment of biotin concentration, figure 26) were 

performed only with Hela EM2-11ht cells, they should be repeated in U2OS cell lines to 

exactly adjust the conditions for further RNA-BioID experiments.  

In addition, it has to be noted that one property of carcinoma cells is the shift in energy 

metabolism from oxidative phosphorylation to glycolysis, called the Warburg effect 

(Warburg 1956). The impaired mitochondrial function might be associated with reduced 

protein levels and protein import that might be a drawback in studying localization of 

mRNA and localized translation at the mitochondrial surface. Similar to that, the 

Crabtree effect describes the inhibition of mitochondrial respiration upon glucose excess 

(reviewed in: Barros et al. 2020) as it is usually found in standard cell culture medium 

as DMEM. Thus, changing to a system of cells resistant to low glucose medium and 

starvation could be beneficial for further investigation of localized translation near the 

mitochondrial outer membrane.  

  

4.4.Identification of SOD2MS2 bait RNA interactome by mass spectrometry of 

transfected U2OS1xMCP-eGFP-BirA* cells 

 

Table 6 shows a list of 13 identified proteins that might interact with SOD2 mRNA (for 

mass spectrometry details see appendix, tables 9 and 10).  
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Table 6: Potential interactors of the SOD2MS2 bait mRNA.  

Gene name Protein name Known function 

Known RNA-binding proteins  

IGF2BP2 Insulin-like growth 

factor 2 mRNA binding 

protein 2 

IGF2BP2 binds and regulates several mRNAs including 

mitochondrial ones. The according proteins play role for 

example in energy homeostasis and lipid metabolism as well 
as cell differentiation, development and carcinogenesis 

(reviewed in: Cao et al. 2018). 

CLUH Clustered mitochondria 

protein homolog 

CLUH regulates translation, decay and localization of 

mitochondrial targeted transcripts (Gao et al. 2014, Schatton 

et al. 2017) 

FXR1 Fragile X mental 

retardation syndrome-

related protein 1 

FXR1 is a translation repressor of proinflammatory transcripts 

(Herman et al. 2018). The whole family of fragile x mental 

retardation associated proteins (FMR, FXR1 and FXR2) are 

linked to mRNA transport and translation regulation 

(reviewed in: Bardoni et al. 2001). 

LRPPRC Leucine-rich PPR motif-

containing protein 

LRPPRC is a protein of a RNA-binding family that regulates 

among others the mRNAs of mitochondrial encoded proteins. 

It is abundant in many cell compartments where it takes part 

in mRNA processing and regulation through direct or indirect 
interactions (reviewed in: Cui et al. 2019). 

PABP Poly(A) binding protein Different isoforms are involved in the whole life cycle of 

many mRNAs. Suggested to play a role in localized 

translation (reviewed in: Gray et al. 2015). 

FUBP3 Far upstream element-

binding protein 3 

Involved in ß-actin mRNA localization in MEFs (Mukherjee 

et al. 2019) and MAP2 mRNA localization in rat neurons 

(Rehbein et al. 2000).  

STAU1 Double-stranded RNA-

binding protein Staufen 

homolog 1 

Common RNA-binder responsible for mRNA transport in 

neurons (reviewed in: Ohashi and Shiina 2020) and decay of 

target mRNAs (reviewed in: Park and Maquat 2013). 

Other proteins linked to mitochondrial RNA localization 

ATAD3 

(isoforms 

ATAD3A 

and 

ATAD3B) 

ATPase family AAA 

domain-containing 

protein 3A/3B 

ATAD3 is a inner mitochondrial membrane protein with 

contact to the outer mitochondrial membrane. It is so far 

known to be involved in cristae formation and mtDNA 

replication (Peralta et al. 2018). Its fly homolog copurified 

with MDI (Zhang et al. 2016). 

LARP1 La-related protein 1 LARP1 is an mRNA-binding protein altering the expression 
of its targets dependent on mTORC1-mediated 

phosphorylation (Hong et al. 2017). Its fly homolog is 

recruited to the outer mitochondrial membrane through 

interaction with MDI (Zhang et al. 2016). 

Proteins involved in vesicle trafficking 

ARCN1  Coatomer subunit delta Subunit of the coatomer complex involved in COPI vesicle 

budding from golgi apparatus and ER (Lee and Goldberg 

2010). 

COPB1  Coatomer subunit beta Subunit of the coatomer complex involved in COPI vesicle 

budding from golgi apparatus and ER (Lee and Goldberg 

2010). 

RAB5 

group 

(Rab5A; 

Rab 5B; 
Rab5C) 

Ras-related protein 

5A/5B/5C 

Rab proteins guide vesicle transport through the a cell from 

budding to fusion (reviewed in Hervé and Bourmeyster 2018). 

Rab5c was shown to move from endosomes to the 

mitochondria upon mitochondrial damage as part of 
PINK/Parkin dependent mitophagy (Yamano et al. 2018). 

Other proteins linked to mitochondrial homeostasis 

VPS13D Vacuolar protein sorting-

associated protein 13D 

A ubiquitin-binding protein that takes part in mitochondrial 

clearance and autophagy (Anding et al. 2018).  
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Proteins involved in mitochondrial protein import 

TOM34 Mitochondrial import 

receptor subunit TOM34 

Co-chaperone of Hsp70 and Hsp90 essential for mitochondrial 

targeting of the complex (Faou and Hoogenraad 2012). 

Uncharacterized proteins 

LRRC40 Leucine-rich repeat 

containing protein 40 

Unknown 

 

Some of them are already known to take part in mRNA transport and regulation 

including CLUH (Gao et al. 2014), FXR1 (Herman et al. 2018), FUBP3 (Mukherjee et 

al. 2019), STAU1 (reviewed in: Park and Maquat 2013) and PABP (Tcherkezian et al. 

2014).  

FUBP3 was so far shown to contribute to the localization of ß-actin mRNA in MEFs 

(Mukherjee et al. 2019) and the transport of MAP2 mRNA in rat neurons (Rehbein et al. 

2000). Finding it in our dataset, FUBP3 may be a more general interactor involved in 

RNP assembly and transfer. Poly(A) binding proteins basically bind to all mRNAs, 

which is likely the reason why it is found in our dataset. A bundle of evidence links 

PABPs to localized translation (reviewed in Gray et al. 2015). Interesting for us, one 

shortened isoform of PABP5 is enriched in mitochondria (reviewed in: Gray et al. 

2015), although no peptides of this isoform were found enriched in our dataset.  

STAU1 is a cytosolic protein binding to complex secondary structures that are 

preferentially located in the 3’UTR of its targets (Sugimoto et al. 2015). Staufen 

proteins have been shown to be involved in mRNA transport in fly embryos (Micklem 

et al. 2000) and in neurons (reviewed in: Ohashi and Shiina 2020). STAU1, in addition, 

has also a prominent role in mRNA decay (reviewed in: Park and Maquat 2013). 

By binding targets of a more specific pathway, FXR1 was shown to inhibit the 

translation of proinflammatory mRNAs (Herman et al. 2018). Possibly, this protein 

might also co-regulate a network of anti-inflammatory transcripts, one of which could 

be SOD2 that was shown to act beneficial in inflammation reduction (reviewed in: 

Azadmanesh and Borgstahl 2018). In addition, its relative FMR interacts in a network 

of posttranscriptional regulators together with mammalian Pumilio proteins (Zhang et 

al. 2017). Here it might be important to mention that the yeast pumilio protein Puf3p 

specifically binds to transcripts encoding mitochondrial proteins (Saint-Georges et al. 

2008). 

Similar to alterations in the SOD2 sequence (reviewed in: Azadmanesh and Borgstahl 

2018), a single nucleotide polymorphism in IGF2BP2 was shown associated with type 
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II diabetes. In addition, the protein was linked to colorectal and breast cancer as well as 

esophageal adenocarcinoma wherein high expression was a predictor for short survival 

due to enhanced proliferation and migration rates (reviewed in: Cao et al. 2018). In 

addition, IGF2BP2 deletion mice showed a prolonged lifespan and were resistant to 

diet-induced obesity and development of a fatty liver. Moreover, they did not become 

resistant to insulin and were more glucose tolerant (Dai et al. 2016). Regarding the 

phenotype contrary to SOD2 deletion and IGF2BP2’s known binding to mRNA 

including mitochondrial targeted ones (reviewed in: Cao et al. 2018), the protein seems 

likely to interact with SOD2 mRNA in a posttranscriptional manner.  

CLUH was already shown to select mitochondrial targeted transcripts for binding and to 

direct their localization to the mitochondrial surface (Gao et al. 2014). However, it was 

also shown that CLUH depletion might increase the abundance of its transcripts in the 

mitochondrial vicinity (Vardi-Oknin and Arava 2019) suggesting a more complex 

mechanism of targeting the concerning mRNAs. The recent work of Pla-Martín et al. 

shed a first light on the network and conditions of CLUH-dependent mRNA regulation 

(Pla-Martín et al. 2020). Interestingly, they connected CLUH to the mTORC1 signaling 

(Pla-Martín et al. 2020) that was already described to be regulated by LARP1 (Hong et 

al. 2017). LARP1’s fly homolog, Larp, was demonstrated to be involved in mRNA 

localization in D. melanogaster (Zhang et al. 2016). The mammalian protein is enriched 

in the SOD2MS2 mRNA interactome, making it an interesting candidate for further 

investigation.  

The Drosophila Larp also interacts with the AKAP family protein MDI on the 

mitochondrial surface (Zhang et al. 2016). Our dataset did not reveal any AKAP protein 

significantly more enriched in the transfected cells than in the control. Instead, we found 

the ATAD3 protein. It has been located to the outer mitochondrial membrane by 

proximity biotinylation (Hung et al. 2017), but it was also associated with mtDNA 

organization (Peralta et al. 2018), making its exact localization unclear. The homolog of 

ATAD3A copurified with MDI in Drosophila melanogaster (Zhang et al. 2016). 

Therefore, ATAD3 could be a first mitochondrial outer membrane candidate involved in 

the localization of mRNAs to the organelle’s surface. Another quite interesting 

candidate could be the LRRC40, a protein occurring only and in all in transfected 
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samples. However, no function or cellular localization has been attributed to this protein 

so far.  

Beside these proteins whose RNA-binding has been shown, lately other proteins have 

been demonstrated to be involved in mRNA transport, including the COP I coatomer. 

COP I dependent mRNA transport was reported in Saccharomyces cerevisiae 

(Zabezhinsky et al. 2016). Interenstingly, we found that the coatomer complex subunit 

beta became biotinylated in cells transcribing SOD2MS2 bait mRNA. Another protein 

group linked to vesicle transport (reviewed in: Hervé and Bourmeyster 2018) and 

enriched upon transfection of U2OS1xMCP-eGFP-BirA* with SOD2MS2 are Rab5 proteins. 

Yamano et al. demonstrated that RAB5 is recruited to damaged mitochondria and linked 

the protein to mitophagy and the PINK/Parkin pathway (Yamano et al. 2018). The 

LRPPRC protein, also passing our threshold, contains domains associated with 

vesicular trafficking. Its protein family is also characterized by the PPR motif enabling 

them to bind RNA (reviewed in: Cui et al. 2019). As many members of its family, 

LRPPRC is involved in mRNA processing and regulation via interactions with mRNAs 

and effector proteins. Overexpression of LRPPRC that is abundant in many cell 

compartments as the nucleus, the endoplasmic reticulum and mitochondria, leads to 

increased mitochondrial respiration, but was also associated with carcinogenesis 

(reviewed in: Cui et al. 2019). In addition, the protein seems to interact with PINK1 and 

was linked to Parkinsons’s disease and mitophagy. However, LRPPRC was so far 

shown to regulate mRNAs of proteins encoded in the mitochondrial genome but not of 

nuclear encoded mitochondrial proteins (reviewed in: Cui et al. 2019). So its role in the 

regulation of SOD2 mRNA has to be questioned.  

Besides that, VPS13D is a protein that has previously been linked to protein degradation 

and mitophagy. Neither VPS13D in Drosophila melanogaster nor RAB5C in 

mammalian cells were initially reported to localize to the mitochondria (Anding et al. 

2019, Yamano et al. 2018), but were identified at least as localized near the 

mitochondrial membrane by proximity biotinylation (Hung et al. 2017). Taking in 

account their involvement in mitochondrial homeostasis and their possible recruitment 

to mitochondria, they seem interesting for further investigation.  

In addition, a mRNA could be delivered to the mitochondria in a translation-dependent 

manner. Proteins involved in mitochondrial protein import enriched in our data set are 
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TOM34, HSPA4 and CDC37. While HSPA4 was only shown to interact with Hsp70, 

CDC37 delivers proteins to Hsp90 (Cabrera et al. 2019; Li et al. 2018). The latter could 

therefore theoretically interact with a mitochondrial targeted protein during translation, 

but was shown to preferentially bind protein kinases (Li et al. 2018). TOM34 was also 

demonstrated to be a cytosolic co-chaperone of Hsp70 and Hsp90 and necessary for 

mitochondrial targeting of the complexes (Faou and Hoogenraad 2012).  

Despite their essential roles in mitochondrial protein import (reviewed in: Wiedemann 

and Pfanner 2017), neither Hsp70 and Hsp90 nor any component of the membrane-

bound TOM complex, especially not the Hsp70/90 interacting TOM70, were found 

enriched cells transfected with SOD2MS2 bait mRNA. Taken together, this raises the 

question whether our bait mRNA interacts with the main import machinery consistent 

of TOM and TIM complex. However, that SOD2MS2 protein is not captured by 

streptavidin beads suggests its shielding from biotinylation which could happen due to 

cotranslational import of the protein. Due to the integration of the MS2 loops 3’ of the 

open reading frame the proteins interacting with the 5’ end of our bait mRNA might be 

sterically shielded from biotin-AMP by other proteins, e.g. translating ribosomes or 

other RNA-binding proteins. If that is the case or if the SOD2 mRNA or its evolving 

protein indeed does not interact with the translocase of the outer mitochondrial 

membrane has to be elucidated. It has to be mentioned that despite its presence in 

mitochondria-associated polysomes (Sylvestre et al. 2003) the SOD2 mRNA was not 

identified in a set of mRNAs located to the outer mitochondrial membrane by APEX-

Seq (Fazal et al. 2019). Here again, we cannot distinguish for sure between a possible 

spatial division of the SOD2 mRNA from the outer mitochondrial membrane by maybe 

a cluster of RNA-binding proteins and chaperones or the simple absence of SOD2 

mRNA near the mitochondrial outer membrane. Although Kaltimbacher et al. showed 

that cis-elements of the SOD2 mRNA target the ORF of a nuclear encoded ATP6 to the 

mitochondrial outer membrane (Kaltimbacher et al. 2006), we cannot exclude that this 

targeting may rely on more factors e.g. metabolic conditions and cell type. Indeed, 

several mRNA binding proteins were shown to act (including their binding to their 

respective targets) dependent on specific stimuli (Hong et al. 2017; Schatton et al. 

2017). This could not only result in a difference in translation regulation but also in a 

different transcript localization. Therefore, the localization of eGFP-containing particles 
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in transfected cells must be quantified in their relation to the cells’ mitochondria in 

further experiments to determine the localization in of SOD2 mRNA in used cell lines 

and conditions. 
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5. Summary 
 

Through the past decades, the model of a cotranslational import of nuclear encoded 

proteins into cellular organelles moved from the edge to the spotlight of attention. 

Indispensable for such a process is the correct targeting of an according mRNA or the 

ribosome-mRNA complex. mRNA localization has been studied for many cell 

compartments and organelles in different cell types throughout all kingdoms of life. 

However, involved proteins and cis-elements are yet widely unknown.  

This work concentrates on the mitochondrial localized SOD2 mRNA. It aims to identify 

its interactome and especially the interacting factors at the mitochondrial surface by 

applying the RNA-BioID method on a bait mRNA that contains 24 MS2 loops between 

the ORF and the 3’UTR of the human superoxide dismutase 2. 

The expression of all components – the SOD2MS2 mRNA and a 2xMCP-eGFP-BirA* 

fusion protein – could be successfully validated in transiently transfected HeLa S3 cells. 

In addition, the nuclear localization of the fusion protein mediated by a C-terminal NLS 

and its distribution into cytoplasmic granules upon transfection with a SOD2MS2 

encoding vector (SOD2MS2) were visualized via fluorescence microscopy.  

The fusion protein 2xMCP-eGFP-BirA* and a variant, 1xMCP-eGFP-BirA*, were 

integrated into the genomes of HeLa EM2-11ht and U2OS T-Rex cells and expressed 

under a promoter regulated by tetracycline response elements. Validation of the system 

was not fully performed for both cell lines, but the expression of 2xMCP-eGFP-BirA* 

in HeLa EM2-11ht cells and 1xMCP-eGFP-BirA* in U2OS T-Rex cells could be 

demonstrated by western blotting after doxycycline induction. Moreover, the expression 

of SOD2MS2 in SOD2MS2 transfected U2OS T-Rex cells was shown and the best 

conditions for biotin and doxycycline pulses were adjusted. The correct localization of 

the construct was verified via fluorescence microscopy. 

Finally, RNA-BioID was performed in U2OS1xMCP-eGFP-BirA* cells. SOD2MS2 

transfected cells as well as untransfected controls were induced with doxycycline and 

maintained in biotin containing medium. Biotinylated proteins were determined by mass 

spectrometry. Although not a quantitative method, the mass spectrometry data allowed 

the identification of several candidates for proteins interacting with SOD2MS2 mRNA. 

Among them were cytosolic proteins involved in mRNA regulation and transport as 
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CLUH, FXR1, PABP, STAU1, FUBP3 and LARP1. In addition, proteins involved in 

membrane and vesicle trafficking passed our threshold, as well as the TOM-complex 

associated cytosolic protein TOM34. Potential interactors at the mitochondrial surface 

were ATAD3, Rab5c and IGF2BP2. Other proteins of interest might be LRPPRC and 

the so far uncharacterized LRRC40. All these candidates must be carefully evaluated in 

further experiments to elucidate the interacting factors of SOD2 mRNA and the mode of 

SOD2 protein import into mitochondria, in particular since SOD2 mRNA was lately not 

found associated to the mitochondrial surface and no component of TOM complex, the 

main mitochondrial protein importer, is found in our dataset. 

Further experiments will have to address an improvement of the RNA-BioID system in 

stably expressing cells and profound validation as well as the characterization of the 

possible candidates. If performed carefully, they may build the foundations to develop 

drugs for diseases related misregulation of SOD2 as the knowledge about gravity has 

built the basis for reaching the moon. 
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5. Zusammenfassung 

 

In den letzten Jahrzehnten rückte die Theorie eines an die Translation gekoppelten 

Proteinimports in verschiedene Zellorganellen von einer hypothetischen 

Randbetrachtung in das Zentrum der Aufmerksamkeit. Unabdingbar für diesen Prozess 

ist der Transport vom mRNAs an den Zielort des zugehörigen Proteins.  

Diese Arbeit befasst sich mit der mRNA von SOD2, welche in der Nähe von 

Mitochondrien nachgewiesen wurde. Mittels der Anwendung der RNA-BioID Methode 

sollten Proteine identifiziert werden, die potentiell am Transport der SOD2 mRNA und 

insbesondere an deren Verankerung an der mitochondrialen Oberfläche beteiligt sind.  

Zunächst wurde das System in transient transfizierten HeLa S3 Zellen validiert. Hier 

konnte die korrekte Expression des 2xMCP-eGFP-BirA* Fusionsproteins sowie von 

SOD2MS2 Protein gezeigt werden. SOD2MS2 Protein ist auf dem Vektor SOD2MS2 

kodiert, zwischen seinem ORF und der 3’UTR finden sich 24 MS2 loops, die eine 

Bindung des Fusionsproteins an diese mRNA ermöglichen. 

Darüber hinaus konnte fluoreszenzmikroskopisch die Umverteilung des eGFP 

enthaltenden Fusionsproteins von einem – durch eine c-terminale NLS bedingt – rein 

nukleären Signal zum Auftreten von zytoplasmatischen Punktmustern nach 

Transfektion mit SOD2MS2 beobachtet werden.  

2xMCP-eGFP-BirA* beziehungsweise seine Variation 1xMCP-eGFP-BirA* konnten 

erfolgreich in HeLa EM2-11ht und U2OS T-Rex Zellen integriert werden. Die 

Expression ist in beiden Zelllinien abhängig von Tet-response-Elementen. Beide 

Systeme konnten bisher nur unvollständig validiert werden, jedoch konnte nach 

Induktion mit Doxycylin das jeweilige Fusionsprotein sowie nach Transfektion in 

U2OS Zellen SOD2MS2 mittels Westernblot nachgewiesen werden. Auch die 

notwendigen Konzentrationen und Pulszeiten für Doxycyclin und Biotin wurden 

teilweise ermittelt, die Untersuchungen sind jedoch für die einzelnen Zelllinien 

unvollständig und sollten ergänzt werden.  

Mit SOD2MS2 transfizierte U2OS1xMCP-eGFP-BirA* Zellen sowie untransfizierte 

Kontrollen wurden schließlich für die Identifikation interagierender Protein durch 

Massenspektrometrie verwendet. Hierfür wurden die Zellen mit Doxycyclin induziert 
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und dem Medium Biotin zugefügt, bevor die Zellen lysiert und biotinylierte Proteine 

mittels magnetischen Streptavidinperlen extrahiert wurden.  

Unter den potentiellen Kandidaten finden sich viele Proteine, deren Rolle in Transport 

und Regulation von mRNAs bereits untersucht wird. Dazu gehören CLUH, FXR1, 

PABP, STAU1, FUBP3 und LARP1. Daneben fanden sich Proteine, die mit Membran- 

und Vesikeltransport in Verbindung gebracht werden sowie zwei Co-Chaperone und 

das zytosolische Protein TOM34, das üblicherweise mit den Chaperonen Hsp70/90 und 

dem TOM-Komplex interagiert. Weitere Komponenten dieser Hauptimportmaschinerie 

oder Hitzeschockproteine fanden sich nicht. 

Als Kandidaten, die insbesondere im Bereich der Mitochondrien mit der SOD2MS2 

mRNA interagieren könnten, finden sich ATAD3, RAB5C und IGF2BP2. Daneben 

könnten auch LRPPRC sowie das bisher uncharakterisierte Protein LRRC40 von 

Interesse sein. Alle identifizierten Kandidaten müssen in kommenden Experimenten 

sorgfältig überprüft und validiert werden, insbesondere, da vor kurzem durchgeführte 

Experimente die SOD2 mRNA nicht in ihrer Assoziation zur mitochondrialen 

Außenmembran bestätigt haben. Auch hier sind dementsprechend weitere 

Untersuchungen notwendig.  

Weitere Experimente müssen nun die RNA-BioID Methode für mRNAs 

mitochondrialer Proteine verfeinern, vollständig validieren und die beschriebenen sowie 

neuen Kandidaten untersuchen. Sorgfältig durchgeführt vermögen diese Experimente 

gegebenenfalls die Grundlage zur Behandlung von Erkrankungen legen, die mit 

veränderter Expression von SOD2 einhergehen, wie die Beschreibung der Gravitation 

die Grundlage bildete, um Raketen zum Mond zu schicken. 
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I. Buffer compositions 

 

Growth medium HeLa 11ht 

DMEM 

10%FBS 

200 µg/ml G418 

200 µg/ml Hygromycin B 

 

Selection medium HeLa 11ht 

DMEM 

10%FBS 

200µg/ml G418 

50 µM Ganciclovir 

 

Selection medium U2OS 

DMEM 

10%FBS 

15 µg/ml Blasticidin S 

100 µg/ml Hygromycin B 

 

Imaging medium for HeLa S3 and HeLa 11ht 

DMEM w/o Phenolred 

5% FBS 

 

Phosphate buffered saline (PBS) 

137 mM NaCl 

2,7 mM KCl 

10 mM Na2HPO4 

1,8 mM K2HPO4 

pH 7.4 
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TBS-T 

20 mM Tris 

150 mM NaCl 

0,1% Tween 20 

 

Antibody solution 

1xTBS 

1% FBS 

0,1% Tween 20 

 

RIPA buffer 

150 mM NaCl 

1.0% NP-40 or Triton X-100 

0.5% sodium deoxycholate 

0.1% SDS  

50 mM Tris 

pH 8.0 

 

10x TBS 

200 mM Tris 

1,5 M NaCl 

pH 7.4 

 

Blocking buffer for western blots 

1x TBS (20 mM Tris and 150mM NaCl, pH 7.4) 

5%BSA 

 

Developing buffer (for western blots with Streptavidin bound alkaline 

phosphatase) 

100 mM Tris 

50 mM MgCl2 

100 mM NaCl 
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pH 9.5, total volume 5 ml per blot 

 

Homogenization buffer (HB)
 
(Kaltimbacher et al., 2006) 

0.6 M Mannitol 

30 mM Tris-Cl pH 7.6 

5 mM MgAc 

100 mM KCl 

0.1 % BSA 

5 mM β-mercaptoethanol 

1 mM PMSF 

 

Imaging buffer for fluorescence microscopy (laboratory of Prof. Garcia, IFIB 

Tübingen) 

2mM HEPES pH 7.4 

150 mM NaCl 

15 mM Glucose 

20 mM Trehalose 

54 mM KCl 

0.58 mM MgSO4 

0.7 mM CaCl2 

filter sterilized 

 

SDS sample buffer 

10 % Glycerol 

50 mM Tris-Cl pH 6.8 

2 % SDS 

0.005 % Bromphenolblue 

1 % ß-Mercaptoethanol 

 

Bead wash buffers #1 

2 % SDS  
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Bead wash buffer #2  

0.1 % Deoxychlate 

1 % Triton X-100 

1mM EDTA 

500 mM NaCl 

50 mM HEPES pH 7.4 

 

Bead wash buffer #3 

0.5 % Deoxycholate 

0.5 % NP40 

1 mM EDTA 

250 mM LiCl 

10 mM Tris-Cl pH 7.4 

 

Bead wash buffer #4 (ABC buffer) 

50 mM NaCl  

50 mM Tris pH 7.4  

 

Lysis buffer 

50 mM Tris pH 7.5 

150 mM NaCl 

2.5 mM MgCl2 

1 mM DTT 

1 % Tween 20 

1 x Proteinase inhibitor (freshly added before use) 

 

IBC buffer (Frezza et al., 2007) 

10 mM Tris-MOPS 

200 mM Sucrose 

1 mM EGTA/Tris 

pH 7.4 
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Buffer A (Shaiken et a., 2014) 

40 mM HEPES pH 7.4 

120 mM KCl 

2 mM EGTA 

0.4 % Glycerol 

0.4 % NP-40 

1x Protease inhibitor (freshly added before use) 

 

12% SDS page 10ml 

3.2 ml ddH2O 

2.6 ml 1.5M Tris pH 8.8 

0.1 ml SDS 10 % 

0.1 ml Ammoniumpersulfate 10 % 

10 µl TEMED 

4 ml Acrylamide/Bisacrylamide 30 %/0.8 % 

The surface of separating gels was straightened with 200 µl isopropanol.  

 

Stacking gel SDS page 5ml 

3.6 ml ddH2O 

0.625 ml Tris-HCl 1M pH 6.8 

50 µl SDS 10% 

50 µl Ammoniumpersulfate 10 % 

5µl TEMED 

0.67 ml Acrylamide/Bisacrylamide 30 %/0.8 % 

 

Staining buffer for Biotin blots 

100 mM NaCl 

100 mM Tris 

50 mM MgCl2 

pH 9.5 
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6x DNA loading dye 

10 mM Tris-HCl pH 7.6 

60 mM EDTA 

60 % Glycerol 

0.03 % bromphenol blue 

0.03 % xylene cyanol 

 

FACS buffer 

1 x PBS without magnesium and calcium 

2 % FBS 

0.5 mM EDTA 

 

10x Towbin buffer 

250 mM Tris 

190 mM Glycine 

1 % SDS 

 

LB medium  

25 g yeast extract 

50 g trypton 

25 g sodium chloride 

diluted in ddH2O in a total volume of 5 liters 

 

LB plates 

600 ml LB medium  

10g agarose 

100 µg/ml Ampicillin 
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II. Cell lines and primer sequences 

 

Table 1: Cell lines 

Cell line  Integrated fusion protein 

HeLa S3 - 

HeLa EM2-11ht - 

HeLa2xMCP-eGFP-BirA* NLS-2xMCP-eGFP-BirA* 

HeLa1xMCP-eGFP-BirA* NLS-1xMCP-eGFP-BirA* 

HeLa2xMCP-eGFP NLS-2xMCP-eGFP 

HeLa1xMCP-eGFP NLS-1xMCP-eGFP 

U2OS T-Rex - 

U2OS1xMCP-eGFP-BirA* NLS-1xMCP-eGFP-BirA* 

U2OS1xMCP-eGFP NLS-1xMCP-eGFP 

 

Table 2: Primer sequences 

Primer name Sequence 

Q00325-2_backward 5‘-AAGGAAAAAAGCGGCGCTGAGTTAACCCAAGCTTCTTCTT-3‘ 

Q00325-2_forward 5‘-CGCGGATCCATGTTCTCGTCCGTGGCGCACCTG-3‘ 

BamHI-eGFPwithstop_R 5‘-CGCGGATCCTTACTTGTACAGCTCGTCCATGCC-3‘ 

KpnI-stop-SV40NLS_F 5‘-CGGGGTACCTAAATGGGCCCAAAAAAGAAAAGAAAAGTTGG-3‘ 

BamHI-BirAwithstop_R 5‘-CGCGGATCCTTACTTCTCTGCGCTTCTCAGGGAG-3‘ 
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III. Quantification of western lanes 

 

 

 Fig. 1: Blotting windows chosen from blot in figure 18. Lane 2 (marked as nr. 1) and 

lane 10 (marked as nr. 2) were analyzed in the shown windows. 

 

Fig. 2: Blotting windows chosen from figure 19 to compare signals of lane 2 (marked as 

nr. 1) and lane 2 (marked as nr. 2). 
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Fig. 3: Blotting windows chosen from figure 20 for quantification of the signal in lane 2 

(marked as nr. 1) and lane 10 (marked as nr. 2).  

 

Fig. 4: Windows chosen for signal quantification in lanes 2 (marked as nr.1) and lanes 

8 (marked as nr. 2) from figure 21. 

 

Fig 5: Windows chosen for quantification of TOM20 signal in lanes 2 (marked nr. 1) 

and 6 (marked nr. 2) from figure 23. 
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Fig. 6: Windows chosen for quantification of Lamin A signal in lanes 2 (marked nr. 1) 

and 6 (marked nr. 2) from figure 24. 

 

Fig. 7: Quantification windows chosen from lanes 2 to 7 (marked nr. 1 to 6) from figure 

25. 
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IV. FACS details 

 

FACS details for HeLa EM2-11ht 

 

Fig. 8: FACS details for HeLa EM2-11ht negative control (Cornelia Grimmel, FACS 

Core facility of Tübingen university) 

 

 

Fig. 9: FACS details for HeLa EM2-11ht1xMCP-eGFP (Cornelia Grimmel, FACS Core 

facility of Tübingen university) 
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Fig. 10: FACS details for Hela EM2-11ht1xMCP-eGFP-BirA* (Cornelia Grimmel, FACS 

Core facility of Tübingen university) 

 

 

Fig. 11: FACS details for HeLa EM2-11ht2xMCP-eGFP (Cornelia Grimmel, FACS Core 

facility of Tübingen university) 
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Fig. 12: FACS details for HeLa EM2-11ht2xMCP-eGFP-BirA* (Cornelia Grimmel, FACS 

Core facility of Tübingen university) 

 

FACS details for U2OS T-Rex cells 

 

Fig. 13: FACS details for U2OS negative control (Cornelia Grimmel, FACS Core 

facility of Tübingen university) 
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Fig. 14: FACS details for U2OS1xMCP-eGFP (Cornelia Grimmel, FACS Core facility of 

Tübingen university) 

 

Fig. 15: FACS details for U2OS1xMCP-eGFP-BirA* (Cornelia Grimmel, FACS Core facility 

of Tübingen university)
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V. Mass spectrometry details 

Table 3: Peptide counts for Potential interactors of the SOD2MS2 bait mRNA (mass spectrometry was performed by Dr. Mirita Franz-Wachtel, 

 Proteome center of Tübingen university) 

Gene names Peptides                   

  Control 1 Control 2a Control 2b Sample 1 Sample 2a Sample 2b Sample 3a Sample 3b Sample 4a Sample 4b 

IGF2BP2 0 0 0 3 3 3 5 4 4 4 

LRRC40 0 0 0 2 2 3 2 3 2 2 

GPATCH8 0 0 0 2 2 2 2 2 2 2 

RAB5C;RAB5A;RAB5B 0 0 0 2 2 2 2 2 2 1 

CLUH 3 2 3 4 7 7 9 8 8 8 

FXR1 3 4 4 6 8 7 10 11 9 8 

LRPPRC 1 0 0 3 0 0 4 3 3 3 

LARP1 2 2 2 5 5 5 3 5 2 3 

PABPC4 1 2 2 4 8 8 5 6 8 8 

PABPC1;PABPC3 3 4 4 5 8 10 9 7 8 8 

ATAD3A;ATAD3B 2 0 0 2 0 0 3 4 4 4 

FUBP3 0 0 1 1 1 2 2 2 1 1 

STAU1 1 2 2 3 5 6 5 5 5 4 

ARCN1 0 0 0 0 2 1 2 1 2 1 

COPB1 0 1 1 0 1 2 3 3 5 4 

VPS13D 4 5 6 7 2 2 25 24 25 25 

HSPA4 3 5 4 8 10 10 6 9 7 6 

CDC37 1 1 1 3 3 3 3 1 2 2 

TOMM34 0 0 0 1 1 0 0 0 3 1 
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Table 4: Peptide intensities for Potential interactors of the SOD2MS2 bait mRNA (mass spectrometry was performed by Dr. Mirita Franz-Wachtel, 

 Proteome center of Tübingen university) 

Gene names Peptide intensities 

       

  

  Control 1 Control 2a Control 2b Sample 1 Sample 2a Sample 2b Sample 3a Sample 3b Sample 4a Sample 4b 

IGF2BP2 0 0 0 825360 713470 549260 2109400 1356900 639010 630980 

LRRC40 0 0 0 168060 401460 604160 327610 479680 211090 222670 

GPATCH8 0 0 0 397930 752260 959820 851530 824570 518310 611280 

RAB5C;RAB5A;RAB5B 0 0 0 412100 991980 862710 596640 936950 428780 353560 

CLUH 415000 512550 938380 740850 2054700 1927400 2967500 2820500 1557800 2009300 

FXR1 2835200 3110000 4107600 2908500 2363600 2244700 6456800 7946000 4953700 6157600 

LRPPRC 316790 0 0 519610 0 0 794090 971420 542100 566500 

LARP1 677110 1398700 1506000 946510 3614800 2612600 1587100 2149900 684220 1301400 

PABPC4 0 0 0 1094200 1144900 1003300 294880 533610 741170 817530 

PABPC1;PABPC3 890030 3383400 3501100 1873300 8794000 8923100 3912800 4018000 1564900 2514800 

ATAD3A;ATAD3B 479470 0 0 432240 0 0 1148700 1359900 1404900 1649600 

FUBP3 0 0 372130 173710 167490 461090 425730 477450 190120 273610 

STAU1 153930 743500 874130 639740 2882800 3330600 1478000 1787600 1103800 1271700 

ARCN1 0 0 0 0 494910 392760 364740 186990 275620 198490 

COPB1 0 157360 232240 0 194880 290790 469610 667800 1386300 1861800 

VPS13D 1310300 1863100 2359600 1368800 942540 1025900 9023900 8632400 8618800 11352000 

HSPA4 381350 2088100 1465200 1504800 4070500 4115100 1434300 2893200 1513200 1294000 

CDC37 1175400 985530 1114700 1384200 912780 1021100 1004800 145560 499560 771960 

TOMM34 0 0 0 52774 188100 0 0 0 389580 246040 
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Erklärung zum Eigenanteil 

 

Diese Arbeit wurde im interfakultären Institut für Biochemie unter Betreuung von Prof. 

Dr. rer. nat. Ralf-Peter Jansen durchgeführt. 

Die Konzeption des Arbeitsthemas erfolgte durch Frau Dr. rer. nat. Joyita Mukherjee im 

Zusammenarbeit mit Prof. Dr. rer. nat. Jansen.  

Die Massenspektrometrie wurde durch Frau Dr. rer. nat. Mirita Franz-Wachtel (Proteom 

Centrum Tübingen) durchgeführt, ein Auszug der Resultate ist in den Tabellen 3 und 4 

im Anhang dargestellt. Die Durchflusszytometrie erfolgte in der Flow Cytometry Core 

facility Tal durch Frau Cornelia Grimmel, sie stellte mir die Details in Form der 

Abbildungen 8 bis 15 im Anhang zur Verfügung.   

Frau Dr. Mukherjee klonierte die Vektoren, die für die transiente Transfektion in Hela 

S3 Zellen genutzt wurden (Abb. 1, 2 und 3). Darüber hinaus klonierte sie die Plasmide, 

die für die stabile Integration der Gene für Fusionproteine in Hela EM2-11ht Zellen 

notwenig waren (Abb. 8).   

M. Sc. Alfred Hanswillemenke klonierte den in Abb. 5 dargestellten Vektor und 

Derivate und stellte freundlicherweise neben den Plasmiden auch die zugehörigen 

DNA-Sequenzen zur Verfügung.   

Die dargestellten Versuche und Auswertungen wurden nach Einarbeitung durch Frau Dr. 

rer. nat. Joyita Mukherjee und Ruth Schmid von mir eigenständig durchgeführt.  

Ich versichere, das Manuskript selbstständig verfasst, nach Anleitung von Prof. Dr. rer. 

nat. Jansen korrigiert und keine weiteren als die von mir angegebenen Quellen 

verwendet zu haben. 
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