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Abstract 

Mitochondrial protein import is essential for eukaryotic organisms. Approximately 99% of 

mitochondrial proteins are imported from the cytoplasm, thereby ensuring proper mitochondrial 

function. Successful protein import is required for critical mitochondrial functions such as 

energy production, metabolism and immune signaling. Consequently, cells have developed a 

broad repertoire of mitochondrial import quality control mechanisms. Import defects are linked 

to several pathological conditions such as Alzheimer’s and Parkinson’s disease, and cancer, 

underscoring mitochondrial protein import quality control a topic of high medical and cell-

biological relevance.  

Ubiquitin, an essential eukaryotic modifier, appears to be central in the mitochondrial quality 

control in S. cerevisiae, but its role in human cells is poorly characterized. To address this gap 

of knowledge, a protein-based mitochondrial import clogging model was established in human 

cells, enabling protein engineering to study mitochondrial quality control. The mitochondrial 

quality control deals with the mitochondrial clogger by rapid degradation. The mitochondrial 

clogger is highly ubiquitylated, most likely leading to its degradation in a proteasome-

dependent manner. In addition, proximity labeling was employed to characterize the 

interactome of both the mitochondrial clogger and the clogged mitochondrial surface. This 

provides an in-depth view on mitochondrial protein-protein interaction networks upon import 

stress in human cells. A cluster of proteins that regulate OXPHOS and mitochondrial gene 

expression was enriched in the proximity of the clogged mitochondrial surface. The 

interactome was unexpectedly enriched in nuclear speckle splicing factors whereas a cluster 

of proteins centered around the tumor suppressor BRCA1 decreased. Collectively these 

observations suggest that the mitochondrial surface under mitochondrial import stress defines 

a mitochondrial-nuclear signaling axis. 

The analysis further reveals the potential role of atypical ubiquitylation of the mitochondrial 

clogger. However, tools to study atypical ubiquitylation in vivo remain limited. Therefore, the 

recently developed Ubiquiton system, which enables inducible ubiquitylation in vivo, was 

extended to include atypical linkages K6 and K11. This provides a perspective for future 

studies on ubiquitylation during mitochondrial import clogging. 

In conclusion, this work connects two essential eukaryotic pathways, mitochondrial protein 

import and ubiquitin signaling and thereby contributes to a better understanding of the 

mitochondrial quality control which is crucial for cellular and organismic health. 
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Zusammenfassung 

Der mitochondriale Proteinimport ist essenziell für eukaryotische Organismen. Etwa 99% der 

mitochondrialen Proteine werden aus dem Zytoplasma importiert. Dies ist Voraussetzung für 

zentrale mitochondriale Prozesse wie Energieproduktion, Stoffwechsel und Immunantwort. 

Zellen haben deshalb ein breites Repertoire an Kontrollmechanismen für den mitochondrialen 

Proteinimport entwickelt. Importdefekte sind mit verschiedenen Krankheiten wie Alzheimer, 

Parkinson und Krebs assoziiert und unterstreichen die hohe medizinische und zellbiologische 

Relevanz des mitochondrialen Proteinimports. 

Ubiquitin, ein essenzieller eukaryotischer Modifikator, spielt eine zentrale Rolle in der 

mitochondrialen Qualitätskontrolle in S. cerevisiae, während seine Funktion in menschlichen 

Zellen in diesem Kontext bislang nur unzureichend charakterisiert ist. Dafür wurde ein 

proteinbasiertes Modell für die Blockierung des mitochondrialen Proteinimports in humanen 

Zellen etabliert. Dies ermöglicht Protein-engineering, um die mitochondriale Qualitätskontrolle 

zu untersuchen. Der mitochondriale „Clogger“ wurde in humanen Zellen stark ubiquitiniert, was 

zu einem rapiden proteasomalen Abbau geführt hat. Außerdem wurde eine Methode etabliert, 

um das Interaktom des „Cloggers“ und der mitochondrialen Oberfläche zu charakterisieren. 

Dadurch wird eine detaillierte Analyse von Protein-Protein-Interaktionen der direkten 

Umgebung des mitochondrialen „Cloggers“ und der mitochondrialen Oberfläche unter 

Importstress in humanen Zellen ermöglicht. In der direkten Umgebung der verstopften 

Oberfläche der Mitochondrien waren regulierende Proteine angereichert, die an der Regulation 

der Zellatmung und der mitochondrialen Genexpression beteiligt sind. Unerwarteterweise war 

das Interaktom zusätzlich mit RNA-bindenden Faktoren angereichert, während eine Gruppe 

von Proteinen in Verbindung mit dem Tumorsuppressor BRCA1 verringert war. Dies deutet 

darauf hin, dass die mitochondriale Oberfläche unter Importstress eine mitochondriale-

nukleäre Signalachse definiert. 

Ergebnisse dieser Arbeit deuten auf eine potenzielle Rolle atypischer Ubiquitinierung des 

mitochondrialen „Cloggers“ hin. Da Möglichkeiten zur Untersuchung atypischer 

Ubiquitinierung in vivo bisher begrenzt sind, wurde das Ubiquiton-System, um die atypischen 

K6- und K11-Ubiquitinketten erweitert. Dadurch wird eine induzierbare Ubiquitinierung mit 

diesen Verknüpfungen in vivo ermöglicht und eröffnet neue Perspektiven für zukünftige 

Studien zur Rolle der Ubiquitinierung von mitochondrialen Importdefekten. 

Zusammenfassend verknüpft diese Arbeit zwei essenzielle eukaryotische Zellprozesse, die 

Ubiquitinierung von Proteinen mit dem Prozess des mitochondrialen Proteinimports. Dadurch 

trägt diese Arbeit zu einem besseren Verständnis der mitochondrialen Qualitätskontrolle bei, 

die von zentraler Bedeutung für die zelluläre und organismische Gesundheit ist. 



IV 
 

  



V 
 

Contents 

Abstract................................................................................................................................. I 

Zusammenfassung ..............................................................................................................III 

1 Introduction .................................................................................................................. 1 

1.1. Mitochondria - origin, structure and function ......................................................... 1 

1.1.1. The endosymbiotic origin of mitochondria ............................................................. 2 

1.1.2. Mitochondrial organization .................................................................................... 3 

1.1.2.1. Outer mitochondrial membrane ...................................................................... 4 

1.1.2.2. Intermembrane space .................................................................................... 5 

1.1.2.3. The inner mitochondrial membrane ................................................................ 5 

1.1.2.4. The mitochondrial matrix ................................................................................ 6 

1.1.3. Mitochondrial function ........................................................................................... 6 

1.1.3.1. Mitochondria and metabolism ........................................................................ 7 

1.1.3.2. Mitochondria in cell signaling ......................................................................... 7 

1.2. Mitochondrial protein import ................................................................................... 8 

1.2.1. Mitochondrial targeting ......................................................................................... 8 

1.2.2. Chaperon guidance from the cytoplasm to the OMM ............................................ 9 

1.2.3. The mitochondrial entry gate: The TOM complex ................................................10 

1.2.3.1. The small TOM proteins ................................................................................10 

1.2.3.2. Mitochondrial import sorting via TOM receptors TOM20, 22 and 70 ..............11 

1.2.4. Protein sorting to the OMM via SAM and MIM .....................................................12 

1.2.5. Protein import into the IMS ..................................................................................13 

1.2.5.1. IMS import and refolding via MIA ..................................................................13 

1.2.5.2. IMS import through the stop-transfer pathway ...............................................14 

1.2.6. Protein import into the IMM and matrix ................................................................15 

1.2.6.1. The core TIM23 subunits...............................................................................15 

1.2.6.2. Protein insertion into the IMM via TIM23SORT .................................................16 

1.2.6.3. Protein import into the mitochondrial matrix via TIM23PAM .............................16 

1.2.6.4. Carrier import pathway via TIM22 .................................................................17 

1.2.6.5. Membrane insertion of OXPHOS complexes.................................................17 

1.2.7. Presequence processing via MPP and IMP and other proteases .........................17 

1.2.8. Co-translational mitochondrial protein import .......................................................18 

1.3. Mitochondrial quality control ..................................................................................18 

1.3.1. Molecular causes of mitochondrial import defects................................................18 

1.3.2. Cellular response to mitochondrial import defects ................................................19 



VI 
 

1.3.2.1. The MIQC pathways mitoTAD and mitoCPR .................................................19 

1.3.2.2. Mitophagy-independent membrane clearance (MDVs, MDCs and SPOTS) ..21 

1.3.2.2.1. MDVs .....................................................................................................21 

1.3.2.2.2. MDCs .....................................................................................................22 

1.3.2.2.3. SPOTS ...................................................................................................22 

1.3.2.3. Mitochondrial removal via mitophagy ............................................................23 

1.3.2.4. MIQC mechanisms in human cells ................................................................24 

1.4. Mitochondria in human disease ..............................................................................26 

1.4.1. Mitochondrial import defects and human disease ................................................26 

1.5. Ubiquitin ...................................................................................................................27 

1.5.1. The enzymatic cascade .......................................................................................28 

1.5.2. Writers, readers and erasers ...............................................................................29 

1.5.3. Ubiquitin linkages and their cellular role ...............................................................30 

1.5.3.1. K6-linked ubiquitin chains..............................................................................31 

1.5.3.2. K11-linked ubiquitin chains ............................................................................32 

1.5.3.3. K27-, K29- and K33-linked ubiquitin chains ...................................................33 

1.5.3.4. K48-, K63- and M1-linked ubiquitin chains ....................................................34 

1.5.4. Tools to study mitochondrial import quality control and ubiquitylation ..................35 

1.5.4.1. The Ubiquiton: a tool for linkage-specific ubiquitylation .................................35 

1.5.4.2. LinkageID: proximity labeling of ubiquitin linkage environments ....................37 

1.5.4.3. Studying mitochondrial clogging: The model clogger b2-DHFR .....................38 

1.5.4.3.1. Advantages of the b2-DHFR model ........................................................39 

1.6. Aims of this thesis ...................................................................................................41 

2 Material and Methods ..................................................................................................43 

2.1. Reagents ...................................................................................................................43 

2.1.1. Chemical reagents ...............................................................................................43 

2.1.2. Proteins ...............................................................................................................44 

2.2. Media and solutions.................................................................................................46 

2.2.1. Media for bacterial cultivation ..............................................................................46 

2.2.2. Media for cultivation of mammalian cells .............................................................47 

2.2.3. Buffers and solutions ...........................................................................................47 

2.3. DNA oligonucleotides ..............................................................................................48 

2.4. Plasmids ...................................................................................................................50 

2.5. Strains and cell lines ...............................................................................................54 



VII 
 

2.5.1. Bacterial strains ...................................................................................................54 

2.5.2. Yeast strains ........................................................................................................55 

2.5.3. Mammalian cell lines ...........................................................................................55 

2.6. Methods ....................................................................................................................56 

2.6.1. Methods for DNA manipulation ............................................................................56 

2.6.1.1. Measurement of DNA concentration .............................................................56 

2.6.1.2. Agarose gel electrophoresis ..........................................................................56 

2.6.1.3. PCR ..............................................................................................................56 

2.6.1.4. Site-directed mutagenesis .............................................................................57 

2.6.1.5. PCR purification ............................................................................................57 

2.6.1.6. Gel extraction ................................................................................................57 

2.6.1.7. Restriction cloning .........................................................................................58 

2.6.1.8. DpnI digest of methylated DNA .....................................................................58 

2.6.1.9. DNA ligation ..................................................................................................58 

2.6.1.10. Gibson assembly.........................................................................................58 

2.6.1.11. Sequencing .................................................................................................58 

2.7. Techniques for protein purification and analysis .....................................................59 

2.7.1. Purification of ubiquitin.........................................................................................59 

2.7.2. IMAC purification of his-tagged proteins ..............................................................59 

2.7.3. IEX purification ....................................................................................................59 

2.7.4. SEC of purified proteins .......................................................................................59 

2.7.5. Protein concentration ...........................................................................................60 

2.7.6. Protein concentration determination ....................................................................60 

2.7.7. SDS-PAGE analysis ............................................................................................60 

2.7.8. Coomassie-staining .............................................................................................60 

2.7.9. Western blotting...................................................................................................61 

2.7.10. In vitro ubiquitylation assay ................................................................................61 

2.8. Methods for E. coli ...................................................................................................61 

2.8.1. Bacterial cultivation ..............................................................................................61 

2.8.2. Bacterial transformation .......................................................................................62 

2.8.3. Plasmid DNA isolation .........................................................................................62 

2.8.4. Recombinant protein expression .........................................................................62 

2.9. Methods for S. cerevisiae ........................................................................................62 

2.9.1. Yeast strain construction .....................................................................................62 

2.9.2. Ubiquitylation assay in S. cerevisiae ....................................................................63 

2.9.3. TCA cell lysis and respective analysis in S. cerevisiae ........................................63 



VIII 
 

2.10. Methods for mammalian cell culture and protein analysis .................................63 

2.10.1. Cultivation ..........................................................................................................63 

2.10.2. Freezing and thawing ........................................................................................63 

2.10.3. Passaging ..........................................................................................................64 

2.10.4. Counting ............................................................................................................64 

2.10.5. Transfection with polyethyleneimine ..................................................................64 

2.10.6. Transfection with Fugene HD ............................................................................64 

2.10.7. Generation of stable cell lines (Flp-In) ...............................................................65 

2.10.8. Harvesting .........................................................................................................65 

2.10.9. Preparation of cell lysates ..................................................................................65 

2.10.10. Preparation for and analysis by fluorescence microscopy ................................65 

2.10.11. b2-DHFR expression and MTX ........................................................................66 

2.10.12. Denaturing Ni-NTA pull-down ..........................................................................66 

2.10.13. Enrichment of biotinylated proteins ..................................................................66 

2.10.14. LinkageID ........................................................................................................67 

2.10.15. b2-flag mitochondrial import assay ..................................................................67 

2.10.16. Clonogenic assay ............................................................................................68 

2.10.17. Cycloheximide chase assay .............................................................................68 

2.11. Mass spectrometry ................................................................................................68 

2.11.1. Enzymatic protein digestion ...............................................................................68 

2.11.2. Liquid chromatography tandem mass spectrometry ...........................................69 

2.11.3. Mass spectrometry data analysis of UBE2S ......................................................69 

2.11.4. Mass spectrometry data analysis - UltraID experiments ....................................70 

2.11.5. Mitochondrial enrichment factor prediction .........................................................71 

2.11.6. Median-based mitochondrial protein prediction ..................................................71 

2.11.7. Screen for E3s, E3 accessory proteins and DUBs .............................................71 

2.11.8. String database enrichment and GO term analysis ............................................72 

2.12. Protein structure prediction and visualization .....................................................72 

3 Results .........................................................................................................................73 

3.1. Analysis of mitochondrial TOM complex clogging ................................................73 

3.1.1. Rationale of the establishment of a mitochondrial clogger in human cells ............73 

3.1.2. The mitochondrial clogger b2-DHFR ....................................................................73 

3.1.3. Validation of the mitochondrial clogger b2-DHFR in human cells .........................75 

3.1.3.1. b2-DHFR is targeted towards mitochondria ...................................................75 

3.1.3.2. b2-DHFR expression disturbs mitochondrial protein import ...........................75 

3.1.3.2.1. Design of the mitochondrial import reporter b2-flag ................................75 



IX 
 

3.1.3.2.2. b2-flag precursor levels accumulate in the presence of b2-DHFR...........76 

3.1.3.3. Finding optimal clogging conditions by b2-DHFR ..........................................77 

3.1.3.4. Optimal clogging conditions do not affect mitophagy markers LC3B and p6278 

3.1.4. Analysis of the cellular response to b2-DHFR ......................................................79 

3.1.4.1. b2-DHFR-induced mitochondrial clogging impairs clonogenic survival ..........79 

3.1.4.2. The mitochondrial clogger b2-DHFR is rapidly degraded ..............................80 

3.1.4.3. Ubiquitylation of b2-DHFR in human cells .....................................................82 

3.1.4.3.1. Design of his-tagged b2-DHFR ...............................................................82 

3.1.4.3.2. MTX, VCP and proteasomal inhibition increase ubiquitylation of b2-DHFR

 ...............................................................................................................................83 

3.1.4.3.3. Rationale of the his-tagged ubiquitin pull-down .......................................84 

3.1.4.3.4. b2-DHFR is selectively enriched by hisUbK0 .............................................85 

3.1.4.4. Understanding the ubiquitylation surrounding b2-DHFR ................................86 

3.1.4.4.1. Rationale for using LinkageID to probe ubiquitylation near the clogger ...86 

3.1.4.4.2. b2-DHFR and TOM20 are proximal to multiple atypical ubiquitin linkages

 ...............................................................................................................................87 

3.1.5. Analysis of the interactome of a clogged mitochondrial import channel ...............88 

3.1.5.1. Design of b2-DHFRUID to study the interactome of the clogger ......................89 

3.1.5.1.1. Establishment of b2-DHFRUID .................................................................89 

3.1.5.1.2. Validation of the b2-DHFRUID MS screen ................................................90 

3.1.5.1.3. Mitochondrial proteins are enriched by b2-DHFRUID and Su9-DHFRUID ...90 

3.1.5.1.4. The interactome of b2-DHFRUID consists of multiple MQC factors ..........93 

3.1.5.1.5. Atypical linkage-specific ubiquitin peptide remnants can be detected 

under mitochondrial import stress ...........................................................................95 

3.1.5.1.6. The b2-DHFRUID/DHFRUID proximity labeling setup might exhibit a 

mitochondrial localization bias ................................................................................96 

3.1.5.2. Optimized proximity labeling strategy: Mitochondrial surveillance with 

TOM20UID ...................................................................................................................97 

3.1.5.2.1. Rationale of an optimized TOM20-based proximity labeling approach ....97 

3.1.5.2.2. Design of the optimized TOM20-based proximity labeling approach .......97 

3.1.5.2.3. Establishment of the P2A-TOM20UID constructs ......................................98 

3.1.5.2.4. b2-DHFR is in the proximity of TOM20UID ...............................................99 

3.1.5.2.5. Integration of b2-DHFR-P2A-TOM20UID into HeLa cells ........................ 101 

3.1.5.2.6. Setup and validation of the optimized TOM20UID-based MS experiment

 ............................................................................................................................. 101 

3.1.5.2.7. Comparison of the initial and the optimized MS approach .................... 103 

3.1.5.2.8. b2-DHFRUID enriches central mitochondrial proteins ............................. 106 



X 
 

3.1.5.2.9. TOM20UID enriches RNA binding proteins during mitochondrial clogging

 ............................................................................................................................. 108 

3.1.5.2.10. Clogging reduces the TOM20UID proximity to a BRCA1-associated 

protein cluster ....................................................................................................... 110 

3.1.5.3. Identification of ubiquitin-related proteins during mitochondrial clogging ..... 111 

3.1.5.3.1. Identification of E3s and DUBs in the vicinity of TOM20 independent of 

import stress......................................................................................................... 112 

3.1.5.3.2. Identification of E3s and DUBs during mitochondrial import clogging .... 114 

3.1.5.3.3. Identification of the VCP adaptor UBXN4 in the proximity of TOM20 

during import clogging .......................................................................................... 119 

3.2. Expansion of the Ubiquiton tool to study ubiquitylation in mitochondrial 

clogging ......................................................................................................................... 120 

3.2.1. Rationale of expanding the Ubiquiton towards atypical ubiquitin linkages .......... 120 

3.2.2. Identification of new Ubiquiton candidates ......................................................... 120 

3.2.3. Design of an initial in vitro screen for linkage-specificity of the new candidates . 121 

3.2.4. Initial in vitro screen for linkage-specificity of the new candidates ...................... 121 

3.2.5. In vitro optimization of the K6- and K11-Ubiquiton candidates NleL and UBE2S124 

3.2.5.1. In vitro Optimization of NleL ........................................................................ 124 

3.2.5.1.1. The K6-Ubiquiton candidate NleL changes its ubiquitylation pattern in the 

presence of UbK6R ................................................................................................ 124 

3.2.5.1.2. Rationale for the mutant NleLE705A ........................................................ 125 

3.2.5.1.3. Mutant NleLE705A exhibits enhanced substrate-directed ubiquitylation ... 125 

3.2.5.2. In vitro Optimization of UBE2S .................................................................... 127 

3.2.5.2.1. Comparison of UBE2S to the established E3(63) ................................. 127 

3.2.5.2.2. Analysis of the ZnF-UBP fusion to UBE2S ............................................ 128 

3.2.5.2.3. Analysis of UBE2S on a substrate carrying a lysine-less ubiquitin ........ 128 

3.2.5.2.4. Mutant UBE2SE139/143R shows enhanced ubiquitylation activity .............. 129 

3.2.5.2.5. Analysis of the linkage specificity of UBE2S variants via MS ................ 130 

3.2.6. In vivo application of NleL and UBE2S .............................................................. 131 

3.2.6.1. Analysis of UBE2S ubiquitylation activity on a model GFP substrate in yeast

 ................................................................................................................................ 131 

3.2.6.2. Analysis of NleL ubiquitylation activity on a GFP model substrate in yeast .. 133 

3.2.6.3. Application of NleL on a mitochondrial model substrate in human cells ....... 134 

4 Discussion ................................................................................................................. 137 

4.1. Establishment and characterization of b2-DHFR in human cells ....................... 138 

4.1.1. Validation of effective mitochondrial clogging in human cells using b2-DHFR .... 139 



XI 
 

4.1.2. b2-DHFR allows specific induction of mitochondrial import clogging without 

interference with mitophagy ......................................................................................... 139 

4.2. Analysis of the cellular response to the mitochondrial clogger b2-DHFR ......... 140 

4.2.1. Rapid degradation of the mitochondrial import clogger b2-DHFR ...................... 140 

4.2.2. Proteasomal inhibition stabilizes ubiquitylation of b2-DHFR .............................. 141 

4.2.3. Atypical ubiquitylation during mitochondrial import stress .................................. 142 

4.3. From Ubiquiton to MIQC: Tool development for inducible K6/K11 

polyubiquitylation ......................................................................................................... 144 

4.4. Analysis of the interactome of the mitochondrial clogger and TOM20 .............. 145 

4.4.1. Identification of new potential mitochondrial E3s and DUBs independently of 

mitochondrial import stress .......................................................................................... 146 

4.4.2. Proximity labeling of b2-DHFRUID and TOM20UID reveals potential ubiquitin writers 

and erasers during mitochondrial clogging .................................................................. 146 

4.4.2.1. Identification of ubiquitin writers in the initial MS approach in HEK293T cells

 ................................................................................................................................ 146 

4.4.2.2. Identification of ubiquitin writers and erasers in the optimized TOM20UID-based 

MS approach in HeLa cells ...................................................................................... 148 

4.4.2.3. Key mitochondrial proteins are enriched in the proximity of b2-DHFR ......... 149 

4.4.2.4. Analysis of the TOM20 interactome during mitochondrial import stress ....... 150 

4.4.2.5. CLPB, DNAJA3, NDUFA6 and TIM44 as central nodes linking mitochondrial 

import stress to OXPHOS and MQC ........................................................................ 152 

4.4.2.6. BRCA1 is decreased in proximity to TOM20 during mitochondrial import 

stress ....................................................................................................................... 153 

4.4.3. Potential re-localization of TOM20 during mitochondrial import stress ............... 154 

4.5. Future perspectives ............................................................................................... 155 

4.5.1. Linkage specific ubiquitylation of b2-DHFR........................................................ 155 

4.5.2. The role of VCP in the removal of stalled mitochondrial precursors ................... 156 

4.5.3. Validation of TOM20UID-based proximity labeling ............................................... 156 

4.5.4. Localization of TOM20 during mitochondrial clogging ........................................ 157 

5 Appendix .................................................................................................................... 159 

5.1. Abbreviations ......................................................................................................... 159 

5.2. Supplementary data ............................................................................................... 167 

5.3. Publications ........................................................................................................... 170 

5.4. Curriculum Vitae .................................................................................................... 171 



XII 
 

5.5. Acknowledgments ................................................................................................. 172 

5.6. Bibliography ........................................................................................................... 173 

 

List of figures 

Figure 1 Electron microscopy of a mitochondrion from the bat pancreas ............................... 1 

Figure 2 Mitochondrial organization ....................................................................................... 4 

Figure 3 Central mitochondrial functions ............................................................................... 6 

Figure 4 Mitochondrial protein import pathways..................................................................... 9 

Figure 5 Structure of the human TOM complex ....................................................................11 

Figure 6 Precursor recognition by TOM20 and TOM70 ........................................................12 

Figure 7 Mitochondrial protein import into the IMS ................................................................14 

Figure 8 Cellular mechanisms for the removal of stalled mitochondrial precursors in yeast ..20 

Figure 9 MIQC mechanisms in human cells .........................................................................26 

Figure 10 The post-translational modifier ubiquitin ...............................................................28 

Figure 11 The ubiquitin conjugation cascade ........................................................................29 

Figure 12 Illustration of the simplified ubiquitin code .............................................................31 

Figure 13 The Ubiquiton .......................................................................................................37 

Figure 14 Establishment of the clogger b2-DHFR in human cells .........................................74 

Figure 15 b2-DHFR expression inhibits mitochondrial protein import ....................................76 

Figure 16 Analysis of optimal mitochondrial clogging conditions ...........................................78 

Figure 17 b2-DHFR expression impairs clonogenic survival .................................................80 

Figure 18 Rapid degradation of clogger b2-DHFR ................................................................82 

Figure 19 Proteasome inhibition stabilizes b2-DHFR precursor levels ..................................84 

Figure 20 b2-DHFR is selectively enriched by hisUbK0 ...........................................................86 

Figure 21 LinkageID reveals atypical ubiquitylation in the proximity of b2-DHFR and TOM20

 .............................................................................................................................................88 

Figure 22 Establishment of b2-DHFRUID ...............................................................................90 

Figure 23 Validation of the b2-DHFRUID MS screen ..............................................................93 

Figure 24 The interactome of b2-DHFRUID consists of multiple MQC factors ........................95 

Figure 25 diGly remnants of ubiquitin linkages in the proximity of b2-DHFRUID .....................96 

Figure 26 The optimized TOM20-based proximity labeling approach ...................................98 

Figure 27 TOM20UID enriches the mitochondrial clogger b2-DHFR ..................................... 100 

Figure 28 Validation of the optimized MS approach with TOM20UID .................................... 102 

Figure 29 b2-DHFR is the top hit enriched by TOM20UID .................................................... 103 

Figure 30 Comparison of the initial and the optimized MS approach with TOM20UID........... 106 

Figure 31 b2-DHFRUID enriches central mitochondrial proteins ........................................... 108 



XIII 
 

Figure 32 TOM20UID enriches RNA binding proteins during mitochondrial clogging ............ 109 

Figure 33 Clogging reduces the TOM20UID proximity to a BRCA1-associated protein cluster

 ........................................................................................................................................... 111 

Figure 34 Ubiquitin related proteins in proximity of b2-DHFR ............................................. 116 

Figure 35 Ubiquitin related proteins in proximity of TOM20 during mitochondrial clogging .. 117 

Figure 36 In vitro screen for linkage specificity of new Ubiquiton candidates ...................... 124 

Figure 37 NleL changes its ubiquitylation pattern in the presence of UbK6R ........................ 125 

Figure 38 NleLE705A enhances substrate-directed ubiquitylation .......................................... 127 

Figure 39 UBE2Sshort and UBE2Slong exhibit similar specificity and processivity .................. 129 

Figure 40 Mutant UBE2SE139/143R shows enhanced ubiquitylation activity ............................ 130 

Figure 41 Analysis of the linkage specificity of UBE2S variants by MS ............................... 131 

Figure 42 In vivo application of NleL and UBE2S ............................................................... 133 

Figure 43 Hypothetical model for ubiquitin- and VCP-dependent extraction of b2-DHFR .... 142 

Figure 44 Alterations in the proximity of a clogged mitochondrial import channel ............... 152 

 

List of tables 

Table 1 Number of mitochondria in different mammalian cell types ....................................... 2 

Table 2 Commercial proteins and protein kits used in this work ............................................44 

Table 3 Primary antibodies used in this work ........................................................................45 

Table 4 Secondary antibodies used in this work ...................................................................46 

Table 5 Antibiotics used for bacterial selection .....................................................................46 

Table 6 DNA oligonucleotides used in this work ...................................................................48 

Table 7 Plasmids created for this work .................................................................................50 

Table 8 Plasmids that were used in this work but created by others .....................................53 

Table 9 Bacterial strains used in this work ............................................................................54 

Table 10 Yeast strains that were used in this work ...............................................................55 

Table 11 Mammalian cell lines that were used in this work ...................................................55 

Table 12 PCR reaction mixture .............................................................................................56 

Table 13 PCR amplification conditions .................................................................................57 

Table 14 E3s and DUBs identified in the proximity of TOM20UID ...................................... 112 

Table 15 E3s and DUBs upregulated in the proximity of b2-DHFRUID ................................. 114 

Table 16 E3s identified in the TOM20-based proximity labeling approach .......................... 118 

Table 17 DUBs identified in the TOM20-based proximity labeling approach ....................... 119 

 

  



XIV 
 

 



 Introduction 

1 
 

1 Introduction 

 

1.1. Mitochondria - origin, structure and function 

Mitochondria also known as the “powerhouse of the cell” are double-membraned organelles 

carrying their own genomic DNA (Fig. 1). They are essential for virtually all eukaryotic 

organisms, with the notable exception of protists in the genus Monocercomonoides which lack 

mitochondria entirely (Karnkowska et al., 2016). The name “powerhouse” goes back to their 

key function of adenosine triphosphate (ATP) synthesis through oxidative phosphorylation 

(OXPHOS). In addition, mitochondria fulfill critical roles in the cellular metabolism, and 

signaling, e.g. fatty acid oxidation (FAO), iron-sulfur (Fe-S)-biogenesis, calcium homeostasis 

and reactive oxygen species (ROS)-mediated pathways (A. J. Anderson et al., 2019). The 

mitochondrial size ranges between 0.5-10 µm and they can make up to 25% of the cells volume 

(Pizzorno, 2014). Mitochondrial numbers per cell vary by cell-type, cell cycle stage and energy 

demand, though precise counts are difficult to obtain partly due to the dynamic nature of the 

mitochondrial network. Estimations of mitochondrial numbers roughly reflect cell-type-specific 

energy demands ranging from hundreds in leukocytes, up to thousands in somatic cells such 

as cardiomyocytes and millions in neurons (Table 1) (Moura et al., 2025). 

 

 

Figure 1 Electron microscopy of a mitochondrion from the bat pancreas. (Moura et al., 
2025) 
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Table 1 Number of mitochondria in different mammalian cell types. Mitochondrial 
numbers are estimated either on mitochondrial DNA copy number or theoretical estimations 
(Moura et al., 2025). 

Cell type  Number of mitochondria per cell 

Cardiomyocytes 3000-8000 

Hepatocytes 1000-1700 

Skeletal muscle 120-160 

Fibroblasts 200-350 

Neurons ~2 × 106 

Macrophages 100-700 

Erythrocytes 0 

Platelets 4-10 

Spermatozoa 50-75 

Mature oocyte 105 

Female germ cells (excluding mature oocytes) 10-5000 

 

1.1.1. The endosymbiotic origin of mitochondria 

First, mitochondria have been discovered in 1857 by Rudolf Albert von Kölliker who described 

them as “strongly refractive granules” within the sarcoplasm of muscle fibers (Kölliker, 1856). 

Afterwards, Carl Benda was the first to introduce the term ‘mitochondria’ for these granular-

like structures in 1898 (Benda, 1898). About 100 years ago, several mitochondrial key 

characteristics such as their ability to multiply by fission, their pleomorphism and their staining 

similarities with the same staining agents as bacteria, gave rise to the question of the 

mitochondrial origin (Wallin, 1927). First, in 1905, Mereschkowsky suggested the symbiotic 

origin of chloroplasts (C Mereschkowsky, 1905). Based on this idea, it was proposed by Ivan 

Wallin that mitochondria have arisen from bacterial ancestors in a symbiotic manner which is 

nowadays consensually accepted and believed to have occurred ~2 billion years ago (Dolezal 

et al., 2006; Wallin, 1927; Zimorski et al., 2014). Currently, mitochondria are believed to derive 

from an α-proteobacterium taken up by a relative of Asgard archaea (Roger et al., 2017). 

However, until now the specific species of that bacterium and host cell remain uncertain and 

the process of how a bacterium transitioned into the mitochondrion is still not fully understood 

(Zimorski et al., 2014). 
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One major requisite of the endosymbiotic event was the extensive gene transfer that 

outsourced much of the endosymbiont’s genome to the host’s nucleus (Raval et al., 2023). In 

S. cerevisiae, a single-celled fungal microorganism, also known as Brewer’s yeast and humans 

approximately ~99% of the mitochondrial proteome is outsourced to the nucleus of the host 

cell (Badrie et al., 2024). The human mitochondrial DNA (mtDNA) encodes 13 proteins 

required for OXPHOS, 2 ribosomal RNAs (rRNA) and 22 transfer RNAs (tRNAs) involved in 

mitochondrial protein synthesis (S. Anderson et al., 1981). Thereby, mitochondria heavily rely 

on the host cell’s protein synthesis and require membrane transporters that facilitate the 

cellular exchange between the host cell and the endosymbiont. Especially, the development 

of protein channels mediating the protein transport into and out of the mitochondria enabled 

the collaboration between host and endosymbiont. This protein import machinery partly 

consists of highly conserved protein complexes throughout all eukaryotes (Dolezal et al., 

2006). Due to their double-membraned structure, mitochondria require a specialized 

machinery to span both the outer and inner membranes during protein import which will be 

addressed in the following sections. 

 

1.1.2. Mitochondrial organization 

Eukaryotic cells make use of compartmentalization to create specific cellular environments 

enabling different metabolic activities dependent on specific environments, gradients and 

polarization (Alberts et al., 2002). Mitochondria are a good example for compartmentalization. 

They are defined by two membranes: the outer mitochondrial membrane (OMM), which 

separates mitochondria from the cytoplasm, and the inner mitochondrial membrane (IMM), 

which forms two distinct internal compartments (Fig. 2A) (Roger et al., 2017). The 

intermembrane space (IMS) defines the space between the OMM and the IMM. The 

mitochondrial core lays behind the IMM and is called mitochondrial matrix (Suomalainen & 

Nunnari, 2024). 
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Figure 2 Mitochondrial organization. (A) schematic illustration of the mitochondrial 
compartmentalization; the outer mitochondrial membrane (OMM) separates mitochondria from 
the cytoplasm, while the inner mitochondrial membrane (IMM) forms the intermembrane space 
(IMS) and matrix, including mitochondrial cristae. (B) The OMM mediates ion, metabolite and 
protein import, contact sites with other cell organelles such as the ER, regulation of 
mitochondrial fusion and fission, and mitophagy signaling. 

 

1.1.2.1. Outer mitochondrial membrane 

The OMM mainly consists of lipids and proteins and facilitates the final exchange between 

mitochondria and the host cell. All OMM proteins are encoded in the nucleus (Muthukumar & 

Weissman, 2025). These proteins mediate important processes, including import/export of 

ions, metabolites and proteins; regulate mitochondrial dynamics, quality control and contact 

sites with other organelles (Fig. 2B) (Eaglesfield & Tokatlidis, 2021; Xian & Liou, 2021). 

Voltage dependent anion channels (VDACs) allow passive diffusion of ions, small peptides 

and metabolites such as ATP (Varughese et al., 2021). The translocase of the OMM (TOM) 

mediates the transport of mitochondrial precursor proteins through the OMM while the sorting 

and assembly machinery (SAM) and the mitochondrial intermembrane space import machinery 

(MIM) insert proteins into the OMM. Both processes will be described in more detail later 

(chapter 1.2). Further, OMM proteins such as DRP1 regulate mitochondrial dynamics. 

Mitochondria undergo fission and fusion in a stress dependent manner (Xian & Liou, 2021). 

Under acute stress conditions, proteins on the OMM, e.g. PINK1, facilitate the induction of 

mitophagy (chapter 1.3.2.3). 

The OMM displays a hybrid between the ancestral membrane and the host cell. In S. cerevisiae 

the OMM mainly consists of phosphatidylcholine (44%), phosphatidylethanolamine (34%) and 

phosphatidylinositol (14%) which are typical for eukaryotic membranes. However, also 

cardiolipin (5%) a phospholipid, mainly found in the IMM and in bacteria are also present in the 

OMM (Sperka-Gottlieb et al., 1988). Analysis of the fluidity of the OMM and IMM further 
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revealed a higher dynamic of the OMM. Furthermore, ancestral β-barrel proteins are found in 

the OMM (Suomalainen & Nunnari, 2024). 

1.1.2.2. Intermembrane space 

The IMS is the smaller sub compartment of the mitochondria and is defined and surrounded 

by the OMM and the IMM. Thereby, the IMS serves as a bridging compartment between the 

OMM and the IMM. Thus the 51 proteins in yeast and 53 human proteins predominantly 

localizing to the IMS are involved in the protein import into the mitochondrial matrix and assist 

the cristae organization (Edwards et al., 2021). Furthermore, IMS proteins are involved in 

protein folding via the mitochondrial intermembrane space assembly (MIA) machinery, redox 

signaling and homeostasis, apoptosis regulation and metabolite exchange (Edwards et al., 

2021). Additionally, proteins in the IMS fulfill the critical surveillance of the IMS by degradation 

of aggregated and wrongly imported proteins (Weith et al., 2025). 

1.1.2.3. The inner mitochondrial membrane 

The IMM is the second membrane which separates the mitochondrial matrix from the IMS. The 

major function of the IMM is the production of ATP. The IMM can be subdivided into the inner 

boundary membrane and the cristae membrane. The inner boundary membrane is in close 

contact with the OMM, which is required for signaling between those two membranes and 

required for accurate protein trafficking (Colina-Tenorio et al., 2020). Second, invaginations of 

the IMM by the mitochondrial contact site and cristae organizing system (MICOS) form the 

mitochondrial cristae (Colina-Tenorio et al., 2020). This membrane is called cristae membrane. 

Cristae rapidly increase the membrane surface which is required for optimal OXPHOS. 

Besides harboring respiratory chain complexes I, II, III and IV, cristae of the IMM also contain 

the ATP synthase (Giacomello et al., 2020). While respiratory chain complexes I, III and IV 

pump protons from the matrix into the intermembrane space, they generate a proton-motive 

force with two components: a pH gradient and the mitochondrial membrane potential (Δψm) 

(Geissler et al., 2000). The transfer of protons from the mitochondrial matrix to the IMS leads 

to a local increase of pH and positive charge in the IMS while the mitochondrial matrix exhibits 

a more alkaline and negatively charged environment. The ATP synthase now fulfills a dual 

function (Colina-Tenorio et al., 2020). During the production of ATP, the ATP synthase is fueled 

by a proton gradient from the IMS back into the mitochondrial matrix which was generated by 

the respiratory chain complexes (Jonckheere et al., 2012). Thereby, the ATP synthase not only 

provides energy in the form of ATP but is also required for the maintenance of the mitochondrial 

proton-motive force. The negative charge in the matrix resulting from Δψm is required for the 

protein import into the matrix, acting as a force that pulls the positively charge mitochondrial 

targeting sequences (MTS) into the matrix (Geissler et al., 2000). 
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1.1.2.4. The mitochondrial matrix 

The mitochondrial matrix not only harbors the mitochondrial genome but also creates the space 

as a metabolic hub for the synthesis of ATP, cofactors like NAD+, FAD, CoA and Fe-S clusters 

and regulates the ion homeostasis (Shen et al., 2022). The alkaline environment that is 

generated by the respiratory chain complexes is the optimal environment for the enzymatic 

activity in the matrix (A. J. Anderson et al., 2019). The following section will describe those 

metabolic processes in more detail. 

 

1.1.3. Mitochondrial function 

As described above, mitochondria are highly specialized multicompartmental organelles. 

Compartmentalization allows mitochondria to fulfill a broad palette of cellular functions priming 

mitochondria central for cellular function (L. Wang et al., 2025). This palette ranges from 

metabolism, signaling, cellular regulation and immunity (Fig. 3) (A. J. Anderson et al., 2019). 

 

 

Figure 3 Central mitochondrial functions. Schematic overview of key mitochondrial roles in 
the cellular metabolism (top left), calcium sensing (top right), immune signaling (bottom left) 
and apoptosis (bottom right). Metabolic functions include ATP production via the TCA cycle 
and OXPHOS and the synthesis of metabolites such as fatty acids, Fe-S clusters, glutathione, 
nitric oxide, nucleotides, and amino acids. Mitochondria contribute to cellular calcium signaling 
by storage and release of Ca2+ ions. Mitochondria are involved in the inflammatory response 
via MAVS-cGAS-STING-NF-κB. Damaged mitochondria can induce apoptosis via cytochrome 
c release and caspase activation. 
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1.1.3.1. Mitochondria and metabolism 

Mitochondria are best known for providing energy to the host cell. This is achieved by the 

combination of the tricarboxylic acid (TCA) cycle with OXPHOS (A. J. Anderson et al., 2019). 

The TCA cycle is used to deliver electrons to the respiratory chain complexes I-IV which use 

those electrons to pump protons from the mitochondrial matrix into the IMS. Later on, the ATP 

synthase uses the derived proton gradient for the ATP synthesis (Fillingame et al., 2003). 

Byproducts of OXPHOS are ROS which can cause damage to mitochondria and harm the host 

cell at high levels while also fulfilling essential signaling roles for the cellular homeostasis at 

physiological concentrations (Dan Dunn et al., 2015; Dizdaroglu & Jaruga, 2012; Finkel & 

Holbrook, 2000). 

Besides providing fuel for the cell in form of ATP, mitochondria are also involved in the 

production of fatty acids, amino acids, nucleotides and co-factors such as Fe-S clusters 

(Freibert et al., 2021). The synthesis of some metabolites is utilized by the cell to sense and 

respond to environmental changes (Frezza, 2017). 

1.1.3.2. Mitochondria in cell signaling 

Another major mitochondrial role is the sensing and storage of Calcium (Ca). VDACs channel 

Ca2+ ions through the OMM. The IMM membrane calcium uniporter complex (MCU) allows 

Ca2+ uptake into the mitochondrial matrix while its export is facilitated by SLC8A3 (A. J. 

Anderson et al., 2019). Thereby, mitochondria can store Ca with concentrations approximately 

~20x higher compared to the cytoplasm. This function plays an important role in 

neurotransmitter release, muscle contraction, and cell migration (Giorgi et al., 2018). 

While mitochondria are important for cellular calcium signaling, they are also important for the 

cellular immune response. For example, the OMM protein MAVS facilitates RIG-I signaling 

upon RNA virus infection (Horner et al., 2011). Furthermore, MAVS is also targeted by a 

protease of the hepatitis C virus in order to support its infection (Meylan et al., 2005). 

Furthermore, both the release of ROS and mtDNA can lead to inflammasome activation linking 

mitochondria to the innate immunity, e.g. by the regulation of cGAS-STING dependent 

inflammatory response (A. J. Anderson et al., 2019; Zou et al., 2024). 

Another important mitochondrial role is the regulation of cell progression and cell death. The 

metabolic mitochondrial functions further enable a regulatory role during cell-cycle by providing 

energy and nucleotides (A. J. Anderson et al., 2019). Among others, the mitochondrial protein 

MFN2 is involved in the proliferative RAS-RAF signaling (K.-H. Chen et al., 2014). Further, 

apoptosis can be initiated by Ca2+ overload and ROS demonstrating the important role of 

mitochondria to regulate programmed cell death (Vakifahmetoglu-Norberg et al., 2017). During 

apoptosis mitochondria are permeabilized by BAX-BAK oligomerization leading to the release 
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of pro-apoptotic proteins into the cytoplasm while VDAC2 seems to counteract apoptosis by 

sequestration of BAK (A. J. Anderson et al., 2019). 

In conclusion, mitochondria fulfill critical functions for the eukaryotic host cell. To perform these 

diverse functions, mitochondria require the import of proteins from the cytoplasm, as the 

organelle has outsourced most of its genes (~99%) to the nuclear genome of the host cell. 

 

1.2. Mitochondrial protein import 

Mitochondria consist of a double membrane and 99% of the approximately ~1000 (1500hum) 

mitochondrial proteins in yeast are encoded in the nucleus. Those proteins have to be 

transported to the mitochondria and imported through membranes to their desired location 

such as the mitochondrial matrix or the IMS (Fig. 4) (Schmidt et al., 2010). Research of the 

recent years mainly focused on the mitochondrial protein import in the model organism 

S. cerevisiae and this section therefore, mainly describes findings in yeast and mentions the 

human homologs in brackets, however the conservation of some of these pathways still need 

to be confirmed (Lithgow & Schneider, 2010). For consistency, yeast and human TOM complex 

and translocase of the inner membrane (TIM) subunits will be written capitalized in the 

following sections. 

 

1.2.1. Mitochondrial targeting 

Furthermore, two different modes of mitochondrial protein import can be distinguished. (i)The 

post-translation translocation describes the process of initial ribosomal translation followed by 

chaperon-guided protein transport and import into the mitochondria. (ii) The co-translational 

import refers to a translation-coupled protein import mediated via close contact of ribosomes 

and the mitochondrial surface (Becker et al., 2019). This section focuses on the post-

translational mitochondrial protein import which seems to be the prevalent way for 

mitochondrial protein expression, while the co-translational protein import is described in more 

detail in the subsequent section (chapter 1.2.8) (Becker et al., 2019).  

Nuclear encoded mitochondrial proteins are targeted towards mitochondria via MTS. Roughly 

~60% of nuclear encoded mitochondrial proteins are targeted towards mitochondria via a short 

cleavable N-terminal MTS which is positively charged and amphiphilic (Becker et al., 2019); 

(Boob et al., 2025). Proteins without this canonical MTS contain non-cleavable MTS, for 

example proteins of the OMM, which are usually targeted via their transmembrane domain 

(Becker et al., 2019). The general characteristics of the MTS seem to be conserved among 

eukaryotes (Lithgow & Schneider, 2010). 



 Introduction 

9 
 

 

Figure 4 Mitochondrial protein import pathways. Cytosolic mitochondrial precursor proteins 
are recognized by TOM receptors (TOM20/22/70) and translocated through the OMM by 
TOM40. α-helical OMM proteins such as TOM20 and TOM70 are inserted via the MIM 
complex, whereas the SAM complex mediates the insertion of β-barrel proteins, e.g. TOM40. 
IMS proteins with cysteine motifs are oxidatively refolded by the MIA machinery; the dashed 
line indicates that the MIA machinery is anchored in the IMM in yeast while this membrane 
anchoring is lost in metazoans. The TIM22 complex mediates the insertion of IMM carrier 
proteins, and the TIM23 complex together with the translocase-associated motor PAM 
accomplishes translocation of matrix proteins and insertion of other IMM proteins. 

 

1.2.2. Chaperon guidance from the cytoplasm to the OMM 

After translation, proteins must be transported through the cytoplasm to mitochondria. This 

transport happens in a chaperon-guided manner to prevent aggregation in the cytoplasm and 

ensure the required unfolded state for the mitochondrial import (Matouschek et al., 1997). In 

S. cerevisiae, proteins of the chaperon family Hsp70 and Hsp90 either bind the mitochondrial 

precursor protein directly or are recruited and bind the precursor protein via so-called DnaJ-

related cochaperones (J-proteins) in a semi-selective manner (Becker et al., 2019; Bykov et 

al., 2020; Hoseini et al., 2016; Jores et al., 2018). The delivery of the precursor protein to the 

mitochondrial membrane is further achieved by an interaction of the guiding chaperone(s) with 
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TOM receptors. For example, Hsp70 in S. cerevisiae and HSP70 and HSP90 in mammalian 

cells interact with the TOM receptor TOM70 which also exhibits a chaperon-like function 

(Yamamoto et al., 2009; Young et al., 2003). The co-chaperon Sti1 was found to bind TOM20 

and TOM70 in vitro (Hoseini et al., 2016). Preferences of MTS to different chaperones and 

their preferences to different mitochondrial import receptors enable a complex regulation of the 

mitochondrial protein import. Upon binding to the TOM receptor, the mitochondrial precursor 

will either be imported through the TOM complex into the IMS or sorted into the OMM via the 

SAM or MIM complex which will be described in the following sections (Pfanner et al., 2025). 

 

1.2.3. The mitochondrial entry gate: The TOM complex 

Mitochondrial protein import through the OMM relies on the “main entry gate”, the TOM 

complex. Seven subunits form the TOM complex in yeast and mammalian cells (Araiso et al., 

2022). High resolution structural analysis have revealed that the channel-forming TOM40 is 

surrounded by TOM5, TOM6, TOM7 and TOM22 which form a stable complex (Fig. 5) (Tucker 

& Park, 2019). The TOM receptors, TOM20 and TOM70 are associated with the TOM complex 

in a dynamic manner and can dissociated from the core complex (Ahting et al., 1999). Different 

oligomeric states of the TOM complex have been described and a trimer is suggested to be 

the major arrangement, while there is a dynamic exchange to a dimeric and monomeric state 

(Araiso et al., 2022). The other TOM subunits besides TOM40 can be grouped into two groups: 

the small TOMs and the receptors of the TOM complex. Both groups will be described in the 

following sections. 

1.2.3.1. The small TOM proteins 

TOM5, TOM6 and TOM7 are considered as the small TOMs. Their function is still elusive but 

recent research has revealed that TOM6 and TOM7 modulate the stability and dynamics of 

the TOM complex. TOM6 seems to stabilize TOM22 in the TOM complex and the formation of 

the trimeric state while TOM7 has a rather destabilizing effect (Hönlinger et al., 1996; Sakaue 

et al., 2019). In contrast to the complex modulating function of TOM6 and TOM7, TOM5 seems 

to be involved in the transfer of the precursor protein from the TOM receptors to TOM40 

(Dietmeier et al., 1997). 
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Figure 5 Structure of the human TOM complex. (A) Top and side view of the human dimeric 
core TOM complex composed of the channel forming TOM40 (dark green), and subunits TOM5 
(sienna), TOM6 (brown) TOM7 (sandy brown) and TOM22 (medium blue). (B) Corresponding 
views of the TOM complex containing a single copy of the TOM receptor TOM20 (cyan) which 
can dissociate from the TOM complex (PDB: 8XVA). 

 

1.2.3.2. Mitochondrial import sorting via TOM receptors TOM20, 22 and 70 

Mitochondrial protein import relies on the recognition of the MTS by the TOM complex. This is 

facilitated by the TOM receptors TOM20, TOM22 and TOM70 (Araiso et al., 2022). While both 

TOM20 and TOM70 are inserted into the OMM via their N-terminal transmembrane domains, 

exposing their C-termini to the cytoplasm, TOM22 carries a transmembrane region in the 

middle of the protein exposing its N-terminus to the cytoplasm while C-terminus faces the IMS 

(Araiso et al., 2022). TOM20 is the major receptor for the recognition of MTS containing 

proteins and contains a hydrophobic groove that binds the amphiphilic helix of the MTS (Fig. 

6) (Araiso et al., 2022; Yamano et al., 2008). In contrast to TOM20, TOM70 has a preference 

for aggregation prone precursor proteins and fulfills a chaperone-like function during the 
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recognition process (Yamamoto et al., 2009). While TOM22 stably associates with the TOM 

complex, TOM20 and TOM70 associate with the TOM complex dynamically and can dissociate 

from the TOM complex (Meisinger et al., 2001). Deletions of TOM20 and TOM22 demonstrate 

similarities within the precursor specificity of both receptors (Yamano et al., 2008). In addition 

to the precursor recognition function, TOM22 exhibits a docking site for TOM20 and TOM70. 

Thereby, TOM22 is involved in the bridging between the two TOM receptors and the channel 

forming subunit TOM40 as well as in TOM complex stability and formation (Pfanner et al., 

2025). 

 

 

Figure 6 Precursor recognition by TOM20 and TOM70. Classical MTS-containing proteins 
targeted to the mitochondrial matrix or the IMS are recognized by the TOM complex receptor 
TOM20, whereas aggregation-prone hydrophobic precursors are recognized by TOM70, which 
additionally acts in a chaperone-like manner to prevent precursor aggregation. Both TOM20 
and TOM70 can dissociate from the TOM complex after substrate delivery. 

 

1.2.4. Protein sorting to the OMM via SAM and MIM 

Mitochondrial function further requires the translocation of proteins into the OMM. Especially 

the insertion of the TOM complex into the OMM is required for the mitochondrial protein import 

of all other mitochondrial proteins (Ahting et al., 1999). Two different types of proteins are 

inserted into the OMM: α-helical proteins and β-barrel proteins. Both types are inserted in a 



 Introduction 

13 
 

distinguishable manner. β-barrel proteins are first translocated via the TOM complex to the 

IMS where TIM chaperones guide the transport of the β-barrel protein to the SAM complex 

which inserts the protein into the OMM (Schmidt et al., 2010). In contrast, α-helical proteins 

such as the TOM receptors TOM20 and TOM70 are inserted into the OMM via the MIM 

complex. The MIM complex in S. cerevisiae consists of multiple copies of Mim1 and Mim2 that 

form a channel and translocate the α-helical protein into the OMM (Doan et al., 2020). 

 

1.2.5. Protein import into the IMS 

After translocation through the TOM complex, mitochondrial proteins are in the IMS. From here 

they either travel to the mitochondrial matrix, are inserted into the IMM or reside in the IMS. 53 

human proteins mainly reside in the IMS (Edwards et al., 2021). Two major import routes for 

IMS proteins can be distinguished, both rely on the initial translocation through the TOM 

complex. 

1.2.5.1. IMS import and refolding via MIA 

Mitochondrial proteins undergo translocation through the TOM complex as a linearized 

polypeptide chain (Schmidt et al., 2010). This requires refolding in the IMS. Due to the oxidative 

environment in the IMS in comparison to the matrix and the cytosol, oxidative refolding is 

achieved by the MIA machinery (Fig. 7) (Endo & Wiedemann, 2025). IMS proteins are mostly 

targeted towards the IMS without a canonical MTS. Instead, they carry an IMS sorting signal 

that is recognized by Mia40 (CHCHD4hum) (Sideris et al., 2009). Those proteins are 

translocated through the TOM complex in a TOM20, TOM22 and TOM70 independent manner 

(Gornicka et al., 2014). In yeast, Mia40 is anchored in the IMM, while in metazoa, Mia40 is a 

soluble protein in the IMS with close contact to the IMM (Edwards et al., 2021). The 

oxireductase Mia40 binds the IMS-directed protein upon translocation through TOM40 and 

forms a disulfide intermediate, ultimately leading to the formation of disulfide bonds of the IMS 

targeted protein (Endo & Wiedemann, 2025). The sulfhydryl oxidase Erv1 (ALRhum) further 

recycles Mia40 by re-oxidation of Mia40.  
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Figure 7 Mitochondrial protein import into the IMS. After translocation through the TOM 
complex, mitochondrial precursors lacking the canonical MTS are recognized by the MIA 
machinery via a cysteine containing IMS sorting signal. By contrast, proteins containing a 
canonical MTS and a hydrophobic transmembrane segment (HTS) are partially translocated 
through the TIM23 complex, where the HTS domain arrests in the channel, leading to the 
lateral release of the protein into the IMM, followed by removal of the MTS by MPP and 
subsequent processing by Imp1/2 which release the mature protein into the IMS. 

 

1.2.5.2. IMS import through the stop-transfer pathway 

Mitochondrial proteins that are sorted into the IMS via a stop-transfer pathway consist of a 

bipartite presequence (Fig. 7) (Edwards et al., 2021). This presequence starts with an N-

terminal MTS which directs the precursor through the TOM complex towards the mitochondrial 

matrix. The second part of the presequence contains a hydrophobic transmembrane segment 

(HTS). The MTS translocates through TIM23, whereas the HTS arrests within the channel, 

leading to a stop of the transfer. The arrested precursor is thought to be released into the IMM 

via a lateral gate mechanism by the TIM23 channel, although this mechanism remains 
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incompletely understood (Edwards et al., 2021). After the lateral release, the matrix processing 

peptidase (MPP) removes the matrix standing MTS. The mature protein is released from the 

IMM into the IMS via a second cleavage by Imp1/Imp2 proteases. 

 

1.2.6. Protein import into the IMM and matrix 

Upon translocation into the IMS via the TOM complex, proteins are sorted either into the OMM 

as described above (chapter 1.2.4), remain in the IMS or require further transport into the 

matrix and IMM. Central for both transport routes is the TIM complex. The TIM complex can 

be subdivided into the multi-subunit complexes TIM22 and TIM23, with each name derived 

from its respective central subunit (Fig. 4) (Schmidt et al., 2010). 

The TIM23 complex facilitates both the import of mitochondrial matrix proteins as well as the 

insertion of IMM proteins with an IMM-sorting signal. While the TIM22 complex mediates the 

insertion of IMM carrier proteins with hydrophobic non-cleavable sorting signals such as TIM23 

and TIM22 themselves, this process is referred to as “carrier import pathway” (Schmidt et al., 

2010). 

The TIM23 complex consists of the key and channel forming subunit TIM23 which adopts a 

dimeric structure, and the Δψm is the driving force for the presequence translocation through 

TIM23 across the IMM (Truscott et al., 2001). To fulfill both functions, the mitochondrial matrix 

protein import and the lateral release of transmembrane proteins into the IMM, TIM23 seems 

to adopt two different conformations which are thought to undergo dynamic alteration in order 

to facilitate the complexity of the protein import. The subspecies TIM23SORT inserts proteins 

into the IMM while a PAM associated species TIM23PAM mediates the translocation of 

mitochondrial matrix proteins (Chacinska et al., 2009). Both TIM23SORT and TIM23PAM consist 

of the main subunits TIM17, TIM23 and TIM50, but TIM23SORT additionally contains TIM21. In 

contrast, TIM23PAM lacks TIM21 but associates with PAM subunits (Callegari et al., 2020). 

1.2.6.1. The core TIM23 subunits 

TIM23 is the channel forming subunit of the TIM23 complex. Although TIM17 shares a high 

sequence similarity with TIM23, the subunit seems to be unable to form a channel but is 

required for the accurate pore formation of TIM23 in a dimeric manner (Callegari et al., 2020; 

Martinez-Caballero et al., 2007). Additionally, TIM17 seems to be involved in the tethering of 

the PAM complex subunit PAM18 to the TIM23 complex (Chacinska et al., 2005). Furthermore, 

both TIM21 and TIM50 fulfill dual functions. TIM50 is the main receptor of the TIM23 complex 

and contains two presequence binding sites. TIM50 binds the presequence containing protein, 

that is currently bound to a negatively charged IMS facing domain of TOM22. In contrast, 

TIM21 was found to interact with this domain of TOM22 stimulating the release of the 
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presequence containing protein to TIM50, guiding it to the TIM23 pore (Chacinska et al., 2009).  

Together with TIM21, TIM50 serves as a molecular bridge connecting the TOM and TIM23 

complexes which delivers the presequence containing protein from the TOM to the TIM23 

complex and even super complex formations between the TOM and the TIM23 complex are 

suggested (Gold et al., 2014). Additionally, TIM50 prevents leakage through TIM23 by closing 

the channel, and successful protein transfer from TIM50 to TIM23 results in the release of 

TIM50 from the TIM23 channel, thereby activating it for translocation (Callegari et al., 2020). 

Furthermore, an interaction between TIM21 and respiratory chain complexes was found (van 

der Laan et al., 2006). The role of the respiratory chain complexes in the formation of the Δψm 

indicates that TIM21 might regulate and locally increase this potential in order to accelerate 

the import via the TIM23 complex (Schmidt et al., 2010). 

1.2.6.2. Protein insertion into the IMM via TIM23SORT 

The insertion of mitochondrial proteins via an IMM-sorting signal solely depends on the Δψm. 

The TIM23 complex must distinguish matrix proteins from proteins that should be released into 

the IMM. This sorting process is complicated and not fully understood but in S. cerevisiae, 

Mgr2 has been proposed as a gatekeeper distinguishing between matrix and IMM proteins 

based on their hydrophobicity (Kizmaz et al., 2024; Maruszczak et al., 2024). The insertion 

requires a stop of the translocation and a lateral release of the protein into the IMM which is 

called stop-transfer and requires a stop-transfer signal. The hydrophobic transmembrane 

segment seems to interact with hydrophobic domains of TIM17 and TIM23 and might induce 

the lateral release into the IMM (Rojo et al., 1998). However, the hydrophobic segment might 

not be sufficient for the stop-transfer and charged residues flanking the hydrophobic 

transmembrane domain are hypothesized to further assist the arrest of the translocation 

followed by the lateral release and C-terminal negatively charged residues are indicated to 

stop the translocation process (Kizmaz et al., 2024; Rojo et al., 1998). 

1.2.6.3. Protein import into the mitochondrial matrix via TIM23PAM 

In contrast to the lateral release of mitochondrial proteins into the IMM, the translocation of MM 

proteins requires a second driving force in addition to Δψm, which is facilitated by the PAM 

complex which functions as ATP dependent motor (Schmidt et al., 2010). A third driving force 

seems to be the interaction of the presequence of the imported protein with TIM44, which also 

facilitates the recruitment and anchoring of Hsp70 and other PAM subunits to the TIM23 

complex (Demishtein-Zohary & Azem, 2017). ATP hydrolysis by Hsp70 releases the Hsp70 

bound precursor protein into the matrix. The cochaperone Mge1, TIM14 and TIM16 regulate 

the Hsp70 activity. TIM14 and TIM16 have a regulator function on the ATPase activity of Hsp70 

while Mge1 is required for the recycling of Hsp70 by replacing ADP with ATP (Demishtein-

Zohary & Azem, 2017). 
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1.2.6.4. Carrier import pathway via TIM22 

Mitochondrial carrier proteins, that must be inserted into the IMM, contain multiple α-helical 

transmembrane segments and require an additional import system. Example carrier proteins 

are the above mentioned TIM23 and TIM17 subunits of the TIM23 complex and metabolite 

carriers. Their insertion into the IMM is mediated via the so-called TIM22 complex (Schmidt et 

al., 2010). Carrier proteins are aggregation prone, and their mitochondrial import is guided via 

chaperones and TOM70 through the TOM complex. Interestingly, carrier proteins maintain a 

loop-like structure and are not linearized during the import through the TOM complex 

(Wiedemann et al., 2001). In the IMS carrier proteins are shuttled to the TIM22 complex by two 

chaperone complexes TIM9-TIM10 and TIM8-TIM13 (Beverly et al., 2008). The TIM22 channel 

has an opening towards the lipid bilayer and inserts the carrier protein into the IMM (Nauerz et 

al., 2025). 

1.2.6.5. Membrane insertion of OXPHOS complexes 

Mitochondrial encoded respiratory chain complexes are translated in the mitochondrial matrix 

and are inserted directly via the so-called OXA machinery. Therefore, mitochondrial ribosomes 

interact with Oxa1 handing over the translated protein. Oxa1 contains a membrane-facing 

hydrophilic groove that leads to the insertion of the translated protein into the IMM (Endo & 

Wiedemann, 2025). Furthermore, Oxa1 assists TIM23 during the insertion of less hydrophobic 

IMM proteins where the stop-transfer mechanism is not involved (Endo & Wiedemann, 2025). 

 

1.2.7. Presequence processing via MPP and IMP and other proteases 

Mitochondrial protein import depends on targeting and sorting signals (Schmidt et al., 2010). 

Those targeting and sorting signals differ depending on the type of protein and the desired 

destination. However, ~70% of the mitochondrial proteins carry a canonical N-terminal MTS 

which is positively charged and amphiphilic (Mossmann et al., 2012). The MTS needs to be 

removed upon correct mitochondrial localization in order to avoid further sorting and refolding 

problems (Kunová et al., 2022). This is achieved by several specialized metalloproteases, 

especially by the essential mitochondrial processing peptidases (MPP) (Kutejová et al., 2013). 

MPP cleaves the MTS in the mitochondrial matrix and the resulting cleavage remnants can be 

further processed by mitochondrial intermediate peptidases (MIP) Oct1 (MIPhum) and Icp55 

(Kücükköse et al., 2021). In contrast to the canonical MTS, the HTS which also serves as a 

hydrophobic IMM targeting signal is cleaved by the so-called inner membrane processing 

peptidase (IMP, IMMP2Lhum) (Kunová et al., 2022). Some proteins, e.g. one of the model 

protein used in this thesis, cytochrome b2 (b2) are first processed by MPP to remove the N-
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terminal targeting sequence before the IMP acts on the hydrophobic targeting signal (chapter 

1.5.4.3) (Shiota et al., 2012). 

 

1.2.8. Co-translational mitochondrial protein import 

Approximately ~99% of all mitochondrial proteins are encoded in the nucleus and transported 

into the mitochondria. While ~80% of the mitochondrial proteins are thought to be imported in 

a post-translational way, the remaining ~20% are believed to be imported in a co-translational 

manner (Z. Zhu et al., 2025). Co-translational protein import describes a process which 

facilitates the protein translocation through TOM during ongoing translation. In S. cerevisiae 

this mechanism is proposed to prevent aggregation of proteins containing hydrophobic 

transmembrane domains, in the cytoplasm (Williams et al., 2014). However, in human cells, 

proteins subjected for mitochondrial co-translational import are characterized by large size, 

multiple domains and a high force required for unfolding (W. Li et al., 2014).This demonstrates 

that co-translation protein import also functions in the mitochondrial protein import quality 

control. The average co-translation import begins after translation of ~350 amino acids but can 

already start for some proteins after translation of ~200 amino acids. Examples of co-

translation protein import are the mitochondrial IMS protease YME1L1hum, DELE1hum and 

PINK1hum (W. Li et al., 2014). 

 

1.3. Mitochondrial quality control 

1.3.1. Molecular causes of mitochondrial import defects 

Mitochondrial protein import is critical for mitochondrial functions and import defects can cause 

severe diseases in humans (MacKenzie & Payne, 2007). Mutations in protein sequences are 

central for mitochondrial defects. First of all, mutations in the mitochondrial import machinery 

can disrupt the import function, thus causing mitochondrial import defects (Jain et al., 2024). 

N-terminal mutations of non-mitochondrial proteins can imitate a MTS and induce mistargeting 

to the TOM complex (MacKenzie & Payne, 2007). Protein import of those mistargeted proteins 

can be problematic for the TOM complex, as translocation requires an unfolded state of the 

import protein. Mutations in the MTS of mitochondrial precursor proteins can lead to protein 

import deficiencies (MacKenzie & Payne, 2007). Interestingly, import defects through the IMM 

can also lead to impaired TOM complex translocation (Hasson et al., 2010). Furthermore, 

mutations in mitochondrial precursor proteins can lead to misfolding and stalling of the 

precursors in the translocation machinery of mitochondria, which is discussed to be associated 

with Alzheimer's disease (Coyne et al., 2023; Devi et al., 2006). As the described mitochondrial 

import defects have severe effects on cellular wellbeing, cells have developed several 



 Introduction 

19 
 

mitochondrial quality control (MQC) mechanisms to overcome and prevent mitochondrial 

import defects. 

 

1.3.2. Cellular response to mitochondrial import defects 

Mitochondrial protein import is essential and requires tight quality control mechanisms (K. P. 

Baker & Schatz, 1991). Major cellular stressors are stalled mitochondrial precursors at the 

TOM complex which further lead to the accumulation of mitochondrial precursors in the 

cytoplasm. Several quality control mechanisms are known to date, most of them are based on 

the model organism S. cerevisiae (Pfanner et al., 2025). Furthermore, ubiquitylation plays an 

important role in activation and regulation of those mitochondrial import quality control (MIQC) 

mechanisms and is described in more detail in a later section (chapter 1.5). MIQC can be 

divided into two groups. Group 1 acts on the clogged translocase, while group 2 takes care of 

accumulating precursor proteins in the cytoplasm. This section will describe both groups in 

more detail and tries to bridge our understanding from S. cerevisiae to mammalian cells. 

1.3.2.1. The MIQC pathways mitoTAD and mitoCPR 

Group 1 deals with translocation-arrested proteins. Those can arise from premature-folded 

proteins, mutated or damaged TOM complexes and defects in the membrane potential Δψm 

(Pfanner et al., 2025). Two main pathways are taking care of the clearance of clogged 

mitochondrial TOM complexes in S. cerevisiae: (i) mitochondrial protein translocation-

associated degradation (mitoTAD), and (ii). mitochondrial compromised protein import 

response (mitoCPR) (Pfanner et al., 2025). The mitoTAD pathway observes TOM complexes 

under non-stress conditions, guaranteeing intact mitochondrial protein import (Fig. 8). The 

Cdc48 (VCPhum) adaptor protein Ubx2 (FAF2hum) associates with the TOM complex exposing 

its UBX and UBA domains to the cytoplasm (Mårtensson et al., 2019). The UBA domain 

interacts with the ubiquitylated stalled precursor protein and the UBX recruits the Cdc48 

(VCPhum) complex containing Ufd1 and Npl4. This recruitment leads to extraction and 

proteasomal degradation of the precursor protein (Mårtensson et al., 2019). 
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Figure 8 Cellular mechanisms for the removal of stalled mitochondrial precursors in 
yeast. In yeast, two pathways deal with clogged TOM complexes by removal of the stalled 
precursors. In the mitoTAD pathway, ubiquitylated precursors are recognized by Ubx2 which 
recruits Cdc48 to the stalled precursor leading to its subsequent extraction and proteasomal 
degradation. By contrast, in the mitoCPR pathway, the AAA-ATPase Msp1 is recruited to 
stalled precursors via Cis1 followed by subsequent precursor extraction. 

 

While the MIQC pathway mitoTAD controls mitochondrial protein import under unchallenged 

conditions, the mitoCPR pathway is activated when cells encounter a higher load of 

mitochondrial import stress (Pfanner et al., 2025). Here, mitochondrial import stress leads to 

the upregulated expression of the cytosolic protein Cis1 dependent on the transcription factor 

Pdr3 (Weidberg & Amon, 2018). Cis1 forms a complex with TOM70 and Msp1 (ATAD1hum) 

which extracts the stalled precursor proteins (Pfanner et al., 2025). While mitoTAD and 

mitoCPR are general repair mechanisms, other repair factors can also lead to the degradation 

of arrested precursor proteins. The ubiquitin ligase Rsp5 seems to be recruited to TOM70 for 

the ubiquitylation of stalled precursor proteins and Pth2 together with the ubiquilin Dsk2 lead 

to the degradation of precursor proteins via the ubiquitin-proteasome system (UPS) (Ishii et 

al., 2006).  
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Precursor proteins are aggregation-prone due to their MTS, and their enzymatic activity in the 

cytoplasm could interfere with the cellular metabolism (Pfanner et al., 2025). Thus, in a second 

layer, group 2 takes care of accumulated precursor proteins in the cytoplasm. One mechanism 

that was discovered in the absence of the proteasomal master regulator Rpn4 is the formation 

of so-called Mito-Stores. These cytosolic granules/inclusions contain accumulated 

mitochondrial precursor proteins and are formed by the small heat-shock protein Hsp42 

(Krämer et al., 2022). Precursor proteins are temporary packed in Mito-Stores and with the 

help of the disaggregase Hsp104 they can be released from the inclusion and successfully 

imported into mitochondria upon translocase clearance (Krämer et al., 2022). Notably, 

expression of the mitochondrial model clogger b2-DHFR (chapter 1.5.4.3) increases the 

accumulation of mitochondrial precursor proteins with Hsp104. Furthermore, cells lacking 

Rpn4 and thereby exhibiting downregulated proteasomal degradation, are more resistant 

against clogger induced precursor accumulation due to the upregulation of Mito-Stores 

(Krämer et al., 2022). Mito-Stores prevent aggregation of retained mitochondrial precursors in 

the cytoplasm without primary degradation. In contrast, another pathway termed nuclear-

associated mitoprotein degradation (mitoNUC) facilitates the degradation of mitochondrial 

precursor proteins in the nucleus. Non-imported precursor proteins are found in the nucleus 

and the ubiquitin ligases San1, Ubr1 and Doa10 are involved in the proteasome dependent 

degradation of those precursor proteins (Shakya et al., 2021). Precursor proteins seem to form 

nuclear protein aggregate compartments. Non-imported hydrophobic mitochondrial precursor 

proteins can also be redirected to the endoplasmic reticulum (ER) where they are handled by 

the UPR machinery of the ER (Pfanner et al., 2025). 

1.3.2.2. Mitophagy-independent membrane clearance (MDVs, MDCs and SPOTS) 

Cells can encounter multiple damage sources on the OMM e.g. misfolded proteins and clogged 

TOM complexes. While pathways such as mitoTAD or mitoCPR can remove stalled precursor 

at the TOM complex, mechanisms have evolved to remove whole membrane regions to deal 

with unwanted mitochondrial compartments (Uoselis et al., 2023). To date, three distinct 

mechanisms have been identified: (i) mitochondrial-derived vesicles (MDVs), (ii) mitochondrial-

derived compartments (MDCs) and (iii) structures positive for OMM (SPOTs). This section will 

describe our current understanding of these three mechanisms. 

1.3.2.2.1. MDVs 

MDVs were originally identified as mitochondrial vesicles that facilitate cargo delivery and 

biogenesis of peroxisomes (Neuspiel et al., 2008). Later, it was shown that MDVs also 

participate in the vesicular transport from mitochondria to lysosomes (Soubannier, McLelland, 

et al., 2012). Thus MDVs are believed to fulfill a quality control mechanism that enables the 

bulk removal of whole membrane sections with misfolded membrane proteins (König & 
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McBride, 2024). MDVs are independent from the autophagy machinery, clearly separating 

them from mitophagy (König & McBride, 2024). Their size ranges from approximately 60-150 

nm characterizing them smaller than MDCs and SPOTS. Two different types of MDVs are 

existing, type one describes MDVs that only contain the OMM while type two MDVs consist of 

both the OMM and the IMM (Soubannier, Rippstein, et al., 2012). Furthermore, MDVs are 

cargo selective and different subpopulations dependent on the cargo exist (Neuspiel et al., 

2008).  

One model describing the formation of MDVs includes the formation of thin, long membrane 

protrusions along microtubules budding away from mitochondria in a scission dependent 

manner (König et al., 2021). The machinery that is involved in the MDV formation can differ 

depending on the subtype of MDVs and is not fully understood. However, recent work has 

demonstrated, that at least a subset of MDVs are formed through MIRO1 and 2 (König et al., 

2021). Both pull small membrane protrusions along microtubules. Here, DRP1 is recruited via 

MID49, MID51 and MFF for the scission of MDVs. While some studies suggest the involvement 

of PINK1 and PARKIN in the generation of MDVs, recent publications could not confirm the 

involvement of both proteins in the MDV biogenesis (König et al., 2021; Roberts et al., 2021; 

Ryan et al., 2020). Notably, MDV formation seems to be enhanced in the absence of the 

deubiquitylase (DUB) USP30 which is also linked to accumulation of stalled mitochondrial 

precursors (König et al., 2021). 

1.3.2.2.2. MDCs 

MDCs are mitochondrial compartments initially identified in S. cerevisiae with an average 

diameter of ~1 µm, thus approximately 10x larger than MDVs (Uoselis et al., 2023). MDCs 

contain and lead to the degradation of OMM and IMM proteins (Hughes et al., 2016). In 

contrast to mitophagy, MDCs remove membrane sections containing OMM and IMM proteins 

in a fission dependent manner without destruction of the remaining mitochondrion. Membrane 

proteins without MTS, e.g. mitochondrial carrier proteins are targeted into MDCs in an Dnm1 

(DRP1), TOM70 and TOM71 dependent manner (Hughes et al., 2016). While MDCs can lead 

to the removal of membrane sections, they seem to rather maintain mitochondrial metabolic 

homeostasis than assisting the mitochondrial protein import (Uoselis et al., 2023). Notably, to 

my knowledge, MDCs have only been studied in S. cerevisiae and their existence and function 

in human cells need to be confirmed.  

1.3.2.2.3. SPOTS 

SPOTs are large spherical structure positive for OMM proteins, that have been identified six 

hours post Toxoplasma infection (X. Li et al., 2022). They are in average ~2.6 µm in diameter 

distinguishing them from smaller MDCs and MDVs. SPOT formation was shown to be 

independent of DRP1, MIRO1 and MIRO2 that are involved in the formation of MDVs (König 
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et al., 2021; X. Li et al., 2022). SPOT formation leads to the removal of OMM proteins under 

high overexpression of α-helical OMM proteins but not as a consequence of mitochondrial 

depolarization or mitochondrial import stress (X. Li et al., 2022). Thus, this mechanism allows 

mitochondrial membrane remodeling under mitochondrial stress conditions e.g. infections and 

accumulation of OMM proteins. However, the removal of OMM proteins by the formation of 

SPOTs could still indirectly modulate mitochondrial import through the removal of TOM 

complex subunits. Noteworthy, to my knowledge there is only one publication to date that 

identified SPOTs. 

1.3.2.3. Mitochondrial removal via mitophagy 

The cell has multiple quality control mechanisms to overcome mitochondrial stress such as 

mitochondrial precursor arrest at the TOM complex. If those quality control mechanisms fail to 

ensure mitochondrial function, not only an ATP and metabolite shortage arises but also an 

increase of ROS (Cadenas & Davies, 2000). High levels of ROS can lead to apoptosis which 

the cell tries to prevent by removal of malfunctioning mitochondria. Therefore, the cell uses a 

special form of macro-autophagy called mitophagy, which describes the lysosomal 

degradation of defective mitochondria (S. Wang et al., 2023). This mechanism serves as a last 

resort mechanism only under overwhelming conditions when other repair mechanisms are not 

sufficient to guarantee proper mitochondrial function (S. Wang et al., 2023). Mitophagy can be 

subdivided into PINK1-PARKIN dependent and independent pathways.  

The PINK1-PARKIN mediated mitophagy pathway is a well-established ubiquitin dependent 

way of mitochondrial removal. Under normal conditions, PINK1 is degraded upon successful 

insertion into the IMM (Sekine & Youle, 2018). In malfunctioning mitochondria, PINK1 does not 

undergo translocation through the TOM complex and accumulates on the mitochondrial 

surface. This leads to autophosphorylation of PINK1 which leads to further phosphorylation of 

ubiquitin at residue serine 65 (UbS65) and phosphorylation of the ubiquitin-like (Ubl) domain of 

PARKIN. Binding of UbS65 and phosphorylation releases PARKIN from an autoinhibited state 

into an activated state creating poly-Ub chains on multiple OMM proteins, e.g. MFN1 and 

MFN2 (Palikaras et al., 2018; S. Wang et al., 2023; Wauer et al., 2015). Those poly-

ubiquitylated chains are further phosphorylated by PINK1 which leads to the recruitment of 

more PARKIN and results in a highly amplified mitophagy signal (S. Wang et al., 2023). This 

amplified ubiquitin signal is recognized by autophagy receptors OPTN, NDP52, NBR1. Binding 

of Sequestosome 1 (p62) and proteins of the microtubule associated protein 1 light chain 3 

(LC3) family enable the formation of mitophagosomes leading to the degradation of damaged 

mitochondria (Khaminets et al., 2016; Picca et al., 2023). Binding of ULK1, WIPI1 and DFCP1 

to NDP52 further enhances mitophagy. While PARKIN driven ubiquitylation promotes 
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mitophagy, USP30 counteracts mitophagy by removal of the ubiquitin signal (Khaminets et al., 

2016). 

PINK1-PARKIN independent mitophagy is induced by proteins that can recruit LC3 family 

proteins independent of PARKIN ubiquitylation. This includes proteins BCL1-interacting protein 

3 (BNIP3), NIP-3-like protein X (NIX), FUN14 domain-containing protein (FUNDC1) and PHB2 

and FKBP8 (Lim & Lim, 2017; Picca et al., 2023; Terešak et al., 2022). 

1.3.2.4. MIQC mechanisms in human cells 

In human cells, mitochondrial import defects activate the integrated stress response (ISR) via 

a mitochondrial-nuclear stress signaling axis. Mitochondrial stressed-induced cleavage of 

DELE1 by OMA1 and/or HTRA2 activates HRI, which phosphorylates the eukaryotic 

translation initiation factor 2 (elF2α). This reduces elF2α activity and results in decreased 

protein synthesis (Calais & Bertolin, 2025). In the meanwhile, elF2α-phosphorylation results in 

enhanced expression of activating transcription factors (ATF) such as ATF4, ATF5 and CHOP 

(Calais & Bertolin, 2025). Together these transcription factors modulate the cellular response 

to mitochondrial stress and upregulate the mitochondrial unfolded protein response (mtUPR) 

(Horibe & Hoogenraad, 2007; X. Zhang et al., 2024). 

Furthermore, several MIQC factors have been identified that act either at the level of stalled 

precursors or in maintaining the mitochondrial proteome during import stress (Fig. 9). For 

instance, ATPase family AAA domain‑containing protein 1 (ATAD1), the human ortholog of 

yeast Msp1, was recently shown to remove stalled precursor proteins from the TOM complex 

(J. Kim et al., 2024). In addition, ATAD1 is also involved in the removal of mistargeted tail-

anchored proteins from the OMM.  

While ATAD1 activity has not been linked to ubiquitin, it was shown that the mitochondrial E3 

MARCH5, associates with the TOM receptor TOM70, and a role in the MIQC is suggested 

(Phu et al., 2020). The mitochondrial DUB USP30 seems to counteract MARCH5 and may 

likewise contribute to the MIQC. Moreover, a recent publication showed that arrested 

mitochondrial import intermediates can be resolved by proteolytic cleavage from the IMS side 

by the protease OMA1 (Krakowczyk et al., 2024). In this study, VCP and the proteasome were 

implicated in the cytoplasmic degradation of released precursor proteins. 

In addition, several proteases protect the mitochondrial proteomic homeostasis during 

mitochondrial stress (M. J. Baker et al., 2025). Recently it was demonstrated that mitochondrial 

import clogging results in the degradation of TIM17A and TIM23 through YME1L1, a IMM-

bound protease that faces the IMS (Hsu et al., 2025). Furthermore, YME1L1 also degrades 

unassembled OXPHOS subunits, and its protease activity is proposed to help in overcoming 

mitochondrial import stress (M. J. Baker et al., 2025). In addition to YME1L1, also the 
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mitochondrial disaggregase, caseinolytic peptidase B (CLPB), helps to maintain the IMS 

proteostasis through solubilization of protein aggregates (M. J. Baker et al., 2024). 

Moreover, MDVs participate in the vesicular transport from mitochondria to lysosomes and 

may contribute to mitochondrial control mechanism enabling bulk removal of whole membrane 

sections with misfolded membrane proteins (König & McBride, 2024; Soubannier, McLelland, 

et al., 2012). While MDVs are independent of the autophagy machinery, as a last resort, whole 

malfunctioning mitochondria can be cleared via mitophagy (König & McBride, 2024; S. Wang 

et al., 2023). 
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Figure 9 MIQC mechanisms in human cells. While the AAA-ATPase ATAD1 extracts 
arrested mitochondrial precursors from the TOM complex, recent work suggests that the 
mitochondrial protease OMA1 can cleave the stalled precursors from the IMS side, leading to 
the precursor release into the cytoplasm and subsequent VCP/proteasome dependent 
degradation. During mitochondrial import stress, factors such as YME1L1 and CLPB maintain 
mitochondrial protein homeostasis. In parallel, import stress dependent processing of DELE1 
leads to the activation of the nuclear stress response involving ATF4/5 and CHOP. 

 

1.4. Mitochondria in human disease 

Mitochondrial dysfunction is associated with a broad spectrum of human disease. One can 

distinguish primary and secondary forms of mitochondrial disease (Niyazov et al., 2016). 

Primary mitochondrial diseases are often caused by pathogenic mutations in the mitochondrial 

DNA or in nuclear genes encoding mitochondrial OXPHOS-related proteins (Wen et al., 

2025)(Valenti & Vacca, 2022). The disturbance of OXPHOS results in compromised cellular 

energy levels and increased oxidative stress and is frequently associated with a reduction or 

loss of Δψm which in turn impairs mitochondrial protein import (Wen et al., 2025). This 

ultimately contributes to the development of primary mitochondrial diseases that often manifest 

as myopathies and neuropathies, reflecting the high energetic demand of skeletal muscle and 

nerve cells. 

Secondary mitochondrial diseases are defined by mitochondrial dysfunction caused through 

defects in genes not primarily encoding OXPHOS components, or from acquired 

environmental and metabolic factors (Niyazov et al., 2016). Given the diverse physiological 

roles of mitochondria, the precise underlying molecular mechanisms of dysfunction are highly 

context-dependent (chapter 1.1.3) (Zong et al., 2024). Typical examples are 

neurodegenerative diseases, e.g. Alzheimer’s disease, Parkinson’s disease, amyotrophic 

lateral sclerosis and Huntington’s disease. In these examples it is still unclear if mitochondrial 

defects represent the primary cause or a secondary consequence of these diseases, 

nevertheless, mitochondrial dysfunction appears to exacerbate disease severity (Zong et al., 

2024). 

 

1.4.1. Mitochondrial import defects and human disease 

Mitochondrial protein import is required to sustain diverse mitochondrial functions, including 

OXPHOS. Hence, persistent mitochondrial import impairment has been suggested to 

contribute to the above mentioned diseases (Calais & Bertolin, 2025). Recent research has 

focused on the mechanistic links between mitochondrial protein import and human disease.  
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TOM receptors are involved in the initial step of the mitochondrial protein import. They are 

required for the mitochondrial precursor recruitment to the TOM complex. Mutations of the 

TOM receptor TOM70 have been identified in patients with neurological phenotypes and 

OXPHOS deficiencies (Calais & Bertolin, 2025). Mutations in this TOM receptor resulted 

among others in anemia, lactic acidosis, developmental delays and ataxia. Furthermore, the 

pore-forming TOM complex subunit TOM40 has been linked to major depressive disorder 

(McFarquhar et al., 2014). 

In addition, several TIM complex subunits, such as TIM8A and TIM14 also called DNAJC19, 

have been linked to diseases such as human deafness dystonia syndrome and dilated 

cardiomyopathy with ataxia (MacKenzie & Payne, 2007). Genetic alterations in TIM22 and 

TIM50 have been found in patients with neuromuscular phenotypes and sever encephalopathy 

(Nicolas et al., 2019). 

Furthermore, upregulation of TOM and TIM complex subunits, such as TOM20, TOM70 , 

TOM40, TIM9 and TIM17 have been linked to multiple cancer types and their progression 

(Calais & Bertolin, 2025). Overexpression of TOM70, TIM9 and TIM17 was observable in 

breast cancer and TOM20 overexpression is associated with increased cell proliferation and 

invasive migration in colorectal cancer cells (Calais & Bertolin, 2025). 

In conclusion, these observations highlight the importance of mitochondrial protein import in 

disease development. 

 

1.5. Ubiquitin 

One major regulator of the MQC is the post-translational modifier ubiquitin (J. W. Harper et al., 

2018). This thesis focuses on the one hand on the understanding of the role of ubiquitin in the 

quality control of mitochondrial protein import. On the other hand, a part of this thesis will focus 

on the improvement and extension of an ubiquitylation tool. Therefore, the following sections 

are intended to give a broad understanding of ubiquitin and its cellular roles with a specific 

focus on mitochondrial quality control. 

The post-translational modifier ubiquitin originally called ubiquitous immunopoietic polypeptide 

was named after its ubiquitous presence in eukaryotic cells (Goldstein et al., 1975). Ubiquitin 

consists of 76 amino acids that adopt an extremely compact structure based on intramolecular 

hydrogen bonds (Vijay-Kumar et al., 1987). The secondary structure of ubiquitin consists of 

one α-helix, one 310-helix and a five-stranded mixed β-beta sheet (Fig. 10A). Its high cellular 

abundance can be explained by its direct or indirect involvement in virtually all eukaryotic 

cellular processes (Dikic & Schulman, 2023). This involvement likely reflects the canonical 
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degradative function of ubiquitin and its ability to form polymeric chains enabling complex but 

specific signaling variety (Asimaki et al., 2022). Ubiquitin is attached to proteins via its C-

terminal glycine residue. During attachment, an isopeptide bond is formed between this glycine 

residue and a primary amine of either a lysine or the N-terminal methionine (peptide bond is 

formed) of the modified protein. Ubiquitin itself contains 7 lysines and an N-terminal methionine 

allowing the formation of polymeric ubiquitin chains (Fig. 10B). However, recent findings have 

revealed additional amino acids that can be targeted by ubiquitylation, e.g. serine and 

threonine via oxyester bonds (Pruneda & Damgaard, 2021). Additionally, lipids and nucleic 

acids can be targeted by ubiquitylation (Pruneda & Damgaard, 2021; K. Zhu et al., 2024). 

Furthermore, ubiquitin can also be post-translationally modified, e.g. phosphorylated, 

methylated and acetylated (Asimaki et al., 2022). The structure of ubiquitin is further 

characterized by four distinct interaction surfaces, so-called F4, I36, I44 and D58 patches 

(Hospenthal et al., 2013; Lee et al., 2006; Sloper-Mould et al., 2001). These patches are 

recognized by ubiquitin binders. While the I44 displays the central hydrophobic binding site, 

the other patches enable diversified ubiquitin binding (Fig. 10C). 

 

 

Figure 10 The post-translational modifier ubiquitin. (A) The secondary structure of ubiquitin 
consists of one α-helix (cyan), one 310-helix (blue) and a five-stranded mixed β-sheet 
(magenta). (B) Eight residues of ubiquitin carry a primary amine that can be used for 
ubiquitylation, the seven lysines (cyan) and the N-terminal methionine (yellow). (C) Four 
patches mediate interactions with ubiquitin-binding domains are displayed: the F4 patch 
(magenta), the I36 patch (orange), the I44 patch (yellow) and the D58 patch (cyan) (PDB: 
1UBQ). 

 

1.5.1. The enzymatic cascade 

The attachment of ubiquitin is achieved via an enzymatic cascade involving three classes of 

enzymes (Fig. 11). First, ubiquitin is activated by a ubiquitin activating enzyme (E1). Under the 

consumption of ATP a high-energy thioester bond between ubiquitin and the E1 is formed 

(Bedford et al., 2011). In human cells two E1s are known, ubiquitin-activating enzyme (UBA) 

UBA1 and UBA6. While UBA1 is the main E1 in human cells, UBA6 mainly activates ubiquitin-
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like modifiers but was also found capable of activating ubiquitin (Bedford et al., 2011). After 

the activation of ubiquitin, it is handed over from the E1 to one of the ~40 ubiquitin conjugating 

enzymes (E2s). Afterwards, the interaction between the E2 and a ubiquitin ligase (E3) 

facilitates the ubiquitylation of the actual substrate. Depending on the type of E3, ubiquitin is 

either directly transferred from the E2 to the substrate or involves another transfer step 

(Metzger et al., 2014). Really Interesting New Gene (RING)-type E3s interact with the E2 and 

the substrate generating target specificity and E2 activity, while the actual transfer happens 

from the E2 to the substrate. In contrast, Homologous to E6-AP Carboxy Terminus (HECT)-

type and RING in between RING (RBR)-type E3s harbor a catalytic cysteine accepting the 

activated ubiquitin from the E2. Here the HECT or the RBR E3 is facilitating the final ubiquitin 

transfer step towards the target. 

 

 

Figure 11 The ubiquitin conjugation cascade. Ubiquitin is first activated by an E1 enzyme 
in an ATP-dependent step. The high-energy E1-ubiquitin thioester is then transferred to the 
catalytic cysteine of an E2. Finally, substrate ubiquitylation is mediated by E3s which generate 
substrate specificity and modulate E2 activity. In the case of RING-type E3s, ubiquitin is 
transferred directly from the E2 to the substrate, whereas ubiquitylation by HECT- and RBR-
type E3s involves an additional transfer from the E2 to the catalytic cysteine of the E3, which 
then mediates the final ubiquitylation step. 

 

1.5.2. Writers, readers and erasers 

Ubiquitin signaling involves 3 processes: writing, reading and erasing of the signal. First, the 

signal needs to be written. This is performed by so-called writers that establish the ubiquitin 

signal which is described above (chapter 1.5.1). Every signal requires a recipient that receives 

the signal and translates it into a response. Therefore, the recipient also needs a module for 

signal recognition. In the case of ubiquitin, recipients are also called readers. Readers carry 

ubiquitin binding domains (UBDs) to detect and bind ubiquitin and amplify the cellular response 

to that particular ubiquitin signal. When the signal is not required anymore, it needs to be 

removed. This allows regulation of the signal, prevention of overstimulation and maintenance 

of the free ubiquitin pool (Basar et al., 2021). DUBs fulfill this erasing function by hydrolysis of 
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the iso-peptide bond formed between substrate and ubiquitin or between two ubiquitin moieties 

(Komander & Rape, 2012). 

 

1.5.3. Ubiquitin linkages and their cellular role 

While the enzymatic interplay between E1, E2 and E3 facilitates the ubiquitylation of a target 

protein, ubiquitin itself harbors 8 amino acids with a primary amine, suitable for ubiquitylation. 

Those amino acids, the N-Terminal methionine (M1) and 7 lysines (K6, K11, K27, K29, K33, 

K48 and K63), serve as the foundation for the formation of ubiquitin chains (Fig. 10B). While 

lower eukaryotes like S. cerevisiae do not have M1 linked ubiquitin chains, in human cells all 

8 linkages are detectable (Iwai, 2021; Swatek & Komander, 2016; Wagner et al., 2011). The 

targeted lysine defines the linkage-type of the ubiquitin chain. Three types of ubiquitylation can 

be distinguished, monoubiquitylation and multi-monoubiquitylation refers to either the 

attachment of a single or multiple ubiquitin molecules to lysine of the target protein, while 

polyubiquitylation refers to the attachment of polyubiquitin chain(s) to the substrate (Fig. 12). 

Polyubiquitin chains can be further subdivided into homotypic chains with only one specific 

linkage, heterotypic ubiquitin chains with multiple ubiquitin linkages present in a chain but only 

a single lysine is targeted per ubiquitin and branched chains where at least 2 lysines are 

targeted for ubiquitylation within a single ubiquitin molecule. NMR spectroscopy analysis 

demonstrated that the ubiquitin-linked dimers K6, K11, K29, K33 and K48 can form interfaces 

thereby adopting a rather compact structure while M1- and K63-linked dimers exhibit a 

predominantly open confirmation (Akutsu et al., 2016). Those structural differences enable 

differentiated recognition by ubiquitin readers. In total, a complex combination of ubiquitylation 

can be achieved which is also called the ubiquitin code and allows the cell to use ubiquitin as 

key regulator for cellular signaling (Komander & Rape, 2012). 

While the canonical ubiquitin linkage K48 usually targets proteins for proteasomal degradation, 

the role of ubiquitin goes far beyond a simple degradation signal (Komander & Rape, 2012; 

Suryo Rahmanto et al., 2023; Swatek & Komander, 2016). It was shown that K6 and K63 linked 

ubiquitin chains were unaffected upon proteasomal inhibition while K11, K27, K29, K33 and 

K48 linked ubiquitin chains increased, demonstrating their involvement in proteasomal 

degradation (Wagner et al., 2011). However, recent discoveries highlight the involvement of 

chain branching in the degradative nature (Akizuki et al., 2024). The following section will give 

an overview about the cellular role of each linkage. 
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Figure 12 Illustration of the simplified ubiquitin code. Attachment of ubiquitin to a substrate 
residue leads to the formation of a mono or multimonoubiquitylated substrate, whereas 
attachment of ubiquitin to another ubiquitin moiety leads to the formation of polyubiquitin 
chains. Polyubiquitin chains can be homotypic, when the same lysine is used for chain 
elongation, heterotypic, when different lysines are used within the same chain, or branched, 
when a single ubiquitin is modified on two lysines at the same time. 

 

1.5.3.1. K6-linked ubiquitin chains 

K6-linked ubiquitin chains are low abundant under unstressed conditions (Michel et al., 2017). 

However, they increase upon UV treatment and mitochondrial damage (Cunningham et al., 

2015; Elia et al., 2015). The UV-dependent increase of K6-linked ubiquitin chains is RNF14 

mediated and was shown to be involved in the recognition of formed RNA-protein crosslinks 

(RPCs) and their resolution by VCP (Suryo Rahmanto et al., 2023). Furthermore, K6-linked 

ubiquitin chains are formed during replication stress and seem to be involved in double-strand-

break repair (Tracz & Bialek, 2021). HUWE1 seems to be a major source for K6-linked ubiquitin 

chains, but other E3s such as RNF14, RNF144A, RNF144B and the mitochondrial E3s 

PARKIN are also contributing to the formation of this atypical linkage (Michel et al., 2017; Suryo 

Rahmanto et al., 2023). PARKIN is a central E3 in mitophagy, a process that removes 

damaged mitochondria (chapter 1.3.2.3). The mitochondrial DUB USP30 preferentially 

cleaves K6-linked ubiquitin chains, e.g. on TOM20 during mitophagy (Gersch et al., 2017). 

Additionally, the mitochondrial fusion factor MFN2 was also found to be ubiquitylated with K6-

linked ubiquitin and USP8 was found to regulate mitophagy by removal of K6-linked ubiquitin 

from PARKIN (Durcan et al., 2014; Gersch et al., 2017). Furthermore, it was shown that TRAF6 

dependent K6-, K27- and K29-linked ubiquitylation of a Parkinson’s disease related mutant of 

DJ-I drives its aggregation in the cytoplasm (Zucchelli et al., 2010). Altogether this highlights 

the importance of K6-linked ubiquitin chains in the MQC, but an interplay between K6, K11, 
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K48 and K63 is suggested (Tracz & Bialek, 2021). Knockdown of USP30 led to an increase of 

MDVs (König et al., 2021). MDVs are potentially involved in the MIQC and the K6 specificity 

of USP30 indicates a role of this linkage in the mitochondrial import.  

Additionally, K6-linked ubiquitin chains seem to modulate the immune response. A recent 

publication showed that K6-linked ubiquitylation of IRF3 leads to increased expression of IFNβ 

and interferon-stimulated genes (Fonseca et al., 2024). Furthermore, the antiviral effector 

VIPERIN was found to be K6 ubiquitylated (Tracz & Bialek, 2021). It is suggested that potential 

pathogens can manipulate the ubiquitin code of their host cells, in particular with K6 linked 

ubiquitin chains. Recently it was discovered that bacterial HECT-like E3s and DUBs have a 

K6-linked specificity (Franklin et al., 2023b; Warren et al., 2023). LotA, a K6 specific DUB from 

L. pneumophila was shown to inhibit VCP recruitment during infection, while the 

Enterohemorrhagic Escherichia coli (EHEC) type III effector NleL can form K6-linked ubiquitin 

chains. 

1.5.3.2. K11-linked ubiquitin chains 

Pioneering work identified K11-linked chains and their importance during mitosis. Cells lacking 

K11 specific enzymes exhibited strong mitotic defects (Wickliffe, Williamson, et al., 2011). It 

was shown that K11-linked ubiquitylation by UBE2S, a subunit of the anaphase-promoting 

complex (APC), leads to the proteasomal degradation of APC substrates (Wu et al., 2010). It 

was suggested that K11-linked chains are branched with K48-linked chains in order to facilitate 

their degradative nature (Grice et al., 2015). K11-K48-branched chains formed by UBR4 and 

UBR5 lead to proteasomal dependent degradation of mitotic regulator (Tracz & Bialek, 2021). 

K11-linked chains are also implicated in the innate immune response (van Huizen & Kikkert, 

2019). For example, K11-linked ubiquitylation by RNF26 protects STING from degradation 

(Qin et al., 2014). Furthermore, it is suggested that K11-linked ubiquitylation leads to the 

degradation of BCL-1, which indirectly inhibits autophagy while promoting RIG-I and MAVS 

dependent type I IFN response (van Huizen & Kikkert, 2019). 

K11-linked ubiquitin chains are also linked to the MQC. Mitophagy was decreased upon 

overexpression of a ubiquitin variant lacking K11 (Cunningham et al., 2015). Notably, in this 

study it was further demonstrated that the mitochondrial regulator USP30 exhibits cleavage 

specificity towards K11. Moreover, also the mitophagy regulator PARKIN facilitates among 

others K11-linked polyubiquitylation on multiple OMM proteins in order to promote mitophagy 

(Heo et al., 2015). This shows that like K6, K11-linked polyubiquitylation seems to be involved 

in the regulation of the MQC.  
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1.5.3.3. K27-, K29- and K33-linked ubiquitin chains 

All three ubiquitin linkages K27, K29 and K33 are low abundant in cells (Agrata & Komander, 

2025). The detection of these linkages by MS is technically challenging due to the small peptide 

size after the tryptic digest. 

Interestingly, the ubiquitin residue K27, required for the formation of K27-linked chains is 

partially buried within the protein and it is not understood how this linkage can be formed 

(Agrata & Komander, 2025). However, recent work identified that K27-linked ubiquitin chains 

are involved in the regulation of the innate immune response. This involves the ubiquitylation 

of factors e.g. NEMO, RIG-I, MAVS and MDA5 (van Huizen & Kikkert, 2019). Furthermore, it 

was suggested that HACE1-mediated K27-linked ubiquitylation of the epithelial mesenchymal 

transition regulator YB-1, drives its extra cellular secretion and thereby inhibiting epithelial 

mesenchymal transition (Palicharla & Maddika, 2015). Moreover, K27-linked chains are 

involved in the DNA damage response (DDR). It was shown that RNF168 ubiquitylates 

histones H2A and its variant H2A.X with K27-linked ubiquitin chains (Gatti et al., 2015). 

Additionally, it was shown that K27-linked chains are predominantly nuclear, involved in 

proliferation and cell viability and that they drive VCP dependent proteasomal turnover 

(Shearer et al., 2022).  

K29-linked ubiquitin chains are mainly involved in the regulation of proteotoxic stress and are 

implicated in the cell cycle regulation (Y. Yu et al., 2021). The authors showed that K29-linked 

ubiquitin chains are enriched in lipid droplets and stress granules upon proteotoxic stress and 

facilitate VCP-dependent unfolding. It was further shown that K29-linked ubiquitylation of 

SUV39H1, a writer of H3K9me3 leads to its proteasomal degradation. The K29-linkage mainly 

depends on TRIP12 and TRABID activity (Arroyo-Gomez et al., 2025). In S. cerevisiae K29-

linked ubiquitylation is a central component of the ubiquitin fusion degradation (UFD) pathway. 

Ufd4 decorates UFD substrates with K29-linked ubiquitin chains that are further branched with 

K48-linked ubiquitin chains by Ufd2 which drives proteasomal degradation (Tong et al., 2025). 

K33-linked ubiquitin chains are involved in the immune and antiviral signaling. DNA and RNA 

virus infection triggers the K33-linked ubiquitylation of TBK1 which results in IRF3 activation 

(M. Lin et al., 2016). Furthermore, K33-linked ubiquitylation seems to be involved in the 

regulation of the interferon response by ubiquitylation of type I IFN-induced transcription factor 

STAT1 (van Huizen & Kikkert, 2019). Additionally, K33-linked ubiquitylation is implicated in T-

cell receptor signaling (H. Huang et al., 2010). Further findings suggest that this linkage is 

involved in autophagy, as autophagy regulators p62 and LC3 colocalize with K33 sensing 

probes (Nibe et al., 2018). The proapoptotic factor E3 AREL1 was shown to favor K33-linked 

ubiquitylation over K11 and K48, indicating that K33-linkage might also be involved in apoptotic 

regulation (Michel et al., 2015).  
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Recently it was shown that human ubiquitin replacement cell lines that only express ubiquitin 

K27R show enriched mitochondrial ubiquitylation. This points towards a role of K27 or 

neighboring lysines such as K29 and K33 (Arroyo-Gomez et al., 2025). As described above in 

addition to K6, also K27- and K29-linked ubiquitin chains on a Parkinson’s disease related 

mutant of DJ-I favor its aggregation in the nucleus (Zucchelli et al., 2010). 

1.5.3.4. K48-, K63- and M1-linked ubiquitin chains 

Among all ubiquitin linkages, K48-linked chains represent the classical proteasomal 

degradation signal (Swatek & Komander, 2016). In the year 1989, the lab of Alexander 

Varshavsky identified the K48-linked ubiquitin chain and its degradative nature (Chau et al., 

1989). The ubiquitin residue K48 is essential in S. cerevisiae and human cells as a replacement 

with mutant K48R ubiquitin could not rescue depletion of WT ubiquitin (Arroyo-Gomez et al., 

2025; Finley et al., 1994). Furthermore, other atypical linkages can be branched with K48-

linked ubiquitin chains to modulate the signaling function. The APC complex utilizes K11-K48-

branched ubiquitin chains to mediate rapid substrate degradation (Draczkowski et al., 2025). 

In S. cerevisiae the UFD pathway uses K29-K48-linked for rapid degradation (Tong et al., 

2025). While the default function of K48-linked ubiquitin chains seems to be the targeting of 

substrates for proteasomal degradation, additional non-degradative functions have been 

reported. In the case of the transcription factor MET4, K48-linked chains block the binding of 

the transcription machinery and the K48-linked chain must be replaced with a K11-linked chain 

in order to enable activation of transcription (Y. Li et al., 2019). 

In contrast to the degradative nature of K48-linked ubiquitin chains, K63- and M1-linked 

ubiquitin chains seem to mainly fulfill signaling functions. Among others, K63-linked ubiquitin 

chains serve as a trafficking signal (Erpapazoglou et al., 2014). It was demonstrated that the 

formation of K63-linked ubiquitin chains of the EGFR is sufficient to induce internalization via 

endocytosis (Renz et al., 2024). Furthermore, this signal can further lead to lysosomal 

degradation (Erpapazoglou et al., 2014). K63-linked ubiquitin chains are also involved the DNA 

repair. Modification of PCNA with this linkage induces an error-free repair mechanism called 

template switching in S. cerevisiae (Wegmann et al., 2022). Interestingly, also M1-linked 

ubiquitin chains were sufficient to initiate template switching demonstrating similarities 

between K63-linked chains and M1-linked chains most likely due to their “linear” and “open” 

conformation. K63-linked ubiquitin chains are also involved in the regulation of mitophagy. 

Besides K6-, K11-, K48- also K63-linked ubiquitin chains are regulated by PARKIN and USP30 

(Cunningham et al., 2015). Further, important cargo adaptors of autophagy preferentially bind 

K63-linked chains (Heo et al., 2015).Additionally, K63-linked ubiquitin chains are involve d in 

the immune response. Here, K63-linked chains regulate among others NF-κB signaling via 

NEMO (Z. J. Chen, 2005). Antiviral RIG-I/MAVS signaling also underlies K63-linked 
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ubiquitylation and pathogens such as SARS-CoV-2 modulate the ubiquitin signal during 

infection (Madiraju et al., 2022).  

Like K63-linked ubiquitin chains, M1-linked chains also called linear chains mainly facilitate 

signaling roles. Linear chains are formed by the linear ubiquitin chain assembly complex 

consisting of the catalytic subunit HOIP, HOIL-1L and SHARPIN (Oikawa et al., 2020) M1-

linked chains have a regulative function in the immune response. They modulate TNF, IL-1 

and toll-like receptor pathways (Jahan et al., 2021). 

 

1.5.4. Tools to study mitochondrial import quality control and ubiquitylation 

For the analysis of the mitochondrial import quality control and the involvement of ubiquitin, 

several tools are central to this work. These tools enable (i) controlled, linkage-specific 

ubiquitylation of a defined substrate, (ii) proximity-based mapping of distinct ubiquitin linkage 

environments and (iii) induction of acute mitochondrial import stress by a defined model 

clogger. Each tool will be described in more detail in the following sections. 

1.5.4.1. The Ubiquiton: a tool for linkage-specific ubiquitylation 

To dissect how specific ubiquitin linkages contribute to the MIQC, a tool capable of substrate 

targeted, on demand, linkage-specific ubiquitylation would be powerful. Being involved in 

virtually all cellular processes makes ubiquitin signaling and such a tool, highly relevant for 

scientific research.  

The regulatory versatility of ubiquitin signaling arises from its ability to form a variety of different 

ubiquitin linkages (chapter 1.5.3). The cell seems to use different ubiquitin linkages to 

distinguish different cellular compartments and pathways. Therefore, linkage specific E3s have 

evolved. However, to date we still lack broad knowledge on the role of atypical ubiquitin 

linkages which is partly explained by the lack of tools that can induce the formation of specific 

ubiquitin linkages, crucial for their biological analysis. Recently, the laboratory of Helle Ulrich 

established a tool enabling the polyubiquitylation of the replication factor PCNA with M1, K48 

and K63 linkages. For this purpose, tailor-made, linkage specific E3s were developed and 

directed towards PCNA using a PCNA-interacting peptide (PIP) in S. cerevisiae (Wegmann et 

al., 2022). While proof-of-principle experiments demonstrated that this set of tailor-made E3s 

allows the analysis of the role of specific linkages on PCNA, a generalized approach would be 

desired for functional studies of ubiquitin linkages on diverse substrates. Therefore, the 

laboratory of Helle Ulrich developed a tool based on the established linkage specific PIP-E3s 

that allows inducible, linkage-specific ubiquitylation of any tag-able protein of interest APC. 

The so-called Ubiquiton system was validated on cytoplasmic, nuclear and membrane 
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standing proteins in S. cerevisiae and mammalian cells (Renz et al., 2024). The following 

section will explain the Ubiquiton system in more detail.  

The Ubiquiton system was designed to fulfill three main criteria: 1. linkage specificity, 2. 

inducible substrate recognition and 3. chain initiation ability. The E3s used for the 

polyubiquitylation of PCNA with M1, K48 and K63 already fulfilled criterion 1 for those linkages 

(Wegmann et al., 2022). The catalytic domain of the E3 HOIP (amino acids 699-1,072) from 

the linear ubiquitin chain assembly complex (LUBAC) was utilized for the formation of M1 

linked chains. The HOIP domain was fused to two ubiquitin molecules for autoactivation (Fig. 

13A). A truncation of the E3 Cue1 (amino acids 24-203) from S. cerevisiae containing the 

interacting domain for the E2 Ubc7 and a ubiquitin binding CUE domain facilitates K48 

specificity. K63 polyubiquitylation was achieved by the RING-finger E3 Pib1 (amino acids 91-

286) in complex with Ubc13 and Mms2. 

In order to overcome the requirement of a substrate-specific recognition motif, a dimerization 

tool replaced the PIP for the substrate binding. Fusion of the dimerizing domains FK506-

binding protein (FKBP) and the FKBP-rapamycin binding protein (FRB) to the E3s and to the 

substrate enables rapamycin-inducible E3 to substrate recruitment (Fig. 13B). For criterion 3. 

the chain initiation problem, the most intuitive thought would be the fusion of a monoubiquitin 

moiety to the substrate. However, fusion of a full monoubiquitin to the substrate would 

potentially trigger unwanted cellular responses based on endogenous monoubiquitin binders 

(Asimaki et al., 2022). The fusion of a split-ubiquitin to each dimerizing domain of FRB/FKBP 

solves this problem. In the absence of rapamycin (Rapa) both split-ubiquitin halves should be 

prevented from refolding due to separation and thus from recognition by monoubiquitin 

binders. Upon dimerization of FRB/FKBP upon Rapa induction, both split-ubiquitin halves 

come in close proximity to each other. This promotes refolding of the split-ubiquitin halves 

reassembling a full ubiquitin moiety sufficient for chain elongation by the linkage specific E3s 

(Johnsson & Varshavsky, 1994; Renz et al., 2024). Due to a basal affinity of both, the N-

terminal half of ubiquitin (NUb, amino acids 1-37) and the C-terminal half of ubiquitin (CUb, 35-

76), a mutation of I13A in NUb (now called NUa) was introduced, which abolishes this basal 

affinity (Renz et al., 2024). Two interchangeable modules were created that exhibited the best 

E3 activity towards the split-ubiquitin. The arrangement of NUa-HA-FRB (NUbo) and FKBP-

CUb (CUbo) are fused to the substrate, dependent on the desired lysine-target (Fig 13B). At 

the same time, the other module is fused to the E3 (Fig 13C + D). Importantly, E3(1) activity 

requires a free N-terminus, and the substrate must be fused to the C-terminus of NUbo.  

It is important to note that Rapa treatment can induce mitophagy and leads to the association 

of p62 and PARKIN to damaged mitochondria which reflects an activation of PINK1/Parkin-

dependent MQC (Q. Li et al., 2018). However, Rapa can be replaced by non-
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immunosuppressive Rapa analogs called rapalogs. It was previously shown that a rapalog 

called AP21967 efficiently induces FKBP-FRB heterodimerization without impairment of the 

mitochondrial integrity (Lazarou et al., 2012). 

 

 

Figure 13 The Ubiquiton. (A) The current Ubiquiton consists of the catalytic domains of the 
E3s HOIP [E3(1)], Cue1 [E3(48)] and Pib1 [E3(63)] together with the indicated E2 enzymes. 
(B) Substrate-specific chain initiation is achieved via the Ubiquiton modules NUbo and CUbo. 
The NUbo module consists of an N-terminal split-ubiquitin half carrying the I13A mutation 
(NUa) fused to an FRB dimerization domain, whereas the CUbo module consists of the C-
terminal split-ubiquitin half (CUb) and the FKBP dimerization domain. Rapamycin induced 
dimerization of FRB and FKBP leads to the refolding of the split-ubiquitin halves. (C) + (D) 
Depending on the desired linkage either the NUbo module or the CUbo module is fused to the 
E3. 

 

1.5.4.2. LinkageID: proximity labeling of ubiquitin linkage environments 

Recently, a colleague of mine developed a tool called LinkageID, which enables proximity 

labeling of proteins associated with defined ubiquitin linkage types (unpublished). The system 

is based on a split-TurboID approach that catalyzes biotinylation of proteins in its proximity 

upon refolding of the two split-halves. LinkageID employs a newly engineered split-TurboID 

variant with enhanced catalytic activity and markedly reduced spontaneous reassembly of the 

individual halves, thereby minimizing background labeling while preserving high proximal 

labeling efficiency. (Cho et al., 2020). In the linkageID system, each TurboID half is fused to a 

ubiquitin variant that contains a single lysine residue, thereby restricting chain formation to one 

defined linkage type. Reconstitution of split TurboID is thus dependent on ubiquitylation 
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through that specific lysine. Only proteins in the immediate vicinity of the corresponding 

ubiquitin linkage are biotinylated and thereby, labeled as linkage-specific interactors. This 

strategy is supported by a similar approach, namely the fusion of lysine-only ubiquitin variants 

to split-GFP, which was recently used to visualize K33-linked polyubiquitylation in mammalian 

cells (Nibe et al., 2018). As these ubiquitins can come into proximity without forming a 

polyubiquitin chain - for example, in the context of multi-monoubiquitylation or binding to a 

scaffold with multiple ubiquitin-binding domains - fusion of split TurboID to lysine-less (K0) 

ubiquitin serves as a crucial control in our experiments. Furthermore, to ensure that N- and C-

terminal LinkageID fragments are produced in a 1:1 ratio, both halves were encoded on a 

single polypeptide. Following translation, endogenous DUBs cleave the fusion C-terminal to 

the ubiquitin moiety, thereby releasing the two LinkageID components in equimolar amounts 

(Utsugi et al., 2024). The system has been previously validated on proof-of-concept examples 

such as accumulation of K48 linkages upon proteasomal inhibition or K63-linked 

polyubiquitylation of PCNA (data not shown). 

1.5.4.3. Studying mitochondrial clogging: The model clogger b2-DHFR 

Mitochondrial protein import is essential and deletion of the core import machinery is lethal in 

S. cerevisiae (K. P. Baker & Schatz, 1991). Mitochondrial protein import failure is linked to 

sever diseases such as neuropathies and myopathies (chapter 1.4.1). This highlights the 

importance of mitochondrial import studies, and the following section will describe the 

mitochondrial model clogger b2-DHFR which can be used to study mitochondrial import 

defects. 

Initially, Gottfried Schatz and colleagues fused an MTS to the N-terminus of dihydrofolate 

reductase (DHFR) (M. musculus) in order to analyze the import of this artificial mitochondrial 

precursor in S. cerevisiae. Later on, a similar approach using the fusion of the MTS of b2 to a 

DHFR moiety demonstrated the inhibition of mitochondrial precursor import (Rassow et al., 

1989). Thus, the fusion of an MTS to DHFR served from now on as a model to induce 

mitochondrial clogging, especially the fusion of b2 to DHFR (Boos et al., 2019).  

The mitochondrial clogger b2-DHFR used in this thesis consists of the first 167 N-terminal 

amino acids of the S. cerevisiae L-lactate dehydrogenase b2 encoded by the CYB2 gene. This 

part of the clogger will be from now on called b2. b2 is fused to the cytoplasmic DHFR (M. 

musculus) and together both are referenced as b2-DHFR. In S. cerevisiae, b2 is encoded in 

the nucleus, synthesized in the cytoplasm, imported into the mitochondria and sorted into the 

IMS (Ono et al., 1995). The N-terminal domain of b2 consists of a bipartite sorting signal. This 

bipartite sorting signal starts with an MTS followed by an HTS sorting signal. Without DHFR, 

b2 is imported via the stop-transfer pathway into the IMS (chapter 1.2.5.2). Initially, the MTS 

leads to translocation of b2 through TIM23 into the mitochondrial matrix, whereas the HTS 
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domain remains arrested in the TIM channel, leading to the lateral release into the IMM (Fig. 7) 

(Edwards et al., 2021). Here, the matrix-facing MTS is cleaved by MPP resulting in the 

intermediate form of b2. The intermediated form is then processed via a second cleavage event 

by IMP proteases leading to the release of the mature form of b2 into the IMS (Ono et al., 

1995). Furthermore, after the bipartite sorting sequence, b2 contains a heme binding domain 

(HBD) spanning from amino acids 81-180 (Esaki et al., 1999). The b2 domain that was used 

for this thesis contains the first 167 N-terminal amino acids (b2167) and is typically used for 

mitochondrial clogging in S. cerevisiae and the heme binding domain is not mentioned in most 

publications using this clogger (Boos et al., 2019; Krämer et al., 2023). It is believed that the 

HBD cannot perfectly refold due to the lack of 20 amino acids of the HBD in the b2167 but it 

cannot be fully excluded that the HBD could partly refold (Voos et al., 1993). As mentioned 

before, translocation through the TOM complex requires unfolding of the precursor protein 

(Matouschek et al., 1997). It was also shown that while clogging, b2-DHFR forms an 

intermediate upon cleavage of the MTS (Esaki et al., 1999). This intermediate spans the IMS, 

while DHFR is still arrested in the TOM complex. Additionally, it is also published that the 

mature form of b2-DHFR can be found bound to the TOM complex, while the actual data is 

labeled as data not shown in this publication (Esaki et al., 1999). This suggests that the 167 

amino acids long N-terminal b2 domain is long enough to reach the matrix through the IMS for 

cleavage of the precursor into the intermediate and mature form. This is plausible as the 

shortest distances between OMM and IMM are ~5-6 nm with an average distance of 

approximately ~10-15 nm and an average length of 0.3-0.4 nm (3-4 Å) per amino acid 

(Ainavarapu et al., 2007; Barad et al., 2023). 

Several publications have used the mitochondrial clogger in S. cerevisiae to study 

mitochondrial clogging. In S. cerevisiae, expression of b2-DHFR reduced cell growth and led 

to the accumulation of mitochondrial precursor proteins in the cytoplasm (Boos et al., 2019). 

Furthermore, an upregulation of chaperones and components of the proteasome-system along 

with the suppression of the cytosolic protein synthesis machinery and mitochondrial OXPHOS 

was detectable. The upregulation of chaperones and the proteasome-system was dependent 

on Rpn4 and Hsf1, while inactivation of the HAP complex reduced the expression of OXPHOS 

genes (Boos et al., 2019). Another study showed that mitochondrial precursor proteins 

accumulating due to the expression of b2-DHFR are redirected towards the ER where they are 

handled by the unfolded UPRER. 

1.5.4.3.1. Advantages of the b2-DHFR model 

Several methods can be used to study mitochondrial clogging. This section will give a quick 

overview of those tools and will discuss advantages and disadvantages of the mitochondrial 

clogger b2-DHFR that was used in this thesis.  



 
Introduction 

40 
 

As described above, the mitochondrial clogger b2-DHFR induces clogging by the tight folding 

of DHFR that is fused to the N-terminal MTS of b2. As an alternative to the mitochondrial model 

clogger b2-DHFR, chemical compounds or other mitochondrial clogger proteins can be used 

to analyze mitochondrial import clogging. Protonophores such as CCCP, FCCP or the 

ionophore Valinomycin neutralize the inner membrane potential Δψm, which is essential for 

protein translocation into the mitochondria. While these drugs are strong inducers of 

mitochondrial import clogging, they have also strong side effects such as apoptosis and 

mitophagy which strongly interfere with mechanistic studies of pure mitochondrial protein 

import (Berezhnov et al., 2016; Coyne et al., 2023; Lofrumento et al., 2011). Other drugs such 

as MitoBloCKs or Stendomycin interfere with the TIM complex leading to mitochondrial 

uncoupling which also interferes with the translocation of precursors through the TOM complex 

(Filipuzzi et al., 2017; Miyata et al., 2017). While these drugs are inducible like the expression 

of the mitochondrial clogger b2-DHFR, they either inhibit mitochondrial protein import with 

tremendous side effects such as mitophagy and apoptosis or inhibit the TIM complex and not 

the TOM complex. This favors the use of a protein such as b2-DHFR that interferes with the 

TOM complex directly. Furthermore, in comparison to those mentioned drugs, tagging of b2-

DHFR can be highly beneficial to analyze direct modifications of the clogger itself. Under 

physiological conditions mitochondrial clogging is known to be induced by mutations of 

precursor proteins leading to defective folding and translocation arrest in the TOM complex 

(Coyne et al., 2023). On the one hand usage of a protein to induce mitochondrial clogging 

mimics the physiological conditions of the arrest of a mutant protein. On the other hand, the 

arrested protein potentially gets modified and removed from the clogged channel. GFP-, BioID- 

and affinity-tagging allows monitoring of the trafficking, interactome and modification of the 

clogger which is impossible when using inhibitors. This highly favors the use of a model protein 

that induces clogging. Beside b2-DHFR other proteins are known to induce mitochondrial 

clogging such as a mutant version of ADP/ATP translocase 1 (ANT1) and other MTS fusions 

to DHFR (Coyne et al., 2023; Otera et al., 2007). While the ANT1 mutant would be a more 

physiological model substrate for mitochondrial import clogging, only the protein expression is 

inducible, but the clogging “strength” cannot be regulated. In comparison to ANT1, MTS-DHFR 

fusions arrest in the TOM complex can be enhanced by addition of methotrexate (MTX) 

(Gruhler et al., 1995). Nevertheless, also the expression of b2-DHFR poses some negative 

side effects such as overexpression of an artificial recombinant protein, especially containing 

DHFRmouse. This highlights the importance of controls during the analysis of mitochondrial 

clogging of b2-DHFR. For this thesis, the overexpression of DHFR without b2 served as a 

negative control. 
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1.6. Aims of this thesis 

This thesis aims to extend our knowledge of mitochondrial import quality control in human cells 

by combining two essential cellular pathways: ubiquitin signaling and mitochondrial quality 

control. A mitochondrial model clogger, b2-DHFR, will be established in human cells, followed 

by in-depth analysis of the cellular response to mitochondrial clogging. Experiments are 

designed to study the ubiquitylation of the mitochondrial clogger and its surrounding proteome. 

Furthermore, proximity labeling will be performed to characterize not only the interactome of 

the clogger but also the interactome of the mitochondrial surface, in particular that of the TOM 

complex subunit TOM20. Thereby, the aim was to identify not only the writers, readers and 

erasers of the ubiquitin signaling, but also potential new pathways that have evolved to resolve 

clogged mitochondrial import. 

Lastly, mitochondrial quality control has been linked to atypical ubiquitylation involving 

PARKIN, MARCH5 and USP30. Therefore, the goal was to extend the established Ubiquiton 

system, which currently allows inducible ubiquitylation with M1, K48 and K63 to include the 

atypical linkages K6 and K11. This will enable the induction of defined ubiquitin linkages on 

any protein of interest (POI), allowing dissection of the sequence of ubiquitin-dependent events 

and permitting pathway analysis even in the absence of mitochondrial import clogging and 

under strict prevention of downstream processes such as mitophagy initiation. 
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2 Material and Methods 
 

2.1. Reagents 

2.1.1. Chemical reagents 

All chemicals and kits used in this work were purchased from Carl Roth, Sigma-Aldrich or 

Thermo Fisher Scientific, unless otherwise stated. Chemical purchases from other suppliers 

are listed below: 

AppliChem   DMSO 

BioRad   20x Trans-Blot Turbo buffer 

BioTrend   IPTG 

Enzo Life Science  MG-132 

Hycultec   CMPD-39 

Invivogen   Hygromycin B Gold 

Invivogen   Blasticidin 

Life Technologies  SYBR Safe DNA stain 

Macherey-Nagel  Nucleo Bond Xtra Midi Plus 

MedChemExpress  Bafilomycin A1 

Merck KGaA   N-Ethylmaleimide 

New England Biolabs  ATP, 10x CutSmart, DNA ladders, dNTPs 

Polysciences   Polyethylenimine 

Promega   FuGene HD transfection reagent 

QIAGEN   Ni-NTA agarose 

Roche    cOmplete Protease Inhibitor Cocktail 

Takara/Clontech  DNA Ligation Kit, Version 2.1 
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2.1.2. Proteins 

Recombinant proteins NUboE3(63), Mms2, Ubc13 were generously provided by and (member 

and former member of the Ulrich laboratory). 

Table 2 Commercial proteins and protein kits used in this work 

Protein  Supplier 

Bovine serum albumin (BSA) Sigma-Aldrich 

DpnI CF15 - IMB 

FastAP Alkaline Poshpatase Thermo Fisher Scientific 

Gibson assembly mix CF15 - IMB 

Herculase II DNA-polymerase Agilent 

HF DNA-polymerase CF15 - IMB 

PfuUltra DNA-polymerase Agilent 

Prestained protein ladder CF15 - IMB 

Quick blunting kit New England Biolabs 

Restriction endonucleases New England Biolabs 

Sm Nuclease CF15 - IMB 

T4 DNA ligase CF15 - IMB 

T4 Polynucleotide Kinase New England Biolabs 

Taq DNA-polymerase CF15 - IMB 

UBA1 CF15 - IMB 

Ubiquitin (bovine erythrocytes) Sigma-Aldrich 
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Table 3 Primary antibodies used in this work  

ID Name Species Source Cat. No. 
Dilution 
(WB/IF) 

42 FLAG M2 mouse Sigma F1804 1:2000 

49 GFP mouse Roche 
1181446000
1 

1:2500 

70 His mouse Sigma H1029 1:2500 

99 Myc mouse CF15-IMB - 1:2000 

261 Ubiquitin VU-1 #1 mouse tebu-bio VU101 1:2000 

265 Ubiquitin P4D1 #2 mouse Cell Signaling 3936 1:2000 

295 
mTOR (human FRB 
domain) 

rabbit 
Enzo Life 
Sciences 

ALX-215-065 1:2500 

296 FKBP12 rabbit 
Enzo Life 
Sciences 

ALX-210-142 1:2500 

298 Myc mouse Merck 05-724 1:2500 / 1:500 

383 HA mouse CF15-IMB - 1:2000 

442 Ubiquitin #3 rabbit Bio-Techne MAB8595 1:2000 

452 LC3B rabbit Sigma L7543 1:2000 

454 VSV rabbit Thermo Fisher A00199-40 1:5000 

464 Flag rabbit Cell Signaling 2368T 1:2000 

472 DRP1 rabbit Cell Signaling 5391 1:2000 

482 TOM20 rabbit Sigma HPA011562 1:2500 / 1:200 

484 PDH mouse Abcam ab110333 1:2500 

486 IMMT rabbit Proteintech 10179-1-AP 1:2500 

487 DHFR rabbit 
Cell Signaling 
Technology 

45710S 4:2500 

506 Strepavididin 800CW - Licor 926-32230 1:5000 

- p62 mouse 
Cell Signaling 
Technology 

88588  1:2000 
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Table 4 Secondary antibodies used in this work 

ID Name Species Source Cat. No. Dilution 

91 Mouse 680LT donkey Licor 926-68022 1:10000 

92 Mouse 800CW donkey Licor 926-32212 1:10000 

154 Rabbit 680LT donkey Licor 926-68023 1:10000 

155 Rabbit 800CW goat Licor 926-32211 1:10000 

301 Goat anti-Mouse IgG Alexa Fluor 555 goat Thermo Fisher A-21422 1:1000 

323 Goat anti-Rabbit IgG Alexa Fluor 647 goat Invitrogen A-21244 1:1000 

498 Rabbit HRP goat Dako P0448 1:1000 

501 Mouse HRP goat Dako P0447 1:1000 

 

2.2. Media and solutions 

2.2.1. Media for bacterial cultivation 

E. coli strains used for plasmid DNA isolation were grown on Luria Broth (LB) agar plates or in 

liquid LB medium. For recombinant protein expression, bacteria were either grown in LB or in 

Terrific Broth (TB) medium. All media and antibiotics were prepared by the IMB media 

laboratory (CF06-IMB). Antibiotic selection was performed at the following concentrations. 

Table 5 Antibiotics used for bacterial selection 

Antibiotic Final concentration [µg/ml] Supplier 

Ampicillin  100 CF06-IMB 

Chloramphenicol 34 CF06-IMB 

Kanamycin 30 CF06-IMB 
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2.2.2. Media for cultivation of mammalian cells 

HEK293T, HeLa and U2OS cells were cultivated in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 U/mL streptomycin 

and 10% (v/v) fetal bovine serum (FBS). Antibiotic selection for plasmid integration and 

maintenance was performed using 15 µg/mL Blasticidin (InvivoGen) and 150 µg/mL 

Hygromycin (InvivoGen). 

 

2.2.3. Buffers and solutions 

The following solutions were prepared by the IMB media lab (CF06-IMB): 0.5 M EDTA, 1 M 

KCl, 2 M MgCl2, 5 M NaCl, 5x PBS, 10x TBE, 1 M Tris-HCl pH 7.5. 

Blocking buffer for WB:5% (w/v) skim milk powder in PBST 

BPD buffer A: 2M Urea 1% SDS 

BPD buffer B: PBS 1% SDS 

DPD buffer A: 6M Gua-HCl, 50 mM NaH2PO4, 50 mM Na2HPO4, 10 mM Tris-HCl pH 8.0, 0.1% 

Tween 20 

DPD buffer B: 8M Gua-HCl, 80 mM NaH2PO4, 20 mM Na2HPO4, 10 mM Tris-HCl pH 6.3, 0.1% 

Tween 20 

IEX Buffer: 50 mM Tris pH 7.4, 1 M NaCl 

IMAC Buffer A : 30 mM Tris-HCl pH 8, 300 mM NaCl, 15 mM imidazole 

IMAC Buffer B: 30 mM Tris-HCl pH 8, 300 mM NaCl, 500 mM imidazole 

MES buffer: 50 mM MES, 50 mM Tris base pH 7.3, 0.1% (w/v) SDS, 1 mM EDTA 

MOPS buffer: 50 mM MOPS, 50 mM Tris base pH 7.7, 0.1% (w/v) SDS, 1 mM EDTA 

PBS-T: 0.1% (v/v) Tween20 in PBS 

Ponceau S solution: 0.1% (w/v) Ponceau S in 5% (v/v) acetic acid 

RIPA buffer: 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodium 

deoxycholate, 0.1% SDS, 2.5 mM MgCl2 

SEC Buffer: 20 mM HEPES pH 7.4, 150 mM NaCl, 10% (v/v) glycerol, 1 mM DTT 

Simple stain: 67 ml Ethanol (99%), 52 ml phosphoric acid (85%), 115 mg Coomassie Blue G-

250, in 1 L H2Odd 
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Trans-Blot Turbo buffer: 1x Trans-Blot Turbo buffer (Bio-Rad), 20% ethanol 

Ubi Buffer A: 25 mM Sodium acetate, pH 4.0 

Ubi Buffer B: 25 mM Sodium acetate, 1 M NaCl, pH 4.0 

Ubiquitylation Buffer: 40 mM HEPES pH 7.4, 8 mM magnesium acetate, 50 mM NaCl 

 

2.3. DNA oligonucleotides 

Table 6 DNA oligonucleotides used in this work.  

ID Name Sequence 

6114 GFP_Ub_fwd_GA 
TGCTAAGGCTAAGAGGTGTTAGTAA
AGGAGAAGAACTTTTCAC 

6115 GFP_Ub_rev_GA 
CTTTGTTAGCAGCCGGATCCTTATT
TGTATAGTTCATCCATGC 

6116 FKBPbackbone_UbGFP_rev_GA 
AAAAGTTCTTCTCCTTTACTAACACC
TCTTAGCCTTAGCA 

6117 FKBPbackbone_UbGFP_fwd_GA 
TGGATGAACTATACAAATAAGGATC
CGGCTGCTAACAAAG 

6118 NleL_EcoRI_fwd 
CCGGAATTCAGTCAAGGCCGTGCC
TGC 

6119 NleL_NotI_rev 
ATAAGAATGCGGCCGCTCAACGCC
ACGCAACAGG 

6120 Ube2SK100R_EcoRI_fwd 
CCGGAATTCAACTCCAACGTGGAG
AACCTACCC 

6121 Ube2SK100R_NotI_rev 
ATAAGAATGCGGCCGCTTATGTCTT
CTGCATCTTCAG 

6122 UBE3A_MfeI_fwd 
GCAACAATTGCTTCAAAAACTGGGT
CCGGAT 

6124 UBE3A_F849A_NotI_rev 
GCAAGCGGCCGCTTACAGCATGCC
GGCGCCTTT 

6150 HACE1(439-End) EcoRI fwd 
CCGGAATTCGCAGATTGTCAGGAT
GTT 

6152 HACE1(439/549-End) NotI rev 
ATAAGAAGCGGCCGCTTATGCCATT
GTGTAACCAT 

6305 short-NleL(aa345-782) EcoRI 
TATGAATTCCTATCTGACATACAGG
AAAATAT 

6306 StopMutUBE2Srev 
CTTAGACACCTGCCGTACCTAGGG
ACCCTCAGCCC 

6307 StopMutUBE2Sfwd 
GGGCTGAGGGTCCCTAGGTACGGC
AGGTGTCTAAG 

6389 SDM NleL E705A fwd 
CGAGTGATATGTTTGGTACAGCGTA
TGATTCTCCTGAGATTCTACG 
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6390 SDM NleL E705A rev. 
CGTAGAATCTCAGGAGAATCATACG
CTGTACCAAACATATCACTCG 

6563 pvHECTE3 EcoRI fwd 
ATATAGAATTCATCGAAACCATCAG
CAGTCTGTTCG 

6564 pvHECT E3 NotI rev 
ATATAGCGGCCGCTTAGCGCCAGT
GCAGTGGCATAATAC 

6897 ATG UBE2S fwd BspEI 
ATATTCCGGAATGAACTCCAACGTG
GAGAACCTAC 

6899 UBE2Sshort rev BamHI 
ATATGGATCCCATGGGACCCTCAG
CCCCTC 

7183 Cub-GFP-his AgeI fwd 
ATATATACCGGTGGTATCCCTCCAG
ATCAACAAAGATTG 

7184 Cub-GFP-his NotI rev 
ATATATGCGGCCGCTTAGTGGTGG
TGGTGGTGGTGAGAACCTTTG 

7311 GA NleLHCO into 5432 ins fwd 
GGACTCTAGCGTTTAAACTTAAGCT
TACCATGGAACAAAAACTTATTTCT
GAAGAAGAC 

7312 GA NleLHCO into 5432 ins rev 
CACCTGCACTCCCATGGATCCGCT
AGCCCTCCAGGCCACGGGGTAG 

7313 GA NleLHCO into 5432 bb fwd NheI 
CTACCCCGTGGCCTGGAGGGCTAG
CGGATCCATGGGAGTGCAGGTG 

7314 GA NleLHCO into 5432 bb rev 
GTCTTCTTCAGAAATAAGTTTTTGTT
CCATGGTAAGCTTAAGTTTAAACGC
TAGAGTCC 

7350 GA NUa-HA-hFRB(K0) into 6233 ins fwd 
GAAGCGGAGGCGCTCTAGAGGGAT
CCATGCAGATCTTCGTGAAGACCCT
GAC 

7351 GA NUa-HA-hFRB(K0) into 6233 ins rev 
CTTAGTGGTGGTGGTGGTGGTGAG
AACCGCTGATGCGGCGGAACACGT
G 

7352 GA NUa-HA-hFRB(K0) into 6233 bb fwd 
CACGTGTTCCGCCGCATCAGCGGT
TCTCACCACCACCACCACCACTAAG 

7353 GA NUa-HA-hFRB(K0) into 6233 bb rev 
GTCAGGGTCTTCACGAAGATCTGC
ATGGATCCCTCTAGAGCGCCTCCG
CTTC 

7514 Myc_GA_fw GAGCAGAAGCTGATCAGCGAG 

7515 Myc_UltraID_GA_rev 
CTCGCTGATCAGCTTCTGCTCCTTC
TCCTTGAACTTCTTCAGGTTC 

7516 DHFR_GA_rev GTCTTTCTTCTCGTAGACTTCAAAC 

7517 DHFR_UltraID_GA_fw 
GAAGTCTACGAGAAGAAAGACTTCA
AGAACCTGATCTGGCTG 

7694 GA TOM20 into 6354 ins fwd 
GGTACCGCTAGCGCCGCCACCATG
GTGGGTCGGAACAGCGCC 

7695 GA TOM20 into 6354 ins rev 

GATGTGCCACCTTCAGATCCGCCA
CCTTCAGAACCGCCAGCACCAGAA
GCTTCCACATCATCTTCAGCCAAGC
TC 
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7696 GA TOM20 into 6354 bb fwd 
GGTGGCGGATCTGAAGGTGGCACA
TCTGGCGCTACATTCAAGAACCTGA
TCTGGCTGAAGG 

7697 GA TOM20 into 6354 bb rev 
GGCGCTGTTCCGACCCACCATGGT
GGCGGCGCTAGCGGTACC 

7698 replace myc with flag fwd 
CGACGACAAGTAAGCGGCCGCTCG
AGTCTAGAGG 

7702 b2 flag rev 
TCATCCTTGTAGTCGATGCCGGATC
CTTGAAGGGG 

7768 GA b2-DHFR-P2-TOM20-UltraID ins fwd 
GTTAAAGCAAGCAGGAGACGTGGA
AGAAAACCCCGGTCCTATGGTGGG
TCGGAACAGCGCCATCG 

7769 GA b2-DHFR-P2-TOM20-UltraID ins rev 
GTCGTCGTCATCCTTGTAGTCCTTC
TCCTTGAACTTCTTCAGG 

7770 GA b2-DHFR-P2-TOM20-UltraID bb fwd 
CCTGAAGAAGTTCAAGGAGAAGGA
CTACAAGGATGACGACGACAAGTA
AGCGGCCGCTCGAGTCTAG 

7771 GA b2-DHFR-P2A-TOM20-UltraID bb rev 
CGTCTCCTGCTTGCTTTAACAGAGA
GAAGTTCGTGGCTCCGCTTCCCAG
GTCCTCCTCGCTGATCAGCTTCTG 

8019 myc-his NotI rev 
TCGAGCGGCCGCTTAGTGATGGTG
ATGGTGATGGTGATGGTGATGCAG
GTCCTCCTCGCTGATCAGCTTC 

 

2.4. Plasmids 

Table 7 Plasmids created for this work 

ID Name Selection Construction 

5409 
pET15-His-FKBP-L20-3C-
Ub(G76V)-GFP 

Amp 

GA: 
Ins: pHU 5333  
oHU 6114, 6115  
bb: pHU 5232  
oHU 6116, 6117  

5411 pET-His-TEV-FRB-NleL long Kan 
Restriction cloning:EcoRI and NotI 
insert: pHU 3603 oHU 6118, 6119 
backbone pHU 5240 

5412 
pET-His-TEV-FRB-UBE2S 
long (K100R) 

Kan 
Restriction cloning: EcoRI and NotI 
insert pHU 3604  oHU 6120, 6121 
backbone pHU 5240 

5414 
pET-His-TEV-FRB-UBE3 
(F849A)  

Kan 
Restriction cloning: MfeI + NotI 
insert: pHU 4334 oHU 6124, 6123 
backbone pHU 5240 

5422 
pET-His-TEV-FRB-L20-
HACE1 

Kan 
Restriction cloning:EcoRI and NotI 
insert pHU 2930 oHU 6150, 6152 into 
backbone pHU 5240 

5499 
pET15-His-FKBP-L20-3C-
Ub(K6R, G76V)-GFP 

Amp 
Mutagenesis on 5409 with oHU 4365 
and 4366 

5550 
pET-His-TEV-FRB-UBE2S 
short (K100R) 

Kan 
Mutagenesis of pHU 5412 with oHU 
6306, 6307 to get a stop codon before 
UBD of UBE2S 
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5565 pET-His-TEV-FRB-NleL short Kan 
Restriction cloning: EcoRI, NotI 
insert: 3603 oHU 6305, 6119 backbone 
oHU 5240. 

5607 
pET-His-TEV-FRB-NleL long 
(E705A) 

Kan 
Mutagenesis of pHU5411 with oHU 
6389, 6390 

5611 
pET-His-TEV-FRB-NleL short 
(E705A) 

Kan 
Mutagenesis of pHU5565 with oHU 
6389, 6390 

5678 pET-His-TEV-FRB-pvHECT Kan 

Restriction cloning using EcoRI and 
NotI after amplification with insert pHU 
5680 oHU 6563 and 6564. backbone: 
5420  

5870 
YIp211-ADH-FKBP-
Cub(G76V)-UBE2S long 

Amp 

GA 
oHU: 6773, 6774, 6775, 6776 
Backbone: 4538 
insert: 5412 

5871 
YIp211-ADH-FKBP-
Cub(G76V)-UBE2S short 

Amp 

GA: 
oHU: 6773, 6776, 6777, 6778 
 
Backbone: 4538 
insert: 5412 

5950 
YIp211-ADH-NleLYCOlong-
FKBP-Cub(G76V)-VSV 

Amp 

Restriction cloning with BspEI and 
BamHI.  
 
oHU 6901 6902 on G-Block of codon 
optimized NleL into plasmid 4724. 

5954 
YIp211-ADH-NleLYCOlong-
Cub(G76V)-FKBP-VSV 

Amp 

Restriction cloning with BspEI and 
BamHI.  
 
oHU 6901, 6902 on G-block of NleL 
yeast codon optimized into 4725 

5955 
YIp211-ADH-
UBE2Sshort(E139R_E143R)-
Cub(G76V)-FKBP-VSV 

Amp 
Restriction cloning BspEI and BamHI.  
oHU 6897, 6899 on G-block 
UBE2Sshort(E139R_143R) into 4725 

6233 
pcDNA5_FRT_TO-NTOM20-
FKBP-CUb-GFP-his 

Amp Hyg 

PCR 
Insert: pHU 5964 + oHU 7183 + 7184 
 
Backbone: 6166  
 
Restriction: AgeI, NotI 

6354 
pcDNA5_FRT_TO_b2-DHFR-
UltraID 

Amp Hyg 

GA 
backbone: 
pHU = 6292  
oHU =7514, 7516 
insert: 
pHU = UltraID from beli lab  
oHU =7515, 7517 

6377 
pcDNA5_FRT_TO_DHFR-
UltraID 

Amp Hyg 

GA: 
backbone: 
pHU = 6293  
oHU =7514, 7516 
insert: 
pHU = UltraID template (Beli lab) 
oHU =7515, 7517 
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6378 
pcDNA5_FRT_TO_Su9-
DHFR-UltraID 

Amp Hyg 

GA: 
backbone: 
pHU = 6294  
oHU =7514, 7516 
insert: 
pHU =  UltraID pHU 
oHU =7515, 7517 

6447 pcDNA5_FRT_TO_b2-flag Amp Hyg 
PCR with phosphorylated oHU 7698 
and 7702 followed by ligation. 
Replaces UltraID-Myc with a flag-tag. 

6449 
pcDNA5_FRT_TO_TOM20-
L20-UltraID-flag 

Amp Hyg 

GA 
insert:  
plasmid from ORF collection (media 
lab) 
oHU 7694, 7695 
 
backbone: 
pHU 6354 
oHU 7696, 7697 

6477 
pcDNA5_FRT_TO_b2-DHFR-
myc-P2A-TOM20-L20-UltraID-
flag 

Amp Hyg 

GA 
insert: 
pHU: 6449 
oHU: 7769 + 7768 
backbone 
pHU: 6292 
oHU: 7770 +7771 

6561 
pcDNA5_FRT_TO_b2-DHFR-
myc-his 

Amp 
Restriction cloning: insert pHU 6292 
with oHU 4954, 8019 restriction digest 
with BamHI and NotI into pHU 6292  

6562 
pcDNA5_FRT_TO_DHFR-
myc-his 

Amp 

Restriction cloning: 
insert: 
pHU 6293 with oHU: 4954 and this 
oHU  
restriction digest with KpnI and NotI  
Vector:  
pHU 6293 with KpnI and NotI cutted 

6631 
pcDNA5_FRT_TO_DHFR-
myc-P2A-TOM20-L20-UltraID-
flag 

Amp Hyg 

GA 
insert: 
pHU: 6449 
oHU: 7769 + 7768 
backbone: 
pHU: 6293 
oHU: 7770 +7771 

6710 

pcDNA5_FRT_TO-TOM20-
NUa-
Ub(I13A_K27R_K29R_K33R)-
HA-FRB(K0)-his 

Amp Hyg 

GA: insert 
oHU 7350 + 7351 on Gblock  
backbone 
oHU 7352 + 7353 on 6233 

6716 
pcDNA5_FRT_TO-Myc-
NleL_short_hco-FKBP-
CUb(K48_63R_G76V) 

Amp Hyg 
GA insert 
 Gblock NleLshortHCO oHU 7311 + 
7312, bb pHU5432 oHU7313 +7314 

6717 
pcDNA5_FRT_TO-Myc-
NleL_long_hco-FKBP-
CUb(K48_63R_G76V) 

Amp Hyg 
GA insert  
Gblock NleLlongHCO oHU 7311 + 
7312, bb pHU5432 oHU7313 +7314 
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Table 8 Plasmids that were used in this work but created by others 

ID Name Selection From 

1809 pOG44 AMP Boulton Lab 

2930 HACE1(ORF) KAN Ulrich Lab 

2932 pET-3a-Ubi K27R Amp Ulrich Lab 

3599 pET3a-Ub K11R Amp Ulrich Lab 

3603 pET15b-His6-FKBP-Cub(G76V)-NleL aa170-782 Amp Ulrich Lab 

3604 pET15b-His6-FKBP-Cub(G76V)-Ube2S K100R-UBD Amp Ulrich Lab 

3605 pET3a-Ub K6R Amp Ulrich Lab 

3895 YIp211-ADH-Nua-HA-FRB-E3(48)-VSV Amp Ulrich Lab 

4334 pTZ12-E6AP ∆N200 Kan Ulrich Lab 

4620 YIp128-CUP1-His6-FKBP-Cub(G76V)-GFP Amp Ulrich Lab 

4654 YIp211-CUP1-Nua-HA-FRB-E3(63)-VSV Amp Ulrich Lab 

4701 YIp128-CUP1-Nua-HA-FRB-GFP-His6 Amp Ulrich Lab 

5242 pDEST-His10-hsUbiquitin Amp Ulrich Lab 

5340 pDEST-His10-hsUbiquitin K48R Amp Ulrich Lab 

5341 pDEST-His10-hsUbiquitin K63R Amp Ulrich Lab 

5381 pDEST-His10-hsUbiquitin K0 Amp Ulrich Lab 

5680 pET28a(pOPINB)-His-PvHectE3.dna Kan Pruneda Lab 

6251 pcDNA5/FRT/TO-LinkageID-HTT-K0 Amp Ulrich Lab 

6252 pcDNA5/FRT/TO-LinkageID-HTT-K6-only Amp Ulrich Lab 

6253 pcDNA5/FRT/TO-LinkageID-HTT-K11-only Amp Ulrich Lab 

6254 pcDNA5/FRT/TO-LinkageID-HTT-K27-only Amp Ulrich Lab 

6255 pcDNA5/FRT/TO-LinkageID-HTT-K29-only Amp Ulrich Lab 
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6256 pcDNA5/FRT/TO-LinkageID-HTT-K33-only Amp Ulrich Lab 

6257 pcDNA5/FRT/TO-LinkageID-HTT-K48-only Amp Ulrich Lab 

6258 pcDNA5/FRT/TO-LinkageID-HTT-K63-only Amp Ulrich Lab 

6292 pcDNA5_FRT_TO_b2-DHFR-myc Amp 
Riemer / 

Methner Lab 

6293 pcDNA5_FRT_TO_DHFR-myc Amp 
Riemer / 

Methner Lab 

6294 pcDNA5_FRT_TO_Su9-DHFR-myc Amp 
Riemer / 

Methner Lab 

- UltraID Amp Beli Lab 

 

2.5. Strains and cell lines 

2.5.1. Bacterial strains 

Table 9 Bacterial strains used in this work  

ID Strain Genotype Source 

5 
BL21-CodonPlus (DE3)-RIL 
(Codon+) 

B F- ompT hsdSB(rB-mB-) dcm+ Tetr gal 
l(DE3) endA Hte [argU ileY leuW Camr] 

Stratagene 

14 Top Ten 

F- mcrA Δ(mrr-hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 recA1 araD139 
Δ(ara-leu)7697 galU galK λ- rpsL(StrR) 
endA1 nupG 

Invitrogen 

25 Rosetta 2 (DE3)pLysS 
F- ompT hsdSB(rB- mB-) gal dcm (DE3) 
pLysSRARE2 (CamR) 

Novagen 
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2.5.2. Yeast strains 

Table 10 Yeast strains that were used in this work 

ID Strain int. Plasmid Mated with created by 

5580 RAPa pdr5 
E2/3s targeting 
Nua 

5595 Ulrich Lab 

5585 RAPalpha pdr5 His6-CUbo-GFP 4620 5607 Ulrich Lab 

5587 
RAPalpha pdr5 His6-CUbo-GFP 
pTDH3-Mms2 

4620 5612 Ulrich Lab 

5595 RAPalpha pdr5 NUbo-GFP-His6 4701 5580 Ulrich Lab 

5607 
RAPa pdr5 NUbo-E3(48)-VSV 
pTDH3-Ubc7 

3895 5585 Ulrich Lab 

5612 
RAPa pdr5 NUbo-E3(63)-VSV 
pTDH3-Ubc13 

4654 5587 Ulrich Lab 

 

2.5.3. Mammalian cell lines 

Table 11 Mammalian cell lines that were used in this work 

ID Name int. plasmid Source 

438 U2OS FlpIn TRex b2-DHFR-myc 6292 This study 

439 U2OS FlpIn TRex DHFR-myc 6293 This study 

480 HeLa FlpIn TRex b2-DHFR-myc-P2A-TOM20-UID-flag 6477 This study 

481 HeLa FlpIn TRex DHFR-myc-P2A-TOM20-UID-flag 6631 This study 

453 HeLa FlpIn TRex b2-DHFR-UltraID-myc 6354 This study 

455 HeLa FlpIn TRex DHFR-UltraID-myc 6377 This study 

157 HEK293T - Roukos Lab 

169 Flp-In U2OS TREX - Penengo Lab 

408 Flp-In HeLa TREX - Dormann Lab 
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2.6. Methods 

2.6.1. Methods for DNA manipulation 

2.6.1.1. Measurement of DNA concentration 

DNA concentrations were quantified using the DeNovix DS-11 spectrophotometer. 

2.6.1.2. Agarose gel electrophoresis 

Agarose gel electrophoresis (AGE) as usually performed with 1% agarose gels (w/v). 

Therefore, agarose was dissolved in TBE buffer containing an intercalating DNA stain 

(SYBR™ Safe, 1:1000). DNA was mixed with DNA loading dye and loaded to an agarose gel. 

For size determination, either a 100 bp or 1 kb (NEB) was used. AGE was performed at 100 V 

for separation and DNA was visualized using the Fusion FX system (Vilber Lourmat) followed 

by gel extraction of desired fragments as described. 

2.6.1.3. PCR 

For the use of molecular cloning experiments, DNA was amplified by polymerase chain 

reaction (PCR). Therefore, the HF polymerase (CF15-IMB) was used according to the 

following table (Table 12). 

Table 12 PCR reaction mixture 

Component Volume [µl] for 50 µl reaction 

10X HF pol. Buffer 5 

dNTPs (10 mM) 1 

Fwd + rev primer (10 µM) 2.5 (each) 

Template (DNA, 1-100 ng) 1 

HF pol. 0.75 (2 cU/μl) 

DMSO 1 

ddH2O 36.25 

Total Volume 50 

 

All PCR components were added in a reaction tube and placed in a Professional TRIO cycler 

(Biometra) according to the following table (Table 13Table 1). 
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Table 13 PCR amplification conditions 

Step Temp. [C°] Time [s] 

1. Initial denaturation 98 30 

2. Denaturation 98 10 

3. Annealing Tm (Oligos) -5 30 

4. Elongation 72 30 per kbp 

5. Final elongation 72 300 

30 cycles of step 2-4 before step 5. 

 

2.6.1.4. Site-directed mutagenesis 

Desired point mutations were inserted into plasmid DNA with DNA oligonucleotides containing 

the respective mutations followed by PCR amplification as described above. The first ten 

annealing steps were performed at 42°C allowing a better annealing of the mutagenesis DNA 

oligonucleotides. Afterwards, the remaining 20 annealing cycles were performed at the 

corresponding melting temperatures of the mutagenesis oligonucleotides. The amplified DNA 

was subjected to a DpnI (CF15-IMB) digest to remove the plasmid DNA before PCR 

purification. 

2.6.1.5. PCR purification 

PCR purification was performed using a PCR purification kit (Thermo Scientific™ GeneJET 

PCR Purification Kit). PCR amplified DNA was mixed 1:1 with the DNA binding buffer and 

added to the purification column, followed by full speed centrifugation. DNA wash buffer was 

added to the column after removal of the flowthrough and another full speed centrifugation 

step followed. The flowthrough was removed and the purification column was dried at room 

temperature to remove excessive wash buffer. The DNA was eluted with UP H2O and DNA 

concentration was measured as described. 

2.6.1.6. Gel extraction 

After DNA separation by AGE (chapter 2.6.1.2), DNA was purified using a gel extraction kit 

(Thermo Scientific™ GeneJET Gel Extraction Kit). Desired DNA fragments were extracted 

from the agarose gel by mixing with 1:1 extraction buffer according to the weight of the gel 

pieces. This mix was added to the purification column and processed similar to the PCR 

purification procedure (chapter 2.6.1.5). 
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2.6.1.7. Restriction cloning 

PCR amplified and plasmid DNA (~2 µg) was digested with restriction enzymes according to 

the manufacturer’s protocol. The restriction digest was usually performed at 37°C in the 

required restriction buffer (rCutSmart™ buffer, NEBuffer™ r1.1, NEBuffer™ r2.1 and 

NEBuffer™ r3.1). A DpnI digest was performed on PCR derived purified DNA after the 

restriction digest as described below to remove remaining methylated plasmid DNA 

contaminations. Afterwards the reactions were separated by size using AGE and extracted 

according to (chapter 2.6.1.6). After the extraction, fragments were ligated according to the 

ligation protocol (chapter 2.6.1.9). 

2.6.1.8. DpnI digest of methylated DNA 

DpnI is an endonuclease with a high preference for methylated dsDNA with Gm6A/TC sites. 

DNA purified from E. coli is typically methylated at the mentioned sites and the DpnI digest 

allows removal of undesired template DNA after the PCR. DpnI is compatible with common 

PCR buffers, however, if required rCutSmart™ buffer was added to the reaction. The restriction 

digest was performed for 1 h at 37°C followed by PCR purification or heat inactivation at 65°C. 

2.6.1.9. DNA ligation  

DNA ligation was performed using the T4 DNA ligase (CF15-IMB) or a DNA Ligation Kit 

(Takara), according to the manufacturers’ protocol. Typically, insert and backbone DNA was 

incubated in a molar ratio of 3:1 with an excess of the insert and a total DNA amount of ~100 

µg. The incubation was performed at 16°C for at least 1 h followed by transformation into 

competent E. coli (Top10) as described. 

2.6.1.10. Gibson assembly 

In addition to restriction cloning, Gibson assembly (GA) was used for scar-free ligation. GA 

DNA oligonucleotides were designed containing overhangs for the GA. These oligonucleotides 

were used for PCR amplification as followed by gel extraction as described above. The 

respective DNA fragments were ligated with a homemade GA mix according to the protocol 

(CF15-IMB). In brief, DNA fragments were mixed in a ratio of 1:1 followed by addition of an 

equivalent amount of the GA mix. This mix was incubated at 50°C for 1 h and transformed into 

competent E. coli (Top10).  

2.6.1.11. Sequencing 

Correct DNA was validated either by Sanger sequencing by the StarSEQ GmbH or Nanopore 

sequencing by Eurofins Genomics GmbH for whole plasmid sequencing. For the Sanger 

sequencing, approximately ~700 ng DNA was mixed with an up- or downstream binding DNA 

oligonucleotide with a final concentration of 10 pM. For whole plasmid sequencing, 3 µg DNA 

in a volume 20 µl were used. 
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2.7. Techniques for protein purification and analysis 

2.7.1. Purification of ubiquitin 

Untagged ubiquitin and ubiquitin variants were purified by acid and heat precipitation. 

Therefore, cells were lysed in an acidic Ubi Buffer A containing cOmplete™, EDTA-free 

Protease Inhibitor Cocktail (Roche), followed by sonication (Branson Sonifier 450). The lysate 

was then incubated at 70°C for 30 minutes, and the precipitate was collected by centrifugation. 

For ion exchange (IEX), the precipitate was eluted in Ubi Buffer B and the IE was performed 

using a RESOURCE™ S cation exchange column (Cytiva) (chapter 2.7.3). Afterwards size 

exclusion chromatography (SEC) was performed as described below (chapter 2.7.4). 

 

2.7.2. IMAC purification of his-tagged proteins 

His-tagged proteins were purified by cell lysis in IMAC Buffer A supplemented with cOmplete™, 

EDTA-free Protease Inhibitor Cocktail (Roche). Cell lysis was performed either by using 

sonication (Branson Sonifier 450) or a high-pressure cell homogenizer (Constant Systems). 

When the cell homogenizer was used, the bacterial suspension was supplemented with SM 

Nuclease (CF15-IMB). The cell lysate was centrifuged at 50,000 x g and 4°C for at least 30 

min. Ni-NTA agarose beads (Qiagen) were added to the supernatant and incubated at 4°C for 

1 h. The agarose beads were washed with 40 mL IMAC Buffer A followed by elution with 10 

mL of IMAC Buffer B. Elution fractions were analyzed by Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS PAGE) and Coomassie-staining. 

 

2.7.3. IEX purification 

After determination of the isoelectric point of the POI either cation or anion exchange was 

chosen. The POI was usually rebuffered to reduce the salt concentration after the initial 

purification procedure. Afterwards, the POI was loaded on the column and the IEX was 

performed using an NGC system (Bio-Rad). The column was washed until the UV signal 

reached the baseline followed by subsequent protein elution using IEX Buffer with 10-20 

column volumes (CV). Protein content and purity were determined by SDS PAGE and 

Coomassie-staining. 

 

2.7.4. SEC of purified proteins 

In order to remove impurities and exchange the buffer, an additional SEC step was performed. 

The SEC was performed using either an NGC system (Bio-Rad) or a Äkta Go system (Cytiva). 

SEC columns Superdex 75 or Superdex 200 (Cytiva) were equilibrated with 1.5 CV of SEC 
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Buffer. Afterwards, the desired elution fraction was loaded on the column, followed by a wash 

step with typically 1 CV. Afterwards the protein was eluted from the column and fractions of 1 

mL were analyzed by SDS PAGE and Coomassie-staining. A desired protein concentration 

was achieved by centrifugation with an Amicon® Ultra Centrifugal Filter (Merck) as described 

below. 

 

2.7.5. Protein concentration 

Amicon® Ultra Centrifugal Filter (Merck) were used to increase protein concentration. A desired 

molecular weight cut-off (MWCO) typically 0.5x the actual MWCO of the protein was chosen 

in order to remove excess buffer leading to an increased protein concentration. The protein 

was loaded onto the filter, followed by centrifugation at 4°C and ~3000-4000 x g. 

 

2.7.6. Protein concentration determination 

The DS-11 spectrophotometer (DeNovix) was used to determine concentrations of 

recombinant proteins. Typically, protein concentration was determined with the molecular 

weight & extinction coefficient function. 

 

2.7.7. SDS-PAGE analysis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis SDS-PAGE was used for the 

separation of proteins according to their size. Therefore, 4x NUPAGE LDS Sample buffer 

(Thermo Fisher) was added to the protein sample in a ratio of 3:1 and incubated at 95°C for 5 

min. Afterwards, samples were loaded on a Bis-Tris precast gel (mPAGE™ 4-12%, Merck or 

NuPAGE™ 4-12%, Invitrogen) and the respective electrophoresis chambers from the 

manufacturer were used to apply a voltage of 140V. Samples were either separated in MOPS 

or MES Buffer according to their size and a homemade protein ladder was used to determine 

the protein size (CF15-IMB). Afterwards, protein analysis was performed either by Coomassie-

staining or by western blotting (WB). 

 

2.7.8. Coomassie-staining 

Coomassie-staining was performed to analyze the results of an SDS-PAGE. The gels were 

incubated in Simple Stain Solution for at least 1 h or overnight at room temperature and 

excessive stain was removed by the addition of H2O until the destaining was completed. 
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2.7.9. Western blotting 

Protein specific detection for low abundant proteins was performed by WB. After separation of 

proteins by SDS-PAGE gels were transferred to a semi-dry wester blotting system called 

Trans-Blot Turbo Transfer System (Bio-Rad). A nitrocellulose membrane was used as an 

acceptor of the proteins from the gel and both the nitrocellulose membrane as well as the filter 

papers were soaked in the supplemented transfer buffer. Two filter papers surrounded the gel 

and the nitrocellulose membrane and placed into a WB cassette (Bio-Rad). The transfer was 

performed by applying 20V for 12 min to the cassette. Afterwards, WB Blocking Buffer was 

added to the membrane for at least 30 min, followed by incubation with primary antibodies in 

PBS-T for 1 h at RT or overnight at 4°C. Three 5 min washing steps with PBS-T were performed 

to remove excessive unspecific or unbound primary antibody, before application of secondary 

antibodies in PBS-T for 1-2 h at RT. Again, three 5 min wash steps with PBS-T were used to 

remove excessive antibody. The WB was analyzed using either a Fusion FX system (Vilber 

Lourmat) for HRP-coupled secondary antibodies or by an Odyssey fluorescence scanner (LI-

COR) for fluorescently labeled secondary antibodies. 

 

2.7.10. In vitro ubiquitylation assay 

In vitro substrate ubiquitylation was performed in Ubiquitylation Buffer. The Ubiquitylation 

Buffer was supplemented with 10 µM ubiquitin (or ubiquitin variants), 50 nM Uba1 (E1, CF15-

IMB), 1 µM E2s (UBCH7), 1 µM E3 and an equimolar substrate concentration. Addition of 100 

µM ATP were used to activate E1 and thereby the ubiquitylation reaction. The dimerization of 

FRB and FKBP was initiated by addition of 5 µM Rapa. Reactions were typically carried out at 

37°C for 2 h or as indicated. 

 

2.8. Methods for E. coli 

2.8.1. Bacterial cultivation 

For plasmid DNA isolation the TOP10 E. coli strain was grown on LB agar plates or in liquid 

LB medium. For the expression of recombinant proteins, E. coli strains were either grown in 

LB or in TB medium. Bacterial cultivation was performed at 37°C and liquid cultures were 

incubated at 200 rpm. 
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2.8.2. Bacterial transformation 

For bacterial transformation of plasmid DNA, chemically competent E. coli strains were used. 

Bacteria were thawed on ice for approximately 10 minutes before incubation with ~100 ng of 

plasmid DNA. After an incubation for 15 min., a heat shock was performed at 42°C for 45 

seconds. The bacteria recovered at 37°C for 1 h in LB medium before plating on LB agar plates 

containing the respective antibiotics for selection. 

 

2.8.3. Plasmid DNA isolation 

For the isolation of plasmid DNA, single clones of transformed bacteria were inoculated in 

liquid LB medium containing the selective antibiotics. Bacteria were harvested during 

exponential growth. For small scale DNA purification, the GeneJET Plasmid Miniprep Kit 

(Thermo Fisher Scientific) was used according to the manufacturers’ protocol. Large scale 

DNA purification for transient transfections in mammalian cells was performed using the 

NucleoBond Xtra Midi kit (MACHEREY-NAGEL) according to the manufacturers’ protocol. 

 

2.8.4. Recombinant protein expression 

Protein expression was performed in E. coli strains BL21-CodonPlus (DE3)-RIL (Codon+) and 

Rosetta 2 (DE3) pLysS. First the desired expression vector containing the DNA sequence of 

the desired protein was transformed into the competent E. coli strain as described. After 

antibiotic selection, positive colonies were picked and inoculated with ~50 ml of LB medium. 

This preculture was grown overnight, if necessary, containing Chloramphenicol. Afterwards, 

the preculture was diluted to a final OD600 of 0.1 in 1 L LB medium. After growth to an OD600 

of 0.6, protein expression was induced with 1mM IPTG.  

 

2.9. Methods for S. cerevisiae 

Experiments were performed according to standard conditions for S. cerevisiae (Radford, 

1991). In brief, S. cerevisiae work was performed under sterile conditions and at 30°C. 

 

2.9.1. Yeast strain construction 

Model substrates and E3s for the expansion of the Ubiquiton were integrated into either the 

LEU2 or URA3 locus. Positive clones were confirmed by PCR and WB. Substrates and E3s 

were paired by mating and diploid yeast cells were used for further investigation. 
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2.9.2. Ubiquitylation assay in S. cerevisiae 

Substrate ubiquitylation in S. cerevisiae was carried out in synthetic complete medium 

containing 2% glucose. First, a preculture was grown to saturation overnight followed by 

dilution to an OD600 of 0.2. Supplementation of 100 µM CuSO4 was used to induce the protein 

expression. Addition of 2 µM Rapa initiated dimerization of FRB and FKBP. Collection was 

performed after a OD600 of 1.0 was reached and approximately ~1-1.5 OD600 were harvested 

and flash-frozen on dry ice. Afterwards cells were lysed as described below and analyzed by 

SDS PAGE and WB. 

 

2.9.3. TCA cell lysis and respective analysis in S. cerevisiae 

For the cell lysis and subsequent analysis of the substrate ubiquitylation in S. cerevisiae 

trichloroacetic acid (TCA) precipitation was performed. Therefore, S. cerevisiae pellets were 

resuspended in 1 mL of UP H2O, followed by addition of 150 µl 1.85 M NaOH and 7.5% (v/v) 

ß-Mercaptoethanol. The mixture was vortexed and incubated at 4°C for 15 min. Afterwards, 

150 µl of 55% cold TCA was added to the mixture, vortexed and incubated at 4°C for 15 min. 

Centrifugation at 21,000 x g at 4°C was performed to collect the precipitate. After removal of 

the supernatant, the remaining precipitate was dissolved in 50 µl 2x LDS + 20 mM DTT and 

boiled at 65°C for 10 min. The eluate was then analyzed by SDS PAGE followed by WB. 

 

2.10. Methods for mammalian cell culture and protein analysis 

2.10.1. Cultivation 

Mammalian cell culture was performed at 37°C and media were pre-incubated at 37°C unless 

otherwise indicated. Cells were cultivated in DMEM and maintained at 37°C, 5% CO2 and 85% 

humidity. 

 

2.10.2. Freezing and thawing 

Long-term storage of cells was performed at -150°C in cryovial tubes. Therefore, cells were 

washed once with prewarmed Dulbecco’s Phosphate-Buffered Saline (DPBS) (Gibco) during 

exponential growth. Afterwards, cells were detached using Trypsin-EDTA-Phenol red (Gibco) 

and prewarmed complete DMEM was added. Cells were harvested at 300 xg for 3 min. and 

the cell pellet was resuspended in freezing medium containing 90% complete growth medium 

with 10% DMSO. Before the final transfer of the cells to -150°C, an initial freezing step was 

performed at -80°C in a CoolCell Freezing Container. 
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For cell thawing, cell-containing cryovial tubes were placed into prewarmed water bath and 

added into a petri dish containing the respective medium followed by adherence overnight. 

 

2.10.3. Passaging 

At ~80-90% confluency cells were passaged in a 1:8 or 1:10 dilution into a new petri dish. 

Therefore, the cells were washed once with prewarmed DPBS and incubated with 0.05% 

Trypsin-EDTA for 5-10 min. for detachment. Addition of prewarmed complete growth medium 

was used to inhibit excessive trypsin activity, before the cells were distributed to a new petri 

dish containing new complete growth medium. 

 

2.10.4. Counting 

The cell number was determined after trypsinization. Therefore, cells were mixed in a ratio of 

1:1 with an Erythrosin-B cell staining solution. This mix was added to a cell counting slide and 

the cell number was counted with a TC20 Automated Cell Counter (BioRad). 

 

2.10.5. Transfection with polyethyleneimine 

For the transfection of HEK293T cells with plasmid DNA, polyethyleneimine (PEI) solution was 

used. A day prior transfection 1-5*106 cells were seeded into a 10 cm petri dish. 12 µg of 

plasmid DNA were mixed with 40 µl of PEI solution and incubated with 2 mL of DMEM media 

without FBS at RT for 10 min. Afterwards, 6 mL of prewarmed complete DMEM medium were 

added, and the mix was added to the petri dish. For co-transfection of different plasmid DNAs, 

the plasmid DNA was premixed in the desired ration resulting in a total DNA amount of 12 µg 

before the PEI solution was added. For smaller or larger transfection volume each reagent was 

scaled accordingly. 

 

2.10.6. Transfection with Fugene HD 

Fugene HD (Promega) was used for the transient overexpression of plasmid DNA in all cells 

except HEK293T cells according to manufacturer’s protocol. In brief, 3 µg of plasmid DNA was 

diluted in 500 µl OptiMEM (Gibco) and mixed with 9 µl of FuGENE HD. This mix was incubated 

for 10 minutes and added to 80% confluent cells in a 10 cm dish. Gene expression was allowed 

for at least 24 h. For smaller or bigger dish volumes, the reactions were scaled up or down. 
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2.10.7. Generation of stable cell lines (Flp-In) 

For the generation of stable cell lines, the Flp-In™ T-Rex™ system was used. Therefore, 2.7 

µg of the Flp-recombinase containing plasmid (pOG44, ID 1809) were mixed with 0.3 µg of the 

pcDNA5/FRT/TO target plasmid containing the desired DNA insertion. This mix was used to 

transfect FlpIn TREX cells as described (chapter 2.10.6). After 24 h, the cell medium was 

replaced with fresh medium and after 48 h the cells the respective antibiotics were added to 

place the cells under selective pressure for the integration. After ~2 weeks surviving cell 

colonies were visible and cultivated until confluency. Successful integration was confirmed via 

WB. Gene expression was induced using a final doxycycline (DOX) concentration of 2 ng/mL. 

 

2.10.8. Harvesting 

For the biochemical analysis, cells were washed with DPBS and harvested in 1 mL cold DPBS 

in a 1.5 mL reaction tube using a cooling centrifuge and 300 xg for 5 min. followed by storage 

at -80°C. 

 

2.10.9. Preparation of cell lysates 

After cell harvesting, the cell pellet was thawed on ice. According to the cell amount an 

appropriate amount of RIPA buffer containing 1x protease inhibitor cocktail (Roche) and SM 

nuclease (12 cU/ml, PPCF) was added followed by an incubation for at least 30 min on ice. 

Cell debris was removed via centrifugation at 21500 xg for 10 min and the supernatant was 

transferred to a new tube. Protein levels were normalized by BCA assay (Thermo Fisher 

Scientific) following the manufacturer’s protocol. 

 

2.10.10. Preparation for and analysis by fluorescence microscopy 

Microscopy was used to determine protein localization. Therefore, the desired number of cells 

was seeded on a cover slip. Afterwards, cells were fixed with PBS + 4% formaldehyde for 10 

min at RT. Formaldehyde was removed by three washes with PBS and the cells were 

permeabilized with PBS containing 0.2% Triton X-100 for 15 min at RT. Here, 1:10,000 

Hoechst 33342 solution was added to stain the nuclear DNA. Two wash steps were used to 

remove the permeabilization solution before blocking with PBS + 3% BSA for 1 h at RT. Cells 

were incubated with diluted primary antibodies in PBS + 3% BSA for 1 h at RT. Excessive 

primary antibodies were removed by three wash steps with PBS + 0.1% Tween-20. Afterwards, 

a 1:1,000 dilution of secondary antibodies in PBS + 3% BSA was added for 1 h at RT. 

Remaining and non-specifically bound secondary antibodies were removed by three wash 

steps for 5 min with PBS + 0.1% Tween-20.  
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Imaging was performed on a Stellaris 8 FALCON laser scanning confocal microscope (Leica) 

equipped with a white light laser and hybrid detectors. Images were acquired using a 63x/1.40 

NA oil-immersion objective (Leica HC PL Apo 63x/1.40 oil CS2) in line-sequential mode. 

Fluorescence of Hoechst 33342, Alexa Fluor 555 and Alexa Fluor 647 was excited at 405 nm, 

579 nm, and 630 nm, respectively. Emission detection bands were set to 430 nm to 510 nm 

(Hoechst 33342), 585 nm to 630 nm (Alexa Fluor 555), and 640 nm to 750 nm (Alexa Fluor 

647). Hoechst 33342 and Alexa Fluor 647 were acquired within the same sequence. 

Images were recorded at a format of 1024px * 1024 px with a zoom factor of 2, resulting in a 

pixel size of 60 nm. Images were acquired with two-times line accumulation. Image processing 

was performed using Fiji (Fiji Is Just ImageJ). 

 

2.10.11. b2-DHFR expression and MTX 

The mitochondrial clogger b2-DHFR constructs and their controls were generally expressed 

for at least 24 h. Generally, b2-DHFR constructs were either expressed under a DOX-inducible 

in U2OS or HeLa cells or by transient transfection using PEI in HEK293T cells. Upon PEI 

transfection the medium was replaced 24 h post transfection, followed by a recovery of 6-8 h. 

If indicated 100 nM MTX was added to stabilize the clogging. If not indicated otherwise the 

MTX treatment was performed for 5 h before harvesting. 

 

2.10.12. Denaturing Ni-NTA pull-down 

For the enrichment of His-tagged proteins denaturing Ni-NTA pull-downs were performed. 

Therefore, cell pellets were thawed on ice and resuspended in DPD buffer A supplemented 

with 10 mM imidazole. Proper cell lysis was obtained using 10 pulses of sonication with a 40% 

duty cycle and an output of 1 (Branson Ultrasonics sonifier). Afterwards each sample was 

incubated with 50-100 µl of pre-equilibrated Ni-NTA agarose beads (Qiagen) on a rotation 

wheel for 1 h at RT. The supernatant was discarded and the beads were washed 3x with 1 mL 

of DPD buffer A. This was followed by three wash steps with 1 mL DPD buffer B. The his-

tagged protein was eluted with 50-100 µl of 1x LDS containing 20 mM DTT and 200 mM 

Imidazole at 95°C. 

 

2.10.13. Enrichment of biotinylated proteins 

For the biotinylation experiments with cells having the UltraID integrated, 1.5*106 cells were 

seeded into a 10 cm petri dish. After 24 h, the gene expression was induced with 2 ng/mL DOX 

for 24 hours. The cells were treated with 50 µM biotin at 37°C for 10 min if not otherwise 
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indicated. The biotin containing medium was replaced with fresh medium for 10 min. Excessive 

biotin which could potentially compete for binding with the biotinylated proteins was removed 

by wash steps with PBS. The cells were washed 5x with 2-3 mL of PBS before harvesting with 

1 mL of PBS. Cell lysis was performed using 1 mL RIPA buffer followed by normalization with 

a BCA assay. After normalization the cell lysate was incubated with preequilibrated Pierce™ 

High Capacity NeutrAvidin™ beads (ThermoFisher Scientific) or Dynabeads™ MyOne™ 

Streptavidin beads for the HeLa MS (Life Technologies). This mix was incubated for 1 h at RT 

on a rotating wheel. Afterwards the supernatant was discarded, and the beads were washed 

once with cold RIPA buffer, once with BPD buffer A and once with BPD buffer B. For the elution 

4x LDS with 80 mM DTT was mixed 1:1 with 20 mM biotin leading to an elution buffer of 2x 

LDS, 40 mM DTT and 10 mM biotin. 50 µl of the elution buffer was added to the beads followed 

by 15 min boiling at 95°C before analysis via WB. 

Cell lysis for the MS experiments was performed in the presence of 10 mM N-Ethylmaleimide 

(NEM). For the MS experiments with integrated HeLa cell lines, 5*106 cells were seeded into 

15 cm petri dishes and washes; harvesting and cell lysis was performed as described above. 

The biotin treatment was performed for 20 min. Beads were washed with 1 mL RIPA, followed 

by a single wash step with BPD buffer A and two washes with BPD buffer B. Elution from 

Streptavidin beads was performed at 95°C for 30 min with 20 mM biotin and 1% SDS. 

For the MS experiment in HEK293T cells 5*106 cells were seeded into a 10 cm petri dish. On 

the next day the cells were PEI transfected with plasmids containing b2-DHFR-UltraID, Su9-

DHFR-UltraID and DHFR-UltraID. The biotin treatment was performed for 1 h. Otherwise, the 

experiment was performed as described above. 

 

2.10.14. LinkageID 

For the LinkageID experiments HEK293T cells were transiently transfected with PEI and 

plasmids encoding the respective LinkageID and b2-DHFR in a ratio of 1:1. Cells were treated 

with biotin for 3 h to allow sufficient reassembly of the biotin ligase and afterwards washed, 

lysed and enriched for biotin using Pierce™ High Capacity NeutrAvidin™ beads (Thermo 

Fisher Scientific) were performed as described above. 

 

2.10.15. b2-flag mitochondrial import assay 

In order to monitor mitochondrial protein import, the report b2-flag was co-expressed at a 

defined 1:1 ratio with the mitochondrial clogger b2-DHFR or the control DHFRonly. One day 

prior to transfection, HEK293T cells were seeded to reach ~60% confluency on the day of 
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transfection. The transfection was performed using PEI solution (chapter 2.10.5). 24 h post-

transfection, cells were harvested, lysed and analyzed by WB. If indicated cells were treated 

with 100 nM MTX. As positive control 50 µM CCCP was used which stops protein import into 

mitochondria due to uncoupling of the proton gradient which is the driving force mitochondrial 

protein import (J. Kim et al., 2024). Afterwards the cell pellet was lysed and analyzed by WB. 

 

2.10.16. Clonogenic assay 

For the analysis of the lethality of mitochondrial clogger, colony formation assays were 

performed. The cells with integrated plasmids for the b2-DHFR and the respective controls 

were used. 500 cells per petri dish were seeded and for statistical analysis 3 petri dishes per 

condition were used. 2 ng/mL of DOX was added 24 h after the seeding and was replaced 

every five days with fresh medium containing new DOX due to the short half-life (~48 h). 

Additionally, 100 nM MTX was added if indicated and was also replaced every five days. After 

12-14 days cells were fixed with methanol and incubated for 10 minutes with a crystal violet 

solution (0.5% in 20% ethanol) and washed with H2O. 

 

2.10.17. Cycloheximide chase assay 

For the analysis of the stability of the mitochondrial clogger b2-DHFR a cycloheximide (CHX) 

chase assay was performed. There for 1.5*106 cells were seeded. On the next day, 2 ng/mL 

DOX was added to the cells and incubated overnight. Before harvesting, the cells were treated 

with 100µg*mL-1 CHX for 3 h if not otherwise indicated. Protein stability was analyzed via WB. 

 

2.11. Mass spectrometry 

Sample processing beyond the biotin enrichment, including initial data processing via 

MaxQuant in the following sections (chapters 2.11.1 - 2.11.4) were performed by the IMB 

proteomics CF (CF12-IMB). 

 

2.11.1. Enzymatic protein digestion 

All samples were processed using the SP3 approach [PMID: 30464214]. Proteins were 

reduced in 5 mM DTT, alkylated in 15 mM chloroacetamide in the dark and quenched in 5 mM 

DTT. Enzymatic protein digestion was performed using trypsin at 37°C overnight. Following 

acidification by formic acid, the peptides were purified by solid phase extraction in a C18 

StageTip format (Rappsilber et al., 2003). 
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2.11.2. Liquid chromatography tandem mass spectrometry 

Peptides were separated via an in-house packed 45 cm analytical column (inner diameter: 75 

μm; ReproSil-Pur 120 C18-AQ 1.9-μm silica particles, Dr. Maisch GmbH) on a Vanquish Neo 

UHPLC system (Thermo Fisher Scientific). Online reverse phase chromatography was 

performed through a 70-min non-linear gradient of 1.6-32% acetonitrile with 0.1% formic acid 

at a nanoflow rate of 300 nl/min. The eluted peptides were sprayed directly by electrospray 

ionization into an Orbitrap Astral mass spectrometer (Thermo Fisher Scientific). Mass 

spectrometry was conducted in data-dependent acquisition (DDA) mode using a top50 method 

with one full scan in the Orbitrap analyser (scan range: 325 to 1,300 m/z; resolution: 120,000, 

target value: 3 × 106, maximum injection time: 25 ms) followed by 50 fragment scans in the 

Astral analyser via higher energy collision dissociation (HCD; normalized collision energy: 

26%, scan range: 150 to 2,000 m/z, target value: 1 × 104, maximum injection time: 10 ms, 

isolation window: 1.4 m/z). Precursor ions of unassigned, +1 or higher than +6 charge state 

were rejected. Additionally, precursor ions already isolated for fragmentation were dynamically 

excluded for 15 s. 

 

2.11.3. Mass spectrometry data analysis of UBE2S 

Mass spectrometry raw files were processed using MaxQuant software (version 2.1.3.0 or 

2.6.2.0) (Cox & Mann, 2008). MS/MS mass spectra were searched using Andromeda search 

engine (Cox et al., 2011) against a target-decoy database containing the forward and reverse 

protein sequences of the UniProt reference proteome for E. coli (release 2022_03 or 2024_04) 

together with the corresponding recombinant proteins and a default list of common 

contaminants. Trypsin/P specificity was assigned. Carbamidomethylation of cysteine was set 

as fixed modification. Methionine oxidation, protein N-terminal acetylation and GlyGly remnant 

at lysine residue were chosen as variable modifications. The minimum peptide length was set 

to 7 amino acids. The “second peptide” search function was activated. False discovery rate 

(FDR) was set to 1% at both peptide and protein levels. 

The intensities of peptide evidences associated with each detected GlyGly (K) site were 

summed and then normalized according to the overall detected peptide intensities in each 

sample, based on the assumption that the overall peptide intensities were similar across the 

samples. These normalized summed intensities of GlyGly (K) sites were then used for ubiquitin 

linkage type analysis. 
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2.11.4. Mass spectrometry data analysis - UltraID experiments 

Mass spectrometry raw data files were processed using MaxQuant software (version 2.6.2.0 

or 2.6.6.0) (Cox & Mann, 2008). MS/MS mass spectra were searched using Andromeda search 

engine (Cox et al., 2011) against a target-decoy database containing the forward and reverse 

protein sequences of the UniProt reference proteome for H. sapiens (104,949 entries, release 

2024_04) together with the corresponding transgenic proteins and a default list of common 

contaminants. Trypsin/P specificity was assigned. Methionine oxidation, protein N-terminal 

acetylation, carbamidomethylation of cysteine, GlyGly remnant at lysine residue (excluding 

those at peptide C-terminus) and NEM derivatized cysteine were chosen as variable 

modifications. The minimum peptide length was set to 7 amino acids. The “second peptide” 

and the “match between runs” functions were activated. False discovery rate (FDR) was set to 

1% at both peptide and protein levels. 

For label-free protein quantification, the MaxLFQ algorithm (Cox et al., 2014) was employed 

without using its default normalization option. Minimum LFQ ratio count was set to one. Both 

the unique and razor peptides were used for quantification. Differential expression analysis 

was performed in R statistical environment. Reverse hits, potential contaminants and “only 

identified by site” protein groups were first filtered out. Normalization of the LFQ protein 

intensities was performed in two steps, first by median-centring on a logarithmic scale, and 

second by equalizing the group mean intensities of chick avidin between two groups of 

samples with or without UltraID in the transgene, or streptavidin between two groups of 

samples with or without TOM20 in the transgene. Proteins were further filtered to retain only 

those detected in at least three out of the three or four replicates in either group of each 

comparison. Following imputation of the missing LFQ intensity values, a linear model was fitted 

using the limma package in R (Phipson et al., 2016) to assess the difference between the 

control and treatment groups for each protein, with adjustment for multiple testing using the 

Benjamini-Hochberg approach (Benjamini & Hochberg, 1995). The log2 fold change and the 

significance of the difference were displayed on a volcano plot. Only proteins with a minimum 

log2 fold change of 1 and an FDR-adjusted p value (q value) lower than 0.05 were considered 

differentially regulated. 

Quantification and normalization of the detected GlyGly (K) sites were performed as in the 

UBE2S experiment. Differential expression analysis at the GlyGly (K) level was conducted in 

the same manner as the protein level, except for the stringency filtering step. The sites were 

filtered to retain only those detected in at least two out of three or three out of four replicates 

in either group of each comparison. 
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2.11.5. Mitochondrial enrichment factor prediction 

In order to validate the MS approaches, a mitochondrial enrichment factor (MEF) was 

calculated. The MS approach included UltraID constructs that are supposed to localize at the 

mitochondrial surface. Therefore, the MEF was defined as the ratio between (i) the fraction of 

mitochondrial proteins among significantly upregulated hits and (ii) the fraction of mitochondrial 

proteins among all quantified proteins in that dataset. Significantly upregulated mitochondrial 

hits were collected based on a log2 fold change > 1 and an adjusted p-value (Limma) below 

0.05. Further, correct mitochondrial localization was confirmed based on MitoCarta3.0 (Rath 

et al., 2021). A MEF above 1.0 indicates mitochondrial enrichment. 

 

2.11.6. Median-based mitochondrial protein prediction 

As a second validation, a median-based prediction of mitochondrial proteins independent of 

the mitochondrial enrichment-factor was performed. Quantified proteins were classified as 

mitochondrial or non-mitochondrial based on MitoCarta3.0 (Rath et al., 2021). Afterwards, 

proteins were partitioned into mitochondrial and non-mitochondrial groups for each condition. 

For both groups, the median log2 fold change relative to the respective control was calculated, 

providing a summary measure that indicates whether mitochondrial proteins were enriched 

over non-mitochondrial proteins. 

 

2.11.7. Screen for E3s, E3 accessory proteins and DUBs 

The MS datasets were screened for ubiquitin related proteins using the following resources: 

dataset of human E3s (https://esbl.nhlbi.nih.gov/Databases/KSBP2/Targets/Lists/E3-ligases/), 

dataset of human E3 accessory proteins (https://esbl.nhlbi.nih.gov/Databases/KSBP2/Target

s/Lists/E3- ligases/RelatedProteins.html) and dataset of human DUBs (https://esbl.nhlbi.nih.g

ov/Databases/KSBP2/Targets/Lists/DUBs/). The MS dataset of HEK293T cells (b2- DHFRUID,

 Su9- HFRUID and DHFRUID) was screened without further normalization. The dataset of HeLa 

cells with integrated plasmids was initially screened without further normalization and enriched 

E3s. E3 accessory proteins and DUBs in the proximity of TOM20UID without mitochondrial 

clogging from the comparison of DHFR-P2A-TOM20UID vs DHFRonly-UID were also obtained 

without further analyzation. For the screen of ubiquitin related proteins under mitochondrial 

clogging the respective comparisons were normalized for the LFQ protein intensities of UltraID 

and adjusted p-values were calculated using the limma package in R (Phipson et al., 2016). 

 

https://esbl.nhlbi.nih.gov/Databases/KSBP2/Targets/Lists/E3-ligases/
https://esbl.nhlbi.nih.gov/Databases/KSBP2/Targets/Lists/E3- ligases/RelatedProteins.html
https://esbl.nhlbi.nih.gov/Databases/KSBP2/Targets/Lists/E3- ligases/RelatedProteins.html
https://esbl.nhlbi.nih.gov/Databases/KSBP2/Targets/Lists/DUBs/
https://esbl.nhlbi.nih.gov/Databases/KSBP2/Targets/Lists/DUBs/
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2.11.8. String database enrichment and GO term analysis 

For visualization and clustering of proteins STRING database was used (https://string-db.org/). 

Therefore, selected groups of proteins were uploaded and clustered using the k-means 

clustering method using the default cluster setting. Further, STRING database was used for 

the functional enrichment visualization which was performed using the indicated Gene 

Ontology enrichment. Terms were grouped by similarity (>= 0.08) and sorted by “Signal”. 

 

2.12. Protein structure prediction and visualization 

Proteins structures were either predicted using the AlphaFold3 server or existing structures 

from PDB were used for examination (https://alphafoldserver.com and https://www.rcsb.org) 

(Abramson et al., 2024). Visiualization of protein structures were performed using UCSF 

Chimera (Pettersen et al., 2004). 

  

https://string-db.org/
https://alphafoldserver.com/
https://www.rcsb.org/
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3 Results 
 

3.1. Analysis of mitochondrial TOM complex clogging 

3.1.1. Rationale of the establishment of a mitochondrial clogger in human cells 

Mitochondrial protein import and its malfunction were initially analyzed in the model organism 

S. cerevisiae, but in recent years, increasing attention has been directed toward its 

investigation in human cells but fundamental questions remain unanswered (chapter 1.3.2). 

In yeast, two major MIQC pathways have been identified: mitoCPR and mitoTAD. MitoCPR 

involves Msp1-mediated removal of stalled precursors from the TOM complex, with 

Cis1/TOM70 recruiting Msp1 to clogged import channels. The human orthologue ATAD1 

similarly removes stalled precursors from the TOM complex, yet how ATAD1 senses clogged 

complexes in human cells remains unknown. (J. Kim et al., 2024). MitoTAD, which utilizes 

Cdc48 and its adaptor Ubx2 to extract ubiquitinated stalled precursors, has been well-

characterized in yeast but has not been demonstrated in human cells despite apparent 

conservation of the machinery (VCP and FAF2) (Borgert et al., 2024). Additionally, MDVs may 

facilitate removal of clogged membrane sections, but their role and recruitment mechanisms 

are poorly understood. While ubiquitin appears to play important roles in some of these 

pathways, its precise functions remain incompletely defined (Borgert et al., 2024).  

In summary, clear knowledge gaps exist regarding the human MIQC, particularly concerning 

the recruitment of quality control factors to clogged import channels and the involvement of 

ubiquitin. To address these questions, the aim of this work was to establish an inducible 

mitochondrial clogger model in human cells that would enable on-demand monitoring of the 

interactome and ubiquitylation status of stalled precursors and allow systematic dissection of 

factors involved in clogger removal. 

 

3.1.2. The mitochondrial clogger b2-DHFR 

To systematically dissect ubiquitin signaling and quality control factor recruitment in human 

cells, the mitochondrial clogger b2-DHFR, originally established in yeast, was adapted. 

Utilization of a bona fide clogger offers the advantage of targeted protein engineering, enabling 

detailed dissection of mitochondrial import dynamics and the associated ubiquitin-dependent 

MQC. In brief, the mitochondrial clogger b2-DHFR construct consists of a MTS fused to a 

tightly folded DHFR domain, whose folding can be further stabilized by addition of MTX (Fig. 

14A, chapter 1.5.4.3). Since mitochondrial protein import requires an unfolded polypeptide 

state, the tightly folded DHFR domain causes precursor stalling during translocation through 
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the TOM complex. A DHFR moiety lacking an MTS (DHFRonly) served as a cytoplasmic control. 

A C-terminal myc-tag on both constructs enables detection by western blotting and 

immunofluorescence (IF) microscopy. AlphaFold3-based modeling illustrates how the folded 

DHFR domain would appear when stalled in the TOM channel (Fig. 14B). 

 

 

Figure 14 Establishment of the clogger b2-DHFR in human cells. (A) Schematic 
representation of the b2-DHFR clogger; main processing forms and cleavage sites are 
indicated. (MTS = mitochondrial targeting sequence, HTS = hydrophobic transmembrane 
segment, HBD = heme binding domain). (B) AlphaFold3 predictions of the pore forming human 
TOM40 and b2-DHFR-myc; TOM40 displayed in green, b2 domain in orange and DHFR moiety 
in purple. (C) HEK293T cells were transiently transfected with b2-DHFR for 24 h and treated 
with 100 nM MTX; * indicates an unknown band. (D) U2OS cells expressing b2-DHFR-myc or 
DHFRonly-myc for 24 h were analyzed by IF staining; magenta: myc, green: TOM20, Cyan: 
Hoechst 33342, scale bar: 10 µM. 
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3.1.3. Validation of the mitochondrial clogger b2-DHFR in human cells 

The use of b2-DHFR as a mitochondrial clogger in human cells first required validation of its 

mitochondrial localization and import clogging activity. The following sections describe the 

workflow to establish on-demand mitochondrial import clogging in human cells to dissect the 

mechanistic events triggered by mitochondrial import defects. 

3.1.3.1. b2-DHFR is targeted towards mitochondria 

First, the expression of b2-DHFR in human cells was investigated. Transient overexpression 

of b2-DHFR in HEK293T cells resulted in a characteristic three-band pattern, detectable by 

western blotting (WB), corresponding to precursor, intermediate, and mature forms (Fig. 14C). 

This is consistent with findings in yeast, where b2-DHFR undergoes two-step proteolytic 

maturation upon mitochondrial localization (Boos et al., 2019). This suggests correct targeting 

of b2-DHFR to mitochondria. IF staining of b2-DHFR and the TOM complex subunit TOM20 

confirmed their colocalization (Fig. 14D). As expected, DHFRonly remained distributed in the 

cytoplasm. Proximity of b2-DHFR to TOM20 was further validated by proximity labeling 

followed by WB and MS analysis, described in later chapters (chapter 3.1.5.1.1 + 3.1.5.2). 

Together, these data demonstrate that b2-DHFR is expressed and targeted to the TOM 

complex, fulfilling the prerequisite to study mitochondrial protein import clogging. 

3.1.3.2. b2-DHFR expression disturbs mitochondrial protein import 

3.1.3.2.1. Design of the mitochondrial import reporter b2-flag 

After validation of the correct mitochondrial localization, it was important to confirm that b2-

DHFR expression indeed induces mitochondrial import clogging. Established assays to study 

mitochondrial protein import often involve tedious mitochondrial purification and in vitro import 

reactions, or rely on the analysis of endogenous precursor proteins that are difficult to detect 

(Murschall et al., 2021). In addition, analysis of mitochondrial clogging by b2-DHFR could be 

challenging, as the clogger itself might be lost during mitochondrial purification. Thus, a “b2-

flag” reporter assay was developed based on the original b2-DHFR construct, retaining the b2 

MTS but replacing the DHFR domain with a flag-tag (Fig. 15A). The relatively small flag-tag (8 

amino acids) should enable clear discrimination of both b2-conatining constructs during co-

expression, without precursor arrest at the TOM complex, caused by larger folded tags such 

as superfolder GFP (Krakowczyk et al., 2024). Analysis of b2-flag maturation serves as a 

readout for mitochondrial protein import. Precursor accumulation of b2-flag confirms import 

clogging, while levels of intermediate and mature forms provide additional insight, though 

caution is needed due to potential IMS and matrix protease activity. 
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Figure 15 b2-DHFR expression inhibits mitochondrial protein import. (A) Schematic 
representation of the b2-flag import reporter assay; the b2 MTS serves as a mitochondrial 
import signal, while a small flag tag allows detection by western blotting. Co-expression of b2-
flag with b2-DHFR allows monitoring of the mitochondrial protein import and main processing 
forms and cleavage sites are indicated (MTS = mitochondrial targeting sequence, HTS = 
hydrophobic transmembrane segment, HBD = heme binding domain) (B) HEK293T cells were 
co-transfected with b2-flag and either b2-DHFR or DHFRonly; 24 h post-transfection, 100 nM 
MTX was added for the indicated amount of time and 50 µM CCCP was added for 2 h to inhibit 
mitochondrial protein import (p. = precursor, i. = intermediate, m. = mature). 

 

3.1.3.2.2. b2-flag precursor levels accumulate in the presence of b2-DHFR 

In order to confirm that b2-DHFR can block mitochondrial import, b2-flag was co-expressed 

with b2-DHFR and the DHFRonly control in HEK293T cells. Mitochondrial uncoupling by CCCP 

abolishes the mitochondrial membrane potential ΔΨ which is required for the mitochondrial 

protein import (Geissler et al., 2000). Therefore, CCCP treatment served as a positive control 

for impaired mitochondrial import. CCCP treatment resulted in increased accumulation of the 

b2-flag precursor (Fig. 15B). In contrast, in the presence of DHFRonly, the b2-flag precursor 

was largely undetectable while the intermediate form increased, indicating efficient 

mitochondrial import under non-stressed conditions. This demonstrates that b2-flag can serve 
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as a reporter for mitochondrial protein import. Expression of b2-DHFR itself was difficult to 

monitor due to an overlapping background band. Notably, b2-DHFR expression in the absence 

or presence of MTX caused significant accumulation of the b2-flag precursor, comparable to 

CCCP treatment, demonstrating that b2-DHFR induces mitochondrial import clogging. This 

suggests that the b2-flag assay with transient b2-DHFR overexpression may not be sensitive 

enough to detect changes induced by MTX-mediated stabilization of the DHFR domain. 

Further optimization of b2-DHFR and b2-flag expression levels might enable detection of 

subtle differences in b2-flag precursor accumulation. 

In conclusion, b2-DHFR expression results in the accumulation of an artificial mitochondrial 

precursor, confirming its mitochondrial import clogging activity. 

3.1.3.3. Finding optimal clogging conditions by b2-DHFR 

After validating functional expression, mitochondrial targeting, and import inhibition by b2-

DHFR, optimal MTX clogging conditions were determined to avoid unwanted mitophagy 

activation. As mitochondrial import requires an unfolded state of the polypeptide chain, the 

addition of MTX can be used to tighten the clogging (Fig. 16A) (Needs et al., 2024). At the 

same time, addition of MTX could impair mitochondrial function independently of import 

clogging leading to the induction of mitophagy. Activation of mitophagy would recruit a bulk of 

protein complexes involved in the clearance of mitochondria and broad ubiquitin signaling 

through PINK1 and PARKIN (Nguyen et al., 2016). These proteins could create a background 

which hinders further identification of a clogger-specific quality control. Optimal conditions were 

tested in a stable HeLa cell line engineered for a subsequent MS proximity labeling screen 

(chapter 3.1.5.2). In brief, this cell line co-expresses b2-DHFR and a TOM20-UltraID (UID, 

TOM20UID) via a P2A site under a doxycycline (DOX-inducible promoter, enabling 

simultaneous clogging with concurrent proximity labeling at the TOM complex. 

First, the stabilization of the b2-DHFR precursor, upon addition of MTX, was analyzed by WB 

(Fig 16B). The comparison of 1, 2, 5 and 24 h of treatment revealed a time-dependent 

stabilization of the b2-DHFR precursor. Already after a 2 h MTX treatment the b2-DHFR 

precursor levels increased. After 5 h a clear stabilization of the b2-DHFR precursor was visible, 

which slightly increased after 24 h. Precursor stabilization suggests that MTX enhances 

mitochondrial import clogging, although functional validation is necessary to further support 

this conclusion. 

In summary, precursor stabilization after 5 h of MTX and beyond are optimal to potentially 

enhance mitochondrial clogging. 
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Figure 16 Analysis of optimal mitochondrial clogging conditions. (A) Schematic 
representation of b2-DHFR clogger bound to its small molecule stabilizer MTX; MTX bound 
DHFR favors tight folding, (MTS = mitochondrial targeting sequence, HTS = hydrophobic 
transmembrane segment, HBD = heme binding domain). (B) HeLa cells expressing b2-DHFR-
P2A-TOM20UID after addition of DOX for 24 h were analyzed for the mitophagy markers p62 
and LC3B. After 24 h of expression, cells were treated with 1 and 100 nM MTX for the indicated 
times; treatment with 50 µM CCCP for 2 h was used to induce mitophagy. (C) HEK293T cells 
were co-transfected with b2-flag and either b2-DHFR or DHFRonly; 24 h post-transfection, 100 
nM MTX was added for 5 h; treatment with 50 µM CCCP for 2 h was used to inhibit 
mitochondrial protein import (p. = precursor, i. = intermediate, m. = mature). 

 

3.1.3.4. Optimal clogging conditions do not affect mitophagy markers LC3B and 

p62 

Next, the activation of mitophagy by b2-DHFR was addressed. Two mitophagy markers LC3B 

and p62 were analyzed in the above describe time-course of the MTX treatment. Cleavage of 

LC3B-I to LC3B-II and changes in p62 levels indicate induction of mitophagy (I. Kim et al., 

2007; A. V. Kumar et al., 2022). Furthermore, changes in mitochondrial protein levels could 

also indicate mitophagy, thus the OMM marker TOM20 was included in the analysis. The 
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mitochondrial uncoupler CCCP depletes ΔΨ and is commonly used to induce mitophagy 

(Mauro-Lizcano et al., 2015). Hence CCCP treatment served as a positive control. 

Upon CCCP treatment a clear conversion of LC3B-I to LC3B-II was visible (Fig. 16B). 

Furthermore, in the presence of CCCP a drop in p62 levels was detectable while a strong 

increase of the OMM TOM20 was visible. By contrast, a MTX treatment of 1,2 and 5 h did not 

alter LC3B-I, p62 and TOM20 levels. However, after a 24h MTX treatment, mitophagy markers 

LC3B, p62 and the mitochondrial marker TOM20 were altered. Surprisingly, p62 levels were 

stronger decreased compared to the CCCP treatment. The b2-flag assay was repeated with 5 

h of MTX and could repeatedly confirm mitochondrial import clogging through the stabilization 

of the b2-flag precursor, like the CCCP treated condition (Fig. 16C). 

In conclusion, a 5 h treatment with 100 nM MTX seemed optimal to further study enhanced 

mitochondrial clogging without interference with mitophagy. 

 

3.1.4. Analysis of the cellular response to b2-DHFR 

3.1.4.1. b2-DHFR-induced mitochondrial clogging impairs clonogenic survival 

After the establishment of b2-DHFR as a functional mitochondrial clogger in human cells, the 

next question was how chronic import stress affects cell proliferation. In S. cerevisiae, b2-

DHFR expression reduces cell growth after 24 h (Boos et al., 2019). Therefore, clonogenic 

assays were performed which monitor cell growth and proliferation. Both constructs, b2-DHFR 

and DHFRonly were integrated into U2OS cells under a DOX-inducible promoter using the FlpIn 

technology. Protein expressions of both constructs were induced by DOX and additionally a 

MTX treatment was performed. Both treatments were maintained for 12 days, after which 

colonies were visualized by crystal violet staining to assess long-term proliferative capacity. 

DOX treatment of b2-DHFR cells reduced colony numbers and an additional treatment with 

MTX further decreased clonogenic growth in b2-DHFR-expressing cells (Fig. 17). MTX 

treatment alone did not significantly affect the cell number. By contrast, the control cell line 

which expressed DHFRonly was only mildly affected by DOX or MTX treatment and combination 

of both drugs showed no effect.  

This suggests that mitochondrial clogging by b2-DHFR, particularly in the presence of MTX, 

reduces clonogenic survival. Together, these data indicate that sustained mitochondrial import 

stress compromises the long-term proliferative capacity of human cells. 
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Figure 17 b2-DHFR expression impairs clonogenic survival. Clonogenic survival was 
monitored in U2OS cells expressing b2-DHFR or DHFRonly by addition of DOX for 12 days; 100 
nM MTX was added to stabilize folding of the DHFR moiety. Clonogenic survival was counted 
manually and normalized to the untreated condition, and normalized colony counts were 
compared between treatment conditions using unpaired two-sided Student’s t-test. (p>0.05 = 
ns; p<0.05 = *; p<0.01 = **) For each condition, three plates (n = 3) were analyzed in three 
independent biological experiments. 

 

3.1.4.2. The mitochondrial clogger b2-DHFR is rapidly degraded 

Several mitochondrial quality control mechanisms that remove arrested precursor proteins at 

the TOM complex, e.g. mitoTAD and mitoCPR, have been described in S. cerevisiae (chapter 

1.3.2). It was recently described that ATAD1 removes stalled precursors from the TOM 

complex analogous to mitoTAD in yeast (Weidberg & Amon, 2018). However, in this 

publication protein import was inhibited by CCCP and valinomycin and no direct analysis on 

the stability of a bona fide mitochondrial clogger was performed. This raised the question of 
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how human cells handle the mitochondrial clogger b2-DHFR. Therefore, the degradation 

dynamics of the clogger b2-DHFR were analyzed in U2OS cells. 

To analyze the degradation rate of b2-DHFR, de novo protein synthesis was inhibited using 

cycloheximide (CHX). CHX is a potent inhibitor of the eukaryotic translation that binds to the 

large ribosomal subunit and blocks the elongation phase of protein biosynthesis (Schneider-

Poetsch et al., 2010). After expression of b2-DHFR for 24 h, cells were treated with CHX and 

b2-DHFR stability was monitored over a period of 5 h. Interestingly, after 2 h of CHX treatment, 

nearly no b2-DHFR protein was detectable (Fig. 18). Another question was if protein stability 

would be affected by the addition of MTX which enhances DHFR stability and thereby 

precursor arrest. Upon MTX treatment the precursor form of b2-DHFR was stabilized and the 

precursor was detectable after 2 h of CHX chase. After 4 h of CHX treatment, the precursor 

band was strongly reduced. 

This high degradation rate of b2-DHFR may be explained by mitochondrial clearance 

mechanisms such as mitophagy or apoptosis. Therefore, two mitochondrial marker proteins 

IMMT, a member of the MICOS complex, TOM20 a TOM complex subunit and endogenous 

DHFR served as controls. Notably, all these marker proteins were not affected in the short 

timeframe of the CHX treatment, indicating a clogger-specific degradation mechanism (Fig. 

18). 

In summary, b2-DHFR displays rapid and selective degradation kinetics that are not 

accompanied by bulk mitochondrial clearance. Further, MTX treatment affected the 

degradation of b2-DHFR. However, it cannot be distinguished whether MTX directly 

decelerates degradation or merely increases precursor abundance, thus rendering it 

detectable for a longer period. The rapid and selective degradation of b2-DHFR raises the 

question of whether ubiquitylation contributes to recognition and removal of the clogger. 
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Figure 18 Rapid degradation of clogger b2-DHFR. CHX chase assays were performed to 
monitor degradation of b2-DHFR; b2-DHFR expression in U2OS cells was induced by addition 
of DOX, and after 24 h of expression, protein synthesis was inhibited by addition of 100 µg*mL-

1 CHX for the indicated time with or without addition of 100 nM MTX for 5 h. (p. = precursor, 
i. = intermediate, m. = mature). 

 

3.1.4.3. Ubiquitylation of b2-DHFR in human cells 

The observed rapid turnover of b2-DHFR could be initiated by ubiquitylation of the clogger. 

Ubiquitylation is a highly conserved post-translational modification that regulates protein 

stability, typically via proteasomal degradation and contributes to mitochondrial protein import 

quality control (chapter 1.3.2 + 1.5.3). 

3.1.4.3.1. Design of his-tagged b2-DHFR 

Finding that b2-DHFR undergoes rapid degradation raised the question of whether 

ubiquitylation may be involved in the degradative route of b2-DHFR. While K48-linked 

polyubiquitin chains constitute the predominant signal for proteasome-mediated degradation, 

other ubiquitin-linkages can induce VCP-dependent or lysosomal degradation (F. Huang et al., 

2013; Suryo Rahmanto et al., 2023). In yeast, ubiquitylation recruits Cdc48 and its adaptor 

Ubx2 (VCPhum and FAF2hum) to stalled precursors, but this pathway has not yet been observed 

in human cells despite apparent conservation of the machinery (Borgert et al., 2024). 

Ubiquitylation is challenging to analyze because modification levels are often low and ubiquitin 

chains can be removed by DUBs or by degradation of the modified protein. A widely used 
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strategy to overcome these limitations is the overexpression of his-tagged ubiquitin (hisUbi), 

followed by Ni-NTA enrichment and analysis of the POI in the ubiquitin-enriched fraction 

(Kirkpatrick et al., 2005; Peng et al., 2003). Therefore, the Ni-NTA enrichment strategy was 

adapted by tagging the clogger b2-DHFR itself with a his-tag (b2-DHFRhis) (Fig. 19A). This 

enabled direct analysis of the ubiquitylation status of b2-DHFR. 

3.1.4.3.2. MTX, VCP and proteasomal inhibition increase ubiquitylation of b2-

DHFR 

To address the ubiquitylation status of the mitochondrial clogger, b2-DHFRhis and its control 

DHFRonly-his were transiently overexpressed in HEK293T cells, followed by proteasome, 

lysosome and VCP inhibition. Denaturing pull-downs were performed to ensure that only 

ubiquitylation of the expressed constructs was detected, eliminating background signals from 

endogenously ubiquitylated proteins in whole-cell lysates (WCL). Samples were probed with 

two distinct ubiquitin antibodies to exclude potential detection bias caused by linkage-specific 

antibody preferences, given the possibility of atypical ubiquitin linkages on the clogger. 

Upon addition of MTX, a moderate stabilization of the b2-DHFR precursor was observed in 

WCL, which was strongly enhanced upon proteasome inhibition (Fig. 19B). With enhanced 

contrast, a ubiquitylation-like pattern of b2-DHFR species became apparent in WCL upon 

proteasome Inhibition (Appendix 1). Inhibition of VCP also led to precursor accumulation, 

albeit to a lesser extent than upon addition of MG132. 

Following enrichment, a strong ubiquitylation signal on b2-DHFRhis in the presence of MTX 

was visible which was further enhanced by proteasome inhibition (Fig. 19C). Inhibition of VCP 

also increased detectable b2-DHFR ubiquitylation in the lower molecular weight range but not 

as prominent as MG132. Neither USP30 inhibition nor lysosomal inhibition with bafilomycin 

and chloroquine affected the ubiquitylation of b2-DHFR. 

In conclusion, addition of MTX increased the ubiquitylation of b2-DHFR which may reflect the 

cellular response to potential enhanced clogging by stabilization of the DHFR moiety. While 

lysosomal inhibition did not affect the ubiquitylation of b2-DHFR, it was increased upon 

inhibition of VCP. In addition, inhibition of VCP and the proteasome resulted in stabilized b2-

DHFR precursor levels, and the latter one resulted in strongly enhanced ubiquitylation of b2-

DHFR. This raises the question of which specific ubiquitin linkage-type(s) may be involved in 

the activity of these pathways. 
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Figure 19 Proteasome inhibition stabilizes b2-DHFR precursor levels. (A) Schematic 
illustration of the denaturing Ni-NTA pull-down of b2-DHFR. (B) Whole-cell lysates of HEK293T 
cells after transient transfection of b2-DHFRhis and DHFRonly-his; 24 h post transfection, cells 
were treated for 5 h with 100 nM MTX followed by 2 h of treatment with the indicated inhibtors 
(proteasome inhibitor MG132, 30 µM; VCP inhibitor NMS-873, 5 µM; lysosomal inhibitors 
chloroquine, 10 µM + bafilomycin, 100 nM; USP30 inhibitor CMPD, 200 nM). (C) Denaturing 
Ni-NTA pull-downs were performed in order to analyze the ubiquitylation status of the clogger 
b2-DHFR; two ubiquitin antibodies were used. (p. = precursor, i. = intermediate, m. = mature). 

 

3.1.4.3.3. Rationale of the his-tagged ubiquitin pull-down 

The discovery that b2-DHFR is ubiquitylated upon MTX addition, with ubiquitin levels further 

stabilized by proteasomal and VCP inhibition, prompted investigation of the ubiquitin linkage 

type on the clogger. While K48-linked chains are the canonical signal for proteasomal 

degradation, accumulating evidence shows that atypical ubiquitin linkages can also mediate 

protein degradation. Recent findings demonstrate that K6-linked ubiquitylation promotes VCP-

dependent resolution of RPCs and the known linkage preferences of mitochondrial DUBs and 

E3s USP30 and MARCH5 beyond K48-linked chains, suggest that b2-DHFR may be modified 

with atypical ubiquitin chains (Gersch et al., 2017; Shi et al., 2011; Suryo Rahmanto et al., 

2023). To investigate b2-DHFR ubiquitylation, a common approach was used that employs 
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his-tagged ubiquitin (hisUb) enrichment under denaturing conditions to prevent deubiquitylation 

by DUBs during the purification (Kirkpatrick et al., 2005; Peng et al., 2003). 

Lysine-less ubiquitin variants were used that lack K48 (hisUbK48R), K63 (hisUbK63R) and a ubiquitin 

variant that lacks all lysines (hisUbK0) (Fig 20A). These ubiquitin variants retain a functional C-

terminus and can be conjugated to substrates or endogenous ubiquitin, but they cannot be 

further ubiquitylated at the respective lysine residue that is absent. Especially hisUbK0 cannot 

be further ubiquitylated, thus UbK0 prevents chain elongation. This is in particular interesting, if 

the ubiquitin chain leads to degradation which would hinder any detection by WB. K48 linked 

ubiquitin chains for example require a minimum length to initiate proteasomal degradation 

(Thrower et al., 2000). Capping these chains with hisUbK0 would stabilize short chains before 

they reach a length that leads to degradation. 

3.1.4.3.4. b2-DHFR is selectively enriched by hisUbK0 

Upon enrichment of the hisUb variants, both the cytoplasmic control DHFRonly and b2-DHFR 

were detected in some ubiquitylated fractions (Fig. 20B). However, neither b2-DHFR nor 

DHFRonly were enriched by hisUbWT. This may indicate that ubiquitylation of both proteins 

triggers degradation or that endogenous DUBs remove the ubiquitin chains prior purification, 

both would prevent their efficient detection via WB. DHFRonly was present in fractions of UbK48R 

and UbK0 but not in UbK63R, which is consistent with K48-linked ubiquitin serving as the 

canonical proteasomal degradation signal. Only a single band of ubiquitylated DHFRonly was 

observed in hisUbK48R and hisUbK0. By contrast, b2-DHFR was neither enriched by hisUbK48R nor 

by hisUbK63R, whereas a clear enrichment was observed with hisUbK0. Furthermore, in the hisUbK0 

condition a ladder-like pattern of the b2-DHFR was detected. This indicates either multi-

monoubiquitylation or polyubiquitylation of b2-DHFR by endogenous ubiquitin that is capped 

by hisUbK0. The strong ladder-like ubiquitylation pattern was exclusively visible for b2-DHFR but 

not for DHFRonly. 

These data suggest that chain elongation and/or linkage composition critically influence the 

detectability and degradation behavior of b2-DHFR. This is consistent with the observation of 

the rapid degradation of b2-DHFR. Additionally, hisUbK48R and hisUbK63R did not enrich b2-DHFR, 

indicating that other atypical linkages (K6, K11, K27, K29, K33) may contribute to its 

ubiquitylation or that multiple linkages act redundantly. However, initial experiments with hisUb 

variants lacking these atypical lysines did not enrich b2-DHFR (data not shown). Therefore, an 

alternative approach called LinkageID was used to investigate atypical ubiquitylation of b2-

DHFR. 
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Figure 20 b2-DHFR is selectively enriched by hisUbK0. (A) Schematic illustration of the 
denaturing Ni-NTA pull-down of hisUb K-to-R replacement variants. hisUb variants can be 
attached to de novo ubiquitylation sites and to existing ubiquitin chains but cannot further be 
extended at mutated lysine. (B) Whole-cell lysates and denaturing Ni-NTA pull-down samples 
of HEK293T cells after transient transfection of b2-DHFR and DHFR with the indicated hisUb 
variants (hisUbK48R = 48R, hisUbK63R = 63R, hisUbK0 = K0). (p. = precursor, i. = intermediate, m. 
= mature). 

 

3.1.4.4. Understanding the ubiquitylation surrounding b2-DHFR  

To overcome the limitations of the hisUb approach in detecting atypical b2-DHFR ubiquitylation, 

LinkageID was used, which is a proximity-labeling method that identifies proteins near defined 

ubiquitin linkages. This is in particular helpful, as it remains unclear whether MQC factors are 

recruited by ubiquitylation of the clogger itself or by ubiquitin signals formed on neighboring 

proteins at the TOM complex.  

3.1.4.4.1. Rationale for using LinkageID to probe ubiquitylation near the clogger 

Recently, a colleague of mine developed a new tool called LinkageID, enabling the labeling of 

proteins in close proximity to specific ubiquitin linkages (chapter 1.5.4.2). In brief, this tool 

utilizes a split TurboID fused to lysine-only ubiquitin variants (Fig. 21A). The TurboID parts 

reassemble only when the specific ubiquitin linkage forms. Upon refolding, all proteins in close 

proximity of that linkage, such as the ubiquitylated protein, writers, readers and erasers are 

biotinylated. As a control, split-TurboID fused to lysine-less ubiquitin (K0) accounts for spatial 

proximity of multiple ubiquitin moieties without linkage formation, such as multi-
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monoubiquitylation or binding to proteins with multiple ubiquitin-binding domains. Enrichment 

of biotinylated proteins enables analysis of protein abundance by WB or MS. Importantly, 

detection of a protein in a given linkage fraction reflects spatial proximity but does not 

necessarily mean direct modification with that linkage. 

3.1.4.4.2. b2-DHFR and TOM20 are proximal to multiple atypical ubiquitin 

linkages 

To dissect the ubiquitylation in close proximity of a clogged mitochondrial import channel, b2-

DHFR was co-expressed with LinkageID constructs in HEK293T cells. After biotin enrichment 

protein levels of the clogger b2-DHFR itself, IMMT and TOM20 were analyzed (Fig. 21B+C). 

The clogger b2-DHFR was enriched in the fractions of K6, while K29 and K33 while TOM20 

was found enriched in the pool of K27-, K29-, K33- and K63-linked chains (Fig 21B+C). The 

enrichment of TOM20 was most prominent for the two linkages K33 and K63. IMMT was only 

enriched in the fraction corresponding to K48-linked chains which is consistent with a recent 

publication (L. Zhang et al., 2021). These were preliminary experiments and further 

experiments are required to validate these findings. 

Together, these results show that mitochondrial clogging by b2-DHFR is associated with a 

distinct local ubiquitin landscape of atypical linkages in proximity of b2-DHFR and TOM20. 
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Figure 21 LinkageID reveals atypical ubiquitylation in the proximity of b2-DHFR and 
TOM20. (A) Schematic illustration of the LinkageID approach. Fusion of split-TurboID 
fragments to lysine-only ubiquitin variants (LIDUb(X)) allows reassembly of TurboID upon 
linkage formation and enables biotinylation of proteins in proximity to the respective linkage; 
lysine-less hisUbK0 controls for potential background biotinylation (N-terminal part of TurboID, 
N-TID; C-terminal part of TurboID, C-TID). (B) Whole-cell lysates and biotin pull-down samples 
of HEK293T cells co-expressing b2-DHFR with LinkageID constructs carrying the indicated 
lysine. (C) Additional experiment investigating the proximity of b2-DHFR to the indicated 
linkage; experimental set up similar to that in (B). (p. = precursor, i. = intermediate, m. = 
mature). 

 

3.1.5. Analysis of the interactome of a clogged mitochondrial import channel 

Previously, rapid degradation of the clogger b2-DHFR could be demonstrated, and the present 

data indicate that ubiquitylation contributes to its proteasome-dependent removal. Two 

independent approaches support the presence of atypical ubiquitin chains either on b2-DHFR 

itself or in its immediate vicinity at the TOM complex. Such ubiquitin signals may recruit MQC 

factors that mediate clearance of stalled precursors from the import machinery. On this basis, 

the subsequent experiments were designed to identify factors that generate the ubiquitin signal 
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near the clogger and proteins that are recruited to a clogged import channel in response to this 

modification. 

3.1.5.1. Design of b2-DHFRUID to study the interactome of the clogger 

Similar to the LinkageID experiments, a proximity-labeling strategy was employed to capture 

proteins associated with the mitochondrial clogger b2-DHFR. The optimized biotin ligase 

variant UID was fused directly to the mitochondrial clogger b2-DHFR (b2-DHFRUID) (Kubitz et 

al., 2022). In addition, UID was also fused to the cytosolic control DHFRonly (DHFRonly-UID) and 

to Su9-DHFR (Su9-DHFRUID) (Fig. 22A). Su9 is the N-terminal presequence of subunit 9 of 

the Neurospora crassa F1F0-ATP synthase which is a particularly strong MTS, such that Su9-

DHFR is generally not expected to induce pronounced import clogging despite the presence 

of the DHFR moiety (Peker et al., 2023). However, data obtained with Su9-DHFRUID need to 

be interpreted with caution. The extent to which Su9-DHFR clogs the mitochondrial import 

channel remains unclear, and the MS analysis therefore focuses mainly on the comparison of 

b2-DHFRUID vs DHFRonly-UID. 

The UID-tag was appended C-terminally to b2-DHFR and Su9-DHFR to avoid interference with 

the MTS. This allows the analysis of the interactome of the mitochondrial clogger b2-DHFR in 

comparison to a cytosolic control.  

3.1.5.1.1. Establishment of b2-DHFRUID 

First of all, it was important to confirm that the b2-DHFRUID is functional and capable of labeling 

OMM proteins such as TOM20. Therefore, b2-DHFRUID and DHFRonly-UID were transiently 

overexpressed in HEK293T cells. Upon addition of biotin, enhanced UID activity was visible 

for both constructs (Fig. 22B). Following boitin-enrichment, a clear accumulation of biotinylated 

proteins was detected, consistent with efficient proximity labeling by the UID fusions. Both 

constructs displayed clearly distinguishable biotinylation patterns, indicating that they label 

distinct proximal protein environments. Furthermore, TOM20 was clearly enriched in the b2-

DHFRUID condition in comparison to the DHFRonly-UID control (Fig. 22B).  

Together, this confirms that b2-DHFRUID is functional and sufficiently targeted towards the TOM 

complex. 
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Figure 22 Establishment of b2-DHFRUID. (A) Schematic illustration of the b2-DHFRUID 
approach; fusion of UID to b2-DHFR allows detection of proteins in the proximity of the 
mitochondrial clogger b2-DHFR. (B) HEK293T cells expressing b2-DHFRUID and DHFRonly-UID 
for 24 h were treated with 50 µM biotin for 1 h, followed by biotin enrichment (p. = precursor, i. 
= intermediate, m. = mature). 

 

3.1.5.1.2. Validation of the b2-DHFRUID MS screen 

After establishment of the b2-DHFRUID construct, the next aim was to analyze the interactome 

of the mitochondrial clogger by MS. Experiments were performed in triplicates, comparing b2-

DHFRUID, Su9-DHFRUID and DHFRUID. In addition, the USP30 inhibitor CMPD-39 was included. 

USP30-mediated deubiquitylation of OMM proteins could counteract the b2-DHFR-associated 

ubiquitin signal and thereby modulate recruitment of mitochondrial quality control factors. First, 

all samples were analyzed by WB to verify sample quality. Prior to MS analysis, all samples 

were analyzed by WB to verify sample quality and assess enrichment of selected proteins. 

WB analysis confirmed comparable biotinylation signals between input and pull-down samples 

across all conditions, indicating consistent sample quality (Fig. 23A+B). Additionally, USP30 

inhibition did not produce detectable changes by WB. As expected, TOM20 was enriched in 

proximity to b2-DHFRUID, whereas no comparable enrichment was observed with DHFRonly-UID 

(Fig. 23B). Together, this justified proceeding with in-depth MS analysis of the samples. 

3.1.5.1.3. Mitochondrial proteins are enriched by b2-DHFRUID and Su9-DHFRUID  

To further validate the MS approach, a mitochondrial enrichment factor (MEF) was defined. In 

brief, it compares the ratio of at least 2-fold significantly enriched mitochondrial proteins to all 

non-mitochondrial hits (chapter 2.11.5). 

Both b2-DHFRUID (MEF 7.1) and Su9-DHFRUID (MEF 5.7) showed a robust enrichment of 

mitochondrial proteins relative to the DHFRonly-UID control, confirming efficient labeling of the 

mitochondrial proteome in both conditions (Fig. 23C). As an additional control, the median log2 

fold change (Log2FC) of mitochondrial proteins was compared with that of non-mitochondrial 
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proteins, and in both datasets the mitochondrial median exceeded the non-mitochondrial 

median, indicating a preferential enrichment of mitochondrial proteins (Fig. 23D).  

In conclusion, both b2-DHFRUID and Su9-DHFRUID enriched mitochondrial proteins if compared 

to DHFRUID. This supports efficient and relatively selective labeling of the mitochondrial 

proteome under the conditions used, providing a suitable basis for downstream analysis. 
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Figure 23 Validation of the b2-DHFRUID MS screen. (A) HEK293T cells expressing b2-
DHFRUID and DHFRonly-UID for 24 h were either left untreated or treated with 50 µM biotin for 1 
h and analyzed for enzymatic activity in whole-cell lysates (p. = precursor, i. = intermediate, m. 
= mature). (B) Biotin enrichment was used to identify proteins in the proximity of b2-DHFRUID 
and DHFRonly-UID. (C) The MEF was calculated to probe for mitochondrial enrichment; the MEF 
describes the ratio between mitochondrial proteins among significantly upregulated hits and 
the fraction of mitochondrial proteins among all quantified proteins in the dataset (Log2FC > 2, 
* = UID). (D) In addition, mitochondrial enrichment was analyzed with a median-based 
approach; proteins were classified as mitochondrial or non-mitochondrial based on 
MitoCarta3.0 and the median Log2FC for both groups was compared. 

 

3.1.5.1.4. The interactome of b2-DHFRUID consists of multiple MQC factors 

After validation of the robustness and mitochondrial specificity of the proximity labeling MS 

dataset, the analysis focused on the interactome of b2-DHFRUID in comparison to the 

cytoplasmic control. To assess proteins that were specifically enriched or depleted in proximity 

to the mitochondrial clogger, proteins were visualized in a volcano plot and classified using a 

threshold of Log2FC > 2 combined with a significance cut-off < 0.05 (Fig. 24A). Multiple 

proteins related to the MQC such as CLUH, CLPB, USP30, HSPA5, YME1L1, OMA1 and 

OPA1 were identified. Consistent with an import stress response, GO term analysis revealed 

significant enrichment of processes potentially related to MIQC, such as “protein targeting to 

mitochondria”, “protein folding” and “proteolysis” (Fig. 24B). This suggests that a UID based 

approach enables the detection of potential MIQC factors in proximity to the clogger b2-DHFR. 
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Figure 24 The interactome of b2-DHFRUID consists of multiple MQC factors. (A) Vulcano 
blot representing upregulated (magenta) and downregulated (blue) proteins in the comparison 
of b2-DHFRUID vs DHFRonly-UID (cut-offs: Log2FC > 2 and limma-based p.value < 0.05). (B) GO 
term enrichment analysis of biological processes for the upregulated proteins identified in (A). 

 

3.1.5.1.5. Atypical linkage-specific ubiquitin peptide remnants can be detected 

under mitochondrial import stress 

Given that b2-DHFR is potentially ubiquitylated with an atypical linkage, the MS datasets of 

b2-DHFRUID, Su9-DHFRUID and DHFRonly-UID were screened for linkage-specific diGly-peptide 

remnants. Detection of linkage-specific diGly-peptide remnants does not demonstrate that b2-

DHFR or Su9-DHFR themselves carry that particular ubiquitin linkage; rather, it indicates that 

the enriched pool of biotinylated proteins is co-enriched for ubiquitin chains of that linkage type. 

K6-, K11-, K48-, and K63-linked ubiquitin remnants were detected in both comparisons b2-

DHFRUID vs. DHFRonly-UID and Su9-DHFRUID vs. DHFRonly-UID (Fig. 25A). All ubiquitin linkages 

increased in b2-DHFRUID and Su9-DHFRUID compared to DHFRonly-UID. Notably, these linkages 

were more abundant in b2-DHFRUID than in Su9-DHFRUID. The combined ubiquitin signal was 

significantly enriched in both b2-DHFRUID vs. DHFRonly-UID (~2.5 Log2FC) and b2-DHFRUID vs. 

Su9-DHFRUID (~1.9 Log2FC). This might indicate that more pronounced import clogging in the 

b2-DHFRUID condition compared to Su9-DHFRUID enhances ubiquitylation, but further 

experiments are required to validate this idea. 

In summary, MS analysis revealed enrichment of K6-, K11-, K48-, and K63-linked ubiquitin 

remnants in the b2-DHFRUID dataset. This is consistent with previous findings that b2-DHFR is 

in proximity of atypical ubiquitin linkages particularly K6, while TOM20 is found in proximity to 

K63-linked chains during import clogging (chapter 3.1.4.4). 

  



 
Results 

96 
 

 

Figure 25 diGly remnants of ubiquitin linkages in the proximity of b2-DHFRUID. (A) 
Quantification of diGly remnants from different ubiquitin linkages identified in the comparisons 
b2-DHFRUID and Su9-DHFRUID vs DHFRonly-UID. (B) Analysis of diGly remnants of ubiquitin 
linkage in the comparison b2-DHFRUID vs Su9-DHFRUID. For the quantification in (A) and (B) 
log2-transformed intensities from three biological replicates per condition were calculated and 
log2-fold changes were analyzed; p-values were calculated using an unpaired, two-sided 
Welch’s t-test (assuming unequal variances) to assess differences between conditions and are 
indicated above each bar (* < 0.05, ** < 0.01). 

 

3.1.5.1.6. The b2-DHFRUID/DHFRUID proximity labeling setup might exhibit a 

mitochondrial localization bias 

Inspection of enriched GO-terms further highlighted mitochondrial compartments and 

processes, including “mitochondrial translation”, “TCA-cycle”, “protein import into the 

mitochondrial matrix”, in the b2-DHFRUID vs DHFRonly-UID comparison (Fig. 24B). Therefore, it 

was reasoned that the initial proximity labeling setup captured mitochondrial proteins per se. 

A possible explanation would be a localization bias in this proximity labeling strategy: b2-

DHFRUID accumulates at the clogged TOM complex and biotinylates proteins in its immediate 

vicinity, whereas DHFRonly-UID is largely cytosolic and cannot access the outer membrane to 

the same extent. As a result, mitochondrial proteins are enriched partly due to the bait 

localization itself, making it difficult to distinguish constitutively proximal mitochondrial proteins 

and import clogging related MIQC factors 

To minimize this bias, a solution would be a fusion of the UID to an OMM protein, e.g. a subunit 

of the TOM complex. This would allow independent expression of b2-DHFR and DHFRonly while 

the UID is constitutively anchored at the mitochondrial surface.  

 



 Results 

97 
 

3.1.5.2. Optimized proximity labeling strategy: Mitochondrial surveillance with 

TOM20UID 

3.1.5.2.1. Rationale of an optimized TOM20-based proximity labeling approach  

To overcome the mitochondrial localization bias underlying the comparison to a cytoplasmic 

DHFRUID, the proximity labeling set up was redesigned to employ a mitochondria-anchored 

surface control. Mitochondrial clogging occurs at the TOM complex on the OMM, and it was 

speculated that factors mediating removal of the clogger are likely to be recruited to its 

cytoplasmic side. Subunits of the TOM complex would be perfect candidates for the UID 

tagging, as they would be in proximity of the TOM complex. As direct UID-tagging of the pore 

forming subunit TOM40 could interfere with the channel function, other TOM subunits were 

considered as potential candidates. TOM receptors TOM20, TOM22 and TOM70 could be 

suitable, as their structure and orientation in the TOM complex are known (Akram et al., 2025; 

Su et al., 2022). While TOM22 constitutively associates with the TOM complex, TOM20 and 

TOM70 interact in a dynamic manner (Bhagawati et al., 2021). This means that tagging of 

TOM22 with UID would enable close monitoring of the TOM channel, while TOM20 UID-

tagging might additionally detect changes more distal from the TOM complex during import 

clogging. Since TOM20 has been validated for biotin-proximity labeling in several studies, a 

TOM20-UID fusion (TOM20UID) was used to capture these more distant changes in the 

interactome of a clogged mitochondrial channel (Fig. 26A) (Meurant et al., 2023). 

3.1.5.2.2. Design of the optimized TOM20-based proximity labeling approach 

As above described using TOM20UID could be a suitable solution to overcome the 

mitochondrial localization bias of the above-described proximity labeling approach. To validate 

the mitochondrial localization of TOM20UID the initial DHFRUID was included for further 

experiments (Fig. 26A). Additionally, b2-DHFRUID was included which allows comparison of 

changes proximal to TOM20 and directly in the vicinity of the clogger itself. 

To ensure equal expression levels of b2-DHFR and TOM20UID plasmids were designed in a 

way that supports expression of both b2-DHFR and TOM20UID from the same transcript. The 

P2A sequence between b2-DHFR/DHFR and TOM20UID results in ribosomal skipping, 

releasing both peptides into the cytoplasm (Rao et al., 2025). This allows simultaneous 

expression of b2-DHFR or DHFR and TOM20UID from the same plasmid (Fig 26B). 

The comparison of TOM20UID in the absence and presence of b2-DHFR is thought to monitor 

the mitochondrial surface proteome under basal conditions and during mitochondrial import 

stress. While a comparison of b2-DHFRUID and DHFRonly + TOM20UID should give insight into 

the proximity of the mitochondrial clogger without an underlying mitochondrial localization bias. 
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Figure 26 The optimized TOM20-based proximity labeling approach. (A) Schematic 
illustration of UID fusion constructs used for an optimized proximity labeling approach during 
mitochondrial clogging; UID was fused to TOM20 (TOM20UID), b2-DHFR (b2-DHFRUID) and 
DHFRonly (DHFRonly-UID). (B) Schematic representation of the P2A construct b2-DHFR-P2A-
TOM20UID; the P2A sequence results in ribosomal skipping and the release of the two 
independent polypeptide chains encoding b2-DHFR and TOM20UID (* = P2A remnant from the 
ribosomal skipping event). 

 

3.1.5.2.3. Establishment of the P2A-TOM20UID constructs 

Initially, expression and enzymatic activity of each P2A-TOM20UID fusion construct were tested 

by transient overexpression in HEK293T cells. Both constructs, b2-DHFR-P2A-TOM20UID and 

DHFR-P2A-TOM20UID were expressed and showed the expected molecular weights, indicating 

successful ribosomal skipping by the P2A sequence to generate two independent polypeptides 
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(Fig 27A). Next, it was important to confirm that both TOM20UID fusion proteins show enzymatic 

activity. A biotin enrichment of the above-described samples showed that in both TOM20UID 

conditions upon addition of biotin a strong increase of biotinylated proteins occurred (Fig. 27A). 

This suggests a proper enzymatic function of UID domain fused to TOM20. The biotinylation 

pattern of TOM20UID was altered in the presence of b2-DHFR compared to DHFRonly. This 

indicates a change in the proximity proteome of TOM20 during mitochondrial import stress.  

3.1.5.2.4. b2-DHFR is in the proximity of TOM20UID 

To investigate whether b2-DHFR localizes near TOM20UID the biotinylated fraction from 

HEK293T cells overexpressing b2-DHFR-P2A-TOM20UID was analyzed. Previously, b2-

DHFRUID fractions showed an enrichment of TOM20 compared to DHFRonly-UID fractions (Fig. 

22B + Fig. 23B). An enrichment of b2-DHFR (but not DHFRonly) in the TOM20UID provides 

further validation of this approach. Despite much lower b2-DHFR precursor levels compared 

to DHFRonly, biotin enrichment of TOM20UID yielded significantly more b2-DHFR than DHFRonly 

(Fig. 27B). The biotinylation of b2-DHFR by TOM20UID was already visible in WCL when 

probed for biotin. Furthermore, MTX treatment increased b2-DHFR levels in the pull-down 

samples but did not affect DHFRonly levels. This suggests that b2-DHFR remains longer in the 

proximity of TOM20UID and could be compatible with enhanced clogging in the presence of 

MTX. In addition, expression of TOM20UID did not affect PDH levels, an abundant MM protein, 

suggesting that it does not alter overall mitochondrial protein abundance or organelle integrity 

(Fig. 27B). Additionally, it was tested whether USP30 inhibition affects b2-DHFR levels or its 

enrichment by TOM20UID. There was no visible change in b2-DHFR levels in WCL and after 

biotin enrichment upon USP30 inhibition (Fig. 27B). Notably, TOM20UID levels decreased upon 

b2-DHFR expression in the presence of the USP30 inhibitor. Thus, similar b2-DHFR levels 

after enrichment need to be interpreted with caution. However, it is important to note that 

TOM20UID did not decrease upon inhibition of USP30 in the presence of DHFRonly. This may 

indicate that cells already experiencing mitochondrial import stress are less able to cope with 

additional mitochondrial challenges imposed by USP30 inhibition. 

In conclusion, the P2A-TOM20UID constructs are functional upon transient expression in 

HEK293T cells. Furthermore, TOM20UID localizes in close proximity to b2-DHFR, and MTX 

treatment appears to prolong the time that both remain in proximity to each other. 



 
Results 

100 
 

 

Figure 27 TOM20UID enriches the mitochondrial clogger b2-DHFR. (A) HEK293T cells 
expressing b2-DHFR-P2A-TOM20UID and DHFRonly-P2A-TOM20UID; TOM20UID was detected 
via the C-terminal flag-tag. Enzymatic activity of TOM20UID was validated by addition of 50 µM 
biotin for 20 min, followed by enrichment of biotinylated proteins. (B) Both constructs from (A) 
were expressed in HEK293T cells and treated with 100 nM MTX for 5 h and 200 nM USP30 
inhibitor CMPD for 2 h; thereafter 50 µM biotin was added for 20 min and biotinylated proteins 
were enriched (p. = precursor, i. = intermediate, m. = mature). 
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3.1.5.2.5. Integration of b2-DHFR-P2A-TOM20UID into HeLa cells 

After the initial validation of the P2A-TOM20UID constructs by transient overexpression in 

HEK293T cells the next step was to proceed with the identification of interactors of TOM20UID 

during mitochondrial clogging. Therefore, each construct was integrated into HeLa cells, a 

common human model cell line (Adey et al., 2013). In contrast to HEK293T cells, HeLa cells 

have little to no endogenous PARKIN expression, which is beneficial for excluding PARKIN-

mediated mitophagy during the analysis (Lechado-Terradas et al., 2022). Therefore, both P2A-

TOM20UID constructs were stably integrated into HeLa FlpIn cells via FRT recombination. This 

allows inducible and isogenic expression by a defined single-copy integration that is suggested 

to avoid overexpression artefacts (Sokhi et al., 2023). Successful integration and protein 

expression were confirmed by WB (Fig. 28A). Analysis of mitophagy markers LC3B and p62 

showed no alteration under the established expression conditions of b2-DHFR-P2A-TOM20UID 

with an MTX treatment for 5 h (Fig. 16B). 

3.1.5.2.6. Setup and validation of the optimized TOM20UID-based MS experiment 

Next, the interactome of the TOM20UID and the mitochondrial clogger b2-DHFRUID were 

analyzed. In this optimized MS approach, both P2A-TOM20UID constructs and the previously 

described b2-DHFRUID and DHFRonly-UID constructs from the initial MS approach were included 

(Fig. 26A+B). All constructs were expressed in HeLa cells by DOX addition, with or without 

additional MTX treatment for 5 h. For statistical validation, each condition was performed in 

quadruplicates. After addition of biotin, all biotinylated proteins were enriched and analyzed by 

MS. 

To validate the optimized MS data set as described for the initial b2-DHFRUID vs DHFRUID 

approach. The UID constructs, b2-DHFRUID and b2-DHFR-P2A-TOM20UID (referenced as b2-

DHFR + TOM20UID), that should be targeted to the mitochondria, were compared with the 

cytoplasmic control DHFRonly-UID. First, for both constructs the MEF was calculated which 

compares the ratio of at least 2-fold significantly enriched mitochondrial proteins to all non-

mitochondrial hits (chapter 2.11.5). Both conditions, b2-DHFRUID and b2-DHFR-P2A-

TOM20UID showed an MEF above 1 in the absence and presence of MTX suggesting a 

mitochondrial enrichment (Fig. 28B).  

To complement this analysis, a median-based assessment of mitochondrial enrichment 

independent of the MEF was applied. Mitochondrial proteins were grouped as mitochondrial 

and non-mitochondrial based on MitoCarta3.0 and the median Log2FC of both groups were 

compared. Mitochondrial UIDs showed an increased median Log2FC for mitochondrial 

proteins, whereas non-mitochondrial proteins were decreased (Fig. 28C). Together both the 

MEF and the median-based analysis suggest that the b2-DHFRUID and TOM20UID are correctly 

targeted to mitochondria. 
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Figure 28 Validation of the optimized MS approach with TOM20UID. (A) Both constructs, 
b2-DHFR-P2A-TOM20UID and DHFRonly-P2A-TOM20UID, were stably integrated into HeLa cells 
under a DOX-inducible promotor. (B) The MEF was calculated by comparing the mitochondrial 
UID fuisions b2-DHFRUID and TOM20UID (+b2-DHFR) with the cytoplasmic control DHFRonly-UID 
in the absence and presence of MTX; the MEF defines the ratio of significantly upregulated 
mitochondrial proteins to all mitochondrial proteins among all quantified proteins in the dataset 
(Log2FC > 2). (C) A median-based approach was further used to validate the enrichment of 
mitochondrial proteins in the comparisons in (B); proteins were classified as mitochondrial or 
non-mitochondrial based on MitoCarta3.0 followed by comparison of the median Log2FC of 
both groups. 

 

Another step of validation was to confirm that TOM20UID enriches b2-DHFR, which would 

indicate that both proteins are in proximity during mitochondrial clogging. Previously, proximity 

labeling of the b2-DHFRUID enriched endogenous TOM20. Now in the optimized approach, b2-

DHFR was consistently the top hit of the enriched proteins by TOM20UID in the absence and 

presence of MTX (Fig. 29A+B). Furthermore, MTX treatment appeared to further increase the 

enrichment of b2-DHFR as suggested by an elevated Log2FC of b2-DHFR. 

Together these findings suggest that both b2-DHFRUID and TOM20UID are correctly targeted to 

mitochondria and that TOM20UID is in proximity to b2-DHFR, a prerequisite for monitoring 

mitochondrial clogging. 
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Figure 29 b2-DHFR is the top hit enriched by TOM20UID. Vulcano blots showing upregulated 
(magenta) and downregulated (blue) proteins from the comparison b2-DHFR + TOM20UID and 
DHFRonly + TOM20UID in the absence and presence of the of MTX (cut-offs: Log2FC > 2 and 
limma-based p.value < 0.05). 

 

3.1.5.2.7. Comparison of the initial and the optimized MS approach 

The next question was whether the optimized approach using TOM20UID could reduce the 

mitochondrial localization bias that arose from comparing the mitochondrially targeted b2-

DHFRUID with the cytoplasmic DHFRonly-UID control. Therefore, upregulated proteins from the 

comparison b2-DHFRUID vs DHFRUID were compared with those from the new condition b2-

DHFRUID vs DHFRonly + TOM20UID, in the presence of MTX. In total, both conditions identified 

411 significantly upregulated proteins (Log2FC > 1) (Fig. 30A). While 128 proteins were found 

in both comparisons, 264 proteins did not overlap. GO-term analysis of the cellular component 

of the overlapping fraction showed many mitochondria-related GO-terms such as “IMM”, and 

“Mitochondrial envelope” (Fig. 30B). Proteins only detected by b2-DHFRUID vs DHFRonly-UID are 

related to GO-terms of the ribosome and mitochondria, in particular mitochondrial matrix (Fig. 

30C). Of these 264 proteins, 147 are mitochondrial and 79 are mitochondrial matrix proteins. 

This indicates that using TOM20UID as a control removed many mitochondrial proteins from the 

enrichment list; however, it remains difficult to confirm whether these proteins were enriched 
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solely due to mitochondrial localization bias. Furthermore, the optimized comparison with 

TOM20UID enabled detection of 19 additional upregulated proteins, 9 of which are annotated 

as involved in ubiquitin-like conjugation (Appendix 2). 

In summary, the optimized TOM20UID approach might reduce the mitochondrial localization 

bias, by removing 264 proteins of which ~55% are annotated as mitochondrial. 
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Figure 30 Comparison of the initial and the optimized MS approach with TOM20UID. (A) 
Venn diagram comparing significant upregulated proteins (Log2FC > 1) from b2-DHFRUID vs 
DHFRonly + TOM20UID with b2-DHFRUID vs DHFRonly-UID in the presence of MTX. (B) GO term 
enrichment analysis (cellular component) of upregulated proteins identified in both 
comparisons in (A). (C) GO term enrichment analysis (cellular component) of upregulated 
proteins identified only in the comparison b2-DHFRUID vs DHFRonly-UID that might reflect a 
mitochondrial localization bias. GO-term enrichment analysis in (B) and (C) were performed 
using STRING database; signal is a combined score that balances enrichment strength and 
statistical confidence by integrating Log10(observed / expected) and -log(FDR). 

 

3.1.5.2.8. b2-DHFRUID enriches central mitochondrial proteins 

Next the interactome of a clogged mitochondrial import channel was investigated. Therefore, 

the interactome of the clogger b2-DHFRUID was compared with that of DHFRonly-P2A-TOM20UID 

(referenced as DHFRonly + TOM20UID) and clustered all significant enriched proteins (log2FC > 

1, adj. P. Val. < 0.05, -MTX) with STRING database. Two big clusters were visible (Fig. 31A). 

Cluster one was enriched in highly important mitochondrial proteins such as proteins required 

for OXPHOS, the essential desulfurase NFS1 which is the central enzyme of the NIA 

machinery required for all Fe-S clusters and subunits of the MICOS complex involved in the 

mitochondrial organization and cristae formation (Fig. 31A+B). On the other hand, a second 

cluster consisting of proteins involved in the mitochondrial translation termination and gene 

expression regulation was increased. Notably, very similar protein clusters were also identified 

in the presence of MTX (data not shown). Strikingly none of the enriched proteins were found 

to be encoded by the mitochondrial genome, which means that all the identified proteins rely 

on the cytoplasmic import. This might indicate that those identified proteins are likely to 

represent the mitochondrial response to clogged import by upregulation of essential 

mitochondrial proteins. Interestingly, the most consistently identified protein in the MS screens 

was CLPB. This protein together with TIM44, DNAJA3 and NDUA6 seem to connect the two 

above mentioned protein clusters. Furthermore, KEGG based GO-term enrichment analysis 

revealed that many of the upregulated hits are linked to severe disease such as Huntington 

disease, Alzheimer’s disease, Parkinson’s disease and Prion disease (Fig. 31C).  

Together, the analysis of b2-DHFRUID revealed that many highly important and disease-

associated proteins, involved in central mitochondrial functions including OXPHOS and Fe-S 

cluster biogenesis, were increased in the proximity of b2-DHFRUID. 
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Figure 31 b2-DHFRUID enriches central mitochondrial proteins. (A) Significantly 
upregulated proteins in the proximity of b2-DHFRUID compared to TOM20UID (+DHFRonly) were 
clustered using STRING database and k-means clustering (-MTX; Log2FC > 1). (B) Additional 
GO term enrichment analysis of the k-means clustering were performed using STRING and 
are displayed according to their signal strength, a combined score that balances enrichment 
strength and statistical confidence by integrating log10(observed / expected) and -log(FDR). 

 

3.1.5.2.9. TOM20UID enriches RNA binding proteins during mitochondrial 

clogging 

The improved MS approach did not only enable to analyze the interactome of the mitochondrial 

clogger b2-DHFRUID in comparison to TOM20UID, but also the interactome of the TOM complex 

subunit TOM20 during mitochondrial clogging. In order to understand proximal changes of this 

TOM receptor, the upregulated interactome of b2-DHFR + TOM20UID in comparison to 

DHFRonly + TOM20UID was analyzed upon addition of MTX. Intriguingly, the interactome of 

TOM20 during mitochondrial clogging was highly enriched with RNA processing factors 

involved in splicing (Fig. 32A+B). Multiple of these RNA processing factors were also enriched 

in the proximity of b2-DHFRUID in the presence of MTX (data not shown). This is surprising, as 

those proteins reside mainly in the nuclear speckle inside of the nucleus and TOM20 is a 

membrane-bound OMM protein. Furthermore, two clusters of proteins surrounded the RNA-

related cluster. One cluster centered around ribosomal subunits, and the second cluster was 

enriched in proteins involved in the fatty acid chain synthesis and metabolic processes, which 

were also represented GO-term analysis of the biological processes (Fig. 32B). Again, CLPB, 

TIM44, DNAJA3 and NDU6 connect all three clusters, suggesting a central role for these 

proteins during mitochondrial clogging. 
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Figure 32 TOM20UID enriches RNA binding proteins during mitochondrial clogging. (A) 
Significantly upregulated proteins in the proximity of TOM20UID during mitochondrial clogging 
(comparison b2-DHFR-P2A-TOM20UID vs DHFRonly-P2A-TOM20UID) were clustered based on 
k-means clustering using STRING database (+MTX; Log2FC > 2). (B) GO term enrichment 
analysis were performed using STRING and are displayed according to their signal strength, 
a combined score that balances enrichment strength and statistical confidence by integrating 
log10(observed / expected) and -log(FDR). Original cluster names were simplified and the 
cluster name “connecting nodes” was added manually. 
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3.1.5.2.10. Clogging reduces the TOM20UID proximity to a BRCA1-associated 

protein cluster 

The next question was whether there is a common pattern in the downregulated fraction of the 

TOM20UID interactome during mitochondrial clogging, with and without MTX. Therefore, highly 

downregulated proteins (log2FC < -5 [~32x FC]) were investigated by a similar cluster analysis 

using STRING DB. Strikingly, downregulated proteins in the condition without MTX clustered 

around the tumor suppressor and DNA damage repair factor BRCA1 (Fig 33A+B). The 

addition of MTX led to an even higher number of proteins clustering around BRCA1 (data not 

shown). Among proteins of this cluster there was PABL2 which is a component of the BRCA 

complex (Sy et al., 2009). In addition, ubiquitin-related and BRCA1-associated proteins such 

as the histone modifying E3 RNF168, DDB1 and UIMC1 were also found in the BRCA1-

centered cluster (Krais et al., 2021; Lv et al., 2010; Sobhian et al., 2007). 

In summary, mitochondrial clogging was associated with a reduced proximity of BRCA1 and 

several BRCA1-associated factors to TOM20UID. Notably, this pattern is consistent with 

previous reports showing that BRCA1 can localize to mitochondria and that mitochondrial 

BRCA1 is subject to stress-dependent regulation (Coene et al., 2005; Miyahara et al., 2021). 
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Figure 33 Clogging reduces the TOM20UID proximity to a BRCA1-associated protein 
cluster. (A) Significantly downregulated proteins in the proximity of TOM20UID during 
mitochondrial clogging (comparison b2-DHFR-P2A-TOM20UID vs DHFRonly-P2A-TOM20UID) 
were clustered based on k-means clustering using STRING database (-MTX; Log2FC < -5). 
(B) GO term enrichment analysis were performed using STRING database and are displayed 
according to their signal strength, a combined score that balances enrichment strength and 
statistical confidence by integrating log10(observed / expected) and -log(FDR). 

 

3.1.5.3. Identification of ubiquitin-related proteins during mitochondrial clogging 

After identifying several clusters that were differentially enriched in the proximity of TOM20UID 

during mitochondrial clogging, the next question was whether ubiquitin-related proteins, such 

as E3s or DUBs, accumulate near the mitochondrial clogger b2-DHFR or TOM20. Building on 

previous findings that b2-DHFR is ubiquitylated and resides in proximity to atypical ubiquitin 
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chains, ubiquitin-associated factors were then systematically assessed in these proximity-

labeling datasets. 

3.1.5.3.1. Identification of E3s and DUBs in the vicinity of TOM20 independent of 

import stress 

First, the question was whether TOM20UID proximity labeling in the absence of mitochondrial 

clogging could capture E3s and DUBs near TOM20. As TOM20 serves as a receptor of the 

TOM complex, such an analysis could reveal previously unrecognized mitochondrial ubiquitin 

“writers” and “erasers” and thereby improve understanding of mitochondrial regulation. To this 

end, the condition DHFRonly + TOM20UID was compared with the cytosolic control DHFRonly-UID, 

which provides an appropriate non-mitochondrial control. Proteins enriched in this comparison 

were screened for annotated human E3s, E3-accessory proteins (non-catalytic complex 

subunits), and DUBs.  

Multiple writers and erasers were identified in the proximity of TOM20UID (Appendix 3 + Table 

14), with the mitochondrial E3s MUL1 and MARCH5 and the mitochondrial DUB USP30 among 

the top hits. This indicates that this strategy robustly identifies mitochondrial interactors and 

that multiple of the discovered E3s and DUBs may represent novel regulators of mitochondrial 

ubiquitin signaling. 

Table 14 E3s and DUBs identified in the proximity of TOM20UID. Enriched proteins from 
the comparison DHFRonly + TOM20UID vs DHFRonly-UID. Functional descriptions are based 
on UniProt entries unless otherwise stated (p < 0.5, *; p < 0.01 = **; p < 0.001 = ***). 

Protein Log2FC p-val. Functional description 

MUL1 8.0 *** 
Control of mitochondrial morphology by promoting 
mitochondrial fragmentation, and influences 
mitochondrial localization 

MGRN1 7.3 *** 
Plays a role in the regulation of endosome-to-lysosome 
trafficking 

TRIM4 6.6 *** 
Mediates K63-linked polyubiquitylation of the innate 
immune receptor RIGI 

PEX12 6.6 *** 

Required for peroxisome organization by mediating 
export of the PEX5 receptor from peroxisomes, the retro 
translocation channel is composed of PEX2, PEX10 and 
PEX12 

RBX1 6.0 *** 
RBX1-mediated ubiquitination of SESN2 promotes cell 
death upon prolonged mitochondrial damage (A. Kumar 
& Shaha, 2018) 

ZFPL1 5.7 *** 
Required for cis-Golgi integrity and efficient ER to Golgi 
transport 

RNF187 5.1 *** 
Acts as a coactivator of JUN-mediated gene activation in 
response to growth factor signaling via the MAP3K1 
pathway 

TRIM58 4.8 *** 
Induced during late erythropoiesis, directly binds and 
ubiquitylates the intermediate chain of the microtubule 
motor dynein 
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MARCH
F5 

4.0 * 
Mitochondrial E3 plays a crucial role in the control of 
mitochondrial morphology as a positive regulator of 
mitochondrial fission 

OBI1 3.6 *** 
Essential for DNA replication origin activation during S 
phase 

CNOT4 3.0 * 
Plays role in QC of translation of OMM-localized mRNA, 
involved in activation of the JAK/STAT pathway 

MECOM 2.9 * 

Most likely wrong annotated functions as transcriptional 
regulator, overexpression modulated genes from cellular 
energy-related pathways, including glycolysis, the TCA 
cycle, and oxidative phosphorylation (Fenouille et al., 
2017) 

PEX10 2.7 * 

Required for peroxisome organization by mediating 
export of the PEX5 receptor from peroxisomes, the retro 
translocation channel is composed of PEX2, PEX10 and 
PEX12 

TRIM23 1.9 *** 
Plays essential role in autophagy activation during viral 
infection 

RNF10 1.8 *** 
Ubiquitylation of 40S ribosomal proteins RPS2/us5 and 
RPS3/us3 in response to ribosome stalling 

STUB1 1.4 *** 

Plays a role in the maintenance of mitochondrial 
morphology and promotes mitophagic removal of 
dysfunctional mitochondria, targets misfolded chaperone 
substrates towards proteasomal degradation 

BRCA1 0.7 * 
Specifically mediates formation of K6-linked ubiquitin 
chains, plays a central role in DNA repair 

ITCH 0.6 * 
Ubiquitylates MAVS through 'Lys-48'-linked conjugation 
resulting in MAVS proteasomal degradation 

USP30 9.6 *** 
Tethered to the OMM, acts as a key inhibitor of 
mitophagy 

USP33 8.3 *** 
Antagonizes PARKIN's role in mitophagy (Niu et al., 
2020) 

USP54 6.5 *** 
Mediates deubiquitylation of PLK4, specifically mediates 
K63-linked deubiquitylation 

USP53 5.1 *** 
K63-linked deubiquitylation of tight junction proteins, 
such as MARVELD2 and LSR 

USP32 4.8 *** 
Target proteins such as RAB7A and LAMTOR1; acts as 
a positive regulator of the mTORC1 signaling 

USP42 3.0 * Important role during spermatogenesis 

COPS5 1.7 *** 
Part of CSN complex, essential regulator mediating the 
deneddylation of the cullin subunits of the SCF-type E3 
complexes 

USP14 1.3 *** 
Proteasome-associated, releases ubiquitin from the 
proteasome targeted ubiquitinated proteins 

EIF3H 0.9 ** Interaction with mutant Huntingtin (Sap et al., 2021) 

USP20 0.8 * 
Regulation of mitophagy through PINK1 stabilization 
(Park et al., 2025) 

USP7 0.5 * 
KO leads to disordered mitochondrial biogenesis and 
dynamics and early neonatal lethality in mice (Yan et al., 
2024) 
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3.1.5.3.2. Identification of E3s and DUBs during mitochondrial import clogging 

Next, the analysis addressed whether ubiquitin-related proteins are enriched in the vicinity of 

the mitochondrial clogger b2-DHFR or in the proximity of TOM20 during mitochondrial 

clogging. First, the initial proximity-labeling dataset comparing b2-DHFRUID and DHFRonly-UID in 

HEK293T cells was screened for human E3s and DUBs. Again, the mitochondrial DUB USP30 

emerged as one of the top hits, and PJA2 and PJA1 were the most enriched E3s in this dataset 

(Table 15). Both PJA1 and PJA2 were also significantly upregulated in the b2-DHFRUID vs 

Su9-DHFRUID comparison (suggested as mild/non-clogging control), indicating that their 

enrichment is not solely attributable to the mitochondrial localization bias caused by the 

comparison with DHFRonly-UID. PJA1 was recently discovered to ubiquitylate the mitochondrial 

protein PGAM5 (S.-Y. Huang et al., 2024). PJA2 was shown to promote atypical ubiquitin 

linkages, including K6-linked chains that were detected near b2-DHFR (Faust et al., 2017; 

Schiefer & Hale, 2024). Among the identified DUBs, USP11 was reported to have a linkage-

preference for K6- , K33- and K63-linked ubiquitin chains (S. Harper et al., 2014), all of which 

were enriched near b2-DHFR or TOM20 during mitochondrial clogging (chapter 3.1.4.4.2).  

Table 15 E3s and DUBs upregulated in the proximity of b2-DHFRUID. Enriched in the initial 
HEK293T screen from the comparison b2-DHFRUID vs DHFRonly-UID. Proteins also 
identified as upregulated in the comparison b2-DHFRUID vs Su9-DHFRUID are marked with 
an asterisk. Functional descriptions are based on UniProt entries unless otherwise stated (p < 
0.5, *; p < 0.01 = **; p < 0.001 = ***). 

Protein Log2FC p-val. Functional description 

PJA2* 1.70 *** 
Targeting for proteasomal degradation, essential for 
PKA-mediated long-term memory processes 

PJA1* 1.01 ** 

Ubiquitinates and degrades the mitochondrial outer 
membrane protein PGAM5 which affects DRP1 
phosphorylation, mitochondrial morphology, Δψm, 
mitochondrial ROS and ATP production (S.-Y. Huang et 
al., 2024); may be involved in protein sorting 

RBX1 0.78 * 
Cullin-RING-based E3, mediates proteasomal 
degradation 

RNF135 0.77 * 
Regulates RIG-I signaling related to mitochondrial MAVS 
(Oshiumi et al., 2009) 

OBI1* 0.73 ** 
Essential for DNA replication origin activation during S 
phase 

STUB1 0.54 * 
Plays a role in the maintenance of mitochondrial 
morphology; may regulate myosin assembly with UBE4B 
and VCP 

USP30* 8.63 *** 
Tethered to the mitochondrial outer membrane, acts as a 
key inhibitor of mitophagy 

USP11* 2.06 ** 
Role in the regulation of pathways leading to NF-kappa-B 
activation 

USP14* 1.20 ** 
Inhibition promotes mitophagy and corrects mitochondrial 
dysfunction (Chakraborty et al., 2018) 
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USP19* 0.75 * 
Attenuates mitochondrial damage and ferroptosis and KD 
alters expression of Mfn1, Mfn2 and Drp1 (W. Yu et al., 
2024) 

USP1* 0.67 * Modulates mitochondrial fission (Bian et al., 2024) 

 

The initial proximity-labeling screen may have been biased towards mitochondrial E3s and 

DUBs due to the localization bias underlying the comparison with a cytosolic DHFRonly-UID 

control, complicating identification of truly clogging-related candidates. To address this 

limitation, the optimized MS dataset with TOM20UID was analyzed. Interestingly, an initial 

screening approach could only identify ZNF521 as a potential clogging-related E3. However, 

this protein lacks confirmed ubiquitination activity, and its annotation in the human E3 dataset 

likely stems from predictions based on its multiple zinc finger domains resembling RING-like 

motif. To detect more subtle changes, the dataset was normalized to total UID levels, which 

did not alter the enrichment or downregulation of the previously described clusters, as these 

clusters described highly enriched or downregulated proteins and the UID construct was 

underrepresented in conditions of mitochondrial clogging. The normalized data were then 

screened for human E3s, ligase-accessory proteins, and DUBs in the following comparisons: 

b2-DHFRUID vs DHFRonly + TOM20UID and b2-DHFR + TOM20UID vs DHFRonly + TOM20UID (both 

minus and plus MTX). This enables identification of ubiquitin-related factors in the proximity of 

the mitochondrial clogger and of the OMM during clogging. 

Three E3s RNF216, RBBP6 and PEX10, were identified in the proximity of b2-DHFR, together 

with the above-described transcription cofactor ZNF521 (Fig. 34 + Table 16). RBBP6 and 

PEX10 were also detected in the vicinity of TOM20 during mitochondrial clogging, with PEX10 

being enriched both in the absence and presence of MTX (Fig. 35). Moreover, PEX12 was 

identified alongside PEX10 in the TOM20 proximity under clogging conditions; both are 

involved in peroxisome organization (Okumoto et al., 2014). This pattern may indicate that 

mitochondrial clogging affects contact between mitochondria and peroxisomes. In addition, 

MUL1 and RBX1 were enriched in the proximity of TOM20. MUL1 is a well-established OMM 

protein that contributes to the MQC by regulating mitophagy, mitochondrial fusion/fission and 

maintaining ER-mitochondrial contact sites (Puri et al., 2020). Besides the cullin-RING E3 

RBX1, several cullin scaffold subunits, CUL4A, CUL4B and CUL2, were identified in the 

proximity of TOM20. A role for RBX1 in mitochondrial damage and ER-mitochondria crosstalk 

has previously been described (A. Kumar & Shaha, 2018; Song et al., 2025). 
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Figure 34 Ubiquitin related proteins in proximity of b2-DHFR. The MS dataset was 
normalized for UID intensities and screened for E3s (red) and DUBs (yellow) in the absence 
and presence of MTX (cut-offs: Log2FC > 0.5 and limma-based p.value < 0.05). 
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Figure 35 Ubiquitin related proteins in proximity of TOM20 during mitochondrial 
clogging. The MS datasets b2-DHFR-P2A-TOM20UID vs DHFRonly-P2A-TOM20UID in the 
absence and presence of MTX were normalized for UID intensities and screened for E3s (red) 
and DUBs (yellow). (cut-offs: Log2FC > 0.5 and limma-based p.value < 0.05). 
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Table 16 E3s identified in the TOM20-based proximity labeling approach. Enriched E3s 
based on Fig. 34. Condition 1: b2-DHFRUID vs DHFR + TOM20UID without MTX; 2: b2-DHFRUID 
vs DHFR + TOM20UID with MTX; b2-DHFR + TOM20UID vs DHFR + TOM20UID without MTX; 
b2-DHFR + TOM20UID vs DHFR + TOM20UID with MTX. Functional descriptions are based on 
UniProt entries unless otherwise stated (p < 0.5, *; p < 0.01 = **; p < 0.001 = ***). 

Protein Log2FC p-val. Condition Functional description 

ZNF521 12.73 *** 1 

most likely wrongly annotated, functions as 
transcription factor that can both act as an 
activator or a repressor depending on the 
context 

RNF216 5.10 * 1 

regulation of antiviral responses by promoting 
the degradation of TRAF3, TLR4 and TLR9, 
required for the microtubule-dependent 
transport of neuronal RNA 

MECOM 2.51 *** 4 

most likely wrongly annotated functions as 
transcriptional regulator, overexpression 
modulated genes from cellular energy-related 
pathways, including glycolysis, the TCA 
cycle, and oxidative phosphorylation 
(Fenouille et al., 2017) 

RBBP6 1.66 *** 1, 2, 4 

promotes ubiquitylation of YBX1, leading to 
its degradation by the proteasome, regulates 
DNA-replication and the stability of 
chromosomal common fragile sites 

PEX10 1.35 * 2, 3, 4 

required for peroxisome organization by 
mediating export of the PEX5 receptor from 
peroxisomes, the retro translocation channel 
is composed of PEX2, PEX10 and PEX12 

TRIM4 0.95 *** 3 
mitochondrial interacting RING E3 sensitizes 
cells to H2O2 (Tomar et al., 2015), RIG-I 
signaling (Okamoto et al., 2017) 

RBX1 0.93 * 4 

RBX1-mediated ubiquitination of SESN2 
promotes cell death upon prolonged 
mitochondrial damage (A. Kumar & Shaha, 
2018) 

TRIM23 0.58 * 3 
Plays an essential role in autophagy 
activation during viral infection 

MUL1 0.57 ** 3 
control of mitochondrial morphology by 
promoting mitochondrial fragmentation, and 
influences mitochondrial localization 

PEX12 0.52 * 3 

required for peroxisome organization by 
mediating export of the PEX5 receptor from 
peroxisomes, the retro translocation channel 
is composed of PEX2, PEX10 and PEX12 

 

Several DUBs were identified in the proximity of b2-DHFR and TOM20 during clogging. Among 

these, the mitochondrial DUB USP30 was detected exclusively in the TOM20-proximal sample 

(Table 17). By contrast, USP20 emerged as the strongest upregulated DUB in the proximity 

of both b2-DHFR and TOM20 during clogging. Besides USP20, USP8 was also identified in 

the proximity of b2-DHFR and TOM20. USP8 and USP20 have recently been implicated as 
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regulators of mitophagy by removal of polyubiquitin chains from PINK1 (Durcan et al., 2014; 

Park et al., 2025). This suggests that both DUBs may also contribute to the MIQC in the 

clogging context. In particular, USP8 was shown to preferentially cleave K6-linked chains 

which aligns with the identification of K6-linked chains in the proximity of b2-DHFR. 

Table 17 DUBs identified in the TOM20-based proximity labeling approach. Enriched E3s 
based on Fig. 34. Condition 1: b2-DHFRUID vs DHFR + TOM20UID without MTX; 2: b2-DHFRUID 
vs DHFR + TOM20UID with MTX; b2-DHFR + TOM20UID vs DHFR + TOM20UID without MTX; 
b2-DHFR + TOM20UID vs DHFR + TOM20UID with MTX. Functional descriptions are based on 
UniProt entries unless otherwise stated (p < 0.5, *; p < 0.01 = **; p < 0.001 = ***). 

Protein Log2FC p-val. Condition Functional description 

USP20 2.96 **** 1, 2, 3, 4 
regulation of mitophagy through PINK1 
stabilization (Park et al., 2025) 

USP8 2.91 ** 1, 2, 4 
regulation of mitophagy in osteoclasts through 
the stabilization of Parkin (Chaugule et al., 
2026) 

USP36 1.76 ** 1, 2 
regulates stability of mitochondrial superoxide 
dismutase SOD2 (M.-S. Kim et al., 2011) 

USP30 1.38 ** 3, 4 
Tethered to the mitochondrial outer membrane, 
acts as a key inhibitor of mitophagy 

USP7 0.98 * 4 
KO leads to disordered mitochondrial 
biogenesis and dynamics and early neonatal 
lethality in mice (Yan et al., 2024) 

USP14 0.88 ** 4 
inhibits mitophagy and promotes tumorigenesis 
(Z. Wang et al., 2025), degradation of alpha 
synuclein (Srinivasan et al., 2025) 

USP33 0.68 * 4 
antagonizes PARKIN during mitophagy (Niu et 
al., 2020) 

EIF3H 0.58 * 3 
interaction with mutant Huntingtin (Sap et al., 
2021) 

 

3.1.5.3.3. Identification of the VCP adaptor UBXN4 in the proximity of TOM20 

during import clogging 

After identifying ubiquitin writers and readers that accumulate near b2-DHFR and TOM20 

during import stress, the next question was whether any VCP adaptors could be detected in 

the proximity of b2-DHFR or TOM20. Previous experiments showed that VCP inhibition 

resulted in increased ubiquitylation of b2-DHFR, consistent with yeast, where Cdc48 (VCPhum) 

is recruited to stalled mitochondrial precursors in a ubiquitin- and Ubx2 (FAF2hum)-dependent 

manner. Therefore, the above-described datasets were screened for VCP adaptors. While no 

VCP adaptor was enriched in the proximity of b2-DHFR, UBXN4 was enriched near TOM20 

under mitochondrial clogging conditions both in the absence and presence of MTX (normalized 

dataset). UBXN4 has recently been reported to cooperate with the VCP adaptor FAF2 and 

with the mitochondrial AAA-ATPase ATAD1, a MIQC factor involved in the removal of 

mistargeted or arrested mitochondrial precursors (Aweida & Cohen, 2022; Wolf et al., 2021).  
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In summary, several E3s and DUBs were identified in the proximity of the clogger and of 

TOM20 during mitochondrial import clogging. Among these, MQC-factors MUL1, USP8, 

USP20 and USP30 were prominently enriched. This suggests that they may also contribute to 

the MIQC. In addition, the VCP adaptor UBXN4 was detected in the vicinity of TOM20 under 

clogging conditions, pointing to a potential role in recruiting VCP and/or ATAD1 to arrested 

mitochondrial precursors. 

 

3.2. Expansion of the Ubiquiton tool to study ubiquitylation in 

mitochondrial clogging 

3.2.1. Rationale of expanding the Ubiquiton towards atypical ubiquitin linkages 

Multiple lines of evidence pointed towards a role for ubiquitylation, in particular of atypical chain 

types, during mitochondrial import clogging. First, b2-DHFR is ubiquitylated, and this 

modification is further enhanced upon proteasome inhibition (chapter 3.1.4.3.2). Second, both 

b2-DHFR and TOM20 reside in the proximity of atypical ubiquitin linkages (chapter 3.1.4.4). 

Third, diGly remnants corresponding to atypical linkages (K6, K11, K63) as well as K48 were 

more abundant in the enriched fraction of the initial MS screen comparing b2-DHFRUID with 

DHFRonly-UID (chapter 3.1.5.1.5). 

Therefore, the aim was to develop an experimental approach that would permit a detailed 

dissection of atypical ubiquitin linkages in the context of mitochondrial clogging. Recently, the 

Ulrich lab has developed the so-called Ubiquiton, a molecular toolbox for the induction of 

linkage-specific ubiquitylation (chapter 1.5.4). It consists of optimized linkage-specific E3s that 

are recruited to the POI via an FRB-FKBP dimerization system and uses a split-ubiquitin 

strategy to initiate chain formation while reducing cellular off-targets. So far, three of the eight 

ubiquitin linkages (M1, K48, K63) can be generated by the Ubiquiton system. The present work 

focused on the expansion of the Ubiquiton towards additional atypical linkages, with the goal 

of eventually analyzing the ubiquitylation signaling underlying MIQC. 

 

3.2.2. Identification of new Ubiquiton candidates 

To identify new candidates for the Ubiquiton, the literature was screened for enzymes with 

reported linkage specificity, and five promising hits were selected. Two HECT-like bacterial 

E3s, NleL and pvHECT, were chosen as candidates for promoting K6-linked chains (Franklin 

et al., 2023b; D. Y. Lin et al., 2011) (Fig. 36A). Several studies have demonstrated that the E2 

UBE2S possesses an E3-independent ubiquitylation activity with a preference for K11-linked 

chains (Liess et al., 2019; Wickliffe, Lorenz, et al., 2011; Wu et al., 2010). Furthermore, the 
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F849A mutant of the HECT E3 UBE3A has been reported to preferentially assemble K11-

linked chains (Ries et al., 2019). In addition, HACE1 was described to ubiquitylate its substrate 

YB-1 with K27-linked chains.(Palicharla & Maddika, 2015). 

 

3.2.3. Design of an initial in vitro screen for linkage-specificity of the new 

candidates 

After identifying five new Ubiquiton candidates, their linkage preference was tested in an in 

vitro Ubiquiton-like setup on the model substrate GFP, because the tight FRB-FKBP 

dimerization system and a generalized substrate may influence the linkage-specificity. 

Furthermore, fusion of split-ubiquitin halves can negatively affect recombinant protein 

expression and solubility in E. coli (data not shown). Therefore, a simplified version of the 

Ubiquiton was designed that retains FRB-FKBP-mediated recruitment but replaces the split-

ubiquitin with a full-length wild-type (WT) ubiquitin fused to GFP as a model substrate. The E3 

(or E2 in case of UBE2S) was fused to an FRB moiety, while GFP carried an FKBP fusion 

resulting in FKBP-Ub-GFP (Fig. 36B). Linkage-specificity was then monitored by addition of K 

to R ubiquitin mutants (UbKxR), lacking a specific lysine that is required for the respective 

ubiquitin-linkage formation. Further, Rapa was used to induce FRB-FKBP dimerization. A 

reduction in GFP ubiquitylation in the presence of a particular K to R mutant suggests linkage-

specificity of the Ubiquiton candidate. To control that this effect is specific for the respective 

lysine, a ubiquitin mutant of the canonical K48 residue (UbK48R) was included as a control. 

 

3.2.4. Initial in vitro screen for linkage-specificity of the new candidates 

For solubility and expression reasons, HECT and HECT-like E3s were N-terminally truncated 

retaining an extended C-terminal HECT domain, which is required for the ubiquitylation activity 

(Kamadurai et al., 2013). The following truncations were expressed: NleL (aa 170-782, 

NleLlong), pvHECT (aa 276-746), HACE1 (aa 446-924), and UBE3A (aa 226-889). Furthermore, 

the F849A mutant of UBE3A was used, as this variant has been reported to exhibit a 

preference for K11-linked chains (Ries et al., 2019). Moreover, the C-terminal lysine-rich tail 

of UBE2S was replaced with the ZnF-UBP UBD of USP5 (UBE2Slong). The lysine-rich tail is 

prone to autoubiquitylation, which can promote UBE2S turnover, whereas the ZnF-UBP 

domain was shown to enhance UBE2S processivity on free ubiquitin chains (Bremm et al., 

2010). In addition, the autoubiquitylation site K100 was replaced by arginine, as 

autoubiquitylation of this residue inhibits UBE2S activity (Liess et al., 2019). 

First, the truncations of all five new Ubiquiton candidates were tested in the simplified Ubiquiton 

setup. All five proteins exhibited enzymatic activity (Fig 36C1-5). NleL did not display any K6 
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specificity in the initial screen, and the K48R ubiquitin variant also did not affect NleL activity 

(Fig. 36C1). Notably, the GFP substrate was ubiquitylated by NleL even in the absence of 

Rapa. This might indicate an affinity of NleL towards the substrate independent of FRB/FKBP 

dimerization, potentially via the ubiquitin moiety of the substrate. Similarly, the second potential 

K6 specific candidate pvHECT also did not show strong K6 specificity in simplified Ubiquiton 

setup (Fig. 36C2). In contrast to the first two candidates, UBE2S showed a strong decrease in 

ubiquitylation when K11 was no longer available (Fig. 36C3). The ubiquitylation of GFP was 

reduced to a similar extent as with a ubiquitin K0 variant that lacks all lysine residues. The 

activity of the second K11-Ubiquiton candidate, UBE3A, was also reduced in the presence of 

UbK11R (Fig. 36C4). However, this reduction was less pronounced than for UBE2S, and the 

absence of K48 had an even stronger impact on the GFP ubiquitylation. Furthermore, the 

potential K27-linkage candidate HACE1 did not display specificity towards either K27 or K48 

in this assay (Fig. 36C5). 

Summarizing, these experiments reveal linkage specificity of UBE2S and UBE3A towards K11, 

which was particularly pronounced for UBE2S, whereas the other new candidates were not 

affected by removal of the lysine corresponding to their proposed linkage. 
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Figure 36 In vitro screen for linkage specificity of new Ubiquiton candidates. (A) Protein 
structures of the new Ubiquiton candidates were either taken from existing structures or 
predicted with AlphaFold3 (NleL, PDB: 3NB2; residues 170-782, orange; truncated part used 
in later experiments, residues 343-782, dark orange; UBE2S, cyan, fused to the ZnF-UBP UBD 
of USP5, grey, AF3; HACE1, PDB: 8H8X, full length magenta; truncated construct residues 
446-924, purple; pvHECT, residues 276-746, AF3; UBE3A, residues 226-889). (B) Illustration 
of the simplified Ubiquiton setup used to screen for linkage specificity of the Ubiquiton 
candidates in (A); Ubiquiton candidates were fused to FRB and FKBP-L20-Ub(WT)-GFP 
served as a substrate during linkage specificity monitoring with ubiquitin K-to-R mutants. (C1-
5) E3s (1 µM) were incubated with equimolar amounts of UBCH7 (except for UBE2S) and 
FKBP-UbWT-GFP, 100 µM ATP, 50 nM UBA1 and 10 µM WT ubiquitin or indicated variants 
(Ub K-to-R mutants or lysine-less UbK0), and FRB-FKBP dimerization was induced with 5 µM 
rapamycin; E3 reactions were incubated at 37°C and UBE2S at 30°C for 2 h. 

 

3.2.5. In vitro optimization of the K6- and K11-Ubiquiton candidates NleL and 

UBE2S 

During the mitochondrial investigations b2-DHFR, a mitochondrial import clogger, was found 

in proximity to K6-linked ubiquitin chains. Furthermore, an initial mass spectrometry screen 

comparing b2-DHFRUID and DHFRonly-UID revealed an enrichment of diGly remnants 

corresponding to K6-, K11-, K48- and K63-linked ubiquitin chains in the mitochondrial clogger 

fraction. A role for K6- and K11-linked ubiquitylation is further supported by the linkage 

preference of a key mitochondrial DUB, USP30, which has some linkage preference for K6- 

and K11-linked chains (Cunningham et al., 2015). The Ubiquiton is already established for 

K48- and K63-linked chains, hence the focus of this work was on establishing K6- and K11-

Ubiquiton candidates. 

3.2.5.1. In vitro Optimization of NleL 

3.2.5.1.1. The K6-Ubiquiton candidate NleL changes its ubiquitylation pattern in 

the presence of UbK6R 

K6-linked chains might participate in mitochondrial import quality control, as suggested by the 

proximity of the clogger b2-DHFR to this linkage and the increased abundance of K6-linkage 

remnants in the initial MS screen. These findings prompted me to reinvestigate the Ubiquiton 

candidate NleL.  

Removal of K6 through the UbK6R variant in the initial linkage-preference screen did not affect 

the ligase activity of NleL (Fig. 36C1). However, it remains possible that NleL prefers K6-

linkages under normal conditions but switches to an alternative linkage type(s) when K6 is not 

available. Previous work demonstrated that NleL predominantly assembles K6-linked ubiquitin 

chains, but can also form K48-linked chains to a lesser extent (Hospenthal et al., 2013). 

Interestingly, analysis of free ubiquitin chains formed by NleL revealed a clear change of the 

pattern of those free chains in the presence of UbK6R (Fig. 37). A change in the ubiquitylation 
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pattern suggests that another ubiquitin linkage is formed and supports the idea that NleL might 

preferably form K6-linked chains while switching to an alternative linkage(s) in the absence of 

K6. 

In summary, blocking K6-linked ubiquitylation revealed that NleL changes its ubiquitylation 

pattern on free ubiquitin chains, indicating a K6-preference with considerable flexibility in its 

linkage usage. Because the ultimate goal was to apply NleL to substrates in human cells, 

where endogenous WT ubiquitin still allows K6-linked chain formation but also permits 

alternative linkages, the next aim was to optimize NleL to increase its linkage preference. 

 

 

Figure 37 NleL changes its ubiquitylation pattern in the presence of UbK6R.  Western blot 
from Figure 36C1 additionally probed for ubiquitin; 1 µM FRB-NleL was incubated with 
equimolar amounts of UBCH7 and FKBP-UbWT-GFP, 100 µM ATP, 50 nM UBA1 and 10 µM 
WT ubiquitin or the indicated variants (Ub K-to-R mutants or lysine-less UbK0), and FRB-FKBP 
dimerization was induced with 5 µM rapamycin; reactions were incubated at 37°C for 2 h. 

 

3.2.5.1.2. Rationale for the mutant NleLE705A 

A recent study reported that mutation of the NleL residue E705 to alanine (NleLE705A) enhances 

its preference for assembling K6-linked chains on free ubiquitin (Franklin et al., 2023a). 

Because purification of the initial NleL construct (aa 170-782) was limited by poor solubility, 

the mutation was instead introduced into a more N-terminally truncated NleL variant (NleLshort, 

aa 343-782). Initial tests showed that the WT form of the shortened construct was 

enzymatically active and yielded higher protein amounts during purification (data not shown). 

3.2.5.1.3. Mutant NleLE705A exhibits enhanced substrate-directed ubiquitylation 

To test whether NleLE705A displays enhanced linkage specificity towards K6-linked chains, its 

activity was tested in the simplified Ubiquiton set up with a FKBP-UbK6R-GFP substrate. Both 
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NleLWT and NleLE705A showed decreased substrate ubiquitylation in the presence of UbK6R (Fig. 

38A). Mutant NleLE705A exhibited an increased enzymatic activity compared to the WT. Notably, 

mutant NleLE705A produced clearly fewer free ubiquitin chains than NleLWT, and an 

accumulation of monomeric ubiquitin was observed in the UbK6R and UbK48R condition. To 

further confirm the reduction of free chains, the activity of NleLWT and NleLE705A in the absence 

of the GFP model substrate was analyzed. A clear reduction in low molecular weight ubiquitin 

chains was visible in the mutant condition (Fig. 38B). Again, the presence of UbK6R altered the 

ubiquitylation pattern of both NleLWT and NleLE705A.  

So far, the linkage specificity of NleLE705A was tested with a substrate carrying a K6R ubiquitin. 

To analyze whether a substrate fused to a lysine free UbK0 would reduce NleLE705A activity, a 

GFP fusion to the C-terminal half of a split ubiquitin (CUb) that lacks all lysine residues (FKBP-

CUbK0R-GFP) was used. When UbK6R was present in the reaction, a decrease in GFP 

ubiquitylation by NleLE705A was observed, although the signal was still far from being completely 

depleted (Fig. 38C). Interestingly, even when only UbK0 was available and the substrate 

ubiquitin was lysine-free, NleLE705A still displayed detectable ubiquitylation activity. This 

observation suggests that NleL may initiate ubiquitylation directly on lysine residues of the 

substrate protein. Repeatedly, an increase in free monoubiquitin in the probe with GFP-CUbK0 

was observable compared to the GPF carrying a UbWT-fusion (Fig. 38C). This accumulation 

was visible in the presence of free UbWT and was more pronounced with UbK6R, UbK48R and 

UbK0.  

Together, these findings suggest that the E705A mutation in NleL enhances substrate-specific 

ubiquitylation while reducing the formation of free ubiquitin chains. Both features represent 

favorable improvements for the in vivo application of NleL. 
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Figure 38 NleLE705A enhances substrate-directed ubiquitylation. (A) 1 µM WT FRB-NleLshort 
(aa 343-782) or FRB-NleLE705A-short were incubated with equimolar amounts of UBCH7 and 
FKBP-UbK6R-GFP, 100 µM ATP, 50 nM UBA1 and 10 µM WT ubiquitin or indicated variants 
(Ub K-to-R mutants or lysine-less UbK0), and FRB-FKBP dimerization was induced with 5 µM 
rapamycin; reactions were incubated at 37°C for 2 h. (B) To test formation of free chains by 
the NleL variants, reactions similar to those in (A) were performed but lacking the GFP 
substrate. (C) To test a lysine-less substrate, FKBP-CUbK0-GFP was used; reaction conditions 
were similar to those in (A) with incubation at 30°C for 1 h. 

 

3.2.5.2. In vitro Optimization of UBE2S 

3.2.5.2.1. Comparison of UBE2S to the established E3(63) 

After the in vitro optimization of the K6-Ubiquiton candidate NleL, attention was turned to the 

K11-Ubiquiton candidate UBE2S. In the initial screen using the simplified Ubiquiton setup, 

UBE2S displayed clear specificity for assembling K11-linked ubiquitin chains (Fig. 36C3). In 

this screen, the presence of UbK11R restricted UBE2S activity to the formation of a ubiquitin 
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dimer, as K11 of the substrate-attached ubiquitin was still available. However, UBE2S 

appeared to retain minimal activity beyond the formation of a ubiquitin-dimer on the GFP-UbWT 

substrate in the presence of UbK11R substrate and was therefore compared to the already 

established Ubiquiton candidate E3(63) in the simplified Ubiquiton setup. The comparison of 

UBE2Slong and E3(63) revealed a similar restriction of both enzymes with the respective 

ubiquitin variants UbK11R and UbK63R (Fig. 39A). This suggests that UBE2S is a promising 

candidate for the K11-Ubiquiton. 

3.2.5.2.2. Analysis of the ZnF-UBP fusion to UBE2S 

For the initial screen a ZnF-UBP domain of USP5 was fused to UBE2S, which was shown to 

enhance K11-linkage specificity on free chains (Bremm et al., 2010). However, such a UBD 

could complicate in vivo use, as it may increase off target ubiquitylation by recruiting UBE2S 

to endogenous ubiquitylation sites and perturbing the cellular pool of free ubiquitin. It would be 

interesting whether removal of this ZnF-UBP domain would affect linkage specificity and 

processivity of UBE2S. In order to address this question, a UBE2S construct lacking the ZnF-

UBP domain (UBE2Sshort) was generated and compared to UBE2Slong in the simplified 

Ubiquiton setup.  

In this assay, UBE2Sshort and UBE2Slong showed comparable processivity (Fig. 39B). The 

ubiquitylation activity of both enzymes, was reduced to a similar extent in the presence of 

UbK11R. This may be explained by the FRB-FKBP dimerization module, which enforces 

proximity between enzyme and substrate so that ZnF-UBP-mediated recruitment and 

positioning might become largely dispensable under these conditions. 

3.2.5.2.3. Analysis of UBE2S on a substrate carrying a lysine-less ubiquitin 

In this screen, UBE2S was first tested on a GFP substrate carrying a UbWT fusion. To determine 

whether the residual lysine ‘off-target’ activity could be eliminated, a lysine-less FKBP-CUbK0R-

GFP substrate was used. Surprisingly, removal of all lysines on CUb did not prevent the 

formation of a ubiquitin dimer on GFP-CUbK0 (Fig. 39C). This might reflect that UBE2S targets 

another lysine on the substrate under the tight interaction due to the dimerization by FRB-

FKBP. 
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Figure 39 UBE2Sshort and UBE2Slong exhibit similar specificity and processivity. (A) For 
comparison of UBE2S and the established E3(63), 1 µM FRB-E3(63) was incubated with 
equimolar amounts of Mms2/Ubc13; reactions of FRB-UBE2Slong and FRB-E3(63) contained 
FKBP-UbK6R-GFP, 100 µM ATP, 50 nM UBA1 and 10 µM WT ubiquitin or indicated variants 
(Ub K-to-R mutants or lysine-less UbK0), and FRB-FKBP dimerization was induced with 5 µM 
rapamycin; reactions were incubated at 37°C for 2 h. (B) Comparison of UBE2S lacking the 
ZnF-UBP domain (UBE2Sshort) with UBE2Slong (A). (C) Test of a lysine-less substrate FKBP-
CUbK0-GFP with FRB-UBE2Sshort; reaction conditions of (B) and (C) were similar to those in 
(A) but (C) was incubated at 30°C for 1 h. 

 

3.2.5.2.4. Mutant UBE2SE139/143R shows enhanced ubiquitylation activity 

In vivo usage of a Ubiquiton candidate requires strong enzymatic activity as cellular DUBs and 

limitations of the ubiquitin pool might interfere with the ubiquitylation activity. A recent study 

demonstrated that charge-swapping UBE2S residues E139 and E143 to arginine increases 

the ubiquitylation activity of UBE2S on free ubiquitin dimer formation (Welsh et al., 2022) (Fig. 

40). Thus, this mutation was implemented in the long UBE2S construct (UBE2SE139/143R-long) 

and analyzed the behavior of this mutant in the simplified Ubiquiton setup. While the K11-
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linkage specificity of UBE2SE139/143R-long remained unchanged, the double mutant displayed an 

enhanced ubiquitylation activity compared to the UBE2SWT-long (Fig. 40). This enhanced activity 

of UBE2SE139/143R-long indicates that this variant is particularly well suited for in vivo applications. 

 

 

Figure 40 Mutant UBE2SE139/143R shows enhanced ubiquitylation activity. FRB-UBE2Slong 
and mutant FRB-UBE2SE139/143R-long were incubated with FKBP-Ub-GFP, 100 µM ATP, 50 nM 
UBA1 and 10 µM WT ubiquitin or indicated variants (K-to-R Ub mutants or lysine-less UbK0), 
and FRB-FKBP dimerization was induced with 5 µM rapamycin; reactions were incubated at 
37°C for 2 h. 

 

3.2.5.2.5. Analysis of the linkage specificity of UBE2S variants via MS 

While UBE2S showed clear K11-linkage specificity in the simplified Ubiquiton setup, it was 

investigated whether the optimizations affected this linkage preference. Therefore, 

ubiquitylation reactions of UBE2Sshort, UBE2Slong and UBE2SE139/43R-long in the simplified 

Ubiquiton setup containing FKBP-UbGFP as a substrate were analyzed by MS. Interestingly, 

UBE2Sshort exhibited a decreased K11-linkage specificity as compared to UBE2Slong (~52% 

and ~62%) (Fig. 41). Both UBE2S variants also formed K48- and K63-linked chains (~15% 

and ~30%) The double mutant UBE2SE139/143R-long showed increased K11-linkage specificity 

(~74%). Notably, this experiment was not performed in triplicates and requires further 

repetition, but it suggests that introduction of the double mutant enhanced the K11-linkage 

specificity of UBE2S. 
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Figure 41 Analysis of the linkage specificity of UBE2S variants by MS. The indicated FRB-
UBE2S variants (1 µM) were incubated with equimolar amounts of FKBP-UbGFP, 100 µM ATP, 
50 nM UBA1 and 10 µM WT ubiquitin, and FRB-FKBP dimerization was induced with 5 µM 
rapamycin; reactions were incubated at 37°C for 10 min followed by analysis via MS (n=1). 

 

3.2.6. In vivo application of NleL and UBE2S 

3.2.6.1. Analysis of UBE2S ubiquitylation activity on a model GFP substrate in 

yeast 

After the initial characterization and optimization of the new Ubiquiton candidates NleL and 

UBE2S in the simplified Ubiquiton setup, the aim was to implement them in vivo. Therefore, 

both enzymes were tested on a model substrate GFP in the “full” Ubiquiton setup. A fusion of 

the Ubiquiton module NUbo to GFP (NUboGFP) served as a substrate, while the CUbo module 

was fused to UBE2S. Both the Ubiquiton substrate and the corresponding Ubiquiton candidate 

were stably integrated into the genome of S. cerevisiae under an ADH1 promoter. 

First, the activity of UBE2Sshort and UBE2Slong was compared with the already established 

E3(63). For both UBE2S constructs, addition of Rapa resulted in substrate ubiquitylation with 

a single linkage (Fig. 42A). However, when compared to E3(63) the activity was limited. 

Therefore, the mutant UBE2SE139/143R-short was tested for enhanced activity as suggested by 

previous findings in vitro (Fig. 40). Again, an additional GFP band upon expression of 

UBE2SE139/143R in the presence of Rapa was visible (Fig. 42B). Nevertheless, the double 

mutant did not introduce any new additional band. Finally, the detection of longer K11-linked 

chains seemed not to be prevented by proteasomal degradation, as no additional GFP bands 

appeared after proteasome inhibition with MG132 (Fig. 42B). 
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Figure 42 In vivo application of NleL and UBE2S. (A) Diploid yeast cells expressing 
combinations of NUboGFP and CUboUBE2Sshort and CUboUBE2Slong; for E3(63) diploid yeast cells 
expressing CUboGFP, NUboE3(63) and Ubc13 were used. Addition of 2.5 µM rapamycin for 90 
min was used for ligase recruitment to GFP substrates. (B) Diploid yeast cells expressing 
combinations of NUboGFP and UBE2SE139/143R-short-CUbo; with E3(63) setup and ligase recruitment 
as in (A). (C) Diploid yeast cells co-expressing NleLlong-YCO-FKBP-CUb and NleLlong-YCO-CUb-FKBP and 
NUboGFP; the E3(63) setup and rapamycin induction were as in (A). (D) HEK293T cells 
transiently transfected with NleLshort-HCO-CUbo, NleLlong-HCO-CUbo and NTOM20NUboK29/33R and if 
indicated with UBCH7HCO; NUboE3(63) was co-transfected with NTOM20CUbo-GFP and 
Mms2/Ubc13; the NUbo-module fused to E3(63) and GFP contains an HA-tag for detection, 
and 1 µM rapamycin was added for 2 h. NTOM20 substrates were his-tagged and denaturing 
Ni-NTA pull-downs were performed for substrate enrichment; human codon-optimized = *, 
optimized NUbo module with human codon-optimized FRBK0 and NUaK27/29/33R indicated 
with **. 

 

3.2.6.2. Analysis of NleL ubiquitylation activity on a GFP model substrate in 

yeast 

The next aim was to test NleL in the “full” Ubiquiton arrangement in yeast. Initial tests did not 

show any activity of NleL in this model organism, potentially arising from problems to detect 

the protein expression of NleL (data not shown). Because NleL is of bacterial origin, its 

expression in S. cerevisiae may be limited by suboptimal codon usage. To address this 

potential limitation, the NleL coding sequence was codon-optimized for S. cerevisiae, resulting 

in a robustly expressed codon-optimized NleL (NleLYCO) (Fig. 42C). A C-terminal fusion of the 

CUbo module to NleL was chosen because the catalytic cysteine of NleL resides close to the 

C terminus. In addition, an alternative CUbo architecture was tested in which the relative order 

of the C-terminal CUb and FKBP modules was swapped. This might increase activity due to 

closer proximity of the refolded split-ubiquitin to the catalytic cysteine. 

In both fusion orientations, NleL displayed detectable ligase activity (Fig. 42C). However, this 

activity remained noticeably weaker when compared to E3(63). Notably, an additional form of 

NleL itself was detected upon addition of Rapa in the NleLFKBP-CUb arrangement which was 

obsolete in NleLCUb-FKBP construct. It may reflect autoubiquitylation of the ligase following the 

refolding of the split ubiquitin. Such autoubiquitylation could inhibit E3 activity as it is known for 

E2s and promote degradation (Bie & Ciechanover, 2011; Scaglione et al., 2007) 

In conclusion, both NleL and UBE2S exhibited activity towards NUboGFP. Nevertheless, if 

compared to the established E3(63) both enzymes exhibited relatively low activity and further 

optimization would be beneficial for in vivo usage. 
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3.2.6.3. Application of NleL on a mitochondrial model substrate in human cells 

The activity of NleLYCO on the model substrate NUboGFP was promising. Therefore, it was next 

tested whether NleL can ubiquitylate a mitochondrial model substrate. The established E3(63) 

was included as well, as previous experiments suggested a role K6- and K63-linked 

ubiquitylation in the MIQC (chapter 3.1.4.4 + 3.1.5.1.5). A C-terminally truncated version of 

TOM20 (NTOM20) that retains the membrane anchor and is efficiently targeted to the 

mitochondria was used as a mitochondrial model substrate (data not shown). The NUbo 

module was optimized, the FRB domain was human codon-optimized and all lysines on FRB 

and lysines K27, K29 and K33 on the NUa half were replaced by arginine in order to prevent 

endogenous ubiquitylation. This optimized NUbo module was fused to the C-terminus of 

NTOM20 (NTOM20NUbo) to preserve the native N-terminal membrane anchor, resulting in a 

mitochondrial model substrate for the K6 candidate NleL (Fig. 42D). Furthermore, integration 

of the CUbo module into a NTOM20-GFP construct (NTOM20CUbo-GFP) served as the model 

substrate for NUboE3(63). Both substrates were also equipped with a C-terminal his-tag to 

perform denaturing PDs. Human codon-optimized NleL (NleLHCO) was extended by the CUbo 

module (NleLHCO-CUbo) and both the long and short version of NleL were tested. Each substrate 

was co-expressed with its respective E3 in mammalian cells followed by denaturing PDs. Upon 

expression of NUboE3(63) and NTOM20CUbo-GFP a basal ubiquitylation signal on NTOM20CUbo-GFP 

was already visible in the absence of Rapa (Fig. 42D). This might reflect endogenous 

ubiquitylation triggered by the artificial recruitment of the tightly folded GFP moiety to the OMM. 

In comparison, NTOM20NUbo expression did not trigger a comparable ubiquitylation. Addition 

of Rapa in the E3(63) condition enhanced this signal, demonstrating that NUboE3(63) is 

functional in the context of ubiquitylation of a mitochondrial model substrate. Furthermore, 

upon addition of NleLshort-HCO in the presence of Rapa a ubiquitylation pattern emerged on 

NTOM20NUbo. To further boost NleL activity UBCH7 was additionally overexpressed, as co-

expression of the E2 UBCH7 was previously shown to enhance the activity of the Ubiquiton 

candidate E3(48) (Renz et al., 2024). Upon addition of Rapa enhanced ubiquitylation of 

NTOM20NUbo by NleLshort-HCO was visible (Fig. 42D). Initially, the ubiquitylation of NTOM20NUbo 

by NleLshort-HCO was not detected when probed for ubiquitin. Therefore, a second ubiquitin 

antibody was tested, as ubiquitin antibodies may have linkage preferences. The second 

ubiquitin antibody could detect the ubiquitin signal introduced by NleL with enhanced contrast. 

Interestingly, the additional expression of UBCH7 in the absence of Rapa again seemed to 

trigger a basal endogenous ubiquitylaton of NTOM20NUbo (Fig. 31B). This might be explained 

by mitochondrial interactors such as PARK2 and MUL1 of UBCH7 according to BioGRID 

database. 

In conclusion, the ubiquitylation of the mitochondrial model substrate NTOM20 by NleLshort-HCO 

and NUboE3(63) was demonstrated in an initial experiment. However, further experiments are 
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required to analyze the specific linkage-type that is formed by NleL on NTOM20 and to improve 

the enzymatic activity of NleL.  
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4 Discussion 
 

Mitochondrial protein import is fundamental for eukaryotic cell viability, and its failure is linked 

to diverse pathologies, including neurodegenerative diseases, neuropathies and cancer. As 

~99% of mitochondrial proteins are imported via the TOM complex, stalled precursors at the 

translocase pose a substantial threat to mitochondrial integrity. 

In yeast, several MIQC pathways are known to deal with stalled mitochondrial precursors 

including mitoTAD and mitoCPR (Ravanelli et al., 2020). In the mitoTAD pathway, Cdc48 

(VCPhum) extracts stalled precursors leading to their proteasomal degradation. Cdc48 

recruitment is facilitated via Ubx2 (FAF2hum) which recognizes ubiquitylated precursors 

(Schuberth et al., 2004). In the mitoCPR response, Msp1 (ATAD1hum) is recruited to stalled 

mitochondrial precursors in a Cis1-dependent manner (Weidberg & Amon, 2018).  

Recent work has begun to uncover analogous MIQC mechanisms in human cells and 

mechanisms have been discovered that deal with arrested mitochondrial precursors. Similar 

to yeast mitoCPR, mammalian ATAD1 was shown to extract stalled precursors from the TOM 

complex (J. Kim et al., 2024). However, Cis1 is not conserved in mammals, and the precise 

mechanism how ATAD1 is recruited to clogged TOM complex remains unclear. By contrast, a 

direct VCP-dependent mitoTAD-like pathway at TOM has not been conclusively demonstrated 

in human cells (Borgert et al., 2024). It was recently shown that MARCH5 and USP30 

participate in the regulation of mitochondrial protein import through (de)ubiquitylation (Phu et 

al., 2020). This raises the question of which downstream factors are recruited through the 

ubiquitylation at the TOM complex, particularly if MIQC factors such as VCP or ATAD1 are 

targeted to ubiquitylated precursors during mitochondrial import stress. Although several 

studies have analyzed the interactome of TOM complex subunits, the TOM-proximal 

interactome during mitochondrial import stress has not yet been systematically characterized 

(Akram et al., 2024; Meurant et al., 2023). Moreover, the preference of USP30 for non-

canonical K6-linked chains suggests that atypical ubiquitin linkages may participate in 

regulating mitochondrial protein import, but the linkage landscape at clogged TOM complexes 

remains largely unexplored. 

To address these questions, this thesis pursued three main aims. First, the establishment of a 

mitochondrial model clogger, b2-DHFR, in human cells to analyze ubiquitylation events during 

mitochondrial import clogging. Second, a TOM20-based proximity-labeling approach to define 

the interactome of a clogged mitochondrial import channel. Third, the extension of the linkage-

specific ubiquitylation tool Ubiquiton towards atypical ubiquitin linkages enabling detailed 

dissection of the ubiquitylation landscape at b2-DHFR and TOM20 under clogging conditions. 
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4.1. Establishment and characterization of b2-DHFR in human cells 

The first aim of this study was to establish a mitochondrial model clogger in human cells. While 

several treatments such as CCCP or MitoBloCKs are commonly used to perturb mitochondrial 

import in mammalian systems, these approaches act indirectly by collapsing Δψm or interfering 

with precursor import machinery globally (Krakowczyk et al., 2024; Schäfer et al., 2022). Such 

a collapse of Δψm also triggers mitophagy, which in turn leads to global mitochondrial 

ubiquitylation (Antico et al., 2021). Such a global ubiquitin response complicates both the 

detection of clogging-specific ubiquitylation events and the analysis of factors that act directly 

at stalled import channels. In contrast, a bona fide import clogger allows direct and specific 

induction of translocation arrest on a defined substrate, thereby enabling the analysis of 

ubiquitylation events and recruitment of quality control factors directly to the stalled precursor. 

Although physiological cloggers such as a mutant form of the mitochondrial carrier ANT1 have 

been described (Coyne et al., 2023), the model clogger b2-DHFR offers a key advantage: the 

extent of import arrest can be fine-tuned through addition of MTX, which stabilizes the DHFR 

fold (Boos et al., 2019). The b2-DHFR construct has already been established in S. cerevisiae, 

and the present work aimed to establish and validate this model in human cells.  

First, it was demonstrated that b2-DHFR is functionally expressed and targeted to 

mitochondria. Expression of b2-DHFR resulted in the expected mitochondrial precursor 

processing into intermediate and mature forms, consistent with previous observations in yeast 

(Boos et al., 2019). The predominant species was the precursor form, which became further 

stabilized upon addition of MTX indicating that enhanced folding of the DHFR domain causes 

pronounced stalling at the TOM complex. Interestingly, the detection of both intermediate and 

mature species raises the possibility that b2-DHFR-induced clogging may be partially 

permissive, allowing limited translocation, or that mitochondrial processing to the mature form 

can proceed while the precursor is stalled at the TOM complex. Mitochondrial processing of 

b2-DHFR requires translocation of the b2 presequence into the matrix (chapter 1.2.5.2) 

(Edwards et al., 2021). The distance between the OMM and IMM averages around 10-15 nm, 

with the shortest regions measuring approximately 5-6 nm. Considering that the b2 domain 

consists of 167 amino acids, and each amino acid contributes about 0.33-0.38 nm in length, 

the b2 domain could theoretically span the IMS and reach the matrix even while being arrested 

at the TOM complex. This interpretation is supported by observations reporting that the mature 

form of b2-DHFR can still associate with the TOM complex, although the corresponding data 

were labeled as “not shown” in that publication (Esaki et al., 1999). Collectively, these 

considerations make it plausible that b2-DHFR could physically bridge the outer and inner 

membranes, allowing partial translocation and processing while remaining arrested at the TOM 

channel.  
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4.1.1. Validation of effective mitochondrial clogging in human cells using b2-

DHFR 

The requirement of MTX to enhance mitochondrial clogging is, among other factors, based on 

the idea that detection of the mature form of b2-DHFR reflects a partially permissive form of 

clogging (Eilers & Schatz, 1986). Stabilization of the folded b2-DHFR precursor by MTX was 

therefore expected to increase the extent of mitochondrial import stalling. In line with the 

above-described hypothesis that b2-DHFR may be processed while remaining arrested at the 

TOM complex, a mitochondrial import assay in the presence and absence of MTX could clarify 

whether MTX enhances mitochondrial clogging. Initial import assays using purified 

mitochondria, however, did not yield evidence of import arrest by b2-DHFR. This led to the 

consideration that b2-DHFR might be released or lost during the mitochondrial isolation 

procedure, thereby diminishing the detectable clogging effect. To address this potential 

limitation, a new mitochondrial import reporter assay was developed, consisting of the MTS of 

b2 fused to a small flag-tag, which is unlikely to interfere with mitochondrial import. 

As anticipated, the precursor form of b2-flag was almost absent under basal conditions, 

whereas expression of b2-DHFR led to a robust accumulation of the precursor, comparable to 

the effect observed after treatment with the mitochondrial uncoupler CCCP. Surprisingly, MTX 

addition did not further enhance precursor accumulation. This observation raises the question 

of whether MTX truly augments mitochondrial clogging or whether its impact remains below 

the detection threshold of the assay. One possibility is that the established reporter system 

lacks the sensitivity to resolve incremental differences upon MTX stabilization. However, an 

alternative and perhaps more compelling interpretation is that expression of b2-DHFR alone 

already causes near-complete clogging of the import machinery, a level comparable to that 

observed upon collapse of the membrane potential. This would align with the idea that b2-

DHFR can be processed into its mature form even while remaining arrested at the TOM 

complex, as previously discussed. 

 

4.1.2. b2-DHFR allows specific induction of mitochondrial import clogging 

without interference with mitophagy 

As described above, the use of a bona fide mitochondrial clogger such as b2-DHFR eliminates 

the need to use mitochondrial uncouplers such as CCCP, which also induce mitophagy by 

collapsing Δψm (Xiao et al., 2017). Induction of mitophagy would lead to recruitment of 

autophagy factors and global mitochondrial ubiquitylation, thereby complicating the analysis of 

clogging-specific downstream events (Antico et al., 2021). To determine whether expression 

of the clogger b2-DHFR also triggers mitophagy, the established mitophagy markers p62 and 
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LC3B were analyzed. This analysis was additionally aimed at identifying the optimal conditions 

for inducing mitochondrial import clogging without concomitant activation of mitophagy. 

Treatment with 100 nM MTX for 5 h successfully stabilized precursor levels of b2-DHFR while 

leaving p62, LC3B, and TOM20 levels unchanged. p62 and LC3B represent markers 

downstream of PINK1 stabilization, as they are recruited to ubiquitinated mitochondria, for 

autophagosome membrane formation (S. Wang et al., 2023). Analysis of earlier mitophagy 

markers such as PINK1 stabilization or increased detection of phosphorylated ubiquitin (Ser65) 

would further clarify if b2-DHFR expression induces mitophagy. Notably, basal levels of 

mitophagy occur under unchallenged conditions which is important to clear malfunctioning 

mitochondria (Doblado et al., 2021). Hence, it could be possible that a certain amount of “pre-

damaged” mitochondria could undergo mitophagy in the presence of b2-DHFR. 

 

4.2. Analysis of the cellular response to the mitochondrial clogger b2-

DHFR 

Following the initial validation of the b2-DHFR clogger system and identification of optimal 

induction conditions that avoid mitophagy activation, the next objective was to investigate the 

cellular mechanisms responsible for recognizing and eliminating the stalled mitochondrial 

import clogger b2-DHFR. 

 

4.2.1. Rapid degradation of the mitochondrial import clogger b2-DHFR 

To first assess the turnover rate of the mitochondrial clogger, CHX chase experiments were 

performed to monitor b2-DHFR stability over time. Rapid degradation of the clogger b2-DHFR 

was visible in U2OS cells. Already 2 h after inhibition of the protein synthesis nearly no b2-

DHFR was detectable by WB. In U2OS cells only 5% of all proteins exhibit a half-life below 8 

h, while in non-dividing cells it was shown that mitochondrial proteins seem to be more stable 

than proteins belonging to other cell compartments (J. Li et al., 2021; Mathieson et al., 2018). 

This indicates that cells try to avoid mitochondrial clogging by rapid degradation of b2-DHFR. 

In the presence of MTX which enhances folding of the DHFR domain, b2-DHFR precursor 

levels were more stable during the CHX chase which may indicate that cells have more trouble 

to remove the stabilized form of the mitochondrial clogger. However, MTX increased b2-DHFR 

precursor abundance already prior to protein synthesis inhibition, which could simply reflect 

greater detectability during the CHX chase rather than impaired clearance of the stabilized 

clogger. Therefore, additional experiments would be required to determine whether cells 

encounter greater difficulty extracting the MTX-stabilized precursor or whether the observed 

persistence merely results from the elevated starting levels of the precursor species. 
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4.2.2. Proteasomal inhibition stabilizes ubiquitylation of b2-DHFR 

Given the rapid turnover of the mitochondrial clogger b2-DHFR, the next experiments 

investigated the underlying cellular mechanisms responsible for this efficient clearance. Since 

ubiquitylation plays a central role in targeting proteins for proteasomal degradation, the 

involvement of ubiquitin signaling in b2-DHFR recognition and extraction was specifically 

examined (chapter 1.5.3). Two complementary assays demonstrated robust ubiquitylation of 

the mitochondrial clogger b2-DHFR. Enrichment of b2-DHFR under denaturing conditions 

revealed strong ubiquitylation of the clogger specifically upon MTX-induced stabilization of the 

DHFR domain. Furthermore, VCP inhibition partially stabilized the b2-DHFR precursor levels 

and an increased ubiquitylation of the clogger was visible. By contrast, neither lysosomal 

inhibition with chloroquine and bafilomycin nor inhibition of the mitochondrial DUB USP30 

increased the ubiquitin signal on b2-DHFR. VCP is a hexameric AAA+ ATPase that is involved 

among others in the removal of ubiquitinated proteins from membranes, protein complexes, 

chromatin and ribosomes (Kilgas & Ramadan, 2023; Suryo Rahmanto et al., 2023). Recently, 

it was shown that OMA1 removes stalled mitochondrial precursors and it was suggested that 

their degradation partially depends on VCP (Krakowczyk et al., 2024). In yeast, Cdc48 is 

recruited to stalled mitochondrial precursors by Ubx2 binding to ubiquitin (Mårtensson et al., 

2019). This supports the idea that ubiquitylation of the clogger could similarly promote VCP-

dependent proteasomal degradation in human cells and thereby account for the rapid b2-

DHFR turnover observed in the CHX chase assay. While FAF2, the human orthologue of yeast 

Ubx2 was not enriched in the MS datasets, UBXN4 was enriched in the proximity of TOM20 

during mitochondrial clogging. UBXN4 may be involved a potential recruitment of VCP to a 

clogged mitochondrial import channel (Fig. 43). Several atypical ubiquitin linkages are linked 

to VCP-dependent extraction (Meyer & Rape, 2014; Shearer et al., 2022; Suryo Rahmanto et 

al., 2023), hence a potential modification of b2-DHFR and TOM20 with atypical ubiquitin 

linkages could be involved in a VCP and proteasome-dependent removal of the clogger, which 

will be discussed in the following section. 
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Figure 43 Hypothetical model for ubiquitin- and VCP-dependent extraction of b2-DHFR. 
While multiple atypical ubiquitin linkages were enriched in the proximity of the mitochondrial 
clogger, b2-DHFR ubiquitylation was stabilized upon VCP and proteasome inhibition. In 
addition, the VCP adaptor UBXN4 was enriched in the proximity of TOM20 during 
mitochondrial import clogging. Given that VCP-dependent extraction of mitochondrial 
precursors is already known in yeast and some of the identified atypical ubiquitin linkages, e.g. 
K6 and K29 are linked to VCP-dependent processes, this may indicate an interplay of atypical 
ubiquitin linkages leading to mitochondrial translocase clearance in a VCP-proteasome-
dependent manner in human cells (Suryo Rahmanto et al., 2023; Y. Yu et al., 2021). 

 

4.2.3. Atypical ubiquitylation during mitochondrial import stress 

In order to analyze the ubiquitylation of the clogger b2-DHFR, a pull-down approach with K-to-

R and lysine-less hisUb variants were performed. These ubiquitin variants can be attached to 

endogenous ubiquitylation sites and to endogenous ubiquitin and endogenous WT ubiquitin is 

still available for ubiquitylation. In addition, attachment of the hisUb variants cannot be further 

extended at the site of the replaced lysine(s). In particular, the hisUbK0 variant prevents further 

chain elongation of any lysine-based linkage, which might prevent build-up of degradative 

chains on b2-DHFR, resulting in their stabilization and hence leading to their detection via WB. 

While b2-DHFR was not enriched in the presence of hisUbK48R or hisUbK63R, expression of 

hisUbK0 showed ubiquitylation of b2-DHFR with multiple ubiquitin moieties. This was surprising 

because hisUbK0 cannot be further extended to a polyubiquitin chain on b2-DHFR. This 

suggests either multi-monoubiquitylation of b2-DHFR with hisUbK0 or the formation of an 
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endogenous ubiquitin chain which initially has no degradative nature and requires a certain 

length or further chain branching to become degradative. For instance, it was shown that K29- 

and K63-linked chains require chain-branching by K48-linked chains and thereby initiate 

proteasome-dependent degradation (Liu et al., 2017; Ohtake et al., 2018). Thus, capping of 

endogenous chains on the clogger with hisUbK0 could block the buildup of a degradative signal 

allowing its detection via WB. Notably, b2-DHFR was found neither in fractions of hisUbK48 nor 

hisUbK63, which suggests the formation of atypical ubiquitin chains beyond K48 or K63. 

However, it is still possible that a mix of these linkages can be present on the clogger. 

In order to analyze the linkage specific ubiquitylation of the clogger b2-DHFR an alternative 

approach was used. Recently, my colleague Kirill Petriukov developed LinkageID, a method 

capable of detecting proteins in proximity to specific ubiquitin linkages. Notably, this technique 

only shows the close proximity to a specific linkage but cannot distinguish if a protein is 

ubiquitylated with that linkage. Initial experiments showed that the clogger b2-DHFR is 

detected in the linkages K6, K29 and K33. Both, K6- and K29-linked chains have been 

implicated in VCP-dependent processes such as RPC resolution and proteotoxic stress (Suryo 

Rahmanto et al., 2023; Y. Yu et al., 2021). This would match the idea of the VCP-dependent 

proteasomal degradation of the clogger (Fig. 43). 

Additionally, ubiquitin-based signaling as a sensor for mitochondrial clogging may also be 

established on proteins surrounding the arrested mitochondrial precursor such as subunits of 

the TOM complex. Therefore, ubiquitin linkages in the proximity of the TOM complex receptor 

TOM20 were investigated during mitochondrial clogging. In an initial experiment, TOM20 was 

predominantly enriched in the linkages K33 and K63, while also slightly increased in the K29 

linkage. The overlap of the linkages K29 and K33 from both the clogger and the TOM receptor 

TOM20 may indicate that either TOM20 or b2-DHFR (or both) are ubiquitylated with those 

linkages and due to the close proximity at the TOM complex, both proteins are enriched in 

these fractions. Both K33- and K63-linked chains are known for their degradation independent 

function in signaling and protein trafficking (H. Huang et al., 2010; Liao et al., 2022). Finding 

that trafficking related linkages were enriched in the proximity of TOM20 could indicate an 

alternative hypothesis. These linkages could induce the formation of MDVs, an alternative 

MQC mechanism. A regulatory role of K6-linked chains in the context of MDVs would also be 

plausible since the mitochondrial DUB USP30 has a linkage preference for K6-linked ubiquitin 

chains and its activity seems to counteract MDV formation (König et al., 2021).  

Furthermore, diGly motives of the linkages K6, K11; K48 and K63 were also enriched upon 

clogging in the initial HEK293T MS approach, which supports a role of K6- and K63-linked 

chains during mitochondrial import stress. Absence of K29- and K33-linked chains might be 

explained by their short diGly motives which makes them difficult to detect via MS. In 
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conclusion, this provides an insight into the cellular ubiquitylation upon mitochondrial import 

stress and suggests a role of atypical ubiquitin linkages in proximity of b2-DHFR and TOM20. 

Further experiments are required to elucidate which specific ubiquitin linkages are formed on 

b2-DHFR or whether and how TOM20 might be ubiquitylated. The pull-down of his-tagged b2-

DHFR or TOM20 could be combined with a tool called UbiCRest assays that utilizes linkage 

specific DUBs to analyze the abundance of particular linkage (Hospenthal et al., 2015). K6-

linked chains could be specifically tackled using the K6-specific DUB LotA (Warren et al., 

2023). Additionally, MS-based analysis would enable comprehensive and quantitative linkage 

identification. The combination of both, quantitative MS with UbiCRest would not only provide 

insight into the quantity of each linkage but would also reveal potential branching architectures 

of these ubiquitin chains. In order to understand the underlying cellular signaling of these 

linkages one could use a Ubiquiton-based approach to induce the linkage formation on b2-

DHFR. One could analyze which factors are recruited to the established linkage and 

investigate whether this affects removal of b2-DHFR from the TOM complex. 

 

4.3. From Ubiquiton to MIQC: Tool development for inducible K6/K11 

polyubiquitylation 

As described above, the involvement of several atypical ubiquitin linkages in the MIQC is 

suggested. A broad palette of techniques is available to study atypical ubiquitylation. Most of 

these tools allow analysis of the linkage type but do not allow de novo synthesis of a specific 

ubiquitin linkage on a POI (chapter 1.5.4). Recently the lab of Helle Ulrich has developed the 

Ubiquiton, a tool that enables inducible and linkage-specific ubiquitylation of virtually any tag-

able POI in cells. So far, the Ubiquiton is limited to three ubiquitin linkages namely M1, K48 

and K63. Therefore, the goal was to expand the Ubiquiton towards the atypical linkages K6 

and K11, which were both enriched in one of the MS datasets upon mitochondrial clogging. 

While the K11-Ubiquiton candidate UBE2S showed a high linkage selectivity, the K6-candidate 

NleL showed activity in the presence of UbK6R and built free chains in the presence of the model 

substrate GFP. Interestingly, in the presence of the variant UbK6R, a change in the ubiquitylation 

pattern of NleL was visible which suggests formation of an alternative linkage-type. A possible 

explanation for the remaining ubiquitylation activity of NleL in the presence of UbK6R could be 

that NleL preferentially builds K6-linked chains but can alternatively also form other linkage-

types. This is supported by findings that NleL prefers to form K6-linked chains which seem to 

be branched with K48-linked chains (Hospenthal et al., 2013; Valkevich et al., 2014). The tight 

dimerization system FRB-FKBP “glues” NleL to the substrate and thereby positions multiple 

lysines in close proximity to the catalytic center of NleL (Y.-C. Lin et al., 2013). An alternative 

reversible dimerization system with a higher off rate may be beneficial for a higher linkage 



 Discussion 

145 
 

specificity of NleL. For instance, one could test a dimerization system based on the ligand 

rCD1 or a nanobody-based GFP directed system. Both are suggested to have a higher off-rate 

and/or reversibility compared to the Rapa based system (Farrants et al., 2020; Schifferer et 

al., 2017). Furthermore, several mutations and organism-specific codon optimizations were 

introduced into the protein encoding DNA sequences to enhance selectivity, processivity and 

expression. In vitro, mutant UBE2SE139/143R shows enhanced activity over the WT like mutant 

NleLE705A which additionally exhibits decreased formation of free chains. Initial testing in vivo 

revealed activity of both enzymes in S. cerevisiae and both, the K6 candidate NleL and the 

previously established E3(63) were able to ubiquitylate a C-terminal truncation of TOM20 in 

human cells. Surprisingly, two ubiquitin antibodies had problems to detect the ubiquitin chains 

formed by NleL. It is well known, that some ubiquitin antibodies exhibit linkage-specific 

preferences (Emmerich & Cohen, 2015). Especially the K6 linkage seems to adopt a tight 

structure involving an interface of the patches I36 and I44, which are common binding motives 

and could explain the detection problems (Agrata & Komander, 2025). This is an important 

finding highlighting the importance of antibodies and techniques suitable for the detection of 

K6-linked chains regarding further analysis of the atypical linkages for the purpose of 

mitochondrial clogging.  

Based on the literature, several ubiquitin linkages may be involved in the regulation of the MQC 

(chapter 1.5.3). The ability to induce specific ubiquitin linkages would allow us to dissect the 

role of each linkage in more detail, especially in the absence of the actual stressor, e.g. 

mitochondrial import stress. This would enable an analysis without interference of multiple QC 

mechanisms at the same time. 

 

4.4. Analysis of the interactome of the mitochondrial clogger and TOM20 

Next, the focus of this work shifted to the cellular response to mitochondrial import clogging. 

Therefore, a proximity labeling system was designed that targets the interactome of both the 

mitochondrial import clogger itself and the OMM protein TOM20, a core subunit of the TOM 

complex. This represents the first analysis of the interactome of a mitochondrial import clogger 

and of the OMM under defined mitochondrial import stress. One recent study used a BioID 

fusion to nuclear excluded Hsp104 during mitochondrial import stress in S. cerevisiae but 

neither the clogging protein nor the OMM was tagged with the BioID (Kohler et al., 2024). In 

mammalian cells, several studies have characterized the OMM interactome by fusing biotin 

ligases to TOM20 or TOM70, yet these approaches were applied under unchallenged 

conditions and not during import stress (Akram et al., 2025; Cho et al., 2020; Meurant et al., 

2023). Furthermore, it was demonstrated that the expression of a TOM20 fusion with APEX2 

did not affect the overall mitochondrial function (Akram et al., 2025). Of important note for the 
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following sections is that enriched proteins represent the proximity of TOM20UID or b2-DHFRUID, 

but it cannot be concluded from the data if the expression of these proteins is altered during 

mitochondrial clogging. Furthermore, important identified proteins should be confirmed by WB 

to control false positive hits. In addition, mitochondria are known to form contact sites with 

other cell organelles such as the ER and the nucleus (Rieusset, 2018; Zervopoulos et al., 

2022) and mitochondrial membrane sections can be removed from the mitochondria via MDVs 

during mitochondrial stress (Soubannier, Rippstein, et al., 2012). All this can contribute to the 

relocation of TOM20 under mitochondrial import stress and thus can alter its proximity. 

 

4.4.1. Identification of new potential mitochondrial E3s and DUBs independently 

of mitochondrial import stress 

To validate the mitochondrial interactome the dataset was first screened for known 

mitochondrial E3s and DUBs such as MARCH5, MUL1, and USP30. First the comparison of 

DHFRonly-P2A-TOM20UID vs DHFRonly-UID was performed. This comparison reflects the 

proximity of TOM20 without mitochondrial import clogging. All three known mitochondrial 

E3s/DUBs were highly enriched in the TOM20UID fraction when compared to the cytoplasmic 

DHFRUID. Surprisingly, multiple additional E3s and DUBs were enriched in the proximity of 

TOM20, among others the E3s MGRN1, TRIM4, PEX10/PEX12 and RBX1 and DUBs USP33, 

USP54, USP53, USP32, USP20. This shows that the MS dataset may be used not only to 

study ubiquitin-related proteins in the proximity of TOM20 as a marker for the OMM but also 

during unchallenged conditions. 

 

4.4.2. Proximity labeling of b2-DHFRUID and TOM20UID reveals potential ubiquitin 

writers and erasers during mitochondrial clogging  

4.4.2.1. Identification of ubiquitin writers in the initial MS approach in HEK293T 

cells 

Several findings suggest a role of ubiquitylation, in particular with atypical ubiquitin linkages, 

during mitochondrial clogging. To investigate which ubiquitin writers and erasers may be 

involved in the establishment of this ubiquitin signal, the MS datasets were screened for E3s 

and DUBs during mitochondrial import stress. In the initial MS approach comparing b2-

DHFRUID and DHFRonly-UID in HEK293T cells, the E3s PJA1, PJA2, RBX1, RNF135, OBI1 and 

STUB1 were upregulated. PJA1, PJA2 and OBI1 were both increased in b2-DHFRUID when 

compared to the potential “weaker” mitochondrial clogger Su9-DHFRUID.  
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PJA1 was recently shown to be linked to several neurodegenerative diseases such as 

Alzheimer’s, Parkinson’s and Huntington disease and further involved in synaptic integrity and 

vesicle trafficking (C. Li et al., 2025), which suggests a potential role of PJA1 in the MQC as 

these diseases and the synaptic integrity partially relies on mitochondrial function. 

Furthermore, there is direct evidence that PJA1 facilitates the degradation of the mitochondrial 

protein PGAM5 (S.-Y. Huang et al., 2024) This study also demonstrated interaction of PJA1 

and PGAM5 with the mitochondrial fission factor DRP1. Additionally, it was shown that DRP1 

phosphorylation, which regulates mitochondrial fission, was dependent on PJA1 and a knock 

down of PJA1 resulted in lower ATP levels, and increased production of mROS (S.-Y. Huang 

et al., 2024). It was shown that DRP1 activity is involved in the biogenesis of MDVs, which are 

thought to be involved in the MQC by recycling of mitochondrial membrane sections (König et 

al., 2021).  

Mitochondrial evidence for PJA2 is limited to its expression in neuronal cells and its link to 

Alzheimer’s disease (Gong et al., 2020; Lignitto et al., 2011). However, PJA2 was shown to 

form the atypical ubiquitin linkages K27, K29 and K33 on the HIV-1 protein Tat (Faust et al., 

2017), which would match the linkages K29 and K33 that are in close proximity to the clogger 

b2-DHFR and TOM20 under mitochondrial import stress. Enrichment of PJA2 in the 

interactome of the mitochondrial clogger might indicate an involvement of PJA2 in the 

formation of these linkages. 

Notably, PJA1 and PJA2 were in the downregulated fraction of the clogging-related 

comparisons in the optimized TOM20UID-based approach in HeLa cells. This questions the 

function of both E3s in the MIQC. It could be that these inconsistencies rely on the different 

experimental setup. In the initial MS approach HEK293T cells were transiently transfected, 

which resulted in higher protein levels compared to the Flp-In integrated setup in HeLa cells. 

Different cell lines or expression levels of the mitochondrial clogger may lead to the usage of 

different cellular mechanisms. To clarify this discrepancy and the role of these two E3s in the 

MIQC further experiments are necessary. For example, the denaturing pull-down of b2-DHFR 

could be performed in the absence of PJA1 or PJA2 while monitoring the ubiquitylation status 

of the clogger. Furthermore, microscopy could be used to analyze if PJA1 or PJA2 are recruited 

to the mitochondrial membrane during import stress. For example, a proximity ligation assay 

could be suitable to analyze the recruitment of both E3s to the TOM complex or to the 

mitochondrial clogger. Furthermore, TOM20 dissociates from the TOM complex upon 

precursor delivery and thus might not be in the proximity of the clogged pore during the 

ubiquitylation process (Bhagawati et al., 2021). It was shown that TOM22 stably associates 

with the TOM complex and would be a suitable replacement for TOM20 in order to identify the 

ubiquitylation machinery of a clogged mitochondrial channel (Dekker et al., 1998). 
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4.4.2.2. Identification of ubiquitin writers and erasers in the optimized TOM20UID-

based MS approach in HeLa cells 

While multiple E3s could be detected in the proximity of b2-DHFR in the initial MS approach in 

HEK293T cells, there was a discrepancy compared to the optimized approach with TOM20UID 

in HeLa cells. For instance, in the optimized MS approach using the TOM20UID-based proximity 

labeling approach in HeLa cells, PJA1 and PJA2 were decreased in the proximity of b2-

DHFRUID or TOM20UID during mitochondrial clogging. However, additional E3s were identified 

in the optimized approach such as RBBP6, RNF216, TRIM4, MUL1, PEX10 and PEX12, 

MECOM and RBX1. The RING-type E3 RBBP6 was enriched in the proximity of b2-DHFRUID 

in the absence and presence of MTX as well as in the proximity of TOM20UID in the presence 

of MTX. RBBP6 mediates proteasomal degradation of YB-1, which is among other involved in 

translational repression and mRNA splicing (Chibi et al., 2008; Xie et al., 2025). So far, 

evidence of a mitochondrial role of RBBP6 is very limited and requires further investigation. In 

addition to RBBP6, peroxisomal E3s PEX10 and PEX12 were enriched in clogging-related 

fractions. Enrichment of these two peroxisomal E3s may indicate an alteration of the 

mitochondrial-peroxisomal crosstalk during mitochondrial clogging.  

Furthermore, multiple DUBs were enriched in the proximity of b2-DHFRUID or TOM20UID during 

mitochondrial clogging, such as USP7, USP8, USP14, USP20, USP30, USP33 and USP36. 

Notably, the mitochondrial DUB USP30 was only enriched in the proximity of TOM20 during 

mitochondrial clogging but was strongly decreased in the comparison of b2-DHFRUID with 

TOM20UID. This may indicate an exclusive role of USP30 in the vicinity of TOM20 during import 

stress. However, it is also possible that USP30, a key DUB of the OMM is already highly 

abundant in the proximity of TOM20 which complicates a direct comparison with the 

mitochondrial clogger b2-DHFR.  

By contrast, the DUB USP20 was enriched in several clogging-related conditions, especially 

in conditions comparing the clogger b2-DHFRUID with the OMM marker TOM20UID. Recently a 

link between the MQC and USP20 was demonstrated (Park et al., 2025). USP20 can interact 

with PARKIN1, stabilizes PARKIN1 protein levels and thus is involved in the regulation of 

mitophagy. Hence, it could be possible that USP20 might be involved in MQC mechanisms 

beyond mitophagy such as TOM complex clearance upon precursor arrest. 

In conclusion, the MS dataset includes several potential candidates that mediate and regulate 

the ubiquitylation of the clogger b2-DHFR and its close vicinity. Further experiments are 

required to clarify their involvement in the MIQC. First, mitochondrial localization and the 

interaction of these proteins with b2-DHFR or TOM20 (during mitochondrial import stress), 

should be validated by microscopy and WB. Furthermore, the involvement of these candidates 

in the ubiquitylation of b2-DHFR or other OMM proteins during mitochondrial clogging should 
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be addressed. For instance, the ubiquitylation status of b2-DHFR or OMM proteins could be 

analyzed either using the denaturing pull-downs or LinkageID in the absence of these 

candidates. 

4.4.2.3. Key mitochondrial proteins are enriched in the proximity of b2-DHFR 

After the analysis of ubiquitin writers and erasers, the focus shifted to overall changes of 

proteins in the proximity of b2-DHFRUID or TOM20UID. GO-term enrichment analysis and 

STRING clustering of enriched proteins in the proximity of the mitochondrial clogger in 

comparison to TOM20UID could reveal two major groups. Group one is enriched for proteins 

with key mitochondrial functions such as OXPHOS, mitochondrial organization glutamate 

metabolism and Fe-S cluster biogenesis while the second group of proteins are involved in the 

regulation of mitochondrial translation. 

Enrichment of these key mitochondrial proteins in group one is consistent with a previous 

findings showing that mitochondrial stress in C. elegans leads to the upregulation of nuclear 

encoded OXPHOS genes, Fe-S cluster biogenesis factors that are essential for the maturation 

of OXPHOS complexes and enzymes of the glutamate metabolism (Braymer & Lill, 2017; 

Nargund et al., 2015). Mitochondrial import stress in S. cerevisiae also leads to an upregulation 

of factors of the TCA cycle, iron homeostasis and glutamate metabolism (Mishra et al., 2025). 

Those findings align with cluster one. Furthermore, MICOS subunits APOOL and IMMT were 

also upregulated in the proximity of the mitochondrial clogger. In a recent publication MICOS 

subunit MIC19 was found to be enriched in the pull-down fraction of a mitochondrial clogger in 

human cells (Krakowczyk et al., 2024). While MICOS is required for the cristae formation, 

MICOS is also involved in the regulation of OXPHOS and has a role in the mitochondrial protein 

import by interacting with the TOM complex (Horvath et al., 2015; Kondadi, Anand, Hänsch, et 

al., 2020; Kondadi, Anand, & Reichert, 2020). Additionally, glutamate is a anaplerotic substrate 

for the TCA cycle via conversion to α-ketoglutarate (D. Zhang et al., 2024). A recent publication 

also found that FXN a core component of the NIA machinery is upregulated in the cytoplasm 

of mouse cells upon expression of mitochondrial clogger mutant of Ant1 (Coyne et al., 2023). 

In the same publication it was shown that the mitochondrial glutamate dehydrogenase DHE3 

and OAT which is required for the formation of L-glutamate are also upregulated upon 

mitochondrial clogging in human cells, which would be consistent with the glutamate 

metabolism-related cluster that was enriched in the proximity of b2-DHFR.  

Notably, most of the proteins from group one localize in the IMS or in the mitochondrial matrix. 

This points towards the question of whether a subpopulation of b2-DHFR is successfully 

translocated through the TOM complex leading to the proximity and enrichment of proteins 

belonging to group one. Alternatively, as group one represents proteins highly demanded for 

key mitochondrial functions their import could be essential to ensure these functions during 
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mitochondrial import stress leading to their accumulation in the proximity of a clogged 

mitochondrial channel. Notably, not a single mitochondrially encoded protein was detected by 

b2-DHFRUID despite the high sensitivity of our Orbitrap Astral mass spectrometer. Further 

experiments are necessary to confirm any increased abundance of proteins belonging to group 

one at the site of a clogged mitochondrial import channel. For instance, a proximity labeling 

approach based on TOM22, which does not dissociate from the TOM complex, in the presence 

of b2-DHFR would be suitable to investigate an enrichment of these key mitochondrial proteins. 

The second detected cluster of proteins regulates mitochondrial translation. This cluster 

participates in the translation of mitochondrial encoded OXPHOS genes (Kremer & Rehling, 

2024). Mitochondrial-encoded proteins form the catalytic cores of OXPHOS complexes, and 

their tight translational regulation is critical to coordinate complex assembly with nuclear-

encoded OXPHOS subunits (Nargund et al., 2015). An enrichment of factors involved in 

regulating mitochondrial translation would be plausible, as mitochondrial import clogging 

prevents nuclear-encoded subunits from arriving inside the mitochondria for the complex 

assembly. 

4.4.2.4. Analysis of the TOM20 interactome during mitochondrial import stress 

While b2-DHFRUID is suitable to detect proteins in the proximity of the mitochondrial clogger, 

the optimized approach based on TOM20UID allows the analysis of changes in proximity of the 

TOM complex. Additionally, due to the ability of TOM20UID to dissociate from the TOM complex, 

it enables enrichment of proteins at the OMM more distant from the site of clogging.  

Analysis of proteins enriched in the proximity of TOM20UID during mitochondrial import clogging 

showed an enrichment of NDUFA6, an OXPHOS subunit (Complex I) and OXPHOS-related 

proteins. For instance, ACAD9 is an assembly factor for the respiratory chain complex I (Schiff 

et al., 2015) and other proteins involved in the fatty acid metabolism were enriched. The fatty 

acid metabolism provides electron donors for OXPHOS and its deficiency negatively affects 

OXPHOS and vice versa (Nsiah-Sefaa & McKenzie, 2016). The enrichment of factors involved 

in the fatty acid metabolism are consistent with findings that expression of the clogger mutant 

of ANT1 resulted in the cytoplasmic upregulation of fatty acid-related factors THIM and THIL 

that facilitate fatty acid β-oxidation (Coyne et al., 2023). It was shown that cells compensate 

mild OXPHOS deficiency by fatty acid metabolism (Timper et al., 2018). This suggests that 

proteins in the proximity of TOM20 during mitochondrial clogging may reflect a compensation 

for mitochondrial OXPHOS deprivation which is in line with proteins enriched in the proximity 

of b2-DHFRUID. Additionally, upon expression of b2-DHFR, a strong enrichment for RNA 

binding proteins (RBPs) found in the nuclear speckle is visible in the proximity of TOM20UID. 

Notably, some RBPs were detected in TOM20UID with and without mitochondrial clogging which 

is in common with a previous study showing an enrichment of RBPs in the proximity of TOM20 
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under unchallenged conditions (Akram et al., 2024; Meurant et al., 2023). However, upon 

expression of b2-DHFR, a strong shift towards RNA splicing factors enriched in the nuclear 

speckle was visible. Master regulators and scaffolds of the nuclear speckle such as SON, 

SRRM2 were present (Ilik et al., 2020). It was previously shown that ribotoxicity leads to a 

reorganization of the nuclear speckle and recruitment of splicing factors (Sung et al., 2023). 

Publications in S. cerevisiae and C. elegans report splicing as a regulator of stress (Parenteau 

et al., 2025; Xia et al., 2022). In particular it was shown that mitochondrial stress leads to 

splicing-dependent activation of the mitochondrial UPR in C. elegans (Xia et al., 2022). 

Together this may suggest a regulatory role of these RBPs in proximity of TOM20 upon 

expression of b2-DHFR to overcome the induced mitochondrial import stress. 

In conclusion, enriched proteins in the proximity of TOM20 under mitochondrial import stress 

seem to define a mitochondrial-nuclear stress module. Several proteins involved in 

mitochondrial metabolism, especially in OXPHOS and fatty acid metabolism are represented. 

Furthermore, a group of splicing related nuclear speckle proteins is enriched which may 

suggest re-wiring of transcription and RNA processing upon mitochondrial import stress (Fig. 

44). 
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Figure 44 Alterations in the proximity of a clogged mitochondrial import channel. Key 
mitochondrial proteins involved in OXPHOS, fatty acid and glutamate metabolism were 
enriched in proximity to the OMM, potentially reflecting the cellular demand for these central 
mitochondrial processes. Additionally, a cluster of nuclear speckle RBPs was enriched and a 
BRCA1-centered cluster of proteins was depleted in the proximity of TOM20 which may reflect 
mito-nuclear stress signaling mediated by TOM20. Proteins CLPB and DNAJA3 act as 
connecting nodes between the metabolic and RBP-related clusters potentially highlighting their 
role in the mitochondrial homeostasis during import clogging. 

 

4.4.2.5. CLPB, DNAJA3, NDUFA6 and TIM44 as central nodes linking 

mitochondrial import stress to OXPHOS and MQC 

Interestingly, four proteins, CLPB, DNAJA3, NDUA6 and TIM44 seem to connect the identified 

protein clusters in proximity to b2-DHFR and TOM20 during mitochondrial clogging. 

NDUA6, a critical subunit of the respiratory chain complex aligns well with the observed 

increase of OXPOHS-related proteins during mitochondrial clogging (Angerer et al., 2014). 

Interestingly, NDUA6 was among a small group of OXPHOS subunits that were selectively 

affected by reduced mitochondrial fatty acid synthesis, which may be explained by its 

interaction with acetylated ACP, whose modification state depends on faffy acid availability 

(Nowinski et al., 2020). Thus, NDUFA6 could represent a “bridging factor” between the two 

clusters of OXPHOS- and fatty acid metabolism-related proteins. Notably, in the STRING 

network NDUFA6 also emerged as a connecting node to a cluster of RBPs via the splicing 

factor SRSF6. 

By contrast, CLPB, DNAJA3 and TIM44 can directly be linked to MQC and mitochondrial 

protein import defects. TIM44 is a core scaffold and regulator for the recruitment of the TIM23-

associated import motor, and inhibition of TIM44 causes mitochondrial import defects (Hutu et 

al., 2008). Most nuclear-encoded OXPHOS subunits rely on TIM23PAM-dependent import into 

mitochondria (Tang et al., 2020). Furthermore, OXPHOS is the main driver of the proton motive 

force that is required for the establishment of Δψm (Zorova et al., 2018). Thus, increased 

proximity of TIM44 to a clogged mitochondrial import channel could reflect an adaptive cellular 

response to overcome mitochondrial import defects at the OMM to maintain OXPHOS and 

Δψm. 

DNAJA3 is a mitochondrial HSP40-family co-chaperone, required for maintenance of 

mitochondrial protein homeostasis, folding and translocation across mitochondrial membranes 

and is linked to cell survival, proliferation and regulation of apoptosis (Felipe Perez et al., 2024; 

Sayson et al., 2024). Genetic loss of DNAJA3 in mice leads to mitochondrial dysfunctions 

including impaired Δψm and reduced OXPHOS complex levels (Sayson et al., 2024). 

Furthermore, DNAJA3 is involved in the DRP1-dependent mitochondrial fragmentation (Elwi 
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et al., 2012). Together with these functions, an increased abundance of DNAJA3 in the 

proximity of clogged mitochondrial import channels may represent an elevated demand for this 

MQC factor during mitochondrial import clogging. 

The mitochondrial disaggregase CLPB was the most consistently upregulated hit in the 

optimized TOM20-based UID approach. It was upregulated in all clogging-related conditions 

(-/+ MTX) and was also identified as upregulated in the initial MS approach in HEK293T cells. 

CLPB is linked to several mitochondria-related diseases, including congenital neutropenia, 

developmental delay/intellectual disability and progressive brain atrophy, and CLPB activity 

led to increased solubility of Parkinson’s diseases-related α-synuclein (Cupo & Shorter, 2020; 

Heath et al., 2026). Loss of CLPB in human cells resulted in decreased solubility of multiple 

mitochondrial proteins including OXPHOS components (Cupo & Shorter, 2020). Although a 

direct role of CLPB in the mitochondrial protein import has not been demonstrated, a potential 

function has been suggested based on its close evolutionary relationship to yeast Hsp78 which 

is linked to mitochondrial protein import (Cupo & Shorter, 2020). Given that CLPB was 

consistently upregulated in proximity to b2-DHFR and TOM20 during mitochondrial import 

stress, it would be important to further investigate its role in mitochondrial protein import. 

Together, NDUA6, CLPB, DNAJA3 and TIM44 were identified as central nodes that connect 

b2-DHFR/TOM20-proximal protein clusters related to OXPHOS, fatty acid metabolism and 

mitochondrial quality control during import clogging. NDUA6 may function as a metabolic 

“bridge” between OXPHOS, fatty acid metabolism and RBPs, whereas TIM44, DNAJA3 and 

CLPB point to an adaptive MQC response that aims to sustain mitochondrial protein import, 

respiratory chain function and Δψm under mitochondrial import stress.  

So far, these proteins have been identified in proximity of b2-DHFR and TOM20 during 

mitochondrial import stress and further analysis is required to dissect their specific function 

during import stress. Initial experiments could investigate if the expression of these proteins is 

also upregulated during mitochondrial import stress. Therefore, one could analyze 

transcriptional changes by RT-qPCR and total protein levels via WB and MS. As a follow-up 

one could investigate if loss of these factors would contribute to the severity of mitochondrial 

import defects in human cells.  

4.4.2.6. BRCA1 is decreased in proximity to TOM20 during mitochondrial import 

stress 

A large portion of proteins decreased in the proximity of TOM20UID during mitochondrial import 

stress can be grouped in a cluster associated with DNA repair. Many of these proteins were 

clustered around BRCA1. BRCA1 is a well-established nuclear tumor suppressor renowned 

for homologous recombination-mediated DNA repair, yet multiple studies also demonstrate its 
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localization to mitochondria. (Coene et al., 2005; Maniccia et al., 2009). BRCA1 seems to be 

involved in the regulation of mitochondrial fusion/fission and mitophagy (Q. Chen et al., 2020), 

and it was previously shown that mitochondrial damage leads to PINK1-dependent 

degradation of BRCA1 (Miyahara et al., 2021). Here it was shown that PINK1 can localize 

inside the nucleus, suggesting nuclear degradation of BRCA1. In unchallenged conditions, 

PINK1 is translocated through the TOM complex into the mitochondria (Matsuda et al., 2010), 

and nuclear PINK1 accumulation was enhanced upon mitochondrial uncoupling induced by 

CCCP (Miyahara et al., 2021). Mitochondrial uncoupling collapses ΔΨm and thereby stalls 

mitochondrial protein import (Bogorodskiy et al., 2021). A hypothesis to explain the decreased 

abundance of BRCA1 in proximity of TOM20 would be that mitochondrial import clogging 

prevents the translocation of PINK1 into the mitochondria. This could lead to accumulation of 

PINK1 in the cytoplasm and nucleus leading to the degradation of BRCA1 and reduced 

proximity labeling by TOM20UID. However, further experiments are required to validate this 

idea. Total BRCA1 levels during mitochondrial import stress could be analyzed by WB. 

Investigations of PINK1 accumulation in the cytoplasm and nucleus during expression of b2-

DHFR by microscopy and proximity of PINK1 to BRCA1 could be analyzed by proximity 

labeling strategies. 

In summary a remodeling of proteins in the proximity of TOM20 during mitochondrial import 

stress that describes the downregulation of DNA maintenance factors that align around the 

tumor suppressor BRCA1. Previous studies have described regulatory roles of BRCA1 in 

mitochondrial dynamics and quality control which may suggest that the decrease in BRCA1 in 

proximity of the OMM marker TOM20 could reflect the involvement of BRCA1 in a stress 

response to mitochondrial import clogging. 

 

4.4.3. Potential re-localization of TOM20 during mitochondrial import stress 

Surprisingly, many nuclear proteins were enriched by TOM20UID with and without mitochondrial 

import stress. Upon mitochondrial clogging, a cluster of splicing-related nuclear speckle 

proteins was enriched in the proximity of TOM20. This suggests either that these nuclear 

speckle proteins enrich at the OMM or that TOM20 relocates to the nucleus or its periphery. 

Previously it was shown that several mitochondrial proteins, e.g. TCA cycle factors can localize 

to the nucleus and roles in the DNA repair and epigenetic regulation are suggested (W. Li et 

al., 2022; Tang, 2015; Wang et al., 2017). In addition, it was shown that the nucleus serves as 

a compartment for the degradation of non-imported mitochondrial precursor proteins (Shakya 

et al., 2021). Recent publications demonstrated Tom70 mediated mitochondrial-nuclear 

contact sites in S. cerevisiae (Eisenberg-Bord et al., 2021; Ruediger et al., 2025). Further, in-

depth analysis of mitochondrial complexes in S. cerevisiae shows that the nuclear transcription 
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factor Gis1 forms a complex with Tom20, Tom22, Tom40 and Hsp60 (Schulte et al., 2023). In 

combination with the data of enriched nuclear speckle proteins with these findings, one could 

hypothesize a role of TOM20 either in mitochondrial-nuclear contact sites or inside the nucleus. 

TOM20 as one of the major mitochondrial import receptors could function as a nuclear sensor 

for mitochondrial import stress (Fig. 44). Nevertheless, these ideas need further careful 

validation. For example, one could investigate the localization of TOM20 during mitochondrial 

import stress by microscopy. As a potential nuclear localization of TOM20 might be a rather 

rare event, one could perform subcellular fractionation and investigate the presence of TOM20 

in the nuclear fraction by WB. This could be analyzed in the absence and presence of b2-

DHFR which would give an insight into whether mitochondrial import stress alters the 

localization of TOM20. 

 

4.5. Future perspectives 

4.5.1. Linkage specific ubiquitylation of b2-DHFR 

The observation that the mitochondrial clogger b2-DHFR is ubiquitylated, together with 

evidence for atypical ubiquitin linkages in the vicinity of b2-DHFR and TOM20, raises several 

central questions: (i) which ubiquitin writer(s) establish the ubiquitin signal on b2-DHFR, (ii) 

which linkage type(s) are formed on b2-DHFR, and (iii) which ubiquitin readers decode this 

signal and mediate MIQC. 

To address the first question, the E3s identified in proximity to b2-DHFR or TOM20 during 

mitochondrial clogging represent promising candidates and could be investigated. Analysis of 

the ubiquitylation status of b2-DHFR in the absence of these E3s would clarify whether they 

contribute to establishing the ubiquitin signal on the clogger. However, because TOM20 can 

dissociate from the TOM complex, TOM20-based proximity labeling may not be optimal to 

capture E3s acting at a clogged TOM channel. UID tagging of TOM22, which constitutively 

associates with the TOM complex, could provide a more stable detection of E3s that target b2-

DHFR at the TOM complex. 

To define the linkage architecture on b2-DHFR, denaturing pull-downs of b2-DHFR under 

conditions of proteasome and/or VCP inhibition could be subjected to a UbiCRest assay in 

combination with MS analysis (Hospenthal et al., 2015). A combination of both methods would 

give insight into the quantity of a given linkages while simultaneously resolving heterotypic 

chain architectures. 

Once the linkage type(s) on b2-DHFR are clarified, one could continue to identify readers of 

that linkage. A repeat of the LinkageID approach using the relevant linkage(s) in the presence 

and absence of b2-DHFR, followed by MS, could reveal proteins that preferentially bind these 
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chains. If the identified linkage(s) can be induced by the Ubiquiton system, combining the 

Ubiquiton with a UID-based proximity labeling strategy would be particularly useful. This would 

enable the controlled establishment of the respective linkage on b2-DHFR, followed by an 

unbiased identification of proteins that accumulate in the proximity polyubiquitylated b2-DHFR. 

 

4.5.2. The role of VCP in the removal of stalled mitochondrial precursors 

So far inhibition of VCP and the proteasome led to increased ubiquitylation of b2-DHFR and 

stabilized precursor levels, supporting a model in which VCP extracts stalled precursors from 

the TOM complex for proteasomal degradation. To directly probe the involvement of VCP at 

the mitochondrial surface, VCP recruitment to mitochondria during import stress could be 

assessed using PLA and IF co-staining for VCP with b2-DHFR and/or TOM20. Such 

experiments would reveal whether VCP physically engages clogged TOM complexes. In 

addition it would be important to clarify whether VCP would act broadly on other mitochondrial 

cloggers, for instance a physiologically relevant mutant form of the mitochondrial carrier ANT1 

could be tested (Coyne et al., 2023). Given that the VCP adaptor UBXN4 was already detected 

near TOM20 under mitochondrial import stress, it will also be important to test whether UBXN4 

depletion stabilizes b2-DHFR, thus functionally linking UBXN4 to a VCP-dependent extraction. 

 

4.5.3. Validation of TOM20UID-based proximity labeling 

The TOM20UID-based proximity labeling experiments revealed enrichment of several functional 

protein groups, including factors involved in OXPHOS, fatty acid metabolism, and glutamate 

metabolism, whereas a BRCA1-centered protein cluster was depleted in proximity of TOM20 

during mitochondrial import clogging. However, proximity labeling alone cannot distinguish 

between changes in total protein abundance and changes in spatial redistribution toward or 

away from the TOM complex or the OMM. To address this limitation, it will be important to 

quantify total protein levels of selected candidates during mitochondrial import stress. It will be 

informative to determine whether BRCA1 levels decrease specifically in the proximity of 

TOM20 during mitochondrial clogging, or whether global BRCA1 abundance is also affected. 

BRCA1 is a key tumor suppressor implicated in the development of breast and ovarian 

cancers, and evidence that mitochondrial import stress perturbs global BRCA1 levels would 

therefore be of considerable medical relevance (Stefansson & Esteller, 2012).  

Furthermore, it would be interesting to investigate the function of the node-connecting proteins 

CLPB, DNAJA3, NDU6 and TIM44 during mitochondrial import clogging (chapter 4.4.2.5). In 

particular it would be interesting to investigate the proposed role of the consistently identified 

hit CLPB during mitochondrial protein import. (Cupo & Shorter, 2020). 
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4.5.4. Localization of TOM20 during mitochondrial clogging 

A surprising outcome of the TOM20UID experiments was the enrichment of nuclear speckle 

proteins in the vicinity of TOM20 during mitochondrial import stress. This raises the question 

of where these proteins encounter TOM20. One possibility is that nuclear speckle proteins 

become enriched at the OMM; alternatively, mitochondrial import stress may enhance contacts 

at the mito-nuclear interface, or a fraction of TOM20 may even re-localize to the nucleus. To 

monitor the spatial fate of TOM20 and its proximal environment over time, cells expressing the 

b2-DHFR-P2A-TOM20UID construct could be pulse-labeled with biotin, followed by imaging of 

the biotin signal. After removal of biotin, the redistribution of labeled TOM20 and labeled 

proteins in its proximity could be tracked to determine whether a biotin signal appears in the 

nucleus. At the same time, subcellular fractionation followed by immunoblotting for TOM20 in 

nuclear and mitochondrial fractions would provide a biochemical readout of a potential nuclear 

re-localization of TOM20. Comparing TOM20 distribution in the presence and absence of b2-

DHFR would reveal whether mitochondrial import stress actively drives TOM20 into nuclear 

compartments, potentially linking TOM20 dynamics to mito-nuclear communication and stress 

signaling. 
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5 Appendix 
 

5.1. Abbreviations 

µm   Micrometer 

µM   Micromolar 

Å   Ångström 

aa   Amino acid 

adj. P. Val.   Adjusted P-Values (Limma) 

ADP   Adenosine diphosphate 

AGE   Agarose gel electrophoresis  

ANT1   ADP/ATP translocase 1 

APC   Anaphase-promoting complex 

ATAD1  ATPase family AAA domain-containing protein 1 

ATF   Activating transcription factor 

ATP   Adenosine triphosphate  

b2   MTS of cytochrome b2 

b2-DHFR  Mitochondrial model clogger, Fusion of b2 with DHFR 

BAK   Bcl-2 homologous antagonist/Killer 

BAX   Bcl-2-associated X 

BCL1   B-cell lymphoma 1 

BNIP3   Bcl1-Interacting Protein 3 

BRCA1  Breast Cancer Type 1 Susceptibility Protein 

C°   Degrees Celsius 

Ca   Calcium 

CCCP   Carbonyl Cyanide M-Chlorophenyl Hydrazone 

Cdc48   Cell Division Control Protein 48 

CF    Core Facility  

cGAS   Cyclic GMP-AMP Synthase 

CHCHD  Coiled-Coil-Helix-Coiled-Coil-Helix Domain-containing protein 

CHOP   C/Ebp homologous protein 

CHX   Cycloheximide 

CLPB   Caseinolytic peptidase B 



 
Appendix 

160 
 

CoA   Coenzyme A 

C-terminus   Carboxy terminus 

CUb   C-terminal half of ubiquitin 

CUbo   FKBP-Cub  

CUE   Coupling of ubiquitin conjugation to ER degradation 

Cue1   Cue-domain-containing Protein 1 

CV   Column Volumes 

DDA   Data-dependent acquisition  

DDR   DNA damage response  

DELE1   Dap3-Binding cell death enhancer 1 

DFCP1  Double Fyve-domain-containing protein 1 

DHFR   Dihydrofolate reductase 

DJ-I   Parkinsonism-associated deglycase 

DMEM   Dulbecco’S Modified Eagle Medium 

DMSO   Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

DnaJ   Prototypical J-Domain Protein 

DNM1L  Dynamin-1-like protein 1 

Doa10   Ubiquitin ligase Doa10 

DOX   Doxycycline 

DPBS   Dulbecco’s Phosphate-Buffered Saline  

Dsk2   Ubiquitin domain-containing protein Dsk2 

DTT   Dithiothreitol 

DUB   Deubiquitylating enzyme 

E1   Ubiquitin activating enzyme  

E2   Ubiquitin conjugating enzymes 

E3   Ubiquitin ligase 

E3(1)   Ubiquiton E3 specific for M1-linked chains 

E3(48)   Ubiquiton E3 specific for K48-linked chains 

E3(63)   Ubiquiton E3 specific for K63-linked chains 

EGFR   Epidermal growth factor receptor 

EHEC   Enterohemorrhagic Escherichia Coli  

elF2α   Eukaryotic translation initiation factor 2 
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EMT   Epithelial mesenchymal transition 

ER   Endoplasmic Reticulum  

Erv1   ER-vacuole protein 1 

FAD   Flavin adenine dinucleotide 

FAF2   Fas-associated factor family member 2 

FAO   Fatty acid oxidation 

FBS   Fetal bovine serum  

FCCP   Carbonyl cyanide-P-trifluoromethoxy phenylhydrazone 

FDR   False discovery rate  

Fe-S   Iron Sulfur 

FKBP   FK506-binding protein 

flag   Flag epitope tag 

FRB   FKBP-Rapamycin binding protein 

FUNDC1  Fun14 domain-containing protein 

GA   Gibson assembly 

GFP   Green fluorescent protein 

GO   Gene ontology 

h   Hour 

H3K9me3  Trimethylation of lysine 9 on histone H3 

HACE1  Hect domain and ankyrin repeat containing E3 

HBD    Heme binding domain 

HCD   Higher energy collision dissociation 

HCl   Hydrochloric dcid 

HECT   Homologous to E6-Ap carboxy terminus 

his   Polyhistidine tag 

HOIL-1L  Haem-oxidized Irp2 E3 1-like 

HOIP   Hoil-1-interacting protein 

HRI   Heme-regulated Eif2Α kinase 

Hsf1   Heat shock factor 1 

HSP   Heat shock protein 

HTRA2  High-temperature requirement protein A2 

HTS   Hydrophobic transmembrane segment 

HUWE1  HECT, UBA and WWE domain containing E3 1 
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Icp55   Intermediate cleaving peptidase 55 

IEX    Ion exchange 

IF   Immunofluorescence 

IFNβ   Interferon beta 

IMM   Inner mitochondrial membrane 

IMMP2L  IMM peptidase subunit 2-like 

Imp   IMM peptidase 

IMS   Mitochondrial intermembrane space 

IRF3   Interferon regulatory factor 3 

J-proteins  Dnaj-related cochaperones  

K   Lysine 

KO   Knockout 

LB   Luria broth  

LC3   Microtubule associated protein 1 light chain 3 

LFQ   Label-free protein quantification 

Log2FC  log2 fold change 

LotA   Legionella outer membrane protein A 

LUBAC  Linear ubiquitin chain assembly complex  

M   Molar 

M1   Met1-linked 

MARCH5  Membrane associated ring-CH-type finger 5 

MAVS   Mitochondrial antiviral-signaling protein 

MCU   IMM Calcium uniporter complex 

MDA5   Melanoma differentiation-associated protein 5 

MDCs   Mitochondrial-derived compartments  

MDVs   Mitochondrial-derived vesicles  

MEF   Mitochondrial enrichment factor 

MET4   Met4 transcription factor 

MFF   Mitochondrial fission factor 

MFN   Mitofusin 

Mge1   Mitochondrial Grpe protein 1 

MIA   Mitochondrial intermembrane space Assembly 

MICOS  Mitochondrial contact site and cristae organizing system  
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MIM   IMS import machinery 

min   Minute 

MIP   Mitochondrial intermediate peptidases 

MIQC   Mitochondrial import quality control 

MIRO   Mitochondrial Rho GTPase 

mitoCPR  Mitochondrial compromised protein import response  

mitoNUC  Nuclear-associated mitoprotein degradation 

mitoTAD  Mitochondrial protein translocation-associated degradation 

mM   Millimolar 

MPP   Mitochondrial processing peptidase 

MQC   Mitochondrial quality control  

mRNA   Messenger RNA 

MS   Mass spectrometry  

Msp1   Protein-degrading AAA Family ATPase Msp1 

mtDNA  Mitochondrial DNA 

MTS   Mitochondrial targeting sequences 

mtUPR  Mitochondrial unfolded protein response 

MTX   Methotrexate 

MWCO  Molecular weight cut-off  

myc   Myc epitope tag 

NAD+   Nicotinamide adenine dinucleotide 

NBR1   Neighbor of BRCA1 gene 1 

NDP52  Nuclear dot protein 52 kDa 

NEM   N-Ethylmaleimide  

NEMO   NF-κB Essential Modulator 

NF-κB   Nuclear factor kappa-light-chain-Enhancer of activated B-cells 

NIX   Nip-3-like protein X  

nm   Nanometer 

NMR   Nuclear magnetic resonance 

Npl4   Nuclear protein localization protein 4 

N-terminus  Amino terminus 

NUa   NUbI13A 

NUb   N-terminal half of ubiquitin 
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NUbo   NUa-HA-FRB 

Oct1   Metalloendopeptidase 

OD   Optical density 

OMA1   Oma1 zinc metallopeptidase 

OMM   Outer mitochondrial membrane 

OPTN   Optineurin 

OXPHOS  Oxidative phosphorylation 

p62   Sequestosome 1  

PAM   Presequence translocase-associated motor 

PARKIN  Parkin RBR E3 

PARL   Presenilin-associated rhomboid-like protease 

PBS   Phosphate-buffered saline 

PCNA   Proliferating cell nuclear antigen 

PCR   Polymerase chain reaction 

PEI   Polyethyleneimine 

pH   Power of hydrogen 

PHB2   Prohibitin 2 

PINK1   Pten Induced Kinase 1 

PIP   PCNA-Interacting peptide 

POI    Protein of interest 

Pth2   Parathyroid hormone 2 

R   Arginine 

RAF   Rapidly accelerated fibrosarcoma kinase 

Rapa   Rapamycin 

RAS   Rat sarcoma family small GTPase 

RBP   RNA‑binding protein 

RBR   RING in between RING 

RIG-I    RNA sensor RIG-I 

RING   Really Interesting New Gene  

RNA   Ribonucleic acid 

RNF   Ring finger protein 

ROS   Reactive oxygen species 

RPC   RNA-protein crosslinks 
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Rpn4   Stress-regulated transcription factor Rpn4 

rRNA   Ribosomal RNA 

Rsp5   NEDD4 family E3  

RT   Room temperature 

RT-qPCR   Reverse transcription quantitative polymerase chain reaction 

SAM   Sorting and assembly machinery  

SARS-CoV-2   Severe acute respiratory syndrome coronavirus 2 

SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SEC   Size exclusion chromatography 

SLC   Solute carrier 

SPOTs  Structures positive for OMM 

SRSF6  Serine- and arginine-rich splicing factor 6 

Sti1   Chaperone activator Sti1 

STING   Stimulator of interferon genes 

TB   Terrific broth  

TBE   Tris-Borate-EDTA buffer 

TBK1   TANK binding kinase 1 

TCA   Tricarboxylic acid 

TCA   Trichloroacetic acid 

TIM   Translocase of the IMM 

TLR   Toll-Like receptor 

TMD   Transmembrane domain 

TNF   Tumor necrosis factor 

TOM   Translocase of the OMM 

TRAF6   TNF receptor associated factor 6 

TRIP12  Thyroid hormone receptor interactor 12 

tRNA   Transfer RNA 

Ub   Ubiquitin 

UBA   Ubiquitin-activating enzyme 

Ubc   Ubiquitin-conjugating enzyme 

UBD   Ubiquitin-binding domain 

Ubl   Ubiquitin-like  

UBR   UBR-box E3 
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UBX   Ubiquitin regulatory X domain 

Ubx2   UBX domain-containing protein 2 

UFD   Ubiquitin fusion degradation 

UID   UltraID 

UIM   Ubiquitin-interacting motif 

ULK1   Unc-51-like kinase 1 

UPR   Unfolded protein response 

UPS   Ubiquitin-proteasome system 

USP   Ubiquitin-specific protease 

UV   Ultraviolet 

VCP   Valosin-containing protein 

VDAC   Voltage-dependent anion channel 

VIPERIN  Virus inhibitory protein 

WB   Western blot(ting) 

WCL   Whole-cell lysates  

WIPI1   WD repeat domain phosphoinositide-interacting protein 1 

WT   Wild-type 

YME1L1  Yeast mitochondrial escape 1-like 1 

Δψm   Mitochondrial membrane potential 
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5.2. Supplementary data 

 

Appendix 1 Enhanced exposure of whole-cell lysates from Fig. 19. HEK293T cells after 
transient transfection of b2-DHFRhis and DHFRonly-his; 24 h post transfection, cells were treated 
for 5 h with 100 nM MTX followed by 2 h of treatment with the indicated inhibitors (proteasome 
inhibitor MG132, 30 µM; VCP inhibitor NMS-873, 5 µM; lysosomal inhibitors chloroquine, 10 
µM + bafilomycin, 100 nM; USP30 inhibitor CMPD, 200 nM). 
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Appendix 2 GO term analysis of proteins exclusively upregulated in b2-DHFRUID vs 
DHFRonly-P2A-TOM20UID. Venn diagram related to Fig. 30 comparing significant upregulated 
proteins (Log2FC > 1); GO-term enrichment analysis of annotated keywords was performed 
using STRING database; signal is a combined score that balances enrichment strength and 
statistical confidence by integrating Log10(observed / expected) and -log(FDR). 
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Appendix 3 Ubiquitin related proteins in proximity of TOM20 under unchallenged 
conditions. The MS dataset DHFRonly-P2A-TOM20UID vs DHFRonly-UID was screened for E3s 
(red) and DUBs (yellow). (cut-offs: Log2FC > 0.5 and limma-based p.value < 0.05). 
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