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ABSTRACT  

Mitochondrial outer membrane (MOM) associated proteins are critical players in mitochondrial 

transport, dynamics, and quality control. The MOM-anchored GTPase, Miro1, is a key player 

in mitochondrial transport, homeostasis and mitophagy. Aberrant Miro1 function has been 

implicated in Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS), suggesting 

that Miro1 may be a potential biomarker or drug target in neuronal disorders. However, the 

molecular functionality of Miro1 under normal and diseased conditions is poorly known. 

Another MOM associated GTPase, DRP1 is required for mitochondrial and peroxisomal 

fission. Though abnormal mitochondrial dynamics caused by DRP1 dysregulation in 

neurodegenerative disorders has been implied, concise information on its involvement remain 

elusive.  

Therefore, considering the roles played by Miro1 and DRP1 in neurodegenerative diseases 

and the lack of precise knowledge on their molecular functionality in these conditions, there is 

a great need for novel tools to study Miro1 and Drp1 in relevant research contexts. 

In this thesis, nanobodies (Nbs)  were selected and generated as potential tools to characterize 

the molecular interactions, intracellular localization, and dynamics of Miro1 and DRP1. High 

affinity Nbs were selected from immune libraries by stringent phage display-based techniques 

and validated by detailed biochemical and functional assays. Using state-of-the-art methods, 

selected monovalent and generated bivalent Nbs were functionalized as nanotraps which 

efficiently capture their endogenous and exogenous antigens for proteomic applications. 

Bivalent Miro1-Nbs conjugated to fluorophores by advanced site-specific labelling methods 

were engineered and applied for the detection of Miro1 in immunofluorescence studies. 

Additionally, intracellularly functional Nbs were formatted into chromobodies (Cbs) which could 

trace Miro1 in real time by live cell imaging. As a further step towards the in vivo modulation of 

Miro1, intracellularly functional Miro1-Nbs were combined with an F-box domain to yield Nb-

degrons, which were applied for the targeted degradation of Miro1. 

In summary, this study introduces a collection of novel Nbs that are promising tools for the 

biochemical characterization, intracellular visualization, and modulation of Miro1 and DRP1. 

The generation and application of these Nbs demonstrate the applicability of Nbs for the 

functional characterization of mitochondrial proteins. 
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ZUSAMMENFASSUNG 

Mitochondriale Proteine, die mit der äußeren Membran (MOM) assoziiert sind, spielen eine 

entscheidende Rolle für den mitochondrialen Transport, die mitochondriale Dynamik und 

Umsatz. Die MOM-verankerte GTPase Miro1 ist ein wichtiger Akteur beim mitochondrialen 

Transport, der Homöostase und der Mitophagie. Eine gestörte Miro1-Funktion wurde unter 

anderem bei der Parkinson-Krankheit (PD) und der amyotrophen Lateralsklerose (ALS) 

festgestellt, was darauf hindeutet, dass Miro1 ein potenzieller Biomarker oder Angriffspunkt 

für Medikamente bei neuronalen Störungen sein könnte. Die molekulare Funktionalität von 

Miro1 unter normalen und krankhaften Bedingungen ist jedoch kaum bekannt. Eine weitere 

MOM-assoziierte GTPase, DRP1, ist für die mitochondriale und peroxisomale Teilung 

erforderlich. Obwohl es Hinweise auf eine abnorme mitochondriale Dynamik gibt, die durch 

eine Dysregulation von DRP1 bei neurodegenerativen Erkrankungen verursacht wird, sind 

präzise Informationen über die Beteiligung von DRP1 nach wie vor schwer zu finden.  

In Anbetracht der Rolle, die Miro1 und DRP1 bei neurodegenerativen Erkrankungen spielen 

sowie des Mangels an genauen Kenntnissen über ihre molekulare Funktionsweise bei diesen 

Erkrankungen besteht daher ein großer Bedarf an innovativen Methoden zur Untersuchung 

von Miro1 und Drp1 in relevanten wissenschaftlichen Bereichen.  

In dieser Arbeit wurden Nanobodies (Nbs) als potenzielle Werkzeuge zur Charakterisierung 

der molekularen Interaktionen, der intrazellulären Lokalisierung und der Dynamik von Miro1 

und DRP1 isoliert und erzeugt. Nbs mit hoher Affinität wurden aus Immunbibliotheken durch 

strenge Phagen-Display-basierte Techniken isoliert und durch detaillierte biochemische und 

funktionelle Tests validiert. Mit modernsten Methoden wurden isolierte monovalente und 

generierte bivalente Nbs als Nanotraps funktionalisiert, die ihre endogenen und exogenen 

Antigene für proteomische Anwendungen effizient binden. Mit Fluorophoren konjugierte 

bivalente Miro1-Nbs, wurden zum Nachweis von Miro1 in Immunfluoreszenzstudien entwickelt 

und eingesetzt. Darüber hinaus wurden intrazellulär funktionelle Nbs zu Chromobodies (Cbs) 

formatiert, mit denen Miro1 in Echtzeit durch Bildgebung in lebenden Zellen verfolgt werden 

kann. In einem weiteren Schritt zur In-vivo-Modulation von Miro1 wurden intrazellulär 

funktionelle Miro1-Nbs mit einer F-Box-Domäne kombiniert, um Nb-Degrons zu generieren, 

die für den gezielten Abbau von Miro1 eingesetzt wurden. 

Zusammenfassend wird in dieser Studie eine Sammlung neuartiger Nbs entwickelt, die 

vielversprechenden Werkzeuge für die biochemische Charakterisierung, intrazelluläre 

Visualisierung und Modulation von Miro1 und DRP1 darstellen. Die Generierung und 
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Anwendung dieser Nbs zeigen die Anwendbarkeit von Nbs für die funktionelle 

Charakterisierung von mitochondrialen Proteinen. 
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1 INTRODUCTION 

1.1 Mitochondria: structure and function 

The term, mitochondrion, coined from the Greek words, ‘mitos’ and ‘chondros’ meaning thread 

and granule was introduced by Carl Benda (Benda 1898) to describe the appearance of 

ubiquitous structures which were found to be responsible for cellular respiration in the mid-

1900s (Ernster and Schatz 1981). Since then, efforts have revealed that mitochondria are sites 

of a vast array of metabolic and signaling processes which are still largely uncharted (Pagliarini 

and Rutter 2013). 

Morphologically, mitochondria are composed of an outer membrane (MOM) and an inner 

membrane (MIM) separated by the intermembrane space (IMS); cristae which are formed by 

the extensively folded inner membrane; and the mitochondrial matrix. These compartments all 

perform distinct roles and vary structurally in different cell types to meet up with mitochondrial 

functional needs (Glancy et al. 2020). 

Apart from the primary role of energy (ATP) production mainly by oxidative phosphorylation 

(OXPHOS), mitochondria also play significant part in Ca2+ signaling. Ca2+ ions can be 

transiently stored in the matrix or released for cytosolic buffering. Interactions between 

mitochondria and the ER at mitochondria-ER contact sites (MERCs) allow for Ca2+ exchange 

(Malli et al. 2003; Petersen 2002) and phospholipid metabolism (Peruzzo et al. 2020). 

Additionally, mitochondria are both the major sources and targets of reactive oxygen species 

(ROS) and therefore control cellular redox homeostasis (Ma et al. 2020; Collins et al. 2012). 

Under conditions of stress and ageing, mitochondrial ROS cause oxidative damage to 

mitochondrial proteins, lipids and mitochondrial DNA causing inflammation (Zhou et al. 2011; 

Nakahira et al. 2011) and the release of pro-death factors. As a result of this, mitochondria 

play a central role in the initiation of apoptotic cell death. Other known functions of mitochondria 

are iron metabolism (Levi and Rovida 2009) and in the regulation of innate immunity (Zhang 

et al. 2010; West et al. 2011; Weinberg et al. 2015). 

Mitochondria are highly dynamic organelles, constantly undergoing processes of transport, 

fission, fusion, and removal to meet up with energy demands or changes in their environment. 

Remarkably, impairment in these mitochondrial processes have been associated with several 

pathological disorders (reviewed in (Mishra and Chan 2014; Flannery and Trushina 2019; 

Suárez-Rivero et al. 2016)). 

 



14 
 
 

1.1.1 Mitochondrial transport 

To maintain proper cellular functions, a comprehensive regulation of mitochondrial trafficking 

is required. Depending on the cell type, mitochondria are shuttled to areas needing high ATP 

supply and calcium buffering. For example, in neurons, mitochondria are actively transported 

from the cell body to synapses (Bogan and Cabot 1991), active growth cones and branches 

(Misgeld and Schwarz 2017; Ruthel and Hollenbeck 2003). Studies have also reported that 

mitochondria migrate to the top of migrating cancer cells (Arismendi-Morillo et al. 2012; Desai 

et al. 2013) to provide onsite energy to the cells.  

In metazoans, mitochondria are transported along the actin- and microtubule-based 

cytoskeletal network by kinesins/dynein motors (Reis et al. 2009; Rube and Van Der Bliek 

2004). For long range trafficking, mitochondria are tethered to microtubules by the interaction 

of the adaptor proteins TRAK1/2 with the MOM-anchored protein Miro1 on one side and with 

the kinesin/dynein motor on the other (Fransson et al. 2006). The short-range actin-based 

transport and anchoring of mitochondria is facilitated by the interaction of Myo19 and Miro 

proteins (Oeding et al. 2018). Also implicated in mitochondrial transport are the Metaxins, 

MTX1  and MTX2, components of the SAM complex which bind to MIRO-1 and kinesin light 

chain KLC-1, forming a complex to mediate kinesin-1-based movement of mitochondria.(Zhao 

et al. 2021). Disrupted In Schizophrenia 1 (DISC1), is another protein which facilitates kinesin-

mediated mitochondrial trafficking by interacting with GTP-bound Miro1(Norkett et al. 2020). 

Mitochondrial trafficking is certainly a process involving the interplay of different proteins and 

its significance for proper physiological function is underscored by its involvement in the 

pathogenesis of several neurodegenerative diseases (Magrané et al. 2014). 

 

1.1.2 Mitochondrial dynamics 

Constant mitochondrial fission and fusion are mandatory for cell growth and survival. The 

balance of fission and fusion events, which is termed mitochondrial dynamics, helps to regulate 

the size, number, distribution, quality and transport of mitochondria in cells (Yu et al. 2020).  

Mitochondrial fission is required to generate new mitochondria from existing ones, for example, 

to distribute mitochondria to daughter cells during cell division (Mishra and Chan 2014). On 

the other hand, fission events also occur to facilitate the spatial segregation of damaged 

mitochondria.  

Mitochondrial fission in mammals is mediated by DRP1, a dynamin related GTPase. DRP1 

forms complexes on the MOM and constricts the mitochondria to cause fission (Ni et al. 2015). 
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Four MOM-anchored proteins interact with DRP1 in the process of mitochondrial division 

(Loson et al. 2013). Mitochondrial fission protein 1 (Fis1), recruits and functions an adapter for 

DRP1 (Ihenacho et al. 2021). Second is the mitochondria fission factor (Mff) which helps to 

recruit DRP1 to mitochondria (Gandre-Babbe and van der Bliek 2008). Lastly, mitochondrial 

dynamics proteins of 49kDa and 51kDa (MiD49 and MiD51) regulate mitochondrial fission by 

targeting DRP1 to the MOM. The knockdown of MiD49 and MiD51 significantly impaired DRP1- 

dependent mitochondrial fission in fibroblasts (Palmer et al. 2011; Samangouei et al. 2018).  

The fusion of mitochondria plays a critical role in the maintenance of mitochondrial function.  It  

entails the merging, first of the MOM, and then the MIM of two distinct mitochondria. The fusion 

process serves to prevent the accumulation of mutations during aging and to enhance the 

spreading of molecules and mtDNA throughout the mitochondrial compartment (Suárez-Rivero 

et al. 2016). It has been proposed as a possible rescue mechanism for damaged mitochondria 

from elimination (Suárez-Rivero et al. 2016). Fusion of the MOM is mediated by the dynamin 

related GTPases, Mitofusin 1 and 2 (Mfn1 and Mfn2). Subsequent fusion of the MIM is 

facilitated by the dynamin related GTPase, optic atrophy 1 (OPA1) (Meeusen et al. 2004; Xian 

and Liou 2021). 

In humans, genetic defects in proteins which regulate mitochondrial dynamics have been 

implicated in mitochondrial disorders. For example, mutations in Mfn2 gene has been linked 

to Charcot-Marie-Tooth neuropathy type 2A (Cho et al. 2007). Also, dominant optic atrophy 

(DOA), a neuro-ophthalmic disorder marked by degeneration of the optic nerves, is associated 

with mutations in nuclear genes encoding OPA1 (Alexander et al. 2000). The imbalance of 

mitochondrial fission and fusion could be causative factors in neurodegenerative diseases 

exemplified by DRP1 mediated hyper-fission in the fibroblasts of Huntington’s disease patients 

(Xian and Liou 2021).  

Consequently, detailed understanding of the roles played by proteins involved in mitochondrial 

dynamics are required. 

 

1.1.3 Mitochondrial quality control  

Mitochondrial quality control systems regulate the effects of mitochondrial stress and damage 

by mechanisms ranging from the degradation of individual proteins up to the removal of 

mitochondria by autophagy, which is termed mitophagy (Roca-Portoles and Tait 2021). To 

compensate for the loss in mitochondrial populations due to mitophagy, mitochondrial 

biogenesis mechanisms come into play to ensure the growth and division of pre-existing 

mitochondria (Jornayvaz and Shulman 2010). Therefore, maintenance of healthy 
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mitochondrial networks requires a tightly regulated balance between mitochondrial biogenesis 

and mitophagy.  

Many mechanisms are involved in the maintenance of mitochondrial “health”. First, the 

mitochondrial proteolytic system degrades misfolded proteins that could potentially affect 

mitochondrial function (Baker and Haynes 2011). Also, damaged MOM proteins can be 

degraded by the proteasome (Karbowski and Youle 2011). Additionally, segregation of 

damaged mitochondria via the fission process and exchange of material between healthy 

mitochondria via the fusion process helps to maintain mitochondrial health (van der Bliek et al. 

2013). Furthermore, mitochondria-derived vesicles (MDVs) formed under oxidative stress 

conditions could fuse with lysosomes for the degradation of oxidized mitochondrial proteins 

(Roberts et al. 2016). Ultimately, irreversibly damaged mitochondria would be degraded by 

PINK1/Parkin-dependent or independent mitophagy. Of these, the best characterized pathway 

is the PINK1/Parkin-mediated mitophagy. Under healthy conditions PINK1, a serine/threonine 

kinase, is imported into the mitochondrial matrix and subsequently degraded by mitochondrial 

proteases (Lazarou et al. 2015). However, upon mitochondrial damage and depolarisation, 

PINK1 accumulates on the MOM (Jin et al. 2010). Here, PINK1 mediates ubiquitin 

phosphorylation causing the recruitment and activation of Parkin, a ubiquitin E3-ligase, to the 

MOM (Kazlauskaite and Muqit 2015). Activated Parkin then ubiquitinates a wide range of 

MOM-localized proteins such as Miro1/2, Mitofusins, VDAC and Tom20 which are critical for 

mitochondrial transport and function. This arrests motility and leads to segregation and 

subsequent degradation of the damaged mitochondrion (Sarraf et al. 2013).  

As a result of the defects in mitochondrial quality control which have been implicated in 

Parkinson’s, Huntington’s, Alzheimer’s disease and Amyotrophic lateral sclerosis (ALS), the 

precise roles played by the implicated mitochondrial proteins warrant further study (Pickles et 

al. 2018).  

 

1.2 The atypical GTPase Miro1 

Miro1 is a member of the Miro family of Ras GTPases (Boureux et al. 2007; Reis et al. 2009; 

Yamaoka and Hara-Nishimura 2014) which comprises Miro1 and Miro2. Both proteins are 

highly similar with ~60% amino acid sequence homology. Miro1 and Miro2 are ~70kDa 

consisting of 618 amino acid residues (Reis et al. 2009) and have been found to be 

evolutionary conserved from yeast to mammals (Vlahou et al. 2011). 

Miro1 is composed of a C-terminal transmembrane domain which is anchored in the 

mitochondrial outer membrane (MOM). The cytoplasmic exposed region comprises two distinct 
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N- and C-terminal GTPase domains flanking a pair of calcium binding EF-hands (Fransson et 

al. 2003, 2006) (Figure 1). Notably, the N-terminal GTPase (nGTPase) domain of Miro1 is 

structurally and functionally distinct from its C-terminal (cGTPase) domain. It has been shown 

that the nGTPase specifically hydrolyses GTP while the cGTPase shows promiscuous NTP 

activity (Klosowiak et al. 2013; Smith et al. 2020) which makes Miro1 as well as Miro2, the only 

currently known proteins that contain two distinctly active GTPase domains (Kay et al. 2018; 

Grossmann et al. 2020).  

 

 

Overexpression of Miro1 in mammalian cells resulted in the formation of thread-like 

interconnected mitochondria, but this phenotype disappeared in cells expressing Miro1 with 

non-functional nGTPase and EF hand domains (Fransson et al. 2006; Reis et al. 2009) 

highlighting the significance of these domains for mitochondrial morphology. In developing 

Miro1 knockout mouse models, it was observed that mice with global Miro1 knockout were 

cyanotic and died at birth, whereas mice with neuron-specific Miro1 knockout developed 

severe neuronal damage and died prematurely (Nguyen et al. 2014; Kay et al. 2018).  

 

1.2.1 The central role of Miro1 in mitochondrial transport 

Especially in neurons, bidirectional transport and positioning of mitochondria on microtubules 

are necessary for maintaining energy supply and other functions of cells. As a mitochondrial 

anchor, Miro1 interacts with the adapter proteins TRAK1 and TRAK2 via its cytoplasmic 

domains. (Fransson et al. 2006). The TRAK proteins further recruit kinesin-1 (KIF5B) or 

dynein/dynactin, which confer the transport of mitochondria along microtubules (van Spronsen 

et al. 2013; MacAskill et al. 2009a) as shown in Figure 2. Notably, the interaction of Miro1 with 

TRAK1 can recruit both kinesin and dynein/dynactin for anterograde and retrograde movement 

of mitochondria in the axons while interactions with TRAK2 forms a functional motor complex 

for retrograde mitochondrial movement at dendrites (van Spronsen et al. 2013). Though the 

role of TRAK proteins in the Miro1 mediated transport of mitochondria is accepted, it has been 

reported that Miro1 may be able to bind directly to KIF5 in vitro without TRAK involvement 

(MacAskill et al. 2009b).  

Figure 1. Schematic illustration of Miro1 domain structure 
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Studies have also shown that the microtubule-based transport of mitochondria can be 

regulated by the Ca2+ binding functions of Miro1. Here, at elevated intracellular Ca2+ levels, the 

anchoring of mitochondria to KIF5 motors is inhibited by Ca2+ binding at Miro1 EF hands 

(Saotome et al. 2008; MacAskill et al. 2009a; Wang and Schwarz 2009). Furthermore, 

mitochondrial transport speed was linked with intramitochondrial Ca2+ levels which raised 

questions on how Miro1’s cytosolic domains could influence Ca2+ influx into the mitochondrial 

matrix (Chang et al. 2011; Grossmann et al. 2020).  

Other mitochondrial trafficking functions of Miro1, for example, during cytokinesis have been 

described. Here, Cenp-F is recruited to mitochondria by Miro1 which leads to association of 

mitochondria with microtubule growing tips and subsequent transport to daughter cells (Kanfer 

et al. 2015). Similar to its role in the intracellular trafficking of mitochondria, Miro1 is a key 

regulator of mitochondrial transport from mesenchymal stem cells to epithelial cells via 

intercellular tunneling nanotubes (TNT) (Ahmad et al. 2014; Babenko et al. 2018).  

Though the involvement of Miro1 in mitochondrial transport has been well described, there are 

still unanswered questions about the influence of intramitochondrial and cytosolic Ca2+ levels 

(Saotome et al. 2008; Chang et al. 2011), and the specific contribution of Miro1 domains 

(Stephenson 2010).  

Figure 2. The role of Miro1 in mitochondrial transport. Miro1 and adaptor proteins, TRAK 

tether mitochondria to Kinesin-1 (KIF5B) for the anterograde movement of mitochondria on 

microtubules. 
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1.2.2 Miro1 in mitochondrial quality control 

The maintenance of the mitochondrial network requires active coordination of mitochondrial 

biogenesis and mitophagy. Removal of damaged mitochondria is particularly important in post-

mitotic cells like neurons, which are unable to dilute toxic components through cell division 

(Grossmann et al. 2020). 

During the mitophagy cascade, the ubiquitination of Miro1 by Parkin and later, its proteasomal 

degradation is primarily responsible for the halt in movement of damaged mitochondria (Birsa 

et al. 2014; Lazarou et al. 2015; Liu et al. 2012; Kazlauskaite et al. 2014). Some studies report 

that Miro1 directly interacts with PINK1 and is phosphorylated creating a signal for the 

ubiquitination of Miro1 by Parkin (Wang et al. 2011; Weihofen et al. 2009).  

Apart from its interaction with PINK1 and Parkin, the ubiquitination and degradation of Miro1 

from the MOM could be mediated by other proteins. It has been shown that the kinase, LRRK2 

complexes with Miro1 to promote Miro1 degradation from damaged mitochondria (Hsieh et al. 

2016). Notably, the pathological impairment of Miro1 clearance has been reported even in the 

presence of functional Parkin and LRRK2 suggesting that Miro1 might be involved in other 

interactions which contribute to its removal during mitophagy (Shaltouki et al. 2018; Hsieh et 

al. 2019). Further studies are therefore required to characterize the role played by the Miro1 

interactome during mitophagy. 

 

1.2.3 Miro1 dysfunction in neurodegenerative diseases 

The central roles played by Miro1 in mitochondrial transport and mitophagy are particularly 

relevant for neuronal health. Impaired Miro1 ubiquitination for proteasomal degradation has 

been linked to Parkin and LRRK2 mutants found in some Parkinson’s disease (PD) patients 

and in fibroblasts from an at-risk cohort (Hsieh et al. 2016; Nguyen et al. 2021). In these 

studies, a direct connection between Miro1 and neurodegeneration in Parkinson’s disease was 

mapped. The accumulation of damaged mitochondria resulting from aberrant mitophagy leads 

to a stress response and subsequent neuronal damage. Due to the direct and functional 

interaction between Miro1 and other proteins implicated in PD, it has been proposed as a 

potential biomarker and druggable target (Hsieh et al. 2016; Grossmann et al. 2020).  

Amyotrophic lateral sclerosis (ALS), a motor neuron disease which is characterized by 

progressive neurodegeneration has also been linked with Miro1 dysfunction (Hardiman et al. 

2017). It was reported that significantly lower Miro1 expression levels were detected in the 

spinal cord of ALS patients which could be responsible for the deficits in Miro1-mediated 

mitochondrial movement in the motor neurons (Zhang et al. 2015). It was suggested that the 
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increase in PINK1/Parkin mediated Miro1 degradation was facilitated by a mutant superoxide 

dismutase (SOD1) associated with ALS (Moller et al. 2017). 

 

1.3 Dynamin related protein DRP1 

Membrane remodeling processes such as mitochondrial fission are very important for 

maintaining cellular homeostasis and are mediated by dynamin superfamily mechanoenzymes 

(Ford and Chappie 2019). One of such proteins, DRP1, a large GTPase about ~80kDa is 

normally localized in the cytosol but recruited to the MOM upon induction of the mitochondrial 

fission process (Smirnova et al. 2001). Structurally, DRP1 is composed of an N-terminal 

GTPase domain; a middle domain comprising the Bundle Signalling element (BSE) and a four-

helix bundle known as the stalk domain; a B-Insert or Variable domain which is analogous to 

the Pleckstrin homology domain found in dynamins; and a GTPase effector domain (GED) 

whose C-terminal coiled coil is the site of multimerization (Fröhlich et al. 2013; Otera et al. 

2013; Kalia et al. 2018; Kraus et al. 2021). A graphical depiction of DRP1 domain structure is 

shown in Figure 3.  

 

 

 

Post-translation modifications of DRP1 has been shown to play critical roles in its function. For 

instance, DRP1 phosphorylation at Serine (Ser) 616 by various kinases including PINK1 

leading to increased mitochondrial fragmentation (Kashatus et al. 2015; Han et al. 2020). Also, 

phosphorylation at Ser637 by cyclic AMP-dependent protein kinase A was found to inhibit 

intramolecular interactions between the GED and GTPase domains of DRP1 causing inhibition 

of GTPase activity and thus confer elongated mitochondria phenotypes (Gomes et al. 2011; 

Cribbs and Strack 2007).  

In the absence of functional DRP1, cells have perinuclear mitochondrial networks which are 

elongated and extensive. Also, mutation or knockout of DRP1 has been shown to delay the 

release of cytochrome C in cells suggesting that DRP1 might have pro-apoptotic functions 

(Munoz-Pinedo et al. 2006).  

 

Figure 3. Graphical illustration of DRP1 domain organization 
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1.3.1 Role of DRP1 in the regulation of mitochondrial dynamics 

Mitochondrial dynamics involves the coordinated cycles of fission and fusion that mitochondria 

undergo to maintain their size and distribution (Tilokani et al. 2018). Mitochondrial fission 

occurs in multiple steps resulting in the division of a mitochondrion into two daughter 

mitochondria. To facilitate fission, it is hypothesized that DRP1 oligomers may be recruited to 

the MOM by mitochondrial adaptor proteins Fis1, Mff, MiD49/51(Loson et al. 2013; Otera et al. 

2013) since it lacks the Pleckstrin homology domain possessed by other membrane binding 

dynamins(Pagliuso et al. 2018). After recruitment to the MOM, DRP1 dimers assemble into 

ring-like structures which wrap around the mitochondrial tubule (see Figure 4). The GTPase 

activity of DRP1 provides the energy needed to drive the membrane constriction needed for 

scission(Kalia et al. 2018; Otera et al. 2013; Pagliuso et al. 2018; Smirnova et al. 2001).  

 

 

Figure 4. The role of DRP1 in mitochondrial dynamics. DRP1 is recruited to mitochondria to 

oligomerize at fission sites on mitochondria which leads to constriction of the MOM and 

subsequent fission. 

 

Although the formation of ring-like structures around mitochondrial constriction sites by DRP1 

has been studied in detail, the mechanism of how DRP1 mediates membrane cleavage is still 

unclear (Yoon et al. 2001). It has been speculated that dynamin 2 (DNM2) may be involved in 

the final cleavage event required for mitochondrial fission (Lee et al. 2016). However, this 

hypothesis has been repeatedly rejected (Kamerkar et al. 2018; Fonseca et al. 2019).  

The importance of DRP1 also arises from reports that dysfunctional mitochondrial fission 

caused by mutations in human DRP1 is lethal (Waterham et al. 2007). Despite the well-
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characterized role of DRP1 in mitochondrial fission, many questions about the molecular 

mechanism of DRP1-mediated membrane constriction remain unanswered. 

 

1.3.2 The role of DRP1 in apoptosis 

The fragmentation of mitochondria as a prelude to apoptosis is a highly conserved process in 

eukaryotes (Fannjiang et al. 2004; Jagasia et al. 2005). Thus, DRP1 associates with pro-

apoptotic proteins, Bax and Bak at apoptotic foci in mitochondria (Karbowski et al. 2002). 

Following the induction of apoptosis, Bax oligomers mediate the formation of membrane pores 

responsible for the release of mitochondrial contents such as cytochrome c, Smac, and mtDNA 

into the cytosol (McArthur et al. 2018; Riley et al. 2018). Recently, it was shown that the 

interaction between Bax and DRP1 is induced at apoptotic foci and stabilized until cell death 

further establishing that DRP1 activates Bax for apoptosis (Jenner et al. 2022). Notably DRP1-

deficient cells also undergo apoptosis (Parone et al. 2006), thus the functional role of DRP1 in 

this process is still unclear.  

 

1.3.3 Neuropathologies associated with DRP1  

Extensive mitochondrial division is a hallmark event in multiple human diseases namely 

neurodegenerative disorders and cancer (Serasinghe and Chipuk 2017). Up-regulation of 

DRP1 expression leading to increased mitochondrial fragmentation has been found in 

Alzheimer's disease (AD). A study on the postmortem brains of AD patients demonstrated 

elevated mRNA levels of fission genes including DRP1 and a concomitant increase in fission 

resulting in synaptic deficiencies and neurodegeneration (Cho et al. 2009). The study further 

linked the increased fission to the prevalence of s-nitrosylated DRP1 (SNO-DRP1) in the 

samples examined (Cho et al. 2009; Reddy et al. 2011). Preventing s-nitrosylation of DRP1 by 

mutations at Cys644 reportedly protected neurons from the effects of DRP1 upregulation. 

These findings suggest that DRP1 might be a molecular marker or therapeutic target in AD 

(Oliver and Reddy 2019). 

Mitochondrial dysfunction as a result of elevated DRP1 levels were also observed in 

Huntington’s disease (HD) (Reddy 2009) and ALS(Joshi et al. 2018). Notably, the dysfunction 

of DRP1 in HD and ALS were linked with the downstream effects of aberrant huntingtin and 

SOD1 gene mutations (Song et al. 2011; Tafuri et al. 2015). However, the involvement of DRP1 

in these and other neurodegenerative diseases (Oliver and Reddy 2019) underscores the need 

for detailed characterization of DRP1 as an important step toward understanding the 

underlying molecular causes of these diseases.  
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1.4 Tools for studying MOM-associated proteins, Miro1 and DRP1  

Despite the availability of in vitro and in vivo studies on Miro1, detailed information about its 

structure-function dynamics and the exact role of its two GTPase domains are still unknown 

(Smith et al. 2020). Biochemical assays or cell biological approaches such as 

immunofluorescence microscopy preferentially use conventional antibodies against Miro1 or 

against corresponding epitope labels. These methods are however insufficient to monitor the 

real-time dynamics of Miro1. Studies involving Miro1 visualization rely either on ectopic 

expression of fluorescent fusion constructs or short epitope tagged Miro1 and consecutive 

staining with mitochondrial dyes for imaging. However, the function and interactions of 

exogenous Miro1 may not accurately mirror that of the endogenous protein. So far, the paucity 

of specific tools to shed light on the molecular functionality of Miro1 in its physiologically 

relevant state might be a limitation to understanding Miro1’s involvement in mitochondrial 

quality control and mitochondrial transport. 

The function of DRP1 as a mediator of mitochondrial fission has been extensively studied. 

Studies on DRP1 mostly rely on stable cell lines expressing DRP1 mutants and transient 

expression of epitope-tagged variants (Smirnova et al. 2001; Lee et al. 2004; Song et al. 2011; 

Loson et al. 2013; Guo et al. 2017; Luo et al. 2017; Joshi et al. 2018; Kamerkar et al. 2018; 

Jenner et al. 2022). Though fluorescently labelled DRP1 have been used in several studies 

(Hatch et al. 2016; Guo et al. 2017; Ji et al. 2017; Whitley et al. 2018), altered oligomerization 

dynamics of GFP-tagged DRP1 monomers have been recently reported (Montecinos-Franjola 

et al. 2020). This could be a disadvantage in studies focused on the stoichiometry of DRP1 

self-assembly at fission foci. 

Alternatively, antibodies specific for DRP1 and phosphorylated DRP1 (at Ser616 and Ser637) 

have been applied for the characterization of DRP1 by IF and biochemical assays (Bossy et 

al. 2010; Kashatus et al. 2015; Roe and Qi 2018). However, these specific and well-

characterized reagents are insufficient to monitor the real-time dynamics of DRP1 in normal 

and apoptotic fission events.  

 

To adequately understand the molecular significance of Miro1 and DRP1 in mitochondrial 

health and related pathologies, novel tools and approaches need to be explored. The 

application of such tools should be based on affinity, specificity, and provide spatiotemporal 

information about Miro1 and DRP1 without compromising their functions at the molecular level.  
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1.5 Affinity reagents 

Currently used methods in cell biology such as proteomic studies, biochemical assays and 

microscopy rely heavily on affinity reagents. In addition to classical antibodies, these include 

antibody fragments, non-immunoglobulin scaffolds, peptides, nucleic acids and small 

molecules, which are usually selected from extensive libraries. 

Antibodies, produced by B-lymphocytes, are key components of the humoral immune system 

of mammals which have also found great use as research reagents. In biochemical research 

contexts, the immunoglobulin gamma (IgG) isotype is the most used. IgGs have a molecular 

weight of ~150 kDa, is are structurally composed of two identical light chains and two identical 

heavy chains linked by disulfide bridges. The heavy and light chains comprise constant (CH 

and CL) and variable (VH and VL) domains depicted in (Figure 5A). The VH and VL have 

conserved regions as well as three complementarity determining regions (CDRs) which confer 

the paratope of the IgG. The use of IgGs as affinity reagents is limited by their complex 

structure, batch-to-batch variation, poor functionality in intracellular applications and costly and 

labour some production (Frenzel et al. 2013; Slastnikova et al. 2018). These limitations 

stimulated the search for smaller antibody fragments such as single chain variable fragments 

(scFvs), Fab fragments, diabodies and minibodies (Figure 5B) (Frenzel et al. 2013). Despite 

the advantages of the scFv and Fab fragments due to their smaller size (Gebauer and Skerra 

2015), they often show lower thermal stabilities and reduced affinities compared to full length 

IgG (Kang and Seong 2020). Furthermore, due to the hydrophobic residues present on the 

interfaces between the VH and VL in scFvs, they show reduced solubility, improper folding and 

aggregation during their intracellular expression (Biocca et al. 1990). Nonetheless, 

intracellularly functional scFvs targeting mitochondrial and cytosolic antigens have been 

reported (Beerli et al. 1994a, b; Thammasit et al. 2015; Cioni et al. 2019; Flego et al. 2019; 

Preger et al. 2020).  

The use of non-Ig scaffold-based affinity reagents have emerged as an alternative to 

conventional antibodies(Nygren and Skerra 2004). So far, over 20 different types of non-Ig 

scaffolds are currently in use including reagents such as affibodies, avimers, monobodies,  

DARPins (designed ankyrin repeat proteins), anticalins and Kunitz domain proteins 

(Schlehuber and Skerra 2005; Koide and Koide 2007; Skerra 2007; Skrlec et al. 2015). These 

novel molecules are engineered to have desired properties such as small size, 

pharmacokinetic properties optimal for their intended use, rapid folding, high physicochemical 

stability, absence of cysteines for intracellular applications, ease of conjugation or reformatting, 

and ease of recombinant expression and production (Lofblom et al. 2011). Examples of non-

Ig based affinity reagents are depicted in Figure 5C.  
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Figure 5. Protein based affinity reagents for biochemical research. Schematic representation 

of (A) conventional IgG molecule and (B) smaller Ig-based scaffolds comprising the variable 

heavy (VH) and variable light (VL) domains for antigen recognition. (C) Non-Ig based proteins 

used as affinity reagents. Exemplary structures were sourced and modified from the Protein 

Data Bank (affibody: 2KZI; monobody: 3RZW; DARPin: 6FP9; anticalin:4IAW) (Berman et al. 

2000). 

 

1.6 Nanobodies 

In 1993, Hamers-Casterman and his co-workers identified two classes of heavy chain-only 

immunoglobulin-like molecules (hcAb) in the sera of members of the Camelidae family 

(Hamers-Casterman et al. 1993). They were described as IgG isotype 2 possessing a long 

hinge region and IgG isotype 3 which had a shorter hinge region. These IgG2 and IgG3 

molecules are composed of two constant domains (CH2 and CH3), a hinge region, and an 
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antigen binding or variable heavy chain domain (VHH) also known as the nanobody (Nb) or 

single domain antibody (sdAb) (Figure 6A).  

Nanobodies are the smallest antigen binding reagents (~15kDa) which are derived from an Ig-

scaffold. Similar to VH and VL domains of conventional IgGs, the Nb comprises four conserved 

framework regions (FR) which surround three hypervariable CDRs as illustrated in Figure 6B. 

Although all CDRs, as well as parts of the scaffold, can contribute to antigen binding, in most 

Nbs studied to date, CDR3 represent the major contact sites (Muyldermans 2013).  

 

 

 

Figure 6. Structural features of heavy chain-only antibodies and Nbs. Illustration of a (A) 

heavy-chain only antibody showing the VHH domain known as the single domain antibody, 

sdAb or nanobody, Nb (B) schematic representation of the Nb secondary structure of 9 beta 

sheets comprising 4 framework regions (FR1 to FR4) separated by loops of which 3 are 

hypervariable (the CDR1 coloured in green; CDR2 coloured brown and CDR3, coloured 

purple). Adapted from (Mitchell and Colwell 2018) and (Berland et al. 2021). 

 

Compared to the variable heavy chain (VH) domains of conventional antibodies, Nbs usually 

have better solubility due to the presence of hydrophilic residues in FR2 rather than the 

hydrophobic amino acids necessary for interaction with the light chain (Muyldermans 2013). 

They also demonstrate better physicochemical stability by retaining their function at high 

temperatures of up to 90°C, in the presence of proteases and under extreme pH conditions 

(Steeland et al. 2016; van der Linden et al. 1999). Additionally, like any VH domain the 

structure of Nbs is stabilized by an intramolecular disulfide bridge between cysteine residues 

located in FR1 and FR3 Regarding the antigen binding capacity of Nbs, long and flexible CDR3 

loops increase the ability of Nbs to bind cryptic concave epitopes such as enzyme activation 
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sites (Zavrtanik et al. 2018). However, Nbs that bind their targets with high affinity despite short 

CDR3 loops have also been identified (Rothbauer et al. 2006). Although most of the Nbs 

preferably bind structural, three dimensional epitopes (Stijlemans et al. 2004; De Genst et al. 

2006), Nbs binding short peptides or linear epitopes have also been reported (Braun et al. 

2016; Traenkle et al. 2020; Götzke et al. 2019). 

 

1.7 Selection of antigen specific Nbs 

Target specific Nbs can be selected from sources such as naïve, immune and synthetic 

libraries. Most often favoured are immune libraries generated from camelid immunization. The 

animal is immunized until an adaptive immune reaction occurs. Blood is taken from the animal, 

from which lymphocytes are extracted. Using mRNAs obtained from the lymphocytes, the 

animal’s immune gene repertoire is transcribed into cDNA from which Nb genes are amplified 

by PCRs resulting in a Nb library.  

Various molecular display methods have been applied for the selection of specific Nbs from 

libraries namely phage, yeast, E.coli, ribosome, cDNA and mammalian display (Liu et al. 2018; 

Suzuki et al. 2018) of which phage display is the most used (Arbabi Ghahroudi et al. 1997; Li 

et al. 2017).  

Phage display technology was first described by George Smith as a method for presenting 

proteins on the surface of lysogenic filamentous bacteriophages (Smith 1985). The applicability 

of phage display is based on the direct linkage between phage phenotype and genotype 

(Conrad and Scheller 2005). The coding sequence of the protein to be displayed is fused to a 

phage coat protein such as the pIII protein and inserted into a phagemid vector .  The effective 

selection of high affinity Nbs using phage display requires a well-constructed Nb phage library 

and immunoselection conditions. Nb-phage libraries are created by cloning the Nb gene library 

into phagemid vectors. Biopanning, also known as immunoselection, is the process of 

selecting specific binders from the phage library. It is based on the repeated cycles of 

incubation, washing, amplification and reselection of bound phages (Coomber 2002). During 

biopanning, the target antigen is presented using various methods and several rounds of 

binding and elution are carried out to enrich phages with the desired binding activity (Tikunova 

and Morozova 2009). In addition to its robustness,  an advantage of phage display is that a 

wide variety of specific binders can be obtained in a short period of time(Tikunova and 

Morozova 2009).  

The Nb selection process proceeds with the detailed characterization of each Nb candidate to 

ascertain its affinity, stability and functionality under the desired application conditions.  
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1.8 Nbs as advanced research tools for versatile biomedical research.  

Nbs have emerged as attractive alternatives to conventional antibodies in many areas of 

biomedical research. Due to their small size, compact structure, solubility and stability, Nbs 

are conferred with benefits for in vitro and intracellular applications (Muyldermans et al. 2009; 

Muyldermans 2013; Virant et al. 2018; Asaadi et al. 2021; De Meyer et al. 2014). Their ability 

to bind to and stabilize protein complexes and receptor conformations have positioned them 

as useful tools in protein structural studies using X-ray crystallography (Pardon et al. 2014) 

and cryo-EM (Sigoillot et al. 2019; Mukherjee et al. 2020). Moreover, the stability of Nbs 

especially make them amenable to modification without losing their functionality (Gettemans 

and De Dobbelaer 2021). The coupling of Nbs with fluorescent dyes, protein domains, 

oligonucleotides, small molecules, and other moieties have enabled their application in diverse 

research areas. 

As an alternative to conventional antibodies, Nbs have been used to study protein-protein 

interactions through immunoprecipitations and affinity-purification mass spectrometry (AP-MS) 

(Beghein and Gettemans 2017). The covalent immobilization of Nbs to solid matrices like 

agarose, magnetic beads and polystyrene surfaces have yielded tools, also known as 

nanotraps, applicable for the affinity-based purification of both endogenous and recombinant 

targets  (Rothbauer et al. 2008; Fagbadebo et al. 2022; Traenkle et al. 2020; Klooster et al. 

2007). In addition to nanotraps used for IPs, Nbs have been applied in AP-MS studies using 

BioID proximity labelling, where the target-specific, intracellularly functional Nb is coupled to 

the promiscuous biotin ligase, BirA, resulting in biotinylation of proximal interacting partners of 

the target. These biotinylated proteins are then analyzed by streptavidin-based AP-MS (Roux 

et al. 2012; Beghein and Gettemans 2017). 

The small size of Nbs have also contributed to their suitability as affinity detection reagents in 

super resolution microscopy. The improved resolution of organellar structures after staining 

with  fluorophore conjugated Nbs compared with indirect labelling with conventional antibodies  

in single molecule and high-resolution microscopy have been well reported (Ries et al. 2012; 

Virant et al. 2018; Mikhaylova et al. 2015; Pleiner et al. 2015). 

In recent years, Nbs have emerged as ideal candidates for in vivo imaging. High affinity Nbs 

targeting disease biomarkers, coupled to radionuclides 99mTc or 111In have been utilized for 

SPECT imaging in mice (Chakravarty et al. 2014; De Vos et al. 2014). Nb-based tracers are 

also being applied for the PET imaging of tumours. PET tracers coupled to Nbs targeting 

tumour biomarkers such as the human epidermal growth factors, HER2 and HER3, CD20, and 

epidermal growth factor EGFR showed specific accumulation in the tumour microenvironment 
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(Vosjan et al. 2011; Xavier et al. 2013; Krasniqi et al. 2017; Warnders et al. 2017). A PET 

tracer, 68Ga-labelled HER2 Nb is currently undergoing phase II clinical trials for the non-

invasive visualization of HER2 expression in primary lesions and metastases (Harmand et al. 

2021). 

Some Nbs which do not have additional disulfide bonds can retain their antigen-binding 

properties in the reducing environment of the cytosol (Traenkle and Rothbauer 2017). These 

intracellularly functional Nbs, termed intrabodies, are therefore candidates for visualization and 

modulation of their endogenous antigens. Target specific Nbs can be genetically fused to 

fluorescent proteins, resulting in chimeric constructs termed chromobodies (Cbs) and 

introduced as DNA-encoded expression constructs in living cells (Rothbauer et al. 2006). Cbs 

have been applied in the targeting and tracing of their antigen in living cells and in whole 

organisms (Rothbauer et al. 2006; Schornack et al. 2009; Panza et al. 2015). With these tools, 

the visualization of antigens in different subcellular compartments has been achieved. The 

intracellular expression of a Cb specific for the nuclear localized protein, PCNA, enabled real 

time visualization of endogenous PCNA(Burgess et al. 2012) and was used to investigate 

compounds which may influence cell cycle progression (Schorpp et al. 2016). Cbs have been 

applied to monitor dynamic changes of cytoskeletal components including lamin (Rothbauer 

et al. 2006; Zolghadr et al. 2012), actin (Panza et al. 2015) and vimentin (Maier et al. 2015). 

The interactions and dynamics of cytosolic proteins such as the GTPase, Dynamin (Galli et al. 

2017), RhoA/B (Keller et al. 2019), huntingtin (Maiuri et al. 2017) have also been studied using 

Cbs. As a result of their stoichiometric binding, Cbs have been presented as useful biosensors 

of changes in endogenous antigen concentration which could enable deeper understanding of 

protein regulation during cell signalling and differentiation (Keller et al. 2018). 

The fusion of intracellularly functional Nbs with protein domains have generated tools which 

are applicable for the modulation of their respective antigens. Chimeric Nb fusion proteins have 

led to the glycosylation (Ramirez et al. 2020), relocalization(Steels et al. 2018) and destruction 

(Cheloha et al. 2020) of their targets on binding. The selected proteasomal degradation of 

intracellular proteins has been achieved using artificial Nb-based E3 ubiquitin ligase systems. 

In the deGradFP approach, an anti-GFP Nb fused with the Fbox protein subunit of the Skp1-

Cul1-Fbox (SCF) E3 ligase complex have been used to mediate the knockout of GFP-tagged 

antigens in Drosophila, zebrafish, and mammalian cells (Caussinus et al. 2011). The 

degradation of nuclear localized antigens using target specific Nb-Fbox protein fusions have 

been recently reported (Moutel et al. 2016; Bery et al. 2019). A synthetic E3 ubiquitin ligase 

SPOP, was designed to overcome the limitations of the deGradFP system. It was shown that 

inducible expression of the anti-GFP Nb fused with SPOP effected the depletion of nuclear 
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localized GFP-tagged H2B more rapidly than RNAi mediated gene silencing (Ju Shin et al. 

2015). Recently, a Nb-based TRIMbody-Away technique was applied for the acute and 

inducible depletion of eGFP in HEK293T cells (Chen et al. 2021). This technique utilized fusion 

with the RBCC motif of the TRIM21 protein, a rapid acting E3 ubiquitin ligase utilized fusion 

with the TRIM21 protein, a rapid acting E3 ubiquitin ligase and Fc receptor involved in the 

intracellular immune response. The use of a Nb-fusion in the TRIMbody-Away technique 

ensured intracellular functionality which was a challenge in the original described IgG-based 

TRIMaway technology (Clift et al. 2018).  

As briefly summarized here, the versatility and applicability of Nbs in different formats and 

constructs, illustrates their potential as novel, reliable tools that can be applied to address 

various research questions.  
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1.9 Aims and objectives of this study 

Mitochondrial transport and dynamics are vital processes for the maintenance of cellular 

homeostasis. Dysregulation of these processes is a hallmark of many pathophysiological 

conditions, particularly neurodegenerative diseases. Miro1 dysfunction in mitophagy has 

recently been linked to PD, however detailed knowledge of its molecular functionality is 

severely lacking. Though DRP1 has been studied to an extent, detailed information about its 

functional significance in apoptosis is needed. The paucity of specific tools to shed light on the 

functionality of Miro1 and DRP1 may be limiting factors in the understanding of their 

involvement in different mitochondrial processes and malfunctions. 

So far, Miro1 and DRP1 have been studied using affinity reagents like conventional antibodies, 

through ectopic expression as fluorescent or epitope-tagged fusion proteins, and stably 

expressed as knock-in mutants. However, to overcome the existing limitations of these 

methods, versatile tools are needed to study these proteins in relevant research contexts. 

The goal of this project is, therefore, the generation and application of nanobodies and 

chromobodies as novel tools to elucidate the localization, organization, and dynamics of Miro1 

and DRP1. The first step in the accomplishment of this objective entailed recombinant 

expression of the target antigens and subsequent immunization of alpacas. Next, target 

specific nanobodies were selected from nanobody libraries generated from the alpacas’ 

immune repertoire. This was followed by detailed biochemical and intracellular 

characterization, functionalization, and optimization of the nanobodies and finally, their 

utilization for biochemical and cell biological applications.  
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1    Chemicals, media, and solutions  

Chemicals/ Media/ solutions Manufacturer 

2-Propanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

2YT media Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

3,3’,5,5’ Tetramethylbenzidine (TMB) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

5X Q5 High Fidelity Reaction buffer New England Biolabs GmbH, Frankfurt, Germany 

5x Q5 High GC Enhancer New England Biolabs GmbH, Frankfurt, Germany 

6x DNA Loading Dye 
Thermo Fisher Scientific GmbH, Schwerte, 
Germany 

10x Cutsmart® buffer New England Biolabs GmbH, Frankfurt, Germany 

Acetic Acid, 99-100% Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Acetone Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Acrylamide/Bisacrylamide Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Agarose, molecular biology grade Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ammonium persulfate (APS) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ampicillin  AppliChem GmbH, Darmstadt, Germany 

ATTO dyes (NHS Ester) ATTO-TEC GmbH, Siegen, Germany 

BSA Sigma-Aldrich Chemie Gmbh, Munich, Germany 

Coomassie Instant Blue Abcam, Cambridge, United Kingdom 

DAPI (4,6-diamiddino-2-phenylindole) Roche Diagnostics GmbH, Mannheim, Germany 

DBCO-Agarose beads Jena Bioscience, Jena, Germany 

DBCO conjugated AlexaFluor-647 
Intavis Peptide Services GmbH, Tuebingen, 
Germany 

DMEM, high glucose, with phenol red Thermo Fisher Scientific, Schwerte, Germany 

DMSO ≥99 % Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

DNAse I Applichem GmbH, Darmstadt, Germany 

dNTP Solution Mix New England Biolabs, Frankfurt, Germany 

Ethanol, absolute grade Sigma-Aldrich Chemie GmbH, Munich, Germany 
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Ethanol, denatured Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ethidiumbromide solution (0.025%) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ethylene diamine tetraacetic acid 
(EDTA) 

Applichem GmbH, Darmstadt, Germany 

Fetal Bovine Serum (FBS) Thermo Fisher Scientific, Schwerte, Germany 

Formaldehyde (37%) Applichem GmbH, Darmstadt, Germany 

Gibson Assembly® Master Mix New England Biolabs, Frankfurt, Germany 

Glucose D(+)  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Glycine Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

NEB HiFi DNA Assembly Master Mix New England Biolabs, Frankfurt, Germany 

Hoechst33258 Thermo Fisher Scientific, Schwerte, Germany 

Hydrochloric acid 37%  AppliChem GmbH, Darmstadt, Germany 

Hyperphage (M13K07ΔpIII)  Progen Biotechnik GmbH, Heidelberg, Germany 

Imidazole >99% Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Isopropyl-beta-D-
thiogalactopyranoside (IPTG)  

Diagonal GmbH, Münster, Germany 

Kanamycin Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

L-Glutamine Thermo Fisher Scientific, Schwerte, Germany 

LB media Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Lipofectamine 2000 Thermo Fisher Scientific, Schwerte, Germany 

Lysozyme  AppliChem GmbH, Darmstadt, Germany 

Magnesium chloride Sigma-Aldrich Chemie Gmbh, Munich, Germany 

Methanol, min. 99 % Sigma-Aldrich Chemie GmbH, Munich, Germany 

Milk powder, blotting grade Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

N′-tetramethylethylenediamine 
(TEMED) 

Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

NEB-Buffers 1-4 New England Biolabs, Frankfurt, Germany 

NHS-activated Sepharose™ 4 Fast 
Flow 

GE Healthcare, Uppsala, Sweden 

NP-40 Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

NucleoSpin Gel and PCR Clean-up Macherey-Nagel, Düren Germany 

NucleoSpin Plasmid Kit Macherey-Nagel, Düren Germany 

Nuclease-free water New England Biolabs, Frankfurt, Germany 
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Opti-MEM, reduced serum media Thermo Fisher Scientific, Schwerte, Germany 

PageRuler™ Plus Prestained Protein 
Ladder 

Thermo Fisher Scientific, Schwerte, Germany 

Penicillin Streptomycin Thermo Fisher Scientific, Schwerte, Germany 

Phenylmethanesulfonylfluoride 
(PMSF) 

SERVA Electrophoresis GmbH, Heidelberg, 
Germany 

Phosphate Buffered Saline (PBS),1x Thermo Fisher Scientific, Schwerte, Germany 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, Schwerte, Germany 

Polyethyleneimine Sigma-Aldrich Chemie GmbH, Munich, Germany 

Ponceau S Sigma-Aldrich Chemie Gmbh, Munich, Germany 

Protease Inhibitor Mix B and Mix M 
SERVA Electrophoresis GmbH, Heidelberg, 
Germany 

Protein A/G beads Cytiva GmbH, Freiburg, Germany  

Q5® High GC Enhancer New England Biolabs, Frankfurt, Germany 

Q5® Hot Start™ High Fidelity DNA 
Polymerase 

New England Biolabs, Frankfurt, Germany 

Q5®Site-Directed Mutagenesis Kit New England Biolabs, Frankfurt, Germany 

Qiagen Plasmid MidiPrep Kit Qiagen, Hilden, Germany 

Restriction enzymes New England Biolabs, Frankfurt, Germany 

SOC medium New England Biolabs, Frankfurt, Germany 

Sodium carbonate 
Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

Sodium chloride Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Sulfuric acid, 96 %  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

T4 Ligation kit New England Biolabs, Frankfurt, Germany 

Terrific Broth Medium Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Triethylamine (TEA) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Tris (trisaminomethane) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Triton X-100 Carl Roth GmbH & Co.KG, Karlsruhe, Germany 

Trypsin-EDTA (0.25%), with phenol 
red 

Thermo Fisher Scientific, Schwerte, Germany 

Tween 20 Carl Roth GmbH & Co.KG, Karlsruhe, Germany 

β-Mercaptoethanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
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2.1.2     Devices 

Device Manufacturer 

ÄKTA system GE Healthcare, Uppsala, Sweden 

Axiovert 200M Microscope Zeiss AG, Oberkochen, Germany 

Cell Observer SD Zeiss AG, Oberkochen, Germany 

Centrifuge 5424R Eppendorf AG, Hamburg, Germany 

Centrifuge 5810R Eppendorf AG, Hamburg, Germany 

Centrifuge  Eppendorf AG, Hamburg, Germany 

Centrifuge Megafuge 1.0R Heraeus Instruments, Hanau, Germany 

CO2 Incubator CB150 Binder GmbH, Tuttlingen, Germany 

Electrophoresis chamber 
Bio-Rad Laboratories GmbH, Munich, 

Germany 

GFL water bath 1002 GFL, Burgwedel, Germany 

GFL water bath 1083 GFL, Burgwedel, Germany 

High-content microscope MetaXpressXL 

system 
Molecular devices, Biberach, Germany 

ImageXpress™ Micro Confocal High 

Content Screening system 
Molecular devices, Biberach, Germany 

Incubator shaker C25 
New Brunswick Scientific, Nürtingen, 

Germany 

INTAS UV documentation system  INTAS, Göttingen, Germany 

Light microscope TMS-F Nikon, Duesseldorf, Germany 

Magnet stirrer RCT basic IKA-Werke GmbH, Staufen, Germany 

Multipipette plus Eppendorf AG, Hamburg, Germany 

Neubauer chamber Brand, Wertheim, Germany 

Octet RED96E system Sartorius AG, Göttingen, Germany 

Overhead rotator Bachofer, Reutlingen, Germany 

PCR cycler Biometra TOne Analytik Jena GmbH, Jena, Germany 

pH meter Mettler-Toledo GmbH, Giessen, Germany 

PHERAstar plate reader BMG Labtech, Offenburg, Germany 
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Photometer Eppendorf AG, Hamburg, Germany 

Pipette HandyStep Brand GmbH & Co KG, Wertheim, Germany 

Pipets 10 µl, 20 µl, 100 µl, 200 µl, 1000 µl Brand GmbH & Co KG, Wertheim, Germany 

Pipettboy Integra BioSciences, Fernwald, Germany 

Plate-Incubator Heraeus Instruments 

PowerPac Basic Power Supply 
Bio-Rad Laboratories GmbH, Munich, 

Germany 

Prometheus NT.48  
NanoTemper Technologies. Munich, 

Germany 

Semi-dry transfer cell 
Bio-Rad Laboratories GmbH, Munich, 

Germany 

Sonifier Sonopulse HD60/UW60 Bandelin, Berlin, Germany 

Spectrometer NanoDrop 2000 Thermo Scientific, Schwerte, Germany 

Sterile hood 
BDK GmbH, Sonnenbühl-Genkingen, 

Germany 

Thermomixer comfort Eppendorf AG, Hamburg, Germany 

Typhoon TRIO Scanner GE Healthcare, Uppsala, Sweden 

Vortex Genie 2 Scientific Industries, Karlsruhe, Germany 

 

 

2.1.3    Consumables 

Consumables Manufacturer 

μClear 96-well microplate Greiner Bio-One, Frickenhausen, Germany 

96 well assay block 
Thermo Scientific GmbH, Schwerte, 

Germany 

Amersham Protan 0.45 μm Nitrocellulose GE Healthcare, Uppsala, Sweden 

Amicon® Ultra Centrifugal Filter Devices 
Merck Chemicals GmbH, Darmstadt, 

Germany 

Cell Culture Flasks T-25, T-75, T-125 Corning GmbH, Wiesbaden, Germany 

Cell Culture Plates, p100 Corning GmbH, Wiesbaden, Germany 

Cuvettes Eppendorf AG, Hamburg, Germany 

Falcon Tubes (15 and 50 ml) Sarstedt AG & Co., Nümbrecht, Germany 
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Falcon-Tubes 15ml und 50ml Greiner Bio-One, Frickenhausen, Germany 

Filtropur S 0.45  Sarstedt AG & Co., Nümbrecht, Germany 

Filtropur S 0.2  Sarstedt AG & Co., Nümbrecht, Germany 

GeBAflex Midi Dialysis tubes Scienova GmbH, Jena, Germany 

GFP-Trap Multiwell plate  ChromoTek GmbH, Martinsried, Germany 

GFP-Trap Agarose ChromoTek GmbH, Martinsried, Germany 

RFP-Trap ChromoTek GmbH, Martinsried, Germany 

HisTrap™ FF column 1 ml GE Healthcare, Uppsala, Sweden 

LoBind tubes Eppendorf, Hamburg, Germany 

Multiwell plate: 6, 12, 24, 96 well, (sterile) Corning GmbH, Wiesbaden, Germany 

NHS-activated Sepharose 4 Fast Flow GE Healthcare, Uppsala, Sweden 

Parafilm Brand GmbH & Co. KG, Wertheim, Germany 

PCR-Reaction tube, 200 μl/500 μl Sarstedt AG & Co., Nümbrecht, Germany 

Petri-dish, 145 x 20 mm Greiner Bio-one, Frickenhausen, Germany 

Petri-dish, 92 x 16 mm Sarstedt AG & Co., Nümbrecht, Germany 

pH Indicator strips, pH 0-14 Merck KGaA, Darmstadt, Germany 

Pipettes (2, 5, 10 und 25 ml) Sarstedt AG & Co., Nümbrecht, Germany 

Pipette tips (10, 20, 200, 1000, 1250 μl) Starlab GmbH, Hamburg, Germany 

Reaction tube 1,5 ml / 2 ml (sterile) Sarstedt AG & Co., Nümbrecht, Germany 

Superdex 75 10/300 GL GE Healthcare, Uppsala, Sweden 

Hi Load® 26/600 Superdex 200pg column Cytiva Europe GmbH, Freiburg, Germany 

syringe (2, 5, 10, 20, 50 ml) 
B. Braun Melsungen AG, Melsungen, 

Germany 

TALON Superflow  beads Cytiva Europe GmbH, Freiburg, Germany 

Zeba-spin desalting columns Thermo Fisher Scientific, Schwerte, Germany 
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2.1.4    Antibodies 

Antibodies (species) 
Dilution 

factor 
Manufacturer 

Anti-DRP1 (clone D6C7; rabbit, 

mAb) 
1000 Cell Signaling, Frankfurt, Germany 

anti-GAPDH (rabbit, pAb) 1000 Santa Cruz, Dallas, USA 

anti-GFP (clone 3H9; rat, mAb) 250 ChromoTek, Munich, Germany 

anti-M13 (mouse, mAb), HRP 

conjugate 
2000 GE Healthcare, Uppsala, Sweden 

Anti-His6 250 GE Healthcare, Uppsala, Sweden 

anti-Penta His (mouse, mAb) 1000 Qiagen, Hilden, Germany 

anti-Miro1 (clone 4H4; mouse, 

mAb) 
500 

Sigma-Aldrich Chemie GmbH, 

Munich, Germany 

anti-Miro1 (rabbit, pAb) 300 
Bio-Techne GmbH, Wiesbaden, 

Germany 

anti-Miro1 (rabbit, pAb) 2.5 µg for IP 
Thermo Fisher Scientific, 

Schwerte, Germany 

anti-RFP (clone 3F5; mouse, mAb) 250 ChromoTek, Munich, Germany 

anti-TagRFP (clone AB233; rabbit, 

mAb) 
1000 Evrogen, Moscow, Russia 

Anti-VHH (goat, pAb), Cyanine 

Cy™5 conjugate 
500 

Jackson ImmunoResearch, Ely, 

United Kingdom 

Anti-VHH (goat, pAb) FITC 

conjugate 
500 

Jackson ImmunoResearch, Ely, 

United Kingdom 

Anti-VHH (goat, pAb), HRP 

conjugate 
5000 

Jackson ImmunoResearch, Ely, 

United Kingdom 

Secondary antibodies 

anti-mouse (donkey) Alexa 

488/546/647 conjugates 
2000 

Thermo Fisher Scientific, 

Schwerte, Germany 

anti-rabbit (donkey) Alexa 

488/546/647 conjugates 
2000 

Thermo Fisher Scientific, 

Schwerte, Germany 

anti-rat (donkey) Alexa 

488/546/647 conjugates 
2000 

Thermo Fisher Scientific, 

Schwerte, Germany 
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2.1.5    Oligonucleotides 

The following oligonucleotides were used in this study for polymerase chain reactions. They 

were all synthesized by Integrated DNA Technologies (Leuven, Belgium) 

 

Name Sequence (5´- 3´) 

CALL001 GTCCTGGCTGCTCTTCTACAAGG 

CALL002 GGTACGTGCTGTTGAACTGTTCC 

FR1-1 CATGGCNSANGTGCAGCTGGTGGANTCNGGNGG 

FR1-2 CATGGCNSANGTGCAGCTGCAGGANTCNGGNGG 

FR1-3 CATGGCNSANGTGCAGCTGGTGGANAGYGGNGG 

FR1-4 CATGGCNSANGTGCAGCTGCAGGANAGYGGNGG 

FR1-ext1 GTAGGCCCAGCCGGCCATGGCNSANGTGCAGCTGGTGG 

FR1-ext2 GTAGGCCCAGCCGGCCATGGCNSANGTGCAGCTGCAGGA 

FR4-1 GATGCGGCCGCNGANGANACGGTGACCNGNRYNCC 

FR4-2 GATGCGGCCGCNGANGANACGGTGACCNGNGANCC 

FR4-3 GATGCGGCCGCNGANGANACGGTGACCNGRCTNCC 

FR4-4 GATGCGGCCGCRCTNGANACGGTGACCNGNRYNCC 

FR4-5 GATGCGGCCGCRCTNGANACGGTGACCNGNGANCC 

FR4-6 GATGCGGCCGCRCTNGANACGGTGACCNGRCTNCC 

NB-uni-for ATATATCTGCAGGAGTCTGGGGGAGGCTTGGTGCA 

NB-uni-rev ATATATTCCGGAGGAGACGGTGACCTGGGTCCC 

M13rev (-29) CAGGAAACAGCTATGACC 

Adaptor-phagemid-
for 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGATTGTTATT
ACTCGCGGCC 

Adaptor-phagemid-
rev 

GACTGGAGTTCAGACGTGTGCTCTTCCGATCTGATCAGCTTCT
GTTCTGCGGC 

NEW PK/FF-for GGGAGATCTCCGGCCATGGCNSADGTGCAGCTG 

NEW PK/FF-rev GGGAAGCTTTCTGAGGAGACGGTGACCNG 

p4-NMI_for TGACCATGATTACGCCAAGC 

p4-NMI_rev TCCACAGACAGCCCTCATAGTTA 

bivM114GA_for GCCGGCGTGCACTCTGAGGTACAGCTGCAGGAGTCGGG 

nterm1273_rev 
CACCACCGCCAGATCCACCGCCACCTGATCCTCCGCCTCCGC
TGCTAACGGTGACC 

bivM114GA2_for 
GGTGGATCTGGCGGTGGTGGAAGTGGTGGCGGAGGTAGTGA
GGTACAGCTGCAGGAGTCGGG 
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downEcoRI_rev GTTGTAAAACGACGGCCAGTG 

bivM114FPCR_for GTCTGTGACCGCCGGCGTGCACTCTGAG 

bivM114FPCR_rev TTTAATTAAGCGGCCGCGAATTGTTGTAAAACGACGGCCAGTG 

Miro1fragB_rev CAAGCTCTTCAGCAATATCACGG 

Miro1fragA_for CGTGTGGATACATGGCCATTGTTGTCAATTTAACAAAGA 

Miro1fragA_rev TGGTGGCGGAGGTAGCATGAAGAAAGACGTGCGGATC 

vectorGA_for TGGCTACCCGTGATATTGCTG 

vectorGA_rev CGTCTTTCTTCATGCTACCTCCGCCACCACTTC 

nGTP_for ATTGGTACCTTTTGGCTTCGAGCAAGTTTTGG 

nGTP_rev ATTGGTACCCTCCTTCTCCTCTGGGC 

nGTPEF2_rev GCGGGTACCATTTCTTTGAGTTTGTTTTTTCTGCAGG 

Delta nGTP_for ATTGGTACCGAGGAGAAGGAGATGAAACCAGC 

Delta nGTP_rev GCTGGTACCCATGCTACCTCCGCCACC 

cGTP_for AAAAAACAAACTCAAAGAAATGTGTTCAGATG 

cGTP_rev CATGCTACCTCCGCCACCACTTCC 

NM95_for TAATCTAGAGGGCCCTATTCTATAGTG 

NM95_rev GCTGGAGACGGTGACCTG 

frag2IRES_for CCCAGGTCACCGTCTCCAGCTAACTAGAGGTTAACGAATTC 

frag2IRES_rev GGTTGTGGCCATATTATC 

nls-insert_for AAGAAGAGGAAGGTTTGAGCGGCCGCGACTCTA 

nls-insert_rev CTTAGGGCTGCCTCCATTAAGTTTGTGCCCCAGTTTGCTAG 

frag3-tRFP-nls_for ATGATAATATGGCCACAACCATGGTGTCTAAGGGCGAAG 

frag3-tRFP-nls_rev GAATAGGGCCCTCTAGATTAAACCTTCCTCTTCTTCTTAGG 

NM1007backbone-
for 

TGAGGATCCACCGGATCTAG 

NM1007backbone-
rev 

CATGCTACCTCCGCCACC 

DRP1-GTPase-for GTGGTGGCGGAGGTAGCATGGAGGCGCTAATTCCTGTC 

DRP1-GTPase-rev 
CTAGATCCGGTGGATCCTCATTGGAGTAAAGTAGCACTTTTAT
C 

DRP1-C-term-rev CTAGATCCGGTGGATCCTCACCAAAGATGAGTCTCCCG 

DRP1-VD-rev CTAGATCCGGTGGATCCTCATTTTCGTGCAACAGGAAC 

DRP1-MD-rev CTAGATCCGGTGGATCCTCAAAAGTCTGGATGTTTTGTG 

DRP1-GED-for CGAAAACTATCTGCTCGGGAAC 
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2.1.6     Expression constructs 

 

 

 

  

Constructs Origin 

Miro1(nGTPase-EF1-EF2)-His6 Plasmid provided by Natascha Bartlick 

Miro1-V5 HisA Plasmid provided by Julia Fitzgerald 

GFP-Miro1 this study 

pEGFP-N1 Clontech 

GFP-Miro1(nGTPase) This study 

GFP-Miro1(nGTPase-EF1-EF2) This study 

GFP-Miro1(EF1-EF2-cGTPase) This study 

GFP-Miro1 (cGTPase) This study 

AcGFP-DRP1 Plasmid provided by Andreas Jenner 

GFP-DRP1 This study 

GFP-DRP1 (GTPase-MD-VD) This study 

GFP-DRP1 (GTPase-MD) This study 

GFP-DRP1 (GTPase) This study 

GFP-DRP1 (GED) This study 

pHEN4  (Arbabi Ghahroudi et al. 1997) 

pHEN6 (Rothbauer et al. 2008) 

pHEN6_Nb constructs This study 

pCDNA3.4 Addgene 

bivM41-Nb This study 

bivM114-Nb This study 

pTagRFP (Panza et al. 2015) 

All Cbs This study 

pCDNA3_NSlmb-vhhGFP4   (Caussinus et al. 2011) 

Fbox-PEPNb This study 

Fbox-GBP-IRES-TagRFPNLS This study  

Fbox-M41-IRES-TagRFPNLS This study 

Fbox-M114-IRES-TagRFPNLS This study 
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2.1.7    Bacterial strains 

 

 

 

2.1.8    Mammalian cell lines 

 

 

 

  

Cell lines Additional information Obtained from 

E. coli XL1 Chemically competent 
Agilent Technologies GmbH, 

Waldbronn, Germany 

E.coli INV110 Chemically competent 
Thermo Fisher Scientific, Schwerte, 

Germany 

E.coli BL21  Chemically competent 
Thermo Fisher Scientific, Schwerte, 

Germany 

E.coli TG1 Electroporation competent 
Agilent Technologies GmbH, 

Waldbronn, Germany 

Cell lines Additional information Obtained from 

HeLa Kyoto 
Cellosaurus no. CVCL_1922 

human cervix adenocarcinoma 
Kyoto University, Japan 

HEK293 
CRL-3216 

human embryonic kidney cells 
ATCC 

U2OS 
HTB-96 

human bone osteosarcoma cells 
ATCC 

HAP1 
C631 

Chronic Myelogenous Leukaemia cells 
Horizon Discovery, UK  

ExpiCHO™ 

A29127 

subclone of CHO-S Chinese hamster ovary 

(CHO) cells 

Thermo Fisher 

Scientific 
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2.2 Methods  

2.2.1    Molecular biology methods 

2.2.1.1  Polymerase chain reactions 

To amplify DNA fragments and to introduce specific restriction sites, polymerase chain reaction 

(PCR) was performed. The standard PCR set-up contained the following components: (1) 

template DNA, (2) forward and reverse DNA primers (listed under oligonucleotides in 

subheading 2.1.5) (3) a thermostable DNA polymerase, (4) deoxynucleotide triphosphates 

(dNTPs) mix, (5) reaction buffer and optionally, (6) High GC Enhancer (Table 1). The 

amplification reactions were carried out according to the conditions shown in Table 2 wherein 

the annealing temperature was adjusted to the nucleotide composition of the DNA primers and 

the extension time to the length of the amplicon. 

 

Table 1. Standard PCR components 

Component Volume  Final conc. 

5x Q5®HF buffer 5 µl 1x 

dNTP mix (10 mM) 0.5 µl 200 µM 

forward primer (10µM) 1 µl 400 nM 

reverse primer (10µM) 1 µl 400 nM 

Q5® HotStart™ DNA polymerase 0.25 µl 0.01 U/µl 

Template DNA (10 ng/µl) 1-2 µl 0.4- 0.8 ng/µl 

5x High GC Enhancer 5 µl 1x 

Nuclease free dH2O to 25 µl  

 

 

Table 2. Standard PCR cycling steps 

Step Temp Time Number of cycles 

Initial denaturation 95 °C 30 s 1 

Denaturation 95 °C 10 s  

25x Annealing 53 - 67 °C 20 s 

Extension 72 °C 20 s per kb 

Final extension 72 °C 3 min 1 

End 4 °C ∞  
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2.2.1.2  Restriction digestion 

Digestion of plasmids or amplified DNA fragments was performed using restriction enzymes 

obtained from New England Biolabs according to the manufacturer’s instructions. For 

analytical purposes and restriction-based cloning, 0.5 - 1 µg and 2 - 5 μg DNA were digested 

respectively by restriction enzymes. 

 

2.2.1.3  Agarose gel electrophoresis 

The analysis and separation of DNA fragments from enzymatic restriction and amplicons from 

PCR reactions was done by agarose gel electrophoresis. To accomplish this, the DNA probes 

were mixed with 6X DNA loading dye and separated using 0.9 - 1.5 % agarose dissolved in 

1X Tris-acetate-EDTA (TAE) buffer containing 0.025 μg/ml ethidium bromide to allow detection 

of DNA under UV exposure. As standard Generuler 1 kb Plus DNA Ladder was used. Ethidium 

bromide-stained DNA was detected with an Intas UV system (Intas Science Imaging). For 

preparative gels, respective DNA bands were cut out from the gel and purified using the 

NucleoSpin Gel and PCR clean-up Kit (Macherey-Nagel) according to the manufacturer's 

instructions. 

 

2.2.1.4  Site-directed mutagenesis  

Using site-directed mutagenesis (SDM), targeted mutations such as insertions and deletions 

were introduced into plasmid DNA. First, primers containing the desired mutation were 

designed with the NEBase Changer online software (version 1.3.2). In the next step, the 

primers were used in a PCR (Table 3.), resulting in the amplification of the whole plasmid. 

 

Table 3. Components of site directed mutagenesis PCR 

Component Volume for 25µl reaction  Final conc. 

Q5® HotStart™ HF 2x Master Mix 12.5 µl 1x 

forward primer (10µM) 1.25 µl 500 nM 

reverse primer (10µM) 1.25 µl 500 nM 

Template DNA (10 ng/µl) 1 µl 0.4 ng/µl 

Nuclease free dH2O 9 µl  
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The amplification by PCR was carried out according to the conditions shown in Table 4. The 

annealing temperature was adjusted based on the nucleotide composition of the DNA primers 

and the extension time selected based on the length of the amplicon. 

 

Table 4.Site directed mutagenesis PCR cycling steps 

Step Temp Time Number of cycles 

Initial denaturation 98 °C 30 s 1 

Denaturation 98 °C 10 s  

25x Annealing 58 - 72 °C 20 s 

Extension 72 °C 30 s per kb 

Final extension 72 °C 5 min 1 

End  4 °C ∞  

 

 

After the PCR, a kinase, ligase and DpnI (KLD) treatment was carried out for ligation and 

template removal by DpnI, a methylation-dependent endonuclease (Table 5).  

 

Table 5. KLD reaction components 

Component Volume for 10µl reaction  Final conc. 

PCR product 2 µl  

2x KLD reaction buffer 5 µl 1x 

10x KLD enzyme mix 1 µl 1x 

Nuclease free dH2O 2 µl  

 

 

KLD reaction mixture was incubated at room temperature for 30 min and subsequently 5 μl of 

the mixture was transformed in chemically competent E. coli. Enzymes and buffers used for 

the PCR and KLD treatment were supplied in the Q5® Site Directed Mutagenesis Kit. 

 

2.2.1.5  Gibson assembly cloning 

For the generation of the constructs requiring the assembly of multiple DNA fragments,  Gibson 

assembly cloning (Gibson et al. 2009) was used. For the Gibson assembly cloning of GFP-

Miro1 and bivM114, amplification primers were designed by Dr Philipp Kaiser (NMI). For other 
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constructs, amplification primers were designed using the NEBuilder Assembly online software 

(version 2.5.6). the primers are listed under subheading 2.1.5. DNA insert fragments containing 

appropriate overlaps were amplified using standard PCR as previously described (Table 1 and 

Table 2). The linearized vector backbone was generated by a restriction digest or by PCR 

amplification (listed under section 2.1.6).  All fragments were analysed on an agarose gel and 

purified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) according to 

manufacturer’s instruction. Concentrations of all DNA fragments were determined using the 

NanoDrop™ 2000 spectrometer. Gibson Assembly reactions were set up using NEB™ Gibson 

assembly or the NEB™ HiFi DNA assembly kit as described in Table 6 and incubated at 50 

°C for 30 to 60 min. Subsequently, 5 μl of the reaction were transformed into chemically 

competent E. coli. 

 

 

Table 6. DNA assembly reaction components 

Component Amount for 2-3 fragment 

assembly (NEB™Gibson 

assembly kit) 

Amount for 2-3 

fragment assembly 

(NEB™HiFi DNA 

assembly kit) 

Vector  50 ng 50 ng 

Insert 2 to 3-fold excess 2-fold excess 

Total amount of fragments (in X µl) 0.02 – 0.5 pmol 0.03 – 0.2 pmol 

2× Master Mix 10 µl 10 µl 

Nuclease free dH2O 10-X µl 10-X µl 

Total volume of reaction 20 µl 20 µl 

 

 

2.2.1.6  DNA ligation 

To generate plasmids containing a desired DNA insert and linearized vector backbone, DNA 

ligation was performed using the NEB™ T4 DNA ligase. Molar ratios used for ligation ranged 

from 3:1 to 7:1 (insert to vector ratio). For larger insert sizes similar to the size of the digested 

vector backbone, a ratio of 3:1 was chosen, whereas high molar ratios (7:1) were chosen for 

small DNA inserts. Ligation reactions (Table 7) were incubated at 22°C for 2 h or at 16°C 

overnight and afterwards the ligase was inactivated at 65°C for 10 min. 5 µl of the reaction was 

then transformed into chemically competent E. coli. To determine the background due to 
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undigested vector or vector re-circularization, the digested backbone without insert was 

employed as ligation control.  

 

Table 7. DNA ligation reaction components 

Component 10 µl reaction 

T4 DNA ligase buffer 1 µl  

Vector DNA 100 ng 

Insert DNA 3 to 7-fold excess 

T4 DNA ligase 1 µl 

Nuclease free dH2O Up to 10 µl 

 

 

2.2.1.7  Transformation of bacteria 

Chemically competent E. coli XL1 blue or E. coli INV110 (dam and dcm methylation negative) 

or E.coli BL21(DE3) were transformed with plasmids in this study. The bacteria were thawed 

on ice for 10 min and subsequently, 5 μl of the ligation or DNA assembly reaction were added 

to the cells and mixed by flicking the reaction tube. Cells were continuously incubated on ice 

for 5 min followed by a heat shock at 42 °C for 40 s. Tubes were again placed on ice for 2 min 

followed by the addition of 150 μl SOC media (prewarmed to 37 °C) to the bacteria. Tubes 

were incubated at 37 °C for 60 min with agitation at 600 rpm. After the incubation cells were 

plated on agar plates with appropriate selection antibiotics and incubated overnight at 37 °C. 

 

2.2.1.8  Plasmid extraction 

Transformed E. coli were grown overnight at 37 °C in 5 ml LB medium for small scale plasmid 

preparations (Miniprep) or in 50 ml LB medium for larger DNA amounts (Midiprep) 

in the presence of appropriate selection antibiotics. Miniprep DNA extractions were performed 

with the NucleoSpin® Plasmid kit while high DNA amounts were extracted with Qiagen 

Plasmid MidiPrep kit following the respective manufacturer’s protocol. DNA concentrations 

were determined by measuring the absorbance at 260 nm using a NanoDrop™ 2000 

spectrometer. 
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2.2.1.9  Generation of expression constructs used in this study 

The plasmids used during this study were generated using classical cloning, site-directed 

mutagenesis, and Gibson assembly methods. A summary of the procedure for the generation 

of each construct as well as the backbone, inserts, and amplification primers used are 

described in Table 8. The sequences of all generated constructs were confirmed by Sanger 

sequencing by Eurofins Genomics GmbH, Ebersberg. 
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Table 8. Cloning strategies of expression constructs generated in this study. 

Constructs Template/backbone Cloning steps with respective primers 

GFP-Miro1 pEGFP-N1 

a. Amplification of Miro1 sequence from 

Miro1-V5 HisA plasmid with primers, 

Miro1fragA_for/Miro1fragA_rev and 

Miro1fragB_for/Miro1fragB_rev 

b. Gibson assembly of amplicon and 

linearized backbone with primers 

VectorGA_for /VectorGA_rev 

GFP-Miro1(nGTPase) GFP-Miro1 

a. Deletion of EF1-EF2-cGTPase 

domains by amplification with primers 

nGTP_for and nGTP_rev. KpnI/DpnI 

digestion of amplicon followed by 

intramolecular re-ligation 

GFP-Miro1(nGTPase-

EF1-EF2) 
GFP-Miro1 

Deletion of cGTPase domain by 

amplification with primers nGTP_for and 

nGTPEF2_rev. KpnI/DpnI digestion of 

amplicon followed by intramolecular 

ligation 

GFP-Miro1(EF1-EF2-

cGTPase) 
GFP-Miro1 

Deletion of nGTPase domain by 

amplification with primers Delta nGTP_for 

and Delta nGTP_rev. KpnI/DpnI digestion 

of amplicon followed by intramolecular 

ligation 

GFP-Miro1 

(cGTPase) 
GFP-Miro1 

Deletion of nGTPase-EF1-EF2 domains 

using Q5™ site directed mutagenesis kit 

with primers cGTP_for and cGTP_rev. 

GFP-DRP1 pEGFP-N1 

DNA assembly of DRP1 coding sequence 

amplified from AcGFP-DRP1 construct 

with primers Drp1-GTPaseFor and Drp1-C-

term-rev; and pEGFP-N1 backbone 

linearized with primers 
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NM1007backboneFor and 

NM1007backboneRev.  

GFP-DRP1 (GTPase-

MD-VD) 
pEGFP-N1 

DNA assembly of amplified DRP1 

GTPase-Middle-Variable domains from 

AcGFP-DRP1 construct with primers Drp1-

GTPaseFor and Drp1-VD-rev; and pEGFP-

N1 backbone linearized with primers 

NM1007backboneFor and 

NM1007backboneRev. 

GFP-DRP1 (GTPase-

MD) 
pEGFP-N1 

DNA assembly of amplified DRP1 

GTPase-Middle domains from AcGFP-

DRP1 construct with primers Drp1-

GTPaseFor and Drp1-MD-rev; and 

pEGFP-N1 backbone linearized with 

primers NM1007backboneFor and 

NM1007backboneRev. 

GFP-DRP1 (GTPase) pEGFP-N1 

DNA assembly of amplified DRP1 GTPase 

domain from AcGFP-DRP1 construct with 

primers Drp1-GTPaseFor and Drp1-

GTPase-Rev; and pEGFP-N1 backbone 

linearized with primers 

NM1007backboneFor and 

NM1007backboneRev. 

GFP-DRP1 (GED) GFP-DRP1 

Deletion of GTPase-Middle-Variable 

domains from GFP-DRP1 expression 

construct using Q5™ site directed 

mutagenesis kit with primers DRP1-GED-

for and NM1007backboneRev. 

All monovalent 

nanobodies 
pHEN6(C) 

restriction cloning from phage display 

vector, pHEN4 using SfiI/BstEII or 

NcoI/BstEII 

bivM41-Nb pCDNA3.4 

Restriction cloning from synthesized 

sequence using NheI/AgeI sites and 

ligation into XbaI/AgeI digested pCDNA3.4 

vector 
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bivM114-Nb pCDNA3.4 

I. Amplification of M114 sequence in 

two separate PCRs with primer 

sets bivM114GA-for and 

nterm1273_rev; bivM114GA2_for 

and downEcoRI_rev; 

II. overlap-extension PCR to fuse both 

amplicons using primer set 

bivM114FPCR_for and 

bivM114FPCR_rev. 

III. Gibson assembly cloning of 

resulting sequence and Esp3I- and 

EcoRI- digested pCDNA3.4 

expression vector. 

All Cbs pTagRFP 

I. PCR amplification of Nb sequences 

from pHEN6 vectors with primers 

NEW PK/FF-for and NEW PK/FF-

rev. 

II. Restriction cloning into BglII/ BstEII 

or BglII/HindIII sites of the 

previously described Cb expression 

vector(Panza et al. 2015). 

Fbox-Nb-IRES 

constructs 

pCDNA3_NSlmb-

vhhGFP4(Caussinus 

et al. 2011) 

I. PCR amplification of the vector 

backbone with primers NM95_for 

and NM95_rev. 

II. PCR amplification of the IRES 

sequence, from 

pcDNA3.1(+)IRES-GFP, with 

primers frag2IRES_for and 

frag2IRES_rev. 

III.  (a) insertion of an NLS sequence 

downstream of the TagRFP 

sequence in a Cb expression 

vector with primers nls-insert_for 

and nls-insert_rev using the Q5 

Site-Directed Mutagenesis Kit 

(NEB). (b) PCR amplification of 



53 
 
 

 

2.2.2    Biochemical methods 

2.2.2.1  Expression of recombinant proteins 

In this project, Miro1(aa 1-290), monovalent Miro1 and DRP1-Nbs were expressed in E.coli 

under the control of the lac‐promoter. Bivalent Miro1-Nbs were expressed in ExpiCHO™ cells 

according to the manufacturer’s protocol.  

For bacterial protein expression, bacteria from frozen glycerol stocks or colonies from agar 

plates were scraped with a sterile pipet tip and suspended into 50 ml of LB medium 

supplemented with respective antibiotic. The culture was grown overnight at 37 °C with shaking 

at 130 rpm. The next day, the cultures were spun down, and the resulting pellet resuspended 

in 1L Terrific Broth (TB) medium. The cultures were grown at 37°C, 120 rpm in baffled 

Erlenmeyer flasks with a capacity of four or five litres. OD600 was monitored using photometer 

in disposable plastic cuvettes. When OD600 was >1, protein expression was induced by adding 

IPTG to a final concentration of 1 mM. IPTG is a structural analog of lactose that permanently 

binds to the lacI repressor and allows constant protein expression of genes controlled by the 

lac-promoter. The cultures were grown overnight at 30°C with shaking at 150 rpm. The next 

day, OD600 values were measured, and the bacteria were harvested by centrifugation at 6000 

rpm for 10min at 4°C. The pellets were stored at -20°C or resuspended in binding buffer (for 

Miro1, 25 mM HEPES, 0.3M NaCl, 1 mM MgCl2, 1 mM DTT and 25 mM Imidazole, pH 7.4; for 

Nbs, 1xPBS, 0.5M NaCl, 50 mM Imidazole at pH 7.4) for further processing. 

 

2.2.2.2  Preparation of bacterial periplasmic extracts 

Nb expression from E.coli XL1 cells in 1 ml cultures were carried 12-well plates using the same 

procedures described in section 2.2.2.1 above. 16 - 20 h after induction, the bacteria pellets 

were harvested by centrifugation at 2900 x g for 20 min at 4°C. the pellets were resuspended 

in 200 µl of precooled TES buffer (0.2 M Tris/HCl (pH 8), 0.5 mM EDTA, 0.5 M sucrose) 

supplemented with 2 mM PMSF and incubated on a shaker for 20 min, 400rpm at 4°C. 300µl 

of a 0.25x dilution of TES buffer in sterile ddH2O was added to each well and incubated under 

TagRFPNLS sequence with primers 

frag3-tRFP-nls_for and frag3-

tRFP-nls_rev. 

IV. Gibson assembly of all fragments 

with NEBuilder HiFi DNA assembly  
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the same conditions for 30 min. Subsequently, the plate was centrifuged at 2900 x g for 20 min 

at 4°C and the supernatants stored at 4 °C for further analysis. 

 

2.2.2.3  Bacterial cell lysis 

Standard lysis of bacteria was performed in binding buffer containing additional DNaseI 

(1  μg/ml), phenylmethanesulfonylfluoride (PMSF 1 mM), 1x Protease inhibitor mix B 

and lysozyme (0.1 mg/ml). Continuous sonication was done for 5 min on ice. Thereafter, 

incubation for 1 h at 4 °C on an end-over end rotor followed by sonication for 5 min on ice. 

Finally, insoluble components were separated by centrifugation (20 000 x g, 20 min, 4 °C) and 

supernatants were filtered through a 0.45 μm filter. 

 

2.2.2.4  Protein purification using affinity chromatography 

His6-tagged proteins were purified from supernatants of bacterial cell lysates or cultures of 

ExpiCHO™ cells by immobilized Ni2+ affinity chromatography (IMAC) using an ÄKTA Pure 25 

FPLC system. For all purifications, the sample was applied to the chromatographic system 

using the sample pump. 1 ml HisTrap™ FF columns were equilibrated in 5 column volumes of 

binding buffer and a flow rate of 1 ml/min was used for the purification run. Bound proteins 

were eluted in 0.5 ml fractions by gradual increase of imidazole concentrations from 50 mM to 

500 mM.  

 

2.2.2.5  Size exclusion chromatography and desalting. 

Size exclusion chromatography was performed using the ÄKTA Pure 25 FPLC system and a 

Superdex 75 or a Superdex 200pg gel filtration column to further increase the purity of proteins. 

The flow rate through the chromatographic system was 0.5 ml/min. The column was 

equilibrated using two column volumes of PBS. Peak fractions of the affinity chromatography 

eluate were pooled and applied to the column. Fractions of the indicated peaks were collected 

in 0.5 ml fractions. For buffer exchange and concentration of purified proteins, Amicon™ 

ultracentrifugation filter devices were used according to the manufacturer’s instructions. 

 

2.2.2.6  SDS Page analysis of protein and Western blotting 

For the size dependent separation and analysis of proteins, denaturing polyacrylamide gel 

electrophoresis (SDS-PAGE) was performed. Samples, containing 1x SDS sample buffer (0.1 

% β-Mercaptoethanol, 0.0005 % Bromophenol blue, 10 % Glycerol, 2 % SDS in ddH2O) were 
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denaturated at 95 °C for 10 min. the probes were loaded on gels which were prepared as 

shown in Table 9 and 10. As standard, PageRuler™ plus prestained protein ladder was used. 

 

Table 9.SDS separating gel 

Component Final concentration 

Acrylamide 8-15% (v/v) 

Tris/HCl, pH 8.8 375 mM 

SDS 0.1% (w/v) 

APS 0.05% (w/v) 

TEMED 0.1% (v/v) 

 

 

Table 10. SDS stacking gel 

Component Final concentration 

Acrylamide 5% (v/v) 

Tris/HCl, pH 6.8 60 mM 

SDS 0.1% (w/v) 

APS 0.05% (w/v) 

TEMED 0.1% (v/v) 

 

 

Separation using a BioRad electrophoresis system was performed at 150-200 V in running 

buffer (25 mM Tris/HCl, 1.92 M glycine in ddH2O). 

Subsequently, separated proteins were either stained with Coomassie or transferred from the 

SDS-gel to a nitrocellulose membrane by Western blotting. For Coomassie staining, the gel 

was incubated with gentle agitation in InstantBlue® Coomassie Protein stain for 30 min 

followed by removal of excessive dye by subsequent washing in ddH2O. 

Proteins were transferred from SDS-gels to nitrocellulose membranes by semi-dry blotting 

system (BioRad) at 2.5 mA/cm2  for 1.5 - 2 h. After the run, total protein on membranes was 

stained reversibly with Ponceau S solution (0.5 % Ponceau S, 10 % acetic acid in ddH2O). For 

specific protein detection membranes were incubated overnight at 4 °C with primary antibodies 

(listed in section 2.1.4), diluted in MTBST (5 % non-fat dry milk in TBST) or in 5 % BSA in 

TBST according to the manufacturer’s guidelines. The next day, membranes were washed 3 

times with TBST for 5 min followed by incubation with a fluorescently labelled secondary 
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antibody diluted in MTBST for 1 - 2 h at room temperature. The membranes were washed 

thrice with TBST for 5 min and dried at room temperature. fluorescent signals were detected 

on a Typhoon-Trio laser scanning system (using appropriate excitation and emission filter 

settings) and analysed with the GE Healthcare ImageQuant™ TL software (version 8.1). 

 

2.2.2.7  Affinity measurements by biolayer interferometry (BLI) 

The binding kinetics of Nbs identified in this study were determined using the Octet RED96e 

system according to the manufacturer’s recommendations. Briefly, 2 - 10 µg/ml solution of 

biotinylated Nbs diluted in Octet buffer (25 mM HEPES, 300 mM NaCl, 1mM MgCl2, 0.1% BSA) 

was used for 40 s to immobilize the Nb on streptavidin coated biosensor tips (SA, Sartorius). 

In the association step, a dilution series of corresponding target antigen ranging from 4 nM – 

1 µM were reacted for 300 s followed by dissociation in Octet buffer for 720 s. Every run was 

normalized to a reference run using Octet buffer for association. Data were analysed using the 

Octet Data Analysis HT 12.0 software applying the 1:1 ligand-binding model and global fitting.  

 

2.2.2.8  NHS-ester functionalization of Nbs 

Purified Nbs were immobilized on agarose beads or chemically coupled to dyes through their 

exposed lysine residues using NHS chemistry as previously described (Rothbauer et al. 2008; 

Maier et al. 2015; Braun et al. 2016). For the immobilization of Nbs on Sepharose beads to 

generate nanotraps, 2 mg of purified nanobodies at 1 mg/ml concentration in phosphate-

buffered saline were coupled to 1 ml NHS-activated Sepharose according to the 

manufacturer’s protocol. 

Coupling of purified Nbs to NHS-activated ATTO647 or Alexa Fluor (AF) 647 dyes was 

performed according to the manufacturer’s protocol. Unbound dye was removed using Zeba™ 

Spin Desalting columns according to the manufacturer’s instructions. Labelled Nbs were stored 

away from light at 4 °C. 

 

2.2.2.9  Sortase labelling of Nbs 

For the site-specific functionalization of Nbs, enzymatic labelling using the sortase catalysed 

transpeptidation reaction was performed as described (Popp and Ploegh 2011). Sortase A 

pentamutant (eSrtA) was expressed and purified as described (Chen et al. 2011). The 

substrate peptide H-Gly-Gly-Gly-propyl-azide (sortase substrate) was custom synthesized by 

Intavis AG. For sortase labelling, 50 μM Nb, 250 μM sortase substrate peptide dissolved in 

sortase buffer (50 mM Tris, pH 7.5, and 150 mM NaCl) and 10 μM sortase were mixed in 
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coupling buffer (sortase buffer with 10 mM CaCl2) and incubated for 4 h at 4°C. Uncoupled Nb 

and sortase were depleted by IMAC. Unbound excess of unreacted peptide was removed 

using Zeba™ Spin Desalting Columns. Samples were taken before and after the sortase 

reaction and IMAC depletion for analysis by SDS-PAGE. For conjugation to fluorophores, the 

resulting azide-coupled Nbs were then labelled by SPAAC (strain-promoted azide-alkyne 

cycloaddition) click chemistry reaction with two-fold molar excess of Alexa-Fluor conjugated 

dibenzocyclooctyne (DBCO-AF647, Jena Bioscience) for 2 h at 25°C. Unclicked DBCO-AF647 

were removed by dialysis against PBS over 48 h with buffer changes every 4h. The dialysis 

was performed in Gebaflex Midi dialysis tubes which had a molecular weight cut-off of 8 kDa. 

Samples taken before and after the click chemistry reaction were analysed by SDS-PAGE 

according to standard protocol. 

For the generation of the bivalent nanotraps, 1 mg of azide coupled Nbs were incubated with 

0.5 ml DBCO-Agarose (Jena Bioscience) slurry for 4 h at 25 °C. The beads were centrifuged 

at 2700 x g for 2 min and the supernatant was removed. Samples of the input and flow through 

fractions were analysed by SDS-PAGE according to standard protocol. The Nb coupled beads 

were washed thrice with 2.5 ml PBS and stored in 1 ml PBS.  

 

2.2.2.10 Mammalian cell lysis and protein extraction 

Mammalian cells were washed 3 times with 1x PBS and harvested from 100 mm cell culture 

dishes by centrifugation at 300 x g for 5 min. For the analysis of endogenous Miro1 levels in 

different cell lines, the cells were harvested after 24 h. Subsequently, cells were washed in 

PBS (pH 7.4) and harvested, snap-frozen in liquid nitrogen and thawed on ice. Cell pellets 

were resuspended in 200 μl of RIPA lysis buffer (10mM Tris/HCl pH 7.5, 150mM NaCl, 0.5 mM 

EDTA, 0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate) or 200 μl lysis buffer [50 mM 

Tris/HCl pH 7.5, 150 mM NaCl, 1 mM EDTA,1 mM PMSF, 1 μg/ml DNaseI, 2.5 mM MgCl2, 

mammalian protease inhibitor cocktail (Serva)] containing either 0.5% NP40 or 1% Triton X-

100. Homogenization was achieved by passing the lysate through needles of decreasing 

gauge and intermittent vortexing for 60 min on ice. Lysates were centrifuged at 18,000 x g for 

15 min at 4°C. Protein concentrations of the soluble fractions were determined using Pierce™ 

BCA Protein Assay kit (Thermo Fisher Scientific) according to manufacturer’s protocol. 

 

2.2.2.11 Immunoprecipitation 

3 x 106 HEK293 cells were seeded in 100 mm culture dishes and cultivated for 24 h. For the 

pulldown of endogenous Miro1, cells were harvested and lysed after 24 h. For the pulldown of 
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exogenous proteins, the cells were subjected to plasmid DNA transfection with equal amounts 

of expression vectors and cultivated for 24 h. Subsequently, cells were washed in PBS (pH 

7.4) and harvested, snap-frozen in liquid nitrogen, stored at -20°C or thawed for immediate 

use. The cells were homogenized as described in section 2.2.2.10 and the supernatant 

adjusted with dilution buffer (50 mM Tris/HCl ,150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF) to 

500 µl. 5 μl (1%) was added to 2 x SDS-containing sample buffer (60 mM Tris/HCl, 2% (w/v) 

SDS, 5% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 0.02% bromphenol blue; referred to as 

input). For immunoprecipitation, nanotraps were gently redispersed in storage buffer and 40 – 

80 μl were added to Low-bind 1.5 ml Eppendorf tubes. The nanotraps were pelleted and the 

storage buffer discarded. The nanotraps were washed thrice and equilibrated in 500 µl dilution 

buffer. Subsequently, the protein solution was added to the nanotraps and incubated overnight 

on an end over end rotor at 4°C. As a positive control, 2.5 µg of rabbit anti-Miro1 or anti-DRP1 

antibody was added to the protein solution and incubated under the same conditions. For 

pulldown of immunocomplexes, 40 μl of an equilibrated mixture of protein A/G-Sepharose 

(Amersham Biosciences) were added, and incubation continued for 4 h. As a negative control, 

a non-related nanotrap (PepNb) was used. After centrifugation (2 min, 2700 x g, 4°C), the 

supernatant was removed, and the bead pellet was washed three times in 500 µl dilution buffer. 

On the third wash, the beads were transferred to a pre-cooled 1.5 ml tube (Eppendorf), 

resuspended in 2 x SDS-containing sample buffer and boiled for 10 min at 95 °C. Samples 

(1% input, 20% bound) were analysed by SDS-PAGE followed by Western blotting according 

to standard procedures. Immunoblots were probed with primary antibodies specific for the 

immunoprecipitated target. In this study, anti-GAPDH antibody was used both as a loading 

control and as negative control to detect unspecific binding to Miro1 and DRP1 nanotraps.  

 

2.2.2.12 Intracellular Immunoprecipitation 

3 x 106 HEK293 cells were seeded in 100 mm culture dishes and cultivated for 24 h. The  cells 

were transiently transfected with equal amounts of expression vectors encoding DRP1-Cbs 

(D7 and D63) or the Pep-Cb. The transfection efficiency was monitored the next day by wide 

field fluorescence microscopy and cells were harvested 24 h after transfection. Cell pellets 

were lysed as described in section 2.2.2.10 and chromobodies were precipitated using the 

RFP-Trap. For each Cb construct, 50 µl of RFP-Trap beads were transferred into a 1.5 ml tube, 

washed thrice and equilibrated in 500 µl dilution buffer. Subsequently, the different soluble 

fractions were added to the beads and incubated overnight on an end over end rotor at 4 °C. 

After centrifugation (2 min, 2700 x g, 4 °C), the supernatant was removed, and the bead pellet 

was washed three times in 500 µl dilution buffer. On the third wash, the beads were transferred 
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to a pre-cooled 1.5 ml tube (Eppendorf), resuspended in 2x SDS-containing sample buffer and 

boiled for 10 min at 95°C. Samples (1% input, 1% non-bound fraction and 20% bound) were 

analysed by SDS-PAGE followed by Western analysis using appropriate antibodies for 

detection. 

 

2.2.3    Cell culture methods 

2.2.3.1  Culturing of mammalian cell lines.  

All cell culture techniques were carried out under sterile conditions on a laminar flow hood. 

Cryopreserved cells (10 % DMSO in culture medium) were thawed in a 37°C water bath. Cells 

were transferred into fresh culture medium after centrifugation (100 x g, 5 min), and grown at 

37 °C, 5 % CO2 and 95 % humidity in T75 or T125 culture flasks. HEK293, HeLa and U2OS 

cells were cultured in DMEM (4.5 g/L glucose, pyruvate, with GlutaMAX™) supplemented with 

10 % FBS and 1% (v/v) penicillin-streptomycin.  

Cells with 70 - 90% confluency were passaged every 2 - 3 days using 0.05% Trypsin/EDTA. 

Cell number was determined by using the Neubauer chamber. All cell lines were tested 

negative for mycoplasma using the PCR mycoplasma kit Venor GeM Classic (Minerva Biolabs) 

and the Taq DNA polymerase (Minerva Biolabs). Since this study does not include cell line-

specific analysis, all cell lines were used without additional authentication.  

 

2.2.3.2  Cell seeding  

For cell seeding all adherent cell lines were detached using 0.05 % trypsin-EDTA and cell 

number was determined by using the Neubauer chamber. For microscopical analyses 5000 – 

10,000 cells were seeded per well into μClear 96-well plates while for biochemical analysis, 

3 x 106 cells were seeded onto 100 mm culture dishes and were allowed to grow for 24 h under 

standard conditions.  

 

2.2.3.3  Transfection 

Transient transfection of U2OS and HeLa Kyoto cells with Lipofectamine 2000 (Thermo Fisher 

Scientific) was carried out according to the manufacturer’s protocol. Briefly, for each well of a 

96-well plate, 100 ng DNA and 0.25 μl Lipofectamine 2000 were diluted in 20 μl OptiMEM, 

incubated for 15 min at room temperature and added to the cells. Media was changed 6 h after 

transfection and the cells cultivated for 24 - 48 h at 37°C, 5 % CO2 and 95 % humidity. HEK293 

cells were transfected with PEI working solution (1 mg/ml PEI in PBS, pH 7). Prior to 

transfection, the cells were allowed to grow to ~70% confluency. DNA-PEI complexes for 
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transfection in 100mm plates were prepared by diluting 15 µg plasmid DNA in 200 µl OptiMEM 

and adding the PEI-OptiMEM mix to 70 µl PEI solution in 568 µl OptiMEM, vortexing and 

incubation at 15 min at room temperature. The complexes were added dropwise to the cells 

which were incubated for 24 - 48 h under standard conditions. 

 

2.2.3.4  Immunofluorescence 

For immunofluorescence staining, HeLa cells were seeded at 1 x 104 cells per well in  μClear 

96 well plates and grown to 70 - 90% confluence. For the exogenous expression of Fbox-Nb 

constructs and/or target antigens, the cells were transfected with plasmids as described in 

section 2.2.3.3. 24 h post transfection, the cells were washed twice with PBS and fixed with 

4% (w/v) paraformaldehyde (PFA) in PBS for 10 min at RT and blocked with 5% BSA in TBST 

for 30 min at RT. Incubation with required primary antibodies, Nbs or AF647-labelled Nbs was 

performed overnight at 4°C. Unbound antibodies or Nbs were removed by three washing steps 

with TBST. Unlabelled Nbs were detected by addition of a Cy5-conjugated goat anti-alpaca 

IgG  according to manufacturer’s guidelines. Appropriate secondary antibodies diluted in 3% 

BSA in TBST were incubated for 1 h at room temperature. Nuclei were subsequently stained 

with 4’, 6 diamidino-2-phenylindole (DAPI) for 15-30 min at room temperature. The wells were 

washed thrice with PBST and stored in PBS. Images were acquired immediately afterwards 

with an ImageXpress™ Micro Confocal High Content Screening system (Molecular Devices) 

at 40x magnification. 

 

2.2.3.5  Microscopy and time-lapse imaging 

8 x 103 U2OS or 1 x 104 HeLa cells/well were plated in a black µclear 96-well plate. 24 h after 

plating, cells were transiently transfected with plasmids encoding Miro1- or DRP1-Cbs and the 

corresponding GFP-tagged antigen. The next day, the medium was replaced by live-cell 

visualization medium DMEMgfp-2 (Evrogen) supplemented with 10% FBS and 2 mM L-

glutamine. For live-cell imaging, images were acquired after 10-15 min under standard 

conditions with the ImageXpress™ Micro Confocal High Content Screening system at 40x 

magnification. For visualization of mitochondrial dynamics in living cells, U2OS cells transiently 

expressing GFP-Miro1 and Miro1-Cbs or mito-mKate2 were either treated with 10 µM 

Sorafenib tosylate (to induce mitochondrial fragmentation) or DMSO (as a control) in live-cell 

visualization medium and imaged every 15 min for up to 2 h under standard conditions. 
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2.2.3.6  Automated image segmentation and analysis 

For the targeted Miro1 degradation experiments, 8 x 103  - 1 x 104 wildtype HeLa cells or HeLa 

cells transiently co-expressing Fbox-Nb-IRES-TagRFPNLS and GFP-Miro1 constructs were 

fixed and permeabilized in a black µclear 96-well plates. For endogenous Miro1,  

immunofluorescence staining of Miro1 was performed as described in section 2.2.3.4 and 

images were acquired immediately with an ImageXpress™ Micro system at 40x magnification. 

Image analysis was performed with MetaXpress software (64 bit, 6.2.3.733, Molecular 

Devices). Fluorescence images comprising a statistically relevant number of cells (>500 cells) 

were acquired for each construct. For quantitative fluorescence analysis, the mean Miro1 

fluorescence in the cytosol was determined. Using the Custom Module Editor (version 

2.5.13.3) of the MetaXpress software, an image segmentation algorithm that identifies areas 

of interest based the parameters of size, shape, and fluorescence intensity above local 

background was set up. The settings identifying the cytosolic compartment with Miro1 

fluorescence were (i) an appropriate width between 10 µm and 80 µm and (ii) a minimum 

intensity of 1000 A.U above local background. Nuclear regions were identified by DAPI staining 

utilizing the following settings: (i) an appropriate width between 5 µm and 30 µm and (ii) a 

minimum intensity of 2000 A.U. The algorithm was designed to also quantify Miro1 

fluorescence signals specifically in cells transfected with the bicistronic vectors coding for both 

Fbox-Nb degrons and nuclear localized TagRFP. In such cells, a nuclear TagRFP 

fluorescence of 2000 A.U above local background was defined as selection criteria for Miro1 

quantification. An overlay of the generated masks was then applied to the fluorescence image 

to identify whole cells. For the determination of background fluorescence, the whole cell 

segmentation mask identifying all cells in an image was used as a negative marker and the 

background signal was determined in the remaining region. The average Miro1 fluorescence 

intensities in whole cells were determined for each image followed by subtraction of 

background fluorescence. The resulting values from the transfected cells were normalized to 

the non-transfected control. Standard errors were calculated for three independent replicates 

and student’s t test was used for statistical analysis. An overview of the automated image 

segmentation for transfected cells and non-transfected cells are shown in Figure 7A and 

Figure 7B respectively.  
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2.2.4    Immunological methods 

In this project, Miro1- and DRP1-specific Nbs were selected from libraries generated from 

immunized alpacas. The alpacas were immunized with recombinantly expressed Miro1 (aa 1-

290) or DRP1. The methods used to immunize and monitor the alpacas’ immune response are 

discussed in the following sections. 

 

2.2.4.1  Alpaca immunizations 

Animal immunizations were performed after approval by the government of Upper Bavaria 

(Permit number: 55.2-1-54-2532.0-80-14). Two alpacas (Vicugna pacos), Caro and Sora were 

each immunized with recombinant human Miro1 (aa 1-290) or recombinant human DRP1 

respectively. For Caro who was immunized with Miro1, an initial priming dose of 1 mg was 

administered, the animal then received booster injections of 0.5 mg after the 3rd, 4th, 7th, and 

12th week. For Sora, an initial priming dose of 0.48 mg DRP1 was administered. 

Subsequently, the animal received booster injections of 0.24 mg after the 3rd, 4th, 7th and 

Figure 7. Schematic overview of automated image segmentation steps used for quantitative 

immunofluorescence analysis of GFP-Miro1 or Miro1 signal in (A) transfected and (B) wild 

HeLa cells. 
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12th week. The immune response of both alpacas was enhanced by co-administration of 

Gerbu Pharma Adjuvant #3003 to ensure a gentler immune reaction. 20 ml serum samples 

were collected from each alpaca after the 9th and 13th week and analysed for seroconversion.  

 

2.2.4.2  Serum ELISA 

In the 9th and 13th week after immunization, 20 ml serum samples were collected from each 

alpaca and analysed for seroconversion. The blood was drawn by Dr. Stefan Nüske (LMU, 

Munich) from the external jugular vein (Vena jugularis externa) of the alpaca in vacuum bottles 

(Evozone) pretreated with Heparin (Ratiopharm). Sera were generated by centrifugation of 

blood (2000 rpm, 10 min and 4°C). For the serum ELISA, 1 μg of the appropriate antigen was 

coated in a 96-well Maxisorp™ plate and the serum from Caro or Sora was added in serial 

dilutions and incubated for 4 h at 4 °C. the wells were washed 5 to 6 times with precooled PBS 

and bound alpaca antibodies were detected with an HRP‐conjugated anti‐VHH antibody for 1 

h at room temperature. The wells were washed thrice and 100 µl substrate solution containing 

the chromogenic substrate 3,3’,5,5’-Tetramethylbenzidin (TMB) was added. Subsequently, a 

conversion reaction catalyzed by the HRP takes place resulting in a blue coloring of the 

solution. The reaction was stopped by adding 1 M sulfuric acid resulting in a colour change to 

yellow. The absorbance was measured at 450 nm in a microplate reader (Infinite M1000, 

Tecan). 

 

2.2.4.3  B-cell isolation 

100 ml of blood was collected from each alpaca and lymphocytes were isolated by Ficoll 

gradient centrifugation using the Lymphocyte Separation Medium (PAA Laboratories GmbH). 

~6 × 107   and ~11 × 107   B cells were obtained from Caro and Sora respectively. 

 

2.2.4.4  cDNA synthesis 

The preparation of the cDNAs from isolated mRNA was performed by ChromoTek (Germany). 

Briefly, total RNA was extracted from ~2 × 107   isolated B cells from each animal using the 

Nucleospin® RNA II kit according to the manufacturer’s instructions. RNA yields up to 34.2 µg 

was obtained each and was reverse transcribed to cDNA using a First-Strand cDNA Synthesis 

Kit (GE Healthcare) according to the manufacturer’s instructions. 
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2.2.5    Phage Display methods 

2.2.5.1  Construction of Nb-phage library 

2.2.5.1.1 Amplification of Nb genes 

The Nb repertoire was amplified in 3 subsequent nested PCR reactions. For the first reaction, 

the cDNAs extracted from isolated B cells were used as template (PCR1,Table 11). The PCR1 

product was loaded on an agarose gel, the bands of desired size excised and purified (as 

described under section 2.2.1.3) and used as template for the second PCR (PCR2, Table 12). 

The amplification product was purified using standard protocols and used as template for the 

third PCR (PCR3, Table 13). Table 14 summarises the amplification programs used for all 3 

nested PCRs. 

 

Table 11. Components of the first PCR (PCR1) amplification of Nb genes 

Component Amount Final concentration 

Q5 HotStart® polymerase 0.5 µl 0.02 U/µl 

Q5 5× Reaction buffer 10 µl 1× 

Q5 5× High GC enhancer 10 µl 1× 

Template (cDNA)  5 µl  

dNTP mix 1 µl 0.2 mM/ nucleotide 

Forward primer (CALL001) 2 µl 0.4 µM 

Reverse primer (CALL002) 2 µl 0.4 µM 

Nuclease free H2O 19.5 µl  

 

Table 12.Components of the second PCR (PCR2) amplification of Nb genes 

Component Amount Final concentration 

Q5 HotStart® polymerase 0.5 µl 0.02 U/µl 

Q5 5× Reaction buffer 10 µl 1× 

Q5 5× High GC enhancer 10 µl 1× 

Template (PCR1 product) 1 µl 0.2 ng/µl 

dNTP mix 1 µl 0.2 mM/ nucleotide 

Forward primer (FR1-1, FR1-

2, FR1-3, FR1-4) 

2.5 µl each 0.5 µM/ primer 

Reverse primer (CALL002) 2.5 µl 0.5 µM/primer 

Nuclease free H2O 15 µl  
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Table 13. Components of the last PCR (PCR3) amplification of Nb genes 

Component Amount Final concentration 

Q5 HotStart® polymerase 0.5 µl 0.02 U/µl 

Q5 5× Reaction buffer 10 µl 1× 

Q5 5× High GC enhancer 10 µl 1× 

PCR2 product  1 µl 0.2 ng/µl 

dNTP mix 1 µl 0.2 mM/ nucleotide 

Forward primers 

(FR1-ext1, FR1-ext2) 

0.5 µl each 1 µM/ primer 

Reverse primers (FR4-1, 

FR4-2, FR4-3, FR4-4) 

0.75 µl 1.5 µM/ primer 

Nuclease free H2O 23.5 µl  

 

 

Table 14. Amplification program for PCR1-3 

Step temp (°C) Duration Number of cycles 

Initial denaturation 95 3 min  

Denaturation 95 30 s 

20× (PCR1) 

15× (PCR2) 

15× (PCR3) 

Annealing 

 

61 (PCR1) 

60 (PCR2) 

58 (PCR3) 

30 s 

Extension 72 45 s 

Final extension 72 7 min (PCR1) 

5 min (PCR2 and 3) 

 

Hold 4 ∞  

 

 

2.2.5.1.2 Cloning of Nb genes into phagemid vectors 

The PCR3 amplification product was purified by agarose gel electrophoresis according to 

standard protocols and digested with SfiI and NotI restriction endonucleases. Restriction 

digests were performed as described under section 2.2.1.2. In parallel, the phagemid pHEN4 

vector was also digested with the same endonucleases to produce compatible overhangs for 

ligation. Sodium acetate and ethanol precipitation was applied for the purification of the 

digested phagemid vector. Briefly, 3 M sodium acetate (pH 5.2) was added to the restriction 
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digest products to a final concentration of 0.3 M. 2.5-fold volume of 95% ethanol was then 

added and the mixture incubated at -80 °C for 1 h. The mixture was then centrifuged at 20000 

× g for 30 min at 4 °C. The pellet was washed with 70 % ethanol, dried in a SpeedVac 

concentrator and the DNA pellet resolubilized in nuclease free water. 10 ligation reactions were 

performed using a 1:3 phagemid vector to Nb gene insert ratio according to the protocol 

described under section 2.2.1.6. 

 

2.2.5.1.3 Transformation of E.coli TG1 and library generation 

For the generation of Nb-phage libraries, electro‐competent E.coli TG1 cells (Lucigen) were 

transformed by electroporation with the ligation reactions according to the manufacturer´s 

protocol. For each library, 5 transformations with controls were performed. The transformed 

bacteria were plated on 2xYT plates containing 100 μg/ml ampicillin and 2%(w/v) glucose 

(2xYT-amp+glu plates) and incubated overnight. From these plates 30 single clones were 

picked randomly per library to determine the diversity of the libraries by sequence analysis. 

The library size was also determined by counting the single clones on each plate. The colonies 

were gently scaped off the plates with 10 ml 2xYT medium containing 100 μg/ml ampicillin, 2% 

(w/v) glucose and 15% glycerol. These stocks were aliquoted into 1 ml cryotubes, flash frozen 

in liquid N2 and stored at -80°C as the primary Nb-phage display libraries. 

 

2.2.5.2  Preparation of phage particles 

To produce phage particles for Nb selection by phage display (biopanning), E.coli TG1 cells 

containing the primary Nb-phage libraries were inoculated to 1000 ml 2xYT media (with 100 

μg/ml AMP and 2 % (w/v) glucose) cultured at 37 °C and 130 rpm until reaching a logarithmic 

growth phase (OD600 ~0.5). 50 ml of the culture was then infected with 5 × 1010 M13K07ΔpIII 

helper phages (Progen). Incubation was done at 37 °C for 30 min without shaking. The cells 

were harvested by centrifugation, followed by resuspension of the cell pellet in 100 ml 2xYT 

medium containing 100 μg/ml ampicillin and 25 μg/ml kanamycin and incubated at 37 °C 

overnight. Subsequently, the produced phage particles expressing Nb domains on their 

surface were harvested from the supernatant by precipitation with 20 % polyethylene glycol 

(PEG) 6000 for 1 h on ice, followed by centrifugation (30 min, 4000 rpm, 4°C). Finally, the 

phage pellet was resuspended in PBS or HEPES buffer and stored at 4 °C. 
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2.2.5.3  Solid phase biopanning  

Iterative biopanning approaches were used to enrich phage particles expressing Nb domains 

specific for these antigens from each respective library. For each antigen, 1 x 1011 phages, 

prepared from the respective culture supernatant by PEG precipitation, were used for each 

panning process. Extensive blocking of antigen and phages was performed in each selection 

round with 5% milk or BSA in PBST (PBS, 0.05% Tween 20, pH 7.4) as previously described 

(Pardon et al. 2014).  

For the selection process using recombinant Miro1 or DRP1, phages from the indicated library 

were first applied on immunotubes coated with GFP (10 µg/ml) to deplete non-specific binders 

and then transferred to immunotubes either coated with Miro1 (10 µg/ml) or DRP1 (10 µg/ml)or 

GFP (10 µg/ml) as non-related proteins in both cases. Incubation steps were performed at 

room temperature for 2 h. Washing stringency was increased for each selection round. Bound 

phages were eluted in 100 mM triethylamine (pH 12.0), followed by immediate neutralization 

with 1 M Tris/HCl pH 7.4. For the panning process using GFP Miro1, 2 × 107 HEK293 cells 

transiently expressing GFP-Miro1 or GFP were harvested and lysed as previously described 

under section 2.2.2.10. GFP-Miro1 and GFP were immobilized respectively on GFP-Trap® 

Multiwell plates according to manufacturer’s protocol. To deplete GFP-specific binding 

molecules, phages were first applied into wells displaying GFP and then transferred into wells 

with immobilized GFP-Miro1. All incubation steps of three consecutive selection rounds were 

performed at 4°C for 2 h under constant mixing. Washing and elution steps were carried out 

equally as described above. After each panning round, exponentially growing E.coli TG1 cells 

were infected with eluted phages and spread on selection plates to rescue the enriched 

phagemids for the next panning round. Antigen-specific enrichment for each round was 

monitored by counting colony forming units (CFUs). 

 

2.2.5.4  Phage ELISA 

To select Miro1 or DRP1-specific Nb-phage clones from phage clones enriched through 

biopanning rounds, monoclonal phage ELISA was performed. 100 single TG1 clones from 

biopanning against Miro1 (purified and GFP-Miro1), and 260 single clones from biopanning 

against DRP1 were grown in 96-well assay blocks. Phage particles were produced in the 

supernatants of these cultures as previously described under section 2.2.5.2.  

Purified Miro1 or DRP1 were immobilized on MaxiSorp™ plates (10 μg/well) and blocked with 

5% MPBS. Purified GFP was used as control antigen for both targets. For GFP-Miro1, 2 × 107 

HEK293 cells transiently expressing GFP-Miro1 or GFP were harvested and lysed as 

previously described under section 2.2.2.10. GFP-Miro1 or GFP were immobilized respectively 
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on GFP-Trap® Multiwell plates according to manufacturer’s protocol. Monoclonal phage 

particles were added and incubated for 2 h at room temperature. Subsequently, plates were 

washed thrice with PBST (0.05 % Tween in PBS) and thrice with PBS. Detection of specifically 

bound phages was performed using a HRP-conjugated anti-M13 monoclonal antibody (GE-

Healthcare) and Thermo Scientific™1-Step™ Ultra TMB solution. 

 

2.2.5.5  Preparation of libraries for Next Generation Sequencing 

For the mining of the Miro1 Nb library and panning sub-libraries by NGS, the Nb sequences in 

the Miro1 unpanned library (MUL), the sub-library of enriched phagemids after the first and 

second panning rounds (MFL1 and MFL2) were amplified and barcoded with Illumina adapter 

primers by PCR. First, glycerol stocks of each library were inoculated into 2YT media 

containing 100µg/ml AMP and 2%(w/v) glucose and cultivated until OD600 was greater than 2. 

Plasmid Miniprep extraction was then carried out using 10 ml of each culture. Standard PCR 

reactions in triplicates were then set up using primers, Adaptor-phagemid-for and Adaptor-

phagemid-rev at 61 °C annealing temperature. The PCR products were pooled and purified by 

agarose gel electrophoresis as described in section 2.2.1.3. The purified amplicons were then 

sent for NGS sequencing using the Amplicon EZ service provided by Genewiz GmbH (Leipzig, 

Germany). 
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3 RESULTS 

This section details the multiple steps taken for the (i) generation, (ii) selection, (iii) 

characterization and (iv) application of Miro1 and DRP1-specific nanobodies (Nbs) as outlined 

in Figure 8. First, the antigens, Miro1 and DRP1, were recombinantly expressed and purified 

for immunization and Nb screening (1). Following the immunization (2), Nb phagemid libraries 

were generated for each antigen (3). These libraries were used for Nb screening by iterative 

rounds of phage display followed by subsequent phage ELISAs to identify antigen specific Nbs 

(4). Selected Nbs were characterized in biochemical and cell biological assays and 

functionalized (5) and used for different research applications (6).  

 

 

Figure 8. Graphical illustration of the workflow used for the generation and characterization of 

Miro1- and DRP1-specific Nbs 
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3.1 Nanobody library construction 

3.1.1    Target protein expression and purification 

To generate specific Nbs, recombinantly expressed and purified antigens were required for 

alpaca immunization and Nb selection steps. For the development and selection of Miro1-

specific Nbs, three antigen constructs (depicted in Figure 9A) were produced in different hosts 

and used in this study. Human Miro1 (aa 1-290) comprising the N-terminal GTPase and EF1 

domains fused to a C-terminal hexahistidine tag (His6-tag) was expressed, purified and utilized 

for immunization. For Nb selection and characterization, purified human Miro1 (aa 1-592) 

expressed in High Five™ insect cells were provided by Natascha Bartlick (University of 

Tübingen, Germany) was used. SDS-PAGE analysis of purified Miro1 (aa 1-290) and Miro1 

(aa 1-592) followed by Coomassie staining is shown in Figure 9B. Nbs were also selected 

using GFP-Miro1 expressed in mammalian cells. Figure 9C shows an immunoblot of the 

soluble and pellet fraction of lysed GFP-Miro1 expressing HEK293 cells. 

For the generation and selection of DRP1 specific Nbs, recombinant human DRP1, was 

expressed in E.coli BL21 RIPL cells and purified by anion exchange chromatography (provided 

by Andreas Jenner, University of Cologne, Germany). This protein was used throughout this 

study for all purposes requiring purified DRP1 unless otherwise stated. A SDS-PAGE analysis 

of the provided protein followed by Coomassie staining is shown in Figure 9D.  
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3.1.2    Alpaca immunization  

For Nb generation, two alpacas were immunized following the schedule shown in Figure 10A. 

The humoral immune response to Miro1 or DRP1 was investigated in each alpaca after 9 and 

13 weeks. 20 ml of blood was collected per animal and the presence of Miro1- or DRP1-specific 

hcAbs in the alpaca’s sera was analysed by ELISA (performed by Andrea Buchfellner, 

ChromoTek). Figure 10B and 10C shows the concentration-dependent detection of the 

antigens by hcAbs derived from the alpacas’ sera. After detection of a positive immune 

response 100 ml of blood was collected from each animal on the fourth day after the last 

booster dose was administered.  

Figure 9. Recombinant antigens used in this study. (A) Schematic illustration of Miro1 

constructs used for immunization (aa 1-290); for Nb screening, selection, and characterization 

(aa 1-592) and GFP-Miro1 (aa 1-618). (B) Coomassie stained gel of 1 µg each of purified 

Miro1 (aa 1-290) and Miro1 (aa 1-592) (C) Western blot analysis of 10 µg of soluble (SN) and 

insoluble/pellet (P) protein fractions of lysed HEK293 cells transiently expressing GFP-Miro1. 

Detection of GFP-Miro1 was with an anti-GFP antibody (D) Coomassie stained gel of 1 µg of 

purified DRP1 
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Figure 10. Animal immunization and analysis of seroconversion. (A) Immunization schedule 

of an alpaca with Miro1 (aa 1-290) or DRP1. For Miro1 immunization, a 1 mg start dose on 

Day 0 followed by five 0.5 mg booster doses were administered to alpaca named Caro. For 

DRP1 immunization, an 0.5 mg start dose followed by five 0.25 mg booster doses were 

administered to the alpaca Sora. Presence of (B) Miro1-specific hcAbs or (C) DRP1-specific 

hcAbs by the animal was measured in a serum ELISA at indicated dilutions in multiwell plates 

either coated with the respective antigen or BSA as negative control. Bound antibodies were 

detected using an anti-alpaca hcAb secondary antibody labelled with horse radish peroxidase. 
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3.1.3    Generation of Nanobody phage libraries. 

From ~1 x 108 PBMCs obtained from each alpaca’s blood sample, mRNAs were extracted, 

and reverse transcribed into cDNA (performed by ChromoTek). The cDNA comprised the 

whole  immune repertoire of each animal. In order to generate Nb-phage libraries for the phage 

display-based selection of Miro1- or DRP1-specific Nbs, the VHH gene fragments were 

amplified from the cDNAs in three consecutive PCRs and cloned into pHEN4 phagemid 

vectors (Figure 11A).  

In the first PCR, both VH and VHH gene fragments were successfully amplified with primers 

CALL001 and CALL002. The amplicons were separated by agarose gel electrophoresis and 

the bands corresponding to the VHH genes (~700bp) were excised and purified. The 

purification product served as the template for the second nested PCR reaction in which the 

forward primer set FR1-1, FR1-2, FR1-3, FR1-4 and reverse primer, CALL002 were used to 

amplify the VHH genes from their framework 1 region to the CH2 domain (lower than 700bp in 

size). The amplicons were purified by agarose gel electrophoresis and used as the template 

in the final nested PCR step. Using forward primers FR1-ext1 and FR1-ext2; and reverse 

primer set FR4-1, FR4-2, FR4-3, FR4-4, FR4-5 and FR4-6, the VHH genes were amplified 

from the framework 1 to the framework 4 regions with insertion of SfiI and NotI restriction sites 

upstream and downstream of the gene fragments respectively. The resulting amplicons 

(~400bp) were purified by agarose gel electrophoresis followed by digestion with SfiI and NotI. 

The digestion products were ligated into SfiI/NotI digested pHEN4 phagemid vector and 

transformed into E.coli TG1 cells by electroporation to generate either the Miro1 or DRP1 

Nb-phage library. Figure 11B shows a representation of the pHEN phagemid vector with 

inserted Nb gene. 

The size and quality of the Nb-phage libraries were further investigated by first plating out 

dilution series of the TG1 transformants. Next, the number of single clones obtained was used 

to determine the corresponding library size. The Miro1- and DRP1 Nb-phage libraries were 

found to encompass ~1.5 x 107 and 2.3 x 107 Nb-phages respectively (Table 15). 20 random 

clones were picked from each library and VHH inserts were checked by colony PCR. In both 

libraries, all screened colonies possessed successfully inserted VHH genes. This was 

confirmed by agarose gel analysis shown in Figure 11C. However, on determination of the 

complexity of both libraries by sequencing of 30 random clones (also shown in Table 15), 87% 

and only 57% of the Nb sequences from the Miro1 and DRP1 Nb-phage libraries respectively 

were found to be unique. 
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Figure 11. Generation of Nb-phage libraries (A) Nested PCR amplification of VHH genes from 

the mRNA derived cDNA isolated from PBMCs of Miro1- and DRP1-immunized alpacas using 

the indicated primer sets. Amplified VHH repertoire was digested and ligated into pHEN4C 

phagemid vector (B) Schematic illustration of pHEN4C phagemid vector with pelB; signal 

peptide for periplasm-targeted expression, SfiI and NotI restriction sites; a VHH insert with myc 

and hexahistidine tags, an amber stop codon (TAG), gIII; M13 pIII phage coat protein and 
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AmpR; Ampicillin resistance gene. (C) Agarose gel analysis of colony PCRs to check VHH 

inserts in Miro1 and DRP1 Nb-phage libraries using primers, p4-NMI_for and p4-NMI_rev. 

 

Table 15. Sizes and complexities of Miro1 and DRP1 Nb-phage libraries 

Library Size (titer) Complexity (per 30 sequences) 

Miro1 1.5 × 107 83% 

DRP1 2.3 × 107 57% 

 

 

3.2 Miro1-specific Nbs 

One of the aims of this thesis was the identification and application of Nbs as tools to 

characterize the mitochondrial GTPase, Miro1. To accomplish this aim, the generated Miro1 

Nb-phage library was panned, specific Miro1-binding Nbs were selected, characterized, and 

used for different applications. This section describes the steps taken and the results obtained. 

 

3.2.1    Phage display based selection of Miro1-specific Nbs. 

After establishing a Miro1 specific Nb-phage library, it was screened for antigen specific Nbs 

specifically by biopanning and single Nb-phage clones were identified by phage ELISA. 

Therefore, phage particles displaying Nbs in combination with the pIII coat protein on their tip 

were produced from the library and two rounds of biopanning  using either recombinant Miro1 

(aa 1-592) or GFP-Miro1 from HEK293 cells were performed. In the first approach, phage were 

first panned against purified GFP immobilized on immunotubes to obtain a preblocked phage 

solution. Subsequently the preblocked phages were panned against purified Miro1 (aa 1-592). 

In total, two consecutive biopannings were performed using this setup. After the first panning 

round, over 10-fold enrichment of bound phages relative to GFP as control was observed which 

increased to 3000-fold by the end of the second panning round as detailed in Table 16. 
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Table 16. Enrichment of Miro1 Nb-phages during biopanning against Miro1 (aa 1-592). 

 

 

In the second approach, HEK293 cells transiently expressing GFP-Miro1 (depicted in Figure 

9A) or GFP were lysed, and the GFP-tagged antigens were captured on GFP-Trap™ plates 

for panning against pre-blocked phages. Three iterative biopanning rounds were done with two 

preclearing steps included in each round to deplete non-specific binding phages by panning 

the library against non-transfected HEK293 cell lysates followed by two more preclearing steps 

using cell lysates from GFP-transfected cells. A 10-fold enrichment of bound phages relative 

to the control was observed after the first panning round. Though there was an increase in 

bound phages over subsequent panning rounds, there was less than 10-fold enrichment of 

phages binding to GFP-Miro1 compared to GFP. Table 17 shows the phage titers obtained 

during each panning round.  

 

Table 17. Enrichment of Miro1 Nb-phages during biopanning against GFP-Miro1 expressed in 

HEK293 cells. 

 

 

After an enrichment of Miro1-bound phages compared to the non-specific binding phages in 

both biopanning strategies was observed, individual Nb-phage clones were then analysed from 

the last panning sub-library by phage ELISA. Therefore, phage supernatants from 100 clones 

were produced which were subsequently screened against purified Miro1 (aa 1-592) or GFP-

Miro1 in a phage ELISA format. As negative control GFP was used. Binding of monoclonal 

phages was detected using a HRP-conjugated anti-M13 antibody (Figure 12).  

Panning round Phage input 
Eluted phages 

(Miro1 (aa 1-592)) 

Eluted phages 

(control) 

1 1.0 × 1011 1.0 × 105 1.3 × 104 

2 5.0 × 1011 5.5 × 106 3.3 × 103 

Panning round Phage input 
Eluted phages 

(GFP-Miro1) 

Eluted phages 

(control) 

1 1.0 × 1011 1.3 × 106 2.0 × 105 

2 8.5 × 1011 1.7 × 106 2.3 × 105 

3 2.1 × 1011 1.5 × 109 1.8 × 108 
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Figure 12. Phage ELISA profile of 100 eluted phage clones tested for binding to (A) Miro1 (aa 

1-592) and (B) GFP-Miro1. Signal intensities were normalized to the signal obtained for binding 

to the control antigen. 

 

In total, phage ELISA revealed 15 and 42 positive binding Nb-phages against Miro1 (aa 1-592) 

and GFP-Miro1, respectively. Subsequently plasmid preparations were carried out for all 

selected clones and subjected to Sanger sequencing.  

 

3.2.2    Sequence characterisation of Miro1-specific Nbs 

In total genetic sequence analysis revealed seven unique Nbs sequences. Four Nbs were 

derived from panning against purified Miro1 (M11, M25, M41 and M85) and 3 Nbs derived from 

the panning against GFP-Miro1 (M114. M119 and M189). Many recurring sequences were 

identified from each panning sub-library which was expected and due to the enrichment of 

identical Nbs during this process. Notably, the Nb candidate, M41 was selected against both 

bacterial and HEK293 expressed Miro1. All seven Miro1-Nbs were aligned according to the 
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Kabat numbering system (Kabat and Wu 1991) for comparison of their framework and 

hypervariable regions. (Figure 13A). 

All selected Nbs showed high sequence homologies in their framework regions. However, 

distinct variations were in the hallmark residues within the FR2 region at positions 37, 44, 45 

and 47 (in red letters). Here, hydrophobic amino acids were found at the hallmark positions 37, 

44 and 45 in the sequences of M11 and M41 which are more characteristic for conventional 

VH domains compared to VHHs (Muyldermans et al. 1994; Harmsen et al. 2000). Notably, 

M114 and M189 originated from the same germline as they have the same CDR1 and CDR2 

regions and differ only in their CDR3 indicative of a different VDJ recombination or extensive 

somatic hypermutation. The CDR3 regions of the Nbs show different lengths ranging between 

9 and 25 amino acids. M85 and M119 showed the most extended CDR3s displaying 19 or 25 

amino acids respectively. Apart from the extended CDR3, both Nbs possessed additional 

cysteine residues in their FR2 and CDR3. It has been reported that Nbs can compensate for 

the lack of a light chain by extended CDR3 loops which are stabilized by an additional 

disulphide bridge formed between additional cysteines in the CDR1 or FR2 and CDR3 

(Desmyter et al. 1996; Muyldermans et al. 2001; Conrath et al. 2003). 

In addition to the genetic characterisation of the Miro1-Nbs selected by conventional panning 

approaches, Next Generation Sequencing (NGS) was applied to further validate the 

enrichment of Nbs over each consecutive panning round. The large number of sequencing 

reads obtained by NGS enables rapid library quality control and can also evaluate the binding 

potential of Nb repertoires (Deschaght et al. 2017). The Miro1 Nb-phage library and the sub-

libraries after each panning round against Miro1 (aa 1-592) were subjected to Illumina® 

Amplicon EZ sequencing. The sequencing and NGS data processing services were provided 

by Genewiz Germany GmbH, Leipzig. From the ~50,000 reads obtained per library, the 

diversity of the parental Miro1 Nb-phage library as well as the enrichment of specific Nb 

families over each consecutive panning round could be traced. Nb clusters were generated 

based on sequence similarity and CDR3 residues as previously described (Ravn et al. 2010; 

Henry et al. 2016; Yaari and Kleinstein 2015). The occurrence of sequences in Nb families 

identified from panning with Miro1(aa 1-592) are shown in Figure 13B. Nb sequences having 

the same CDR3 and over 70% sequence similarity with M25 were found to be the most 

abundant after the second panning round. Though some Nbs could not be detected in the 

parental Miro1 Nb-phage library due to the low read-to-library size ratio, the gradual 

enrichment of these Nb families over the next panning rounds was apparent. Therefore, the 

NGS data obtained further supports the Nb selection method by conventional biopanning.   
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Figure 13. Sequence characteristics of Miro1- Nbs. (A) Amino acid sequence alignment of selected Miro1-Nbs showing residues in the framework 

regions (FR) and the CDRs. The hallmark residues characteristic of VHH or VH sequences are highlighted in red. * (asterisk) indicates positions which 

B 

A 
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have a fully conserved residue, : (colon) indicates positions with residues possessing similar properties, .(dot) indicates positions with residues with 

weakly similar properties.(B) Enrichment of selected Nbs after biopanning rounds against Miro1 (aa 1-592), as determined by NGS.  
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3.2.3    Validation of selected Miro1-Nbs by Protein ELISA 

In a next step, selected Miro1-Nbs were tested for antigen binding in a protein ELISA. To 

express them as isolated Nbs in the absence of the pIII fusion the coding sequences were 

shuttled from the pHEN4C phagemid vector into the pHEN6C vector. Here, different variants 

of the pHEN6C vector either comprising either a C-terminal tri-lysine peptide or a Sortase 

recognition motif (LPETG) followed by a hexahistidine tag were used. After sequencing to 

ensure correct insertion and sequence integrity, the constructs were transformed  into E.coli 

XL1 and periplasmic extracts (PPE) were prepared. For the protein ELISA a 1:5 dilution of the 

PPE were analysed for binding of the Nb to their respective antigen or control protein (Figure 

14). All Nbs demonstrated more than two-fold signal intensity from binding interactions with 

Miro1 (aa 1-592) or GFP-Miro1 compared with GFP as control. These results further confirmed 

the specificity of the selected Miro1-Nbs at the protein level.  

 

 

Figure 14. Results of a protein ELISA to screen for reactivities of selected Nbs derived from a 

periplasmic E.coli extract against (A) Miro1 (aa 1-592) and (B) GFP-Miro1. Bound Nbs were 

detected using an anti-VHH antibody labelled with horse radish peroxidase, (n=1). 
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3.2.4    Expression and purification of selected Miro1-Nbs 

For further analysis and proposed applications, all seven Miro1-Nbs were expressed in E.coli 

and purified via immobilized metal ion affinity chromatography (IMAC). For a second 

purification step size exclusion chromatography (SEC) was performed and the purified Nbs 

were concentrated by ultrafiltration. As a representative example of the purification steps of all 

Nbs described in this project, the chromatograms of the M11 purification by IMAC and SEC 

are shown in Figure 15A and 15C respectively. After SEC, the Nbs were concentrated, and a 

final purity assessment was done by SDS analysis of 2 µg of each Nb (Figure 15E). Nb yields 

of up to 16 mg were obtained from 1L expression culture.  

 

 

Figure 15. Recombinant expression and purification of Miro1-Nbs. (A) Chromatogram of IMAC 

purification of M11 with the eluted Nb peak highlighted with dotted lines.(B) SDS-Page 

analyses of the soluble fraction after cell lysis (SN), flow through fraction (FT), the fractions 

from the eluted protein peak (E1-E6). A protein molecular weight marker (L) was included in 

the first lane as size standard.(C) size exclusion chromatogram of M11. (D) SDS-Page 

analyses of all fractions corresponding to the eluted protein peak. (F1-F6) (E) Coomassie 

stained gel showing 2 µg of purified Miro1-Nbs. 
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3.2.5    Biochemical characterization of Miro1-Nbs 

For application of Nbs as tools to study Miro1, there is a need for a comprehensive 

characterization of the nature of the binding interactions between Miro1 and each selected Nb. 

In this section, the kinetics of Nb binding to Miro1, the functionality of each Nb in biochemical 

assays (functional characterization) and the domains being targeted by each Nb will be 

elucidated. 

3.2.5.1  Binding affinity measurements 

For further characterization binding affinities of the selected Nbs were determined by biolayer 

interferometry (BLI). BLI is a label-free method which measures the interference pattern of 

white light reflected from a layer of immobilized protein on a biosensor tip and an internal 

reference layer. It is based on the principle that binding between the immobilized ligand and 

another molecule in an analyte solution produces a change in optical thickness at the biosensor 

tip which results in a wavelength shift which is proportional to binding. With this method, the 

equilibrium binding constant (KD) and kinetic rates of association (kON) and dissociation (kOFF) 

can be measured using nanomolar quantities of sample (Sultana and Lee 2015).  

For BLI measurements purified Nbs were biotinylated and immobilized on streptavidin 

biosensors. The binding kinetics were then quantified by loading different concentrations of 

Miro1 (aa 1-592). The data obtained were analysed using a 1:1 ligand-binding model and 

global fitting. The association and dissociation profiles as well as the fitted curves of the seven 

selected Miro1-Nbs with the respective Miro1 concentrations are represented as sensograms 

in Figure 16A-G. M41 demonstrated the highest affinity for Miro1 at ~ 1.96 nM while M25 

showed the least affinity even with higher concentrations of Miro1 tested. M41 had the quickest 

association rate of 3 x 105 M-1 s-1 with Miro1 commensurate with its steep association profile 

(Figure 16C). Compared with the other Miro1-Nbs, the interactions between Miro1 and Nbs 

M41, M114 and M1189 showed relatively slower dissociation rates. Association and 

dissociation rate constants calculated for M25 were not considered due to the little or no 

interaction observed. The quantified kinetic parameters with their corresponding coefficients 

of determination are summarized in Table 18.  
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Figure 16. Binding affinities of Miro1 specific Nbs. Affinity measurements by BLI of Miro1 at 

indicated concentrations on immobilized (A) M11 (B) M25 (C)M41 (D)M85 (E) M114 (F) M119 

and (G) M189. The different concentrations of Miro1 ranging from 3.9 nM to 1 µM are illustrated 

with increasingly darker shades and the global 1:1 fits are represented as dashed lines. 

 

Table 18. Summary of affinities (KD), association (kON) and dissociation constants (kOFF) and 

the coefficient of determination (R2) determined for Miro1-Nbs by biolayer interferometry. 

Nanobody K
D
 (nM) k

ON 
(10

5
 M

-1
 s

-1
) k

OFF 
(10

-4
 s

-1
) R

2
 

M11  3.34 2.55 ± 0.02 8.54 ± 0.03 0.97 

M25  29.50 1.36 ± 0.04 0.40 ± 0.28 0.80 

M41  1.96 3.01 ± 0.01 5.89 ± 0.02 0.99 

M85  7.75 1.00 ± 0.01 7.79 ± 0.02 0.99 

M114 4.61 0.88 ± 0.01 4.04 ± 0.01 0.99 

M119 2.80 2.25 ± 0.01 6.31 ± 0.02 0.99 

M189 2.99 1.70 ± 0.01 5.07 ± 0.02 0.98 
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Overall, the results showed that all seven Nbs bind Miro1 with high affinities in the low 

nanomolar range.  

 

3.2.5.2  Functional characterization of Miro1-Nbs  

Nbs are versatile binding molecules that have been used for various applications 

(Hassanzadeh-Ghassabeh et al. 2013). They can be covalently immobilized to solid matrices 

such as agarose particles and have been previously applied as effective pulldown reagents to 

capture their antigens (Rothbauer et al. 2008; Maier et al. 2015; Braun et al. 2016; Buchfellner 

et al. 2016). To determine the functionality of the selected Miro1-Nbs for immunoprecipitation, 

purified Nbs were covalently coupled to N-hydroxysuccinimide (NHS)-activated agarose 

particles thereby generating Miro1-nanotraps. As a first step, the capacity of the nanotraps to 

specifically immunoprecipitate GFP-Miro1 was tested. HEK293 cells expressing GFP-Miro1 

were lysed and a soluble fraction of the total cell lysate obtained by centrifugation. The soluble 

fractions were then subjected to immunoprecipitation with the Miro1 nanotraps. Immunoblot 

analysis of input and bound fractions revealed that all Miro1-nanotraps except M11 and M85 

efficiently precipitated GFP-Miro1, with M114 and M119 exhibiting the highest pulldown 

efficiencies comparable to the positive control, a commercially available high-affinity GFP 

nanotrap (Rothbauer et al. 2008) (ChromoTek). Notably, none of the Miro1 nanotraps showed 

unspecific binding to GFP or GAPDH used as an endogenous control (Figure 17A-B).   
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After confirming the potential of the immobilized Nbs to enrich exogenously expressed Miro1, 

the nanotraps were further tested to bind endogenous Miro1. In initial experiments, it was 

observed that the levels of Miro1 in the soluble protein fraction were rather low. Therefore 

different cell types and lysis conditions were tested in order to find more optimal conditions for 

transferring endogenous Miro1 to the soluble protein fraction. However, results from these 

experiments showed that even upon lysis with the partially denaturing RIPA buffer only minor 

fractions of endogenous Miro1 were transferred to the soluble protein fraction (Figure 18A-C). 

Nonetheless, for the intended pulldown studies HEK293 cells were chosen because of the 

relatively higher levels of Miro1 detectable in these cells. Also, the non-denaturing TritonX-100 

lysis condition was used as standard protocol for the preparation of cell lysates for endogenous 

Miro1 immunoprecipitation.  

Using this method, the soluble fractions were then subjected to immunoprecipitation with Miro1 

nanotraps. Immunoblot analysis revealed Miro1 in the bound fractions of M41, M114, M119 

and M189. The levels of precipitated Miro1 were comparable or slightly higher to those 

Figure 17. Immobilized Miro1-Nbs (nanotraps) specifically bind Miro1. For 

immunoprecipitation with immobilized Nbs (nanotraps), soluble protein fraction of HEK293 

cells transiently expressing GFP-Miro1 (A) or GFP as control (B), was adjusted to 2 mg/ml 

and incubated with equal amounts of nanotraps. Input (IN, 1% of total) and bound (B, 20% of 

total) fractions were subjected to SDS-PAGE followed by immunoblot analysis using 

antibodies specific for GFP (upper panel) and GAPDH (lower panel). As positive control GFP-

nanotrap and as negative a non-specific (NC) nanotrap were used.  
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obtained with a conventional anti-Miro1 antibody. Also, no unspecific binding of endogenous 

GAPDH to any of the Miro1 nanotraps was detected (Figure 18D). These findings indicated 

that at least four of the selected Miro1-Nbs are able to bind epitopes within endogenous Miro1.  

 

 

Figure 18. Immunoprecipitation of endogenous Miro1. Endogenous Miro1 retains in the 

insoluble protein fraction in different cell lines. Representative western blot analysis of 20 µg 

of soluble (SN) and insoluble/pellet (P) fractions of indicated cells after addition of (A) 0.5% 

NP-40 or (B) 1% Triton X-100 in the lysis buffer or (C) upon lysis in denaturing 

radioimmunoprecipitation assay (RIPA) buffer. (D) Soluble protein fraction of HEK293 cells 

prepared as described in (B), was adjusted to 2 mg/ml and incubated with equal amounts of 

Miro1 nanotraps. Input (IN, 1% of total) and bound (B, 20% of total) fractions were subjected 

to SDS-PAGE followed by immunoblot analysis. As positive control anti-Miro1 IgG immobilized 

on Protein A/G sepharose and as negative control a non-specific (NC) nanotrap was used. 

Upper parts of the blots were detected with anti-Miro1 antibody. Detection of GAPDH with an 

anti-GAPDH antibody was used as lysis and loading control. 

 

Next the performance of Miro1-Nbs in immunofluorescence (IF) was investigated. In a first 

step, the Nbs were applied as primary binding molecules in combination with fluorescently 

labelled anti-VHH antibodies in fixed and permeabilized HeLa cells transiently expressing 

GFP-Miro1. Interestingly, Nbs M11 and M25, which did not enrich endogenous Miro1 by 

immunoprecipitation showed a clear co-localization with GFP-Miro1 at mitochondrial 

structures. This result suggests that these Nbs recognize epitopes that were not accessible or 
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structurally altered under the lysis conditions used for immunoprecipitation. With both 

functionality tests, the applicability of M41 for both IP and IF assays was demonstrated. (Figure 

19).  

Notably, none of the selected Miro1-Nbs seems to recognize endogenous Miro1, as there was 

no clear detection of Miro1 resembling ani-Miro1 antibody staining (data not shown). This did 

not change after testing of different fixation or permeabilization methods. At this point, it could 

be only speculated whether the epitopes of endogenous Miro1 are blocked by binding partners 

or thatstructural changes occurred during fixation and permeabilization of the cells which 

prevented the detection of endogenous Miro1. It is also conceivable that the binding kinetics 

of the Miro1-Nbs were not optimal for their functionality as primary binding molecules in 

immunofluorescence.  

 

 

Figure 19. Functional characterization of Miro1-Nbs in IF staining. Immunofluorescence (IF) 

detection of GFP-Miro1 in fixed and permeabilized HeLa cells after staining with Miro1-Nbs as 

primary labelling probes. Representative confocal laser scanning (CLSM) images are shown 

of each individual Nb detected with anti-VHH antibody labelled with Cy5 (middle row). As 

positive control, transfected cells were stained with anti-Miro1 antibody followed by detection 

with a Cy5-labelled secondary antibody. Nuclei were counterstained with DAPI. Scale bar 20 

µm. 

 

3.2.5.3  Domain binding characteristics of Miro1-Nbs 

To generate well-characterized binders, detailed knowledge of their recognized epitopes or 

domains is imperative. The knowledge of the epitope of a Nb aids in the prediction of the 

possible effects of its binding to its target protein. Considering that Nbs preferentially bind 

conformational epitopes (De Genst et al. 2006; Pardon et al. 2014) and that Miro1 domains 
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play different roles in its molecular functions (Smith et al. 2020), domain mapping was 

performed to identify the binding regions recognized by Miro1-Nbs. To accomplish this, a 

series of Miro1 domain deletion constructs fused C-terminally to GFP were generated (Figure 

20A). After successful sequence analysis, the deletion constructs were transiently expressed 

in HEK293. Using the Miro1 nanotraps, pull down studies were performed according to 

previously stated protocol. Analysis of the bound fractions revealed that M11, M41, M85, M114 

and M189 specifically recognize epitopes within the C-terminal GTPase domain while M25 

addresses an epitope spanning the N-terminal GTPase in combination with the EF-hand 

domains. For M119, interactions involving regions of the EF hands as well as the C-terminal 

GTPase domains were observed (Figure 20B). 

 

 

Figure 20. Domain mapping of Miro1-Nbs. (A) Schematic illustration of GFP-labelled Miro1 

deletion constructs and domains used for domain specific binding studies. (B) Soluble protein 

fractions of HEK293 cells transiently expressing indicated Miro1 deletion constructs or GFP  

(as control) were subjected to immunoprecipitation with selected Miro1 nanotraps followed by 
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western blot analysis of input (IN) and bound fractions with an anti-GFP antibody. Data were 

obtained with the contribution of Grace Jarjour (University of Tübingen, Germany). 

 

3.2.6    Generation of bivalent Miro1-Nbs as optimized binding agents 

As shown by immunoprecipitation and immunofluorescence studies, selected Miro1-Nbs bind 

only minor levels of endogenous Miro1. Thus in a next step, bivalent formats of two Nbs were 

generated to improve their binding performance. For these, M41-Nb and M114-Nb were 

selected based on their performance after functional characterization studies. First, M41-Nb 

showing a high affinity for Miro1 in the BLI assay, could enrich both endogenous and 

exogenous Miro1 in IP studies. In IF, M41-Nb also effected crisp detection of GFP-Miro1 in 

fixed and permeabilized HeLa cells. Secondly, M114-Nb was selected based on its 

immunoprecipitation of exogenous and endogenous Miro1 at comparable levels with 

commercially available binding molecules.  

Therefore, the coding sequences of two M41- or two M114-Nbs were genetically fused head-

to-tail, bridged by a flexible Gly-Ser linker ((G4S)4) of 20 amino acids to generate a bivalent 

M41-Nb (bivM41) and a bivalent M114-Nb (bivM114). The bivalent Nbs were produced in 

mammalian cells and subsequently purified (see Figure 21A). The different running behaviour 

observed with bivM41 is due to N-glycosylation of bivM41 during its mammalian expression (MS 

analysis performed by Anne Zeck, NMI Reutlingen) . 

The binding kinetics of both bivalent Nbs with purified full length Miro1were analyzed by BLI. 

The association and dissociation profiles of bivM41 and bivM114 and the fitted curves with the 

respective Miro1 concentrations are represented as sensorgrams in Figure 21B-C. bivM41 

demonstrated a similar affinity as its monovalent format showing a KD oft ~1.8 nM. Other kinetic 

parameters also remained similar in both formats. However, for bivM114 an improved affinity 

compared with its monovalent format was observed. Especially the bivalent format shows a 

twofold decreased dissociation rate. The quantified kinetic parameters of both bivalent Miro1-

Nbs including their corresponding coefficients of determination are summarized in Table 19.  
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Figure 21. Recombinant expression, purification, and affinity determination of bivalent M41- 

and M114-Nbs. (A) Coomassie stained SDS-PAGE of 2 µg bivM41 and bivM114 purified from 

ExpiCHO™ cells is shown. (B) Affinities of the bivalent Miro1-Nbs were analysed by biolayer 

interferometry (BLI) based affinity measurements. Bivalent Nbs were biotinylated and 

immobilized on streptavidin sensors. Kinetic measurements were performed by using four 

concentrations of hMiro1 ranging from 3.9 nM – 31.3 nM (illustrated with increasing 

concentrations in darker shades). The sensograms of purified Miro1 on bivM41-Nb (top) and 

bivM114-Nb (bottom) are shown and global 1:1 fits are illustrated as dashed lines. The table 

summarizes affinities (KD), association (kON) and dissociation constants (kOFF), and coefficient 

of determination (R2) determined for both bivalent Nbs. 

 

Table 19. Summary of affinities (KD), association (kON) and dissociation constants (kOFF) and 

the coefficient of determination (R2) determined for bivalent Miro1-Nbs by biolayer 

interferometry. 

 KD (nM) kON (105 M-1 s-1) kOFF (10-4 s-1) R2 

bivM41 1.86 3.19 ± 0.02 5.95 ± 0.02 0.99 

bivM114 2.35 0.78 ± 0.00 1.83 ± 0.01 0.99 
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Following biochemical characterization of bivalent Miro1-Nbs, they were functionalized for 

further applications. As shown previously monovalent Miro1-Nbs were formatted into 

nanotraps by NHS-based chemical conjugation. This method, which involves the reaction of 

NHS-ester groups with exposed lysine residues on the Nb could however be random and 

excessive, leading to loss of Nb functionality (Pleiner et al. 2015; Cheloha et al. 2020). 

Therefore, for the bivalent Nbs, a site-specific functionalization strategy was used to avoid 

potential interference with binding by NHS-based modification of lysine residues. 

Chemoenzymatic functionalization mediated by the Sortase A enzyme was utilized. Sortase A 

recognizes an ‘LPXTG’ peptide motif at the C-terminus of the Nb and cleaves between the 

threonine and glycine residue to yield a reactive thioacyl intermediate. The enzyme then 

catalyses the formation of a new peptide bond between the thioacyl intermediate and any 

moiety bearing an N-terminal polyglycine (Popp and Ploegh 2011; Virant et al. 2018; Cheloha 

et al. 2020). Using this approach, a propyl azide-modified peptide was first introduced at the 

C-terminus of bivM41 and bivM114. Immobilization on agarose beads or conjugation to 

fluorophores was thereafter achieved by click-chemistry addition of a dibenzocyclooctyne 

(DBCO) derivate (Jewett and Bertozzi 2010). With this two-step approach, the bivalent Nbs 

were converted into nanotraps and fluorescently labeled imaging probes as summarized in 

Figure 22. 

 

 

Figure 22. Site-specific approach for Nb functionalization starting with (A) Sortase mediated 

conjugation of a propyl azide moiety and subsequent (B) click chemistry-based reaction with 

a dibenzocycloctyne activated dye or sepharose. Adapted from (Jewett and Bertozzi 2010). 
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3.2.7    Application of bivalent Nbs for IF detection of Miro1 

Previous studies showed that fluorophore conjugated-Nbs can successfully replace 

conventional antibodies in IF applications (Hassanzadeh-Ghassabeh et al. 2013; Virant et al. 

2018). Nanometer spatial resolution of microtubules (Ries et al. 2012) and the nuclear pore 

complex (Pleiner et al. 2015) were achieved with the use of Nbs labelled with organic dyes in 

super resolution microscopy. Accordingly, one of the main objectives of this thesis was to 

generate Miro1-Nbs as novel and reliable fluorescent imaging probes for advanced IF studies 

of Miro1.  

Therefore, monovalent and bivalent formats of M41- and M114 were functionalized for the 

immunofluorence detection of Miro1 at mitochondrial structures. The monovalent Nbs were 

chemically coupled by NHS chemistry to AF647 or ATTO647 (M41647_NHS; M114647_NHS). Apart 

from the previously stated disadvantages of NHS conjugation, lower signal to noise ratios were 

reported with the use of Nbs labelled with fluorophores by NHS chemistry (Pleiner et al. 2015).   

To avoid these drawbacks, the bivalent formats were C-terminally conjugated by sortagging 

and click chemistry, as mentioned above to AF647 (bivM41647_sort; bivM114647_sort). The AF647 

coupled mono- and bivalent Nbs were then utilized at different concentrations for the staining 

of untransfected HeLa cells or HeLa cells transiently expressing GFP-Miro1. Notably, the IF 

detection of GFP-Miro1 was not as efficient with M41647_NHS compared to indirect IF staining 

with M41-Nb (see Figure 19). This partial loss of functionality may be due to altered specificity 

of the Nb because of NHS modification. 

Moreover, at the same concentration, a significantly improved staining and crisp overlap of the 

GFP-Miro1 and bivM41647_sort signal at mitochondrial structures was observed compared to the 

monovalent version. A detection of GFP-Miro1 was possible with bivM114647_sort, but not its 

monovalent, NHS-functionalized format with which unspecific and high background staining 

was observed. Notably, when tested for detection of endogenous Miro1 in HeLa cells, only 

bivM114647_sort showed a strong Miro1 staining at mitochondrial structures (Figure 23). 
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Figure 23. Comparison of monovalent and site specifically conjugated bivalent M41- and 

M114-Nbs in immunofluorescence. For comparable IF analysis HeLa cell transiently 

expressing GFP-Miro1 (left panel) or wildtype (wt) HeLa cells (right panel) were fixed and 

stained with the mono- or bivalent Nbs conjugated either chemically (M41647_NHS, M114647_NHS) 

or site-specifically via sortagging (bivM41647_sort, bivM114647_sort) to AF647). As positive control 

respective cells were stained with an anti-Miro1 IgG followed by detection with a secondary 

antibody conjugated to AF647 (bottom row. Nuclei were counterstained with DAPI. Scale bar 

20 µm. 

 

The crisp IF detection of Miro1 observed with the bivM41647_sort and bivM114647_sort further 

highlight the influence of labeling strategies on Nb functionality. 

 

3.2.8    Application of bivalent nanotraps for immunoprecipitation of Miro1 

The capture efficiency of the bivalent Miro1 nanotraps for Miro1 was analysed. Endogenous 

Miro1 was immunoprecipitated from cell lysates using either the chemically immobilized 

monovalent nanotraps (M41NHS; M114NHS) or the site-directed modified versions (bivM41sort; 
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bivM114sort). Since more soluble Miro1 had been obtained from HEK293 cells lysed with 1% 

Triton X-100 buffer (Figure 18B), the same conditions were followed.   

Immunoblot analysis revealed a significant increase of endogenous Miro1 pulldown with 

bivM41sort and slightly higher enrichment with bivM114sort. Notably, with both bivalent nanotraps, 

the amount of precipitated Miro1 was higher compared with the conventional Miro1 antibody 

used as a positive control (Figure 24A). 

Further analysis of the IP profile of mono- and bivalent nanotraps (M41NHS; M114NHS and 

bivM41sort; bivM114sort) and their potential use for the proteomic characterization of Miro1 by 

mass-spectrometry analysis was explored. The IP of endogenous Miro1 as previously stated 

above were performed in three technical replicates, with equal cell number as input material, 

which allowed for the application of label-free quantification. The mass spectrometry 

experiment and data analysis were performed by Katharina Zittlau (IFIZ, University of 

Tuebingen). 

After initial validation of the reproducibility between replicates the efficiency of each nanotrap 

to capture endogenous Miro1 was analysed. Sequence alignment analysis of the eight 

annotated Miro1 isoforms showed a high level of sequence identity between isoforms (data 

not shown). In total, 31 “razor” peptides were identified for Miro1 isoform 3 and 30 peptides, 

including one unique peptide, for isoform 2 (Figure 24B). Both bivalent nanotraps, as well as 

the M114NHS nanotrap, were able to capture isoform 2 in addition to isoform 3. Notably, more 

Miro1 peptides were identified with a higher sequence coverage in IPs with the bivalent 

nanotraps compared to their monovalent formats (Figure 24C). The enrichment efficiency of 

Miro1 capture by IP was validated based on intensity based absolute quantification (iBAQ) 

(Figure 24D). Here, the non-specific interaction of about 1760 proteins with bivalent nanotraps 

was detected which was also observed in the control nanotraps. The high background is 

suggestive of interactions with the agarose matrix on which the Nbs were immobilized and may 

be addressed by blocking and stringent washing during the IP experiment. Despite the high 

background, the highest level of Miro1 isoform 2 and 3 was detected for both bivalent 

nanotraps. While the M41NHS nanotrap showed low levels of Miro1 enrichment as the controls, 

M114NHS as well as the bivalent nanotraps demonstrated increased Miro1 capture. Finally, 

known Miro1 interactors (based on STRING database annotation) were classified by their 

direct or indirect interaction with Miro1 in combination with the observed confidence score. 

While all nanotraps showed a clear enrichment of Miro1 compared with the control nanotraps, 

only the bivM114sort allowed for the enrichment of class 1 interactors such as MFN2 or FKBP8 

(Figure 24E). Notably, none of the known Miro1 interactors in mitochondrial motility or 

mitophagy were enriched by any of the mono-and bivalent nanotraps. 
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In summary, these results further reinforce how the performance of Nbs as capture and 

detection tools can be improved by generating bivalent binding molecules in combination with 

site-specific functionalization.  

 

 

 

Figure 24. Proteomic analysis of Miro1 enrichment by Miro1 nanotraps (A) For comparable 

immunoprecipitation soluble protein fraction of HEK293 cells were incubated either with 

monovalent Nbs either chemically coupled to NHS sepharose (M41NHS, M114NHS) or the 

bivalent formats, which were site specifically conjugated to agarose particles by sortagging 
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and click chemistry (bivM41sort, bivM114sort). Input and bound fractions were analysed with an 

anti-Miro1 antibody. As positive control anti-Miro1 IgG immobilized on Protein A/G sepharose 

and as negative control a non-specific bivalent and site specifically conjugated nanotrap 

(bivNCsort) was used. Shown is a representative immunoblot stained with an anti-Miro1 antibody. 

(B) Identification of Miro1 (gene name: RHOT1) specific peptides (razor and unique) for both 

Miro1 isoforms. (C) Averaged sequence coverage of Miro1 (gene name: RHOT1) after 

precipitation with indicated nanotraps. Shown in (B and C) are the results from three technical 

replicates (n = 3) ± S.D. (D) Capture efficiency by mono- and bivalent nanotraps. Averaged 

iBAQ (intensity based absolute quantification) values for Miro1 isoform 2 (white circles) and 

isoform 3 (black circles) of three biological replicates are shown. (E) Classification of Miro1 

interactor based on STRING database. Class 1: direct interactor, confidence score >0.9; Class 

2: direct interactor, confidence score <0.9; Class 3: indirect interactor, confidence score >0.9. 

Results from the mass spectrometric analysis were provided by Katharina Zittlau (IFIZ, 

Tübingen) 

 

3.2.9    Intracellular characterization of Miro1 Cbs 

Cbs are chimeric expression constructs comprising a Nb genetically fused to a fluorescent 

protein. Their unique advantage is that they can visualize dynamic redistribution and 

expression levels of endogenous antigens within living cells with spatial and temporal 

resolution [reviewed in (Wagner and Rothbauer 2021). To analyse the functionality of selected 

Miro1-Nbs for intracellular targeting and tracing of Miro1 in living cells, they were formatted as 

Cbs. The Nb-coding sequences were fused via a flexible GS linker to TagRFP in a mammalian 

expression vector under the control of the CMV promoter (Figure 25A). The Cb constructs 

were transiently expressed either alone or in combination with GFP-Miro1 in HeLa cells. 24 h 

after transfection the different fluorescent signals derived from the antigen (GFP channel) and 

of the Cbs (TagRFP channel) were visualized by live-cell fluorescence imaging. 

Image analysis revealed a clear relocalization of the M41- , M85- and M114-Cb signals to 

mitochondrial networks in the presence of GFP-Miro1. All other Miro1-Cbs seem not to bind 

GFP-Miro1 (Figure 25B).  

To check for specificity, M41-, M85-, and M114-Cbs were also co-expressed with a control 

antigen, GFP-PCNA, which is a DNA-binding protein and therefore accumulates strongly in 

the nucleus (Figure 25C). As no enhanced Cb signal was observed in the nucleus upon 

coexpression of this protein, it can be concluded that the Miro1 Cbs bind neither to GFP nor 

nonspecifically to the PCNA moiety.  
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However, in the absence of the exogenously expressed GFP-Miro1 the Cb signals only 

showed a diffuse cellular distribution and no characteristic mitochondrial structures were seen 

as they were observed upon an anti-Miro1 antibody staining of Cb expressing cells (Figure 

25D). These findings suggested that none of the Miro1-Cbs is capable to bind endogenous 

Miro1.  

Additionally, the intracellular binding capacity of M41-, M85- and M114-Cb to the previously 

identified domains of Miro1 was investigated. The Miro1 domain deletion constructs described 

previously (Figure 20A) were expressed along with the Cb constructs in HeLa cells. 

Subsequent cellular imaging showed that coexpression with the C-terminal GTPase domain 

of Miro1 resulted in specific relocalization of M41-, M85- and M114-Cb to the mitochondrial 

network, confirming the results obtained from pulldown domain mapping for these Cbs. (Figure 

26A-C). 

 

 

A 

B 
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Figure 25. Intracellular characterization of Miro1-Cbs (A) Vector map of a mammalian Cb 

expression plasmid (B) Representative fluorescence images of living HeLa cells transiently 

expressing GFP-Miro1 (top row) in combination with red fluorescently labelled (TagRFP) 

Miro1-Cbs (middle row). Scale bars 20 µm.(C) Representative images of living HeLa cells 

transiently expressing GFP-PCNA (left column) in combination with red fluorescently labelled 

(TagRFP) M41-,M85- and M114-Cbs (right column) (D) Immunofluorescence detection of 

endogenous Miro1 in HeLa cells expressing M41-, M85- and M114-Cb (left panel) using an 

anti-Miro1 antibody (right panel). Scale bar 25 µm. 
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101 
 
 

 

 

Figure 26. Intracellular characterization of domain specific binding of selected Miro1 Cbs.  

Representative fluorescent images of live HeLa cells transiently expressing GFP-Miro1 and 

indicated GFP-tagged Miro1 domain deletion constructs (top row) in combination with 

TagRFP-labelled M41-Cb (A), M85-Cb (B) or M114-Cb (C) 

 

3.2.10    Miro1-Cbs as biosensors of compound-induced mitochondrial dynamics 

From the live cell imaging of HeLa cells expressing Miro1-Cbs, it was observed that M114-Cb 

shows a slightly better intracellular binding compared to M41- and M85-Cb. Thus, the M114-

Cb was selected to further analyse the potential of Cbs to visualize changes in mitochondrial 

morphology in living cells. To monitor such changes in a targeted approach U2OS cells 

transiently co-expressing the M114-Cb and GFP-Miro1 were treated with 10 µM Sorafenib or 

DMSO as control. Sorafenib was previously shown to induce mitochondrial fragmentation and 

apoptosis in a time-dependent manner (Zhao et al. 2013; Zhang et al. 2017). Using time-lapse 

imaging, the changes in mitochondrial morphology within single cells were traced over a 2 h 

period with an imaging interval of 30 min. After the initial 30 min of Sorafenib treatment, images 

revealed the collapse of the mitochondrial network reflected by gradual disappearance of 

elongated mitochondria. After 90 min, condensed mitochondrial networks were visible in most 

treated cells. Both, the Sorafenib induced mitochondrial morphological transitions as well as 
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normal shape changes observable in the DMSO control were successfully visualized by the 

M114-Cb (Figure 27).  

 

Figure 27. Visualization of compound-induced mitochondrial dynamics in live cells. Time-lapse 

microscopy of U2OS cells transiently expressing GFP-Miro1 in combination with M114-Cb. To 

visually track morphological mitochondrial changes, cells were treated with either DMSO as a 

control (top two rows) or 10 µM Sorafenib (bottom two rows) followed by time-lapse imaging 

over a 2-hour period. Shown are representative images of three independent replicates. Scale 

bar 25 µm. Squares at the bottom right represent enlargements of the selected image section. 

 

3.2.11    Selective degradation of Miro1 in living cells 

It was previously reported that the depletion of Miro1 in PD patient-derived neurons by induced 

by treatment with an undisclosed small molecule or genetic silencing rescues mitophagy 

activation (Hsieh et al. 2019). In recent years, strategies involving the use of Nbs fused with 

ubiquitin ligases have been applied to induce selective protein knockdown within cells or 

organisms (Kuo et al. 2011; Bery et al. 2019; Caussinus et al. 2011; Baudisch et al. 2018; 

Chen et al. 2021). To test whether the selected Miro1-Nbs could also be used to induce 

targeted degradation of Miro1 in living cells, genetically encoded Miro1-specific degrons were 

engineered. Therefore the cDNAs encoding for the intracellularly functional Nbs, M41- and 

M114-, or the GFP-Nb (GBP) used as a non-related Nb for control, were C-terminally fused to 
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the Fbox protein domain(Bai et al. 1996). For cellular expression these genetically encoded 

Fbox-Nb constructs were cloned into mammalian expression vectors containing an 

independently transcribed nuclear TagRFP (TagRFPNLS) to facilitate the identification of 

transfected cells in cellular imaging analysis. In line with previous findings (Caussinus et al. 

2011; Moutel et al. 2016; Bery et al. 2019), it was hypothesized that expression and 

subsequent interaction of Nb degrons at Miro1 would generate a specific loading platform for 

endogenous components of the mammalian E3 ligase complex, namely SKP1 and Cul1 

(Figure 28).  

 

 

Figure 28. Targeted intracellular degradation of Miro1 by Fbox-Nbs. Schematic illustration of 

the targeted degradation of Miro1 mediated by Miro1-Nb degrons. The specific interaction 

between Fbox-Nbs and Miro1 triggers the recruitment of other components of the SCF E3 

ligase complex (Skp1 and Cul1) which mediate the subsequent ubiquitination and 

proteasomal degradation of the target, Miro1. 

 

The functionality of the generated Fbox-GBP, Fbox-M41, and Fbox-M114 was first evaluated 

by examining their binding to transiently co-expressed GFP-Miro1 in HeLa cells. A clear 

overlap of the Fbox-Nb signal with GFP-Miro1 after IF staining using an anti-VHH antibody 

showed that N-terminal fusion of the Fbox domain did not affect intracellular binding of the Nbs 

(Figure 29A). Next, the effects of Fbox-Nb degron expression on cellular Miro1 levels was 

analysed by quantitative fluorescence microscopy. To quantify the GFP-Miro1 signal in 

Fbox-Nb expressing cells, an image auto segmentation algorithm was applied as described in 

section 2.2.3.6 and Figure 7. During the image auto segmentation, cells with fluorescence in 

the far-red channel (Fbox-Nb degron staining) were selected and the corresponding GFP-

Miro1 fluorescence levels measured within these cells. Filters were also applied to eliminate 
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incompletely imaged (e.g., cells at the edge of the imaging field) and dying/dead cells from the 

quantification. Measurement of the fluorescence intensity of GFP-Miro1 in cells co-expressing 

the Fbox-Nb constructs revealed ~80% reduction of the GFP signal in cells expressing Fbox-

M114, ~50% in cells expressing Fbox-M41, and ~50% in cells expressing Fbox-GBP, 

respectively. The co-expression of a nonspecific Fbox-Nb (Fbox-NR) resulted only in a non-

significant reduction in GFP-Miro1 (Figure 29B-D). 

 

 

Figure 29. Targeted degradation of GFP-Miro1 by Fbox-Nb-based degrons in live cells. (A) 

Representative confocal images of HeLa cells transiently co-expressing GFP-Miro1 and 

indicated Miro1-specific Fbox-Nbs (Fbox-M41, Fbox-M114) or a non-related Fbox-Nb (Fbox-

NR) construct are shown. For quantitative IF analysis, cells were fixed and permeabilized 24 h 

after transfection followed by staining with Cy5 conjugated anti-VHH antibody and DAPI. Scale 

bar 20 µm. (B) Representative fluorescence images of HeLa cells coexpressing GFP-Miro1 

and Fbox-Nb constructs. Scale bar 100 µm. (C) Mean GFP-Miro1 fluorescence intensity from 

HeLa cells co-expressing GFP-Miro1 and Fbox-Nbs constructs were determined by 

quantitative fluorescence imaging. Fluorescence intensity values were calculated from three 

samples (n= 3; >500 cells) and normalized to the GFP-Miro1 signal intensity (set to 1). Positive 

control; GFP-specific Fbox-Nb (Fbox-GBP), negative control; non-related Fbox-Nb construct 
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(Fbox-NR). Data are represented as mean ± SEM. For statistical analysis, student‘s t-test was 

performed, **p < 0.01, ***p < 0.001. (D) Representative western blot of lysates of HeLa cells 

expressing either GFP-Miro1 alone or in combination with the indicated Fbox-Nb constructs. 

For analysis 10 µg of the soluble fractions were subjected to SDS-PAGE and immunoblotting 

followed by detection using an anti-GFP antibody (GFP-Miro1) and an anti-VHH antibody 

(Fbox-Nb constructs). As loading control, endogenous vimentin was detected using an anti-

Vimentin antibody.  

 

Although clear relocalization of intracellularly functional Miro1-Nbs (in Cb format) to 

endogenous Miro1 has not been demonstrated in live cell imaging experiments, the potential 

of Fbox-Nb degrons to degrade endogenous Miro1 has been investigated. To this end, HeLa 

cells were transfected with Fbox-Nb constructs and cellular levels of Miro1 after 24 h of 

expression were determined by quantitative IF imaging using an anti-Miro1 antibody in cells 

displaying a nuclear TagRFP signal. While image analysis showed characteristic Miro1 

staining at mitochondrial structures (Figure 30A), quantification of the antibody signals in a 

statistically relevant number of cells (n>500) showed a ~16% and ~30% decrease in the IF 

signal upon expression of Fbox-M41 and Fbox-M114, respectively. Notably, expression of the 

nonspecific Fbox-NR resulted only in a minor reduction of less than ~4% of the Miro1 signal 

(Figure 30B).   

Additionally, the role of the proteasome in the Fbox-Nb degron mediated degradation of 

endogenous Miro1 was investigated. HeLa cells transfected with the Fbox-Nbs were treated 

with the proteasome inhibitor, MG132 or DMSO as negative control for 16 h. Quantification of 

Miro1 signaling in cells treated with DMSO showed a repeated decrease in IF signaling of 14% 

and 31% for Fbox-M41 and Fbox-M114 expression, respectively. These levels are in the same 

range as previously observed. However, quantified Miro1 fluorescence signals in MG132-

treated cells remained at similar levels as untransfected cells (Figure 30C), indicating that the 

proteasome is indeed involved in Nb-degron mediated cellular depletion of Miro1. 

Taken together, these findings indicate that both Nb-degrons, Fbox-M41 and Fbox-M114, 

address endogenous Miro1 in live cells and induce targeted degradation of their antigen 

through the proteasome. 
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Figure 30. Targeted intracellular degradation of endogenous Miro1 by Fbox-Nb-based 

degrons. (A) Representative confocal images of HeLa cells transiently expressing indicated 

Miro1-specific Fbox-Nbs (Fbox-M41, Fbox-M114) or a non-related Fbox-Nb (Fbox-NR) 

construct. For quantitative IF analysis, cells were fixed and permeabilized 24 h after 

transfection followed by detection of endogenous Miro1 with Miro1 antibody (shown in green). 

Fbox-Nb expressing cells were identified by a nuclear TagRFP signal subjected to automated 

image analysis and quantification as described in section 2.2.3.6. Scale bar 20 µm. (B) Mean 

Miro1 fluorescence intensity from HeLa cells expressing Fbox-Nbs determined by quantitative 

fluorescence imaging. Mean Miro1 fluorescence was calculated from four samples (N = 4;n > 

500 cells) and normalized to untransfected cells, UT (set to 1). As control, a non-related Fbox-

Nb construct (Fbox-NR) was used. Data are represented as mean ± SEM. For statistical 

analysis, student‘s t-test was performed, **p < 0.01, ***p < 0.001. (C) Mean Miro1 fluorescence 

intensity from HeLa cells expressing Fbox-Nbs or non-related control, Fbox-NR after 16 h 

treatment with DMSO or 150 nM MG132  determined by quantitative fluorescence imaging. 

Mean Miro1 fluorescence was calculated and normalized to untransfected cells, UT (set to 1).  
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3.3 DRP1-specific Nbs 

Unlike Miro1 which is anchored in the MOM, the second protein of interest in this study, DRP1 

is cytosolic and only recruited to mitochondria at the initiation of fission. The key roles played 

by DRP1 in mitochondrial fission and apoptosis as well as its implication in neurodegenerative 

disorders (detailed  in Chapter 1) warrant further study. Therefore, the second part of this thesis 

is aimed at the selection and application of Nbs as research tools to address the 

mechanoenzyme, DRP1. To accomplish this aim, the generated DRP1 Nb-phage library (from 

section 3.1.3) was subjected to iterative biopanning, specific DRP1-binding Nbs were selected, 

characterized and used for different applications. This section describes the steps taken and 

the results obtained. 

 

3.3.1    Selection of DRP1-specific Nbs by phage display. 

DRP1-Nb-phage library was generated as previously described for the Miro1-Nb phage library 

For biopanning, phage particles expressing Nbs as pIII fusions were produced from the library 

and screened against purified DRP1 or GFP as a control antigen. Applying the same protocol 

as for Miro1, two iterative biopanning rounds were performed. In each round, 4 preclearing 

steps to deplete non-specific binding phages were included by panning the phages against 

purified GFP. After the first panning round, 96-fold enrichment of bound phages relative to the 

control was observed which increased to 323-fold by the end of the second panning round as 

shown in Table 20. 

 

Table 20. Enrichment of DRP1 Nb-phages during biopanning against purified DRP1 

 

Despite the high titers of phages binding nonspecifically to GFP in the second round of 

biopanning, the increased enrichment ratio of DRP1-binding phages was sufficient to proceed 

to the next screening step. The specificities of enriched Nb-phage clones from the second 

panning sub-library were then tested by phage ELISA. 

In total, 260 single clones were selected from the plated sub-library and monoclonal phage 

supernatants produced in 96 deep-well plates. Purified DRP1 and GFP were passively 

adsorbed on 96-well MaxiSorp™ plates and the binding of monoclonal phages detected with 

Panning round Phage input Eluted phages(DRP1) Eluted phages (control) 

1 1.0 × 1012 5.3 × 103 5.5 × 101 

2 1.0 × 1011 5.5 × 107 1.7 × 105 
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a HRP-conjugated anti-M13 antibody. Phages binding to DRP1 with greater than 200% signal 

intensity than the control antigen were identified (Figure 31).  

 

In total, 27 positive binding Nb-phages were selected from the phage ELISA. Subsequently 

plasmid preparations were carried out for all selected clones and subjected to Sanger 

sequencing  

 

3.3.2    Sequence characterisation of DRP1-specific Nbs 

Genetic sequence analysis of the 27 positive binders was performed and eight unique Nbs 

named D7, D49. D63, D187. D193, D219, D246 and D258, were identified. Redundant 

sequences were identified from the panning sub-library which could be attributed to the 

enrichment of identical Nbs during this process and to a lesser extent, the complexity of the 

DRP1 library (see Table 15). All eight DRP1-Nbs were aligned according to the Kabat 

numbering system (Kabat and Wu 1991) for comparison of their framework and hypervariable 

regions. (Figure 32). As expected, the Nbs possessed high sequence similarity in their 

framework regions. The Nbs however showed variations in their hallmark residues within the 

FR2 region at positions 37, 44, 45 and 47 (in red letters).  Here, hydrophobic amino acids were 

found at the hallmark positions 44 and 45 in the sequences of D49 and D219 which are 

characteristic of conventional VH domains.   

Figure 31. Phage ELISA profile of phage clones tested for binding to DRP1. Signal intensities 

were normalized to the signal obtained for binding to the control antigen, GFP. 
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Variations were observed in the CDRs with CDR3 loops ranging between 11 and 15 amino 

acids in length. Apart from the conserved cysteine residues in the FR1 and FR3 regions, no 

additional cysteine residues were present in the CDRs. 
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Figure 32. Genetic characterization of DRP1-Nbs. Amino acid sequence alignment of DRP1-Nbs showing residues in the framework regions (FR) 

and the CDRs. The hallmark residues characteristic of VHH or VH sequences are highlighted in red. * (asterisk) indicates positions which have a fully 

conserved residue, : (colon) indicates positions with residues possessing similar properties, .(dot) indicates positions with residues with weakly 

similar properties. 
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3.3.3    Nb screening by Protein ELISA 

Next, the selected DRP1-Nbs were screened for binding by protein ELISA. For expression 

without the pIII phage coat protein,the Nb coding sequences were shuttled from the pHEN4C 

phagemid vector into the pHEN6C vector by restriction cloning for efficient periplasmic 

expression in E.coli XL1 cells. After sequencing to ensure correct insertion and sequence 

integrity, the plasmids were transformed into E.coli XL1, cultured and periplasmic extracts 

(PPE) were prepared. The Nbs in a 1:5 dilution of the PPE were analysed for binding to DRP1 

or a control antigen (Figure 33). Only D7 and D63 demonstrated significant binding to DRP1 

compared with the control, GFP. The non-interaction of the other selected Nbs with DRP1 in 

this screen is suggestive of a possible involvement of the phage coat pIII protein in the 

conformation and exposure of the Nb paratope to DRP1. Therefore, only D7 and D63 were 

further characterized.  

 

 

Figure 33. Protein ELISA screen for reactivities of selected Nbs derived from E.coli XL1 

periplasmic extracts against DRP1 (1 µg/ well). Bound Nbs were detected using an anti-VHH 

antibody labelled with horse radish peroxidase (N=3). 

 

3.3.4    Expression and purification of D7 and D63-Nbs 

For further characterization and proposed applications, D7 and D63-Nbs were expressed in 

E.coli and purified using the workflow for the production of Miro1-Nbs as reported in section 

3.2.4. After SEC, the Nbs were concentrated, and a final purity assessment was done by SDS 
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analysis of 2 µg of each Nb (Figure 34). Yields of ~13 mg and ~17 mg were obtained from 1L 

expression cultures of D7 and D63 respectively.  

 

 

Figure 34. Recombinant expression and purification of DRP1-Nbs. SDS-PAGE analysis of 2 

µg of purified D7- and D63-Nbs. 

 

3.3.5    Biochemical characterization of DRP1-Nbs 

For the study and targeting of DRP1 using D7- and D63-Nbs as effective tools, there is a need 

for a comprehensive characterization of the nature of the binding interactions between both 

ligands and their target. In this section, the kinetics of their interaction with DRP1, the 

functionality of both Nbs for the immunoprecipitation of DRP1 and the domains being targeted 

by each Nb and will be elucidated. 

 

3.3.5.1  Binding affinity measurements 

The binding affinities of the selected DRP1-Nbs were determined by biolayer interferometry 

(BLI) applying the similar protocols as used for Miro1-Nbs. Briefly, DRP1-Nbs were biotinylated 

and immobilized on streptavidin biosensors. The binding kinetics were then quantified by 

loading different concentrations of DRP1. The data were analysed using a 1:1 ligand-binding 

model and global fitting. The association and dissociation profiles of D7 and D63 with 

concentrations of DRP1 as well as the fitted curves are represented as sensorgrams in Figure 

35A and 35B respectively. Both Nbs demonstrated high affinity for DRP1 in the low nanomolar 

range with KD values of 3.5 nM and 1.8 nM measured for D7 and D63 respectively. Though a 

faster association rate of 1.25 × 105 M-1 s-1 was determined for D63, its interaction with DRP1 
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also showed the faster dissociation rate of the two Nbs. The quantified kinetic parameters with 

their corresponding coefficients of determination are summarized in Table 21  

 

 

Figure 35. Binding affinities of DRP1 specific Nbs. Affinity measurements by BLI of DRP1  at 

concentrations ranging from 7.8 nM to 125 nM on immobilized (A) D7 (B) D63. The 

concentrations of DRP1 (from low to high) are illustrated with increasingly darker shades and 

the global 1:1 fits are illustrated as dashed lines. The binding affinity measurements for D7 and 

D63 were performed by Teresa Wagner (NMI, Reutlingen). 

 

Table 21. Summary of affinities (KD), association (kON) and dissociation constants (kOFF) and 

the coefficient of determination (R2) determined for D7- and D63-Nb by biolayer interferometry. 

 KD (nM) kON (105 M-1 s-1) kOFF (10-4 s-1) R2 

D7 3.5 0.34 ± 0.00 1.17 ± 0.02 0.99 

D63 1.8 1.25 ± 0.01 2.27 ± 0.01 0.99 

 

In summary, the results from the binding affinity measurements revealed that D7 and D63 bind  

their target antigen with high affinities in the low nanomolar range.  

 

3.3.5.2  Functional characterization of DRP1-Nbs  

One of the significant aims of this project involves the investigation of the role of DRP1 and its 

interaction partners during apoptosis using immunoprecipitation and immunofluorescence 

studies. To determine the functionality of the selected DRP1-Nbs for immunoprecipitation, the 
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purified Nbs were covalently coupled to N-hydroxysuccinimide (NHS)-activated agarose 

particles thereby generating DRP1-nanotraps.  

The capacity of the nanotraps to specifically immunoprecipitate DRP1 was directly tested. 

HEK293 cells were lysed, and a soluble fraction of the total cell lysate obtained by 

centrifugation. The soluble fractions were then subjected to immunoprecipitation with D7 and 

D63 nanotraps. Immunoblot analysis of input, non-bound and bound fractions revealed that 

both nanotraps efficiently precipitated endogenous DRP1 exhibiting pulldown efficiencies  

which were comparable to those obtained with a conventional anti-DRP1 antibody. Notably, 

DRP1 was detectable in the unbound fractions of both DRP1 nanotraps and the positive 

control. This could be attributed to a saturation of all immobilized Nb or conventional antibody 

molecules. DRP1 enrichment could be improved by using more of the nanotraps or antibody 

immunocomplexes for IP. No unspecific binding of endogenous GAPDH to any of the DRP1 

nanotraps was detected. The specificity of the nanotraps for DRP1 was further confirmed by 

the non-interaction of a non-related nanotrap (NC) with DRP1 (Figure 36). These findings 

showed, that both D7 and D63 can bind their epitopes within endogenous DRP1.  

 

 

 

Figure 36. Immunoprecipitation of endogenous DRP1. After lysis, the soluble protein fraction 

of HEK293 cells was adjusted to 2 mg/ml and incubated with equal amounts of DRP1 

nanotraps. Input (IN, 1% of total), Non-bound(NB, 1% of total) and bound (B, 20% of total) 

fractions were subjected to SDS-PAGE followed by immunoblot analysis. As positive control 

anti-DRP1 IgG immobilized on Protein A/G sepharose and as negative control a non-specific 

(NC) nanotrap was used. Upper parts of the blots were detected with anti-DRP1 antibody. 

Detection of GAPDH with an anti-GAPDH antibody was used as lysis and loading control. The 

thick band visible in the bound fraction of the anti-DRP1 IgG is IgG shedding from Protein A/G 

beads. 

 



115 
 
 

When the selected DRP1-Nbs were applied for immunofluorescence staining of both 

endogenous and GFP-DRP1 in fixed and permeabilized cells, there was no detection of DRP1 

(data not shown) despite testing different fixation or permeabilization methods. These 

observations suggest that the epitopes of DRP1 may not be accessible to the Nbs under 

fixation conditions. It was also possible that the binding characteristics of both D7 and D63 

were not optimal for their use as affinity detection reagents in immunofluorescence.  

 

3.3.5.3  Domain binding characteristics of DRP1-Nbs 

The results obtained from the binding affinity and IP studies so far demonstrate that DRP1-

Nbs bind to both recombinant and endogenous DRP1. These data however do not provide 

information on which domains of DRP1 are involved in the interactions with D7 and D63-Nbs. 

Domain mapping studies were therefore done by generating DRP1 domain deletion constructs 

fused C-terminally to GFP (Figure 37A). After sequence validation, the deletion constructs 

were transiently expressed in HEK293 cells. Using the DRP1 nanotraps, pull down studies 

were performed according to previously stated protocol. Analysis of the bound fractions 

revealed that both D7 and D63 specifically recognize epitopes within the GTPase effector 

domain (GED) (Figure 37B). The low levels of GFP-tagged GED enriched by the traps may 

be indicative of the effect of conformational stability of the domain on exposed epitopes when 

expressed alone.  

 

 

Figure 37. Domain mapping of DRP1-Nbs. (A) Schematic illustration of GFP-labelled DRP1 

deletion constructs and domains used for domain specific binding studies. (B) Soluble protein 

fractions of HEK293 cells transiently expressing constructs in (A) were subjected to 

immunoprecipitation with D7 and D63 nanotraps followed by western blot analysis of input (IN) 

and bound fractions with an anti-GFP antibody. 



116 
 
 

3.3.6  Intracellular characterization of DRP1-Cbs 

Though DRP1 is primarily localized in the cytosol, it translocates to mitochondria  and 

peroxisomes to mediate fission. DRP1-Nbs were formatted as Cbs in a bid to develop 

intracellular biosensors of DRP1-mediated fission events. D7 and D63 sequences were 

therefore fused N-terminally to TagRFP in the mammalian expression vector shown in Figure 

25A. To investigate the intracellular expression and binding of the generated constructs, HeLa 

cells were transiently transfected with D7-Cb or D63-Cb alone or with GFP-DRP1. When 

expressed alone, both Cbs were well expressed and distributed throughout the entire cell 

including the nucleus (Figure 38A, left panel). The distribution pattern of both Cbs were not 

similar to endogenous DRP1 localization obtained with anti-DRP1 antibody staining (Figure 

38A. bottom row). With GFP-DRP1 coexpression, image analysis revealed that the Cb signals 

did not relocalize to the cytosol along with their ectopically expressed target (Figure 38B, right 

panel). Based on the results obtained, it was difficult to prove the existence of affinity 

interactions between the Cbs and DRP1 within the intracellular environment. 

 

 

Figure 38. Intracellular characterization of DRP1-Cbs. Representative fluorescence images of 

living HeLa cells transiently expressing DRP1-Cbs (left column) alone (A) or in combination 

with GFP-DRP1 (B). Immunofluorescence detection of endogenous DRP1 in HeLa cells 

(bottom row) using an anti-DRP1 antibody. Scale bars 20 µm. 
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To investigate whether the D7 and D63-Cbs recognize and bind DRP1, an additional 

biochemical assay was utilized. In this previously described assay termed intracellular 

immunoprecipitation (IC-IP)(Traenkle et al. 2020), the Cbs were expressed in HEK293 cells, 

and the cells were lysed using non-denaturing buffer conditions. The Cbs were then 

immunoprecipitated using its fluorescent moiety, TagRFP as an affinity tag. Interactions with 

the intracellular target was investigated by Western blot analysis of the bound fractions using 

both Cb and target-specific antibodies. Figure 39 shows the analyses of the input, non-bound 

and bound fractions of the IC-IP of D7, D63 and a non-related Cb (NC) after immunoblotting 

with antibodies against DRP1, TagRFP and GAPDH. The enrichment of endogenous DRP1 in 

the bound fractions along with D7 and D63-Cbs demonstrate that both Cbs bind to DRP1 in 

live cells. The non-interaction of both Cbs with endogenous GAPDH further confirmed their 

specificity for DRP1.  

Nonetheless, since the D7- and D63-Cbs could not visualize endogenous or exogenous DRP1 

in live cells, they were unsuitable for further live cell imaging applications. 

 

 

 

Figure 39. Intracellular immunoprecipitation of endogenous DRP1 with DRP1-Cbs. Soluble 

fractions from lysates of HEK293 cells expressing D7-Cb, D63-Cb and a non-related Cb (NC) 

were subjected to immunoprecipitation using the TagRFP-Trap™. Input (IN, 1% of total), Non-

bound (NB, 1% of total) and bound (B, 20% of total) fractions were subjected to SDS-PAGE 

followed by immunoblot analysis. Upper parts of the blots were detected with anti-DRP1 

antibody. Lower parts of the blots were detected with anti-TagRFP and anti-GAPDH 

antibodies.  
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4 DISCUSSION 

Mitochondria associated proteins involved in mitophagy, and mitochondrial fission are critical 

for the regulation of cellular homeostasis. The characterization of such proteins has many 

potential benefits in understanding mitochondrial functions as well as the development of novel 

therapies addressing mitochondria-related disorders.  

The role played by Miro1 in the development and progression of Parkinson’s disease and 

amyotrophic lateral sclerosis has been continuously investigated (Zhang et al. 2015; Nguyen 

et al. 2021; López-Doménech et al. 2021). Extensive research has suggested the possible 

involvement of DRP1 in abnormal mitochondrial dynamics in neurodegenerative diseases such 

as Huntington’s, Alzheimer’s, and Multiple Sclerosis (Reddy et al. 2011; Luo et al. 2017; Roe 

and Qi 2018; Oliver and Reddy 2019). The pathological significance of both Miro1 and DRP1 

in these neurological disorders further underscores the need for new methods and tools to 

study them in detail at the molecular level.  

Over the years, different approaches to study and modulate mitochondrial proteins and 

processes have been established. For visualization of mitochondrial morphology and 

dynamics, mitochondrial dyes and stains are often used (Glancy 2020). Recently, the labelling 

of mitochondrial proteins using photocatalytic reactions in live cells was reported (Wang et al. 

2021).  However, such approaches could be cytotoxic and involve a risk of off-target effects 

due to their lack of substrate specificity. These limitations may be avoided by using target-

specific reagents. A significant class of such binders are antibodies and antibody domains. 

Single domain antibodies, also known as nanobodies, are the variable antigen binding 

domains of heavy chain-only antibodies found in camelids. The characteristics of Nbs such as 

their relatively small size (~15 kDa), physicochemical stability and high solubility (Arbabi 

Ghahroudi et al. 1997)  make them worthy alternatives to conventional antibodies. These 

characteristics further enhance the versatility of Nbs which makes them useful tools for 

applications in diverse research settings. 

In this dissertation, nanobodies against the MOM-proteins, Miro1 and DRP1 were generated 

as affinity tools for the study and characterization of their targets in biochemical assays and 

intracellular applications. Two Nb libraries encoding the immune repertoire of two alpacas were 

constructed who were either immunized with Miro1 or DRP1 respectively. The libraries were 

cloned into phagemid vectors for phage display-based screening and selection. 7 Miro1- and 

2 DRP1-specific Nbs were identified and produced with high yields in bacteria. These Nbs 

demonstrated high binding affinity in the lower nanomolar range and could recognize distinct 

domains within their targets.  
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To test the applicability of the Miro1-Nbs, they were screened for their performance as affinity 

capture tools and as labelling probes for fluorescence imaging. The initial observation that the 

Miro1-Nbs in their monovalent format were not suitable as primary probes for the visualization 

and immunoprecipitation of endogenous Miro1 led to the reformatting of two of the  promising 

candidates, M41 and M114 into bivalent Nbs. For these optimized binding molecules, site-

specific functionalization strategies via sortase tagging in combination with click chemistry was 

used which resulted in improved capture and detection of Miro1 in proteomic and IF 

experiments. For the intracellular visualization and monitoring of Miro1 in live cells, the 

intracellular functionality of the Nbs after genetic functionalization as Cbs, were tested. Despite 

the lack of visualization of endogenous Miro1 by M41- and M114-Cbs, M114-Cb showed 

functionality as an intracellular biosensor of mitochondrial shape transitions due to its 

interaction with GFP-Miro1 in live cells. The intracellular functionality of M41 and M114-Nbs as 

led to the generation of Miro1 degrons by fusion to Fbox protein domains with which the 

targeted degradation of Miro1 in live cells was performed. 

The selected DRP1-specific Nbs, D7 and D63 when reformatted as nanotraps, demonstrated 

functionality as affinity capture tools for endogenous DRP1. However, despite their high affinity 

and potential for the proteomic characterization of endogenous DRP1, D7 and D63 were not 

applicable for immunofluorescence or live cell imaging studies of DRP1.   

The results obtained from this study and implications for the structural and functional 

characterization of Miro1 and DRP1 will be discussed in the following sections.  

 

4.1 Selection of Miro1- and DRP1-specific Nbs 

Highly functional Nbs have been selected from naïve, synthetic and immune libraries. Despite 

the high sequence diversity obtainable with naïve libraries, a high affinity target-specific binder 

may not be found. Also, the construction and validation of synthetic libraries can be time 

consuming and expensive (Muyldermans 2021). To avoid these challenges, immune Nb 

libraries were constructed in this study. This choice was based on the knowledge that Nbs 

raised in vivo by immunization with properly folded proteins tend to recognize conformational 

epitopes on their antigens making them ideal tools for diverse applications (Pardon et al. 2014).  

The presentation of Miro1 and DRP1 in an antigenic format successfully produced a hcAb-

specific immune response after 13 weeks of immunization. On cloning the immune repertoire 

of both animals into phage display vectors, Miro1 and DRP1 Nb-phage libraries comprising 1.5 

× 107 and 2.3 × 107 clones were established respectively. The sizes of these libraries fell within 
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prescribed limits (Pardon et al. 2014; Muyldermans 2021).  Though quality checks by colony 

PCR showed 100% insertion rate of Nb sequences in the randomly selected clones from both 

libraries, there were only 83% and 57% unique and intact Nb sequences in the selected clones 

from the Miro1 and DRP1 libraries respectively. For the DRP1 library, repetitive sequences 

were common and to a lesser extent, frame shifts, and mid-sequence stop codons accounted 

for truncated Nb sequences. It is significant to note here that only 30 clones were sequenced 

from each library which represented a negligible fraction of the total population. A better  

alternative would be next generation sequencing (NGS) which is a rapid and efficient method 

to assess library diversity and quality. The large number of sequencing reads obtainable can 

provide insight into the robustness of the library construction protocol (Deschaght et al. 2017). 

The Nbs described in this thesis were selected from the generated libraries by phage display 

technology. Over the years, parameters used in phage display-based screens such as antigen 

and antigen presentation methods, have been optimized to increase the propensity of 

enriching more affine binders (Colazet and Chames 2018). Passive antigen adsorption which 

was used for the Miro1 and DRP1 panning rounds is straightforward and does not rely on 

protein modification. However, it requires the exposure of hydrophobic interfaces within the 

antigen towards the polystyrene surface of the immunotubes which can lead to conformational 

changes. Consequently, some binders selected on adsorbed proteins may not be able to bind 

the soluble conformation of the antigen (Butler et al. 1992; Colazet and Chames 2018) which 

may explain the non-recognition of endogenous Miro1 and DRP1 by some of the selected Nbs. 

Therefore, in the second year of this project, the Miro1 library was rescreened for binders using 

a different antigen source and immobilization strategy. GFP-Miro1 expressed in HEK293T cells 

was used for biopanning and subsequent selection steps. Affinity based immobilization was 

used to tether the GFP moiety in the protein to a ligand covalently attached to polystyrene. 

With this approach, the challenges arising due to the unstable nature of purified full length 

Miro1 were avoided. Also, within the context of the project, there was a need to select Nbs 

which could bind the natively folded antigen. 3 biopanning rounds were performed which 

yielded low enrichment ratios of positive to non-specific binding phages. Unfortunately, 

extensive preclearing with lysates containing host cell proteins or over-expressed GFP 

seemed minimal in preventing the enrichment of nonspecific binders (see Table 17). The poor 

enrichment ratios between positive and non-binders when using crude antigens for biopanning 

is however not unusual (Schmidthals 2013; Lim et al. 2019).  

Recently, the benefits of Nb library screening by biopanning in combination with NGS 

approaches have been highlighted (Deschaght et al. 2017). In addition to the in-silico 

identification of potential binders which may not be experimentally enriched for reasons such 
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as error in Nb-pIII assembly, display of Nbs toxic to E. coli or other reasons limiting the 

packaging of potential specific Nb-phages during iterative biopanning rounds, NGS screening 

of Nb-phage libraries can also validate the biopanning protocol used. In this study, the Miro1 

Nb phage library as well as the sub-libraries after each biopanning round against Miro1 (1-

592) were subjected to high-throughput sequencing. The increase in sequence frequency of 

the 4 selected Nbs after each biopanning round attested to their expected enrichment as bound 

phages. Notably, other Nbs were identified from the NGS results which demonstrated better 

enrichment over the panning rounds but were not picked as clones during selection.  If no 

functional Miro1-specific Nb had been identified by conventional biopanning, these Nbs would 

have been further investigated. 

4.2 Functional tests for the characterization of selected Nbs 

Initial screening of the selected Nbs using E.coli periplasmic extracts helped to save time and  

purification costs whilst identifying the non-functional Nbs at the protein level.  In the case of 

the DRP1-Nbs, only the D7 and D63 which retained their binding after pIII cleavage. Further 

biochemical characterization of Miro1 and DRP1-Nbs after purification revealed a collection of 

high affinity Nbs.  

Considering the overall aim of generating specific Nbs which could function as tools for the 

structural and functional characterization of the antigens in relevant settings, functional tests 

were of utmost significance.  

4.2.1    Functional characteristics of Miro1-Nbs  

Initial screens for the performance of Miro1-Nbs as affinity capture tools for proteomics were 

performed. The results however drew attention to the disparities in binding of the Nbs to  

ectopic and endogenous Miro1. For instance, M11, 25 and M85 could enrich ectopic Miro1 but 

not the endogenous protein. A deciding factor may be the relatively low levels of soluble 

endogenous Miro1. However, considering that other Nbs M114, M119 and M189 could pull 

down both ectopic and endogenous Miro1, it can be hypothesized that the binding properties 

of M11, M25 and M85 under the test conditions may not have been optimal for enrichment of 

endogenous Miro1 by IP.  

Further functional tests to assess the utility of Miro1-Nbs as primary binding molecules in IF 

revealed no detection of endogenous Miro1 although M11, M25 and M41 showed binding to 

the ectopic antigen in these assays. Since fixation and permeabilization methods may affect 

the accessibility of Miro1 epitopes for binding (Im et al. 2019) by the Nbs, different fixation 

methods and non-permeabilization of the cells was attempted which did not facilitate the 

detection of Miro1 by the tested Nbs. Though conventional anti-Miro1 antibodies are 
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commercially available and were utilized for Miro1 staining in this project, the benefits of Nbs 

over conventional IgGs as proximal affinity labels for super resolution microscopy justifies the 

rationale for Miro1-specific Nbs applicable for IF detection (Pleiner et al. 2015; Ries et al. 2012; 

Virant et al. 2018).  

In the pursuance of developing functional Nbs as affinity tools applicable for the proteomic 

characterization and IF detection of Miro1, bivalent formats of the two best performing 

candidates, M41 and M114 were  generated. At this point, it was necessary to consider the 

implications of the methods previously used for Nb conjugation.  With the bivalent Nbs, an 

advanced labelling strategy using sortase mediated site-specific conjugation combined with 

click chemistry was therefore used. The application of the modified bivalent Miro1 nanotraps 

in IP-LC-MS studies indicated that they capture different isoforms of Miro1 and are potential 

tools for mapping the Miro1 interactome. In previous Miro1 research utilizing IP-LC-MS 

approaches, tagged Miro1 was immunoprecipitated using the GFP-Trap (Modi et al. 2019) or 

epitope tag-specific antibodies such as anti-myc (Fatiga et al. 2021) and anti-FLAG antibodies 

(Kanfer et al. 2015; Castro et al. 2018; Nemani et al. 2018). Since the exogenous expression 

of Miro1 has been shown to have effects on mitochondrial morphology and transport (Fransson 

et al. 2006), the normal endogenous conditions may be misrepresented and this introduces 

bias into proteomic data. Though the specificity of bivM41 and bivM114 nanotraps for the IP of 

endogenous Miro1 are clear advantages over existing approaches, the absence of co-

immunoprecipitated TRAK1/2, PINK1 and Parkin in their application requires further 

investigation.   

 A major highpoint of this thesis was the observation that endogenous Miro1 detection was 

possible by the application of a fluorophore labelled bivM114. In line with previous findings, this 

confirms the significance of Nb functionalization methods for the generation of efficient binding 

molecules that enable one-step detection of their antigens (Pleiner et al., 2018; Virant et al., 

2018; Götzke et al., 2019). A directly labelled bivalent nanobody can bring the fluorophore 

closer to the target structure compared to conventional primary and secondary antibody 

staining (Massa et al. 2016).  

The possibility of expressing Nbs in the reducing milieu of living cells makes them applicable 

intracellular tools for the visualization and modulation of their targets (Rothbauer et al. 2006; 

Kaiser et al. 2014; Maier et al. 2015; Keller et al. 2018; Wagner and Rothbauer 2020). For the 

first time, the Nbs M41, M85 and M114 when reformatted as Cbs, enabled the visualization of 

ectopic Miro1, in living cells. Once more, endogenous Miro1 was not detectable by these Cbs 

probably due to low levels and a disperse localization of different endogenous isoforms of 

Miro1. Nonetheless, the Cbs are applicable for the visualization of the dynamics of exogenous 
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Miro1 as evidenced by their ability to trace normal and Sorafenib-induced mitochondrial shape 

transitions. Moreover, the Cbs are unaffected by changes in the mitochondrial membrane 

potential and stably bind their antigen after fixation. This offers a superior advantage compared 

with established tools for mitochondrial visualization e.g., the MitoTracker series, which bind 

to thiol groups within mitochondria and can be sensitive to changes in the membrane potential 

(Chazotte 2011).  

Finally, pivoting on the intracellular functionalities of M41 and M114, they were applied as 

specific substrate recognition components of the SKP1-Cul1-Fbox complex, an artificial 

ubiquitin-ligase system, to mediate the selective degradation of endogenous and exogenous 

Miro1. Though relatively low levels of endogenous Miro1 were degraded, the effect of these 

Fbox-Nb degrons was replicable and non-existent in the absence of the Fbox protein or when 

the ubiquitin proteasomal system was blocked by MG132 treatment. It is probable that the 

insufficient binding of M41 and M114 to endogenous Miro1 might be responsible for the 

minimal depletion of Miro1 observed. Alternatively, Miro1 Nb degrons based on other ubiquitin 

ligase components such as SPOP (Ju Shin et al. 2015) or TRIM21 (Clift et al. 2018; Chen et 

al. 2021) might perform better for the depletion of endogenous Miro1.   

 

4.2.2    Functional characteristics of DRP1-Nbs 

One of the aims of the project included the use of Nbs as proteomic tools to characterize the 

molecular interactions of DRP1. Nbs, D7 and D63 were applied in the nanotrap format for the 

immunoprecipitation of endogenous DRP1. The efficient pull down of endogenous DRP1 

isoforms by both nanotraps indicate their potential for use as tools for the proteomic 

characterization of the DRP1 interactome. Previously, the interactions of DRP1 with MOM- 

anchored adapters Fis1, Mff and MiD49/51 to mediate mitochondrial fission had been traced 

using co-immunoprecipitation and cell biological assays (Wells et al. 2007; Loson et al. 2013). 

More recently, the interplay of DRP1 and BAX in apoptosis was demonstrated using 

intracellular protein dimerization and single molecule localization microscopy (SMLM) (Jenner 

et al. 2022). The information provided by these studies on the interactions of DRP1 under the 

investigated contexts might be further validated using D7 and D63 nanotraps for IP-LC-MS 

applications. 

The subcellular location of DRP1 warrant strategic approaches in the application of DRP1-Nbs 

as tools for its characterization. Unlike Miro1 whose mitochondrial localization is clearly 

apparent, in-depth characterization of DRP1 localization may require high resolution 

microscopy such as SMLM and STORM. Unfortunately, preliminary IF studies of DRP1 were 
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not successful in this project as  D7 and D63 were not functional as affinity detection reagents. 

Notably, both Nbs were found to bind epitopes in the GED domain of DRP1 which is  known 

to prefer intramolecular interaction with the N-terminal GTPase domain (Zhu et al. 2004). It 

could be speculated that during fixation, the helical GED domain is locked in its bound state 

and epitopes are rendered inaccessible to the Nbs for binding. Since different fixation methods 

were already tested, epitope retrieval may be an alternative approach (Im et al. 2019).   

In the line with the aims of this thesis, the possibility of monitoring intracellular DRP1 dynamics 

was explored. DRP1-Nbs, D7 and D63 formatted as Cbs for intracellular expression. Though 

expression levels were high, both Cbs did not clearly relocalize to the cytosol or colocalize with 

ectopically expressed DRP1 (see Figure 39). At first, the non-overlap of the Cb and GFP-

DRP1 signals were first alluded to the high expression levels of the Cbs and the tendency of 

unbound Cbs to diffuse through nuclear pores into the nucleus thereby masking any clear 

colocalization signal. Using a previously described Antigen Mediated Chromobody 

Stabilization approach (AMCBS) (Keller et al. 2018) which utilized N-terminal ubiquitin fusions 

increase Cb turnover,  so-called turnover-accelerated versions of D7- and D63-Cbs were 

generated. However, despite lower Cbs levels, intracellular binding could not be verified by 

microscopy (data not shown). Intracellular interactions between DRP1 Cbs  and endogenous 

DRP1 was then demonstrated by IC-IP followed by western blotting. This observation suggests  

that the intracellular interactions between DRP1 Cbs and their antigen may be reduced by the 

intramolecular interactions of the involved DRP1 domains or by interactions with other proteins. 

This hypothesis is further supported by the clear binding interactions observed after cell lysis 

with detergents in the IC-IP experiment. Therefore, further tests e.g., fluorescence-two-hybrid 

(F2H) assay (Zolghadr et al. 2008) are needed to confirm intracellular interactions between 

DRP1 Cbs and their antigen. 

 

4.3 Relevance of Miro1 and DRP1-Nbs for mitochondrial research. 

Currently, the roles played by the different Miro1 domains and how they interact with other 

proteins to carry out relevant functions are not fully understood. Due to the proven ability of 

nanobodies to stabilize their antigen, they have been utilized as crystallization chaperones (De 

Genst et al. 2010; Duhoo et al. 2017; Sigoillot et al. 2019). Though, the crystal structures of 

individual Miro1 domains, the N-terminal GTPase domain (Smith et al. 2020) and the truncated 

EF-cGTPase (Klosowiak et al. 2016) have been elucidated, structural information about the 

intact Miro1 protein is still lacking. The possibility that Miro1-Nbs which bind to epitopes in the 

N- or C-terminal GTPase domain of Miro1 might be applicable for stabilizing the full-length 
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protein in structural studies therefore exists. Also, the binding of these Cbs to their specific 

Miro1 domains in live cells, shows their potential for use in the intracellular characterization of 

the C-terminal GTPase domain which is not as well studied as its N-terminal counterpart (Kay 

et al. 2018).  

The mitochondrial transport machinery is vital in many neurodegenerative disorders. Tools 

targeted towards endogenous proteins involved in this process are therefore valuable. Since 

other Nb-based imaging probes had been applied for the detection of other intracellular 

proteins using stochastic optical reconstruction microscopy (STORM) (Traenkle and 

Rothbauer 2017; Virant et al. 2018), the fluorophore conjugated bivM114 can be similarly 

applied in PD studies for advanced imaging of Miro1. Nb-based Ca2+ sensors have been 

applied for monitoring cytosolic and mitochondrial calcium signaling (Prole and Taylor 2019) 

providing a proof of principle for the application of intracellularly functional Nbs as tools to test 

the role of Miro1 in Ca2+ signalling.  

The targeted degradation of Miro1 holds great benefit since it has been shown that molecular 

failure in Miro1 clearance hampers mitophagy and is implicated in familial and sporadic 

Parkinson’s disease (Hsieh et al. 2016).  Currently, CRISPR and RNAi approaches are 

employed to knock down endogenous Miro1 in loss-of-function studies. However, apart from 

the inherent limitations of each approach, both methods lead to complete loss of Miro1 thereby 

disrupting mitochondrial homeostasis (López-Doménech et al. 2016; López-Doménech et al. 

2021). For this reason, the Nb-based degrons are alternative tools for targeted Miro1 depletion 

and they could also be engineered for inducible expression. 

Though the DRP1-Nbs selected in this study require more extensive study and optimization, 

the data obtained from their initial applications indicate that they are effective tools for the 

proteomic study of DRP1. In addition to the available structural data on DRP1 domains  

(Fröhlich et al. 2013), the influence of the interactions between DRP1-Nbs and the GED 

domain on DRP1 self-assembly need to be explored by in vitro and intracellular assays. The 

s-nitrosylation of DRP1 at a residue in the GED domain (Cys644) has been linked to damage 

in Huntington’s disease patient-derived neurons (Haun et al. 2013). Therefore, the selected 

DRP1-Nbs targeting this domain are potential tools useful for further investigations . 
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4.4 Conclusions and Outlook 

In this dissertation, 7 Miro1-specific and 2 DRP1-specific Nbs have been generated. 

Biochemical and functional characterization of these novel Nbs revealed high affinity binding 

in the nanomolar range as well as domain-specific binding within their respective antigens. The 

Nbs were functionalized as affinity reagents using chemical and site-specific chemo-enzymatic 

labelling approaches for IP and IF applications. As a further step to optimize binding and 

functionality, bivalent Miro1-Nbs were developed which showed improved performance 

compared to their monovalent formats in IP-LC-MS and IF applications. Intracellularly 

functional Miro1 and DRP1-Nbs were reformatted into Cbs for live cell imaging, however, they  

were not applicable for the tracing of their endogenous targets. Lastly, the selected 

degradation of endogenous and exogenous Miro1 was demonstrated using Miro1 Nb-based 

degrons developed in this study.  

Since DRP1 nanotraps were identified as potential tools for the characterization of the DRP1 

interactome in this dissertation, they could be further applied for the MS-based investigation of 

DRP1 interactors in relevant disease models especially during apoptosis. 

One major aim that was not achieved in this dissertation was the visualization of endogenous 

Miro1 and DRP1 using Cbs.  In the case of Miro1, the selected monovalent Miro1 Cbs did not 

clearly colocalize with endogenous Miro1 at mitochondrial structures. Therefore, the 

application of bivalent Miro1 Cbs might show improved intracellular binding to the endogenous 

antigen. For the visualization of endogenous DRP1 using Cbs, it might be advantageous to 

design a new biopanning campaign to screen the DRP1 Nb-phage library for Nbs which can 

clearly localize to DRP1 within the cellular environment. Such studies have been documented 

(Matz et al. 2014; Bery et al. 2019).  

Further applications of the fluorescently labelled bivM114 as an affinity detection reagent for the 

super resolution imaging of Miro1 in relevant neurodegenerative disease models are also 

indicated. Additionally, it could also serve as a useful probe in the study of Miro1 functions in 

the intercellular mitochondrial transport occurring in stressed and damaged tissues (Liu et al. 

2021).   
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