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Abstract 25 

The mitochondrial outer membrane (MOM)-anchored GTPase Miro1, is a central player in 26 

mitochondrial transport and homeostasis. The dysregulation of Miro1 in amyotrophic lateral 27 

sclerosis (ALS) and Parkinson's disease (PD) suggests that Miro1 may be a potential 28 

biomarker or drug target in neuronal disorders. However, the molecular functionality of Miro1 29 

under (patho-) physiological conditions is poorly known. For a more comprehensive 30 

understanding of the molecular functions of Miro1, we have developed Miro1-specific 31 

nanobodies (Nbs) as novel research tools. We identified seven Nbs that bind either the N- or 32 

C-terminal GTPase domain of Miro1 and demonstrate their application as research tools for 33 

proteomic and imaging approaches. To visualize the dynamics of Miro1 in real time, we 34 

selected intracellularly functional Nbs, which we reformatted into chromobodies (Cbs) for time-35 

lapse imaging of Miro1. By genetic fusion to an Fbox domain, these Nbs were further converted 36 

into Miro1-specific degrons and applied for targeted degradation of Miro1 in live cells. In 37 

summary, this study presents a collection of novel Nbs that serve as a toolkit for advanced 38 

biochemical and intracellular studies and modulations of Miro1, thereby contributing to the 39 

understanding of the functional role of Miro1 in disease-derived model systems. 40 

  41 
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Introduction 42 

Neurodegenerative disorders including Alzheimer’s disease, Parkinsons’s disease (PD) and 43 

amyotrophic lateral sclerosis (ALS) pose a major public health challenge especially in societies 44 

with a rapidly aging population. Due to the fundamental role of mitochondria in energy 45 

production, calcium homeostasis, reactive oxygen species (ROS) formation, and initiation of 46 

apoptosis [1], pathological mitochondrial morphologies and a dysfunctional quality control are 47 

among the main drivers in the development and progression of neurodegeneration [2, 3]. 48 

Within cells, mitochondria are continuously transported along actin- and microtubule-based 49 

cytoskeletal pathways to areas in demand of ATP supply or calcium buffering [4, 5]. 50 

Microtubule-based transport is effected by the motor proteins kinesins and dyneins in 51 

anterograde and retrograde directions, respectively [6]. Miro1, a member of the Rho GTPase 52 

family, which is mainly located on the surface of the mitochondrial outer membrane (MOM) [7-53 

9], acts as an adaptor to tether motor complexes to mitochondria. Structurally, Miro1 is 54 

composed of two distinct N- and C-terminally located GTPase domains flanking a pair of 55 

calcium ion (Ca2+) binding EF-hands and a C-terminal transmembrane domain anchored in the 56 

MOM [10, 11]. By its cytoplasmic domains, Miro1 interacts with the adaptor proteins TRAK1 57 

and TRAK2 [11], which recruit the motor proteins kinesin-1 (KIF5B) and dynein/dynactin to 58 

facilitate mitochondrial transport along microtubules [12, 13]. This motor/adaptor complex is 59 

regulated by Ca2+ levels. At high concentrations, Ca2+ arrests mitochondrial transport by 60 

binding to the EF hand domains of Miro1, causing the motor complex to detach from the 61 

organelle [14-17]. Similarly, Miro1 interacts with Cenp-F for cell cycle-dependent distribution 62 

of mitochondria during cytokinesis [18, 19], and overexpression of Miro1 was shown to 63 

enhance intercellular transfer of mitochondria from mesenchymal stem cells to stressed 64 

epithelial cells [20, 21]. Besides mitochondria, Miro1 was also shown to play an important role 65 

in peroxisomal transport [19, 22]. 66 

Additionally, Miro1 is a known substrate of the mitophagy-associated PINK1/Parkin quality 67 

control system [23] and impaired Miro1 ubiquitination has been recently linked to Parkin 68 

mutants found in Parkinson’s disease (PD) patients and in fibroblasts from an at-risk cohort 69 
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[24, 25]. This was further confirmed by the identification of mutations in the Miro1 gene RHOT1 70 

causing an altered mitophagy response [26, 27]. Although not yet demonstrated at the 71 

molecular level, dysregulated cellular levels of Miro1 have been described in ALS animal 72 

models and in patients [28, 29]. These results, in combination with recent data describing 73 

aberrant peroxisomal metabolism in PD patients [27, 30], strongly suggest a multifactorial link 74 

between Miro1 and neurological diseases. Consequently, Miro1 is considered as an emerging 75 

biomarker and potential drug target in neuropathology [25, 31].  76 

Despite previously conducted in vitro and in vivo studies on Miro1, detailed information about 77 

its structure-related function and cellular dynamics are still lacking [32]. This can be partially 78 

attributed to a limited availability of research tools to appropriately study Miro1. Most analyses 79 

rely on ectopic expression of fluorescent fusion constructs or epitope-tagged Miro1 [10, 11, 18, 80 

19, 33]. On the other hand, only a limited number of Miro1-specific reagents such as antibodies 81 

are available to visualize and study endogenous Miro1.  82 

Single-domain antibody fragments, also known as nanobodies (Nbs), derived from heavy 83 

chain-only antibodies found in camelids [34] have been established as attractive alternatives 84 

to conventional antibodies for a multitude of biochemical assays [35-38] and advanced imaging 85 

applications (reviewed in [39-41]). Additionally, their small size, high solubility and stability 86 

qualify Nbs for intracellular expression (reviewed in [42, 43]). Intracellularly functional Nbs 87 

genetically fused to fluorescent proteins, designated as chromobodies (Cbs), have been 88 

successfully applied for tracing their target antigens in different cellular compartments as well 89 

as in whole organisms (reviewed in [39, 44]). For the generation of advanced research tools 90 

to study Miro1, we developed specific Nbs from an immunized library. Following an in depth 91 

characterization of their binding properties, we selected candidates applicable as capture and 92 

detection reagents in biochemical assays, immunofluorescence staining and live-cell imaging. 93 

Additionally, we designed specific degrons for selective degradation of Miro1 within living cells. 94 

Based on our results, we propose that the presented Nb-based toolkit opens new opportunities 95 

for more comprehensive studies of Miro1 and helps to elucidate its multifaceted roles for 96 

mitochondrial malfunction in neurological disorders.   97 
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Results 98 

Identification of Miro1-specific Nbs 99 

To generate Nbs specific for human Miro1 (Miro1), we immunized an alpaca (Vicugna pacos) 100 

with recombinant Miro1 adopting a 91-day immunization protocol. After confirmation of a 101 

successful immune response in a serum ELISA (Supplementary Figure 1), we generated a 102 

phagemid library of ~1.5 × 107 clones from peripheral B lymphocytes of the immunized animal, 103 

representing the diverse repertoire of variable domains (VHHs or Nbs) of the heavy chain-only 104 

antibodies. For selection of Miro1-specific Nbs, we performed phage display using either 105 

passively adsorbed Miro1, or GFP-Miro1 from HEK293 cells with site-directed immobilization 106 

employing the GFP moiety (Supplementary Figure 2A). After two and three rounds of 107 

biopanning against Miro1 or GFP-Miro1, we analysed a total of 200 individual clones by phage 108 

ELISA and identified 42 positive binders (Supplementary Figure 2B, C). Sequence analysis 109 

revealed seven unique Nbs with highly diverse complementarity determining regions (CDR) 3 110 

(Figure 1A). For further analysis, Miro1-Nbs were produced with a C-terminal His6 tag in 111 

Escherichia coli (E.coli) and purified via immobilized metal ion affinity chromatography (IMAC) 112 

followed by size exclusion chromatography (SEC) (Figure 1B). Binding affinities were 113 

assessed by biolayer interferometry (BLI) for which we immobilized biotinylated Nbs on 114 

streptavidin (SA) biosensors and measured their binding kinetics by loading different 115 

concentrations of Miro1. Our results showed that all seven Nbs bind Miro1 with high affinities 116 

in the low nanomolar range with KD values ranging from 1.9 to 29.5 nM (Figure 1C, Table 1, 117 

Supplementary Figure 3A-F). 118 

 119 

Immobilized Miro1-Nbs specifically precipitate Miro1  120 

Considering that a variety of Nbs covalently immobilized to solid matrices such as agarose 121 

particles have been applied as pulldown reagents to capture their antigens [35, 45, 46], we 122 

used this approach to investigate the functionality of Miro1-Nb candidates for 123 

immunoprecipitation (IP). We chemically coupled Miro1-Nbs to N-hydroxysuccinimide (NHS)-124 

activated agarose particles thereby generating Miro1-nanotraps. First, these nanotraps were 125 
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incubated with the soluble fraction of cell lysates derived from HEK293 cells expressing GFP-126 

Miro1 or GFP as control. Immunoblot analysis of input and bound fractions revealed that all 127 

Miro1-nanotraps except M11 and M85 efficiently precipitated GFP-Miro1, with M114 and M119 128 

exhibiting the highest pulldown efficiencies comparable to the commercially available high-129 

affinity GFP nanotrap [35] (ChromoTek) (Figure 2A). Notably, none of the tested nanotraps 130 

showed unspecific binding to GFP or GAPDH used as an endogenous control (Figure 2A, 131 

Supplementary Figure 4). Next, we investigated the potential of the nanotraps to precipitate 132 

endogenous Miro1 from soluble HEK293 protein extracts. Immunoblot analysis revealed Miro1 133 

in the bound fractions of M41, M114, M119 and M189. The levels of precipitated Miro1 were 134 

comparable or slightly higher to those obtained with a conventional anti-Miro1 antibody, while 135 

no unspecific binding of Miro1 to a nanotrap displaying a non-related Nb was detected (Figure 136 

2B). Because we generally observed rather low levels of endogenous Miro1, we tested 137 

different cell types such as U2OS or HeLa cells, different lysis conditions, or the use of different 138 

Miro1-specific antibodies for detection (Supplementary Figure 5). From these results it can 139 

be concluded that only minor fractions of endogenous Miro1 are released under non-140 

denaturing lysis conditions, making it difficult to study Miro1 regardless of the capturing reagent 141 

used.  142 

 143 

Immunofluorescence studies with Miro1-Nbs 144 

For a second functional testing, we examined the performance of Miro1-Nbs in 145 

immunofluorescence (IF). Therefore we applied the Nbs as primary binding molecules in 146 

combination with fluorescently labelled anti-VHH antibodies in fixed and permeabilized HeLa 147 

cells transiently expressing GFP-Miro1. Interestingly, Nbs M11 and M25, which did not capture 148 

Miro1 by immunoprecipitation showed a clear co-localization with GFP-Miro1 at mitochondrial 149 

structures. With M41-Nb, we identified one candidate which displayed functionality in both 150 

assay types (Figure 2C). Taken together, our data from IP and IF analysis showed the 151 

identified Miro1-Nb candidates have the potential to capture and detect their antigen in vitro. 152 

 153 
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Selected Miro1-Nbs bind different domains of Miro1 154 

To generate well-characterized binders, detailed knowledge of their recognized epitopes or 155 

domains is mandatory. Considering that Nbs preferentially bind conformational epitopes [47, 156 

48], we performed domain mapping to identify the binding regions recognized by our Miro1-157 

Nbs. Therefore, we generated a series of Miro1 domain deletion constructs fused C-terminally 158 

to GFP (Figure 3A) and performed pulldown studies upon expression of these deletion 159 

constructs in HEK293 cells as described above. Analysis of the bound fractions revealed that 160 

M11, M41, M85, M114 and M189 specifically recognize epitopes within the C-terminal GTPase 161 

domain while M25 addresses an epitope spanning the N-terminal GTPase in combination with 162 

the EF-hand domains. For M119, we observed interactions involving regions of the EF hands 163 

as well as the C-terminal GTPase domains (Figure 3B).  164 

 165 

Optimized, bivalent Nbs show improved capture and detection of Miro1  166 

With M41- and M114-Nb we identified two candidates that have high affinities, are devoid of 167 

additional disulfide bonds and tested positive in IP and/ or IF detection of Miro1. In the 168 

monovalent format, however, both Nbs bind only small amounts of Miro1. To improve their 169 

binding performance, we genetically fused the coding sequences of two M41- or two M114-170 

Nbs head-to-tail, inserting a flexible Gly-Ser linker ((G4S)4) of 20 amino acids and generated a 171 

bivalent M41-Nb (bivM41) and a bivalent M114-Nb (bivM114). Following production and 172 

purification from mammalian cells (Supplementary Figure 6A), we analyzed their binding 173 

kinetics by BLI measurements showing similar or slightly improved affinities (Supplementary 174 

Figure 6B). To avoid potential reduction in binding due to nonspecific modification of lysine 175 

residues by NHS-based coupling, we changed to a site-specific functionalization strategy. 176 

Thus, we introduced an azide-modified peptide at the C-terminus of the bivalent Nbs via 177 

chemoenzymatic sortagging [49, 50] followed by click-chemistry addition of a 178 

dibenzocyclooctyne (DBCO) derivate. This enabled us to flexibly conjugate either agarose 179 

particles or fluorescent dyes specifically to the C-terminus of the bivalent Nbs [51]. With this 180 
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approach, we converted bivM41 and bivM114 into fluorescently labeled bivalent imaging probes 181 

and nanotraps, which we further tested in their respective applications.  182 

First, we performed IF staining of GFP-Miro1 expressing HeLa cells with either the monovalent 183 

Nbs, which were chemically coupled to AlexaFluor (AF) 647 (M41647_NHS; M114647_NHS) or the 184 

bivalent formats, which were C-terminally conjugated to AF647 (bivM41647_sort; bivM114647_sort). 185 

For bivM41647_sort, image analysis showed a significantly improved staining and a crisp overlap 186 

of the GFP-Miro1 and Nb signal at mitochondrial structures compared to the monovalent 187 

version. For M114-Nb, for which no Miro1 was detectable with the monovalent version, 188 

mitochondrial structures became visible once this Nb was applied in the bivalent format. 189 

Notably, when tested for detection of endogenous Miro1 in HeLa cells, bivM114647_sort shows a 190 

strong mitochondrial staining comparable to the conventional Miro1 antibody (Figure 4). 191 

Next, we tested the different nanotraps to pull down endogenous Miro1. Comparative 192 

immunoprecipitation of endogenous Miro1 from lysates of HEK293 cells using either the 193 

chemically immobilized monovalent nanotraps (M41NHS; M114NHS) or the site-directed modified 194 

versions (bivM41sort; bivM114sort) revealed a considerably increased accumulation of 195 

endogenous Miro1 after pulldown with bivM41sort and also slightly higher enrichment for 196 

bivM114sort. Notably, in both cases the amount of precipitated Miro1 was higher compared with 197 

the conventional Miro1 antibody used as a positive control (Figure 5A). For a more detailed 198 

analysis, we continued and performed an in-depth comparison of the mono- and bivalent 199 

nanotraps (M41NHS; M114NHS and bivM41sort; bivM114sort) using mass-spectrometry analysis to 200 

evaluate their potential use in protein interaction studies. In total, three technical replicates for 201 

each nanotrap were performed, with equal cell number as input material, which allowed us to 202 

apply label-free quantification. Initially, we validated the reproducibility between replicates, 203 

which showed a Spearman rank correlation close to one (Supplementary Figure 7A). 204 

Correlation was lower between the different monovalent or bivalent nanotraps, suggesting a 205 

difference in their performance. These findings were further supported by principal component 206 

analysis (PCA), for which we observed that ~66% of the sample variance can be explained in 207 

the first component by the two different nanotrap formats used (Supplementary Figure 7B). 208 
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Next, we analysed the efficiency of each nanotrap to capture endogenous Miro1. Sequence 209 

alignment analysis of the eight annotated Miro1 isoforms showed a high level of sequence 210 

identity between isoforms (data not shown). In total, 31 “razor” peptides were identified for 211 

Miro1 isoform 3 and 30 peptides, including one unique peptide, for isoform 2 (Supplementary 212 

Figure 7C). Both bivalent nanotraps, as well as the M114NHS nanotrap, were able to capture 213 

isoform 2 in addition to isoform 3. Notably, bivalent nanotraps allowed for the identification of 214 

more Miro1 peptides compared to their monovalent formats, which is also reflected by the 215 

higher Miro1 sequence coverage (Supplementary Figure 7D). We validated the enrichment 216 

efficiency of Miro1 capture based on intensity based absolute quantification (iBAQ) (Figure 217 

5B). Overall, we detected a higher background for bivalent nanotraps of up to 1,760 proteins, 218 

which is comparable to the controls. Despite the high background, the highest level of Miro1 219 

isoform 3 and 2 was detected for both bivalent nanotraps. While the M41NHS nanotrap showed 220 

comparable levels of Miro1 as the controls, M114NHS as well as the bivalent nanotraps all 221 

showed an increased Miro1 capture. Finally, we classified known Miro1 interactors (based on 222 

STRING database annotation), by their direct or indirect interaction with Miro1 in combination 223 

with the confidence score. While all nanotraps showed a clear enrichment of Miro1, in 224 

comparison to the control nanotraps, only the bivM114sort allowed for the enrichment of class 1 225 

interactors such as MFN2 or FKBP8 (Figure 5C).  226 

In summary, these results demonstrate how the performance of Nbs as capture and detection 227 

tools can be improved by generating bivalent binding molecules in combination with site-228 

specific functionalization. From our data we concluded that the bivalent Miro1-Nbs have a high 229 

potential as detection probes to visualize even low levels of endogenous Miro1. Similarly, the 230 

bivalent nanotraps showed an improved performance in capturing Miro1. Especially the site-231 

specifically modified bivM114-Nb might be a suitable capture reagent to be applied in future 232 

interactome studies of Miro1. 233 

  234 
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Characterization of intracellular binding of Miro1-Cbs 235 

The advantage of Cbs, defined as chimeric expression constructs comprising a Nb genetically 236 

fused to a fluorescent protein, is that they can visualize dynamic redistribution and expression 237 

levels of endogenous antigens within living cells with spatial and temporal resolution (reviewed 238 

in [44]). To analyse the functionality of selected Miro1-Nbs for intracellular targeting and tracing 239 

of Miro1 in living cells, we converted them into Cbs by fusing the Nb-coding sequences via a 240 

flexible GS linker to TagRFP. The Cb constructs were transiently expressed either alone or in 241 

combination with GFP-Miro1 in HeLa cells followed by live-cell fluorescence imaging. For 242 

M41- , M85- and M114-Cb, we observed a clear relocalization of the Cb signal to mitochondrial 243 

networks in the presence of GFP-Miro1 (Figure 6A), whereas all other Miro1-Cbs seem to lose 244 

their binding properties or could not access their epitopes within the cellular localized antigen 245 

(Supplementary Figure 8). Additionally, we examined whether the intracellular functional 246 

M41-, M85- and M114-Cb could recognize the previously identified domains of Miro1 within 247 

living cells. Thus, we expressed the Miro1 domain deletion constructs described above (Figure 248 

3A) along with the Cb constructs in HeLa cells. Subsequent cellular imaging showed that 249 

ectopic expression of the C-terminal GTPase domain of Miro1 resulted in specific relocalization 250 

of M41-, M85- and M114-Cb to the mitochondrial network, confirming our results from pulldown 251 

domain mapping for these Cbs (Supplementary Figure 9A-C). However, when we examined 252 

Cb binding to endogenous Miro1, we observed a rather diffuse cellular distribution of the Cb 253 

signal and we did not detect any characteristic mitochondrial structures as seen with an anti-254 

Miro1 antibody staining of Cb expressing cells (Supplementary Figure 9D).  255 

 256 

Visualization of compound-induced mitochondrial dynamics in living cells  257 

Our Cb-based imaging results indicated that the M114-Cb shows a slightly better intracellular 258 

binding compared to M41- and M85-Cb. Thus, we continued and investigated the utility of this 259 

Cb as an intracellular biosensor to track changes in mitochondrial morphology in living cells. 260 

For real-time analysis, U2OS cells transiently co-expressing the M114-Cb or a mito-mKate2 261 

construct and GFP-Miro1 were treated with Sorafenib or DMSO as control. Sorafenib has been 262 
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shown to induce mitochondrial fragmentation and apoptosis in a time-dependent manner [52, 263 

53]. By time-lapse imaging, we visualized changes in mitochondrial morphology within single 264 

cells over a two hour period with an imaging interval of 30 min (Figure 6B, Supplementary 265 

Figure 10). Following 30 min of Sorafenib treatment, images revealed the collapse of the 266 

mitochondrial network reflected by gradual disappearance of elongated mitochondria. After 267 

90 min, condensed mitochondrial networks were visible in the majority of treated cells. Both, 268 

the Sorafenib induced mitochondrial morphological transitions as well as normal shape 269 

changes observable in the DMSO control were successfully visualized by the M114-Cb. These 270 

results underline the applicability of the M114-Cb to monitor morphological changes of 271 

mitochondria in real time.  272 

 273 

Selective degradation of Miro1 in living cells 274 

Previously, it was reported that depletion of Miro1 by pharmacological intervention or genetic 275 

silencing rescues mitophagy activation [31]. To test whether our Nbs could also be used to 276 

induce targeted degradation of Miro1 in living cells, we engineered genetically encoded Miro1-277 

specific degrons. To this end, we fused the intracellularly functional Nbs, M41 and M114, or 278 

the GFP-Nb (GBP) as control, N-terminally to the mammalian Fbox domain to generate a 279 

specific loading platform at Miro1 for components of the mammalian E3 ligase complex, 280 

namely SKP1 and Cul1 (Figure 7A). Notably, similar approaches using other Nbs were 281 

successfully applied to induce selective protein knockdown within cells or organisms [54-58]. 282 

These Fbox-Nb constructs were cloned into mammalian expression vectors containing an 283 

independently transcribed nuclear TagRFP (TagRFP-NLS) to facilitate the identification of 284 

transfected cells in cellular imaging analysis. First, we examined whether Fbox-GBP, Fbox-285 

M41, and Fbox-M114 are functional binders and can bind transiently co-expressed GFP-Miro1 286 

in HeLa cells. A clear overlap of the Fbox-Nb signal with GFP-Miro1 after IF staining using an 287 

anti-VHH antibody showed that N-terminal fusion of the Fbox domain did not affect intracellular 288 

binding of the Nbs (Supplementary Figure 11A). Furthermore, quantification of fluorescence 289 

intensity in cells coexpressing the Fbox-Nb constructs and GFP-Miro1 revealed a ~80% 290 
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reduction of the GFP signal in cells expressing Fbox-M114, ~50% in cells expressing Fbox-291 

M41, and ~50% in cells expressing Fbox-GBP, respectively. Co-expression of a nonspecific 292 

Nb-Fbox construct (Fbox-NR) results only in a non-significant reduction in GFP-Miro1 293 

(Supplementary Figure 11B-C). Although we could not detect a clear relocalization of 294 

intracellularly expressed Nbs to endogenous Miro1 before, we continued and investigated the 295 

Fbox fusions with respect to their potential to degrade endogenous Miro1. Therefore, HeLa 296 

cells were transfected with Fbox-Nbs and cellular levels of Miro1 following 24 h of expression 297 

were monitored by quantitative IF imaging using an anti-Miro1 antibody in cells displaying a 298 

nuclear TagRFP signal. While characteristic mitochondrial structures were still observable 299 

(Figure 7B), quantification of the antibody signals in a statistically relevant number of cells 300 

(n>500 cells) showed a ~16% and ~30% decrease in the IF signal upon expression of Fbox-301 

M41 and Fbox-M114, respectively. Notably, expression of the nonspecific Fbox-NR results 302 

only in a minor reduction of less than ~4% of the Miro1 signal (Figure 7C). From these results 303 

we concluded that both specific Fbox-Nb fusion constructs can address endogenous Miro1 in 304 

live cells and induce targeted degradation of their antigen. 305 

  306 
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Discussion 307 

The emerging role of Miro1 in the development and progression of diseases, particularly 308 

neurological disorders, underscores the need for new methods and tools to study this protein 309 

in detail at the molecular level [25, 59-62]. Currently, most studies rely on expression of 310 

exogenous tagged Miro1 [18, 22, 62, 63]. However, this has been shown to affect mitochondrial 311 

morphology and transport in living cells [11] and can also lead to biases in proteomic data, for 312 

example, to elucidate potential interaction partners. To expand the ability to study Miro1 in 313 

different experimental settings, we developed a collection of Nbs, which were screened for 314 

their performance as i) affinity capture tools, ii) labelling probes for fluorescence imaging, iii) 315 

intrabodies for visualization and monitoring of Miro1 in live cells, and iv) as Miro1-specific 316 

degrons. In total, we selected seven specific binding molecules, which recognize distinct 317 

domains of Miro1 with affinities down to the low nanomolar range. These Nbs can be easily 318 

produced in high yields in bacteria and four of them were successfully functionalized by simple 319 

chemical conjugation as capture molecules to precipitate Miro1 from soluble cell lysates in the 320 

monovalent format.  321 

After determining that the identified Nbs in their monovalent format were not suitable as primary 322 

probes for visualization of endogenous Miro1, we decided to convert the most promising 323 

candidates, M41 and M114, to a bivalent format. In combination with an advanced labeling 324 

strategy using site-specific functionalization via sortase tagging in combination with click 325 

chemistry, we were able to generate highly functional capture reagents. Our mass 326 

spectrometry data indicate that these modified bivalent Miro1 nanotraps are well suited to 327 

capture different isoforms of Miro1 and thus have high potential for future interactome studies. 328 

Interestingly, only the site-directed modified bivalent M114-Nb also allowed detection of 329 

endogenous Miro1 by immunofluorescence imaging. Consistent with previous findings, this 330 

confirms the critical impact of Nb formatting and functionalization for the generation of efficient 331 

binding molecules that enable one-step detection of their antigens [50, 64, 65]. Considering 332 

that IF staining of Miro1 with these bivalent Nbs does not require a secondary antibody and 333 

thus a greater spatial proximity of the fluorophore to the target can be achieved, we assume 334 
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that especially with the bivM114-Nb, which also strongly recognizes endogenous Miro1, a 335 

promising candidate for the visualization of Miro1 has been generated. We have already 336 

developed and used such Nb-based imaging probes for the detection of endogenous vimentin 337 

using stochastic optical reconstruction microscopy (STORM) [39, 50]. Thus, we anticipate that 338 

the bivM114 can be similarly adapted for such advanced imaging techniques on more relevant 339 

cells including primary neurons or neurons derived from induced pluripotent stem cells of PD 340 

patients which might offer an unprecedented insight in the cellular localization of Miro1 in those 341 

models.  342 

Besides their application as recombinant capturing and detection tools, numerous studies 343 

reported how Nbs can be functionally expressed in the reducing milieu of living cells to visualize 344 

subcellular antigen location or to modulate their target structure and function [43, 45, 66-68]. 345 

Accordingly, with M41, M85 and M114, we identified three Nbs, which we converted into 346 

intracellularly functional Cbs to visualize Miro1 in living cells. Although, we were not able to 347 

detect endogenous Miro1 with Cbs probably due to low levels and a disperse localization of 348 

different endogenous isoforms of Miro1, these Cbs could visualize dynamic changes of 349 

exogenous Miro1 in time-lapse imaging series. From our treatment studies with Sorafenib we 350 

concluded that the Cbs are unaffected by changes in the mitochondrial membrane potential 351 

and stably bind their antigen after fixation. This might be advantageous compared to other 352 

fluorescent dyes e.g. the MitoTracker series, which bind to thiol groups within mitochondria 353 

and have been shown to be sensitive to changes in the membrane potential [69].  354 

To mimic Parkin-mediated Miro1 degradation in living cells, we decided for the application of 355 

an artificial nanobody-coupled ubiquitin ligase system. Therefore, we used the M41-Nb and 356 

M114-Nb as specific substrate recognition modules for the SKP1-Cul1-Fbox complex to 357 

mediate the selective degradation of endogenous and exogenous Miro1. It has to be noted 358 

that expression of these degrons did not result in complete depletion of endogenous Miro1. It 359 

is possible that the efficacy is due to insufficient binding of endogenous Miro1 yet, which could 360 

be further investigated e.g. by FRAP (fluorescent recovery after photobleaching) experiments 361 

[45, 70]. Alternatively, it can be speculated whether other known degron entities, such as fusion 362 
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with TRIM21 [71] or the auxin-dependent degradation system [72], might be better suited for 363 

depletion of Miro1 using the target-specific Nbs identified here. Although expression of the 364 

degron did not completely deplete endogenous Miro1, the effect was replicable and not 365 

observed in the absence of the Fbox protein or in the presence of an unrelated Nb-based 366 

degron. For functional studies, CRISPR and RNAi approaches are currently employed to knock 367 

down endogenous Miro1 in loss-of-function studies. However, apart from the inherent 368 

limitations of each approach, both methods lead to complete loss of Miro1 disrupting 369 

mitochondrial homeostasis [59, 73]. For this reason, the Nb-based degrons holds great benefit 370 

as an option for targeted Miro1 depletion. With the ongoing development of an inducible system 371 

applied in PD neuronal models, Fbox-Nb-mediated Miro1 degradation could expand the 372 

possibilities to study PD-related mitophagy impairment.  373 

In summary, this study introduces for the first time, an adaptable and flexible toolset of specific 374 

Nbs for the multi-faceted study of the mitochondrial GTPase, Miro1. In the nanotrap format, 375 

the identified Nbs are promising capture tools for the proteomic characterization of Miro1 376 

domain-dependent interactions. Conjugated to fluorophores, Nbs have a distinct potential to 377 

be applied as labelling probes for one step detection e.g. in high-resolution imaging of Miro1 378 

at mitochondria. Formatted into Cbs, formidable intracellular biosensors of Miro1 dynamics 379 

within live cells were generated. As intracellular Miro1 binding agents, the Nbs can be easily 380 

fused with different protein domains for the targeted modulation of Miro1 in live cells. The 381 

versatile applicability of our Nb set underscores its substantial potential as Miro1-specific 382 

research toolkit, and we propose that its scope will soon expand to decipher novel and/or 383 

further confirm proposed functions of Miro1 in pathophysiological relevant states.  384 
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Materials and Methods 385 

Nanobody library construction  386 

Alpaca immunization with purified Miro1 and Nb library construction were carried out as 387 

previously described [66]. Animal immunization was approved by the government of Upper 388 

Bavaria (Permit number: 55.2-1-54-2532.0-80-14). In brief, one alpaca (Vicugna pacos) was 389 

immunized with recombinant human Miro1 expressed in E.coli. After an initial priming dose of 390 

1 mg, the animal received booster injections of 0.5 mg after the 3rd, 4th, 7th and 12th week. 391 

20 mL serum samples collected after the 9th and 13th week were analysed for seroconversion. 392 

13 weeks after the initial immunization, 100 mL of blood was collected and lymphocytes were 393 

isolated by Ficoll gradient centrifugation using the Lymphocyte Separation Medium (PAA 394 

Laboratories GmbH). Total RNA was extracted using TRIzol (Life Technologies) and mRNA 395 

was reverse transcribed to cDNA using a First-Strand cDNA Synthesis Kit (GE Healthcare). 396 

The Nb repertoire was isolated in 3 nested PCR reactions using following primer combinations: 397 

(i) CALL001 and CALL002, (ii) forward primer set FR1-1, FR1-2, FR1-3, FR1-4 and reverse 398 

primer CALL002, and (iii) forward primer FR1-ext1 and FR1-ext2 and reverse primer set FR4-399 

1, FR4-2, FR4-3, FR4-4, FR4-5 and FR4-6 introducing SfiI and NotI restriction sites. The 400 

sequences of all primers used in this study are shown in Supplementary Table 1. The Nb 401 

library was subcloned into the SfiI/ NotI sites of the pHEN4 phagemid vector [74]. 402 

 403 

Nanobody screening  404 

For the selection of Miro1-specific Nbs, two and three consecutive phage enrichment rounds 405 

were performed either with recombinant Miro1 immobilized on NuncTM ImmunoTM MaxiSorpTM 406 

tubes (Thermo Scientific) or HEK293-expressed GFP-Miro1 immobilized on ChromoTek GFP-407 

Trap® Multiwell plate (Proteintech). To generate Nb-presenting phages, E.coli TG1 cells 408 

comprising the Miro1-Nb library in pHEN4 vector were infected with the M13K07 helper phage. 409 

. 1 x 1011 phages, prepared from culture supernatant by PEG precipitation, were used for each 410 

panning process. Extensive blocking of antigen and phages was performed in each selection 411 

round with 5% milk or BSA in PBST (PBS, 0.05% Tween 20, pH 7.4) [48]. 412 
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For the selection process using recombinant Miro1, phages were first applied on immunotubes 413 

coated with GFP (10 µg/mL) to deplete non-specific binders and then transferred to 414 

immunotubes either coated with Miro1 (10 µg/mL) or GFP (10 µg/mL) as non-related antigen. 415 

Incubation steps were performed at RT for 2 h. Washing stringency was increased for each 416 

selection round. Bound phages were eluted in 100 mM triethylamine (pH 12.0), followed by 417 

immediate neutralization with 1 M Tris/HCl pH 7.4. For the panning process using GFP-Miro1, 418 

2 × 107 HEK293 cells transiently expressing GFP-Miro1 or GFP were harvested and lysed as 419 

previously described [75]. GFP-Miro1 and GFP were immobilized respectively on GFP-Trap® 420 

Multiwell plates according to manufacturer’s protocol. To deplete GFP-specific binding 421 

molecules, phages were first applied into wells displaying GFP and then transferred into wells 422 

with immobilized GFP-Miro1. All incubation steps of three consecutive selection rounds were 423 

performed at 4 °C for 2 h under constant mixing. Washing and elution steps were carried out 424 

equally as described above. After each panning round exponentially growing E.coli TG1 cells 425 

were infected with eluted phages and spread on selection plates to rescue phagemids. 426 

Antigen-specific enrichment for each round was monitored by counting colony forming unit 427 

(CFUs). Following panning, 100 individual clones from both panning strategies were screened 428 

by phage ELISA procedures using immobilized Miro1 or GFP-Miro1 as antigen and GFP as 429 

control. Bound phages were detected using a horseradish peroxidase-labeled anti-M13 430 

monoclonal antibody (GE Healthcare) and Thermo ScientificTM 1-StepTM Ultra TMB solution. 431 

 432 

Expression Plasmids 433 

For the bacterial expression, Nb sequences were cloned into the pHEN6C vector [35], thereby 434 

adding a C-terminal sortase tag (LPETG) followed by a His6 tag for IMAC purification as 435 

described previously [50]. For mammalian expression, the coding sequence for bivM41 was 436 

produced by gene synthesis (Thermo Fisher Scientific) and cloned into the pCDNA3.4 437 

expression vector downstream of an N-terminal signal peptide (MGWTLVFLFLLSVTAGVHS) 438 

for secretion using restriction enzymes XbaI and AgeI sites. bivM114 was generated by insertion 439 

of two coding sequences of M114 into the pCDNA3.4 expression vector in three steps: first, 440 
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M114 sequence was amplified in two separate PCRs using primer sets bivM114GA-for, 441 

nterm1273_rev and bivM114GA2_for, downEcoRI_rev; second, both amplicons were then 442 

fused by overlap-extension PCR with additional use of primers bivM114FPCR_for and 443 

bivM114FPCR_rev; third, the resulting sequence was cloned into Esp3I- and EcoRI- digested 444 

pCDNA3.4 expression vector by Gibson assembly according to the manufacturer’s protocol. 445 

To generate Miro1-Cbs, Nb sequences were genetically fused with TagRFP by ligation into 446 

BglII- and BstEII-sitesof the plasmid previously described as PCNA-chromobody [70]. The 447 

expression construct for GFP-Miro1 was generated by Gibson assembly cloning [76] of three 448 

fragments: the pEGFP-N1 vector (Takara Bio) backbone, amplified with the primer set 449 

vectorGA_for and vectorGA_rev and the cDNA of human Miro1 isoform 1 (UniProtKB Q8IXI2-450 

1), amplified in two fragments from the Miro1-V5-HisA plasmid, a gift from Julia Fitzgerald [26] 451 

using the primer set Miro1fragA_for and Miro1fragA_rev and primer set Miro1fragB_for and 452 

Miro1fragB_rev respectively. Miro1 domain deletion constructs for mammalian expression 453 

were cloned from the GFP-Miro1 expression plasmid generated in this study. Respective 454 

domains and vector backbone were amplified by PCR using the following primer sets: 455 

nGTP_for and nGTP_rev for eGFP-nGTPase-TMD; nGTP_for and nGTPEF2_rev for eGFP-456 

nGTPase-EF1-EF2-TMD, ∆nGTP_for and ∆nGTP_rev for eGFP-EF1-EF2-TMD. Amplicons 457 

comprising additional terminal KpnI recognition sites were purified, digested with KpnI/DpnI 458 

and intramolecular re-ligated according to standard protocols. The eGFP-cGTPase-TMD 459 

expression plasmid was generated by site directed mutagenesis with the primers, cGTP_for 460 

and cGTP_rev using the Q5 Site-Directed Mutagenesis Kit (New England Biolabs) according 461 

to the manufacturer´s protocol. The mammalian expression construct for GFP was previously 462 

described [46]. For molecular cloning of the mammalian expression vector 463 

pcDNA3_Fbox-Nb-IRES-tRFP-NLS, DNA assembly of the following three fragments was 464 

performed. Fragment 1 - the complete sequence of plasmid pcDNA3_NSlmb-vhhGFP4, a gift 465 

from Markus Affolter (Addgene plasmid #35579) [56] amplified by PCR using primers 466 

NM95_for and NM95_rev; fragment 2- theIRES sequence, amplified by PCR from a pcDNA3.1 467 

vector variant, pcDNA3.1(+)IRES-GFP, a gift from Kathleen_L Collins (Addgene plasmid 468 
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#51406) with primers frag2IRES_for and frag2IRES_rev and fragment 3, generated in two 469 

steps. First, an NLS sequence was inserted downstream of the TagRFP sequence in the Cb 470 

expression vector described above with primers nls-insert_for and nls-insert_rev using the Q5 471 

Site-Directed Mutagenesis Kit (NEB) and the resulting plasmid was used as a template to 472 

subsequently amplify the TagRFP-NLS sequence using the primers frag3-tRFP-nls_for and 473 

frag3-tRFP-nls_rev. Fragment assembly was carried out using NEBuilder HiFi DNA assembly 474 

Master Mix (New England Biolabs) according to manufacturer´s protocol. In the resulting 475 

pcDNA3_Fbox-Nb-IRES-tRFP-NLS plasmid the GFP-Nb (vhhGFP4) was replaced by Miro1-476 

Nbs using BamHI and BstEII restriction sites. All generated expression constructs were 477 

sequence analyzed after cloning. For fluorescent labeling of mitochondria in living cells, the 478 

mammalian expression vector pmKate2-mito (Evrogen plasmid #FP187) was used.  479 

 480 

Protein expression and Purification 481 

Miro1-Nbs were expressed and purified as previously described [44, 45]. Bivalent Nbs were 482 

expressed using the ExpiCHO™ system (Thermo Fisher Scientific) according to the 483 

manufacturer’s protocol. For quality control, all purified proteins were analyzed by SDS-PAGE 484 

according to standard procedures. Protein samples were denatured (5 min, 95 °C) in 2x SDS-485 

sample buffer containing 60 mM Tris/HCl, pH 6.8; 2% (w/v) SDS; 5% (v/v) 2-mercaptoethanol, 486 

10% (v/v) glycerol, 0.02% bromphenol blue prior to analysis. All proteins were visualized by 487 

InstantBlue Coomassie (Expedeon) staining. For immunoblotting, proteins were transferred to 488 

nitrocellulose membrane (GE Healthcare) and detection was performed using anti-His primary 489 

antibody (Penta-His Antibody, #34660, Qiagen) followed by donkey-anti-mouse secondary 490 

antibody labeled with AlexaFluor647 (Invitrogen). A Typhoon Trio scanner (GE-Healthcare, 491 

excitation 633 nm, emission filter settings 670 nm BP 30) was used for the readout of 492 

fluorescence signals. 493 

 494 

Affinity measurements by biolayer interferometry (BLI) 495 
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Analysis of binding kinetics of Miro1-specific Nbs was performed using the Octet RED96e 496 

system (Sartorius) according to the manufacturer’s recommendations. In brief, 2 - 10 µg/mL 497 

solution of biotinylated Miro1-Nbs diluted in Octet buffer (HEPES, 0.1% BSA) was used for 498 

40 s to immobilize the Nb on streptavidin coated biosensor tips (SA, Sartorius). In the 499 

association step, a dilution series of Miro1 ranging from 3.9 nM - 1 µM were reacted for 300 s 500 

followed by dissociation in Octet buffer for 720 s. Every run was normalized to a reference run 501 

using Octet buffer for association. Data were analyzed using the Octet Data Analysis HT 12.0 502 

software applying the 1:1 ligand-binding model and global fitting.  503 

 504 

Cell culture, transfections and compound treatment 505 

HEK293 and U2OS cells were obtained from ATCC (CRL3216, HTB-96), HeLa Kyoto cell line, 506 

(Cellosaurus no. CVCL_1922) was obtained from S. Narumiya (Kyoto University, Japan) and 507 

HAP1 cells were obtained from Horizon Discovery (UK, catalog number C631). The cell lines 508 

were tested for mycoplasma using the PCR mycoplasma kit Venor GeM Classic (Minerva 509 

Biolabs, Berlin, Germany) and the Taq DNA polymerase (Minerva Biolabs). Since this study 510 

does not include cell line-specific analysis, cell lines were used without additional 511 

authentication. Cell lines were cultured according to standard protocols. Briefly, growth media 512 

containing DMEM (high glucose, pyruvate, with GlutaMAX™, Thermo Fisher Scientific) 513 

supplemented with 10% (v/v) fetal calf serum (FCS, Thermo Fisher Scientific) and 1% (v/v) 514 

penicillin/streptomycin (Thermo Fisher Scientific) was used for cultivation. Cells were routinely 515 

passaged using 0.05% trypsin–EDTA (Thermo Fisher Scientific) and were cultivated at 37 °C 516 

in a humidified chamber with a 5% CO2 atmosphere. Transient transfection of U2OS and HeLa 517 

Kyoto cells with Lipofectamine 2000 (Thermo Fisher Scientific) was carried out according to 518 

manufacturer’s instruction. HEK293 cells were transfected with Polyethyleneimine (PEI, Sigma 519 

Aldrich) as previously described [46, 77].Compound treatment was done with 10 µM Sorafenib 520 

tosylate (Sellekchem) for up to 2 h. 521 

 522 

Nanobody immobilization on NHS-Sepharose matrix 523 
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2 mL of purified Miro1-Nbs at 1 mg/mL concentration in phosphate-buffered saline (PBS) were 524 

immobilized on 1 mL NHS-Sepharose (GE-Healthcare) according to the manufacturer’s 525 

protocol. 526 

 527 

Sortase labelling of Nanobodies 528 

Sortase A pentamutant (eSrtA) in pET29 expression vector, a gift from David Liu (Addgene 529 

plasmid # 75144) was expressed and purified as described [78]. The substrate peptide H-Gly-530 

Gly-Gly-propyl-azide (sortase substrate) was custom synthesized by Intavis AG. For sortase 531 

labelling, 50 μM Nb, 250 μM sortase substrate peptide dissolved in sortase buffer (50 mM Tris, 532 

pH 7.5, and 150 mM NaCl) and 10 μM sortase were mixed in coupling buffer (sortase buffer 533 

with 10 mM CaCl2) and incubated for 4 h at 4 °C. Uncoupled Nb and sortase were depleted by 534 

IMAC. Unbound excess of unreacted peptide was removed using Zeba Spin Desalting 535 

Columns (ThermoFisher Scientific). Azide-coupled Nbs were then labelled by SPAAC (strain-536 

promoted azide-alkyne cycloaddition) click chemistry reaction with 2-fold molar excess of 537 

Alexa-Fluor conjugated dibenzocyclooctyne (DBCO-AF647, Jena Bioscience) for 2 h at 25 °C. 538 

For generation of the bivalent nanotraps, 1 mg of azide coupled bivalent Nb was incubated 539 

with 0.5 mL DBCO-Agarose (Jena Bioscience) slurry for 4 h at 25 °C. The beads were 540 

centrifuged at 2700 x g for 2 min and the supernatant was removed. Samples of the input and 541 

flow-through fractions were analysed by SDS-PAGE according to standard protocol. The 542 

Nb-coupled beads were washed thrice with 2.5 mL PBS and stored in 1 mL PBS.  543 

 544 

Immunoprecipitation 545 

3 x 106 HEK 293 cells were seeded in 100 mm culture dishes (Corning) and cultivated for 24 h. 546 

For the pulldown of endogenous Miro1, the cells were harvested and lysed after 24 h. For the 547 

pulldown of GFP-Miro1 or GFP, the cells were subjected to plasmid DNA transfection with 548 

equal amounts of expression vectors and cultivated for 24 h. Subsequently, cells were washed 549 

in PBS (pH 7.4) and harvested, snap-frozen in liquid nitrogen, stored at -20 °C or thawed for 550 

immediate use. Cell pellets were homogenized in 200 µL lysis buffer (50 mM Tris/HCl pH 7.5, 551 
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150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM PMSF, 1 µg/mL DNaseI, 2.5 mM MgCl2, 552 

1 x protease inhibitor cocktail (Serva)) by passing through needles of decreasing gauge and 553 

intermittent vortexing for 60 min on ice. Lysates were clarified by subsequent centrifugation at 554 

18,000 x g for 15 min at 4 °C. The supernatant was adjusted with dilution buffer (50 mM 555 

Tris/HCl ,150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF) to 500 µL. 5 μL (1%) was added to 2 x 556 

SDS-containing sample buffer (60 mM Tris/HCl, 2% (w/v) SDS, 5% (v/v) 2-mercaptoethanol, 557 

10% (v/v) glycerol, 0.02% bromphenol blue; referred to as input). For immunoprecipitation, 40 558 

– 80 μl of sepharose-coupled Miro1 Nbs (nanotraps) were added to the protein solution and 559 

incubated for 16 h on an end over end rotor at 4 °C. As a positive control, 2.5 µg of rabbit anti-560 

Miro1 antibody (# PA5-42646, ThermoFisher) was added to the protein solution and incubated 561 

under the same conditions. For pulldown of immunocomplexes, 40 μl of an equilibrated mixture 562 

of protein A/G-Sepharose (Amersham Biosciences) were added, and incubation continued for 563 

4 h. As a negative control, a non-related Nb (PepNb) immobilized on sepharose beads was 564 

used. After centrifugation (2 min, 2700 x g, 4 °C) supernatant was removed and the bead pellet 565 

was washed three times in 0.5 mL dilution buffer. On the third wash, the beads were 566 

transferred to a pre-cooled 1.5 mL tube (Eppendorf), resuspended in 2 x SDS-containing 567 

sample buffer and boiled for 10 min at 95 °C. Samples (1% input, 20% bound) were analysed 568 

by SDS-PAGE followed by Western blotting according to standard procedures. Immunoblots 569 

were probed with the following primary antibodies: anti-Miro1 (clone 4H4, Sigma-Aldrich), anti-570 

GFP (clone 3H9, ChromoTek) and anti-GAPDH (Santa Cruz) antibody as a negative control 571 

to detect unspecific binding to the nanotraps. Full scans of western blots from all 572 

immunoprecipitation experiments are included in Supplementary Figure 12. 573 

 574 

Immunofluorescence 575 

HeLa cells were seeded at 1 x 104 per well in  μClear 96 well plates (Greiner). Next day, the 576 

cells were transfected with plasmids coding for GFP-Miro1 or a GFP-tagged non-related 577 

protein. 24 h post transfection, the cells were washed twice with PBS and fixed with 4% (w/v) 578 

paraformaldehyde (PFA) in PBS for 10 min at RT and blocked with 5% BSA in TBST for 30 min 579 
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at RT. Incubation with purified Miro1 Nbs or AF647 conjugated Nbs (100 – 200 nM in 5% BSA 580 

in TBST) or rabbit anti-Miro1 antibody (# NBP1-89011, Novus Biologicals) was performed 581 

overnight at 4 °C. Unbound nanobodies were removed by three washing steps with TBST. 582 

Unlabelled Miro1 Nbs were detected by addition of a Cy5-conjugated Goat Anti-Alpaca IgG 583 

(Jackson Immunoresearch) according to manufacturer’s guidelines. For Miro1 antibody 584 

detection, an AF647 conjugated goat anti-rabbit secondary antibody (Invitrogen) was used. 585 

Nuclei were subsequently stained with 4’, 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) 586 

and images were acquired immediately afterwards with an ImageXpress™ Micro Confocal 587 

High Content Screening system (Molecular Devices) at 40x magnification. 588 

 589 

Liquid chromatography-MS analysis 590 

Miro1 pull-down samples, by application of the mono- and bivalent M41 and M114 nanotraps, 591 

were compared to control nanotraps in three technical replicates. Proteins were purified by 592 

SDS- PAGE (4-12% NuPAGE tris gel (Invitrogen) for 7 min at 200 V. Coomassie stained 593 

protein gel pieces were excised and applied to tryptic digestion as described previously [79]. 594 

Samples were measured on an Exploris480 mass spectrometer (Thermo Fisher Scientific) 595 

online-coupled to an Easy-nLC 1200 UHPLC (Thermo Fisher Scientific). Peptides were 596 

separated on an in-house packed (ReproSil-Pur C18-AQ 1.9 μm silica beads (Dr Maisch 597 

GmbH, Ammerbuch, Germany)), 20 cm analytical HPLC column (75 μm ID PicoTip fused silica 598 

emitter (New Objective, Berks, UK)). Peptides were eluted with a 36 min gradient, generated 599 

by solvent A (0.1% formic acid) and solvent B (80% Acetonitrile in 0.1% formic acid) at a flow 600 

rate of 200 nL/min at 40°C. Nanospray ionization at 2.3 kV together with a capillary 601 

temperature of 275°C was applied for peptide ionization. Full MS spectra were acquired at 602 

resolution 60k within a scan range of 300-1750 m/z and tandem MS (MS/MS) spectra were 603 

acquired at 15k resolution. Maximum Injection Time Mode and automated control target were 604 

set to Auto and Standard respectively for full MS and MS/MS scans. The 20 most intense 605 

peptides with multiple charge were selected for MS/MS sequencing by higher-energy 606 

collisional dissociation (HCD) with a dynamic exclusion of 30 s. 607 
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 608 

Mass Spectrometry Data analysis 609 

Raw data files were processed using the MaxQuant software suit (version 2.0.3.0)[80]. Spectra 610 

were searched against Uniprot Homo sapiens database (released 11.12.2019, 96,817 entries), 611 

Vicugna pacos specific nanotraps and commonly observed contaminants. Peptide mass 612 

tolerance was set to 4.5 ppm for MS and to 20 ppm for MS/MS. Peptide and protein false 613 

discovery rate was set to 1%. Methionine oxidation and protein N-terminus acetylation were 614 

selected as variable modification, while carbamidomethylation on Cysteine was defined as 615 

fixed modification. A maximum of two missed cleavages were accepted for specific trypsin 616 

digestion mode. For label-free quantification a minimum number of two ratio count was 617 

requested. Intensity based absolute quantification was enabled. Statistical analysis was 618 

performed with the Perseus software suit (version 1.6.15.0). First, contaminants, reversed and 619 

proteins only identified by site proteins were filtered out. Only proteins present in two out of 620 

three replicates of each nanotrap were allowed for downstream significance testing. 621 

Significantly enriched proteins were determined by t-test as Class A with S0 set to 0.1 and 622 

FDR threshold ≤ 0.01 or Class B with S0 set to 0.1 and FDR threshold ≤ 0.05. Additional 623 

graphical visualization were performed in the R environment (version 4.1.1). For Miro1 624 

interactome analysis the top 50 protein interactors were classified based on the direct or 625 

indirect interaction with Miro1 and the confidence score derived from STRING database. As 626 

class 1 interactors, proteins were assigned that are direct interactors with Miro1, and had a 627 

confidence score greater than 0.9. Proteins with a direct interaction with Miro1 and a 628 

confidence score smaller than 0.9 were annotated as class 2 interactors. Class 3 interactors 629 

were annotated based on indirect Miro1 interaction and a confidence score greater than 0.9. 630 

 631 

Microscopy and time lapse imaging 632 

8 x 103 U2OS or 1 x 104 HeLa cells/well were plated in a black µclear 96-well plate (Greiner). 633 

24h after plating, cells were transiently co-transfected with plasmids coding for GFP-Miro1 and 634 

M41-Cb, M85-Cb or M114-Cb. The next day, the medium was replaced by live-cell 635 
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visualization medium DMEMgfp-2 (Evrogen) supplemented with 10% FBS and 2 mM L-636 

glutamine. For the time-lapse acquisition, U2OS cells transiently expressing GFP-Miro1 and 637 

M114-CB or mito-mKate2 were either treated with 10 µM Sorafenib tosylate or DMSO in live-638 

cell visualization medium and imaged every 15 min for up to 2 h. Images were acquired under 639 

standard conditions with the ImageXpress™ Micro Confocal High Content Screening system 640 

(Molecular Devices) at 40x magnification. 641 

 642 

Image segmentation and analysis 643 

For the targeted Miro1 degradation experiments, 8 x 103  - 1 x 104 wildtype HeLa cells or HeLa 644 

cells transiently expressing Fbox-Nb-IRES-tRFP-NLS constructs were fixed and permeabilized 645 

in a black µclear 96-well plate (Greiner). Immunofluorescence staining of Miro1 was performed 646 

as previously described and images were acquired immediately with an ImageXpress™ micro 647 

XL system (Molecular Devices) at 40x magnification. Image analysis was performed with 648 

MetaXpress software (64 bit, 6.2.3.733, Molecular Devices). Fluorescence images comprising 649 

a statistically relevant number of cells (>200 cells) were acquired for each construct. For 650 

quantitative fluorescence analysis, the mean Miro1 fluorescence in the cytosol was 651 

determined. Using the Custom Module Editor (version 2.5.13.3) of the MetaXpress software, 652 

we established an image segmentation algorithm that identifies areas of interest based the 653 

parameters of size, shape, and fluorescence intensity above local background. For nuclear 654 

segmentation, DAPI stained nuclei or nuclear localized TagRFP in transfected cells were 655 

defined as selection criteria. To segment the cytosolic compartment of the cell, Miro1 656 

fluorescence signals were used to generate a segmentation mask. The average Miro1 657 

fluorescence intensities in whole cells were determined for each image followed by subtraction 658 

of background fluorescence. The resulting values from the transfected cells were normalized 659 

to the non-transfected control. Standard errors were calculated for three independent 660 

replicates and student’s t test was used for statistical analysis. 661 

 662 

Analyses and Statistics  663 
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Graph preparation and statistical analysis was performed using the GraphPad Prism Software 664 

(Version 9.0.0 or higher).  665 
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Figures 871 

 872 

Figure 1. Biochemical characterization of Miro1 specific Nbs.  873 

(A) Amino acid sequence alignment of the complementary determining region (CDR) 3 of 874 

seven unique Miro1-Nbs positively identified by phage ELISA. 875 

(B) Recombinant expression and purification of Nbs using immobilized metal affinity 876 

chromatography (IMAC) and size exclusion chromatography (SEC).  877 

(C) For biolayer interferometry based affinity measurements, Miro1-Nbs were biotinylated and 878 

immobilized on streptavidin sensors. Kinetic measurements were performed by using four 879 

concentrations of purified Miro1 ranging from 3.9 nM – 1 µM. As an example, the sensogram 880 

of Miro1 on immobilized M41-Nb at indicated concentrations (illustrated with increasingly 881 

darker shades from low to high concentration) is shown and global 1:1 fits are illustrated as 882 

dashed line (upper panel). The table summarizes affinities (KD), association (kON) and 883 

dissociation constants (kOFF), and coefficient of determination (R2) determined for individual 884 

Nbs (lower panel). 885 
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 887 

Figure 2. Immunoprecipitation of Miro1 with Nbs.  888 

(A) For immunoprecipitation with immobilized Nbs (nanotraps), soluble protein fraction of 889 

HEK293 cells transiently expressing GFP-Miro1 or GFP as control, was adjusted to 2 mg/mL 890 

and incubated with equal amounts of nanotraps. Input (IN, 1% of total) and bound (20% of 891 

total) fractions were subjected to SDS-PAGE followed by immunoblot analysis using antibodies 892 

specific for GFP (upper panel) and GAPDH (lower panel). As positive control GFP-nanotrap 893 

and as negative a non-specific (NC) nanotrap were used.  894 

(B) Immunoprecipitation from non-transfected HEK293 as described in A were performed. 895 

Input and bound fractions were analysed with an anti-Miro1 antibody. As positive control anti-896 

Miro1 IgG immobilized on Protein A/G sepharose and as negative control a non-specific (NC) 897 

nanotrap was used.  898 
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(C) Immunofluorescence (IF) detection of GFP-Miro1 in fixed and permeabilized HeLa cells 899 

after staining with Miro1-Nbs as primary labelling probes. Representative confocal laser 900 

scanning (CLSM) images are shown of each individual Nb detected with anti-VHH antibody 901 

labelled with Cy5 (middle row). As positive control, transfected cells were stained with anti-902 

Miro1 antibody followed by detection with a Cy5-labelled secondary antibody. Nuclei were 903 

counterstained with DAPI. Scale bar 20 µm. 904 
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 906 

Figure 3. Domain mapping of Miro1-Nbs.  907 

(A) Schematic illustration of GFP-labelled Miro1 deletion constructs and domains used for 908 

domain specific binding studies. 909 

(B) Soluble protein fractions of HEK293 cells transiently expressing indicated Miro1 deletion 910 

constructs or GFP (as control) were subjected to immunoprecipitation with selected Miro1 911 

nanotraps followed by western blot analysis of input (IN) and bound fractions with an anti-GFP 912 

antibody.  913 
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 915 

Figure 4. Comparison of monovalent and site specifically conjugated bivalent M41- and 916 

M114-Nbs in immunofluorescence. 917 

For comparable IF analysis HeLa cell transiently expressing GFP-Miro1 (left panel) or wildtype 918 

(wt) HeLa cells (right panel) were fixed and stained with the mono- or bivalent Nbs conjugated 919 

either chemically (M41647_NHS, M114647_NHS) or site-specifically via sortagging (bivM41647_sort, 920 

bivM114647_sort) to AlexaFluor 647 (647). As positive control respective cells were stained with 921 

an anti-Miro1 IgG followed by detection with a secondary antibody conjugated to AlexaFluor 922 

647 (bottom row). Representative fluorescence images are shown from three independent 923 

biological replicates. Nuclei were counterstained with DAPI. Scale bar 20 µm.  924 
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 926 

Figure 5. Proteomic analysis of Miro1 capture. 927 

(A) For comparable immunoprecipitation soluble protein fraction of HEK293 cells were 928 

incubated either with monovalent Nbs either chemically coupled to NHS sepharose (M41NHS, 929 

M114NHS) or the bivalent formats, which were site specifically conjugated to agarose particles 930 

by sortagging and click chemistry (bivM41sort, bivM114sort). Input and bound fractions were 931 

analysed with an anti-Miro1 antibody. As positive control anti-Miro1 IgG immobilized on Protein 932 

A/G sepharose and as negative control a non-specific bivalent and site specifically conjugated 933 

nanotrap (bivNCsort) was used. Shown is a representative immunoblot stained with an anti-934 

Miro1 antibody reflecting the results of three independent biological replicates. 935 

(B) Capture efficiency by mono- and bivalent nanotraps. Averaged iBAQ (intensity based 936 

absolute quantification) values for Miro1 isoform 2 (white circles) and isoform 3 (black circles) 937 

of three biological replicates are shown.  938 

(C) Classification of Miro1 interactor based on STRING database. Class 1: direct interactor, 939 

confidence score >0.9; Class 2: direct interactor, confidence score <0.9; Class 3: indirect 940 

interactor, confidence score >0.9.  941 
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 942 

Figure 6. Live-cell imaging of Miro1 with selected Miro1-Cbs.  943 

(A) Representative fluorescence images of living HeLa cells transiently expressing GFP-Miro1 944 

(left column) in combination with red fluorescently labelled (TagRFP) M41-, M85- or M114-Cb 945 

(middle column). Scale bars 20 µm.  946 

(B) Time-lapse microscopy of U2OS cells transiently expressing GFP-Miro1 in combination 947 

with either M114-Cb or mitoMkate2. To visually track morphological mitochondrial changes, 948 

cells were treated with either DMSO as a control (top two rows) or 10 µM Sorafenib (bottom 949 

two rows) followed by time-lapse imaging over a 2 hour period. Shown are representative 950 

images of three biological replicates. Scale bar 25 µm. Squares at the bottom right represent 951 

enlargements of the selected image section. 952 
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 954 

 955 

Figure 7. Targeted intracellular degradation of endogenous Miro1 by Fbox-Nb-based 956 

degrons. 957 

(A) Schematic illustration of the targeted degradation of Miro1 mediated by Miro1-Nb-Fbox 958 

fusions (illustration created with Biorender.com)  959 

(B) Representative confocal images of HeLa cells transiently expressing indicated Miro1-960 

specific Fbox-Nbs (Fbox-M41, Fbox-M114) or a non-related Fbox-Nb (Fbox-NR) construct. For 961 

quantitative IF analysis, cells were fixed and permeabilized 24 h after transfection followed by 962 

detection of endogenous Miro1 with Miro1 antibody (shown in green). Fbox-Nb expressing 963 

cells were identified by a nuclear TagRFP signal indicated by white arrows and subjected to 964 

automated image analysis and quantification as describe in Material and Methods. Scale bar 965 

20 µm.  966 

(C) Mean Miro1 fluorescence intensity from HeLa cells expressing Fbox-Nbs determined by 967 

quantitative fluorescence imaging. Mean Miro1 fluorescence was calculated from four samples 968 

(n= 4; >500 cells) and normalized to untransfected cells, UT (set to 1). As control, a non-related 969 

Fbox-Nb construct (Fbox-NR) was used. Data are represented as mean ± SEM. For statistical 970 

analysis, student‘s t-test was performed, **p < 0.01, ***p < 0.001.  971 
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Supplementary information 972 

Supplementary Data 973 

 974 

Supplementary Figure 1. Analysis of seroconversion upon vaccination with Miro1. 975 

To monitor an immune response upon vaccination, a serum sample was from the immunized 976 

Alpaca (Vicugna pacos) on day 63 after starting immunization. Formation of Miro1 specific 977 

antibodies by the animal was measured in a serum ELISA at indicated dilutions in multiwall 978 

plates either coated with hMiro1 or bovine serum albumin (BSA) as negative control. Bound 979 

antibodies were detected using an anti-heavy chain antibody secondary antibody labelled with 980 

horse radish peroxidase. Obtained ELISA signals for hMiro1 were normalized to signals 981 

obtained for the negative control. 982 
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 984 

 985 

Supplementary Figure 2. Enrichment and selection of Miro1 nanobodies (Nbs) by phage 986 

display and phage ELISA.  987 

(A) Illustration of wildtype Miro1 and recombinant Miro1 constructs used for phage display.  988 

(B) Bar charts showing the enrichment of Miro1-Nb phages after two iterative panning rounds 989 

against bacterial expressed hMiro1 (left panel, grey bars) and three iterative panning rounds 990 

against GFP-Miro1 (right panel, white bars). 991 

(C) Phage ELISA profile of 100 eluted phage clones tested for binding to hMiro1 (top panel) or 992 

GFP-Miro1 (lower panel). Signal intensities were normalized to a signal obtained for BSA used 993 

as negative control. 994 
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 996 

Supplementary Figure 3. Affinities of identified Miro1-Nbs. 997 

Affinities of Miro1-Nbs were analysed by biolayer interferometry based affinity measurements. 998 

Miro1-Nbs were biotinylated and immobilized on streptavidin sensors. Kinetic measurements 999 

were performed by using four concentrations of hMiro1. The sensograms of hMiro1 on M11 1000 

(A), M25 (B), M85 (C), M114 (D), M119 (E) and M189 (F) at indicated concentrations 1001 

(illustrated with increasingly darker shades from low to high concentration) are shown and 1002 

global 1:1 fits are illustrated as dashed lines. A summary of the affinities (KD), association 1003 

constants (KON) and dissociation constants (KOFF) determined for all seven Miro1-Nbs are 1004 

shown in Figure 1C, Table 1. 1005 
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 1007 

Supplementary Figure 4. Immobilized Miro1-Nbs (nanotraps) do not bind GFP.  1008 

Soluble protein fraction of HEK293 cells transiently expressing GFP as control antigen, was 1009 

adjusted to 2 mg/mL and incubated with equal amounts of nanotraps. Input (IN, 1% of total) 1010 

and bound (20% of total) fractions were subjected to SDS-PAGE followed by immunoblot 1011 

analysis using antibodies specific for GFP. As positive control GFP-nanotrap and as negative 1012 

a non-specific (NC) nanotrap were used. 1013 
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 1015 

Supplementary Figure 5. Endogenous Miro1 retains in the insoluble protein fraction in 1016 

different cell lines.  1017 

Representative western blot analysis of 20 µg of soluble (SN) and insoluble/pellet (P) fractions 1018 

of HEK293, HeLa, U2OS, HAP1 and neuroprogenitor (NPC) cells. Shown is a representative 1019 

example of an immunoblot after cell lysis using 0.5% NP-40 in the lysis buffer. The upper part 1020 

of the blots were detected with anti-Miro1 antibody. Detection of GAPDH with an anti-GAPDH 1021 

antibody was used as lysis and loading control. 1022 
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 1024 

Supplementary Figure 6. Recombinant expression, purification and characterization of 1025 

bivalent M41- and M114-Nbs.  1026 

(A) Coomassie stained SDS-PAGE of 2 µg bivM41- and bivM114-Nbs purified from ExpiCHO™ 1027 

cells is shown. 1028 

(B) Affinities of bivalent Miro1-Nbs were analysed by biolayer interferometry (BLI) based 1029 

affinity measurements. Bivalent Miro1-Nbs were biotinylated and immobilized on streptavidin 1030 

sensors. Kinetic measurements were performed by using four concentrations of hMiro1 1031 

ranging from 3.9 nM – 31.3 nM (illustrated with increasing concentrations in darker shades). 1032 

The sensograms of purified Miro1 on bivM41-Nb (top) and bivM114-Nb (bottom) are shown and 1033 

global 1:1 fits are illustrated as dashed lines. The table summarizes affinities (KD), association 1034 

(kON) and dissociation constants (kOFF), and coefficient of determination (R2) determined for 1035 

both bivalent Nbs. 1036 
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 1038 

Supplementary Figure 7. Enrichment efficiency of bivalent nanotraps. 1039 

(A) Multi correlation between replicates and nanotraps. High Spearman rank correlation 1040 

between replicates and mono- or bivalent nanotraps. 1041 

(B) Principle component analysis (PCA) reflects highest similarity between replicates. 66% of 1042 

variance between samples explained by nanotrap valency. 1043 

(C) Identification of Miro1 peptides (razor and unique) for Miro1 isoforms. Averaged across 1044 

three replicates. 1045 

(D) Averaged sequence coverage of Miro1 higher for bivalent nanotraps 1046 
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 1048 

Supplementary Figure 8. Detection of intracellular binding capacities of Miro1-Cbs.  1049 

Representative fluorescence images of live HeLa cells transiently expressing GFP-Miro1 (left 1050 

column) in combination with TagRFP-labelled Miro1-Cbs (right column). Scale bar 20 µm.  1051 
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 1053 

Supplementary Figure 9. Intracellular characterization of domain specific binding of 1054 

selected Miro1-Cbs.  1055 

Representative fluorescent images of live HeLa cells transiently expressing GFP-Miro1 and 1056 

indicated GFP-tagged Miro1 domain deletion constructs (top row) in combination with 1057 

TagRFP-labelled M41-Cb (A), M85-Cb (B) or M114-Cb (C) (middle row). Scale bar 20 µm.  1058 

(D) Immunofluorescence detection of endogenous Miro1 in HeLa cells expressing M41-, M85- 1059 

and M114-Cb (left panel) using an anti-Miro1 antibody (right panel). Scale bar 25 µm.  1060 
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 1062 

Supplementary Figure 10. Live-cell imaging of mitochondrial phenotypes. 1063 

Time-lapse microscopy of U2OS cells transiently expressing GFP-Miro1 and mitoMkate2 (as 1064 

a mitochondrial marker). To visually track morphological mitochondrial changes, cells were 1065 

treated with either DMSO as a control (top two rows) or 10 µM Sorafenib (bottom two rows) 1066 

followed by time-lapse imaging over a 2 hour period. Shown are representative images of three 1067 

biological replicates. Scale bar 25 µm. Squares at the bottom right represent enlargements of 1068 

the selected image section. 1069 
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 1071 

Supplementary Figure 11. Targeted degradation of GFP-Miro1 by Fbox-Nb-based 1072 

degrons in live cells. 1073 

(A) Representative confocal images of HeLa cells transiently co-expressing GFP-Miro1 and 1074 

indicated Miro1-specific Fbox-Nbs (Fbox-M41, Fbox-M114) or a non-related Fbox-Nb (Fbox-1075 

NR) construct are shown. For quantitative IF analysis, cells were fixed and permeabilized 24 h 1076 

after transfection followed by staining with Cy5 conjugated anti-VHH antibody and DAPI. Fbox-1077 

Nb expressing cells were subjected to automated image analysis and quantification as 1078 

described in Material and Methods. Scale bar 20 µm.  1079 

(B) Representative fluorescence thumbnail images of HeLa cells coexpressing GFP-Miro1 and 1080 

Fbox-Nb constructs. Scale bar 1 mm. 1081 

(C) Mean GFP-Miro1 fluorescence intensity from HeLa cells co-expressing GFP-Miro1 and 1082 

Fbox-Nbs constructs were determined by quantitative fluorescence imaging. Fluorescence 1083 

intensity values were calculated from three samples (n= 3; >500 cells) and normalized to the 1084 

GFP-Miro1 signal intensity (set to 1). Positive control; GFP-specific Fbox-Nb (Fbox-GBP), 1085 
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negative control; non-related Fbox-Nb construct (Fbox-NR). Data are represented as mean ± 1086 

SEM. For statistical analysis, student‘s t-test was performed, **p < 0.01, ***p < 0.001.   1087 
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 1088 

Supplementary Figure 12. Western blot data.  1089 

(A) Full size of Western blots shown in Figure 2A, top halves stained with anti-GFP antibody, 1090 

bottom halves stained with anti-GAPDH antibody  1091 

(B) Full size of Western blots shown in Figure 2B, top half detected by anti-Miro1 antibody, 1092 

bottom half by anti-GAPDH antibody.  1093 

(C) Full size of Western blots shown in Figure 3B, detection with anti-GFP antibody.  1094 

(D) Full size of Western blots shown in Figure 5, top half detected by anti-Miro1 antibody and 1095 

the bottom half by anti-GAPDH antibody. 1096 
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Supplementary Table 1. List of oligonucleotides used in this study 1098 

 1099 

   1100 

Name Sequence 5´- 3´ purpose  

CALL001 GTCCTGGCTGCTCTTCTACAAGG 

Nb library 
generation 

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 

   

Miro1fragB_for 
CAACAATGGCCATGTATCCACACGTGACACAAGCTGACCTC
A Cloning of 

GFP-Miro1 
mammalian 
expression 
construct 

Miro1fragB_rev CAAGCTCTTCAGCAATATCACGG 

Miro1fragA_for CGTGTGGATACATGGCCATTGTTGTCAATTTAACAAAGA 

Miro1fragA_rev TGGTGGCGGAGGTAGCATGAAGAAAGACGTGCGGATC 

vectorGA_for TGGCTACCCGTGATATTGCTG 

vectorGA_rev CGTCTTTCTTCATGCTACCTCCGCCACCACTTC 

   

nGTP_for ATTGGTACCTTTTGGCTTCGAGCAAGTTTTGG 

Cloning of 
Miro1 

domain 
deletion 

constructs 

nGTP_rev ATTGGTACCCTCCTTCTCCTCTGGGC 

nGTPEF2_rev GCGGGTACCATTTCTTTGAGTTTGTTTTTTCTGCAGG 

Delta nGTP_for ATTGGTACCGAGGAGAAGGAGATGAAACCAGC 

Delta nGTP_rev GCTGGTACCCATGCTACCTCCGCCACC 

cGTP_for AAAAAACAAACTCAAAGAAATGTGTTCAGATG 

cGTP_rev CATGCTACCTCCGCCACCACTTCC 

   

bivM114GA_for GCCGGCGTGCACTCTGAGGTACAGCTGCAGGAGTCGGG 

Cloning of 

bivM114  
expression 
construct 

nterm1273_rev 
CACCACCGCCAGATCCACCGCCACCTGATCCTCCGCCTCC
GCTGCTAACGGTGACC 

bivM114GA2_for 
GGTGGATCTGGCGGTGGTGGAAGTGGTGGCGGAGGTAGT
GAGGTACAGCTGCAGGAGTCGGG 

downEcoRI_rev GTTGTAAAACGACGGCCAGTG 

bivM114FPCR_for GTCTGTGACCGCCGGCGTGCACTCTGAG 

bivM114FPCR_rev 
TTTAATTAAGCGGCCGCGAATTGTTGTAAAACGACGGCCAG
TG 

   

NM95_for TAATCTAGAGGGCCCTATTCTATAGTG 

Cloning of 
Fbox-M41 , 
Fbox-M114 

and 
Fbox-NR 

constructs 

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 
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Supplementary Table 2. Amino acid sequences of all selected Miro1-Nbs. 1101 

 1102 

 1103 

Miro1-Nbs Amino acid sequence 

M11 
QVQLVESGGGSVQPGGSLRLSCAASGFSFSSNVMSWARQAPGKGLEWVSGIYV
DGRTHYADSVKGRFTISRDNAKNTVYLQMNSLKPEDTAVYYCAAAGDLSGYSFSP
YDYDYWGQGTQVTVSS 

M25 
HVQLVESGGGLVQPGGSLRLSCIASGFTFSDVGMAWYRQIPGKERDMVASITSFG
DQTSYAHSVKGRFTISRDNAKNTVYLQMNTLIPDDTAMYYCTTVLGRERRWGQG
TPVTVSS 

M41 
EVQLVESGGGLVHPGGSLRISCAASGFSFNSSAMSWARQAPGKGLEWVSGIQAD
GTTGYAHSVKGRFNISRDNAKNIVYLQMSSLKPEDSAVYYCAKEGWSTVVFGSRD
YWGQGTQVTVSS 

M85 
DVQLVESGGGKVQSGGSLRLSCAASGSKLDDYSIGWFRQAPGKGREGISCITMK
TGSFEYVDSVKGRFTISADNAKNTVHLQMNNLKPEDTGIYYCAALRSRGLFCVTSP
YEYDLWGQGSPVTVSS 

M114 
EVQLQESGGGLVQPGGSLRLSCTASGFPVSSAAMSWARQSPGKELEWVSGIYT
DGSADYADSLKGRFTISRDDVENTINLQMNSLKPEDTAVYYCKTDWWAGPSGYV
AVWGQGTLVTVSS 

M119 
DVQLVESGGGLVQPGGSLRLSCATSGFPLDNYAIGWFRQAPGSEREGVSCISSS
GSYFPGSGSRTHYAHSVKGRFTISRDGAKNTVYLQMDNLKPEDTAVYYCAAVPV
PSIRTAETMCVRGSLSEFISWGQGSQVTVSS 

M189 
EVQLVESGGGLVQPGGSLRLSCTASGFPVSSAAMSWARQSPGKELEWVSGIYTD
GSADYADSLKGRFTISRDDVENTINLQMNNLKPEDTAIYYCNANFFEGSWYDYWG
QGSPVTVSS 
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