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Abstract

Mitochondria are essential eukaryotic double-membrane organelles. The convoluted mitochondrial inner
membrane forms highly organized invaginations, termed cristae, which are crucial for energy metabolism.
Cristae formation requires MICQOS, a conserved hetero-oligomeric inner membrane complex. The MICOS
core subunit MIC10 is a small transmembrane protein that oligomerizes through highly conserved glycine-
rich motifs to control cristae formation. Sequence alignments show that D. melanogaster exhibits three
MIC10-like proteins with different tissue-specific expression patterns. Here, we show that the
ubiquitously expressed Dmel_CG41128/MINOS1b/DmMIC10b is the major MIC10 orthologue in flies. Loss
of DmMIC10b disturbs cristae architecture of mitochondria and reduces the life-span and fertility of flies.
Moreover, using fluorescence nanoscopy and electron tomography, we demonstrate that despite its high
similarity to the MIC10 proteins from yeast and humans, DmMIC10b exhibits the unique ability to
polymerize into elongated filaments upon overexpression. DmMIC10b filaments form bundles which
accumulate in the intermembrane space and alter the shape of mitochondrial cristae membranes. We
show that the formation of the filaments relies on conserved glycine and cysteine residues and is
suppressed by co-expression of other MICOS proteins. Thereby, our findings provide new insights into the

regulation of MICOS in flies.
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Introduction

Mitochondria are organelles that are key for the energy metabolism of all eukaryotic cells. They rely on a
double-membrane structure to generate the ubiquitous energy carrier adenosine triphosphate (ATP) by
oxidative phosphorylation (OXPHOS). The two mitochondrial membranes exhibit distinct protein and lipid
compositions and a strikingly different topology. The smooth outer membrane (OM) surrounds the
organelle and mediates import of metabolites and proteins. The inner membrane (IM) exhibits a much
larger surface and is functionally and structurally subdivided into two domains. The inner boundary
membrane (IBM) parallels the OM, whereas the cristae membrane (CM) forms well-organized
invaginations, termed cristae, which point toward the interior of the organelle. The cristae are connected
to the IBM by small openings, referred to as crista junctions (CJs), which feature a diameter of around 20-
30 nm (Mannella, Marko, & Buttle, 1997). Proper folding of the IM into cristae is closely related to the
function of mitochondria and a disturbed mitochondrial ultrastructure has been associated with human
diseases, including neurodegenerative disorders, metabolic diseases, and cardiomyopathies (Chan, 2012;
Friedman & Nunnari, 2014; Nunnari & Suomalainen, 2012; Pernas & Scorrano, 2016; Suomalainen &
Battersby, 2018; Wai & Langer, 2016).

The mitochondrial contact site and cristae organizing system (MICOS) is a large hetero-oligomeric complex
situated in the IM (Harner et al., 2011; Hoppins et al., 2011; von der Malsburg et al., 2011). It is highly
conserved across protozoa, fungi and animals (Wideman & Mufioz-Gémez, 2018) and consists of at least
seven different proteins (MIC60, MIC27, MIC26, MIC25, MIC19, MIC13 and MIC10) in humans (Mukherjee,
Ghosh, & Meinecke, 2021; van der Laan, Horvath, & Pfanner, 2016). MICOS is a crucial determinant for
the biogenesis and maintenance of cristae and Cls. The holo-MICOS complex consists of two sub-
complexes, namely the MIC60-subcomplex and the MIC10-subcomplex. The MIC60-subcomplex,
composed of MIC60, MIC25 and MIC19, is critically important for the stability of MICOS and the formation
of Cls. Loss of MIC60 causes degradation of all MICOS proteins, disrupts virtually all CJs and strongly
disturbs the cristae organization in yeast and human cells (Alkhaja et al., 2012; Harner et al., 2011; Kondadi
et al., 2020; Li et al.,, 2016; T. Stephan et al., 2020). The MIC10-subcomplex, consisting of MIC10, MIC13,
MIC26 and MIC27 in humans, is crucial for a proper cristae architecture and influences the distribution of
ClJs. MIC10, a core subunit of this MICOS-subcomplex, is a small, highly conserved transmembrane (TM)
protein of about 70-100 amino acids, depending on the species. Biochemical studies of the budding yeast
ScMIC10 suggest that MIC10 features a hairpin-like structure with its N- and C-termini pointing toward
the IMS. Each of the two TM domains of MIC10 contain a highly conserved glycine-rich motif (Barbot et
al., 2015; Bohnert et al., 2015). For ScMIC10 it has been shown that these glycine-rich motifs mediate the
formation of stable oligomers that are suggested to bend the mitochondrial IM to support cristae
formation (Barbot et al., 2015; Bohnert et al., 2015).
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MICOS is best studied in budding yeast and human cells, whereas it is less well characterized in the fly
Drosophila melanogaster. Depletion of the MIC60 orthologue Mitofilin/Dmel_CG6455 results in aberrant
cristae morphologies and has been related to impaired synaptic functions and leading to the death of flies
in the late pupal stage (Tsai, Papakyrikos, Hsieh, & Wang, 2017). Likewise, depletion of the MIC13
orthologue QIL1/Dmel_CG760 or of the MIC26-MIC27 orthologue Dmel CG5903 resulted in altered
mitochondrial morphology and aberrant cristae (Guarani et al., 2015; Wang, Hsu, Lin, & Fu, 2020). These
morphological changes were associated with reductions in climbing activity, indicating deficits in muscle
function (Wang et al., 2020).

Genome sequencing (FlyBase, release FB2022_06) suggested the existence of three MIC10 orthologues in
D. melanogaster (Dmel_CG12479/MINOS1a, Dmel_CG41128/MINOS1b and Dmel_CG13564/MINOS1c)
(Gramates et al., 2022; Pfanner et al., 2014). Their functional role has so far not been reported in any
detail. In this study, we show that the ubiquitously expressed Dmel_CG41128 is the major MIC10
orthologue in flies which we refer to as DmMIC10b. Loss of DmMIC10b disturbs mitochondrial
ultrastructure and reduces the life span of flies. Overexpression of DmMIC10b leads to the formation of
long cristae-shaping filaments along the IMS. We demonstrate that this striking behavior of DmMIC10b
relies on several conserved amino acid residues and can be efficiently suppressed by co-expression of
DmMIC13 or DmMIC26, but not by their human orthologues. The findings provide new insights into the

regulation of MIC10 oligomerization.
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98 Material and Methods

99 Plasmids

100 Plasmids for generation of DmMIC10b knockout

101  Guide RNA (gRNA) sequences upstream of the CG41128 5'UTR and downstream of the CG41128 3'UTR
102 were identified using the web-based tool introduced by Gratz et al, 2014

103 (http://tools.flycrispr.molbio.wisc.edu/targetFinder/).

104  Criteria were as follows: CRISPR targets with 5' G; Stringency: High; PAM: NGG Only and the closest site,
105 with no off target to the UTR. The respective sequences were purchased as 5°-phosphorylated
106  oligonucleotides, annealed and ligated into the Bbsl sites of pU6-BbslchiRNA (Addgene 45946) (Gratz et
107  al. 2013a) to create pU6-Bbsl-chiRNA-CG41128-5'gRNA (oligonucleotides 1/2) and pU6-Bbsi-chiRNA-
108 C€G41128-3'gRNA (oligonucleotides 3/4).

109
Oligo no. Oligo name Sequence Internal code
1 28-5-Fw CTTCGAAGCCAGTTTGCAAAAGGA 7669
2 28-5-Rev AAACTCCTTTTGCAAACTGGCTTC 7670
3 28-3-Fw CTTCGACTATTCGTTGTTAGTTTA 7671
4 28-3-Rev AAACTAAACTAACAACGAATAGTC 7672
110

111  Thedonor plasmid pHD-attp-DsRed-CG41128 for homologous recombination was generated using Gibson
112  assembly. To this end, pHD-DsRed-attP (Addgene 51019) (Gratz et al., 2014) was double-digested with
113 Notl/Xhol, and used as the vector backbone. Genomic DNA of a wild type strain (w) was used as a
114  template to amplify homology arms of about 1 kbp flanking the cleavage sites, and the missing base pairs
115  from the cleavage site to the corresponding UTR beginning/end. The DsRed-attp fragment was amplified
116  from pHD-DsRed-attp. The NEBuilder Assembly Tool was used to design the oligonucleotides and Gibson
117  Assembly Master Mix (NEB) for the assembly reaction.

118  The 5’-homology arm was amplified using the oligonucleotides 5/6. The 3’-homology arm was amplified
119 using the oligonucleotides 13/14. The 5"-missing arm was amplified using the oligonucleotides 7/8. The
120 3’-missing arm was amplified using the oligonucleotides 11/12. The DsRed-attp fragment was amplified

121 using the oligonucleotides 9/10.

Oligo no. | Oligo name Sequence Internal code
5 28-5'arm Fw gcaggtggaattcttgcatgctagcaaacatgatataagagaccg 7651
6 28-5'arm Rev ctcctgtcattecttttgcaaactggettctac 7652
7 28-5'missing_part Fw ccagtttgcaaaaggaatgacaggagggcatgg 7653
8 28-5'missing_part Rev gggcactacgatcctttgtaaatttcgatgtgegtcaag 7654
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9 28-attp-DsRED Fw gaaatttacaaaggatcgtagtgccccaactgg 7655
10 28-attp-DsSRED Rev aaataagtatatttataacttcgtatagcatacattatacgaagttatacc 7656
11 28-3'missing_arm Fw atacgaagttataaatatacttatttagtgcttattaatactg 7657
12 28-3'missing_arm Rev attcgttgttagtttacaggtttatgggtgatttttttc 7658
13 28-3'arm Fw cataaacctgtaaactaacaacgaatagtcaaaatg 7659
14 28-3'arm Rev cttgaactcgattgacggaagagccttacaaaggatggactgagaac 7660

122

123 Expression plasmids for S2 cells

124 pUAS-CG41128
125 DmMIC10b was amplified from cDNA using the oligonucleotides 15/16 and ligated into the Eagl/Xhol

126 restrictions sites of pUASPattB (a gift from Alf Herzig, MPI for Biophysical Chemistry, Goettingen).

Oligo no. Oligo name Sequence Internal code
15 Eagl-DmMIC10b-Fw ttcggecgatgacttctcgegataatatttteg 7794
16 DmMIC10b-Xhol-Rev tttactcgagtcattttaaagaatttaaatccttttc 8099

127

128  pUAS-CG41128-FLAG

129 DmMIC10b-FLAG was amplified from cDNA using the oligonucleotides 15/17 and ligated into the
130 Eagl/Xhol restrictions sites of pUASPattB.

Oligo no. Oligo name Sequence Internal code
15 Eagl-DmMIC10b-Fw ttcggecgatgacttctcgegataatattttcg 7794
17 DmMIC10b-FLAG-Xhol-Rev | tttactcgagtcacttgtcgtcatcgtctttgtagtcaccagagcectccttttaaagaatttaaatecttttc 7632

131

132 pUAS-CG41128(G52L/G56L)-FLAG and pUAS-CG41128(G54L/G58L)-FLAG

133  Glycine mutants were produced by site-directed mutagenesis of pUASPattB-CG41128-FLAG using the
134  oligonucleotides 18/19 or 20/21, respectively.

Oligo no. Oligo name Sequence Internal code
18 Mic10b-G52/56L Fw gcctgtatggetectegetggatttttaatgggeategettatag 9580
19 Mic10b-G52/56L Rev ctataagcgatgcccattaaaaatccagegaggagccatacagge 9581
20 Mic10b-G54/58L Fw ggcteggegctctatttggaatgctcategettatagg 9582
21 Mic10b-G54/58L Rev cctataagcgatgagcattccaaatagagegecgagec 9583

135

136  pUAS-HsMIC10-FLAG

137 HsMIC10-FLAG was amplified by PCR using the oligonucleotides 22/23 and ligated into the Eagl and Xhol
138 restriction sites of pUASPattB.

Oligo no. | Oligo name Sequence Internal code
22 Eagl-hMic10 Fw ttcggecgatgtctgagtcggagetce 8237
23 HMic10-FLAG Rev tttactcgagtcacttgtcgtcategtctttgtagtcaccagagectcectgetectgetcetttgac 8226
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139  pUAS-ScMIC10-FLAG
140 ScMIC10-FLAG was amplified by PCR using the oligonucleotides 24/25 and integrated into the Eagl and
141  Xhol restriction sites of pUASPattB.

Oligo no. | Oligo name Sequence Internal code
24 Eagl-YMic10 Fw ttcggccgatgtccgaacaagcacaaacac 8238
25 Xho-YMic10-FLAG Rev tttactcgagtcacttgtcgtcatcgtctttgtagtcaccagagectccaaccttcgaggatctgagge 8239

142

143 Expression plasmids for mammalian cells

144 PcDNA3.1-DmMIC10b-FLAG

145 Humanized DmMIC10b-FLAG (GenScript, Piscataway Township, NJ, USA) was amplified by PCR using the
146 nucleotides 26/27 and inserted into the Hindlll and Xhol restriction sites of pcDNA3.1(+) (Thermo Fisher
147  Scientific). The point mutants MIC10b(C13S)-FLAG, DmMIC10b(C19S)-FLAG, DmMIC10b(C28S)-FLAG,
148 DmMIC10b(I41F)-FLAG, DmMIC10b(C64S)-FLAG were produced using the Site-Directed Mutagenesis Kit

149  (NEB) and the oligonucleotides given below.

Oligo no. Oligo name Sequence Internal code
26 DmMIC10b Fw ataaagcttgccgccaccatgacatct 10084
27 DmMIC10b-FLAG Rev | aaactcgagttacttatcgtcatcgtccttata 10085
28 DmMIC10b(C13S) Fw | ggagaagatctccaatcgectgg 10175
29 DmMIC10b(C13S) Rev | tcgaagatgttgtccctag 10176
30 DmMIC10b(C19S) Fw | cctggaccactccgtgagcgatg 10177
31 DmMIC10b(C19S) Rev | cgattgcagatcttctcctcgaag 10178
32 DmMIC10b(C28S) Fw | gatcaagggatccggaggcgtga 10179
33 DmMIC10b(C28S) Rev | agcacatcgctcacgcag 10180
34 DmMIC10b(I41F) Fw gtccttectgttectgaagaggag 10183
35 DmMIC10b(I41F) Rev | acggcgcttccgatgatc 10184
36 DmMIC10b(C64S) Fw | ctaccggacctccgagaaggacc 10181
37 DmMIC10b(C64S) Rev | gcgattcccattccaaatc 10182

150
151  AAVS1-TRE3G-DmMIC10-FLAG-T2A-EGFP

152 Humanized DmMIC10b-FLAG flanked by Agel and EcoRV restriction sites (obtained from GenScript) was
153 inserted into the Agel/EcoRV restriction sites of AAVS1-TRE3G-Mic10-FLAG-T2A-EGFP (T. Stephan et al.,
154  2020).

155

156 AAVS1-TRE3G-DmMIC10-T2A-EGFP

157  TRE3G-DmMIC10 was amplified (including Spel and Agel restriction sites) from AAVS1-TRE3G-DmMIC10b-
158 FLAG-T2A-EGFP by PCR using the oligonucleotides 38/39. AAVS1-TRE3G-Mic10-FLAG-T2A-EGFP (T.
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Stephan et al., 2020) was linearized using Spel and Agel restriction endonucleases and the PCR product

was ligated into the plasmid to remove the FLAG-epitope.

Oligo no. Oligo name Sequence Internal code
38 TRE3G-DmMIC10b Fw | gcgcaaactagtatgtgttcgattctagattcgag 9965
39 TRE3G-DmMIC10b Rev | gcgcaaaccggtcttcaggctgttcaggtecttctc 9966

PFLAG-CMV5.1-ScMIC10-FLAG
ScMIC10-FLAG was amplified by PCR using the oligonucleotides 40/41 and integrated into the Eagl/Xbal
restriction sites of pFLAG-CMV5.1 (Sigma Aldrich).

Oligo Oligo name Sequence Internal code

no.

40 Eagl-YMic10 Fw gcgcaacggecgcecatgtccgaacaagcacaaacac 10068

41 YMic10-FLAG-Xbal Rev gcgcaatctagatcactacttgtcgtcatcgtctttgtagtcgectccaaccttcgaggatct 10069
gaggccageg

Co-Expression of DmMIC10b-FLAG and Spot-tagged MICOS proteins

DmMlic13-(C90S)-Spot_pJET1.2
The substitution mutation DmMIC13(C90S)-Spot was introduced to DmMIC13-Spot by site-directed PCR
mutagenesis. To this end, DmMIC13-Spot (GenScript) was amplified by PCR using the oligonucleotides

42/43 to introduce the substitution mutation C90S to DmMIC13-Spot by site-directed PCR mutagenesis.

Oligo no. Oligo name Sequence Internal code
42 Mic13_C90S Fw catgctgcecectectacgeaggea 10250
43 Mic13_C90S Rev tggatgaaacggaaggtgttcttcac 10251

AAVS1-TRE3G-DmMIC10b-FLAG-T2A-DmMIC13-Spot and AAVS1-TRE3G-DmMIC10b-FLAG-T2A-
DmMIC13(C90S)-Spot

DmMIC13-Spot or DmMIC13(C90S)-Spot were amplified by PCR using the oligonucleotides 44/45. AAVS1-
TRE3G-DMMIC10b-FLAG-T2A-EGFP was linearized using Sall/Mlul restriction endonucleases and
DmMIC13-Spot or DmMIC13(C90S)-Spot were ligated into the backbone, respectively.

Oligo no. Oligo name Sequence Internal code
44 Sall-DmMic13 Fw gcgcaagtcgacatggttctaggatttctagtgegeg 9921
45 DmMic13-Mlul Rev gcgcaaacgcgtttagetgetccaatggetcacggeg 9922
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AAVS1-TRE3G-DmMIC10b-FLAG-T2A-HsMic13-Spot
HsMIC13 was amplified by PCR using the oligonucleotides 46/47. AAVS1-TRE3G-DmMIC10b-FLAG-T2A-

EGFP was linearized using Sall/Mlul restriction endonucleases and HsMIC13-Spot was ligated into the

backbone.
Oligo Oligo name Sequence Internal code
no.
46 Sall-HsMic13 Fw gcgcaagtcgacatggtggeecgggtgtggtege 10098
47 HsMic13-Mlul Rev gcgcaaacgegtctagcetgcetccaatggetcacggegegeacgeggtetggettggtgegegec 10099
ttcacatactccc

AAVS1-TRE3G-DmMIC10b-FLAG-T2A-DmMIC26-Spot
DmMIC26-Spot (GenScript) was amplified by PCR using the oligonucleotides 48/49. AAVS1-TRE3G-
DmMIC10b-FLAG-T2A-EGFP was linearized using Sall/Mlul restriction endonucleases and DmMIC26-Spot

was ligated into the backbone.

Oligo Oligo name Sequence Internal
no. code
48 Sall-DmMic26 Fw gcgcaagtcgacatgetgegcaaaacggcaacgatgg 9925
49 DmMic26-Mlul Rev gcgcaaacgcgtttagetgetccaatggetcacggeg 9926

AAVS1-TRE3G-DmMIC10b-FLAG-T2A-DmMIC19-spot
DmMIC19-Spot (GenScript) was amplified by PCR using the oligonucleotides 50/51. AAVS1-TRE3G-
DmMIC10b-FLAG-T2A-EGFP was linearized using Sall/Mlul restriction endonucleases and DmMIC19-Spot

was ligated into the backbone.

Oligo no. Oligo name Sequence Internal code
50 Sall-DmMic19 Fw gcgcaagtcgacatgggagcccgacagtctcaatecc 9923
51 DmMic19-Mlul Rev gcgcaaacgcegtctagetgetccaatggetcacggeg 9924

Expression plasmids for bacteria

PPROEXHTb-DmMIC10b and derived point mutants
DmMIC10b cDNA was amplified by PCR using oligonucleotides 52/53 and integrated into pPROEXHTb

(Thermo Fisher) via the Ncol/EcoRI restriction sites. Point mutants were generated by site-directed

genesis PCR.
Oligo no. Oligo name Sequence Internal code
52 CG41128 Fw aaaggccatggaaatgacttctcgegataatat 6337
53 CG41128 Rev gcgaattcaaattattttaaagaatttaaatccttttcac 6338
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199  Purification of DmMIC10b from E. coli and preparation for EM

200  The purification of His-tagged DmMIC10b was performed as described previously (Barbot et al., 2015). In
201 brief, E. coli BL21 (DE3) cells were collected by centrifugation after expression of Hisse-DmMIC10b (1 mM
202 isopropyl-B-D-thiogalactopyranoside (IPTG), 3h, 37°C) and stored at -20°C until purification. After thawing,
203  cells were lysed, inclusion bodies were isolated and subsequently dissolved in resuspension buffer
204 containing 8 M urea, 150 mM NaCl, 20 mM Tris-HCl, 40 mM imidazole, 0.5 mM DTT, pH 8.0. The mixture
205 was applied to a HisTrap column (5 ml) and eluted with resuspension buffer supplemented with 500 mM
206 imidazole. Isolated Mic10 was further subjected on HiLoad 16/600 Superdex 200 size exclusion column
207 (GE Healthcare, Piscataway, NJ, USA). Separated fractions were analyzed by SDS-PAGE and Coomassie
208 brilliant blue staining.

209

210 Expression of DmMIC10b mutants in E. coli and analysis by western blotting

211 DmMIC10b mutants were expressed in E. coli BL21 (DE3). Cells were collected by centrifugation after
212 expression (1 mM isopropyl-B-D-thiogalactopyranoside (IPTG), 3h, 37°C) and washed in salt buffer
213 containing 150 ml NaCl, 10 mM HEPES, pH 7.4. The pellet was resuspended in lysis buffer containing
214 50 mM Tris (pH 8.0), 150 mM NaCl, 0.1 mg/ml lysozyme, 1 mM MgCl, and cOmplete protease inhibitor
215 (Merck), and the cells were homogenized by sonication. The homogenate was supplemented with
216  benzonase (Sigma Aldrich) and stirred for 30 min at 4 °C. Following centrifugation, the pellet was washed
217 with Triton X-100 wash buffer containing 50 mM Tris , 150 mM NaCl, 1 mM EDTA, 2% (w/v) Triton X-100
218 (pH 8.0) followed by washing with a wash buffer containing 50 mM Tris, 100 mM NacCl, 10 mM DTT, 1 mM
219 EDTA (pH 8.0). The pellet was dissolved with 8% (w/v) sarcosyl and 1 M urea (in 50 mM Tris, pH 8.0) and
220 insoluble material was removed by centrifugation. The solution was diluted with solubilization buffer (20
221 mM Tris, 150 mM NacCl, pH 8.0) to a final concentration of 1.5 % (w/v) sarcosyl, supplemented with 0.1 %
222 (w/v) DDM and dialyzed against solubilization buffer overnight. Samples were analyzed by SDS-PAGE
223 followed by western blotting. His-tagged DmMIC10b was detected using an anti-His antibody (Qiagen
224 N.V., Venlo, The Netherlands, 34660).

225

226  Cultivation of flies and life-span assay

227 Flies were maintained on standard fly food with cornmeal, yeast, and agar at 25°C on a 12-hour/12-hour
228 light/dark cycle. Fly stocks used were DmMIC10b[KO] (this study), w[1118] (Bloomington Drosophila Stock
229  center, BDSC #6326), and OR-R (BDSC #5). Wild-type control flies used were the heterozygous progeny of
230 w([1118] males and OR-R females.
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231 Life-span assay was performed using 4 biological replicates per genotype. 15 male and 15 female young
232 flies were placed in each vial. Every 2-4 days, flies were transferred to new food vials, and both living and
233 dead flies were counted for consistency. Counting was continued until all flies had died.

234

235  Generation of knockout flies

236 Dmel _CG41128[KO] flies were generated by a commercial transformation service (BestGene Inc, Chino
237 Hills, CA, USA). The injection stock was RRID:BDSC 55821 (Bloomington Drosophila Stock Center,
238 Bloomington, IN, USA).

239

240  Cell culture

241 Drosophila S2 cells (Thermo Fisher Scientific, Waltham, MA, USA, Gibco®, Cat. No. R69007, Lot No.
242 2082623) were cultivated in Schneider's Drosophila Medium (Merck, Darmstadt, Germany /Sigma Aldrich,
243 St. Louis, MO, USA, Gibco™, Cat. No. 21720024) supplemented with 1mM sodium pyruvate (Merck,
244 Darmstadt, Germany /Sigma Aldrich, St. Louis, MO, USA, Cat. No. S8636) and 10% (v/v) fetal bovine serum
245 (Bio & Sell GmbH, Feucht bei Nirnberg, Germany, FBS superior stable, Cat. No. FBS. S 0615). Cells were
246  cultivated at 28 °C and ambient CO; levels. Kidney fibroblast-like cells (COS-7) from the African green
247 monkey Cercopithecus aethiops (Merck, Darmstadt, Germany/Sigma Aldrich, St. Louis, MO, USA, Cat. No.
248 87021302, Lot No. 05G008) as well as human cervical cancer cells (HeLa) were cultivated in DMEM,
249  containing 4.5 g/L Glucose and GlutaMAX™ additive (Thermo Fisher Scientific, Waltham, MA, USA, Cat.
250 No. 10566016) supplemented with 1mM sodium pyruvate (Merck, Darmstadt, Germany /Sigma Aldrich,
251 St. Louis, MO, USA, Cat. No. S8636) and 10% (v/v) fetal bovine serum at 37 °C and 5 % CO,. Human
252 osteosarcoma cells (U-2 OS) (ECACC, Porton Down, Salisbury, UK; Cat no. 92022711, Lot. 17E015) were
253 cultivated at 37 °C and 5 % CO; and grown in McCoy’s medium (Thermo Fisher Scientific, Waltham, MA,
254  USA) supplemented with 10 % (v/v) fetal bovine serum, and 1 % (v/v) sodium pyruvate.

255

256 Transfection of HelLa, COS-7 and S2 cells

257 S2 cells were split the day before transfection. On the day of transfection 1.5 x 10° cells were seeded per
258  well of a 6-well dish. Transient transfection was achieved using Effectene transfection reagent (Qiagen,
259 Hilden, Germany, Cat. No. 301425) and 2 ug of plasmid DNA per well. After 23 h the cells were detached
260 and reseeded on glass cover slips coated with Concanavalin A (Merck, Darmstadt, Germany, /Sigma

261 Aldrich, St. Louis, MO, USA, Cat. No. C5275) for one hour.
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262 Mammalian cells were seeded on cover slips (for light microscopy), aclar film (for electron microscopy)
263  and in cell culture dishes (for biochemistry) one day prior to transfection. Transient transfection was
264  achieved by jetPRIME" transfection reagent (Polyplus-transfection, lllkirch-Graffenstaden, France, Cat. No.
265 114-15) following the manufacturer protocol.

266

267 Generation of antibodies against DmMICOS proteins

268 Drosophila anti-MICOS polyclonal antibodies were produced by injecting purified protein or synthetic
269 peptide into rabbits (Prof. Hermann Ammer, Miinchen, Germany). For anti-MIC10 antibody generation,
270  recombinantly expressed and affinity-purified MIC10 protein and for anti-MIC60 and anti-MIC13 antibody
271 generation AAKPKDNPLPRDVVELEKA and GDSDQTDKLYNDIKSELRPH synthetic peptides were injected into
272 rabbits, respectively. All antibodies were affinity purified.

273

274  Mitochondrial isolation

275 Mitochondria were isolated as described previously (Panov & Orynbayeva, 2013) with slight
276 modifications. Flies were taken up in cold TH-buffer, containing 300 mM Trehalose, 10 mM KCI, 10 mM
277 HEPES (pH 7.4), 2 mM PMSF, 0.1 mg BSA/ml and protease inhibitor mix (Roche, 04693116001). The flies
278  were then two times homogenized with a dounce homogenizer (800 rpm/min) and large remaining
279  fragments were pelleted at 400 x g for 10 min at 4°C. Afterwards, remaining pieces were removed by
280 centrifugation (800 x g, 8 min, 4°C) and the mitochondria containing supernatant saved in new vial. To
281 collect mitochondria a further spin at 11,000 x g, 10 min, 4°C was performed, pellets from separate
282 reaction tubes pooled and washed with BSA-free TH-buffer. The mitochondria concentration was
283 determined using Bradford assay.

284

285 Affinity purification from fly mitochondria

286 Isolated mitochondria (1 mg) were transferred to lysis buffer (150 mM NaCl, 10% glycerol (v/v), 20 mM
287 MgClz, 2 MM PMSF, 50 mM Tris- HCI, pH 7.4, 1% digitonin (v/w), protease inhibitor (Roche 04693116001))
288 and agitated 30 min at 4 °C. Debris were removed by centrifugation (15 min, 16,000 x g, 4°C) and the
289 cleared supernatant was transferred Proteine-A sepharose conjugated with anti-DmMIC60 or control
290  antisera. After 1 h binding at 4°C, beads were washed 10 times with washing buffer (50 mM Tris- HCI, pH
291 7.4, 150 mM NaCl, 10% glycerol (v/v), 20 mM MgCl,, 1 mM PMSF, 0.3% digitonin (v/w)). Proteins were

292  eluted by addition of 0.1 M glycine pH 2.8 at room temperature (RT) for 5 min. Eluates were neutralized
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293 and analyzed by SDS-PAGE and immunoblotting using specific antibodies against DmMIC60 (this study),
294  DmMIC10b (this study), DmMIC13 (this study), NDUFA9, and RIESKE (Dennerlein et al., 2021).

295

296  Affinity purification from cell lysates

297  COS-7 and Hela cells were seeded in 15 cm cell culture dishes and cultured overnight. Cells were
298 transfected with AAVS1-TRE3G-Micl10-FLAG-T2A-EGFP (Stephan et al.,, 2020, EMBOJ), AAVS1-TRE3G-
299 DmMIC10-FLAG-T2A-EGFP, or AAVS1-TRE3G-EGFP (Qian et al., 2014) (Addgene 52343), respectively.
300 Medium was exchanged 4h after transfection and expression was induced by adding 1 pg/ml doxycycline
301 hyclate for 24 h. Cells were harvested by trypsinization and centrifugation. All following steps were
302 performed at 4 °C. The pellet was washed with PBS and resuspended in 1.5 ml lysis buffer containing 20
303 mM Tris (pH 7.0), 100 mM NacCl, 1 mM EDTA, 10 % (v/v) glycerol, 1% (w/v) digitonin (Carl Roth GmbH,
304 Karlsruhe, Germany) and cOmplete protease inhibitor (Merck). Samples were rotated on a wheel for 1h.
305 After centrifugation at 13,000xg for 10 min, the supernatant was transferred onto equilibrated magnetic
306 anti-FLAG M2 magnetic beads (Merck). Samples were rotated on a wheel for 1.75 h. The supernatant was
307 removed and beads washed 10 times with wash buffer containing 20 mM Tris, 100 mM NaCl, 1 mM EDTA,
308 5% (v/v) glycerol, 0.25% (w/v) digitonin and complete protease inhibitor (pH 7.0). Elution was performed
309 byadding 0.1 M glycine (pH 2.8) and shaking the samples at 1200 rpm for 20 min. Eluates were neutralized
310 and analyzed by SDS-PAGE and immunoblotting using specific antibodies against FLAG (Sigma Aldrich,
311  F3165), MIC13 (Sigma Aldrich, SAB1102836), MIC19 (Atlas Antibodies, HPA042935), COX3 (Proteintech,
312 55082-1-AP), MIC60 (Proteintech, 10179-1-AP) and MFN1 (Abcam, ab57602).

313

314 Preparation of fly tissues for fluorescence microscopy

315 Adult testes were dissected in ice-cold PBS, then fixed at RT using 4% formaldehyde in PBT (PBS + 0.2%
316  (v/v) Triton-X 100) for 20 minutes. After fixation, testes were rinsed in PBT (multiple rinses for a minimum
317  of 30 total minutes), then blocked using PBTB (PBT + 0.2% (w/v) bovine serum albumin + 5% (v/v) normal
318  goat serum) for 30 minutes. After blocking, samples were incubated in primary antibody diluted in PBTB
319 overnight at 4°C. Then, primary antibody was removed, samples were rinsed in PBT for 30 minutes, then
320 for 30 minutes in PBTB. Secondary antibodies diluted 1:500 in PBTB were added to the samples overnight
321  at4°C.Samples were then rinsed again with PBT for 30 minutes, treated with DAPI for 10 minutes to stain
322 DNA, and finally rinsed again with PBT. Samples were stored in Vectashield (Vector Laboratories, Newark,
323  CA, USA) until being mounted on slides and imaged. Primary antibodies used for staining testes were

324 rabbit anti-DmMIC10b (1:3000, this work) and mouse anti-ATP5A (1:300, Abcam, ab14748).
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325  Sample preparation of fixed S2 cells for STED nanoscopy

326 Fixation and labeling of S2 cells were done as described previously (Wurm, Neumann, Schmidt, Egner, &
327 Jakobs, 2010). In brief, cells were fixed using an 8 % (w/v) formaldehyde solution, permeabilized by
328 incubation with a 0.25 % (v/v) Triton X-100 solution and blocked with a 5 % (w/v) bovine serum albumin
329 (BSA) solution. Proteins of interest were labelled with antisera against the FLAG tag (Thermo Fisher
330 Scientific, Waltham, MA, USA) and ATP5A (Abcam, Cambridge, UK) respectively. Detection was achieved
331  via secondary antibodies custom-labelled with Alexa Fluor 594 or STAR RED, respectively.

332

333 Sample preparation of fixed HeLa and COS-7 cells for STED nanoscopy and 4Pi STORM

334  Cells were transfected with pcDNA3.1-DmMIC10b-FLAG or with AAVS1-TRE3G-DmMIC10b-FLAG-T2A-
335 EGFP. In case of the latter construct, cells were induced with 1 pg/ml doxycycline. Fixation and labeling
336  were performed 24 h after transfection or induction, respectively (Wurm et al., 2010). In brief, cells were
337 fixed using 4 % (w/v) or 8 % (w/v) formaldehyde solution, permeabilized by incubation with a 0.25 % (v/v)
338  Triton X-100 solution and blocked with a 5 % (w/v) bovine serum albumin (BSA) solution. Proteins of
339 interest were labelled with antibodies against DmMIC10b (this study), FLAG tag (Merck, Darmstadt,
340 Germany /Sigma Aldrich, St. Louis, MO, USA), Spot tag (ChromoTek, Planegg-Martinsried, Germany),
341 TOMM22 (Merck, Darmstadt, Germany /Sigma Aldrich, St. Louis, MO, USA) and MIC60 (Abcam)
342 respectively. For STED nanoscopy, detection was achieved via secondary antibodies custom-labelled with
343 Alexa Fluor 594 or STAR RED, respectively. Cells were mounted using Mowiol containing
344 1,4-Diazabicyclo[2.2.2]octan (DABCO).

345 For 4Pi-STORM, samples were prepared on 18-mm diameter glass coverslips which were coated over one
346 qguarter of their surface with a reflective aluminum layer, which was used for initial alignment of the
347 sample within the 4Pi-STORM microscope. Cells were plated on the coated side of the coverslip, and
348  fluorescently labeled as described before (Bates et al., 2022). For two-color imaging, cells were fixed and
349  stained with antibodies against MIC60 (Abcam) and the FLAG epitope (Sigma Aldrich). Primary antibodies
350 were detected with Fab fragments coupled to Alexa Fluor 647 (Thermo Fisher) or antibodies labeled with
351 Cy5.5 (Jackson ImmunoResearch, Cambridge, UK). Prior to imaging, the sample was washed with PBS and
352 mounted in STORM imaging buffer in a sandwich configuration with a second glass coverslip. The two
353  coverslips were sealed together around their edge with fast-curing epoxy glue (Uhu GmbH, Bihl,

354  Germany).

14


https://doi.org/10.1101/2023.04.17.537183
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.17.537183; this version posted April 17, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

355 Sample preparation for live-cell STED nanoscopy

356 Hela and COS-7 cells were seeded in glass bottom dishes (ibidi GmbH, Gréafelfing, Germany) and grown at
357  37°Cand 5% CO; overnight. Cells were co-transfected with AAVS1-TRE3G-DmMIC10b-FLAG-T2A-EGFP and
358 AAVS1-Blasticidin-CAG-COX8A-SNAP (Till Stephan, Roesch, Riedel, & Jakobs, 2019). 4 hours after
359  transfection, the culture medium was exchanged and the expression of DmMIC10b-FLAG-T2A-EGFP was
360 induced by adding 1 pg/ml doxycycline hyclate (Sigma Aldrich, St. Louis, MO, USA) to the growth medium
361 for 24h. Prior to STED imaging, cells were stained with 1 uM SNAP-cell SiR-647 (NEB) for 30 min at 37 °C
362 and 5 % CO,. Transfected cells were identified based on the cytosolic EGFP reporter and recorded by live-
363  cell STED nanoscopy at RT.

364

365 Sample preparation of cultivated cells for electron tomography

366  Aclar®33C disks were punched with 18 mm diameter using 0.198 mm thick aclar film (Plano, Wetzlar,
367 Germany) and sterilized with 70% ethanol before usage. On these, COS-7 cells or MICOS-depleted Hela
368 cells (T. Stephan et al.,, 2020) were grown were grown to ~ 70% confluency and transfected with
369  pcDNA3.1-DmMIC10b-FLAG. 24h after transfection, samples were immobilized and fixed with 2.5% (v/v)
370  glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4, first for 1 h at RT, then transferred to 4 °C until the
371 next day. Before post-fixation, the cells were additionally stained with 1% osmium tetroxide and 1.5%
372 (w/v) K4[Fe(CN)e] in 0.1 M cacodylate buffer at pH 7.4 for 1 h at RT. Following post-fixation in 1% osmium
373 tetroxide for 1 h at RT and pre-embedding en-bloc staining with 1% (w/v) uranyl acetate for 30 min at RT,
374  samples were dehydrated and embedded in Agar 100 resin (Plano, Wetzlar, Germany).

375

376  Sample preparation of fly tissues for electron microscopy

377  After extraction, fly brains were fixed in bulk by immersion with 2% glutaraldehyde in 0.1 M cacodylate
378 buffer at pH 7.4. Fixation was completed overnight at 4 °C. After three washing steps with 0.1 M
379 cacodylate buffer the brains were stained with 1% (w/v) osmium tetroxide for 1 h at RT followed by en-
380 bloc staining with 1% (w/v) uranyl acetate for 30 min at RT. Subsequently the brains were dehydrated in
381 a graded series of ethanol and finally flat-embedded in a thin layer of Agar100 resin in between two Aclar
382 sheets. Individual brains were manually cut out of the resin with a saw and 80 nm thick sections were
383  collected on Formvar coated copper grids. 10x10 tiles at 8600x original magnification were recorded at

384  randomly selected areas of the fly brains.
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385 Preparation of recombinant DmMIC10b for negative stain EM

386 DmMIC10b purified in presence of urea was dialyzed (against 20 mM Tris, 100 mM NacCl, 2 mM DTT, pH
387  8.0) to precipitate DmMIC10b. The precipitate was solubilized by adding 10% (w/v) sarcosyl and 5 % (w/v)
388  digitonin followed by thorough pipetting. The obtained solution was afterward diluted with a suspension
389 buffer containing 20 mM Tris, 100 mM NaCl, 3% (w/v) DDM, 2mM DTT, pH 8.0 up to final concentration
390 of 0.2% sarcosyl and 0.05% digitonin. The solution was supplemented with 10 mM imidazole and loaded
391 onto magnetic His-Beads. Samples were rotated on a wheel for 1.5 h at 4 °C. The supernatant was
392 removed and the beads were washed five times with a wash buffer containing 20 mM Tris, 100 mM Nacl,
393 10 mM imidazole, 1 mM DTT, 0.05 % (w/v) DDM, pH 8.0. Afterward, the beads were washed 5 times with
394 a wash buffer containing 20 mM Tris, 100 mM NaCl, 1 mM imidazole, 1 mM DTT, 0.01 % (w/v) DDM, pH
395 8.0. Elution was performed with 500 mM imidazole. Samples were dialyzed (against 20 mM Tris, 100 mM
396 NaCl, 1 mM DTT, 0.01% (w/v) DDM, pH 8.0) using a 5 kDa cutoff membrane. The samples were analyzed
397 by SDS-PAGE and Coomassie Brilliant Blue staining. For negative staining EM, the obtained protein
398 samples were bound to a glow discharged carbon foil covered 400 mesh copper grid. After successive
399  washing with water, samples were stained with 1% (w/v) uranyl acetate ag. and evaluated at RT using a
400 Talos L120C (Thermo Fisher Scientific).

401

402 Fluorescence microscopy

403 Imaging of testes was performed on a Zeiss LSM 700 confocal laser-scanning microscope (Carl Zeiss AG,
404  Oberkochen, Germany). Confocal light microscopy images of cultured cells were acquired using a Leica
405  TCS SP8 confocal laser-scanning microscope (Leica Microsystems, Wetzlar, Germany) equipped with a HC
406 PL APO 63x/1.40 Oil objective (Leica Microsystems, Wetzlar, Germany).

407 STED nanoscopy was performed using an Expert Line quad scanning STED microscope (Abberior
408 Instruments, Gottingen, Germany) equipped with a UPlanSApo 100x/1,40 Oil objective (Olympus, Tokyo,
409  Japan). Alexa Fluor 594 was excited at 561 nm wavelength and STAR RED was excited at 640 nm
410  wavelength. STED was performed at 775 nm wavelength. SiR-647 was excited at 640 nm wavelength and

411 STED was performed at 775 nm wavelength as described previously (Stephan et al., 2019, SciRep).

412 For 4Pi-STORM, cells were imaged on the 4Pi-STORM microscope by illuminating with 642nm laser light
413 and recording the on-off blinking events of individual fluorescent molecules on a CCD camera, for
414  approximately 100000 camera frames at a rate of 100Hz. To achieve a larger imaging depth, the sample
415 was periodically shifted along the optical axis (z-coordinate) in steps of 500nm during the recording.

416  Afterwards, in a post-processing step, each blinking event was analyzed to determine a 3D molecular
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417 coordinate, and the full set of coordinates plotted together in 3D space forms the 3D 4Pi-STORM image.
418 Multicolor imaging was achieved by distinguishing the Alexa Fluor 647 and Cy5.5 according to the ratio of
419  photons for each fluorophore detected in the four image channels of the microscope. The spatial
420  resolution of the processed 4Pi-STORM image is approximately 10nm in all dimensions. Full details of the
421 microscope, imagine procedure, and data analysis are described in (Bates et al., 2022).

422

423 Electron microscopy

424  For 2D analysis, images of ultrathin sections of ~70 nm thickness were recorded on a Philips CM120
425 BioTwin transmission electron microscope (Philips Inc., Eindhoven, the Netherlands). Usually, 2D images
426 of at least 20 different cells were randomly recorded for each sample at 8600x original magnification using
427  aTemCam 224A slow scan CCD camera (TVIPS, Gauting, Germany).

428 For electron tomography, tilt-series of thin sections of ~ 230 nm that were additionally decorated with 10
429 nm gold beads on both sides were recorded on a Talos L120C transmission electron microscope (Thermo
430 Fisher Scientific/FEI company, Hillsboro, Oregon, USA) at 17,500x original magnification using a Ceta
431 4k x 4k CMOS camera in unbinning mode. Series were recorded from -65.0° to 65.0° with a 3° dose-
432  symmetric angular increase. The series were calculated using Etomo (David Mastronade,
433  http://bio3d.colorado.edu/).

434

435 Imaging data processing

436  TEM recordings of thin sections and ET data were processed in Fiji using the median filter. If not stated
437 otherwise, STED nanoscopy data were smoothed with a lowpass filter using the Imspector software
438 (Abberior Instruments). For deconvolution, we used the Richardson Lucy algorithm in the Imspector
439 software. For volume renderings of 4Pi-STORM data, we relied on Imaris (Bitplane, Belfast, UK). Confocal
440 images of fly tissue were processed using Imagel and Adobe lllustrator. The seminal vesicle areas were

441 calculated using the “Measure” feature in ImageJ.
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Results

The mitochondrial protein Dmel_CG41128 is homologous to MIC10 from yeast and humans

The genome of D. melanogaster encodes three different proteins with noticeable sequence similarity to
the MIC10 proteins from yeast (ScMIC10) and humans (HsMIC10): MINOS1a/ Dmel_CG12479; MINOS1b/
Dmel_CG41128; and MINOS1c/ Dmel_CG13564. Like MIC10 from yeast and humans, these three proteins
contain two putative transmembrane domains (TMD) with conserved glycine-rich motifs (Figure 1A). Each
N-terminal TM segment contains a GxxxG motif (Engelman motif), which has been reported to mediate

oligomerization of several membrane proteins (Russ & Engelman, 2000).

A TMD1 TMD2
CG12479 ------——-—---—---- MSTTPE----DRLRENINRCLSDSLVKGVGELVI@SVVTLLFFRRRIWPVWLETGFEVEVAYRGCEKELNDVKFGQRK~~—~——~
CG41128 -——-—--——--—--—- MTSRDNIFE————EKICNRLDHCVSDVLIKGCGG{VI IGSAVSFLILKRRAWPVWLGA‘GFGMGIAYRTCEKDLNSLK ____________
CG13564 -------- MSHEPQKPAKSAVKEPPVVSEETRTTDKCLADFCLKGGSEBILI IGSAVTLFFTRPQTYPTWLELEVEMEVAYDCCOARWNQQ-———————————~—
ScMIC10 MSEQAQTQQPAKSTPSKDSNKNGSSVSTILDTKWDIVLSNMLVKTAMEFGVEYFTSVLFFKRRAFPVWLEIGFGVGRGYAEGDAI FRSSAGLRSSKV-————
HSMIC10 —-—-———————————— MSESELGRKWDRCLADAVVKIGTG}FGLGIVFSLTFFKRRMWPLAFGS‘GMGLGMAYSNCQHDFQAPYLLHGKYVKEQEQ
B

CG41128-FLAG

CG41128 HsMIC10 ScMIC10

Figure 1: Drosophila melanogaster has three MIC10-like proteins. A. Sequence alignment of three putative MIC10 proteins from D.
melanogaster, MIC10 from S. cerevisiae (ScMIC10) and MIC10 from H. sapiens (HsMIC10). The two putative transmembrane
domains (TMD, indicated by dashed lines) and highly conserved GxxxG and GxGxGxG motifs (red shading) are highlighted. B.
Immunofluorescence recording of S2 cells expressing CG41128-FLAG. C. AlphaFold2 structure predictions of Dmel CG41128,
HsMIC10 and ScMIC10. Positions of conserved glycine residues are highlighted in red. Scale bar: 5 um.

Each C-terminal TM domain contains a related, highly conserved GxGxGxG motif, which has been shown
to be crucial for the oligomerization of ScMIC10 (Barbot et al., 2015; Bohnert et al., 2015). However, only

Dmel _CG41128 is ubiquitously expressed throughout all analyzed developmental stages, whereas
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460 Dmel_CG12479 and Dmel_CG13564 are testes-specific proteins (FlyBase FB2022_06). Therefore, we
461  decided to focus on the investigation of Dmel_CG41128.

462 Expression of Dmel_CG41128-FLAG in S2 cells and subsequent immunolabeling and fluorescence
463 microscopy demonstrated that Dmel_CG41128 indeed localized to mitochondria (Figure 1B). We next
464  used AlphaFold2 to predict the overall structure of Dmel _CG41128, ScMIC10 and HsMIC10. The
465 AlphaFold2 algorithm predicted a hairpin topology reminiscent of some ER-resident reticulons (Yang &
466 Strittmatter, 2007) for all three proteins, with the conserved GxxxG and GxGxGxG motifs being oriented
467  to each other in a similar way (Figure 1C). The predicted structures are fully in line with previous
468 experimental studies on ScMIC10, which demonstrated that two TM domains of ScMIC10 are linked by a
469 short loop that points towards the matrix while the termini of the protein point towards the inter
470  membrane space (IMS) (Barbot et al., 2015; Bohnert et al., 2015).

471 We conclude that Dmel_CG41128 is a mitochondrial protein that shows sequence homology with known
472 MIC10 proteins and presumably features a comparable hairpin-like shape, making it a promising

473  candidate for the MIC10 subunit from D. melanogaster.

474

475 Loss of Dmel_CG41128 reduces the life span and the fertility of flies

476 In humans, the loss of subunits of the MIC10 subcomplex is associated with severe diseases such as
477 mitochondrial encephalopathy, myopathy or cognitive impairment (Beninca et al., 2021; Guarani et al.,
478  2016; Zeharia et al., 2016). To investigate the influence of Dmel_CG41128 on the life span of flies and
479  their mitochondria, we generated flies deficient for Dmel_CG41128 using CRISPR/Cas9 genome editing
480  (Figure 2A, B, and Supplementary Figure S1). The loss of Dmel_CG41128 reduced the average life span of
481  flies by around 40% (Supplementary Figure S2A). Moreover, Dmel_CG41128 is present in both testes and
482  ovaries from D. melanogaster (Supplementary Figure S3), and its loss reduced the overall fertility,
483 indicated by a significantly decreased seminal vesicle area (Supplementary Figure S2B).

484

485  Dmel_CG41128 is the major MIC10 orthologue in D. melanogaster

486 In both humans and yeast, MIC10 controls the stability of the MIC10-subcomplex. Depletion of MIC10
487 leads to the degradation of MIC13 and strongly disturbs cristae architecture (Alkhaja et al., 2012; Callegari
488 et al., 2019; Harner et al., 2011; Hoppins et al., 2011; Kondadi et al., 2020; T. Stephan et al., 2020; von der
489 Malsburg et al., 2011). To investigate the consequences of Dmel_CG41128 depletion on mitochondrial

490 architecture in D. melanogaster, we isolated mitochondria from wild-type and Dmel_CG41128-deficient
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491 flies and analyzed them by SDS-PAGE and immunoblotting. Similar to the situation in yeast and human
492 cells (Guarani et al., 2015; Kondadi et al., 2020; von der Malsburg et al., 2011), loss of Dmel_CG41128
493  caused the loss of DmMIC13 when analyzing steady state levels (Figure 2A). Next, we performed co-
494  immunoprecipitation (Co-IP) experiments on the isolated WT mitochondria using Dmel_CG41128 as a bait
495 (Figure 2B). We found that Dmel_CG41128 interacted with both DmMIC13 and DmMIC60, central
496 subunits of both MICOS sub-complexes (Guarani et al., 2015). Likewise, when DmMIC60 was used as a
497 bait, Dmel_CG41128 and DmMIC13 were pulled down (Figure 2B), indicating that Dmel_CG41128 is a part
498  of the Drosophila MICOS complex.

499 In order to test if Dmel CG41128 also interacts with subunits of mammalian MICOS complexes, we
500 expressed Dmel_CG41128-FLAG and FLAG-tagged human MIC10 (HsMIC10-FLAG) in human Hela cells and
501 COS-7 cells from the green African monkey Cercopithecus aethiops. Approximately the same amounts of
502 MICOS subunits were pulled down with these proteins as baits in COS-7 cells. Also, in Hela cells
503 Dmel_CG41128-FLAG pulled down subunits of MICOS, although HsMIC10-FLAG was a more efficient bait
504 (Figure 2C). We conclude that Dmel_CG41128-FLAG interacts also with the mammalian MICOS complex.

505 MIC10-deficient mitochondria from yeast and human cells exhibit highly disturbed mitochondrial
506 ultrastructure (Guarani et al., 2015; Harner et al., 2011; Hoppins et al., 2011; von der Malsburg et al.,
507  2011). Transmission electron microscopy of brain tissue mitochondria of flies deficient for Dmel_CG41128
508 revealed similar mitochondrial phenotypes with the majority of mitochondria exhibiting aberrant cristae
509 morphologies including tube-like and onion-shaped cristae (Figure 2D, E).

510

511 Altogether, the ubiquitously expressed Dmel CG41128 shares sequence homology with other MIC10
512 proteins, presumably features a hairpin-like structure and binds to the MICOS complexes of D.
513 melanogaster, H. sapiens and C. aethiops. Dmel_CG41128 further regulates the levels of DMMIC13 in flies,
514  and its depletion strongly affects the cristae architecture. These findings support the notion that
515 Dmel_CG41128 is the major MIC10 orthologue in D. melanogaster. Hence, in accordance with the uniform

516 nomenclature for MICOS (Pfanner et al., 2014), we will refer to it as DmMIC10b from here on.
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518 Figure 2: Dmel_CG41128 is DmMIC10b, a bona fide subunit of MICOS in D. melanogaster. A. Western blot analysis of steady state
519 protein levels in solubilized mitochondria from wild type (WT) and CG41128[KO] flies. B. Co-IP from solubilized mitochondria from
520 WT flies. DmMMIC60 and CG41128 were used as a bait. C. Co-IP from whole cell lysates. Human MIC10-FLAG (HsMIC10) and
521 CG41128-FLAG were transiently expressed in Hela cells or COS-7 cells. FLAG-tagged proteins where used as a bait. D-E. Electron

522 micrographs of mitochondria in brain tissue from WT and CG41128[KO] flies. n= number of analyzed mitochondrial cross sections.
523 D. Representative images of mitochondria. E. Quantification of the cristae architecture. Scale bars: 0.5 um.
524

525  DmMIC10b has a propensity to polymerize into filaments

526  When analyzing the subcellular localization of overexpressed DmMicl0b in S2 fly cells (Figure 1B), it
527  became apparent that higher expression levels of DmMicl0Ob often seemed to alter the shape of
528  mitochondria. To analyze this phenomenon further, we performed STED nanoscopy of S2 cells
529 overexpressing DmMIC10b C-terminally fused with a FLAG-tag. At moderate expression levels, STED
530 nanoscopy revealed the formation of distinct DmMIC10b clusters, comparable to the situation in yeast
531 and human cells (Jans et al., 2013; T. Stephan et al., 2020). Intriguingly, long DmMIC10b-containing
532 filaments, often forming bundles of filaments, were observable at higher expression levels of DmMIC10b-
533 FLAG. These DmMIC10b-containing filaments seemed to be located inside of mitochondria and pervaded
534  the mitochondrial network (Figure 3A, B). Formation of the filaments occurred only occasionally at lower

535  expression levels (Figure 3B), but was regularly observed at high expression levels (Figure 3B).

21


https://doi.org/10.1101/2023.04.17.537183
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.17.537183; this version posted April 17, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

536

537
538
539
540

541
542
543
544
545
546
547

available under aCC-BY-NC 4.0 International license.

+ DmMIC10b-FLAG

confocal — —_—
0 0

+ DmMIC10b-FLAG

Inset 2 — [ Inset 3

Figure 3: DmMIC10b can polymerize into filamentous structures. S2 cells expressing DmMIC10b-FLAG were immunolabeled against
the FLAG epitope and analyzed by confocal microscopy and 2D STED nanoscopy. A. Confocal recordings of cells with different
expression levels of DMMIC10b-FLAG, increasing from left to right. The signal intensity reflects the expression level. B. STED images
of the cells shown in A (upper) and insets marked by dashed boxes (lower). Scale bars: 2 uM.

Even when scrutinized by STED microscopy, the filaments appeared to be contiguously labeled, suggesting
that they might be formed by DmMIC10b only, rather than being a mosaic out of DmMIC10b and other
proteins (Figure 3B). To explore this idea, we first expressed DmMIC10b-FLAG in two heterologous cellular
systems, namely HelLa and COS-7 cells. Similar to the overexpression in S2 cells, expression of DmMIC10b
in these cells resulted in the formation of DmMIC10b-containing filaments (Figure 4, Supplementary

Figure S4).
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549 Figure 4: DmMIC10b can form filaments in cellulo and in vitro. A-C.) Dual-color super-resolution microscopy of COS-7 cells expressing
550 DmMIC10b-FLAG. Cells were fixed and immunolabeled with specific antibodies against the FLAG epitope (magenta) and MIC60

551 (green). A. Representative 2D STED nanoscopy recording. Data were deconvolved. B. Volume rendering of a 4Pi-STORM recording.
552 C. Representative dual-color STED recording of a MIC60-KO cell expressing DmMIC10b-FLAG. D-E. Hise-DmMIC10b was purified
553 from E.coli in the presence of urea, precipitated and solubilized using sarcosyl. The detergent was removed by dialysis. D. SDS-
554 PAGE stained with Coomassie Brilliant Blue. Asterisks indicate different oligomeric species. E. The same sample analyzed by
555 negative stain transmission electron microscopy. Scale bars: 2 um (A-C); 150 nm (E).
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556  As the Co-IP experiments showed that DmMIC10b interacts with mammalian MIC60 (Figure 2C), we also
557 recorded the distribution of MIC60 in these DmMIC10b-overexpressing cells. Dual-color 2D STED imaging
558  of COS-7 cells suggested occasional spatial connections between the filaments and some MIC60 clusters
559 (Figure 4A). Nevertheless, MIC60 seemed to be localized along the IBM as described before (Harner et al.,
560 2011; Jans et al., 2013; Pape et al., 2020), whereas the DmMIC10b-containing filaments seemed to be
561  situated more towards the center of the mitochondrial tubules. To localize DmMIC10b with optimal
562 accuracy in 3D, we next performed 4Pi-STORM of COS-7 cells expressing DmMIC10b-FLAG (Bates et al.,
563 2022). The 3D recordings confirmed the initial impression that the filaments associated into bundles
564 (Supplementary Movie S1) and that only a fraction of DmMIC10b was in close proximity to MIC60 clusters
565 (Figure 4B, Supplementary Movie S2). Instead, a significant part of DmMIC10b-FLAG seemed to be part of
566 filamentous structures that ran along the center of the mitochondrial tubules, suggesting that these
567 structures were localized outside the IBM (Figure 4B, Supplementary Movie S2).

568

569 Filament formation does not require other MICOS proteins and is independent of the C-terminal tag
570  The nanoscopy data supported the idea that DmMIC10b-FLAG filaments may form independent from
571 other MICOS proteins. To test this further, we next expressed DmMIC10b-FLAG in human MIC10-KO and
572 MIC60-KO cells, as these cells are devoid of the MIC10 sub-complex and the entire MICOS complex,
573 respectively (T. Stephan et al., 2020). STED recordings revealed that the formation of DmMIC10b-
574  filaments occurred in the absences of the MIC10 sub-complex as well as in the absence of the MICOS holo-
575 complex (Figure 4C, Supplementary Figure S5A,B). We conclude that additional MICOS subunits are not
576  required for the polymerization of DmMIC10b into filaments.

577  Asall DmMIC10b filaments shown thus far relied on overexpression of a C-terminally FLAG-tagged version
578  of DmMIC10b, we next expressed non-tagged DmMIC10b in mammalian Hela, U-2 OS and COS-7 cells and
579 labeled them with antibodies against DmMIC10b in order to test if the formation of the filamentous
580 structures was induced by the FLAG-epitope. Also untagged DmMIC10b formed filaments at high
581 expression levels, demonstrating that its propensity to form a filamentous structure is independent of the
582  tag (Supplementary Figure S5C-E).

583

584  We next investigated if purified DmMIC10b is able to polymerize into filamentous structures in vitro. To
585 this end, Hiss-DmMIC10b was expressed in E. coli and purified to homogeneity from inclusion bodies as
586  described previously (Barbot et al., 2015). Following the removal of detergent by dialysis, purified Hise-
587 DmMIC10b exhibited a distinct ladder-pattern on SDS-PAGE gels (Figure 4D, right panel), as previously
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588  reported for ScMIC10 (Barbot et al., 2015; Bohnert et al., 2015). This suggests that the purified DmMIC10b
589 can associate into stable oligomers. In line with this observation, negative stain electron microscopy
590 demonstrated the formation of filamentous structures upon the removal of the detergent (Figure 4E).
591  Taken together, we conclude that DmMIC10b can polymerize into homo-oligomeric filaments both in
592  mitochondria and in vitro.

593

594  Filament formation seems to be specific for DmMIC10b

595 Although the formation of filamentous MICOS structures had been suggested by early studies conducted
596 on yeast (Hoppins et al., 2011), several studies using super-resolution microscopy have not substantiated
597  the existence of extended MICOS-only filaments in yeast or mammalian cells (Jakobs, Stephan, ligen, &
598 Briser, 2020). Still, elongated MIC60 assemblies in mitochondria of COS-7 cells (Bates et al., 2022) or in
599 mitochondria of Hela cells depleted of the dynamin-like GTPase optic atrophy 1 (OPA1) (T. Stephan et al.,
600 2020) have been reported. However, these ring- or arc-like structures only wrapped around the
601 mitochondrial tubules and were by orders of magnitude shorter than the DmMIC10b filaments reported
602 here. Previous studies overexpressing HsMIC10 also did not report on the formation of filaments at
603  various expression levels (T. Stephan et al., 2020). To further explore if MIC10 from yeast or humans has
604  atendency to polymerize when expressed in a heterologous system, we expressed ScMIC10 in COS-7 cells
605  and S2 cells and HsMIC10 in S2 cells. No filaments were observed, suggesting that the propensity to form
606 filaments is a specific characteristic of DmMIC10b (Supplementary Fig. S6A-C).

607

608  DmMIC10b filaments remodel the cristae membrane

609  As MIC10 is a membrane-shaping protein (Barbot et al., 2015; Bohnert et al., 2015), it appeared possible
610  that the DmMIC10b filaments influence the overall IM architecture. To test this, we expressed the cristae
611 marker COX8A fused to a SNAP-tag (Till Stephan et al., 2019) together with DmMIC10b in HelLa and COS-
612 7 cells and visualized the fusion protein inside mitochondria using live-cell STED nanoscopy. Both
613 mitochondria of HelLa and COS-7 control cells showed lamellar cristae as previously reported (Liu et al.,
614 2022; Till Stephan et al., 2019). Overexpression of DmMIC10b strongly altered the cristae architecture,

615  with the IM often apparently collapsed along the DmMIC10b filaments (Figure 5A).
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617 Figure 5: DmMIC10b polymerizes into filaments which alter the mitochondrial ultrastructure. A. Live-cell STED of mammalian cells
618 expressing DmMIC10b. COS-7 and Hela cells were co-transfected with DmMIC10b-FLAG and COX8A-SNAP to visualize the cristae
619 membrane. Cells were labeled with SNAP-cell SiR 647 and visualized by 2D live-cell STED nanoscopy. B. Electron tomography of
620 mitochondria from COS-7 cells expressing DmMIC10b-FLAG. Arrows point to DmMIC10b-FLAG filaments located within the cristae
621 lumen (upper) and the IMS (lower). Scale bars: 2 pum (A); 0.25 um (B).
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623 In order to investigate the influence of DmMIC10b polymerization on the cristae architecture in more
624  detail, we next recorded electron tomograms of chemically fixed COS-7 cells expressing DmMIC10b.
625 Electron microscopy revealed filament bundles oriented along the mitochondria. As these filaments were
626 absent in WT cells, we assume that these are DmMIC10b filaments. Whereas some of these filaments
627 were in close contact with the IM, other filaments seemed to form between OM and IBM and along the
628  cristae lumen, thereby widening the IMS or causing the formation of aberrant, tubular cristae, respectively
629 (Figure 5B). As STED nanoscopy recordings of MICOS knockout cells expressing DmMIC10b had shown a
630  similar arrangement of the DmMIC10b filaments (Supplementary Figure S5A, B), we analyzed those cells
631  using electron microscopy as well. Remarkably, these cells featured a similar internal organization of the
632 DmMIC10b filaments despite the strikingly different cristae architecture of WT, MIC10-KO and MIC60-KO
633  cells (Kondadi et al., 2020; T. Stephan et al., 2020). In MIC60-KO cells, we observed the majority of
634  filaments in bundles between OM and IBM, which we attribute to the strongly reduced number of Cls in
635  these mitochondria (Supplementary Figure S7A, B).

636  Together, our data suggest that upon overexpression DmMIC10b polymerizes into extended filaments

637 that associate into bundles within the IMS and influence the mitochondrial IM architecture.
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638  Filament formation of MIC10b is regulated by conserved amino acids

639 DmMic10b oligomerization is a prerequisite for filament formation

640 Filament formation seemed to be a peculiarity of DmMIC10b, hence we compared its primary sequence
641  to that of other MIC10 proteins (Figure 6A). The MIC10 proteins of D. melanogaster, H. sapiens, R.
642  norvegicus, D. rerio and S. cerevisiae exhibit highly conserved glycine-rich motifs in each of the two TM
643 segments that mediate MIC10 oligomer formation in yeast (Barbot et al., 2015; Bohnert et al., 2015). The
644 first TMD contains a GxxxG motif, whereas the second TMD contains a more extended GxGxGxG motif
645 (Figure 6A). The yeast ScMIC10 somewhat stands out as it exhibits an additional amino acid sequence of
646 approximately 20 residues at its N-terminus (Figure 6A). Furthermore, all analyzed MIC10 proteins except
647 ScMIC10 feature two highly conserved cysteine residues: a conserved cysteine in a distance of 11 aa N-
648  terminally of the GxxxG motif (C19 in DmMIC10b) and a conserved cysteine that is placed 6 aa C-terminally
649  of the GxGxGxG motif (C64 in DmMIC10b). DmMIC10b uniquely features a cysteine residue (C28) in close
650 proximity to the N-terminal GxxxG motif, whereas in HsMIC10, RnMIC10 and DrMIC10 the corresponding
651 amino acid is glycine and extends the GxxxG motif into a GxGxGxG motif. In addition, the other MIC10
652 proteins, except for DmMIC10b, feature a phenylalanine at position 41, whereas DmMIC10b has an
653 isoleucine at this position (Figure 6A).

654

655  As the glycine-rich motifs mediate MIC10 oligomer formation in yeast (Barbot et al., 2015; Bohnert et al.,
656 2015), we next explored if disruption of the GxGxGxG motif in D. melanogaster has an influence on
657  filament formation. To this end, mutations to disturb this motif in the second TMD were introduced.
658 Concretely, we expressed DmMMIC10b(G52L/G56L) and DmMIC10b(G54L/G58L) in S2 cells and in E.coli and
659 analyzed their ability to form higher molecular weight species or filaments. After expression of the
660 proteins in E. coli cells, we lysed the cells, enriched inclusion bodies and solubilized them with sarcosyl.
661 Following dialysis, we analyzed the samples using SDS-PAGE and western blotting (Figure 6B). As
662 previously reported for yeast MIC10, immunoblotting showed that disruption of the GxGxGxG motif in
663 DmMIC10b strongly reduced the amount of higher molecular weight species preserved during SDS-PAGE
664 (Barbot et al., 2015; Bohnert et al., 2015). Likewise, both mutations abolished filament formation, but
665 instead resulted in the appearance of protein clusters along the mitochondria (Supplementary Figure
666  S8A).

667  Together this suggests that oligomerization through its GxGxGxG motif located in the second TMD is a
668  prerequisite for the polymerization of DmMIC10b into filaments.

669
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670 Filament formation but not oligomer formation requires a conserved cysteine residue

671  Since DmMIC10b differs significantly from the well-studied ScMIC10 with respect to residues C13, C19,
672 C28, C64, and 141, we investigated whether mutation at these sites affects the ability of DmMIC10b to
673 polymerize into filaments. The cysteine residues were individually replaced by a serine residue and the
674 isoleucine by a phenylalanine residue. The variants were expressed in COS-7 and Hela cells and their
675 localization recorded by STED nanoscopy (Figure 6B). Except DmMIC10b(C19S), which resulted in a
676 clustered, non-filamentous protein distribution, the other tested DmMIC10b variants were all capable of
677  filament formation (Figure 6B, Supplementary Figure S8B). Therefore, we next tested if C19, like the
678 GxGxGxG motif, is essential for the formation of MIC10 oligomers. In strong contrast to variants mutated
679  in the GxGxGxG motif, DmMIC10b(C19S) behaved virtually identical to WT DmMIC10b upon SDS-PAGE
680  (Figure 6B).

681 We conclude that DmMIC10b oligomerizes into higher molecular weight species through its glycine-rich
682 motif as previously reported for MIC10 from yeast. DMMIC10b oligomers in turn require the conserved

683 C19 residue to assemble into filaments.
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685 Figure 6: Formation of DmMIC10b filaments depends on conserved amino acids and is suppressed by DmMICOS proteins. A. Amino
686 acid sequence alignment of MIC10-like proteins from D. melanogaster and MIC10 from humans, rats, zebra-fish and yeast. Amino
687 acid residues exchanged for analysis in (B-C) are marked in red. B. Western blot analysis of DmMIC10b mutants. Hise-DmMIC10b
688 with point mutations was expressed in E. coli. Cells were homogenized and the insoluble pellet was solubilized using sarcosyl. The

689 detergent was removed by dialysis and the samples were analyzed by SDS-PAGE and immunoblotting. C. 2D STED nanoscopy of
690 COS-7 cells expressing mutants of DmMIC10b-FLAG. Cells were chemically fixed and immunolabeled for the FLAG epitope. D.-E.
691 Co-expression of MICOS proteins in COS-7 cells. Cells were co-transfected to induce expression of DmMIC10b-FLAG together with
692 other Spot-tagged MICOS proteins. Cells were immunolabeled against FLAG, Spot and TOMM?22. Double-transfected cells were

693 recorded by dual-color STED nanoscopy. D. Representative STED nanoscopy recordings. E. Quantification of the number of cells
694 which formed DmMIC10b-FLAG filaments. Bars indicate the mean of three independent biological repeats, whiskers indicate the
695 standard deviation. N indicates the total number of analyzed cells. Scale bars: 2 um (B), 1 um (C, overview), 0.5 um (C, inset).
696

697
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698  DmMICOS subunits can suppress filament formation of DmMIC10b

699  The formation of extended DmMIC10b filaments in fly cells was only observed upon overexpression of
700 DmMIC10b, which is a condition that results in a shifted balance between DmMIC10b and the other
701 MICOS proteins. We speculated that at physiological conditions filament formation of DmMIC10b is
702 suppressed by interacting MICOS proteins. To explore this, DmMIC10b-FLAG was co-expressed with
703 several Spot-tagged versions of MICOS proteins of the MIC10 and the MIC60 sub-complexes, and filament
704  formation was determined by STED nanoscopy (Figure 6D). To ensure balanced expression of the
705 respective two overexpressed proteins, we expressed both proteins as a translational fusion, separated
706 by a self-cleaving 2A peptide.

707  Co-expression of DmMIC10b with the MIC10-subcomplex subunits DmMIC13 or DmMIC26 suppressed
708 DmMIC10b filament formation in the vast majority (> 80%) of the cells, whereas DmMIC19, part of the
709 MIC60-subcomplex, reduced filament formation less efficiently (~50%). Upon co-expression of the human
710 DmMIC13 orthologue HsMIC13, the majority of the analyzed cells still formed filaments, suggesting that
711 the fly homologs have co-evolved to efficiently suppress the ability of DmMIC10b to form filaments at
712 physiological conditions (Figure 6D, E). The suppression of filaments by DmMIC13 was reduced when its
713  only cysteine residue (C90) was replaced by a serine residue (Figure 6D, E), further supporting the notion
714  that in D. melanogaster cysteine residues are key for the regulation of the oligomerization status of
715 MIC10.

716  Takentogether, DmMIC10b, the major MIC10 from D. melanogaster, has the propensity to form extended
717  filaments in vitro and in cellulo. Upon overexpression, the filaments reside in the IMS and deform the IM.
718 Formation of filaments requires glycine-rich motifs within the C-terminal TMD as well as a conserved
719  cysteine residue (C19) in close proximity to the N-terminal TMD. The formation of filaments requires
720  excess of DmMIC10b and is effectively suppressed by co-overexpression of other constituents of the

721 MIC10-subcomplex.
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722 Discussion

723 In this study we show that the mitochondrial protein Dmel_CG41128/ DmMIC10b is the major MIC10
724  orthologue in D. melanogaster. DmMIC10b is ubiquitously expressed and interacts with the MICOS
725  complexes of flies, humans and monkeys. It controls the stability of the MIC10-subcomplex of D.
726  melanogaster and is required for maintaining the mitochondrial ultrastructure. Despite its high homology
727  to ScMIC10 and HsMIC10, DmMIC10b stands out due to its propensity to polymerize into extended
728  filaments. At low expression levels, DmMIC10b formed distinct clusters, resembling the distribution of
729 MICQOS proteins in yeast or human cells (Bates et al., 2022; Jans et al., 2013; Kondadi et al., 2020; Pape et
730 al., 2020; Stoldt et al., 2019), whereas at high expression levels, DmMIC10b polymerized into bundles of
731  filaments which influenced both the fusion-fission balance of the mitochondrial network and the cristae
732 ultrastructure. Remarkably, these filaments were located between the OM and IM as well as inside the
733 cristae lumen, suggesting that they can form or extend outside of the IM.

734

735 Filaments formed by DmMIC10b resemble those formed by the GFP-tagged bacterial cytoskeleton protein
736 Mreb (Grotjohann et al., 2011; Pande, Mitra, Bagde, Srinivasan, & Gayathri, 2022). The formation of
737  extended Mreb filaments has been described as an artifact caused by tagging with fluorescent proteins
738  (Swulius & Jensen, 2012). Under physiological conditions, untagged Mreb polymerizes into smaller arc-
739 like or ring-like assemblies, which are crucial to determine the bacterial cell shape (Shi, Bratton, Gitai, &
740 Huang, 2018). This study shows that the formation of DmMIC10b filaments is independent of the C-
741 terminal tag. Instead, polymerization into filaments depends primarily on the expression level and thereby
742  concentration of DmMIC10b.

743

744  Similar to yeast MIC10 (Bohnert et al., 2015), DmMIC10b relies on the conserved GxGxGxG motif in the C-
745 terminal TM segment to form oligomeric species that are preserved during SDS-PAGE. In the case of
746 DmMIC10b, this oligomerization seems to be required also for the assembly of extended filaments. In
747  addition, we found that a highly conserved cysteine residue (C19 in DmMIC10b), located N-terminally of
748 the first TMD of DmMIC10b is crucial for the formation of filaments, but not of oligomers. Remarkably,
749  this cysteine residue, as well as the cysteine residue located C-terminally of the second TM segment (C64
750 in DmMIC10b), is highly conserved in the MIC10 proteins of higher animals, including humans, flies, rats,
751  and fish, whereas the well-studied MIC10 from yeast does not contain any cysteine residue (Figure 6A).
752  This may point to understudied differences between the MICOS complexes of lower and higher

753 eukaryotes. Given the sequence homology of the MIC10 proteins in higher eukaryotes, the question
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754 remains why DmMIC10b has the propensity to form filaments, whereas the human MIC10 seems not to
755 have this ability. A crystal structure of MIC10 is not available, but models generated by AlphaFold2 may
756  provide some hints (Fig. 1C). Structure predictions suggest that DmMIC10b, HsMIC10 and ScMIC10 all
757  feature a hairpin-like topology, but differences exist regarding the length and shape of the two alpha
758  helices that contain the TMDs and the conserved glycine-rich motifs. The predictions suggest that in
759 DmMIC10b, the N-terminal alpha helix, which contains the conserved C19 residue, is elongated and
760 exhibits a curved shape compared to other MIC10 proteins. Moreover, DmMIC10b does not seem to
761 feature the flexible termini predicted for human or yeast MIC10. We speculate that such differences in
762  the shape of the MIC10 monomers influence the shape of MIC10 oligomers and their ability to polymerize
763 into filaments.

764  We found that in fly cells, the stoichiometric ratio between DmMIC10b and other MICOS subunits
765 influences the propensity of DmMIC10b to polymerize into extended filaments. This seems to be an
766 effective mechanism to keep MIC10 oligomerization in check. Indeed, we never observed extended
767 DmMIC10b filaments in wild-type fly cells, which does not exclude that possibility that at specific
768 developmental stages the ratio between DmMIC10b and the other MICOS subunits is changed and
769  filaments are formed in order to rearrange the mitochondrial architecture. Therefore, it will be revealing
770  toinvestigate the interplay of cristae-shaping proteins along all developmental stages of an organism such

771  asafly.
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776 Supplementary Figure S1: Generation of a CG41128 knockout in flies. CRISPR/Cas9 gene editing was used to insert a DsRed cassette
777 into the CG4118 gene.
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779 Supplementary Figure S2: Loss of Dmel_CG41128 reduces the life span and fertility of flies. A. Survival rates of wild-type flies and
780 CG41128-deficient flies. Curves indicate the mean of four independent biological repeats (n=4). Whiskers indicate the standard
781 deviation. B. Seminal vesicle area in wild-type and CG41128[KO] flies. The seminal vesicle area was estimated for newly eclosed
782 flies, one- and two-week old flies. Bars indicate seminal vesicle area of 15-25 seminal vesicles per time point and genotype, and
783 whiskers indicate the standard deviation.
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786 Supplementary Figure S3: Dmel_CG41128 is present in ovaries and testes of D. melanogaster. Ovaries (A-D) and testes (E-H) from
787 control (w[1118]/OR-R) and mutant (CG41128[KO]) adult flies. Shown are ovarioles (A-B) and developing egg chambers (C-D); and
788 apical ends (E-F) and basal ends (G-H) of testes. DAPI (magenta) marks the nuclei, and anti-CG41128 staining is shown in green.
789 Single grayscale panels (A'-H') depict anti-CG41128 signal. CG41128 is present in mitochondria in both ovaries (adjacent to nuclei
790 in C, C') and testes (yellow arrowheads in E, E'). Mitochondrial staining is abrogated in CG41128[KO] tissues, but some nonspecific
791 staining remains, including strong staining in testis cyst cell nuclei (see staining in H'). Scale bars 50 pm.
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792

793 Supplementary Figure S4: DmMIC10b overexpression causes formation of filaments. DmMIC10b was expressed in Hela (upper) and
794 COS-7 (lower) cells. Cells were chemically fixed, immunolabeled and visualized by 2D STED nanoscopy. Scale bars: 5um.
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796 Supplementary Figure S5: DmMIC10b expression induces filament formation in the absence of human MICOS proteins and
797 irrespective of the C-terminal FLAG-tag. A.-B. Genome-edited Hela cells expressing DmMIC10b-FLAG were immunolabeled against
798 the FLAG epitope and recorded with 2D STED nanoscopy. A. Hela cells depleted of HsMIC10 (MIC10-KO) which are lacking the
799 MIC10-subcomplex. B. Hela cells depleted of HsMIC60 (MIC60-KO) which are lacking virtually all HsMICOS components. C. —E. 2D
800 STED nanoscopy of immunolabeled COS-7 (C), Hela (D) and U-2 OS (E) cells expressing non-tagged DmMIC10b. Scale bars: 2 pm
801 (A-B); 2 um (overview, C-E), 0.5 um (inset, C-E).
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803 Supplementary Figure S6: MIC10-FLAG from yeast or humans does not polymerize into filaments when expressed in cultivated cells.
804 A. —C. Cells were transfected, chemically fixed and immunolabeled against the FLAG epitope. The cells were analyzed by 2D STED
805 nanoscopy. A. COS-7 cell expressing ScMIC10-FLAG. B. S2 cell expressing ScMIC10. C. S2 cell expressing HsMIC10. Scale bars:
806 overview, 2 um; inset, 0.5 pm.

807
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808

809 Supplementary Figure S7: DmMIC10b filaments influence the cristae architecture in MICOS-deficient mitochondria. A. —B. Hela cells
810 deficient for MIC10 (MIC10-KO) or MIC60 (MIC60-KO) were transfected to induce the expression of DmMIC10b-FLAG. Cells were
811 chemically fixed and analyzed by transmission EM. A. Electron micrograph of ultra-thin sections. White arrows indicate filaments.
812 B. Single plane of an electron tomography data set. Scale bars: 0.5 um.
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Mic10b-G52/56L; ATPSA

813

814 Supplementary Figure S8: DmMIC10b polymerization requires conserved amino acids and can be suppressed by other DmMICOS
815 proteins. A. 2D STED nanoscopy of S2 cells expressing glycine mutants of DmMIC10b-FLAG. Cells were transfected for
816 overexpression of DmmMIC10b(G52L/G56L)-FLAG (left) or DmMIC10b(G54L/G58L)-FLAG (right). Cells were immunolabeled against
817 the FLAG-tag and ATP5A and visualized by two-color STED nanoscopy. Insets show a magnified view of the areas marked by the
818 dashed boxed. B. 2D STED nanoscopy of Hela cells expressing DmMIC10b-FLAG (left) or DmMIC10b(C19S)-FLAG (right). Cells were

819 transfected for transient expression of DmMIC10b and immunolabeled against the FLAG epitope. Scale bars: 5 um (A, overview),
820 0.5 um (A, inset); 5 um (B).
821

822 Movie S1. 4Pi-STORM of COS-7 cells expressing DmMIC10b-FLAG. Cells were immunolabeled with specific antibodies against the
823 FLAG epitope and recorded by 4Pi-STORM. The movie shows a volume rendering of the 4Pi-STORM recording. The position along
824 the z-axis is color-coded.

825 Movie S2. Dual-color super-resolution microscopy of COS-7 cells expressing DmMIC10b-FLAG. Cells were immunolabeled with
826 specific antibodies against the FLAG epitope (magenta) and MIC60 (green) and recorded with 4Pi-STORM. The movie shows a
827 volume rendering of the 4Pi-STORM recording.
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