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Fig. S1. Overview of mitochondrial architecture 



 
 

 
 

Fig. S1. Overview of mitochondrial architecture 

(A) Mitochondria are surrounded by two membrane systems. The outer mitochondrial membrane 
(OMM) envelopes the organelles and mediates communication and exchange of molecules with 
the cytosol and other membrane-bound intracellular compartments. The inner mitochondrial 
membrane (IMM) consists of two structurally and functionally distinct domains. The inner 
boundary membrane (IBM) is in close proximity to the OMM, comprising the aqueous 
intermembrane space (IMS) compartment. Large membrane areas, termed cristae, extend from the 
IMM and wrinkle into the matrix. These cristae membranes adopt the shape of branched tubules, 
sheets or discs and determine the characteristic ultrastructure of mitochondria. IBM and cristae 
membranes largely differ in their protein content. Whereas the IBM particularly contains 
metabolite carriers and translocation machineries for macromolecules, like polypeptides, cristae 
membranes are exceptionally protein-rich and harbor the respiratory chain complexes and the 
F1Fo-ATP synthase for oxidative phosphorylation. The connections between cristae and IBM are 
termed crista junctions (CJs). These specialized membrane regions exhibit an exceedingly high 
curvature and are thought to act as diffusion barriers for metabolites and proteins. (B) The 
formation and stabilization of CJs is mediated by an evolutionary conserved hetero-oligomeric 
protein complex, the mitochondrial contact site and cristae organizing system (MICOS). The core 
complex consists of six subunits in yeast and seven in metazoa. MICOS is made of a Mic60 and a 
Mic10 module with distinct properties and functions. Mic60 (formerly known as mitofilin, IMMT, 
Aim28 or Fcj1) is the centerpiece of the membrane-bridging subcomplex that forms contact sites 
between IMM and OMM through interactions with partner protein complexes, like the sorting and 
assembly machinery (SAM). The Mic60 protein consists of an N-terminal transmembrane segment 
anchored in the IMM and a large hydrophilic domain in the IMS that exhibits an extended coiled-
coil region and a C-terminal mitofilin signature domain. Mic60 is firmly associated with Mic19, a 
peripheral membrane protein that may act as a redox sensor through an intramolecular disulfide 
bond. In metazoa, the Mic60 module additionally contains Mic25 that belongs to the same protein 
family as Mic19. Studies in yeast and human mitochondria suggest that the N-terminal domain of 
Mic19 and parts of the Mic60 IMS domain differentially contribute to membrane contact site 
formation together with the polypeptide transport-associated (POTRA) domain of Sam50. Homo-
oligomers of Mic10 form the backbone structure of the second MICOS subcomplex and contribute 
to the formation and stabilization of membrane curvature at CJs. The oligomeric state of Mic10 is 
regulated by Mic26 and Mic27 in an antagonistic manner and modulated by the IMM phospholipid 
cardiolipin. The two MICOS modules are connected by Mic12 in yeast or Mic13/QIL1 in metazoa. 
P: POTRA domain of Sam50, N-ter. Mic19: N-terminal region of Mic19, CC: coiled-coil domains, 
CHCH: coiled-coil-helix-coiled-coil-helix domain, Mito: mitofilin domain, CC dimer: Mic60 
coiled-coil domain dimer. Ablation of MICOS leads to the collapse of CJs and the detachment of 
cristae from the IBM (A, bottom). Cristae accumulate as lamellar membrane stacks in the matrix. 
MICOS-deficient mitochondria show defects in oxidative phosphorylation and a variety of stress 
responses. (C) Representative EM micrograph of mitochondria from fixed mic60Δ S. cerevisiae 
cells reconstituted with plasmid-borne Mic60. Filamentous densities near the CJs are indicated by 
white arrows. (D) Same as in C, but reconstituted with the tetramerization mutant Mic60I274D/F280D. 
Interference with Mic60 tetramerization results in a reduction of CJs. (E) and (F) Additional EM 
micrographs (as in C and D) and quantitative analysis of CJ diameter of mitochondria from fixed 
mic60Δ S. cerevisiae reconstituted with Mic60 (n = 74, mean diameter 13.8 nm) and with the 
tetramerization variant Mic60I274D/F280D (n = 50, mean diameter 10.4 nm). 
  



 
 

 
 

Fig. S2. Oligomerization and interaction of Mic60 and Mic19 



 
 

 
 

Fig. S2. Oligomerization and interaction of Mic60 and Mic19 

(A) BN-PAGE analysis of purified ltMic60CC and the tetramerization variant M291D/F297D. (B) 
SDS-PAGE (left) and BN-PAGE (right) analysis of the ctMic60sol and ctMic60sol

R525C under 
reducing and non-reducing conditions. ‘WT’ represents ctMic60sol under non-oxidized conditions, 
whereas the lanes ‘WT ox’ and ‘R525C ox’ show ctMic60sol and the R525C variant, respectively, 
after oxidation using CuSO4. (C), (D) SDS-PAGE analysis and quantification of liposome co-
sedimentation assay using different ctMic60sol/ctMic19 single amino acid substitution variants (C) 
and their respective complexes (D). S, supernatant; P, pellet. The light grey bars in (D) represent 
ctMic19 and its variants and the dark grey bars ctMic60sol and its variants. Measurements were 
done in triplicate and error bars indicate the s.d. of each data set. SDS-PAGE data shown in the 
main Figs. 3C and 4E are not included here. (E) BN-PAGE analysis of ctMic60sol variants and 
their complexes with ctMic19 variants. Proteins and protein complexes in all figures were 
visualized with Coomassie Brilliant Blue. 
  



 
 

 
 

 

Fig. S3. Structural details of Mic60 and Mic19. 

(A) Tetrameric structure of ltMic60CC. Tetrameric helical assemblies are often found in membrane-
remodeling proteins, such as in SNARE complexes (59) or the stalks of dynamin proteins (60), 
although the detailed topologies differ. (B) Surface conservation plot of the tetramer interface 
(magnified area) and the monomer of ltMic60CC. The other monomers are shown in cartoon 
representation. Conserved residues are colored dark magenta, variable residues dark cyan. (C) 
Localization of K366, which was exchanged to cysteine to stabilize the tetramer via a disulfide 
bridge. K3661 refers to monomer 1 and K3663 to monomer 3. (D) Structure prediction of the C-



 
 

 
 

terminal region of Mic60 from co-evolution analysis. The mitofilin domain is colored in magenta 
and LBS 1/LBS 2 in orange. (E), (F) Surface conservation plot of one monomer of Mito2_CHCH. 
The second monomer is shown in cartoon representation. The GS-linker is colored in yellow. Both 
magnifications in (E) show the conservation of the mitofilin-CHCH domain interface. The CHCH 
domain or helix α3M from the mitofilin domain are displayed as cartoon representation for better 
visualization. The magnifications in (F) represent the conservation of the mitofilin-dimer interface. 
  



 
 

 
 

 
Fig. S4. Sequence alignment of Mic60. 

                                                                                                                   

                                                                                                                     

                                                                                                                     

                                                                                                                    

                                                                                                                    

                                                                                                                   

                                                                                                                     

                                                                                                                   

                                                                                                                    

                                                                                                                       
                                                                                                                    

                                                                                                                   

                                                                                                                
                                                                                                                

                                                                                                                

                                                                                                                

                                                                                                                    

                                                                                                                

                                                                                                                  

                                                                                                                     

                                                                                                                       

                                                                                                                  

                                                                                                                    

                                                                                                                   

                                                                                                                 

                                                                                                                     

                                                                                                                    

                                                                                                                     

                                                                                                                       

                                                                                                                        

                                                                                                                  

                                                                                                                  

                                                                                                                  

                                                                                                                   

                                                                                                                     

                                                                                                                  

                                                                                                                    

                                                                                                                     

                                                                                                                       

                                                                                                                  
                                                                                                                  

                                                                                                                   

                                                                                                                  
                                                                                                                     

                                                                                                                  

                                                                                                                    

                                                                                                                   

                                                                                                                  

                                                                                                                 

                                                                                                                 

                                                                                                                 

                                                                                                                 

                                                                                                                 

                                                                                                                 

                                                                                                                       

                                                                                                                     
                                                                                                                    

                                                                                                                      

                                                                                                                      

                                                                                                                      

                                                                                                                       
                                                                                                                       

                                                                                                                      

                                                                                                                    

                                                                                                                    
                                                                                                                      

                                                                                                                    

                                                                                                                    

                                                                                                                    

                                                                                                                    
                                                                                                                   

                                                                                                                  

                                                                      

                                                                       
                                                                       
                                                                       

                                                                       
                                                                       

                                                                       
                                                                       

                                                                       

                  

   

      

   
        

               
      

  

                

                         

                  

                                

                         



 
 

 
 

Fig. S4. Sequence alignment of Mic60. 

The following sequences are aligned: Chaetomium thermophilum (ctMic60, Uniprot accession 
code G0SHY5), Lachancea thermotolerans (ltMic60, C5E325), Saccharomyces cerevisiae 
(scMic60, P36112), Homo sapiens (hsMic60, Q16891), Mus musculus (mmMic60, Q8CAQ8), 
Danio rerio (drMic60, Q6PFS4), Xenopus laevis (xlMic60, A0A1L8HKP3), Drosophila 
melanogaster (dmMic60, P91928) Caenorhabditis elegans (ceMic60, Q22505). Amino acids are 
colored according to their chemical and physical properties (positive charge: blue, negative charge: 
red, hydrophobic: green, proline and glycine: brown, all others: grey). For sequence conservation 
greater than 70%, the background is highlighted. Residues involved in tetramerization are labeled 
with , in interaction with Mic19 with , in membrane binding with , in mitofilin dimerization 
with  and the residue chosen for cysteine replacement with . 
  



 
 

 
 

 

Fig. S5. ITC data of Mic60 and Mic19. 



 
 

 
 

Fig. S5. ITC data for the interaction of Mic60 and Mic19.  

(A-K) ITC experiments with different ctMic60sol variants and ctMic19 variants. At 10 °C, a 
concentrated solution of Mic19 in the syringe was titrated into a Mic60 solution present in the 
sample cell and the resulting heat change was monitored. Mic60 concentrations in the sample cell 
varied between 44-81 µM and Mic19 concentrations between 390-810 µM. (L-M) Overview of 
KDs (µM) and binding numbers derived from the ITC experiments shown in (A-K). The deviation 
represents the root-mean-square error of the fit. (L) includes the ctMic60sol variants, which have 
been titrated with ctMic19 and (M) the ctMic19 variants, which have been titrated into ctMic60sol 
solutions. 
  



 
 

 
 

 

Fig. S6. S. cerevisiae in vivo analysis. 



 
 

 
 

Fig. S6. S. cerevisiae in vivo analysis. 

(A) Mitochondria harboring a chromosomally encoded Mic60-Protein A fusion construct together 
with plasmid-borne copies of either scMic60WT or scMic60I274D/F280D were solubilized with 
digitonin and subjected to immunoprecipitation. After elution with glycine buffer, samples were 
analyzed by SDS-PAGE and Western blot (left panel). Quantification (right panel) of Mic60 
antibody (for scMic60WT and scMic60I274D/F280D) and PAP (for Mic60-Protein A) signals 
demonstrates the reduced homotypic interaction propensity of scMic60I274D/F280D (n=4, data 
represent mean +- standard deviation). (B) Representative electron micrographs of S. cerevisiae 
mitochondria in ultrathin sections of cells expressing the indicated scMic60 and scMic19 variants. 
‘scMic19’ represents the mic19Δ strain complemented with plasmid pRS416-scMic19 (WT) (see 
also Figs. 2E-G). Bottom right panel: number of crista junctions per mitochondrial section. 100 
mitochondrial cross sections were counted with maximally two mitochondria from the same cell. 
Each data point represents one mitochondrial cross section, and mean and standard deviation are 
shown. Statistically significant differences in the mean values are indicated. (C) Comparison of 
steady state protein levels in isolated mitochondria of S. cerevisiae strains lacking the 
chromosomal MIC60 gene (mic60) transformed with an empty vector (e.v.), or plasmids 
encoding either wild-type (WT) scMic60 or the scMic60 variants I532D and T539D, respectively. 
Mitochondrial samples were subjected to SDS-PAGE and immunoblotting with the indicated 
antisera. Note that the I532D variant was expressed at lower levels compared to WT. (D) Protein 
steady state level analysis as in (C) using mitochondria of S. cerevisiae strains lacking Mic19 
(mic19) or expressing WT scMic19 or the scMic19 L143D or L147D variants, respectively. Note 
that the L147D variant was expressed at lower levels compared to WT. Accordingly, also lower 
levels of the MICOS components Mic60 and Mic26 were observed. (E) Experiment as described 
in (C); analyzed scMic60 variants were V530D and I274D/F280D/V530D. The Mic60 variant 
with three amino acid substitutions was expressed at slightly lower levels compared to WT. (F) 
Mitochondria as described in (C) additionally containing a Protein A-tagged variant of Mic19, 
were solubilized in digitonin-containing buffer and subjected to IgG affinity chromatography. 
Elution fractions were analyzed by blue native PAGE und immunodetection with antibodies raised 
against scMic60. (G) SDS-PAGE and Western blot analysis of immunoprecipitations with 
mitochondria lacking Mic60 (mic60∆) or expressing Mic60 variants I532D and T539D in a 
scMic19-Protein A containing background. Quantification of PAP and scMic60 antibody signals 
shows different binding capacities of scMic60 variants to scMic19 compared to Mic60-WT (n=4, 
data represent mean +- standard deviation). (H) Mitochondria of yeast cells expressing scMic60-
Protein A that either lack Mic19 (∆mic19) or express scMic19L143D or Mic19L147D from plasmid 
pRS416 were subjected to immunoprecipitation. Samples were analyzed by SDS-PAGE and 
Western blot. 
  



 
 

 
 

Fig. S7. Analysis of mitochondrial networks. 

(A) Maximum projections of Z-stacks of mitochondrial stainings using 175 nM DiOC6 in wild-
type (WT) S. cerevisiae and MIC60 knockout cells containing either an empty plasmid or plasmids 
for the re-expression of WT-Mic60 (‘rescue’) or the indicated Mic60 variants, respectively. The 
bar diagram shows a quantitative analysis of mitochondrial networks from 3 independent 
experiments (black circles). About 300 cells were counted for each sample (p-values were derived 
from an unpaired t test). The white scale bar indicates 2 µm. (B) Same comparative analysis as in 
(A), but with cells harboring scMic19 variants.  



 
 

 
 

Fig. S8. Sequence alignment of Mic19. 

The following sequences are aligned: Chaetomium thermophilum (ctMic19, Uniprot accession 
code G0S140), Lachancea thermotolerans (ltMic19, C5E3G4), Saccharomyces cerevisiae 
(scMic19, P43594), Homo sapiens (hsMic19, Q9NX63), Mus musculus (mmMic19, Q9CRB9), 
Danio rerio (drMic19, Q502T3), Xenopus laevis (xlMic19, Q7ZYP1), Drosophila melanogaster 
(dmMic19, Q9VA18), Caenorhabditis elegans (ceMic19, Q21551). Amino acids are colored 
according to their chemical and physical properties (positive charge: blue, negative charge: red, 
hydrophobic: green, proline and glycine: brown, all others: grey). For sequence conservation 
greater than 70%, the background is highlighted. Residues involved in interaction with Mic60 are 
labelled with . 
  

           
    

    

                         

                                                                                                                     

                                                                                                                    

                                                                                                                   

                                                                                                                  

                                                                                                                  

                                                                                                               

                                                                                                                 

                                                                                                                   

                                                                                                                   

                                                                                                               

                                                                                                               

                                                                                                               

                                                                                                                

                                                                                                                

                                                                                                                

                                                                                                                

                                                                                                               

                                                                                                               

                                                                                                                   

                                                                                                                      

                                                                                                                     

                                                                                                                    

                                                                                                                    

                                                                                                                     

                                                                                                                   

                                                                                                                

                                                                                                                     

                                                     

                                                      

                                                      

                                                     

                                                     

                                                     

                                                     

                                                    

                                                     



 
 

 
 

Table S1. Crystallographic data collection and refinement statistics 

 ltMic60CC Mito1_CHCH Mito2_CHCH 
Data collection    
Space group P4212 P1 P21 
Cell dimensions    
    a, b, c (Å) 54.2, 54.2, 134 43.82, 48.52, 70.74 58.20, 85.37, 61.50 
 ()  90, 90, 90 82.70, 79.14, 72.41 90.00, 101.72, 90.00 
Resolution (Å) 45-2.84 

(3.01-2.84) * 
46.12-2.15        
(2.28-2.15) * 

49.21-2.50  
(2.65-2.50) * 

Rmeas (%) 16.8 (264) 9.0 (111.5) 13.0 (191.1) 
I / I 13.1 (0.99) 8.28 (0.92) 9.16 (0.75) 
Completeness (%) 99.7 (99) 91.8 (92.3) 98.8 (97.7) 
Redundancy 
CC(1/2) (%) 

13.5 (12.4) 
99.9 (76.0) 

2.5 (2.5) 
99.8 (52.9) 

4.0 (4.0) 
99.8 (39.4) 

    
Refinement    
Resolution (Å) 44-2.84 46.12-2.15 40.74-2.50  
No. reflections 5,157 (487) 27,211 (2,766)  20,337 (1,994) 
Rwork / Rfree (%) 24.4 / 28.9 25.0 / 27.8 23.2 / 25.9 
No. atoms    
    Protein 1,127 3,693 4,394 
    Ligand/ion 0 36 39 
    Water 0 19 8 
B-factors (Å2)    
    Protein 94.4 65.4 79.5 
    Ligand/ion 0 92.0 95.4 
    Water 0 44.3 58.9 
R.m.s. deviations    
    Bond lengths (Å) 0.003 0.003 0.003 
    Bond angles () 0.58 0.50 0.58 
PDB accession code 7PUZ 7PV0 7PV1 

* Data in highest resolution shell are indicated in parenthesis. 

  



 
 

 
 

Table S2. Overview of Mic60 and Mic19 constructs.  

Summary of all constructs used in this study. Lt: Lachancea thermotolerans, ct: Chaetomium 
thermophilum, sc: Saccharomyces cerevisiae. 

 
  



 
 

 

Table S3. Plasmids used in this study. 

 
Plasmid    Description    Reference 

pRS416     CEN, empty vector   Stratagene 
pRS416-Mic60    CEN, Mic60    This study 
pRS416-Mic60I274D/F280D   CEN, Mic60I274D/F280D   This study 
pRS416-Mic60V530D   CEN, Mic60V530D   This study 
pRS416-Mic60I274D/F280D/V530D  CEN, Mic60I274D/F280D/V530D  This study 
pRS416-Mic60I532D   CEN, Mic60I532D   This study 
pRS416-Mic60T539D   CEN, Mic60T539D   This study 
pRS416-Mic19    CEN, Mic19    This study 
pRS416-Mic19L143D   CEN, Mic19L143D   This study 
pRS416-Mic19L147D   CEN, Mic19L147D   This study 
 
CEN - Centromer 
 
 

Table S4. S. cerevisiae strains used in this study.  

 
Strain    Genotype     Reference 

YPH499  WTMATa ura3 lys2 ade2 trp1 his3 leu2  Ref. 54 
∆mic60-pRS416   MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC60::KanMX4 pRS416     
∆mic60-Mic60   MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC60::KanMX4 pRS416-Mic60 
∆mic60-Mic60I274D/F280D  MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC60::KanMX4 pRS416-Mic60I274D/F280D 
∆mic60-Mic60V530D   MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC60::KanMX4 pRS416-Mic60 V530D 
∆mic60-Mic60I274D/F280D/V530D  MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC60::KanMX4 pRS416-Mic60I274D/F280D/V530D 
∆mic60-Mic60I532D  MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC60::KanMX4 pRS416-Mic60 I532D 
∆mic60-Mic60T539D   MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC60::KanMX4 pRS416-Mic60 T539D 
∆mic19-pRS416  MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC19::KanMX4 pRS416  
∆mic19-Mic19   MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC19::KanMX4 pRS416-Mic19 
∆mic19-Mic19L143D  MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC19::KanMX4 pRS416-Mic19L143D 
∆mic19-Mic19L147D  MATa ura3 lys2 ade2 trp1 his3 leu2   This study 

MIC19::KanMX4 pRS416-Mic19L147D 
 
  



 
 

 
 

Table S5. Antibodies used in this study.  
 
Antibodies   Source      Identifier 
anti-Atp2   Pfanner lab/ van der Laan lab    GR861  
anti-Mic60   This study; amino acids 140-295  n/a 
anti-Mic60   This study; amino acids 168-295  n/a 
anti-Mic26   Pfanner lab/ van der Laan lab   GR3335 
anti-Mic19   Pfanner lab/ van der Laan lab    GR3358 
 
 
 

Movie S1 and S2. EM tomograms of crista junctions in fixed S. cerevisiae. 

EM tomograms of mitochondria from mic60 S. cerevisiae reconstituted with Mic60 (Movie S1) 
or the Mic60 tetramerization mutant scMic60I274D/F280D (Movie S2). See also fig. S1C-F. Arrows 
point to the CJs. 
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