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Supplementary Figures 
 

 
 
Supplementary Fig. 1: Purification of the Arabidopsis I+III2 supercomplex.  
a, Arabidopsis mitochondria were purified by Percoll step density gradient centrifugation (left). Mitochondria 
accumulated at the 23%/40% Percoll interface (for details see Materials and Methods). Subsequently, 
mitochondria were solubilized with digitonin and protein complexes were separated by sucrose gradient 
ultracentrifugation (right). The protein composition of gradient fractions was monitored by one-dimensional Blue 
native PAGE (gels below gradients). Fractions at 1.1 M sucrose were highly enriched in I+III2 supercomplex. b, For 
further purification, digitonin was replaced by the synthetic digitonin analogue glyco-diosgenin (GDN), first by 
buffer exchange during step concentration, followed by size-exclusion chromatography. Negative-stain EM 
indicates a majority of intact I+III2 supercomplex particles. Scale bar, 50 nm. 



 
Supplementary Fig. 2: Cryo-EM data acquisition and image processing of the Arabidopsis I+III2 supercomplex. 
a, Images were recorded with a Titan Krios G4i microscope equipped with a cold field emission gun and a Falcon 4 
camera in electron-counting mode. Images were collected from graphene or carbon-coated grids. The reciprocal 
lattice of graphene in the Fourier transform is indicated by circles. b, Four datasets were collected, three on 
graphene, one on carbon coated grids. Support films were treated with (+ 1-PBA) or without (- 1-PBA) 1-
polybutyric acid, which improved the angular distribution. After initial 3D classification, complex III2 was masked 
to exclude unassociated complex I. The polished and CTF-refined datasets were combined, resulting in an overall 
resolution of 2.55 Å in RELION. The resolution was further improved by particle subtraction and multibody 
refinement, resulting in a resolution of 2.03 Å for the complex I peripheral arm, 2.13 Å for the complex I 
membrane arm, and up to 2.25 Å for the complex III dimer. To separate different conformations, particles were 
first aligned by the peripheral arm of complex I. Subsequently, focussed 3D classification was carried out with a 
mask around the complex I membrane arm and complex III2. The two most different classes were refined further, 
resulting in two classes with overall resolutions of 2.73 Å and 2.80 Å. Focused 3D refinement around the 
complex I peripheral arm, complex I membrane arm and complex III2, improved the resolution of the two 
conformations to 2.34 Å and 2.41 Å, respectively. 



Supplementary Fig. 3: Fourier shell correlation (FSC) curves for final post-processed and density-modified 
multibody maps. a, Overall map and gold-standard FSC curve. b-d, Final maps of the complex I peripheral arm 
(b), complex I membrane arm (c) and complex III2 (d). Gold-standard FSCs of post-processing steps to estimate 
map resolution by the 0.143 criterion are indicated by continuous curves. Density modification improved the 
map quality. The corresponding estimated resolution-dependent map accuracy values (FSCref) of the original and 
modified map are indicated by dashed or faint continuous curves. Straight grey lines indicate the resolution 
improvement at 0.5 FSC. 



 

Supplementary Fig. 4: Fourier shell correlation (FSC) curves for final post-processed conformations. Overall 
map of the Arabidopsis I+III2 supercomplex in conformation 1 (a) and conformation 2 (b) with corresponding 
focused 3D refined maps of the complex I peripheral arm, complex I membrane arm and dimeric complex III2. 
Resolution of the final maps was estimated by gold-standard FSC curves with the 0.143 criterion. 



 
 
Supplementary Fig. 5: Activity of the purified I+III2 supercomplex from Arabidopsis. Activity was measured (a) 
with decylubiquinone and cytochrome; (b) with decylubiquinone but without cytochrome c; (c) without 
decylubiquinone but with cytochrome c; and (d) without both decylubiquinone or cytochrome c. Absorbance was 
determined for >90 s at 340 nm (NADH). All four conditions were replicated twice. (i) A blank sample (0 µg I+III2 
supercomplex; 0µg_1, 0µg_2), (ii) 2 µg I+III2 supercomplex (2µg_1, 2µg_2), (iii) 4 µg I+III2 supercomplex (4µg_1, 
4µg_2). Average enzyme activity (units / mg I+III2 supercomplex) determined in each setup are given in green at 
the bottom of the diagrams. For experimental details see Materials and Methods. 

 
  



 

Supplementary Fig. 6: Comparison of the I+III2 supercomplex from Arabidopsis obtained by negative stain 
EM1 and by cryo-EM (this study). 

 
                                                                                                                                                     
 
 

 

  



Supplementary Tables 
 
 
 
Supplementary Table 1: EM Statistics 

Data Collection  

 Electron Microscope Titan Krios G4i 

 Camera Falcon 4 (electron-counting mode) 

    Data collection software EPU with Aberration-free image shift (AFIS) 

 Voltage 300 kV 

 Nominal magnification 215,000 x 

 Calibrated physical pixel size 0.573 Å 

 Total exposure 50 e-Å-2 

 Exposure rate 3.4 e-pixel-1s-1 

 Number of frames 1,118 raw frames  

 Defocus range −0.5 to −1.5 μm  

Image Processing  

 Motion correction software MotionCor2 

 CTF estimation software CTFFind4.1.13 

 Particle selection software crYOLO 

 Micrographs used 24,218 movies in EER format 

 Particles selected 1,215,138  

 Classification and refinement software Relion3.1.3 

 Particles contributing to final dataset 213,993 (115,083 on graphene / 98,910 on carbon) 

 Density modification software Phenix (phenix.resolve_cryo_em) 

Model Building  

 Modeling software Coot 

 Refinement software Phenix (phenix.real_space_refine) 

 

 

 

 

 

 

 

 



Supplementary Table 2: Cryo-EM map identifiers and quality statistics 

   Description           PDB  
          ID 

      EMDB  
       ID 

    Resolution 
     (0.143) 

Applied 
 B-factor 

 # of 
particles Symm. 

CI Peripheral arm tip 8BED EMD-15998 2.03Å -22.6 213,993 C1 

CI Peripheral arm core 8BEE EMD-15999 2.04 Å -22.3 213,993 C1 

CI Membrane arm core 8BEF EMD-16000 2.13 Å -26.8 213,993 C1 

CI Membrane arm tip 8BEH EMD-16003 2.29 Å -29.3 213,993 C1 

CIII Membrane domain 8BEL EMD-16007 2.25 Å -28.7 213,993 C1 

CIII MPP domain 8BEP EMD-16008 2.29 Å -29.8 213,993 C1 

Composite map 8BPX EMD-16168 - - 213,993 C1 

Composite Conformation 1 8BQ5 EMD-16171 - - 213,993 C1 

Composite Conformation 2 8BQ6 EMD-16172 - - 213,993 C1 



Supplementary Table 3: Model identifiers and quality statistics 

Description PDB  
ID 

EMDB  
ID 

Residues 
built 

RMS 
Bonds 

Length/Angles 

Ramachandran 
Outliers (%) 

Ramachandran 
favoured (%) 

Rotamer 
outliers (%) Clashscore EMRinger 

score 

CI Peripheral arm tip 8BED EMD-15998 1,607 0.006 0.765 0.00          97.17 0.37 7.63 6.04 

CI Peripheral arm core 8BEE EMD-15999 1,627 0.010 1.129 0.00          96.01 0.85 8.27 6.25 

CI Membrane arm core 8BEF EMD-16000 3,170 0.012 1.008 0.00          97.88 0.86 12.16 5.43 

CI Membrane arm tip 8BEH EMD-16003 1,589 0.010 1.354 0.00          97.76 1.55 12.51 4.58 

CIII Membrane domain 8BEL EMD-16007 2,054 0.010 1.133 0.00          97.04 0.98 11.71 4.63 

CIII MPP domain 8BEP EMD-16008 2,140 0.007 0.970 0.00          97.32 1.38 10.35 4.28 

Composite map 8BPX EMD-16168 12,187 0.010 1.157 0.01          97.23 1.01 13.03 5.01 

Composite Conformation 1 8BQ5 EMD-16171 12,187 0.011 1.202 0.01          97.25 1.13 12.89 3.85 

Composite Conformation 2 8BQ6 EMD-16172 12,187 0.010 1.209 0.01          97.24 0.97 12.57 3.74 
 

 

 

 

 

  



 

Supplementary Table 4: Subunits of Arabidopsis I+III2 supercomplex identified by mass spectrometry. Column 1: 
names of subunits in blue for complex I / in red for complex III2 (see Supplementary Tables 5 and 6 for 
nomenclatures of complex I and complex III2 subunits in different species); Column 2: Accession numbers (TAIR, 
https://www.arabidopsis.org/); column 3: number of unique peptides; column 4: sequence coverage [%]; column 
5: calculated molecular mass of the mature proteins [kDa]. Column 6: Number of amino acids of the mature 
proteins. Column 7: Intensity-based absolute quantification (iBAQ) score. 



 
Supplementary Table 5: Nomenclature of complex I subunits in Arabidopsis and other model species.  
Extensions -1 and -2 indicate isoforms present in Arabidopsis. In our atomic models of the I+III2 supercomplex (Fig. 
1, Fig. 2), we used the isoform which is more abundant according to our MS data (Supplementary Table 4). Subunits 
specific for clades are highlighted by colors.  



 
 
Supplementary Table 6: Nomenclature of complex III subunits in Arabidopsis and other model species. 
Extensions -1 and -2 indicate isoforms present in Arabidopsis. In our atomic models of the I+III2 supercomplex (Fig. 
1, Fig. 2), we used the isoform which is more abundant according to our MS data (MPP-α-1, Cyt c1-1, Rieske-1, 
QCR6-1, QCR7-1, QCR8-2; see Supplementary Table 4). 
 
  



 
 
Supplementary Table 7: Calculated properties of the 48 complex I subunits of Arabidopsis. The molecular mass 
refers to the mass of the mature subunits (excluding mitochondrial targeting sequences, if present, or removed 
initiator methionines; data from2. For subunits occurring in isoforms, the predominant isoform within our Cryo-
EM structure (Fig. 1, Fig. 2) was selected, respectively. Note that the molecular mass calculation does not include 
the prosthetic groups (see Extended Data Fig. 2) attached to several of the subunits. Some residues appear at a 
higher mass due to posttranslational modifications.  
 
Arabidopsis complex I includes 48 subunits with overall 9,036 amino acids; it has a molecular mass of 1,009.7 
kDa. 
 



  
 
Supplementary Table 8: Calculated properties of the 10 complex III subunits in Arabidopsis. The molecular mass 
refers to the mature subunits (excluding mitochondrial targeting sequences, if present, or removed initiator 
methionines; data in accordance with Solanum tuberosum3. For subunits present in different isoforms, the 
predominant isoform within our cryo-EM structure (Fig. 1, Fig. 2) is selected, respectively. Note that the molecular 
mass calculation does not include prosthetic groups (see Extended Data Fig. 2) attached to some subunits. Some 
residues appear at a higher mass due to posttranslational modifications.  
 
Arabidopsis complex III2 includes 2x10 subunits with overall 4,436 amino acids; it has a molecular mass of 494.2 
kDa. 
 
The Arabidopsis I+III2 supercomplex includes 48 complex I subunits and 2x10 complex III subunits = 68 subunits. 
The supercomplex includes 13,472 amino acids. It has a calculated molecular mass of 1,503.9 kDa  
 
 
 



 
 
 
Supplementary Table 9: Amino acid composition of Arabidopsis complex III2 (2x10 subunits) and Arabidopsis 
complex I (48 subunits).  
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