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            Abstract
Alternative complex III (ACIII) is a key component of the respiratory and/or photosynthetic electron transport chains of many bacteria1,2,3. Like complex III (also known as the bc1 complex), ACIII catalyses the oxidation of membrane-bound quinol and the reduction of cytochrome c or an equivalent electron carrier. However, the two complexes have no structural similarity4,5,6,7. Although ACIII has eluded structural characterization, several of its subunits are known to be homologous to members of the complex ironâ€“sulfur molybdoenzymeÂ (CISM) superfamily8, including the proton pump polysulfide reductase9,10. We isolated the ACIII from Flavobacterium johnsoniae with native lipids using styrene maleic acid copolymer11,12,13,14, both as an independent enzyme and as a functional 1:1 supercomplex with an aa3-type cytochrome c oxidase (cyt aa3). We determined the structure of ACIII to 3.4 Ã… resolution by cryo-electron microscopy and constructed an atomic model for its six subunits. The structure, which contains a [3Feâ€“4S] cluster, a [4Feâ€“4S] cluster and six haem c units, shows that ACIII uses known elements from other electron transport complexes arranged in a previously unknown manner. Modelling of the cyt aa3 component of the supercomplex revealed that it is structurally modified to facilitate association with ACIII, illustrating the importance of the supercomplex in this electron transport chain. The structure also resolves two of the subunits of ACIII that are anchored to the lipid bilayer with N-terminal triacylated cysteine residues, an important post-translational modification found in numerous prokaryotic membrane proteins that has not previously been observed structurally in a lipid bilayer.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Cryo-EM of the ACIIIâ€“cyt aa3 supercomplex in SMA nanodiscs.[image: ]


Fig. 2: Atomic model of ACIII.[image: ]


Fig. 3: Lipids in the structure of ACIII.[image: ]


Fig. 4: ACIIIâ€“cyt aa3 supercomplex in F. johnsoniae.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Expression and spectroscopic characterization of the ACIII-cyt aa3 supercomplex.
a, A schematic of the respiratory chain of F. johnsoniae. b, UVâ€“visible spectrum and SDSâ€“PAGE of the membranes from F. johnsoniae. Left, the difference spectrum of the membranes of F. johnsoniae, obtained from the spectrum of the air-oxidized membranes and the spectrum after reduction with dithionite. The wavelengths associated with the haem peaks are 605 nm, 560â€‰nm, 552â€‰nm and a broad peak at 630â€‰nm for haems a, b, c and d, respectively. Right, the SDSâ€“PAGE with the membranes followed by staining the gel for haems shows bands corresponding to the cytochrome subunits ActA (48â€‰kDa) and ActE (20â€‰kDa) of ACIII but no bands corresponding to the cytochrome subunit (around 35â€‰kDa) from the cbb3 oxidase. c, The gene arrangement for the ACIII and the cytochrome oxidase aa3 genes in the F. johnsoniae genome. The genes for the subunits I and II from cyt aa3 oxidase are found immediately downstream of those for the act genes of the ACIII. Two different versions of subunit III are denoted as vI and vII. d, UVâ€“visible spectra of the reduced and oxidized forms of the supercomplex in detergent and SMA nanodiscs. The dithionite reduced form of the samples is represented in red and shows the peaks for haem c at 524â€‰nm and 552â€‰nm and those for haem a at 443â€‰nm and 605â€‰nm. e, Pyridine haemochrome assay of the ACIIIâ€“cyt aa3 supercomplex in SMA nanodiscs. Plotted is the reduced-minus-oxidized difference spectrum of the pyridine haemochromes of the sample. Peaks at 520â€‰nm and 550â€‰nm are associated with haem c and the peak at 590â€‰nm is associated with haem a. Quantification from the spectrum shows a ratio of 10.6:1 between haem c and haem a, which translates into a 3:2 ratio between ACIII and cyt aa3 assuming 7 haem c per ACIII and 2 haem a per cyt aa3. Data in b are representative of two independent experiments with similar results, and data in d and e are representative of six independent experiments with similar results.


Extended Data Fig. 2 Component and size analysis of ACIIIâ€“cyt aa3 supercomplex.
a, SDSâ€“PAGE of the detergent-solubilized preparation followed by Coomassie staining (left) and haem staining (right). b, SDSâ€“PAGE of the SMA nanodiscs preparation followed by Coomassie staining (left) and haem staining (right). c, Mass spectrometry results for the ACIIIâ€“cyt aa3 supercomplex preparations. d, Size-exclusion chromatography with the ACIIIâ€“cyt aa3 supercomplex from F. johnsoniae. Top left, the chromatogram of the detergent-solubilized sample, showing traces for protein at 280â€‰nm, haem c at 412â€‰nm and haem a at 443â€‰nm respectively. Top right, the chromatogram of the sample isolated using the SMA copolymer, showing traces for protein at 280â€‰nm, haem c at 410â€‰nm and haem a at 605â€‰nm. I and II are the two peaks corresponding to two populations of the supercomplex. Bottom left, chromatogram of the fraction containing peak I. Bottom right, chromatogram of the fraction containing peak II. e, BNâ€“PAGE of the ACIIIâ€“cyt aa3 supercomplex. Left, the detergent-solubilized ACIIIâ€“cyt aa3 supercomplex, showing a band at around 500â€‰kDa, a smear of possible aggregates and possibly ACIII by itself. Right, the supercomplex in SMA nanodiscs, showing two different populations. f, BNâ€“PAGE with the two different populations of ACIIIâ€“cyt aa3 supercomplex in SMA nanodiscs purified from size-exclusion chromatography. The two chromatographic peaks correspond to the two bands observed in the BNâ€“PAGE. Data in a, b are representative of six independent experiments and those in dâ€“f are representative of three independent experiments with similar results.


Extended Data Fig. 3 Functional assays of the ACIIIâ€“cyt aa3 supercomplex.
a, The EPR spectrum of the air-oxidized sample showing peaks of the [3Feâ€“4S]+ cluster from ACIII, the CuA from the cyt aa3 oxidase and low-spin haems with overlapping g values. Insert is a zoomed view from 3,000 G to 3,500 G to better visualize the peaks from CuA (black arrows) and the [3Feâ€“4S]+ cluster. The region between 4,000 G and 5,000 G is magnified ten times to show the broad gx trough of low-spin haems. The measurement condition is 10â€‰K, 9.267â€‰GHz, 2â€‰mW microwave power and 20 Gauss modulation. b, The EPR spectra of the ferricyanide-oxidized sample at various temperatures. The measurement condition is 9.257â€‰GHz, 2â€‰mW microwave power and 5 Gauss modulation. c, The EPR spectrum of the air-oxidized sample showing peaks of ironâ€“sulfur clusters from ACIII and low-spin haems. The measurement condition is 10â€‰K, 9.427â€‰GHz, 2â€‰mW microwave power, 10 Gauss modulation. d, The EPR spectra of the air-oxidized sample at various temperatures. The measurement condition is 9.427â€‰GHz, 2â€‰mW microwave power, 5 Gauss modulation. e, Redox titration of the haems in the ACIII and the cyt aa3 oxidase in supercomplex in DDM. The potentiometric titration of the c haems from the ACIII (top) and the a haems from the cyt aa3 oxidase (bottom). The Em values are indicated and the solid red line represents the Nernst fitting. f, Steady-state activity of the ACIIIâ€“cyt aa3 preparations. The number of independent experiments is six for ACIII in DDM and SMA nanodiscs, and three for peak I and peak II. Data are means Â± s.d. Data in aâ€“e are representative of three independent experiments with similar results.


Extended Data Fig. 4 Single-particle cryo-EM of the ACIIIâ€“cyt aa3 supercomplex in SMA nanodiscs.
a, Sum of an aligned movie of the ACIIIâ€“cyt aa3 supercomplex in an SMA nanodisc. Scale bar, 20â€‰nm. b, Two-dimensional class averages. Scale bar, 10â€‰nm. c, Fourier shell coefficient curves between two independently refined half-maps for the ACIIIâ€“cyt aa3 map, ACIII map and combined map. d, Surface rendering maps coloured according to local resolution. Scale bar, 5â€‰nm. e, Euler angle distributions of particles included in the calculation of the three final maps. Data collection and structure calculation were not repeated.


Extended Data Fig. 5 Features observed in the cryo-EM density and the de novo structure of ACIII.
a, Surface representations of ACIII, cyt aa3 and the ACIIIâ€“cyt aa3 supercomplex. The density threshold is the same for ACIII and cyt aa3. b, Different views of the ACIII density, coloured by subunit. c, Two single-span transmembrane peptides of unknown origin and sequence, denoted ActX and ActY, are present in the structure in the vicinity of ActC. These have each been modelled as a polyalanine peptide. d, Î±-helices 2â€“10 of ActC form two four-helical up-and-down bundles, coloured in two different shades of blue. Î±-helices 1 and 10 are coloured grey and unlabelled. e, ActB, shown in cartoon form, has contact with ActA, ActC, ActD, ActE and ActF. Surfaces are drawn from residues that are within 4â€‰Ã… of ActB and coloured according to their chain. f, The transmembrane Î±-helices of ActC and ActF are arranged in a pseudo two-fold rotation symmetry. g, Side-by-side comparison of the polysulfide reductase (PDB 2VPZ) and the assembly of ActB and ActC. These two structures are aligned based on PsrB, the domain containing four ironâ€“sulfur clusters.


Extended Data Fig. 6 The proposed quinone pocket in ActC.
a, Sequence alignment of the ActC from F. johnsoniae, R. marinus, and Chloroflexus aurantiacus. The transmembrane Î±-helices are labelled based on the structure of ACIII from F. johnsoniae. The black arrows point to conserved polar residues that are within 15â€‰Ã… of the [3Feâ€“4S] cluster in ActB. b, Proposed quinone pocket based on the arrangement of conserved polar residues. c, Different views of the proposed quinone pocket with a docked menaquinone-1 molecule. Hydrophobic residues near the menaquinone-1 (MK1) head group are also shown. The crevice between Î±-helix 3 and Î±-helix 4 is a putative quinone entry pathway.


Extended Data Fig. 7 Fitting of the ACIII structure to cryo-EM density.
a, Fitting of cofactors into the cryo-EM density. The blue mesh is drawn with a higher density threshold to reveal metal centres. The numberings of nearby amino acid residues, which are shown along with these cofactors, are listed below each cofactor. b, Fitting of different secondary structure elements to cryo-EM density. c, Eleven identified lipids are modelled as phosphatidylethanolamine molecules. d, The triacylated cysteine at the N terminus of ActE shown along with 15 downstream amino acids. Notably, residue Tyr28 is in contact with the covalent lipid of ActE. Attachment of ActE to the membrane may also be assisted by aromatic residues Tyr30 and Phe31, which appear to be inserted into the lipid bilayer. Throughout the molecular dynamics simulation trajectory, these residues remain buried in the lipid bilayer.


Extended Data Fig. 8 Protein stability and lipidâ€“protein interaction analysis based on molecular dynamics simulations.
a, Root-mean-square deviation (r.m.s.d.) of the protein backbone heavy atoms for the entire ACIII complex and each subunit, aligned based on ACIII backbone heavy atoms from three independent molecular dynamics simulations. b, Same as a, but aligned using the backbone heavy atoms of each subunit. c, Superposition of the initial (black) and final (coloured) conformations of each subunit after 250 ns of simulation (aligned using backbone heavy atoms). d, The lipidâ€“protein contact number defined by the number of lipid atoms within 4â€‰Ã… of the protein atoms calculated over the time course of the simulation. This contact number is either calculated for the eleven lipids resolved by cryo-EM (top) or all membrane lipids (bottom). e, The lipidâ€“protein contact number for each of the eleven cryo-EM resolved lipids. f, Isosurfaces (50%) of the atom-occupancy map for the lipid anchors (orange), cryo-EM resolved lipids (red) and other membrane lipids (purple), calculated using the last 230â€‰ns of the simulation trajectory. The stronger the lipidâ€“protein interactions, the longer the local residence time, which leads to higher atom-occupancy values. ACIII subunits C, D, and F are shown in silver. For all plots, the raw data are shown as translucent thin lines and the block-averages are shown as dark lines.


Extended Data Fig. 9 Structural basis for supercomplex formation between the ACIII and the cyt aa3.
a, Two contact areas between the ACIII and the cyt aa3: the transmembrane portion of subunit III (red) and the loop from subunit III (orange). A homology model of subunit III fits the transmembrane density. The loop is modelled to the cryo-EM density. The sequence of the peptide is also shown. Trp188 and Phe189 are used to register the density to the sequence. b, Model of the ACIIIâ€“cyt aa3 supercomplex. The cyt aa3 structure from Rba. sphaeroides was positioned based on the transmembrane portion of subunit III. Î±-helices 1 and 2 of subunit III are omitted to avoid steric clashes with the ACIII structure. c, Sequence alignment of subunit III with a long loop (highlighted with the orange bar) between Î±-helix 5 and Î±-helix 6 (numbered according to subunit III from Rba. sphaeroides). Trp188 (black arrow) is conserved. d, Sequence alignment of ActB from organisms with a long loop in subunit III of their cyt aa3 oxidase. Arg868 (red arrow) is largely conserved with occasional substitution to lysine.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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