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Mitochondrial oxidative phosphorylation (OXPHOS) is a 
key mechanism of energy production in eukaryotic cells1. 
Its machinery comprises four inner mitochondrial mem-
brane (IMM)-embedded protein complexes — complex I  
(also referred to here as CI) or NADH:ubiquinone 
oxidoreductase, complex II (also referred to here as CII) 
or succinate dehydrogenase (SDH), dimeric complex III2  
(also referred to here as CIII2) or cytochrome bc1 oxidore-
ductase, and complex IV (also referred to here as CIV) 
or cytochrome c oxidase — and two mobile electron  
carriers — the membrane-embedded hydrophobic 
ubiquinone and the soluble cytochrome c2 — that 
together are referred to as electron transport chain (ETC) 
(Fig. 1a). The activity of the ETC controls a plethora of 
physiological processes and as such is subject to various 
levels of regulation (Fig. 1b).

Functionally, the ETC components utilize the 
energy from nutritive substances in the form of  
the reducing equivalents in NADH and succinate, coming 
mainly from the Krebs cycle3 (Fig. 1a), to generate an elec-
trochemical proton gradient across the IMM. The oxida-
tion of the reducing equivalents by the ETC leads to the 
reduction of molecular oxygen to water and is coupled 
to the pumping of protons across the IMM. Three of 
the ETC complexes — complexes I, III2 and IV — show 
proton-pumping activity, for which they use three dif-
ferent mechanisms; namely, transfer across antiporter 

subunits (complex I)4, the Q cycle (complex III2)5,6  
and a still debated water-gated mechanism (complex IV)7  
(Fig. 2a). Complex II does not pump protons, but it con-
tributes to the reduction of ubiquinone8, which serves 
as an electron source for complex III2. Complex III2 
accepts electrons in the form of quinol from both com-
plex I and complex II, which in turn oxidize NADH and 
succinate, respectively, as well as from several dehydro-
genases (dihydroorotate dehydrogenase, electron trans-
fer flavoprotein:ubiquinone oxidoreductase, glycerol 
3-phosphate dehydrogenase, choline dehydrogenase, 
proline dehydrogenase, sulfide:quinone oxidoreductase) 
also reducing ubiquinone9,10. Complex III2 then reduces 
cytochrome c, which in turn shuttles to complex IV and 
donates its electron for the final reduction of oxygen. 
The generated proton gradient is then exploited by the 
fifth component of the system, ATP synthase, which phos-
phorylates ADP to ATP, the universal energy currency 
of cells11.

The components of the OXPHOS chain are multipro-
tein complexes that need to be assembled in the IMM 
from subunits encoded both in the nuclear DNA and in 
the mitochondrial DNA12,13 (information summarized  
in Table 1) and need to be equipped with several different 
cofactors14, such as iron–sulfur clusters (Fe–S clusters)15  
and haem groups16 (Fig. 2b,c). The protein components can 
also be divided into core subunits, which are required 

Reducing equivalents
Chemical species that transfer 
the equivalent of one electron 
in redox reactions.

Quinol
Reduced form of quinone.  
In the context of the electron 
transport chain, it is produced 
by complexes I, II and III2 and 
utilized by complex III2.

ATP synthase
An enzyme that catalyses the 
formation of ATP using ADP 
and inorganic phosphate. 
Various types of ATPases exist 
in nature, including A-ATPases 
(‘A’ stands for ‘archaeal’), 
F-ATPases (‘F’ stands for 
‘(phosphorylation) factor’)  
and V-ATPases (‘V’ stands for 
‘vacuolar’). The mammalian 
ATP synthase is an F-type 
ATPase.
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for activity and are conserved across all the domains of 
life, and supernumerary subunits, which are usually not 
present in simpler organisms such as bacteria and whose 
function has been ascribed to the assembly and stability 

of the complexes that are likely required in organisms 
with more complex metabolism17–19 (Fig. 2d). Given the 
complexity of the ETC structure and the dual origin 
of the subunits, it is not surprising that a plethora of 
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Fig. 1 | overview of the structure and function of the mitochondrial oxidative phosphorylation machinery.  
a | A mitochondrion, with the oxidative phosphorylation (OXPHOS) complexes and their interactions/regulations within 
and outside mitochondria indicated. The double arrow emphasizes that complex II (CII) belongs to both the Krebs cycle and 
the OXPHOS system. The electron carriers NADH, succinate, quinone (Q) and cytochrome c (C) are depicted as yellow  
ovals. NADH donates electrons to complex I (CI) and succinate donates electrons to complex II (CII), while quinone shuttles 
electrons from complexes I and II to complex III2 (CIII2) and cytochrome c (cyt c) shuttles electrons from complex III2 to 
complex IV (CIV). The inset on the right depicts a zoom in on a mitochondrial crista. The OXPHOS components shown as 
shapes in the scheme on the left are shown as models in matching colours, together with their higher-order organization 
into supercomplexes: complex I (Protein Data Bank (PDB) ID 6ZKC) is coloured dark slate grey, complex II (PDB ID 1ZOY) is 
light grey, complex III2 (PDB ID 6Q9E) is blue, complex IV (PDB ID 5IY5) is salmon, supercomplexes CICIII2CIV (PDB ID 5J4Z), 
CICIII2 (PDB ID 6QBX) and CIII2CIV (PDB ID 7O3C) are coloured according to the individual complexes and ATP synthase 
dimer (CV2; PDB ID 7AJF) is cyan. ATP synthase is found at the cristae edges, where its dimers bend and shape the membrane. 
Complexes I, II, III2 and IV and their supercomplexes are found in the flat areas of cristae. b | Overview of the factors that 
regulate the electron transport chain (ETC) function (on the left) and of the processes regulated by the ETC (right), as 
discussed throughout the text. IMM, inner mitochondrial membrane; IMS, intermembrane space; OMM, outer mitochondrial 
membrane; ROS, reactive oxygen species.

Iron–sulfur clusters
(Fe–S clusters). Groups of iron 
and sulfur atoms coordinated 
to protein residues acting as 
cofactors in redox reactions 
due to the ability to transfer 
electrons from or to other Fe–S 
clusters or different types of 
donors/acceptors while 
undergoing oxidation and 
reduction cycles. The xFe–yS 
nomenclature refers to the 
number of Fe (x) and S (y) 
atoms in the cluster.

Haem groups
Redox cofactors featuring an 
iron atom at the centre of a 
porphyrin structure. The iron 
atom can undergo cycles of 
oxidoreduction, thereby 
transferring electrons from the 
donor to acceptors along the 
electron transport chain. There 
are three types of haems in the 
electron transport chain, 
characterized by different 
substituents on the porphyrin 
ring: haems a (a and a3) of 
complex IV, haems b (bH and bL) 
of complex III2, haem c of 
cytochrome c and haem c1 of 
complex III2.
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assembly factors are involved in the process, with vari
ous functions such as regulation of transcription and 
translation, post-translational modifications, association 
with cofactors, insertion in the membrane, proteolysis 
and clearance of fragments and stabilization of assem-
bly intermediates. For some factors their specific role is 
yet to be determined. Interestingly, as shown in Table 1, 
complex IV has the highest number of associated assem-
bly factors (almost 50), despite having a similar number 
of unique subunits as complex III2. Complex I biogenesis 

is also aided by a significant number of assembly factors 
(around 20), but this is justified by its size (1 MDa) and 
the presence of several different cofactors (that is, fla-
vin mononucleotide and the Fe–S clusters). Conversely, 
complexes III2 and V, despite their size (around 0.5 MDa, 
which is larger than complex IV), have been linked to 
fewer than ten assembly factors each. Finally, four factors 
have been found to assist the assembly of complex II, the 
smallest complex of the chain (120 kDa), composed of 
only four subunits. Importantly, several mitochondrial 
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Fig. 2 | Structural properties of the electron transport chain. Atomic 
models of (left to right) complexes I (Protein Data Bank (PDB) ID 6ZKC),  
II (PDB ID 1ZOY), III2 (PDB ID 6Q9E), IV (PDB ID 5IY5) and V (PDB ID 6TT7).  
a | Catalysed reactions, with reagents and products indicated (and 
cofactors shown as sticks/balls in the complexes, as described in part b). 
The soluble carrier cytochrome c (cyt c; PDB ID 3CX5 for complex III2 and 
PDB ID 5IY5 for complex IV) is coloured in cyan. H+ indicates protons, Q is 
the oxidized form of quinone, QH2 is the reduced form of quinone.  
b | Cofactors bound to the complexes and electron carriers involved in 
electron transfer (flavin mononucleotide (FMN), iron–sulfur (Fe–S) clusters, 

FAD, haems, Cu centres and cytochromes), shown as sticks/balls and 
described next to each complex. Cyt c is shown as in part a. The non- 
catalytic haem bound to complex II is also indicated. c | Atomic models of 
complexes as in parts a,b with mitochondrial DNA-encoded subunits in red 
and nuclear DNA-encoded subunits in grey. The number of mitochondrial 
DNA-encoded subunits is indicated below, with reference to the total 
number of subunits in the complex. d | Atomic models of complexes as in 
parts a–c with core subunits in green and supernumerary subunits in grey. 
The number of core subunits is indicated below, with reference to the total 
number of subunits in the complex.
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Table 1 | Subunit composition of mitochondrial oXPHoS complexes

Subunit namea core or supernumeraryb gene origin cofactors assembly factors

Complex I

NDUFV1 (51 kDa) Core Nuclear FMN and N3 (4Fe–4S) 
cluster

ACAD9, ATP5SL, 
COA1, ECSIT, 
FOXRED1, 
NDUFAF1, 
NDUFAF2, 
NDUFAF3, 
NDUFAF4, 
NDUFAF5, 
NDUFAF6, 
NDUFAF7 , NUBPL, 
TIMMDC1, 
TMEM70, 
TMEM126A, 
TMEM126B, 
TMEM186, 
TMEM261 
(DMAC1)

NDUFV2 (24 kDa) Core Nuclear N1a (2Fe–2S) cluster

NDUFS1 (75 kDa) Core Nuclear N1b (2Fe–2S), N4 
(4Fe–4S) and N5 
(4Fe–4S) clusters

NDUFS2 (49 kDa) Core Nuclear NA

NDUFS3 (30 kDa) Core Nuclear NA

NDUFS7 (PSST) Core Nuclear N2 (4Fe–4S) cluster

NDUFS8 (TYKY) Core Nuclear N6a (4Fe–4S) and N6b 
(4Fe–4S) clusters

ND1 Core Mitochondrial NA

ND2 Core Mitochondrial NA

ND3 Core Mitochondrial NA

ND4 Core Mitochondrial NA

ND4L Core Mitochondrial NA

ND5 Core Mitochondrial NA

ND6 Core Mitochondrial NA

NDUFA1 (MWFE) Supernumerary Nuclear NA

NDUFA2 (B8) Supernumerary Nuclear NA

NDUFA3 (B9) Supernumerary Nuclear NA

NDUFA5 (B13) Supernumerary Nuclear NA

NDUFA6 (B14) Supernumerary Nuclear NA

NDUFA7 (B14.5a) Supernumerary Nuclear NA

NDUFA8 (PGIV) Supernumerary Nuclear NA

NDUFA9 (39 kDa) Supernumerary Nuclear NA

NDUFA10 (42 kDa) Supernumerary Nuclear NA

NDUFA11 (B14.7) Supernumerary Nuclear NA

NDUFA12 (B17.2) Supernumerary Nuclear NA

NDUFA13 (B16.6) Supernumerary Nuclear NA

NDUFAB1 (SDAP) Supernumerary  
(present in two copies)

Nuclear NA

NDUFB1 (MNLL) Supernumerary Nuclear NA

NDUFB2 (AGGG) Supernumerary Nuclear NA

NDUFB3 (B12) Supernumerary Nuclear NA

NDUFB4 (B15) Supernumerary Nuclear NA

NDUFB5 (SGDH) Supernumerary Nuclear NA

NDUFB6 (B17) Supernumerary Nuclear NA

NDUFB7 (B18) Supernumerary Nuclear NA

NDUFB8 (ASHI) Supernumerary Nuclear NA

NDUFB9 (B22) Supernumerary Nuclear NA

NDUFB10 (PDSW) Supernumerary Nuclear NA

NDUFB11 (ESSS) Supernumerary Nuclear NA

NDUFC1 (KFYI) Supernumerary Nuclear NA

NDUFC2 (B14.5b) Supernumerary Nuclear NA

NDUFS4 (18 kDa/
AQDQ)

Supernumerary Nuclear NA

NDUFS5 (15 kDa/PFFD) Supernumerary Nuclear NA

NDUFS6 (13 kDa) Supernumerary Nuclear NA

NDUFV3 (10 kDa) Supernumerary Nuclear NA
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Subunit namea core or supernumeraryb gene origin cofactors assembly factors

Complex II

SDHA Core Nuclear FAD SDHAF1, SDHAF2, 
SDHAF3, SDHAF4

SDHB Core Nuclear 2Fe–2S, 4Fe–4S and 
3Fe–4S clusters

SDHC Core Nuclear NA

SDHD Core Nuclear NA

Complex III2

UQCRC1 (core 1) Supernumerary Nuclear NA BCS1L, UQCC1, 
UQCC2, UQCC3, 
HIGD1A, LYRM7 , 
TTC19, BRAWNIN

UQCRC2 (core 2) Supernumerary Nuclear NA

MT-CYB (cytochrome b1) Core Mitochondrial Haem bL/bH

CYC1 (cytochrome c) Core Nuclear Haem c1

UQCRFS1 (ISP) Core Nuclear (the 
precursor is 
shared with 
subunit 9: the 
carboxy terminus 
becomes ISP)

2Fe–2S cluster

UQCRB Supernumerary Nuclear NA

UQCRQ Supernumerary Nuclear NA

UQCRH Supernumerary Nuclear NA

UQCR10 Supernumerary Nuclear NA

UQCR11 Supernumerary Nuclear NA

Subunit 9 Supernumerary Nuclear (the 
precursor is shared 
with ISP: the  
N terminus 
becomes subunit 9)

NA

Complex IV

MT-CO1 Core Mitochondrial CuB, Mg2+, Haem a/a3 CEP89, CMC1, 
CMC2, COA1, 
COA2, COA3, 
COA5, COA6, 
COA7 , COA8, 
COX10, COX11, 
COX14, COX15, 
COX16, COX17 , 
COX18, COX19, 
COX20, COX23, 
COX24, FASTKD2, 
HIGD1A, HIGD2A, 
IMP1, IMP2, 
LRPPRC, MITRAC7 , 
MDJ1, MR-1S, 
MSS2, OMA1, 
OXA1, PET54, 
PET100, PET111, 
PET117 , PET122, 
PET494, PNT1, 
SCO1, SCO2, 
SOM1, SSC1, 
SURF1, TACO1, 
TMEM177

MT-CO2 Core Mitochondrial CuA

MT-CO3 Core Mitochondrial NA

COX4 Supernumerary Nuclear NA

COX5A Supernumerary Nuclear NA

COX5B Supernumerary Nuclear Zn2+

COX6A Supernumerary Nuclear NA

COX6B Supernumerary Nuclear NA

COX6C Supernumerary Nuclear NA

COX7B Supernumerary Nuclear NA

COX7C Supernumerary Nuclear NA

COX8B Supernumerary Nuclear NA

COX7A Supernumerary Nuclear NA

NDUFA4 Supernumerary Nuclear NA

Complex V

α (ATP5A1) Core (present in three 
copies)

Nuclear NA ATPAF1, ATPAF2, 
C7orf55, TMEM70, 
TMEM242 (ATP10P 
and ATP23P 
identified in 
yeast169)

β (ATP5B) Core (present in three 
copies)

Nuclear NA

γ (ATP5C1) Core Nuclear NA

δ (ATP5D) Supernumerary Nuclear NA

Table 1 (cont.) | Subunit composition of mitochondrial oXPHoS complexes

Nature Reviews | Molecular Cell Biology

R e v i e w s



0123456789();: 

disorders have been linked to mutations in assembly 
factors20,21, thereby highlighting their crucial role in 
cell metabolism. As a further layer of complexity, the 
single ETC components have been found to gather into 
so-called supercomplexes of different stoichiometry22–32 
(Fig. 1a, inset on the right), which have recently been 
shown to be crucial for the correct assembly of the indi-
vidual complexes33,34, thereby implying a novel mech-
anism of self-regulation of the assembly of OXPHOS 
complexes. As the function of the ETC relies on the 
supply of reducing equivalents — generated through cell 
metabolism — it is deeply connected to the metabolic 
state of the cell (and even the entire organism) (Box 1).

It is of paramount importance to understand how the 
components of the OXPHOS system work and how they 
are regulated, as their malfunction inevitably leads to 
severe diseases such as neurodegenerative disorders and 
cancer35, in addition to being linked to ageing36. The 
assembly pathways of the OXPHOS system components, 
together with the diseases associated with them, were 
recently extensively reviewed elsewhere37,38 (see also 
Box 2). In the past few years, a great deal of informa-
tion from different fields has been published about the 
detailed mechanism of action of the respiratory chain 
complexes30,39–44, as well as their assembly and regulation, 
mainly via the association in the supercomplexes33,34. 
This Review aims to outline the newest findings in this 
area, as well as to highlight the remaining open ques-
tions, which are currently directing the research in the 
field. We describe the assembly of the single complexes, 
alone and in relation to the formation of supercom-
plexes. We also briefly describe their catalytic mecha-
nisms, highlighting new structural data. We discuss the 
function of supercomplexes in light of the regulation 

of the ETC, depending on the metabolic needs of the 
cells, as imposed by the environment or by the tissue 
specificity.

ETC organization and activity
As mentioned in the introduction, the components of 
the ETC are complex macromolecular structures com-
posed of protein subunits as well as different types of 
cofactors (Fig. 2). Despite the extensive effort made in 
the field, crucial questions remain to fully elucidate their 
mechanism of assembly and their mechanism of action. 
In this section we therefore discuss these processes. 
We specifically focus on describing the structural fea-
tures of the individual OXPHOS complexes and review-
ing the state-of-the-art knowledge of their mechanisms 
of activity emerging from this structural picture, and we 
include highlights of the most relevant future perspec-
tives for understanding the function of this complex 
mitochondrial respiration machinery.

Assembly, structure and mechanism of complex I. 
Complex I is the largest component of the respira-
tory chain, with a total mass of approximately 1 MDa 
in mammals, being composed of 14 core subunits 
and 31 supernumerary subunits25,45,46. The seven 
membrane-embedded core subunits (ND1–ND6 and 
ND4L) are encoded in the mitochondrial genome47,48. 
The core subunits constitute the innermost part of 
complex I and harbour all the catalytic sites. The hydro-
philic arm (also known as the peripheral or matrix arm), 
where NADH oxidation occurs, contains core subunits 
NDUFS1, NDUFV1, NDUFS2, NDUFV2, NDUFS3, 
NDUFS7 and NDUFS8, as well as the primary electron 
acceptor flavin mononucleotide and eight Fe–S clusters49. 

Subunit namea core or supernumeraryb gene origin cofactors assembly factors

Complex V (cont.)

ε (ATP5E) Core Nuclear NA

OSCP (ATP5O, δ in 
bacteria)

Core Nuclear NA

b (ATP5F1) Core Nuclear NA

F6 (ATP5J) Supernumerary Nuclear NA

d (ATP5H) Supernumerary Nuclear NA

a (MT-ATP6, ATP6) Core Mitochondrial NA

ATP8 (MT-ATP8, A6L) Supernumerary Mitochondrial NA

DAPIT (USMG5) Supernumerary Nuclear NA

6.8PL (C14orf2) Supernumerary Nuclear NA

f (ATP5J2) Supernumerary Nuclear NA

c (ATP5G1, ATP5G2, 
ATP5G3)

Core (present in eight 
copies in mammals)

Nuclear (in plants 
and animal). 
In yeast it is 
encoded in the 
mitochondrial 
DNA170

NA

e (ATP5I) Supernumerary Nuclear NA

g (ATP5L) Supernumerary Nuclear NA

FMN, flavin mononucleotide; ISP, Rieske iron–sulfur protein; NA, not applicable; OXPHOS, oxidative phosphorylation. aCommonly 
used aliases are indicated in parentheses. bIf multiple copies are present in the final complex, this is indicated in parentheses.

Table 1 (cont.) | Subunit composition of mitochondrial oXPHoS complexes
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Seven of the Fe–S clusters connect the NADH-binding 
site and the quinone-binding site (Q site), while clus-
ter N1a is off this main electron transfer pathway. The 
membrane arm features subunits ND1, ND3, ND4L and 
ND6, which form a putative proton translocation path-
way (E-channel) close to the Q site and three homologous 
antiporter-like subunits ND2, ND4 and ND5, whose 
structural organization resembles that of cation/H+ ant-
iporters and which are thought to hold a proton channel 
each (Fig. 2). The core subunits are encaged, both in the 
matrix and in the membrane, by a network of supernu-
merary subunits, which are important for assembly and 
stability of the complex19 (listed in Table 1).

In addition to the 45 structural subunits of com-
plex I, almost 20 assembly factors participate in its 
biogenesis37,50,51. Complex I assembly starts from the inde-
pendent formation of six modules (Fig. 3a): N (NDUFV1, 
NDUFV2, NDUFS1 and NDUFA2; components of the 
peripheral NADH-oxidizing part of the matrix arm), Q 
(NDUFA5, NDUFS2, NDUFS3, NDUFS7 and NDUFS8; 
components of the matrix arm towards the interface 
with the membrane arm and forming part of the Q 
site), PP-a (ND1, NDUFA3, NDUFA8 and NDUFA13; 
components of the membrane-embedded portion of the 
Q site), PP-b (ND2, NDUFC1, NDUFC2, ND3, ND4L 
and ND6; components of the E-channel and of the first 
antiporter-like subunit), PD-a (NDUFB5, NDUFB10, 
NDUFB11, NDUFB6 and ND4; components around the 

second antiporter-like subunit) and PD-b (NDUFAB1 
(also known as mitochondrial acyl carrier protein), 
NDUFB7, NDUFB3, NDUFB8, ND5, NDUFB9 and 
NDUFB2; components around the third antiporter-like 
subunit). Subsequently, the separate modules come 
together, with PD-a and PP-a accompanied by Q associat-
ing with PP-b, followed by addition of PD-b. The N mod-
ule is the last to be added. Subunits NDUFA1 of the PP-a 
module, NDUFA10 and NDUFS5 of the PP-b module, 
NDUFB1 and NDUFB4 of the PD-a module, NDUFA9, 
NDUFA7, NDUFA11, NDUFAB and NDUFA6 of the 
Q module and NDUFS4, NDUFV3, NDUFA12 and 
NDUFS6 of the N module are added at different stages 
of the module association and are not part of the initial, 
separate modules51.

Various assembly factors are known to participate in 
the assembly of complex I. The assembly of the Q module 
is assisted by the assembly factors NUBPL (also assisting 
the N module) and NDUFAF3–NDUFAF7. Assembly 
of the membrane-embedded P modules is aided by 
the assembly factor TIMMDC1 for the PP-a module, 
by FOXRED1, ATP5SL, TMEM126A52 and TMEM70 
for the PD-a module (although the role of TMEM70 is 
controversial, as it has also been shown to play a role 
in the assembly of complex V (ref.53,54)), by ACAD9, 
ECSIT, NDUFAF1, COA1 (also involved in complex IV 
biogenesis55), TMEM126B and TMEM186 for the PP-b 
module and by DMAC1 for the PD-b module. Except for 

E-channel
Group of charged residues 
(mostly glutamates (E)) located 
within subunits ND1, ND3, 
ND6 and ND4L of the 
complex I membrane arm 
involved in the coupling 
mechanism of quinone 
reduction to proton 
translocation.

Brown adipose tissue
Subtype of fat tissue 
characterized by a dark colour, 
as opposed to the normal 
white appearance, devoted  
to thermogenesis (via the 
uncoupling of proton gradient 
dissipation from ATP synthesis) 
instead of energy storage. 
Brown adipose tissue thus 
contains a lot more (brown) 
mitochondria than (white) lipid 
droplets.

Box 1 | regulation of the electron transport chain in tune with metabolism

the primary determinant of the function of the electron transport chain 
(etC) is the aDP:atP ratio, reflecting the metabolic needs of the cell in 
terms of atP consumption (energy requirements)171,172. the respiration 
rate is therefore high at high aDP:atP ratios — that is, when cells are 
consuming atP (named ‘state 3 of respiration’) — whereas it drops in  
state 4, upon decrease of the aDP:atP ratio173. the phosphorylation of 
aDP in state 3 is tightly coupled to the reduction of oxygen, allowing the 
establishment of the transmembrane electrochemical gradient174.  
the important exception to this is thermogenesis, a process occurring  
in brown adipose tissue, by which the etC-produced electrochemical 
potential is dissipated by uncoupling proteins175 to generate heat176.

another way to regulate the etC is by tuning the availability of NaDH 
and succinate, the reducing equivalents that act as inputs to complex i and 
complex ii. three recent publications have finally identified sLC25a51 as 
the mitochondrial NaDH importer177–179 (see also ref.180 for a review). after 
pathways for mitochondrial synthesis of NaD+ (ref.181) had been ruled out, 
it was clarified that NaD+ is imported via sLC25a51, which was found to be 
necessary and sufficient to supply mitochondria with NaD+ and able to 
rescue the ablation of the yeast, non-homologous, transporter in knockout 
cells. Further studies on the regulation of sLC25a51 activity and its 
mechanism of transport as well as the investigation of potential additional 
players in NaD+ import are now needed to enrich our knowledge of this 
fundamental biochemical process in the context of cellular metabolism. 
additionally, this will pave the way for new studies on the regulation of 
complex i activity through the availability of its electron donor. in addition 
to its role in cancer and inflammation, as discussed in Box 2, succinate  
has also been recently found to regulate thermogenesis in brown adipose 
tissue: the study authors propose that this occurs via increased succinate 
oxidation by complex ii, with a concomitant increase in the production of 
reactive oxygen species, which would in turn stimulate thermogenesis182.

even more upstream of the electron donors, the availability of nutrients 
has a profound impact on the function of the etC. Mitochondrial 
respiration produces atP downstream of the Krebs cycle, which utilizes 
acetyl-Coa as the initial substrate3. in turn, acetyl-Coa can be derived 

from both sugar (via glycolysis) and fatty acid (via fatty acid β-oxidation) 
metabolism, with an important difference: while glycolysis yields two 
molecules of acetyl-Coa per six carbon atoms of the initial substrate,  
fatty acid β-oxidation yields three183, meaning that the efficiency of atP 
production by the oxidative phosphorylation (OXPHOs) system is higher 
if the energy source is fat as opposed to sugar. On the other hand, 
glycolysis can be a fundamental energy-producing pathway per se, as in 
anaerobic conditions (that is, when the OXPHOs system is inhibited) it 
can still produce atP (although only two molecules per glucose molecule 
via glycolysis and lactic fermentation184 versus the 27.5–28.9 produced by 
respiration185) and has long been found to be a pillar for tumour growth, 
via the warburg effect186, according to which cancer cells display high 
rates of glucose utilization, coupled to lactate excretion, even in aerobic 
conditions187. regarding the interplay between different metabolic routes 
for atP production, a noteworthy recent study188 attempted to identify 
the key players in the regulation of atP homeostasis via CrisPr-based 
genetic screening in different metabolic conditions: importantly, the 
study authors evidenced a mutual regulation between OXPHOs and 
glycolysis. while the knockdown of the early glycolytic enzyme 
hexokinase 2 (HK2) expectedly correlated with a decrease in the levels  
of downstream metabolites under glycolytic conditions, in respiratory 
conditions it boosted atP production via the Krebs cycle and the 
OXPHOs system.

in addition to nutrients, at the other end of the chain, playing a crucial 
role in the etC regulation, is oxygen. On the one hand, oxygen availability 
determines the etC function as the final electron acceptor and in turn 
mitochondria function as oxygen sensors in cells, modulating the 
aDP:atP ratio in response to oxygen concentration189. the scarcity of 
oxygen determines the pathological condition of hypoxia, whose effects 
on cellular homeostasis, including the etC function, were recently 
reviewed190. importantly, oxygen is also the substrate for the formation  
of reactive oxygen species: as discussed in the main text, the etC 
components are a major source of the electrons that generate oxygen 
radicals.
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the specific references indicated above, the roles of the 
assembly factors mentioned are outlined in refs37,38,51.

Functionally, complex I couples the reduction of 
quinone by NADH to the pumping of four protons 
across the IMM (from the mitochondrial matrix into 
the intermembrane space (IMS)). The oxidoreduction 
reaction occurs in the matrix arm, while the protons 
are pumped through the membrane arm (Fig. 2a). For 
complex I to function, these two actions have to be 
precisely concerted, and the mechanism by which this 
happens has been hotly debated. Complex I catalysis 
starts from the oxidation of NADH to NAD+ at the top 
of the matrix arm56: while one proton is released in the 
matrix, the two electrons tunnel through a chain of Fe–S 
clusters along the matrix arm to the junction with the 
membrane arm, where the N2 cluster donates them to 
ubiquinone57. The oxidoreduction mechanism was first 
revealed by biochemical58 and structural59 studies of the 
bacterial enzyme and later confirmed to be conserved 
in mammals when their cryo-electron microscopy 
(cryo-EM) structures became available. Recent yeast60, 
murine61 and bacterial41 structures revealed the binding  
modes of quinones and quinone-like inhibitors within the  
Q site, a long and narrow cavity linking the quinone entry  
site, exposed to the lipid bilayer, and the quinone reduc-
tion site at the deep end of the cavity near Fe–S clus-
ter N2. High-resolution ovine structures40 clarified the 
quinone binding modes under turnover conditions 

(that is, in presence of excess of substrates, so that the 
enzyme performs catalytic cycles until flash-frozen), 
as well as the coupling mechanism, linking the qui-
none reduction to the proton translocation. The ovine 
structures revealed the absence of any conformational 
changes in the antiporters (subunits ND2, ND4 and 
ND5) under full turnover conditions40, in contrast to 
the observed large-scale movements around the Q site, 
linking quinone chemistry to proton pumping. Likewise, 
no change in the antiporter area has been observed in 
the currently available structures from other species60. 
This suggests that proton pumping in the antiporters 
is mainly electrostatically driven, as proposed earlier 
in electrostatic wave-type mechanisms62,63 (for a more 
detailed overview of the mechanism of complex 1 
activity emerging from these structures, see Box 3). 
Further details of proton pumping remain elusive. 
It was initially proposed that for each functional cycle, 
one proton would travel through the E-channel and the 
other three would pass through each of the antiporter 
subunits49. However, this notion has been questioned, 
as no water molecules or any other connections to the 
IMS were identified in the ND2 and ND4 subunits40. 
Therefore, the proton output into the IMS appears to 
occur only through ND5. Nevertheless, all or most anti
porters could participate in the uptake of protons from 
the matrix, with protons then redistributed towards ND5 
via the hydrophilic central axis, which is composed of 

Oncometabolite
Substrate of metabolic 
reactions whose aberrant 
accumulation triggers 
cancer-related pathways.

Epithelial–mesenchymal 
transition
Biological process typical of 
embryonic development, but 
also observed in cancer, by 
which epithelial cells acquire 
mesenchymal properties (for 
example, losing apicobasal 
polarity and increasing their 
motility).

Paragangliomas and 
phaeochromocytomas
Paragangliomas are a rare type 
of neuroendocrine cancer 
growing around ganglia (groups 
of neuronal bodies and glial 
cells) in the head, neck, torso 
and abdomen. Specifically, 
when affecting the adrenal 
glands, they are called 
‘phaeochromocytomas’.

Box 2 | Deregulation of the electron transport chain in disease

Mitochondrial disorders are a group of genetic diseases that affect  
the mitochondrial function. while each of them is rare, taken together 
they affect 5–15 people per 100,000 at birth and 3–10 per 100,000 
adults191. Given the central role of the electron transport chain (etC)  
in mitochondrial energy production, a plethora of mutations in its 
components have been connected with mitochondrial disorders, 
especially affecting tissues that rely on high levels of atP, such as the  
brain and the skeletal muscle (thus causing encephalocardiomyopa-
thies)192 and the subject has been extensively reviewed193–195. Prominent 
examples196 of syndromes linked to mitochondrial malfunction include 
Leigh syndrome, which is related to mutations of more than 75 genes197, 
MeLas (mitochondrial encephalomyopathy with lactic acid and stroke- 
like episodes) syndrome, which is commonly linked to mutations in  
the gene encoding trNaLeu(uur) (ref.198) and Leber hereditary optic 
neuropathy199, which is caused by mutations in complex i subunits200. 
aside from the aforementioned syndromes, in the panorama of 
disease-related mutations, complex ii stands out, as its substrate, 
succinate, has been defined as an oncometabolite, thereby making 
complex ii a tumour suppressor201–203. Briefly, accumulation of succinate 
due to loss-of-function mutations in complex ii induces histone and 
cytosine hypermethylation, which in turn disrupts the epigenetic  
control of gene expression, thereby promoting crucial cancer-related 
phenotypes such as epithelial–mesenchymal transition, cell migration  
and invasiveness. in addition, succinate inhibits the enzyme prolyl 
hydroxylase (PHD), which is involved in the degradation of the 
transcription factor hypoxia-inducible factor 1α (HiF1α). the resulting 
stabilization of HiF1α sustains tumour progression via the stimulation  
of angiogenesis, the metabolic switch from respiration to glycolysis and 
the secretion of iL-1β. it is therefore not surprising that mutations in 
complex II components have been associated with different cancer types, 
such as paragangliomas and phaeochromocytomas, gastrointestinal 
stromal tumours and renal cell carcinomas. succinate is also involved  
in the inflammatory response via the HiF1α-driven stimulation of 

macrophages to produce proinflammatory cytokines204,205. importantly, an 
increase in succinate concentration was found to lead to a boost in 
complex ii activity, with accompanying increase in the production of 
reactive oxygen species and consequential downstream activation 
of HIF1α206. in addition to complex ii, complex i-mediated production of 
reactive oxygen species was found to contribute to the proinflammatory 
phenotype205. in this respect, it is also worth mentioning that complex iii2 
is another key player in the regulation of inflammation, via its role in the 
maintenance of the specific regulatory function of regulatory T cells207. 
In addition to the enzymatic complexes and the electron donors, the 
deregulation of the two mobile electron carriers, the membrane-embedded 
ubiquinone and the soluble cytochrome c, has severe consequences for 
metabolism. ubiquinone deficiencies have long been linked to severe 
neuromuscular symptoms, similarly to the loss-of-function mutations that 
occur in the enzymatic complexes themselves208–210. in addition, complex 
ii-driven production of reactive oxygen species was recently linked to loss 
of ubiquinone in models of insulin resistance208. interestingly, a recent 
publication211 also showed that complex iii2 is necessary to sustain tumour 
growth, via oxidation of the quinone pool. the study authors confirmed 
that oxidized quinone is required to maintain cancer cells, thereby paving 
the way for novel potential anticancer strategies aimed at keeping the 
quinone pool reduced. Cytochrome c, instead, has a dual role in cell 
homeostasis: in mitochondria, it shuttles electrons from complex iii2 to 
complex iv, whereas when released to the cytosol, it triggers apoptosis212 
by activating the caspase chain213. these two opposite effects were 
elegantly investigated in a study where cytochrome c deletion in mouse 
models resulted in fetal lethality, due to the inability of the embryos to 
undergo the metabolic switch between glycolysis and mitochondrial 
respiration, as electrons stall at complex iii2. However, cells derived from 
the embryos could be rescued by supplementing them with uridine and 
pyruvate to make up for the loss of oxidative phosphorylation-derived atP. 
this supplementation not only allowed them to survive, but actually 
increased their resistance to apoptosis214.
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conserved hydrophilic residues located in the middle 
of the membrane arm and spanning its full length40. 
Structures resolved in the presence of proton-motive 
force and/or using time-resolved techniques to trap 
short-lived transition states of the complex will help to 
elucidate the proton transfer mechanism so as to rule 
out any so far unobserved conformational changes and 
verify the details of electrostatic interactions between 
key charged residues.

Assembly, structure and mechanism of complex II. 
Complex II is a crucial player in cellular metabolism, 
given its position at the intersection between two key 
pathways, the Krebs cycle and the OXPHOS system8. 
Complex II couples the oxidation of succinate to fuma-
rate (in the Krebs cycle) with the reduction of ubiqui-
none to ubiquinol, thereby contributing to the reduction 
of the quinone pool, the substrate of complex III2 of the 
ETC (Fig. 1).

Complex II is composed of four subunits, all of which 
are encoded in the nuclear genome8. The soluble sub-
units SDHA and SDHB contain the covalently bound 
FAD, the primary electron acceptor in the complex, and 
three Fe–S clusters (2Fe–2S, 4Fe–4S and 3Fe–4S), which 
are responsible for oxidation of succinate and electron 
transfer to quinone. These two matrix-located subunits 
are linked to the IMM via membrane-embedded sub-
units SDHC and SDHD. The quinone binds to and is 
reduced64 at the interface formed by SDHB, SDHC and 
SDHD, whereas between SDHC and SDHD a haem 
group is bound; this haem group has no catalytic func-
tion but is important for assembly and stability of the 
membrane part of the complex65 (Fig. 2a,b).

The assembly of the matrix subunits is assisted by 
four SDHAF assembly factors: SDHAF1–SDHAF4. 
The assembly process for complex II was recently 
reviewed37,38,66. Briefly, cofactors are loaded in parallel 
onto SDHA and SDHB, whereas SDHC and SDHD 
dimerize in the membrane. The soluble subunits then 
associate and finally bind to the SDHC–SDHD subcom-
plex to form a full complex II (Fig. 3a). It is important 
to note that two binding sites for quinone have been 
described on the basis of structural data, one on the 
matrix side (sometimes referred to as the proximal side) 
and one on the IMS side (also known as the distal side) 
of the IMM65. On the basis of further structural67 and 
biochemical 68,69 data, though, it appears that only the 
matrix site is catalytically relevant, as the IMS site is too 
far away from the Fe–S cluster for electron transfer and 
the haem at the interface between SDHC and SDHD 
does not transfer electrons70,71.

The mechanism of action of complex II involves oxi-
dation of succinate (C4H6O4) to fumarate (C4H4O4) in 
the SDHA subunit: the covalent bond of FAD is crucial 
to raise the midpoint potential of the reaction and favour 
succinate oxidation72. While the two protons resulting 
from succinate oxidation are released into the matrix, 
the electrons are passed on to the three Fe–S clusters in 
SDHB and then on to the ubiquinone bound to SDHC 
and SDHD69. Because the reduction of quinone involves 
two protons derived from the matrix side, no net pro-
ton exchange across the IMM is associated with the 

oxidoreduction activity of complex II (Fig. 2). The exact 
path through which protons are transferred through 
complex II to result in ubiquinone reduction is still 
unknown64.

Assembly, structure and mechanism of complex III2. 
Complex III2 couples ubiquinol oxidation to reduc-
tion of the soluble electron carrier cytochrome c, while 
taking up two protons from the matrix and releas-
ing four into the IMS (Figs 1a,2a); it has an obligate 
homodimeric structure, related to its function, with 
three catalytic subunits per monomer (or protomer) 
that are highly conserved from bacteria to eukary-
otes: cytochrome b (also known as MT-CYB), the only 
mitochondrial DNA-encoded subunit, cytochrome c1 
(also known as CYC1) and the Rieske iron–sulfur protein 
(ISP; also known as UQCRFS1)18. Cytochrome b con-
tains two haem groups, named haem bL and haem bH, 
constituents of the low-potential redox chain, whereas 
cytochrome c1 harbours haem c1, a constituent of the 
high-potential redox chain along with the Fe–S cluster in 
the Rieske protein (Fig. 2b).

The mechanism of action of complex III2 is referred 
to as the Q cycle, and it involves the concerted action of 
both protomers5,6, as the ISP subunit of every protomer 
transfers electrons from quinone bound at cytochrome 
bL (in the so-called b, or proximal, conformation) to 
cytochrome c1 (in the so-called c, or distal, conforma-
tion) of the opposite protomer73. Thus, each protomer 
of the complex III2 enzyme is in principle active, but the 
Q cycle can be performed only in the dimeric form. 
The Q cycle begins with the binding of one quinol at the 
haem bL site. From there, the first electron and the first 
proton are donated to the Fe–S cluster and a conserved 
histidine of ISP, respectively (rate-limiting step of the 
reaction). This generates a highly reactive quinone rad-
ical, which eventually is fully oxidized by haem bL. From 
haem bL, the electron is passed to haem bH and then to 
an oxidized quinone at the haem bH site. The partially 
reduced quinone at the haem bH site is then fully reduced 
to quinol when the cycle described is repeated18. A key 
feature of the mechanism is the electron bifurcation at 
haem bL, which allows the reduction of cytochrome c and 
quinone at opposite sides of the complex, coupled to the 
complete oxidation of one quinol molecule74. The first 
electron is donated to the ISP, due to the higher potential 
of the Fe–S cluster and haem c1 compared with haems b75, 
while the second electron can follow the low-potential 
chain once the ISP has moved from the b position to the c 
position, where the electron is transferred to cytochrome 
c1 (ref.18). Cytochrome c1 then passes the electron to the 
soluble electron carrier cytochrome c. For completion of  
the cycle, two quinols are oxidized at the haem bL site  
at the IMS side, thereby reducing two cytochrome c  
molecules through the ISP and cytochrome c1 and regen-
erating one quinol at the haem bH site at the matrix side18. 
The exact kinetics of the Q cycle has been extensively 
studied by electron paramagnetic resonance measure-
ments: the extreme instability of the intermediates and 
the big movements associated with ISP-driven electron 
transfer to cytochrome c make it difficult to obtain  
structures of the catalytic intermediates76–82.

Insulin resistance
Pathological condition in which 
cells do not respond to insulin, 
thereby not internalizing  
and utilizing glucose. This 
phenomenon is correlated with 
the development of type 2 
diabetes.

Caspase
Refers to a family of proteases 
activated by various stimuli 
and responsible for the 
apoptotic response in cells.

Electrostatic wave
Mechanism of signal 
transduction along the 
membrane arm of complex I by 
which the change in the charge 
status of key polar residues 
drives proton translocation.

Midpoint potential
Electric potential at which the 
oxidized and reduced 
components of a redox 
reaction are at equilibrium 
(that is, the midpoint of a redox 
titration).

Rieske iron–sulfur protein
(ISP). Membrane-anchored 
catalytic subunit of complex  
III2 shuttling electrons from 
quinol bound at haem bL  
to cytochrome c1 via its  
iron–sulfur cluster.

Low-potential redox chain
A pathway for electron transfer 
within complex III2 which goes 
from haem bL to haem bH.  
It shows low redox potential.

High-potential redox chain
A pathway for electron transfer 
within complex III2 that goes 
from the ISP to cytochrome c1. 
It shows high redox potential.

Electron paramagnetic 
resonance
Spectroscopic technique 
detecting unpaired electrons 
by the application of a 
magnetic field. In bioenergetics, 
it is used to study radicals, such 
as the quinone intermediates 
between fully oxidized and fully 
reduced states, as well as the 
electron transfer through 
transition metals in iron–sulfur 
clusters, haems and copper 
centres.
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In addition to the catalytic subunits, complex III2 
contains supernumerary subunits, whose composition 
differs across species, with the mammalian enzyme 
containing eight such subunits: the so-called core 1 and 
core 2 proteins (a traditional name, they are not part 
of the catalytic core; they are also known as UQCRC1 
and UQCRC2) in the matrix and six additional super-
numerary subunits, five of which encapsulate the cata-
lytic core (UQCRH, UQCRB, UQCRQ, UQCR10 and 
UQCR11)18 and one of which (subunit 9) corresponds 
to the cleaved signal peptide from the ISP precursor, and 
has been shown to be caged in the cavity between the 
core proteins83.

The assembly process was recently reviewed84 (see 
also Fig. 3a for an overview). In brief, the complex assem-
bly starts from the insertion of monomeric cytochrome b 
in the membrane and its association with haems bH and 
bL, assisted by the assembly factors UQCC1, UQCC2 
and UQCC3 (ref.85). UQCRQ and UQCRB then join and  
stabilize the mature cytochrome b, forming a stable  
intermediate (known as intermediate II)86. At this 
stage, UQCRC1 and UQCRC2 are incorporated on the 
matrix side, while cytochrome c1 and UQCRH join at 
the IMS side, thereby forming a dimeric intermediate III. 
It was recently shown that in yeast a tetramer of core 
proteins (UQCRC1–UQCRC2 dimer) attaches to two 
preformed intermediates II, with cytochrome c1 and 
UQCRH joining subsequently. The exact order of these 
events is yet to be determined87. As mentioned above, 
the initial phases of complex III2 assembly are aided 
by the assembly factors UQCC1, UQCC2 and UQCC3 
(refs37,38). Then, the ISP, stabilized by and loaded with 
the Fe–S cluster by the chaperone protein MZM1L 
(MZM1-like protein, also known as LYRM7)88, is 
inserted in the membrane via the translocase BCS1L89–91. 
ISP insertion is accompanied by concomitant insertion 
of UQCR10 and UQCR11 (ref.92). Lastly, in mamma-
lian mitochondria, a different assembly factor, TTC19 
(refs93,94), participates in the clearance of the cleaved 
amino terminus of the ISP, which undergoes proteoly-
sis before the Rieske protein assembly into the complex. 
The amino-terminal fragment of ISP has been observed 

in several structures of the mature complex III2 and has 
been assigned as subunit 9 (ref.95). However, the low 
quality of the data has led to inconclusive assignment 
of the density and resulted in the suggestion that one 
copy of subunit 9 is cleared by TTC19, while the other 
remains bound to complex III2 (refs83,96). The recent 
structures of the murine supercomplexes CIII2CIV and 
CICIII2 have clarified that indeed only one copy of subu-
nit 9 remains bound to complex III2, thereby confirming 
this suggestion97.

Recently, a small peptide (8 kDa) associated with the 
IMM and responsive to the activation of AMPK signalling, 
named ‘BRAWNIN’, has been described as a potential 
novel player in the assembly of complex III2 in verte-
brates. This connection to AMPK could be an important 
mechanism adapting the ETC assembly in response to 
metabolic cues. BRAWNIN was shown to physically 
interact with the core proteins, but so far its precise role 
is unknown98. Importantly, correctly assembled com-
plex III2 is required for the maturation of complex I and 
complex IV, pointing towards a functional crosstalk 
among the ETC complexes34.

Assembly, structure and mechanism of complex IV.  
Complex IV accepts the electrons delivered by cytochrome  
c (thereby oxidizing it) to reduce oxygen to water and 
additionally transfers one proton to the IMS for each 
cytochrome c molecule99 (resulting in the pumping of 
four protons per each functional cycle). In most crystal 
structures of isolated complex IV, it appears as a dimer. 
Each complex IV monomer contains 13 well-established  
subunits, of which the three membrane-embedded  
core subunits are mitochondrial DNA-encoded, while 
the others are encoded in the nuclear genome100. Sub
unit 1 (MT-CO1) contains the two a-type haems, a and 
a3, and the copper centre CuB, which is used to reduce 
oxygen to water, while subunit 2 (MT-CO2) harbours 
the copper centre CuA, the primary acceptor of electrons 
from the soluble carrier cytochrome c. The third core 
subunit, MT-CO3, contains three tightly bound phos-
pholipids that have been proposed to regulate oxygen 
uptake and transfer to the active site: the insertion of 
their hydrophobic tails prevents the hydration of the 
space between protein helices, thus constituting a dif-
fusion path for the hydrophobic oxygen molecules101 
(Fig. 2). An additional, 14th subunit, NDUFA4, has been 
identified in the monomeric structure of complex IV 
(see also the subsection Role of NDUFA4) at a position 
that would prevent dimer formation102. This can explain 
why this subunit was not resolved in the previous  
dimeric structures, although, as discussed later, this 
subunit is not observed in all the deposited monomeric 
structures of complex IV.

Complex IV assembles into three subcomplexes, 
each containing one of the core subunits, which then 
associate into the mature complex (Fig. 3a). This pro-
cess is aided by almost 50 assembly factors100,103 (see 
Table 1). The first module is formed by MT-CO1, plus 
two supernumerary subunits, COX4 and COX5A. This 
process involves multiple regulatory factors. MT-CO1 
expression is regulated post-transcriptionally, which 
involves COX24, TACO1 and LRPPRC. The assembly 

AMPK signalling
A pathway of intracellular 
reactions starting from AMPK 
(AMP-activated kinase),  
a sensor of the ATP levels.  
The signalling cascade starting 
from AMPK thus responds to 
the energetic demands of the 
cell and it triggers a high variety 
of responses pertaining to 
metabolism, growth, 
autophagy and cell polarity.

Copper centre
Prosthetic group composed  
of copper ions. Among the 
electron transport chain 
components, complex IV has 
two such centres involved in 
electron transfer.

Fig. 3 | assembly process of respiratory complexes and supercomplexes. Atomic 
models of the electron transport chain components as in Figs 1,2: complexes I (Protein 
Data Bank (PDB) ID 6ZKC), II (PDB 1ZOY), III2 (dimeric complex III; PDB ID 6Q9E), IV (PDB 
ID 5IY5) and V (PDB ID 6TT7). For the respirasome, the individual complexes (PDB IDs 
listed above) were docked into the cryo-electron microscopy map (EMD-8130) of the 
ovine respirasome due to higher completeness of the atomic model compared with the 
respirasome model (PDB ID 5J4Z). a | Assembly of respiratory complexes I, II, III2 and IV 
(PDB IDs listed above). Assembly modules, or individual subunits, are indicated. Membrane- 
embedded modules are coloured light blue, light pink, yellow, red, lilac and pale cyan, 
and soluble modules are coloured pale green and wheat. For complex III2, the second 
monomer is depicted in grey. b | Assembly of ATP synthase (complex V; PDB ID listed 
above). Given the complexity of the assembly, additional colours are used. c | Assembly  
of the respirasome according to the current models described in the main text (PDB IDs 
listed above). Top: assembly of intermediates of complex I (CI) with full complexes III2 
(CIII2) and IV (CIV). These are labelled as sequential intermediates 1. For intermediates 1b 
and 1c, the added module of complex I is highlighted in bold and indicated in the structure. 
Bottom: assembly of full complexes I and III2 and the MT-CO1 module of complex IV (termed 
‘intermediate 2’). For clarity, the full respirasome model is shown in every step, with the 
missing parts in each step coloured in light grey. The dashed arrow indicates that there are 
missing, putative sequential intermediates involving the PP-a and Q modules that have not 
been identified so far. ISP, Rieske iron–sulfur protein.

◀
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processes for haem a and CuB are instead aided by 
COX10 and COX15, and by COX11, COX17 and 
COX19, respectively. The assembly factors implicated 
in MT-CO1 formation include COX14, COA3, CMC1, 
CMC2, COA1, COA2, MDJ1, OMA1, OXA1, SURF1, 
SSC1 and MITRAC7, whereas association of COX4 and 
COX5A with MT-CO1 was linked to the assembly factor 
HIGD1A. The second module is composed of MT-CO2 
and the nuclear DNA-encoded subunits COX6C, 
COX7B, COX7C, COX8A and COX5B. Its assembly is 
regulated by COX16, COX17, COX18, COX19, COX20, 
COX23, COA6, IMP1, IMP2, SCO1, SCO2, SOM1, 
TMEM177, MR-1S, MSS2, PNT1, PET100, PET111 
and PET117. Finally, association of COX6A, COX6B and 
COX7A with the MT-CO3 module involves the assem-
bly factors PET54, PET122, PET494 and HIGD2A37,38,104. 
Several additional factors are implicated in the assem-
bly of complex IV, such as CEP89, COA5, COA7, COA8 

and FASTKD2. Their mutations are associated with dis-
eases, but their exact roles in the assembly of complex IV  
are elusive37,103. Interestingly, as complex III2, also com-
plex IV has been found to be required for the assembly of 
complex I, further contributing to the mutual control 
of the maturation of ETC complexes105–107.

Mechanistically, at complex IV, four electrons are 
transferred one by one from the incoming cytochrome 
c molecules to an oxygen molecule via CuA, haem a, 
haem a3 and CuB. This is coupled to a transport of four 
protons — required for oxygen reduction to water. These 
protons are transported from the matrix by proposed 
hydrated channels lined by protonatable residues, lysine 
(K) and aspartate (D), within the MT-CO1 subunit, 
which have been referred to as K and D pathways (as 
a reflection of the key residues forming the channels)99. 
In addition to these processes, each cycle of com-
plex IV is coupled to the pumping of four additional 

Box 3 | coupling mechanism of complex i

Our understanding of the mechanism of action of complex i 
has recently made a substantial leap forward as result of the 
publication of structures of ovine enzymes under different 
redox conditions, including turnover (that is, during the 
catalytic cycle)40. the figure summarizes the proposed 
mechanism stemming from these structures, showing 
transmembrane helices (tMHs; shown as cylinders) and 
residues (coloured circles) that are key for catalysis. these  
key residues can be protonated from the cytoplasm through 
several possible pathways, including inter-subunit transfer 
(indicated by black arrows: solid arrows represent the most 
likely pathways, while dashed arrows represent putative 
optional pathways). the high resolution of the data (~2.5 Å) 
allowed experimental modelling of water molecules, which is 
essential for the detection of proton translocation pathways. 
Helix HL at the matrix side and the βH hairpin elements at the 
intermembrane space (iMs) side of the membrane arm help to 
coordinate the concerted action of antiporters (ND2, ND4 and 
ND5). electrons are transferred from the electron donor NaDH 
via the iron–sulfur clusters (Fe–s clusters) (blue arrows). the terminal Fe–s 
cluster, N2, donates the electrons to quinone. the negatively charged 
quinone (or charged residues nearby) initiates a cascade of conformational 
changes (red, double-headed arrows), propagating from the quinone- 
binding site (Q site) to the e-channel (at ND1, ND6 and ND4L). two main 
states of the enzyme were observed: ‘open’, with the larger angle between 
the two arms and Q site disrupted, and thus open to the matrix at the 
interface of the two arms; and ‘closed’, with the smaller angle between  
the arms and a closed Q site, with only the narrow exit into the lipid bilayer 
still open. During the catalytic cycle the enzyme cycles between the two 
states, with the following implications. During quinone reduction, complex I 
closes, while it is in the open conformation during the rest of the catalytic 
cycle. Furthermore, closing is accompanied by ordering of the key loops 
around the Q site in ND1, ND3 and 49-kDa subunits, as well as the rotation 
of the key helix tMH3 of ND6 (J3 in the figure), losing its characteristic 
π-bulge (disruption of the helix). as a consequence, these conformational 
changes connect the Q site, the e-channel and the previously postulated, 
and now experimentally confirmed, hydrated central hydrophilic axis of 
the membrane domain. therefore, the two protons needed for the full 
reduction of quinone are proposed to come via the central axis, from the 
Glu residues indicated as two red circles with thicker outlines on subunit 
ND4L in the vicinity of subunit ND2, thereby transducing the signal 
(charge) from the Q site to the antiporter subunits. the key missing link  
in the communication between redox reaction and proton pumping in 
complex i is thus revealed.

additionally, the structure of the defined deactive state was reported, 
characterized by the striking relocation of tMH4 of ND6, so that the 
loop connecting TMH3 and TMH4 arrests the enzyme in the open state40. 
this differs from the previous description of the murine deactive state155, 
which corresponds to the open state of active ovine complex i. the 
described active state of the murine enzyme155 corresponds to the ovine 
closed state. One of the key differentiating features of the open state  
versus the closed state is the loop between tMH1 and tMH2 in ND3, which 
embraces the interface between the two arms. it is ordered only in the 
closed state, closing off the Q site from the mitochondrial matrix — a key 
part of the catalytic mechanism, forcing quinone protonation to occur via 
the e-channel. the recent high-resolution structure of complex i from the 
yeast Yarrowia lipolytica revealed fewer water molecules39 due to lower 
resolution than in the ovine case but the general water distribution pattern 
is consistent with the ovine open state. in that study, it was proposed  
that quinone is protonated via a putative access path to the matrix in the 
49-kDa subunit, which, however, would lack the electrostatic coupling  
and gating properties of the e-channel connection. so far, all Y. lipolytica 
complex i structures39,60,216,217 do not show any changes around the  
π-bulge in ND6, suggesting that the entire repertoire of the catalytic 
intermediates in this species is yet to be captured and resolved by 
cryo-electron microscopy.

FMN, flavin mononucleotide; iMM, inner mitochondrial membrane. Figure 
adapted from refs49,215, springer Nature Limited.
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protons into the IMS. This occurs via the D pathway 
in all species, including the mammalian complex IV as 
shown recently7 (and not via the previously discussed 
mammalian-specific H pathway, involving a hydrogen 
bond network that was initially proposed to function 
in proton pumping on the basis of the study of bovine 
mutants of complex IV (ref.108)).

Assembly, structure and mechanism of complex V. 
Complex V exploits the proton gradient generated by 
complexes I, III2 and IV to phosphorylate ADP and gen-
erate ATP11 (Fig. 2a). ATP synthases can also function in 
the opposite direction, to generate proton-motive force 
via ATP hydrolysis (that is, functioning as ATPases)109. 
F-type ATP synthases produce ATP in the bacterial 
cytoplasm110, mitochondrial matrix43,44 and stroma of 
chloroplasts111, V-type ATPases use ATP to pump pro-
tons into the vacuolar lumen109 and A-type ATPases42 
can perform both functions and are found mainly 
in archaea112.

Complex V features two main components: the Fo 
domain with the c-ring, which is membrane embedded 
and responsible for proton translocation, and the sol-
uble F1 domain — composed of three α-subunits and 
three β-subunits forming a globular assembly — which 
comprises the catalytic head responsible for the phos-
phorylation of ADP to ATP. The two are kept together 
by a central stalk (composed of γ, δ and ε subunits) and 
a peripheral stalk. The peripheral stalk is constituted 
by two subdomains: one soluble subdomain, connected 
to the F1 domain and composed of subunits b, OSCP, 
F6 and d; and another, membrane-embedded subdo-
main, attached to the c-ring, and composed of subunits 
f, e, g, a, ATP8, DAPIT and 6.8PL (Table 1). The central 
stalk transmits the rotatory movement of the c-ring, 
upon proton translocation, to the F1 domain, while 
the peripheral stalk prevents futile rotation of the αβ 
subunits of F1. The mechanism of proton transloca-
tion coupled to ADP phosphorylation has been exten-
sively studied and was recently visualized by means of 
high-resolution cryo-EM structures of various intact 
ATPases42–44,109. Briefly, the proton-motive force pow-
ers the rotation of the membrane-embedded c-ring. 
Passing through the two half-channels formed at the 
interface between subunit a and the c-ring, protons 
reach the conserved glutamate in the middle of the 
c-ring and subsequently leave on the opposite side of 
the membrane. Crucial for the unidirectional transfer 
of protons to and from the glutamate of the c-ring and 
to prevent leakage in the opposite direction is a con-
served arginine residue (R159 in humans and other 
mammals) of subunit a, sitting at the convergence of 
the two oblique hydrophilic half-channels, essentially 
formed by subunit a, with contributions from subunits 
b, c and f43,44. The central stalk transmits the rotation 
to F1, held in place by the peripheral stalk, driving the 
conformational changes in the αβ subunits that perform  
ADP phosphorylation.

The assembly of ATP synthase is a modular process 
(Fig. 3b), featuring the independent formation of five 
subcomplexes, aided by the assembly factors ATPAF1, 
ATPAF2, TMEM70, C7orf55 and TMEM242 (refs37,38,54). 

They include the αβ hexamer, bound to the inhibitory 
factor IF1 (ref.113); the central stalk in the matrix; and 
the c-ring in the membrane. The peripheral stalk is 
assembled from the two, soluble and membrane-bound, 
subcomplexes. The αβ subunits assemble with the cen-
tral stalk (intermediate 1 in Fig. 3b), followed by two 
possible pathways: either the c-ring (intermediate 2a) 
or the full peripheral stalk, with subunits f, g and e 
(intermediate 3a), attaches to the core soluble subunits. 
The last assembly step involves the addition of the two 
mitochondrial DNA-encoded subunits a and ATP8 
(ref.113) and the module made of accessory subunits 
6.8PL and DAPIT. Notably, a recent study on human 
cells depleted of specific ATP synthase subunits revealed 
the existence of different intermediates, in between 
intermediate 1 and the full ATP synthase114. In addition 
to the previously described intermediate 3a (Fig. 3b), 
two further possible pathways have been described: in 
pathway 4, subunits b, g and e attach to subunit f, then 
they attach to intermediate 2a with OSCP and subunit 
F6, and finally the peripheral stalk is completed with 
subunit d. Finally, pathway 2 was further elaborated, 
describing the sequential addition of subunits g and e 
(intermediate 2c) and then subunit f (intermediate 5) 
after the OSCP module (intermediate 2b). Because these 
pathways were inferred from cellular models lacking 
specific subunits, it is currently unknown whether any 
of these pathways are more physiologically relevant, or 
whether they might be linked to different environmental 
conditions.

In addition to reconciling the exact pathways of 
ATP synthase assembly, further studies are required to 
elucidate the specific assembly pathway of the enzyme’s 
dimer — the functional oligomeric state of ATP synthase 
— which was shown to be required for the formation 
of mitochondrial cristae115. The available data suggest that 
subunits 6.8PL44 and DAPIT113 and the inhibitory fac-
tor IF1 (refs116,117) are important for the dimerization114. 
Moreover, it is worth mentioning that ATP synthase  
has been found to have a role in cell death — in addition  
to the well-known role of cytochrome c in the apop-
totic pathway118 — via the formation of the permeability  
transition pore (PTP)43. Calcium119 triggers and 
cyclophilin D120 mediates PTP opening, but the mecha-
nism by which they lead to cell death remained elusive. 
Cryo-EM studies on the visualization of the PTP forma-
tion by ATP synthase have just begun43,121. The mecha-
nisms of PTP regulation and cristae formation by ATP 
synthase are discussed in Supplementary Box 1.

Higher-order assemblies of complexes
In addition to being assembled as single complexes in 
the IMM, the components of the ETC have long been 
demonstrated to gather into higher-order structures 
named ‘supercomplexes’, which can be preserved upon 
extraction from mitochondria with the mild detergent 
digitonin31. From mammalian mitochondria, cryo-EM 
structures of CICIII2CIV (refs24,27,122–124) (also known 
as the respirasome; Fig. 3c) and CICIII2 (refs23,122) have 
been reported, in addition to the putative megacomplex 
CI2CIII2CIV2 (ref.26), although the low resolution of 
the megacomplex structure poses questions about the 

c-ring
Membrane-embedded domain 
of ATP synthase formed by 
multiple copies of subunit c, 
arranged in the shape of a ring. 
The number of copies differs 
across species, thereby 
changing the diameter of the 
ring: mammalian ATP synthase 
has eight copies.

IF1
Inhibitory factor 1 (IF1) of ATP 
synthase involved in the 
prevention of ATP hydrolysis 
due to reverse functioning of 
the enzyme.

Mitochondrial cristae
The ultrastructure of the inner 
mitochondrial membrane, 
characterized by deep 
invaginations, increasing the 
overall surface of the inner 
mitochondrial membrane. It is 
guided by the arrangement of 
dimers of ATP synthase in rows 
that impose the membrane 
curvature.

Permeability transition pore
(PTP). Channel-like 
proteinaceous pore located  
in the inner mitochondrial 
membrane responsible for 
leakage of large molecules  
(up to 1.5 kDa) from the 
mitochondrial matrix.

Cyclophilin D
Mitochondrial peptidyl-prolyl 
cis–trans isomerase and a 
member of the cyclophilin 
family, a group of proteins able 
to bind the antifungal peptide 
cyclosporin A. Cyclophilins  
are involved in protein folding, 
signal transduction and the 
immune system. Although the 
precise role of cyclophilin D is 
not clear, it is known to interact 
with ATP synthase and mediate 
the opening of the permeability 
transition pore.
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solidity of the claim. In addition, the mammalian struc-
tures of CIII2CIV have just been published97, after the 
yeast structures of CIII2CIV1 and CIII2CIV2 (refs28–30) 
and plant CIII2CIV (ref.22) had become available (Fig. 1a 
inset on the right and Fig. 4).

Several roles of the supercomplexes have been 
proposed, from regulators of reactive oxygen species 
(ROS) production125–130 to regulators of the OXPHOS 
system efficiency, by modulating the turnover rates32,97, 
and in particular as core players in putative substrate  
channelling105,131,132. However, the substrate channel-
ling function of supercomplexes has recently been 
questioned by biochemical data133, and no consensus 
has been reached so far on their involvement in pro-
tection against excessive ROS production. Further 
high-resolution structural data of supercomplexes in 
different catalytic states and studies on ROS produc-
tion by various supercomplexes will help to reach a 
conclusion on these debates. Interestingly, the fraction 

of complexes found in supercomplexes greatly differs 
from one complex to the other: for example, while most 
of complex I is found in the respirasome and CICIII2, 
most of complex IV is free, either in a monomer or 
in a dimer form134. Different supercomplex distribu-
tions have also been observed in different tissues135,136. 
While this has been suggested to reflect the response 
to different metabolic needs of these tissues and hence  
differences in utilization of mitochondrial respiration, 
it has been pointed out that technical differences in the 
preparations, such as the amount of digitonin used for 
solubilization, can lead to highly discrepant results137. 
Therefore, more solid evidence is required to precisely 
determine the tissue distribution of supercomplexes 
and the physiological relevance that such distribution 
implies. Other than protection against excessive ROS 
production and catalysis modulation, supercomplexes 
have been proposed to have a role in the regulation of 
the stability of the individual complexes, and several 

Substrate channelling
Metabolic phenomenon by 
which the reaction product of 
an enzyme is directly 
processed as a substrate by 
another enzyme without being 
exchanged with the external 
solution.
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Fig. 4 | regulation of the electron transport chain by supercomplexes. Outline of the existing supercomplexes  
(as atomic models, respirasome generated as in Fig. 3c, CICIII2 Protein Data Bank (PDB) ID 6QBX and CIII2CIV PDB 
ID7O3C; CI refers to complex I, CIII2 refers to complex III dimer and CIV refers to complex IV) and their functions, as 
described in the main text. Top: the main known or proposed physiological roles of each supercomplex are indicated. 
Question marks refer to the proposed but still debated roles. The models feature a scheme of the oxidoreduction 
reactions occurring within the supercomplexes (NADH:NAD+ for complex I and O2:H2O for complex IV). The exchange  
of the electron carriers (quinone and cytochrome c (cyt c)) is also indicated: when the carrier can be recycled within the 
supercomplex (meaning it is reduced by one complex and reoxidized by another), it is depicted as a yellow oval, while 
when only one of the two reactions happens, it is depicted as a white oval. The boxes below the models show that whether 
the carriers are fully recycled or not within the supercomplex, they can still be freely exchanged with the rest of the pool, 
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that the maximal turnover rate is achieved within the supercomplexes, at the expense of a lower availability of carriers 
outside the supercomplexes and with no contribution from extra electron transport chain dehydrogenases. Free exchange, 
on the other hand, means that the carriers coming from a supercomplex component can donate the electrons, or be recycled, 
outside the supercomplex and vice versa. ROS, reactive oxygen species.
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pieces of evidence have been accumulated recently that 
support this hypothesis.

Two models of supercomplex assembly were ini-
tially proposed: one according to which supercomplexes 
start to assemble from intermediates of the individual 
complexes138 and one according to which they form only 
after the complexes are completed139. Recent publications 
suggest that the former might be the case. Human cell 
lines lacking the complex IV core subunits MT-CO1 and 
MT-CO2 were able to form supercomplexes with the 
remaining complex IV subunits33, and pre-respirasomes 
were found with full complex III2 and complex IV bound 
to an assembly intermediate of complex I lacking the  
N module34. These observations demonstrate that full 
complexes are not necessary for interactions in the 
context of supercomplexes. More precisely, it was fur-
ther demonstrated that the PD-a assembly module  
of complex I is sufficient to interact with complex III2 and  
complex IV as a first step towards respirasome forma-
tion140 (Fig. 3c). The deficiency of complex III2 was also 
shown to affect the assembly of complexes I and IV (ref.34). 
In addition, the structure of the assembly intermediate 
of CIII2CIV features a full complex IV already bound to 
complex III2 before subunits 10 and 11 and the ISP are 
fully ordered97. The formation of supercomplexes from 
assembly intermediates of the individual complexes thus 
suggests that supercomplexes play a crucial role in the 
regulation of cellular respiration by dictating the propor-
tion of complexes in the isolated form even before they 
become catalytically active. Furthermore, as mentioned 
earlier, supercomplexes are the platform for the mutual 
regulation of the stability of complexes. It will therefore 
be of great interest to understand how the assembly of 
supercomplexes is regulated (see the next section).

Given the inconclusive evidence on protection against 
excessive ROS production and the ongoing debate on 
substrate channelling and despite the recent advances  
on the interplay of assembly between individual com-
plexes and supercomplexes, their specific role in physiol-
ogy and the contribution of their deregulated formation 
to disease remain largely elusive; recent reviews137,141 
summarize the findings in the field, especially related to 
widespread disorders such as heart failure, Alzheimer 
disease and Parkinson disease. The overall conclusion 
is that the current evidence for the physiological impact 
of supercomplex assembly is scarce and requires further 
investigation. Aside from biochemical investigation, 
the current state of cryo-EM would allow the study of 
supercomplex composition from samples obtained 
from humans, thereby allowing elucidation of their 
role in physiology, and in particular their connection to 
disease. In the next two sections, we review the latest 
findings on supercomplex assembly and function, high-
lighting the still debated issues in the field of respiratory 
supercomplexes.

Regulation of supercomplex assembly
Although this area of research is relatively nascent, we do 
have some data on how supercomplexes are formed. In 
particular, several factors — supercomplex assembly fac-
tor 1 (SCAF1), HIG and NDUFA4 — have been linked 
to these processes.

Role of SCAF1. A crucial supercomplex assembly 
factor is SCAF1, also known as COX7A2L, due to its 
homology to the complex IV subunit COX7A, or as 
COX7A-related polypeptide (COX7RP). SCAF1 is 
specifically required for the assembly of supercom-
plex CIII2CIV (ref.135) and has been found to be over-
expressed in multiple cancer types, such as liver129, 
breast and endometrial130 carcinomas. Its deficiency 
has been linked to impaired exercise performance105,142, 
body growth and fertility143 as well as higher fat 
accumulation142,143 and lower blood glucose levels144 in 
animal models (Fig. 4). Interestingly, SCAF1 was recently 
found to be regulated by the endoplasmic reticulum stress 
sensor PERK as a result of glucose starvation145. Taken 
together, these observations specifically point towards 
the importance of SCAF1 in metabolism and more 
broadly exemplify the intricacy of  the regulation 
of ETC function, which goes far beyond the simple 
activity of the individual complexes. The mechanism 
of SCAF1-mediated CIII2CIV assembly has also been 
investigated biochemically, showing that SCAF1 binds 
to an assembly intermediate of complex III2, thus serv-
ing as a ‘docking station’ for complex IV (refs146,147). 
Interestingly, the mammalian CIII2CIV structures 
revealed that this happens via the insertion of the amino 
terminus of SCAF1 into the cavity formed by the core 1  
and core 2 subunits on the matrix side, while the car-
boxy terminus was found in complex IV in the posi-
tion of subunit COX7A, as expected because SCAF1 is 
homologous to it. Thus, it appears that SCAF1 serves as 
a ‘hook’ to keep complex III2 and complex IV together: 
it binds to complex III2 and recruits complex IV before 
the assembly of complex III2 is completed and keeps the  
supercomplex together in its mature form, thereby 
serving as a bona fide subunit, not only as an assem-
bly factor. This is another piece of evidence in support  
of the intertwined assembly of single complexes and 
supercomplexes (Fig. 3c). One important remaining ques-
tion concerns the possible role of SCAF1 in the assem-
bly of the respirasome. On the one hand, complex III2  
and complex IV are components of the respirasome and  
SCAF1 has been biochemically, but not structurally, 
detected in a fraction of the respirasome135,148. On the 
other hand, it has been shown that although SCAF1 is 
necessary and sufficient for the formation of CIII2CIV, 
it is apparently not required for the formation of the 
respirasome, which is recurrently observed in different 
Scaf1-knockout models105,143,148. In addition, C57BL/6 
mice, harbouring a shorter version of SCAF1, are 
unable to form CIII2CIV, but have been shown to fea-
ture the respirasome149. Furthermore, the structure of 
complex IV within the kidney-derived respirasome 
was shown to contain COX7A isoform COX7A2, and 
not SCAF1 (ref.102), and our results consistently show 
that complex IV from the heart respirasome har-
bours the muscle-specific isoform COX7A1 (ref.97). 
It has recently been proposed that SCAF1 would be 
required for the formation of both CIII2CIV and the 
tight conformation of CICIII2CIV (ref.105), but the lack 
of supporting structural evidence and the contrasting  
results (see Supplementary note for a potential explana
tion of the discrepancy) call for further investigations.  

Endoplasmic reticulum 
stress
Aberrant condition 
characterized by the 
accumulation of unfolded 
proteins in the lumen of the 
endoplasmic reticulum
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The recent structures of mammalian supercomplexes 
suggest that SCAF1 is not required for the assembly of 
the respirasome97.

Role of HIGD and Rcf2. Another assembly factor 
involved in the biogenesis of supercomplexes is hypoxia- 
inducible gene domain (HIGD), which is induced by 
hypoxia-inducible factor 1 (HIF1) in response to changes 
in oxygen levels150; its role in the regulation of the ETC 
was recently reviewed151, so here we briefly highlight the 
relevant information. In a seminal publication, HIGD1A 
was shown to be involved in the late stages of complex III2  
biogenesis, in assembly into supercomplexes and, to a 
lesser extent, in the maturation of complex IV (ref.152), to 
which it was shown to bind100. Complex IV maturation, 
in particular the formation of the MT-CO3 module, is 
more significantly controlled by the HIGD paralogue 
HIGD2A153, which has also been observed to transiently 
interact with supercomplexes152,153. The association of 
HIGD1A and HIGD2A with supercomplexes is another 
piece of evidence in favour of crosstalk between the mat-
uration of individual ETC complexes and of the super-
complexes. These factors have never been observed in 
structures, although, interestingly, the yeast member of 
the Hig1 family Rcf2 has recently been resolved as a con-
stituent subunit of supercomplex CIII2CIV harbouring  
the hypoxic-specific isoform of supernumerary com-
plex IV component COX5B30. Structures of mammalian  
CIII2CIV in normoxic versus hypoxic conditions, which 
are currently unavailable, would help shed light on a 
potential structural role for HIGD in supercomplexes 
and potential regulation of supercomplex assembly 
by hypoxia.

Role of NDUFA4. Similarly to HIGD, the role of the 
assembly factor NDUFA4 as an ETC component is still 
an enigma. Initially proposed as a subunit of complex I  
(ref.154), it has never been observed in the numer-
ous currently available high-resolution structures of 
complex I, neither in the isolated form40,155 nor within 
supercomplexes24–26, extracted from membranes using 
the mild detergent digitonin (which should preserve 
interactions with more loosely attached subunits, which 
would otherwise be lost in presence of harsher deter-
gents). On the other hand, although never observed in 
structures of isolated complex IV or complex IV dimer 
(CIV2), NDUFA4 has been biochemically assigned as 
its 14th subunit156. Furthermore, its mutation has been 
linked to impaired complex IV, but not complex I,  
function157, and it has recently been observed in the 
cryo-EM complex IV structure from the human 
respirasome102. The density of this subunit in this struc-
ture is weaker than in the rest of the complex and also a 
very weak and discontinuous density can be observed in 
the same position in the ovine tight respirasome24, sug-
gesting that this subunit is loosely attached. The position 
of NDUFA4 in the human complex IV structure argues 
against its possible role as a bridge between complex I 
and complex IV in the respirasome as it is not found  
at the interface of these complexes. These results sug-
gest that NDUFA4 is indeed a structural subunit of  
complex IV, but given that it has been observed only in 

structures obtained by extraction and purification in 
the mild detergent digitonin, pointing towards a labile 
interaction with the rest of the complex, further work 
is required to fully elucidate its role in the function of 
the ETC.

Suggested functions of supercomplexes
As according to native polyacrylamide gel electro-
phoresis, cryo-EM and other data supercomplexes are 
widely present in mitochondria, from yeast to mammals 
and plants, it is tempting to speculate that they should 
have some functional significance. Here we outline the  
reported functions of supercomplexes and discuss  
the areas of debate.

Functional regulation of the activity of individual 
complexes via supercomplexes. The mutual regulation 
between assembly of single complexes and supercom-
plexes discussed earlier implies that formation of super-
complexes regulates the activity of the single complexes 
on two levels: first, by tuning their biogenesis, thus their 
existence in a catalytically active form in the IMM; and 
second, by modulating their catalytic efficiency thanks 
to the spatial proximity of substrate donor–acceptor 
sites. Several pieces of structural evidence support the 
function of supercomplexes as regulators of the activ-
ity of individual complexes. In the bovine respirasome 
structure123, the soluble domain of the ISP subunit of 
complex III2 proximal to the matrix arm of complex I 
is not visible, a sign of high mobility. By contrast, the 
same domain on the opposite, distal, protomer can be 
resolved, meaning that it is more rigid. As the move-
ment of the ISP is required for complex III2 function —  
enabling it to shuttle the electrons from cytochrome 
b to cytochrome c1 via the Fe–S cluster — the study 
authors hypothesized that complex III2 in the context of 
the respirasome does not function as a homodimer, as 
only the proximal ISP looks to be mobile. Further struc-
tural evidence consistent with this notion came from 
a more recent, higher-resolution structure of CICIII2 
(ref.23), in which two quinones were resolved at the 
haem bH sites of complex III2, but only one at the haem 
bL site, suggesting, again, functional asymmetry of the 
two protomers. In addition, recent studies of the yeast 
supercomplex CIII2CIV revealed that the supercomplex 
provided higher quinol:O2 oxidoreductase activity, while 
its specific disruption is responsible for reduced elec-
tron transfer via cytochrome c32,158, resulting in lower 
cell fitness as compared with cells harbouring CIII2CIV 
(ref.158). Cryo-EM also showed that in this supercom-
plex, positively charged cytochrome c can ‘roll’ along a 
negatively charged patch on the surface of complex III2 
and complex IV, thereby diffusing within the supercom-
plex, while still in principle being free to exchange with 
the rest of the soluble pool32. These results have been 
confirmed in mammals97, pointing towards a conserved 
function for supercomplex CIII2CIV across distant spe-
cies. Additionally, animal models lacking the putative 
supercomplex assembly factor SCAF1 (see earlier) all 
demonstrate impaired metabolism, with phenotypes 
ranging from reduced body size to reduced fertility and 
exercise performance, pointing towards a crucial role 

Hypoxia-inducible factor 1
Transcription factor primarily 
involved in the cellular 
response to hypoxia.
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for supercomplexes (in this specific case CIII2CIV) in 
mammalian metabolism.

Substrate channelling. Soon after the discovery of super-
complexes, metabolic flux control analysis performed on 
submitochondrial particles, or in mitochondria subject to 
freeze–thaw cycles to fracture membranes, showed that 
complex I and complex III2 were equally controlling elec-
tron flux upon NADH oxidation131. These observations 
suggested that a pool of quinone sequestered within 
supercomplex CICIII2 would be dedicated to direct 
transfer of electrons between the two complexes, with-
out mixing with the rest of the membrane-embedded 
quinone. In other words, quinone (the substrate) would 
be shuttled (channelled) between the complexes and 
continuously recycled in a closed system (Fig. 4). This 
theory was supported by activity assays of the ETC com-
ponents when their expression levels were modulated 
in cell lines and mouse-derived tissues132. However, 
extensive kinetic analysis of submitochondrial particles 
and mitochondrial membranes, including flux control 
analysis, reached opposite conclusions159. The involve-
ment of supercomplexes in substrate channelling was 
further challenged by a subsequent study showing that 
externally added oxidase (AOX) was capable of oxidiz-
ing the reduced quinol coming from complex I in sub-
mitochondrial particles. This indicated that quinone is 
freely exchanged between complex I and its pool in the 
IMM, and is therefore not sequestered in the CICIII2 
or CICIII2CIV supercomplexes133. The biochemical 
experiments accompanying the CICIII2 structures men-
tioned in the previous subsection also revealed that, in 
the purified supercomplex, complex I activity was lim-
ited by the exchange with the external quinone pool23, 
further supporting the idea that substrate channelling 
does not happen between complex I and complex III2. 
To date, the community is still divided on this topic. 
On the one hand, similar experiments with exogenous 
AOX were repeated (although on intact mitochondria 
instead of submitochondrial particles) and led to the 
suggestion that in presence of supercomplexes the avail-
able quinone is partitioned in two different pools105. On 
the other hand, in intact human cells, where most of 
complex I was shown to be found in supercomplexes, 
heterologously expressed AOX was able to rescue the 
drop in oxygen consumption caused by the complex III2 
inhibitor antimycin A, thereby arguing against the 
segregation of quinone between IMM-associated and 
supercomplex-associated pools34. In summary, although 
still supported by a few groups, the substrate channel-
ling theory has been ruled out by most groups in the 
field on the basis of the ever-growing body of evidence 
against it.

Protection against excessive ROS generation. Respiratory 
supercomplexes have long been suggested to play a role 
in the protection against excessive production of ROS, 
oxygen-containing molecules characterized by the pres-
ence of unpaired electrons, which render them highly 
reactive. The first indication of this function comes from 
a study that showed a decrease in ROS levels generated by 
complex I — one of the main sources of mitochondrial 

ROS (along with complex III2 (ref.127)) — upon associa-
tion of complex I with complex III2 (ref.25) (Fig. 4). This 
was followed by a range of studies. For example, it has 
been shown that complex I is found mainly as an indi-
vidual complex in astrocytes, whereas in neurons it is 
found mainly in supercomplexes, and this was correlated 
with different levels of ROS production126, with astro-
cytes showing a significantly higher level of complex 
I-dependent ROS. A different study also showed that 
structural complex I impairment driven by ablation of 
the supernumerary subunit NDUFAB1 correlated with 
increased ROS production, decrease in the number of 
supercomplexes formed, accumulation of assembly 
intermediates of complex II and complex III2 and even-
tually heart failure in mice. By contrast, overexpression 
of this protein led to a decrease of ROS production, 
increased number of supercomplexes and protection 
against ischaemia–reperfusion injury128. Despite these sug-
gestive pieces of evidence, biochemical studies on iso-
lated supercomplexes are required to directly link them 
to the reduction of excessive ROS production.

Additional proposed roles. In addition to the three puta-
tive functions described in the previous subsections, 
respiratory supercomplexes have been linked to other 
phenomena. For example, the disruption of mitochon-
drial cristae, the formation of which is involved in boost-
ing respiration efficiency160 and loss of which is observed 
during apoptosis161, was found to cause dissociation of 
supercomplexes162. In turn, loss of supercomplexes was 
shown to be responsible for the altered turnover of the 
mitochondrial lipid cardiolipin — which regulates mito-
chondrial membrane properties, including assembly of 
protein complexes — in the rare X-linked human disor-
der Barth syndrome163. Cardiolipin is normally seques-
tered within the supercomplexes. However, in blood cells 
derived from patients with Barth syndrome, cardiolipin 
was released into the mitochondrial membrane and 
more readily degraded, and this was associated with dis-
ruption of supercomplexes in these cells164. On the basis 
of the correlation between mitochondrial membrane 
dynamics and supercomplex formation162, it has also 
been proposed that they would allow tight packing of 
the ETC complexes in the IMM without protein aggre-
gation and ensuring their homogeneous distribution 
in the membrane159,165, but no further evidence has to 
date supported these hypotheses. Furthermore, the early 
proposal of supercomplexes existing as strings in the 
IMM166 — essentially arranged as rows of a CI2CIII2CIV2 
megacomplex26 — was confuted by subsequent in situ 
studies showing a random distribution of ETC super-
complexes in the membrane, unlike the ordered rows 
of ATP synthase, which are well established122. It has 
also been proposed that supercomplexes may control  
the stoichiometry of individual complexes. However, the  
facts that free complexes, especially complex IV, are 
observed in mitochondria and that different tissues 
have different composition of supercomplexes31,122,134,167 
argue against this theory. It is therefore clear that, despite 
the now widely accepted existence of respiratory super-
complexes and the growing body of evidence support-
ing their involvement in mitochondrial structure and 

Metabolic flux control 
analysis
Mathematical description of a 
metabolic path where every 
enzymatic component is given 
a coefficient that describes the 
extent of its control over the 
pathway by correlating 
changes in the enzyme activity 
with changes in the flux rate.

Submitochondrial particles
Inverted vesicles of the inner 
mitochondrial membrane, 
obtained after disruption of the 
outer mitochondrial membrane 
via different mechanisms, such 
as osmotic shock, cycles of 
freezing and thawing or 
sonication.

Ischaemia–reperfusion 
injury
Pathological cellular response 
to reoxygenation of a tissue 
(reperfusion) after a period of 
hypoxia (ischaemia). At the 
molecular level, this 
phenomenon is characterized 
by an increase in the 
production of reactive oxygen 
species and activation of the 
caspase pathway, eventually 
leading to cell death.

Barth syndrome
A rare genetic disease, 
affecting mainly male 
individuals, characterized by 
neuromuscular deficiencies 
and associated with aberrant 
cardiolipin metabolism.
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function, no consensus has been reached yet on their 
functional significance, and further research is needed. 
We envision that systematic analysis of the ETC at high 
resolution by cryo-electron tomography, now shown to 
be technically feasible, will pave the way towards better 
understanding of the importance of this higher-order 
structural assembly of respiratory complexes168.

Conclusions and perspectives
In the past few years, a great deal of new information has 
advanced our understanding of the OXPHOS system, 
although several open questions remain.

Regarding the assembly of the different complexes, 
complex III2 was found to be a key regulator of the 
formation of functional complex I and complex IV, as 
well as supercomplexes34, thereby demonstrating an 
interplay among complexes, which eventually results 
in a mutual modulation of activity and impact on the 
overall turnover of the ETC. This role of complex III2 
also sheds new light on the function of supercomplexes, 
and challenges the initial view that supercomplexes form 
only after the assembly of functional individual com-
plexes. New structural data also expanded our under-
standing of the role of ATP synthase in the formation 
and remodelling of mitochondrial cristae115. From the 
catalytic point of view, a recent milestone has been  
the elucidation of the coupling mechanism of complex I  
(ref.40), although the full details of the proton pumping 
mechanism remain to be established. In addition, again 
thanks to high-resolution cryo-EM structures, a detailed 

mechanism for proton translocation in ATPases has 
been described43,44. Moreover, the mammalian structures 
of CIII2CIV have described its unique SCAF1-mediated 
assembly, ruled out a role for SCAF1 in the assembly 
of the respirasome and confirmed the catalytic advan-
tage of the supercomplexes over the isolated complexes, 
already observed in yeast.

Recently, a particularly large amount of work has 
been dedicated to understanding the assembly of 
supercomplexes and their roles in regulating the ETC. 
However, despite the growing availability of structural 
data on respiratory supercomplexes, much controversy 
remains in these areas. For example, the exact roles of 
assembly factors, such as HIG and NDUFA4, in super-
complex assembly have not yet been resolved and will 
require new high-resolution structural and biochemical 
data. Supercomplexes have also been ascribed to a num-
ber of functions, including protection against excessive 
ROS production, boosting the efficiency of the ETC by 
keeping the components in close proximity and seques-
tering a separate quinone pool, but no convincing data 
are currently available to support these hypotheses134. 
Future high-resolution structures of supercomplexes 
in different catalytic states, combined with functional 
studies on purified supercomplexes in solution, as well 
as in reconstituted liposomes, where the electrochemical 
gradient can be generated and controlled, will hopefully 
shed light on these aspects.
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