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The four complexes of the mitochondrial respiratory chain are critical for ATP production in
most eukaryotic cells. Structural characterisation of these complexes has been critical for
understanding the mechanisms underpinning their function. The three proton-pumping
complexes, Complexes I, III and IV associate to form stable supercomplexes or respira-
somes, the most abundant form containing 80 subunits in mammals. Multiple functions
have been proposed for the supercomplexes, including enhancing the diffusion of electron
carriers, providing stability for the complexes and protection against reactive oxygen
species. Although high-resolution structures for Complexes III and IV were determined by
X-ray crystallography in the 1990s, the size of Complex I and the supercomplexes necessi-
tated advances in sample preparation and the development of cryo-electron microscopy
techniques. We now enjoy structures for these beautiful complexes isolated from multiple
organisms and in multiple states and together they provide important insights into respira-
tory chain function and the role of the supercomplex. While we as non-structural biologists
use these structures for interpreting our own functional data, we need to remind ourselves
that they stand on the shoulders of a large body of previous structural studies, many of
which are still appropriate for use in understanding our results. In this mini-review, we
discuss the history of respiratory chain structural biology studies leading to the structures
of the mammalian supercomplexes and beyond.

Introduction
Mitochondria produce the vast majority of the ATP used by eukaryotic life and as such have been fre-
quently labelled the ‘powerhouse of the cell’ by popular culture and academics alike [1]. Production of
ATP occurs on the FoF1-ATP synthase, a molecular motor that draws its power from a proton gradient
created across the inner mitochondrial membrane by the electron transport chain (also known as the
respiratory chain) [2]. The coupling of ATP production to respiration in this way is known as oxidative
phosphorylation (OXPHOS). The electron transport chain consists of four multi-protein membrane
complexes; Complex I (CI, NADH:ubiquinone oxidoreductase), Complex II (CII, succinate:ubiquinone
oxidoreductase), Complex III (CIII, cytochrome bc1 complex) and Complex IV (CIV, cytochrome c
oxidase). Acetyl coenzyme A derived from the metabolism of sugars, fats and amino acids is oxidised by
enzymes in the tricarboxylic acid (TCA) cycle, and electrons transferred to carriers such as nicotinamide
adenine dinucleotide (NADH) and succinate. In turn, NADH and succinate are oxidised by Complexes
I and II to reduce ubiquinone (Coenzyme Q; CoQ), which is, in turn, oxidised by Complex III to reduce
cytochrome c. The electron transport chain concludes with cytochrome c being oxidised by Complex IV
to reduce O2 to water [3]. Electron transport through Complexes I, III and IV drives the pumping of
protons out of the mitochondrial matrix and generates an electrochemical gradient, which is used by the
FoF1-ATP synthase to power ATP synthesis. Although Complex II does not contribute to the generation
of the proton gradient directly, it oxidises succinate to fumarate thereby reducing ubiquinone to ubiqui-
nol and therefore increasing the electrons available to Complexes III and IV [4]. Mitochondria contain
their own DNA, known as mitochondrial DNA (mtDNA), which in mammals encodes 13 proteins, all
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of which are membrane-spanning subunits found in the OXPHOS complexes — 7 in CI, one in CIII, three in
CIV and two in the FoF1-ATP synthase. During the biogenesis of the individual complexes, these coalesce with
more than 70 other subunits encoded by nuclear DNA (nDNA) to form the mature complexes [5]. Highlighting
the importance of this system, mutations in all 13 mtDNA encoded genes and many of the nuclear genes encod-
ing subunits and critical assembly factors cause mitochondrial disease, a group of inherited disorders of the
OXPHOS system with a birth prevalence of 1 : 5000 [6,7].
The structural integrity of the individual complexes as well as their interaction is of vital importance for effi-

cient OXPHOS. This is elegantly highlighted in the many studies of mitochondrial disease patients who harbour
mutations in the genes encoding OXPHOS subunits (catalogued in [6]). Of recent interest is the stable interaction
of Complexes I, III and IV which was originally observed during the development of native electrophoresis tech-
niques [8]. Although the association of these complexes into stable assemblies known as respiratory chain super-
complexes (or respirasomes) was initially controversial, the phenomenon has since been observed in multiple
organisms using a multitude of approaches. The function of these enormous membrane protein complexes
(1.7 MDa consisting of 80 different subunits [9,10]), remains a subject of ongoing debate (for excellent reviews on
this topic see [11,12–14]). The major roles proposed for the supercomplexes include the stabilisation of individual
complexes [15] and the channelling of substrates [16], both of which would provide a level of protection against
the production of reactive oxygen species (ROS), by-products of inefficient OXPHOS.
High-resolution structures of the OXPHOS complexes have been critical to our understanding of their func-

tion in respiration, however, these structures also proved a valuable resource for researchers interested in the
mechanisms of OXPHOS complex assembly and how defective OXPHOS might lead to disease. Our laboratory
has benefitted immensely from the work of structural biologists, as we have found the mapping of mass-
spectrometry derived data onto the 3D structures of OXPHOS complexes helpful for understanding the roles of
specific subunits and assembly factors [17–23]. Complete high-resolution structures now exist for four of the
five OXPHOS complexes, as well as multiple variations of the respiratory chain supercomplex. Although X-ray
crystallography structures for the intact Complexes III and IV were published in the 1990s [24–28], the com-
plete structures of Complex I and the respiratory chain supercomplex necessitated the development of
Cryo-EM technology. Many structures solved by Cryo-EM utilise existing high-resolution structural data of
individual subunits, fragments or subcomplexes to build starting models [29,30] and Complex I and the
respiratory chain supercomplexes have been no exception to this rule. As a result, the impressive Cryo-EM
structures of recent years stand on the shoulders of many other structural studies. This mini-review highlights
the structural discoveries made on the road to the recent structures of the mammalian respiratory chain super-
complex (Figure 1). We also hope that this mini-review can act as a guide for other non-structural biologists in
choosing the appropriate structure to use in interpreting their data.

Complex IV: cytochrome c oxidase
Complex IV consists of 14 subunits [25,31] including three subunits encoded by mtDNA, all of which have
direct homologues in yeast and bacteria. Mammalian Complex IV contains 11 subunits encoded by nDNA,
some of which are present as multiple isoforms with varying tissue expression [5,32–34]. Complex IV is the
only OXPHOS complex known to harbour tissue-specific subunits, which are suspected to tailor the enzyme
activity of the complex to the needs of a specific tissue [32]. Complex IV was the first OXPHOS complex to
yield a low-resolution structure, and was an early beneficiary of electron microscopy, with the technique paired
with 2D membrane crystals to reveal a monomeric bovine Complex IV, highlighting its basic topological fea-
tures [35]. The first high-resolution structure was of the bovine Complex IV, the first for any of the mammalian
OXPHOS complexes, published in 1996 at 2.8 Å (PDB: 1OCC; Figure 1) using X-ray crystallography [25]. In
their structure, Yoshikawa and co-workers [25] described a dimer with each monomer containing 13 different
subunits. Although many structures of mammalian Complex IV have been solved since [36,37], the overall
state of the structure remained relatively unchanged until 2018. In 2018, Yang and co-workers [38] combined
structural and biochemical approaches to propose that the dimerisation of Complex IV observed in most previ-
ous structural studies occurred during purification of the complex. Their 3.3 Å structure of human Complex IV
(PDB: 5Z62; Figure 1) was isolated from the commonly used human embryonic kidney (HEK293) cell line and
solved by Cryo-EM. The human Complex IV structure was modelled from a recent 1.5 Å bovine Complex IV
structure solved by X-ray crystallography [39], revealing a monomeric complex consisting of 14 unique subu-
nits. Importantly, this is the first structure of Complex IV to contain NDUFA4, initially assigned as a Complex
I subunit [40] but reassigned to Complex IV in 2012 based on biochemical studies [31]. In their structure,
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Yang and co-workers found NDUFA4 to be located at the site of Complex IV dimerisation and suggest it and
a cardiolipin molecule also present in their structure is displaced by the cholic acid salt used in crystallisation
buffers. This conclusion is supported by the work of Shinzawa-Itohet al. [41], who recently solved the X-ray
structure of both oxidised and reduced forms of bovine Complex IV monomers (at 1.85 Å and 1.95 Å respect-
ively; PDB: 6JY3 and 6JY4) using novel synthetic detergents. Although NDUFA4 is absent from their struc-
tures, they found that the activity of Complex IV is lower for the dimer than for the monomer, suggesting the
latter to be the active form of the complex [41]. Other arguments against dimeric Complex IV being function-
ally relevant include the presence of monomeric Complex IV in all structures of the supercomplex (discussed
below), the lack of dimeric Complex IV in prokaryotes [42], and early detergent studies demonstrating the
influence of different detergents on Complex IV dimerisation [43]. Moreover, it has recently been proposed
that there is a continuous transition between the monomer and dimer of Complex IV via reversible phosphor-
ylation, with the dimeric form induced by high ATP/ADP ratios, thereby inhibiting respiration and preventing
ROS [44]. Since many conclusions as to the molecular mechanism of Complex IV activity have been drawn
from X-ray structures of the dimeric complex [25,45,46], the physiological relevance of the dimer is an import-
ant aspect to explore in future work.

Complex III: cytochrome bc1 complex
Complex III is the central component of the respiratory chain, coupling the transfer of electrons from coen-
zyme Q (passed from Complexes I and II) to cytochrome c in Complex IV and contributing to the generation
of the proton gradient across the mitochondrial membrane. Of the three proton-pumping complexes, Complex
III has the least number of subunits, one encoded by mtDNA and 10 encoded on nDNA [5,47]. An interesting
quirk of Complex III is the post-translational cleavage of the protein product of the UQCRFS1 gene into
mature UQCRFS1 (also known as the Rieske iron–sulfur protein) and an N-terminal fragment known as

Figure 1. Timeline for the identification of key structures for each of the three respiratory chain complexes present in the supercomplex.

Structures solved using X-ray crystallography are coloured by yellow nodes, with Cryo-EM structures coloured by orange nodes. Structures which

had low-quality density maps (PDB:1QCR and 5XTI) or only existing as an alpha-helical model (membrane region of PDB:3M9S) are depicted using

the surface representation, whereas high-resolution structures are shown using the ribbon representation. Note: the CI2/CIII2/CIV2 megacomplex

structure is a top view, whereas other structures are shown as side views.
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UQCRFS1N (or subunit 9), both of which are present in the mature complex. In mammals, cleavage is thought
to occur after insertion of the full-length protein into the complex through matrix processing peptidase activity
present in the Complex III subunits UQCRC1 and UQCRC2 [47]. Like for Complex IV, 2D crystals and elec-
tron microscopy combined with biochemical analysis gave early insights into the structure and topology of
Complex III [26–28], however, atomic resolution structures did not emerge until the 1990s. A partial structure
of the complex isolated from bovine heart mitochondria was determined in 1997 by Deisenhofer and
co-workers [27] using X-ray crystallography (PDB: 1QCR; Figure 1), revealing 5 of the 11 subunits in full, and
small regions of two other subunits. The structure described a symmetric dimer, consistent with previous bio-
chemical studies [28,48,49]. The complete bovine Complex III was revealed in 1998, with Iwata et al. [28]
describing a dimer of 11-subunit monomers at 3.0 Å (PDB: 1BGY; Figure 1). Like the other complexes, there
have been a multitude of subsequent structures isolated from various organisms under different conditions
designed to investigate the molecular mechanism underpinning the enzymes function [49,50]. Most recently,
researchers have focused on the central role of Complex III in the supercomplex (discussed below) although it
is worthwhile here to note the recent proposal of Yang and co-workers, who suggest based on re-analysis of
high-resolution X-ray structures [51,52] that the Complex III dimer contains only a single UQCRFS1N frag-
ment [53]. This would make it an asymmetric dimer of 11 and 10 individual subunits, with implications for
Complex III function [53] that need to be clarified in future structural studies. Moreover, this finding is in line
with recent data concerning the role of Complex III assembly factor TTC19 in proteolytic removal of the
UQCRFS1N fragment, which the authors found was necessary to maintain enzyme function [54].

NADH:ubiquinone oxidoreductase — Complex I
Complex I (mitochondrial NADH:ubiquinone oxidoreductase) is one of the largest and most complicated enzymes
within mammalian cells. It is responsible for oxidising NADH in the mitochondrial matrix, regenerating NAD+ to
sustain the TCA cycle and fatty acid oxidation, as well as contributing to the proton gradient across the inner
membrane. Mammalian Complex I consists of 45 subunits including 7 encoded by mtDNA and 37 by nDNA, one
of which is present twice in the complex [31,55,56]. While the high-resolution structures of the complete or near-
complete Complexes III and IV were determined by X-ray crystallography in the 1990s, the sheer scale of Complex
I necessitated a combination of X-ray crystallography, Cryo-EM and improved sample preparation techniques to
reveal its high-resolution structure. More than any other complex, structural determination of mammalian
Complex I relied on knowledge gleaned from the ‘minimal’ fungal and bacterial structures [57]. Of the 45 subunits
in the mammalian complex, homologues for all 7 mtDNA encoded subunits and 7 nDNA encoded ‘core’ subunits
are found in bacterial Complex I [57,58]. All active centres are located in these 14 subunits, thus the remaining 30
subunits, most of which are unique to multicellular eukaryotic life, are known as supernumerary or accessory subu-
nits [17,59,60]. Like for the other proton-pumping complexes, 2D crystals (isolated from the fungus Neurospora
crassa) and electron microscopy contributed to our understanding of Complex I topology, specifically its orienta-
tion in the membrane [61,62] and its characteristic ‘L’ shape — a membrane-embedded domain with a matrix
exposed hydrophilic domain. With the development and rise of Cryo-EM, low-resolution 3D structures of bovine,
N. crassa, Yarrowia lipolytica and bacterial complexes were produced [63–66]. There were many notable X-ray crys-
tallography studies that were instrumental in aiding our high-resolution understanding of Complex I, many of
these benefitting from methods developed in the previous decades for biochemical purification of specific subdo-
mains. Berrisford and Sazanov [29] were first to solve the structure of the hydrophilic domain of the bacterial
(Thermus thermophilus) complex (PDB: 3I9 V; Figure 1), and used this as a pathway to the 4.5 Å structure of the
entire complex in 2010 (PDB: 3M9S; Figure 1) [30]. This was shortly followed by Brandt and co-workers [67], who
were first to solve the structure of a complete eukaryotic Complex I, presenting the fungal Y. lipolytica structure at
6.3 Å (subsequently improved to 3.6 Å in 2015 [68]). While these structures undoubtedly yielded important
insights into the molecular mechanisms underpinning Complex I function, a high-resolution structure of the mam-
malian complex necessitated the development of more advanced techniques, in particular improvements in sample
preparation and the advent of direct electron detectors for Cryo-EM [69]. On the back of these developments, in
2014 Hirst and co-workers [55] unveiled a 4.95 Å resolution structure of the bovine Complex I (PDB: 4UQ8;
Figure 1), the first respiratory chain complex solved using Cryo-EM techniques using current instrumentation and
methodology. This structure was responsible for many notable advances in our understanding of Complex I struc-
ture and function, in particular, the locations of 18 of the 30 accessory subunits found in mammals, and the pres-
ence of two copies of the NDUFAB1 subunit. Improvements in purification strategies and continual development
of Cryo-EM techniques saw in 2016 the Hirst and Sazanov groups producing structures for entire bovine [70]
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(PDB: class 1: 5LDW at 4.27 Å; Figure 1) and ovine [71] (PDB: 5LNK at 3.9 Å) complexes, revealing all 45 subu-
nits at atomic resolution. Computational sorting of particles gathered from the bovine data revealed three different
structural classes, giving the first insights into how the conformation of the enzyme changes as it switches from
active to inactive states [70]. With the structure of the entire complex now resolved, the focus has turned to deter-
mining structures of specific states for understanding the mechanisms underpinning Complex I function, as well as
the roles of specific subunits and assembly factors. In the case of the former, structures for both an active and
inactive form of the Mus musculus Complex I were solved at 3.3 Å resolution [72] and the inactive form of the
bovine enzyme at 4.1 Å [73] revealing conformational variations in the membrane domain and allowing for the
development of further models describing the proton-pumping mechanism, and improving our understanding of
how Complex I function recovers following deactivation during hypoxia. For the latter, the functions of the acces-
sory subunits are not yet clear. While the lack of homologues for these proteins in bacteria suggest they possess no
catalytic roles, most seem to be critical for assembly and or stability of the complex [17]. This was elegantly shown
by Zickermann and co-workers [74], who in 2019 solved the structures of Complex I isolated from yeast (Y. lipoly-
tica) mutants lacking accessory subunits NDUFS4 and NDUFS6. Mutations in the genes encoding these subunits
are known to lead to the turnover of these proteins leading to mitochondrial disease [6,17], thus the structures give
important pathological insights. Notably, this study is also the first to present a structure of an assembly intermedi-
ate for Complex I, with the authors revealing a homologue of the assembly factor NDUFAF2 bound to an incom-
plete Complex I isolated from cells lacking NDUFS6. The authors conclude that assembly factor NDUFAF2 binds
to the position eventually occupied by the subunit NDUFA12, preventing the binding of NDUFS6, preventing
reverse electron flow and production of ROS from a partially assembled complex. We eagerly await further struc-
tures of assembly intermediates for Complex I and the other OXPHOS complexes over the coming years.

The respiratory chain supercomplexes
The development of native gel electrophoresis (primarily blue native polyacrylamide gel electrophoresis;
BN-PAGE) in the 1990s [8] led to the identification of many enormous (1.5–2 MDa) structures containing
various configurations of Complexes I, III and IV known as supercomplexes. The supercomplex containing a
single unit of Complex I, the Complex III dimer and a single unit of Complex IV (CI/III2/IV) is typically the
most abundant assembly observed using native electrophoresis techniques, and therefore is considered the base
functional unit of the supercomplex or ‘respirasome’. The critical roles speculated for the respirasome include
improved channelling of CoQ and cytochrome c between the complexes, increased complex stability and pro-
tection from ROS [12,13]. Though the bioenergetic advantage conferred by substrate channelling [75–77], is
arguably the most often cited of proposed functions, the concept is disputed based on both structural and bio-
chemical evidence [9,10,15,78–81]. Indeed, the supercomplexes themselves were initially criticised for being
artefacts of analysis in the presence of ionic detergents, however, evidence for the existence of the supercom-
plexes increased with their identification without detergents [15], the advances in Cryo-EM techniques, which
in the 2010s led to the emergence of multiple supercomplex structures, and recent observations of the super-
complexes in situ using cryo-electron tomography (Cryo-ET) [82].
The first supercomplex structure revealed in atomic detail was the ovine CI/III2/IV respirasome in 2016.

Sazanov and co-workers [9] presented structures for two forms of the respirasome — ‘loose’ and ‘tight’, as well as
the CI/III2 supercomplex at high resolution (PDBs: 5J4Z, 5J7Y and 5J8K respectively; Figure 1). These were
closely followed by structures of the porcine respirasome [10,80] (PDBs: 5GPN and 5GUP) from the Yang group
and bovine [77] (PDB: 5LUF) respirasome from Kühlbrandt and co-workers. While the porcine structures have
higher resolutions (4 Å for 5GUP vs 5.8 Å and 9 Å for the ovine and bovine structures) it is important to note
that they contain problems in the assignment of subunits and cofactors (discussed in [11,13]). While none of the
structures revealed new subunits specific to the supercomplex, they led to many interesting observations. All
respirasomes show the membrane arm of Complex I curving around the Complex III dimer, with a monomer of
Complex IV located between Complexes I and III at the ‘toes’ of Complex I. The positions of Complex IV varies
substantially in the porcine and ‘tight’ and ‘loose’ ovine structures, likewise Complex III is found to be rotated in
the bovine and second porcine structure, which may indicate the capture of different functional states. Indeed, the
ability to differentiate different ‘classes’ within a single sample preparation is a major feature of Cryo-EM — for
example, it is evident in the first ovine structure that Complex IV subunit COX7A switches between Complex IV
and Complex I in the ‘tight’ and loose’ forms of the respirasome [9]. Using an improved isolation strategy,
Sazanov and co-workers [83] continued this approach, identifying four distinct forms of the ovine CI/III2 super-
complex structure at high resolution (3.8 Å) (see Letts et al. [83] for relevant PDB accession numbers). These
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structures describe striking differences in the conformations of subunits describing how one complex might be
able to affect change on another within the same respirasome. Moreover, the authors show that CoQ is not
equally able to access its sites in Complex III, suggesting its oxidation is a major rate-limiting step. While these
structures have led to other important mechanistic and structural insights, the structures also provide strong evi-
dence against the concept of substrate channelling, since they show the CoQ binding sites of Complexes I and III
to be separated by ∼100 Å, and reveal no steric hinderance for the diffusion of cytochrome c between Complexes
III and IV [9,10,80,83].
Finally, in 2017 Yang and co-workers [79] were able to isolate a higher-order assembly of the respirasome

(CI2III2IV2) which they term megacomplex. To resolve this structure, the authors first solved the structure of
the major CI/III2/IV respirasome purified from human embryonic kidney cells (HEK293), making this both
the first structure of a human supercomplex and the highest resolution (3.9 Å; PDB: 5XTH) and most complete
for any mammalian supercomplex. The megacomplex itself is of significantly lower resolution (17.4 Å; PDB:
5XTI; Figure 1) and built from the human CI/III2/IV respirasome structure, however, it reveals a circular archi-
tecture with the Complex III dimer in the centre and each monomer contacting a single unit of Complexes I
and IV. While their human origin will for many researchers make them useful structural models, like for the
porcine respirasome structures these contain some problems with the assignment of features (discussed in
[11]). Moreover, the authors also suggest that two units of Complex II could be modelled into the megacom-
plex structure between the distal ends of Complexes I and IV. Although they provided no evidence for this in
terms of unassigned density, they justified this speculative model based on previous biochemical studies
[75,84]. While a complex containing all the complexes of the electron transport chain is a tantalising idea,
further experimental work will be needed to clarify if this is reflective of the reality inside the cell.

Perspectives
• Structural characterisation of the mitochondrial respiratory chain complexes has been import-

ant for understanding their function. High-resolution structures for Complexes III and IV were
determined by X-ray crystallography, however, the size of Complex I and the supercomplexes
necessitated advances underpinning modern Cryo-EM. As a result of this, a flurry of structures
emerged in the 2010s culminating with five separate publications in the space of a year
describing the mammalian supercomplex in high-resolution and showing the complexes in
multiple states. This led to important insights into respiratory chain function.

• Cryo-EM typically uses data gathered under more physiological conditions than for X-ray crys-
tallography and reveals multiple structural forms, leading to a deeper understanding of con-
formational changes. For the supercomplex, this has led to hypotheses concerning cross-talk
between its components.

• Combining this with mammalian gene-editing techniques and the recent ability to purify the
respiratory chain complexes from human cell lines opens the door for a new era of structure–
function studies, particularly the elucidation of assembly intermediates and disease states.
Future development of single-particle analysis and Cryo-ET techniques will further open the
door to a new era of structure-function studies.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
D.A.S. is funded by the Australian National Health and Medical Research Council (NHMRC) fellowship
GNT1140851.

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).626

Biochemical Society Transactions (2020) 48 621–629
https://doi.org/10.1042/BST20190930

D
ow

nloaded from
 http://port.silverchair.com

/biochem
soctrans/article-pdf/48/2/621/873099/bst-2019-0930c.pdf by guest on 09 April 2024

https://creativecommons.org/licenses/by/4.0/


Open Access
Open access for this article was enabled by the participation of the University of Melbourne in an all-inclusive Read
& Publish pilot with Portland Press and the Biochemical Society under a transformative agreement with CAUL.

Author Contributions
N.J.C. and D.A.S. wrote the manuscript, N.J.C. prepared the figure.

Acknowledgements
We apologise to all whose work has not been referenced in the main text due to space limitations. The authors
thank all members of the Stroud laboratory for discussion and proof reading.

Abbreviations
mtDNA, mitochondrial DNA; NADH, nicotinamide adenine dinucleotide; nDNA, nuclear DNA; OXPHOS, oxidative
phosphorylation; ROS, reactive oxygen species; TCA, tricarboxylic acid.

References
1 Siekevitz, P. (1957) Powerhouse of the cell. Sci. Am. 197, 131–144 https://doi.org/10.1038/scientificamerican0757-131
2 Walker, J.E. (2013) The ATP synthase: the understood, the uncertain and the unknown. Biochem. Soc. Trans. 41, 1–16 https://doi.org/10.1042/

BST20110773
3 Hatefi, Y. (1985) The mitochondrial electron transport and oxidative phosphorylation system. Annu. Rev. Biochem. 54, 1015–1069 https://doi.org/10.

1146/annurev.bi.54.070185.005055
4 Cecchini, G. (2003) Function and structure of complex II of the respiratory chain. Annu. Rev. Biochem. 72, 77–109 https://doi.org/10.1146/annurev.

biochem.72.121801.161700
5 Hallberg, B.M. and Larsson, N.G. (2014) Making proteins in the powerhouse. Cell Metab. 20, 226–240 https://doi.org/10.1016/j.cmet.2014.07.001
6 Frazier, A.E., Thorburn, D.R. and Compton, A.G. (2019) Mitochondrial energy generation disorders: genes, mechanisms, and clues to pathology. J. Biol.

Chem. 294, 5386–5395 https://doi.org/10.1074/jbc.R117.809194
7 Gorman, G.S., Chinnery, P.F., DiMauro, S., Hirano, M., Koga, Y., McFarland, R. et al. (2016) Mitochondrial diseases. Nat. Rev. Dis. Primers 2, 16080

https://doi.org/10.1038/nrdp.2016.80
8 Schagger, H. and Pfeiffer, K. (2000) Supercomplexes in the respiratory chains of yeast and mammalian mitochondria. EMBO J. 19, 1777–1783

https://doi.org/10.1093/emboj/19.8.1777
9 Letts, J.A., Fiedorczuk, K. and Sazanov, L.A. (2016) The architecture of respiratory supercomplexes. Nature 537, 644–648 https://doi.org/10.1038/

nature19774
10 Gu, J., Wu, M., Guo, R., Yan, K., Lei, J., Gao, N. et al. (2016) The architecture of the mammalian respirasome. Nature 537, 639–643 https://doi.org/

10.1038/nature19359
11 Letts, J.A. and Sazanov, L.A. (2017) Clarifying the supercomplex: the higher-order organization of the mitochondrial electron transport chain. Nat. Struct.

Mol. Biol. 24, 800–808 https://doi.org/10.1038/nsmb.3460
12 Lobo-Jarne, T. and Ugalde, C. (2018) Respiratory chain supercomplexes: structures, function and biogenesis. Semin. Cell Dev. Biol. 76, 179–190

https://doi.org/10.1016/j.semcdb.2017.07.021
13 Milenkovic, D., Blaza, J.N., Larsson, N.G. and Hirst, J. (2017) The enigma of the respiratory chain supercomplex. Cell Metab. 25, 765–776 https://doi.

org/10.1016/j.cmet.2017.03.009
14 Moreno-Loshuertos, R. and Enriquez, J.A. (2016) Respiratory supercomplexes and the functional segmentation of the CoQ pool. Free Radic. Biol. Med.

100, 5–13 https://doi.org/10.1016/j.freeradbiomed.2016.04.018
15 Hirst, J. (2018) Open questions: respiratory chain supercomplexes-why are they there and what do they do? BMC Biol. 16, 111 https://doi.org/10.1186/

s12915-018-0577-5
16 Wheeldon, I., Minteer, S.D., Banta, S., Barton, S.C., Atanassov, P. and Sigman, M. (2016) Substrate channelling as an approach to cascade reactions.

Nat. Chem. 8, 299–309 https://doi.org/10.1038/nchem.2459
17 Stroud, D.A., Surgenor, E.E., Formosa, L.E., Reljic, B., Frazier, A.E., Dibley, M.G. et al. (2016) Accessory subunits are integral for assembly and function

of human mitochondrial complex I. Nature 538, 123–126 https://doi.org/10.1038/nature19754
18 Dibley, M.G., Formosa, L.E., Lyu, B., Reljic, B., McGann, D., Muellner-Wong, L. et al. (2020) The mitochondrial acyl-carrier protein interaction network

highlights important roles for LYRM family members in complex I and mitoribosome assembly. Mol. Cell. Proteom. 19, 65–77 https://doi.org/10.1074/
mcp.RA119.001784

19 Dibley, M.G., Ryan, M.T. and Stroud, D.A. (2017) A novel isoform of the human mitochondrial complex I subunit NDUFV3. FEBS Lett. 591, 109–117
https://doi.org/10.1002/1873-3468.12527

20 Lake, N.J., Webb, B.D., Stroud, D.A., Richman, T.R., Ruzzenente, B., Compton, A.G. et al. (2018) Biallelic mutations in MRPS34 lead to instability of the
small mitoribosomal subunit and leigh syndrome. Am. J. Hum. Genet. 102, 713 https://doi.org/10.1016/j.ajhg.2018.03.015

21 Formosa, L.E., Muellner-Wong, L., Reljic, B., Sharpe, A.J., Beilharz, T.H., Lazarou, M. et al. (2019) Dissecting the roles of mitochondrial complex I
intermediate assembly (MCIA) complex factors in the biogenesis of complex I. bioRxiv https://doi.org/10.1101/808311

22 Hock, D.H., Reljic, B., Ang, C.-S., Mountford, H.S., Compton, A.G., Ryan, M.T. et al. (2019) HIGD2A is required for assembly of the COX3 module of
human mitochondrial complex IV. bioRxiv https://doi.org/10.1101/787721

23 Zhang, S., Reljic,́ B., Liang, C., Kerouanton, B., Francisco, J.C., Peh, J.H. et al. (2020) Mitochondrial peptide BRAWNIN is essential for vertebrate
respiratory complex III assembly. Nat. Commun. 11, 1312 https://doi.org/10.1038/s41467-020-14999-2

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 627

Biochemical Society Transactions (2020) 48 621–629
https://doi.org/10.1042/BST20190930

D
ow

nloaded from
 http://port.silverchair.com

/biochem
soctrans/article-pdf/48/2/621/873099/bst-2019-0930c.pdf by guest on 09 April 2024

https://doi.org/10.1038/scientificamerican0757-131
https://doi.org/10.1038/scientificamerican0757-131
https://doi.org/10.1042/BST20110773
https://doi.org/10.1042/BST20110773
https://doi.org/10.1146/annurev.bi.54.070185.005055
https://doi.org/10.1146/annurev.bi.54.070185.005055
https://doi.org/10.1146/annurev.biochem.72.121801.161700
https://doi.org/10.1146/annurev.biochem.72.121801.161700
https://doi.org/10.1016/j.cmet.2014.07.001
https://doi.org/10.1074/jbc.R117.809194
https://doi.org/10.1038/nrdp.2016.80
https://doi.org/10.1093/emboj/19.8.1777
https://doi.org/10.1038/nature19774
https://doi.org/10.1038/nature19774
https://doi.org/10.1038/nature19359
https://doi.org/10.1038/nature19359
https://doi.org/10.1038/nsmb.3460
https://doi.org/10.1016/j.semcdb.2017.07.021
https://doi.org/10.1016/j.cmet.2017.03.009
https://doi.org/10.1016/j.cmet.2017.03.009
https://doi.org/10.1016/j.freeradbiomed.2016.04.018
https://doi.org/10.1186/s12915-018-0577-5
https://doi.org/10.1186/s12915-018-0577-5
https://doi.org/10.1186/s12915-018-0577-5
https://doi.org/10.1186/s12915-018-0577-5
https://doi.org/10.1186/s12915-018-0577-5
https://doi.org/10.1038/nchem.2459
https://doi.org/10.1038/nature19754
https://doi.org/10.1074/mcp.RA119.001784
https://doi.org/10.1074/mcp.RA119.001784
https://doi.org/10.1002/1873-3468.12527
https://doi.org/10.1002/1873-3468.12527
https://doi.org/10.1016/j.ajhg.2018.03.015
https://doi.org/10.1101/808311
https://doi.org/10.1101/787721
https://doi.org/10.1038/s41467-020-14999-2
https://creativecommons.org/licenses/by/4.0/


24 Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T., Yamaguchi, H., Shinzawa-Itoh, K. et al. (1995) Structures of metal sites of oxidized bovine heart
cytochrome c oxidase at 2.8 A. Science 269, 1069–1074 https://doi.org/10.1126/science.7652554

25 Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T., Yamaguchi, H., Shinzawa-Itoh, K. et al. (1996) The whole structure of the 13-subunit oxidized
cytochrome c oxidase at 2.8 A. Science 272, 1136–1144 https://doi.org/10.1126/science.272.5265.1136

26 Yu, C.A., Xia, J.Z., Kachurin, A.M., Yu, L., Xia, D., Kim, H. et al. (1996) Crystallization and preliminary structure of beef heart mitochondrial
cytochrome-bc1 complex. Biochim. Biophys. Acta 1275, 47–53 https://doi.org/10.1016/0005-2728(96)00049-7

27 Xia, D., Yu, C.A., Kim, H., Xia, J.Z., Kachurin, A.M., Zhang, L. et al. (1997) Crystal structure of the cytochrome bc1 complex from bovine heart
mitochondria. Science 277, 60–66 https://doi.org/10.1126/science.277.5322.60

28 Iwata, S., Lee, J.W., Okada, K., Lee, J.K., Iwata, M., Rasmussen, B. et al. (1998) Complete structure of the 11-subunit bovine mitochondrial
cytochrome bc1 complex. Science 281, 64–71 https://doi.org/10.1126/science.281.5373.64

29 Berrisford, J.M. and Sazanov, L.A. (2009) Structural basis for the mechanism of respiratory complex I. J. Biol. Chem. 284, 29773–29783 https://doi.
org/10.1074/jbc.M109.032144

30 Efremov, R.G., Baradaran, R. and Sazanov, L.A. (2010) The architecture of respiratory complex I. Nature 465, 441–445 https://doi.org/10.1038/
nature09066

31 Balsa, E., Marco, R., Perales-Clemente, E., Szklarczyk, R., Calvo, E., Landazuri, M.O. et al. (2012) NDUFA4 is a subunit of complex IV of the
mammalian electron transport chain. Cell Metab. 16, 378–386 https://doi.org/10.1016/j.cmet.2012.07.015

32 Sinkler, C.A., Kalpage, H., Shay, J., Lee, I., Malek, M.H., Grossman, L.I. et al. (2017) Tissue- and condition-specific isoforms of mammalian cytochrome
c oxidase subunits: from function to human disease. Oxid. Med. Cell. Longev. 2017, 1534056 https://doi.org/10.1155/2017/1534056

33 Timon-Gomez, A., Nyvltova, E., Abriata, L.A., Vila, A.J., Hosler, J. and Barrientos, A. (2018) Mitochondrial cytochrome c oxidase biogenesis: recent
developments. Semin. Cell Dev. Biol. 76, 163–178 https://doi.org/10.1016/j.semcdb.2017.08.055

34 Dennerlein, S. and Rehling, P. (2015) Human mitochondrial COX1 assembly into cytochrome c oxidase at a glance. J. Cell. Sci. 128, 833–837
https://doi.org/10.1242/jcs.161729

35 Fuller, S.D., Capaldi, R.A. and Henderson, R. (1979) Structure of cytochrome c oxidase in deoxycholate-drived two-dimensional crystals. J. Mol. Biol.
134, 305–327 https://doi.org/10.1016/0022-2836(79)90037-8

36 Shinzawa-Itoh, K., Aoyama, H., Muramoto, K., Terada, H., Kurauchi, T., Tadehara, Y. et al. (2007) Structures and physiological roles of 13 integral lipids
of bovine heart cytochrome c oxidase. EMBO J. 26, 1713–1725 https://doi.org/10.1038/sj.emboj.7601618

37 Tsukihara, T., Shimokata, K., Katayama, Y., Shimada, H., Muramoto, K., Aoyama, H. et al. (2003) The low-spin heme of cytochrome c oxidase as the
driving element of the proton-pumping process. Proc. Natl. Acad. Sci. U.S.A. 100, 15304–9 https://doi.org/10.1073/pnas.2635097100

38 Zong, S., Wu, M., Gu, J., Liu, T., Guo, R. and Yang, M. (2018) Structure of the intact 14-subunit human cytochrome c oxidase. Cell Res. 28,
1026–1034 https://doi.org/10.1038/s41422-018-0071-1

39 Yano, N., Muramoto, K., Shimada, A., Takemura, S., Baba, J., Fujisawa, H. et al. (2016) The Mg2+-containing water cluster of mammalian cytochrome c
oxidase collects four pumping proton equivalents in each catalytic cycle. J. Biol. Chem. 291, 23882–23894 https://doi.org/10.1074/jbc.M115.711770

40 Hirst, J., Carroll, J., Fearnley, I.M., Shannon, R.J. and Walker, J.E. (2003) The nuclear encoded subunits of complex I from bovine heart mitochondria.
Biochim. Biophys. Acta 1604, 135–150 https://doi.org/10.1016/S0005-2728(03)00059-8

41 Shinzawa-Itoh, K., Sugimura, T., Misaki, T., Tadehara, Y., Yamamoto, S., Hanada, M. et al. (2019) Monomeric structure of an active form of bovine
cytochrome c oxidase. Proc. Natl. Acad. Sci. U.S.A. 116, 19945–19951 https://doi.org/10.1073/pnas.1907183116

42 Heinemeyer, J., Braun, H.P., Boekema, E.J. and Kouril, R. (2007) A structural model of the cytochrome C reductase/oxidase supercomplex from yeast
mitochondria. J. Biol. Chem. 282, 12240–8 https://doi.org/10.1074/jbc.M610545200

43 Robinson, N.C. and Capaldi, R.A. (1977) Interaction of detergents with cytochrome c oxidase. Biochemistry 16, 375–381 https://doi.org/10.1021/
bi00622a006

44 Ramzan, R., Rhiel, A., Weber, P., Kadenbach, B. and Vogt, S. (2019) Reversible dimerization of cytochrome c oxidase regulates mitochondrial
respiration. Mitochondrion 49, 149–155 https://doi.org/10.1016/j.mito.2019.08.002

45 Buschmann, S., Warkentin, E., Xie, H., Langer, J.D., Ermler, U. and Michel, H. (2010) The structure of cbb3 cytochrome oxidase provides insights into
proton pumping. Science 329, 327–330 https://doi.org/10.1126/science.1187303

46 Svensson-Ek, M., Abramson, J., Larsson, G., Tornroth, S., Brzezinski, P. and Iwata, S. (2002) The X-ray crystal structures of wild-type and EQ(I-286)
mutant cytochrome c oxidases from Rhodobacter sphaeroides. J. Mol. Biol. 321, 329–339 https://doi.org/10.1016/S0022-2836(02)00619-8

47 Fernandez-Vizarra, E. and Zeviani, M. (2018) Mitochondrial complex III Rieske Fe-S protein processing and assembly. Cell Cycle 17, 681–687
https://doi.org/10.1080/15384101.2017.1417707

48 Yu, C.A., Xia, D., Kim, H., Deisenhofer, J., Zhang, L., Kachurin, A.M. et al. (1998) Structural basis of functions of the mitochondrial cytochrome bc1
complex. Biochim. Biophys. Acta 1365, 151–158 https://doi.org/10.1016/S0005-2728(98)00055-3

49 Zhang, Z., Huang, L., Shulmeister, V.M., Chi, Y.I., Kim, K.K., Hung, L.W. et al. (1998) Electron transfer by domain movement in cytochrome bc1. Nature
392, 677–684 https://doi.org/10.1038/33612

50 Lange, C., Nett, J.H., Trumpower, B.L. and Hunte, C. (2001) Specific roles of protein-phospholipid interactions in the yeast cytochrome bc1 complex
structure. EMBO J. 20, 6591–6600 https://doi.org/10.1093/emboj/20.23.6591

51 Huang, L.S., Cobessi, D., Tung, E.Y. and Berry, E.A. (2005) Binding of the respiratory chain inhibitor antimycin to the mitochondrial bc1 complex: a new
crystal structure reveals an altered intramolecular hydrogen-bonding pattern. J. Mol. Biol. 351, 573–597 https://doi.org/10.1016/j.jmb.2005.05.053

52 Hao, G.F., Wang, F., Li, H., Zhu, X.L., Yang, W.C., Huang, L.S. et al. (2012) Computational discovery of picomolar Q(o) site inhibitors of cytochrome bc1
complex. J. Am. Chem. Soc. 134, 11168–11176 https://doi.org/10.1021/ja3001908

53 Zong, S., Gu, J., Liu, T., Guo, R., Wu, M. and Yang, M. (2018) UQCRFS1N assembles mitochondrial respiratory complex-III into an asymmetric
21-subunit dimer. Protein Cell 9, 586–591 https://doi.org/10.1007/s13238-018-0515-x

54 Bottani, E., Cerutti, R., Harbour, M.E., Ravaglia, S., Dogan, S.A., Giordano, C. et al. (2017) TTC19 plays a husbandry role on UQCRFS1 turnover in the
biogenesis of mitochondrial respiratory complex III. Mol. Cell 67, 96–105.e4 https://doi.org/10.1016/j.molcel.2017.06.001

55 Vinothkumar, K.R., Zhu, J. and Hirst, J. (2014) Architecture of mammalian respiratory complex I. Nature 515, 80–84 https://doi.org/10.1038/
nature13686

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).628

Biochemical Society Transactions (2020) 48 621–629
https://doi.org/10.1042/BST20190930

D
ow

nloaded from
 http://port.silverchair.com

/biochem
soctrans/article-pdf/48/2/621/873099/bst-2019-0930c.pdf by guest on 09 April 2024

https://doi.org/10.1126/science.7652554
https://doi.org/10.1126/science.272.5265.1136
https://doi.org/10.1016/0005-2728(96)00049-7
https://doi.org/10.1016/0005-2728(96)00049-7
https://doi.org/10.1016/0005-2728(96)00049-7
https://doi.org/10.1126/science.277.5322.60
https://doi.org/10.1126/science.281.5373.64
https://doi.org/10.1074/jbc.M109.032144
https://doi.org/10.1074/jbc.M109.032144
https://doi.org/10.1038/nature09066
https://doi.org/10.1038/nature09066
https://doi.org/10.1016/j.cmet.2012.07.015
https://doi.org/10.1155/2017/1534056
https://doi.org/10.1016/j.semcdb.2017.08.055
https://doi.org/10.1242/jcs.161729
https://doi.org/10.1016/0022-2836(79)90037-8
https://doi.org/10.1016/0022-2836(79)90037-8
https://doi.org/10.1016/0022-2836(79)90037-8
https://doi.org/10.1038/sj.emboj.7601618
https://doi.org/10.1073/pnas.2635097100
https://doi.org/10.1038/s41422-018-0071-1
https://doi.org/10.1038/s41422-018-0071-1
https://doi.org/10.1038/s41422-018-0071-1
https://doi.org/10.1038/s41422-018-0071-1
https://doi.org/10.1074/jbc.M115.711770
https://doi.org/10.1016/S0005-2728(03)00059-8
https://doi.org/10.1016/S0005-2728(03)00059-8
https://doi.org/10.1016/S0005-2728(03)00059-8
https://doi.org/10.1073/pnas.1907183116
https://doi.org/10.1074/jbc.M610545200
https://doi.org/10.1021/bi00622a006
https://doi.org/10.1021/bi00622a006
https://doi.org/10.1016/j.mito.2019.08.002
https://doi.org/10.1126/science.1187303
https://doi.org/10.1016/S0022-2836(02)00619-8
https://doi.org/10.1016/S0022-2836(02)00619-8
https://doi.org/10.1016/S0022-2836(02)00619-8
https://doi.org/10.1080/15384101.2017.1417707
https://doi.org/10.1016/S0005-2728(98)00055-3
https://doi.org/10.1016/S0005-2728(98)00055-3
https://doi.org/10.1016/S0005-2728(98)00055-3
https://doi.org/10.1038/33612
https://doi.org/10.1093/emboj/20.23.6591
https://doi.org/10.1016/j.jmb.2005.05.053
https://doi.org/10.1021/ja3001908
https://doi.org/10.1007/s13238-018-0515-x
https://doi.org/10.1007/s13238-018-0515-x
https://doi.org/10.1007/s13238-018-0515-x
https://doi.org/10.1007/s13238-018-0515-x
https://doi.org/10.1016/j.molcel.2017.06.001
https://doi.org/10.1038/nature13686
https://doi.org/10.1038/nature13686
https://creativecommons.org/licenses/by/4.0/


56 Formosa, L.E., Dibley, M.G., Stroud, D.A. and Ryan, M.T. (2018) Building a complex complex: assembly of mitochondrial respiratory chain complex I.
Semin. Cell Dev. Biol. 76, 154–162 https://doi.org/10.1016/j.semcdb.2017.08.011

57 Letts, J.A. and Sazanov, L.A. (2015) Gaining mass: the structure of respiratory complex I-from bacterial towards mitochondrial versions. Curr. Opin.
Struct. Biol. 33, 135–145 https://doi.org/10.1016/j.sbi.2015.08.008

58 Berrisford, J.M., Baradaran, R. and Sazanov, L.A. (2016) Structure of bacterial respiratory complex I. Biochim. Biophys. Acta 1857, 892–901
https://doi.org/10.1016/j.bbabio.2016.01.012

59 Sharma, L.K., Lu, J. and Bai, Y. (2009) Mitochondrial respiratory complex I: structure, function and implication in human diseases. Curr. Med. Chem.
16, 1266–1277 https://doi.org/10.2174/092986709787846578

60 Smeitink, J.A., Loeffen, J.L., Triepels, R.H., Smeets, R.J., Trijbels, J.M. and van den Heuvel, L.P. (1998) Nuclear genes of human complex I of the
mitochondrial electron transport chain: state of the art. Hum. Mol. Genet. 7, 1573–1579 https://doi.org/10.1093/hmg/7.10.1573

61 Leonard, K., Haiker, H. and Weiss, H. (1987) Three-dimensional structure of NADH: ubiquinone reductase (complex I) from neurospora mitochondria
determined by electron microscopy of membrane crystals. J. Mol. Biol. 194, 277–286 https://doi.org/10.1016/0022-2836(87)90375-5

62 Hofhaus, G., Weiss, H. and Leonard, K. (1991) Electron microscopic analysis of the peripheral and membrane parts of mitochondrial NADH
dehydrogenase (complex I). J. Mol. Biol. 221, 1027–1043 https://doi.org/10.1016/0022-2836(91)80190-6

63 Grigorieff, N. (1998) Three-dimensional structure of bovine NADH:ubiquinone oxidoreductase (complex I) at 22 A in ice. J. Mol. Biol. 277, 1033–1046
https://doi.org/10.1006/jmbi.1998.1668

64 Guenebaut, V., Vincentelli, R., Mills, D., Weiss, H. and Leonard, K.R. (1997) Three-dimensional structure of NADH-dehydrogenase from Neurospora
crassa by electron microscopy and conical tilt reconstruction. J. Mol. Biol. 265, 409–418 https://doi.org/10.1006/jmbi.1996.0753

65 Peng, G., Fritzsch, G., Zickermann, V., Schagger, H., Mentele, R., Lottspeich, F. et al. (2003) Isolation, characterization and electron microscopic single
particle analysis of the NADH:ubiquinone oxidoreductase (complex I) from the hyperthermophilic eubacterium Aquifex aeolicus. Biochemistry 42,
3032–3039 https://doi.org/10.1021/bi026876v

66 Radermacher, M., Ruiz, T., Clason, T., Benjamin, S., Brandt, U. and Zickermann, V. (2006) The three-dimensional structure of complex I from Yarrowia
lipolytica: a highly dynamic enzyme. J. Struct. Biol. 154, 269–279 https://doi.org/10.1016/j.jsb.2006.02.011

67 Hunte, C., Zickermann, V. and Brandt, U. (2010) Functional modules and structural basis of conformational coupling in mitochondrial complex I. Science
329, 448–451 https://doi.org/10.1126/science.1191046

68 Zickermann, V., Wirth, C., Nasiri, H., Siegmund, K., Schwalbe, H., Hunte, C. et al. (2015) Structural biology. Mechanistic insight from the crystal
structure of mitochondrial complex I. Science 347, 44–49 https://doi.org/10.1126/science.1259859

69 Agip, A.A., Blaza, J.N., Fedor, J.G. and Hirst, J. (2019) Mammalian respiratory complex I through the lens of Cryo-EM. Annu. Rev. Biophys. 48,
165–184 https://doi.org/10.1146/annurev-biophys-052118-115704

70 Zhu, J., Vinothkumar, K.R. and Hirst, J. (2016) Structure of mammalian respiratory complex I. Nature 536, 354–358 https://doi.org/10.1038/
nature19095

71 Fiedorczuk, K., Letts, J.A., Degliesposti, G., Kaszuba, K., Skehel, M. and Sazanov, L.A. (2016) Atomic structure of the entire mammalian mitochondrial
complex I. Nature 538, 406–410 https://doi.org/10.1038/nature19794

72 Agip, A.A., Blaza, J.N., Bridges, H.R., Viscomi, C., Rawson, S., Muench, S.P. et al. (2018) Cryo-EM structures of complex I from mouse heart
mitochondria in two biochemically defined states. Nat. Struct. Mol. Biol. 25, 548–556 https://doi.org/10.1038/s41594-018-0073-1

73 Blaza, J.N., Vinothkumar, K.R. and Hirst, J. (2018) Structure of the deactive state of mammalian respiratory complex I. Structure 26, 312–9.e3
https://doi.org/10.1016/j.str.2017.12.014

74 Parey, K., Haapanen, O., Sharma, V., Kofeler, H., Zullig, T., Prinz, S. et al. (2019) High-resolution cryo-EM structures of respiratory complex I:
mechanism, assembly, and disease. Sci. Adv. 5, eaax9484 https://doi.org/10.1126/sciadv.aax9484

75 Lapuente-Brun, E., Moreno-Loshuertos, R., Acin-Perez, R., Latorre-Pellicer, A., Colas, C., Balsa, E. et al. (2013) Supercomplex assembly determines
electron flux in the mitochondrial electron transport chain. Science 340, 1567–1570 https://doi.org/10.1126/science.1230381

76 Althoff, T., Mills, D.J., Popot, J.L. and Kühlbrandt, W. (2011) Arrangement of electron transport chain components in bovine mitochondrial supercomplex
I1III2IV1. EMBO J. 30, 4652–4664 https://doi.org/10.1038/emboj.2011.324

77 Sousa, J.S., Mills, D.J., Vonck, J. and Kühlbrandt, W. (2016) Functional asymmetry and electron flow in the bovine respirasome. eLife 5, e21290
https://doi.org/10.7554/eLife.21290

78 Fedor, J.G. and Hirst, J. (2018) Mitochondrial supercomplexes do not enhance catalysis by quinone channeling. Cell Metab. 28, 525–31.e4 https://doi.
org/10.1016/j.cmet.2018.05.024

79 Guo, R., Zong, S., Wu, M., Gu, J. and Yang, M. (2017) Architecture of human mitochondrial respiratory megacomplex I2III2IV2. Cell 170, 1247–57.e12
https://doi.org/10.1016/j.cell.2017.07.050

80 Wu, M., Gu, J., Guo, R., Huang, Y. and Yang, M. (2016) Structure of mammalian respiratory supercomplex I1III2IV1. Cell 167, 1598–609.e10
https://doi.org/10.1016/j.cell.2016.11.012

81 Blaza, J.N., Serreli, R., Jones, A.J., Mohammed, K. and Hirst, J. (2014) Kinetic evidence against partitioning of the ubiquinone pool and the catalytic
relevance of respiratory-chain supercomplexes. Proc. Natl. Acad. Sci. U.S.A. 111, 15735–15740 https://doi.org/10.1073/pnas.1413855111

82 Davies, K.M., Blum, T.B. and Kühlbrandt, W. (2018) Conserved in situ arrangement of complex I and III2 in mitochondrial respiratory chain
supercomplexes of mammals, yeast, and plants. Proc. Natl. Acad. Sci. U.S.A. 115, 3024–3029 https://doi.org/10.1073/pnas.1720702115

83 Letts, J.A., Fiedorczuk, K., Degliesposti, G., Skehel, M. and Sazanov, L.A. (2019) Structures of respiratory supercomplex I + III2 reveal functional and
conformational crosstalk. Mol. Cell 75, 1131–46.e6 https://doi.org/10.1016/j.molcel.2019.07.022

84 Acin-Perez, R., Fernandez-Silva, P., Peleato, M.L., Perez-Martos, A. and Enriquez, J.A. (2008) Respiratory active mitochondrial supercomplexes. Mol. Cell
32, 529–539 https://doi.org/10.1016/j.molcel.2008.10.021

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 629

Biochemical Society Transactions (2020) 48 621–629
https://doi.org/10.1042/BST20190930

D
ow

nloaded from
 http://port.silverchair.com

/biochem
soctrans/article-pdf/48/2/621/873099/bst-2019-0930c.pdf by guest on 09 April 2024

https://doi.org/10.1016/j.semcdb.2017.08.011
https://doi.org/10.1016/j.sbi.2015.08.008
https://doi.org/10.1016/j.bbabio.2016.01.012
https://doi.org/10.2174/092986709787846578
https://doi.org/10.1093/hmg/7.10.1573
https://doi.org/10.1016/0022-2836(87)90375-5
https://doi.org/10.1016/0022-2836(87)90375-5
https://doi.org/10.1016/0022-2836(87)90375-5
https://doi.org/10.1016/0022-2836(91)80190-6
https://doi.org/10.1016/0022-2836(91)80190-6
https://doi.org/10.1016/0022-2836(91)80190-6
https://doi.org/10.1006/jmbi.1998.1668
https://doi.org/10.1006/jmbi.1996.0753
https://doi.org/10.1021/bi026876v
https://doi.org/10.1016/j.jsb.2006.02.011
https://doi.org/10.1126/science.1191046
https://doi.org/10.1126/science.1259859
https://doi.org/10.1146/annurev-biophys-052118-115704
https://doi.org/10.1146/annurev-biophys-052118-115704
https://doi.org/10.1146/annurev-biophys-052118-115704
https://doi.org/10.1146/annurev-biophys-052118-115704
https://doi.org/10.1038/nature19095
https://doi.org/10.1038/nature19095
https://doi.org/10.1038/nature19794
https://doi.org/10.1038/s41594-018-0073-1
https://doi.org/10.1038/s41594-018-0073-1
https://doi.org/10.1038/s41594-018-0073-1
https://doi.org/10.1038/s41594-018-0073-1
https://doi.org/10.1016/j.str.2017.12.014
https://doi.org/10.1126/sciadv.aax9484
https://doi.org/10.1126/science.1230381
https://doi.org/10.1038/emboj.2011.324
https://doi.org/10.7554/eLife.21290
https://doi.org/10.1016/j.cmet.2018.05.024
https://doi.org/10.1016/j.cmet.2018.05.024
https://doi.org/10.1016/j.cell.2017.07.050
https://doi.org/10.1016/j.cell.2016.11.012
https://doi.org/10.1073/pnas.1413855111
https://doi.org/10.1073/pnas.1720702115
https://doi.org/10.1016/j.molcel.2019.07.022
https://doi.org/10.1016/j.molcel.2008.10.021
https://creativecommons.org/licenses/by/4.0/

	The road to the structure of the mitochondrial respiratory chain supercomplex
	Abstract
	Introduction
	Complex IV: cytochrome c oxidase
	Complex III: cytochrome bc1 complex
	NADH:ubiquinone oxidoreductase — Complex I
	The respiratory chain supercomplexes
	Competing Interests
	Funding
	Open Access
	Author Contributions
	References


