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Sealing the Mitochondrial Respirasome
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University of Utah Health Sciences Center, Departments of Medicine and Biochemistry, Salt Lake City, Utah, USA

The mitochondrial respiratory chain is organized within an array of supercomplexes that function to minimize the generation of
reactive oxygen species (ROS) during electron transfer reactions. Structural models of supercomplexes are now known. Another
recent advance is the discovery of non-OXPHOS complex proteins that appear to adhere to and seal the individual respiratory
complexes to form stable assemblages that prevent electron leakage. This review highlights recent advances in our understand-
ing of the structures of supercomplexes and the factors that mediate their stability.

DESCRIPTION OF RESPIRATION AND THE RESPIRATORY
CHAIN

lycolysis, fatty acid oxidation, and the citric acid cycle gener-

ate the reducing molecules NADH and reduced flavin ade-
nine dinucleotide (FADH,), which are subsequently oxidized
within the mitochondria. Energy from these oxidation steps is
converted into a proton gradient across the inner mitochondrial
membrane (IM) that drives ATP synthesis. Electron transfer
through a series of respiratory complexes ends with the terminal
reduction of molecular oxygen to water. This oxidative phosphor-
ylation process was initially shown to involve a series of heme-
containing cytochromes by David Keilin in 1925 (42). By 1940, the
respiratory chain was defined as a simple chain: dehydrogenase —
cytochrome b — cytochrome ¢ — cytochrome a — cytochrome
a; — oxygen (42). By 1960, David Green’s group demonstrated
that these components existed within four respiratory complexes,
designated complex I (CI, NADH dehydrogenase), complex II
(CII, succinate dehydrogenase), complex III (CIII, ubiquinol cy-
tochrome ¢ reductase), and complex IV (CIV, cytochrome ¢ oxi-
dase). Electron transfer between these complexes is dependent on
diffusible electron shuttles; the isoprenyl moiety ubiquinone me-
diates electron transfer from CI and CII to CIII, and the small
cytochrome ¢ protein serves as the mediator from CIII to CIV.
Electron transfer through complexes I, III, and IV is coupled to
proton pumping, creating the electrochemical gradient used by
complex V (ATP synthase) to synthesize ATP from ADP and in-
organic phosphate. An additional component of the respiratory
chain in metazoans is the electron transfer flavoprotein-ubiqui-
none oxidoreductase (ETF-QO), which is a branch point respon-
sible for transferring electrons from a myriad of flavodehydroge-
nases to the respiratory chain as ubiquinol (51).

These membrane-embedded respiratory complexes contain
multiple redox centers, including quinones, flavins, iron-sulfur
clusters, hemes, and copper ions. The oxidation of NADH by CI
generates two electrons that are transferred through flavin mono-
nucleotide (FMN) and multiple Fe/S cluster centers to the ubiqui-
none reduction site (34). Succinate oxidation by CII occurs with
the initial reduction of FAD and subsequent electron transfer
through 3 distinct Fe/S cluster centers to the ubiquinone reduc-
tion site. Ubiquinone reduction by the ETF-QO complex occurs
by electron transfer through a FAD and a single Fe/S center. Re-
duced ubiquinol is oxidized by CIII with a bifurcated electron flow
that sends one electron through a 2Fe-2S cluster and a covalently
bound c-type cytochrome prior to reduction of the diffusible cy-
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tochrome ¢. The second electron from each ubiquinone passes
through two heme b moieties as part of the proton-pumping Q
cycle (12). Oxidation of cytochrome c occurs by CIV with electron
flux through a binuclear copper center to a heme a moiety and,
subsequently, to a heterobimetallic heme a;-copper center where
oxygen is reduced.

Structures for the individual mitochondrial respiratory com-
plexes are known. The eukaryotic CI forms an L-shaped structure
composed of a membrane arm and a hydrophilic arm protruding
into the matrix. The hydrophilic arm projecting into the matrix
contains all the redox cofactors necessary for electron transfer.
The long, slightly curved a-helical membrane arm of the structure
is responsible for proton translocation. The bacterial CI X-ray
structure is known, along with a low-resolution CI structure of the
fungal C1 (19, 26). In addition, electron microscopy (EM) recon-
structions of CI have been reported (10, 23). In CII, a hydrophilic
arm consisting of 2 subunits containing the redox cofactors is
associated with a membrane anchor (46). CIII is a stable dimeric
enzyme, whereas CIV is a monomeric entity, although the X-ray
structure of the bovine enzyme consisted of a dimeric complex
(27, 31, 48).

ORGANIZATION OF THE RESPIRATORY CHAIN

The respiratory complexes are enriched in segments of the IM that
invaginate into tubular entities designated cristae (49). Keilin pro-
posed in 1947 that the respiratory components were “more or less
rigidly held together in a framework that ensures their mutual
accessibility and a consequent high catalytic activity” (29, 42).
However, a vigorous debate ensued on this model of organization.
Evidence was provided for both a random distribution and an
ordered association of components. In the random distribution
model, electron transfer would be limited by diffusion of compo-
nents, whereas the model of ordered association predicted elec-
tron channeling between the complexes. Studies addressing the
behavior of ubiquinone and cytochrome ¢ pools failed to support
the diffusion model of independent respiratory complexes ran-
domly distributed in the IM (6). Although physical association of
bacterial respiratory complexes had been reported, the ordered
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association of eukaryotic complexes was not verified until the iso-
lation and visualization of supercomplexes first reported by Cru-
ciat et al. and Schigger and Pfeiffer (13, 41). A protocol to isolate
membrane protein complexes using a mild, nonionic detergent
and negatively charged Coomassie blue dye led to the visualization
of the respiratory supercomplex on native gels (blue native poly-
acrylamide gel electrophoresis, BN-PAGE). Yeast mitochondria
were shown to form two high-mass supercomplexes consisting of
CII and CIV with the predicted stoichiometry of IIL,-IV,_, (13,
41). CI is not present in the yeast respiratory supercomplexes,
since Saccharomyces cerevisiae lacks the multimeric CI complex. In
contrast, mammalian mitochondria were shown to contain high-
order complexes consisting of CI, CIII, and CIV (41). Since these
three respiratory complexes provide the bulk of the proton motive
force, these supercomplexes were designated respirasomes (41).
The respirasome concept was validated in 2008 with the isolation
of CI-CIII-CIV supercomplexes from mouse fibroblast cells and
the demonstration that they contained ubiquinone and cyto-
chrome ¢ and were functional in NADH-stimulated oxygen con-
sumption (2).

Supercomplexes are preserved during membrane solubiliza-
tion with a variety of detergents, including digitonin, Triton
X-100, NP-40, and Tween 20 (2, 41). The association of respira-
tory complexes is therefore not specific for one detergent, so their
existence is unlikely to be a detergent artifact. However, super-
complexes are dissociated into individual components with the
harsher detergent dodecyl-maltoside. Respiratory supercom-
plexes have now been reported in a broad range of organisms,
from bacteria to plants, fungi, and animals, and can be resolved by
either sucrose gradient centrifugation or BN-PAGE (5).

COMPOSITE NATURE OF RESPIRATORY SUPERCOMPLEXES

A myriad of supercomplexes formed from electron transfer com-
plex (ETC) components exist. The composition and abundance of
these supercomplexes vary with growth or physiological condi-
tions (22, 41). In yeast, lacking the proton-translocating CI, two
main supercomplexes of 650 and 850 kDa are evident, consisting
of CIlI and CIV (IIL,-1V, and I11,-1V,) (24, 39). The abundance of
the II1,-IV, supercomplex is enhanced in yeast propagating on
nonfermentable carbon sources (41). In addition to the two high-
mass complexes, less abundant and lower mass supercomplexes
exist that likely represent assemblies in which one component is
an immature assembly intermediate (33, 36). Although the bulk of
CIV is present in supercomplexes in yeast, the absence of either
CIII or CIV does not generally attenuate the abundance of the
other individual complex (13, 41).

Mammalian and plant respiratory supercomplexes are a com-
posite of ETC complexes. Complexes containing only CI and CIII
exist, in addition to the respirasome complexes of CI, CIII, and
CIV (20, 39, 41). Within the Arabidopsis genus, the most abundant
supercomplex is the CI-CIII assemblage (17); the CIV-containing
assemblies are much lower in abundance (20). In contrast, the
CI-CHI-CIV supercomplex is higher in abundance than the CI-
CIII complex in mammalian cells (35, 39). The bulk of CI is asso-
ciated with supercomplexes, whereas CIV is present predomi-
nantly as a monomeric unit. Nearly half of CIII resides within
supercomplexes. The relative ratios of ETC complexes in bovine
heart mitochondria were determined to be 1.1 (CI), 1.3 (CII), 3
(CIII), and 6.7 (CIV) (40). The abundances of the various super-
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complexes are predicted to be I-1I1,-1V,, I-III,, I-II1,-IV,, and
I-1I1,-1V,_, in order of decreasing abundance (40).

The mammalian supercomplexes appear to have a stabilizing
role in each component respiratory complex. Mutations in a given
respiratory complex can present in patients as multicomponent
defects. For instance, mutations in the cytochrome b subunit of
CIII were shown to result in the instability of CI in human and
mouse cells, although CIII was not perturbed in mutations pre-
cluding the assembly of CI (1). Likewise, mutations in CIV can also
destabilize CI (14, 15, 32), and CI dysfunction can also destabilize
CIII (8). Although not all mutations within a given respiratory com-
plex present with multicomplex deficiencies, there are apparent sta-
bilizing interconnections between the respiratory complexes, proba-
bly arising from supercomplex formation. Stabilizing interactions by
respiratory supercomplexes are also apparent in bacterial CI-CIII-
CIV assemblies (44). Paracoccus denitrificans lacking either CIII or
CIV shows defects in the assembly of CI.

The citric acid cycle and respiratory enzyme succinate dehy-
drogenase (CII) forms supercomplexes involving CIII in mouse
mitochondria, and purified mouse respirasomes are competent
for succinate-induced oxygen consumption (2). Although CII is
not typically seen in supercomplexes (13, 35), mutations in the
yeast CIII subunit Qcr8 were reported to impair CII activity with-
out compromising be, function (7). One potential implication of
these results is that CIII has a stabilizing interaction with CII in
yeast, although such a stabilizing interaction has not been re-
ported with mammalian CII (1).

STRUCTURE OF SUPERCOMPLEXES

ETC supercomplexes have been visualized by single-particle elec-
tron microscopy. Image analysis of both uranyl acetate-stained
I[-1I1,-1V, supercomplex solubilized with detergent and cryo-EM
of the amphipol-solubilized supercomplex revealed that CIII is
attached to the inner curve of the CI membrane arm, with CIV
attached near the tip of the CI membrane arm (3, 38). The docked
atomic structures of CI, CIII, and CIV complexes account for
approximately 60% of the supercomplex electron density map (3)
(Fig. 1). Electron tomography on cryo-EM preparations of the
bovine heart I-III,-IV, supercomplex was recently reported (18).
Single-particle reconstruction of these images confirmed the over-
all orientation of the assembly observed by the earlier single-par-
ticle analysis of uranyl acetate-stained complex; however, the pre-
dicted interaction interfaces between CIII and CIV differed from
those in an earlier model (38). The recent reconstructions predict
that CIII contacts CIV at a face distinct from that mediating CIV
dimerization in the X-ray structure (48). Modeling of the EM
projection maps of the yeast I1I,-IV, supercomplex predicts a dif-
ferent interaction interface on CIV, although in both the yeast and
bovine models, the CIV dimerization interface is free (24). A sec-
ond III,-1V, yeast supercomplex was also apparent, and this
showed a monomeric CIV on either side of the dimeric CIII. Su-
percomplexes are possible with dimeric CIV entities associated
with CIII.

The predicted interaction interface based on the yeast recon-
struction model consists of CIV subunits I, II, III, IV, VIc, VIIa,
and VIIc (bovine nomenclature) and CIII subunits cytochrome b
(Cob), cytochrome ¢, (Cytl), and Qcr6, Qcr7, Qcr8, and Qcr9
(24). In contrast, the bovine model predicts CIV subunits III, VIa,
and VIIa (not IV, VIc, and VIIc) and CIII subunits cytochrome b,
Rieske protein, and subunit 11 (18). Additional studies are
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FIG 1 Atomic structures of CI, CIII, and CIV that were docked into the electron density maps of the bovine I-III,-IV, supercomplex obtained from single-
particle cryo-electron tomography (18). The coordinates were kindly provided by Natalya Dudkina. (A) Side view. Subunits in the membrane arm of CI are
colored gray to provide contrast with the CIII and CIV subunits. Heme moities in CIII and CIV are shown as red spheres. Iron atoms in FeS clusters are also shown
as red spheres. The center complex is CIII, with CIV on the right. Among the key subunits in CIII, the two Cor2 subunits are orange, Corl subunits are yellow,
Cob is cyan, Cytl is purple, and Qcr6 is green. Within CIV, Cox3 (III) is cyan, Cox12 (VIb) is orange, Cox13 (VIa) is red, VIIa is blue, Cox1 is yellow, and Cox2

is dark green. (B) Top view from IMS side.

needed to confirm whether the yeast and bovine supercom-
plexes have a distinct rotational orientation of each complex at
the interface. Yeast mutants lacking candidate interaction sub-
units do not provide clear insight on the interface. Yeast lack-
ing the corresponding subunit to VIa (Cox13) have no defects
in CIII-CIV supercomplexes (36, 39). Likewise, yeast lacking
subunits corresponding to bovine subunit 11 (Qcr10) or Qcr6
retain supercomplexes, but cells lacking Qcr9 or the Rieske
Ripl subunits exhibit destabilized, partially assembled CIII-
CIV supercomplexes (13, 39).
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STABILIZATION OF SUPERCOMPLEXES

In the reconstructed models of the CI-CIII-CIV supercomplex,
only limited apparent interaction sites exist between neighboring
complexes. Some of the gap volumes may be lipid filled. Cardio-
lipin associates with Cox3 at the face predicted in the bovine
model to associate with CIV (45) (Fig. 2B). Cardiolipin is also
associated with cytochrome b in CIII; however, that face is not
predicted to be at the CIV interface. Consistent with the observa-
tion that cardiolipin is at the CIII-CIV interface, yeast impaired in
cardiolipin synthesis (crd1A cells) exhibits destabilized CIII-CIV
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FIG 2 Structures of CIII (A) and CIV (B) showing the subunits at the candidate CIII-CIV interface. Cob is cytochrome b. The 2Fe-2S center in the Rieske protein
Rip1 is shown as spheres. The structure shown is the bovine enzyme (1BGY) (27). In the CIV structure, the convex face subunits are shown in color (3ASO
structure) (45). Bovine VIIa does not have a yeast equivalent. The bound cardiolipin is shown as green spheres.

supercomplexes by BN-PAGE; however, the complexes are appar-
ent by gel filtration or clear native PAGE (36, 53). Coomassie stain
may disrupt weak interactions.

Another scenario is that additional, non-ETC proteins may
associate with the supercomplexes, providing further stabiliza-
tion. A series of proteins have been reported that associate with the
yeast respiratory supercomplexes. The major isoform of the ADP/
ATP exchanger Aac2 is associated with the yeast CIII-CIV super-
complexes (11, 16). The interaction of Aac2 with the respiratory
supercomplexes is dependent on the presence of cardiolipin (11).
Cells lacking Aac2 exhibited reduced CIV activity and steady-state
protein levels (16). In addition, the abundance of the II1,-IV, su-
percomplex was diminished, while the III,-IV, supercomplex in-
tensified (11, 16). A significant fraction of CIII was present not in
supercomplexes but as the individual dimeric complex in aac2A
cells. Additionally, Aac2 appears to be associated with CIV rather
than CIII within the supercomplex (16). Under solubilization
conditions with reduced digitonin levels, the fraction of Aac2 as-
sociated with the respiratory supercomplex becomes very promi-
nent, and the TIM23 protein import machinery is also associated
under these conditions (16, 37, 52). The association of Aac2 with
the supercomplexes may impart stability to the complexes and
may also facilitate the ATP/ADP exchange function of the trans-
locator. Alternatively, Aac2 was reported to have an additional
function in the import of protoporphyrin IX into mitochondria
for heme synthesis (4). Since respiratory complexes are major
heme proteins within mitochondria, the Aac2-CIII-CIV super-
complexes may coordinate sites of heme synthesis.

A subset of CIV biogenesis assembly factors are reported to be
in association with the Aac2-containing CIII-CIV supercom-
plexes in yeast (33). Cox14 and Shyl function in the maturation of
Coxl prior to its association with Cox2 and Cox3. A small fraction
of each of these assembly factors associates with the II1,-1V, and
IIL,-1V, supercomplexes, and these factors are also probably asso-
ciated with assembly intermediates of the supercomplexes.

An evaluation of the physiological significance of these inter-
actions and the significance of respiratory supercomplexes has
been complicated by the lack of dedicated supercomplex assembly
factors whose existence would enable evaluation of the importance of
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supercomplexes for mitochondrial respiration (14). Recently, three
separate research groups reported the discovery of two proteins, Rcf1
and Rcf2 (where Ref designates respiratory supercomplex factor),
that appear to serve that function (9, 43, 50).

Strogolova et al. reported in this journal that purification of the
yeast Aac2-CIII-CIV supercomplexes led to the identification of
the two previously unannotated proteins Rcfl and Rcf2 (43).
Vukotic and colleagues identified Rcfl and Ref2 from the affinity
purification of the CIII complex (50). Chen et al. discovered the
link between Refl and respiratory supercomplexes from the affin-
ity purification of Rcfl in an attempt to functionally define this
previously unannotated yeast protein (9).

Rcfl associates both with individual CIII and CIV complexes
but appears to have a stronger association with CIV through its
Cox3 subunit (mammalian subunit III) that is predicted to be at
the CII-CIV interface. Refl is also associated with unassembled
Cox3, although it does not appear to be a Cox3-stabilizing chap-
erone. The CIII-CIV supercomplexes isolated by affinity purifica-
tion of Refl also contain Aac2. With the addition of a chemical
cross-linker, a specific Ref1-Aac2 cross-linked adduct was isolated
even from rho® mitochondria, suggesting a close physical associ-
ation of Rcfl and Aac2 in mitochondrial membranes (43). While
both Refl and Ref2 associate with CIII-CIV supercomplexes, Refl
and Ref2 do not copurify (43). The implication is that a heteroge-
neous population of supercomplexes exists within yeast, some of
which have Refl and a distinct population having Ref2.

Yeast lacking Refl has reduced abundance of the IIL,-1V, su-
percomplex, and CIV enzymatic activity was diminished without
any appreciable change in steady-state CIV subunits (9). Although
cells lacking Ref2 are not significantly impaired with respect to
supercomplex stability, rcfIA rcf2A double mutant cells are mark-
edly compromised in supercomplex stability and CIV enzymatic
activity (43). The CIV peripheral subunits Cox12 and Cox13 are
destabilized in r¢f1A cells, and this destabilization is augmented in
rcfIA rcf2A cells (43, 50). Thus, the binding of these peripheral
subunits in CIV is dependent on Rcf1 and the dissociation of these
subunits in r¢fIA cells probably accounts for the diminished CIV
activity (30). Cox12 is located close to the cytochrome ¢ binding
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site in CIV, so activity impairment may relate to the efficiency of
electron transfer by cytochrome c.

One apparent consequence of the impaired formation of the
IL,-IV, supercomplex in rcf1A cells is the elevation of reactive oxygen
species (ROS) (9, 50). The mutant cells have diminished aconitase
activity and are sensitive to hydrogen peroxide in growth tests. If the
electron transfer function of the CIII-CIV supercomplexes is attenu-
ated, side reactions generating superoxide anion may be enhanced,
leading to the oxidative stress phenotype in r¢f1A cells.

Mammalian cells contain a family of Ref1-related proteins, one
of which is highly induced under hypoxic conditions (28). Thus,
the family designation is HIG, for hypoxia-induced gene. Deple-
tion of one HIG protein, HIG2A, in a mouse myoblast cell line led
to the destabilization of high-mass CIV supercomplexes (9). Thus,
Rcfl and Rcf2 may have a conserved function in metazoans in
regulating supercomplex formation and/or stability.

SUPERCOMPLEX ASSEMBLY

Studies addressing the pathway for supercomplex formation sug-
gest that supercomplexes are assembled in stages (35). CIII and
CIV complexes appear to be assembled independent of each other.
In contrast, CI is assembled in stages (34) and supercomplex for-
mation occurs prior to the final stage in maturation, namely, the
addition of the NADH dehydrogenase N module (35). This super-
complex assembly intermediate lacks respirasome activity. The
final addition of the N module appears to occur on this supercom-
plex assembly intermediate. One proposed function of the respi-
rasome is as a platform for the sequential assembly of CI (35). This
observation provides an alternative interpretation of the presen-
tation of multicomplex deficiencies in patients with mutations
within a single respiratory complex. The interpretation of the can-
didate stabilizing interactions’ interconnections between the
complexes given above under Composite Nature of Respiratory
Supercomplexes may not be the major answer. Defects in CIII or
CIV may result in CI deficiency through impaired CI assembly.

Another intriguing CI-CIV interconnection based on a human
cybrid cell line containing a truncated CIV Cox1 subunit was re-
cently reported (25). The truncation conferred a marked steady-
state CIV instability; although the mutant CIV assembled within
the usual CI-CIII-CIV supercomplexes, stability was compro-
mised, leading to a relative increase in the CI-CIII supercomplex.
The steady-state levels of CI were attenuated in the mutant cybrid
cells. Compromising the mAAA quality control protease within
the IM was able to partially restore CIV levels.

Supercomplex intermediates can also form, as mentioned pre-
viously, in cells stalled in the maturation of CIII or CIV. The final
step in CIII biogenesis is the addition of the Rieske Fe/S catalytic
subunit, and cells impaired in Rieske maturation form supercom-
plexes (13, 21). The last step in the maturation of both CI and CIII
is the addition of a key catalytic subunit or module. This may
ensure that the supercomplex intermediates are not activated until
all components are present.

SUMMARY

A heterogeneous mixture of respiratory supercomplexes exists in
eukaryotic cells, and these assemblages are sealed together by lip-
ids and accessory proteins. Rcfl and Ref2 are novel components of
the mitochondrial ETC supercomplexes, and these factors sepa-
rately associate with supercomplexes. As with Aac2 and the cardio-
lipin lipid, Rcfl and Ref2 are important for the stability of the
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assemblage. Their roles in supercomplex stability open the possi-
bility that respiration may be modulated through these factors.
The induction of one mammalian homolog by hypoxia conditions
may result in remodeling of respiratory supercomplexes under
varying growth conditions. The observation that CI maturation
may occur in the context of the supercomplex suggests that Refl
may also modulate CI assembly.

Rcf1 appears to link the CIII and CIV components within the
supercomplexes, and its presence stabilizes the binding of Cox12
and Cox13 peripheral subunits. The observation that Rcfl can
readily cross-link with Aac2 suggests that Aac2 may also exist near
the CIII-CIV interface. As mentioned above, modeling of EM to-
mographs predicts that an edge of the convex face of CIV associ-
ates with CIII (24). This face, showing the candidate subunits
involved in the CIII interaction, is shown in Fig. 2. In the super-
complex model shown in Fig. 1, CIV subunits IIT (Cox3), VIa
(Cox13), and VIla are prominent at the CIII interface. Since
Cox12 and Cox13 are destabilized in rcfIA cells, Refl, as well as
Aac2, may associate with Cox3 either on the convex CIV face near
the bound cardiolipin (Fig. 2B) at the CIII-CIV interface or, alter-
natively, on the concave CIV face. Rcfl is a small, 18-kDa protein
with two candidate transmembrane helices and a long C-terminal
tail projecting into the intermembrane space (IMS) (43). This
long C-terminal tail is not conserved and is not essential for the
interaction with CIV. Higher-resolution structures of the super-
complexes are needed to identify the positions of Rcf1/2 and Aac2
within the complex.

One unresolved question concerns why the loss of Rcfl (or
HIG2A) leads to depletion of the III,-IV, supercomplex in yeast
and the I-1I1,-1V, supercomplex in mouse cells. The selective loss
of the I-1I1,-1V, supercomplex in mouse cells depleted of HIG2A
may be accounted for by the asymmetric association of CIII-CIV
on the membrane arm of CI. However, the basis for the loss of the
yeast III,-IV, but not the III,-IV; supercomplex in yeast must
arise from a different phenomenon.

The Refl-stabilized III,-IV, supercomplex may allow more effi-
cient electron transfer between CIII and CIV by cytochrome c,
thereby restricting ROS generation. One major function of super-
complex formation appears to be this limitation of ROS production.
The apparent greater efficiency of electron transfer within respira-
somes is probably not due to direct electron channeling between do-
nor/acceptor sites, based on EM models. Supercomplexes may re-
strict the diffusion space for ubiquinol and cytochrome ¢ (17), yet this
conclusion was recently challenged by the observation in yeast show-
ing that cytochrome c is not restricted in its diffusion (47).

Although CII has been observed in supercomplexes, further
work is required to verify the composition of such assemblages
and its structural position. In addition, no information is available
on whether the flavoprotein-ubiquinone oxidoreductase (ETF-
QO) forms respiratory supercomplexes with CIII and CIV.
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