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Abstract
The oxidative phosphorylation electron transport chain (OXPHOS-ETC) of the inner

mitochondrial membrane is made up of five large protein complexes (CI, CII, CIII, CIV and
CV). These complexes are responsible for converting energy from the food we eat into ATP,
a small molecule that is used throughout the cell to power a multitude of essential reactions.
It has been shown that the OXPHOS-ETC complexes are organized into supercomplexes
(SCs) of defined stoichiometry. CI forms a supercomplex with CIII; and CIV (SC I+, +1V,
known as the respirasome), as well as with CIII, alone (SC I+IIl;). CIII, forms a
supercomplex with CIV (SC III,+1V) and CV forms dimers (CV;). Recent electron cryo-
microscopy (cryo-EM) studies have revealed the structures of SC [+11L+1V and SC I+I11L,.
Furthermore, recent work has also shed light onto the assembly and function of the SCs.
Here, we compare and contrast these recent studies and discuss how they have advanced our

understanding of mitochondrial electron transport.
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The conversion of energy from food into ATP, the universal energy “currency” of the cell, is
largely carried out in the mitochondria. During cellular respiration, electrons are harvested
from the metabolism of sugars, proteins and fats, and passed via the electron transport chain
(ETC) to molecular oxygen (O;). Energy from these electron transfer reactions is converted
into an electro-chemical proton gradient (Ap) across the inner mitochondrial membrane by
the H' -pumping ETC complexes: NADH-ubiquinone oxidoreductase (complex I, CI),
ubiquinol-cytochrome ¢ oxidoreductase (complex III, CIII; also known as the cytochrome bc;
complex) and cytochrome ¢ oxidase (complex IV, CIV; Fig 1). Succinate-ubiquinone
oxidoreductase (complex II, CIT) does not pump H' but contributes indirectly to Ap via
reduction of the ubiquinone (Q) pool (Fig. 1). The electrochemical energy stored in Ap is
harvested by ATP synthase (complex V, CV) to synthesize ATP (Fig 1). The entire process is
known as oxidative phosphorylation (OXPHOS) and it is among the most fundamental
energy converting mechanisms for life on earth'.

Possible higher-order organization of the OXPHOS-ETC, analogous to the
“quantasome” observed in the photosynthetic chloroplast membranes of plants?, has been
debated since the 1960s°. The existence of an “oxysome” containing all OXPHOS-ETC
complexes (CI-CV) was proposed early on®. However, it was later shown that each individual
complex can be isolated in a functional form® and that mitochondrial electron transport is
diffusion-coupled but not diffusion-limited®. These observations argued against the need for
higher order structures in the OXPHOS-ETC to facilitate substrate channelling, and resulted
in a random-collision model, in which all redox components are in constant and independent
diffusional motion’. Nevertheless, the use of the gentle detergent digitonin to extract the
OXPHOS-ETC complexes from the inner mitochondrial membrane revealed by Blue-Native
(BN)-PAGE the existence of “supercomplexes” (SCs) of defined stoichiometry (Fig. 2)°. The
majority of CI is found together with CIII; and CIV (SC I+l +1V), in an assembly that,
together with the mobile electron carriers Q and cytochrome ¢ (cyt ¢), contains all
components required to pass electrons from NADH to O,, and has been hence termed the
“respirasome”. This SC is distinct from the previously proposed oxysome due to its lack of
CII and CV. A smaller proportion of CI is also found with CIII, alone (SC I+III,; Fig. 2)°.
Moreover, CIII, forms a SC with CIV (SC III+IV) independent of CI (Fig. 2)*'°. Finally, in
addition to CIII,, which is an obligate dimer with domain swapped Rieske iron-sulphur-
protein subunits (UQCRFS)'!, CIV and CV can also form dimers (CIV and CV>; Fig. 2)'*'*.

Although the role of CIV; is unknown, formation of CV; is essential to membrane bending
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and the formation of cristae'”. It is important to note that the ratio of SCs varies between
species and tissues® and may alter in response to the metabolic demands of the cell'.

The function of the SCs has remained controversial and many initially doubted the
significance of the BN-PAGE results®'”. Nonetheless, evidence for the SCs has mounted. It
has been shown that (1) isolated respirasomes are capable of transferring electrons from
NADH to O, i.e. they respire' ™', (2) CIII, and CIV affect the stability of CI in the inner

20-23

mitochondrial membrane”™ ", (3) SCs may reduce the amount of reactive oxygen species

24,2 . 26,2
> and, more controversially>***", (4) SC

(ROS) produced during electron transport
formation may increase the transfer efficiency of the mobile electron carriers Q and cyt ¢**,
and may even trap a proportion of Q, splitting the membrane pool into two functionally
distinct groupszg.

Further evidence for the existence and importance of respiratory SCs came from the
discovery of specific assembly factors®>'. Originally, a CIV subunit homolog COX7A-RP,
also known as COX7A2L and renamed SC assembly factor 1 (SCAF1), was proposed to be
required for respirasome formation®”. However, several recent studies have shown that
SCAF1 is important for the stabilization of SC III,+IV, but it is not required for assembly of
the respirasome™*~*.

Definitive confirmation of respiratory SCs came recently with the elucidation of their

39,40 were at

structures at sub-nanometer resolution using cryo—EM35'38. The earlier structures
resolutions around 20 A, which did not allow the specific interactions between the individual
complexes to be resolved. The new structures, together with high-resolution structures of the
individual complexes'"'>*'"* demonstrate that the SCs form via specific interactions
involving conserved residues from both the core subunits, present from bacteria to mammals,
and supernumerary subunits, not generally present in bacteria, of the complexes™>"~*.

Three different species were used for cryo-EM analyses, producing structures of
bovine SCs at ~ 9 A resolution®’, ovine at ~ 5.8 A resolution® and porcine at 5.4 A and ~4 A
resolution®®>*. Unfortunately, the porcine structures suffer from several drawbacks. In the
deposited maps (EMDB-9534 or EMDB-9539), the density for CIV is very weak (TM helices
are not visible), severely limiting the reliability of its positioning and any inferred contacts.
The porcine maps refined by focusing on CI or CIII, are well resolved, however, in the
overall supercomplex map the contacts between CI and CIII; are not resolved at the level of
the side-chains. Furthermore, most EM maps describing the intermediate states of processing
are of the wrong hand (mirror image)36’38, and in the porcine CI model (PDB 5GUP), the B-

factors are not refined, the Fe-S cluster geometry and environment are incorrect, the FMN



93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124

isoalloxazine ring is flipped and model statistics were not reported, among other problems.
Finally, the mechanism of electron transfer between CI and CIII, proposed™® is inconsistent
with established knowledge on CIII,*****" as has also been pointed out in a recent review™.
Thus, we will use mainly the ovine and bovine SC structures in this review, to discuss what
we have learned from the structures in the context of recent work on the assembly and

function of OXPHOS-ETC SCs and the implications for the role of SC formation.

Assembly and stability of the respirasome

Recent studies have shed light onto the assembly of the SCs**~°

and the specific role of the
putative assembly factor SCAF17*~**. It had previously been suggested that SC assembly may
occur before complete assembly of the individual complexes®'; however, a comprehensive
proteomic complexome profiling study that followed nearly all CI subunits through the entire
assembly process indicates, as originally proposed'®, that SC formation only occurs after
complete assembly of the individual complexes**™°. This is likely the normal order of events,
with the exception of mutant strains lacking specific subunits or assembly factors®'2,

A controversy developed when SCAF1 was proposed to be required for the formation
of SCs®. That proposal was based on the identification of two SCAF1 genes in different
mouse lines: the full-length 113-amino acid SCAF1 in 129S2/SvPasCrlf and CD1 mice, and a
short 111-amino acid form (SCAF1*"") in C57BL/6J and C57BL/6N mice”*?. Mitochondria
from the heart and liver of mice with SCAF1°"" lacked SC III,+IV and the respirasome, but
maintained SC [+]1I,, leading to the conclusion that full-length SCAF1 was required for the
assembly all of SCs containing CIV?. These findings were in direct conflict with previous
observations of SCs in heart mitochondria of C57BL/6N and C57BL/6J mice™°, and SCs
have since been observed in liver mitochondria as well’****7. A mouse SCAF1 knockout
study”' indicated that SCAF1 was important for muscular activity and heat production and
that SCAF1 supported, but was not required for, the formation of the respirasome in skeletal
muscle mitochondria, with no significant effects on SC III,+IV formation. A more detailed
investigation into SC formation in the heart mitochondria of C57BL/6N and C57BL/6J
mice®” demonstrated that SCAF15™" does not affect respirasome assembly but results in a
reduction of SC III,+IV. Taken together, these results indicated that in heart mitochondria
SCAF1 is important for SC III,+IV formation. However, SCAF1 is still found within the

: 29,33,56
respirasome "
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The first clues about the role of SCAF1 came from the structure of the respirasome®”
and knowledge of tissue-specific isoforms of CIV subunits** . In the 5.8 A-resolution
structure of the respirasome, density for the transmembrane (TM) helices of each complex
was clearly visible and all density could be accounted for by the known structures of the
individual isolated complexes®”. Therefore, there was no additional density for any assembly
factors, including SCAF1, which is predicted to contain a TM helix. SCAF1 is homologous
to complex IV subunit COX7A, which has two tissue-specific isoforms: a heart/skeletal-
muscle isoform COX7A1 and a liver-type isoform COX7A2%. Both isoforms are present in
heart mitochondria but only COX7A2 is present in liver mitochondria, and knockout of
COX7A1 is complemented by COX7A2 in the heart®'. These observations, plus the
proximity of the COX7A subunit and CIII; in the structure, led to the proposal that SCAF1
may replace the endogenous COX7A subunit to promote interactions within the
respirasome™ . Compared to COX7A1 and COX7A2, SCAF1 has an extended N-terminus

that is important for interaction with CIHz33 34

and would be ideally positioned in the structure
to perform this role®.

A recent proteomics study investigating the subunit composition of SCs supports this
hypothesis®. Respirasomes in both heart and liver mitochondria of CD1 mice were found to
contain SCAF1, with a minor amount of COX7A2 found only in the heart mitochondria
respirasomes33. The majority of the COX7A2 isoform was seen in CIV monomers>>. In no
instance was COX7A1 found in the respirasome, this isoform was almost exclusively found
in CIV dimers>; and COX7A1 is the isoform seen in the crystal structures of CIV, purified
from bovine heart'>*. Furthermore, in C57BL/6J mice containing SCAF1s™", respirasomes
with either SCAF 1% or COX7A2 were found in the heart but there was no respirasome
formation in the liver”. In both heart and liver mitochondria, SCAF1 was also detected in SC
[IL,+1V and no SC I, +IV was seen with SCAF 1" (ref 33). These data led to the proposal
that full-length SCAF1 is an assembly factor for SC III,+IV but not required for respirasome
formation in the heart (while being required in the liver)®. Again, this contradicts studies that
found respirasome formation in the livers of mice harbouring SCAF1*™" (refs 32, 56 and 57).
Nonetheless, there appears to be two separate populations of respirasomes, one containing
SCAF1 and one containing COX7A2 (Fig. 3). This hypothesis has been bolstered by a study
on respirasome assembly in heart mitochondria from both CD1 and C56BL/6J mice*. In this
study, which focused solely on the heart, SCAF1 was found to preferentially interact with

ClIII; and to be essential for stabilizing SC III,+IV but not necessary for respirasome
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formation®*. The authors also demonstrated that SC III,+IV formation is not a necessary
precursor to respirasome formation®*.

Taken together, these studies suggest that there are at least two paths for the assembly
of the respirasome (Fig. 3). One path involves the early association of CIII, with SCAF1,
followed by the recruitment of a single copy of CIV lacking a COX7A subunit forming SC
[,+IV (Fig. 3a). This SCAF1-containing SC then associates with CI to form the
respirasome (Fig. 3a). The second path involves early interaction between CI and CIII, in a
SCAF1 independent manner, followed by recruitment of a CIV monomer containing the
COX7A2 subunit (Fig. 3b). This leads to two possible populations of respirasomes’>
differing by the presence or absence of SCAF1 or COX7A2 (Fig. 3)*.

Given the number of different tissue-specific subunit isoforms, there is likely an even
more diverse population of respirasomes. The observation that the ‘liver-type’ COX7A2
isoform is incorporated into respirasomes in the heart but not the liver” suggests a role for
additional subunits or assembly factors that have yet to be identified. Since the COX7A1
isoform is only seen in CIV dimers it is not surprising that only COX7A2, found mainly in
CIV monomers, is seen in the respirasome, as according to our model only monomeric CIV
would be recruited into respirasomes through interaction with SC I+I11, (Fig. 3b).

A further complication for SC characterization comes from the finding that the
digitonin:protein ratio used during SC extraction has a considerable effect on the amount and
type of SCs observed®*. At high digitonin:protein ratios, fewer respirasomes are observed,

. . . hort
and respirasomes from mice expressing SCAF1™"*"

are more sensitive to the digitonin
concentration®*. This suggests that, although SCAF1 is not required for the formation of the
respirasome, it does have a stabilizing effect when present. The digitonin sensitivity may help
explain the variation in observing respirasomes in liver mitochondria. In the BN-PAGE gel
shown in Fig. 2, the digitonin:protein ratio was 6:1 (w:w), the same as used for sample
preparation in the ovine structural studies® . For the bovine respirasome structures, a
digitonin:protein ratio of 28:1,or 0.11% (w/v) PCC-a-M (trans-4-(trans-4’-
propylcyclohexyl)cyclo-hexyl-a-D-maltoside) was used for extraction before exchange into
amphipols®’. The high digitonin:protein ratio or use of PCCaM or amphipols may be
responsible for the higher degree of disorder and lower overall resolution of these
reconstructions’ . For the porcine structures, the exact digitonin:protein ratio was not reported
but the SCs were extracted overnight in 1% digitonin, and given the time-dependent

structural changes reported for the ovine respirasome3 >, these conditions may have been at

least partially responsible for the weak CIV density observed®®*.
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Interactions between the complexes in the respirasome

The medium-resolution structures of the respirasome, together with the high-resolution
structures of the individual mitochondrial complexes, allow us to define the contacts between

33414362 Wwe describe here the main contacts between CI and CIII, and

the complexes (Fig. 4)
CI and CIV. Modelling of the interactions between CIII, and CIV was previously reported for
the ovine structure, which contains the clearest CIV density” . The contacts are observed
mainly between the CIV COX7A subunit and the UQCR1 and UQCR11 subunits of the
adjacent CIII protomer’’.

There are two main interaction sites between CI and CIII,, one in the membrane
between CI subunit B14.7 (NDUFA11) and the UQCRB, UQCRQ and UQCRH subunits of
the adjacent CIII protomer (Fig. 4a), and the other in the mitochondrial matrix between CI
subunits B22 (NDUFB4) and B15 (NDUFB9) and a CIIT UQCRCI subunit (Fig. 4b).
Notably, the interaction in the mitochondrial matrix is formed by a loop containing several
negatively charged amino acid residues from the UQCRC1 subunit intercalating between the
B22 and B15 subunits of CI, both containing several positively charged amino acid residues
(Fig. 4b). All of the contacts between CI and CIII, are mediated by CI supernumerary
subunits. Except for Paracoccus dentrificans, which contains three CI supernumerary

4 . .
6364 1o bacteria are known to form respiratory SCs®. Hence, supernumerary

subunits
subunits may have evolved to facilitate the formation of SCs.

Recent experiments tracking CI assembly™® indicated that CI is fully assembled before
incorporation into SC I+II1, or the respirasome and that B14.7 is added to the complex during
the final assembly step. B14.7, which is essential for CI assembly and stability*°’, dominates
the interaction of CI and CIII; in the membrane (Fig. 4a). Therefore, CI would need to be
fully assembled before stable interaction with CIII, could be established (Fig. 4d).

41,42 .
384142 e can re-examine the

With high-resolution structures of CI now available
interaction between CI and CIV. CI contacts the COX7C subunit of CIV via the 15" TM
helix of the core antiporter-like subunit ND5 (Fig. 4¢). In addition to possible favourable
charge and polar interactions between the proteins in the mitochondrial matrix, a salt bridge
likely forms between conserved residues Arg20 of COX7C and Glu503 of ND5 (Fig. 4C).
This salt-bridge would be at the interface of the matrix and inner mitochondrial membrane,

and may act to stabilize these charged groups in the hydrophobic membrane environment. It

is also likely that bound lipids stabilize the interactions between the complexes. In the
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structure of the porcine respirasomes™", as in the structure of the isolated ovine CI*!, bound
lipid molecules are observed. However, none of the lipids thus far identified directly bridge
between the complexes. Higher-resolution structures are still needed in order to elucidate the

known role of lipids in stabilizing SCs®’.

The architectures of the respirasome
Due to the ability to perform robust 3D classification of cryo-EM single particles, it is
possible to identify multiple structural classes from a single data set®®. When this was done
for the ovine respirasome, two major classes were resolved, coined “tight” and “loose”, that
differed mainly in the position of CIV>. Additionally, a class of SC I+III, particles that
lacked CIV altogether was also observed®”. Classification of the bovine respirasomes also
resulted in the isolation of three separate classes: class 1, most similar to the tight ovine
respirasome; class 2, distinct from the ovine loose respirasome; and class 3, composed of SC
[+II1, particles”’.

Bovine class 1 and the ovine tight class are the most similar and populous classes and
hence may represent the most stable form of the respirasome®~’. The bovine class 2
respirasome differs from class 1 by an ~25° rotation of CIII, relative to CI and CIV?’. These
structural classes demonstrate that respirasomes sample a large conformational space.
Aligning by the TM domain of CI indicates that bovine and porcine CI display larger angles
between the matrix and membrane arms compared to ovine. Therefore, comparison of the
structures requires splitting of the respirasome into four rigid parts: the matrix arm of CI, the
membrane arm of CI, CIII, and CIV. The major conformational differences can be
recapitulated as rotations around a set of four pivots: a rotating hinge between the matrix and
membrane arms of CI (Fig. 5a), a pivot at the intermembrane space side of the inner
mitochondrial membrane between CI and CIII, (Fig. Sb), a rotation along the 2-fold
symmetry axis of CIII, (Fig. Sc¢) and an internal asymmetric rotation of CIV (Fig. 5d).
Hinge motions between the matrix and membrane arms of CI were also seen in the recent

structures of isolated CI from both ovine and bovine mitochondria*'*?

and may be involved
in the active to de-active transition®’’. A Cys residue on the TM1-TM2 loop of the ND3 core
subunit of CI becomes accessible to cysteine modifying reagents in the de-active form’' and

this loop is disordered in most known structures of isolated CI*'**

, although it is observed in
porcine supercomplex®. However, this loop is more clearly structured in a single class of

bovine CI particles which differs by a rotation of the matrix arm relative to the membrane



258  arm™®. Ordering and disordering of this loop likely correspond to the active/de-active

259  transition and movement of the matrix arm may also be relevant for the turnover of the

260  enzyme’?, but further experiments are needed. The mechanism of coupling between electron
261  transfer in the hydrophilic arm of CI and proton translocation in the membrane arm likely
262  involves conformational changes*"”, but exactly how efficient coupling is achieved is still
263  unknown and remains one of the grand challenges of bioenergetics.

264 Rotations about the pivot between CI and CIII; in the inner mitochondrial membrane
265  do not appear to significantly disrupt their interactions and may be an artefact of SC

266  extraction from the membrane (Fig. Sb). Conversely, the rotation of CIII, seen between

267  bovine class 1 and class 2 likely would alter their interactions, but at the current resolution
268  this is difficult to determine (Fig. 5c)37. In the case of movement of CIV between the ovine
269  tight and loose respirasomes is it clear that the contacts between the complexes are altered™;
270  CIV loses contact with CIII, and changes its contacts with CI. Hence, it was postulated that
271  the loose respirasome my represent an intermediate of respirasome assembly or disassembly
272  (Fig. 5d)>. It has been suggested that the tight and loose respirasomes may represent the
273 SCAF1 and COX7A?2 structures of the respirasome discussed above (Fig. 3)**°. However,
274  the resolution of these structures remains insufficient to determine the identity of the

275  individual subunit isoforms. Additionally, the loose respirasome may be an artefact of sample
276  preparation, as it was seen to accumulate over time after extraction from the membrane®.
277 The physiological importance of the different conformational states of the

278  respirasome observed in the extracted particles remains unknown. Some of these motions
279  may be instrumental to enzyme turnover or dependent of specific subunit isoforms. Others
280  are possibly artefacts of removal from the membrane. Further work is needed to distinguish
281  between these scenarios.

282

283  Function of supercomplex formation

284  Stability of the individual complexes. It has been suggested that SC formation is important
285 for the stability of the individual OXPHOS-ETC complexes™ . Specifically, CIII deficiency

286  results in a reduction of the amount of CI*°

. CI destabilization may occur via increased ROS
287  production, since in the absence of CIII,, the Q-pool becomes highly reduced”*. However,
288  this hypothesis does not rule out stabilization of CI by CIII, through their direct interaction in
289  SCs. Comparison of the structures of isolated CI*>*"** and SCs**"* suggests how this may

290 occur.
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In the case of the isolated bovine CI, three structural classes were observed*?. The
third and smallest class had only weak density for subunit B14.7, the last half of the ND5
lateral helix and the final TM helix of ND5*. This bovine class 3 likely corresponds to the
largest class in the ovine structure in which this region is also disordered*'. B14.7 is the final
TM subunit to associate with the complex during assembly” and these structures suggest that
it is the first subunit lost or disordered after destabilization of CI by detergent. When
compared to the other bovine classes it was shown that the angle between the core TM
subunits ND2 and ND4 was larger in the absence of B14.7 (Fig. 4e)*, suggesting that the
lateral helix is important for the attachment of the distal pumps and revealing the important
role of B14.7 in stabilizing this region (Fig. 4e).

A role of CIII, in stabilizing CI becomes clear in this context as the two main
interaction sites between CI and CIII, bridge across the proximal and distal pumps and would
further stabilize their interaction (Fig. 4d and e). By binding to B14.7 in the membrane and
to B22 and B15 in the matrix, CIII; would prevent loss of B14.7 and hold ND2 together with
the ND4 and NDS stabilizing the entire membrane arm. Nonetheless, stabilization of CI by

CIII, is unlikely the sole function of SC formation.

Reduction of ROS production. There are two main sites for ROS production in the
ETC, the FMN site of CI in the matrix and the Qp-site of CIII; in the inner mitochondrial
membrane’®”. It has been suggested that dissociation of SC I+III, results in increased ROS

I** but the mechanism is unclear. Furthermore, in these studies, CI and

production from C
CIII, were dissociated by addition of dodecyl maltoside (DDM) detergent near or above the
critical micelle concentration®*, which is known to decrease the CI activity used to compare
the total ROS produced® and would also disrupt the membranes.

Although generation of ROS by CIII; is thought to be small under normal

. 7881
conditions’”

, inhibition of CIII, by Antimycin A considerably increases ROS
production®>**. This is due to the Q-cycle mechanism of CIII,, which takes advantage of two
separate Q binding sites in each CIII protomer, Qp and Qy, on the positive and negative sides
of the membrane, respectively. The two CIII protomers form a dimer with two separate Q-
binding cavities within the hydrophobic core of the membrane; the Qp site of one CIII
protomer shares a cavity with the Qy site of the other protomer (Fig. 6). Reduced QH; binds
to the Qp site in one cavity and transfers one electron to cyt ¢ and one electron to Q bound at

the Qy site of the same monomer, releasing two H' into the inter membrane space (Fig. 6).

Electron transfer to the Qy site of the opposite monomer is possible via fast tunnelling of

10
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electrons between the b, haems™, but the most likely path is within the same monomer®

transferring the electron into the opposite Q cavity, generating an ubisemiquinone (Q°)
intermediate at that Qy site (Fig. 6). To finish the cycle, a second QH, must bind at the Qp
site and transfer a second electron to Q°, which takes up two H' from the mitochondrial
matrix (Fig. 6). The other electron of the second QH: is used to reduce a second copy of cyt ¢
and it also releases two H' into the inner membrane space (Fig. 6). This Q-cycle is the
mechanism by which CIII, pumps H', not as a traditional H -pump like CI operating via an
alternating access mechanism, but instead releasing H' into the inter-membrane space and
taking up H™ from the matrix*’***”. Antimycin A binds at the Qy sites of CIII, and prevents
reduction of Q by QH,, resulting in formation of a Q° intermediate at the Qp site which reacts
rapidly with O, generating ROS™*"**° Under normal conditions, Q" is formed and

45,90,92-94 Ce g 95
777" where it is shielded from O, .

stabilized’! at the Qu site
A possible mechanism for how ROS production may be minimized in CIII, during
normal turnover revolves around symmetry breaking of CIII, by the binding of CI and CIV
(Fig. 6)*. Symmetry breaking may occur by preventing the motion of the FeS UQCRFS
subunit adjacent to CIV (Fig. 6). UQCRFS adopts two major conformations: adjacent to the
Qp site, where an electron can be transferred from reduced ubiquinol (QH,); or adjacent to
cytochrome c¢; (CYC1), where an electron can be transferred to the ¢; haem (Fig. 6)°.
Movement of the UQCRFS subunit is required for electron transfer from QH; to cyt c. If the
UQCREFS subunit adjacent to CIV is blocked, the Qp site in this cavity would not be able to
oxidize QH,. Evidence for this symmetry breaking was seen in the bovine respirasome
structures, in which the UQCRFS domain adjacent to CIV was ordered (indicating little
conformational flexibility) and the other UQCRFS domain was disordered (indicating high
conformational flexibility)’’. This symmetry breaking would allow for the differentiation of
the CIII, Q-binding cavities, in which the cavity adjacent to the CI Q-binding tunnel, the
source of reduced QH,, would be used for QH, oxidation, and the cavity adjacent to CIV
would be used for Q reduction (Fig. 6). The catalytic conversion of O, to H,O by CIV would
ensure that the local concentration of O, in the vicinity is very low, making it an ideal
location to shield a highly reactive intermediate (Fig. 6). However, as it is known that the Q
site is not a major source of CIII, ROS, the respirasome may utilize this possible symmetry
breaking for other purposes, such as ensuring efficient oxidation of QH, coming out of

complex I. Keeping the quinol pool oxidised will allow complex I to function at the full rate

11



357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

and so may help to reduce rates of ROS formation at the FMN site of complex I by driving
down the NADH/NAD" ratio in the matrix.

Efficiency of electron transport. Recent evidence suggests that formation of SCs may

116

be adaptive to an increased energy demand in the cell °. However, the question remains as to

whether this is (1) to improve electron flux through the ETC, (2) to reduce the amount of

16,25

ROS produced under conditions of high flux " or (3) to prevent aggregation of the
complexes at higher expression levels’®*. Results from flux control analysis suggest that
formation of SCs increase the efficiency of electron transport through substrate channelling®®
and it has even been proposed that two separate pools of Q exist: one freely diffusing in the
membrane and one associated with SCs>*7**%7. However, the flux control results have not
been successfully replicated and showed a strong dependence on the inhibitor used’.
Additionally, kinetic analysis in sub-mitochondrial particles (SMPs), in which the majority of
the ETC complexes are in SCs, demonstrated that feeding electrons into the ETC via CI
(NADH), CII (succinate) or both (NADH + succinate) did not result in significant additive
effects®®. These results are more consistent with free-exchange of Q between the membrane
pool and SCs. A single pool of Q has also been demonstrated by measuring the diffusion
constant of Q in the inner mitochondrial membrane”® and the kinetics of the ubiquinone redox
reactions’”'%. Similarly, it has been shown that SC formation in Sacchromyces cerevisiae,
which contains a SC IIL+IV,'*'"", does not trap cyt ¢; both in the presence and absence of
the SC, cyt ¢ is free to diffuse in the intermembrane space' .

The respirasome structures from bovine, porcine and ovine mitochondria clearly show
that there are no protein subunits blocking free-exchange of Q with the membrane pool>>*. It
is known that mitochondrial electron transport is a diffusion-coupled process: when the
complexes are diluted in the membrane by addition of exogenous lipid, diffusion becomes
rate limiting6’103’104. So there may be a kinetic advantage to the close proximity of the
individual active sites within the SCs under conditions of high flux. Earlier work suggests
that at the concentrations of all the components present in the inner mitochondrial membrane,
diffusion of Q should not be rate limiting, even in maximally respiring uncoupled
mitochondria”®®. Hence, there is no sizable kinetic advantage to be gained from substrate
channelling within the respirasome and, as the structures indicate, Q should be free to
exchange with the membrane pool. Whether even minor kinetic advantages due to particular

orientations and accessibility of the substrate binding sites in the respirasome are useful in
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mitigating ROS as described above or in ensuring maximal respiration rates remains to be

established.

Future Perspectives

There is still much to learn about the structure and function of respiratory SCs. Due to
their heterogeneous nature’, the establishment of standard protocols would facilitate progress.
To allow results from different studies to be easily compared, standards for the
digitonin:protein ratio and extraction times should be adopted. Ideally, to reveal any trends
and prevent the “cherry-picking” of ratios that maximize the difference under investigation,
BN-PAGE from several digitonin:protein ratios should be presented. Additionally, in light of
the influence of tissue-specific subunit isoforms™, it is important to investigate multiple
tissues to allow interpretation of results beyond the specific tissue examined.

Further structural and biochemical work on the respirasome is also needed. Structures
of the respirasome in different redox states and with different bound substrates/inhibitors may
help to elucidate the coupling mechanism of CI and the role of the respirasome (if any) in the
regulation of the individual complexes. Furthermore, it is likely that not all factors
influencing SC stability have been identified in the different tissues and additional factors
should be sought out and characterized. Why is the respirasome in liver mitochondria more
dependent on the presence of full-length SCAF1? Higher-resolution structures of
respirasomes from different tissues may help to define structural or compositional
differences. In addition, high-resolution structures of SC IlI,+IV are still lacking and could
reveal a great deal about the role of SCAF1 in stabilizing this complex and potentially the
role of other putative SC assembly factors'*>'*. Higher-resolution structures of SC I+I11,
should also be sought, such that systematic comparisons can be made between the individual
SCs and the respirasome. In the next years, we expect many of the remaining mysteries of the
respirasome to be resolved, leading to a more complete picture of mammalian mitochondrial

electron transport.
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Figure 1. The complexes of the mitochondrial OXPHOS-ETC. The experimentally determined structural
models of the mammalian mitochondrial OXPHOS-ETC complexes are shown. The atomic structures of
complex I (CI, ovine, PDB 5SLNK)*, complex II (CII, porcine, PDB 1ZOY)%, complex III (CIII, bovine, PDB
INTM)*, complex IV (CIV, bovine, PDB 5B1A)* and the medium resolution structure of complex V (CV,
bovine, PDB 5ARA)'" are shown shaded by subunit with CI dark blue-to-light blue, CII cyan-to-light green,
CIII, green-to-yellow, CIV magenta-to-red and CV red-to-yellow. The atomic structure of cytochrome ¢ (cyt c,
equine, PDB 51Y5) is shown in orange. Atoms from the models are shown as spheres. The reactions catalysed
by the complexes are shown. Q, ubiquinone, QH,, ubiquinol. The approximate boundary of the membrane is

indicated by the light blue rectangle with mitochondrial matrix up and intermembrane space (IMS) down.

Figure 2. The supercomplexes of the mitochondrial OXPHOS-ETC. Left, a Blue-Native (BN)-PAGE gel of
digitonin extracted washed mitochondrial membranes from ovine heart. A digitonin:protein ratio of 6:1 (wt:wt)
was used for the extraction. The different SCs are indicated and their approximate molecular weight and
architecture are shown. Assignment of bands is based on molecular weight and comparison to proteomic and

western blot studies®**°, Complexes are coloured as in Fig. 1.

Figure 3. Two possible paths for the assembly of respirasomes. Respirasome assembly may occur via a
SCAF1 dependent and SCAF1 independent pathways. a, The SCAF1 dependent path: CIII, bound with a single
copy of SCAF1 binds to CIV lacking the COX7A subunit forming SC III,+IV followed by the addition of CI. b,
The SCAF1 independent path: CI and CIII, come together to form SC I+III, which is then completed by the
addition of CIV. These paths may lead to the existence of two respirasome populations differentiated by the
presence of SCAF1 vs. COX7A2. It is unknown whether these different populations can exchange by swapping
between SCAF1 and COX7A2. Complexes are coloured as in Fig. 1 with SCAF1 grey and COX7A orange.

Figure 4. Interaction sites within the tight respirasome. a, Interactions in the membrane between subunit
B14.7 of CI and adjacent CIII, subunits UQCRB, UQCRQ and UQCRH. b, Interactions in the mitochondrial
matrix between subunits B15 and B22 of the CI distal bulge and a UQCR1 subunit of CIII,. ¢, Possible
interactions between the NDS5 core subunit of CI and the COX7C subunit of CIV. The insets below indicate the
positions on CI of the interaction sites and the relative viewpoints in a and b. The viewpoint in ¢ is not rotated
from that of the inset. d, Surface representation of the tight respirasome viewed from the CIII, side within the
membrane, CIII, and CIV are shown in green and magenta respectively and are transparent to allow
visualization of the CI binding sites (shown in red). CI is shown as in the a-c insets with the matrix arm dark
blue, the proximal (to the peripheral arm) pumps (ND1/ND3/ND6/ND4L, ND2) of the membrane arm medium
blue, the distal pumps (ND4, ND5) of the membrane arm light blue and the B14.7 subunit cyan. e, Stabilization
of CI through interaction with CIII,. Schematic of CI in the tight respirasome showing the different modules of
the membrane arm, B14.7 and interaction points between CI and CIII (in red). Loss of B14.7 results in disorder
of part of the lateral helix and the final TM helix of ND5 (indicated by black lines) and a tilting of the distal

pumps relative to the proximal pumps*'*.
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Figure 5. The four major pivots of the respirasome. Comparing the respirasome architectures from bovine
and ovine mitochondria results in the identification of four major conformational pivots. a, Side view
(mitochondrial matrix up) of the overlay of the ovine tight respirasome™ and the bovine class 1 respirasome’’
demonstrating the tilt and rotation seen around a pivot at the interface of the matrix arm and the membrane arm.
b, Overlay of the ovine tight and loose respirasomes® viewed from the “heel” of CI (mitochondrial matrix up).
A pivot located at the CI, CIII, and inner mitochondrial membrane/IMS interface defines a rigid-body rotation
of CIII, away from CI in the mitochondrial matrix. ¢, Overlay of the bovine class 1 and class 2 respirasomes’’
viewed from the mitochondrial matrix. A large rotation of CIII, relative to CI and CIV can be seen centred
roughly along the two-fold symmetry axis of CIIL,. d, Overlay of the ovine tight and loose respirasomes™
viewed from the mitochondrial matrix. The large motion of CIV relative to CI and CIII, about a pivot centred on
CIV away from the other complexes is indicated. The complexes are shown with o-helices as cylinders and -
strands as rectangular planks coloured with CI blue, CIII, green and CIV magenta, with different shades to

distinguish between the different classes. All alignments were done using the membrane arm of CI.

Figure 6. Asymmetric Electron Flow Through CIII, may reduce ROS production. Breaking the inherent
symmetry of CIII, through interactions with CI and CIV may result in the formation of a CI-proximal QH,
oxidation cavity and a CI-distal Q reduction cavity. The presence of CIV capping the Q reduction cavity may
help shield the Q® intermediate from reacting with oxygen. One possibility for symmetry breaking is steric
hindrance of motion of the distal UQCRFS1 subunit (indicated by a star, FeS cluster shown in the distal position
and coloured red)*>*”. Both proximal (orange FeS cluster) and distal (red FeS cluster) are shown for the

proximal UQCRFSI indicating free-motion (double-headed arrow) of this subunit.
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