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The enzymes of the mitochondrial electron transport chain are key players of cell
metabolism. Despite being active when isolated, in vivo they associate into
supercomplexes', whose precise role is debated. Supercomplexes CIILCIV,, (refs. >%),
CICIIL, (ref. *) and CICHLCIV (respirasome)®'° exist in mammals, but in contrast to
CICIIL, and the respirasome, to date the only known eukaryotic structures of CIILCIV,,
come from Saccharomyces cerevisiae™" and plants®, which have different organization.
Here we present the first, to our knowledge, structures of mammalian (mouse and ovine)
CIILCIV and its assembly intermediates, in different conformations. We describe the
assembly of CIIL,CIV from the CIII, precursor to the final CIII,CIV conformation, driven
by the insertion of the N terminus of the assembly factor SCAF1 (ref.**) deep into ClIl,,

whileits Cterminusis integrated into CIV. Our structures (which include CICIIl, and
therespirasome) also confirm that SCAF1is exclusively required for the assembly

of ClIL,CIV and has norole in the assembly of the respirasome. We show that Clll, is
asymmetric due to the presence of only one copy of subunit 9, which straddles both
monomers and prevents the attachment of a second copy of SCAF1to ClII,, explaining
the presence of one copy of CIV in CIILCIV in mammals. Finally, we show that ClIl, and
CIV gain catalytic advantage when assembled into the supercomplex and propose
arole for CIIL,CIVinfine tuning the efficiency of electron transfer in the electron

transport chain.

Complex 1(ClI), Clll, and CIV of the electron transport chain (ETC) are
embeddedintheinner mitochondrial membrane and couple oxidore-
ductionreactions, shownin Fig. 1a, to pumping of protons across the
inner mitochondrial membrane, generating the electrochemical gradi-
ent used by ATP synthase'>'. Cll contributes to the gradient indirectly
by reducing ubiquinone. Supercomplexes CICIIl/respirasome may
acceptelectrons mostly from NADH (via Cl), while CIII,CIV canaccept,
viathe pool of quinol, electrons originating from both NADH and suc-
cinate (CII). Within supercomplexes from different species, the inter-
action interface between Cl and ClII, is conserved, while CIV binds in
different positions**”**7, Therefore, the organization of mammalian
CIILCIV cannot be inferred from yeast and plant structures. Another
open question is the exact role of supercomplex assembly factor 1
(SCAF1), which is known to be required for assembly of CIIL,CIV* but
perhaps not for the respirasome, and is absent in plants and yeast. The
functionalrole of the supercomplexesis also debated®. ScafI-knockout
mice and zebrafish show impairment of exercise performance? growth
and fertility’, pointing towards a role of CIILCIV in the optimization
of cellular metabolism (Supplementary Information).

Toanswer these questions, we characterized CIILCIVin its native con-
formation by solubilizing mitochondrial membranes from ovine and
mouse heartsindigitonin, purifying the sample by chromatography in
amphipol A8-35 (Extended Data Fig. 1) and performing cryo-electron
microscopy analyses. The remaining respirasome and CICIIL, were sepa-
rated by 3D classification (Extended Data Figs. 2-5) and analysed mainly
withrespect to Clll, for comparison. The overall proportion of CIII,CIV

(approximately 30%) was lower than CICIIl/respirasome in both spe-
cies, although relatively higherin mouse thanin ovine (Extended Data
Fig.1). Consistent with previous studies"**?, in both mouse and ovine
samples, Cl is found almost exclusively within the supercomplexes,
while CIIl, exists also in a free form.

The resulting structures (at approximately 3.1 A and 3.4 A resolu-
tion for mouse CllIl, and CIV, respectively (Methods)) show that two
main conformations of CIIL,CIV existin mammals (Fig. 1b, ¢, Extended
Data Fig. 4b, Supplementary Video 1): one that we refer to as mature
unlocked, or simply unlocked, with CIV only peripherally attached to
Clll,; and alocked class, with CIV rotated fromits unlocked position to
tightly contact Clll, via an extensive interface (Fig. 1b, c). Both confor-
mations are entirely novel compared to yeast CIIL,CIV,: in the locked
conformation CIV is shifted laterally and is much closer to ClIl,; in the
unlocked conformation, CIV is almost 180° rotated compared to the
yeast structure (Extended Data Fig. 8a). The mammalian supercomplex
isalso different from plant ClIl,CIV®; in plantand yeast, CIVis oriented
with COX1towards ClIl,and COX3 away fromit, as opposed to mammals
where COX3 faces ClII, in the unlocked class. The locked state could
be further classified to the locked assembled class, containing fully
assembled ClIl, and CIV, and the locked intermediate class, containing
assembly intermediate of ClII, (Fig. 1b, ¢). In the mouse dataset, the
unlocked, locked intermediate and locked assembled classes com-
prised 41%, 21% and 38% of CIIL,CIV particles, respectively (Extended
Data Fig. 2). In the ovine dataset, the unlocked state dominated with
93% of particles, with only 7% being in the locked state (which was not
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Fig.1|Structures of the mammalian supercomplex CIII,CIV. a, Scheme of
therespiratory chain withthe reactions that each complex catalyses (left). An
overview of the existing supercomplexesin mammalian cellsis also shown
(right).IMS, intermembrane space. b, Cryo-electron microscopy maps of the
different CIII,CIV conformations (intermediate locked, assembled locked and
mature unlocked, contouredat2.5,2.5and 2.7g, respectively), coloured by
complexasina.c, Atomic models builtinto maps showninb, viewed from the
side (top) or from the matrix (bottom). The assembly factor SCAF1is depicted
inblue, while the CIII, subunits Subl0-Sub11-ISP, not fully resolved in the
assemblyintermediate, are depicted indark red. The two Clll protomers arein
differentshades of yellow.

resolved into subclasses, probably due to the low number of particles;
Extended DataFig.4a). Comparison of the ovine and mouse structures
shows (Extended Data Fig. 4b) that the locked and unlocked conforma-
tions are conserved among the mammalian species and since the mouse
datayielded higher resolution maps, we used those to build atomic
models and refer to them in the rest of this paper, unless otherwise
specified. The mouse structures are overall similar to other known
mammalian structures, with all the cofactors similarly coordinated
and arranged at similar distances (Extended Data Fig. 7f).

Analysis of side-chain density revealed that the C terminus of SCAF1
(residues 56-113) replaces COX7Al in CIV from all CIIL,CIV classes
(Extended Data Fig. 7b). The interface between CIIl, and CIV mainly
involves non-catalytic subunits and it changes markedly in the two con-
formations (Figs.1b, ¢, 2a, b): inthe locked class, subunit 8 (Sub8), Sub6
and Sub7 of ClIl, interact with SCAF1, COX7C and COX8B of CIV, whereas
in the unlocked class, the iron-sulfur protein (ISP), the only catalytic
subunit involved in the interface, Sub7 and Sub10 of ClIl, interact with
COX3, COX5Band COX6A2 of CIV.Sub6 and Sub7 (along with Sub8 and
Corel) are involved in the interaction with Cl in the respirasome™,
suggesting thatacommonarea of Clll, interacts either with Clor with CIV
indifferent supercomplexes. Side-chaininteractions are shownin Fig. 2a
and described in Supplementary Information. Most of these residues
are conserved across mammalian species, indicating a conserved inter-
actionbetween the complexes. Confirmingitskey roleinthe assembly
of CIIL,CIV, SCAF1links CIV and ClIl, in all classes (Fig. 1c), providing an
anchor pointand a pivot to guide the locked-to-unlocked transition.

In the intermediate locked class, ClIl, lacks, either entirely or
partially, three subunits: ISP, for which only the N-terminal loop is
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Fig.2|Interactioninterfacesin CIII,CIV. a, Locked class, withinteracting
subunitsin orange (in ClIl,) and cyan (in CIV), plus SCAFlin dark blue. The two
sideviews are depicted. Theinsetsshow closed-up views of the interacting
sites. Lipids and side chainsinvolvedin theinterface are shownassticks. CDL,
cardiolipin; 3PE, phosphatidylethanolamine, PC1, phosphatidylcholine.

b, Same as abut for the unlocked class. ¢, Unlocked CIII,CIV model showing the
carved density for Sub9 (yellow) and SCAF1 (blue), contoured at 2.50. The MPP
domains of Clll, are encircled. d, Clll, from CICIII, showing the density of Sub9,
contouredat1.50,asinc. The two possible orientations of CICIII, relative to
Sub9 are visualized by the two CImodels (in grey) flanking CIII,.

visiblein the protomer away from CIV; Subl10, only partially ordered;
and Subll, completely invisible. The subunits lacking or disordered in
theintermediate class would occupy the positions that are structur-
ally blocked by CIV in the unlocked class, suggesting that assembly
of Clll, within the supercomplex proceeds unidirectionally via the
locked intermediate-locked assembled-unlocked class pathway.
Moreover, the CIIl, subunits ISP and Sub10, which are involved in
the interface of the unlocked class, are not fully folded in the inter-
mediate class, confirming that the assembly of CIII,CIV starts with
the locked class.

Analysis of ClII, conformational variability within CICIIl,, described
inSupplementary Information, indicates that ClIl, ‘breathes’ between
two conformational states, one ‘open’, close to Clll, conformationin the
intermediate CIII,CIV, and another ‘closed’, reminiscent of the mature
CIILCIV classes. This suggests that, although CIII, gets compacted
upon assembly, it retains a high degree of flexibility, which may be
functionally important.

Unexpectedly, the N terminus of SCAF1is found inside one of the
Clll, matrix processing peptidase (MPP) cavities (Fig 2c, Extended Data
Figs. 6, 7). These large cavities on the matrix side of each protomer
are formed by subunits Corel and Core2, which are homologous to
mitochondrial MPP and potentially involved in the proteolysis of the
precursor of ISP, producing CIlI Sub9 (also bound within the MPP cav-
ity) as an N-terminal fragment (78 residues). The activity of MPP has
beenshown for plant Cllland only tentatively demonstrated for mam-
malian CIII*°, The SCAF1 chain extends from the MPP cavity facing CIV,
towards ClV, in all of our classes (Figs. 1b, ¢, 2¢, Extended Data Fig. 6).
We could trace the entire SCAF1from the N terminusinside Clll, to the
Cterminus at the end of the transmembrane helix bound to CIV, witha
shortbreak foradisordered loop connecting the two complexes. There-
fore, SCAF1forms a physical connection between the two enzymes,
its N terminus acting as a ‘hook’ being ‘swallowed’ by the MPP cavity.
This unique arrangement ensures that a strong bond is keeping the
supercomplex together.
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Fig.3|The assembly and functional role of CIII,CIV. a, Sequence of the
assembly events as observedinour structures (top) asopposed to the assembly
of Cl-containing supercomplexes (bottom): Clll, is depicted in yellow, SCAF1in
blue, CIVin cyanand ClIl, subunits Sub10, Sublland ISP in red. Subunit COX7A
of CIV, presentintherespirasomeinstead of SCAF1,is depictedinlight blue.

b, Putative cyt c (black) positionsin CIII,CIV locked (top) and unlocked
(bottom) conformations, obtained by superposition of the crystal structures.
Thedistance between the two cyt c-bindingsitesin the respective classesis
indicated. ¢, Closed-up view of the putative cyt c positionin the locked class:
Sub8 of ClII, (yellow) would clash with cyt ¢ (black). d, Surface charges
(calculated with APBS in PyMOL) of the unlocked class and cyt c. On the top,
thearrowsindicate the binding surfaces of cytcon Cllland CIV. Cytcis flipped
180°, toshow the charge of itsinteracting surface. At the bottom, cyt ¢ (black)
issuperimposed asinb, and the arrows indicate the location of the quinone
(Q)-bindingsites, showing thatboth are fully accessible to the membrane.

Our observation of the ClII, assembly intermediate supports the
proposal® that a full CIV docks on an assembly intermediate of ClII
beforethe ISP subunit attaches. Inthe protomer facing CIV of the inter-
mediate class, SCAF1 occupies the position of the ISP N terminus, thus
preventing it from getting attached to the surface of Clll (Extended Data
Fig. 6¢). Therefore, it is possible that only one copy of an ISP precursor
isprocessed at this stage, resultinginavisible ISP N terminus (residues
1-15) in the opposite Clll protomer and a single Sub9 bound inside
MPP. In the assembled locked class, SCAF1 moves approximately 10 A
toits final position and the N terminus of ISP takes its rightful place.
Therefore, the assembled locked class features all of the fully folded
CllIl, subunits and then, finally, CIV moves to the unlocked conforma-
tion, where SCAF1is no longer involved in the interface but still links
the two complexes (Figs. 1b, c, 3a). SCAF1is presentin Clll, and CIV
fromall classes, showing thatitis not only an assembly factor but also
astable component of the supercomplex.

Clll analysis of CI-containing supercomplexes revealed the absence
of any N-terminal SCAF1 density in CICIII,, and we saw that CIII, from
the respirasome also did not feature any such density, neither in the
mouse sample, nor in the ovine, where we could distinguish the tight
andtheloose conformations of the respirasome (Fig. 2d, Extended Data
Figs. 3, 5, 6a). This puts an end to the long-standing debate over the
involvement of SCAF1in the formation of the respirasome: the absence
of the SCAF1 N terminus inside ClII, from respirasomes clearly shows
that SCAFlis not required (Supplementary Information). Inaddition, we
haverefined CIV fromthe ovine respirasome to a sufficient resolution
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(4.1A) toshowthat,in CIVin the heart, the position of SCAF1is occupied
by COX7A1 (Extended DataFigs. 5b, 7b), whichis the heart-specific and
skeletal muscle-specific homologue of COX7A. By contrast, COX7A2
isubiquitously expressed and was found in the human kidney-derived
structure of the respirasome?.

In contrast to previous X-ray models of Clll,, containing a copy of the
Sub9 model in each of the two MPP cavities, our maps revealed that
only one copy of Sub9 is present. Unexpectedly, Sub9 straddles both
cavities—the N terminus (residues 1-36) shares the cavity with SCAF1,
whereas its C terminus is packed into the opposite cavity (Extended
Data Fig. 6b). The density for the entire Sub9 is clear and could be
resolved only because the attachment of a single copy of CIV makes
the entire supercomplex asymmetric for structural analysis (Fig. 2c).
This explains why in crystal structures, which lack thisasymmetry, the
density for Sub9 was weak and fragmented, due to averaging of both
orientations®. Sub9 N-terminal and C-terminal parts form continuous
B-sheets with the walls of the Core2 subunits. The N terminus of SCAF1
occupies thebulk of the cavity, folding into atwo-stranded 3-sheet, fol-
lowed by ashort helix and aloop going out of the MPP mouth (Extended
DataFigs. 6¢,7a). SCAFlinteracts mostly with Corel, and surface charge
analysisindicates that the negatively charged MPP cavity matches the
positively charged surface of SCAF1, suggesting that SCAF1is driven
into the cavity mostly by electrostatic interactions.

We found this arrangement of Sub9 not only in CIILCIV but also in
CICIIl, (Fig. 2c, d, Extended Data Fig. 6a, Supplmentary Information),
without any SCAF1density, confirming that ClIl, is always asymmetric
duetothepresence of only one copy of Sub9 per dimer, either withan
inserted SCAF1N terminus (CIIL,CIV) or without (CICIIL, or respirasome).

There is enough space only for one copy of SCAF1to enter the MPP
cavity containing the N terminus of Sub9, while a second SCAF1 would
notbeable to enter the other MPP cavity due to heavy steric clashes with
the C terminus of Sub9. The MPP cavity is fully occupied by Sub9 and
SCAF1throughoutall of our CIILCIV classes, suggesting that there is no
rearrangement of the cavity uponinsertion of ISP. Thus, the asymmetry
of the CIIl, dimer created by Sub9 clearly explains why only CIIL,CIV is
observed in mammals, as opposed to CIILCIV, in S. cerevisiae, where
ClIl, lacks Sub9 and MPP activity?*. Our data support doubts about
the activity of MPPin mammalian CIIL, (Supplementary Information).

Our structures reveal the detailed mechanism of CIIL,CIV assembly
(Fig.3a): SCAF1drives the formation of ClII,CIV by mediating the dock-
ing of CIV onto an assembly intermediate of ClIl,. The N terminus of
SCAF1 enters the MPP cavity of ClIl,, while its C-terminal transmem-
brane helix contacts Sub7 and Sub8 of ClIIl,, leaving the rest of the
helix available for incorporationinto CIV. After docking of CIV, ClIl,
maturation proceeds with the folding of ISP, Sub10 and Sub11, form-
ing the assembled locked conformation. At this point, CIV shifts to
the unlocked class, where two of the newly added subunits of CIII, (ISP
and Sub10) form contacts with CIV. This transitionis possibly initiated
by the initial activity of ClIl,, which requires the enzyme to ‘breathe’
(Supplementary Video 2), dislodging CIV.

The question stemming from our findings is the specific metabolic
role of the two assembled conformations: given that the intermedi-
ate class lacks the integrated ISP subunit, this conformation must be
catalytically inactive. Inour mouse data, the locked assembled and the
unlocked mature classes seem to be equally represented, whereas in
theovine data, the unlocked class is predominant. The mouse sample
represents ‘fresher’ material; it is therefore conceivable that, similarly
to the loose respirasome’, the unlocked class accumulates over time.

The supercomplex may provide a kinetic advantage by shortening
the distance between ClIl, and CIV, compared to the 3D diffusion of
cytochrome (cyt) c between individual complexes randomly distrib-
uted in the membrane®?¢, Previously discussed protein-formed ‘sub-
strate channels”?®, which would facilitate direct transfer of quinone or
cyt cwithin supercomplexes, are not observed in either respirasomes*’
or CHLCIV'™®, including our structures (Fig 1). When bound to CIV



(asinferred from Protein Data Bank ID 51Y5), in the locked class, cyt ¢
clashes with Sub8 of CllI (Fig. 3b, c), whereas there are no such clashesin
theunlocked class. The distance betweenthe probable cyt c-binding sites
onClIl, (inferred from Protein Data Bank ID 3CX5) and CIVin the unlocked
class (8.5 nm; Fig 3b) is comparable to that in yeast (6.1 nm)" and plant
(7 nm) CHILCIV,, (ref. ). Clll, cyt ¢ and CIV CU, are separated by 6 nmin
thelocked class and 8.5 nmin the unlocked class (Extended Data Fig. 7f),
whichis too far for direct electron tunnelling. Therefore, the electron
transfer between the complexes canonly be mediated by the mobilecytc.

The locked class is likely to be inactive due to cyt c-Sub8 clash, and
only the unlocked class would represent the fully active, thus mature,
CIILCIV. This explains why atransition from the assembled locked to the
mature unlocked classis required. In yeast, the positively charged cyt ¢
can slide along a negatively charged patch on the surface of CIIl, and
CIVwithoutbeingreleased into the bulk solvent, thus further speeding
up the reaction by 2D diffusion®. This charge distribution is conserved
in our structures (Fig. 3d), suggesting that a similar mechanism may
be present. In cyt c-mediated QH,:0, oxidoreductase activity assays,
we found that at saturating cyt c concentrations both Clll, and CIV are
about1.7 and 1.9 times, respectively, more active within the supercom-
plex than asindividual enzymes (Extended Data Fig. 7e). This is a larger
advantage than in yeast? and could be due to effects of the presence of
SCAFlinbothenzymes, whichremaintobeinvestigated. Atintermediate
cyt c concentrations (1 tM), the supercomplex advantage increased to
a2.5-fold higher rate than that catalysed by two mixed individual com-
plexes. Conversely, at very low cyt ¢ concentrations (5-10 nM), there
was barely any activity. This is in contrast to yeast where CIIL,CIV,, was
active under such conditions and has been suggested to be usingjust one
cyt cbound per supercomplex?. Together with the large advantage at
intermediate cyt cconcentrations, thisindicates thatinmammals, the 2D
diffusion mechanismis still operational but probably with two or more
cytcbound per supercomplex®. The reasons for this difference with yeast
couldberelated to the opposite orientation of CIV versus ClIL,. In conclu-
sion, our structural and functional data point towards an evolutionarily
conserved kinetic advantage of CIIL,CIV over the individual complexes.

CIILCIV would also have some kinetic advantage, in terms of CllI/CIV
reactions, over therespirasome where the distance between cyt csites
isabout 10 nmand one of the quinone-binding sitesin CllI, is partially
shielded by CIV’, while both quinone sites are fully exposed in CIILCIV
(Fig.3d). This would mean that kinetically it might be advantageous for
mitochondriato use or express more CIII,CIV when substrate availabil-
ity favours Cll activity over CI?%. Such akinetic fine tuning of oxidative
phosphorylation activity is possible without the proposed existence
of separate quinone pools**, which is inconsistent with functional
experiments**, Therelative amount of CIIL,CIV is probably regulated
by the availability of SCAF1: insertion of its N terminus into the MPP
cavity of the Clll assembly intermediate would make it destined for
CIILCIV, while SCAF1-free Clll, can assemble into other supercomplexes.
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Methods

Animals

Ovine hearts from which the supercomplexes were purified were
obtained from alocal abattoir, hence no ethics approval was required.
For mouse samples, animal treatments were performed in accord-
ance with the Austrian ‘Tierversuchs-Verordnung 2012 -TVV2012
(522.Verordnung)- Methoden our Totung von Tieren’, corresponding
tothe Annex IV (Methods of Killing Animals) of the European directive
2010/63/EU. Without any previous procedure, animals were killed by
cervicaldislocation and hearts were removed (procedure referred to as
‘organremoval’). According tothe lawsin Austria, no further approval
by the Federal Ministry of Austria for Education, Science and Research
was needed. The mice were housed within the breeding facility of the
IST Austria (Am Campus1,3400 Klosterneuburg). The facility hasbeen
approved by the Authorities (Austrian Federal Ministry of Science,
Research and Economy) under the following licence number: BMWFW-
66.018/003-11/3b/2014. The mice were housed in commercially avail-
ableindividually ventilated cages made of polysulfon under standard
laboratory conditions (room temperature 21-24 °C; relative humidity
55+10%; photoperiod12-h light:12-h dark) and supplied with standard
diet and water ad libitum.

Sample purification

The sample was kept on ice for the whole procedure. Mitochondria
from sheep hearts were purified as previously described. The same
procedure was adapted to the mouse hearts: CD-1 mice were killed by
cervical dislocation and their hearts were excised and placed singu-
larly oniceinpre-cooled tubes. The organs were minced with scissors
in 1.4 ml buffer A (10 mM Tris-HCI pH 7.8, 250 mM sucrose and 5 mM
B-mercaptoethanol) per gram of tissue, then the minced tissue was
placedinaglass homogenizer equipped with a Teflon pestle, in 1.6 ml
buffer B (10 mM Tris-HCI pH 7.8, 1 mM Tris-succinate pH 7.8, 250 mM
sucrose, 5mM B-mercaptoethanol and 0.2 mM EDTA) per gram of tis-
sue. The sample was homogenized until no solid tissue was visible, then
another 1.6 mlbuffer B per gram of tissue was added and the sample was
homogenized for 30 strokes. The sample was then placedinatube and
the homogenizer was rinsed with another 1.6 ml buffer B per gram of
tissue, to collect the leftover tissue. The heavy cell debris was removed
by 5 mins of centrifugationat1,000g, then the supernatant was divided
into 2-mlaliquots and the mitochondria were spun down for 10 minat
9,000g. The mitochondrial pellet was washed with 1 ml buffer B per
tube, spundown for2minat15,000g and resuspended againin 0.5 ml
buffer B per tube, thereby allowing for the pooling of two tubes per
washing step in a total volume of 1 ml per tube until the whole sample
was pelleted into one tube and washed one last time in 0.5 ml buffer B.
The mitochondrial pellet was then treated in the same way for ovine and
mouse material: intact mitochondria were lysed by osmotic shock in
water using ahomogenizer and membranes were washed in buffer MM
(20 MMHEPES pH7.7,50 mMNacCl,10%glycerol, ImMEDTA,2 mM DTT,
0.002% PMSF and cOmplete Ultra EDTA-free cocktail), as described in
ref.*. The washed mitochondrial membranes were then solubilized in
6:1w/wdigitonin-to-proteinratiofor1h onawheelinbuffer M7 (20 mM
HEPES pH7.7,50 mM NaCl, 10% glycerol,ImMEDTA,2mMDTT, 0.002%
PMSF, cOmplete Ultra EDTA-free cocktail and 50 pg/ml cardiolipin,
which wasadded only to the mouse preparation). After solubilization,
the samplewas spun down for 45 minat21,000gand loaded onaMonoQ
ion-exchange column, equilibrated in buffer QA (20 MM HEPESpH 7.7,
50 mM NaCl, 10% glycerol,2 mM EDTA, 1mM DTT, 0.2% digitonin and
10 pg/ml cardiolipin, which was added only to the mouse preparation).
The separation of Clll-containing species from ATPase was achieved by
applying buffer QB (20 mM HEPES pH 7.7, 1M NaCl, 10% glycerol,2 mM
EDTA,1mM DTT, 0.2% digitonin and 10 pg/ml cardiolipin, which was
added only to the mouse preparation) to obtain alinear gradient elution
with NaCl (0.05-0.5Min20 ml, corresponding to 20 column volumes).

The peak containing ClII (followed by A,,, in comparison to A,g,) was
then exchanged into amphipol A-35, at a final 1% (w/v) concentration
for30 minonarotating wheel. To remove the detergent and dilute the
excess salt, the sample was then diluted fivefold in SEC buffer (20 mM
HEPES pH 7.7,200 mM NaCl and 2 mM EDTA) and re-concentrated to
0.5 ml to be loaded on the SEC column. Gel filtration was performed
twice sequentially on a Superose 6 10/300 column, to improve the
purity of the sample. The final eluted fractions were concentrated to
aboutA,g, =5 (approximately 4 mg/ml) and used for grid preparation.
Extended Data Figure 1shows chromatograms and native electropho-
resis for the mouse and ovine preparations. For westernblot, antibody
14742-1-AP from Proteintech was used to detect Core2, and PA5-96994
from Invitrogen was used to detect COX7A2L. Both antibodies were
used at a1:1,000 dilution. Goat polyclonal antibody anti-rabbit IgG
(horseradish peroxidase conjugated; ab205718, Abcam) was used as
asecondary antibody, at a1:10,000 dilution.

Grid preparation

Quantifoil 0.6/1300 mesh copper grids were manually coated with an
approximately1-nmlayer of continuous carbonand glow dischargedjust
before use for 5 satabout 25 mA for the mouse samples. The ovine sam-
ples were frozen on non-coated quantifoil 0.6/1300 mesh copper grids,
glow discharged for 2 min at about 25 mA. Of the sample (at 4 mg/ml
for murine and 4.5 mg/ml for ovine), 2.7 pl containing 0.2% CHAPS to
reduce protein denaturation at the air-water interface* was applied to
the gridsin a humidified chamber (100% humidity at 4°) of a Vitrobot
Mark1V, blotted for 5 s with 25 force and plunge-frozenin liquid ethane.

Data collection

The mouse CIIL,CIV and CICIII, dataset was collected on a Titan Krios
microscope, whereas the ovine samples and the mouse respirasome
were collected onaGlacios microscope, both equipped withaFalconlll
camera. Micrographs were acquired in linear mode, at anominal pixel
size of 1.2 A for Glacios and 1.09 A for Titan microscopes. The total dose
applied to the micrographs was 90 (Krios), 93 (Glacios mouse respira-
some) 100 (Glacios ovine respirasome) and 92 (Glacios ovine CII,CIV)
e /A%, with 46 (Krios), 60 (Glacios mouse respirasome), 39 (Glacios ovine
respirasome) and 69 (Glacios ovine CIIL,CIV) frames per micrograph and
adefocusrange of —0.5 pmto -2 um. After centringthebeaminahole
and collectingamicrograph, the surrounding eight holes wereimaged
using beam-image-shift®, toimprove the throughput. The details about
the Krios data collection are listed in Extended Data Table 1.

Data processing

The processing pipelines for each dataset are illustrated in Extended
Data Figs. 2-5. The micrographs were mainly processed using
Relion/3.1**. MotionCor2* was used for motion correction, CTFFIND4*
for theinitial estimation of CTF parameters, gctf* for per-particle defo-
cus estimation when continuous carbon grids were used and Topaz*
foraccurate picking after preliminary processing. Local resolution was
calculated using ResMap 1.1.4. The maps were refined both as overall
consensusrefinement of the entire supercomplex and by focusing on
either ClIl, or CIV for each class, leading to the following gold-standard
resolutions for the entire mouse supercomplex, focused ClII, and
focused CIV, respectively: unlocked was 3.3 A, 3.1 A and 3.5 A; locked
assembledwas3.2A,3.1Aand 6.7 A; locked intermediate was 3.6 A, 3.4 A
and 6.3 A; locked combined (pooled intermediate and assembled)
focused on CIVwas 3.4 A. For the ovine supercomplex, the correspond-
ingvalueswere4.9 A, 4.3 Aand 5.9 A for unlocked and 9.2 A (only glob-
ally refined) for locked (Extended Data Figs. 2-4). Structures of mouse
CIILCIVwererefined into composite maps, formed by acombination of
focus-refined maps for each class. To our knowledge, these are the first
structures of mouse Clll, and CIV, which may facilitate structure-based
mutagenesis and functional analyses. The dataset-specific processing
pipelines are described in the following sections.



Mouse CIILCIV and CICIIL,

For the mouse Krios dataset, after motion correction and CTF estima-
tion, particles were picked with Laplacian of Gaussian (LoG) spatial
filterin Relion and subjected to multiple rounds of 3D classification,
to obtain good references for Topaz picking. Given the presence of
multiple species in the sample, multireference 3D classification was
performed at first, with CICIIL, (PDB 6QBX), CIII,CIV (PDB INTZ and
51Y5) and CIII, (PDB INTZ) as starting models, filtered to 60 A. Sub-
sequent classic 3D classification then allowed us to separate the best
particles. After Topaz picking with the best CIIL,CIV or CICIII, classes (to
obtain two pools of particles, one for each supercomplex), per-particle
defoci were estimated and one more round of 3D classification sepa-
rated the particles of interest from remaining junk and contamination.
Subsequently, 3D refinement, CTF refinement and polishing were
applied toboth the CIII,CIV and the CICIIl, pools. The two pools of par-
ticles were then treated differently. CIILCIV particles were classified
without alignment around ClIl, to separate the assembly intermediate
from the assembled complex, then the two good classes were classi-
fied to identify the three final conformations (intermediate locked,
assembled locked and mature unlocked, or simply unlocked). These
maps were then globally refined and focus-refined around CIIl, and
CIV.For thelocked classes, intermediate and assembled were pooled
to focus-refine CIV. The CICIIL, particles, instead, were focus-refined
around ClII,, then classification without alignment was performed in
the Sub9 region, with mask inside the MPP cavities formed by Corel
and Core2 subunits, to separate the two orientations. The particles
belonging to each class were thenreoriented, to have Clll, in the cen-
tre of the box and oriented along the C2 symmetry axis, with a global
refinement. This procedure allowed us to easily flip one of the two
classes by 180° and then pool back the particles to focus-refine asym-
metric CllII,.

Ovine CIIL,CIV

Similar to the mouse Krios dataset, after motion correction and CTF
estimation, particles were picked with LoG spatial filter in Relion and
subjected to multiple rounds of 3D classification, first with CICIII,,
CIILCIV and ClII, as starting models and then with CIIL,CIV only, either
in the locked or in the unlocked conformation. The unlocked class
particles were pooled and refined, first globally and then focused on
ClIl, and CIV. The final locked class only contained 5,000 particles,
therefore it was only globally refined.

Ovine CICIILCIV

Similar to the mouse Krios dataset, after motion correctionand CTF
estimation, particles were picked with LoG spatial filter in Relionand
subjected to multiple rounds of 3D classification, first with CICIII,,
CIILCIV and ClIl, as starting models and then with CICIIIL,CIV only,
with models filtered to 60 A. The final pool of respirasome particles
was globally refined, then focus-refined on the membrane arm of CI
and subsequently classified without searches to separate the differ-
ent conformations of the supercomplex components. The two best
classes, out of 20, corresponding to the tight and loose conforma-
tions of the respirasome, were 3D-refined, CTF-refined, polished
and focus-refined on ClIl,. For the CIV map, instead, the best pool of
ClV-containing particles, without distinguishing between tight and
loose, were refined around the Cl membrane arm and CIV to best
resolve the COX7A isoform.

Mouse CICIILCIV

Similar to the mouse Krios dataset, after motion correction and CTF
estimation, particles were picked with LoG spatial filter in Relion.
Multiple rounds of 3D classification separated CICIIL,CIV from junk
and CICIII, contamination. The final pool of respirasome particles
was globally refined, CTF-refined, polished and focus-refined on CllI,.

Model building

Initial models of each chain were obtained using mouse sequences
and the online tool PHYRE2%. The initial models were then docked on
pre-existing ClII, (PDB INTZ and 3L75) and CIV (PDB 51Y5 and 5Z62)
models and merged in Coot*’. The Sub9 and SCAF1 (chains T and I of
Clll,, respectively (Extended Data Table 2)) were manually builtin Coot.
The mouse CIIl, and CIV structures are overall very similar to other
known mammalian structures, such as bovine, with all of the cofac-
tors similarly coordinated. The flexible ISP domains were docked as
rigidbodiesinto their rather weak density and not re-built any further.
The density for the loop connecting the N and C terminus of SCAF1
was absent due to flexibility in this area, but the loop was still built
as polyalanine to facilitate the visualization of the likely connection.

Model refinement
Model refinement was performed in Phenix using the described pro-
tocol*. Initially, the best models for CllI, and CIV were refined using
the highest resolution mapsavailable, that s, CIII, from CICIIl,and CIV
fromthelocked classes, and adjusted manually in Coot as needed. Then
they were applied to the other maps and refined either individually or
assupercomplexes. The composite maps for the refinement of CIII,CIV
were obtained by first fitting in Chimerathe CllIl, and CIV focus-refined
maps (froma particular class) into the map fromthe overall refinement
of that particular class (intermediate, assembled locked or unlocked).
Focused maps were then carved within 5 A of the PDB model for each
complex and summed up in Chimera (using the ‘vop maximum’ com-
mand to avoid adding up densities at the interface between complexes)
into a composite map for each class.

Details about the models (chain IDs, composition and completeness)
arelisted in Extended Data Table 2.

Chimeraand PyMOL were used to prepare the figures.

Activity measurements

The activities of Clll, and CIV were measured spectrophotometri-
cally by following the oxidation of decylubiquinol (DQH,) at 278 nm
(e=13.55mM*cm™)* and of cyt cat 550 nm (¢ =18.5 mM ' cm™)*,
respectively. Reduced substrates were prepared following established
procedures** * with minor modifications. For DQH,, 200 pl of a
10 mM stock of decylubiquinone (SC358659, ChemCruz) was diluted
inequal volume of 100 mM potassium phosphate pH 6.0 and reduced
with 5 mg of sodium borohydride. The solution was vortexed until it
became colourless, then 20 pl of 1.2 M HCl was added and the solu-
tion was vortexed again. Addition of sodium borohydride and acid
was repeated and followed by spin down of the sample for 10 min at
10,000g. Thereduced quinolinthe supernatant was then extractedin
three cycles using 0.8 ml of hexane and washed twice with 5 ml of 5M
NaClacidified with 10 mM HCI. The final organic phase was evaporated
under nitrogen stream and decylubiquinol was solubilized in acidic
ethanol (containing 6 mM HCI). The concentration of reduced quinol
was calculated from the absorbance at 278 nm, using an extinction
coefficient of 3.1. Reduced cyt c was prepared from a 6 mM stock of oxi-
dized cyt c(C2037-1G, Sigma-Aldrich) in 50 mM potassium phosphate
buffer pH 7.0, reduced by addition of 0.2 mg of sodium dithionite. The
reducing agent was removed using a PD Minitrap G-25 (GE Healthcare)
desalting column. The assays were carried out at 30 °C, under constant
stirring, inaUV-transparent quartz cuvette, using a Shimadzu UV-2600
UV-VIS spectrophotometer. The activity was measured with 2-10 nM
protein sample in assay buffer, containing 20 mM HEPES pH 7.4, 0.1%
LMNG, 0.2% CHAPS, 0.25 mg/ml of 4:1 DOPC:CL lipid mixture, 100 uM
DQH, and 5 pM rotenone (R8875-1G, Sigma-Aldrich), to inhibit any
contaminating Cl. DQH, and rotenone were freshly added to each reac-
tion mixture. The samples were incubated for 2-5 minbefore starting
thereaction by addition of cyt c. Given the scarcity of the sample, due
to the limiting amount of tissue as starting material (mouse hearts),
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the measurements were performed as follows: after pre-incubation
ofthe sample in assay buffer, 1 uM oxidized cyt cwas added and DQH,
oxidationwas followed at 278 nm for 30s, after which 50 uM oxidized
cytcwasadded and the reaction was followed for 60 s. At this point, a
mixture of 25 uM antimycin A (A8674-50MG, Sigma-Aldrich) and fena-
midone (33965-100MG-R, Sigma-Aldrich) was used to inhibit ClIl,and
CIV activity was monitored at 550 nmupon addition of 50 uM reduced
cytcfor 60 s. Finally, 1mM KCN (60178-52G, Sigma Aldrich) was used
tostop thereaction. Asample without proteinwas used to subtract the
background due to non-enzymaticreactions. Experiments withisolated
Clll, and CIV (mixed in equal amounts) were performed under identi-
cal conditions using CIII, and CIV-containing fractions from mouse
supercomplex preparations. Each measurement was repeated three
times, except for the 5-10 nM cyt c measurements, which were repeated
two times. The amount of proteinin each sample was estimated using
the Pierce 660 nm Protein Assay Reagent (22660, Thermo Scientific),
and for the CIIL,CIV supercomplex sample, the contribution from the
small amount of Cl-containing supercomplexes was estimated using
the NADH:FeCy activity, as previously described*, with pure Clat known
concentrations as reference.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Structures of the CIIL,CIV intermediate, assembled locked, mature
unlocked and ClII, from CICIII, were deposited in the PDB (access
IDs 703E, 7037, 703C and 703H, respectively) and corresponding
cryo-electron microscopy density mapsinthe EMDB (IDs12705,12702,
12703 and 12706, respectively). Any other relevant dataand information
are available from the corresponding author on request. The follow-
ing models, deposited in the PDB (https://www.rcsb.org), have been
cited throughout the paper:INTZ,3CX5, 3L75,51Y5,5)4Z,57262, 6HWH,
6HU9, 6QBX and 7JRP.
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Extended DataFig. 4 |Processing pipeline and maps of the ovine CIII,CIV and from the matrix (bottom). The respective mouse models, coloured asin
dataset. a, Processing pipeline of the ovine CIII,CIV dataset, as in Extended Figs.1,3,weresuperimposed on ClIl,, to show the conservation of the

DataFigs.2,3.b, Final maps of the ovine CIlI,CIVlocked (left,2.80 contour) and conformations across mammalian species.
unlocked (right, 30 contour for Cllland 60 for CIV), shown from the side (top)



Ovine CICIII,CIV (dataset1)
4320 movies collected

MotionCorr2 and CTFFIND run on full dataset
2.6M initial particles picked with LoG
Extensive 3D classification to extract good CICIII,CIV particles

Half-map FSCs ClIl, from ovine respirasome

Ovine CICIII,CIV (dataset2)
2841 movies collected

MotionCorr2 and CTFFIND run on full dataset
848k initial particles picked with LoG
Extensive 3D classification to extract good CICIIL,CIV particles
Best particles used to pick with Topaz: pool of two picking
strategies (871k particles) subject to 2D and 3D
classification to extract best CIV-containing class, then
polished, CTF-refined and classified without alignment to
remove the residual bad particles

Murine CICIII,CIV

2736 movies collected

MotionCorr2 and CTFFIND run on full dataset
757k initial particles picked with LoG
Extensive 3D classification to extract good CICIII,CIV particles
Class 2|

Class 1 Class 3

Class 3 (26k particles full respirasome) 3D refined, CTF-refined, polished and focus-refined

Classes 1-3-4-5 (170k particles full respirasome) pooled, globally refined, focus-refined on
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Extended DataFig. 5| Processing pipelines for CICIII,CIV. Processing scheme as in Extended Data Figs. 2-4, for the ovine (a, b) and mouse (c) respirasomes.
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a
Murine ClII,CIV mature unlocked Ovine ClII,CIV mature unlocked Murine CICIII, Murine CICIII,CIV

o)
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S

Subg C-terminus

Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6 | MPP cavity in different supercomplexes. a, Cryo-EM
map density (grey mesh) carved around Sub9 (orange cartoon) and SCAF1
(blue) positions in supercomplexes CIII,CIV, CICIII, and CICIII,CIV. For CIILCIV
and the mouse CICIII,, the unique positions of asingle copy each of Sub9 and
SCAF1were used, while for respirasomes, where the limited resolution
prevented Sub9-focused classification and so Clll,adoptsarandom
orientation, two-fold symmetry-related positions of these proteins were also
added. Contourlevelsare2,1.9 and 2.1 for mouse CIII,CIV mature unlocked,
assembled locked and intermediate locked respectively; 8c for ovine CIII,CIV
mature unlocked; 2.96 for mouse CICIII,; 6.70 for mouse CICII,CIV; 6.7 and

5.3c for ovine CICIILCIVtight and loose respectively. b, Sub9 (orange)
integrationinto the MPP walls: UQCRC1 (Corel) and UQCRC2 (Core2) are shown
ingrey (Corellightand Core2 dark), except for the strands of Core2 forming
continuous sheets with Sub9, which are shownin yellow. ¢, SCAF1 (blue), Sub7
(yellow) and ISP (red) arrangement in the intermediate (left) and assembled
locked (right) classes. Therest of Clllis depicted in grey. The density for Sub7 is
carvedingrey, toshow the ordering of the loop in the assembled versus
intermediate class. Intheinsets at the bottom, the densities for SCAF1and ISP
areshowninthe two classes. 2.96 contour for ClII,CIV intermediate and 2.30
forassembled.
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Extended DataFig.7|See next page for caption.




Extended DataFig.7|SCAF1in CIlland CIV and functional implications.

a, Surface charge representation (asin Fig.3) of Coreland SCAFlinthe
unlocked class (full modelis grey with a sketched eye indicating the
perspective). SCAF1cartoonis green. Awhite asterisk indicates the MPP
"mouth”.b, SCAF1(cyan) and COX7A1(blue) models fitted to the locked (left,
2.50 contour) and unlocked class (right, 2.70 contour) CIV maps. Thearrows in
bandcindicate bulky residues used to identify the subunit based on the map
density. SCAF1 model, but not COX7A1, fits the density in both classes. ¢, Ovine
SCAF1(cyan) and COX7A1 (blue) models fitted to CIV map from respirasome
(7.30 contour): contrary to Cll1,CIV, COX7A1 model fits the density, unlike
SCAF1.d, Sequence alignment of mammalian COX7A isoforms. The SCAF1
portionsinteracting with Clll,are indicated above the alignment. The black
arrows indicate the positions highlighted inband c. e, Activity measurements

(described in the Methods) of CIIL,+CIV (light grey) and supercomplex

ClII,CIV (dark grey). The electron transfer rates (in e-/s) are calculated from the
Clll,-driven oxidation of DQH, or from the CIV-driven oxidation of reduced
cytc,asindicated. Thebarsrepresent the mean, the dots depict the single
measurements. The 5-10 nM ox cyt c represents 2.5-5:1cyt ¢/CIIL,CIV ratio (two
independent experiments). Allother measurements come from3independent
experiments (two valuesin the ClIL,+CIVsample with 50 uMred cyt c overlap,
therefore only two dots are visible). f, Cofactor distances within and between
Clll,and CIV, in the unlocked conformation. Cyt cisbound to Clll,and CIVasin
Fig.3b. The transparent cartoon represents the protein subunits, the cofactors
aressticks (hemes) and spheres (FeS clusters and Cu centers), in orange for CllI,,
cyan for CIVandblack forcytc. Thedashed linesrepresent the IMM.
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Extended DataFig. 8|See next page for caption.



Extended DataFig. 8 |Structural differences among supercomplexes and
comparisonbetween ClII, movements in CICIII, and intermediate vs
assembled CIIL,CIV. a, Top left, CIII,CIV and respirasome (ovine, PDB 5j4z)
aligned by Clll,: Clof respirasomeis grey, CIV of respirasome is blue, Clll, is
yellow and CIV of CllI,CIVis cyan (the colour scheme for mammalian CIILCIV is
consistent throughout the panel). CIII,CIV locked isshown on the left,
unlocked on the right. The two possible orientations of CIII,CIV based on ClIl,
areshownatthe top and at the bottom. Top right, plant CIII,CIV (PDB 7jrp) and
mammalian CIII,CIV aligned by ClIl, in the locked (top) and unlocked (bottom)
conformations. The plant CIVisblue. Bottom left, yeast CIII,CIV, (PDB 6hu9)
and mammalian CIII,CIV aligned by ClIl, in the locked (left) and unlocked
(right) conformations. The yeast CIVis blue. Bottomright, M. smegmatis

ClII,CIV, (PDB 6hwh) and mammalian CIIL,CIV aligned by ClIl, in the locked
(left) and unlocked (right) conformations. The bacterial CIVisblue. The
straightarrowsindicate the shift of CIV towards mammalian CIV, and the
curved arrows indicate the 90 or 180° flip of CIV around its vertical axis. b, Side
(top) and IMS (bottom) views of the extreme frames of Clll,3DVAmode O (open
ontheleftandclosedinthe middle, 50 contour). Ovalsindicate the position of
the ISP Fe-Sdomains, only visiblein the closed state. On theright, overlay of the
two extremes, with closedindark grey and openinlight grey. Arrows indicate
the “breathing” movement of the TMand IMS domains. ¢, Same asb, but with
Clll,intermediate (left) and assembled (right) models from CIIL,CIV fitted to
thedensities and coloured asinFigs.1, 3.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

#1.ClIl, #2 CIII,CIV intermediate #3 ClIl,CIV #4 Cl,CIV

from CICIIl, (EMDB-12705) assembled locked mature unlocked
(EMDB-12706) (PDB 703E) (EMDB-12702) (EMDB-12703)
(PDB 703H) (PDB 7037) (PDB 703C)

Titan Krios

Magnification 75000X

Electron exposure (e-/A?) 91

46

Number of frames

Pixel size (A) 1.064 1.064

Number of micrographs 7245

Final particle images (no.) 23237(((:(‘:':3)

Initial model used (PDB code) 1ntz/3175

Model resolution (A) at 0.5 FSC threshold

Cross-correlation
Mask
Volume

Model composition
Non-hydrogen atoms
Protein residues
Ligands

48532

R.m.s. deviations
Bond lengths (A)

Bond angles (°

Ramachandran plot
Favored (%)
Allowed (%)

Disallowed (%)




Extended Data Table 2 | Subunit composition of the deposited models

Range Un-

Subunit i % Notes

e residues residues

9-110/110 3
(Sub6) 10-110/110 19 91.8

18 895
18 895
UQCR11 53.56 929
(Sub11) 54-56 046 Abssntin/tniermediate;
N-ter in Clll, C-ter in CIV
SCAF1 coxrazL | 13 12113 982 PolyAla 39-54 (locked) 43-54 (intermediate)/
44-54 (unlocked)
1227027 - 1000 Cun

4-146/147 1-3, 147 97.3

1-2,98-99  96.0 Zn?*

1-5,55-56  87.5
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Structures of CIII2CIV intermediate, assembled locked, mature unlocked and Cll12 from CICIII2 were deposited in PDB (access IDs 703E, 7037, 703C and 703H,
respectively) and corresponding cryo-EM density maps in EMDB (IDs 12705, 12702, 12703 and 12706, respectively).
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Data exclusions  No data was excluded from initial analysis. A small number (¥5%) of cryoEM movies were excluded after initial analysis steps as they would
not contribute meaningfully to the final cryoEM map quality due to poor ice quality or excessive movement.

Replication Purification of supercomplexes ClII2CIV was performed at least 5 times from murine hearts and at least 10 times from ovine hearts and all
attempts of replication were successful. Activity assays (using material pooled from replicates of purification) were performed 3 times per
sample, except for one condition (5-10 nM oxidised cytochorme c) which were done 2 times per sample, as described in the manuscript, and
all attempts of replication were successful. The assay conditions were set up by performing the experiments at least 5 times on additional
control proteins, not included in the manuscript and all attempts of replication were successful.

Randomization Randomisation was performed during cryo-EM data processing as part of gold-standard refinement (separation of data into two randomly
assigned halves). For biochemical assays randomisation was not necessary as every batch of material, pooled from many mice, was

considered equivalent. Thus, the experiments did not feature experimental groups and did not have covariates.

Blinding Investigators were not blinded to the sample allocations because all the samples and conditions were predetermined and analysed using the
same methods.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines & |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXXOXX[O S
ODO0OXOOKX

Dual use research of concern

Antibodies

Antibodies used UQCRC2 polyclonal antibody, host rabbit, catalog number 14741-1-AP, supplier Proteintech
COX7A2L polyclonal antibody, host rabbit, catalog number PA5-96994, lot VB2932995, supplier Invitrogen
Goat polyclonal antibody anti Rabbit IgG, HRP conjugated, catalog number ab205718, lot GR3234362-1, supplier abcam

Validation UQCRC2 polyclonal antibody tested on mouse (WB and IP) and human (WB) and published for human (WB,IHC,IF), mouse (WB) and
rat (WB) (information obtained from the vendor's web page https://www.ptglab.com/products/UQCRC2-Antibody-14742-1-AP.htm).
COX7A2L polyclonal antibody recommended for WB, reported to be reactive against human, mouse and rat (information obtained
from the vendor's web page https://www.thermofisher.com/antibody/product/COX7A2L-Antibody-Polyclonal/PA5-96994).
In this study, both antibodies recognise the murine and ovine proteins in WB.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Murine hearts
species: Mus musculus




strain: wild type CD1
sex: mixed
age: c.a. 12 to 20 weeks

Wild animals No wild animals were used in the study
Field-collected samples  No field-collected samples were used in the study

Ethics oversight Ovine hearts from which the supercomplexes were purified were obtained from a local abattoir, hence no ethics approval was
required.
For murine samples, animal treatments were performed in accordance with the Austrian "Tierversuchs-Verordnung 2012 -TVV2012
(522. Verordnung)- Methoden our Totung von Tieren”, corresponding to the Annex IV (Methods of Killing Animals) of the European
directive 2010/63/EU. Without any prior procedure, animals were sacrificed by cervical dislocation and hearts removed (procedure
referred to as “organ removal”). According to the laws in Austria no further approval by the Federal Ministry of Austria for Education,
Science and Research was needed.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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