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SUMMARY
The structural and functional organization of the mitochondrial respiratory chain (MRC) remains intensely
debated. Here, we show the co-existence of two separate MRC organizations in human cells and postmitotic
tissues, C-MRC and S-MRC, defined by the preferential expression of three COX7A subunit isoforms,
COX7A1/2 and SCAFI (COX7A2L). COX7A isoforms promote the functional reorganization of distinct co-ex-
isting MRC structures to prevent metabolic exhaustion and MRC deficiency. Notably, prevalence of each
MRC organization is reversibly regulated by the activation state of the pyruvate dehydrogenase complex
(PDC). Under oxidative conditions, the C-MRC is bioenergetically more efficient, whereas the S-MRC prefer-
entially maintains oxidative phosphorylation (OXPHOS) upon metabolic rewiring toward glycolysis. We show
a link between themetabolic signatures converging at the PDC and the structural and functional organization
of the MRC, challenging the widespread notion of the MRC as a single functional unit and concluding that its
structural heterogeneity warrants optimal adaptation to metabolic function.
INTRODUCTION

The oxidative phosphorylation (OXPHOS) system provides most

of the chemical energy (ATP) used by cells and tissues through

the concerted action of five multiprotein enzyme complexes

embedded in the lipid bilayer of the inner mitochondrial mem-

brane. The first four enzyme complexes (CI–CIV) form the mito-

chondrial respiratory chain (MRC), which acts in concert with

two mobile electron carriers, coenzyme Q (CoQ) and cyto-

chrome c (cyt c), to facilitate electron transfer from reducing

equivalents to molecular oxygen. This process powers genera-

tion of a proton gradient across the inner mitochondrial mem-

brane that is used by the ATP synthase (complex V) to drive

ATP synthesis. It is widely accepted that MRC complexes I,
C

III2, and IV (CI, CIII2, and CIV) can associate in different combina-

tions to form supramolecular assemblies known as supercom-

plexes (SCs) that co-exist with unbound CIII2 and CIV (Cruciat

et al., 2000; Sch€agger and Pfeiffer, 2000). Complexes I, III2,

and IV preferentially associate in structures known as respira-

somes (or SC I+III2+IV), whose functional relevance remains a

matter of active debate (Cogliati et al., 2021; Hirst, 2018; Java-

dov et al., 2021; Letts and Sazanov, 2017; Lobo-Jarne and

Ugalde, 2018; Milenkovic et al., 2017; Vercellino and Sazanov,

2022). SCs have been proposed to confer functional advantages

to the MRC by increasing its overall catalytic activity and by

reducing electron leakage, leading to reactive oxygen species

(ROS) formation. This would be achieved through a highly

controlled electron transfer through the MRC complexes and
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by the segregation of two distinct CoQ pools (Bianchi et al.,

2004; Lapuente-Brun et al., 2013; Lenaz and Genova, 2007,

2009; Lopez-Fabuel et al., 2016). In fact, the physical association

of CIII2 with CIV in SCs has been shown to accelerate electron-

transfer kinetics via cyt c (Berndtsson et al., 2020; Stuchebru-

khov et al., 2020; Vercellino and Sazanov, 2021). However, struc-

tural and biophysical data obtained for the respirasome, as well

as for SC I+III2 and SC III2+IV, refuted the possibilities of both

‘‘substrate channeling’’ (Hirst, 2018; Letts et al., 2019; Vercellino

and Sazanov, 2021) and partitioning of the CoQ or cyt c pools

(Blaza et al., 2014; Fedor and Hirst, 2018; Trouillard et al.,

2011). Alternative ideas propose that, regardless of its catalytic

properties, respirasome formation may protect mitochondrial

function either by stabilizing the individual complexes (Lobo-

Jarne and Ugalde, 2018) or by preventing protein aggregation

of the densely packed inner mitochondrial membrane (Hirst,

2018; Milenkovic et al., 2017). Therefore, at present, how SCs

in general—and respirasomes in particular—may constitute a

functionally advantageous organization of the mammalian

MRC is unknown.

In addition, the regulatory mechanisms of SC biogenesis, by

which the structural reorganization of the MRC can adapt

OXPHOS function to different energy requirements, remain un-

clear (Fernández-Vizarra and Ugalde, 2022). The prevalent

(‘‘plasticity’’) model proposes the structural organization of the

MRC as the dynamic association of fully preassembled individ-

ual MRC complexes I, III2, and IV into SCs to modulate MRC

function according to physiological energy demands (Acı́n-Pérez

et al., 2008). However, growing evidence supports a ‘‘coopera-

tive-assembly model,’’ in which SC biogenesis is achieved

through a number of regulatory checkpoints at intermediate

steps in the assembly of individual complexes I, III, and IV

(Fang et al., 2021; Fernández-Vizarra and Ugalde, 2022; Lobo-

Jarne et al., 2020; Protasoni et al., 2020; Timon-Gomez et al.,

2020; Vercellino and Sazanov, 2021). Both the plasticity and

cooperative-assembly models are compatible with the known

structures of mammalian SCs, in which the COX7A protein-fam-

ily members bridge the physical association of CIV with com-

plexes I and III2 (Gu et al., 2016; Guo et al., 2017; Letts et al.,

2016; Sousa et al., 2016; Wu et al., 2016). This protein family in-

cludes COX7A1 and COX7A2, the tissue-specific isoforms of the

CIV structural COX7A subunit, expressed in heart/muscle and in

liver/ubiquitously, respectively (Sinkler et al., 2017). A third iso-

form, COX7A2L, which we render here as ‘‘SC-associated factor

1’’ (SCAFI), was thought to be essential for CIV binding in both

SC III2+IV and respirasomes (Ikeda et al., 2013; Lapuente-Brun

et al., 2013). The recent resolution of the mammalian SC III2+IV

structure (Vercellino and Sazanov, 2021) confirmed the struc-

tural role of SCAFI in the biogenesis of this low-abundance SC

(Cogliati et al., 2016; Mourier et al., 2014; Perez-Perez et al.,

2016). However, the functional relevance of SCAFI in respira-

some biogenesis remains questioned because the predominant

respirasome population contains COX7A1/2 (Fernandez-Vizarra

et al., 2021; Vercellino and Sazanov, 2021; Zong et al., 2018).

Interestingly, SCAFI loss does not drastically affect the overall

bioenergetic capacity of the mammalian MRC (Lobo-Jarne

et al., 2018; Mourier et al., 2014), although it seems to be

involved in some metabolic alterations associated with a mar-

ginal MRC dysfunction (Calvo et al., 2020; Garcia-Poyatos
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et al., 2020; Shiba et al., 2017). These observations suggest

the co-existence of different regulatory pathways for MRC

biogenesis and function, possibly driven by the dynamic inter-

change of COX7A isoforms within the MRC structures in yet un-

defined ways (Cogliati et al., 2016; Letts and Sazanov, 2017).

In this work, we dissect the mechanisms regulating the struc-

tural and functional organization of the human MRC by modu-

lating the expression of the COX7A subunit isoforms. We

demonstrate the co-existence of two structurally and function-

ally independent organizations of the MRC complexes and

SCs in human cell lines and postmitotic tissues, each entirely de-

pending on the prevalent COX7A subunit isoform. Importantly,

these structurally distinct MRC organizations display different

functional properties involved in the adaptive response of

OXPHOS efficiency to the metabolic switch between oxidative

and anaerobic (glycolytic) metabolisms. Specifically, our data

reveal that the COX7A-isoform-dependent structural organiza-

tion of the MRC is tightly regulated by the activity of the pyruvate

dehydrogenase complex (PDC), which modulates the structural

redundancy of the MRC to optimize OXPHOS performance un-

der varying metabolic settings.

RESULTS AND DISCUSSION

SCAFI stabilization depends on COX7A2 levels
We used CRISPR-Cas9 genome editing to disrupt the genes en-

coding COX7A2 and SCAFI (Figure S1A), the twoCOX7A subunit

isoforms expressed in HEK293T cells (Fernandez-Vizarra et al.,

2021; Lobo-Jarne et al., 2018, 2020; Zong et al., 2018). As previ-

ously shown (Fernandez-Vizarra et al., 2021), the steady-state

levels of COX7A2 were normal in SCAFIKO cells. In contrast,

SCAFI protein levels were markedly increased in COX7A2KO

cells (Figure 1A) relative to the control and to another cell line

lacking CIV (CIVKO) (Figure S1A). This increase in protein levels

happened without a parallel upregulation of SCAFI transcripts

(Figure 1B). We investigated this mechanism further by treating

wild-type (WT) and COX7A2KO cells for up to 24 h with the cyto-

solic protein translation inhibitor cycloheximide (CHX). Western

blotting of mitochondrial lysates (Figure 1C) showed a steady

decline of SCAFI levels in WT cells, but unaltered high levels of

this protein in COX7A2KO cells, indicating that SCAFI is largely

stabilized upon COX7A2 loss. Accordingly, stable isotope label-

ing by amino acids in cell culture (SILAC) and complexome

profiling (CP)-based quantifications, in which the relative abun-

dance of SCAFI was calculated based on the area under the

curve (AUC) defined by the peptide intensity along the electro-

phoresis lane (Pálenı́ková et al., 2021b), confirmed an overall

16-fold increase in SCAFI levels in COX7A2KO cells compared

with the WT (Figure 1D, upper panels). The SCAFI peptide sig-

nals mainly colocalized with SC III2+IV and with the SCAFI-con-

taining respirasomes (Figures 1D [upper panels], 1E, and 2).

Importantly, overexpression of COX7A2FLAG reverted the high

SCAFI levels to nearly normal in the COX7A2KO cells and

decreased SCAFI levels in WT cells (Figure S1B). Therefore,

the degree of stabilization of SCAFI relies on COX7A2 protein

levels. We then performed experiments on a double knockout

(DKO) cell line in whichCOX7A2 harbored an indel, frameshift mu-

tation, whereas the mutation in SCAFI (Figure S1A) predicted an

in-frame deletion of eight amino acids (positions G25 to T32,
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shown in red in Figure S1C), localized to its CIII2-binding domain

(Vercellino and Sazanov, 2021). This change reduced the stabil-

ity of the protein, which was barely detectable by immunoblot-

ting (Figures 1A and S1B), and also impaired its function, since

it was unable to bind CIII2 and form the SC III2+IV (Figures 1D

and 1E). Interestingly, the residual truncated SCAFI peptides co-

localized exclusively with CIV subassemblies (Figures 1D and

1E). All detected SCAFI peptides in DKO samples (in yellow in Fig-

ure S1C, respectively) spanned the CIV-binding C-terminal

domain (Vercellino and Sazanov, 2021), whereas in WT cells,

the detected peptides belonged to both the N- and C-terminal

domains (in yellow and blue in Figure S1C). Despite a prominent

decrease in SCAFI mRNA levels in DKO cells (Figure 1B), trun-

cated SCAFI levels were still 2-fold higher that in the WT (Fig-

ure 1D), a likely consequence of its stabilization promoted by

COX7A2 downregulation. These data experimentally confirm

the function of different domains of SCAFI protein; for instance,

the CIV-binding role of the C terminus and the requirement of

SCAFI to bind CIII2 to promote the formation of SC III2+IV (Ver-

cellino and Sazanov, 2021).

Co-existence of two human respiratory chain
organizations: C-MRC and S-MRC
Next, we used comprehensive SILAC-CP analyses (Pálenı́ková

et al., 2021a, 2021b) to investigate the consequences of SCAFI

and COX7A2 ablation on the structural organization of the

MRC (Figure 2). In all cell lines, active holo-CI was exclusively

present in SC I+III2 and respirasomes, whose electrophoretic

mobility changed mainly because of the variable localization of

CIII2 and CIV in the context of the SC/respirasome structures

(Figures 2, 3, and S2A–S2C). As previously reported (Fernan-

dez-Vizarra et al., 2021; Lobo-Jarne et al., 2018), the SCAFIKO

clones presented increased levels of free CIII2 and SILAC-

CP-based quantifications estimated a 30%–40% decrease in

respirasome levels, with a major respirasome structure of

�1,500 kDa that exclusively contained COX7A2. We call this

species SC I+III2+IVCOX7A2 or C-respirasome (in which C stands

for COX7A2). These cells lacked SC III2+IV (of �700 kDa), pre-

sented normal abundance of free CIV, and accordingly, showed

CIV activity only in free holo-CIV and in the C-respirasome (Fig-

ure S2A). In contrast, the COX7A2KO cells showed a comple-

mentary pattern, where the majority of redistributed CIII2 and
Figure 1. Loss of COX7A2 leads to SCAFI stabilization

(A) Immunodetection of SCAFI and of theMRC structural subunits NDUFV1 (CI), S

cell lysates separated by SDS-PAGE.

(B)SCAFImRNA levels, quantified by real-time PCR and normalized byHPRT1mR

per cell line, each with three experimental replicates. Individual data points are sh

Dunnett’s multiple comparisons tests.

(C) Immunodetection of SCAFI and SDHA on western blot SDS-PAGE analyses of

with the cytosolic protein synthesis inhibitor cycloheximide (CHX).

(D) SILAC-CP profiles of SCAFI peptide distribution and abundance in WT (blue tr

The relative SCAFI protein abundance was estimated by calculating the areas un

electrophoresis lanes in two SILAC-CP replicates. The x axis values show the ap

values show the relative peptide intensity. The relative total area graphs represen

values (set to 1.0); **p < 0.01, unpaired Student’s t test.

(E) SILAC-CP heatmaps showing the distribution and relative abundance of SCA

The peptide abundances for each protein were normalized to the highest inten

indicated: 1 is red, the midpoint 0.5 is yellow, and 0 is black. The relative position o

and IV is detailed in Figure 2.

4 Cell Metabolism 34, 1–17, November 1, 2022
CIV associated with SCAFI. This pattern included two main

structures, a very abundant SC III2+IV which, according to

SILAC-CP-based quantifications, contains �83 more CIII2 and

43more CIV than theWT, and a large SCAFI-containing respira-

some of �1,800–2,000 kDa named SC I+III2+IVSCAFI or

S-respirasome (in which S stands for SCAFI). Both structures

displayed CIV activity (Figure S2A). The preferential interaction

of SCAFI with SC III2+IV was also demonstrated in mitochondria

solubilized with the harsher detergent n-dodecyl-ß-D-maltoside

(DDM), which disrupts the respirasome but maintains SC III2+IV

(Figure S3D). Finally, the DKO clones presented active CI only in

SC I+III2, a structure of�1,225 kDa, and accumulated a substan-

tial amount of free CIII2 (Figures 2, S2A, and S2C); DKO cells also

showed decreased amounts (Figure 2) and activity (Figure S2A)

of CIV, which appeared to co-migrate with CIV subcomplexes

that were also present, albeit at lower levels, in the COX7A2KO

cells (Figures 2 and S2A).

These data suggest defective assembly of free CIV in the cells

lacking COX7A2 (both COX7A2KO and DKO). This was corrobo-

rated by SILAC-based quantitative mass spectrometry (Q-MS)

of mitochondrial lysates (Figure 3A). While SCAFIKO samples

(Fernandez-Vizarra et al., 2021) revealed normal CIV assembly

(Figures 2 and 3A–3E, left panels), COX7A2KO mitochondria

showed reduced levels of the CIV subunits that, together with

COX7A2, form the MT-CO3 module (involved in the last steps

of CIV assembly alongside NDUFA4) (Figures 3A, 3D, and 3E,

center panels) (Hock et al., 2020; Timon-Gomez et al., 2020; Vi-

doni et al., 2017). The DKO samples showed an even more prom-

inent CIV defect (Figures 3A, 3D, and 3E, right panels), consistent

with a severe reduction in the levels of CIV subunits involved in

both the intermediate (MT-CO2 module) and last steps (MT-

CO3 module and NDUFA4) of CIV assembly. In addition, in

both COX7A2KO and DKO cells there was a concomitant increase

in the abundance of the CIV assembly factors COX15, CMC2,

COA1, COX17, and PET117. This result clearly indicates the

stalling of the CIV assembly process in both COX7A2KO and

DKO cell lines, which accumulate a labile CIV intermediate sensi-

tive to DDM-detergent treatment (Figure S3D), most likely due to

the loss of the stabilizing MT-CO3module (Ogunjimi et al., 2000).

Remarkably, the main structural difference between these two

cell lines was the presence of fully assembled CIV (containing

the MT-CO3 module and NDUFA4) almost exclusively
DHA (CII), CORE1 (CIII), and COX4 and COX5B (CIV) on western blots of whole-

NA levels. Values represent mean ± SD from either 2 to 3 independent analyses

own with overlaying dot plots. *p < 0.05 and **p < 0.01, one-way ANOVA and

mitochondrial extracts from cells treated for the indicated time points (in hours)

aces) versus either COX7A2KO cells (green traces) or DKO cells (yellow traces).

der the curve (AUCs) defined by the SCAFI peptide intensity peaks along the

parent molecular weights along 64 blue native (BN) gel slices, and the y axis

t the sum of the AUCs defined by all the SCAFI peaks normalized to the control

FI peptides in SC I+III2+IVSCAFI, SC III2+IV, dimeric CIII (CIII2), and free CIV (IV).

sity in the lane (set to 1). The color scale of normalized peptide intensities is

f SCAFI peptides with regard to the migration patterns of MRC complexes I, III,



Figure 2. Protein profiles of the C-MRC and S-MRC organizations

SILAC-CP heatmaps showing the distribution and relative abundance of SCAFI (indicated with an orange label) and of MRC subunits from CI, CIII2, and CIV. The

peptide abundances for each protein were normalized to the highest intensity in the lane (set to 1). The color scale of normalized peptide intensities is indicated: 1

is red, the midpoint 0.5 is yellow, and 0 is black. N, subunits belonging to the CI NADH dehydrogenase module; Q, subunits belonging to the CI CoQ-binding

module; P, subunits belonging to the CI proton translocation module; Pre-CIII, subunits assembling in the early and middle stages before the incorporation of the

Rieske Fe-S protein (RISP) and UQCR11; CO1, CIV subunits belonging to the initial andMT-CO1modules; CO2, theMT-CO2module; CO3, theMT-CO3module;

A4, peripherally associated NDUFA4 subunit. Visible supercomplexeswere indicated as follows: C-respirasomes, black text; S-respirasomes, blue text; SC I+III2,

red text; SC III2+IV, blue text.
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associated to SCs in the COX7A2KO cells (Figures 2, 3B–3E, and

S3A–S3C). In contrast, mutant SCAFI in the DKO cells could not

promote SCs formation, as it was unable to bind CIII2 and to

let the MT-CO3 module be incorporated into CIV.

Next, we followed the assembly kinetics of respiratory com-

plexes and SCs after reversible inhibition of mitochondrial

translation with doxycycline (Figure S4A). As expected, the

COX7A2KO cells showed preferential assembly of holo-CIV

within SC III2+IV, whereas SCAFIKO cells efficiently incorporated

CIV into the C-respirasome (Figure S4B). Notably, the biogenesis

of the S-respirasome was significantly delayed relative to that of

the C-respirasome. The sequential increase in SC III2+IV levels,

followed by holo-CIV and then by the S-respirasome, correlated

with the progressive accumulation of SCAFI within these struc-

tures (Figure S4C). The nature of the apparent molecular mass

shift of the S-respirasome remains enigmatic, as no obvious pro-

tein specifically co-migrating with this structure was identified in

our CP-SILAC analyses, and the stoichiometry of CIV subunits in

both types of respirasomes was the same (Figures 2, 3A–3E, and

S3A–S3C). Overall, these data demonstrate that the COX7A iso-

forms play a dual role in CIV biogenesis, by promoting its matu-

ration via incorporation of the MT-CO3 module and its stabiliza-

tion into different SC structures.

In summary, COX7A2 and SCAFI promote twomutually exclu-

sive structural organizations of the MRC (hereafter C-MRC and

S-MRC, respectively) (Figure S5). TheC-MRC, the only organiza-

tion present in SCAFIKO cells, is characterized by the biogenesis

of the C-respirasome (SC I+III2+IVCOX7A2), and of CIII2 and CIV in
free state. The S-MRC, promoted by SCAFI stabilization

and prominent in COX7A2KO cells, is characterized by the

segregation of approximately half of CIII2 and CIV within the

S-respirasome (SC I+III2+IVSCAFI), the remaining half within SC

III2+IV, and residual amounts of free complexes. In normal con-

ditions (i.e., WT cells) the C-MRC and S-MRC organizations

co-exist, and both types of respirasomes are present in a propor-

tion of �70% C-respirasome versus �30% S-respirasome (Fer-

nandez-Vizarra et al., 2021). Importantly, the C-MRCand S-MRC

organizations also co-exist in human differentiated tissues from

control individuals, namely brain frontal cortex and skeletal mus-

cle (Figures 4A and 4B). Quantifications of the relative amounts

of complexes I, III2, and IV in each of the CP peptide intensity

peaks corresponding to the different assembly species (i.e.,

the SCs and individual complexes) revealed that the structural

organization of the MRC is conserved between human brain

(Figures 4A and 4C) and cultured cells (Figures 4E and 4F).

This likely happens because COX7A2, and SCAFI to a lesser

extent, are predominantly expressed in this specific tissue and

cell types (Figure S5A), allowing two distinguishable MRC orga-

nizations to co-exist, one driven byCOX7A2 and the other one by

SCAFI. The situation changes in skeletal muscle, where COX7A1

transcript levels are one order of magnitude higher than those of

COX7A2 and SCAFI (Figure S5A). In fact, no peptide corre-

sponding to SCAFI was detected by MS in the CP analysis of

skeletal muscle. Accordingly, this tissue shows an exclusive

C-MRC organization driven by the prevalent COX7A1 isoform,

which precludes the formation of the S-respirasome and SC
Cell Metabolism 34, 1–17, November 1, 2022 5
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III2+IV and leaves a higher proportion of CIII2 in the free state

(Figures 4B and 4D), similar to the situation in SCAFIKO cells (Fig-

ure S5B). Of note, the C-MRC organizations promoted by

either COX7A1 in muscle or by COX7A2 in SCAFIKO cells dis-

played similar structural features in terms of distribution and

stoichiometry of CIV subunits (Figures 2, 3B–3E, 4B, 4D, and

S3A–S3C). Accordingly, overexpression of either COX7A2FLAG

(Figures S6A and S6B) or COX7A1FLAG (Figures S6C and S6D)

promoted the C-MRC organization by decreasing SCAFI levels,

thus restoring fully assembled CIV within the C-respirasome

and as a free form. Conversely, SCAFIFLAG overexpression

(Figures S6E and S6F) restored CIV assembly in the S-MRC or-

ganization, without structurally affecting the C-MRC (Lobo-Jarne

et al., 2018). These observations demonstrate that the S-MRC is

reversibly modulated by the levels of COX7A1 and COX7A2 and

and that in this organization, the preferential and more stable

interaction of SCAFI with CIV occurs within the SCs. Overall,

our analyses support the idea that the prevalence of the different

CIV-containing structures in human cells and tissues depends

exclusively on the predominance of the COX7A1–2 isoforms

relative to SCAFI. This fact provides an explanation to why no

SCAFI-containing respirasome structure has been found in

mammalian tissues that robustly express COX7A1, e.g., skeletal

and cardiac muscle (Vercellino and Sazanov, 2021).

Simultaneous loss of SCAFI and COX7A2 causes
respiratory deficiency
To determine the functional impact of the MRC structural re-ar-

rangements promoted by the COX7A isoforms, we first tested

the proliferation of the different cell lines in high-glucose versus

galactose media (Figures 5A and 5B). While glucose can be

catabolized glycolytically with lactate as the final product (i.e.,

anaerobically), galactose forces the cells to rely on the ATP pro-

duced by OXPHOS (Bayona-Bafaluy et al., 2021). Therefore,

cells with OXPHOS defects fail to proliferate in galactose

medium (Robinson et al., 1992). The single KOs (COX7A2KO

and SCAFIKO) grew normally in glucose-containing media, but

COX7A2KO cells grew significantly slower in galactose medium.

The DKO mutants showed poor growth rates in glucose and did

not proliferate in galactose, similar to the ‘‘negative control’’

cell line lacking CIV (CIVKO). In agreement, oxygen-consump-

tion-rate (OCR) measurements in intact cells (Figure S7A)

showed comparable values between COX7A2KO, SCAFIKO,

and controls, and only the DKO and CIVKO cells displayed a sig-

nificant respiratory defect. Polarographic measurements of the

different segments of the respiratory chain in permeabilized

cells, using substrates and inhibitors for each MRC complex

(Figure 5C), confirmed that the origin of the respiratory defect

in the DKO was a strong decrease of CIV activity, with a conse-

quent backlogging of the electronic flux through the upstream
Figure 3. Levels and distribution of CIV subunits in the C-MRC and S-M

(A) Volcano plots depicting proteins with altered abundance in SCAFIKO (left), CO

p = 0.05 and log2 ratio = 1.3.

(B–E) SILAC-CP profiles for the average of the CIV subunits belonging to differen

of CIV (see Vidoni et al., 2017). Profiles show the relative abundance of CIV sub

I+III2+IVSCAFI (none found in the SC I+III2 in the DKO cells), as well as in the SC I

between WT (blue) and SCAFIKO (red). Center panels: WT (blue) versus COX7A2K

represent the mean ± SEM of duplicate SILAC-CP experiments.
complexes. This was expected in DKO cells, which had a specific

CIV assembly defect (Figures 2, 3, and S3) and isolated CIV defi-

ciency by both CIV in gel activity (IGA) (Figure S2A) and MRC

spectrophotometric assays (Figure 5D). Indeed, CIV enzymatic

activity significantly decreased to �35% of the mean control

value in DKO cells, to �50% in COX7A2KO cells, to 70% in

SCAFIKO cells. CIV activities matched the total amounts of

mature holo-CIV present in each cell line (Figure S7B), suggest-

ing that the addition of either COX7A2 or SCAFI does not change

the intrinsic functional properties of CIV. In addition, the respira-

tion of COX7A2KO cells wasmore sensitive to inhibition with KCN

(Figures 5E and 5F), confirming that the CIV defect induced by

the absence of COX7A2 could not be fully compensated for by

SCAFI stabilization. So why did the decrease of CIV enzymatic

activity not translate into evident CIV-linked respiration defects

in the SCAFIKO and COX7A2KO cells (Figure S7C)? This can be

explained by the existence of a well-established ‘‘CIV excess’’

in human cultured cells, by which inhibition of CIV activity is

not translated into reduced oxygen consumption until surpass-

ing a specific threshold of�50% (Villani and Attardi, 2000; Villani

et al., 1998). Therefore, in basal conditions, the partial decrease

in CIV activity produced by the lack of either SCAFI or COX7A2

alone would allow for normal respiration, whereas the ablation

of both isoforms decreases CIV activity well below the 50%

threshold, thus causing a severe respiratory decline. Despite ox-

ygen consumption being similar in SCAFIKO and COX7A2KO (Fig-

ure 5C), the COX7A2KO cells were significantly more sensitive to

KCN inhibition (Figure 5F). This indicates a lower reserve of COX

capacity, necessary to adapt to higher metabolic demands

(Villani and Attardi, 2000), which is most likely contributing to

the ineffectiveness of the COX7A2KO cells in shifting toward

OXPHOS metabolism (Figure 5A).

C-MRC is bioenergetically more efficient than S-MRC in
basal conditions
To further dissect the bioenergetic properties of the two types of

MRC organization, we measured the dependency of different

metabolic substrates for mitochondrial respiration in cells with

only C-MRC versus cells with S-MRC only (SCAFIKO versus

COX7A2KO lines, respectively) (Figure 6A). The important evi-

dence demonstrated by this set of experiments concerned the

hypothesis of a compartmentalization of CoQ into two separate

pools, i.e., one transferring electrons within the respirasomes

and the other through the remainder MRC structures (Calvo

et al., 2020; Lapuente-Brun et al., 2013). If the CoQ pools were

functionally separated, in the S-MRC, where approximately

half of the available CIII2 is associated with the SC I+III2+IVSCAFI

and the other half is forming the SC III2+IV, the NADH-linked and

FADH2-linked respiration would be equal, and the combination

of both metabolic substrates would double the respiration of
RC structural organizations

X7A2KO (center), and DKO (right) mitochondria. Significance lines were set to

t structural assembly modules as defined in the biogenetic assembly pathway

units in the individual peaks corresponding to the SC I+III2+IVCOX7A2 and SC

II2+IV, CIV dimer (IV2), and CIV monomer (IV) peaks. Left panels: comparison
O (green) cells. Right panels: WT (blue) versus DKO#8 cells (yellow). The values
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the individual rates. However, neither in C-MRC-only nor in

S-MRC-only cell lines did we observe any evidence of compart-

mentalization of CoQ in two separate pools. The CI-dependent

OCR levels in the presence of pyruvate-glutamate-malate

(P-G-M) were comparable between the WT and the C-MRC-

and S-MRC-specific cell lines cell lines (Figure 6A). The subse-

quent addition of succinate (S; CII-linked substrate) and glyc-

erol-3-phosphate (G-3-P) —both donating electrons to CoQ

through FADH2-dependent enzymes, i.e., CII and G-3-P dehy-

drogenase (GPDH)—increased the respiratory rates at levels

similar in all cell lines, regardless of their different MRC organiza-

tions. Importantly, the FADH2-linked enzymatic rates were com-

parable among the cell lines regardless of whether CI was in-

hibited with rotenone or not. Therefore, the respiration through

NADH- and FADH2-dependent enzymes (including CII) together,

was the same as the respiratory rate through CII alone, with no

additivity of NADH- and FADH2-linked substrates (Figure 6B).

This result is similar to that recently reported in heart and liver

mitochondria from C57BL/6 (SCAFI-less) versus CD1 (SCAFI-

containing) mouse strains (Molinié et al., 2022; Mourier et al.,

2014). Thus, the FADH2-linked substrates alone can saturate

the available CoQ as much as the combination of both types of

substrates in all MRC organizations, which is consistent with

the idea that electrons originating from either pathway can

equally reduce all the available downstream redox centers (Blaza

et al., 2014; Molinié et al., 2022). Notably, S stimulated respira-

tion to the same extent as the combination of S + G-3-P (Fig-

ure S7D). This lack of additive effect also indicates that all

CIII2, regardless of whether bound to the respirasome I+III2+IV-

SCAFI or to SC III2+IV, can receive electrons from any reduced

CoQ originating from either CI, CII, or from other FADH2-depen-

dent enzymes, such asGPDH. This observation is again compat-

ible with the proposed free diffusion of CoQ in and out the respi-

rasome structures (Vercellino and Sazanov, 2022). These data

also support previous studies showing that electrons from

mammalian CI associated into SCs can efficiently access the

alternative oxidase (AOX), a monomeric enzyme that oxidizes

CoQ and reduces oxygen, in submitochondrial particles (Fedor

and Hirst, 2018), isolated mouse heart mitochondria (Szibor

et al., 2020), and human cybrids (Protasoni et al., 2020). Interest-

ingly, the S-MRC organization produced the most similar values

between the NADH- and FADH2-linked respirations (Figures 6A

and 6B), meaning that the electrons from CI saturate the avail-

able downstream acceptors almost as much as those from CII

andGPDH. In contrast, in the absence of SCAFI, the C-MRCpro-

duced the most divergent respiration values. This suggests that

the NADH (CI) route prevails in the S-MRC, whereas the C-MRC

shows a preference for the FADH2 (CII) route. The choice of pref-
Figure 4. MRC organization in human tissues

(A and B) CP heatmaps showing the distribution and relative abundance of C

respectively. Color scale is the same as in Figures 1 and 2. N, subunits belonging

binding module; P, subunits belonging to the CI proton translocation module; P

poration of the Rieske Fe-S protein (RISP) and UQCR11; CO1, subunits belongin

MT-CO3 module; A4, peripherally associated CIV NDUFA4 subunit. Visible

S-respirasomes, blue text; SC I+III2, red text; SC III2+IV, blue text.

(C–F) CP profiles for the average of all detected CI, CIII2, and CIV subunits in brai

cells, respectively. The bar graphs depict the quantification of the relative propo

(mean ± SEM; n = 2 in brain, 143B and HEK; n = 1 in skeletal muscle). SCs: I+III
erential substrate could be due to a metabolic sensing mecha-

nism, such as that described in mouse tissue mitochondria,

where the levels of the TCA cycle intermediary oxalacetate

(OAA) regulate the balance betweenCI andCII-driven respiration

(Molinié et al., 2022). Another possibility is that either electron

pathway could be kinetically favored by the physical proximity

of the complexes (Berndtsson et al., 2020). This phenomenon

warrants further experimental investigation but, according to

our data, these electronic routes would be neither exclusive

nor compartmentalized.

A second important point obtained by this set of experiments

is that human S-MRC displayed similar coupled and uncoupled

respiratory rates to those of the C-MRC or of the mixed organi-

zation in WT cells (Figures 5C and 6A–6C). This contrasts with

the proposed increase by 1 order of magnitude in the respiratory

activity of the isolated Scaf1-type respirasome from mouse tis-

sues (Calvo et al., 2020), where the co-existence of alternative

respirasome species containing different Cox7a isoforms was

not considered relevant. In fact, when the role of SCAFI in the

compartmentalization of CoQ was originally proposed, it was

assumed that all mammalian SCs were exclusively formed by

SCAFI so that, in theory, in SCAFIKO mitochondria all CIV

was free and thus completely accessible to electrons from

NADH-linked and FADH2-linked substrates (Lapuente-Brun

et al., 2013).

Third, even though all the respiratory rates were similar in the

three cell lines, the net OXPHOS capacity, i.e., the proportion of

total respiratory capacity in uncoupled conditions (ETS or E) that

is employed in phosphorylating respiration (OXPHOS (P) minus

leak (L) respiration; Doerrier et al., 2018), was significantly lower

in the COX7A2KO cells (Figure 6D). In addition, the ‘‘excess ca-

pacity factor’’ (calculated as 1 � P/E), which expresses the

extent to which the OXPHOS capacity (P) is limited by the phos-

phorylation pathway (Doerrier et al., 2018), was significantly

higher in the COX7A2KO cells (Figure S7E). This confirms the

lower phosphorylation proficiency, in relation to the total

OXPHOS capacity, of COX7A2KO cells compared with the WT

or SCAFIKO, in agreement with their slower proliferation in galac-

tose medium. Overall, our data indicate that the pure S-MRC or-

ganization is bioenergetically less efficient than the C-MRC in

coupling electron transfer to ATP synthesis. Notably, the

increased stabilization of SCAFI in the S-MRC cannot fully

compensate for the COX7A2 loss in terms of bioenergetic effi-

ciency, even while maintaining respirasome levels similar to

those in control cells. This means that the C-MRC transfers elec-

trons more effectively downstream of the MRC, and also dis-

plays a higher energetic coupling. However, the appropriate bal-

ance of electron flow coupled with ATP production is likely
I, CIII2, and CIV subunits in human brain frontal cortex and skeletal muscle,

to the CI NADH dehydrogenase module; Q, subunits belonging to the CI CoQ-

re-CIII, subunits assembling in the early and middle stages before the incor-

g to the CIV initial and MT-CO1 modules; CO2, the MT-CO2 module; CO3, the

supercomplexes were indicated as follows: C-respirasomes, black text;

n frontal cortex, skeletal muscle, osteosarcoma 143B (cybrids), and HEK 293T

rtion (%) of peak area corresponding to each of the species for each complex

2+ IV and I+III2; III2+IV and individual complexes III2 and IV.

Cell Metabolism 34, 1–17, November 1, 2022 9



C

D

E F

A B

(legend on next page)

ll
Article

10 Cell Metabolism 34, 1–17, November 1, 2022

Please cite this article in press as: Fernández-Vizarra et al., Two independent respiratory chains adapt OXPHOS performance to glycolytic switch, Cell
Metabolism (2022), https://doi.org/10.1016/j.cmet.2022.09.005



ll
Article

Please cite this article in press as: Fernández-Vizarra et al., Two independent respiratory chains adapt OXPHOS performance to glycolytic switch, Cell
Metabolism (2022), https://doi.org/10.1016/j.cmet.2022.09.005
optimal in WT (basal) conditions, when both C-MRC and S-MRC

co-exist. While our data support that the prevalent tissue-spe-

cific COX7A isoforms, COX7A2 in cultured cells and brain, and

COX7A1 in muscle, are the primary structural ‘‘organizers’’ of

the human MRC, the SCAFI-dependent adaptations in energy-

transduction efficacy remain an open question.

The structural organization of the MRC is metabolically
regulated by PDH activity
Emerging data have hypothesized a role of SCAFI upregulation in

the adaptations of tumor cells to glycolytic metabolism, allowing

them to grow in pseudohypoxic conditions (Hollinshead et al.,

2020; Ikeda et al., 2019; Zhang et al., 2016). To test whether

the reversible shift between glycolytic and oxidative metabo-

lisms may modulate SCAFI levels and the structural organization

of the MRC, we targeted the pyruvate dehydrogenase (PDH)

enzyme activity. Cells were treated with dicholoroacetate

(DCA), an inhibitor of pyruvate dehydrogenase kinase (PDK), to

stimulate PDH activity by sustaining dephosphorylation of the

PDHE1-alpha (PDHA) subunit. This diverts pyruvate metabolism

from anaerobic lactate fermentation to the tricarboxylic acid

(TCA) cycle and aerobic OXPHOS (Gray et al., 2014; Stacpoole,

2017). Remarkably, COX7A2KO cells, dependent only on SCAFI,

displayed significantly lower mitochondrial pyruvate consump-

tion rates in basal conditions (Figure 7A) and were unable to

adapt to the DCA-induced shift toward oxidative metabolism,

showing a clear impairment in their proliferation compared with

the SCAFIKO and WT cell lines (Figures 7B and 7C). In fact,

SCAFI levels decreased by ca. 40% of the non-treated WT and

COX7A2KO cells upon efficient DCA treatment leading to PDHA

dephosphorylation (Figure 7D). This was accompanied by the

progressive disappearance of the S-MRC organization, the sta-

bilization of the C-MRC organization promoted by COX7A2 (Fig-

ure 7E), and the specific increase of CIV activity only in WT and

SCAFIKO cells (Figure 7F). Therefore, PDH activation promotes

oxidative metabolism through the enhancement of the C-MRC

organization in HEK cells, consequently leading to decreased

SCAFI levels and S-MRC loss.

According to this hypothesis, the S-MRC formation should be

predominant under conditions that promote glycolytic meta-

bolism. To test this, we used primary skin fibroblasts from three

pediatric/neonatal controls and patients with PDH deficiency

associated with different mutations in the PDHA1 (E1 alpha sub-

unit) gene. Cells with defective PDH activity constitute a patho-
Figure 5. Simultaneous loss of COX7A2 and SCAFI leads to isolated c

(A) Effects of COX7A2 and SCAFI absence on cell growth. Cells were cultured in

plates at 5 3 104 cells per plate and counted on a daily basis for 72 h. Data poin

(B) Doubling times (DT) were calculated from the cell growth curves in (A). The DTs

cells do not proliferate in that medium.

(C) Polarography analysis in digitonin-permeabilized cells. CI+CIII+CIV OCRs we

2 mM malate. CII+CIII+CIV OCRs were measured after adding 1 mM rotenone,

measured after adding 2 mM antimycin A, 2 mM ascorbate, and 1 mM TMPD. CIV

independent measurements; *p < 0.05, **p < 0.01, and ****p < 0.0001, one-way

(D)MRCenzymatic activities normalized by citrate synthase (CS). Plotted values re

*p < 0.05 and ****p < 0.0001 two-way ANOVA with Tukey’s multiple comparison

(E)%OCR versus KCN concentration to determine sensitivity to CIV inhibition. Plo

two-slope inhibition curve.

(F) KCN IC50 values calculated from the inhibition curves for each independent e

Tukey’s multiple comparisons test. In all graphs, individual data points are show
physiological model of conditions, such as mitochondrial disor-

ders, in which metabolism is shifted toward glycolysis instead

of OXPHOS (Anwar et al., 2021). As shown in Figure 7G, SCAFI

steady-state levels were significantly increased in the PDH-defi-

cient fibroblasts when compared with the controls, with SCAFI

accumulating mainly within the S-respirasome (Figure S7F).

Moreover, the reduction of SCAFI levels by DCA treatment was

significant in primary control fibroblasts but absent in the

PDH-deficient cells (Figure 7H). Notably, in human fibroblasts,

SCAFI is mostly associated with the respirasome species (Fig-

ure 7I). The DCA-induced decrease in SCAFI abundance

observed in control primary fibroblasts was again associated

with a loss of the SCAFI-containing structures and a stabilization

of the C-MRC via an increase in the levels and activity of free CIV

(Figure 7I). These results demonstrate for the first time in inde-

pendent cellular models that the structural and functional organi-

zation of the respiratory chain is directly modulated by the enzy-

matic activity of the PDH complex. And also, that the S-MRC is

the preferential structural organization in cells operating pre-

dominantly on glycolysis, whereas the C-MRC is favored in

OXPHOS-dependent metabolic settings.

Importantly, our data show the direct connection between the

different metabolic signatures converging at the PDH complex

and the structural and functional organization of the MRC, in

which the COX7A isoforms play a central role. Inhibition of

PDH activity triggers a switch toward a glycolytic metabolism

that induces SCAFI stabilization most likely to favor a bioener-

getic adaptation through the S-MRC, which is less efficient in

coupling respiration with ATP synthesis. Therefore, the S-MRC

organization promoted by SCAFI would be essential for the

adaptation toward anaerobic ATP synthesis via glycolysis and

lactic fermentation. Conversely, forcing the cells to use oxidative

metabolism through PDH activation mechanisms would favor

energetic fitness through the C-MRC, in detriment of the

SCAFI-dependent S-MRC organization. Accordingly, SCAFIKO

cells (only expressing COX7A2) metabolize pyruvate at normal

rates and are able to adapt completely to PDH activation,

whereas COX7A2KO cells (only expressing SCAFI) are unable

to efficiently adapt to the switch to oxidative metabolism. These

observations offer a straightforward explanation to the contribu-

tion of SCAFI to hypoxia tolerance in tumor environments and tu-

mor growth (Zhang et al., 2016). Moreover, SCAFI expression is

upregulated as a consequence of endoplasmic reticulum (ER)

stress activation via the PERK-eIF2a-ATF4 axis (Balsa et al.,
omplex IV deficiency

media containing either 25 mM glucose (left) or 10 mM galactose (right) on P6

ts represent mean ± SD values from 6 to 9 experimental replicates.

of the DKO and CIVKO cell lines in galactose were not determined (nd) as these

re measured after adding ADP + Pi to the medium and 10 mM glutamate and

10 mM succinate, and 10 mM glycerol-3-phosphate (G-3-P). CIV OCRs were

was inhibited by adding 1.5 mM KCN. Graphs represent the mean ± SD of 3–5

or two-way ANOVA with Tukey’s multiple comparisons test.

present themean ± SDof 4–8 biological replicates eachmeasured in duplicate;

s test.

tted values are the mean ± SD of three independent experiments, adjusted to a

xperiment. The graph shows the mean ± SD, *p < 0.05 one-way ANOVA with

n with overlaying dot plots.
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Figure 6. C-MRC is bioenergetically more

efficient than S-MRC

(A) High resolution respirometry in permeabilized

cells in the presence of the indicated substrate-

inhibitor combinations. G, glutamate; M, malate;

Rot, rotenone; S, succinate; G3P, glycerol-3-

phosphate.

(B) Differential respiration rates, ‘‘CII-CI’’ was

calculated by subtracting the Rot+S+G3P from the

G+M OCR values (from A). The ‘‘(CI+CII)-CI’’ was

calculated by subtracting the PGM+S+G3P from

the P+G+M OCR values from (A).

(C) Respiratory rates in permeabilized cells. Basal

phosphorylating respiration or OXPHOS state

(P) represent the ones in (A) (PGM+S+G3P in

the presence of saturating concentrations of

ADP). Non-phosphorylating OCRs (leak, L) were

measuredwith 2.5 mMof the ATP synthase inhibitor

oligomycin. Maximal or total respiratory capacity

(ETS) was measured as the uncoupled respiration

obtained by CCCP titration until reaching maximal

respiration rates (see Figure S7D).

(D) For each cell line, the net phosphorylating

capacity of the OXPHOS system (netOXPHOS),

expressed as a fraction of the total respiratory

capacity, was calculated by subtracting the L

respiration from the P rates and dividing this value

by the ETS ([P–L]/E), data from (C), seemain text for

more details.

For (A)–(D), error bars represent the mean ± SD of

3–6 independent measurements; *p % 0.05 two-

way ANOVA with Tukey’s multiple comparisons

test. In all graphs, individual data points are shown

with overlaying dot plots.
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2019), the same signaling pathway that is elicited by the down-

regulation of the COX7A subunit in Drosophila, where it pro-

motes a metabolic shift toward glycolysis, thus increasing onco-

genic activity via the Warburg effect (Sorge et al., 2020).

Interestingly, targeting PDH activity with DCA has been pro-

posed as a therapeutic strategy for cancer, but DCA treatment

seems to work more efficiently in tumor cells with a glycolytic

profile than in those with an oxidative metabolism, which

become resistant (Tataranni et al., 2019). This is in line with the

differential effects of DCA observed in the OXPHOS-proficient

SCAFIKO cells, which are able to proliferate in the presence of

DCA, whereas the less OXPHOS-efficient COX7AKO cells failed

to grow in these conditions and were unable to adapt their CIV

enzymatic activity to the higher OXPHOS demand. In summary,

our work evidences a direct link between the regulation of pyru-

vate metabolism (Echeverri Ruiz et al., 2021; Schell et al., 2014,

2017) and the structural and functional organization of the MRC.

Our data now answer the fundamental question concerning the

physiological relevance of the interplay between the different

COX7A isoforms in metabolic regulation, highlighting the patho-

physiological role of SCAFI in metabolic disorders and cancer

and the exciting possibility of targeting the PDH-SCAFI axis for

future therapeutic approaches.

Limitations of study
The main limitation of our work is that we have examined the

functions of COX7A proteins in cultured cells and under standard

conditions, which has, however, unveiled new mechanisms and
12 Cell Metabolism 34, 1–17, November 1, 2022
pathways regulating the reorganization of the MRCs under vary-

ing metabolic conditions. It is therefore necessary to extend

these studies using appropriate animal models in which to

analyze the pathophysiological consequences of modulating

the genetic expression of the different COX7A isoforms in a tis-

sue-specific manner, as well as their potential metabolic regula-

tion in vivo through the different cell-signaling mechanisms

converging at the PDC.

Concluding remarks
The functionalconcurrenceofdiverseCOX7A isoformsconstitutes

a redundant regulatorymechanism topreventMRCdeficiencyand

takes place by promoting alternative organizations of the MRC

complexes I, III, and IV, with differential biogenetical and bioener-

getic properties, that co-exist in normal cells and tissues. Notably,

the S-MRC is unable to fully compensate for the absence of

COX7A2 in terms of bioenergetic efficiency, even while maintain-

ing similar respirasome levels as in control cells. This means that

the C-MRC couples electron transfer with ATP production more

effectively throughout theMRC, thus displaying a higher energetic

coupling. However, we propose that the optimal conditions for

metabolic adaptation likely take place in the WT conditions, i.e.,

when both C-MRC and S-MRC are in play.While our data support

that the prevalent tissue-specific COX7A isoforms, COX7A2 in

cultured cells and brain, and COX7A1 in skeletal muscle, are the

primary structural organizers of the human MRC, the SCAFI-

dependent adaptations in energy-transduction efficacy become

relevant in metabolic contexts that promote a glycolytic switch.
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Overall, our results open new perspectives for understanding the

structural and functional organization of the MRC, and clarify the

roles played by the COX7A isoforms in this process. The precise

determination of each of the heterogeneous human SC structures

will definitively help unveil the molecular mechanisms by which

COX7A-mediated CIV binding may modulate their different func-

tional properties.
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Control Human Fibroblasts; Sex: Unknown Hospital 12 de Octubre

(H12O), Madrid, Spain

CP1

Control Human Fibroblasts; Sex: Male H12O CN1

Control Human Fibroblasts; Sex: Unknown H12O 22211

Oligonucleotides

SCAFI-Forward: 5’-

TTCACGCAGAAGTTGGCAGG-3’

This paper N/A

SCAFI-Reverse: 5’-

GAGGTCAGTTTAGTTGGTGTGG-3’

This paper N/A

HPRT1-Forward:

5’-CCTGGCGTCGTGATTAGTGA-3’

This paper N/A

HPRT1-Reverse:

5’-CGAGCAAGACGTTCAGTCCT-3’

This paper N/A

Recombinant DNA

pSp-CAS9(BB)-2A-GFP (PX458) Ran et al., 2013 Addgene# 48138

COX7A2L- Myc-DDK Origene Cat#RC202697

COX7A1- Myc-DDK Origene Cat#RC201154

COX7A2- Myc-DDK Origene Cat#RC215973

pCMV6-A-Entry-Hygro Origene Cat# PS100024

COX7A2L-Myc-DDK in pCMV6-A-

Entry-Hygro

Lobo-Jarne et al., 2018 N/A

COX7A1- Myc-DDK in pCMV6-A-

Entry-Hygro

This paper N/A

COX7A2- Myc-DDK in pCMV6-A-

Entry-Hygro

This paper N/A

Software and algorithms

GraphPad Prism v.8-v.9 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Seahorse Wave Software v.2.6 Agilent https://www.agilent.com/en/product/cell-

analysis/real-time-cell-metabolic-analysis/

xf-software/

ImageJ Schneider et al., 2012 http://imagej.net

MaxQuant v1.6.10.43 Cox and Mann, 2008 https://www.maxquant.org/

Perseus v1.6.10.43 Tyanova et al., 2016 https://www.maxquant.org/perseus/

Proteome Discoverer Thermo Scientific Cat# OPTON-30945

SILAC-Complexome Profiling Analysis

Scripts

Pálenı́ková et al., 2021a; 2021b https://github.com/Scavetta/ComPrAn

Other

Amersham Protran NC Nitrocellulose

Membranes

GE Hrcealthcare Life Sciences Cat#15259794

Immobilon-P PVDF Membrane Sigma-Aldrich Cat#IPVH00010

NativePAGE 3-–12% Bis-Tris Gels Invitrogen Cat#BN1001BOX

NuPAGE 12% Bis-Tris Gels Invitrogen Cat#NP0341PK2
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Cris-

tina Ugalde (cugalde@h12o.es).

Materials availability
All the materials generated and used in this study will be available upon request.

Data and code availability
d Complexome profiling data from human cell lines have been deposited at the ComplexomE profiling DAta Resource (CEDAR)

repository (van Strien et al., 2021) and are publicly available as of the date of publication. Accession numbers are listed in the

key resources table. Proteomic data and complexome profiles from cells and human tissues have been deposited to the Men-

deley archive (https://doi.org/10.17632/spsg756sx8.1). Uncroppedwestern blots and original data for creating all graphs in the

paper are provided in Data S1.

d No original code was generated in this study.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human cell lines and primary fibroblasts
Parental HEK293T and the derived cell lines, as well as PDH-deficient and control primary fibroblasts (detailed in the key resources

table), were cultured in high-glucose (4.5 g/l) DMEMcontaining sodiumpyruvate andGlutaMAX, supplementedwith 10% fetal bovine

serum (FBS) and 50 mg/ml uridine. All cell lines were kept in a humidified incubator at 37ºC and 5% CO2.

Human tissues
Brain tissue was collected post-mortem (autopsy) from neurologically healthy individuals. A skeletal muscle biopsy was collected

from a patient with a low suspicion of an underlying muscle disorder, and subsequent normal muscle histology and histochemical

examination (including no COX-negative or ragged red fibers). Research involving human samples was performed in accordance

with the Declaration of Helsinki, and approved by the Queen Square Research Ethics Committee, London, UK (09/H0716/76),

and by the Regional Committee for Medical and Health Research Ethics, Western-Norway, Norway (REK, references 2017/2082

and 2010/1700). Consent for publication was provided by all participants.

METHOD DETAILS

Cell culture
Cells used in SILAC experiments were grown in DMEM for SILAC (Gibco-Thermo Fisher Scientific) plus 10% dialyzed serum (Gibco-

Thermo Fisher Scientific) and 50 mg/ml uridine, supplemented either with unlabeled L-lysine monohydrochloride (K0), L-arginine (R0)

and L-proline (‘Light’ conditions) or with L-lysine-13C6,
15N2 hydrochloride (K8), L-arginine-

13C6,
15N4 hydrochloride (R10) and L-proline

(‘Heavy’ conditions), all from Sigma-Aldrich.

Cells were transiently transfected with the pCMV6-Entry and pCMV6-COX7A-Myc-DDK vectors using Lipofectamine 2000

(ThermoFisher) according to themanufacturer0s instructions, and collected after 48 hours for subsequent analyses. Cells transduced

with expression vectors containing a hygromycin resistance cassette were grown in the presence of 50 mg/ml hygromycin (Invitro-

gen). To assess SCAFI stability, cells were treated with 200 mg/ml of the protein synthesis inhibitor cycloheximide (CHX). To follow the

assembly kinetics of MRC complexes and SCs, cells were treated with doxycycline, a reversible inhibitor of mitochondrial translation,

as previously reported (Moreno-Lastres et al., 2012). For PDH activation, cells were treated with 30 mM of the PDK inhibitor dichlor-

oacetate (DCA) for up to 96-168 hrs.

Gene editing and Screening
Gene editing was performed using the pSp-CAS9(BB)-2A-GFP (PX458) CRISPR/Cas9 construct (gift from F. Zhang; Addgene

plasmid 48138) (Ran et al., 2013). CRISPR/Cas9 guide RNAs were designed using CHOPCHOP v2 (Labun et al., 2016). Target se-

quences, gene disruption strategies and generated indels are described in Figure S1A and Fernandez-Vizarra et al. (2021).

Real time quantitative PCR
Total RNA was extracted with TRIzol reagent (Invitrogen). Complementary DNA (cDNA) was generated from 2 mg of RNA samples by

using SuperScript IV First-Strand Synthesis System (Promega) as per the manufacturer0s instructions. RT-qPCR was performed

in triplicate per sample with the Fast SYBR Green Master (Roche) using 500 nM of specific primers for SCAFI mRNA (Forward:

5’- TTCACGCAGAAGTTGGCAGG-3’ and Reverse: 5’- GAGGTCAGTTTAGTTGGTGTGG-3’) on a Light cycler 96 real-time PCR
Cell Metabolism 34, 1–17.e1–e6, November 1, 2022 e4
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system (Roche Life Science). The 2-DDCt method (Livak and Schmittgen, 2001) was used to determine SCAFImRNA levels normal-

ised by the mRNA levels of the housekeeping gene HPRT1 (Hypoxanthine phosphoribosyltransferase 1; Forward: 5’-CCT GGC GTC

GTG ATT AGT GA-3’ and Reverse: 5’-CGA GCA AGA CGT TCA GTC CT-3’).

Cell growth
Growth curves were assessed by cell counting using a Neubauer chamber. Cells growing in 24-wells plates were harvested and

counted every 24 h in triplicate for periods up to 72-168 h.

Respirometry
Mitochondrial oxygen consumption rates were measured in live cells using a Seahorse Bioscience XFe-96 Analyzer (Agilent). Briefly,

25,000 cells were plated per well in culture plates treated with 50 mg/mL poly-D-lysine. For each assay cycle, there were 4 measure-

ments of 2 minutes mixing, 2 minutes wait, and 5 minutes measure. The following inhibitor concentrations were used: 2 mMoligomy-

cin, 0.5 mM carbonyl cyanide m-chlorophenylhydrazone (CCCP), 0.5 mM rotenone and 0.3 mM antimycin A. Data were normalised

using the CyQUANT assay kit (Invitrogen) and analyzed using Wave (version 2.6.0, Agilent) and Prism (version 8.0.2, GraphPad) soft-

ware packages.

For substrate driven oxygen consumption and for the evaluation of KCN sensitivity, measurements were performed in digitonin-

permeabilized cells (Doerrier et al., 2018; Hofhaus et al., 1996) or intact cells, respectively, using anOroboros High-Resolution Respi-

rometer (Pesta and Gnaiger, 2012). Measurements were performed with a starting amount of approximately 2x106 (intact) or 53106

(permeabilized) cells. The oxygen consumption rates were normalized by cell number. In permeabilized cells, cells were counted

before and after the digitonin treatment and the number of permeabilized cells present in the respiration chamber was used for

the normalization.

Protein separation by SDS-PAGE and Immunoblotting
Protein extracts from cultured cells or mitochondrial fractions were homogenized in an extraction buffer containing 20 Mm HEPES

NaOH pH 7,4, 150 mM NaCl, 10% glycerol and 1% Triton X-100, supplemented with a Protease Inhibitor Cocktail (Roche). Protein

concentration was measured with the BCA protein assay kit (ThermoFisher). Protein extracts (30-50 mg) were separated on 10%

SDS-PAGE gels and transferred to PROTAN (Schleicher & Schuell) nitrocellulose membranes by conventional procedures.

Blue Native Electrophoresis and In-Gel Activity Assays
Mitochondrial pellets were isolated from P150 cell culture flasks or 15-cm dishes (ThermoFisher) as described before (Lobo-Jarne

et al., 2020). Unless otherwise indicated, samples were solubilized using digitonin and n-Dodecyl b-D-maltoside at a detergent-

to-protein ratio of 4:1 and 2:1, respectively. Pre-cast NativePAGE 3-12%Bis-Tris gels (Invitrogen) were loaded with 60-80 mg of mito-

chondrial protein and processed for blue native electrophoresis (BN-PAGE) as previously described (Moreno-Lastres et al., 2012).

After electrophoresis, proteins were transferred to nitrocellulose membranes at 40 V overnight and probed with antibodies. Duplicate

gels were used for CI and CIV IGA assays.

Antibody detection
Western blots were performed using primary antibodies raised against either respiratory chain complex subunits, the FLAG tag or

b-actin. The immunoreactive bands were detected with horse radish peroxidase (HRP) conjugated secondary antibodies and ECL

Prime Western Blotting Detection Reagent in a ChemiDoc MP Imager (BioRad).

Acquisition and analysis of mass spectrometry data from HEK293T cells
LCMS/MSwas carried out on a Q Exactive Plus Orbitrap mass spectrometer (Thermo Scientific) with a nanoESI interface in conjunc-

tion with an Ultimate 3000 RSLC nanoHPLC (Dionex Ultimate 3000). The LC system was equipped with an Acclaim Pepmap nano-

trap column (Dionex-C18, 100 Å, 75 mmx 2 cm) and an AcclaimPepmapRSLC analytical column (Dionex-C18, 100 Å, 75 mmx50 cm).

The tryptic peptides were injected to the enrichment column at an isocratic flow of 3 mL/min of 2% (v/v) ACN containing 0.1% (v/v)

formic acid for 5 min applied before the enrichment column was switched in-line with the analytical column. The eluents were 5%

DMSO in 0.1% (v/v) formic acid (solvent A) and 5%DMSO in 100% v/v ACN and 0.1% (v/v) formic acid (solvent B). The flow gradient

was: (i) 0-6 min at 3% B, (ii) 6-95 min at 3-22% B, (iii) 95-105 min at 22-40% B, (iv) 105-110 min at 40-80% B (v) 110-115 min at

80-80%B, (vi) 115-117min at 80-3%B, and equilibrated at 3%B for 10min before the next sample injection. Themass spectrometer

was operated in the data-dependent mode. Full MS1 spectra were acquired in positive mode, 70 000 resolution, AGC target of 3e6

and maximum IT time of 50ms. A loop count of 15 on the most intense targeted peptide were isolated for MS/MS. The isolation win-

dow was set at 1.2m/z and precursors fragmented using stepped normalized collision energy of 28, 30 and 32. MS2 Resolution was

at 17 500, AGC target at 5e4 and maximum IT time of 50ms. Dynamic exclusion was set to be 30 sec.

Raw files were processed using the MaxQuant platform (v1.6.10.43) (Cox and Mann, 2008) and searched against UniProt human

database (November 2019) using the settings previously reported (Stroud et al., 2016). Briefly, ‘‘re-quantify’’, ‘‘Match Between Runs’’

were enabled with default settings and ‘‘Label min. ratio count’’ set to ‘‘1’’. The proteinGroups.txt output from the search was pro-

cessed in Perseus (v1.6.10.43) (Tyanova et al., 2016). Briefly, entries ‘‘Only identified by site’’, ‘‘Reverse’’ and ‘‘Potential contaminant’’

were removed from the data sets. Inverted ratios were first transformed ‘‘1/x’’, then Log2-transformed and grouped (SCAFIKO,
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COX7A2KO, DKO) according to each experiment and filtered to have 2 out of 3 valid values in each group. The entire dataset was

normalized using the ‘‘Subtract row cluster’’ function with ‘‘Knownmitochondrial’’ entries from the IMPI (2017) database as reference

(Smith and Robinson, 2019) and positive entries to Mitocarta2.0 (Calvo et al., 2016) database were annotated by gene name match-

ing. One-sample T-tests were performed within groups using P-value for truncation (threshold P-value = 0.05). Rows not matched to

the Mitocarta 2.0 database were removed prior to plotting the data as a volcano plot.

Complexome Profiling
Unlabeled enriched mitochondrial fractions from human tissues (Nijtmans et al., 2002) or mitochondria isolated from 1:1 mixtures of

differentially SILAC labelled HEK293T WT and KO cells were used to analyze the samples and generate the complexome profiles as

previously described (Pálenı́ková et al., 2021b). The equal quantities of mixing of the Heavy and Light labels were checked by quan-

tifying the relative amounts of the citrate synthase (CS) and TOM20 proteins (Protasoni et al., 2020; Pálenı́ková et al., 2021b). In case

of an obvious deviation in sample mixing, the peptides intensities were normalized using CS abundance.

Measurement of pyruvate consumption rates
The ability to transfer electrons from pyruvate to the MRC was evaluated in permeabilized cells using the MitoPlate S-1 technology

(Biolog), following the manufacturer’s instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

Biochemical experiments were performed at least in triplicate and results were presented as mean ± standard deviation (SD) values.

When possible, in the bar graphs, the full data distribution was shown by overlaying the dot plots of the individual data points. All

datasets passed the normality Shapiro-Will test and when nR5, also the Kolmogorov-Smirnov test. Therefore, parametric tests

were used to assess statistical p values, which were obtained by application of Student’s t-test and one- or two-way ANOVA with

Tukey0s Multiple Comparisons test using the GraphPad Prism v.8.4.3-v.9.3.1 softwares. The relative protein abundances from the

complexome profiling experiments were calculated as the mean ± standard error (SEM) of the two reciprocal labelled duplicate ex-

periments. The areas under the curve were calculated using GraphPad Prism v.8.4.3-9.3.1. by simultaneously considering the pep-

tide intensity profiles from two experimental replicates with 64 gel slices each. The statistical parameters can be found in the figures

and figure legends.
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