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SUMMARY

Due to its pivotal role in NADH oxidation and ATKrghesis, mitochondrial complex
| (Cl) emerged as a crucial regulator of cellulagtabolism. A functional CI relies on the
sequential assembly of nuclear- and mtDNA-encodedumits; however, whether CI
assembly status is involved in the metabolic adeypts in Cl deficiency still remains largely
unknown. Here, we investigated the relationshipvbenh CI functions, its structure and the
cellular metabolism in 29 patient fibroblasts reggmetative of most Cl mitochondrial diseases.
Our results show that, contrary to the generallsepted view, a complex | deficiency does
not necessarily lead to a glycolytic switch, ilee tso-called Warburg effect, but that this
particular metabolic adaptation is a feature oa€4embly defect. By contrast, a Cl functional
defect without disassembly induces a higher caistibolo sustain the oxidative metabolism.
Mechanistically, we demonstrate that reactive orygjgecies overproduction by Cl assembly
intermediates and subsequent AMPK-dependent Py udahydrogenase inactivation are key
players of this metabolic reprogramming. Thus, tblisdy provides a two-way-model of
metabolic responses to CIl deficiencies that ardralemot only in defining therapeutic
strategies for mitochondrial diseases, but alsallipathophysiological conditions involving a

Cl deficiency.

KEYWORDS

complex | deficiency; complex | assembly; mitochoad metabolism; metabolic

reprogramming; ROS production.
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INTRODUCTION

A metabolic transition towards glycolysis in aembonditions, the so-called Warburg
effect, is a hallmark of many pathological condiBonot only in cancer cells but also in
systemic diseases or in metabolic disorders. Howduedate it remains unclear how cells
engage the aerobic glycolysis at the expense afative phosphorylation. In cancer cells,
recent data converge to the concept that mitochaincbmplex | (Cl) is a crucial regulator of
cellular metabolic fate [1-5]. Indeed, through #stivity, consisting in NADH oxidation
coupled to quinone reduction and protons pumpinigcd@tributes to the NAD+/NADH
equilibrium, the ADP/ATP ratio and ROS producti@, 7], all key modulators of the cellular

metabolic orientation [8-12].

Cl deficiency is the most frequent defect encoweten mitochondrial disorders [13].
Its clinical presentations (OMIM #252010) are higlkariable among patients ranging from
isolated organ failures, as the Leber HereditaryidO@geuropathy (LHON OMIM #535000)
affecting the optic nerve, to multivisceral faillas the Leigh syndrome (OMIM #256000). CI
deficiency is also the pre-eminent feature of theES syndrome (Myopathy,
Encephalopathy, Lactic Acidosis and Strokes, OMINA4@000), mainly due to the
m.3243A>G pathogenic variant in the mitochondf®INA (MT-TRNA) Leucine 1 MT-TLJ)
[14]. Although it is commonly assumed that Cl deficies are associated with an
upregulation of aerobic glycolysis, this clinicagétbrogeneity increasingly challenges this
assumption and questions whether the metabolisitram is really engaged proportionally to
the degree of Cl enzymatic defect. Cl diseasesnde=d commonly considered as a defect in
Cl activity. However, beyond these functional dé&feincreasing literature reports novel Cl
pathogenic variants compromising Cl assembly [B], & parameter yet underestimated in

the pathophysiology of Cl deficiency.



10

11

12

13

14

15

16

17

18

19

20

21

The structure of this large L-shaped complex oddunits combines a matrix arm composed
of two functional domains, the N (NADH binding) a@d(Quinone binding) modules and a
membrane arm corresponding to the P (Proton pupioglule. The catalytic core subunits
of the P-module are encoded by the mitochondriaRDIMT-DNA), while the N and Q
modules are exclusively encoded by the nuclear ONBNA). Recent findings led to a
consensus modular assembly model that involvesnitiependent building of submodules,
and their step-by-step association (Supplementayr& 1A). This process is assisted by at
least 13 assembly factors specific of each modLlife 18] that dissociate from the complex
once finally assembled. Defects in this intricateseanbly process would lead to the
accumulation of Cl assembly subcomplexes unconddoten each other’s, which could be
deleterious for the cell [19], therefore questignithe involvement of such a defect in

metabolic rewiring.

Thus, a comprehensive analysis of the pathophygitmdbconsequences of Cl deficiencies is
required for a better understanding of the mecinasinking CI function, assembly and
metabolic adaptations and is a pre-requisite ferdévelopment of therapeutic strategies. To
address this question, we took advantage of a Ilskgefibroblast collection obtained from
patients presenting Cl deficiency, with impairmentCl functionality and/or assembly. Our
results shed light on the CI assembly status asgllyhdiscriminative parameter in the
metabolic adaptation to Cl deficiencies and positROS and PDH phosphorylation as key

mediators of the glycolytic switch related to Céasibly defects.
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MATERIAL AND METHODS

EXPERIMENTAL MODELS

Study approval

This work was approved by the Ethics Committeehef Angers University Hospital (CPP
Ouest Il — Angers, France; Identification numbeP.ROCB 2014/02; Declaration number: DC-
2011-1467 and Authorization number: AC-2012-150Written informed consent was
obtained from all participants. The descriptionttotd mutations from each patient and their

phenotype are detailed in Supplementary Figure 2.

Cdl linesand cdll culture

Fibroblasts obtained from skin biopsy from 40 indials, 29 patients with CI deficiency and
11 healthy controls (Supplementary Figure 2) werteuced in 2/3 Dulbecco’s modified Eagle
medium (DMEM-F12, PAN Biotech, Wimborne, UK), 1/3mhiomax (Gibco, Invitrogen,
Paisley, UK) supplemented with 10% fetal bovineuse(PAN Biotech, Wimborne, UK), 1
mM sodium pyruvate, and 50 pg/ml uridine (Sigmar#ld, Lyon, France) at 3C, 5% CQ.
One week before analyses, uridine and pyruvatelsogntations were stopped to avoid any
influence of high pyruvate concentration on thdutat metabolism. All experiments were
conducted on fibroblast cultures between passagesmd 25 to avoid artefacts due to
senescence [20]. All fibroblast cell lines weretnoely tested for the absence of mycoplasma
contamination. For experiments, cells were washigld RBS, trypsinized, centrifugated (800

rom, 5 min), washed in PBS buffer and the cell gisllwere either immediately used
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(oxygraphic analysis, NAD+/NADH measurement) or iethately frozen in liquid nitrogen
and stored at -80°C until use.

METHODS

Cdl treatments and Small Interference RNA

To induce CIl assembly defect, fibroblasts from tigatontrols were treated during 48h with
1uM sodium Pyrithione (2-Mercaptopyridibdéoxide sodium, NaPyr, Sigma Aldrich, Saint-
Quentin Fallavier, France). NaPyr solutions in DM&E€re diluted 1:5,000 in the cell culture
medium (without uridine or pyruvate supplementatid@ontrol cells were treated in parallel

with DMSO 1:5,000 (“vehicle” condition).

To inhibit CI activity, cells were treated duringhtwith Piericidin A, 5 nM (Sigma Aldrich,
Saint-Quentin Fallavier, France). Piericidin A #@olutions in DMSO were diluted 1:5,000
in the medium. Control cells were treated in pafallith DMSO diluted 1:5,000 in the
medium (“vehicle” condition). Importantly, Piericid A was chosen instead of the classical
Cl inhibitor, rotenone, due to the higher dynanange between CI inhibition and induction
of reactive oxygen species (ROS) production ofig@in A [21]. Dose-response titrations
(2.5 nM up to 50 nM) with both rotenone and piafici A were performed on control
fibroblasts before cell treatment and Cl-inhibitiamd Cl-linked ROS production were
analyzed simultaneously using O2K-fluorometry byaswing both the ClI-linked maximal
respiration and Cl-linked Amplex red oxidation ohet same sample (see below:
Mitochondrial ROS production section). The dosd’@ricidin A was chosen as the one that
induced the closest inhibition of Cl-linked respima than the one observed on CI patient
cells (i.e. -59.8 = 2.2%) without inducing a ROSqhuction. At the chosen dose (5 nM),

piericidin A inhibited both ClI-linked respiration66%) and ROS production (-29%) while 5
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nM of rotenone only inhibited Cl-linked maximal pgsation by -24% without inducing ROS
production. At 50 nM, both inhibitors fully inhilgtl Cl-linked respiration (-99 and -88% for
piericidin A and rotenone, respectively) but strigngtimulated ROS production (+75 and

+344% for piericidin A and rotenone, respectively).

Silencing of NDUFAF1 was performed on control fiblasts by using a pool of three specific
siRNA duplexes (Thermofisher, Waltham, USA). Cohtiiaroblasts were reverse transfected
using the Mission siRNA reagent (Sigma Aldrich, rfaQuentin Fallavier, France) and
40pmol of NDUFAF1 or control siRNA (scramble). Afté8 hours, cells were harvested and
oxygraphic analysis was performed. A frozen pellas kept at -80°C for Western blot and
BN PAGE and an aliquot of cell culture medium weszén for metabolite measurements

(see below).

To induce ROS production by CI, control cells wdreated during 48h with 5 pM
mitochondria-targeted redox cycler, MitoParaquat-R®Q, Abcam, Cambridge, UK). Within
the matrix, MitoPQ produces superoxide by redoxliogcat the flavin site of complex I,
selectively increasing superoxide production witimitochondria [22]. A 25 mM mt-PQ
stock solution in DMSO was diluted 1:5,000 in thedium. Control cells were treated in

parallel with DMSO diluted 1:5,000 in the mediuvehicle” condition).

Cellular antioxidant treatments were conducted gidirAcetyl cysteine (NAC, 48H, 1mM,
Sigma Aldrich, Saint Quentin Fallavier, France)frdsh 100 mM NAC solution was realized
in DMEM-F12 medium for each experiment and diluegd1:100 in the final cell culture
medium. Control cells were treated in parallel WDMEM-F12 diluted 1:100 in the cell

culture medium (“vehicle” condition).
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AMPK inhibition in patient and control cells wasrfigmed using Compound C (Abcam,
Cambridge, UK) (48H, 10 uM). A 10 mM stock solutionDMSO was diluted 1:1,000 in the
medium. Cells were treated in parallel with DMSQueid 1:1,000 in the medium (“vehicle”

condition).

Mitochondrial enzymatic activities

The activities of Complex | (NADH ubiquinone redasé, NUR, EC 1.6.5.3) and citrate
synthase (CS, EC 2.3.3.1) were measured at 37iCanitvin¢ spectrophotometer (SAFAS,
Monaco) on mitochondrial enriched fraction. Cellsrare-suspended in cell buffer (250 mM
saccharose, 20 mM tris[hydroxymethyllJaminometh@eM EGTA, 1 mg/mL bovine serum
albumin, pH 7.2; 50ul/10° cells), disrupted by two freezing-thawing cyclesashed,
centrifuged for one minute at 16 000 g to eliminthie cytosolic fraction, re-suspended in the
cell buffer (250 pl/10° cells) and sonicated (6x5 s) on ice. Complex livigt was
immediately assayed according to [23, 24] in,RBy buffer (80 mM, pH 7.4) supplemented
with 1mg/ml fatty acid free bovine serum albuminmmM potassium cyanide (KCN), 2 mM
sodium azide (NaN3) and 100 uM DCPIP added to ramirthe quinone acceptor in fully
oxidized state, thus avoiding NUR reaction inhdntiby reduced CoQHaccumulation [25].
100 uM Coenzyme Q1 (Sigma Aldrich, Saint Quentirlavéer, France) were used as
acceptor and 150 uM NADH as substrate to initintereaction. The specificity of the NUR
reaction was controlled on the same sample in tesence of its specific inhibitor, rotenone
(5 uM). Citrate synthase activity was assayed Isyaadard procedure [23, 24]. The protein
content was determined with the bicinchoninic askay(Uptima, Interchim, Montlugon,
France) using bovine serum albumin as standardac@ivity was normalized to CS as a

mitochondrial content marker, after checking fore ttabsence of difference in the
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mitochondrial CS activity between groups. Enzymaiteasurements were performed at least

twice in duplicate, on two different cell pelletsiin different passages.

Mitochondrial respiration rates

Mitochondrial oxygen consumption measurements weréormed at 3 and atmospheric
pressure using a high-resolution oxygraph (O2K,bOros Instrument, Innsbruck, Austria).
Respiration rates on permeabilized cells were mredsin respiratory buffer RB (10mM
KH,PO,, 300mM mannitol, 10mM KCI, 5mM Mggl| 0.5mM EGTA and 1 mg/ml serum
albumin bovine, pH7.2) using substrates of ClI, GlsgDd CII as followed: first, state 2 (non-
phosphorylating) respiration was measured afteingdd.5mM pyruvate and 5mM malate.
Then, the Cl-linked maximal phosphorylating resjora was stimulated by saturating ADP
concentration (1.5mM) and 3mM NAD+, added to avdi€A limitation by NAD+
availability. Succinate (10mM) was then added tasuee the combined CI and Cll-linked
respiration with convergent CI+Il electron flow anthe Q-junction corresponding to the
maximal stimulated phosphorylating respiration (BXPS capacity). Rotenone (5uM) was
used to inhibit CI activity and thus to obtain theaximal Cll-linked respiration. Thirdly,
oligomycin (FOF1-ATP synthase inhibitor, 4pg/ml) dafFCCP (carbonyl cyanide p-
trifluoromethoxyphenylhydrazone, a mitochondriatonpler, 1uM) were sequentially added
to ensure that the cells were fully permeabilizédally, antimycin A addition (2ug/ml) was
used to check for the non-mitochondrial oxidation.

Respiration rates on intact cells were measurddMiEM-F12 medium (3g/l glucose, 1mM
glutamine, 0.3mM pyruvate). 4-5@ells were added in the oxygraphic chamber and the
analysis started with routine respiration (R) measwent, which is defined as respiration in
DMEM-F12 medium without additional substrates deetiors (cell endogenous respiration,

corresponding to the cellular oxidative metabolisitjen, FOF1-ATP synthase was inhibited

9
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with oligomycin (4 pg/ml), allowing the measuremeft non-phosphorylating respiration
(Leak respiration). This non-phosphorylating respon (O) was subtracted from Routine (R)
one to calculate the cellular phosphorylating negjmn (R-O). This was followed by
uncoupling of oxidative phosphorylation by stepwigetion of FCCP (carbonyl cyanide p-
trifluoromethoxyphenylhydrazone) up to optimum cemiations (0.6 — 1.2 uM) allowing the
measurement of the maximal endogenous respiratehular oxidative capacity). The part of
the maximal capacity use for oxidative metabolisaswalculated as R/F and the part of the
maximal capacity use for oxidative ATP synthesisswalculated as (R-O)/F. Finally,
respiration was inhibited by rotenone and antimy&i(2.5uM and 2 pg/ml, respectively) to
check for non-mitochondrial oxidation. All experimes were performed at least twice in

duplicate on independent cell cultures.

Mitochondrial ROS production

ROS production was measured simultaneously to axygensumption at 3 and
atmospheric pressure in respiratory buffer RB usthg OZ2k-Fluorometer (Oroboros
Instrument, Innsbruck, Austria) equipped with twaaonel fluorescence optical setup to
monitor oxygen level and fluorescencex(4d production was monitored according to [26]
using the HO,-sensitive probe Amplex® Red (Molecular Probes, é¢agg Oregon, USA),
10uM (Excitation 525nm / Emission filter 580nm). /bt horse radish peroxidase (HRP)
and 5U/mL superoxide dismutase (SOD) were adddtidéachamber to convert superoxide
into H,O,. Calibrations were carefully performed before, inigrand at the end of each
experiment with stepwise additions of 0.1uMQ4 Dedicated CI and CI+Cll-linked ROS
production was sequentially analysed on the sammplgausing substrates of Cl, CI+CIl and
CllI as followed: first, NADH supply to Cl was inded by adding 2.5mM pyruvate and 5mM

malate (+ADP, 1.5mM). Then, NADH supply was furthecreased by addition of 5mM

10
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glutamate. Finally, Succinate (10mM) was added teasnre the ROS production with
convergent CI+l1l electron flow into the Q-junctiozgrresponding to the maximal stimulated
phosphorylating respiration. Specific,® fluxes were calculated in real-time using the
DatLab software (OROBOROS Instruments, InnsbruckistAa) from the positive time

derivative of the resorufin signal over time.

TCA cycleanalysis

Oxidation of ClI substrates was followed on 6-7.Jfermeabilized fibroblasts. 2.5mM

pyruvate and 5mM malate were added and a 1ml dliyas immediately removed for acid

organic analysis. Five minutes after substrate teaigi sub-saturating ADP concentration
(0.5mM) was added. Precisely 30 minutes later,va heal aliquot was withdrawn. Oxygen

consumption was controlled during all the experitm8&oth aliquots were treated with 200l
of 7% perchloric acid then rapidly stirred, frozenliquid nitrogen and thawed at 37°C,

centrifuged 5 minutes at 20,000g, 4°C. Supernataats extracted by ethyl acetate (1/7 v/v),
evaporated, silylated (45 minutes, 80°C) and iegcin a gas chromatography/mass
spectrophotometer (GCMS-2010C, Shimadzu, Marne Hllé¥, France). Peaks were
identified and quantified by the GCMS solution s@fte (Shimadzu, Marne La Vallée,

France).

Western blotting and BN-PAGE analysis

Cellular proteins solubilized in a Laemmli buffeere resolved by SDS-PAGE as described
[27].

For complex | and supercomplexes assembly analyséschondria were enriched by using

differential centrifugation, according to a slighthodified version of the method described

by Bonnet et al (2008). Briefly, the cell pelleten incubated 10 min on ice with cold

11
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digitonin (4mg/ml in PBS, v/v; 0.2% wi/v) to disselcell membranes. Then, digitonin was
diluted by addition of cold PBS (5 v/v). Cells warentrifugated for 10 min, at 10,000g and 4
°C to recover the mitochondria-enriched fractioheTpellet was washed once more in 1 ml
cold PBS, centrifuged (10,000g, 4°C), resuspendetiamg/ml in AC/BT buffer (1.5 M
aminocaproic acid and 75 mM Bis—Tris/HCI, pH 7.0pglemented with Complete Mini
Protease Inhibitor (Roche Diagnostics, Stockholmeden)) and kept frozen at -80°C until
analysis. For blue native (BN) PAGE analyses, 5ofitpe samples were diluted at 2 mg/ml
in AC/BT buffer and mitochondrial membrane protewsre solubilized by incubation with
the dedicated detergent for 10 minutes at 4°C.rARatrifugation for 20 minutes, 20,0009 at
4°C, the supernatant was collected, and 5% Serva 8l dye (Biorad, Marnes-la-Coquette,
France) in 1 M aminocaproic acid/50 mM Bis—Tris/H@H 7 was added (1/20 v/v) prior to
loading. The following detergents were used (a)g3w/otein n-dodecyp-d-maltoside for
preparation of native respiratory chain complexas @) 6 g/g protein digitonin (1.2% wi/v)
to detect the supercomplexes. Respiratory chairpt®as or supercomplexes were separated
on Native PAGE Novex 3-12% Bis-Tris gels (Invitrogdor approximatively 3 hours and
transfered on PVDF membranes (GE Healthcare, \‘iltgcoublay, France) in cold
blotting buffer (25 mM Tris, 192 mM glycine, pH 8.20% methanol). Membranes were
hybridized using dedicated monoclonal antibodieB RS2, NDUFB6, SDHA, Il core2,
COX5A, Abcam). Due to the reduced dynamic rangeclémiluminescence, the high
intensity of the CI holoenzyme band could blunt @entermediate detection. Thus, to avoid
this limitation, we developed a new approach basethe detection of assembly factors that
specifically bind to CI intermediates and are restwnce the holoenzyme is fully
assembled. Antibodies against assembly factors NiR4F(Rabbit monoclonal antibody,
Abcam) that specifically bind the Q and Q/Pp-a, NEAF1 (Rabbit monoclonal antibody,

Abcam) which binds the membrane Pp-b and NDUFAF2b{i monoclonal antibody,

12
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Abcam) which stacks the Q/P intermediates, werd a$er careful validation of the method
(see Supplementary Figure 1). Acquisitions werdopered using the Odyssey FC imaging

system and analysed using Image Studio™ Lite (LR(osciences).

M etabolites measur ements

Cellular glucose consumption and lactate producti@me determined on cell supernatant
after 48 hours of cell culture on an Architect CaB8G@&pparatus using the Glucose assay for
Architect C™ system and the Lactate assay for AechiC™ system (Abbott, Ringis,
France). Cellular NAD+/NADH ratio and ADP/ATP ratwere measured on cell lysates
according to the manufacturer instructions (NAD/NARssay kit and ADP/ATP ratio assay

kit, Abcam, Cambridge, UK).

QUANTIFICATION AND STATISTICAL ANAYSIS

At least two biological replicates of each fibradtl@ell line were analyzed in duplicate. All
fibroblasts cell lines were systematically analyz€tr, n=11; FA, n=19; AB, n=10), except
when specified. Results are represented as m&#HM. The nonparametric Mann—Whitney
test (*, $ symbols) or its version for paired déidilcoxon test, # symbols) were used for
means comparison (Statview, SAS Institute Inc.,yQ¥€, USA). All data were considered
statistically significant ap<0.05 For regression analyses, the best fitting moadel e
statistical significance were determined using ZiBiot software (Systat Software, Inc., San
Jose, USA) usingtest and- test for the regression significance.

Principal component analysis (PCA) score plot waisdaicted to detect grouping of similar
cell lines and outliers according to structuralpdhiemical and metabolic parameters (X
matrix). An orthogonal partial leasjuares discriminant analysis (OPLS-DA), a supedvis

patternrecognition method, was further used to maximize \thriation between groups and

13
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determine the most significant variables contribgitio this variation. The quality of models
was validated by determining R? (goodnrie$dit) and Q2 (goodnessf-prediction) values. In
the model with the best predictive capabilitieg #ignificant variables of orthogonal partial
leastsquares discriminant analysis models can be detemtel selected by plotting VIP
versus coefficient values (“volcano” plot). VIP uak summarize the importance of each
variable for the OPLS-DA model, while coefficienalues summarize the relationship
between the Y (groups) and X (matrix of measuredupaters) variables. Variables with a
VIP value> 1 are considered important for group discrimirmatio predictive models. The
multivariate data analysis was conducted using SAMCsoftware 13.0 (Umetrics, Urhe

Sweden).

RESULTS

Different metabolic rewirings are set to face Cl deficiencies.

First, we checked the ClI maximal activity (Suppletaey information, Fig. S3A1) and
maximal Cl-linked respiration (St3 MP, Supplemewntaformation, Fig. S3A2) of our cohort
of 29 CI patient fibroblast cell lines and 11 coidr(Supplementary information Fig. S2A).
As expected, NADH Ubiquinone Reductase activity wasreased in all Cl-mutated cell
lines, except in the MT-ND4 and MT-TL cells withethowest heteroplasmy Levels (LL, i.e.
MT-TL1.1 and MT-TL1.2, Supplemental information SZupplementary information, Fig.
S3Al). By contrast, the maximal Cl-linked respoatwas reduced for all patient cell lines
by at least 40% (Supplementary information Fig. 33&mphasizing a defect in CI function
for all ClI mutant cells. We then checked the maximadative phosphorylation (OXPHOS)
capacity by measuring the combined CI+CIl phospladng respiration (St3 MPS,

Supplementary information Fig. S3B). This parametas not significantly reduced (-20 to -
14
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30%), except for MT-TL and MT-TK cells (-60%). Thlatter particular feature of MT-
TRNA mutated cells may be accounted for the addtialecreased in both complexes IV and
V activities (-60 and -70%, respectively, (data msbiown), limiting the phosphorylating
capacity. The relatively preserved maximal OXPH@§$acity witnessed that nearly all cells
were able to compensate the CI deficiency by FARMidation through CII, when its

substrate is provided in excess.

Then, we characterized the balance between oxelatnd glycolytic metabolism of the CI
patient and control fibroblast cells (Fig. 1A, Slgmpentary information, Fig S3). Cellular
oxidative metabolism was analysed by measuring rdaci cells the routine (Routine,
Supplementary information, Fig. S3C1) and the phosgating respirations (Routine -
Oligomycin-insensitive respiration, R-O, Supplenantinformation, Fig. S3C2). Maximal
respiratory chain capacity was measured after nasmpn uncoupling using FCCP (F,
Supplementary information, Fig. S3D) and the re&atise of the maximal capacity to sustain
oxidative phosphorylation was calculated as theOjR= ratio (Supplemental information,
Fig. S3E). In parallel, we estimated the glycolytnetabolism by measuring the glucose
conversion to lactate (L/G ratio, Supplementaryiinfation, Fig. S3F). Finally, these two
parameters were represented on a same graph nareedbolic orientation which represented
one a same graph bar the use of glycolytic (L/@Yatnd oxidative ((R-O)/F) capacities in
percent of control cells (Fig. 1A). Importantlyetimetabolic balance was switched towards
aerobic glycolysis only in a subset of mutatedsc@fig. 1A, Supplementary information Fig.

S3E and S3F), suggesting different metabolic reqamogiing among CI deficient cells.

To statistically process all the aforementionedhdate performed a non-supervised principal
component analysis (PCA-X, Fig. 1B). The resultngdel showed strong fittingR{X =

0.722) capabilities, distinguishing two groups ampahe Cl-deficient cells which were
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separated according to their metabolic orientafieaxis: left side, L/Gvsright side, R, R-O
and R-O/F, Fig. 1B). The group A included 8MIT-ND, MT-TL LL, MT-TP, NDUFV1.1,
NDUFS4.1and NDUFA9 mutated cells while the group B encompassed aNADnutated
cells, with the exception IDUFA9 NDUFV1.1andNDUFS4.1and theMT-TKandMT-TL
with the Highest heteroplasmy Level (HL, MT-TL1.3wda MT-TL1.4, Supplementary
information S2A) (hierarchical clustering, Supplertesy information Fig. S3G). To gain
insights in the discriminating parameters, we penfed a supervised analysis (OLPS-DA,
Fig. 1C1) based on these two groups defined by P@A.Volcano plot (Fig. 1C2) confirmed
that the most discriminative parameters between tthe groups were the oxidative
metabolism (R, R-O, R-O/F, VIP >1ys the glycolytic metabolism (L/G)), while CI
functionality (St3 MP and CI/CS) only accounted #ominor weight in the model (VIP <0.9).
In the light of these analyses, we reconsidereddawa according to the different groups

defined by the PCA analysis.

In the group A, the oxidative metabolism (Routimal gphosphorylating (R-O) respirations
Fig. 1D1 and 1D2) was maintained thanks to theofisehigher part of the spare capacity ((R-
O)/F, +30%, Fig. 1D3, Supplemental Figure 3H) ahd glycolysis was barely increased
(increase in glucose consumption and lactate ptadyd-ig. 1E1 and increase in L/G: +27%,
Fig. 1E2). By contrast, the oxidative metabolisnswsanificantly decreased in the group B
(Routine - 47% and phosphorylating respiration, R-60% compared to Ctr, Fig. 1D1 and
1D2, Supplemental Figure 3H). Surprisingly, thesliscdid not used and even reduced the
use of their respiratory capacity to maintain okiga phosphorylation, as illustrated by the
decreased (R-O)/F ratio (-40%, Figure 1D3, Suppteaid-igure 3H), substantiating a clear
shutdown of the oxidative metabolism in the grougBBnultaneously, in these cells, glucose

was almost exclusively converted to lactate (FEL)l as indicated by a L/G ratio close to 2
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(+77%, Fig. 1E2, Supplemental Figure 3H). In additwe found a low cellular ATP/ADP
ratio (-55% compared to Ctr and group A, Fig. 1§ttwas not modified by the inhibition of
the phosphorylating respiration (+ Oligomycin), fioning that the ATP synthesis in the
group B is mainly supported by the glycolytic metidm. Altogether, these results revealed
two different metabolic adaptations: in the group oth the oxidative and glycolytic
metabolisms are slightly stimulated, while the &buum between them is maintained
(metabolic orientation, glycolyties oxidative metabolisms, i.e. L/@s (R-O)/F, Fig. 1G),
evidencing a hyper-catabolism. Conversely, in theug B, the metabolism is drastically
switched toward aerobic glycolysis at the experfsth® oxidative phosphorylation, namely

the Warburg effect (Fig. 1G).

It is generally thought that the glycolytic switch linked to the degree of Cl deficiency.
However, while CI activity was more decreased ith&n in the A group, no difference in the
degree of Cl-linked respiration deficiency was oted between the two patient groups (Fig.
1H1 and 1H2). Moreover, neither the CI activity be Cl supported maximal respiration
rate correlated with the metabolic orientation, foomng that these parameters are not
discriminant in the observed metabolic adaptatigng. 111 and 112). CI activity is also a
crucial regulator of NALYNADH ratio [23]. This ratio was decreased in bajhoups,
compared to Ctr (Fig. 1J) but was neither differeetween the two groups nor correlated to
the Cl holoenzyme quantity (Fig. 1K), excluding egulation of metabolic rewiring by

NAD+/NADH ratio.
Cl assembly isa key deter minant of metabolic rewiring in Cl deficient cells.

The location of the mutated subunits within Cl cbuabt only affect its activities (NADH
oxidation, proton pumping) but also its structuraus, we evaluated by Blue Native PAGE

the impact of the different mutations on Cl assemfffig. 2A and Supplementary
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information, Fig. 4A, B). Cl holoenzyme was detelchsy using antibodies targeting structural
Cl subunits (NDUFS2 and NDUFB6). Cl intermediatesevrevealed with chaperon targeted
antibodies (NDUFAF4, NDUFAF1 and NDUFAF2) that bitlee matrix arms (Q and Q/Pp-
a), the membrane arm (Pp-b) and the 830kDa intaates] respectively (Supplementary
information, Fig. 1B). The analysis revealed two &kembly profiles (Figure 2A, 2B and
Supplementary information, Fig. S4A). Firstly, irogp A, CI holoenzyme quantity was not
decreased by more than thirty percent (Fig. 2A, 2B#l Supplementary information, Fig.
S4A1) while no significant accumulation of Cl imeediates was evidenced (Fig. 2A, 2B1
and Supplementary information, Fig. S4A2) and theildrium between CI holoenzyme and
assembly intermediates was maintained (Fig. 2BB)s Broup was thus renamed FA for
Fully Assembled. Secondly, in group B, CI holoeneyguantity was markedly reduced (Fig.
2A, 2B1 and Supplemental information, Fig. S4A) amther matrix (Q/Pp-a, MT-TRNA
cells), membrane (Pp-b, nDNA) or membrane anddtage (Q/P, N-module mutated cells)
intermediates accumulated (Supplemental informattog. 4B). Whatever the blocking step
involved, these data emphasized a strong Cl asgeddbéct in B group (Fig. 2B2). This
group was renamed AB for Assembly Blockage. Impulya the level of assembly defects
strongly correlated with the metabolic rewiringdFRC, R?=0.83)meaningthat when the
guantity of the CI holoenzyme is reduced, the madtalorientation is proportionally switched
towards glycolysis. Moreover, the supervised anglgscording to the defined groups and the
corresponding Volcano plot (Supplemental informmatiéig. 4C) confirmed that the most
discriminative parameters between the two groupgtee Cl assembly status (CI holoenzyme

guantity (Cl)vsthe accumulation of assembly intermediates (A.l.))

As our results question the common idea that thefubkttions dictate the metabolic

adaptations, we strengthened our analysis by s&jeall the cell lines that displayed strictly
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the same CI functionality (Cl maximal activity ar@l-linked maximal respiration) and
comparable maximal phosphorylating capacity, thtferthg only by their Cl assembly level
(Fig. 2D). Among them, only the ones with a ClI askly blockage showed a decreased use
of respiratory spare capacity ((R-O)/F, -50%) andrereased use of glycolytic metabolism
(L/G +50%, Supplementary information, Fig. 2D), massing a metabolic switch towards
glycolysis. Thus, the metabolic shift observed B éells is clearly not related to the severity

of ClI deficiency but rather to the level of Cl asdy defect.

Targeted inductions of Cl assembly defects reproduce the metabolic impairment of AB

cells

To reinforce the link between the Cl assembly defex the metabolic switch, we induced
either a CI functional inhibition or a CI assembtiefect in Ctr fibroblasts, using
pharmacological agents or siRNA. First, piericidina CI inhibitor that has no effect on its
assembly (Fig. 3A1 and Supplementary informatioig, BA) was used to mimic the FA
group. As expected, piericidin A significantly redd the CI activity (-62+4%,
Supplementary information, Fig. S5B) and all resfory parameters (F, R and R-O
respirations (- 53%, - 41% and - 72% compared tocle treated cells, Fig. 3A2), thus
substantiating a decrease in the maximal respyatbain capacity in accordance with the
reduced Cl enzymatic activity. However, the parthef respiratory capacity dedicated to the
ATP synthesis was preserved ((R-O)/F, Fig. 3A3nkisato a higher use of the maximal
respiration capacity (R/F, Fig. 3A3). Piericidinddd not induce a glycolytic switch, as shown
by a conserved metabolic orientation and L/G rétid10 for vehiclevs 0.974 for piericidin
A-treated cells, Fig. 3A4 and 3A5). Then, in ortieinduce the accumulation of Cl assembly

intermediates, we treated Ctr cells with eitheriwadpyrithione (NaPyr, Fig. 3B) or with a
19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

SiRNA targeting the assembly factor NDUFAF1 (Fig.)3NaPyr is a TIM23 modulator that
favors the membrane sorting of nuclear-encodedregepy chain complex subunits [28] and
is thus expected to induce membrane intermediatanaglation. In NaPyr treated cells, a
60% increase of the membrane Pp-b intermediatetitegavith a small decrease in ClI
holoenzyme quantity (-20% compared to vehicle, F@gBB1 and Supplementary Figure 5A)
were observed inducing a 46% decrease in R (rqutespiration and a 64% decrease in
phosphorylationg (R-O) respiration without anynsiigant modification of the respiratory
complex activities (Supplementary Figure 5C). Thesded to a decrease in oxidative
metabolism as evidenced by the 39% decrease in){R+@tio. NDUFAF1lis an assembly
factor stabilizing the membrane Pp-b intermeditites its silencing by siRNA is expected to
induce the accumulation of matrix Q intermediatidhibition of NDUFAF1 expression
(Supplementary information, Fig. S5D) decreasedbRptermediate amount, leading to a
consistent accumulation of the Q/Pp-a intermedi@fég. 3C1 and Supplementary
information, Fig. S5A). Neither the accumulationRyf-b (NaPyr treatment) nor of Q/Pp-a
(NDUFAF1siRNA) intermediates significantly modified the ximaal respiratory capacity (F,
Fig. 3B2, 3C2). However, both the routine and phosyplating respirations were decreased
(R (-48% compared to vehicle treated cells) and R&3% compared to vehicle treated
cells), Fig. 3B2, 3C2), indicating an oxidative atmlism inhibition. Moreover, the
accumulation of both Pp-b and Q/Pp-a intermedideseased the part of the respiratory
capacity used for ATP synthesis ((R-O)/F: -56% af@fo, respectively, Fig. 3B3, 3C3) and
led to a higher conversion of glucose to lactatés(katios: +77% and +39%, respectively,
Fig. 3B4, 3C4). These results confirmed that Clasgembly slows down the oxidative

metabolism and triggers a metabolic reprogramnomgtds glycolysis (Fig. 3B5, 3C5).

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

ROS overproduction due to Cl misassembly isinvolved in the metabolic rewiring.

We previously demonstrated that Cl assembly defieticed ROS overproduction linked to
the presence of unconnected active N module [28]the present study, the presence of
unassembled N module was evidenced by BN-PAGE th bontrol and mutated cells (Fig.
4A1), but did accumulate relative to Cl holoenzymentity only in AB cells (Fig. 4A2).
Maximal ROS production was measured in parallelti® maximal respiration rate, on
permeabilized fibroblasts in the presence of CI andCll (Fig. 4B) substrates. ClI ROS
production was somehow increased in the FA gro&#%s), while drastically increased in
the AB group (+421%). Furthermore, the ROS produrctncreased with the NADH supply
(St3 MPGvs St3 MP) in AB, but not in FA cells and remainedher than in Ctr cells even in
the presence of the CIl substrate (+100% for CI+CGli3 MPGS, Fig. 4B). Regression
analyses (Fig. 4C) indicated strong correlationsveen ROS production and both CI
holoenzyme and unassembled N module guantitiesnenhand, and ROS production and
metabolic orientation on the other hand. The RO&lpetion by Cl was also stimulated in
NaPyr-treated cells (+60%, Fig. 4D), further emtiag that Cl disassembly is associated
with increased ROS production. The cellular impeEdROS overproduction was assessed by
measuring the lipid peroxidation adduct-contenthydroxynonenal, HNE) by Western
blotting. HNE content was higher in AB than in FAdaCtr cells (+150%, Supplemental
information, Fig. S6A1 and S6A2), revealing a syste presence of oxidative stress

specifically in the AB cells.

To further explore the involvement of ROS productio the metabolic switch, we induced in
Ctr cells a Cl-driven ROS overproduction using rR@raquat (mt-PQ) treatment [22]. mt-PQ
treatment increased ROS production by 485% (Fid) 4hile inducing decrease in Cl-linked
respiration (-66%, Fig. 4E2) and Cl maximal acyi\it55%, Fig. 4E3). Additionally, mt-PQ
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treatment reduced the routine (R, -55%, Fig. 44 the phosphorylating respiration (R-O, -
90%, Fig. 4E4), while it increased the L/G rati®@$%o, Fig. 4E5), thus emphasizing the onset
of a glycolytic switch. Surprisingly, the treatmeot Ctr cells with mt-PQ significantly
reduced the amount of Cl and IlI, with a particylarlarked effect on the Cl assembly (Fig.
4E6). Indeed, mt-PQ induced a drastic reductiothenamount of Cl holoenzyme paralleled
by the accumulation of an intermediate of about KD@. This suggests a close interrelation

between the levels of ROS production and Cl assgmbl

Alternatively, we inhibited ROS production withetlanti-oxidant N-Acetyl Cysteine (NAC)

[30, 31]. NAC treatment specifically increased bdiie routine (Routine, +50%) and the
phosphorylating (R-O, +79%) respirations in AB se(Fig. 4F1) and also significantly

decreased the glucose conversion to lactate (L2G%; Fig. 4F2). While NAC treatment

increased CI holoenzyme quantity in Ctr cells, iB £ells, it did not alleviate the assembly
defect of Cl caused the mutations in nuclear-enddgliesubunit (Fig. 4F3 and supplemental
information Fig. S6B1, B2). Despite a CI that rensadisassembled, cellular metabolism
returns to a more oxidative one with the antioxtdaeatment (Fig. 4F1). This result indicates
that the effects of NAC on cellular metabolism dmlged involve the decrease in ROS
production and not a correction of the CI assendeffiect in AB cells, placing ROS between

the Cl disassembly and the metabolic switch.

Altogether, these results emphasized that ROS oaduption is involved in a signaling

pathway linking Cl disassembly to the glycolyticitwh.
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A ROS/AMPK/PDH pathway is involved in the metabolic rewiring induced by CI

disassembly

AMPK is a main sensor of mitochondrial energeticess. In patient cells, AMPK
phosphorylation was increased in AB group only @Go/4ompared to Ctr, Fig. 5A1).
Interestingly, mt-PQ treatment of Ctr cells alsoduped an increase in AMPK
phosphorylation (+ 71%, Fig. 5A2). Because the Ribidsphorylation is an essential actor of
the metabolic rewiring [32, 33] we monitored theopphorylation status of the PDH &1
subunit. We found a 2.5-fold increase of its phasplation in the AB group, compared to the
FA and control groups (Fig. 5B1). Furthermore, r@t-Rreatment enhanced the PDH
phosphorylation in Ctr cells (+79%, Fig. 5B2). Tecipher this signaling cascade, we
inhibited either ROS production with  NAC or AMPK taity using Compound C.
Remarkably, both treatments decreased PDH phodghiory in AB cells, with a higher
extent for Compound C (-80%) than for NAC (-20%g.FbC). Altogether, these results
disclose a signaling pathway involving ROS overpicitbn due to ClI disassembly, which
induces the PDH over-phosphorylation in an AMPK etefent manner. To confirm the
functional role of PDH inhibition in the decreasexidative metabolism in AB cells, we
assessed thmitochondrial pyruvate oxidation by measuring tbirfation of the tricarboxylic
acid (TCA) cycle intermediates on permeabilizedscdh Ctr and FA cells, citrate and
ketoglutarate were generated from pyruvate andtea@dation (Fig. 5D) and only 5% of
the pyruvate was converted to lactate. By contiasthe AB group, pyruvate oxidation was
strongly reduced and citrate formation was not aeté while a high level of lactate
production was evidenced (+150%, Fig. 5D), confirgna blockage of pyruvate oxidation
upstream of the TCA cycle, linked with the inhibitiof the Pyruvate Dehydrogenase (PDH).

We confirmed this observation by adding, during gr&phic measurement, Glycerol-3-
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Phosphate (G3P) which directly increases FARHpply to the respiratory chain, bypassing
the PDH regulation (Supplementary information, F8y). G3P stimulated the oxidative
metabolism, particularly in the AB group (+10%, #80and +70%, in Ctr, FA and AB,

respectively, Supplementary information, Fig. S7Adjth the routine respiration reaching
the maximal capacity in the AB cells (R/F ratiogdato 1, Supplementary information, Fig.
S7A2) and led to a complete restoration of the pérthe respiration dedicated to ATP
synthesis ((R-O)/F, Supplementary information, BgA3). These results show that, in AB
cells, the inhibition of mitochondrial pyruvate gy can be overcome by sustaining the

FADH, production.

Our results, summarized in Fig. 6 A and B demotetrghat ROS overproduction was
negatively correlated to Cl assembly status anditipely correlated to both PDH
phosphorylation and metabolic rewiring placing thiad as a key determinant of the

glycolytic switch.

DISCUSSION

Mitochondrial CI is the largest integral membranezyeane of the respiratory chain. Its
biogenesis is a highly intricate process involving assembly of both nDNA- and MT-DNA-
encoded proteins into subcomplex intermediatesallfincombined into the functional
holoenzyme. While defects in its assembly are quieat cause of mitochondrial disorders,
their relative contributions in the pathophysiologf Cl-linked diseases have not been

precisely studied. It has been shown that Cl asbeimlodlown-regulated under oxidative [34]
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or hypoxic stress [35], and that unbalanced Clrabbe causes premature senescence [19].
However, the effect of Cl assembly defects andartiqular the accumulation of assembly

intermediates on cellular metabolism remains |largeknown.

In this study, we provide the first evidences desti@iing the central role of Cl assembly,
rather than CI activity, in the onset of the metabieprogramming in Cl deficiency. Indeed,
the glycolytic switch is not observed in cells wélpure Cl catalytic defect, neither in patient
cells nor in piericidin A-treated control cells. kover, the PCA-based statistical analysis
clearly evidenced that the level of the metaboltch is tightly correlated to the degree of
Cl disassembly. Our results suggest that rathen @& holoenzyme quantity, it is the
accumulation of Cl assembly intermediates thahi®lved in metabolic reprogramming. In
this respect, a metabolic switch, evidenced bynarease in L/G ratio and a shutdown of
oxidative metabolism ((R-O)/F) can be triggered By@Pyr treatment or NDUFAF1
downexpression in control cells by inducing a deasbly intermediates overrepresentation,
without impairing CI function. This further suppsrthe fact that CI misassembly, but not its
activity, is the culprit mechanism responsible tbe metabolic switch and confirms a
previous study suggesting that Cl assembly couldinvelved in the switch of energy

metabolism towards glycolysis, in smooth musclésdalpulmonary hypertension [36].

This process occurs through a decrease in substiaiés into the respiratory chain through
the inhibition of the PDH and TCA cycle. CI not grdcts as a metabolism hub essential to
energy production but it is also one of the magurse of ROS production [37]. In our study,
although all the CI deficient cell lines displayaalincrease in Cl-related ROS production, the
level of Cl disassembly was the main contributorROS overproduction, a relationship
already reported in Parkinson disease [38] andngggl9]. We propose that this ROS

overproduction is related to the toxicity of the iBlermediates, as we and others previously
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demonstrated that, even when disconnected fromCihehe matrix N-module retains a
NADH dehydrogenase activity [29, 39, 40] and pgvates to superoxide generation and
oxidative stress [29]. Although known as damaginglecules, ROS are also increasingly
considered as important signalling mediators [42], 4otably involved in the AMPK
dependent activation [43] of the PDH kinase [44] gtycolytic switch [45]. Here, we found
that NAC antioxidant treatment partly reversed @igH phosphorylation and the glycolytic
switch, whereas increasing ROS production stimdlate AMPK and PDH phosphorylation
and downstream the glycolytic metabolism. Our fngd suggest that ROS production
represents a tipping point, below which cells iaseethe catabolism to sustain the oxidative
metabolism and over which cells shutdown the rasmiy chain through PDH inhibition,
impeding the metabolic flexibility necessary to m#®e energetic cell requirements. Such a
threshold of ROS overproduction is reached wheig@feeant accumulation of Cl assembly
intermediates occurs. By contrast, in cells witbuse CIl catalytic defect, a compensatory
hyper-catabolism allows to maintain the oxidativetamolism at the expense of an increased
fuel use. Ones can suppose that this hyper-casaboliopes with cellular metabolic
requirements in basal conditions, but will fail face an energetic challenge as exercise,

infections or fasting.

Our conclusions demonstrating the importance ofa€dembly in ROS production and in
metabolic adaptations should prompt the improvemamd refinement of antioxidant
strategies and define targeted therapeutic routesréating the two specific groups of Cli
patients that we defined in this work. MoreoverCadgleficiency is observed in an increasing
number of pathophysiological situations as agimgcer and neurological disorders, our data

not only shed light on the importance of asses§ihgssembly in these clinical conditions,

26



but also identified molecular pathways to be tardefior the design of future therapies of

these diseases.
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FIGURE LEGENDS:

Figure 1: Different metabolic orientations observed in Cl deficient cells.

A. Cdlular metabolic orientation, combined representation of the use of oxidative@(AF)
and glycolytic (L/G ratio) capacities for each MTDNMT-TRNA and nDNA mutations. The
results are expressed in percent of control cetlsndicates a significant difference (> +/-
2SD) compared to CtrB. biplot of the PCA-X (dot plots) and loading plot of the
explaining contribution of each metabolic parameter (squares)n the model. Cl maximal
functions (CI/CS, st3 MP), maximal respiratory chahosphorylating capacity (st3 MPS),
maximal cellular oxidative capacity (FCCP: F), aatidte metabolism (Routine respiration:
R), cellular phosphorylating respiration (R-O),atele cellular oxidative metabolism (R/F
and R-O/F), glycolytic metabolism (L/G), parametersasured for each patient cell line were
analyzed by a non-supervised multivariate procegsguhe SIMCA software. The resulting
model shows two components (cumulated R2X=0.72B8g B group included most of the
cells with nuclear mutated genes, the two MT-TL1 &id the MT-TK cells. The A group
encompassed all the MT-ND mutated cells, the MTELLand the MT-TP cells, and the three
nuclear mutated NDUFA9, NDUFS4.1 and NDUFV1.1 céll$. Orthogonal Projectionsto
Latent Structures Discriminant Analysis (OPL S-DA) analysis of the two patient groups

A and B, determined in the PCA analysi€2. Corresponding Volcano plot. In the
“Volcano” plot, the xaxis represents the coefficient of the regressietwéen the X
(analyzed parameters) and Y (response) matrix, ewtlie variable importance for the
projection (VIP) is represented on theayis. The VIP summarizes the importance of each
variable in defining both the X matrix and the etation between X and Y. Variables with a
VIP value>1 are considered as pertinent for the mo@el.Oxidative metabolisn was
analysed on intact cell;mn glucose medium by measuring tH2i. Routine respiration,
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corresponding to the cellular respiration raB. Phosphorylating respiration (R-O),
determined after ATP synthesis inhibition by oligamnm. D3. Use of the spare capacity for
phosphorylation ((R-O)/F), i.e. part of themaximal respiratory capacity used to sustain
oxidative phosphorylation (R-O)E. Glycolytic metabolism. E1. Celular Glucose
consumption and L actate production, measured in culture medig2. Use of the glycolytic
capacity, determined by the conversion rate of the glucoset¢Gactate (L) (L/G ratio)F.
Cellular ATP/ADP ratio measured with or without oligomycin (Oligo, 4pg/nd) inhibit
mitochondrial ATP synthesi<s. Celular metabolic orientation, determined by the ratio
between the glucose to lactate fueling (G to L) #reluse of oxidative capacity ((R-O)/F).
H1. CI activity, normalized to the CS onkl2. Cl-linked maximal respiration in coupling
conditions with malate, pyruvate (St3 MP)1l. Correlation between the metabolic
orientation and the Cl /CSratio. |2. Correlation between the metabolic orientation and
the Cl-linked maximal respiration (St3 MP). J. Cellular NAD+/NADH ratio determined
on fresh cell lysates from Ctr and patient fibreldak. Correlation between the metabolic

orientation and cdllular NAD+/NADH ratio.

A, D1, D2, D3, E1, E2, F, G, H1, H2, J: Analysegaevperformed at least on two biological
replicate for each cell lines of each group. Resale presented as means + SEM. * indicates
a significant difference compared with Ctr groupl &a significant difference among patient
groups (Avs B). 11, 12 and K: statistical significance of celations was evaluated by tke

test using Sigma Plot Software.

Figure 2: Induction of Cl disassembly, but not CI deficiency, triggers a metabolic shift
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A. Cl assembly analysis. Al. In the first immunaoblot, Cl holoenzyme level was analyzed

by sequential hybridization of NDUFB6+NDUFS2 and SDHA antibodies. A2. The
assembly intermediates were detected in parallelttm same samples but different
immunoblots by sequential hybridization with anBNFAF4, NDUFAF1, NDUFAF2,
specifically targeting different assembly internegds (see Supplementary Figure 1), and
SDHA or. Analyses were performed at least in two biologreglicates for each cell lines of
each groupBl. Left panel. Cl holoenzyme quantity. The Cl holoenzyme quantity was
normalized to the CIl one and is represented aganmSEMfor each groupRight panel.
Assembly inter mediates. The total Assembly Intermediate (A.l.) quantitgsmnormalized to
the CIl one and is represented as a medEM for each groupB2. Accumulation of
assembly intermediates relative to Cl holoenzyme quantity. C. Correlation between the
metabolic orientation and Cl assembly. D. Analysis of : Cellular metabolic orientation
determined by the ratio between the use of glymbapacity (L/G) and the use of oxidative
capacity ((R-O)/F) in the four FA cells and thre® &ells (upper left paneljlisplaying
differentCl assembly profiles (upper right panelput comparable CI functior(snaximal CI
activity (I/CS) and Cl-linked respiration (St3 MP, lower left panel))and maximal
respiratory chain capacity, either in coupled state (permeabilized cell, BIBS) or in
uncoupled state (intact cells, FCCP, lower rightgda The blue bars represent the Ctr

values. § indicates a significant difference betwEA cells and AB ones.

B1, B2: Analyses were performed at least in twddgizal replicates for each cell lines of
each group. Results are presented as means * SHWMlicates a significant difference
compared with Ctr group and § a significant differe among patient groups (R&AB). C:

statistical significance of correlations was evtddaby theF test. Ctr, n=11; Group A, n=19;

Group B, n=10.
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Figure 3: Pharmacologically-induced CI disassembly but not CI deficiency induced

metabolic rewiringin Ctr fibroblasts.

A, B, C. Effect of induced CI deficiency (A) or disassembly (B, C) on Ctr fibroblasts
using eitherA. Piericidin A (5 nM) vs DMSO (1:5,000),B. sodium pyrithione (NaPyr,
1pM) vs DMSO (1:5,000) o€. transfection with NDUFAF1 or Scramble ssRNA, for 48H

in each condition.Al, B1l, C1. Quantification of ClI holoenzyme and assembly
intermediates. Relative amounts of Cl holoenzyme and assembgrnme¢diates from treated
fibroblasts are normalized to Cll and expressedititad to the vehicle / scramble conditions.
A2, B2, C2 Maximal cellular oxidative capacity (F), and Oxidative metabolism, i.e.
Routine respiration (R) and phosphorylating resmm(R-O) determined on Ctr and treated
fibroblasts. A3, B3, C3. Metabolic compensations, i.e. use of themaximal capacity to
sustain cellular oxidative phosphorylation ((R-Q)& oxidative metabolism (R/FA4, B4,
C4. Glycolytic metabolism, determined by the conversion rate of the glucodadate (L/G
ratio) measured in culture mediab, B5, C5. Cellular metabolic orientation, represented
the use of oxidative ((R-O)/F) and glycolytic (L/tio) capacities of cellsResults are
expressed relative to the vehicle / scramble canditand represented as a mesBEM n=3
independent experiments for each treatment. # aeica significant difference compared to

vehicle or scramble.

Figure 4: ROS overproduction isinvolved in metabolic reprogramming

A. Analysisof free N module accumulation in Ctr and patient cellg\fter BN-PAGE, free N
module and fully assembled CI (bound N module) wdetected using anti-NDUFS1

antibody.Al. Representative blots of one of the duplicate experiment$he different groups
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are highlighted by different colors: the Ctr cell® in blue, FA cells are in red and AB cells
in green.A2. Quantification of free N module relative to fully assembled CI (bound N
module) in 10 Ctr, 14 FA and 10 AB cell linedBB. ROS production measured by
fluorescence detection of Amplex Red oxidation ennpeabilized fibroblasts. Dedicated Cl
and CI+CllI-linked ROS production was sequentialhalgsed using substrates of Cl and
CI+CII as followed: first, NADH supply to Cl wasdaoced by adding pyruvate and malate
(MP) in the presence of saturating ADP concentmatibhen, NADH supply was further
increased by addition of glutamate (MPG). FinaByccinate (MPGS) was added to measure
the ROS production with convergent Cl+II electrtowf into the Q-junction. ROS production
was normalized to the corresponding oxygen consiommheasured in parallel in the same
oxygraphic chambers (n=5 for Ctr, n=9 for FA an®rier AB). Results are represented as a
mean +SEM. * indicates a significant difference with Ctr agdwith the FA groupsC.
Correlation between the Cl-linked ROS production and the relative unbound N module
(upper left pane))the celular metabolic orientation (upper right panelland the CI
quantity (lower left panel) D. ROS production analysis in NaPyr and vehicle-treated
cells successively respiring with Cl substrates (pyruvatenalate, pyruvate + malate +
glutamate) and CI+ClII substrates (pyruvate + matatgutamate + succinatej. indicates a
significant effect of NaPyr additioe. Effect of mt-PQ treatment on cell metabolism and

Cl assembly in Ctr and AB cells. E1. ROS production analysis with Cl substrategmalate,
pyruvate, glutamate)ROS overproduction was induced in Ctr fibroblastrhio-Paraquat
(mt-PQ) treatment (5 pM, 48HE2. Maximal coupled Cl-linked respiration (malate,
pyruvate, glutamate, St3 MPG) after mt-PQ treatmieBt Maximal CI activity normalized

to CS one after mt-PQ treatmer4. Routine respiration (R) and phosphorylating
respiration (R-O). E5. Glycolytic metabolism i.e. the ratio of the lactate production to

glucose consumption measured in culture media (d&¢rmined on Ctr and mt-PQ treated
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fibroblasts.n=3 different Ctr cell lines, analysed in two bigical replicates. Results are
represented as a mearSEM. * indicates a significant difference with Ctr atdndicates a
significant effect of mt-PQE6. Blue Native PAGE analysis of DM SO and mtPQ treated
cells. Left panel: representative Blue Native PAGE gelgiRipanel: Quantification of CI
holoenzyme (Cl), assembly intermediates (Al) argpiratory chain complexes (ClI, ClIl, Cll
et CIV) after DMSO or mtPQ incubation in Ctr catls3 in duplicate. Results are represented
as a mean SEM.# indicates a significant effect of mt-PQ<0.05. F. Effect of NAC
treatment on cell metabolism and CI assembly in Ctr and AB cells. F1. Oxidative
metabolism in Ctr and AB cells treated with the antioxidantdetyl CysteingNAC, 1 mM,
48H) L eft, Routine respiration (R, left panellandRight, Phosphorylating respiration (R-

O, right panel)F2. Glycolytic metabolism, determined by the conversion rate of the glucose
to lactate (L/G ratio) measured in culture medi8. Cl assembly analysis. Left panel:
representative Blue Native PAGE gel sequentiallpritdyzed with NDUFS2+NDUFB6 and
SDHA,; Right panel: Quantification of Cl holoenzyr{@l). Experiments were performed on 4
different Ctr cell lines (3 different Ctr cell lisdor BN-PAGE experiments), and 5 different
AB cell lines, using representative cell lines wilifferent assembly defects, i.e. MT-TL1.3,
NDUFV1.2, NDUFS4.3, NDUFB3 and NDUFS7. Resultsr@gresented as a mealsSEM.#
indicates a significant effect of the treatmenindicates a significant difference with Ctr cells

in the same conditions.

Figure 5: ROS/AMPK pathway is involved in limitation of substrate supply to

respiratory chain by inhibition of PDH in AB cells.

Al. AMPK phosphorylation level analyzed by Western blotting in cell lysates. Lgdhel:

representative blot, right panel: quantitation eAlPK (in green) relative to total AMPK (in
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red). Each cell line was analyzed in two biologiegblicates, Ctr: n=10, FA: n=14 and AB:
n=9. Results are represented as a me&8kM. * indicates a significant difference with Ctr.
A2. Effect of ROS overproduction on AMPK phosphorylation. Left panel: representative
blot of Ctr cells treated with Vehicle (DMSO 1:50@% mt-PQ, right panel: quantitation of P-
AMPK (in green) relative to total AMPK (in red). Wern blots realized on n=3 Ctr in
duplicate, # indicates a significant effect of theatmentB1. PDH phosphorylation level
analyzed by Western blotting in cell lysates. lgdhel. Representative blots. Phospho-PDH,
in red and total PDH, in green. Right panel. Quattn of P-PDH relative to total PDH.
Each cell line was analyzed in two biological regtes, Ctr: n=6, FA: n=10 and AB: n=9.
Results are represented as a me&@EM. * indicates a significant difference with CB2.
Effect of ROS overproduction on PDH phosphorylation. representative blot of P-PDH (in
red) and total PDH (in green) in Ctr cells treatath Vehicle (DMSO 1:5000) or mt-PQ and
guantitation of P-PDH relative to total PDH expextsn percent of Veh treated cells.
Western blots realized on n=3 Ctr in duplicate, ndicates a significant effect of the
treatment. C. Effect of inhibition of ROS production and of AMPK on PDH
phosphorylation. Left panel: Representative blots of PDH phosphdigtalevel analyzed by
Western blotting in cell lysate®hospho-PDHin red and total PDH, in green. Right panel:
guantitation of P-PDH relative to total PDBxperiments were performed on 4 different Ctr
cell lines and 5 different AB cell lines, using regentative cell lines with different assembly
defects, i.e. MT-TL1.3, NDUFV1.2, NDUFS4.3, NDUFBahd NDUFS7. Results are
represented as a mearSEM.# indicates a significant effect of the treatm@&ntAnalysis of
pyruvate metabolism and TCA cycle functioning. Oxidation of pyruvate and malate was
followed on permeabilized fibroblasts from Ctr (p=4&A (n=7), and AB (n=7) groups.
Malate, the oxaloacetate precursor, was addedpyitivate to support full TCA cycling and

respiration was induced by sub-saturating ADP cotmagon (0.5mM, 60% ofVmax) to
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mimic the phosphorylating respiration observecdiagt cells. NAD+ was omitted to preserve

an eventual allosteric regulation of PDH and/or T&Ale.

Figure 6: Sum up of the discriminative parameters of metabolic adaptations induced by

Cl deficiency

Principal Component Analysis (PCA-X) of the cohort of Cl deficient patients. Al: biplot

of the PCA-X (dot plots) and loading plot of the explaining contribution of each
metabolic parameter (squares) in the mode. ClI maximal activity (CI/CS, st3 MP),
maximal respiratory chain phosphorylating capa¢sty MPS), maximal cellular oxidative
capacity (FCCP: F), oxidative metabolism (Routiaspiration: R), cellular phosphorylating
respiration (R-O), relative cellular oxidative metéism (R/F and R-O/F), glycolytic
metabolism (L/G), AMPK phosphorylation, ADP/ATP iat NAD+/NADH ratio and CI
assembly (CI holoenzyme quantity: CI and Assemblgrinediates, A.l.) parameters were
measured for each control (Ctr) and patient celé land analyzed by a non-supervised
multivariate process using the SIMCA softwar@X{(Cum)=0.661and §=0.423. A2.
Volcano plot of the orthogonal Projections to Latent Structures Discriminant Analysis
(OPLS-DA, (R*X(Cum)=0.637 and &0.86 analysis of patient cell lines. In the “Volcano”
plot, the xaxis represents the coefficient of the regressietwden the X (analyzed
parameters) and Y (response) matrix, while thealdeiimportance for the projection (VIP) is
represented on theaxis. The VIP summarizes the importance of eachabl in defining
both the X matrix and the correlation between X &nd/ariables with a VIP valuel are
considered as pertinent for the modgl.Correlation matrix of the PCA model obtained
from the cell cohort (patient cells, n=29) for bBlbchemical parameters. I/CS: maximal CI

activity (NADH Ubiquinone Reductase) reported tattlof citrate synthase (CS). St3 MP:
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maximal Cl-linked phosphorylating respiration maasuon permeabilized cells. St3 MPS:
maximal CI+Cll-linked phosphorylating respirationeasured on permeabilized cells, i.e.
maximal OXPHOS capacity. F: maximal uncoupled medmn measured on intact cell
respiring in glucose medium, i.e. maximal cellardative capacity. R: Routine respiration
measured on intact cell, i.e. oxidative metaboliBa): Phosphorylating respiration measured
on intact cell as the oligomycin-sensitive respomat R-O/F: part of the spare respiratory
chain capacity used for ATP synthesis, R/F: pathe spare respiratory chain capacity to
sustain respiration, L/G: glycolytic metabolismiestted by the Lactate/Glucose ratio, P-
PDH : phosphorylation status of the PDH, ClI: quaraf Cl holoenzyme, A.l.: quantity of ClI
assembly intermediates, N/CI: quantification of #oeumulation of free N module compared
with Cl holoenzyme, ROS: ROS production per oxygemsumed in presence of CI
substrates, NAD: cellular NAD+/NADH ratio, ATP/ADRellular ATP/ADP ratio, P-AMPK

: AMPK phosphorylation status.
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