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In brief
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remains stable and is bound to
TMEM126A, which is, here, identified as a
complex | assembly factor.
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SUMMARY

Complex | (Cl) is the largest enzyme of the mitochondrial respiratory chain, and its defects are the main cause
of mitochondrial disease. To understand the mechanisms regulating the extremely intricate biogenesis of this
fundamental bioenergetic machine, we analyze the structural and functional consequences of the ablation of
NDUFS3, a non-catalytic core subunit. We show that, in diverse mammalian cell types, a small amount of
functional CI can still be detected in the complete absence of NDUFS3. In addition, we determine the dy-
namics of Cl disassembly when the amount of NDUFS3 is gradually decreased. The process of degradation
of the complex occurs in a hierarchical and modular fashion in which the ND4 module remains stable and
bound to TMEM126A. We, thus, uncover the function of TMEM126A, the product of a disease gene causing
recessive optic atrophy as a factor necessary for the correct assembly and function of CI.

INTRODUCTION

Human complex | (Cl; NADH:ubiquinone oxidoreductase), the
largest multi-heteromeric enzyme of the mitochondrial respira-
tory chain (MRC), is composed of 45 subunits encoded by
both the nuclear DNA (nDNA) and mitochondrial DNA (mtDNA)
(Hirst, 2013; Sazanov, 2015). This enzyme couples the transfer
of two electrons from NADH to ubiquinone with the pumping of
four protons from the matrix to the intermembrane space, thus
contributing to the generation of the proton-motive force ex-
ploited for ATP synthesis (Hirst, 2013; Sazanov, 2015). The
essential catalytic core of the enzyme is constituted of 14
“core subunits” evolutionarily conserved from bacteria to the
mitochondria of higher eukaryotes (Baradaran et al., 2013; Zhu
et al., 2016; Agip et al., 2018). The remaining 30 supernumerary
subunits lack direct catalytic function but provide stability and
promote Cl biogenesis (Stroud et al., 2016). Supernumerary sub-
units are all NDNA encoded, whereas seven core subunits (MT-
ND1-6 and MT-NDA4L) are encoded by mtDNA (Vinothkumar
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etal., 2014; Zhu et al., 2016). This gigantic complex has a distinc-
tive L-shaped structure with a hydrophilic arm protruding into the
matrix and a hydrophobic arm embedded in the inner mitochon-
drial membrane. It can be divided into three main functional
modules: the NADH dehydrogenase module (N-module), the
ubiquinone-binding module (Q-module), and the proton translo-
cating module (P-module), which is located entirely in the mem-
brane arm (Brandt, 2006). The transmembrane P-module con-
tains all the mtDNA-encoded subunits and can be further
divided into two proximal modules (the ND1- and ND2-modules)
plus two distal modules (the ND4- and ND5-modules) (Guerrero-
Castillo et al., 2017; Sanchez-Caballero et al., 2016a; Stroud
etal., 2016). Such modular organization reflects the enzyme evo-
lution (Friedrich and Scheide, 2000; Moparthi and Hagerhall,
2011), structure (Agip et al., 2018) and function (Hirst, 2013), as
well as the pathways involved in its assembly (Guerrero-Castillo
et al., 2017). Cl biogenesis is an intricate process that takes
place in a modular fashion, in which each of the functional sub-
modules are assembled and stabilized by a number of specific
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“assembly factors,” which can be chaperones or proteins
involved in prosthetic group incorporation or in post-translational
modification of the subunits (Formosa et al., 2018). Each of the
modules are joined together in different stages, forming assem-
bly intermediates, all eventually coming together at the end of the
process to form the mature holoenzyme, releasing the assembly
factors (Guerrero-Castillo et al., 2017; Sanchez-Caballero et al.,
2016a). To further complicate this scenario, the near totality of Cl
is found associated with complexes Il (Clll) and IV (CIV), forming
the respiratory supercomplexes (SCs) or “respirasomes”
(Schagger and Pfeiffer, 2000; Milenkovic et al., 2017). The
biogenesis of Cl has been proposed as either being completed
before interacting with ClIl and CIV (Acin-Pérez et al., 2008;
Guerrero-Castillo et al., 2017) or occurring in the context of the
SCs (Moreno-Lastres et al., 2012; Protasoni et al., 2020).

During Cl assembly, the core subunit NDUFS3 is part of a sub-
complex of about 89 kDa, containing NDUFS2 and NDUFA5, and
appears in the early stages as the primary core for the generation
of the Q-module (Vogel et al., 2007; Dieteren et al., 2012; Guer-
rero-Castillo et al., 2017). Hence, although it lacks a direct cata-
lytic role, NDUFS3 is highly conserved and essential for Cl as-
sembly, and missense mutations in the NDUFS3 gene cause
severe encephalomyopathy, including Leigh syndrome (LS) (Bé-
nit et al., 2004; Jaokar et al., 2013; Lou et al., 2018; Pagniez-
Mammeri et al., 2009). In addition, a recently developed condi-
tional knockout (KO) mouse model showed that the ablation of
Ndufs3 in skeletal muscle produces severe progressive myop-
athy and early mortality (Pereira et al., 2020).

Despite great advances in understanding mammalian MRC
biogenesis in general and in the assembly of ClI in particular,
there are still many open questions concerning the step organi-
zation and mechanisms directing the different components of
these pathways. These questions are relevant not only to under-
stand basic mitochondrial biology but also to dissect the patho-
logical mechanisms underlying Cl deficiency in human disease.

Here, we show that a progressive decrease or complete and
permanent ablation of NDUFS3 severely affects Cl stability, but
a small fraction of the enzyme is still able to assemble and
display its oxidoreductase activity. In addition, we have defined
the dynamics of Cl disassembly upon repression of NDUFS3 and
gradual decrease of the protein levels, showing that the distal P-
modules containing MT-ND4 and MT-ND5 remain mostly stable,
whereas all the others are disassembled. Finally, we have iden-
tified TMEM126A/OPA7, whose function was thus far unknown,
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as a Cl ND4-subcomplex interacting factor necessary for the
correct maturation of the enzyme.

RESULTS

A residual, fully assembled, and functional respiratory
Cl is present upon NDUFS3 ablation

We have previously reported that the genetic ablation of
NDUFS3 in two human cell lines, from osteosarcoma 1438/~
and colorectal carcinoma HCT1 16’/*, induced a severe
decrease of both CI NADH dehydrogenase activity and Cl-driven
ATP production (Kurelac et al., 2019). However, Cl (rotenone-
sensitive) activity was not completely abolished even if NDUFS3
was undetectable in 143B~'~ and HCT116~/~ (Figures 1A, S1A,
and S1B; 13.62% and 20.31% of their isogenic controls, respec-
tively). Such residual Cl activity was evident in the two NDUFS3-
null cell models by Cl in-gel activity (CI-IGA) in both isolated, fully
assembled Cl and in SCs (Figures 1B, 1C, S1C, and S1D). This
residual activity found in NDUFS3-null cells was undetectable
in NDNA isogenic OS 143B cybrids carrying the homoplasmic
frameshift mutation m.3571insC/MT-ND1, whereas some resid-
ual CI-IGA was detectable in OS-93 cells, in which the presence
of 7% wild-type (WT) MT-ND1 was able to partially rescue the
assembly of Cl (lommarini et al., 2018). The same activity was
completely absent in mtDNA-depleted 143B Rho 0 cells (Fig-
ure 1B) or in blocked mitochondrial translation with 50 pg/mL
chloramphenicol (CAP) (Figure S1E). This indicates the specific
presence of a residual fully assembled and active ClI, despite
the complete lack of NDUFS3. NDUFS3 ablation was accompa-
nied by marked reduction of several Cl subunits belonging to all
the structural modules of the enzyme, whereas subunits
belonging to ClIl and CIV were not affected (Figures 1D and
S1F). Such reduction of Cl subunits was associated with the
accumulation of subassembly species reacting to NDUFB6-,
NDUFB8-, and NDUFA9-specific antibodies. Nonetheless,
two-dimensional (2D)-PAGE confirmed the presence of a resid-
ual, fully assembled Cl in the SCs of 143B and HCT116 cells car-
rying genetic ablation of NDUFS3 (Figures 1E and S1G). On the
other hand, SC Clll,+IV and fully assembled ClIl and CIV were
neither structurally affected nor showed defects in their redox
activity (Figures 1E, S1G, and S2), and citrate synthase (CS) ac-
tivity was not affected as well (Figure S2). We have previously
shown that residual rotenone-sensitive Cl-driven ATP synthesis
was found in both 143B and HCT116 cells completely lacking

Figure 1. Detectable amounts of fully assembled and functional complex | are present in NDUFS3 KO cells
(A) Spectrophotometric measurements of complex | (Cl) activity normalized to citrate synthase (CS). Data are means + SD (n = 9 for 143B~/~ and n = 10 for

143B*/*). **p < 0.0001 according to Mann-Whitney test.

(B) Clin-gel activity (CI-IGA) of 143B*/*, 143B~/~, 0S93 (heteroplasmic 97 % mutant m.3571insC/MT-ND1), OS (homoplasmic mutant m.3571insC/MT-ND1), and
Rho 0 (mtDNA depleted) samples solubilized with n-dodecyl 3-D-maltoside (DDM) and separated by high-resolution clear native PAGE (hrCNE).

(C) CI-IGA of 143B** and 143B~/~ samples solubilized with digitonin and separated by BN-PAGE. SCs include Cl+lll, and respirasomes (1+ll+IV;_,).

(D) Immunodetection of Cl, ClII, and CIV subunits on western blots of total lysates from 143B** and 143B~/~ cells lines resolved by SDS-PAGE. B-actin was used
as loading control. Superfluous lanes were cropped in the UQCRC2 and relative loading control images.

(E) Immunodetection of Cl, ClII, and CIV subunits on western blots of mitochondrial fractions from 143B** and 143B~/~ cell lines solubilized with digitonin and
separated by 2D BN-PAGE. All subunits were immunodetected on the same blot.

(F) Cl-driven ATP synthesis rates (CI-ATP) for 143B*/* (n = 6), 143B™'~ (n = 6), 143B~/~ treated with 50 pg/mL chloramphenicol (CAP) (n = 3), HCT116"/* (n = 12),
HCT116™/~ (n = 8), and HCT116 ™/~ treated with 50 pg/mL CAP (n = 4). Rotenone-sensitive ATP synthesis rates (nmol/min x mg) were normalized to CS activity
and protein content. Values are means + SD. **p = 0.0022, ****p < 0.0001 according to Mann-Whitney test. ND, not detected.

See also Figures S1-S3.
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NDUFS3, compared with controls, whereas ClI- and Clll-medi-
ated ATP synthesis was not significantly affected (Kurelac
et al., 2019). We here show that such Cl-driven ATP production
is completely abolished in 143B~~ and HCT116 '~ cells by
treatment with 50 ng/mL CAP (Figure 1F). Furthermore, the pres-
ence of a residual, fully assembled, and functional Cl was also
evident in the mouse B16-F10 melanoma cell model lacking
Ndufs3 (B16‘/‘), ruling out the possibility of a human-specific
compensatory mechanism (Figures S3A-S3C).

To understand the dynamics of Cl assembly upon ablation of
NDUFS3, we investigated 143B cells in which the expression
of NDUFSS3 could be repressed by doxycycline (Dox) in a tetra-
cycline (Tet)-off system; hereafter referred to as 1438/~ NDUFS3
(Kurelac et al., 2019). Treatment with 100 ng/mL Dox induced
a progressive reduction of NDUFS3, which started promptly af-
ter 12 h and lasted until the subunit was virtually undetectable af-
ter 4 or 8 days of incubation (Figures 2A and S3D). These doses
and treatment times did not affect mitochondrial translation, as
shown by the normal levels of the mtDNA-encoded subunit
MT-CO2 (Figure S3E). CI-IGA was still detectable in both iso-
lated Cl and in SCs at the same time points in which the presence
of NDUFS3 was undetectable (Figures 2B and S3F). The gradual
decrease of NDUFS3 levels was not always mirrored by a reduc-
tion in the steady-state levels of other Cl subunits. In fact, the
levels of subunits belonging to the N- and Q-modules (NDUFA12
and NDUFS6) promptly decreased after the progressive repres-
sion of NDUFS3, whereas NDUFB8 (ND5-module) and NDUFA9
showed a moderate reduction of their steady-state levels (Fig-
ure 2C). Notably, NDUFB6 levels remained consistently stable
after virtually complete NDUFS3 repression (Figure 2C).
Conversely, the reduction of NDUFS3 was followed by progres-
sive decrease of fully assembled Cl and accumulation of sub-
complexes containing NDUFB8 and NDUFB6, whereas CllI
and CIV were not affected (Figures 2D and 2E). These data are
in agreement with the presence of subcomplexes with positive
immunodetection for NDUFB8 and NDUFB6 found in NDUFS3-
null 143B and HCT116 cells and may explain the high steady-
state levels of these subunits after NDUFS3 repression. How-
ever, a residual Cl was still found in the SCs after 8 days of
Dox treatment with 143B~/~NPUFS3 45 highlighted by positive
staining for all tested ClI, Clll, and CIV subunits (Figures 2D, 2E,
and S3G), despite the virtually complete absence of NDUFS3.
Moreover, fully assembled Cl containing NDUFB8 was also
evident in its isolated form after 8 days of incubation of
143B~/~NPUFSS \yith 100 ng/mL Dox (Figure S3H). On the other
hand, the incubation for 8 days with 100 ng/mL Dox together
with 50 png/mL CAP inhibited mitochondrial translation reducing
the levels of mtDNA-encoded subunits (Figure S3E), resulting in
the complete absence of CI (Figures 2B-2D).

Overall, these data demonstrate that, despite the complete
absence of NDUFS3, either by genetic destruction or by strong
expression inhibition, a residual but clearly detectable amount
of active Cl associated into SCs is present in both human and
mouse cells, without affecting the composition and function of
the remaining oxidative phosphorylation (OXPHOS) system,
whereas mtDNA-encoded subunits are essential. The possibility
that the detected Cl is just a residual enzyme that has not been
completely disassembled can be ruled out because treatment at
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the same time points with inhibitors of mitochondrial translation
produced the complete disappearance of the complex (Guer-
rero-Castillo et al., 2017).

Progressive loss of NDUFS3 reveals the modular
dynamics of Cl disassembly and NDUFB6 as an ND4-
module subunit

The Tet-off 143B~/~NPYFS3 model provided a dynamic system in
which the kinetics of Cl disassembly could be followed upon the
progressive depletion of NDUFS3. Changes in mitochondrial
protein levels relative to the untreated 143B~/~NPUFS3 celis
were analyzed upon treatment with 100 ng/mL Dox after 2, 4,
and 8 days by quantitative proteomics by using stable isotope la-
beling by amino acids in cell culture (SILAC) in duplicate exper-
iments, in which the labeling was reversed, and was validated
by western-blot and immunodetection (Figures 3A, S4A, and
S4B). When the fold-change values for each protein in the two
experiments were plotted (log, H/L ratios of one experiment in
the x axis; -log, H/L ratios of the second experiment in the y
axis), the protein points were distributed over a 45° diagonal
line, reflecting the correlation between the two experiments (Fig-
ure 3A). Most of the detected proteins were unaffected by the
progressive reduction of NDUFS3 levels because they clustered
around the axis origin. In particular, subunits of Clll and CIV were
found unaltered upon treatment with 100 ng/mL Dox up to 8 days
(Figures 3A and S4B), confirming their stability when NDUFS3 is
repressed. In contrast, significant changes in the relative abun-
dance of Cl subunits and assembly factors were detected (Fig-
ures 3A, 3B, S4A, and S4B). Immunoblotting data confirmed
the observation that, upon NDUFS3 repression, the most
affected subunits were those belonging to the N- and Q-modules
(NDUFA12 and NDUFSS8, respectively), whereas those belonging
to the ND5- and, particularly, the ND4-modules remained stable
(NDUFB8 and NDUFB11, respectively) (Figure S4A). Most of the
Cl subunits were detected in these time-course experiments,
ranging from 77% to 82% of the 44 subunits. In agreement
with western blotting data, NDUFS3 steady-state levels under-
went a progressive, severe decrease upon treatment with Dox,
which reached a logarithmic fold change of -3.73 + 0.27 (approx-
imately a 13-fold decrease) after 8 days (Figures 3A and 3B).
Q-module subunits were the first to be downregulated after
NDUFS3 depletion, being already significantly reduced after
2 days of Dox treatment (Figures 3A-3C). The levels of N-module
subunits were less affected after 2 days of NDUFS3 suppression
but were significantly decreased after 4 and 8 days (Figures 3A-
3C). The stability of P-domain subunits was heterogeneous
because some were not affected by NDUFS3 repression (Fig-
ures 3A-3C). In contrast, ND1-module subunits were markedly
destabilized by NDUFS3 suppression and clustered together
with Q- and N-modules after 8 days of Dox treatment. Among
ND1-module subunits, NDUFA3 was the most stable with a
log. ratio of -1.89 + 0.35. At the earliest time-point ND2-, ND4-
, and ND5-modules were virtually unaffected by NDUFS3 repres-
sion. However, subunits belonging to the ND2-module became
more unstable after 8 days of Dox treatment. Interestingly,
NDUFA10 and NDUFSS protein levels clustered with ND1-mod-
ule subunits rather than those belonging to the ND2-module,
with a logarithmic fold change of -2.86 + 0.17 and -2.92 + 0.15,
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Figure 2. Persistence of functional respiratory Cl during repression of NDUFS3

(A) Immunodetection of NDUFS3 on western blots of whole-cell lysates from 1438/~ NPUFS3 cejis treated with 100 ng/mL doxycycline (Dox) for O (untreated), 1, 2,
4, and 8 days (n = 3). NDUFS3 band intensities were quantified by densitometry and normalized to the signal of Hsp70, used as loading control. The mean values
of the treated cells were referred to those of untreated (control) set to 100%. Data are means + SD. ****p < 0.0001 treated versus untreated; one-way ANOVA with
Sidak’s multiple comparisons test.

(B) CI-IGA of enriched mitochondrial fractions from repressed 143B~/~NPUFS3 solubilized either with digitonin or DDM and separated by BN-PAGE. SCs include
Cl+lll; and respirasomes (I++IV4_,).

(C) Immunodetection of Cl subunits on western blots of 143B cells, treated either with 100 ng/mL Dox for O (untreated), 1, 2, 4, and 8 days or simul-
taneously with 100 ng/mL Dox and 50 pg/mL CAP for 8 days, resolved by SDS-PAGE. B-actin was used as loading control.

(D) Immunodetection of Cl subunits NDUFA12 (N-module), NDUFS2 (Q-module), NDUFS3 (Q-module), NDUFB8 (ND5-module), Clll subunit UQCRFS1, and CIV
subunit MT-CO2, in western blots of mitochondrial fractions from 143B~/~NPUFS3 treated either with 100 ng/mL Dox for O (untreated), 1, 2, 4, and 8 days or
simultaneously with 100 ng/mL Dox and 50 ng/mL CAP for 8 days, solubilized with digitonin and separated by BN-PAGE. SCs include Cl+lll; and respirasomes
(I+1112+1V4_,). SDHB and SDHA (Cll) were used as loading controls.

(E) Immunodetection of Cl, Clil, and CIV subunits on western blots of mitochondrial fractions from 143B~/~NPUFSS celis treated with 100 ng/mL Dox for O (un-
treated), 2, 4, and 8 days, solubilized with digitonin and resolved by 2D BN-PAGE. All subunits were immunodetected on the same blot. One asterisk (*) indicates a
non-specific signal derived from an anti-NDUFA8 antibody with which the membrane was previously incubated. Two asterisks (**) indicate a signal derived from
anti-MT-CO1.

See also Figure S3.

—/—NDUFS3

respectively. Conversely, the ND4- and ND5-modules were Cl subassemblies, as shown by the accumulation of NDUFB6-

particularly stable upon NDUFS3 depletion, especially those of
the ND4-module, whose levels were practically unchanged (Fig-
ure 3B) with respect to those of the control, having their log, H/L
ratios clustered in the proximity the axes origin (Figure 3A). Inter-
estingly, NDUFB®6 relative levels after NDUFS3 depletion were
much more similar to those of the ND4-module than those of
the ND5-module subunits. The permanence of the distal mem-
brane arm subunits was most likely due to the formation of stable

and NDUFB8-containing subassembly intermediates (Figures
1E, 2D, 2E, and S1G). It is important to note that NDUFB6
showed a different pattern of subassembly accumulation,
compared with that of NDUFB8, having an extra band of a higher
molecular weight that does not contain NDUFB8 (Figure 2E).
NDUFBS6, together with NDUFA9, NDUFA11, and NDUFB4,
was part of a group of subunits whose module assignment
was uncertain (Stroud et al., 2016). However, NDUFB6 was
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shown to interact in an early subassembly with NDUFB5,
NDUFB6, NDUFB10, and NDUFB11 (Guerrero-Castillo et al.,
2017), all subunits belonging to the ND4-module (Stroud et al.,
2016). In view of our proteomics results, NDUFB6 can definitely
be assigned to the ND4-module, confirming the most recent
subunit assignment model (Guerrero-Castillo et al., 2017).
Among 14 detected Cl assembly factors, 10 showed un-
changed abundance upon NDUFS3 repression (Figure S4A
and S4B). Interestingly, the levels of the Q-module assembly fac-
tors NDUFAF3 and NDUFAF4 had already declined significantly
after 2 days of NDUFS3 repression and remained very low during
the entire time-course. The levels of two assembly factors of the
ND4-module FOXRED1 and ATP5SL (Fassone et al., 2010; For-
mosa et al., 2015; Guerrero-Castillo et al., 2017; Stroud et al.,
2016) were also reduced in NDUFS3-repressed cells, although
to a much lesser extent. This was in contrast with the amounts
of the structural subunits of the same module, which were
consistently unchanged. Therefore, these assembly factors
may belong to other module(s) or act downstream, having a
role in the joining of the ND4-module with the others. These
data depict a dynamic scenario in which Cl disassembly also
happens in a modular fashion (Figures 3C and S4C). During
this process, the Q-module is promptly affected by the reduced
availability of NDUFS3, followed by the nearby N- and P-prox-
imal (ND1- and ND2-) modules, whereas levels of the subunits
belonging to the distal ND5-module are much less decreased
and those of the ND4-module are virtually unaffected since
they were found accumulated in stable assembly intermediates.

TMEM126A is an assembly factor of respiratory CI

The accumulation of such assembly intermediates prompted us
to search for proteins that would be upregulated upon NDUFS3
repression and that were likely to interact with the accumulated
P-distal (ND4 and ND5) modules. Such proteins are bona fide
candidates to be Cl assembly factors. To that end, Cl was immu-
nopurified from 143B~/~NPUFS3 cells harvested after 2, 4, and
8 days of NDUFS3 repression and quantified by SILAC (Fig-
ure 4A). The subunit coverage of detected subunits was very
high in these experiments, ranging from 40 to 43 out of the 44
Cl subunits. Among all the proteins preferentially enriched with
the Cl remnants upon NDUFS3 repression, TMEM126A/OPA7
was the only one showing significantly increased association
with Cl after 4 and 8 days of Dox treatment (Figure 4A). The accu-
mulation of TMEM126A in Cl-enriched fractions was not caused
by a general increase of the protein in total lysates and mitochon-
drial fractions in the Tet-off model upon progressive repression
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of NDUFSS3 (Figures 3A and 4B). Indeed, TMEM126A specifically
co-migrated and was accumulated upon NDUFS3 repression in
the higher molecular weight Cl subassembly species containing
NDUFBS, likely corresponding to the stable ND4-module (Fig-
ures 4C and 4D). The up-to-now uncharacterized mitochondrial
protein TMEM126A is a paralog of the Cl assembly factor
TMEM126B (Andrews et al., 2013; Elurbe and Huynen, 2016;
Heide et al., 2012) and mutations in TMEM126A (Online Mende-
lian Inheritance in Man [OMIM]: 612988) have been found in mul-
tiple families affected by autosomal recessive optic atrophy
(arOA) (OMIM: 612989). However, its function and putative role
in mitochondrial respiratory chain biogenesis was not clear,
despite its possible role as a Cl assembly factor candidate, being
hypothesized to exert a redundant role to that of TMEM126B
(Sanchez-Caballero et al., 2016b). To decipher the role of
TMEM126A on respiratory chain biogenesis, we investigated
Cl assembly and function in commercially available HAP1 cells
in which TMEM126A was knocked out by CRISPR-Cas9
(HAP1¥®, Horizon Discovery, HZGHC05796c002). In these cells,
the lack of TMEM126A was associated with a reduction of the
steady-state levels of several subunits of Cl belonging to
different modules. The amounts of the tested ClIl and CIV sub-
units were not affected by the loss of TMEM126A (Figures 5A
and 5B). From a functional point of view, rotenone-sensitive ClI
activity was strongly reduced in HAP1X°© compared with HAP1WT
(Figures 5C and S5A), whereas CII, ClIl, CIV, or CS activity were
comparable to those of controls (Figures S5B and S5C), indi-
cating that loss of TMEM126A induced an isolated Cl deficiency.
Moreover, the lack of TMEM126A was associated with a severe
defect in the amount of active Cl-containing SCs and isolated Cl
(Figure 5D), suggesting that TMEM126A is necessary for Cl as-
sembly or stability. This was confirmed by the observation that
the decreased amount of fully assembled Cl in the SCs in
HAP1K® cells was concomitant with the accumulation of Cl sub-
assemblies detected with antibodies against NDUFB8 (ND5-
module), NDUFB6, and NDUFB11 (ND4-module) (Figures 5D-
5F). These biogenetic Cl defects, however, did not affect basal
respiration (Figure 5G), but a significant reduction in the maximal
respiratory capacity was found in HAP1%® cells (Figure 5G).
Moreover, ATP synthesis rates driven by Cl and Cll substrates
were not affected by the isolated Cl deficiency induced by the
lack of TMEM126A (Figures S5D and S5E). These data indicate
that the amount of Cl able to assemble in the absence of
TMEM126A, found in HAP1K cells, is sufficient to sustain mito-
chondrial respiration and the generation of membrane potential
under basal conditions, but not when the respiratory chain

Figure 3. Progressive loss of NDUFS3 reveals the modular dynamics of Cl disassembly

(A) Scatterplots generated from the liquid chromatography-mass spectrometry (LC-MS) analysis of mitochondrial-enriched fractions corresponding to the
duplicate SILAC experiments, comparing untreated 143B~/~NPYFS2 with cells treated with 100 ng/mL Dox for 2, 4, or 8 days. The values of the logarithmic fold
change (log, H/L) for each protein in experiment 1 (exp.1; light untreated, heavy Dox treated) are represented in the x axis. The logarithmic fold-change values
(—log, H/L) derived from experiment 2 (exp.2; heavy untreated, light Dox treated) are represented in the y axis. Each point represents the values for a specific
protein. Cl subunits and assembly factors are highlighted; Cl subunits of the same module are the same color. The group termed “uncertain” includes the

subunits with still-unclear domain assignments (Stroud et al., 2016).

(B) Heatmap generated from the mean of the duplicate SILAC experiments for the detected Cl subunits at each of the Dox treatment points (2, 4, and 8 days).

Grey, not detected either in one or both of the duplicates.

(C) Cl subunit relative protein abundance changes induced by repression of NDUFS3 after 2 and 8 days of 100 ng/mL Dox treatment depicted on the structure of
the active mouse Cl (PDB: 6G2J) (Agip et al., 2018) using ChimeraX version 1.1 (Goddard et al., 2018).

See also Figure S4.
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activity is forced to the maximum by uncoupling. Accordingly,
HAP1%© were not able to survive under metabolic stress condi-
tions, i.e., 5 mM galactose as carbon source (Figures 5H, S5F,
and S5G). Overall, these data demonstrate that TMEM126A is
a factor necessary to promote the assembly or the maintenance
of stable and functional ClI, likely through interaction with the
ND4-module, allowing that module to join the other ones to com-
plete the maturation of the enzyme.

DISCUSSION

In this study, we demonstrate that a small portion of fully assem-
bled and functional respiratory Cl is still present at the level of
SCs when NDUFS3 is absent. NDUFSS3 is a core subunit, highly
conserved across evolution and believed to be essential for CI
assembly, being an early entry of the Q-module (Formosa
et al., 2018; Sanchez-Caballero et al., 2016a; Vogel et al.,
2007). Even so, lack of NDUFS3 concurred with the presence
of a small amount of Cl that is apparently intact at the levels of
structure (same electrophoretic mobility as in the WT) and func-
tion (detectable NADH dehydrogenase activity and Cl-linked
ATP synthesis). If these two parameters correlate, as they
seem to do in our cell models, it would mean that the small
amounts of Cl that are assembled in the absence of NDUFS3
retain full catalytic capacity. This phenomenon is not exclusive
to a single cell line because residual Cl activity was also evident
in independent NDUFS3 KO models derived from different hu-
man and murine cancer cell lines. It is important to note that
the existence of residual Cl was also evident in differentiated
mouse skeletal muscle tissue of a conditional Ndufs3-KO model
(Pereira et al., 2020), indicating that such phenotype is not a
prerogative of cancer cells. In particular, the presence of the
N-module subunits at the levels of SCs indicated completion of
active Cl assembly. Our hypothesis is that an alternative,
although not prominent, route for Cl assembly can be followed
when NDUFSS3 is missing. SCs may help stabilize and activate
the NDUFS83-less ClI, providing a platform for the stabilization
of mature Cl as suggested previously (Moreno-Lastres et al.,
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2012; Protasoni et al., 2020). Whether this alternative route can
also be followed when other Cl subunits are missing or is exclu-
sive to NDUFS3 warrants future work. Indeed, NDUFS3 has the
peculiarity of being a core subunit without real catalytic activity
and when it is missing, several other subunits are reduced but
not completely absent, supporting the possibility for some resid-
ual Cl to complete the assembly and become functionally active.
Unsurprisingly, we have shown that mtDNA-encoded subunits
are pivotal for the assembly of the enzyme and no residual dehy-
drogenase activity was detected in the presence of a truncating
mutation of MT-ND1, when mtDNA was depleted (Rho O cells) or
when mitochondrial translation was inhibited with CAP. On the
other hand, the ablation of accessory subunits was shown to
affect Cl assembly to a different extent depending on the role
and topology of the subunit (Stroud et al., 2016).

Upon NDUFSS3 repression, an intact Cl remains stable for
about 2 days and then starts to decrease, indicating that Cl turn-
over takes place within that time frame (Dieteren et al., 2012). The
kinetics of reduction of the amount of Cl subunits reported here
is in agreement with the current organization and modular as-
sembly models (Guerrero-Castillo et al., 2017; Stroud et al.,
2016). Q-module subunits rapidly reduced upon NDUFS3
repression, followed by N-module subunits, confirming that the
assembly of the N-module is independent from the Q-module,
but also that their interaction is necessary to build the whole
Cl. Regarding the membrane arm modules, the most affected
subunits are those belonging to the proximal P-module, whereas
the distal P-module subunits remained stable forming readily
detectable subcomplexes containing NDUFB6 and NDUFBS,
which progressively accumulate with the disassembly of the fully
assembled enzyme. The fact that the turnover of the different ClI
modules varies greatly was also evidenced when the mitochon-
drial matrix protease CLPxP was knocked out (Szczepanowska
et al., 2020). In this case, the subunits of the N-module accumu-
lated to much greater amounts than those of the Q-module,
which were moderately accumulated, or the P-module, which
were unchanged with respect to the WT. This study also revealed
that the degradation and replacement of the N-module happens

Figure 4. TMEM126A is associated with a stable Cl subassembly of the ND4-module

(A) Scatterplots generated from the liquid chromatography-mass spectrometry (LC-MS) analysis of Cl immunopurified fractions performed on the same mito-
chondrial-enriched fractions used for the proteomic analyses in Figure 3. The values of the logarithmic fold change (log, H/L) for each protein in experiment 1
(exp.1; light untreated, heavy Dox treated) are represented on the x axis. The logarithmic fold change values (—log, H/L) derived from experiment 2 (exp.2; heavy
untreated, light Dox treated) are represented on the y axis. Each point represents a specific protein. Cl subunits and assembly factors are highlighted; Cl subunits
of the same module are the same color. “Uncertain” subunits are those with still unclear assignment. TMEM126A is shown in red. Proteins with statistically
significant changes are also labeled.

(B) Immunodetection of TMEM126A and NDUFS3 on western blots of whole-cell lysates and mitochondrial enriched fractions from 143| cells treated
with 100 ng/mL Dox for O (untreated), 1, 2, 4, and 8 days (n = 2). TMEM126A band signal intensities were quantified by densitometry and normalized to the signal of
either vinculin for whole-cell lysates, and CS or voltage-dependent anion channel (VDAC) for mitochondrial fractions. The mean values of the treated cells are the
percentage of those of the untreated control. Data are means + SD.

(C) Immunodetection of TMEM126A and NDUFB6 (ND4-module) in western blots of enriched-mitochondrial fractions from 143B~/~NPYFSS celis treated with
100 ng/mL Dox for O (untreated), 1, 2, 4, and 8 days, solubilized using digitonin and separated by BN-PAGE. Two asterisks (**) indicate a subassembly containing
TMEM126A and co-migrating with NDUFB6 subassembly; one asterisk (*) indicates a lower-molecular-sized subassembly with positive staining for TME-
M126A.The two panels correspond to the same samples separated in the same BN-PAGE gel and transferred onto the same membrane, which was subsequently
cut in two for immunodetection. SDHA (Cll) was used as loading control in BN-PAGE blots. VDAC was used as loading control in western blots of the same
samples separated by SDS-PAGE.

(D) Immunodetection of TMEM126A, NDUFB6 (ND4-module), UQCRC2 (Clll), and MT-CO2 (CIV) on western blots of mitochondrial enriched fractions from
143B/~NPUFSS ggjis treated with 100 ng/mL Dox for O (untreated) and 8 days, solubilized with 4 mg digitonin/mg protein and resolved by 2D BN-PAGE. All the
subunits were immunodetected on the same blot. One asterisk (*) indicates a signal derived from the anti-TMEM126A antibody with which the membrane was
previously incubated.
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much faster than the rest, which is in accordance with our obser-
vations in the repressible NDUFS3 model where, after the Q-
module, the N-module subunits are the first ones to disappear.
The elevated stability of ND4- and ND5-modules is not specific
to the lack of NDUFSS3 but is also evident when other subunits
belonging to the Q- and ND1-module are knocked out (Stroud
et al., 2016). This is probably due to the fact that ND4- and
ND5-modules are not in direct contact with the Q-module and
again supports the idea of a modular subassembly process.

The time-course quantitative proteomics analysis performed
upon NDUFSS3 repression has allowed us to reliably assign a
module for a few subunits whose localization was still uncertain.
Our data support the assignment of both NDUFA6 and NDUFA7
to the N-module, as described in Stroud et al. (2016), even if they
were found to assemble independently (Guerrero-Castillo et al.,
2017). On the other hand, abundance changes of NDUFB6 clus-
tered with those of ND4-module subunits and remained consis-
tently stable across the different time points, strongly suggesting
its assignment to this module. This fact was evidenced in the
analysis of Cl assembly dynamics (Guerrero-Castillo et al.,
2017) but remained unclear in the proteomic studies of residual
Cl after ablation of supernumerary subunits (Stroud et al.,
2016). Likewise, the 2D blue native (BN)-PAGE pattern, of two
distinct subassemblies of around 350 kDa and 200 kDa contain-
ing NDUFB6, was distinct to that of NDUFB8 of the ND5-module,
where only one species of around 200 kDa was accumulated.
Interestingly, the ND2-module subunits NDUFA10 and NDUFS5
behaved differently relative to the other module subunits, being
markedly affected by NDUFS3 repression. This discrepancy
was observed across the time points, and their fold changes
were similar to those of N-module subunits. Being that NDUFA10
and NDUFS5 form extensive interactions with the Q- and ND1-
modules, one possibility is that the assembly impairment of
such modules could be transferred to these subunits in case
they are added to a preformed ND2-module.

The lack of NDUFS3 and the consequent decrease in Cl
amount and activity did not affect the stability or activity of other
MRC complexes, in particular Clll, and CIV. This is a common
phenomenon for mutations in structural or ancillary Cl proteins,
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where the biochemical manifestation is isolated Cl deficiency
(Ghezzi and Zeviani, 2018). Contrariwise, mutations causing a
strong impairment in Clll, biogenesis are often associated with
secondary loss of Cl and CIV activities (Acin-Perez and Enriquez,
2014; Carossacetal., 2014; Protasoni et al., 2020). In some cases,
severe defects in CIV biogenesis also have an effect on Cl as-
sembly or stability (Cunatova et al., 2021; Diaz et al., 2006). In hu-
man cells, the near totality (90%—-95%) of Cl appears associated
with SCs when the mitochondria are solubilized with a mild
detergent, such as digitonin, whereas approximately 50% of
Clll, is inside SCs and 90% of CIV is in the “free” monomeric
form (Lobo-Jarne and Ugalde, 2018). There is growing evidence
in the literature of the existence of alternative maturation routes
for Clll; and CIV, depending on whether they are in the free or
in the SC-associated forms (Lobo-Jarne et al., 2020; Moreno-
Lastres et al., 2012; Timén-Gomez et al., 2020). Moreover, only
a residual amount of Cl is able to mature when Clll, is absent
(Protasoni et al., 2020); therefore, the efficient incorporation of
the N-module of Cl only occurs in the context of the SCs in hu-
man cells (Moreno-Lastres et al., 2012; Protasoni et al., 2020).
The dependent assembly of Cl, on one hand, and independent
biogenesis of Clll, and CIV, on the other, would explain why de-
fects in the latter induce secondary defects in the Cl assembly
but not the opposite. However, this phenomenon was also
viewed as the consequence of an oxidative-damage-triggered
degradation of fully assembled CI, by yet undescribed mecha-
nisms, when it is not associated with Clll, (Acin-Pérez et al.,
2004; Guaras et al., 2016).

An important finding described herein is that the mitochondrial
protein TMEM126A/OPA7 is consistently accumulated with
distal P-module subcomplexes upon NDUFS3 repression.
TMEM126A encodes an evolutionary conserved transmem-
brane mitochondrial protein of yet unknown function.
TMEM126A shows high sequence homology with the assembly
factor TMEM126B, which is part of the mitochondrial Cl interme-
diate assembly (MCIA) complex, necessary for the assembly of
the ND2-module (Formosa et al., 2020; Heide et al., 2012). Ho-
mozygous missense and nonsense mutations (c.163C > T;
c.107C > T; ¢.86+2T > C; and c.497A > G) in TMEM126A were

Figure 5. TMEM126A is required for respiratory Cl biogenesis and function

(A) Immunodetection of TMEM126A on western blots of total lysates and mitochondrial fractions from HAP1"T and HAP1X© cells. B-actin and CS were used as
loading controls.

(B) Immunodetection of CI, ClIl, and CIV subunits on western blots of whole-cell lysates from HAP1"T and HAP1%© cells lines (n = 3-8) resolved by SDS-PAGE.
B-actin or vinculin were used as loading controls. Band signal intensities were quantified by densitometry and normalized to the signal of the relative loading
control. Data are means + SD. *p < 0.0001 according to unpaired multiple t test, Holm-Sidak method, with o = 0.05.

(C) Spectrophotometric kinetic measurements of Cl activity normalized to CS. Data are means + SD (n = 3). *p = 0.0189 according to an unpaired Student’s t test.
(D) CI-IGA assay (left panel) and a western blot (right panel) in which NDUFB6 was immunodetected from HAP1VT and HAP1 KO mitochondrial-enriched fractions
solubilized with digitonin or DDM and separated by BN-PAGE. SDHA (Cll) was the loading control.

(E) Immunodetection of ClI, Clll, and CIV subunits on western blots of mitochondrial-enriched fractions from HAP1WT and HAP1X° cells, solubilized with digitonin
and resolved by 2D BN-PAGE. All the subunits were immunodetected on the same blot. One asterisk (*) indicates a signal derived from an anti-NDUFA9 antibody
with which the membrane was previously incubated.

(F) Immunodetection of NDUFB11 and NDUFB6 (ND4-module) on western blots of mitochondrial-enriched fractions from HAP1"T and HAP1%© cells, solubilized
with digitonin and resolved by 2D BN-PAGE. One asterisk (*) indicates signals derived from anti-NDUFB11, with which the membrane was previously incubated.
(G) Oxygen consumption rate (OCR) profiles of HAP1"T and HAP1%® cells. Additions were 1 uM oligomycin (O), 0.25 uM FCCP (F), and 1 uM rotenone plus
antimycin A (R/A) diluted in Seahorse medium, pH 7.4. Data are expressed as pmoles/min of O, normalized on SRB absorbance and shown as means + SEM of
n = 4 independent replicates, *p < 0.01 according to unpaired multiple t test Holm-Sidak method, with o = 0.05.

(H) HAP1WT and HAP1K© cell viability determined by sulforhodamine B (SRB) assay after 72 h of incubation with either 25 mM glucose or glucose-free medium
containing 5 mM galactose. Data are means + SD of n = 4 independent replicates, *p = 0.0197 and ***p < 0.0001 according to unpaired Student’s t test.

See also Figure S5.
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described as pathogenic in both syndromic and non-syndromic
forms of arOA (Désir et al., 2012; Hanein et al., 2009; Kloth et al.,
2019; La Morgia et al., 2019; Meyer et al., 2010). Partial Cl defi-
ciency and elevated lactic acid levels in blood, a typical sign of
OXPHOS dysfunction, have been reported in patients (Hanein
et al., 2009; La Morgia et al., 2019). Despite the considerable
involvement in human pathology and the proposal of a role
redundant to that of TMEM126B (Sanchez-Caballero et al.,
2016a), the TMEM126A function has so far remained unex-
plored. We demonstrate here that this protein is a factor neces-
sary for the correct biogenesis and function of Cl, through the
binding of the ND4-module, containing NDUFB6, within the
distal P-module. Three main lines of evidence support the fact
that TMEM126A is involved in this specific aspect within the ClI
assembly pathway. First, there is an accumulation of subunits
belonging to this module inside stable subassembly species in
the cells lacking NDUFS3, whereas other topological distinct
subunits are strongly reduced. Second, TMEM126A is also
accumulated upon NDUFS3 repression, physically interacts
with the remaining Cl subunits, and clearly co-migrates with
the NDUFBG6-containing subcomplex. Third, the lack of
TMEM126A produces a clear defect in Cl function and biogen-
esis, which translates into a reduced respiratory capacity and
the inability of the cells to adapt to metabolic stress conditions.
In particular, because the lack of TMEM126A induces the accu-
mulation of Cl subassembly intermediates containing NDUFBS6,
we propose that this assembly factor is responsible for the inter-
action of preformed ND4-module with other submodules already
preassembled and, consequently, to its correct incorporation
during the process of Cl biogenesis. In this frame, we identify
TMEM126A as a novel assembly factor specifically involved in
the incorporation of the pre-assembled ND4-module, expanding
the list of mitochondrial proteins required for the maturation of
respiratory ClI.
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sequence: GGG
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This paper

This paper
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GraphPad Prism v.7

Imaged
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Goddard et al., 2018
Cox and Mann, 2008
Cox and Mann, 2011
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Materials availability

In this work, the sole newly generated material is represented by murine melanoma cells B16-F10 knocked out for Ndufs3, generated
by Dr. Kurelac and Prof. Gasparre. According to University of Bologna regulations, cells can be shared only upon the subscription of a
Material Transfer Agreement (MTA).

Data and code availability
The datasets supporting the current study related to Figures 3, 4, and S4 are available as Tables S1 and S2. Source data for figures in
the paper are available from the corresponding authors on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Human female osteosarcoma 143B TK™ and male colorectal cancer HCT116 cell lines bearing the homozygous ¢.9_10insCGGCG/
NDUFS3 frameshift mutation, which resulted in a premature stop codon and the truncation of the protein (p.Val6Alafs*3), were
analyzed relative to their isogenic controls (143B** and HCT116**). These NDUFS3 knockout cells, referred as 143B~~ and
HCT116~/~, were generated as previously reported and recently underwent authentication by sequence tandem repeats (microsa-
tellites) analysis (Kurelac et al., 2019). Cell origin was authenticated using AMPFISTRIdentifiler kit (Applied Biosystems #4322288)
and their STR profile corresponded to their putative background. The results are available upon request. 143B TK™ cybrid cells car-
rying the truncative frameshift m.3571insC/MT-ND1 mutation were also used. Specifically, the previously characterized homoplas-
mic cells (OS) and heteroplasmic cells with 93% of mutated MT-ND1 (OS-93) were used (Porcelli et al., 2010; Gasparre et al., 2011;
lommarini et al., 2018). 143B TK” mtDNA-depleted cells (Rho 0) (King and Attardi, 1989) provided Cl-negative control. Doxycycline-
inducible NDUFS3 knockout 143B cells (referred as 143B~/~ NPUFS3) were also used. They were generated re-expressing NDUFS3
using a Tet-Off inducible system ensuring the transcriptional repression of the complemented gene in the presence of doxycycline as
previously described (Kurelac et al., 2019). B16-F10 murine male melanoma cell line was purchased from ATCC (#CRL-6475) and
Ndufs3 knockout cell line (B16~/7) was generated by genome editing (see Genome editing). Human male chronic myeloid leukemia
HAP1 cell line with a 79 bp-insertion in TMEM126A exon 4 (HAP1°; Horizon Discovery, #HZGHC005796¢002) and its relative wild-
type control (HAP1"T; Horizon Discovery, #C631) were used to demonstrate the role of TMEM126A. B16-F10 and HAP1 cells were
purchased in 2020, thus they do not underwent cell authentication analyses.

Genome editing

CRISPR/Cas9 system was used to introduce a frameshift mutation in Ndufs3 gene in B16-F10 murine melanoma cell line. In detail,
Cas9 protein (Invitrogen #A36497) was transfected following manufacturer’s instructions using Lipofectamine CRISPRMAX Cas9
Transfection Reagent (Invitrogen #CMAX00015) together with synthetic RNA guides designed by Deskgen and purchased from Syn-
thego. Exon 3 targeting guide TTGTGGGTCACATCACTCCG with PAM sequence GGG was used. Cells were split 48 hours after
transfection and DNA was extracted using Mammalian Genomic DNA Miniprep Kit (Sigma-Aldrich #G1N350). Non-homologous
repair efficiency was evaluated by Sanger Sequencing using KAPA2G Taq polymerase (Kapa Biosystems #KK5601) and Big Dye pro-
tocol (Life Technologies #4337451). In particular, 61°C annealing temperature was used for the PCR reaction, with primers forward
CTGTAACTCCAGTCTCAGGGA and reverse CACACTGCAGGGATCACTTG. Manual clonal selection was performed in order to
identify the cells with frameshift Ndufs3 mutations, leading to the generation of a pool of clones carrying the homozygous
c.148A>G and ¢.150_151insCT mutations. DNA extraction from 96-well plates was performed using 8 pL of Lysis Solution
(Sigma-Aldrich #L.3289) and 80 pL of Neutralization Buffer (Sigma-Aldrich #N9784) per sample, following manufacturer’s instructions.

Cell maintenance and treatments

143B, HCT116 and B16-F10 cell lines were grown in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) plus Glutamax and
sodium pyruvate (GIBCO Thermo Fisher Scientific, #31966) supplemented with 10% fetal bovine serum (GIBCO Thermo Fisher Sci-
entific, #10270), 1% Pen/Strep and 50 png/mL uridine (Sigma-Aldrich, #U3003), in an incubator at 37°C with a humidified atmosphere
at 5% CO,. 143B~/~NPUFS3 ¢glis were grown in the same medium but with addition of 100 pg/mL G418 (Sigma-Aldrich, # A1720) and
0.25 pg/mL puromycin (Thermo Fisher Scientific, #A1113803) to sustain the selective pressure. In this cell model, expression of
NDUFS3 was repressed by addition of 100 ng/mL doxycycline (Sigma-Aldrich, #D9891). For the inhibition of mitochondrial translation
50 pg/mL chloramphenicol (Fisiopharma, #J01BA01) was used. HAP1 cell lines were cultured in Iscove’s Modified Dulbecco’s
Medium (IMDM; GIBCO Thermo Fisher Scientific, #12440046) with 10% fetal bovine serum, 1% Pen/Strep, 1% L-glutamine
and 50 pg/mL uridine. For SILAC experiments, 143B~/~NPUFS3 colls were grown in SILAC DMEM (GIBCO Thermo Fisher
Scientific, #88364) added with either isotopically labeled 152.1 mg/L L-Lysine-"°N,'3Cq (Sigma-Aldrich, #608041) plus 87.8 mg/L
L-Arginine-"°N,"3Cg (Sigma-Aldrich, #608033) (“Heavy” medium), or unlabelled 143.8 mg/L L-Lysine (Sigma-Aldrich, #L.8662) and
69.3 mg/L L-Arginine (Sigma-Aldrich, #A8094) (“Light” medium). Both differentially labeled media were supplemented also with
10% dialyzed serum (GIBCO Thermo Fisher Scientific, #26400-044), 50 png/mL uridine, 100 pg/mL G418, 0.25 pg/mL puromycin
and 200 mg/mL L-Proline (Sigma-Aldrich, #P5607). Incorporation of the “Heavy” amino acids into the cells proteins was completed
after approximately 9 passages (Ong et al., 2002). Cell lines were regularly tested for mycoplasma.
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METHOD DETAILS

SDS-PAGE

Whole-cell lysates were obtained incubating cell pellets with a Lysis Buffer (2% n-dodecyl 3-d-maltoside (DDM) (Thermo Scientific,
#89903) plus 1X protease inhibitor cocktail (Roche, #11697498001 in PBS) for 20 min at 4°C. Protein concentration in the extracts
was measured with a Nanodrop UV-visible spectrophotometer at A = 280nm. 25 pg of total protein were combined with 2X Laemmli
Sample Buffer (2% sodium dodecyl sulfate (SDS), 4.6% B-mercaptoethanol, 20% glycerol, 0.025% bromophenol blue and 62.5 mM
Tris/HCl at pH 6.8) in one-to-one ratio, loaded on pre-cast NUPAGE™ 4%—-12% or 12% Bis-Tris gels (Invitrogen, #NP0321, #NP0322,
#NP0341, #NP0342) and resolved in a electrophoresis cell at 100 V for approximately 2 hours at RT. Either NuPAGE™ MOPS or MES
SDS Running Buffers were used (Invitrogen, #NP0001, #NP0002). Precision Plus Protein™ Standard (Bio-Rad, #1610374) was used
for molecular weight (MW) estimation.

Blue-Native PAGE

For the preparation of samples for Blue-Native PAGE, mitochondrial-enriched fractions were obtained by digitonin treatment (Nijt-
mans et al., 2002). Briefly, cells were harvested by trypsinization, 5-8x10° cell pellets were washed twice and resuspended in
cold DPBS and incubated in ice for 10 minutes with 2 mg/mL digitonin (Calbiochem, #3000410). Next, cold DPBS was added and
a centrifugation at 10,000 g for 10 min and 4°C was performed. The mitochondrial-enriched fractions obtained were solubilized in
a Solubilization Buffer (1.5 M aminocaproic acid, 50 mM Bis-Tris/HCI at pH 7). Proteins were quantified by a detergent-compatible
Lowry-based method (Bio-Rad DC Protein Assay), solubilized either with 1.6 ng DDM/ug total proteins or 4 pg digitonin/ug total pro-
teins and incubated at 4°C for 5 min (Wittig et al., 2006). Insoluble material was removed by a centrifugation (18,000 g for 30 min at
4°C) and Sample Buffer (750 mM aminocaproic acid, 50 mM Bis-Tris/HCI pH 7, 0.5 mM EDTA and 5% Coomassie Blue G250) was
added. For 1D-BN PAGE, 50-75 pg of proteins were loaded on Pre-cast Native PAGE 3%-12% Bis-Tris gels (Invitrogen,
#BN2011BX10) at 150 V and 4°C for 4 hours. Cathode Buffer A containing 1x NativePAGE Running Buffer (Invitrogen, #BN2001)
plus 1x NativePAGE Cathode Buffer Additive (Invitrogen, #BN2002); Cathode Buffer B containing 1x NativePAGE Running Buffer
and 0.1x NativePAGE Cathode Buffer Additive; and Anode Buffer consisting of 1x NativePAGE Running Buffer were used.

2D BN-PAGE

1D BN-PAGE lanes were excised from the gel and incubated with a Denaturing Solution (1% 2-mercaptoethanol, 1% SDS) at RT for 1
hour. Then, the lanes were inserted in denaturing Pre-cast NUPAGE™ 4%-12% Bis-Tris Gels (Invitrogen, #NP0326) in a 90° orien-
tation and separated in either MES or MOPS SDS Running Buffer at 100 V for approximately 2 hours at RT.

Western blotting and immunodetection

Proteins resolved by either SDS-PAGE or 2D BN-PAGE were transferred onto a polyvinylidene difluoride (PVDF) membrane. The blot-
ting was performed at 100 V for 1 hour at 4°C in Tris-Glycine Transfer Buffer (12.5 mM Tris, 96 mM glycine, 20% Methanol, 0.025%
SDS). Membranes were blocked 1 hour at RT with 5% powdered skimmed milk in PBS containing 0.1% Tween 20 (PBS-T), washed
three times for 10 min in PBS-T and incubated overnight at 4°C with the following primary antibodies diluted in a blocking solution
containing 3% BSA in PBS-T: anti-NDUFS2 (Thermo Fisher Scientific, #PA522364) 1:2000; anti-NDUFA9 (Abcam, #ab14713) 1:1000;
anti-NDUFS3 (Abcam, #ab110246) 1:1000 or 1:500; anti-NDUFS8 (Santa Cruz Biotechnology, #SC-515527) 1:1000; anti-NDUFB8
(Abcam, #ab110242) 1:1000; anti-NDUFB11 (Proteintech, #16720-1-AP) 1:700; anti-NDUFA12 (Sigma-Aldrich, #SAB2701046)
1:1000; anti-NDUFB6 (Abcam, #ab110244) 1:1000; anti-NDUFS6 (Abcam, #ab195807) 1:1000; anti-SDHA (Abcam, #ab14715)
1:1000; anti-SDHB (Abcam, #ab14714) 1:1000; anti-UQCRC2 (Abcam, #ab14745) 1:1000; anti-CYC1 (Proteintech, #10242-1-AP)
1:1000; anti-UQCRFS1 (Abcam, #ab14746) 1:1000; anti-MT-CO1 (Abcam, #ab14705) 1:1000; anti-MT-CO2 (Abcam, #ab110258)
1:1000; anti-TIMMDC1 (homemade, a generous gift from Prof. John E. Walker’s group) 1:2500; anti-TMEM126A (Sigma-Aldrich,
#HPA046648); anti-CS (Abcam, #ab96600) 1:1000; anti-VDAC (Abcam, #ab154856) 1:1000; anti-Hsp70 (Abcam, #ab2787)
1:1000; anti-B-actin (Sigma-Aldrich, #AI978); 1:1000; anti-B-tubulin (Sigma-Aldrich, #T5201) 1:1000; anti-vinculin (GeneTex
#GTX113294) 1:2000. Then, three washes of 10 minutes in PBS-T were performed and membranes were incubated 1 hour at RT
with the following 1:5000 or 1:2500 horseradish peroxidase conjugated secondary antibodies in 1% milk in PBS-T: anti-mouse
(Promega, #W4021), anti-rabbit (Promega, #4011) and anti-chicken (Promega, #G1351). Proteins resolved by 1D BN-PAGE were
electroblotted as above, except that the blotting was performed at 300 mA for 1 hour at 4°C in Bicarbonate Transfer Buffer
(10 mM NaHCO3; and 3 mM Na,CO3). The immunoreactive bands were visualized with ECL Western Blotting Reagents (GE Health-
care, #RPN2106). When performed, band signal intensities were quantified by densitometry using Imaged (Schneider et al., 2012) and
2-way ANOVA with Sidak’s post hoc test was used for multiple comparison statistical analysis.

Enzymatic activity assays

Crude mitochondria were used to assess respiratory chain enzymatic activities. A pellet of 15-20 x 106 cells was suspended in ice-
cold Sucrose-Mannitol Buffer (200 mM mannitol, 70 mM sucrose, 1 mM EGTA and 10 mM Tris-HCl at pH 7.6) and homogenized using
a glass/teflon Potter homogenizer. The obtained sample was centrifuged at 600 g for 10 min at 4°C to discard unbroken cells and
nuclei. The resulting supernatant was centrifuged at 10,000 g for 20 min at 4°C to separate crude mitochondria from the remaining
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sub-cellular fractions of the sample. The pellet was resuspended in Sucrose-Mannitol Buffer and stored in aliquotes at —80°C. Kinetic
measurements of respiratory chain complex activities were assessed at 37°C in a spectrophotometer (V550 Jasco Europe, Modena,
Italy) as previously detailed (Ghelli et al., 2013). Cl activity (NADH:DB:DCIP oxidoreductase) was assessed incubating 5 uL of mito-
chondria with 0.3 mM KCN, 1 uM antimycin A (Aa), 200 uM NADH, 60 uM dichlorophenol indophenol (DCIP; A: 600 nm; epcp:
19.1 mM'1cm'1), 70 uM decylbenzoquinone (DB), and subtracting the rotenone-insensitive activity. Cll activity (succinate/DCIP)
was determined incubating 5 pL of mitochondria with 1 uM rotenone, 0.3 mM KCN, 1 uM Aa, 80 uM DCIP, 200 uM ATP, 50 uM de-
cylbenzoquinone (DB), 10 mM Na* succinate, and subtracting the K* malonate-insensitive activity. Cll activity (cytochrome ¢/DBH,)
was measured incubating 5 uL mitochondria with 0.3 mM KCN, 20 uM oxidized cytochrome ¢ (x: 550 nm; eqyic: 19 mMTem™), 50 uM
decylbenzoquinol (DBH,), and subtracting the Aa-insensitive activity. CIV activity (cytochrome c oxidase) was assessed following the
oxidation of 20 pM reduced cytochrome ¢ and subtracting the KCN-insensitive activity. The measurements were performed in a
buffer containing 50 mM KH,PO, (pH 7.6), 1 mM EDTA, 2.5 mg/mL BSA (3.5 mg/mL for Cl activity assessment). Each specific activity
was normalized to protein content and citrate synthase (DTNB:oxaloacetate) activity. The latter was measured incubating 10 puL mito-
chondria with 100 uM dithionitrobenzoic acid (DTNB), 300 pM acetyl-CoA, 500 uM oxalacetate, 100 mM Tris (pH 8.1) and 0.1% Triton
X-100. CI-IGA assays were performed incubating native gels either with 2 mM Tris-Cl (pH 7.4), 0.15 mM NADH, and 2.5 mg/mL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) or with 0.5 M Tris/HCI (pH 7.4), 0.1 mg/mL NADH, 1 mg/mL nitro tetra-
zolium blue (NTB) at RT overnight.

ATP synthesis rate assay

The rate of Cl-driven ATP synthesis was measured in digitonin-permeabilized cells treated or not with 50 pg/mL chloramphenicol.
Cells were harvested by trypsinization, pellets were washed in PBS and the cells (10 x 10° /mL) were suspended in a buffer contain-
ing 150 mM KCl, 25 mM Tris-HCI, 2 mM EDTA, 0.1% BSA, 10 mM potassium phosphate, 0.1 mM MgCl,, pH 7.4. Then, cellular
suspensions were incubated with 50 pg/mL digitonin for 1 minute at RT with gentle agitation. As a result of the permeabilization
90%-100% of cells were positive to Trypan Blue staining. Aliquots of 3 x 10° permeabilized cells were incubated in the same buffer
with 0.9 mM Na* pyruvate, 0.9 mM K* malate, and 10 puL of ATP assay mix (Sigma-Aldrich; #FLAAM) in the presence of 0.1 mM ad-
enylate kinase inhibitor P4,Ps-di(adenosine-5') pentaphosphate. After the addition of 0.09 mM ADP, chemiluminescence was deter-
mined as a function of time with Sirius L Tube luminometer (Titertek-Berthold, Pforzheim, Germany). The chemiluminescence signal
was calibrated with 11 uM internal ATP standard (Sigma-Aldrich; #FLAAS) after the addition of 1 uM rotenone The rates of the ATP
synthesis were normalized to protein content and citrate synthase (CS) activity.

Quantitative proteomics

Proteomic analyses were performed on mitochondrial enriched fractions and quantified using SILAC (Andrews et al., 2013). Each
proteomic analysis was performed in duplicate: in one experiment, the heavy-labeled Dox-treated cells were mixed, in a one-to-
one ratio, with the light-labeled untreated ones; in the second experiment, the labeling was inverted. Accordingly, mitochondrial en-
riched fractions obtained from two reciprocal cellular pellets (15 mg total protein each) were solubilized in 500 pL of 10% glycerol, 1X
protease inhibitor cocktail, 1.5% DDM, and a mixture of Avanti® polar lipids (Avanti; #850457C, #8407575C, #840457C) and incu-
bated in ice for 30 minutes. Then, samples were centrifuged at 18,000 g for 10 minutes at 4°C to remove insoluble materials. In the
present study, portions from each sample were retained before performing Cl immunoprecipitation and directly analyzed by liquid
chromatography-mass spectrometry (LC-MS). For Cl co-immunopurification, solubilized mitochondrial-enriched fractions were
incubated overnight at 4°C with Complex | Immunocapture Kit (Abcam; #ab109711) suspension. Both immunopurified and non-im-
munopurified samples were reduced, alkylated, and fractioned by SDS-PAGE on 10%-20% Tris-glycine gels (Invitrogen; #XP10200)
for 2 hours at 100 V. Tryptic peptide mixtures from gel slices were resolved by Nanoscale Ultra High Performance Liquid Chroma-
tography (nano-UPLC) in a C18 reverse phase column (75 um x 100 mm) with a gradient of acetonitrile in 0.1% formic acid and a flow
rate of 300 nL/min. The eluate was analyzed with Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher
Scientific) operating in mass tandem (MS/MS) mode. Protein identification and quantification were performed with the MaxQuant
computational platform (Cox and Mann, 2008; Cox et al., 2011). For the relative quantification, MaxQuant calculated the ratios be-
tween the peak intensities of heavy- and light-labeled peptide pairs (H/L ratio). Fold changes for each protein were plotted in scat-
terplots with the logoH/L ratios of one experiment in the x axis and -log,H/L ratios of the second experiment in the y axis. Correlation
between the two duplicate experiments was reflected by the distribution of the protein over a 45° diagonal line of the scatterplots.
Statistical significances of the differences for enriched and depleted proteins in each reciprocal experiment were determined by
applying the B-significance test with Perseus (Cox and Mann, 2011; Tyanova et al., 2016).

Cell viability assay

HAP1 cell viability was evaluated by sulforhodamine B (SRB) assay. Briefly, 30 x 10° cells/well were seeded in 24-well plates and
incubated overnight. Then, IMDM was replaced with either glucose-free and galactose-containing (5 mM) DMEM or glucose-contain-
ing (25 mM) DMEM. At the end of incubation time points (24, 48 and 72 hours), medium was replacedwith a fresh one to eliminate
detached cells, 10% trichloroacetic acid (TCA) was added, and the plates were incubated for 1 hour at 4°C to fix the cells. 5 washes
in water were performed. Then, fixed cells were incubated with 0.4% SRB in 1% acetic acid for 30 minutes at RT. SRB was removed
and 5 washes with 1% acetic acid were carried out to eliminate the residual dye. Finally, the SRB bound to the proteins was
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solubilized in 10 mM Tris and the absorbance at 560 nm was read in a Victor2 plate reader (Perkin-Elmer, Turku; Finland). Measure-
ments were blank corrected.

Oxygen consumption rate

Mitochondrial respiration was evaluated using the Seahorse XFe Cell Mito Stress Test Kit (Agilent #103015-100) following the manu-
facturer instructions. Cells were seeded (40 x 10° cells/well) in 80 pL of IMDM medium into XFe96 cell culture plate and allowed to
attach for 24 h. Cell culture media was replaced with Seahorse XF DMEM Medium, pH 7.4 (Agilent #103575-100). OCR was
measured over a 3 min period, followed by 3 min of mixing and re-oxygenation of the medium. To perform Mito Stress Test, complete
growth medium was replaced with 180 pL of unbuffered XF medium supplemented with 10 mM glucose pH 7.4 pre-warmed at 37 °C.
Cells were incubated at 37 °C for 30 min to allow temperature and pH equilibration. After 3 OCR baseline measurements, 1 uM oli-
gomycin, 0.25 uM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and 0.5 uM rotenone plus 0.5 uM antimycin A were
sequentially added to each. Three measurements of OCR were obtained following injection of each drug. FCCP concentration was
optimized on cell lines prior to experiments. At the end of each experiment, the medium was removed and SRB assay was performed
to determine the amount of total cell proteins as described above. OCR data were normalized to total protein levels (SRB protein
assay) in each well. Each cell line was represented at least four wells per experiment (n = 4 replicate experiments). Data are normal-
ized on SRB absorbance and expressed as pmoles of O, per minute.

QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism v.7 (GraphPad Software Inc., San Diego, CA, USA) was used to perform statistical tests and create bar plots and
graphs. Quantitative data are mean + SD or + SEM as indicated in the figure legends. Unless stated otherwise, a two-tailed unpaired

Student’s t tests assuming equal variance were performed to compare averages. For each experiment, at least three biological rep-
licates were analyzed. Statistical significance was defined by p value < 0.05.
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