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translational-independent manner

d Both proteins are required for mitochondrial-encoded protein

biogenesis

d Defective protein insertion triggers turnover of nascent

chains and OXA1L insertase
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In brief

Poerschke et al. define TMEM126 as a

protein that forms a complex with the

OXA1L insertase in mitochondria to

facilitate membrane insertion of

mitochondrial-encoded polypeptides.

Loss of TMEM126 triggers turnover of

OXA1L insertase and its accumulated

cargo by the inner membrane quality

control system.
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SUMMARY
Cellular proteostasis requires transport of polypeptides across membranes. Although defective transport
processes trigger cytosolic rescue and quality control mechanisms that clear translocases and membranes
from unproductive cargo, proteins that are synthesized within mitochondria are not accessible to these
mechanisms. Mitochondrial-encoded proteins are inserted cotranslationally into the inner membrane by
the conserved insertase OXA1L. Here, we identify TMEM126A as a OXA1L-interacting protein. TMEM126A
associates with mitochondrial ribosomes and translation products. Loss of TMEM126A leads to the destabi-
lization of mitochondrial translation products, triggering an inner membrane quality control process, in which
newly synthesized proteins are degraded by the mitochondrial iAAA protease. Our data reveal that
TMEM126A cooperates with OXA1L in protein insertion into the membrane. Upon loss of TMEM126A, the
cargo-blocked OXA1L insertase complexes undergo proteolytic clearance by the iAAA protease machinery
together with its cargo.
INTRODUCTION

Expression of the mitochondrial genome is essential for the

biogenesis of the oxidative phosphorylation system (OXPHOS) in

the inner membrane. The human mitochondrial DNA (mtDNA) en-

codes 13polypeptides that are innermembrane proteins and core

components of the OXPHOS system. The respiratory chain com-

plexes (I, III, and IV) and the ATP synthase (V) are built ofmitochon-

drial- and nuclear-encoded subunits.1–6 Accordingly, imported

subunits of the complexes have to associate with the mem-

brane-embedded mitochondrial-encoded partner proteins to

form the active enzyme complexes. The import into mitochondria

is facilitated by the translocase of the outer mitochondrial mem-

brane (TOMcomplex) and dedicated TIM (translocase of the inner

mitochondrial membrane) complexes, which mediate inner mem-
Molecular Cell 84, 345–358, Jan
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brane passage of the imported polypeptides across and into the

innermembrane. The insertion ofmitochondrial-encoded proteins

into the inner membrane is mediated by the OXA1 insertase.

OXA1 is a member of the Oxa1/YidC/Alb3 protein family that is

evolutionarily related to the ER membrane complex (EMC).7–9

Metazoan OXA1L and its counterparts in lower eukaryotes

(Oxa1)9,10 span the inner membrane five times. The C-terminal

domain of the protein is exposed to the mitochondrial matrix

and provides the platform for binding to the mitochondrial ribo-

some.11–14 Through this interaction,Oxa1 facilitates the cotransla-

tional insertion of mitochondrial translation products into the lipid

phase.15–17Moreover, membrane insertion of a subset of nuclear-

encoded membrane proteins depends on the OXA pathway.18–20

Most studies on Oxa1 have been carried out in the yeast

Saccharomyces cerevisiae, but the human OXA1L-insertase
uary 18, 2024 ª 2023 The Author(s). Published by Elsevier Inc. 345
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machinery is still poorly defined. Loss of OXA1L in human cells

was shown to affect complex I and complex IV biogenesis.21 A

recently identified patient with a mutation in OXA1L, who dis-

played OXPHOS deficiency with hypotonia, encephalopathy,

and fatal cardiorespiratory arrest, showed reduced levels of

complexes I, IV, and V and destabilization ofmitochondrial trans-

lation products in isolated fibroblasts.22 Moreover, structural

analysis on the mitochondrial ribosome provided molecular in-

formation on the OXA1L ribosome association and suggested

that OXA1L is bound to the mtLSU through interactions with

mL45 and uL23m.13,23–25

Although it is commonly accepted that OXA1L is essential for

the biogenesis of the OXPHOS machinery by acting as the key

insertase for mitochondrial-encoded proteins, molecular in-

sights into the membrane insertion process itself are still lacking.

Moreover, it remains unaddressed whether OXA1L fulfills its

functions alone or whether its function depends on the interplay

with other factors within a complex. To close this gap, we

defined the human OXA1L interactome using a variant of

OXA1L tagged within the N-terminal portion of the protein.

Here, we identified TMEM126A as an unknown interactor of

the human OXA1L-insertase machinery. TMEM126A is quantita-

tively associated with OXA1L and mitochondrial ribosomes.

TMEM126A depletion destabilizes translation products and trig-

gers an inner mitochondrial membrane quality control process.

In the absence of TMEM126A, the OXA1L protein is turned

over by the iAAA protease together with newly synthesized mito-

chondrial-encoded polypeptides. Thus, our study defines an un-

known interactor of the OXA1L insertase and identifies a mech-

anism of quality control to clear the inner membrane from the

clogged protein insertion machinery.

RESULTS

Mapping constituents of the human OXA1L insertase
To define constituents of the human OXA1L complex, we gener-

ated stable HEK293 cell lines, expressing OXA1Lwith FLAG tags

inserted at different positions (Figure 1A). Previous studies used

an OXA1L version tagged at the C terminus.22 Considering that

the C terminus of OXA1 mediates the interaction with the mito-

chondrial ribosome11,12,14 and the observation that tagging of

yeast Oxa1 with a C-terminal tag affected ribosome associa-

tion,26 we designed FLAG-tagged versions of OXA1L in which

the tag was introduced near the C terminus (after amino acid

326 or 397) or adjacent to the predicted presequence in the

N-terminal region (amino acid 74) (Figure 1A). To investigate

the functionality of these proteins, we purified mitochondria ex-

pressing the tagged OXA1L variants and subjected these to

FLAG immunoisolation (Figure 1B). The N-terminally tagged

version of OXA1L (FLAGOXA1L) efficiently purified the mitochon-

drial ribosome and themembrane integral early assembly factors

MITRAC12 and C12ORF73 (Figure 1B, lane 6). In contrast,

C-terminally tagged OXA1L was less efficiently purified, and

only minor amounts of interacting ribosomal proteins were

observed in the eluate (Figure 1B, lanes 7 and 8). Hence, an

N-terminally tagged version of OXA1L enables efficient purifica-

tion of the protein together with associated ribosomes and early

assembly factors.
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Based on the immunoisolation result, we used FLAGOXA1L for

preparative scale purification. FLAGOXA1L specifically purified

proteins in amounts that could be visualized by colloidal Coomas-

sie staining (Figure 1C). To define the OXA1L interactome, we

performed a quantitative mass spectrometric analysis of the pu-

rified complex utilizing a stable isotope labeling with amino acids

in cell culture (SILAC)-based strategy (Figure 1D; Table S1). As

expected, we identified proteins of the large and small mitochon-

drial ribosomal subunits (mtLSU:blue andmtSSU:yellow) and fac-

tors involved in respiratory chain assembly (Figure 1D; Table S1).

Selected enriched proteins of the FLAGOXA1L immunoisolations

were confirmed by western blot analysis (Figure 1E). Among

the isolatedOXA1L-interacting proteins, TMEM126A represented

a largely functionally uncharacterized protein. Mutations in

TMEM126A have been linked to optic atrophy, and a role in com-

plex I assembly has been proposed; however, an associationwith

OXA1L has not been reported.27,28 Interestingly, approximately

70%of TMEM126A copurifiedwith OXA1Lwhen the endogenous

OXA1L was immunoisolated with an OXA1L antibody (Figure 1F).

The interaction of OXA1L and TMEM126A was furthermore

confirmed by performing the reverse immunoisolation experi-

ment using an antiserum directed against TMEM126A (Fig-

ure S1A). In addition to OXA1L, components of complex I were

immunoprecipitated, which is in line with the reported involve-

ment of TMEM126A in complex I assembly.28,29 Similar to

OXA1L, TMEM126A represents a multispanning inner membrane

protein according to MitoCarta3.0.30 We confirmed inner mem-

brane localization by protease protection analysis (Figure S1B).

Upon disruption of the outer membrane by hypotonic swelling,

TMEM126A was accessed by the protease indicating that its N

and C termini face the mitochondrial intermembrane space

(Figures S1B and S1C).

Considering the interaction of OXA1L with the mitochondrial

ribosome, we tested whether TMEM126A also displayed ribo-

some association. Therefore, purified mitochondria from

mL62FLAG-expressing cells were subjected to immunoisolation

experiments, and eluates were analyzed by western blotting. In

addition to OXA1L, TMEM126A was efficiently co-immunoiso-

lated with the mitochondrial ribosome (Figure 1G). This was

further confirmed by mass spectrometric analyses of immunoi-

solations using an antiserum directed against the endogenous

TMEM126A (Table S2). In summary, although previous studies

suggested that TMEM126A facilitates complex I biogenesis,

we observed here that the protein associates with the mitochon-

drial ribosome and the OXA1L-insertase machinery.

TMEM126A-OXA1L interaction is translation
independent
To define the requirements for the association between

TMEM126A and OXA1L, we inhibited mitochondrial translation

with thiamphenicol (TAP) in FLAGOXA1L-expressing cells. Subse-

quently, mitochondria were subjected to FLAG immunoisolation.

Interestingly, mitochondrial translation activity was not required

for the association ofOXA1Lwith ribosomes or TMEM162A, since
FLAGOXA1L copurified equal amounts of mitochondrial ribosomes

(mL45, uL23m, mL62, uS14m, and mS39) and TMEM126A inde-

pendent of TAP treatment (Figure 2A). To further investigate if

the interaction of TMEM126A with the mitochondrial ribosome



Figure 1. TMEM126A is an interactor of OXA1L

(A) Schematic presentation of OXA1LFLAG constructs used in this study. FLAG-tag was inserted after amino acid 74, 326, or 397.

(B) Mitochondria isolated from HEK293 cells expressing indicated FLAG-tagged OXA1L versions and wild-type (WT) control were isolated and subjected to

immunoisolations. Eluates were subjected to western blotting; total 2%, eluate 100%.

(C) Mitochondria fromwild-type (WT) and FLAGOXA1-expressing HEK293 cells were solubilized with subjected to immunoisolation. Eluates (100%) were analyzed

by SDS-PAGE, followed by Coomassie staining.

(D) Wild-type (WT) and FLAGOXA1L-expressing cells were cultured in SILAC-media, mitochondria isolated, subjected to anti-FLAG immunoisolation, and eluates

analyzed by quantitative mass spectrometry (liquid chromatography-tandem mass spectrometry [LC-MS/MS]) (n = 4).

(E) Proteins identified in (D) were confirmed by western blot analysis. Antibodies were applied as indicated total 1.3%, eluate 100%.

(F) Immunoisolation using antiserum against the endogenous OXA1L or a control protein. Total 1%, eluates 100%.

(G)Mitochondria fromwild-type (WT) andmL62FLAG expressing cells were subjected to anti-FLAG immunoisolation and eluates analyzed bywestern blotting with

indicted antibodies. Total 1%, eluates 100%.

See also Figure S1 and Tables S1 and S2.

ll
OPEN ACCESSArticle
was OXA1L dependent, we used small interfering RNA (siRNA)-

mediated depletion ofOXA1L (Figure S2A). Althoughweobserved

a subtle reduction of TMEM126A and TMEM126B upon siOXA1L

treatment, we isolated mitochondria from these cells and per-

formed immunoisolations using TMEM126A antibodies. Repro-

ducibly, the isolation of TMEM126A after siRNA-mediated reduc-

tion of OXA1L did not alter the interaction between TMEM126A

and the mitochondrial ribosome (Figure S2B).

Recent structural studies suggested that OXA1L binds to the

ribosome via the mL45 protein of the large subunit.23 Therefore,

we monitored steady-state protein levels of OXA1L and

TMEM126A in mitochondria, which were depleted of the mito-

chondrial ribosome, using a mL45 knockout cell line (mL45�/�)
(Figure 2B). Ribosomal proteins of the mtSSU, such as uS14m,

were decreased in the mL45�/� cell line. However, the steady-

state protein levels of OXA1L and TMEM126A appeared slightly

increased (Figure 2B). Using an antibody against OXA1L, we per-

formed an immunoisolation from mitochondria isolated from

wild-type (WT) and mL45�/� cells (Figure 2C). Despite the lack

of mL45 and the concomitant loss of functional ribosomes, we

efficiently coisolated TMEM126A together with the large subunit

protein uL1m. Accordingly, ribosomal remnants are able to asso-

ciate with the OXA1L insertase, which suffices to maintain the

OXA1L-TMEM126A interaction. In a complementary approach

to assess the interaction of OXA1L and TMEM126A in the

absence of the mitochondrial ribosome, we used an established
Molecular Cell 84, 345–358, January 18, 2024 347



Figure 2. TMEM126A interacts with OXA1L in a stoichiometric manner

(A) Cells expressing FLAGOXA1L were treated with thiamphenicol (TAP) for 24 h, prior to mitochondria isolation. Anti-FLAG immunoisolations were performed and

eluates subjected to western blot analysis. Total 1%; eluate 100%.

(B) mL45�/� HEK293 cells were solubilized and subjected to western blot analysis, using indicated antibodies.

(C) Mitochondria from wild-type (WT) cell or cells lacking mL45 were isolated and subjected to anti-OXA1L immunoisolation. Eluates were analyzed by western

blotting. Total 1%; eluate 100%.

(D) Western blot analysis of purified mitochondria from wild-type and rho0 cells for selected mitochondrial proteins.

(E) Immunoisolation of endogenous TMEM126A with mitochondria form wild type or rho0 cells followed by western blot analysis. Total 1%; eluate 100%.

See also Figure S2.
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rho0 cell line model, which lacks mtDNA. Although OXA1L levels

were slightly reduced in these mitochondria, TMEM126A ap-

peared normal (Figure 2D). Interestingly, using the TMEM126A

antibody for immunoisolations, the association with OXA1L was

not affected. Apparently, OXA1L isolated slightly more efficient

compared with the WT control in the rho0 sample (Figure 2E).

In summary, we show that TMEM126A is associated with the

OXA1L-insertase complex inmitochondria and that the interaction

between OXA1L and TMEM126A is independent of active mito-

chondrial translation or OXA1L association with the ribosome.

TMEM126A interacts with newly synthesized
translation products
Oxa1 in yeast interacts with newly synthesized mitochondrial

polypeptides that are cotranslationally inserted into the inner

membrane.11,14,16,31 Considering that TMEM126A represents a
348 Molecular Cell 84, 345–358, January 18, 2024
constituent of the OXA1L-insertase complex in humans, we ad-

dressedwhether TMEM126A similarly interacted with newly syn-

thesized mitochondrial-encoded proteins. Therefore, HEK293

cells were incubated with [35S]methionine after the inhibition of

cytosolic protein synthesis. Antibodies against TMEM126A and

OXA1L were used for immunoisolation after [35S]methionine la-

beling of mitochondrial translation products (Figure 3A). Indeed,

newly synthesized mitochondrial translation products copurified

with TMEM126A (Figure 3A, lanes 3 and 4), and the pattern of

isolated translation products appeared to be similar compared

with OXA1L immunoprecipitates (Figure 3A, lane 6). Since

TMEM126A formed a complex with the OXA1L insertase, we

tested if TMEM126A also interacted directly with newly synthe-

sized mitochondrial-encoded proteins (Figure 3B). To this end,

we used chemical cross-linking combined with immunoisolation

under denaturing conditions to investigate this interaction.



(legend on next page)
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Indeed, newly synthesized proteins coisolated with TMEM126A

under these conditions.

The observed co-isolation of newly synthesized mitochondrial

translation products and the interaction with OXA1L and ribo-

somes led us to investigate mitochondrial protein synthesis in

the absence of TMEM126A. Therefore, we depleted TMEM126A

bysiRNAtreatmentandperformedpulse labelingusing [35S]methi-

onine for different timepoints (Figure 3C). Comparedwith the non-

targeting control, mitochondrial translation products were signifi-

cantly reduced in the TMEM126A-ablatedcells. Themost affected

translation product was ND1, which reached only 40%of the con-

trol (Figure 3D). This translation or protein stability defect was fully

rescued upon re-expression of TMEM126A by transient transfec-

tion showing the specificity of the used siRNA (Figure 3E). In addi-

tion, we generated TMEM126A�/� knockout cell lines using

the CRISPR-Cas9 approach. We selected two cell lines (referred

to as clones 1 and 2) for further analysis. Compared with the

siRNA-mediated knockdown, the loss ofmitochondrial translation

productswas evenmorepronouncedandgeneral in nature inboth

TMEM126A�/� cell lines (Figure 3F). The overall translation was

drastically reduced to less than 50% of the WT cells (Figure 3G).
Loss of TMEM126A affects OXA1L and OXPHOS
complexes
To further study the function of TMEM126A, we made use of

siRNA-mediated knockdown and the TMEM126A�/� cell lines.

The knockdown (siTMEM126A) affected cell growth in glucose

media, reducing growth by 30% compared with the non-target-

ing control (Figure 4A, left panel). A similar reduction of cell

growth in glucose and galactose media was observed for the

knockout clone 1 of TMEM126A (TMEM126A�/�), whereas clone

2 showed a stronger growth defect in glucose media (65% of

WT), which was even more pronounced on galactose media

(27% of WT) (Figure 4A, middle and right panels).

Next, we investigated the steady-state levels of selected mito-

chondrial proteins during siRNA-mediated knockdown of

TMEM126A and in the TMEM126A�/� clones (Figures 4B and

4C). Knockdown of TMEM126A led to a subtle decrease in

OXA1L levels, whereas subunits of complex I (NDUFB8) were

strongly affected. However, tested complex III (UQCC2), com-

plex IV (COX1 and COX6A), and complex V (ATP5B) proteins re-

mained unaltered. In contrast, in mitochondria isolated from

TMEM126A�/�, the steady-state levels of OXA1L appeared to

be slightly increased, and tested OXPHOS structural subunits

were less affected, except for complex I constituents (NDUFA5

and NDUFB10; Figure 4C).
Figure 3. Depletion of TMEM126A affects mitochondrial protein synthe

(A) Immunoisolation using either TMEM126A or OXA1L antibodies from wild-type

were separated by SDS-PAGE and analyzed by digital autoradiography.

(B) Radiolabeling of mitochondrial translation products during protein cross-link

western blots. Total 1%, eluates 100%.

(C and D) Mitochondrial translation products were radiolabeled after siRNA-med

SDS-PAGE and analyses by digital autoradiography (B) and quantified (C) (SEM;

(E) Quantification of mitochondrial translation products after [35S]-methionine lab

(F) Mitochondrial translation products were radiolabeled in TMEM126A�/� cel

confirmed by western blot and Coomassie staining (right panel).

(G) Quantification of mitochondrial translation products as in (D) (SEM, n = 3).
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To analyze the integrity of the OXPHOS complexes, we solubi-

lized mitochondria in dodecylmaltoside (DDM)-containing buffer

and separated protein complexes by blue native (BN)-PAGE. In

agreement with the protein steady-state levels in siTMEM126A-

treated cells, mitochondrial complex I displayed the strongest

phenotype (Figure 4D, lanes 1–4). In addition, we detected a slight

decrease in complex IV and complex V levels (Figure 4D, lanes 9–

12), whereas complex II and complex III appeared not to be

strongly affected by TMEM126A knockdown (Figure 4D, lanes

5–8). Complex I activity measurements confirmed the decrease

in complex I upon TMEM126A knockdown (Figure S3A).

When we analyzed OXPHOS complexes in TMEM126A�/�, we

observed a clear decrease in complex I amount byBN-PAGE (Fig-

ure 4E, lanes 1–3) and complex I activity by colorimetric measure-

ments (Figure S3A). We confirmed the reduction of complex I in

the TMEM126A�/� clone 1 by performing quantitative proteomic

analysis of isolated mitochondria (Figure S3B; Table S3). More-

over, for TMEM126A�/� clone 2, sub-complexes of complex V,

which were detected in WT and clone 1, were lacking, and

assembled complex V was reduced (Figure 4E, lane 15). Both

TMEM126A�/� clones appeared to be affected in complex III-

containing supercomplex formation, which was detected due to

incomplete dissociation by the detergent (Figure 4E, lanes 8 and

9). Using an antibody against the complex III core-subunit cyto-

chrome b, a shift of complex III to the dimeric form was observed

(Figure 4E, lanes 8 and 9). Complex II (succinate dehydrogenase

complex subunit A, SDHA) and complex IV (COX1) were

similar to WT (Figure 4E, lanes 4–6 and 10–12). In conclusion,

loss of TMEM126A affects complex I and complex V in mitochon-

dria. A decrease of OXA1L was apparent after acute loss of

TMEM126A in the knockdown but appears to be suppressed in

TMEM126A�/� cells. Considering the high selection pressure

when screening for the TMEM126A�/�, it is conceivable that these
cells have adapted to the metabolic challenge.
Consecutive loss of TMEM126B leads to reduced
complex I levels
The absence of TMEM126A led to decreasedmitochondrial trans-

lation products. However, complex I appeared to be the most

significantly affected OXPHOS complex. TMEM126A and its

paralog TMEM126B were reported to both participate in the early

steps of complex I assembly.28,29 Interestingly, in isolated mito-

chondria from TMEM126A knockdown cells, we observed that

the TMEM126B steady-state levels were drastically reduced

compared with the non-targeting control (Figure 5A). TMEM126B

was reduced to approximately 40% in the siRNA-treated
sis

(WT) cells after radiolabeling of mitochondrial translation products. Samples

ing, followed by immunoisolations of TMEM126A. Eluates were analyzed by

iated depletion of TMEM126A. Whole HEK293 cell lysates were subjected to

n = 3).

eling of siRNA-treated cells transiently expressing TMEM126A (SEM; n = 3).

ls and cell extracts analyzed by SDS-PAGE (left panel). Equal loading was



(legend on next page)
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cells and 25% in the TMEM126A�/� cell line (Figure S4A). We hy-

pothesized that the complex I phenotype could be indirectly

caused by the loss of TMEM126B. Therefore, we expressed un-

tagged TMEM126B and TMEM126BFLAG in TMEM126A�/� cells.

The expression of the untagged TMEM126B in TMEM126A�/�

cells fully rescued the complex I defect as assessed by activity

measurement and BN-PAGE (Figures 5B and 5C). However,

TMEM126BFLAG was unable to complement the complex I defect

(Figures 5B and 5C). Accordingly, we found that a lack of

TMEM126B observed upon loss of TMEM126A causes loss of

complex I. In addition, a C-terminal tag on TMEM126B renders

the protein non-functional. The reduction in newly synthesized

mitochondrial translation products that was apparent in

TMEM126A�/� cells was not complemented by TMEM126B (Fig-

ure 5D). This observation further highlights the role of TMEM126A

in mitochondrial translation or translation product stability. This

was further supported, since the interaction of OXA1L and

TMEM126A was not altered upon reduction of complex I levels,

provoked by knockout of MITRAC1532 (Figure S4B). To exclude

that the reduction of mitochondrial translation products was indi-

rectly caused by the loss ofmtDNA, mtDNA levels weremeasured

by real-time quantitative PCR (qPCR) in knockdown cells grown in

either glucose- or galactose-containingmedia. However, no differ-

ence in the control cells was detected (Figure 5E). In agreement

with this, we did not detect any significant differences inmitochon-

drial RNA levels measured by NanoString analysis (Figure S4C).

Furthermore, steady-state levels of ribosomal subunits were as-

sessed to address whether the reduction of newly synthesized

translation products was caused by reduced amounts of mito-

chondrial ribosomes. However, the steady-state levels of the

tested ribosomal proteins of the 39S mtLSU (uL23m and uL12m)

or the 28SmtSSU (mS39 andmS40) were similar between control

and knockdown cells (Figure 5F) as well as in the knockout cells

(Figure 5G). Accordingly, although the complex I defect could be

attributed to the loss of TMEM126B, the loss of newly synthesized

translation products remained TMEM126A-specific and was not

caused by DNA, RNA, or ribosome loss.

Quality control of the OXA1L insertase upon cargo
accumulation
Considering the reduced levels of mitochondrial translation prod-

ucts upon loss of TMEM126A and the interaction of OXA1L with

the human mitochondrial iAAA protease (Figure 1D), we investi-

gated the stability of OXA1L in TMEM126A�/� cells. To this end,

we analyzed cell lysates of WT and TMEM162A�/� cells by

western blotting. Two OXA1L fragments were detected in the

TMEM126A�/� cells (Figure 6A). Due to the difficult detection of

these fragments in cells, we carried out further experiments in iso-
Figure 4. TMEM126A is required for complex I stability

(A) HEK293 cells were transfected with siRNA targeting TMEM126A or non-target

cell counting (SEM; n = 3) (left panel). Clones 1 and 2 of the TMEM126A�/� cells we

cultured for 72 h and cells counted (SEM; n = 3).

(B and C) Western blot analysis of mitochondrial proteins under loss of TMEM12

(C) were isolated and analyzed by western blotting using the indicated antibodie

(D and E) Mitochondria from siRNA-mediated TMEM126A depleted cells or TME

subjected to BN-PAGE analysis (2.5%–10% gradient gel: CI, 4%–13% gradient

See also Figure S3 and Table S3.
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lated mitochondria under translation-enabling conditions, since

purified mitochondria are capable of translating their mRNAs, al-

lowing for biochemical dissection of translation-linked processes.

To this end,mitochondria were purified fromHEK293 cells and re-

suspended in a medium that maintains mitochondria competent

for import and translation (Figure 6B). Interestingly, we observed

that under these translation-enabling conditions, the OXA1L pro-

tein was partially cleaved into four proteolytic fragments in

TMEM126A�/� mitochondria, which could be detected with anti-

bodies against C- and N-terminal epitopes (Figure 6C).

To define the proteases that facilitate OXA1L turnover in the in-

ner membrane in the absence of TMEM126A, we depleted

AFG3L2, PARL, SLP2, and YME1L, constituents of the m- and

iAAA protease complexes, respectively.33,34 Loss of the iAAA

protease complex constituents PARL, SLP2, and YME1L, but

not the loss of AFG3L2, blocked the observed OXA1L cleavage

(Figure 6D).

We hypothesized that the observed reduced levels of mito-

chondrial translation products in the absence of TMEM126A

were the result of increased turnover together with OXA1L. To

test this, a simultaneous depletion of TMEM126A and YME1L

was carried out. Indeed, although mitochondrial translation

products were reduced upon TMEM126A depletion by 30%,

translation products were fully recovered to WT levels upon

additional depletion of YME1L (Figure 6E). We concluded that

the observed partial OXA1L turnover upon loss of TMEM126A

is coupled to mitochondrial quality control and that cargo-

blocked complexes caused by the absence of TMEM126A are

accessed and degraded by the mitochondrial iAAA protease.

DISCUSSION

OXA1L facilitates the membrane insertion of mitochondrial- and

selected nuclear-encoded proteins into the inner membrane.

Several OXA1-related proteins with a similar membrane topol-

ogy and transport function have been reported. Among these

homologs are the chloroplast Alb37,8,35,36 and the bacterial

YidC.9,10,37–39 Based on structural and functional similarities,

recent studies extended the group of OXA-related proteins to

form the so-called OXA1 super-family, which includes subunits

of ER protein translocation systems such as EMC3, TMCO1,

and GET1.9 Interestingly, EMC3 can functionally replace the

mitochondrial yeast Oxa1 protein, demonstrating, in addition to

similarities at the structural level, that these proteins are func-

tionally conserved across bacteria, yeast, and human for mem-

brane insertion.8

The OXA1L insertase machinery is functionally supplemented

by accessory factors. In human mitochondria, translation
ing (siNT) control. Cells were cultured in glucose media prior to harvesting and

re seeded in glucose (middle panel) or galactose (right panel) containingmedia,

6A. Mitochondria from siTMEM126A treated cells (B) or TMEM126A�/� cells

s.

M126A�/� cells were solubilized in dodecylmaltoside (DDM). Cell lysates were

gel: CII–CV), followed by western blotting using the indicated antibodies.



(legend on next page)
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product-specific biogenesis factors, such as C12ORF62,

SURF1, TMEM126B, TMEM177, or COX20, have been described

to form complexes with OXA1L.22,28,29,40–43 However, accessory

interactors of OXA1L that function in a general manner on multi-

ple or all translation products have not been described. Here, we

identified TMEM126A as a protein associated with the OXA1L in-

sertase in human mitochondria. About 70% of TMEM126A

appear to form a complex with OXA1L when the endogenous

proteins are analyzed. Both proteins bind to mitochondrial ribo-

somes and translation products. Our data are in agreement with

the idea that OXA1L, together with TMEM126A, facilitates

insertion of newly synthesized mitochondrial proteins into the

inner membrane. Upon siRNA-mediated depletion and in

TMEM126A knockout cells, a reduction of mitochondrial transla-

tion products was apparent. Interestingly, the amount of

OXPHOS complexes, except for complex I, did not change

substantially compared with the WT situation, although cell

viability was affected. Hence, we speculate that the remaining

protein synthesis, increased stability of translation products, or

substituting factors suffice to maintain OXPHOS complexes.

Recent work on the insertion of multispanning membrane pro-

teins into the ER membrane revealed that this class of proteins

requires specific chaperone-like factors to protect nascent

transmembrane domains. The PAT and TMCO1 complexes of

the ER fulfill such chaperone-like functions to cooperate with

the Sec and EMC transport machineries for membrane insertion

of multispanning proteins.9,44–46 Corresponding proteins or

complexes have not been described for the mitochondrial inner

membrane despite the fact that mostly multispanning proteins

are inserted by the OXA1L insertase. To this end, TMEM126A

represents a likely candidate to act as a chaperone that works

in concert with OXA1L.

Clogged translocases in the ER or the mitochondrial TOM

complex can be accessed by a cytosolic quality control mech-

anism that removes precursor proteins and target these to the

proteasome after ubiquitination.47–49 However, the inner mem-

brane of mitochondria is physically not accessible to these

systems. Hence, alternative quality control pathways must

be present to enable clearance of inner membrane translo-

cases from miss-integrated proteins. It has been suggested

that under stress conditions, a proteotoxicity arises within

mitochondria, which triggers mitochondrial quality control

and results in the degradation of mitochondrial-encoded

nascent chains that fail to insert into the membrane.50,51 Our

data show that a lack of TMEM126A and the concomitant

defect in mitochondrial protein biogenesis triggers a partial
Figure 5. Reduction of TMEM126B levels affects complex I

(A) HEK293 cells were transfected with siRNA against TMEM126A, mitochondria

(B and C) TMEM126A�/� cells were transfected with plasmids expressing TMEM

Alternatively, mitochondria were isolated, solubilized in dodecylmaltoside (DDM)

(D) TMEM126B or TMEM126BFLAG were expressed in TMEM126A�/� as describe

and proteins analyzed by SDS-PAGE and digital autoradiography.

(E) HEK293 cells were transfected with siRNA targeting TMEM126A and culture

chondrial DNA amounts quantified by qPCR (SEM, n = 3).

(F and G) Mitochondria from HEK293 cells transfected with siTMEM126A (F) or T

indicated antibodies.

See also Figure S4.

354 Molecular Cell 84, 345–358, January 18, 2024
turnover of the OXA1L insertase. The turnover of OXA1L ap-

pears to be predominantly mediated by the mitochondrial

iAAA protease. Considering the reduced newly synthesized

mitochondrial translation products upon loss of TMEM126A

and the partial cleavage of OXA1L suggested that both pro-

cesses are coupled. Indeed, depletion of YME1L suppresses

OXA1L cleavage and recovers mitochondrial translation prod-

ucts in the absence of TMEM126A. We conclude that in agree-

ment with the fact that OXA1L inserts proteins cotranslation-

ally, its turnover occurs under cargo-stalled conditions.

Accordingly, in the absence of a ubiquitin-proteasome system,

which can remove precursor proteins from jammed translo-

cases exposed to the cytosol, the mitochondrial inner mem-

brane translocase is degraded. This situation is reminiscent

of a report by van Stelten et al.52 who demonstrated that in

E. coli cells, in which the SEC translocon is jammed with a

protein unable to pass the translocon, SecY, and its cargo

are degraded by the AAA-protease FtsH, which is related to

mitochondrial YME1L. Interestingly, the prohibitins Phb1 and

Phb2 interact with Oxa1 in yeast. Loss of the prohibitins in-

creases the turnover of Oxa1 by the YME1L.53 Here, human

PHB1 and PHB2 were also identified in mass spectrometric

analysis of OXA1L. Hence, one could speculate that in the

presence of TMEM126A, OXA1L stability is linked to prohibi-

tins in the inner membrane preventing non-controlled degra-

dation. In summary, we show that translocase jamming during

transport of mitochondrial-encoded proteins activates quality

control mechanisms at the inner membrane, which degrade

the OXA1L insertase and newly made mitochondrial polypep-

tides. This process is apparent in the absence of the OXA1L-

associated TMEM126A.

Limitations of the study
Our study reveals the role of TMEM126A in protein transport into

the inner mitochondrial membrane via the OXA1L insertase.

However, studies in yeast mitochondria have also implicated

the Oxa1 protein in membrane translocation of selected nu-

clear-encoded proteins or protein segments after their initial

translocation into the matrix. It remains to be addressed if

TMEM126A also contributes to this process or if its function is

exclusively dedicated to those proteins that are inserted into

the membrane co-translationally. A second open question of

our study regards the relatively mild effect of a loss of

TMEM126A on the steady-state level of the OXPHOS. It is

tempting to speculate that mitochondria can partially adapt to

loss of TMEM126A and that other proteins might be able to
isolated, and subjected to western blotting using indicated antibodies.

126B or TMEM126BFLAG and activity of complex I measured (SEM, n = 3) (B).

and subjected to BN-PAGE analysis (C), followed by western blotting.

d in (B). Mitochondrial translation products were labeled with [35S]-methionine

d in glucose or galactose-containing media. mtDNA were isolated and mito-

MEM126A�/� cells were isolated and subjected to western blot analysis using



Figure 6. Cargo insertion retardation activates mitochondrial quality control

(A) OXA1L fragment analysis after whole-cell lysate of WT and TMEM126A�/� cells analyzed by western blot.

(B) Schematic presentation of experimental setup to monitor OXA1L fragmentation after quality control activation.

(C) Mitochondria isolated from siTMEM126A treated or TMEM126A�/� cells were analyzed as described in (B), subjected to western blotting using OXA1L

antibodies.

(D) TMEM126A�/� cells were treated with siRNAs against AFG3L2, PARL, SLP2, and YME1L and isolated mitochondria treated as described in (A). Mitochondria

were subsequently analyzed by western blotting and either OXAL1 antibody applied to the whole membrane (left panel) or different antibodies (right panel) to

confirm siRNA application and equal loading.

(E) Mitochondrial translation products were radiolabeled after siRNA-mediated depletion of TMEM126A or combined with siRNA against YME1L. HEK293 cell

lysates were subjected to SDS-PAGE and analyses by digital autoradiography (left panel). Signals of three independent experiments were quantified (SEM; n = 3)

(right panel).

ll
OPEN ACCESSArticle
compensate for this loss. Additional studies will be required to

identify such proteins and their role in the process.
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Rabbit polyclonal anti-COX4-I This paper #1522

Rabbit polyclonal anti-COX5B This paper #4965

Rabbit polyclonal anti-COX6A This paper #3282

Rabbit polyclonal anti-C12ORF62 This paper #4844

Rabbit polyclonal anti-C12ORF73 This paper #5104

Rabbit polyclonal anti-CYTB This paper #5151

Rabbit polyclonal anti-GTPBP10 Novus Bio Cat#NBP1-85055; RRID: AB_11037644

Rabbit polyclonal anti-MITRAC12 This paper #3761

Rabbit polyclonal anti-NDUFA5 Proteintech Cat#16640-1-AP; RRID: AB_2251270

Rabbit polyclonal anti-NDUFA9 This paper #1524

Rabbit polyclonal anti-NDUFAF4 Proteintech Cat#26003-1-AP; RRID: AB_2880329

Rabbit polyclonal anti-NDUFB8 This paper #3764

Rabbit polyclonal anti-NDUFB10 Proteintech Cat#15589-1-AP; RRID: AB_2150790

Rabbit polyclonal anti-NDUFB11 Proteintech Cat# 16720-1-AP; RRID: AB_2298378

Rabbit polyclonal anti-NDUFS1 Proteintech Cat#12444-1-AP; RRID: AB_2282657

Rabbit polyclonal anti-OCIAD2 This paaper NA

Rabbit polyclonal anti-OXA1L N-terminal This paaper #5095

Rabbit polyclonal anti-OXA1L C-terminal This paaper #5035

Rabbit polyclonal anti-PARL Proteintech Cat#26679-1-AP; RRID: AB_2880599

Rabbit polyclonal anti-PHB2 Proteintech Cat#12295-1-AP; RRID: AB_2164779

Rabbit polyclonal anti-RIESKE This paper #1512

Mouse monoclonal anti-SDHA ThermoFisher Scientific Cat# 459200; RRID: AB_2532231

Rabbit polyclonal anti-TACO1 This paper #3628

Rabbit polyclonal anti-TIM23 This paper #1526

Rabbit polyclonal anti-TIM21 This paper #3674

Rabbit polyclonal anti-TOM20 Proteintech Cat# 11802-1-AP; RRID: AB_2207530

Rabbit polyclonal anti-uL1m This paper #4964

Rabbit polyclonal anti-bL12m Proteintech Cat# 14795-1-AP; RRID: AB_2250805

Rabbit polyclonal anti-uL23m This paper #1716

Rabbit polyclonal anti-mL45 Proteintech Cat# 15682-1-AP; RRID: AB_2146065

Rabbit polyclonal anti-mL62 This paper #5131

Rabbit polyclonal anti-uS17m Proteintech Cat#18881-1-AP; RRID: AB_10597844

Rabbit polyclonal anti-uS14m Proteintech Cat# 16301-1-AP; RRID: AB_2878240

Rabbit polyclonal anti-uS15m Proteintech Cat# 17006-1-AP; RRID: AB_2301068

Rabbit polyclonal anti-mS39 Sigma Prestige Cat#HPA041154; RRID: AB_10795488

Rabbit polyclonal anti-mS40 This paper #5177

Rabbit polyclonal anti-SLP2 Proteintech Cat# 10348-1-AP; RRID: AB_2286822

Rabbit polyclonal anti-TMEM126A This paper #5170

Rabbit polyclonal anti-TMEM126B This paper #5250
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Rabbit polyclonal anti-TMEM177 This paper #4988

Rabbit polyclonal anti-UQCC2 This paper #5253

Rabbit polyclonal anti-VDAC This paper #1515

Rabbit polyclonal anti-YME1L Proteintech #11510-1-AP; RRID: AB_2217459

Goat anti-Rabbit IgG (H+L) HRPO Jackson ImmunoResearch Cat# 111-035-144,

RRID:AB_2307391

Goat anti-Mouse IgG (H+L) HRPO Jackson ImmunoResearch Cat# 115-035-166

RRID: AB_2338511

Chemicals, peptides, and recombinant proteins

Digitonin Merck Millipore Cat# 300410

anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat# A2220

[35S] methionine Hartmann Analytic Cat# SCM-01

Lipofectamine RNAiMAX Invitrogen Cat# 13778075

GeneJuice� Sigma-Aldrich Cat# 70967

Critical commercial assays

nCounter� XT TagSet24 nanoString N/A

KOD Hot Start DNA Polymerase Merck Cat# 71086-3

TaqMan� Schneller Advanced Master-Mix Applied Biosystems� 4444556

Complex I Enzyme Activity Microplate Kit Abcam ab109721

Deposited data

Raw data This study https://data.mendeley.com/v1/

datasets/publish-confirmation/

hhf6hmcrwr/1?folder=

Experimental models: Cell lines

HEK293-Flp-In� T-Rex� (HEK293T) ThermoFisher Scientific RRID: CVCL_U421

HEK293T-FLAGOXA1L (aa74) This paper N/A

HEK293T-OXA1LFLAG (aa326) This paper N/A

HEK293T-OXA1LFLAG (aa397) This paper N/A

Oligonucleotides

AFG3L2 siRNA: GCUCUUGGAUA

GGAUGUGU

Eurogentec N/A

OXA1L siRNA: ACCACUGGCAGU

CACUGCUACAAU

Eurogentec N/A

PARL siRNA CCAGCGGACUGUG

ACAGGUAUUAUA

Eurogentec N/A

SLP2 siRNA: GCAUUGUGGAUG

CCAUCAA

Eurogentec N/A

TMEM126A siRNA: GGUGAUUUG

GAUUGUGAAA

Eurogentec N/A

YME1L siRNA: UUCGAUGGCAGA

UUGGGUUUCUGGA

Eurogentec N/A

MT-RNR2 Applied Biosystems� Hs02596860_s1

MT-ND2 Applied Biosystems� Hs02596874_g1

18s rRNA Applied Biosystems� Hs99999901_s1

MT-ATP6 Applied Biosystems� Hs02596862_g1

Recombinant DNA

pcDNA3.1_TMEM126B This study/ Genscript N/A

pcDNA3.1_TMEM126BFLAG This study N/A
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pcDNA5-FLAGOXA1L (aa74) This study N/A

pcDNA5-OXA1LFLAG (aa326) This study N/A

pcDNA5-OXA1LFLAG (aa397) This study N/A

Software and algorithms

ImageQuantTL v8.1 GE Healthcare https://www.gelifesciences.com/

en/us/shop/protein-analysis/

molecular-imaging-for-proteins/

imaging-software/imagequant-

tl-8-1-p-00110

ImageJ v1.47 NIH https://imagej.nih.gov/ij/

download.html

Prism 8 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

nSolver nanoString https://www.nanostring.com/

products/analysis-solutions/

ncounter-analysis-solutions/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Peter Re-

hling (peter.rehling@medizin.uni-goettingen.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data from the mass spectrometry analyses are provided as Supplemented Excel file Tables within the manuscript.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.

Mendeley Data can be found: https://data.mendeley.com/v1/datasets/publish-confirmation/hhf6hmcrwr/1?folder=

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cultivation of human cell lines
Human embryonic kidney cell lines (HEK293; Thermo Fisher Scientific) were cultured in a humidified atmosphere at 37�C, 5% CO2

in standard Dulbecco’s modified Eagle’s medium (DMEM), containing either glucose (4.5 mg/ml) or galactose (0.9 mg/ml), which

was supplemented with 10% (v/v) fetal bovine serum (FBS, Capricorn Scientific), 1 mM sodium pyruvate, 2 mM L-glutamine and

50 mg/ml uridine. Cell counts were performed with a Neubauer counting chamber. All cultured cell lines were checked for myco-

plasma on a regular basis (Eurofins Genomics). The under control of a tetracycline inducible CMC promotor expressing cell

line FLAGOXA1L (NM_005015.3) was generated as described previously.54 The TMEM126A-/- cell line was produced by transfecting

the guide RNA (AGTCAGTCCACTCCGTGTTATGG), which was fused to a tracer RNA in a complex with the CAS9 enzyme as

described previously.55,56 Single cells were sorted by flow cytometry 24 h after transfection. Single colonies were screened by

immunoblotting and sequencing of the corresponding gene region. For SILAC analysis, cells were cultured as previously

described.54 To inhibit mitochondrial translation, Thiamphenicol (50 mg/ml final) was added to the tissue culture media. Within

the analysis of the OXA1L fragments we discovered that different patches of FCS (fetal calve serum) could lead to different outcome

of experiments. Therefore, for analysis of OXA1L-fragments, we cultured the cells for 24h in FCS free media. Isolated mitochondria

were incubated in sucrose buffer (250 mM sucrose, pH 7.4; 80 mMK-acetate, 5 mMMg-acetate, 10 mM sodium succinate, 20 mM

HEPES) for 30 min at 37�C.
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METHOD DETAILS

siRNA constructs and application
For siRNA mediated reduction of AFG3L2 (GCUCUUGGAUAGGAUGUGU), OXA1L (ACC-ACU-GGC-AGU-CAC-UGC-UAC-AAU),

PARL (CCAGCGGACUGUGACAGGUAUUAUA), SLP2 (GCAUUGUGGAUGCCAUCAA), TMEM126A (GGU-GAU-UUG-GAU-UGU-

GAA-A), OXA1L (ACC-ACU-GGC-AGU-CAC-UGC-UAC-AAU) transient transfection of siRNA oligonucleotides and control siRNA

molecules (each final 33 nM) into HEK293 WT cells was performed. To do so, Lipofectamine RNAi-MAX (Invitrogen) was used,

following the manufacturer’s protocol. In general, cells were incubated under standard tissue culture conditions for 72 h.

[35S] methionine labelling of mitochondrial translation products
To incorporate [35S] methionine into newly synthetized mitochondrial proteins, first cells were starved with FCS/methionine- free me-

dia. Cytosolic translation was either inhibited with emetine dihydrochloride hydrate (final 100 mg/ml, Sigma-Aldrich) for pulse exper-

iments or with anisomycin (final 100 mg/ml, Sigma-Aldrich) for pulse-chase experiments. Cells were incubated for defined time points

with 0.2 mCi/ml [35S] methionine in standard DMEM without methionine. For further analysis, cells were harvested and washed with

PBS. Radioactive signals were detected by autoradiography, using Storage Phosphor Screens via a Typhoon FLA 7000 scanner (GE

Healthcare).

NADH:ubiquinone reductase activity assay
To determine the complex I enzyme activity a microplate assay kit was used according to the manufacturer’s protocol (ab109721,

abcam). 20 mg of isolated mitochondria or cell lysates were used for each measurement at 450 nm as described previously.32 The

complex I activity was calculated using the linear rate of increase in absorbance over time.

Quantification of mtDNA
genomic DNA was isolated with the Purelink Genomic DNA kit (Invitrogen, K1820-01) following the manufactures protocol. Briefly,

cells were harvested with PBS and 20 ml of Proteinase K and 20 ml RNase A added. Aftre 2 min incubation, 200 ml of lysis buffer were

added, the samples 10 min incubated at 55�C, followed by EtOH addition (200 ml). The DNA was bound as described in the kit and

eluted in 100 ml elution buffer. qPCR was performed using the TaqMan Universal PCR Master Mix (Thermo Fisher Scientific,

1901150). As TaqMan probes were purchased from Thermo Fisher Scientfic (ATP6:Hs02596862_g1, ND2 Hs02596874_g1, MT-

RNR2 Hs02596860_s1, 18S Hs99999901_s1). The amplification program was followed as suggested by the manufacture.

Isolation of mitochondria
For mitochondria isolation, the protocol of Panov and Orynbayeva,57 slightly modified, was followed. First, cells were harvested with

PBS and for homogenization resuspended in cold TH-buffer, containing 300 mM Trehalose, 10 mM KCl, 10 mM HEPES (pH 7.4),

2 mM PMSF and 0.1 mg BSA/ml. Cells were opened gently by two times homogenization (30 strokes each) using a dounce homog-

enizer (800 rpm/min). For the ‘‘fast’’ mitochondrial isolation (Figure S4A), cells were homogenized only once (40 strokes). Unbroken

cells were pelleted 0time at 400 x g for 10 min at 4�C. Left over cells were removed by centrifugation (800 x g, 8 min, 4�C) and the

mitochondria containing supernatant collected. Afterward, mitochondria were collected at 11,000 x g, 10 min, 4�C, pooled and

washedwith BSA-free TH-buffer. Mitochondria concentration was determined by Bradford andmitochondria were used immediately

or stored at -80�C.For analysis of OXA1L-fragments, isolated mitochondria were incubated in sucrose buffer (250 mM sucrose, pH

7.4; 80 mM K-acetate, 5 mM Mg-acetate, 10 mM sodium succinate, 20 mM HEPES) for 30 min at 37�C.

Protein localization and protease protection assays
To investigate the submitochondrial localization of proteins, fresh isolated mitochondria were either resuspended in osmotic stabi-

lizing SEM buffer (250 mM sucrose, 1 mM EDTA, and 10 mM MOPS [pH 7.2]), or, to rupture the outer mitochondrial membrane, in

non-osmotic EM buffer (1 mM EDTA, 10 mMMOPS [pH 7.2]). Subsequently, samples were treated with Proteinase K (PK) for 10 min

on ice. Mitochondria were lysed by sonication in the presence of PK. To inactivate PK, samples were PMSF treated at a final con-

centration of 2 mM and incubated on ice for 10 min. Finally, samples were supplemented with 2 x SDS loading buffer and incubated

for 5 min at 95 �C.

Affinity purification of protein complexes
Isolated mitochondria or cells were lysed in solubilization buffer (150 mM NaCl, 10% glycerol (v/v), 20 mM MgCl2, 2 mM PMSF,

50 mM Tris- HCl, pH 7.4, 1% digitonin (v/w), protease inhibitor) in a ratio of 1–2 mg/ml for 30 min at 4 �C with gentle agitation. Lysates

were cleared by centrifugation (15min, 16,000 x g, 4�C) and transferred onto anti- FLAGM2 agarose beads (Sigma- Aldrich) for FLAG

immunoprecipitation. After 1 h binding at 4�C, beads were washed ten times with washing buffer (50 mM Tris- HCl, pH 7.4, 150 mM

NaCl, 10% glycerol (v/v), 20 mMMgCl2, 1 mM PMSF, 0.3% digitonin (v/w)) to remove unbound proteins. Bound proteins were eluted

with FLAG peptide (Sigma- Aldrich) for 30 min at 4�C, gentle agitating. Samples were analyzed by SDS-PAGE and immunoblotting or

quantitative mass spectrometry. For antibody immunoprecipitation, the same protocol was used as described above. Lysed mito-

chondria or cells were transferred onto protein A-Sepharose (PAS) containing crosslinked TMEM126A or OXA1L antibody in a
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Mobicol spin column (MoBiTec). Bound proteins at PAS- anti TMEM126A/OXA1L columns were eluted by adding 0.1 M glycine, pH

2.8 at room temperature (RT).

Cross-linking experiments
Mitochondria from HEK293 cells were isolated and metabolic labeling of newly synthesized mitochondrially encoded genes per-

formed as described previously.58 Briefly, isolated mitochondria were resuspended at 1mg/mL in translation buffer (25 mM

HEPES, 100mM mannitol, 80 mM KCl, 5 mM MgCl2, 10 mM sodium succinate, 1 mM potassium phosphate, 5 mM ATP, 6 mM cre-

atine phosphate, 0.625mg/mL creatine kinase, 1mg/mLBSA, 0.02mMGTP, 0.15mMamino acidmix (minusmethionine), 100 mg/mL

emetine, pH 7.4). Samples were incubated for 5 min at 37�C, 100 mCi/mL of [35S] methionine was added, and the translation was

performed for 25minutes at 37�Cwith continuous shaking in the presents of 1mM of SPDP crosslinker. As a control, an equal volume

of DMSO was added to another sample. The crosslinking reaction was quenched with 50 mM Tris/HCL pH 7.4 buffer. Mitochondria

were then pelleted down at 11,000g at 4�C for 10min and washed with phosphate-buffered saline (PBS). Mitochondrial pellets were

further used for TMEM126A immunoprecipitation. Mitochondria were resuspended in 100 ml of SDS solubilization buffer (50mM Tris/

HCL, 150mM NaCl, 10mM MgCl2, 10% Glycerol, 1% SDS, 1% Triton X-100, 1X protease inhibitor (EDTA free)-Thermo scientific,

1mM PMSF) and incubate for 15 min at room temperature. SDS and Triton X-100 were diluted to 900ml in the same buffer without

detergents. Debris was removed at 11,000g at 4�C for 10 min. TMEM126A antibody crosslinked agarose beads were added to

the supernatant and incubated at 4�C or 1 hour. Beads were then washed with wash buffer (50mM Tris/HCL, 150mM NaCl,

10mMMgCl2, 10%Glycerol, 1% Digitonin, 1X protease inhibitor (EDTA free)-Thermo scientific, 1mM PMSF). For elution, 1M glycine

pH 2.8 buffer was sued at 100xg for 1 min and loaded on T4-12% tris glycine gel.

Blue-Native-PAGE/ 2D-SDS-PAGE analysis
Protein complexes were separated using Blue Native-polyacrylamide gel electrophoresis (BN-PAGE) as described before.59 Isolated

mitochondria were solubilized in BN-PAGE lysis buffer containing 20mM Tris/HCl (pH7.4), 0.1 M EDTA, 50 mM NaCl, 10% glycerol,

1 mM PMSF, 0.4% DDM or 1% digitonin with a protein concentration of 1mg/ml and incubated for 20 min. After centrifugation at

16,000 x g, 4�C lysates were mixed with 10 x BN-PAGE sample buffer (0.5% Coomassie Brilliant Blue G-259, 50 mM

6-aminocaproic acid, 10 mM Bis-Tris, pH 7.0) and loaded on a 4-13% or 2.5-10% gradient gel. Proteins were either transferred

onto PVDF membranes or further subjected to 2D-SDS-PAGE.

Mass spectrometry
For the analysis of OXA1L and TMEM126A complexes, HEK293 cells expressing FLAG-tagged OXA1L and wild type cells were

cultured in SILAC medium containing stable isotope-coded ’heavy’ L-arginine and L-lysine (13C6
15Nx; Cambridge Isotope Labora-

tories) or the unlabeled ’light’ counterparts. Protein complexes were isolated from mitochondrial fractions, OXA1L complexes via

the FLAG tag and TMEM126A complexes via antibody immunoprecipitation as described above (n = 4 each, including a label switch).

To analyze the effect of TMEM126A knockout on the mitochondrial proteome, equal amounts of crude mitochondrial fractions ob-

tained from differentially SILAC labeled HEK293 wild type and TMEM126A-/- cells were mixed (n = 3 with label-switch). All samples

were analyzed by liquid chromatography-mass spectrometry using a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific,

Bremem, Germany). Proteins were identified using MaxQuant/Andromeda (version 1.6.0.1 for the analysis of OXA1L complexes and

version 2.2.0.0 for the analysis of TMEM126A complexes) and mitochondrial fractions from TMEM126A-/- versus wild type cells,60,61

with default settings and the UniProt human ProteomSet including isoforms. Protein abundance ratios were log2-transformed, mean

log2 ratios were calculated, and p-values were determined using a two-sided Student’s t-test. Ratios reported for OXA1L complexes

(Table S1) are based on ratios provided by MaxQuant. For the determination of ratios reported for TMEM126A complexes (Table S2)

and TMEM126A knockout experiments (Table S3), log2-transformed MaxQuant normalized ratios were further processed using the

cyclic loess approach62 followed by imputation of missing values63 or proteins quantified in only 2/3 replicates (TMEM126A knockout

data) or 3/4 replicates (TMEM126A complexes), respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative statistical analyses are presented as error bars ± standard error oft he mean (SEM) or as graphs for the mass spectrom-

etry analyses. The presented number of repeats (n) describes the number of individual biological replicates. Blots or audiradiography

quantifications were performed using ImageQuant software, provided by Cativia. Statistical analyses of mass spectrometry was per-

formed by MaxQuant/Andromeda (version 1.6.0.1 for the analysis of OXA1L complexes and version 2.2.0.0 for the analysis of

TMEM126A complexes) as described in the methods details section. The number of performed biological repeats (n) for each exper-

iment is stated in the figure legends.
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