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ABSTRACT

Mitochondrial disulfide relay substrates beyond the canonical substrates remain
incompletely defined. Revisiting the human MIA40 interactome with enhanced depth,
we identified CCDC127 as a previously unrecognized substrate candidate. CCDC127
contains a single transmembrane segment and a conserved C-terminal helical bundle
domain (CHB). Comprehensive proteomic and biochemical analyses revealed that,
contrary to earlier reports, CCDC127 adopts an Nou—Cin topology in the outer
mitochondrial membrane (OMM) with its CHB residing in the intermembrane space
(IMS). CCDC127 undergoes oxidation by the disulfide relay, forming a long-range
intramolecular disulfide bond between C174 and C219. Loss of these cysteines
disrupts correct OMM insertion, inverts transmembrane topology and triggers
proteasome-dependent degradation, establishing the disulfide as a key determinant
of CCDC127 maturation. Interactome analyses identified MICOS components—
particularly the MIC60/MIC19 module—as major partner proteins required for the
stability of large oligomeric CCDC127 complexes. CCDC127 deficiency impaired
cellular proliferation, influenced phospholipid levels, and caused grossly altered
cristae morphology. Together, CCDC127 emerges as a MICOS-associated OMM

protein essential for mitochondrial membrane organization and lipid homeostasis.
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INTRODUCTION

The outer membrane of mitochondria (OMM) forms the interface between the cytosol
and mitochondria. It plays essential roles in mitochondrial protein import, and in
protein and organellar quality control, in the exchange of metabolites, in
mitochondrial dynamics and movement, in mediating contacts to other organelles and
the inner membrane (IMM), and in signalling the functional state of mitochondria
(Becker & Wagner, 2018; Chen et al, 2025; Endo & Wiedemann, 2025; Giacomello et
al, 2020; Helle et al, 2013; Mertins et al, 2014; Pfanner et al, 2019; Tiku et al, 2020;
Xian & Liou, 2021). Proteins embedded in the OMM are pivotal for its diverse
functions. These proteins exhibit various topologies and structural features tailored to
their specific roles, which include single- and multi-pass transmembrane domains, (3-
barrel architectures, and peripheral membrane associations (often tethered to the
OMM through amphipathic helices or lipid modifications) (Gupta & Becker, 2021,
Rapaport, 2003). Single transmembrane proteins are divided according to their
topology: signal-anchored proteins contain an N-terminal transmembrane domain
(TMD) and tail-anchored proteins a C-terminal one (Fritz et al, 2001; Shore et al,
1995; Wattenberg & Lithgow, 2001). In both cases, the bulk of the protein usually
faces the cytosol. Moreover, proteins with a single-span internal membrane anchor

have been described.

OMM proteins are synthesized in the cytosol and subsequently imported into
mitochondria via specialized machineries (Endo & Wiedemann, 2025; Ganesan et al,
2024; Gupta & Becker, 2021; Shore et al., 1995). For B-barrel proteins, such as
porins/VDACs or TOMA40, the translocase of the outer membrane (TOM) complex
acts as the mitochondrial entry gate. After passage through the TOM complex,
additional assistance is provided by small TIM chaperones in the IMS together with
the sorting and assembly machinery (SAM) complex and to fold and insert B-barrel
proteins into the OMM (Diederichs et al, 2020; Ganesan et al., 2024; Jores et al,
2016; Jores et al, 2018; Krimmer et al, 2001; Paschen et al, 2003; Weinhaupl et al,
2018; Wiedemann et al, 2003). For multi-pass transmembrane proteins, like yeast
Ugol, a first interaction takes place with Tom70 at the mitochondrial surface from
where substrates are passed on to the mitochondrial import (MIM) complex that
inserts them into the OMM. Negatively-charged phospholipids like phosphatidic acid
and cardiolipin further stimulate the MIM-dependent import of multi-pass

transmembrane proteins (Otera et al, 2007; Papic et al, 2011). Single-span
3
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transmembrane proteins such as Mcrl or Mspl also rely on the MIM complex or, in
human cells, likely on the mitochondrial carrier homolog 2 (MTCH2) (Doan et al,
2020; Guna et al, 2022; Vitali et al, 2020). Single-span transmembrane proteins with
larger IMS domains follow more complex routes involving interactions with
machineries such as the TIM23 complex (Lauffer et al, 2012; Song et al, 2014; Wenz
et al, 2014) (Resch et al, 2025) (Sinzel et al, 2016)

MM proteins also form direct physical contacts to IMM protein complexes, like
MICOS (mitochondrial contact site and cristae organizing system) (Casler & Lackner,
2025; Daumke & van der Laan, 2025; Jenkins et al, 2024; Mukherjee et al, 2021).
While MICOS is particularly important for maintaining the mitochondrial ultrastructure
through its role in the formation and stabilization of cristae junctions at the IMM, it
also plays pivotal roles in OM-related processes. These include well characterized
functions in mitochondrial protein import, e.g. through interaction with the TOM, SAM,
TIM22 and mitochondrial disulfide relay machineries (Bohnert et al, 2012; Callegari et
al, 2019; Kaurov et al, 2018; Varabyova et al, 2013; von der Malsburg et al, 2011),
and in the trafficking of phospholipids (Aaltonen et al, 2016; Michaud et al, 2016;
Monteiro-Cardoso et al, 2022). Further studies indicate that MICOS-mediated intra-
mitochondrial membrane contact sites may be involved in the regulation of metabolite
transport, mitochondrial fusion and fission, and the integration of cellular signalling
pathways. Therefore, MICOS is considered as a central hub in mitochondrial and
cellular homeostasis (Casler & Lackner, 2025; Daumke & van der Laan, 2025;
Jenkins et al., 2024; Mukherjee et al., 2021).

Here, we characterized the mitochondrial import, maturation, and function of the
human OMM protein CCDC127 that we identified as an interaction partner of the
mitochondrial disulfide relay system with its core component MIA40 (also known as
CHCHDA4). The disulfide relay machinery was initially identified in yeast as a specific
sorting route for small, soluble cysteine-containing proteins into the IMS (Allen et al,
2005; Chacinska et al, 2004; Gabriel et al, 2007; Mesecke et al, 2005; Naoe et al,
2004; Terziyska et al, 2005). Subsequent studies have substantially extended its
substrate spectrum (Habich et al, 2019; Kloppel et al, 2011; Lionaki et al, 2010;
Longen et al, 2009; Petrungaro et al, 2015; Rothemann et al, 2024; Terziyska et al,
2007; Weckbecker et al, 2012; Wrobel et al, 2013; Zhuang et al, 2013), and work in

mammalian cells identified further pathway components and differences in regulation
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linking disulfide relay-mediated protein import to metabolism (Brosey et al, 2025;
Fischer et al, 2013; Hangen et al, 2015; Meyer et al, 2015; Rothemann et al, 2025;
Salscheider et al, 2022; Schildhauer et al, 2025). CCDC127 presents interesting
structural features and was recently suggested to control phospholipid transfer
between mitochondria and lipid droplets (Xia et al, 2023). We demonstrate for
CCDC127 atopology with an N-terminal TMD in the OMM and a large soluble
domain in the IMS. We show that MIA40-mediated disulfide insertion into CCDC127
facilitates its translocation into the IMS, which in turn is crucial for acquisition of
CCDC127's correct transmembrane topology, which licenses its association with the
MICOS complex. Of note, ablation of MICOS components reduced the steady state
protein levels of CCDC127 in mitochondria indicative of an important structural and/or
functional connection between MICOS in the IMM and CCDC127 in the OMM.
Absence of CCDC127 induces cellular growth defects, results in abnormal
mitochondrial cristae morphology and lowered levels of key membrane lipids in
particular subfractions of cardiolipin (CL), phosphatidylserine (PS) and phosphatidic
acid (PA). Based on our findings, we hypothesize that CCDC127 contributes to the
structural organisation and functionality of mitochondria by contributing to membrane

lipid homeostasis.

RESULTS
CCDC127 is an OMM protein interacting with MIA40.

MIA40 loss affects different mitochondrial functions through its activity in the import
and folding of IMS proteins. Initial proteomics screens for human MIA40 interaction
partners date back more than ten years (Petrungaro et al., 2015), and we decided to
revisit the MIA40 interactome with unpreceded depth. By combining proteomics
approaches with streptactin-based affinity purification of MIA40-Strep from HEK293
cell lines stably and inducibly expressing the protein, we identified 23 previously
described MIA40 interaction partners and further 18 proteins that had not been
associated with MIA40 before (Figure 1A). Among them was CCDC127, a protein
with two highly conserved cysteine residues (Figure 1B, S1A). We confirmed its
interaction with MIA40 in an inverse proteomics experiment after immunoprecipitation
of CCDC127-HA from HEK293 cells (Figure 1C,S1B). A further validation

experiment precipitating MIA40-Strep or CCDC127-HA under both native and
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denaturing conditions followed by immunoblotting against the respective other protein
implied a covalent interaction as would be expected for a substrate of the

mitochondrial disulfide relay machinery (Figure 1D,E).

CCDC127 is a protein of 260 amino acids that carries a conserved hydrophobic
stretch close to its N-terminus likely serving as a transmembrane anchor (Figure 1B).
This potential TMD is followed by an almost 100-amino acid-long region that is
proposed to form a coiled-coil domain in an AlphaFold 3 structural model. At the C-
terminus of CCDC127 a helical bundle domain (CHB) is predicted. It contains two
conserved cysteines (C174, C219) that are proposed to form a disulfide bond and a
third less conserved cysteine (C144). Notably, CCDC127 does not appear to carry a

classical mitochondrial targeting signal.

CCDC127 has recently been described to localize to the OMM with the bulk of the
protein including its conserved cysteine residues facing the cytosol (Xia et al., 2023).
Because such a topology would exclude a disulfide-mediated interaction with MIA40,
we revisited the localization and topology of CCDC127. By combining
immunofluorescence analysis, cellular fractionation approaches, and carbonate
extraction assays, we confirmed mitochondrial and membrane localization of
CCDC127 (Figures 1F-H). However, Proteinase K (PK) treatment of isolated
mitochondria revealed that CCDC127 was largely protected in intact mitochondria
(Figure 11, lane 2). Upon opening of the OMM using hypo-osmaotic conditions, this PK
protection was lost indicating an IMS localization of the bulk of the protein (Figure 11,
lane 4). A closer look at CCDC127 in intact mitochondria treated with PK or left
untreated confirmed the initial impression that CCDC127 slightly truncated under PK-
treated conditions suggesting that a small part of CCDC127 is exposed to the cytosol
(Figure 11, right zoom-in). To precisely determine the topology of CCDC127 in the
OMM, we employed CCDC127 variants that were either C-terminally HA or N-
terminally FLAG tagged (Figure S1B,C). Both variants were localized to
mitochondria and were inserted into the OMM (Figure S1D-G). PK treatment of intact
mitochondria bearing either of the differentially tagged CCDC127 variants revealed
that the C-terminally fused HA-epitope was protected from PK digestion, whereas the
N-terminal FLAG-tag was not (Figure S1H,l). Based on this comprehensive
biochemical analysis, we propose a new Nou-Cin-topology for the CCDC127 protein
with a TMD close to the N-terminus inserting it into the OMM and a large hydrophilic

6


https://doi.org/10.64898/2025.12.12.693940
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.12.693940; this version posted December 15, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

portion including the CHB domain that is localized to the IMS (Figure 1J). The
positioning of the TMD in the OMM is also in line with the recovery of various OMM

proteins in the CCDC127 coprecipitation analysis (Figure 1C).

The CCDC127 TMD enables targeting to the OMM

We next assessed the role of the different parts of CCDC127 for its unusual
localization and topology. To this end, we generated a series of stable cell lines
expressing truncation variants (Figure 2A): one lacking the cytosolic part of the
protein (CCDC127%*2%°), one lacking the cytosolic part and the TMD (CCDC127
260y "one only containing the CHB (CCDC127%*>%%%) and one lacking this region
(CCDC127%3%,

CCDC127%?%° cCcDC127"** and CCDC127"%>%% still localized to mitochondria,
while CCDC127%%%° |ocalized to the cytosol (Figure 2B-E, S2A) implying that the
transmembrane domain was important for mitochondrial localization of CCDC127
variants. An exception was the CHB domain that if expressed without other parts of
CCDC127 was able to drive mitochondrial localization. Notably, the CCDC1274°%%°
variant appeared to undergo some processing as it always was present in a double
band.

By mitochondrial subfractionation, we found CCDC127%4?%° and CCDC127*%%% to
be protected from PK (Figure 2F,G), whereas CCDC127**** was PK-accessible
(Figure 2H). Together with the finding that CCDC127**** still behaved as a
membrane protein (Figure S2B) this implied a localization of this variant to the
cytosolic face of the OMM. As expected, the variant lacking TMD and the coiled-coil
region (CCDC127%%>%%%) pehaved like a soluble IMS protein, while the TMD-
containing CCDC127%+%%° was partially soluble suggesting some role for the small
cytosolic stretch in CCDC127 for correct and efficient OMM insertion (Figure S2C-E).
Collectively, we found that the TMD drives OMM insertion of CCDC127 and the CHB
determines the Nou-Cin topology by guiding the protein into the IMS. Presence of the
coiled-coil region in the absence of the TMD seems to hamper translocation into the
IMS (Figure 21).
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The disulfide relay oxidizes CCDC127 during its maturation

The interaction with MIA40 suggests that CCDC127 acquires a disulfide bond
through the mitochondrial disulfide relay. To experimentally test for the presence of
this disulfide, we employed a maleimide shift assay in which reduced but not oxidized
cysteine residues are modified with the maleimide mmPEG,4 thereby increasing the
molecular weight of the modified protein (Figure 3A). As control for the maximal
possible migration shift (representing reduced protein), we used cells that were lysed
and completely reduced under denaturing conditions and then incubated with
mmPEG»4. As minimal unshifted control we employed untreated (representing
oxidized protein) cell lysate analyzed by reducing SDS-PAGE. CCDC127 migrated
close to the height of the untreated control indicating it to be oxidized at steady state
(Figure 3B, lane 2). In this experiment, we also found no indications for a disulfide-
linked dimer of CCDC127 which would migrate at around 65-75 kDa in lane 2.

Next, we tested whether the interaction between CCDC127 and MIA40 was transient
as this would suggest that MIA40 introduces disulfide bonds into CCDC127 during
import and maturation. To this end, we incubated cells with the translation inhibitor
cycloheximide and probed then for the MIA40-CCDC127 interaction. A transient but
not a stable interaction would be affected by the cycloheximide treatment. Indeed,
upon treatment of cells with cycloheximide, we lost the MIA40-CCDC127 interaction
suggesting a transient interaction between MIA40 and CCDC127 during CCDC127
import to introduce a disulfide bond into the protein (Figure 3C).

Often protein levels of disulfide relay substrates are affected by MIA40 or AIFM1 loss
or the overexpression of a redox-inactive dominant-negative C53S variant of MIA40.
Interestingly, CCDC127 levels in whole cells were not affected by the loss of MIA40
or AIFM1 (Figure S3), but by the expression of MIA40®*° (Figure 3D, lane 4).
MIA40%°3S expression also led to reduced CCDC127 amounts in isolated

mitochondria (Figure 3E, lane 4).

Collectively, we demonstrated that MIA40 forms a disulfide bond in CCDC127. This
disulfide bond is unusual for MIA40 substrates because it is a long-range disulfide
bond connecting C174 and C219, and because it does not connect two cysteines
situated in a-helices as C219 is positioned in a loop and C174 at the very end of an
a-helix (Figure 3F). The localization of the CHB alone to the IMS (Figure 2G) further
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suggests that the disulfide relay is capable of determining IMS localization of this
CCDC127 domain.

Cysteines in CCDC127 control its orientation in the OMM

To address the role of the CCDC127 cysteines for the topology of the overall protein,
we generated cell lines stably expressing cysteine-to-alanine variants:
CCDCl27C174A, C219A (ZCA), CCDC127 C144A, C174A, C219A (3CA), and CCD0127C144A
(Figure 4A). Notably, the 2CA and the 3CA variants of CCDC127 exhibited strongly
lowered cellular protein levels indicating the importance of the disulfide bond for the
stability of CCDC127 (Figure 4B)

We then subjected isolated mitochondria containing the 2CA variant to a
submitochondrial fractionation assay (Figure 4C, 2CA - loaded ten times more
compared to WT). By comparison to WT CCDC127, we found that the residual
amounts of the 2CA variant were reproducibly protected to about 2/3 from PK
treatment in intact mitochondria (Figure 4C, S4A, fractions 1+2) indicating a partial
localization of the protein's soluble domain to the cytosolic face of the OMM.
Moreover, PK digest yielded a protected double band for the 2CA variant indicating
that about half of the PK-protected protein (i.e. 1/3 of the total protein) was not
membrane-inserted into the OMM (Figure 4C, fraction 2). In line, we found the 2CA
variant to be partially soluble in a carbonate extraction experiment (Figure 4D).
Based on this data, we propose that only a part of the 2CA variant reaches the IMS,

and that its insertion from the IMS into the OMM is hampered (Figure 4E).

Proteasome inhibition by MG132 strongly stabilized the 2CA variant (Figure 4F).
Moreover, a large fraction of CCDC127-2CA became sensitive to PK treatment in
mitochondria isolated from these MG132-treated cells (Figure 4G, lane 4). This
indicates that the 2CA variant is largely inserted into the OMM in a non-native Nj-
Cout-topology (~90%). As a consequence, it is likely continuously extracted and then

degraded by the proteasome system.

Interestingly, while the C144A variant colocalized with a mitochondrial marker in
immunofluorescence, both the 2CA and the 3CA variant exhibited a punctuated stain
pattern that only partially overlapped with mitochondria in immunofluorescence

imaging (Figure S4B). This became even more pronounced upon proteasomal
9


https://doi.org/10.64898/2025.12.12.693940
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.12.693940; this version posted December 15, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

inhibition (Figure 4H) suggesting that cysteine variants of CCDC127 localized to non-
mitochondrial structures likely en route to degradation.

Collectively, our data are in line with a model, in which the TMD and the CHB with its
cysteines are critical determinants of CCDC127 topology (Figure 4l1). While the TMD
controls OMM insertion, variants without cysteines still enter the OMM but face the
cytosol with the bulk of the protein instead of the IMS rendering them prone to

degradation.

CCDC127 is a new interactor of the MICOS complex.

The intricate topology of CCDC127 together with its coiled-coil and CHB domains
made us search for functional interaction partners of the mature protein in the IMS.
We went back to our initial CCDC127 interactome screen (Figure 1C) and looked
through the spectrum of candidate proteins. Of note, several IMM proteins were
identified as potential interaction partners suggesting that the extended IMS domain
of CCDC127 is in close proximity to the IMM or even directly participates in the
formation of intramitochondrial membrane contact sites. In support of this view, the
IMS-exposed MICOS components MIC60 and MIC19 were amongst the most
prominent hits of our screen (Figure 5A). The MIC60/MIC19 module of MICOS is
known to interact with the SAM complex of the OMM via the central SAM50 subunit
(Ding et al, 2015; Harner et al, 2011; Tang et al, 2020), which we also identified as
putative CCDC127 interactor (Figure 1C). Also, in line with our findings is the
detection of crosslinks between CCDC127 and the MICOS subunits MIC60, MIC19
and MIC25 in a recent high-throughput spatial proteomics study (Zhu et al, 2024)
(Figure 5B). To confirm the CCDC127-MICOS interaction, we generated a cell line
expressing C-terminally FLAG-tagged MIC10. We then isolated the MICOS complex
and its interacting proteins via immunoprecipitation. Besides known MICOS
components, we indeed co-purified substantial amounts of CCDC127 with MIC10-
FLAG (Figure 5C). Taken together, we have identified CCDC127 as a novel
interaction partner of the MICOS complex.

In order to assess the stability and functional importance of the CCDC127-MICOS
interaction, we analysed mitochondria isolated from MIC10 and MIC60 KO cell lines

for their CCDC127 content. Loss of MIC60 leads to an almost complete loss of the

10
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entire MICOS complex (Stephan et al, 2020) and also resulted in reduced levels of
CCDC127 indicative of an intimate structural or functional connection (Figure 5D,
lane 3). Mitochondria lacking MIC10 still accumulate close-to-normal levels of MIC60
and also retained WT-like amounts of CCDC127 (Figure 5D, lane 2). We conclude
that the stability of CCDC127 in mitochondria depends on the MIC60/MIC19 module
of MICOS and, thus, rather on OMM-IMM contact site formation than on the stability
of cristae junctions. Conversely, CCDC127-deficient mitochondria still contained
normal levels of MICOS subunits indicating CCDC127 as peripheral partner of the
complex (Figure 5E).

Both, blue native-PAGE analysis (BN-PAGE, Figure 5F) and size-exclusion
chromatography (Figure 5G) revealed the presence of high-molecular-weight
CCDC127 complexes in mitochondria. The largest CCDC127-containing complex of
~600 kDa shows a similar migration behaviour on BN-PAGE and chromatography
profiles as the most abundant MICOS complex form. However, this complex species
does not contain CCDC127 and MICOS together, because CCDC127-deficient
mitochondria still exhibit normal levels of the respective MICOS complex (Figure 5F).
We conclude that CCDC127 and MICOS may be part of a large membrane-spanning
protein assembly in mitochondria that falls apart into protomers during harsh
experimental procedures, like chromatography or electrophoresis. Finally, BN-PAGE
analysis of MIC10- and MIC60-deficient mitochondria demonstrated that, primarily,
loss of the ~600 kDa CCDC127 complex accounts for the reduced protein levels,
while lower molecular weight species are largely stable (Figure 5H). This is also in
line with the finding that expression of MIA40°>*® that results in lowered CCDC127
levels (Figure 3E) leads to the loss of primarily the ~600 kDa complex (Figure 5I).

Loss of CCDC127 impairs cellular fitness, lipid composition and ultrastructure

MICOS plays important roles in organizing mitochondrial membrane architecture, it is
critical for efficient ATP generation, impacts on lipid metabolism and protein import
into mitochondria. We wondered whether CCDC127 as MICOS partner protein of the
OMM would impact cellular fitness in a similar manner. In our growth assays, we
found that proliferation of CCDC127-deficient cells on glucose-containing medium

was impaired. This became more pronounced when we shifted cells to galactose-
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containing medium that requires a fully oxidative phosphorylation machinery (Figure
6A).

Next, we investigated changes in the whole cell proteome upon CCDC127 loss. We
found only little changes in the cellular and mitochondrial proteomes, MICOS or in
proteins sharing DEPMAP and FIREWORKS profiles with CCDC127 (Figure 6B,
S5A,B).

We then analyzed the oxygen consumption profile of control- and CCDC127-siRNA
treated cells using a Seahorse analyzer that provides insights into the functioning of
the respiratory chain. We thereby found unchanged basal, ATP-linked and non-
mitochondrial respiration but an increased maximal respiratory capacity (Figure 6C).
Collectively, this suggests that CCDC127 is not essential for the core electron
transport chain but might be involved in a regulatory pathway that can be bypassed

or altered.

Finally, we wondered whether CCDC127 is important for the maintenance
mitochondrial morphology and membrane architecture. We observed by transmission
electron microscopy (TEM) that CCDC127-deficient mitochondria exhibit severely
altered cristae morphologies (Figure 6D). Other cellular organelles appeared not to
be affected by CCDC127 reduced levels in our TEM analysis. Observing these strong
differences, we wondered whether the cellular membrane composition was affected
and thus performed lipidomics experiments. Levels of phosphatidic acid (PA) and
phosphatidylserine (PS) were slightly but significantly lowered in cells upon
CCDC127 ablation. Levels of phosphatidylglycerol (PG), phosphatidylcholines (PC),
phosphatidylinositol (P1) and phosphatidylethanolamine (PE) were unchanged.
However, the amounts of the mitochondrial signature phospholipid cardiolipin were
substantially reduced upon loss of CCDC127 (Figure 6E, S6).

Collectively, our physiological assays imply a function of CCDC127 in maintaining
mitochondrial morphology and membrane lipid homeostasis, in particular cardiolipin

levels.

DISCUSSION

Disulfide bond formation as regulator of CCDC127 topology
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In this study, we identified substrates of the mitochondrial disulfide relay. Among
them, we found CCDC127, a protein with an unusual structure and topology for a
MIA40 substrate. While the TMD drives the protein to the OMM, its CHB domain
bearing the disulfide-forming cysteines is responsible for orientation in a Nou-Cin
fashion within the OMM (Figure 6F, steps 1 and 2). Absence of the disulfide-forming
cysteines or the entire CHB results in mistargeting of CCDC127 so that it faces the
OMM towards the cytosol. The mechanism of OMM insertion remained unclear.
Using KO cells for MTCH2, an OMM insertase (Guna et al., 2022), we did not find
differences in CCDC127 levels (data not shown). However, unassisted membrane
insertion of a TMD is conceivable and has previously been demonstrated for other
OMM protein, like yeast Fisl (Kemper et al, 2008) and notably also Om45
(Merklinger et al, 2012) that is inserted into the OMM from the IMS side, like
CCDC127.

CCDC127 is not the only protein with such a topology. Two examples are the yeast
proteins Om45 and Mcp3 (Sinzel et al., 2016; Song et al., 2014; Wenz et al., 2014).
Both rely on the TIM23 complex for achieving their correct orientation. Mcp3 is
guided to the TIM23 complex in the inner membrane of mitochondria (IMM), and is
processed by the inner membrane protease (IMP) before becoming inserted by the
MIM complex into the OMM. Om45 interacts with the Tim50 receptor of the TIM23
complex in the IMS from where it is shuttled into the OMM by the MIM machinery.
Also, the yeast protein Mix17 contains like CCDC127 disulfide bonds, but seems to
rely on the TOM complex for its insertion into the OMM (Resch et al., 2025). We thus
hypothesize that in general an OMM-single pass transmembrane protein topology

with a large domain in the IMS requires the usage of IMM/IMS proteins as “receptors’

to achieve correct orientation.

CCDC127 acts as MICOS partner protein with a function in membrane homeostasis

Our interactome analysis has revealed that the OMM-anchored CCDC127 protein is
embedded into a large protein network together with MICOS and SAM complexes
that connects OMM and IMM (Figure 6F, step 4). Such intra-mitochondrial
membrane contact sites are particularly important for the structural and functional
organization of the IMS. This narrow compartment is composed of a boundary region

and the intra-cristae space, both of which are connected via the MICOS complex
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(Daumke & van der Laan, 2025; Mukherjee et al., 2021). Our studies show that
CCDC127 is connected to the membrane-bridging MIC60/MIC19 module of MICOS.
Moreover, the stable accumulation of CCDC127 and in particular its assembly into
higher-molecular weight complexes depend on MICOS. These findings place
CCDC127 at the interface between the two functionally and structurally distinct
sectors of the IMS. Given the presence of extended coiled-coil domains in CCDC127
IS tempting to speculate that the protein may form large oligomeric assemblies that
support the spatial organization of the IMS in cooperation with MICOS and other
scaffold proteins, like ATAD3A (Arguello et al, 2021). The altered cristae morphology
and differences in cardiolipin levels of CCDC127-deficient mitochondria together with
the structure-function analysis in an accompanying manuscript by Bock-Bierbaum et
al. as well as findings from a recent correlative light and electron microscopy screen
that reported on abnormal mitochondrial morphology and lowered cardiolipin levels
upon loss of CCDC127 (Hassdenteufel et al., 2025), collectively suggests a role of
CCDC127 in membrane architecture and bilayer homeostasis.
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MATERIALS AND METHODS

Plasmids, cell lines and chemical treatments of cells

For plasmids and cell lines used in this study, see Tables S1 and S2. Cells were
cultured in DMEM supplemented with 10% fetal calf serum (FCS) at 37°C under 5%
COs.

For the cycloheximide (CHX) chase IP experiments, cells were treated for indicated
times with 100 pg/ml CHX (dissolved in DMSO). After each time point the cells were
washed with ice-cold PBS-NEM prior to harvesting. For the generation of stable,
inducible cell lines the HEK293 cell line—based Flp-In T-REx-293 cell line was used
with the Flp-In T-REXx system (Invitrogen).

CRISPR-Cas9-based generation of CCDC127, MIC60 and MIC10 HEK293 knockout

cell lines

For the generation of knockout cells, guide RNA Sequence targeting the respective
gene was cloned into the pSpCas9(BB)-2A-GFP (PX458) vector, which was a gift
from Feng Zhang (Addgene plasmid # 48138) {Ran, 2013 #36The guide RNA
sequence (CCDC127: Guide 1 :5’- CACCGACGCCGATTTTCTGAGATCATGG-3
and Guide 2: 5’- CACCGTGAGATCATGGCGTGGTACT-3’, MIC60: Guide 5'-
CACCGCAGCATCTCGGTCAAGCGGA-3 and MIC10: Guide 5'-
CACCGAGTCGGAGCTCGGCAGGAAGTGG-3’) was used. HEK Flp-In T-REx-293
or HEK293T cells were transfected with the plasmid using polyethylenimine (PEI;
Thermo Fisher Scientific). After 24 h, GFP-positive cells were collected via FACS and
single cell clones were seeded onto 96-well plates (1 cell / well). Clonal cell lines
were screened for CCDC127, MIC60 or MIC10 protein expression by western
blotting.

Complementation of CCDC127 CRISPR clones

For the complementation of CRISPR clones with different CCDC127 variants, the
inducible Flp-In T-REx System was used. All CCDC127 constructs were cloned into
the pcDNA5 FRT-TO vector and co-transfected with the pOG44 Vector into the
different CRISPR clones by using the transfection reagent FuGene, according to the
manufacturer’s guideline. Positive clones were selected with glucose-containing
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medium (DMEM supplemented with 1 mM sodium pyruvate, 1 X nonessential amino
acids, 10% FCS and 500 mg/ml Pen/Strep, 50 ug/ml Uridine) containing 10 pg/mi
Blasticidin and 100 pg/ml Hygromycin.

Generation of MIC10-FLAG expressing HEK293T cells

MIC10-FLAG expressing cells were generated via retroviral transduction of HEK293T
AMIC10 cells using the pBABE-puro system. The MIC10-FLAG sequence was cloned
into the pBABE-puro vector and co-transfected with pGagPol and pVSVG vectors in
high-virus-titer-producing HEK293T helper cells using Lipofectamin LTX, according to
the manufacturer’s instructions. Virus-containing supernatant from these cells was
subsequently used to infect HEK293TAMIC10 cells. MIC10-FLAG-expressing cells

were selected with puromycin and expression was verified by Western blot analysis.

Acute siRNA-mediated CCDC127 depletion

SIRNA mediated knockdown of CCDC127 was performed by reverse transfection.
Therefore 30 pmol RNAI duplex (CCDC127 or Ctr.) were diluted in 500 pl opti-MEM |
medium without serum in the well of the plate (6-well). 5 pl Lipofectamine RNAIMAX
was added to each well, gently mixed and incubated for 10 min at RT. HEK FLP/IN T-
Rex cells were dilute in complete medium without antibiotics that 2.5 ml contains
250,000 cells. Cells were growth for 72h to achieve knockdown of CCDC127.

Cell proliferation assay to test for growth on different carbon sources

For cell proliferation assay recorded with the cytosmart omni, 15,000 cells were
seeded in 48-well dish and incubated at 37°C. For siRNA experiments, cells were
seeded after transfection with SiRNA as described above. After 48h, the medium was
exchanged with DMEM containing galactose (DMEM supplemented with 4.5 g/l
galactose, 1 mM sodium pyruvate, 1 x non-essential amino acids, 10% FCS and 50
ug/ml Uridine). Every 6h the coverage of each well was scanned for 6 days using the

cytosmart omni.
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Image acquisition
Microscope image acquisition

For the image acquisition the microscope LSM 980 with Airyscan 2 and multiplex
from Carl Zeiss Microscopy was used with a Plan-Apochromat 63x/1,4 Oil DIC
objective and the GaAsP-PMT, Multi-Alkali-PMT detector. The cells were imaged at
room temperature with oil as imaging medium. The following fluorochromes were
used: Mitotracker CMXRos and Alexa Fluor488.

Images were displayed using the acquisition software ZEN 3.3. and were processed

using the software OMERO.insight.
Western Blot image acquisition

The immunoblotting images were detected using the ChemiDoc Touch Imaging

system (Bio-Rad) and an ImageQuant 800 system (Cytiva).

Analysis of protein complexes by BN-PAGE

Mitochondria analyzed via blue native-PAGE were solubilized on ice in solubilization
buffer (1% [w/v] digitonin, 20 mM Tris-HCI, pH 7.4, 0.1 mM EDTA, 50 mM NacCl, 10%
[viv] glycerol, and 1 mM PMSF). After a clarifying spin, loading dye (5 % Coomassie
blue G, 500 mM E-amino n-caproic acid in 200 mM Bis Tris pH 7.0) was added and
samples applied onto a 4-13% native acrylamide gradient gel and analyzed by

Western blot.

Native and denaturing immunoprecipitation (IP)

To detect protein-protein interactions, native or denaturing IP were performed.
Corresponding cell lines were seeded on a 10 cm dish and were grown until
confluency of 90%. Before IP was performed, inducible cell lines were induced with
doxycycline overnight or for three days. Then the cells were washed with 5 ml ice-
cold PBS containing 20 mM NEM and were incubated with another 5 ml ice-cold PBS
containing 20 mM NEM for 15 min on ice. The cells were scratched off and pelleted
at 700 x g for 3 min at 4°C. For native IP, the pellet was resuspended in 1000 pl
native IP buffer (100 mM sodium phosphate pH 8.1, 100 mM sodium chloride, 1%

Triton X-100) and was incubated for at least 30 min on ice. For denaturing IP, the
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pellet was resuspended in 200 pl denaturing IP buffer (30 mM Tris pH 8.1, 100 mM
sodium chloride, 5 mM EDTA) and 50 pl 10% SDS was added. The denaturing IP
samples were sonicated at maximum amplitude. After cooling down, 750 pl
Denaturing buffer with 2.5 % Triton X 100 was added and incubated for at least 30
min on ice. After that, the samples were centrifuged at 21,817 x g for 1 h at 4°C. The
supernatant was collected and incubated with 10 pl equilibrated HA beads
(monoclonal anti-HA-Agarose produced in mouse) or with Streptactin beads
overnight at 4 °C. Then, the beads were washed 4 times with 1 ml washing buffer
containing triton X-100 (100 mM sodium phosphate pH 8.1, 1% Triton X-100, 100
mM sodium chloride for native IP; 30 mM Tris pH 8.1, 100 mM sodium chloride, 5
mM EDTA, 1% Triton X-100 for denaturing IP) and 1 x with washing buffer without
Triton X-100 with a centrifugation step at 2,000 x g for 1 min at 4°C. After the last
centrifugation step, the beads were dried completely and 20 pl reducing Laemmli
buffer was added and the samples were boiled for 10 min. The samples were
analysed by SDS-PAGE and Western Blot.

For MIC10-FLAG IP 500 pg isolated mitochondria were solubilised for 30 min on ice
in 500 pl FIP solubilisation buffer (1% digitonin, 20 mM Tris pH 7.4, 50 mM sodium
chloride, 10% glycerol, and 0.1 mM EDTA). After a clarifying spin at 15,000 x g for 10
min at 4°C, supernatant containing solubilised mitochondria were mixed with 20 pl
equilibrated FLAG-beads and incubated in a head-over-head shaker at 4°C for 2h.
Beads and bound proteins were washed 10 x with FIP-washing buffer (0.3%
digitonin, 20 mM Tris pH 7.4, 60 mM sodium chloride, 10% glycerol, and 0.5 mM
EDTA) before elution in 75 ul FIP washing buffer containing 100 pg/ml FLAG peptide.
Proteins were analysed by SDS-PAGE and Western blot.

Isolation of crude mitochondria from HEK293 cells

Isolation of crude mitochondria from HEK293 cells was performed as described in
(Murschall et al, 2021). In short, cells were cultivated for 4 days on 15 cm dishes. For
harvesting, the cells were washed 2 times with 10 ml ice-cold 1 x PBS and scraped
off using a cell scraper. Afterwards the cells were centrifuged at 500 x g for 5 min at
4°C. The pellets were resuspended in 5 ml 1x M buffer (220 mM mannitol, 70 mM
sucrose, 5 mM HEPES-KOH, pH 7.4, 1 mM EGTA-KOH, pH 7.4) containing 1 x

Complete TM Protease Inhibitor Cocktail. The cells were homogenized using a
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precooled potter homogenizer (1,000 rpm, 15 strokes). The homogenized cells were
pelleted at 600 x g for 5 min at 4°C. The supernatant containing the crude
mitochondria was centrifuged at 8,000 x g for 10 min at 4°C. The pellet was washed
with 2 ml ice-cold 1x M buffer (without the Complete™ protease inhibitor cocktail).
The crude mitochondria were pelleted at 6,000 x g for 10 min at 4°C and the
supernatant was carefully removed. The pellet was resuspended in 400 ul and the
concentration was measured using the BCA Reagent ROTI® Quant Assay according

to the manufacturer’s instructions.

Submitochondrial fractionation of isolated mitochondria

For subcellular fraction of CCDC127 40 pg crude mitochondria was centrifuged at
10,000 x g for 5 min at 4°C. Each pellet was resuspended in 95 pl of corresponding
buffer (isotonic buffer: 1 x M buffer (220 mM mannitol, 70 mM sucrose 5 mM,
HEPES-KOH, pH 7.4, 1 mM EGTA-KOH, pH 7.4); hypotonic buffer: 10 mM HEPES
pH 7.4; TX-100 buffer: 1x M buffer,1% TX-100; each buffer containing either 40 pg/ml
PK or no PK) by pipetting up and down using a 200 pl pipet tip that was cut. The
samples were incubated for 5 min at 21 °C and after the incubation time 2.5 pl of 0.2
M PMSF (final concentration 5 mM) was added to all 6 samples and incubation was
allowed for a further 5 min on ice. Then, the samples were centrifuged at 10,000 x g
for 5 min and the pellets were resuspended with 100 ul of each buffer (isotonic or
hypotonic) containing 1 mM PMSF. 4x Laemmli buffer and DTT was added to a final
concentration of 50 mM DTT. All samples were boiled at 95°C for 5 min. The

samples were analyzed by SDS-PAGE and Western Blot.

Determination of cellular protein levels by quantitative label-free proteomics

For quantitative label-free proteomics, the experiments were performed as described
in (Habich et al., 2019). Respective cells were seeded on a 6 well dish. The next day
the cells were washed with PBS and harvested by cell scraper and centrifugation at
500 x g for 5 min. The pellets were resuspended in 20 pl lysis buffer (4% SDS in PBS
containing protease inhibitor) and were sonicated. Afterwards the samples were
boiled for 5 min at 96°C. After cooling down, 80 pl ice-cold acetone was added and

stored at -80°C overnight. The next day, TCA precipitations were thawed, and the
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samples were centrifuged for 15 min at 16.000 x g. The resulting pellets were
washed with 500 pl acetone and then air-dried. The pellets were then resuspended in
50 ul 8 M urea in TEAB buffer supplemented with protease inhibitor cocktail and were
sonicated. The samples were centrifuged for 15 min at 20,000 x g. The supernatant
was transferred into a new tube and the protein concentration of the samples were
determined by Pierce Protein Assay Reagent. The assay was performed according to
the manufacturer’s protocol and the concentration was measured at 600 nm. 50 ug
of each sample was transferred to a new reaction tube and filled up to 40 pl with the
Urea/TEAB buffer. Then, DTT with a final concentration of 5 mM was added and the
samples were incubated for 1 h at 37°C. Next, chloroacetamide (CAA) with a final
concentration of 40 mM was added to the samples and were incubated for 30 min in
the dark. For the digest of the peptides, first Lysyl Endopeptidase with an enzyme to
substrate ratio of 1:75 was used and the samples were incubated for 4 h at 25°C. For
the trypsin digest the samples were first diluted with TEAB buffer to reach a urea
concentration below 2 M and then trypsin with an enzyme to substrate ratio of 1:75
was added. The samples were incubated at 25 °C overnight. In the last step, the
samples were purified by STAGE tips which were equilibrated with methanol and
buffers containing 0.1 % formic acid and 80 % acetonitrile. The samples were loaded
on the STAGE tips and were washed with buffers containing 0.1 % formic acid and
80 % acetonitrile. The STAGE tips were completely dried and until measurement
stored at 4 °C.

Determination of protein interaction partners by proteomics (interactome analysis)

For the interactome data an in-gel digest was performed. The native IP was
performed as described in the respective section After the native IP was performed
the beads were dried and boiled in 20 ul reducing Laemmli buffer (without
bromphenolblue) for 10 min. The samples were reduced by addition of DTT with a
final concentration of 5 mM and incubated at 56 °C for 30 min. Free cysteine thiols
were alkylated by addition of CAA to a final concentration of 40 mM to the samples
which were then incubated for 30 min at room temperature in the dark. The samples
were run on SDS-PAGE until the samples migrated for 1 cm into the separation gel.
Then the gels were fixed for 1 h in fixing solution (10% acetic acid / 20% methanol in
water). The gel bands were cut in smaller pieces and were transferred to individual
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tubes. 100 ul of 50 mM ABC/50% Acetonitrile was added to the gel pieces and were
incubated for 20 min at room temperature. The solution was exchanged with fresh 50
mM ABC/50% Acetonitrile and remaining solution was discarded after 20 min
incubation. The gel pieces were covered with 100 pl acetonitrile and incubated for 10
min. The gel pieces were then dried in a speedvac for approximately 5 min. A
digestion solution of 10 ng/ul of 90 % trypsin and 10 % LysC in 50 mM ammonium
bicarbonate (ABC) was added to the gel pieces until the gel pieces were fully
covered. The gel pieces were incubated for 30 min at 4°C with the digest solution.
After the incubation time, excessive digest solution was removed and 50 mM ABC
buffer was used to cover the gel pieces. The samples were incubated overnight at
37°C while shaking at 750 rpm. The next day, the supernatant of the gel pieces were
transferred into new tubes. The gel pieces were covered with 100 pl 30% ACN / 3%
TFA and incubated for 20 min at room temperature. The extract was combined with
the supernatant of the previous step. The gel pieces were covered with 100 pl 100%
acetonitrile and again incubated for 20 min at room temperature. The extract was
also combined with the supernatant from the previous step and the organic solvents
of the samples were reduced in the speedvac until a remaining volume of 50 ul was
reached. The samples were acidified by addition of formic acid to a final
concentration of 1% and the STAGE tip purification protocol as it is described in the
section “Determination of cellular protein levels by quantitative label-free proteomics”
was performed. The STAGE tips were stored at 4°C. The mass spectrometry was

performed and analysed by the proteomics core facility Cologne.

Assay to detect redox states of protein thiols

To assess the redox state of CCDC127, 60,000 cells were seeded on a 24-well dish.
The cells were cultivated for two days. Before the cells were harvested, they were
treated for 19 h with doxycycline (1 pg/ml) to induce CCDC127 expression. The
assay was coupled to a CHX treatment. Therefore, the cells were treated with 100
png/ml CHX before they were harvested and modified. For harvesting the cells were
washed with 500 pl ice-cold PB. The PBS was removed and 1000 pl 8% ice-cold
TCA was added to each well. The cells were scratched off and transferred to 1.5 ml
tubes and were stored at -80°C until the liquid was completely frozen. Samples were
thawed at RT and pelleted for 15 min, 13.000 x g, 4°C. The supernatant was
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removed and 900 pl of ice-cold 5% TCA were added. After vortexing the samples
were centrifuged again for 15 min, 13.000xg, 4°C. The TCA was removed
completely. Non-reducing Laemmli buffer (2% SDS, 60 mM Tris, pH 6.8, 10%
glycerol, 0.0025% bromophenol blue) containing 15 mM mmPEG12 was added to
obtain “steady state” samples. The “maximum reduced” and “unmodified” samples
contain in addition to Laemmli buffer 10 mM Tris(2-carboxyethyl) phosphine (TCEP)
and the alkylating reagent for the “maximum shift” and no reagent for the
“‘unmodified” sample. The maximum reduced samples were boiled for 15 min at
96°C. All samples were sonicated and were analysed by SDS-PAGE and Western
Blot.

Size exclusion chromatography

Analytical size-exclusion chromatography was performed under native conditions to
examine the oligomeric state of the endogenous proteins. Cells were washed with 1x
PBS, mechanically detached by scraping and sedimented at 500 xg for 5 min. Cell
pellets were resuspended in 1 ml native lysis buffer (100 mM sodium phosphate pH
8.0, 100 mM sodium chloride, 1% (v/v) Triton X-100), supplemented with 200 pM
PMSF and incubated for 1 h on ice. The lysate was cleared by centrifugation (20 000
xg, 1 h) and loaded on a HiLoad™ 16/600 Superdex 200 preparation grade gel
filtration column installed in a liquid chromatography system (Aekta Purifier) from GE
Healthcare. A protein size standard was used as a reference, covering a range from
1.35 kDa to 670 kDa (#1511901, Bio-Rad).

Preparation of Immunofluorescence (IF) samples

To establish the localization of different CCDC127 cysteine mutants, cells were
seeded onto poly-L-lysine coated coverslips in 12-well dishes in complete medium.
Protein expression was induced by adding 0.1 pg/ml doxycycline for 72 h prior to
preparation of IF samples. For Mitotracker staining media was replaced by 1 ml pure
media (w/o FCS, P/S) substituted with Mitotracker. Incubation occurred for 1 h at 37
°C. Afterwards the media was replaced by complete media followed by an incubation
for 30 min at 37 °C. Cells were washed with prewarmed PBS and 1 ml fixation buffer
(4 % PFA in PBS) was added and incubated for 15 min at RT. Cells were washed 3x
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with PBS and 1 ml fresh blocking buffer (10 mM HEPES pH 7.4, 3% BSA, 0.3 %
Triton X-100) was added for 1 h at RT. Cells were washed 3x with PBS. 40 pl per
coverslip primary antibody solution in blocking buffer (HA (rabbit) 1:400) was placed
onto a parafilm and coverslips were added upside down to the solution for 1 h at RT.
Cells were washed 3x with PBS. 40 pul per coverslip secondary antibody solution in
blocking buffer (Alexa488 rabbit 1:400) was added onto a parafilm and coverslips
were placed upside down to the solution for 1 h at RT in the dark. Cells were washed
3x with PBS and 20 pl prewarmed mixture of Mowiol and DABCO (50 °C) was added
onto glass slide and coverslips were placed on top. The samples were dried at 4 °C

overnight and sealed with nail polish.

Fractionation

Cellular fractionation experiments were performed to distinguish between
mitochondrial and cytosolic proteins. For this, cells were grown on 15 cm dishes until
they reached 80 % confluency. Cells were washed with 10 ml ice-cold PBS and
transferred to falcon tubes for centrifugation at 500 x g for 5 min at 4 °C. The cell
pellets were resuspended in 2 ml fractionation buffer (20 mM HEPES pH 7.4, 220
mM mannitol, 70 mM sucrose, 1 mM EDTA) and homogenized using the potter with
15 strokes at 1100 rpm. Intact cells and cell debris were pelleted at 800 x g for 5 min
at 4 °C. The supernatant was transferred into a 2 ml reaction tube and a total sample
(T) was taken. The homogenized sample was centrifuged at 13,000 x g for 15 min at
4 °C to divide a supernatant (cytosolic) and pellet (mitochondrial). The cytosolic
fraction was centrifuged at full speed for 10 min and the supernatant was used for
TCA precipitation. The mitochondrial pellet was resuspended in 1 ml fractionation
buffer and centrifuged at 13,000 x g for 15 min at 4 °C. This washing step was
repeated three times before the pellet was resuspended in 80 pul 100 mM Tris/AC pH
8.0. All tree samples (T, cyto, mito) were used for TCA precipitation. Finally, the TCA
pellets were resuspended in buffer A and boiled at 96 °C for 5 min.

Sodium carbonate extraction

In order to access the solubility of mitochondrial proteins, 200 ug freshly isolated

mitochondria were centrifuged at 10,000 x g for 5 min and resuspended in 500 pl of

23


https://doi.org/10.64898/2025.12.12.693940
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2025.12.12.693940; this version posted December 15, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

ice-cold 0.1 M sodium carbonate solution pH 11.05. Incubation for 1.5 h at 4 °C was
performed to open the membranes. A “total (T)” sample was removed. The samples
were filled up to 14 ml total volume with sodium carbonate for ultracentrifugation at
90,000 x g for 30 min, 4 °C. The supernatant (14 ml) was collected to perform a TCA
precipitation. Both samples (P and SN) were finally resuspended in 131.25 ul water
(+ 43.7 pl 4xLaemmli + 8.75 ul 1 M DTT) and boiled at 96 °C for 5 min.

Oxygen consumption measurements

Mitochondrial respiration was measured with a Seahorse XFe Analyzer (Agilent
Technologies). HEK293 cells were seeded onto a 96-well plate after 72h of siRNA-
mediated KD of CCDC127 or using a control sSiRNA. Before the respiration
measurements, cells were washed with Seahorse XF DMEM medium enriched with
glucose, pyruvate and glutamine and 180 pl fresh medium was added. Cells were
incubated for 1 h at 37 °C. The Seahorse injection ports on the sensor cartridge were
filled with oligomycin (1 uM), FCCP (1 pM) and Antimycin A/Rotenone (1 pM).
Hoechst dye was added in addition to the Antimycin A/Rotenone drug. The sensor
cartridges were placed on top of the Seahorse miniplates containing the cells and
placed in the Seahorse XFp instrument. Data were analyzed with Wave software
(Agilent Technologies). After the run, the plate was placed into a Cytation in order to
scan all wells for fluorescence with Hoechst dye. This cell number was used for

normalization.

Transmission Electron Microscopy

Knockdown of CCDC127 was performed 72h prior to TEM sample preparation.
HEK293 cells were transferred onto aclar foils. For fixation, the fixative (2 % GA, 2.5
% Sucrose, 3 mM CaCl; in 100 mM HEPES) was prewarmed to 37 °C. The medium
was removed carefully and the prewarmed fixative was added carefully. 30 min at RT
of incubation followed by 30 m in by 4 °C was performed. The fixative was removed
and 100 mM HEPES was added. Samples were stored at 4 °C. Electron microscopy
was performed on a JEOL JEM2100PLUSCameraGATAN OneView.
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FIGURES
Figure 1. CCDC127 is an OMM protein which interacts with MIA40

A: MIA40-Strep co-precipitates CCDC127 in an immunoprecipitation experiment
performed after native cell lysis. Cells expressing either MIA40-Strep or the empty
vector (Mock) were lysed under native conditions after N-ethyl maleimide (NEM)
treatment to prevent further thiol-disulfide exchange. MIA40-Strep was enriched
using strep-tactin beads. Eluates were analyzed by quantitative label-free mass
spectrometry. AIFM1 and ALR as parts of the mitochondrial disulfide relay are
highlighted in blue. Known MIA40 substrates are labeled in lilac. n =4 biological
replicates, an unpaired one-sample two-sided Student's t-test was applied (P <0.01,
logo-enrichment >1).

B. Schematic representation of the CCDC127 protein. CCDC127 contains a
conserved hydrophobic stretch at its N-terminus (TMD, aa 26-44) labelled in black, a
coiled-coil region (aa 44-134) colored in brown and a C-terminal helical bundle
domain (CHB, aa 134-260) domain with three cysteine residues, of which two are
conserved and predicted to form a disulfide bond according to the AlphaFold3 model
(C174, C219).

C. CCDC127-HA co-precipitates AIFM1 and MIA40 under native conditions. Cells
expressing either CCDC127-HA, or the empty vector (Mock) were lysed under native
conditions and CCDC127-HA was enriched using HA-antibody beads. Eluates were
analyzed by quantitative label-free mass spectrometry. AIFM1 as part of the
mitochondrial disulfide relay as well as different OMM proteins are highlighted. n=4
biological replicates, an unpaired one-sample two-sided Student's t-test was applied
(P <0.01, logz-enrichment >1.5).

D. MIA40 interacts with CCDC127 under native conditions. Cells expressing either
MIA40-Strep (left) or CCDC127-HA (right) were lysed under native conditions after
treatment with N-ethylmaleimide (NEM). Proteins were precipitated from the lysates
using strep-tactin beads or HA-antibody beads, respectively. AIFM1 is part of the
disulfide relay system and is co-precipitated with MIA40-Strep and CCDC127-HA.
The IMS protein CPOX served as a non-interacting specificity control.

E. CCDC127-HA interacts with MIA40 under denaturing conditions via a mixed
disulfide bond. Cells expressing CCDC127-HA were lysed under denaturing
conditions after treatment with N-ethylmaleimide (NEM). Proteins were precipitated
from the lysates using HA-antibody beads, respectively. The IMS protein CPOX
served as a non-interacting specificity control.

F. Immunofluorescence of CCDC127-HA shows co-localization with Mitotracker.
Cells expressing CCDC127-HA were fixed, permeabilized, and stained using a
primary antibody against the HA epitope or Mitotracker. Cells were analysed by
fluorescence microscopy. Mitotracker signal served as positive control for
mitochondria and DAPI as marker for the nucleus. Magenta, HA-signal; Yellow, DAPI
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signal; Cyan, mitotracker signal. A white colour indicates signal overlap. Bar
corresponds to 10 um. n = 2 biological replicates.

G. CCDC127 is a mitochondrial protein. Cells were lysed by potter homogenization
followed by centrifugation to separate a mitochondrial (“M”) and a post-mitochondrial
(“C”) fraction. The total lysate (“T”) served as loading control, and MIA40 and PRDX2
as controls for mitochondria and cytosol, respectively. n = 3 replicates.

H. CCDC127 is a membrane protein. Mitochondria isolated from HEK293 cells were
treated with Na,COg, pH 11.05. Then supernatant and pellet were separated by
ultracentrifugation. MIA40 and YMELL served as soluble and membrane controls,
respectively. n =2 replicates.

I. CCDC127 is an OMM protein with the major portion of the protein localized in the
IMS. Mitochondria were enriched and then either incubated in an isotonic buffer (iso),
in a hypotonic buffer (hypo) or a buffer containing Triton X-100 (TX-100). The
resulting fractions were either treated with proteinase K (PK) to test for protection of
proteins or left untreated. TOM20, MIA40, YME1L and PDH served as OMM, IMS,
IMM and matrix controls, respectively. PK treatment of intact mitochondria (lane 2)
resulted in partial processing of the entire pool of CCDC127 indicating a small portion
of the protein to be exposed to the cytosol. n =2 replicates.

J. Model indicating the Nou-Cin topology of CCDC127 in the OMM.

Figure 2. The CCDC127 TMD enables targeting to the OMM

A. Overview of CCDC127 truncation variants with C-terminal HA tag to analyze
determinants for OMM topology and localization.

B-E. CCDC127%4%%° (B), CCDC127*"** (C), CCDC127***?%° (D), truncation variants
localize to mitochondria whereas CCDC127%°%° (E) localizes mostly to the cytosol.
Cells were lysed by potter homogenization followed by centrifugation to separate a
mitochondrial (“M”) and a post-mitochondrial (“C”) fraction. The total lysate (“T”)
served as loading control, and MIA40 and PRDX2 as marker for mitochondria and
cytosol, respectively.

F. Truncation of the cytosolic amino acids 1-23 does not affect IMS localization of
CCDC127. Experiment was performed as in Figure 11 except with cell lines
expressing CCDC127%4?%°_HA. n = 3 replicates. Iso, mitochondria treated with
isotonic buffer; hypo, mitochondria treated with hypo-osmotic buffer.

G. The CHB of CCDC127 is sufficient for IMS localization of CCDC127. Experiment
was performed as in Figure 11 except with cell lines expressing CCDC127%3%%%0.HA,
n = 2 replicates. I1so, mitochondria treated with isotonic buffer; hypo, mitochondria
treated with hypo-osmotic buffer.

H. A CCDC127 variant lacking the CHB is partially exposed to the cytosol.
Experiment was performed as in Figure 11 except with cell lines expressing
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CCDC127 %.HA. n = 2 replicates. Iso, mitochondria treated with isotonic buffer;
hypo, mitochondria treated with hypo-osmotic buffer.

|. Model depicting the necessity of TMD for mitochondrial CCDC127 import and
membrane insertion.

Figure 3. The disulfide relay oxidizes CCDC127 during its maturation

A. Direct redox shift assay to assess protein thiol redox states. Cells were lysed and
treated with the maleimide mmPEG,4 that modifies free thiols (reduced) but not thiols
in disulfide bonds (oxidized). Modification of proteins with mmPEG,4 results in a
slower migration of the protein on SDS-PAGE. Unmodified cell lysates (unmod.) and
cell lysates pretreated with the reductant TCEP (max. shift) served as controls. Ss
indicates the steady state redox state of the protein.

B. Cysteines in CCDC127 are present in the oxidized state. As described in (A).
Cells were lysed and either treated with the strong reductant TCEP (lanes 1 and 3) or
left untreated (lane 2). Then lysates were left untreated (lane 1, unmod.) or incubated
with mmPEG,4 (lanes 2, ss and 3, max. shift). Lysates were analyzed by SDS-PAGE
and immunoblotting. Cysteines in CCDC127-HA are present in the oxidized state. n =
3 replicates.

C. CCDC127-MIA40 interaction is transient. Cells expressing CCDC127-HA were
untreated or treated with 100 pg/ml cycloheximide (CHX) for 4 h prior to cell lysis
under native conditions after treatment with N-ethylmaleimide. Interaction partners of
CCDC127-HA were enriched using HA-antibody beads. The IMS protein FAM136A
served as a non-interacting specificity control.

D.,E. Overexpression of the dominant-negative MIA40“°** mutant decreases cellular
(D) and mitochondrial (E) CCDC127 levels. Expression of MIA40 variants lacking
either both cysteines of the redox active CPC motif (C53S,C55S) or only C53 (C53S;
“‘dominant-negative variant”) or with a mutation in the chaperone site of MIA40
(F68E) was induced for 5 days in glucose-containing medium. Mitochondria were
isolated and lysed, or cells were directly lysed, and protein levels were analyzed by
SDS-PAGE and immunoblot against the indicated proteins. n = 3 replicates (one
sample t-test).

F. Model depicting the necessity of disulfide bond formation for mitochondrial
CCDC127 import.

Figure 4. Cysteines in CCDC127 control its orientation in the OMM

A. Overview of CCDC127 cysteine variants for analysis of determinants of OMM
topology and localization.

B. CCDC127 variants lacking the disulfide-forming cysteines are unstable. Lysates
from cells expressing cysteine variants of CCDC127-HA (2CA: C174A, C219A, 3CA:
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C144A, C174A, C219A) were analyzed by reducing SDS-PAGE and immunoblotting.
Signals were quantified using ImagelLab, and the amount of protein was plotted. N =
3 replicates (one-way ANOVA with post hoc Tukey HSD test).

C. The CCDC127-2CA-HA variant is only partially protected from proteinase K (PK)
treatment in intact mitochondria. Experiment was performed as in Figure 1l except
with cell lines expressing CCDC127-2CA-HA. Signals were quantified using
ImagelLab, and the percentage of fractions was plotted.

D. The CCDC127-2CA-HA variant is only partially inserted into the membrane.
Experiment was performed as in Figure 1H except with cell lines expressing
CCDC127-2CA-HA. Signals were quantified using ImageLab, and the percentage of
soluble and pellet (membrane) fraction was plotted. n = 4 replicates. T, total; P, pellet
(membrane), SN, soluble.

E. CCDC127-2CA-HA variant adopts three different topologies. Fraction #1
represents a WT-like behavior, fraction #2 represents a PK-protected IMS-localized,
soluble CCDC127. The difference between PK-treated and -untreated signal
represents a largely cytosol-exposed fraction #3. n = 4 replicates.

F. CCDC127 variants lacking the disulfide-forming cysteines are degraded by the
proteasome. Lysates from cells expressing cysteine variants of CCDC127-HA and
treated with MG132 or left untreated were analyzed by reducing SDS-PAGE and
immunoblotting. Signals were quantified using ImageLab, and the amount of protein
was plotted. n = 3 (-MG132) N = 2 (+MG132) replicates (one-way ANOVA with post
hoc Tukey HSD test).

G. The CCDC127-2CA-HA variant is only partially protected from proteinase K (PK)
treatment in intact mitochondria after 16h MG132 treatment. Inhibition of the
proteasome stabilizes CCDC127-2CA in the Nip-Cou-topology, which is inverse from
the WT (i.e. the PK-sensitive fraction #3 is very large). Signals were quantified using
ImageLab, and the percentage of fractions was plotted. n = 3 replicates.

H. The CCDC127-2CA-HA variant is stabilized by MG132 in granules for
degradation. Immunofluorescence of CCDC127-2CA-HA after 16h MG132 treatment
was performed as in Figure 1F. Bar corresponds to 10 um. n =2 replicates.

I. Model indicating that the CHB of CCDC127 and its disulfide-forming cysteines are
critical for the correct orientation in the OMM and the stability of CCDC127.

Figure 5. CCDC127 is an interaction partner of the MICOS complex

A. CCDC127-HA co-precipitates MIC19 and MIC60 under native conditions. Data are
the same as shown in Figure 1C. Cells expressing either CCDC127-HA, or the
empty vector (Mock) were lysed under native conditions and CCDC127-HA was
enriched using HA-antibody beads. Eluates were analyzed by quantitative label-free
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mass spectrometry. n =4 biological replicates, an unpaired one-sample two-sided
Student's t-test was applied (P <0.01, log,-enrichment >1).

B. Crosslinking assisted spatial proteomics study revealed CCDC127 as MICOS
interaction partner. Beside MIC60, MIC19 and MIC25, HSP60 and MARC1 were
found as crosslinked partners of CCDC127 in a recently published study (Zhu et al.,
2024).

C. MIC10-FLAG interacts with CCDC127 under native conditions. WT mitochondria
or mitochondria containing MIC10-FLAG were solubilized in digitonin and MIC10-
FLAG was precipitated using FLAG-antibodies. Immunoblot analyses were
performed against CCDC127 and MIC10 as well as subunits of the MICOS complex
as positive controls and ATP5I as negative control.

D. CCDC127 protein levels are decreased in MIC60 KO HEK293 mitochondria.
Protein levels in isolated mitochondria from HEK293 cell lines depleted of MIC10
(lane 2) or MIC60 (lane 3) were compared to protein levels in corresponding wild-type
(WT) mitochondria. Mitochondria were analyzed by reducing SDS-PAGE and
immunoblotting against the indicated proteins. Signals were quantified using
ImageLab, and the amount of protein was plotted. n =4 replicates. TOM40 and
ATP5I served as loading control.

E. MICOS levels are unaffected by CCDC127 depletion. Whole cell proteomes of
CCDC127-KO cells. Cells were lysed under native conditions and analyzed by label-
free mass spectrometry. N = 4 biological replicates, an unpaired one-sample two-
sided Student’s t-test was applied. Protein levels in cells depleted of CCDC127 were
compared to protein levels in corresponding wild-type (WT) cells. Lysates were
analyzed by reducing SDS-PAGE and immunoblotting against the indicated proteins.
Signals were quantified using ImagelLab, and the amount of protein was plotted. n =3
replicates. Pyruvate dehydrogenase (PDH) served as loading control (one-way
ANOVA with post hoc Tukey HSD test).

F. Endogenous CCDC127 is present in two high molecular weight (HMW)
complexes. Mitochondria isolated from WT- and CCDC127 KO cells were resolved
with blue native electrophoresis (BN-PAGE) followed by immunoblotting against the
indicated proteins. The identity of the smaller ~140 kDa complex remains unclear.

G. A higher oligomer complex containing endogenous CCDC127 migrates in same
similar MW range as the MICOS components MIC60 and MIC19 in gel filtration.
HEK293 cells were lysed under native conditions (Triton X-100), and the cleared
lysates subjected to gel filtration analysis. Eluted fractions were subjected to TCA
precipitation, resuspension in loading buffer containing SDS and DTT, and
subsequent immunoblotting against CCDC127, MIC19 and MIC60. Endogenous
CCDC127 migrates in two complexes at around 150 kDa and 670 kDa (as judged by
comparison to protein markers: apoferritin 443 kDa; B-amylase 200 kDa; alcohol
dehydrogenase 150 kDa; bovine serum albumin 66 kDa; carbonic anhydrase 29 kDa).
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H. Levels of the higher 670 kDa CCDC127 complex levels are affected in MIC10 KO
and MIC60 KO HEK293 cells. Complex levels in HEK293 cell lines depleted of
MIC10 or MIC60 were compared to protein levels in corresponding wild-type (WT)
cells. Lysates were analyzed by BN-PAGE.

I. Levels of the higher 670 kDa CCDC127 complex levels are affected upon
MIA40%>*° overexpression. Complex levels in HEK293 cell lines expressing the C53S
variant of MIA40 were compared to protein levels in corresponding wild-type (WT)
cells. Lysates were analyzed by BN-PAGE.

Figure 6. Loss of CCDC127 impairs cellular proliferation, lowers cardiolipin levels and
results in abnormal cristae

A. Cell proliferation upon acute loss of CCDC127 in HEK293 cells is impaired. Cells
were treated with SIRNA to deplete CCDC127. Subsequently, their proliferation on
glucose-containing medium (left) or galactose-containing medium (right) was
assessed in a high-throughput microscopy assay by automatically scoring their
confluency. The depletion of CCDC127 was confirmed after 120 h by SDS-PAGE
and immunoblotting. N=3 replicates.

B. Box plot analysis of whole cell proteomes of cells depleted from CCDC127. Cells
were lysed under native conditions and analyzed by label-free mass spectrometry.
Indicated protein groups are depicted as box plots. N = 4 biological replicates, an
unpaired one-sample two-sided Student’s t-test was applied. Mitocarta 3.0, MICOS
and fireworks and depmap hits are represented according to the log2 enrichment.
Grey area represents abundance of proteins with minor changes. Further analysis in
Figure S5A-C.

C. Cells lacking CCDC127 show increased maximum respiration. Oxygen
consumption profile was analyzed after 72h of siRNA-mediated depletion of
CCDC127 using a Seahorse analyser. Basal, ATP-linked and non-mitochondrial
respiration were unchanged and maximal respiratory capacity was increased. N=24
(ctr.) n=40 (KD) in two independent experiments. OCR was normalized to cell
density.

D. Depletion of CCDC127 leads to disorganized cristae in transmission electron
microscopy (EM). Cells were treated for 72 hours with a control SiRNA or siRNA
against CCDC127. Cells were fixed and analyzed by EM. Mitochondria with abnormal
cristae structures were counted. Three representative images are shown per
condition. N=3 replicates. Bar=1pm

E. Lipidomics analysis of cells depleted of CCDC127. Cells were treated for 72 hours
with a control siRNA or siRNA against CCDC127. Cells were pelleted and lipidomics
analysis was performed. Levels of phosphatidic acid (PA) and phosphatidylserine
(PS) as well as subfractions of cardiolipin (CL) were lowered in cells with CCDC127
loss. Levels of phosphatidylglycerol (PG), phosphatidylcholines (PC),
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phosphatidylinositol (P1) and phosphatidylethanolamine (PE) were unchanged.
Further analysis in Figure S6.

F. Model. CCDC127 is an OMM protein linked to MICOS and controlling lipid
homeostasis and mitochondrial ultrastructure. Step 1. Upon import into the IMS,
CCDC127 acquires a long-range disulfide bond catalyzed by the mitochondrial
disulfide relay. Step 2. Insertion of CCDC127 into the OMM in an Noy-Cin toplogy is
facilitated by its TMD. Step 3. CCDC127 homo-oligomers integrate into a 600 kDa
complex. Step 4. CCDC127 stability depends on its interaction with MICOS
components. Step 5. CCDC127 depletion affects mitochondrial ultrastructure, and
cellular fitness.
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