
Genome-wide CRISPRi screening identifies OCIAD1 as a prohibitin client and 

regulatory determinant of mitochondrial Complex III assembly in human cells. 
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Dysfunction of the mitochondrial electron transport chain (mETC) is a major cause of 

human mitochondrial diseases. To identify determinants of mETC function, we screened 

a genome-wide human CRISPRi library under oxidative metabolic conditions with 

selective inhibition of mitochondrial Complex III and identified OCIA domain-containing 

protein 1 (OCIAD1) as a Complex III assembly factor. We find that OCIAD1 is an inner 

mitochondrial membrane protein that forms a complex with supramolecular prohibitin 

assemblies. Our data indicate that OCIAD1 is required for maintenance of normal 

steady state levels of Complex III and the proteolytic processing of the catalytic subunit 

cytochrome c1 (CYC1). In OCIAD1 depleted mitochondria, unprocessed CYC1 is 

hemylated and incorporated into Complex III. We propose that OCIAD1 acts as an 

adaptor within prohibitin assemblies to stabilize and/or chaperone CYC1 and to facilitate 

its proteolytic processing by the IMMP2L protease. 

Introduction 

Mitochondria are double membrane-bound organelles of endosymbiotic origin that 

produce most of the ATP in eukaryotic cells through oxidative phosphorylation 

(OXPHOS) (Mitchell, 2011). OXPHOS depends on the mitochondrial electron transport 

chain (mETC), which transfers electrons from NADH and succinate to molecular 

oxygen. The mETC is comprised of a series of four large inner mitochondrial membrane 

(IMM) complexes (CI-CIV) that assemble into supercomplexes of defined stoichiometry 

(Letts and Sazanov, 2017). Substrate oxidation-driven electron transfer is coupled to the 

translocation of protons across the IMM to generate an electrochemical gradient 

harvested by the ATP synthase (CV) for ATP production. In addition, the mETC and the 

associated tricarboxylic acid (TCA) cycle support a network of metabolic functions. The 

mETC helps maintain the redox balance of carrier pairs involved in hundreds of 

biochemical reactions (Luna‐Sánchez et al., 2017; Titov et al., 2016; Wang and Hekimi, 

2016; Ying, 2008; Ziosi et al., 2017), a basic requisite for sustaining metabolism in living 

cells, and is also essential for generating the proton gradient that drives the import of 

nuclear-encoded mitochondrial proteins across the IMM (Eilers et al., 1987; Martin et 

al., 1991; Pfanner and Neupert, 1986; Schleyer et al., 1982). Perturbing the assembly or 

function of the mETC can lead to multisystem mitochondrial disorders (Chinnery, 1993; 

Rodenburg, 2016; Tucker et al., 2013; Wanschers et al., 2014) and is linked to more 
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general pathologies, such as diabetes (Antoun et al., 2015; Ramírez-Camacho et al., 

2020), neurodegeneration (Devi et al., 2008; Giachin et al., 2016; Keeney et al., 2006), 

heart diseases (Andreu et al., 2000; Casademont and Miró, 2002; Hagen et al., 2013; 

Valnot et al., 1999), and cancer (Hoekstra and Bayley, 2013; Janeway et al., 2011; 

Pantaleo et al., 2014; Urra et al., 2017; Vranken et al., 2015). 

The biogenesis of the mETC requires the concerted expression of nuclear and 

mitochondrial DNA (mtDNA) encoded genes and is highly regulated. Coordination of 

mETC subunits of dual origin occurs in part via the formation of modular intermediates 

within mitochondria that assemble sequentially into functional complexes (Aich et al., 

2018; Guerrero-Castillo et al., 2017; Lobo-Jarne et al., 2020; Ndi et al., 2018; Stephan 

and Ott, 2020; Vranken et al., 2015). Assembly of mETCs strategically occurs in 

specialized domains that link protein import, membrane insertion, and assembly 

machineries (Singh et al., 2020; Stoldt et al., 2018). Prohibitins are thought to promote 

mETC assembly and quality control by assembling into inner membrane ring‐like 

scaffold structures that specify local protein and lipid composition (Nijtmans et al., 2000; 

Singh et al., 2020). In mammalian cells, prohibitins associate with a variety of inner 

membrane proteins, including mitochondrial translocases, subunits of mETC, the DnaJ-

like chaperone DNACJ19 and m-AAA proteases (Nijtmans et al., 2000; Richter-

Dennerlein et al., 2014; Steglich et al., 1999; Yoshinaka et al., 2019). The interaction of 

prohibitin with these key assembly and quality control proteins either directly modulates 

their activities and/or influences their client interactions to influence and potentially 

coordinate a plethora of mitochondrial functions. 

Here we use an unbiased genome-wide CRISPRi approach to screen for human genes 

modulating the cellular response to antimycin A, a chemical inhibitor of mitochondrial 

Complex III. Complex III, also called ubiquinol-cytochrome c oxidoreductase or 

cytochrome bc1, is centrally situated within the mETC. Complex III is an obligate 

homodimeric enzyme (CIII2) embedded in the inner membrane with each monomer 

composed of 10-11 subunits. Only three subunits contain catalytically active redox 

groups: cytochrome b (MT-CYB), cytochrome c1 (CYC1), and the Rieske iron-sulfur 

protein (UQCRFS1), with other accessory subunits that likely stabilize the assembly 

(Lee et al., 2001; Malaney et al., 1997). We identified OCIAD1, a poorly characterized 
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protein, as a key regulator of Complex III biogenesis. Our data indicate that OCIAD1 is 

a client of prohibitin supramolecular assemblies and is required for the IMMP2L-

dependent proteolytic processing of the catalytic subunit CYC1. Thus, we postulate that 

within prohibitin assemblies OCIAD1 facilitates CYC1 proteolytic processing by the 

IMMP2L. 

Results 

Genome-wide CRISPRi screen for antimycin sensitivity identifies Complex III molecular 

determinants  

CRISPR screens have emerged as a powerful approach to identify key genes regulating 

molecular processes in human cells (Gilbert et al., 2014; Jost et al., 2017; To et al., 

2019). To identify regulatory determinants of mitochondrial function, we screened for 

genes that either sensitized or protected against antimycin A, a selective inhibitor of 

mitochondrial respiratory Complex III. Candidate genes were identified using a genome-

scale CRISPRi screen performed in human K562 cells stably expressing the dCas9-

KRAB transcriptional repressor (Gilbert et al., 2013). Cells were infected with the 

hCRISPRi-v2 sgRNA pooled library containing 10 sgRNAs per gene (Horlbeck et al., 

2016) and grown for six days in glucose-free media containing galactose, which favors 

oxidative metabolism over glycolysis. The cell population was then halved and 

subjected to four cycles of treatment with either vehicle or antimycin A (3.5-3.75nM; 24h 

treatment, 48h post-washout recovery), which created a growth difference of 

approximately 3-4 doublings between treated and untreated cells (Figure 1A). Following 

the final recovery phase, cells were harvested at ~750 cells per sgRNA and sgRNA-

encoding cassettes were PCR-amplified from genomic DNA. The abundance of each 

individual sgRNA was then quantified by next-generation sequencing and a phenotype 

score (ρ) was calculated for each gene as described (Gilbert et al., 2014; Jost et al., 

2017; Kampmann et al., 2013). This phenotype score represents the differential 

pressure each sgRNA exerts on cell growth in the presence versus absence of 

antimycin A. Positive ρ values indicate protection and negative ρ values indicate 

sensitization to antimycin A. 
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Using this approach, we identified 217 genes that significantly modulated sensitivity to 

antimycin A under oxidative conditions (Figure 1B, Table S1). Knockdown of 128 of 

these genes protected against antimycin A. Gene ontology (GO) enrichment analysis 

performed on this group identified an enrichment of genes encoding for mitochondrial 

respiratory chain Complex I. Complex I is the most upstream entry point into the 

electron transport chain and is composed of 44 unique subunits, 37 of which are 

encoded by the nuclear DNA with the remaining 7 subunits encoded by the 

mitochondrial genome (Fiedorczuk et al., 2016; Guerrero-Castillo et al., 2017). 

Knockdown of about one-sixth of the nuclear-encoded Complex I subunits, as well as 

additional assembly factors, significantly protected against antimycin A treatment 

(Supplementary Figure 1 B,C). Complex I subunit hits were distributed on all Complex I 

assembly modules except the proximal portion of the peripheral arm, indicating that the 

protective response is likely dependent on a general loss of Complex I function. 

Knockdown of genes encoding components of the TCA cycle also protected against 

antimycin A treatment, including those encoding enzymes that participate in both 

forward flux through this pathway to maintain oxidative phosphorylation and reverse flux 

for reductive carboxylation. Other protective hits included a protective gene encoding an 

assembly factor of Complex II, which connects the TCA cycle to the respiratory chain, 

upstream of Complex III, as well as genes encoding the mitochondrial pyruvate carrier 

and pyruvate dehydrogenase, which connects glycolysis with the TCA cycle 

(Supplementary Figure 1 D,E). It was recently reported that the loss of mitochondrial 

Complex I activity suppressed toxicity caused by oligomycin, an ATP synthase inhibitor, 

and to a lesser extent by antimycin A, by promoting glycolysis and reductive 

carboxylation (To et al., 2019). However, the suppressive effect we observe is 

potentially inconsistent with this mechanism as our screen was performed under 

different metabolic conditions that promote oxidative metabolism and suppress 

glycolysis. Thus, it is possible that the mechanism of antimycin A toxicity suppression in 

our screen was a consequence of a reduction in respiratory chain activity upstream of 

Complex III to protect against production of ROS, further suggesting that multiple 

suppressive mechanisms for antimycin toxicity may exist, dependent on cellular 

metabolic status. 
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In our screen, knockdown of 89 genes sensitized cells to antimycin A treatment (Figure 

1B), including 9 of the 15 nuclear-encoded Complex III subunits or assembly factors 

(Supplementary Figure 2 B-C). Consistent with this, gene ontology enrichment analysis 

identified Complex III as the most enriched term for antimycin A toxicity (Supplementary 

Figure 2A). These data validate the screen and confirm that the mechanism of growth 

inhibition by antimycin A was a consequence of Complex III inhibition.  

In addition to genes encoding Complex III, OCIAD1 (Ovarian Carcinoma 

Immunoreactive Antigen Domain containing-1) was identified as a strongly sensitizing 

hit. OCIAD1 encodes a poorly characterized predicted transmembrane protein (Figure 

3A) that is aberrantly expressed in ovarian carcinomas and implicated in the regulation 

of mitochondrial metabolism via Complex I (Shetty et al., 2018). We validated the 

antimycin A-sensitizing phenotype of OCIAD1 by performing a growth competition 

assay in K562 cells using CRISPRi cell lines stably expressing an individual sgRNA 

against OCIAD1 (sgRNA#2). This sgRNA was identified in our screen and effectively 

silenced OCIAD1 expression (Figure 1C). Silencing OCIAD1 selectively compromised 

growth of antimycin A-treated cells, but not growth of oligomycin-treated cells (Figure 

1D), suggesting, together with our screen data, that OCIAD1 knockdown specifically 

sensitizes cells to inhibition of Complex III. 

OCIAD1 is required for the assembly of Complex III 

We assessed whether OCIAD1 regulates the assembly and/or stability of mitochondrial 

respiratory complexes using blue-native polyacrylamide gel electrophoresis (BN-PAGE), 

followed by Western blotting using antibodies directed against core constituents of 

respiratory Complexes I-V (Figure 2). Mitochondria were isolated from K562 control or 

OCIAD1 knockdown cells grown in galactose and respectively expressing a non-

targeting sgRNA or sgRNA#2 against OCIAD1. We also analyzed mitochondria isolated 

from K562 OCIAD1 knockdown cells in which OCIAD1 expression had been 

reintroduced to near endogenous levels using lentiviral delivery (Figure 2A). There were 

no significant defects observed in the assembly of Complexes I, II, IV or V (Figure 2B, 

C, E and F). By contrast, we observed a selective defect in Complex III assembly in 

cells depleted of OCIAD1 (Figure 2D). The abundance of CIII2 was significantly reduced 
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in mitochondria from OCIAD1 knockdown cells and restored to wildtype levels by 

OCIAD1 reintroduction, indicating that this defect is specific to loss of OCIAD1 function 

(Figure 2D, CIII2). At steady state, Complex III is an obligate dimer (CIII2) that 

participates with Complex I and IV (CI and CIV) to form higher-order assemblies in 

mitochondria, known as supercomplexes (CIII2CIV, CICIII2, CICIII2CIV). We also 

observed a smaller but significant reduction in CIII2 supercomplex assemblies (Figure 

2D, SC). Mitochondrial respiratory chain complexes proteins are unusually long-lived 

(Fornasiero et al., 2018) and thus, the smaller impact of OCIAD1 on supercomplexes 

might be a consequence of enhanced stability of supercomplexes compared to 

individual complexes. In mitochondria depleted of OCIAD1, we also observed a 

reduction in a species whose mass/migration was consistent with the CIII2CIV 

supercomplex (Figure 2D, #). However, we did not detect a coincidental decrease in 

abundance of the co-migrating Complex IV species by Western blot analysis of COX4, a 

Complex IV marker (compare # and CIII2CIV in Figure 2D and 2E). The identity of this 

higher-order OCIAD1-sensitive Complex III species remains unknown.  

OCIAD1 is a mitochondrial inner membrane protein.  

OCIAD1 is annotated as a mitochondrial protein by the MitoCarta 3.0 inventory (Rath et 

al., 2020), but also has been reported to localize to endosomes and peroxisomes 

(Antonicka et al., 2020; Mukhopadhyay et al., 2003; Sinha et al., 2018). Consistent with 

the MitoCarta repository, we found that OCIAD1 primarily localized to mitochondria in 

U2OS cells, as evidenced by indirect immunofluorescence analysis using validated 

polyclonal OCIAD1 antibodies (Figure 3B). Following extraction of peripheral membrane 

proteins with carbonate treatment of increasing pH, OCIAD1 and the known inner 

membrane protein TIM50 (Yamamoto et al., 2002) both remained in the membrane 

pellet fraction isolated by differential centrifugation (Figure 3C). In contrast, the 

peripheral membrane proteins ATP5A1 and SDHA were readily extracted and found in 

the supernatant (Figure 3C). These data indicate that OCIAD1 is an integral membrane 

protein, consistent with the presence of two predicted transmembrane domains (Figure 

3A). Recently, OCIAD1 was suggested to reside in the outer mitochondrial membrane 

(OMM) based on proximity labeling (Antonicka et al., 2020; Lee et al., 2017). To further 

investigate the localization of OCIAD1, we conducted proteinase K protection assays on 
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freshly isolated mitochondria. Whereas the validated OMM protein TOM70 was digested 

by treatment of intact mitochondria with proteinase K, OCIAD1 was resistant to 

degradation (Figure 3D). OCIAD1 was however susceptible to proteolytic degradation 

after compromising mitochondrial outer membrane integrity by hypo-osmotic treatment, 

similar to other inner mitochondrial membrane (IMM) proteins (Figure 3D). Overall, 

these results demonstrate that OCIAD1 is an integral IMM protein.  

Next, we sought to determine the topology of the OCIAD1 protein within the IMM using 

proteinase K as the amino acid sequence between the two predicted OCIAD1 

transmembrane domains contains predicted proteinase K cleavage sites 

(Supplementary Figure 8C). Analysis of OCIAD1 deletion constructs by Western blotting 

analysis using polyclonal anti-OCIAD1 antibodies identified the last 25 amino acids of 

the OCIAD1 C-terminus as the antigenic determinant (Supplementary Figure 3 A-B). 

OCIAD1 proteolytic fragments were not observed by Western analysis of mitoplasts 

treated with proteinase K. Thus, given the location of the OCIAD1 epitope, this 

observation suggests that the C-terminus was degraded and therefore localized to the 

intermembrane space (Supplemental 3C). We also tested OCIAD1 localization and 

topology using a bipartite split GFP complementation assay, in which the 11 stranded β- 

barrel GFP fluorophore is reconstituted from a separately expressed N-terminal β-

strands (GFP1-10) and a C-terminal 16 amino acid β-strand (GFP11), as previously 

described (Hyun et al., 2015). Specifically, we created U2OS cells stably expressing 

GFP1-10 targeted either to the matrix or intermembrane space (IMS) and transiently 

expressed proteins tagged with GFP11. We validated this system by expressing known 

matrix and IMS proteins, CoQ9 and MICU1, respectively, with C-terminal GFP11 tags 

and measuring the efficiency of GFP complementation by flow cytometry 

(Supplementary Figure 3D). CoQ9-GFP11 complemented GFP only when expressed in 

matrix-targeted GFP1-10 cells, consistent with its matrix localization (Johnson et al., 

2005). Conversely, MICU1-GFP11 only produced GFP signal when expressed in IMS-

targeted GFP1-10 cells, consistent with its localization to the IMS (Hung et al., 2014; Tsai 

et al., 2016). With a validated topology assay in hand, we transiently expressed 

OCIAD1 tagged with GFP11 at either the N- or C-terminus and observed GFP 

fluorescence signal only in the IMS-targeted GFP1-10 cells (Supplementary Figure 3D). 
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Together, these data indicate that OCIAD1 is a transmembrane protein embedded in 

the mitochondrial inner membrane with its N- and C-termini facing the IMS (Figure 3E).  

OCIAD1 interacts with the supramolecular prohibitin complex.  

To gain insight into how OCIAD1 facilitates steady state Complex III assembly, we 

mapped its interactome using affinity enrichment mass spectrometry (AE-MS). We 

immunopurified OCIAD1 from DSP-crosslinked cell lysates prepared from K562 

OCIAD1 knockdown cells and K562 OCIAD1 knockdown cells rescued with wildtype 

OCIAD1 and analyzed the eluates by label-free quantitative mass spectrometry (Figure 

4A, Table S2, S3). We identified Complex III subunits and assembly factors, which 

supports our BN-PAGE data indicating that OCIAD1 regulates Complex III assembly 

(Figure 4A, in green). In addition, we identified subunits of the prohibitin complex, PHB1 

and PHB2, as potential OCIAD1 interactors (Figure 4A, in dark purple), consistent with 

previously published work (Richter-Dennerlein et al., 2014). We also identified several 

prohibitin interactors, including C1QBP, COX4I1, and DNAJC19, the mitochondrial m-

AAA proteases AFG3L2 and SPG7, as well as the AFG3L2-interactor MAIP1, and the 

protease IMMP2L, all previously identified in published studies examining the prohibitin 

interactome (Richter-Dennerlein et al., 2014; Yoshinaka et al., 2019) (Figure 4A, in light 

green). Prohibitins form large hetero-oligomeric ring complexes composed of 

assemblies of PHB1/PHB2 dimers in the inner membrane of mitochondria (Tatsuta et 

al., 2004). These complexes are thought to constitute molecular scaffolds that define 

functional domains to regulate the lateral distribution of membrane lipids and proteins 

within the inner mitochondrial membrane (Osman et al., 2009; Richter-Dennerlein et al., 

2014). Prohibitin structures associate with the inner membrane matrix-AAA protease to 

modulate their activity in both the specific processing of inner membrane proteins and 

the targeted degradation of unassembled inner membrane proteins (Bonn et al., 2011; 

Ehses et al., 2009; Koppen et al., 2009; Li et al., 2019; Merkwirth et al., 2008; Steglich 

et al., 1999).  

We also examined the molecular features of native OCIAD1 by BN-PAGE to assess 

potential interactors. Specifically, LMNG-solubilized mitochondria isolated from K562 

control and OCIAD1 knockdown cells, as well as K562 rescue cells expressing wildtype 
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OCIAD1, were analyzed by BN-PAGE followed by Western analysis using anti-OCIAD1 

antibodies (Figure 4B, left panel). This analysis demonstrated that the majority of 

OCIAD1 associates with large 0.9-1MDa supramolecular assemblies that co-migrate 

with prohibitin (Figure 4B,C). To test whether OCIAD1 and prohibitin interact within the 

0.9-1MDa supramolecular assemblies, we performed an in-gel mobility shift assay. For 

this purpose, LMNG-solubilized mitochondrial membranes from K562 cells were 

incubated with either vehicle alone or with anti-PHB2 antibody and subjected to BN-

PAGE, followed by Western analysis using anti-PHB2 or OCIAD1 antibodies. Pre-

incubation of mitochondrial membranes with anti-PHB2 antibody, but not vehicle, 

retarded the migration of both PHB2 and OCIAD1 supramolecular assemblies to a 

similar degree (Figure 4D, compare dashed and solid lane line scans, respectively). 

Thus, together our data indicate that OCIAD1 associates with prohibitin complexes in 

the inner mitochondrial membrane.  

The OCIAD1 paralog, OCIAD2, has similar topology and interacts with prohibitin but is 

not functionally redundant with OCIAD1 

OCIAD1 has a paralog in vertebrates, OCIAD2, which likely arose from tandem gene 

duplication of a common ancestor around 435–500 million years ago (Sinha et al., 

2018). The paralogs share domain structure and significant homology (Supplementary 

Figure 4A) and have been reported to hetero-oligomerize (Sinha et al., 2018), 

suggesting a shared function. Using indirect immunofluorescence, carbonate extraction, 

and protease protection analysis, we showed that, as expected, OCIAD2 localized to 

mitochondria with a topology similar to OCIAD1 (Supplementary Figure 4 B-D).  

We examined whether OCIAD2, like OCIAD1, functions in Complex III assembly. 

OCIAD2 was not a hit in our antimycin A screen (Supplementary Figure 5A) and 

Western blot analysis indicated that the K562 cells used in our CRISPRi screen do not 

express OCIAD2 (Supplementary Figure 5B). Therefore, we used U2OS cells, which 

express both paralogs, and generated individual and double OCIAD1/OCIAD2 

knockdown cell lines, by identifying OCIAD2 shRNAs that efficiently silenced OCIAD2 

expression (Supplementary Figure 5C, shRNA1-3). Similar to our results in K562 cells, 

expression of sgRNA#2 against OCIAD1 effectively suppressed OCIAD1 expression in 
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U2OS cells (0.86 ± 0.43% of control) but did not affect OCIAD2 expression (104.38 ± 

18.48% of control; Supplementary Figure 5D). Conversely, expressing a shRNA 

targeting OCIAD2 selectively silenced OCIAD2 expression in U2OS cells (8.17 ± 2.75% 

of control), but did not alter OCIAD1 levels (92.89 ± 8.46% of control; Supplementary 

Figure 5D). We next examined the abundance of CIII2 in the different cell lines by BN-

PAGE analysis of mitochondria isolated from cells grown in glucose-free media 

containing galactose. Knockdown of OCIAD1 in U2OS cells decreased steady-state 

levels of CIII2 relative to control cells, consistent with our observations in K562 cells. In 

contrast, knockdown of OCIAD2 did not affect CIII2 levels (Supplementary Figure 5E). 

Given that this analysis was performed on cells grown in glucose-free media containing 

galactose, we considered whether the role of OCIAD1 and OCIAD2 in CIII2 assembly 

was modulated by carbon source/metabolism. We used BN-PAGE to monitor CIII2 

levels in U2OS cells grown in media containing glucose (Supplementary Figure 6). 

Similar to galactose media, CIII2 abundance was markedly reduced in mitochondria 

from OCIAD1 knockdown cells grown in glucose media, but not in OCIAD2 knockdown 

cells, indicating that OCIAD1, but not OCIAD2, affects the assembly of Complex III 

under our experimental conditions. 

To gain insight into OCIAD1 and OCIAD2 function, we also used untargeted quantitative 

mass spectrometry to compare the whole-cell proteomes of control U2OS cells, U2OS 

cells with individual or double OCIAD1/OCIAD2 knockdown, and OCIAD1 knockdown 

U2OS cells in which OCIAD1 expression was reintroduced by lentiviral delivery. Overall, 

the proteome was resilient to loss of OCIAD1 and OCIAD2 expression, as only 38 

proteins were significantly affected in at least one of the different cell lines 

(Supplementary Figure 7A). As expected, OCIAD1 and OCIAD2 were significantly 

downregulated in the individual and double knockdown cell lines, while GFP was only 

observed in OCIAD1 knockdown cell line in which OCIAD1 expression was reintroduced 

by lentiviral transduction using GFP as a selection marker. Hierarchical clustering of 

significantly affected proteins identified a small cluster tightly associated with OCIAD1 

(Supplementary Figure 7A, red box), containing 4 of the 10 subunits of Complex III, 

including UQCRC1, UQCRC2, UQCRB, and cytochrome c1 (CYC1), as well as 

COX7A2L, which regulates Complex III biogenesis by promoting the assembly of CIII2 
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with CIV to form the CIII2CIV supercomplex (Lobo-Jarne et al., 2018). All proteins in this 

cluster were selectively downregulated in the individual OCIAD1 knockdown and 

OCIAD1/OCIAD2 double knockdown cell lines, but unaffected in the OCIAD1 rescued 

cell line and in OCIAD2 knockdown cells (Supplementary Figure 7A). We validated 

these observations using Western blotting and showed that steady-state levels of 

UQCRC1, UQCRC2, and CYC1 were reduced in mitochondria isolated from OCIAD1 

knockdown cells, but not OCIAD2 knockdown cells (Supplementary Figure 7B and 

Figure 5 E,F).  

Although OCIAD2 does not have a measurable effect on Complex III biogenesis under 

our conditions, BN-PAGE analysis and Western analysis of mitochondria from U2OS 

cells using anti-OCIAD2 antibody demonstrated that, like OCIAD1, OCIAD2 co-migrates 

with prohibitin complexes independent of OCIAD1 (Supplementary Figure 4E). 

Reciprocally, OCIAD2 is not required for the association of OCIAD1 with prohibitin 

complexes as OCIAD1 migrated as 0.9-1MDa assemblies in K562 cells that do not 

express OCIAD2 (Figure 4C). Therefore, our data suggest that OCIAD1 and OCIAD2 

paralogs experienced functional diversification during evolution. However, as OCIAD1 

and OCIAD2 have been reported to interact (Sinha et al., 2018), we cannot exclude the 

possibility that OCIAD2 may modulate the role of OCIAD1 in Complex III regulation in a 

context-dependent manner. 

OCIAD1 is required for the processing of cytochrome c1. 

To determine the functional significance of OCIAD1 interactors, we asked which 

interactions were modulated by OCIAD1 loss-of-function in Complex III assembly. To 

identify OCIAD1 loss-of-function alleles, we performed a structure-function analysis by 

initially creating tiled deletions along the C-terminus of OCIAD1 and identified a 

segment of the conserved OCIA domain essential for OCIAD1 function in CIII2 assembly 

(Supplementary Figure 8 A and B). Sequence alignments of OCIAD1 genes from distant 

phylogenetic species identified a highly conserved phenylalanine residue (F102) within 

this region (Supplementary Figure 8C, red box), which we mutated to an alanine. 

Western blot analysis of mitochondria isolated from K562 OCIAD1 knockdown cells 

exogenously expressing either wildtype (WT) or mutated (F102A) OCIAD1 indicated 
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that OCIAD1 F102A was expressed at near endogenous levels in rescued cells (Figure 

5A). We examined Complex III assembly by BN-PAGE analysis of mitochondria isolated 

from K562 OCIAD1 knockdown cells rescued with either wildtype or OCIAD1 F102A. In 

contrast to cells expressing wildtype OCIAD1, cells expressing the F102A mutant had 

decreased levels of Complex III, indicating that F102A constitutes a loss-of-function 

mutation (Figure 5B).  

We compared the interactomes of wildtype OCIAD1 and OCIAD1 F102A using AE-MS. 

OCIAD1 was immunopurified from DSP-crosslinked whole-cell lysates prepared from 

OCIAD1 knockdown cells rescued with either wildtype OCIAD1 or OCIAD1 F102A and 

analyzed by label-free quantitative mass spectrometry, as in Figure 4A. This analysis 

revealed a selective enrichment of CYC1, one of three catalytic CIII2 subunits, in cells 

rescued with wildtype OCIAD1 versus OCIAD1 F102A (Figure 5C, Table S3, S4). These 

data suggest that the function of OCIAD1 in Complex III assembly is dependent on its 

interaction with CYC1. 

CYC1 contains a single covalently attached heme prosthetic group that facilitates the 

transfer of electrons from the Rieske iron–sulfur protein to cytochrome c. It is 

synthesized on cytosolic ribosomes as an apoenzyme precursor with a bipartite signal 

sequence that is processed in two steps during import. The CYC1 precursor is first 

processed to an intermediate form by the matrix metalloprotease (MPP), which removes 

the matrix targeting sequence (Gasser et al., 1982; Ndi et al., 2018; Nicholson et al., 

1989). The matrix targeting sequence is followed by a stretch of hydrophobic residues 

that functions as a signal that stops the translocation of the mature protein across the 

inner membrane, allowing CYC1 to localize to the intermembrane space. The stop 

transfer signal is processed by IMMP2L, a signal peptidase-like protease (Gasser et al., 

1982; Ndi et al., 2018; Nicholson et al., 1989; Nunnari et al., 1993). IMMP2L processing 

requires the covalent addition of a heme moiety to CYC1, catalyzed by holocytochrome 

c-type synthase (HCCS), and completes the formation of mature holo-CYC1 (Ndi et al., 

2018; Nicholson et al., 1989).  

IMMP2L was identified in our OCIAD1 interactome analysis (Figure 4A) and also in a 

prohibitin interactome analysis (Yoshinaka et al., 2019). Therefore, we assessed 
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whether OCIAD1 regulates CYC1 maturation using Western blotting analysis of 

digitonin-solubilized mitochondria. CYC1 levels were significantly reduced in OCIAD1 

knockdown cells (Figure 5 D and E), consistent with our unbiased mass spectrometry 

data (Supplementary Figure 7). In addition, two larger molecular weight CYC1 species, 

likely corresponding to the precursor and intermediate forms, accumulated in OCIAD1 

knockdown cells as compared to control cells (Figure 5 D and E). This phenotype was 

also observed in OCIAD1 knockdown cells expressing the OCIAD1 loss-of-function 

truncation (Δ97-115), which failed to rescue CIII2 assembly (Supplementary Figure 8A). 

These data indicate that OCIAD1 function is required for normal CYC1 processing. 

Given that hemylation is required for IMMP2L processing of CYC1 (Nicholson et al., 

1989), we also examined whether CYC1 hemylation was dependent on OCIAD1 

function. As CYC1 contains a covalently linked heme moiety, we directly assessed 

CYC1 hemylation by chemiluminescence of mitochondrial fractions analyzed by SDS-

PAGE as previously described (Dorward, 1993; Feissner et al., 2003). The slower 

migrating CYC1 species that accumulate in OCIAD1 knockdown cells and OCIAD1 

Δ97-115 truncated cells were fully hemylated (Figure 5 D,E and Supplementary Figure 

9A). The hemylation levels of the slower-migrating CYC1 species in OCIAD1 

knockdown cells were proportional to CYC1 abundance, indicating that OCIAD1 

knockdown cells have a CYC1 hemylation ratio comparable to mature CYC1 in control 

cells (Figure 5E). These data indicate that OCIAD1 is not required for CYC1 hemylation. 

The CYC1 maturation defect was not detected in OCIAD2 knockdown cells and, thus, 

was specific to loss of OCIAD1 function (Figure 5D and E). This is consistent with our 

results showing that OCIAD2 was not required for CIII2 assembly and the conclusion 

that OCIAD1 and OCIAD2 are functionally divergent (Supplementary Figures 5 and 6).  

To further investigate the role of OCIAD1 in CYC1 processing, we examined the status 

of CYC1 in CIII2 in OCIAD1 knockdown cells. We measured the hemylation efficiency of 

CYC1 in CIII2 resolved by native PAGE (Supplementary Figure 9 B). Although CIII2 

levels were reduced in OCIAD1 knockdown cells, the extent of hemylation in CIII2 was 

comparable to that of wildtype cells (compare Figure 5F and Supplementary Figure 9C). 

We also used 2D-native/SDS-PAGE and found that CIII2 from OCIAD1 knockdown cells 
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contains higher molecular weight CYC1 species (Figure 6A). Thus, unprocessed but 

hemylated CYC1 is incorporated in CIII2 in OCIAD1 knockdown cells.  

To better characterize the nature of the CYC1 processivity defect in CIII2, we identified 

CYC1 peptides using mass spectrometry analysis of BN-PAGE gel slices containing 

CIII2 assemblies ranging from ~600-900kDa excised from control cells, OCIAD1 

knockdown cells, and OCIAD1 knockdown cells rescued with wildtype OCIAD1 (Figure 

6B). An internal peptide from mature CYC1 (LFDYFPKPYPNSEAAR) was reliably 

identified in CIII2 assemblies from mitochondria isolated from all cell types, albeit at 

lower levels in knockdown cells. This is consistent with our whole-cell proteomics and 

Western blot results showing reduced steady-state levels of CYC1 in OCIAD1 

knockdown cells and an overall reduction in CIII2 assemblies by BN-PAGE. We also 

identified a peptide (TPQAVALSSK), N-terminal to the CYC1 hydrophobic bipartite 

sequence, that was uniquely detected in CIII2 assemblies isolated from OCIAD1 

knockdown cells (Figure 6B, lower panel), consistent with the accumulation of the 

precursor form of CYC1 in OCIAD1 knockdown cells. Conversely, a peptide 

(SDLELHPPSYPWSHR) representing the N-terminus of mature CYC1, as determined 

by N-terminone sequencing analysis of the human mitochondrial proteome (Vaca 

Jacome et al., 2015), was only reliably identified in CIII2 assemblies from control and 

rescued cells, but not from OCIAD1 knockdown cells (Figure 6B, middle panel). This 

peptide is not preceded by an arginine or lysine residue and thus was not produced by 

tryptic digestion of the CYC1 precursor. Therefore, this peptide distinctly identifies the 

N-terminus of the mature version of CYC1 (Vaca Jacome et al., 2015). Taken together, 

our results are consistent with OCIAD1 regulating the proteolytic processing and 

maturation of the holocytochrome c1 precursor.  

Discussion 

Our data indicate that OCIAD1 is a conserved regulatory determinant of CIII2 assembly 

that controls the proteolytic processing of holocytochrome c1. Cytochrome bc1 

complexes are highly conserved, found in photosynthetic and respiring bacterial plasma 

membranes of phylogenetically distant species, as well as in eukaryotic cells in 

mitochondria and in chloroplasts as the related cytochrome b6f complex (Trumpower, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


1990). The comparison of high resolution atomic models of cytochrome bc1 complexes 

in plants, fungi, and mammals revealed that despite their modest sequence homology, 

they exist as dimers (CIII2) displaying exceptional structural conservation of all three 

catalytic subunits (Maldonado et al., 2021). In all CIII2 atomic models, mature 

holocytochrome c1 possesses one C-terminal transmembrane helix and an N-terminal 

domain composed of 6 α-helices and 2-strand β-sheet extending in the IMS (Maldonado 

et al., 2021; Xia et al., 1997). This topology is achieved via the highly conserved 

process of CYC1 maturation. CYC1 contains a bipartite targeting signal composed of 

two sequential N-terminal presequences: a mitochondrial targeting signal (MTS) 

processed in the matrix by the MPP and a hydrophobic inner membrane sorting domain. 

Following hemylation of CYC1 by the heme lyase HCCS, the hydrophobic inner 

membrane sorting domain is processed by IMMP2L, a subunit of the inner membrane 

signal peptidase complex (Arnold et al., 1998; Nicholson et al., 1989; Nunnari et al., 

1993; Römisch et al., 1987; Sadler et al., 1984; van Loon et al., 1987; Wachter et al., 

1992). The MTS of CYC1 is required for its targeting to mitochondria; however, its 

removal by MPP is not required for the heme-dependent maturation of CYC1 by 

IMMP2L. Thus, both precursor and intermediate forms CYC1 can be hemylated and the 

bipartite sequence can be cleaved in a single step by the IMMP2L, without the removal 

of the MTS by the MPP (Nicholson et al., 1989). Consistent with this, two fully 

hemylated CYC1 species of higher molecular weight accumulate in OCIAD1 knockdown 

and mutant cells and likely represent the precursor and intermediate holocytochrome c1. 

Our OCIAD1 interactome analysis identified IMMP2L (Figure 4A), which is required for 

the second processing step of CYC1. IMMP2L was also identified in a prohibitin 

interactome analysis (Yoshinaka et al., 2019). Thus, overall, our results suggest that 

OCIAD1 regulates CYC1 processing by both MPP and IMMP2L.  

OCIAD1 and its related paralog OCIAD2 are highly conserved in metazoans. In 

addition, remote protein homology detection using HHpred analysis found homology 

similarity between OCIAD1 and the yeast protein COX20. COX20 has a similar size and 

topology to OCIAD1. Both proteins are integral inner membrane proteins with N- and C-

termini located in the intermembrane space (Tzagoloff et al., 2000). COX20 is a 

chaperone involved in the biogenesis of CIV where it binds to newly synthesized 
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mitochondrially-encoded Cox2. COX20 helps present Cox2, a CIV subunit synthesized 

as a precursor protein in yeast, to the inner membrane peptidase complex to facilitate 

the proteolytic removal of its N-terminal presequence by Imp2 (Elliott et al., 2012; 

Nunnari et al., 1993; Tzagoloff et al., 2000). Our study indicates that OCIAD1 serves a 

conserved function by facilitating the proteolytic processing of CYC1. 

Processing of CYC1 to its mature form is not essential for its function in CIII2 as 

mitochondrial respiration, including CIII2 activity, is not affected in IMMP2L mutant mice 

(Bharadwaj et al., 2014; Lu et al., 2008). Consistent with this, we found that immature 

holocytochrome c1 can be successfully incorporated into CIII2 and CIII2-containing 

supercomplexes in OCIAD1 knockdown and mutant cells. In this context, the functional 

significance of proteolytic processing of cytochrome c1 is unclear, although it is an 

evolutionary conserved process. It is possible that CIII2 complexes containing immature 

holocytochrome c1 have increased superoxide production, which can be detrimental to 

mitochondrial function (Lu et al., 2008). However, in contrast to IMMP2L mutant mice 

(Bharadwaj et al., 2014; Lu et al., 2008), steady-state levels of CYC1 were also 

substantially reduced in OCIAD1 knockdown cells, consistent with the observed 

antimycin A-sensitization growth phenotype of OCIAD1 knockdown cells. This 

observation suggests that OCIAD1 may function also as a chaperone that stabilizes 

newly imported CYC1.  

We demonstrate that under native conditions, a majority of OCIAD1 associates with 

prohibitins to form supramolecular complexes of ~1MDa, consistent with published 

prohibitin interactomes (Richter-Dennerlein et al., 2014; Yoshinaka et al., 2019). 

OCIAD1 is likely a direct prohibitin interactor given that residue-to-residue contacts were 

identified between prohibitin and OCIAD1 peptides using cross-linking mass 

spectrometry analysis (Liu et al., 2018; Yoshinaka et al., 2019). Prohibitins are 

members of the SPFH superfamily of scaffold proteins and form large ring-like 

structures in membranes, which are thought to create functionally specialized protein 

and lipid domains within the crowded environment of the IMM (Osman et al., 2009). 

Consistent with this model, prohibitins, and the related SPFH scaffold, SLP2, have been 

shown to sequester inner membrane associated proteases to gate their access to 

proteolytic substrates (Merkwirth et al., 2008; Steglich et al., 1999). IMMP2L was 
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identified in the prohibitin interactome by proximity labeling (Yoshinaka et al., 2019). 

Thus, we propose that within prohibitin assemblies OCIAD1 targets precursor CYC1 to 

the IMMP2L peptidase. 

Methods 

Cell culture 

K562 cells and derivatives were cultured in “RPMI+glucose” (RPMI 1640 from HyClone 

(cat# SH30255F) or Gibco (cat# 72400047) supplemented with 10% fetal bovine serum 

(FBS), 100 units/mL penicillin, and 100 µg/mL streptomycin) or glucose-free 

“RPMI+galactose” (RPMI 1640 from Gibco (cat# 11879020) supplemented with 10mM 

galactose, 25mM HEPES, 10% FBS, 100 units/mL penicillin, 100 µg/mL streptomycin) 

where indicated. U2OS cells and derivatives, as well as HEK293T cells, were cultured 

in “DMEM+glucose” (DMEM from Gibco (cat# 12430054) supplemented with 10% FBS, 

100 units/mL penicillin, 100 µg/mL streptomycin) or glucose-free “DMEM+galactose” 

(DMEM from Gibco (cat# 11966025) supplemented with 10mM galactose, 10% FBS, 

100 units/mL penicillin, 100 µg/mL streptomycin) where indicated. 

Cloning and plasmid construction 

Sequences of oligonucleotides used for cloning are provided in Table S5. Cloning was 

performed using Phusion or Platinum SuperFi high fidelity DNA polymerases (Thermo 

Scientific, cat# F530S and 12351010) and Gibson assembly master mix (New England 

BioLabs, cat# E2611). Individual OCIAD1 sgRNA and OCIAD2 shRNA vectors were 

generated by annealed oligo cloning of top and bottom oligonucleotides (Integrated 

DNA Technologies, Coralville, IA) into an optimized lentiviral pU6-sgRNA Ef1α-Puro-

T2A-BFP vector digested with BstXI/BlpI (Addgene, cat# 84832) and a pLKO.1 

backbone digested with AgeI/EcoRI (Addgene, cat# 26655), respectively. OCIAD1 was 

initially cloned from human cDNA into a pAcGFP-N1 vector (Clontech, Mountain View, 

CA). The GFP1-10 vectors were cloned by Gibson assembly into a FUGW lentiviral 

backbone (Addgene, cat# 14883) digested with BamHI/EcoRI. The MTS- and IMS-

targeting sequences were ordered as gene blocks (Integrated DNA Technologies, 

Coralville, IA) and the GFP1-10 fragment was cloned from a pCMV-mGFP1–10 plasmid 

(Van Engelenburg and Palmer, 2010). The mitochondrial targeting signal (MTS) from 
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yeast COX4 (a.a. 1-21) (Friedman et al., 2011) and the IMS-targeting signal from 

MICU1 (a.a. 1-60) (Gottschalk et al., 2019; Hung et al., 2014; Tsai et al., 2016) were 

chosen to target GFP1-10 to the matrix or IMS, respectively. The pGFP11-N1 and 

pGFP11-C1 vectors were cloned by Gibson assembly into a pEGFP-N1 backbone 

digested with BamHI/NotI to replace the GFP gene with the GFP11 β-barrel (Clontech, 

Mountain View, CA). The GFP11 fragments were ordered as gBlocks (Integrated DNA 

Technologies, Coralville, IA) and contained a strategically located BamHI cloning site for 

easy N- or C-terminal tagging. CoQ9 and MICU1 genes were cloned from human cDNA 

and inserted into a BamHI-digested pGFP11-N1 vector by Gibson assembly to generate 

the pCoQ9-GFP11 and pMICU1-GFP11 plasmids. Similarly, OCIAD1 was amplified from 

the pAcGFP-OCIAD1 plasmid and cloned into BamHI-digested pGFP11-N1 and pGFP11-

C1 vectors to create the pOCIAD1-GFP11 and pGFP11-OCIAD1 plasmids, respectively. 

OCIAD1 was also amplified from the pAcGFP-OCIAD1 plasmid and cloned into a 

XbaI/BamHI-digested pUltra-EGFP backbone (Addgene, cat# 24129) to generate a 

lentiviral vector expressing the GFP-OCIAD1 fusion gene containing a “self-cleaving” 

P2A sequence. The OCIAD1 F102A point mutant was generated from this pUltra-

OCIAD1 vector using site-directed mutagenesis. We also generated an OCIAD1 

construct with a C-terminal StrepII tag preceded by a TEV cleavage site. For this, 

OCIAD1 was amplified from the pAcGFP-OCIAD1 plasmid and inserted into a 

XbaI/BamHI-digested pUltra-EGFP vector by Gibson assembly, together with a gBlock 

(Integrated DNA Technologies, Coralville, IA) encoding the TEV-StrepII sequence. The 

OCIAD1 truncation constructs were generated by inverse PCR using the pAcGFP-

OCIAD1 and pUltra-OCIAD1-TEV-StrepII vectors as templates. Finally, to generate 

lentiviral vectors expressing the truncated OCIAD1 isoforms with a C-terminal GFP tag, 

the entire OCIAD1-GFP cassette containing the deletion was amplified from the various 

pAcGFP-OCIAD1 truncated constructs and cloned by Gibson assembly into a FUGW 

plasmid digested with BamHI/EcoRI to remove its GFP gene. 

Lentivirus production, infection, and generation of cell lines 

Lentivirus were generated by transfecting HEK293T cells with standard packaging 

vectors using TransIT-LT1 Transfection Reagent (Mirus Bio, Madison, WI) or 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s 
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instructions. Briefly, HEK293T were plated in a 6 wells plate on day 0 (0.5x106 cells per 

well) and transfected on day 1 with a liposome/DNA mixture containing the following 

packaging plasmids (0.1µg of pGag/Pol, 0.1µg of pREV, 0.1µg of pTAT, and 0.2µg of 

pVSVG) and 1.5µg of lentiviral vector. On days 3 and 4, the media was replenished with 

3mL of fresh DMEM+glucose media. On days 4 and 5, the viral suspensions were 

harvested, pooled, pelleted at 1000g for 5min, and the supernatant was filtered through 

0.45μm PES filters (Thermo, cat# 725-2545). The viral suspension was either used 

directly or kept frozen at -80oC until transduction. For transduction, U2OS and K562 

cells were plated in 6-well plates (175000 and 200000 cells/well respectively) and 

infected with 0.5-2ml of viral suspension supplemented with polybrene at a final 

concentration of 8µg/mL. Infected cells were grown for several days before selection 

with antibiotics or FACS. 

K562 dCas9-KRAB cells were previously published (Gilbert et al., 2013). U2OS dCas9-

KRAB cells were generated by lentiviral transduction with pMH0006 (Addgene, cat# 

135448; Chen et al., 2019) and selected for BFP expression by FACS. CRISPRi 

knockdown and control cell lines were generated by subsequent lentiviral transduction 

of dCas9 lines with plasmids containing individual sgRNAs (pOCIAD1sgRNA1 or 

pOCIAD1sgRNA2) or a non-targeting sgRNA (see Table S5 and selected for higher 

levels of BFP expression by FACS. OCIAD1 knockdown cell lines rescued with wildtype 

or F102A OCIAD1 (except in Supplementary Figures 3, 8, 9) were generated by 

lentiviral transduction with plasmids pUltra-OCIAD1 and pUltra-OCIAD1(F102A), 

respectively, and selected for GFP expression by FACS. The U2OS OCIAD2 shRNA 

knockdown cells were generated by lentiviral transduction with plasmids containing 

individual shRNAs and selected with 15µg/ml blasticidin for 7 days. The U2OS 

OCIAD1/2 double knockdown cell line was generated by infecting stable U2OS 

CRISPRi cells stably expressing sgRNA#2 (above) with the lentivirus vector pLKO1-

OCIAD2_shRNA1 and selecting infected cells with 15µg/ml blasticidin for 7 days. A 

control cell line was generated by infecting U2OS cells stably expressing a non-

targeting sgRNA (above) with the lentivirus vector pLKO.1-blast-Scramble (Addgene, 

cat# 26701) expressing a non-targeting shRNA sequence and selected with 15µg/ml 

blasticidin for 7 days. Cell lines expressing truncated OCIAD1 constructs 
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(Supplementary Figures 3, 8, 9) were generated by lentiviral infection of CRISPRi cells 

stably expressing sgRNA#2 (above) with the indicated pFUGW-OCIAD1 and pUltra-

OCIAD1-TEV-StrepII lentiviral vectors and selected for GFP by FACS. U2OS cells 

stably expressing matrix- or IMS-targeted GFP1-10 were generated by lentiviral 

transduction with the plasmids pMTS-GFP1-10 and pIMS-GFP1-10, respectively. 

Genome-scale CRISPRi screening 

Genome-scale CRISPRi screens were conducted as previously described (Gilbert et al., 

2014; Horlbeck et al., 2016; Jost et al., 2017). Briefly, K562 cells expressing dCas9-

KRAB were transduced with the pooled hCRISPRi-v2 sgRNA library (Horlbeck et al., 

2016) and selected for 2 days with 0.75µg/ml puromycin. Cells were then allowed to 

recover for 2 days in puromycin-free media before freezing library-containing cell 

aliquots (150x106 cells per aliquot) under liquid nitrogen. After subsequent expansion 

and freezing while maintaining equivalent cell numbers, biological replicates were 

performed from two independent cell aliquots. Upon thawing, cells were recovered in 

RPMI+glucose for 4 days followed by 6 days conditioning in RPMI+galactose. At this 

point, t0 samples with a minimum 750x library coverage (150x106 cells) were harvested 

while 250x106 cells each were seeded in separate 3L spinner flasks (500ml of media at 

0.5x106 cells/ml) for treatment. Cells were treated with four pulses of antimycin (3.5-

3.75nM) or vehicle (ethanol), consisting of 24h drug treatment, washout, and 48h 

recovery. For the duration of the screen, cells were maintained in RPMI+galactose at 

0.5x106 cells/mL by daily media dilution (minimum daily coverage approximately 1000 

cells per sgRNA). At the end of the screen, endpoint samples from treated and vehicle-

treated population (150x106 cells each) were harvested and frozen. Genomic DNA was 

isolated from frozen cell pellets at the indicated time points and the sgRNA-encoding 

region was enriched, amplified, and processed for sequencing on an Illumina HiSeq 

4000 platform as described previously (Horlbeck et al., 2016).  

Sequencing reads were aligned to hCRISPRi-v2 library and counted using the Python-

based ScreenProcessing pipeline (https://github.com/mhorlbeck/ScreenProcessing) 

(Horlbeck et al., 2016). Negative control genes were generated and phenotypes and 

Mann-Whitney p-values were calculated as described previously (Gilbert et al., 2014; 
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Horlbeck et al., 2016; Jost et al., 2017). Briefly, antimycin A sensitivity phenotypes (ρ) 

were determined by calculating the log2 fold change in counts of an sgRNA in the 

treated and untreated samples, subtracting the equivalent median value for all non-

targeting sgRNAs, and dividing by the number of population doubling differences 

between the treated and untreated populations (Gilbert et al., 2014; Jost et al., 2017; 

Kampmann et al., 2013). Phenotypes from sgRNAs targeting the same gene were 

collapsed into a single phenotype for each gene using the average of the three sgRNAs 

with the strongest phenotypes by absolute value and assigned a p-value using the 

Mann-Whitney test of all sgRNAs targeting the same gene compared to the non-

targeting controls. For genes with multiple independent transcription start sites (TSSs) 

targeted by the sgRNA library, phenotypes and p-values were calculated independently 

for each TSS and then collapsed to a single score by selecting the TSS with the lowest 

Mann-Whitney p-value, as described previously (Gilbert et al., 2014; Horlbeck et al., 

2016; Jost et al., 2017). Read counts and phenotypes for individual sgRNAs are 

available in Table S6 Gene-level phenotypes are available in Table S1 

Validation of individual sgRNA phenotypes 

The antimycin screen phenotype was validated by a growth competition assay using 

K562 cells expressing individually cloned sgRNAs. In short, K562 dCas9-KRAB cells 

were mixed with an equal number of K562 CRISPRi cells expressing a non-targeting 

sgRNA or sgRNA against OCIAD1. The sgRNA expression construct expressed a BFP 

reporter to identify infected cells. Of note, the dCas9-KRAB construct also expressed 

BFP fused to dCas9, but the BFP fluorescent intensity was dim and sgRNA-infected 

cells were clearly distinguishable from dCas9 cells by flow cytometry. For simplicity, 

K562 CRISPRi cells are refer to as BFP+ in the text. Cells were grown for 24h in 

RPMI+galactose containing either antimycin (5nM) or vehicle (ethanol), washed, and 

allowed to recover for 72h. The proportion of BFP-positive cells in each cell mixture was 

determined at the indicated time points using an Amnis Imagestream X (Luminex, 

Austin, TX) flow cytometer.  

Mitochondria isolation 
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For mitochondria isolation, all procedures were performed on ice or at 4oC. U2OS cells 

were grown to confluency in 150mm petri dishes and washed three times with 15mL of 

cold homogenization buffer (10mM HEPES, 1mM EDTA, 210mM mannitol, 70mM 

sucrose, pH 7.4 at 4oC). Cells were harvested by scraping in cold homogenization 

buffer (0.75mL per plate) supplemented with 1x protease inhibitor cocktail 

(MilliporeSigma, Burlington, MA) and lysed with 6-8 strokes of a glass Dounce 

homogenizer fitted with a tight pestle. At this point, a small fraction of homogenate was 

immediately snap frozen on liquid nitrogen and stored at -80oC for whole cell proteomics 

analysis as described below. For K562 suspension cells, cells were harvested by 

centrifugation (1000g, 5min), washed with cold homogenization buffer, re-pelleted 

(1000g, 5min), and incubated on ice for 20 min in swelling buffer (10mM HEPES, 1mM 

EDTA, pH 7.4 at 4oC) supplemented with 1x protease inhibitor cocktail (MilliporeSigma, 

Burlington, MA). Cells were then lysed with 25 strokes of a glass Dounce homogenizer 

fitted with a tight pestle and immediately diluted with 2x homogenization buffer (10mM 

HEPES, 1mM EDTA, 420mM mannitol, 140mM sucrose, supplemented with 1x 

protease inhibitor cocktail, pH 7.4 at 4oC) to a final concentration of 10mM HEPES, 

1mM EDTA, 210mM mannitol, 70mM sucrose. The homogenate was centrifuged at 

~1300g for 5min to remove nuclei, unbroken cells, and large cellular debris and the 

supernatant was centrifuged at ~14000g for 10min at 4oC. The crude mitochondrial 

pellet was resuspended in homogenization buffer supplemented with 1x protease 

inhibitor cocktail prior to measuring protein concentration using a bicinchoninic acid 

(BCA) assay (Pierce, Waltham, MA). Mitochondrial samples were either used 

immediately or snap frozen in 50 or 200µg aliquots on liquid nitrogen and stored at -

80oC. 

Native PAGE analysis 

Blue-Native (BN-) and Clear-Native (CN-) PAGE analyses were performed as 

previously described (Wittig et al., 2007, 2006). All procedures were performed on ice or 

at 4oC. Mitochondrial aliquots (200µg) were thawed on ice, diluted with 1mL of 

solubilization buffer (50mM imidazole, 50mM NaCl, 2mM 6-Aminohexanoic acid, 1mM 

EDTA, pH7.0 at 4oC), and pelleted at 21300g for 10min. The supernatant was removed 

and the mitochondrial pellet was resuspended in 20µL of solubilization buffer 
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supplemented with digitonin (Calbiochem, cat# 300410) or Lauryl Maltose Neopentyl 

Glycol (LMNG) (Anatrace, Maumee, OH) to a final detergent-to-protein ratio of 4 g/g and 

1 g/g, respectively. Samples were solubilized on ice for ~15 min and centrifuged at 

21300g for 20min. The supernatant was collected and protein concentration was 

measured using a BCA assay kit (Pierce, Waltham, MA).  

For BN-PAGE, solubilized mitochondrial membranes were supplemented with 50% 

glycerol to a final concentration of 5% and Coomassie blue G-250 dye to a final 

detergent/dye ratio of 8 g/g. Equivalent amount of proteins were loaded on 3-12% 

polyacrylamide gels. The electrophoresis was started with cathode buffer B (50mM 

tricine, 7.5mM imidazole, 0.02% Coomassie blue G-250, pH ~7.0) and exchanged with 

cathode buffer B/10 (50mM tricine, 7.5mM imidazole, 0.002% Coomassie blue G-250, 

pH ~7.0) once the migration front had reached ~1/3 of the resolving gel. For CN-PAGE, 

the solubilized mitochondrial samples were supplemented with 50% glycerol, 0.1% 

Ponceau S to a final concentration of ~5% glycerol and ~0.01% Ponceau S. Equivalent 

amount of proteins were loaded on 3-12% polyacrylamide gels. The cathode buffer 

contained 50mM tricine, 7.5mM imidazole, 0.01% dodecylmaltoside (DDM), and 0.05% 

sodium deoxycholate (DOC) (pH ~7.0). The composition of the anode buffer (25mM 

imidazole, pH 7.0) was the same for BN-PAGE and CN-PAGE and remained constant 

for the duration of the electrophoresis. Gels were run in a cold room (4oC) at 100V until 

the samples had entered the resolving gel and at 275V thereafter. After electrophoresis, 

the gels were incubated in denaturing buffer (300mM Tris, 100mM acetic acid, 1% SDS, 

pH 8.6) at room temperature with agitation for 20 min and stored at room temperature 

between two glass plates for 1h to evenly distribute the SDS. Proteins were then 

electroblotted in at 4oC onto low fluorescent PVDF membranes at 90 mA and a voltage 

limited to 20V for 12-14h using a wet tank transfer apparatus filled with cold transfer 

buffer (150mM Tris, 50mM acetic acid, pH 8.6). BN-PAGE membranes were partially 

destained in 25% methanol, 10% acetic acid to visualize the ladder and completely 

destained with 100% methanol for Western blotting analysis. CN-PAGE membranes 

were stained with 5% acetic acid, 0.1% Ponceau S (w/v) to visualize the ladder and 

destained completely with extensive water washes before Western blotting analysis. 
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For 2D-native/SDS-PAGE analysis, individual gel lanes were excised from BN-PAGE 

gels immediately after electrophoresis and incubated in 8-10mL of denaturing buffer 

(62.5mM Tris pH 6.8, 2% SDS, 10% glycerol, 10mM TCEP) in a 15mL Falcon tube for 

20 min at room temperature under gentle agitation. The gel strips were then equilibrated 

in 1x SDS-PAGE running buffer at room temperature for 15 min, loaded horizontally on 

a 10% polyacrylamide gel, and processed for Western blotting analysis as described 

below. 

For the mobility shift assay, 400µg of K562 mitochondria was solubilized with LMNG at 

a 1g/g ratio as described above. The sample was halved and incubated with either 

mouse anti-PHB2 antibodies (Proteintech, cat# 66424-1-Ig, 70ng, ~1.8µl) or vehicle 

(PBS) on ice of 90min. Samples were then analyzed by BN-PAGE as described above. 

Protease protection and carbonate extraction analysis 

Protease protection analysis was performed on mitochondria freshly isolated from 

U2OS cells as previously described (Hoppins et al., 2011) with the following 

modifications. Mitochondria (50µg of total mitochondrial protein) were resuspended in 

500µl of one of the following solutions: homogenization buffer (210mM mannitol, 70mM 

sucrose, 10mM HEPES, 1mM EDTA, pH 7.4), mitoplast/swelling buffer (10mM HEPES, 

pH 7.4), or solubilizing buffer (homogenization buffer with 1% Triton X-100). After 15 

min incubation on ice, the mitoplast/swelling sample was gently pipetted up and down 

15 times to disrupt the outer mitochondrial membrane. Proteinase K was then added to 

the indicated samples to a final concentration of 100µg/mL, and samples were 

incubated on ice for 20 min. The digestion was stopped by adding PMSF to a final 

concentration of 2mM and incubating the samples on ice for 5 min. TCA was then 

added to a final concentration of 12.5% and proteins were precipitated on ice for 1h. 

Proteins were then pelleted by centrifugation at 21130g for 15 min at 4oC, washed with 

acetone, dried, and resuspended in 100µl of 1x Laemmli buffer. Samples (20µl) were 

loaded on a 10% SDS-PAGE and analyzed by Western blotting with the indicated 

antibodies as described below.  

The carbonate extraction assay was performed as described (Hoppins et al., 2011) with 

the following modifications. Mitochondria isolated from U2OS cells (50µg of total 
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mitochondrial protein) were thawed on ice, pelleted at 15000g for 10 min at 4oC, and 

resuspended in 200µl of one of the following solutions: 10mM HEPES (pH 7.4), 100mM 

sodium carbonate (pH 10.5), 100mM sodium carbonate (pH 11), or 100mM sodium 

carbonate (pH 11.5). Samples were incubated on ice for 30 min and centrifuged at 

100000g for 1h in a TLA100 rotor. The supernatant was harvested and proteins were 

precipitated with TCA as described above. The pellet fraction and TCA-precipitated 

proteins were resuspended in 50µl of 1x Laemmli buffer and 10µl was loaded on a 10% 

SDS-PAGE and analyzed by Western blotting with the indicated antibodies as 

described below.  

Western blotting analysis 

For quantitative Western blot analysis, protein concentration was determined using a 

BCA assay kit (Pierce, Waltham, MA) and equivalent amount of proteins were diluted 

with 6x Laemmli sample buffer to a final concentration of 62.5mM Tris pH 6.8, 2% SDS, 

10% glycerol, 0.1M DTT, 0.01% bromophenol blue. Samples were heated for 2-5min at 

95oC and loaded on 10% Tris-glycine polyacrylamide gels. After electrophoresis, 

proteins were electroblotted on low fluorescent PVDF or nitrocellulose membranes, and 

immunoblotted with the following primary antibodies: rabbit anti-OCIAD1 (Invitrogen, 

cat# PA5-20834, 1:2000-1:5000), mouse anti-OCIAD1 (Proteintech, cat# 66698-1-Ig, 

1:5000), rabbit anti-OCIAD2 (Invitrogen, cat# PA5-59375, 1:500-1:5000), mouse anti-

ATP5A1 (Proteintech, cat# 66037-1-Ig, 1:2000-1:5000), rabbit anti-NDUFB8 

(Proteintech, cat# 14794-1-AP, 1:2000), mouse anti-SDHA (SantaCruz Biotechnology, 

cat# sc-166947, 1:2000-1:5000), rabbit anti-UQCRC2 (Proteintech, cat# 14742-1-AP, 

1:2000-1:5000), mouse anti-UQCRC1 (Invitrogen, cat# 459140, 1:2000), rabbit anti-

CYC1 (Proteintech, cat# 10242-1-AP, 1:1000), mouse anti-COXIV (Proteintech, cat# 

66110-1-1g, 1:2000), mouse anti-PHB2 (Proteintech, cat# 66424-1-Ig, 1:5000), rabbit 

anti-TIM50 (Proteintech, cat# 22229-1-AP, 1:1000), rabbit anti-TOM70 (Proteintech, 

cat# 14528-1-AP, 1:1000), mouse anti-GFP (Proteintech, cat# 66002-1-Ig, 1:2000), 

mouse anti-β-actin (Proteintech, cat# 66009-1-1g, 1:10000). Secondary antibodies 

conjugated to DyLight 680 and DyLight 800 (Thermo Fisher Scientific, 1:5000) were 

used and visualized with an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE). 
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Densitometry analysis was done using the quantification software ImageStudio Lite (LI-

COR, Lincoln, NE).  

Heme detection 

Chemiluminescence was used to detect c-type heme on PVDF or nitrocellulose 

membranes as previously described (Dorward, 1993; Feissner et al., 2003). In short, 

membranes were rinsed with distilled water immediately after electrophoresis, incubated 

with SuperSignal West Femto chemiluminescent substrate (Pierce, Waltham, MA), and 

imaged on an ImageQuant LAS 4000 (GE, Boston, MA). Densitometry analysis was 

done using the quantification software ImageStudio Lite (LI-COR; Lincoln, NE).  

GFP complementation assay 

U2OS cells stably expressing GFP1-10 in the matrix (MTS) or IMS were plated in 6-wells 

plate (~300000 cells/well) on day 0 and transfected on day 1 with 6µl of Lipofectamine 

2000 (Invitrogen, Carlsbad, CA), according to the manufacturer’s instructions. The cells 

were transfected with 250ng of the following plasmids: CoQ9-GFP11, GFP11-MICU1, 

OCIAD1-GFP11, and GFP11-OCIAD1, and 750ng of transfection carrier DNA (Promega, 

pGEM2 plasmid). Cells were expanded in 10cm plate on day 2 and analyzed by 

fluorescent flow cytometry on day 3 with an Amnis Imagestream X (Luminex, Austin, 

TX). 

Immunopurification 

Cells were crosslinked with dithiobis(succinimidyl propionate) (DSP, Life Technologies, 

cat# 22585) made from a freshly prepared 0.25M stock solution in DMSO. In short, 

150ml of confluent (~1x10^6 cells/ml) K562 cells of the indicated OCIAD1 background 

were harvested by centrifugation (1000g, 5min), washed with warm (37oC) PBS, and 

crosslinked at room temperature for 30 min with 0.5mM DSP in PBS at ~1x10^6 

cells/ml. DSP was then quenched by adding Tris-HCl (pH 7.5) to a final concentration of 

100mM. Cells were harvested by centrifugation (1000g, 5 min), washed with cold PBS, 

harvested again, and solubilized in 2ml of cold RIPA buffer supplemented with 1x 

protease inhibitor cocktail (MilliporeSigma, Burlington, MA) on ice for 30 min. Samples 

were centrifuged at 26000g for 30 min at 4oC in a TLA100.4 rotor. The supernatant was 
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collected, protein concentration was measured using a BCA assay kit (Pierce, Waltham, 

MA), and aliquots were stored at -80oC.  

Immunopurification was performed on three independently DSP-crosslinked samples. 

Each sample was thawed on ice and adjusted to 7.8mg of total protein in 2ml of RIPA 

buffer containing 1x protease inhibitor cocktail (MilliporeSigma, Burlington, MA). 

OCIAD1 was immunocaptured overnight at 4oC with 3µg of rabbit anti-OCIAD1 antibody 

(Thermo Fisher, cat# PA5-20834). Antibodies were captured with 100µl of μMACS 

protein A beads (Miltenyi Biotec; San Diego, CA). Beads were isolated with μ columns 

and a μMACS separator (Miltenyi Biotec; San Diego, CA), washed 5 times with 1ml of 

RIPA buffer and 3 times with 1ml of 50mM ammonium bicarbonate pH 8.0. Bait proteins 

were eluted with 25µl of elution buffer (2M Urea, 0.67M thiourea in 50mM Ammonium 

bicarbonate pH 8.0) containing LysC/Trypsin (Promega, Madison, WI, cat# V5071) to a 

final concentration of 5µg/ml followed by two elution with 50µl of elution buffer without 

LysC/Trypsin. Samples were reduced with 10mM TCEP (Pierce, Waltham, MA) for 30 

min at 37oC, alkylated with 15mM 2-chloroacetamide (MilliporeSigma, Burlington, MA), 

digested overnight at 37oC, and desalted using ZipTip with 0.6 µL C18 resin 

(MilliporeSigma, Burlington, MA, cat# ZTC18S096) prior to LC-MS/MS analysis as 

described below. 

Protein digestion on suspension traps 

Protein digestion of U2OS lysates was done on suspension traps (S-Trap) as described 

(Ludwig et al., 2018) with the following modifications. Whole cell and crude 

mitochondrial lysates (50µg total protein) were boiled in 5% SDS, 50 mM ammonium 

bicarbonate (pH 7.55) for 5 min. Proteins were then reduced with 10mM TCEP for 15 

min at 37oC and alkylated in the dark for 30 min with 15 mM 2-chloroacetamide. The 

proteins were then acidified with phosphoric acid (final concentration of 1.2%) and 

diluted with 6 volumes of S-Trap buffer (90% methanol, 100 mM ammonium 

bicarbonate, pH 7.1). The colloidal suspension was loaded onto DNA miniprep spin 

columns used as “suspension traps” (EZ-10 DNA spin columns, Biobasic, Amherst, NY) 

and washed with S-Trap buffer prior to overnight proteolysis at 37oC with LysC/trypsin 

(Promega, Madison, WI) in 50 mM ammonium bicarbonate (pH 8.0) at a 
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protease/protein ratio of 1:40 (w/w). Peptides were successively eluted with 40µl of 50 

mM ammonium bicarbonate (pH 8.0), 40µl of ultrapure Milli-Q water, 0.1% TFA, and 

40µl of 80% acetonitrile, 0.1% TFA in ultrapure Milli-Q water. Peptides were dried using 

a SpeedVac concentrator and resuspended in 30µl of 2% acetonitrile, 0.1% TFA. 

Peptide concentration was measured using a fluorometric peptide assay kit (Pierce, 

Waltham, MA) and samples were analyzed by LC-MS/MS as described below.  

In-gel protein digestion 

To minimize contamination, procedures were performed in a biosafety cabinet 

whenever possible. Mitochondria from U2OS cells of the indicated OCIAD1 background 

were solubilized with digitonin at a 4g/g detergent/protein ratio and 100µg of solubilized 

mitochondrial protein was resolved by BN-PAGE as described above. After 

electrophoresis, the gel was fixed with 40% methanol, 10% acetic acid at room 

temperature for 20 min and destained with 8% acetic acid for 20 min. Gel slices (2mm x 

7mm) were excised along the entire lane using disposable gel cutter grids (The Gel 

Company, San Francisco, CA, cat# MEE2-7-25). Ten gel slices ranging from ~600-

900kDa were collected in 100µl of 50mM ammonium bicarbonate (pH 8.0) in a 96-well 

plate and destained/dehydrated with successive 5 min washes with 100µl of the 

following solutions (3 washes each): 50mM ammonium bicarbonate (pH 8.0), 25% 

acetonitrile in 50mM ammonium bicarbonate (pH 8.0), 50% acetonitrile in 50mM 

ammonium bicarbonate (pH 8.0), 75% acetonitrile in 50mM ammonium bicarbonate (pH 

8.0), 100% acetonitrile. Proteins were then reduced with 50µl of 10mM TCEP for 30 min 

at 37oC, gel slices were dehydrated again with three washes with 100% acetonitrile, and 

alkylated with 15mM 2-chloroacetamide in the dark for 20 min. Gel slices were 

dehydrated again and washed for 5 min with 100µl of the following solutions (2 washes 

each): 50mM ammonium bicarbonate (pH 8.0), 25% acetonitrile in 50mM ammonium 

bicarbonate (pH 8.0), 50% acetonitrile in 50mM ammonium bicarbonate (pH 8.0), 75% 

acetonitrile in 50mM ammonium bicarbonate (pH 8.0) and four washes with 100% 

acetonitrile. Gel slices were air-dried before overnight ProteaseMax-aided digestion as 

previously described (Saveliev et al., 2013). In short, dried gel pieces were rehydrated 

in 50µl of 12 ng/µl LysC/Trypsin (Promega, Madison, WI), 0.01% ProteaseMAX 

surfactant (Promega, Madison, WI, cat# V2071) in 50mM ammonium bicarbonate (pH 
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8.0) for 20 min on ice and overlaid with 50µl of 0.01% ProteaseMAX surfactant in 50mM 

ammonium bicarbonate (pH 8.0). Proteins were digested overnight at 37oC. The 

peptide-containing solution was collected in 1.5ml eppendorf tubes and 100µl of 75% 

acetonitrile, 1% TFA in 25mM ammonium bicarbonate (pH 8.0) was added to each gel 

slice to elute remaining peptides. Both eluates were pooled and dried using a SpeedVac 

concentrator before LC-MS/MS analysis as described below. 

Mass spectrometry analysis 

LC-MS/MS analysis was performed at the University of California, Davis, Genome 

Center Proteomics Core. Immunoprecipitation and whole cell samples were run on a 

Thermo Scientific Fusion Lumos mass spectrometer in Data Independent Acquisition 

(DIA) mode. Peptides were separated on an Easy-spray 100µm x 25cm C18 column 

using a Dionex Ultimate 3000 nUPLC with 0.1% formic acid (solvent A) and 100% 

acetonitrile, 0.1% formic acid (solvent B) and the following gradient conditions: 2% to 

50% solvent B over 60 minutes, followed by a 50%-99% solvent B in 6 minutes, held for 

3 minutes and finally 99% to 2% solvent B in 2 minutes. The total run time was 90 

minutes. Six gas phase fractionated (GPF) chromatogram library injections were 

acquired using 4Da staggered isolation windows (GPF 1: 400-500 m/z, GPF 2: 500-600 

m/z, GPF 3: 600-700 m/z, GPF 4: 700-800 m/z, GPF 5: 800-900 m/z, and GPF 6: 900-

1000 m/z). Mass spectra were acquired using a collision energy of 35, resolution of 

30K, maximum inject time of 54 ms and a AGC target of 50K. The analytical samples 

were run in DIA mode with 8 Da staggered isolation windows covering 400-1000 m/z. 

BN-PAGE gel samples were run on a Bruker TimsTof Pro mass spectrometer. Peptides 

were directly loaded on a Ionoptiks (Parkville, Victoria, Australia) 75µm x 25cm 1.6µm 

C18 Aurora column with Captive Spray emitter. Peptides were separated using a Bruker 

Nano-elute nUPLC at 400nl/min with 0.1% formic acid (solvent A) and 100% 

acetonitrile, 0.1% formic acid (solvent B) and the following gradient conditions: 2% 

solvent B to 35% solvent B over 30min. Runs were acquired in diaPASEF mode (Meier 

et al., 2020) with an acquisition scheme consisting of four 25 m/z precursor windows per 

100ms TIMS scan. Sixteen TIMS scans, creating 64 total windows, layered the doubly 

and triply charged peptides on the m/z and ion mobility plane. Precursor windows began 
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at 400 m/z and continued to 1200 m/z. The collision energy was ramped linearly as a 

function of ion mobility from 63 eV at 1/K0=1.5 Vs cm−2 to 17 eV at 1/K0=0.55 Vs 

cm−2. 

Raw files acquired in DIA mode on the Fusion/Lumos instrument were analyzed with 

DIA-NN 1.7.12 (Demichev et al., 2020) using the following settings (Protease: 

Trypsin/P, Missed cleavages: 1, Variable modifications: 0, Peptide length range: 7-30, 

Precursor m/z range: 300-1800, Fragment ion m/z range: 200-1800, Precursor FDR: 1). 

The N-term M excision, C carbamidomethylation, M oxidation, and RT profiling options 

were enabled and all other parameters were set to default. To generate a sample-

specific spectral library, we initially used DIA-NN to create a large proteome-scale in 

silico deep learning-based library from the Uniprot human reference proteome 

(UP000005640, one protein per gene) with a list of common contaminants. This large 

spectral library was refined with deep sample specific chromatogram libraries. In short, 

equal amount of peptides from all U2OS cell lines (control, OCIAD1 knockdown, 

OCIAD2 knockdown, OCIAD1/2 double knockdown, and OCIAD1 knockdown rescued 

with wildtype OCIAD1) were pooled to create a master sample containing all peptides 

theoretically identifiable within our samples. To maximize the depth of our library, whole 

cell lysate and mitochondrial pooled samples were processed separately. Deep 

chromatogram libraries were created from these pooled samples using six gas-phase 

fractionated DIA injections with a total of 52 overlapping 4 m/z-wide windows ranging 

from 400 to 1000m/z as previously described (Searle et al., 2018). The resulting 

chromatogram libraries were used together with the large predicted deep learning-

based spectral library to generate a new highly optimized spectral library. This new 

spectral library was subsequently used to process our analytical samples.  

Raw files acquired in diaPASEF mode on the timsTOF were analyzed similarly with 

DIA-NN (version 1.7.13 beta 1) using the following settings (Protease: Trypsin/P, 

Missed cleavages: 1, Variable modifications: 0, Peptide length range: 7-30, Precursor 

m/z range: 300-1800, Fragment ion m/z range: 200-1800, Precursor FDR: 1, MS1 mass 

accuracy: 10ppm, MS2 mass accuracy: 10ppm). The N-term M excision, C 

carbamidomethylation, and M oxidation options were enabled and all other parameters 

were set to default. In short, we generated a deep learning-based predicted library from 
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the Uniprot human reference proteome (UP000005640, one protein per gene) 

supplemented with N-terminal truncated CYC1 isoforms and a list of common 

contaminants. This large library was used to process all raw files from the gel slices 

analytical runs and generate a second and more optimized spectral library that includes 

ion mobility data. This new highly optimized spectral library was finally used to re-

analyze all raw files.  

DIA-NN output files were imported and analyzed in R using MaxLFQ values quantified 

from proteotypic peptides only (Cox et al., 2014). For whole cell proteomics and 

immunoprecipitation analysis, only proteins identified in at least all the replicates of a 

given sample were selected. Missing values were imputed using the “MinDet” 

deterministic minimal value approach from the MSnbase package prior statistical 

analysis as described below. 

Confocal fluorescence microscopy  

U2OS cells were grown on 12mm round glass coverslips (#1.5) and stained for 30 min 

with 100nM of Mitotracker DeepRed (Invitrogen, Carlsbad, CA, cat# M22426), washed 

with PBS, and fixed in 4% PFA in PBS for 20 min at room temperature. Cells were 

washed again with PBS, permeabilized for 10 min with 0.1% Triton X-100 in PBS, 

blocked with 5% bovine serum albumine (BSA) in PBS for 1h at room temperature, and 

immunolabeled with rabbit anti-OCIAD1 (Invitrogen, cat# PA5-20834, 1:10000) or rabbit 

anti-OCIAD2 (Invitrogen, cat# PA5-59375, 1:5000) antibodies for 1h at room 

temperature in 1% BSA in PBS. Cells were washed again in PBS and incubated with 

donkey anti-rabbit IgG conjugated with AlexaFluor 488 (Invitrogen, Carlsbad, CA, cat# 

A21206, 1:1000) in 1% BSA in PBS for 1h at room temperature. Finally, cells were 

washed again in PBS and mounted on glass slides with ProLong Glass antifade 

mounting medium (Invitrogen, Carlsbad, CA, cat# P36980). Images were collected 

using the spinning-disk module of a Marianas SDC Real Time 3D Confocoal-TIRF 

microscope (Intelligent Imaging Innovations; Denver, CO) fitted with a 100×, 1.46 NA 

objective and a Hamamatsu (Japan) Orca Flash 4.0 sCMOS camera. Images were 

captured with SlideBook (Intelligent Imaging Innovations) and linear adjustments were 

made using ImageJ. 
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Multiple sequence alignment 

Multiple sequence alignment analysis was performed with the R package “msa” (version 

1.22.0) using the Clustal Omega method with default parameters. 

Statistical analysis 

Gene ontology (GO) enrichment analysis was performed using the topGO R package 

(version 2.42.0) using the ‘elim’ method and Fisher’s exact test (Alexa et al., 2006; 

Grossmann et al., 2007). Western blot densitometry results were analyzed using one-

way analysis of variance (ANOVA) followed by pairwise t-test with Benjamini & 

Hochberg (FDR) correction. For LC-MS/MS immunoprecipitation and whole cell 

proteomics data, relative changes between conditions were analyzed using limma’s 

function lmFit (Ritchie et al., 2015), followed by eBayes with false-discovery rate 

correction (Phipson et al., 2016). For whole cell proteomics data, hierarchical clustering 

was performed using Euclidean distances of significant hit proteins. Error bars represent 

standard error and *p < 0.05, **p < 0.01, and ***p < 0.001. All data were analyzed in R 

(version 4.0.3). 

Author contributions 

 

Competing interests 

JSW consults for and holds equity in KSQ Therapeutics, Maze Therapeutics, and 

Tenaya Therapeutics. JSW is a venture partner at 5AM Ventures and a member of the 

Amgen Scientific Advisory Board. MJ consults for Maze Therapeutics 

Acknowledgments 

We would like to thank Brett Phinney, Michelle Salemi, and Vadim Demichev for sharing 

their expertise on mass spectrometry analysis. We also want to thank James A. Letts and 

María Maldonado for their valuable feedback on this manuscript. FACS sorting at UC 

Davis is supported by the NIH (S100D018223). MJ is supported by funding from the NIH 

(grant K99 GM130964). JRF is supported by funding from the NIH (R00HL133372 and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


R35GM137894) and the Welch Foundation (I-1951-20180324). Min Y Cho coordinated 

resource sharing between labs and assisted with screen sample processing. 

 

References 

Aich A, Wang C, Chowdhury A, Ronsör C, Pacheu-Grau D, Richter-Dennerlein R, Dennerlein S, Rehling P. 
2018. COX16 promotes COX2 metallation and assembly during respiratory complex IV 
biogenesis. eLife. doi:10.7554/eLife.32572 

Alexa A, Rahnenführer J, Lengauer T. 2006. Improved scoring of functional groups from gene expression 
data by decorrelating GO graph structure. Bioinformatics 22:1600–1607. 
doi:10.1093/bioinformatics/btl140 

Andreu AL, Checcarelli N, Iwata S, Shanske S, DiMauro S. 2000. A missense mutation in the 
mitochondrial cytochrome b gene in a revisited case with histiocytoid cardiomyopathy. Pediatr 
Res 48:311–314. doi:10.1203/00006450-200009000-00008 

Antonicka H, Lin Z-Y, Janer A, Aaltonen MJ, Weraarpachai W, Gingras A-C, Shoubridge EA. 2020. A High-
Density Human Mitochondrial Proximity Interaction Network. Cell Metabolism 32:479-497.e9. 
doi:10.1016/j.cmet.2020.07.017 

Antoun G, McMurray F, Thrush AB, Patten DA, Peixoto AC, Slack RS, McPherson R, Dent R, Harper M-E. 
2015. Impaired mitochondrial oxidative phosphorylation and supercomplex assembly in rectus 
abdominis muscle of diabetic obese individuals. Diabetologia 58:2861–2866. 
doi:10.1007/s00125-015-3772-8 

Arnold I, Fölsch H, Neupert W, Stuart RA. 1998. Two Distinct and Independent Mitochondrial Targeting 
Signals Function in the Sorting of an Inner Membrane Protein, Cytochromec 1. J Biol Chem 
273:1469–1476. doi:10.1074/jbc.273.3.1469 

Bharadwaj MS, Zhou Y, Molina AJ, Criswell T, Lu B. 2014. Examination of bioenergetic function in the 
inner mitochondrial membrane peptidase 2-like (Immp2l) mutant mice. Redox Biology 2:1008–
1015. doi:10.1016/j.redox.2014.08.006 

Bonn F, Tatsuta T, Petrungaro C, Riemer J, Langer T. 2011. Presequence-dependent folding ensures 
MrpL32 processing by the m-AAA protease in mitochondria. EMBO J 30:2545–2556. 
doi:10.1038/emboj.2011.169 

Casademont J, Miró O. 2002. Electron transport chain defects in heart failure. Heart Fail Rev 7:131–139. 
doi:10.1023/a:1015372407647 

Chen JJ, Nathaniel DL, Raghavan P, Nelson M, Tian R, Tse E, Hong JY, See SK, Mok S-A, Hein MY, 
Southworth DR, Grinberg LT, Gestwicki JE, Leonetti MD, Kampmann M. 2019. Compromised 
function of the ESCRT pathway promotes endolysosomal escape of tau seeds and propagation of 
tau aggregation. J Biol Chem 294:18952–18966. doi:10.1074/jbc.RA119.009432 

Chinnery PF. 1993. Mitochondrial Disorders Overview In: Adam MP, Ardinger HH, Pagon RA, Wallace SE, 
Bean LJ, Mirzaa G, Amemiya A, editors. GeneReviews®. Seattle (WA): University of Washington, 
Seattle. 

Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. 2014. Accurate Proteome-wide Label-free 
Quantification by Delayed Normalization and Maximal Peptide Ratio Extraction, Termed MaxLFQ 
*. Molecular & Cellular Proteomics 13:2513–2526. doi:10.1074/mcp.M113.031591 

Demichev V, Messner CB, Vernardis SI, Lilley KS, Ralser M. 2020. DIA-NN: neural networks and 
interference correction enable deep proteome coverage in high throughput. Nature Methods 
17:41–44. doi:10.1038/s41592-019-0638-x 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


Devi L, Raghavendran V, Prabhu BM, Avadhani NG, Anandatheerthavarada HK. 2008. Mitochondrial 
Import and Accumulation of α-Synuclein Impair Complex I in Human Dopaminergic Neuronal 
Cultures and Parkinson Disease Brain*. Journal of Biological Chemistry 283:9089–9100. 
doi:10.1074/jbc.M710012200 

Dorward DW. 1993. Detection and quantitation of heme-containing proteins by chemiluminescence. 
Anal Biochem 209:219–223. doi:10.1006/abio.1993.1110 

Ehses S, Raschke I, Mancuso G, Bernacchia A, Geimer S, Tondera D, Martinou J-C, Westermann B, Rugarli 
EI, Langer T. 2009. Regulation of OPA1 processing and mitochondrial fusion by m-AAA protease 
isoenzymes and OMA1. J Cell Biol 187:1023–1036. doi:10.1083/jcb.200906084 

Eilers M, Oppliger W, Schatz G. 1987. Both ATP and an energized inner membrane are required to 
import a purified precursor protein into mitochondria. EMBO J 6:1073–1077. 

Elliott LE, Saracco SA, Fox TD. 2012. Multiple Roles of the Cox20 Chaperone in Assembly of 
Saccharomyces cerevisiae Cytochrome c Oxidase. Genetics 190:559–567. 
doi:10.1534/genetics.111.135665 

Feissner R, Xiang Y, Kranz RG. 2003. Chemiluminescent-based methods to detect subpicomole levels of 
c-type cytochromes. Anal Biochem 315:90–94. doi:10.1016/s0003-2697(02)00658-9 

Fiedorczuk K, Letts JA, Degliesposti G, Kaszuba K, Skehel M, Sazanov LA. 2016. Atomic structure of the 
entire mammalian mitochondrial complex I. Nature 538:406–410. doi:10.1038/nature19794 

Fornasiero EF, Mandad S, Wildhagen H, Alevra M, Rammner B, Keihani S, Opazo F, Urban I, Ischebeck T, 
Sakib MS, Fard MK, Kirli K, Centeno TP, Vidal RO, Rahman R-U, Benito E, Fischer A, Dennerlein S, 
Rehling P, Feussner I, Bonn S, Simons M, Urlaub H, Rizzoli SO. 2018. Precisely measured protein 
lifetimes in the mouse brain reveal differences across tissues and subcellular fractions. Nature 
Communications 9:4230. doi:10.1038/s41467-018-06519-0 

Friedman JR, Lackner LL, West M, DiBenedetto JR, Nunnari J, Voeltz GK. 2011. ER tubules mark sites of 
mitochondrial division. Science 334:358–362. doi:10.1126/science.1207385 

Gasser SM, Ohashi A, Daum G, Böhni PC, Gibson J, Reid GA, Yonetani T, Schatz G. 1982. Imported 
mitochondrial proteins cytochrome b2 and cytochrome c1 are processed in two steps. Proc Natl 
Acad Sci U S A 79:267–271. doi:10.1073/pnas.79.2.267 

Giachin G, Bouverot R, Acajjaoui S, Pantalone S, Soler-López M. 2016. Dynamics of Human Mitochondrial 
Complex I Assembly: Implications for Neurodegenerative Diseases. Front Mol Biosci 3. 
doi:10.3389/fmolb.2016.00043 

Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y, Whitehead EH, Guimaraes C, Panning B, Ploegh 
HL, Bassik MC, Qi LS, Kampmann M, Weissman JS. 2014. Genome-Scale CRISPR-Mediated 
Control of Gene Repression and Activation. Cell 159:647–661. doi:10.1016/j.cell.2014.09.029 

Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, Torres SE, Stern-Ginossar N, Brandman O, Whitehead 
EH, Doudna JA, Lim WA, Weissman JS, Qi LS. 2013. CRISPR-Mediated Modular RNA-Guided 
Regulation of Transcription in Eukaryotes. Cell 154:442–451. doi:10.1016/j.cell.2013.06.044 

Gottschalk B, Klec C, Leitinger G, Bernhart E, Rost R, Bischof H, Madreiter-Sokolowski CT, Radulović S, 
Eroglu E, Sattler W, Waldeck-Weiermair M, Malli R, Graier WF. 2019. MICU1 controls cristae 
junction and spatially anchors mitochondrial Ca 2+ uniporter complex. Nature Communications 
10:3732. doi:10.1038/s41467-019-11692-x 

Grossmann S, Bauer S, Robinson PN, Vingron M. 2007. Improved detection of overrepresentation of 
Gene-Ontology annotations with parent–child analysis. Bioinformatics 23:3024–3031. 
doi:10.1093/bioinformatics/btm440 

Guerrero-Castillo S, Baertling F, Kownatzki D, Wessels HJ, Arnold S, Brandt U, Nijtmans L. 2017. The 
Assembly Pathway of Mitochondrial Respiratory Chain Complex I. Cell Metabolism 25:128–139. 
doi:10.1016/j.cmet.2016.09.002 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


Hagen CM, Aidt FH, Havndrup O, Hedley PL, Jespersgaard C, Jensen M, Kanters JK, Moolman-Smook JC, 
Møller DV, Bundgaard H, Christiansen M. 2013. MT-CYB mutations in hypertrophic 
cardiomyopathy. Mol Genet Genomic Med 1:54–65. doi:10.1002/mgg3.5 

Hoekstra AS, Bayley J-P. 2013. The role of complex II in disease. Biochim Biophys Acta 1827:543–551. 
doi:10.1016/j.bbabio.2012.11.005 

Hoppins S, Collins SR, Cassidy-Stone A, Hummel E, DeVay RM, Lackner LL, Westermann B, Schuldiner M, 
Weissman JS, Nunnari J. 2011. A mitochondrial-focused genetic interaction map reveals a 
scaffold-like complex required for inner membrane organization in mitochondria. Journal of Cell 
Biology 195:323–340. doi:10.1083/jcb.201107053 

Horlbeck MA, Gilbert LA, Villalta JE, Adamson B, Pak RA, Chen Y, Fields AP, Park CY, Corn JE, Kampmann 
M, Weissman JS. 2016. Compact and highly active next-generation libraries for CRISPR-mediated 
gene repression and activation. Elife 5. doi:10.7554/eLife.19760 

Hung V, Zou P, Rhee H-W, Udeshi ND, Cracan V, Svinkina T, Carr SA, Mootha VK, Ting AY. 2014. 
Proteomic Mapping of the Human Mitochondrial Intermembrane Space in Live Cells via 
Ratiometric APEX Tagging. Molecular Cell 55:332–341. doi:10.1016/j.molcel.2014.06.003 

Hyun S-I, Maruri‐Avidal L, Moss B. 2015. Topology of Endoplasmic Reticulum-Associated Cellular and 
Viral Proteins Determined with Split-GFP. Traffic 16:787–795. 
doi:https://doi.org/10.1111/tra.12281 

Janeway KA, Kim SY, Lodish M, Nosé V, Rustin P, Gaal J, Dahia PLM, Liegl B, Ball ER, Raygada M, Lai AH, 
Kelly L, Hornick JL, NIH Pediatric and Wild-Type GIST Clinic, O’Sullivan M, de Krijger RR, Dinjens 
WNM, Demetri GD, Antonescu CR, Fletcher JA, Helman L, Stratakis CA. 2011. Defects in 
succinate dehydrogenase in gastrointestinal stromal tumors lacking KIT and PDGFRA mutations. 
Proc Natl Acad Sci U S A 108:314–318. doi:10.1073/pnas.1009199108 

Johnson A, Gin P, Marbois BN, Hsieh EJ, Wu M, Barros MH, Clarke CF, Tzagoloff A. 2005. COQ9, a new 
gene required for the biosynthesis of coenzyme Q in Saccharomyces cerevisiae. J Biol Chem 
280:31397–31404. doi:10.1074/jbc.M503277200 

Jost M, Chen Y, Gilbert LA, Horlbeck MA, Krenning L, Menchon G, Rai A, Cho MY, Stern JJ, Prota AE, 
Kampmann M, Akhmanova A, Steinmetz MO, Tanenbaum ME, Weissman JS. 2017. Combined 
CRISPRi/a-Based Chemical Genetic Screens Reveal that Rigosertib Is a Microtubule-Destabilizing 
Agent. Mol Cell 68:210-223.e6. doi:10.1016/j.molcel.2017.09.012 

Kampmann M, Bassik MC, Weissman JS. 2013. Integrated platform for genome-wide screening and 
construction of high-density genetic interaction maps in mammalian cells. Proc Natl Acad Sci U S 
A 110:E2317–E2326. doi:10.1073/pnas.1307002110 

Keeney PM, Xie J, Capaldi RA, Bennett JP. 2006. Parkinson’s Disease Brain Mitochondrial Complex I Has 
Oxidatively Damaged Subunits and Is Functionally Impaired and Misassembled. J Neurosci 
26:5256–5264. doi:10.1523/JNEUROSCI.0984-06.2006 

Koppen M, Bonn F, Ehses S, Langer T. 2009. Autocatalytic Processing of m-AAA Protease Subunits in 
Mitochondria. Mol Biol Cell 20:4216–4224. doi:10.1091/mbc.E09-03-0218 

Lee SY, Hunte C, Malaney S, Robinson BH. 2001. The N-terminus of the Qcr7 Protein of the Cytochrome 
bc1 Complex in S. cerevisiae May Be Involved in Facilitating Stability of the Subcomplex with the 
Qcr8 Protein and Cytochrome b. Archives of Biochemistry and Biophysics 393:215–221. 
doi:10.1006/abbi.2001.2498 

Lee S-Y, Kang M-G, Shin S, Kwak C, Kwon T, Seo JK, Kim J-S, Rhee H-W. 2017. Architecture Mapping of 
the Inner Mitochondrial Membrane Proteome by Chemical Tools in Live Cells. J Am Chem Soc 
139:3651–3662. doi:10.1021/jacs.6b10418 

Letts JA, Sazanov LA. 2017. Clarifying the supercomplex: the higher-order organization of the 
mitochondrial electron transport chain. Nat Struct Mol Biol 24:800–808. doi:10.1038/nsmb.3460 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


Li L, Martin-Levilain J, Jiménez-Sánchez C, Karaca M, Foti M, Martinou J-C, Maechler P. 2019. In vivo 
stabilization of OPA1 in hepatocytes potentiates mitochondrial respiration and gluconeogenesis 
in a prohibitin-dependent way. J Biol Chem 294:12581–12598. doi:10.1074/jbc.RA119.007601 

Liu F, Lössl P, Rabbitts BM, Balaban RS, Heck AJR. 2018. The interactome of intact mitochondria by cross-
linking mass spectrometry provides evidence for coexisting respiratory supercomplexes. Mol Cell 
Proteomics 17:216–232. doi:10.1074/mcp.RA117.000470 

Lobo-Jarne T, Nývltová E, Pérez-Pérez R, Timón-Gómez A, Molinié T, Choi A, Mourier A, Fontanesi F, 
Ugalde C, Barrientos A. 2018. Human COX7A2L Regulates Complex III Biogenesis and Promotes 
Supercomplex Organization Remodeling without Affecting Mitochondrial Bioenergetics. Cell 
Reports 25:1786-1799.e4. doi:10.1016/j.celrep.2018.10.058 

Lobo-Jarne T, Pérez-Pérez R, Fontanesi F, Timón-Gómez A, Wittig I, Peñas A, Serrano-Lorenzo P, García-
Consuegra I, Arenas J, Martín MA, Barrientos A, Ugalde C. 2020. Multiple pathways coordinate 
assembly of human mitochondrial complex IV and stabilization of respiratory supercomplexes. 
The EMBO Journal 39:e103912. doi:10.15252/embj.2019103912 

Lu B, Poirier C, Gaspar T, Gratzke C, Harrison W, Busija D, Matzuk MM, Andersson K-E, Overbeek PA, 
Bishop CE. 2008. A Mutation in the Inner Mitochondrial Membrane Peptidase 2-Like Gene 
(Immp2l) Affects Mitochondrial Function and Impairs Fertility in Mice1. Biology of Reproduction 
78:601–610. doi:10.1095/biolreprod.107.065987 

Ludwig KR, Schroll MM, Hummon AB. 2018. Comparison of In-Solution, FASP, and S-Trap Based 
Digestion Methods for Bottom-Up Proteomic Studies. J Proteome Res 17:2480–2490. 
doi:10.1021/acs.jproteome.8b00235 

Luna‐Sánchez M, Hidalgo‐Gutiérrez A, Hildebrandt TM, Chaves‐Serrano J, Barriocanal‐Casado E, Santos‐
Fandila Á, Romero M, Sayed RK, Duarte J, Prokisch H, Schuelke M, Distelmaier F, Escames G, 
Acuña‐Castroviejo D, López LC. 2017. CoQ deficiency causes disruption of mitochondrial sulfide 
oxidation, a new pathomechanism associated with this syndrome. EMBO Mol Med 9:78–95. 
doi:10.15252/emmm.201606345 

Malaney S, Trumpower BL, Deber CM, Robinson BH. 1997. The N Terminus of the Qcr7 Protein of the 
Cytochromebc 1 Complex Is Not Essential for Import into Mitochondria in Saccharomyces 
cerevisiae but Is Essential for Assembly of the Complex*. Journal of Biological Chemistry 
272:17495–17501. doi:10.1074/jbc.272.28.17495 

Maldonado M, Guo F, Letts JA. 2021. Atomic structures of respiratory complex III2, complex IV, and 
supercomplex III2-IV from vascular plants. eLife 10:e62047. doi:10.7554/eLife.62047 

Martin J, Mahlke K, Pfanner N. 1991. Role of an energized inner membrane in mitochondrial protein 
import. Delta psi drives the movement of presequences. J Biol Chem 266:18051–18057. 

Meier F, Brunner A-D, Frank M, Ha A, Bludau I, Voytik E, Kaspar-Schoenefeld S, Lubeck M, Raether O, 
Bache N, Aebersold R, Collins BC, Röst HL, Mann M. 2020. diaPASEF: parallel accumulation-serial 
fragmentation combined with data-independent acquisition. Nat Methods 17:1229–1236. 
doi:10.1038/s41592-020-00998-0 

Merkwirth C, Dargazanli S, Tatsuta T, Geimer S, Löwer B, Wunderlich FT, von Kleist-Retzow J-C, Waisman 
A, Westermann B, Langer T. 2008. Prohibitins control cell proliferation and apoptosis by 
regulating OPA1-dependent cristae morphogenesis in mitochondria. Genes Dev 22:476–488. 
doi:10.1101/gad.460708 

Mitchell P. 2011. Chemiosmotic coupling in oxidative and photosynthetic phosphorylation. Biochimica et 
Biophysica Acta (BBA) - Bioenergetics, Special Section: Peter Mitchell - 50th anniversary of the 
chemiosmotic theory 1807:1507–1538. doi:10.1016/j.bbabio.2011.09.018 

Mukhopadhyay A, Das D, Inamdar MS. 2003. Embryonic stem cell and tissue-specific expression of a 
novel conserved gene, asrij. Dev Dyn 227:578–586. doi:10.1002/dvdy.10332 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ndi M, Marin-Buera L, Salvatori R, Singh AP, Ott M. 2018. Biogenesis of the bc1 Complex of the 
Mitochondrial Respiratory Chain. Journal of Molecular Biology 430:3892–3905. 
doi:10.1016/j.jmb.2018.04.036 

Nicholson DW, Stuart RA, Neupert W. 1989. Biogenesis of cytochrome c1. Role of cytochrome c1 heme 
lyase and of the two proteolytic processing steps during import into mitochondria. Journal of 
Biological Chemistry 264:10156–10168. 

Nijtmans LG, de Jong L, Artal Sanz M, Coates PJ, Berden JA, Back JW, Muijsers AO, van der Spek H, Grivell 
LA. 2000. Prohibitins act as a membrane-bound chaperone for the stabilization of mitochondrial 
proteins. EMBO J 19:2444–2451. doi:10.1093/emboj/19.11.2444 

Nunnari J, Fox TD, Walter P. 1993. A mitochondrial protease with two catalytic subunits of 
nonoverlapping specificities. Science 262:1997–2004. doi:10.1126/science.8266095 

Osman C, Merkwirth C, Langer T. 2009. Prohibitins and the functional compartmentalization of 
mitochondrial membranes. J Cell Sci 122:3823–3830. doi:10.1242/jcs.037655 

Pantaleo MA, Astolfi A, Urbini M, Nannini M, Paterini P, Indio V, Saponara M, Formica S, Ceccarelli C, 
Casadio R, Rossi G, Bertolini F, Santini D, Pirini MG, Fiorentino M, Basso U, Biasco G, GIST Study 
Group. 2014. Analysis of all subunits, SDHA, SDHB, SDHC, SDHD, of the succinate dehydrogenase 
complex in KIT/PDGFRA wild-type GIST. Eur J Hum Genet 22:32–39. doi:10.1038/ejhg.2013.80 

Pfanner N, Neupert W. 1986. Transport of F1-ATPase subunit beta into mitochondria depends on both a 
membrane potential and nucleoside triphosphates. FEBS Lett 209:152–156. doi:10.1016/0014-
5793(86)81101-2 

Phipson B, Lee S, Majewski IJ, Alexander WS, Smyth GK. 2016. ROBUST HYPERPARAMETER ESTIMATION 
PROTECTS AGAINST HYPERVARIABLE GENES AND IMPROVES POWER TO DETECT DIFFERENTIAL 
EXPRESSION. Ann Appl Stat 10:946–963. doi:10.1214/16-AOAS920 

Ramírez-Camacho I, García-Niño WR, Flores-García M, Pedraza-Chaverri J, Zazueta C. 2020. Alteration of 
mitochondrial supercomplexes assembly in metabolic diseases. Biochimica et Biophysica Acta 
(BBA) - Molecular Basis of Disease 1866:165935. doi:10.1016/j.bbadis.2020.165935 

Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ, Goodman RP, Grabarek Z, Haas ME, Hung WHW, 
Joshi PR, Jourdain AA, Kim SH, Kotrys AV, Lam SS, McCoy JG, Meisel JD, Miranda M, Panda A, 
Patgiri A, Rogers R, Sadre S, Shah H, Skinner OS, To T-L, Walker MA, Wang H, Ward PS, Wengrod 
J, Yuan C-C, Calvo SE, Mootha VK. 2020. MitoCarta3.0: an updated mitochondrial proteome now 
with sub-organelle localization and pathway annotations. Nucleic Acids Res. 
doi:10.1093/nar/gkaa1011 

Richter-Dennerlein R, Korwitz A, Haag M, Tatsuta T, Dargazanli S, Baker M, Decker T, Lamkemeyer T, 
Rugarli EI, Langer T. 2014. DNAJC19, a mitochondrial cochaperone associated with 
cardiomyopathy, forms a complex with prohibitins to regulate cardiolipin remodeling. Cell 
Metab 20:158–171. doi:10.1016/j.cmet.2014.04.016 

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. 2015. limma powers differential 
expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res 43:e47. 
doi:10.1093/nar/gkv007 

Rodenburg RJ. 2016. Mitochondrial complex I-linked disease. Biochimica et Biophysica Acta (BBA) - 
Bioenergetics, SI: Respiratory Complex I 1857:938–945. doi:10.1016/j.bbabio.2016.02.012 

Römisch J, Tropschug M, Sebald W, Weiss H. 1987. The primary structure of cytochrome c1 from 
Neurospora crassa. European Journal of Biochemistry 164:111–115. 
doi:https://doi.org/10.1111/j.1432-1033.1987.tb11000.x 

Sadler I, Suda K, Schatz G, Kaudewitz F, Haid A. 1984. Sequencing of the nuclear gene for the yeast 
cytochrome c1 precursor reveals an unusually complex amino-terminal presequence. The EMBO 
Journal 3:2137–2143. doi:10.1002/j.1460-2075.1984.tb02103.x 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


Saveliev SV, Woodroofe CC, Sabat G, Adams CM, Klaubert D, Wood K, Urh M. 2013. Mass Spectrometry 
Compatible Surfactant for Optimized In-Gel Protein Digestion. Anal Chem 85:907–914. 
doi:10.1021/ac302423t 

Schleyer M, Schmidt B, Neupert W. 1982. Requirement of a membrane potential for the 
posttranslational transfer of proteins into mitochondria. Eur J Biochem 125:109–116. 
doi:10.1111/j.1432-1033.1982.tb06657.x 

Searle BC, Pino LK, Egertson JD, Ting YS, Lawrence RT, MacLean BX, Villén J, MacCoss MJ. 2018. 
Chromatogram libraries improve peptide detection and quantification by data independent 
acquisition mass spectrometry. Nature Communications 9:5128. doi:10.1038/s41467-018-
07454-w 

Shetty DK, Kalamkar KP, Inamdar MS. 2018. OCIAD1 Controls Electron Transport Chain Complex I Activity 
to Regulate Energy Metabolism in Human Pluripotent Stem Cells. Stem Cell Reports 11:128–141. 
doi:10.1016/j.stemcr.2018.05.015 

Singh AP, Salvatori R, Aftab W, Aufschnaiter A, Carlström A, Forne I, Imhof A, Ott M. 2020. Molecular 
Connectivity of Mitochondrial Gene Expression and OXPHOS Biogenesis. Mol Cell 79:1051-
1065.e10. doi:10.1016/j.molcel.2020.07.024 

Sinha S, Bheemsetty VA, Inamdar MS. 2018. A double helical motif in OCIAD2 is essential for its 
localization, interactions and STAT3 activation. Sci Rep 8:7362. doi:10.1038/s41598-018-25667-3 

Steglich G, Neupert W, Langer T. 1999. Prohibitins regulate membrane protein degradation by the m-
AAA protease in mitochondria. Mol Cell Biol 19:3435–3442. doi:10.1128/mcb.19.5.3435 

Stephan K, Ott M. 2020. Timing of dimerization of the bc1 complex during mitochondrial respiratory 
chain assembly. Biochimica et Biophysica Acta (BBA) - Bioenergetics 1861:148177. 
doi:10.1016/j.bbabio.2020.148177 

Stoldt S, Wenzel D, Kehrein K, Riedel D, Ott M, Jakobs S. 2018. Spatial orchestration of mitochondrial 
translation and OXPHOS complex assembly. Nature Cell Biology 20:528–534. 
doi:10.1038/s41556-018-0090-7 

Tatsuta T, Model K, Langer T. 2004. Formation of Membrane-bound Ring Complexes by Prohibitins in 
Mitochondria. MBoC 16:248–259. doi:10.1091/mbc.e04-09-0807 

Titov DV, Cracan V, Goodman RP, Peng J, Grabarek Z, Mootha VK. 2016. Complementation of 
mitochondrial electron transport chain by manipulation of the NAD+/NADH ratio. Science 
352:231–235. doi:10.1126/science.aad4017 

To T-L, Cuadros AM, Shah H, Hung WHW, Li Y, Kim SH, Rubin DHF, Boe RH, Rath S, Eaton JK, Piccioni F, 
Goodale A, Kalani Z, Doench JG, Root DE, Schreiber SL, Vafai SB, Mootha VK. 2019. A 
Compendium of Genetic Modifiers of Mitochondrial Dysfunction Reveals Intra-organelle 
Buffering. Cell 179:1222-1238.e17. doi:10.1016/j.cell.2019.10.032 

Trumpower BL. 1990. Cytochrome bc1 complexes of microorganisms. Microbiol Rev 54:101–129. 
Tsai M-F, Phillips CB, Ranaghan M, Tsai C-W, Wu Y, Williams C, Miller C. 2016. Dual functions of a small 

regulatory subunit in the mitochondrial calcium uniporter complex. eLife 5:e15545. 
doi:10.7554/eLife.15545 

Tucker EJ, Wanschers BFJ, Szklarczyk R, Mountford HS, Wijeyeratne XW, Brand MAM van den, Leenders 
AM, Rodenburg RJ, Reljić B, Compton AG, Frazier AE, Bruno DL, Christodoulou J, Endo H, Ryan 
MT, Nijtmans LG, Huynen MA, Thorburn DR. 2013. Mutations in the UQCC1-Interacting Protein, 
UQCC2, Cause Human Complex III Deficiency Associated with Perturbed Cytochrome b Protein 
Expression. PLOS Genetics 9:e1004034. doi:10.1371/journal.pgen.1004034 

Tzagoloff A, Hell K, Neupert W, Stuart RA. 2000. Identification of Cox20p, a Novel Protein Involved in the 
Maturation and Assembly of Cytochrome Oxidase Subunit 2*. Journal of Biological Chemistry 
275:4571–4578. doi:10.1074/jbc.275.7.4571 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


Urra FA, Muñoz F, Lovy A, Cárdenas C. 2017. The Mitochondrial Complex(I)ty of Cancer. Front Oncol 
7:118. doi:10.3389/fonc.2017.00118 

Vaca Jacome AS, Rabilloud T, Schaeffer-Reiss C, Rompais M, Ayoub D, Lane L, Bairoch A, Van Dorsselaer 
A, Carapito C. 2015. N-terminome analysis of the human mitochondrial proteome. Proteomics 
15:2519–2524. doi:10.1002/pmic.201400617 

Valnot I, Kassis J, Chretien D, de Lonlay P, Parfait B, Munnich A, Kachaner J, Rustin P, Rötig A. 1999. A 
mitochondrial cytochrome b mutation but no mutations of nuclearly encoded subunits in 
ubiquinol cytochrome c reductase (complex III) deficiency. Hum Genet 104:460–466. 
doi:10.1007/s004390050988 

Van Engelenburg SB, Palmer AE. 2010. Imaging type-III secretion reveals dynamics and spatial 
segregation of Salmonella effectors. Nature Methods 7:325–330. doi:10.1038/nmeth.1437 

van Loon AP, Brändli AW, Pesold-Hurt B, Blank D, Schatz G. 1987. Transport of proteins to the 
mitochondrial intermembrane space: the “matrix-targeting” and the “sorting” domains in the 
cytochrome c1 presequence. EMBO J 6:2433–2439. 

Vranken JGV, Na U, Winge DR, Rutter J. 2015. Protein-mediated assembly of succinate dehydrogenase 
and its cofactors. Critical Reviews in Biochemistry and Molecular Biology 50:168–180. 
doi:10.3109/10409238.2014.990556 

Wachter C, Schatz G, Glick BS. 1992. Role of ATP in the intramitochondrial sorting of cytochrome c1 and 
the adenine nucleotide translocator. EMBO J 11:4787–4794. 

Wang Y, Hekimi S. 2016. Understanding Ubiquinone. Trends in Cell Biology 26:367–378. 
doi:10.1016/j.tcb.2015.12.007 

Wanschers BFJ, Szklarczyk R, van den Brand MAM, Jonckheere A, Suijskens J, Smeets R, Rodenburg RJ, 
Stephan K, Helland IB, Elkamil A, Rootwelt T, Ott M, van den Heuvel L, Nijtmans LG, Huynen MA. 
2014. A mutation in the human CBP4 ortholog UQCC3 impairs complex III assembly, activity and 
cytochrome b stability. Hum Mol Genet 23:6356–6365. doi:10.1093/hmg/ddu357 

Wittig I, Braun H-P, Schägger H. 2006. Blue native PAGE. Nature Protocols 1:418–428. 
doi:10.1038/nprot.2006.62 

Wittig I, Karas M, Schägger H. 2007. High resolution clear native electrophoresis for in-gel functional 
assays and fluorescence studies of membrane protein complexes. Mol Cell Proteomics 6:1215–
1225. doi:10.1074/mcp.M700076-MCP200 

Xia D, Yu C-A, Kim H, Xia J-Z, Kachurin AM, Zhang L, Yu L, Deisenhofer J. 1997. Crystal Structure of the 
Cytochrome bc1 Complex from Bovine Heart Mitochondria. Science 277:60–66. 
doi:10.1126/science.277.5322.60 

Yamamoto H, Esaki M, Kanamori T, Tamura Y, Nishikawa S, Endo T. 2002. Tim50 Is a Subunit of the 
TIM23 Complex that Links Protein Translocation across the Outer and Inner Mitochondrial 
Membranes. Cell 111:519–528. doi:10.1016/S0092-8674(02)01053-X 

Ying W. 2008. NAD+/NADH and NADP+/NADPH in cellular functions and cell death: regulation and 
biological consequences. Antioxid Redox Signal 10:179–206. doi:10.1089/ars.2007.1672 

Yoshinaka T, Kosako H, Yoshizumi T, Furukawa R, Hirano Y, Kuge O, Tamada T, Koshiba T. 2019. 
Structural Basis of Mitochondrial Scaffolds by Prohibitin Complexes: Insight into a Role of the 
Coiled-Coil Region. iScience 19:1065–1078. doi:10.1016/j.isci.2019.08.056 

Ziosi M, Di Meo I, Kleiner G, Gao X, Barca E, Sanchez‐Quintero MJ, Tadesse S, Jiang H, Qiao C, Rodenburg 
RJ, Scalais E, Schuelke M, Willard B, Hatzoglou M, Tiranti V, Quinzii CM. 2017. Coenzyme Q 
deficiency causes impairment of the sulfide oxidation pathway. EMBO Mol Med 9:96–111. 
doi:10.15252/emmm.201606356 

 

Figure legends 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted February 16, 2021. ; https://doi.org/10.1101/2021.02.16.431450doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.16.431450
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 
Genome-scale CRISPRi antimycin screen identifies genes regulating mitochondrial 
Complex III. 
 

A) Schematic overview of the genome-wide CRISPRi screen. K562 dCas9 cells 

stably expressing dCas9-KRAB were infected with a pooled genome-scale 

sgRNA library. After growth in galactose, cells were subjected to 4 pulses of 

antimycin A or vehicle treatment followed by a 48h recovery period. After the 

last antimycin A pulse, genomic DNA from each condition was isolated and 

sgRNA abundance was quantified by deep sequencing.  

B) Volcano plot showing the statistical significance (y axis) vs phenotype scores (ρ, 

x axis) of control non-targeting and genome-wide targeting sgRNAs. Knockdown 

of Complex III structural proteins and assembly factors sensitized cells to 

antimycin A. Genes were considered a hit if they scored above a threshold of  

z-score x -log10 p-value of 7 (dashed line). 

C) CRISPRi knockdown of OCIAD1 expression. Western blot showing the 

expression level of OCIAD1 in K562 dCas9-KRAB cells stably expressing either 

a control non-targeting sgRNA or two different sgRNAs against OCIAD1. 

CRISPRi-based silencing reduced OCIAD1 protein expression by ~90%. 

D) Validation of the OCIAD1 phenotype. K562 dCas9 cells were mixed with an 

equal number of K562 dCas9-KRAB BFP+ cells stably expressing a non-

targeting sgRNA (brown bars) or a sgRNA against OCIAD1 (light blue bars). 

Cell mixtures were then treated with the drug or a vehicle for 24h. The 

percentage of BFP+ cells in the cell mixtures was measured by flow cytometry 

before and 24h after treatment. OCIAD1 silencing selectively sensitized cells to 

antimycin treatment. 

 

Supplementary Figure 1 
Silencing genes related to Complex I, pyruvate, and TCA metabolism protects cells 
against chemical inhibition of Complex III. 
 

A) Top 10 categories from gene ontology (GO) enrichment analysis for protecting 

hit genes (ρ > 0). Mitochondrial terms related to Complex I, pyruvate 

metabolism, and the TCA cycle are specifically enriched in all three biological 

domains (CC: Cellular Component, BP: Biological Process, MF: Molecular 

Function). Terms are ordered by the maximum of -log10 p-value (elim algorithm 

with Fisher’s exact test). 

B,D) Read count distribution of non-targeting control sgRNAs (grey circles) and 
sgRNAs related to Complex I structural subunits and assembly factors (B) or 
sgRNAs related to pyruvate metabolism and TCA cycle (D) in untreated and 
antimycin treated cells. Red squares represent the average read count of the 
top 3 targeting sgRNAs. Dashed blue lines represent the 95% prediction 
interval.  
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C,E)  Tile plots displaying the phenotype scores (ρ) (first and middle columns) and 
associated p-values (right column) of both biological replicates for complex I 
related genes (C) and genes related to pyruvate and TCA metabolism (E). 
Complex I genes were grouped by module (N = N-module; Q = Q-module; Pp = 
proximal peripheral arm; Pd = distal peripheral arm) and assembly factors (AF). 
Significant genes are indicated by asterisks. 

 
Supplementary Figure 2 
Silencing Complex III genes aggravate the cellular response to antimycin A. 
 
A) Sensitizing antimycin A genes. Top 10 categories from gene ontology (GO) 

enrichment analysis (ρ < 0). Mitochondrial terms related to Complex III are 

enriched in all three biological domains (CC: Cellular Component, BP: Biological 

Process, MF: Molecular Function). Terms are ordered by the maximum of -log10 

p-value (elim algorithm with Fisher’s exact test). 

B) Read count distribution of non-targeting control sgRNAs (grey circles) and 

Complex III structural subunit and assembly factor sgRNAs (req squares, 

average of top 3 sgRNAs) in untreated and antimycin treated cells. Dashed blue 

lines represent the 95% prediction interval.  

C) Tile plots displaying the phenotype scores (ρ) of each biological replicate (first 

and middle columns) and associated p-values (right column) for CIII2 structural 

genes (CIII) and assembly factors (AF). Significant genes are indicated by 

asterisks. (n.d = not determined). 

 
Figure 2 
OCIAD1 is required for CIII2 assembly. 
 

A) Western blot showing CRISPRi silencing of OCIAD1 protein expression (12.47 ± 

1.06% of control) in K562 cells. Rescue of OCIAD1 (141.20 ± 6.07% of control) 

by lentivirus transduction with a P2A multicistronic vector with high cleavage 

efficiency (98.89 ± 0.12%). The upper band (EGFP-OCIAD1) represents intact 

fusion gene product. ATP5A1 served as loading control. 

B-F) OCAID1 is selectively required for Complex III assembly. BN-PAGE analysis of 
digitonin-solubilized mitochondria followed by Western blotting using NDUFB8 
(Complex I), SDHA (Complex II), UQCRC2 (Complex III), COXIV (Complex IV), 
and ATP5A1 (ATP synthase). The ATP5A1 signal from monomeric CV (F) was 
used as a loading control to quantify UQCRC2 intensities (D) as both proteins 
were probed on the same membrane. Values represent normalized intensity ± 
SEM (n = 3). Asterisks (*p < 0.05, **p < 0.01, or ***p < 0.001) correspond to the 
adjusted (FDR) p-values from the post-ANOVA pairwise t-test. 

 
Figure 3 
OCIAD1 is an inner mitochondrial membrane protein.  
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A) Schematic illustration of OCIAD1domain organization. 

B) Representative images of fixed U2OS cells stained with Mitotracker (magenta) 

and immunolabeled using anti-OCIAD1 antibodies (green). Lower panel is a 

magnification of the inset shown in the upper panel. 

C) OCIAD1 is an integral membrane protein. Sodium carbonate extraction 

fractions (pH 10.5-11.5) immunoblotted with anti-OCIAD1, anti-TIM50, anti-

ATP5A1, and anti-SDHA antibodies. P and S indicate pellet and soluble 

fractions, respectively. 

D) OCIAD1 localizes to the inner membrane. Protease protection assay fractions 

immunoblotted with anti-OCIAD1, anti-prohibitin 2 (PHB2), anti-TIM50, anti-

ATP5A1, and anti-SDHA antibodies. (OMM: outer mitochondrial membrane, 

IMM: inner mitochondrial membrane, IMS: intermembrane space).  

E) Schematic illustration of OCIAD1 topology within the inner membrane.  

 
Supplementary Figure 3 
OCIAD1 termini are localized in the mitochondrial intermembrane space.  
 

A) Schematic illustrating the OCIAD1-GFP deletion constructs used for mapping 

the epitope of the anti-OCIAD1 polyclonal antibody.  

B) Cell lysates from U2OS cells expressing either full-length or truncated OCIAD1-

GFP were analyzed by Western blotting and immunoprobed using anti-OCIAD1 

(Invitrogen, cat# PA5-20834) and anti-GFP antibodies. The anti-OCIAD1 

polyclonal antibody recognizes an epitope located within the last 25 amino 

acids of OCIAD1 C-terminus. 

C) Uncropped immunoblot for the OCIAD1 protease protection assay shown in 

Figure 3C alongside an over-exposed image of the same membrane.  

D) U2OS cells stably expressing IMS- or matrix-targeted GFP1-10 were transiently 

transfected with various GFP11 constructs before assessing GFP 

complementation by flow cytometry analysis. No GFP1-10 and GFP1-10 alone 

(uppermost panel). CoQ9 tagged with C-terminal GFP11 expressed in matrix- or 

IMS-targeted GFP1-10 cells (second panel). MICUI tagged with C-terminal 

GFP11 expressed in matrix- or IMS-targeted GFP1-10 cells (third panel). N-

terminal GFP11-tagged OCIAD1 construct (fourth panel) and C-terminal GFP11-

tagged OCIAD1 construct (fifth panel) expressed in matrix- or IMS-targeted 

GFP1-10
 cells.  

 
Figure 4 
OCIAD1 forms a complex with prohibitin supramolecular assemblies. 
 

A) Volcano plot showing the statistical significance (-log10 FDR adjusted p-value; y 

axis) vs log2 fold change (x axis) of proteins enriched in OCIAD1 pull-down 

performed on DSP-crosslinked K562 cell lysates from OCIAD1 knockdown cells 

and OCIAD1 knockdown cells rescued with wildtype OCIAD1. Proteins with a 
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log2 fold change ≥ 1.5 and an adjusted p-value < 0.05 were considered 

significantly enriched. (n = 3, n.s. = non-significantly enriched). 

B) BN-PAGE of LMNG detergent-solubilized mitochondrial membranes isolated 

from U2OS control, OCIAD1 knockdown, and OCIAD1 knockdown cells 

rescued with wildtype OCIAD1. The membrane was immunoblotted with anti-

OCIAD1 and anti-prohibitin 2 antibodies. 

C) BN-PAGE of LMNG detergent-solubilized mitochondrial membranes isolated 

from U2OS control cells (n = 3) and immunoblotted with anti-OCIAD1 and anti-

prohibitin 2 antibodies. Electrophoresis was stopped before elution of the 

migration front to calculate the fraction of OCIAD1 that associates with PHB2 

assemblies (66.91 ± 0.35%). 

D) Mitochondria from K562 cells solubilized with LMNG and pre-incubated with 

anti-Phb2 antibodies (solid line) or vehicle (dotted line) were analyzed by BN-

PAGE and immunoblotted with anti-OCIAD1 and anti-prohibitin 2 antibodies. 

Line scan traces represent the distribution profile of Phb2 (brown) and OCIAD1 

(light blue). 

 
Supplementary Figure 4 
The OCIAD1 paralog, OCIAD2, localizes to the mitochondria inner membrane.  
 

A) Schematic of predicted OCIAD1 and OCIAD2 topologies. 

B) Representative images of fixed U2OS cells stained with Mitotracker (magenta) 

and immunolabeled for OCIAD2 (green). The bottom panel is a magnification of 

the inset shown in the upper panel. 

C) OCIAD2 is an integral membrane protein. Sodium carbonate extraction 

fractions (pH 10.5-11.5) immunoblotted with anti-OCIAD1, anti-OCIAD2, anti-

TIM50, anti-ATP5A1, and anti-SDHA antibodies. P and S indicate pellet and 

soluble fractions, respectively. This panel, without the OCIAD2 blot, was shown 

in Figure 3C. 

E) OCIAD2 localizes to the inner membrane. Protease protection assay fractions 

immunoblotted with anti-OCIAD1, anti-OCIAD2, anti-prohibitin 2 (PHB2), anti-

TIM50, anti-ATP5A1, and anti-SDHA antibodies. (OMM: outer mitochondrial 

membrane, IMM: inner mitochondrial membrane, IMS: intermembrane space). 

This panel, without the OCIAD2 blot, was shown in Figure 3D. 

F) BN-PAGE of LMNG detergent-solubilized mitochondrial membranes isolated 

from U2OS cells and immunoblotted with anti-OCIAD2 and anti-prohibitin 

antibodies. 

 

 
Supplementary Figure 5 
OCIAD1 and OCIAD2 paralogs are functionally divergent.  
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A) Read count distribution of all 10 sgRNAs targeting OCIAD1 (squares) and 

OCIAD2 (triangles) in untreated and antimycin treated K562 cells. Grey circles 

represent non-targeting sgRNAs. Dashed blue lines represent the 95% 

prediction interval. 

B) Western blot of U2OS and K562 cell extracts immunoblotted with anti-OCIAD2 

and anti-ATP5A1 antibodies.  

C) Western blot of cell extracts from U2OS cells expressing scramble or OCIAD2 

shRNAs. The membrane was immunoblotted with anti-OCIAD2 and anti-β-actin 

antibodies. 

D) Western blot of extracts from U2OS cells expressing OCIAD2 shRNA and 

OCIAD1gRNA. The membrane was immunoblotted with anti-OCIAD2 and anti-

SDHA antibodies. SDHA was used as a loading control. 

E) BN-PAGE analysis of digitonin-solubilized mitochondrial extracts from U2OS 

cells expressing OCIAD1 sgRNA#2 and OCIAD2 shRNA#1. ATP5A1 served as 

a loading control. 

Values represent normalized intensity ± SEM (n = 3). Asterisks (*p < 0.05, **p < 0.01, 
or ***p < 0.001) correspond to the adjusted (FDR) p-values from the post-ANOVA 
pairwise t-test. 

 
Supplementary Figure 6 
The role of OCIAD1 in CIII2 assembly is independent of cell-type and glucose 
availability. 
 

A) Western blot of wildtype U2OS cells or U2OS cells expressing a non-targeting 

sgRNA, sgRNA#2 against OCIAD1, or sgRNA#2 and wildtype OCIAD1 rescued 

by lentivirus expression. The upper band (EGFP-OCIAD1) represents intact 

fusion gene product. The non-targeting sgRNA used in this study does not affect 

OCIAD1 expression (compare control and wildtype lanes). 

B) BN-PAGE results using two CIII2 core subunits (UQCRC1, left and UQCRC2, 

right) showing that OCIAD1 is also required for CIII2 assembly in U2OS cells 

grown in glucose-containing media.  

C) BN-PAGE indicating that silencing OCIAD1, but not OCIAD2, disrupts CIII2 

assembly in U2OS cells grown in glucose-containing media. ATP5A1 served as 

a loading control. 

 Values represent normalized intensity ± SEM (n = 3). Asterisks (*p < 0.05, **p < 
0.01, or ***p < 0.001) correspond to the adjusted (FDR) p-values from the post-
ANOVA pairwise t-test. 

 
Supplementary Figure 7 
OCIAD1 regulates steady-state levels of Complex III subunits. 
 

A) Hierarchical clustering of unbiased proteomic analysis performed on whole-cell 

lysate from U2OS control cells, OCIAD1 knockdown cells, OCIAD2 knockdown 
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cells, OCIAD1 and OCIAD2 double knockdown cells, and OCIAD1 knockdown 

cells rescued with wildtype OCIAD1. The analysis identified a small cluster (red 

square) enriched for Complex III proteins selectively down-regulated in the 

OCIAD1 and OCIAD1/OCIAD2 knockdown cells. 

B) Western blot analysis showing that two Complex III subunits (UQCRC1 and 

UQCRC2) are downregulated in mitochondria isolated from OCIAD1 knockdown 

U2OS cells but not from OCIAD2 knockdown U2OS cells. SDHA served as a 

loading control. 

 
Supplementary Figure 8 
The distal region of the OCIA domain is essential for the function of OCIAD1 in CIII2 
assembly.  
 

A) Schematic showing the topology of the OCIAD1-TEV-StrepII isoforms with C-

terminal tiled deletions. 

B) Mitochondria were isolated from non-infected control and OCIAD1 knockdown 

cells, or OCIAD1 knockdown cells infected with a lentivirus expressing full-

length or truncated OCIAD1 isoforms. BN-PAGE followed by Western blot 

analysis for OCIAD1 and UQCRC1 identified a small portion of the OCIA 

domain (a.a. 97-116) as putatively essential for CIII2 assembly.  

C) Multiple sequence alignment of OCIAD1 protein sequences using Clustal 

Omega. Blue shading indicates over 50% of identical amino acids in all 

sequences. The red box indicates the location of the mutated residue. 

 
Figure 5 
OCIAD1 regulates the maturation of cytochrome c1. 
 

A) Western blot showing OCIAD1 expression levels in K562 OCIAD1 knockdown 

cells rescued with either wildtype OCIAD1 or mutant (F102A) OCIAD1.  

B) Blue-native PAGE analysis showing that the F102A point mutant fails to rescue 

the CIII2 assembly defect.  

C) Volcano plot showing proteins enriched in OCIAD1 pull-down performed in DSP-

crosslinked cell lysate from K562 OCIAD1 knockdown cells rescued with either 

wildtype or F102A OCIAD1. (n.s = non-significantly enriched) 

D) Western blot analysis of U2OS mitochondrial membranes solubilized in 

digitonin. Heme was detected by chemiluminescence before immunoblotting the 

membrane with the indicated antibodies. 

E) Quantification of CYC1 (left) and heme (middle) levels from blot shown in figure 

5E. Right panel shows the proportion of CYC1 that is hemylated. 

Values represent normalized intensity ± SEM (n = 3). Asterisks (*p < 0.05, **p < 
0.01, or ***p < 0.001) correspond to the adjusted (FDR) p-values from the post-
ANOVA pairwise t-test. 
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Supplementary Figure 9 
Mature CIII2 contains hemylated cytochrome c1 in OCIAD1 knockdown cells. 
 

A) Western blot analysis of mitochondria isolated from OCIAD1 knockdown cells 

rescued with truncated OCIAD1 isoforms shown in Supplementary Figure 8 A 

and B. Heme was detected by chemiluminescence before immunoblotting the 

membrane with an antibody against CYC1. Deleting the distal portion of the 

OCIA domain (Δ97-116) disrupted CYC1 maturation. 

B) Blue-native PAGE analysis of digitonin-solubilized mitochondrial membranes 

isolated from U2OS control and OCIAD1 knockdown cells. Heme was detected 

by chemiluminescence before immunoblotting the membrane with an antibody 

against Complex III core subunit UQCRC2. 

C) Clear-native PAGE analysis of digitonin-solubilized mitochondrial membranes 

isolated from U2OS control and OCIAD1 knockdown cells. Heme was detected 

by chemiluminescence before immunoblotting the membrane with an antibody 

against CYC1. 

D) Quantification of blots shown in B and C showing the proportion of hemylated 

CYC1 in CIII2 assemblies. 

 
Figure 6 
OCIAD1 regulates IMMP2L-dependent proteolytic processing of cytochrome c1. 
 

A) 2D-native/SDS-PAGE analysis of mitochondrial membranes isolated from K562 

control and OCIAD1 knockdown cells and immunoblotted with CYC1 and PHB2 

antibodies. CIII2 assemblies from OCIAD1 knockdown cells contained immature 

CYC1 of higher molecular weight. PHB2 staining served as an internal 

molecular size reference. Light blue horizontal lines represent the size of 

putative precursor (p), intermediate (i), and mature (m) CYC1. White vertical 

lines represent the different high-order CIII2 assemblies. 

B) Extracted MS2 fragment ion chromatograms (XIC) for three diagnostic CYC1 

peptides detected by diaPASEF mass spectrometry in BN-PAGE gel slices 

excised from control cells, OCIAD1 knockdown cells, and OCIAD1 knockdown 

cells rescued with wildtype OCIAD1. Individual peptides displayed highly 

correlated fragment ion co-elution profiles strongly supportive of peptide 

identification. The TPQAVALSSK++ peptide (bottom panel), located at the N-

terminus of the CYC1 hydrophobic sorting sequence, was only identified in CIII2 

assemblies from OCIAD1 knockdown cells. Conversely, the 

SDLELHPPSYPWSHR+++ peptide (middle panel), which uniquely identifies the 

N-terminus of mature CYC1 but is not present in the tryptic digest of the CYC1 

precursor, was reliably detected in CIII2 assemblies from control and OCIAD1 

knockdown cells rescued with wildtype OCIAD1, but not from OCIAD1 

knockdown cells. An internal peptide (LFDYFPKPYPNSEAAR+++, top panel) 
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common to all CYC1 species (precursor, intermediate, mature) was detected in 

all cell lines, albeit at lower levels in OCIAD1 cells as expected. 
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Figure 3
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Figure 5
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