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SUMMARY

Distinct sub-assemblies (modules) of mitochondrial complex I (CI) are assembled
with the assistance of CI Assembly Factors (CIAFs) through mechanisms that are
incompletely defined. Here, using genetic analyses in Drosophila, we report that
when either of the CIAFs – NDUFAF3 or NDUFAF4 – is disrupted, biogenesis of
the Q-, N-, and PP-b-modules of CI is impaired. This is due, at least in part, to
the compromised integration of NDUFS3 and NDUFS5 into the Q-, and PP-b-mod-
ules, respectively, coupled with a destabilization of another CIAF, TIMMDC1, in
assembly intermediates. Notably, forced expression of NDUFAF4 rescues the
biogenesis defects in the Q-module and some aspects of the defects in the PP-b-
module of CI when NDUFAF3 is disrupted. Altogether, our studies furnish new
fundamental insights into the mechanism by which NDUFAF3 and NDUFAF4
regulate CI assembly and raises the possibility that certain point mutations in
NDUFAF3 may be rescued by overexpression of NDUFAF4.

INTRODUCTION

NADH:ubiquinone oxidoreductase, more commonly referred to as mitochondrial complex I (CI), is the

largest holoenzyme of the oxidative phosphorylation system (OXPHOS). Mammalian CI has 44 distinct sub-

units and is tightly intertwined with a dozen or so phospholipid molecules. It also has 8 Fe-S clusters, two

phosphopantetheine molecules, and a molecule each of NADPH, Zn2+, and flavin mononucleotide (FMN)

(Fiedorczuk et al., 2016; Letts et al. 2016; Letts and Sazanov 2017; Agip et al., 2018). These seemingly dispa-

rate components must be incorporated together in a precise orientation to form a functioning enzyme. In

addition, one of the subunits (NDUFAB1) occurs twice in the complex, resulting in a total of 45 subunits of

CI. The two copies of NDUFAB1 must be inserted into two distinct portions of the complex during the as-

sembly process. Consequently, CI assembly is a highly regulated process, with many of the mechanistic

molecular details still unclear.

Fourteen of the 45 subunits form the catalytic centers of the enzyme. Accordingly, they are referred to as

the core or central subunits of CI (Fiedorczuk et al., 2016; Baradaran et al., 2013; Vinothkumar et al. 2014; J.

Zhu, Vinothkumar, and Hirst 2016). 7 core subunits are encoded in the nucleus (i.e. NDUFS1, NDUFS2,

NDUFS3, NDUFS7, NDUFS8, NDUFV1, and NDUFV2), while the other 7 are encoded by mtDNA (i.e.

ND1, ND2, ND3, ND4, ND4L, ND5, and ND6). The 31 (30 distinct) remaining subunits are also encoded

by nuclear DNA and are referred to as accessory or supernumerary subunits. There are two major domains

of CI that regulate its two bioenergetic functions. The two domains are a hydrophobic proton-pumping

membrane-localized domain, and a hydrophilic electron-transferring peripheral domain that juts into

the mitochondrial matrix. These two domains of CI are oriented almost perpendicularly to each other, giv-

ing rise to the boot-shaped structure of CI (Baradaran et al., 2013; Efremov and Sazanov 2011).

During CI biogenesis, transient assembly intermediates (AIs) consisting of a few CI subunits are formed

largely independently of other CI AIs. The CI AIs or subcomplexes ultimately merge with each other or

other subunits to form the mature complex. Additionally, about a dozen or so CIAFs have been identified.

CIAFs are proteins that are usually found in association with specific subcomplexes and assist with the as-

sembly process, but are subsequently released when assembly is complete. Some CIAFs function as chap-

erones to stabilize specific CI subcomplexes or assist with the combination of two subcomplexes to form a
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larger subcomplex. Others have more specific roles: such as regulating a post-translational modification on

a specific CI subunit, as is the case for NDUFAF5 and NDUFAF7 (reviewed in (Formosa et al., 2018)). There

are also regulators of CI assembly that have more global effects on OXPHOS assembly. Such is the case for

apoptosis-inducing factor, which regulates the intramitochondrial transport of some components of the

mitochondrial contact site and cristae organizing system, thereby influencing CI assembly indirectly (Murari

et al., 2020). A thorough characterization of the roles of all CIAFs is required as it will improve our under-

standing of CI assembly, and possibly, uncover new therapeutic options for mitochondrial CI diseases.

Some CI AIs consist of sub-assemblies that form the 3 functional modules of CI (the N, Q, and P-modules).

Located at the most distal part of the matrix domain, the N-module is the site of NADH oxidation and con-

tains the FMN prosthetic group. The Q-module connects the N module to the membrane domain and

transfers electrons through Fe-S clusters to ubiquinone (reviewed in (Rhooms et al., 2019)). The N- and

Q-modules together form the matrix domain. The membrane domain is essentially comprised of the pro-

ton-pumping P-module. The P-module can be further subdivided into a proximal PP module and a distal PD
module; as the PP and PD modules are proximal and distal to the region of attachment of the matrix and

membrane domains, respectively. Studies in mammalian cells have shown that during CI biogenesis, the

PP module is assembled from two sub-modules (i.e. the PP-a and PP-b sub-modules). Similarly, the PD mod-

ule is preassembled as separate PD-a and PD-b sub-modules, which eventually merge with each other to

form the PD module. Thus, commencing at the region where the membrane and matrix domains adjoin,

and progressing distally, the P-module consists of the PP-a, PP-b, PD-a, and PD-b sub-modules (reviewed in

(Sánchez-Caballero et al. 2016)). The PP-a, PP-b, PD-a, and PD-b sub-modules are essentially analogous to

the ND1, ND2, ND4, and ND5 sub-modules, respectively (reviewed in (Formosa et al., 2018)).

Mutations in both NADH dehydrogenase 1 alpha subcomplex assembly factor 3 (NDUFAF3, also referred

to as C3ORF60) andNADH dehydrogenase 1 alpha subcomplex assembly factor 4 (NDUFAF4, also referred

to as C6ORF66) have long been associated with Leigh Syndrome (Baertling et al., 2017a, 2017b). NDUFAF4

was discovered by homozygosity mapping of patients who presented with symptoms of CI deficiency, while

NDUFAF3 was discovered by phylogenetic profiling to uncover proteins that co-evolved with CI and are

consequently lost in organisms without CI (Saada et al., 2008; Pagliarini et al., 2008). Further studies iden-

tified patients with mutations in NDUFAF3 (Saada et al., 2009). Immunoblotting and proteomic analyses

have revealed the co-migration of NDUFAF3 and NDUFAF4 with at least 5 CI subunits: NDUFS2, NDUFS3,

NDUFS7, NDUFS8, and NDUFA5. As these 5 CI subunits are part of the Q-module, this observation is

consistent with a role of NDUFAF3 and NDUFAF4 in regulating the assembly or ensuring the stability of

the Q-module during the CI assembly process (Saada et al., 2009; Guerrero-Castillo et al., 2017). However,

whether NDUFAF3 or NDUFAF4 can regulate the biogenesis of other CI modules or whether mutations in

NDUFAF3 or NDUFAF4 can be rescued by the upregulation of NDUFAF4 or NDUFAF3, respectively, was

hitherto unknown.

We previously reported that the mechanism of CI assembly in Drosophila flight (thoracic) muscles corre-

lates with what has been described in mammalian systems (Garcia et al., 2017; Rhooms et al., 2019).

This, coupled with its classical genetics, make Drosophila an ideal model system for dissecting the mech-

anism by which various CIAFs regulate CI assembly in vivo. Accordingly, we sought to define the effect of

disrupting NDUFAF3 and NDUFAF4 on the expression of other CIAFs, and the biogenesis of specific mod-

ules of CI. We find that RNAi-mediated knockdown of the Drosophila ortholog of NDUFAF3 or NDUFAF4

inhibits the biogenesis of the Q-, N-, and PP-b-modules of CI. This is associated with a reduction in the

amount of NDUFS3, NDUFV3, and NDUFS5 that incorporates into the Q-, N-, and PP-b-modules, respec-

tively. In addition, knockdown of NDUFAF3 or NDUFAF4 reduces the amount of TIMMDC1 associated

with AIs. Remarkably, forced expression of NDUFAF4, rescues the diminished integration of NDUFS3

and NDUFS5 into the Q- and PP-b modules of CI when NDUFAF3 is disrupted. Our work raises the possi-

bility that certain mutations in NDUFAF3 may be rescued by overexpression of NDUFAF4.
RESULTS

RNAi-mediated disruption of Drosophila orthologs of NDUFAF3 and NDUFAF4 in flight

muscles impairs complex I assembly but increases complex II and complex IV activity

A search on the Ensembl genome browser revealed that Drosophila orthologs of NDUFAF3 and NDUFAF4

are CG5569 and CG11722, respectively. For simplicity, we refer to CG5569 and CG11722 as dNDUFAF3

and dNDUFAF4, respectively, and prefix all Drosophila orthologs of CI subunits and CIAFs with ‘‘d’’
2 iScience 24, 102869, August 20, 2021
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Figure 1. RNAi-mediated disruption ofDrosophila orthologs of NDUFAF3 andNDUFAF4 in flight muscles impairs

complex I assembly but increases complex II and complex IV activity

(A) Total cell lysates from flight/thoracic muscles isolated from adult flies expressing the transgenic RNAi constructs

shown in muscles (using Mhc-Gal4) 2 days post-eclosure, were analyzed by SDS-PAGE and anti-dNDUFAF3, anti-

dNDUFAF4, anti-NDUFS3, anti-dNDUFV1, and anti-dSDHA immunoblotting. Anti-dSDHA was used as a loading control.

(B) Mitochondrial preparations from adult thoracic muscles expressing the transgenic RNAi constructs shown 2 days after

eclosure, were analyzed by silver staining of native gels and blue native polyacrylamide gel electrophoresis (BN-PAGE).

The asterisk (*) denotes accumulated assembly intermediates.
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Figure 1. Continued

(C) Similar to (B) but with an independent set of transgenic RNAi constructs to dNDUFAF3 and dNDFUFAF4.

(D) Immunoblotting of native OXPHOS complexes in mitochondrial preparations from flight muscles expressing the

transgenic RNAi constructs shown in muscles.

(E) Complex I, complex II, complex IV, and complex V in-gel activity assays of OXPHOS complexes obtained from

mitochondrial preparations from flight muscles of flies with the genotypes shown.

(F) ROS levels in mitochondrial preparations from thoraces of Mhc-Gal4/w1118 (wild-type), Mhc-Gal4/UAS-

dNDUFAF3�RNAi, and Mhc-Gal4/UAS-dNDUFAF4�RNAi flies relative to wild-type controls 2 days post-eclosure. n = 3

biological replicates with 40 flies per replicate; p values are based on the student’s t-test for unpaired two-tailed samples.

The fold change shown refers to the mean G s.e.m (standard error of the mean); and n.s. denotes p > 0.05, * = p < 0.05,

** = p < 0.01 and *** = p < 0.001.

See also Figure S1.
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(as in dNDUFAF3 for NDUFAF3, etc) elsewhere in this manuscript. We knocked down the expression of

dNDUFAF3 and dNDUFAF4 in thoracic muscles using the Gal4/UAS system (Brand and Perrimon 1993).

No adult flies were recovered with the more potent Dmef2-Gal4 driver that is expressed in muscles

throughout development. However, viable flies were obtained when the expression of dNDUFAF3 or

dNDUFAF4 in thoracic muscles were knocked down with the Mhc-Gal4 driver. Immunoblotting analyses

indicated that dNDUFAF3 and dNDUFAF4 expression had been significantly attenuated in thoraces

dissected from the Mhc-Gal4/UAS-dNDUFAF3-RNAi (FAF3-kd) and Mhc-Gal4/UAS-dNDUFAF4-RNAi

(FAF4-kd) flies respectively, relative to wildtype controls (i.e. Mhc-Gal4/w1118) (Figure 1A).

To evaluate the effect of disrupting dNDUFAF3 and dNDUFAF4 on the assembly of OXPHOS complexes in

adult flight muscles, we isolatedmitochondria from thoraxes of FAF3-kd and FAF4-kd flies, solubilized their

membranes in digitonin, and evaluated the integrity of their OXPHOS complexes using silver staining and

blue native polyacrylamide gel electrophoresis (BN-PAGE). The assembly of CI was impaired in mitochon-

dria from thoraces, where dNDUFAF3 or dNDUFAF4 expression was knocked down using MhcGal4 (Fig-

ures 1B and S1). Similar results were obtained when different transgenic RNAi constructs targeting

dNDUFAF3 and dNDUFAF4 were used (Figure 1C). Immunoblotting of OXPHOS complexes, using the an-

tibodies indicated, revealed that CII through CV were assembled normally in thoraxes of FAF3-kd and

FAF4-kd flies (Figure 1D). In-gel CI activity was reduced when the expression of dNDUFAF3 or dNDUFAF4

was knocked down, in agreement with observations from Figures 1B and 1C (Figure 1E). Although immu-

noblotting of the OXPHOS complexes revealed that the extent of expression of dSDHA and dCOX-IV was

not appreciably different between the wild-type samples and samples where dNDUFAF3 and dNDUFAF4

were knocked down (Figure 1D); in-gel CII and CIV activity were actually higher in thoraxes of FAF3-kd and

FAF4-kd flies, relative to wild-type, while in-gel CV activity was not appreciably affected (Figure 1E). In addi-

tion, an Amplex Red assay revealed that the amount of reactive oxygen species (ROS) produced in FAF3-kd

and FAF4-kd thoraxes was elevated relative to wild-type controls (Figure 1F).

In view of the fact that CII and CIV were assembled to the same extent in wild-type and FAF3-kd and FAF4-

kd flies, it is possible that the increased CII and CIV in-gel activities are due to post-translational modifica-

tions on some CII and CIV subunits that enhance their activities. Altogether, these results indicate that the

Drosophila orthologs of NDUFAF3 andNDUFAF4 regulate the assembly of CI in adult thoracic muscles and

induce a compensatory adaptive response involving increased CII and CIV activity when genetically disrup-

ted. Thus, the flight muscles of Drosophila are a suitable system to explore the AI profile of FAF3-kd and

FAF4-kd flies, and whether genetic disruption of dNDUFAF3 or dNDUFAF4 can be rescued by the upregu-

lation of dNDUFAF4 or dNDUFAF3, respectively.
The synthesis of some CI AIs localized to the mitochondrial matrix are stalled when

dNDUFAF4 or dNDUFAF3 is disrupted

As a first step toward unraveling the mechanism by which dNDUFAF3 and dNDUFAF4 regulate CI assem-

bly, we analyzed the effect of disrupting these two CIAFs on biogenesis of the matrix-localized modules of

CI. The two functional modules of CI situated in the part of CI that extends into themitochondrial matrix are

the Q- and N-modules (Figures S2 and 2A). Biogenesis of the Q-module begins with the formation of an AI

consisting of dNDUFS2 and dNDUFS3, which subsequently combines with dNDUFS7 and dNDUFS8.

Therefore, we used an antibody that detects dNDUFS3 (anti-NDUFS3) to track the incorporation of

dNDUFS3 into the Q module by immunoblotting of blue native gels.
4 iScience 24, 102869, August 20, 2021
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Figure 2. The synthesis of some CI assembly intermediates localized to the mitochondrial matrix are stalled when

dNDUFAF4 or dNDUFAF3 is disrupted

(A) A diagram depicting the boot-shaped structure of mitochondrial CI in the mitochondrial inner membrane and the

approximate positions of the N, Q, PP, and PD modules. The matrix and membrane domains are oriented almost

perpendicularly to each other. A commercially available antibody that detects dNDUFS3 (FS3), and antibodies we raised

against dNDUFS7 (FS7) and dNDUFS8 (FS8) were used to track the biogenesis of the Q-module. Biogenesis of the

N-module was monitored by immunoblotting with antibodies we raised against dNDUFV1 (FV1) and dNDUFV3 (FV3).

(B–F) Mitochondrial preparations from thoraces isolated from Mhc-Gal4/w1118 (wild-type), Mhc-Gal4/UAS-

dNDUFAF3�RNAi, and Mhc-Gal4/UAS-dNDUFAF4�RNAi flies 2 days after eclosure were analyzed by BN-PAGE, followed

by immunoblotting with the antibodies indicated. The blots were imaged following a short exposure to detect the

holoenzyme and supercomplexes, after which the region corresponding to the holoenzyme and supercomplexes was cut

off, and the rest of the blot re-imaged after a longer exposure to detect the assembly intermediates. The antibodies used

were anti-NDUFS3 which detects dNDUFS3 (B), anti-dNDUFS7 (C), anti-dNDUFS8 (D), anti-dNDUFV3 (E), and anti-

dNDUFV1 (F). Anti-ATP Synthase Beta (ATP5F1B) which detects the Drosophila ortholog, dATP-Synb was used as a

loading control.

See also Figure S2.
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We observed that the extent of incorporation of dNDUFS3 into theQmodule was diminished in both FAF3-

kd and FAF4-kd flies (Figure 2B). Additionally, there was a notable accumulation of a dNDUFS7-containing

subcomplex in mitochondria from FAF3-kd and FAF4-kd thoraces, perhaps reflecting the continued incor-

poration of dNDUFS7 into the stalled and dysfunctional Q-module (Figure 2C). On the contrary, a subcom-

plex containing dNDUFS8, which is another core/central subunit of CI, and is part of the Qmodule, was not

appreciably affected in either FAF3-kd or FAF4-kd flies (Figure 2D).
iScience 24, 102869, August 20, 2021 5
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Figure 3. The biogenesis of some assembly intermediates in the mitochondrial inner membrane are stalled when

dNDUFAF4 or dNDUFAF3 is disrupted

(A) A representation of mitochondrial CI showing the approximate positions of the N and Q modules, as well as the sub-

modules in the membrane domain. The PP and PDmodules can be further subdivided into the PP-a, PP-b, PD-a and PD-b sub-

modules. Antibodies raised against the subunits shown were used to track the synthesis of the various sub-modules.

(B–I) Mitochondrial preparations from thoraces isolated from flies with the genotypes indicated 2 days after eclosure were

analyzed by BN-PAGE, followed by immunoblotting with the antibodies listed. The blots were imaged following a short

exposure to detect the holoenzyme and supercomplexes, after which the region corresponding to the holoenzyme and

supercomplexes was cut off, and the rest of the blot re-imaged after a longer exposure to detect the assembly
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Figure 3. Continued

intermediates. The antibodies used were anti-dND1 (B), anti-dNDUFA8 (C), anti-dND2 (D), anti-dND4L (E), dNDUFS5

(F), anti-dNDUFA11 (G), anti-dNDUFB5 (H), and anti-dNDUFB8 (I). Anti-ATP Synthase Beta (ATP5F1B) which detects

the Drosophila ortholog, dATP-Synb was used as a loading control.

See also Figure S2.
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As dNDUFV1 and dNDUFV3 are part of the N-module (Figure 2A), we tracked the incorporation of these

two subunits into CI subcomplexes to monitor the integrity of the N module. The level of incorporation

of dNDUFV3 into a subcomplex containing dNDUFV3 was strongly reduced in thoraxes from FAF3-kd

and FAF4-kd flies (Figure 2E). A pronounced difference was observed between FAF3-kd and FAF4-kd flies

with respect to the extent of assimilation of dNDUFV1 into a subcomplex of the Nmodule, as incorporation

of dNDUFV1 was reduced in FAF3-kd thoraces but was relatively unaffected in FAF4-kd thoraces at this

stage (Figure 2F). Thus, although proteomic analyses has revealed the co-migration of dNDUFAF3 and

dNDUFAF4 with essentially all the Q-module subunits (Guerrero-Castillo et al., 2017), the primary function

of both dNDUFAF3 and dNDUFAF4 with regard to regulating the synthesis of the Q-module is to regulate

incorporation of dNDUFS3 into the Q-module.
The biogenesis of some AIs in the mitochondrial inner membrane are stalled when

dNDUFAF4 or dNDUFAF3 is disrupted

We explored whether dNDUFAF3 and dNDUFAF4 regulate the biogenesis of some of the membrane-

localized subcomplexes of CI. The membrane domain – comprising of the P-module – can be sub-divided

into a proximal (PP) and a distal (PD) domain; each of which can be further split into a pair of sub-modules

(Figures S2 and 3A). The 7 mtDNA-encoded CI subunits (i.e. ND1, ND2, ND3, ND4, ND4L, ND5, and ND6)

are part of the P-module. Nuclear-encoded CI subunits that are assembled together with ND1, ND2, ND4,

and ND5 into themembrane define the 4 sub-modules of the P-module. Accordingly, the PPmodule can be

further split into the PP-a and PP-b sub-modules that contain ND1 and ND2, respectively; while the PD mod-

ule consists of the PD-a and PD-b sub-modules within which ND4 and ND5 are assembled, respectively (Fig-

ures S2 and 3A) (reviewed in (Sánchez-Caballero et al. 2016; Formosa et al., 2018)). Immunoblotting of CI

subcomplexes using antibodies raised against subunits in the PP-a sub-module, such as dND1 and

dNDUFA8, revealed that there was an accretion of a subcomplex containing these two subunits in FAF3-

kd and FAF4-kd flies (Figures 3B and 3C). Similarly, with regard to subunits in the PP-b sub-module, there

was a build-up of dND2-and dND4L-containing subcomplexes (Figures 3D and 3E). In contrast to these ob-

servations, the amount of dNDUFS5 that had incorporated into the PP-b sub-module was reduced in both

FAF3-kd and FAF4-kd samples, relative to wild-type controls (Figure 3F).

We note that the PP-b sub-module subcomplex phenotype of FAF3-kd and FAF4-kd were not exactly the

same. In FAF3-kd samples, at least two FS5-containing subcomplexes were impaired in FAF3-kd samples,

while only the smaller of the two FS5-containing subcomplexes was impaired in FAF4-kd samples (Fig-

ure 3F). The larger subcomplex that is attenuated in FAF3-kd samples but present in FAF4-kd samples

was reproduced by immunoblotting with an antibody that detects dNDUFA11, another nuclear-encoded

subunit in the PP-b sub-module (Figure 3G). We refer to this large subcomplex that migrates just below

the CI holoenzyme as the terminal AI (AI-T). Furthermore, although anti-dNDUFB5 and anti-dNDUFB8

immunoblotting of samples revealed that the PD-a and PD-b sub-modules do not accumulate in wild-type

samples, there was a robust accumulation of dNDUFB5- and dNDUFB8-containing subcomplexes in sam-

ples from FAF3-kd and FAF4-kd flies (Figures 3H and 3I). Taken as a whole, these results show that the

dysfunctional Q-module formed is associated with a bottleneck in the biogenesis of the P-module as

well. Thus, in addition to their roles in regulating the biogenesis of the Q-module, dNDUFAF3 and

dNDUFAF4 regulate the incorporation of dNDUFS5 into the PP-b sub-module; or the stabilization of

dNDUFS5 once incorporated into the PP-b sub-module is dependent on dNDUFAF3 and dNDUFAF4.
Proteomic analyses to identify the constituents of the AI-T

The results described in Figure 3 indicated that AI-T is a large AI that migrates just below the CI holoenzyme

and contains dNDUFS5 and dNDUFA11. To identify additional components of AI-T, we employed a pro-

teomics approach. Densitometry measurements of residual CI in FAF3-kd and FAF4-kd thoraces relative

to wildtype, as assessed from silver-stained gels and BN-PAGE was approximately 30% and 50% of wild-

type levels, respectively (Figure S3). To examine the validity of using the label-free spectral counting

approach to assess the relative abundance of subcomplexes, we quantified the relative amounts of
iScience 24, 102869, August 20, 2021 7
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Figure 4. Proteomic analyses to identify the constituents of the terminal assembly intermediate

(A) A diagram depicting the gel slice A (corresponding to the CI holoenzyme) that was excised, and its constituent proteins analyzed by mass spectrometry.

(B–E) Label-free quantitative proteomics was used to assess the relative amount of CI subunits in the holoenzyme (gel slice A) that are part of the Q module

(B), N module (C), the PP module (D) and the PD module (E) in mitochondrial preparations from Mhc-Gal4/UAS-dNDUFAF3�RNAi and Mhc-Gal4/UAS-

dNDUFAF4�RNAi relative to Mhc-Gal4/w1118 (wildtype).

(F) A diagram depicting the gel slice B (corresponding to the terminal assembly intermediate) that was excised, and its constituent proteins analyzed bymass

spectrometry.

(G–J) Label-free quantitative proteomics was used to assess the relative amount of CI subunits in the terminal assembly intermediate (gel slice B) that are part

of the Q module (G), N module (H), the PP module (I), and the PD module (J) in mitochondrial preparations from Mhc-Gal4/UAS-dNDUFAF3�RNAi and Mhc-

Gal4/UAS-dNDUFAF4�RNAi relative to Mhc-Gal4/w1118 (wild-type).

(K) A diagram depicting the gel slice C (corresponding to a stalled PD module) that was excised, and its constituent proteins analyzed by mass spectrometry.

(L–O) Label-free quantitative proteomics was used to assess the relative amount of CI subunits in a region of the blue native gel containing a stalled PD

module and degenerating AI (gel slice C). Comparisons were made of CI subunits that are part of the Qmodule (L), N module (M), the PP module (N), and the

PD module (O) in mitochondrial preparations from Mhc-Gal4/UAS-dNDUFAF3�RNAi and Mhc-Gal4/UAS-dNDUFAF4�RNAi relative to Mhc-Gal4/w1118 (wild-

type). Note the approximately 2-fold upregulation of dNDUFC1 in (N).

In all 3 gel slices, n = 3 biological replicates with mitochondria from 20 fly thoraces per replicate; p values are based on the student’s t-test for unpaired two-

tailed samples. The fold change shown refers to the mean G s.e.m (standard error of the mean); and n.s. denotes p > 0.05, * = p < 0.05, ** = p < 0.01 and

*** = p < 0.001.

See also Figure S3 and Tables S1, S2, and S3.
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individual subunits in the 4 CI modules of the holoenzyme from FAF3-kd and FAF4-kd samples relative to

wildtype levels. Specifically, we excised a portion of the blue native gel that encompasses the CI holoen-

zyme (hereafter referred to as profile A) and extracted the constituent proteins (Figure 4A). Following

reduction, alkylation, and trypsinization, the resulting peptides were analyzed by LC-MS/MS on anOrbitrap

Fusion Lumos Tribrid mass spectrometer. Subsequently, label-free spectral counting was used to compare

the relative abundance of subunits in each CI module; to obtain an average value that was used to gauge
8 iScience 24, 102869, August 20, 2021
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the relative abundance of that module in the FAF3-kd and FAF4-kd samples relative to wild-type levels (Cox

et al., 2014).

Our mass spectrometry technique identified all bona fide CI subunits in Drosophila, as well as paralogs of

dNDUFS7 and dNDUFV1 (i.e. NDUFS7L and NDUFV1L, respectively, see Table S1) (Garcia et al., 2017). In

addition, the residual amount of the CI holoenzyme in FAF3-kd and FAF4-kd thoraces, obtained by consid-

ering the relative abundance of all the modules of CI, was comparable to what was estimated based on the

BN-PAGE and silver-stained gels (Figures 4B–4E and S3). Subsequently, we excised a portion of the blue

native gel that encompasses a region just below the CI holoenzyme (hereafter referred to as profile B) (Fig-

ure 4F). This profile corresponds to the AI-T described in Figure 3G. We subjected the constituent proteins

of profile B to a similar analysis as described in Figures 4A–4E. We observed that subunits in the Q, N, and

PP modules were upregulated in the AI-T found in FAF4-kd sample but downregulated in the FAF3-kd sam-

ples (Figures 4G–4I and Table S2). This is consistent with observations in Figure 3G showing that

dNDUFA11 is upregulated in the FAF4-kd sample. However, while several PD module subunits were mildly

elevated in FAF4-kd samples, some subunits were reduced relative to the wild-type sample, perhaps due to

ongoing degradation of the stalled AI (Figure 4J). Overall, the wave of CI biogenesis observed in profile B

indicates that NDUFAF4 also regulates CI assembly at this final step.

Finally, we cut out a portion of the blue native gel just below profile B (hereafter referred to as profile C)

(Figure 4K) and performed similar proteomic analyses on its constituents. The amount of the Q and Nmod-

ules were decreased in both FAF3-kd and FAF4-kd samples (Figures 4L and 4M and Table S3). However,

results for the PP and PD modules were mixed. The PP module was not significantly altered in either the

FAF3-kd or FAF4-kd samples relative to wild-type but there was a robust upregulation of the PD module

in both FAF3-kd and FAF4-kd samples (Figures 4N and 4O). While the majority of PP module subunits

were decreased, dNDUFC1 was an outlier as it was upregulated by 2-fold in both FAF3-kd and FAF4-kd

samples and largely accounts for rendering the changes in the PP module statistically insignificant (Fig-

ure 4N). The level of expression of most of the other CI subunits of the Pp module were reduced in

FAF3-kd and FAF4-kd samples to a level on par with the Q and N modules (Figures 4L–4N). Because all

the subunits in the PD module are very hydrophobic, and perhaps are more refractory to proteolysis

than hydrophilic subunits, the PD module is the most stable CI AI in Drosophila thoraces and frequently ac-

cumulates when CI biogenesis is stalled at other modules (Figures 3H and 3I) (Murari et al., 2020; Garcia

et al., 2017). Taken together, the subcomplex in profile C most likely corresponds to a stalled AI-T that

is undergoing degradation, such that the amounts of the matrix domain modules (Q and N) have

decreased, and most subunits in the PP module have been degraded extensively leaving behind NDUFC1

and the relatively more stable PD module subunits.
Multiple CIAFs associate with the residual CI and subcomplexes formed when dNDUFAF4 or

dNDUFAF3 is disrupted

We used an analogous approach to what is described in Figure 4 to ascertain the degree to which CIAFs are

associated with the stalled subcomplexes, or limited amount of CI formed in samples from FAF3-kd and

FAF4-kd thoraces. Specifically, we carefully searched the proteomics data sets associated with the holoen-

zyme (profile A, Table S1), the AI-T (profile B, Table S2), and the gel slice just below the AI-T (profile C, Table

S3) for CIAFs and used a label-free spectral counting approach to decipher the degree of upregulation or

downregulation of each CIAF. We found that dNDUFAF3 and dNDUFAF4 were downregulated in all pro-

files, where they were detected in both FAF3-kd and FAF4-kd samples which is in harmony with the fact that

the expression of these two CIAFs had been knocked down using RNAi (Figures 5A and 5B, also compare

with Figure 1A). Interestingly, a significant amount of Drosophila orthologs of ACAD9 (CG9006), ECSIT

(CG10610), NDUFAF1 (CG7598), TMEM126B (CG13392), TMEM186 (CG4627), FOXRED1 (CG10655),

ATP5SL (CG4042), NDUFAF6 (CG15738), and TMEM70 (CG7506) were found in association with the holo-

enzyme, indicating that these assembly factors remain attached to the fully assembled CI holoenzyme in

Drosophila thoraxes, at least for a time, after CI biogenesis is complete (Figures 5C–5K).

The mitochondrial complex I intermediate assembly (MCIA) complex is an inner membrane cluster of as-

sembly factors that have a cardinal role in CI assembly. While its precise molecular function is still being

unraveled, the MCIA complex is known to consist of ACAD9 (Nouws et al., 2010), NDUFAF1 (Vogel

et al., 2005), ECSIT (Vogel et al., 2007), TMEM126B (Heide et al., 2012), and TMEM186 (Guerrero-Castillo

et al., 2017; Formosa et al., 2020). Interestingly, we found that all 5 components of the MCIA complex
iScience 24, 102869, August 20, 2021 9
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Figure 5. Multiple CI Assembly Factors accumulate while dTIMMDC1 is destabilized when dNDUFAF4 or dNDUFAF3 is disrupted

(A–L) Label-free quantitative proteomics was used to assess the relative amounts of the CIAFs shown that co-migrated with the holoenzyme (gel slice A),

terminal assembly intermediate (gel slice B) and gel slice C in mitochondrial preparations from Mhc-Gal4/UAS-dNDUFAF3�RNAi and Mhc-Gal4/UAS-

dNDUFAF4�RNAi relative to Mhc-Gal4/w1118 (wild-type).

In all instances, the fold change shown refers to the mean from 3 biological replicates, with mitochondria from 20 fly thoraces per replicate; p values are

based on the student’s t-test for unpaired two-tailed samples; and n.s. denotes p > 0.05, * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

See also Tables S1, S2, and S3.
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were associated with subcomplexes in FAF4-kd and FAF3-kd samples (Figures 5C–5G). dFOXRED1 and

dATP5SL were the only two CIAFs that were more robustly upregulated in FAF3-kd samples when

compared with FAF4-kd samples across all three profiles (Figures 5H and 5I). Notably, this observation is

consistent with the fact that a strong interaction was previously observed between FOXRED1 and ATP5SL

immunoprecipitates, indicating that they may function together (Stroud et al., 2016). dNDUFAF6 was also

found in all three profiles, suggesting that it may have additional roles in CI assembly beyond its reported

role of being a cytosolic chaperone for dNDUFA10 (Figure 5J) (Zhang et al., 2013). TMEM70 was originally

identified as a CV assembly factor but has now been proposed to regulate some aspects of CI assembly

(Spiegel et al., 2011; Diodato et al., 2015; Guerrero-Castillo et al., 2017). Interestingly, the Drosophila or-

tholog of TMEM70 (CG7506) was also identified in all three profiles; but it only showed robust induction

in association with the holoenzyme in FAF3-kd and FAF4-kd samples (Figure 5K). The general induction

of assembly factors is consistent with our previous findings in Figure 1E alluding to a robust compensatory

response being induced in FAF3-kd and FAF4-kd thoraces relative to wild-type. Finally, the Drosophila
10 iScience 24, 102869, August 20, 2021
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Figure 6. dNDUFAF3 and dNDUFAF4 are required for the incorporation of dTIMMDC1 into assembly

intermediates

(A) An illustration of CI showing some CIAFs that regulate the biogenesis of the Q and PP modules.

(B–E) Mitochondrial preparations from thoraces isolated from Mhc-Gal4/w1118 (wild-type), Mhc-Gal4/UAS-

dNDUFAF3�RNAi, Mhc-Gal4/UAS-dNDUFAF4�RNAi, and Mhc-Gal4/UAS-dACAD9�RNAi flies 2 days after eclosure were

analyzed by BN-PAGE, followed by western blotting with antibodies raised against the CIAFs shown. The blots were

imaged following a short and long exposure to detect the holoenzyme/supercomplexes and assembly intermediates

respectively. The antibodies used were anti-dNDUFAF4 (B), anti-dTIMMDC1 (C), anti-dNDUFAF1 (D), and anti-dECSIT

(E). Anti-ATP Synthase Beta was used as a loading control.

(F) Total cell lysates from flight/thoracic muscles isolated from Mhc-Gal4/w1118 (wildtype), Mhc-Gal4/UAS-

dNDUFAF3�RNAi, Mhc-Gal4/UAS-dNDUFAF4�RNAi, and Mhc-Gal4/UAS-dACAD9�RNAi flies 2 days after eclosure were

analyzed by SDS-PAGE and anti-dNDUFAF1, anti-dECSIT, anti-dTIMMDC1, anti-NDUFS3, and immunoblotting. Anti-

ATP Synthase Beta (ATP5F1B) was used as a loading control.

(G–J) Assessing whether enhanced expression of dTIMMDC1, GTPx, or NDI1 ameliorates the impaired CI biogenesis in

flies expressing transgenic RNAi constructs to dNDUFAF4. Flies overexpressing GFP were included as a negative control.

All flies express the tub-Gal80ts transgene, where a temperature-sensitive version of Gal80, which is active at 18�C but

inactive at 27�C, is expressed ubiquitously by a tubulin promoter. Embryos expressing Dmef2-Gal4, tub-Gal80ts, and the

indicated transgenes were raised at 18�C (to prevent Gal4 activity) until they eclosed as adults. Subsequently, the flies

were shifted to 27�C for 5 days, to allow the RNAi constructs and overexpression constructs to be expressed.
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Figure 6. Continued

Mitochondrial preparations were analyzed by BN-PAGE, followed by western blotting with the antibodies indicated.

The antibodies used were anti-NDUFS3 which detects dNDUFS3 (G), anti-dNDUFS5 (H), anti-dNDUFV1 (I), and anti-

dNDUFB5 (J). Anti-dSDHA was used as a loading control.

See also Figures S2 and S4.
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ortholog of TIMMDC1 (i.e. CG9852, henceforth referred to as dTIMMDC1) was the only CIAF other than

dNDUFAF3 and dNDUFAF4 that appeared to be downregulated in both AI profiles (i.e. gel slices B and

C) (Figure 5L). This hinted at the possibility that dNDUFAF3 and dNDUFAF4 may regulate the stability

or extent of incorporation of dTIMMDC1 in AIs. We decided to explore this hypothesis further in Figure 6.
dNDUFAF3 and dNDUFAF4 are required for the incorporation of dTIMMDC1 into AIs

The Q-module merges with the PP-a and PP-b sub-modules in the CI biosynthetic pathway (Figures S2 and

6A). TIMMDC1 is a CIAF that has been posited to regulate biogenesis of the PP-a sub-module as it co-mi-

grates with PP-a — and Q-module subunits in native gels (Guerrero-Castillo et al., 2017; Andrews et al.,

2013). TIMMDC1 also associates with the MCIA complex (Guarani et al., 2014). On the other hand,

ACAD9 regulates biogenesis of some sub-assemblies in the PP-b sub-module. We generated antibodies

to dNDUFAF4, dNDUFAF1, dECSIT, and dTIMMDC1 to explore the regulatory relationships between

dNDUFAF3, dNDUFAF4, and dACAD9, and the aforementioned CIAFs. RNAi-mediated disruption of

either dNDUFAF3 or dNDUFAF4 reduces the amount of dNDUFAF4 associated with subcomplexes (Fig-

ure 6B); in line with observations in Figure 1A showing that the genetic disruption of either dNDUFAF3

or dNDUFAF4 causes a reduction in both proteins. Interestingly, there was an increase in the amount of

dNDUFAF4 in subcomplexes fromMhc-Gal4/UAS-dACAD9-RNAi (dACAD9-kd) samples, which is consistent

with a role of dACAD9 in regulating the synthesis of the PP-b sub-module (Figure 6B). Accordingly, when

dACAD9 is disrupted, the paucity of the PP-b sub-module will cause the Q/PP-a AI to stall and accumulate.

As such, any associated CIAFs will likely accumulate, at least up to a point, before degradation by mito-

chondrial proteases.

Because dTIMMDC1 has also been found in association with the MCIA complex, we monitored the extent

of association of dTIMMDC1, dNDUFAF1, and dECSIT with various CI AIs in samples from FAF3-kd and

FAF4-kd thoraces relative to wild-type and ACAD9-kd samples. We observed that the amount of

dTIMMDC1 associating with CI subcomplexes was reduced in both FAF3-kd and FAF4-kd samples, relative

to wild-type samples, in line with our proteomic results from Figure 5L. This contrasts with dACAD9-kd sam-

ples where dTIMMDC1 accumulated in association with AIs (Figure 6C). Previous reports have shown that

knocking out one of the components of the MCIA complex destabilizes the others (Formosa et al., 2020). In

line with these observations, RNAi-mediated knockdown of dACAD9 resulted in a reduction in the amount

of dNDUFAF1 and dECSIT that accumulates in AIs in ACAD9-kd samples (Figures 6D and 6E). However,

both dNDUFAF1 and dECSIT accumulated in association with AIs from FAF3-kd and FAF4-kd samples (Fig-

ures 6D and 6E). We note that RNAi-mediated knockdown of dNDUFAF4 had no effect on the amount of

dTIMMDC1 in total cell lysates as determined by SDS-PAGE followed by immunoblotting, while knock-

down of dNDUFAF3 slightly destabilized dTIMMDC1 (Figure 6F). However, knockdown of dACAD9 notably

destabilized dTIMMDC1, although an appreciable amount of dTIMMDC1 was found in association with AIs

(Figures 6C and 6F). Thus, the distribution pattern of dTIMMDC1 on AIs observed in Figure 6C does not

correlate with the effect of the various CIAFs on the expression level of dTIMMDC1 in total cell lysates.

Consequently, we conclude that dNDUFAF3 and dNDUFAF4 regulate the stability of dTIMMDC1 in AIs.

These results are also consistent with the fact that dNDUFAF3 and dNDUFAF4 regulate biogenesis of theQ

module. Thus, when dNDUFAF3 and dNDUFAF4 are disrupted, the diminished synthesis of the Q module

will cause the independently formed PP-b module to accumulate up to a point before it is degraded by pro-

teases. For this reason, components of the MCIA complex will initially accumulate in association with the

PP-b module before ultimately being cleared by mitochondrial proteases. We also note that the expression

levels of dECSIT and dNDUFAF1 were not altered by dNDUFAF3, dNDUFAF4, and dACAD9 in total cell

lysates (Figure 6F). Thus, unlike dACAD9, genetic disruption of dNDUFAF3 and dNDUFAF4 reduces the

amount of dTIMMDC1 that associates with AIs, but results in an accumulation of dNDUFAF1 and dECSIT

on some AIs. These results argue strongly against dTIMMDC1 being part of the MCIA complex in

Drosophila flight muscles.
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Because disruption of dNDUFAF4 reduces the amount of dTIMMDC1 that accumulates in AIs, we investi-

gated whether enhanced expression of dTIMMDC1 in FAF4-kd samples will rescue the CI biogenesis de-

fects. We compared FAF4-kd samples overexpressing the following transgenes: (a) dTIMMDC1, (b) GFP (as

negative controls), and (c) the alternative NADH-ubiquinone oxidoreductase (Ndi1). NDI1 is a single nu-

clear-encoded polypeptide in yeast that transfers electrons to Ubiquinone, similar to the metazoan CI. It

however lacks the proton-translocating ability of the multi-subunit metazoan CI. Overexpression of the

NDI1 enzyme in Drosophila leads to an increase in NADH–ubiquinone oxidoreductase activity, CI-depen-

dent oxygen consumption and ATP levels (Bahadorani et al., 2010). As ROS levels are increased in FAF4-kd

thoraxes (Figure 1F), we also tested whether forced expression of NDI1 could rescue some aspect(s) of the

biogenesis defect in FAF4-kd samples.

We utilized the Gal4/UAS system in combination with the tub-Gal80ts system to knock down the expression

of dNDUFAF4 after the flies eclosed as adults, while concurrently overexpressing the three aforementioned

transgenes (Figure S4). Gal80 inhibits Gal4 activity. Therefore, the tub-Gal80ts system employs a ubiqui-

tously expressed temperature-sensitive version of Gal80, which is active at 18�C but relatively inactive at

27�C (McGuire et al. 2004). Accordingly, embryos with the genotype Dmef2-Gal4, tub-Gal80ts/UAS-X,

and UAS-dNDUFAF4RNAI were grown at 18�C until they eclosed (emerged as adults). This ensures that

neither the dNDUFAF4 transgenic RNAi constructs nor the transgenes for overexpression (UAS-X) are ex-

pressed (Figure S4). After eclosure as adults, the flies were reared at 27�C for 5 days to allow the RNAi

construct and overexpression transgenes to be expressed as a result of the relief of Gal4 inhibition by

the temperature-sensitive Gal80 (Figure S4). Some degree of impairment of CI biogenesis was evident after

5 days at 27�C; but none of the 3 transgenes expressed could rescue the assembly defect (Figures 6G and

6H). In addition, while the effect of overexpressing NDI1 was marginal at best, forced expression of

dTIMMDC1 seemed to increase the clearance of AIs as the proportion of AIs containing dNDUFS3 and

dNDUFS5 were reduced relative to all other genetic manipulations (Figures 6G and 6H). As reported in Fig-

ure 2F, disruption of dNDUFAF4 had no significant effect on the dNDUFV1-containing initiating AIs. How-

ever, overexpression of dTIMMDC1 in FAF4-kd samples led to a reduction in dNDUFV1-containg AIs, as

well (Figure 6I). Conversely, the amount of dNDUFB5-containing AIs, a reflection of biogenesis of the PD
module, was not appreciably different in any of the samples overexpressing the transgenes (Figure 6J).

Overall, these results indicate that forced expression of TIMMDC1 in FAF4-kd samples enhances the clear-

ance or cycling kinetics of some of the CI AIs that form in FAF4-kd samples. Thus, while the stability of

dTIMMDC1 in AIs is dependent on dNDUFAF3 and dNDUFAF4, enhanced dTIMMDC1expression is not

sufficient in itself to rescue the CI biogenesis defect caused by disruption of NDUFAF4. However, as we

discuss later in this manuscript, this is likely part of the adaptive and compensatory stress signaling network

induced as a result of disrupting dNDUFAF3 and dNDUFAF4.
Overexpression of dNDUFAF4 suppresses the diminished integration of dNDUFS3 and

dNDUFS5 into CI observed when dNDUFAF3 is genetically impaired

To decipher whether the thwarted incorporation of dNDUFS3 and dNDUFS5 into CI in FAF3-kd samples

can be ameliorated by overexpressing dNDUFAF4, we performed experiments analogous to what was

described in Figure 6. Comparisons were made between FAF3-kd samples overexpressing the following

transgenes: (a) dNDUFAF4, (b) GFP (as negative controls), (c) the yeast alternative NADH-ubiquinone

oxidoreductase, NDI1, and (d) the antioxidant enzyme glutathione peroxidase (GTPx) (Missirlis et al.,

2003). As ROS levels are elevated in FAF3-kd thoraxes (Figure 1F), we included NDI1 and GTPx to explore

the effect of scavenging ROS levels on the phenotype observed as a result of disrupting dNDUFAF3.

After Dmef2-Gal4; tub-Gal80ts/UAS-dNDUFAF3RNAi pupae expressing the various transgenes at 18C

eclosed, the flies were kept at 27�C for 5 days to allow the RNAi construct and other transgenes to be ex-

pressed. Biogenesis of AIs containing dNDUFS3 and dNDUFS5 were reduced in FAF3-kd/GFP-overex-

pressing samples relative to wild-type controls, indicating that the 5-day exposure to an ambient temper-

ature of 27�C was enough to hamper ongoing biogenesis of the Q-module and PP-b sub-module (Figures

7A and 7B). Nevertheless, neither the overexpression of GTPx nor NDI1 was sufficient to salvage any aspect

of the biogenesis defects observed in FAF3-kd samples, indicating that the increased ROS production in

FAF3-kd thoraxes does not hamper CI biogenesis in these thoraxes (Figures 7A and 7B). On the other hand,

forced expression of dNDUFAF4 restored the biogenesis of AIs containing dNDUFS3 and dNDUFS5 to a

level at par or sometimes even exceeding wild-type levels (Figures 7A and 7B). However, overexpression of

dNDUFAF4 did not alter the kinetics of dNDUFB5-containing AIs (Figure 7C).
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Figure 7. Overexpression of dNDUFAF4 suppresses the diminished integration of dNDUFS3 and dNDUFS5 into

CI observed when dNDUFAF3 is genetically impaired

(A–C) Embryos expressing Dmef2-Gal4, tub-Gal80ts, and the indicated UAS-RNAi and overexpression transgenes were

raised at 18�C until they eclosed as adults. After eclosure, the flies were shifted to 27�C to allow the transgenes to be

expressed for 5 days. Subsequently, mitochondrial was prepared from all samples and analyzed by BN-PAGE, followed by

immunoblotting with anti-NDUFS3 which detects dNDUFS3 (A), anti-dNDUFS5 (B), and anti-dNDUFB5 (C). Anti-dSDHA

was used as a loading control. The lanes showing relevant phenotypes are demarcated in blue, red, and green.

(D–F) A comparison of the locomotory activities of Mhc-Gal4/w1118 (wild-type) and Mhc-Gal4/UAS-dNDUFAF3�RNAi (D),

Mhc-Gal4/w1118 (wild-type) and Mhc-Gal4/UAS-dNDUFAF3�RNAi, UAS-dNDUFAF4 (E) and Mhc-Gal4/UAS-

dNDUFAF3�RNAi and Mhc-Gal4/UAS-dNDUFAF3�RNAi, UAS-dNDUFAF4 (F) during the first 16 days after eclosure.

(G) Total cell lysates from flight/thoracic muscles isolated from samples with the genotypes shown 2 days after eclosure

were analyzed by SDS-PAGE and anti-dNDUFAF3 and anti-dNDUFAF4 immunoblotting. Anti-ATP Synthase Beta

(ATP5F1B) was used as a loading control.

See also Figure S4.
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To evaluate the functional consequences of overexpressing dNDUFAF4 in thoraxes of FAF3-kd flies, we

analyzed the spontaneous locomotory activity of FAF3-kd and FAF3-kd flies overexpressing dNDUFAF4

relative to wild-type flies over an approximately 2-week period, commencing soon after the flies eclosed.

Although the spontaneous locomotory activity of the FAF3-kd flies were reduced relative to wild-type flies

during the first two days post-eclosure; from the third day onward, the locomotory activity of the FAF3-kd

flies were indistinguishable from those of wild-type flies, perhaps a reflection of the adaptive compensatory

response induced in the FAF3-kd flies (Figure 7D). However, forced expression of dNDUFAF4 caused a

potent increase in locomotory activity of the FAF3-kd flies (Figures 7E and 7F). The peak spontaneous loco-

motory activity of the wild-type or FAF3-kd flies did not exceed 250 units per fly within the 16 days we

analyzed these results but that of the FAF3-kd flies overexpressing dNDUFAF4 consistently exceeded

300 units per fly and surpassed 400 units per fly on some occasions during the first week post-eclosure (Fig-

ures 7E and 7F). However, overexpression of dNDUFAF4 did not alter the expression of dNDUFAF3 (Fig-

ure 7G); thus the increased expression of dNDUFAF4 is sufficient to enhance the spontaneous locomotory

activity of the FAF3-kd flies. Taken together, we conclude that forced expression of dNDUFAF4 in thoraxes

of FAF3-kd flies enhances spontaneous locomotory activity. Consequently, these results highlight the ther-

apeutical potential of overexpressing dNDUFAF4 in tissues where dNDUFAF3 function is impaired.
DISCUSSION

The mitochondria-enriched flight muscles of Drosophila are readily amenable to various genetic manipu-

lations. Accordingly, although complete loss-of-function mutations in dNDUFAF3 and dNDUFAF4 are

likely lethal in Drosophila; as robust RNAi-mediated disruption of either dNDUFAF3 or dNDUFAF4 in mus-

cles fails to generate adult flies, we have been able to study the mechanism by which dNDUFAF3 and

dNDUFAF4 regulate CI assembly in flight muscles. This was achieved by causing a modest disruption of

these proteins in Drosophila flight muscles and exploring the biochemical and functional consequences.

We find that a restrained knockdown of dNDUFAF3 and dNDUFAF4 specifically impairs CI assembly and

leads to the accumulation of some AIs. This is associated with the induction of a robust compensatory mito-

chondrial stress signaling network involving the upregulation of CII and CIV activity and multiple CIAFs.

Given that stalled AIs are ultimately degraded by various mitochondrial proteases, their apparent stability

during the early adult stage when we performed our analyses provides a window of opportunity to inves-

tigate the interdependencies of dNDUFAF3 and dNDUFAF4 on each other and the mechanism by which

they regulate CI assembly.

We find that when either dNDUFAF3 or dNDUFAF4 is disrupted, the amount of dNDUFS3 and dNDUFS5

that incorporate into the Q-module and PP-b sub-modules, respectively, is diminished. This is associated

with a destabilization of dTIMMDC1 in some AIs. The reduction in the amount of dTIMMDC1 in AIs appears

to be an adaptive compensatory mechanism; as we show that enhanced expression of dTIMMDC1 de-

creases the steady state levels of multiple AIs. Therefore, under conditions where CI assembly is subopti-

mal, because dNDUFAF3 or dNDUFAF4 is genetically impaired, the system can somewhat cope with the

perturbation by causing an overall retardation in the CI biosynthetic pathway by destabilizing dTIMMDC1.

Although NDUFAF3 and NDUFAF4 co-migrate in blue native gels and might be expected to act in concert

during CI assembly, the AI profiles observed for these two CIAFs are not completely identical. For instance,

dNDUFAF3 disruption robustly impaired the assembly of an initiating dNDUFV1-containing AI, but RNAi-

mediated disruption of dNDUFAF4 did not (Figure 2F). Additionally, a higher molecular weight AI (AI-T)

containing dNDUFS5 and dNDUFA11 was largely depleted in FAF3-kd samples, but remained relatively

intact in FAF4-kd samples (Figures 3F and 3G). Thus, although forced expression of dNDUFAF4 rescues

some aspects of the Q-module and PP-b sub-module defect, it is unlikely to completely rescue CI biogen-

esis in FAF3-kd samples. Nonetheless, a partial rescue of CI biogenesis in FAF3-kd samples by upregula-

tion of dNDUFAF4 might have therapeutic relevance. This is because overexpression of NDUFAF4 may

rescue CI assembly in cells where a point mutation in NDUFAF3 impairs its role in synthesizing the Ubiqui-

nonemodule, but not the N-module and PP-b sub-modules where differences are observed with NDUFAF4.

We note that while dND6 and dNDUFB1 were not detected in AI-T (Table S2), it is difficult to thoroughly

define the identity of AI-T as several subunits in the PP-b sub-module (such as dND2, dND3, and dND4L)

were present at sub-stoichiometric levels. It appears the terminal AI has essentially all CI subunits incorpo-

rated to some extent but some are at sub-stoichiometric levels. Evidently, it is the last stage where the
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remaining amounts of subunits that up to this point had been incorporated at sub-stoichiometric levels

become fully incorporated (to stoichiometric levels) to complete the assembly process. Alternatively,

some of the co-factors in the matrix domain, such as Zn2+, NADPH and some Fe-S clusters may enter

the complex at this point. Clearly, future studies are required to accurately establish the identity of the ter-

minal AI.

Gene therapy is a promising approach for rectifying nuclear-encoded mitochondrial disorders. Gene ther-

apy involving the use of adeno-associated virus vectors have been somewhat successful in remedying ge-

netic defects in knockout mouse models of Leigh syndrome (Ndufs4), ethylmalonic encephalopathy, and

mitochondrial neurogastrointestinal encephalomyopathy (Di Meo et al. 2012, 2017; Torres-Torronteras

et al., 2011). However, given the expensive and cumbersome nature of the process, it is difficult to envisage

how amending hundreds of mitochondrial genetic defects using gene therapy can become standard clin-

ical practice in a reasonable time frame. An alternate approach is to use compounds such as bezafibrate,

epicatechin, omaveloxolone, and decanoic acid which act at least in part by enhancing overall mitochon-

drial biogenesis to compensate for the genetic lesion (Kanabus et al. 2014; Pfeffer et al., 2012; Kanabus

et al., 2016; El-Hattab et al., 2017). Our data are particularly relevant to this second approach as it may

be possible to find biological agents that can upregulate the synthesis of NDUFAF4 to compensate for

CI defects arising from a subset of NDUFAF3 mutations.

All things considered, our study uncovers the phenotypic spectrum associated with disrupting dNDUFAF3

and dNDUFAF4 function and sheds light on the curative potential of upregulating NDUFAF4 in tissues

where CI assembly is blocked owing to a subset of genetic defects in NDUFAF3.

LIMITATIONS OF THE STUDY

We used tandem mass spectral counts in our proteomic analyses. When comparing between spectral

counting and other label-free quantification approaches, spectral counting-based quantitation is more

reproducible and has a larger dynamic range (Zhu, Smith, and Huang 2010). It can also tolerate higher

degrees of variation in sample preparation, such as SDS-PAGE fractionation as was used in this study.

However, spectral counting quantification is less sensitive. Consequently, although densitometry measure-

ments of residual CI in FAF3-kd and FAF4-kd thoraces relative to wild-type, as assessed from silver-stained

gels and BN-PAGE was approximately 30% and 50% of wild-type levels, respectively (Figure S3); the resid-

ual amount of the CI holoenzyme in FAF3-kd and FAF4-kd thoraces, obtained by considering the relative

abundance of all the modules of CI using the spectral counting approach, was approximately 45% and 55%

of wild-type levels, respectively (Figures 4B–4E). Thus, it appears the less sensitive spectral counting

approach underestimates the extent of the decrease of CI in the FAF3-kd and FAF4-kd samples. Accord-

ingly, what may be considered slight changes in expression levels (i.e. statistically scored as not significant)

using the label-free spectral counting approach are likely to be significant changes if more sensitive assays

are used. As the magnitude of expression changes obtained through the spectral counting approach are

likely to be underestimated, expression changes will have to be subsequently confirmed with immunoblot-

ting or other alternate approaches, as we confirmed with dTIMMDC1 (see Figures 5L and 6C).
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-dNDUFV3 (CG11752) This paper N/A

Rabbit polyclonal anti-dNDUFA11 (CG9350) This paper N/A

Rabbit polyclonal anti-dNDUFS7 (CG9172) This paper N/A

Rabbit polyclonal anti-dNDUFS8 (CG3944) This paper N/A

Rabbit polyclonal anti-dNDUFA8 (CG3683) This paper N/A

Rabbit polyclonal anti-dNDUFAF1 (CG7598) This paper N/A

Rabbit polyclonal anti-dNDUFAF3 (CG5569) This paper N/A

Rabbit polyclonal anti-dNDUFAF4 (CG11722) This paper N/A

Rabbit polyclonal anti-dTIMMDC1 (CG9852) This paper N/A

Rabbit polyclonal anti-dECSIT (CG10610) This paper N/A

Rabbit polyclonal anti-dNDUFS5 (CG11752) Murari et al., 2020 N/A

Rabbit polyclonal anti-dNDUFV1 (CG9350) Murari et al., 2020 N/A

Rabbit polyclonal anti-dNDUFB5 (CG9172) Murari et al., 2020 N/A

Rabbit polyclonal anti-dNDUFB8 (CG3944) Murari et al., 2020 N/A

Rabbit polyclonal anti-dND1 (CG7598) Murari et al., 2020 N/A

Rabbit polyclonal anti-dND2 (CG5569) Murari et al., 2020 N/A

Rabbit polyclonal anti-dND4L (CG11722) Murari et al., 2020 N/A

Mouse monoclonal anti-NDUFS3 Abcam Cat #: Ab14711

RRID: AB_301429

Mouse monoclonal anti-ATPsynb Life technologies Cat #: A-21351; RRID: AB_221512

Rabbit Horseradish Peroxidase Invitrogen Cat #: PI31460

RRID: AB_228341

Mouse Horseradish Peroxidase Invitrogen Cat #: PI31430

Chemicals, Peptides, and Recombinant Proteins

Halt protease inhibtors Thermo Scientific Cat #: PI78425

Digitonin Millipore-Sigma Cat #: D141

NativePAGE sample buffer (4X) Invitrogen Cat #: BN2003

NativePAGE 5% G-250 sample additive Invitrogen Cat #: BN2004

3–12% pre-cast Bis–Tris NativePAGE gels Invitrogen Cat #: BN1003BOX

NativeMark unstained protein ladder Invitrogen Cat #: LC0725

NativePAGE running buffer (20X) Invitrogen Cat #: BN2001

Nitrotetrazolium Blue Chloride (NTB) Millipore-Sigma Cat #: N6639

Sodium succinate Millipore-Sigma Cat #: S2378

Phenazine methosulfate Millipore-Sigma Cat #: P9625

3,3’- diaminobenzidine tetrahydrochloride (DAB) Millipore-Sigma Cat #: D5637

Cytochrome C from equine heart Millipore-Sigma Cat #: C2506

Amplex Red Reagent Molecular Probes Cat #: A12222

Horseradish Peroxidase Thermo Scientific Cat #: PI31490

microBCA kit Thermo Scientific Cat #: PI23235

Novex Colloidal Blue staining kit Invitrogen Cat #: LC6025

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SilverXpress silver staining kit Invitrogen Cat #: LC6100

Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit Molecular Probes Cat #: A22188

EMAKYRCPQPSALK This paper dNDUFV3 (CG11752)

DPPKNWTTEKPKE This paper dNDUFA11 (CG9350)

KKVKRMKTLQMWYRK This paper dNDUFS7 (CG9172)

CNGDKWESEIASNLQADH This paper dNDUFS8 (CG3944)

TTLPEESELNVQE This paper dNDUFA8 (CG3683)

TFWEREKKSGYKTK This paper dNDUFAF1 (CG7598)

RTLRTVGRQGRN This paper dNDUFAF3 (CG5569)

DQKYKDTMLTQATQP This paper dNDUFAF4 (CG11722)

HDEKTSEHVSLDTIK This paper dTIMMDC1 (CG9852)

DNSSQDEHISSRQK This paper dECSIT (CG10610)

Experimental models: Organisms/strains

D. melanogaster: RNAi of CG5569: y[1] v[1];

P{TRiP.HMC03468}attP40

Bloomington Drosophila

Stock Center

BDSC: 51894;

FlyBase:

FBti0157861

D. melanogaster: RNAi of CG5569:

w[1118]; P{GD10552}v21569

Vienna Drosophila Resource

Center

VDRC: v21569;

FlyBase:

FBti0079344

D. melanogaster: RNAi of CG11722:

y[1] v[1]; P{TRiP.HM05053}attP2/ TM3,Sb[1]

Bloomington Drosophila

Stock Center

BDSC: 28567;

FlyBase:

FBti0127022

D. melanogaster: RNAi of CG11722:

yw[1118]; P{GD6673}v44114

Vienna Drosophila Resource

Center

VDRC: v44114;

FlyBase:

FBti0094849

D. melanogaster: Expresses GAL4 in muscles under control

of the Mef2 promoter yw[1118]; Dmef2-Gal4

Ranganayakulu et al., 1996 Dmef2-Gal4

D. melanogaster: Expresses GAL4 in muscles under control

of the Myosin heavy chain promoter.

w [*]; P{w{+mC]=Mhc-RFP.F3-580}2, P{w[+mC]=Mhc-GAL4.

F3-580}2/SM6b

Bloomington Drosophila

Stock Center

BDSC: 38464;

FlyBase:

FBti0147556

D. melanogaster: Expresses temperature-sensitive GAL80 under

the control of the alphaTub84B promoter.

w [*]; P{w{+mC]=tubP-GAL80[ts]}10; TM2/TM6, Tb[1]

Bloomington Drosophila

Stock Center

BDSC: 7108;

FlyBase:

FBti0027799

D. melanogaster: Expresses EGFP under UAS control

w[1118]; P{w{+mC]=UAS-EGFP}34/TM3, Sb[1]

Bloomington Drosophila

Stock Center

BDSC: 5430;

FlyBase:

FBti0013988

D. melanogaster: Expresses GTPx-1 under UAS control

w[1118]; P{w{+mC]=UAS-GTPx-1}

Missirlis et al., 2003 UAS-GTPx-1

D. melanogaster: Expresses NDI1 under UAS control

w[1118]; P{w{+mC]=UAS-NDI1}

Bahadorani et al., 2010 UAS-NDI1

D. melanogaster: Expresses dTIMMDC1 (CG9852) under

UAS control

w[1118]; P{w{+mC]=UAS-dTIMMDC1}

This paper UAS-dTIMMDC1

D. melanogaster: Expresses dNDUFAF4 (CG11722) under

UAS control

w[1118]; P{w{+mC]=UAS-dNDUFAF4}

This paper UAS-dNDUFAF4

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Short hairpin RNA sequence for CG5569: HMC03468, Table S4 Bloomington Drosophila Stock Center N/A

Long hairpin RNAi sequence for CG5569: GD10552, Table S4 Vienna Drosophila Resource Center N/A

Long hairpin RNAi sequence for CG11722: HM05053, Table S4 Bloomington Drosophila Stock Center N/A

Long hairpin RNAi sequence for CG11722: GD6673, Table S4 Vienna Drosophila Resource Center N/A

Recombinant DNA

pUAST vector Drosophila Genomics

Resource Center

DGRC:1000;

cDNA AT14909 Drosophila Genomics

Resource Center

DGRC:12046; FlyBase:FBcl0018819

cDNA LD27182 Drosophila Genomics

Resource Center

DGRC:7066; FlyBase:FBcl0175312

Software and algorithms

GraphPad Prism 8.0 GraphPad http://www.graphpad.com/ RRID: SCR_002798
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Dr. Edward Owusu-Ansah (eo2364@cumc.columbia.edu).
Materials availability

All antibodies and transgenic UAS constructs generated in this paper are available upon request from

Dr. Edward Owusu-Ansah.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

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

contact upon request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila stocks and genetics

Drosophila stocks were housed in vials containing agar, molasses, yeast and cornmeal medium supple-

mented with propionic acid and methylparaben in humidified incubators (Forma environmental chambers)

at 25�C on a 12-h:12-h dark: light cycle. For the Gal80 temperature sensitive experiments, eggs were

collected and maintained at 18�C until they developed into adults and shifted to 27�C.

Transgenic RNAi stocks for disrupting dNDUFAF3/CG5569 (HMC03468) and dNDUFAF4/CG11722

(HM05053) were from the Bloomington Drosophila Stock Center, (BDSC). In addition, another set of trans-

genic RNAi stocks for disrupting dNDUFAF3/CG5569 (GD10552) and dNDUFAF4/CG11722 (GD6673) were

procured from the Vienna Drosophila Resource Center. The sequences of the RNAi constructs are listed in

Table S4

The following transgenic stocks were also used: y w; Dmef2-Gal4 (Ranganayakulu et al. 1996), Mhc-Gal4/

SM6b (BDSC), tubP-Gal80ts10 (BDSC), UAS-GFP (BDSC), UAS-GTPx (Missirlis et al., 2003), UAS-NDI1 (Baha-

dorani et al., 2010). In addition, the UAS-dTIMMDC1 and UAS-dNDUFAF4 transgenic flies were generated

by transforming w1118 flies with pUAST plasmids containing their respective cDNAs (LD27182 and

AT14909 respectively).
22 iScience 24, 102869, August 20, 2021
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METHOD DETAILS

Locomotory activity

Locomotory activity was assessed using the Drosophila activity monitor (TriKinetics). Specifically, 8 adult

male flies were placed in the Drosophila activity monitor and spontaneous movements were recorded

continuously for 384h on a 12-h:12-h dark: light cycle.

Mitochondria purification

Mitochondrial purification was performed essentially as described by Rera et. al. (Rera et al., 2011). Fly

thoraxes were quickly dissected and gently crushed with a dounce homogenizer (10 strokes) in 500ml of

a pre-chilled mitochondrial isolation buffer (250mM sucrose, 0.15 mM MgCl2, 10mM Tris.HCl, pH 7.4) sup-

plemented with Halt protease inhibitors (Pierce). Tissue homogenates were centrifuged twice, at 500g for

5 minutes at 4�C to remove the cuticle and other insoluble material. Subsequently, the supernatant was

recovered and centrifuged at 5000g for 5 minutes at 4�C, to obtain the mitochondria-enriched pellet which

was washed twice in the mitochondrial isolation buffer and stored at -80�C until further processing.

Blue native polyacrylamide gel electrophoresis (BN-PAGE)

BN-PAGEwas performed usingNativePAGE gels from Life Technologies, and following themanufacturer’s

protocol as previously described (Murari et al., 2020). The digitonin: protein ratio used was 10g digitonin:

3g of protein.

Silver staining

Silver staining of native gels was performed with the SilverXpress staining kit from Life Technologies,

following the manufacturer’s instructions. Briefly, gels were removed from their cassettes soon after elec-

trophoresis, transferred into a fixative solution consisting of 50 % Methanol and 10 % Acetic acid, and

rotated on a shaker for 10 minutes. Following removal of the fixative solution, a sensitizer solution (supplied

with the kit) was added and kept on the shaker for an additional 20 minutes. After sensitization, the gel was

washed twice with ultra-pure water for 5 minutes each. Subsequently, the gel was incubated in a staining

solution (supplied with the kit) for 15minutes on the shaker; and then washed twice with ultra-pure water for

5 minutes each. Finally, the gel was developed by adding the developer (supplied with the kit) until stained

bands became apparent, at which point the reaction was terminated by the addition of the stopper solution

(supplied with the kit). Images were captured with a Chemidoc imaging system (Bio-rad) within 10 minutes.

In-gel complex I, II, IV and V activity

In-gel Complex I activity was assessed by incubating the native gels in 0.1 mg/ml NADH, 2.5 mg/ml Nitro-

tetrazolium Blue Chloride (NTB), 5 mM Tris-HCl (pH 7.4) at room temperature for 30 mins, and overnight

at 4C.

In-gel Complex II activity was assessed by incubating the native gels in 20 mM sodium succinate, 0.2 mM

phenazine methosulfate, 2.5 mg/ml NTB, 5 mM Tris-HCl (pH 7.4) at room temperature for 30 mins, and

overnight at 4C.

In-gel Complex IV activity was assessed by incubating the native gels in 50 mM sodium phosphate (pH 7.2),

0.05 % 3,3’- diaminobenzidine tetrahydrochloride (DAB), 50 mMof cytochrome C from equine heart at room

temperature overnight.

In-gel Complex V activity was assessed by pre-incubating the gel in 35 mM Tris-base, 0.27M glycine pH 8.4

for 3 hours and then subsequently in 35 mM Tris-base, 0.27M glycine (pH 8.4), 14 mM MgSO4, 0.2% w/v

Pb(NO3)2 and 8 mM ATP at room temperature overnight.

Amplex Red assay for measuring hydrogen peroxide production

The amount of hydrogen peroxide produced was monitored using the Amplex Red Hydrogen Peroxide/

Peroxidase Assay Kit (Catalog no. A22188, Molecular Probes). In brief, fly thoraxes were homogenized in

pre-chilled mitochondrial isolation buffer supplemented with halt protease inhibitors (Pierce), and

centrifuged twice at 500g for 5 minutes at 4�C to remove insoluble material. Subsequently, a serial dilution

of the supernatant was added to a reaction buffer containing 100uM Amplex Red Reagent and 0.2U/ml

Horseradish Peroxidase solution. Fluorescence was measured at an excitation wavelength of 540nm and
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detected at 590nm every 30 sec for 30 min at 25�C using a SpectraMax paradigm multi-mode microplate

reader (Molecular Devices). The background fluorescence determined for a no H2O2 reaction was de-

ducted from each value. Amplex Red activity was normalized to protein concentrations as determined

with a microBCA kit (Thermo Fisher Scientific, Waltham, MA).
Generation of peptide polyclonal antibodies

Rabbit polyclonal antibodies recognizing various segments of specific target proteins in Drosophila were

generated using the synthetic peptides listed below:
Peptide antigen: EMAKYRCPQPSALK Target Protein: dNDUFV3 (CG11752)

Peptide antigen: DPPKNWTTEKPKE Target Protein: dNDUFA11 (CG9350)

Peptide antigen: KKVKRMKTLQMWYRK Target Protein: dNDUFS7 (CG9172)

Peptide antigen: CNGDKWESEIASNLQADH Target Protein: dNDUFS8 (CG3944)

Peptide antigen: TTLPEESELNVQE Target Protein: dNDUFA8 (CG3683)

Peptide antigen: TFWEREKKSGYKTK Target Protein: dNDUFAF1 (CG7598)

Peptide antigen: RTLRTVGRQGRN Target Protein: dNDUFAF3 (CG5569)

Peptide antigen: DQKYKDTMLTQATQP Target Protein: dNDUFAF4 (CG11722)

Peptide antigen: HDEKTSEHVSLDTIK Target Protein: dTIMMDC1 (CG9852)

Peptide antigen: DNSSQDEHISSRQK Target Protein: dECSIT (CG10610)
Immunoblotting

Immunoblotting was performed as previously described (Murari et al., 2020). The primary antibodies used

were anti-NDUFS3 (abcam, ab14711), anti-dNDUFS5 (Murari et al. 2020), anti-dNDUFV1 (Murari et al.,

2020), anti-dNDUFB5 (Murari et al., 2020), anti-dNDUFB8 (Murari et al., 2020), anti-dND1 (Murari et al.,

2020), anti-dND2 (Murari et al., 2020), anti-dND4L (Murari et al., 2020), anti ATPsynß (Life technologies,

A21351) and the new rabbit polyclonal antibodies generated by Biomatik. Secondary antibodies used

were goat anti-rabbit Horseradish Peroxidase (PI31460 from Pierce) and goat anti-mouse Horseradish

Peroxidase (PI31430 from Pierce).

A commercially available marker [i.e. the NativeMark Protein standard (Life Technologies)], which is a sol-

uble protein marker, was initially used to estimate themolecular weight of the protein complexes. We show

one example in Figure S1. However, there are major discrepancies between the migration behavior of

membrane and soluble protein markers (Wittig et al., 2010). In Figure S1 shown, CV migrates with a size

of �720 kDa although CV should migrate at �550 kDa. Indeed, none of the other OXPHOS complexes

were adjudged to migrate at their appropriate sizes using this protein marker. Accordingly, estimating

the sizes of membrane proteins such as OXPHOS complexes or assembly intermediates on blue native

gels using standard soluble protein markers produces spurious results. Due to these discrepancies, where

possible, the identity of OXPHOS complexes and assembly intermediates in immunoblots were assessed

based on their position in the gel and known constituent protein subunits.

In-gel digestion and mass spectrometry

OXPHOS complexes from mitochondrial preparations from three genotypes [Mhc-Gal4/w1118 (wildtype),

Mhc-Gal4/UAS-dNDUFAF3-RNAi, and Mhc-Gal4/UAS-dNDUFAF4-RNAi flies] were separated on blue native

gels. Each sample was run in triplicate. Following resolution of the OXPHOS complexes, the gel was incu-

bated in a fixative consisting of 50% methanol, 10% acetic acid and 100mM ammonium acetate for 30 mi-

nutes. Subsequently, the gel was washed twice with ultrapure water, and three gel slices corresponding to

the holoenzyme, AIT and a region just below the AIT were excised for each genotype. The excised gel slices

were further diced into smaller pieces, placed in eppendorf tubes, and de-stained in a gel de-

staining buffer (8% Acetic acid). In-gel trypsin digestion was performed essentially as described previously

(Elzakra et al., 2017). In brief, 100ml of 25mM DTT and 100ml of 50mM iodoacetamide were used for protein

reduction and alkylation respectively, followed by digestion with 0.5 mg of trypsin at 37 �C for 16 h. The

tryptic peptides were extracted and desalted using a C18 cartridge, followed by LC-MS/MS analysis on

an Orbitrap Fusion Lumos Tribrid mass spectrometer (MS) (Thermo Scientific). The peptides were sepa-

rated on a C18 nano column (75 mm 3 50 cm, two mm, 100 Å) with a 2-h linear-gradient consisting of solvent

A (2% acetonitrile in 0.1% formic acid (FA)) and solvent B (85% acetonitrile in 0.1% FA). The eluted peptides
24 iScience 24, 102869, August 20, 2021
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were directly introduced to the MS via a nanospray Flex ion source. The MS spectra were acquired in the

positive mode with a spray voltage of 2 kV. The temperature of the ion transfer tube was 275 �C. MS scan

range was between m/z 375 and 1,500 with a 120,000 (FWHM) resolution in the Orbitrap MS. The peptides

with charge states between 2 and 7 were selected for MS/MS analysis. Higher-energy Collisional Dissoci-

ation (HCD) was used for peptide fragmentation with the collision energy of 30%.
Protein identification and quantification

The MS/MS spectra were searched against the Uniprot Drosophila database (21,107 entries, downloaded

on 11/12/2020) using the Sequest search engine through the Proteome Discoverer (version 2.4) platform.

The mass tolerance was 10 ppm for MS and 0.6 Da for MS/MS. Methionine oxidation and N-terminus acet-

ylation were set as variable modifications, and cysteine carbamidomethylation was set as a fixed modifica-

tion. The false discovery rate accepted for the identification of both proteins and peptides was less than

1%. Relative protein quantitation was calculated based on the spectral counting (SC) method (Venkatesh

et al., 2020; Cox et al., 2014). To circumvent the problem with large SC ratios from small spectra counts

in the SC ratio denominators, we arbitrarily added 2 SC for each protein before calculating the protein

quantification ratios.
QUANTIFICATION AND STATISTICAL ANALYSIS

Except where noted , p values are based on the student’s t-test for unpaired two-tailed samples. The fold

change shown refers to the mean G s.e.m (standard error of the mean); and * = p<0.05, ** = p<0.01 and

*** = p<0.001.
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