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Complex I (NADH ubiquinone oxidoreductase) is a large multisubunit enzyme that catalyzes the first step in oxidative phos-
phorylation (OXPHOS). In mammals, complex I biogenesis occurs in a stepwise manner, a process that requires the participa-
tion of several nucleus-encoded accessory proteins. The FAD-dependent oxidoreductase-containing domain 1 (FOXRED1) pro-
tein is a complex I assembly factor; however, its specific role in the assembly pathway remains poorly understood. We identified
a homozygous missense mutation, c.1308 G¡A (p.V421M) in FOXRED1 in a patient who presented with epilepsy and severe
psychomotor retardation. A patient myoblast line showed a severe reduction in complex I, associated with the accumulation of
subassemblies centered around �340 kDa, and a milder decrease in complex II, all of which were rescued by retroviral expres-
sion of wild-type FOXRED1. Two additional assembly factors, AIFM1 and ACAD9, coimmunoprecipitated with FOXRED1, and
all were associated with a 370-kDa complex I subassembly that, together with a 315-kDa subassembly, forms the 550-kDa sub-
complex. Loss of FOXRED1 function prevents efficient formation of this midassembly subcomplex. Although we could not iden-
tify subassemblies of complex II, our results establish that FOXRED1 function is both broader than expected, involving the as-
sembly of two flavoprotein-containing OXPHOS complexes, and cell type specific.

The oxidative phosphorylation (OXPHOS) system is responsi-
ble for the generation of the majority of cellular ATP. NADH

ubiquinone oxidoreductase (complex I), the first enzyme in the
pathway, is responsible for the oxidation of NADH. This is cou-
pled with the pumping of protons across the inner mitochondrial
membrane, contributing to the formation of the electrochemical
gradient that is ultimately used by ATP synthase (complex V) to
generate ATP.

Complex I is embedded in the inner mitochondrial membrane,
forming an L-shaped structure with a membrane domain and a
peripheral domain that protrudes into the mitochondrial matrix.
It is composed of 44 structural subunits, 7 of which are encoded by
the mitochondrial genome (mitochondrial DNA [mtDNA]). In
mammals, complex I biogenesis occurs in a stepwise fashion by
sequential addition of assembly intermediates (1). Assembly of the
holoenzyme requires the import of the 37 nucleus-encoded sub-
units, followed by sorting, folding, and assembly into the appro-
priate structural domain of the complex. Seven iron-sulfur clus-
ters are incorporated into five of the core subunits of the
peripheral arm (NDUFS1, NDUFS7, NDUFS8, NDUFV1, and
NDUFV2), and a flavin mononucleotide (FMN) molecule is in-
serted noncovalently into NDUFV1.

Deficiencies in the activity of complex I, among the most com-
mon causes of OXPHOS disorders, are associated with a wide
variety of clinical phenotypes that can range from lethal infantile
diseases to isolated myopathy or adult-onset neurodegenerative
disorders (2). Mutational analyses have identified defects in all 14
core subunits and several of the so-called supernumerary subunits
of the complex; however, these mutations explain only about 50%
of the cases (3, 4), implicating assembly factors as an important
cause of disease.

To date, 13 different complex I assembly factors have been identi-
fied—NDUFAF1 (CIA30) (5), NDUFAF2 (B17.2L) (6), NDUFAF3

(C3ORF60) (7), NDUFAF4 (C6ORF66) (8), NDUFAF5 (C20ORF7)
(9), NDUFAF6 (C8ORF38) (10), Ecsit (11), NDUFAF7 (pro1853) (12),
FOXRED1 (13), IND1 (NUBPL) (14), ACAD9 (15), TMEM126B (16),
C3orf1 (17), and possibly AIFM1 (18)—yet the exact molecular
functions of most of them in complex I biogenesis remain poorly
understood. Two independent studies reported isolated complex I
deficiency associated with mutations in the FAD-dependent oxi-
doreductase-containing domain 1 (FOXRED1) protein, demon-
strating that FOXRED1 functions in complex I assembly (13, 19).
Characterization of fibroblast lines from these patients demon-
strated that FOXRED1 is involved in the middle to late stages of
complex I assembly (20); however, the precise molecular role of
the chaperone remains elusive.

Here, we show that depletion of FOXRED1 in myoblasts re-
sults in decreased levels of fully assembled complexes I and II. We
demonstrate that FOXRED1 associates with the ND1-containing
subcomplexes of �370 kDa and �620 kDa and that FOXRED1
activity is required for the formation of a 550-kDa subcomplex of
complex I.
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MATERIALS AND METHODS
Identification of the mutation. Sanger sequencing of FOXRED1 in the
subject and control cDNAs was performed using the following primers:
FR1-F, GCAGCAGTGCAGCTTTCAGAGG; FR1-R, TATTGGCCTCGG
CCTCACTGC; FR1-insideF, AGGGAGTGGCTTTGGCGTCTTATGG;
and FR1-insideR, ATTCCACAGGCTGGTACTCCAGG.

Cell culture. Primary cell lines were established from myoblasts (Con-
trol-1, Control-2, and Patient) and fibroblasts (Control-3) and immor-
talized by transduction with a retroviral vector expressing the human
papillomavirus 16 (HPV-16) E7 gene and the catalytic component of hu-
man telomerase (21). The fibroblast lines were grown in high-glucose
Dulbecco’s modified Eagle medium (DMEM) supplemented with fetal
bovine serum (10%). The myoblasts were grown in F-10 medium supple-
mented with bovine serum albumin (0.5 mg/ml), fetuin (0.5 mg/ml),
insulin (0.18 mg/ml), dexamethasone (0.4 �g/ml), mouse epidermal
growth factor (10 ng/ml), and fetal bovine serum (15%). All the cell lines
were grown at 37°C in an atmosphere of 5% CO2.

FOXRED1 constructs. To generate the FOXRED1 or the C-terminal
Myc-tagged FOXRED1 construct, cDNA was amplified by OneStep re-
verse transcription (RT)-PCR (Qiagen) using specific primers modified
for cloning into Gateway vectors (Invitrogen). The accuracy of the clones
was verified by DNA sequencing. Retroviral constructs were transiently
transfected into the Phoenix packaging cell line using the HEPES-buffered
saline (HBS)–Ca3(PO4)2 method. Control or patient cell lines were in-
fected 48 h later by exposure to virus-containing medium in the presence
of Polybrene (4 g/ml) as described previously (https://web.stanford.edu
/group/nolan/_OldWebsite/protocols/pro_helper_dep.html).

RNAi transfection. For the FOXRED1 knockdown experiments, we
used a Stealth RNA interference (RNAi) duplex construct (Invitrogen,
Carlsbad, CA): GCUUUCUACGGAACAUCAAUGAGUA. The cell lines
were transfected twice, at days 1 and 3, and analyzed at day 6. The con-
structs were designed using the BLOCK-iT RNAi Express website (http:
//rnaidesigner.invitrogen.com/rnaiexpress/rnaiExpress.jsp?CID
�FL-RNAIEXPRESS). Fibroblasts/myoblasts were transfected using the
Lipofectamine RNAiMax protocol in Opti-MEM reduced serum me-
dium. Block-iTAlexa Fluor Red fluorescent oligonucleotide was used to
assess the transfection efficiency (transfection performed in parallel with
the other Stealth constructs) and as a mock oligonucleotide transfection
control (all reagents were from Invitrogen).

SDS-PAGE immunoblot analysis. Whole-cell extracts were prepared
by solubilization of pelleted cells at a 1:5 ratio with extraction buffer (1.5%
dodecyl maltoside) for 30 min on ice. The soluble fraction was obtained by
centrifugation at 20,000 � g for 20 min at 4°C. Samples were mixed at a 1:1
ratio with 2� Laemmli loading buffer, and the solubilized proteins were
loaded onto a 12% acrylamide-bisacrylamide (29:1) gel. The protein gel
was transfer to a nitrocellulose membrane using a wet-transfer system.
Subsequent immunoblotting was done with the appropriate antibodies.
Antibodies were obtained as follows: MitoSciences, NDUFS2, ATPase �,
SDHB, and actin; Abcam, NDUFA9, COX2, UQCRC1, SDHA, ACAD9,
and porin; Santa Cruz, AIFM1; and Proteintech, FOXRED1 and ETFB.
The ND1 antibody was kindly provided by A. Lombes, and it was used in
all the experiments except one (see Fig. 7), where a monoclonal ND1
antibody was used.

BN-PAGE and second-dimension denaturing gel electrophoresis
(2D-SDS-PAGE) immunoblot analysis. Mitoplasts were prepared from
myoblasts and fibroblasts as described previously (22) by treating the cells
with 0.8 mg digitonin/mg of protein. The mitoplasts were solubilized with
1% dodecyl maltoside, and the solubilized proteins were used for electro-
phoresis. Blue-Native polyacrylamide gel electrophoresis (BN-PAGE)
(23) was used to separate the samples in the first dimension on 6 to 15%
polyacrylamide gradients. For analysis of the second dimension, strips of
the first-dimension gel were incubated for 30 min in 1% SDS and 1%
�-mercaptoethanol. These strips were then run on a 10% Tricine–SDS-
PAGE gel to separate the proteins in the second dimension (23). Individ-
ual structural subunits of complexes I, II, III, and IV were detected by

immunoblot analysis using commercially available monoclonal antibod-
ies (MitoSciences and Abcam), except for complex I, where a polyclonal
antibody against subunit ND1 was used. FOXRED1 was revealed by im-
munoblot analysis with polyclonal FOXRED1 antibody (Novus Biologi-
cals). The sizes of the observed subcomplexes (340 kDa and 620 kDa) were
determined by their migrations relative to those of the OXPHOS com-
plexes—I (980 kDa), II (123 kDa), III (482 kDa), and IV (205 kDa)—
which were used as standards (24).

Size exclusion chromatography. Mitochondrial protein extracts
from a control fibroblast line were fractionated on a Tricorn Superdex 200
10/30 HR column (GE Healthcare) as described previously (25), and the
elution profile of FOXRED1 was revealed by immunoblot analysis with
polyclonal FOXRED1 antibody (Novus Biologicals). The molecular
weights of the individual fractions were calculated from the elution profile
of a set of standards, including TFAM, LRPPRC, and ND1.

Pulse-labeling of mitochondrial translation products. Labeling of
the mitochondrial translation products was performed as previously de-
scribed (26). Briefly, cells were labeled for 60 min at 37°C in methionine-
and cysteine-free DMEM containing 200 �Ci/ml [35S]methionine-cys-
teine and 100 �g/ml emetine, followed by a chase of 10 min in regular
DMEM. Protein extraction was done in labeled cells (50 �g) by resuspen-
sion in Laemmli loading buffer and sonication for 5 s. Samples were run
on 15 to 20% polyacrylamide gradient gels. The labeled mitochondrial
translation products were detected by direct autoradiography on a phos-
phorimager.

Immunoprecipitation experiments and mass spectrometry analy-
sis. Purified mitochondria (800 �g) from the FOXRED1-Myc cell line
were extracted on ice in 200 �l of extraction buffer (50 mM HEPES buffer,
pH 7.6, 150 mM NaCl, 1% taurodeoxycholate) supplemented with com-
plete protease inhibitors (Roche) for 45 min. The protein extract was
centrifuged at 25,000 � g at 4°C for 40 min, and the supernatant was used
to immunoprecipitate FOXRED1. Immunoprecipitation was performed
on magnetic Dynabeads (Life Technologies) according to the manufac-
turer’s instructions. Incubation of the protein extract with the beads was
carried out overnight at 4°C. Bound protein was eluted with elution buffer
containing 0.1 M glycine (pH 2.5) and 0.5% dodecyl maltoside (DDM)
and trichloroacetic acid (TCA) at room temperature, followed by TCA
precipitation. The precipitated protein was digested with trypsin and an-
alyzed by mass spectrometry (LTQ Orbitrap Velos; ThermoFisher Scien-
tific, Bremen, Germany) at the Institut de Recherches Cliniques de Mon-
treal, Montreal, Canada.

Mitochondrial isolation and localization experiments. Myoblasts
were resuspended in ice-cold SET buffer containing 250 mM sucrose, 10
mM Tris-HCl, and 1 mM EDTA (pH 7.4) and supplemented with Com-
plete protease inhibitors (Roche) and were homogenized with 10 passes
through a prechilled, zero clearance homogenizer (Kimble/Kontes). The
homogenized cellular extract was then centrifuged twice for 10 min each
time at 600 � g to obtain a postnuclear supernatant. Mitochondria were
pelleted by centrifugation for 10 min at 10,000 � g and washed once in the
same buffer.

Immunofluorescence analysis was performed using a control cell line
overexpressing FOXRED1-Myc. Glass slides were fixed in 4% paraformal-
dehyde at 50% confluence, followed by 1 h of incubation with Myc and
SLIRP (Abcam) antibodies, which preceded the addition of secondary
antibodies coupled with Alexa Fluor fluorochromes (Invitrogen). DAPI
(4=,6-diamidino-2-phenylindole) was used to stain DNA. Images were
obtained with an inverted fluorescence microscope.

Flavination assay. BN samples were resuspended in 2� Laemmli
loading buffer and run on an SDS-PAGE gel, followed by 30-min incuba-
tion of the protein gel in 10% acetic acid; 520-nm emission by covalently
bound flavin adenine dinucleotide (FAD) upon excitation at 450 nm was
measured with a Typhoon imager (Amersham Biosciences) (method
adapted from references 27 and 28). In parallel, the same samples were
transferred to a nitrocellulose membrane. Subsequent immunoblotting
was done with the appropriate antibodies.
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Succinate dehydrogenase activity. Control and patient myoblasts
were homogenized in 25 mM potassium phosphate buffer, pH 7.4. SDH
activity was measured at 25°C in a buffer containing 50 mM potassium
phosphate (pH 7.4), 20 mM succinate, 40 �M dichlorophenolindophe-
nol, 3 �g/ml antimycin A, and 1% dodecyl maltoside at 600 nm. Citrate
synthase (CS) activity was measured as previously reported (29). SDH
activity was normalized to CS and is reported as a percentage of two
controls. All activities were measured as three independent biological rep-
licates.

RESULTS
Identification of a mutation in FOXRED1. The initial biochem-
ical characterization of an Iraqi patient presenting with epilepsy
and severe psychomotor retardation was done by BN-PAGE in
patient fibroblasts and showed an isolated deficiency in complex I
(NADH ubiquinone oxidoreductase) (data not shown). The pro-
band had two siblings, one presenting similar clinical features,
who died at 8 years of age, and a second, healthy brother. Using a
candidate gene approach, we identified a homozygous missense
mutation, c.1308 G¡A, in the FOXRED1 gene (Fig. 1A), coding
for a protein previously described as required for the assembly of
holocomplex I (13, 19). The c.1308 G¡A mutation predicts an
amino acid substitution, p.V421M (RefSeq accession number
NM_017547) (Fig. 1A and B), that is highly conserved among
different taxa (Fig. 1C). FOXRED1 (NP_060017.1), is a 53-kDa
protein with a predicted mitochondrial targeting sequencing of 24
amino acids (http://ihg.gsf.de/ihg/mitoprot.html) that contains
an FAD-dependent oxidoreductase domain (pfam01266:DAO).
Missense mutations in the FAD-dependent oxidoreductase do-
main of FOXRED1 were also identified in the other two reported
patients (Fig. 1B).

The p.V421M variant in FOXRED1 leads to a combined de-
ficiency of complexes I and II. To further characterize the com-
plex I deficiency observed in the FOXRED1 patient, we performed
a BN-PAGE experiment to evaluate the assembly profile of com-
plex I using an anti-ND1 antibody in control and patient myo-
blasts. We detected decreased levels of fully assembled complex I,
the accumulation of complex I subcomplexes, and, unexpectedly,
decreased levels of fully assembled complex II (Fig. 2A). To con-
firm that the mutation in FOXRED1 was responsible for the as-
sembly defects observed in both complexes I and II, we used a
retroviral vector to express a wild-type FOXRED1 cDNA in con-
trol and patient myoblasts. Expression of wild-type FOXRED1
rescued the complex I and II deficiencies, confirming that the
c.1308 G¡A mutation in FOXRED1 is the cause of the assembly
defect in complex I and also suggesting that FOXRED1 is required
for complex II assembly in myoblasts (Fig. 2A).

To eliminate the possibility that the complex II deficiency ob-
served in the FOXRED1 patient was the result of a technical arti-
fact, we reran a BN-PAGE experiment using the same samples
shown in Fig. 2A, except that the patient sample was loaded with
twice the amount of protein as the other samples. Although this
showed that the steady-state levels of complex II were compensated
for, the steady-state levels of fully assembled complex I remained low
compared to controls. An in-gel activity (IGA) assay also confirmed
the deficiency of complex I. Moreover, in this analysis, the steady-
state levels of complexes III and IV were increased in the patient cell
line compared to controls, further supporting the observation that
the complex II deficiency is not an artifact (Fig. 2B). Consistently,
spectrophotometric measurements of complex II activity in the pa-
tient cell line showed an �40% decrease compared to controls.

FIG 1 Mutational analysis of FOXRED1. (A) Sequence analysis of FOXRED1 genomic DNA (gDNA) showing the position of the homozygous missense
mutation c.1308 G¡A identified in the patient compared to the control. (B) FOXRED1 contains a putative mitochondrial targeting sequence (MTS) and a
FAD-dependent oxidoreductase domain. The missense mutations in FOXRED1 identified previously and in the present study are indicated by bars. (C)
Multiple-sequence alignment of FOXRED1 protein sequences showing that the valine at position 421 is conserved throughout evolution.
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The steady-state levels of FOXRED1 and the structural sub-
units of complexes I and II were next investigated by immunoblot
analysis (Fig. 3A). FOXRED1 was decreased in the patient myo-
blast line compared to controls, as were the levels of two structural
subunits of complex I, NDUFS2 and ND1, which were rescued by
retroviral expression of wild-type FOXRED1 (Fig. 3A). We also
evaluated the steady-state levels of the complex I assembly factors
ACAD9 and AIFM1 by immunoblotting (Fig. 3A), which showed
no differences between the patient and controls. The steady-state
levels of structural subunits of complex II, SDHA and SDHB, re-
mained unaffected in the patient myoblasts compared to controls
(Fig. 3A). The FAD covalently bound to SDHA was also unaf-

fected in the patient myoblasts and in myoblasts treated with a
small interfering RNA (siRNA) against FOXRED1 (Fig. 3B).

FOXRED1 depletion results in the accumulation of an �340-
kDa subassembly of complex I. Immunodetection of complex I
using an ND1 antibody identified three subcomplexes in the
FOXRED1 patient myoblast line (Fig. 2B). To determine their
molecular masses, we performed a linear regression analysis based
on their BN-PAGE migration, using as standards the OXPHOS
complexes: I (980 kDa), II (123 kDa), III (482 kDa), and IV (205
kDa) (24). This analysis estimated that the smallest subcomplex
corresponded to �340 kDa, with a second subcomplex of �550
kDa and a third subcomplex of �620 kDa. To determine if these
subcomplexes were specific to the myoblast lines we analyzed, we
used an siRNA construct to deplete FOXRED1 in a fibroblast line.
BN-PAGE analysis of the fibroblast control (Control-3) and the
FOXRED1-depleted cell line showed that the depletion of
FOXRED1 expression results in a severe decrease in the steady-
state levels of holocomplex I and the subcomplex of �550 kDa,
while the �620-kDa subcomplex was only slightly reduced and
the �340-kDa subcomplex accumulated (Fig. 4A). Interestingly,
the steady-state levels of fully assembled complex II remained un-
affected. To further evaluate the complex II deficiency observed in
the FOXRED1 patient myoblast line, we used siRNA to suppress
FOXRED1 in the Control-2 myoblast line. BN-PAGE analysis of
these two cell lines confirmed that FOXRED1 depletion in myo-
blasts resulted in decreased levels of both complexes I and II,
whereas complex IV remained unaffected (Fig. 4B).

FOXRED1 interacts with complex I subcomplexes of �370
and �620 kDa. To further investigate the role of FOXRED1 in the
biogenesis of complex I, we performed 2D-SDS-PAGE in the con-
trol and FOXRED1 patient myoblasts. This showed that the
�340-kDa subcomplex accumulated in the patient cell line,
whereas the 620-kDa subcomplex was slightly decreased relative
to the control. 2D-SDS-PAGE analysis of the control and the pa-
tient cell lines expressing wild-type FOXRED1 showed that while
most FOXRED1 accumulated at a molecular mass corresponding
to its monomeric size, a small amount was also detected in two

FIG 2 Analysis of the OXPHOS profile in the FOXRED1 patient cell line. (A) BN-PAGE analysis of the FOXRED1 patient cell line (Patient), the patient cell line
overexpressing wild-type FOXRED1 (Patient�FR1), and three different controls (Control-1, Control-1�FR1, and Control-2). (B) IGA of complex I and
BN-PAGE analysis of the same cell lines shown in panel A, with the patient cell line loaded with twice the total protein of the other samples. On the right is an
overexposed image of the ND1 immunoblot showing complex I-containing supercomplexes (Co I SuperCo), holocomplex I (Co I), and the subcomplexes (Co
I SubCo) present in the patient cell line. OXPHOS complexes were detected with subunit-specific antibodies: Co I, ND1; Co II, SDHA; Co III, UQCRC1; and Co
IV, COX4.

FIG 3 Analysis of the steady-state levels of complex I and II components in
FOXRED1-depleted cell lines. (A) SDS-PAGE analysis of the patient (Patient
and Patient�FR1) and control (Control-1, Control-1�FR1, and Control-2)
cell lines. The immunoblots show the steady-state levels of FOXRED1, complex I
(NDUFS2 and ND1), and complex II (SDHA and SDHB) structural subunits;
complex I assembly factors (ACAD9 and AIFM1); and loading controls (porin and
actin). (B) SDS-PAGE analysis of FOXRED1-depleted cell lines (Patient and Con-
trol-2�FR1 siRNA) and controls (Control-1, Patient�FR1, and Control-2) was
followed by imaging of covalently bound FAD (Flavo-SDHA) or immunoblot-
ting with the indicated antibodies: complex II structural subunit (SDHA) and
FOXRED1 and loading control (actin).
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discrete higher-molecular-mass complexes corresponding to
�370 and �620 kDa (Fig. 5A).

Size exclusion chromatography of a fibroblast control line
demonstrated that FOXRED1 was mainly enriched in a fraction
corresponding to 70 kDa, with smaller amounts of FOXRED1
centered at �600 kDa and �1.8 MDa (Fig. 5B). These results are
consistent with the profile observed for FOXRED1 in the 2D-SDS-
PAGE experiment and also suggest that FOXRED1 could be asso-
ciated with and/or involved in the formation of complex I-con-
taining supercomplexes.

Previously, we showed that early assembly defects in complex I
biogenesis result in rapid proteolytic degradation of newly synthe-
sized ND1 (30, 31). To evaluate the possibility that FOXRED1 also
plays a role as an early complex I assembly factor, we performed a
mitochondrial-translation experiment. This showed that the rate
of synthesis of all mtDNA-encoded polypeptides in FOXRED1
patient myoblasts was slightly reduced compared to the control;
however, the translation profile of the rescued patient cell line
(Patient�FR1) remained unchanged, demonstrating that this
phenotype was unrelated to the mutant FOXRED1 (Fig. 5C).

FOXRED1 coimmunoprecipitates with several complex I
structural subunits and the assembly factors ACAD9 and
AIFM1. To identify protein partners that might interact with
FOXRED1, we performed immunoprecipitation experiments on
a myoblast line expressing FOXRED1-Myc. To verify that the
Myc-tagged version of FOXRED1 did not affect the mitochondrial
localization of FOXRED1, we performed immunofluorescence

FIG 4 BN-PAGE analysis of FOXRED1-depleted cell lines. FOXRED1 was
depleted using siRNA in fibroblasts (Control-3 and Control-3�FOXRED1-
siRNA) (A) and myoblasts (Control-2 and Control-2�FOXRED1-siRNA)
(B), and OXPHOS complexes were detected with subunit-specific antibodies:
Co I, ND1; Co II, SDHA; and Co IV, COX4.

FIG 5 Analysis of FOXRED1 association with complex I intermediates. (A) 2D-SDS-PAGE analysis of a FOXRED1 patient cell line (loaded with twice the
amount of total protein), a patient cell line overexpressing wild-type FOXRED1 (Patient�FR1), and controls (Control-1 and Control-1�FR1). The solid lines
indicate complexes I and II and complex I subcomplexes. The dashed lines indicate FOXRED1 complexes. OXPHOS complexes were detected with subunit-
specific antibodies: Co I, ND1 and NDUFS2; Co II, SDHA. (B) Size exclusion chromatography in control mitochondria from a fibroblast line. The collected
fractions were analyzed by SDS-PAGE and immunoblotted with a FOXRED1 antibody. Molecular masses are indicated for fractions in which FOXRED1 was
detected. (C) Pulse-labeling of mitochondrially encoded polypeptides with [35S]methionine-cysteine in the FOXRED1 patient myoblast line (Patient), the
patient cell line overexpressing wild-type FOXRED1 (Patient�FR1), and three different controls (Control-1, Control-1�FR1, and Control-2). The positions of
the ND subunits of complex I, the COX subunits of complex IV, the cytochrome b (cyt b) subunit of complex III, and the ATP subunits of complex V are indicated
on the right.
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experiments to confirm that FOXRED1-Myc was targeted to mi-
tochondria (Fig. 6A). We next tested whether FOXRED1-Myc
could rescue the defect observed in the FOXRED1 patient. Immu-
noblotting showed that the Myc-tagged form of FOXRED1 par-
tially rescued the complex I deficiency in the patient myoblast line
and fully rescued the defect in complex II (Fig. 6B). To further
evaluate the phenotype observed in the Patient�FOXRED1-Myc
cell line, we performed an immunoblot experiment, which con-
firmed that expression of FOXRED1-Myc in the patient partially
rescued the defect observed in ND1 steady-state levels (Fig. 6C).

Mass spectrometry analysis of the elution fraction allowed us
to identify a number of proteins that coimmunoprecipitated
with FOXRED1, including several nucleus-encoded structural
subunits of complex I (NDUFA9, NDUFV1, NDUFB10,
NDUFS6, NDUFA11, and NDUFA13) and two complex I assem-
bly factors, AIFM1 and ACAD9. We did not identify any structural
components of complex II, but we did find one of the subunits of
complex III (UQCRC1) and one subunit of the electron transfer
flavoprotein complex (ETFB). We also identified several proteins
involved in lipid metabolism: ACSL3, AGPS, HSD17B12, ECI2,

ACAD10, AGK, and components of the mitochondrial import
machinery and mitochondrial proteases (LONP1, SAMM50,
PMCPB, CLPX, TIMM17B, and AFG3L2) (see Table S1 in the
supplemental material).

To investigate a putative link between the electron transfer
flavoprotein complex (ETF) and the phenotype observed in the
FOXRED1 patient cell line, we performed immunoblot analysis of
the ETFB protein. SDS-PAGE analysis showed no difference be-
tween the steady-state levels of ETFB in the patient cell line and
those in controls (Fig. 7A). BN-PAGE analysis detected the ETFB
subunit at 70 kDa and 140 kDa, presumably the heterodimer with
the ETFA subunit and the dimer plus ETF dehydrogenase
(ETFDH), respectively. The steady-state levels of both complexes
remained unaffected in FOXRED1-depleted cell lines compared
to controls (Fig. 7B).

DISCUSSION

In this study, we identified a homozygous missense mutation in
FOXRED1 in a myoblast line from a patient with severe enceph-
alopathy. The two previously reported FOXRED1 patients pre-

FIG 6 Analysis of the FOXRED1-Myc myoblast line. (A) Immunofluorescence analysis of the FOXRED1-Myc cell line. Antibodies against Myc (red), SLIRP
(green), and DAPI (blue) were used for visualization of FOXRED1, mitochondria, and the nucleus, respectively. (B) BN-PAGE analysis of the patient (Patient and
Patient�FR1-Myc) and control (Control-1 and Control-1�FR1-Myc) cell lines. OXPHOS complexes were detected with subunit-specific antibodies: Co I, ND1;
Co II, SDHA; Co III, UQCRC1; and Co V, ATPase �. (C) SDS-PAGE analysis of the patient (Patient and Patient�FR1-Myc) and control (Control-1 and
Control-1�FR1-Myc) cell lines. The immunoblots show the steady-state levels of ND1 and actin (loading control).

FIG 7 Analysis of ETFB in FOXRED1-depleted cell lines. (A) SDS-PAGE analysis of the patient (Patient and Patient�FR1) and control (Control-1, Control-
1�FR1, and Control-2) cell lines. The immunoblots show the steady-state levels of FOXRED1, complex I (ND1), and complex II (SDHA) structural subunits;
an ETF subunit (ETFB); and loading controls (porin and actin). (B) BN-PAGE analysis of the FOXRED1 patient cell lines (Patient and Patient�FR1), controls
(Control-1, Control-1�FR1, and Control-2), and knockdown of FOXRED1 in Control-2 (Control-2�FR1-siRNA). OXPHOS complexes were detected with
subunit-specific antibodies: Co I, ND1; Co II, SDHA; Co III, UQCRC1; Co IV, COX4; and Co V, ATPase �.
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sented with infantile-onset encephalomyopathy (19) and Leigh
syndrome (13), both associated with a marked, isolated complex I
deficiency. Biochemical characterization of our patient myoblast
line and a control myoblast line in which FOXRED1 was depleted
with siRNA revealed deficient assembly of both complexes I and
II, suggesting that the accessory function of FOXRED1 in the as-
sembly of the OXPHOS complexes is both broader than previ-
ously appreciated and tissue specific.

The most pronounced defect observed due to loss of
FOXRED1 function, however, was a reduction in the amount of
fully assembled complex I. The assembly pathway of complex I
initiates with the formation of two independent subcomplexes,
one membrane module containing the mitochondrially encoded
subunit ND1 and the assembly factor NDUFAF5 (7, 9, 30, 32) and
another containing the soluble proteins NDUFS2 and NDUFS3
and assembly factors NUBPL, NDUFAF3, NDUFAF4, NDUFAF6,
and NDUFAF7 (7, 30, 31, 33). Next, subunits NDUFS7 and
NDUFS8, and probably NDUFA9, join the soluble module, form-
ing a 200-kDa subcomplex. This step is followed by the addition of
NDUFA3, NDUFA5, NDUFA8, NDUFA12, and NDUFA13 and
the assembly factor C3orf1 (17). The combination of these two
subassemblies generates a membrane-anchored subcomplex of
about 315 kDa. Next, a 370-kDa membrane subcomplex that in-
cludes ND2, ND3, ND4L, ND6, NDUFB6, and NDUFB8 struc-
tural subunits assembles separately, and at this point, NDUFAF1,
ECSIT, ACAD9, and TMEM126B join the assembly pathway (34).
The 370- and 315-kDa subcomplexes then assemble to form a
550-kDa subcomplex. This step is followed by the addition of the
most distal components of the membrane arm, the mitochondri-
ally encoded subunits ND4, ND5, and NDUFC2, forming the 815-
kDa subassembly. The final step requires the presence of the late
assembly factor NDUFAF2 and involves the addition of the distal
region of the peripheral arm containing the subunits NDUFS1,
NDUFS4, NDUFS6, NDUFV1, NDUFV2, and NDUFV3, with
the simultaneous addition of subunits NDUFS5, NDUFA1,
NDUFA2, NDUFA6, and NDUFA10 (reviewed in references 17,
35, and 36). Our data suggest that FOXRED1 is necessary for pro-
moting the assembly of the 550-kDa subcomplex from the 370-
kDa and 315- kDa subcomplexes, as the mutation in, or depletion
of, FOXRED1 results in the accumulation of a subassembly that
appears as a smear around 340 kDa, which we interpret as an
accumulation of the 315- and 370-kDa complexes. We cannot
unequivocally determine if the subassembly centered at 340 kDa
represents an intermediate on the assembly pathway or a break-
down product that results from a failure to assemble the holoen-
zyme complex. Our results contrast with those of a recent analysis
of FOXRED1 in which an �475-kDa subcomplex was shown to
accumulate in patient fibroblasts, thought to be a result of the
breakdown of the late-stage 815-kDa intermediate (20). The rea-
sons for this difference are not immediately clear; however, it is
possible that it reflects the difficulty in assigning accurate molec-
ular masses to subassemblies on BN-PAGE gels. A recent careful
analysis of complex I subassemblies reassigned the molecular
masses of previously reported subcomplexes of 400, 460, 650, and
830 kDa to 315, 370, 550, and 815 kDa, respectively (17). Thus, it
is possible that the subassembly we report here is the same as one
reported previously (20).

FOXRED1 coimmunoprecipitated with acyl coenzyme A
(acyl-CoA) dehydrogenase 9 (ACAD9), a complex I assembly fac-
tor that associates with the 370-, 550-, and 815-kDa complex I

intermediates (15, 17). Stable isotope labeling using amino acids
in cell culture (SILAC) analysis of an NDUFA11-depleted cell line
that accumulates the 550- and 815-kDa subcomplexes also
showed that the assembly factors ACAD9 and FOXRED1 are in-
volved in the assembly of common intermediates (17). AIFM1,
another putative complex I assembly factor, was also identified in
the FOXRED1 immunoprecipitation experiment. AIFM1-defi-
cient mouse cells and siRNA-treated HeLa cells showed deficien-
cies in complex I activity and decreases in the steady-state levels of
several complex I structural subunits, viz., NDUFA9, NDUFB6,
and NDUFS7 (18, 37).

The size exclusion experiment showed that FOXRED1 appears
in higher-molecular-mass complexes, including two peaks corre-
sponding to �600 kDa and �1.8 MDa. FOXRED1 coimmuno-
precipitates with several proteins involved in complex I biogenesis
and with the structural subunit of complex III, UQCRC1. To-
gether, these results raise the possibility that FOXRED1 is also
associated with, or involved in the formation of, supercomplexes
containing complexes I and III. The presence of FOXRED1 in an
�600-kDa subcomplex (Fig. 5A and B) and the defect in the ND1-
containing subcomplex of 620 kDa observed in the FOXRED1
siRNA cell line (Fig. 4A) indicate that FOXRED1 might also
play a role in the formation/stability of this subcomplex.

In addition to the complex I deficiency, we also detected a
decrease in the steady-state levels of complex II in patient myo-
blasts, a phenotype not observed in previously described
FOXRED1 mutant fibroblast lines (13, 19). Patients with muta-
tions in the complex II structural subunit SDHD also showed a
milder defect in complex II in fibroblasts than in myoblasts (38).
Four assembly factors of complex II that are conserved in yeast
and mammals have been identified. Two of them, SDHAF2 and
SDHAF4, are involved in the flavination of SDHA. SDH5 is the
yeast homolog of SDHAF2, and an sdh5	 deletion strain showed
complete loss of FAD cofactor attachment of SDH1 (the Saccha-
romyces cerevisiae homolog of SDHA). Interestingly, the steady-
state levels of nonflavinated SDH1 remained unaffected com-
pared to the control (27). We found no evidence for an alteration
in flavinated SDHA in the FOXRED1 patient myoblasts, so the
molecular basis for the complex II assembly defect remains un-
known.

What could be the connection between the complex I and II
assembly defects associated with loss of FOXRED1 function?
FOXRED1 contains a domain (pfam01266:DAO) involved in the
oxidation/reduction of FAD (39, 40). A phylogenetic analysis of
FOXRED1 showed that while all metazoans harboring complex I
also have FOXRED1, it is absent in aerobic fungi with a complex I
(39). Furthermore, some organisms lacking complex I have
FOXRED1. These results suggest that FOXRED1 has a metabolic
function that is not always coupled with complex I biogenesis.
Complexes I and II are the only OXPHOS complexes that are
functionally dependent on FAD. Two electrons generated by the
oxidation of NADH in complex I are transferred, one by one, via
the FMN, which is noncovalently bound to NDUFV1, and the
seven iron sulfur clusters bound to ubiquinone (41). Although
FOXRED1 coimmunoprecipitates with the flavinated subunit of
complex I, NDUFV1, neither the size exclusion nor the 2D-SDS-
PAGE experiments detect FOXRED1 associated with the 815-kDa
subcomplex, the step at which the NDUFV1 subunit joins the
assembly pathway. Similarly, the immunoprecipitation experi-
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ment with FOXRED1 failed to identify any structural subunit or
known assembly factor of complex II.

The two assembly factors of complex I that coimmunoprecipi-
tated with FOXRED1 are also FAD dependent. AIFM1 is a flavo-
protein with NADH oxidase activity (42), and ACAD9 uses ribo-
flavin, the vitamin precursor of FAD, as a catalytic cofactor. The
FOXRED1 immunoprecipitation experiment identified several
enzymes involved in lipid metabolism, including the electron
transfer flavoprotein beta polypeptide, ETFB; however, we did not
observe any alterations in the level of this protein in patient myo-
blasts. The beta-oxidation of lipids has as it central reaction acyl-
CoA dehydrogenation, which generates acetyl-CoA, FADH2, and
NADH. The supply of some of these reducing equivalents to the
respiratory chain is performed by ETF and ETFDH (43). These
observations illustrate a potential, but still speculative, link be-
tween FOXRED1 and flavin metabolism.

Together, our results suggest that FOXRED1 plays a role in the
assembly of complex I by associating with the �370-kDa subcom-
plex and the FAD-dependent assembly factor ACAD9, and prob-
ably AIFM1. Depletion of FOXRED1 expression results in a severe
defect in the formation of the 550-kDa subcomplex. Additional
work will be required to determine the precise roles of FOXRED1
in the assembly pathways of both complexes I and II.
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