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Background: Assembly of cytochrome c oxidase (COX), complex IV of the respiratory chain, requires a great number of

accessory proteins known as assembly factors.

Results: hCOA3 interacts with newly synthesized COX1 and promotes its assembly with subsequent COX subunits.

Conclusion: hCOA3 participates in COX biogenesis in humans.

Significance: hCOA3 is a new candidate gene to screen in patients with COX deficiency.

Cytochrome c oxidase (COX) or complex IV of the mitochon-
drial respiratory chain plays a fundamental role in energy pro-
duction of aerobic cells. In humans, COX deficiency is the most
frequent cause of mitochondrial encephalomyopathies. Human
COX is composed of 13 subunits of dual genetic origin, whose
assembly requires an increasing number of nuclear-encoded
accessory proteins known as assembly factors. Here, we have
identified and characterized human CCDC56, an 11.7-kDa
mitochondrial transmembrane protein, as a new factor essential
for COX biogenesis. CCDC56 shares sequence similarity with
the yeast COX assembly factor Coa3 and was termed hCOA3.
hCOA3-silenced cells display a severe COX functional altera-
tion owing to a decreased stability of newly synthesized COX1
and an impairment in the holoenzyme assembly process. We
show that hCOA3 physically interacts with both the mitochon-
drial translation machinery and COX structural subunits. We
conclude that hCOA3 stabilizes COX1 co-translationally and
promotes its assembly with COX partner subunits. Finally, our
results identify #COA3 as a new candidate when screening for
genes responsible for mitochondrial diseases associated with
COX deficiency.
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Mitochondria produce most cellular ATP by the process of
oxidative phosphorylation (OXPHOS)? carried out by the four
complexes of the respiratory chain and the F,F, ATPase. Cyto-
chrome c oxidase (COX) or complex 1V, the terminal enzyme of
the respiratory chain, catalyzes the oxidation of cytochrome c
by transferring its electrons to molecular oxygen (1). Mamma-
lian complex IV is composed of 13 subunits. Three subunits
forming the catalytic core, COX1, COX2, and COX3, are
encoded in the mitochondrial DNA (mtDNA), whereas the
remaining ten subunits (COX4, COX5a, COX5b, COX6a,
COX6b, COX6¢c, COX7a, COX7b, COX7c, and COXS8) are
encoded in the nuclear genome (2, 3). The enzyme contains
four redox-active metal centers: two iron centers, heme a and
heme a,, and two copper centers, Cu, and Cug, which are
essential for its assembly and function (4).

COX assembly is thought to be a linear process in which its
subunits and cofactors are incorporated in an ordered manner
(5). More than 30 COX assembly factors have been identified in
model organisms, mainly the yeast Saccharomyces cerevisiae,
and in human patients with COX deficiencies. They are
required for every step of the formation of the complex, from
translation of the individual subunits to incorporation of the
prosthetic groups and assembly of the holoenzyme (6). COX
biogenesis must be tightly regulated to prevent the accumula-
tion of pro-oxidant assembly intermediates. We and others (6,
7) have recently shown that in S. cerevisiae, there is a negative
feedback translational regulatory system that serves to coordi-
nate the synthesis in mitochondrial ribosomes of COX1 a sub-
unit containing heme a and copper centers, with its assembly
into the holoenzyme. The mechanism involves Mss51, a trans-
lational activator that additionally acts as a COX1 chaperone, as

® The abbreviations used are: OXPHOS, oxidative phosphorylation; BN-PAGE,
blue native PAGE; DDM, dodecyl maltoside; mt-EfTu, mitochondrial trans-
lation elongation factor Tu; TIM, translocase of the inner membrane.
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well as Cox14 and Coa3, two COX1 stability/assembly factors.
Whether this regulatory mechanism is conserved in humans
remains to be fully disclosed.

In recent years, COX biogenesis gained much interest
because defects in the assembly of the enzyme are a major cause
of mitochondrial disorders in humans and may play an impor-
tant role in aging and degenerative diseases (8 —10). In fact,
COX deficiency is one of the most frequent causes of mitochon-
drial encephalomyopathies in humans (11). Mutations in the
three mtDNA-encoded COX subunits and nuclear-encoded
subunits COX4, COX6b, and COX7b have been identified in
patients (12-17), although these defects are relatively rare.
Most COX deficiencies described to date are caused by muta-
tions in assembly factors (8, 11). However, in the majority of
patients, the molecular basis of their autosomal recessive COX
deficiency remains unknown. Although the list of COX assem-
bly genes identified in yeast is likely close to completion, iden-
tifying the respective human homologues is not simple in some
cases due to their divergent primary sequences. Recent studies
based on iterative orthology prediction have identified new
human homologues of yeast COX assembly factors (18).
Among them are some key proteins involved in the COX
assembly regulatory process described earlier (Cox14, Coa3,
and Mss51), which suggests that such a regulatory mechanism
could actually exist in human cells. Notably, mutations in
C120rf62, the human homologue of yeast Cox14, have been
recently shown to produce COX deficiency in a patient with
severe congenital lactic acidosis (19). C120rf62 was proposed to
couple COX1 synthesis and cytochrome ¢ oxidase assembly as
its yeast counterpart (19).

We have recently identified a mitochondrial protein in Dro-
sophila melanogaster, CCDC56, encoded on a bicistronic
mRNA with mitochondrial translation factor B1 (20). This pro-
tein is essential for COX activity in Drosophila and is highly
conserved throughout evolution. It has recently become evi-
dent that CCDC56 is actually the fly homologue of yeast Coa3.
Here, we demonstrate that human CCDC56, hereafter termed
hCOA3, is involved in the early steps of COX biogenesis by
securing the stability and promoting the assembly of newly syn-
thesized COX1. These results suggest that hCOA3 could play a
role in coordinating COX1 synthesis and assembly. Finally, our
results identify #COA3 as a new candidate when screening for
genes responsible for mitochondrial diseases associated with
COX deficiency.

EXPERIMENTAL PROCEDURES

siRNAs, Tagman Probes, and Constructs—Three Silencer
Select predesigned siRNAs against #COA3 (s26294, s26295,
and s26296), siRNA Silencer negative control 2 (Ki 2) and
Tagman assays for CCDC56 mRNA (Hs00360235_m1) and
18 S rRNA (Hs99999901_s1) were purchased from Applied
Biosystems.

For the FLAG-tagged #COAS3 construct, 7COA3 cDNA was
amplified using the cDNA clone BX280424 (ImaGenes) as a
template, with specific primers carrying in-frame the FLAG tag
and recognition sites for AflIl and NotI, respectively, (5'-TTC-
TTAAGATGGCGTCTTCGGGAGCTGGTG-3',5'-ATGCG-
GCCGCTTACTTGTCGTCATCGTCTTTGTAGTCGGAC-
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CCTGACGCCCTTGCCAGAGCTCG-3'). The PCR product
was digested and cloned into pIRESpuro2 (Clontech). Fidelity
of the clones was confirmed by sequencing.

Antibodies—To express hCOA3 in E. coli, a PCR fragment
encoding the full ZCOA3 cDNA was cloned in pRSET-B (Invit-
rogen). Polyclonal antibody was generated using standard pro-
cedures. Polyclonal antibody anti-Mn-SOD was obtained from
Millipore. Monoclonal antibodies against COX1, COX2,
COX3, COX4, COX5a, NDUFAY, and Porin were purchased
from Mitosciences. Monoclonal antibodies against CII 70 kDa
and CIII Core2 and secondary antibody coupled to Alexa Fluor
488 were purchased from Molecular Probes (Invitrogen). Anti-
FLAG M2 monoclonal antibody was obtained from Stratagene.
Anti-SLIRP, anti-mt-EFTu, anti-LRPPRC, anti-NDUFV1, and
anti-NDUFS1 antibodies were obtained from Abcam. Secondary
antibodies coupled to horseradish peroxidase were obtained from
Santa Cruz Biotechnology. Anti-3-ATPase polyclonal antibod-
ies had been previously generated in the lab (21).

Quantitative RT-PCR of Mitochondrial mRNAs—Mitochon-
drial mRNAs were quantified using SYBR Green (Applied Bio-
systems) and specific primer pairs for each gene following
standard procedures. Primers used in this study were: COX1:
5-CTCTTCGTCTGATCCGTCCT-3',5'-ATTCCGAAGCC-
TGGTAGGAT-3'; COX2: 5'-ACGAGTACACCGACTAC-
GGC-3', 5'-CGGGAATTGCATCTGTTTTT-3'; COX3: 5'-
CCCACCAATCACATGCCTAT-3', 5'-GTGGCCTTGGTA-
TGTGCTTT-3'; ND5: 5'-AAACAACCCAGCTCTCCCTAA-
3', 5'-AGAAGGATATAATTCCTACG-3'; CytB: 5'-TGAAA-
CTTCGGCTCACTCCT-3', 5'-AGAATATTGAGGCGCCA-
TTG-3'; ATP6: 5'-TTTCCCCCTCTATTGATCCC-3, 5'-
TGGGTGGTTGGTGTAAATGA-3" and RNRI: 5'-CGATC-
AACCTCACCACCTCT-3', 5'-TGCTAAATCCACCTTCG-
ACC-3'. rRNA 18 S was used as a control: 5'-CCAGTAAGT-
GCGGGTCATAAGC-3', 5 -CCTCACTAAACCATCCAA
TCGG-3'.

Cell Lines, Cell Culture, and Transfection—HeLa cells were
cultured in high-glucose DMEM (Invitrogen) supplemented
with 10% fetal bovine serum, uridine, and antibiotics at 37 °C in
a 5% CO, atmosphere. Cells were transfected with 30 nm
siRNAs or 5 ug of the constructs using Lipofectamine 2000
(Invitrogen) following the manufacturer’s instructions. For
hCOAS3 silencing experiments, cells were harvested 96 h after
transfection. To generate the cell lines stably overexpressing
hCOA3-FLAG, 1.5 pg/ml of puromycin were added to the
medium 2 days after transfection. The resultant cell line was
grown in the presence of the antibiotic.

Mitochondrial Subfractionation and Proteinase K Protection
Assays—Mitochondria were purified from HeLa cells express-
ing hCOA3-FLAG as described previously (20). Mitochondria
were ruptured by sonication. Soluble and insoluble fractions
were obtained by centrifugation at 50,000 X gfor 15 minat4 °C.
The membrane pellet was resuspended in 0.1 M Na,CO5, pH 11.
After 30 min on ice, the sample was centrifuged at 50,000 X g
for 15 min at 4 °C to separate the soluble membrane extrinsic
from the insoluble intrinsic membrane proteins.

Purified mitochondria from hCOA3-FLAG were resus-
pended in 10 mm Tris-HCI, pH 7, 10 mm KCI, 0.15 mm MgSO,,
buffer either containing 0.25 M sucrose or devoid of sucrose to

VOLUME 288+NUMBER 12+-MARCH 22,2013



hCOAS3 Participates in Cytochrome c Oxidase Biogenesis

allow mitochondria swelling and conversion to mitoplasts.
Samples were treated where indicated with 0.62 pg/ml protein-
ase K for 20 min in ice. Mitochondria and mitoplasts were
recovered by centrifugation at 50,000 X g for 15 min at4 °C and
analyzed by Western blotting.

To selectively solubilize the outer mitochondrial membrane,
purified mitochondria from hCOA3-FLAG-overexpressing
cells were resuspended in 10 mm Tris-HCI, pH 7, 10 mm KCl,
0.15 mm MgSO,, 0.25 M sucrose buffer, and treated with 1%
digitonin for 30 min in ice. Membranes and the soluble fraction
were separated by centrifugation at 50,000 X g for 15 min at
4 °C and analyzed by Western blotting.

Activity of the OXPHOS Complexes—The activity of the
OXPHOS complexes and the enzyme citrate synthase were
determined as described previously (20).

BN-PAGE and Two-dimensional BN/SDS-PAGE—Blue
native electrophoresis and two-dimensional BN/SDS electro-
phoresis of the OXPHOS complexes was performed as
described previously (22). For two-dimensional BN/SDS-
PAGE experiments, transfected cells were treated with 10
pg/ml chloramphenicol for 2 days to deplete the respiratory
chain complexes and retransfected with siRNAs 48 h after the
first transfection. Cells were collected at 96 h of #COA3 inter-
ference and 48 h of recovery after chloramphenicol treatment.

Pulse Labeling of Mitochondrial Translation Products—In
vivo labeling of the mitochondrial translation products was per-
formed as described previously (23). Briefly, cells were labeled
for 30 min in methionine/cysteine-free DMEM containing 200
wCi/ml of [**S]methionine (PerkinElmer Life Sciences) and 100
pg/ml of either emetine (pulse experiments) or anisomycin
(pulse-chase experiments). After the incubation, cells were
washed and harvested (pulse) or incubated in regular DMEM
for 2, 4, and 7 h (chase). 100 ug of whole protein extracts were
loaded on 15-20% SDS-PAGE gradient gels, and the labeled
mitochondrial translation products were detected through
direct autoradiography or quantified using a Typhoon Phos-
phorImager system (GE Healthcare).

Immunocytochemistry—HeLa cells expressing hCOA3-
FLAG were plated on coverslips and grown overnight at 37 °C.
Cells were stained for 30 min with 50 nm Mitotracker red
(Molecular Probes, Invitrogen), fixed with 2% paraformalde-
hyde and treated with methanol before the incubation with an
anti-FLAG M2 primary antibody (Stratagene) in 2% BSA. Sec-
ondary antibody Alexa Fluor 488 (Molecular Probes, Invitro-
gen) was used for immunofluorescence detection. Images were
obtained in a Leica SP5 confocal microscope (DMI6000 stand),
Leica plan apochromat 63X/1.4 numerical aperture objective
lens, 60-nm XY pixel size (Nyquist criterion optimized),
2-frame averaging, and sequential scan mode. For Alexa Fluor
488, Argon ion laser, PMT gain 600, 510 —-540-nm emission
band; for Mitotracker Red, 561 nm laser, PMT gain 600, and
580 —630-nm emission band.

Immunoprecipitation and Proteomic Analysis—Mitochon-
dria were purified from HeLa cells expressing hCOA3-FLAG or
containing empty pIRESpuro2 vector as described previously
(20). Equal amounts of mitochondrial protein of each cell line
were lysed using 1% DDM in 50 mm Tris HCI pH 7.4, 150 mm
NaCl and 1 mm EDTA. hCOA3-FLAG was immunoprecipi-
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tated using FLAG immunoprecipitation kit (Sigma-Aldrich)
following the manufacturer’s instructions. Proteins were eluted
using a FLAG peptide and analyzed though mass spectrometry
and immunoblotting.

Protein extracts were applied onto a SDS-PAGE gel, and the
run was stopped as soon as the front entered into the resolving
gel. The unseparated protein bands were visualized by Coomas-
sie staining, excised, destained in acetonitrile:water (1:1), and
digested in situ with sequencing grade trypsin as described by
Shevchenko et al. (24) with minor modifications. The dried gel
pieces were reswollen in 50 mM ammonium bicarbonate with
60 ng/ul trypsin (Promega) at a 5:1 protein:trypsin (w/w) ratio
in 50 mMm ammonium bicarbonate, pH 8.8. The tubes were kept
in ice for 2 h and incubated at 37 °C for 12 h. Whole superna-
tants were dried down and desalted onto Omix tips. The
desalted protein digest was dried, resuspended in 0.1% formic
acid and analyzed by reverse phase-liquid chromatography
MS/MS (RP-LC-MS/MS) in an Agilent 1100 system coupled to
alinear ion trap LTQ-Velos mass spectrometer (Thermo Fisher
Scientific). Peptides were detected in survey scans from 400 to
1600 atomic mass units (1 uscan), followed by 15 data-depen-
dent MS/MS scans (Top 15), using an isolation width of 2 units
(mass-to-charge ratio units), normalized collision energy of
35%, and dynamic exclusion applied during 30-s periods. Pep-
tide identification from raw data was carried out using the
SEQUEST algorithm (Proteome Discoverer 1.3, Thermo Fisher
Scientific). Database search was performed against uniprot-ho-
mo.fasta. The following constraints were used for the searches:
tryptic cleavage after Arg and Lys, up to two missed cleavage
sites, and tolerances of 1 Da for precursor ions and 0.8 Da for
MS/MS fragment ions and the searches were performed allow-
ing optional Met oxidation and Cys carbamidomethylation.
Search against decoy database (integrated decoy approach) was
performed using false discovery rate < 0.01.

Statistical Analysis—Graphs represent mean values of at
least three independent measurements. Error bars represent
S.D. One-way or two-way analyses of variance were performed
using GraphPad Prism (version 4.00 for Windows, GraphPad
Software, San Diego, CA).

RESULTS

hCOAS3 Is a Transmembrane Protein of the Inner Mitochon-
drial Membrane—We have recently shown CCDC56 to be a
mitochondrial protein essential for COX activity in D. melano-
gaster (20), although its precise function remained to be eluci-
dated. BLAST alignments showed this protein is well conserved
from Drosophila to humans, and more recent studies have sug-
gested CCDC56 is the homologue of yeast Coa3 (18). Human
COA3islocated on chromosome 17 (17q.21.31) and encodes an
11.7-kDa protein with predicted transmembrane and coiled-
coil domains.

To analyze whether hCOA3 is a mitochondrial protein as
described for its D. melanogaster orthologue (20), we overex-
pressed a C-terminal FLAG-tagged version of the protein in
HeLa cells. Immunocytochemical experiments showed this
protein to be localized exclusively to mitochondria (Fig. 1A4).
Sonication of mitochondria followed by centrifugation to sep-
arate soluble and insoluble proteins showed hCOA3-FLAG
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FIGURE 1. hCOA3 is a transmembrane protein of the inner mitochondrial
membrane. A, immunocytochemistry of Hela cells overexpressing hCOA3-
FLAG (hCOA3-FLAG). hCOA3-FLAG was visualized using anti-FLAG M2 anti-
bodies. Mitochondria were stained using Mitotracker Red. Images were
obtained in a Leica SP5 confocal microscope with a Leica plan apochromat
63X/1.4 numerical aperture objective lens. Scale bars represent 10 um.
B, purified mitochondria from hCOA3-FLAG-overexpressing cells (hCOA3-
FLAG) were sonically irradiated and centrifuged to separate the soluble (S)
and membrane (M) proteins. The membrane pellet was treated with 0.1 m
Na,CO; and centrifuged to separate the soluble membrane extrinsic (CS)
from the insoluble intrinsic membrane proteins (P). Equivalent volumes of
each fraction were analyzed by Western blotting. C, mitochondria (Mc) and
mitoplasts (Mp) from hCOA3-FLAG-overexpressing cells were treated with
proteinase K where indicated. After proteinase K treatment, mitochondria
and mitoplasts were recovered by centrifugation and analyzed by Western
blotting. D, purified mitochondria from hCOA3-FLAG overexpressing cells
were treated with 1% digitonin to selectively solubilize the mitochondrial
outer membrane. Membranes (P) and the soluble fraction (S) were separated
by centrifugation and analyzed by Western blotting. 0.5, 1, 2, and 3 times of
equivalent soluble fraction were loaded on the gel.

behaves as a mitochondrial membrane protein (Fig. 1B).
hCOA3-FLAG is not extracted from the mitochondrial mem-
brane by sodium carbonate treatment, indicating hCOA3 is an
intrinsic membrane protein, as expected from its predicted
transmembrane domain (Fig. 1B).

hCOA3-FLAG is protected from proteinase K digestion in
isolated mitochondria but is partially digested in mitoplasts
where the outer membrane is disrupted (Fig. 1C). Interest-
ingly, anti-hCOA3 antibodies but not anti-FLAG M2 anti-
bodies detect a polypeptide of smaller size in mitoplasts
treated with proteinase K, probably hCOA3 after the FLAG
tag has been digested (Fig. 1C). In addition, hCOA3-FLAG
behaves as an inner mitochondrial membrane protein when
the outer mitochondrial membrane is solubilized by digito-
nin treatment (Fig. 1D). Taken together, these data demon-
strate that hCOA3 is an intrinsic protein of the mitochon-
drial inner membrane with the C terminus exposed to the
intermembrane space.
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FIGURE 2. hCOA3 knockdown causes a defect in COX activity in HeLa cells.
A, specific activity of the OXPHOS complexes. B, citrate synthase-specific
activity. C, quantitative RT-PCR of hCOA3 mRNA. All experiments were per-
formed in untransfected Hela cells (untransfected), HelLa cells transfected
with non-interfering siRNAs (Ki #2) or siRNAs against hCOA3 (siRNAs hCOA3)
96 h after transfection. Data represent mean values *= S.D. ***, p < 0.001
(n = 6).

Ki #2

hCOAS3 Is Essential for Cytochrome ¢ Oxidase Activity and
Holocomplex Accumulation—To characterize the function of
hCOA3 in human mitochondria, we have silenced its expres-
sion using siRNAs. For this purpose, three specific siRNAs
against #COA3 and a non-interfering control siRNA were tran-
siently transfected into HeLa cells. Four days after transfection,
the cells were harvested and analyzed for the activity of the
OXPHOS complexes (Fig. 2, A and B) and #COA3 mRNA levels
using quantitative RT-PCR (Fig. 2C). hCOAS3 interfered cells
present a specific defect in COX activity, which was reduced to
30% of controls, whereas the activity of all other respiratory
chain complexes, as well as citrate synthase activity, remained
unchanged (Fig. 2, A and B). This decrease in COX activity
correlated with a similar decrease in the steady-state levels of
fully assembled complex IV, as observed in blue native gel elec-
trophoresis (BN-PAGE) experiments (Fig. 34). Although our
extraction conditions (2% dodecyl maltoside, DDM) are known
to significantly disrupt the macromolecular assemblies of res-
piratory chain complexes into supercomplexes (25), we were
able to also detect a decrease in complex CIII/CIV in silenced
cells. There was a perfect correlation between the activity and
the levels of fully assembled complex in each experiment, sug-
gesting that the residual enzyme present in the interfered cells
is fully active and the respiratory defect results from an impair-
ment of COX assembly. These data point toward an involve-
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FIGURE 3.hCOA3 knockdown causes a decrease of fully assembled COXin
Hela cells. BN-PAGE of the OXPHOS complexes (A) and steady-state levels of
the OXPHOS subunits analyzed by Western blotting (B) in untransfected HelLa
cells (untransfected), Hela cells transfected with non-interfering siRNAs (Ki
#2) or siRNAs against hCOA3 (siRNAs hCOA3) 96 h after transfection.

ment of hCOA3 in COX biogenesis rather than in the regula-
tion of its activity.

We next investigated whether the levels of COX structural
subunits were also affected in #COA3 knockdown cells. Con-
sistently with the COX activity and BN-PAGE results, we
observed #COA3 interfered cells have lower steady-state levels
of COX1, COX2, COX3, and COX4 subunits, whereas the lev-
els of complex [, IL, III, or V subunits remained unchanged when
compared with controls (Fig. 3B). Noticeably, COX5a showed
almost similar levels in knockdown and control cells, suggest-
ing this protein has a longer-half-life than other COX structural
subunits.

COX1 Is Rapidly Degraded in hCOA3-silenced Cells—To sys-
tematically investigate the role of hCOA3 in COX assembly, we
started by assessing whether the decrease in COX subunits was
due to defective mitochondrial transcription. We measured the
levels of their transcripts using quantitative RT-PCR and spe-
cific primer pairs for each gene and failed to find any differences
in steady-state levels of COX1, COX2, and COX3 mRNAs or in
the levels of other mitochondrial mRNAs and rRNAs when
compared with controls (Fig. 44), indicating mitochondrial
transcription is not affected in the absence of hCOA3.

We next determined whether #COA3 interfered cells had
altered synthesis or turnover rates of any of the mtDNA-en-
coded COX subunits. To this end, we pulse-labeled mitochon-
drial translation products with [**S]methionine for 30 min in
the presence of an inhibitor of cytoplasmic translation, and the
labeled polypeptides were subsequently chased for 2, 4, or 7 h.
Interfered cells showed a specific mild decrease in the amount
of pulse-labeled COX1, whereas the rest of the mtDNA-en-
coded polypeptides were synthesized at rates similar than in
control cells (Fig. 4, B and D). Pulse-chase experiments showed
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newly synthesized COX1 is rapidly degraded in hCOA3-defi-
cient cells (Fig. 4, C and E). On the contrary, the stability of
COX2, COX3, or any other mtDNA-encoded polypeptides was
not markedly different in control and hCOA3-deficient cells
during the chase periods analyzed (data not shown).

Even though newly synthesized COX2 and COX3 are more
stable than COX1, Western blot analyses revealed low levels of
the three catalytic core subunits. The three mtDNA-encoded
COX subunits are preferentially degraded when COX fails to
assemble and if one of the subunits is particularly labile, the
other two become also unstable (26-28). To clarify whether
hCOA3 plays a role on the stability or biogenesis of one or
several of the mtDNA-encoded COX subunits, we labeled
mitochondrial translation products for 30 min with [**S]me-
thionine and performed immunoprecipitation experiments
with anti-FLAG M2 antibodies in HeLa cells either overex-
pressing hCOA3-FLAG or containing an empty pIRESpuro2
vector. As shown in Fig. 5, newly synthesized COX1 is greatly
enriched in the eluate from hCOA3-FLAG overexpressing
cells, demonstrating that hCOA3 interacts with newly synthe-
sized COX1. These results indicate that hCOA3 is required for
COX1 stability and point toward the loss of COX1 in hCOA3-
depleted cells as the cause of the degradation of the remaining
COX catalytic core subunits.

hCOA3 Is a Cytochrome ¢ Oxidase Assembly Factor—
hCOA3 knockdown induces a rapid degradation of the newly
synthesized COX1, which together with the decreased steady-
state levels of COX2, COX3, and the nuclear DNA-encoded
subunit COX4, suggest #COA3-silenced cells may have an early
defect in COX assembly most probably involving COX1. To
gain insight into how COX assembly proceeds in silenced cells,
we depleted the respiratory chain complexes using the mito-
chondrial translation inhibitor chloramphenicol, let the cells
recover for 48 h, and performed two-dimensional BN/SDS-
PAGE experiments to analyze the accumulation and distribu-
tion of the different subunits in each assembly intermediate. As
shown in Fig. 6, hCOA3-deficient cells accumulate a subassem-
bly intermediate that contains COX1, COX4, and COX5a. In
the current model of human COX assembly, the first subassem-
bly (S1) formed during the process exclusively contains COX1,
which acts as a seed for sequential incorporation of COX sub-
units. In this model, the addition of subunits COX4 and COX5a
to S1 results in the progression to the second assembly inter-
mediate (S2) (5,29, 30). The accumulated subassembly in inter-
fered cells corresponds with subcomplex S2 and indicates that
hCOA3 is participating in the early steps of COX assembly,
most probably facilitating the addition of the subsequent COX
subunits to COX1 containing intermediates.

hCOA3-FLAG Overexpression Rescues the Cytochrome ¢ Oxi-
dase Defect—To ensure that the defects observed in interfered
cells were exclusively due to #COA3 silencing, we overex-
pressed in HeLa cells the hCOA3-FLAG construct described
earlier. This construct does not include the 3’-UTR of ZCOA3
mRNA that contains the regions of homology of the siRNAs,
avoiding in this way the RNA interference machinery.

hCOA3-FLAG overexpression had no effect on COX activity
or the levels of its subunits (Fig. 7A—C). Nevertheless, hCOA3-
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FIGURE 4. hCOA3 knockdown induces a rapid degradation of the newly synthesized COX1. A, quantitative RT-PCR of mitochondrial mRNAs (left panel) and
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(siRNAs hCOA3) 96 h after transfection. Data represent mean values = S.D.***, p < 0.001 (n = 5). B, newly synthesized mitochondrial polypeptides were labeled
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FLAG overexpression was able to fully rescue the COX defect hCOA3 Interacts with COX Subunits Promoting Cytochrome
caused by #COAS3 silencing (Fig. 7, C and D), confirming that ¢ Owxidase Assembly—To further investigate the function of
the previously observed localization of the overexpressed pro- hCOA3 in the early steps of COX biogenesis, we asked whether
tein in the inner mitochondrial membrane is correct, and the hCOA3 physically interacts with COX subassemblies. Two-di-
absence of hCOA3 is responsible for the phenotypes observed mensional BN/SDS-PAGE analysis of hCOA3-FLAG-overex-
in interfered cells. pressing cells extracted with 2% DDM revealed that hCOA3-

8326 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMBN  VOLUME 288+ NUMBER 12-MARCH 22, 2013



hCOA3 Patrticipates in Cytochrome c Oxidase Biogenesis

IP anti-FLAG
pIRESpuro2 CCDC56-FLAG
2 2
> >3
5 2 7 5 8 @
£ 5 £ o g5 £ o

ND4L/ATP8 —
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puro2) and Hela cells stably overexpressing hCOA3-FLAG (hCOA3-FLAG).
10% of the corresponding volume of input, unbound, and wash fractions was
loaded on the gels.

FLAG is part of several complexes, ranging in size from
monomeric hCOA3-FLAG to almost 1 MDa (Fig. 84), indicat-
ing its potential interaction with other proteins that could con-
stitute COX subassemblies. Because the overexpressed FLAG-
tagged version of hCOA3 is fully functional and is forming
several high molecular mass complexes, we performed immu-
noprecipitation experiments using anti-FLAG M2 antibodies
in overexpressing and control cells to identify its binding part-
ners. Three independent immunoprecipitation experiments
followed by mass spectrometry analysis identified several COX
structural subunits present in the eluate, supporting previous
observations that indicate a role for hCOA3 in COX assembly.
Moreover, this analysis showed hCOA3-FLAG coimmunopre-
cipitates with the mitochondrial translation elongation factor
Tu (mt-EfTu) and SLIRP (stem-loop RNA binding protein),
both involved in mitochondrial translation (supplemental
Table 1).

To confirm these results, we performed additional immuno-
precipitation experiments followed by immunoblotting (Fig.
8B). Anti-FLAG M2 antibodies efficiently immunoprecipitated
COX1 in hCOA3-FLAG-overexpressing cells. COX structural
subunits COX2, COX3, COX4, and COXb5a are also coimmu-
noprecipitated with hCOA3-FLAG, although less efficiently
than COX1. None of these COX subunits were detected in the
eluate of control cells either using mass spectrometry or West-
ern blot analysis. Western blot experiments also confirmed mt-
EFTu coimmunoprecipitates with hCOA3-FLAG but showed a
weak coimmunoprecipitation of SLIRP and hCOA3-FLAG
(Fig. 8B). SLIRP forms a ribonucleoprotein complex with LRP-
PRC, a protein involved in the stabilization and polyadenylation
of mitochondrial mRNAs (31-33). LRPPRC, however, was
barely detected in the eluate of hCOA3-FLAG-overexpressing
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JOURNAL OF BIOLOGICAL CHEMISTRY 8327



hCOAS3 Participates in Cytochrome c Oxidase Biogenesis

A_ Complex IV Citrate synthase hCOA3 mRNA D
45 35 ok L] Complex IV [ Untransfected
40 200 30 B i #2
535 = <7
o3 25150 gE® 40 I siRNAs hCOA3
3= £E E 3 20 —~
8 25 5 ° = 35
< o2 >
%E 20 §_§100 S® 15 £ E) 30
22 15 = e 825
S E 10 22 s0 =E10 <~
=y P 5 g E 20 P Hrx
SE 15
0 0! 0 9=
IRES hCOA3- IRES hCOA3- IRES hCOA3- o]
Hela %umz FLAG Hela Zumz FLAG e ‘:)umz FLAG g% g 12
0
B C o) 10 HelLa pIRESpuro2 hCOA3-FLAG
. © . § g ¥ 3
g 3 2 & 2 &
2 g g 8 3 g B 3
s 8§ £ s 2 9 : £ 8 E .
[id Untransfected
£ 3 2 hCOA3 mRNA = )
a NDUFA9 - —c 40 I siRNAs hCOA3
— Clil+IV ES
a Clll Core2 2 > 20
[&) [5]
£ 10
xxx xxx
0 —r—
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0.001 (n = 3).

cells. To confirm these results, mitochondria from hCOA3-
FLAG overexpressing cells were lysed using the milder deter-
gent digitonin (1%). Neither SLIRP nor LRPPRC were specifi-
cally recovered after immunoprecipitation using anti-FLAG
M2 antibodies (Fig. 8C), thus suggesting that these proteins do
not form a stable complex. Our mass spectrometry analyses of
hCOA3-FLAG eluates also detected several mitochondrial
import receptors, namely the translocase of the inner mem-
brane (TIM) proteins TIM22, TIM13, TIM23, and TIM23B
(supplemental Table 1).

Focusing on respiratory chain complex subunits, when the
extraction was performed with DDM, the CII 70 kDa (complex
II) or CIII Core 2 (complex III) subunits were not immunopre-
cipitated using anti-FLAG M2 antibodies in hCOA3-FLAG-
overexpressing cells, perhaps because the low abundance of the
CIII-CIV supercomplex under these extraction conditions.
Interestingly, however, mass spectrometry results revealed
the presence of several complex I (CI) subunits in the eluate
(supplemental Table 1) and immunoblot experiments con-
firmed the interaction of hCOA3 with NDUFA9 and
NDUEFVI, thus suggesting an early interaction of complex I
subunits with COX assembly intermediates as reported
recently (34). The same subunits were detected in hCOA3-
FLAG immunoprecipitates from digitonin extracts (Fig. 8C).
However, not all complex I subunits analyzed were recov-
ered in the immunoprecipitate (see NDUFS1 in Fig. 8B), fur-
ther supporting the concept that the interaction between
complex I and complex IV subunits occurs before the com-
plexes are fully assembled.
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DISCUSSION

CCDC56 was recently identified by our group as a new pro-
tein essential for cytochrome ¢ oxidase activity in Drosophila
melanogaster, although its precise function remained to be elu-
cidated (20). In this study, we have identified and characterized
the function of the human homologue of CCDC56. Our results
show human CCDC56 participates in the early steps of the
assembly of the holoenzyme by promoting nascent COX1 sta-
bility and facilitating its assembly with other COX subunits,
confirming the results by Szklarczyk and collaborators who
proposed CCDC56 to be the human homologue of yeast Coa3
(18) and therefore the protein has been termed hCOA3.

hCOA3 is located on chromosome 17 (17q.21.31) and
encodes an 11.7-kDa transmembrane protein of the inner mito-
chondrial membrane with a coiled-coil domain in its C termi-
nus facing the intermembrane space. #COA3-silenced cells
present a severe defect in COX activity and a similar decrease in
the levels of fully assembled complex. These data, together with
the decrease in the steady-state levels of several COX subunits
in silenced cells, pointed toward an involvement of hCOA3 in
COX biogenesis. Silenced cells presented a mild but specific
decrease in the amount of pulse-labeled COX1, suggesting its
translation could be impaired in the absence of hCOA3. How-
ever, newly synthesized COX1 was rapidly degraded in inter-
fered cells, indicating that the observed decrease in COX1
labeling could be due to increased degradation of the newly
synthesized polypeptide rather than to defective translation.
Synthesis of COX2 and COX3 and their stability over a 7-h
chase were as in wild-type cells. Although these subunits have a
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longer half-life than COX1, they are known to be unstable when
COX assembly is compromised (26, 35), and, accordingly, their
steady-state levels in ZCOA3 interfered cells were lowered
markedly.

COX assembly is a linear process in which at least three sub-
assemblies, S1, S2, and S3, can be detected, which probably
represent the rate-limiting steps of the process (5). In this
model, originally proposed by Nijtmans et al. (5), S1 is formed
exclusively by COX1, and the addition of subunits COX4 and
COXb5ato S1 results in the progression to S2. We have observed
that #COA3-silenced cells presented accumulates of an assem-
bly intermediate that contains COX1, COX4, and COX5a and
corresponds to the S2 subassembly. The accumulation of this
intermediate, however, is not very prominent probably due to
remaining amounts of hCOA3 in silenced cells that allow COX
assembly to proceed, resulting in the residual amounts of fully
assembled holoenzyme observed in BN-PAGE experiments.

A similar subassembly has been reported to accumulate in
cells from patients suffering from mitochondrial diseases due to
mutations in several COX assembly genes. For example, SCO1
and SCO2 mutant fibroblasts, both of which are required for
COX2 maturation, accumulate the S2 intermediate (29, 36).
In the hCOA3-silenced cells, the accumulation of the S2
intermediate indicates hCOA3 is a COX assembly factor
involved in the first steps of the assembly process, probably
facilitating the incorporation of COX subunits to COX1-
containing intermediates.

We have observed hCOA3-FLAG is forming several high
molecular weight complexes, which could constitute COX sub-
assemblies as well as CIII-CIV supercomplexes, as has already
been observed for its yeast homologue Coa3 (37, 38). The phys-
ical interaction with COX subunits was demonstrated by
immunoprecipitation studies followed by mass spectrometric
and immunoblot analyses. Interestingly, these analyses also
showed hCOA3 interacts with some complex I subunits such as
NDUFA9 and NDUEFV1 but not others such as NDUFSL1. It has
been recently reported that complex I assembly takes place in
the context of supercomplexes or respirasomes (26), which
could explain the interaction between COX and complex I
assembly intermediates.

Because COX contains highly reactive heme A and copper
prosthetic groups, the biogenesis of this enzyme must be tightly
regulated to prevent the accumulation of pro-oxidant assembly
intermediates. Coordination of COX1 synthesis and COX
assembly has been extensively studied in S. cerevisiae. Mss51,
the central protein of a negative feedback translational regula-
tory system in yeast, has a dual function acting as a translational
activator of COXI mRNA and as a COX1 chaperone during the
first steps of COX biogenesis (39). During and after synthesis,
COX1 is bound to Mss51 in a complex stabilized by two small
COX-specific chaperones, Cox14 (40) and Coa3 (37, 38) and
the mitochondrial Hsp70 chaperone (41). When COX1 pro-

wash fractions was loaded on the gels. C, proteins were extracted from iso-
lated mitochondria from HelLa cells and Hela cells overexpressing hCOA3-
FLAG with 1% digitonin. Extracts were incubated with protein A-Sepharose
beads and anti-FLAG M2 antibodies where indicated. Beads and supernatant
were recovered by centrifugation. Samples were analyzed by Western
blotting.
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ceeds in the assembly process, Mss51 is released from these
complexes and is available to activate new rounds of Cox1 syn-
thesis (41-43).

For many years, the translational regulatory system was
believed to be restricted to yeast because homologues of Mss51,
Cox14 and Coa3 had not been identified. However, the recent
discovery that the three proteins are conserved in humans
opened the possibility that such a regulatory system could have
been also conserved. So far, the human homologues of Cox14
(C120rf62; Ref. 19) and Coa3 (CCDC56/hCOA3; this work)
have been shown to be COX assembly factors important for
COX1 stability and assembly, similar to their yeast counter-
parts. Our mass spectrometry studies failed to detect C120rf62
as an hCOA3 interactor, although this could perhaps be justi-
fied by the small size of the protein (~15 kDa). Importantly, our
immunoprecipitation results have suggested hCOA3 interacts
with mt-EfTu. A similar interaction was previously described
for C120rf62 (19). hCOA3 interaction with newly synthesized
COX1 and proteins involved in translation, together with our
pulse-labeling results, could reflect an early interaction of
hCOA3 with COX1 during translation, required to stabilize the
protein and prevent its degradation. mt-EfTu, although pri-
marily acts as a mitochondrial translation elongation factor, can
also function as a chaperone promoting the folding of newly
synthesized polypeptides (44) and could therefore have a role in
quality control of the nascent COX enzyme subunits and
assembly intermediates through the binding of C120rf62 and
hCOA3. It is conceivable that hCOA3 interacts early with
newly synthesized COX1 polypeptide, perhaps during its elon-
gation following its co-translational membrane insertion. Alto-
gether, our results support that hCOA3 associates directly or
indirectly with the COX1 mRNA translational machinery and
interacts with the newly synthesized polypeptide providing sta-
bility and facilitating its assembly with other COX subunits to
form the mature holoenzyme.

Finally, the identification of hCOA3 as a new COX assembly
factor in humans is not only relevant from a biological point of
view but also from a biomedical perspective. Most isolated
COX deficiencies described to date in patients with mitochon-
drial diseases are caused by mutations in COX assembly factors,
rather than mutations in structural subunits of the complex.
Expanding the list of COX assembly factors responsible for
human diseases, a recent report has identified mutations in
c120rf62 in a patient with fatal neonatal lactic acidosis (19). Our
data indicates that #COA3 is a new candidate gene to screen in
patients suffering from mitochondrial diseases associated with
isolated COX deficiency. Increasing our knowledge of COX
biogenesis and its regulation is expected to contribute to our
understanding of mechanisms underlying these disorders.
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Addendum—These results are relevant because during the prepara-
tion of the revised version of this manuscript, it has been reported
that TIM21, a component of the TIM23 transport machinery, is also
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present in respiratory chain subassemblies containing newly mito-
chondria-synthesized and imported respiratory chain subunits as
well as some assembly factors such as CCDC56 (45). The authors
have proposed that in this way, the transfer of newly imported pro-
teins from the presequence translocase is coordinated with the
assembly of respiratory chain complexes (45).
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