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Mitochondrial respiratory chain biogenesis is orchestrated by hundreds of assembly factors, many of which are
yet to be discovered. Using an integrative approach based on clues from evolutionary history, protein localiza-
tion and human genetics, we have identified a conserved mitochondrial protein, C1orf31/COA6, and shown its
requirement for respiratory complex IV biogenesis in yeast, zebrafish and human cells. A recent next-generation
sequencing study reported potential pathogenic mutations within the evolutionarily conserved Cx9CxnCx10C
motif of COA6, implicating it in mitochondrial disease biology. Using yeast coa6D cells, we show that conserved
residues in the motif, including the residue mutated in a patient with mitochondrial disease, are essential for
COA6 function, thus confirming the pathogenicity of the patient mutation. Furthermore, we show that zebrafish
embryos with zfcoa6 knockdown display reduced heart rate and cardiac developmental defects, recapitulating
the observed pathology in the human mitochondrial disease patient who died of neonatal hypertrophic cardio-
myopathy. The specific requirement of Coa6 for respiratory complex IV biogenesis, its intramitochondrial local-
ization and the presence of the Cx9CxnCx10C motif suggested a role in mitochondrial copper metabolism. In
support of this, we show that exogenous copper supplementation completely rescues respiratory and complex
IV assembly defects in yeast coa6D cells. Taken together, our results establish an evolutionarily conserved role
of Coa6 in complex IV assembly and support a causal role of the COA6 mutation in the human mitochondrial
disease patient.

INTRODUCTION

Genetic mutations that perturb mitochondrial respiratory chain
(MRC) function manifest clinically in mitochondrial respiratory
chain disease (MRCD), one of the most common inborn errors
of metabolism with an estimated prevalence of 1:5000 live
births (1). MRCD is genetically heterogeneous and can be
caused by mutations in both mitochondrial and nuclear genes
(2,3). Known defects in the MRC have already been mapped to
�110 genes, and this list is growing rapidly with advancements
in sequencing technologies (4). In the next-generation sequencing
era, it has become much faster to detect mutations in patient DNA;
however, distinguishing causality from naturally occurring se-
quence variation remains challenging (5). The rapid molecular

diagnosis of MRCD is further hampered by the fact that the full
complement of genes required for MRC biogenesis is currently
unknown.

To address this biomedical challenge, we have focused on
identifying and assigning function to evolutionarily conserved,
uncharacterized human mitochondrial proteins. Our approach
is based on the premise that factors required for building a con-
served pathway for mitochondrial ATP synthesis should also be
highly conserved and localized to the mitochondria. The power
of our approach for discovering novel MRCD genes is high-
lighted by a recent next-generation sequencing study that identi-
fied potentially pathogenic mutations in one of our prioritized
candidates, C1orf31 (6). The causal nature of the C1orf31 muta-
tions identified in the MRCD patient was not established because
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of the absence of an MRC-related phenotype in patient fibro-
blasts and a lack of surrogate model systems (6). C1orf31 was
first identified as a putative cytochrome c oxidase (CcO, mito-
chondrial respiratory complex IV) assembly factor based on an
iterative orthology prediction (7). Subsequently, it was found
in a proteomic survey of mitochondrial intermembrane space
(IMS) proteins in the yeast Saccharomyces cerevisiae and
renamed Coa6 because of its requirement for CcO assembly
(8). However, the molecular function of Coa6 in CcO assembly
remains unknown.

CcO is the terminal enzyme of the MRC and is the main site for
cellular respiration. It is a highly conserved, multi-subunit
enzyme complex, consisting of 11 subunits in yeast and 13 in
mammals (9). In addition to protein subunits, CcO contains
several cofactors, including two copper (Cu) sites (CuA and
CuB), two heme groups (heme a and a3) and a magnesium and
a zinc ion (10). CcO biogenesis is an extremely complex
process that requires �40 different assembly factors (reviewed
in 9). CcO assembly in yeast and human cells is modular and
begins with the independent maturation of mitochondrial
DNA-encoded subunits Cox1, Cox2 and Cox3; however, im-
portant differences exist. For example, in yeast, the Cox1 con-
taining subcomplex consists of Cox5a and Cox6 (9), whereas
in humans, it consists of Cox5a and Cox4 (11). The formation
of mature, catalytically active CcO requires the addition of the
remaining subunits and prosthetic groups, which is facilitated
by a number of assembly factors (9). Of all the MRC complexes,
biogenesis of CcO is the best characterized, yet the precise mo-
lecular function of many of the so-called assembly factors, in-
cluding Coa6, remains to be determined.

The assembly defects in CcO are clinically heterogeneous,
affecting either an isolated organ or multiple organ-systems,
with onset from infancy to adulthood (12). These disorders
(mitochondrial complex IV deficiency, OMIM:220110) are typ-
ically characterized by a wide range of disease phenotypes, in-
cluding cardiomyopathy, encephalomyopathy, skeletal muscle
myopathy, Leigh syndrome, metabolic acidosis and occasional
hepatic failure. While only a few complex IV deficiencies can
be traced to the core subunits of CcO, the majority of patient
mutations are found in genes encoding assembly factors,
which include the leucine-rich pentatricopeptide repeat motif-
containing protein LRPPRC, a mitochondrial mRNA stabilizing
protein (13–18); TACO1, a translational activator of COX1
(19); and the human COX14 ortholog, C12orf62, a factor
involved in the synthesis and assembly of COX1 (20). Pathogen-
ic mutations have also been identified in COX10 and COX15,
CcO assembly factors required for heme synthesis (21–23),
and in SCO1 and SCO2, which are required for insertion of Cu
in CcO (24–26). The exact role of other disease genes, including
SURF1 (27), C2orf64/COA5 (28) and FAM36A (29), in CcO as-
sembly is not fully defined.

In this report, we have used a combination of yeast COA6
knockout cells, an allelic series of COA6 knockdown
human cell lines and coa6 knockdown zebrafish embryos to
demonstrate an evolutionarily conserved role of Coa6 in the bio-
genesis of CcO. We show that the CcO assembly defect in Coa6
deficient cells can be completely rescued by Cu supplementa-
tion, suggesting its role in the Cu-delivery pathway to CcO.
Our mutagenesis experiments show that the patient mutations,
present in the conserved Cx9CxnCx10C motif of Coa6, disrupt

its function. Furthermore, Coa6-silencing experiments in zebra-
fish embryos revealed a marked cardiac developmental defect, a
phenotype that resembles the MRCD patient who died of hyper-
trophic cardiomyopathy. Thus, our study provides strong
support for the pathogenic role of the Coa6 mutations in the
MRCD patient and uncovers a novel role of Coa6 in mitochon-
drial Cu metabolism.

RESULTS

Coa6 is required for mitochondrial respiration and CcO
assembly in the yeast Saccharomyces cerevisiae

C1orf31/Coa6 emerged as one of the top candidates in our search
for MRC biogenesis factors because it is an evolutionarily con-
served protein that has been previously shown to localize to the
mitochondria of yeast (8) and mice (30), and is known to interact
with MRC assembly factors (7). Because of the ease of perform-
ing biochemical and functional genomic experiments, we uti-
lized S. cerevisiae as a primary model system to uncover the
role of Coa6 in mitochondrial energy metabolism. We began
with extensive characterization of the growth of coa6D cells
under different carbon source and temperature conditions. The
growth of coa6D cells in glucose-containing fermentable
medium (YPD) is comparable to wildtype (WT) up to the early
stationary phase (Fig. 1A). However, coa6D has reduced
growth in the stationary phase in YPD media and a prolonged
lag phase in glycerol/ethanol-containing, non-fermentable
medium (YPGE), indicating an MRC defect (Fig. 1A). We
also observed slower growth and a prolonged lag phase in
lactate-containing non-fermentable liquid medium (data not
shown). As expected, the growth of coa6D in solid YPD
medium was comparable to WT, but the growth in solid YPGE
was reduced, with the effect being more severe at higher tem-
perature (Fig. 1B). We verified the respiratory deficient growth
phenotypes arising from Coa6 deficiency by constructing a
COA6 deletion in the BY4742 strain background (data not
shown). The growth defect of coa6D cells in non-fermentable
medium suggested respiratory deficiency. To directly assess res-
piration, we measured oxygen consumption in WT and coa6D
cells and observed a statistically significant 50% decrease in
the oxygen consumption rate (OCR) of coa6D cells compared
with WT cells (Fig. 1C). In order to unravel the biochemical
basis of reduced respiration, we performed western blot analysis
of MRC proteins from WT and coa6D cells under denaturing and
native conditions. Consistent with a recent report (8), under de-
naturing conditions, we observed a specific reduction in CcO
(CIV) subunits Cox2 and Cox3, without alteration in subunits
of any of the other MRC complexes (Fig. 1D). Blue native poly-
acrylamide gel electrophoresis (BNPAGE)/western blotting
revealed decreased assembly in the CcO-containing supercom-
plexes (III2IV2 and III2IV) without affecting the steady-state
levels of complex II, III and V (Fig. 1E). Together, these
results demonstrate that Coa6 is required for normal respiration
and CcO biogenesis.

COA6 is required for maintenance of CcO subunit levels
in human skin fibroblasts

In order to determine the role of COA6 in MRC biogenesis in
mammals, we engineered stable knockdowns of COA6 in
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human immortalized fibroblasts (MCH58) using five different
shRNA constructs (kd1 to kd5). The COA6 transcript level in
knockdown cells was 5–40% of the control, as determined by
qPCR (Fig. 2A), which was consistent with the COA6 protein
levels in the knockdown cell lines (Fig. 2B). Western blot ana-
lyses of mitochondrial proteins isolated from COA6 knockdown
cells showed a specific decrease in the COX2 subunit of CcO
without alteration in subunits of other MRC complexes
(Fig. 2C). Although the relationship between COA6 transcript
and COX2 protein levels was not linear, we found a strong cor-
relation between these parameters (Pearson correlation
coefficient ¼ 0.82) (Fig. 2D), indicating that COA6 becomes
limiting for CcO biogenesis once its level decreases to a
certain threshold. The CcO specific defect in human cells

mirrors the yeast results and suggests an evolutionarily con-
served role of COA6 in CcO biogenesis.

Patient mutations within the conserved Cx9CxnCx10C
motif disrupt Coa6 function

COA6 is an evolutionarily conserved protein, containing a Cx9-

CxnCx10C motif, with homologues in mammals, fish, fly and
yeast (Fig. 3). This non-canonical Cx9CxnCx10C motif is similar
to the twin Cx9C motifs found in a subset of mitochondrial IMS
proteins that are required for CcO assembly (31).Although the mo-
lecular function of twin Cx9C proteins remain unclear, the motif is
proposed to be required for IMS import via the Mia40-Erv1 disul-
fide relay system (32,33). A recent next-generation sequencing

Figure 1. Yeast coa6D cells exhibit reduced respiration and diminished CcO assembly. (A) WT and coa6D cells were precultured in YPD and inoculated in fresh YPD
or YPGE liquid media at 308C with a starting A600 of 0.1. Absorbance was measured at the indicated times at 600 nm. Data are representative of at least three inde-
pendent measurements. (B) Serial dilutions of WT and coa6D cells were spotted on YPD and YPGE plates at 308C and 378C. Pictures were taken after 2–5 days of
spotting. Data are representative of three independent experiments. (C) WT and coa6D cells were grown overnight in YPD at 308C. After 18 h of growth, cells were
harvested, washed, counted and resuspended in ethanol-containing respiratory medium. Basal oxygen consumption rate (OCR) was measured on half a million cells
using an extracellular flux analyzer. Error bars represent mean+SD (n ¼ 10), ∗ denotes statistically significant differences, P , 0.001, t-test. (D) Mitochondria were
isolated from WT and coa6D cells grown to early stationary phase in YPD medium. Mitochondrial protein was extracted and analyzed by SDSPAGE/western blot.
Subunit-specific antibodieswere used to detect MRC complexes II–V. Porinwas used as loading control. (E) Mitochondria from (D) and shy1Dwere solubilized in 1%
digitonin, followed by BNPAGE/western blot of native MRC complexes. The shy1D cells lack CcO and thus were used as a control for CcO assembly. The stoichi-
ometry and molecular weights of the supercomplexes are indicated.
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study identified a missense mutation in the conserved tryptophan
residue (p.W59C) and a nonsense mutation in the conserved glu-
tamic acid residue (p.E87X) within the Cx9CxnCx10C motif in
an MRCD patient (Fig. 3) (6). The patient died of hypertrophic car-
diomyopathy at a young age (,1 year old) and his heart tissue
exhibited a reduction in CcO enzyme activity (6). In order to test
the requirement of the conserved cysteines and patient mutations

for Coa6 function,we cloned yeastCOA6 into the Gateway expres-
sion vector pAG423GPD-ccdB-HA and performed site-directed
mutagenesis to replace each of the four cysteines of the Cx9Cxn-

Cx10C motif with alanines and replace tryptophan with cysteine
(p.W26C) to mimic the patient mutation (p.W59C) (Fig. 4A).
The second mutation (p.E87X) in the patient is a nonsense muta-
tion that results in a truncated protein that is devoid of the fourth
cysteine, similar to our construct with a Coa6 (p.C68A) mutation.
As shown in Figure 4B, WT Coa6 rescued the respiratory growth
defect of coa6D cells. None of the point mutations in conserved
residues, including the patient mutation, could rescue the respira-
tory growth phenotype, suggesting their critical requirement for
Coa6 function (Fig. 4B). Episomally expressed WT and mutant
Coa6 were localized to mitochondria (Fig. 4C). However, the
steady-state level of the Coa6 mutants in mitochondria was
reduced compared with WT Coa6, with the reduction being most
severe in mutant proteins that correspond to patient mutations
(Fig. 4C). The decrease in the steady-state levels of the mutant pro-
teins in mitochondria could be because of a defect in their mito-
chondrial import or because of their reduced stability, as we did
not detect Coa6 mutants in the cytosolic fraction (Fig. 4C). This re-
duction could, in part, explain their temperature-sensitive growth
(Fig. 4B). Taken together, these results suggest that the mutations
reported in the described MRCD patient likely play a causal role in
disease pathogenesis.

Exogenous Cu supplementation rescues respiratory
and CcO assembly defects of coa6D cells

A subset of mitochondrial IMS twin Cx9C proteins, including
Cox17, Cox19 and Cmc1, has been previously shown to be
required for CcO assembly by regulating Cu delivery to the
CcO subunits (34). Previous studies have also shown that Cu sup-
plementation rescues the respiratory growth defects of cox17D
and cmc1D yeast cells (35,36). Since Coa6 shares many of the fea-
tures of these twin Cx9C proteins, we asked whether exogenous
Cu supplementation could rescue the respiratory and CcO assem-
bly defects of coa6D cells. Indeed, Cu supplementation complete-
ly rescued the respiratory growth defect of coa6D cells (Fig. 5A).
Notably, the rescue was specific to Cu, as supplementation with
the other bivalent metals, including cobalt, magnesium and
zinc, failed to rescue the respiratory growth defect (Fig. 5A and
B). Cu supplementation in coa6D cells also restored respiration
and Cox2protein levels toWT levels (Fig. 5C andD). Conversely,
depletion of Cu with an extracellular copper-specific chelator,
bathocuproinedisulfonic acid, completely inhibited the growth
of coa6D cells on non-fermentable medium even at 308C
(Fig. 5E). These results implicate Coa6 in mitochondrial Cu
homeostasis and transport to CcO.

Steady-state levels of another mitochondrial Cu-containing
enzyme, superoxide dismutase (Sod1), are not altered in
coa6D cells

Two mitochondrial proteins that are known to use Cu as a cofac-
tor are CcO and Sod1. Both of these enzymes have been proposed
to use the same mitochondrial matrix Cu pool for holoenzyme
formation (31,37). How Cu is directed from the matrix to the
recipient CcO and Sod1 metallochaperones in the IMS is
unknown. Coa6 could be involved in trafficking Cu to both

Figure 2. Coa6 is required for the maintenance of MRC complex IV subunit
(COX2) levels in human cells. (A) COA6 mRNA was quantified by qPCR on
RNA extracted from MCH58 human fibroblasts infected either with an empty
vector, pLKO.1 (Ctrl), or with one of the five independent shRNAs targeting
COA6 (kd1–kd5). Values are reported as percent change in expression over
control (Ctrl). Three replicates were used per hairpin (error bars represent
S.D.). b-actin was used as an endogenous control in the qPCR. (B) Western
blot detection of Coa6 protein abundance in Coa6 knockdown cell lines. (C)
Western blot of individual subunits of MRC complexes (I–V) in mitochondria
isolated from each of the COA6 knockdown cell lines. Western blot image is rep-
resentative of three independent experiments. (D) Correlation between COA6
mRNA levels (from A) and COX2 levels (from C). COX2 levels were quantified
by densitometry.
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CcO and Sod1. To explore this possibility, we determined the
steady-state levels of the Sod1 protein by western blotting. Our
result showed that unlike CcO, Sod1 protein levels are not
altered in coa6D cells (Fig. 6A), suggesting that Coa6 specifical-
ly functions in the Cu-delivery pathway to CcO. A previous
study showed that yeast CcO mutants exhibit elevated Sod1 ac-
tivity (36). Consistent with that finding, we also observed a
modest increase in Sod1 activity in coa6D cells compared with
WT (Fig. 6B and C).

Zebrafish embryos treated with zfcoa6 morpholino
exhibit heart developmental defects

In order to decipher the physiological activity of Coa6 in the
context of an intact developing animal, we constructed a zebra-
fish model of Coa6 deficiency. We chose zebrafish embryos
because they are transparent and develop rapidly outside of the
mother, enabling observation of organ development over time
(38). Importantly, they do not require a functional cardiovascular
system for the first 4–5 days after fertilization, as their small size
allows sufficient passive oxygen diffusion (39), and can there-
fore be used to examine phenotypes that would lead to embryon-
ic lethality in mammalian models. A zfcoa6 translation blocking
(TB) and a mismatch control (MMC) morpholino were injected
separately into 1–4 cell stage embryos. The TB and MMC mor-
phants were examined at 24, 48, 72 and 96 h post fertilization
(hpf). At 24 and 48 hpf, we observed mild pericardial edema,
slightly smaller eyes and head, and shorter tails in TB
embryos. After 48 hpf, defects in heart development became ap-
parent, including weak heartbeat, little-to-no red blood cell cir-
culation and a bag-like heart with two enlarged chambers and
thin walls (data not shown). These cardiac phenotypes persisted
through 72 and 96 hpf, with the heart failing to loop (Fig. 7A) and
heart rate showing progressive decline (Fig. 7B). The most
prominent defect was the presence of massive pericardial
edema that extended to the yolk sac (Fig. 7A). Western blot ana-
lysis of TB morphants showed a specific decrease in the CcO
subunit Cox2 (Fig. 7C). Taken together, these results show
marked functional and developmental heart defects in zfcoa6
morpholino-treated zebrafish, which parallel the observed
MRCD patient defect in terms of the affected organ system.

DISCUSSION

Next-generation sequencing technologies have greatly improved
our ability to identify sequence variants associated with human

Figure 3. COA6 contains an evolutionarily conserved Cx9CxnCx10C motif. Sequence alignment of the conserved region of the human COA6 protein with its orthologs
in yeast (Saccharomyces cerevisiae), fly (Drosophila melanogaster), fish (Danio rerio) and rat (Rattus norvegicus). The sequence alignment was performed using
ClustalW. Horizontal lines above Cx9C and Cx10C residues show the conserved motif. Arrows indicate amino acid residues (tryptophan 59 and glutamic acid 87)
that were mutated in a mitochondrial disease patient (6).

Figure 4. Conserved residues in the Cx9CxnCx10C motif are essential for its func-
tion. (A) Schematic representation of the Cx9CxnCx10C motif of human COA6
and yeast Coa6 proteins showing the location of cysteine and tryptophan residues
(arrows) targeted for site-directed mutagenesis. (B) WT and coa6D cells trans-
formed with empty vector (EV), COA6, or one of its mutant forms were streaked
onto YPGE plates and incubated at 308C or 378C for 5 days before imaging. (C)
Western blot analysis of mitochondrial and cytosolic extract from coa6D cells
transformed with EV, HA-tagged COA6, and its mutant forms. Pgk1 is used as
a cytosolic marker, and Porin is a mitochondrial marker.
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disease; however, proving the pathogenicity of the identified mu-
tation has remained challenging. One of the major obstacles in
establishing the pathogenicity of disease-causing mutations is
the lack of an ascribed function to the gene in question. This is

most apparent in monogenic Mendelian disorders such as
inborn errors of energy metabolism, where a plethora of genes
are known to cause MRCD, many of which are completely
uncharacterized at the time of initial identification in human
patients. In this report, we demonstrate an evolutionarily con-
served role of a human MRCD candidate disease gene, COA6,
in the assembly of MRC complex IV in yeast, zebrafish and
human cells. Using the yeast S. cerevisiae as a model system,
we show that patient mutations disrupt Coa6 function, possibly
by regulating Cu delivery to CcO. Furthermore, we show a critical
requirement of Coa6 in heart development and function by
performing morpholino-based gene-silencing experiments in
zebrafish embryos. This finding parallels clinical phenotypes
observed in a human MRCD patient who died of neonatal hyper-
trophic cardiomyopathy. Our study thus underscores the power of
an integrative approach to discover MRCD candidate genes and
demonstrates the utility of multiple model systems in interpreting
sequence variants associated with human genetic disorders.

In our search for novel MRC assembly factors, we chose to
focus on COA6 because three independent lines of evidence
linked it to MRC function. First, it is an evolutionarily conserved
protein that localizes to yeast and mammalian mitochondria
(8,30). Second, previous genomic and proteomic studies in
yeast have shown that Coa6 plays a role in CcO assembly and
interacts with known MRC components (7,8). Third, potential
pathogenic mutations were reported in the conserved residues
of COA6 in an MRCD patient (6). The next-generation sequen-
cing study that reported the patient mutations did not establish
the pathogenicity of the mutations (6). Utilizing knockdown
models in human cell lines and zebrafish embryos, as well as a
knockout model in the yeast S. cerevisiae, we showed that

Figure 5. Cu supplementation rescues respiratory and CcO assembly defects of coa6D. (A) Serially diluted WT and coa6D cells were spotted on YPGE plates in the
presence and absence of 5 mM Cu, Co, Mg and Zn bivalent salts at 308C and 378C and allowed to grow for 4–5 days before imaging. (B) Growth of WT and coa6D cells
in YPGE liquid media in the presence of 5 mM Cu, Co, Mg and Zn bivalent salts at 308C. (C) Oxygen consumption rate (OCR) of WT, coa6D and coa6D supplemented
with 5 mM CuSO4. Error bars represent mean+SD (n ¼ 6), ∗P , 0.05, t-test. NS, not significant. (D) Western blot of Cox2 in mitochondria isolated from WT, coa6D,
and coa6D cells supplemented with 5 mM CuSO4. Porin is used as a loading control. (E) Serial dilutions of WT and coa6D strains grown in synthetic medium with a
non-fermentable carbon source (2% glycerol; CSG) with or without 20 mM bathocuproinedisulfonic acid (BCS). The pictures were taken 5 days after seeding.

Figure 6. Mitochondrial Sod1 levels are unaltered in coa6D cells. (A) Mitochon-
dria were isolated from the WT, coa6D and sod1D cells grown at 308C in YPD to
early stationary phase. Mitochondrial protein extract (2.5, 5 and 10 mg) was sepa-
rated on 4–12% polyacrylamide gel and probed for Sod1 and porin by immuno-
blotting. Porin was used as a loading control. The blot is a representative of two
independent experiments. (B) Sod activity in isolated mitochondria from the
indicated strains was measured in an in-gel assay as described in Materials and
Methods. Gel is representative of two independent experiments. (C) For quanti-
fication of the Sod activity in (B), the images were digitalized and densitometry
performed using the ImageJ software.
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COA6 is essential for the maintenance of steady-state levels of
CcO (Figs 1D, E, 2C and 7C), and its deficiency results in
reduced respiration and diminished cardiac function (Figs 1C
and 7B). The patient mutations were present within the evolu-
tionarily conserved Cx9CxnCx10C motif (Fig. 3), suggesting
their essential function. We generated point mutations in the
yeast Coa6 protein that were synonymous to compound hetero-
zygous mutations reported in the human patient and showed that
the mutant proteins failed to rescue the respiratory deficient
growth of coa6D cells (Fig. 4B), thus establishing the pathogen-
icity of patient mutations.

The mutations in conserved residues within the Cx9CxnCx10C
motif, including the patient mutations, resulted in decreased
mitochondrial steady-state levels of Coa6 (Fig. 4C), implying
that these residues are required either for mitochondrial import
of Coa6 or for its stability. Since a previous report (8) has
shown that the mitochondrial import of Coa6 is dependent on
MIA import machinery, which utilizes the characteristic twin
Cx9C motif, our results are consistent with the possibility that
mutations in the conserved residues within the Cx9CxnCx10C
motif will abrogate mitochondrial import of Coa6.

The evolutionarily conserved, non-canonical Cx9CxnCx10C
motif of Coa6 is similar to the twin Cx9C motif found in a
subset of mitochondrial IMS proteins involved in Cu delivery
to CcO (34). The rescue of respiratory and CcO assembly
defects of yeast coa6D cells with exogenous Cu supplementation
(Fig. 5) suggests a role for Coa6 in the Cu-delivery pathway to
CcO (Fig. 8). Notably, genetic mutations in three IMS proteins,
including the mitochondrial Cu chaperones, Sco1 and Sco2, and
a twin Cx9C protein C2orf64/COA5, have been previously
reported in MRCD patients with pronounced CcO deficiency

and distinct, early-onset fatal clinical phenotypes (24–26,28).
Patients with SCO1 mutations suffer from neonatal hepatic
failure and ketoacidotic coma (24), whereas SCO2 and COA5
mutations are associated with fatal neonatal cardiomyopathy
(25,26,28). The clinical symptoms of COA6 mutations are
thus similar to SCO2 and COA5 patient mutations, suggesting
that these proteins partake in a common biochemical process

Figure 7. Coa6 knockdown in zebrafish embryos results in cardiac defects. (A) Low- and high-resolution images of zebrafish embryos treated with mismatch control
(MMC) and zfcoa6 translation blocking (TB) morpholinos at 72 and 96 h post fertilization (hpf). Arrows indicate pronounced pericardiac edema. High resolution
images of the zebrafish heart in MMC and TB embryos were captured 72 and 96 hpf, where heart perimeter is outlined in MMC images to facilitate comparison
to TB hearts. The images are representative of four independent experiments, where each experiment had between 150–250 embryos per morpholino. (B) Heart
rate (beats/min) was measured in MMC and TB embryos at 72 and 96 hpf. Error bars represent mean+SD and ∗ indicates statistically significant differences,
P , 0.001, t-test. (C) Western blot analysis of whole embryo protein extracts with indicated antibodies against CcO and complex V subunits. b actin is used as a
loading control. The blot is representative of three independent experiments.

Figure 8. Schematic of the proposed mitochondrial copper transport pathways to
CcO subunits. Cu (blue circles) enters the mitochondrial matrix bound to an un-
identified ligand (-L) partially through the recently identified Pic2 protein. The
Cu-L is stored in the matrix and exported to the intermembrane space to be deliv-
ered to CcO and Sod1 through a series of metallochaperones depicted in red and
yellow, respectively. Only the final steps of Cu delivery mediated by Cox17,
Cox11 and Sco1 are experimentally demonstrated. Dashed arrows indicate the
hypothetical role of the several Cx9C containing proteins, including Coa6, in
Cu transfer from a matrix Cu pool, across the inner mitochondrial membrane,
to Cox17.
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and are particularly essential for cardiac function. Interestingly,
Cu supplementation has been shown to rescue CcO activity in
patient-derived SCO2 cells (40), as well as improve the clinical
symptoms of patients suffering from aberrant mitochondrial Cu
homeostasis (41,42). Our demonstration of Cu rescue of coa6D
yeast cells motivates further investigation of Cu-mediated
rescue of COA6 deficiency in mammalian cells.

Although Cu supplementation offers an exciting therapeutic
avenue for MRCD patients with aberrant mitochondrial Cu me-
tabolism, many important questions regarding the mechanism of
Cu-mediated rescue and the Cu-delivery pathway remain un-
answered. For example, why and how is Cu supplementation
able to bypass the complete absence of a Cu metallochaperone?
Why are there so many IMS proteins in the Cu-delivery
pathway? Despite the discovery of several IMS Cu-binding pro-
teins over the last decade and a half, our understanding of the
mitochondrial Cu-delivery pathway to CcO subunits remains in-
complete. In S. cerevisiae, up to 10 proteins (Cox11, Sco1, Sco2,
Cox17, Cox19, Cox23, Cmc1, Cmc2, Pet191 and Pic2) have
been implicated so far in the Cu-delivery pathway to CcO
(34,43). It has been suggested that in a daisy chain transfer mech-
anism, Cu is successively transferred from its non-protein ligand
in the matrix to the IMS proteins for final delivery to Cox1 and
Cox2 (34) (Fig. 8). However, only the last few steps that
involve successive transfer of Cu from Cox17 to Cox1 and
Cox2, via Cox11 and Sco1 respectively, are well characterized
(44,45). We predict Coa6 to be either a regulator or a bona fide
member of this Cu-delivery pathway because of (i) the presence
of a highly conserved cysteine-rich Cx9CxnCx10C motif, (ii)
IMS localization, (iii) small size (14 kDa) and (iv) Cu rescue
of a CcO-specific MRC defect. The identification of patient
mutations through human genetics and our construction of mul-
tiple model systems have provided the necessary tools that will
guide future experiments to unravel the precise biochemical
functions of Coa6 in the Cu-delivery pathway for CcO assembly.

MATERIALS AND METHODS

Yeast strains, plasmids and culture conditions

Saccharomyces cerevisiae strains used in this study were obtained
from Open Biosystems. These include the haploid BY4741 WT
(Mat-a, his3D1, leu2D0, met15D0, ura3D0), and the isogenic
coa6D (Mat-a, his3D1, leu2D0, met15D0, ura3D0, coa6::-
KanMX4), shy1D (Mat-a, his3D1, leu2D0, met15D0, ura3D0,
shy1::KanMX4) and sod1D (Mat-a, his3D1, leu2D0, met15D0,
ura3D0, sod1::KanMX4). All strains were confirmed by PCR as
well as by replica plating on dropout plates. For growth in liquid
medium, yeast cells were precultured in YPD (1% yeast extract,
2% peptone and 2% glucose) and then inoculated into medium
containing either 2% glucose (YPD) or 3% glycerol + 1%
ethanol (YPGE) and grown to early stationary phase. Solid YPD
and YPGE media were prepared by addition of 2% agar. For
metal supplementation experiments, growth medium was supple-
mented with 5 mM divalent chloride salts of Cu, Co, Mg or Zn. A
Gateway cloning vector pAG423-GPD-ccdB-HA (Addgene) was
used to express yeast COA6 with a C-terminal HA tag. The same
construct was used as a template to perform site-directed muta-
genesis (Agilent Technologies QuikChange Lightning) for gener-
ating all the point mutants.All constructs were confirmed by DNA

sequencing. Yeast cells transformed with the pAG423GPD-
ccdB-HA vector were pre-cultured in 2% glucose-containing
synthetic media lacking histidine before plating on YPGE.

Yeast oxygen consumption and isolation of subcellular
fractions

BY4741 WT and coa6D cells were grown in YPD media to late
log phase and then washed, counted and resuspended in the
assay medium (0.176% yeast nitrogen base, 0.5% ammonium
sulfate and 2% ethanol) before seeding in XF24-well microplates
(Seahorse Bioscience) at 5 × 105 cells/well. After seeding, cells
were centrifuged at 100g for 2 min and incubated at 308C for
30 min in the assay medium prior to measurements. The cellular
OCR was measured using an XF24 extracellular flux analyzer
(Seahorse Biosciences) at 308C. Mitochondria were isolated
from yeast cells grown to late log phase in YPD by the previously
described method (46) and protein concentrations were deter-
mined by the BCA assay (Thermo Scientific). Mitochondrial
samples were stored at 2808C beforeperforming anyprotein ana-
lysis. Cytosolic fractions were prepared from yeast cells grown to
late log phase using acid-washed glass beads as described previ-
ously (47). Briefly, 2 g of yeast cells were taken and washed in
25 ml prechilled PIPES [piperazine-N,N′-bis(2-ethanesulfonic
acid)] lysis buffer containing 20 mM PIPES/KOH (pH 6.8),
250 mM sorbitol, 100 mM potassium acetate, 50 mM KCl, 5 mM

MgCl2, 2 mM DTT, 1 mM PMSF and protease inhibitor cocktail
(Roche Diagnostic). Cell pellets were suspended in 2 ml pre-
chilled PIPES lysis buffer and 3 g of glass beads and lysed by
vortexing for 15 min at 48C. Cell debris and glass beads were
cleared at 3000g for 10 min and the supernatant was centrifuged
at 150 000g for 1 h. The final supernatant was then used as the
cytosolic fraction for protein analysis.

Human cell culture

MCH58 immortalized human skin fibroblasts (obtained from Dr
Eric Shoubridge) were cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (Sigma) and 1 mM sodium pyruvate (Life
Technologies). The COA6 knockdown cells were cultured in
DMEM medium supplemented with 2 mg/ml puromycin. Mito-
chondria from human MCH58 cells were isolated as per the man-
ufacturer’s protocol (Abcam) and protein concentrations were
determined by the BCA assay (Thermo Scientific).

shRNA lentiviral production and infection

The lentiviral vector (pLKO.1) for expressing shRNA was pur-
chased from the Mission shRNA collection (Sigma). Lentiviral
particle production and infection was performed as described
previously (14). For constructing stable knockdown cell lines,
100 000 cells were seeded in a six-well dish and 100 ml of
viral supernatant was added to cells to a final volume of 2 ml
of medium containing 8 mg/ml polybrene. The plates were
spun at a relative centrifugal force of 805g for 30 min at 308C,
returned to a 378C incubator, and selected for infection after
24 h with 2 mg/ml puromycin-containing medium.

The shRNA sequences used for COA6 knockdown are shown
below.
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Quantitative PCR

RNA was isolated from cells using the RNeasy kit (Qiagen). An
amount of 500 ng of RNA was used as starting material to syn-
thesize first-strand cDNA using Superscript III (Life Technolo-
gies). The qPCR was performed on cDNA samples in a
Stratagene Mx30005P RT-PCR system in a 96-well plate.
20 ml of PCR reactions were prepared with 2X mastermix and
20X COA6-specific TaqMan assay from Applied Biosystems
(assay ID Hs01372973_m1). COA6 mRNA levels were normal-
ized to b-actin expression levels.

BNPAGE, SDSPAGE and western blotting

BNPAGE and denaturing sodium dodecyl sulphate polyacryl-
amide gel electrophoresis (SDSPAGE) were performed to separ-
ate intact and denatured MRC protein complexes, respectively
(48). For BNPAGE sample preparation, yeast mitochondria
(10–20 mg) were solubilized in 1% digitonin, and soluble
lysate was resolved on a 3–12% gradient native PAGE Bis–
Tris gel (Invitrogen). SDSPAGE was performed on mitochon-
drial samples solubilized in RIPA lysis buffer (150 mM NaCl,
1 mM EDTA, 50 mM Tris–HCl, pH 7.4, 1% NP-40, 0.5%
sodium deoxycholate and 0.1% SDS) supplemented with prote-
ase inhibitor cocktail (Roche Diagnostic). Western blot was per-
formed using a Trans–Blot transfer cell (Bio-Rad). Membranes
were blocked in 5% fatty acid-free BSA dissolved in Tris–buf-
fered saline with 0.1% Tween 20 (TBST–BSA) and probed with
antibodies as indicated. The separated proteins were blotted onto
a polyvinylidene difluoride membrane and blocked for 1 h at
room temperature in TBST–BSA. Membranes were incubated
with primary antibody in TBST–BSA overnight at 48C.
Primary antibodies for human proteins were used at the follow-
ing dilutions: COX2, 1:4000 (Abcam 110 258); NDUFB8,
1:2000 (Abcam 110 242); SDHB, 1:1000 (Abcam 14 714);
UQCRC2, 1:1000 (Abcam 14 745); ATP5A, 1:10 000 (Abcam
14 748); Porin, 1:1000 (Abcam 14 734); and COA6/C1orf31,
1:500 (Proteintech 24 209–1-AP). The primary antibodies for
yeast were used at the following dilutions: Cox2, 1:1000
(Abcam 110 271); Cox3, 1:1000 (Abcam 110 259); Sdh2,
1:5000 (from Dr Dennis Winge); Rip1, 1:50 000 (from Dr
Vincenzo Zara); Atp2, 1:40 000 (from Dr Sharon Ackerman);
Porin, 1:1000 (Abcam 110 326); Sod1, 1:5000 (from Dr
Valeria Culotta); and Pgk1, 1:2500 (from Dr Craig Kaplan).
The primary antibodies for zebrafish were used at the following
dilutions: COX2, 1:4000 (Abcam 110 258); ATP5A, 1:10 000
(Abcam 14 748); andb actin, 1:1000 (Sigma A2228). Secondary
antibodies were used at 1:5000 dilution for 1 h at room

temperature. Membranes were developed using WesternLight-
ning Plus-ECL (PerkinElmer), or SuperSignal West Femto
(Thermo Scientific) for the human COA6/C1orf31 antibody.

In-gel Sod activity

To measure the Sod1 activity in isolated mitochondria, we used
an in-gel assay as described previously by Horn et al. (36).
Briefly, 2 mg of isolated mitochondria were solubilized in
300 ml of 20 mM potassium phosphate buffer, pH 7.4, containing
1 mM EDTA, 0.1% Triton X-100, 4 mM PMSF with protease in-
hibitor cocktail (Roche Diagnostic) and incubated on ice for
10 min. The protein concentration in the supernatant was esti-
mated by BCA assay and 35 mg of protein supplemented with
loading dye (50% glycerol, 0.2% bromophenol blue) were sepa-
rated onto a 4–16% native PAGE gel. The gel was stained for
Sod activity as described (49). To quantify Sod1 activity, the
images were digitalized and densitometric analyses performed
using the ImageJ software.

Heart development and cardiac function in zebrafish
embryos

Wild-type zebrafish (AB strain) were obtained from the Zebra-
fish International Resource Center. Zebrafish were maintained
and crossed according to standard methods. Fertilized eggs
were collected and placed in E3 embryo medium, and main-
tained in an incubator set at 28.58C with a 14/10 h light/dark
cycle. Embryos were staged using the criteria of Kimmel et al.
(50). All animal studies were approved by the Medical Univer-
sity of South Carolina Institutional Animal Care and Use Com-
mittee (AR #2850) and performed in accordance with the
guidelines. Zebrafish Coa6 (si:ch211–258f14.5) TB and 5 bp
MMC morpholinos were designed with Gene Tools, LLC (TB
sequence: CGCTCATCTCTGTCTCTCCTCACTC, MMC se-
quence: CGgTgATCTgTGTCTgTgCTCACTC). Morpholinos
were titrated to determine the optimal concentration required
for knockdown without overt toxicity, and 0.7 ng final concen-
trations of TB and MMC morpholino were used for injection.
An aliquot of 3 nL of TB or MMC morpholino was injected
into the 1–4 cell stage embryo (1–2 hpf). Embryonic develop-
ment was monitored at 24, 48, 72 and 96 hpf by taking low-
and high-magnification images (51). Heart rate was measured
at 72 and 96 hpf by counting the number of atrial contractions
in embryos using a Zeiss Axio Observer A.1 inverted micro-
scope. Beats per min were calculated and expressed as the
mean+ standard deviation. Protein extracts for western blotting
were prepared from deyolked embryos as described previously
(51). Briefly, 20 embryos were pooled for each time point and
quickly frozen and stored at 2808C. Protein lysates were pre-
pared by homogenization in 35 ml RIPA buffer using microfuge
pestles. Samples were centrifuged at 12 000g for 10 min at 48C,
and protein concentration in the supernatant was measured by
BCA assay.
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