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Abstract
Biogenesis of cytochrome c oxidase (CcO), the terminal enzyme of the mitochondrial respiratory chain, is a complex process
facilitated by several assembly factors. Pathogenicmutationswere recently reported in one such assembly factor,COA6, and our
previous work linked Coa6 function to mitochondrial copper metabolism and expression of Cox2, a copper-containing subunit
of CcO. However, the precise role of Coa6 in Cox2 biogenesis remained unknown. Herewe show that yeast Coa6 is an orthologue
of human COA6, and like Cox2, is regulated by copper availability, further implicating it in copper delivery to Cox2. In order to
place Coa6 in the Cox2 copper delivery pathway, we performed a comprehensive genetic epistasis analysis in the yeast
Saccharomyces cerevisiae and found that simultaneous deletion of Coa6 and Sco2, a mitochondrial copper metallochaperone, or
Coa6 and Cox12/COX6B, a structural subunit of CcO, completely abrogates Cox2 biogenesis. Unlike Coa6 deficient cells, copper
supplementation fails to rescue Cox2 levels of these double mutants. Overexpression of Cox12 or Sco proteins partially rescues
the coa6Δ phenotype, suggesting their overlapping but non-redundant roles in copper delivery to Cox2. These genetic data are
strongly corroborated by biochemical studies demonstrating physical interactions between Coa6, Cox2, Cox12 and Sco proteins.
Furthermore, we show that patient mutations in Coa6 disrupt Coa6–Cox2 interaction, providing the biochemical basis for
disease pathogenesis. Taken together, these results place COA6 in the copper delivery pathway to CcO and, surprisingly, link it
to a previously unidentified function of CcO subunit Cox12 in Cox2 biogenesis.

Introduction
Defects in the function and formation of the mitochondrial re-
spiratory chain (MRC) manifest clinically in mitochondrial dis-
eases, one of the most common classes of inborn errors of
metabolism (1). A subset of MRC disorders can be attributed to
the deficiency of MRC complex IV, commonly known as cyto-
chrome c oxidase (CcO). CcO is the terminal enzyme of the MRC
that catalyzes the reduction of molecular oxygen to water and
generates an electrochemical gradient that drives mitochondrial
adenosine triphosphate (ATP) synthesis. CcO is an evolutionarily
conserved multi-subunit enzyme complex whose catalytic core
is composed of three subunits: Cox1, Cox2 and Cox3, which are
encoded by mitochondrial DNA in both yeast and humans (2).
The other structural subunits, which are encoded by nuclear

DNA, surround the catalytic core to form the CcO holoenzyme.
In addition to the protein subunits, CcO contains several cofac-
tors including two copper centers (CuA and CuB), two heme
groups (heme a and a3), a magnesium ion and a zinc ion (3).
The assembly of a fully mature, catalytically active CcO is an
extremely complex process that requires a number of assembly
factors to bring together the mitochondrial and nuclear DNA-
encoded subunits with their metal cofactors.

CcO biogenesis is a modular process that begins with the
independent maturation of the core subunits Cox1, Cox2 and
Cox3, followed by the addition of other nuclear-encoded subunits
(4,5). There are ∼40 assembly factors discovered to date that
facilitate different steps of CcO assembly (2). For example, 22
assembly factors are required for the expression and membrane
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insertion of the catalytic core subunits, 9 assembly factors are
required for copper delivery to copper A (CuA) and copper B (CuB)
site in Cox2 and Cox1 subunits, respectively, and 4 factors are
required for heme biosynthesis and insertion into the catalytic
core (2). Unlike assembly factors required for the expression and
insertion of mitochondrial DNA-encoded catalytic subunits, all
the factors required for copper delivery and heme insertion to
theCox1 andCox2 subunits are conserved in yeast andhumans (2).

Patients suffering from CcO deficiency exhibit multi-systemic
and tissue-specific disorders, primarily affecting organs with
higher energy demands including the brain, skeletal muscle
and heart (6,7). CcO deficiency leads to early onset, autosomal re-
cessive disorders with fatal clinical outcomes (6,7). The combin-
ation of human genetics and knowledge of CcO assembly factors
from Saccharomyces cerevisiae has led to the discovery of multiple
CcO disease genes. While a few mutations can be attributed
to the structural subunits of CcO, including COX1, COX2, COX3,
COX4 and COX6B (7–10), the majority of patient mutations are
found in genes encoding assembly factors including LRPPRC,
TACO1, FASTKD2, PET100, COX10, COX14, COX15, COX20,
SURF1, SCO1, SCO2, COA3, COA5 and COA6 (11–28). Although
CcO deficient patients display heterogeneous clinical presenta-
tions, it has been noted that mutations in the assembly factors
involved in the same pathway exhibit similar clinical pheno-
types. For example, patients with pathogenic mutations in the
copper metallochaperones SCO1 and SCO2, which are involved
in copper delivery to the CuA site of CcO subunit COX2, typically
develop neonatal encephalopathy and hypertrophic cardiomy-
opathy (18–21). Similarly, patient mutations in COA6 also result
in neonatal hypertrophic cardiomyopathy (23,24); however, the
precise role of COA6 in CcO assembly has remained unknown.

We first reported that COA6 is essential for CcO assembly in
yeast, zebrafish and human cells possibly by delivering copper
to COX2 subunit (29). While up to nine factors have been impli-
cated in copper delivery to CcO subunits COX1 and COX2, the pre-
cise role of many of them remains obscure (2). The components
of the copper delivery pathway that have been reconstituted
in vitro suggest that COX17 receives copper from a mitochondrial
matrix pool (30) and donates it to copper metallochaperones
COX11 and SCO1/SCO2 (31), which ultimately transfer copper to
the CuB site in COX1 and CuA site in COX2, respectively (32,33).
Multiple other proteins, including COA6, have been implicated
in this copper delivery pathway, but it is not clear where they
act in the pathway.

Our initial findings linking COA6 to COX2 biogenesis and mito-
chondrial copper metabolism have been corroborated by two re-
cent studies that show reduced stability of nascent COX2 in COA6
deficient cells and that COA6 binds to copper in vitro (34,35). While
these studies have also identified physical interactions between
COA6 and copper metallochaperones SCO1 and SCO2, the func-
tional significance of the interaction is not known. Here, we have
used genetic epistasis analysis in yeast to demonstrate that COA6
is essential for Cox2 expression in the absence of SCO2 and
COX12, a structural subunit of CcO. This synthetic interaction be-
tween Coa6, Sco2 and Cox12 proteins suggests their overlapping
functions in Cox2 biogenesis. Consistent with this observation,
we find that overexpression of Cox12 and Sco proteins partially
rescues the respiratory deficient growth phenotype of coa6Δ cells.
We further substantiate these genetic data by demonstrating a
physical interaction between Coa6, Cox12, Cox2 and Sco proteins.
Taken together, our study not only places Coa6 in the copper
delivery pathway to Cox2, but also implicates COX12, a yeast
orthologue of the human mitochondrial disease gene COX6B, in
copper metabolism and Cox2 biogenesis.

Results
Yeast and human COA6 are orthologues

Previously, we showed that COA6 is an evolutionarily conserved
protein that is required for the expression of CcO subunits includ-
ing COX2 in yeast, zebrafish and human cells (29). Sequence
alignment of yeast and human COA6 showed that these two pro-
teins are highly conserved except in the N-terminal region (29),
possibly because of differences in N-terminal mitochondrial tar-
geting sequences in these two species. The sequence conserva-
tion and their common role in CcO expression suggested that
yeast and human COA6 are orthologues. To experimentally test
the functional similarity of these two proteins, we performed a
complementation experiment by heterologous expression of
human COA6 in yeast coa6Δ cells. We episomally expressed
yeast COA6 (yCOA6), human COA6 (hCOA6) or yeast–human hy-
brid COA6 (hyCOA6) in coa6Δ cells and tested for their ability to
rescue the respiratory growth deficiency of coa6Δ cells. The
hyCOA6 was constructed by fusing the gene segments corre-
sponding to the N-terminus of yeast Coa6 (amino acid residues
1–24) and the C-terminus of human COA6 (amino acids residues
57–125) containing the evolutionarily conserved Cx9CxnCx10C
motif (Fig. 1A). As expected, yCOA6 completely rescued the re-
spiratory growth defect of coa6Δ cells, but hCOA6 was not able
to rescue this growth defect (Fig. 1B). However, hyCOA6 was
able to completely restore respiratory growth (Fig. 1B) suggesting
that yeast and human COA6 are orthologues.

Coa6 is regulated by mitochondrial biogenesis factors

Having established the orthologous relationship between the
human and yeast Coa6 protein, we decided to use yeast as a
model system to study the function and regulation of Coa6. To
study the regulation of the endogenous yeast Coa6 protein, we
generated polyclonal antibodies against native Coa6 protein.
We confirmed antibody specificity by detecting a Coa6 specific
band of ∼12 kDa in cellular extracts from wild type (WT) and
Coa6 overexpressing cells (Fig. 2A). We hypothesized that Coa6,
as a mitochondrial protein, would be regulated by mitochondrial
biogenesis factors including carbon source, growth phase and the
presence of mitochondrial DNA. Growth of yeast cells in respiro-
fermentable (YPGal) or non-fermentable (YPGE) media is known
to stimulate mitochondrial biogenesis, and accordingly, Coa6
levels were higher in cells grown in YPGal and YPGE medium
compared with fermentable medium (YPD) (Fig. 2B). In glucose
containing YPD medium, Coa6 expression increased late in the
growth phase, likely because of derepression of glucose-mediated
inhibition of mitochondrial biogenesis (Fig. 2B). Interestingly, we
found that an increase in Coa6 levels precedes an increase in
Cox2 levels (Fig. 2B), implying that the presenceofCoa6 is essential
for Cox2 expression. Consistent with a previous report, which
showed a suppression of mitochondrial biogenesis in mitochon-
drial DNA deficient ρ0 yeast cells (36), we observed a dramatic
decrease in Coa6 levels in ρ0 cells (Fig. 2C), further confirming
that Coa6 levels are regulated by mitochondrial biogenesis.

It has been shown that steady-state levels of some of the CcO
assembly factors are reciprocally regulated. For example, levels of
Cmc1, a copper-binding mitochondrial intermembrane space
(IMS) protein, increase in response to deletion of Cmc2, another
CcO assembly factor (37). To tie Coa6 to CcO assembly factors
involved in copper metabolism, we explored the possibility that
Coa6 levels are regulated by other CcO assembly factors. There-
fore, we measured Coa6 levels in various yeast strains lacking
known copper metallochaperones including Cox11, Cox17, Sco1
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and Sco2 and twin Cx9C motif-containing proteins implicated
in CcO assembly, including Cox19, Cox23, Cmc1 and Cmc2.
We found that the levels of Coa6 did not change in the knockout
strains tested (Fig. 2D). Interestingly, we noticed that the levels
of Pgk1, a glycolytic enzyme used as a loading control, increased
in all CcO assembly factor mutants that are completely devoid of
Cox2 (Fig. 2D). Therefore, we used a non-specific band to confirm
equal loading (Fig. 2D). The increase in Pgk1 could be a homeo-
static mechanism to maintain cellular ATP production in Cox2
deficient cells that are unable to produce mitochondrial ATP.
In a reciprocal experiment, we measured the levels of copper
metallochaperones and CcO subunits, Cox17, Sco1, Sco2, Cmc1,
Cox12 and Cox2 in coa6Δ cells and, except for a decrease in the
Cox2 and Cox12 levels, we did not find any significant change
in the levels of the other proteins measured (Supplementary
Material, Fig. S1). This result suggests that Coa6 abundance is
independent of the presence of these CcO assembly factors and
vice-versa.

Coa6 levels change in response to extracellular copper
abundance

A recent study has shown that levels of iron-containing proteins
in the MRC decrease in response to increasing amounts of the
iron chelator deferoxamine in mouse muscle cells (38). Since
Coa6 has been implicated in the copper delivery pathway to CcO
(29) and has recently been shown to bind copper (34,35), we
hypothesized that Coa6 levels would alter in response to copper
chelation and supplementation. In order to identify the optimal
concentration of copper-specific chelator bathocuproinedisulfonic
acid (BCS) and copper,WTyeastwere grown in respiro-fermentable
YPGal medium supplemented with increasing amounts of BCS
or copper chloride (CuCl2). We found that 25 μ or more of BCS re-
duced yeast growth in YPGalmedium by limiting bioavailable cop-
per required for respiratory growth, whereas up to 100 μ copper
supplementation did not alter yeast growth (Fig. 3A and B). We ob-
served that Coa6 levels decreasedwith increasing concentrations

Figure 1.Heterologous expression of yeast–human hybrid COA6 rescues respiratory growth defect of yeast coa6Δ cells. (A) Schematic representation of yeast Coa6, human

COA6 andhybrid COA6proteins. The sequence fromyeastCoa6 is shown inwhite, and the sequence fromhumanCOA6 is shown in gray. (B) Ten-fold serial dilutions ofWT

and coa6Δ cells transformed with either empty vector (pRS416) or with pRS416 expressing yeast COA6 (yCOA6), human COA6 (hCOA6) or hybrid COA6 (hyCOA6) were

spotted on fermentable (YPD) and non-fermentable (YPGE) growth media. Plates were incubated at 30°C and 37°C and images were taken after 2–4 days of growth.

These data are representative of three independent experiments.
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of BCS, whereas copper supplementation modestly increased
Coa6 levels (Fig. 3C). Similarly, Cox2 levels decreased drastically
under copper limiting conditions, while copper supplementation
slightly increased Cox2 (Fig. 3C). The decrease in Coa6 with BCS
supplementation is more pronounced in mitochondrial samples
isolated from chromosomal hemagglutinin (HA) tagged-Coa6
cells (Fig. 3D). These results suggest that, like the copper-contain-
ing protein Cox2, Coa6 expression is dependent on bioavailable
copper, further implicating it in mitochondrial copper
metabolism.

Coa6 acts in parallel with Cox12 and Sco2 to maintain
Cox2 levels

Our previous results showed that copper supplementation res-
cues the coa6Δ respiratory-deficient phenotype (29) and our cur-
rent study shows that Coa6 levels are regulated by copper
availability. Together, these studies strongly suggest that Coa6
plays a role in copper delivery to CcO. In order to place Coa6 in
the CcO copper delivery pathway, a genetic epistasis analysis
was performed where coa6Δ cells were crossed with the deletion
strains of the known copper metallochaperones and Cx9C
proteins implicated in CcO assembly. The resulting double
knockouts were extensively phenotyped in different growth con-
ditions (Supplementary Material, Table S1). Analysis of the

growth phenotypes of both the parental single knockouts and
the double knockouts identified strong synthetic lethal interac-
tions of COA6 with SCO2 and COX12 (Fig. 4A and B). To probe for
the mechanism that leads to synthetic lethality of double knock-
outs in respiratory media, we measured levels of the copper-
containing CcO subunit Cox2. Cox2 levels are decreased in
coa6Δ, sco2Δ and cox12Δ to different degrees, but completely
absent in both coa6Δsco2Δ and coa6Δcox12Δ cells (Fig. 4C and D).
Exogenous supplementation of copper fails to rescue the growth
defect and Cox2 deficiency of either double knockout (Fig. 4A–D).
These data suggest that Coa6, Sco2 and Cox12 play overlapping
roles in the copper delivery to Cox2.

Coa6 physically interacts with Cox2, Cox12
and Sco proteins

Genetic interactors tend to participate in a common pathway and
are more likely to physically interact (39). To test whether Coa6
physically interacts with Cox2 and copper metallochaperones,
we performed co-immunoprecipitation experiments using anti-
HA and anti-Cox2 antibodies. Reciprocal co-immunoprecipita-
tion experiments showed that Coa6 specifically interacts with
Cox2 protein (Fig. 5A) and not with Cox1 or other proteins of
the MRC (data not shown). In order to rule out the possibility
that the interaction was merely due to Coa6 overexpression, we

Figure 2. Coa6 expression is regulated by mitochondrial biogenesis factors and is independent of CcO assembly factors. (A) Total cellular protein was extracted from

BY4741 WT, coa6Δ and coa6Δ transformed with pRS426-COA6 and subjected to SDS PAGE/western blot. Yeast Coa6 protein was detected using purified polyclonal Coa6

antibody; NS designates a non-specific protein band detected by polyclonal Coa6 antibody. Porin (Por1) was used as a loading control. (B) Western blot analysis of

Coa6 and Cox2 protein levels in total cellular extracts from BY4741 WT yeast cells grown in YPD, YPGal or YPGE to early logarithmic, mid-logarithmic (ML) and early

stationary (ES) growth phase. Por1 was used as a loading control. (C) Western blot analysis of Coa6 and Cox2 levels in BY4741 WT and ρ0 cells grown in YPGal medium

to ML growth phase. Pgk1 was used as a loading control. As indicated, 25 or 50 μg of protein was loaded in each lane. (D) Western blot analysis of Coa6, Cox2 and Pgk1

protein levels in the indicated knockout strains grown to ML growth phase in YPGal medium. Since Pgk1 levels increased in cells completely lacking Cox2, a non-

specific (NS) band was used as a loading control. The data in panels B-D are representative of three independent experiments.

Human Molecular Genetics, 2016, Vol. 25, No. 4 | 663

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddv503/-/DC1


constructed chromosomal HA-tagged Coa6 cells, where Coa6HA
is expressed from its endogenous promoter. In this case, we
found a similar interaction between Coa6HA and Cox2 (Fig. 5B).
Furthermore, to confirm that the interaction we observed was
not because of an interaction between Cox2 and the HA tag itself,
we performed an immunoprecipitation experiment using poly-
clonal anti-Coa6 antibodies on WT and coa6Δ mitochondria.
We again found Coa6–Cox2 interaction and additionally, upon
probingwith other antibodies, we identified physical interactions
between Coa6 and Sco1, Sco2 and Cox12, but not between Coa6
and CuB center-containing Cox1 or copper metallochaperone
Cox17 (Fig. 5C). These results suggest that Coa6 exists as a part
of a multimeric protein complex in mitochondria. To detect
Coa6-containing complex(es), we performed a blue native poly-
acrylamide gel electrophoresis (BN PAGE)/western analysis
on mitochondrial extracts and found that Coa6 is part of three
high molecular weight complexes of ∼60, 140 and 200 kDa
(Fig. 5D). We thus conclude that Coa6 and its interacting partners
form complexes that may participate in Cox2 metallation.

Coa6, Cox12 and Sco proteins have overlapping functions

Our genetic interaction study suggested that Coa6 acts in parallel
with Cox12 and Sco2 in Cox2 biogenesis; these proteins are thus

likely to have overlapping functions. To test this hypothesis, we
overexpressed COX12, SCO2 and SCO1, in coa6Δ cells and scored
for rescue of respiratory growth on YPGE plates at 37°C. As a con-
trol, we expressed other proteins involved in Cox2 biogenesis
including COX17, COX19, COX20 and COX23 in coa6Δ cells. We
also expressed the yeastmimic (Sco2 E161K) of themost common
human SCO2 patient mutation (E140K) (20) in coa6Δ cells to test
for its ability to suppress coa6Δ growth defect (Fig. 6A). As seen
in Figure 6B, the coa6Δ respiratory growth defect was partially
suppressed by overexpression of SCO1, SCO2, COX12 and COX20
but not by COX17, COX19 and COX23. Interestingly, the Sco2
E161K mutant also partially rescued coa6Δ growth phenotype
suggesting that E161 is not essential for yeast Sco2 function
(Fig. 6B). To further interrogate yeast Sco2 function, we expressed
yeast mimics (E161K and S246F) of two human SCO2 patient
mutations (E140K and S225F) (20) in coa6Δsco2Δ cells. We found
that while E161 is not essential, S246 is critical for coa6Δsco2Δ
growth and yeast Sco2 function (Fig. 6C). While the rescue of
the respiratory growth defect of coa6Δ cells by overexpression of
Sco proteins and Cox20 is not surprising since these proteins
are known to cooperate in the late stages of Cox2 biogenesis
(40), the ability of COX12 to suppress the coa6Δ growth defect
is surprising and links Cox12 to the copper delivery pathway
to Cox2.

Figure 3. Coa6 levels are regulated by copper availability. WT yeast cells were grown in YPGal medium with increasing concentrations of (A) the copper chelator, BCS or

(B) CuCl2. Growthwas analyzed bymeasuring absorbance at 600 nm. (C) Western blot analysis of Coa6 and Cox2 levels inwhole cell protein lysate prepared fromWTyeast

cells grown toML growth phase in YPGalmediumwith increasing amounts of BCS or CuCl2. (D) Western blot analysis of Coa6HA and Cox2 levels inmitochondria isolated

from chromosomally HA-tagged COA6 cells grown in YPD to ES growth phase with increasing amounts of BCS. Por1 was used as a loading control. The blots are

representative of at least two independent experiments.
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Sequence alignment and structural analysis of both yeast and
mammalian Coa6 and Cox12 proteins shows presence of a con-
served Cx9CxnCx10C motif (Supplementary Material, Fig. S2A)
with a similar predicted tertiary structure (SupplementaryMater-
ial, Fig. S2B), strongly supporting their overlapping function. To
further dissect the interaction between Coa6 and Cox12, we per-
formed a reciprocal experiment, whereby we tried to rescue the
respiratory growth deficient phenotype of cox12ΔwithCOA6 over-
expression. Interestingly, we found that instead of rescuing,
COA6 overexpression enhanced the cox12Δ growth defect (Sup-
plementary Material, Fig. S2C). Taken together, our results sug-
gest overlapping but non-redundant roles of Coa6, Sco1 Sco2,
and Cox12 in Cox2 maturation.

Pathogenicmutationswithin the conserved Cx9CxnCx10C
motif of Coa6 disrupt its interaction with Cox2

Previously,we showed that patientmutations in theCx9CxnCx10C
motif of Coa6 are pathogenic and that the conserved cysteine re-
sidues of the motif are essential for Coa6 function (29). Patient
mutations reduced the stability of Coa6, partly explaining the
mechanism of pathogenesis (29). However, it was not clear if
reduced levels of Coa6 were sufficient to cause pathogenesis. In
addition to Coa6 stability, it is possible that patient mutations
may disrupt Coa6 function by preventing its interactions with
its binding partners. Therefore, we tested the effect of patient
mutations (p.W26C and p.C68A) as well as a mutation in a con-
served cysteine residue (p.C25A) on Coa6 interactions (Fig. 7A).
Co-immunoprecipitation with anti-HA antibodies confirmed
that the patient mutations severely disrupted Coa6–Cox2 inter-
action while only mildly affecting the Coa6–Sco1 interaction

(Fig. 7B). These results demonstrate that the Coa6 residues mu-
tated in the mitochondrial disease patient are essential for its
interaction with Cox2, providing the biochemical basis for the
disease pathogenicity.

Discussion
Recent advances in genomic technologies have identified patho-
genicmutations in a plethora of uncharacterized genes; however,
understanding the function of these disease genes has remained
amajor bottleneck in elucidating disease pathogenesis. Recently,
we uncovered an evolutionarily conserved role of a previously
uncharacterized mitochondrial disease gene, COA6, in CcO
assembly and mitochondrial copper metabolism (29); however,
its precise role in these processes remained unknown. In this
study, we place Coa6 in the mitochondrial copper delivery
pathway to CcO subunit Cox2. We also show that Coa6 has an
overlapping function with a mitochondrial copper metallocha-
perone, Sco2 and a CcO subunit, Cox12, in Cox2 biogenesis. Like
Coa6, mutations in the human orthologues of Sco2 and Cox12
have been shown to result in hypertrophic cardiomyopathy
(10,20,21,23,24). Thus, our study not only links three different
mitochondrial disease genes known to cause hypertrophic car-
diomyopathy to the mitochondrial copper delivery pathway,
but also provides mechanistic insights into Cox2 biogenesis
and uncovers genetic redundancies in the copper delivery
pathway.

We present several lines of evidence demonstrating that
Coa6 is a novel member of the mitochondrial copper delivery
pathway to Cox2. First, simultaneous deletion of Coa6 and Sco2,
awell-knownmitochondrial coppermetallochaperone, leads to a

Figure 4. Coa6, Sco2 and Cox12 have an overlapping but non-redundant role in Cox2 expression. (A) Ten-fold serially diluted WT, coa6Δ, sco2Δ and coa6Δsco2Δ cells were

spotted onYPGE plateswith andwithout 5 μCuCl2. (B) Ten-fold serially dilutedWT, coa6Δ, cox12Δ and coa6Δcox12Δ cellswere spotted on synthetic complete (SC) galactose

mediumwith andwithout 5 μmCuCl2. Plateswere incubated at 30°C and imageswere taken after 3 days of growth. (C andD)WT, single knockouts of Coa6, Sco2, Cox12 and

double knockouts coa6Δsco2Δ and coa6Δcox12Δwere grown toMLphase inYPGal liquidmediumwith andwithout 5 μmCuCl2. Cox2 levels in total cellular protein extracts of

WT and mutant cells were analyzed by western blot. Pgk1 was used as a loading control.
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synthetic growth defect and complete absence of Cox2 in yeast
cells (Fig. 4A and C). Second, overexpression of copper metallo-
chaperones Sco1 and Sco2 partially rescues the coa6Δ respiratory
deficient phenotype (Fig. 6). Third, Coa6 physically interacts with
Sco1, Sco2 and Cox2, providing biochemical evidence suggesting
these proteins operate in the same pathway (Fig. 5C). These re-
sults obtained using the yeast model system are consistent
with two recent studies in human cell lines showing physical
interactions of COA6 with SCO2 and COX2 (34), and COA6 with
SCO1 and COX2 (35). Together, these findings establish an evolu-
tionarily conserved role of Coa6 in copper delivery to Cox2.
Furthermore, overexpression experiments with known Cox2 bio-
genesis factors helped place Coa6 in the copper delivery pathway
to Cox2. Inability of Cox17, Cox19 and Cox23, well-known IMS
proteins involved in copper delivery to mitochondria, to rescue
the coa6Δ growth defect suggests that these proteins act up-
stream of Coa6. Conversely, rescue of the coa6Δ phenotype
by Sco1, Sco2, Cox12 and Cox20 suggests that these proteins
either act downstream of Coa6 or in a parallel pathway of copper
delivery and Cox2 maturation.

Previously, we showed that copper supplementation was able
to rescue coa6Δ cells, but how copper supplementation is able to

bypass the complete absence of Coa6 remained an open question
(29). In light of our current findings that Coa6, Sco2 and Cox12
have an overlapping function, it is conceivable that either Sco2
or Cox12 can substitute for Coa6 when excess copper is available.
We suggest Sco2 as the more likely candidate to perform this
function, because we are not able to detect any Cox2 in coa6Δs-
co2Δ cells even after copper supplementation (Fig. 4C). We do de-
tect a faint band corresponding to Cox2 in copper supplemented
coa6Δcox12Δ cells (Fig. 4D), presumably because Sco2 is able to
function in these cells to form Cox2, albeit at a much lower
level. This model can also explain the mild respiratory deficient
phenotypes of individual deletions of COA6 and SCO2 cells,
since the absence of one is partially compensated by the other
and vice-versa. The function of Sco2 in yeast cells has remained
enigmatic for many years because of the absence of an overt
respiratory deficient phenotype of sco2Δ cells (41), but our results
now firmly tie Sco2 function to Cox2 biogenesis and provide a
system to uncover the role of Sco2 in vivo (Fig. 6C).

The interaction between Coa6 and Cox12 is more intriguing,
considering that Cox12, a structural subunit of CcO, has never
been linked to the copper delivery pathway (42). Interestingly,
COX6B, themammalian homolog of Cox12, and Coa6 have highly

Figure 5. Coa6 physically interacts with Cox2, Cox12 and Sco proteins. (A) Western blot detection of Coa6-HA and Cox2 proteins inmitochondrial extracts from coa6Δ cells

transformed with either empty vector (pAG423) or pAG423-COA6HA before (input) or after immunoprecipitation with anti-HA and anti-Cox2 antibodies. (B) Western blot

detection of Coa6-HA and Cox2 proteins in mitochondrial extracts from WT and chromosomally HA-tagged COA6 cells before (input) or after immunoprecipitation with

anti-HA antibody. (C) Western blot detection of native Coa6, Cox1, Cox2, Cox12, Sco1 and Sco2 proteins inmitochondrial extracts fromWTand coa6Δ cells before (input) or

after immunoprecipitation with anti-Coa6 antibody. (D) BN PAGE/western blot detection of Coa6-containing complexes from 1% digitonin solubilized mitochondria

isolated from WT and coa6Δ cells grown in YPGE with 5 μ CuCl2. NS designates a non-specific protein band.
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homologous sequences, including a conserved Cx9CxnCx10C
motif, and are predicted to have similar structures (Supplemen-
tary Material, Fig. S2A and B), which combined with their
synthetic lethal interaction (Fig. 4B) strongly supports their over-
lapping function in Cox2 maturation. Consistent with this possi-
bility, we observed that overexpression of Cox12 is able to
partially rescue respiratory growth deficiency of coa6Δ cells. Add-
itional evidence in support of overlapping functions of Coa6 and
Cox12 comes from a human genetics study showing that amuta-
tion in COX12/COX6B results in hypertrophic cardiomyopathy
(10), a signature clinical presentation in patients with mutations
in COA6 and SCO2 (20,21,23,24). Interestingly, Coa6 overexpres-
sion in cox12Δ fails to rescue the growth defect (Supplementary
Material, Fig. S2C), which suggests that Cox12 has an additional
function that is not compensated by Coa6.

A recent paper showed that Coa6 is part of a single oligomeric
complex in human cells (34). Similarly, we identified Coa6 inmul-
timeric complexes in yeast mitochondria (Fig. 5D). We predict
that these complexes are likely to be Cox2 assembly intermedi-
ates composed of assembly factors required for copper delivery
to Cox2. Our prediction is supported by co-immunoprecipitation
experiments showing physical interactions of Coa6 with Cox2,
Cox12, Sco1 and Sco2 proteins (Fig. 5A–C). The differences in
the size and number of Coa6-containing complexes in yeast
and humans could be due to differences in the Cox2 assembly
processes in these two organisms. In yeast, modular assembly
of mitochondrial encoded Cox1 and Cox3 subunits have been

delineated (5,43), however Cox2 assembly intermediates have
not yet been characterized. Our findings together with the
reagents developed in this study provide the necessary tools to
delineate the Cox2 assembly process in detail.

Towards understanding the molecular basis of pathogenesis,
it was recently shown that the human COA6 (p.W59C) mutant is
mislocalized to themitochondrial matrix and thus would not re-
tain its function (34). In contrast, a subsequent study suggested
that the COA6 (p.W59C) mutant retains some functionality and
that pathogenesis results from an increased aggregation state
of the mutant protein rather than mislocalization (35). Here, we
find that yeast Coa6 with the patient mutation (p.W26C) no long-
er physically interacts with Cox2 (Fig. 7B). However, since we are
able to still detect interaction of the mutant Coa6 with Sco1, an
integral membrane protein that has most of its soluble part
facing the IMS, it is unlikely that themutant Coa6 is mislocalized
to mitochondrial matrix. Therefore, we argue that the cause of
pathogenesis in the patient with these Coa6 mutations is loss
of interaction between mutant Coa6 and Cox2.

Based on our genetic and biochemical interaction studies, we
propose a model placing the Coa6 and Cox12 in the copper deliv-
ery to theCuA site for Cox2maturation (Fig. 8). Since humanCOA6
has been shown to bind copper with high affinity, it is possible
that Coa6 acts as a metallochaperone. However, an in vitro dem-
onstration of CuA site formation by Coa6 and its interacting
partners will be required to dissect its precisemolecular function
in copper delivery.

Figure 6.Overexpression of Cox12, Cox20 and Sco proteins partially rescues coa6Δ respiratory defect. (A) Sequence alignment of conserved regions of human SCO2 and its

yeast homolog. Arrows indicate amino acid residues (glutamic acid E140 and serine S225) shown to bemutated in humanmitochondrial disease patients. Twomutations

in yeast Sco2, E161K and S246F, that mimic the patient mutations are also indicated with arrows. (B) Ten-fold serially diluted WT cells transformed with pRS416 empty

vector and coa6Δ cells transformed with pRS416 empty vector or pRS416 vector expressing either COA6, SCO1, SCO2, COX12, COX20, COX17, COX19, COX23 and sco2 E161K

were spotted on YPGE plates at 30°C and 37°C. Imageswere taken after 3 days for cells grown at 30°C and 6 days for cells grown at 37°C. (C) Ten-fold serially dilutedWTand

coa6Δsco2Δ cells transformedwith pRS416 empty vector or pRS416 vector expressing either SCO2, or sco2with patientmutation E161K or S225Fwere spotted onYPDorYPGE

plates and incubated at 30°C. Images were taken after 2 days for cells grown on YPD and 4 days for cells grown on YPGE.
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Materials and Methods
Yeast strains and culture conditions

All strains used in this study are listed in Supplementary Mater-
ial, Table S2 andwere confirmed by polymerase chain reaction as
well as by replica plating on dropout plates. TheWTyeast BY4741
cells expressing the COA6 gene with a 3′ chromosomal HA tag
was constructed as previously described (44) using primers listed
in Supplementary Material, Table S3. Yeast cells were grown in
YP (1% yeast extract, 2% bactopeptone)mediumwith 2% dextrose
(YPD), 2% galactose (YPGal) or 3% glycerol + 1% ethanol (YPGE) as
a carbon source. Synthetic media was prepared with 0.17% yeast
nitrogen base, 0.5% ammonium sulfate, 0.2% dropout amino acid
mix and contained either 2% dextrose, 2% galactose or 3% gly-
cerol as a carbon source. Solid media additionally contained 2%
agar. Growth medium was supplemented with BCS or CuCl2
wherever indicated. Growth was measured spectrophotometric-
ally at 600 nm in liquid medium or by spotting on solid plates.
Transformed yeast cells were grown in selection media to pre-
vent loss of the plasmid. Double knockout yeast strains (Supple-
mentary Material, Table S2) were constructed by sporulation of
the diploids followed by tetrad dissection on YPD medium. The
identities of all double mutant strains were confirmed by their
genotypes. BY4741 ρ0 cells were obtained by culturing WT cells
in the presence of ethidium bromide (25 μg/ml) for 2 days.
BY4741 cox17Δ cells were constructed by one-step gene disrup-
tion using a hygromycin cassette (44).

Plasmids

Yeast COA6 gene was cloned into three different plasmids: (1)
a single copy plasmid (pRS416) under control of the native
promoter; (2) a multi-copy plasmid (pRS426) under control of the
native promoter and (3) a Gateway cloning plasmid (pAG423-
GPD-ccdB-HA) as described previously (29). The hCOA6 (PubMed
Gene ID: 388753) and the hyCOA6 gene constructs were codon
optimized for yeast, synthesized using GeneArt® Gene Synthesis
(Life Technologies) andcloned intopRS416plasmidunder the con-
trol of the yeast Coa6 promoter. Yeast SCO1, SCO2, COX12, COX17,
COX19, COX20 and COX23 were cloned into pRS416 vector under
native yeast promoter. Point mutations in SCO2 were introduced
by site-directed-mutagenesis using QuickChange Lightning kit
from the Agilent Technologies. All the primers used in this study
are listed in SupplementaryMaterial, Table S3. All constructswere
confirmed by DNA sequencing.

Coa6 purification and antibody generation

Yeast COA6was first cloned into a pET28a-His6-GFP-TEV plasmid
using EcoRI and XhoI restriction sites. This construct was then
transformed into Rosetta DE3 Escherichia coli cells to express re-
combinant Coa6 protein. Protein purification was performed
using a HisTrap™ HP column (GE Healthcare Life Sciences)
and a gel filtration Superdex 200 column (GE Healthcare Life
Sciences). Purified Coa6 (1.5 mg)was used to generate rabbit poly-
clonal antisera (Rockland Immunochemicals, Inc.). In order to
obtain purified Coa6 antibody, rabbit antisera was incubated
with Coa6 protein coupled to Affi-Gel 10 beads (Biorad) for 2–4 h
at room temperature in a 5 ml Qiagen column. The column was
then washed with 50–100 ml phosphate buffered saline (PBS)
and antibodies were eluted using 0.2  glycine, 500 m NaCl,
(pH 2.0) buffer into a tube containing 1.5  Tris (pH 8.8) to neu-
tralize the pH. Aliquots of purified antibody were stored at −20°C.

Figure 7. Patient mutations disrupt Coa6 interaction with Cox2. (A) Schematic

representation of human and yeast Coa6 proteins highlighting the conserved

Cx9CxnCx10C motif with conserved residues that are mutated in human

mitochondrial disease patient. (B) Western blot detection of Coa6-HA, Cox2 and

Sco1 proteins from mitochondrial extracts of coa6Δ cells transformed with

either empty vector pAG423 or pAG423 expressing COA6HA, or COA6 mutants

before (input) or after immunoprecipitation with anti-HA antibodies.

Figure 8.A proposed role of Coa6 in themitochondrial copper delivery pathway to

Cox2. Coa6 associateswith Cox2, Cox12 and Sco proteins to form acopper delivery

complex for CuA center biogenesis. Previously, it has been shown that Cox17

transfers copper to Sco proteins, but the mechanism by which Cox17 receives

copper from a ligand bound (-L) copper pool is not known. Although Cmc1,

Cox19 and Cox23 are implicated in the copper delivery pathway, we did not

detect Coa6 interaction with any of these proteins. OMM, outer mitochondrial

membrane; IMM, inner mitochondrial membrane; IMS, intermembrane space.
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Whole cell yeast protein extraction and isolation
of mitochondrial fractions

Yeast cells (60–80 mg wet weight) were suspended in 350 μl
SUMEB buffer (1.0% sodium dodecyl sulfate (SDS), 8  urea,
10 m MOPS, pH 6.8, 10 m EDTA) containing 1 m PMSF and
protease inhibitor cocktail (Roche Diagnostics). Cells were trans-
ferred to a fresh tube containing 350 mg of acid-washed glass
beads (Sigma-Aldrich) and were vortexed three times for 1 min
each, with 30 s incubation on ice between every vortex step.
Lysed cells were kept on ice for 10 min to reduce bubbles and
then heated at 70°C for 10 min. Cell debris and glass beads were
spun down at 14 000 g for 10 min at 4°C. The supernatant was
transferred to a separate tube and protein was quantified by the
Pierce BCA protein assay kit (Thermo Scientific). Mitochondria
were isolated from yeast cells as described previously (45) and
mitochondrial protein concentration was quantified using a
BCA assay.

SDS-polyacrylamide gel electrophoresis, BN PAGE
and western blotting

SDS-polyacrylamide gel electrophoresis (SDS PAGE) and BN PAGE
were performed to separate denatured and native protein com-
plexes. For SDS PAGE, whole cell yeast protein lysate (50 μg) or
mitochondria (20 μg) were separated and blotted onto a polyviny-
lidene difluoride membrane. For BN PAGE sample preparation,
yeast mitochondria (40 μg) were solubilized in 1% digitonin and
soluble lysate was resolved on a 3–12% gradient native PAGE
Bis-Tris gel (Life Technologies). Membranes were blocked for 1 h
in 5% nonfat milk dissolved in Tris-buffered saline with 0.1%
Tween 20 (TBST-milk), followed byovernight incubationwith pri-
mary antibody in TBST-milk at 4°C. Primary antibodieswere used
at the following dilutions: coa6, 1:1,000; Cox1, 1:1000 (Abcam
110270), Cox2, 1:10 000 (Abcam 110271); HA, 1:10 000 (Sigma
H9658); Sco1, 1:500; Sco2, 1:600 and Cox17, 1:250 (fromDr Alexan-
der Tzagoloff ); Cox12, 1:1000 (from Dr Chris Meisinger); Cmc1,
1:500 (from Dr Antoni Barrientos); Porin, 1:50 000 (Abcam
110326); Pgk1, 1:50 000 (Life Technologies 459250).

Immunoprecipitation

Immunoprecipitation with anti-HA was performed using mito-
chondrial extracts of coa6Δ cells transformed with empty vector
(pAG423), pAG423 expressing COA6HA or COA6 mutants (W26C,
C25A, C68A). Mitochondrial protein (3 mg) were solubilized with
RIPA buffer (Thermo Scientific) with protease inhibitor cocktail
(Roche Diagnostics) for 1 h at 4°C and then centrifuged at
14 000 g for 10 min. After removal of insoluble materials, mito-
chondrial lysates (input) were incubated overnight with anti-
HA antibody at 4°C. Protein A-agarose beads were then mixed
for 2 h at 4°C to bind antibodies. After washing the beads four
timeswith buffer containing 50 m Tris, pH 7.4, 0.25% deoxycho-
late, 1% NP-40, 150 m NaCl, 1 m EDTA and once with PBS,
beads were suspended in NuPAGE LDS sample buffer and boiled
for 5 min prior to performing SDS PAGE. For immunoprecipita-
tion with anti-Coa6 antibodies, mitochondria were isolated
from WT and coa6Δ cells grown in YPGE with 5 μ CuCl2 and
then solubilized with buffer containing 20 m 4-(2-hyrdox-
yethyl)-1-piperazineethanesulfonic acid, pH 7.4, 100 m NaCl,
1 mCaCl2, 1.5% digitonin and 10% glycerol with protease inhibi-
tor cocktail (Roche Diagnostics) for 30 min in a rotator at 4°C.
Insoluble mitochondrial fraction was pelleted at 20 000 g and the
remaining soluble supernatantwasused for immunoprecipitation.

Immunoprecipitation was performed using Dynabeads® Protein
G Immunoprecipitation Kit (Life Technologies) as per manufac-
turer’s protocol. Briefly, anti-Coa6 was coupled to Dynabeads®

Protein G and incubated with mitochondrial extract in a rotator
for 2 h at room temperature. After three washes, proteins were
eluted and boiled with NuPAGE LDS sample buffer prior to SDS
PAGE and western blotting.

Supplementary Material
Supplementary Material is available at HMG online.
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