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A CMC1-knockout reveals translation-independent
control of human mitochondrial
complex IV biogenesis
Myriam Bourens1 & Antoni Barrientos1,2,*

Abstract

Defects in mitochondrial respiratory chain complex IV (CIV)
frequently cause encephalocardiomyopathies. Human CIV assem-
bly involves 14 subunits of dual genetic origin and multiple
nucleus-encoded ancillary factors. Biogenesis of the mitochon-
drion-encoded copper/heme-containing COX1 subunit initiates the
CIV assembly process. Here, we show that the intermembrane
space twin CX9C protein CMC1 forms an early CIV assembly inter-
mediate with COX1 and two assembly factors, the cardiomyopathy
proteins COA3 and COX14. A TALEN-mediated CMC1 knockout
HEK293T cell line displayed normal COX1 synthesis but decreased
CIV activity owing to the instability of newly synthetized COX1. We
demonstrate that CMC1 stabilizes a COX1-COA3-COX14 complex
before the incorporation of COX4 and COX5a subunits. Additionally,
we show that CMC1 acts independently of CIV assembly factors
relevant to COX1 metallation (COX10, COX11, and SURF1) or late
stability (MITRAC7). Furthermore, whereas human COX14 and
COA3 have been proposed to affect COX1 mRNA translation, our
data indicate that CMC1 regulates turnover of newly synthesized
COX1 prior to and during COX1 maturation, without affecting the
rate of COX1 synthesis.
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Introduction

Mitochondrial respiratory chain complex IV (CIV) is a heme a/a3-

copper terminal cytochrome c oxidase that reduces oxygen to water.

CIV also contributes to the creation of the proton gradient across the

inner membrane that drives ATP synthesis through oxidative phos-

phorylation (OXPHOS). CIV deficiencies in humans severely affect

cellular aerobic energy production and therefore are a common

cause of encephalo- and cardiomyopathies [1].

Human CIV contains 14 subunits. The three catalytic subunits

(COX1, COX2, and COX3) are encoded in the mitochondrial genome.

The remaining subunits (COX4, COX5a, COX5b, COX7a, COX6c,

COX7c, COX6b, COX6a, COX7b, COX8, NDUFA4), some of which

have tissue-specific isoforms, are nucleus-encoded, synthesized in the

cytoplasm, and imported into mitochondria. The CIV redox centers

are located in subunits COX1 and COX2. COX1 harbors a heme a

center and a binuclear heme a3-copper (CuB) center, and COX2

contains a dinuclear copper center (CuA). Formation of the redox

centers is not only essential for CIV function but also for complex

assembly. In fact, CIV biogenesis involves first the maturation of

COX1 and COX2 and then the ordered assembly of all other subunits

around COX1. During the process, COX4 and COX5a are added to a

first subcomplex formed only by COX1 and several COX1-specific

chaperones. Then, matured COX2 is incorporated, and the remaining

subunits are subsequently added to yield the CIV monomer [2,3].

Complex IV biogenesis is extensively regulated and requires the

assistance of numerous conserved assembly factors interceding at

all stages of the process [4–6]. Studies in the yeast Saccharomyces

cerevisiae have shown that the two major targets for regulation are

COX1 synthesis and incorporation of metal prosthetic groups. In

S. cerevisiae, COX1 mRNA translation is regulated by heme B avail-

ability [7], and heme A biosynthesis is regulated by both an early

CIV assembly intermediate [8] and COX1-dependent oligomerization

of the heme O synthase COX10 [9]. Furthermore, Cox1 synthesis is

coordinated with its assembly into CIV by the existence of a nega-

tive feedback loop [10,11].

In S. cerevisiae, Mss51 is a COX1 mRNA-specific translation acti-

vator that also interacts with Cox1 protein and Cox1-specific chaper-

ones Cox14 and Coa3 in a stable complex [11–13]. Only when Cox1

proceeds in the assembly pathway, Mss51 is released and becomes

available for new rounds of Cox1 synthesis [11]. This system serves

in part to prevent the accumulation of partially matured or unassem-

bled Cox1, which can be deleterious [14]. In humans, COX1 synthe-

sis is specifically activated by the late-onset Leigh’s syndrome

protein TACO1 [15], which does not interact with COX1. However,

although a functional human homolog of yeast Mss51 has not been
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identified, mitochondrial cardiomyopathy proteins COA3 (also called

MITRAC12, COX25, or CCDC56) and COX14 (or C12orf62) are both

COX1 chaperones that interact with newly synthesized COX1 and

drive it through the entire CIV assembly process [16–19]. Human

CIV assembly intermediates containing newly synthesized COX1 and

imported respiratory chain subunits have been termed MITRAC

complexes [19]. Intriguingly, it has been proposed that MITRAC

complexes, and specifically the COX1-COX14-COA3 complex, could

regulate COX1 synthesis in humans as it occurs in S. cerevisiae

[16,19,20]. SURF1, another COX1 assembly factor [21,22] shown to

be involved in heme a center formation in bacteria [23] but never in

mitochondria, is also part of these MITRAC complexes [19]. More

recent work has identified a new MITRAC component, termed

MITRAC7, which affects the biogenesis pathway by stabilizing newly

synthesized COX1 in assembly intermediates that contain COX14

and COA3 and also subunits COX4 and COX6c. These observations

have suggested the existence of a quality control checkpoint during

CIV assembly that regulates COX1 turnover [20].

The list of CIV assembly factors includes several members of the

twin CX9C motif family of proteins, which contain two structural

disulfide bonds and are located in the intermembrane space

[24–26]. The roles of these proteins in the CIV assembly process

remain in most cases enigmatic. Only COX17, a CIV-specific copper

chaperone, has a recognized function in copper delivery to metal-

lochaperones COX11 and SCO1/2 for further delivery to COX1 or

COX2, respectively [27–33]. Other twin CX9C proteins known to be

critical for CIV assembly/stability/function in S. cerevisiae and/or

human cells include the mitochondrial cardiomyopathy proteins

PET191 and COA6 [34–36] as well as Cmc1, Cmc2, Cox19, and

Cox23 [37–40]. Saccharomyces cerevisiae and human COA6 interact

with SCO1/SCO2 to somehow facilitate the copper-dependent

biogenesis of COX2 [35,41,42], and S. cerevisiae Cox19 interacts

with Cox11 probably to promote copper transfer to Cox1 [43].

Regarding Cmc1, Cmc2, Pet191, and Cox23, although indirect links

to copper homeostasis or delivery have been reported, their func-

tions remain largely unknown [37,39,40,44]. As an interesting

observation, human CMC1 was co-purified with COX1 [19].

Here, we have used extensive genetics and biochemical analyses

to gain insight into the role of human CMC1 in CIV assembly. Our

data demonstrate that CMC1 acts in the intermembrane space to

stabilize the COX1-COX14-COA3 complex prior to the incorporation

of subunits COX4 and COX5a. Additionally, this COX1-COX14-

COA3-CMC1 complex is independent of COX10, COX11, MITRAC7,

and SURF1, hinting that CMC1 probably maintains COX1 in a matu-

ration-competent state before insertion of its prosthetic groups.

Finally, we show that COX1-COX14-COA3-CMC1 complex is stable

and COX1 synthesis is normal when CIV assembly is stalled at

COX2 or COX3 biogenesis steps, discarding any COX1 mRNA trans-

lational regulation in these conditions.

Results

TALEN-mediated generation of CMC1 knockout (KO) lines in
HEK293T cells

To analyze the function of human CMC1 in mitochondria, we used

the transcription activator-like effector nuclease (TALEN)

technology [24,25] to create stable CMC1 knockout lines in

HEK293T (human embryonic kidney) cells. Cellectis Bioresearch

(Paris, France) designed and generated TALEN binding pairs to

disrupt CMC1 expression. The constructs target DNA regions either

within the first exon of CMC1 directly downstream the start codon

or at the beginning of the second exon (Fig 1A). When both TALENs

bind CMC1 DNA, the endonuclease induces a double-strand break,

which is mutagen prone. We co-transfected HEK293T cells with

either the TALEN pair #1 or #2, and subsequently, single cells were

isolated by fluorescence-activated cell sorting. After growth, 55

clones from TALEN pair #1 and 66 clones from TALEN pair #2

transfections were screened for CMC1 steady-state levels by

immunoblotting. CMC1 levels were decreased in seven clones from

TALEN pair #1 and two clones from TALEN pair #2 (Fig 1B). CMC1

gene was sequenced in seven clones. One clone with 50% residual

CMC1 level (#2–36) was found to be heterozygous, whereas the

clones without detectable CMC1 protein had each two mutant alleles

predicted to lead to protein absence (Table 1). These knockout

clones are henceforth referred as KO-CMC1.

Complex CIV steady-state levels are decreased in KO-CMC1
cell lines

Cmc1 was first described in S. cerevisiae as required for full expres-

sion of CIV [26], although its specific role remains unknown. The

protein is not essential for CIV assembly since a strain carrying a

null cmc1 allele retains 40% of CIV activity [26]. This observation

suggested that Cmc1 could have a redundant function or that it

enhances the efficiency of a CIV assembly step.

To evaluate the requirement of CMC1 for CIV assembly in human

cells, we analyzed three KO-CMC1 cell lines for steady-state levels of

COX1 subunit by SDS–PAGE (Fig 1C) and of CIV complex by BN–

PAGE (Fig 1D) followed by immunoblotting. In the three clones

tested, COX1 and CIV steady-state levels were decreased (Fig 1C

and D). This CIV assembly/stability defect was fully restored by

stable expression of C-terminal FLAG-tagged CMC1 (Fig 1E and F),

eliminating the possibility that our results were attributable to off-

target effects that arose during the gene disruption procedure. Our

data indicate that, as in S. cerevisiae, human CMC1 is not essential

but required to stabilize CIV or enhance its formation rate in

HEK293T cells. Given the consistency among the phenotypes of the

three KO-CMC1 clones analyzed, we chose one of them (TAL1-19)

for all subsequent studies.

CMC1 participates exclusively in the biogenesis of CIV

The KO-CMC1 cell line had a basal respiratory rate lowered to 70%

of the parental line (Fig 2A). This phenotype was a direct conse-

quence of an isolated CIV deficiency (Fig 2B) because the steady-

state levels of subunits from OXPHOS complexes I, II, III, and V, as

the fully assembled complexes, were unchanged in KO-CMC1 cells

(Fig 2C and D). The fact that a ~45% decrease in CIV activity limits

cell respiration to ~70% supports the notion that there is a low-

reserve cytochrome c oxidase capacity in cultured HEK293T cells, in

agreement with previous cyanide titration experiments that had

shown that in several cell lines, the CIV activity capacity is in low

excess (16–40%) with respect to that required to support the

endogenous respiration rate [27]. As a note, although CMC1-FLAG
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is overexpressed in our transfected cell lines (Fig 2D), CIV levels

and activity are not reproducibly different than in the parental

HEK293T cell line (Fig 2B–D).

We also investigated the effect of knocking out CMC1 on the abil-

ity of respiratory complexes to form supercomplexes, by analyzing

digitonized whole-cell extracts using BN–PAGE. The KO-CMC1 cell

line showed normal levels of I + III2 complexes but supercomplexes

containing CIV (III2 + IV and I + III2 + IVn) were decreased or too

scarce to be detected, whereas the CIII dimer levels were increased

(Fig 2E). In summary, biochemical analyses of KO-CMC1 cells indi-

cate that CMC1 functions to promote CIV assembly or stability with-

out affecting other respiratory chain enzyme complexes.

CMC1 is not required for COX1 synthesis but some COX1 post-
translational events

A characteristic of mammalian CIV assembly mutants is the

frequent accumulation of assembly intermediates, which are

informative regarding the assembly step that could be impaired.

Here, BN–PAGE analysis of KO-CMC1 cells disclosed no accumu-

lation of subassemblies containing COX1 when extracted with

lauryl maltoside (Fig 3A) and a mild accumulation when

extracted with digitonin (Fig 3B). In lauryl maltoside extraction

conditions, accumulation of CIV intermediates, containing COX1

alone or assembled with COX4 and COX5a, has been reported in

A D

B E

C

F

Figure 1. TALEN-mediated generation of KO-CMC1 clones in HEK293T.

A Schematic representation of the first and second exons of the CMC1 locus and the sequences recognition sites of the two TALEN pairs.
B, C Immunoblot analysis of the steady-state levels of (B) CMC1 in HEK293T (WT) and TALEN-transfected HEK293T cell lines, or (C) COX1 and CMC1 in three KO-CMC1

clones. VDAC was used as a loading control.
D Steady-state levels of CIV extracted with lauryl maltoside in three KO-CMC1 clones analyzed by BN–PAGE and detected by immunoblotting with an anti-COX1

antibody. Complex II (SDHA) serves as a loading control.
E Immunoblot analysis in whole-cell extracts of COX1 and CMC1-FLAG steady-state levels in KO-CMC1 cells carrying an empty plasmid or stably expressing CMC1-

FLAG compared with the parental line (WT).
F Steady-state levels of CIV in three KO-CMC1 clones carrying an empty plasmid or stably expressing CMC1-FLAG analyzed as in panel (D).

Source data are available online for this figure.
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fibroblasts from patients carrying mutations in assembly factors

such as the COX2 metallochaperone SCO1, the COX1 biogenetic

factor SURF1, or the COX2 chaperone COX20 [28,29]. On the

contrary, COX1-containing intermediates are absent or not highly

accumulated in fibroblasts from patients carrying mutations in

COX1 biogenetic factors such as the translational activator TACO1

[15], the heme O synthase COX10 [28], or the COX1 chaperones

COA3 and COX14 [16,17]. Here, consistently with the BN–PAGE

data, the steady-state levels of all CIV subunits tested are decreased

in the absence of CMC1 (Fig 3C). The decrease is more pronounced

(20–30%) for late assembled subunits like COX2, COX3 and

COX6b, than for the earlier assembled proteins COX1 and COX4

(70–50%). In HEK293T cells, when CIV assembly stalls at the level

of COX2 biogenesis, the accumulation of COX1 and COX4 in

subcomplexes allows the maintenance of normal steady-state levels

of these two proteins, like in engineered KO-COX20 HEK293T

mutant cell lines [30]. Therefore, our observations are compatible

with a role of CMC1 in some early event during COX1 biogenesis.

We then tested whether CMC1 could play a role in COX1 mRNA

translation. Pulse [35S]-methionine labeling showed that COX1 and

all other mtDNA-encoded proteins were synthesized at normal rates

in the KO-CMC1 cell line (Fig 3D). However, COX1, COX2, and

COX3 were unstable in KO-CMC1 cells following 5- or 16-h chase

(Fig 3D). Similar quantification results were obtained when the

COX1 radiosignal was normalized either by the signal of cytochrome

b or ND1 (Fig 3D). In conclusion, CMC1 is not required for COX1

synthesis but is required for some COX1 post-translational events

such as stability, maturation, or assembly.

CMC1 is a membrane-bound protein that interacts with newly
synthesized COX1

Saccharomyces cerevisiae Cmc1 is imported into the mitochondrial

IMS by the Mia40/Erv1 oxidative folding pathway [31] and binds

loosely to the inner membrane [26]. Assays based on mild sonica-

tion of HEK293T purified mitochondria followed by extraction with

alkaline carbonate disclosed that human CMC1 is also an extrinsic

membrane-bound protein (Fig 4A).

The studies presented in the previous section suggested a role for

CMC1 in some early event of COX1 biogenesis. This possibility is

also supported by a previous study that identified CMC1 as a COX1

interactor in human cells [19], although the meaning of this interac-

tion remained unexplored. To address whether CMC1 acts as a

COX1 chaperone, we then investigated possible physical interactions

of CMC1 with newly synthesized COX1 or any other mitochondrion-

synthesized proteins. For this purpose, we labeled these proteins

with [35S]-methionine in KO-CMC1 cells stably expressing CMC1-

FLAG, and adsorbed a cell extract onto anti-FLAG-agarose beads. In

the [35S]-methionine-labeled proteins recovered from the beads,

COX1 was selectively enriched when compared with the parental

line (Fig 4B). CMC1-FLAG was even able to co-immunoprecipitate a

small fraction of the total COX1 in extracts from unlabeled cells

(Fig 4C), presumably corresponding to COX1 in assembly intermedi-

ate/s since, as discussed in the next sections, CMC1 signal does not

overlap with fully assembled CIV in BN–PAGE assays. In conclu-

sion, the stabilizing effect of CMC1 on CIV subunits is due to a

direct interaction of CMC1 with newly synthesized COX1.

CMC1 forms a stable complex with COX1 in wild-type
mitochondria before the incorporation of COX4 and COX5a

To better understand the function of CMC1 in COX1 biogenesis, we

analyzed its native molecular mass. BN–PAGE analysis of wild-type

whole-cell extracts using an anti-CMC1 antibody detected a complex

migrating as ~120 kDa (Fig 4D), CMC1 being 13 kDa and COX1

40 kDa. This CMC1 complex co-migrates with some COX1- and

COX4-containing subcomplexes (Fig 4D). Similar results were

obtained when BN–PAGE analyses were performed in extracts from

KO-CMC1 cells expressing CMC1-FLAG (Fig 4E).

To determine whether the stable ~120-kDa CMC1 complex

contains COX1, COX4 (14 kDa), and COX5a (13 kDa), we used two

approaches. First, we tested whether the CMC1 complex could be

detected in the absence of these CIV subunits. Removal of newly

synthesized COX1 by inhibition of mitochondrial protein synthesis

with doxycycline for 24 h prevented the formation of the CMC1

complex in two different human cell lines (Fig 4G) whereas CMC1

steady-state levels remained unchanged (Fig 4F). The CMC1

complex was also undetectable in a 100% COX1 mutant cybrid cell

line (Fig 4G), further indicating that this complex contains newly

synthesized COX1.

To test the potential presence of COX4 and COX5a in the CMC1

complex, we performed siRNA-mediated silencing of the two corre-

sponding genes (Fig 4H). COX4 exists in two tissue-specific oxygen-

regulated isoforms, COX4-1 is expressed in normoxia and COX4-2 in

hypoxia [32]. Although COX4-1 should be the predominant isoform

present in HEK293T cells under our growth conditions, we tested the

Table 1. CMC1 alleles in TAL-CMC1 clones.

TAL- clones CMC1 genotype DNA Protein

TAL1-05 C. Hetero c.8_17del/c.(�22)_19del p.Leu3 fs/np

TAL1-17 C. Hetero c.10_11del/c.12_15insACGA p.Asp4 fs/p.Asp4 fs

TAL1-19 C. Hetero c.(12_19+1)del/c.(6_19+3)del p.Pro5 fs/p.Leu3 fs

TAL1-28 Mut. Homo c.10_14del p.Asp4 fs

TAL1-64 C. Hetero c.14C>G 15_18del/c.(�5_19+1)del p.Pro5 fs/np

TAL1-67 C. Hetero c.(14_19+5)del/c.9C>T (11_19+2)del p.Pro5 fs/p.Pro5 fs

TAL2-36 Hetero WT/c.40G>T 41–45del WT/p.Glu14Ter

The DNA numbering refers to the coding sequence (c.) and the protein (p.) number to the predicted full polypeptide [67]. C: compound; Mut: mutant; Hetero:
heterozygous; Homo: homozygous; del: deletion; +: position in introns; �: position before ATG; >: substitution; ins: insertion; fs: frameshift; np: no protein
synthesized (start codon deleted); Ter: stop codon; WT: wild type.
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Figure 2. CMC1 is required for cytochrome c oxidase biogenesis or stability.

A Endogenous cell respiration rate expressed as percentage of the HEK293T control cell line. The bars represent average � SD. n = 3; t-test: *P = 0.00066.
B Cytochrome c oxidase activity in HEK293T (WT) and KO-CMC1 cell lines carrying an empty plasmid or stably expressing CMC1-FLAG. The values are expressed as

percentage of the control and normalized by citrate synthase activity. The bars represent average � SD. n = 3, t-test: *P = 0.004 for KO, P = 0.6 for KO + CMC1-
FLAG.

C Steady-state levels of OXPHOS complexes extracted with lauryl maltoside in HEK293T and KO-CMC1 cell lines carrying an empty plasmid or stably expressing CMC1-
FLAG, analyzed by BN–PAGE and detected by immunoblotting with the indicated antibodies. The digitalized signal was quantified using ImageJ program, normalized
by SDHA and expressed as percentage of the HEK293T control. The bars represent average � SD. n = 3 – 10, t-test: *P = 5 × 10�11 for CIV in KO-CMC1.

D Immunoblot analysis of CMC1 and OXPHOS complex subunits in HEK293T and KO-CMC1 cell lines carrying an empty plasmid or stably expressing CMC1-FLAG.
NDUFA9 is a subunit of complex I, SDHA of CII, CORE2 or CIII and ATP5 of the F1Fo-ATP synthase. Endo: endogenous. The signal was normalized by VDAC and
expressed as percentage of the control. The bars represent average � SD. n = 4, t-test: *P = 0.0004 for COX1 in KO-CMC1.

E Steady-state levels of respiratory chain complexes and supercomplexes extracted with digitonin from HEK293T and KO-CMC1 cell lines, and analyzed by BN–PAGE.
The panels show immunoblots probed with the indicated antibodies. Two different exposure times are presented for COX1 and CORE2. VDAC serves as a loading
control.

Source data are available online for this figure.
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Figure 3. CMC1 is not required for COX1 synthesis but some COX1 post-translational events.

A, B Analysis of COX1-containing complexes in cell lines depleted for CMC1 and expressing CMC1-FLAG or an empty plasmid. Cells were extracted by lauryl maltoside
(A) or digitonin (B), separated by BN–PAGE and analyzed by immunoblotting. subCIV: subcomplexes IV. In (B), two different expositions of COX1 are represented.

C Immunoblot analysis of the steady-state levels of CIV subunits in mitochondria isolated from HEK293T and KO-CMC1 cells carrying an empty plasmid or stably
expressing CMC1-FLAG. In the graph, the digitalized signal was normalized by VDAC signal and expressed as percentage of the control. The bars represent
average � SD. n = 4–6, t-test: P is statistically different in KO-CMC1 cells for COX1 *P = 0.0004, COX2 *P = 0.002, COX3 *P = 5 × 10�6, COX4 *P = 0.007 and
COX6b *P = 0.0001.

D Mitochondrial translation products were pulse-labeled in HEK293T and KO-CMC1 cells with [35S]-methionine for 30 min in the presence of emetine to inhibit
cytosolic translation. In pulse experiments, the cells were then washed and incubated with fresh complete culture media for 5 or 16 h. The radiolabeled
mitochondrial proteins were separated by SDS–PAGE and visualized by autoradiography. In the graph, the radiolabeled signals were quantified as explained in
Fig 2C, normalized by Cyt b and expressed as % of wild type (WT). The bars represent average � SD. n = 2 – 4; t-test: in reading order for 5-h chase and 16-h
chase P = 0.0005, 2 × 10�5, 1 × 10�5, 0.0004, 0.001, 0.001, 0.3, 0.6.

Source data are available online for this figure.

▸Figure 4. CMC1 interacts with newly synthesized COX1 in a stable complex prior the incorporation of COX4 and COX5a.

A Test of CMC1 solubility by mild sonication and alkaline carbonate extraction. Mitochondria (M) isolated from HEK293T cells were sonicated, and the soluble (S) and
membrane-bound fractions were separated by centrifugation. The pellet was subsequently extracted with alkaline sodium carbonate and fractionated into
supernatant (CS) and pellet (CP). The different fractions were analyzed by immunoblotting using antibodies that recognized CMC1 and the controls COX2
(membrane protein), SDHA (loosely bound to the inner membrane), and HSP70 (soluble protein).

B Mitochondrial translation products were pulse-labeled in HEK293T (WT) and KO-CMC1 + CMC1-FLAG cells for 30 min. CMC1-FLAG was immunoprecipitated using
anti-FLAG beads. IP is 15× enriched. Ex: extract/input; UnB: unbound/flow through; IP: immunoprecipitation. In the graph, COX1 and COX2 were quantified,
normalized by ND2 and expressed relatively to the control. The bars represent average � SD. n = 3; t-test: *P = 0.008 for COX1, P = 0.17 for COX2.

C Immunoprecipitation of CMC1-FLAG from a KO-CMC1 + CMC1-FLAG stable cell line using anti-FLAG-conjugated beads. Samples were separated by SDS–PAGE and
immunoblotted with antibodies. HEK293T (WT) extracts were used as a negative control. IP is 40× enriched. Endo: endogenous.

D, E BN–PAGE analysis of HEK293T (WT), KO-CMC1, and KO-CMC1 + CMC1-FLAG cells extracted with lauryl maltoside. The blots were probed with CMC1, COX1, COX4-1,
and SDHA antibodies.

F SDS–PAGE and immunoblot analysis of HEK293T and 143B cells treated 24 h with doxycycline. COX1, CMC1, and COA3 were quantified, normalized by VDAC and
expressed relatively to the untreated sample. The bars represent average � SD. n = 4 or 5, t-test: from left to right: P = 0.00001; 0.006; 0.8; 0.3; 0.08; and 0.3.

G BN–PAGE analysis of cell extracts prepared as in (D and E) from HEK293T, 143B, or 143B-COX1 mutant cells, following 24-h inhibition of mitochondrial protein
synthesis with doxycycline or left untreated. Two different exposure times are presented for COX1.

H SDS–PAGE and immunoblot analysis in HEK293T cells transfected for 3 days with non-targeting (NT), COX4-1, COX4-2, COX4-1 and COX4-2 together or COX5a
siRNAs.

I, J BN–PAGE and immunoblot analysis of CIV subassemblies (subCIV) in cellular extracts from HEK293T cells transfected with non-targeting (NT), COX4-1 or COX5a
siRNAs for 3 (I) or 6 days (J). Two different exposure times are presented for COX1 (I).

K As (B) but after 24 h of COX4-1 knockdown by siRNA.

Source data are available online for this figure.
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effect of silencing each isoform. As expected, in COX4-1 knockdown,

CIV is highly decreased as visualized by COX2 steady-state levels

whereas knockdown of COX4-2 has no effect (Fig 4H) and could not

be detected with a specific antibody. Additionally, COX4-2 is unde-

tectable in HEK293T cells using a specific antibody.

When COX4-1 or COX5a are silenced, the absence of each

protein led to their reciprocal instability (Fig 4H), suggesting they

may form a pre-assembly module as it has been observed in

S. cerevisiae [33] and human cells [34]. However, the CMC1

complex was still present and accumulated in the absence of

COX4-1 and COX5a (Fig 4I and J). Furthermore, in the absence of

COX4-1, the immunoprecipitation of newly synthesized COX1 by

CMC1-FLAG was enhanced compared to the wild type (Fig 4K).

Therefore, COX4 and COX5a are not part of the CMC1 complex,

which is consistent with the fact that these two proteins were not

co-immunoprecipitated with CMC1-FLAG (Fig 4C). These data also

show that, in the wild type, at least two co-migrating COX1-

containing subassemblies are detected by BN–PAGE, one

A D E

B

C

H

I

J

K

F

G

Figure 4.
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containing CMC1 but not COX4 and COX5 and another without

CMC1 but with COX4 and COX5.

In conclusion, CMC1 forms an early CIV assembly intermediate

with newly synthesized COX1 before the incorporation of COX4 and

COX5a.

COA3 and COX14 are components of the CMC1 complex

In an effort to define the components of the CMC1 complex, we

tested its dependence on two known COX1 chaperones, COA3

(14 kDa) and COX14 (7 kDa), which interact with newly synthe-

sized COX1 [16,18,19]. We approached this question by siRNA-

mediated knockdown of COA3 or COX14 followed by analysis of

the CMC1 complex. Silencing of COA3 was highly effective

(Fig 5A). The efficiency of COX14 silencing could not be directly

estimated since we did not find any optimal anti-COX14 antibody.

However, we followed COX1 steady-state levels as a surrogate and

found them highly decreased after 7 days of COX14 silencing, as

expected (Fig 5A). Silencing COX14 or COA3 resulted in decreased

CMC1 steady-state levels after 7 days of knockdown but not after

3 days (Fig 5A). However, the CMC1 complex was undetectable at

both knockdown times (Fig 5B) despite that COX1 synthesis,

analyzed by short pulses of 10 or 30 min, was essentially unaf-

fected (Fig 5C). COA3 (13 kDa) and COX14 (7 kDa) are probably

components of the CMC1 complex with COX1 (40 kDa) and CMC1

(13 kDa).

A COA3 antibody had revealed a band co-migrating with CMC1

on BN–PAGE that was fully dependent on COX1 synthesis (Fig 4G)

but independent of the presence of COX4 or COX5 (Fig 4I and J).

BN–PAGE analysis in wild-type cells further favors the existence of

a complex that contains COX1, COA3, and CMC1 (Fig 5E). In the

absence of CMC1, COA3 still interacts with COX1 in two slightly dif-

ferent migrating complexes (Fig 5E) that support, albeit ineffi-

ciently, some biogenesis of COX1 and fully assembled CIV (35%

CIV in KO-CMC1 cells). In support of this view, only the larger of

these two complexes contains COX4 (Fig 5E). Furthermore, COA3

and COX1 co-immunoprecipitated with CMC1-FLAG in control cells

(Fig 5D) but not in COX14- or COA3-silenced cells (Fig 5F). There-

fore, we conclude that CMC1 teams up with COA3 and COX14 to

provide stability to newly synthesized COX1.

CMC1-COA3-COX1 complex is independent of MITRAC7, SURF1,
COX10, and COX11

To further analyze the components of the CMC1 complex and to

define the COX1 biogenetic step that coincides with the release of

CMC1, we tested the dependence of this complex on four additional

known COX1 biogenetic factors, SURF1, MITRAC7, COX11, and

COX10.

We tested the occurrence of the CMC1 complex in fibroblasts

from a Leigh’s syndrome patient carrying a mutation in SURF1 [35]

(Fig 6A), a COX1 assembly factor [21,22], shown to be involved in

heme a center formation in bacteria [23]. CMC1 complex was

formed in mitochondria from SURF1-deficient fibroblasts (Fig 6A);

therefore, SURF1 is not part of this complex neither it affects its

formation or stability.

Furthermore, we analyzed HEK293T cells siRNA-silenced for

MITRAC7 (Fig 6B and C). MITRAC7 interacts with COX1 in a

subassembly complex containing COX4 and participates to the

biogenesis of CIV [20]. Silencing of MITRAC7 leads to a 50%

decrease in CIV activity [20]. In our experiment, MITRAC7 was

well silenced by siRNA (Fig 6B), but no obvious defect in CIV

assembly was observed arguing for a non-essential or mild role of

this factor in CIV biogenesis. Nevertheless, MITRAC7 has been

clearly shown to interact with an assembly complex containing

COX1 and COX4 [36], and its absence does not affect the forma-

tion of the CMC1 complex nor its size on BN–PAGE (Fig 6C).

MITRAC7 is not co-immunoprecipitated with CMC1-FLAG

(Fig 6D), further demonstrating its absence from the CMC1

complex.

The heme O synthase COX10 is essential for heme A synthe-

sis and COX1 maturation [37]. It is interesting to notice that

COX10 was detected on BN–PAGE as a ~80-kDa band, a size that

could correspond to a homodimer (Fig 6F). Cox10 oligomeriza-

tion has been described in S. cerevisiae, where the active state of

Cox10 appears to be a homo-oligomeric complex of ~300 kDa,

whose formation is dependent on the newly synthesized Cox1

and the presence of an early Cox1 assembly intermediate [9,38].

In COX10-silenced cells, CIV subunits steady-state levels were

decreased as expected (Fig 6E), and CIV assembly was almost

completely blocked (Fig 6F and G). In COX10 knockdown cells,

the CMC1/COA3/COX1 complex was still formed and accumu-

lated compared to the control (Fig 6F and G), whereas some

COX4-containing complex running at the same level on BN–PAGE

was still detected (Fig 6G). Additionally, a portion of COX4,

probably forming a heterodimer with COX5a, migrates to the

bottom of the gel (Fig 6G). In conclusion, when heme A is

unavailable, COX1 assembly and maturation stall at the CMC1/

COA3/COX14 complex level; however, some biogenesis continue

with the addition of COX4 in either aberrant or unstable

complexes as they are not accumulated and do not lead to CIV

fully assembled complex.

In yeast S. cerevisiae, Cox11 is essential for CIV assembly and

was shown to receive copper from Cox17 [39,40]. In Rhodobacter

sphaeroides, Cox11 was shown to insert copper into COX1 [41]. In

human, although the involvement of COX11 in CIV assembly has

not been previously shown, the protein and its copper-binding

motif are well conserved. When we tested CIV assembly in

COX11-silenced cells, the steady-state levels of COX2 and COX6b

were found particularly decreased (around 25% of the non-

targeted control, Fig 6E), whereas COX1 and COX4 are less

affected (75% and 50% decreased, Fig 6E). These phenotypes

correlate with the BN–PAGE analysis where CIV is decreased, and

CIV subcomplexes containing COX1 and COX4 are accumulated

(Fig 6H and I). Therefore, we assume that the COX11 function in

copper insertion into COX1 is largely conserved form bacteria to

human. When copper insertion into COX1 is impaired, both the

CMC1/COA3/COX1 complex and some COX4 containing subcom-

plexes (probably at least the COX14/COX1/COA3/COX4 complex)

accumulate (Fig 6H and I). These data suggest that copper inser-

tion into COX1 is not an absolute requirement for COX4 interac-

tion with COX1. Thus, copper insertion into CIV assembly line

could occur after COX4 incorporation. It is also possible that in

human cells, as seen in R. sphaeroides [41], heme A could be

inserted into COX1 in the absence of copper and form a relatively

stable complex, that in human mitochondria would be an
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Figure 5. CMC1 cooperates with COA3 and COX14 in the biogenesis of COX1.

A SDS–PAGE and immunoblot analysis in HEK293T cells after 3 and 7 days of transfection with by non-targeting (NT), COX14, or COA3 siRNA to knock down their
expression. The signal was normalized by VDAC and expressed as percentage of the non-targeted control. The bars represent average � SD. n = 3 – 6, t-test: in
reading order P = 0.06; 0.007; 0.9; 4 × 10�5; 0.008; 0.0007; 0.03; 7 × 10�6; 2 × 10�7; 4 × 10�7; 0.2; 0.2; 2 × 10�7; 5 × 10�6; 0.002; 0.02.

B BN–PAGE and immunoblot analysis of CMC1, COA3, and COX1 in the same samples as (A). Two different expositions are presented for COX1.
C Mitochondrial protein synthesis after a 10- or 30-min pulse with [35S]-methionine in cells knocked down for 3 days. In the lower panel, the radiolabeled signal was

quantified as in Fig 3 and expressed as percentage of the control. The bars represent average � SD. n = 3, t-test: P = 0.15; 0.7; 0.8; 0.07 in reading order.
D Immunoprecipitation of CMC1-FLAG in extracts prepared from KO-CMC1 + CMC1-FLAG and HEK293T cells using anti-FLAG-conjugated agarose beads. Samples were

separated by SDS–PAGE and immunoblotted with anti-FLAG, CMC1, COX1, and COA3 antibodies. Ex: extract; UnB: unbound; IP: immunoprecipitation; endo:
endogenous. IP is 40× enriched.

E BN–PAGE and immunoblot analysis of CMC1, COX4, COA3, and COX1 complexes in HEK293T (WT) and KO-CMC1 cells.
F Immunoprecipitation of CMC1-FLAG with FLAG-conjugated beads from a KO-CMC1 + CMC1-FLAG stable cell line after 5 days of transfection with non-targeting (NT),

COX14 or COA3 siRNA to knock down their expression. Samples were separated by SDS–PAGE and immunoblotted with antibodies against CMC1, COX1, and COA3. IP
is 40× enriched.

Source data are available online for this figure.
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Figure 6. Formation of the CMC1-COX1-COX14-COA3 complex is independent of MITRAC7, SURF1, COX10, and COX11.

A BN-PAGE and immunoblot analysis of CMC1 and COX1 complexes in control human neonatal fibroblasts (nFib) and SURF1 mutant fibroblast cell extracts.
B, C SDS–PAGE (B) or BN–PAGE (C) and immunoblot analysis of the steady-state levels of the indicated proteins (B) or protein complexes (C) in HEK293T cells transfected

for 7 days with non-targeting (NT) or MITRAC7 siRNAs. Two different exposure times are presented for COX1(C).
D Immunoprecipitation of CMC1-FLAG from a KO-CMC1 + CMC1-FLAG stable cell line using anti-FLAG-conjugated beads. Samples were separated by SDS–PAGE and

immunoblotted with antibodies against CMC1, COX1, MITRAC7, COX10, and COX11. HEK293T (WT) mitochondrial extracts were used as a negative control. Ex:
extract; UnB: unbound; IP: immunoprecipitation; endo: endogenous. IP is 40× enriched.

E SDS–PAGE and immunoblot analysis of the steady-state levels of the indicated proteins in HEK293T cells transfected for 7 days with non-targeting (NT), COX10 or
COX11 siRNAs. In the lower panel, the signal was normalized by VDAC and expressed as percentage of the control. The bars represent average � SD. n = 3 or 4;
t-test: in reading order P = 0.0003, 0.03, 2 × 10�6, 0.0002, 0.002, 0.001, 0.0002, 0.0005, 2 × 10�7, 0.6, 0.2, 5 × 10�10, 0.06, 0.07, 0.06, 0.3.

F–I BN–PAGE and immunoblot analysis of the steady-state levels of the indicated complexes in HEK293T cells transfected for 5 (F), 8 (G), or 7 days (H, I) with non-
targeting (NT), COX10 or COX11 siRNAs. Two different exposure times are presented for COX4 (G, I) and COX1 (H, I).

Source data are available online for this figure.

486 EMBO reports Vol 18 | No 3 | 2017 ª 2017 The Authors

EMBO reports CMC1 promotes COX1 stability Myriam Bourens & Antoni Barrientos



off-pathway complex that could interact with COX4 but would be

unable to progress toward holo-CIV assembly.

Our results indicate that the CMC1 complex is formed in mito-

chondria from SURF1-deficient fibroblasts (Fig 6A) as well as in

MITRAC7-, COX11-, or COX10-silenced cells (Fig 6C and F–I).

Consistently, MITRAC7, COX11, or COX10 did not co-purify with

CMC1-FLAG (Fig 6D). Hence, we concluded that these proteins are

neither components of the CMC1 complex nor influence its forma-

tion. Additionally, our data indicate that the COX1 fraction present

in the CMC1 complex is probably in an immature state, lacking

heme and/or copper prosthetic groups.

COX1 synthesis and formation of the CMC1-COX1-COA3-COX14
complex are not impaired by downstream defects in CIV biogenesis

In S. cerevisiae, Cox1 synthesis is tightly regulated by the status of

CIV assembly [10,11]. The COX1 mRNA-specific translation activa-

tor Mss51 is involved in coordinating Cox1 synthesis with CIV

assembly through its interaction with newly synthesized Cox1 and

several assembly factors including Cox14 and Coa3 [10–13]. The net

result of this regulation in most S. cerevisiae mutants stalled in CIV

assembly, including cox2 and cox3 mutants, is the marked downreg-

ulation of Cox1 synthesis [11]. Intriguingly, although the key

element of this regulatory system, Mss51, is not functionally

conserved in humans, it has been proposed that the COX1-COX14-

COA3 complex could also regulate COX1 synthesis in humans as it

occurs in S. cerevisiae [16,19,20].

Here, we have shown that depletion of COX10 (Fig 6F) or early-

assembled CIV subunits such as COX4 or COX5a induces the accu-

mulation of the CMC1-COX1-COA3-COX14 complex (Fig 4I and J).

Now, we tested whether both COX1 synthesis and the formation/

stability of the CMC1-COX1-COA3-COX14 complex are affected

when CIV biogenesis is stalled at a step downstream the formation

of the COX1-COX4-COX5a intermediate. For this purpose, we used

cybrid cell lines carrying mitochondrial DNA homoplasmic for

mutant COX1 (as a control), COX2, or COX3.

As expected, in the COX1 mutant control cybrid, COX1 was not

detected, COX2 and COX3 were normally synthesized, and the

CMC1 complex was undetectable (Figs 7A and E, and 4G).

Furthermore, the absence of COX1 rendered COA3 and CMC1

partially unstable as observed in COX1 mutant cells (Fig 7B) or in

cells where COX1 mRNA translation was inhibited for 6 days

(Fig 7F). In HEK293T cells, depletion of COX14 or COA3 led to

CMC1 instability (Fig 5A). Also, the stability of COA3 was depen-

dent on COX14 (Fig 5A) as reported in patient fibroblasts [17].

Therefore, in the absence of one of its components, the turnover

of the other partners in the CMC1-COX1-COA3-COX14 complex is

accelerated.

Importantly, COX1 synthesis in COX10-depleted cells (Fig 7D) or

in the absence of COX2 or COX3 was as in the parental cell line

(Fig 7E). Similar results were obtained in HEK293T cells KO for

COX20, which codes for a COX2 assembly chaperone [30]. Further-

more, the absence of COX2 or COX3 in cybrid cell lines, or of COX20

in HEK293T cells not only did not impair formation of the CMC1

complex but also stimulated its accumulation (Fig 7A and C),

whereas CMC1 and COA3 steady-state levels remained stable

(Fig 7B).

In conclusion, contrary to what occurs in yeast S. cerevisiae mito-

chondria, human COX1 synthesis is not downregulated when CIV

biogenesis is stalled at the COX2 or COX3 incorporation steps in

cultured cell lines. Additionally, the early CMC1-COA3-COX14-COX1

assembly intermediate is stable or accumulated in all the CIV

mutant cell lines tested with the exception of those involving one of

the components of this complex. Taken together, the data presented

in this section argue against a COX1 synthesis regulatory checkpoint

in human mitochondria, and rather support enhanced COX1 turn-

over when its progression in the assembly process is blocked.

Discussion

Biogenesis of respiratory chain complex IV involves the coordinated

expression of the nuclear and mitochondrial genetic systems, the

stoichiometric accumulation of the 14 CIV subunits, and the incor-

poration of metal prosthetic groups into COX1 and COX2, two of the

mitochondrial DNA-encoded catalytic core subunits [4]. CIV-specific

biogenetic factors assist every step of the process [4,6]. Mutations in

CIV subunits and assembly factors are the most frequent cause of

Figure 7. COX1 synthesis and formation of the CMC1-COX1-COA3-COX14 complex are not impaired by downstream defects in CIV biogenesis.

A, B BN–PAGE (A) and SDS–PAGE (B) and immunoblot analysis of CMC1, COA3, COX1, and COX4 complexes and proteins, respectively, in COX1, COX2, and COX3
homoplasmic mutant cells and the parental 143B cell line. CMC1 and COA3 signals were normalized by VDAC and expressed as percentage of the control cell line.
CMC1 and COA3 amounts are statistically different from the wild type in COX1 cybrids. The bars represent average � SD. n = 7; t-test: *P = 0.000005 for CMC1
and *P = 0.00002 for COA3.

C BN–PAGE and immunoblot analysis of CMC1, COA3, and COX1 complexes in KO-COX20 mutant cells and the parental HEK293T cell line. The two upper panels are
two different levels of exposure.

D Mitochondrial protein synthesis after a 30-min pulse with [35S]-methionine in COX10-depleted cells. Quantification of COX1, normalized by ND2, is expressed as
percentage of the non-targeted siRNA-transfected HEK293T cells. The bars represent average � SD. n = 3, t-test: P = 0.19.

E Mitochondrial protein synthesis after a 20-min pulse with [35S]-methionine in the same cell lines as in panel (A). Quantification of COX1 was normalized by Cyt b
and expressed as percentage of the control 143B line. The bars represent average � SD. n = 2; t-test: *P = 0.00001 in COX1, P = 0.26 in COX2 and P = 0.65 in COX3
cybrids.

F SDS–PAGE and immunoblot analysis of CMC1, COA3, and COX1 in 143B or HEK293T doxycycline-treated cells for 6 days. Quantification was measured, normalized
by VDAC and expressed as percentage of untreated cells. The bars represent average � SD. n = 4 or 5; t-test: in order in the graph, *P = 7 × 10�6, 6 × 10�9,
0.0001, 0.0001, 0.015, 0.008.

G Model depicting the role of CMC1 in controlling post-translational events in COX1 biogenesis. According to our model, newly synthesized COX1 would first bind
COX14 and COA3, followed by CMC1. CMC1 would promote COX1 stability during or before COX1 maturation and would be released from the growing COX1
complex before the incorporation of COX4-1 and COX5a.

Source data are available online for this figure.
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mitochondrial encephalocardiomyopathies in humans, highlighting

their biomedical relevance [5,42]. From a biological perspective,

understanding the intricate CIV assembly process is a fascinating

task. Here, we have identified CMC1 as a COX1 chaperone that,

although not essential, markedly enhances the stability of newly

synthesized COX1 prior to its assembly with other CIV subunits.

Following the model presented in Fig 7G, in this study we show

that: 1) CMC1 stimulates CIV biogenesis by stabilizing newly

synthesized COX1 in an early CIV assembly complex containing the

chaperones COA3 and COX14; 2) the release of CMC1 from this

COX1 assembly intermediate occurs before the incorporation of CIV

subunits COX4 and COX5a to the growing subassembly; 3) the

CMC1 complex accumulates in the absence of COX1 metallation

(heme A or copper, COX10 and COX11 knockdown); and 4) the

CMC1 complex accumulates in several mutants affecting later steps

of CIV assembly like in COX2 or COX3 mutant cybrids, COX4- or

A B C D

E F

G

Figure 7.
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COX5a-silenced cells, or in knockout of the COX2 chaperone

COX20, whereas the synthesis of COX1 remains unaffected in these

mutants.

COX1 is a highly hydrophobic protein that spans 12 transmem-

brane domains in the inner membrane, connected by short hydro-

philic loops that protrude either in the IMS or the matrix. In

S. cerevisiae, COX1 is co-translationally inserted into the membrane

by the Oxa1 insertase machinery [43], whereas human OXA1L is

apparently not required for CIV biogenesis [44]. Two conserved

COX1 chaperones, the cardiomyopathy proteins COX14 and COA3,

are single transmembrane proteins with a hydrophilic C-terminus in

the IMS [11,13,45]. They interact with COX1 and probably direct its

insertion into the inner membrane. Certainly, they promote the

stability of newly synthesized COX1 since in their absence COX1 is

rapidly degraded [16–18]. Beyond their role in early folding and

stability, COX14 and COA3 also chaperone COX1 in later final steps

of CIV holoenzyme assembly [18,19]. On the contrary, CMC1 acts

on a very specific segment of the COX1 biogenetic process.

Our data clearly demonstrate that CMC1 interacts with newly

synthesized COX1 in the COX1-COX14-COA3 complex and is

released from this complex most likely when COX1 acquires its

prosthetic groups or interacts with subunits COX4-1 and COX5a (see

the model in Fig 7G). The CMC1 complex forms in the absence of

COX4-1 or COX5a and in the absence of assembly factors SURF1

and MITRAC7, known to act on the COX4-containing complex

[20,21,46]. The CMC1 complex also forms in the absence of COX10

or COX11, indicating that COX1 in the CMC1 complex is not neces-

sarily metallated, a possibility supported by the observation in

S. cerevisiae that the fraction of Cox1 present in the Cox1-Mss51-

Cox14-Coa3 complex does not contain either heme A or copper

[7,47]. The ~120-kDa CMC1 complex contains at least CMC1

(12 kDa), COA3 (12 kDa), COX1 (40 kDa), and COX14 (7 kDa)

which do not add up to 120 kDa. Several possibilities could count

for the discrepancy. The stoichiometry of these proteins in the

complex could differ from 1:1:1:1, additional unidentified proteins

could be present, or the migration on BN–PAGE of this particularly

hydrophobic protein complex could differ from its real molecular

weight. The clarification of this point warrants future investigations.

CMC1 is an IMS twin Cx9C protein. First discovered in S. cere-

visiae, it was not shown to interact with Cox1. CMC1 was hypothe-

sized to be involved in the CIV copper transfer pathway based on its

similarity with the copper chaperone COX17 and the partial suppres-

sion of the CIV assembly defect in a cmc1 null yeast by exogenous

copper [26]. However, CMC1 lacks the COX17 CC-copper-binding

motif [48], and in our hands, copper supplementation to the media

did not rescue the CIV assembly defect of human KO-CMC1 cells. It

remains plausible, however, that CMC1 chaperoning of COX1 might

be required for efficient COX1 maturation, an event that could coin-

cide with the release of CMC1 from the CMC1-COX1-COA3-COX14

complex, as explained earlier. It is tempting to speculate that CMC1

could promote conformational changes on COX1 or stabilize it, to

render it competent for incorporation of its prosthetic groups. Future

studies to identify CMC1 residues involved in its interaction with

COX1 are warranted. In support of this folding modulator possibil-

ity, several twin Cx9C proteins have been shown to function as such.

Three examples include the yeast CIV assembly factor Cox19 that

interacts with Cox11 to promote copper transfer [49], Mdm35 that

forms a complex with the phosphatidic acid-binding protein Ups1 to

maintain it in a lipid transfer-competent state [50,51], and Mia40

that in addition to its role as oxidoreductase, acts as a chaperone for

IMS proteins [52]. We conclude that CMC1 is a COX1-specific chap-

erone that promotes COX1 stability presumably by supporting the

membrane insertion and folding of the COX1 transmembrane

domains and/or rendering the protein in a competent state for matu-

ration or further assembly with additional CIV subunits.

In S. cerevisiae, COX1 synthesis is coordinated with CIV biogene-

sis via several regulatory mechanisms [4]. Relevant to our work, the

Cox1-Cox14-Coa3 complex traps the COX1 mRNA-specific transla-

tional activator Mss51, whose release is coupled with Cox1 matura-

tion or assembly with other CIV subunits. By this mechanism, Cox1

synthesis is attenuated to only approximately 10% of wild type in

most CIV assembly mutants [11]. A putative human homolog of

Mss51 has been recently described in humans, but it does not partic-

ipate in COX1 biogenesis [53]. Additionally, TACO1, the single

mammalian-specific COX1 mRNA translational activator identified,

binds to the COX1 mRNA and associates with the mitoribosome

[54] but is not a COX1 chaperone [15]. However, based on the

observation of a mildly attenuated COX1 synthesis in [35S]-methio-

nine pulses in fibroblasts from COX14-deficient patients or in

HEK293T cells treated with COX14 or COA3 siRNA, it has been

proposed that the COX1-COX14-COA3 complex could regulate COX1

synthesis in humans as it occurs in S. cerevisiae [16,19,20]. When

we performed similar short pulse-labeling assays in COX14- or

COA3-silenced HEK293T cells, we did not observe a dramatic

decrease in COX1 synthesis in our experimental conditions, whereas

the CMC1-COX1-COA3-COX14 complex was severely decreased. We

interpret these results as a sign of extremely fast degradation of

newly synthesized COX1 rather than a feedback loop decreasing

COX1 synthesis. As an alternative explanation, if COX1 membrane

insertion were co-translational, a failure of this process in the

absence of COX14 or COA3 could lead to protein misfolding and,

potentially, mitoribosome stalling and premature translation termi-

nation. However, this would be very different from the translational

regulatory systems identified in the yeast S. cerevisiae [55]. Further-

more, our data show that KO-CMC1 HEK293T cells, as well as COX2

or COX3 homoplasmic mutant cybrids and COX10-silenced

HEK293T cells (Fig 7), exhibit normal COX1 synthesis, clearly

demonstrating that contrary to S. cerevisiae, human COX1 synthesis

is not downregulated in a variety of CIV assembly mutants.

Why the translational regulatory system would not have been

conserved along evolution up to humans? S. cerevisiae mitochon-

drial messenger RNAs, including COX1, have long 50UTR where

translation activators bind, whereas those in human mitochondrial

mRNAs are extremely short. Therefore, the translation machinery

in human mitochondria has probably evolved alternate mecha-

nisms to recognize mRNAs, initiate protein synthesis, and eventu-

ally regulate translation. As a case in point, Mss51 and TACO1 are

functionally restricted to yeast or humans, respectively. Beyond

the differences in COX1 expression, in both yeast and human cells,

the concerted stoichiometric accumulation of CIV subunits is

largely regulated by posttranslational degradation of unassembled

components, the pathway that seems prevalent in human cells.

We speculate that the development of feedback translational regu-

latory loops in S. cerevisiae mitochondria to tightly control the

expression of key catalytic subunits, such as COX1 in CIV or cyt b

in CIII [55], may relate to its facultative aerobe/anaerobe status.
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Saccharomyces cerevisiae can undergo fast switches from fermenta-

tion to respiration depending on environmental conditions and

carbon source availability. In support of this view, even in the

obligatory aerobe yeast Schizosaccharomyces pombe, Mss51 as well

as the cyt b translational activators Cbp3 and Cbp6 are not

required for the translation of mitochondrial mRNAs, but fulfill

post-translational functions, thus probably accounting for their

conservation in S. pombe [56]. Saccharomyces cerevisiae might

have recruited these proteins for translational activation as a later

adaptation, to facilitate the coupling of mitochondrial translation

and respiratory complex assembly in response to its specific ener-

getic needs, which differ from those of S. pombe and those of

human cells and tissues.

Materials and Methods

Human cell lines

Human neonatal fibroblasts (nFib, CCD-10645 k), HEK293T embry-

onic kidney cells (CRL-3216), and 143B osteosarcoma cells (CRL-8303)

were obtained from ATCC. A patient SURF1-deficient fibroblast line

that carries a homozygous frameshift mutation that retained ~20%

of residual CIV activity was previously reported [35]. Fibroblast cell

lines were immortalized by human papillomavirus E6/E7 [57]. All

cybrid cell lines were constructed using the osteosarcoma 143B

TK�206 rho zero cell line and enucleated control fibroblasts as

described [58]. COX1 mutant cybrid cells carry a homoplasmic

G6930A mitochondrial mutation that leads to a stop codon and a

truncated version of COX1 missing 33% of its sequence [59]. COX2

mutant cybrid cells carry a homoplasmic G7896A mutation that

leads to stop codon [60]. COX3 cybrids carry a homoplasmic frame-

shift mutation due to the insertion of an extra C at nucleotide posi-

tion 9537 that leads to the absence of COX3 protein [61]. KO-COX20

was constructed in HEK293T using the TALEN technology [30].

Cells were grown in high-glucose DMEM media with 110 mg/l

sodium pyruvate, 50 mg/l uridine, and 10% FBS at 37°C under 5%

CO2. Cells were transfected with Lipofectamine 2000 (Invitrogen),

mixed with plasmids in OPTIMEM-I media (Gibco). Stable lines

were established by transfection of HEK293T or KO-CMC1 cell lines

with pIRESpuro2 empty vector or pIRESpuro2 containing CMC1-

FLAG. Two days after transfection, the media was supplemented

with 2.5 lg/ml puromycin and drug selection was maintained for at

least 1 month.

Plasmids

Two pairs of TALEN plasmids designed to KO CMC1 were ordered at

Cellectis (Paris, France). The left and right TALENs for pair #1 were

designed to bind the TCTCGGCCCGCCGAGAT and AGGTACCGGGG

CGGGAA DNA sequences, respectively, at the CMC1 locus. TALENs

for pair #2 were designed to bind TTTTCAGACCAGCATCT and

AGATGTTTGATCCCTA DNA sequences.

CMC1-FLAG was amplified by PCR from HEK293T cDNA with

the primers 50-ccggGCTAGCatggcgctcgaccccgcagacc-30 and 50-gcgcG
GATCCttacttgtcgtcatcgtctttgtagtccatgcttgttggaagcttctg-30. CMC1FLAG

was cloned under the control of a CMV promoter in the pIRESpuro2

plasmid using NheI and BamHI sites.

siRNA (stealth RNAiTM siRNA duplex oligoribonucleotides)

Non-targeting siRNA (UGGUUUACAUGUCGACUAA) was ordered

from Thermo Scientific. COA3 (UCGGGAGAAGCUGACACCCGAG

CAA), COX14 (GACAUUGGCUAUAAGACCUUCUCUA), COX4-1 (GG

CUACCAGGGUAUUUAGCCUAGUU), COX4-2 (GAGAUGAACCGUCG

CUCCAAUGAGU), COX5a (GGCUAUCCAGUCAGUUCGCUGCUAU),

and MITRAC7 (GCGCCGCCUUCUAUCCCAUCUACU) siRNAs were

obtained from Invitrogen. COX11 (GCUUUAAUGCAGAUGUGCAtt)

and COX10 (GGUGCCAUUUGACUCAAACtt) siRNAs were ordered at

Ambion-Life Technologies.

Antibodies

The antibodies used in this study are listed in Table 2. Secondary

antibodies coupled with horseradish peroxidase were obtained from

Santa Cruz Biotechnology. To eliminate interference of the light and

heavy chains of the immunoprecipitation antibody, we used

secondary mouse TrueBlot (Rockland) antibody.

siRNA transfection

HEK293T cells grown on a 6-well plate at 10% confluency were

transfected with the indicated Stealth RNAi duplexes (at 10 nM) or

a scrambled control [BLOCK-iT Alexa Fluor (Invitrogen)] using 5 ll
of Lipofectamine RNAiMAX (Invitrogen) according to the manufac-

turer’s specifications.

Table 2. Antibodies used in this study.

Against Company/ref
Used and tested in this
manuscript

COX1 Abcam Ab14705

No signal on Western in respective
COX1, COX2, or COX3 mutant cybrids

COX2 Abcam Ab110258

COX3 Abcam Ab110259

COX4-1 Abcam Ab14744

Signal on immunoblot highly
decreased in respective siRNA
knockdown or knockout cells

COX4-2 Abcam Ab70112

COX5a Sigma HPA027525

CMC1 Sigma HPA043333

COA3
MITRAC12

Sigma HPA031966

COX10 Sigma HPA032005

COX11 Sigma HPA044020

MITRAC7
C2ORF52

Sigma HPA016552

COX6b Abcam Ab110266 Immunoblot signal is decreased in
several mutants as expected

FLAG Sigma F3165 Detects the tagged FLAG protein

SDHA Abcam Ab14715

Detect a band of the expected size
on SDS–PAGE/ and BN–PAGE/
immunoblot

NDUFA9 Abcam Ab14713

UQCRC2
CORE2

Abcam Ab14745

ATP5 Abcam Ab14748

VDAC Abcam Ab14734
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Whole-cell extracts and mitochondrial isolation

Whole-cell extracts were obtained by solubilization in RIPA buffer

(25 mM Tris–HCl pH 7.6; 150 mM NaCl; 1% NP-40; 1% sodium

deoxycholate; and 0.1% SDS) with 1 mM PMSF and 1× mammalian

protease inhibitor cocktail (Sigma). Extracts were cleared by 5-min

centrifugation at 10,000 g at 4°C.

Mitochondria from human cells were isolated from at least ten

80% confluent 175-cm2 flasks as described previously [30,62].

BN–PAGE analysis

Cells (2.5 × 106) were incubated in 270 ll of PBS with 2 mg/ml

digitonin (Sigma) at 4°C for 10 min. Cells were centrifuged at

10,000 g for 5 min at 4°C and washed two times in PBS. Pellets

were solubilized in 100 ll of 1.5 M aminocaproic acid, 50 mM Bis–

Tris pH 7.0, and 2 ll of 20% lauryl maltoside (for monomeric

complexes analysis) or 10 ll of 10% digitonin (for supercomplexes

analysis). After spinning at 22,000 g for 30 min at 4°C, 10 ll of

750 mM aminocaproic acid, 50 mM Bis–Tris pH 7.0, 0.5 mM,

EDTA, and 5% Serva blue G was added to the clarified extracts. For

each sample, extracts from ~2.5 to 5 × 105 cells were loaded on a

linear 3–12% or 4–16% gradient gel.

Immunoblotting

Protein concentration was measured with the Folin phenol reagent

[63]. 20–60 lg of mitochondrial proteins or 40–60 lg of whole-cell

protein extract was separated by SDS–PAGE in the Laemmli buffer

system [64]. After transfer, nitrocellulose membranes were deco-

rated with antibodies followed by a second reaction with anti-mouse

or anti-rabbit IgG conjugated to horseradish peroxidase. Chemilumi-

nescence was used for the final detection.

Mitochondrial protein synthesis

Mitochondrial protein synthesis was determined by pulse-labeling

80% confluent cells as described by [65] with some adaptations.

Human HEK293T cells were grown in a six-well plate pre-coated for

1 h at room temperature with 0.1 mg/ml collagen in PBS to increase

cell adherence. Cells were washed twice with PBS and incubated

20 min in DMEM without methionine. Then, the media was supple-

mented with 100 lg/ml emetine for 10 min to inhibit cytoplasmic

protein synthesis. 100 lCi of [35S]-methionine was added to the

media for the indicated pulse time. For pulse samples, after incuba-

tion cells were washed one time with PBS and collected. For chase

samples, cells were washed twice with PBS and incubated in

complete media for the indicated chase time. Cells were then

harvested by trypsinization, and whole-cell extracts were prepared

by solubilization in RIPA buffer. One hundred microgram was

loaded on a 17.5% SDS–PAGE with a 5% stacking part. After

running, the gel was transferred to a nitrocellulose membrane and

exposed to a film.

Immunoprecipitation

For immunoprecipitation of FLAG-tagged proteins, cells were grown

to 80% confluency and harvested by trypsinization. 20 × 106 cells

were incubated in 1,600 ll PBS and 560 ll digitonin (Sigma) at

8 mg/ml for 10 min at 4°C. The membrane part was recovered by

centrifugation at 10,000 g for 5 min at 4°C. This pellet was washed

twice with 1 ml PBS and then extracted in 800 ll 1.5 M aminoca-

proic acid, 50 mM Bis–Tris pH 7, 0.4% lauryl maltoside, 1 mM

PMSF, and 8 ll of a protease inhibitor cocktail (Sigma, P8340). After

30-min centrifugation at 22,000 g, the extract (Ex) was incubated

with 50 ll anti-FLAG-conjugated agarose beads (anti-DYKDDDDK

beads, Clontech) previously washed in PBS and aminocaproic acid

buffer. Following 4-h incubation at 4°C on an orbital shaker, the

unbound material (UnB) was recovered and the beads were washed

five times in 500 ll 1.5 M aminocaproic acid, 50 mM Bis–Tris pH 7,

0.05% lauryl maltoside. The beads were then supplemented with

50 ll of Laemmli buffer 2× and boiled 5 min to release the bound

material. Representative amounts of all fractions were loaded on an

SDS–PAGE gel in the following proportions; Ex (1×), UnB (1×), and

IP (40×).

For co-immunoprecipitation studies of CMC1-FLAG with

newly synthesized mitochondrial translation products, cells were

pulse radiolabeled with [35S]-methionine for 30 min. The same

protocol than above was applied on 11 × 106 cells and using

40 ll FLAG beads. IP sample is 15× enriched compared to the

extract.

Determination of cellular respiration and mitochondrial
enzyme activities

Basal endogenous cell respiration was measured using an XFp

Extracellular Flux Analyzers (Seahorse Bioscience) according to

the manufacturer specification in 1 mM pyruvate, 2 mM gluta-

mine, 5 mM glucose XF Base medium. Values were normalized

by total cell number. CIV complex and TCA enzyme citrate

synthase activities were determined spectrophotometrically in

freeze-thawed cells as described previously [66].

Mitochondrial protein solubility assay

Two hundred microgram of mitochondria in 200 ll of STE buffer

(0.6 M sorbitol, 20 mM Tris pH 7.5, 1 mM EDTA, 1 mM PMSF) was

sonicated for 3 s at intensity 2 using a Virtis Virsonic 100 ultrasonic

cell disrupter and then centrifuged at 35,000 g for 15 min at 4°C.

The supernatant containing the soluble proteins (S) was removed.

The pellet was then resuspended in 100 ll of 200 mM Na2CO3

pH 11.5 to extract extrinsic proteins, incubated 30 min on ice

and centrifuged at 35,000 g for 15 min at 4°C. The pellet was

extracted a second time in the same conditions. The 200 ll of

supernatant after alkaline carbonate extraction represents the

extrinsic proteins loosely associated with membranes (CS). The

pellet, containing intrinsic transmembrane proteins, was

resuspended in 200 ll STE (CP). Equivalent samples from the dif-

ferent fractions were analyzed by immunoblotting.

Statistical analysis—quantification of Western signal

The Western signals were quantified using ImageJ. All data are

presented as average � SD of the percentage of control. Values

were analyzed for statistical significance by Student’s t-test. *:

P < 0.05 was considered significant. n is the number of independent
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repetition realized. The actual n and P-values for each comparison

are listed in the figure legends.

Expanded View for this article is available online.
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