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Human SCO2 is required for the synthesis of CO II
and as a thiol-disulphide oxidoreductase for SCO1
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Human SCO1 and SCO2 code for essential metallochaperones with ill-defined functions in the biogenesis of
the CuA site of cytochrome c oxidase subunit II (CO II). Here, we have used patient cell lines to investigate the
specific roles of each SCO protein in this pathway. By pulse-labeling mitochondrial translation products, we
demonstrate that the synthesis of CO II is reduced in SCO2, but not in SCO1, cells. Despite this biosynthetic
defect, newly synthesized CO II is more stable in SCO2 cells than in control cells. RNAi-mediated knockdown
of mutant SCO2 abolishes CO II labeling in the translation assay, whereas knockdown of mutant SCO1 does
not affect CO II synthesis. These results indicate that SCO2 acts upstream of SCO1, and that it is indispensable for CO II synthesis. The subsequent maturation of CO II is contingent upon the formation of a complex
that includes both SCO proteins, each with a functional CxxxC copper-coordinating motif. In control cells, the
cysteines in this motif in SCO1 exist as a mixed population comprised of oxidized disulphides and reduced
thiols; however, the relative ratio of oxidized to reduced cysteines in SCO1 is perturbed in cells from both
SCO backgrounds. Overexpression of wild-type SCO2, or knockdown of mutant SCO2, in SCO2 cells alters
the ratio of oxidized to reduced cysteines in SCO1, suggesting that SCO2 acts as a thiol-disulphide oxidoreductase to oxidize the copper-coordinating cysteines in SCO1 during CO II maturation. Based on these
data we present a model in which each SCO protein fulfills distinct, stage-specific functions during CO II synthesis and CuA site maturation.

INTRODUCTION
Cytochrome c oxidase (COX) catalyzes the transfer of electrons from reduced cytochrome c to molecular oxygen, a biochemical reaction that contributes to the proton gradient
essential for aerobic ATP production. In humans, COX is a
multimeric protein complex comprised of 13 structural subunits that is embedded in the inner mitochondrial membrane.
Its core is composed of the three mitochondrially encoded subunits (CO I – III). Highly conserved domains in subunits I and
II contain the two heme (a, a3) and two copper (CuA, CuB)
moieties that are critical for catalytic activity (1,2). The
nuclear-encoded subunits surround the catalytic core, conferring structural stability, and providing sites for allosteric
modulation of enzyme activity (3). Assembly of individual
structural subunits into a functional holoenzyme is a
complex process, with the biogenesis of three discrete assembly intermediates, termed S1 – S3, preceding the formation of

the fully mature oxidase (4). At least 20 of the 30 genetic complementation groups associated with isolated COX deficiency
in yeast encode factors dedicated to various aspects of holoenzyme assembly (5,6). Roughly half of these genes have human
homologues.
To date, pathogenic mutations in six genes encoding COX
assembly factors have been identified, all of which are associated with early onset, autosomal recessive disorders with fatal
clinical outcomes: LRPPRC (7), COX10 (8), COX15 (9),
SURF1 (10,11), SCO1 (12) and SCO2 (13,14). Mutations in
FASTKD2 (15) and ETHE1 (16,17) also produce severe,
tissue-specific COX deficiencies, although neither gene
product is thought to directly participate in holoenzyme
assembly. SCO1 and SCO2 are paralogous genes that code
for integral membrane metallochaperones with poorly understood roles in the biogenesis of the CuA site of CO II. They
share a high degree of sequence similarity, particularly in
the C-terminal region, which protrudes into the mitochondrial
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intermembrane space (IMS), and contains a conserved CxxxC
copper-binding motif (14,18 – 20). Both genes were first identified in yeast as high copy suppressors of a COX17D strain;
however, only the deletion of SCO1 results in a respiratory
phenotype (21), and a function for yeast SCO2 is yet to be
described. In contrast, both SCO1 and SCO2 are essential in
humans, with mutations in either gene causing a severe
COX deficiency. SCO2 mutations are associated primarily
with neonatal encephalocardiomyopathy, while SCO1
mutations cause neonatal hepatic failure and ketoacidotic
coma. These distinct clinical phenotypes are not the result of
tissue-specific expression of the two genes, as SCO1 and
SCO2 are ubiquitously expressed and exhibit a similar
expression pattern in different human tissues (14).
All reported SCO2 patients carry an E140K missense
mutation. In general, patients are either homozygous for this
mutation or are compound heterozygotes, although hemizygosity at the SCO2 genomic locus has been reported (22).
Patients homozygous for the E140K mutation have a delayed
onset of the disease pathology and a more prolonged course
of disease (23). SCO1 mutations have only been reported in
a single pedigree. Patients were compound heterozygotes
with a nonsense mutation on one allele and a P174L missense
mutation on the second allele (12).
Although functional studies (24,25) and phylogenetic analyses (26,27) support the notion that SCO proteins fulfill multiple functions, it remains unclear why some eukaryotes only
need a single SCO protein for COX assembly while others
require two SCO proteins. Molecular, genetic and biochemical
analyses of SCO1 and SCO2 patient cell lines have demonstrated that SCO proteins have independent but cooperative
functions in the maturation of the binuclear, mixed valence
CuA site in CO II at the S2 stage of holoenzyme assembly
(19). The ability of each SCO protein to bind both Cu(I) and
Cu(II) is essential for its function (28 – 30). Cu(I) binding
requires the cysteine thiols in the CxxxC motif as well as a
conserved axial histidyl ligand (30 – 32). Both the P174L
mutation in SCO1 and the E140K mutation in SCO2 are adjacent to their respective CxxxC motifs, and are thought to compromise either copper binding or transfer by altering the redox
state of the cysteine thiols. Both SCO proteins receive copper
from COX17 (28,33,34). SCO1 in turn has been proposed to
transfer copper to newly synthesized CO II in a reaction that
depends on the ability of the cysteine thiols in the CxxxC
motif to undergo redox chemistry (28). It is not clear,
however, what role SCO2 plays in this process. We therefore
investigated the relative roles of both SCO proteins in the biogenesis of the CuA site of CO II and show that while only
SCO2 is required for CO II synthesis, both SCO proteins are
required for copper-loading during its subsequent maturation,
with SCO2 acting as a thiol-disulphide oxidoreductase to
oxidize the copper-binding cysteines of SCO1.

RESULTS
SCO2 mutations impair CO II synthesis and delay its
turnover
To investigate the importance of SCO2 function in CO II
synthesis and maturation, we pulse-labeled, then chased, the
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mitochondrial translation products in control and SCO2 myoblasts (Fig. 1A and B). The rate of CO II synthesis was
reduced in SCO2 cells [64.0 + 5.3% of control (n ¼ 7)], but
the stability of the newly synthesized polypeptide increased
2-fold [202.0 + 11.6% of control (n ¼ 7)]. In contrast, we
observed a severe reduction in the stability of newly synthesized
CO II, without a significant change in its rate of synthesis, in
fibroblasts derived from a SCO1 patient (Fig. 1C and D) (34).
To exclude the possibility that these specific phenotypes
could be explained by the difference in the severity of the
COX deficiency in the patient cell lines (24% of control in
SCO1, 51% in SCO2), we performed similar experiments
in fibroblasts from SURF1, COX10 and COX15 patients, in
which residual COX activity varied from 9% to 52% of
control. Mutations in all three genes reduced the stability of
nascent CO I and CO III, while those in COX10 and COX15
also decreased the rate of CO II and CO III synthesis (Supplementary Material, Fig. S1). We conclude that the magnitude of the COX deficiency per se does not determine the
nature of the defect in the expression of the mitochondrially
encoded COX subunits, and that of the assembly factors we
analyzed, only mutations in SCO1 and SCO2 alter both the
rate of CO II synthesis and turnover.
SCO2 is a molecular chaperone for CO II
The distinct effects of mutations in SCO1 or SCO2 on the synthesis and turnover of CO II suggest that SCO2 acts upstream
of SCO1 on the newly synthesized polypeptide. To test
whether SCO2 is essential for CO II synthesis, we transiently
knocked it down in control and SCO2 myoblasts (Fig. 2).
SCO2 protein was reduced to 5 – 10% of parental levels in
control cells (Fig. 2A and C), and it was undetectable in
SCO2 cells (Fig. 2C). Knockdown of SCO2 in control cells
reduced the rate of CO II synthesis by approximately 50%,
and resulted in a relative stabilization of newly synthesized
CO II (171% of parental; Fig. 2B). CO II synthesis was
undetectable in the patient cells, and this was associated
with a severe reduction in COX content and a marked accumulation of the S2 assembly intermediate (Fig. 2B and D). These
data argue that the reduced rates of CO II synthesis and turnover in SCO2 patient cells result from low levels of SCO2
protein, and are not attributable to the mutant protein per se.
We conclude that SCO2 plays an essential role in the synthesis
of CO II.
The low residual levels of mutant SCO2 in the patient background (19,35,36) argue that the E140K mutation perturbs the
structure of the protein, which in turn promotes its turnover.
In vitro, E140K SCO2 binds roughly half the molar equivalents of Cu(I) when compared with wild-type SCO2 (37),
suggesting that copper-binding is critical to both protein stability and function. To further address the importance of copper
binding to SCO2 function during CO II synthesis in vivo, we
performed mitochondrial translation experiments in control
and SCO2 myoblasts overexpressing wild-type or mutant
SCO2 proteins (Supplementary Material, Fig. S2). In SCO2
cells, the defect in CO II synthesis was functionally complemented by overexpressing either wild-type or E140K SCO2
(% of parental; 172 and 140, respectively), while it was
exacerbated by overexpressing a SCO2 variant incapable of
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Figure 1. SCO2 mutations result in a specific defect in CO II expression, impairing its rate of productive synthesis and delaying its subsequent turnover. (A, C)
Mitochondrial translation products were pulse-labeled for 1 h and then chased for 17.5 h in control and SCO2 myoblasts (A), and in control and SCO1 fibroblasts
(C), as described in the Materials and Methods section. Equal amounts of protein (50 mg) were then denatured in sample loading buffer by sonication, and fractionated by SDS–PAGE on a 12– 20% gradient gel, which was then dried for autoradiography. The mitochondrial translation products comprising six Complex I
subunits (ND1–ND6), one Complex III subunit (cyt b), three Complex IV subunits (CO I– III) and one Complex V subunit (ATP6) are identified on the left. The
arrow on the right denotes radiolabeled CO II. (B, D) Mitochondrial translation products were pulse-labeled for 1 h and then serially sampled over a 17.5-h chase
to assess the relative stability of CO I, CO II and CO III. For all samples, the abundance of each mitochondrially encoded COX structural subunit was quantified
using ImageQuant software (Molecular Dynamics/GE Healthcare), and then divided by the total counts within the lane to normalize for differences in loading.
ATP6 levels, which are selectively stabilized by the pre-treatment with chloramphenicol, and therefore appear to increase during the chase period, are plotted for
comparative purposes. All data points for control and SCO2 myoblasts, and for SCO1 fibroblasts, were collected from a single experiment, while those for the
control fibroblast line represent the mean + SEM of three independent experiments. The raw data for SCO1 fibroblasts and for one of the replicates of the control
fibroblast line presented in panel (D) have been published elsewhere (34), but have been re-analyzed as described above and are presented here to allow for a
direct comparison with the phenotypic effects of SCO2 mutations on CO II synthesis and its subsequent turnover.
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Figure 2. SCO2 is required as a chaperone for newly synthesized CO II. Control (C1, C2) and SCO2 myoblasts alone, and those in which the steady-state levels
of SCO2 were transiently knocked down using Stealth siRNA (Invitrogen), were used for western blotting (A, C), pulse-chase labeling of mitochondrial translation products (B) and native PAGE analyses (D). The results of two independent experiments are shown (A, B versus C, D). Comparable knockdown of SCO2
was achieved in both experiments [compare C1 in A (left hand side) versus in C], and the residual COX activity in SCO2 myoblasts was ,5% of that of the
parental line (data not shown); however, a more severe reduction in COX content was observed in controls in the first experiment [compare CO II steady-state
levels (A, right hand side) versus holoenzyme content (D) in C1]. The arrow on the right in (B) denotes radiolabeled CO II. In (D) unassembled CO IV and the S2
assembly intermediate are indicated.

binding copper, the result of Cys to Ala substitutions in the
CxxxC motif (61% of parental) (30). These data suggest that
productive CO II synthesis depends not only on SCO2 abundance but also on the ability of the cysteines in the CxxxC
motif to either bind copper or undergo redox chemistry.
SCO1 function is not necessary for CO II synthesis
Although the mitochondrial translation experiments in patient
cell lines do not point to a role for SCO1 in the synthesis of
CO II, it is possible that SCO1 facilitates this process in a
manner that is not perturbed by the P174L missense mutation.
To firmly rule out a role for SCO1 in CO II synthesis, we
pulse-labeled mitochondrial translation products in SCO1
fibroblasts in which the mutant protein had been stably
knocked down below immunologically detectable levels
(Fig. 3A and B) (25). The rate of CO II synthesis was not
different than in the parental cells (98% of parental);
however, the stability of the newly synthesized polypeptide
was further reduced (60% of parental; Fig. 3A). This resulted
in reduced levels of fully assembled COX and a relative
enrichment in the abundance of the S2 assembly intermediate
(Fig. 3C). These data confirm that CO II synthesis does not
require SCO1 function, and provide additional evidence that

SCO1 plays a crucial role in stabilizing CO II during its subsequent maturation.
To further dissect the relative roles of SCO1 and SCO2 in CO
II synthesis and turnover, we tested the effect of overexpressing
wild-type or P174L SCO1 in control and SCO2 myoblasts
(Fig. 4). Overexpression of either SCO1 construct in the SCO2
patient background exacerbated the defect in CO II synthesis
(% of parental; 57 and 58, respectively), leading to a decrease
in the amount of fully assembled COX, and a relative increase
in the abundance of the S2 assembly intermediate (Fig. 4B);
however, only overexpression of wild-type SCO1 reduced the
accumulation of newly synthesized CO II in the chase (% of parental; 36 versus 77). These data suggest that the relative ratios of
the SCO proteins are crucial for the correct processing and maturation of CO II, and further support a model in which SCO1
functions downstream of SCO2.
Overexpression of SCO2 or a SCO1 copper-binding
mutant reduces the initial turnover rate of newly
synthesized CO II in the SCO1 background
To investigate the basis for enhanced turnover of the newly synthesized CO II polypeptide in SCO1 cells, we manipulated the
relative ratio of the two SCO proteins by overexpressing

2234

Human Molecular Genetics, 2009, Vol. 18, No. 12

Figure 4. The downstream function of SCO1 during CO II maturation is
tightly coupled to that of SCO2. Control and SCO2 myoblasts alone (2),
and those overexpressing either wild-type or P174L SCO1, were used for
pulse-chase labeling (A), native PAGE analyses (B) and western blotting
(C). The arrows on the right in (A) denote radiolabeled CO II. In (B) unassembled CO IV and the S2 assembly intermediates are indicated.

Figure 3. SCO1 is required for CO II maturation but not for polypeptide synthesis. SCO1 steady-state levels were stably knocked down by shRNA in
SCO1 fibroblasts (25), which effectively generated a SCO1 null background.
Control and SCO1 fibroblasts alone (2), along with the SCO1 null background, were then used for pulse-chase labeling (A), western blotting (B)
and native PAGE (C) analyses. The arrow on the right in (A) denotes radiolabeled CO II. In (C) unassembled CO IV and the S2 assembly intermediate
are indicated.

either wild-type SCO2 or a SCO1 variant incapable of binding
copper (30) (Fig. 5). Control and SCO1 fibroblasts overexpressing wild-type and P174L SCO1 were included in these analyses as positive controls (34). Mitochondrial translation
products were pulsed, and the label was chased for 1, 2 and
17.5 h. No changes in the rate of CO II synthesis were observed
as a result of overexpressing any of the SCO variants. Overexpression of wild-type SCO2 or the SCO1 copper-binding
mutant also failed to increase the overall stability of CO II at

the endpoint of the chase (17.5 h); however, both of these
SCO variants delayed the initial rate of CO II turnover, the kinetics of which were comparable to those in SCO1 fibroblasts
overexpressing wild-type SCO1 over the first 2 h of the chase
(Fig. 5A). Overexpression of each variant also led to a relative
enrichment in the abundance of the S2 assembly intermediate
(Fig. 5B). These data suggest that the stabilization of newly synthesized CO II is contingent upon the formation of a complex
that includes SCO1 and SCO2. The delay in the initial turnover
rate of CO II in SCO1 fibroblasts overexpressing a SCO1
copper-binding mutant further suggests that the redox-active
cysteines of the CxxxC motif of SCO1 are essential for the
maturation of CO II from this complex.
The redox state of the copper-coordinating cysteines in
SCO1 is perturbed in both SCO patient backgrounds
The data presented thus far suggest that progression through
the S2 stage of holoenzyme assembly is stalled in SCO
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Figure 5. Overexpression of wild-type SCO2 or a SCO1 copper-binding
mutant delays the initial kinetics of CO II turnover in the SCO1 background,
and leads to the accumulation of the S2 assembly intermediate. (A) Mitochondrial translation products were pulse-labeled and chased for 1, 2 and 17.5 h in
control and SCO1 fibroblasts alone (baseline), and in control and SCO1 fibroblasts overexpressing SCO2, wild-type SCO1, P174L SCO1 or SCO1 2
C!A, a SCO1 variant incapable of binding copper (30). (B) Native PAGE
analysis was conducted using control and SCO1 fibroblasts alone (2), and
SCO1 fibroblasts overexpressing SCO2 or SCO1 2 C!A. Unassembled
CO IV and the S2 assembly intermediates are indicated. Holoenzyme assembly was unaffected in controls overexpressing either of these constructs (data
not shown). (C) Western blot analysis demonstrating stable overexpression of
either SCO2 or SCO1 2 C!A in control and SCO1 fibroblasts.

patient cells because of the impaired ability of the cysteines in
the CxxxC motif of SCO1 to undergo changes in redox chemistry. To test whether the redox state of the cysteines of SCO1
is significantly perturbed in SCO patient backgrounds, we isolated mitochondria from control, SCO1 and SCO2 fibroblasts
and incubated them in buffer alone or buffer containing the
reductant dithiothreitol (DTT). We then treated them with
iodoacetamide (IAM), an agent that irreversibly alkylates
cysteine thiols, or 4-acetoamido-4’-maleimidylstilbene2,2’-disulphonic acid (AMS), an alkylating agent that adds a
0.5 kDa moiety per free thiol group, and fractionated the
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Figure 6. SCO2 acts as a thiol-disulphide oxidoreductase to oxidize the
cysteines of SCO1 during the maturation of CO II. (A) Isolated mitochondria
(2 mg/ml) from control, SCO1 and SCO2 fibroblasts were first incubated in the
presence or absence of the reductant dithiothreitol (DTT), followed by a
second incubation with one of the two alkylating agents to irreversibly
modify those cysteines containing reduced thiols; iodoacetamide (IAM) or
4-acetoamido-4’-maleimidylstilbene-2,2’-disulphonic acid (AMS; see the
Materials and Methods section). Species of SCO1 and SCO2 containing oxidized (ox) cysteines were then resolved from those with reduced (red)
cysteines by non-reducing SDS– PAGE, and detected by immunoblotting
with the appropriate polyclonal antisera. Red refers to reduced thiols that
were modified in the presence of AMS. (B) Whole cell extracts (2 mg/ml)
from control and SCO2 myoblasts alone (2), and those overexpressing
SCO2 or SCO2 2 C!A, a SCO2 variant incapable of binding copper
(30) were treated with either IAM (I) or AMS (A) and analyzed as described
in (A). (C) Whole cell extracts (2 mg/ml) from control and SCO2 myoblasts
alone (2), and those treated with siRNA (Invitrogen) to transiently knockdown SCO2 abundance (see Fig. 2C lanes 5 versus 6 for control myoblasts,
and 3 versus 4 for SCO2 myoblasts) were treated with either IAM (I) or
AMS (A) and analyzed as outlined in (A).

samples under non-reducing conditions to resolve the oxidized
and reduced species (Fig. 6A). P174L SCO1 is present essentially as a single population containing oxidized disulphides in
SCO1 fibroblasts (reduced:oxidized cysteines; 5.4% of
control). In contrast, SCO1 exists as a mixed population consisting of species with either reduced thiols or oxidized disulphides in both control and SCO2 fibroblasts; however, the
proportion of the total pool of SCO1 that contains reduced
thiols is enriched in the SCO2 patient background (reduced:oxidized cysteines; 193.0% of control).
The over-representation of SCO1 species that contain
reduced thiols in the SCO2 patient background suggests that
SCO2 acts as a thiol-disulphide oxidoreductase to regulate
the redox state of the cysteines in SCO1. To test this hypothesis, we treated control and SCO2 fibroblasts (data not shown)
and myoblasts (Fig. 6B) overexpressing wild-type SCO2 or
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a SCO2 variant incapable of binding copper (30) with either
IAM or AMS and fractionated them under non-reducing conditions. Only the overexpression of wild-type SCO2 in the
patient background enriched for the presence of SCO1
species containing oxidized disulphides [reduced:oxidized
cysteines (% of parental): SCO2 2 C!A, 96.8; SCO2,
37.6]. Consistent with a role for SCO2 in oxidizing the
cysteines in the CxxxC motif of SCO1, knockdown of
mutant SCO2 in the patient background (Fig. 2D) further
enriched for the presence of reduced thiols in the total SCO1
pool [Fig. 6C; reduced:oxidized cysteines (% of control):
SCO2, 208.3; SCO2 þ sSCO2, 339.0]. These data argue that
SCO2 is a bona fide thiol-disulphide oxidoreductase, and
that its ability to oxidize the cysteine thiols of SCO1, which
is critical to CO II maturation (Fig. 3), depends on its
CxxxC copper-binding motif.

DISCUSSION
This study demonstrates that human SCO1 and SCO2 have
tightly coupled, but distinct, stage-specific functions in the
maturation of the CuA site in CO II. First, distinct defects in
both CO II synthesis and turnover are observed in cells
derived from SCO1 and SCO2 patients, but not in those
from patients with other isolated COX deficiencies. Second,
RNAi knockdown experiments and overexpression studies
show that SCO2, but not SCO1, is required for productive
CO II synthesis. Third, while both SCO proteins participate
in the maturation of CO II, the biogenesis of the CuA site
depends on the ability of SCO2 to oxidize the copper-binding
cysteines in SCO1. Finally, genetic manipulations that
exacerbate defects in CO II expression in either patient background lead to the increased abundance of the S2 assembly
intermediate.
Knockdown of SCO2 in control cells recapitulated the biosynthetic defect in CO II observed in SCO2 cells, while the
lack of immunologically detectable mutant protein in SCO2
cells treated with RNAi effectively eliminated productive
CO II synthesis. We propose that the association of CO II
with SCO2 is required immediately following its synthesis,
perhaps for the recruitment of SCO1, otherwise the newly synthesized protein is rapidly turned over. This may involve physical interactions with COX18 or COX20, additional COX
assembly factors with roles in inserting CO II into the membrane or chaperoning it during its subsequent maturation
(38). Alternatively, the steady-state levels of SCO2 may
directly affect the synthesis of CO II mRNA. Although this
mechanism seems less likely given that the CxxxC motif of
SCO2 is localized to the IMS and translation occurs in the
mitochondrial matrix, we cannot exclude the possibility that
a decrease in SCO2 abundance downregulates the expression
of a specific CO II translational activator.
The E140K mutation, which is common to all reported
SCO2 patients, lies adjacent to the conserved CxxxC copperbinding motif (13,14,36). Although recombinant E140K
SCO2 binds copper relatively weakly in vitro (37), overexpression of the mutant protein in SCO2 cells functionally
complements the COX deficiency (25), a result that we
show here is directly attributable to its ability to rescue the

defect in CO II synthesis. In contrast, overexpression of a
SCO2 variant incapable of binding copper (30) exacerbates
the CO II biosynthetic defect in SCO2 cells. These results
suggest that normal rates of CO II synthesis depend on the
redox-active cysteines in the CxxxC motif of SCO2, likely
for association with, and direct transfer of copper to, newly
synthesized CO II. They are also consistent with earlier proposals that the mutant protein retains appreciable function, and
that the predominant effect of the missense mutation is to
destabilize the protein (22,25,36). It is clear, however, from
the RNAi knockdown experiments (Fig. 2C and D, lanes 2
versus 3) that E140K SCO2 is not functionally equivalent to
the wild-type protein, since roughly equimolar amounts of
SCO2 protein in the control knockdown cells are able to
sustain greater levels of holoenzyme activity and content
when compared with the patient background alone.
In addition to its role in CO II synthesis, the rapid and complete stabilization of nascent CO II in SCO2 cells (Fig. 1B)
indicates that SCO2 function is also required during CO II
maturation. The ability to recapitulate this relative stabilization in two control myoblast lines in which the levels of
SCO2 were severely reduced by RNAi further argues that
this stage of CO II maturation is directly affected by SCO2
abundance. However, its CxxxC motif is also clearly relevant
as newly synthesized CO II fails to accumulate in SCO2 myoblasts overexpressing a SCO2 variant incapable of binding
copper (30). While the wild-type function of SCO2 is contingent upon its ability to bind both Cu(I) and Cu(II) (30), its
metallation state within the IMS remains unknown. Its copperbinding cysteines, like those of E140K SCO2, are reduced
(Fig. 6A) and therefore primed for ligand-exchange reactions
with their copper donor COX17 (33). Why then are there
such low residual levels of mutant protein, given the relatively
mild effects of the E140K mutation on SCO2 function? One
possible explanation is that its stability is dependent on
being copper-loaded and, analogous to the P174L mutation
in SCO1, the E140K substitution compromises the ability of
SCO2 to interact with COX17.
What specific function does SCO2 fulfill in the early stages
of CO II maturation? In addition to their CxxxC motifs, SCO
proteins contain a highly conserved thioredoxin fold (39),
which was recently shown to confer thiol-disulphide oxidoreductase activity in PrrC, the SCO orthologue in Rhodobacter
(24) and in SCO1 in Thermus thermophilus (40). Although
purified, soluble truncates of human SCO1 and SCO2 do not
exhibit such an activity in vitro (36,41), our results demonstrate that the cysteines in SCO1 are disproportionately
reduced in SCO2 cells. Consistent with a role for SCO2 as a
thiol-disulphide oxidoreductase that regulates the redox state
of the cysteines in SCO1, knockdown of mutant SCO2 in
the patient background further enriches for the presence of
reduced thiols in SCO1. Overexpression of wild-type SCO2,
but not a SCO2 copper-binding mutant, in SCO2 fibroblasts
and myoblasts increases the relative proportion of disulphides
in SCO1, arguing that the CxxxC motif in SCO2 is essential to
catalyze the oxidation of the cysteine thiols in the CxxxC
motif of SCO1 as CO II is matured. In SCO2 cells, the
cysteines of the mutant protein are disproportionately
reduced relative to those of SCO2 in control cells, and limit
its ability to maintain the appropriate stoichiometry of
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oxidized to reduced cysteines in SCO1. The lack of comparable effects in control cells in these experiments suggests,
however, that only a fraction of the total SCO2 within the
inner mitochondrial membrane is required to fulfill this
aspect of its function. While SCO1 is clearly not acting in a
reciprocal manner on the copper-binding cysteines of SCO2,
our data do not exclude the possibility that it also possesses
a thiol-disulphide oxidoreductase activity that is important in
regulating the redox state of the cysteines of other proteins
within the IMS (41).
The results presented in this study allow us to propose the
following model for the relative roles of human SCO1 and
SCO2 in regulating the synthesis, maturation and insertion
of CO II into the nascent holoenzyme complex (Fig. 7).
First, SCO2 interacts with newly synthesized CO II, either
as it is inserted into the inner membrane or immediately thereafter in a manner that depends on its ability to bind copper.
Second, the physical interaction between SCO2 and CO II
triggers the recruitment of SCO1 to the SCO2 – CO II
complex, and metallation of SCO1 by COX17. Third,
copper is delivered to CO II sequentially by each SCO
protein to form the CuA site, an event that results in the dissociation of the ternary complex and incorporation of the
mature polypeptide into the nascent holoenzyme complex.
Sequential delivery of copper during CuA site biogenesis
was recently described for a bacterial CO II in vitro (40),
and although we cannot rule out the possibility that two
copper atoms are simultaneously donated to human CO II in
vivo to form the CuA site, we favor a scenario in which
SCO2 donates its copper initially, with its cysteine thiols
being oxidized in the process. After transfer of copper from
SCO1 to CO II, SCO2 re-oxidizes the cysteines in SCO1.
Alternatively, SCO2 may induce disulphide bond formation
in copper-loaded SCO1, thereby facilitating copper transfer
from SCO1 to CO II. Either mechanism, however, would
effectively prime the cysteines of both proteins for their subsequent metallation by COX17 and another round of copper
delivery to CO II.
The proposed metallation steps involving COX17 have been
substantiated by recent in vitro studies from Bertini and colleagues (28,33). In fact, the reduced population of cysteines
in SCO2 that we observe in control and SCO patient backgrounds meets the demonstrated requirement for reduced
thiols in order for SCO2 to participate in ligand exchange
reactions with COX17. While SCO1 can be metallated by
COX17 in vitro irrespective of the redox state of its cysteines
(33), the disproportionate reduction of the cysteines in SCO1
in SCO2 cells, and the associated defects at the level of CO
II expression, suggest that COX17 transfers Cu(I) to the oxidized cysteines of SCO1 in vivo. The fact that the cysteines
in P174L SCO1 are less amenable to chemical reduction by
DTT (Fig. 6A, data not shown) further argues that the accessibility of the CxxxC motif is sterically hindered by the missense mutation, an observation that may explain why
ligand-exchange reactions between mutant SCO1 and
COX17 are severely compromised (34,42).
Although Rodel and colleagues have shown that yeast
SCO1 and SCO2 interact with CO II when overexpressed
(43,44), thus far we have failed to demonstrate physical interactions between any of these three proteins in humans.
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Figure 7. SCO-dependent regulation of CO II synthesis and maturation. Proposed model of the individual steps that require SCO protein function (I–V),
from synthesis of CO II to its insertion into the assembling holoenzyme (CO
II, maroon squares; SCO1, orange ovals; SCO2, green ovals; COX17, brown
rectangles). Normal rates of productive CO II synthesis require the presence of
sufficient, copper-loaded SCO2 (I). Association of SCO2 with CO II triggers
the COX17-dependent metallation of SCO1, and its recruitment to form a
SCO1– SCO2–CO II ternary complex (II). Copper is then transferred sequentially to CO II by each SCO protein (III and IV), with SCO2 being the initial
Cu(I) donor. SCO2 subsequently acts as a thiol-disulphide oxidoreductase to
oxidize the cysteines of SCO1, a reaction that ultimately primes the cysteines
of both proteins for a subsequent round of CO II synthesis and maturation (V).
Full maturation of the CuA site and re-priming of the redox state of the
cysteines of each SCO protein both serve to trigger the dissociation of CO
II from the ternary complex, and its insertion into the nascent holoenzyme.

However, the dominant-negative effects on CO II expression
and holoenzyme assembly we observe upon overexpression
of several SCO variants in each patient background provide
strong genetic evidence for interactions between SCO1,
SCO2 and CO II. The increased accumulation of the S2
assembly intermediate in these genetic contexts further
suggests that maturation of the CuA site and insertion of CO
II into the nascent holoenzyme complex occur concurrently.
What could account for the apparent discord between the
two SCO patient backgrounds with respect to the amount of
newly synthesized CO II that accumulates in the chase relative
to the abundance of the S2 assembly intermediate detected by
native PAGE? In SCO2 cells, the disproportionate accumulation of newly synthesized CO II in the chase relative to
the S2 assembly intermediate suggests that CO II is initially
stabilized by another upstream factor (e.g. COX20), and that
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its interaction with SCO2 is rate-limited by its reduced abundance as well as being slowed down kinetically by the E140K
mutation; however, once mutant SCO2 associates with CO II,
formation of the ternary complex, metallation of CO II and
subsequent insertion of the protein into the assembling holoenzyme occurs very rapidly. In contrast, the ternary complex is
formed in the SCO1 patient background, but the P174L
mutation severely compromises the metallation of mutant
SCO1 by COX17 (34,42), which in turn stalls holoenzyme
assembly and leads to the accumulation of the S2 assembly
intermediate owing to an inability to fully mature the CuA
site in CO II. Although this model suggests that either apoor partially metallated CO II is recognized by the mitochondrial quality control system and rapidly degraded, the molecular signal that triggers the turnover of the nascent polypeptide
remains unknown.
The number of SCO genes contained in prokaryotic and
eukaryotic genomes varies widely, and some organisms
lacking an aa3-type oxidase with a CuA site nonetheless
express one or more SCO proteins (26,27). Although phylogenetic analyses and functional studies support the idea that SCO
proteins fulfill multiple functions, it is not clear why certain
eukaryotes only need a single SCO protein for COX assembly
while others require two SCO proteins. One possibility is that
organisms expressing a single SCO protein have another
enzyme within the IMS that acts as either the thiol-disulphide
oxidoreductase or the copper donor during CuA site formation
(40). Alternatively, organisms may encode a single SCO
protein that fulfills both of these functions. Over evolutionary
time, duplication of such an ‘ancestral’ SCO gene in certain
organisms may reflect the selective advantage conferred by
parsing out its various functions to multiple gene products.
Irrespective of the selective pressure(s) that drove the independent duplication of the SCO gene in multiple lineages, the
present study clarifies the relative roles of human SCO1 and
SCO2 in CO II synthesis and maturation. The dynamic, multifaceted role for human SCO2 may be facilitated by the greater
conformational changes observed in the quaternary structure
of its apo- and copper-loaded conformers relative to those of
SCO1 (29).

Stealth RNAi duplexes were transiently transfected into
immortalized myoblasts at 50% confluency using Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer’s specifications. The efficacy of the three Stealth RNAi
duplexes was evaluated by western blot analysis, and
maximal knockdown was achieved by transfection of cells
with 13.5 nM of SCO2-B on Days 1, 3 and 6 for their eventual
harvest on Day 10.
Native and denaturing polyacrylamide gel electrophoresis
Native and denatured extracts were prepared from isolated
mitochondria or digitonized mitoplasts, and fractionated by
blue-native and reducing SDS – PAGE, respectively, as previously described (19). For non-reducing SDS – PAGE experiments, isolated mitochondria (2 mg/ml) were resuspended in
a standard import buffer (45) supplemented with 0.1 mg/ml
bovine serum albumin (BSA), 0.5 mM PMSF (Sigma) and
1 protease inhibitor cocktail (Roche) in the presence or
absence of 50 mM DTT (EM Biosciences) and incubated for
20 min at room temperature. Mitochondria were then pelleted
by centrifugation at 8000g for 5 min at 48C, and lysed in a
buffer [50 mM Tris (pH 7.5), 1% SDS, 1 mM ethylene diaminetetraacetic acid, 0.1 mg/ml BSA, 0.5 mM PMSF and 1 protease inhibitor cocktail] containing either 50 mM IAM
(Sigma) or 25 mM 4-acetoamido-4’-maleimidylstilbene-2,2’disulphonic acid (AMS; Invitrogen). Following a 1 h incubation at room temperature, an equal volume of 2 sample
loading buffer (Biorad) minus reductant was added, samples
were boiled for 5 min and loaded onto 15% Tris – HCl Criterion gels (Biorad) that had been pre-run at 120 V for
30 min. Manipulation of whole cells was identical to that
described above for mitochondria, with the exception that
the centrifugation step was at 14 000g for 2 min at 48C.
Both native and denaturing gels were transferred to nitrocellulose membranes under semi-dry conditions, membranes were
decorated with primary and secondary antibodies, and
immunoreactive bands were detected by enhanced chemiluminescence as previously described (25).
In vitro labeling of mitochondrial translation products

MATERIALS AND METHODS
Tissue culture and cell lines
Primary control, SCO1 (12) and SCO2 [E140K/R90X (13)],
patient cells were immortalized and cultured as previously
described (19). For stable overexpression and knockdown
experiments, the production of virus, infection and selection
of cells was done as described elsewhere (25). For transient
knockdown experiments, three double-stranded RNAi
duplexes against human SCO2 mRNA were designed using
Block-iT RNAi Express (https://rnaidesigner.invitrogen.com/
rnaiexpress), and synthesized and modified using Stealth
RNAi technology. The sequences of the sense strands were:
SCO2-A,
50 -UCCAGGACUUCCACCCAAGACUGUU-30 ;
SCO2-B,
50 -GGACUACAUCGUGGACCACUCCAUU-30 ;
and SCO2-C, 50 -CUGACGGCCUCUUCACGGAUUACUA30 . The antisense strands were the reverse complement of the
aforementioned sense strands.

Cells were labeled in 6 cm dishes for 60 min at 378C and 5%
CO2, with 200 mCi/ml of a [35S]-methionine and cysteine
mixture obtained from either GE Healthcare (PRO-MIX) or
Perkin-Elmer (Easy TagTM EXPRESS), in methionine- and
cysteine-free DMEM (Gibco) containing 10% dialyzed fetal
bovine serum (Gibco) and 100 mg/ml of anisomycin
(Sigma), a reversible inhibitor of cytoplasmic translation.
Prior to labeling, cells were incubated for 23 h in 40 mg/ml
chloramphenicol (Sigma) to inhibit mitochondrial translation
and allow for the accumulation of nuclear-encoded respiratory
chain subunits, which effectively promotes the stabilization of
the newly synthesized, labeled mtDNA-encoded subunits.
Total cellular protein (50 mg) was resuspended in loading
buffer [93 mM Tris – HCl (pH 6.7), 7.5% glycerol, 1% SDS,
0.25 mg/ml bromophenol blue and 3% b-mercaptoethanol],
sonicated for 5 s, loaded and run on either 12 – 20% or 15–
20% gradient gels. Gels were subsequently dried under
vacuum at 608C and the [35S]-labeled mitochondrial
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translation products were detected through direct autoradiography. For all samples, the abundance of each mitochondrial
translation product was quantified using ImageQuant software
(Molecular Dynamics/GE Healthcare), and then divided by the
total counts within the lane to normalize for differences in
loading.
Miscellaneous
All cell lines were tested to ensure that they were
mycoplasma-negative prior to experimental manipulation
(MycoAlert, Cambrex). Protein concentration, COX and
citrate synthase activities were quantified as previously
described (25). For non-reducing SDS – PAGE analyses, the
abundance of SCO1 species containing oxidized disulphides
and reduced thiols was quantified densitometrically for
multiple exposures within the linear range of the film using
ImageQuant software.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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