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Mammalian cytochrome c oxidase (COX) catalyses the transfer
of reducing equivalents from cytochrome c to molecular oxy-
gen and pumps protons across the inner mitochondrial mem-
brane1. Mitochondrial DNA (mtDNA) encodes three COX
subunits (I–III) and nuclear DNA (nDNA) encodes ten. In addi-
tion, ancillary proteins are required for the correct assembly
and function of COX (refs 2–6). Although pathogenic mutations
in mtDNA-encoded COX subunits have been described7, no
mutations in the nDNA-encoded subunits have been uncovered
in any mendelian-inherited COX deficiency disorder8–13. In
yeast, two related COX assembly genes, SCO1 and SCO2 (for
synthesis of cytochrome c oxidase), enable subunits I and II to
be incorporated into the holoprotein. Here we have identified
mutations in the human homologue, SCO2, in three unrelated
infants with a newly recognized fatal cardioencephalomyopa-
thy and COX deficiency. Immunohistochemical studies implied
that the enzymatic deficiency, which was most severe in cardiac
and skeletal muscle, was due to the loss of mtDNA-encoded
COX subunits. The clinical phenotype caused by mutations in
human SCO2 differs from that caused by mutations in SURF1,

the only other known COX assembly gene associated with a
human disease, Leigh syndrome14,15.
Two human loci encode SCO-like proteins: SCO1 (ref. 4), located
on chromosome 17p12–13, and SCO2, located on chromosome
22q13. Human SCO2 contains two exons (nt 1–63 and
1,111–1,965) and one intron (nt 64–1,110). Exon 1 encodes part
of the 5´ UTR; exon 2 contains the remaining 13 bp of the 5´
UTR, an 801-bp coding region and a 41-bp 3´ UTR containing a
polyadenylation signal (ATTAAA), for a total length of 918 nt.

The deduced human SCO2 protein (266 aa; Fig. 1) predicts an
amino-terminal mitochondrial targeting presequence (41 aa;
cleavage between Gln-41 and Gly-42). Alignment of human and
yeast SCO polypeptides (Fig. 1) shows that they share the greatest
identity in a ‘core’ region between Gly-102 and Gly-242 of
human SCO2, including Cys-133, Cys-137 and His-224. In this
region, the amino acid identity between the two human proteins
(54%) is less than that between the two yeast proteins (73%).
Moreover, human SCO2 and SCO1 show similar divergence from
both yeast proteins (SCO2, 43% and 40% for Sco1p and Sco2p,
respectively; SCO1, 39% and 41%, respectively). Thus, it appears

Fig. 1 Alignment of the deduced yeast (y) and human (h) SCO polypeptides (sizes, in amino acids, at right). The presequence of yeast SCO1 (A. Tzagoloff, pers.
comm.) is underlined. The ‘core’ region of greatest sequence identity is flanked by brackets. The amino acids in bold are those conserved among the SCO and
SCO-like polypeptides found in a search of GenBank. The CXXXC motif is boxed. The three pathogenic point mutations are indicated by dots.
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that the two human genes are not orthologous to the two yeast
genes (that is, they did not diverge from a common ancestral
gene pair), but rather are paralogous genes (that is, gene duplica-
tion occurred independently in the two lineages).

In northern-blot analysis, a SCO2 coding-region probe
hybridized to a 0.9-kb transcript in all 12 human tissues exam-
ined (Fig. 2). The strongest signals were present in heart, skeletal
muscle, brain, liver and kidney. A probe derived from the 3´ UTR
of SCO1 hybridized to a 1.7-kb transcript4 in the same 12 tissues
(Fig. 2). As with SCO2, the strongest signals were in heart, skele-
tal muscle, brain, liver and kidney, but comparison of the blot
intensities suggested that the steady-state level of SCO1 tran-
scripts in these tissues was greater than that of SCO2 transcripts.

We identified mutations in SCO2 in three patients with COX
deficiency; all presented with a fatal infantile cardioen-
cephalomyopathy. None of the patients had a family history of
neuromuscular disease. Heart and skeletal muscle showed
reductions in COX activity, whereas liver and fibroblasts had
mild COX deficiencies (Table 1). Histochemistry of muscle
from patients 2 and 3 showed reductions in COX enzyme activ-
ity in all fibres (Fig. 3d–f), but succinate dehydrogenase (SDH)
activity appeared normal (Fig. 3a–c); there were no ragged-red
fibres. Immunohistochemistry showed a severe reduction of the
mtDNA-encoded COX I (Fig. 3j–l) and II (Fig. 3m–o) subunits,
whereas the nDNA-encoded COX subunits IV (Fig. 3p–r) and
Va (data not shown) were present but reduced in intensity. The
nDNA-encoded Rieske iron-sulphur subunit of complex III
appeared normal in both patients (Fig. 3g–i).

Patients 1 and 3 carried two
identical mutations in SCO2
(Fig. 4): a C→T transition at nt
1,280 creating a stop codon at
Gln-53 (Q53X), and a G→A
transition at nt 1,541 convert-
ing Glu-140 to Lys (E140K).
Patient 2 was also a compound
heterozygote: she carried the
same G1541A (E140K) muta-
tion found in patients 1 and 3,

plus a C→T transition at nt 1,797 converting Ser-225 to Phe
(S225F; Fig. 4). Each of the six parents was heterozygous for a
single mutation (data not shown).

We believe that the mutations in SCO2 in the three infants with
fatal cardioencephalomyopathy are aetiologic. First, human
SCO2 is a homologue of yeast SCO1 and SCO2. Sco1p is required
for the assembly of subunits I and II into the holoprotein, and,
like Cox17p, is required for the transport of copper to COX (refs
16–21). Overexpression of SCO1 can rescue respiratory-deficient
yeast cells harbouring either a COX17 null mutation or a COX17
point mutation20. The function of Sco2p is less clear, as yeast
SCO2 mutants do not show respiratory deficiency, and overex-
pression of SCO2 rescued only the COX17 point mutation, not
the null mutation20. Second, the Q53X nonsense mutation,
found in two of three patients, truncates the protein upstream of
the putative functionally conserved ‘core’ region of SCO2.

Third, all known SCO proteins contain a conserved pair of cys-
teines, separated by three residues, that have been proposed to
bind copper, similar to the CXXXC motif in COX II (ref. 20) that
binds two copper atoms (subunit I binds a third Cu, via His
residues1). The E140K mutation, found in all three patients, is
adjacent to the postulated SCO2 CXXXC copper-binding motif
between Cys-133 and Cys-137; these two residues are essential for
function in yeast Sco1p (ref. 22). Moreover, this mutation con-
verts a highly conserved, negatively charged glutamate to a posi-
tively charged lysine (aa 140 is either Glu or Asp in 13 of 18
aligned polypeptides, but is never a basic residue). A positively
charged residue would likely displace, rather than stabilize, copper
in the Cu-binding domain. Similarly, the S225F mutation, located
next to the highly conserved His-224, converts an uncharged
polar moiety (Ser or Thr in 16/18 aligned polypeptides) to a
hydrophobic residue that may also interfere with the function of
SCO2. Thus, if human SCO2 were required for the insertion of
copper into the COX holoprotein, subunits I and II would be pri-
marily affected by loss-of-function mutations in SCO2. The
immunohistochemistry results (Fig. 3) are consistent with this
idea, but we note that Cox1p and Cox2p may also be lost in yeast
assembly mutants that are not associated with copper transport23.

Fourth, the pattern of SCO2 transcription is consistent with
the clinical presentation of cardioencephalomyopathy, in that
heart, brain and skeletal muscle have high amounts of SCO2
mRNA, and in that we observed reductions of COX activity in
heart and skeletal muscle (Table 1). Although liver also expresses
high levels of SCO2 mRNA and was clinically affected in two
patients, COX deficiency was less severe in this tissue24. In addi-
tion, patients presenting with early and severe cardiomyopathy
and COX deficiency in heart have had normal COX activity in
liver, fibroblasts or both24. Conversely, some patients with
encephalopathy and hepatopathy have more severe COX activi-
ties in brain and liver than in muscle or heart25.

Although SCO1 and SCO2 transcription appears ubiquitous, it
may be that the corresponding polypeptides are not present in all
tissues26,27. In fact, the two SCO isoforms do not appear to be
functionally equivalent in yeast, as the SCO1 null was not com-

 SCO1

sp
le

en
ki

dn
ey

liv
er

pl
ac

en
ta

br
ai

n

he
ar

t

sk
. m

us
cl

e
co

lo
n

sm
. i

nt
es

tin
e

lu
ng

le
uk

oc
yt

es

th
ym

us

- 0.9 kb SCO2

- 1.7 kb

β -actin

Fig. 2 Northern-blot hybridization of human mRNA from the indicated tissues
with probes specific for SCO1, SCO2 and β-actin.

Table 1 • COX activity in patient tissues

Patient

Controls 1 2 3

Skeletal musclea 0.28±0.05 (n=69) 0.01 (4%) 0.01 (4%) 0.05 (18%)
Hearta 0.13±0.04 (n=10) 0.01 (8%) NA 0.01 (8%)
Livera 0.25±0.08 (n=17) 0.04 (16%) NA 0.13 (52%)
Fibroblastsb 0.73±0.30 (n=13) 0.09 (12%) NA 0.22 (30%)

Activity normalized to that of citrate synthase in aµmoles/min/g protein or bµmoles/min/ml homogenate. Control values
are±s.d.; n, number of controls; % of control activity is in parentheses; NA, tissue not available.
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plemented by overexpression of yeast or human SCO2 cDNAs
(ref. 28, and data not shown). More work is needed to establish
the role of SCO2 in COX assembly and function and the mecha-
nisms by which mutations in SCO2 cause disease.

Methods
Patients. Patient 1 (T.B.) was a 3,950-g product of a full-term uneventful
pregnancy. He developed inspiratory stridor, irregular respirations,
exotropia and nystagmus. At 6 weeks he was found unresponsive and in
cardiopulmonary shock, and was placed on a ventilator. Echocardiogram
revealed a hypertrophic cardiomyopathy. The infant never regained con-
sciousness. Cranial nerves, including the fundus, were normal. He had
severe hypotonia and occasional limb dystonia. Tendon reflexes were pre-
sent; plantar responses were absent. Arterial lactate was increased (9.8 mM;
normal <2.2 mM) with an elevated lactate/pyruvate ratio (36, normal
<20). Cerebrospinal fluid (CSF) lactate was also elevated (3.9 mM; normal
<2 mM). Brainstem auditory evoked responses and somatosensory evoked
potentials revealed increased central conduction times. At 11 weeks he had
a cardiac arrest and died. At autopsy, the liver was enlarged (240 g) but the
brain was grossly normal. Microscopically, gliosis and microglial cell pro-
liferation were seen in the lateral globus pallidus, putamen and ventropos-
terolateral (VPL) thalamus. Moderate neuronal loss with some chroma-
tolytic neurons and neuronophagic nodules were seen in the VPL thala-
mus. The medulla showed bilateral spongiform necrosis in the ventral
aspect of the olives. The distribution of the gliosis, relative neuronal preser-
vation and bilateral necrotic lesions in the medulla was more compatible
with Leigh syndrome than with ischaemic injury.

Patient 2 (E.H.) was a 2,910-g product of a normal pregnancy and
delivery. At 10 weeks she suffered a cardiopulmonary arrest and was intu-
bated. Echocardiogram revealed a hypertrophic cardiomyopathy. The
infant remained on a ventilator. Examination revealed dysmorphic fea-
tures: dolichocephaly with a depressed nasal bridge, a high-arched palate,

Fig. 3 Morphology of muscle serial sections from patients 2 (P2) and 3 (P3) compared with control (C). Histochemical staining to detect succinate dehydrogenase
(SDH; a,b,c) and cytochrome c oxidase (COX; d,e,f) enzyme activities are shown, as well as immunohistochemical staining to detect COX subunits I (j,k,l), II
(m,n,o) and IV (p,q,r), and the Rieske iron-sulphur protein (FeS) subunit of complex III (g,h,i).
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hypoplastic toenails of the fourth and fifth digits, and anteriorly displaced
finger-like thumbs. Electroencephalogram revealed rare, focal epilepti-
form discharges in both central temporal areas. At 3 months, electromyo-
graphy (EMG) was consistent with a myopathy. At 4 months, nerve
conduction studies revealed a mixed axonal and demyelinating sensori-
motor neuropathy. Venous lactate was 3.3 mM (normal 0.5–2.2 mM) and
venous pyruvate was 1.4 mM (normal 0.3–0.9 mM). At 5 months, com-
puted tomography (CT) scan showed cerebral atrophy with enlarged ven-
tricles and prominent sulci. At 6 months, CT revealed more prominent
brain atrophy. The child died at 6 months. On autopsy, hepatomegaly was
prominent without splenomegaly, ascites or peripheral edema. The brain
was atrophic (470 g). There was bilateral necrosis of the globus pallidus.
Sommer sector of the hippocampi, cerebral white matter, thalami, brain-
stem and cerebellar nuclei were atrophied. There was atrophy of the deep
and lateral cerebellar hemispheres within watershed territories. The spinal
cord showed atrophy of the descending tracts, diffuse gliosis and moder-
ate patchy loss of motor neurons.

Patient 3 (M.C.) was a full-term 3,460-g product of a normal pregnancy
and delivery. She was mildly hypotonic after birth. At 15 h, a cardiac mur-
mur was detected. Echocardiogram revealed mild septal hypertrophy. She
developed increasing lethargy and difficulty in feeding and breathing. At 1
month she was admitted with respiratory distress, poor perfusion and
diaphoresis. Venous lactate was elevated at 2.7 mM (normal 0.8–2.0 mM)
with a borderline pyruvate level of 0.14 mM (normal 0.05–0.14 mM). CSF
lactate was also elevated at 3.4 mM (normal 0.7–2.0 mM), CSF pyruvate
was normal and CSF lactate/pyruvate ratio was elevated at 38 (normal
10–20). She was placed on a ventilator. A second echocardiogram revealed
a severely thickened left ventricle with no evidence of outflow obstruction.
At 37 d, the liver was palpable 2 cm below the costal margin. A brain mag-
netic resonance image (MRI) was normal. At 42 d, a third echocardiogram
revealed more severe cardiac hypertrophy and obliteration of the left ven-
tricular cavity during systole. After ventilatory support was withdrawn, the
patient died at 53 d. Autopsy revealed a grossly enlarged globular heart
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(115 g), a mildly enlarged liver (160 g) and brain atrophy (424 g). The car-
diac left ventricle and septum were grossly hypertrophic. The liver was con-
gested. The cerebral hemisphere showed an abnormal gyral pattern. The
left hemisphere gyri of the frontal, temporal and parietal opercula radiated
toward the Sylvian fissure. The left temporal lobe had rudimentary supe-
rior and middle temporal gyri. The right hemisphere had umbilicated gyri
centred on the posterior right Sylvian fissure. Cerebral cortex, white mat-
ter, basal ganglia, thalami and ventricles were normal. Microscopic exami-
nation of the heart revealed myocardial fibre disarray and occasional
myocyte hypertrophy. Many cardiomyocytes, especially in the septum, had
a ‘moth-eaten’ appearance with rims of darkly staining cytoplasm sur-
rounding clear centers. Skeletal muscle showed rounded myocytes with
increased variation of fibre size. Brain histology showed cerebral white
matter gliosis with focal white matter necrosis and petechial haemor-
rhages, focal cortical dysplasia of the left temporal lobe and mild cortical
and hippocampal neuronal dropout. The cerebellum had a focal hetero-
topia and collections of granular cell neurons in the dentate nucleus. A
chronic inflammatory leptomeningeal infiltrate was noted and was more
prominent over the spinal cord. The spinal cord showed mild gliosis and
white matter spongiosis.

Biochemistry. We performed respiratory chain activities on biopsy and
autopsy samples as described24.

Morphology. We used frozen muscle sections (8 µm) from patients 2 and 3
and from a normal control for COX and SDH histochemistry, and addi-
tional sections (4 µm) for immunohistochemical studies, as described29.

Isolation of human SCO2 sequences. We screened a library of human T-cell
cDNA inserted into LambdaZap Express (Stratagene), with a human SCO2
coding-region probe. We PCR amplified the probe from genomic DNA with
forward primer F3 (nt 1,520–1,546) and backward primer B3 (nt
1,801–1,774), labelled with [α-32P]dATP by random priming to a specific
activity of 5×108 cpm/µg, hybridized overnight at 55 °C, washed at 55 °C and
autoradiographed using Kodak XAR-5 film at –70 oC with an intensifying
screen. Ten positive plaques were picked and purified, and were converted
first to pBK-CMV phagemids and then to the corresponding pBK-CMV
plasmids, according to the manufacturer’s protocol. We sequenced plasmid
inserts with the fmol DNA sequencing kit (Promega) using vector primers as
well as SCO2-specific primers F1 (nt 1,124–1,156), F3, F4 (nt 1,899–1,920),
B1 (nt 1,924–1,899) and B4 (nt 1,232–1,214). The insert of one clone,
pHSCO1.10.2, appeared full-length, and it allowed us to identify the
exon/intron boundaries of the gene. We used primers F5 (nt 1–23) and either
B5 (nt 1,960–1,940) or B6 (nt 1,999–1,979) to amplify the gene. The genom-
ic sequence of human SCO2 has been submitted to GenBank; the map coor-
dinates noted in the text are based on the numbering of this sequence.

Analysis of polypeptides. We predicted the cleavage site for the SCO2 pre-
sequence using the MitoProt algorithm (http://websvr.mips.biochem.
mpg.de/cgi-bin/proj/medgen/mitofilter). We aligned human and yeast
SCO polypeptide sequences with the following SCO and SCO-like
sequences: Anaplasma marginale msp5; Aquifex aeolicus; Bacillus sp.
mnxC; Bacillus subtilis ypmQ; Caenorhabditis elegans SCO1; Cowdria
ruminantium; Homo sapiens SCO1; Homo sapiens SCO2; Plasmodium fal-
ciparum CG3; Pseudomonas stutzeri ORF-193; Rhodobacter spheroides
prrC; Rhodobacter spheroides regC; Rhodovulum sulfidophilum senC; Rick-
ettsia prowazekii SCO2-2; Rosebacter denitrificans senC; Saccharomyces
cerevisiae SCO1; Saccharomyces cerevisiae SCO2; and Schizosaccharomyces
pombe SCO1.

Northern-blot hybridization analysis. We used the human 12-lane multi-
ple-tissue northern (MTN) blot (Clontech). Radiolabelled probes were
made using the Random Primed DNA labelling kit (Boehringer) with [α-
32P]dATP. We carried out hybridization according to the manufacturer’s
protocol, and autoradiographed on Kodak XAR-5 film at –70 °C with an
intensifying screen. The membrane was stripped of the hybridized probe
by immersion in boiling 0.5% SDS for 10 min, and re-exposed to confirm
removal of the probe before rehybridization. Sequential probes were as fol-
lows: SCO2 (nt 1,124–1,960), exposed for 17 d; SCO1 (nt 958–1,512),
exposed for 3 d; and a human β-actin probe, exposed for 15 h. Each SCO
probe also detected a much larger unknown transcript (∼ 4 kb for SCO2
and 5 kb for SCO1; data not shown).

Screening for mutations in human SCO2. We amplified full-length SCO2
from patient total DNA with primers F5 and B5 with an initial cycle of 94
°C for 2 min, 30 cycles of 94 °C for 1 min, 60 °C for 2 min and 72 °C for 3
min, followed by a last cycle of extension at 72 °C for 10 min. PCR reactions
contained 10% DMSO to facilitate extension through regions of secondary
structure. PCR products were purified from agarose (QIAquick gel extrac-
tion kit, Qiagen), re-amplified and re-extracted, and sequenced using the
ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction kit (Perkin
Elmer) with primers F3, F5, F6 (nt 1,081–1,102), B3, B4, B5, B7 (nt
721–701) and B8 (nt 1,405–1,386). We confirmed mutations in at least two
independent PCR amplification products from each patient. The Q53X,
E140K and S225F mutations were absent in 60 normal controls and in 28
COX-deficient LS patients. We found a number of other mutations that
were deemed to be neutral polymorphisms, as they were also in controls.
These included point mutations in exon 1 (G59A), intron 1 (G310T,
C424G) and exon 2 (G1182C, R20P), as well as a 15-bp deletion (removing
nt 622–636) in intron 1. We also found two silent mutations in exon 2
(C1705T, S194S; A1756C, A211A).

RFLP analysis. For the Q53X nonsense mutation (C1280T), which
destroys a BstXI site and creates a new AvrII site, we amplified genomic

Fig. 4 Detection of SCO2 mutations in cardioencephalomyopathy patients.
Representative electropherograms of the DNA (antisense strand) and deduced
amino acid sequences in the region of each mutation (arrows) in the indicated
patients are shown.
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DNA with primers F5 and B5 (in some cases we amplified this PCR
product with F1 and B1), and digested the resulting fragment with either
BstXI (Boerhinger) or AvrII (New England Biolabs). For the E140K mis-
sense mutation (G1541A), we performed nested PCR, first with primers
F5 and B5 and then with primers F9 (nt 1,366–1,385) and a mismatched
backward primer, B9 (nt 1,568–1,543; C→A at nt 1,546), designed to
create a HindIII site in the mutated allele only. For the S225F missense
mutation (C1797T), we performed nested PCR, first with primers F5
and B5, and then with mismatched primer F10 (nt 1,771–1,796;
AA→GG at nt 1,789–1,790), designed to create a XmnI site in the mutat-
ed allele only, and B1.

GenBank accession numbers. Human SCO2, AF177385; human SCO1,
AF026852; A. marginale msp5, g477569; A. aeolicus, AE000717; Bacillus sp.
mnxC, U31081; B. subtilis ypmQ, L77246; C. elegans SCO1, U58761; C.
ruminantium, PID g2126378; P. falciparum CG3, AF030694; P. stutzeri
ORF-193, Z26044; R. spheroides prrC, pir 2126490; R. spheroides regC, PID

g746421; R. sulfidophilum senC, AB010722; R. prowazekii SCO2-2,
AJ235272; R. denitrificans senC, AB010723; S. cerevisiae SCO1, X17441;
S. cerevisiae SCO2, Z35893; S. pombe SCO1, AL022117.
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