
Abstract Deficiencies in cytochrome oxidase (COX), the
terminal enzyme of the mitochondrial respiratory chain,
are relatively rare but most often lethal. The underlying
causes are beginning to be elucidated, and most mutations
are thought to affect the function of proteins involved in
assembling the holoenzyme. COX17 is such an assembly
protein and is thought to recruit copper to mitochondria
for incorporation into the COX apoenzyme. Here we pre-
sent the gene structure, the expression, and chromosomal
localization for COX17, a candidate gene for COX defi-
ciency. The COX17 gene spans approximately 8 kb of hu-
man genomic DNA and encodes a transcript of approxi-
mately 450 bp that is expressed in all tissues tested. Al-
though the COX17 gene was previously mapped to chro-
mosome 13q14-21, our results suggest that a COX17
pseudogene maps to this region. The pseudogene contains
several nucleotide changes, including one that would re-
sult in an altered amino acid in the putative copper bind-
ing domain. We have localized the gene encoding the
COX17 protein to the long arm of chromosome 3 by radi-
ation hybrid mapping. Deciphering of the COX17 ge-
nomic structure will allow this gene to be assessed for
mutations in COX deficient patients.

Introduction

Cytochrome oxidase (COX) is the terminal electron ac-
ceptor of the mitochondrial respiratory chain and con-
tributes to the proton motive force that drives the synthe-
sis of ATP (Capaldi 1990). This multi-subunit enzyme is

remarkably conserved between lower and higher eukary-
otes and consists of 13 polypeptide subunits (Saraste
1990; Taanman and Capaldi 1992). The three largest sub-
units are encoded in mitochondrial DNA and form the cat-
alytic core of the enzyme. They contain the three copper
atoms and two heme A molecules that serve as prosthetic
groups in the holoenzyme and are directly involved in
electron transfer. The remaining ten subunits of the COX
holoenzyme are presumed to play a structural role and are
encoded by nuclear DNA. In addition to the constituent
subunits, there are a host of nuclear gene products that are
required for assembly of the holoenzyme (McEwen et al.
1986; Tzagoloff and Dieckmann 1990). These assembly
factors encompass proteins involved in expression of the
individual subunits and in the provision of the requisite
prosthetic groups to the apoenzyme. Studies in yeast have
shown that these assembly proteins are essential compo-
nents of the cytochrome oxidase biosynthetic pathway
(Glerum et al. 1997). One such assembly factor is Cox17p
(Cox17 protein, according to yeast nomenclature), which
is a small protein presumed to shuttle copper from the cy-
tosol into the mitochondrial intermembrane space (Glerum
et al. 1996a). COX17 was first identified and character-
ized in a yeast COX-deficient mutant in which the respi-
ration deficient phenotype is characterized by an inability
to complete cytochrome oxidase assembly. It appears that
the failure to assemble a functional enzyme in cox17 mu-
tants is probably due to an inability to provide the apoen-
zyme with its required copper atoms (Beers et al. 1997;
Srinivasan et al. 1998).

Specific deficiencies of cytochrome oxidase in humans
have been described over the past two decades (DiMauro
et al. 1987; Robinson et al. 1987), with most cases being
associated with severe neonatal or infantile lactic acidosis
and early death. Biochemical studies of COX deficient
patients suggested that a failure to assemble the holoen-
zyme might underlie the majority of inherited COX defi-
ciencies (Adams et al. 1997; Glerum et al. 1988; Lombes
et al. 1991) and mutations in three assembly proteins have
now been identified. Mutations in the SURF1 gene have
been shown to underlie the COX deficiency in patients
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with Leigh syndrome (Tiranti et al. 1998; Zhu et al. 1998).
Patients with a fatal cardioencephalomyopathy or hyper-
trophic cardiomyopathy, marked by a severe COX defi-
ciency, have been shown to harbor mutations in the SCO2
gene (Jaksch et al. 2000; Papadopoulou et al. 1999). Most
recently mutations in COX10 have also been shown to un-
derlie an autosomal recessively inherited COX deficiency
(Valnot et al. 2000). In all instances, previous work with
the corresponding yeast homologs had demonstrated a
role for these proteins in respiratory chain complex as-
sembly (Glerum et al. 1996b; Mashkevich et al. 1997; No-
brega et al. 1990).

Because COX17 may also be involved in human COX
deficiency, we have characterized and localized COX17 in
the human genome. The human COX17 ortholog was
originally identified by functional complementation of a
yeast cox17 null mutant (Amaravadi et al. 1997) but until
recently was not mapped in the human genome. Here we
present the genomic structure, expression analysis, and
chromosomal localization of the COX17 gene and a re-
lated processed pseudogene, COX17P.

Materials and methods

Clones

Bacterial artificial chromosomes (BACs) containing human COX17
(BAC 274K10, BAC 26I10, and BAC 59M4) and COX17P (BAC
271E16, BAC 162M22, and BAC 271I16) were isolated by the
Medical Research Council Genome Resource Facility at the Hos-
pital for Sick Children, Toronto, Canada, using the human COX17
cDNA as a probe. A P1 clone (P1 18110) harboring human COX17
was similarly isolated by Genome Systems (St. Louis, USA).

Southern and northern blot analysis

Genomic DNA was isolated from human blood by standard meth-
ods, while BAC and P1 DNA were isolated according to the sup-
plier’s protocols. For Southern analysis 5 µg genomic DNA, 5 µg
BAC DNA, and 2 µg P1 DNA, were digested with either EcoRI, or
HindIII, or both (GibcoBRL, Burlington, Canada). Northern analy-
sis was carried out on a human adult Multiple Tissue Northern blot
(Clontech Laboratories, Palo Alto, USA), with human glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and S26 ribosomal
protein (S26; Vincent et al. 1993) serving as control probes to nor-
malize for loading differences in the RNA. All blotting was carried
out according to standard protocols, using [α-32P]dCTP-labeled
(Random Primers DNA Labeling System, GibcoBRL) COX17
cDNA as a probe.

Direct sequencing of COX17 and COX17P

COX17 was sequenced from P1 18110 and BAC 274K10 with the
Thermo-Sequenase radiolabeled terminator cycle sequencing kit
(Amersham Pharmacia Biotech). COX17P was sequenced from
BAC 271E16 and from a polymerase chain reaction (PCR) frag-
ment amplified from human genomic DNA, using primers derived
from the cDNA sequence.

Expression analysis of COX17 and COX17P
in lymphoblastoid RNA

Total RNA from a lymphoblastoid cell line was isolated using
TRIzol reagent (GibcoBRL). First-strand cDNA synthesis was car-

ried out with 2 µg RNA and an oligo(dT)12–18 primer (GibcoBRL),
followed by PCR of the reverse transcribed (RT) products. The
forward primer, COX17H-1 (5′-ggaagtgactgcagacgaatcgg-3′), which
is specific to the 5′ end of COX17, was used with the reverse
primer COX17H-4 (5′-agttcgtcaaagaactccca-3′) at an annealing
temperature of 65°C to detect expression of COX17. Similarly,
primer COX17B-2 (5′-ttaaagaaatcggacgaattgg-3′), which is spe-
cific for the 5′ end of COX17P, was used with COX17H-4 at an
annealing temperature of 50°C to test for the expression of
COX17P.

Radiation hybrid mapping

Radiation hybrid mapping was carried out using the GeneBridge 
4 Human/Hamster Radiation Hybrid Panel (Research Genetics,
Huntsville, USA), which is composed of 93 radiation hybrids con-
taining fragments of the whole human genome in a hamster back-
ground. Primers COX17H-3 (5′-tgagtctcaggagaagaagc-3′) and
COX17H-4 were used to map COX17P with an annealing temper-
ature of 58°C. COX17 was localized using the intronic primers
18110-13 (5′-gccacttcctgtggaaag-3′) and 18110-18 (5′-gacttgaa-
gagttagctac-3′) at an annealing temperature of 54°C.

Results

Southern blot analysis of COX17

To determine the genomic structure of COX17, a number
of clones harboring the gene were obtained. A single P1
and six BAC clones were obtained by screening genomic
libraries with the COX17 cDNA. DNA from each of the
clones was purified, and 2–5 µg was digested with EcoRI,
HindIII, and both enzymes together. Subsequent Southern
blot analysis using the COX17 cDNA as a probe sug-
gested the presence of two copies of COX17 in the human
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Fig.1A–C Southern blot analysis of COX17. Hybridization of the
COX17 cDNA to human genomic DNA (A), BAC 274K10 DNA
(B), and BAC 271E16 DNA (C) was carried out as described in
the text. The migration of molecular weight markers is indicated
on the left side of each blot. E DNA digested with EcoRI; H DNA
digested with HindIII; E/H DNA digested with EcoRI and HindIII



genome. As seen in Fig.1A, digestion of genomic DNA
with EcoR1 and HindIII together yields two fragments.
The smaller fragment, which is approximately 1.2 kb in
size, is also present in the double digest lane of BAC
274K10 (Fig.1B). The larger fragment in the double di-
gest lane of the genomic DNA Southern blot, which is ap-
proximately 2.3 kb in size, is present in digested BAC
271E16 DNA (Fig.1C). These two distinct banding pat-
terns were corroborated in the other BAC clones exam-
ined.

Genomic structure of COX17 and COX17P

Results from the Southern analysis suggested that several
of the BAC clones contained similar or identical inserts
and one representative clone for each of the two banding
patterns was selected for further study. DNA sequencing
subsequently confirmed that there are two distinct copies
of COX17 in the human genome, which we have denoted
COX17 and COX17P.

COX17 contains coding sequence that is identical to
the published cDNA sequence, in addition to previously
undescribed intronic sequence. The COX17 gene consists

of three exons and two introns and is depicted in
schematic form in Fig.2A. Partial sequencing of the in-
tronic DNA verified that the intron-exon boundaries con-
form to the canonical GT/AG rule. The approximate size
of the first intron was determined by PCR, using primers
that anneal to the 3′ end of exon 1 and the 5′ end of exon
2. A PCR product of approximately 2 kb was generated
(data not shown). Interestingly, the 5′ end of the first in-
tron revealed sequence that is rich in a CTGCCCT repeat
(data not shown), which is not recognized by Repeat-
Masker (from http://www.dot.imgen.bcm.tmc.edu:9331/).
The significance of this motif is currently unknown. PCR
with primers that anneal to the 3′ end of exon 2 and the 
3′ end of intron 2 (primer 18110-13; 5′-gccacttcctgtg-
gaaag-3′) demonstrated that intron 2 spans approximately
5.5 kb of DNA (data not shown). Taken together, these
data indicate that the COX17 gene is contained in approx-
imately 8 kb of genomic DNA.

COX17P does not contain any intronic DNA and sev-
eral nucleotide changes exist between the gene and the
cDNA. Within the 5′ untranslated region the first 13 nu-
cleotides of COX17P and the COX17 cDNA do not share
any identity. A nucleotide difference also exists at posi-
tion –64, where a C→Τ transition is present in COX17P
(nucleotides are numbered as in the published cDNA se-
quence; Amaravadi et al. 1997). In addition to the differ-
ences found in the 5′ untranslated region, four nucleotide
changes, consisting of 32 C→T (Pro→Leu), 53 A→G
(Lys→Arg), 73 G→A (Ala→Thr), and 96 G→A (silent),
are found within the coding region (Fig.2B). As shown in
Fig.3, the nucleotide difference at position 73 occurs
within the putative copper-binding domain of COX17 at
an alanine residue that is conserved in all mammalian
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Fig.2A,B Organization of COX17 and COX17P. A A schematic
representation of the COX17 gene and the corresponding cDNA
transcript is shown. In the COX17 gene exons are depicted as
white boxes (exon size is shown within the box), while introns are
represented by solid black lines. The first methionine codon at nu-
cleotide position +1 is shown, as is the stop codon at nucleotide
position 190. Within the COX17 transcript hatched lines represent
the untranslated region; white box coding region. The length of the
COX17 transcript given does not include the polyA tail. The lines
joining the gene and cDNA indicate how the three exons con-
tribute to the transcript. The diagram is not to scale. B COX17P is
similar, but not identical to the COX17 cDNA. The four nucleotide
differences occurring within the coding region are shown. Hatched
lines represent noncoding DNA; bar above the gene represents the
nucleotide differences at the 5′ end of COX17P; asterisk nu-
cleotide difference at position 23

Fig.3 Alignment of the predicted amino acid sequences of ho-
mologous mammalian COX17 proteins (“dopuin” is the original
name given to porcine Cox17). Identical residues in the three ex-
pressed proteins are highlighted by gray shading; asterisks amino
acid differences in human COX17P; black box putative copper-
binding domain. Sequence references are noted in text



COX17 proteins identified to date. None of the COX17
expressed sequence tags (ESTs) in the database (Gen-
Bank; http://www.ncbi.nlm.nih.gov/) contain the nu-
cleotide changes seen in COX17P, which also has the
polyadenylation signal seen in the cDNA. These results
suggest that COX17P is a processed pseudogene.

Expression of COX17

A single transcript was detected when the COX17 cDNA
was hybridized to a human multiple tissue northern blot.
As seen in Fig.4, COX17 appears to be most highly ex-
pressed in tissues with a high aerobic demand. Although
not clear from the figure, longer exposure revealed the
presence of COX17 mRNA in all lanes, suggesting that it
is ubiquitously expressed, as expected for a gene that is
involved in an essential process such as oxidative phos-
phorylation. Because the COX17 transcript was smaller
than the lowest marker on the commercial northern blot,
the blot was also probed with the S26 cDNA. The COX17
cDNA hybridizes to a transcript that migrates below the
700 bp S26 transcript, consistent with an expected tran-
script size of approximately 450 bp.

To determine whether both COX17 and COX17P are
expressed RT-PCR was performed with RNA isolated
from a lymphoblastoid cell line. Using primers COX17H-1
(specific to the 5′ end of COX17 and the COX17 cDNA) and COX17H-4, a 350-bp product was amplified from the

lymphoblastoid cDNA pool (COX17, +RT, Fig.5). When
the same experiment was carried out using primers
COX17B-2 (specific for the 5′ end of COX17P) and
COX17H-4, no product was amplified from the lym-
phoblastoid cDNA pool (COX17P, +RT, Fig.5). These
primers, however, did amplify a product from BAC
271E16 and human genomic DNA (COX17P, Fig. 5).
These results indicate that COX17P is not expressed in the
tissue tested and further suggest that COX17, and not
COX17P, is the gene producing the single transcript seen
on northern blots. In addition to the nucleotide differences
present in COX17P, the absence of COX17P expression
further suggests that COX17P represents a processed
COX17 pseudogene.

Localization of COX17 and COX17P

Radiation hybrid mapping was used to determine the
chromosomal locations of both the COX17 and COX17P
genes. Primers COX17H-3 and COX17H-4 were used to
amplify a 235-bp fragment corresponding to COX17P,
which localizes to chromosome 13q14-q21. The COX17
mRNA was also assigned to this chromosome 13 locus by
two different consortia (RHdb RH67876 and RHdb RH
75245). However, these primers cannot amplify a 235-bp
product from COX17 since they are specific for exons 1
and 3, which are separated by approximately 6 kb of
DNA. To obtain the correct chromosomal location for
COX17, primers 18110-13 and 18110-18 were used to
generate a 220-bp fragment corresponding to a portion of
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Fig.4 Northern blot analysis of COX17. The COX17 cDNA was
hybridized to a human multiple tissue northern blot (Clontech) as
described in the text. The blot was also probed with the GAPDH
(1.3 kb) and S26 (0.7 kb) cDNA control probes. Left side of the
blot migration of molecular weight markers. Sk muscle skeletal
muscle

Fig.5 Expression studies of COX17 and COX17P. RT-PCR was
performed on RNA isolated from a lymphoblastoid cell line. Ex-
pression of both genes was detected by PCR using gene-specific
primers as described in the text. Positive controls for COX17P
included BAC 271E16 DNA and human genomic DNA. +RT
RT-PCR carried out in the presence of reverse transcriptase; –RT
RT-PCR carried out in the absence of reverse transcriptase; blank
PCR carried out in the absence of template DNA



intron 2, which localized to the long arm of chromosome
3 (3q13.1-q21), between the markers D3S9340 and
D3S1765.

Discussion

COX17 is a small copper chaperone that is responsible for
recruiting copper to mitochondria (Beers et al. 1997;
Glerum et al. 1996a). Studies in yeast have shown that the
presence of Cox17p is essential for assembly of a func-
tional cytochrome oxidase. Our current study, which in-
vestigates the human orthologue of COX17, has deter-
mined that there are two distinct copies of COX17 in the
human genome. The COX17 gene, which is ubiquitously
expressed, is composed of three exons and two introns and
spans approximately 8 kb of genomic DNA. COX17P, in
contrast, does not appear to be expressed. While similar to
the COX17 cDNA, COX17P harbors a number of nu-
cleotide differences, including one that would alter a con-
served amino acid residue in the putative copper-binding
domain of COX17. Of the over 65 human COX17 ESTs
that are available in the current database, none of the ESTs
contains the same nucleotide differences as COX17P. Al-
though the possibility that COX17P is expressed in a tis-
sue that has not been examined cannot be excluded, our
results support the notion that COX17P is a processed
pseudogene.

Two different consortia, Genethon and the Wellcome
Trust Centre for Human Genetics (WTCHG), have previ-
ously localized COX17 to chromosome 13 by radiation
hybrid mapping (RHdb RH67876 and RHdb RH75245,
respectively). However, the primers designed by Genethon
from the COX17 cDNA sequence would anneal at the
exon 1/intron1 and intron 2/exon 3 boundaries of COX17.
Primers at these positions would not amplify a product
from the COX17 gene. WTCHG used primers that anneal
to exons 1 and 3, which could only amplify a 235-bp
product from COX17P, given that COX17 contains sev-
eral kilobases of intervening DNA. In both cases it ap-
pears that the processed pseudogene, COX17P, was
mapped. The results presented here indicate that the ex-
pressed copy of COX17 lies on the long arm of chromo-
some 3, most likely in the pericentromeric region. This
portion of chromosome 3 is very poorly characterized,
with relatively few markers and a dearth of sequence in-
formation. At present none of the human diseases mapped
to this region seem likely to be associated with a defect in
COX17.

Recently, several mammalian COX17 homologs have
been identified. Alignment of the predicted protein se-
quences of murine (GenPept accession number P56394),
porcine (Chen et al. 1997), and human (Amaravadi et al.
1997) COX17 show that mouse and pig have 92% and
93% identity, respectively, with human COX17 (Fig.3).
Along with yeast Cox17p, all three mammalian COX17
proteins share the KXCCXC motif, which is believed to
bind copper and is also present in all mouse and human
metallothioneins (Amaravadi et al. 1997). Currently the

precise physiological role of COX17 within mammalian
cells has not been established. Functional studies must
now be undertaken to delineate whether mammalian
COX17 proteins act in the same fashion as their yeast
counterpart. In this regard it is interesting to note that
COX17 is a member of a conserved family of cellular
copper chaperones (Harrison et al. 1999; Valentine and
Gralla 1997) that all appear to traffic copper to a specific
target protein within the cell. While the cellular role of
COX17 is similar to that of the copper chaperones
ATOX1 and CCS, it does not share any sequence similar-
ity with these two proteins. ATOX1 chaperones copper to
ATP7B, the Wilson disease protein (Hamza et al. 1999)
and may be involved in copper storage disorders. CCS
provides copper to SOD1, the cytosolic superoxide dis-
mutase, and may therefore play a role in the etiology of
amyotrophic lateral sclerosis (Schmidt et al. 1999). In
light of the very specialized function of these copper
chaperones, further functional studies may help to deter-
mine whether COX17 is involved in the phenotypes of
copper storage disorders, in addition to its potential role in
inherited COX deficiencies.

Given that mutations in yeast COX17 result in a respi-
ration deficient phenotype, it is entirely possible that er-
rors in mitochondrial copper recruitment also play a role
in human COX deficiency. The elucidation of the ge-
nomic structure and the correct chromosomal location of
the COX17 gene provide new information on a candidate
gene for inherited COX deficiencies. This information is
an important supplement to the standard RT-PCR ap-
proaches currently possible, which do not allow examina-
tion of promoters or intron/exon boundaries and are prone
to false positives from contamination with genomic DNA.
With the information presented here we are now in a posi-
tion to assess whether mutations in COX17 are an under-
lying cause of some cases of human mitochondrial dis-
ease.
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