0031-3998/00/4805-0581
PEDIATRIC RESEARCH
Copyright © 2000 International Pediatric Research Foundation, Inc.

REVIEW ARTICLE

Vol. 48, No. 5, 2000
Printed in U.S.A.

Human Cytochrome Oxidase Deficiency

BRIAN H. ROBINSON

Metabolism Research Programme, The Research Institute, The Hospital for Sick Children,; Departments of
Biochemistry and Paediatrics, The University of Toronto, Ontario M5G 1X8, Canada

ABSTRACT

The human cytochrome oxidase complex is a multisubunit
assembly in the inner mitochondrial membrane responsible for
the terminal event in electron transport in which molecular
oxygen is reduced. Various phenotypic forms of cytochrome
oxidase deficiency have been recognized, the major varieties
involving degeneration of the brain stem and basal ganglia
(Leigh syndrome) and lactic acidemia. Others include a fatal
infantile form, a benign reversible form, and forms with cardio-
myopathy. Early recognition of complementation groups within,
for instance, the Leigh syndrome group has recently been fol-
lowed up with a description of the gene defect for three of the
nuclear-encoded forms of cytochrome ¢ oxidase (COX) defi-
ciency. The three genes indicted, SURFI for Leigh syndrome,
COX 10 for leukodystrophy and tubulopathy, and SCO2 for the
cardiomyopathic form, all have a role in the assembly of the
mature cytochrome oxidase complex. The description of these

CYTOCHROME OXIDASE DEFICIENCY: CLINICAL
PHENOTYPES

Until recently, the genetic basis for the nuclear defects
associated with the mitochondrial respiratory chain remained
undefined. Nuclear defects resulting in severe lactic acidemia
or progressive neurologic deterioration have been well docu-
mented on a clinical and biochemical basis for some time.

Human COX deficiency is one of the many defects associ-
ated with lactic acidemia and occurs in several phenotypic
forms. Although this group of defects has been biochemically
defined for some time, the molecular and genetic nature of
these defects has been something of a mystery until recently.
The most common form is associated with Leigh disease,
progressive deterioration of the basal ganglia and brain stem.
The defect leads to an 80 to 90% decrease in COX activity and
seems to affect all tissues (1-5). There are variations in the rate
of progression of the neurodegeneration, but it is always fatal
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gene defects and the role these genes play are discussed in terms
of what can be learned about COX assembly and about the
etiology of the different phenotypic forms of the disease. (Pediatr
Res 48: 581-585, 2000)

Abbreviations
COX, cytochrome ¢ oxidase
SURF1, the human gene encoding SURF1 protein COX
(cytochrome oxidase) assembly factor
S§CO2, the human gene corresponding to yeast SCO1 or SCO2
genes for synthesis of cytochrome oxidase
SLSJ-COX, Saguenay-Lac-St. Jean cytochrome oxidase
Shyl, the yeast gene for the COX assembly factor equivalent
to the human SURF1 gene
IMM, inner mitochondrial membrane

with death occurring from between 6 mo and 12 y of age (1-5).
The Saguenay-Lac-St. Jean form of cytochrome oxidase
(SLSJ-COX) deficiency is a unique form of the defect with a
less severe form of Leigh disease than the classic form. This
form occurs only in the Charlevoix and Saguenay-Lac-St. Jean
region of Québec where the carrier frequency rate is one in 23
for the defect (6). Children with this defect are mildly psy-
chomotor retarded and function reasonably well, but many die
between 3 and 10 y of age, death occurring as the result of a
sudden onset of fulminant lactic acidosis (6, 7). In biochemical
terms, the liver and brain are severely affected as in classic
Leigh syndrome with COX deficiency, but the kidney and heart
have almost normal cytochrome oxidase activity whereas skel-
etal muscle has approximately 50% (7) (Fig. 1). Both in the
SLSJ-COX and classic COX with Leigh syndrome, a failure of
assembly of the complex is evident (6—38).

SLSJ-COX and classic COX deficiency presenting with
Leigh disease, as above, are two of five phenotypic forms that
are recognized to make up the spectrum of inherited COX
deficiency. These basic types and the tissues known to be
affected are shown in Figure 1. Fatal infantile COX deficiency
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Figure 1. The different clinical phenotypes associated with nuclear-encoded
COX deficiency. The defects are arranged as to their major clinical presenta-
tion, severity of lactic acidosis, tissue specificity, and genes identified as
causative. Tissue specificity is indicated by the abbreviations H, heart; K,
kidney; B, brain; S, skeletal muscle; L, liver; and F, skin fibroblasts, with the
most severely affected to the least affected tissue going from left to right.

is the third and most severe type and causes death from lactic
acidosis in the newborn period and presents with a renal
Fanconi syndrome and myopathy (9—13). The brain and liver
appear to be spared in this type, having normal or close to
normal activity of cytochrome oxidase but with severe defi-
ciency in kidney and muscle. A subtype of this form may lack
the overt kidney involvement, whereas there is a separate form
with tubulopathy combined with leukodystrophy (9—-14). An-
other phenotype in which the brain and liver often are spared
is a category of myopathy with cardiomyopathy (1, 4, 15, 16).
That this is not a variation of the fatal infantile form is shown
by the biochemical data in fibroblasts. Whereas the former type
is not detectable at all in fibroblasts, the cardiomyopathy type
displays a raised lactate to pyruvate ratio and COX activity of
35 to 45% (16, 17). A distinct reversible muscle form of the
disease has been well documented by DiMauro et al. (18). In
this type, there is a presentation of lactic acidosis, hypotonia,
hyporeflexia, and generalized weakness in the neonatal period
associated with deficient muscle cytochrome oxidase activity.
Reversion of the defect takes place gradually over a 2-y period,
COX activities return to normal, and the lactic acidosis goes
away (18).

RESOLUTION OF THE GENETIC DEFECTS

Sequencing of the nuclear-encoded subunits of COX by a
number of groups did not throw any light on the genetic origin
of the cytochrome oxidase deficiencies because, with few
exceptions, the results showed no change (19, 20). At the same
time, three complementation groups were shown to exist for
classic COX deficiency with Leigh syndrome (21). This
strongly suggested that the genes responsible were coding for
factors involved in assembly of the COX multisubunit enzyme,
so approaches were used to narrow down the search area by the
use of single chromosome transfer (22, 23), sequencing can-
didate genes (24), and linkage analysis (25, 26).

The first report defining a genetic defect associated with the
COX-Leigh syndrome group of patients was that of Zhu et al.
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(22). Using single chromosome transfer from microcells gen-
erated from a mouse-human chromosome hybrid cell panel,
this group found chromosome 9 to correct the COX defect in
these patient cell lines. Further analysis with markers delin-
eated an area that contained the gene SURF'/, a human homo-
logue of Shyl, a known yeast COX assembly factor (22).
Tiranti et al. (23) achieved a similar result by fusing whole
mouse cell nuclei containing human chromosomes, including
chromosome 9, to deficient human skin fibroblasts; only chro-
mosome 9 nuclei corrected the defect. Although this latter
result suggests that mouse SURF1 is unable to complement the
human gene defect because mouse cells with no human chro-
mosome were noncomplementing, both groups presented evi-
dence of mutated SURFI genes in patients (22, 23, 27-29).
There appears to be at least one common mutation in Cauca-
sian patients that may account for 35 to 50% of all alleles
(27-29).

Linkage analysis was used to obtain a locus for COX
deficiency with leukodystrophy and tubulopathy in an African
kindred by Valnot et al. (25). This group showed that a marker
on chromosome 17 was common to all affected patients. The
COX10 gene that codes for a protein catalyzing the addition of
a farnesyl group to the heme to produce heme «a also mapped
to this locus, and missense mutations were discovered in the
cDNA for this gene (25).

The third gene to be pinpointed in recent months was the
SCO?2 gene as the mutant gene in the cardiomyopathic form of
COX. This gene was evaluated by the group of Papadopolou et
al. (24) as a candidate for COX deficiency phenotypes, and
mutations were found in the cDNA for SCO2 in some of the
cardiomyopathic COX patients. Subunits I and II were both
decreased remarkably in titer in muscle, indicating failure of
assembly of the complex. Interestingly, for two patients with
identical mutations in SCO2 (Q53X/E140 K compounds), the
residual activity of COX in liver was 16 and 52% of normal,
respectively. This points to the possibility that either modifying
genes or modifying environmental factors, e.g. daily Cu intake,
may have a bearing on the eventual outcome of any one SCO2
genotype, but extensive data on tissue residual activity of COX
and Cu content are currently lacking. To understand how these
defective genes bring about COX deficiency depends on
knowledge of the structure and assembly of COX.

STRUCTURE OF THE CYTOCHROME OXIDASE
COMPLEX

The human cytochrome oxidase complex (complex IV) is
one of five mitochondrial multisubunit complexes responsible
for the process of oxidative phosphorylation. Its function is to
take electrons from cytochrome ¢ generated from substrate
oxidation for the immediate reduction of molecular oxygen to
water. In the process, a contribution to the electrochemical
gradient across the mitochondrial membrane is made that is
used to drive ATP synthesis via the F,F,-ATPase (complex V).

Complex IV itself is a multicomponent membrane protein
complex of molecular size 200 kD. It is made up of 13 protein
components, 10 of which are encoded in the nucleus and three
of which are encoded in mitochondrial DNA (30). The core of
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Figure 2. Factors involved in COX assembly. The diagram shows the approximate position of the two hemes (a and a;) in the cytochrome oxidase complex
located in the inner mitochondrial membrane. The cytochrome oxidase complex is made up of the mtDNA-encoded COX I, COX II, and COX III subunits that
form the core of the complex. This is represented in the diagram by the green oval structure, as it contains the important functional groups. There are two Cu
centers, Cuy, close to the outer surface of the membrane held by subunit COX II and Cug close to the heme a; where oxygen becomes Fe coordinated. The Cu
ions require delivery to the outside face of the inner mitochondrial membrane by COX 17p and incorporation into the membrane by SCO1p or SCO2p. Further
delivery to its site in the complex for Cug may depend on COX 11p. The SURF1 protein is required for assembly of the proteins COX I, COX II, and COX
111, whereas other genes such as COX 10 are required for heme a synthesis, heme modification, and heme incorporation.

the cytochrome oxidase complex is made up from the protein
products of the COX I, II, and III genes that are encoded in
mitochondrial DNA. Many bacterial oxidases have little more
than these three subunits to constitute a fully functional com-
plex. However, both mammalian and yeast systems have dif-
ficulty assembling a functional complex unless the 10 addi-
tional nuclear subunits are present (31, 32). Subunit I contains
both the hemes and one of the Cu ions (Cuy), whereas subunit
I contains a binuclear Cu assembly (Cu,) (30) (Fig. 2).
Subunit III has no prosthetic groups and does not appear to be
involved in pumping protons, so its role may be structural (33).
An Mg”* ion is coordinated between elements of subunits I
and II and is close to the Cu, site (34). A Zn’>" ion is
coordinated by elements of Vb, but the function is unknown
(34). Limited gene mapping has been done in humans, the
complicating factor being that for nearly all the nuclear-
encoded subunits, there are one to seven pseudogenes (35-37).
Perhaps the most interesting subunits as far as human disease
is concerned are those that exist as isoenzymes in different
tissues. The subunits VIa and VIla have heart- and liver-
specific isoforms so that heart and skeletal muscle express the
heart form, whereas brain and liver express the liver form with
kidney, lymphoblasts, and fibroblasts in between (30, 35,
38-41).

Electron transfer into cytochrome oxidase proceeds initially
by the binding of cytochrome c¢ to subunit II on the outer face
of the inner mitochondrial membrane. Electrons are then trans-
ferred to the bimetallic Cu, site just inside the plane of the
membrane and then on to heme a, then heme a;, which then
reacts with the Cuy center to reduce molecular oxygen (30, 34).
During this process, one proton is pumped across the mem-
brane for each electron transferred (42). The x-ray crystal
structure has been determined at the level of 2,8 A for bovine
cytochrome oxidase (34). The structure resolution so far pub-
lished is confined to the core of the complex and metal-binding
functions, though more data are now emerging on the nuclear-
encoded subunits. The conformation of subunit I was essen-
tially as predicted in that it is composed of 12 transmembrane
helices that house the two heme groups and the Cuy site within
the confines of the mitochondrial inner membrane (34). The
disposition of the Cu, site was surprising in that it was
configured as a [2Cu-2S] center similar to the [2Fe-2S] centers
found in the proximal areas of the respiratory chain. The Cuy
was shown to be coordinated by the three histidines of subunit
I, 240, 290, and 291, whereas Tyr 244, whose OH group is
hydrogen bonded to the hydroxyfarnesylethyl side chain of
heme a;, is ideally positioned also to coordinate with the Cug
in a way that suggests involvement in proton pumping (34).
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The process of proton pumping has recently been resolved into
two phases so that half of the protons are pumped during the
reduction of the hemes whereas the other half are pumped in
response to the oxidative phase of the reaction (43).

THE ASSEMBLY OF COX

A possible picture of how COX is assembled is beginning to
emerge, aided by the discovery of these genes and their role in
the assembly process. The first subunit to assemble is COX 1.
This has 12 membrane-spanning segments and because it is
translated on mitochondrial ribosomes, it is inserted into the
membrane from the matrix side, possibly aided by the Oxa 1
protein (44). In Oxa 1 knockouts of yeast, COX fails to
assemble. In addition, substitution of the human Oxa 1 into the
yeast knockout produces a working assembled complex, but it
is leaky to protons, thought to be a result of misfolding of COX
I, which is the proton conduit for cytochrome oxidase (45). The
next steps appear to be addition of the two hemes and Cu into
the transmembrane region of COX I. This may require the
services of the membrane-spanning SCO2, which has a con-
sensus binding site for Cu, and it has been suggested that this
protein acts as the recipient of Cu from the COX 17 protein, a
binuclear Cu carrier (46). Mutations in SCO2 prevent the Cu
from gaining proper access to the mitochondria, though why
the heart should be more adversely affected than in other COX
defects is not clear (24). The COX 11 protein seems to be
necessary for the insertion of Cuy into the COX I protein. In
COX 11 bacterial knockouts, Cu, is incorporated even though
Cuy is missing, showing that the two processes are indepen-
dent (47). The farnesylation of heme by the COX 10 protein,
which is a 7TM helix protein present in the inner mitochondrial
membrane, could take place before or after insertion of the
heme into COX I (48). The formylation of heme requires a
protein, but the gene that encodes the agent for this is not
identified in any organism at this moment. The nuclear subunit
COX 1V is present in the assembly process at an early stage,
has a membrane-spanning segment, and is closely associated
with elements of COX I and COX II. At this stage, the absence
of SURF1 protein appears to prevent the sequential addition of
COX II and COX III again from the matrix, so it is likely that
SURF1 with its 2TM helices assists integration of COX II at
this point. Because the patient population with SURF/ muta-
tions has null alleles, the COX assembly process gets stalled at
this stage, although 10 to 20% of fully assembled COX is still
made (26, 27). The addition of Cu, to COX II is accomplished
possibly by the SCOI protein or perhaps directly from COX 17,
because this Cu center lies close to cytochrome ¢ on the outer
face of the IMM (49). The 7TM helices of COX III are
associated with COX I but not with COX I, so it is possible
that a further factor is necessary for this part of the assembly
process. Next are added COX Va, Vb, Vla, VIb, VIc, VIla, and
VIII with final addition of Vic and VIIb (50).

ARE THERE MORE COX DEFICIENCY GENES?

Missing from the list of genetic causes is the gene for “fatal
infantile” COX, the gene for infantile reversible COX, the gene
for Saguenay-Lac-St. Jean COX, and at least one more cause of
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classic COX with Leigh syndrome. With these defects actively
under investigation and the numbers of assembly factors for
COX growing, the discovery of the full spectrum of causative
nuclear genes cannot be far off.
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