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SOUHRN 
 

Předkládaná práce vznikla v Laboratoři pro studium mitochondriálních poruch 

Kliniky dětského a dorostového lékařství 1.LF UK v Praze, která je diagnostickým 

centrem pro pacienty z České a Slovenské Republiky. 

V průběhu posledních let bylo v naší laboratoři diagnostikováno přes 40 

pacientů s izolovanou poruchou aktivity cytochrom c oxidázy (COX). Molekulární 

podstata onemocnění byla objasněna pouze u 12 pacientů, kteří nesli patologické 

mutace v SURF1 genu. 

Vzhledem k tomu, že v současnosti neexistuje žádná adekvátní léčba těchto 

onemocnění, hraje v přístupu k postiženým rodinám klíčovou roli genetické 

poradenství a možnost prenatální diagnostiky. Skutečnost, že mitochondriální 

poruchy mohou mít dvojí genetický původ (geny kódovány mitochondriální nebo 

jadernou DNA), se kterým jsou spojené i specifické vlastnosti různých typů 

dědičnosti, genetické poradenství založené pouze na biochemickém potvrzení COX 

deficience je značně obtížné nebo dokonce zcela nemožné.  

Cílem naší práce byla snaha odhalit molekulární podstatu deficitu COX u 

našich pacientů. Kromě optimalizace metod pro rutinní skríning a nalezení několika 

patologických mutací v genech pro asemblační proteiny, jsme měli možnost studovat 

také tkáňový dopad těchto mutací z pohledu biochemického, strukturálního a 

histochemického.  

 

Naše výsledky umožňují: 

o lepší porozumění biochemického a funkčního dopadu poruch nukleárně 

kódovaných asemblačních proteinů na biogenezi cytochrom c oxidázy 

o lepší porozumění projevům COX deficience v morfologii a funkčnosti buněk 

o lepší porozumění přirozeného průběhu onemocnění u pacientů s nukleárně 

kódovaným izolovaným COX deficitem 

o patřičné genetické poradenství a případnou prenatální diagnostiku v rodinách 

s izolovanou poruchou COX 
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SUMMARY 
 

 

This thesis has been worked out in The laboratory for study of mitochondrial 

disorders (Department of Pediatrics, 1st faculty of Medicine, Charles Univezity in 

Praha), which serves as the diagnostic center for patients from Czech and Slovak 

Republics.  

During the last years, more than 40 children with isolated COX deficiency were 

diagnosed in our lab. But molecular background except 12 patients with mutations in 

SURF1 gene was remaining unknown. Due to the lack of adequate treatment for 

these patients, the genetic counseling and the possibility of prenatal diagnostics have 

high importance for the families. The possible dual origin of the defect with different 

hereditary aspects makes the genetic counseling in the affected families complicated 

and prenatal diagnostics based only on biochemical analyses very problematical if 

even possible.  

This work had been arisen basically from the necessity to find the molecular 

background of isolated COX deficiency in our patients. In addition of simple 

characterization of molecular background and optimalization of methods for routine 

diagnostics, we were able to study the impact of several mutations in nuclear genes 

for COX assembly factors on the biochemical, structural and histochemical level in 

affected tissues.  

 

Our results than enable: 

o better understanding of biochemical and functional impact of nuclearly 

encoded assembling proteins on biogenesis of cytochrome c oxidase 

o better understanding of cytochrome c oxidase deficiency manifestation in 

morphology and function of the cells 

o better understanding of natural course of the disease in patients with 

nuclearly encoded isolated cytochrome c oxidase deficiency 

o appropriate genetic counseling and eventual prenatal diagnostics in the 

affected families  
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INTRODUCTION 

 

The adequate energy production is a crucial ability and necessity for any living 

cell. The high energy source – ATP, the energy-rich molecules – used for all active 

metabolic processes are produced in eukaryotic cells by oxidative phosphorylation 

(OXPHOS) in mitochondria. The OXPHOS, is a group of four respiratory chain 

enzymes and ATP synthase localized in the inner mitochondrial membrane. 

Cytochrome c oxidase (COX, CcO) is the terminal enzyme in the respiratory 

chain of eukaryotes. Electrons generated from the oxidation of nutrients are 

channeled through the respiratory chain within the mitochondrion to CcO, where 

molecular oxygen is reduced to water (Carr et al., 2005). Mammalian CcO, 

embedded in the inner mitochondrial membrane, is a 13-subunit complex, which 

requires a large protein machinery for its biogenesis and correct function. The core 

enzyme, containing the necessary cofactors for the reduction of oxygen and proton 

pumping, consists of three subunits encoded by mitochondrial genome. The 10 

remaining subunits, surrounding the enzyme core, are small nuclear-encoded 

polypeptides that are believed to be important for regulation of CcO function.  CcO 

also contains several metal cofactors (heme a moieties, ions of copper, magnesium 

and zinc), whose insertion and binding in the proper subunit is required to produce 

the final, active enzyme. It has been shown that the mammalian enzyme is present in 

a dimeric form. 

It is obvious that CcO plays irreplaceable role in the elementary process of 

cell. Just slight disruption in its structure may have devastating consequences for the 

whole process of energy supply of the cell, organ and whole organism. Mitochondrial 

diseases caused by respiratory chain disorders has estimated prevalence of 1 cases 

per 5,000 persons, similar or even higher to that of better known neurological 

diseases, such as amyotrophic lateral sclerosis and the muscular dystrophies 

(Chinnery and Turnbull, 2001; Schaefer et al., 2004). 

Isolated CcO deficiency, commonly named COX deficiency, represents one of 

the most frequent reasons of respiratory chain defects in humans associated with a 

wide spectrum of clinical phenotypes (Bohm et al., 2006; Shoubridge, 2001). 

Predominantly, there are affected tissues with high energetic demand, especially the 

brain, skeletal muscle and heart (DiMauro and Schon, 2003; Robinson, 2000). The 

clinical phenotype is usually severe and often fatal. The therapy of mitochondrial 
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diseases in general is still woefully inadequate (Zeviani and Di Donato, 2004) and 

genetic counseling with eventual prenatal diagnosis in affected families is 

complicated by several difficulties in searching for the basic cause of the disease. 

COX disorders can have one of two genetic origins: defects resulting from mutations 

in the mtDNA are either maternally inherited or sporadic, whereas defects encoded in 

the nuclear DNA will be inherited in an Mendelian fashion (Zee and Glerum, 2006). 

Only the clear understanding of basic pathogenic mechanisms based on a detailed 

characterization of COX deficiency at the protein level in various tissues and 

accompanied by molecular analyses, can enable the accurate genetic (Vesela et al., 

2004). 

Since the first large-scale deletion in mtDNA causing mitochondrial myopathy 

was described (Holt et al., 1988), many other mutations were reported in association 

to isolated COX deficiency or COX deficiency combined together with decrease of 

another respiratory chain enzyme (Keightley et al., 1996; Schon et al., 1989; Zeviani 

and Carelli, 2003). But mtDNA mutations explain only a minority of human COX 

deficiencies (Shoubridge, 2001). Based on family genealogies, it is assumed that 

most of the COX defects in childhood have its origin in nuclear genes. The main 

interest was concentrated to the screening of the 10 nuclear-encoded COX subunits, 

but until very recent no mutation has been found (Barrientos et al., 2002; Coenen et 

al., 2006). The first case was presented by Zeviani et al. at the MITOCOMBAT 

meeting in March 2008. Therefore, the most non-maternally inherited mutations for 

COX defects must occur in non-structural genes (Zee and Glerum, 2006). The past 

decade has seen the identification of mutations in 6 COX assembly factors – SURF1, 

SCO2, SCO1, COX10, COX15, and LRPPRC. 
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AIMS OF THE PRESENTED WORK 
 

The laboratory for study of mitochondrial disorders works as a diagnostic 

center for patients from Czech and Slovak Republics. During the last years, there 

were found over 40 children with isolated COX deficiency. Mutations in SURF1 were 

found in 12 of them ((Bohm et al., 2006; Pecina et al., 2003) and unpublished cases).  

Even the adequate treatment is unknown, the understanding of the illness 

causes is important not only for the physicians but as well for the families. The 

genetic counseling was offered to these families harbouring SURF1 mutations and 

several of them embrace the possibility of prenatal diagnostics. 

Molecular background of the other cases was remaining unknown. Due to the 

possible dual origin of the defect with different hereditary aspects, the genetic 

counseling in the affected families was complicated and prenatal diagnostics very 

problematical if even possible. Previous experience leaded us to the decision to 

continue with searching for the molecular background in the remaining patients. This 

aim had to help not only with genetic counseling, but also in better treatment due to 

the better understanding of the etiology of the disease as well as to bring more 

information to clarify the metabolic processes in the context of cell energy generation. 

  

 The specific aims of this work were: 

1. to select candidate genes for the  screening in patients with biochemically 

confirmed COX deficiency 

2. to optimize suitable methods for analyses 

3. to search selected genes for mutations in the group of our COX deficient 

patients 

4. to study the pathology of observed mutations  

5. to establishing of the screening methods to the routine diagnostic and bringing 

the possibility of the genetic counseling and relevant prenatal diagnostics 
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MATERIAL ANS METHODS 
 
Ethics 

The presented studies were carried out in accordance with the Declaration of 

Helsinki of the World Medical Association, and were approved by the Committees of 

Medical Ethics at Faculty of Medicine, Charles University and General Faculty 

Hospital in Praha. Informed parental consent, in accordance with guidelines of the 

participating institutions, was obtained. 

 

Ad 1) to select candidate genes for our screening 

 

Based on world published research data, we decided to screen the genes for 

COX assembly proteins with already described cases – both genes of the SCO 

protein family (SCO2 and SCO1) and COX10. Later, in 2003, after the first published 

case, we added also COX15 gene. We collected all available clinical and biochemical 

data of published patients and according to them we selected candidate patients with 

similar phenotype to analyze the certain gen. 

The criteria were for: 

o “SCO2 group”: isolated COX deficiency, lactic acidosis, progresive course of 

the disease, hypertrophic cardiomyopathy, encephalopathy, hypotony, 

respiratory failure, and life-span up to 2 years  

o “SCO1 group”: isolated COX deficiency, lactic acidosis, progresive course of 

the disease, liver involvement and hypotony, and life-span up to 1 year 

o “COX10 group”: progressive mitochondrial encephalopathy, proximal renal 

tubulopathy, and a life-span up to 2 years; later also Leigh-like syndrome, 

fatal infantile hypertophic cardiomyopathy 

o “COX15 group”: at first - hypertrophic cardiomyopathy with several months 

surviving; later also rapidly fatal Leigh Syndrome; and Leigh syndrome with 

longer life-span 

 

All groups were dynamic, due to the new patients and due to the literature news. 
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Ad 2)  to optimize suitable methods for analyses 

 

Molecular genetic methods 

DNA isolation 

Material:  

o peripheral blood 

o cultivated fibroblasts,  

o rarely tissues from autopsy (skeletal muscle, brain, liver or heart tissue).  

Methods:  

o common high-salt precipitation method or  

o the QIAamp DNA Mini Kit (QIAGEN) 

 

DNA analysis 

o polymerase chain reaction  

o purification of PCR products: commercially available gel extraction kits  

o sequencing (gel automated cycle sequencing analyzer AlfExpress (Amersham 

Pharmacia Biotech) and capillary instrument, the ABI PRISM 3100-Avant 

Genetic Analyzer (Applied Biosystems) 

o data analyzed manually or by SeqScape Software v2.5 (AppliedBiosystems) 

o mutations confirmed by relevant PCR RFLP (restriction fragment length 

polymorphism) methods 

 

Biochemical methods∗

Material:  

o tissues from autopsy (skeletal and heart muscle, liver, brain, kidney)  

o primary fibroblast cultures  

Methods: 

o isolation of mitoplasts and mitochondria according to standard differential 

centrifugation procedures (Rickwood D, 1987) using digitonin (Klement et al., 

1995).  

o enzyme activity assays measured spectrophotometrically (Rustin et al., 1994)  

o electrophoresis:  

                                                 
∗ these analyses were performed in collaboration with L. Stibůrek 
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- BN-PAGE (Blue Native PAGE) (Schagger and von Jagow, 1991)  of 

mitoplasts or mitochondria solubilized with DDM (n-dodecyl β-D-

maltoside; Sigma–Aldrich) 

- tricine SDS/PAGE  

- two-dimensional BN/SDS/PAGE (Schagger and von Jagow, 1991)  

o polyclonal antibody raised against human SCO2  

o immunoblot analysis using selected monoclonal antibodies 

 

Structural and histological studies – methods**

Material 

o formalin-fixed and frozen tissues obtained at autopsies 

o samples for histology embedded in paraffin  

o samples for electron microscopy embedded in Epon – Araldite mixture  

Methods: 

o histochemistry:  

- cryostat sections from frozen tissues  

- stained for COX, succinate dehydrogenase (SDH) and NADH-

tetrazolium reductase (NADH-TR) activity by standard laboratory 

methods (Lojda et al., 1979)  

o Immunohistochemistry: 

- Paraffin-embedded sections stained by mouse IgG1 anti-prohibitin 

antibody (LabVision, Fremont, CA USA) and mouse IgG1 anti-

mitochondrial antigen antibody (MU213-UC, clone 113-1, Biogenex, 

San Ramon, CA, USA) and 

- detected after incubation using a DAKO EnVisionπTM Peroxidase 

Mouse kit (DAKO, Glostrup, Denmark) with 3,3´-diaminobenzidine as 

substrate. 

 
 

                                                 
** these analyses were performed in collaboration with H. Hůlková at Institute of Inherited Metabolic 
Disorders, 1st Faculty of medicine, Charles University and General University Hospital, Praha 
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RESULTS AND DISCUSSION 
 
 

Ad 3) to search selected genes for mutations in the group of our patients with isolated 

COX deficiency  

 

SCO2 gene 

35 patients were screened. Pathological mutations were found in 8 of them. 

Six children were homozygous and their parents were heterozygous for the missense 

mutation g.1541G>A that exchanges glutamate for lysine at the position 140 of the 

amino acid chain (E140K). The patient seven is compound heterozygous for 

mutations g.1541G>A, and g.1280C>T which results in a stop codon replacing 

glutamine at position 53 (Q53X). This patient inherited the g.1541G>A mutation from 

his mother; no DNA was available from his father. In addition, the first five patients 

are also homozygous, while patient seven is heterozygous, in the SCO2 gene for the 

polymorphism g.1182G>C and the silent mutation g.1756A>C. Last patient is 

heterozygous for the g.1541G>A and a novel deletion 1518delA causing the frame 

shift. The protein is then affected at the 132nd amino acid by one base frameshift 

resulting in the disappearance of the most important Sco2-protein part, the Cu-

binding motive at position 133-137. First six cases were published by Vesela et al. 

2004. The other were presented at the international conferences.  

 

SCO1 gene  

Screening of 14 candidates revealed one patient with homozygous mutation 

c.394G>A in 3rd exon of SCO1 gene. This mutation changes glycine at the position 

132 to serine. Parental samples are not available. This mutation was not present in 

200 healthy controls (manuscript in preparation). 

 

COX10 and COX15 

 Among 24 patients for screening of COX10, and 22 patients for screening of 

COX15 we did not find any harbouring pathological mutation. In COX10 we found 3 

novel nucleotide exchanges. 
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Ad 4) to study the pathology of found mutations  

 

SCO1 gene 

In one patient, guanine > adenine nucleotide transition at the position 394 of 

the SCO1 cDNA was found.  

The girl was born at the 39th week of gestation with a birth weight of 2200 g 

and length 46 cm. She was classified as a hypotrophic newborn with a tendency to 

hypoglycemia. Progressive hypotony and psychomotor retardation were developing 

since early postnatal period. Echocardiography at the age of 5 months revealed 

progressive hypertrophy of left ventricle and a sonography revealed atrophy of 

central nervous system. Liver enlargement and biochemical investigation at the age 

of 6 month indicated hepatopathy. She died due to cardiac failure at the age of 6 

months. In comparison with the only published patients so far (Valnot et al., 2000), 

the clinical symptoms in our patients are relatively similar except the progressive 

cardiological involvement. The published patient has no evidence of cardiological 

involvement except episodes of bradycardy. The reason for differences between the 

described case and our patient may be in shorter live span of 2 months, while the 

hypertrophy at our patient was recognized at the age of 5 months. The liver 

enlargement was not observed at our patient till the age of 6 month; the published 

patient showed this symptom four months earlier.  

Dominant laboratory finding was severe lactic acidemia (fasting lactate 3.61 

mmol/l, normal value <2.3 mmol/l) with even higher postprandial level (7.72 mmol/l). 

The urinary organic acid profile showed elevated excretion of 2-oxoglutarate (1150 

mg/g creatinine, normal value <200 mg/g creatinine), lactic acid (103 mg/g creatinine, 

normal value <60 mg/g creatinine) and other Krebs cycle intermediates (fumaric acid 

185-193 mg/g creatinine, normal values <15 mg/g creatinine, malate 75 mg/g 

creatinine, normal value <15 mg/g creatinine). Mild ketonuria (3-hydroxybutyric acid 

107 mg/g creatinine, normal value <100 mg/g creatinine) and dicarboxylic aciduria 

(due to MCT oil administration) was also found. These findings including the elevated 

Krebs cycle intermediates correspond to the published data (Valnot et al., 2000).  

The activity of COX was markedly low in isolated muscle mitochondria 

obtained from a muscle biopsy at the age of 6 months (11,42 nmol/min/mg protein, 

reference range of age related controls 25-120 nmol/min/mg protein). The activity of 

citrate synthase, the control enzyme, was normal. 
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The mutation changes glycine at the position 132 of the amino acid chain to 

serine. According to the multispecies alignment (Fig.2), it is clear that guanine as well 

as glycine at that position is highly conserved. 200 healthy controls were examined 

and the mutation was not present at any allele. The pathology of this mutation can be 

explained due to its localization: region among leucine 108 and isoleucine 131 is 

described as an important for dimerization of functional Sco1 protein (Leary et al., 

2004). Replacement of nonpolar glycine at the closely contiguous position 132 by 

serine with the uncharged but polar side chain may have influence on the stability of 

the dimer itself.  

 

SCO2 gene 

 

Genotype - phenotype correlation 

The mutation g.1280C>T was described previously in literature (Papadopoulou 

et al., 1999). This transition is creating a premature stop codon at level of glutamine 

53 (Q53X).  

A novel one base deletion at the position 1518 leads to the frame shift. The 

protein is affected from the 132nd amino acid, and it results in vanishing of the most 

important part of the Sco2 protein, the Cu-binding motive CxxxC at position 133-137. 

If the affected sequence would be translated, the newly synthesized protein would 

miss the Cu-binding motive, which seems to be crucial for its function, and would be 

shorter due to the hypothetical premature stop codon. 

Transition g.1541G>A cause replacement of glutamic acid by lysine at the 

position 140 of the amino acid chain. Banci et al. 2007 (Banci et al., 2007) explains 

its pathogenity based on structural characterization of the Sco2 protein: “Glu140, 

located in helix α1 and essentially not solvent exposed, is involved in a salt bridge 

with Lys143, which is disrupted in the Glu140Lys mutant. In addition, the introduction 

of a longer side chain in a buried region could locally destabilize side-chain packing 

between helix α1 and the facing β sheet. Because Glu140 is relatively close to the 

copper binding Cys137, the possible structural rearrangements induced by the 

mutation could affect both the copper binding properties and protein stability, factors 

which both influence protein function, thus possibly rationalizing at the molecular 

level the mutant misfunction.” (Banci et al., 2007). 
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SCO2 mutations are commonly associated with fatal infantile hypertrophic 

cardio-encephalo-myopathy. Looking at the clinical data of our patients, who 

represent the biggest group of patients with mutations in SCO2 gene published so 

far, it brought us to deeper study of ours and literature findings. We found, that the 

patients with SCO2 mutations can be divided into two subgroups due to their 

phenotype, which surprisingly very well corresponds with their genotypes. 

First group (group A) represents patients harbouring the homozygous state of 

the prevalent mutation E140K (g.1541G>A). Group A include six of our patients 

(Patient 1 to 6; P1 – P6) and three published cases (Jaksch et al., 2001a).  

The second group (group B) includes patients with heterozygous form of 

E140K combined with another mutation. The second group is composed of patient 7 

(P7; g.1280C>T), patient 8 (P8; g.1518delA) and all other published cases (Jaksch et 

al., 2000; Leary et al., 2006; Papadopoulou et al., 1999; Sacconi et al., 2003; Salviati 

et al., 2002b; Sue et al., 2000; Tarnopolsky et al., 2004; Tay et al., 2004)  

Various polymorphism and silent mutations were described in the SCO2 gene 

(Jaksch et al., 2000; Jaksch et al., 2001b; Papadopoulou et al., 1999). Our patients 

from group A were all homozygous, and patients from group B heterozygous for the 

polymorphism g.1182G>C and the silent mutation g.1756A>C in the SCO2 gene.  

The first clinical symptoms of the disease in group A manifested in the early 

infancy. The first symptoms in patients of group B occurred already in neonatal 

period. 

The common findings in patients of group B are encephalopathy and fatal 

hypertrophic cardiomyopathy with early onset in the neonatal period leading to death 

within the first 3 month of life.  

In contrast, all children in group A had the early postnatal adaptation 

uneventful. The first clinical symptoms including progressive infantile encephalopathy 

with muscle weakness and respiratory distress developed between 3rd and 10th 

month of age. All of them died between 8 and 18 month of age due to respiratory 

failure. No hypertrophic cardiomyopathy was present in our patients, and the onset of 

cardiomyopathy in patients described in the literature was delayed after the age of 8–

18 months (Jaksch et al., 2001a).  

It is of clinical importance, that two patients in literature (Salviati et al., 2002b; 

Tarnopolsky et al., 2004) and our patients P6 and P8 were also classified as 

Werdnig-Hoffmann disease - like phenotype, but all patients were unsuccessfully 
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investigated for mutation in the SMAI gene before the diagnosis of COX deficiency 

was acknowledged.  

On neuroimaging using CT and/or MRI, severe cortical atrophy was found in 

all children from both groups, but the typical necrotic lesions in the basal ganglia 

associated with Leigh syndrome were never observed. 

Among the common laboratory findings belong increased levels of lactate and 

alanine in both blood and cerebrospinal fluid. COX activities were decreased in the 

skeletal muscle tissues, but the activities measured in cultivated fibroblasts were 

about normal. That is in contrast to the patients with Leigh syndrome due to 

mutations in the SURF1 gene, where COX deficiency is observed also in cultivated 

fibroblasts.  

Although the clinical course of the disease may depend on the type of 

mutation in the SCO2 gene, the prognosis is unfavorable in all affected children. 

Functional consequences of SCO2 mutations are still poorly understood, but they are 

related to changes in the amount and composition of COX molecules in different 

cells.  

Frozen samples of different types of tissues obtained at autopsy from patients 

with isolated COX deficiency due to SCO2 mutations were available. It opened new 

possibilities of further studying of pathological consequences in different tissues on 

biochemical and histochemical levels, which were described and presented at the 

international conferences (Stiburek et al., 2005).  

 

Biochemical studies 

Samples harbouring mutations in SCO2 were available from P2, P5 – both 

group A (homozygous for g.1541G>A) - and P7 representing group B (g.1280C>T / 

g.1541G>A). To wider the spectrum of interpretation and impact of results, we 

decided to include for comparison also samples obtained from patients with COX 

deficiency due to SURF1 mutations in addition to samples harbouring mutations in 

SCO2. 

Therefore relevant samples of three patients with SURF1 mutations were 

chosen. For better orientation, we marked them as patient 9-11. Patient 9 (P9) was a 

compound heterozygote for the combined frame shift deletion-insertion mutation in 

SURF1 c.312_321del 311_ 312insAT, resulting in the formation of a premature 

termination codon, and a c.821_839del18 deletion in SURF1 leading to highly 
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unstable mRNA (Williams et al., 2001). Patient 10 (P10) was homozygous for the 

frame shift deletion c.845_846delCT leading to the formation of a premature 

termination codon, and patient 11 (P11) was homozygous for a c.688C>T nonsense 

substitution in SURF1 leading to the formation of a premature termination codon 

truncating the protein at Arg230 (Pecina et al., 2003). 

 

Activities of COX in SCO2 and SURF1 patient tissues 

To determine the residual COX activity of the mitochondrial preparations, we 

expressed COX activity relative to the activity of the mitochondrial marker enzyme, 

citrate synthase (CS). COX/CS ratio presents values of COX activity normalized to 

CS activity as a percentage of the mean reference range. Severe isolated defects of 

COX activity were found in the SCO2 patient heart (8-34% COX/CS), skeletal muscle 

(19-28%) and brain (13-18%), whereas in cultivated fibroblasts (62-100%) and liver 

(64-100%) the activity was in reference range or border low. There were no 

significant differences between the SCO2 groups A and B. In contrast, severe 

reduction of COX activity was found in all of our SURF1 fibroblast cultures (6-14% 

COX/CS). 

 

Steady-state levels of COX holoenzyme in SCO2 and SURF1 patient tissues 

All mitochondrial preparations used in the present study were balanced on the 

basis of the immunoblot signal of the mitochondrial inner membrane protein complex 

SDH. To determine the residual steady-state levels of COX holoenzyme in tissues of 

patients as a percentage of control values, dilutions of control mitochondria were 

loaded on the same gels. Mitochondrial samples were resolved using BN-PAGE and 

subsequently probed with an anti-COX1 antibody. In heart mitochondria from patients 

P2, P5, P7 and P9, the steady-state levels of COX holoenzyme were found to be 

approx. 25, 30, 10 and 40% of control values respectively. Mitochondria from basal 

ganglia of patients P2, P5, P7 and P9 contained approx. 20 and 15% of residual 

holoenzyme respectively. In skeletal muscle from patients P2, P5, P10 and P11, the 

holoenzyme levels were approx. 10, 20, 15 and 10% of control values respectively. In 

primary fibroblasts, the steady-state levels of COX holoenzyme were found to be 

approx. 70% of control values in the patients P2 and P5, approx. 60% in the case of 

patient P7 and approx. 15% in the patients P10 and P11. The liver samples of SCO2 

patients (P2, P5, P7) were the least affected and contained similar steady-state 

 18



levels of COX holoenzyme to control samples, whereas in SURF1 patient liver (P9) 

the holoenzyme was found to be approx. 80% of control values. The only slight 

difference between group A and B might be seen in the steady-state levels of COX 

holoenzyme in the sample of heart mitochondria, where there is more profound 

decrease in the patient from group B (Stiburek et al., 2005). 

 

Subcomplexes of COX in SCO2 and SURF1 patient tissues 

Mitochondrial preparations from various SCO2 and SURF1 patient tissues, 

primary fibroblast cultures and control samples were resolved using either BN-PAGE 

or two-dimensional BN/SDS/PAGE and subsequently probed with anti-COX subunit-

specific monoclonal antibodies in order to detect the presence and possible 

accumulation of COX subcomplexes and to uncover their subunit composition. In 

addition to holoenzyme complex, heart samples of SCO2 patients contained eight 

distinct COX subcomplexes (b–i). Prolonged exposure of the blots revealed the 

presence of six of them (b–f and i) also in control heart samples. Subcomplexes c–i 

were found in SCO2 heart samples at highly accumulated levels, whereas only 

subcomplexes b and f were found slightly increased in the heart of the SURF1 

patient. Mitochondria from SCO2 skeletal muscle contained increased levels of seven 

distinct subcomplexes, apparently identical with that found in SCO2 patient heart. 

Their steady-state levels were, however, found to be substantially lower in this tissue, 

and their full detection thus required higher protein loads (∼50 µg) and longer 

exposure times. In line with this, control heart samples contained substantially higher 

steady-state levels of COX subcomplexes than skeletal muscle controls. Also, SCO2 

brain samples revealed accumulated COX subcomplexes of approx. 10–120 kDa, 

detectable mainly with anti-COX1 and anti-COX5A antibodies, but their profile 

differed from that found in SCO2 heart and skeletal muscle mitochondria. In 

particular, the COX4 signal in the brain was very weak in this region. In contrast with 

SCO2 patient samples, we did not detect any accumulated subcomplexes in SURF1 

patient brain. In skeletal muscle of SURF1 patients, we found substantially decreased 

levels of subcomplex b and faint accumulation of subcomplexes with similar 

electrophoretic mobility to subcomplexes c–f from SCO2 samples. Mitochondria from 

SCO2 patient kidney contained moderately increased subcomplexes with migration 

similar to subcomplexes c–f and i from SCO2 patient heart. We did not detect any 

conclusive accumulation of COX subcomplexes in SCO2 patient fibroblasts. 
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Alignment of parallel run immunoblots probed with different antibodies indicated, 

together with immunoblots of two-dimensional native/denaturing gels, that 

subcomplex b consists of at least COX1, COX2, COX4, COX5A and COX6B. 

Subcomplex c comprised at least subunits COX1, COX4 and COX5A, whereas 

subcomplexes d–f were recognized solely with an anti-COX1 antibody. Subcomplex 

g was detectable with both anti-COX4 and anti-COX5A antibodies, whereas 

subcomplexes h and i were recognized only with single anti- COX4 and anti-COX5A 

antibodies respectively. Low-molecular-mass subcomplexes g–i were not detectable 

on immunoblots of one-dimensional native gels, since the polyacrylamide gradient 

used (8–15%) was optimal for fractionation of subcomplexes b–f, while lower-

molecular-mass polypeptides were allowed to migrate out of the gel (Stiburek et al., 

2005).  

 

Steady-state levels of SCO2 protein in various tissues of SCO2 patients 

Mitochondrial fractions and fibroblast lysates were resolved using SDS/PAGE 

and subsequently probed with polyclonal antiserum raised against human SCO2. 

Equal loading was verified with an antibody raised against the mitochondrial outer 

membrane protein VDAC. The SCO2 protein was undetectable in all SCO2 brain 

samples and in heart of patients P5 and P7. In heart of patient P2 and liver of 

patients P2 and P7, the levels of mutant Sco2 were approx. 5% of control values. In 

fibroblasts of patients P2, P5, P7 the residual Sco2 was approx. 20% of control 

values, while in liver of patient P5 it was approx. 10% of control values. 

Although both Sco2 and Surf1 proteins are thought to act at a similar stage of 

COX assembly, patients carrying mutations in respective genes present with distinct 

clinical phenotypes. Quantitative immunoblot analysis of native gels revealed tissue-

specific COX assembly defects in all patients studied that corresponded to the 

enzyme activity measurements. The steady-state levels of mutant Sco2 protein were 

found severely reduced in all the probed SCO2 patient tissues. The subunit 

composition of COX subcomplexes identified demonstrates the involvement of 

human SCO2 protein in biogenesis or maintenance of COX2. 

The COX holoenzyme was repeatedly shown to be reduced to approx. 15% in 

SURF1 patient fibroblasts. Although skeletal-muscle samples of our SURF1 patients 

revealed a similar decrease in COX holoenzyme to cultured fibroblasts, SURF1-

deficient heart and liver contained substantially higher levels of residual holoenzyme. 
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In contrast, the tissue-specific consequences of SCO2 mutations, mainly the 

profound difference between the residual COX activity in skeletal muscle and 

fibroblasts, have previously been reported (Jaksch et al., 2001b; Papadopoulou et 

al., 1999). 

We show that despite very low levels of mutant protein the livers of SCO2 

patients display practically no reduction of fully assembled COX, corresponding to 

high residual activity. 

The precise molecular basis of tissue-specific consequences of SCO2 and 

SURF1 mutations remains unresolved. In addition to different levels of COX 

holoenzyme, variable levels of subcomplexes were found among different tissues, 

although some of them displayed the same residual level of the holoenzyme (e.g. 

heart and muscle). This is likely to be attributable to different rates of clearance of 

partially assembled or unassembled subunits. The tissue-specific pattern of assembly 

defects only partially overlaps with the expression of particular tissue-specific 

isoforms of COX subunits, suggesting the involvement of a rather different 

mechanism. In our patients, the mutant Sco2 protein was almost undetectable in 

brain and heart with profound COX deficiency, whereas the liver, and particularly 

fibroblasts, contained small but significant amounts of residual Sco2. However, we 

find it unlikely that this minor difference could account for the distinct biochemical and 

clinical involvement of these tissues, unless there is a pronounced difference in 

‘spare capacity’ of Sco2 for copper delivery to the CuA centre in these tissues. 

Therefore we speculate that tissue-specific consequences of SCO2 and SURF1 

mutations, in terms of both holoenzyme and subcomplex levels, suggest the 

existence of tissue-specific functional differences of these proteins that may have 

evolved to meet different requirements for the regulation of COX biogenesis. 

 

Structural and histochemical studies 

Patient samples for these studies were divided into two groups due to the 

mutation type in SCO2 gene. Group A represents tissues of patients harbouring the 

homozygous state of the prevalent mutation E140K (g.1541G>A). Group B collects 
samples with heterozygous form of E140K combined with other mutation (g.1280C>T 

or g.1518delA) (Vesela et al., 2008). 

Some of them were available for histochemical analysis (Tab. 8). 
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Tab. 8 List of tissues available for analysis 
 
 Group A Group B  

 Siblings  Siblings   

 Patient 2 Patient3 Patient 5  Patient 1  Patient 1b  Patient 7 Patient 8 
Age of death 12 mo  15 mo  9 mo  8 mo  not known  7 wk  11wk  

CNSa  P/F  P  P/F  P  0  P/F  P  

 
BC+HC  

 
BC+HC    BC   

Regions of  
CNS  

C, Bg,  
CRBL,  
brain stem,  
MS  

CRBL,  
MS  

C, Bg,  
CRBL*,  
brain stem  

C, Th, Bg,  
CRBL,  
brain stem  

 C, MS  Bg  

Peripheral  0  0  0  0  EM  0  EM  
nerveb      skin nerve   sural nerve  
Skeletal 
muscle  F  F+EM  F  P  F  P/F  P/F+EM  
a/b BC+HC  BC+HC  BC+HC   BC  BC  BC+HC  

Hearta  P/F  0  P/F  P  0  P/F + EM  P  
 BC+HC   BC+HC    BC   
Liver a/b  P/F+EM  0  P/F  P  0  P/F  F  
 BC+HC   BC+HC   BC  BC+HC  

Other tissues  Kidney  0  Kidney  0  0  Retina  0  
 P/F (HC)   P/F (HC)    P   

Abbreviations: CNS, central nervous system; C brain cortex; Th, thalamus; Bg, basal ganglia; CRBL, cerebellum; MS, spinal  
medulla; F, frozen tissues; P, formalin-fixed paraffin-embedded tissues; EM, biopsy for electron microscopy; BC, COX de- 
ficiency proven biochemically; HC, COX deficiency confirmed histochemically. 0 tissues not available.  
*Dentate nucleus was available only in this case.  
Patient 1b is a brother of patient 1, who were not investigated in any other studies only in structural and histochemical. 

 
Central and the peripheral nervous systems 

In both groups there were regressive changes characterized by shrinkage of 

neurons and neuronal depopulation accompanied by gliosis and variable 

neocapillarization. The changes were expressed with different intensity in the areas 

examined (for sample availability in individual cases see Tab.8). Maximal neuronal 

depletion was focally expressed in the cerebellar cortex affecting both granular and 

Purkinje cell layers, associated with marked Bergman astrogliosis. Severe neuronal 

degeneration and astrogliosis were also seen in the dentate nucleus (available in one 

case only). High degree neocapillarization accompanied by loss of individual cells 

was present in basal ganglia in both groups. Necrosis of the type seen in Leigh 

syndrome (Powers and DeVivo, 2002) was not observed. In other parts of the brain 

(cortex, thalamus and brain stem), there was only patchy loss of neurons. The spinal 

medulla motoneurons were moderately affected in both groups. The number of 

mitochondria was not generally increased, with the exception of large striatal neurons 

and some spinal motoneurons, the perikarya of which harboured numerous fine 
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eosinophilic granules strongly stained with both antimitochondrial antibodies. COX 

activity was also uniformly decreased in both samples available for histochemistry. 

Neuronal involvement is non-specific in terms of morphology. It is widespread 

throughout the central nervous system and corresponds to the category of 

polioencephalopathy described in mitochondrial disorders (Powers and DeVivo, 

2002). Structural changes in the nervous system were developed in both groups, in 

spite of shorter survival of patients in group B.  

The sample of retina was available in one patient from B group. There was 

pronounced shrinkage and loss of neurons restricted to the ganglion cell layer, 

whereas the number of neurons in both outer and inner nuclear layers was not 

significantly altered. There were large eosinophilic granular aggregates strongly 

stained for mitochondria in the retinal photoreceptors. They were concentrated 

between the photoreceptor inner and outer segments. Discrete aggregates were 

seen in neurits in the external plexiform layer.  

Ultrastructural analysis of peripheral nerves, realized in two patients (one of 

each phenotype group, Tab.8), showed axonal degeneration and demyelinization. 

The sural nerve from the compound heterozygous patient also showed signs of 

remyelinization and axonal sprouting in spite of the shorter course of disease in this 

case. No mitochondrial abnormalities were observed. 

Here we show for the first time that affection of retinal neurons may be an 

integral part of the neuropathology in COX deficiency due to SCO2 mutations. The 

ultrastructure of the mitochondrial aggregates in the zone of photoreceptors could not 

be evaluated for technical reasons. To the best of our knowledge there is no 

evidence of similar mitochondrial alteration in mitochondrial retinopathies studies 

(McKechnie et al., 1985). Alterations of peripheral nerves suggest the presence of 

peripheral neuropathy also involving sensitive fibers (sural nerve). Our pathological 

findings (sensitive neuropathy, retinopathy) exceed the range of clinical 

symptomatology. 

 

Skeletal muscle and the skeletal muscle involvement 

The spectrum of findings in tissues from the patients of group A ranged from 

relatively mild structural changes (atrophy of individual fibres, both angulated and 

rounded, occasional fibre hypertrophy and rare muscle fibre destruction) to fully 

developed neurogenic atrophy. The histochemistry showed irregular decrease in 
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COX activity in samples of three patients (Tab.8). In all of them, both SDH and 

NADH-TR were highly active, without having a regular normal checkerboard pattern. 

Groups of atrophic angulated fibres displayed typical enhanced activities of both 

dehydrogenases. In one case in group B (death at 11 weeks), signs of neurogenic 

atrophy were combined with myopathic changes (marked hypertrophy of muscle 

fibres in comparison to age-matched samples, frequent internalized nuclei, variation 

in fibre size). COX activity was not detectable histochemically. In the second case 

(death at 7 weeks), the pathology was limited to increased variation in fibre size with 

occasional enlarged rounded fibres. Ragged red fibres and ultrastructural 

mitochondrial abnormalities were absent in both groups. 

With regard to spinal motoneuron degeneration and COX deficiency in muscle 

fibres proven histochemically and biochemically, we explain the skeletal muscle 

pathology as a consequence of ‘‘double hit’’ – neurogenic lesion and metabolic 

affection. The range of structural alterations in our patients may be caused by 

differences in skeletal muscle sampling, which may not match lesions of the spinal 

motoneurons. Isolated decrease in COX activity secondary to neurogenic muscle 

atrophy is not likely, as it is associated with decrease in the activity of other 

respiratory chain enzymes, including SDH (Berger et al., 2003). 

 

Heart and the cardiac involvement 

The histology showed no signs of cardiac hypertrophy in group A and only 

moderate multiplication of mitochondria without increase in their size, demonstrable 

by specific staining. COX activity tested histochemically was found to be uniformly 

decreased (samples from two cases available). In group B there was marked cardiac 

concentric hypertrophy of both ventricles with three and four-fold increase in weight 

against age-matched controls. The histology showed hypertrophy of cardiocytes with 

enlarged hyperchromatic and often doubled nuclei. Mitochondria were increased in 

number and many of them were significantly enlarged. Ultrastructurally they were 

frequently aggregated densely with very close contacts of their external membranes. 

In smaller mitochondria, the cristae were short and condensed. In larger mitochondria 

(4–5 mm in diameter) the cristae were loosened, longer and unevenly oriented. Some 

of them were tubular; others were narrow, densified, linear and rigid. Single or 

several lucent intramitochondrial vacuoles (lipid? glycogen?) with marked tendency to 
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fusion were sometimes seen. Crystalloid formations were absent. Profound COX 

deficiency could be confirmed biochemically in one case (patient 7). 

The cardiac involvement due to hypertrophic cardiomyopathy was linked to 

compound heterozygosity for E140K and a nonsense mutation, and was responsible 

for the severe, rapidly progressive clinical course. No significant cardiac involvement 

was apparent in our patients homozygous for E140K. 

 

Kidney  

Samples were available from two patients of group A. The histology was 

normal, without any significant increase in the number of mitochondria. Strong 

histochemical activity of COX was comparable with controls.  

 

Liver 

There was neither hepatomegaly nor increase in the number of mitochondria 

in the histology of available samples from patients of group A. In two cases there was 

microvesicular steatosis. In one of them it was associated with increase in the 

amount of glycogen. In the third case the histology was normal. Liver biopsy available 

in one case showed no abnormalities of the mitochondrial ultrastructure. In group B 

there was centrolobular venostasis associated with necrosis of individual hepatocytes 

and discrete intracellular cholestasis (patient 7). Microvesicular steatosis was seen in 

patient 8. In two samples (patients 2 and 8) there was a questionable decrease in 

histochemically detectable COX activity, corresponding to the biochemical results. 

So no obvious disease-specific structural alterations were detectable with the 

exception of borderline decrease in COX activity in some cases. Alteration of the liver 

parenchyma in group B is most probably secondary to venostasis due to cardiac 

failure before death of the patients. These findings together with the absence of any 

pathology in the kidney correspond well with the clinical and biochemical data. 

Although Sco2 protein is expressed in all tissues ubiquitously (Horng et al., 2005), 

the phenotype resulting from SCO2 mutations shows decreased COX activity and 

affliction in certain tissues only; these mutations cause encephalocardiomyopathy 

(Jaksch et al., 2000; Leary et al., 2006; Papadopoulou et al., 1999; Sacconi et al., 

2003; Salviati et al., 2002a; Sue et al., 2000; Tarnopolsky et al., 2004; Tay et al., 

2004). The reason for the tissue sensitivity and specificity is not clearly understood so 

far. 
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In terms of pathology the results of our study suggest, that the structural 

phenotype of COX deficiency due to mutations in SCO2 can be characterized as 

neuromuscular disorder with two subvariants differing in the degree of cardiac 

involvement (Vesela et al., 2008). 
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CONCLUSIONS 
 

 

 Clinical course of the isolated cytochrome c oxidase deficiency is very 

heterogenous. The results of our studies enabled: 

 

 

o better understanding of biochemical and functional impact of nuclearly 

encoded assembling proteins on biogenesis of cytochrome c oxidase 

 

o better understanding of cytochrome c oxidase deficiency manifestation in 

morphology and function of the cells 

 

o better understanding of natural course of the disease in patients with 

nuclearly encoded isolated cytochrome c oxidase deficiency 

 

o appropriate genetic counseling and eventual prenatal diagnostics in the 

affected families  
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