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Abstract 

The clinical and biochemical findings of 14 patients with an isolated defect of 
the bc I complex have been summarized. The heterogeneity of this group of 
disorders reflects the severity and tissue specific expression of the defect and the 
complexity of this multisubunit protein with components that are coded on 
both nuclear and mitochondrial DNA. The data on several patients with a 
combined defect of cytochrome oxidase and the b c  I complex or with multiple 
respiratory chain defects have also been presented and discussed in relation to 
our knowledge of the biosynthesis and assembly of the respiratory chain 
complexes. The severity of the defect in vivo is illustrated in one patient with 
isolated complex III deficiency by measurement of 02 consumption and CO 2 
production following exercise, or by 3EP-NMR. The latter also provides a 
means by which response to therapy can be followed. 

Key words: Mitochondrial myopathy; mitochondrial encephalomyopathy; 
complex III; bc~ complex; cytochrome b; ubiquinol:cytochrome c reductase; 
succinate:cytochrome c reductase; electron transport; respiratory chain; 
31P-NMR. 

Introduction 

The major  funct ion of mi tochondr ia  in aerobically active tissues such as 

skeletal muscle or brain  is to catalyze the terminal  reactions of  fuel uti l ization 
and  to produce sufficient ATP  to meet the high energy demands  of  these 

tissues. With in  the last few years, a group of  disorders of mi tochondr ia l  
function has been recognized. These include: ( l)  defects of substrate utilization 
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such as pyruvate dehydrogenase deficiency (reviewed elsewhere in this issue) 
and disorders of/3-oxidation or the carnitine system (Angelini, 1984; Vianey- 
Liaud et al., 1987); (2) disorders of the respiratory chain; and (3) disorders 
of ATP synthesis or the coupling mechanism (DiMauro et al., 1985). Disorders 
of the respiratory chain are usually associated with structural as well as 
functional abnormalities of mitochondria and, not surprisingly, affect those 
tissues with a high demand for ATP such as skeletal muscle, brain, heart, and 
retina. The clinical expression of these disorders varies according to the major 
target organ involved, usually skeletal muscle and/or the CNS. 

The proteins of the mitochondrial electron transport chain catalyze the 
oxidation of NADH-linked substrates, or of Succinate, coupled to the syn- 
thesis of ATP. These proteins are assembled into five major complexes which 
span the mitochondrial inner membrane, comprising NADH:ubiquinone 
reductase (complex I), succinate : ubiquinone reductase (complex II), ubiqui- 
nol: cytochrome c reductase (complex III or the bcl complex), cytochrome c 
oxidase (complex IV), and the ATP synthase (complex V), as shown sche- 
matically in Fig. 1. Disorders of each complex have been described 
(DiMauro et al., 1985). Each complex is made up of a number of distinct 
subunits, eleven in the case of the bCl complex in mammals. Moreover, 
tissue-specific or developmentally regulated forms of some of these subunits 
may exist. Any of these individual proteins could be the site of a genetic 
defect, so the potential for genetic heterogeneity is enormous. This is par- 
ticularly true if one includes the additional possibility of defects of regulation, 
transport, assembly, or processing of these proteins. 

Most proteins of the respiratory chain are coded on nuclear D N A ,  
synthesized on cytoplasmic ribosomes, and then transported into the mito- 
chondria. However, 13 structural proteins, all components of complexes I, 
III, IV, and V, are coded on mitochondrial DNA (mtDNA) and synthesized 
within the mitochondria (Anderson et al., 1981; Chomyn et al., 1985). This 
includes apocytochrome b of complex III. Thus there is also the potential for 
defects of mtDNA in this group of diseases. Such defects would be expected 
to cause a multisystem disease with variability of expression within families, 
or among different tissues of one individual, according to the distribution of 
normal or mutant mitochondria during embryogenesis. Moreover, since 
mitochondria appear to be inherited exclusively from the mother, these 
disorders should have a maternal inheritance pattern (Giles et al., 1980). A 
few such families have now been described (Wallace, 1986). 

This review is restricted to disorders of the bcl complex. However, 
since there is little to differentiate the different disorders of the respi- 
ratory chain at the clinical level, and the diagnostic evaluation is similar, 
these aspects, which are discussed below, are applicable to all of the 
disorders. 
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Clinical Presentation of Patients with Disorders of the Respiratory Chain 

The clinical presentation of patients with disorders of the electron 
transport chain depends on the severity and tissue distribution of the defect 
but can be divided into four main groups: (a) mitochondrial myopathy, with 
predominant or exclusive involvement of skeletal muscle; (b) mitochondrial 
encephalomyopathy, or multisystem disease, with major involvement of the 
central nervous system but usually with evidence of skeletal muscle disease 
and possibly other tissue involvement; (c) infantile mitochondrial encephalo- 
myopathy, including Leigh's syndrome, with much earlier onset and a more 
severe course; and (d) mitochondrial cardiomyopathy, in which the heart 
may be the sole organ involved. 

There are also several syndromes which may fall into the above classifi- 
cation, or may in some cases be distinct. These include chronic progressive 
external ophthalmoplegia (CPEO) in which the muscle weakness predomi- 
nantly affects the extraocular muscles which have a very high energy require- 
ment. A series of multisystem disorders includes: Kearns-Sayre syndrome or 
"ophthalmoplegia plus" in which retinopathy and cardiac conduction defects 
occur in addition to mitochondrial myopathy and CPEO (Berenberg et  al., 
1977); MELAS syndrome, an acronym for mitochondrial encephalomyopathy, 
lactic acidosis, and strokelike episodes (Pavlakis et  al., 1984); MERRF syn- 
drome, an acronym for myoclonic epilepsy and ragged red fibers (Fukuhara 
et  aI., 1980; Rosing et  al., 1985); and some multisystem endocrinopathies. 
These varied presentations may be caused by lesions of the respiratory chain, 
but the biochemical etiology cannot be differentiated on clinical grounds. It 
is also not clear whether some defects may be caused by other genetic or 
environmental factors; for example, the Kearns-Sayre syndrome is almost 
always sporadic. 

Diagnostic Evaluation of Patients with Disorders of the Respiratory Chain 

Lactic acidosis is frequent in these patients; it may be severe, causing 
profound metabolic acidosis, or may only be demonstrable following 
exercise. The plasma lactate/pyruvate ratio may also be elevated, as may the 
/%hydroxybutyrate/acetoacetate ratio, reflecting an increased NADH/NAD + 
in both the cytoplasm and mitochondria and suggesting a defect of the 
respiratory chain. 

In most cases, histochemical examination of skeletal muscle, often per- 
formed on small samples obtained by needle biopsy, is the initial study which 
confirms a mitochondrial myopathy and leads to detailed biochemical evalu- 
ation. On histochemistry, the tissue frequently shows ragged red fibers, so 
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called because of the granular red material seen with the modified Gomori 
trichrome stain. This material, which is comprised of collections of mito- 
chondria, is found most commonly just under the cell membrane but may 
extend throughout the muscle fiber. It also shows increased staining for mito- 
chondrial activities such as succinate dehydrogenase or NADH-tetrazolium 
reductase. Ragged red fibers may constitute a major proportion of the muscle 
fibers, may occur infrequently, or occasionally may be absent. Their number 
does not seem to correlate with the clinical severity and they may represent 
one stage of the evolution of the disease in a given fiber. Immunocytochemistry, 
using antibodies to components of the respiratory chain, now permits docu- 
mentation of certain polypeptide deficiencies in some patients (Bresolin et  al. ,  
1985). On electron microscopy, aggregates of mitochondria can usually be 
found, predominantly in the subsarcolemmal region of the fiber; these 
mitochondria may be greatly enlarged, of bizarre shapes, and frequently 
contain densely packed cristae, sometimes arranged in concentric whorls. In 
other cases, crystalline inclusions are seen in the intracristal or intermem- 
brane space (Stadhouders and Sengers, 1987). Neutral fat and glycogen are 
often increased. Immunoelectron microscopy may be diagnostically valuable, 
especially when limited sample is available (Kim et  al.,  1987). 

Biochemical Studies in Muscle 

A variety of methods have been applied to pinpoint the site of the defect 
in patients with disorders of the respiratory chain. Measurement of oxygen 
consumption in isolated mitochondria, incubated with a variety of sub- 
strates, provides valuable information on the integrity of transport systems 
for uptake of substrates into mitochondria, reactions of the citric acid cycle, 
the electron transport chain, and the capacity for oxidative phosphorylation. 
Unfortunately it requires fairly large amounts of fresh tissue and is subject 
to a number of errors if only small samples are available (Scholte e t  al. ,  1985). 
Production of 14CO2 from a variety of substrates, in the presence and absence 
of ADP or uncoupler, is a more sensitive approach that has been investigated 
in fresh mitochondria and slow-speed supernatants or homogenates (Bookel- 
man et  al.,  1978b; Gabre61s e t  al.,  1984). 

The quantities of reducible cytochromes b, c + cl, and aa 3 can be 
obtained from reduced-oxidized spectra, reduction being carried out either 
with dithionite or with succinate in the presence of cyanide or antimycin A, 
the latter blocking electron flow between cytochromes b and cj. With dith- 
ionite, reduction is complete but spurious results can be caused by the 
presence of hemoglobin or myoglobin (Bookelman e t  al.,  1978a). With suc- 
cinate, however, reduction is not as complete but there is no interference from 
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hemoglobin or myoglobin. Another potential problem is loss of cytochrome 
c from mitochondria or tissues which have been frozen. 

A number of activities, as indicated in Fig. 1, can be measured in 
mitochondria or in slow-speed supernatants of fresh or frozen tissue. Theo- 
retically, NADH dehydrogenase and NADH : ubiquinone reductase should 
be normal in patients with a defect of the bc~ complex whereas rotenone- 
sensitive NADH:cytochrome c reductase and NADH oxidase should be 
reduced. However, rotenone-insensitive activity which arises predominantly 
from outer membrane NADH : cytochrome b5 reductase activity (Sottocasa 
et al., 1967) may constitute as much as 90% of total NADH : cytochrome c 
reductase; its presence can therefore mask a defect of the inner membrane 
activity, especially in impure preparations. Succinate dehydrogenase is usually 
measured in the presence of 2,6-dichlorophenol indophenol (DCIP) with or 
without phenazine methosulfate (PMS). In the absence of PMS, DCIP is 
believed to accept electrons at the level of coenzyme Q, thus providing a 
measure of succinate : ubiquinone reductase activity (Fischer et al., 1985). 

Finally, with the availability of subunit specific antibodies, it is now 
possible to probe the subunit composition of respiratory chain complexes by 
immunoprecipitation and SDS-polyacrylamide gel electrophoresis, or by 
Western blot analysis (Darley-Usmar et al., 1983; Bresolin et al., 1985; Tanaka 
et al., 1986). 

Disorders of the bcl Complex 

Patients with isolated complex III deficiency have been grouped according 
to the clinical classification outlined in Table I. This division is somewhat 
arbitrary in that there is considerable clinical overlap between these groups. 
However, until these defects can be defined at the molecular level, there is no 
better classification for patients with a disorder of the bc~ complex. Table I 
lists the salient features of 14 patients on whom detailed information is 
available. Tables II and III provide data on the biochemical findings in 
muscle from these patients. Later sections deal with partial deficiency of the 
be~ complex, combined defects of cytochrome oxidase and the bc~ complex, 
and multiple respiratory chain defects and/or secondary defects of the bc~ 
complex. 

Mitochondrial Myopathy 

Fatigue, shortness of breath, and severe exercise intolerance dominate 
the clinical picture in these patients. Onset is in childhood or adolescence. 
There may be associated weakness, and an oculoskeletal myopathy with 
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CPEO and/or ptosis may be present. Muscle pain or cramps occur infre- 
quently and myoglobinuria has not been reported. Lactic acidosis may be 
mild or severe, and in some patients may only be demonstrated following 
exercise. As far as we can tell, the disease is restricted to skeletal muscle. On 
microscopy, the muscle invariably shows ragged red fibers and accumulations 
of structurally abnormal mitochondria, typical ofmitochondrial myopathies. 
Family history has been negative in all cases, except patient 4 whose daughter 
was similarly affected. 

In patients 1-4, the diagnosis of a defect of the bc~ complex was based 
on the markedly reduced respiratory activities with succinate as well 
as NADH-linked substrates, especially in comparison to activities with 
ascorbate + TMPD in most of these patients (Table II). In cases 2 and 3, 
state 3 oxygen consumption was not increased by uncoupler (FCCP), indi- 
cating that the low repiratory activities were not due to a deficiency of the 
mitochondrial ATPase. In support of this conclusion, respiratory activities 
with pyruvate + malate and succinate + rotenone increased more than 
3-fold in patient 3 and more than 15-fold in patient 4 with the addition of 
TMPD which is believed to transfer electrons directly from complex I or II 
to cytochrome c, thus bypassing a block in the bcl complex (Lee et al., 1967). 
Low levels of cytochrome b in patient 2 and cytochromes b and c~ in patient 
3 confirm the defect of complex III. The apparent deficiency of cytochromes 
aa3 in addition to b and c~ in patient 3 is hard to reconcile with the relatively 
normal respiratory activity measured with ascorbate + TMPD as substrate. 
Two additional patients with CPEO and exercise intolerance, not listed in 
Tables I and II, had normal levels of cytochromes (Morgan-Hughes et al., 
1987) as did patients 1 and 4. In cases 5 and 6 (Table II1), a defect of complex 
III was established on the basis of markedly reduced activities of rotenone- 
sensitive NADH:cytochrome c reductase and succinate:cytochrome c 
reductase while succinate dehydrogenase and cytochrome oxidase were 
normal. Low levels of reducible cytochrome b in patient 6 confirmed this 
diagnosis. 

Mitochondrial Encephalomyopathy 

Four patients have been described in whom multisystem disease, starting 
either in childhood or in adult life, was present (Table I). Ataxia and intellectual 
deterioration occurred in three patients; myoclonus (involuntary jerking 
movements) was present in two, preceding other symptoms by 9 years in 
patient 9. Pigmentary degeneration of the retina was present in two cases. 
Ragged red fibers were usually seen on muscle biopsy but structural changes 
in mitochondria were not always present (Spiro et al., 1970). Liver biopsy 
was said to be histologically normal in case 9. 
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The first two patients with complex III deficiency who were investigated 
at the biochemical level were cases 7 and 8. Although respiratory activities 
were not measured in case 7, it was assumed he had the same biochemical 
defect as his son (case 8). Low levels of cytochrome b, reduced with succinate 
in the presence of antimycin A, in both father and son confirmed a defect of 
the bcl complex in these two patients. Low levels of reducible cytochromes 
a and a3 were reported but are hard to interpret in view of the apparent 
contamination of the samples with hemoglobin (Bookelman et al., 1978a). 
Thus these patients could have had a combined defect of complexes III and IV. 

In cases 9 and 10, the respiratory activities suggested a defect at the level 
of complex III, and this was confirmed by the low (but detectable) levels of 
reducible cytochrome b in mitochondria from patient 9. In this patient, the 
absorption maximum of cytochrome b was shifted from 562 to 558nm, 
suggesting either an abnormality in its structure or membrane environment. 
In contrast, in patient 10 and in one other patient with multisystem disease 
(Morgan-Hughes et al., 1987), mitochondrial cytochromes were normal. 

Infantile Mitochondrial Encephalomyopathy 

In these patients the early onset of severe hypotonia, developmental 
delay, failure to thrive, and lactic acidosis may be overwhelming, leading to 
death at an early age. Both brain and muscle appear to be involved. In case 
13 onset appeared to be later and the course milder, although this patient was 
weak as an infant and motor milestones were delayed. Family history was 
negative in all cases. Pathologically, muscle from these patients showed the 
typical histochemical and electron microscopic appearance of ragged red 
fiber myopathy. In contrast to the picture in skeletal muscle, liver from 
patient 11 showed no microscopic abnormalities. 

In cases 11-13 (Table III) a severe deficiency of succinate: cytochrome c 
reductase activity was found in muscle, consistent with a defect of complex 
II or complex III. In patient 11, an elevated lactate/pyruvate ratio in blood 
was felt to indicate impaired oxidation of N A D H  and therefore a defect at 
the level of the bcl complex, rather than complex II. The defect also appeared 
to be tissue specific in that succinate : cytochrome c reductase was normal in 
liver. 

In case 12, mitochondria prepared from muscle biopsy at the age of 8 
months also showed low oxygen consumption with pyruvate + malate, 
succinate + rotenone, and duroquinol, and relatively normal respiration 
with ascorbate + TMPD, consistent with a specific defect of complex III 
(data not shown). Succinate:cytochrome c reductase in this biopsy was 
undetectable. Spectral analysis of cytochromes showed a slow rate of reduction 
of aa3 by succinate and marked deficiency of c + cj; in view of the normal 
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oxidation of ascorbate, which required endogenous cytochrome c, it was 
deduced that cytochrome Cl was deficient. In a repeat biopsy at 2.8 years of 
age, respiration with ascorbate/TMPD had fallen to about 50% of normal 
and was no longer stimulated by ADP. It was suggested that this might reflect 
a secondary effect of accumulated long-chain acyl-CoA on the adenine 
nucleotide carrier (see later discussion). Very low activity of succinate: 
cytochrome c reductase in liver documented the defect in this tissue also; 
however, the activity was normal in cultured skin fibroblasts. 

In patient 13, in addition to the reduced activity of succinate : cytochrome 
c reductase in muscle, 14C02 production from [1-14C] pyruvate + malate or 
carnitine and [U-~4C] malate + pyruvate or acetylcarnitine was markedly 
reduced, consistent with a disorder of the b c  I complex. Cytochrome spectra 
were normal, suggesting a defect in electron transport between ubiquinone 
and cytochrome b. There was no evidence for involvement of tissues other 
than muscle and brain in this patient, the elevated levels of lactate and 
pyruvate in CSF suggesting that the defect was indeed expressed in brain. 

Mitochondrial Cardiomyopathy 

In case 14, the clinical picture was dominated by massive enlargement of 
the heart due to hypertrophy &both ventricles, leading to cardiac failure and 
death at four weeks of age. At autopsy, cardiac muscle fibers were enlarged 
(histiocyte-like cells) and contained only remnants of myofibrils, large 
accumulations of mitochondria, slightly increased fat, and decreased glycogen. 
Other tissues showed only nonspecific changes. Family history was negative. 
Severe deficiency of both rotenone-sensitive NADH : cytochrome c reductase 
and succinate : cytochrome c reductase, with normal succinate dehyrogenase 
and cytochrome oxidase, in heart mitochondria localized the defect to the bq 
complex, and the low levels of reducible cytochrome b were consistent with 
this. Normal activity of succinate: cytochrome c reductase in both muscle 
and liver confirmed that the disorder was tissue specific. 

Partial Deficiency of the bcl Complex 

Mitsumoto et al. (1983) studied 13 patients with CPEO alone or 
"ophthalmoplegia plus" syndrome, eight of whom had ragged red fibers on 
muscle biopsy (group 1) and five of whom did not (group 2). In group 1, the 
mean state 3 respiration was 32% of controls with glutamate + malate 
(p < 0.001) and 46% of controls with succinate (p < 0.005). Uncoupled 
respiration was also significantly reduced. Cytochrome spectra and cyto- 
chrome oxidase activity were normal. In group 2, mean state 3 respiration 
was 57% of controls with glutamate + malate (p < 0.01) and 68% of 
controls with succinate (not significant). However, uncoupled respiration was 
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significantly reduced with both substrates. More interestingly, mitochondrial 
cytochromes showed low levels of reducible cytochrome b (73% of controls 
p < 0.01) and cytochromes c + c~ (69% of controls p < 0.005) in group 2 
patients. Cytochrome oxidase activity was normal. These data suggest a 
partial defect of the bc~ complex, especially in group 2 patients, but possibly 
also in group 1, although not directly affecting the bc~ site. In view of the 
clinical heterogeneity within each group, a secondary effect on the bc~ complex 
cannot be ruled out. 

Succinate : cytochrome c Reductase Deficiency in the Absence of  a Complex 
I I I  Defect 

Sperl et al. (1988) described a 3-month-old girl with severe developmental 
delay and lactic acidosis from 2 days of age who is unique in that she developed 
the DeToni-Fanconi-Debr6 Syndrome of renal tubular dysfunction, together 
with signs of liver dysfunction, suggesting that the metabolic defect was 
expressed in several tissues. A similar presentation occurs in some cases of 
cytochrome oxidase deficiency (DiMauro et al., 1985). The pathology 
of muscle was also unusual in that no ragged red fibers or mitochondrial 
abnormalities were found. Succinate:cytochrome c reductase activity was 
markedly reduced in muscle (2.0mU/mg protein; controls 10-33mU/mg 
protein) and was also low in liver (4.4 mU/mg protein; controls 6.0-50.0 mU/ 
mg protein). Cytochromes in muscle were normal apart from an apparent 
loss of cytochrome c during freezing of the tissue. Cytochrome oxidase 
activity, and succinate dehydrogenase, measured both with and without 
PMS, were normal in both liver and muscle. The latter presumably rules out 
a defect of complex II. Normal NADH oxidase activity ruled out a defect of 
complex III. The authors suggested that the data could best be explained by 
a defect in a (protein) component in the microenvironment of coenzyme Q. 

Two siblings, aged 7 and 9 years respectively, with mitochondrial 
encephalomyopathy were reported by Riggs et al. (1984). Rotenone-sensitive 
NADH : cytochrome c reductase, succinate dehydrogenase, and cytochrome 
oxidase were normal in muscle from both patients; however, succinate: 
cytochrome c reductase was reduced in both (0.43 and 0.13 #mol/min/g tissue 
compared to 1.11 _+ 0.43 #mol/min/g tissue in controls). These data were 
interpreted as indicating a defect of complex II of the respiratory chain, 
involving the segment between the flavoprotein of succinate dehydrogenase 
and coenzyme Q. Unfortunately insufficient material was available for meas- 
urement of succinate : ubiquinone reductase or the mitochondrial cytochromes. 

Classification and Tissue Specificity of  Complex III  Defects 

Ideally the classification of respiratory chain disorders should be based 
on a knowledge of the primary molecular defect which has not yet been 
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established in any patient. Classification on the basis of clinical findings alone 
is obviously unsatisfactory, as illustrated by patient 6 who has had several 
episodes of significant neurological symptoms following what for her 
is excessive exercise leading to severe lactic acidosis. These episodes usually 
start with visual hallucinations comprising bizarre complex patterns and, if 
untreated, may progress to frank seizures. Nonetheless this patient normally 
had no central neurological symptoms and is therefore classified as a myopathy 
rather than an encephalomyopathy. It seems likely that the neurological 
symptoms in some patients may be caused by acute major distortions in the 
levels of metabolites in the circulation, rather than by expression of the 
underlying defect in the nervous system. 

Attempts to classify these patients on the basis of tissue specificity or 
specific biochemical abnormalities present a very confusing picture: muscle is 
affected in most patients but not all; heart is rarely affected; brain appears to 
be involved in about 50% of cases; occasionally the defect is expressed in liver 
but only once was it reported to be expressed in cultured skin fibroblasts 
(Scholte et al., 1987). It is clear that there is a great deal of heterogeneity 
within this group of disorders, hardly surprising in view of the complexity of 
this multisubunit protein complex. 

On the basis of the cytochrome spectra, these patients can be divided 
into at least three distinct groups: (1) normal cytochromes, suggesting a defect 
at the level of coenzyme Q or the Reiske iron-sulfur centers; interestingly, the 
serum level of ubiquinone was reduced in patient 10 although it was normal 
in four other patients with normal levels of cytochromes (Morgan-Hughes 
et al., 1987); (2) low cytochrome b, presumably interrupting electron flow at 
that site; (3) low cytochromes b and c~, again interrupting electron transport 
at the bCl site. The pattern of cytochromes does not appear to correlate with 
either the clinical presentation or tissue-specific expression of the disease. The 
basis of the tissue specificity is not clear either, although, in analogy with 
what has been reported for cytochrome oxidase (Kadenbach et al., 1982; 
Kuhn-Nentwig and Kadenbach, 1985), it seems likely that some of the 
nuclear coded subunits of complex III may be tissue specific. This topic is 
addressed in a separate review in this issue. The occurrence of combined 
deficiencies of more than one of the respiratory chain complexes and the 
possibility of secondary deficiencies complicates the picture even more, as 
discussed below. 

Combined Defect of Cytochrome Oxidase and the be1 Complex 

Three patients have been described with infantile mitochondrial myo- 
pathy or encephalomyopathy, DeToni-Fanconi-Debr~ syndrome, and lactic 
acidosis in whom cytochrome aa3 was absent and cytochrome b reduced in 
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skeletal muscle. Cytochrome oxidase activity was 5 and 6% of normal in two 
patients (Stansbie et al., 1982; DiMauro et al., 1980) but was not measured 
in the third (Van Biervliet et al., 1977). Cytochromes aa3 and b were normal 
in other tissues examined (heart of two patients; liver, kidney, and brain of 
one patient) except that low levels were found in kidney of one patient in 
whom cytochrome oxidase activity was 38% of normal (DiMauro et al., 
1980). 

Morgan-Hughes et al. (1984b) reported a 14-year-old female with 
mitochondrial myopathy and peripheral neuropathy dating from infancy. 
State 3 respiration was low with all substrates, and cytochromes aa3 and b 
were deficient. 

Aprille (1985) described two siblings with infantile mitochondrial 
encephalomyopathy in whom cytochrome oxidase activity was severely 
reduced in muscle but normal in liver; cytochromes aa3 and b were undetectable 
in muscle but normal in liver, heart, brain, and kidney of both except for a 
total absence of cytochrome b in liver from case 2. Clearly the major abnor- 
mality was confined to muscle in these two patients and the isolated defi- 
ciency of cytochrome b in liver from one sibling only could be a secondary 
phenomenon. However, a second cousin, who had died at 5 months of age 
with hepatic encephalopathy, hypoglycemia, and generalized aminoaciduria, 
had marked deficiency of cytochrome oxidase and cytochromes aa3 and b in 
liver. Although muscle was not available, the distinct clinical presentation 
and absence of lactic acidosis suggested that the disorder was confined to 
liver in this patient. Another similar but unrelated patient was reported by the 
same author. The basis of the tissue specificity of these disorders has been 
discussed already. Of interest is the fact that the biochemical defect was 
absent in kidney of three out of four patients with DeToni-Fanconi-Debr6 
syndrome and deficient cytochromes aa3 and b in muscle or liver, suggesting 
that the renal dysfunction may be a secondary phenomenon in some patients. 
Possible causes of a combined defect of cytochrome oxidase and the bc~ 
complex are discussed later along with additional data on another case of 
combined complex III and complex IV deficiency (Kennaway et al., 1987). 

Multiple Respiratory Chain Defects and/or Secondary Defects of  the bcl 
Complex 

Several patients have been described with multiple respiratory chain 
deficiencies, the underlying cause of which is obscure. A young woman with 
Kearns-Sayre syndrome had low levels of cytochrome oxidase, succinate: 
cytochrome c reductase, citrate synthetase, and carnitine palmityltransferase 
in muscle mitochondria (Allen et al., 1983). Free carnitine was also markedly 
reduced. Tanaka et al. (1986) described an infant with mitochondrial 
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encephalomyopathy and DeToni-Fanconi-Debr6 syndrome in whom the 
activities of NADH dehydrogenase, succinate dehydrogenase, ubiquinol: 
cytochrome c reductase, and cytochrome oxidase were all markedly reduced 
in muscle mitochondria. Cytochromes a a  3 and b were undetectable and 
c + c~ was 14% of control. The family described by Barth e t  al. (1983) 
is unusual in that the disease affected cardiac muscle, skeletal muscle, 
and neutrophil leukocytes and was inherited as an X-linked recessive 
condition. Finally, the infant described by Fischer e t  al. (1986), with mito- 
chondrial encephalomyopathy, had relatively minor reductions of succinate : 
ubiquinone reductase and succinate:cytochrome c reductase activities 
which were probably secondary to a profound abnormality of complex 
I, leading to a disturbance in the environment of coenzyme Q in that 
patient. Another infant with mitochondrial encephalopathy and combined 
deficiencies of complexes I and III was reported by Morgan-Hughes e t  al. 

(1984b). 
Many patients with respiratory chain defects have had additional abnor- 

malities and it is not always clear what is primary and what is secondary. One 
of the more common findings has been a reduced level of free carnitine in 
muscle. This may contribute to the increased lipid in muscle, carnitine being 
required for the uptake of fatty acids into mitochondria where they undergo 
fi-oxidation. Low muscle carnitine may be a consequence of a respiratory 
chain defect since ATP is required for transport of carnitine into muscle. 
Alternatively, low tissue carnitine may result from a disturbance in oxidation 
of long-chain acyl-CoA due to formation of acylcarnitines which are subse- 
quently exported from the cell. Ultimately the carnitine deficiency may cause 
further accumulation of these acyl-CoA esters which are known to inhibit a 
variety of enzymes and translocases, particularly the adenine nucleotide 
translocase (Lauquin e t  al. ,  1977). Other secondary effects may be mediated 
by the activation of proteases or phospholipases by increased intracellular 
Ca +2, or the generation of free radicals as a consequence of a block in the 
respiratory chain. Supplementation with oral carnitine and/or vitamin E may 
be beneficial in such patients. 

Stadhouders and Sengers (1987) have presented an alternative view of 
the etiology of respiratory chain deficiencies, especially in some patients with 
CPEO. They suggest that the increased oxygen supply resulting from 
proliferation of capillaries around ragged red fibers (seen-in only some 
patients) leads to increased free radical attack on membrane phospholipids, 
with disruption of membrane micro-architecture. This may lead to decreased 
assembly of respiratory chain complexes, decreased electron transport chain 
activity, and crystallization of the unincorporated proteins. This view is 
consistent with the variability of biochemical findings seen in patients with, 
for example, the Kearns-Sayre syndrome. 
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Finally, the diminished oxidation of succinate and NADH-linked sub- 
strates and the low succinate : cytochrome c reductase activity in muscle and/or 
liver in Zellweger's syndrome should be mentioned (Goldfisher et al., 1973; 
Trijbels et al., 1983). This syndrome is one of a group of disorders with multiple 
peroxisomal dysfunctions, possibly due to a disorder of peroxisomal biogenesis 
or assembly (Schutgens et al., 1986). How the peroxisomal abnormality 
impinges on the bcl complex of the mitochondrial respiratory chain is not clear. 

Molecular and Genetic Considerations 

Attempts to identify the primary molecular defect in patients with 
disorders of the bCl complex have been successful in only two cases with a 
deletion of muscle mtDNA (see note added in proof). The subunit compo- 
sition of complexes III and IV has been examined in muscle from only two 
patients, one with an isolated defect of complex II! and the other with a 
combined defect of complexes II! and IV. In the first (patient 6, Tables I and 
III) mitochondrial proteins showed severe deficiency of cytochrome b (Table 
III) and of core proteins 1 and 2, the nonheme iron-sulfur protein, and 
peptide VI of complex III (Fig. 2) (Darley-Usmar et al., 1983). Cytochrome 
cl, although present in normal amount, was more sensitive to proteolysis 
than normal, suggesting loose attachment to the membrane. 

Deficiency of multiple subunits of complex III, including cytochrome b, 
a product of mtDNA, was at first surprising. Although some yeast mutants 
with deletions in the cytochrome b gene have defective assembly of complex 
I!I and a similar pattern of subunit deficiencies (Sen and Beattie, 1986), a 
genetic defect of mtDNA in this patient is unlikely for several reasons. First, 
the onset of symptoms in late childhood is inconsistent with a defect of 
mtDNA which would presumably have been present at conception. Second, 
the patient's mother was clinically normal and her resting levels of phospho- 
creatine and recovery following exercise were normal by 31p-NMR spec- 
troscopy. Third, a defect of mtDNA should affect all tissues and there was 
no evidence to suggest that any tissue other than muscle was affected in the 
patient (Darley-Usmar et al., 1986). Since a defect of mtDNA is unlikely in 
this patient the primary abnormality could be in a nuclear coded subunit of 
complex III that is unique to muscle, possibly not normally expressed until 
adolescence, and in the absence of which complex III cannot be assembled 
properly. A model for this is provided by a yeast mutant in which the gene 
for subunit II has been disrupted, resulting in severe reduction in levels of 
apocytochrome b, the nonheme iron-sulfur protein, and two other subunits, 
whereas cytochrome Cl was present (Oudshoorn et al., 1987). A primary 
deficiency of one subunit may be sufficient to prevent the proper assembly 
of other subunits into the membrane, resulting in multiple deficiencies. 



Cytoehrome bc~ Complex in Mitoehondrial Diseases 343 

A B C D 

CORE 

V! 

FeS 

CORE 

C 
I 

IV P C IV P C IV C P P C IV 

Fig. 2. Antibody binding to subunits of complex III in patient 6. Experimental details 
are described in Darley-Usmar et  al., 1983. (A) Binding of anti-holocomplex III antibody; 
(B) Binding of anti-FeS protein antibody; (C) Binding of anti-core protein (I and II) antibody; 
(D) Binding of anti-cytochrome c I antibody. III, 2#g of purified complex IlI from beef heart; 
C, 80#g of protein isolated from control .human muscle mitochondria; P, 80#g of protein 
isolated from patient muscle mitochondria. Modified from Darley-Usmar et  al., 1983, with 
permission. 

Alternatively there could be a defect of a nuclear coded gene required for the 
synthesis of cytochrome b and/or other subunits of the bc~ complex. Again, 
there are models for this in yeast (Dieckmann et al., 1982; Dieckmann and 
Tzagoloff, 1985). 

The subunit composition of the defective respiratory chain has also been 
examined in a patient with a combined defect of complex III and complex IV 
(Sengers et al., 1984; Kennaway et al., 1987). This infant, with mitochondrial 
myopathy and cardiomyopathy, died at 5 months of age of cardiorespiratory 
insufficiency and lactic acidosis. Cytochrome oxidase and succinate:cyto- 
chrome c reductase in muscle mitochondria were less than 10% of controls. 
Cytochromes aa3 and b were 7.0 and 15.7% of the normal mean respectively. 
Free carnitine in muscle was also low. Antibody binding to subunits of the 
bc~ complex documented deficiency of core proteins 1 and 2 and the nonheme 
iron-sulfur protein but normal cytochr0me ca. Interestingly, this is the same 
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pattern of subunit deficiencies as seen in patient 6. Additional experiments 
documented marked deficiency of at least 7 of the 13 subunits of cytochrome 
oxidase (MtlI, MtIII, CIV, CV, ASA, AED, and STA) (Takamiya et  al., 
1986; Kennaway et  al., 1987) using the nomenclature of Capaldi (see Takamiya 
et  al., 1987). 

Deficiency of multiple subunits has also been described in two patients 
with isolated cytochrome oxidase deficiency (Bresolin et  al., 1985; Tanaka 
et  al., 1987) and one patient with combined cytochrome oxidase and complex 
I deficiency (Tanaka et  aI., 1987). Thus, it appears that multiple subunit 
deficiencies may be the rule rather than the exception in disorders of the 
respiratory chain. Mechanisms to account for this have been discussed above. 
However, involvement of more than one complex, as in this patient, requires 
further explanation. 

The biosynthesis of the respiratory chain is unique in that it requires the 
coordinated expression of both the nuclear and mitochondrial genomes 

CYTOPLASM 

MATRIX 

Fig. 3. Schematic of the synthesis and assembly of the repiratory chain complexes. Reproduced 
from Takamiya et al., 1986, with permission. 
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(Poyton, 1980; Clayton, 1984). Figure 3 outlines schematically the steps 
involved in synthesis and assembly of cytochrome oxidase, as an example. It 
could apply equally to complexes I, III, or V. Mitochondrial DNA, which 
codes for three subunits of cytochrome oxidase, is thought to be transcribed 
as a polycistronic message which is then processed to give mRNA corre- 
sponding to the individual reading frames. These are translated on mito- 
chondrial ribosomes close to or associated with the inner membrane. The 
remaining polypeptides are synthesized on cytoplasmic ribosomes as pre- 
cursors with an N-terminal extension which directs their incorporation into 
mitochondria and, after cleavage of the leader sequence, into the inner 
membrane (Schatz and Butow, 1983). The presence ofcytochrome c~ and the 
two components of succinic dehydrogenase as mature polypeptides indicated 
that those mechanisms were intact in the patient described above. An error 
of mtDNA seems unlikely since the mother was healthy, and consanguinity of 
the parents suggested autosomal recessive inheritance. As far as we know, the 
synthesis of the bc~ complex and cytochrome oxidase are linked only at the 
level of transcription of the mtDNA and processing of the polycistronic 
mRNA, suggesting that the defect in this patient and others with multiple 
deficiencies could be a defect of a nuclear coded gene required for these 
events. Such genes have been described in yeast (Malczewski and Whitfield, 
1984). 

Expression of Respiratory Chain Defects in vivo and Response to Treatment 

It is important to consider whether the abnormalities of the respiratory 
chain, measured in vitro, represent a functional defect in vivo. Two techniques 
are relevant in this regard. The first is an incremental exercise test with 
measurement of O2 consumption and CO2 production, and determination of 
the respiratory exchange ratio (CO2 production/O2 consumption). Under 
conditions of increasing exercise, normal controls maintain a straight-line 
relationship between minute ventilation (volume of air passing through the 
lungs/rain) and oxygen consumption, up to the ventilatory threshold (Fig. 4A). 
At this point, increasing work results in a change of slope, resulting from 
increased lactate production from anaerobic glycolysis. From Fig. 4A it can 
also be seen that O 2 consumption increased approximately 10-fold during 
strenuous exercise in a normal control. In contrast (Fig. 4B) 02 consumption 
in patient 6 increased only by a factor of about 2 and she was anaerobic 
almost from the onset of the test. The patient's respiratory exchange ratio 
rose to 2.28, a highly abnormal value, in spite of the fact that the maximum 
work performed (5 watts) was much less than that of the control (147 watts) 
whose respiratory exchange ratio rose only to 1.12. Similar data were reported 
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Fig. 4. Relationship between minute ventilation and oxygen uptake during incremental exercise 
testing in a control female (A) and patient 6 (B). Maximum work was 147 watts for the control 
and 5 watts for the patient. Arrow indicates ventitatory threshold (see text for definition). 

for patient 2 (Morgan-Hughes et al., 1977). This test provides persuasive 
evidence of a defect of skeletal muscle aerobic metabolism in these patients. 

The second in vivo technique which is valuable is 31p-NMR spectroscopy 
(Chance et al., 1986). In patient 6, it enabled us to document markedly 
reduced levels of phosphocreatine (PCr), especially in relation to the levels of 
inorganic phosphate (Pi) (Eleff et al., 1984). During exercise, PCr/Pi falls to 
around 1, below which discomfort due to lactic acidosis soon occurs. Recovery 
from exercise, with return of PCr/Pi to resting levels, is usually complete in 
3-4 rain (Fig. 5). In the patient, recovery took over 20 minutes, illustrating 
the severe deficiency of energy generation in muscle and suggesting a method 
of assessing the efficacy of different therapeutic trials. Figure 5 (lower panel) 
shows a spectrum from patient 6, on treatment with menadione and ascorbate 
which may bypass a block at the level of the bcl complex. Resting levels of 
PCr/Pi increased dramatically as did recovery from exercise. This improve- 
ment, as well as considerable clinical improvement, has been maintained over 
several years of treatment (Argov et aI., 1986). 

Similar therapy has been tried in at least two other patients with defects 
of the bq  complex (cases 5 and 12), with no obvious clinical success (Reich- 
mann et al., 1986; Przyrembel, 1987). In patient 5 (nonresponsive), cytochrome 
b was present in normal amounts whereas in patient 6 (responsive) it was low, 
indicating that the molecular defects in these two patients were distinct. In 
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Fig. 5. 3]p-NMR spectra of the arm of a control female (top panel) and patient 6 (middle and 
lower panels). Experimental details are given in Eleff et al., 1984. The left panel shows resting 
spectra with peaks corresponding to the e, fl, and 7 phosphorus of ATP, phosphocreatine (PCr), 
inorganic phosphate (P0 and sugar phosphates (SP) identified. The right panel shows results 
following isokinetic ergometer exercise indicating intervals of rest and exercise. The lower panel 
shows results following therapy with menadione and ascorbate in the patient. Reproduced from 
Eleff et al., 1984, with permission. 

pa t ien t  5, the defect  m a y  involve the region o f  coenzyme Q or  the nonheme 
i ron-sul fur  p ro te in  which in some way precludes  in te rac t ion  with menadione .  
I t  has been suggested tha t  the rapy  with coenzyme Q10 might  be beneficial in 
some patients  and,  indeed, was repor ted  to decrease exercise-st imulated lactate 
p roduc t ion  in ano the r  pa t ien t  with a defect  o f  complex  I I I  ( M o r g a n - H u g h e s  
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et al., 1984b). The application of 31p-NMR in evaluating such patients is 
obvious. 

Conclusions 

This review has attempted to summarize the available data on 14 patients 
with a well-defined defect of the bcl complex. The variability of clinical 
features and biochemical findings defies logical classification at present, and 
presumably reflects the complexity of this multisubunit protein with com- 
ponents that are coded on both nuclear and mitochondrial DNA. Variability 
of expression of the disease in different tissues suggests that tissue-specific 
forms of some of the polypeptides of complex III may exist, or that the 
expression of these polypeptides is under tissue-specific control. The occur- 
rence of multiple subunit deficiencies in one patient with a defect of complex 
III, and one patient with a combined defect of complex III and cytochrome 
oxidase, suggests interference with the synthesis and/or assembly of these 
complex proteins in the mitochondrial inner membrane. Finally, measure- 
ment of 02 consumption and CO2 production during exercise or 31p-NMR 
spectroscopy documents the extent of the deficiency in vivo and illustrates 
that knowledge of the site of the defect in certain patients with disorders of 
the bc~ complex can be used to design specific therapy to circumvent that 
defect, and thus provide therapeutic benefit to the patient. 

Note Added in Proof 

In a recent report, Holt et al. (1988) identified deletions of mtDNA in 
9 out of 25 cases of mitochondrial myopathy. Two of these patients had 
complex III deficiency. The deletions were identified by the restriction 
enzyme digest pattern, using probes to HeLa cell mtDNA, and were present 
in 18-79% of total muscle mtDNA but absent in leukocytes. 

In one patient with complex III deficiency, the deletion of muscle 
mtDNA was about 5.9 kb in length and extended from at least position 7441 
to 12,871 with upper limits of position 7204 to 13,259. This includes coding 
regions for subunits of complex I, cytochrome oxidase, and the ATPase as 
well as several tRNAs, but does not include cytochrome b. Thus, the relation- 
ship of the biochemical defect to the deletion of mtDNA is not at all clear. 
As the authors point out, a defect of complex I cannot be identified polaro- 
graphically in the presence of a defect further along the respiratory chain. 
Likewise, a defect of complexes I and/or III cannot be identified polaro- 
graphically in the presence of a defect of cytochrome oxidase. This illustrates 
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the necessity o f  activity measurements  and ant ibody binding experiments in 
addit ion to polarographic  studies in document ing specific and/or  multiple 
defects o f  the respiratory chain. 

These data  demonstra te  conclusively that heteroplasmy of  m t D N A  
occurs in man,  and that  defects o f  m t D N A  can be associated with human  
disease. The presence o f  the deletion in muscle but not  leukocyte m t D N A  in 
the patients described above suggests that  selection against mutan t  mito- 
chondr ia  in rapidly dividing tissues may account  in part  for the variable 
expression o f  these diseases in different tissues. 
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