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ABSTRACT. This study was undertaken to estimate the 
extent of molecular defects in the mitochondrial electron- 
transfer chain of a patient with mitochondrial myopathy. 
Biochemical and immunochemical studies were performed 
on the skeletal muscle mitochondria. Spectrophotometry 
and enzyme activity measurements localized a definite 
defect at the segment of cytochrome c oxidase (complex 
IV) of the electron-transfer chain. Immunoblotting and 
immunoprecipitation studies using the anti-complex IV 
antibody revealed that the contents of subunits 1, 4, 5, 6, 
and 7 of complex IV were markedly diminished and that 
subunit 2 was almost absent. Immunohistochemistry of the 
muscle tissue revealed a considerable accumulation of im- 
munoreactive materials of complex IV in the ragged-red 
fibers. The immunoblots using the anti-NADH-ubiquinone 
oxidoreductase antibody demonstrated that the contents of 
NADH-ubiquinone oxidoreductase subunits were 47% of 
control and that the contents of three subunits were con- 
siderably decreased. The contents of ubiquinol-cytochrome 
c oxidoreductase subunits were also somewhat low (77% 
of control) and one of the minor contaminants detected in 
the control was completely absent. High-resolution one- 
dimensional sodium dodecyl sulfate-urea-gel electropho- 
resis disclosed that six additional unidentified polypeptides 
in the control were markedly diminished or completely 
missing. These results demonstrate that the molecular 
defects in the mitochondrial electron-transfer chain are 
more extensive than would be expected from either spectral 
analysis or enzyme activity measurements alone, and in- 
volve not only complex IV but also NADH-ubiquinone 
oxidoreductase and ubiquinol-cytochrome c oxidoreductase 
and several unidentified mitochondrial proteins. (Pediatr 
Res 24: 447-454,1988) 
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Complex V, F$,-ATPase 
SDS, sodium dodecyl sulfate 
PAGE, polyacrylamide gel electrophoresis 
PBS, phosphate-buffered saline 
MELAS, mitochondrial myopathy, encephalopathy, lactic 

acidosis, and stroke-like episodes 

Mitochondria1 myopathies are miscellaneous entities charac- 
terized by muscular atrophy and morphologically abnormal mi- 
tochondria (I). Deficiencies in the oxidative phosphorylation 
system have been recognized as one of the causes of mitochon- 
drial myopathies, and complex IV deficiency is the most frequent 
disorder (2). 

Complex IV deficiency has been classified into the following 
four f o k s  on the basis of clinical characteristics: I)  fatal infantile 
form with or without renal dysfunction or cardiomyopathy (3, 
4); 2) benign infantile form, spontaneously remitting myopathy 
of infancy (5); and 3 )  encephalomyopathic form (6) ,  including 
Leigh's necrotizing encephalomyelopathy (7). In addition, focal 
deficiency of complex IV, mainly observed in Kearns-Sayre 
syndrome (8) or in chronic progressive external ophthalmoplegia 
(CPEO) (9), is also recognized. However, the molecular basis for 
the heterogeneity in the clinical features of complex IV deficiency 
is not fully elucidated. 

The electron-transfer chain is divided into four segments: 
complexes I, 11, 111, and IV. These complexes, together with 
complex V, are involved in the oxidative phosphorylation. They 
are multisubunit enzymes; there are 25 subunits in complex I, 
4-5 in complex 11, 9-10 in complex 111, 7-8 in complex IV, and 
12- 14 in complex V (1 0). In some cases of complex IV deficiency 
(1 1-14), it has been reported that not only complex IV but also 
other segments of the respiratory chain are affected. But the 
molecular mechanism of combined deficiency of respiratory 
complexes is not fully elucidated. 

Although spectral and enzymologic analyses have been used 
to study the defects in the oxidative phosphorylation system, 
they provide only limited information on the structure and 
function of the eiectron-transfer complexes. Therefore, an im- 
proved analysis of the subunits of defective complexes is essential 
for gaining insight into the fundamental abnormality. Moreover, 
the presence of a combined deficiency requires that the analysis 
of subunits should cover the whole system of the electron-transfer 
chain. For this purpose, methods for systematically analyzing 
mitochondrial proteins from a small amount of biopsied tissue 
have been established for use in this study. 
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These methods were used to ascertain if molecular abnormality 
is confined to subunits of complex IV or extended to subunits of 
other complexes. This question is of central importance in decid- 
ing if the deficiency of multiple complexes is an epiphenomenon 
of the complex IV deficiency or if the cause of the defects are 
common among the complexes. In the present study of skeletal 
muscle mitochondria from a patient with mitochondrial myopa- 
thy, the results indicate that even in a typical case of complex IV 
deficiency the molecular defect was more extensive than would 
be expected from either the spectral or enzymologic analyses. 

CASE REPORT 

A 6-yr-old Japanese boy of a normal gestation and birth was 
completely asymptomatic and fully active until age 3 when 
decreased exercise tolerance was noted. An older brother was 
normal and there was no consanguinity. At age 6, he was 
presented to the Tohoku University Hospital because of retarded 
growth. Generalized muscular atrophy and weakness were evi- 
dent. Physical examination of the heart, eyes, and CNS was 
normal. There was slight mental retardation (IQ 77 by the 
Tanaka-Binet method). CT and MRI showed no abnormality. 
Urinalysis indicated neither glucosuria nor aminoaciduria with 
negative findings upon loading with NH4Cl. Laboratory investi- 
gations revealed lactic acidosis with a marked increase in venous 
lactate level during an exercise tolerance test. A glucose loading 
test showed no elevation in the lactate level. Loading of ketogenic 
diet increased the levels of venous lactate and ketone bodies with 
appearance of dicarboxylic acids in the urine. Intravenous injec- 
tion of methylene blue resulted in a significant decrease in venous 
lactate level. Enzymologic examination of cultured skin fibro- 
blasts demonstrated normal activities of mitochondrial electron- 
transfer enzymes as well as of the pyruvate dehydrogenase com- 
plex, pyruvate carboxylase, and phosphoenolpyruvate carboxy- 
kinase. Cytochrome c oxidase activity was normal in biopsied 
liver, cultured fibroblasts, and leukocytes (data not shown), but 
was markedly diminished in biopsied muscle (see "Results"), 
indicating that the defect is localized in the skeletal muscle. 
Electron microscopy revealed a marked increase in number of 
mitochondria in the skeletal muscle fibers. 

METHODS 

Preparation of mitochondria. Skeletal muscle was taken from 
the vastus lateralis by open biopsy under general anesthesia after 
signed permission and informed concent were given. Mitochon- 
dria were isolated from human control and patient skeletal 
muscles (approximately 0.7 g) essentially according to the 
method of Kennaway et al., (1 5). 

Measurement of enzymic activity. Activity of complex 1-111, 
complex 11-111, and succinate dehydrogenase (a part of complex 
11) were determined according to the methods of Sanadi et al. 
(1 6), Kennaway et al. (1 5), and Pennington (1 7), respectively. 
Complex IV activity was measured by the rate of cyanide- 
sensitive oxidation of reduced cytochrome c essentially as de- 
scribed by Wharton and Tzagoloff (1 8). Mg2+-dependent ATPase 
(complex V) activity was measured by the method of Kagawa 
(19). 

Determination of cytochromes. Reduced minus oxidized spec- 
tra of cytochromes were recorded at room temperature in a 
Hitachi 557 double-wavelength double-beam spectrophotometer 
using a reference wavelength of 570 nm. Cytochromes were 
reduced by addition of 10 mM succinate and 1 mM KCN or by 
addition of a few grains of sodium dithionite. The concentrations 
of cytochromes were calculated using the extinction coefficients 
reported by Bookelman et al. (20). Protein in the mitochondrial 
preparation was measured by the method of Lowry et al. (2 1). 

Purification of enzyme complexes. All mitochondrial enzyme 
complexes used in this study were purified from beef heart 

mitochondria isolated according to the method of Crane et al. 
(22). Complex I was isolated by the method of Hatefi (23). 
Soluble NADH dehydrogenase and iron-protein fragments were 
prepared from complex I as described by Galante and Hatefi 
(24). Complex I11 was isolated as described by Rieske et al. (25) 
and was further purified by phenyl-Sepharose chromatography 
and cytochrome c-Sepharose chromatography by the method of 
Ozawa et al. (26). Complex IV was isolated by the method of 
Fowler et al. (27), as modified by Tzagoloff and MacLennan (28) 
or by Capaldi and Hayashi (29), and was further purified by a 
combination of hydrophobic interaction chromatography on 
phenyl-Sepharose and affinity chromatography on cytochrome 
c-Sepharose according to the method of Tanaka and Ozawa (30). 
The F, part of complex V was isolated by the method of Vogel 
(3 1). Most of the detergent present in the highly purified prepa- 
rations of the complexes was removed before immunization by 
mixing with Bio-Beads SM-2 (Bio-Rad Laboratories, Richmond, 
CA). 

Preparation of antibodies. Antibodies against mitochondrial 
enzymes were raised in rabbits by intradermal injections of 1 mg 
of protein for complexes I, 111, and IV, and 0.5 mg of protein for 
F1-part of complex V; the proteins were emulsified in 1 ml of 
0.9% NaCl with 1 ml of Freund's complete adjuvant. Booster 
injections of the same mixture were administered 3, 5, and 7 wk 
later. One week after the last injection, blood was withdrawn 
from the carotid artery. 

Zmmunohistochemistry for complex Z V .  For immunohisto- 
chemical studies, skeletal muscle biopsy specimens were frozen 
in liquid nitrogen-cooled isopentane and cross-sectioned to 10- 
pm thickness in a cryostat. Sections were incubated for 5 min at 
room temperature with 0.1% Triton X-100, and washed twice 
with cold PBS. They were treated for 20 min with 0.03% H202 
in methanol to block endogenous peroxidase activity. After being 
washed twice with cold PBS, the sections were overlayed with 
10% normal goat serum for 20 min in a humidified chamber. 
Then they were covered with the anti-complex IV antibody 
(1: 100 dilution) for 30 min at 37" C. The immunohistochemical 
stain was performed by the avidin-biotin complex method essen- 
tially according to Sato et al. (32). 

Electrophoresis of proteins. SDS-PAGE was camed out essen- 
tially according to Kadenbach et al. (33) using electrophoresis 
apparatuses from Marysol Industry Co., Ltd., Tokyo, Japan: type 
KS-8000SE for standard-sized slab gels (13.5 x 12 x 0.1 cm) 
and type KS-8430s for large-sized slab gels (16 x 35 x 0.1 cm). 
An exponential acrylamide-gradient from 9.38 to 18.75% and a 
glycerol-gradient from 0 to 20% were formed using a two-channel 
pump as described by Douglas et al. (34). Protein samples were 
solubilized in a sample buffer containing 8 M urea, 10% glycerol, 
5% 2-mercaptoethanol, 62.5 mM Tris-HC1, pH 6.8, 2% SDS, 
and 0.001 % bromophenol blue, and were incubated at 37" C for 
30 min. Gels were stained either with Coomassie brilliant blue 
R-250 or by the silver staining method of Merril et al. (35). A 
mixture of cross-linked cytochrome c (Oriental Yeast Co., Ltd., 
Tokyo, Japan) was used as the molecular weight marker. 

Electroblotting and immunochemical detection of mitochon- 
drial proteins. Mitochondria1 proteins separated by SDS-PAGE 
were electrophoretically transferred to a Durapore GVHP filter 
(Millipore Co., Bedford, MA) according to the method of Towbin 
et al. (36) using an electroblotting apparatus (type KS-8450- 
IIGMT, Marysol). An electric current of 200 mA was applied for 
1 h in a cold room (4" C). The electrode buffer contained 25 
mM Tris, 192 mM glycine, 20% (vol/vol) methanol, and 0.1 % 
SDS. The electrophoretic blots were soaked in 3% gelatin in 
saline (0.5 M NaCl and 20 mM Tris-HC1, pH 7.4) for 1 h at 
room temperature to saturate additional protein binding sites. 
They were then incubated with antisera diluted 1: 100 into 1 % 
gelatin in saline for 2 h at room temperature. After a brief 
soaking in water and washing twice for 10 min with saline, the 
filters were incubated for 45 min at room temperature with the 
second antibody, goat anti-rabbit IgG (Medical and Biological 
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Laboratories, Tokyo, Japan) diluted 1500 into 1% gelatin in 
saline. They were again washed as above and then incubated 
with the third antibody, rabbit peroxidase-antiperoxidase com- 
plex (Cappel Laboratories, Cochranville, PA) diluted 1: 1000 into 
1% gelatin in saline. After washing twice with saline, the blots 
were then soaked in a color developing solution containing 
0.0 15% 4-chloro- I-naphthol (Bio-Rad Laboratories, Richmond, 
CA), 0.0 15% Hz02, and 16.7% (vol/vol) methanol in saline. The 
reaction was allowed to proceed for 5-10 min with shaking and 
was stopped by washing with water. For the densitometry of the 
visualized bands, the stained filters were scanned with a Shi- 
madzu CS-930 chromatoscanner (Shimadzu Corporation, 
Kyoto, Japan). 

Zmmunoprecipitation of complex ZV. Mitochondria1 proteins 
(25-250 pg) were solubilized with 0.4 ml of 5% Triton X-100 in 
0.2 M sodium phosphate buffer, pH 7.2. Insoluble materials were 
removed by centrifugation at 10,000 X g for 10 min. After 
incubation with 8 p1 of anti-complex IV serum at 4" C overnight, 
the antigen-antibody complex formed was bound to 15 p1 of 
protein A-Sepharose CL4B (Pharmacia, Uppsala, Sweden). 
After washing four times with 0.8 ml of 1 % Triton X-100 in the 
same buffer by centrifugation at 10,000 x g for 5 min and 
resuspension, the immune complex was released from the gel 
beads by incubation with 20 p1 of sample buffer containing 8 M 
urea, 10% glycerol, 2% SDS, 5% (vol/vol) 2-mercaptoethanol, 
and 62.5 mM Tris-HC1, pH 6.8, at 37" C for 30 min. 

Fig. 1. Histochemistry and immunohistochemistry of the skeletal muscle from patient. A,  Gomori's modified trichrome stain. B, activity staining 
for complex IV. C, immunostaining for complex IV. D, immunostaining of normal skeletal muscle. 
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RESULTS 

Histochemistry and immunochemistry of the skeletal muscle 
of the patient are shown in Figure 1. Abundant ragged-red fibers 
can be observed, indicating proliferation of mitochondria in the 
fiber (Fig. 1A). The histochemistry for complex IV activity 
demonstrated decreased staining in most of the fibers including 
ragged-red fibers (Fig. 1 B). Despite the decreased stain for activ- 
ity, the ragged-red fibers were heavily immunostained when using 
the anti-complex IV antibody (Fig. 1 C).  In contrast, the non- 
ragged-red fibers were less intensely immunostained than the 
ragged-red fibers or the fibers in the control muscle (Fig. ID). 
These results indicate that the immunologically detectable sub- 
units of complex IV accumulated in the ragged-red fibers in 
which defective mitochondria were proliferated. 

The activities of enzymes involved in energy transduction in 
the patient mitochondria are shown in Table 1. Complex 1-111 
and complex 11-111 activities were moderately diminished, being 
40 and 66% of mean control values, respectively. Succinate 
dehydrogenase (a part of complex 11) activity was close to normal 
levels, but cytochrome c oxidase activity was greatly diminished 
and was less than 5% of the control value. When the homoge- 
nates from control and patient tissues were mixed, there was no 
reduction of activity over the expected value from complex IV 
activity of each tissue, indicating that the reduced activity in the 
patient muscle was not due to the presence of an inhibitor. When 
complex IV activity was measured after incubation of the ho- 
mogenate of the patient tissue at various temperatures, the 
decrease in activity was comparable to that observed in the 
control; there was no thermoinstability of complex IV in the 
patient mitochondria. Mg2+-dependent ATPase (complex V) ac- 
tivity was within the normal range. These results localize a major 
defect at the complex IV segment and minor defects at the 
segments of complexes I and I11 of the mitochondrial respiratory 
chain. 

The spectrum of reduced minus oxidized cytochromes showed 
complete lack of the peak of cytochrome aas that is normally 
seen at 605 nm (Fig. 2). Cytochrome aa3 could not be detected 
even when dithionite was used as a reductant. Calculation of 
cytochrome contents (Table 2) confirmed the fact that there is a 
major lesion in complex IV and a minor lesion in complex I11 
inasmuch as the cytochrome aa3 content was less than 4% of the 
control value and the contents of cytochromes b and c + cl were 
both 57% of the control values. 

Complex IV consists of at least seven subunits (10, 30). To 
determine which of these subunits were affected in the patient, 
immunoblot analysis was performed. In Figure 3, the polypeptide 
profile of the patient mitochondria before the electroblotting 
(lane 4) is compared with those of the normal human mitochon- 
dria (lane 3) and beef heart mitochondria (lane 2) with reference 
to the purified preparation of beef heart complex IV (lane I). 
Although the profiles are, as a whole, essentially similar among 
the three mitochondrial preparations, it is noted that the density 

Table 1. Activity of mitochondrial enzymes in skeletal muscle 
mitochondria 

Activity 
(nmol/min/mg of protein) 

Control 
Enzyme mean ?c SD (n) Patient (%) 

Rotenone-sensitive NADH-cyto- 106 & 60 (5) 42 (40) 
chrome c reductase 
(complex 1-111) 

Succinate-cytochrome c reductase 174&24(5) 114(66) 
(complex 11-111) 

Succinate dehydrogenase 1 1 8 t 2 3 ( 5 )  98 (83) 
Cytochrome c oxidase 1420 + 550 (5) 37 ( 3) 
Mgzf-dependent ATPase 1311+429(5) 1138(87) 

Wavelength (nrn) 

Fig. 2. Succinate-reduced minus oxidized spectra of cytochromes in 
control human skeletal muscle mitochondria ( A )  and in patient skeletal 
muscle mitochondria (B). The arrowhead indicates the absorption peak 
of cytochrome aa3 in the ?-region. Protein concentration was 1 mg/ml. 
Scale of absorbance is indicated by the bar. 

Table 2. Contents of cytochromes in skeletal muscle 
mitochondria 

Contents* 
(nmol/mg of protein) 

Cytochromes Control Patient (%) 

a + a3 0.48 ~ 0 . 0 2  (<4) 
b 0.54 0.31 (57) 
C + C I  0.63 0.36 (57) 

*Contents are calculated from the data in Figure 2. 

of several polypeptide bands are diminished in the patient mi- 
tochondria (see Fig. 6 for more detailed analysis). Lane 5 in 
Figure 3 shows antibody binding to purified complex IV of beef 
heart. Cytoplasmically synthesized subunits, 4-7, were easily 
detected in purified complex IV. However, among the mitochon- 
drially synthesized subunits, subunits 1 and 3 did not react with 
the antiserum used and subunit 2 was only slightly discernible. 
A similar pattern was seen with beef heart mitochondria (Fig. 3, 
lane 6) and normal human skeletal muscle mitochondria (Fig. 
3, lane 7) but the intensity of subunit 6 was low in human 
mitochondria as compared to beef mitochondria. In the patient 
mitochondria (Fig. 3, lane 8),  the protein bands corresponding 
to subunits 4, 5, and 7 were barely discernible. Densitometry 
showed that the amounts of subunits 4, 5, and 7 were 13, 5, and 
2% of control values, respectively. This finding is in agreement 
with the reduced activity of complex IV in the patient mitochon- 
dria. The electrophoretic mobilities of the immunochemically 



MUSCULAR CYTOCHROME C OXIDASE DEFICIENCY 45 1 

- 
1 2  3 4 5 6 7 8  

VI, = 
VII* - 

CBB Blot 1 2 3 4  5 6 7  

Fig. 3. SDS-PAGE of mitochondrial proteins and immunochemical 
detection of complex IV subunits. Lanes 1-4 (CBB), an SDS-gel was 
stained for protein with Coomassie brilliant blue R-250. Lane 1, 10 pg 
of complex IV; lane 2, 25 pg of beef heart mitochondria; lane 3, 25 pg 
of control human skeletal muscle mitochondria; lane 4, 25 pg of patient 
skeletal muscle mitochondria. Lanes 5-8 (blot), mitochondrial proteins 
on a gel were electrophoretically transferred to Durapore filter and 
complex IV subunits were detected immunochemically. Lane 5, 1 pg of 
complex IV; lane 6, 25 pg of beef heart mitochondria; lane 7, 75 pg of 
control human skeletal muscle mitochondria; lane 8, 75 pg of patient 
skeletal muscle mitochondria. The roman numbers represent the subunit 
numbers of complex IV. The arrowheads on the right indicate the 
subunits, whose density is markedly decreased. 

detected subunits in the patient were the same as those of the 
subunits in the control. 

Inasmuch as the mitochondrially synthesized subunits of com- 
plex IV could not be visualized by the immunoblotting method, 
immunoprecipitation of the enzyme was carried out with deter- 
gent-solubilized mitochondria (Fig. 4).  Antiserum specific to 
subunits 4-7 coprecipitated subunits 1 ,  2, and 3, although the 
band of subunit 3  was very faint in the immunoprecipitate, 
probably because this subunit is easily dissociated from the 
enzyme by treatment with detergent (37). Compared with the 
beef enzyme, either purified (lane I )  or immunoprecipitated 
from beef heart mitochondria (lane 2 ) ,  the human enzyme from 
skeletal muscle mitochondria (lane 3) had a similar polypeptide 
composition, but the electrophoretic mobility of human subunit 
2 was distinctly higher than that of beef subunit 2 (38). In the 
patient mitochondria (lane 4 ) ,  none of the subunits could be 
detected except for subunit 5  which was barely discernible when 
the same amount of mitochondrial protein was used as in the 
control. When the amount of mitochondrial protein to be ana- 
lyzed were increased, the abnormality in subunit composition of 
the enzyme in the defective mitochondria could be demonstrated 
(lane 5 ) .  Subunits 1 and 4-7 could be detected in the immuno- 
precipitate from the patient mitochondria, but no protein band 
was seen at the position of subunit 2 (arrowhead in lane 5). 

To investigate possible abnormality in other components of 
the mitochondrial oxidative phosphorylation system, immuno- 
blotting experiments were performed using antibodies raised 
against complexes I and 111, and the F1-part of complex V. The 
immunoblotting using antiserum against complex I (Fig. 5A)  

Fig. 4. Detection of complex IV subunits by immunoprecipitation 
using protein A-Sepharose CL-4B. Lane 1, 1 pg of complex IV; lane 2, 
25 pg of beef heart mitochondria; lane 3,75 pg of control human skeletal 
muscle mitochondria; lane 4, 75 pg of patient skeletal muscle mitochon- 
dria; lane 5, 250 pg of patient mitochondria; lane 6, blank, antiserum 
only without mitochondrial proteins; lane 7, 0.1 pg each of molecular 
weight marker proteins, whose mol. wt. are indicated in kDa on the right 
side. The electrophoretic positions of immunoglobulin (IgG), heavy 
chain (HC), and light chain (LC) are also indicated. Note the difference 
in electrophoretic mobility of subunit 2 of complex IV between beef 
heart mitochondria and human skeletal muscle mitochondria (lanes 2 
and 3). Subunit 2 is not detected in patient mitochondria (lane 5, 
arrowhead). 

detected at least 20 subunits both in purified complex I (lane I )  
and in beef heart mitochondria (lane 2 ) ,  and 18 subunits in 
normal human skeletal muscle mitochondria (lane 3) and in 
patient skeletal muscle mitochondria (lane 4 ) .  The content of 
three subunits in the patient (arrowheads in Fig. 5A, lane 4 )  
were considerably diminished. The content of complex I subunits 
in the patient mitochondria was 48% of that in the control, as 
calculated from the total peak area of densitometric traces of the 
blots. This is in rough agreement with the data from activity 
measurements (Table I). 

The immunoperoxidase-stained transblots using anti-complex 
I11 serum (Fig. 5B)  show that antibodies against core proteins 1 
and 2 (bands I and 2  in lane I ) ,  cytochrome cl (band 4 ) ,  Rieske 
iron-sulfur protein (band 5 ) ,  and ubiquinone-binding protein 
(band 6) react with corresponding components of normal human 
mitochondria (Fig. 5B, lane 3 )  and of the defective mitochondria 
(Fig. 5B, lane 4 ) .  The content of complex I11 subunits in the 
patient mitochondria was 77% of that in the control, as calcu- 
lated by densitometry. The decreased content of complex I11 
subunits is correlated with the decrease in spectroscopically 
measurable content of cytochrome b and c + c, and with the 
diminished activities of rotenone-sensitive NADH-cytochrome c 
reductase and succinate-cytochrome c reductase. In addition to 
the five subunits of complex I11 described above, four minor 
bands of contaminating polypeptides were detected in a prepa- 
ration of purified complex I11 (Fig. 5B, lane I ) ,  in beef heart 
mitochondria (lane 2) ,  and in control human skeletal muscle 
mitochondria, indicating that these four minor components are 
constituents of the normal mitochondria and are present in small 
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A Complex I B Complex Ill C Complex v 

1 2 3 4 1 2 3 4 1 2 3 4  
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Fig. 5. Immunochemical detection of subunits of complexes I, 111, and V after SDS-PAGE. A, subunits of complex I. Lane 1, 2 pg of complex I; 
lane 2, 25 pg of beef heart mitochondrial protein; lane 3, 75 pg of control human mitochondrial protein; lane 4, 75 pg of patient mitochondrial 
protein. Subunits were numbered tentatively. Three subunits that are markedly decreased in contents in patient mitochondria are indicated by 
arrowheads. B, subunits of complex 111. Lane I, 1 pg of complex 111. Lanes 2-4, same as in A. The subunits of complex 111 are numbered on the 
left side: I and 2, core proteins; 3, cytochrome b; 4, cytochrome c,; 5, Rieske iron-sulfur protein; and 6, ubiquinone-binding protein. One of four 
minor components that has a mol. wt. of approximately 20,000 is missing in the patient mitochondria (arrowhead). C, subunits of complex V. Lane 
I, 1 pg of F,-part of complex V. Lanes 2-4, same as in A. Subunits a and /iI of complex V and an unidentified component (u) are detected. 

amounts even in a highly purified complex I11 preparation. It is 
noted that one of these polypeptides is absent in the patient 
mitochondria (arrowhead in Fig. 5B, lane 4). The electrophoretic 
mobility of this polypeptide did not coincide with that of subunits 
of complex IV or complex I. 

The immunoblots with antibody against the F1-part of com- 
plex V (Fig. 5 C )  visualized two subunits, a and P, of complex V 
and an unidentified polypeptide (u) in purified enzyme (lane I), 
and in beef heart mitochondria (lane 2). A similar pattern was 
observed with normal human skeletal muscle mitochondria (lane 
3) and patient skeletal muscle mitochondria (lane 4). There was 
no difference in the immunostain density of subunits CY and /3 
and the unidentified subunit between the control and the patient. 
Subunits CY and P of complex V serve as an internal standard 
that certifies that the subunits of complexes IV are specifically 
deficient and that the subunits of complexes I and I11 are also 
moderately diminished in the patient mitochondria. 

Figure 6 shows the polypeptide patterns of mitochondrial 
proteins on large-sized slab gels visualized by silver staining. 
They demonstrate higher resolution than those on the standard- 
sized slab gels stained with Coomassie brilliant blue (Fig. 3, lanes 
1-4). The immunoblotting and immunoprecipitation experi- 
ments described above revealed that the electrophoretic mobili- 
ties of subunits in the complexes of the mitochondrial oxidative 
phosphorylation system are similar between beef and human. 
Therefore, this method allows direct identification of polypeptide 
bands of human skeletal muscle mitochondria (Fig. 6 ,  lanes 2 
and 3) by comparison of their electrophoretic mobilities with 
those of the subunits in the complexes purified from beef heart 
mitochondria (Fig. 6, lanes 4-9). At least 11 polypeptide bands 

are shown to be markedly diminished in density in the patient 
mitochondria (Fig. 6 ,  lane 1, arrowheads) as compared to each 
band of the control. Among them, five bands are identified as 
subunits 2-4 of complex IV. Six other polypeptide bands cannot 
be identified on the basis of electrophoretic mobility. One protein 
band, indicated by U in Figure 5, lane I, probably corresponds 
to the deficient minor component demonstrated by immuno- 
blotting using anti-complex I11 serum (Fig. 5B, lane 4, arrow- 
head). Thus, this approach also makes it possible to detect 
abnormality in polypeptides that are not constituents of the 
complexes and therefore are not specifically detected by immu- 
nologic methods. 

DISCUSSION 

The results of the present study demonstrate that the decreased 
complex IV activity (Table 1) and the absence of cytochrome 
aas (Fig. 2, Table 2) are based on marked deficiency of complex 
IV subunits (Fig. 3). Normal thermostability of enzymic activity 
in the homogenate of the patient muscle implies that the de- 
creased amount of subunits is passively due to a limited synthesis 
of any of the subunits rather than accelerated degradation of the 
complex. The observation that subunit 2 was most markedly 
diminished among complex IV subunits (Fig. 4) suggests that the 
defect in subunit 2 impairs proper assembly of the complex, 
resulting in a secondary deficiency of other complex IV subunits 
and prosthetic groups. However, we cannot exclude the possibil- 
ity that the decreased content of subunit 2 is secondary to a 
defect in one of the nuclearly encoded subunits. It is generally 
accepted that subunit 1 contains binding sites for two heme 
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Fig. 6. Survey for deficient polypeptides in mitochondria isolated 
from patient skeletal muscle by high-resolution one-dimensional SDS- 
PAGE. Lane 1, 15 pg of patient skeletal muscle mitochondria; lane 2, 
15 pg of control human skeletal muscle mitochondria; lane 3, 15 pg of 
beef heart mitochondria; lane 3, 4 pg of complex I; lane 5, 2 pg of the 
iron-protein fragment of complex I; lane 6 ,  2 pg of the flavoprotein 
fragment of complex I; lane 7, 2 pg of complex 111; lane 8, 2 pg of 
complex IV; lane 9, 2 pg of the FI-part of complex V; lane 10, 0.1 pg 
each of the mol. wt. marker proteins. Polypeptide bands whose density 
is markedly decreased in the patient as compared to the control are 
indicated by arrowheads. The roman numbers represent subunit num- 
bers of complex IV. The unidentified polypeptide (U) corresponds to the 
minor component detected by immunoblotting using the anti-complex 
111 antibody (Fig. 5B, arrowhead). Numbers in lanes 7,8, and 9 represent 
the subunit numbers of complexes 111, IV, and V, respectively. The mol. 
wt. of marker proteins are indicated in kDa on the right side. 

molecules (a, a3) and a copper atom (CuB) and that subunit 2 
contains a binding site for another copper atom (CuA) and 
provides a site for interaction with cytochrome c (10, 39-41). 
Therefore, the decreased content of subunit 2 seems to be the 
main reason for the decreased activity of the complex. 

In a patient with mitochondrial myopathy due to complex I11 
deficiency (15) and in patients with MELAS due to complex I 
deficiency (42), it was demonstrated that deficiency of subunits 
in respective complexes was disproportionate; some subunits 
were severely deficient and others were less severely deficient. In 
the muscle tissue of the present patient, despite the increased 
amount of immunoreactive material in the ragged-red fibers, the 
histochemical stain for activity of complex IV (Fig. 1) was 
decreased, suggesting that the enzyme protein is inactive in those 
fibers. Inasmuch as we used an antiserum containing antibodies 
against various subunits of complex IV, the increased immuno- 
reactivity is ascribable to the residual immunoreactive subunits 
that are retained in the markedly increased numbers of mito- 
chondria in the ragged-red fibers. Similar observation was made 
in muscle tissues from patients with mitochondrial myopathies 
due to deficiency of complexes I and/or IV (43). Therefore, 
ragged-red fibers with decreased enzymic activity but with in- 
creased immunoreactive material seem to be an indication of 
impaired molecular assembly of the complex. 

Combined deficiencies of multiple respiratory-chain enzyme 
complexes have been reported in several cases of fatal infantile 
mitochondrial myopathies ( 10- 1 3). We previously observed that 
mild deficiency of complex IV subunits was associated with 
deficiency of complex I in a patient with MELAS (44). Moreover, 
we also observed combined deficiencies of complexes I and IV 
in two patients with mitochondrial myopathies (45). In the 
present study, it is demonstrated that milder but significant 
defects in complexes I and I11 (Fig. 5) and deficiency of several 
unidentified polypeptides (Fig. 6) accompanied deficiency of 
complex IV subunits (Figs. 3 and 4). These observations suggest 
that deficiency of multiple sites in the respiratory chain is not a 
rare phenomenon in mitochondrial myopathies. 

Although it cannot be ruled out that the minor defects in 
complexes I and I11 are only epiphenomena of complex IV 
deficiency, these minor defects might be etiologically linked to 
the major defect in complex IV. Mammalian mitochondrial 
DNA codes for two ribosomal RNA, 22 transfer RNA, seven 
subunits in complex I, cytochrome b subunit in complex 111, 
subunits 1, 2, and 3 in complex IV, and subunits 6 and 8 in 
complex V (46, 47). The genes encoding these proteins are 
transcribed in the forms of polycistronic RNA, which are proc- 
essed into messenger RNA and translated on mitochondrial 
ribosomes (48). The pleiotropy of the defects in the electron- 
transfer chain found in the present patient might be caused by a 
defect in mitochondrial DNA itself or its expression. Specifically, 
the defect of subunit 2 in the present patient might be ascribed 
to a mutation or deletion in the COII gene in the mitochondrial 
DNA as in the cases reported by Ozawa et al. (49). The obser- 
vation that complex IV deficiency was localized in the skeletal 
muscle in the present patient might be explained by mitotic 
segregation of a mutant mitochondrial genome in the muscle 
tissue early in the development of the patient. The elucidation 
of the underlying genetical abnormality awaits further molecular 
biologic approaches. 
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