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The FoF1-ATPase, a multisubunit protein complex of the
inner mitochondrial membrane, produces most of the ATP in
mammalian cells. Mitochondrial diseases as a result of a dys-
function of ATPase can be caused by mutations in mitochondrial
DNA–encoded ATPase subunit a or rarely by an ATPase defect
of nuclear origin. Here we present a detailed functional and
immunochemical analysis of a new case of selective and gener-
alized ATPase deficiency found in an Austrian patient. The
defect manifested with developmental delay, muscle hypotonia,
failure to thrive, ptosis, and varying lactic acidemia (up to 12
mmol/L) beginning from the neonatal period. A low-degree
dilated cardiomyopathy of the left ventricle developed between
the age of 1 and 2 y. A �90% decrease in oligomycin-sensitive
ATPase activity and an 86% decrease in the content of the
ATPase complex was found in muscle mitochondria. It was
associated with a significant decrease of ADP-stimulated respi-

ration of succinate (1.5-fold) and respiratory control with ADP
(1.7-fold) in permeabilized muscle fibers, and with a slight
decrease of the respiratory chain complex I and compensatory
increase in the content of complexes III and IV. The same
ATPase deficiency without an increase in respiratory chain com-
plexes was found in fibroblasts, suggesting a generalized defect
with tissue-specific manifestation. Absence of any mutations in
mitochondrial ATP6 and ATP8 genes indicates a nuclear origin
of the defect. (Pediatr Res 55: 988–994, 2004)

Abbreviations
BN-PAGE, Blue-Native PAGE
DDM, dodecyl maltoside
FCCP, carbonyl cyanide 4-triflouromethoxy-phenylhydrazone
mtDNA, mitochondrial DNA
OXPHOS, oxidative phosphorylation

Mitochondrial disorders caused by impairment of mito-
chondrial oxidative phosphorylation (OXPHOS) affect pre-
dominantly tissues with high-energy demands: muscle,
brain, and heart. Subunits of OXPHOS complexes are en-
coded in two separate genomes: nuclear and mitochondrial.
A pathogenic mutation in both genomes can cause an OX-
PHOS defect. Defects in complex V–mitochondrial FoF1-
ATPase are less frequent than the defects of the respiratory
chain complexes, but they are mostly very severe and can be

caused by mitochondrial DNA (mtDNA) mutations or by
mutations in nuclear genes.

Mitochondrial ATPase is a multisubunit complex composed
of 16 different subunits (1). Six of these compose the globular
F1 part, which is responsible for enzymatic catalysis of ATP
synthesis or hydrolysis. Ten remaining subunits form the mem-
brane-spanning Fo part, which performs H� translocation
across the inner mitochondrial membrane. Four subunits of Fo

form stalks that connect F1 and Fo parts. Only two subunits
from Fo part are encoded by mitochondrial genome: subunits a
and A6L (subunits 6 and 8) (2). All of the other 14 subunits of
the ATPase are encoded by the nuclear genes.

Specific defects in mitochondrial ATPase are caused
mainly by mtDNA mutations that affect subunit a; no mu-
tations in subunit A6L have been described so far. The most
frequent mutation in subunit a is T8993G mutation (3–7) or
T8993C mutation (8), which changes Leu156 to Arg or Pro
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and manifests as a NARP syndrome (neurogenic muscle
weakness, ataxia, retinitis pigmentosa) (4, 5), or maternally
inherited Leigh syndrome (severe and fatal encephalopathy)
(3, 6, 7). The 8993 mutations impair the H� channel,
resulting in decreased ATP production (4, 9, 10). Several
other, less frequent mtDNA mutations of subunit a at posi-
tions 9176 and 8851 were also described (for review, see
Ref. (11)), resulting in a similar predominant lesion in the
brain, particularly in striatum (familiar bilateral striatal
necrosis).

Defects of mitochondrial ATPase caused by nuclear genome
mutations seem to be rare. A case of ATPase deficiency of
possible nonmitochondrial origin was found in 1992 in Sweden
by Holme et al. (12) in a child with 3-methylglutaconic
aciduria and severe lactic acidosis. Muscle mitochondria
showed extremely low ATPase activity and also a low, tightly
coupled respiration rate. Ultrastructural abnormalities of mito-
chondria were also detected. However, no mutation was found
in mtDNA genes encoding ATPase subunits.

Nuclear origin of selective ATP synthase deficiency was
for the first time demonstrated in 1999 (13) in a new type of
fatal mitochondrial disorder. The child with severe lactic
acidosis, cardiomegaly, and hepatomegaly died 2 d after
birth. The ATPase activity in muscle was 31% to 34% of
control; electrophoretic and Western blot analysis showed a
selective, 70% decrease of the ATPase complex that had
normal size and subunit composition, whereas the levels of
cytochrome c oxidase, citrate synthase, and pyruvate dehy-
drogenase were normal. The same defect was present in
fibroblasts in which the ATP synthesis was only 30% of
control. Pulse-chase labeling showed decreased biosynthesis
of assembled ATPase but increased incorporation of
35S-methionine into the immunoprecipitated � subunit,
which had a very short half-life. Cybrid cell lines made of
patient fibroblasts and 143B.TK� �0 cells fully comple-
mented the ATPase defect as well as the decreased ATPase
biosynthesis. It was concluded that this selective ATPase
deficiency is of nuclear origin and is caused by impaired
biogenesis of the enzyme complex (13). The same ATPase
deficiency was found later in the patient’s sister.

The third case of similar selective ATPase defect was de-
scribed in Belgium in 2001 in a child who had severe lactic
acidosis, hepatomegaly, and cardiac failure and died 3 d after
birth (14). The ATPase deficiency was found in heart, skeletal
muscle, and skin fibroblasts using catalytic activity measure-
ments and activity staining of OXPHOS enzymes resolved by
Blue-Native electrophoresis.

Here we present a detailed functional and immunochemical
analysis of a new case of selective ATPase defect found in an
Austrian patient indicating that a 90% decrease of the ATPase
content in muscle results in a significant decrease of ADP-
stimulated respiration and in a compensatory increase in the
content of respiratory chain complexes III and IV. The same
ATPase deficiency without increase in respiratory chain com-
plexes was found in fibroblasts, suggesting tissue-specific man-
ifestation of the defect.

METHODS

This study was carried out in accordance with the Declara-
tion of Helsinki of the World Medical Association and was
approved by the Committees of Medical Ethics at all collabo-
rating institutions. Informed consent was obtained from
parents.

Case report. A girl was born from the second uncomplicated
pregnancy (first pregnancy artificially terminated) of an 18-y-
old mother (with mild mitral valve insufficiency) and a healthy
father. The birth was uneventful and spontaneous in the 36th
week of gestation with Apgar score of 7-8-9, birth weight of
1800 g, length of 42.5 cm, and head circumference of 29.5 cm
(all parameters below the third percentile for the gestational
age—intrauterine hypotrophy). The newborn child was hypo-
tonic, with low spontaneous activity, irregular breathing, and
peripheral cyanosis. After upper respiratory tract cleaning,
manual stimulation, and short oxygen administration, the
breathing pattern normalized. During the first 3 wk of life, her
blood lactate level was elevated (max. 5.9 mmol/L). At the age
of 3 mo, the patient came to the hospital because of muscle
hypotonia, diarrhea, and insufficient drinking. Ptosis of the
right eyelid developed, and slight asymmetry of the face was
noted. The girl had a metabolic acidosis (pH 7.26, base excess
10.8, HCO3 15.2, PCO2 35.3), and her blood lactate was ele-
vated to 12.4 mmol/L but was stabilized by bicarbonate
(NaHCO3 4.2% solution) administration. A magnetic reso-
nance imaging scan of her brain at the ages of 4 mo and 2 y
showed no abnormalities. A muscle biopsy was taken at the
age of 5 mo to investigate the mitochondrial energy metabo-
lism. Histologically, there were only minor myopathologic
abnormalities detected with an indication for a developmental
delay because of a slight utrophin up-regulation. No ragged red
fibers or cytochrome c oxidase-negative fibers were detectable.

At the age of 7 mo, body weight was 4870 g, length was 62.5
cm (below the third percentile), muscle strength was still
reduced, the child began rolling over, and the eyelid ptosis was
ameliorated. At the age of 2 y, the motor development is still
retarded, the child is hypotonic, but she is able to stand without
help. Body weight is 6.8 kg (below the third percentile).
Between the age of 1 and 2 y, the patient developed a low-
degree dilated cardiomyopathy of the left ventricle (end dia-
stolic diameter 30 mm), which at the moment is well compen-
sated. The girl is frequently hospitalized because of feeding
problems and/or vomiting. Lactate level remained increased
(2–6 mmol/L).

Importantly, the parents of the child are second-degree
cousins, the sister of the mother died of sudden infant death at
the age of 3 mo, a grand-aunt of the mother is deaf, and the
sibling of the father died at the age of 3 mo of unknown cause.

Cell culture and preparation of mitochondria from skin
fibroblasts. Fibroblast cultures were established from skin
biopsies, and cells were grown in Dulbecco’s modified Eagle’s
medium (Sigma Chemical Co., St. Louis, MO, U.S.A.) con-
taining 10% FCS (Greiner, Frickenhausen, Germany), genta-
micin 40 �g/mL or penicillin (100 IE/mL), and streptomycin
(100 �g/mL) at 37°C in 5% CO2 in air. Confluent cells were
harvested by trypsin release and centrifugation (10 min, 250 �
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g). After washing twice with PBS (8 g/L NaCl, 0.2 g/L KCl,
1.15 g/L Na2HPO4, 0.20 g/L KH2PO4), mitochondria were
isolated according to Bentlage et al. (15).

Preparation of postnuclear supernatant from muscle. Mus-
cle specimens (15–25 mg) were minced with a pair of scissors
followed by homogenization with a tissue disintegrator (Ultra-
turrax; IKA, Staufen, Germany) in extraction buffer (250 mM
sucrose, 40 mM KCl, 20 mM Tris/HCl, pH 7.62, 2 mM EGTA)
and final homogenization with a motor-driven Teflon-glass
homogenizer (Potter S; Braun, Melsungen, Gemany). The
homogenate was centrifuged at 600 � g for 10 min at 4°C. The
supernatant was taken for measuring the mitochondrial en-
zymes (16).

Measurement of enzymes of the mitochondrial energy me-
tabolism. The following enzyme activities were determined
accordingly: citrate synthase (17), complex I and I�III (18),
complex II and II�III (19), complex III (18), and complex IV
(20), with modifications described (16). Oligomycin-sensitive
ATPase of complex V was determined using buffer conditions
described by Rustin et al. (18) by sonifying the whole reaction
mixture for 10 s with an ultrasonifier (Bio cell disruptor 250;
Branson, Danbury, CT, U.S.A.) at the lowest energy output.
All spectrophotometric measurements (Uvicon 922; Kontron,
Milan, Italy) were performed at 37°C. Protein content was
measured with the BCA assay (Pierce, Rockford, IL, U.S.A.)
(21).

Respirometric analysis of native muscle fibers and cultured
fibroblasts. Saponin-skinned muscle fibers were prepared as
described earlier (22). Using a high-resolution respirometer
(Oxygraph2k; Oroboros Instruments, Innsbruck, Austria), 5–8
mg of skinned fibers were analyzed in 1.1 mL of buffer
containing 110 mM sucrose, 60 mM K-lactobionate, 20 mM
taurine, 20 mM HEPES, 10 mM KH2P04, 3 mM MgCl2, 0.5
mM EGTA, and 0.1% BSA adjusted to pH 7.1 with NaOH
(23). Oxygen consumption of fibroblasts was determined as
described previously (24) using freshly harvested fibroblasts
resuspended in a KCl medium (80 mM KCl, 10 mM Tris-HCl,
3 mM MgCl2, 1 mM EDTA, 5 mM potassium phosphate, pH
7.4) at a protein concentration of 1 mg/mL. Cells were perme-
abilized by 0.05 mg digitonin/mg protein. Various respiratory
substrates and inhibitors were used as indicated. Oxygen con-
sumption of muscle fibers and fibroblasts was expressed in
nmol O2 · min�1 · mg fiber�1 and in pmol O2 · s�1 · mg
protein�1, respectively.

Sequence analysis of mitochondrial DNA. The mitochon-
drial DNA from position 8301 to 9272, including the genes
ATP6 and ATP8, was analyzed by automatic sequencing of
PCR products.

Blue-Native PAGE. Blue-Native PAGE (BN-PAGE) (25)
was used for separation of samples prepared by solubilization
of sedimented mitochondrial membranes (15,000 � g, 10 min)
from muscle and fibroblast with dodecyl maltoside (DDM;
10% DDM at a protein concentration of 2 mg/mL). Electro-
phoresis was carried out on a 6–15% linear gradient of poly-
acrylamide. Sample protein was measured by method of Brad-
ford before addition of 5% Serva Blue G. For analysis, aliquots
of 5–10 �g protein/slot were used.

SDS PAGE. SDS-Tricine electrophoresis (26) on 10% poly-
acrylamide slab gels (Mini Protean; BioRad, Hercules, CA,
U.S.A.) was used for analysis of individual OXPHOS subunits.
The samples of mitochondria were boiled for 3 min in sample
lysis buffer (2% mercaptoethanol, 4% SDS, 10 mM Tris-HCl,
10% glycerol), and the same aliquots of control and patient
samples of mitochondria (5 �g protein/slot) were loaded.

Western blotting and computer image analysis. Proteins
from the slab gels were blotted onto nitrocellulose membrane
(Hybond C-extra; Amersham, Biosciences, Upsala, Sweden)
by semidry electrotransfer at 0.7 mA/cm2 for 1 h, and the
membrane was blocked in PBS with 0.2% Tween 20 (PBST).
Membranes from SDS-PAGE were cut according to MW
markers (Amersham) into parts that contained desired proteins;
membranes from native electrophoresis were used as a whole.
Membranes were incubated for 2.5 h with primary antibodies
diluted in PBST containing 2% BSA (PBSTA), followed by
incubation for 1.5 h with peroxidase-labeled goat anti-mouse
IgG (A8924; Sigma Chemical Co.) diluted 1:1000 in PBSTA
or with peroxidase-labeled goat anti-rabbit IgG (A9169; Sigma
Chemical Co.). The chemiluminescence reaction using ECL kit
(Amersham) was detected on LAS 1000 (Fujifilm, Stamford,
CT, U.S.A.), and the signal was quantified using Aida 2.11
Image Analyser software.

Antibodies. Immunodetection was performed with subunit-
specific mouse MAb obtained from Molecular Probes: anti-
NADH39 subunit of complex I (1:250), anti-SDH70 subunit of
complex II (1:2000), anti-Core1 subunit of complex III
(1:1000), anti-COX4 subunit of complex IV (1:1666), and
anti-Fo-OSCP subunit of ATPase (1:250). In addition, rabbit
polyclonal antibody anti–Fo-c subunit of ATPase (1:900, see
Ref. (10)) and monoclonal anti-ATPase F1-� subunit antibody
(1:200,000, obtained from Prof. C. Godinot, Universite Claud
Bernard de Lyon I, Lyon, France) were used.

RESULTS

Activities of OXPHOS complexes. Table 1 shows activities
of OXPHOS complexes measured by spectrophotometric
methods in muscle and fibroblasts of the patient. Analysis of
muscle homogenate showed pronounced, almost 20-fold de-
crease of oligomycin-sensitive ATPase activity. In contrast,
specific activities of respiratory chain complexes were in the
upper control range (complex II, III, and IV) or showed only a
small decrease (complex I). A similar profile of OXPHOS
activities was found in fibroblasts, where specific activity of
ATPase was 4-fold decreased and activities of complexes I, II,
III, and IV were in control range. Relative to complex IV or
citrate synthase, the ATPase was 27- to 31-fold decreased in
muscle and 3.5- to 4.2-fold in fibroblasts, indicating tissue-
specific differences in the extent of the ATPase defect. It is
interesting that the complex I/citrate synthase as well as com-
plex I/complex IV and complex I/complex III ratios (not
shown) were ~2-fold decreased in muscle but unchanged in
fibroblasts.

Results of polarographic measurement of respiration in pa-
tient and control muscle fibers permeabilized with saponin are
summarized in Table 2. ADP-stimulated respiration with pyru-
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vate � malate or succinate � rotenone was decreased in the
patient 2.3-fold and 1.5-fold, respectively, whereas the respi-
ration with N,N,N',N'-tetramethyl-1,4-phenylendiamid �
ascorbate in the presence of carbonyl cyanide 4-triflourome-
thoxy-phenylhydrazone (FCCP), indicative of the respiratory
capacity, was normal. Respiratory control with succinate and
ADP thus was 1.7-fold lower in patient muscle. Similar results
were obtained in digitonin-permeabilized fibroblasts (Fig. 1).
We found a 1.4-fold decrease in ADP-stimulated respiration
with succinate as a substrate in patient cells, where the respi-
ration in the presence of FCCP was equal to control. The
ADP-stimulated respiration in patient fibroblasts was com-
pletely inhibited by oligomycin, and FCCP-stimulated respira-
tion was blocked by antimycin A. Respiratory control with
ADP was 1.7-fold lower in patient cells (2.4 in patient versus
4.1 in the control cells), indicating a pronounced decrease in
ATP synthesis coupled to substrate oxidation in mitochondria

of patient cells. Despite the pronounced ATPase defect, a
significant ATP synthesis seems to be present in both muscle
and fibroblasts.

Changes in the content of mitochondrial ATPase and
respiratory chain enzymes. The specific content of OXPHOS

Figure 1. Respirometric analysis of patient and control fibroblasts. Polaro-
graphic measurements on control (A) and patient (B) fibroblasts were carried
out in a KCl buffer using 1 mg protein/mL; additions of substrates or inhibitors
are indicated. The respiration rate is expressed in pmol oxygen · s�1 · mg
protein�1.

Table 2. Polarographic analysis of saponin-permeabilized
muscle fibers

Substrate
(nmol O2 � min�1 � mg fiber�1) Patient

Controls
(n � 15;

mean � SD)

Pyruvate�malate�ADP 0.68 1.58 � 0.32
Succinate�ADP 1.11 1.66 � 0.42
Succinate�ADP�atractylate 0.54 0.42 � 0.11
TMPD�ascorbate�FCCP 2.75 3.18 � 0.98
Respiratory control with succinate 2.1 3.90 � 1.10

The polarographic analysis (see “Methods”) was started by addition of 10
mM pyruvate and 2 mM malate in the presence of 2 mM ADP, followed by
inhibition with 5 �M rotenone. Then 10 mM succinate was added, and ADP
dependence was measured by the addition of 50 �M atractylate followed by
inhibition with 4 �M antimycin A. Finally, cytochrome c oxidase was deter-
mined with 0.5 mM TMPD � 2 mM ascorbate in the presence of 0.5 �M
FCCP followed by inhibition using 1 mM KCN. Inhibitor-sensitive activities
were calculated. The chamber was aerated when the oxygen concentration was
�50% of saturation.

Table 1. Activites of respiratory chain enzymes and oligomycin-sensitive ATPase in muscle and fibroblasts

Muscle Fibroblasts

Patient Controls (n � 25; mean � SD) Patient Controls (n � 10; mean � SD)

Enzyme activity (mU/mg protein)
CS 265 218 � 51 375 403 � 154
CI 28 51 � 18 20 26 � 14
CI � CIII 39 39 � 14 159 157 � 100
CII 76 73 � 18 120 164 � 72
CII � CIII 87 56 � 16 187 217 � 56
CIII 340 317 � 81 524 591 � 359
CIV 442 408 � 159 483 589 � 220
ATPase (CV) 6 119 � 39 24 99 � 45

Enzyme activity ratio
CI/CS 0.11 0.23 � 0.07 0.05 0.07 � 0.02
CI � CIII/CS 0.15 0.17 � 0.04 0.42 0.38 � 0.11
CII/CS 0.29 0.34 � 0.03 0.32 0.41 � 0.04
CII � CIII/CS 0.33 0.26 � 0.04 0.50 0.57 � 0.11
CIII/CS 1.29 1.46 � 0.22 1.37 1.39 � 0.33
CIV/CS 1.67 1.83 � 0.32 1.29 1.48 � 0.17
CV/CS 0.02 0.54 � 0.10 0.06 0.25 � 0.09

CS, citrate synthase; CI, complex I; CII, complex II; CIII, complex III; CIV, complex IV; CV, complex V
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complexes was determined in DDM-solubilized proteins pre-
pared from isolated mitochondria of both muscle and cultured
fibroblasts. Samples were analyzed by BN-PAGE, and proteins
were detected by staining and/or Western blotting. Figure 2
shows the specific content of ATPase and respiratory chain
complexes I, III, and IV detected by Coomassie Blue staining
in muscle mitochondria. There was an apparent selective de-
crease in the content of ATPase complex, whereas the staining
of complexes I, III, and IV was comparable in patient and
control. Detailed Western blot analysis using subunit-specific
MAb confirmed the specific quantitative defect of the ATPase
complex, which had normal mobility indicating unchanged
size and subunit composition of the assembled ATPase com-
plex (Fig. 2). Below the ATPase complex, the antibody to F1-�
subunit showed a faint band at ~390 kD, which, relative to
assembled ATPase, was stronger in patient muscle, indicating
possible accumulation of F1-� subunit-containing material,
corresponding to the size of F1.

Western blots further showed unchanged content of complex
I and increased content of complexes III and IV (Fig. 2). On the
basis of quantification of immunoblotting signals (Table 3)

using a fluoroimager, the specific content of ATPase in patient
was 14% of control. The decrease in the patient of ATPase
relative to complex I was ~8.3-fold, and relative to complexes
III and IV, it was ~20- and 14-fold, respectively. This indicates
that specific ATPase defect may be connected with increased
content of respiratory chain complexes III and IV. The quan-
tification of Coomassie Blue staining (Table 3) gave a similar
picture indicating approximately 12-fold decrease of complex
V and increased content of complexes III and IV.

Western blot analysis further showed that the selective
ATPase defect was fully expressed in patient fibroblasts (Fig.
3A), where it also revealed an F1-� subunit-containing a faint
band at ~390 kD. The quantification of BN-PAGE Western
blot data from two experiments revealed a 13- to 20-fold
decrease of ATPase content relative to the content of com-
plexes I, III, and IV. This was further confirmed by SDS-
PAGE Western blot analysis of F1-ATPase subunits (F1-�,
Fo-OSCP, Fo-c) in patient fibroblast mitochondria, which
showed pronounced decrease of all ATPase subunits tested
(Fig. 3B). As also shown by BN-PAGE, there was a slight
decrease of complex I but no apparent change in complexes III
and IV content in patient fibroblasts (Table 3). This complies
with the above results indicating that the ATPase deficiency
has generalized character and that some compensatory changes
in biosynthesis of respiratory chain enzymes may occur.

DISCUSSION

In this report, we describe a patient who had a quantitative
defect of the mitochondrial FoF1-ATP synthase and presented
clinically with lactic acidosis and developmental delay from
the neonatal period. The clinical course was mild, especially
with respect to the key function of the ATPase in the mito-
chondrial energy metabolism. The intermediate clinical presen-
tation also corresponds with the biochemical results obtained
from respirometric investigations of native muscle fibers and
fibroblasts, which show significant remaining mitochondrial
ATP production (apparent as oligomycin- or atractyloside-
sensitive respiration). This finding is somewhat surprising in
light of severe and generalized reduction of the enzymatic

Figure 2. Electrophoretic analysis of solubilized muscle mitochondria. Isolated mitochondria from muscle were solubilized by addition of 10% DDM at a
protein concentration of 2 mg/mL; 10-�g aliquots of solubilized proteins were loaded. The gel was either stained with Coomassie Blue R or analyzed by Western
blotting using MAb against a 39-kD subunit of complex I (NADH-DH), � subunit of ATPase (ATPase), Core 1 subunit of complex III (bc1), and COX4 subunit
of complex IV (COX). Arrows show the mobility of individual OXPHOS complexes. C, control; P, patient.

Table 3. Electrophoretic quantification of DDM-solubilized
respiratory chain enzymes and ATPase from muscle and fibroblasts

Muscle Fibroblasts

Staining WB WB*

Specific content in
% of control

CI 53.8 112.4 68.7
CIII 138.3 311.9 95.2
CIV 196.5 204.3 87.1
CV 8 14 5

Relative ratio
CV/CI 0.15 0.12 0.07
CV/CIII 0.06 0.05 0.05
CV/CIV 0.04 0.07 0.06

Coomassie Blue staining of BN-PAGE gels and chemiluminescence reac-
tion using ECL kit of the Western blots as shown in Figs. 2 and 3 were scanned
on a LAS 1000 (Fuji, Japan), and the signal was quantified using Aida 2.11
Image Analyser software.

* Mean value of two experiments.
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ATPase activity as well as the amount of native ATPase
protein complex. Conversely, it is known from inhibitor titra-
tion studies (27, 28) that individual OXPHOS enzymes of the
mitochondrial energy metabolism can be inhibited to a certain
extent without noticeable reduction of the mitochondrial cou-
pled respiration rate. These threshold effects are different for
individual OXPHOS complexes and thresholds also display
tissue specificity. An especially high threshold was found for
ATPase in muscle tissue indicating that 10% of normal activity
of the enzyme is sufficient for �50% functionality of the whole
respiratory chain. This high threshold effect seems to be re-
flected by the results obtained in our patient. The high ATPase
threshold is likely to rescue the energy supply to some extent;
however, it might differ in cells and tissues with different
genetic background. From the three earlier reported patients
with decreased ATPase and absence of mitochondrial muta-
tions, two died within the first days of life (13, 14) and one
survived for several years (12).

Similar to the previous two reported patients who lacked
mutations of the mitochondrial genes ATP6 and ATP8 (12, 13),
a clear reduction of the hydrolytic activity of mitochondrial
ATPase (oligomycin sensitive) was found in investigated tis-
sues. This biochemical parameter clearly indicates a quantita-
tive defect of the whole complex. Biochemical measurements
of the ATPase activity, which can be performed with isolated
mitochondria but also with crude postnuclear supernatant from
muscle, are apparently useful and sufficient to identify this
defect. We suggest that ATPase be determined as a standard

parameter in patients who have lactic acidosis and are sus-
pected of having a mitochondrial disorder. The ATPase activ-
ity was diminished in muscle and fibroblasts; however, in
muscle, a tissue with high energy demand, additional differ-
ences in respiratory chain enzymes can be seen. In muscle,
there is obviously a relative increase in the enzyme activity of
respiratory complexes III and IV compared with complex I that
was slightly below the normal range. Possibly, complex I, the
largest of the respiratory chain complexes and one of the sites
of oxygen radicals production, is more vulnerable to their
increase found in mitochondrial disorders (29). The data of the
enzymatic analysis are also supported by the quantitative ex-
pression of the native protein complexes as seen in BN-PAGE
and Western blot analysis. Also, here, a clear increase of the
complexes III and IV content relative to complex I was found.
An up-regulated function of the respiratory chain may help
ATPase-defective cells to oxidize the reduced redox equiva-
lents NADH and FADH2 that accumulate during glycolysis
and mitochondrial oxidation of pyruvate and fatty acids. This
would be especially effective when the rate of uncoupling is
increased. Actually, a decreased respiratory coefficient was
found in the respirometric analysis of permeabilized muscle
fibers and fibroblasts. This might explain the relatively normal
lactate level found during well-balanced periods in our patient.

Deficiency of the FoF1-ATP synthase could result from a
defect in 1 of the 14 nuclear-encoded or 2 mtDNA-encoded
subunits. Structural protein defects of the subunit a, which is
encoded by the mitochondrial gene ATP6, have been shown to
result in incomplete assembly of the complex V holoenzyme.
This is known from studies in tissues and cultured cells with
the mutation T8993G (10, 30), associated with NARP disease
but also from rho0 cells, which lack mitochondrial DNA (31)
as well as cells with inhibited mitochondrial protein synthesis
(32), where increased content of unassembled or released F1 of
390 kD and accumulation of atypical ATPase subcomplex of
460 kD was found (10, 30). In the case of our patient, as
detected by BN-PAGE and Western blots of solubilized OX-
PHOS complexes, possibly some amount of F1-like interme-
diate could be present.

Similar to the previously reported patient with ATPase defi-
ciency of nuclear origin, no mutations could be found in mtDNA
genes encoding subunits ATP6 and A6L in the present case, and
the ATPase deficiency seems to be associated with an early step
in the biogenesis of the ATPase enzyme complex (13). Of par-
ticular interest are the F1-specific assembly factors. Up to now,
three factors were described in yeast—ATP11, ATP12 (33), and
FMC1 (34)—that are necessary for correct incorporation of � and
� subunits into the F1 catalytic part of the ATPase complex.
Recently, the human homologues of the first two were found (35),
and other specific assembly proteins may be found in the future.
Further studies will be required to elucidate the pathogenic mech-
anism of this disease, which may be caused by a lack or dysfunc-
tion of some of the nuclear-encoded ATPase subunits or the
factors essential for ATPase assembly.
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