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Dysfunction of mitochondrial ATPase (F,F,-ATP synthase) due
to missense mutations in ATP6 [mtDNA (mitochondrial DNA)-
encoded subunit a] is a frequent cause of severe mitochondrial
encephalomyopathies. We have investigated a rare mtDNA mu-
tation, i.e. a 2 bp deletion of TA at positions 9205 and 9206
(9205ATA), which affects the STOP codon of the ATP6 gene and
the cleavage site between the RNAs for ATP6 and COX3 (cyto-
chrome ¢ oxidase 3). The mutation was present at increasing load
in a three-generation family (in blood: 16 %/82 %/> 98 %). In the
affected boy with severe encephalopathy, ahomoplasmic mutation
was present in blood, fibroblasts and muscle. The fibroblasts from
the patient showed normal aurovertin-sensitive ATPase hydrolytic
activity, a 70 % decrease in ATP synthesis and an 85 % decrease in
COX activity. ADP-stimulated respiration and the ADP-induced
decrease in the mitochondrial membrane potential at state 4
were decreased by 50 %. The content of subunit a was de-
creased 10-fold compared with other ATPase subunits, and [*S]-

methionine labelling showed a 9-fold decrease in subunit a
biosynthesis. The content of COX subunits 1, 4 and 6¢c was de-
creased by 30-60 %. Northern Blot and quantitative real-time
reverse transcription—PCR analysis further demonstrated that the
primary ATP6—COX3 transcript is cleaved to the ATP6 and COX3
mRNAs 2-3-fold less efficiently. Structural studies by Blue-
Native and two-dimensional electrophoresis revealed an altered
pattern of COX assembly and instability of the ATPase complex,
which dissociated into subcomplexes. The results indicate that
the 9205 ATA mutation prevents the synthesis of ATPase subunit
a, and causes the formation of incomplete ATPase complexes
that are capable of ATP hydrolysis but not ATP synthesis. The
mutation also affects the biogenesis of COX, which is present in
a decreased amount in cells from affected individuals.

Key words: ATP6, ATP synthase, COX3, cytochrome ¢ oxidase,
mitochondrial disease, mitochondrial DNA (mtDNA).

INTRODUCTION

The mammalian ATPase (F,F,-ATP synthase) complex cataly-
ses the synthesis of ATP from ADP and P;, the final step of
the OXPHOS (oxidative phosphorylation) pathway. The ATPase
complex consists of 16 different subunits [1], and is composed of
the globular F, catalytic part connected by two stalks to the mem-
brane-embedded F, moiety that translocates protons across the
mitochondrial inner membrane. Only two F, subunits, subunit a
(ATP6) and A6L (ATPS), are encoded by mtDNA (mitochondrial
DNA) [2]. Both are essential for the biogenesis and assembly of
the ATPase complex [3].

Mutations in mtDNA represent a frequent cause of mitochon-
drial diseases. They can involve tRNAs, rRNAs or protein-en-
coding genes (for review see [4]) and are associated with a wide
variety of clinical pictures, ranging from isolated myopathy to
multisystem disorders, affecting primarily tissues with high en-
ergy demands, such as skeletal muscle, heart and nervous system.
Most pathogenic mtDNA mutations are in tRNAs. Mutations
in protein-encoding genes are much less frequent, with the ex-
ception of those associated with complex I or ATPase dysfunction.

All maternally inherited ATPase diseases are caused by mutations
in the ATP6 gene; no mutation has been reported in the ATP8
(A6L) gene. Mutations in the ATP6 gene disturb the function of the
ATPase proton channel, which consists of subunit a and multiple
copies of subunit c. The most frequent are heteroplasmic T8993G
[5] or less severe T8993C mutations [6], which result in replace-
ment of Leu'® by Arg or Pro in subunit a, and often present as a
NARP (neurogenic muscle weakness, ataxia, retinitis pigmentosa)
[5] or MILS (maternally inherited Leigh syndrome) [7] pheno-
type. Several other, less frequent, mutations of ATP6 at positions
9176 or 8851 have also been described (for review see [8]),
resulting in similar lesions in brain, particularly in the striatum
(familiar bilateral striatal necrosis). The T8993G mutation results
in a decrease in mitochondrial ATP production [9] without a signi-
ficant effect on ATP hydrolysis [7], and in structural changes in
the ATPase complex [10], which, however, could not be found
in some cases [11]. Ithas been observed that the ATPase deficiency
is associated with a decreased ability of cells from affected indi-
viduals to assemble correctly the ATPase complex, which shows
instability in BN-PAGE (Blue-Native PAGE) experiments
[10,12].

Abbreviations used: ATPase, F1F,-ATP synthase; BN-PAGE, Blue-Native PAGE; COX, cytochrome ¢ oxidase; CS, citrate synthase; 2D, two-dimensional,
DDM, dodecyl maltoside; FCCP, carbonyl cyanide 4-trifluoromethoxyphenylhydrazone; LRPPRC, leucine-rich pentatricopeptide repeat cassette; mtDNA,
mitochondrial DNA; OXPHOS, oxidative phosphorylation; AW,,, mitochondrial membrane potential; RFLP, restriction fragment length polymorphism;
RT-PCR, reverse transcription-PCR; SDH, succinate dehydrogenase; TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine; TMRM, tetramethylrhodamine

methyl ester; WB, Western blot.
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In the present paper we have studied a very rare mtDNA
mutation in the ATP6 gene — a 2 bp microdeletion at positions
9205 and 9206 (9205ATA). This mutation cancels the STOP
codon of ATP6 gene and changes the cleavage site between the
ATP6 and COX3 (cytochrome ¢ oxidase subunit 3) transcripts.
It was originally discovered in a newborn with transient lactic
acidosis [13]. Recently we found a second case of a 9205ATA
mutation that was present in a child with severe encephalopathy
and hyperlactacidaemia [14]. Here we present the results of
molecular and biochemical studies of ATPase and COX that focus
on the biosynthesis of ATPase subunit a and the structural and
functional consequences of the 9205 ATA mutation.

EXPERIMENTAL
Ethics

This study was carried out in accordance with the Declaration of
Helsinki of the World Medical Association, and was approved by
the Committees of Medical Ethics at all collaborating institutions.
Informed consent was obtained from the parents of the child.

Case report

The boy was born at term from a second, uncomplicated preg-
nancy, with birth weight 3450 g and length 52 cm. Failure to
thrive, spastic quadruparesis and microcephalia were observed
from the 3rd month of life, followed by practical arrest of any
psychomotor development. Metabolic investigations revealed in-
termittent hyperlactacidaemia (B-lactate, 0.95-3.4 mmol/l; con-
trols < 2.1 mmol/l), with increased levels of lactate and alanine
in the cerebrospinal fluid [lactate, 4.8 mmol/l (controls
< 1.8 mmol/l); alanine, 36 umol/l (controls < 34 pumol/l)]. He
is 5 years old at present. Both parents are healthy, but an older
brother (from the first marriage of the mother) died due to a
respiratory failure at the age of 3 years. He presented with fatal
infantile encephalopathy, severe psychomotor delay, frontal lobe
atrophy and lactic acidosis.

Cell cultures and isolation of mitochondria

Fibroblast cultures were established from skin biopsies, and
cells were grown in Dulbecco’s modified Eagle’s medium sup-
plemented with 10 % (v/v) fetal calf serum (Sigma) at 37 °C in
5 % CO, in air. Cells were grown to approx. 90 % confluence and
harvested using 0.05 % (w/v) trypsin and 0.02 % (w/v) EDTA.
Detached cells were diluted with an ice-cold culture medium,
sedimented by centrifugation and washed twice in PBS.

Mitochondria were isolated from fibroblasts by a hypo-osmotic
shock method [15]. The freshly harvested cells were disrupted in
10 mM Tris buffer (pH 7.4) and quickly homogenized in a Teflon/
glass homogenizer at 4 °C. Sucrose was added to a final concen-
tration of 0.25 M immediately after homogenization. The nuclei
were removed by centrifugation for 10 min at 4 °C and 600 g
and the mitochondrial fraction was isolated from the postnuclear
supernatant by centrifugation for 10 min at 4 °C and 10000 g.
The mitochondrial pellet was washed and finally resuspended
in 0.25 M sucrose, 2 mM EGTA, 40 mM KCI and 20 mM Tris,
pH 7.4, and stored at — 70 °C.

Mitoplasts were prepared from fibroblasts as described pre-
viously [16]. In brief, trypsinized cells suspended in an STE
medium (0.25 M sucrose, 10 mM Tris, 1 mM EDTA, pH 7.4)
were treated with digitonin (0.4 mg/mg of protein; Fluka) on ice
for 15 min. The suspension was diluted 10-fold with STE and
centrifuged for 10 min at 4 °C and 12000 g. The pellet was

© 2004 Biochemical Society

washed by centrifugation and resuspended in STE to a final
concentration of 1-2 mg of protein/ml. Based on immunodetec-
tion and enzyme activity measurements, > 95 % of the mitochon-
drial inner membrane proteins were recovered in this fraction.

Muscle mitochondria were isolated according to [17], but
without use of protease. Tissue samples were homogenized at4 °C
in a KCl medium (100 mM KCI, 50 mM Tris, 2 mM EDTA,
10 mg/ml aprotinin, pH 7.5). The homogenate was centrifuged
for 10 min at4 °C and 600 g, the supernatant was filtered through
a 100 um nylon screen, and mitochondria were sedimented by
centrifugation for 10 min at4 °C and 10 000 g. The mitochondrial
pellet was washed by centrifugation and resuspended to a final
protein concentration of 20-25 mg/ml.

DNA analysis and sequencing

Total genomic DNA from muscle and cultured fibroblasts was
isolated by phenol extraction. The entire mtDNA was amplified
in six overlapping fragments by PCR (7-3148, 2073-5719,
5645-8815, 8403-11 132, 11 005-14 684 and 13 863—136). Puri-
fied fragments were sequenced on the automatic sequencer
ALFExpress II (Amersham Biosciences) using cycle sequencing
with 41 Cy5-labelled internal sequencing primers.

Restriction analysis

To determine the amount of mtDNA containing the microdeletion,
the PCR/RFLP (restriction fragment length polymorphism)
analysis method was performed according to [18] using the mis-
matched (bold) primers 5'-CCT CTA CCT GCA CGA CAATGC
A-3 (forward) and 5'-CGT TAT GCA TTG GAA GTG AAATCA
C-3’ (reverse), which introduce two novel Nsil restriction sites in
the case of the wild-type mtDNA and one Nsil restriction site
in the case of mutant mtDNA. PCR products were radioactively
labelled with [@-*P]dCTP in the final cycle of PCR and run on
a non-denaturing 13 % (w/v) polyacrylamide gel after complete
digestion. The proportions of wild-type and mutant mtDNA were
measured using a Phosphorlmager and ImageQuant software
(Molecular Dynamics).

Northern blot analysis

Total RNA was isolated from cultured fibroblasts by phenol/
guanidium thiocyanate/chloroform extraction [19]. Approx.
20 pg of total RNA per lane was separated through a 1.2 % (w/v)
agarose/formaldehyde gel and transferred to a Hybond-N nylon
membrane (Amersham) in 20 x SSC (1 x SSC is 0.15 M NaCl/
0.015 M sodium citrate). The membrane was prehybridized for
2 h at 45°C in 5 x SSC, Denhardt’s solution, 0.5 % SDS and
100 pg/ml sonicated herring sperm. The membranes were hy-
bridized overnight at 45 °C with [a-**P]dCTP-labelled probes cor-
responding to regions of the genes ATP6 (8361-9060), COX3
(9269-9912), ND1 (3313-4252) and COXI (6120-6960). The
radioactivity was detected by phosphor imaging (as above).

Quantitative RT-PCR (reverse transcription—PCR) analysis

Total RNA was isolated from cultured fibroblasts using RNA Blue
reagent (Top-Bio, Prague, Czech Republic). Following DNase 1
treatment (Invitrogen), first-strand cDNA was synthesized from
1 ng RNA aliquots with 200 units SuperScript II reverse trans-
criptase using either 200 ng of random hexamer primers or 500 ng
of oligo(dT),,_y5 (all Invitrogen) according to the manufacturer’s
instructions. Real-time quantitative RT-PCR was performed on a
LightCycler instrument (Roche Diagnostics) using a QuantiTect
SYBR Green PCR kit (Qiagen). PCR reactions were performed
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on cDNAs using primer pairs specific for the ATP6 gene transcript
(forward, 5'-CCT TAT GAG CGG GCA CAG T-3’; reverse, 5'-
CAG GGC TAT TGG AA-3'; nt 8846-8994), for the COX3 gene
transcript (forward, 5'-GCC CTC TCA GCC CTC CTA ATG-3;
reverse, 5'-GTG GCC TTG GTA TGT GCT TTC TCG-3; nt
9267-9416), for the ATP6—-COX3 gene transcript (forward, 5'-
AAT CCA AGC CTA CGT TTT CAC ACT-3’; reverse, 5'-TAG
GCC GGA GGT CAT TAG G-3'; nt 9150-9299), for the CYTB
gene transcript (forward, 5'-GAC CTC CCC ACCCCATCCA-3;
reverse, 5'-AAA GGC GGT TGA GGC GTC TG-3'; nt 14 804—
14 935) and for the NDI gene transcript (forward, 5'-CAA CCT
CAA CCT AGG CCT CCT-3; reverse, 5'-ACG GCT AGG CTA
GAG GTG GC-3; nt 3595-3644). The primer pair for ATP6—
COX3 was designed to flank the splice site of the ATP6—COX3
transcript. Amplified regions of the ATP6 or COX3 transcript were
present in both processed and unprocessed RNAs. All reactions
were run at an annealing temperature of 60 °C. The PCR mixture
contained 5 ul of 2 x SYBR Green PCR Master Mix, 2 ul of
100 x diluted reverse transcription product and 200 nM of each
primer in a total volume of 10 ul. All reactions were performed
in triplicate. For each primer pair, non-template controls were in-
cluded to check for the absence of contaminants and primer-
dimers that would interfere with quantification when SYBR Green
is used. The external standard curve was generated in parallel for
all reactions using serial dilutions of cDNA synthesized from con-
trol RNA. For each sample, the relative amounts of ATP6, COX3,
CYTB, NDI and unprocessed ATP6—COX3 transcripts were
determined from the standard curves. Each sample was analysed
in two separate experiments.

Electrophoresis and WB (Western blot) analysis

BN-PAGE [20] was used for the separation of native mitochon-
drial OXPHOS complexes on 6-15% (w/v) polyacrylamide
gradient minigels (Mini Protean system; Bio-Rad) as described
previously [16]. Mitoplasts were pelleted by centrifugation for
10 min at 4 °C and 10000 g, and solubilized using 1 g of DDM
(dodecyl maltoside)/g of protein for 20 min on ice in a buffer
containing 1.75 M aminocaproic acid, 2 mM EDTA and 75 mM
Bis-Tris (pH 7.0). Samples were centrifuged for 20 min at
20000 g and Serva Blue G dye was added to collected super-
natants at a concentration of 0.1 g/g of detergent. Electrophoresis
was performed at 50 V for 30 min and then at 90 V.

SDS/PAGE [21] was performed on 10 % (w/v) polyacrylamide
slab minigels, and analysis of [**S]methionine-labelled proteins
was performed on a 16 cm long 15-20 % (w/v) gradient poly-
acrylamide slab gels (Protean system; Bio-Rad). The samples
were boiled for 3 min in sample lysis buffer [2 % (v/v) mercapto-
ethanol, 4 % (w/v) SDS, 10 mM Tris/HCl, 10 % (v/v) glycerol].
For 2D (two-dimensional) analysis, strips of the first-dimension
BN-PAGE gel were incubated for 1 hin 1 % (w/v) SDS and 1 %
(v/v) mercaptoethanol and then subjected to SDS/PAGE (10 %
polyacrylamide) for separation in the second dimension [21].

Gels were blotted on to Hybond C-extra nitrocellulose mem-
branes (Amersham) by semi-dry electrotransfer for 1 hat(0.8 mA/
cm? and the membrane was blocked in PBS containing 0.2 %
(v/v) Tween 20 (PBST). The membranes were used whole or
were cut according to molecular mass markers into portions con-
taining individual OXPHOS complexes or their subunits. Mem-
branes were incubated for 3 h with primary antibodies diluted
in PBS containing 2 % (w/v) BSA (PBSTA). Previously char-
acterized polyclonal antibodies were used at the indicated titres:
those against the F,c subunit of ATPase (1:900) [22] and those
against the F,a (ATP6) subunit of ATPase (1:500) [23]. In ad-
dition, we used monoclonal antibodies against subunits COX1

(1:330; Molecular Probes A-6403), COX4 (1:670; Molecular
Probes A-6409), COX6¢ (1:200; Molecular Probes A-6401),
NADH39 (1:250; Molecular Probes A-11 140), SDH70 (succinate
dehydrogenase 70 kDa subunit; 1:2000; Molecular Probes A-
11 142) and subunit & of F;-ATPase (1:200 000; lot 20D6 [24]).
Incubation with peroxidase-labelled secondary antibodies in
PBSTA was performed for 1 h using either goat anti-mouse
IgG (1:1000; Sigma A8924) or goat anti-rabbit IgG (1:1000;
Sigma F0382). The chemiluminescence reaction with an ECL®
kit (Amersham) was detected on an LAS 1000 instrument (Fuji)
and the signal was quantified using Aida 2.11 Image Analyser
software.

Spectrophotometric assays

The activities of the mitochondrial enzymes NADH:CoQ re-
ductase (complex I), succinate:CoQ reductase (complex II), CoQ:
cytochrome c¢ reductase (complex III), COX (complex IV),
NADH:cytochrome ¢ reductase (complex I + III), succinate:cyto-
chrome ¢ reductase (complex II + III) and CS (citrate synthase)
were measured spectrophotometrically by standard methods at
37 °C in muscle homogenate and isolated muscle mitochondria
[17,25-28] or in cultured fibroblasts [29].

ATPase hydrolytic activity was measured in a ATP-regenerat-
ing system as described in [30]. Mitochondria (8-22 g of pro-
tein/ml) were incubated in a medium containing 40 mM Tris
(pH 7.4), 5 mM MgCl,, 10 mM KCI, 2 mM phosphoenolpyr-
uvate, 0.2 mM NADH, 1 pg/ml rotenone, 0.1 % (w/v) BSA,
5 units of pyruvate kinase and 5 units of lactate dehydrogenase for
2 min. The reaction was started by the addition of 1 mM ATP and
the rate of NADH oxidation, equimolar to ATP hydrolysis, was
monitored as the decrease in absorbance at 340 nm. Sensitivity
to aurovertin was determined by parallel measurements in the
presence of 2 uM inhibitor.

High-resolution oxygraphy

Oxygen consumption by cultured fibroblasts was determined at
30°C as described previously [29,31] using an Oxygraph-2k
(Oroboros, Innsbruck, Austria). Freshly harvested fibroblasts
were suspended in a KCl medium (80 mM KCI, 10 mM Tris/HCl,
3 mM MgCl,, 1 mM EDTA, 5 mM potassium phosphate, pH 7.4)
and cells were permeabilized by digitonin (0.1 mg of detergent/
mg of protein). Respiratory substrates and inhibitors were used at
the concentrations indicated. Oxygen consumption was expressed
in pmol of oxygen/s per mg of protein. COX activity was measured
with 5 mM ascorbate and 1 mM TMPD (N,N,N’,N’-tetramethyl-
p-phenylenediamine), and was corrected for substrate auto-
oxidation (determined as oxygen uptake insensitive to 0.33 mM
KCN).

Cytofluorimetric analysis of AW, (mitochondrial membrane
potential)

Cytofluorimetric measurements were performed on a FACSort
flow cytometer (Becton Dickinson) according to [32]. Fibroblasts
were suspended in a KCl medium containing 10 mM succinate to
a protein concentration of 1 mg/ml and permeabilized by 0.1 mg
of digitonin/mg of protein. Permeabilized fibroblasts were diluted
to 0.2 mg of protein/ml and incubated with 20 nM TMRM (tetra-
methylrhodamine methyl ester; Molecular Probes) for 15 min.
OXPHOS inhibitors and ADP at the concentrations indicated were
added 1 min before cytofluorimetric analysis. Approx. 10000
cells were used for each measurement. Data were acquired on
a logarithmic scale using CellQuest (Becton Dickinson) and
analysed with WinMDI 2.8 software (J. Trotter, TSRI, La Jolla,
CA, U.S.A)). Arithmetic mean values of fluorescence signal in
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Table 1

Respiratory chain enzyme and mitochondrial ATPase activities in isolated muscle mitochondria and cultured skin fibroblasts

SCCR, succinate:cytochrome ¢ reductase; NCCR, NADH:cytochrome ¢ reductase; SQR, succinate:CoQ reductase; QCCR, CoQ:cytochrome ¢ reductase; NQR, NADH:CoQ reductase; ND, not
determined. Values for age-related controls are presented as means + S.D. and as a control range (parentheses).

(A)

Activity (nmol/min per mg of protein)

Muscle homogenate

Muscle mitochondria

Fibroblasts (mitochondria*)

Enzyme Patient Controls (n=20) Patient Controls (n=20) Patient Controls (n=30)
COX 122 125+ 72 (53-197) 331 682 + 395 (287-1077) 5.1 29+ 11 (18-40)
CS 241 114429 (85-143) 284 419+ 221 (200-640) 406 58+ 12 (46-70)
COX/CS 0.50 1.04 +0.44 (0.60-1.48) 1.16 1.66 +0.57 (1.09-2.23) 0.12 0.5140.18 (0.33-0.69)
SCCR ND 98 127 + 77 (50-206) ND
NCCR ND 76 99 + 57 (42—156) 16.3 28+ 14 (14-42)
SQR ND 43 64+ 44 (20-108) 10.6 13+8(5-21)
QCCR ND 54 178 479 (100-257) 141 17+10(7-27)
NQR ND 192 274+ 80 (194-354) 33.8 23410 (15-50)
ATPase ND ND 320+33.1* 254+ 16.0*
(B)
Activity (nmol/min per mg of protein)
Patient Mother Grandmother Controls (n=30)
Enzyme Expt 1 Expt 2
Cox 79 2.4 16.9 344 29+ 11
CS 455 33.8 50.6 52.2 58+12
COX/CS 0.17 0.07 0.33 0.66 051+0.18

arbitrary units were determined for each sample for subsequent
graphic presentation.

ATP synthesis

The rate of ATP synthesis was measured at 37 °C in 150 mM KCl,
25 mM Tris/HCI, 10 mM potassium phosphate, 2 mM EDTA and
1% (w/v) BSA, pH7.2, using 0.5 mM ADP and 10 mM suc-
cinate or 10 mM pyruvate + 10 mM malate as substrate, as de-
scribed previously [33]. Protein concentration was 1 mg/ml. For
permeabilization of fibroblasts, 0.1 mg of digitonin/mg of protein
was used. The reaction was started by addition of fibroblasts
and performed for the indicated time intervals. Reaction mixture
aliquots of 200 ul were added to 200 ul of DMSO, and ATP
content was determined in DMSO-quenched samples by a luci-
ferase assay according to [34]. ATP production was expressed in
nmol of ATP/min per mg of protein.

Biosynthesis of mitochondrial proteins

Growth medium was removed from cultured fibroblasts, and the
cells were rinsed with methionine-free medium without serum
(Gibco medium 21013; 1 mM pyruvate, 2 mM glutamine and
30 mg/l cysteine) and incubated in the same medium containing
10% (v/v) dialysed fetal calf serum and 100 pug/ml emetine
for 10 min. The cells were labelled for 3h with 300 uCi/ml
L-[*S]methionine, as described in [35]. The products were
separated by 15-20 % (w/v) polyacrylamide gradient SDS/PAGE.
A small aliquot of the samples prepared for electrophoresis was
used to measure the total incorporation of radioactivity in the
mitochondrial fraction as trichloroacetic acid-precipitable counts.
The radioactivity of proteins was quantified in dried gels using
a BAS-5000 system (Fuji). Labelled proteins were identified
according to their molecular mass as reported previously in ex
vivo translation assays [35].
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Protein determination

The protein content was measured by the Bradford or Micro BCA
protein kit assays (Bio-Rad), using BSA as a standard. Samples
were sonicated for 20 s prior to protein determination.

RESULTS
Activities of respiratory chain enzymes and mitochondrial ATPase

The activities of respiratory chain enzymes (Table 1A) in a muscle
homogenate from a patient with encephalopathy and lactic acid-
osis showed a decrease in the COX/CS ratio. In isolated muscle
mitochondria, both COX activity and the COX/CS ratio were at the
lower end of the control range, complex I activity was below
the control range and complex III activity was moderately de-
creased. In fibroblasts from the patient, we found a pronounced
decrease in COX activity to 15 % of the control, CS was just below
the control range, and the activities of other respiratory chain
enzymes were normal. ATPase hydrolytic activity was determined
in isolated mitochondria from the patient’s fibroblasts. It was
measured as aurovertin-sensitive activity at a constant ATP con-
centration and was found to be normal.

When COX activity was measured in fibroblasts from the
patient’s asymptomatic mother and grandmother, decreased COX
activity and a COX/CS ratio near the lower limit of the reference
range were found in the mother, but not in the grandmother
(Table 1B).

mtDNA 9205ATA mutation in the affected family

Sequencing of the patient’s mtDNA revealed a very rare mtDNA
mutation — a heteroplasmic 2 bp deletion TA at positions 9205 and
9206 (9205ATA) in the ATP6—COX3 genes. Analysis of mutation
heteroplasmy in tissues of the affected boy by radioactive RFLP
(using Nsil restrictase; Table 2) showed practically homoplasmic
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Table 2 9205ATA mutation load in family members

Sample Heteroplasmy (%)
mtDNA
Grandmother — blood DNA 16
Grandmother — fibroblast DNA 9
Mother — blood DNA 82
Mother — fibroblast DNA 92
Patient — blood DNA >98
Patient — muscle DNA >98
Patient — fibroblasts DNA >98
cDNA
Patient — fibroblasts cDNA oligo(dT) >98

Patient — fibroblasts cDNA oligo(dT) + random primers > 98
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Figure 1 Oxygen consumption by digitonin-permeabilized skin fibroblasts

Measurements were performed using 0.45-0.62 mg of cell protein/ml and 0.1 mg of
digitonin/mg of protein. Subsequent additions of pyruvate (5 mM), malate (1.5 mM), succinate
(10 mM), ADP (0.5 mM), oligomycin (1 M), FCCP (1 M), antimycin A (0.2 zg/ml),
ascorbate (5 mM), TMPD (1 mM) and KCN (0.33 mM) are indicated. Oxygen consumption
is expressed as negative values of the first time derivative of changes in oxygen tension (pmol
of 0,/s per mg of protein).

9205ATA mtDNA mutation in fibroblasts, muscle and blood
(>98 %). Analysis of blood DNA confirmed the presence of the
9205 ATA mutation at lower loads both in the mother (82 %) and
in the grandmother (16 %). Interestingly, a similar mutation load
was found in their fibroblasts (mother 92 %; grandmother 9 %),
in correspondence with the observed decrease in COX activity in
the mother’s fibroblasts (see above).

An equal mutation load in the patient’s fibroblasts was found
using RFLP of isolated DNA as well as of cDNA reverse-
transcribed from isolated RNA using either oligo(dT) or oligo
(dT) 4+ random primers, indicating that the mutation is fully
retained in ATP6-COX3 RNA and poly(A) RNA (Table 2).

Oxygraphic analysis of cultured fibroblasts

The functional consequences of the 9205 ATA mutation were ana-
lysed by high-resolution oxygraphy of the patient’s fibroblasts that
had been permeabilized by a low concentration of digitonin. The
9205 ATA cells showed a pronounced decrease in ADP-stimulated
oxygen consumption using pyruvate, malate and succinate as
substrate, which contrasted with a normal rate of state 3 respiration
in the presence of the uncoupler FCCP (carbonyl cyanide 4-tri-
fluoromethoxyphenylhydrazone). We also observed a decrease in
COX activity determined with TMPD and ascorbate (Figure 1).
In 9205ATA cells from the patient, ADP-stimulated respiration

A B

750 4 300+

Control Control

2501 9205ATA [ 1007 9205ATA

ATP produced
(nmol/mg prot)

0 5 10 150 5 10 15
Time (min) Time (min)

Figure 2 Production of ATP by control and 9205ATA fibroblasts

The rate of ATP synthesis was measured in the presence of 0.5 mM ADP in 9205ATA () and
control (A) cultured skin fibroblasts treated with 0.1 mg of digitonin/mg of protein. Substrates
were 10 mM pyruvate 4+ 10 mM malate (A) or 10 mM succinate (B). ATP was determined
in DMSO-quenched aliquots by a luciferase assay. Data represent means + S.D. for three
experiments.

was 50-60 %, FCCP-stimulated respiration was 100—110 % and
COX activity was 40-50% of values in control cells. Although
well coupled, the mitochondria of 9205ATA cells thus showed a
strongly impaired effect of ADP, indicating a decreased ability to
synthesize ATP.

Low ATP production in 9205ATA cells

The ability of fibroblasts to synthesize ATP by the mitochondrial
OXPHOS pathway was measured directly in cells suspended in
mitochondrial medium, permeabilized by digitonin and supplied
with respiratory substrates and ADP, as in the oxygraphic exper-
iments. With either succinate or pyruvate 4+ malate as substrate,
linear production of ATP was observed in control cells for 15 min,
corresponding to ATP production of 16.4+ 1.8 and 45.4+
1.5 nmol/min per mg of protein respectively, in accordance with
the oxygraphic measurements. In 9205 ATA fibroblasts, a steadily
diminished ATP production was observed during the 15 min
interval with both types of substrate, giving values of 4.8 +0.7
and 13.7 & 0.4 nmol/min per mg of protein respectively, which
are approx. 30 % of control values (Figure 2).

Changes in AV,

AW, was analysed cytofluorimetrically in digitonin-permeabi-
lized fibroblasts using the membrane potential-sensitive cationic
probe TMRM. We found that the AW, of the patient’s fibroblasts
was practically normal at state 4 using succinate as a substrate,
but the effect of the addition of ADP on AW, was significantly
decreased in 9205ATA cells (Figure 3). Whereas in control cells
the TMRM fluorescence was decreased by the addition of ADP
(state 3 ADP) to approx. 28 % of the state 4 value, in the 9205ATA
cells the TMRM fluorescence decreased to only 50 %. The ob-
served 2-fold difference in TMRM fluorescence would cor-
respond to an even more pronounced difference in AW, values in
mV, because the accumulation of the fluorophore obeys the
Nernst equation and depends exponentially on AW, [36]. In both
types of cells, the effect of ADP was fully reversible by oligo-
mycin (Figure 3), atractyloside or aurovertin (results not shown),
indicating that the effect of ADP requires the transport of ADP
to the mitochondrial matrix as well as the catalytic activity of
ATPase. In accordance with the measurements of ATP production
and respirometry, these results suggest that ATP synthesis by
mitochondrial ATPase is strongly impaired in 9205ATA cells
from the affected individual.
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Figure 3 Cytofluorimetric analysis of control and 9205ATA fibroblasts

Cytofluorimetric analysis was performed in digitonin-treated fibroblasts (0.1 mg of digitonin/mg
of protein) and stained with 20 nM TMRM in a KCI medium containing 10 mM succinate.
(A) Typical reading of TMRM fluorescence at state 4 and effect of 1 .M FCCP is shown in
the upper panels. Lower panels show the effect of 0.1 mM ADP and its sensitivity to 1 M
oligomycin (oligo). (B) TMRM fluorescence of state 3-ADP and effect of oligomycin is expressed
as percentage of the state 4 signal. The AW ,-independent signal (after addition of FCCP) was
subtracted from all data. The data represent means + S.D. for four independent experiments.

Altered composition and increased lability of ATPase and COX

In order to assess the cellular content of ATPase and COX sub-
units, we analysed the mitochondrial proteins of isolated fibro-
blasts by SDS/PAGE and WB. It is clearly apparent from
Figure 4(A) that 9205ATA fibroblasts had a selectively dimi-
nished content of ATPase subunit a and a significantly decreased
content of COX subunits. In comparison with control cells,
9205ATA mitochondria contained 11 +5.9% of F, subunit a,
127+ 13.0% of F, « subunit, 85% of OSCP (oligomycin-
sensitivity-conferring protein), 108 £ 18.0% of F, subunit c,
474+ 2.8% of COX1 subunit, 69 + 8.5 % of COX4 subunit and
36 £21.2% of COX6c subunit (average values of four experi-
ments; data normalized to the content of the SDH 70 kDa subunit).
The same pattern was obtained when analysing complete cell
protein extracts (results not shown).

To resolve the native ATPase complex, we solubilized mito-
chondrial OXPHOS complexes from mitoplasts by DDM and
analysed them by BN-PAGE and WB using an antibody against
ATPase F, « subunit. As shown in Figure 4(B), in 9205 ATA cells
we found a decreased content of the full-size ATPase and the
accumulation of an incomplete form of the ATPase with a mol-
ecular mass of approx. 390 kDa. A parallel WB analysis of com-
plex I using an antibody to the NADH39 subunit showed an
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Figure 4 Electrophoretic analysis of 0OXPHOS complexes

(R) SDS/PAGE WB of ATPase, COX and SDH subunits was performed using aliquots of 7.5 g of
protein of mitochondria from control and 9205 ATA cells. Detection was done with monoclonal
antibodies against subunits SDH70, Fye, OSCP (oligomycin-sensitivity-conferring protein),
C0X1, COX4 and COX6c, and with polyclonal antibodies against ATPase subunits F,a and Fc.
(B) BN-PAGE WB with monoclonal antibody against F1o and NADH39 subunit was performed
using 15 g aliquots of protein solubilized using 1 g of DDM/g of protein from mitoplasts of
control and 9205ATA cells. The migration of molecular mass standards is indicated.

identical pattern in control and 9205 ATA cells — we observed only
intact complex with a molecular mass above 800 kDa (Figure 4B)
that was present in the same amounts in 9205ATA and control
cells.

2D electrophoretic analysis of ATPase and COX

Detailed analysis of the different forms of ATPase present in
DDM-solubilized enzyme complexes was performed by 2D elec-
trophoresis, whereby proteins resolved by BN-PAGE in the first
dimension were separated by SDS/PAGE in the second dimension
and detected by WB. The ATPase complex with an apparent mol-
ecular mass of approx. 620 kDa was significantly decreased in
9205ATA cells, but several other, smaller ATPase subcomplexes
were detected by F, subunit @- and F, subunit c-immunoreactive
signals (Figure 5A). In addition to the 390 kDa F, subcomplex
containing the « subunit, which was present in the 9205 ATA cells
in increased amounts, a larger 460 kDa complex containing both
subunits « and ¢ was also found in the 9205 ATA cells. Moreover,
an additional, subunit c-containing complex with a molecular
mass of approx. 120kDa and a markedly increased amount of
free subunit o (approx. 60 kDa) were seen. However, none of the
above complexes showed a detectable reaction with an antibody
against subunit a in the 9205ATA cells.

2D analysis of COX was performed using antibodies to COX1
and COX4 subunits (Figure 5B). A pronounced decrease in the
amount of COX was observed in the DDM solubilizate of
9205 ATA cells. In control cells, most of the COX was present as a
monomer, but a significant amount of COX dimers (approx. 420—
440kDa) and small amounts of COX supercomplex (approx.
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Figure 5 2D electrophoretic analysis and immunodetection of OXPHOS
complexes

Aliquots (15 g of protein) of DDM-solubilized mitoplasts from 9205ATA and control
fibroblasts were separated in the first dimension by BN-PAGE and in the second dimension by
SDS/PAGE. WB analysis was performed with an antibody against the SDH70 subunit and with
antibodies (A) against ATPase subunits Fir, Foa and Fyc, or (B) against complex | subunit
NADH39 and against COX subunits COX1and COX4. The migration of molecular mass standards
is indicated.

670 kDa; probably COX-bc, supercomplex) as well as some
monomeric COX4 subunits were clearly seen. In the 9205ATA
cells the pattern was different. An additional band of molecular
mass approx. 100 kDa was present, and the relative content of the
free COX4 subunit was much higher (approx. 15-fold) than in
control cells.

WB analysis of complex I on 2D gels using a monoclonal anti-
body to the NADH39 subunit showed no difference between con-
trol and 9205ATA cells. Only the full-size, assembled complex I
was found, and was present in similar amounts in both types of
cells. No assembly intermediates were detected. Similarly, no dif-
ference was found in the case of complex II using the anti-SDH70
antibody. Thus, unlike ATPase and COX, the biosynthesis and/or
stability of complex I were not affected by the 9205 ATA mutation.

Steady-state levels and processing of ATP6 and COX3 mRNAs

The 9205 ATA microdeletion is situated between the genes ATP6
and COX3, which are transcribed in one polycistronic transcript
that is subsequently cleaved stepwise and polyadenylated into
mature mRNA. Therefore we studied the steady-state levels and
processing of ATP6 and COX3 mRNAs. Northern blot analysis
using cDNA complementary to mtDNA sequences 8361-9060
and 9269-9912 as a probe was performed to determine whether
the mutation disturbs the RNA processing of ATP6 and COX3
transcripts (Figure 6A). The primary, unprocessed, and the
secondary ATP8—ATP6-COX3 transcripts occurred in both
9205ATA cells and control cells in similar amounts. The steady-
state levels of processed COX3 and ATP8—ATP6 transcripts were
decreased in 9205ATA cells. The relative values of the ATP8—
ATP6/ATP8-ATP6—COX3 and COX3/ATP8—-ATP6—COX3 RNA
ratios revealed approx. 40% and 50 % decreases respectively
in ATP8-ATP6 and COX3 RNA levels. In parallel, we also
determined the steady-state levels of the transcripts of two other
genes encoded by mtDNA, i.e. NDI and COX1. We observed the
same content of the mature ND1 transcript (Figure 6B) in con-
trol and 9205ATA cells. Similarly, there was no difference in the
content of COX1 transcripts (results not shown).

These Northern blot data were fully confirmed by quanti-
tative RT-PCR experiments (Figure 7). Using PCR products

A ATPS-6
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COX3
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Primary transcripts ——Jpp»

Secondary transcripts
& (ATPS-ATP6-COX3) —P o8
Mature transcripts

- (ATP8-ATP6)
Mature transcripts
(COX3)
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Mature transcripts
- (NDI)

. ¢ Mature transcripts
' (ATP8-ATP6)

Figure 6 Northern blot analysis of ATP6 and COX3 transcripts

Northern blot analysis of COX3, ATP8—ATP6 and ND1 transcripts was performed in control and
9205 ATA cells. The mRNA species representing (A) the primary mtDNA polycistron transcript,
partially processed ATP8—ATP6—COX3 transcripts and mature COX3 and ATP8—ATP6 transcripts
and (B) mature ND1 and ATP8—ATP6 transcripts are indicated.

corresponding to ATP6 (nt 8846-8994), COX3 (nt 9267-9416)
and the ATP6—-COX3 cleavage site (nt 9150-9299), we found
that ATP6 as well as COX3 RNA levels were decreased 2-3-
fold relative to those of the uncleaved polycistronic ATP8—ATP6—
COX3 transcript. The decrease was also confirmed when relating
ATP6 and COX3 RNA levels to CYTB and ND! expression (PCR
product of 14804—14935 for CYTB and 3595-3644 for NDI).
As also shown in Figure 7, similar results were obtained using
c¢DNA prepared by oligo(dT) or random primers, indicating that
polyadenylation is neither impaired nor affects transcript
processing.

Specific decrease in the biosynthesis of ATPase subunit a

To assess how the 9205ATA mutation affects the biosynthesis
of subunit a and other mtDNA-encoded proteins, [**S]methionine
labelling of proteins in 9205 ATA cells was performed in the pres-
ence of emetine (an inhibitor of cytosolic proteosynthesis). The
extent of labelling (Figure 8) was comparable in 9205ATA and
control cells, and the pattern of labelled proteins was also similar,
with two exceptions — markedly decreased labelling of a band
of approx. 22 kDa and increased labelling of a band of approx.
12 kDa. The first band was identified as ATPase subunit a, based
on WB analysis performed on the same gel with an antibody
against subunit a (Figure 8), in accordance with the size and
mobility of subunit a in this type of SDS/PAGE [37]. On the basis
of its size, the second band was identified as ATPase subunit 8
(A6L). The COX3 subunit was weakly labelled in both types of
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cytochrome b and ND1 transcripts

ﬂ&ﬁ 096’4:’
Vo 0-9*

/S
% o

S
¢

(R) Scheme of ATP6—C0X3 RNA processing and PCR products analysed. For experiments,
cDNAs obtained from (B) total RNA (reverse transcription with random primers) or (G) mRNA
[reverse transcription with oligo(dT) primers] were used. The relative amount of uncleaved
ATP6-COX3 transcript and the amounts of all ATP6 or COX3 transcripts present either in
unprocessed form or in mature form were measured and correlated. The values were also
correlated to the expression of mitochondrial CYTB and ND1 as reference genes. Graphs depict
results obtained in 9205 ATA fibroblasts expressed as a percentage of the mean + S.D. for three
controls.

cells, and no significant difference could be seen between the
9205ATA and control cells. Three independent experiments gave
essentially the same result, and clearly showed, in accordance
with all WB data, that mutation of the ATP6 STOP codon greatly
decreases the synthesis of ATPase subunit a (to 12.7 +0.73 % of
the control). In turn, up-regulation of ATPS8 synthesis is apparent.

DISCUSSION

We present a detailed analysis of the impact of a maternally in-
herited 2 bp microdeletion TA at position 9205 and 9206 in the
mtDNA (9205ATA) on the respiratory chain complexes, with
the aim of disclosing the pathogenic mechanism in a patient
with severe encephalomyopathy, spastic quadruparesis, micro-
cephalia and hyperlactacidaemia.

Biochemically, the patient presented with a pronounced select-
ive decrease in COX activity in his fibroblasts (15 % of control),
while a lowered COX/CS ratio and a mild decrease in com-
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mtDNA-specific translation was performed in control and 9205 ATA fibroblasts in the presence
of emetine. Radioactive proteins were separated by SDS/PAGE on a 15-20% (w/v) gradient
polyacrylamide gel and detected by phosphorimaging. On the left side, the WB from the same
SDS/PAGE run using an antibody against subunit F,ais shown. The migration of mtDNA-encoded
polypeptides and of molecular mass standards is indicated.

plex III activity were found in muscle. Sequencing of mtDNA
revealed a 2 bp microdeletion, which disrupts the STOP codon
of the ATP6 gene. This mutation has been described only once
previously, in a patient with seizures and repetitive bouts of
lactic acidaemia [13]. It was reported as being homoplasmic
(Ilymphocytes and fibroblasts), but was not detected in that
patient’s mother or grandmother. In our patient, the mutation was
also found to be homoplasmic (>98 %) in all tissues tested. In
addition, the heteroplasmic mutation 9205 ATA was present in the
asymptomatic mother (82%) and grandmother (16%). Im-
portantly, a high mutation load in the mother’s fibroblasts was
also associated with a decrease in COX activity.

The mtDNA mutation 9205ATA lies on the boundary of two
genes, ATP6 and COX3, and it is highly probable that it influences
the transcription and post-transcriptional modification of these
genes. Assuming that this is the main cause of the patient’s pheno-
type, insufficient energy provision is to be expected in the tissues,
particularly in brain (explaining the dominating encephalopathy).
Our measurements in the patient’s fibroblasts showed a 3-fold de-
crease in mitochondrial ATP production. In fact, the observed
decrease was even higher than that observed in cases of missense
mutations in the ATP6 gene (T9176G, T8993G and T8993C),
where higher values of residual mitochondrial ATP production
have been reported [10—12,38]. By analogy with these mutations,
we found completely normal ATPase hydrolytic activity. Thus it
appears that only a fraction of ATPase complexes can utilize AW,
to drive ATP synthesis in 9205ATA cells. This view is further
supported by the normal AW, observed at state 4 and its decrease
by FCCP, while ADP (state 3-ADP) caused a much smaller
decrease in AW, in the patient. These data indicate that mitochon-
driain 9205 ATA cells can be fully energized and that the mutation
does not enhance the passive H" transport at state 4 via the F,
proton channel of the ATPase complexes, which are known to
contribute to the proton conductivity of the mitochondrial inner
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membrane [39]. When, however, ADP becomes available, the
discharge by ATP synthesis of AW,, in 9205ATA cells is signi-
ficantly decreased.

Our functional data support the view that the F, part has an
altered function in the majority of ATPase complexes of the pa-
tient’s fibroblasts, due to the absence of subunit a (an essential
component of the ATPase proton channel) or an alteration of
its structure (for review, see [40]). The absence of the ATP6
STOP codon could interfere with synthesis of the subunit by
decreasing the translational efficacy of the ATP6 mRNA, resulting
in a low amount of subunit a being produced and in the form-
ation of ATPase complexes lacking subunit a and incapable of
synthesizing ATP. Another possibility might be production of sub-
unit a modified in the C-terminal part, as a poly(A) tail in the
absence of a regular STOP codon could cause extension of several
lysine residues at the C-terminus. Indeed, several amino acid
residues involved in H* translocation are located in this part of
the protein [8].

To delineate the subunit composition and native structure of
ATPase, we employed electrophoretic/WB analysis using subunit-
specific antibodies, including a polyclonal antibody against sub-
unit a [23]. We have found that the content of subunit a is greatly
decreased (to 11 % of control) in the patient’s fibroblasts, whereas
other ATPase subunits are unchanged. The antibody was raised
against 10 amino acids at the N-terminal part of human subunit
a, and most probably would react with a putative form of sub-
unit a elongated at the C-terminus. However, no larger forms of
subunit a could be detected by WB. A low content of subunit
a was confirmed by 9-fold decreased labelling of this subunit by
[**S]methionine, and the labelling pattern also did not indicate the
accumulation of a larger form of this subunit in 9205ATA cells.

Under native electrophoretic conditions, we found in the
9205 ATA cells a decreased content of DDM-solubilized, normal-
sized F,F,-ATPase, together with an increased content of an F,
subcomplex of 390kDa. There was no apparent difference
between the mobility of the 620 kDa ATPase complex in the
9205ATA and control samples; however, subunit a, present in
the ATPase in one copy, represents only 4 % of the total ATPase
mass, and the expected difference in mobility of the whole, subunit
a-lacking complex is below the resolution of BN-PAGE.
Furthermore, we found yet another larger, F,-containing subcom-
plex of 460 kDa that consists of F,-ATPase and some F, subunits,
including subunit c. This pattern closely resembles that in cells
with a T8993G mutation in the ATP6 gene [10,12], or in
cells with doxycycline-inhibited mitochondrial protein synthesis
[3]. Interestingly, these three different mechanisms that affect the
biosynthesis of subunit a gave a very similar picture at the level
of ATPase structure. In the case of the 9205ATA mutation, the
ATPase complexes exert lability upon DDM extraction that is not
observed in those from control cells; however, even the subunit
a-lacking ATPase complexes maintain structural interactions
between the F, and F, parts of the enzyme, although these are
weaker. It appears that incomplete F, is also able to ‘gate’ the F, in
these complexes, as no H' leak has been detected by measurement
of membrane potential.

In addition to changes in ATPase, we also found changes in the
structure and function of COX. The pronounced decrease in COX
activity observed in spectrophotometric assays was confirmed
by the oxidation of TMPD + ascorbate in 9205ATA cells. The
remaining COX activity, however, did not limit the generation
of AW, and it was also sufficient for substrate oxidation in the
uncoupled state. The functional consequences at the level of COX
resembled to some extent COX assembly defects due to SURF
mutations [41]. The total amount of COX subunits detected by
WB was also decreased, indicating a 30-50 % decrease in enzyme

content. Some of the COX complexes showed a normal size, but
some COX subunits detected by 2D/WB analysis were found to
be present in COX subcomplexes or as free subunits. The 2D pat-
tern resembled the pattern observed in cells with a 15 bp deletion
(9480A15) in COX3 [37] that show a failure to assemble the
holoenzyme complex and instability of the COX1-COX2 inter-
action [42].

When comparing the changes in ATPase and COX, it appears
that 9205ATA cells contain approx. 10 % of the control content
of normal ATPase complexes and 30-50% of that of normal
COX complexes. Both enzymes are present in mitochondria at
normal, physiological conditions in excess in most tissues, and
their threshold values are known to vary in individual cell types
[43]. With regard to the dominating encephalopathy in our patient,
it is interesting that the reserve capacity of COX appears to be
rather high in brain, while the reserve capacity of ATPase appears
to be much lower.

All of the data presented herein are in accordance with the
hypothesis that the mechanism by which the 9205 ATA mutation
affects mitochondrial function is associated with changes in the
transcription of the ATP6 and COX3 genes and their translational
competence and efficacy. Using two independent approaches, i.e.
Northern blot and quantitative real-time PCR analysis of cDNA,
we found that processing of the primary ATP8—ATP6—-COX3
transcript is impaired in our patient. Both methods revealed a
2-3-fold decrease in the content of mature ATP6 and COX3 trans-
cripts, while the content of ND1 and COX1 transcripts was un-
affected. The same picture emerged when analysing polyadenyl-
ated forms of ATP6 and COX3 RNAs. These differences found in
the patient’s cells were also confirmed when relating the steady-
state levels of ATP6 and COX3 RNAs and mRNAs to the levels
of CYTB or ND1 transcripts.

The decrease in the amount of the mature ATP6 transcript
agreed well with the decreased synthesis and content of subunit a.
Interestingly, the labelling of subunit 8 was increased, indicating
up-regulated translation of the ATPS§ gene, which precedes and
partially overlaps the ATP6 gene. The translation of the ATP8
and ATP6 mRNAs is well described in yeast, but the structure
of these genes and its regulation differs completely from that in
mammalian mitochondria, where the mechanism of ATP8 and
ATP6 biosynthesis is largely unknown. The question arises
whether increased labelling of subunit 8 could be caused by trans-
lation of ATPS8 from an unspliced form of the ATP§8—ATP6—
COX3 transcript, part of which is, according to our results, poly-
adenylated [cDNA synthesis with random primers and oligo(dT)
primer] and could be therefore subjected to translation.

Recently, Seneca and co-workers continued an analysis of the
fibroblasts from the first patient identified with the 9205ATA
deletion [18,44]. They investigated the levels and fate of ATP6
and COX3 mRNAs and did not find any difference in primary
transcript processing in their patient, but some differences in the
deadenylation of mRNAs were present. In the second paper they
investigated the biochemical consequences of the mutation, and
the only difference they found was an accumulation of the F-
ATPase intermediate and increased ATPS8 labelling. Therefore
two patients with the same 9205ATA homoplasmic mutation
differ dramatically, and this difference is difficult to understand.
There appears to be a good correlation between changes in mature
transcripts, pronounced biochemical consequences and severe
encephalopathy in our patient, compared with unchanged RNA
processing, insignificant biochemical changes and much weaker
clinical presentation in the Seneca study. On the other hand, both
patients harbour the same homoplasmic 9205 ATA mutation. Thus
in one case the mutation is pathogenic, and in the other it has
little effect. We have no explanation for this difference at the
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moment, but several aspects might be important. In both cases
numerous other changes in mtDNA sequence were found. In our
case all were identified as more or less frequent polymorphisms,
one of which was present in the ATP6 gene (A8860G) and one
in the COX3 gene (G9477A). In the Seneca case mtDNA
sequencing revealed 42 changes from the revised Cambridge Ref-
erence Sequence, including three rare polymorphisms (C9335T,
A11362G and A12822G) and two novel transitions (T15287C
and T15705C) in the CYTB gene. The two types of mtDNA also
belong to different haplogroups.

The question arises as to whether in the Seneca case the absence
of pathogenicity might be due to some compensatory mechanism
affecting the post-transcriptional processing and translation of the
ATP6 and COX3 mRNAs. Two revertants have been described in
human mtDNA, in cells carrying tRNA mutations. A suppressor
mutation at position 12300 was found, generating tRNA™"
(CUN), which compensated for the 3243 (MELAS; mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes) mu-
tation of tRNAX (UUR) [45]. In the second case, a G5703A
mutation in tRNA**" was functionally rescued without changes in
mtDNA upon cultivation in a galactose medium [46]. A com-
pensatory import of surrogate tRNA due to nuclear mutation
was proposed, but not shown. Moreover, a similar compensatory
import of RNAS or proteins is highly unlikely in 9205ATA cells.

A possible compensatory mechanism could be connected with
factors that affect (and/or correct) the processing of mitochondrial
transcripts and their translation in 9205ATA cells. Interestingly,
several nuclear-encoded factors have been described in yeast
(NCA2, NCA3, NAMI/MTF2, Aep3p) that are essential for
proper processing of mitochondrial RNAs, namely the ATP§—
ATP6 co-transcript (for references see [47]), but their mammalian
orthologues have not been found, possibly reflecting differences in
the structure of mitochondrial RNAs between yeast and mammals.
Another group of factors is represented by proteins mediat-
ing the mRNA-ribosome interaction. The search for mammalian
orthologues in this group was more successful. A LRPPRC
(leucine-rich pentatricopeptide repeat cassette) protein was identi-
fied using a functional genomics approach [48], and it was
shown that mutation in the LRPPRC gene causes the Leigh syn-
drome of French—Canadian type, which is a human mitochondrial
COX deficiency [49]. However, the divergence of the LRPPRC
protein sequence from that of the analogous yeast protein is very
large and, therefore, it has not yet been possible to identify other
mammalian proteins by a sequence similarity approach.
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