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Mutations in human mitochondrial DNA are a well
recognized cause of disease. A mutation at nucleotide
position 8993 of human mitochondrial DNA, located
within the gene for ATP synthase subunit 6, is associ-
ated with the neurological muscle weakness, ataxia, and
retinitis pigmentosa (NARP) syndrome. To enable anal-
ysis of this mutation in control nuclear backgrounds,
two different cell lines were transformed with mito-
chondria carrying NARP mutant mitochondrial DNA.
Transformant cell lines had decreased ATP synthesis
capacity, and many also had abnormally high levels of
two ATP synthase sub-complexes, one of which was F,-
ATPase. A combination of metabolic labeling and immu-
noblotting experiments indicated that assembly of ATP
synthase was slowed and that the assembled holoen-
zyme was unstable in cells carrying NARP mutant mito-
chondrial DNA compared with control cells. These find-
ings indicate that altered assembly and stability of ATP
synthase are underlying molecular defects associated
with the NARP mutation in subunit 6 of ATP synthase,
yet intrinsic enzyme activity is also compromised.

ATP synthase (or complex V) is the enzyme of aerobic ATP
production. It is located in the inner mitochondrial membrane
of eukaryotic cells together with four respiratory chain en-
zymes that generate the proton motive force, which in turn
drives ATP synthesis. ATP synthase comprises a rotary cata-
lytic portion, F,-ATPase, whose structure has been solved (1), a
transmembrane portion F, and two stalks that link F, and F,,.
Two of the subunits of the F, portion of ATP synthase, subunits
6 and 8 (or subunit a and A6L), are encoded in mitochondrial
DNA in all animal cells. Specific inhibition of mitochondrial
translation (including subunits 6 and 8) by drug treatment
leads to accumulation of two ATP synthase assembly interme-
diates and a concomitant decrease in holoenzyme in human
cultured cells (2).
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One of the earliest disease-associated point mutations of
mtDNA? to be described was localized to ATP synthase subunit
6 gene, hereafter called A6 (3). The mutation, a thymine to
guanine transversion at nucleotide position 8993 of human
mtDNA, hereafter termed T8993G, predicts substitution of a
highly conserved leucine by arginine at amino acid position
156. The mutation was found in a family presenting with
neurogenic muscle weakness, ataxia, and retinitis pigmentosa,
a syndrome termed NARP. There was good correlation between
mutant load and disease severity (3). This was further docu-
mented when it was shown that very high levels of T8993G
mutant mtDNA were associated with a severe neurodegenera-
tive disease of childhood (maternally inherited Leigh syn-
drome, or MILS) (4). The T8993G mtDNA mutation is found in
~15% of patients with a mitochondrial disorder whose disease
has been clearly linked to a point mutation in mtDNA.2 Con-
sidered collectively, mitochondrial disorders are among the
commonest neurological diseases; therefore the mutation is of
considerable clinical importance.

In the current structural model of mitochondrial ATP syn-
thase, the enzyme represents a rotary motor (1). A6 forms part
of one of the stators, and subunit ¢ forms the rotor (5). The
T8993G mtDNA mutation predicts an arginine for leucine sub-
stitution in the fourth helix of A6, a region that is believed to
interact with subunit c. A second point mutation at nucleotide
position 8993 changes leucine to proline and is associated with
a similar phenotype in patients (6). Thus, it is likely that any
amino acid substitution in this region that induces a conforma-
tional change will perturb holoenzyme activity, assembly, or
stability.

The T8993G mtDNA mutation did not appear to alter ATP
hydrolysis activity (4) but did decrease ATP synthesis in digi-
tonin-permeabilized cells (7). Subsequently, Wallace and co-
workers (8) use 143B osteosarcoma cells that lack mtDNA (p°
cells) as recipients of mitochondria carrying T8993G mtDNA.
They found that mitochondria with T8993G mtDNA, isolated
from this control nuclear background, had reduced state III
respiration, indicative of decreased ATP synthase activity. In
another study, muscle mitochondria harboring T8993G
mtDNA were shown to contain sub-complexes of ATP synthase,
raising the possibility that the underlying defect in this disease
was holoenzyme assembly or stability (9). Here we demonstrate
for the first time that mutant subunit A6 of ATP synthase is
linked to impaired assembly of complex V in human cells.

! The abbreviations used are: mtDNA, mitochondrial DNA; NARP,
neurological muscle weakness, ataxia, and retinitis pigmentosa;
BN-PAGE, blue native-polyacrylamide gel electrophoresis; Bis-
Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol;
DMEM, Dulbecco’s modified Eagle’s medium; MOPS, 4-morpholinepro-
panesulfonic acid; OP, oxidative phosphorylation.

2 M. Zeviani, personal communication.
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Fic. 1. Mitochondrial membrane fractions prepared from
NARP cybrids contained increased levels of ATP synthase sub-
complexes. Proteins from crude mitochondrial preparations were sep-
arated by BN-PAGE on a 5-12% polyacrylamide gradient gel. Protein
was transferred to solid support and immunoblotted with human F;-
ATPase antibodies. V, ATP synthase holoenzyme, F1, F;-ATPase; V¥, a
sub-complex of complex V that includes F,-ATPase and subunit c. Lane
1, A549 lung carcinoma cells; lanes 2 and 3, control lung carcinoma
cybrids; lane 4, lung carcinoma cybrid clone B2.8993 B; lanes 5-7,
sub-clones of cybrid B2.8993B; lane 8, lung carcinoma (A549.B2) p°
cells. Control cybrids were generated by fusing cytoplasts derived from
fibroblasts of a normal control subject with lung carcinoma p° cells.
B2.8993 denotes the transformant cybrid lines produced by fusing lung
carcinoma p° cells (A549.B2) with cytoplasts derived from NARP fetal
fibroblasts.
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Fic. 2. ATP synthase appeared structurally normal in some
lung carcinoma NARP cybrids, whereas complex V sub-com-
plexes were always present in osteosarcoma NARP cybrids.
Each panel is a mitochondrial membrane sample separated in the first
dimension by BN-PAGE (left to right) and subsequently in a second
dimension 12% denaturing SDS-PAG (top to bottom). Protein was
transferred to solid support and immunoblotted with the same F;-
ATPase antibodies used in Fig. 1. Panel 1, 143B osteosarcoma mito-
chondrial; panels 2 and 3, typical osteosarcoma NARP cybrids (two of
five screened) showing increased amounts of F;-ATPase and V*. Panel
4, mitochondria derived from 206 p° osteosarcoma cells. Panels 5-8,
four lung carcinoma NARP cybrids, two of which appeared structurally
normal (panels 7 and 8), whereas two displayed abnormally high levels
of F,-ATPase and V* (panels 5 and 6).

MATERIALS AND METHODS

The standard cell culture medium in this study was Dulbecco’s mod-
ified Eagle’s medium (DMEM) containing 4.5 g/liter glucose, 110 mg/
liter pyruvate, with 10% fetal bovine serum. Tissue culture reagents
were purchased from Life Technologies, Inc. The osteosarcoma 143B
TK™ cells and cybrids were supplemented with 100 wug/ml bromode-
oxyuridine. The p° cells derived from the osteosarcoma 143B cell line
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Fic. 3. The amount of ATP synthase sub-complexes was vari-
able for a particular clone. There was some experiment-to-experi-
ment variation in the level of complex V sub-complexes. This was seen
most dramatically with osteosarcoma cybrid clone 206.8993A. Mito-
chondrial membrane fractions were prepared and separated by the
standard protocol in all cases. Panel I is reproduced from Fig. 2, panel
3; panels 2 and 3 are separate mitochondrial preparations from the
same clonal cell line. The relative amount of sub-complexes was appre-
ciably higher in panel 2 than panel 1, and in the case of the sample
shown in panel 3, F;-ATPase was the major form detected. The varia-
tion is attributed to holoenzyme disassembly occurring during isolation
and sample preparation. The relative signals from ATP synthase ho-
loenzyme (V), V¥, and F,-ATPase were, respectively, 75:12:13 (panel 1),
60:24:16 (panel 2), and 37:16:47 (panel 3).

(143B.206) and the lung carcinoma cell line (A549.B2) were in addition
supplemented with 50 pug/ml uridine. The absence of mtDNA from both
these cell lines has been shown previously by Southern blotting and
polymerase chain reaction (10, 11).

Enucleation of cells was achieved by inverting 35-mm tissue culture
plates, 70-90% confluent, in 95% DMEM, 5% fetal bovine serum with
10 pg/ml cytochalasin B (Calbiochem) and centrifuging at 7,000 X g for
20 min. The resultant cytoplast lawn was incubated for 3 h at 37 °C
with ~8 X 10° p° cells. The addition of 50% w/v polyethylene glycol
1500, 45% DMEM, 5% Me,SO induced cell-cytoplast fusion. After 1
min, the cells were washed twice in 90% DMEM, 10% Me,SO and three
times in DMEM alone and incubated overnight in 90% DMEM, 10%
fetal bovine serum without uridine. Putative transformant cells were
re-plated on 90-mm dishes in 90% DMEM, 10% fetal bovine serum
without uridine. Individual colonies were picked ~14 days later using
glass rings. Cytoplast-p°® cell fusion was performed between NARP fetal
fibroblasts after enucleation and osteosarcoma or lung carcinoma p°
cells. Transformant osteosarcoma cybrids carrying mtDNA molecules
derived from NARP fetal fibroblasts were designated 206.8993. Equiv-
alent lung carcinoma cybrids were denoted B2.8993. In addition, cy-
brids carrying mtDNA from a control subject were generated by the
same protocol and designated 206.con (osteosarcoma cybrids) or B2.con
(lung carcinoma cybrids).

Blue native electrophoresis (BN-PAGE) and second dimension SDS-
PAGE were performed using the method of Schagger and Von Jagow
(13) and Schagger et al. (14). Mitochondrial samples were prepared by
incubating 5 X 10° cells in 200 ul of phosphate-buffered saline with 2
mg/ml digitonin for 10 min on ice. The solution was centrifuged at
12,000 X g for 4 min at 4 °C, and the resultant crude mitochondrial
pellet was washed once with phosphate-buffered saline, re-centrifuged,
and stored at —70 °C. Immediately before electrophoresis, the mito-
chondrial pellet was resuspended in 100 ul of 1.5 M 6-aminohexanoic
acid, 50 mm Bis-Tris, pH 7.0, with 20 ul of 10% n-dodecyl maltoside and
incubated on ice for 15 min. After centrifugation at 12,000 X g for 20
min at 4 °C, the supernatant was mixed with 10 ul of 5% Serva Blue G
in 1 M 6-aminohexanoic acid, and equal amounts of protein, as deter-
mined by the Bradford method (15), were added to each lane of a 5-13%
gradient gel.

Pulse-chase experiments were performed as described previously.
(16). Exponentially growing cells in DMEM without methionine (ICN)
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Fic. 4. Comparison of the levels of newly synthesized and steady-state complex V holoenzyme and sub-complexes indicated a
decreased rate of enzyme assembly in lung carcinoma NARP cybrids compared with controls. **S-Labeled protein after a 1-h pulse and
a chase of 1 h (panels 1, 2, and 3) or 3 h (panels 4, 5, and 6) was separated in the first dimension by BN-PAGE and in the second dimension by
SDS-PAGE. The area of the gels shown includes « and $ subunits of ATP synthase and its sub-complexes for a control (panels I and 4) and lung
carcinoma NARP cybrids B2.8993 A (panels 2 and 5) and D (panels 3 and 6). B, immunoblots of the samples shown in A. The antibody was to
F,-ATPase, i.e. the same as that used in Figs. 1-3 above. In the examples shown, two identical gels were prepared for each time point; one was
immunoblotted, and the second was dried and exposed to x-ray film. In other experiments, radiolabeled protein was transferred to solid support,
and immunoblotting and x-ray film detection were then performed from a single gel. The results were similar; however, with the latter approach,
there was a slight decrease in signal from ®S-labeled protein. Note that radiolabeled V* was detected in NARP cybrids after a 1-h chase, yet this
sub-complex did not appear on the equivalent immunoblot. Thus, the inference is that the transition from V* to fully assembled complex V, which
involves incorporation of A6, is delayed in NARP cybrids. HSP60 is a useful marker as it bisects V* and F;-ATPase on first dimension BN-PAGE
and runs slightly behind the « and B subunits of F;-ATPase on second dimension SDS-PAGE.

were incubated with [*®SImethionine at a final concentration of 20  standards after deducting the signal obtained from the corresponding p°
nCi/ml. After chase times of 0, 1, 3, 6, and 18, h cells were harvested and  cells (osteosarcoma or lung carcinoma). Thus, the values obtained re-
used to prepare crude mitochondrial fractions (17) for two-dimensional flect ATP synthesis activity that was specific to oxidative phosphoryl-
BN-PAGE. The gels were fixed, treated with Amplify™ (Amersham ation (OP). Histochemical staining of ATP hydrolysis activity in blue
Pharmacia Biotech) according to the protocol of the manufacturer, native polyacrylamide gels was performed according to Zerbetto et al.
dried, and exposed to x-ray film for 1-24 h at —70 °C. Alternatively, in  (19).
some instances labeled protein was transferred to Hybond-C membrane Growth rates were assessed either by direct counting of trypsinized
and exposed to x-ray film, as for the dried gels, after which the mem- cells on a Neubauer counting chamber or using a tetrazolium salt
brane was blocked and immunoblotted with antibody to subunits of  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) that
F,-ATPase. A Molecular Dynamics Personal Densitometer SI was used  acts as a vital dye. (20). Cells were grown in DMEM with 4.5 g/liter
to quantify the relative amounts of each complex. glucose or DMEM with 0.9 g/liter galactose substituted for glucose.
The rate of ATP synthesis in cybrids was determined using the Intact cell oxygen consumption rates were determined in a Clark-type
method of (18). Briefly, cells were harvested and resuspended at 1 X 10  oxygen electrode from 500—-1000 ul of 5 X 108 cells/ml in RPMI 1640
cells/ml in incubation buffer including 20 ug/ml digitonin. Permeabi- medium without glucose (Life Technologies). Oxygen consumption rates
lized cells were incubated with succinate (5 mM) and rotenone (4 ug/ml)  were expressed as fmol of O,/min/cell. The addition of carbonyl cyanide
for 15 min at 37 °C. Reactions were stopped by the addition of perchloric ~ p-chlorophenylhydrazone or carbonyl cyanide p-trifluoromethoxyphe-
acid. After incubation on ice for 2 min, samples were centrifuged at nylhydrazone during an experiment led to an increase in the rate of
13,000 X g for 2 min, and the supernatants were neutralized with 2 M  oxygen consumption in all cells tested (data not shown), indicating that
KOH, 0.6 M MOPS. The samples were re-centrifuged, and 1-5-ul ali- the assay was measuring coupled respiration. DNA extraction, ampli-
quots of the final supernatant combined with 50 ul of ATP monitoring fication, electrophoresis, blotting, and hybridization were as described
reagent (Bio-Orbit, Turku, Finland). The amount of light detected in a  (39). For quantification of the level of mutant mtDNA, DNA was ex-
luminometer was converted to moles of ATP with reference to ATP  tracted from ~5 X 10° cells and digested with Aval, and the restriction
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Fic. 5. Comparison of the levels of newly synthesized and
steady-state complex V holoenzyme and sub-complexes in an
osteosarcoma NARP cybrid indicate impaired holoenzyme as-
sembly. A, 3°S-labeled protein after a 1-h pulse and a chase of 3 h
(panels 1 and 2) or 18 h (panels 3 and 4) was analyzed as described in
Fig. 4. The area of the gels shown includes a and 8 subunits of ATP
synthase and its sub-complexes for a control (panels 1 and 3) and an
osteosarcoma NARP cybrid (panels 2 and 4). B, immunoblots of the
samples shown in A. ATP synthase holoenzyme accounted for the vast
majority (95-98%) of the signal from radiolabeled « and 8 subunits (A)
and immunoblots of @ and B subunits (B) in the control cells. In the
osteosarcoma NARP cybrid, the steady-state proportion of holoenzyme
to sub-complexes was similar after 3 and 18 h, 74:26 and 72:28, respec-
tively. In contrast, although after an 18-h chase, the proportions were
similar (70:30) for radioisotope-labeled a and B subunits, after 3 h the
ratio was 34:66, indicating that the labeled subunits were not assem-
bled into ATP synthase holoenzyme at the rate seen in control cells.

fragments were separated on 1% agarose gels. After Southern blotting,
filters were probed with total purified human mtDNA. Mitochondrial
translation products were labeled specifically by incubating 106 cells
with 250 puCi/ml [**S]methionine (PerkinElmer Life Sciences) for 3060
min in the presence of 10 ug/ml emetine, as described previously (21).

RESULTS

Mitochondria carrying NARP mutant mtDNA were trans-
ferred from human fetal fibroblasts to lung carcinoma or osteo-
sarcoma cells that lacked endogenous mtDNA by cell-cytoplast
fusion. The donor mitochondria from fetal fibroblasts contained
exclusively mutant (T8993G) mtDNA, and sequencing of the
genes encoding ATP synthase subunits 8 and 6 revealed no
other novel mutations (data not shown). Mitochondrial trans-
formant cells (cybrids) were selected by their ability to grow in
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the absence of uridine, in contrast to p° cells, which are aux-
otrophic for uridine (10). Screening of transformant cell lines
for the presence of mutant mtDNA revealed that all cybrids
examined contained exclusively T8993G mutant mtDNA (data
not shown).

Immunoblotting of BN-PAGE and two-dimensional BN-
PAGE/SDS-PAGE (Figs. 1 and 2, respectively) with F;-ATPase
antibody revealed an abnormal amount of sub-complexes of
mitochondrial ATP synthase in some lung carcinoma NARP
cybrids and all osteosarcoma NARP cybrids examined. These
sub-complexes are F;-ATPase and a sub-complex, denoted V*,
which contains F;-ATPase and an unknown number of copies of
subunit ¢ (2, 9). Sub-complex V* was present in p° cells (Fig. 1,
lane 8, and Fig. 2, lane 4) and must therefore lack subunits A6
and A8, which are encoded in mtDNA. V* is also known to lack
subunit b of F,F,-ATPase (9). Free F,-ATPase has been de-
scribed previously in p° cells (23) and is known to accumulate
together with V* in cells where mitochondrial translation has
been inhibited (2). Interestingly, a sub-complex of ATP syn-
thase has been crystallized recently that comprises F;-ATPase
and a ring of 10 copies of subunit ¢ (22); however, it is not
known if this ATP synthase derivative and V* are equivalent.
All the NARP cybrid cell lines contained at least some fully
assembled complex V (Figs. 1 and 2). As the cybrids were
homoplasmic for the T8993G NARP mutation, the complex V
holoenzyme in these cells must contain mutant subunit 6.

Re-cloning a NARP lung carcinoma cybrid gave rise to sub-
clones with an identical pattern of sub-complexes to the paren-
tal cell line (Fig. 1), suggesting that the population of cells was
homogenous. That is, the result argues against the idea that
some cells contained high levels of sub-complexes, whereas
others contained exclusively holoenzyme.

Sub-complexes of complex V were present at very low levels
or undetectable in three of five NARP lung carcinoma cybrids
(clones A, D, and E), two of which are shown in Fig. 2. Where no
sub-complexes of complex V were detected, the total amount of
complex V holoenzyme was similar in NARP cybrids and con-
trol cells, suggesting that there was no significant alteration in
the amount of complex V in NARP cybrids. The interclonal
variability, in the amount of complex V sub-complexes, among
the B2.8993 cybrids may reflect differences in the nuclear gene
composition or activity (involving, e.g. assembly factors, chap-
erones, or nuclear-encoded subunits) among lung carcinoma p°
cells. Such nuclear heterogeneity has been observed previously
for osteosarcoma p° cells (24).

There was some experiment-to-experiment variation in the
amount of sub-complexes for a given clone. The extent of the
variation is shown in Fig. 3 for osteosarcoma clone 206.8993 A.
Note that the relative amounts of all three complexes, complex
V holoenzyme, V¥, and F,-ATPase, varied not merely the ratio
of holoenzyme to sub-complexes. The most common result is
shown in Fig. 3, panel 1, where the proportions of holoenzyme,
V* and free F,-ATPase were 75, 12, and 13%, respectively. In
the most extreme case, free F;-ATPase accounted for approxi-
mately half the total H*-ATPase (47%), whereas ATP synthase
holoenzyme represented only 37% of the total (Fig. 3, panel 3).
No such variation was observed in control cells, where holoen-
zyme always accounted for at least 95% of H*-ATPase. These
results indicate either that the phenotype fluctuates over time
in NARP cybrids or, more likely, that mutant containing com-
plex V is less stable than wild-type ATP synthase. All the
NARP cybrid cell lines remained homoplasmic mutant
throughout the course of the study. Both the interclonal vari-
ability among the lung carcinoma NARP cybrids and the sen-
sitivity to the conditions of isolation and sample preparation of
the holoenzyme from the same NARP cybrid point to the crit-
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Fic. 6. ATP synthesis in digitonin-permeabilized NARP cybrids is decreased compared with control cybrids. ATP synthesis was
measured in permeabilized cells in lung carcinoma and osteosarcoma cybrids with 100% NARP mutant mtDNA and cells with no mutant mtDNA,
according to the method of Wanders et al. (18). The substrate was 5 mM succinate. The values obtained relate specifically to ATP synthesized via
respiration, as they were derived by first subtracting the amount of ATP synthesized by the appropriate p° cell line. A549, lung carcinoma cells;
143B, osteosarcoma cells; B2.8993 and 206.8993 denote, respectively, p° lung carcinoma cells and p° osteosarcoma cells repopulated with mtDNA
carrying the T8993G transversion associated with NARP. B2.con and 206.con denote p° cells repopulated with mtDNA of a control subject. Error

bars are S.D.

ical role of leucine 156 in the assembly and stability of the ATP
synthase complex.

As a further test of the possible effects of the T8993G muta-
tion, [*°S]methionine pulse-chase experiments were performed
followed by two-dimensional BN-PAGE of labeled proteins.
ATP synthase, F,-ATPase, and V* were distinguishable (Fig.
4), and their relative representation could be deduced by com-
paring the labeling of o and B subunits of F;-ATPase, since
these subunits are constituents of all three complexes. First,
lung carcinoma NARP cybrids A and D were analyzed, as these
did not give appreciable amounts of steady-state sub-com-
plexes. After a 1-h chase, labeled sub-complexes were detected
in lung carcinoma NARP cybrid cells, whereas these were
largely absent from control cells. In particular, V¥ was detect-
able in lung carcinoma NARP cybrids, whereas labeled V* was
not seen in control cells (Fig. 4A, panels 1-3). V¥ was not
detectable by immunoblotting in any of the mitochondrial prep-
arations from these lung carcinoma NARP cybrids or controls
(Fig. 4B), a finding that established the labeled V* and F,-
ATPase as assembly, rather than breakdown, intermediates.
We conclude that the transition from V* sub-complex to ATP
synthase holoenzyme is impeded in cells carrying mutant A6.
In cells that had been incubated for 3-18 h after removal of
[3®S]methionine, almost all the labeled o and B subunits were
incorporated into fully assembled complex V in both controls
and lung carcinoma NARP cybrids (Fig. 4A, panels 4-6, and
data not shown).

A similar assessment of osteosarcoma NARP cybrids also
revealed differences between immunoblotting and metabolic
labeling analyses. After chases of up to 3 h, the ratio of sub-
complexes to holoenzyme was higher for newly synthesized
[35SImethionine-labeled complexes (66:34) than for the steady-
state level (30:70) determined by blotting with F,-ATPase an-

tibody (Fig. 5, A and B). Thus, although all the newly synthe-
sized (radiolabeled) « and B subunits had been incorporated
into ATP synthase holoenzyme in control cells after 3 h, one-
third remained as sub-complexes in osteosarcoma cybrids car-
rying NARP mutant mtDNA. After an 18-h chase, the ratio was
similar by both methods in osteosarcoma NARP cybrid and the
control cells (Fig. 5, A and B). These findings indicate that the
assembly defect was common to both nuclear backgrounds, yet
was more marked in the osteosarcoma than the lung carcinoma
background given that labeled sub-complexes, which could not
be ascribed to disassembly, were detected after a 3-h chase only
in the former cell type.

Measurement of ATP synthesis in digitonin-permeabilized
cells indicated a decrease of approximately one-third in lung
carcinoma NARP cybrids compared with the parental control
cell line (Fig. 6). As stated above, some of the cybrids analyzed
(B2.8993A and -D) contained few if any sub-complexes on BN-
PAGE analysis, like the control cells. Therefore, the ATP syn-
thesis capacity of holoenzyme containing mutant A6 must itself
be impaired. The ATP synthesis capacity of osteosarcoma
NARP cybrids was approximately half that of control cells (Fig.
6), suggesting that the mutation may be more deleterious in the
osteosarcoma nuclear background than that of A549 lung car-
cinoma cells.

The F;-ATPase inhibitory protein (IF,) is believed to regu-
late ATP synthase (25, 26); therefore, we tested whether there
was a discernible difference between the amounts of IF; in
control, NARP, or p° cells. No significant difference was ob-
served (Fig. 7). IF; was found to be associated with sub-com-
plexes of ATP synthase as well as with the holoenzyme (Fig. 7).
Nevertheless F;-ATPase consistently displayed higher in-gel
ATP hydrolysis activity than holoenzyme (Fig. 8), suggesting
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Fic. 7. IF, is present in mutant A6 containing ATP synthase
holoenzyme in similar amount to controls. Mitochondrial mem-
branes were solubilized and separated by BN-PAGE; after transfer to
filters, samples were incubated sequentially with antibodies to the ATP
synthase inhibitor protein IF; (lower part of each panel) and, after
stripping, with antibodies to F,-ATPase (upper part of each panel).
Panel 1, control p* cells; panel 2, NARP cybrid with no sub-complexes
of ATP synthase; panel 3, NARP cybrid with ATP synthase sub-com-
plexes; panel 4, p° cells. Exposure times were identical for each antibody
in panels 1 and 2; therefore, it is concluded that the ratio of IF; to
F,-ATPase was similar in NARP cybrids and controls. Two other points
of note were the association of IF; with free F;-ATPase of p° cells (panel
4) and the presence of IF,; in a novel complex, seen most clearly in panel
3. IF, is capable of forming a tetramer (37), yet this complex is consid-
erably larger than 100 kDa and therefore likely involves at least one
other protein, perhaps the 21-kDa protein partly characterized
previously (38).

that subunits of the F, portion of ATP synthase restrict ATP
hydrolysis.

Although assays of holoenzyme integrity and the permeabi-
lized cell assay clearly indicated defects of complex V, the
T8993G mtDNA mutation had no appreciable phenotypic effect
upon intact lung carcinoma or osteosarcoma cybrids. Specifi-
cally, there was no significant decrease in oxygen consumption
of coupled intact cells carrying T8993G mtDNA compared with
controls (Fig. 9). Nor was there any significant increase in
lactate-to-pyruvate ratio in spent medium (data not shown).
The growth rate of NARP and control cybrids over periods of
7-9 days were indistinguishable, even in medium where galac-
tose was substituted for glucose (data not shown). In contrast,
p° cells and cells with high levels of “A3243G” mutant mtDNA
died in galactose medium.? There was no measurable effect on
mitochondrial translation in osteosarcoma cell cybrids with or
without T8993G mtDNA (data not shown). In other experi-
ments, incubation with reagents that induce oxidative stress
(hydrogen peroxide and menadione) failed to differentiate
NARP mutant and control cybrids. Finally, the cellular ATP:

3 N. Hance and 1. J. Holt, unpublished data.
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Fic. 8. In-gel assay of ATP hydrolysis revealed higher activity
for free F,-ATPase than ATP synthase holoenzyme. Equivalent
amounts of mitochondrial membrane protein were separated as in Fig.
1. After BN-PAGE, ATP hydrolysis activity was measured in-gel ac-
cording to the protocol of (19). Lane 1, parental osteosarcoma cells; lane
2, an osteosarcoma NARP cybrid; lane 3, osteosarcoma p° cells. The
signal from F,-ATPase (lane 3) was severalfold higher than that from
holoenzyme (lane 1). The absence of signal from the NARP cybrid
holoenzyme implies a complete loss of ATP hydrolysis activity; however,
this is misleading, as there was a sharp threshold effect for the in-gel
assay, i.e. loading half the amount of control protein led to complete loss
of signal.

ADP ratio decreased dramatically in p° lung carcinoma cells
incubated for 30 min in the absence of glucose, whereas NARP
cybrids maintained a ratio similar to control cybrids for at least
4 h (data not shown). Thus, the decrease in ATP synthesis
capacity (Fig. 6) and increase in complex V sub-complexes (Fig.
2) in disrupted NARP cells are either of no consequence to
growth, even under regimes that favor expression of a func-
tional OP system, or else these in vitro observed abnormalities
are compensated in intact cells.

The absence of a marked OP phenotype in intact NARP
cybrids was mirrored in cybrids containing partially duplicated
mtDNA (27). In contrast, earlier studies of A8344G (21) and
A3243G mutant mtDNA (28-30) and partial mtDNA deletions
(381) demonstrate clear deleterious effects upon OP and mito-
chondprial translation of intact cybrid cells. Therefore, putative
pathological mtDNA mutations cannot be excluded as a cause
of disease based on absence of an OP phenotype in cultured
cells.

DISCUSSION

Human cells lacking mtDNA have been used widely to study
the effects of putative pathological mtDNA mutations (e.g.
Refs. 8, 21, 24, and 27-32). The genetic outcome of fusing
cytoplast and p° cells is to transfer mtDNA to a new nuclear
background. Thus, mtDNA can be isolated from its host nu-
clear DNA, and any mitochondrial dysfunction in the transfor-
mant cells can be ascribed to mtDNA, where appropriate con-
trols are in place. In this report, mtDNA carrying a presumed
pathological mutation in subunit 6 of ATP synthase was trans-
ferred to two control nuclear backgrounds to assess its effects
on mitochondrial structure and function. In both nuclear back-
grounds tested, T8993G mutant mtDNA was associated with
decreased complex V assembly and decreased ATP synthesis
capacity. Because the effects were observed with NARP mutant
mtDNA in two nuclear backgrounds, they can with confidence
be attributed to the mutation. Despite these abnormalities
there was no marked phenotype in intact cells with mutant
ATP synthase. These findings are consistent with what is
known of the T8993G mtDNA mutation and its associated
diseases. The mutation resides in a gene encoding an essential
subunit of ATP synthase and could therefore be expected to
affect the intrinsic activity or amount of holoenzyme. Never-
theless, the effects of the mutation must necessarily be subtle,
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Fic. 9. Oxygen consumption of intact cells carrying T8993G mtDNA was indistinguishable from control cells. Respiratory capacity
was measured with a Clark-type oxygen electrode. Cells were harvested and resuspended at a concentration of 5 X 106 cells/ml. A549, lung
carcinoma cells; 143B, osteosarcoma cells; B2.8993 and 206.8993 denote, respectively, p° lung carcinoma cells and p° osteosarcoma cells repopulated
with mtDNA carrying the T8993G transversion associated with NARP. B2.con and 206.con denote p° cells repopulated with mtDNA of a control

subject. Error bars are S.D.

first, because substantial impairment of ATP synthase would
be incompatible with life and, second, because the NARP mu-
tation is highly tissue-specific in its effects. For instance, mus-
cle pathology is absent in NARP, whereas it is present in
association with a number of other pathological mtDNA
mutations.

Early studies assumed that the NARP/MILS (maternally
inherited Leigh syndrome) T8993G mutation decreased ATP
synthesis capacity directly by impairing proton flux through
the F, portion of the enzyme, i.e. caused a decrease in intrinsic
enzyme activity. The finding that the mutation was associated
with increased levels of sub-complexes of complex V suggested
an alternative explanation, namely that perturbed assembly or
stability could lead to a decrease in the total amount of holoen-
zyme (9). The results reported here indicate that sub-complexes
of complex V are often present in isolated mitochondria carry-
ing the mutant form of A6 associated with NARP, yet irrespec-
tive of this, ATP synthesis capacity was decreased. Thus, it can
be concluded that the function of ATP synthase holoenzyme
containing mutant A6 is impaired.

The metabolic labeling experiments indicated that NARP-
containing cybrids were impaired in complex V assembly (Figs.
4 and 5). Nevertheless, it is unlikely that all the antibody-
detected sub-complexes (Figs. 1-3) represent assembly inter-
mediates; some almost certainly arose via disassembly, given
the considerable variation in the ratio of sub-complexes to
holoenzyme that was observed (Fig. 3). Therefore, we posit that
ATP synthase-containing mutant A6 is not only assembled less
efficiently than wild type but also that it is less stable. Insta-
bility of mutant-containing holoenzyme might explain much of
the reported variation (30-95%) in the degree of impairment of
ATP synthesis capacity (Refs. 8 and 33 and this report) and
some of the phenotypic difference between intact and disrupted
cells. Finally, formation of sub-complexes from disrupted ho-

loenzyme is a reasonable explanation for the observation that
there was little complex V holoenzyme in muscle mitochondrial
preparations of NARP patients that displayed no muscle pa-
thology (9), i.e. it was likely the result of the disassembly. In
summary, to reconcile the apparently disparate findings in
studies of the T8993G NARP mutation, we propose that com-
plex V-containing mutant A6 has =70% normal ATP synthesis
capacity in intact cells, yet the enzyme is assembled less effi-
ciently and is less stable than that of wild-type cells. Ulti-
mately, it will be necessary to develop a sensitive assay of ATP
synthase for intact cells to determine the true extent of enzyme
dysfunction in NARP.

Recently it was reported that IF; was not associated with
F,-ATPase of a fibroblast p° cell line (34), a result that is
apparently at odds with the finding reported here. The discrep-
ancy could reflect differences between p° cell lines, although a
more plausible explanation is that the osmotic shock procedure
used by Garcia et al. (34) had a different effect on the mito-
chondria of p* and p° cells. Indeed, the apparent absence of IF,
may simply reflect the low yield of F,-ATPase obtained by this
procedure, as the o and B subunits of F;-ATPase were in low
abundance in the p° cell H"-ATPase preparation of Garcia et al.
(34).

The combined ATP synthase abnormalities associated with
NARP cybrids might become critical, for example, in particular
neuronal cell types or genetic backgrounds, if the cellular en-
vironment accentuated the assembly or stability defects or
increased ATP synthase turnover. In this context, it is note-
worthy that there are differences in brain and muscle in the
expression of isoforms of subunit ¢ with which A6 interacts
(35). Furthermore, IF, is expressed at relatively high levels in
developing rat brain compared with muscle (36). This observa-
tion suggests that ATP hydrolysis needs to be strictly con-
trolled in developing brain and thereby offers an explanation of
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how increased levels of sub-complexes of complex V resulting
from the presence of the T8993G mtDNA mutation might cause
tissue-specific metabolic failure.
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