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Mutations in the mitochondrial DNA (mtDNA) encoded subunit 6 of ATPase (ATP6) are associated with variable
disease expression, ranging from adult onset neuropathy, ataxia and retinitis pigmentosa (NARP) to fatal
childhood maternally inherited Leigh’s syndrome (MILS). Phenotypical variations have largely been attributed
to mtDNA heteroplasmy. However, there is often a discrepancy between the levels of mutant mtDNA and dis-
ease severity. Therefore, the correlation among genetic defect, bioenergetic impairment and clinical outcome
in NARP/MILS remains to be elucidated. We investigated the bioenergetics of cybrids from five patients carry-
ing different ATP6 mutations: three harboring the T8993G, one with the T8993C and one with the T9176G
mutation. The bioenergetic defects varied dramatically, not only among different ATP6 mutants, but also
among lines carrying the same T8993G mutation. Mutants with the most severe ATP synthesis impairment
showed defective respiration and disassembly of respiratory chain complexes. This indicates that respiratory
chain defects modulate the bioenergetic impairment in NARP/MILS cells. Sequencing of the entire mtDNA from
the different mutant cell lines identified variations in structural genes, resulting in amino acid changes that
destabilize the respiratory chain. Taken together, these results indicate that the mtDNA background plays
an important role in modulating the biochemical defects and clinical outcome in NARP/MILS.

INTRODUCTION

The F1F0-ATPase (ATP synthase or complex V) catalyzes the
final step of oxidative phosphorylation (OXPHOS) by coup-
ling proton translocation from the mitochondrial intermem-
brane space to the matrix to the synthesis of ATP. The
mammalian F1F0-ATPase consists of the F1 soluble portion,
where the sites catalyzing ATP synthesis are located, and
the F0 portion embedded in the mitochondrial inner mem-
brane, which functions as a proton channel. The passage of
protons in the F0, at the interface between the ATP6 subunit
and the c-ring, is responsible for conformational modifications
transmitted to the F1 portion through the rotation of the stalk,
providing energy for ATP synthesis (1–3).

In humans, mutations in the mitochondrial DNA (mtDNA)
encoded ATP6 subunit cause complex disorders with hetero-
geneous expression and severity, ranging from adult onset
neurogenic muscle weakness, ataxia and retinitis pigmentosa
(NARP) to a fatal infantile subacute necrotizing encephalo-

myelopathy, maternally inherited form of Leigh syndrome
(MILS).

The first ATP6 mutation reported, a T8993G resulting in the
substitution of a highly conserved leucine to arginine (L156R)
(4), is the most frequent mutation associated with NARP/
MILS. The T8993C and T9176G mutations, which replace
conserved leucines of ATP6 with proline (L156P) and arginine
(L217R), respectively, have also been described in NARP/
MILS pedigrees (5,6).

Since MTATP6 mutations are generally heteroplasmic (i.e. a
mixture of mutant and wild type mtDNA) with uniform tissue
distribution and lack age-related variation (7), disease severity
and age of onset have been correlated with the proportion of
mtDNA mutation in blood (8). However, the genotype/pheno-
type correlation, emphasized in previous reports, does not
apply to all pedigrees. In T8993G mutants, both NARP and
MILS can be found within the same family (9,10). Moreover,
in the same families, oligosymptomatic children share the
same mutation load of symptomatic siblings (11), and in
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some cases high T8993G mutation loads are not associated
with symptoms of Leigh or NARP (12). Overall, the
T8993C mutation is associated with a milder phenotype than
the T8993G, often with late onset and slow progression (13),
and the mutation load required to trigger neurological symp-
toms is very high (8).

The mechanisms whereby ATP6 mutations cause ATP syn-
thesis defects remain to be fully elucidated. Mutant ATP6
subunit could impede proton translocation in the F0 and
prevent the c-ring rotation by modifying charge distribution
in the proton channel (14). Alternatively, the mutations may
cause structural changes at the interface with the c-ring, result-
ing in inefficient coupling between proton transport and ATP
synthesis (15). Both hypotheses are supported by findings of
increased membrane potential (Dc) and matrix pH in
T8993G mutant cybrids (16) and lymphocytes (17). It is
unclear whether the mutations cause ATP6 misfolding and
hinder the assembly of complex V. Detached F1 sub-
complexes were detected by Blue native gel electrophoresis
(BN-PAGE) in post-mortem tissue from MILS patients (18),
in NARP/MILS cybrids (19,20) and skeletal-muscle (21); on
the other hand, ATPase disassembly was not found in different
subsets of cybrids (22) and patients’ fibroblasts (23). Finally,
ATP synthesis impairment cannot be the only pathogenic
mechanism in ATP6 mutants, since the T8993C mutation
does not result in overt ATP synthesis defects (24–26).

Taken together, epidemiological and biochemical evidence
show that significant differences exist in the penetrance of
ATP6 mutations, even among individuals harboring similar
proportions of the same mutation. We hypothesized that
these differences could be the consequence of modifying
genetic factors, which modulate the disease phenotype.

Here, we have characterized the genetic, bioenergetic and
molecular properties of cells derived from NARP/MILS
patients. Our results demonstrate that mtDNA variations can
explain the phenotypic differences among individuals harbor-
ing ATP6 mutations.

RESULTS

Bioenergetic differences among ATP6 mutants

The cybrid system is a well-established cell culture model,
where patients’ mtDNA is transferred to mtDNA-less human
osteosarcoma cells to study the effects of mtDNA mutations
on mitochondrial function independent of the nuclear back-
ground. In this way, cybrid cell lines harboring homoplasmic
(i.e. 100%) mutant or wild-type (WT) mtDNA can be obtained
from the same heteroplasmic individual.

Homoplasmic cybrids were generated from five patients
harboring mutations in the ATP6 gene: three with the
T8993G mutation (JC, AT, TU), one with the T9176G
mutation (LR) and one with the T8993C mutation (DM).

Parental osteosarcoma cells (line 143B) were used as a
normal reference in this study. To ensure that 143B cells are
a representative control for bioenergetic assays, we compared
them to cybrid lines from subjects with no history of mito-
chondrial diseases. We found variability among these control
cybrids, but no statistically significant differences with 143B
cells were detected in ATP synthesis, respiration, respiratory

chain activities (Supplementary Material, Table S1) and
assembly, assessed by BN-PAGE (data not shown).

Mitochondrial ATP synthesis was measured in digitonin
permeabilized ATP6 mutant cybrids using pyruvate and
malate as substrates (27). For each cybrid line, digitonin was
titrated to obtain the maximal ATP synthesis rate. Despite
all being homoplasmic for the ATP6 mutations, the various
cybrids had variable degrees of mitochondrial ATP synthesis
defects (Fig. 1A). Surprisingly, cell lines containing the
same T8993G homoplasmic mutation displayed widely differ-
ent ATP synthesis defects relative to 143B, ranging from the
most affected JC (29% residual activity) to the least affected
TU (77% residual activity). ATP synthesis was severely
impaired in the T9176G mutant LR (37% residual activity),
but normal in the T8993C mutant DM (98% residual activity).

Since ATPase activity is coupled to the mitochondrial elec-
tron transfer and proton translocation, it directly reflects the
efficiency of the respiratory chain (RC). Thus, variations in
ATP synthesis may depend upon differences in RC function
upstream of the ATPase. Mitochondrial respiration measured
in intact cells using pyruvate as substrate correlated with
ATP synthesis: cell lines with severe ATP synthesis impair-
ment (JC and LR) showed significantly decreased mitochon-
drial respiration (Fig. 1B). Uncoupled respiration (with
1 mM FCCP, Fig. 1C), an index of maximum respiratory
capacity independent of ATPase activity, confirmed the RC
electron transfer impairment. This data suggest that in the
JC and LR lines, RC defects contribute to the severe ATP syn-
thesis impairment.

To determine which RC complexes are defective in JC and
LR cells, we measured specific enzymatic activities. Com-
plexes I (Fig. 2A) and IV (Fig. 2B) were significantly
reduced in JC and LR, indicating that specific RC defects
can worsen ATP synthesis defects in ATP6 mutant cells. Inter-
estingly, AT and TU cells showed an increase in complex IV
activity relative to 143B. Although this up-regulation may be
interpreted as a compensatory mechanism, it did not increase
respiration (Fig. 1B and C), suggesting that the other RC com-
plexes are rate limiting for respiration in these cells.

OXPHOS complexes assembly is disrupted in RC defective
ATP6 mutants

We investigated by BN-PAGE whether the decrease in
OXPHOS function correlated with a decrease in the amounts
of assembled complexes. JC and LR cells showed a loss of
complexes I and IV (Fig. 3A). Complex III was also
reduced in JC cells, but not in LR cells. BN-PAGE of the
other mutant cell lines, which had normal respiration (AT,
TU and DM), displayed some inter-experimental variability
in RC assembly. AT had a trend for modest complex I and
III defects (on average approximately 30 and 15%, respect-
ively, n ¼ 3), while DM had modest complex I and IV
defects (on average approximately 23 and 15%, respectively,
n ¼ 3).

The total amount of fully assembled complex V, detected
either using an antibody against b-ATPase (Fig. 3A) or
against ATP6 (Supplementary Material, Fig. S1) varied
slightly among cell lines, and the results were similar with
both antibodies. However, the differences in complex V
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assembly could not account for the variations in ATP syn-
thesis, because LR and JC, which had severely reduced ATP
synthesis, showed similar amounts of assembled complex V
as DM, which had normal ATP synthesis (Fig. 1A).

All cybrids carrying the T8993G and the T9176G mutations
(JC, AT, TU, LR), but not the T8993C mutation (DM), had
detectable levels of complex V sub-complexes (F1). The F1

sub-complexes lacked ATP6, as shown by a second dimension
BN-PAGE (Fig. 3B). To exclude that these sub-complexes
derive from degradation, because of increased sensitivity of
mutant complex V to protein solubilization, we decreased
the amount of detergents to prevent degradation (Supplemen-
tary Material, Fig. S2A and B), or increased it to favor the
accumulation of the F1 sub-complex (Supplementary Material,
Fig. S2C). Detergent modification did not produce changes,
suggesting that the F1 sub-complexes were not artifacts
of solubilization. Interestingly, the formation of the F1

Figure 1. Bioenergetic variations among the different homoplasmic ATP6
mutant cell lines. (A) ATP synthesis activities using pyruvate and malate as
substrates. (B and C) Measurements of oxygen consumption in intact cells
using pyruvate as substrate in the absence (coupled respiration) or in the pres-
ence of FCCP (uncoupled respiration). The values are average of at least three
independent measurements and are expressed as a percentage of 143B cells.
Statistically significant differences between 143B and mutant cell lines are
indicated: �P , 0.05, ��P , 0.005, ��� , 0.0005 versus 143B.

Figure 2. RC enzymatic activities. Complex I activity in isolated mitochondria
(A) and complex IV (COX) activity normalized by citrate synthase (CS)
activity in cell lysates (B). The values are average of at least three independent
measurements and are expressed as a percentage of 143B cells. �P , 0.05,
��P , 0.005, ���P , 0.0005 versus 143B.
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sub-complex was not specific to ATP6 mutants, because it
occurred in a detergent-independent manner also in cybrids
carrying mutations in MTCYTB (28) and in MTCOX1 (29)
(Supplementary Material, Fig. S2D and E), resulting in com-
plexes III and IV depletion, respectively.

To prove that comparable amounts of mitochondrial protein
had been loaded in the BN-PAGE, samples were also separ-
ated by denaturing SDS–PAGE (Fig. 3C). No differences
were found in the content of several mitochondrial membrane
proteins (subunit 70 kDa of complex II, VDAC and TIM23)
among the various cell lines (Fig. 3C). Furthermore, the
amount of subunit b of complex V was unchanged in all
cell lines. Western blots of total cells lysates under denaturing

conditions showed that the steady-state levels of ATP6
(Fig. 3D) were similar in the various mutant cell lines and
143B control. COXI was decreased in JC and LR cells,
whereas AT and TU cells showed an up-regulation of COXI
and cytochrome c, in agreement with increased complex IV
activity (Fig. 2B).

RC defects are transferable through re-cybridization
of ATP6 mutants

One caveat in the interpretation of results obtained from
individual clones of cybrids is related to potential differences
in nuclear gene expression due to chromosomal aneuplody.

Figure 3. RC complexes assembly and mitochondrial protein levels. (A) BN-PAGE of RC complexes. CoI, complex I; CoII, complex II; CoIII, dimer of complex
III; CoIV, complex IV; CoV, complex V; F1, F1 portion of complex V. The amount of RC complexes expressed as percentage of WT, estimated by densitometry
of western blot bands from at least three independent experiments, are indicated below each lane. (B) RC complexes subunits from 143B cell line (left) and AT
mutant cybrid (right) resolved by first dimension BN-PAGE (as in A), followed by separation by second dimension denaturing SDS–PAGE probed with anti-
bodies against the 70 kDa complex II subunit, b subunit of ATPase, subunit I of COX (COX I), the inner membrane translocator TIM23 and subunit 6 of ATPase
(ATP6). (C) Western blot of mitochondrial proteins solubilized as in (A) resolved by denaturing SDS–PAGE, blotted and detected with specific antibodies.
VDAC is the voltage-dependent anion channel (porin). (D) Western blot of whole cell lysates separated by denaturing SDS–PAGE, blotted, and detected
with specific antibodies. Cytc, cytochrome c.
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Therefore, the bioenergenic variations among T8993G mutants
were confirmed in additional JC and TU homoplasmic cybrid
clones (data not shown). Most importantly, we performed a
second round of cybridization, where mtDNAs from enucleated
cybrids were transferred into osteosarcoma r0 cells. The homo-
plasmic ATP6 mutations were confirmed by PCR-RFLP analy-
sis (data not shown). Mass cultures from the second
cybridization confirmed the biochemical differences among
ATP6 mutants. The assembly of complexes I and IV were
decreased in JC and LR cell lines; while complex I was moder-
ately decreased in AT (Fig. 4A). F1 sub-complexes were
detected in all mutants except DM (Fig. 4A). SDS–PAGE con-
firmed a decrease of COXI and COXII subunits of complex IV

in JC and LR cell lines, with unchanged amounts of subunit
70 kDa of complex II, VDAC or TIM23 (Fig. 4B). ATP syn-
thesis assays confirmed the defects observed in the original
clones, where JC and LR were the most affected ones
(Fig. 4C). To exclude the possibility that the observed bio-
chemical differences among mutants were cell type specific,
we transferred JC and TU mtDNAs in immortalized r0 retinal
pigmentary epithelium cells (RPE d407) (30). The homoplas-
mic T8993G mtDNA genotype was confirmed in the RPE
cybrids (data not shown). Two independent JC RPE clones
showed decreased mitochondrial respiration and ATP synthesis
when compared with parental RPE cells, whereas TU RPE cells
had almost normal ATP synthesis and respiration (Fig. 4D).

Figure 4. Bioenergetic variations were preserved after ‘re-cybridization’. (A) BN-PAGE of RC complexes from cybrids obtained by ‘re-cybridization’. (B)
Western blot of mitochondrial proteins from cybrids obtained by ‘re-cybridization’ solubilized as in (A), resolved by denaturing SDS–PAGE, and detected
with specific antibodies. (C) ATP synthesis in cybrids obtained by ‘re-cybridization’ expressed as a percentage of 143B cells. (D) Coupled respiration (top)
and ATP synthesis (bottom) of ATP6 mutant cybrids obtained by ‘re-cybridization’ in a d407 retinal pigmentary epithelium background expressed as a percen-
tage of d407 wild-type control cells. In (C) and (D), values are average of at least three independent measurements. �P , 0.05, ��P , 0.005 versus wild-type
cells.
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Taken together, these experiments demonstrated that the RC
defects observed in a subset of ATP6 mutants were attributable
exclusively to mtDNA.

MtDNA content is not responsible for RC defects
in ATP6 mutants

To exclude that RC impairement in JC and LR cells resulted
from mtDNA depletion incurred during cybridization, we
measured mtDNA content in all cybrids cell lines. Real-time
PCR analysis, using the MTCOX1 gene and the nuclear 18S
as a reference, revealed no significant differences among JC,
TU and LR mutant cybrids, WT cybrids and parental 143B
cells (Table 1). AT and DM cybrids had significantly lower
mtDNA content, which however did not correlate with the
severity of the RC defects, since these lines had normal respir-
ation and relatively modest changes in complexes assembly
(Figs 1 and 3). In addition, the re-cybridized mutant cells did
not show significant differences in mtDNA content when com-
pared with WT cells (Supplementary Material, Table S2).
Therefore, the RC defect observed in a subset of ATP6
mutants was not dependent on quantitative changes in mtDNA.

The mtDNA background determines the RC defects
in ATP6 mutants

To test the hypothesis that the mtDNA that contains the ATP6
mutation modulates the RC phenotype, we studied isogenic
homoplasmic control cybrids (i.e. cybrids from the same indi-
vidual) devoid of ATP6 mutations from JC, AT, LR and DM.
The lack of ATP6 mutations was confirmed by PCR-RFLP
analysis (data not shown). Biochemical and structural studies
reveled that JC and LR isogenic control cybrids had reduced
amounts of assembled complexes I and IV (Fig. 5A),
reduced levels of COXI (Fig. 5B) and decreased respiration
(Fig. 5C), when compared with 143B cells. The isogenic con-
trols did not show significant differences in mtDNA content
when compared with WT cells (Supplementary Material,
Table S2). These results indicate that JC and LR mtDNAs
caused RC defects, independent of the ATP6 mutation. The
ATP synthesis impairment in JC and LR isogenic controls
(Fig. 5D) was milder (53 and 54% of 143B, respectively)
than in the JC and LR ATP6 mutants (29 and 37% of 143B,
respectively, Fig. 1A). Therefore, the ATP6 mutations and
the RC defects associated with the mtDNA background act
synergistically to impair OXPHOS.

Taken together, these observations suggest that the mtDNA
background can explain the bioenergetic variations observed,

not only among different ATP6 mutants, but also among
cybrids harboring the same T8993G mutation.

RC defects are associated with mtDNA sequence variations
in ATP6 mutants

To investigate potential sequence variations that may affect
mtDNA-encoded respiratory chain components and cause
RC dysfunction, we sequenced the entire mtDNA of the
ATP6 mutants. We identified numerous variations relative to
the revised Cambridge reference sequence (31) (Table 2).
Some of these variations were associated with specific
mtDNA haplogroups, as determined by the phylogenetic tree
(Supplementary Material, Fig. S3) (32–34). Patients JC, AT
and DM belonged to different subgroups within haplogroup
U, and TU belonged to haplogroup H, all descendents of the
European lineage. Patient LR belonged to the N1b2 hap-
logroup, a West Asia lineage often associated with Ashkenazi
population (35).

In JC mtDNA, the ND5/13637 has been previously reported
as a secondary mutation, exacerbating Leber’s hereditary optic
atrophy (LHON) (36,37). The CYTB/15497 results in the sub-
stitution of an evolutionary conserved glycine to serine
(G251S), and has been associated with obesity and exercise
intolerance (38). Interestingly, hystocitoid cardiomyopathy
has been reported in association with a G251D substitution
(CYTB/G15498A mutation) (39). The ND4/12092 variation
substitutes a conserved leucine with phenylalanine (L445F)
(Supplementary Material, Fig. S4). The COX1/6300, ND5/
13630 and CYTB/15372 have not been reported earlier.
Protein alignments analysis (Supplementary Material,
Fig. S4) showed that the COX1/6300 is located in a conserved
region of the protein and results in the substitution of a highly
conserved alanine with threonine (A133T). Although the other
two mutations are located in conserved stretches of the pro-
teins, the mutated amino acids are not conserved in different
species (Supplementary Material, Fig. S4).

In AT mtDNA, the COX1/6081 alanine to threonine substi-
tution (A60T) has been associated with prostate cancer (40).
The ND4/11928 is in a highly conserved protein region, but
a serine is present instead of an asparagine at position 390
(N390S) in some species (Supplementary Material, Fig. S4).

In LR mtDNA, several variations were found in ND2 and
ND4 subunits, mostly polymorphisms specific to the rare
N1b2 haplogroup (35). The ND2/4735 (T89N) is not in an evol-
utionary conserved region. The ND2/4917 is in a highly con-
served stretch of the protein and the asparagine substituted
with aspartic acid (N150D) is an evolutionary conserved
amino acid (41) (Supplementary Material, Fig. S4). ND2/
4917 is also a haplogroup T marker. This variation has been pro-
posed to act synergistically with the ND4/11778 LHON
mutation, and increase the probability of optic atrophy (36).
The ND4/12092 variation substitutes a conserved leucine with
phenylalanine (L445F) (Supplementary Material, Fig. S4).

Abnormal assembly kinetics of RC complexes in ATP6
mutant cells

In order to study the kinetics of respiratory chain complexes
assembly, we depleted the cells of mtDNA-encoded subunits

Table 1. mtDNA content in cybrid and 143B cell lines expressed as mtDNA/
nDNA

COX1/18S

143B TK-206 1.13+0.20
WT 1.01+0.05
JC (T8993G) 1.03+0.15
AT (T8993G) 0.52+0.04
TU (T8993G) 1.14+0.34
LR (T9176G) 1.01+0.20
DM (T8993C) 0.70+0.14
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by reversibly blocking mitochondrial translation with doxycy-
cline (42). After 6 days in doxycycline, the inhibitor was
removed to restore mitochondrial protein translation.
Samples were collected at different time points during and
after doxycycline treatment to follow complexes turnover
and reconstitution rates. At each time point, complexes were
quantified relative to untreated cells (day 0). Six days of dox-
ycycline completely depleted all complexes in JC cells,
whereas in 143B cells there were variable proportions of
residual assembled complexes III and IV (Fig. 6A and B).
The turnover rates of complexes I, III and IV were faster
and the reconstitution rates slower in JC cells when compared
with 143B controls. The results suggest an overall instability
of the respiratory chain in JC mutant cells.

Complex V progressively decreased during doxycycline
treatment, while the amount of F1 sub-complex increased
(Fig. 6A and B). During the recovery phase, complex V
increased, while the F1 decreased, until only traces of F1

remained in JC cells. The experiment repeated using anti-
bodies against ATP6 reproduced the same pattern of
complex V assembly kinetics (Fig. 7A). However, a denatur-
ing western blot of the samples, which detects the total
amount of proteins (i.e. assembled in complex V plus unas-
sembled), showed a delay in the recovery of ATP6 levels in
JC cells when compared with WT (Fig. 7B). These results
clearly demonstrate that the F1 sub-complex is the result of

incomplete assembly rather than the effect of complex V
degradation. The availability of the mtDNA-encoded ATP6
subunit appears to be a limiting factor for complex V assem-
bly. Since no differences were found in the steady state
levels of ATP6 subunit between ATP6 mutant and WT cells
(Fig. 3D), it is likely that ATP6 mutations delay the assembly
of F1 with F0 by slowing ATP6 synthesis or increasing ATP6
instability and degradation.

Growth in galactose reveals a correlation between RC
impairment and bioenergetic defects in ATP6 mutants

We investigated the physiological significance of the bioener-
getic differences in the ATP6 mutants by growth in medium
containing either glucose or galactose as energetic substrates.
Cell replication after 3 days in glucose medium was only
decreased by 20–30% in JC, AT, LR and DM cells
(Fig. 8A). Surprisingly, TU showed a delayed growth in
glucose medium, for which we do not have an explanation
at the moment. In galactose medium, where cells have to
rely primarily on OXPHOS for ATP production (43), the
survival of JC and LR was severely compromised after
3 days (20 and 28% of WT, respectively, Fig. 8B). Impor-
tantly, AT, TU, DM cell lines, with milder ATP synthesis
and respiration defects, showed a much less severe cell
growth defect (50–60% of control, Fig. 8B).

Figure 5. Bioenergetic variations in isogenic cybrids. (A) BN-PAGE of RC complexes from isogenic cybrids. (B) Western blot of mitochondrial proteins from
isogenic control cybrid solubilized as in (A), resolved by denaturing SDS–PAGE and detected with specific antibodies. (C) ATP synthesis and (D) coupled
respiration of isogenic cybrids. The values are average of at least three independent measurements and are expressed as percentage of 143B. �P , 0.05,
��P , 0.005, ���P , 0.0005 versus 143B.
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DISCUSSION

In a thorough study of the three ATP6 mutations most com-
monly associated with NARP/MILS, we found a wide vari-
ation of bioenergetic phenotypes, not only among different
ATP6 mutants, but also among cell lines carrying the same
mutation. Two cell lines, JC (T8993G) and LR (T9176G),
were severely defective in ATP synthesis and mitochondrial
respiration. We demonstrated compromised assembly and
enzymatic activities of RC complexes I and IV, which are
not directly affected by the ATP6 mutation. Decreased
complex I, III and IV activities have also been reported in a
subset of muscle biopsies from NARP/MILS subjects
(20,44) with high proportions of the T8993G or the T8993C
mutations, but not in other individuals with similar mutations
loads, demonstrating a variable biochemical expression of the
disease in patients.

MtDNA genetic analyses of our panel of ATP6 mutants
revealed several point mutations resulting in amino acid sub-
stitutions in subunits of the RC complexes. Mutations invol-
ving evolutionary conserved amino acids were found in the
most affected cell lines (Table 2), COX1/6300, ND4/12092
and CYTB/15497 in JC and ND2/4917 and ND4/12092 in
LR. These mutations may directly affect the electron transfer
efficiency or the assembly of RC complexes.

Detrimental effects on complex I have been previously pro-
posed for the ND2/4735, ND2/4960, ND2/4917 and ND4/
12092 variations (35), all of which were found in LR. The
ND2/4917 is a polymorphism related to the T haplogroup,
which is often associated as a secondary mutation with the
ND4/11778 LHON mutation (36). Interestingly, the ND4/
12092 substitution was common to JC and LR lines, which
displayed the most severe RC defects among the ones tested,
suggesting that this mutation may play a particularly detrimen-
tal role.

Further investigations will be required to determine if the
other mutations of less conserved residues in JC and LR
cells (Table 2) act synergistically with the substitutions of con-
served residues. In addition, it cannot be excluded that poly-
morphisms in the D-loop control region or in non-protein
coding genes, such rRNA and tRNAs, could contribute to
the observed phenotypes, since polymorphic variations in
these regions might affect protein translation efficiency and
thus the expression levels of mitochondrial proteins.

Since no mtDNA variations were detected in complex IV,
the cause of the partial complex IV defect in LR is unclear.
In our previous studies, we showed that RC complexes I, III
and IV are organized in functional supercomplexes and that
a decrease of either complex III or IV result in a decrease of
RC supercomplexes and of complex I assembly (45). There-
fore, in LR, a decreased complex I may destabilize the super-
complex, and down-regulate complex IV.

Different groups have obtained conflicting results on the
effects of mutant ATP6 on complex V assembly and stability.
In some reports, the steady-state levels of mutant complex V
were normal and no assembly defects were detected (22,23);
while other groups showed defective complex V assembly
(18,20,21). Various explanations have been proposed to
account for such discrepancies, including different cell
types, proportions of MTATP6 mutation, fresh versus postmor-
tem tissue and methods of mitochondrial solubilization. In our
panel of homoplasmic cell lines, we unequivocally demon-
strated by complex V assembly kinetics that the F1 sub-
complex is not a product of disassembly/degradation of
complex V. We show that the F1 sub-complex is a stable
assembly intermediate waiting to bind ATP6 subunit to com-
plete complex V assembly.

The restrictive metabolic conditions in galactose medium
revealed a growth defect in ATP6 mutant cybrids with otherwise
normal respiration and ATP synthesis (AT, TU and DM).

Table 2. mtDNA haplogroup associations and non-synonymous nucleotide changes relative to the revised Cambridge Sequence

Cybrid cell line GenBank ID NARP mutation Haplogroup Non-synonymous base change Amino acid change

JC GQ891609 T8993G U5b G6300A (COX1)a Ala . Thr
C12092T (ND4) Leu . Phe
G13630A (ND5)a Thr . Ala
A13637G (ND5) Gln . Arg
A15326G (CYTB) Thr . Ala
T15372C (CYTB)a Leu . Pro
G15497A (CYTB) Gly . Ser
G15803A (CYTB) Val . Met

AT GQ891610 T8993G U1 G6081A (COX1) Ala . Thr
A11928G (ND4) Asn . Ser
A15326G (CYTB) Thr . Ala

TU GQ891611 T8993G H13 A15218G (CYTB) Thr . Ala
LR GQ891612 T9176G N1b2 C4735A (ND2) Thr . Asn

A4917G (ND2) Asn . Asp
C4960T (ND2) Ala . Val
C8472T (ATP8) Pro . Leu
C12092T (ND4) Leu . Phe
A15326G (CYTB) Thr . Ala

DM GQ891613 T8993C U2 A15326G (CYTB) Thr . Ala
C14766T (CYTB) Thr . Ile

In bold are substitutions of highly conserved amino acids in conserved stretches of proteins.
aSubstitutions never reported before and confirmed by RFLP analysis.
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This suggests that OXPHOS measurements may underestimate
bioenergetic defects. In biochemical assays, where the
OXPHOS steps are extrapolated from the physiological
context, without substrate limitations or product inhibition,
high activity rates can be obtained, despite the presence of
mutant ATP6. Instead, galactose medium mimics the metabolic
challenges to which vulnerable organs are exposed in
NARP/MILS patients and is a functional parameter indicative
of total cell metabolism efficiency, in more physiological
conditions.

Often, discrepancy between mutation loads and predicted
clinical phenotypes (11,12), unexpected deterioration of symp-
toms leading to premature death (46,47), and inexplicable res-
olution of symptoms with favorable outcome (48), have been

observed in NARP/MILS patients, suggesting that genetic
modifiers are at play in determining the disease phenotype.

A clear example of interplay between primary pathogenic
mtDNA mutations and mtDNA background is LHON. Hap-
logroup J has been associated with LHON (49,50), and the prob-
ability of visual loss is increased when the primary mutations
11778/ND4, 14484/ND6 and 3460/ND1 occur in the J2, J1
and K haplogroups, respectively (51,52). In a recent study,
mtDNA haplotypes have been shown to play a role in the
assembly kinetics of OXPHOS complexes in LHON cybrids
(53), suggesting a mechanism whereby mtDNA variations can
modulate the phenotype of LHON mutations.

Here, we showed that mtDNA background plays an
important role in modulating the biochemical phenotype of

Figure 6. Assembly kinetics of RC complexes. (A) BN-PAGE of 143B (left) and JC (right) cells grown for 6 days in the presence of doxycicline followed by
6 days without the drug. Mitochondrial RC complexes were studied at different time points during the treatment and the recovery. Note that the JC blots are
subjected to a longer exposure than 143B ones in order to obtain similar band intensities in the two lines. (B) Quantification of complexes I, III, IV and V
band intensities in doxycline treated cells expressed as a percentage of the respective complexes from untreated cells (day 0). Each value is the average of
two independent experiments.
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NARP/MILS. We propose that mtDNA variations are respon-
sible for relatively subtle biochemical defects, which do not
normally pose a threat to the survival and propagation of
their carriers. Perhaps, such variations may be the result of a
climatic adaptation influenced by the geographic distributions
of the different haplogroups (54). However, when a new
pathogenic mutation, such as the NARP/MILS, is superim-
posed, the overall OXPHOS function becomes insufficient,
leading to overt symptoms of mitochondrial disease.

In light of our observations, the ATP6 mutation load cannot
be considered the only criterion for predicting the clinical and
biochemical outcomes. A detailed correlation between
mtDNA background and clinical presentation, associated
with a more in depth analysis of global OXPHOS function
and assembly, will help in providing appropriate genetic coun-
seling and prenatal diagnosis for NARP/MILS.

MATERIALS AND METHODS

Reagents

All reagents used were from Sigma-Aldrich unless indicated
otherwise.

Cell culture

Cybrids were generated by fusion of platelets or enucleated
fibroblasts from NARP/MILS patients with human osteosar-
coma 143B cell line lacking mtDNA (r0 cells) as described
elsewhere (55). Cells were cultured in Dulbecco Modified

Eagle’s Medium (DMEM, Invitrogen) supplemented with
5% fetal bovine serum (FBS, Gemini Bio-Products) and
50 mg/ml uridine.

To block mitochondrial protein translation, 15 mg/ml doxy-
cycline was added to the culture medium for 6 days. The cells
were harvested at indicated time points during and after the
treatment.

Growth rates in glucose or galactose were determined by
seeding 0.1 � 106 cells in six-well plates in triplicates in
DMEM containing 4.5 mg/ml glucose and 1 mM pyruvate sup-
plemented with 5% FBS and 50 mg/ml uridine or in DMEM
without glucose containing pyruvate plus 4.5 mg/ml galactose
and supplemented with 5% dialyzed FBS and 50 mg/ml
uridine. Cell counts were obtained after 3 days of culture.

MtDNA analyses

Total cell DNA was extracted by standard techniques and
PCR/RFLP analysis was performed to detect the T8993G,
T8993C and T9176G mutations as described elsewhere
(6,56,57).

The entire mtDNA was PCR-amplified and sequenced as
previously reported (58). The http://www.mitomap.org/
website was used to reference mtDNA mutations already
reported in the literature. Evolutionary amino acid conserva-
tion among species was determined by alignment of patient’s
mtDNA encoded proteins with protein sequences obtained
from http://www.ncbi.nlm.nih.gov/. The http://www.phylotree.
org/ website was used for the phylogenetic tree editing.

Figure 7. Assembly kinetics of complex V. (A) BN-PAGE of complex V from 143B (left) and JC (right) cells grown and treated as in Figure 6. Samples were
separated in parallel on two different gels, blotted and probed with antibodies against ATP6 subunit (top panels) and b-ATPase subunit (bottom panels). (B)
Western blot of mitochondrial proteins solubilized as in (A), resolved by denaturing SDS–PAGE and detected with specific antibodies.
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Quantification of mtDNA relative to nuclear DNA (nDNA)
was performed by real-time PCR in a LightCycler system
(Roche), using COX1 and 18S rRNA primers, respectively,
and the LightCycler FastStart DNA Master SYBR Green I
(Roche) according to the manufacturer’s instructions. Relative
amounts of mtDNA and nDNA were calculated using linear
amplification standard curves of serially diluted DNA samples.

Respiratory chain analyses

ATP synthesis was measured as in ref. (59) using 2 � 106 cells,
0.04 mg/ml digitonin and pyruvate and malate as substrates.
Oxygen consumption was measured in intact cells using 1 mM

pyruvate as substrate, with or without 1 mM of the uncoupler
carbonyl cynide p-trifluoromethoxyphenylhydrazone (FCCP),
and 2 mM KCN as the terminal inhibitor, in an Oxygraph
chamber equipped with a Clark-type electrode (Hansatech) at
378C, as described in ref. (60).

Complex IV and citrate synthase activities were measured
in total cell lysates as described (61). Complex I activity
was measured in isolated mitochondria. Briefly, 20 � 106

cells were washed in PBS, and homogenized in a buffer con-
taining 225 mM Mannitol, 75 mM sucrose, 1 mM EGTA, 2 mg/
ml BSA, 20 mM HEPES (pH 7.2). Homogenates were centri-
fuged at 600 g for 5 min at 48C, and the resulting supernatant

centrifuged at 12000 g for 10 min at 48C. Mitochondrial
pellets were disrupted by one cycle of freezing and thawing.
Complex I activity was measured in 20 mM HEPES (pH 7.8)
using 200 mg mitochondrial protein, 50 mM NADH and
40 mM Q1 in a Lambda 35 Spectrophotometer (PerkinElmer),
following NADH oxidation at l ¼ 340. Complex I specific
activity was assessed after subtraction of the residual activity
insensitive to rotenone (2.5 mM).

Blue Native-PAGE and SDS–PAGE

Respiratory chain complexes assembly studies were per-
formed by BN-PAGE as described (45). Samples were solubil-
ized with 1.4 mg/ml digitonin for 10 min followed by 0.6%
lauryl maltoside (n-dodecyl b-D-maltoside, LM). For immu-
nodetection of protein complexes, monoclonal antibodies
(Invitrogen) against the following subunits were used:
39 kDa of complex I, 70 kDa of complex II, core 2 of
complex III, subunit I of complex IV and subunit b of
complex V. For second dimension gel electrophoresis lanes
excised from the first dimension BN-PAGE were first treated
in denaturing conditions and then electrophoresed on a 10%
tricine SDS–PAGE (45). For immunodetection of proteins
in denaturing gels, monoclonal antibodies against the follow-
ing subunits were used: 70 kDa of complex II, subunit I of
complex IV, subunit b of complex V (all from Invitrogen),
TIM23 (BD Biosciences), ATP6 (obtained from Dr Eric
A. Schon, College of Physicians and Surgeons, Columbia
University, New York), subunit II of complex IV (COXII,
Invitrogen), VDAC (Invitrogen) and cytochrome c (BD
Biosciences). Immunoreactive bands were visualized by
horseradish peroxidase labeled secondary antibodies and
SuperSignal West Pico Chemiluminescence substrate
(Thermo Scientific). Quantification of respiratory chain com-
plexes was performed by densitometric analyses of western
blot digital images using the Scion2 image software (NIH).

Statistical analyses

In all of the assays, the values are averages of at least three
independent measurements expressed as a percentage of WT
cells. Error bars indicate SD. Statistically significant differ-
ences between WT and patient cell lines were estimated by
unpaired two-tailed Student’s t-test.
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Figure 8. Cell replication in glucose and galactose medium. Equal numbers of
cells were plated and the total cell count was obtained after 3 days of growth
either in glucose (A) or galactose (B) medium. Cell growth is expressed as per-
centage of 143B. �P , 0.05, ���P , 0.0005.
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