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Abstract

Mitochondrial diseases have been shown to result from mutations in mitochondrial genes located in
either the nuclear DNA (nDNA) or mitochondrial DNA (mtDNA). Mitochondrial OXPHOS complex
| has 45 subunits encoded by 38 nuclear and 7 mitochondrial genes. Two male patients in a putative
X-linked pedigree exhibiting a progressive neurodegenerative disorder and a severe muscle complex
| enzyme defect were analyzed for mutations in the 38 nDNA and seven mtDNA encoded complex
| subunits. The nDNA X-linked NDUFAL gene (MWFE polypeptide) was discovered to harbor a
novel missense mutation which changed a highly conserved glycine at position 32 to an arginine,
shown to segregate with the disease. When this mutation was introduced into a NDUFAL null hamster
cell line, a substantial decrease in the complex | assembly and activity was observed. When the
mtDNA of the patient was analyzed, potentially relevant missense mutations were observed in the
complex I genes. Transmitochondrial cybrids containing the patient's mtDNA resulted in a mild
complex | deficiency. Interestingly enough, the nDNA-encoded MWFE polypeptide has been shown
to interact with various mtDNA-encoded complex | subunits. Therefore, we hypothesize that the
novel G32R mutation in NDUFAL1 is causing complex | deficiency either by itself or in synergy with
additional mtDNA variants.
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Introduction

Methods

Mitochondrial complex | or NADH-ubiquinone oxidoreductase (complex I, EC 1.6.5.3) is the
largest complex of the oxidative phosphorylation (OXPHOS) system, containing at least 45
subunits [1]. It is the most common clinical mitochondrial defect, linked to a large variety of
clinical phenotypes [2], [3]. Complex I is L-shaped with the base embedded in the inner
membrane and a peripheral arm extending into the mitochondrial matrix. This complex can be
fractionated by treatment with chaotropic agents into simpler subcomplexes, subcomplex la
and I\ contain most of the hydrophilic subunits and represent the peripheral part of complex
I, subcomplexes 1B and Iy contain most of the hydrophobic subunits and correspond to the
membrane arm [4,5]. All of the seven mtDNA encoded subunits are confined to the
hydrophobic membrane component of the complex [4].

The nuclear gene NDUFAL1 located on chromosome Xq24 encompasses 3 exons [6] and 2
missense mutations (G8R and R37S) have been recently identified in male patients presenting
with neurological syndromes [7]. The NDUFAL subunit, essential for complex | assembly and
function [8], has been shown to interact with the mtDNA encoded subunits during the complex
I assembly process [9]. It may also be phosphorylated and thus involved in complex | regulation
[10,11].

When the nuclei of one species are combined with the mtDNA of another by the creation of
transmitochondrial cybrids [12,13], incompatibility is commonly observed [14-16].
Combining a human nucleus with chimp or gorilla mtDNA results in a specific 40% reduction
of complex | activity [17]. Since the mtDNA mutation rate is at least one order of magnitude
higher than that of comparable nDNA encoded OXPHQOS subunits [18], incompatibility might
be expected for certain combinations of nDNA and mtDNA polymorphisms within the same
species, a phenomenon that has already been implicated in the primate speciation process
[19]. This implies that nNDNA and mtDNA incompatibility might be a common cause of
OXPHOS defects in mammals. In this publication we are reporting a disease arising out of
such a potential incompatibility among nuclear and mitochondrial variations.

Patient report

A 35 year old man (111-11), the first child of healthy non-consanguineous parents appeared to
have normal developmental milestones during the first several years after birth (Figure 1). At
4 years of age, he lost the ability to form words and his motor skills began to deteriorate.
Generalized tonic-clonic seizures began at age 5. An EEG was found abnormal showing
bitemporal spike wave foci. At 7 years of age an examination revealed an unsteady gait with
ataxia and retinitis pigmentosa and a MRI revealed mild cerebellar atrophy and increased signal
intensity in the anterior medulla in relation with a neurodegenerative process. His unbalanced
gait worsened with time with frequent falls and he developed a progressive behavior disorder.
Karyotype did not show any chromosomal abnormalities, and lactate and pyruvate were normal
in blood, cerebrospinal fluid (CSF) and urine. Hence, since 4 years of age he suffered from a
progressive neurodegeneration associated with retinitis pigmentosa, generalized seizures,
ataxia aphasia and dementia.

The second proband of this family patient 111-19 a maternal cousin of proband I11-11, is a 30
year old man born from non-consanguineous parents after a normal pregnancy. Early motor
milestones were within normal limits but he did not walk independently until 18 months. At
age 5, a moderate hypotonia with mild proximal muscle weakness was noticed and he
progressively became ataxic. Since then his movement control and cognitive function
progressively deteriorated. At age 10 he had seizures with irregular myoclonic jerks more
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pronounced in the lower extremities and was diagnosed with a progressive bilateral
sensorineural hearing loss. A mildly elevated plasma lactate was noted (3.0 mmol/l, normal
<2.8) and lactate in the CSF was at the upper limit of normal (1.98 mmol/l, normal <2.2mmol/

1.

Pedigree analysis (Figure 1A) revealed a maternal uncle 11-6 who was thought to have a normal
development until 4 years of age when he presented a severe gait imbalance with ataxia
associated with mental retardation and committed suicide at age 35 (11-6). The proband's
maternal grand mother I-2 developed dementia at age 65 and died at age 80 with a diagnosis
of Alzheimer's disease. A muscle biopsy was collected from both probands and found to be
negative for mtDNA rearrangements and the most common pathogenic mtDNA mutations.
Histochemistry and electron microscopy performed on the skeletal muscle were unremarkable.

Cell lines and cybrid cell cultures

Lymphoblastoid cell lines were cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) with high
glucose (4.5 mg/ml) supplemented with 10% fetal calf serum (FCS) and 50 pg/ml uridine and
1mM sodium pyruvate [20]. The mtDNAs of the patient 111-11 and control lymphoblasts were
transferred into 143B rho® cells by fusion following nuclear inactivation with actinomycin D
[21]. The patient origin of the cybrid mtDNA was confirmed by PCR amplification and
restriction site polymorphism analysis. The resulting cybrid cells were subsequently expanded
and mtDNA level was restored to normal level. Biochemical assays were performed on isolated
mitochondria and/or permeabilized cells.

Mouse cell lines 3A-20-4 and 4A harbored null mutations in the ND5 and ND®6 subunits,
respectively, a gift from Drs. Attardi and Chomyn [22]. Chinese hamster cells harboring a null
mutation for the NDUFAL gene were cultured as described [9,23].

Complex | cDNA analysis

RNA extraction from patient and control lymphoblast cells was performed using Trizol reagent
followed by first strand cDNA synthesis using the SuperScript kit according to the
manufacturer's recommendations (Invitrogen). Complex | nuclear genes were subjected to PCR
amplification and sequencing (supplemental table 1). A list of oligonucleotide primers used
for PCR amplification and sequencing is available (supplemental table 1). PCR products were
purified by ExoSAP-IT (Amersham) and directly sequenced using the PRISM Ready Reaction
Sequencing Kit (Applied Biosystems) on an automated sequencer (ABI 3130, Applied
Biosystems). Sequence data were analyzed using Sequencher (version 4.8, Genecode Corp.)
software.

Mitochondrial DNA analysis

Genomic DNA was extracted using the Puregene DNA Isolation Kit (Gentra System,
Minneapolis, MN). The mtDNA was PCR amplified in 8 fragments using the protocol 96°C
for 5 min, followed by 30 cycles of 96°C for 45 sec, 58°C for 30 sec and 72°C for 3 min, and
alast extension at 72°C for 10 min (primers for mtDNA analysis available upon request). PCR
products were purified and sequenced as described above.

Plasmids, Genes and Complementation Tests

The hamster NDUFA1 cDNA [8] was tagged with the HA epitope and cloned into amammalian
expression vector pTRIDENT-14 neo [9]. Site-directed mutagenesis (Quickchange XL site-
directed mutagenesis Kit, Stratagene La Jolla, CA) of the pTRIDENT-NDUFA1-HA template
plasmid used primers for the G32R mutation: forward 5'-
CATCCACAAGTACACCAACCGGGGCAAGGAAAAAAGAG-3' and reverse 5'-
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CTCTTTTTTCCTTGCCCCGGTTGGTGTACTTGTGGATG-3’; for the G8R mutation:
forward 5-TTCGAGATTCTCCCTCGCCTCGCCGTCATGGGTGTGTGC 3'and reverse 5'-
ACACACCCATGACGGCGAGGCGAGGGAGAATCTCGAACC-3'; for the R37S
mutation: forward 5'-GGGGGCAAGGAAAAAAGCGTTGGTCGCCTTCGTTACCAG-3
and reverse 5'-CTGGTAACGAAGGCGACCAACGCTTTTTTCCTTGCCCCC-3' and
generated plasmid plS-2057, which harbors a Neo selectable marker. Mutations were
confirmed by sequencing. Transfection and complementation of the chinese hamster mutant
cell lines were performed as reported elsewhere [9].

Measurement of Respiratory Activities

Mitochondria from muscle was isolated and used for OXPHOS enzyme analyses as previously
described [24]. Respiration in Chinese hamster cells and transmitochondrial cybrids lines were
analyzed by polarography [9,25]. The cells were collected (350 x g), resuspended in 1x HSM
buffer (20 mM Hepes, pH 7.1, 250 mM sucrose, 10 mM MgCly) at density 2 x 107/ml, and
permeabilized with 100 pg/ml digitonin until more than 90% of the cells are stained by trypan
blue, about 1-3 min at 4 °C. The cell suspension was then diluted 10-fold with HSM buffer,
and the cells were harvested by centrifugation, washed once with HSM buffer and resuspended
at 3 x 107 cells/ml. Oxygen consumption of roughly 5 x 108 cells was measured using a Clark-
type oxygen electrode (Hansatech, Norfolk, UK) at 37 °C.

Western blotting assays, Blue Native gel electrophoresis and in-gel activity assays

Mitochondrial samples (10 ug) were separated by SDS-PAGE and transferred to Immobilon-
P (0.2 um) membranes. Antibodies for NDUFA13, NDUFB6, NDUFB8 for complex I; 30 kDa
Ip subunit for complex I1; F1-a subunit for complex V and porin antibody were from
Mitosciences (Eugene, OR); NDUFS2 and NDUFS8 antibodies provided by Prof. Lunardi and
NDUFAL1 antibody by Prof. Scheffler. Blue native gel (BNG) electrophoresis of mitochondrial
respiratory complexes and in-gel histochemical assays were performed as reported previously
[26].

Statistical Analyses

Results

All data values are given as mean value of n experiments £ SEM with n=3. Statistical
differences were determined by Student's t test with GraphPad Prism 4.0 software (San Diego,
CA). In all cases, statistical significance was set at P < 0.05.

Biochemical studies on isolated mitochondria from muscle

The probands, 111-11 and I11-19, with a progressive neurodegenerative disease, were selected
(Figure 1A). A muscle biopsy was performed on both probands 111-11 and 111-19 and the
respiratory chain enzymes and citrate synthase were assayed from isolated muscle
mitochondria. Complex | was specifically reduced to 5% to 10% residual activity of control
values on probands 111-11 and 111-19, whether normalized either to protein concentration or to
citrate synthase activity. By contrast, complex IV activity was identical to controls (Table 1).

Complex | assembly in the proband muscle and cell line

To determine if the reduced complex | activity was due to of inhibition of activity or failure to
assemble the enzyme, Western blots and BN-gel analyses were performed on muscle
homogenate and on lymphoblastoid cell mitochondria from the proband 111-11. Immunoblots
were analyzed for the presence of complex | subunits known to be part of the peripheral arm
(NDUFS2, NDUFA13, NDUFS8) or to the membrane arm (NDUFAZ1, NDUFB8) (Figure 1B).
A significant reduction was found in the proband's muscle and lymphoblastoid cells of all
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nDNA encoded complex | subunits including NDUFAL. This alteration in subunit levels was
correlated with a reduction in complex | activity within the BNG, and an absence of
immunodetectable complex | subunits NDUFAL and NDUFBG in the expected region of the
BN gel (Figure 1C). By contrast, the level of ATP synthase was significantly increased in the
patient's sample, suggesting a compensatory response to the complex | defect.

Sequence analysis of nuclear complex | subunits

The clear X-linked recessive nature of the proband's pedigree (Figure 1A), led us to investigate
the nDNA genes of complex I, with special attention being directed at the two X-linked subunits
NDUFA1 and NDUFB10. All 38 structural subunits plus two additional genes known to be
involved in complex | assembly (NDUFAF1 and NDUFA12L) were RT-PCR amplified from
lymphoblast RNA of the proband 111-11 and sequenced. The analysis revealed only a single
nuclear variant in both probands, ac.111 G>C change in the NDUFA1 cDNA, which converted
the highly conserved glycine at codon 32 to an arginine (G32R) (Figure 1D). Both proband's
mothers were found heterozygous carriers for this mutation showing that the mutation
segregates with the phenotype (Figure 1A). The G32R variant was not seen in more than 150
DNA controls from the same ethnic origin, though the change was reported in the SNP database
(http://www.ncbi.nlm.nih.gov/SNP/; rs1801316) in a heterozygous female (1 of 41 female
DNA samples) giving a heterozygosity level (0.026). The glycine 32 is located within a highly
hydrophilic domain of NDUFA1 peptide close to the outer surface of the inner membrane and
adjacent to the transmembrane anchor. The mutation replaces the hydrogen R group of glycine
with the charged and bulky R group of arginine. Insertion of a charged group into the small
hydrophilic domain (~45 amino acids) of NDUFAL peptide would be expected to affect its
interaction with the other complex | integral membrane proteins [9]. The substitution G32R
from our study, the G8R, and R37G mutations recently described [7] (Figure 1E) were further
analysed using polyphen software (http://genetics.bwh.harvard.edu/pph/) and predicted as
probably damaging substitutions.

Site-specific mutagenesis of the NDUFA1 mutations in hamster cell line

To determine if the NDUFA1 G32R substitution and the newly described NDUFA1 G8R and
R37S mutations affect complex | activity [7], NDUFAL null CCL16-B2 hamster cells were
transfected with an expression plasmid in which the mutations had been introduced into the
Chinese hamster NDUFAL cDNA. Three independent stable transfectants for each selected
NDUFA1 mutation (G8R, G32R and R37S) were obtained by selecting in G418 and further
analyzed. The complex | activity was found to be reduced by 41% in the G32R mutant cell
line, by 51% in the G8R and was undetectable in the R37S mutant (Figure 2A). Other electron
transport chain enzyme activities were normal. Furthermore, measurements of growth rates of
the NDUFA1 G32R and G8R mutant cells in DME-Gal medium showed a distinct reduction
and no growth at all of the NDUFA1 R37S mutant compared to B2 null cell line transfected
with NDUFA1 wild type used as a control (Figure 2B). A significant decrease in the complex
I band was also seen by assays within BNG (Figure 2C).

Mitochondrial DNA analysis

NDUFAL1 is known to be dependent on mitochondrially encoded complex I subunits. To study
the possibility of additional mtDNA variant or variants contributing to the complex | defect
and the disease phenotype we sequenced the proband's muscle mtDNA that revealed an H
haplogroup containing 24 nucleotide differences relative to the Cambridge reference sequence
[27]. Of these differences, 17 were known synonymous polymorphisms [27] and the non-
synonymous changes are listed in Table 2. Five of the mtDNA changes are haplogroup H
hallmarks, including three substitutions in ND genes (ND1 m.3992C>T (T229M), ND1 m.
4024A>G (T240A) and ND6 m.14582A>G (V31A)) plus the ATP6 m.8860A>G (T112A) and
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the tRNAP™ m.16000G>A variant. Two additional mtDNA, ND1 m.3368T>C (M21T) and
ND5 m.12599T>C (M88T) have rarely if ever been observed in mtDNA databases [27-29].
However, the conservation index (ClI) of these was only 18% (7/39) for the ND1 M21T variant
and 38% (15/39) for the ND5 M88T variant (Table 2).

Transmitochondrial cybrid analysis

To determine if the proband's mtDNA with its haplogroup H variants plus the novel ND1 M21T
and ND5 M88T variants adversely affected mitochondrial complex | activity, lymphoblastoid
cells from the proband were chemically enucleated and fused to mtDNA-deficient 143B
(TK") p° cells. The resulting cybrid cells were subsequently expanded during several passages
and the mtDNA nuclear ratio in the cybrid cells compared to controls was measured showing
that the patient cybrid mtDNA had been restored to a normal level (data not shown). Three
independent transmitochondrial cybrid clones were analyzed by polarography and revealed a
mild complex | defect, resulting in a 29% reduction in respiration using site | substrates relative
to the 143B(TK") parental control cells (Figure 3A).

Immunochemical analysis revealed a marked reduction of NDUFAL in the patient cybrids
compared to controls (Figure 3B), while the relative levels of the other complex I subunits
tested were not significantly different. On BNG, the level of complex I in cybrid cells was
reduced too (Figure 3D). Since NDUFAL1 has been claimed to interact with ND subunits within
the mitochondrial inner membrane, we looked at the relative levels of complex | polypeptides
in cell lines harboring null mutations in ND5 and ND6 [22] by Western blot. The NDUFAL
and also the NDUFB8 subunits were absent from both null cell lines and the relative intensities
of the other nDNA encoded subunits were markedly reduced (Figure 3C). Hence, the stability
of the NDUFAL1 subunit seems to be strongly dependent on the presence of normal mtDNA
encoded subunits.

Discussion

Primary mitochondrial diseases due to an OXPHOS deficiency display a wide spectrum of
clinical phenotypes and multiple complex I genes have been reported to be mutated in various
cases [1]. Inthis study we describe two probands following an X-linked pedigree, both of whom
experienced a relatively mild progressive encephalopathy, and exhibited a nearly complete
complex | enzyme activity in muscle (Table 1). This deficiency was confirmed by BNG and
by the loss of complex | subunits seen in Western blotting (Figure 1B and C). Detailed analysis
of all nuclear complex | genes in the proband I11-11 revealed a single novel missense variant
(G32R) in the X-linked NDUFAL gene. This was consistent with the X-linked nature of the
pedigree, the biochemical defect generated by the NDUFA1 G32R in a hamster model cell
culture system reduced the complex | activity by 41% (Figure 2A). Additional knock-in
mutations in the hamster cell NDUFAL gene at previously reported pathogenic residues
suggests that mutations in highly conserved residues are often deleterious, though the severity
of phenotype in hamster cell lines varied significantly from the reported patient phenotype.
This also implies that the severity of G32R mutation in humans may be significantly different
from the hamster model system.

Cell lines lacking the mtDNA-encoded ND5 or ND6 proteins also showed a complete loss of
NDUFAL. There is published evidence that NDUFAL is unstable in rhoO cells and in the
absence of other membrane domain subunits like NDUFB11 [30]. This observation fits into
the recently suggested model of complex | assembly by Lazarou et al [31] where mtDNA
encoded ND subunits form a sub-assembly complex in the membrane domain along with
various nuclear encoded subunits.
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To determine if the mtDNA might also contribute to the observed complex | defect, we created
transmitochondrial cybrids. Significantly, the cybrids were also found to have a 29% reduction
in complex | activity in association with a marked reduction in the complex I level. Since all
of the nucleotide variants in the mtDNA are linked and thus are inherited together, it is not
clear which mtDNA variants or combination of variants accounts for the 29% reduction in
complex | activity observed in the cybrid lines. The ND6 m.14582A>G (V31A) variant
previously reported in association with the mild LHON ND6 missense mutation at m.
14484T>C (M64V) was proposed to contribute to the manifestation of the disease [32]. A
survey of a large cohort of patients with complex | deficiency revealed that the sequence
variants in the mtDNA ND5 gene were common, [33] suggesting that the ND5 m.12599T>C
M88T variant might also be a factor in causing the disease.

The NDUFAL subunit is localized in the membrane at or near the junction of the membrane
and the peripheral subcomplexes, thus placing it in the vicinity of the ND6 subunit (Figure 3E)
(30). Therefore, the ND6 V31A polymorphism might be in a position to interact with the
NDUFA1 G32R to generate the complex | defect. A direct interaction between ND5 and
NDUFAL1 is unlikely. Since ND5 subunit functions as a proton channel/pump [34] and it has
been hypothesized that the membrane domain undergoes large conformational movements
during proton pumping, it is likely that an interaction between NDUFA1 and ND5 does not
necessarily require direct contact between the two proteins.

Recently, it was suggested that patient mitochondria with a specific ND5 mutation are
increasingly dependent on glycolysis for maintaining the mitochondrial membrane potential
in response to the OXPHOS deficiency [35]. Accordingly, the proband's mitochondria from
lymphoblasts have shown a significant increase in ATP synthase expression which may
represent a compensatory mechanism to offset the loss of complex | function.

Many patients with the clinical and biochemical features associated with mitochondrial disease
arise “spontaneously” with no clear mendelian or maternal inheritance patterns. This suggests
that aberrant interactions between the mtDNA and the nDNA encoded subunits of the
OXPHOS complexes might be a common cause of mitochondrial disease. For diseases caused
by complex I defects, interactions have already been documented between mtDNA haplogroup
Jand the milder primary Leber Hereditary Optic Neuropathy (LHON) mutations [36] and the
variability in expression of the ND6 m.14459G>A (L60S) has been hypothesized to be
modulated by nDNA variation [37].

Our results suggest that the NDUFAL G32R mutation is deleterious and in combination with
mtDNA variations may result in a synergistic defect. Analysing further cybrid experiments
using different mtDNA backgrounds in our study is warranted in the future. The demonstration
that mitochondrial diseases can arise from the random interaction of nuclear and mitochondrial
DNA variants indicates that mitochondrial disease may be much more common than previously
thought.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Pedigree of the family. Affected individuals are represented by solid black symbols and open
symbols represent unaffected individuals. Negative signs designate the absence of NDUFA1
mutation; carriers are represented by a symbol with a dot. Both probands are indicated by the
arrows. B: Immunodetection of nuclear-encoded subunits of complex | from the proband 111-11
and an age-matched control. Porin was used as a loading control. C: Blue Native Gel, Western
analysis and in-gel activity assays of the complex-1 and complex V from patient and control
lymphoblast cells. D: Sequence analysis of NDUFA1 cDNA in the control, patient and patient's
mother. The arrow shows the position of the ¢.111 G>C change in the NDUFA1 cDNA. E:
Interspecies comparison of NDUFAL subunit. Asterisks indicate the position of the 2
pathogenic mutations in NDUFA1 gene recently reported [7]. Plus signs designate conserved
amino acid among all species.
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Days In DME-Galactose

In gel assay

- Western (MWFE-HA)

A: Complex-I and Il activities measured by O, consumption of the NDUFAL G32R, G8R and
R37S mutants and wild type transfectants. B: Mean growth rates in DME-Gal; P < 0.0001,;
n=3. C: Blue Native Gel and Western analysis.
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Figure 3.

A: Respiratory rate on transmitochondrial cybrids. Cl, CII: activities of complexes I and I1.
*Significantly different from control; P <0.0035; n=3. B: Immunodetection of nuclear complex
I subunits of patient's cybrid cells and 143B parental cells. C: Immunodetection of complex |
subunits of ND5 and ND6 mouse null mutants compared to LA9 control cell line. D: Blue
Native Gel of the native complex-1 and complex Il from patient's cybrid and control cells. E:
Predicted location of NADH mitochondrially-encoded and NDUFAL nuclear-encoded
subunits in the mitochondrial membrane. ND1; ND2; ND3; ND4; ND4L; ND5; ND6: NADH
dehydrogenase subunits 1; 2; 3; 4; 4L; 5; 6. The arrow indicates the probable location of the
observed G32R mutation.
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Page 14

Respiratory-chain enzyme activities in skeletal muscle of patients 111-11 and I11-19. CI: Complex I; CIV: Complex 1V;
CS: Citrate Synthase). Complex | and 1V enzyme activities were normalized by citrate synthase. Controls values are
Mean and + 1 Standard Deviation (SD). Abnormal values are in bold.

Mean specific activity

Complex Patient 1 Patient 2 Control (mean + SD)
1-11 11-19 (n=25)

Complex | 5 8 106 + 46

Complex I+111 32 7 262 +93

Complex I+l 622 1184 526 + 140

Complex IV 1205 1201 1583 + 370

Citrate Synthase 557 531 685 + 157

Ratios

Complex 1/CS 0.008 0.015 0.15+0.03

Complex IV/CS 2.1 2.2 23+0.01

Specific enzymes activities as nmol of substrate/min/mg/of mitochondrial protein
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