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OXPHOS-system disorders belong to the most fre-
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Combined OXPHOS-system enzyme deficiencies are
bserved in approximately 25% of all OXPHOS-system
isturbances. Of these, combined complex I and III defi-
iency is relatively scarce. So far, only mtDNA and thy-
idine phosphorylase (TP) mutations have been associ-

ted with combined OXPHOS-system disturbances. In
his report we show, for the first time, that a nuclear
ene mutation in a structural, nuclear encoded complex
gene is associated with combined complex I and III
eficiency. After our initial report we describe muta-
ions in the NDUFS4 gene of complex I in two additional
atients. The first mutation is a deletion of G at position
89 or 290. Amino acid 96 changes from a tryptophan to
stop codon. The mutation was found homozygous in

he patient; both parents are heterozygous for the mu-
ation. The second mutation is a transition from C to T at
DNA position 316. Codon is changed from CGA (argi-
ine) to TGA (stop). The patient is homozygous for the
utation; both parents are heterozygous. Both muta-

ions in the NDUFS4 gene led to a premature stop in
eigh-like patients with an early lethal phenotype. We
ypothesise that the structural integrity of the OXPHOS
ystem, in mammal supermolecular structures, may be
esponsible for the observed biochemical features.
2000 Academic Press

Key Words: mitochondria; OXPHOS system; NADH:
biquinone oxidoreductase; NDUFS4; Leigh syn-
rome.
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uently observed inborn errors of metabolism. The in-
idence of these devastating disorders is approximately
:10,000 live births. Both isolated and combined
XPHOS-complex deficiencies have been described.

solated complex I deficiency is the most frequently
etected abnormality in our centre (1). The com-
ined OXPHOS-deficient group contributes 25% of all
XPHOS deficiencies (1). Virtually all kind of combi-
ations are possible with combined complex I and IV
eficiency as the main contributor. So far, mtDNA mu-
ations and mutations in the TP gene have been asso-
iated with combined OXPHOS deficiencies (2–5). The
enetic identity of all other combined deficiencies still
ave to be elucidated.
Recently, we described the first nuclear encoded

ene mutations in complex I (1). Of these genes, the
DUFS4 protein is located in the iron-sulphur protein

IP) fraction of complex I. The IP and the flavoprotein
FP) fraction form the catalytic sector and are located
n the peripheral arm of the complex which protrudes
nto the mitochondrial matrix (6). The human
DUFS4 cDNA sequence has an open reading frame of
25 bp which codes for an 175 amino acid protein (7).
he protein contains a conserved consensus phosphor-
lation site (RVS) at amino acid positions 171–173
7–10). The bovine equivalent of NDUFS4, the 18kDa
r AQDQ subunit, is phosphorylated by a cAMP-
ependent protein kinase (11).
Critical evaluation of our complex I deficient patient

ohort revealed in one of our earlier reported patients
ith an NDUFS4 gene mutation a slight reduction of

omplex III, in cultured skin fibroblasts, a residual
ctivity of 98% (7). Although we initially paid no atten-
0006-291X/00 $35.00
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tion to this finding, in a later stage of our ongoing
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esearch to elucidate the genetic cause of combined
XPHOS deficiencies, we decided to evaluate two fi-
roblast cell lines of Leigh-like patients with combined
omplex I and III deficiency for mutations in this reg-
latory complex I gene. Quite unexpectedly both pa-
ients showed premature stops in this gene, whereas
oth parents showed heterozygosity. Our findings may
ontribute to the understanding of the complexity of
he OXPHOS-system in health and disease.

ATERIALS AND METHODS

Case report, patient 1. The patient (a girl) was born after an
neventful third pregnancy and delivery as the second child of con-
anguineous parents. The first pregnancy resulted in a spontaneous
bortion at 3 months; an elder sister is without complaints. In
etrospect, within one week of age hypotonia, absent eye-contact,
ethargy and failure to thrive became obvious. At the age of 3 months
he was admitted for further investigations. Physical examination
howed besides the above mentioned symptoms a microcephaly
head circumference 36.3 cm, ,3rd percentile). Funduscopy was
ormal. Blood clinical chemistry showed lactic acidaemia (5.5
mol/L; N , 2.1) with an increased lactate/pyruvate ratio (34; N

2–16). Blood alanine concentration was 634 mmol/L (N 100–440).
erebrospinal fluid lactic acid was 7.6 mmol/L (N , 2.1) and total
rotein 680 mg/L (N , 550). Urinary organic acid analysis showed
ncreased concentrations of lactic acid and dicarboxylic acids with
elatively high 3-hydroxydicarboxylic acids concentrations. Cerebral
omputer tomography scan and magnetic resonance imaging re-
ealed bilateral basal ganglia hypodensities. The brainstem exposed
o visible abnormalities. Electrophysiological investigations dis-
layed no visual evoked responses, normal sensory evoked potentials
nd no convulsive activity on the EEG. The echocardiogram showed
either structural defects nor hypertrophy or dilatation of the heart.
nder the clinical suspicion of a mitochondriocytopathy biopsies of

kin, skeletal muscle and liver were taken for further morphological,
istochemical, biochemical and molecular-genetic studies. Despite
he supplementation of biotin, riboflavin and L-carnitine the child’s
ondition progressively worsened. She died at the age of 3 months in
he course of a progressive respiratory insufficiency.

Mitochondrial DNA analysis in blood showed a normal size and
one of the following mutations: MELAS 3243, MERRF 8344,
EBER 11778 and 3460, NARP 8893. PCR-SSCP of mtATPase did
ot reveal any abnormal pattern.

Case report, patient 2. This patient was the first child of healthy
rst grade cousins. He was born spontaneously at term following an
ncomplicated pregnancy. Postnatally hypospadia was noted, other-
ise the patient appeared normal until the age of 7 weeks. At that

ime muscular hypotonia and lack of visual and auditive attention
ere observed.
At 3 months of age the patient was admitted to a peripheral

ediatric hospital with an upper airway infection, cough and feeding
roblems. His general condition was poor. Physical examination
evealed tachycardia, hepatomegaly (2–3 cm under costal margin)
nd mild splenomegaly. Spontaneous movements were markedly
educed. The patient required intubation and artificial ventilation.
adiologically pneumonia was diagnosed and successfully treated.

n spite of radiological improvement it was impossible to wean the
atient off the ventilator.
Laboratory investigation on admission suggested bacterial infec-

ion with leucocytosis (12.0/ml, 16% rods) and elevated C-reactive
rotein (1:32). Acid-base status, glucose, electrolytes, creatine, CK,
ree and total carnitine, very long chain fatty acids, total protein and
64
al. Thrombocytes were elevated on several measurements with
alues between 438,000/ml and 743,000/ml. Lactate was within the
ormal range twice (1.5 and 1.8 mmol/L).
The patient was transferred to our hospital for further work-up.
e was artificially ventilated and in a stable condition. On exam

here was facial dysmorphia with slightly upslant palpebral fissures
nd microgenia. His axial and peripheral muscle tone were markedly
educed. Knee and ankle jerks were positive. The liver was palpable
cm below the costal margin. There was a 2/6 systolic murmur. No

isual fixation could be observed, the reaction to light was equivocal.
unduscopy was normal.
In contrast to earlier measurements this time laboratory investi-

ations revealed elevated lactate levels in blood (3.0 mmol/L) and
SF (3.4 mmol/l). Plasma alanine was elevated (693 mmol/L). Anal-
sis of the mitochondrial DNA excluded a mutation at nt8993
NARP). Cranial MRI showed hyperintense signals in T2 weighted
mages in the basal ganglia pedunculi cerebri and the pariaquaduc-
al region resembling Leigh syndrome. Cardial ultrasound disclosed
oncentric hypertrophy of the left ventricle with hypercontractility.
rain stem auditory evoked potentials were abnormal with no re-
ponse on the right side and a vaguely visible wave V on the left side.
isual evoked potentials were absent and after somatosensory stim-
lation only the cervical response could be detected. The contracor-
ical responses were lacking.

A muscle biopsy was performed under the suspicion of a mitochon-
rial disorder. Histology revealed an irregular intermyofibrillary
exture resembling ragged-red fibers. No NADH- or COX-negative
bres were observed. Additionally there was accumulation of lipid
roplets in the sarcoplasm.
The patient died soon thereafter from cardiocirculatory insuffi-

iency despite continued mechanical ventilation.

Biochemical analysis. Enzyme activities were measured in fresh
uscle homogenate and cultured skin fibroblasts. Skin fibroblasts
ere cultured according to standard procedures. Enzyme activities
ere determined with minor modifications as previously described

12, 13).

Mutation detection and restriction enzyme analysis. Total RNA
as isolated from cultured skin fibroblasts (14), 5 mg of RNA was

ranscribed in a RT reaction using Superscript II RNase H2 reverse
ranscriptase (Life Technologies) and random hexamer primers. The
ntire coding region of the NDUFS4 subunit was amplified. Fifty ng
f each primers was added to 1ml of cDNA and 0.5 units of Taq
olymerase (Life Technologies) in a total volume of 25 ml containing
.5 ml dNTP’s (2.5 mM), 2.5 ml 103 PCR buffer and 1.5 mM MgCl2

Life Technologies). The reaction parameters were 94°C for 4 min,
ollowed by 35 cycles of 1 min 94°C, 1 min 58°C, and 30 s 72°C and
nally a 10 min extension at 72°C. The primers used in this PCR
eaction were forward primer C118F1N and reverse primer
118R2N (all primer sequences are listed in Table 1). The sequence
f the 59 untranslated region was determined using a 59 RACE kit
ccording to the manufacturers instructions (Life Technologies).
CR products were sequenced in two parts on an automated ABI 377
equencer using BigDye terminators (Perkin Elmer) according to the
anufacturer’s instructions (Perkin Elmer). For sequencing 4 prim-

rs were used, outer primers C118F1N and C118R2N and interior
ocated primers C118F2N and C118R1N (Table 1). Comparison of
ild type and patients NDUFS4 sequence was performed with Se-
uence Navigator software (Perkin Elmer). For direct sequencing on
enomic DNA, primers C118d290F and C118d290R were used to
reate a PCR fragment (PCR parameters are as described above) and
o perform DNA sequence analysis.

Restriction enzyme analysis for the first mutation (del290G) was
erformed by PCR-PIRA on genomic DNA. Primer 290PIRA was
sed in a PCR reaction together with primer C118R1N. The reaction
arameters are as described above. The PCR fragments were di-
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ested using the restriction enzyme Bsr I (Life Technologies). Primer
118d290PIRA introduced a mutation in the NDUFS4 fragment,
hich results in a restriction site in the PCR fragment of the wild-

ype NDUFS4 for restriction enzyme Bsr I.
The second mutation (C316T) was also confirmed by PCR-PIRA on

enomic DNA. Primer C118c316tPIRA creates a restriction site for
ha I (Life technologies) in the wildtype sequence. The forward
rimer used in this PCR-PIRA was C118c316tF. Besides a modifica-
ion of the annealing temperature (57°C), the reaction conditions for
his PCR were as described before.

ESULTS

orphological and Biochemical Examinations

In patient 1 muscle pathological studies showed at-
ophy of some of the fibres without other abnormali-
ies. Liver light-microscopic architecture was normal.
lectron microscopy of both tissues was not available.
iochemical studies in isolated muscle tissue of patient
, measured in another centre, revealed a complex I
eficiency (15.7 nmol/mg/min; reference range: 25–45).
ue to lack of material complex III activity in muscle

Primer Sequences Used for Sequencing,

Primer name cDNA position

Forward primers
C118F1N 222/25
C118F2N 249/269
C118d290F 230/251
C118d290PIRA 266/290
C118C316TF 234/257

Reverse primers
C118R1N 331/311
C118R2N 553/532
C118d290R 364/353
C118C316TPIRA 342/317

TAB

Enzyme Activities in Skel

Cultured fibrobla

Patient 1 Patient 2

ADH:Q1 oxydoreductase (CI) 0.047a 0.060a

ytochrome c oxidase (CIV) 0.79a 0.90a

itrate synthase (CS) 321b 234b

uccinate:cyt c oxidoreductase 0.18a 0.25a

ecylubiquinol:cyt c
oxidoreductase (CIII) 1.11a 0.85a

Note. NM, not measured.
a In mU per mU CS.
b In mU per mg protein.
c In nmol/mg/min; reference range: 25–45.
65
issue wasn’t measured in this patient. Biochemical
xaminations in muscle tissue of patient 2 revealed a
evere deficiency of complex I activity (Table 2). The
esidual activity amounted to 14% of the lowest control
alue. The activity of complex III was also decreased
lthough to a lower extent (residual activity was 57%).
his is also reflected by the slightly decreased activity
f succinate:cyt c oxidoreductase.
In cultured skin fibroblasts of both patients a com-

lex I deficiency has been established but the residual
ctivity in patient 2 was considerable higher as com-
ared to muscle tissue (60% versus 14%). Fibroblast of
atient 1 revealed a residual complex I activity of 47%.
omplex III activity in fibroblasts of both patients was
lso decreased (residual activities were 87% and 67%,
espectively for patients 1 and 2) (Table 2).

olecular-Genetic Results

A 24 base pair sequence of the 59 untranslated region
59ATCCTGGCGTTTGCCTGCAGCAAG39) was re-

R, and PCR-PIRA of the NDUFS4 Gene

Primer sequence

59-CCT GGC GTT TGC CTG CAG-39
59-TCG CAA TAA CAT GCA GTC TGG-39
59-TCA GGA TCT TGT TCC TGC TCG-39
59-CTG GAG TAA ACA ACA CAA AGA ACT G-39
59-GAT CTT TGT TCC TGC TCG CAA TAA C-39

59-AAG GAT TTT CCC ATC GCT CCC-39
59-AAG CAG AGA TAT AGT CAG TGC C-39
59-ATA AGG GAT CAG CCG TTG ATG C-39
59-CAA CCC ATC AAA GGA TTT TCC CAG C-39

2

l Muscle and Fibroblasts

Enzyme activities

Skeletal muscle tissue

Control Patient 1 Patient 2 Control

0.10–0.31a 15.7c 10a 70–250a

0.68–1.19a NM 880a 810–3120a

144–257b NM 79.2b 37–162b

0.16–0.44a NM 291a 300–970a

1.27–2.62a NM 1430a 2500–6610a
PC
eta

sts
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ealed using 59 RACE. This sequence was used to cre-
te a forward primer to amplify the complete ORF of
he NDUFS4 (primer C118F1N). Direct sequencing of
he PCR fragment of patient 1 obtained by primers
118F1N, C118F2N, C118R1N and C118R2N showed
homozygous deletion of 1 bp at position 289 or 290

Fig. 1). This deletion of a G causes codon 96 to change
rom TGG (Trp) to TGA (stop). The mutation destroys
he conserved phosphorylation consensus sequence.

Sequencing of nDNA of parents and sibs showed that
ll were heterozygous for the mutation. The results
ere sustained by PCR-PIRA on genomic DNA (data
ot shown).
Sequencing of the cDNA fragment of patient 2 re-

ealed a transition of C to T at cDNA position 316. This
utation causes amino acid 106 to change from argi-

FIG. 1. cDNA sequence of NDUFS4 fragment. Sequence analysis
f patient 1. In the upper figure the wildtype sequence is shown; the
ower figure shows the patients sequence. The mutation d290G (or
289G) in the patient results in a premature stop codon at amino
cid 96.
66
runcated at that position. Again the mutation results
n the loss of the conserved phosphorylation site. Re-
triction analysis of the PCR-PIRA fragment with en-
yme Hha I confirmed that the patient is homozygous
or the mutation. Both parents and a brother of the
atient are heterozygous for the mutation (Fig. 2).

ISCUSSION

In the original NDUFS4 mutated complex I deficient
atients complex III activity had a residual activity of
8% in cultured skin fibroblasts (expressed on cyto-
hrome c oxidase) (7). When expressing the complex III
ctivity in mitochondrial enriched fraction from fibro-
lasts on the mitochondrial matrix reference enzyme
itrate synthase this gives a CIII activity of 74% of the
owest control value. Based on this finding we decided
o investigate two combined complex I and III deficient
atients for mutations in the NDUFS4 gene. Enzyme
ctivities in fibroblasts are usually expressed in
U/mU COX because citrate synthase can be artifi-

ially decreased in the enrichment process of the mito-
hondria. Both patients described in this report show
eproducible normal or increased citrate synthase ac-
ivities. Complex I and III activities of these patients
ere therefor expressed in mU/mU citrate synthase.
cDNA of the patients was PCR-amplified with prim-

rs targeted outside the open reading frame. Direct
equencing of the NDUFS4 cDNA demonstrated a ho-
ozygous deletion of a G at cDNA position 289 or 290

FIG. 2. Restriction enzyme analysis for the C316T mutation
ithin family 2. In lane 1 is a pUC18 HaeIII marker, the smallest

ragments correspond with 102 and 80 bp. Lane 2 is the control,
omozygous wildtype. Lane 3 is the patient, with the homozygous
utation. Heterozygosity of the mutation of the father and mother

re shown in lane 4 and 5, respectively. Lane 6 is the brother of the
atient, heterozygous for the mutation.
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cid tryptophan to a stop in the mature protein. The
rotein is therefore truncated at amino acid 96. The
utation was confirmed by PCR-PIRA. Both parents

nd two other sibs are all heterozygous for the muta-
ion. In patient 2 a mutation was found at cDNA posi-
ion 316, a transition of a CGA (arg) to TGA(stop),
esulting in a truncated NDUFS4 protein at amino
cid position 106. Again the mutation was confirmed
y PCR-PIRA. The consanguineous parents and a
rother are heterozygous for the mutation. The ob-
erved frequency of mutations in this subunit makes it
mutational hot-spot.
All known mutations in the NDUFS4 subunit of

omplex I result in truncated proteins and cause the
onserved phosphorylation site to disappear. The bo-
ine equivalent of the NDUFS4 subunit, the 18-kDa
ubunit, is phosphorylated by a mitochondrial cAMP
ependent protein kinase. Studies with 3T3 Balb/c
ouse fibroblasts show that an increase in cAMP, in-

uced by cholera toxin, promotes the phosphorylation
f the 18-kDa subunit. This phosphorylation results in
marked enhancement of the complex I activity. Phos-
horylation of the bovine 18-kDa subunit positively
egulates complex I, causing a strong respiratory and
omplex I stimulation associated with the elevation of
ellular cAMP in vivo (15, 16).
It is remarkable that not only the complex I activity

s lowered, but also the complex III activity is de-
reased in NDUFS4 mutated patients. The complex III
ctivity of patient one in this report could only be
easured in fibroblasts. Patient 2 showed a decreased

omplex III activity in both fibroblasts and muscle
issue.

Although further studies are warranted a recent re-
ort of Schägger and Pfeiffer (17), who present evi-
ence that the classical description of the OXPHOS
ystem composition of mammalian cells is incorrect,
ay give an explanation for the observed findings. By

lue native gel electrophoresis they showed that, an
bservation also made in lower species, complex I and
II together with complex IV occur in supercomplexes
nstead of isolated complexes as was until recently the
ommon view. Alternations in the NDUFS4 protein, as

consequence of the observed mutations in our pa-
ients, may interfere in the formation of such super-
omplexes leading to a combined complex I and III
eficiency. Accordingly to this hypothesis our findings
upport a physical interaction between complex I and
II. Of course other explanations to clarify our findings
ike enhanced radical production caused by the com-
lex I deficiency secondary influencing complex III ac-
ivity may be present. Further studies in order to try to
btain a definite explanation will be planned.
Our results show that a mutation in a structural

omplex I gene can cause a combined complex I and III
67
ubunit for mutations in patients with a combined
omplex I and III deficiency.
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7. Schägger, H., and Pfeiffer, K. (2000) Supercomplexes in the
respiratory chains of yeast and mammalian mitochondria.
EMBO J. 19(8), 1777–1783.


	MATERIALS AND METHODS
	TABLE 1

	RESULTS
	TABLE 2
	FIG. 1

	DISCUSSION
	FIG. 2

	ACKNOWLEDGMENTS
	REFERENCES

