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Abstract Ubiquinol cytochrome c reductase (complex 111)
deficiency represents a clinically heterogeneous group of
mitochondrial respiratory chain disorders that can theoret-
icaly be subject to either a nuclear or a mitochondrial
mode of inheritance. In an attempt to elucidate the molec-
ular bases of the disease, we first determined the nu-
cleotide sequence of three unknown subunits (9.5 kDa,
7.2 kDa, 6.4 kDa) by cyberscreening of human expressed
sequence tag data bases and sequenced the 11 cDNA sub-
units encoding complex Il in five patients with isolated
complex Il deficiency. No mutation in the nuclearly en-
coded complex |11 subunits was observed, but a mutation
in the cd2 helix of the mitochondrial (mt) cytochrome b
gene was found to alter the conformation of the bc, com-
plex in one patient with severe hypertrophic cardiomy-
opathy. The present study is highly relevant to genetic
counseling as the absence of mtDNA mutations in all but
one patient in our series strongly supports autosomal
rather than maternal inheritance in the majority of patients
with complex |11 deficiency.

Introduction

Mitochondrial respiratory chain defects are a genetically
heterogeneous group of diseases accounting for a large
spectrum of clinical manifestations in humans. Among
them, complex |11 (ClII) deficiency represents arelatively
rare cause of respiratory enzyme dysfunction (Mourmans
et al. 1997). Indeed, among 160 respiratory-chain-enzyme-
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deficient patients, only 7% had a Cl11 deficiency, whereas
complex | (Cl) and CIV deficiencies accounted for 33%
and 28% of the patients, respectively (Von Kleist-Retzow
et a. 1998).

CIlI (ubiquinol cytochrome c reductase, E.C. 1.10.2.2)
formsthe central segment of the respiratory chain and cat-
alyzes the transfer of electrons from ubiquinol to cyto-
chrome c¢. In mammals, ClIl is made up of eleven sub-
units, one of them, cytochrome b (cyt b), being mitochon-
drialy encoded. Cytochrome c,, iron-sulfur protein and
cyt b carry the prosthetic groups (Shéagger et a. 1995).
Because of itstwo-fold genetic origin, CllI deficiency can
theoretically be subject to either an autosomal or a mater-
nal mode of inheritance. Maternal transmission of cyt b
mutations has been reported in Leber’s hereditary optic
neuropathy (Brown et al. 1995). However, since most
cases are isolated, it is difficult to decide which mode of
inheritance is involved.

In an attempt both to identify the nature of the under-
lying mutations and to improve genetic counseling, we
have sequenced the cDNA subunits encoding CllI in five
isolated cases of CllI deficiency. For the purpose of this
study, the hitherto unknown nucleotide sequence of three
subunits (9.5 kDa, 7.2 kDa, 6.4 kDa) has been determined
by cyberscreening of the human expressed sequence tag
(EST) data base. Interestingly, no mutations in the nu-
clearly encoded subunits have been found, but one mito-
chondrial (mt) DNA mutation has been identified in the
cyt b gene of a patient presenting with hypertrophic car-
diomyopathy.

Materials and methods
Patients

Patient 1, a girl, was born to non-consanguineous parents after a
term pregnancy and normal delivery. Her development was normal
until the age of 2 years. She then developed deafness, psychomo-
tor retardation, and epilepsy at the age of 6 years. At 11.5 years,
she presented with myopathy, facial diplegia, and lordosis. Plasma
lactate, lactate/pyruvate, and ketone bodies molar ratios were nor-
mal.



Patient 2, a boy born to non-consanguineous parents, was small
for gestational age (weight 2000 g at 37 weeks). Neonatal hypoto-
nia and metabolic acidosis were detected immediately after birth
(pH 6.99; plasmalactate: 15 mmol/I, N <2 mmol/l), and he died at
7 days of age. His elder sister had neonatal lactic acidosis and pre-
sented psychomotor retardation from the age of 1 year. Sheis now
12 yearsold.

Patient 3, a boy born to non-consanguineous parents, was small
for gestational age (weight 1925 g, height 43 cm at 37 weeks). His
development was unremarkable until 3 years of age, when he de-
veloped strabismus and retinopathy, and his neurological condition
gradually worsened. At 5 years of age, he presented pyramidal
signs, mild dystonia, strabismus, and poor visual acuity because of
retinal microangiopathy. Cerebral magnetic resonance imaging
showed diffuse white matter hypodensity and multiple calcifica-
tions. His electroretinogram (ERG) was altered, but heart ultra-
sound, plasma amino acids, lactate, lactate/pyruvate, and ketone
body molar ratios were normal.

Patient 4, a girl, was born to non-consanguineous parents after
a term pregnancy and normal delivery. Her development was un-
remarkable until 3 years of age. Elevated sarcoplasmic enzymes
(AST and ALT: 6xN) were noted during an infection at the age of
3 years, and cardiomegaly was first detected at 5 years. Heart ul-
trasound revealed a severe hypertrophic cardiomyopathy at 8 years
of age. At this time, metabolic acidosis with elevated plasma lac-
tate was noted (5 mmol/l). Gas chromatography/mass spectrome-
try of urine and a cerebral computerized tomography (CT) scan
were normal. The ERG was dtered, and the endomyocardial
biopsy showed macrovesicular lipid storage. The patient died of
cardiac failure at 9 years of age.

Patient 5, a girl born to first cousin Iranian parents exhibited
normal development until the age of 7 months (Bodemer et a.
1999; Rétig et al. 1995). At this time, she developed failure to
thrive, abdominal pain, and hair loss. Her condition gradualy
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worsened. At 4 years of age, she showed severe growth retardation
with hypotonia, asthenia, mental retardation, and proximal tubu-
lopathy. She also presented alopecia of the scalp related to tri-
chothiodystrophy and a transient cerebral stroke with normal CT
scan. Plasma lactate was elevated (5 mmol/l).

Methods

Cytochrome c oxidase (CIV; EC 1.9.3.1), antimycin-sensitive de-
cylubiquinol cytochrome ¢ reductase (Cl1l; EC 1.10.2.2), malonate-
sensitive succinate quinone dichlorophenolindophenol (DCPIP)
reductase (ClI; EC 1.3.99.1), succinate cytochrome ¢ reductase
(Cl1+Clll), and NADH cytochrome c reductase (CI+ClI1) activities
were measured spectrophotometrically by standard procedures
(Rustin et a. 1994). Results were expressed both as absolute val-
ues and as activity ratios (Chretien et al. 1997). Kinetic parameters
of Clll reactions were determined by fitting the rates obtained at
various concentrations of decylubiquinol to a Michaelis-Menten
equation modified to provide estimates of the Hill number, in ad-
dition to Vmax and Km (Meyer et al. 1990).

Total DNA extracted either from muscle biopsies or from cul-
tured skin fibroblasts were submitted to polymerase chain reaction
(PCR) amplification by using specific primers designed from the
genomic sequence of the mitochondrial cyt b gene, the nuclear
iron-sulfur protein (ISP) gene, and the nuclear ISP targeting pro-
tein gene (Table 1). Total RNA extracted from either muscle biop-
sies or cultured skin fibroblasts were reverse-transcribed (RT) by
using the GeneAmp RNA PCR kit (Applied Biosystems), and each
cDNA was amplified with specific oligonucleotides (Table 1).
PCR amplification was performed in a 25-pl volume containing
100 ng DNA, 10 mM TRIS-HCI pH 8, 1.5 mM MgCl,, 50 mM
KCI, 80 mM dNTP, 20 pmol of each primer, and 0.6 U Taq poly-
merase (Life Technology). Amplification conditions included

Table 1 Oligonucleotides
used for RT-PCR and sequence

Forward primers

Reverse primers

analyses of CllI cDNA sub-
units. Nucleotide positions re-
fer to Genbank entries of the
CI11 subunit genes. Accession
numbers are between brackets

cyt ¢l (J04444)

cyt b (J01415)

Core 1 protein (L16842)

Core 2 protein (J04973)

Iron-sulfur protein (L32977)

Rieske 1 (L32917)
HUMQPC (M22348)
Hinge protein (Y 00764)

nt 1347-—nt 1366
nt 2197—nt 2215

nt 2261—nt 2241
nt 3650t 3631

nt 2660t 2679
nt 3019-—nt 3038

nt 14248nt 14268
nt 15000-nt 15020

nt 15021t 15001
nt 15255t 15225
nt 15480—nt 15460
nt 15740-nt 15720
nt 16062—nt 16042
nt 15264t 15244 (ACRS)

nt 385—nt 405 nt 672—nt 652
nt 619-nt 639 nt 909-nt 889
nt 856-nt 876 nt 1164-nt 1144
nt 1111—nt 1131 nt 1404nt 1384
nt 1351—nt 1371 nt 1644-nt 1624
nt 1585—nt 1605 nt 1893—nt 1873
nt 22—nt 44 nt 366—nt 348
nt 313—nt 335 nt 638—nt 618
nt 585-nt 605 nt 902—nt 881
nt 849-nt 869 nt 1196—nt 1176
nt 1143—nt 1163 nt 1448-nt 1428
nt 309-nt 329 nt 674-nt 654
nt 618-nt 638 nt 983-nt 963
nt 121-—nt 141 nt 382—nt 364
nt 3-—nt 23 nt 398-nt 378
nt 10-nt 30 nt 387-nt 367
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30 cycles of 30 s a 95°C, 30 s at 45-55°C (depending on the
primer used), and 1 min at 72°C. The bovine amino acid se-
quences of the 9.5-kDa (SwissProt P13271), 7.2-kDa (SwissProt
P00130), and 6.5-kDa (SwissProt P07552) subunits were used as
templates to screen the human dbEST database by using the
BLAST similarity searching program (TBLASTN option), and
primers for RT-PCR amplification of total RNA were designed
from the derived sequences. For sequence analyses, amplification
products were purified on a 2% low-melting-point agarose gel and
recovered by heating for 5 min at 65°C. Direct sequencing was
performed by using 3.2 pmol amplification primer (Table 1), 100 ng
DNA, and 8 pul sequencing reaction mixture (Dye terminator Cycle
Sequencing kit, Perkin-Elmer Cetus) on an automated 377 DNA
sequencer (Applied Biosystems).

Results
Enzyme activities

The absolute activities of ubiquinol cytochrome c reductase
(CI1), NADH cytochrome c reductase (Cl+l11), and succi-
nate cytochrome c reductase (CII+111) in our patients were
either decreased or at the lowest values of the control ranges
(Table 2a). However, activity ratios involving ClII, which
best reflect the balanced respiratory enzyme activity (Chre-
tien et al. 1997), were consistently and severely abnormal in
al five patients (Table 2b). ClIl (succinate quinone-
dichlorophenol indophenol reductase) and CIV activities
were in the normal ranges. These results indicated that an
isolated ClII deficiency was involved in the five patients.

Table2a, b Enzymological
investigation of patients 1-5

a Activities are given in nanomoles/min per milligram protein

(SQDR succinate quinone-

- - Patients Activities
dichlorophenol indophenol re-
ductase, COX cytochrome c SQDR COX NCCR SCCR QCCR
oxidase, NCCR NADH cyto- (I (CIV) (CI+11) (Cl+11) (i)
chrome c reductase, SCCR suc-
cinate cytochrome c reductase,  \uyscle homogenate
QCCR decylubiquinol cyto- 2 30 130 15 9.5 14
chrome c reductase). Abnormal 3 29 214 14 5 4' 50
values are in bold
Controls 1842 65-138 1145 13-39 41-113
Muscle mitochondria
5 201 1561 225 270 405
Controls 61-254 214-2303 47-483 68-648 354-1104
Heart homogenate
4 133 822 55 110
Controls 34-218 236-1315 74-456 191-789
Fibroblasts
1 21 107 15 50
3 23 149 35 55
5 18 93 25 29
Controls 18-34 43-182 2345 58-136
b Theratio values are presented as mean + 1 SD
Patients Ratios
COX/QCCR COX/SCCR COX/SQDR COX/NCCR
Muscle homogenate
2 9.3 13.7 4.3 8.7
3 4.3 89 15.3
Control 15+04 41+04 55+ 09 41+04
Muscle mitochondria
5 3.9 5.8 7.8 6.9
Control 14+£02 31+05 8.84+1.48 34+08
Heart homogenate
4 75 149 6.2
Control 14+03 336+0.54 54+0.9
Fibroblasts
1 21 7.1 51
3 2.7 4.3 6.5
5 3.2 3.7 5.2
Control 12+02 3+04 52+1




Identification of the 9.5 kDa, 7.2 kDa,
and 6.4 kDa human coding sequences

EST_AA703740, and EST_T58471 corresponded to the
human core-associated protein (9.5 kDa), the cyt c1-asso-
ciated protein (7.2 kDa), and the |SP-associated protein
(6.4 kDa) cDNASs, respectively. The three EST sequences
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homologous. Finally, sequence analysis of the 6.4 kDa
subunit cDNA revealed an open reading frame of 171 nt
encoding a 56 amino acid protein, giving an 83.9% ho-
Screening the dbEST database with the bovine amino acid mology with the bovine sequence.

sequences for the 9.5 kDa, 7.2 kDa, and 6.5 kDa subunits

of Clll by using the TBLASTN option led to the identifi-

cation of various human ESTs showing significant small-  Sequence analysis of CllI subunits in the patients
est sum probability values (P < 10°). EST_AA026288,

contained the trandation initiation codons and stop (Table 3).

codons (TAA or TAG). All three subunits contained a
canonical polyadenylation sequence (AATAAA) located
21-22 nuclectides upstream from the poly(A) tail. RT-
PCR amplification of total RNA from control cultured fi-
broblasts with primers designed from these ESTs and se-
guence analysis allowed us to confirm the nucleoctide (nt)
sequence of these three human cDNA subunits. The 9.5
kDa subunit coding sequence spans 249 nt, and the corre-
sponding polypeptide is 82 amino acids in length (Fig. 1),
with the human and bovine proteins being 75.6% homol-
ogous. The 7.2 kDa subunit coding sequence spans 192 nt,
and the deduced protein sequence contains 63 amino
acids, with the human and bovine proteins being 97.8%

Fig.1 Nucleotide and deduced 9.5 kDa

amino acid sequences of the
human 9.4 kDa, 7.2 kDa, and
6.5 kDa subunits (arrows
oligonucleotide primer se-
guences)

-34

61
21

121
41

181
41

241

121
41

181
61

6.4
=30

1
1

61
21

121
41

181

-
agagggcgagctgageccctggecgecgeecaca

atgggccgcgagtttgggaatctgacgecggatgeggcecatgtgatcagctacagettgtea
M G R EF GNULLTRMUBRUHUV I S Y S L S

ccgttcgagcagcgegectatccecgecacgtecttcactaaaggaatccccaatgttetgege
P F EQ RAY PHV F T K GTI PNV L R

cgcattcgggagtctttctttcegegtggtgeccgecagtttgtagtgttttatcttatctac
R I R E S F F RV V P Q F VV F Y L I Y

acatgggggactgaagagttcgagagatccaagaggaagaatccagctgectatgaaaat
T W G T E E F E R S KR KN PAA Y E N

<
gacaaatgagcaacgcatEﬁggatgacggttccctgtct
D K *

kDa

tcgacgtgaagaaac

—_
atggcggccgcgacgttgacttcgaaattgtactecctgetgttcecgecaggacctcecace
M A AATULTS KL Y S L L FRIRT ST

ttcgccctcaccatcatecgtgggegtcatgttettcgagegegecttegatcaaggegeg
F AL T I I VGV M F F ERA ATFD Q G A

gacgctatctacgaccacatcaacgaggggaagctgtggaaacacatcaagcacaagtat
D A I Y DUHTINUEGI KUL W KHTI K H K Y

gagaacaagtagttccttggaggcceccatccaggecagaaggaccaggtccacccagea
E N K -

gcthttgcccagagctggagcctcag

kDa

»
gggtcatcctgagggtgcggbtccgccgcg

atggtgacccggttcctgggececcacgectaccgggagectggtcaagaactgggteccgacyg
M v T R F L G P R YREUILUV KNWV P T

gcctacacatggggcgetgtgggcgecgtggggetggtgtgggecacecgattggeggetyg
A Y T WGAV GAV GL VWA ATDWR L

atcctggactgggtaccttacatcaatggcaagtttaagaaggataattaattacacaaa
<} L DWV P Y I NG K F KK D N *
<4

cccttcacagactgctctggt

No mutation in any of the ten nuclearly encoded ClllI
cDNA subunits tested was found in our series. Several
conservative and non-conservative amino acid changes
were observed in both patients and unrelated controls

The mitochondrial cyt b gene was sequenced in al pa
tients. Alignment of the nucleotide sequence of the cyt b
gene of patient 4 with the Cambridge reference sequence
(Anderson et al. 1981) led us to identify a G to A substitu-
tion at nt 15,243, changing a glycine into a glutamic acid in
ahighly conserved region of the protein (G166E). PCR am-
plification with the ACRS (alele created restriction site)
technique revealed that 90% of mtDNA molecules were
mutated in the heart of patient 4 (Fig.2). In skin fibroblasts
cultured from the patient and grown in the presence of uri-
dine (100 uM) and pyruvate (2 mM), 100% of mtDNA
molecules harbored the G to A transition at nt 15,243. Con-
versely, no G to A transition mutation was found in leuko-
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Table 3 Polymorphic substi-

tutions in cDNAS of Cl11 sub- Nucleotide substitutions Amino acid changes Patients
units in the patients Core 1 protein
G473A Aspl58Asp 1, 2,3, 4,5, contral (n=8)
G901A Ser301Asn 1, 2, 3,4,5, control (n=8)
Core 2 protein
T547C Gly183Arg 2, 3,5, control (n = 8)
G1078C Arg359Thr 1, 2, 3,4,5, control (n=8)
Cytc,
G265C Va89Leu 3, 5, control (n = 8)
Cytb
A14766G2 1le7Thr 2
A14769C Asn8Ser 2, control (n = 8)
T14798C? Phel8Leu 5
T15115C Thr123Thr 5
A15326G2 Thr194Ala 2
C15452A2 Leu236lle 1,2,3,4,5
T15670C His308His 5
aPreviously reported T15693C? Met316Thr 2

(MITOMAP 1999)

H F M Cc

<264 bp
<—246 bp

Fig.2 Quantitation of the G15243A cyt b gene mutation in heart
(H) and cultured skin fibroblasts (F) of patient 4. Normal and mu-
tant restriction fragments after Hindlll digestion are 264 bp and
246 bp in length, respectively. M Mother, C control

cytes of the patient’s mother, suggesting that a de novo mu-
tation was involved. This substitution was absent in 50
unrelated controls. An A to C substitution at nt 14,769
changed an asparagine into a serine both in patient 2 and in

a control. Finaly, two unreported conservative polymor-
phisms were identified in patients 2 and 5 (T15,115C and
T15,670C, respectively; Table 4), and several non-conserv-
ative substitutions previously reported as polymorphisms
(MITOMAP 1999) were observed (Table 3). No known
MtDNA mutations (MELAS, MERRF, NARP) or deletions
could be found in any of the other patients. Sequence analy-
sis of tRNA genes (tRNA-Pro, tRNA-Glu, tRNA-Thr) sur-
rounding cyt b did not reveal any mutations.

Pathogenicity of the G166E cyt b mutation

The G166E amino acid change (patient 4) occurred in the
cd2 surface helix of cyt b (Fig.3a). The cdl and cd2 he-

Fig.3a— Kinetic studies of a
ClIII activity in patient 4 and
control heart homogenates. a
Secondary structure of human
cytochrome b (from Zhang et
al. 1998). The G166 E muta-

tion observed in patient 4 is
indicated (arrow). b Kinetic
properties of patient (P) and
control Clll activity (C).

c Effect of lauryl maltoside
(LM, 0.25 mM) on CIII activ-
ity measured as decylubiquinol
cytochrome c reductase. Ac-
tivities are expressed as nmol
cyt ¢/min per milligram pro-
tein. Values are means + 1 SD

| Vmax Km,

Vmax/Km

P | 162120

11.443.7 14.21

C | 684482 32.849.2 20.85




lices are responsible for the stability of the cavities cre-
ated by the transmembrane helices of cyt b, thus control-
ling access of the quinone to its binding site (Xia et al.
1997). Therefore, we investigated the kinetic parameters
of ClII in post-mortem heart homogenates of the patient.
Interestingly, a four-fold decrease of Vmax (Fig.3b) with
a marked increase of the apparent Km for decylu-
biquinone was observed in heart homogenate of patient 4.
However, the Vmax/Km ratio, which best reflects changes
in the binding activity of the protein (Meyer et a. 1990),
did not significantly differ between patient 4 and controls,
suggesting that the affinity of the enzyme for its decylu-
biquinone substrate was normal. Lauryl maltoside has
been suggested to act on the conformation of the enzyme
(Nalecz et a. 1985). Interestingly, whereas control en-
zyme activity could be stimulated by lauryl maltoside
(Birch-Machin et al. 1994), we observed a significant and
gradual inhibition of ClII activity upon the addition of
lauryl maltoside to patient heart homogenate, supporting
the view that an abnormal conformation of the bc, com-
plex was involved (Fig. 3c).

Discussion

The genes encoding the catalytic subunits of ubiquinol cy-
tochrome c reductase were originally regarded as obvious
candidate genesin ClII deficiency. Surprisingly, however,
no mutation in the nuclearly encoded genes has been
found in our series. Conversely, a point mutation in the
mitochondrial cyt b gene has been observed in one pa-
tient. This mutation converts a highly conserved glycine
into a glutamic acid in the cd2 helix, which plays an im-
portant role in maintaining the protein in its catalytically
active conformation (Xia et a. 1997). Indeed, kinetic
studies are highly suggestive of an abnormal conforma-
tion of the complex in heart homogenate of the patient.
Although germline mosaicism cannot be formally ex-
cluded, the absence of the G166E mutation in the leuko-
cytes of the proband’s mother is highly suggestive of ade
novo mtDNA mutation. Interestingly, a point mutation at
the same codon of the cyt b gene (G to A at nt 15,242),
changing a glycine into an arginine, has been reported in
a patient with exercise intolerance (Kennaway et al.
1998). The reason for mutationsin the same amino acid in
the same gene giving rise to different clinical presenta-
tions is gtill unknown. A cyt b mutation (G to A at nt
15,615) has been aso related to CllI instability in another
patient with exercise intolerance (Bouzidi et al. 1996).
Sequence analysis of the nuclearly encoded ClIl sub-
units has failed to detect any deleterious mutation or mi-
crodeletion in our patients, a result that is also surprising.
It is unlikely that disease-causing mutations lie in mito-
chondrial tRNAs or rRNAS, as these mutations are ex-
pected to produce multiple or generalized respiratory chain
deficiency. Indeed, sequencing of the flanking tRNA
genes has not revealed deleterious mutations. Similarly,
mMtDNA mutations in the CI, CIV, and CV genes are un-
likely, as they usually result in deficiencies of the corre-
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sponding complex. For these reasons, the present study
supports the view that the mutations causing ClII defi-
ciency lie in nuclear genes encoding proteins involved in
the assembly or regulation of the complex as suggested
for CIV deficiencies (Parfait et a. 1997) and recently
shown for the SURF-1 gene mutation (Zhu et al. 1998,
Tiranti et al. 1998). In yeast, at least four genes have been
shown to be involved in ClIl assembly, namely CBP3
(Wu and Tzagol off 1989), CBP4 (Crivellone 1994), BCS1
(Nobrega et al. 1992), and ABC1 (Bousqguet et a. 1991).
The human counterparts of these genes are presently un-
known. When cloned, they will obviously represent major
candidate genes in human Cl1I deficiency.

The present study is highly relevant to genetic counsel -
ing as the absence of MtDNA mutations in all but one pa-
tient in our series strongly supports an autosomal rather
than a maternal mode of inheritance in ClII deficiency.
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