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Abstract
Objective—To evaluate the frequency of
pathogenic mtDNA transfer RNA muta-
tions and deletions in biochemically de-
monstrable respiratory chain (RC)
deficiencies in paediatric and adult pa-
tients.
Methods—We screened for deletions and
sequenced mitochondrial transfer RNA
genes in skeletal muscle DNA from 225
index patients with clinical symptoms
suggestive of a mitochondrial disorder
and with biochemically demonstrable RC
deficiency in skeletal muscle.
Results—We found pathogenic mito-
chondrial DNA mutations in 29% of the
patients. The detection rate was signifi-
cantly higher in adults (48%) than in the
paediatric group (18%). Only one patho-
genic mutation was detected in the neo-
natal group. In addition, we describe seven
novel transfer RNA sequence variations
with unknown pathogenic relevance (six
homoplasmic and one heteroplasmic) and
13 homoplasmic polymorphisms. One
heteroplasmic transfer RNALeu(UUR) A>G
mutation at position 3274 is associated
with a distinct neurological syndrome.
Conclusions—We provide an estimation of
the frequency of mitochondrial transfer
RNA mutations and deletions in paediat-
ric and adult patients with respiratory
chain deficiencies.
(J Med Genet 2001;38:665–673)
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Our present knowledge of inherited mito-
chondrial disorders is largely restricted to the
classical, genetically heterogeneous respiratory
chain (RC) deficiencies, which may present as
highly variable neuromuscular diseases with
onset at any age. The term “mitochondrial dis-
orders” is often restricted to mtDNA encoded
syndromes with biochemically decreased ac-
tivities of one or more respiratory chain (RC)
complexes.1 2 The respiratory chain is embed-
ded in the inner mitochondrial membrane and
it constitutes the major cellular ATP providing
system. Complexes I, III, IV, and V are
encoded by both the mitochondrial and the
nuclear genome, while complex II is exclusively
nuclear encoded. Complex IV is the terminal
enzyme of the proton pumping respiratory

chain and complex V (ATPase) is driven by this
protonic force to synthesise ATP from ADP+P.
Several non-structural, nuclear encoded pro-
teins are additionally involved in transcription,
translation, transport, and assembly of RC
complex subunits and these genes are thought
to play a major role in autosomal recessive RC
deficiency disorders. Little is known about
these additional, non-structural genes in iso-
lated RC deficiencies with a few exceptions,
SURF1, SCO2, SCO1, and COX10, which all
cause isolated cytochrome c oxidase (COX,
complex IV) deficiency.3–9 So far, no common
mutations have been identified in the 10
nuclear encoded structural subunits of the
COX complex.10 11 In contrast, four pathogenic
mutations have been reported in mtDNA
encoded structural subunits of COX.12–15 This
diVers from the recessive isolated complex I
deficiencies in which a number of causal muta-
tions have been attributed to nuclear complex I
subunits.16 To date, however, most known
mutations associated with RC deficiencies are
the maternally inherited mitochondrial transfer
(t)RNA mutations and sporadic deletions,
which are found in diVerent complex neuro-
logical disorders. RC deficiencies, independent
of whether they are of nuclear or mitochondrial
origin, present as highly variable neuromusc-
ular diseases with onset at any age.17 18 RC defi-
ciencies in neonates and infants are usually
more severe and lethal events are more
frequent. In contrast, RC deficiencies in older
children and adults are typically less progres-
sive and present more often as a syndromic
encephalomyopathy.18

There are numerous questions on the
genetic causes of RC deficiency and their
relevance in mitochondrial disorders still re-
mains elusive. Thus, we focused on the overall
pathogenetic relevance of mt tRNA mutations
and deletions in RC deficiencies using a retro-
spective and follow up approach (1992-2000).
We report here on the frequencies of these
mutations in a very large collection of 225 pae-
diatric and adult patients.

Patients and methods
PATIENTS

Patients presenting with clinical features sug-
gestive of a mitochondrial disorder and with a
biochemically demonstrable RC defect in skel-
etal muscle were included in this study.
Patients with age at onset between birth and 15
years were classified as paediatric cases. All
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other patients were included in the adult group.
Skeletal muscle DNA from 225 unrelated pae-
diatric (n=141) and adult (n=84) index
patients presenting with diVerent mito-
chondrial disorders and with combined or iso-
lated RC deficiencies of complexes I, III, or IV
were examined (table 1). Patients with defi-
ciencies of the pyruvate dehydrogenase com-
plex, complex II, V, and secondary RC
deficiencies, for example Menkes disease, were
excluded. To focus on RC deficiencies as the
ultimate selection criteria, we also excluded
patients with typical clinical and morphological
findings of a mitochondrial disorder, such as
chronic progressive external ophthalmoplegia
(CPEO) and Kearns-Sayre syndrome (KSS),
without a biochemically detectable respiratory
chain deficiency but positive for a mito-
chondrial deletion or pathogenic point muta-
tion.

In the paediatric group, severe congenital lac-
tic acidosis was the most prominent finding in
42 cases. The clinical course was progressive
with death within the first two years in 35 cases.
Twenty-three paediatric patients had a classical
mitochondrial disorder, such as KSS, CPEO,
Pearson syndrome, mitochondrial encephalo-
myopathy with lactic acidosis and stroke-like
episodes (MELAS), progressive myoclonus epi-
lepsy and deafness (PME/Df), or myoclonus
epilepsy with ragged red fibres (MERRF). In 25
patients, mitochondrial myopathy (MM) was
the leading symptom, and 18 patients presented
with both encephalopathy and myopathy
(MEM). Three patients suVered from severe
hepatopathy. Twenty-one patients had features
compatible with LS based on the criteria
proposed by Rahman et al.19 Nineteen patients
with LS died within the first four years of life,
whereas two patients are still alive aged 41⁄2 and
15 years. Nine patients suVered from hyper-
trophic or dilated cardiomyopathy (CMP).

In the adult group, the clinical course was
generally less progressive. The clinical presenta-
tion was that of a classical mitochondrial
disorder in 44 cases, such as KSS, CPEO,
MELAS, diabetes (Diab)/Df, Diab/MM, or
mitochondrial neurogastrointestinal encephalo-
myopathy (MNGIE). Age at onset in this group
ranged from 15 to 68 years. Two adult patients
presented with LS. Single and multiple symp-
toms suggestive of mitochondrial disorders were
present in the remaining 40 cases (MEM, MM,
CMP). The relative proportion of phenotypes in
the paediatric and the adult group is summa-
rised in table 1.

MEASUREMENT OF RC ACTIVITIES IN SKELETAL

MUSCLE

Rotenone sensitive NADH ubiquinone oxi-
doreductase (complex I), succinate cyto-
chrome c oxidoreductase (complexes II and
III), and COX (complex IV) activities were
determined spectrophotometrically in super-
natants of homogenised fresh frozen muscle
biopsy specimens according to the methods of
Fischer et al.20 To exclude isolated complex II
deficiencies, we additionally measured com-
plex II activity using succinate as substrate
alone with phenacinemethosulphate as elec-
tron acceptor. To exclude artificial deficiencies
resulting from a lower content of mitochondria
in muscle, the following inclusion criteria were
used: a residual, normalised (U/U citrate
synthase) activity in one of the complexes I, III,
and IV (or combined) <90%, when compared
to the lowest reference values.

DNA ANALYSIS

Total genomic DNA was extracted from
skeletal muscle, leucocytes, and fibroblasts
according to standard purification protocols
(Qiagen). MtDNA was screened for rearrange-
ments by Southern blotting as described previ-
ously.21 In 44 cases, a “prescreening” using long
PCR was performed.22 Single strand conforma-
tion polymorphism (SSCP) analysis of all 22
mitochondrial tRNA genes was performed in
all 225 patients. Electrophoresis was done as
described previously.23 24 Mitochondrial tRNA
genes were amplified using the primer pairs
according to Jaksch et al11 and Kleinle et al.25

Direct sequencing of all PCR products with
deviating SSCP patterns was performed on an
ABI 377 DNA Sequencer (Applied Biosys-
tems, PE) using the ABI PRISM Big Dye Ter-
minator Cycle Sequencing Kit. A complete
sequence analysis of the 22 mitochondrial
tRNA genes was performed in 25 patients
without electrophoretic deviating patterns but
with clinical features highly suggestive of a
classical mitochondrial disorder.

MtDNA point mutations were quantified by
restriction fragment length polymorphism
(RFLP) analysis based on fluorescence detec-
tion on an ABI 377 DNA Sequencer (ABI, PE)
using primers labelled with 6FAM. Pathogenic
mutations (T618C, A3243G, T3271C,
G5703A, T5814C, 7472insC, T7512C,
G7497A, A8344G, T8993G/C) were addition-
ally analysed by standard RFLP analysis. The

Table 1 Clinical features of the 225 patients presenting with RC deficiencies

Clinical presentation No Paediatric Adult

Known pathogenic mtDNA
mutation

Total Paed/adult

KSS 10 3 7 9 3/6
CPEO 21 4 17 16 3/13
Pearson 1 1 0 1 1/0
MM 53 25 28 9 2/7
MNGIE* 1 0 1 1 0/1
MELAS 21 6 15 15 6/9
Diab/Df 3 0 3 3 0/3
Diab/MM 1 0 1 1 0/1
PME/Df 5 5 0 5 5/0
MERRF 4 4 0 3 3/0
MEM 25 18 7 2 2/0
Cong LA 42 42 0 0 0/0
Hepatopathy† 3 3 0 0 0/0
Leigh syndrome‡ 23 21 2 0 0/0
CMP§ 12 9 3 0 0/0
Total 225 141 84 65 25/40

Cong LA, congenital lactic acidosis; CMP, cardiomyopathy; CPEO, chronic progressive external
ophthalmoplegia; Df, deafness; Diab, diabetes; KSS, Kearns-Sayre syndrome; MELAS, mt
myopathy, encephalopathy, lactic acidosis, and stroke-like episodes; MEM, mt encephalomyopa-
thy; MERRF, myoclonus epilepsy with ragged red fibres; MH, muscular hypotonia; MM, mt
myopathy; MNGIE, mt neurogastrointestinal encephalomyopathy; PME, progressive myoclonus
epilepsy.
*TP mutations were excluded.
†mtDNA deletion was excluded.
‡SURF1 mutations were excluded.
§SCO2 mutations were excluded.
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A3274G mutation was amplified using a for-
ward mismatch primer to create a PstI restriction
site in the case of mutation (5'-GCCCGGTA
ATCGCATAAAACTTAAAACTCT-3'). The
A4435G mutation was analysed by NlaIII
digestion. Serial dilutions were resolved on a 4%
denaturing polyacrylamide gel and analysed
with the GeneScan computer program (ABI,
PE). Base exchanges were classified as homo-
plasmic in the absence of additional single and
heteroduplex strands on SSCP gels as well as
absence of additional fluorescence in the se-
quencing results. Heteroplasmy levels of patho-
genic mtDNA mutations in skeletal muscle were
expected to be higher than the detection limit of
direct sequencing of about 20%. The G15930A
variant was estimated after sequence analysis by
scanning the fluorescence proportions of nucle-
otides G and A and by scanning the heterodu-
plex formation on the silver stained PAA gel
after SSCP analysis.

CRITERIA OF PATHOGENICITY IN tRNA SEQUENCE

CHANGES

MtDNA specific criteria of pathogenicity were
(ordered according to relevance): (1) cosegre-
gation of mutations with the clinical pheno-
type; (2) heteroplasmy; (3) absence of muta-
tions in >100 healthy controls; (4) functional
impairment in one or more enzyme complexes
of the RC; (5) haplogroup divergency of iden-
tical mutations in diVerent index patients; and
(6) phylogenetic conservation of the aVected
nucleotide.26 In the case of homoplasmy,
pathogenicity was mainly ruled out by the
presence of the identical homoplasmic tRNA
mutation in healthy maternal relatives.

Results
MtDNA from muscle biopsy specimens was
analysed for mt tRNA mutations and deletions
in 141 paediatric and 84 adult patients indica-
tive of a mitochondrial disorder and with
biochemically demonstrable RC deficiency in
skeletal muscle. Clinical phenotype, sex, age at
onset, family history, and biochemical results
are summarised for all patients with mtDNA
mutations in tables 1 and 2.

KNOWN PATHOGENIC mtDNA DELETIONS AND

tRNA MUTATIONS

We found deletions of the mtDNA in 12.4% of
patients and known pathogenic mutations in
the mitochondrial tRNA genes Leu(UUR),
Lys, Ser(UCN), Phe, Asp, Thr, Cys, and Leu
(CUN) in 16.4%.

Nine out of 10 KSS patients had deletions of
variable size (2-7 kb in length and 40 to 70% of
mutant DNA ). In all KSS patients, RRF, COX
negative fibres, and moderate complex I and IV
deficiencies were found (90% residual activity
related to the lower reference range limit).

Twenty-one patients presented with the
clinical picture of CPEO. MtDNA deletions
were detected in 15 CPEO patients, one of
them showing multiple deletions. One CPEO
patient was positive for the pathogenic 3243
tRNALeu(UUR) mutation. Muscle histology

showed RRF in all CPEO patients. Biochemi-
cally, CPEO patients presented with mild defi-
ciencies of RC complexes I (n=5) or IV (n=4)
or both (n=7). There were no striking diVer-
ences in the clinical, histological, or biochemi-
cal presentation of CPEO patients with dele-
tions, tRNA mutations, or without detected
mtDNA mutation.

Of 21 MELAS patients, 14 had the common
A3243G tRNALeu(UUR) mutation and one had
the T3271C tRNALeu(UUR) mutation. Seven of
the 3243 positive patients showed RRF.
Biochemically, the 3243 positive patients
showed a combined complex I and IV
deficiency and in one case an isolated complex
I defect was present.

The severity of the enzymatic defects was
more pronounced in MELAS patients (about
50% residual activity in complexes I and IV)
when compared to mtDNA deletion syn-
dromes with similar rates of heteroplasmic
mutant DNA (80%). Three out of four patients
with myoclonus epilepsy carried the typical
tRNALys mutation at np 8344. All had RRF on
muscle morphology, as well as a combined
complex I and IV deficiency (about 45%
residual activity). Progressive myoclonus epi-
lepsy was diagnosed in five patients with
apparently homoplasmic tRNA Ser(UCN) muta-
tions.11 27 In these cases, an isolated COX defi-
ciency was found in four of the five index
patients (about 40% residual activity).

In 53 patients, myopathy was the leading
symptom on clinical examination. In 15
patients, a mitochondrial origin was suggested
by the presence of RRF on muscle biopsy and
they were therefore classified as MM. In the
remaining 38 patients both light and electron
microscopy pointed to MM because of the
presence of abnormal mitochondria. In two of
the 15 patients with RRF, mtDNA deletions
were detected. Pathogenic mitochondrial
tRNA mutations were found in seven MM
patients (A3243G, n=3; G7497A, n=227;
T618C, n=125). One infant had a combination
of two homoplasmic mutations (G5703A and
A15923G) with marginal reduction in complex
IV activity (90% residual activity of the lowest
reference value, when related to the mito-
chondrial marker enzyme CS).

In the remaining 44 patients with muscular
symptoms no mtDNA mutations were detect-
able, although six patients presented with RRF
and remarkable RC defects. Most of the MM
patients presented either with isolated complex
IV deficiency (n=22) or with combined RC
deficiency (n=22). Twenty-one patients from
the MM group had an early onset disease (<2
years) with pronounced RC deficiencies and, in
general, no RRF were seen (complex I
deficiency, n=1; complex IV, n=10; combined
complex I and IV, n=10).

One infant presenting with a severe progres-
sive encephalomyopathy which was later diag-
nosed to be the result of subacute sclerosing
panencephalitis carried a homoplasmic
T5814C mutation.28 The patient’s mother
(homoplasmic for the mutation in white blood
cells) had mild, non-specific neurological
symptoms. A second infant with a progressive
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encephalomyopathy which was later diagnosed
as glutaraciduria type I had a homoplasmic
T12297C mutation.29 In one patient with con-
genital Pearson syndrome, a single mtDNA
deletion was found. This was the only patient
in the neonatal group with known and
confirmed pathogenic mtDNA mutations.
Pathogenic tRNA mutations in infants with an
onset between 0.5 and 5 years were found in
seven cases (5% out of 141 patients from the
paediatric group). The positive detection rate
of both mt tRNA mutations and deletions then
increased constantly with age in the group
between 5 and 15 years.

NOVEL PATHOGENIC mt tRNA MUTATION

One patient presenting with a syndrome of pro-
gressive MM, cataract, sensorineural hearing
loss, cerebellar ataxia, psychomotor retardation,
retinopathy, and psychosis had a novel hetero-
plasmic G3274A mutation in tRNALeu (UUR) in
skeletal muscle. This mutation was absent in
white blood cells of the patient and of three
maternal family members as well as in 400 con-
trols. Biochemical analysis of skeletal muscle
showed an isolated, significant complex I
deficiency.

NOVEL mt tRNA SEQUENCE VARIATIONS WITH

UNKNOWN PATHOGENIC RELEVANCE

Seven novel sequence variations with unknown
pathogenic relevance were found in five diVer-
ent mitochondrial tRNA genes. First, a homo-
plasmic T629C (tRNAPhe) change was detected
in two female adult patients belonging to
diVerent haplogroups and both presenting with
MM and RRF. Another homoplasmic T4418C
(tRNAMet) sequence variation was present in
two adult female patients with MM, and in one
of each RRF were detected. Both patients also
belonged to diVerent haplogroups. Third, a
female patient presenting with late onset
CPEO carried a A4435G mutation in tRNAMet

with 13% mutant DNA in skeletal muscle,
10% in buccal cells, and 8% in leucocytes.
Three so far unaVected sons carried this muta-
tion in a heteroplasmic state (30%, 4%, 75% of
mutant DNA in white blood cells). The
remaining homoplasmic sequence variations,
T4452C (tRNAMet), A7500G (tRNASer(UCN)),
G15894A (tRNAThr), and T15968C (tRNAPro),
aVect conserved nucleotides or Watson-Crick
base pairs.26 None of these novel base changes
was detectable in 400 controls.

NOVEL mt tRNA POLYMORPHISMS

Thirteen novel homoplasmic sequence
changes were classified as polymorphisms
using the criteria for pathogenicity mentioned
in the methods section: A644G (tRNAPhe),
T4454C (tRNAMet), T5553C (tRNATrp),
A5715G (tRNAAsn), G5773A (tRNACys),
C5839T (tRNATyr), A5843G (tRNATyr),
A8343G (tRNALys), C12153T, A12172G
(tRNAHis), G15897A, G15930A, T15941C
(tRNAThr).

ADDITIONAL ANALYSES

Twenty-five patients with findings highly sug-
gestive of an underlying defect in the mtDNA

(RRF and a syndromic neurological disorder)
were directly sequenced for mutations in all 22
tRNA genes and, as with the SSCP results, no
variants or mutations were detected.

Discussion
RC complex deficiencies are in part caused by
molecular defects of the mtDNA. The clinical
phenotypes are heterogeneous and range from
mild forms of glucose intolerance in adults to
fatal infantile encephalomyopathies. Besides
large scale rearrangements, pathogenic
mtDNA mutations impairing RC function are
frequently represented by point mutations in
mitochondrial tRNA genes. So far, more than
60 diVerent pathogenic mutations and more
than 50 polymorphic sites have been described
in these tRNA genes (see also http://
www.gen.emory.edu/mitomap.html). The dif-
ficulties in deciding to what extent mtDNA
(and nuclear DNA) analyses should be per-
formed in patients with RC deficiencies
emphasises the importance of investigating a
large collection of patients for the presence of
pathogenic mitochondrial mutations. To evalu-
ate the proportion of mitochondrial tRNA
mutations and deletions in patients with
biochemically demonstrable functional impair-
ment of the RC, we have performed a compre-
hensive study in 225 paediatric and adult
patients suVering from diVerent types of mito-
chondrial disorder.

KNOWN PATHOGENIC mt tRNA MUTATIONS AND

DELETIONS

Of all 38 reported pathogenic tRNA mutations
found, 87% were in the three tRNA genes
Leu(UUR) (23/38), Ser(UCN) (7/38), and
Lys (3/38). Interestingly, both tRNAs Ser
(UCN) and Leu(UUR) are redundant genes,
thereby possibly pointing to an important
compensating mechanism in evolution. The
most frequent tRNA mutation was A3243G
tRNALeu(UUR), which occurred in 22 cases. Thus,
these three tRNAs represent the most impor-
tant “mutational hot spots” in mitochondrial
disease.30 31

In this study, 12.4% of the patients pre-
sented with deletions (11% with single dele-
tions, 1% with multiple deletions) underlining
the frequency of sporadic, large mtDNA
rearrangements. As for tRNA mutations, dele-
tions were found predominantly in older
children and in adult patients (tables 1 and
2A). Although high loads of deleted mtDNA
molecules (>70%) are likely to impair RC
function to a significant extent, activities
repeatedly showed a moderate decline when
compared to mt tRNA mutations with similar
or even less mutated molecules. Our findings
are consistent with studies from other groups
when relating the rate of mtDNA deletions to
the clinical, histochemical, and biochemical
profiles.32 33 These observations may in part
reflect methodical problems, which could be
solved by using more sensitive tests in the
future.34 Conversely, it is known that normal
RC activities do not exclude the presence of
mtDNA deletions or point mutations. A
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considerable number of our patients with dele-
tions or low mutant loads of pathogenic tRNA
point mutations (for example, the 3243 muta-
tion in tRNALeu(UUR)) did not show RC deficien-
cies, but had characteristic clinical and mor-
phological findings suggestive of a
mitochondrial disorder (not included in this
study).

An unexpected finding was the presence of
an apparently homoplasmic T>C mutation at
position 12297 in one of our patients with a
(later) clear diagnosis of glutaraciduria type I
(GA I) and without cardiac problems. The
mutation has been described in association
with familial dilated cardiomyopathy.29 Simi-
larly, the T5814C mutation28 was found homo-
plasmic in skeletal muscle of the severely
aVected index patient and in white blood cells
of his mother suVering from non-specific, mild
neurological symptoms. The index patient was
later diagnosed as suVering from a subacute
sclerosing panencephalitis. Further studies are
needed to prove a clear pathogenic role for
these mutations.

NOVEL PATHOGENIC mt tRNA MUTATION

We have detected one novel heteroplasmic
tRNALeu(UUR) G3274A mutation in skeletal
muscle (25% mutant load) of a patient with
progressive myopathy, deafness, ataxia, psycho-
motor retardation, retinopathy, and psychosis.
Muscle morphology showed numerous ragged
red as well as COX negative fibres. The muta-
tion aVects a non-conserved Watson-Crick
base pair in the anticodon stem of tRNALeu(UUR);
however, it was not detectable in the patient’s
blood or in blood samples of three maternal
relatives indicating its sporadic or somatic ori-
gin. On the other hand, detection of a very low
amount of mutant DNA, <3%, is diYcult and
heteroduplex formation may have influenced
the accuracy of the scanning results. Similar to
most tRNALeu(UUR) mutations described so far,
this novel mutation is also associated with an
isolated complex I deficiency.

NOVEL mt tRNA SEQUENCE VARIATIONS WITH

UNKNOWN PATHOGENIC RELEVANCE

Seven novel homoplasmic and one novel
heteroplasmic tRNA sequence variations are
classified as “of unknown pathogenic rel-
evance” for the following reasons. (1) The
aVected np is phylogenetically conserved and
no additional relatives are available to confirm
or exclude cosegregation with the disease. (2)
Haplogroup diversity points to a possible
pathogenic influence usually confirmed for
pathogenic tRNA mutations.21 (3) The base
exchanges are found in patients suVering from
a similar disorder. (4) The absence in 400 con-
trols suggests that they do not belong to
common European polymorphisms.21 35

Population studies, single fibre analyses, and
functional studies are needed to classify these
mutations better as pathogenic.

NOVEL mt tRNA POLYMORPHISMS

We describe 13 novel nucleotide changes with-
out obvious primary pathogenic contribution;
however, an additive or synergistic deleterious

eVect cannot be ruled out in any of these cases.
In one patient, the G15930A base exchange
was found in a heteroplasmic state, possibly
indicating a recent mutational event, but the
variant is also present homoplasmically in
healthy maternal relatives of two other patients,
thereby making a primary pathogenetic influ-
ence unlikely.

HAPLOGROUP TESTING: A HELPFUL TOOL TO

DISCRIMINATE PATHOGENIC MUTATIONS FROM

POLYMORPHIC SITES?
It has been repeatedly shown36 37 21 that delete-
rious mtDNA point mutations and deletions
are not associated with specific mtDNA haplo-
groups indicating sporadic and recent events,
whereas normal variants or less pathogenic
mutations are mostly restricted to single
maternal lineages.21 Some base exchanges in
this study do not fit into this model, for exam-
ple, variants T7547C, T15941C, A15924G,
and G15897A. They are detectable in diVerent
lineages, but they are also homoplasmic in
healthy maternal relatives tested. Three hy-
potheses can be proposed to explain this. (1)
Several mutational hot spots are located within
tRNA genes without functional eVects or (2)
the base exchanges have only minor pathoge-
netic power compensated by a nuclear back-
ground in the relatives or (3) the variants
occurred before the apparent haplogroup
defining polymorphism (that is, an inaccuracy
in the phylogenetic analysis). An interesting
finding is the high proportion of haplogroup
4216 in certain mitochondrial diseases, as
already discussed in a recent report.21 In the
present study, the proportion of the 4216 hap-
logroup was 50% in patients carrying the 3243
mutation (11 out of 22). Compared to controls
(19%),21 this sequence variation should there-
fore be considered as a susceptibility locus.

MUTATIONAL HOT SPOTS

It is of interest that some mitochondrial tRNA
genes present with a highly variable number of
nucleotide changes indicating diVerent suscep-
tibility to mutate. Both, the tRNALeu(UUR) and
tRNAThr show most of the detected nucleotide
changes when compared to the wild type
sequence.38 However, influence on mito-
chondrial tRNA function by nucleotide
changes seems to vary widely. While the
tRNALeu(UUR) presents as a “mutational hot
spot” for pathogenic mtDNA mutations, most
nucleotide changes of tRNAThr have a polymor-
phic character.

CORRELATION BETWEEN LOCATION OF tRNA

MUTATION AND CLINICAL PHENOTYPE

Regarding the localisation of all pathogenic
tRNA mutations found in this study and those
previously described (http://
www.gen.emory.edu/mitomap.html), they are
(1) rarely located in variable loops of the tRNA
genes, except as reported by Chalmers et al,39

(2) next to pathogenic mutations causing
severe neuromuscular disorders (for example,
G8342A and A8344G40 41), homoplasmic poly-
morphisms (for example, A8343G as found
several times in this study) do not cosegregate
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with the disease, and (3) pathogenic mutations
are randomly distributed (except variable loop
and anticodon) and therefore do not concen-
trate in specific regions. It has been proposed
that post-transcriptional modifications of sin-
gle base pairs are strongly required for correct
folding and aminoacylation of human tRNA
genes.42 This would largely explain the posi-
tional selection of some mutated bases with no
functional eVect of next located homoplasmic
base exchanges.

MUTATIONS IN OTHER CANDIDATE GENES

This study has focused on optimised strategies
to detect mt tRNA mutations and deletions in
patients with RC deficiency disorders. The
extent of mutations in coding regions of the
mtDNA as well as in nuclear genes is
unknown. Recently, mutations in the mito-
chondrial structural genes have been described
in patients with predominant complex III defi-
ciency or isolated complex IV deficiency.12–15 43

Therefore, mutations of mtDNA protein cod-
ing genes should still be considered in our
patients without detectable tRNA mutation or
deletion.

DETECTION RATE OF mtDNA tRNA MUTATIONS

AND DELETIONS IN ADULTS AND PAEDIATRIC

PATIENTS

The detection rate of mtDNA defects is
significantly higher in adults (40 out of 84
patients, 48%) than in children (25 out of 141
patients, 18%). These data correspond to the
findings of ShoVner44 and clearly point to a
major contribution of nuclear gene mutations
in RC disorders of infantile or early onset. We
found no mtDNA defect in patients with a dis-
ease onset between birth and 6 months, except
in one neonate presenting with Pearson
syndrome, thus indicating an almost exclusive
nuclear mode of inheritance in this age group.
The detection rate of mitochondrial tRNA
mutations and deletions increased constantly
with the patients’ age showing a peak between
16 and 27 years (fig 1). A cumulative or
threshold eVect of mtDNA mutations could
explain a late onset of the disease in most
patients.

The total detection rate for pathogenic
mtDNA mutations and deletions in this study
was 29%. In a comparable study, 35 adult
patients with clinical and morphological data
suggestive of a mitochondrial disorder were
screened for tRNA mutations using denaturing
gradient gel electrophoresis (DGGE).45 In this
study, Sternberg et al45 found 13 patients (37%)
positive for heteroplasmic tRNA mutations. Ten
out of 35 patients carried the 3243 mutation
(29%), one patient had the 8344 mutation
(2.9%), and two patients carried novel hetero-
plasmic mutations. Interestingly, a similar detec-
tion rate is obtained in our study when relating
pathogenic tRNA mutations to the adult group
(19 out of 84 patients, 23%). These findings
indicate a comparable detection rate for tRNA
mutations in clinically/morphologically or
clinically/biochemically preselected adult pa-
tients. In contrast, tRNASer (UCN) mutations would

have been missed using clinical and morphologi-
cal preselection criteria alone. This is owing to
two diVerent facts. First, the 7472 and 7512
mutations are not associated with characteristic
morphological findings like RRF. Second, im-
munohistochemistry would fail to show COX
negative fibres in the case of a homoplasmic dis-
tribution of the mutations.27 This situation is
also observed in infantile RC deficiencies. Char-
acteristic histological findings indicative of a
mitochondrial disorder are rarely observed in
these cases especially in the relatively common
isolated complex I deficiencies, which are not
visible on histochemical testing.

GENETIC TESTING BASED ON CLINICAL CRITERIA

ALONE

By comparison, the detection rate in unse-
lected patients (more than 3000 blood/tissue
samples were analysed over the past 10 years
for mtDNA mutations based on clinical criteria
alone; LHON cases are not included) was very
low (1%). These data again clearly emphasise
that mtDNA analysis should be done after
morphological and biochemical pre-
characterisation.

mtDNA MUTATIONS ARE A FREQUENT CAUSE OF

RESPIRATORY CHAIN DEFICIENCIES

In conclusion, mitochondrial tRNA mutations
and deletions contribute to almost one third of
RC deficiency disorders of both adult and pae-
diatric patients >5 years, thus being the first
candidates for a fast screening approach. In
contrast, nuclear gene mutations are the main
cause of RC deficiencies in neonates and
infants. Identification of such nuclear genes
will provide further insights into the hetero-
geneous field of mitochondrial RC deficiency
disorders.
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