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Table 1

Spectrophotometric assays of respiratory chain enzyme activity
NCCR SCCR COX

Patient 1 2.1 540 18.6

Patient 2 a8 60.8 318

Controls(n=5) 273116 766x177 330x161

The results of this assay are expressed as nanomoles per minute
per milligram of mitochondrial protein. The control values are
presented as mean * 1 SD. Abbreviations are as follows: NCCR,
rotenone-sensitive NADH-cytochrome-¢ reductase; SCCR, succi-
nate-cytochrome-¢ reductase; COX, cytochrome-c oxidase.

abnormalities, a reduction in synthesis would be
observed only when pyruvate/malate were used as
substrates. Therefore, the findings of two independent
assays for respiratory chain confirmed both patients
have an isolated complex I deficiency in their muscle.
However, the ATP synthesis of fibroblasts in patient 1
was normal. These findings suggest complex 1
deficiency exists in a tissue-specific manner.

3.3. Molecular genetic analysis

Total mtDNA sequence analysis in the patients
revealed many polymorphisms (Table 2}. No mtDNA
rearrangements were detected by the long PCR
method. The majorities of the polymorphisms were
silent mutations or reported as normal polymorphisms
according to a human mitochondrial genome database
(MITOMAP) (Kogelnik et al., 1998).

Several homoplasmic mutations in coding regions
such as T4216C in NDI, A4317G in tRNA-Ile,
G8854A in ATPS6, and T11394C in ND4 were not
present in 100 normal Japanese adults (Table 2).
Among the novel polymorphisms, we focused on a C-

to-A mutation at np 11,777, which highly converted -

an arginine to a serine at codon 340 in the NADH
dehydrogenase subunit 4 gene (Fig. 2). Using a PCR-
RFLP method, we detected that this mutation was not
present in 215 healthy subjects, parents of patient 1, or
98 clinically diagnosed LS patients. The DNA of the
mother of patient 2 was not available. This method
also revealed the heteroplasmic nature of this
mutation in both patients (data not shown). For
rapid and accurate quantification of mutant mtDNA,
we devised a real-time PCR amplification method
using two fluorogenic TagMan™ probes in the same
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tube sharing common reagent. The percentages of
mutant type mtDNA in patient 1 were 83% in muscle,
40% in blood, 78% in myoblasts and 57% in
fibroblasts. The percentages of mutant type mtDNA
in patient 2 were 76% in muscle, 52% in blood, and
76% in myoblasts (Table 3).

3.4. Cybrid study

To confirm the 11,777 mutation is pathogenic, we
performed functional analysis of transmitochondrial
cells (cybrids). Mitochondria from both patients with
np 11,777 mutation and a LHON patient with np
11,778 mutation were separately introduced into a
human osteosarcoma cell line (143B.TK- cells)
lacking miDNA (143B.TK-/tho-0 cells) and we
obtained many clones with a different percentage of
heteroplasmic np 11,777 mutation. Only cybrids with
homoplasmic np 11,778 mutation were obtained
because the patient had a homoplasmic mutation,
which is common finding of np 11,778 mutation in
LHON patients. ATP synthesis in digitonin permea-
bilized cells with glutamate and malate was correlated
with the percentage of np 11,777 mutation
(R2 = 0.789 in cybrids with mtDNA of patient 1,
0.769 in cybrids with mtDNA. of patient 2; Pearson’s
correlation coefficient, Fig. 3a). No significant
differences in correlation between the percentage of
np 11,777 mutation and ATP synthesis was observed
among cybrids with each patients’ mtDNA. More-
over, the np 11,778 mutation had a milder effect than
the np 11,777 mutation, when comparing cybrids with

Table 3
Quantification of the np 11,777 mutation using real-time PCR
amplification methods

Sample Mutation percent value (%)
Patient 1 Muscle 83

Blood 40

Myoblasts 78

Fibroblasts 57

Father's blood ND

Mother’s blood ND
Patient 2 Muscle 76

Blood 52

Myoblasts 76

ND, not detected.
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Fig. 1. ATP synthesis in digitonin-treated primary culture of myoblast and fibroblast. ATP synthesis was measured using the following

combinations of substrates and specific inhibitors: pyruvate/malate, glutamate/malate, succinate/rotenone, and ascorbate/TMFD/antimycin. The -

results of this assay are expressed as nanomoles ATP per hour per milligram cell protein. The control values are presented as mean = 1 SD.

the homoplasmic np 11,778 mutation to those with
more than 90% of np 11,777 mutation (Fig. 3b).

4. Discussion

We identified 2 novel C-to-A mutation atnp 11,777
in the ND4 subunit gene. This mutation is pathogenic
for several reasons. First, it was not found in over 200
normal individuals and converted a highly evolution-
ary conserved arginine to a serine (i.. a charged to an

uncharged amino acid}. Moreover, the fact that the np
11,778 mutation, the most frequent mutation in
LHON patients, also converts the same arginine to a
histidine strongly supports the assumption that this
mutation is pathogenic (Wallace et al., 1988). Second,
the mutation exists in a heteroplasmic condition,
which is a common feature of pathogenic mtDNA
mutation. Third, respiratory chain function assays in
patient 1 indicated an isolated complex I deficiency
with tissue specificity, which means that there are
abnormalities in muscle and myoblasts, but not in
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mtDNA sequence data in two patients
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Genes Patient 1 Patient 2 Comment or frequency
12SrRNA G709A MITOMAP
T107C MITOMAP
Al438G Al438G MITOMAP
16STRNA A2706G MITOMAP
C3106del C3106del MITOMAP
ND1 A3426G MITOMAP
A4200T MITOMAP
T4216C (Tyr- > His) None in 100 Japanese
tRNA- De A4317G None in 100 Japanese
ND2 A4769G A4769G MITOMAP
Ad833G A4833G MITOMAP
G4985A G4985A MITOMAP
T5108C MITOMAP
C5178A MITOMAP
AS301G MITOMAP
T5442C MITOMAP
tRNA Trp C5554T MITOMAP
L80) C7028T C7028T MITOMAP
ATI29G MITOMAP
con T7621C (Ala- > Ala) Three in 100 Japanese
C7669T MITOMAP
ATPS C8580T MITOMAP
ABT01G MITOMAP
G8854A (Ala- > Thr) Noene in 100 Japanese
A8860G ABB60G MITOMAP
com T9540C MITOMAP
ND3 Al0397G MITOMAFP
Al0398G Al0398G MITOMAP
C10400T C10400T MITOMAP
ND4 T10873C T10873C MITOMAP
T11335C MITOMAP
T11394C (Leu- > Pro) None in 100 Japanese
GI1719A GI11719A MITOMAP
CUTTIA Cl1777A None in 100 Japanese
NDs C12705T C12705T MITOMAP
Al12810G MITOMAP
C13984T MITOMAP
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fibroblasts. Tissue specificity is also a common
feature of pathogenic mtDNA mutation. Direct
enzymatic complex I measurement is hampered by
contaminating non-mitochondrial NADH cyto-
chrome-c¢ reductase activity in cultured cells (Benit
et al., 2001). Therefore, we performed assays of ATP
synthesis and rotenone-sensitive NCCR for complex I
function. Fourth, the functional analysis of cybrid
revealed the significant decrease in respiratory chain
function was observed in cells with a higher
percentage of mutant mtDNA. Evidence is accumu-
lating that mtDNA mutations can have addictive and
even synergistic effects on phenotype (Lertrit et al,,
1994; Vergani et al., 1995). Several polymorphisms
found in each patient, also present in none of 100
normal controls might have some effects on cell

Table 2 (continued)

dysfunction, but cybrid analysis using each patient’s
mtDNA revealed no significant difference in cell
function among cybrids with each patients” mtDNA.
Therefore, it seems reasonable to conclude that the np
11,777 mutation is the most dominant in these
patients.

A comparison of the polymorphisms especially in
the D-loop region between the two patients showed
many nucleotide differences, indicating this mutation
occurred independently (Table 2). Usually, patho-
genic mtDNA point mutations are maternally trans-
mitted including np 11,778 mutation with LHON
patients, however, we could not confirm that the np
11,777 mutation was maternally transmitted, because
only one mother’s blood sample was available and the
mutant level in blood could be far too low to detect

Genes : Patient 1 Patient 2 Comment or frequency
ND6 G14569A MITOMAP
Cytb T14766C MITOMAP
T14783C MITOMAP
Al4927G MITOMAP
GI15043A G15043A MITOMAP
GIS301A G15301A MITOMAP
A15326G A15326G MITOMAP
Al15746G (Tle- > Val) Four in 100 Japanese
T15622C MITOMAP
GI5737TA MITOMAP
p-loop C16184ins MITOMAP
C16190del MITOMAP
C16233T C16223T MITOMAP
GI6274A MITOMAP
C16291T MITOMAP
T16311C MITOMAP
Al6316G MITOMAP
T16362C T16362C MITOMAP
ATIG AT3G MITOMAP
G143A MITOMAP
C150T MITOMAP
CI5IT MITOMAP
T152C MITOMAP
T204C MITOMAP
A263G A263G MITOMAP
C303del MITOMAP
C310ins MITOMAP
T489C T489C MITOMAP
C527G Three in 100 Japanese

MITOMAP means that any polymorphisms have been listed in the database (Kogelnik et al.. 1998).
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Fig. 2. A heteroplasmic mutation in ND4 gene. Partial nucleotide
sequence of ND4 amplified from patient 1 {top} and a control
subject (bottom). The mutant sequence exhibits a C-to-A transition
at np 11,777, resulting in substitution from arginine to serine at
codon 340,

with the PCR technique. In the present study, we
screened 100 DNA samples from clinically diagnosed
LS patients for this np 11,777 mutation, and
discovered it in only these two patients. So far, we
have found ten patients with T-to-G mutation at np
£993, three with T-to-C at np 8993, and five with T-to-
C at np 9176 (Makino et al., 2000). These findings
suggest this np 11,777 mutation is a less common
mutation than the mutations in the subunit 6 gene of
ATP synthase in Japan.

In the majority of LS patients, the onset is in
infancy, and the prognosis is usually poor because of
brainstem dysfunction in an early stage of the disease.
In the present patients, the relatively high lactate
levels compared to pyruvate and neuroradiological
findings are compatible with LS. However, the
clinical courses are relatively mild, in that, there is
no obvious brainstem dysfunction. This symptoma-

tology may be due to the nature of this mutation. As
mentioned above, the np 11,777 mutation converts an
arginine to a serine at codon 340 in the ND4 gene.
Interestingly, this amino acid change also occurs with
a np 11,778 mutation, the most common mutation in
patients with LHON, but amino acid replacement was
different (R3405 ve. R3A0H) There were no signs of
. leidpeing fh e lebiod @XATURALONS BY Ophibai-
mologlsts in c1thcr patient. Moreover, there are
nsually no central nervous system effects of np
11,778 mutation, or mild effects including dystonia,
which is the prominent symptom in patient 2.
Therefore, it is interesting that the phenotype of
LHON patients is quite different from that of the
present cases despite the same amino acid substi-
tution. Since the mean onset of LHON patients is in
their 20s, we suppose the np 11,777 mutation may
produce optic neuropathy in later life.

A few functional studies infer that ND4 may be
involved in the binding of the ubisemiquinone
intermediate that is also formed in the oxidation of
NADH by complex I (Fearnley and Walker, 1992;
Degli Esposti et al., 1993, 1994; Gray et al., 1994).
According to a model made by multiple sequence
analysis, an arginine of codon 340 is located at the
beginning of the transmembrane helix near the matrix
side of the membrane (Fearnley and Walker, 1992;
Degli Esposti et al.,, 1994) and protein-bound
ubisemiquinone anions are stabilized by positively
charged amino acids such as arginine (Gray et al,
1994). The conversion of arginine to a weakly
charged histidine by the np 11,778 mutation, or an
uncharged serine by the np 11,777 mutation, may
cause instability of the ubisemiquinone bound to
complex I, resulting in defective electron transport.
Our data using the cybrids cells with both np 11,777
and 11,778 mutation demonstrated the defects in
complex I function, and the np 11,777 mutation
caused a more severe defect in ATP synthesis than the
np 11,778 mutation. The cause of the differences in
phenotype between the np 11,777 and 11,778
mutation is unclear, however, the difference in the
ubisemiquinone binding property produced by each
amino acid substitution may affect the differences in
phenotypic severity. Further studies on the difference
between the np 11,777 and 11,778 mutations are
needed to provide key information for the roles of
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Fig. 3. ATP synthesis in cybrids. (a) Glutamate + malate as substrates in 143B-derived cybrid clones with various percentages of the np 11,777
mutation from each patient were used. (b) The reduction in ATP synthesis of the np 11,777 mutation with over 50% mutant was more marked
than that of the homoplasmic np 11778 mutation. The values of 143B original and their derived rho-0 cells stand for normal control and

baseline, respectively.
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ND4 in complex I biogenesis and the genotype—
phenotype relationship.
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Abstract The mitochondrial DNA (mtDNA) GI13513A
mutation in the ND5 subunit gene has been recently
reported as a common cause of some phenotypes of
mitochondrial myopathy. Until now, the prevalence
and characteristics of this mutation in Leigh syndrome
(LS) has not been determined. We screened 84 patients
with Leigh syndrome (LS) and found the mutation in
six (7%) of them. The proportions of mutant mtDNA
in muscles were relatively low (42-70%). The onset
of symptoms for patients with this mutation was
from 9 months to 5 years. It should be noted that
five patients had cardiac conduction abnormalities,
particularly Wolff-Parkinson-White (WPW) syndrome
(three patients). This study suggests that GI3513A
mutation is a frequent cause of LS and that patients
with this mutation may have a characteristic clinical
course.
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Introduction

Leigh syndrome (LS) (MIM 256000) is a progressive
neurodegenerative disorder characterized by bilaterally
symmetrical lesions in the brainstem and/or basal gan-
glia in infancy and childhood (Leigh 1951; Pincus 1972;
van Erven et al. 1987). LS is associated with defects in
mitochondrial energy production. Though the protein
subunits of the mitochondrial respiratory chain enzymes
are predominantly encoded by nuclear genes, some
mitochondrial DNA (mtDNA) mutations are patho-
genic in LS, mainly T — G or T — C point mutations
occurring at nucleotide position (up) 8593 (8993 muta-
tion) (Tatuch et al. 1992; Santorelli et al. 1993; de Vries
etal. 1993Yand T — CorT — Gatnp9176(Thyagarajan
et al. 1995; Campos et al. 1997; Makino et al. 1998). Rare
mtDNA mutations such as A3243G, AB344G, and
C11777A have also been reported (Koga et al. 2000;
Berkovic et al. 1991; Komaki et al. 2003).

The mtDNA G13513A mutation was first reported in
patients with MELAS (mitochondrial encephalomy-
opathy, lactic acidosis, and stroke-like episodes) by
Santorelli et al. (1997). This GI13513A mutation was
discovered to be a more frequent cause of MELAS than
previously recognized (Pulkes et al. 1999; Penisson-
Besnier et al. 2000; Corona et al. 2001). Moreover,
the G13513A mutation was also seen in Leigh-like
syndrome (Chol et al. 2003}).

In this study, we screened 84 Japanese patients with
LS for this mutation and detected it in six of them. We
report on the LS patients with the GI13513A mutation
and discuss their phenotypes.

Patients and methods

We used the following diagnostic criteria for LS in this study,
referring to the previous reports (Rahman 3, ¢t al. 1996; Makino
M, et al. 2000; Arii I, et al. 2000): (1) progressive neurologic disease
with motor and/or intellectual developmental delay, (2) elevated
lactate levels (> 20 mg/dl) in the blood andfor CSF, and (3) char-
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acteristic features on neuroimaging (i.e., hyperintense lesions on
T2-weighted MRI or hypointense lesions on CT scans in the
bilateral brainstem and/or basal ganglia). One hundred Japanese
patients fulfilled these criteria, but 16 were excluded because of
stroke-like episodes and the presence of ragged red fibers (RRF) or
strongly succinate dehydrogenase-reactive blood vessels (S8SV) in
their muscles (Hasegawa et al. 1991).

Muscle samples were obtained by open biopsy. The samples
were divided into three portions for histochemical, biochemical,
and mitDNA analyses. Serial frozen sections were stained with
various histochemical metheds, including Gomori trichrome and
cytochrome c oxidase (COX). Respiratory chain enzyme activities
in skeletal muscles were assayed by slight modification of the
published methods (Koga et al. 1988).

Total DNA was extracted from muscle biopsies and/or blood
samples by conventional methods. We first screened deletions and
well-known point mutations in mtDNA at np3243, 8344, §993, and
9176 by the method previously described (Goto et al. 1990; Makino
et al. 2000). To detect a G — A mutation at npl3513, we amplified
170-bp fragments using oligonucleotide primers corresponding to
np13369-13394 and npl3514-13538 with a G-to-A mismatch at
npl3515in 25 cycles of denaturation (34°C, 30 ), annealing (50°C,
30 s), and extension (72°C, 30 s). The products after digestion with
Mbol were electrophoresed on a 4% agarose gel and visualized
with ethidium bromide under a UV transilluminator (Alpha Imager
2000; Alpha Innotech). The mismaich-containing primer intro-
duced a restriction site for Mbol only in the wild type mtDNA,
which was cleaved into two fragments of 144 and 26 bp (Fig. ).
The amount of digested versus undigested DNA fragments were
measured with a densitometer. To correctly determine the pro-
portion of the mutant mtDNA, we constructed plasmids containing
wild or mutant DNA using a TOPO TA cloning kit according to
the manufacturer’s instructions. A mixture-template standard
curve was used to revise the percentage of mutant mtDNA. We
performed total mtDNA sequencing for selected cases, such as
those with diffuse COX deficiency in their muscle biopsy, by the
method previously described (Akanuma et ai. 2000).

We obtained informed consent for muscle pathology and
genetic analysis from all patients, and in the case of minors, their
parents, using the form approved by the IRB of our institute.

Results

Of the 84 patients, 19 showed diffuse COX deficiency in
their muscle biopsy, but their total sequences of mtDNA
had no significant mutation (data not shown). These
findings indicated that all these cases were caused by
nuclear gene mutations such as SURF-1 or others (Zhu
et al. 1998; Tiranti et al. 1998). Of the remaining 65
patients, point mutation in mtDNA was detected in 19.

PI P2 P3 P4 P5 P6

W M

Fig. 1 Restriction fragment length polymorphism analysis of the
G13513A mutation. The PCR products after digestion with Mbol
were electrophoresed on a 4% aparose gel. The amplified 170-bp
fragment was cleaved into two fragments 144 bp and 26 bp in size
(the 26-bp fragment is not shown here). W 100% wild type,
M 100% mutant, P/~ P patients’ muscles

EE]

Six patients had the G13513A mutation (Fig. 1). The
same number of patients had the §993 mutation (four
with T-to-G and two with T-to-C mutations). The
T9176C, CI11777A, and A8344G mutations were found
in four, two, and one patients (Makinc et al. 2000,
Komaki et al. 2003). All patients with the G13513A
mutation had neither other mutation at np3243, 8344,
8993, or 9176 nor deletion. None of the 150 healthy
Japanese controls or 120 patients with the A3243G
mutation harbored the G13513A mutation,

Clinical features and laboratory data of the six
patients with GI3513A mutation are summarized
in 1. The onset of neurclogical symptoms other than
developmental delay varied from 9 months to 5 years
{(mean & SD; 28.8+21.1 months). In comparison, onset
for patients with the 8993 mutation was 4.6+4.6
months. Ptosis was present in five out of the six patients.
It should also be noted that five patients had cardiac
conduction abnormalities, especially Wolff-Parkinson-
White (WPW) syndrome (three patients).

In muscle pathology, there were nonspecific myo-
pathic changes, while one patient (patient 1) had an
equivocal SSV (Table 2). The mean percentage of mu-
tant mtDNA in muscles was 59+ 10% (range 42-70%).
No clear correlation was found between the percentage
of mutant mtDNA and onset or severity of the disease.
The activities of the mitochondrial respiratory chain
enzyme were within normal limits in all four patients
examined.

Discussion

The G13513A mutation was first reported in patients
with MELAS (Santorelli et al. 1997). Its pathogenicity
has been confirmed with several lines of evidence as
follows: The mutant was detected in heteroplasmic
fashion in patients, resulted in amino acid-substitution at
a highly conserved position in the NDS5 subunit, and was
absent in healthy controls (Santorelli et al. 1997; Pulkes
et al. 1999). Single-fiber polymerase chain reaction
studies demonstrated a significantly higher amount of
mutant mtDNA in RRFs compared with non-RRFs
(Pulkes et al. 1999). Furthermore, Corona et al. (2001)
reported two MELAS patients with a 13514 A—> G
mutation, which hits the same codon affected by the
G13513A mutation. The report suggested that the ami-
no acid position of this codon was crucial for the func-
tion of complex I. In mouse mitochondria, respiration
was tightly controlled by the NADH dehydrogenase
ND5 subunit gene (Bai et al. 2000). Therefore, ND35
might also play an important role in human mitochon-
dria. Some recent reports have suggested the validity of
this theory (Kirby et al. 2000; Taylor et al. 2002; Liolitsa
et al. 2003; Crimi et al. 2003).

The lesions of LS affect brainstem and medulia
oblongata, particularly midbrain and pons, and most
commonly the tegmentum, the periaqueductal gray, and
the posterior colliculi. Other lesions are found in the
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Table 1 Clinical data. Normal value of blood and CSF lactate =

paroxysmal supraventricular tachycardia, ICRBBB incomplete right bundle branch block

3.3-14.9 mg/dl. WPW Wolff-Parkinson-White syndrome, PSVT

Patients 1 2 3 4 5 6
Age at muscule biopsy 7 years 8 months 1 year ] month 2 years 6 months | year 2 months 7 years 8 months 6 years §
months

Gender F M M- M F F
Body height (-3.2 5D} (-1.3 SD) (-2.0 8D) (-0.7 SD) (-2.7 8D) (-1.0 SD})
Body weight (-3.25D) (-1.2 SD) (-2.78D) {-4.0 SD) (-2.6 SD) (-0.1 SD)
Age at onset 1 year 7 months 9 months 2 years 4 months 9 months 5 years 4 years
Mental retardation (+) Borderline Normal ? (+) Borderline
Motor developrental +) &) +) +) +) -)

delay
Sitting alone 8 months 11 months 7-8 months Impossible ? ?
Unaided walking 1 year 6 months  Impossible il months Impossible 1 year 2

months
Hypotonia ) (+ + +) (+) &)
Optic atrophy + -) (-) ? ? {+)
Plosis (+" () (-) +)* ¢+ +)
Strabismus ) (=) (=) (+) =) +)*
Facial palsy +) (= -) +) =) +)
Seizure =) +® +r (= (-) =)
Respiratory disturbance (=) - +) (-} ) )
Ataxia _ ) + Q) ) @ )
Other neurological signs Deafness Tremor Depression Clumsy
ECG WPW WPW PSVT ICRBBB Ophthalmoplegia Normal
WPW,PSVT,AV
block

Blood lactate (mg/dl) 13.9 222 68.9 38.1 315 24.3
CSF lactate (mg/dl) 312 252 459 38.6 854 29.6
T2-weighted

hyperintensity

lesions on MR1

In basal ganglia ) )] (=) (=) ) (+)

In brainstem +) + ) + +) +)

In others Thalamus Thalamus Cerebral lesion

 Initial symptom

Table 2 Clinical data. Normal value of blood and CSF lactate =

paroxysmal supraventricular tachycardia, JCRBBB incomplete right bundle branch block

3.3-14.9 mg/dl. WPW Wolff-Parkinson-White syndrome, PSVT

Patients
i 2 3 4 5 6
Muscle pathology ’
RRF or S8V One S8V -) (-} (=) -) (=)
Type-2 fiber atrophy + (=) ) +) ) =)
Respiratory chain enzyme activity
Complex I+111 (normal range: 27.3+11.6) ND ND 244 57.2 931.9 28.9
(% of activity) (89) (210) (344) (106)
Complex IT+ 111 (rormal range: 76.6+17.7) ND ND 69.1 162.8 106.4 120.1
(% of activity) (90) (213) (139 (157)
Complex IV (normal range: 33.0+16.1) ND ND 284 44.5 29.2 3117
(% of activity) (37 (135) (82) (114)
Mitochondrial DNA mutation _
nt13513 3 ) ) ) ) &)
(% of mutant in muscle} 70 63 42 64 58 58
nt3243 -) - -) - -} =) (=
nt8993 -) (-) ) (-) (-) (-
nt9176 - =) - (- (=) ). (=
nt&344 ND (- =) (-) (=) (=)
Deletion -) ) ND -) ) (=
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basal ganglia, spinal cord, cerebellum, and cerebral
cortex (Leigh 1951; Pincus 1972; van Erven et al. 1987),
Chol et al. (2003) reported that three patients with the
GI13513A mutation exhibited a selective brainstem
involvement in whom they referred to Leigh-like syn-
drome. We think it unnecessary to use the term Leigh-
like because the brainstem lesion is essential for LS. A
recent report also used Leigh disease for three patients
with this mutation, two of whom had no radiological
involvement of basal ganglia (Kirby et al. 2003). Three
of our six patients with the G13513A mutation showed
involvement of both brainstem and basal ganglia, and
the remaining three showed a selective brainstem
involvement.

In this study, we found the G13513A mutation and
confirmed its relatively high incidence (approximately
7%) in LS patients. However, the frequency was not
as high as that of Chol's report (2003). This mutation
was found in the same number of patients as was 8993
in this study, but it seems to be the second most
common mtDNA mutation in LS because the 8993
mutation has been reported to account for as many as
15-24% of cases (Santorelli et al. 1993; Rahman et al.
1996).

We also found that onset in patients with this
mutation was delayed compared with the typical infan-
tile form, or 8993 mutation. Moreover, the clinical signs
were characteristic because ptosis and cardiac conduc-
tion abnormalitics were frequently seen (83%). Al-
though these symptoms could often be recognized in
Kearns-Sayre syndrome (KSS), our patients did not
have apparent ophthalmoplegia, retinitis pigmentosa, or
mtDNA deletion. Interestingly, three patients had WPW
syndrome. There are few reports on the association be-
tween WPW syndrome and mtDNA mutation. In an
examination of the surgical resected accessory atrio-
ventricular pathway in a patient with WPW syndrome,
highly abnormal cardiomyocytes with abnormal mito-
chondria were characterized (Peters et al. 1994). Further
study on cardiac tissue specimens, especially the con-
duction system, using a combined method of merphol-
ogy, histochemistry, and molecular genetics, is necessary
to explain the association between this mutation and
cardiac conduction abnormalities.

Contrary to the previous reports (Santorelli et al.
1997; Pulkes et al. 1999; Chol et al. 2003), our patients
had no significant respiratory enzyme deficiency in their
muscle biopsies; instead, they were affected with LS.
One reason for this might be that relatively low het-
eroplasmy in muscles could not induce an enzyme
deficiency in our patients. In mice experiments, it has
been shown that tissue with mtDNA abnormality can
show normal enzyme activity until the mtDNA
abnormality accumulates to a critical level (Nakada
et al. 2001). A severely damaged region may have more
mutant mtDNA and bence profound enzyme defi-
ciency. Very recently, Kirby et al. (2003) reported that
mutant loads of approximately 50% or less induced the
defect in complex I amount and activity in skeletal
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muscle, liver, and fibroblasts. We could not detect
apparent enzyme deficiency in the skeletal muscles with
the mutant proportion from 42 to 64%. Factors other
than the average mutant load should be considered,
such as uneven distribution of the individual cells with
different mutant load resulting in normal enzyme
activity.

It remains unclear how the 13513 mutation may be a
cause of both MELAS and LS. Qur preliminary results
suggested that RRF and/or S5V were present in almost
all MELAS patients with this mutation, but they were
absent in the LS patients in this study (data not shown).
We could not attribute variability of this phenotype
solely to the proportion of mutant mtDNA; there must
be other factors relating to cell or tissue specificity.
Alternatively, we should suppose a possibility that our
patients will show the symptoms compatible to MELAS
or KSS later in life.

In conclusion, this mutation should be considered as
possibly existing in LS patients. Understanding this
mutation would provide us more insight into the com-
plex genotype-phenotype relationships in mitochondrial
diseases.
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Deoxycytocine -——»dCMP —— dCTP -~

ceee—p ATMP  ——— dTTP
TK2

Deoxyadenine

Thymidine

dNDP(INTP)

Thymidine ——» dTMP —— Nuclar DNA
TP
l \\m

Thymine amp

e novoy ik

1 3 k3> RUZRINTP 7L OB & 2 OWHR

HBEADFIV I TPICL o THRERFI Vichkdd, JB{LENTDNAS
BIfIHENS, TPIEEORVMNGIE BETRF I VIR EhTWERELT
HMBEAOF I VVENEL, BRBHOL S REFEARTRI Fa Y FITRD TK
2OAERBALTVEOT, T PIVFUTHIIASTY YR{EERDERMNENEE
n, dNTP 7—VOREMT Y185 A AFRELEHELLRD, —F, dGK & TK2D
BEET I, 20 Fh dGTP, ATTP DET %KL, TP iEHET OE& L EHEIC INTP

P NVODT G ARRITEFEESRS,

BEELFED, COXTH TR, ATPOFMHLVE
DB EZFOLOIC, ENOBELEE, BELK
DREFIZLWED o T b, E 51T, ANT id Per-
meability transition pore D¥EEFEN—2 L L
T7R—YACHBHEEL TS, EPTIE3D
DTAVT+—adHD, BHEHELHIIEIIR
WLTWEHDWANTITH S,

F e BN R ER RO R IT SR R R
HORZOEY BN 54q33-350 FIRICTEE
Bty 7ENdE, TORICEETS ANTI
BEFOEXRF|EASIEZ A, EREERWE
ENLDOVENTHEY BROEFTYH, ANTI
EERBFESHTVESY, ANTIZEREH 5 &,
S haVFY7DNADRSERENREDOLNS
», FOFMEBRFREITNHATH S,

2. DNA polymerase y (POLG), Twinkle
POLGIZX Fa ¥ FY 7ICTFET 5 DNA KV
AF—¥Thbh, ANTIREIZ, EHAENICIY

15q22-26Z° vy 7 CEI P Y FYT7TDNAD
SEREKEFHOAFREZHAWVC, POLGHEIEFH
AT OESERERWEERLY, E5IR0d
HRIZORR» L, WEANTUREHEMPRNEE
. EEREISERE,E, EROMHEEL £
DEEEFICIZHOTHAS LEHlshTy
Ao .

Twinkle t&, 10q24lTEET IR RICB T A5
RABIZFORE,GFEE S/ Cloorffz& v 7 #F
HBEF, "7V F77r—=VDTIT754 <
—¥ « A1) F—¥ gene 4 protein (gpd) & H[FE
PTPFEBVWEIADLEFTORZLDOTHS
(Twinkle: T7 gpd-like protein with intramito-
chondrial nucleoid localization)®, Twinkle i3,
TIJERBRZI MY FUTRBEY 7 VER
L, X2V*4F (2 b2y FY 7 DNA-EH
BEE) R LAGHER L, &5ICHEN
Bl Twinkle BEF 2 EALBER 2T L
5, RAVFYTHETOAN) H—EERD
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SERE RZINRE

Adenine Nucleotide
Translocator 1
(ANTI)

Deoxyguanosine
kinase

(dGK)

DNA Polymerase 7
(POLG)

Phosphrylase

T7 gene 4-like
DNA primase/helicase
(Twinkle)

I 1 IVAH
(AZT etc)

SERRERZRBICEET 3 RETF _

I FaryFY7 DNA OEBPHFIELLREFOERE, I M2 FY7DNADE
BREEREREEXTEECT, TP, TK2, dAGK EWwFhd 3 x> FY 7RO INTP
F=VDT NG ARG ERIL, FRRERELEF]EEI 4%, ANTL, POLG, Twin-
Kle RSB BEREERI T, LILuEM6, AIDSOEBEBETHL AZT 2 EORY 4 MR
#iX, 2P FUT7DNAOKRZRBESSEZ A, AZT i POLG OFHE2ET &

HBIEFMOENT VG, FERRERZRBOMREERETH S,

ERERDI. ANV A—FR, ZERKHORY X2
VAF FE—FRPUITHEEDT LT, DNAK
BB EtcEELHEEZ LTWv5. REDH
BT, EERELONTELZOoORRBS ) HRH
ZTHEEE N3 &\ strand-asynchronous rep-
lication Tt {, ER DV —72LREEBICHEHY
HDOBEAYTH I B strand-coupled replication
PEMNTHLIPHHLZCAXEER)", &
DL REEBE L Twinkle D88 & OB,
IFaVFY7DNADSERREDEEL A S =
A LDFRRE, SHROWRERETDH 5.

3. dNTP 7 —JLiZBib 238IzF

FheahsEREREAL LD, HILEEDRE
£, ENHERE, BEME IA13F-2E7T
DRATCRBRETLZIFAYFYTHETH S
MNGIE (mitochondrial neuro—gastro-intestinal
encephalomyopathy) (2BWT, BEERHTIE
IMIYFY7DNADSERKRPRZZER
5o ZNEBOFERZT S thymidine phospho-
rylase (TP1) T3 A Z EFEH S 1Y,

ERCoBEFEDRI Fa Y FYTHICIES:

{, BEIPITYF)7DNADRENFIZES
SNAHEPBELIATEE, LML, TPIEEN L
{2 HIBBEHNTOFI VY OEENEELRD,
BELFITV I VMR-V EHBTHS DNA S
KRICHWLR S, F0OB, ESRMABRTHELE
BEREZEI by P 7RO TR2EHED A28
HETHD, 3 va»FY7HDJITTP 251
mL, dNTP 7= T7 33 Y AHEL, ER
ELTIF2YFY)7DNADERMPETTAD
DEEZLRTWS, TOEFME, FAIZI b
2 FY)7DNADRZRELG| &2 ¢ TK2
2 dGK DRGTFREEFHERINLZ L, D, £
DEUENREET > TnESY, -2, dNTP 7
— VDT VNG APERIER IR TIEVWERY
(B 1)

T, CHSHANTP 7—NIcHET 2L # X
LERTWBRETERE, $ERKREFIISEIT
BEFEROBRE2R2ICTRT. B4 5 #EE
D, bLRBEULABFET, ZEREERZN
ELTwhHEREEND,
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FROHE HA5H 4T

2 Fa2 FU7 DNA OIS

Di—F

HHOR
o~ \

N\ /.

0,
L SHOHR BN

AEEH1

-

=T S EHOEE

s AN

EEDTER

N\ P

S VHOERY

P ICURR 2 L
FRMBADTIND

AEE2

I b F 7 DNA O#EEGY, D-loop &FEEN A FRMEEICH S HHE
HEEE O PS5 HSOAOREIRZY, £ZHAD3IFTD 2 bWEAL
LT AT, LHBERBEBA (O 26, FAAORENBEILIEVIET N
(strand-asynchronous replication) AMEL R T &L (XEX1), LA L,
BEDORRET, BE O DNA OBEE LIRS, D-loop b HEE (V—-74
Y7H) OBBE L (SXYUHE) OBUIREENIEE S Z & (strand-cou-
pled replication) LM R o T &/, FLT, HHIKH LEICHFTA IS
URRZVFFFBEADRATEY, TRLOoBRIZ-TTFFFIIER 7L
FFFCBEERDIEFNMEZIIRDDD0HS (AER2),
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V. T0bosEFERICES
S = W

I harFYTICEAPEEINAEID, £
DY T2y Mo AERERIELDNRS, 4
BILEET5 TOMEREABECEALTYWS
TIMEBEH®S b, BERO TIMSEHICEMNLZ
DDPLRETFICERNH DRI, VAT LE
B4 B4 2 X ESHH 0 Mohr-Tranebjaerg iE &
BAE& 2% BEAATLHEENDH S,

M X DL B TH 5 Barth FEEER,
P4 R BREDIEE- OHE, TR
fE, 33/%F—, BBE, BEREE2ETLIRS
Thh, HAOBFEEREREEETZMED .
EEBET G4.5, 5% Tafazzin (TAZ) #{E
FThHaHY, TOBRBIIIL G oTd ok
A5, BORIZR D) VIBEOSERRVENT A VT
D27 U NEBEEE L OMREIHAL, 2
ra Y FYTEOY YRREOTHEN TN £
DER, FHPLI ParyFYPHEOY VBET
HBAINTAIEY (CL) BEBETRETLT
BY, E5IZCLARMDY YEEEDENLTF 4 ¥
FHBEINTWEILIRENTVEY, Th

LY VIREORBEEIFaVyF)TRELOWE

BESHBOMERETHLY, HLwIbarFY
TEEOHE L L THEKREY,
SiENOESE

Y YT OB, ZAVE-EEST
lc g, PR~V RX, ANVITLLFTY
E, HHEBZORESL CHREBRIIVWSNS
DHEERL LY, TNHLOBRBICEELT, 2
—X UV U, TWINAT—{, NrFU Ry
BaEPIILD, L ORBEHEEL TS,
Sk, S0XHIRELOEBIBVWT, b
YEUTOREOEDL ) LRRIRELE o T
BEREWIHENEETCHY, HOILERPT
BRI DHRVFEONIWEHRENEwEE R
%, 3 b2y FYTONER, HLVERZAZ
TWwb,

ROFE HBE4LE
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