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Abstract  
Using RNase protection analysis, we found a novel C to 
G mutation at nucleotide position 3093 of mitochondrial 
DNA (mtDNA) in a previously reported 35-year-old wom- 
an exhibiting clinical features of mitochondrial myopa- 
thy, encephalopathy, lactic acidosis and stroke-like epi- 
sodes (MELAS) syndrome together with diabetes melli- 
tus, hyperthyroidism and cardiomyopathy. The patient 
also had an A3243G mutation in the tRNA Leu(uuRl gene 
and a 260-base pair duplication in the D-loop of mtDNA. 
The fibroblasts of the patient were cultured and used for 
the construction of cybrids using cytoplasmic transfer of 
the patient's mtDNA to the mtDNA-less p0 cells. RNA iso- 
lated from the cybrids was subjected to RNase protection 
analysis, and a C3093G transversion at the 16S rRNA 
gene and a MELAS-associated A3243G mutation of 
mtDNA were detected. The novel C3093G mutation to- 
gether with the A3243G transition were found in muscle 
biopsies, hair follicles and blood cells of this patient and 

also in her skin fibroblasts and cybrids. The proportion of 
the C3093G mutant mtDNA in muscle biopsies of the 
patient was 51%. In contrast, the mutation was not 
detected in three sons of the proband. To characterize 
the impact of the mtDNA mutation-associated defects on 
mitochondrial function, we determined the respiratory 
enzyme activities of the primary culture of fibroblasts 
established from the proband, her mother and her three 
sons. The proportions of mtDNA with the C3093G trans- 
version and the A3243G transition in the fibroblasts of 
the proband were 45 and 58%, respectively. However, 
the fibroblasts of the proband's mother and children har- 
bored lower levels of mtDNA with the A3243G mutation 
but did not contain the C3093G mutation. The complex I 
activity in the proband's fibroblasts was decreased to 
47% of the control but those of the fibroblasts of the 
mother and three sons of the proband were not signifi- 
cantly changed. These findings suggest that the C3093G 
transversion together with the A3243G transition of 
mtDNA impaired the respiratory function of mitochon- 
dria and caused the atypical MELAS syndrome associat- 
ed with diabetes mellitus, hyperthyroidism and cardio- 
myopathy in this patient. 
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Introduction 

Mitochondrial  encephalomyopathies are a group of  
neuromuscular  diseases that are frequently associated 
with mutat ions of  mitochondrial  DNA (mtDNA). They 
have been demonstrated to impair  mitochondrial  electron 
transport  and ATP product ion in affected tissues. Mito- 
chondrial myopathy,  encephalopathy, lactic acidosis and 
stroke-like episodes (MELAS) syndrome has been associ- 
ated with a point mutat ion at nucleotide position (np) 
3243 or 3271 in the mitochondrial  tRNALeu( tJum gene 
[14, 34]. Recently, specific mutat ions in m tDNA  have 
been identified to associate with a variety of  endocrine 
dysfunctions and metabolic disorders, including diabetes 
mellitus [4, 13, 21, 31] and short stature [32]. The 
A3243G mutat ion has also been detected in a small per- 
centage of  patients with diabetes mellitus [20, 30, 37]. A 
heteroplasmic 260-base pair (bp) tandem duplication in 
the D-loop of  m t D N A  was first identified in the target 
tissues of  several patients with mitochondrial  myopathies 
[7, 27]. The duplicated region was approximately 260 bp 
in size, starting at a poly C stretch (rip 302-308) and end- 
ing at another  poly C stretch (np 567-573). Both the L- 
and H-strand promoters  were duplicated and it was sug- 
gested that this duplication might predispose to large- 
scale deletion of  m tDNA through slip replication [7]. The 
proband o f  the present report and her mother  and three 
sons also harbor  the 260-bp tandem duplication [25]. 

King et al. [23] found incompletely processed RNA in 
the cultured cells from a MELAS patient harboring a high 
proport ion of  m tDNA with the A3243G mutation.  These 
findings have prompted  us to search for abnormal trans- 
cripts of  tRNA Leu(UUR) and other  genes responsible for the 
atypical MELAS syndrome associated with diabetes mel- 
litus, hyperthyroidism and cardiomyopathy in one of  our 
patients. In this study, the fibroblasts of  a woman with 
MELAS syndrome who was the subject of  a previous 
report [25] and those of  her mother  and three sons were 
cultured for the construction of  cybrids, which were then 
subjected to molecular and biochemical analyses. 

Materials and Methods 

Patient 
The MELAS patient (II-2, fig. 1) had a history of diabetes mellitus 

and hyperthyroidism and had received a subtotal thyroidectomy at 
the age of 26 years [25]. She experienced the first episode of disorien- 
tation and epileptic seizures when she was 30 years old. Upon admis- 
sion, neurologic examination revealed inattention, incoherent speech 
and psychiatric symptoms. A computed tomography (CT) scan of her 
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Fig. 1. The three-generation pedigree of the MELAS family. The pro- 
band is II-2 in the pedigree. Asymptomatic: asymptomatic members 
with the A3243G mutation of mtDNA; unaffected: asymptomatic 
members without this mtDNA mutation. 

brain showed subacute infarctions over the right frontal lobe and the 
temporo-parieto-occipital region. An old infarct in the right posterior 
temporal region was noted. A subsequent CT scan and magnetic res- 
onance imaging of the brain also showed multiple infarcts. The lac- 
tate levels in the serum (33.1 mg/dl) and cerebrospinal fluid (109.7 
mg/dl) and fasting plasma glucose (158 mg/dl) were well above the 
normal ranges. A muscle biopsy showed ragged-red fibers on a modi- 
fied Gomori's trichrome stain. Her mental state gradually deteriorat- 
ed. Recently, we performed a further clinical study and found that 
the proband also had dilated cardiomyopathy in addition to the 
above-mentioned multisystem disorders. One of the proband's 
brothers (II-3, fig. 1) experienced episodic migraine-like headaches, 
vomiting, loss of vision and repeated focal seizures at the age of 24 
years and died at home of unknown causes. He apparently had 
MELAS syndrome based on the clinical findings and genetic study of 
his family members, although blood lactate and muscle histology 
were not examined in his lifetime. Subjects I-2, II-4, III-1, III-2 and 
III-3 are live members of this three-generation MELAS family 
(fig. 1). They were all asymptomatic carriers of the A3243G mutation 
of mtDNA at the time of diagnosis. Muscle biopsies, hair follicles and 
blood cells were obtained from the proband with the consent of the 
patient and her mother. Muscle biopsies were quickly frozen and 
cryopreserved in liquid nitrogen after excision of the muscle. Hair 
follicles and blood samples were also obtained from her relatives with 
their consent. 

Primary Culture of Fibroblasts and Construction of Cybrids 
The fibroblasts were cultured from skin biopsies of the proband 

and her relatives in Dulbecco's modified Eagle's medimn supple- 
mented with 10% fetal calf serum, 50 ~tg/ml uridine and 100 ~tg/ml 
pyruvate. Fibroblasts from the proband and the proband's mother 
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were enucleated by cytochalasin B, and the cytoplasts thus obtained 
were then fused with an excess of mtDNA-less 9 ° cells according to 
the method of King and Attardi [22]. After fusion, the hybrid cells 
(cybrids) were grown in a selective culture medium lacking uridine 
and pyruvate but containing 5-bromo 2'-deoxyuridine. We also con- 
structed cybrids from the fibroblasts of a patient with myoclonic epi- 
lepsy with ragged-red fibers (MERRF) syndrome, who harbored the 
A8344G mutation but did not have the A3243G mutation of 
mtDNA. 

RNase Protection 
An mtDNA segment containing the sequence f~om the 3'-end of 

the 16S rRNA and tRNA J~e~(vUR) genes and the Y-end of the ND1 
gene was amplified by a forward primer (np 2440-2459, 5'-GCTCA- 
TAAGGAAAGGTTAAA-3") and a reverse primer (np 3435-3416, 
5'-GTAGGGGCCTACCACGTTGG-3"). The polymerase chain 
reaction (PCR) product was cloned into the pGEM-T vector (Prome- 
ga, Madison, Wisc., USA), which contains the transcriptional pro- 
moters of SP6 and T7 phage RNA polymerase. The plasmid DNA 
was digested with Eco RV, which cuts at a site immediately down- 
stream of the probe sequence. The following solutions were added in 
order at room temperature to a final volume of 100 gl: 20 ~tl of 5 x 
transcription buffer (200 rm~ Tris-HC1, 30 n ~ f  MgC12, 10 mM sper- 
midine-HC1, 25 m2~l NaC1), 10 gl of 100 mM dithiothreitol, 100 
units of RNasin, 200 gM NTPs, 2 ~tl of linearized plasmid DNA (2- 
5 gg) and 20 units of phage RNA polymerase. The mixture was incu- 
bated for 2 h at 40°C for SP6 RNA polymerase. Hybridization was 
perIbrmed by mixing 2 gg of RNA probe with 30 gl of hybridization 
buffer containing 10 gg of the RNA sample. The solution was heated 
at 85 °C for 3 rain, and then placed at 50-55 °C for at least 8 h. After 
hybridization, 0.3 ml ofRNase A (40 gg/ml) and RNase T1 (2 gg/ml) 
in 300 mM NaC1/5 mMEDTA/10 mMTris-HC1 (pH 7.5) were add- 
ed. After incubation at 37°C for 30 rain, the digestion was termi- 
nated by adding 20 gl of 10°/0 SDS and 5 gl of 10 mg/ml proteinase K, 
and the mixture was further incubated at 37 o C for 15 min. The P, NA 
species were analyzed by electrophoresis on a piece of 1.5% agarose 
gel, and then stained with 1 ~tg/ml ethidium bromide. The pattern of 
RNA bands in the gel was photographed and analyzed under LW 
light transillumination. 

Analysis" of mtDNA Mutations 
A 286-bp mtDNA fragment, encompassing the putative mutation 

site, was amplified by PCR using specifically designed synthetic oli- 
gonucleotide primers. The forward primer was L3058 (np 3058- 
3092~ 5'-TACGTGATCTGAGTTCAGACCGGAGTAATCCAGA- 
T-3'), which had an A ~ G  substitution at np 3091. The reverse prim- 
er was H3343 (np 3343-3324, 5"-TGGGTACAATGAGGAG- 
TAGG-3'). A suitable amount (0.5 pCi) of [a-33p]-dATP was added 
to the reaction system in the last cycle to label the PCR products. 
With this pair of primers, the PCR products amplified from a normal 
individual would have the sequence 3°9°GATC 3°93, which could be 
recognized by the restriction endonuclease Dpn II, which would 
digest the amplified DNA segments containing the wild-type se- 
quence into two fragments (250 and 36 bp in size). A C ~ G  transver- 
sion at np 3093 of mtDNA would change this sequence to 
3°9°GATG3°93, which could not be digested by Dpn II, and thus the 
286-bp PCR product would remain intact. In order to examine the 
A3243G mutation in mtDNA, the 286-bp PCR product was also sub- 
jected to digestion by Apa I as previously described [25]. The 
restricted DNA fragments were then separated electrophoretically on 

1.5% agarose gel. A Hybond-N membrane was then used to blot the 
DNA bands onto the membrane. Kodak X-ray film was exposed to 
the blotted membrane at -70°C for 2 h to 2 days. The relative pro- 
portion of mtDNA with each of the two point mutations was deter- 
mined by scanning densitometry on an autoradiograph of the DNA 
bands in the agarose gel. 

Measurement of Respiratory Enzyme Activities 
Mitochondria were isolated from skin fibroblasts of the proband 

and the proband's mother and three sons, and the submitochondrial 
particles were used for the assay of various enzyme activities of the 
respiratory chain. The activities of the respiratory enzymes complex 
I, complex II, complex IMII, complex III and complex IV were 
respectively assayed according to the published methods [18]. All 
assays of the respiratory enzyme activities were conducted on a Hita- 
chi U-3410 spectrophotometer (Hitachi Ltd., Osaka, Japan) using a 
1-ml sample cuvette thermostatically maintained at 30 ° C. 

Mann-Whitney nonparametric analysis was used to determine 
the statistical significance of the difference in the electron transport 
activities of respiratory enzymes in fibroblasts between the proband 
and other members of the MELAS family and the control. 

Results 

In order to determine the processing of the primary 
transcripts in the junction region of the 16S rRNA, 
tRNA Leu(uuR) and ND1 genes, RNAs of three cybrids 
from the proband, her mother and a MERRF patient were 
analyzed. The cybrids derived from the proband and her 
mother harbored 90 and 81% mtDNA with A3243G 
mutations, respectively. The cybrid derived from a 
MERRF patient harbored 85 % mtDNA with the A8344G 
mutation but had no detectable A3243G mutation. RNAs 
prepared from these cybrids and the 143B cell line were 
used for fine-mapping analysis. The transcript encom- 
passing the 3'-end of 16S rRNA and tRNA ~eu(uUm and the 
Y-end of ND1 were analyzed by RNase protection. Gel 
electrophoretic analysis indicated that the probe pro- 
tected two major bands (bands a and b, fig. 2). The larger 
fragments (996 nt, fragment a, fig. 2) corresponded to the 
unprocessed transcript of 16S rRNA-tRNA~u(UUR~-ND 1, 
which was confirmed by its size and fine mapping. The 
smaller fi'agment (790 nt, fragment b, fig. 2) corresponded 
to the 3'-end of 16S rRNA. There were no variations in 
the size of these two fragments in the 143B cells and three 
different cybrids. Significantly, there was a band down- 
stream of the smaller fragment which was only seen in the 
cybrid constructed from the fibroblasts of the proband 
(fig. 2, lane 3, band c). 

To determine whether the protected band was caused 
by a point mutation in mtDNA, we used the previous 
primers to amplify the DNA fragment of interest from 
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Fig. 2. RNase protection analysis of the 3'-end of the 16S rRNA 
transcripts. Upper panel: hybridization was performed with a ribo- 
probe for the RNA of 143B cells, cybrid of the proband's mother, 
cybrid of the proband and cybrid of a MERRF patient (lanes 1-4, 
respectively). M represents the ~x174/Hae III DNA size marker. 
The protected RNA species were then subjected to electrophoresis on 
1.5 % agarose gel. Three protected fragments are indicated as (a) the 
3'-end 16S rRNA + tRNA Le~(UuR) + the 5'-end of the ND1 transcript 
(996 nt), (b) the 3'-end of 16S rRNA (790 nt) and (c) the 3'-end of 16S 
rRNA to np 3093 (654 nt). Lower panel: a scheme indicating the 
protected region revealed by the RNase protection assay. The 
expected RNase-protected region of the 16S rRNA is indicated 
above the map. 
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Fig. 3. Nucleotide sequence of the 3'-end of the mitochondrial 16S 
rRNA gene of the proband. The sequence is shown in the direction of 
5' to 3' from top to bottom, a One C to G transversion was found at 
np 3093 of a cloned DNA fragment (np 3058 to 3343) from the 
mtDNA of the cybrid of the proband, b The nucleotide sequence of 
the same DNA fragment of wild-type mtDNA from a healthy sub- 
ject. 

143B cells and the three different cybrids. The PCR prod- 
ucts were cloned and sequenced by cycle sequencing using 
internal labeling with [a-35S]-dATP. In the cybrids from 
the proband,  we detected a novel C to G transversion at 
np 3093 of  mtDNA,  which was not seen in the other two 
cybrids or the 143B cells (fig. 3). This point mutat ion was 
found to be located at the 16S rRNA gene of  mtDNA. The 
nucleotide sequences flanking np 3093 of  m t D N A  from 
different species show that this nucleotide is highly con- 
served (table 1) and no mutat ions have ever been reported 
before. To examine the association between the C3093G 
m t D N A  mutat ion and the disease, a 286-bp mtDNA frag- 
ment  encompassing this and the A3243G mutat ion sites 
was amplified by PCR using specifically designed oligo- 
nucleotide primers. With this pair of  primers, the PCR 
products amplified from a healthy individual would have 

the sequence 3°9°GATC3°93, which could be recognized by 
Dpn II, which would digest the amplified DNA segments 
containing the wild-type sequence into two fragments of  
250 and 36 bp. A C to G transversion at np 3093 of  
mtDNA would change this sequence to 3°9°GATG3°93, 

which cannot  be digested by Dpn II, and the 286-bp PCR 
product  would remain intact. We added [a-33p]-dATP to 
the PCR reaction mixture in the last cycle to determine 
the proport ion of  mtDNA with the C3093G mutat ion 
(fig. 4). 

The  proport ions of  m tDNA with the C3093G muta- 
tion were 9 and 4% in the blood cells and 22 and 10% in 
the hair follicles of  the proband and her mother,  respec- 
tively. The proport ion of  m tDNA with the C3093G muta- 
tion in muscle biopsies of  the proband was 51%. The 
C3093G point mutat ion of  mtDNA was not detected in 
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Fig. 4. Dpn II restriction analysis of the PCR-amplified DNA frag- 
ments for the C3093G mutation in the mtDNA of the proband and 
her relatives. Lanes 1-12 represent the Dpn II-digested PCR-ampli- 
fied mtDNA fragments. B, H and M indicate the DNA samples of 
blood cells, hair follicles and muscle biopsy, respectively, of the indi- 
cated subjects. C (lane 12) indicates the DNA of blood cells from a 
healthy subject. 

the blood cells and hair follicles of three children of the 
proband (III-1, III-2 and III-3, fig. 1). We also screened 
extensively for this mutation in healthy subjects and sev- 
eral patients with other types of mitochondrial disease. 
The results showed that the C3093G mutation was absent 
in 8 patients with MELAS syndrome who harbored the 
A3243G mutation, 5 patients with chronic progressive 
external ophthalmoplegia (CPEO) harboring mtDNA de- 
letions of different sizes and 23 healthy subjects. When 
the above-mentioned 286-bp PCR product was subjected 
to digestion by Apa I, we found that the proportions of 
mtDNA with the A3243G mutation were 82, 55, 35 and 
58 %, respectively, in the muscle, hair follicles, blood cells 
and fibroblasts of the proband. The blood cells and hair 
follicles from the proband's relatives all contained much 
lower levels of mtDNA with the A3243G mutation. 

We then determined the mitochondrial respiratory 
function of the skin fibroblasts from the proband, 45% of 
which harbored the C3093G mutation and 580/0 the 
A3243G mutation of mtDNA. The activities of complex I 
in the skin fibroblasts of the proband, the proband's 

Tab le  1. Comparison of the nucleotide 
sequences of the 33-bp DNA segment 
encompassing np 3093 in the mtDNA of 
different species np 

Patient 
Human 
Mouse 
Bovine 
Gorilla 
Chicken 
Chimpanzee 

Refbrence 

3073 
CAGACCGGAGTAATCCAGGT G 
CAGACCGGAGTAATCCAGGT C 
CAGACCGGAGTAATCCAGGT C 
CAGACCGGAGTAATCCAGGT C 
CAGACCCK3AGTAATCCAGGT C 
CAGACCGGAGTAATCCAGGT C 
CAGACCGGAGTAATCCAGGT C 

3093 3105 
GGTTTCTATCTA this study 
GGTTTCTATCTA [2] 
GGTTTCTATCTA [26] 
GGTTTCTATCTA [3] 
GGTTTCTATCTA [ 16] 
GGTTTCTATCTA [10] 
GGTTTCTATCTA [ 16] 

Tab le  2.  Mitochondrial respiratory enzyme 
activities in the fibroblasts from five 
members of the family of a woman with 
MELAS syndrome 

complex III complex IV 

I-2 22.3+3.0 62.9+5.2 64.8+6.9 401.7+21.5 49.6-+2.7 
II-2 13.8+4.0" 83.9+11.0" 80.3-+8.8* 386.0+16.1 49.0_+1.5 
III-1 26.4-+2.2 62.0+8.9 67.0-+5.9 396.4-+13.1 50.5_+2.0 
III-2 25.9+_2.8 64.9+_7.9 73.5+4.7 423.0+22.3 51.7_+4.4 
III-3 25.2-+4.7 66.4+5.8 72.1-+6.6 416.2+22.9 52.1_+2.7 
Control 29.5+-2.7 65.3+4.4 72.7+-3.0 411.0-+11.3 52.3-+2.6 

The skin fibroblasts from six subjects without any of the known mitochondrial diseases 
were used as control. The values of the activities of the five respiratory enzymes in each 
subject are the mean +- SD of the data obtained from three determinations. Mann-Whitney 
nonparametric independent analysis was used to determine the statistical significance of the 
difference in the indicated enzyme activity between each of the members of the MELAS 
family and the control. * Significant difference as compared with the control (p < 0.05). 
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mother and three sons of the proband were 13.8 + 4.0, 
22.3 + 3.0, 26.4 + 2.2, 25.9 + 2.8 and 25.2 + 4.7 nmol/ 
min/mg, respectively (table 2). The results indicate that 
complex I activity in the proband's skin fibroblasts was 
severely decreased compared with that in the fibroblasts 
of the proband's mother, three sons of the proband and 
the healthy subjects. The skin fibroblasts of the proband 
had slightly higher activities of complex II and complex 
IMII compared with the fibroblasts from her relatives and 
control subjects (table 2). 

Discussion 

The MELAS patient examined in this study has been 
investigated and reported previously [25]. The proband 
was first diagnosed to have non-insulin-dependent dia- 
betes mellitus and hyperthyroidism. Molecular analysis of 
mtDNA showed an A3243G point mutation in the 
tRNA Leu(uUR) gene and a 260-bp tandem duplication in 
the D-loop region of mtDNA of the proband and her rela- 
tives [25]. In this study, a novel C to G point mutation at 
np 3093 in the 16S rRNA gene of mtDNA was further 
identified in muscle, blood cells and hair follicles of this 
MELAS patient. No point mutations in the rRNA genes 
of human mtDNA have ever been found to occur in 
patients with MELAS syndrome. A homoplasmic A to G 
mutation at np 1555 in a highly conserved region of the 
12S rRNA gene of mtDNA was found in families with 
aminoglycoside-induced deafness as well as in an Arab- 
Israeli family with maternally inherited deafness [5]. The 
A1555G mtDNA mutation was also found to associate 
with nonsyndromic hearing loss [12, 36]. However, some 
researchers have reported that the A1555G mutation was 
not associated with nonsyndromic hearing impairment 
[ 1, 8]. This portion of the RNA molecule is part of the 
aminoacylation site in which the mRNAs are decoded, 
and it lies at the interface between the two rRNA subunits 
of the ribosome. In a series of mitochondrially inherited 
chloramphenicol-resistant mutants isolated from human 
and mouse cells, several point mutations were found in 
the 16S rRNA gene of mtDNA [17, 33]. Two point muta- 
tions of T2991C and C2939A of mtDNA in human cells 
[33] and four point mutations of G2161A, G2375, A2379 
and T2433C of mtDNA in mouse cells have been identi- 
fied to be associated with the chloramphenicol-resistant 
phenotype [ 17]. 

The C3093G mutation of mtDNA lies near the chlor- 
amphenicol binding site, but not in this region. We have 
compared the nucleotide sequence flanking the np 3093 

of mtDNA of different species. The results showed that 
this nucleotide is highly conserved and no polymorphisms 
have ever been reported at this site (table 1). The C3093G 
point mutation was absent in the mtDNA of 8 MELAS 
patients, 5 CPEO patients, 23 healthy subjects and the 
three asymptomatic sons of the proband harboring the 
A3243G mutation of mtDNA. The finding that the novel 
C3093G mutation exists in multiple tissues of the pro- 
band but was not detectable in the unaffected family 
members and healthy subjects suggests that the associa- 
tion of this mtDNA mutation with this patient with atypi- 
cal MELAS syndrome is causative. Moreover, compared 
with the Cambridge sequence of human mtDNA, the 
sequences of the 3'-end of the 16S rRNA gene of this 
MELAS patient and a healthy Chinese subject showed a 
missing C at np 3106/3107, which is an mtDNA polymor- 
phism previously found in some Asians [29]. 

In Northern hybridization, a novel RNA species corre- 
sponding to the unprocessed transcript of 16S rRNA + 
tRNA Leu(UUR) + ND1 genes was identified [23]. This spe- 
cies was designated RNA 19, which is a partially processed 
full-length polycistronic H-strand precursor RNA. A dis- 
tinct band corresponding to RNA19 was identified in the 
total RNA isolated from both wild-type and mutant 
cybrids. However, there was a significant increase in the 
steady-state levels of RNA19 in the mutant cybrids as 
compared to the cybrids harboring wild-type mtDNA [9, 
28]. Further support for this finding comes from an exper- 
iment on S 1 nuclease protection, in which Koga et al. [24] 
demonstrated that the intensity of the RNA 19 in mutant 
cybrids was much stronger than that in wild-type cybrids 
or in 143B cells. However, we observed that unprocessed 
RNA coexists with mature RNAs in 143B cells and in 
cybrids of the proband (fig. 2). Presumably, the MELAS- 
specific A3243G mutation alters normal processing of the 
primary transcript, resulting in an elevated level of 
RNA19. RNA19 contains 16S rRNA as one of its three 
components. Thus, it is possible that the RNA 19 contain- 
ing the C3093G mutation within 16S rRNA could be 
incorporated into the ribosome, which might not be able 
to function efficiently. Recently, many laboratories have 
reported that decreased efficiency in aminoacylation of 
tRNA Leu(UuR) may lead to mistranslation of leucine dur- 
ing protein synthesis [6, 38]. It is plausible that the 
C3093G mutation of the 16S rRNA gene is another 
pathogenic factor causing the multisystem disorders irl 
the proband examined in this study. 

Deficiency in mitochondrial enzyme activities and a 
decrease in ATP synthesis have also been reported in 
mitochondrial multisystem disorders [11, 15, 19, 35]. 
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Cells containing mtDNA mutations are quite sensitive to 
increased energy demand and respiratory enzyme dys- 
function. This is one of the important factors contributing 
to the pathophysiology of mitochondrial diseases. The 
cells harboring the C3093G mutation of mtDNA exhib- 
ited decreased complex I activity. High levels of mtDNA 
with the A3243G point mutation were found in skin 
fibroblasts of the proband and all of the proband's rela- 
tives. However, only the skin fibroblasts of the proband 
harbored both A3243G and C3093G mutations. Addi- 
tionally, no mtDNA with the 260-bp duplication was 
found in the proband's fibroblasts. This implies that the 
two mutations of mtDNA might play a synergistic role in 
the pathogenesis of the multisystem disorders of this 
patient. We conjecture that the ribosomes might not be 
able to assemble efficiently on the 16S rRNA molecule 
with this mutation, or that they might not be able to incor- 
porate charged tRNAs as rapidly as seen in the ribosomes 
comprising wild-type 16S rRNA. It is possible that the 
two mtDNA mutations in this patient with atypical 
MELAS syndrome elicit synergistic impairment of mito- 

chondrial respiration and oxidative phosphorylation and 
thereby cause the activity of energy metabolism to fall 
below a threshold required by the target tissues of the 
patient. We found that the activity of the respiratory 
enzyme complex I in the skin fibroblasts of the proband 
was much more severely decreased compared with that of 
the asymptomatic relatives of the proband. These find- 
ings may explain, at least in part, the clinical observation 
that the MELAS patient examined in this study exhibited 
much more complicated clinical features compared with 
patients with typical MELAS syndrome. 
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