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ABSTRACT 

The 3243A > G in mtDNA is a representa-
tive mutation in mitochondrial diseases. Mitochon-
drial protein synthesis is impaired due to decod-
ing disorder caused by severe reduction of 5-
taurinomethyluridine ( � m 

5 U) modification of the mu-
tant mt-tRNA 

Leu(UUR) bearing 3243A > G mutation.
The 3243A > G heteroplasmy in peripheral blood
reportedl y decreases e xponentiall y with ag e. Here ,
we found three cases with mild respiratory symp-
toms despite bearing high rate of 3243A > G mu-
tation ( > 90%) in blood mtDNA. These patients had
the 3290T > C haplotypic mutation in addition to
3243A > G pathogenic mutation in mt-tRNA 

Leu(UUR) 

g ene. We g enerated cybrid cells of these cases to
examine the effects of the 3290T > C mutation on
mitochondrial function and found that 3290T > C
m utation impr o ved mitochondrial translation, f orma-
tion of respiratory chain complex, and oxygen con-
sumption rate of pathogenic cells associated with
3243A > G mutation. We measured � m 

5 U frequency
of mt-tRNA 

Leu(UUR) with 3243A > G mutation in the
cybrids by a primer extension method assisted with
chemical derivatization of � m 

5 U, showing that hy-
pomodification of � m 

5 U was significantly restored
* To whom correspondence should be addressed. Tel: +81 92 642 5750; Fax: +81
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by the 3290T > C haplotypic mutation. We con-
cluded that the 3290T > C is a haplotypic muta-
tion that suppresses respiratory deficiency of mito-
chondrial disease by restoring hypomodified � m 

5 U
in mt-tRNA 

Leu(UUR) with 3243A > G mutation, imply-
ing a potential therapeutic measure for mitochondrial
disease associated with pathogenic mutations in
mt-tRNAs. 
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NTRODUCTION 

itochondrial dysfunction caused by mutations in mito- 
hondrial DN A (mtDN A) or nuclear DN A can lead to 

he de v elopment of various diseases. Point mutations in 

he genes encoding mt tRNAs ar e fr equently r eported 

s causati v e mutations in mitochondrial diseases ( 1 ). The 
243A > G mutation located in mt tRNA 

Leu(UUR) gene 
as been reported in more than 80% of patients with mi- 
ochondrial myopa thy, encephalopa thy, lactic acidosis, and 

trok e-lik e episodes (MELAS), one of the major clinical 
ubgroups of the mitochondrial encephalomyopathies. This 
243A > G mutation has been found not only in MELAS 

atients but also in patients with maternally inherited di- 
betes and deafness (MIDD), chronic progressi v e e xter- 
al ophthalmoplegia (CPEO), and cardiomyopathy ( 2 , 3 ). 
n the adult form with late onset of MELAS with stroke- 
ike symptoms, many patients have already de v eloped dia- 
etes and deafness at the time of onset ( 4 ). Sharma et al.
howed that many metabolites such as lactate, alanine and 

-hydroxybutyrate were increased in patient with MIDD 

m.3243A > G) and more elevated in patients with MELAS 

m.3243A > G). These biomarkers were correlate strongly 

ith established measures of severity of mitochondrial 
isease ( 5 ). 
Mt tRNA 

Leu(UUR) is responsible for decoding UUR 

R = A or G) leucine codon, and the taurine-containing 

odified uridine ( �m 

5 U; 5-taurinomethyluridine) in the an- 
icodon plays an important role in accurate and efficient 
ranslation ( 6 ). Howe v er, mt tRNA 

Leu(UUR) with MELAS 

243A > G mutation lacks the �m 

5 U modification, result- 
ng in translation defects at the UUG codon ( 6 ). Decoding 

isorders due to deficient �m 

5 U modification reduced ox- 
dati v e phosphorylation. This molecular mechanism is sup- 
osed to be a major cause of mitochondrial dysfunction 

 6 , 7 ). Thirteen proteins encoded by mtDNA are essential 
ubunits of the respiratory chain comple x, se v en of which 

r e pr esent in complex I. Since ND6, a subunit of com-
lex I, has the highest usage of UUG codons, translation 

f ND6 is se v erely affected by a reduction of �m 

5 U mod-
fication on the MELAS mt tRNA 

Leu(UUR) , leading to re- 
uced activity of complex I as the major biochemical symp- 
om of MELAS ( 6 , 8 ). In addition, the 3243A > G mutation
n mt tRNA 

Leu(UUR) causes a remar kab le change in the L- 
haped tertiary structur e, r esulting in decr eased stability, de- 
reased aminoacylation, and impaired transcriptional ter- 
ination ( 6 , 9 , 10 ). Many functional analyses of mitochon-

ria with the 3243A > G mutation have been performed 

sing cybrid cells and myoblasts with mitochondria from 

ELAS and MIDD patients. These analyses have reported 

ecreases in mitochondrial protein synthesis, oxygen con- 
umption r ate, respir atory chain enzyme activity, and mt 
RNA 

Leu(UUR) le v el. Howe v er, the detailed molecular mech- 
nisms behind the mitochondrial dysfunction remain to be 
lucidated ( 6 , 7 , 9 , 11–15 ). 

Loss of �m 

5 U modification was found in mt 
RNA 

Leu(UUR) with one of fiv e different point muta- 
ions (3243A > G, 3244G > A, 3258T > C, 3271T > C and
291T > C) deri v ed from patients presenting clinical fea- 
ures of MELAS ( 16 ). In contrast, mt tRNA 

Leu(UUR) with 

ne of four dif ferent muta tions (3242G > A, 3250T > C, 
254C > T and 3280A > G) deri v ed from patients showing 

on-MELAS symptoms retained �m 

5 U modifications ( 16 ). 
her efor e, loss of �m 

5 U modification in mt tRNA 

Leu(UUR) 

eems to be associated with the clinical features of MELAS. 
ince �m 

5 U formation in mt tRNA 

Leu(UUR) is catalyzed by 

n enzyme complex, MTO1 and GTPBP3 ( 17 ), it is likely 

ha t the MELAS muta tions pre v ent �m 

5 U-modifying 

nzyme from recognition of mt tRNA 

Leu(UUR) ( 16 , 18–22 ). 
The mtDNAs with 3243A > G mutation are present 

n cells as a heteroplasmic mixture with the wild type 
tDNA, and tissue-specific presentations appear when 

 utated mtDN A crosses a thr eshold r egarding the rate 
f 3243A > G heteroplasmy. In non-meristematic tissue 
uch as skeletal m uscle, m utated mtDN A tends to ac- 
umulate and the mutation rate in each tissue correlates 
ith age and disease se v erity. Meanwhile, 3243A > G 

eteroplasmy has been reported to decrease exponentially 

ith age in peripheral blood because hematopoietic stem 

ells with 3243A > G mutation are selecti v ely eliminated 

 23 , 24 ). Howe v er, some case reports have indicated that
atients with the 3290T > C single-nucleotide polymor- 
hism (SNP) in addition to the 3243A > G mutation in 

t tRNA 

Leu(UUR) show clinical phenotypes not typical of 
243A > G mutation despite a high rate of 3243A > G het-
roplasmy in peripheral blood ( 25 , 26 ). Liu et al. reported 

ha t pa tients with respira tory symptoms and asymptoma tic 
amilies have high 3243A > G heteroplasmy in periph- 
ral blood, but the mechanism behind this has not been 

lucidated ( 26 ). 
We f ound f our cases from two families that were asymp- 

omatic or had mild disease despite high frequency of 
243A > G heteroplasmy in peripheral blood. In these 
ases, the 3290T > C haplotypic mutation in addition to 

he 3243A > G mutation was detected in mt tRNA 

Leu(UUR) 

ene. This ha plotypic m utation has been rarel y reported 

n cases with 3243A > G mutation. We here showed 

hat 3290T > C haplotypic mutation improved mitochon- 
rial protein synthesis, formation of respiratory chain com- 
lex, and oxygen consumption rate of cybrid cells with 

243A > G mutation. We also observed partial restoration 

f the �m 

5 U modification of mt tRNA 

Leu(UUR) bearing both 

243A > G and 3290T > C haplotypic mutations. There 
ndings contribute to our understanding of the molecular 
athogenesis and potential treatment of MELAS. 

ATERIALS AND METHODS 

ntibodies 

he antibodies used in this study are listed in Supplemen- 
ary Table S1. 

ell culture 

ybrid cell lines 2SA and 2SD had been generated ear- 
ier by fusing mtDNA-less 143B osteosarcoma �0 cells 
ith enucleated myoblasts from a MELAS patient with 

he heteroplasmic 3243A > G mutation and isolating cy- 
rid clones, as described previously ( 13 ). The 2SA cells 
ontaining only normal mtDNA and 2SD cells possess- 
ng 94% 3243A > G-m utated mtDN A were obtained; 
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then, the rate of mutated mtDNA of 2SD cells was in-
creased by cloning. Cybrid cell line 2KD was generated
by fusing 143B �0 cells with platelets from a patient with
the heteroplasmic 3243A > G mutation and homoplas-
mic 3290T > C SNP and isolating two cybrid clones
(2KD-1, 2KD-2), via a previously reported procedure ( 27 ).
This study was approved by the Ethical Review Board
of the Graduate School of Medical Science, Kyushu Uni-
versity. Informed consent was obtained from all partic-
ipants. 2SA and 2KD cells wer e cultur ed in Dulbecco’s
modified Eagle’s medium (DMEM) (1000 mg / l glucose)
(Sigma-Aldrich, St. Louis, MO, D6046) supplemented with
10% FBS at 37 

◦C in a humidified atmosphere with 5%
CO 2 . 2SD and 143B �0 cells were cultured in DMEM
(4500 mg / l glucose) (Nacalai, Kyoto, Japan, 16972-45) sup-
plemented with 100 �g / ml pyruvate, 50 �g / ml uridine,
and 10% FBS at 37 

◦C in a humidified atmosphere with
5% CO 2 . 

mtDNA sequencing 

Total DNA was extracted using the QIAamp DNA Blood
Mini Kit (Qiagen, Hilden, Germany, 51104) in plasma, and
using Nucleospin Tissue (Takara Bio Inc., Shiga, Japan,
740952) from cybrid cells deri v ed from the patients with
the 3243A > G mutation and 3290T > C SNP. Total DNA
was then subjected to PCR analysis with LA Taq (Takara,
RR002A) and T100TM PCR Thermal Cycler Dice Gradi-
ent (Takar a). The gener ation of PCR products was con-
firmed by electrophoresis, and PCR products were puri-
fied using Illustra MicroSpin Columns (GE Healthcare Sys-
tems, Chicago, IL, 28917920). The sequencing reaction was
performed with Big Dye Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific, Waltham, MA, 4336917), af-
ter w hich mtDN A sequencing was performed with 3500xL
Genetics Analyzer (Thermo Fisher Scientific). Data pro-
cessing was carried out using CLC Genomics Workbench6
(Qiagen). 

Analysis of 3243A > G mutation rate 

The 3243A > G heteroplasmy of the 2SA, 2SD and 2KD
cells were analyzed by the Droplet Digital PCR assay.
The ddPCR mixture consisted of total DNA, 2 × ddPCR
Supermix for Probes (no dUTP) (Bio-Rad, Hercules,
CA, 1863024), wild-type and mutant allele-specific probes,
primer mixtures for the target gene, and the 2U / reaction
Alu I enzyme (New England Biolabs, Ipswich, MA,
R01375). All primers and probes were obtained from Bio-
Rad. Sequences and other information are available at www.
bio-rad.com with assay ID dHsaMDS556387941. Droplets
were generated with the Bio-Rad QX200 system (Bio-Rad),
in accordance with the manufacturer’s instructions. The re-
actions were then subjected to PCR analysis with Thermal
Cycler (Applied Biosystems, Waltham, MA). The number
of fluorescence-positi v e droplets was analyzed using QX200
Droplet Reader (Bio-Rad). A two-color detection system
(set to detect FAM and HEX) was used to analyze each
droplet separately. The fluorescent droplets were counted
and absolute quantification of the copy number of wild type
and mutant at m.3243 was performed using QuantaSoft
software 1.7 (Bio-Rad). The 3243A > G heteroplasmy was
calculated as follows. 

3243 A > G heteroplasmy = 

copy number in mutated mtDNA 

sum of the copy number in normal mtDNA and mutated mtDNA 

× 100 

Gr owth curv e analysis 

To determine cell proliferation, 2SA, 2SD, 2KD-1, 2KD-
2 and 143B �0 cells (1 × 10 

4 ) were seeded in triplicate
in 12-well plates and cultured under high-glucose (4500
mg / l glucose DMEM supplemented with 100 �g / ml pyru-
vate , 50 �g / ml uridine , 10% FBS) or high-galactose (no
glucose (Nacalai, 09891-25) supplemented with 1800 mg / l
galactose, 10% FBS) conditions. Cells were trypsinized and
counted daily for up to 5 days using a Coulter Counter
(Beckman Coulter, Brea, CA). Half proportion of each
medium was r efr eshed on Day 3. 

Immunoblotting 

Briefly, 2SA, 2SD, 2KD-1, 2KD-2 and 143B �0 cells were
lysed with lysis buffer [20 mM Tris–HCl, pH 7.5, 150
mM NaCl, 2 mM EDTA, 1% NP-40, 0.1% SDS, protease
inhibitor cocktail (Wako, Osaka, Japan, 161-26023)] and
homogenized by sonication, as described elsewhere ( 28 ).
Samples containing 5 �g of protein were separated by
SDS-PAGE, and then subjected to immunoblotting with
antibodies against ND1, NDUFB8, NDUFA9, SDHA,
UQCRC1, COX I, COX II, ATP5A1, ATP6 and ATP8. 

Real-time PCR analysis 

Real-time PCR analysis was performed with r efer ence to
the previous method ( 29 ). Total RNA was extracted using
the RNeasy 

® Mini Kit (Qiagen, 74104). The RNase-Free
DNase Set (Qiagen, 79254) was used to remove DNA dur-
ing RNA purification, and the RNA was quantified using
Nano Drop ND-1000 Spectrophotometer (Thermo Fisher
Scientific). The cDNA was synthesized with 500 ng of to-
tal RNA, 5 �M of random 6-mers, 2.5 �M of oligo dT
primers, and the PrimeScript TM RT Reagent Kit (Takara,
RR037A) for a final volume of 10 �l. The re v erse transcrip-
tion reaction was conducted using a BLOCK INCUBA-
TOR (ASTEC, Fukuoka, Japan, BI-526) under the follow-
ing conditions: re v erse transcription for 15 min at 37 

◦C and
enzyme inactivation for 5 s at 85 

◦C. The real-time PCR mix-
ture consisted of 8 ng cDNA, TB Gr een Pr emix Ex Taq ™ II
(Takara, RR820A), and primer mixtures at a concentration
of 0.8 �M for target gene for a final volume of 20 �l. The
PCR analysis was conducted using StepOnePlus Real-Time
PCR System (Applied Biosystems) under the following con-
ditions: activation of the enzyme at 95 

◦C for 1 min, then
40 cycles of a two-step protocol consisting of incubation at
95 

◦C for 15 s followed by combined annealing / extension
at 60 

◦C for 1 min. The e xpression le v el of each mRNA

http://www.bio-rad.com
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as normalized to the le v el of 18S ribosomal RNA ob- 
ained from the corresponding re v erse transcription prod- 
ct. All primers wer e pur chased from Eurofins (Lux- 
mbourg). Primer sequences are listed in Supplementary 

able S2. 

xygen consumption assay 

xygen consumption rate (OCR) was measured as previ- 
usly described ( 30 ). The 2SA, 2SD, 2KD-2 and 143B �0 

ells (1 × 10 

5 ) were seeded in XF24-well microplates (Sea- 
orse Bioscience, North Billerica, MA). Oxygen concentra- 
ions wer e measur ed at 37 

◦C with an uncoupler (FCCP) and 

nhibitors (oligomycin, rotenone, and antimycin A) using 

F 

e 24 Extracellular Flux Analyzer (Seahorse Bioscience), 
n accordance with a standard protocol. Oxygen consump- 
ion rate is presented as the mean ± SD, in the unit of nmol 
 2 consumed per minute per cell. 

ulse-labeling of mitochondrial translation products 

itochondrial translation products were pulse-labeled in 

itro with [ 35 S]-methionine and [ 35 S]-cysteine. The 2SA, 
SD and 2KD-2 cells were incubated for 10 min in 100 

g / ml emetine and 200 �g / ml cy clohe ximide prior to label-
ng for 60 min. After incubation, labeled cells were washed 

ith PBS and then lysed in lysis buffer (10 mM Tris–HCl, 
H 7.5, 1 mM EDTA, 8 M urea, 1% SDS). Total cellular 
rotein (10 �g / lane) was subjected to 15–20% SDS-PAGE 

or 3 h at 180 V. The gels were stained with Coomassie 
rilliant Blue and dried. The gels were measured using a 

AS2500 bio-imaging analyzer (Fujifilm, Tok yo , Japan). 

N-PAGE and immunoblotting 

he formation of complexes I to V was ev aluated b y 

erforming electrophoresis while maintaining the complex 

tructure. Each step was carried out at 4 

◦C or on ice. The 
SA, 2SD and 2KD-2 cells (2 × 10 

7 ) were homogenized 

ith a Potter-Elvehjem homogenizer in 1 ml of homoge- 
izing buffer [20 mM HEPES–KOH, pH 7.4, 0.25 M su- 
rose, 1 mM EDTA, protease inhibitor cocktail (Wako)] 
nd centrifuged at 3000 rpm for 15 min. The supernatant 
as centrifuged at 10 000 rpm for 25 min, and the mi- 

ochondrial pellet was lysed with solubiliza tion buf fer (50 

M Bis–Tris / HCl, pH 7.0, 1.5 M 6-aminocaproic acid) 
nd 1 / 10 volume of 10% n -dodecyl- �- D -maltoside (Wako, 
41-06161) solution. The sample was centrifuged at 18 000 

 for 20 min and 1 / 20 volume of sample buffer (50 mM
is–Tris / HCl, pH 7.0, 0.75 M 6-aminocaproic acid, 5% 

BB G-250) and glycerol was added to the supernatant. 
ach sample (5 �g of mitochondrial protein) was then 

oaded onto a 3–12% BN-PAGE gradient gel (Invitrogen, 
arlsbad, CA). Electrophoresis was performed with cath- 
de buffer in the upper buffer chamber and anode buffer 

n the lower buffer chamber using a CROSSPOWER 3500 

ATTO , Tok yo , Japan). The electrophoresis was carried out 
t 4 

◦C and 90 V for 30 min and then raised to 6 mA for 2.5
. When the front was about halfway across the gel, cath- 
de buffer A was substituted by cathode buffer B. Cathode 
uffer A consisted of 50 mM Tricine, 15 mM Bis–Tris / HCl, 
H 7.0, and 0.02% (w / v) CBB G-250; cathode buffer B 

onsisted of 50 mM Tricine, 15 mM Bis–Tris / HCl, pH 7.0, 
nd 0.002% (w / v) CBB G-250; and the anode buffer con- 
isted of 50 mM Tricine and 15 mM Bis–Tris / HCl, pH 7.0. 
he separated proteins wer e transferr ed electrophor etically 

nto a PVDF membrane with NuPAGE Transfer buffer [25 

M Bicine , 25 mM Bis–Tris , pH 7.2, 1 mM EDTA] and 

mmunoblotted with antibodies against ND1, NDUFB8, 
DHA, UQCRC1, COX I, ATP5A1 and ATP6. 

mmunofluorescence imaging of mitochondria 

mmunofluorescence was carried out in accordance with 

stablished techniques. Briefly, 2SA, 2SD and 2KD-2 

ells were incubated in the presence of 100 nM Mito- 
racker ™ Red CMXRos (Invitrogen, M7512) for 20 min. 
ells wer e fix ed and permeabilized, and then incubated in 

he presence of 4 

′ ,6-diamidino-2-phenylindole (DAPI) (Fu- 
ifilm, 340-7971) for 45 min. Glass slides were mounted us- 
ng Superfrost (Matsunami, Osaka, Japan). Fluorescence 
mages were obtained using a confocal laser microscope 
KEYENCE, Osaka, Japan). 

NA pr epar ation f or primer extension method and northern 

lotting 

otal RNA was extracted from each cell using custom- 
ade RNA isolation reagent [40%(w / v) phenol, 1%(v / v) 

thylene glycol, 2 M guanidine thiocyanate, 0.1%(w / v) (6.9 

M) 8-quinolinol, 20 mM tri-sodium citrate ·2H 2 O, 0.1 M 

aOAc (pH 4.5), 0.1% (v / v) Triton X-100, 0.2% (w / v) N -
auroylsarcosine sodium salt, 50 mM salicylic acid, 10 �M 

luminon, 0.0001% (w / v) Bromophenol Blue]. The solu- 
ion was centrifuged and chloroform was added to the aque- 
us phase to a concentration of 20%. After vortexing and 

entrifugation, the RNAs were precipitated from the aque- 
us phase with 2-propanol. 

rimer extension method 

o quantify �m 

5 U frequency in mt tRNA 

Leu(UUR) , we 
mployed a primer extension method assisted by chemi- 
al deriva tiza tion of �m 

5 U ( 31 ). The total tRNA fraction
as purified by electrophoresis on a 10% polyacrylamide 
el containing 7 M urea and gel extraction. Then, CMC 

 N -cy clohe xyl- N ’- �-(4-meth ylmorpholinium) eth ylcarbodi- 
mide] deriva tiza tion of mt tRNA 

Leu(UUR) in the total RNA 

raction was performed as described previously ( 6 , 32 ). The 
MC-derivatized mt tRNA 

Leu(UUR) was subjected to a 

e v erse-transcription reaction with 5 

′ -[ 32 P]-labeled primer 
or mt tRNA 

Leu(UUR) (5 

′ -A CCTCTGA CTGTAAAG-3 

′ ) 
nd SuperScript III Re v erse Transcriptase (Invitrogen) in 

uffer containing 1 × FS buffer (Invitrogen), 3.75 mM 

gCl 2 , 0.0375 mM each of dATP and dTTP, and 0.075 mM 

dGTP at 55 

◦C for 1 h. The cDNAs were subjected to 20% 

AGE with 7 M urea (20 × 20 cm 

2 , 0.35 mm). The gel was
xposed to an imaging plate and visualized using an FLA- 
000 imaging analyzer (Fujifilm). 

orthern blotting 

orthern blotting analysis of mt tRNA 

Leu(UUR) was 
onducted essentially as described previously ( 33 ). Total 
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RNA (3 �g) from cultured cells was dissolved in 10%
PAGE containing 7 M urea and stained with ethidium
bromide before blotting onto a nylon membrane (Amer-
sham Hybond N+; GE Healthcare Systems). A synthetic
DNA probe for mt tRNA 

Leu(UUR) was 5 

′ -labeled with
[ � - 32 P]ATP (PerkinElmer, Inc., Waltham, MA) by T4
Polyn ucleotide Kinase (To yobo , Osaka, Japan). The
following two types of probes were used: probe 1 (5 

′ -
TGTTAA GAA GA GGAATTGAA CCTCTGA CTG-3 

′ ) 
for comparing 2SA cells with 2SD cells, and probe 2 (5 

′ -
TTTTA TGCGA TTACCGGGCCCTGCCA TCTT-3 

′ ) for
comparing 2SD cells with 2KD cells. The radioactivity on
the membrane was visualized by exposing the membrane
to an imaging plate and analyzed using an FLA-7000
imaging analyzer (Fujifilm). The 5S rRNA was detected by
ethidium bromide staining. 

In vitro transcription and tRNA purification 

Three types of mt tRNA 

Leu(UUR) sequences (wild-type,
3243A > G mutation, 3243A > G mutation and 3290T > C
SNP) were amplified using 2SA, 2SD, and 2KD genomic
DNA and primers with Aat II and Sal I sequences at each
end (Supplementary Table S2). The PCR analysis was con-
ducted using PCR Thermal Cycler Dice TP-600 (Takara)
and KOD -plus- (To yobo , KOD-201) under the following
conditions: pr e denatur e at 94 

◦C for 2 min, then 30 cy-
cles of a three-step protocol consisting of denature at 94 

◦C
for 15 s, annealing at 55 

◦C for 30 s, and extension at 68 

◦C
for 30 s. Three types of mt tRNA 

Leu(UUR) sequences were
cloned by inserting into pGEM 

®-T Easy Vector (Promega,
Madison, WI, A1360). Each plasmid was extracted using
the Wizard 

® Plus SV Minipreps DNA Purification Sys-
tems (Promega, A1460) and linearized by Sal I restric-
tion enzyme digestion. Then, in vitr o run-of f transcription
was performaed by using a Riboprobe ®in vitro Transcrip-
tion Systems (Promega, P1440). The transcription reaction
was performed at 37 

◦C for 1 h in Transcription Optimized
5 × Buffer, 10 mM DTT, 20 u Recombinant RNasin 

®

Ribonuclease Inhibitor, 2.5 mM nucleotides (rATP, rGTP,
rCTP and rUTP), using 200 �g / ml of the plasmid and 15
u T7 RN A Pol ymerase. Subsequentl y, in vitro transcript
was purified and DNase treated using a RNA Clean and
Concentrator-5 kit (Zymo Research, Irvine, CA, R1013).
The RNA was eluted in a buffer containing 20 mM Tris–
HCl, pH 7.5, and 50 mM NaCl, and melt curve analysis
and polyacrylamide gel electrophoresis were performed. 

Melt curve analysis 

To determine the differences of mt tRNA 

Leu(UUR) struc-
tures, a melt curve analysis was performed by using 1:10 000
SYBR Green I Nucleic Acid Gel Stain (Thermo Fisher Sci-
entific, S7563) with r efer ence to the pr evious method ( 34 ).
First, a 10 × SYBR Green I Buffer was pr epar ed in 100
mM Tris–HCl, pH 7.5, 20 mM MgCl 2 , 1.5% (v / v) Triton
X-100 and 1.5 M NaCl by diluting the original dye 1000-
fold. To pr epar e samples for the melt curve analysis, puri-
fied tRNA samples were incubated at 65 

◦C for 5 min and
then at room temperature for 45 min. For RNase A treat-
ment of mt tRNA 

Leu(UUR) , wild-type tRNA 

Leu(UUR) was in-
cubated with 2 �g / �l RNase A (Wako, 182-01493) at 37 

◦C
for 5 min. Then, tRNA samples (wild-type tRNA 

Leu(UUR) ,
tRNA 

Leu(UUR) with 3243A > G mutation, tRNA 

Leu(UUR) 

with 3243A > G mutation and 3290T > C SNP, RNase
A-treated wild-type tRNA 

Leu(UUR) , and no RNA) were di-
luted in the 1 × SYBR Green I Buffer. The melt curve anal-
ysis was conducted using a 20 �l sample volume on the
StepOnePlus Real-Time PCR System (Applied Biosystems)
in triplicate with a temperature gradient of 0.5 

◦C / s from 50
to 95 

◦C. 

Aminoacylation assay 

The in vivo aminoacyla tion sta tus of mt tRNA 

Leu(UUR)

was analyzed by acid-urea northern blotting ( 35 ) with
slight modifications. Total RNA was extracted un-
der acidic conditions at low temperature as described
pr eviously ( 36 ). Thr ee to ten �g of total RNA was r e-
solved by 7.5% PAGE containing 7 M urea and 0.1
M NaOAc (pH 5.2) at 4 

◦C ov ernight, b lotted onto a
nylon membrane, dried, and crosslinked by UV as de-
scribed above. The DNA probes for mt tRNA 

Leu(UUR)

(5 

′ -TGTTAA GAA GA GGAATTGAA CCTCTGA CTG- 
3 

′ ) were 5 

′ -labeled with 

32 P, and northern blotting was
performed as described above. 

Metabolomics 

Blood samples were collected from three individuals in each
of the following groups: patients with 3243A > G and
3290T > C, MIDD patients with 3243A > G, and con-
trols, after fasting for more than 5 h (Supplementary Table
S3). Plasma samples were analyzed using LCMS-8060 (Shi-
madzu, Kyoto, Japan), as described previously ( 37 ). Data
processing was carried out using MetaboAnalyst ( www.
metaboanalyst.ca ). 

RESULTS 

Patients with the 3243A > G mutation with 3290T > C SNP

The 3243A > G mutation, a typical causati v e mutation of
mitochondrial disease, causes hearing loss, diabetes, and
MELAS-like symptoms (Figure 1 A). As for 3243A > G
heteroplasmy, it decreases with age in peripheral blood.
In the 44 cases analyzed in our laboratory, the rate of
3243A > G heteroplasmy in peripheral blood decreased ex-
ponentially with age (Figure 1 B). Howe v er, we experienced
four cases in two families tha t devia ted significantly from
this relationship between age and 3243A > G heteroplasmy,
and they were asymptomatic or had mild disease despite
markedly high rates of heteroplasmy (Figure 1 B and C).
Three patients (#1–1, #1–2 and #2–2) with mild disease
had no hearing loss , diabetes , or muscle symptoms despite
the 3243A > G heteroplasmy being over 90% in periph-
eral blood, and they shar ed r espiratory failur e in common,
w hich is rarel y reported in patients with 3243A > G mu-
tation (Figure 1 D). One patient (#2–1) was asymptomatic
despite a 70.6% rate of heteroplasmy in peripheral blood.
We confirmed the presence of the 3243A > G mutation
and 3290T > C SNP in mt tRN A 

Leu(UUR) in onl y these
four cases by analyzing the full-length mtDNA sequence

http://www.metaboanalyst.ca
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A

B C

D

Figure 1. Clinical information on patients with the 3243A > G mutation with 3290T > C SNP. ( A ) Cloverleaf structures of human mt tRNA 

Leu(UUR) with 
modified bases. Left panel, wild-type tRNA; central panel, tRNA with 3243A > G m utation; right panel, tRN A with 3243A > G mutation and 3290T > C 

SNP. ( B ) The le v els of 3243A > G heteroplasmy of mtDNA in peripheral blood derived from 48 patients. ( C ) Pedigrees of patients of two families. #1–1, 
#1–2, #2–1 and #2–2 have 3243A > G mutation with 3290T > C SNP. Black shows respiratory failure patients. Diagonal square shows deaf patients, for 
whom sequencing was not performed. ( D ) Disease features of four patients having the 3243A > G mutation and 3290T > C SNP. 
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Supplementary Figure S1). This suggests that the presence 
f the 3290T > C SNP is related to differences in clinical 
henotype. 
Patient #1–2 has a history of left ventricular hypertro- 

hy, sleep apnea, respiratory acidosis, and type II respira- 
ory failure, and showed improvements in symptoms after 
he introduction of non-invasi v e positi v e pr essur e ventila-
ion. Although there was no indication of symptoms typ- 
cal of mitochondrial disease, such as loss of limb mus- 
le strength, cranial neurological shedding, or heart failure, 
he treatment of mitochondrial cardiomyopathy was imple- 
ented. The rate of 3243A > G heteroplasmy was remark- 

bly high, at 93.0% in peripheral blood and 97.0% in my- 
cardium. Blood tests showed a high lactate level and high 

acta te / pyruva te ra tio of 93.7 mg / dl and 28.4, respecti v ely
Figure 1 D). 

Against the above background, we generated cybrid cells 
amed 2KD cells using platelets from patient #1–2 and 

43B osteosarcoma �0 cells to investigate whether the pres- 
nce of the 3290T > C SNP in addition to the 3243A > G
utation improves the mitochondrial damage associated 

ith the latter mutation. All six clones of cybrid 2KD cell 
ines had 99.8% or higher rate of 3243A > G heteroplasmy 

Supplementary Table S4), and the presence of 3290T > C 

NP was confirmed in the two clones of 2KD-1 and 2KD-2 

Supplementary Figure S2). 
In addition, mtDNA sequencing analysis confirmed that 

he hypervariable D-loop region of the 2KD-1 and 2KD- 
 clones had the same sequence as that of the blood sam- 
les from patient #1–2. We used wild-type 2SA cells and 

243A > G 2SD cells as controls, the rates of 3243A > G 

eteroplasmy of which were 0.02% and 99.9%, respecti v ely 

Supplementary Table S4). The mtDNA copy number was 
92 copies / cell in the 2SA cells and 258 copies / cell in the
SD cells. The 2KD cells showed a copy number range of 
80–270 copies / cell. 

itochondrial dysfunction is relatively mild in 2KD cells with 

he 3243A > G mutation with 3290T > C SNP 

e decided to evaluate mitochondrial function in the 2KD 

ells with the 3243A > G mutation with the 3290T > C 

NP. Comparati v e analysis was performed using wild-type 
SA cells and 3243A > G 2SD cells. First, to examine cell 
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proliferation, 2SA, 2SD, 2KD-1, 2KD-2 and 143B �0 cells
wer e cultur ed under high-glucose and high-galactose con-
ditions for 5 days. The high glucose conditions resulted in
an exponential increase in the numbers of all fiv e cells, in-
cluding 2SA cells (Figure 2 A). Under the high-galactose
conditions, in which mitochondrial oxidati v e phosphory-
lation is relied upon for energy production, 2SD and �0
cells showed no growth. In contrast, two clones of the 2KD
cells showed proliferation following the 2SA cells (Figure
2 A). This suggests that 2SD cells with impaired mitochon-
drial function and 143B �0 cells without mtDNA cannot
proliferate in a mitochondrially dependent manner, while
2KD cells can produce energy in a manner dependent on
mitochondria. 

Interactions between mitochondria and the endoplasmic
reticulum play an important role in the regulation of mito-
chondrial function and dynamics ( 38 , 39 ). The expression of
genes related to the endoplasmic reticulum (ER) stress re-
sponse, integrated stress response, and acting as biomark-
ers of mitochondrial disease is elevated in response to mi-
tochondrial dysfunction. Ther efor e, we evaluated the de-
gree of mitochondrial dysfunction using ER stress response
markers such as CHOP , GADD34 , Trib3 and ATF4 and
a biomarker of mitochondrial disease, GDF15 . Compared
with the le v els in the 2SA cells with normal mitochondrial
function, the expression of all genes was significantly ele-
vated in the 2SD cells (Figure 2 B). Gene expression of the
four ER stress response markers in the two clones of 2KD
cells was comparable to that in the 2SA cells (Figure 2 B).
Expression of the GDF15 gene in the 2KD cells was not as
decreased as in the 2SA cells, but was lower than in the 2SD
cells (Figure 2 B). This suggests that mitochondrial damage
is suppressed in the 2KD cells compared to the 2SD cells. 

Next, oxygen consumption was measured to assess mi-
tochondrial oxidati v e phosphorylation. In the 2SD cells,
oxygen consumption was markedly reduced compared with
that in the 2SA cells. Howe v er, oxygen consumption of the
2KD cells was intermediate between the le v els in 2SA and
2SD cells in terms of both basal and maximal respiratory
capacity and r ecover ed to approximately half that of the
2SA cells (Figure 2 C and Supplementary Figure S3). This
suggests tha t oxida ti v e phosphorylation in the 2KD cells
was improved over that in the 2SD cells, but not as much
as in the 2SA cells. 

Mitochondrial morphological dynamics is associated
with the regulation of cellular function and disease, and
fragmented mitochondria are observed in cells in cases of
mitochondrial disorders ( 40–43 ). Ther efor e, immunostain-
ing was performed to evaluate mitochondrial morphology.
When cells were classified by the mitochondrial morphol-
ogy, > 70% of the 2SA cells were classified as filament (Fig-
ur e 2 D). Meanwhile, mor e than 90% of the 2SD cells were
classified as fragmentation, while no cells consisting only
of filament-like mitochondria were found (Figure 2 D). In
the 2KD cells, around 60% of cells were classified as frag-
mentation and around 20% as filament (Figure 2 D). Com-
pared with the 2SD cells, 2KD cells showed a decrease in
fragmented mitochondria and an increase in filamentous
ones. These results suggest that mitochondrial function is
improved in the 2KD cells compared with that in the 2SD

cells.  
Mitochondrial tr anslation w as partially impro ved in the 2KD
cells with 3243A > G mutation and 3290T > C SNP 

In 3243A > G cybrid cells (2SD cells), the synthesis of
mtDNA encoded proteins is downregulated due to the
decrease in �m 

5 U modification in mt tRNA 

Leu(UUR) ( 7 ).
Ther efor e, we examined the expression of proteins consti-
tuting the mitochondrial respiratory chain to assess the
mitochondrial translation function in the 2KD cells. The
expression of mtDNA encoded proteins was significantly
downregulated in the 2SD and 143B �0 cells compared
with that in the 2SA cells (Figure 3 A). In the 2SD and
143B �0 cells, the le v els of nuclear-encoded proteins such as
NDUFB8, NDUFA9, and UQCRC1 were also decreased
(Figure 3 A). This downregulation may have been accompa-
nied by destabilization of the complex and nuclear-encoded
subunits. In contrast, the expression was completely im-
proved in the two clones of 2KD cells (Figure 3 A). In addi-
tion, the le v el of SDHA was slightly increased in the 2SD
and 143B �0 cells (Figure 3 A). These results suggest that
2KD cells are capable of synthesizing mtDNA encoded pro-
teins and any deficiency in the expression of proteins con-
sisting of the mitochondrial respiratory chain is completely
overcome. 

Next, we performed a pulse-labeling assay to comprehen-
si v ely assess the rates of synthesis of 13 mtDNA encoded
proteins. In the cell line we used, 11 subunits showed band
changes, but two subunits, ND3 and ND6, had weak bands
and were not detectable. In 2SD cells, all proteins were syn-
thesized at lower le v els than in 2SA cells, a pproximatel y 15–
50% of the 2SA cell le v els (Figure 3 B and Supplementary
Figure S4). Howe v er, in 2KD cells, most proteins tended to
be synthesized at higher ones than in 2SD cells, approxi-
mately 50–100% of the 2SA cell le v els (Figure 3 B and Sup-
plementary Figure S4). In addition, no abnormal bands
or translation defects, indicating amino acid misincorpora-
tion, were observed. These results indicate that 2KD cells
have an increased rate of protein synthesis compared with
2SD cells, but that translational function has not been re-
stored to the same extent as in 2SA cells. This incomplete
recovery of the capacity for protein synthesis may have led
to a partial recovery of oxygen consumption. 

The 2KD cells form an incomplete respiratory chain complex

Despite the complete improvement in the expression of mi-
tochondrial respiratory chain subunits in the 2KD cells,
protein synthesis capacity and oxidati v e phosphorylation
were shown to be a pproximatel y half those of the 2SA
cells (Figures 2 C, 3A and B). Therefore, we hypothesized
that the formation of the respiratory chain complex is re-
duced by an imbalance between translation in the mito-
chondria and proteins deri v ed from the nuclear genome. To
examine the ability to form respiratory chain complexes, we
evaluated the formation of complexes I–V by blue native
P AGE (BN-P AGE). First, immunoblotting of the complex
I subunit NDUFB8 detected complex I and a supercom-
plex (I + III 2 + IV) in the 2SA and 2KD cells (Figure 4 A).
The 2SD cells showed less complex formation as well as
the presence of incompletely formed subcomplexes (Figure
4 A). Ne xt, we e xamined the comple x formation using ND1
antibod y tha t r ecognizes a r egion located inside complex I
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A

B

C D

Figure 2. Improvement in oxida tive phosphoryla tion and mitochondrial function in the 2KD cells. ( A ) Cell proliferation monitored in the 2SA, 2SD, 
2KD-1, 2KD-2 and 143B �0 cells under high-glucose (left panel) and high-galactose (right panel) conditions. The cell number was determined e v ery 24 
h for 5 days after seeding. Results are expressed as the mean ± SD of three independent experiments. Student’s t -test was performed vs. 2SA cells at 
day 5, * P < 0.05, ** P < 0.01, *** P < 0.001. ( B ) The mRNA abundance of the ISR-related gene markers, CHOP , GADD34 , Trib3 and ATF4 , and a 
biomarker of mitochondrial disease, GDF15 , was assessed by RT-qPCR in the 2SA, 2SD, 2KD-1 and 2KD-2 cells. Results are expressed as the mean ± SD 

of three independent experiments. Student’s t -test was performed vs. 2SA cells, * P < 0.05, ** P < 0.01, *** P < 0.001. ( C ) Oxygen consumption in the 
2SA, 2SD, 2KD-2 and 143B �0 cells. (Left panel) Oligomycin (a complex V inhibitor) reversibly inhibits O 2 consumption, FCCP (an uncoupler of ETC 

and ATP synthase) allows maximum O 2 consumption, while rotenone (complex I inhibitor) and antimycin A (complex III inhibitor) completely inhibit 
O 2 consumption. Results ar e expr essed as the mean ± SD of fiv e independent e xperiments. (Right panel) Maximal respiration in the 2SA, 2SD, 2KD-2 
and 143B �0 cells. Results are expressed as the mean ± SD of fiv e independent e xperiments. Student’s t -test was performed vs. 2SA cells, ** P < 0.01, 
*** P < 0.001. ( D ) (Left panel) Immunofluorescence staining of MitoTracker ™ Red CMXRos in the 2SA, 2SD and 2KD-2 cells. Nuclei were stained with 
4 ′ ,6-diamidino-2-phenylindole (DAPI). Scale bar: 20 �m. (Right panel) Mitochondrial morphology of each cell was classified as follows: filament, more 
than 80% were long and higher inter connected; fragmentation, > 80% wer e small and round; filament and fragmentation, mixture of shorter filaments and 
round. The mitochondrial morphology rates were determined as percentages of the total number of cells counted ( ∼100 cells). 
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Figure 4 B) and found that complex I and the supercom- 
lex were detected by this antibody in the 2KD cells, but 
nl y slightl y in the 2SA cells (Figure 4 B, left panel). This
ay indicate that the complex I structure in the 2KD cells 

if fered from tha t in the normal 2SA cells, with a less com-
act structur e. Ther efor e, after electrophor esis, the gel was 
ubjected to SDS treatment to dissolve the complex struc- 
ures, followed by membrane transfer. The r esults r e v ealed 

D1 in the 2SA and 2KD cells after SDS treatment (Figure 
 B, right panel), suggesting that 2KD cells form an unstable 
omplex with a different structure than normal. 
Ne xt, comple x II was confirmed to be formed in all cells 
Figure 4 C). Complex III 2 was also formed in all cells, but 
omplex III 2 + IV was formed less frequently in the 2SD 

ells (Figure 4 D). Supercomplex was formed in the 2SA and 

KD cells, and the simple substance UQCRC1, a subunit 
f complex III 2 , was detected only in the 2SD cells (Fig- 
re 4 D). There was a lower rate of complex IV formation 

n the 2SD cells, and complex III 2 + IV and supercom- 
le x were observ ed only in the 2SA and 2KD cells (Figure 
 E). Immunoblotting of complex V subunits ATP5A1 and 

TP6 showed less complex V formation in the 2SD cells 
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A B

Figure 3. Improvements in protein expression and polypeptide synthesis. ( A ) Expression of mitochondrial proteins. Fi v e micrograms of protein for each 
sample were loaded and blots were incubated with the indicated antibodies. Lane 1, 2SA cells; lane 2, 2SD cells; lane 3, 143B �0 cells; lane 4, 2KD-1 cells; 
lane 5, 2KD-2 cells. Mt: OXPHOS protein encoded by mtDNA; N: OXPHOS protein encoded by nuclear DNA. ( B ) 2SA, 2SD and 2KD-2 cells were 
pulse-labeled during the reaction with a mixture of [ 35 S]-methionine and [ 35 S]-cysteine in the presence of emetine, and then detected by autor adiogr aphy 
after SDS-PAGE. Each protein encoded by mtDNA is indicated on the left. 
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than in the 2SA and 2KD cells (Figure 4 F). There was also
a higher rate of complex V dimer formation in the 2SA cells
for ATP6 (F o domain), and incompletely formed subcom-
plex es wer e detected in the 2SD and 2KD cells for ATP5A1
(F 1 domain) (Figure 4 F). This indicates that the 2KD cells
partially formed incomplete comple xes, e v en for comple x V.
These results suggested that oxidati v e phosphorylation in
the 2KD cells may not have been completely improved due
to the incompleteness of the respiratory chain complex, de-
spite all of the complexes being present at the same le v el as
in the 2SA cells. 

� m 

5 u modification rate is partially restored in 2KD cells 

Reduced mt tRNA 

Leu(UUR) stability and defecti v e �m 

5 U
modifications have been reported in MELAS patients with
the 3243A > G mutation ( 6 , 16 ). Ther efor e, we performed
northern blotting to analyze stead y-sta te level of mt
tRNA 

Leu(UUR) . Owing to the presence of two mutations
(3243A > G and 3290T > C) in mt tRNA 

Leu(UUR) , a
common DNA probe was not available. Ther efor e, we
used two different probes to compare 2SA to 2SD, and
2SD to 2KD, respecti v ely. The radio-labeled band of mt
tRNA 

Leu(UUR) in each cell was normalized by 5S rRNA.
Stead y-sta te le v el of mt tRNA 

Leu(UUR) was significantly
reduced in the 2SD cells (38%) relati v e to that in the 2SA
cells (100%) (Figure 5 A, left panels), whereas it was slightly
but significantly increased in 2KD-2 cells (55%) (Figure
5 A, right panels). Next, we measur ed �m 

5 U fr equency of
mt tRNA 

Leu(UUR) by a primer extension method assisted
by chemical deriva tiza tion of �m 

5 U with CMC ( 31 ).
We confirmed notable reduction of �m 

5 U frequency in
2SD cells (32%) compared to that in 2SA cells (100%)
and found a significant increase of �m 

5 U frequency in
2KD-2 cells (59%) (Figure 5 B). These findings suggest
that 3290T > C haplotypic mutation contributes to partial
recovery of stead y-sta te le v el and �m 

5 U frequency of
mt tRNA 

Leu(UUR) with 3243A > G mutation, thereby
improving mitochondrial translation and respiratory
activity. 

Mt tRNA 

Leu(UUR) with the 3243A > G mutation and
3290T > C SNP has a different structure than mt
tRNA 

Leu(UUR) with the 3243A > G mutation 

The abnor mal tRNA confor mation and decreased aminoa-
cylation have been reported in mt tRNA 

Leu(UUR) with the
3243A > G mutation ( 6 , 22 ). Ther efor e, we conducted melt
curve analysis based on the intercalation of the SYBR
Gr een I fluorophor e to confirm the structural differences
of mt tRNA 

Leu(UUR) in wild-type, 3243A > G mutation,
and 3243A > G mutation with 3290T > C SNP. When
double-stranded nucleic acid bound to SYBR Green I fluo-
rophore is thermally denatured, the fluorophore is released
and the fluorescence signal ra pidl y decreases at the melt-
ing temperature ( T m 

). Then, plotting this negati v e deri va-
ti v e ( � fluorescence / � temperature) against the temper-
ature, we get the melting curve of each nucleic acid. For
that reason, any changes of tertiary structure and stabil-
ity in mt tRNA 

Leu(UUR) can alter the melting curves profiles
( 34 ). The T m 

values of mt tRNA 

Leu(UUR) were 68.8 ± 0.4 

◦C
in wild-type, 62.3 ± 0.9 

◦C in 3243A > G mutation, and
64.4 ± 0.9 

◦C in 3243A > G mutation with 3290T > C
SNP (Figure 5 C). We also confirmed that these unfolding
curves ar e differ ent from those of RNase A-treated wild-
type mt tRNA 

Leu(UUR) and No RNA samples (Supplemen-
tary Figure S5). In addition, to confirm that these melting
curv es were deri v ed from mt tRNA 

Leu(UUR) , we performed
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A D

E

F
C

B

Figur e 4. Partiall y incomplete r espiratory chain complex es in the 2KD cells. The formation of r espiratory chain complex es was assessed by BN-PAGE 

anal ysis. ( A ) Imm unoblotting with NDUFB8 antibody. C I, complex I; SC, supercomplex formed by complexes I, III 2 and IV. ( B ) Immunoblotting with 
ND1 antibody. Before transferring proteins to membrane, the polyacrylamide gel was put in SDS buffer to loosen the complexes (right panel). ( C ) Im- 
munoblotting with SDHA antibody. C II, complex II. ( D ) Immunoblotting with UQCRC1 antibody. CIII 2 , dimeric complex III; III 2 + IV, supercomplex 
formed by complexes III 2 and IV; SC, supercomplex formed by complexes I, III 2 , and IV. ( E ) Immunoblotting with COX I antibody. C IV, complex IV. 
( F ) Immunoblotting with ATP5A1 (left panel) and ATP6 (right panel) antibody. CV, complex V; CV dimer, dimer formation of complex V; Subcomplex, 
complex containing F 1 subunits. The molecular masses (in kDa) of the molecular mass standards are shown. 
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lectrophoresis using the samples after the in vitro transcrip- 
ion. We showed that only pure mt tRNA 

Leu(UUR) generated 

y in vitro transcription was present (Figure 5 D). 
Next, we analyzed aminoacylation status of mt 

RNA 

Leu(UUR) by acid-urea northern blotting. We con- 
rmed a significant reduction of the aminoacylation le v el in 

SD cells (78%) compared to that in 2SA cells (100%) (Sup- 
lementary Figure S6). In contrast, the aminoacylation 

e v el in 2KD-2 cells (91%) tended to improve compared 

o that in 2SD cells, but not significantly (Supplementary 

igure S6). Howe v er, the lack of improv ement in aminoa- 
ylation suggests that the mutation did not directly lead to 

n improvement in oxidative phosphorylation capacity. 
a
etabolite characteristics of patients with 3243A > G muta- 
ion with 3290T > C SNP 

o evaluate the effects of mitochondrial dysfunction on 

eta bolism, meta bolomic analysis was performed us- 
ng plasma from patients with mitochondrial disease. 
hree groups of patients were analyzed: patients with the 
243A > G mutation with 3290T > C SNP, MIDD pa- 
ients with the 3243A > G mutation, and controls (Sup- 
lementary Table S3). Biochemical tests, including lactate 
nd hematological tests on blood samples from healthy 

ubjects, gave normal results. How ever, when w e exam- 
ned the differences among the groups, principal component 
nalysis (PCA), a first-pass method to identify chemical 
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Figure 5. Improvements in the stead y-sta te le v el and �m 

5 U modification rate of mt tRNA 

Leu(UUR) in the 2KD cells. ( A ) Stead y-sta te le v el of mt- 
tRNA 

Leu(UUR) in each cell line measured by northern blotting. Specific probe 1 and probe 2 were used to detect mt-tRNA 

Leu(UUR) in 2SA and 2SD 

(left panels) and 2SD and 2KD-2 (right panels), respecti v el y. 5S rRN As stained with EtBr are used as loading controls. The lower panel shows relati v e 
mt-tRNA 

Leu(UUR) le v els normalized by that in 2SD. Results are expressed as the mean ± SD of three independent experiments. Statistical significance was 
assessed by Student’s t -test, *** P < 0.001. ( B ) Measuring �m 

5 U frequency of mt-tRNA 

Leu(UUR) by CMC-PE for the 2SA, 2SD and 2KD-2 cells. CMC-PE 

was performed in the indicated cell lines (upper panel). cDNA stops at position 32 by inserting dideoxyguanosine (indicated in band a and blue arrow), 
at positions 33 (band b and red arrow) and 35 (band c and yellow arrow) by CMC- �m 

5 U34 are indicated on the right side. The intensity ratio of �m 

5 U 

was calculated as (b + c) / (a + b + c), and a calibration curve was pr epar ed using HeLa and G3KO cells, which have known �m 

5 U modification rates of 
96.3% and 0%, respecti v ely. The �m 

5 U modifica tion ra te of each cell was calculated by a ppl ying the intensity ratio of �m 

5 U to the calibration curve (lower 
panel). Results ar e expr essed as the mean ± SD of three independent experiments. Statistical significance was assessed by Student’s t-test, *** P < 0.001. 
( C ) The melt curve analysis of mt tRNA 

Leu(UUR) in wild-type, 3243A > G mutation, and 3243A > G mutation with 3290T > C. The unfolding curves are 
shown wild-type in blue, 3243A > G mutation in orange, and 3243A > G mutation with 3290T > C in red (left panel). Each melting temperature ( T m 

) is 
expressed the mean ± SD of three independent experiments (right panel). ( D ) The electrophoresis of mt tRNA 

Leu(UUR) in wild-type, 3243A > G mutation, 
and 3243A > G mutation with 3290T > C. Each mt tRNA 

Leu(UUR) used in the melt curve analysis consists of a single species. 
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differences between high-dimensional spectral measure-
ments ( 44 ), failed to separate the three groups due to strong
overlap among them. Nonetheless, partial least squares dis-
criminant analysis (PLS-DA) managed to separate the three
groups, indica ting tha t each group had a different metabolic
profile (Figure 6 A). Metabolites, including lactate, argi-
nine , and citrulline , had the highest VIP (variable impor-
tance in the projection) scor es, a pr ediction of the impor-
tance in the PLS model ( 45 ). Ther efor e, these metabolites
were shown to have influenced the separation of each group
(Figure 6 B). In addition, the classical markers of lactate,
pyruvate, and alanine tended to be elevated in the disease
group relati v e to their le v els in the contr ol gr oup, with a
particularly large increase being observed for lactate in the
3243A > G with 3290T > C group (Figure 6 C). In the
3243A > G with 3290T > C group, arginine and citrulline
were significantly decreased compared with those in the
contr ol gr oup, w hile citrulline was also significantl y lower
than that in the 3243A > G MIDD group (Figure 6 C).
In the 3243A > G MIDD group, methionine, dimethyl-
glycine, aminobutyric acid, and epinephrine were signifi-
cantly different from the le v els in the control group and the
3243A > G with 3290T > C group (Figure 6 C). Reduced
glutathione was significantly reduced compared with that
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A

C

B

Figur e 6. LC-MS metabolomic anal ysis in the 3243A > G with 3290T > C, 3243A > G MIDD and contr ol gr oups. ( A ) P artial least squar es discriminant 
analysis (PLS-DA) discriminating three groups. Red point, 3243A > G with 3290T > C group; green point, 3243A > G MIDD group; blue point, control 
group. ( B ) VIP scor e r epr esents the importance for distinguishing thr ee groups by PLS-DA. The color ed box es on the right show the r elati v e concentration 
of the corresponding metabolite in each group. ( C ) Characteristic metabolites in 3243A > G with 3290T > C group ( n = 3) and 3243A > G MIDD group 
( n = 3). Results are expressed as the mean ± SD of three independent experiments. Statistical significance was assessed by Student’s t -test, * P < 0.05. 
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n the control group (Figure 6 C). These results suggest that 
actate , arginine , and citrulline are characteristic metabo- 
ites of the 3243A > G with 3290T > C group and may 

erve as markers to distinguish patients with the 3243A > G 

utation and controls. In addition, methionine, dimethyl- 
lycine, aminobutyric acid, epinephrine, and reduced glu- 
athione are characteristic metabolites of the 3243A > G 

IDD group and not of the 3243A > G with 3290T > 

 group. 

ISCUSSION 

n this study, we found that the presence of both the 
243A > G mutation and the 3290T > C SNP in mt 
RN A 

Leu(UUR) gene partiall y improved the rate of �m 

5 U 

odifica tion, restoring mitochondrial transla tion func- 
ion, respiratory chain complex formation, and mitochon- 
rial function compared to MELAS cells with only the 
243A > G mutation. The 3290T > C is an SNP possessed 

y ha plo group F4a and is widely found in Southeast Asia, 
uch as Taiwan, China, and Japan. The overall frequency 

f the 3290T > C SNP in mt tRNA 

Leu(UUR) gene is about 
.22%, and this haplotypic mutation is supposed to impli- 
ate in the pathogenesis of the disease in the Chinese Han 

ypertensi v es ( 46 ). Howe v er, no association with hyperten- 
ion was found for the four individuals in this study. 

Liu et al. reported that a high rate of 3243A > G het-
roplasmy was observed in peripheral blood not only in 

 proband diagnosed with mitochondrial myopathy and 

howing dyspnea but also in asymptomatic family mem- 
ers in Han Chinese families belonging to ha plo group F4a 

 26 ). In addition, some case reports have indicated that 
he presence of the 3290T > C SNP affects the clinical 
henotype ( 25 , 26 ), while a few reports have confirmed pa- 
ients with the 3243A > G mutation showing respiratory 

ailure as an early clinical feature in Asian countries ( 47– 

1 ). Although ha plo group anal ysis has not been conducted 

n these patients, we considered that they are likely to 

ave the 3290T > C SNP in common. Kamakura et al. 
ssumed that the increase of abnormal mitochondria in 

he diaphragm may lead to weakness of respiratory mus- 
le and respiratory failure ( 47 ), but detailed analysis and 

etermination of the mechanism involved have not been 

erformed. 
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A heteroplasmic mutation, G12300A, in another mt
leucine tRNA gene, mt tRNA 

Leu(CUN) , which functions as a
suppressor of respiratory failure, including the 3243A > G
mutation, has been reported ( 52 ). To suppress the MELAS
mutation, it is important to acquire a wobble modification
in the other tRNA 

Leu(CUN) ( 53 ). The finding of a 3290T > C
ha plotypic m utation in mt tRNA 

Leu(UUR) that r estor es tau-
rine modification by conformational change suggests a new
molecular mechanism for MELAS. 

The clinical presentation caused by the 3243A > G muta-
tion depends on the organs or tissues in which the mutated
mtDNA is distributed. In non-meristematic tissue such as
skeletal muscle, the rate of 3243A > G heteroplasmy corre-
lates with age and disease se v erity. Meanwhile, in peripheral
blood, the rate of 3243A > G heteroplasmy decreases ex-
ponentially with age because hematopoietic stem cells with
high 3243A > G heteroplasmy are selecti v ely eliminated
( 22 , 23 ). Howe v er, patients with the 3243A > G mutation
with the 3290T > C SNP retained a 3243A > G hetero-
plasmy rate of more than 90% in peripheral blood (Figure
1 D). This indicates that cells with the 3243A > G mutation
with 3290T > C SNP have not been eliminated; in other
wor ds, mitochondrial function hav e not been reduced to the
extent that it exceeded the threshold of selective exclusion. 

The 3243A > G cybrid cells (2SD cells) have been re-
ported to exhibit decreases in mitochondrial protein syn-
thesis, respiratory chain enzyme activity, and oxygen con-
sumption ( 6 , 12–14 ). This study also confirmed that mito-
chondrial function was greatly reduced in the 2SD cells.
Meanwhile, mitochondrial function was improved in the
2KD cells with the 3243A > G mutation and 3290T > C
SNP. In particular, the subunits of the mitochondrial res-
piratory chain encoded by mtDNA were expressed to the
same extent as in wild-type 2SA cells (Figure 3 A). However,
the le v els of subunit e xpression do not necessarily correlate
with respiratory chain enzyme activity or functional com-
plex formation ( 6 , 15 ). In fact, the oxygen consumption of
the 2KD cells was only around half that of the 2SA cells
(Figure 2 C). This was probably due to the presence of some
unstable and incomplete respiratory chain complexes in the
2KD cells because complete recovery of the �m 

5 U modifi-
cation in mt tRNA 

Leu(UUR) had not occurred and transla-
tional rate was incomplete. 

Activity of the mitochondrial respiratory chain, includ-
ing complex I, has been reported to be decreased in MELAS
patients ( 8 ). In this study, MELAS 3243A > G cells (2SD
cells) showed markedly decr eased expr ession not only of
ND1 encoded by mtDNA but also of NDUFB8 and ND-
UFA9 encoded in the nucleus (Figure 3 A); this indicates
destabilization of complex I. Meanwhile, the steady-state
le v els of ND1, NDUFB8 and NDUFA9 were improved in
the 2KD cells (Figure 3 A). These results are also consistent
with the results of complex I formation (Figure 4 A). How-
e v er, oxygen consumption was reduced by around half in the
2KD cells compared with that in the 2SA cells. Thus, e v en
in the 2KD cells, which show improvement in �m 

5 U mod-
ification, there may be structural and functional defects in
complex I, which is particularly affected by �m 

5 U modifi-
cation. Complexes III and IV contain one and three sub-
units encoded by mtDNA, respecti v ely, and they have a low
proportion of UUG codons. Thus, these complexes are ex-
pected not to show as much destabilization or loss of func-
tion as complex I (Figure 4 ). 

Complex V is composed of two domains: membrane-
extrinsic and matrix-facing F 1 plus membrane-intrinsic F o .
The formation of the F 1 domain is followed by the assembly
of various subunits, and finally mtDNA-encoded ATP6 and
ATP8 are incorporated into the F o domain. Howe v er, the
inhibition of mitochondrial translation results in the accu-
mulation of complex V intermediates (subcomplexes) prior
to ATP6 and ATP8 insertion, and the stead y-sta te le v el of
complex V is also reduced ( 54–56 ). In this study, we detected
subcomplexes in the 2SD and 2KD cells when the forma-
tion of complex V was confirmed for ATP5A1, a subunit in
F 1 domain (Figure 4 F). Subcomplex formation was partic-
ularly pronounced in the 2SD cells, but was rarely detected
in the wild-type 2SA cells. This suggests that the amount
of subcomplex increases with increasing impairment of the
mitochondrial translational function, leading to decreased
activity of complex V. 

Complex V dimers are also important for mitochondrial
morphology because they are involved in the formation
of the lamellar and highly curved crista ridges ( 57–60 ). In
the 2KD cells, slight abnormalities were considered to be
in mitochondrial morphology because there was less for-
mation of complex V dimers (Figure 2 D & 4 F). In fact,
the 2SA cells had more filamentous mitochondria, while
the 2SD cells had more fragmented ones, indicating mito-
chondrial dysfunction (Figure 2 D). The decrease of dimers
as well as monomers is considered to be one reason for
the decline in mitochondrial function, including oxidati v e
phosphorylation. 

Next, we focused on the synthesis rate and defects of the
mtDNA-encoded proteins with respect to complex desta-
bilization. In the 2SD cells, few of the seven subunits of
complex I were synthesized except for ND2 and ND3; this
would result in the much low rate of formation of complex
I (Figures 3 B & 4A ). Meanwhile, the ra te of forma tion of
complex IV was decreased, even though the synthesis of
complex IV subunits COX I, II, and III was confirmed (Fig-
ures 3 B and 4 E). Therefore, the synthesized subunits are
likely to be fragile before they form a complex or the formed
complex es ar e fragile. Indeed, it has been r eported that r e-
duced subunit synthesis itself is not a factor leading to de-
cr eased r espiratory activity or oxygen consumption ( 16 , 61 ).
In the 2KD cells, the stead y-sta te le v el of each subunit was
completely improved and complex formation was compa-
rable to that in the 2SA cells, although the overall synthesis
rate was lower than that in the 2SA cells (Figures 3 A, B and
4). Ther efor e, the mechanisms of synthesis and degradation
of mitochondrial proteins in the 2KD cells may differ from
normal 2SA cells. 

The formation of �m 

5 U in mt tRNA anticodon is cat-
alyzed by an enzyme complex, MTO1 and GTPBP3. When
mt tRNA 

Leu(UUR) has one of fiv e different point mutations
(3243A > G, 3244G > A, 3258T > C, 3271T > C and
3291T > C) deri v ed from patients showing the clinical fea-
tures of MELAS, a lack of �m 

5 U modification has been
confirmed ( 16 ). In a model structure of the MTO1 com-
plexed with tRNA, four mutations (with the exception of
3271T > C) were shown to be loca ted a t the interface con-
tacting the modifying enzyme ( 22 ). Ther efor e, it is assumed
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ha t these muta tions may impair recognition of the mutant 
t tRNA 

Leu(UUR) s by MTO1 ( 18–22 ). 
In the L-shaped tertiary structure of mt tRNA 

Leu(UUR) , 
ong-r ange inter actions take place between residues U8- 
14-A21, R15-Y48, G18-Y55 and G19-C56 ( 62 , 63 ). How- 
 v er, the 3243A > G (A14 in tRNA numbering) can dis- 
upt the tertiary interaction of U8-A14-A21, and makes 
t tRNA 

Leu(UUR) structure fragile ( 22 ). We thought that 
290T > C SNP, corresponding to U > C at position 59 in 

t tRNA 

Leu(UUR) , enhances a proper conformation of mt 
RNA 

Leu(UUR) with the 3243A > G mutation and improves 
inding affinity to MTO1 by taking place a new tertiary 

nteraction in C59. As for the le v els of mt tRNA 

Leu(UUR) , 
hose of cybrid cells with the 3243A > G mutation deri v ed
rom a MELAS patient have been reported to be reduced 

o a pproximatel y 30–50% of the le v els in wild-type cells,
hich has been considered to be due to mt tRNA 

Leu(UUR) 

ith the 3243A > G mutation being easily degraded ( 7 , 9 ).
n the other hand, mt tRNA 

Leu(UUR) le v els in the 2KD 

ells were significantly improved relati v e to those in the 2SD 

ells in this study (Figure 5 A). This also suggests that the 
290T > C SNP is likely to stabilize the structure of mt 
RNA 

Leu(UUR) with the 3243A > G mutation. Actually, we 
ave shown that mt tRNA 

Leu(UUR) with the 3290T > C 

NP in addition to 3243A > G mutation has a different 
tructur e compar ed to that with the only 3243A > G mu-
ation in melting curve analysis (Figure 5 C). Howe v er, it 
hould be considered that this structural analysis was ob- 
ained using mt tRNA 

Leu(UUR) without post-transcriptional 
odifications. 
We also confirmed tha t lacta te le v els in plasma were sig-

ificantly higher in patients with the 3243A > G mutation 

nd 3290T > C SNP (Figure 1 D). Classical markers, such 

s lacta te, pyruva te, and alanine, are elevated in mitochon- 
rial diseases ( 5 , 64 , 65 ), but we thought that the significantly
igh le v els of lactate may be associated with the respiratory 

ymptoms of patients with the 3243A > G mutation and 

290T > C SNP (Figure 6 C). Lena et al. reported that argi- 
ine le v els in plasma ar e decr eased in sleep apnea ( 66 ), and
hus we assumed that the low le v els of arginine in patients 
ith the 3243A > G mutation and 3290T > C SNP may also 

e associated with respiratory symptoms (Figure 6 C). Glu- 
athione, w hich was significantl y decreased onl y in MIDD 

atients when compared with the le v el in controls (Figure 
 C), is an antioxidant that protects cells from reacti v e oxy- 
en species. Ther efor e, patients with the 3243A > G muta- 
ion and 3290T > C SNP may also have resistance to oxida- 
i v e stress similar to controls. In addition, GDF15 is known 

s a biomarker whose expression increases with increasing 

linical se v erity of mitochondrial disease, and its le v els in 

lood samples and cybrid cells deri v ed from MELAS pa- 
ients have been shown to be elevated in metabolomic anal- 
sis ( 5 , 67–69 ). In this study, the expression of GDF15 was
educed in the 2KD cells compared with that in the 2SD 

ells (Figure 2 B), which is likely to reflect a restoration of 
itochondrial function. From these analyses, we confirmed 

ha t pa tients with the 3243A > G mutation have different 
etabolic profiles depending on the clinical presentation. 
his shows the potential to establish biomarkers for various 

iseases with 3243A > G mutation other than MELAS. 
In this study, we showed that 3290T > C haplotypic mu- 
ation improved mitochondrial function and clinical symp- 
oms of patients with 3243A > G mutation. This work 

ould contribute to our understanding of the mechanism 

hat improves �m 

5 U modification and aid the de v elopment 
f new therapeutic agents for MELAS by discovering small 
olecules that have the effect of bringing mt tRNA 

Leu(UUR) 

tructure closer to normal. 
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Kühlbrandt,W. (2012) Structure of the yeast F1Fo-ATP synthase 
dimer and its role in shaping the mitochondrial cristae. Proc. Natl. 
Acad. Sci. U.S.A. , 109 , 13602–13607. 

9. He,J., Ford,H.C., Carroll,J., Ding,S., Fearnley,I.M. and Walker,J.E. 
(2017) Persistence of the mitochondrial permeability transition in the 
absence of subunit c of human ATP synthase. Proc. Natl. Acad. Sci. 
U.S.A. , 114 , 3409–3414. 

0. Paumard,P., Vaillier,J., Coulary,B., Schaeffer,J., Soubannier,V., 
Mueller,D .M., Br ̀ethes,D ., di Rago,J .-P. and Velours,J . (2002) The 
ATP synthase is involved in generating mitochondrial cristae 
morphology. EMBO J. , 21 , 221–230. 

1. Janssen,G.M., Maassen,J.A. and van den Ouweland,J.M. (1999) The 
diabetes-associated 3243 mutation in the mitochondrial tRNALeu 
(UUR) gene causes se v ere mitochondrial dysfunction without a 
strong decrease in protein synthesis rate. J. Biol. Chem. , 274 , 
29744–29748. 

2. HELM,M., BRUL ́E,H., FRIEDE,D., GIEG ́E,R., Puetz,D. and 
FLORENTZ,C. (2000) Search for characteristic structural features of 
mammalian mitochondrial tRNAs. RNA , 6 , 1356–1379. 

3. Sohm,B., Frugier,M., Brul ́e,H., Olszak,K., Przykorska,A. and 
Florentz,C. (2003) Towards understanding human mitochondrial 
leucine aminoacylation identity. J. Mol. Biol. , 328 , 995–1010. 

4. Esterhuizen,K., Van der Westhuizen,F.H. and Louw,R. (2017) 
Metabolomics of mitochondrial disease. Mitochondrion , 35 , 97–110. 

5. Rahman,J. and Rahman,S. (2018) Mitochondrial medicine in the 
omics era. Lancet North Am. Ed. , 391 , 2560–2574. 

6. Lavie,L., Hefetz,A., Luboshitzky,R. and Lavie,P. (2003) Plasma le v els 
of nitric oxide and L-arginine in sleep apnea patients. J. Mol. 
Neurosci. , 21 , 57–63. 

7. Maresca,A., Del Dotto,V., Romagnoli,M., La Morgia,C., Di Vito,L., 
Capristo,M., Valentino,M.L. and Carelli,V. (2020) Expanding and 
validating the biomarkers for mitochondrial diseases. J. Mol. Med. , 
98 , 1467–1478. 

8. Fujita,Y., Ito,M., Kojima,T., Yatsuga,S., Koga,Y. and Tanaka,M. 
(2015) GDF15 is a novel biomarker to evaluate efficacy of pyruvate 
therapy for mitochondrial diseases. Mitochondrion , 20 , 34–42. 

9. Yatsuga,S., Fujita,Y., Ishii,A., Fukumoto,Y., Arahata,H., 
Kakuma,T ., Kojima,T ., Ito,M., Tanaka,M., Saiki,R. et al. (2015) 
Growth dif ferentia tion factor 15 as a useful biomarker for 
mitochondrial disorders. Ann. Neurol. , 78 , 814–823. 
ids Research. 
Attribution-NonCommercial License 
-use, distribution, and reproduction in any medium, provided the original work 
m 

iversity user on 30 N
ovem

ber 2023


	ABSTRACT
	GRAPHICAL ABSTRACT
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	DATA AVAILABILITY
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	Conflict of interest statement
	REFERENCES

