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ABSTRACT

Mutations in mitochondrial (mt-)tRNAs frequently
cause mitochondrial dysfunction. Mitochondrial my-
opathy, encephalopathy, lactic acidosis, and stroke-
like episodes (MELAS), and myoclonus epilepsy as-
sociated with ragged red fibers (MERRF) are major
clinical subgroups of mitochondrial diseases caused
by pathogenic point mutations in tRNA genes en-
coded in mtDNA. We previously reported a severe
reduction in the frequency of 5-taurinomethyluridine
(+m5U) and its 2-thiouridine derivative (rm®s2U) in
the anticodons of mutant mt-tRNAs isolated from the
cells of patients with MELAS and MERRF, respec-
tively. The hypomodified tRNAs fail to decode cog-
nate codons efficiently, resulting in defective trans-
lation of respiratory chain proteins in mitochon-
dria. To restore the mitochondrial activity of MELAS
patient cells, we overexpressed MTO1, a Tm°U-
modifying enzyme, in patient-derived myoblasts. We
used a newly developed primer extension method
and showed that MMTO1 overexpression almost com-
pletely restored the » m°U modification of the MELAS
mutant mt-tRNAU(UUR)_ An increase in mitochondrial
protein synthesis and oxygen consumption rate sug-
gested that the mitochondrial function of MELAS pa-
tient cells can be activated by restoring the T m°U
of the mutant tRNA. In addition, we confirmed that
MTO1 expression restored the T m®s2U of the mutant
mt-tRNAYS in MERRF patient cells. These findings
pave the way for epitranscriptomic therapies for mi-
tochondrial diseases.

INTRODUCTION

Mitochondria are eukaryotic organelles that produce most
of the cellular energy in the form of ATP through a pro-
cess referred to as oxidative phosphorylation (OXPHOS).
Mitochondria also play a critical role in various physiologi-
cal activities and metabolic processes, including generation
of reactive oxygen species (ROS), intracellular Ca>* home-
ostasis, heme and steroid biogenesis, regulation of prolifer-
ation and differentiation, and programmed cell death (1).
Mitochondria have their own genome, called mitochon-
drial DNA (mtDNA), and its expression system (2). Hu-
man mtDNA is a circular double-stranded DNA encoding
37 genes: 13 for the essential subunits of respiratory com-
plexes, 22 for tRNAs (mt-tRNAs), and 2 for rRNAs (mt-
rRNAs) (3). To translate 13 proteins, mitochondria have
their own protein synthesis machinery, which consists of
mitochondrial ribosomes (mitoribosomes), mt-tRNAs, and
several translational factors (2,4-6). All RNA components
required for the mitochondrial translational apparatus are
encoded in mtDNA, whereas its protein components are en-
coded in the nuclear genome, translated in the cytoplasm,
and imported to mitochondria.

Dysregulation of mitochondrial activities has pathologi-
cal outcomes (1,7,8). Mitochondrial diseases are clinically
and genetically heterogeneous disorders caused by mito-
chondrial dysfunction (7,9). Because efficient mitochon-
drial activity is particularly necessary for energy-consuming
organs such as the brain and muscles, mitochondrial dis-
eases are also called ‘mitochondrial encephalomyopathies’
(10). Several human diseases are associated with pathogenic
mutations in mtDNA and/or nuclear genes responsible for
mitochondrial function. Of 997 pathogenic mutations in
mtDNA identified to date, 374 are located in mt-tRNA
genes (MITOMAP, www.mitomap.org) (11,12), suggesting
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that pathogenic mutations in mt-tRNAs are particularly as-
sociated with mitochondrial diseases.

Mitochondrial myopathy, encephalopathy, lactic acido-
sis, and stroke-like episodes (MELAS) (13) and myoclonus
epilepsy associated with ragged red fibers (MERRF) (14)
are major and well-characterized clinical subgroups of mi-
tochondrial diseases caused by point mutations in the mt-
tRNALUWUUR) (15 17) and mt-tRNAMS genes (18), respec-
tively. Approximately 80% of individuals with MELAS have
an A-to-G point mutation at position 3243 (3243A > G)
in the mt-tRNAM" gene responsible for the UUR codons
(Figure 1A), and another 10% have a 3271T > C mutation
in the same tRNA gene (Figure 1A). Many individuals with
MERRF have an 8344A > G mutation in the mt-tRNADY*
gene (Figure 1B).

The position 3243 in mtDNA corresponds to position 14
in mt-tRNAU (UUR) (Figure 1A). In the canonical tRNA
structure, A14 makes a reverse-Hoogsten base pair with
US to stabilize the tRNA core region. It has been specu-
lated that the 3243A > G mutation destabilizes the mutant
tRNA in MELAS patient cells (19,20). Our group previ-
ously reported that the steady-state level and half-life of
the 3243A > G mutant tRNA are significantly decreased
(21). The aminoacylation level of the mutant tRNA is also
reduced to approximately 70% of that of the wild-type
tRNA (21).In addition, several studies have shown that the
3243A > G MELAS mutation impairs transcription termi-
nation (22), tRNA processing (23), proper tRNA confor-
mation (24), and aminoacylation (25-27), thereby hamper-
ing the synthesis of respiratory chain proteins by mitochon-
dria (28,29) and leading to respiratory deficiency (30-32).

The most striking finding in the MELAS mutant
tRNA is loss of tRNA modification. We observed se-
vere impairment of 5-taurinomethyluridine (tm°U) in mt-
tRNALUUUR) jsolated from MELAS patient cells with
3243A > G, 3271U > C, or other mutations (3244G > A,
3258U > C and 3291U > C) associated with MELAS
(Figure 1A) (21,33). These findings strongly suggest that
MELAS mutations hinder recognition by GTPBP3 and
MTOI1, an enzymatic complex responsible for the Tm°U
modification (Figure 1C) (34). Tm°U is a unique tRNA
modification that is specifically present at the first posi-
tion of the anticodon of the mt-tRNAs for Leu(UUR)
and Trp, and its 2-thiouridine derivative, 5-taurinomethyl-
2-thiouridine (tm’s?U), is present at the same position
in mt-tRNAs for Lys, Gln, and Glu (Figure 1C) (35,36).
The hypomodified mt-tRNAX*VUR) Jacking tm>U nor-
mally decodes the UUA codon but fails to decode the
UUG codon efficiently (37), indicating that Tm>U at po-
sition 34 (tm>U34) stabilizes U-G wobble pairing at the
A site of the ribosome (38). Ribosome profiling revealed
that mitoribosomes frequently accumulate at the UUG
codon in fibroblasts bearing the 3243A > G mutation as
well as in MTOI-knockout (KO) cells (39), demonstrat-
ing that Tm>U34 is crucial for UUG decoding in mito-
chondrial translation. The synthesis of ND6, a mtDNA-
encoded subunit of respiratory chain complex I, in mito-
chondria decreases as the mutation rate of 3243A > G
in mtDNA increases (32,40). Because ND6 has the high-
est usage of UUG codons among the 13 genes encoded in
mtDNA, its translation is severely affected by loss of Tm’U

in the MELAS mutant tRNA. This molecular mechanism
explains why complex I deficiency is the major biochemical
symptom of MELAS (41,42). We also found loss of Tm’s>U
in mt-tRNAD* with the 8344A > G mutation isolated from
MERREF patient cells (Figure 1B) (43-45). The hypomod-
ified mt-tRNADS was unable to efficiently decode either
AAA or AAG codons, leading to defective mitochondrial
translation and respiratory activity (43,46). Partial modi-
fication of 1-methyladenosine (m'A) at position 58 is also
impaired in the MERRF mutant mt-tRNAMS (Figure 1B)
(47).

The pathogenic mutations associated with MELAS and
MERRF prevent rm>U-modifying enzymes from recogniz-
ing their substrate tRNAs. tm>U formation is catalyzed by
MTOI and GTPBP3 in the presence of taurine and 5,10-
methylene-tetrahydrofolate (CH,-THF) as substrates, and
GTP, FAD, NADH and K* as cofactors (Figure 1C) (34).
We used a metabolic labeling experiment to demonstrate
that the B-carbon of L-serine is a source of the methy-
lene group of Tm>(s?>)U via CH,-THF in one-carbon (1C)
metabolism. This finding is supported by the observation
that the Tm>(s*)U frequency is reduced in cells harboring
mutations in SHM T2 and mitochondrial folate transporter
(MTF) (34).

The physiological importance of tTm>(s>)U has been
demonstrated by pathogenic mutations in M7O! and
GTPBP3. Loss-of-function mutations of these genes are as-
sociated with hypertrophic cardiomyopathy and lactic aci-
dosis (48-50). Patients with these mutations exhibit mito-
chondrial dysfunction characterized by low oxygen con-
sumption and respiratory chain activity. Mtol KO mouse
embryos die at an early developmental stage, and heart-
specific Mtol conditional KO mice die within 24 h after
birth (51). These observations demonstrate that Tm°U is
essential for animal development. Mtol KO cells are char-
acterized by abnormal mitochondrial protein synthesis and
the accumulation of protein aggregates in the cytoplasm, in-
dicating that Tm> U contributes to cellular proteostasis (51).
Pathogenic mutations in GTPBP3 are also associated with
Leigh syndrome (48), which is a progressive encephalopathy
associated with mitochondrial dysfunction, indicating that
the physiological roles of GTPBP3 are different from those
of MTOL.

Several approaches have been used in the treatment
of mitochondrial diseases (52). Recent advances in ge-
netic manipulation technologies of mammalian mtDNA
provide new possibilities for the future therapy of mito-
chondrial diseases (53). Mitochondria-targeting versions
of zinc-finger nucleases (mitoZFNs) (54) and transcription
activator-like effector nucleases (mitoTALENS) (55) have
been applied to eliminate mtDNA with pathogenic mu-
tations. The mitoTALENSs successfully eliminate mtDNA
with the 3243A > G mutation in MELAS-derived iPS cells
(56). In an RNA-focused approach, overexpression of mi-
tochondrial leucyl-tRNA synthetase (LARS2) (57,58) or its
C-terminal peptide partially restored mitochondrial func-
tion in cybrid cells with 3243A > G mutations (59-62).
LARS?2, especially its C-terminal domain, may stabilize mt-
tRNA with pathogenic mutations, thereby restoring mi-
tochondrial function. In MERRF with the §344A > G
mutation, mitochondrial protein synthesis in MERRF
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Figure 1. Tm>s2U modification of mitochondrial tRNAs and pathogenic mutations. (A) Secondary structure of human mt-tRNALUUUR) with post-
transcriptional modifications: p, 5'-phosphate; OH, 3'-hydroxy terminus; m' G, 1-methylguanosine; m>G, N?-methylguanosine; ¥, pseudouridine; Tm>U,
5-taurinomethyluridine; m°>C, 5-methylcytidine; m®U, 5-methyluridine; m' A, 1-methyladenosine. MELAS mutations are numbered according to mtDNA
positions. tRNA positions are numbered in gray. (B) Secondary structure of human mt-tRNAMS with post-transcriptional modifications: p, 5'-phosphate;
OH, 3/-hydroxy terminus; m'A, 1-methyladenosine; m*G, N2-methylguanosine; ¥, pseudouridine; 1m’>s?U, 5-taurinomethyl-2-thiouridine; t°A, N°-
threonylcarbamoyladenosine. MERRF mutations are numbered according to mtDNA positions. Gray and green arrowheads indicate the cleavage sites
of RNase T to generate the anticodon-containing fragment and m!A-containing fragment, respectively. (C) Biogenesis of Tm>(s2)U34 on mt-tRNA.
The 5-taurinomethyl group is shown in blue. Tm>U is synthesized by the GTPBP3/MTO1 complex using 5,10-CH,-THF and taurine as substrates, and

cofactors including GTP, potassium ion, and FAD.

myoblasts was partially activated by overexpression of
MTOI or TRMT61B (47), a tRNA methyltransferase re-
sponsible for 1-methyladenosine (m'A) at position 58 (63),
because both Tm’s>U34 and m'AS58 are impaired in the
MERRF mutant mt-tRNADS, Restoration of m! A58 was
confirmed, whereas the status of Tm>s2U34 remains to be
investigated.

Based on our reports of tm°U deficiency in MELAS pa-
tients, high-dose oral taurine supplementation was investi-
gated in Japan as a potential therapy for MELAS (64). An
expanded clinical trial showed that taurine supplementation
significantly suppressed stroke-like episodes in MELAS pa-
tients without any severe adverse events (65). In 2019, high-
dose taurine supplementation was officially approved in
Japan asa MELAS treatment covered by medical insurance.

However, brain atrophy remains progressive after the treat-
ment, suggesting that this method does not lead to a funda-
mental treatment for MELAS.

The aim of the present study was to restore mitochon-
drial function in MELAS patient cells through the acti-
vation of mutant tRNA. To this end, we overexpressed
MTOI or GTPBP3 in MELAS myoblasts and analyzed
the Tm> U modification status in mt-tRNALUUUR) with the
3243A > G mutation. We first developed a primer exten-
sion method (CMC-PE) to accurately quantify the tm°>U
modification on mt-tRNALWUUR) "and found that MTOI
overexpression almost completely restored the tm>U modi-
fication of the MELAS mutant tRNA, whereas overexpres-
sion of GTPBP3 did not. We also found that MTO/ overex-
pression significantly increased the in vivo aminoacylation
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level of the MELAS mutant tRNA. However, the steady-
state level of the MELAS mutant tRNA was unchanged
even if the Tm>U modification was fully introduced. Over-
expression of MTOI partially but significantly increased
mitochondrial protein synthesis and the oxygen consump-
tion rate in MELAS myoblasts. In addition, we confirmed
that MTOI expression restored Tm>s’U of the mutant mt-
tRNA in MERRF patient cells. These findings demonstrate
that the mitochondrial function of pathogenic cells can be
activated by restoring the taurine modification of hypomod-
ified tRNAs derived from MELAS and MERRF.

MATERIALS AND METHODS
Cell culture

HeLa and HEK293T cells were cultured at 37°C in 5%
CO; in Dulbecco’s modified Eagle medium (DMEM) (high-
glucose) supplemented with 5% fetal bovine serum (FBS)
and 1% penicillin—streptomycin (PS). For culturing HeLa
cells, the medium was supplemented with 10 mM tau-
rine. GTPBP3 KO cells were generated previously (34). The
MELAS myoblasts were derived from a muscle biopsy spec-
imen taken from a 6 years old female patient who presented
with stroke-like episodes and was diagnosed with MELAS
(29). Homoplasmic myoblasts for WT or 3243A > G mu-
tation were derived from the same MELAS patient and
clonally selected (29). Homoplasmic myoblasts for WT or
8344A > G mutation were derived from satellite cells of
MERREF patient and immortalized with E6/E7 and hTERT
(46). The MERRF myoblasts transduced by MTOI1 or
TRMT61B were generated previously (47). The myoblasts
were cultured at 37°C in 5% CO; in Cell Applications Inc.
Skeletal Muscle Cell Growth Medium (#151-500, Lonza)
supplemented with 0.05 g/1 uridine and 10 mM taurine, but
GA-1000 was substituted for 1% PS.

Construction of vectors

A series of vectors were constructed using the SLiCE
method (66). Human MTO]! fused with C-terminal FLAG
tag (MTOI1-FLAG) and human GTPBP3 were PCR-
amplified from pDEST_MTOI1 and pDEST_GTPBP3 (34),
respectively, using KOD-Plus-Neo DNA polymerase (TOY-
OBO Co. Ltd) with a set of primers (Supplementary Table
S1). pLenti CMV GFP Puro (658-5) (Addgene #17448) was
linearized by PCR with a set of primers (Supplementary Ta-
ble S1). The PCR products of MTOI-FLAG or GTPBP3
and the linearized vectors were fused by in vitro homolo-
gous recombination using the SLiCE method to construct
pLenti MTO1_FLAG and pLenti GTPBP3. To construct
the L2CTD-FLAG vector, the MTS of COXS8 was first in-
serted at the 5’ terminus of the GFP ORF in pLenti CMV
GFP Puro (658-5) to construct pLenti-MTSGFP, which
was then linearized by PCR with a set of primers (Sup-
plementary Table S1). The cDNA of human LA RS2 with-
out its MTS (MASVWQRLGFYASLLKRQ) was ampli-
fied from HeLa total RNA as a template by RT-PCR with
a set of primers (Supplementary Table S1), and cloned into
pET-21b (Novagen) at the Ndel and Xhol sites to yield
pLARS2. Then, L2CTD fused with the C-terminal FLAG

tag (L2ZCTD-FLAG) was PCR-amplified from pLARS2.
The linearized pLenti MTSGFP was fused with the DNA
segment of L2ZCTD-FLAG using the SLiCE method to con-
struct pLenti_ L2CTD.

Construction of MELAS myoblasts stably-overexpressing
each factor

HEK?293T cells were transfected with pLenti MTO1_F
LAG, pLenti GTPBP3, or pLenti L2CTD together
with pMD2.G (Addgene #12259), pRSV-Rev (Addgene
#12253), and pMDLg/pRRE (Addgene #12251) (67).
Lentivirus for expressing each factor was prepared from
the media used for culturing cells transduced with each
pLenti vector constructed as described (68,69). Two pg of
each pLenti vector containing the gene to be transduced,
7.5 wg of pMDLg/pRRE, 7.5 g of pRSV-Rev, and 5 g
of pMD2.G, 2 ml of OPTi-MEM (Thermo Fisher) and 176
wl of PEI solution were mixed and left at room temperature
for 20 min, and then HEK293T cells (1.2 x 107) were trans-
fected with the plasmid mixture, and cultured in 150 mm
dish. The medium was replaced after 8-12 h, and 48 h after
transfection, the medium was collected, then fresh medium
was added, and 24 h later the medium was collected again.
The recovered media were sterilized with a 0.22 wm PVDF
filter (Millipore) and ultracentrifuged at 25 000 rpm for
1 h using SW28 to concentrate the virus. The recovered
virus was suspended in PBS and stored at —80°C. The
MELAS myoblasts with 3243A > G mutation were plated
in 100 mm dishes and then transduced with each lentivirus.
Twenty-four h after transduction, the medium was replaced
with fresh medium, and the cells were cultured for 24 h,
followed by addition of 2 pg/ml puromycin for selection.
Within 3 weeks, puromycin-resistant cell colonies were
picked and further expanded in the selection medium to
obtain single cell-derived clones.

Measuring the mutation rate of mtDNA by PCR-RFLP

Polymerase chain reaction-restriction fragment length poly-
morphism analysis (PCR-RFLP) (15,70) was performed to
measure the 3242A > G mutation rate of mtDNAs in my-
oblasts. Cultured cells were lysed in lysis buffer [20 mM
Tris—HCI (pH 8.0), 100 mM NacCl, 5 mM EDTA-NaOH
(pH 8.0), and 0.1% SDS], followed by boiling at 60°C for 5
min and at 98°C for 2 min, and genomic DNA was extracted
by phenol/chloroform/isoamyl alcohol (25:24:1) (Nacalai
Tesque). The region including position 3243 of mtDNA was
PCR-amplified with a set of primers (Supplementary Ta-
ble S1). The PCR product was digested by the Apal restric-
tion enzyme and subjected to 10% native polyacrylamide gel
electrophoresis (PAGE). Since 3243A > G mutation gen-
erates the Apal site, the amplicon (666 bp) derived from
mtDNA with the 3243A > G mutation was cleaved by Apal
into two fragments (234 and 432 bp). The gel was stained
with SYBR Gold (S11494, Thermo Fisher Scientific), and
the intensity of each band was quantified. The proportion of
digested and undigested bands indicates the mutation rate
of mtDNA with 3243A > G.



Immunostaining

Cells were fixed with 3.7% formaldehyde, permeabilized
with 1% Triton X-100, and blocked with 20% EzBlock
Chemi (ATTO). Immunostaining was performed with the
following primary antibodies: anti-FLAG (1:1000, mouse
clone 1E6, 014-22383, Fujifilm) and anti-COXIV (1:100,
rabbit polyclonal, 11242-1-AP, Proteintech). Antimouse
IgG Alexa fluor 594 (1:1000, A11005, Invitrogen) or an-
tirabbit IgG Alexa fluor 488 (1:1000, pA 11008, Invitrogen)
was used as a secondary antibody. To visualize DNA, the
cells were stained with DAPI (1:1000). Images were ac-
quired using a DMI 6000 B (Leica).

RINA preparation

Each cell line cultured in a 100 mm dish was dissolved with 1
ml of homemade RNA isolation reagent [40% (w/v) phenol,
1% (v/v) ethylene glycol, 2 M guanidine thiocyanate, 0.1%
(w/v) (6.9 mM) 8-quinolinol, 20 mM tri-sodium citrate di-
hydrate, 0.1 M NaOAc (pH 4.5), 0.1% (v/v) Triton X-100,
0.2% (w/v) N-lauroylsarcosine sodium salt, 50 mM salicylic
acid, 10 mM Aluminon, and 0.0001% (w/v) Bromophe-
nol Blue]. After vigorous shaking, chloroform was added
to the solution at a concentration of 20%. The mixture was
centrifuged, and the aqueous phase was collected, followed
by two chloroform extractions for clarification. Total RNA
was precipitated from the aqueous phase with 2-propanol.

RT-qPCR

One pg of total RNA was incubated at 37°C for 30 min in
a 10 pl solution containing 1 x reaction buffer and 1 ul of
RQI RNase-Free DNase (Promega). Then, 1 pl of 20 mM
EGTA (pH8.0) was added, and the solution was boiled at
65°C for 10 min. The solution was mixed with 4 pl of 5x re-
action buffer, 1 pl of 50 wM anchored-oligo(dT);s primer,
and 2 pl of 600 wM random hexamers and then placed on
ice for 5 min, followed by addition of 2 wl of 10x enzyme
mix (EvoScript Reverse Transcriptase, Roche). RT was per-
formed at 42°C for 15 min, followed by 85°C for 5 min and
65°C for 15 min, then diluted with 80 wl water. The cDNA
solution (2.5 pl) was treated with 1 x KAPA SYBR Fast
qPCR Master Mix (KAPA) and 0.2 wM of each primer.
The PCR reaction was run on the Lightcycler 96 (Roche)
with the following cycling conditions: 95°C for 180 s (1 cy-
cle); 95°C for 10s, 57°C for 20 s and 72°C for 1 s (40 cycles);
95°C for 5 s (1 cycle); 65°C for 60 s (1 cycle); 97°C for 1
s (1 cycle). Data were normalized to GAPDH mRNA. All
primers used are listed in Supplementary Table S1.

Western blotting

Myoblasts (2-4 x 10°) were lysed in 100 wl RIPA + EDTA
buffer [S0 mM Tris-HCI (pH 8.0), 150 mM NacCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1
mM EDTA, 1 mM DTT and 1x cOmplete, EDTA-
free (Roche)]. The lysates were separated by 10% SDS-
PAGE and electroblotted onto a PVDF membrane (Amer-
sham Hybond P; GE Healthcare) using the Transblot
Turbo apparatus (Bio-Rad). Western blotting was per-
formed with the following primary antibodies: anti-MTO1
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(1:1000, rabbit polyclonal, 15650-1-AP, Proteintech), anti-
FLAG (1:2000, HRP-conjugated, PM020-7, MBL), anti-
GTPBP3 (1:1000, rabbit polyclonal, HPA042158, Sigma-
Aldrich), and anti-GAPDH (1:1000, mouse monoclonal,
AM4300, Invitrogen). HRP-conjugated donkey antimouse
IgG (1:20000, 715-035-150, Jackson ImmunoResearch) or
HRP-conjugated donkey antirabbit IgG (1:20000, 711-035-
152, Jackson ImmunoResearch) was used as a secondary
antibody. Target proteins were detected using Pierce ECL
Plus Western Blotting Substrate (Thermo Fisher Scien-
tific) and visualized with ImageQuant LAS4000 mini (GE
Healthcare). Bands were analyzed using ImageJ (National
Institutes of Health).

Isolation of mt-tRNALYS

Human mt-tRNAMS was isolated from total RNA of my-
oblasts using the RCC method (71). DNA probes with a
5'-ethylcarbamate amino linker (Sigma-Aldrich) were co-
valently immobilized on NHS-activated Sepharose 4 Fast
Flow (GE Healthcare) and packed into tip columns for the
RCC instrument. The probe sequence is listed in Supple-
mentary Table S1.

Mass spectrometry

For RNA-MS, isolated mt-tRNAYS was digested with
RNase T; and analyzed by capillary LC and nanoESI MS
as described in (72-74). A linear ion trap—orbitrap hybrid
mass spectrometer (LTQ Orbitrap XL, Thermo Fisher Sci-
entific) equipped with a custom-made nanospray ion source
and a splitless nano-HPLC system (DiNA, KYA Technolo-
gies) was employed in this study. The percent frequency of
each modification was calculated from the ratio of mass
chromatogram peak areas of RNA fragments with and
without the target modification.

For nucleoside analysis, bovine mt-tRNAs for
Leu(UUR), Glu, and Gln isolated previously (35). Two
to four micrograms of each isolated tRNA were reacted
in a 20 wl mixture consisting of 5 wg/pl N-cyclohexyl-
N’-B-(4-methylmorpholinium) ethylcarbodiimide (CMC)
and 25 mM sodium carbonate buffer (pH 9.0) at room
temperature under a light-shiclded condition (75). Then,
the nucleosides were analyzed using an LCQ ion trap
(IT) mass spectrometer (ThermoFinnigan) equipped with
an electrospray ionization (ESI) source and a MAGIC
2002 liquid chromatography system (Michrom BioRe-
sources). An ODS reversed-phase column with a 3 x 10
mm precolumn cartridge (Inertsil ODS-3, 2.1 x 250 mm;
GL Sciences) was connected online to the electrospray
interface. CID spectra were obtained using an LC/MS/MS
experiment with a data-dependent scan.

Measuring Tm>U frequency by CMC-PE

Detection of Tm>U sites by CMC-PE was performed as de-
scribed for CMC-W detection (73) with slight modifications.
Fifteen wg of total RNA was dissolved in CMC solution
[0.17 M N-cyclohexyl-N’-B-(4-methylmorpholinium) ethyl-
carbodiimide p-toluenesulfonate, 7 M urea, 50 mM Bicine,
and 4 mM EDTA] and incubated at 37°C for 20 min. The
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reaction was quenched by addition of 100 wl of stop solu-
tion [0.3 M NaOAc (pH 5.2), 0.1 mM EDTA (pH 8.0)] and
recovered by two rounds of ethanol precipitation. The RNA
pellet was rinsed with 70% EtOH and dried. The CMC-
derivatized RNA was dissolved in 40 pl of 50 mM Na,COs;
(pH 10.4), incubated at 37°C for 4 h (alkaline treatment),
ethanol precipitated, and dissolved in 10 wl of water. The
DNA primers (Supplementary Table S1) were 5'-labeled
with [y-*P] ATP (PerkinElmer, Inc) by T4 Polynucleotide
Kinase (Toyobo) according to the manufacturer’s instruc-
tions and centrifuged using a CENTRI-SEP spin column
(Princeton Separations) to remove the labeled ATP. The
treated RNA (0.75 wg) was mixed with the 5'-[**P]-labeled
primer (0.05 pmol) in a 5 pl solution containing 10 mM
Tris—HCI (pH 7.7) and 1l mM EDTA (pH 8.0) and incubated
at 80°C for 2 min, followed by incubation at room tempera-
ture. Subsequently, RT was started by adding 0.75 .l of wa-
ter, 2 pl of 5 x FS buffer (Invitrogen), 0.25 pl of d/ddNTP
mix containing 1.5 mM each of dATP and dTTP and 3.0
mM ddGTP, 1.5 pl of 25 mM MgCl,, and 0.5 pl of Super-
ScriptIIl (Invitrogen). The mixture was incubated at 55°C
for 1 h. To stop the reaction and degrade the template RNA,
0.5 pl of 4 M NaOH was added to the reaction mixture, fol-
lowed by boiling at 95°C for 5 min, and then the reaction
was neutralized by addition of 14.5 ul of Loading Solution
with Tris [12.5 pl of 2x loading solution for urea-PAGE, 1
wlof 1 M Tris and 1 pl of 1 M HCI] and incubation at 65°C
for 5 min. The RT products were subjected to 20% PAGE
with 7 M urea (20 x 20 cm?, 0.35 mm). The gel was exposed
to animaging plate (BAS-MS2040, Fujifilm) to visualize the
RT bands with the FLA-7000 fluorimager (Fujifilm). The
band intensity was quantified by Multi Gauge (Fujifilm).
The band intensity ratio of RT products was calculated by
the sum of band intensities at positions 33 and 35 divided by
the total sum of band intensities at positions 32, 33 and 35.
To quantify the Tm>U frequency, CMC-PE was performed
using total RNA mixtures of HeLLa and GTPBP3 KO cells
at five different ratios (0:4, 1:3, 2:2, 3:1 and 4:0) to generate
a calibration curve between the actual Tm>U frequency (0—
96.3%) determined by RNA-MS (73) and the band intensity
ratio of RT products (Figure 2C).

Northern blotting

Total RNA (3 pg) from cultured cells was resolved by 10%
PAGE containing 7 M urea, stained with ethidium bro-
mide, blotted onto a nylon membrane (Amersham Hybond
N+; GE Healthcare), dried, and cross-linked by UV (254
nm, 1200 J/cm?). The DNA probe for mt-tRNALeu(UUR)
(Supplementary Table S1) was 5'-labeled with [y-3>P] ATP
(PerkinElmer) using T4 Polynucleotide Kinase (Toyobo).
The membrane was subjected to hybridization at 50°C
overnight in hybridization buffer [S00 mM sodium phos-
phate buffer (pH 7.4), 7.5% SDS, 5% polyethylene gly-
col 6000, 1 mM EDTA-NaOH (pH 8.0), and 0.5% Ca-
sein] and 4 pmol of 5°-3?P-radiolabeled DNA probe. The
membrane was washed three times with 1x SSC [150 mM
NaCl, 15 mM Sodium citrate (pH 7.0)], dried, and exposed
to an imaging plate (BAS-MS2040, Fujifilm) to visualize
the hybridization bands using the FLA-7000 fluorimager
(Fujifilm).

The in vivo aminoacylation status of mt-tRNALuWUUR)
was analyzed by acid-urea northern blotting (76) with slight
modifications. Total RNA was extracted under acidic con-
ditions at low temperature as described previously (77).
Three to ten g of total RNA was resolved by 7.5% PAGE
containing 7 M urea and 0.1 M NaOAc (pH 5.2) at 4°C
overnight, blotted onto a nylon membrane, dried, and cross-
linked by UV as described above. The DNA probes for mt-
tRNALWUUR) (Supplementary Table S1) were 5'-labeled
with 2P, and northern blotting was performed as described
above.

Pulse-labeling of mitochondrial protein synthesis

Pulse-labeling of mitochondrial protein synthesis was per-
formed as described previously (34). Myoblasts (4.0 x 10°)
were inoculated on 6-well plates and cultured at 37°C for
10 min with 1 ml of L-glutamine/L-cysteine-free DMEM
(21013-024, Gibco) containing 10% dialyzed FBS (Gibco),
2 mM L-glutamine (Sigma) and 10 mM taurine, followed by
addition of 50 wg/ml emetine to inhibit cytoplasmic protein
synthesis and incubation for 10 min. Then, the cells were
pulsed with 7.4 MBq (0.2 mCi) of [**S] Met and [*>S] Cys
(EXPRE?*’S*S Protein Labeling Mix, [**S]-, PerkinElmer)
and incubated at 37°C for 1 h to specifically label mito-
chondrial translation products. The medium was changed
to DMEM-high glucose (D5796, Sigma-Aldrich) contain-
ing 10% dialyzed FBS (Gibco) and 10 mM taurine, and in-
cubated for 10 min. Cell lysates (25 wg total proteins) were
resolved by Tricine-SDS-PAGE (16.5%), and the gel was
CBB-stained (CBB stain one, #04543-51, Nacalai Tesque)
and dried on a gel drier (AE-3750 RapiDry, ATTO). The
dried gel was exposed to an imaging plate (BAS-MS2040,
Fujifilm) to visualize the radiolabeled bands using the FLA-
7000 fluorimager (Fujifilm).

Oxygen consumption rate

An XFe24 extracellular flux analyzer (Seahorse Bioscience)
was used to measure the oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR). Myoblasts
(I x 10°) were seeded in four wells of the XFe24 cell
culture miniplate precoated with collagen (Seahorse Bio-
science) and cultured at 37°C for 24 h. The medium was
then replaced with DMEM (D5523, Sigma) containing
25 mM glucose, 1 mM sodium pyruvate, and 4 mM L-
glutamine (adjusted to pH 7.4 with NaOH). The OCR of
each well was measured over the course of programmed
injections of oligomycin (f.c. 1.0 wM), carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone (FCCP) (f.c. 2.0 puM),
and rotenone/antimycin A (f.c. 0.5 wM). Basal respira-
tion was determined as the OCR before oligomycin minus
the minimum OCR after rotenone/antimycin A (nonmito-
chondrial OCR). Maximal respiration was determined as
the maximum OCR after FCCP minus the nonmitochon-
drial OCR. ATP-linked respiration was determined as the
OCR before oligomycin minus the minimum OCR after
oligomycin. Spare respiration capacity was determined as
the difference between maximal OCR after FCCP and basal
OCR.
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RESULTS

Highly sensitive detection and quantification of the Tm>U
modification by CMC-PE

We previously optimized a primer extension (PE) method
and successfully measured tm’U frequency in mt-
tRNAsHUUUR) with several pathogenic mutations from
clinical specimens of MELAS patients (33). In this
PE method, Tm°U34 does not simply inhibit reverse
transcription (RT) but somehow interferes with cDNA
extension after a reverse transcriptase (RTase) passes by
the modification site, resulting in a cDNA band arrested
at position 33. Here, we report a novel PE method named
CMC-PE to detect more robustly and quantify Tm>U34 in

mt-tRNALewUUR),

Pseudouridine (v) and some modified
uridines are derivatized by N-cyclohexyl-N'-B-(4-
methylmorpholinium)ethylcarbodiimide (CMC) to form
a stable CMC-adduct under basic conditions (75,78,79).
The sites of CMC-W can be detected by PE (80) or deep

sequencing (81), indicating that tm°U can be detected

by CMC derivatization. We first analyzed the chemical
structure of CMC-tm>U by collision-induced dissociation
(CID) (Supplementary Figure S1A). Assignment of the
product ions indicated that CMC is attached to a nitrogen
atom of the taurine moiety in Tm>U (Supplementary
Figure S1A). We also analyzed CMC-tm’s’U by CID
and found that CMC is attached to the nitrogen atom at
the same position as CMC-tm>U (Supplementary Figure
S1B). To detect CMC-tm>U by PE, total RNAs from HeLa
and GTPBP3 KO cells were reacted with CMC, followed
by mild alkaline treatment to hydrolyze CMC-adducts of
uridines and guanosines. Then, a 5-[**P]-labeled DNA
primer was hybridized to mt-tRNAMYYUR) i total RNA,
and PE was performed to detect the RT stop induced by
CMC-tm°U (Figure 2A). When mt-tRNAMUUUR) from
HeLa cells was analyzed by PE, we observed three major
c¢cDNA bands corresponding to positions 32, 33 and 35
(Figure 2B), whereas two lower bands corresponding to
positions 33 and 35 were missing in mt-tRNALUUUR) from
GTPBP3 KO cells (Figure 2B). Because Tm°U does not
occur in GTPBP3 KO cells (34), the cDNA extends through
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the anticodon region and stops at position 32 by inserting
dideoxy guanosine, resulting in one strong band at this po-
sition (Figure 2B). These results suggest that CMC-tm>U
acts as a roadblock to produce two lower bands corre-
sponding to positions 33 and 35 (Figure 2B). The band at
position 33 is also produced by the original PE method
(33), whereas the band at position 35 is only produced by
CMC treatment, indicating that the bulky side chain of
CMC-tm’U hinders cDNA extension. Mass spectrometric
analysis of mt-tRNAMUUUR) jsolated from HelLa cells (34)
estimates the Tm>U34 modification frequency to be 96.3%.
To quantify the Tm°U frequency of MELAS tRNA by
CMC-PE, we mixed total RNAs from HelLa and GTPBP3
KO cells at five different ratios (0:4, 1:3, 2:2, 3:1 and 4:0)
and performed CMC-PE to generate a calibration curve
between Tm> U frequency (0-96.3%) and the band intensity
ratio of RT products, which was calculated by the sum
of band intensities at positions 33 and 35 divided by the
total sum of band intensities at positions 32, 33, and 35
(Figure 2C). This resulted in clean linearity (R*> = 0.9995),
which enabled the quantification of Tm°U frequency in
MELAS tRNA. We next performed CMC-PE for mutant
mt-tRNALUUUR) derived from MELAS patient myoblasts
(MC cell line) bearing 3243A > G with a 98.4% mutation
rate (Figure 2B), and the Tm’U frequency was measured
as 16.3% using the calibration line. These results confirmed
a severe reduction of Tm°U frequency in MELAS tRNA.

Overexpression of MTOI or GTPBP3 in MELAS myoblasts
with the 3243A > G mutation

Our findings that MELAS tRNAs have a low frequency of
tm’U modification (33) suggest that each MELAS muta-
tion prevents tRNA recognition by Tm>U-modifying en-
zymes (82). We hypothesized that overexpression of MTO!
or GTPBP3 might introduce a Tm°U modification to acti-
vate MELAS tRNA, thereby restoring mitochondrial func-
tion in MELAS patient cells. To test this, we constructed
stable cell lines of MELAS myoblasts overexpressing M 701
or GTPBP3. The MELAS myoblasts were transduced with
a lentiviral vector harboring a gene encoding C-terminally
FLAG-tagged MTOI or GTPBP3 under the CMV pro-
moter. We isolated a single clone that stably overexpressed
MTOI or GTPBP3, and obtained two cell lines (MM 1#1
and MM 1#2) for MTOI overexpression and one cell line
(MG3) for GTPBP3 overexpression. In addition, we gen-
erated a cell line overexpressing the C-terminal domain of
LARS2 (L2CTD, 78 amino acids) (ML2) and a control cell
line of MELAS myoblasts stably expressing GFP (MC). The
mutation rate of mtDNA was measured by PCR-RFLP
(Supplementary Figure S2A), and the results showed that
the high rate of 3243A > G mutation (95.6-98.8%) was
maintained in each cell line.

Overexpression of MTO1 was confirmed in both MM 1#1
and MM 1#2 cells by western blotting (Figure 3A) and RT-
gPCR (Supplementary Figure S2B). Mitochondrial local-
ization of MTOI1 was also confirmed (Figure 3B). In the
MG3 cells, GTPBP3 overexpression was detected by west-
ern blotting (Figure 3A) and RT-qPCR (Supplementary
Figure S2B). The N-terminal mitochondrial targeting se-
quence (MTS) of GTPBP3 was partially cleaved in mito-

chondria (Figure 3A). In the ML2 cells, the expression and
mitochondrial localization of L2ZCTD were confirmed using
an anti-FLAG antibody (Figure 3B).

Characterization of MELAS tRNA in myoblasts overex-
pressing MTOI

CMC-PE for MELAS tRNA with the 3243A > G mu-
tation was performed in each cell line. For efficient up-
take of taurine into the cells, the cells were cultured in the
medium supplemented with 10 mM taurine. According to
the band intensity ratio of RT products, the Tm°U fre-
quency was measured for each cell line using the calibration
line (Figure 2C). The Tm°U frequency of MELAS tRNA
in GTPBP3 KO, HeLa, and MC cells were 0%, 96.3% and
16.3%, respectively (Figure 3C). WT myoblasts with a low
rate of 3243A > G mutation (0.76%) were cultured as the
MELAS myoblast parental cell line (Supplementary Figure
S2A). The mt-tRNAUUUR) from WT myoblasts was fully
modified with Tm°U (~100%) (Figure 3C). Overexpres-
sion of MTOI drastically increased the Tm°U frequency of
MELAS tRNA t0 97.3% in MM 1#1 and 94.8% in MM 1#2
(Figure 3C). To examine whether the taurine supplementa-
tion in the culture medium affected the recovery of tm>U
of MELAS tRNA together with MTOI overexpression, we
analyzed the Tm°U frequency of WT, MC, MM1#1 and
MM1#2 cells cultured in the medium without taurine sup-
plementation (Supplementary Figure S3). When compared
to 10 mM taurine supplementation, we observed a slight
decrease in the Tm>U frequency in WT cells cultured with-
out taurine supplementation, whereas the Tm>U frequency
of the MELAS tRNA was almost completely restored by
MTOI overexpression irrelevant with or without taurine
supplementation (Supplementary Figure S3).

The m’U frequency of MELAS tRNA increased
slightly to 27.3% in the MG3 cells and to 27.7% in the
ML2 cells (Figure 3C). Overexpression of these factors had
a marginal effect on tm°U introduction to MELAS tRNA.
These results demonstrated that MTOI overexpression ef-
fectively restored the tm>U modification in MELAS tRNA.

Next, we performed northern blotting to measure the
steady-state levels of mt-tRNAMUUUR) jn each cell line.
Consistent with a previous report (21), the steady-state level
of MELAS tRNA in the MC cells decreased to 37.4%
of that in WT tRNA (Figure 4A and B). There was no
significant difference in the steady-state level of MELAS
tRNA between cell lines (Figure 4A and B). Neither MTO!
nor GTPBP3 overexpression stabilized the MELAS tRNA.
Even when the C-terminal domain of LARS2 was overex-
pressed, there was little change in the steady-state level of
MELAS tRNA. These observations suggest that overex-
pression of these factors failed to stabilize MELAS tRNA.

MELAS mutation reduces the aminoacylation efficiency
(21,26,27). We thus examined the effect of MTOI over-
expression on aminoacylation of MELAS tRNA. To this
end, we analyzed the in vivo aminoacylation status of mt-
tRNALUUUR) in each cell line by acid-urea northern blot-
ting (76). The in vivo aminoacylation level of MELAS
tRNA in the MC cells was reduced to 30.4% of that in WT
tRNA (Figure 4C). Overexpression of MTOI slightly but
significantly increased the aminoacylation level of MELAS
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tRNA in both cell lines (41.8% in MM1#1 and 50.5% in
MM 1#2) (Figure 4C), suggesting that MTOI overexpres-
sion partially rescues the aminoacylation status of MELAS
tRNA with the 3243A > G mutation.

MTOI overexpression restores mitochondrial activity in
MELAS myoblasts

To evaluate mitochondrial protein synthesis, we performed
a pulse-labeling experiment. Cytoplasmic protein synthe-
sis was inhibited by emetine, and nascent proteins synthe-
sized in mitochondria were labeled with [**S] Met and Cys
for 1 h, resolved by Tricine-SDS-PAGE, and the labeled
proteins were visualized (Figure 4D) and quantified (Fig-
ure 4E). Most proteins encoded in mtDNA were detected
(Figure 4D). The band intensities of mitochondrial pro-
teins were markedly lower in the MC cells than in the WT

cells (Figure 4D and E). The band intensity of each protein
was combined to compare total mitochondrial protein syn-
thesis (Figure 4E), which showed a 48.9% reduction in the
mitochondrial translation efficiency of the MC cells com-
pared with that of the WT cells. Overexpression of MTOI1
increased the band intensity of each protein; in particular,
Cytb, ATP6, ND3 and ND4L or ATP6 were fully restored
to the WT level (Figure 4E). Total mitochondrial protein
synthesis in MM cells recovered to 79-92% of that in the
WT cells (Figure 4E).

We next examined the effect of MTOI overexpression on
the respiratory activity of MELAS myoblasts. To examine
the mitochondrial function of each cell line, we monitored
the oxygen consumption rate (OCR) and extracellular acid-
ification rate (ECAR) using a flux analyzer (Figure SA and
B). OCR and ECAR were recorded under basal conditions,
followed by addition of a series of inhibitors of respiratory
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chain complexes at the indicated time points (Figure 5SA
and B). The basal respiration, ATP production, maximal
respiration, and spare respiration capacity values of each
cell line were calculated based on OCR changes during the
measurement (Figure 5C). The MC cells showed a lower
OCR than the WT even under basal conditions (Figure 5A).
ECAR in the MC cells did not increase after inhibition of
ATP synthesis (Figure 5B), suggesting that mitochondrial
activity was severely impaired in MELAS myoblasts. Over-
expression of MTOI significantly increased all mitochon-
drial activity values in both MM1 cell lines (Figure 5C), al-
though those values did not reach WT levels (Figure 5C).
Inhibition of mitochondrial ATP synthesis by oligomycin
increased ECAR in both MM1 cell lines (Figure 5B), indi-
cating that cellular ATP production shifts to anaerobic gly-
colysis, producing more lactate and thereby acidifying the

medium. These observations strongly suggest that ATP syn-
thesis in MM cells depends not only on anaerobic glycol-
ysis but also on mitochondrial activity.

Taken together, these findings indicate that MTOI over-
expression increases Tm>U frequency to activate MELAS
tRNA, thereby restoring mitochondrial protein synthesis
and respiratory activity.

Restoring the taurine modification of MERRF tRNA by
MTOI overexpression

We previously reported hypomodification of Tm’s>U in mt-
tRNADS with the 8344A > G mutation in MERRF patient
cells (Figure 1B) (44,45), which suggests that the MERRF
mutation impairs tRNA recognition by the MTOI1 and
GTPBP3 complex responsible for 5-taurinomethyl modi-
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fication as well as by MTU1 responsible for 2-thiouridine
modification (5,82). m'AS58 is a partial modification of
human mt-tRNAYS (Figure 1B) that is introduced by
TRMT61B (63). It was reported that m' A58 is also miss-
ing in MERRF tRNA (47). Overexpression of TRMT61B
increases m!' A58 in the MERRF tRNA and restores mi-
tochondrial protein synthesis in MERRF myoblasts (47).
MTOI overexpression also restores mitochondrial protein
synthesis in MERRF myoblasts (47), although the Tm’s>U
status has not been analyzed.

To analyze the tRNA modification status of MERRF
tRNA more precisely, we employed RNA mass spectrom-
etry (RNA-MS) (73) to measure the frequency of tRNA
modifications of mt-tRNADS isolated from cell lines used
in previous studies (47). We isolated mt-tRNAMS from
WT and MERRF 8344A > G myoblasts by reciprocal
circulating chromatography (RCC) (71) and analyzed the
anticodon-containing fragments with different modifica-
tion status (Figure 6A). The frequencies of Tm’s>U34 and
tm°U34 in WT mt-tRNADYS were 8.9% and 6.0%, re-
spectively (Figure 6A). In MERRF mt-tRNAY* with the
8344A > G mutation, both tm’s>U34 and tm>U34 were
severely reduced to 0.2%, instead s?U34 and U34 increased
to 28.7% and 71.0%, respectively (Figure 6A). Overexpres-
sion of MTOI1 in MERRF myoblasts drastically increased
the frequencies of Tm>s>U34 and tm>U34 to 14.2% and
27.7%, respectively, whereas s>U34 and U34 decreased to
12.8% and 45.2%, respectively (Figure 6A).

Next, we analyzed m' A58 in mt-tRNADS from WT and
MERRF 8344A > G myoblasts. The frequency of m!'A58
was 25.7% in WT tRNA (Figure 6B) and 1.0% in MERRF
tRNA (Figure 6C). Overexpression of TRMT61 B increased

the frequency of m!' A58 to 85.3% in WT tRNA (Figure 6B)
and 87.2% in MERRF tRNA (Figure 6C), consistent with
those obtained by the primer extension-based method in
the previous study (47). TRMT61 B overexpression resulted
in a small change in anticodon modifications (Figure 6A).
Likewise, MTOI overexpression did not affect the m' A58
modification in MERRF tRNA (Figure 6C). These obser-
vations suggest that MTOI-mediated taurine modification
and TRMT61 B-mediated m! A58 modification do not affect
each tRNA modification. Thus, overexpression of MTOI or
TRMTG61B introduces the respective tRNA modifications
to activate MERRF tRNA independently, thereby restor-
ing mitochondrial translation and respiratory activity.

DISCUSSION

RNA modifications are not static but rather change dy-
namically in response to various cellular processes includ-
ing development, differentiation, metabolic alterations, en-
vironmental stresses, and diseases (82-85). The biological
roles of tRNA modifications have recently attracted atten-
tion in many research areas. tRNAs contain a wide vari-
ety of modifications in the anticodon regions. These mod-
ifications are important for accurate and efficient protein
synthesis, thereby contributing to codon optimality related
to proteostasis and mRNA stability (86-88). Deficiency
in tRNA modifications causes various diseases, highlight-
ing the physiological importance of these modifications
(5,82,89,90).

Understanding the tRNA modification status under spe-
cific conditions requires a highly sensitive analytical method
to accurately and comprehensively assess and profile tRNA
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Figure 6. Restoration of tRNA modifications of mt-tRNAS with the 8344A > G mutation by overexpression of MTOI or TRMT61B in MERRF
myoblasts. (A) Extracted ion chromatograms (XICs) of the RNase T-digested fragments of mt-tRNAMS with different anticodon modification status
for WT myoblasts (left panels), MERRF myoblasts with empty vector (second panels), MERRF myoblasts with MTO! overexpression (third panels),
and MERRF myoblasts with TRMT61B overexpression (right panels). The sequences of the detected fragments with m1/z values and charge states are
indicated on the right. The relative Tm>(s>)U frequencies indicated in chromatograms were calculated from the peak area ratio of the multiply charged
negative ions (—3 to —8) for RNA fragments with different modifications. (B) XICs of m! A58-containing fragments with (upper panels) or without (lower
panels) the m' A modification of mt-tRNAS isolated from WT myoblasts transfected with empty vector (left panels) or TRMT61B (right panels). The
sequences of the detected fragments, the m/z values and charge states are indicated on the right. The relative m' A frequencies indicated in chromatograms
were calculated from the peak area ratio of the multiply charged negative ions (—4 to —8) for RNA fragments with or without the modification. (C)
XICs of m! A58-containing fragments with (upper panels) or without (lower panels) m' A modification of mt-tRNAMS isolated from MERRF myoblasts
transfected with empty vector (left panels), TRMT61B (middle panels), or MTOI (right panels). The sequence of the detected fragments with m/z values
and charge states are indicated on the right. The relative m' A frequencies indicated in chromatograms were calculated from the peak area ratio of the
multiply charged negative ions (—3 to —8) for RNA fragments with or without the modification.



modifications using limited amounts of tissues or clinical
specimens. RNA-MS is a highly sensitive and powerful an-
alytical method capable of detecting and quantifying RNA
modifications accurately and reliably (72,73,91,92). In par-
ticular, RNA-MS is suitable for analyzing total nucleosides
to quantify global alterations of RNA modifications in mul-
tiple analytes (72,91,93-95). However, to analyze the RNA
modification status at given sites of individual RNAs, it is
necessary to isolate and purify the target RNA molecule for
RNA-MS (71,73). In general, RNA isolation is not a simple
method and requires large amounts of specimens, complex
procedures, and technical skill and expertise. Sequencing-
based methods are highly sensitive and suitable for de-
tecting several RNA modifications in a transcriptome-wide
manner using a limited quantity of specimens, although
this method is applicable only to specific RNA modifica-
tions (96-98). Several RNA modifications can be detected
by cDNA arrest or misincorporation during cDNA synthe-
sis by reverse transcriptase (RTase) (96,99). For some RNA
modifications that do not interfere with the RT reaction,
various approaches such as chemical derivatizations, partial
cleavage by nuclease, and reduced NTP concentration have
been developed to detect certain RNA modifications in a
transcriptome-wide manner (96,99). However, there remain
a number of RNA modifications that cannot be detected by
RTase-based techniques.

Various types of uridine modifications are present at the
first position of the anticodon of tRNAs, and play critical
roles in accurate and efficient decoding during protein syn-
thesis (82,100). However, there are no general and practical
RTase-based methods to detect these uridine modifications
because they do not interfere with the RT reaction in gen-
eral. We previously developed a PE-based method to de-
tect the Tm>U modification using MMLV RTase (33). This
method requires careful optimization of PE conditions, and
no other RTases are available for this method. We previ-
ously showed that CMC forms a stable adduct with some
uridine modifications in addition to ¥ (75); here, we suc-
ceeded in robustly and quantitatively detecting Tm°U of
mt-tRNAMUUUR) ysing CMC-PE (Figure 2). In principle,
CMC-PE has the potential to detect other uridine modifi-
cations, thus expanding the application range of CMC-PE.
Although we used a radio isotope (RI)-labeled primer for
CMC-PE, further studies will enable the establishment of
a non-RI system of CMC-PE by quantifying the cDNA
products by qPCR or deep sequencing for the highly sen-
sitive analysis of limited amounts of specimens. We expect
that CMC-PE will be applied to clinical specimens to quan-
tify tm>U frequency for the diagnosis of mitochondrial
diseases.

In this study, we successfully increased the frequency of
tm’U in MELAS tRNA from 16% to 95-97% by overex-
pressing MTO!I in MELAS myoblasts (Figure 3C). There
was no significant difference in the restoration of Tm°>U
modification by MTOI overexpression with or without tau-
rine supplementation to the culture medium (Supplemen-
tary Figure S3). This result also indicated that the amount
of taurine in the medium, which is estimated to be about
2 uM in 10% FBS (101), was sufficient for tm°U forma-
tion on mt-tRNALWUUR) The MELAS mutations, repre-
sented by 3243A > G, destabilize the tRNA tertiary struc-
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ture, decreasing steady-state levels, aminoacylation status,
and tRNA modification frequency (21,33). Although hu-
man mt-tRNAUUUR) hag nine modification sites (Figure
1A), only Tm°U is commonly impaired in MELAS tRNAs
(33), suggesting that MELAS mutations not only destabi-
lize the tRNA structure but also prevent tRNA recognition
by Tm’U-modifying enzymes (MTO1 and GTPBP3 com-
plex). Bacterial tRNAs and yeast or nematode mt-tRNAs
have 5-carboxymethylaminomethyluridine (cmnm®U) in-
stead of Tm°U (102,103). cmnm?U is a uridine modifica-
tion in which the taurine moiety of Tm>U is replaced by
glycine. MnmG and MnmE, which are homologous en-
zymes of MTO1 and GTPBP3, synthesize the cmnm’U
modification in the presence of glycine and CH,-THF as
substrates, using GTP, FAD, NADH and K* as cofactors
(34,104,105). Although the detailed reaction mechanism
catalyzed by these enzymes remains elusive, MnmG shares
amino acid sequence similarity with the folate-dependent
tRNA methyltransferase TrmFO, which directly recognizes
tRNA (106,107). Given that MELAS mutations likely im-
pair tRNA recognition by Tm>U-modifying enzymes, it is
reasonable that MTOI overexpression drastically increased
the Tm°U frequency of mt-tRNAMUWVUR) by overcoming
the MELAS mutation. On the other hand, GTPBP3 over-
expression slightly increased Tm°U frequency from 16%
to 27%, but the effect was limited compared with that of
MTOI (Figure 3C). Although MTOI1 and GTPBP3 work
together, they have distinct roles in the Tm>U modifica-
tion of MELAS tRNA. In addition, the Tm°U frequency
of MELAS tRNA increased slightly from 16% to 28% in
response to overexpression of LARS2 CTD, although this
effect was weak (Figure 3C). We also revealed by RNA-
MS analysis that MTOI overexpression restored Tm’s>U
frequency of the mutant mt-tRNA™ in MERRF patient
cells, and TRMT61B overexpression increased m!' A58 fre-
quency in the same tRNA (Figure 6). Tm’s>U modifica-
tion promotes accurate decoding of purine-ending codons
(5). It is known that tRNAs with m' A58 are enriched in
polysome fraction in human cytoplasm (108), indicating
that mt-tRNADS bearing both tm’s>U and m' A58 actively
participates in protein synthesis. On the other hand, our
group previously reported that m'AS58 of mt-tRNADY is
constantly demethylated by ALKBHI1 (109). This indicates
that a heterogeneous population of differentially modified
mt-tRNADS, ie. hypomodified mt-tRNAM™S, may be in-
volved in translational regulation in mitochondria.

MTOI overexpression slightly improved the aminoacyla-
tion rate of MELAS tRNA (Figure 4C). Because LARS2
leucylates two isoacceptors (20), mt-tRNALUUUR) bearing
tm’U and mt-tRNAFUCUN) without tmU, it is unlikely
that LARS? efficiently recognizes Tm°U-modified MELAS
tRNA. Rather, MELAS tRNA might be transiently sta-
bilized by MTOI1 to facilitate recognition by LARS2.
Some RNA-modifying enzymes can modulate RNA ter-
tiary structures, which is known as an RNA chaperone func-
tion (110-113). MTO1 might work as an RNA chaperone to
support mt-tRNA with pathogenic mutations for efficient
aminoacylation.

In this study, MTOI overexpression fully restored Tm>U
frequency and partially increased the aminoacylation effi-
ciency of MELAS tRNA, leading to the upregulation of
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mitochondrial protein synthesis and respiratory activity in
MELAS myoblasts (Figures 4D, E, and 5). The ECAR sug-
gested that MELAS myoblasts had almost no respiration
and relied solely on glycolysis for ATP production; however,
MTOI overexpression activated MELAS myoblasts to initi-
ate mitochondrial respiration to produce ATP. This finding
clearly suggests that severe impairment of Tm°U is a pri-
mary molecular pathogenesis of MELAS. Hence, restora-
tion of Tm°U may lead to potential treatments for MELAS.
Although m’U was almost fully restored by MTOI over-
expression in MELAS myoblasts, mitochondrial function
and respiratory activity were slightly improved but did not
reach WT levels. This is because the steady-state level of
MELAS tRNA remained low even if Tm>U was fully in-
troduced (Figure 4A and B). Our next target is thus to sta-
bilize MELAS tRNA. We have three potential measures
to achieve this: (i) searching for compounds or peptides
that stabilize MELAS tRNA, (ii) inhibiting the degradation
pathways of MELAS tRNA and (iii) stabilizing MELAS
tRNA by introducing other tRNA modifications. We plan
to continue our research efforts to develop more effective
therapeutic measures for MELAS and related mitochon-
drial diseases.
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