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ABSTRACT

Pseudouridine (�) at position 55 in tRNAs plays
an important role in their structure and function.
This modification is catalyzed by TruB/Pus4/Cbf5
family of pseudouridine synthases in bacteria and
yeast. However, the mechanism of TRUB fam-
ily underlying the formation of �55 in the mam-
malian tRNAs is largely unknown. In this report,
the CMC/reverse transcription assays demonstrated
the presence of �55 in the human mitochon-
drial tRNAAsn, tRNAGln, tRNAGlu, tRNAPro, tRNAMet,
tRNALeu(UUR) and tRNASer(UCN). TRUB1 knockout (KO)
cell lines generated by CRISPR/Cas9 technology ex-
hibited the loss of �55 modification in mitochondrial
tRNAAsn, tRNAGln, tRNAGlu and tRNAPro but did not
affect other 18 mitochondrial tRNAs. An in vitro as-
say revealed that recombinant TRUB1 protein can
catalyze the efficient formation of �55 in tRNAAsn

and tRNAGln, but not in tRNAMet and tRNAArg. No-
tably, the overexpression of TRUB1 cDNA reversed
the deficient �55 modifications in these tRNAs in
TRUB1KO HeLa cells. TRUB1 deficiency affected the
base-pairing (18A/G-�55), conformation and stabil-
ity but not aminoacylation capacity of these tR-
NAs. Furthermore, TRUB1 deficiency impacted mi-
tochondrial translation and biogenesis of oxidative
phosphorylation system. Our findings demonstrated
that human TRUB1 is a highly conserved mitochon-
drial pseudouridine synthase responsible for the �55

modification in the mitochondrial tRNAAsn, tRNAGln,
tRNAGlu and tRNAPro.

INTRODUCTION

Nucleotide modifications of transfer RNA (tRNA) affect
all aspects of tRNA structure and function (1–3). In mam-
malian mitochondria, 18 types of nucleotide modifications
occur in the 137 positions of 22 tRNA species, encoded
by mitochondrial DNA (mtDNA) (4–6). The nucleotides at
positions 34 and 37 at anticodon loop of tRNAs are more
prone to be modified than those at other positions of tR-
NAs and impact the stabilization of anticodon structure,
fidelity and efficiency of translation (7–12). The nucleotide
modifications of tRNAs were catalyzed by a series of tRNA
modifying enzymes, encoded by nuclear genome, synthe-
sized in cytosol and subsequently imported into mitochon-
dria (13–14). The biosynthesis of �m5s2U34 modification of
tRNALys, tRNAGlu and tRNAGln was catalyzed by tRNA
modifying enzymes GTPBP3, MTO1 and TRMU (15–18).
The m1G37 modification in the tRNAAla, tRNALeu(CUN),
tRNAPro and tRNAGln is synthesized by tRNA methyl-
transferase 5 (TRMT5), while the biosynthesis of i6A37
in the tRNACys, tRNASer(UCN), tRNAPhe, tRNATrp and
tRNATyr was catalyzed by tRNA dimethylallyltransferase
(TRIT1) (4,19,20).

Of core modifications, the pseudouridine (�) at posi-
tion 55 of T�C arm plays an important role in the struc-
ture and function of tRNAs including proper folding and
stability, and translation (21–23). In particular, the �55
forms a tertiary base pair with the 18A/G in the D-loop
and stabilizes the L-shaped tRNA structure (21,22). The
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defects in pseudouridinylation at position 55 at the T�C
loop of human mitochondrial tRNAGlu caused by deaf-
ness and diabetes-associated m.14692A > G mutation re-
sulted in the destabilization of base pairing (18A-�55), im-
proper folding, and instability of tRNAGlu (23). In bacte-
ria and yeast, the biosynthesis of pseudouridine at posi-
tion U55 of tRNAs is catalyzed by TruB/Pus4/Cbf5 fam-
ily of pseudouridine synthases (24–27). In human, TRUB
family included at least three members: TRUB1, TRUB2
and Cbf5/DKC1 sharing highly conserved active site con-
sensus sequences HXGXLD (27–30). Cbf5/DKC1 func-
tions in the ribosomal biogenesis through ribosomal RNA
(rRNA) pseudouridylation, splicing, and telomere mainte-
nance (29). TRUB2 is involved in mitochondrial mRNA
pseudouridylation, regulates 16S rRNA and mitochondrial
translation (30–32). TRUB1 has tRNA �55 synthase activ-
ity and is primarily present in the nucleus (32,33). However,
the roles of TRUB1 in the formation of �55 in the mito-
chondrial tRNAs are unknown. In this study, the mapping
pseudouridines in 22 mitochondrial tRNAs and 4 cytoplas-
mic tRNAs by carbodiimide (CMC) modification/reverse
transcription approach revealed the presence of �55
in tRNAAsn, tRNAGln, tRNAGlu, tRNAPro, tRNAMet,
tRNALeu(UUR) and tRNASer(UCN) (34). To gain the roles of
TRUB1 in biosynthesis of the �55 in the tRNAs, we used
CRISPR/Cas9 genomic editing approach in HeLa cells to
produce the targeted deletions in TRUB1 gene. The TRUB1
knock-out (KO) (TRUB1KO) cell lines exhibited the com-
plete loss of �55 modification in mitochondrial tRNAAsn,
tRNAGln, tRNAGlu and tRNAPro. An in vitro enzymatic ac-
tivity of TRUB1 was assayed with unmodified tRNAAsn,
tRNAGln, tRNAMet and tRNAArg generated by in vitro tran-
scription as substrates using recombinant TRUB1. To verify
the defects of TRUB1 knock-out in the HeLa cells, we trans-
ferred a plasmid carrying the full-length TRUB1 cDNA
into the TRUB1KO cell lines. These TRUB1KO cell lines were
then evaluated for the effects of TRUB1 deficiency on the
conformation, stability, and aminoacylation capacity of mi-
tochondrial tRNAs. These cell lines were then assessed for
the effects of the TRUB1 deficiency on mitochondrial trans-
lation and the biogenesis of oxidative phosphorylation (OX-
PHOS) system.

MATERIALS AND METHODS

Construction of TRUB1KO cell lines

The HeLa cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) (Life Technologies) (containing 4.5 mg
of glucose, 0.11 mg pyruvate/ml and 50 �g of uridine/ml),
supplemented with 5% FBS. TRUB1KO Hela cell lines were
constructed using the CRISPR-Cas9 system 458 plasmid
(Addgene) containing the sgRNAs (35–37). The sgRNAs
were designed using the CRISPR design tool (http://crispr.
mit.edu) to minimize potential off-target effects. The se-
quences of sgRNAs that ultimately produced successful
deletion clones were 5′-CACCGCACGGCGAACACGCC
GCTCA-3′ and 5′-AAACTGAGCGGCGTGTTCGCCG
TGC-3′. HeLa cells were transfected with Lenti CRISPR
458 plasmid (Addgene) containing the sgRNAs using jet-
PRIME (Polyplus-transfection SA, Illkirch, France), ac-
cording to the manufacturer’s instructions. After 24 hours,

the cell cultures in the same media were treated with 1�g/ml
of puromycin for three days. The cells were then collected
and plated in the DMEM, supplemented with 10% FBS.
Subsequently, cells were cloned by limiting dilution and in-
dividual clones were isolated.

The genotyping for the TRUB1 mutations in each clone
was performed by PCR amplification of 400 bp frag-
ment spanning partial promoter region and exon 1 (Ref-
Seq NC 000010.11) and followed by Sanger sequence anal-
ysis. The forward and reverse primers for this genotyping
analysis were 5′-GCTTCTGAGGCGGCGGTGGTGTCT
TC-3′ and 5′-AATGGTCAGTCTCCCTTTCCCCTCCT
TTTG-3′, respectively.

For the rescuing of TRUB1KO cells, the full-length cod-
ing region of TRUB1 cDNA was obtained by RT-PCR
amplification using the high fidelity Pfu DNA polymerase
(Promega) and total RNA isolated from HeLa cells as tem-
plate, with primers with NheI site: 5′-TTGCTAGCCGCC
ACCATGGCCGCTTCTGAGGCGG-3′ (nt.60–78) and
EcoRI site: 5′-TTGAATTCTTGTCATTCTGCATCTGC
ACACAGGA-3′(nt.1152–1177) (GenBank accession no.
NM 139169.5). The PCR products were cloned by using the
TA Cloning Kit (TaKaRa), analyzed by Sanger sequencing
and then subcloned into a pCDH-puro-cMyc Vector (Ad-
dgene plasmid 46970). The pCDH-puro-cMyc Vector con-
taining TRUB1 cDNA were co-transfected with the pack-
aging vectors pMD2.G (Addgene) and psPAX2 (Addgene)
into 293T cell line by Lipofectamine 3000 (Invitrogen) to
produce virus. Two days following transfection, viral super-
natants were collected and used to infect the TRUB1KO cells
(38).

Mitochondrial location analysis

Immunofluorescence experiments were performed as de-
tailed previously (36,37). HeLa cells were cultured on
cover glass slips (Thermo Fisher), fixed in 4% formalde-
hyde for 15 min, permeabilized with 0.2% Triton X-
100, blocked with 5% Fetal Bovine Serum (FBS) for 1h,
and immunestained with an anti-TOM20 antibody (Ab-
cam) and anti-FLAG antibody (Abcam) overnight at 4◦C.
The cells were then incubated with Alex Fluor 594 goat
anti-mouse IgG (H&L) and Alex Fluor 488 goat anti-
rabbit IgG (H&L) (Thermo Fisher), stained with 4′,6-
daimidino-2-phenylindole (DAPI) (Invitrogen) for 15 min-
utes, and mounted with Fluoromount (Sigma-Aldrich).
Cells were examined using a confocal fluorescence micro-
scope (Olympus Fluoview FV1000, Japan) with three lasers
(Ex/Em = 550/570, 492/520 and 358/461 nm).

Detection of pseudouridine residues in tRNAs using CMC
modification/reverse transcription assay

RNAs for CMC treatment were total enriched small RNA
including mitochondrial and cytosolic tRNAs, isolated
from various cell lines by using RNAiso for Small RNA
kit (TaKaRa). Twenty micrograms of RNAs were incu-
bated with 160 mM 1-cyclohexyl-(2-morpholinoethyl) car-
bodiimide metho-p-toluene sulfonate (CMCT) for 20 min
at 37◦C to allow for carbodiimide (CMC) modification of
� residues (34). The reaction mixtures contain 7 M urea,

http://crispr.mit.edu
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4 mM EDTA, 50 mM Bicine, pH 8.5. The modified RNAs
were then precipitated by adding 2 �l of Pellet Paint Co-
Precipitant, 50 �l of 3 M sodium acetate, pH 5.5, and triple
volume of ethanol, incubated at least 2 h at –20◦C before
centrifuging at 12 000 rpm for 30 min. The RNA pellets
were dissolved in 1 M sodium carbonate, pH 10.4, incu-
bated for 4 hours at 37◦C, and precipitated again as de-
scribed above. Primescript II 1st Strand cDNA Synthesis
Kit (TaKaRa) was used for reverse transcription with digox-
igenin (DIG)-labeled oligodeoxynucleotide probes specific
for 22 mitochondrial tRNAs and 4 cytosolic tRNAs (Sup-
plemental Table S1). RNase A was added to the extension
reaction to remove the mitochondrial RNA. The DNA was
then precipitated with ethanol at –20◦C overnight after phe-
nol extraction. Two micrograms of DNA samples were ap-
plied onto 15% polyacrylamide, 7 M urea electrophoresis
gel and electroblotted onto a positively charged nylon mem-
brane.

Western blot analysis

Western blot analysis was performed as detailed else-
where (39). Twenty micrograms of total proteins obtained
from various cell lines were electrophoresed through
10% bis–Tris SDS-polyacrylamide gels. Afterward, the
gels were electroblotted onto polyvinylidene difluoride
(PVDF) membrane for hybridization. The antibod-
ies used for this investigation were from Invitrogen
[TRUB1 (PA5-36003) and ND4L(PA5-68242)], Ab-
cam [ND1(ab74257), ND3(ab170681), ND5(ab92624),
TOMM20/TOM20(ab56783), SDHB(ab14714),
UQCRC2(ab14745) and TUBULIN (ab6046)], Novus
[ND4(NBP2-47365)], ABclonal [NDUFA1(A20940) and
NDUFA10(A10123)] and Proteintech [FLAG (80010-1-
RR), NDUFS1(12444-1-AP), UQCRFS1(18443-1-AP),
COXIV(66110-1-Ig), COX17 (11464-1-AP), CYTB (55090-
1AP), CO2 (55070-1-AP), ATP8 (26723-1-AP), ATP5B
(17247-1-AP), ATP5F1(15999-1-AP) and GAPDH (60004-
1-Ig)]. Peroxidase Affinipure goat anti-mouse IgG and
goat anti-rabbit IgG (Beyotime) were used as secondary
antibodies, and protein signals were detected using the
ECL system (CWBIO). The quantification of density in
each band was performed as detailed previously (38).

In vitro transcription of mitochondrial tRNAs

tRNA transcripts as substrates for enzymatic reactions
were produced as described previously (23,40). The mi-
tochondrial tRNAAsn, tRNAGln, tRNAMet and tRNAArg

were generated by in vitro transcription by T7 RNA
polymerase (Promega) using synthetic DNA oligonu-
cleotides as templates. Forward oligos for all tRNAs
contained T7 RNA polymerase promoter sequences.
The transcripts were purified by 10% polyacrylamide gel
electrophoresis. The sequences of oligonucleotides were
5′-GCTAATACGACTCACTATATAGATTGAAGCCA
GTTGATTAGGGTGCTTAGCTGTTAACTAAGTGTT
TGTGGGTTTAAGTCCCATTGGTCTAGCCA-3′ and
5′-TGGCTAGACCAATGGGACTTAAACCCACAAAC
ACTTAGTTAACAGCTAAGCACCCTAATCAACT

GGCTTCAATCTATATAGTGAGTCGTATTAGC-
3′ for tRNAAsn, 5′-GCTAATACGACTCACT
ATATAGGATGGGGTGTGATAGGTGGCAC
GGAGAATTTTGGATTCTCAGGGATGGGT
TCGATTCTCATAGTCCTAGCCA-3′ and 5′-
TGGCTAGGACTATGAGAATCGAACCCATCC
CTGAGAATCCAAAATTCTCCGTGCCACCTATC
ACACCCCATCCTATATAGTGAGTCGTATTAGC-3′
for tRNAGln, 5′-GCTAATACGACTCACTATAAGTAA
GGTCAGCTAAATAAGCTATCGGGCCCATACCC
CGAAAATGTTGGTTATACCCTTCCCGTACTACCA
-3′ and 5′-TGGTAGTACGGGAAGGGTATAACCAA
CATTTTCGGGGTATGGGCCCGATAGCTTATTT
AGCTGACCTTACTTATAGTGAGTCGTATTAGC -3′
for tRNAMet, 5′-GCTAATACGACTCACTATATGGTA
TATAGTTTAAACAAAACGAATGATTTCGACTCAT
TAAATTATGATAATCATATTTACCAACCA -3′ and
5′-TGGTTGGTAAATATGATTATCATAATTTAATG
AGTCGAAATCATTCGTTTTGTTTAAACTATATAC
CATATAGTGAGTCGTATTAGC -3′ for tRNAArg.

Expression and purification of recombinant TRUB1 protein

The open reading frames of TRUB1 gene (GenBank ac-
cession number: NM 139169) were amplified through RT-
PCR by using primers (5′-CGGAATTCATGGCCGCTT
CTGAGG-3′ and 5′-GCGTCGACTCAGTGGTGGTG
GTGG-3′) containing an EcoRI restriction site added to the
5′ end and a SalI restriction site added to the 3′ end. The
PCR products were digested and ligated into a pMAL-c2E-
derived vector (pMAL-c2E-TEV-His) between the EcoRI
and SalI sites, which produces a maltose binding protein
(MBP)-fused protein containing a TEV cleavage site be-
tween MBP and fused partner and a His-tag fused at the
C terminus of recombinant protein (41). The pMAL-c2E-
TRUB1 was transformed into Escherichia coli DH5� and
then incubated at 37◦C for 4h in Luria-Bertani medium
containing ampicillin (100 �g/ml) after the addition of 1
mM isopropyl �-D-1-thiogalactopyranoside (IPTG). The
recombinant TRUB1 protein was separated via SDS-PAGE
stained with Coomassie Brilliant Blue and purified through
High Affinity Ni-Charged Resin FF in accordance with the
manufacturer’s manual (Genscript). The TEV Protease (Be-
yotime) was used to digest the fusion protein TRUB1-MBP
to release the MBP tag.

In vitro assays for pseudouridylation activity of recombinant
human TRUB1

The pseudouridylation activity of purified recombinant
TRUB1 was assayed at 37◦C for 1 h in a reaction mixture (50
mM HEPES, pH 7.5, 100 mM NH4Cl, 5 mM Mg(OAc)2, 5
mM DTT, 400 units/mL RNasin) with 500 nM of in vitro
transcribed tRNAs as substrates (24). The reaction was ter-
minated by phenol-chloroform extraction and RNAs were
recovered by ethanol precipitation. The modified tRNAs
was then treated and analyzed for the � modification as de-
scribed as above.
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Mitochondrial tRNA analysis

Total cellular RNAs were obtained by using TOTALLY
RNATM kit (Ambion) from intact cells from various cell
lines, as detailed elsewhere (42). For tRNA Northern
blot analysis, 5 �g of total cellular RNAs were elec-
trophoresed through a 10% polyacrylamide gel without
(native gel) or with (denature gel) 8M urea in Tris-
borate-EDTA buffer (TBE) (after heating the sample at
65◦C for 10 min), and then electroblotted onto a posi-
tively charged nylon membrane for the hybridization anal-
ysis with DIG-labeled oligodeoxynucleotide probes for
tRNAAsn, tRNAGln, tRNAGlu, tRNAPro, tRNASer(UCN),
tRNALeu(UUR), tRNASer(AGY), tRNALeu(CUN), tRNAMet

and 5S rRNA were as detailed previously (43–46). DIG-
labeled oligodeoxynucleotides were generated by using DIG
oligonucleotide tailing kit (Roche). The hybridization and
quantification of density in each band were performed as
detailed elsewhere (44–46).

For the aminoacylation assays, mitochondrial RNAs
were obtained from mitochondria isolated from various cell
lines (∼2.0 × 107 cells), under acid conditions as detailed
elsewhere (43,47). Five micrograms of mitochondrial RNAs
were electrophoresed at 4◦C through an acid (pH 5.0) 10%
polycrylamide/8 M urea gel to separate the charged and
uncharged tRNAs detailed elsewhere (46,47). To further
distinguish nonaminoacylated tRNA from aminoacylated
tRNA, samples of tRNAs were deacylated by being heated
for 10 min at 60◦C (pH 8.3) and then run in parallel. The
gels were then electroblotted onto a positively charged ny-
lon membrane (Roche) for the hybridization analysis with
oligodeoxynucleotide probes as described above. Quantifi-
cation of density in each band was performed as detailed
previously (46,47).

The S1 nuclease cleavage analysis was performed as de-
tailed elsewhere (18,46,48). In brief, 2 �g of total RNAs
were incubated with 1 �g/�l total yeast tRNA and 1U/�l
S1 nuclease (Thermofisher) in the 5 �l reaction buffer con-
taining 40 mM sodium acetate (pH 4.5), 300 mM NaCl and
2 mM ZnSO4. Reaction mixtures were incubated at 28◦C for
indicated times and quenched by adding 5�l loading buffer.
Samples were electrophoresed through a 10% denaturing
polyacrylamide gel with 8 M urea and then electroblotted
onto a positively charged nylon membrane for hybridization
analysis with DIG-labeled oligodeoxynucleotide probes as
described above.

Blue native polyacrylamide gel electrophoresis (BN-PAGE)
and in-gel activity assays

BN-PAGE was performed on mitochondrial protein ex-
tracted from various cell lines as detailed elsewhere (49,50).
For in-gel activity assays, samples containing 30 �g of total
mitochondrial proteins were separated on 3 to 12% Bis–Tris
Native PAGE gel. The native gels were prewashed in cold
water and then incubated with the substrates of complex I,
complex II, complex IV and complex V at room temper-
ature as described elsewhere (49,50). After stopping reac-
tion with 10% acetic acid, gels were washed with water and
scanned to visualize the activities of respiratory chain com-
plexes.

Statistical analysis

Statistical analysis was carried out using the unpaired, two-
tailed Student’s t-test contained in the Microsoft-Excel pro-
gram or Macintosh (version 2007). Differences were consid-
ered significant at a P < 0.05.

RESULTS

The presence of �55 in mitochondrial tRNAAsn, tRNAGln,
tRNAGlu, tRNAMet, tRNALeu(UUR), tRNASer(UCN) and
tRNAPro

To examine the presence of �55 in human mitochondrial
tRNAs, we subjected total enriched RNAs from HeLa cells
to the CMC/reverse transcription assays with DIG-labeled
oligonucleotide probes specific for 22 mitochondrial tR-
NAs including tRNAAsn, tRNAGln, tRNAGlu, tRNAPro,
tRNAMet, tRNALeu(UUR) and tRNASer(UCN). This approach
involved CMC adduct formation with U, G and pseudouri-
dine followed by mild alkali to remove the adduct from U
and G, but not from the N3-[N-cyclohexyl-N’-�-(4-methyl-
morpholinium) ethylcarbodiimide]-� (N3-CMC-�) (34).
This yielded the attenuation of primer reverse transcrip-
tion, causing a stop band one residue 3′ to the pseudouri-
dine on sequence gel. As shown in Figure 1, the �55
modification was detected in the mitochondrial tRNAAsn,
tRNAGln, tRNAGlu, tRNAPro, tRNAMet, tRNALeu(UUR)

and tRNASer(UCN) but not in other 15 mitochondrial tR-
NAs.

Human TRUB1 is a conserved pseudouridine synthase local-
ized in mitochondrion

Human TRUB1 encodes a 349 amino acid protein with a
putative mitochondrial target sequence at the N-terminus,
predicted by Mitoprot program (51). TRUB1 contains the
VFAVHKPKGPTSA box in positions 71–83 correspond-
ing to motif I that is involved in conserving protein struc-
ture and GGTLDS AARGVLVV in positions 117–130, in-
cluding the highly conserved 121D residue, characterized
motif II (involved in uridine recognition and in catalytic
function) (28). Alignment of TRUB1 with its homologs of
other organisms, including Mus musculus, Rattus norvegi-
cus, Sus scrofa, Canis lupus familiaris, Gallus gallus, Xeno-
pus tropicalis, Danio rerio and Escherichia coli displayed
an extensive conservation of protein sequence. In particu-
lar, TRUB1 shares an overall amino acid identity of 79.4%,
81.4%, 86.7%, 92.3%, 58.9%, 51.0%, 52.7% and 20.1% with
M. musculus, R. norvegicus, S.scrofa, C. familiaris, G. gallus,
X. tropicalis, D. rerio and E. coli, respectively (Supplemen-
tary Figure S1).

To examine the subcellular localization of human
TRUB1, we transfected a TRUB1 construct with the
FLAG-tag at the C-terminus of this protein into Hela
cells, first examined subcellular localization by immunoflu-
orescence analysis. Using antibodies against FLAG and
TOMM20, a mitochondrial protein, we observed overlaps
of both fluorescence signals in the transfected cells (Figure
2A). To further determine the mitochondrial localization of
TRUB1, a FLAG-tagged version of TRUB1was transiently
expressed with in the HeLa cells. Cellular fraction experi-
ment of HeLa cells revealed that the exogenous TRUB1 was
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Figure 1. Pseudouridine sequencing of mitochondrial tRNAs. Primer extension analysis of all the 22 mitochondrial tRNAs after CMCT treatment of
small rRNA enriched total RNAs. Total RNAs isolated from HeLa cells were treated with (+) or without (−) CMCT, followed by alkali (OH−) treatment.
Reverse transcription was carried out using DIG- labeled primers to identify the stops caused by CMC-pseudouridine. The arrow indicates a strong stop
at �55. M: marker, DIG-labeled oligonucleotides of variable length.

enriched within mitochondrial fractions, along with outer
mitochondrial membrane protein TOMM20, and present
in cytosol, along with the cytosolic protein tubulin (Figure
2B). These indicated that TRUB1 localizes at mitochondria
but not exclusively. These suggested that TRUB1 plays a
role in the formation of �55 in tRNAs not only at nucleus
but also mitochondrion.

Generation of TRUB1 knockout HeLa cell lines

To gain overall information on how the TRUB1 deficiency
affected the synthesis of �55 in mitochondrial tRNAs, we
used CRISPR/Cas9 genomic editing approach to produce
the targeted deletion in TRUB1 gene in the HeLa cell line.
This led to the generation of two TRUB1 knockout (KO)
cell lines carrying composite deletions (Figure 2C, Sup-
plemental Figure S2). The TRUB1KO1 cell line harbored
two alleles with a 32 bp or 20 bp deletion in the exon 1
of TRUB1, respectively. The 32 bp deletion resulted in a
frameshift from codon 64, the introduction of a prema-
ture stop at codon 148 (p.Pro148*), and truncated pro-
tein with 147 resides, while the 20 bp deletion yielded a
frameshift from codon 63, the introduction of a premature
stop at codon 152 (p.Pro152*), and truncated protein with
151 amino acids. The TRUB1KO2 cell line carried two alle-

les, which were generated by introducing a 2 bp deletion or
a 1 bp insertion in the exon 1 of TRUB1, respectively. The
2 bp deletion yielded a frameshift from codon 58, the in-
troduction of a premature stop at codon 158 (p.Pro158*),
and truncated protein with 157 amino acids, while the 1 bp
deletion resulted in a frameshift from codon 68, the intro-
duction of a premature stop at codon 159 (p.Pro159*), and
truncated protein with 158 amino acids. These alleles were
confirmed by Sanger sequencing (Supplemental Figure 2),
and Western blot analysis (Figure 2D). To further con-
firm the ablation of TRUB1 in HeLa cells, we transferred
a plasmid carrying the full-length TRUB1 cDNA into two
TRUB1KO cell lines. Indeed, the overexpression of TRUB1
cDNA reversed the levels of TRUB1 in the TRUB1KO cell
lines.

TRUB1 deficiency caused the complete loss of �55 in mito-
chondrial tRNAAsn, tRNAGln, tRNAGlu and tRNAPro

To investigate whether TRUB1 catalyzes the synthesis
of �55 in mitochondrial tRNAAsn, tRNAGln, tRNAGlu,
tRNAPro, tRNAMet, tRNALeu(UUR) and tRNASer(UCN), we
subjected total enriched small RNAs from TRUB1KO

and wild type (WT) cell lines to the CMC/reverse tran-
scription with DIG-labeled oligonucleotide probes spe-
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Figure 2. Subcellular location and generation of TRUB1 knockout HeLa cell lines using CRISPR/Cas9 system. (A) Subcellular localization of TRUB1
by immunofluorescence in HeLa cells. TRUB1-FLAG (shown in green), TOMM20 (shown in red), and DAPI (shown in blue). Scale bar: 10 �m. (B)
Subcellular localization of TRUB1 by Western blot with anti-FLAG, TOMM20 (mitochondrial) and TUBULIN (cytosol). T, total cell lysate; D, debris; C,
cytosol; Mito, mitochondria. Isolated mitochondria were treated with (+) or without (–) 1% Triton X-100 followed by proteinase K digestion, respectively.
(C) Schematic representation of TRUB1 and its truncated proteins. Shaded boxes indicate the PseudoU synth TruB 4 domain of TRUB1. Red triangle
shows the probable active site. Deletion or insertion resulting in truncated proteins. (D) Western blot analysis. Twenty micrograms of total cellular proteins
of each cell line were electrophoresed through and hybridized with antibodies specific for TRUB1 or with GAPDH as a loading control. KO1 and KO2
represented two TRUB1 knockout - cell lines; KO1R and KO2R represented KO1 and KO2 expressing wild type TRUB1 cDNA.

cific for mitochondrial tRNAAsn, tRNAGln, tRNAGlu,
tRNAPro, tRNAMet, tRNALeu(UUR) and tRNASer(UCN),
as well as cytoplasmic tRNAThr(ACU), tRNAMet(AUG),
tRNATyr(UAC) and tRNAHis(CAC), which contain �55 mod-
ification (5). As shown in Figure 3A, the �55 modifica-
tion was not detected in mitochondrial tRNAAsn, tRNAGln,
tRNAGlu and tRNAPro derived from the TRUB1KO cell
lines, but present in the WT cell line. However, the
�55 modification was still present in the mitochon-
drial tRNAMet, tRNALeu(UUR) and tRNASer(UCN), as well
as cytosolic tRNAThr(ACU), tRNAMet(AUG), tRNATyr(UAC)

and tRNAHis(CAC) derived from both TRUB1KO and WT
cell lines (Figure 3B, supplemental Figure 3). These data
demonstrated that TRUB1 is responsible for the formation
of �55 in the tRNAAsn, tRNAGln, tRNAGlu and tRNAPro

but not in other mitochondrial tRNAs or 4 cytosolic
tRNAs.

An in vitro enzymatic activity assay of recombinant human
TRUB1

To further examine whether TRUB1 catalyzes the isomer-
ization of U55 in mitochondrial tRNAs, we produced hu-
man recombinant TRUB1 protein using a prokaryotic ex-
pression system and mitochondrial tRNAAsn, tRNAGln,
tRNAMet and tRNAArg as substrates by in vitro transcrip-
tion. These unmodified tRNAAsn, tRNAGln (U55) tran-
scripts together with tRNAMet (U55) and tRNAArg (A55)
transcripts as negative controls were incubated with recom-
binant TRUB1 protein to examine the formation of a sin-
gle � residue at position 55 in these tRNAs. As shown in
Figure 4, the �55 modification was detected in tRNAAsn

and tRNAGln transcripts (U55) in the presence of recombi-
nant TRUB1 protein. However, the �55 modification was
not detected in the tRNAMet (U55) and tRNAArg tran-
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Figure 3. Pseudouridine sequencing of mitochondrial tRNAs. The cloverleaf structures derived from Suzuki et al. (4) and CMCT-primer extension analysis
of enriched small RNAs in TRUB1 knockout (KO1) and wild type cell lines. Twenty micrograms of enriched small RNAs isolated from WT and TRUB1KO1

cell lines were incubated with CMCT for CMC modification of � residues (+) or without (––) CMCT, followed by alkali (OH−) treatment. Reverse
transcription was carried out using DIG-labeled primers to identify the stops caused by CMC-pseudouridine. (A) TRUB1 deficiency caused the loss of �55
in mitochondrial tRNAAsn, tRNAGln, tRNAGlu and tRNAPro. (B) TRUB1 deficiency did not affect the �55 in tRNAMet, tRNALeu(UUR), tRNASer(UCN)

and c.tRNAHis(CAC). The arrow indicates a strong stop at �55. M: marker, DIG-labeled oligonucleotides of variable length.

Figure 4. An in vitro enzymatic activity assay of recombinant human TRUB1. Unmodified mitochondrial tRNAAsn, tRNAGln, tRNAMet and tRNAArg

synthesized by in vitro transcription were incubated with recombinant human TRUB1 and the reactions were stopped by phenol-chloroform extraction.
The resultant modified tRNA samples were then subjected to primer extension using DIG-labeled primers. The strong stops in the reverse transcription
of tRNA correspond to pseudouridine residues. Arrows indicated the � at position 55 of tRNAs. M: marker, DIG-labeled oligonucleotides of variable
length.
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scripts (A55) in the presence of recombinant TRUB1 pro-
tein. These results verified the essential role of TRUB1 in
the formation of �55 in tRNAAsn and tRNAGln, as well as
tRNAGlu and tRNAPro.

Abnormal conformation and instability of tRNAAsn,
tRNAGln, tRNAGlu and tRNAPro

It was anticipated that the destabilization of base-
pairing (18A/G-�55) perturbed the structure and func-
tion of tRNAAsn, tRNAGln, tRNAGlu and tRNAPro.
To test if the TRUB1 deficiency-induced loss of �55
in tRNAAsn, tRNAGln, tRNAGlu and tRNAPro affects
the conformation of these tRNAs, total RNAs from
TRUB1KO cell lines or those with overexpression of TRUB1
cDNA and WT cell lines were electrophoresed through a
10% polyacrylamide gel (native condition) in Tris-borate-
EDTA buffer and then electroblotted onto a positively
charged nylon membrane for hybridization analysis with
DIG-labeled oligodeoxynucleotide probes for tRNAAsn,
tRNAGln, tRNAGlu, tRNAPro, tRNAMet, tRNALeu(UUR),
tRNASer(UCN) and tRNALys, respectively. As shown in Fig-
ure 5A, electrophoretic patterns showed that tRNAGln,
tRNAGlu in TRUB1KO cells migrated slower than those of
wild type cells, while electrophoretic patterns in tRNAAsn,
tRNAPro in TRUB1KO cells migrated faster than those
of wild type cells. In contrast, there were no difference
of electrophoretic patterns in tRNAMet, tRNALeu(UUR),
tRNASer(UCN) and tRNALys between TRUB1KO and WT
cell lines. These data suggested that the loss of �55 in
tRNAAsn, tRNAGln, tRNAGlu and tRNAPro changed the
conformation of these tRNAs.

We further evaluated whether the loss of TRUB1 per-
turbed the structures of tRNAs by analyzing the sen-
sitivity of tRNAGln, tRNAGlu, tRNAPro, tRNAMet and
tRNALys from TRUB1KO and WT cell lines to digestion
with the nuclease S1. The resultantly digested-products
from TRUB1KO and WT cell lines were then followed
by Northern blot analysis using tRNA probes that hy-
bridized only to 3′ half tRNAs. As illustrated in Figure
5B, the tRNAGln, tRNAGlu and tRNAPro from TRUB1KO

cell lines were more sensitive to S1-mediated digestion than
those from WT cell lines and exhibited remarkable differ-
ences in S1-mediated digestion patterns of tRNAs from
WT cell lines. Conversely, there was no significant differ-
ence between the sensitivity of tRNAMet and tRNALys from
TRUB1KO and WT cell lines to digestion with the nucle-
ase S1. These data validated that the inactivation of TRUB1
changed the conformation of mitochondrial tRNAs.

No effect of steady-state levels and aminoacylation of mito-
chondrial tRNAs

To further assess if the TRUB1 deficiency alters the
tRNA metabolism, we subjected mitochondrial RNAs
from two TRUB1KO cell lines or those with overexpres-
sion of TRUB1 cDNA and HeLa cell lines to North-
ern blot with DIG-labeled oligodeoxynucleotide probes for
tRNAAsn, tRNAGln, tRNAGlu, tRNAPro, tRNASer(UCN) as
representatives of the whole L-strand transcription unit and
tRNALeu(UUR), tRNASer(AGY), tRNALeu(CUN), tRNAMet de-
rived from the H-strand transcription unit, as well as a

nucleus-encoded mitochondrial 5S RNA (under denaturing
condition) (44,45). As shown in Figure 6A and supplemen-
tal Figure 4, the amount of these tRNAs in two TRUB1KO

cell lines were comparable with those in the HeLa cells and
TRUB1KO cell lines expressing TRUB1 cDNA.

To understand the effect of TRUB1 deletion on the
aminoacylation of tRNAs, we assessed the aminoacyla-
tion properties of tRNAAsn, tRNAGln, tRNAGlu, tRNAPro,
tRNAMet, tRNALeu(UUR), tRNASer(UCN) and tRNAThr by
the use of electrophoresis in an acidic polyacrylamide/urea
gel system to separate uncharged tRNA species from the
corresponding charged tRNA,electroblotting and hybridiz-
ing with tRNA probes described above (46,47). To further
distinguish nonaminoacylated tRNA from aminoacylated
tRNA, samples of tRNAs were deacylated by being heated
for 10 min at 60oC at pH 8.3 and then run in parallel. As
shown in Figure 6B, the upper and lower bands represented
the charged and uncharged tRNA, respectively. Despite not
well-separated charged and uncharged tRNAAsn, tRNAGln,
tRNAGlu, tRNAPro and tRNASer(UCN) in the acidic urea
PAGE system as described previously (46,47), there were no
obvious differences in electrophoretic mobility and aminoa-
cylation levels of tRNAAsn, tRNAGln, tRNAGlu, tRNAPro

and tRNASer(UCN) as well as tRNAMet, tRNALeu(UUR) and
tRNAThr between TRUB1KO cells and WT HeLa cells.
These data indicated the TRUB1 deficiency may not affect
the aminoacylation properties of mitochondrial tRNAs.

Impairment of mitochondrial translation

In order to investigate whether the absence of TRUB1 im-
paired the OXPHOS biogenesis, we carried out the West-
ern blot analysis to examine the levels in 18 subunits of
OXPHOS complexes in TRUB1KO and WT HeLa cells us-
ing TOM20 or GAPDH as loading control. These subunits
included 8 mtDNA-encoding proteins (ND1, ND3, ND4,
ND4L, ND5, CYTB, CO2 and ATP8), 10 nucleus-encoding
polypeptides: NDUFA1, NDUFS1 and NDUFS1 [sub-
units of NADH:ubiquinone oxidoreductase (complex I)],
SDHB [subunits of succinate ubiquinone oxidoreductase
(complex II)], UQCRC2 and UQCRFS1 [subunits of
ubiquinol-cytochrome c reductase (complex III)], COXIV
and COX17 [subunits of cytochrome c oxidase (complex
IV)], ATP5B and ATP5F1 [subunits of H+-ATPase (com-
plex V)] (52).

As shown in Figure 7A, the various decreases in the lev-
els of 8 mtDNA-encoding proteins (but not of ND4L, CO2
and ATP8) were observed in TRUB1KO cell lines, as com-
pared with these in the WT cell line. As shown in Figure
7B, the levels of ND1, ND3, ND4, ND4L, ND5, CYTB,
CO2 and ATP8 were 66%, 93%, 62%, 106%, 73%, 65%, 95%
and 83%, with an average of 81% (P < 0.001) in TRUB1KO1

cells, and 79%, 70%, 78%, 102%, 87%, 49%, 94% and 102%,
with an average of 83% (P < 0.001) in TRUB1KO2 cell line,
relative to the mean values measured in the WT cell line.
However, the overexpression of TRUB1 elevated the levels
of these subunits.

As shown in Figure 7C, the various increases in the lev-
els of 10 nucleus-encoding subunits (but not of UQCRC2)
were measured in in TRUB1KO cell lines, as compared with
WT cell line. As shown in supplemental Figure 5, the lev-
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Figure 5. Analysis of mitochondrial tRNA conformation. (A) Northern blot analysis of tRNAs under native conditions. Two micrograms of total RNAs
from TRUB1KO1 and wild type cell lines were electrophoresed through native polyacrylamide gel, electroblotted, and hybridized with DIG-labeled oligonu-
cleotide probes for tRNAAsn, tRNAGln, tRNAGlu, tRNAPro, tRNAMet, tRNALeu(UUR), tRNASer(UCN) and tRNALys, respectively. (B) S1 digestion pat-
terns of tRNAGln, tRNAGlu, tRNAPro, tRNAMet and tRNALys, purified from TRUB1KO1 and WT cell lines. Two micrograms of RNAs were used for
the S1 cleavage reaction at various lengths (from 0 to 120 min). Cleavage products of tRNAs were resolved in 10% desaturating PAGE gels with 8 M
urea, electroblotted and hybridized with 3′ end DIG-labeled oligonucleotide probes specific for tRNAGln, tRNAGlu, tRNAPro, tRNAMet and tRNALys,
respectively.

els of NDUFA1, NDUFS1, NDUFA10, SDHB, UQCRC2,
UQCRFS1, COXIV, COX17, ATP5B and ATP5F1 were
120%, 116%, 104%, 117%, 95%, 110%, 126%, 141%, 125%
and 124%, with an average of 118% (P < 0.001) in
TRUB1KO1 cell line, and 121%, 123%, 126%, 112%, 99%,
112%,116%, 133%, 120% and 117%, with an average of
118% (P < 0.001) in TRUB1KO2 cell line, relative to the
mean values measured in the WT cell line. However, the lev-
els of these proteins were reduced by the overexpression of
TRUB1 cDNA. These indicated the impact of TRUB1 on
mitochondrial translation.

Defective assembly and activity of OXPHOS complexes

We examined the consequence of the TRUB1 deficiency on
the assembly and activities of OXPHOS complexes. Mito-
chondria isolated from various cell lines were analyzed by
BN-PAGE and western blot analysis (49,50,53). As shown
in Figure 8A, TRUB1KO cell lines exhibited aberrant assem-
bly of complex I, IV and V. In particular, the levels of com-
plex I, II, III, IV and V were 55%, 105%, 113%, 45% and
72% in TRUB1KO1 cell line, and 53%, 114%, 99%, 23% and
65% in TRUB1KO2 cell line, relative to the mean values mea-
sured in the WT cell line, respectively (Figure 8B).

We then analyzed the stability and activities of complexes
I, II, IV and V using the in-gel activity assay. Mitochondrial
membrane proteins isolated from various cell lines were sep-
arated by BN-PAGE and stained with specific substrates
of complexes I, II, IV and V (50,53). Defective assembly
of complexes I, IV and V were further confirmed in the
TRUB1KO cell lines, as compared with WT cell line (Fig-
ure 8C and D). In particular, the in-gel activities of com-
plexes I, IV and V in TRUB1KO1 cell line were 59%, 73%
and 45%, and in TRUB1KO2 cell line were 78%, 91% and
70%, relative to the average values of WT cell line, respec-
tively. In contrast, the in-gel activities of complexes II in the
TRUB1KO cell lines were comparable with those of WT cell
line. Notably, the overexpression of TRUB1 cDNA restored
the defective assembly and activities of OXPHOS caused by
TRUB1 deficiency.

DISCUSSION

Pseudouridine located at position 55 (�55) in the T�C
arm of tRNA is a nearly universally conserved RNA mod-
ification found in all three domains of life (1,3). In the
present study, we revealed the presence of �55 modification
in human mitochondrial tRNAAsn, tRNAGln, tRNAGlu,
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Figure 6. Analysis of steady state levels and aminoacylation of mitochondrial tRNA. (A) Northern blot analysis of tRNAs under denatured condition.
Five micrograms of total cellular RNA from various cell lines were electrophoresed through a denaturing polyacrylamide gel, electroblotted, and hy-
bridized with DIG-labeled oligonucleotide probes for tRNAAsn, tRNAGln, tRNAGlu, tRNASer(AGY), tRNAPro, tRNALeu(CUN), tRNAMet, tRNALeu(UUR),
tRNASer(UCN) and 5S rRNA as a loading control, respectively. (B) Aminoacylation assays. Five micrograms of mitochondrial RNAs purified from various
cell lines under acid conditions was electrophoresed at 4◦C through an acid (pH 5.0) 10% polyacrylamide-8 M urea gel, electroblotted, and hybridized with
a DIG-labeled oligonucleotide probe specific for the tRNAAsn, tRNAGln, tRNAGlu, tRNAPro, tRNAMet, tRNAThr, tRNALeu(UUR) and tRNASer(UCN),
respectively. The samples from TRUB1KO (KO1) and WT cell lines were deacylated (DA) by heating for 10 min at 60◦C at pH 8.3, electrophoresed, and
hybridized with DIG-labeled oligonucleotide probes as described above.

tRNAPro, tRNAMet, tRNALeu(UUR) and tRNASer(UCN) but
not in other 15 mitochondrial tRNAs. In E. coli, tRNA
pseudouridine 55 synthase (TRUB) catalyzes the pseu-
douridine formation at U55 by recognizing the T-arm with
a 17-base stem–loop structure at position 49–65 (24,54–
56). In particular, TRUB recognized a consensus base se-
quence (U54, U55 and A58) within 7 base T-loop (24).
In human, TRUB family included at least three mem-
bers: TRUB1, TRUB2 and Cbf5/DKC1 sharing highly con-
served active site consensus sequences HXGXLD (Supple-
mental Figure 6). DKC1 primarily functions in ribosomal
RNA (rRNA) pseudouridylation, while TRUB2 is involved
in mitochondrial mRNA pseudouridylation (29–32). No-
tably, the tRNA �55 synthase activity of TRUB1 was pri-
marily present in the nucleus (32,33). In this study, both
immunofluorescence and cellular fraction assays demon-
strated that TRUB1 localizes at mitochondria but not ex-
clusively. These suggested that TRUB1 may play a role
in the formation of �55 in tRNAs not only in the nu-
cleus but also mitochondrion, especially in the formation
of �55 in mitochondrial tRNAAsn, tRNAGln, tRNAGlu,
tRNAPro, tRNAMet, tRNALeu(UUR) and tRNASer(UCN). In
this investigation, two TRUB1KO cell lines with differ-

ent alleles generated by with CRISPR/Cas9 system exhib-
ited the complete loss of �55 modification in tRNAAsn,
tRNAGln, tRNAGlu and tRNAPro. On contrast, the TRUB1
deficiency did not affect the formation of the �55 mod-
ification in the mitochondrial tRNAMet, tRNALeu(UUR)

and tRNASer(UCN), as well as cytosolic tRNAThr(ACU),
tRNAMet(AUG), tRNATyr(UAC) and tRNAHis(CAC). Further-
more, an in vitro enzymatic assay revealed that recom-
binant human TRUB1 protein indeed catalyzed the ef-
ficient formation of � at position 55 in tRNAAsn and
tRNAGln, but not in tRNAMet and tRNAArg. Notably,
the overexpression of TRUB1 cDNA reversed the deficient
formation of �55 in tRNAAsn, tRNAGln, tRNAGlu and
tRNAPro in TRUB1KO cell lines. These data demonstrated
that TRUB1 is responsible for the formation of �55 in mi-
tochondrial tRNAAsn, tRNAGln, tRNAGlu and tRNAPro.
However, the biosynthesis of �55 in human mitochondrial
tRNAMet, tRNALeu(UUR) and tRNASer(UCN) may be cat-
alyzed by other pseudouridine synthase(s). In fact, the cer-
tain structural requirements may be critical for tRNA pseu-
douridine synthase activity (55,56). As shown in the Supple-
mental Table S2, all these 7 tRNAs with �55 modification
shared a consensus base sequence (U54, U55 and A58) in
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Figure 7. Western blot analysis of mitochondrial proteins. Twenty micrograms of total cellular proteins from various cell lines was electrophoresed through
a denaturing polyacrylamide gel, electroblotted and hybridized with antibodies for (A) 8 mtDNA-encoding (ND1, ND3, ND4, ND4L, ND5, CYTB,
CO2 and ATP8) and (B) 10 nucleus-encoding (NDUFA1, NDUFS1, NDUFA10, SDHB, UQCRC2, UQCRFS1, COXIV, COX17, ATP5B and ATP5F1)
subunits of OXPHOS (CI, CII, CIII, CIV and CV represented complexes I, II, III, IV and V, respetively), TOM20 or GAPDH as a loading control,
respectively. (C) Quantification of mitochondrial protein levels. Average relative ND1, ND3, ND4, ND4L, ND5, CYTB, CO2, and ATP8 content per cell,
normalized to the average content per cell of TOM20 in TRUB1KO and WT cell lines. The values for the TRUB1KO cell lines are expressed as percentages
of the values for the WT cell line. The error bars indicate two standard errors of the means, the horizontal dashed lines represent the average value for
each group. The calculations were based on three independent determinations in each cell line. P indicates the significance, according to the t-test, of the
differences between TRUB1KO and WT cell lines.

the T-loop. The tRNAMet contains 6 base loop, in contrast
with the presence of 7 base loop in other 6 tRNAs. Further-
more,the A58 of tRNALeu(UUR) and tRNASer(UCN) are mod-
ified to m1A58 (6). These discrepancies may be attributed to
different substrate recognition by TRUB1 and other pseu-
douridine synthase(s).

In fact, the �55 in the T�C arm forms a tertiary base
pair with the conserved 18A/G in D-loop and stabilizes
the L-shaped tRNA structure (22,23,55,57,58). Thus, the
loss of �55 with TRUB1 deficiency destabilized the base-
pairing (18A/G-�55) of tRNAAsn, tRNAGln, tRNAGlu

and tRNAPro, and thereby impacted their structure and
function. In fact, the instability of mutant mitochon-
drial tRNAGlu was evidenced by electrophoretic mobil-
ity changes and sensitivity to S1-mediated digestion of
tRNAGlu with the loss of �55 caused by m.14692A > G
(55U > C) mutation associated with diabetes and deaf-
ness (23). In the present study, various electrophoretic
mobility changes of tRNAGln, tRNAGlu, tRNAAsn and
tRNAPro were observed in TRUB1KO cell lines: tRNAGln

and tRNAGlu migrated slower and tRNAAsn, tRNAPro in
TRUB1KO cells migrated faster than those of wild type cell
line. The conformation changes of these tRNAs may be due
to the destabilization of the base-pairing (18A/G-�55) of
tRNAAsn, tRNAGln, tRNAGlu and tRNAPro and the resul-
tant aberrant structure tertiary structure, caused by the ab-
lation of TRUB1. Furthermore, the tRNAGln, tRNAGlu and
tRNAPro from TRUB1KO cell lines were more sensitive to
S1-mediated digestion than those from WT cell line. How-
ever, there was no effects of TRUB1 ablation on the steady
state levels of tRNAAsn, tRNAGln, tRNAGlu and tRNAPro

under denatured conditions, in contrast with the decrease
in the steady-state level of tRNAGlu in mutant cell lines car-
rying the tRNAGlu 14692A > G mutation (23). These dis-
crepancies may be attributed to the different mechanism of
pseudouridine deficiency, even though these shared identi-
cal pseudouridine modifications at U55 in mitochondrial
tRNAGlu, tRNAGln, tRNAAsn and tRNAPro. Moreover, the
lacks of TRUB1 appeared not to affect the aminoacyla-
tion capacity of these mitochondrial tRNAs. Indeed, the
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Figure 8. Analysis of OXPHOS complexes. (A) The steady-state levels of five OXPHOS complexes by Blue-Native gel electrophoresis. Twenty micrograms
of mitochondrial proteins from various cell lines were electrophoresed through a Blue-Native gel, electroblotted and hybridized with antibodies specific
for subunits of five OXPHOS complexes (NDUFS2 antibody for complex I, SDHB antibody for complex II, UQCRC2 antibody for complex III, COX5A
antibody for complex IV and ATP5A antibody for complex V), and with TOM20 as a loading control. (B) Quantification of levels of complexes I, II, III,
IV and V in mutant and WT cell lines. The calculations were based on three independent experiments. (C) In-gel activity of complexes I, II, IV and V. The
activities of OXPHOS complexes from various cell lines after BN-PAGE were measured in the presence of specific substrates [NADH and NTB for complex
I, sodium succinate, phenazine methosulfate, and NTB for complex II, DAB and cytochrome c for complex IV, glycine, MgSO4, ATP and Pb(NO3)2 for
complex V]. (D) Quantification of in-gel activities of complexes I, IV and V. The calculations were based on three independent determinations in each cell
line. Graph details and symbols are explained in the legend to Figure 7.

TruB-affected �55 modification of tRNA in bacteria was
not essential but required for the low temperature adapta-
tion (59,60).

The TRUB1 deficiency-induced failures in tRNA
metabolism may impact the mitochondrial translation
and the biogenesis of oxidative phosphorylation system,
comprised of mtDNA-encoded subunit(s) and nuclear-
encoded subunits. These mtDNA-encoded subunits appear
to act as seeds for building new complexes, which re-
quires nuclear-encoded subunit import and assembly with
the assistance of assembly factors (61). In our previous
study, lymphoblastoid cell lines carrying the tRNAGlu

14692A > G (55U > C) mutation exhibited reduced levels
of mitochondrial proteins (an average decrease of ∼29%)
(23). In the present study, the variable decreases in levels
of 8 mtDNA-encoded polypeptides (an average decrease
of ∼28%) were observed in the TRUB1KO mutant cell
lines. In particular, TRUB1KO mutant cell lines exhibited
marked reductions (44%) in the levels of CYTB, relative
mild reductions (20–30%) in the levels of ND1, ND3, ND4
and ND5, but very mild decreases (3–5%) in the levels of
ATP8 and CO2. In contrast to what was previously shown
in cells carrying the tRNALys 8344A > G or tRNASer(UCN)

7445A > G mutation (62,63), polypeptides levels in mutant
cell lines, relative to those in WT cell lines, did not signifi-
cantly correlate with the number or density of asparagine,
glutamic acid, glutamine, proline codon or these 4 codons

(Supplemental Table S3). However, TRUB1 deficiency ele-
vated the expression levels of nucleus-encoded subunits of
OXPHOS, in contrast with drastic effects of those subunits
observed in the YARS2 knockout cell lines (35). This could
be due to a compensatory response to impaired synthesis
of mtDNA encoded polypeptides (50,64). The impaired
synthesis of mtDNA encoding subunits of OXPHOS gave
rise to aberrant assembly and instability of complexes I, IV
and V observed in the TRUB1KO cell lines by BN-PAGE
and Western blot assays. As a consequence, these defects
yielded the reduced activities of these respiratory chain
enzyme complexes. In-gel activities assays revealed that
TRUB1KO cell lines exhibited the significant decreases in
the activities of complexes I, IV and V, as compared with
those in WT cell line. These data highlight the critical role
of tRNA modification failures in producing mitochondrial
dysfunctions, as in the cases of cell lines carrying the
tRNAGlu 14692A > G, tRNAAsp 7551A > G, tRNAMet

4435A > G, tRNAIle 4295A > G mutations, TRMU and
TRMT5 mutations (8,15,20,23,65). The defetive oxidative
phosphorylation may result in the subsequent failure of
cellular energetic processes.

In summary, our data highlighted the presence of �55
in mitochondrial tRNAAsn, tRNAGln, tRNAGlu, tRNAPro,
tRNAMet, tRNALeu(UUR) and tRNASer(UCN). Our find-
ings demonstrated that the TRUB1 is responsible for the
formation of �55 in mitochondrial tRNAAsn, tRNAGln,
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tRNAGlu and tRNAPro and impacts on mitochondrial
tRNA metabolism, translation and the biogenesis of oxida-
tive phosphorylation system.
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