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Mammalian mitochondrial tRNA (mt-tRNA) plays a central
role in the synthesis of the 13 subunits of the oxidative phos-
phorylation complex system (OXPHOS). However, many as-
pects of the context-dependent expression of mt-tRNAs in
mammals remain unknown. To investigate the tissue-specific
effects of mt-tRNAs, we performed a comprehensive analysis
of mitochondrial tRNA expression across five mice tissues
(brain, heart, liver, skeletal muscle, and kidney) using Northern
blot analysis. Striking differences in the tissue-specific expres-
sion of 22 mt-tRNAs were observed, in some cases differing by
as much as tenfold from lowest to highest expression levels
among these five tissues. Overall, the heart exhibited the
highest levels of mt-tRNAs, while the liver displayed markedly
lower levels. Variations in the levels of mt-tRNAs showed sig-
nificant correlations with total mitochondrial DNA (mtDNA)
contents in these tissues. However, there were no significant
differences observed in the 2-thiouridylation levels of tRNALys,
tRNAGlu, and tRNAGln among these tissues. A wide range of
aminoacylation levels for 15 mt-tRNAs occurred among these
five tissues, with skeletal muscle and kidneys most notably
displaying the highest and lowest tRNA aminoacylation levels,
respectively. Among these tissues, there was a negative corre-
lation between variations in mt-tRNA aminoacylation levels
and corresponding variations in mitochondrial tRNA synthe-
tases (mt-aaRS) expression levels. Furthermore, the variable
levels of OXPHOS subunits, as encoded by mtDNA or nuclear
genes, may reflect differences in relative functional emphasis
for mitochondria in each tissue. Our findings provide new
insight into the mechanism of mt-tRNA tissue-specific effects
on oxidative phosphorylation.

Transfer RNAs (tRNA) function as adapter molecules that
decode messenger RNAs (mRNAs) during protein translation
by delivering amino acids to the ribosome. In mammal mito-
chondria, 22 tRNAs (mt-tRNA), together with two rRNAs and
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13 mRNA coding 13 structural components of oxidative
phosphorylation system (OXPHOS), are encoded by own
mitochondrial genome (mtDNA) (1–4). The mtDNA produces
the polycistronic heavy (H)- and light (L)-strand transcripts
that are catalyzed by mitochondrial transcription machinery
(5–8). The H-strand transcripts contain 12S rRNA, 16S rRNA,
12 mRNAs, and 14 tRNAs including tRNAHis, tRNALys, and
tRNALeu(UUR), while L-strand transcripts harbor ND6 mRNA
and eight tRNAs including tRNAGln and tRNASer(UCN) (5–10).
These polycistronic transcripts are then processed resulting in
the release of 13 mRNAs, 2 rRNAs, and 22 tRNAs, which are
catalyzed by RNase P and RNase Z, respectively (11–13). The
formation of functional mt-tRNAs for the synthesis of 13
mtDNA encoding polypeptides requires extensive base modi-
fications, CCA addition, and aminoacylation (14–18). Tran-
scription control of mt-tRNA genes in the mammalian tissues
plays an important role in specific oxidative phosphorylation
capacities required to satisfy their metabolic and energetic
demands (19–22). However, little is known about the varia-
tions in the expression levels or physiological conditions of mt-
tRNAs in differing types of both human and mouse tissues.

The abundance, nucleotide modification, and amino-
acylation of tRNAs may reflect the tissue-specific differences in
mitochondrial number, morphology, activity, and biogenesis
(23, 24). In the present investigation, we performed systematic
analysis of mt-tRNA expressions from mouse-derived brain,
heart, liver, skeletal muscle, and kidney. The steady-state levels
of 22 mt-tRNAs among these five tissue types were examined
using tRNA Northern blot analysis (25, 26). The nucleotide
modifications of tRNAs were assessed for the levels of 2-
thiouridine modification at position U34 in tRNALys, tRNA-
Glu, and tRNAGln by isolating total mitochondrial RNAs from
these tissues and then qualifying 2-thiouridine modifications
by retardation of electrophoresis mobility in polyacrylamide
gels containing N-acryloylamino phenyl mercuric chloride
(27–29). Furthermore, we examined the aminoacylation levels
of tRNAs using electrophoresis in an acidic urea poly-
acrylamide system to separate uncharged tRNA species from
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Tissue-specific expression of murine mitochondrial tRNA
the correspondingly charged tRNAs among these tissues
(18, 30). Moreover, we investigated the tissue-specific
expression of 14 mitochondrial tRNA synthetases (mt-aaRS)
and OXPHOS subunits that were encoded by mtDNA and
nuclear genes.
Results

Variations in the steady-state levels of mt-tRNAs among
mouse-derived tissues

To investigate the tissue-specific expression of mt-tRNAs in
mice, we subjected total RNAs from brain, heart, liver, skeletal
muscle, and kidney to Northern blots and hybridized them
with digoxigenin (DIG)-labeled oligodeoxynucleotide probes
for 14 mt-tRNAs from H-strand transcripts and 8
mt-tRNAs from L-strand transcripts, cytosolic (ct) tRNA
Figure 1. Northern blot analysis of 22 mt-tRNA steady-state levels amon
derived brain, heart, liver, skeletal muscle, and kidney tissues was electrophor
ized with DIG-labeled oligonucleotide probes specific for the 22 mt-tRNAs, ct-t
quantification of relative mt-tRNA levels of the five tissues. The content of each
levels for the brain, heart, liver, skeletal muscle, and kidney were normalized
based on 3 to 5 independent experiments. Error bars indicate two standard d
Muscle.
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(ct-tRNAAsp(GTC), ct-tRNALys(TTT), and ct-tRNALys(CTT)) as
well as with reference 5S rRNA, a nuclear-encoded mito-
chondrial small RNA (31, 32). For comparison, the average
levels of each tRNA among different tissues were then
normalized to the average levels in the 5S rRNA of the same
tissue. As shown in Figure 1A and Table S1, there were marked
differences in the levels of each mt-tRNA among the five tis-
sues. For example, the average levels of tRNAHis among the
brain, heart, liver, skeletal muscle, and kidney were 0.87, 2.34,
0.20, 0.75, and 0.84-fold relative to average levels of this tRNA
among five tissues, respectively. As shown in Figure 1A,
various differing levels of these 22 mt-tRNAs were observed in
the same tissue type. As shown in the Figure 1B and Table S1,
the average levels of mt-tRNAs ranged from 1.54-fold
(tRNALeu(UUR)) to 2.34-fold (tRNAHis) (relative to average of
corresponding tRNA among five tissues) in the heart, 0.61-fold
g five mouse tissues. A and C, four micrograms of total RNA from mouse-
esed through a denaturing polyacrylamide gel, electroblotted, and hybrid-
RNAAsp(GTC), tRNALys(TTT) and tRNALys(CTT) and 5S rRNA, respectively. B and D,
mt-tRNA was normalized to that of 5S rRNA in the five tissues. Relative tRNA
to the mean values of each tRNA among the five tissues. Calculations were
eviations (SD) of the means. B, Brain; H, Heart; K, Kidney; L, liver; M, skeletal



Tissue-specific expression of murine mitochondrial tRNA
(tRNACys) to 1.05-fold (tRNAVal, tRNAPro) in the brain,
0.75-fold (tRNAHis) to 1.04-fold (tRNAGlu, tRNASer(UCN)) in
the skeletal muscle, 0.77-fold (tRNALys) to 1.12-fold
(tRNASer(UCN)) in the kidney, and 0.20-fold (tRNAHis) to
0.58-fold (tRNAGlu) in the liver. Strikingly, the heart exhibited
the highest levels of average 22 mt-tRNAs (1.92-fold relative to
average levels of 22 mt-tRNAs in five tissues). Brain, skeletal
muscle, and kidney also revealed relatively higher levels of
average 22 mt-tRNAs (0.86, 0.92, and 0.98 fold, respectively).
The liver exhibited markedly lower levels of average 22 mt-
tRNAs (0.31-fold relative to average levels of 22 mt-tRNAs
in five tissues). However, there was no significant difference
in the levels of ct-tRNAAsp(GTC), ct-tRNALys(TTT), and ct-
tRNALys(CTT) among the brain, heart, liver, skeletal muscle,
and kidney tissues (Fig. 1, C and D). These variations in the
levels of mt-tRNAs may reflect the mtDNA contents among
these tissues. We measured relative mtDNA copy numbers
from five mouse-derived tissues by comparing the ratios of
mtDNA to nDNA by real-time quantitative PCR (33). As
shown in Fig. S1A, there were marked variations in the
mtDNA copy numbers among five tissues. Notably, the
mtDNA contents of the brain, heart, skeletal muscle, kidney,
and liver were 1.01, 1.66, 1.05, 0.66, and 0.63-fold, relative to
the overall average levels of those in five tissues combined,
respectively. As shown in Fig. S1B, the variations in the levels
of mt-tRNAs in five tissues showed significant correlations
with the corresponding variations in mtDNA copy numbers
(r2 = 0.78, p = 0.048). These results suggested that the differ-
ences of mitochondrial copy numbers contributed significantly
to the variations of tRNA levels.

Thiolation levels of mitochondrial tRNALys, tRNAGln, and
tRNAGlu

In the human mitochondrion, 18 types of nucleotide modi-
fication are present in the 137 positions of 22 mt-tRNA species
(14). In particular, 5-taurinomethyl-2-thiouridine (τm5s2U)
modification was only present in the tRNALys, tRNAGlu, and
tRNAGln but not in other tRNAs (14). The presence of thiour-
idine modification in these tRNAs was examined using retar-
dation of electrophoretic mobility in a polyacrylamide gel
containing 0.05 mg/ml (N-acryloylaminophenyl) mercuric
Figure 2. APM gel electrophoresis combined with Northern blot analysis o
liver, skeletal muscle, and kidney tissues were separated by polyacrylamide gel
charged membrane, and hybridized with a DIG-labeled oligonucleotide probe
quantification of 2-thiolated tRNA levels. Calculations were based on more th
chloride (APM) (29). In this study, the levels in the 2-thiouridine
modification at positionU34 in tRNALys, tRNAGlu, and tRNAGln

were determined by isolating total RNAs from mouse brain,
heart, liver, skeletal muscle, and kidney tissues, then purifying
tRNAs, qualifying the 2-thiouridine modification by retardation
of electrophoresis mobility in APM polyacrylamide gel (27–29),
and hybridizing DIG-labeled probes for mitochondrial
tRNAGln, tRNAGlu and tRNALys and tRNALeu(UUR). In this sys-
tem, the mercuric compound can specifically interact with the
tRNAs containing a thiocarbonyl group such as tRNAGln,
tRNAGlu, and tRNALys, thereby retarding tRNA migration. As
shown in Figure 2, τm5s2U levels of tRNALys in the brain, heart,
liver, skeletal muscle, and kidney tissues were 97.9%, 89.1%,
96.3%, 95.6%, and 96.6%, respectively; τm5s2U levels of tRNAGlu

in the brain, heart, liver, skeletal muscle, and kidney were 78%,
72.4%, 72.6%, 76.1%, and 79.6%, respectively, and τm5s2U levels
of tRNAGln in the brain, heart, liver, skeletal muscle, and kidney
were 87.8%, 83%, 82.6%, 85%, and 86.1%, respectively. However,
τm5s2U was absent in the mitochondrial tRNALeu(UUR). No
significant differences in the τm5s2U levels of tRNALys, tRNAGlu,
and tRNAGln were observed among these five tissues.

Aminoacylation levels of mitochondrial tRNAs

Aminoacylation is an essential step in the synthesis of proteins
(17). We examined the aminoacylation levels of 15 mt-tRNAs
including tRNAMet, tRNALeu(UUR), tRNALeu(CUN), tRNAIle,
tRNAHis, ct-tRNALys(TTT), and ct-tRNALys(CTT) in the five tissues,
by the use of electrophoresis in an acidic urea PAGE system to
separate uncharged tRNA species from the corresponding
charged tRNA, electroblotting and hybridizing with the tRNA
probes described above (18). As shown in Figure 3 and Table S2,
various aminoacylation levels of each tRNAwere observed among
the five tissues. There were marked differences of aminoacylation
levels in these mt-tRNAs such as tRNALeu(UUR), tRNALeu(CUN),
tRNAGly, tRNAPro, and tRNATyr among five tissues. In particular,
the average levels of tRNALeu(UUR) aminoacylation among the
brain, heart, liver, skeletal muscle, and kidney were 35.6%, 59.4%,
63.7%, 72.7%, and 21.3%, respectively. As shown in Figure 3A and
Table S2, the various aminoacylation levels of the 15 mt-tRNAs
were observed in the same tissue. Specially, the average amino-
acylation levels of 15 mt-tRNAs varied from 15.2% in tRNAPro to
f mt-tRNAs. A, four, 2.3, 7, 3.5, and 3.4 μg of total RNAs from the brain, heart,
electrophoresis containing 0.05 mg/ml APM, electroblotted onto a positively
specific for mt-tRNAGln, tRNAGlu, tRNALys, and tRNALeu(UUR), respectively. B,

an three independent experiments. Error bars indicate SD of the means.
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Figure 3. Aminoacylation analysis of tRNAs. A, Eleven, 5, 20, 10, or 10 μg and C, 8, 11, 11, 7.8, or 10.5 μg of total RNAs from mouse-derived brain, heart,
liver, skeletal muscle, and kidney tissues, respectively, were electrophoresed at 4 �C through an acid (pH 5.0) 8.5% polyacrylamide with 8 M urea gel,
electroblotted, and hybridized with a DIG-labeled oligonucleotide probes-specific for 15 mt-tRNAs and two ct-tRNAs. The charged (upper band) and un-
charged (lower band) forms of different mt-tRNAs were separated by the gel system. B and D, quantification of aminoacylated proportions of tRNAs.
Calculations were based on 2 to 3 independent determinations. Error bars indicate SD of the means.

Tissue-specific expression of murine mitochondrial tRNA
74.6% in tRNAPhe with an average 51% of 15 tRNAs in the brain,
11.7% in tRNAPro to 89.3% in tRNALys with average 59.3% of 15
tRNAs in the heart, 38.1% in tRNATyr to 84.1% in tRNALeu(CUN)

with average 69.1% of 15 tRNA in the liver, 61.5% in tRNAHis to
92.5% in tRNALys with average 77.9% of 15 tRNAs in the skeletal
muscle, and 11.2% in tRNAPro to 72.6% in tRNAPhe with average
40.3% of 15mt-tRNAs in the kidney. As shown in Figure 3,C and
D, therewere no significant differences in aminoacylation levels of
ct-tRNALys(TTT) and ct-tRNALys(CTT) among the brain, heart,
liver, and skeletal muscle. However, there were relatively higher
aminoacylation levels of cytosolic ct-tRNALys(TTT) and ct-
tRNALys(CTT) in the kidney tissues.

Negative correlation between mt-aaRS expression and tRNA
aminoacylation

A specific cognate amino acid is charged or aminoacylated
to each tRNA catalyzed by mt-aaRSs (17). We measured the
4 J. Biol. Chem. (2021) 297(2) 100960
mRNA expression levels of 14 genes encoding mt-aaRSs
among the five tissues using quantitative PCR for these
genes and 18S rRNA as normalization. The average mRNA
level of each gene in various tissues was then normalized to the
average levels in the same tissue for the reference 18S rRNA.
As shown in Figure 4A and Table S3, there were marked dif-
ferences in the mRNA levels of each genes among the five
tissues. For example, the average mRNA levels of Fars2 among
the brain, heart, liver, skeletal muscle, and kidney were 0.62,
1.56, 0.59, 0.53, and 1.7-fold relative to average mRNA levels of
15 genes in five tissues, respectively. As shown in Figure 4A
and Table S3, the varied mRNA levels of these 15 genes were
observed in the same tissue, with the average mRNA levels of
the 15 genes ranging from 0.62-fold (Fars2) to 2.05-fold
(Mars2) (relative to average of 15 genes among five tissues)
in the brain, 0.74-fold (Rars2) to 1.56-fold (Fars2) in the heart,
0.24-fold (Mars2) to 0.68-fold (Yars2) in the liver, 0.45-fold



Figure 4. Mt-aaRS gene expression analysis. A, the relative expression levels of mt-aaRS genes from mouse-derived brain, heart, liver, skeletal muscle, and
kidney tissues using RT-qPCR. Relative levels were normalized to the mean values of each mt-aaRS gene among five tissues. n =5 per group. B, Pearson
correlation was used to measure the extent of correlation between the mean level of mt-aaRS expression and corresponding mt-tRNA aminoacylation in
each of the five tissues. The r2 and p values are indicated in each graph.

Tissue-specific expression of murine mitochondrial tRNA
(Rars2) to 1.1-fold (Sars2) in the skeletal muscle, and 1.05-fold
(Mars2) to 2.31-fold (Rars2) in the kidney.

We then investigated if there was any potential correlation
between the mt-aaRS mRNA levels and mt-tRNA amino-
acylation levels in various tissues. As shown in Figure 4B, the
variations in the aminoacylation levels in the mt-tRNAs among
the five tissues exhibited negative correlations with the cor-
responding variations in the aaRS mRNA levels. In particular,
the aminoacylation levels in the tRNAVal, tRNATrp, tRNAArg,
and tRNAPro revealed significantly negative correlation with
the corresponding variations in aaRS expression levels in these
five tissues (r2 = 0.90, p = 0.014; r2 = 0.86, p = 0.024; r2 = 0.86,
p = 0.022; r2 = 0.83, p = 0.032, respectively). However, the
correlations between aminoacylation levels of other ten tRNAs
and mRNA levels of their corresponding aaRS were not sta-
tistically significant.

Tissue-specific expression of OXPHOS subunits

To assess the tissue-specific expression of OXPHOS sub-
units, we examined the levels of the subunits of OXPHOS in
the five tissues using western blot analysis. These subunits
included six mtDNA encoding polypeptides (Nd1, Nd3, Co1,
Co2, Atp6, and Atp8), seven nucleus encoding proteins:
Ndufa9 and Ndufb8 [subunits of NADH dehydrogenase
(complex I)], Sdha and Sdhb [subunits of succinate dehydro-
genase (complex II)], Uqcrc2 [subunit of ubiquinol-
cytochrome c reductase (complex III)], Cox4 (subunit of
complex IV), and Atp5a [subunit of H+-ATPase (complex V)]
(3). As shown in Figure 5 and Table S4, there were varying
levels of each subunit among the five tissues. Co1, Co2, Cox4,
subunits of complex IV exhibited marked differences in the
levels of these proteins among the five tissues, especially
extremely high expression in the heart. The Nd1, Nd3, Ndufa9,
and Ndufb8 subunits of complex I revealed relatively low
variations in the levels of these proteins among these five tis-
sues. As shown in Figure 5 and Table S4, the average levels of
13 subunits ranged from 0.41-fold (Co2) to 1.15-folds (Atp6)
with average of 0.73-fold (relative to average of 13 subunits
among five tissues) in the brain, 1.2-fold (Nd1) to 3.21-fold
(Co1) with average of 1.99 fold in the heart, 0.09-fold (Cox4)
to 0.73-fold (Sdhb) with the average of 0.49-fold in the liver,
0.57-fold (Co1) to 1.13-fold (Ndufb8) with average of 0.92-fold
J. Biol. Chem. (2021) 297(2) 100960 5



Figure 5. Western blotting analysis of mitochondrial proteins. A, eight micrograms of total cellular proteins from five mouse-derived tissue types was
electrophoresed through a denaturing polyacrylamide gel, electroblotted, and corresponding Coomassie Brilliant Blue stained gel were used as loading
control. The blots were hybridized with antibodies for 11 subunits of OXPHOS (six encoded by mtDNA and seven encoded by nDNA). B, quantification of
OXPHOS subunits levels in the five tissues. The content of each proteins was normalized to that of total cellular protein in the five tissues. Relative protein
levels for the brain, heart, liver, skeletal muscle, and kidney tissues were normalized to the mean values of each protein among the five tissues. Calculations
were based on three independent determinations. Error bars indicate SD of the means.

Tissue-specific expression of murine mitochondrial tRNA
in the skeletal muscle, and 0.56-fold (Co1) to 1.12-fold (Nd1)
with average of 0.88-fold in the kidney. Notably, the variations
in the average levels of mtDNA encoding proteins among five
tissues showed significant correlations with the corresponding
variations in mtDNA copy numbers (r2 = 0.81, p = 0.039) or
with mt-tRNA levels (r2 = 0.95, p = 0.048) (Fig. S1, C and D).
These data suggested that the mtDNA contents and mt-tRNA
levels may reflect the tissue-specific expressions of OXPHOS
subunits.

Discussion

Mammalian tissues differ in many aspects in their metabolic
profiles and energy demands during development, physiolog-
ical adaptation, and pathology. In mammalian cell, mito-
chondria produce energy through the process of oxidative
phosphorylation, and the extent of their occurrence in tissues
varies depending on age, organ, and/or physiological condition
(34). The copy number of mtDNA reflects the abundance of
mitochondria within a cell and is regulated by transcriptional
and translational factors (33–35). Essential for the synthesis of
essential subunits of OXHPOS, mt-tRNAs play central roles in
cellular functions in health and disease. However，the tissue-
specific expression and physiological conditions of mammalian
mt-tRNAs and the mechanisms underlying tissue-specific ef-
fects of the mt-tRNA mutations linked to clinical presentations
are largely unknown. In this study, we demonstrated the
striking differences in the tissue-specific expression of 22 mt-
tRNAs in mouse-derived brain, heart, liver, skeletal muscle,
and kidney tissues. In particular, the heart exhibited the
highest levels of average 22 mt-tRNAs, the brain, skeletal
muscle, and kidney revealed relatively higher levels of average
22 mt-tRNAs, and the liver exhibited markedly lower levels of
6 J. Biol. Chem. (2021) 297(2) 100960
average 22 mt-tRNAs. These variations in the levels of mt-
tRNAs may reflect the mtDNA contents among these tis-
sues, as the mtDNA contents of the heart were much higher
than those in the brain, liver, skeletal muscle, and kidney (33).
In particular, the variations in the levels of mt-tRNAs in the
five tissues showed a significant correlation with the corre-
sponding variations in mtDNA copy numbers. These results
suggested that the differences of mtDNA copy number
contributed to the variations of tRNA levels among these five
tissues. Alternatively, these wide variations of tRNA abun-
dances suggested that tRNAs may be dynamically related to
specific activities, not just to general accumulation levels
among these tissues. The tRNA, with traditional functions in
translation, plays a role in the tissue-specific post-
transcriptional regulations and translational heterogeneity via
availability of certain tRNAs (20, 36). By contrast, the relatively
mild differences in those cytosolic tRNAs (ct-tRNALys(TTT), ct-
tRNALys(CTT), and ct-tRNAAsp(GTC)) among these tissues were
comparable with those of previous studies (19).

There were 18 types of nucleotide modifications present in
the 137 positions of human 22 mt-tRNAs (14). These nucle-
otide modifications included pseudouridine (Ψ) at position 55
at the TΨC loop, nucleotides at positions 34 and 37 at the
anticodon loop of tRNAs (4, 14, 37). Posttranscriptional
modifications of tRNAs affect all aspects of tRNA structure
and function (38). Using APM gel, we focused on the analysis
of the levels of 2-thiouridine modification at position 34 in
mitochondrial tRNALys, tRNAGln, and tRNAGlu among five
mouse-derived tissues. There were no significant differences in
the τm5s2U levels of tRNALys, tRNAGlu, and tRNAGln among
these five tissues. These suggested that there may be no tissue-
specific τm5s2U modifications of tRNAs among these tissues,
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in contrast with the marked variations in the steady-state levels
of tRNAs among the mouse organs represented, as described
above.

Aminoacylation, the attachment of an amino acid to an mt-
tRNA, is catalyzed by mitochondrial aminoacyl-tRNA synthe-
tases (4, 30). During protein synthesis, chargedmt-tRNAs deliver
amino acids to translating ribosomes and are then recharged by
tRNA synthetases. Notably, the Wars2 and Dars2 mutant mice
displayed tissue-specific effects ofmitochondrial deficiencies (22,
39). In this study, we examined the aminoacylation levels of 15
mt-tRNAs including tRNAMet, tRNALeu(UUR), tRNALeu(CUN),
tRNAIle, and tRNAHis among the five mouse-derived tissues. We
demonstratedwide ranges in aminoacylation levels between each
mt-tRNA type among these five tissues and of these 15 tRNAs in
the same tissue. In fact, 15 tRNAs including tRNALeu(UUR),
tRNALeu(CUN), tRNAGly, tRNAPro, and tRNATyr displayed striking
differences in aminoacylation levels among these tissues. In
particular, the average aminoacylation levels of tRNAPro among
the brain, heart, liver, skeletal muscle, and kidney were 15.2%,
11.7%, 55.8%, 68.9%, and 11.2%, respectively. In contrast,
tRNAHis, tRNAThr, and tRNAPhe revealed relatively low dis-
crepancies of aminoacylation levels among these tissues. Espe-
cially, the average aminoacylation levels of tRNAThr among the
brain, heart, liver, skeletal muscle, and kidney were 60.3%, 62.8%,
65.9%, 67.1%, and 50.8%, respectively. Furthermore, the overall
average aminoacylation levels of the 15 mt-tRNAs in the brain,
heart, liver, skeletal muscle, and kidney were 51%, 59.3%, 69.1%,
77.9%, and 40.3%, respectively. However, such variations in
aminoacylation levels of the 15 mt-tRNAs were not significantly
correlated with the steady-state levels of these tRNAs among five
tissues and may instead reflect the translation efficiencies for the
heterogeneity of protein synthesis among tissues. Furthermore,
we measured the mRNA expression levels of the 14 mt-aaRSs
encoding genes among the five tissues. Marked differences in
the levels of each genes were observed among the five tissues, the
average expression levels of these genes among the brain, heart,
liver, skeletal muscle, and kidney being 1.14, 1.18, 0.51, 0.64, and
1.54-fold, respectively, relative to average levels of these five tis-
sues combined. Remarkably, the variations in the aminoacylation
levels of mt-tRNAs among the five tissues exhibited negative
correlations with the corresponding variations in their mt-aaRS
expression levels. These may be due to a negative feedback
mechanism that matches translational demand for amino-
acylated mt-tRNA to the aaRS recharging capacity (40). In fact, a
reduced abundance of mt-aaRS could interfere with the normal
ability of the synthetase to sequester the uncharged tRNA pool.
Alternatively, T-box riboswitches in mitochondria may regulate
the expression of aminoacyl-tRNA synthetases and other pro-
teins in response to fluctuating transfer RNA aminoacylation
levels under various nutritional or physiological states (41).

Thirteen polypeptides synthesized by mitochondrial trans-
lations were the essential subunits of OXPHOS machinery,
while other 77 OXPHOS subunits were encoded by nuclear
genes and synthesized in cytosol and then imported into
mitochondria (3). The specific oxidative phosphorylation ca-
pacities of cells or tissues depend on their metabolic and en-
ergetic demands (42, 43). To assess the tissue-specific impacts
of mitochondrial tRNA metabolism on translation and
OXPHOS biogenesis across tissues, we examined the levels of
six mtDNA encoding OXPHOS subunits (Nd1, Nd3, Co1,
Co2, Atp6, and Atp8) and seven nucleus encoding OXPHOS
subunits (Ndufa9, Ndufb8, Sdha, Sdhb, Uqcrc2, Cox4, and
Atp5a), noting the various levels of these 13 proteins according
to tissue type. All of these OXPHOS subunits were expressed
at much higher levels in the heart than in any other tissues.
The average levels of 13 OXPHOS subunits ranged from 0.73-
fold in the brain, 2.04-fold in the heart, 0.47-fold in the liver,
0.9-fold in the skeletal muscle, and 0.86-fold in the kidney.
Furthermore, we revealed the various levels of each subunit
among the five tissues. The Co1, Co2, and Cox4 subunits of
complexes IV exhibited marked differences in the levels of
these proteins among the five tissues, with especially high
expressions in the heart. Conversely, the Nd1, Nd3, Ndufa9,
and Ndufb8 subunits of complex I revealed relatively low
variations in the levels of these proteins among these five tis-
sues. Notably, the variations in levels of these proteins were
significantly correlated with the steady levels of mitochondrial
tRNAs (r2 = 0.9498, p = 0.0048) but not with the amino-
acylation levels of these tRNAs among these tissues. These
various expressions of these OXPHOS subunits may reflect the
relative functional emphasis of mitochondria among different
tissues (44). Mitochondria in the brain are specialized to the
neurotransmitter metabolism, while in the heart mitochondria
are specialized for constant and effective production of ATP by
the means of β-oxidation (45). These are also inherently
different from mitochondria in the liver and kidney, which are
more specialized for the various reactions of anabolic and
catabolic metabolism (45). Therefore, the tissue-specific
metabolic aspects of mitochondrial tRNA and related expres-
sion levels of these OXPHOS subunits are accounted for by
these tissue-specific requirements and facilitated by their
specialized mitochondrial features in different tissues.

In summary, we demonstrated the tissue-specific metabo-
lisms of 22 mt-tRNAs. We showed that the steady-state levels
of 22 tRNAs varied as much as tenfold among these tissues.
The heart, in particular, exhibited the highest levels of tRNAs.
There were no significant differences in the 2-thiouridylation
levels of tRNALys, tRNAGlu, and tRNAGln among these tis-
sues. We demonstrated a wide range of aminoacylation levels
of each tRNA among these tissues, with skeletal muscle
revealing the highest aminoacylation levels of tRNAs. Ami-
noacylation levels of mt-tRNAs exhibited negative correlations
with the variations in mitochondrial tRNA synthetase ex-
pressions among these tissues, while the variations of tRNA
abundances were significantly correlated with the levels of
OXPHOS subunits. Our findings may provide new insights
into the mechanism of mt-tRNA tissue-specific effects on
physiological conditions.
Experimental procedures

Mice

All animal care protocols were approved by the Animal Care
and Use Committee of Zhejiang University. C57BL/6 mice
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were purchased from Shanghai Slac Animal Inc. Mice were
housed in a 12-h light/dark cycle and provided food and water
ad libitum in the Experimental Animal Center of Zhejiang
University. The 8�12-week-old male or virgin female mice
were sacrificed by cervical dislocation. For liver samples, only
the largest lobe of the mouse liver was used. Whole organs
were then dissected in the following order: brain, heart, kidney,
and skeletal muscle (tibialis anterior).

Mitochondrial tRNA analysis

Total RNAs from variousmice tissues were obtained by using
TOTALLY RNA kit (Ambion), as detailed elsewhere (46). For
tRNA Northern blot analysis, 4 μg of total RNAs was electro-
phoresed through a 10% polyacrylamide/8 M urea gel in 1×TBE
buffer after heating the samples at 95 �C for 5 min and then
electroblotted onto a positively charged nylon membrane
(Millipore) for hybridization analysis with the respective DIG-
labeled oligodeoxynucleotide probes. The set of DIG-labeled
probes of 22 mt-tRNAs, 5S rRNA, and ct-tRNALys(TTT),
tRNALys(CTT), and tRNAAsp(GTC) used for this study were listed
in the Table S5 (47). The specificities of these tRNA probes were
analyzed using nucleotide BLAST (www.ncbi.nlm.nih.gov/
BLAST/). The hybridization and quantification of density for
each band were performed as detailed previously (25, 48).

The aminoacylation assays were carried out as detailed pre-
viously (18, 25). To further distinguish nonaminoacylated tRNA
from aminoacylated tRNA, total RNAs were heated for 10 min
at 60 �C at pH 9.0 and then run in parallel (18, 25). DIG-labeled
oligodeoxynucleotide probes for mt-tRNAs and ct-tRNAs were
as described above. The quantification for density in each band
was performed as detailed previously (18, 25).

Thiouridine modification in the tRNAs was analyzed using
the retardation of electrophoretic mobility in a polyacrylamide
gel containing 0.05 mg/ml APM (27–29). Total RNAs were
separated using polyacrylamide gel electrophoresis and blotted
onto positively charged membrane (Roche Applied Science).
Each tRNA was detected with the specific DIG-
oligodeoxynucleoside probe at the 30 termini as detailed else-
where (29, 49). Oligonucleotide probes for mitochondrial
tRNALys, tRNAGlu, tRNAGln, and tRNALeu(UUR) were described
as above. DIG-labeled oligodeoxynucleosides were generated
by using the DIG Oligonucleoside Tailing Kit (Roche). APM
gel electrophoresis and quantification of 2-thiouridine modi-
fication in tRNAs were conducted as detailed (27, 49).

Western blotting analysis

Western blotting analysis was performed as detailed previ-
ously (9, 25, 50). Twenty micrograms of total cell proteins
obtained from each of the various tissues was denatured and
loaded on sodium dodecyl sulfate (SDS) polyacrylamide gels.
The gels were electroblotted onto a polyvinylidene difluoride
(PVDF) membrane for hybridization. The antibodies obtained
from different companies were as follows: Abcam [Nd1
(ab74257), Co1 (ab14705), Co2 (ab198286), Ndufb8
(ab110242), Ndufa9 (ab14713), Sdhb (ab14714), Uqcrc2
(ab14745), and Atp5a (ab14748)], Diagbio [Cox4 (db15)] and
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Proteintech [Atp6 (55313-1-AP), Atp8 (26723-1-AP), and
Sdha (14865-1-AP)]. Peroxidase Affini Pure goat anti-mouse
IgG and goat anti-rabbit IgG (Jackson) were used as second-
ary antibodies and protein signals were detected using the ECL
system (CWBIO). Quantification of the density of each band
was performed as detailed previously (9, 25, 49, 50).

Measurement of mtDNA/nDNA

TotalDNAwas isolated fromeach of the variousmouse tissues
using a Tissue gDNA kit (Biomiga) according to the manufac-
turer’s protocol. Primers for mouse mtDNA (Mito) and mouse
nDNA (B2M) were used to amplify the respective products from
mouse genomic DNA (Table S6). MtDNA content was deter-
mined by comparing the ratio of mtDNA to nDNA by real-time
quantitative PCR (33). The relative ratio was analyzed on a
7900HT system (Applied Biosystems) using FastStart Universal
SYBR Green Master Mix (Roche Diagnostics GmbH).

Gene expression analysis of 14 genes encoding mt-aaRSs

Total RNA was extracted from each of the various mouse
using TRIzol reagent (Ambion) and reverse transcripted into
cDNA using PrimeScript II first Strand cDNA Synthesis Kit
(Takara). Quantitative PCR was performed on the Applied
Biosystems 7900HT Fast Real-Time PCR System. Data were
analyzed using the 7900 System SDS RQ Manager Software,
and the gene expression levels of the 14 genes encoding mt-
aaRSs were determined using the 2−ΔΔCt method using nu-
cleus encoded 18S rRNA as normalization. Primer sequences
for this analysis were listed in Table S6.

Statistical analysis

All statistical analysis was performed using unpaired, two-
tailed Student’s t test contained in the Graphpad prism 8
program (Graphpad software) and Microsoft-Excel program
(version 2016). A p value <0.05 was considered statistically
significant.

Data availability

Representative experiments are shown in the figures and
supplemental materials. For any additional information, please
contact the corresponding author.
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