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ABSTRACT

Each transfer RNA (tRNA) is aminoacylated (charged) with a genetic codon-specific amino acid at its 3′′′′′ end. Charged tRNAs
are primarily used for translation, whereas fluctuations in charged tRNA fractions are known to reflect cellular response to
stress. Here we report the development of individual tRNA-acylation using PCR (i-tRAP), a convenient PCR-based method
that can specifically quantify the individual tRNA charging ratio. In this i-tRAP method, demethylases remove base meth-
ylations which are problematic for reverse transcription reaction, and β-elimination reaction specifically removes the 3′′′′′ end
of adenine residue in uncharged tRNA. Subsequent TaqMan MGB qRT-PCR can distinguish between cDNA of charged
tRNA and uncharged tRNA. By using this method, we revealed that the charging ratio of tRNAGln(CUG) was changed in
response to amino acid starvation and also the charging ratio of tRNAGln(CUG) in senescent cells was lower than in young
cells under starvation conditions. i-tRAP can be applicable to the quantification of the charging ratio of various tRNAs, and
provides a simple and convenient method for analyzing tRNA charging.
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INTRODUCTION

The central dogma of molecular biology is the sequential
flow of information from genes to proteins (Crick 1958).
In protein biosynthesis, transfer RNA (tRNA) delivers a spe-
cific amino acid to its corresponding codon of messenger
RNA (mRNA). This specificity of tRNA is key to the interpre-
tation of the genetic code (Crick 1970), which consists of
61 sense triplet codons that encode 20 amino acids.
Remarkably, the eukaryote genome possesses a large
number of tRNA genes. More than 500 tRNA genes have
been identified in the human genome to date (Chan and
Lowe 2016). The identity of each mature tRNA produced
from those genes is defined by its binding amino acid
and its anticodon sequence. tRNA isoacceptors have dif-
ferent anticodons that carry the same amino acid, whereas
tRNA isodecoders share the same anticodon but have dif-
ferent sequences (Goodenbour and Pan 2006). tRNA bio-
chemically acts as an acceptor of amino acids (Hoagland

et al. 1958). The ribonucleotide sequence of the 3′ end,
CCA, is constant among all tRNAs, and the 3′ terminal ad-
enylate ribonucleotide is “charged”with an amino acid via
acylation by aminoacyl-tRNA synthetase (aaRS) as re-
viewed in (Rubio Gomez and Ibba 2020). The tRNA-
charged amino acid is then incorporated into a protein
during translation, and the tRNA is discharged for subse-
quent recharging.
The charging ratio of tRNA, that is, the proportion of

tRNAs that are charged with amino acids (Morris and
DeMoss 1965; Evans et al. 2017), is closely related to several
biological phenomena and diseases (Sørensen 2001; Zhou
et al. 2009). The charging ratios of the tRNAvary in response
to amino acid starvation (Sørensen 2001; Dittmar et al.
2005), growth conditions (Avcilar-Kucukgoze et al. 2016),
and external stress (Zaborske et al. 2009). Alterations in the
charging ratios of tRNA are assumed to affect translational
efficacy (Elf et al. 2003; Saikia et al. 2016; Pavlova et al.
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2020).Disease-associatedmutations in tRNAand aaRShave
been widely characterized (Gong et al. 2014; Kwon et al.
2019), and the charging ratio of tRNA is associatedwith sen-
escence and cellular activity (Hosbach and Kubli 1979;
Webster and Webster 1981; Gabius et al. 1982; Gong
et al. 2020). The fraction of charged tRNAs is an important
biological parameter.

Several methods have been developed to measure the
charging ratios of tRNA (Ho and Kan 1987; Dittmar et al.
2005; Loayza-Puch et al. 2016; Evans et al. 2017; Gobet
et al. 2020). Acid-urea polyacrylamide gel electrophoresis
followed by northern blot hybridization is commonly used
for measuring the charging ratio of tRNA at the isoacceptor
level (Ho and Kan 1987). Recently, high-throughput meth-
ods to determine tRNA charging ratios were developed
based on eithermicroarray (Dittmar et al. 2005) or next-gen-
eration sequencing methods (Evans et al. 2017). By utilizing
a chemical step that removes the 3′-end adenine residue of
uncharged tRNA and an enzymatic step of removing tRNA
modification, sequencing of tRNA enables comprehensive
determination of the charging ratios of tRNA (Evans et al.
2017).On theother hand, convenient qPCR-basedmethods
are preferable formeasuring the charging ratio of an individ-
ual tRNA,whereas currentlyavailablemethodsonly allow for
relative quantification (Loayza-Puch et al. 2016).

In this study, we report the development of individual
tRNA-acylation using PCR, termed i-tRAP, a convenient PCR-
based method that specifically quantifies the individual tRNA
charging ratio. The i-tRAP procedure includes a demeth-
ylation step catalyzed by Escherichia coli AlkB demethyl-
ases, β-elimination step which makes uncharged tRNAs’
3′-end CC while charged tRNAs’ 3′-end CCA, and

TaqMan-MGB probe quantitative PCR for distinguishing
tRNA species and determining charged tRNA fractions.
By using this method, we show the dynamics of
tRNAGln(CUG) charging which responds to cellular nutrient
status. In addition, the charging ratio of tRNAGln(CUG) was
markedly lower in senescent cells than in young cells under
amino acid starvation conditions. i-tRAP provides a conve-
nient method for quantification of the charging ratio of var-
ious tRNA and should be used as a tool for investigations of
tRNA charging.

RESULTS

Development of PCR-based detection methods for
the charging ratio of tRNA

To investigate dynamic changes in the charging ratios of
tRNA, we developed a method termed individual tRNA-ac-
ylation using PCR (i-tRAP) (Fig. 1). This method includes the
following steps. Extracted tRNA is first subjected to a series
of chemical and enzymatic treatments reported previously
(Neu andHeppel 1964; Trewick et al. 2002). Extracted small
RNA is treated with periodate (IO4

−) to oxidize the free 3′

end of uncharged tRNAs (Neu and Heppel 1964). After re-
moval of the periodate, β-elimination at basic pH is used
to selectively change the oxidized 3′-adenylate ribonucleo-
tide (A) residue to 3′ phosphate at the terminal 3′-cytidylate
ribonucleotide (C) residue. This 3′-phosphate is then re-
movedusing T4 polynucleotide kinase (PNK), and the 3′-nu-
cleotide of the uncharged tRNA becomes C. The same β-
elimination step at basic pH, in turn, deacylates charged
tRNAs and makes the 3′-A of the tRNA free of amino acid

(Fig. 1A). Next, the resultant tRNA is
treated with wild-type and mutant
AlkB fromE. coli as previously reported
(Zheng et al. 2015). Reverse transcrip-
tion of tRNA as a template becomes
possible through demethylation of
the methyl modifications on the
Watson–Crick face of the base
(Avcilar-Kucukgoze et al. 2016). The re-
sultant tRNA is ligated to a 5′ adeny-
lated linker using T4 RNA ligase 2
(T4Rnl2). The ligation product is then
used as a template for reverse tran-
scription, yieldingcDNA.Todetect sin-
gle-nucleotide differences in the
sequences of the 3′ end of tRNA, that
is, CCA versus CC, we utilized a
probe-based qPCR assay. We devel-
oped two types of probes that differ
in sequence only at the 3′ end of the
tRNA: one probe is complementary to
the 3′CCA-tRNA labeled with VIC,
while the other is complementary to

FIGURE 1. Development of i-tRAP, a method for detecting the charging ratio of tRNA. (A)
Reaction schemes for the pretreatment of tRNA before sequencing. After a series of chemical
reactions, charged and uncharged tRNAs are distinguished by 3′-end CCA (3′CCA-tRNA) and
CC (3′CC-tRNA), respectively. (PNK) Polynucleotide kinase-3′-phosphatase. (B) Scheme of i-
tRAP. tRNA pretreated as described above was ligated to an adaptor, reverse-transcribed,
and then subjected to a qPCR assay using two probes. During PCR, the Taq polymerase de-
grades the probes and the degradation of the probes results in the releases of either VIC or
FAM. The resultant fluorescence signals enable quantification of the amplified products.
Fluorescence signals from VIC represent the quantity of 3′CCA-tRNA, whereas those from
FAM represent the quantity of 3′CC-tRNA. (RT) reverse transcription.

Tsukamoto et al.

112 RNA (2023) Vol. 29, No. 1



the3′CC-tRNA labeledwithFAM.Fluorescencesignals from
VIC and FAM are quenched by quenchers attached to the
probes. These probes are also conjugated to minor groove
binder (MGB) moieties. MGBmoieties increase the melting
temperatureof their probesby increasing theirbindingaffin-
ity to the target sequences and therefore are generally used
for thedetection of single-nucleotidepolymorphisms (Nagy
et al. 2017; Sam et al. 2018). The same concentrations of
VIC- and FAM-labeled probes were mixed and used for
qPCR. Upon extension using Taq polymerase, the probes
are degraded and release either VIC or FAM, and the resul-
tant fluorescence signals enable quantification of the ampli-
fied products (Fig. 1B). Fluorescence signals from VIC
represent the quantity of 3′CCA-tRNA, whereas those from
FAM represent the quantity of 3′CC-tRNA.

Validation of i-tRAP by using DNA templates

We selected two tRNA sequences: tRNAGln(CUG) and
tRNAGly(GCC). tRNAGln contains two isoacceptors,
tRNAGln(CUG) and tRNAGln(UUG), the former of which has
seven isodecoders.Weprepareda set of primers andprobes
for isodecoder #1 of tRNAGln(CUG) (Supplemental Fig. 1A;
Supplemental Table S3). The probes contain the isoaccep-
tor-specific sequence of tRNAGln(CUG) and the forward
primer contained the isodecoder #1-specific sequence of
tRNAGln(CUG), which differed by one to four nucleotides
from the sequences of the other. We also prepared a set of
primers and probes for isodecoder #1 of tRNAGly(GCC)
(Supplemental Fig. 1B; Supplemental Table S3).
For quantitative validation of the i-tRAPmethod, we pre-

pared tDNAs that contained 3′CCA-tRNA and 3′CC-tRNA
sequences by PCR. We first confirmed the specificity of
detection of the 3′ end of the tRNA (CC vs. CCA) of this sys-
tem. For this purpose, tDNA from either 3′CCA-tRNA or
3′CC-tRNA was used as the template for i-tRAP. Real-
time plots using a mixture of VIC (to detect 3′CCA-tRNA)
and FAM (to detect 3′CC-tRNA) probes revealed that
i-tRAP could accurately discriminate between the
3′CCA-tDNA and 3′CC-tDNA sequences (Fig. 2A–D).
Next, we sought to determine whether the fluorescence

signal ratios reflect the ratios of 3′CCA-tRNA and
3′CC-tRNA. To this end, we mixed tDNA harboring
3′CCA-tRNA and 3′CC-tRNA sequences at several ratios
and used them as templates for i-tRAP. As shown in
Figure 2E,F, the ratio of 3′CCA-tRNA-derived tDNA was
proportional to the difference in threshold cycle values
(ΔCt) between the FAM and VIC layers (R2 = 1.00 and
0.98, respectively). Of note, the standard curves construct-
ed using different concentrations of templates (0.1–100
attograms)werenotdifferent, and therefore, theconcentra-
tions of the template in the samples are unlikely to affect
quantification (Fig. 2G).
To determine the reaction specificity of i-tRAP against

the sequence variations between the isodecoders and iso-

acceptors, we utilized synthesized tDNAs that contain sev-
eral sequences of isodecoders and isoacceptors (Fig. 2H).
The i-tRAP targeting tRNAGln(CUG) responded to tDNAs
of tRNAGln(CTG)-1 (no sequence mismatch for the primer
set) and -2 (one mismatch in forward primer with no mis-
match in the probe), while fewer responded to tDNAs of
tRNAGln(CTG)-6 (no mismatch in forward primer and two
mismatches in the probe) and tRNAGln(TTG)-1 (no mis-
match in forward primer and one mismatch in the probe).
The PCR responses were affected by the sequence mis-
matches in the MGB probe but not by the mismatches in
the forward primer. i-tRAP can distinguish the sequences
of isoacceptors of tRNAGln, while it is difficult to distinguish
the sequences of isodecorders of tRNAGln.

Validation of i-tRAP by using biological samples

We next verified the quality of the i-tRAP method using bi-
ological samples. We first prepared tRNA from HEK293T
cells anddeacylated the charged tRNAbyweak alkali treat-
ment with 200 mM Tris-HCl, pH 8.5, at 37°C for 10 min. i-
tRAP indicated that the charging ratios of tRNAGln(CUG)
and tRNAGly(GCC)werehighundernutrient-rich conditions
but were greatly reduced upon weak alkali treatment (Fig.
3A). Northern blot also showed that this treatment reduced
the charging ratio of tRNAGln(CUG) and tRNAGly(GCC) (Fig.
3B; Supplemental Fig. 2A,B).
Next, we confirmed the effect of knockdown of gluta-

minyl-tRNA synthetase (QARS), which attaches glutamine
onto tRNAGln(CUG), on tRNA charging (Fig. 3C). The effects
ofQARS knockdown were confirmed by qRT-PCR (Fig. 3D)
and western blotting (Fig. 3E; Supplemental Fig. 2C).
Knockdown of QARS decreased the charging ratio of
tRNAGln(CUG) in cells cultured for 2 d in nutrient-rich medi-
um (Fig. 3F).
We examined if we can further simplify the i-tRAP meth-

ods. Recently, a tRNA RT method that does not use de-
methylase has been reported (Behrens et al. 2021;
Watkins et al. 2022). Therefore, we confirmed the necessity
of the demethylase treatment and investigated whether
these RT methods could be applied to i-tRAP
(Supplemental Fig. 2D). When RT was performed using
ReverTra Ace, the demethylase treatment intensified the
qPCR signals (Supplemental Fig. 2E–H). Regarding the
RT enzymes, ReverTra Ace was superior to TGIRT and
SuperScript IV in the strength of qPCR signal
(Supplemental Fig. 2E–H).

Landscape of tRNA charging reveals the dynamic
charging response of tRNAGln in response to the
external amino acid environment

To uncover tRNA charging dynamics, we examined whether
charging levels of tRNA respond to nutrient status. For this
purpose, we utilized a tRNA sequencing method that
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determines charging ratios (Evans et al.
2017) and comprehensively profiled
the charging status of tRNAs in re-
sponse to amino acid supplementa-
tion. The effects of amino acid
supplementation on tRNA charging
profiles were examined using TIG-1
cells (Ohashi et al. 1980). TIG-1 cells
are human diploid fibroblasts naturally
established without artificial immortali-
zation and are used as a cellular senes-
cence model because they stop
dividing at advanced passages. We uti-
lized TIG-1 cells that were young (pop-
ulation doubling level [PDL] 30) or old
(PDL 50) and cultured them under ami-
no acid starvation conditions (Fig. 4A).
tRNA sequencing revealed that the
charging ratio of most tRNAs was
80%–90% upon amino acid supple-
mentation in young and old cells. The
low charging ratios of tRNASer (Young;
76%, Old; 77%, in mean values) even
under amino acid–rich conditions
were as previously reported (66%, in a
previous report; Evans et al. 2017).
tRNA sequencing also revealed that a
subset of tRNAs, tRNAGln, tRNASer,
and tRNAThr, exhibited low charging ra-
tios in response to amino acid starva-
tion (Fig. 4B). Among them, tRNAGln

displayed the largest change in re-
sponse to amino acid starvation (amino
acid supplementation vs. amino acid
starvation: Gln(UUG); 93% vs. 60%,
Gln(CUG); 94% vs. 37%, mean values,
Fig. 4B). Although, in the presence of
abundant amino acids, tRNA charging
ratios were identical between aged
and young cells (Fig. 4B), the charging
ratio of tRNAGln(UUG) and
tRNAGln(CUG) were markedly lower in
senescent cells in response to amino
acid starvation (Fig. 4B). We measured
the charging ratio of tRNAGln(CUG)
and tRNAGly(GCC) by i-tRAP using
tRNAs from TIG-1 cells cultured in me-
dium with or without amino acids. i-
tRAP revealed that the charging ratio
of tRNAGln(CUG) was significantly de-
creased by amino acid starvation,
whereas the ratio of tRNAGly(GCC)
was unchanged (Fig. 4C), confirming
the tRNA sequencing results (Fig. 4B).
Together, these findings validate the

FIGURE 2. Validation of i-tRAP by using synthesizedDNA template. (A–D) Real-time plots of i-
tRAP using 1 ag of the synthesized DNA template, which contains a sequence of either (A)
3′CCA-tRNAGln(CUG), (B) 3′CC-tRNAGln(CUG), (C ) 3′CCA-tRNAGly(GCC), or (D) 3′CC-
tRNAGly(GCC). Orange lines indicate the VIC signal derived from the CCA probe, and blue
lines indicate the FAM signal derived from the CC probe. (E,F ) Standard curve of ΔCt values
derived from VIC and FAM signals plotted against the 3′CCA-tDNA ratio of (E)
tDNAGln(CTG) and (F ) tDNAGly(GGC). Mixed 1 ag of the tDNA templates harboring 3′CCA-
tDNA or 3′CC-tDNA at several ratios were used. (G) Standard curves of ΔCt values using dif-
ferent concentrations of templates. Standard curves of ΔCt values derived from VIC and
FAM signals plotted against the 3′CCA ratio of tDNAGln(CTG) with different concentrations
of templates. Synthesized tDNAs were used as templates. (H) Real-time plots of i-tRAP using
1 ag of the synthesized tDNA, which contains a sequence of either tRNAGln(CUG)-1, 2, 6, or
tRNAGln(UUG)-1. (Left panel) VIC signal derived from the CCA probe using 1 ag of 3′CCA-
tDNA. (Right panel) FAM signal derived from the CC probe using 1 ag of 3′CC-tDNA.

Tsukamoto et al.

114 RNA (2023) Vol. 29, No. 1



ability of the i-tRAPmethod to quantify the charging ratios of
tRNA. Additionally, the i-tRAPmethod developed herein has
advantages in terms of ease and convenience. Among the
two types of tRNAGln codons, tRNAGln(CUG) responded
more strongly to amino acids, and these results were repli-
cated using acid-urea polyacrylamide gel electrophoresis
followed by northern blotting (Fig. 4D; Supplemental Fig.
3A,B). i-tRAP also revealed that the charging ratio of
tRNAGln(CUG) in old cells was significantly lower than in
young cells under amino acid starvation (Fig. 4E).
Therefore, a reduced tRNAGln (CUG) charging ratio in re-
sponse to starvation is a feature of old/senescent cells.

Charging ratio of tRNAGln(CUG) dynamically
responds to external amino acids

We evaluated the dynamics of the charging of
tRNAGln(CUG). We first investigated when the charging ra-
tio of tRNAGln(CUG) decreases upon amino acid starvation
(Supplemental Fig. 4A). Under amino acid–rich conditions,
the charging ratio was 77.5% (SEM=0.98), which was de-
creased to 27.3% (SEM=1.9) after 15 h of starvation (Fig.

5A). The decrease in the charging ra-
tio occurred between 3 and 6 h after
starvation. On the other hand, the
charging ratio of tRNAGly(GCC) was
maintained after 15 h of starvation
(Fig. 5A). Expression levels of QARS
were unchanged (Supplemental Fig.
4B). The decrease in tRNA charging
did not correlate with the expression
levels of QARS.

Next, we investigated the recharg-
ing process of tRNAGln(CUG) by sup-
plying amino acids. After 15 h of
starvation, we supplied amino acids
to the medium and measured the
tRNA charging ratio (Supplemental
Fig. 4C). The decreased charging ra-
tio increased 15 min after supplying
amino acids (Fig. 5B), while expres-
sion levels of QARS increased slightly
180 min after the addition of amino
acids (Supplemental Fig. 4D). These
results suggest that the restoring pro-
cess of tRNA charging is faster than
the decreasing process of the charg-
ing ratio of tRNA.

We next examined substrate speci-
ficity for the charging process.
Supplementation with glutamine
alone or with all amino acids except
glutamine for 1 h increased the charg-
ing ratio of tRNAGln(CUG) after starva-

tion (Fig. 5C). This result suggests that amino acids other
than glutaminemight be converted to compensate for glu-
tamine depletion. To determine the effect of extracellular
glutamine on the charging ratio of tRNAGln(CUG), the cells
were treated in a dose-dependent manner with glutamine
for 1 h after starvation. Treatment with at least 2 µM extra-
cellular glutamine resulted in an increased charging ratio
of tRNAGln(CUG) (Fig. 5D). Although there was no statisti-
cally significant difference, the mean value of the charging
ratio of tRNAGln(CUG) increased in a dose-dependent
manner.

DISCUSSION

In this study, we developed the i-tRAP method, a conve-
nient PCR-basedmethod that specifically quantifies the in-
dividual tRNA charging ratio. By using this method, we
showed that the charging ratio of tRNAGln (CUG) was lower
in old cells than in young cells under starvation conditions
and the charging ratio of tRNAGln (CUG) was responsive to
amino acid levels.
The i-tRAP method developed herein has advantages in

ease and convenience. To date, several methods have

FIGURE 3. Validation of i-tRAP by using biological samples. (A) Effects of weak alkali treat-
ment on the charging ratios of tRNAGln(CUG) (left) and tRNAGly(GCC) (right). tRNA charging
levels were quantified by using i-tRAP. Small RNA was extracted from HEK293T cells and
deacylated the charged tRNA by weak alkali treatment with 200 mM Tris-HCl, pH 8.5, at
37°C for 10 min. (B) Northern blot quantification of tRNAGln(CUG) and tRNAGly(GCC) amino-
acylation. Aminoacylation of tRNAGln(CUG) and tRNAGly(GCC) were analyzed by acid-urea
gel electrophoresis and subsequent northern blot hybridization using probes for
tRNAGln(CUG) and tRNAGly(GCC), respectively. tRNA charging levels were quantified as a ratio
of charged-to-total tRNA. (C ) Experimental scheme for panels D–F. TIG-1 cells cultured in an
amino acid–rich medium were transfected with the indicated siRNAs and cultured for an addi-
tional 2 d. (D) QARS gene expression, (E) quantification of QARS by western blot, and (F )
charging ratio of tRNAGln(CUG). Data, mean±SEM; n=3 (B) and 6 (A, D, E, and F); statistics,
(A, D, E, and F) unpaired two-tailed Student’s t-test. (∗) P<0.05.
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FIGURE 4. Landscape of tRNA charging reflects nutrient status. (A) Experimental scheme. Young and old TIG-1 cells were cultured in an amino
acid–free medium, which was replaced with a medium containing amino acids or not. After a 1 h incubation, cells were collected and RNA was
extracted. (B) Charging ratios of tRNAs in amino acid-supplied (Young AA +; magenta, Old AA +; orange) and –starved conditions (Young AA −;
cyan, Old AA −; green) plotted based on codon. n=5. (C ) i-tRAP analysis of the charging ratios of tRNAGln(CUG) (left) and tRNAGly(GCC) (right)
under amino acid starvation. tRNA was extracted from young TIG-1 cells that had been cultured in an amino acid–free medium, which was re-
placed with a medium containing amino acids followed by a 1 h of incubation. Data, mean±SEM; n=6; statistics, unpaired two-tailed
Student’s t-test. (∗) P<0.05; NS, not significant. (D) Analysis of tRNAGln(CUG) and tRNAGly(GCC) aminoacylation by northern blotting. Small
RNA was extracted from TIG-1 cells that had been cultured in an amino acid–free medium, which was replaced with a medium containing amino
acids followed by incubation for 1 h. Aminoacylation of tRNAGln(CUG) and tRNAGly(GCC) were analyzed by acid-urea gel electrophoresis and
subsequent northern blot hybridization using probes for tRNAGln(CUG) and tRNAGly(GCC), respectively. tRNA charging levels were quantified
as a ratio of charged-to-total tRNA. Data, means±SEM; n=3. (E) Charging ratios of tRNAGln(CUG) in young and old TIG-1 cells cultured in an
amino acid–free medium for 15 h. Data, means±SEM; n=8; statistics, unpaired two-tailed Student’s t-test. (∗) P<0.05.
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been developed to measure the charging ratio of tRNA.
For example, northern blotting has been popularly used
to examine the charging ratio of individual tRNAs.
Although careful selection of hybridization temperature
and use of locked nucleic acid–modified probes allows
highly sensitive and specific detection of RNA by northern
blotting (Várallyay et al. 2008), few laboratories today pos-
sess such technics and equipment. When the charging ra-
tio was calculated by northern blot, the value came out
higher than that of i-tRAP. The differences may be derived
from the methodological principles of northern blot and i-
tRAP. i-tRAP can be performed in many labs as far as real-
time qPCR systems are available, while northern blot re-
quires special techniques or equipment. A PCR-based
method for measuring the charging ratio of tRNA has al-
ready been developed (Loayza-Puch et al. 2016), which
can analyze changes in the charging ratio of tRNA in a giv-
en sample relative to another reference sample. In con-
trast, the i-tRAP method can directly measure tRNA
charging ratios and does not require reference samples,

making it possible to compare the
charging ratios of tRNA between dif-
ferent experiments and different
types of tRNAs. Additionally, the
qPCR-based i-tRAP method, which
can easily be performed with dozens
of samples, could measure the tRNA
charging ratio precisely at the individ-
ual tRNA level (Fig. 1B). As far as
tRNAGln is concerned, it was possible
to identify differences in the target se-
quence of the MGB probe (i.e., Gln
(CTG)-6 and Gln (TTG)-1), but was dif-
ficult to identify differences in the tar-
get sequence of the forward primer
(i.e., Gln (CTG)-2). In general, internal
mismatches between primers and tar-
geted DNA can be tolerated (Kwok
et al. 1990), whereas this low specific-
ity could be improved by careful se-
lection of annealing temperature and
primer sequences. The efficiency of
identifying tRNAs with highly similar
sequences depends on the primer/
probe set and should be pretested us-
ing synthesized DNA corresponding
to the specific tRNA sequence.
Careful consideration should be given
to experimental conditions, since the
choice of enzyme and the demethyla-
tion process could change the stabil-
ity of the results and sensitivity of the
methods. By careful selections of
these conditions, i-tRAP can measure
the charging ratio of tRNA easily.

Although the charging ratios of most tRNAs were main-
tained under prolonged amino acid starvation in both
young and old cells, the charging ratio of tRNAGln drasti-
cally changed in response to nutrient status. The charging
dynamics of tRNA seem to vary depending on species and
cellular types. Studies using proliferative species, such as
E. coli (Sørensen 2001; Dittmar et al. 2005) and yeast
(Zaborske et al. 2009), reported fast and global reduction
in the charging ratios of tRNA after starvation. Our study
showed a specific change in tRNAGln charging in human
TIG-1 cells, as previously observed in MEF and human kid-
ney and pancreatic cancer cell lines (Pavlova et al. 2020).
However, the effect of amino acid starvation on tRNA
charging in HEK293 is quite different (Saikia et al. 2016).
The concentrations of tRNA-charged amino acids are

the result of consumption for protein synthesis and supply
as reviewed in (Rubio Gomez and Ibba 2020). Glutamine is
a well-known stimulant of protein synthesis and cellular
proliferation, since glutamine is greatly consumed as a pre-
cursor for other amino acids (MacLennan et al. 1987). In

FIGURE 5. Charging dynamics of tRNAGln(CUG). (A) Charging ratios of tRNAGln(CUG) and
tRNAGly(GCC) in TIG-1 cells after amino acid starvation. (B) Recharging ratios of
tRNAGln(CUG) in TIG-1 cells after amino acid supplementation. (C ) Charging ratios of
tRNAGln(CUG) in TIG-1 cells after supplementation with amino acids except glutamine, or
with only 2 mM glutamine. AA w/o Gln medium was prepared using MEM essential amino ac-
ids solution and MEM nonessential amino acids solution (Wako). AA −, amino acid-starved
condition. (D) Charging ratios of tRNAGln(CUG) in TIG-1 cells after supplementation of gluta-
mine at indicated concentrations in an amino acid–free medium for 1 h. Data, mean±SEM;
n=5 (A,B) and 6 (C,D); statistics, (A,B) one-way ANOVA ([∗] P<0.05 versus 0 h), (C,D) one-
way ANOVA ([∗] P<0.05).
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MEF, the concentrations of glutamine also significantly
decrease under amino acid starvation conditions (Pavlova
et al. 2020). As a nonessential amino acid, the cellular lev-
els of glutamine fluctuate dynamically between consump-
tion and biogenesis in response to nutrients and the
external environment.

i-tRAP method is sensitive enough to detect senescence-
associated dynamics of the charging ratio of tRNAGln(CUG).
We showed that the charging ratio of a tRNAGln(CUG) was
lower in senescent cells only in amino acid starvation
conditions. The reasons and effects of a low charging ratio
of tRNAGln(CUG) in senescent cells are speculative. Accu-
mulation of abnormal aaRS during senescence is reported
(Hosbach and Kubli 1979; Takahashi et al. 1985) and may
decrease the charging ratio of tRNA. A low charging ratio
of tRNAGln(CUG), in turn,may also suppress protein synthesis
in senescent cells. These questions compose key directions
toward the elucidation of senescence mechanisms.

In conclusion, we developed i-tRAP, an efficient and
convenient method for analyzing tRNA charging. We
showed that this method has high specificity for isoaccep-
tor tRNAs and broad applicability for the qualification of
different tRNA charging. Besides in cultured cells, i-tRAP
will advance biology through the quantification of tRNA
charging in tissue levels. As the demand for measuring
tRNA charging is constantly being expanded, i-tRAP will
provide a much-needed simple method for analyzing
tRNA charging.

MATERIALS AND METHODS

Human mature tRNA sequences

Sequences of tRNAs were referred from the Genomic tRNA
Database (http://lowelab.ucsc.edu/GtRNAdb/) (Chan and Lowe
2016) and the mitochondrial genome sequence (NC_012920)
(Andrews et al. 1999).

Cell culture and RNA isolation

Human embryonic kidney 293 (HEK293) (JCRB9068, JCRB Cell
Bank) and TIG-1 (spontaneously developed diploid fibroblast
cell lines of fetal lung [JCRB0501, JCRB Cell Bank]) cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM, Nacalai
Tesque) with 10% supplemented with fetal bovine serum
(Gibco). Human primary lung (PCS-201-013, ATCC), adult dermal
(PCS-201-012, ATCC) and neonatal dermal cells (PCS-201-010,
ATCC) were cultured in the recommended media. Cells were
maintained at 37°C in a humidified chamber supplemented
with 5% CO2. For tRNAseq and northern blot, 3.0–6.0×106 cells
were seeded on 100 mm dishes using a culture medium. For i-
tRAP and RT-qPCR, 4.0–8.0× 105 cells were seeded on six well
plates.

For amino acid starvation, cells were cultured in amino acid–
freeDMEM (Wako) supplementedwith 0.5%dialyzed fetal bovine
serum (Gibco) for indicated time. Amino acid supplementation

was conducted using MEM essential amino acids solution, MEM
nonessential amino acids solution, and 200 mM glutamine solu-
tion (Wako) for the indicated time.

Small RNA was extracted from cells using Isogen II reagent
(Nippongene) and Ethachinmate (Nippongene) according to
manufacturer’s instruction.

Periodate oxidation, β-elimination and end repair

Periodate oxidation of RNAwas carried out as describedpreviously
with modification (Evans et al. 2017). Briefly, small RNA was oxi-
dized in 100 mM CH3COONa, pH 5.2 and freshly prepared 50
mM NaIO4 at 27°C for 30 min. The reaction was quenched using
100mMglucose at 27°C for 5min. To purify tRNAand remove peri-
odate, resultant RNAwas separated byelectrophoresis using a 15%
denaturing polyacrylamide gel (5M Urea, 1× TBE, Bio-craft). tRNA,
which contained periodated 3′CC tRNA and charged 3′CCA tRNA,
was excised and eluted from the gel in TE buffer, and precipitated
with ethanol. For β-elimination for removing the oxidized 3′A resi-
due and leaving a phosphate at the terminal 3′C residue, and
deacylation, purified tRNA was treated with 200 mM Tris-HCl, pH
9.0, at 75°C for 5 min followed by ethanol precipitation. Then,
tRNA was treated with T4 polynucleotide kinase (Thermo Fisher
Scientific) at 37°C for 30 min to remove 3′-phosphate (end repair),
followed by ethanol precipitation.

Demethylation reactions

Demethylation reaction was carried out as previously described
with modifications (Zheng et al. 2015). Briefly, truncated wild-
type and D135S mutant AlkB with deletion of the amino-terminal
11 amino acids was cloned into a pETBA vector (Biodynamics
Laboratory) and overexpressed in Zip Competent Cell BL21 (DE3)
(Biodynamics Laboratory). Cells were grown at 37°C in the pres-
ence of 50 µM ampicillin until the OD600 reached 0.5–0.6. After
the addition of 1 mM IPTG and 5 µM FeSO4, cells were incubated
for an additional 4 h at 30°C. Cells were collected, pelleted and re-
suspended in PBS with protease inhibitor (cOmplete, Mini, EDTA-
free, Roche). Then, cells were lysed by sonication and centrifuged
at 3000g for 10 min. The soluble proteins were purified using
HisTrap FF crude (Cytiva) at 4°C. The reaction buffer contained
300 mM KCl, 2 mM MgCl2, 50 µM (NH4)2Fe(SO4)2·6H2O, 300
µM 2-ketoglutarate, 2 mM l-ascorbic acid, 50 µg/mL BSA, 50 mM
MES buffer (pH 5.0). A total of 40 pmol of tRNA was treated with
80 pmol WT AlkB and 160 pmol D135S AlkB in the reaction buffer,
and the reaction mixture was incubated at 27°C for 2 h.

tRNA sequencing for measuring charging ratios

tRNA sequencing was performed as previously described with
modifications (Evans et al. 2017). Briefly, 100 ng of tRNA treated
with periodate oxidation, β-elimination, deaminoacylation, end
repair and demethylation, as described above, was used as a tem-
plate for a library. The template-switching and reverse transcrip-
tion reactions were done as described (Xu et al. 2019) using
TGIRT (InGex) with 5′ labeled TGIRT primers (T- and G-ending,
Supplemental Table S1) annealed to complementary RNA (5′-
AAGAUCGGAAGAGCACACGUCUGAACUCCAGUCAC-3′). The
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products were purified by using a MinElute Reaction Cleanup Kit
(Qiagen). The R1R DNA adapter (Supplemental Table S1) was
preadenylated by using an adenylation kit (New England
Biolabs) and then ligated to the 3′ end of the cDNA by using ther-
mostable 5′ AppDNA/RNA Ligase (NewEngland Biolabs) for 16 h
at 65°C. The ligated products were purified by using a MinElute
Reaction Cleanup Kit and amplified by PCR with Phusion High-
Fidelity DNA polymerase (Thermo Fisher Scientific; denaturation
at 98°C for 5 sec followed by 15 cycles of 98°C 5 sec, 60°C 10 sec,
72°C 15 sec and then held at 4°C). The PCR products were
cleaned up by using Agencourt AMPure XP beads (Beckman
Coulter) and size selection of the library was performed using
Pippin Prep automated gel system (175–300 bp, Sage science).
Concentration of cDNA libraries was quantified using a
GenNext NGS Library Quantification Kit (TOYOBO).
Sequencing was performed on an Illumina Nextseq 500 platform
in a 150-base single-end mode (illumina). The output data was
demultiplexed and BCL-to-Fastq conversion was performed us-
ing Illumina’s bcl2fastq software.

The sequenced readwasmapped to the human tRNA sequenc-
es using Blast version 2.2.26, and was aligned to the 25 nt of 3′

end of tRNA sequences without any mismatches. The aligned
read with 3′-end CCA was regarded to be derived from charged
tRNA, whereas the read ended with 3′-end CC was from un-
charged tRNA. Charging ratios were determined as 3′-end
CCA-aligned reads over the sum of 3′-end CCA- and CC-aligned
reads. The tRNAseq data sets are available at the Gene
Expression Omnibus (GEO) with accession number GSE188862.
Use tokens kvercucarnelhuv.

Ligation of an adaptor to tRNA for i-tRAP

Adenylated Linker, a 5′ adenylated adaptor with 3′-end block,
was purchased from PerkinElmer (5′-rAppCAGTAGGC
ACCATCAAT/3ddC/-3′). Chemically and enzymatically pretreat-
ed tRNA (300 ng) were mixed with adenylated adapter (20
pmol), and then incubated with ligation mixture containing 2 µL
of 10× reaction buffer and 1 unit of truncated T4 Rnl2 (New
England Biolabs) in 20 µL of total volume at 37°C for 60 min.

Preparation of DNA fragments containing tRNA
sequences for generation of standard curves

In preparation of PCR products that contain tRNA sequences, four
kinds of oligonucleotides per tRNA were designed as shown in
Supplemental Table S2 (Fasmac). First forward (1F) oligonucleo-
tide was 37 nt containing a linker sequence, and second, third,
and fourth reverse primers (2R, 3R, and 4R) were 33–37 nt contain-
ing the tRNA sequence. For producing aDNA fragment of 3′CCA-
tRNA, the 2R oligonucleotide was used, and for producing a DNA
fragment of 3′CC-tRNA, the 3R oligonucleotide was used. The
mixture for the extension reaction contained the three kinds of ol-
igonucleotides (3′CCA-tRNA: 1F, 2R, 3R; 3′CC-tRNA: 1F, 3R, 4R;
25 pmol each) and 12.5 µL of KOD One PCR Master Mix-Blue-
(TOYOBO) in 25 µL. The mixture was incubated at 98°C for 60
sec, followed by 12 cycles of 10 sec at 98°C, 5 sec at 60°C, and
5 sec at 68°C. Using 10 µL of the resulting reaction mixture as a
template, PCR was performed containing 1F and 3R, or 1F and
4R oligonucleotides (100 pmol) in 200 µL of the reaction mixture.

The mixture was incubated at 98°C for 60 sec, followed by 40 cy-
cles of 10 sec at 98°C, 5 sec at 60°C, and 5 sec at 68°C. The PCR
products were electrophoresed on a 2% agarose gel and visual-
ized by staining with Midori Green Direct (Nippon Genetics).
The desired DNA obtained from the agarose gel was purified
with a QIAquick Gel Extraction Kit (Qiagen) and eluted with 30
µL of the elution buffer. The purified PCR product concentration
was determined using NanoDrop 2000 (Thermo Fisher
Scientific). Two kinds of PCR products were then combined at sev-
eral ratios (3′CCA-tRNA: 3′CC-tRNA; 10:90, 20:80, 30:70, 40:60,
50:50, 60:40, 70:30, 80:20, and 90:10) and used for the establish-
ment of the standard curve in qPCR as described below. The total
concentration of standard solution was adjusted to 1 ag/µL for es-
tablishing the linear calibration curve.

qRT-PCR system and procedure for detecting
individual tRNA-acylation using PCR (i-tRAP)

Adapter-ligated RNAs were incubated at 95°C for 5 min to dena-
ture, and then placed on ice. The denatured adaptor-ligated
RNAs were reverse-transcribed using ReverTra Ace (TOYOBO) us-
ing a reverse transcription (RT) primer (Supplemental Table S1). The
sequence of RT primer was based on the sequences of the aden-
ylated linker and an additional sequence from nonhuman species
(Gryllus bimaculatus) (Tsukamoto andNagata 2016), since tRNA se-
quence as a template is too short to prepare a primer and probe set
for qPCR. RT reaction was performed at 42°C for 60min. The resul-
tant cDNA solution was diluted with water by 1:5, and 1 µL of this
solution was added to the real-time PCRmixture containing 5 µL of
2× TaqMan Genotyping Master Mix (Thermo Fisher Scientific), 0.4
µL of Custom TaqMan SNP Genotyping Assays containing specific
primers and probes (Supplemental Table S3) (Thermo Fisher
Scientific), and 3.6 µL of distilled water. 7900HT Real-Time PCR
System (Thermo Fisher Scientific) was used to determine the
threshold cycles (Ct). The cycling conditions were as follow: initial
denaturation for 10 min at 95°C, 40 or 50 cycles of 5 sec at 95°C,
and 60 sec at 60°C. Fluorescence signals were collected at the
60°C step of each cycle. All reactions were run in duplicate and
the threshold cycles were determined.

Quantitative RT-PCR

Large RNA from the cells which were extracted using Isogen II
(Nippon gene) or TRIzol (Thermo Fisher Scientific) according to
the manufacturer’s protocol was used as the template.
Extracted RNA was treated with RQ1 DNase I (Promega) at
37°C for 30 min. The RNA quality and quantity were determined
by a NanoDrop 2000 (Thermo Fisher Scientific). Then, RNA (300
ng each) was reverse-transcribed using a SuperScript VILO
cDNA Synthesis Kit (Thermo Fisher Scientific). The reverse tran-
scription mixture was incubated at 42°C for 60 min. The resultant
cDNA solution was diluted with water by 1:5, and 1 µL of this sol-
ution was added to the real-time PCR mixture containing 5 µL of
2× GeneAce SYBR qPCR Mix α (Nippon gene), 0.5 µL of each
primer in 10 µM, and 3 µL of H2O. 7900HT Real-Time PCR
System (Thermo Fisher Scientific) was used. The cycling condi-
tions were as follows: initial denaturation for 10 min at 95°C, 40
cycles of 15 sec at 95°C, 30 sec at 60°C. Fluorescence signals
were collected at the 60°C step of each cycle. All reactions
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were run in duplicate and the Ct values were determined. The ex-
pression levels of target genes were normalized to the expression
levels of ActB. To evaluate the reaction using the ΔCt method, we
used a primer set shown in Supplemental Table S4.

Acid urea PAGE followed by northern blot analysis

An amount of 3000 ng of small RNA was mixed with an equal vol-
ume of acid urea dye (0.1 M sodium acetate [pH 5.2], 8 M urea,
0.05% bromophenol blue, 0.05% xylene cyanol) and resolved
on a 5 M acid urea PAGE gel (12%) in 100 mM sodium acetate
(pH 5.2) and 2 mM EDTA. Preelectrophoresis was performed at
4°C for 30 min at 20 mA. The sample was separated under 250
V for 960 min at 4°C. The gel was electroblotted onto a positively
charged nylon membrane (Hybond N+, Cytiva) using an electro-
blot apparatus at 10 V for 120 min with 40 mM Tris-HCl (pH 8.0)
and 2 mM EDTA (pH 8.0) as transfer buffer. The membrane was
rinsed briefly with 2× saline sodium citrate buffer (SSC) and UV
cross-linked at 120 mJ/cm2. The membrane was incubated in
DIG Easy Hyb (Roche) at 52°C for 1 h and then hybridized with
10 nMprobe in DIG Easy Hyb solution at 52°C overnight. A probe
was labeled with the nonradioactive DIG, using an End Tailing Kit
(Roche). The probe sequence was for the human tRNAGln(CUG)
(5′-GAGATTTGAACTCGGATCGCTGGAT-3′) and tRNAGly(GCC)
(5′-TGCATGGGCCGGGAATCGAACCCGGGCCTCCCGCG-3′).
The membrane was washed at room temperature twice using a
low stringency buffer solution (2× SSC, 0.1% SDS), and at 52°C
twice using a high stringency buffer solution (0.5× SSC, 0.1%
SDS) for 5 and 10 min. The subsequent steps were done at
room temperature. Membranes were washed in the washing buff-
er containing 0.1 M maleic acid-NaOH, pH 7.5, 0.15 M NaCl and
0.3% (v/v) Tween 20 for 5 min and blocked in 1× DIG Northern
starter kit blocking solution (Roche) for 30 min. This was followed
by incubation with anti-digoxigenin-AP (1:10,000 in blocking sol-
ution) for 30min and twicewashes with thewashing buffer, 15min
each. Membranes were finally rinsed in the detection buffer (0.1
M Tris-HCl, pH 9.5, and 0.1 M NaCl) for 5 min and chemilumines-
cence was detected using CDP-Star reagent and an ImageQuant
LAS 500 (Cytiva).

ImageJ software was used for quantification. Briefly, the area
around eachbandwas specified by rectangular selection in the pro-
gram tools and quantifies the intensity of eachband. tRNA charging
levels were quantified as a ratio of charged-to-total tRNA.

Western blotting

TIG-1 cells lysed with RIPA buffer (Thermo Fisher Scientific) sup-
plemented with protease inhibitor cocktail (Merck). After centrifu-
gation at 20,400g for 10 min, supernatant was collected. Protein
was quantified using a BCA protein assay kit (Thermo Fisher
Scientific). Sample buffer was directly added to the sample and
boiled for 10 min. Samples were separated on SuperSep Ace
5%–12% gel (Wako), transferred onto a PVDF membrane
(Immobilon-P; Merck), and probed using rabbit anti-QARS
(Bethyl Laboratories, A304-752A) or anti-β-actin antibody
(Sigma, #A5316). Later, the membranes were rinsed 3 times in 1
x TBST and incubated with HRP-conjugated secondary antibody.
Signals were detected using Chemi-Lumi One Super (Nacalai
Tesque) and an ImageQuant LAS 500 (Cytiva).

Bands were quantified with ImageJ. Briefly, the area around
each band was specified by rectangular selection in the program
tools and quantifies the intensity of each band. QARS protein lev-
els were normalized to β-actin.

Improved tRNA RT method using TGIRT

The tRNA RT reaction was performed as previously described with
modifications (Behrens et al. 2021). Briefly, the denatured adap-
tor-ligated RNAs without demethylase treatment were reverse-tran-
scribed using TGIRT (InGex). TGIRT reactions were performed in a
20 µL final volume by combining the template and RT primer
(Supplemental Table S1) with 10U SUPERase In (Thermo Fisher
Scientific), 5 mM DTT and low salt buffer (50 mM Tris-HCl (pH
8.3), 75 mM KCl, 3 mM MgCl2). After TGIRT addition, samples
were incubated at 42°C for 10min. After addition of dNTPs to a final
concentration of 1 mM, samples were incubated at 42°C for 16 h.

Improved tRNA RT method using SuperScript IV

tRNA RT reaction was performed as previously described with
modifications (Watkins et al. 2022). Briefly, the denatured adap-
tor-ligated RNAs without demethylase treatment was reverse-
transcribed using SuperScript IV Reverse Transcriptase (Thermo
Fisher Scientific). RT reactions were performed in a 20 µL final vol-
ume by combining the template and RT primer (Supplemental
Table S1) with 40U RNaseOUT (Thermo Fisher Scientific), 5 mM
DTT, 1 mM dNTPs and 5× SuperScript IV buffer. After the initial
10 min incubation at 55°C for 10 min, samples were incubated
at 35°C for 16 h.

Statistics

Either two-tailed t-test or one-way ANOVAwith Bonferroni’s post-
hoc test was used. Statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software). Statistical significance
was defined as P<0.05.
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This paper developed a method called i-tRAP to quantify individ-
ual tRNA charging ratios. In this method, we utilized demethylases
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transcription reaction, and a β-elimination reaction to remove the
3′ adenosine residue in uncharged tRNA and TaqMan MGB
qRT-PCR. Our developed i-tRAP can distinguish between the
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