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ABSTRACT

N1-methyladenosine (m1A) is awidespreadmodification in all eukaryotic, many archaeal, and some bacterial tRNAs.m1A is
generally located in theT loopofcytosolic tRNAandbetweentheacceptorandDstemsofmitochondrial tRNAs; it is involved
in the tertiary interaction that stabilizes tRNA. Human tRNAm1A levels are dynamically regulated that fine-tune translation
and can also serve as biomarkers for infectious disease. Although many methods have been used to measure m1A, a PCR
method to assess m1A levels quantitatively in specific tRNAs has been lacking. Here we develop a templated-ligation
followed by a qPCR method (TL-qPCR) that measures m1A levels in target tRNAs. Our method uses the SplintR ligase that
efficiently ligates two tRNA complementary DNA oligonucleotides using tRNA as the template, followed by qPCR using
the ligation product as the template. m1A interferes with the ligation in specific ways, allowing for the quantitative assess-
ment of m1A levels using subnanogram amounts of total RNA. We identify the features of specificity and quantitation for
m1A-modifiedmodelRNAsandapply theseto totalRNAsamples fromhumancells.Ourmethodenableseasyaccesstostudy
the dynamics and function of this pervasive tRNA modification.
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INTRODUCTION

N1-methyladenosine (m1A) is among the most abundant
eukaryotic RNA modifications present in tRNA, rRNA,
and mRNA. In humans, m1A is present in all cytosolic
tRNA at position 58 (m1A58), in 15/22 mitochondrial
tRNAs at position 9 (m1A9), and in mRNA (Clark et al.
2016; Dominissini et al. 2016; Li et al. 2016; Oerum et al.
2017; Suzuki et al. 2020; Xiong et al. 2023). In tRNA, m1A
plays a role in its stability and in translational fine-tuning
(Liu et al. 2016; Zhang and Jia 2018; Xiong et al. 2023)
and has other functions (Oerum et al. 2017). As exemplars,
m1A58 in cytosolic tRNALys(UUU), the essential RNAprimer
for HIV replication, can affect the reverse transcription (RT)
fidelity and efficacy in HIV-1 infections (Auxilien et al.
1999).m1A58 inyeast tRNAiMet is required for itsmaturation
and stability (Anderson et al. 1998). m1A9 of mitochondrial
tRNAs is crucial for the correct folding such as in humanmi-
tochondrial tRNALys (Helmet al. 1998, 1999) andbinding to
elongation factors (Sakurai et al. 2001, 2005). m1A58 can

also be reversed by three human eraser enzymes (Liu
et al. 2016; Wei et al. 2018; Chen et al. 2019). m1A modifi-
cation levels in specific tRNAscanbeusedasbiomarkers for
clinical prognosis, such as the development of COVID-19
severity (Katanski et al. 2022). Thus, the ability to quantify
m1A modification rapidly and quantitatively in individual
tRNA would be a valuable tool for mechanistic studies
and diagnostic applications.
m1A modifications in RNA are commonly measured us-

ing mass spectrometry (MS), thin layer chromatography
(TLC), or reverse transcription (RT). LC–MS and TLC meth-
ods generally measure the total m1A levels in bulk RNA;
an individual tRNAm1A level can bemeasured after its iso-
lation from bulk RNA (Suzuki and Suzuki 2014; Suzuki et al.
2020), which can be laborious, time consuming, and re-
quires a large amount ofmaterial. RTmeasuresm1A in indi-
vidual tRNA through an m1A-induced stop in primer
extension using low processive reverse transcriptases,
which can be quantified by gel electrophoresis (Saikia
et al. 2010; Clark et al. 2016). The RT method can also be
used in high-throughput sequencing by quantifying the
“mutated” and/or “stopped” reads at the tRNA m1A site3These authors contributed equally to this work.
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induced by the readthrough of the m1A nucleotide by high
processive reverse transcriptases. Mutational profiling with
sequencing (MaP-seq) has been widely used to study m1A
and multiple other modifications in RNA (Hauenschild et al.
2015; Clark et al. 2016; Zubradt et al. 2017). Although pow-
erful, sequencing of tRNA is still slow to implement, expen-
sive, and requires tens of nanograms of the input RNA.

Here, we describe a templated-ligation and quantitative
PCR (qPCR) method to quantify m1Amodification at single
base resolution. qPCR is a routine and high-sensitivity
method to study specific RNA properties. For quantitation,
the RNA needs to be converted into cDNA using reverse
transcriptase (RT-qPCR), or the RNA is used as the template
to ligate twoDNAoligonucleotides followed by PCR of the
ligation product (Jin et al. 2016; Krzywkowski and Nilsson
2017; Yeakley et al. 2017). Because of the high extent of
its modifications and structure, RT of tRNA is generally
not sufficiently robust for RT-qPCR measurements.
Furthermore, our goal is to target m1Amodification at spe-
cific sites which may not have cDNA signatures that can be
readilydistinguishedbyqPCR.We therefore adapteda tem-
plated-ligation (TL-qPCR)approachusingthehighlyefficient
SplintR ligase, which was first used for miRNA studies (Jin
et al. 2016; Krzywkowski andNilsson 2017) andm6Amodifi-
cation detection in mRNAs (Xiao et al.
2018). We show that SplintR ligation
works well for tRNAwith subnanogram
amountsof total RNA.More important-
ly, we develop this method for the new
application to quantify the levels of
m1Amodification inspecific tRNA in to-
tal RNA samples.

RESULTS AND DISCUSSION

Principles of templated-ligation
qPCR (TL-qPCR) assessment
of m1A modification

tRNA is the most abundant RNA spe-
cies in a total RNA sample by molarity.
tRNA is also extensively modified with
over 100 various modifications in three
kingdoms of life. Current methods of
detecting tRNAs and tRNA modifica-
tions include LC/MS (Suzuki and
Suzuki 2014; Zhang et al. 2022), north-
ern blot (Zhang et al. 2020; Khalique
et al. 2022), next-generation sequenc-
ing (Cozen et al. 2015; Zheng et al.
2015; Clark et al. 2016), and end-liga-
tion-based qPCR (Honda et al. 2015b).
A SplintR ligation-based qPCRmethod
has been developed to detect and
quantify microRNA (miRNA) (Jin et al.

2016; Krzywkowski and Nilsson 2017). This method relies
on splint ligation by the SplintR ligase using miRNA as the
template. The ligation efficiency of template splint ligation
by SplintR is very high, in contrast to previousmethods using
T4RNA ligase2orT4DNA ligase. In addition, the ligationef-
ficiency of SplintR is negligible without the template. Thus,
the ligation efficiency is proportional to the abundance of
the miRNA.

We took advantage of the SplintR ligation selectivity and
developed a templated-ligation followed by qPCR assay
for the detection and quantitation of m1A modification in
tRNA (Fig. 1A). A previous method termed “SELECT” for
m6Amodification detection relies on the ability ofm6A to in-
hibit both RT and splint ligation (Xiao et al. 2018). We rea-
soned that the methyl group at the N1 position of m1A
affects the base-pairing between A and T, which may block
the template splint ligation by SplintR and may be sufficient
todistinguishA fromm1AwithoutRT.Wedesignedtwopairs
of linker oligos that bind to the tRNA template near or far
away from the m1A site. For the linker oligos near the modi-
fication site, the 5′ end of the upstream linker (5′ linker, 5lkr)
has a phosphorylated T that binds to the complementary
template containing A or m1A and a PCR primer-binding
site. The downstream linker (3′ linker, 3lkr) has a fluorescent

A B

C

FIGURE 1. TL-qPCR schematics and quantitative and sensitive detection of synthetic and bio-
logical tRNAs. (A) The basic design of measuring m1A in tRNA. The 5 linkers (5lkrT) with phos-
phorylated T at the 5′ end binds to complementary RNA template containing A or m1A at the
same position. SplintR ligase ligates the 5lkrT linker and the 3′ linker at the joint position where
the T pairs with A, but not withm1A. The ligated 5lkrT product is then used as template in qPCR
using fluorescent probes. Comparing the difference of Cq value from A and m1A after normal-
ization to controls, them1A levels in theRNAsampleareobtained. (B) Detectionofmodel tRNA.
ΔCq valuebetweenRNAsample andwater control using0.2–200 fmol in vitro transcript of yeast
tRNAPhe (black) or a synthetic human tRNAHis fragment (red) using the 5lkrT linker in ligation.
ΔCq values have a nice linear correlation with the log values of input amounts. (C ) Detection
of human tRNAi

Met and tRNAHis in HEK293T total RNA. ΔCq value between RNA sample and
water control. tRNAi

Met or tRNAHis is still detectable at 5 or 50 pg total RNA input, respectively.
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probe binding site and a PCR primer-binding site. To exam-
ine the feasibility of our method at the m1A site, we also in-
cluded an optional AlkB demethylase treatment (Cozen
et al. 2015; Zheng et al. 2015) step for the same sample
that converts m1A to A. After SplintR ligation, the amount
of ligatedproduct canbedetectedbyqPCRwith fluorescent
probes. Them1Amodification fraction can be calculated us-
ingEquation1or 2 (seebelow) basedon theqPCR threshold
(Cq) valuesof thetwoSplintR ligationsamplesusing linkeroli-
gos that bind to the tRNA near or away from the m1A site.
To test the sensitivity of the TL-qPCR method for the

quantification of small RNAs in the absence of m1Amodifi-
cation, we used the in vitro transcript of yeast tRNAPhe, a
synthetic RNA oligonucleotide corresponding to the hu-
man 5′ tRNAHis fragment (Martinez et al. 2017; Wang
et al. 2018), and tRNAiMet in total human RNA. The ΔCq
value between the RNA sample and water control of the
two unmodified RNAs was proportional to the input
amount of 0.2–200 fmol (Fig. 1B). Using the human tRFHis

oligos and probes, we obtained a quantitative relationship
of tRNAHis and tRNAi

Met in total human RNA (Fig. 1C), and
detected tRNAi

Met in as little as 5pgHEK293T total RNA in-
put. These results validate the principle of our TL-qPCR de-
sign for the quantitative measurements of native tRNA.

TL-qPCR quantitation of m1A in synthetic
oligonucleotides: optimization of linker oligo end
sequence, position, and SplintR ligation temperature

To examine the quantitative nature of our TL-qPCR meth-
od form1A,we applied it to synthetic RNAoligos that have
identical sequences of the m1A58 surrounding region of

human tRNAi
Met. First, we tested whether 1 nt mismatch

at the ligation site affected the TL-qPCR product amount,
and by inference, template splint ligation efficiency using
unmodified RNAoligo.We designed four different 5′ link-
er oligos with T, C, G, or A at the 5′ end (Fig. 2A). The TL-
qPCR profile showed that a 1 ntmismatchwas sufficient to
very significantly suppress the template splint ligation by
SplintR (Fig. 2B). The relative amounts of PCR product
for C, G and A-ending 5′ linker oligos were <10% com-
pared to the T-ending 5′ linker, with C, G, and A-ending
mismatched linker oligos at the level of 6.9%, 0.2%,
0.3% of the T-ending linker, respectively (Fig. 2C). This re-
sult demonstrates that a 1 nt mismatch can reduce the
template splint ligation significantly, as expected. These
results are crucial for our TL-qPCR strategy since it is based
on the impaired base-pairing between m1A and T at the
modification site. Next, we tested whether our method
could quantify the abundance of the templated ligated
product by varying the input amount of the RNA oligo.
The qPCR amplification profile of the serial dilution of
theunmodifiedoligo showed that theCq values increased
proportionally as the input amount was reduced (Fig. 2D).
The standard curve of the serial diluted samples showed
an excellent linear correlation between the Cq value and
the RNA oligo input (R2 = 0.974, Fig. 2E). This result dem-
onstrates that our method can quantitatively measure the
template splint ligated product.
To investigate thequantitativenatureofTL-qPCR form1A

levels, we varied the ratio of the synthetic m1A-modified
oligo and unmodified oligo in the input and performed
TL-qPCR with 5′ linker oligos that have T, C, G, or A at the
5′ end. Cq values obtained using T-ending 5′ linker oligo

A

D E F

B C

FIGURE2. TL-qPCRonhuman tRNAi
MetmimickingRNAoligonucleotides. (A) Theoligosand linkers used inSplintR ligation for tRNAi

Met-m1A58.A
oligo andm1A oligo: two RNA oligos containing A or m1A-modified nucleotide (indicated with ′′ according to conventional RNAmodification no-
menclature) as underlined. PF andPR: primer-binding site for PCR. HEX: qPCR fluorescent probe binding site. (B) qPCR curves and (C ) relative PCR
product amounts of the four linkers 5lkrT/C/G/A in the templated SplintR ligation using 0.1 nM A oligo as input. (D) Amplification curves and (E)
standard ΔCq curve of the dilution series of the A oligo input (#1 to #7 for 10× serial dilution from 1 nM to 1 fM) with H2O as a negative control
(#8), generated with the linker 5lkrT in the SplintR ligation. (F ) Standard Cq curves of 1 nM total m1A/A oligo mixture inputs in the SplintR ligation
using the linker 5lkrT.
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showed the best linear correlation (R2 = 0.977, ΔCq of one-
to twofold) with the ratio of m1A RNA oligo compared to
other 5′ linker oligos (Fig. 2F). However, our sample with
supposedly 100% m1A oligo still showed a low amount of
TL-qPCR product, and a low level of ligation product was
detectable using this oligo alone (Supplemental Fig.
S1A). This result may be derived either from incomplete
suppression of ligation by m1A modification, the residual
presence of unmodified oligo, or a m1A-to-m6A migration
during oligo synthesis (Engel 1975; Liu et al. 2022). ESI-
MS showed that the commercial m1A oligo did not contain
unmodified oligo but was consistent with the presence of
m6A (Supplemental Fig. S1B). From our TL-qPCR results,
weestimate∼10%m1A-to-m6Aconversionduring thecom-
mercial m1A-oligo synthesis, whereas this conversion was
negligible during our TL-qPCR procedure (see Fig. 3 result
below). Nevertheless, these results demonstrate that our
TL-qPCR method can quantify the m1A modification frac-
tion in model oligos.

We further investigated the context dependence of m1A
effects using another pair of unmodified andm1A-modified
oligos thatweresynthesizedusingamethod thatminimized
m1A-to-m6A conversion (Zhou et al. 2019). We found very
little ligated product using only the m1A-modified oligo
(Supplemental Fig. S2A), indicating that m1A can indeed
block templated splint ligation. Furthermore, the ligated
product was proportional to the ratio of unmodified oligo
in total RNA mixtures. We again performed TL-qPCR with
5′ linker oligos with a different 5′ end using m1A-modified
or unmodified oligos (Fig. 3A). The Cq values with this
m1A-modified oligo were >10 higher than those with the

corresponding unmodified oligo under this condition
(Fig. 3B; Supplemental Fig. S2B). Using this fullym1A-mod-
ifiedoligo,wealsoexaminedhowmany residues away from
the m1A site the ligation site can be before m1A no longer
has an effect on TL-qPCR. This enables us to choose a
site foron-targetcontrolofTL-qPCR.Weshifted the ligation
site up to 5 or 9 nt upstream (T−N) or downstream (T+N),
respectively, of the target m1A site (Fig. 3C). At the same
time, we also tested how splint ligation reaction tempera-
ture affected the specificity and sensitivity of our method.
Temperatureoptimization canbe important for quantifying
m1A modification in tRNA, a higher temperature could
more readily disrupt the tRNA structure, but may decrease
SplintR ligase reactivity. When the ligation site was 3–5 nt
away either upstream or downstream from the m1A site,
the Cq value differences reached a plateau, and this result
was maintained at temperatures between 32°C and 47°C
(Fig. 3D). Increasing the ligation reaction temperature
above 42°C decreased the TL-qPCR product amounts
(Fig. 3D), but also slightly increased thedifferencebetween
A andm1A RNA oligos (Fig. 3E). Based on these results, we
generally used 37°C for template splint ligation and the on-
target control site≥4 nt away from them1A site for the bio-
logical RNA studies below.

m1Amodification in biological tRNAs and rRNA
by TL-qPCR

Next,weappliedourmethod todetect andquantifym1A58
modification in yeast tRNAPhe. We designed one pair of
linkeroligos at them1A site andanother pair at anon-target

site away from the m1A site, which
served as a m1A independent control
for that tRNA; these oligos have differ-
ent fluorescent probe binding sites for
multiplex qPCR (Fig. 4A). We per-
formed TL-qPCR on serial diluted
yeast tRNAPhe samples. TheCq values
of both the control and m1A ligation
sites increased as the input RNA
amount decreased (Fig. 4B). To vali-
date that the m1A58 targeting oligos
were indeed responsive to m1A, we
partially removed the m1A modifica-
tion using the Escherichia coli AlkB
demethylase (Zheng et al. 2015) and
used the demethylase-treated sample
as a template for TL-qPCR. Changes in
differentialCq values (ΔCq) of the con-
trol versusm1A site weremuch smaller
in the demethylase-treated sample,
confirming that our m1A58 targeting
oligos indeed reports this modifica-
tion in yeast tRNAPhe (Fig. 4C).
Furthermore, the difference of ΔCq

A

C

D E

B

FIGURE 3. Optimization of TL-qPCR efficiency regarding m1A proximity and ligation temper-
ature. (A) Oligonucleotides used and ligation oligo design. (B) Amplification curves of linker
5lkrT/C/G/A in A and m1A oligo in ligation. (C ) Ligation oligo design at varying ligation sites
away from the m1A site. (D) Cq plots as a function of ligation oligos with ligation sites at m1A
(T+0) or progressively away from them1A site. (E)ΔCq values between them1A site and control
site (using average Cq values of sites ≥4 nt away from the m1A site) under different template
splint ligation temperatures.
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(the control vs. m1A site) between the untreated and the
demethylase treated (i.e., less m1A) (ΔΔCq) remained ap-
proximately the same when varying the input RNA from
800 to 3.1 fM, indicating the robustness of our method for
a natural tRNA (Fig. 4C). Assuming the removal of m1A by
demethylase is complete, we can use the above defined
ΔΔCq values and Equation 1 to calculate them1Amodifica-
tion fraction as follows:

DCq = Cqm1A − Cqctrl (1)
DDCq = DCq−DM − DCq+DM

A% = 100%× 2−DDCq

m 1A% = 100% − A%

Weobtained theyeast tRNAPhem1A58modification frac-
tionata90%–93% level (Fig. 4D),which is close to the∼97%
measured by primer extension using AMV RT stop and gel
electrophoresis (Saikia et al. 2010).
We next tested our method for the m1A58modifications

in human tRNAs using HEK293T total RNA as input. Unlike
the purified yeast tRNAPhe sample, this experiment tested
our ability to directly measure m1A in a complex biological
mixture. We chose three target tRNAs for our linker oligo
design with different fluorescent probe binding regions

for the m1A sites and an on-target control site (Fig. 4E),
which enabled three-color qPCR to measure them simulta-
neously. For m1A sites, we chose to study human tRNAi

Met

and tRNAHis, which were of biological interest in previous
studies (Honda et al. 2015a; Wang et al. 2018); also,
tRNAi

Met m1A is a biomarker for COVID symptom severity
(Katanski et al. 2022). We also designed the ligation oligos
for tRNATrp at a region with no known m1A modification,
thususing tRNATrp in the samesampleasan internal sample
quality and quantity control. We performed TL-qPCR using
26ng total RNAwith andwithout demethylase treatment as
template. For the control tRNATrp site, demethylase treat-
ment did not change the ΔCq value, as expected.
However, the Cq values of the tRNAi

Met and tRNAHis m1A
sites were significantly reduced after demethylase treat-
ment, demonstrating the presence of m1A at these loca-
tions (Fig. 4F). Thus, with the help of the internal control
(tRNATrp), we can use the simplified equation (Equation 2)
below to calculate the fraction of m1A modification.

DCq = Cqm1A − Cqctrl (2)

A% = 100%× 2−DCq

m 1A% = 100% − A%

A

B C D

E F
G

FIGURE 4. Measuring m1A58 modification in biological RNA. (A) The sequence of yeast tRNAPhe and oligos used in TL-qPCR for m1A58 modifi-
cation (′′: bold andunderlined). The twopairs of linkers for yeast tRNAPhe-58m1Aand for -5p (control) contain sequences forCy5 andTR (TexasRed)
probe binding sites for qPCR. (B)Cq values ofm1A (red) or control (black) ligation oligos of serial diluted inputs of yeast tRNAPhe from3.1 to 800 fM
without AlkB treatment. (C ) DifferentialCq values betweenm1A and control ligation oligos of serial diluted yeast tRNAPhe samples without (black)
and with (red) AlkB demethylase (DM) treatment. (D) Fraction of m1A58 in yeast tRNAPhe as measured by TL-qPCR using varying amounts of input
RNA. (E) Oligonucleotides and linkers used in SplintR ligation for the m1A58 site of human tRNAi

Met and tRNAHis, tRNATrp is used as an internal
control. Three-color qPCR is run using either HEX(m1A-iMet) + TR(m1A-His) + FAM(Trp) or HEX(CTRL-iMet) + TR(CTRL-His) + FAM(Trp) combina-
tion. (F ) ΔCq values of 5lkrT (m1A) and 5lkrT+4 (CTRL) on tRNAi

Met (HEX probe), tRNAHis (TR probe), and tRNATrp (FAM probe) without (DM−)
and with AlkB treatment (DM+). (G) m1A58 fraction measured by TL-qPCR for tRNAi

Met and for tRNAHis. Average of n=3 biological replicates.
Inset: modification index (MI) around the m1A58 (±5 nt) site measured by DM-tRNA-seq for tRNAi

Met and tRNAHis (sequencing data from NCBI
GEO GSE66550).
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With this method, we determined the m1A58 fraction for
tRNAiMet and tRNAHis in the samples without demethylase
treatment to be 70±3% and 95±1%, respectively (Fig.
4G). We have shown previously that the DM-tRNA-seq
method could quantitatively report m1A58 fractions in
HEK293T cells, which was 76% and 95% for tRNAiMet and
tRNAHis, respectively (Fig. 4G, inset; Clark et al. 2016).
The excellent correlation between TL-qPCR and high-
throughput tRNA sequencing demonstrates the effective-
ness and accuracy of our TL-qPCR method in detecting
and quantifying the m1A fraction in tRNA.

We also observed near zero ΔCq values for the m1A site
and the control site for all three tRNAs studied here when
m1A was removed by the demethylase treatment (Fig. 4B,
C,F), suggesting a similar hybridization efficiency for these
oligos to tRNA despite their hybridization to distinct loca-
tions in the tRNA structure.

To further test the robustness of TL-qPCR, we applied it to
thequantificationofm1A9modification in humanmitochon-
drial tRNAVal andm1A1322 in human 28S rRNA, using 24 ng
of HEK293T total RNA with or without demethylase treat-
ment as input. Mitochondrial tRNAVal also has an m2G10
modification next to m1A9 (Cappannini et al. 2024), and
28S rRNA has an Am modification 4 nt downstream from
m1A1322 (Taokaet al. 2018).Wedesignedapairof linkeroli-
gos targeting the m1A site, along with another set targeting
an on-target site for respective RNA away from them1A site,
acting as an independent control for each m1A site (Supple-
mental Fig. S3A). We determined the m1A fractions for hu-
man mitochondrial tRNAVal m1A9 to be 77±2% and for
human 28S rRNA m1A1322 to be 92±1% (Supplemental
Fig. S3B). Previous sequencing results showed 94% m1A9
for mt-tRNAVal and over 98%m1A1322 for 28S rRNA (Zheng
et al. 2015; Clark et al. 2016; Taoka et al. 2018). The consec-
utive m1A9m2G10 in mt-tRNAVal may result in a 1.2× under-
estimatedm1A level by TL-qPCRor an over-estimatedm1A9
level by sequencing.

Concluding remarks

In summary, we developed a templated splint ligation-
based qPCR method for the detection and quantification
of m1A modifications in tRNA and rRNA. With on-target
control and internal control, we can obtain the fraction of
m1A modifications at a given site. In addition, by including
anoptional demethylase treatment step,wecan alsoprobe
theeffectof tRNAstructureanddifferential hybridizationef-
ficiencies on thequantificationofm1Amodification in high-
ly structured RNA regions. Our method relies on the
specificity and sensitivity of the SplintR ligase. A single
base mismatch or inefficient binding of the ligation oligos
caused by Watson–Crick face modifications is sufficient to
vastly reduce or block the template splint ligation by
SplintR ligase. Thus, in principle, ourmethod can be adapt-
ed to the studies of other Watson–Crick face modifications

in RNA such as N1-methylguanosine (m1G), N3-methylcy-
tosine (m3C), or N2,2-dimethylguanosine (m2

2G) that are
also abundant in eukaryotic tRNAs. Other RNA modifica-
tions such as pseudouridine (Ψ) may also be studied using
TL-qPCR after chemical treatments that generate Ψ ad-
ducts interfering with Watson–Crick base-pairing. Our
method can quantitatively access m1A modification in as
low as 3 fmol tRNA or ∼75 pg total RNA. In addition to
RNA modification detection, our method can be used to
detect the abundance of tRNAs or other small RNA bio-
markers using a 10–100 pg range of input total RNA. Our
method can be performed in a matter of hours (∼3–4 h), is
easy to operate, and requires less hands-on time compared
to sequencing or primer extension followed by gel electro-
phoresis. The ease of using the half-day protocol for target
RNA modification or abundance detection should enable
widespread application of the TL-qPCR method for tRNA
and tRNA modification studies.

MATERIALS ANDMETHODS

Oligonucleotide design

The RNA (A/m1A) and DNA oligonucleotides used in the study
were purchased from IDT (Integrated DNA Technologies) using
standard desalting purification. RNA oligo synthesis that retains
m1A modification for m1A or A containing oligos (A2/m1A2) was
described in Zhou et al. (2019). Briefly, RNA oligonucleotides
were synthesized in-houseusinganExpediteDNAsynthesizer, fol-
lowed by normal deprotection for regular oligonucleotides and
vendor-suggested deprotection for RNA oligonucleotides con-
taining m1A modifications to avoid Dimroth rearrangement.
After deprotection, the RNA oligonucleotides were purified
through HPLC with a C18 column and were eluted with 0%–20%
acetonitrile in 0.1 M triethylammonium acetate. The desired
peak was collected and dried by lyophilization.

Two sets of SplintR ligation linkers (5′ linkers and 3′ linkers) were
designed for each m1A site with one set of linker oligos targeting
the m1A site and the other set targeting an upstream or down-
stream control region. The 5′ linker oligos were phosphorylated
at the 5′ end to enable ligation. Aprimer-binding sequence for for-
wardor reverseprimersduringPCR,andasyntheticTaqmanprobe
binding sequence were designed just downstream from the re-
verse primer-binding site in the 3′ linker oligo.

Synthetic primers and probes were used in qPCR for m1A quan-
tification, which were all designed as artificial sequences without
complementarymatching to any humangenomicDNAor RNA se-
quences. A set of primers and a fluorescence-labeled probe were
designed for each m1A site to enable multiplex qPCR (Cy5, Texas
Red, and FAM).

All DNA and RNA oligo and probe sequences are provided in
Supplemental Tables S1–S5.

HEK293 cell total RNA and demethylase treatment

HEK293T cells were cultured in DMEM medium (Cytiva,
SH30022.01) with 10% FBS and 1% Pen–Strep (Penicillin–
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Streptomycin) to 80% confluency (Zhang et al. 2019). Total RNA
was extracted using TRIzol reagent according to the manufactur-
er’s manual. Demethylase treatment was performed as reported
previously (Zheng et al. 2015).

TL-qPCR procedure

TL-qPCR consists of two major steps, template ligation and
qPCR. To quantify m1A modification, a pair of template ligation
reactions targeting them1A site and control sitewere performed.
Briefly, ligation linker oligos for the m1A site or control site were
mixed at a final concentration of 100 nM as 10× stock solution
separately. The amount of the ligation oligos was in large molar
excess to the template RNA, so that every template RNA should
have both oligos hybridized to it at most of all times. For each
template ligation reaction, 1 µL total RNA (typically 10–50 ng)
and 1 µL 10× ligation linker oligos solution were added to the
PCR tube followed by the addition of 6.8 µL H2O. The ligation
mixturewasbriefly vortexedand spundown. The ligationmixture
was then incubated in a thermocycler at 90°C for 2 min followed
by gradual decreasing to 40°C. Onemicroliter 10×SplintR ligase
buffer and 0.2 µL SplintR ligase (NEB, M0375L) were then added
to each ligation mixture and mixed (10 µL final ligation mixture).
The ligationmixturewas incubatedat 37°C for30min followedby
incubation at 68°C for 5 min to deactivate the SplintR ligase.
qPCR reactions were performed in 20 µL on a Cielo 6 qPCR ma-
chine (Azure Biosystems) with specific primers and probes
(Supplemental Tables S1–S5). Briefly, PCR primers and fluores-
cent probes were premixed as a 10× solution containing 2 µM
PCR primers and 1 µM fluorescent probes. For each qPCR reac-
tion, 10 µL 2× PrimeTime Gene Expression Master Mix (IDT,
1055772), 2 µL 10×primer/probemix, 7 µLH2O, and1µL ligation
mixture were added to the PCR tube and mixed. qPCR reactions
were performed on a 96-well qPCR machine (Azure Biosystems,
Cielo 6) using the conditions below: initial denaturation, 95°C,
2min; subsequent denaturation, 95°C, 20 sec; annealing and ex-
tension, 56°C, 20 sec, 40 cycles.

Cq values were obtained using the qPCR machine software
(Azure Biosystems). Cq values were then analyzed using the ΔCq
and ΔΔCq method after normalizing to endogenous control, and
m1A modification fractions were then calculated using either
Equation 1 or Equation 2. When data from both with or without
demethylase treatment were obtained, we used Equation 1 to cal-
culate the m1A modification fraction as follows: (i) Calculate the
ΔCq values between the m1A site and control site for both
untreated (−DM) and demethylase treated (+DM) samples using
DCq = Cqm1A − Cqctrl. DCq value for +DM sample served as con-
trol to exclude the differential hybridization efficiencies between
the m1A site and control site, assuming the removal of m1A by
demethylase was complete. (ii) Calculate the ΔΔCq values be-
tween −DM and +DM samples using ΔΔCq=ΔCq−DM−
ΔCq+DM. (iii) Calculate the fraction of A using A%=100%×
2−ΔΔCq. (iv) Finally, the m1A fraction can be obtained using
m1A% =100%−A%.

Without the demethylase-treated sample, the simplified
Equation 2 and ΔCq value can be used to calculate the m1Amod-
ification fractionas follows: (i) Calculate theΔCq valuebetween the
m1Asite andcontrol site usingDCq = Cqm1A − Cqctrl. (ii) Calculate

the fraction of A first using A%=100%×2−ΔCq. (iii) The m1A frac-
tion can be obtained using m1A%=100%−A%.
The entire TL-qPCR procedure without demethylase treatment

takes about 3–4 h depending on the number of samples
processed.

TL-qPCR optimization and validation

To check the sensitivity of TL-qPCR, we tested serial diluted syn-
thetic oligos samples. Briefly, 2 µL 10× serial diluted synthetic oli-
gossampleswithconcentrations ranging from1nMto0.1pMwere
mixed with 2 µL 10× ligation linker oligos solution. TL-qPCR was
then performed as described above. To test the effect of
temperature and RNAmodifications on SplintR ligation efficiency,
template ligation reactions were performed at different tempera-
tures (32°C, 37°C, 42°C,or 47°C) using ligation linkeroligos target-
ing the m1A modification site or sites away from the m1A site. TL-
qPCR was then performed as described above.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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What are the major results described in your paper and how do
they impact this branch of the field?

We developed a template ligation and qPCR-based quantification
method for tRNA m1A modification and tRNA abundance. Our
method requires a small amount of input RNA and can be done in
a matter of hours. It will be useful for the quantification of tRNA
abundance and m1A modification when input samples and time
are limited, such as when testing clinical samples.

What led you to study RNA or this aspect of RNA science?

Previous studies of our lab showed that m1A modification levels in
specific tRNAs can be used as biomarkers for clinical prognosis

such as the development of COVID-19 severity. Since clinical sam-
ples are often limited by the amount, and the tested results should
be available as soon as possible, we wanted to develop a sensitive
and fast method for the quantification of m1A modification.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

TheDimroth rearrangementofm1Amodification incontrol samples
caused some problems at the beginning. However, when we ap-
plied a new synthesis method to avoid Dimroth rearrangement,
we saw nearly no ligated product when we used 100%m1A-modi-
fied oligo as input. This means that the problem of base-pairing at
even one nucleotide caused by m1A modification is efficient in
blocking SplintR template ligation.
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university gave a talk about “quantum chemistry.” Although it
was hard to understand the talk as a first-year high school student,
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essary. My long-term career plan is to find an academic job.

How did you decide to work together as co-first authors?
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qPCR. I was the postdoc in the lab and had studied tRNAmodifica-
tions for a long time.Weboth agreed that combining our strengths
would make this project move forward smoothly.
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