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Genome-wide profiling of tRNA
modifications by Induro-tRNAseq reveals
coordinated changes

Yuko Nakano1,7, Howard Gamper 1,7, Henri McGuigan1, Sunita Maharjan 1,
Jiatong Li 2, Zhiyi Sun 3, Erbay Yigit 3, Sebastian Grünberg 3,
Keerthana Krishnan3, Nan-Sheng Li4, Joseph A. Piccirilli 4,5, Ralph Kleiner 6,
Nicole Nichols3, Brian D. Gregory 2 & Ya-Ming Hou 1

While all native tRNAs undergo extensive post-transcriptionalmodifications as
a mechanism to regulate gene expression, mapping these modifications
remains challenging. The critical barrier is the difficulty of readthrough of
modifications by reverse transcriptases (RTs). Here we use Induro—a new
group-II intron-encoded RT—to map and quantify genome-wide tRNA mod-
ifications in Induro-tRNAseq. We show that Induro progressively increases
readthrough over time by selectively overcoming RT stops without altering
themisincorporation frequency. In a parallel analysis of Induro vs. a relatedRT,
we provide comparative datasets to facilitate the prediction of each mod-
ification. We assess tRNA modifications across five human cell lines and three
mouse tissues and show that, while the landscape of modifications is highly
variable throughout the tRNA sequence framework, it is stabilized for mod-
ifications that are required for reading of the genetic code. The coordinated
changes have fundamental importance for development of tRNA modifica-
tions in protein homeostasis.

All native tRNA molecules contain post-transcriptional modifications
at 10-20% of the nucleobases across the three domains of life1. Many of
thesemodifications occur in the anticodon stem-loop (ASL) with a role
to modulate the quality of anticodon-codon base-pairings, while oth-
ers are in the body with a role to stabilize the tRNA L-shaped tertiary
structure. Whether these two groups of modifications coordinate with
each other in the development of a tRNA is unknown. Importantly,
tRNAmodifications can be dynamic, changing abundance in response
to stress and disease2–8, thus fine-tuning the process of protein
synthesis and providing a mechanism to regulate gene expression.
However, mapping and quantifying changes in tRNA modifications
remains difficult, as many modifications interfere with the end-to-end
cDNA synthesis of an RT for Illumina sequencing, whose high-

throughput and high-capacity platform is a strength over other
platforms9,10. Indeed, due to the difficulty to read through modifica-
tions that cluster in high density in the compact tRNA structure, most
published genome-wide tRNAseq datasets provide little information
on tRNA modifications11–21.

The central component of a successful tRNAsequsing the Illumina
platform is a processive and efficient RT that can read through asmany
modifications as possible. The traditional RTs are represented by
SuperScript III and SuperScript IV, which are recombinant variants of
the native RT of Moloney Murine Leukemia virus with improved sta-
bility and processivity22. A newer generation of RTs are encoded by
group-II introns that express ribozymes, which are self-spliced from
precursor RNAs as a mobile element to invade new genomes. As
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intron-encoded RTs must efficiently copy the intron-released ribo-
zymes, which are large and highly structured, they are typically highly
processive, with a stronger strand displacement activity23 than viral
RTs24. However, only two group-II intron RTs are in use for tRNAseq
(i.e., TGIRT25,26 inmim-tRNAseq18,27 andMarathon28,29 in tRNA structure-
seq20 and in ALL-tRNAseq19), emphasizing the need for new
discoveries.

Each RT has an intrinsic “signature” of nucleotide incorporation in
response to a modification—to stop, to mis-incorporate, or to jump
over. This signature can vary depending on the chemical nature and
the structural context of the modification. For example, while N1-
methylation of guanosine (m1G) interferes with Watson-Crick (W-C)
pairing, it can occur at position 9, where the tRNA acceptor stem turns
from the D stem to stack on the T stem, or at position 37 on the 3’-side
of the anticodon, or at both. Similarly, while the m1A methylation
interferes with W-C pairing, it predominantly occurs at both positions
9 and 58of tRNA, eachwith a distinct local structural environment that
can confer a distinct RT signature. Thus, the mechanism that deter-
mines the RT signature at eachmodification can change with the local
structure and with the reaction condition. Even if the reaction condi-
tion of an RT is provided by a commercial source, this does not mean
that it is the best condition to read through tRNA modifications.
However, the RT signature at each modification is poorly defined in
current tRNAseq’s. Addressing this unmet need will permit a more
reliable prediction of modifications, annotated or non-annotated, and
a stronger basis to evaluate changes in modifications across tissues
and cell types.

Hereweaddress this unmet needby establishing Induro-tRNAseq,
using the recently developed and commercially available Induro (NEB
M0681) as the RT. Induro is a new member of group-II intron RTs and
has shown higher processivity than other RTs30. We show that the
readthrough of Induro is both temperature- and time-dependent, and
that the driver tomaximum readthrough is selective overcoming of RT
stops, without altering the misincorporation frequency. This
mechanistic insight, not yet available for other RTs, enables users to
choose and modify the condition at hand. We establish the read-
through profiles of Induro at the tRNA modifications that occur in the
W-C face, which can change RT signatures and are thus “RT-readable”.
Comparison of the Induro’s signature at each RT-readable modifica-
tion to that of the related group-II-intron RT TGIRT18 provides two
datasets for the samemodification, which will strengthen the power of
prediction of each modification. Using Induro, we have compared
profiles of tRNA modifications across 5 human cell lines and across 3
mouse tissues. We observed large variations throughout the L-shaped
sequence framework among isodecoders (tRNAs sharing the same
anticodon and thus decoding the same codon) and isoacceptors
(tRNAs sharing the same amino-acid identity while reading different
codons), but a stabilized landscape of modifications for those that are
responsible for decoding of the genetic code. This observation, pre-
viously unrecognized, suggests a coordinated mechanism across tis-
sues and cell lines to develop tRNA modifications to ensure protein
homeostasis.

Results
A multiplexing Induro-tRNAseq workflow
In our development of Induro-tRNAseq, to reduce the number of
experimental steps, we used total RNA from cultured human cells as
input, rather than gel- or beads-purified tRNA. To determine the tRNA
charging level of each input, we performed a periodate oxidation of
the terminal 2’,3’-hydroxyls of uncharged tRNAs and removed the
terminal A76 nucleotide by an alkaline β-elimination reaction, gen-
erating a CC-end21. In contrast, charged aminoacyl-tRNA (aa)-tRNAs
were resistant to the oxidation and retained the normal CCA-end after
deacylation in alkaline (Fig. 1a, step 1). The CC- and CCA-ending tRNAs,
after repair of the 3’-end by T4 PNK, were each joined with a barcoded

3’-adapter via a splint ligation (step 2, Supplementary Tables 1, 2). The
ligation efficiency was high, typically reaching >75% (quantification in
Methods) and generating ligation products in the predicted size of
~120 nucleotides (Fig. 1b). Several pools of tRNA, each with a specific
barcode, were combined at this step to start a multiplexing workflow.
The Induro RT reaction was then initiated with a primer (step 3)
common to the barcoded adapters, generating a range of cDNA pro-
ducts (Fig. 1c), indicating the presence of modifications that inhibited
end-to-end cDNA synthesis. To remove primer molecules that were
extended without tRNA, cDNA products of 90-180 nucleotides were
gel-isolated (step 4, Fig. 1c) and circularized (step 5). We next used the
high-fidelity Q5DNApolymerase for PCR amplification of each circular
cDNA to add Illumina adapters (step 6, Supplementary Table 3). The
extended cDNA libraries, after 7-9 cycles of amplification (Fig. 1d),were
isolated from a native PAGE and sequenced on an Illumina NextSeq
500. A side-by-side comparison of the workflow, using total RNA vs.
purified tRNA as input, showed similar performance throughout, most
notably in the final step of generating PCR-amplified cDNA libraries
(Fig. 1d). Thus, as startingwith total RNAwas simpler, it was used in the
Induro workflow.

We performed Induro-tRNAseq on 5 human cell lines (K562,
HEK293T, HeLa, SH-SY5Y, and HAP1), generating 2-7 million total raw
reads of each. The trimmed and processed reads were aligned to the
high-confidence set of human tRNA sequences annotated in
gtRNAdb of the hg38 reference genome31, where we allowed mis-
matches up to 10% of each sequence. In all cell lines, >75% of total
reads were uniquelymapped to gtRNAdb sequences, similar between
samples starting with total RNA or with purified tRNA (Supplemen-
tary Fig. 1a). This high frequency of mapping indicates high quality of
the workflow and lack of contaminating sequences or inappropriate
alignment. Histograms of mapping quality (MAPQ) scores using total
RNA as input showed high confidence reads ranging in 36–40 (Sup-
plementary Fig. 1b). Reproducibility between biological replicates
was high, with the coefficient of determination r2 for each replicate
= 0.9999.

Validating Induro-tRNAseq
We evaluated the quality of the Induro workflow by assessing the
integrity of the conserved tRNA 3’-end CCA sequence, where the
terminal A76 is the universal site for aminoacylation. This sequence is
protruded from the tRNA structure and is most sensitive to degrada-
tion during the workflow. We showed that the fraction of incomplete
CCA in each isoacceptor family, including 3’-N, 3’-NC, and 3’-NCC,
where N is the discriminator base at position 73, among all 3’-end
sequences, was low (6.2% for total RNA of K562 and 6.8% for total RNA
of HEK293T cells, Supplementary Fig. 2a), indicating an overall high
quality of tRNA throughout the workflow.

As Induro is a new RT for tRNAseq, we evaluated its quality and
robustness vs. TGIRT in mim-tRNAseq18, using cDNA libraries of K562
and HEK293T cells prepared in the respective workflow. As both RTs
are expressed fromgroup-II introns, which are generally thermostable,
we assayed Induro at 42 °C, the same temperature used for TGIRT18.
Based on similar numbers of detectable tRNA species, we showed that
the two enzymes produced similar abundance profiles of cytosolic
(cyto)-tRNAs and mitochondrial (mt)-tRNAs (Fig. 2a). The only excep-
tion was that the TGIRTworkflow under-detectedmt-Ser(GCT) by 423-
fold in K562 cells and by 11-fold in HEK293T cells (Fig. 2a, Supple-
mentary Fig. 2b). Notably, mt-Ser(GCT) is unique among all human
tRNAs as having the shortest sequence (62 nucleotides), lacking the
entire D stem-loop32 (Fig. 2a). The low detection of this tRNA in the
TGIRT workflow was likely due to the input, which was a gel-purified
tRNA pool in the range of 60-100 nucleotides18. Indeed, using the
Induro workflow, analysis of total RNA vs. purified tRNA as input
showed similar abundance profiles between the two, but under-
detected mt-Ser(GCT) in the purified pool by 13-fold in K562 (Fig. 2a)
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and by 38-fold in HEK293T (Supplementary Fig. 2c). Thus, the Induro
workflow starting with total RNA can detect a wider range of tRNA
sizes. Indeed, as mt-tRNAs vary more broadly in size relative to cyto-
tRNAs, the Induro workflow detectedmore of these species relative to

the TGIRT workflow in both HEK293T and K562 cells (Supplemen-
tary Fig. 2d).

We compared the Induro workflow with the MSR-seq workflow21,
which uses Superscript IV for multiplexing of small RNAs to assess
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Fig. 1 | The Induro-tRNAseq workflow. a Preparing tRNAseq library. Step 1, total
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uncharged tRNA is removed by β-elimination, while aa-tRNAs are unaffected and
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contains tRNA sequence (black), barcode 1 (red), and barcode 2 (blue). b A dena-
turing gel of tRNA ligated with the 3’-adapter after step 2. L: 62-mer and 121-mer
DNA ladders. c A denaturing gel of cDNA products after reverse transcription by
Induro in step 3. cDNAproducts of 90–180ntswere excised and extracted from the
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b–d Each reaction step was analyzed by gels at least 5 times, showing a repre-
sentative gel, while the uncropped gel scan is in Source Data 1.
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stress-induced tRNA response. We analyzed HEK293T cells, treated
with sodium arsenite (SA) – an inducer of oxidative stress33 – at three
concentrations (0, 100, and 300 μM) with 0 μM as the untreated
control. As both treated and untreated samples produced uniquely
mapped reads at >70% (Supplementary Fig. 2e), we compared tRNA in
each stress condition with the unstressed control at the isoacceptor
level by analyzing pooled reads that shared the same anticodon.
Analysis of tRNA abundance showed no obvious difference between
isoacceptors andbetween stress conditions (Fig. 2c, d), consistentwith

data ofMSR-seq21. We then calculated the tRNA charging level for each
anticodon family, by taking the sum of charged isodecoder reads
(CCA-ending) over the sum of both charged and uncharged reads
(NCC-, NC-, and N-ending). This analysis identified two notable chan-
ges, one of which was a decrease of 1.12-fold in charging of iMet(CAT)
for initiation of cytosolic protein synthesis (Fig.2e, f), also consistent
with data of MSR-seq21, thus validating the quality of the Induro
workflow. The other change was a more pronounced decrease of 1.24-
fold in charging ofmt-Met(CAT) for initiation ofmitochondrial protein
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266 cyto-tRNAs and the TGIRT workflow detected 265 cyto-tRNAs, while both
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biological replicates). The dataset consisted of cyto-tRNAs (266, 281 in two dupli-
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d Bar graphs represent the abundance of mt-Met(CAT) and iMet(CAT) (n = 4) of
data in (c). Individual data points are indicated. Error bars, mean ± 95% confidence
interval. e Differential changes of tRNA charging levels of HEK293T cells in SA-
induced oxidative stress as detected by the Induro workflow. The charging level of
each isoacceptor was the percentage of the charged reads with 3’-CCA end relative
to the total reads of the isoacceptor. X-axis and Y-axis indicate the difference in
charging at 100 µM and 300 µM of SA (n = 4, two biological replicates and two
technical replicates). f Bar graphs showing the percentage of charged reads of mt-
Met(CAT) and iMet(CAT) (n = 4) of data in (e). Individual data points are indicated.
Error bars, mean ± 95% confidence interval.
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synthesis (Fig. 2e, f), indicating a higher sensitivity of the mitochon-
drial machinery to the arsenite stress than its cytosolic counterpart.
This insight, previously unknown, would be an avenue for future
studies.

Profiling Induro for readthrough of tRNA modifications
Having validated the Induro workflow for reproducing results of
established tRNAseq’s, we profiled the enzyme for its readthrough of
RT-readable modifications. In the canonical tRNA sequence framework,
these modifications are m1A9/58, m1G9/37, acp3U20 (acp3U=3-amino-3-
carboxy propyl-uridine at position 20), m2

2G26/27 (m2
2G=N2, N2 -

dimethyl guanosine at position 26 or 27), m3C32 (m3C=N3-methyl cyti-
dine at position 32), I34 (I = inosine at position 34), m1I37, yW37 (yW =
wybutosine at position 37), ms2i6A37 and ms2t6A37 (ms2i6A = 2-methyl-
thio-N6-isopentenyl-adenosine and ms2t6A = 2-methylthio-N6-threonyl-
carbamoyl-adenosine, at position 37) (Fig. 3a). For each isodecoder, we
defined the readthrough frequency as the end-to-end reads of both

correct and incorrect incorporation over the total mapped reads. While
modifications that occur outside of the W-C face (e.g., ψ (pseudour-
idine), D (dihydrouridine), m5C, τm5U (5-taurine-methyl-uridine), and T
(ribo-thymine)) are not RT-readable in assays with Mg2+, we explored
their readability in assays with Mn2+ (see below). We did not consider
chemical treatment of these latter modifications, due to the potential of
chemical-induced biases.

We began by testing the temperature and time of the Induro
reaction to identify the condition that maximized readthrough, using
K526 as a model. While Induro is recommended to perform at 55 °C
(NEB M0681), we also tested 42, 37, and 25 °C to determine whether
lowering the temperature would reduce enzyme dynamics at each
modification to promote readthrough. Additionally, while Induro is
capable of readthrough of a 12 kb RNA in less than 10min at 55 °C (NEB
M0681), we tested its readthrough of tRNA by monitoring at 1, 2, and
16 h. Unexpectedly, at 55 °C, the frequency of readthrough was low
(10%) and did not improve over time. In contrast, the frequency of

Fig. 3 | Maximum readthrough in Induro-tRNAseq. a The L-shaped tRNA struc-
ture showing RT-readable modifications. b Yield of readthrough (%) in end-to-end
cDNA synthesis at 25, 37, 42, and 55 °C after the Induro RT reaction for 1, 2, or 16 h.
Data were collected from total RNA of K562 cells as the input (n = 2; technical
replicates). Center line: median; box limits: upper and lower quartiles; whiskers:
1.5X interquartile range; points: outliers. N.D.; Not detectable. **p <0.01; two-tailed
unpaired t-test. c Heatmaps of the frequency (%) of the RT misincorporations and

RT stops at the annotated modifications. d Left: A scatter plot showing the fre-
quency (%) of the RT misincorporation as a function of the G9:m1G9 ratio of the
transcript of humanmt-Leu(TAA) (n = 2; technical replicates). Right: The frequency
ofmisincorporationof the nativemt-Leu(TAA) in sequencing analysis of a totalRNA
sample. Data were collected from K562 cells with total RNA as the input under the
RT reaction at 42 °C for 16 h (n = 2; technical replicates). Source data containing p
values and n values are provided in Source Data 2.
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readthrough increased over 16 h to 60% at 42 °C, to 90% at 37 °C, and
to 40% at 25 °C, but was not detectable at 25 or 37 °C in 1–2 h (Fig. 3b).
Thus, the Induro readthrough is both temperature- and time-depen-
dent, showing the highest readthrough at 37 °Covernight. Notably, the
lack of Induro readthrough at non-optimal conditions was not due to
reduced read counts, as all conditions produced uniquely mapped
reads at >70% of total reads (Supplementary Fig. 3a).

The temperature- and time-dependent readthrough of tRNA at
the global level was also shown for cyto-tRNAs and mt-tRNAs when
each was analyzed separately (Supplementary Fig. 3b), indicating that
it is an intrinsic feature of Induro. The specific increase in readthrough
at 42, 37, and 25 °C, but not at 55 °C, supports the notion of reduced
dynamics of the RT at lower temperatures that prevented the enzyme
from falling off the tRNA template. Notably, while readthrough
increased over time at 42, 37, and 25 °C, the average misincorporation
rate through all tRNA sequences remained constant at ~3% (Supple-
mentary Fig. 3c), indicating that the increase in readthrough was dri-
ven by decreases of RT stops.

We determined whether the decreases of RT stops were uniform
at all modifications or were site-specific. We developed a compre-
hensive map of the interplay between RT stop and RT misincorpora-
tion at each readable modification (Fig. 3c). At each of these
modifications, defined as position 0, we only found RT stops or RT
misincorporation from –1 to +1, despite an exhaustive search from
positions –2 to +2, indicating no RT jump-over (Supplementary
Fig. 3d). We also confirmed that, relative to each position 0, there was
no adjacent modification that would have caused RT stops, allowing
precise assignment of RT stops. The map showed a diverse interplay
between RT stops and RT misincorporations across all readable
modifications, indicating the distinct response of Induro to each
modification. At most RT-readable modifications, Induro responded
primarily bymisincorporation at position 0, with a low level of RT stop
(Supplementary Fig. 3d). Notably, at I34, the enzyme responded
exclusively bymisincorporationwithout RT stop, whereas at twoother
modifications—acp3U20a and ms2i6A37/ms2t6A37—the enzyme
respondedprimarily byRT stops, althoughboth at the +1 position after
the site of themodification. Despite these, theoverall preferenceof the
enzyme for misincorporations relative to RT stops across most mod-
ifications indicates its high propensity of readthrough. Notably, we
showed that Induro read through m3C32 (Fig. 3c), whereas many
tRNAseq methods require a chemical treatment of the modified base
for detection34. Additionally, at 42 and 55 °C, where time-dependent
data were available, we observed specifically at 42 °C that the fre-
quency of RT stops indeed decreased over time at all modifications,
while that of misincorporation remained constant (Fig. 3c). These
results provide insight into global analysis of tRNA (Fig. 3b), showing
that the time-dependent decreases of RT stops across allmodifications
were the basis for increases of the RT readthrough.

While maximum readthrough of Induro occurred at 37 °C over-
night (Fig. 3b), we chose 42 °C overnight for the workflow. One reason
was that the information at 37 °C was limited to a single timepoint at
16 h, whereas a complete dataset was available at 42 °C across three
timepoints for RT misincorporations vs. RT stops (Fig. 3c), which
would facilitate users to decide the condition for a specific reaction.
Additionally, analysis of all potentialmodifications that were identified
by RT misincorporations or RT stops, annotated or non-annotated,
showed the detection of approximately 30 more modifications at 42
than at 37 °C (Supplementary Fig. 3e), indicating a broader scope of
detection of modifications at 42 °C.

To determine if the Induroworkflowwas quantitative in detecting
a readable modification, we noted the 100% frequency of RT mis-
incorporation at I34 and the near 100% frequency at m1I37 and yW37
(Supplementary Fig. 3d), indicating that each is homogeneously
modified. Thus, a fractional reduction of RT misincorporation at each
of these would represent a fractional loss of the modification. For

othermodifications, as the stoichiometry cannot be determined solely
by the frequency of RT misincorporation, we performed a calibration
analysis using m1G9 in the native mt-Leu(TAA)32 as an example, where
TAA is the gene sequence for the anticodon. We prepared a transcript
of the tRNA, lacking any modification, and a separate transcript con-
tainingm1G9at 100% as the singlemodification. Sequencing analysis of
the two transcripts, mixed at different ratios, revealed a linear corre-
lation between the frequency of misincorporation and the stoichio-
metry ofm1G9, with the Pearson rof 0.99 (Fig. 3d), thus demonstrating
the quantitative precision of theworkflow.However,we found that the
RT misincorporation rate at saturating m1G9 reached 60% with the
transcript tRNA but reached 80% with the native tRNA. Notably, the
native mt-Leu(TAA) has m2G10 following m1G9 in an LC-MS (liquid
chromatography-mass spectrometry) analysis32, which is absent from
the transcript tRNA, suggesting that Induro was sensitive to the local
environment of each modification.

Induro sensitive to chemical and structural environments of a
modification
To test if Indurowas sensitive to the environment of amodification, we
developed a high-resolutionmap form1A andm1G, eachoccurring in at
least two positions of the tRNA tertiary structure. While other mod-
ifications also occur at multiple positions, their frequency was much
lower (e.g.,m2

2G26/27). Analysis ofm
1A9 vs.m1A58, both important for

tRNA biology4,35, showed that while readthrough at m1A9 decreased
with temperature, that of m1A58 was steady throughout the duration
of time (Fig. 4a). The decrease of readthrough ofm1A9 with increasing
temperature, but not of m1A58, suggests that m1A9 is in a stronger
structural barrier relative to m1A58, such that the RT would fall off the
tRNA template with increasing dynamics at higher temperature.
Indeed, position 9 is in a structure that is stabilized by the conserved
U8-A14 base pair within a network of many tertiary interactions,
whereas position 58 is in the T loop with fewer tertiary interactions
(Fig. 3a). In contrast, analysis of m1G9 vs. m1G37, both also important
for tRNA biology36–42, showed that while readthrough at m1G9 was
mildly decreased with increasing temperature and time, that at m1G37
increased robustly, except for the lackof a time effect at 55 °C (Fig. 4b).
The temperature-dependent increase of readthrough at m1G37, loca-
lized on the 3’-side of the anticodon, indicates a decrease of RT stops,
possibly due to the temperature-assisted unstacking of the modified
base from the anticodon to facilitate RT readthrough. These diverse
responses to both temperature and timedemonstrate the sensitivity of
Induro to the chemical and structural environments of each
modification.

We determined whether Induro responded to the divalent metal
ion Mg2+ vs. Mn2+ in the RT reaction. Nucleic-acid polymerases gen-
erally display decreased fidelity with Mn2+ relative to Mg2+ as the
divalentmetal ion43,44, indicating the possibility to useMn2+ to increase
the misincorporation frequency to increase readthrough. Indeed, the
related group-II intron RT Marathon was recently shown45 to detect
modifications in rRNAs withMn2+ at sites that were not detectable with
Mg2+. In a titration analysis of Induro with Mn2+ as the only divalent
metal ion in the RT reaction, we showed that the highest activity was
achieved with 1mM (Supplementary Figs. 4a–c). Additionally, we
showed that the workflow with Mn2+ as the only divalent metal ion
generated >80% uniquely mapped reads, producing quantification of
the abundance of each tRNA similar to that with Mg2+ (Supplementary
Figs. 4d, e).

Using unmodified natural nucleotides at tRNA positions 70, 74,
and 75 as the control, and using RT misincorporations or RT stops at
>10% as the proxy for a modification, we showed that the major
improvement of detection with Mn2+ relative to Mg2+ was at ms2i6A37/
ms2t6A37, specifically by increasing the frequency of misincorporation
while decreasing RT stops (Fig. 4c). Nonetheless, we were unable to
detect non-W-C face modifications, such asψ or m7G. However, with a
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cut-off of misincorporation at a frequency of 4–12%, we detectedm7G,
but not ψ (Fig. 4d, e), although the recent study with Marathon was
able to detect both at a 0.1–1% frequency of misincorporation45.
Overall, with Mn2+ as the divalent metal ion, the readthrough of the
Induro workflow improved specifically atms2i6A37/ms2t6A37, themost
dominant barrier to the RT, and additionally the sensitivity of detec-
tion improved for m7G using a lower threshold of misincorporation.
Unless otherwise stated, we maintained Mg2+ in the workflow, due to
the substantial data that we have collectedwith this divalentmetal ion.

Two datasets of tRNA modifications using Induro and TGIRT
readouts
While tRNA modifications are present across the tree of life, sys-
tematic analysis of RT-readable modifications has been done by
limited studies on limited cell types, each using a specific RT and
generating a specific dataset17,18. Due to variations in each RT and in
each workflow, whether one dataset with one RT can serve as the
reference for analysis with a different RT or a different cell type is
unknown. Specifically, while modifications of known chemical

moieties and locations in the tRNA structure are well defined
(Fig. 3a), there remain modifications that are ambiguous to predict
due to low readout signals, difficult sequence contexts, or unknown
structures in less-studied or disease-associated cell types16. In this
case, having two datasets of tRNA modifications, each with a differ-
ent RT in a different workflow, would help resolve ambiguity,
strengthen the prediction, and provide the basis for cross-reference
of each dataset. We thus built a comparison of two datasets, each
generated from the respective Induro or TGIRT workflow.

Quantitative analysis of RT-readable modifications showed that
the two RTs had essentially identicalmisincorporation rates across the
tRNA sequence (Fig. 5a). However, one notable difference was at the
two modifications that caused mainly RT stops for Induro—acp3U20
and ms2i6A37/ms2t6A37. While both RTs stalled at these two modifica-
tions, Induro stopped at acp3U20 with a higher frequency relative to
TGIRT, but at ms2i6A37/ms2t6A37 with a lower frequency (Fig. 5b),
providing a distinct signature of each. Nonetheless, the two RTs
detected the same number of annotated modifications in the respec-
tive workflows (Fig. 5c).
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We then developed a detailed map for each modification to
determine if the two RTs would differ in the signature profile to pro-
duce a different “read identity” that represents their intrinsic differ-
ence.We considered the sequence context of eachmodification, based
on the notion that Induro was sensitive to environmental changes of
eachmodification (Fig. 4a, b).Wedefined the read identity as thedirect
sequencing read of the RT misincorporation at a modification. For

example, a misincorporation of C in response to m1A would produce a
read identity of G as the complement to C, indicating that G was the
nucleotide that was produced in sequencing.

We found a subset of modifications whose read identity was
independent of the sequence context, such as acp3U20a, I34, m1I34,
and yW37 (Supplementary Fig. 5a). Of these, yW37 was the only one
that elicited a differencebetween the twoRTs, where Induro produced
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primarily G as the read identity while TGIRT produced primarily T.
Separately, we founda subset ofmodificationswhose read identitywas
context-dependent, such as m1G9/37, m3C32, m2

2G26/27, and
ms2i6A37/ms2t6A37. These also included m1A modifications at both the
major (positions 9 and 58) and minor (positions 14 and 16) sites. Of
these, the two RTs showed more differences in response to the
upstream than the downstream nucleotide (Fig. 5d, Supplementary
Fig. 5b). Data for eachmodification was presented by combining reads
at all positions where the modification occurred in a tRNA, which
would be dominated by those at the most prominent positions (e.g.,
m1A9 and m1A58 relative to m1A14 and m1A16). The most notable dif-
ference between the two RTs was in response to the upstream
nucleotide C of the combined m1A9/14/16/58 modifications, where
Induro produced A as the read identity, while TGIRT produced T
(Fig. 5d). Additionally, in response to the upstream nucleotide G of the
combinedm2

2G26/27modifications, Induroproduced amixtureof A/T
as the read identity, whereas TGIRT produced largely A. In response to
the upstream nucleotide U of the combined ms2i6A37/m2t6A37 mod-
ifications, Induro produced A as the read identity, whereas TGIRT
produced largely T. In contrast, only one clear difference existed in
response to the downstream nucleotide. In response to the down-
streamnucleotideA of the combinedm2

2G26/27modifications, Induro
produced a mixture of A/T as the read identity, whereas TGIRT pro-
duced A (Supplementary Fig. 5b). While the differences between the
two RTs could be due to different coverages in the library preparation,
they are likely driven by the intrinsic differences between them.

At m1A and m1G, both Induro and TGIRT showed a similar but
position-specific response (Fig. 5e, f). Both produced T as the read
identity of m1A9 but a mixture of T/G for m1A58. Similarly, both pro-
duced C as the read identity ofm1G9 but amixture of G/C/T form1G37.
This parallel display of read identity demonstrates that, like Induro,
TGIRT is also sensitive to chemical and structural environments of
eachmodification, which was not reported previously. Combined, the
similarities and differences between the two RTs constitute a layer of
information that can be further explored to enhance the confidence in
profiling of tRNA modifications.

Changes of tRNA modifications across tissues
We used the Induro workflow to probe potential changes in tRNA
modifications across tissues. While tissue-specific changes in tRNA
abundance were reported17,46, showing a correlation with tissue-
specific gene expression, little is known about tissue-specific changes
in tRNA modifications17, limiting a broader understanding of the
changes. We used mouse as the model, due to its accessibility to
genetic manipulation for further studies. We validated the compat-
ibility of the Induro workflow for analysis of tissues, showing map-
ping rates of tRNA of the brain, kidney, and spleen ≥ 70%
(Supplementary Fig. 6a). We then monitored changes of the brain-
specific mouse Arg(TCT)-4 isodecoder (Fig. 6a), whose C50U muta-
tion in the T stem decreases the abundance of the mature tRNA,
leading to neurodegeneration47. We analyzed the cerebellum tissue
of the B6N wild-type (WT) mouse and the C50U-expressing B6J
mutant mouse, each in triplicate. A comparative analysis of tRNA
abundance readily detected the loss of Arg(TCT)-4 in the mutant

relative to the WT brain among cyto-tRNAs by 27-fold, consistent
with the published work47, but no difference among mt-tRNAs
(Fig. 6b). Additionally, while the workflow detected no difference
between the WT and mutant brains in RT-readable modifications in
the Arg(TCT)-4 tRNA or in total tRNA, it displayed the sensitivity to
detect the C50U mutation in the mutant brain (Supplementary
Figs. 6b, c). Thus, while the abundance of Arg(TCT)-4 in the mutant
brain is reduced, there is no change in the tRNA modification profile
in the isodecoder or global tRNA, indicating that the genetic phe-
notype of the mutant mouse is primarily driven by the loss of the
tRNA. To further validate the compatibility of the workflow with
tissues, we analyzed three tissues of the WT mouse (cerebellum,
kidney, and spleen), each in triplicate. Analysis of tRNA abundance of
all isodecoders readily identified the brain-specific enrichment of
Arg(TCT)-4 and Ala(TGC)-6 relative to kidney and to spleen (Sup-
plementary Figs. 6d, e), consistent with a previous report17.

We then compared the profile of tRNA modifications across the
threemouse tissues, using theWTB6Nmouseas themodel. Analysisof
all RT-readable modifications based on the frequency of mis-
incorporation of each showed that, while the three tissues shared an
overall similar profile in most of these modifications, the cerebellum
had a 25% loss of the modification at position 20 relative to the other
two tissues (Fig. 6c), which is most likely the loss of acp3U20 (Fig. 3a).
Indeed, an LC-MS/MS analysis of nucleosides generated from total
tRNAof each tissue confirmed that the level of acp3U in the cerebellum
was reduced by ~25% relative to kidney and spleen (Fig. 6d). Impor-
tantly, this loss was not specific to the B6N mouse but was also
observed in the B6J mouse by the LC-MS/MS analysis (Fig. 6e), indi-
cating that it is inherent to the cerebellum. The loss is also consistent
with a reduced level of the modification enzyme DTWD1 for bio-
synthesis of acp3U in the cerebellum of B6N relative to the kidney in a
proteomic study48 (Supplementary Fig. 6f), indicating a brain-specific
differential regulation of the modification. This was most strongly
represented by the loss of acp3U20 in the isodecoder Cys(GCA)-9
(Fig. 6f, g). Additionally, the cerebellum had other unique features,
where the isodecoder Ala(TGC)-6 had a notable reduction of mod-
ifications at positions 15, 48, and 60, but an increase in the modifica-
tion at position 58 (Fig. 6f, g). Some of these changes were predicted
earlier17.

Coordinated changes of tRNA modifications
It was shown recently that, while isodecoders vary broadly in tRNA
abundance across tissues and cell types, isoacceptors vary little17,27,
indicating amechanism that buffers the level of each anticodon family.
We confirmed this buffering effect in our dataset of 5 human cell lines
and 3 mouse tissues. Using human neuroblastoma SH-SY5Y cells and
mouse brain as the respective reference, we observed considerable
variations in the abundance of isodecoders, but minimal variation in
the abundance of isoacceptors (Supplementary Figs. 7a, b). The largest
variations in abundance among isodecoders were a 236-fold change
for Lys(TTT)-5 between SH-SY5Y and HeLa and a 902-fold change for
Arg(TCT)-4 between mouse brain and kidney. In contrast, the largest
variations among isoacceptorswere a 10-fold for Ile(GAT) between SH-
SY5Y and HAP1 and a 3-fold for Gln(TTG) between mouse brain and

Fig. 5 | Two datasets of each modification. a Cumulative bar graphs show the
frequency (%) of RT stops (pink) and RT misincorporations (blue) detected by
Induro and by TGIRT at each readable modification as averaged from all tRNA
isodecoders of K562 cells, in relation to the frequency (%) of correct reads (white)
and of lost coverage (gray). The % of RT stops at a given positionwas the number of
stops relative to the number of total reads. b The frequency (%) of RT stops at each
readable and annotated modification detected by Induro and by TGIRT. c The
number of reads at each annotated modification site among all isodecoders
detected by Induro and by TGIRT. d The distribution of read identity (in %) of each

readable modification as detected from total tRNA of K562 cells by Induro and by
TGIRT in response to the upstreamnucleotide. e, f The read identity (%) ofm1A9 vs.
m1A58 (e), and of m1G9 vs. m1G37 (f) generated by Induro and by TGIRT. All data
were collected fromK562 cells. For all of the plots, the analysis of Indurowas based
on this work (n = 4, biological replicates), while that of TGIRT was extracted from
the published dataset18. Center line: median; box limits: upper and lower quartiles;
whiskers: 1.5X interquartile range; points: outliers. Student’s t-test was performed
by a two-sided analysis (*p <0.05, **p <0.01). Source data are provided in Source
Data 8-10, where p values and n values used for statistical analysis are available.
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Fig. 6 | Changes of tRNA modifications across mouse tissues. a Sequence and
cloverleaf structure of mouse Arg(TCT)−4, showing the C50U mutation. b A dif-
ferential abundance analysis of isodecoders of cyto- and mt-tRNAs from 12-week-
old WT (B6N) and mutant (B6J) mice (n = 6, 3 biological replicates, 2 technical
replicates of each). The number of cyto-tRNAs detected was 205 and 213 inWT and
mutant, respectively, while all 22mt-tRNAsweredetected inboth. Eachcomparison
is shownwith log-transformed read counts normalized byDESeq2with the Pearson
correlation coefficient r. c The frequency (%) of RT misincorporation at major
modification sites in all tRNAs of cerebellum, kidney, or spleen of B6N mice (n = 6,
from 3 biological replicates and 2 technical replicates). Center line: median; box
limits: upper and lower quartiles; whiskers: 1.5X interquartile range; points: outliers.

Student’s t-test was performed by a two-sided analysis. d, e The relative level of
acp3U detected by LC-MS/MS in three tissues of B6N mouse (d, n = 9; 3 biological
replicates, each 3 technical replicates) and B6J mouse (e, n = 6; 2 biological repli-
cates, each 3 technical replicates) normalized by total nucleosides of each tissue
sample. The acp3U level in the spleen was used as the reference. Error bars, mean ±
95% confidence interval. Student’s t-test was performed by a two-sided analysis.
Source data are provided for ion counts in Source data 11. f, g Differential mis-
incorporation frequencies (%) between the cerebellum and the kidney of B6N (f)
and between the cerebellum and the spleen of B6N (g), showing isodecoders that
exhibit lower frequencies in the cerebellum at position 20.
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kidney. These contrasts were much larger than those reported
recently27.

We then determined whether tRNA modifications would change
across cell types and tissues. We used the frequency of RT mis-
incorporation (%) as the readout of each modification and calculated
the level of each modification by multiplying the frequency of mis-
incorporation (%) with the expression level of the associated tRNA
normalized by the DESeq2 method49. The weighted misincorporation
frequency of eachmodification in brain cells was then subtracted from
the corresponding frequency in non-brain cells to calculate the value
for the cell-type- or tissue-specific change. In each tRNA,we focusedon
misincorporations at positions that are known to harbormodifications
in the sequence framework (i.e., the 8 sites in Fig. 3a), thus including
modifications of different but related chemical structures at each
position (e.g., ms2i6A, ms2iO6A, and ms2t6A at position 37). Among
these positions, we chose the one with the most variability across cell
types and tissues for genome-wide analysis of all tRNAs. We analyzed
the frequency of each weighted misincorporation among unique iso-
decoders (139 in human cells, 103 inmouse tissues), and the average of
weighted misincorporations of each modification among unique
anticodons (46 in human cells, 45 in mouse tissues). In contrast to the
reduced variation of tRNA abundance from isodecoders to iso-
acceptors (Supplementary Figs. 7a, b), for modifications, we observed
a similar level of variability between the two groups (Supplementary
Figs. 7c, d).

We next determined whether changes of tRNA modifications
across cell types and tissues were function dependent. We analyzed
separately the tRNAmodifications that are within the ASL, responsible
for decoding, and those that are outside of the ALS (i.e., non-ASL),
responsible for stabilizing the tRNA tertiary structure. For each group,
we focused on the position of modification that showed the highest
variability in the misincorporation rate. We found that the two groups
segregated from each other across cell types and tissues, with the ASL
group less variable, while the non-ASL group significantly more vari-
able (Fig. 7a, b). Thus, there is a coordinated emphasis to stably
express modifications in the ASL across tissues and cell types, but less
so on modifications outside of the ASL.

We found that the position of modifications that drove the stability
in the ASL group or the position of modifications that drove the varia-
bility in the non-ASL group was each distinct and was associated with a
specific isoacceptor family. Amongmouse tissues, position 32 in the ASL
group is the least variable, driven by the stability of the modifications in
Ser(GCT) (e.g., isodecoders Ser(GCT)-3/2/4), whereas position 20 in the
non-ASL group is the most variable, driven by the variability of the
modifications in Ala(TGC) (e.g., isodecoder Ala(TGC)-2) (Figs. 7c, d,
Supplementary Fig. 7e, f). Human cell lines showed a similar pattern;
position 32 in the ASL has the most stable modifications, driven by the
stability of the modifications in Ser(GCT) and Ser(AGA) (e.g., iso-
decoders Ser(GCT)-3/1/4 and Ser(AGA)-1/2), whereas position 20 in the
non-ASL group has the most variability, driven by the variability of the
modifications in Ala(TGC) (e.g., isodecoder Ala(TGC)-1) (Figs. 7e, f,
Supplementary Fig. 7e, f). The close parallel between mouse tissues and
human cell lines emphasizes a conserved landscape of coordinated
changes of tRNA modifications across tissues and cell types. The most
likely modification at position 32 is m3C32, whose stability is consistent
with a role in translation of genes with biased codons required for
regulation of cell cycle and DNA replication pathways50. The most likely
modification at position 20 is acp3U20, whose variability is consistent
with the variability between neuronal cells and other cell types
(Fig. 6c, d).

Given the coordinated changes of tRNAmodifications, we sought
to identify modifications that were constant across tissues and cell
types. These constant modifications would be important to stabilize
the tRNA structure or to improve decoding. We determined how these
constant modifications were associated with major and minor tRNAs

for translation of abundant and rare codons in each genome51. Among
isodecoders of one anticodon family, we defined those representing
≥ 50% of the cumulative abundance asmajor, while those representing
< 50% as minor. We found that 96% of the modifications in the major
and 93% of the modifications in the minor are at the 100% consistency
across the 5 cell lines, while 99% of the modifications in the major and
96% of the modifications in the minor are at the 100% consistency
across the 3 tissues (Fig. 7g, left). Conversely, among isoacceptors of
one amino-acid family, we defined those representing ≥ 50% of the
cumulative abundance as major, while those representing < 50% as
minor.We found that 93%of themodifications in themajor and 97% of
themodifications in theminor are at the 100% consistency across the 5
cell lines, while 94% of the modifications in the major and 100% of the
modifications in the minor are at the 100% consistency across the 3
tissues (Fig. 7g, right). Thus, across diverse cell types and tissues, both
major and minor tRNAs are associated with constant modifications,
with an average of 3 per tRNA.

While most constant modifications are shared between human
and mouse, we searched for those that were specific to one or the
other, indicating an organism-specific role. Using the RT mis-
incorporation rate as the proxy for a modification, we found 2 high-
confidence constant modifications at the isoacceptor level that were
specific to human or to mouse (Supplementary Fig. 8a). One was
acp3U20a of Asn(GTT) and the otherwasm2

2G26 of Tyr(GTA)). As both
modifications are specific to human, we found correlation with codon
usage in the human genome, but not the mouse genome. Specifically,
in a codon-usage analysis that was normalized by the abundance of
each mRNA in the RNAseq data of HEK293T cells52 and of mouse
kidney53, we found that the human genome has a higher usage of the
optimal codon for the tRNA with the constant modification. For
example, AAC is the optimal codon for Asn(GTT), while UAC is the
optimal codon for Tyr(GTA), and both are in a higher usage in the
human genome, but not in the mouse genome (Supplementary
Fig. 8b). Thus, the association of the constantmodification ineachcase
may help the tRNA with better reading of the optimal codon during
protein synthesis.

Finally, our dataset of 5 human cell lines and 3 mouse tissues
clarified an open question in the field – whether m1G37 is stably
associated with Pro(AGG) in human and mouse. Previous work was
unable to detect m1G37 in human Pro(AGG)18, but was able to detect it
in the other two isoacceptors. Asm1G37 is essential for cell survival and
is conserved in evolution39,54,55, its potential absence from human
Pro(AGG)was difficult to understand.We now showed that, by analysis
of all raw reads for Pro(AGG) across a wide range of eukaryotic cell
types, m1G37 was consistently read as a mixture of G/C/T, while the
associated I34 was consistently read as a G (Supplementary Fig. 8c),
which are respectively the read identity of each (Supplementary
Figs. 5a, Fig. 5f). Thus, m1G37 is stably associated with Pro(AGG) and is
conserved from yeast to human (Supplementary Fig. 8d).

Discussion
Here we provide a genome-wide tRNAseq dataset that defines the RT
signature at each readable modification across the tRNA sequence
framework, thus addressing an unmet need in the current field.We use
the recently developed group-II Induro RT and provide both practical
andmechanistic insight intohow tomaximize its readthrough andhow
to strengthen the prediction of each modification after readthrough.
Importantly, we produce information on how modifications can
undergo a coordinated shift across tissues and cell types, providing a
conceptual framework that will open the door to innovative research
with impact on the vastly expanding fields of tRNA modifications.

Maximizing RT readthrough
The key to profile tRNA modifications is to maximize the RT read-
through. Yet, most published tRNAseq datasets used one condition,
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without an exploration, raising the question of whether the chosen
condition was the best for the cells of interest (e.g., cells in cold stress
or in thermophiles). The lack of a well-defined condition that max-
imizes readthrough could have contributed to the incomplete profil-
ing of tRNA modifications. With Induro, we have explored a range of
reaction conditions, showing that the condition that maximizes read-
through and detection of modifications—at 42 °C and overnight—is
distinct from the provider’s condition. Additionally, we provide a

dataset to show the progress of Induro to achieve the maximum
readthrough over time and temperature, facilitating users to make an
informed decision for their experiments.

We show that Induro increases its readthroughwith time to60%at
42 °C and to 90% at 37 °C, but that its readthrough is limited at 10% at
55 °C without a time-dependent increase. The increase in readthrough
overcomes all but two modifications (acp3U20 and ms2i6A37/
ms2t6A37), thus laying out a clear landscape to read tRNA sequences.
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Mechanistically, the increase in readthrough is achieved by over-
coming RT stops without altering RT misincorporation frequencies,
consistent with the notion that the latter is an intrinsic feature of
Induro. In contrast, overcoming RT stops is thermally controlled and is
dependent on the position and structure of each modification. A
positional effect is observed atm1A andm1G, showing the sensitivity of
the RT to the local environment of each modification. The RT also
responds to Mn2+ by overcoming the most dominant barrier – at
ms2i6A37/ms2t6A37, while showing a higher sensitivity to detect the
non-W-C modification m7G. Notably, we did not detect other non-W-C
modifications (e.g., ψ), due to low-confidence reads. Nonetheless, the
comprehensive dataset, and the accompanying mechanistic insight,
establishes the utility of the Induroworkflow to probemodifications in
tRNA and in other RNAs that are structured and are extensively mod-
ified (e.g., rRNAs).

Strengthen the power of prediction of tRNA modifications
The detection of a tRNAmodification in the Illumina platform is by the
misincorporation signature of the RT, which provides the basis for
predicting the modification at annotated and non-annotated sites.
However, ambiguity arises if the readout is naturally low or is reduced
by stress. While RNA mass spectrometry is a direct approach to
determine the site and chemical nature of the modification16, it is low
throughput and requiresmorematerials. Herewe compare the fidelity
mechanism of Induro and TGIRT to generate two datasets for each RT-
readable modification, providing a basis to use the comparison to
strengthen the power of prediction.

As both Induro andTGIRT are derived fromagroup-II intron family,
they likely share a similar structure and mechanism for the nucleotide
selectivity at each modification. Indeed, we show a largely similar read-
identity profile of the two at most modifications, providing confidence
for each prediction. Notably, at acp3U20, which naturally has a low
readout of misincorporation, the use of RT stops would be a more
reliable readout (Fig. 3c). In this case, Induro has a stronger readout of
RT stops than TGIRT (Fig. 5b), indicating that it is a better choice for
studies of acp3U20 and the associated modification enzyme. Addition-
ally, while Induro is used here, TGIRT has been used in multiple studies
and in a broader range of cell types (different strains of bacteria, yeast,
fly, and cultured human cells, including iPSCs and differentiated neu-
ronal and cardiac cells16,18,27). The close similarity of the two enzymes will
permit the use of TGIRT-generated datasets as the basis to extend the
application of Induro to strains and cell types that were covered by
TGIRT. Thus, Induro can be added to the growing list of group-II intron
RT enzymes that are applicable for genome-wide tRNAseq. Although the
sequence information of Induro is not available, this does not hinder its
ability to produce high-quality and reproducible data.

Neuron-specific tRNA modifications
We have analyzed the profile of each RT-readable tRNA modification
across 5 human cell lines and 3 mouse tissues, generating a large and
diverse dataset. From a comparative analysis of the 3 mouse tissues,
we find that neuron cells have a distinct profile relative to the others
(Fig. 6c), indicating a special need of neurons for tRNAmodifications

and for protein synthesis. Indeed, synapses during learning and
memory require rapid re-programming of neuronal proteins, which
in turn requires rapid responses of neuronal tRNAs and the asso-
ciated modifications. We show that the most notable difference
associatedwith neuronal tRNAmodifications is the substantial loss of
acp3U20 (Fig. 6c–e), which is proposed to stabilize the local structure
of the D loop through Mg2+ coordination56. The substantial loss of
acp3U20 suggests that a more flexible D loop is important for neu-
ronal tRNAs. Indeed, the flexibility of the D loop is necessary to
rapidly change its conformation to interact with different protein
factors in each elongation cycle of protein synthesis. One such pro-
tein factor is the maturation enzyme for CCA addition to the tRNA 3’-
end52, and another is the elongation factor that brings the charged aa-
tRNAs to the ribosome53. As each enzyme uses a different structure to
interact with the D loop, the increased flexibility of the loop, via loss
of acp3U20 in neuronal tRNAs, would fulfill this multi-partner
requirement.

Coordinated changes of tRNA modifications in protein
homeostasis
We have discovered a landscape of coordinated changes of tRNA
modifications across tissues and cell types that has fundamental
importance for understanding the development and maintenance of
protein homeostasis. We show that, while the tRNA modifications
required for stabilizing the L-shaped tertiary structure are variable in
different tissues and cell types, those required for decoding the
genetic code are stabilized. This landscape of coordinated changes is
summarized in a model (Fig. 7h) that supports both isodecoders and
isoacceptors.

First, at the level of isodecoders, each isodecoder of an anticodon
family has a unique sequence and requires a unique set of tRNA
modifications to stabilize its folding into the L-shaped structure, which
is uniform across all tRNAs. In this L-shaped structure, every tRNA will
have an equal opportunity to dock into the ribosome decoding site to
allow for screening for the ones that have thematching anticodons for
the codon at hand. The high variability of tRNA modifications is to
match with the high variability of tRNA sequences across tissues and
cell types to endow every sequence with the necessary modifications
to be sampled by the decoding site with equal affinity57,58. Second, at
the level of isoacceptors, while the ones that have the matching
anticodons are selected by the decoding site, the high variability of
tRNA modifications is again to stably fold members of distinct
sequences in the family fordocking into thedecoding site. However, to
ensure cognate docking, and to discriminate against near-cognate
docking, the modifications that support the best quality of the
anticodon-codon interaction are stabilized. These modifications can
help to shape the structure of the ASL59,60 (e.g., those at positions 32
and 37) and/or to improve the base-pairing quality and capacity40 (e.g.,
those at positions 34 and 37). An example of the latter is I34, which in
Pro(AGG) not only expands the base-pairing capacity to A/C/U at the
wobble position61, but also compensates for the lack of Pro(GGG) in
eukaryotes62 (Supplementary Fig. 8d) to cover the CCC codon for
decoding.

Fig. 7 | Coordinated changes of tRNA modifications across cell types and tis-
sues. a Violin plots showing differences of the weighted RT misincorporation fre-
quencies (%) at the most variable site of ASL or non-ASL modifications among
isodecoders. SH-SY5Y & HeLa & K562, 2 biological replicates, each 2 technical
replicates; HEK293T & HAP1, 2 biological replicates; mouse tissues, each 3 biolo-
gical replicates. b Dataset of a in bar graphs. c Dataset of b in bar graphs at the
major sites of ASL and non-ASL modifications in mouse tissues. d Datasets of c in
bar graphs at position 32 (left) and 20 (right). e Dataset of (b) in bar graphs at the
major sites of ASL and non-ASL modifications in human cells. f Datasets of e in bar
graphs at position 32 (left) and 20 (right). Error bars,mean ± 95% standard error, by
a two-sidedWilcoxon test (*p <0.05, **p <0.01, ***p <0.001). g Violin plots showing

the fraction of modifications (%) in the consistency scale across human cell lines
andmouse tissues. Amodificationof consistencyof 100%means that it is present in
all 5 human cell lines, while a consistencyof 80%means that it is present in4 of the 5
cell lines. Student’s t-test by a two-sided analysis. h A landscape of coordinated
changes of tRNAmodifications across tissues andcell types. The chargedaa-tRNA is
shown with the amino acid as a star; the ribosome is drawn as a cartoon with the
large and small subunits, while the mRNA is drawn with abundant codons (triplets
without a margin) and rare codons (triplets with a margin), where the distance
between each marked codon indicates the presence of unmarked codons.
a–f Individual data points, p values and n values for statistical analysis are available
in Source Data 12−19.
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Third, at the global level of protein synthesis, we show that every
tRNA, whethermajor orminor, has a set of constantmodifications that
are stably expressed across tissues and cell types. These constant
modifications are to stabilize each tRNA structure and/or to improve
the quality of decoding. As major tRNAs in a cellular pool are to satisfy
the demand of abundant codons, while minor ones to satisfy the
demand of rare codons, these constant modifications are required to
maintain a supply-demand balance that is necessary for protein
homeostasis51. Thus, based on the need of each genome, its GC con-
tent, its tRNA repertoire63, and the modifications available, the ribo-
some will then determine the speed and quality of translation one
codon at a time. The lack of a corresponding tRNA for a codon, due to
the lack of modifications, has been linked to many pathologies2.

Overall, we describe the development and validation of Induro-
tRNAseq to provide a comprehensive dataset for analysis of RT-
readable tRNA modifications, which will facilitate a better under-
standing of tRNA biology. While non-RT-readable modifications
(e.g., ψ) were not addressed here, we will explore different chemical
reactions for each in future studies. For example, we will determine if
ψ should be pre-treated with CMC (cyclohexyl-(2-morpholino-ethyl)-
carbodiimide) or bisulfite64–69 for the most robust readout. Impor-
tantly, this work unveils a landscape of coordinated changes of tRNA
modifications that is necessary to maintain protein homeostasis
across tissues and cell types.

Methods
Unless otherwise noted, we followed the manufacturer’s instructions
of each kit. Additionally, we extracted the TGIRT data from mim-
tRNAseq18 for comparison with the Induro data.

Cell culture
Human embryonic kidney HEK293T cells (ATCC, #CRL-3216), chronic
myeloid leukemia K562 cells (ATCC, #CL-243), cervical cancer HeLa
cells (ATCC, #CCL-2), neuroblastoma SH-SY5Y (ATCC, #CRL-2266),
and near-haploid HAP1 cells (Horizon, #C631)70 were cultured at 37 °C
inDulbecco’sModifiedEagle’sMedium (DMEM) (Corning, #10-013-CV)
with 5% CO2 and 10% fetal bovine serum (Corning, #35-010-CV). To
induce oxidative stress, HEK293T cells were treated with 100 µM and
300 µM sodium arsenite (RICCA, 7140-16) for 2 h prior to harvest.

RNA extraction and tRNA isolation
Total RNA of cultured human cells was extracted with TRIzol (Invi-
trogen, #10296010). To determine tRNA charging levels, extracted
total RNA was dissolved in 25mM sodium acetate, pH 5.0. Withmouse
tissues, 12-week-old C57BL/6 J (B6J) WT mice were extracted for total
RNA of cerebellum, kidney, and spleen, while the age-matched con-
genic B6J.B6NnTr20 mice were extracted for total RNA of cerebellum59.
The mouse brain, kidney, and spleen used in this study were obtained
from animals that were maintained under the institutional IACUC
guidelines, compliant with those of the American Veterinary Medical
Association for husbandry and euthanasia. The tRNA pool was isolated
from total RNA by 12% denaturing PAGE/7M urea in TBE (90mM Tris-
borate pH 8.3 and 2mMEDTA) as gel slices, which were crushedwith a
disposable pestle in a tRNA extraction buffer (0.3M Na Acetate
(NaOAc), pH 5.0, 0.25% SDS, and 1mM EDTA) as described18,71. The
tRNA pool was filtered through a Costar Spin-X 8163 centrifuge tube
filter (Corning#8163), precipitatedwith isopropanol in the presenceof
20 µg glycogen (RNA grade; Thermo Scientific #R0551), and dissolved
in RNase-free water. Approximately 12% of the input total RNA was
recovered as tRNA. To compare with the TGIRT-based mim-tRNAseq
dataset18, Induro-tRNAseq was performed with 4 biological replicates
of total RNA from K562 cells, 2 biological replicates of total RNA from
HEK293T cells, and 2 biological replicates of gel-purified tRNA pool of
K562 and HEK293T cells. Two technical replicates were performed for
each biological replicate.

Induro-tRNAseq library preparation
Prior to starting the workflow, the integrity of each sample (500 ng
of total RNA or 125 ng of gel-purified tRNA pool) was verified by 12%
denaturing PAGE/7M urea. For Induro time-course experiments,
the workflow was carried out twice to provide two technical repli-
cates using one of the 4 biological replicates of total RNA of
K562 cells.

Standard tRNA deacylation and T4 PNK (polynucleotide kinase)
3´-end repair
The tRNA in each sample was first deacylated by incubation for 45min
at 37 oC in 10 µL 75mM glycine, pH 9.5, with 1 U/µL Superase-In
(Thermo Fisher #AM2694). The reaction was diluted to 100 µL with 1X
T4 PNKbuffer and incubated for 30minwith 1 µL T4 PNK (10U/µL; NEB
M0201) to remove 3’ phosphoryl groups. The deacylated RNA was
ethanol precipitated with 20 µg of glycogen and the pellet was dis-
solved in 7.0 µL water.

Oxidation, β-elimination, and deacylation of tRNA and T4 PNK
3´-end repair
To determine tRNA charging levels, 4 µL of 90mM sodium acetate
buffer, pH 4.8-5.0, was added to 500ng of total tRNA (as part of ~2.5 µg
total RNA) in 28 µL of water. Next, 4 µL of a freshly prepared 150mM
NaIO4 solution (Thermo Fisher #419610050) was added to give final
concentrations of 16mM NaIO4, 10mM NaOAc, pH 4.8–5.0. The oxi-
dation reaction was incubated 30min at room temperature (r.t.) and
was then quenched with the addition of 4 µL of 1M glucose to 0.1M
final concentration and incubated 5min at r.t. Next, 20 µL of 100mM
sodium borate, pH 9.5, was added for a final concentration of 33mM.
This mixture was incubated for 30min at 45 °C for β-elimination and
deacylation. The reaction was neutralized, and 3´-end repair was
initiated by addition of 20 µL of 200mM Tris-HCl, pH 6.8, 40mM
MgCl2, and 1 µL T4 PNK, and incubated at 37 °C for 30min. The T4 PNK
was heat-inactivated at 65 °C for 10min. The deacylated RNA was
ethanol precipitated with 20 µg of glycogen and the pellet was dis-
solved in 7.0 µL water.

Ligation of 3´-RNA adapter
T4 Rnl2 (NEBM0239L) was used for splint-mediated 3’-ligation of each
tRNA library to a barcoded 35-mer RNA/DNA adapter bearing a 5’-
phosphate and a 3’-amino group (oligonucleotides listed in Tables S1,
S2). Typically, 4 ligation reactionswere carried out in parallel with each
in 20 µL and containing a separate tRNA library, a uniquely barcoded3’-
adapter (0.25 µM), two paired DNA splints (0.32 µM) with both sharing
the samebarcode as the 3’-adapter, T4Rnl2 (0.5U/µL), and Superase-In
RNase inhibitor (1 U/µL) in a buffer containing 400 µM ATP, 10mM
MgCl2, 1mM DTT, 10% PEG8000, and 50mM Tris-HCl, pH 7.5. The
sequences of the two corresponding splintDNAs are listed inTableS2−
one for the 3’-NCCA endderived from charged tRNAs and the other for
the 3’-NCC end derived from uncharged tRNAs. Reactions were briefly
heat-cooled at 60 °C for 2.5min prior to adding T4 Rnl2 and kept at 16
°C for 45min and then at 25 °C for 45min. Ligation was terminated by
combining all 4 reactions into 20 µL 0.1M EDTA, followed by extrac-
tion with phenol-chloroform-isoamyl alcohol (25:24:1), pH 5.2, and
purified through a Zymo Oligo Clean & Concentrator cartridge (Zymo
Research #D4061). The nucleic acid in the multiplexed library was
eluted in 11 µL of RNase-free water. Analysis of the tRNA ligated with
the 3’-adapter was performed on a denaturing gel (Fig. 1b). Total RNA
isolated from cells or a gel-purified tRNA pool was used as the input.
The migration position of the starting tRNA was marked by a bracket
(indicating a range of sizes), while the ligated tRNA was shown by an
arrow. The intensity of each bandwas corrected by themolecularmass
of each species and by removing the contaminating 5S rRNA band
from the ligated band. The yield of ligation was measured by dividing
the band intensity of the ligated tRNA (corrected for adapter addition
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and 5S RNA contamination) over the sum of the starting tRNA and the
ligated tRNA, showing typically ≥ 75%.

Reverse transcription
Each library was converted to cDNA with Induro RT (NEB M0681S)
using a 57-mer ssDNA as the primer: 5’pRNAGATCGGAAGAGCGT
CGTGTAGGGAAAGAG/iSp18/GTGACTGGAGTTCAGACGTGTGCTC-3’,
wherep is a phosphate, R ispurine, N is any nucleotide, and iSP is an 18-
carbon chain spacer. Each RT reaction was performed in 20 µL with
0.5 µMRTprimer,0.75mMdNTPs, 10mMDTT, 1U/µL Superase-In, and
10 U/µL Induro RT in 1X Induro buffer. The reaction was briefly heat-
cooled at 60 °C prior to adding the RT and was incubated overnight
(12-16 h) at 42 °C unless otherwise specified. After cDNA synthesis, the
RNA was hydrolyzed by addition of 1 µL of 5M KOH and heated at 90-
95 °C for 3min. The solution was neutralized with 0.25M NaOAc, pH
5.0, extracted with phenol-chloroform-isoamyl alcohol (25:24:1), and
the cDNA precipitated with 3 volumes of ethanol. The pellet was dis-
solved in 8 µL of 7M urea-TBE with 0.01% xylene cyanol and bromo-
phenol blue. After heat-cool at 80-85 °C for 2min, the cDNA was
loaded onto a denaturing 10% PAGE/7M urea gel (8 × 7 ×0.1 cm) and
electrophoresed at 200V in hot TBE for 20min. Included in the gel as
controls were an RT reaction conducted in the absence of tRNA and a
Small Range RNA Ladder (NEBN0364S). The gel was stainedwith SYBR
gold and visualized by a ChemiDoc imager (BioRad). The gel was
excised in the range of 90–180 nucleotides (nts) to include full-length
and truncated cDNA andwas extracted into 500 µL TE by incubation in
a MultiTherm Shaker (Benchmark Scientific) at 70 °C/1500 rpm for 1-
2 h. After gel removal, the cDNA was precipitated with isopropanol in
the presence of 20 µg glycogen carrier and the pellet dissolved in
5.5 µL water.

cDNA circularization and PCR
The cDNA was circularized by incubation with Circligase (Lucigen
CL4111K) for 3 h at 60 °C in a 10 µL reaction54, which was terminated by
heat inactivation (at 80 °C for 10min) and stored at –20 °C until PCR
amplification. The circularized cDNA (1 µL) was amplified by PCR using
Q5 Hot Start High-Fidelity 2X Master Mix (NEB M0494L) in a 25 µL
reaction containing 12.5 pmoles of forward and reverse primers (pri-
mers listed in Table S3). A unique barcoded reverse primer was used
for each group of 4 multiplexed cDNA pools. The thermocycler was
programmed for 30 sec at 98 °C, followed by at least 5 cycles of 10 sec
at 98 °C, 10 sec at 62 °C, and 10 sec at 72 °C. To determine the optimal
cycle number, separate reactions were terminated after 5, 6, 7, and 8
cycles. After clean-up by ethanol precipitation, these reactions were
electrophoresed on a non-denaturing 8% PAGE gel alongside O’Ran-
geRuler 10 bp DNA (Thermo Fisher #SM1313) and GeneRuler 50 bp
DNA ladders (Thermo Fisher #SM0371), followed by SYBR gold stain-
ing. The dsDNA product (150-240 bp in length) with the highest yield
but without contaminating higher MW DNA was excised from the gel
and eluted into 500 µL TE by continuous mixing at r.t. overnight. After
clarification of the suspension through a Costar Spin-X cartridge, the
cDNA was ethanol precipitated with 20 µg glycogen and dissolved in
20 µL TE. The average yield of gel-purified cDNA from each multi-
plexed sample of 4 was approximately 50 ng as determined by Qubit
(Invitrogen) and Bioanalyzer (Agilent) analysis. At least 20 ng of each
multiplexed PCR product should be provided for sequencing. If the
yield of PCRproductwas insufficient, the gel purification step couldbe
eliminated, resulting in a 2-4-fold increase in the amount of recovered
cDNA. In this case a ZymoOligoClean&Concentrator cartridge should
be used to remove the PCR primers.

Sequencing
Equimolar amounts of the PCR-amplified cDNA libraries were pooled
and loaded onto the Illumina NextSeq 500 platform and a 2×75 paired-
end sequencing run was performed.

Induro activity with MnCl2 as the single divalent metal ion
We replaced the Induro buffer with the buffer 50mMTris-HCl, pH 8.3,
containing 1mM MnCl2. Reverse transcription of a DNA-RNA hairpin
with a single-stranded 5’-overhang (5’-P-rGrGrCrGrGrArArUrCrATCT
CACTCTACATCATGGCCGGCCGGGTAATCGGCCGGC-3’, Supplemen-
tary Fig. 4a) was used to titrate the optimal concentration ofMnCl2 for
Induro. The reaction was 5min at r.t. followed by 15min at 55 °C. We
found that MnCl2 at greater than 1mM was inhibitory to the enzyme.

Synthesis of mt-Leu(TAA) for calibration analysis
The 5’-RNA fragment of mt-Leu(TAA) was chemically synthesized
encoding the sequence from nucleotides 1 to 17, containing either G9
or m1G9. The 3’-RNA fragment of the tRNA was transcribed by T7 RNA
polymerase and gel purified. The 5’- and 3’-RNA fragments weremixed
in equalmolar concentration, heat-cooled, and covalently joined by T4
Rnl2. The reconstituted full-length mt-Leu(TAA) was separated from
the component RNAs by a denaturing PAGE/7Murea gel and extracted
from the gel. For calibration analysis, the G9-containing and them1G9-
containing full-length tRNAsweremixed in fractions of 1:0, 3:1, 1:3, and
0:1, where the methylated tRNA represented 0, 25, 75, and 100% of
the input.

LC-MS/MS analysis of acp3U in mouse tRNAs
Total RNA isolation. E. coli yfiP-KO strain of the Keio collection, where
the gene for acp3U47 biosynthesis was replaced by a Kan marker, was
obtained fromMarkGoulian (UPennsylvania). P1 lysatewasmade from
this strain and transduced to MG1655 to generate the MG1655 yfiP-KO
strain72. E. coli yfiP-WT and yfiP-KO in MG1655 were grown overnight at
37 °C in LB.Cells were harvested and total tRNAwas isolated fromeach
strain73. Total RNA (up to 650 μg) of each mouse tissue was extracted
with TRIzol59 and was run in a denaturing 12% PAGE/7M in 1x TBE
(90mMTris-borate pH8.3 and 2mMEDTA) at 200V, 30min, to isolate
the tRNA fraction in the gel extraction buffer (0.3M NaOAc pH 5.0,
0.25% SDS, 1mM EDTA)18. The eluted tRNA was filtered through a
Costar Spin-X8163 centrifuge tubefilter (Corning, #8163), precipitated
with one volume of isopropanol and 20 µg of RNA grade glycogen
(Thermo Scientific, #R0551), and dissolved in RNase-free water.
Approximately 10% of the input total RNA was recovered as tRNA.

Digestion of tRNAs to nucleosides. Total tRNA (0.3–2 µg) was
incubated at 95 °C, 5min, cooled on ice, 3min, and digested to ribo-
nucleotide monophosphates in 23 µL with nuclease P1 (0.3 U, Wako
#M0660S) in 10mM ammonium acetate pH 5.0 at 45 °C, 2 h, followed
by dephosphorylation with 0.025U phosphodiesterase (Worthington
Biochemical #LS003926) and 1U recombinant shrimp alkaline phos-
phatase (NEB #M0371S) in 100mM ammonium bicarbonate pH 8.0,
2 h, 37 °C in a 28 μL reaction74. The mixture of nucleosides after
digestion was separated from proteins by centrifugation through a
10,000-Da MWCO spin filter (Sartorius #VN01H02).

LC-MS/MS analysis of tRNA nucleosides. Nucleosides dissolved in
LC/MS grade water was analyzed on an Agilent 1290 Infinity II HPLC
coupled to an Agilent 6470 QQQ-MS in the positive ion mode, using
themultiple reactionmonitoringmethod75. Samples were run through
a Hypersil GOLD aQ C18 Polar Endcapped HPLC column (Thermo
Fisher, 25303-152130; 3-µm particle size, 175-Å pore size, 2.1 × 150mm)
at a flow rate of 0.35mL/min with a gradient of Buffer A (5mM
ammonium acetate pH 5.0) and Buffer B (100% acetonitrile) at 37 °C.
The gradient was 0% Buffer B from 0-5min, 0-20% Buffer B from 5-
7min, and 30% Buffer B from 7-9min, followed by 5min of re-
equilibration to 0% Buffer B. The parameters used for the mass spec-
trometer were as follows: gas temperature at 175 °C, gas flow at 12 L/
min, nebulizer pressure at 20 psi, sheath gas temperature at 325 °C,
sheath gas flow at 12 L/min, and capillary voltage at 2500V. The Mul-
tiple Reaction Monitoring (MRM) transitions for detection of each
nucleoside were: m/z 268 → 136 for A, m/z 244 → 112 for C, m/z
284 → 152 for G, m/z 346 → 214 for acp3U, m/z 245 → 113 for U.
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Fragmentor, collision energy, and retention time for each nucleoside
are described in Supplementary Table 4.

Nucleosides digested from total tRNA (2 µg) of yfiP-WT and yfiP-
KO cells were used for LC-MS/MS analysis. Digested total tRNA from
WT cells was used to determine the optimal LC-MS/MS parameters for
detection of acp3U, which was confirmed by the absence of the peak
from the digested total tRNA of the KO cells. Three biological repli-
cates of each mouse tissue were digested and analyzed by LC-MS/MS.
Each tissue sample was injected three times as technical replicates. Ion
counts for each nucleoside were determined using Agilent Qualitative
Analysis. Briefly, the peaks of each nucleoside were integrated, and the
area of each peakwasdetermined, corresponding to the ion counts for
each nucleoside. Quantification of the relative acp3U level in each
samplewasperformedby comparing ion counts of acp3U over the sum
of ion counts for A,C,G,U in each sample.

Data analysis
Read processing was performed as described34. Paired-end reads were
merged using PEAR v 0.9.6 (ref76), which were then demultiplexed
using cutadapt v2.5 as described77 and a fasta file of the first 10 nts for
the different 3’-barcoded adapters was created. Indels in the alignment
to the adapter were removed with --no-indels. The two 5’-RN nucleo-
tides introduced by reverse transcription (see Library Preparation
above) were trimmed from reads with -u 2. Reads shorter than 10 nts
were discarded by cutadapt77 according to the parameters in -m 10.
Processed reads of human samples were mapped to tRNA reference
transcripts derived from human genome hg38 and those of mouse
samples mapped to the reference derived from the mouse genome
mm39 using mimseq v1.2. Mapping was as described18 (github.com/
nedialkova-lab/mim-tRNAseq), where matured and processed tRNA
sequences were mapped to MODOMICS entries using BLAST and
clustered with the --cluster parameter using a user-defined sequence
identity threshold. After clustering, reads were aligned usingGSNAP to
the representative cluster sequences of mature tRNAs. The following
mapping parameters were used:

H. sapiens: --species Hsap --cluster --cluster-id 0.95 --min-cov 2000
--max-mismatches 0.1 --remap --remap-mismatches 0.075
M. musculus: --species Mmus --remap --remap-mismatches 0.075
Mapping rates were calculated by the number of uniquely map-

ped reads relative to the sum of the number of unmapped reads,
multiple-mapped reads, and uniquely mapped reads. Additional
quantification and statistical analysis were also based on methods
described34. Fractions of incomplete 3’-ends (3’-N, 3’-NC and 3’-NCC,
where N = the discriminator nucleotide at position 73) relative to all 3’-
ends (including 3’-NCCA) were calculated per unique tRNA sequence.
For differential tRNA abundance analysis, read counts of cyto-tRNAs
and mt-tRNAs were normalized with DESeq2 (ref49) separately and the
Pearson correlation coefficient (r) was calculated. Rates of mis-
incorporation were calculated by summing up counts of mismatches
for all four nucleotides relative to total read counts at the position of
interest. Frequencyof stopswasdeterminedbydividing the number of
stops at a given position by the total number of reads at that position.
Readthrough at a position was obtained by subtracting the ratio of RT
stops at that position from 1.0. For a givenmodification, RT stops were
reported as the maximum value observed in a 3-nt window (–1, 0, and
+1) centering on the modification to reduce the likelihood of over-
estimation. Modifications in human tRNAs at known positions (9, 20,
26, 32, 34, 37, and 58), as well as non-annotated positions, were iden-
tified by RT stop or RT misincorporation of >10%. Annotated mod-
ifications were as defined34,56. All data analysis was performed with in-
house python written codes using Python v3.7.0. Analysis of the mim-
tRNAseq dataset was performed using the following parameters:

H. sapiens: --species Hsap --cluster --cluster-id 0.95 --min-cov 2000
--max-mismatches 0.1 --remap --remap-mismatches 0.075

S. cerevisiae: --species Scer --cluster --cluster-id 0.90 --min-cov
2000 --max-mismatches 0.1 --remap --remap-mismatches 0.075
S. pombe: --species Spom --cluster --cluster-id 0.95 --min-cov 2000
--max-mismatches 0.1 --remap --remap-mismatches 0.075
D. melanogaster: --species Dmel --cluster --cluster-id 0.95 --min-cov
2000 --max-mismatches 0.1 --remap --remap-mismatches 0.075
In human cells, the weighted misincorporation difference of each

site was calculated by subtracting the frequency in SH-SY5Y, whereas
in mouse tissues, it was calculated by subtracting the frequency in
cerebellum from that of kidney or spleen.

Calculation of variability of misincorporation
Misincorporation difference was obtained by subtracting the data of
each sample group from that of the SH-SY5Y cell line for human cells,
and cerebellum tissue for mouse tissues, respectively. The most vari-
able sites were selected by ordering all positions with a mis-
incorporation difference and taking the highest varying site(s) for
individual tRNAs. Two-sided Wilcoxon test was used to assess statis-
tical significance, where a p value < 0.05 is considered statistically
significant.

Codon usage analysis
The number of each codon was counted based on each transcript
sequence of protein-coding gene retrieved from Ensembl (human;
GRCh38, mouse; GRCm39) and weighted by RPKM (reads per kilobase
permillionmapped reads) of each transcript determined previously to
calculate the codon usage in human HEK293T cell line52 and in mouse
kidney53.

Data sources
The raw FASTQ files of mim-tRNAseq18 of wild-type human cells
(HEK293T and K562), yeast (Saccharomyces cerevisiae and Schizo-
saccharomyces pombe), and fly (Drosophila melanogaster) were
retrieved from Gene Expression Omnibus (GEO): GSE152621.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. The tRNA sequencing data
generated in this study have been deposited in the sequence read
archive (SRA) database of NCBI under accession code PRJNA996215
[http://www.ncbi.nlm.nih.gov/bioproject/996215]. Source data are
provided with this paper.

Code availability
Scripts for data processing and figure creation are available at https://
github.com/YaMing-Hou-lab/Induro-tRNAseq (https://doi.org/10.
5281/zenodo.14419721).
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