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Abstract
Transfer RNAs (tRNA) are quintessential in deciphering the genetic code; disseminating nucleic acid
triplets into correct amino acid identity. While this decoding function is clear, an emerging theme is that
tRNA abundance and functionality can powerfully impact protein production rate, folding, activity, and
messenger RNA stability. Importantly, however, the expression pattern of tRNAs is obliquely known. Here
we present Quantitative Mature tRNA sequencing (QuantM-tRNA seq), a technique to monitor tRNA
abundance and sequence variants secondary to RNA modifications. With QuantM-tRNA seq we assess
the tRNA transcriptome in mammalian tissues. We observe dramatic distinctions in isodecoder
expression and known tRNA modifications between tissues. Remarkably, despite dramatic changes in
tRNA isodecoder gene expression, the overall anticodon pool of each tRNA family is similar across
tissues. These findings suggest that while anticodon pools appear to be buffered via an unknown
mechanism, underlying transcriptomic and epitranscriptomic differences suggest a more complex tRNA
regulatory landscape.

Introduction
Reagents
HEK293 T-Rex Flp-IN cells (ThermoFisher. cat# R78007)
Dulbecco’s modified essential media (Thermo Fisher)
fetal bovine serum (Thermo Fisher)
penicillin and streptomycin (Thermo Fisher)
trypsin (Thermo Fisher)
Trizol (Thermo Fisher)
Q5 2X master mix (NEB)
QiaQuick gel extraction kit (Qiagen)
HiScribe T7 High Yield RNA synthesis kit (NEB)
T4 polynucleotide kinase (NEB)
rtStarTM tRNA-optimized First-Strand cDNA Synthesis Kit, ArrayStar)
nanodrop spectrophotometer (ThermoFisher)
RNA ligase 2 (NEB)
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glycoblue (ThermoFisher)
Superscript IV (ThermoFisher)
SYBR gold (ThermoFisher)
CircLigase (Epicentre)
NEBnext Ultra II Q5 next-generation master mix (NEB)

Equipment
Qubit Fluorometer (ThermoFisher)
Bioanalyzer (Agilent)
DNA HS bioanalyzer chip (Agilent)
NextSeq 550 (v2.5)

Procedure
Cell culture and RNA isolation
1. HEK293 T-Rex Flp-IN cells (ThermoFisher. cat# R78007) were cultured at 37°C with 5% CO2 in complete
Dulbecco’s modified essential media (Thermo Fisher) supplemented with 10% fetal bovine serum
(Thermo Fisher) and 1% penicillin and streptomycin (Thermo Fisher).

2. All passaging was performed with trypsin (Thermo Fisher) according to manufacturer’s suggested
conditions. Following passaging, cells were plated at 25% confluency in 10 cm tissue culture treated
dishes and cultured for 48-72 hours until ~90% confluent.

3. At 90% confluency, media was aspirated and 1mL of ice cold Trizol (Thermo Fisher) was added to the
culture and mixed on ice for 30 seconds to assure a homogeneous solution.

4. Samples were stored in Trizol at -80°C until further processing. RNA was isolated according to
manufacturer’s protocol with two 75% ethanol washes following isopropanol precipitation.
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5. Samples were resuspended in distilled H2O and stored at -80°C until library preparation.

In vitro transcribed tRNA spike-in preparation
1. Five mature tRNA sequences derived from E. coli tRNA (gtRNAdb v8) were purchased as gBlocks
(Integrated DNA Technologies; Supplementary Table 1) with a Hepatitis delta virus (HDV) ribozyme
sequence at the 3’ end of the sequence to generate a precise CCA 3’ end.
2. gBlocks were amplified using the Q5 2X master mix (NEB) and the T7 F and HDV R primers in
Supplementary Table 1 according to manufacturer’s suggested conditions. Design of the transcripts was
in accordance with previously published protocols36.

3. Amplification products of the appropriate length were purified from a native agarose gels stained with
0.05% EtBr using the QiaQuick gel extraction kit (Qiagen).

4. Up to 1 µg of double stranded template DNA was added to the HiScribe T7 High Yield RNA synthesis kit
(NEB) and transcribed according to manufacturer’s suggested conditions. The HDV cleavage reaction
occurs spontaneously in the reaction conditions required for in vitro transcription.

5. The cleaved tRNA product was then purified from a denaturing polyacrylamide gel using the crush and
soak method.

6. Removal of the 2’, 3’-cyclo-phosphate group on the 3’ end of the purified tRNA product was performed
by T4 polynucleotide kinase (NEB).

7. The repaired tRNA product was quantified using a Qubit fluorometer and individual tRNA species were
mixed to cover approximately 3.5 orders of magnitude. Appropriate mixing of the spike-in mix was
assessed with a Qubit Fluorometer (ThermoFisher) and Bioanalyzer (Agilent). 17 ng of control tRNAs
were spiked into 1 µg of total RNA from HEK293 total RNA treated with demethylase.

QuantM-tRNA seq library preparation
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1. Total RNA samples were quantified using a nanodrop spectrophotometer (ThermoFisher) prior to
library preparation and RNA integrity was checked on a 1.2% denaturing formaldehyde agarose gel.

2. To remove 3’ conjugated amino acids, total RNA was deacylated in deacylation buffer (final
concentration 20mM Tris-HCL pH=9.0) at a final concentration of 1 µg/µL.

3. Where indicated, deacylated total RNA was treated with demethylase (rtStarTM tRNA-optimized FirstStrand cDNA Synthesis Kit, ArrayStar) and cleaned up per the manufacturer’s instructions.

4. 1 µg of deacylated total RNA from each sample was subject to library preparation. 10 pmol of the 3’
and 10 pmol of the 5’ single-stranded adapter mix (2.5 pmol of each adapter 5’-TGrGrA-3’, 5’-TGrGrT-3’, 5’TGrGrG-3’, 5’-TGrGrC-3’; Supplementary Table 1) were added to a 200 µL thin-walled amplification tube
and denatured at 95°C for 2 minutes.

5. Then annealing buffer was added to a final concentration of 5 mM Tris-HCl (pH 8.0), 0.5mM
ethylenediaminetetraacetic acid (EDTA), and 10 mM MgCl2 and incubated at 37°C for 15 minutes to
hybridize the annealed double-stranded adapter to tRNA.

6. The ligation reaction was catalyzed by 5 U/ µL of RNA ligase 2 (NEB) with manufacturer’s suggested
conditions at 37°C for 60 minutes then 4°C at 60 minutes.

7. All reactions were ethanol precipitated with glycoblue (ThermoFisher) followed by two 75% ethanol
washes, then suspended in 10 µL of dH2O.

8. Following ligation, synthesis of cDNA began with hybridization of the reverse transcriptase primer to
the ligated total RNA with a final concentration of 0.5 pmol/µL (10 pmol total).

9. The samples were incubated at 70°C for 2 minutes and temperature was reduced to 37°C by 0.1°C/sec.
Synthesis of cDNA was achieved using Superscript IV at 55°C for 60 minutes.
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10. To remove DNA-RNA dimers following cDNA synthesis, RNA was hydrolyzed with a final
concentration of 0.1 N NaOH in dH2O at 98°C for 20 minutes.

11. All reactions were ethanol precipitated with glycoblue (ThermoFisher) followed by two 75% ethanol
washes, then suspended in 12 µL of dH2O.

12. cDNA libraries were separated using 7M urea 6% denaturing polyacrylamide gels. Gels were stained
with 1X SYBR gold (ThermoFisher) in 1X TBE for 15 minutes and regions representing tRNA derived
cDNAs were excised on a UV light box.

13. Gel slices were sheared through the bottom of a 0.5 mL tube nested in a 1.7 mL tube by
centrifugation then suspended in 400 µL of DNA elution buffer (300 mM NaCl, 10 mM Tris (pH=8.0, 1 mM
EDTA), incubated on dry ice for 30 minutes, and allowed to incubate at room temperature overnight on a
standing rotator.

14. cDNA was isopropanol precipitated with glycoblue followed by two 75% ethanol washes then was
resuspended in 12 µL of dH2O.

15. Circularization of cDNA libraries was performed with CircLigase (Epicentre) at 0.5U/µL using
manufacturer’s suggested conditions at 60°C for 1 hour. The reaction was terminated with incubation at
80°C for 20 minutes.

16. All reactions were ethanol precipitated with glycoblue followed by two 75% ethanol washes, then
suspended in 12.5 µL of dH2O.

17. cDNA libraries were amplified using the NEBnext Ultra II Q5 next-generation master mix (NEB) with
manufacturer’s suggested conditions. HEK293 libraries were amplified for 7 cycles.
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18. Amplified libraries were gel purified from 2% agarose gels stained with 0.05 mg/ml ethidium bromide.
Regions of interest (100-250bp) were excised on a UV light box and purified using the Qiaquick gel
extraction kit (Qiagen) taking care to dissolve gel slices at room temperature and using all optional steps.

19. All libraries were ethanol precipitated with glycoblue (thermo) with two 75% ethanol washes, then
suspended in 10 µL of dH2O before submitting for sequencing.

20. Library concentration was assessed using a Qubit (ThermoFisher), quality was assessed on a DNA
HS bioanalyzer chip (Agilent), and library multiplexing directed by qPCR.

21. Sequencing was performed as single-end reads for 110 cycles on a NextSeq 550 (v2.5).

Read quality control and alignment
Reads were first processed to remove 5’ adapter sequences using cutadapt --cut 2 then cutadapt -g
TCCAACTGGATACTGGN -e 0.2 followed by cutadapt –a CCAGTATCCAGTTGGAATT -e 0.2 to remove 3’
CCA and adapter sequences. Custom human or mouse tRNA references were generated by collapsing
identical tRNA sequences from gtRNAdb Release 18 hg38 or mm10 high confidence mature tRNA fasta
files. Mapping of human or mouse reads with the corresponding reference was done with bowtie2 using
the parameters: --quiet --min-score G,1,8 --local -D 20 -R 3 -N 1 -L 10 -i S,1,0.5. Isodecoder-level read count
tables for further analyses were produced by counting reads with MAPQ > 10 over reference tRNAs using
the Rsubread package’s featureCounts function in R. Anticodon-level read count tables were then created
by summing reads from all isodecoders with the same anticodon. In addition to raw read count tables,
tables of both isodecoder and anticodon-level reads per million mapped read (RPM) values were
generated by dividing raw read counts * 1,000,000 by the number of reads mapped.

Differential expression analysis
The raw read count tables at both the anticodon-level and isodecoder-level across all 7 mouse
tissues described in the previous section were next used to perform differential tRNA expression analysis.
The likelihood ratio test was applied to these tables using DESeq2 in R as detailed in
https://hbctraining.github.io/DGE_workshop/lessons/08_DGE_LRT.html (Command:
DESeq(raw_count_table, test="LRT", reduced = ~ 1) using default settings and p-value adjustment
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(Benjamin-Hochberg correction). Downstream data visualization and plotting were performed using
ggplot2, gplots (heatmap.2), ggrepel, and ggforce in custom R scripts.

Variant analysis
In order to analyze variants in tRNA sequencing reads, a custom Python script was used to generate
variant counts at each position in every tRNA across all 7 mouse tissues. In brief, bam files were read into
the script and the CIGAR string and MD tags for each read were used to tabulate each mutation, insertion,
or deletion across every ribonucleotide base of all tRNA in the mouse reference. In addition, 5’ ends of
reads internal to tRNA were used to infer sites of RT stalling or fall-off. These 4 types of variants were
summed at each position of each tRNA for a total variant count, and then a read coverage at each
position was also calculated.
To identify significantly changed sequencing variants across tissues, we performed DEXseq
analysis on the raw variant counts table in R. DEXseq was originally devised to identify alternative
processing events in mRNA, but we reasoned that co-transcriptional splicing is similar in principle to RTmediated misincorporation/stalling at RNA modifications. To ensure robust detection of variants that
change across tissues, we added two additional filtering steps. First, for a given tRNA base, we required
that variant percentage be > 1% on average in every tissue. Next, we only accepted base-level variants
that changed variant percentage at least 1.5-fold across tissues. Downstream data visualization and
plotting were performed using ggplot2, gplots, ggrepel, and ggforce in custom R scripts as well as
matplotlib in custom python scripts.

Troubleshooting
Time Taken
In vitro transcription and mixing of e. coli spike-in control
6 days

Library preparation
4-10 days depending upon number of libraries
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Data analysis
variable (3-14 days depending upon needs and hardware)

Anticipated Results
Please see 'procedure' for anticipated results.
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