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ABSTRACT
Transfer RNAs belong to the most abundant type of ribonucleic acid in the cell, and detailed investigations
revealed correlations between alterations in the tRNA pool composition and certain diseases like breast
cancer. However, currently available methods do not sample the entire tRNA pool or lack specificity for
tRNAs. A specific disadvantage of such methods is that only full-length tRNAs are analysed, while tRNA
fragments or incomplete cDNAs due to RT stops at modified nucleosides are lost. Another drawback in
certain approaches is that the tRNA fraction has to be isolated and separated from high molecular weight
RNA, resulting in considerable labour costs and loss of material. Based on a hairpin-shaped adapter
oligonucleotide selective for tRNA transcripts, we developed a highly specific protocol for efficient and
comprehensive high-throughput analysis of tRNAs that combines the benefits of existing methods and
eliminates their disadvantages. Due to a 3ʹ-TGG overhang, the adapter is specifically ligated to the tRNA 3ʹ-
CCA end. Reverse transcription prior to the ligation of a second adapter allows to include prematurely
terminated cDNA products, increasing the number of tRNA reads. This strategy renders this approach
a powerful and universal tool to analyse the tRNA pool of cells and organisms under different conditions in
health and disease.
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Introduction

tRNAs are important molecules in the biosynthesis of pro-
teins, where they function as adapters between mRNA codons
and the corresponding amino acids[1,2]. Correct expression
and processing of tRNA primary transcripts are regulated by
many different enzymes, ensuring that the final tRNA gains
its functional structure [3]. If not encoded in the genome,
a CCA-triplet, essential for the subsequent aminoacylation, is
added to the 3ʹ-end of the tRNA by the CCA-adding enzyme
[4–6]. As all mature tRNAs carry this sequence, the CCA
triplet allows for specific isolation of tRNAs.

Due to the degenerated genetic code, the 20 amino acids
used in protein biosynthesis are encoded by more than 20
codons in the mRNA. As a consequence, there are many
tRNA isoacceptors in a cell that are charged with the same
amino acid but address different, yet amino acid-specific
codons [7]. Similarly, and especially in eukaryotes, isodeco-
ders exist – tRNAs that recognize the same codon triplet but
can differ at certain positions within their sequence [8]. This
variability and different frequency in synonymous codons
and, consequently, also in the tRNAs used by a cell [9], results
in a codon usage bias [10,11]. This bias can be discriminative

for different species [12] and different cell types within an
organism [13–15]. Additionally, codon usage biases and
diverse tRNA abundances were detected in cells of different
growth states [16], and differences in the tRNA pool compo-
sition have been observed in healthy and tumorigenic cells
[2,16–18]. Hence, this feature can be used as a signature for
the identification of specific cell types or the detection of
tRNA pool aberrations linked to certain diseases.

Furthermore, mutations in the tRNA sequence as well as in
the different factors involved in maturation, aminoacylation and
translation can cause tRNA malfunction and lead to phenotypic
manifestation including severe diseases [19–23]. Beyond their
important role in protein synthesis, there is growing evidence
that tRNA-derived fragments play important roles in diverse
cellular processes like gene silencing or control of protein trans-
lation [24,25]. Accordingly, substantial efforts have beenmade to
establish various methods for efficient monitoring of tRNA
levels or identification of tRNA sequence aberrations [26,27]
that can be used to investigate the roles of tRNAs in disease
[28]. However, the lack of preciseness and robustness limits the
deep investigation of these molecules, and more efficient tools
are required to utilize tRNAs as biomarkers.
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Many methods for tRNA quantitation have been developed,
highlighting the many challenges arising for high-throughput
analysis of the tRNA pool within a cell. tRNAs are structurally
very stable and often highly modified. Mature tRNAs carry
a short, single-stranded 3ʹ-end and a double-stranded 5ʹ-end,
resulting in difficult adapter ligation and reverse transcription –
two essential steps in high-throughput RNA sequencing.
Although tRNAs comprise a high amount of total RNA in the
cell (10 – 15%) [29], most approaches require a tRNA-specific
enrichment step to reduce the tremendous background of ribo-
somal RNA (up to 80% in a cell) in the ligation reaction. Using
a Y-shaped adapter that hybridizes to the 3ʹ-CCA end and is then
ligated to the 5ʹ- and 3ʹ-ends, Shigematsu et al. developed the
YAMAT-Seq method (Y-shaped Adapter-ligated MAture
TRNA sequencing) to circumvent these problems, allowing for
a selective tRNA amplification without prior enrichment [30].
However, as adapter oligonucleotides are simultaneously fused
to the tRNA 5ʹ- and 3ʹ-ends, only tRNAs that are fully reverse
transcribed into cDNA are amplified, while prematurely termi-
nated cDNAs, e.g. due to modifications and/or structural obsta-
cles, are lost. Hence, no information concerning tRNA
fragments or tRNAs carrying a substantial amount of nucleoside
modifications are retrieved in the YAMAT procedure. Pang et al.
overcame such problems by introducing a two-step adapter
ligation, allowing to recover such cDNA fragments [31]. This
approach, however, requires an extensive purification of tRNA
fractions out of a total RNA reparation, and the authors apply
five consecutive HPLC preparation steps of the reaction inter-
mediates, likely resulting in a considerable loss of valuable tRNA
material. Thus, an urgent need remains for methods that are easy
to handle and combine adapter ligation without prior tRNA
isolation. For a comprehensive investigation of the tRNA pool,
such a method should include also tRNA-derived cDNA frag-
ments, as they contain valuable information concerning expres-
sion of tRNAs (that are otherwise not registered) and specific
modification positions.

Here, we present the fast and powerful method LOTTE-seq
(Long hairpin oligonucleotide based tRNA high-throughput
sequencing) that combines the benefits of the approaches
described above [30,31], while it simultaneously avoids their
disadvantages. In LOTTE-seq, a CCA-specific 3ʹ-adapter is
ligated to mature tRNAs without previous purification.
The second adapter is ligated to the resulting cDNA 3ʹ-ends.
As a result, both full-length and shorter cDNA fragments are
included in the data analysis. Further, with the use of
a selective adapter for mature tRNA 3ʹ-ends, no purification
of a tRNA fraction is required, and a crude total RNA pre-
paration can be used. We believe that this method is very
useful for tRNA research and diagnostics in terms of tRNA
pool composition and abundance of individual tRNAs in
various cellular states such as proliferation, differentiation,
stress or disease.

Results

Hairpin-adapter-based ligation

LOTTE-seq is a powerful method to analyse tRNA pools in
a fast and easy way starting from crude RNA preparations

(Figure 1). The first step is the selective ligation of a 3ʹ-adapter
to mature tRNAs carrying a 3ʹ-CCA end. To this end, total
RNA can be used without prior laborious and possibly bias-
introducing tRNA enrichment, where usually a considerable
amount of material is lost. This specificity is achieved using
a hairpin-shaped DNA oligonucleotide that contains a 3ʹ-
TGGN (N = any nucleotide) overhang complementary to
the mature tRNA 3ʹ-end, consisting of the discriminator posi-
tion 73 (numbering according to Sprinzl et al.[32]) and the
CCA terminus. Such a hairpin oligonucleotide was first devel-
oped by Dittmar et al.[14] for tRNA-microarray analysis and
is distantly related to the Y-shaped adapter used in YAMAT-
Seq[30]. A significant difference in the design of our hairpin-
shaped adapter is that it contains only deoxyribonucleotides.
Accordingly, we use T4 DNA ligase to fuse the adapter to the
tRNA 3ʹ-ends (Step A). The ligation product is reverse tran-
scribed into a cDNA pool containing not only full-length
cDNA products, but also incomplete molecules resulting
from RT stops at nucleoside modifications (Step B). The
single gel extraction step in the whole LOTTE-seq procedure
separates the RT-products from unused hairpin adapter that
could interfere within the second ligation step. The purified
cDNA is then ligated to the second adapter (Step C).
According to Pang et al.[31] and our own experience[33],
ligating the second adapter to the cDNA 3ʹ-end and not to
the tRNA 5ʹ-end leads to a considerable increase in sequence
reads of the tRNA pool. Transfer RNAs contain many mod-
ified bases and have a highly stable secondary structure, lead-
ing to frequent premature cDNA terminations. If both
adapters were ligated to the tRNA, only full-length cDNA
products could be amplified, because prematurely terminated
cDNA fragments lack the second adapter and, consequently,
the PCR primer-binding site. In contrast, ligation of
the second adapter to the cDNA 3ʹ-ends allows amplification
not only of full-length cDNAs, but also of prematurely termi-
nated cDNA products (Step D). As the 3ʹ-terminal 20 to 30
positions in a tRNA contain only very few modifications,
these regions are readily reverse transcribed into cDNA and
can be used to identify the individual tRNAs (Step E)[31].
Hence, the tRNA reads in our approach contain much more
information than those of standard procedures based on the
adapter ligation to both tRNA ends.

DNA hairpin ligation is highly selective

Without a selective adapter ligation to the tRNA 3ʹ-end, it is
essential to efficiently separate tRNAs from other RNAs in the
preparation, as these would be unavoidably included in the
analysis. Apart from ribosomal RNA (rRNA) depletion based
on commercially available kits, one possibility is to purify frac-
tions containing small RNAs by gel electrophoresis, high salt
precipitation or size exclusion chromatography. However, all
these approaches result in a loss of tRNA material and, conse-
quently, require an accordingly high amount of starting material
[34,35]. In LOTTE-seq, we avoid such procedures and select
tRNAs by a highly specific adapter ligation. Originally designed
to introduce fluorescence labels in tRNA samples[14], we use
a DNA-only adapter with 3ʹ-TGGN overhang and an extended
double-stranded region that introduces a primer binding site for
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reverse transcription and PCR (Figure 2A). Furthermore, as
RNA-seq data can be prone to amplification or ligation biases
[31,36], our hairpin design allows for the introduction of unique
molecular identifier sequences (UMI) for the detection of such
artefacts (Figure S1)[37]. For optimal adapter ligation, we tested
T4 DNA ligase, T4 RNA ligase 1 and T4 RNA ligase 2 (truncated
KQ) in their specificity to fuse the adapter to in vitro transcribed
tRNA with 3ʹ-CCA end (Figure 2B). T4 RNA ligase 1 requires
single-stranded RNA molecules as substrates, while T4 RNA
ligase 2 is more promiscuous and tolerates single- as well as
double-stranded transcripts [38–40]. In contrast, T4 DNA ligase
strictly requires double-stranded DNA or RNA and ligates either
blunt ends or gapless nicks in a double-stranded region [38,41].
While both RNA ligase 1 and 2 fuse our hairpin adapter to the 3ʹ-
end of a tRNA carrying the CCA-terminus, a considerable
amount of ligation product is also observed when a tRNA tran-
script lacking the CCA-end was offered (Figure 2A). These side
reaction products are the result of unspecific ligation of a single-

stranded RNA 3ʹ-end to the 5ʹ-end of the adapter, without
hybridizing to a CCA-sequence. T4 DNA ligase, however, does
not accept single-stranded RNA 3ʹ-ends and only tolerates the
nick region generated by the CCA-carrying tRNA hybridized to
the adapter molecule. Hence, only T4 DNA ligase shows
a specific and efficient ligation to the CCA-end-carrying tRNA
(80 – 90% yield), while no unwanted side-reaction products with
tRNA lacking the CCA end were observed, as they occurred with
RNA ligases 1 and 2 (Figure 2B).

To further demonstrate the nick specificity of the T4 DNA
ligase reaction, we investigated the ligation on tRNAs with
partial CCA ends. In a mixture of in vitro transcribed tRNAs
with such various 3ʹ-ends, only transcripts with complete 3ʹ-
CCA end were ligated (Figure 2C), indicating that a complete
CCA terminus is an absolute requirement for fusion to the
adapter, while tRNAs ending with CC, C, or even completely
lack the CCA end are not ligated at all (Figure 2C). Identical
results were obtained when the UMI-containing hairpin

Figure 1. Schematic workflow of the LOTTE-seq procedure. (A) A DNA hairpin-oligonucleotide (green) with a 3ʹ-TGGN overhang hybridizes to the tRNA 3ʹ-CCA
end (tRNA in blue). T4 DNA ligase fuses the 3ʹ-end of the CCA terminus to the phosphorylated 5ʹ end of the adapter. (B) The tRNA is reverse transcribed with parts of
the hairpin oligonucleotide serving as primer binding site. Secondary structure and modified bases can lead to premature RT stops and partial cDNA (yellow). (C)
Using T4 RNA ligase I, a 5ʹ-phosphorylated and 3ʹ-blocked second adapter (red) is fused to the 3ʹ-end of the cDNA, leading to the generation of cDNA product with
adapters on both sides (red and green). (D) This product is PCR-amplified with indexed primers binding to the adapter overhang sequences. (E) The cDNA library
consisting of full-length as well as prematurely terminated tRNA sequences is analysed by high-throughput sequencing.
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adapter was used (Figure S1). Taken together, only T4 DNA
ligase is highly specific for the adapter fusion to the tRNA
CCA-end, while both RNA ligase reactions lead to unwanted
side reaction products that reduce the sequence output of
mature tRNAs in the preparation.

Hairpin adapter ligation to tRNA preparations

We also investigated the specificity of the hairpin adapter
ligation on tRNAs isolated from total RNA. In contrast to
the in vitro transcribed tRNA, the enriched tRNA pool of an
organism is diverse in length and contains modified bases. We
isolated the tRNA fraction of a Dictyostelium discoideum
culture and performed the hairpin adapter ligation under
the determined optimal conditions. In a control experiment,
we incubated the tRNA preparation with snake venom phos-
phodiesterase (SVPD I) to remove the 3ʹ-CCA ends. This
enzyme catalyzes the hydrolysis of 3ʹ-nucleotide phosphates
and can easily be adjusted to only remove three nucleotides of
the tRNA 3ʹ-end [42,43]. To restore and visualize the CCA
end in a part of the preparation, the tRNA was incubated with

the recombinant D. discoideum CCA-adding enzyme in the
presence of NTPs spiked with[32]P-ATP[44]. This label
allowed to monitor the efficiency of the ligation reaction
(Figure 3A).

Next, the efficiency of the whole procedure including RT/PCR
was tested. A SVPD I-treated tRNA sample was included as
a negative control. Only the tRNA preparation with CCA ends
(original or restored by CCA-addition) gave rise to PCR products
with a size of 150–200 bp, as expected for tRNA-adapter ligation
products (Figure 3B). The negative control, in contrast, did not
produce any amplification products. The correct adapter ligation
to the tRNA CCA ends was verified by sequence analysis of 10
individual reaction products after standard cloning (data not
shown).

The prior isolation of tRNA usually results in an increased
amount of specific ligation products and, consequently,
tRNA-derived sequence data. Yet, it requires additional time-
consuming treatment of the total RNA sample, lowering the
overall yield. Further, extensive treatment of the RNA may
distort the composition of the library so that also the relative
abundance of tRNAs is affected. Hence, it is desirable to avoid

Figure 2. DNA hairpin adapter ligation. (A) DNA hairpin adapter for LOTTE-seq. The 5ʹ-end of the TGGN overhang is phosphorylated for ligation, the base-paired
3ʹ-end for blocking unwanted side reactions. RT primer binding site is indicated. (B) Adapter ligation catalysed by T4 DNA ligase, T4 RNA ligase 1 and T4 RNA ligase 2
(truncated KQ). Hairpin adapter was incubated with radioactively labelled in vitro transcribed yeast tRNAPhe with and without CCA-end. Only T4 DNA ligase fuses the
tRNA with 3ʹ-CCA-end to the adapter hairpin at high selectivity, while RNA ligases 1 and 2 show considerable amounts of side reaction products with the transcript
lacking a CCA-end (indicated by asterisks *). T4 RNA ligase 1 shows an additional high molecular weight product migrating in the upper part of the gel, probably
resulting from the ligation of two tRNA molecules (**). The panel shows a prolonged exposure of the gels in order to visualize any unspecific ligation side reaction
products. In a subsequent PCR-based amplification, such products will represent a considerable unwanted part of the sequence reads. (C) T4 DNA ligase-catalysed
hairpin adapter ligation on tRNA transcripts with different 3ʹ-ends. Only the tRNA with a complete 3ʹ-CCA end was accepted for ligation, indicating a high specificity
of the adapter ligation for mature tRNA 3ʹ-ends. When the tRNAs with different 3ʹ-ends were pooled, T4 DNA ligase exclusively selects the mature tRNA with CCA-end
for ligation.
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such additional treatments and to use a total RNA preparation
for tRNA analysis, and we applied our strategy to different
amounts of total E. coli RNA, where we observed specific
amplification of ligation products from starting material as
low as 0.25 µg total RNA (Figure S2).

LOTTE-seq works for organism from all domains of life

To analyse the performance of our procedure, we subjected
total RNA preparations of six model organisms to LOTTE-
seq. Total RNA preparations of HEK293T cells (human),
Spinacia oleracea (plant), Saccharomyces cerevisiae (fungi),
Dictyostelium discoideum (Amoeba), Escherichia coli (Gram-
negative bacteria) and Geobacillus stearothermophilus (Gram-
positive bacteria) were investigated in two independent
experiments and analysed on an Illumina MiSeq device with

read numbers ranging from 1.4 to 3.2 million. In all
approaches, LOTTE-seq specifically selects tRNA with a 3ʹ-
CCA-end, including prematurely terminated cDNA fragments
that represent the tRNA 3ʹ- part. Reads from non-tRNA
sequences were found at a very low abundance with an aver-
age value of 3% (Table 1). tRNA sequences lacking the mature
CCA-end were found only in 0.6% of all reads, indicating the
high selectivity of our approach.

To retrieve also information about tRNAs that cannot be fully
reverse transcribed into cDNA, a two-step adapter ligation pro-
cedure was implemented, where the second adapter was fused to
the 3ʹ-end of the generated cDNA[31]. This strategy also
includes cDNA fragments due to premature RT stops, so that
a much higher number of (partial) tRNA sequences is repre-
sented in the sequence reads. Induced by robust RNA structures
as well as base modifications (that are frequently found in
tRNAs), such RT stops can affect the efficiency of reverse tran-
scription [45–48]. While this decreases the number of reads
spanning certain modifications, the corresponding pileup of
RT stops in LOTTE-seq is an excellent indicator for these base
modifications.

When performing LOTTE-seq for different organisms, we
found that the cDNA yield differed dramatically from species to
species. For bacterial samples, higher amounts of cDNA were
obtained. This might be due to a less complex pattern of base
modifications in these organisms [49,50]. In contrast, the relative
amount of full-length tRNA was smaller in the human and plant
samples, where tRNAs are usually modified to a greater extent.
Many reads show termination sites corresponding to positions 9,
26, 37 and 58 in eukaryotic tRNAs and positions 22, 37 and 46 in
bacterial tRNAs (Figure S3). Position 58 is represented by a highly
conserved A residue frequently modified as m1A [51,52]. As base
methylations can cause RT termination, it is highly likely that the
observed read stops at this position represent the presence of this
basemodification.We further found read termination positions at

Figure 3. Hairpin adapter ligation to a tRNA pool preparation. (A) To introduce a radioactive label for visualization, CCA ends of the D. discoideum tRNA pool
were removed by snake venom phosphodiesterase and restored by CCA-adding enzyme (D. discoideum) and NTPs spiked with α-32P-ATP. T4 DNA ligase fused the
labelled tRNA pool to the hairpin adapter at high efficiency. (B) After reverse transcription and ligation of the second adapter, cDNA was amplified with indexed
primers for Illumina deep sequencing. The original tRNA pool of D. discoideum as well as pool samples without or with restored CCA ends were analysed. Only
samples with CCA ends (original or restored) gave rise to amplification products. The product length of 150 to 200 bp corresponds to the expected size of PCR
products consisting of adapters and complete or partial tRNA sequences.

Table 1. Non-specific reads in tRNA-seq approaches.

RNA reads % non-tRNA (average) species

YAMAT 3.2 Hsa
Pang-like procedure 43.5 Ddi, Gst
LOTTE-seq 3.0 Hsa, Sce, Ddi, Gst, Eco, Sol

RNA reads % non-CCA (average) species

YAMAT 6.3 Hsa
Pang-like procedure 58 Ddi, Gst
LOTTE-seq 0.6 Hsa, Sce, Ddi, Gst, Eco, Sol

The average number of sequence reads that did not map to tRNA genes (upper
part) or that did not carry a 3ʹ-terminal CCA triplet (lower part) are shown for
LOTTE-seq in comparison to YAMAT and a procedure closely related to the one
described by Pang et al. For both criteria, LOTTE-seq shows the lowest amount
of non-specific sequences. While YAMAT and LOTTE-seq show similarly low
values for non-tRNA reads, adapter ligation by T4 DNA ligase is obviously more
selective for nick sealing in CCA-sequence hybrids than the truncated T4 RNA
ligase used in YAMAT. Due to the lack of CCA-specific adapter ligation, the
Pang-like approach shows the highest amount of non-tRNA and non-CCA end
ligation, illustrating the importance of the efficient separation of the tRNA
fraction from other transcripts in the preparation procedure. Ddi,
D. discoideum; Eco, E. coli; Gst, G. stearothermophilus; Hsa, HEK293T cell line;
Sce, S. cerevisiae; Sol, S. oleracea.
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A9 in eukaryotes and A22 in bacteria – positions that are also
known to be modified as m1A[52]. Read terminations at positions
G26 (eukaryotes) andG46 (E. coli) might be caused bymethylated
guanosines (m1G, m2

2G or m7G). Additional termination signals
were observed at positions 20 (D. discoideum) and 47
(D. discoideum, S. oleracea), where we cannot assign a specific
modification to these positions, since there are no data available
about tRNA modifications in these species. Compared to the
eukaryotic samples, we observed less RT terminations in the
bacterial tRNAs. Here, predominantly position 37, located down-
stream of the anticodon, is affected. This position carries a highly
conserved purine residue that is frequently modified to keep the
anticodon loop in an open conformation, as it avoids
a detrimental base-pairing of positions 33 and 37[50]. In conclu-
sion, LOTTE-seq allows for the identification of certain nucleo-
side modifications in tRNAs. Depending on the reverse
transcriptase, it is probably also possible to identify nucleotide
misincorporations as RT signatures, as it was described for several
of these enzymes [47,53–56].

Discussion

In recent years, the investigation of tRNAs or tRNA pools and
their correlation to translation efficacy and regulation, stress
conditions and diseases developed into an important area of
research [2,13,57–59]. There are many indications that tRNA
abundance is associated with certain diseases [60–63].
However, the peculiar features of tRNA molecules render
library preparation quite complicated and error-prone, and
standard Illumina approaches are not very practical for their
analysis, as can be seen in Fig. S4, where we compare LOTTE-
seq with a standard sRNA TruSeq approach (5ʹ- and 3ʹ-
adapter ligation followed by reverse transcription) and an
optimized sRNA TruSeq protocol (3ʹ-adapter ligation fol-
lowed by cDNA synthesis and subsequent cDNA adapter
ligation). A reason for these difficulties is the high amount
of modified bases [64–66] as well as stable secondary and
tertiary structures of tRNAs [45,67]. Here, we present an
improved method for efficient capturing of tRNAs for deep
sequencing analysis that combines the advantages of two
other valuable approaches, while avoiding their disadvantages.
The usage of a DNA hairpin adapter that specifically hybri-
dizes to the tRNA 3ʹ-CCA end ensures that exclusively mature
tRNA transcripts are investigated. In the reaction catalysed by
T4 DNA ligase[14], only full-length CCA ends are accepted
for ligation, in contrast to T4 RNA ligase 1 and T4 RNA ligase
2 (truncated KQ). tRNAs with partial or no CCA end are
efficiently excluded, as T4 DNA ligase does not tolerate sin-
gle-stranded nucleic acids or double strands that carry a gap
in the hybrid region between CCA end and adapter overhang
(Figure 2).

Interestingly, the analysis of the tRNA sequence reads
identified a series of stop signals resulting from reverse tran-
scription termination at methylated base positions. Several
experimental approaches exist that use such induced RT
stop signals to specifically investigate the presence of indivi-
dual types of modifications. ARM-seq[68] as well as DM-seq
[69] compare untreated with enzymatically demethylated
samples to identify certain base methylation positions in

transcriptome data. With these methods, m1A was found at
positions 9 and 58 in eukaryotes [68,69] and position 22 in
some bacterial tRNAs[70]. m1G is also found at position 9 in
eukaryotes and at position 37 in both eukaryotic and bacterial
tRNAs. As described above, LOTTE-seq reveals strong RT
stop signals at these positions (Figure S3). The m1G22 RT
stop is only visible in G. stearothermophilus tRNA but not in
E. coli – an observation that was also made by Schwartz et al.,
who identified m1G22 in B. subtilis and S. aureus, but not in
E. coli, where it is obviously absent[70]. Furthermore, DM-
tRNA-seq identified m2C32 in only five human tRNAs[69],
which is also in agreement with a weak RT stop signal at the
corresponding position in LOTTE-seq. In all analysed eukar-
yotic species, we obtained a strong stop signal at position 26,
corresponding to the m2

2G modification identified by DM-
tRNA-seq at this position[69]. Similarly, LOTTE-seq showed
RT signals at position 46 in E. coli, where DM-tRNA-seq
located m7G.

Taken together, this comparison shows that LOTTE-seq
produces modification-specific RT stop signatures, demon-
strating that this method can be used for the identification
of certain base modifications. A combination of our approach
with ARM-seq[68], DM-tRNA-seq[69] or AlkAniline-seq[71],
where enzymatic treatment of specific modifications is
applied, would represent a promising strategy for the investi-
gation of tRNA-based modifications. Such a combination –
which is not possible with YAMAT – should dramatically
increase the number of useable tRNA reads and thus facilitate
the accurate identification of position-specific modifications.

When analysing human and plant samples, we were faced
with the problem of the accurate mapping of tRNA reads as
described by Hoffmann et al. [72]. Human and plant genomes
comprise 400–1000 tRNA genes (Supplementary Table S1)
with many isodecoders, differing in only a few nucleotides
[8,73–76]. This complicates the allocation of reads to the
corresponding gene, even for full-length tRNAs. Together
with a relatively short read length, this leads to an inaccuracy
of mapping. In order to discard reads that map to sequences
other than tRNA genes, the reads were mapped against an
artificial genome with masked tRNAs[72]. For LOTTE-seq,
however, we only select mature tRNAs with posttranscription-
ally added 3ʹ-CCA termini representing an identification sig-
nature for tRNA reads.

Compared to the procedures described by Shigematsu[30]
and Pang[31] in terms of specificity, LOTTE-seq shows
a selectivity for tRNAs similar to YAMAT (Table 1).
However, the use of T4 DNA ligase leads to an increased
specificity for complete CCA-ends (only 0.6% non-CCA
ends), while T4 RNA ligase 2 that was used in YAMAT also
accepts unpaired single-stranded 3ʹ-ends, leading to 6.3% non-
CCA-ends. A direct comparison of the tRNA pool composition
identified by YAMAT and LOTTE-Seq, however, is not reason-
able, as Shigematsu et al. used breast cancer cell lines (BT-474,
SK-BR-3, MCF-7) in their analysis[30], while we used human
embryonic kidney cells (HEK293T). There is growing evidence
that the cellular tRNA pool composition is not stable, but is
actively adjusted to individual growing conditions or cell-type
requirements, resulting in specific tRNA pools in different cells
or organs [2,16,60,63,77–82]. As a result, these cell-type-
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specific differences render a comparison of the data obtained
by YAMAT and LOTTE-Seq impossible. Also, a comparison of
the data of Pang[31] is not feasible, since neither the fraction of
non-tRNA reads nor the fraction of non-CCA ends was
reported. Therefore, we used our own sequencing data on
D. discoideum and G. stearothermophilus that were generated
by a procedure highly similar to the Pang approach[33].
Instead of HPLC separation, the tRNA-containing small RNA
fraction was isolated by high salt precipitation [83,84]. The
subsequent steps were identical to the Pang strategy. A 3ʹ-
adapter was fused to the small RNA preparation by truncated
T4 RNA ligase 2. After cDNA synthesis, a second adapter was
ligated to the cDNA 3ʹ-ends, the reaction products were ampli-
fied by PCR and sequenced on a MiSeq device. While this
procedure also led to a considerable amount of tRNA reads
(56.5%), the number of non-tRNA reads is much higher com-
pared to YAMAT or LOTTE-seq (Table 1). Furthermore, the
use of T4 RNA ligase leads to 42% of sequences ending with
sequences other than CCA – a further indication that CCA-
specific 3ʹ-adapters are highly selective, and – when combined
with T4 DNA ligase reaction in LOTTE-seq – result in the
highest number of reads with mature tRNA 3ʹ-ends.
Furthermore, in all tRNA pools analysed by LOTTE-seq, we
did not observe the appearance of jackpot tRNAs – high
sequence reads resulting from ligation or amplification biases
as described by Pang et al.[31].

Taken together, LOTTE-seq is a highly robust and versatile
approach that combines the pros of two – also very valuable –
alternative procedures, while avoiding their cons. Combined with
unique molecular identifiers, LOTTE-seq is a useful method to
investigate the tRNA pools of different sources in a fast, conve-
nient and reliable way.

Conclusions

As tRNAs are recognized as important contributors to regu-
latory mechanisms, the development of improved methods for
the analysis of tRNAs in various cell states and organisms is
an urgent need. LOTTE-seq renders the analysis of tRNA
pools or individual transcripts (including some modification)
more efficient and accurate. We hope that this not only
improves the statistical relevance of tRNA expression data
but also sets the stage to implementing tRNAs as a powerful
biomarker for the detection of various cellular states.

Materials and methods

Total RNA isolation of different cells

Human embryonic kidney cells (HEK293T) were cultured under
standard conditions. Cells were lysed with TRIzol® (Thermo
Scientific) and used for total RNA isolation. Four leaves of
Spinacia oleracea were disrupted in a CellCrusher® with liquid
nitrogen and mixed with TRIzol®. Saccharomyces cerevisiae cells
(BY4716) were grown as a liquid culture in YPADmedium over-
night at 30°C. Cells were harvested by centrifugation, mixed with
TRIzol® and disrupted in a FastPrep® cell homogenizer (MP
Biomedicals) with 1 mm silica beads. Dictyostelium discoideum
cells (gift of C. Hammann, Bremen) were taken up in TRIzol® (3

x 108 cells).Geobacillus stearothermophilus cells were cultivated in
medium 220 at 50°C, harvested by centrifugation and treated with
a FastPrep® cell homogenizer (MP-Biomedicals) and 1 mm silica
beads. TRIzol® was added to the disrupted cells. Escherichia coli
Top10 cells were cultured at 37°C in LB-medium, harvested by
centrifugation and lysed with TRIzol®.

For the preparation of tRNAs, 0.5 M NaCl and 5% (v/v)
PEG8000 were added to the total RNA preparation. After
incubation for 30 min at −20°C, the sample was centrifuged
twice for 30 min at 4°C and 10.000 x g. Small RNAs in the
supernatant were precipitated with 100% ethanol[84]. The
precipitated RNAs were redissolved and purified by polyacry-
lamide gel electrophoresis. Gel extraction of the tRNA-
containing bands was performed as described[85].

Adapter ligation

A 100 pmol of the hairpin-shaped DNA adapter with 3ʹ-TGGN
overhang (5ʹ-pCGACACTGTCGGTACCGACGGGAGAAGTC
GGTACCGACAGTGTCGTGGNp-3‘) was incubated with 2–4
µg total RNA and 30 units T4 DNA ligase (NEB) in 66 mM Tris-
HCl pH 7.6, 6.6 mM MgCl2, 10 mM DTT, 66 µM ATP and 25%
(v/v) DMSO [14] for 8 h at 32°C. The enzyme was heat-
inactivated for 10 min at 65° and the ligation product was
purified by ethanol precipitation.

For ligation with T4 RNA ligase 1, 50 pmol hairpin adapter
and 10 pmol in vitro transcribed tRNAs with defined homo-
geneous 3ʹ-end (produced as described [86,87]) were incu-
bated 50 mM Tris/HCl pH 8.0, 10 mM MgCl2, 0.2 mg/ml
BSA, 1 mM hexamine cobalt(III) chloride, 12.5% PEG, 1 mM
ATP and 30 units RNA ligase 1 (NEB) for 16 h at 16°C. The
reaction was stopped by incubation at 65°C for 15 min.

For ligation with T4 RNA ligase 2, 10 pmol of the tRNA
in vitro transcripts was incubated with 50 pmol hairpin adapter,
1 x T4 RNA ligase buffer (NEB) and 10 units RNA ligase 2
(NEB) for 1 h at 37°C following an incubation overnight at 4°C.

Reverse transcription

tRNA ligated at the 3ʹ-end to the hairpin adapter was incubated
with 100 pmol32P-labelled RT primer (5‘-CAAGC
TCGGTACCGACAGTG-3‘; underlined sequence represents
primer binding site for subsequent PCR) and 2 mM dNTPs
for 5 min at 65°C and cooled down to room temperature.
Reaction buffer (Thermo Scientific), 5 mM DTT, RNase inhi-
bitor and 15 units SuperScript IV RT (Thermo Scientific) were
added, and the reaction was incubated at 55°C for 30 min. The
enzyme was heat-inactivated for 10 min at 80°C. cDNA was
separated on a poly-acrylamide gel and visualized by autora-
diography before purification by gel extraction.

Ligation of cDNA adapter

The gel-purified cDNA and 100 pmol of a DNA-only version
of the Illumina TruSeq small RNA kit adapter (5‘-
pGATCGTCGGACTGTAGAACTCTGAAC-AminoC6–3ʹ)
were incubated in 50% (v/v) PEG8000, 1 x T4 RNA ligase
buffer (NEB), 1 mM ATP, 1 mM cobalt hexamine chloride
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and 10 units T4 RNA ligase 1 (NEB) for 16 h at 16°C. The
enzyme was heat-inactivated for 10 min at 65°C.

Amplification of the cDNA library

cDNA carrying 5ʹ and 3ʹ adapter sequences was incubated in 1
x Phusion HF buffer, 0.2 µM dNTPs, 0.5 µM forward primer (5ʹ-
AATGATACGGCGACCACCGAGATCTACACGTTCAGAG-
TTCTACAGTCCGA-3ʹ; Illumina 5ʹ-PCR primer TruSeq small
RNA library preparation kit), 0.5 µM index primer (5ʹ-CAAG
CAGAAGACGGCATACGAGATNNNNNNTAGGACTCCAT-
GCAAGCTCGGTACCGACAGTG-3ʹ; custom primer for
Illumina TruSeq small RNA library preparation kit,
NNNNNN – index) and 0.5 units Phusion HF DNA polymerase
(Thermo Scientific) for 30 s at 98°C and amplified in 14 cycles (10
s at 98°C, 20 s at 60°C, 15 s at 72°C). A final elongation step for 2
min at 72°C completed the amplification. The PCR product was
purified using the QiaQuick PCR purification kit (Qiagen) to
remove unused PCR primers.

Optimized TruSeq small RNA protocol for tRNA library
preparation

2–4 µg total RNA and 100 pmol 3ʹ-adapter (5ʹ-pUGGAATTC
TCGGGTGCCAAGG-amino-C7-3ʹ) were incubated with
50 mM Tris-HCl (pH 8.0), 10 mM MgCl2, 0.2 mg/ml BSA,
1 mM cobalt hexamine chloride, 12.5% (v/v) PEG8000, 30 µM
ATP and 10 units T4 RNA ligase 1 (NEB) for 16 h at 25°C. The
reaction was purified with the GeneJET RNA Cleanup and
Concentration Micro Kit (Thermo Scientific, #K0841) and
used for reverse transcription under conditions described above.

Standard truseq small RNA protocol for library
preparation

Total RNA library preparation was carried out according to
the Illumina TruSeq small RNA library preparation protocol.
A pre-adenylated 3ʹ-adapter was incubated with 1 µg of total
RNA in the presence of T4 RNA ligase 2 (truncated KQ),
while the 5ʹ-ligation was carried out with T4 RNA ligase 1 and
a 5ʹ-RNA adapter. Reverse transcription and cDNA amplifica-
tion were carried out according to the manufacturer's protocol
(Illumina).

High-throughput RNA sequencing

Quality and concentration of the purified library constructs were
determined on a 2100 Bioanalyzer (Agilent). High-throughput
analysis of the libraries was done as single end run (150 nt) on
a MiSeq System (Illumina®) with a custom primer designed for
Illumina MiSeq analysis (5ʹ-CACTGTCGGTACCGAGCTTGCA
TGGAGTCCTA-3ʹ).

Bioinformatics analysis pipeline

For a detailed description, see the Supplementary Data.
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