Downloaded from rnajournal.cshlp.org on August 9, 2022 - Published by Cold Spring Harbor Laboratory Press

METHOD

tRNA base methylation identification and quantification
via high-throughput sequencing
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ABSTRACT

Eukaryotic transfer RNAs contain on average 14 modifications. Investigations of their biological functions require the
determination of the modification sites and the dynamic variations of the modification fraction. Base methylation represents a
major class of tRNA modification. Although many approaches have been used to identify tRNA base methylations, including
sequencing, they are generally qualitative and do not report the information on the modification fraction. Dynamic mRNA
modifications have been shown to play important biological roles; yet, the extent of tRNA modification fractions has not been
reported systemically. Here we take advantage of a recently developed high-throughput sequencing method (DM-tRNA-seq) to
identify and quantify tRNA base methylations located at the Watson-Crick face in HEK293T cells at single base resolution. We
apply information derived from both base mutations and positional stops from sequencing using a combination of demethylase
treatment and cDNA synthesis by a thermophilic reverse transcriptase to compile a quantitative “Modification Index” (MI) for
six base methylations in human tRNA and rRNA. MI combines the metrics for mutational and stop components from alignment
of sequencing data without demethylase treatment, and the modifications are validated in the sequencing data upon
demethylase treatment. We identify many new methylation sites in both human nuclear and mitochondrial-encoded tRNAs not
present in the RNA modification databases. The potentially quantitative nature of the MI values obtained from sequencing is
validated by primer extension of several tRNAs. Our approach should be widely applicable to identify tRNA methylation sites,
analyze comparative fractional modifications, and evaluate the modification dynamics between different samples.

Keywords: high-throughput sequencing; methylation; modification; quantification; tRNA

INTRODUCTION (Bjork et al. 1989; Gerber and Keller 1999; Ohira and Suzuki
2011; Whipple et al. 2011; Zaborske et al. 2014). The human
tRNAome consists of ~500 tRNA genes distributed among
49 isoacceptors, ie., tRNAs with different anticodon se-
quences (Chan and Lowe 2009). Furthermore, each isoaccep-
tor family contains many distinct sequences in the tRNA
body, so that ~300 tRNA sequences are encoded in a human
genome (Goodenbour and Pan 2006; Chan and Lowe 2009).
These tRNAs may have different modification patterns de-
pending on sequence, anticodon stem-loop context, and
other factors. Although it is commonly assumed that many
modification sites in tRNA are fully modified, previous liter-
ature provides scattered evidence that certain modification
sites in specific tRNAs can be fractionally modified (Kuchino
et al. 1981; Chan et al. 1982; Saikia et al. 2010; Vinayak and
Pathak 2010; Hauenschild et al. 2015), suggesting that dy-
namic differences in tRNA modification may be a potentially
useful parameter for biological regulation.

Over 100 types of post-transcriptional RNA modifications
have been identified in biology (Grosjean 2005). RNA mod-
ifications are a source of cellular and biological tuning of
RNA function (Phizicky and Hopper 2010; Wei et al. 2011;
Fu et al. 2014; Li and Mason 2014). The most extensively
modified cellular RNAs include rRNA and tRNA, each with
multifaceted functions. rRNA modifications affect ribosome
maturation and numerous aspects of protein synthesis (De-
catur and Fournier 2002; Liang et al. 2009; Higa-Nakamine
etal. 2012). Mammalian tRNAs are the most highly modified
RNA molecule in the cell, containing on average 14 modified
nucleotides per molecule, or one modification present for
approximately every five residues (Phizicky and Hopper
2010; Cantara et al. 2011; Machnicka et al. 2013; Zheng et
al. 2015). tRNA modifications are known to affect all aspects
of tRNA biology including decoding and charging efficiency
and fidelity, in vivo stability, and intracellular localization
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Extensive studies have been performed to identify tRNA
modifications in a site-specific manner (e.g., Chan et al.
2010; Suzuki and Suzuki 2014). The most common method
was to first separate a tRNA of interest from total cellular
RNA, followed by digestion to oligonucleotides and the
determination of modification site by either thin-layer chro-
matography (TLC) or liquid chromatography and mass spec-
trometry (LC/MS). These methods have the ability to access
all modification types and have been the standards in estab-
lishing the full modification patterns in individual tRNAs.
Major drawbacks of these methods are the difficulty and
the very large amount of material needed to isolate an indi-
vidual tRNA from cellular RNA. Another method of identi-
fying tRNA modification sites relies on reverse transcriptase
(RT) stops and/or mutations that occur at several specific
modification types at the Watson-Crick face of the nucleo-
base (Motorin et al. 2007; Ryvkin et al. 2013). This “modi-
fication-detection-by-synthesis” method can be applied
transcriptome-wide for tRNA. However, previous tRNA
sequencing methods were inefficient and not quantitative
due to the low quality of sequencing reads derived from
poorly characterized RT stop and mutation efficiencies at
individual modification types and sites. It was also shown
that RT stop and mutation are strongly context dependent
for a modification type such as N'-methyladenosine (m'A)
(Hauenschild et al. 2015). In TLC, LC/MS, and previous
sequencing studies, it has not been feasible to establish quan-
titative information on tRNA modification fractions at indi-
vidual sites.

Recent studies on N6-methyladenosine (m°®A) and N1-
methyladenosine (m'A) in mRNAs indicate that dynamic
RNA modifications play important biological roles (Domi-
nissini et al. 2012, 2016; Meyer et al. 2012; Li et al. 2016). Dy-
namic mRNA modification has a cell-type and cell-state-
dependent pattern that includes the location of the modifica-
tion sites and the modification fractions at each site. tRNA
modifications are generally present in the same locations de-
rived from the specificity of the modification enzymes and
tRNA sequence/structure. Therefore, dynamic tRNA modifi-
cations would most likely be derived from the variations in
the modification fractions at each site. Indeed, a previous
study using low-resolution microarrays on m'A58 modifi-
cation shows that m'A58 sites in some tRNAs are hypo-
modified (Saikia et al. 2010). Despite previous efforts, the
transcriptome-wide method has been lacking to systemati-
cally quantify tRNA modifications at single-base resolution.

Recently, our group and Lowe/Phizicky laboratories pub-
lished Illumina sequencing methods for tRNA: DM-tRNA-
seq (demethylase tRNA sequencing) and ARM-seq (AlkB-
facilitated RNA methylation sequencing) (Cozen et al.
2015; Zheng et al. 2015). The principle of both methods is
to use the E. coli AIkB demethylase and its mutant as central
components to remove m'A, N3-methyl-cytosine (m’C),
and N1-methyl-guanosine (m'G) modifications at the
Watson-Crick face in tRNA prior to ¢cDNA synthesis.
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While the initial results mainly emphasized the increased fre-
quency in the full-length tRNA or tRNA fragment reads due
to demethylation, neither publication provided a detailed
analysis on the tRNA modification landscape, especially the
ability of using tRNA-seq to quantify modification fractions.
In our published DM-tRNA-seq results (Zheng et al. 2015),
we showed that the application of a thermophilic RT
(TGIRT) enabled a large number of reads derived from read-
throughs of these modifications. Furthermore, TGIRT leaves
a very strong mutation and stop signature for different mod-
ification types and sites. However, a thorough analysis on the
applicability of the DM-tRNA-seq method on tRNA modifi-
cations was not carried out.

Here, we provide a comprehensive, detailed study on ap-
plying DM-tRNA-seq to identify specific base methylations
as well as to generate quantitative information of modifi-
cation fractions at these sites in the human tRNA trans-
criptome. We were able to thoroughly analyze six base
methylations in tRNA and rRNA [m'A, m®C, m'G, N? N2-
dimethyl-guanosine (m%,Q), 1-methylinosine (m'l), and
N’-methyl-uridine (m*U), Fig. 1]. Using known positions
of modification in tRNA, we can infer identification of five
other modifications [inosine (I), dihydrouridine (D), meth-
yl-2-thio-N6-threonylcarbamoyl-adenosine (ms*t°A), meth-
yl-2-thio-N6-isopentenyl-adenosine (ms*i°A), 1-methyl-3-
(3-amino-3-carboxypropyl)pseudouridine (m'acp’¥)]. We
provide a complete map of the human tRNA transcriptome
on four methylations (m'A, m°C, m'G, mzzG) in both nucle-
ar and mitochondrial-encoded tRNAs in HEK293T cells,
many of which were unknown or unvalidated previously.
We apply a quantitative metric, the “Modification Index”
(MI), to describe each modification site that includes fre-
quencies of mutations and stops to further characterize the
modification landscape in human tRNAs. MI values enable
access of quantitative or semiquantitative information re-
garding the modification levels at individual tRNA positions.
We validate the quantitative nature of the MI analysis for sev-
eral tRNAs by primer extension. Our results establish DM-
tRNA-seq as a high-throughput method to detect and quan-
tify or semiquantify numerous tRNA modifications and its
applicability for the studies of dynamic tRNA modifications.

RESULTS

Identification of tRNA methylation sites

Nextgen tRNA sequencing had been difficult to be performed
efficiently and quantitatively due to the presence of a large
number of base modifications at the Watson-Crick face
and the stable tRNA structure. Our laboratory and the
Lowe/Phizicky laboratories independently developed tRNA-
seq methods that first removed many base methylations using
AlkB-derived enzymes before cDNA synthesis (Cozen et al.
2015; Zheng et al. 2015). We also used a thermophilic reverse
transcriptase (TGIRT) that could more efficiently read
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FIGURE 1. Methylations in human tRNA and rRNA investigated in
this study. (A) Chemical structure of the six modifications where the
methyl group is shown in red. The presence of each modification in
tRNA and/or rRNA is listed beneath each base. (B) Schematic tRNA clo-
verleaf structure where the methylations for nuclear-encoded (left) and
mitochondrial-encoded (right) tRNAs investigated in this work are
located.

through base methylations than the commonly used super-
script RTs. Hence, more mutation signatures are present in
our sequencing data using cellular RNA from HEK293T cells.
Our sequencing strategy split each sample into two, one
directly sequenced and the other first treated with the de-
methylase enzymes before ¢cDNA synthesis. In this work,
the untreated sequencing data are used for modification anal-
ysis, whereas the demethylase-treated sequencing data are
used for validating the presence of modifications.

To identify potential sites of modifications that result in
RT readthrough mutations and stops, all sequencing reads
were aligned to mature tRNA sequences to obtain maximal
coverage of modified molecules. A decision tree is shown
for the flagged modification indices >0.15 at each position
(Supplemental Fig. S1). We first look for the effect of de-
methylase treatment at each flagged site. m'A, m’C, m'G,
m%G, and m’U sites show decreased MI values upon de-
methylase treatment (left branch). Sites that are unaffected
by demethylase treatment are further assessed based on
whether the MI is composed of only mutations, only stops,
or a mixture of mutations and stops (right branch). Among
the right branch, mutations only correspond to A-to-inosine
modification or isodecoder misalignment, stops only corre-
spond to the presence of bulky modifications in the
Watson-Crick face and dihydrouridine (D), and a mixture
of mutations and stops corresponds to other, uncommon
modifications in the Watson-Crick face. This type of analysis

enables us to identify the specifics of the modification using
the MI values.

Biological tRNAs are made of type I’s which have a 4-5 nu-
cleotide (nt) variable loop, and type II’s which have a longer
variable loop that folds into a short hairpin. We plotted the
cumulative MI for all type I tRNAs comprised of 18 of the
20 amino acids, and type II tRNA comprised of the amino ac-
ids leucine and serine (Fig. 2A). For type I tRNAs, high MI
peaks are apparent around nucleotides 58, 37, 34, 26, 20, 9,
and 4-7. Upon demethylase treatment, MI values are reduced
to near background levels for the peak around 58, >50% for
the peak around 37, and moderately reduced for the peak
around 9. As we have already shown previously (Zheng
et al. 2015), this result validates the peaks around position
58 as m'A58, 37 as m'G37, 9 as m'G9; m'A and m'G are
known tRNA modification targets of the AlkB and AlkB-
D135S enzymes used in the sequencing experiment. The
same conclusion can be applied to the type II tRNAs for the
peak around 67 as m'A at the same location as m'A58 in
the type [ tRNA, 50 as m°>C located in the loop of the variable
loop hairpin (m>C47d in the standard tRNA nomenclature),
37 as m'G37, 32 as m°C32, and 9 as m'G9. As expected from
known tRNA modifications, some positions are not affected
by demethylase treatment including the peak around 34 as
inosine, around 20 that can be found commonly in tRNAs
containing two consecutive dihydrouridines in the D loop.

The demethylase treatment significantly reduced the MI
values of the m'G37 peak, but only moderately reduced the
MI value of the m'G9 peak, even though both are made of
the same chemical structure (Fig. 2A). This result can be in-
terpreted as the extent of tRNA structure interfering with the
demethylase reaction: m'G37 is located in the anticodon loop
and easily accessible to the demethylase enzyme, whereas
m'G9 forms a base triple with the 23-12 base pair of the D
stem and is much more buried. Our demethylase enzyme
reactions were performed under conditions where the mod-
ified tRNAs are still folded. At this time, the demethylase
treatment cannot yet be performed under conditions where
modified tRNAs are denatured which would require the
removal or chelation of all divalent metal ions. The demeth-
ylase enzymes require divalent metal ions for their enzymatic
activity.

Interestingly, the demethylase reaction also slightly re-
duced the MI values of the type II tRNAs at the peak around
26, corresponding to m*,G26 modifications. This result sug-
gests that our demethylase mixture is also reactive toward the
m?,G26 modification. m*,G26 pairs with nucleotide 44, and
this pair is sandwiched between the D and the anticodon
stems, making it even less accessible than m'G9 which may
explain the poor reactivity of the demethylase toward the
m?*,G26 modification.

We further plotted the two parameters that compose
the MI values, mutation fraction and stop fraction, separately
for the cumulative type I and II tRNAs (Fig. 2B,C). Dominant
mutations are all attributed to the four known types and
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plate, or some kind of RNA—cDNA struc-
ture effects. Reverse transcriptase stops at
m'A58 are likely underestimated in this
sequencing data set due to the short
c¢DNA products generated that can be
missed in the sequencing reaction.
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for a specific tRNA with multiple methyl-
ations at W-C face is shown in Figure
3A. In these graphs, the x-axis designates
the nucleotide position and the y-axis the
fraction of mutated and stopped (left
panel), just mutated (middle), or just
stopped (right) reads aligned to each po-
sition in this tRNA, LeuCAG isodecoder
from chromosome 1, tRNA34 (CAG-
clt34) according to the hgl9 genomic
tRNA database (Chan and Lowe 2009).
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e Because of the background, we choose
to interpret only these peaks with an MI
value >0.15 as a confidence threshold
(dashed line in Fig. 3A). Three known
methylations, m'A, m'G, and mzzG
(Fig. 3B) can be readily identified from
these graphs that all have reduced MI val-
ues upon demethylase treatment. The
large stop peak toward the 5 end of the

tRNA is likely derived from difficulties
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FIGURE 2. Cumulative modification index and mutation and stop plots for type I and type IT
tRNAs. The x-axis corresponds to the position along the tRNA. (Black line) untreated, (red
line) demethylase-treated samples. (A) MI for type I tRNA on the leff and type II tRNA on the
right. The modifications assigned to each peak are also indicated in the graph. Demethylase-treat-
ed samples show a significant decrease for the m'A, m'G, and m>C modifications. (B) Mutation
fractions for type I tRNA on the left and type II tRNA on the right. (C) Stop fractions for type I

tRNA on the left and type II tRNA on the right.

locations of base methylations in tRNA, m'A, m'G, m%,G,
and m>C, as well as the well-known A34 to inosine modifica-
tions. Dominant stops are attributed to the known m'G,
mzzG, m>C, ms*°A, and consecutive dihydrouridine (DD)
modifications. Strong stops are present around nucleotides
4-7, which are moderately reduced upon demethylase treat-
ment. This region is not known to be modified; yet the RT
appears to fall off frequently during cDNA synthesis. At
this time, we do not understand why these stops are present.
In some cases, it is likely due to the presence of m'G9 in the
RNA template of the RT reaction, since removal of m!G9 by
demethylase prior to cDNA synthesis simultaneously reduces
the extent of stops in this region (see the graph for several mi-
tochondrial tRNAs in Fig. 3D,E). In other cases, it may be due
to a reduction of RT processivity after encountering many

1774 RNA, Vol. 22, No. 11
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of RT retaining processivity as discussed
for the cumulative type I and type II plots
(Fig. 2C).

For LeuCAG, we found another peak
located at C47d that was also removed
upon demethylase treatment, consistent
with a previously unidentified m’C at
this position. We also found an unknown
adenosine modification at position 9 in
AspGTC (Fig. 3C). For position 9 modi-
fications in human tRNA, m'G9 is common among cytoplas-
mic tRNAs, whereas m'A9 is common among mitochondrial
tRNAs. We were surprised to find that the cytoplasmic
tRNAMP also contains a modification that responded to
demethylase treatment, which is consistent with an m'A
modification. We performed additional experiments to inde-
pendently validate these two new methylation sites (see
below).

In order to validate the usefulness of our alignment strat-
egy with respect to available aligners, we compared mapping
using either Bowtiel or Bowtie2 aligner (Supplemental Fig.
S2). A major difference between Bowtiel and Bowtie2 is
that Bowtie2 allows for insertions and deletions (indels).
For the highly abundant tRNAs shown in Supplemental
Figure S2, the modification sites are easily identified with
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FIGURE 3. Plots for individual tRNAs with known and unknown methylations. (Black line) Untreated; (red line) demethylase-treated samples.
Dashed line shows the MI value of 15% which we use here as the threshold for detectable modifications with high confidence. (A) LeuCAG c1t34
(chromosome 1, tRNA34) isodecoder contains all four demethylase reactive modifications of m'A, m’C, m'G, and m*,G. MI plot is on the left, mu-
tation plot in the middle, and stop plot on the right. (B) LeuCAG c1t34 sequence with annotated modifications identified in panel A. The brackets mark
the acceptor, D, anticodon, and T stems of this tRNA. (C) MI plot of AspGTC showing a newly identified m' A9 modification. (D) MI plot of mi-
tochondrial tRNAA® showing a newly identified m'G37 modification. (E) MI plot of mitochondrial tRNA*'8 showing a newly identified m'A mod-

ification in the D loop whose sequence is also shown.

both alignment programs. The alignments using Bowtie2
seem to be a little noisier than the alignments using Bowtiel,
which may be in part derived from the presence of a small
amount of indels shifting the mapped positions as arbitrary
misincorporations.

We also adjusted for the number of mismatches in the seed
sequence, or v =0, 1, 2, and 3 mismatches, a common feature
in the Bowtiel aligner (Supplemental Fig. S3). Allowing for
fewer mismatches reduced the overall number of reads due
to the abundant mutations located close to the 3’ end of
tRNAs such as m*'A58. However, even for a heavily modified
tRNA such as the LeuCAG, we were able to analyze MIs at v =
2, 3 mismatches. Comparing the MI for the Bowtiel maps
relative to the indel-containing Bowtie2 maps also showed
a relatively small difference in MI across all of the modifica-
tions. Average MI across these highly abundant tRNAs also
did not change significantly, nor were there any substantial
differences in the plots for cumulative MI across the whole
tRNA. These results gave us confidence in the method of
alignment and further analysis.

Validation of m'A9 in tRNA**P (AspGTC)
and m>C47d in tRNA"" (LeuCAG)

We performed additional experiments to validate the two
new modifications at A9 in AspGTC and C47d in LeuCAG.

Since the sequencing was performed using reverse transcrip-
tion, we made every effort to avoid any RT reaction in our
validation.

For AspGTC, our approach was to use an AspGTC-specific
oligo and RNase H cleavage to first isolate the 5’ fragments
of the AspGTC RNA from gel purified total tRNA from
HEK293T cells, followed by nuclease T1 digestion to detect
a modified fragment containing A9 by MALDI or nuclease
P1 and alkaline phosphatase treatment to detect a methylated
A residue by LC-MS (Supplemental Fig. S4A). We tested a va-
riety of conditions and applied the most stringent condition
for fragment isolation (Supplemental Fig. S4B). We detected
all three expected nuclease T1 fragments in the MALDI assay,
including the UUAG/UU(A*)G peaks that differ by 15 Da,
indicating a presence of a methyl group (Supplemental Fig.
S4C). We also readily detected m'A using the established
QQQ LC-MS method for m'A RNA methylation studies
(Supplemental Fig. S4D; Dominissini et al. 2016). These re-
sults, together with the mutation and stop signatures at this
position (Supplemental Fig. S4E), indicate that the modified
A9 residue in AspGTC corresponds to N1-methyladenosine.

For LeuCAG, we also used the approach of isolating
RNase H cleaved LeuCAG fragments from gel purified total
tRNA from HEK293T cells, followed by nuclease P1 and
alkaline phosphatase treatment to specifically identify m>C
(Supplemental Fig. S5A). Again, stringent RNase H cleavage
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conditions were used to obtain LeuCAG fragments (Supple-
mental Fig. S5B), and QQQ LC-MS showed the appropriate
amount of m’C as well as m'A (from m'A58 of LeuCAG)
from the isolated fragments (Supplemental Fig. S5C). We
also utilized an m’C-specific base chemistry to validate the
LeuCAG site (Supplemental Fig. S5D). Hydrazine reacts
with 3-methylcytosine and renders the site abasic, which
can be detected as a strand scission after aniline treatment
(Peattie 1979; Behm-Ansmant et al. 2011). Using 3’ 32p_Ja-
beled total tRNA from HEK293T cells, hydrazine/aniline
treatment yielded three major fragments that are consistent
with the cleavage products of tRNAST at m>C32, tRNA™
at m>C32, and tRNAS" at m>C47d, and the LeuCAG site at
m’C47d (Supplemental Fig. S5E; Parisien et al. 2013). These
specific tRNA products were confirmed by tRNA microarrays
(Supplemental Fig. S5F). These results, together with the mu-
tation and stop signatures at this position (Supplemental Fig.
S5@G), indicate that the modified C47d residue in LeuCAG
corresponds to N3-methylcytosine.

Assessment of quantification of methylation fractions

We calculated the MI value for all tRNA isodecoders among
the top 25% expressed tRNAs according to the number of
aligned reads in the untreated sample. Our DM-tRNA-seq
data are of sufficient quality that the mapped reads for each
of these top quartile tRNAs range from 20,000 to 700,000.
Although the MI values can be precisely measured, there
are several inherent caveats to interpret these as the precise
modification fraction. In particular, the reverse transcrip-
tion-based method is prone to underestimate the modifica-
tion fraction to varying degrees in a context-dependent
manner (Ryvkin et al. 2013; Hauenschild et al. 2015). In
our case, this underestimation can be derived from either
the inadequacy of RT stops or the ability of RT to also incor-
porate the correct nucleotide opposite to the modified base.
The m'A58 stop fraction is likely underestimated in our se-
quencing data; these RT stop reads are only 18 residues and
can be easily missed in our experimental design which was
aimed for sequencing longer RT products. This effect may
be mitigated in future experiments by expanding the size
range of RT products to be sequenced. The quantitative var-
iation of incorporating the correct nucleotide, however, is a
large obstacle in obtaining strictly quantitative information as
this effect can be highly dependent on the chemical structure
and the sequence context of the modified base (Hauenschild
et al. 2015). For these reasons, the MI values cannot yet be
used to fully represent the precise modification fraction with-
out further study. In this work, we choose to group the MI
values in three regimes (0.15-0.50, 0.50-0.80, and 0.80—
1.0) as a semiquantitative metric for ease of description and
discussion. Table 1 shows the MI groups of four methylation
types in the tRNA transcriptome.

m'A58: Forty of 46 (87%) sites are in the high group, sug-
gesting that most tRNAs are fully modified at this position.
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Aside from AspGTC tRNA with MI<0.15 (Fig. 3C), the
only other tRNA in the low group is GluCTC. Both Asp and
Glu tRNA results are consistent with literature (Kuchino
etal. 1981; Chan et al. 1982) that these tRNAs are hypomodi-
fied at m'A58. We also validate the low m'A58 modification
in tRNA*P by primer extension (Fig. 4 below). As described
above, we were unable to obtain stop information for the
m' A58 modifications in the previous sequencing experiment.

The only other tRNA of note in this group is the initiator
tRNA (Met-i) with MI value of 0.77 without the consider-
ation of stops. In yeast, m'A58 is known to be required for
the stability of the initiator-tRNA, but not for other tRNAs
(Kadaba et al. 2004). It is possible that m'A58 is also required
for Met-i stability in mammalian cells. If this is the case, the
MI of 0.77 is close to the high regime (>0.80), so Met-i could
still be fully modified in HEK293T cells.

m'G37: Nine of 15 (60%) sites are high. This modification
is known to prevent ribosome frameshifting in specific tRNA
and codon contexts (Bjork et al. 1989; Gamper et al. 2015), so
high levels of modifications are expected. Surprisingly, six of
15 tRNAs are in the intermediate and low groups. This result
is not fully consistent with the known function m'G37 mod-
ification. It may be derived from the strong context depen-
dence of incorporating higher fractions of correct
nucleotides opposite the m'G in these particular tRNAs.

m?,G26: Without exception, all 25 sites belong to the high
group. This modification is known to provide rigidity of the
coaxially stacked D and anticodon stems (Steinberg and
Cedergren 1995) and to prevent misfolding of at least one
tRNA (Edqvist et al. 1995; Pallan et al. 2008). Full modifica-
tion at these sites would ensure that these tRNAs all have
proper conformations and rigidity for translation.

m'G9: Fifteen of 19 (79%) sites are high. This modifica-
tion is known to play a role in maintaining the structure of
mitochondrial tRNAs and possibly cytosolic tRNAs as well
(Helm et al. 1999). Hence, the modification fraction is ex-
pected to be high for most of these tRNAs.

m'A9: To our surprise, AspGTC (Fig. 3B) has a high MI at
position 9 which is reduced upon demethylase treatment,
suggesting the presence of m'A9 modification which we val-
idated by mass spectrometry (Supplemental Fig. S4) and by
primer extension below. m'A9 is not known previously to
be present in cytosolic tRNAs, but is common among mito-
chondrial-encoded tRNAs (Suzuki and Suzuki 2014).

m>C: These include nine sites at C32, of which only one is
in the high group (11%); among the five sites at C47d located
in the loop region of the hairpin in the variable arm of type II
tRNAs, only one is in the high group (20%); the single site at
C20 in the elongator tRNAM®', also predicted by HAMR anal-
ysis (Ryvkin et al. 2013) is in the high group. The functions of
these m’C modifications are unclear; they may perform
structural roles for tRNA. However, the prevalence of many
m’C32 and m’C47d modifications present in the low and in-
termediate groups suggests that m’C modification fractions
may be useful for regulatory purposes.
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mitochondrial tRNA modifications are

TABLE 1. Methylations identified in the human tRNAome by DM-tRNA-seq .
also known (Machnicka et al. 2013).

RNA® m'A58” m'G37°  m?,G26” m'G9” m’C” We were able to detect all 19 expected
AlaAGC e e, m'A/G9 modifications, and 16 of 19
AlaCGC ++¢ - (84%) belong to the high MI group.
AlaTGC ++¢ +t M'A/G9 in mitochondrial tRNAs are
CysGCA +4+4 +++

very efficiently removed by the demeth-

éSIE(C]TTg . M (A: ylases (Fig. 3C,D), presumably due to the
G o e, lower structural stability of mitochondri-
PheGAA +++,+(14) e+ al versus cytosolic tRNAs. On the basis of
Glyccc +++ the bovine mitochondrial tRNA modifi-
g:y$CCCC +Ht cations, we detected m'A58 or equivalent
y 4+ .
HiIsGTG i " in theu(TAA),. mtLys, and mtSer
HeAAT P e, (TGA), but not in mtGlu, mtlle, and
lleTAT +++9 e+ +H+ mtCys. We detected all three m'G37
LysCTT +++ modifications in mtGln, mtLeu(TAG),
tYSI\T/IG i mtPro, m%G26 in mtlle, m’C32 in
eu 4+ + +++ .
LeuCAG i . e ot (47d) mtSer(TQA), and mtThr, as predicted
LEiAG e " o, from bovine mt-tRNAs.
LeuCAA 4+ 4t ot We also found three new mitochon-
LeuTAA S ++ ++ drial tRNA modifications that could not
mef' + it 20 be inferred from the bovine mitochon-
A o o o () drial tRNAs. Human mtAla has a G after
snGTT +++ +++ +++ . . Lo
PIOAGE P nn, en, the anticodon UGC, and this G is highly
ProCGG g ++ F++ modified to m'G (Fig. 3D). We also ob-
ProTGG +++ ++ 4+ served above threshold MI values for
g:”?TTg et it G26 in mtAsn, which could be modified
A " o o to m>,G and A16 in mtArg which could
rgACG +++ +++ +++ +++ . 1 K
ArgCCG an e, o, o0, be modified to m A (Fig. 3E).
ArgTCG 4 +++ +++ +++
ArgCCT +++ 4+ +(32) . .
ArgTCT e s ++32) Ml value correlations by primer
SecTCA F extension
SerAGA +++ +++ ++ (32)+ (47 d) . .
SerCGA e+ - ++(32) + (47 d) We applied the standard primer exten-
SerTGA 4+ +++ +++ (32)+ (47 d) sion method to correlate the quantitative
SerGCT +++ +++ ++(32), ++47d)  nature of the MI values in assessing
Ui G S e + ++32) (RNA methylations (Fig. 4). Primer ex-
ThrCGT +++ +++ +++ ++ (32) . . . .
e s s s +4 (32 tension relies on using retroviral reverse
ValAAC o transcriptases such as AMV RT that
ValCAC +Ht stop at methylated nucleotides such as
ValTAC it m'A. Our experimental design involves
B GER S e e + a primer that ends 1 nt away from the
TyrGTA A +++ A

modification site such as m'A58 (Sup-
Not bold, known in human or other mammalian tRNA (10). Bold, previously unknown in plemental Fig. S6). Primer extension

human and other mammalian tRNA. SR : :
reaction is visualized by using the appro-
( ) MI=0.15-0. 50 (++) M1 =0.50-0.80; (+++) MI=0.80-1.0. v Y 8 PP

Ml values for m'A58 include mutations only. priate a-*?P-dNTP incorporated at posi-
dAlso described in Cozen et al. (2015) (32). tion 59. When the reaction mixture
°m'A is still present as validated by primer extension (Fig. 4B). The Ml value is 0.11 in un- contains three dNTPs and one specific
treated and 0.06 in demethylase-treated data. .
Ml value is 0.77, close to the boundary of the high group (0.80). ddNTP, the short reaction product corre-

sponds to the stops at the modified nu-

cleotide, and the long reaction product

We also analyzed the modification indexes for the 22 hu-  corresponds to the amount of unmodified tRNA. In this
man mitochondrial tRNAs (Table 2). The complete mito-  way, we validated the presence and the correlation of MI val-
chondrial tRNA modifications have been mapped in the  ues from sequencing of m'A9 in AspGTC tRNA (Fig. 4A), as
bovine liver (Suzuki and Suzuki 2014), and several human well as the low fraction of m'A58 in AspGTC (Fig. 4B). We
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TABLE 2. Methylations identified in the human mitochondrial tRNA
by DM-tRNA-seq

m'A/
tRNA m'A58>¢ m'G37° m%G26° G9° Other”
mtAlaTGC [+++] ++
mtArgTCG +++ [+] (m'A16)
mtAsnGTT [+] +++
mtAspGTC +++
mtCysGCA ++
mtGInTTG +++ +++
mtGluTTC +++
mtGlyTCC +++
mtHisGTG +++
mtlleGAT +++ e+
mtLeuTAA +++ +++
mtLeuTAG ++ +++
mtLysTTT + +++
mtMetCAT
mtPheGAA ++
mtProTGG +++ +++
mtSerGCT
mtSerTGA + + (M>C32)
mtThrTGT +++  ++ (M’C32)
mtTrpTCA +++
mtTyrGTA +++
mtValTAC +++

4(Not bold) Known in human mitochondrial tRNA (10). (Bold)
Previously unknown in human and other mammalian mitochondrial
tRNA, but can be inferred from the modification maps of bovine mi-
tochondrial tRNAs (25). (In square brackets) New modifications in
human mitochondrial tRNA.

B(+) MI=0.15-0.50; (++) MI = 0.50-0.80; (+++) MI = 0.80-1.0.

“MI values for m' A58 include mutations only.

also correlated the MI values for m'A58 of GlyGCC tRNA,
a tRNA known to have m'A58 in the Modomics database
and of ArgTCG tRNA, a tRNA not present in the Modomics
database.

In all four cases, the modification indices obtained by
primer extension and sequencing are similar (Fig. 4C). The
MI values from DM-tRNA-seq seem to slightly underesti-
mate the MI values from AMV RT primer extension by up
to ~10%. For m'A58, this result may be derived from the un-
der-counting of reads derived from RT stops at this position
in our sequencing data, as discussed above. Our results clearly
confirm the very low m'A58 modification levels of AspGTC
at ~12%, as well as the presence of m'A9 in AspGTC. These
results indicate that the MI values from DM-tRNA-seq are
excellent parameters for estimating modification fractions.

Other modifications

We also looked for peaks with >15% MI values that do not
change upon demethylase treatment (Fig. 5). AlaAGC is
known to contain two inosine modifications at 34 (first
anticodon nucleotide) and 37, and three W-C face methyla-
tions at m'A58, m'I37, and m*,G26 (Grosjean et al. 1996;
Machnicka et al. 2013). 134 is readily apparent in the muta-
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tion graph as essentially 100% of this residue has been con-
verted from A to I, which reads as G, and it does not
respond to demethylase treatment (Fig. 5B). m'A58 and
m*,G26 can be easily picked out due to the reduction in
peak height upon demethylase treatment. m'I37 leads to
mostly stops in the untreated sample; demethylase fully re-
moves the methyl group so that the RT stop is fully eliminat-
ed; at the same time, the mutation fraction goes up to nearly
100% because of the A37 to I conversion. AsnGTT is known
to contain two consecutive dihydrouridines in the D-loop
(Machnicka et al. 2013). Each D modification is known to
weaken W-C base pairing by ~1 kcal/mol (Dalluge et al.
1996), so that the presence of two consecutive D’s leads to
strong RT stops that do not respond to demethylase treat-
ment (Fig. 5C). LysTTT is known to contain a bulky modi-
fication, 2-methylthio-6-threonylcarbamoyl-A (ms*°A) at
A37 (Machnicka et al. 2013). This modification leads to an
~98% stop in the RT reaction which does not respond to
the demethylase treatment (Fig. 5D). Because we are starting
out with ~300,000 reads for this tRNA (Fig. 5D inset), we are
still able to obtain ~6000 reads that process past the modifi-
cation, and we can assess potential modifications upstream
of ms*t°A37 after this strong stop. Mitochondrial tRNA™"
is known to contain another bulky modification, 2-methyl-
thio-6-isopentenyl-A (ms%i®A) at A37 (Machnicka et al.
2013). This modification leads to an ~95% stop in the RT re-
action which does not respond to the demethylase treatment
(Fig. 5E). Similarly, the high number of read counts for this

A C o e
AspGTC 00 ES
—_—nl ><
1 2 3 4 & “
80 — % )
70— u g
— - - — s
60 — B »
=
. GiyGCC AspGTC  ArgTCG - ASpGTC-A9
B
GIYGCC  AspGTC ArgTCG
123412341234
25 "
u u
2 e T )
.....--'"'I"-- m

15.

FIGURE 4. Validation of modification index by primer extension stops
with AMV RT. All experiments were designed in such a way that the low-
er band corresponds to the amount of modified tRNA (m) and the upper
band the amount of unmodified tRNA (u); see Supplemental Figure S4.
(Lane 1) Extension using only the respective a-**P-dNTP to indicate the
product location. (Lanes 2—4) Extension from biological triplicates. (A)
AspGTC for position 9, a putative m'A identified in DM-tRNA-seq.
(Lane 1) a->*P-dCTP only; (lanes 2—4) dATP, a-*?P-dCTP, ddGTP,
dTTP. (B) GlyGCC, AspGTC, ArgTCG for position m'A58. (Lanes 2—
4 for GlyGCC and for AspGTC) a->*P-dATP, dCTP, ddGTP, dTTP.
(Lanes 2—4 for ArgTCG) ddATP, a-*’P-dCTP, dGTP, dTTP. (C)
Quantitative comparison of modification fraction determined by primer
extension (gray) and by DM-tRNA-seq (black).
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tRNA (Fig. 5E inset) still enables the analysis of m'G9 mod-
ification in mtTyr.

Modification index heat maps for all abundant tRNAs

We also show mutation and stop fractions across all tRNA iso-
decoders that are present in the top 25% abundant tRNAs as
heat maps (tRNA"*" isodecoders in Fig. 6; tRNA isodecoders
for other amino acids in Supplemental Fig. S7). To enhance
presentation, all nucleotide positions in the heat map (x-
axis) are converted to standard tRNA nomenclature so that
the anticodon nucleotides are always numbered 34-36, D
loop nucleotides 14-20, and variable loop nucleotides 44—
48. Human tRNA™"s contain five distinct isoacceptors with
theanticodons of AAG, CAG, TAG, CAA,and TAA. In the mu-
tation graph, the untreated samples show high mutation values
at m'A58, m'G37, m?,G26 for all isodecoders, m>C47d for
the two CAG-isodecoders, and I for the two AAG-isode-
coders. As expected, the m'A58, m'G37, and m3C47d

modifications are significantly reduced upon demethylase
treatment. M'G37 and m*,G26 also show significant stops
in the untreated sample, but the stops are substantially re-
duced for m'G37, and moderately reduced for m22G26.

Applying the above criteria, all identified m'A, m'G,
mzzG, and m>C sites in the tRNA transcriptome for 47 isoac-
ceptors from HEK293T cells are shown in Table 1 (the re-
maining two annotated isoacceptors in the genomic tRNA
database are excluded here because they are present at very
low levels). They include 12/46 new m'A58 (26%), 4/15
new m'G37 (27%), 10/25 new m*,G (40%), 6/21 new
m'G9 (29%), and 7/15 new m’C (47%) sites not present in
the human and other mammalian tRNAs in the Modomics
database (Machnicka et al. 2013).

rRNA modifications

To extend the application of DM-RNA-seq, we applied it to
sequence human rRNAs from HelLa cells. Human rRNA
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FIGURE 5. Plots for individual tRNAs with other methylations from DM-tRNA-seq. The MI value of these modifications does not change upon
demethylase treatment. (A) Chemical structure of the five modifications where the chemical group is shown in red. The presence of each modification
in tRNA and/or rRNA is listed beneath each base. (B) Mutation and stop plots showing AlaAGC with the known m'137 and 134 modifications. (C)
Stop plot showing the consecutive dihydrouridine modifications (DD) in AsnGTT. (D) Stop plot for LysTTT showing the ~98% stop at ms*t°A37.
Inset (y-axis = log;o counts along the LysTTT tRNA) shows that even with such strong stollg, sufficient number of counts is still present for the analysis
of modifications in this tRNA upstream of this stop. (E) MI plot for mitochondrial tRNA™" showing an ~95% stop at ms*i®A37. Inset (y-axis = log;o
counts along the mtTyr tRNA) shows that even with such strong stop, sufficient number of counts is still present for the analysis of the m'G9 mod-
ifications in this tRNA upstream of this stop.
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FIGURE 6. Mutation and stop heat maps for all abundant isodecoders in the tRNA™" family. The x-axis indicates the tRNA position according to the
standard tRNA nomenclature so that the anticodons are always numbered 34-36, and the last nucleotide is always 76. Nucleotides not present ac-
cording to this nomenclature are shown in gray. Stops can only be analyzed up to nucleotide 61 so nucleotides 6276 are shown in gray. The scale
of the heat map is shown on the lower left. Modifications are annotated in red or in blue according to their identification through mutation or stop
component, respectively. Only the isodecoders that are among the top 25% most abundant tRNA species are shown.

has four known modifications present at the Watson-Crick (m’U, Fig. 1A) in the 28S rRNA. The DM-RNA-seq method
face of nucleobases: 1-methyl-3-(3-amino-3-carboxypropyl) =~ was able to detect three of these modifications (Fig. 7). The
pseudouridine (m'acp®¥, Fig. 5A) and N6,N6-dimethylade- ~ m®,A site was not accessible in our present study because it
nosine (m®A) in the 18S rRNA, m'A and 3-methyl uridine is located 19 nt away from the 3’ end of 18S rRNA, such
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FIGURE 7. MI plots for rRNA modifications. (Black line) Untreated, (red line) demethylase-treated samples. The mutation and stop component of
each modification is shown below the graph. (A) The 100 nt region in the 285 rRNA around m'A1322. (B) The 100 nt region in the 285 rRNA around
m’U4530. For both A and B, demethylase treatment reduces the MI to background levels. (C) The 100 nt region in the 185 rRNA around the m'acp’-
Y modification at 1248. The black and red lines overlap, indicating that the demethylases do not act on this modification.
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that very short sequencing reads will be needed to obtain stop
fraction. The m'A site shows a very high MI value of 0.976
contributed about equally from mutations and stop; this
high MI value is reduced to background levels upon de-
methylase treatment as expected (Fig. 7A). The rRNA m'A
result indicates that both mutations and stop can contribute
significantly to the m' A modification signature. The m”U site
shows an MI value of 0.713 mostly derived from mutations; it
is also reduced to background levels upon demethylase treat-
ment (Fig. 7B), indicating that our demethylase mixture also
acts on m°U. The m'acp’V site shows an MI value of 0.885
contributed about equally from mutations and stop; it does
not respond to demethylase treatment (Fig. 7C).

Both the m'A site in the 285 rRNA and the m'acp’V¥ site in
the 18S rRNA are previously known to be fully modified
(Liang et al. 2009; Meyer et al. 2011). The very high MI values
of 0.885-0.976 at these two sites nicely reflect these high
modification fractions.

DISCUSSION

This work demonstrates that RNA methylations at the
Watson-Crick face can be precisely identified and important-
ly, their modification fractions assessed by the newly devel-
oped DM-tRNA-seq method. We show that the high extent
of readthrough of the modifications by the thermophilic,
group II intron RT (TGIRT) generates an adequate amount
of reads to enable transcriptome-wide analysis of five tRNA
and two rRNA methylations. The tRNA methylations we
detect and assess quantitatively cover approximately one-
third of all human tRNA modification sites. We were able
to identify many previously known sites in the widely used
RNA modification databases as well as new sites for which
no prior experimental data exist. Examples of completely
novel sites include the m>C47d site in LeuCAG and the
m'A9 in AspGTC, which we validated by sequencing-inde-
pendent methods (Supplemental Figs. S4, S5).

Comparing the parallel sequenced, demethylase-treated
and untreated data lends high confidence regarding the
m'A, m°C, m'G, and m22G methylations that are widespread
in the tRNA transcriptome. Interestingly, the particular mu-
tation and stop patterns can also allow for initial assessment
of the modification types for the same base such as m'G and
m?,G: m'G is manifested by more significant stop than mu-
tation fractions, whereas m?,G is manifested by more muta-
tion than stop signatures (Fig. 2B,C).

Of course, vast prior knowledge of these methylations in
defined positions in many tRNAs significantly aided the val-
idation and strengthening of our method. On the other hand,
human tRNA modifications are still inadequately represented
in the widely used modification databases such as Modomics
and the RNA Modification Database (Cantara et al. 2011;
Machnicka et al. 2013). Of the 47 human tRNA isoacceptors
shown in Table 1, 11 do not have any data among the human
and mammalian tRNAs, and 20 have data only among other

mammalian tRNAs. Of the 22 human mitochondrial tRNAs
shown in Table 2, 17 do not have data among the human mi-
tochondrial tRNAs. Our results clearly help fill some of these
large gaps.

A unique and new feature of our method is the use of the
modification index (MI) to assess the quantitative nature of
each detectable modification site. The MI values from DM-
tRNA-seq also correlate well with the classical primer exten-
sion stops using AMV RT for several m'A sites (Fig. 4). The
slightly lower modification fraction obtained in sequencing
compared to primer extension stops may be explained by
TGIRT inserting the “correct” base some of the time at the
methylation sites. Furthermore, the MI values for m!A58 in
tRNAs likely underevaluated the m'A58 modification frac-
tion in this study due to the lack of stop information in our
experimental design. As we have seen for the m'A9 sites for
mitochondrial tRNAs and the m!A1322 site in rRNA,
TGIRT does not read through m'A all the time. In the future,
the m'A58 stop fraction should be obtained by using a longer
TGIRT sequencing template for short RNA fragments de-
rived from m'A58 stops.

Surprisingly, we found that numerous methylation sites
seem to fall into low and medium modified categories in
the HEK293T tRNA transcriptome (Tables 1, 2). This result
seems to suggest that dynamic ranges exist for tRNA methyl-
ations to have a cell-type and cell-state-dependent pattern.
However, a confounding factor not investigated in detail
here is the effect of sequence context of the modification
site on the MI value. A recent work by Hauenschild et al.
(2015) shows clear differences in mutation and stop fraction
for m'A with a different +1 nucleotide sequence, indicating
that sequence context is an important parameter in deter-
mining the ration of mutations and stops at each site.
Without additional studies of context dependence for each
modification type and site, MI values cannot yet be fully
used to precisely identify modification fractions. Despite
these potential caveats, MI values can be interpreted as pro-
viding a lower bound on the modification fraction for each
methylation site.

Biologically, quantitative differences in specific tRNA
modifications have been well documented for the 5-
methoxycarbonylmethyl (mcm’) and  5-methoxy-car-
bonyl-methyl-2-thio (mcm’s®) U34 modifications in
tRNA*S(UCU) and tRNA®™(UUC) and 5-methyl (m’C)-
C34 in tRNA""(CAA) to enhance stress response (Begley
et al. 2007; Chan et al. 2012; Patil et al. 2012a,b). In yeast,
global levels of many modification types such as m’C,
m*,G, and 2’ O-methyl-C (Cm) can change significantly
when cells are exposed to distinct types of chemical stressors
(Chan et al. 2010; Gu et al. 2014).

In summary, using high-throughput DM-tRNA-seq data,
we identified and semiquantified six base methylations and
evaluated five other modifications in the human tRNA tran-
scriptome and rRNA. Using the modification index metric,
we assessed quantitative information on methylations at the
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Watson-Crick face among all isoacceptors in nuclear-encod-
ed tRNAs and all mitochondrial-encoded tRNAs. While the
functional investigation on the consequence of potential dif-
ferences in modification fractions between cells is beyond the
scope of this work, our result demonstrates the feasibility of
using DM-tRNA-seq to investigate dynamic tRNA modifica-
tion patterns.

MATERIALS AND METHODS

DM-tRNA-seq of HEK293T and Hela cells

Experimental details of the DM-tRNA-seq method were described
in Zheng et al. (2015). The same method was applied for HelLa
rRNA sequencing except the input RNA was isolated rRNA that
was subjected to chemical fragmentation before library preparation.
Our DM-tRNA-seq data are composed of biological replicates of to-
tal tRNA from HEK293T cells without and with demethylase treat-
ment. Both sets of replicates map with 1> > 0.99. For the analysis
here, we used the untreated sample 2 which has 9,002,637 mapped
reads to nuclear-encoded tRNA and 2,269,204 reads to mitochon-
drial-encoded tRNA, and treated sample 1 with 15,740,700 mapped
reads to nuclear-encoded tRNA and 2,851,034 reads to mitochon-
drial-encoded tRNA. The rRNA-seq data contains 7,531,718
mapped reads.

Sequencing alignments

All reads were sequenced on an Illumina HiSeq 2000 with paired-
end mapping with read lengths of 100 base pairs. Standard quality
control via FastQC was performed after sequencing and after subse-
quent trimming mentioned next.

Sequencing reads were aligned using Bowtie to a modified tRNA
genome file containing nuclear-encoded tRNAs, mitochondrially
encoded tRNAs, and human rRNAs (found at the GEO accession
for this paper). Splicing of tRNAs was accounted for in the modified
genome file and only mature tRNAs were aligned against. Briefly, the
tRNA library was adapted from the tRNAScan-SE library (http
://gtrnadb.ucsc.edu/Hsapil9/; Chan and Lowe 2009) by appending
3'CCA to tRNAs from the genomic tRNA database. Isodecoders
with identical SEscan scores from the genomic tRNA database
were consolidated for ease of identity assignment, so the total num-
ber of annotated tRNA genes and pseudogenes were reduced from
625 to 462. Prior to mapping, reads were processed using Trimmo-
matic v0.32 as well as further trimming using custom Python scripts
to remove any further artifacts from demultiplexing and removal of
primers, adapters, or any other low-quality sequences. Sequences
>15 bp were then aligned to the library using Bowtie 1.0 with sen-
sitive options using the highest allowed mismatch settings for Bow-
tie 1.0. Mapping to all references occurred simultaneously. Only one
alignment (best with Bowtiel or k=1 with Bowtie2, k refers to the
number of allowed distinct alignments per raw read) declared as val-
id by the respective mapping software was reported for each read.
Analysis was also performed using k=3 to allow for up to three
alignments per read and also v=0, 1, 2, 3 (how many mismatches
allowed in the seed sequence per raw read) in Bowtiel to allow
for fewer mismatches.
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The mapping pipeline proceeded by conversion from the SAM out-
put from Bowtie using custom C and Python scripts to separate iso-
decoders based on previous alignment. From here, further cleanup
based on redundancy (any read that could inherently map due to
misalignment) was also discarded. For each position in the reference
file, the following was calculated: at each position =7, how many
counts existed (total counts) = ¢, how many misincorporations or
mutations = m, and how many aligned reads stopped at the position
=s. This leads to a full modification index (MI) calculated at each
position by (mutations at position + stops at position directly 3" to
position)/(total counts at position), or (m + s)/c, and individual mu-
tation and stop components to the metric can be further reduced by
calculating m/c and s/c, respectively.

For high stringency detection purposes for this work, sites corre-
sponding to an MI value of 15% or below were discarded as noise
due to sequencing error or basal level of misincorporation from
the RT reaction. For simplicity and ease of discussion, sites with
MI > 15% were categorized in the range of 15%-50% as low,
50%—-80% as medium, and 80%-100% as highly or completely
modified. Positional shifts of modifications due to tRNA length (ei-
ther due to variations in length of type I tRNAs or type I versus type
IT tRNAs) were recognized and adjusted for in calculations for heat
maps. Modification index in regions of variable loop are accounted
for accordingly. Modification index 3’ to m'A57/58/59/68 (m'A58
in standard tRNA nomenclature) is only derived from mutations
due to the lack of stop information at these positions because of
the short reads needed for stops at this m'A position.

Reverse transcription primer extension

Total RNA was isolated from HEK293T cells in biological triplicates
using TRIzol (Life Technologies). tRNA was gel purified by 8%
denaturing PAGE (7M urea, 1x TBE). Seven hundred nanograms
of total RNA or 200 ng of total tRNA was annealed to 5 pmol of spe-
cific primer in 30 mM Tris-Cl (pH 7.5), 2 mM KClI at 90°C for 90
sec. The mixture was cooled at room temperature for 3 min. The re-
verse transcription reaction was carried out in 1x AMV buffer, 0.1
mM each cold (d)dNTP, 1.25 uM radiolabeled dNTP, and 0.2 U/
uL AMV RT (New England Biolabs). The reaction was performed
at 37°C for 30 min. To degrade the RNA after the RT reaction, 10
U of RNaseH (Epicentre) was added, and the reaction was incubated
at 37°C for 5 min. RNA loading dye (9 M urea, 100 mM Na,EDTA,
bromophenol blue, xylene cyanol) was added and the reaction was
resolved by denaturing gels (7 M urea, 1xX TBE).

Validation of m'A9 in tRNAAP (AspGTC) and m3C47d
in tRNA"" (LeuCAG)

Total RNA was isolated from HEK293T cells using TRIzol (Life
Technologies). Total tRNA was gel purified by 8% denaturing
PAGE (7 M urea, 1x TBE).

RNase H cleavage and fragment isolation

For AspGTC, 5" **P-labeled tRNA was spiked into 20 ug of total
tRNA and annealed to 20 pmol DNA oligo (5-TGGCTCCCCGT
CGGGGAATCGAACCCCGGTCTCCCGCGTGACAGGCGGGG)
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complementary to nucleotides 26-76. For LeuCAG, 3’ 32p_labeled
tRNA was spiked into 20 pg of total tRNA and annealed to 20
pmol DNA oligo (5-CTGCGACCTGAACGCAGCGCCTTAGA
CCGCTCGGCCATCCTGAC) complementary to nucleotides 1—
42. The tRNA/oligo was annealed in 100 mM Tris-HCl (pH 7.5),
0.5 mM EDTA at 90°C for 90 sec. The reaction was cooled at
room temperature for 3 min. Digestion was performed by adding
NaCl to 100 mM, MgCl, to 10 mM, and RNase H (Epicenter) to
a final concentration of 1 U/pL. The reaction was incubated at 37°
C for 30 min. 0.1 U/puL DNase I (NEB) was added and the reaction
was incubated at 37°C for 30 min. The reaction was then ethanol
precipitated, resuspended in 1x RNA loading dye (4.5 M urea,
50 mM EDTA), and resolved on 10% denaturing PAGE (7 M
urea, 1xX TBE). The digestion products were eluted in 200 mM
NH,CI, 50 mM NH,OAc overnight. Glycogen was added to aid
precipitation.

MALDI-TOF

Approximately 2 pmol of eluted fragements was digested with 0.5 U/
uL T1 (Ambion) in 10 mM NH4OAc for 30 min at 37°C. One pico
mole of the digested fragments was mixed with an equal amount of
MALDI matrix, composed by 9:1 (v:v) ratio of 20-, 40-, 60-trihy-
droxyacetophenone (THAP, 10 mg/mL in 50% CH;CN/H,0): di-
ammonium citrate (50 mg/mL in H,O). The mixture was spotted
on a MALDI sample plate, dried under vacuum, and analyzed by
a Bruker Ultra-flextreme MALDI-TOF Mass Spectrometer in reflec-
tor, positive mode.

LC/MS-QQQ

Approximately 1 pmol of RNase T1-digested fragments was digested
with nuclease P1 in 100 mM ammonium acetate at 37°C for 2
h. Three microliters of freshly prepared 1 M ammonium carbonate
was added with 1 U of alkaline phosphatase (Roche) and further in-
cubated at 37°C for 2 h. Mixture was centrifuged through a 0.22 m
PVDF syringe filter (Millex-GV) to remove contaminants.
Remaining sample was then separated by reverse phase ultra-perfor-
mance liquid chromatography (RP-UPLC) on a Cl18 column
(Agilent’s ZORBAX Eclipse XDB-C18, Rapid Resolution HT,
2.1 x50 mm, 1.8 pm, max 600 bar; mobile phase A: water + 0.1%
(v/v) formic acid, mobile phase B: methanol + 0.1% (v/v) formic
acid, with a gradient of 2%-11% B in 4.5 min) with on-line mass
spectrometry detection using an Agilent 6460 triple-quadrupole
(QQQ) mass spectrometer in positive electrospray ionization
mode. The nucleosides were identified via dynamic multiple reac-
tion monitoring (DMRM) by using the nucleoside-to-base ion
mass transitions of 282-150 (m'A) and 258-126 (m’C).

Hydrazine/analine cleavage and tRNA microarray

3/ 32p-labeled tRNA was spiked into 0.2 pg/pL total tRNA and incu-
bated with 10% hydrazine in 3 M NaCl at 4°C for 10 min, quenched
with 0.3 M NaOAc/HOAc, pH 5.5, and ethanol precipitated. The
pellet was then resuspended in 1 M aniline, 1 M HOAc. The reaction
was incubated at 60°C for 10 min, quenched with 0.3 M NaOAc/
HOAG, pH 5.5, and ethanol precipitated. The pellet was resuspended
in 1xX RNA loading buffer (4.5 M urea, 50 mM EDTA) and resolved
on 15% denaturing PAGE (7 M urea, 1X TBE). Fragments were elut-
ed in 200 mM KCl, 50 mM KOAc overnight. Poly(A) RNA and
salmon sperm DNA were added to aid in precipitation. The frag-

ments were then hybridized to custom-made tRNA microarrays at
60°C for 16 h and exposed to phosphorimaging as previously de-
scribed (Parisien et al. 2013).

DATA DEPOSITION

DM-tRNA-seq data are from GSE66550. The rRNA-seq data with
and without demethylase treatment are from GSE76434.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article
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