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ABSTRACT

Eukaryotic transfer RNAs (tRNA) contain on average 13modifications that perform awide range of roles in translation and
in the generation of tRNA fragments that regulate gene expression. Queuosine (Q) modification occurs in the wobble
anticodon position of tRNAs for amino acids His, Asn, Tyr, and Asp. In eukaryotes, Q modification is fully dependent on
diet or on gut microbiome in multicellular organisms. Despite decades of study, cellular roles of Q modification remain
to be fully elucidated. Here we show that in human cells, Q modification specifically protects its cognate tRNAHis and
tRNAAsn against cleavage by ribonucleases. We generated cell lines that contain completely depleted or fully Q-
modified tRNAs. Using these resources, we found that Q modification significantly reduces angiogenin cleavage of its
cognate tRNAs in vitro. Q modification does not change the cellular abundance of the cognate full-length tRNAs, but
alters the cellular content of their fragments in vivo in the absence and presence of stress. Our results provide a new
biological aspect of Q modification and a mechanism of how Q modification alters small RNA pools in human cells.
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INTRODUCTION

Transfer RNAs (tRNAs) are essential for protein synthesis.
Among all RNA species, tRNAs undergo the greatest num-
ber of chemically diverse modifications. Eukaryotic tRNAs
contain on average over 13 modifications. A great number
of modifications are found at position 34, the wobble anti-
codon nucleotide (Phizicky and Hopper 2010; El Yacoubi
et al. 2012). Growing evidence indicates that tRNA modi-
fications are critical for many aspects of tRNA functions
such as folding, stability, and decoding (Kirchner and
Ignatova 2015). tRNA modifications also play important
roles in human diseases (Torres et al. 2014).
Queuosine is a hypermodified 7-deaza-guanosine that

occurs at the wobble anticodon position 34 of four tRNAs
for amino acids His, Asn, Tyr, and Asp with 5′GUN antico-
dons (recently reviewed in Fergus et al. 2015). Queuosine
(Q) is the nucleoside; the modified base is designated as
queuine. Bacteria synthesize queuine through a multistep
biosynthesis pathway that results in the wobble Q34 base
in these four tRNAs. Eukaryotes do not synthesize queuine,
but rely on dietary sources and/or the gut microbes to ob-

tain queuine, which is exchanged for the G34 base in the
same four tRNAs by an enzyme encoded in the genomes.
In humans, queuine produced by the gut microbiome is
taken up by all cells and incorporated into the wobble
anticodon nucleotide by the heterodimeric enzyme of
QTRT1/QTRT2 (formerly QTRTD1, Supplemental Fig.
S1). Thus, Q modification in human cells can depend on
microbiome activity. The physiological requirements for
the tRNA Q modifications in eukaryotes have been docu-
mented for decades, linking its relationship to many bio-
logical processes such as development, cancer, and
tyrosine biosynthesis (Fergus et al. 2015). The role of Q
modification in cells was suggested to be related to co-
don-biased translation of discrete mRNA transcripts given
that Q modification is located in the wobble anticodon
position critical for codon recognition (Yasukawa et al.
2001; Zaborske et al. 2014; Endres et al. 2015). Using
the Turnip yellow mosaic virus coat protein mRNA as a re-
porter in Xenopus oocyte, Q-modified tRNAHis was found
to decode the His codons CAU/CAC equally, while
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unmodified tRNAHis (G34) preferred CAC over CAU (Meier
et al. 1985). Whether this result can be applied tran-
scriptome-wide, however, is unknown. Q modification
may also tune translational fidelity which has led to ge-
nome-wide reprogramming of coding sequences in
Drosophilids (Zaborske et al. 2014).

A recent study in the fission yeast Schizosaccharomyces
pombe showed that Q modification directly affects the
activity of Dnmt2-dependent m5C38 modification in
tRNAAsp, suggesting an unanticipated role of Q modifi-
cation in RNA metabolism (Muller et al. 2015; Ehren-
hofer-Murray 2017). Dnmt2 modifies m5C38 in three
tRNA isoacceptors among which only tRNAAsp contains Q
modification. Previous work in Drosophila found that
m5C38 methylation by Dnmt2 protects cognate tRNAs
against stress-induced cleavage and affects the biogenesis
of tRNA-derivedRNA fragments, which are functional small
RNAs, especially in response to stress conditions (Lee et al.
2009; Yamasaki et al. 2009; Schaefer et al. 2010; Goodarzi
et al. 2015).

tRNA fragments have recently received considerable at-
tention due to their effects in the regulationof geneexpres-
sion (Raina and Ibba 2014; Goodarzi et al. 2015; Kumar
et al. 2016). tRNA fragments can be generated by multiple
cellular ribonucleases; angiogenin among the best charac-
terized (Yamasaki et al. 2009; Emara et al. 2010; Ivanov
et al. 2011). Angiogenin is a stress-activated member of
the RNase A superfamily. This human protein cleaves
tRNAmoleculeswithin anticodon loops, leading to thepro-
duction of tRNA-derived stress-induced fragments which
are components of the cellular stress response program
(Fu et al. 2009; Yamasaki et al. 2009; Ivanov et al. 2011).

Here, we investigated the role of Qmodification in tRNA
fragment generation in human cells. We generated cell
lines fully depleted of Q modification and the same cells
with fully Q-modified tRNAs. Using these resources
we show that in vitro, Q modification protects cognate
tRNAs against angiogenin cleavage in their anticodon
loops. We applied high-throughput sequencing of full-
length tRNAs and of tRNA fragments and found that al-
thoughQmodification did not alter the levels of full-length
tRNA, Q-modified cognate tRNA fragments were present
in substantially higher levels in cells without Q modifica-
tion. We also show that Q modification protects against
cognate tRNA cleavage in vivo upon oxidative stress,
thus altering the cellular tRNA fragment pools. Our study
suggests a previously uncharacterized link between Q
modification and small RNA metabolism in human cells.

RESULTS AND DISCUSSION

Generation of 0Q and 100Q cell lines

In order to investigate the role of tRNA Q modifications,
cells devoid of Q modifications are required. As a nones-

sential modification, Q depleted cells may be obtained ei-
ther by knocking out the QTRT1 gene or by queuine
depletion in the culture medium (Rakovich et al. 2011).
We went with the queuine depletion approach as QTRT1
knockout may alter the physiological response of the cell.
We found that HEK293T cells had considerable amounts
of Q modifications in the cognate tRNAHis and tRNAAsn

when cultured with regular fetal bovine serum, ranging
from 10%–60% (not shown). This result was consistent
with previous reports that cells could obtain tRNA Q-mod-
ification by taking up the small molecule queuine from reg-
ular FBS used in cell culture, whereas using dialyzed FBS
avoided this issue (Gunduz and Katze 1984; Zallot et al.
2014). We generated Q-depleted HEK293T cells by grow-
ing them in dialyzed FBS through continuous passages un-
til the Q modification became undetectable, while Q
modification in tRNAHis and tRNAAsn was fully restored by
adding queuine to the medium (Fig. 1A). Q modifications
in tRNAAsp and tRNATyr were not detected by our 3-acryla-
midophenylboronic acid (APB) gel-based method due to
further glycosylation of these Q-modified tRNAs that elim-
inated the cis-diol in the Q base responsible for the shift of
the modified tRNA in the APB gel (Kasai et al. 1976). We
performedHPLCof the completely nuclease-digested, pu-
rified tRNATyr and tRNAAsp followed by mass spectrometry
to identify the presence of galactose-Q (galQ) in tRNATyr

and mannose-Q (manQ) in tRNAAsp in tRNAs isolated
from 100Q cells (Supplemental Fig. S2). We identified
galQ and manQ from both UV absorbance profile and
the mass of the modified nucleotide 5′ monophosphate.

We measured the time course for HEK293T cells to fully
restore Q modification in tRNAAsn (Fig. 1B). tRNAAsn be-
came fully modified after ∼8 h in the presence of queuine.
We designated the completely Q-depleted cells as 0Q
cells and fully Q-modified cells as 100Q cells hereafter.
We focused on tRNAHis and tRNAAsn in our subsequent
studies since for these cognate tRNAs, Qmodification lev-
els and the resulting properties could be directly assessed.

Q modification and tRNA cleavage
by angiogenin in vitro

The ribonuclease angiogenin primarily targets tRNA anti-
codon loops for cleavage in vivo (Anderson and Ivanov
2014; Ivanov et al. 2014). We reasoned that the Q modifi-
cation in the wobble anticodon position may directly affect
angiogenin cleavage of the cognate, Q-modified tRNAs.
Total tRNAs from 0Q and 100Q cells were 5′ 32P-labeled
and gel purified, and incubated with recombinant human
angiogenin protein either at varying concentration or incu-
bation time (Fig. 1C,D). We quantified the fraction of prod-
ucts for tRNA fragments of all sizes from angiogenin
cleavage throughout the tRNA body and those corre-
sponding to tRNA halfmers which were derived from cleav-
age in the anticodon loop, and compared the amount of
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products from tRNAs isolated from 0Q over 100Q
cells. We found that the amount of both all and halfmer
cleavage products was always lower using total tRNAs
from 100Q cells compared to those from 0Q cells, either
at varying concentration of angiogenin from 0.25–2 µM
or over a time course from 5–80 min. To specifically exam-
ine the cleavage products for the Q-modified tRNAHis and
tRNAAsn, we performed northern blot analysis for these
tRNAs (Fig. 1E). We found three products for both
tRNAs. The two shorter ones correspond to the 5′ and 3′

halfmers of the angiogenin cleavage in the anticodon
loop. Both halfmer products were stable in vitro and de-
tected by the same northern probe we used here. We
found an approximately twofold decrease in the halfmer
products for 100Q tRNAs versus 0Q tRNAs for tRNAHis

and an approximately ninefold decrease for tRNAAsn

(Supplemental Table S1). The longest product close to
the full-length tRNA corresponds to the known, in vitro
angiogenin cleavage of 3′CCA of the tRNAs reported pre-
viously (Czech et al. 2013). The amount of this product was

A

B D

E

C

FIGURE 1. Qmodification inhibits angiogenin cleavage in vitro. (A) Northern blot analysis of total RNAs isolated from 0Q, 100Q HEK293T cells
probed against tRNAHis, tRNAAsn, tRNAAsp, and tRNATyr separated by APB-containing gels. Q, Q∗, and G indicate tRNA with Q34, glycosylated
Q34 and G34, respectively. (B) Appearance of Q modification for tRNAAsn starting from the addition of queuine to HEK293T 0Q cells. Q and G
indicate tRNA with Q34 and G34, respectively. (C,D) Comparative amount of angiogenin cleavage products upon varying the angiogenin con-
centration (C ) or reaction time (D) of total tRNA isolated from 0Q and 100Q HEK293T cells. tRNAs were 5′ 32P-labeled, so the products can be
identified by size. Comparison includes either only tRNA halfmer products corresponding to cleavage in the anticodon loop or all fragments de-
rived from cleavage anywhere in the tRNA body. (E) Northern blot analysis of tRNA cleavage by angiogenin separated by APB-containing gels
using the tRNAHis probe on the left and tRNAAsn probe on the right. Northern blot detected both 5′ and 3′ cleavage product in the anticodon
loop; these halfmers in the 0Q sample are indicated by connecting lines on the right, and the size of the products is shown in parentheses.
The product near the full-length likely corresponds to angiogenin cleavage of the 3′CCA tail; these are indicated by an arrow and -CCA on
the right. A high contrast image of this portion is also shown for better visualization. Quantitation of these products is shown in Supplemental
Table S1. Q-containing tRNA fragments are shifted in the 100Q sample.
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increased by ∼1.5-fold for 100Q tRNAs over those for 0Q
tRNAs which was in the opposite direction as the halfmer
products (Supplemental Table S1). These results indicate
that Q modification can directly protect cognate tRNAHis

and tRNAAsn from angiogenin cleavage in the anticodon
loop in vitro.

Q modification and full-length tRNA abundance
and tRNA fragments in vivo

To examine the cellular effects of Qmodification on tRNA,
we performed demethylase tRNA-seq (DM-tRNA-seq
[Zheng et al. 2015]) to quantitatively compare the levels of
all full-length tRNAs. We previously developed the DM-
tRNA-seq method that removes many Watson–Crick face
basemethylations prior to cDNA synthesis by a processive,
thermophilic group II intron reverse transcriptase to enable
accurate quantitation of full-length tRNAs. We found by
comparative analysis that 0Q and 100Q cells have very sim-
ilar tRNA expression profiles (Fig. 2A), indicating that Q
modificationdid not change the levels of full-length tRNAs.

To examine the effect of Q modification on tRNA frag-
ment profiles, we gel purified small RNAs in the size range
of 20–60 nucleotides from 0Q and 100Q HEK293T cells.
To reduce the interference of Watson–Crick face methyla-
tions for the quantitative comparison among the tRNA
fragments, we again treated this small RNA pool with the
AlkB enzymes, which can efficiently remove m1A, m1G,
m3C and in part m2

2G (Clark et al. 2016). Removal of these
modifications should be more efficient for tRNA fragments
than full-length tRNA due to the loss of tRNA structure in
tRNA fragments (Cozen et al. 2015). We found that
HEK293T cells already contained a considerable amount
of tRNA fragments in the absence of stress (Fig. 2B), on
the order of∼1% relative to total full-length tRNAs (see be-
low). At this time we do not know which and how much of
these fragments were derived from angiogenin specifi-
cally. Since angiogenin is inhibited by its protein inhibitor
RNH1 in the absence of stress (Yamasaki et al. 2009), it is
conceivable that many fragments were produced by other
ribonucleases in cells. This may explain that in the compar-
ative analysis of individual tRNA fragments within each
sample, fragments from several tRNAs that do not contain
Q-modification (GlnCTG, LysCTT, ValAAC) were present at
higher levels in 100Q than in 0Q cells (Fig. 2B).

On the other hand, Q-modified cognate tRNAs consis-
tently showed higher fragment levels in 0Q cells versus
100Q cells. Among these, tRNAHis and tRNAAsp fragments
were present at higher levels than tRNAAsn and tRNATyr,
and the levels for both were also substantially higher in
0Q cells (Fig. 2B; Supplemental Fig. S3A). We further ana-
lyzed the tRNA fragment pattern of the Q-modified cog-
nate tRNAs (Fig. 2C; Supplemental Fig. S3). Unlike in
vitro conditions where both 5′ and 3′ tRNA halfmer frag-
ments are stable (Fig. 1E), only one of the two products

are generally stable in cells. In 0Q cells, tRNAHis fragments
were primarily derived from cleavage near the 5′ end of the
anticodon loop, with the major product encompassing the
5′ end to nucleotides 30–31, consistent with those ob-
served in other cell lines in previous studies (Honda et al.
2015, 2017). The same 5′ fragments were significantly re-
duced in 100Q cells which also contained slightly more
fragments encompassing the middle portion of the tRNA
(Fig. 2C; Supplemental Fig. S3B). tRNAAsn fragments
were present at a lower level than tRNAHis, and they were
enriched from cleavage near the 3′ end of the anticodon
loop (Fig. 2D; Supplemental Fig. S3C).

One question remained whether the differential amount
of tRNA fragments among Q-modified cognate tRNAs
may also be derived from another modification in the
same tRNA that is dependent on the Q-modification.
One precedent for this is the tRNAAsp in S. pombe where
Q34 influences the m5C38 modification in the anticodon
loop; m5C38 is known to reduce tRNA fragment genera-
tion for several tRNAs in cells (Schaefer et al. 2010).
Ideally one would quantitatively compare the fractions of
all other modifications in the Q-modified cognate tRNAs
from 0Q and 100Q cells. This approach however is beyond
the scope of this work; therefore we adapted our DM-
tRNA-seq approach where several Watson–Crickmodifica-
tions can be quantitatively compared between two sam-
ples using mutation and stop signatures generated by
the RT enzyme during cDNA synthesis (Supplemental
Fig. S4; Clark et al. 2016). In tRNAHis, two modifications
can be measured this way that include the m1A58 in the
T loop, and a newly found m1G37 (Clark et al. 2016) in
the anticodon loop. In tRNAAsn, the four measurable mod-
ifications include m1A58, m2

2G26 between D and antico-
don stems, acp3U in the D loop, and m1G9 between
acceptor and D stems. In all cases, the mutation plus
stop fractions at these positions are identical or very similar
in 0Q and 100Q tRNAs, suggesting that Q modification
does not significantly change the patterns of other modifi-
cations in these cognate tRNAs.

Q modification and tRNA cleavage under stress
and angiogenin treatment in vivo

To examine the role of Q modification in generating tRNA
fragments in cells under stress, we treated HEK293T and
HeLa cells with sodium arsenite which was known to in-
duce tRNA cleavage by ribonucleases (Yamasaki et al.
2009; Ivanov et al. 2011), or directly treated cells with
recombinant human angiogenin protein (Fig. 3). In
HEK293T cells (Fig. 3A), we found that small RNAs in the
size range corresponding to tRNA halfmers increased in
the arsenite stress and upon angiogenin treatment relative
to the amount of total full-length tRNA. In HeLa cells
devoid of Q modifications (Supplemental Fig. S5), we
found that the amount of these small RNAs increased
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substantially under the arsenite stress, but not upon the
addition of angiogenin (Fig. 3B). The cell line dependent
result may be derived from differential ribonuclease activ-
ities in these cells. Northern blots of these same samples
(Fig. 3C,D) showed that tRNA halfmer fragments derived
specifically from the Q-modified cognate tRNAHis and
tRNAAsn increased under all conditions. Importantly, the

amount of these tRNA fragments was always higher in
0Q cells compared to 100Q cells (Fig. 3E).

Concluding remarks

Taken together, our results indicate that queuosine tRNA
modification directly protects the cognate tRNAs against

A

B

C D

FIGURE 2. Qmodification and tRNA fragments in vivo by RNA-seq. (A) Comparison of the tRNA isoacceptor family abundance of 0Q and 100Q
HEK293T cells by DM-tRNA-seq. Arrows indicate the four Q-modified cognate tRNAs. The total number of assigned tRNA reads is set to 1 in each
sample, and the fraction of each tRNA isoacceptor is shown. (B) Heatmap of tRNA fragment abundance at the isoacceptor family level. The
amount of all tRNA fragment products of all sizes in each sample are added together and set as 1; shown are the fractions of individual tRNA
isoacceptors. Arrows indicate the four Q-modified cognate tRNAs. The scale bar shows the fraction tRNA fragments in the heatmap. (C,D)
tRNAHis and tRNAAsn fragment coverage from 0Qand 100QHEK293T cells. The anticodons (GTG for tRNAHis, andGTT for tRNAAsn) are indicated
by a gray bar.
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ribonuclease cleavage and alters the tRNA fragment de-
rived small RNA pools in human cells. tRNA fragments
are heterogeneous in size, composition, biogenesis, and
function (Fu et al. 2009; Yamasaki et al. 2009; Phizicky
and Hopper 2010) and play important roles in cell physiol-
ogy and human health and disease (Anderson and Ivanov
2014; Goodarzi et al. 2015; Gapp and Miska 2016). Like
the known function for many fragments from tRNAs not
modified with Q, Q modification dependent tRNA frag-
ments may also play a role in cellular stress response, al-
though this biological hypothesis was not addressed
here. Previous studies showed that tRNA Q modification
levels could be lower in cancer cells and tRNA Q hypo-
modification could affect cell proliferation and malignancy
(Pathak et al. 2005; Vinayak and Pathak 2009). Future in-
vestigation will examine what roles the tRNA fragments
derived from tRNAHis and tRNAAsn play under different cel-
lular contexts.

In summary, we show here a previously unappreciated
biological aspect of tRNA Q modification in human cells
which complements its known roles in translational control
through codon–anticodon interaction. The level and pat-
tern of Q-mediated tRNA fragments may serve as markers
for the status of cellular stress, nutrient deprivation and
diseases.

MATERIALS AND METHODS

Cell culture and generation of Q-depleted cell lines

Human embryonic kidney HEK293T cells (CRL-11268) and human
cervical cancer HeLa cells (CCL-2) from ATCC were grown in
Dulbecco’smodified Eagle’smedium supplementedwith 10%di-
alyzed fetal bovine serum (US origin, Life Technologies), and 1%
penicillin–streptomycin. Cells were passaged at the confluency of
70%–90% for ∼10 passages to generate Q-depleted cell lines

A

B D

C E

FIGURE 3. Qmodification protects cognate tRNA cleavage under arsenite stress and angiogenin treatment in cells. (A) Total small RNA fragment
analysis of total cellular RNA isolated from 0Q and 100Q HEK293T cells by SYBR gold staining under conditions of no stress (Mock), plus sodium
arsenite (SA), plus recombinant human angiogenin protein (ANG). Total RNA was analyzed on 10% denaturing PAGE containing 7 M urea. Full-
length tRNAbands are indicatedby a bar on the right. The size region corresponding to tRNAhalfmers is also shown in higher contrast on the right.
Percentagesof total tRNAhalfmer sized fragments relative to full-length tRNAare shownbeloweach lane. (B) SameasA forHeLacells. (C ) Northern
blot analyses of the samesamples inAusing tRNAHis and tRNAAsn probes separatedbyAPB-containinggels. tRNA fragments corresponding to the
halfmers are indicatedbyabaron the right. (D) SameasC forHeLacells. (E) Heatmapof tRNAHis and tRNAAsn halfmer fragmentproducts for 0Qand
100Q cells. The scale bar shows the percent product under these conditions relative to full-length tRNA on the same northern blot.
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(designated as 0Q cells). Total RNA was isolated using the TRIzol
method, and the tRNA queuosine modification level was deter-
mined by northern blot analysis with specific tRNA probes as de-
scribed below. 0Q cell lines proliferated normally under standard
culture conditions, and were stocked for subsequent experi-
ments. To fully restore tRNA Q modification, Q-depleted cells
were supplemented with queuine (Toronto Research Chemicals)
at 1 µM for 24 h (designated as 100Q cells).

In vitro tRNA angiogenin cleavage assay

In vitro angiogenin cleavage assay was performed in accordance
with a previous study (Czech et al. 2013). Briefly, to prepare the
tRNA substrates, total tRNAs from 0Q and100Q HEK293T cells
were 5′ 32P-labeled and gel purified. Nonradioactive, gel purified
tRNAs (1 µg/µL) from corresponding 0Q and 100Q cells were
spiked with respective 32P-labeled tRNAs in 30 mM TrisHCl, pH
7.4, 30 mM NaCl, heated at 90°C for 2 min and then incubated
at room temperature for 3 min. MgCl2 was added to a final con-
centration of 2 mM, and the sample was further incubated for
5 min at 37°C. Recombinant human angiogenin (R&D systems)
was added to a final concentration of 0–2 µM to the reaction
and incubated at 37°C for the indicated period of time. The reac-
tions were stopped by adding 2× urea loading buffer (9 M urea,
100 mM EDTA), and the full-length tRNAs and tRNA fragments
were separated on a denaturing 10% PAGE gel followed by
exposure to phosphorimaging plates. Band intensity of frac-
tion products after angiogenin digestion was quantified using
Imager software.

tRNA fragments generation under stress conditions
and angiogenin treatment in vivo

0Q HEK293T cells and HeLa cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% dialyzed fetal
bovine serum and 1% penicillin–streptomycin. At the confluency
of ∼50%, half of the cells were supplemented with or without
queuine at 1 µM for 24 h to generate100Q cells. Subsequently,
0Q and 100Q cells were treated with or without stress conditions.
For angiogenin (ANG) treatment, cells were treated with recom-
binant human angiogenin (R&D systems) at 1 µg/mL for 2 h at
37°C. For oxidative stress, cells were treated with 500 µM sodium
arsenite (SA) for 2 h at 37°C. The stress conditions were the same
for 0Q and 100Q HeLa cells as for HEK293T cells. Total RNAs
were extracted by the mirVanamiRNA Isolation Kit and separated
on 10% denaturing PAGE, and stained by SYBR gold staining to
visualize tRNA fragments. Q modification levels and tRNA frag-
ments were detected by northern blot analysis as described
below.

Determination of Q modification levels in tRNAHis

and tRNAAsn using 3-acrylamidophenylboronic acid
(APB) gel and northern blot analysis

This method was based on the protocol developed previously
(Igloi and Kossel 1985; Zaborske et al. 2014). Total RNA was
deacylated by incubating in 100 mM Tris-HCl (pH 9.0) for 30
min at 37°C. Deacylated RNA samples were combined with an

equal volume of denaturing 2× gel loading buffer containing
9 M urea, 100 mM EDTA. Samples were loaded onto denaturing
10% polyacrylamide gels containing 5% 3-Acrylamidophenylbor-
onic acid (Frontier Scientific), and gel electrophoresis was run at
4°C in TAE buffer. RNA was transferred onto Hybond-XL mem-
brane (GE Healthcare) using a vacuum gel dryer for 2 h at 80°C.
The membrane was then washed twice for 30 min each in the hy-
bridization buffer (20 mM phosphate, pH 7.2, 300 mM NaCl, 1%
SDS), followed by hybridization with 5′ 32P-labeled oligonucleo-
tide probes of four Q-containing tRNAs in the hybridization buffer
for 16 h at 60°C. Membranes were washed twice for 30 min each
in a solution containing 20mMphosphate, pH 7.2, 300mMNaCl,
2 mM EDTA, and 0.1% SDS and exposed to phosphorimaging
plates. Band intensity was quantified using Imager software. Oli-
gonucleotide probe sequences were: tRNAHis: 5′TGCCGTGA
CTCGGATTCGAACCGAGGTTGCTGCGGCCACAACGCAGAG
TACTAACCACTATACGATCACGGC; tRNAAsn: 5′CGTCCCTGGG
TGGGCTCGAACCACCAACCTTTCGGTTAACAGCCGAACGCG
CTAACCGATTGCGCCACAGAGAC; tRNAAsp: 5′CTCCCCGTCG
GGGAATCGAACCCCGGTCTCCCGCGTGACAGGCGGGGATA
CTCACCACTATACTAACGAGGA; tRNATyr: 5′TCCTTCGAGCCG
GASTCGAACCAGCGACCTAAGGATCTACAGTCCTCCGCTCTA
CCARCTGAGCTATCGAAGG.

Identification of glycosylated Q-tRNA modifications
by HPLC and mass spectrometry

Total RNA extracted from 100Q cells was used to purify tRNAAsp

and tRNATyr which are known to be further modified to mannose-
Q and galactose-Q, respectively. 160 μg of total RNAwas hybrid-
ized with 160 pmole 5′biotin-labeled oligos of the same sequenc-
es as the northern blot probes above for tRNAAsp and tRNATyr in
2X SSC at 16°C for 16 h, followed by incubation with Dynabeads
M-280 streptavidin beads (Invitrogen) at room temperature for
1 h. The RNAs were released from beads by DNase I digestion
at 37°C for 30 min, followed by acid phenol extraction (pH 4.5)
and ethanol precipitation. RNAs were dissolved in water and
the concentration was determined by UV absorbance using
Nanodrop.
Purified tRNAAsp or tRNATyr were digested in 45 µL contain-

ing 11 mM Tris-HCl, pH 7.5, 1.1 mM EDTA, pH 8.0, and
89 ng/µL RNase A and 22 ng/µL nuclease T1 at 37°C for 1 h.
160 µl water was added, the mixture spun at highest speed
for 10 min and transferred to a HPLC vial. A total of 200 µl
was injected, and the HPLC gradient was 0%–15% acetonitrile
in 0.05 M TEAA in 30 min. All peaks except for those of mono-
nucleotide 3′-phosphates were collected. After speedvac, the
RNA fragments were subjected to digestion with 0.044 U/µL
nuclease P1 (Sigma) in 25 mM NaCl, 2.5 mM ZnCl2, pH 5.5
at 37°C for 2 h to generate the corresponding 5′-phosphate.
The reaction mixture was diluted to 500 µL and spun at highest
speed for 10 min. The supernatant was transferred to a new vial
and injected to HPLC eluting with 0%–12% acetonitrile in 0.05
M TEAA in 30 min while collecting each peak. Absorbance
spectra for each peak was taken and compared to the known
absorbance profile of Q-modified nucleotides (Costa et al.
2004). After speedvac, the pellet was dissolved in 10 µL water,
and 2 µL were mixed with THAP matrix followed by MALDI MS
analysis.
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Full-length tRNA sequencing

High-throughput tRNA sequencing of 0Q and 100Q HEK293T
cells was performed using the demethylase-tRNA-seq (DM-
tRNA-seq) method according to the published protocol (Zheng
et al. 2015; Evans et al. 2017).

tRNA fragment sequencing

tRNA fragment sequencing was adapted from a previously re-
ported method with the added step of AlkB demethylase treat-
ment to remove Watson–Crick face methyl modifications (Zheng
et al. 2015; Evans et al. 2017). Total RNAs were extracted from
0Q and 100Q HEK293T cells with the mirVana miRNA Isolation
Kit. 5′ and 3′ tRNA fragments in the size range of 20–60 nt were
gel-size selected, and RNAs were eluted by incubation with crush
and soak buffer (50 mM KOAc/200 mM KCl, pH 7.0) at 4°C over-
night. The eluted RNA was dissolved in water. Demethylation re-
action was performed under previously optimized conditions
(Zheng et al. 2015; Evans et al. 2017). A total of 100 μl of reaction
mixture containing 0.5 μg of isolated small RNA (∼40 pmole) was
treated with 2× molar ratio of wild-type AlkB enzyme (80 pmole)
and 4× molar ratio of D135S mutant (160 pmole). The reaction
buffer contained 300 mM KCl, 2 mM MgCl2, 50 μM of (NH4)2Fe
(SO4)2·6H2O, 300 μM 2-ketoglutarate (2-KG), 2 mM L-ascorbic
acid, 50 μg/mL BSA, 50 mM MES, pH 5.0. The reaction was incu-
bated for 2 h at room temperature and quenched by the addition
of 5 mM EDTA final concentration. After phenol–chloroform ex-
traction, 1/10 volume of 3 M NaOAc/HOAc, pH 4.8 was added
and RNAs were recovered by ethanol precipitation.

Precipitated RNAs were deacylated in 20 µL 0.1 M Tris-HCl, pH
9.0 at 37°C for 30 min. Twenty microliters buffer containing 0.1 M
Tris-HCl, pH 7.0, 20 mM MgCl2 and 2 U/µL T4 kinase (NEB) was
added and the mixture was incubated at 37°C for another 30
min to remove the 3′ and 2′,3′ cyclic phosphates of the tRNA frag-
ments (Honda et al. 2015, 2017). RNAs were extracted using acid-
ic Phenol/CHCl3 (pH 4.5) with 0.3 M NaOAc/HOAc, pH 4.8,
followed by ethanol precipitation. Directional ligation of adapt-
ers, cDNA generation, and PCR amplification were performed us-
ing the TruSeq Small RNA Sample Prep Kit (Illumina) according to
the manufacturer’s protocol. The amplified cDNAs were se-
quenced using Illumina HiSeq 2000 in the Genomics Core at
the University of Chicago.

Sequencing data analysis

For full length tRNA sequencing, all libraries were sequenced on
an Illumina HiSeq 1000 with paired-end mapping using read
lengths of 100 bp. Standard quality control via FastQC was per-
formed after sequencing and also after read processing. Reads
were processed using Trimmomatic v0.32 to remove the standard
Illumina adapter sequence followed by subsequent trimming us-
ing custom Python scripts to remove demultiplexing artifacts,
primers, and trim the extended adapter. This second trimming
step ensures that reads are not over-trimmed by Trimmomatic
to ensure fidelity of the 3′ end of the raw reads. The resultant
trimmed sequences were then aligned to the library using
Bowtie 1.0 with sensitive options (- - k 1 –v 3 –best –strata).
Sequencing reads were aligned to a modified tRNA hg19 ge-

nome file, containing nuclear-encoded tRNAs, mitochondrial-en-
coded tRNAs, and non-Homo sapiens tRNAs as standards.

For tRNA fragment sequencing, reads were mapped using
bowtie version 1.0 on human tRNA sequences, provided by the
genomic tRNA database (http://gtrnadb.ucsc.edu/genomes/
eukaryota/Hsapi19/hg19-tRNAs.fa [Chan and Lowe 2016]). Only
one copy of multiple identical tRNA sequences was retained for
Bowtie’s index files, for a total of n = 419 unique tRNA sequences.
Pileup plots were derived frommapped reads using samtools ver-
sion 0.1.19 (Li et al. 2009), and allowed to quantify tRNAs in the
following manner: Reads that uniquely map to one tRNA were
used to randomly assign reads that map to multiple tRNAs. The
random assignment is such that it is proportional to the number
of unique hits each tRNA has. For each sample, tRNA quantifica-
tion was normalized with the help of the normalize.quantiles func-
tion of the “preprocessCore” R package (Bolstad et al. 2003).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.

DATA DEPOSITION

The full-length tRNA and tRNA fragment sequencing data have
been deposited in NCBI database under GEO accession number
GSE102570.
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