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ABSTRACT

Queuosine (Q) is a conserved tRNA modification
at the wobble anticodon position of tRNAs that
read the codons of amino acids Tyr, His, Asn, and
Asp. Q-modification in tRNA plays important roles
in the regulation of translation efficiency and fi-
delity. Queuosine tRNA modification is synthesized
de novo in bacteria, whereas in mammals the sub-
strate for Q-modification in tRNA is queuine, the
catabolic product of the Q-base of gut bacteria. This
gut microbiome dependent tRNA modification may
play pivotal roles in translational regulation in dif-
ferent cellular contexts, but extensive studies of Q-
modification biology are hindered by the lack of
high throughput sequencing methods for its detec-
tion and quantitation. Here, we describe a periodate-
treatment method that enables single base resolu-
tion profiling of Q-modification in tRNAs by Nextgen
sequencing from biological RNA samples. Periodate
oxidizes the Q-base, which results in specific dele-
tion signatures in the RNA-seq data. Unexpectedly,
we found that periodate-treatment also enables the
detection of several 2-thio-modifications including
+m®s2U, mem®s2U, cmnm®s2U, and s2C by sequenc-
ing in human and E. coli tRNA. We term this method
periodate-dependent analysis of queuosine and sul-
fur modification sequencing (PAQS-seq). We assess
Q- and 2-thio-modifications at the tRNA isodecoder
level, and 2-thio modification changes in stress re-
sponse. PAQS-seq should be widely applicable in the
biological studies of Q- and 2-thio-modifications in
mammalian and microbial tRNAs.

INTRODUCTION

Among the ~50 modifications in human RNA, queuosine
(Q) is unique in that it requires a gut microbial and diet
dependent metabolite for its installation. Q is a 7-deaza-7-
aminomethyl-cyclopentenediol derivative that replaces the
unmodified guanine at the wobble anticodon position (34
in tRNA nomenclature) of Tyr, His, Asn, and Asp tRNAs
(1). Bacteria synthesize Q-modified tRNAs in an 8-step de
novo biosynthesis pathway (2). In mammals, Q-modified tR-
NAs are derived from scavenging the queuine nucleobase, a
catabolic product of the Q-modified tRNA in gut micro-
biome or diet. In humans, G34 is replaced with queuine,
in these 4 tRNAs, by the heterodimeric enzyme guanine-
tRNA transglycosylase (TGT) (3).

Although Q-modification in tRNA is not essential for life
(for example, germ-free mice can have a normal life in the
laboratory with a full synthetic diet lacking queuine (4)),
Q34 is known to enhance decoding speed, tune decoding
accuracy in translation, and modulate tRNA fragment bio-
genesis (5-9). In mammals, gut availability of queuine af-
fects virulence of resident gut microbes (10) and modulates
cancer growth (11,12). Q-modification levels in tRNA are
especially high in human brain tissues (13) and queuine also
plays a role in resistance to cancer metabolism (11) and
neuronal damage (14). Since queuine must be scavenged
from the gut and Q-tRNA modification is directly involved
in protein biosynthesis, queuine and Q-tRNA modification
present a clear connection between the gut microbiome and
host proteostasis.

Currently, the methods of detecting and quantify-
ing Q-modification in tRNA include radioactive gua-
nine exchange, liquid chromatography-mass spectrometry
(LC/MYS), acryloylaminophenyl boronic acid (APB) or acid
denaturing gel electrophoresis (15-17). Guanine exchange
is only useful to quantify the total Q levels in all tRNAs.
LC/MS can precisely analyze Q-modification in tRNAs,
but it is difficult to apply it to tRNA isodecoders at a
large scale. Gel electrophoresis methods can quantify Q-
modification in individual tRNAs, but still requires micro-
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grams of total RNA and is done for one tRNA species at
a time. Neither LC/MS nor gels have sufficient resolution
for the studies of tRNA isodecoders in mammals, which are
tRNA sequences that share the same anticodon but differ in
the body of the tRNA.

Thio-modifications are also widespread in mammalian
and bacterial tRNAs (18). They include direct substitutions
of the oxygen atom with sulfur at either the 2- (2-thio, s?)
of C/U or 4- (4-thio, s*) position of U, and at 2-position of
A (2-methylthio-isopentenyl-A, ms?i®A). In human tRNAs,
the s> modification occurs in the wobble anticodon uridine
(U34) of several tRNAs. In E. coli tRNAs, the s> modifi-
cation occurs in the wobble anticodon uridines of several
tRNAsS, as well as position 32 of cytosine (s?C32) in the an-
ticodon loop of several other tRNAs; furthermore, many E.
coli tRNAs also contain the s*U modification at position
8 between the acceptor and D stem. The anticodon s>?U34
modifications are generally, but not always accompanied by
additional modifications at C5, and the thio-modification
plays a crucial role in decoding efficiency of C- versus U-
ending codons of Gln, Glu, Lys and AGY codons of Arg
(19). The s>C32 modification plays a role in selective decod-
ing of Arg codons (20). The s*U8 modification is a UV sen-
sor that initiates UV response in E. coli (21).

Nextgen sequencing has become a versatile tool to study
many RNA modifications. The modifications themselves, or
derivatives from various chemical or enzymatic treatments,
can result in distinctive signatures of base misincorpora-
tions (mutations), deletion, insertions, or stop in the RNA-
seq data (22-24)—all caused by how reverse transcriptase
reads the unique chemical structure of modification. To
our knowledge, Q-modification does not readily leave a de-
tectable signature in standard RNA-seq procedures, despite
the large chemical moiety attached to the 7-position of the
Q-base.

Here, we report that periodate treatment of the total
RNA sample before reverse transcription produces new
and quantitative sequencing signature of Q-modification in
tRNA at single base resolution. It is well established that pe-
riodate can oxidize the cis-diol in the Q-base (Figure 1A).
We found that upon mapping of the high throughput se-
quencing data to the respective reference tRNA, periodate-
treated tRNAs show base skipping (deletion) at the Q-
modified nucleotide. Q-modification levels can be semi-
quantified using a calibration established with tRNAs with-
out Q-modification (0Q) and full Q-modification (100Q).
Unexpectedly, we also found that periodate treatment gen-
erates a strong sequencing signature for 2-thio tRNA modi-
fications. Thus periodate treatment of modifications enables
the investigations of both Q and 2-thio tRNA modifica-
tions.

MATERIALS AND METHODS
HEK293T cell growth

HEK293T cells were cultured with complete DMEM
medium under normal conditions. 0Q HEK?293T cells were
obtained by culturing the cells with dialyzed FBS for cer-
tain passages, and 100Q HEK293T cells were obtained by
treating 0Q cells with 1 WM queuine for 24 h (8). Briefly,
HEK?293T cells were grown in complete DMEM medium
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(Cytiva Hyclone SH30022.01) with 10% dialyzed FBS
(Thermo Fisher Scientific 26400044) and 1% Penicillin-
Streptomycin (Thermo Fisher Scientific 15070063) to 80%
confluency and passaged. TRIzol reagent (Thermo Fisher
Scientific 15596026) was used to extract total RNAs at each
passage by following the manufacturer’s manual. Q levels
in tRNAHiS/Asn were constantly examined at each passage
by APB gel based Northern blot. Q modification fractions
of tRNAHIS/AM dropped to below detection after ~10 pas-
sages, these cells are designated as 0Q. 100Q cells were ob-
tained by culturing 0Q cells to 60-80% confluency followed
by incubation with 1 pM queuine for 24 h.

Northern blot of APB gels

Northern blots were performed as previously described
(12). Three wg of total RNA was added to each microcen-
trifuge tube and diluted to 9 pl with H,O. 1 pl of 1M Tris—
HCI (pH 9.0) was added to the tube with mixing followed
by incubation at 37°C for 30 min to deacylate tRNAs. 10
pl 2x RNA loading dye (8 M urea, 0.1 M EDTA, 0.05%
Bromophenol blue, 0.05% Xylene cyanol) were added to
each tube. All samples were loaded to a pre-run hand-cast
10% denaturing PAGE gel containing 0.5% (g/ml) Acry-
lamidophenylboronic acid (APB). The gel was run at 18W
for ~2-3 h until the xylene cyanol band was ~1-2 cm to
the bottom in the 4°C cold room using 1 x TAE buffer. The
gel area containing the target tRNAs was saved and the
slightly larger sized Hybond-XL membrane (GE Health-
care, RPN303S) was put on top of the gel to take the gel
out of the plate with caution. Dry RNA transfer was then
performed using a gel dryer (Bio-Rad, 1651745) for 4 h at
80°C. The gel and membrane were separated by soaking in
distilled water. The RNA was crosslinked to the membrane
by UV for two times (254 nm, 1200 mJ). The membrane
was then blocked for 30 minutes twice with hybridization
buffer (20 mM phosphate, pH 7, 300 mM NaCl, 1% SDS)
at room temperature. The membrane was incubated with 50
ml 3 pmol/ml biotinylated tRNA probes for 16 h at 60°C in
the UVP Hybridizer Oven (Analytik Jena 95-0030-01) fol-
lowed by washing with 50 ml washing buffer (20 mM phos-
phate, pH 7, 300 mM NaCl, 2 mM EDTA, and 0.1% SDS)
for 30 min twice in the UVP Hybridizer Oven. The mem-
brane was then incubated with streptavidin-HRP conjugate
(Genscript M00091) in 30 ml hybridization buffer (1:5000—
1:10 000 dilution) for 30 min at room temperature followed
by three washes for 5 min each in 25 ml washing buffer.
The membrane was then transferred to plastic wrap with
the RNA-side facing up. Peroxidase detection reagent 1 and
2 (Bio-Rad 1705061) were mixed (0.1 ml per 1 cm?> mem-
brane) and applied to the top of the membrane by pipetting.
The membrane was incubated with the reagent mixture for
5 min under dark. The membrane was then transferred to
a new plastic wrap to remove extra detection reagent. The
membrane was scanned using the ChemiDoc imaging sys-
tem (Bio-Rad) and the data was analyzed using ImageLab.
The oligonucleotide probe sequences were: tRNAHS:
5-biotin-TGCCGTGACTCGGATTCGAACCG
AGGTTGCTGCGGCCACAACGCAGAGTAC
TAACCACTATACGATCACGGC; tRNAAS:
5-biotin-CGTCCCTGGGTGGGCTCGAACCACC
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Figure 1. Q-modification in tRNA generates deletion signature after periodate treatment. (A) Chemical structure of the Q-base and its proposed periodate
oxidized form. (B) Northern blot of APB gel showing the tRNAAS and tRNAHis Q levels in 0Q and 100Q samples used in sequencing. (C) Deletion
fraction of tRNAMS, in 0Q and 100Q samples, £periodate. Expanded view in the region of &3 nt to Q34 residue (dashed line). The biological rephcates
are overlaid in each graph. Only the most abundant tRNAH isodecoder is shown. A known modification that also produces deletion signature is m'G at
position 37. (D) Same samples and legend as panel C showing mutation, insertion, and stop fractions in the region of £5 nt to Q34 residue.

AACCTTTCGGTTAACAGCCGAACGCGCTAACC
GATTGCGCCACAGAGAC.

E. coli growth and RNA extraction

E. coli MG1655 cells were grown in LB to a Agy of 0.4
before subjecting to the stress conditions. Cells were har-
vested by centrifuging 25 ml culture for 1 min at 12 000
rcf and decanting media. Mock treated cells, 25 ml, were
left to grow for 10 min. Iron depletion stress was done
by adding to 25 ml cells 2,2'-dipyridl (DIP) to 250 pM
final concentration for 10 min. Hydrogen peroxide stress
was done by adding H,O, to 25 ml cells to a final con-
centration of 0.5% for 10 min. Glucose phosphate stress
was done by adding to 25 ml cells a-methyl glucoside-6-
phosphate («MG) to a final concentration of 1 mM for 10
min. Cells were resuspended in 0.5 mL ice cold lysis buffer
(150 mM KCI, 2 mM EDTA, 20 mM HEPES pH 7.5) then
flash frozen in liquid nitrogen. RNA was extracted by a
hot acid-phenol protocol. Briefly, 0.5 ml of acid-buffer phe-
nol (pH 4.5 citrate) was added to frozen samples. Samples
were incubated in a heat block with shaking at 50°C for 30
min. The aqueous phase was extracted for another round
of phenol extraction and two rounds of chloroform extrac-
tion before ultimately precipitating with glycoblue, 300 mM
sodium acetate, and 3 volumes of ethanol. Samples were
incubated for 1 hour at -80°C, then centrifuged at maxi-
mum speed (20k RCF) for 45 min to pellet RNA. Pellets
were washed twice with 70% ethanol, then resuspended in
water.

Periodate treatment

One-pot deacylation and B-elimination for tRNA charging.
For RNA that was periodate treated, up to 500 ng of total
RNA in 7 pl was used for optional one-pot beta-elimination
prior to library construction. To start, 1 pl of 90 mM
sodium acetate buffer, pH 4.8 was added to 7 pl input RNA.
Next, 1 pl of freshly prepared 150 mM sodium periodate so-
lution was added for a reaction condition of 16 mM NalQy,
10 mM NaOAc pH 4.8. Periodate oxidation proceeded for
30 min at room temperature. Oxidation was quenched with
addition of 1 wl of 0.6 M ribose to 60 mM final concentra-
tion and incubated for 5 min. Next 5 pl of freshly prepared
100 mM sodium tetraborate, pH 9.5 was added for a final
concentration of 33 mM. This mixture was incubated for 30
min at 45°C. To stop B-elimination and perform 3’ end re-
pair, 5 wl of T4 PNK mix (200 mM Tris—=HCI pH 6.8, 40 mM
MgCl,, 4 U/l T4 PNK, from New England Biolabs) was
added to the reaction, and incubated at 37°C for 20 min. T4
PNK was heat inactivated by incubating at 65°C for 10 min.
This 20 .l reaction mixture can be used directly in the first
bar-code ligation by adding 30 wl of a ligation master mix
described below.

Standard t RNA deacylation. For RNA that was not perio-
date treated, total RNA was prepared for library construc-
tion by first deacylating in a solution of 100 mM Tris—HCI,
pH 9.0 at 37°C for 30 min, then neutralized by addition of
sodium acetate, pH 4.8 to a final concentration of 180 mM.
Deacylated RNA was then ethanol precipitated and resus-
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pended in water or desalted using a Zymo Research Oligo
Clean-and-Concentrator spin column.

On-bead periodate treatment. During library preparation
(described below), RNA samples that underwent standard
tRNA deacylation were treated with periodate when immo-
bilized on streptavidin beads. Beads were resuspended in fi-
nal concentration of 50 mM NalQOy, 0.1 M NaOAc/HOACc,
pH 5, then incubated at room temperature for 30 min. Re-
action was quenched with 10 wl 1 M ribose for 5 min. Beads
were washed twice with high salt wash buffer.

Sequencing library preparation

Libraries were prepared as described in multiplex small
RNA sequencing (MSR-seq) paper (25). Briefly, after dea-
cylation, tRNAs were ligated to a biotinylated hairpin oligo
with a barcode and Illumina sequencing primer binding
sites. Samples were incubated overnight at 16°C in a 50
wl ligation solution with the following final concentration:
15% PEG 8000, 1x NEB T4 RNA ligase I buffer, 50 pM
ATP, 5% DMSO, 1 mM hexaamine cobalt (III) chloride,
0.8 M barcode ligation oligo, and 1 U/l NEB T4 RNA
ligase 1. After overnight ligation, 50 pl of 100 mM EDTA
were added to each sample to inactivate the ligase. The sam-
ples were then combined and 8 .l of ThermoFisher Strepta-
vidin MyOne C1 Dynabeads per sample were added to the
combined samples. The biotinylated samples were allowed
to bind the beads for 15 min. After binding, the beads were
magnetized, the supernatant was removed, and the samples
were washed once with a high salt Tween wash buffer (1
M NaCl, 0.1% Tween 20, and 20 mM Tris-HCI, pH 7.4)
and once with low salt wash buffer (100 mM NacCl, 20 mM
Tris-HCI, pH 7.4). The RT reaction was done with Su-
perscript IV at 55°C for 10 min, then further incubated at
37°C overnight. Beads were then resuspended into 50 wl of
RNase H master mix containing 0.4 U/l RNase H (NEB)
and 1 x NEB RNase H buffer and incubated at 37°C for 15
min, then washed. Unextended hairpin-oligo was blocked
by addition of 10 wl of 250 mM freshly prepared sodium
periodate, 0.5 M sodium acetate, pH 5 were added to the
RNase H digested sample and incubated at room temper-
ature for 30 min. Afterwards, ribose was added to a final
concentration of 167 mM to quench excess periodate at
room temperature for 5 min. Beads were resuspended into
50 wl of a ligation master mix with the following compo-
nents: 2 U/l T4 RNA ligase I (NEB), 1x NEB T4 RNA
ligase I buffer, 2 WM second ligation oligo, 25% PEG 8000,
50 uM ATP, 7.5% DMSO and 1 mM hexaamine cobalt
chloride. After incubation at room temperature overnight
(>12 h), the reaction was diluted with 50 pl water to re-
duce viscosity, washed once with high salt wash buffer and
once with low salt wash buffer, and then resuspended in wa-
ter. These beads were used as template for PCR reaction to
make libraries for sequencing.

Calibration samples

The queuosine calibration samples were mixed using a com-
bination of 0% queuosine (queuosine-depleted) HEK total
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RNA and 100% queuosine (queuosine-abundant) HEK to-
tal RNA to a final volume of 10 ul. (Queuosine modifica-
tion levels were quantified by Northern blot.) The calibra-
tion samples ranged from 0% queuosine to 100% queuosine
in 10% intervals.

Samples on beads from the barcode ligation and mul-
tiplexing above were resuspended in 40 pl of deionized,
autoclaved water and 10 pl of a 0.25 M NalQy4, 0.5 M
NaOAc/HOAc, pH 5 (final concentration: 50 mM NalOy,
0.1 M NaOAc/HOAc, pH 5) were added. The reaction
proceeded at room temperature for 30 minutes and was
quenched by addition of 10 pl of 1 M ribose for 5 min. After
quenching, the samples were washed as stated in the Bar-
code ligation and multiplexing section.

Reverse transcriptase screen

Libraries were prepared as above with standard deacyla-
tion conditions for three replicates of 100Q samples, how-
ever each sample was used in two different ligation re-
actions with different barcodes. After ligation, samples
were pooled into two groups, differing only by the bar-
code used for each replicate. One group was further treated
with periodate on bead as described above, while the other
was not treated. Next all samples were combined — use
of 6 barcodes allows differentiation of the three samples
with periodate treatment and the three without. This com-
bined mixture was used for further library construction.
Before reverse transcription, the sample was divided into
six aliquots, each used for reverse transcription with a dif-
ferent RT enzyme. The enzymes used were AffinityScript
(Agilent 600105), HIV-RT (Worthington Biochemical Cor-
poration, LS05003), MuMLV (NEB M0253L), RevertAid
(ThermoFisher EP0441), SuperScript III (ThermoFisher
18080093), and SuperScript IV (ThermoFisher 11756050).
Each RT product was kept separate for the remainder of
library construction and PCR amplified with a different in-
dex for sequencing.

Data analysis

Libraries were sequenced on Illumina Hi-Seq or NEXT-seq
platform. First, paired end reads were split by barcode se-
quence using Je demultiplex with options BPOS = BOTH
BM = READ._I LEN = 4:6 FORCE = true C = false °.
BM and LEN options were adjusted for samples with a 3
nt barcode instead of 4, and for samples where the bar-
code is located in read 2. Barcode sequences are available
on Github at https://github.com/ckatanski/Q_paper. Next
read 2 files were used to map with bowtie2 (26) with the
following parameters: -q -p 10 —local —no-unal. Reads
were mapped to curated list of non-redundant tRNA genes
with tRNAScane score >40 for respective organisms (hu-
man and E. coli). Bowtie2 output sam files were converted
to bam files, then sorted using samtools. Next IGV was
used to collapse reads into 1 nt window. IGV output.wig
files were reformatted using custom python scripts (avail-
able on GitHub at https://github.com/ckatanski/Q_paper).
The bowtie2 output Sam files were also used as input for a
custom python script using PySam, a python wrapper for
SAMTools (27) to sum all reads that mapped to each gene.
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Data was visualized with custom R scripts (available on
GitHub at https://github.com/ckatanski/Q_paper). ‘Reads
per million’ normalization was calculated by dividing the
number or reads mapped to a specific gene by the total
number of tRNA-mapped reads in that sample, and scal-
ing by a factor of 1 000 000. Unless otherwise stated, analy-
sis was limited to genes and positions with read coverage
>100 reads. For presentation, the position value of each
tRNA gene was adjusted to match canonical tRNA num-
bering (anticodon in positions 34, 35, 36). For calibration
curve, Origin was used to fit linear or semiology line of best
fit using least squares regression and calculated 7 statistics.
Comparing change in this modifications during stress, an
unpaired two-sided Wilcox test (Mann—Whitney): ns indi-
cates a P-values >0.05, * <0.05, ** <0.01, *** <0.001.

RESULTS AND DISCUSSION

Periodate treatment produces deletion signatures for Q-
modification in sequencing

Periodate is known to oxidize cis-diol groups into alde-
hydes. Periodate oxidation can be used to study tRNA
aminoacylation levels by chromatography, microarrays,
or sequencing (e.g. (28-30)). The Q-base has a cis-diol
group that is a known substrate for periodate oxidation,
a common reaction used to confirm the presence of Q-
modification in APB gel electrophoresis (15,17). In our
tRNA-seq procedure to measure tRNA charging levels, pe-
riodate treatment is a pre-requisite step in the sequencing li-
brary construction before reverse transcription (30,31). Us-
ing total RNA from HEK293T cells (Figure 1B) that are ei-
ther completely devoid of tRNA Q-modification (0Q, (8))
or fully modified with Q (100Q), we found unexpectedly
that tRNAMS from 100Q cells produced deletion in the
high throughput sequencing data at the Q34 nucleotide at
~5% level only in the periodate treated, but not in the un-
treated sample (Figure 1C). The signature is absent in 0Q
cells. The periodate-dependent deletion signature of the Q
nucleotide in sequencing is the most pronounced among
the other signatures analyzed such as misincorporation of
bases (mutation), addition of extra bases (insertion), or the
location of the 5 end of the sequencing products (stop;
Figure 1D).

To further evaluate how a fully Q-modified nucleotide
only results in a ~5% deletion signature, we explored
how different reverse transcriptases (RT) interact with
periodate-oxidized-queuosine. Among six different RT en-
zymes tested, the Q-associated, periodate-dependent signa-
ture from mutation, deletion, or stops are highly idiosyn-
cratic (Supplementary Figure S1A). Each enzyme leaves a
distinct misincorporation signature composed of different
fractions of mutations, deletions, insertions, and stops (Sup-
plementary Figure S1B). The deletion fraction generated by
the RT used in this work, SuperScript IV (SSIV), produced
the most robust signal among the RTs tested.

A total of eight tRNAs in human cells can be modi-
fied with Q. The nucleus-encoded tRNAHS and tRNAAS
are modified with Q, whereas tRNAD" and tRNAAP are
further modified to galactosyl-Q and mannosyl-Q, respec-
tively (32,33). In addition, the mitochondria-encoded tR-
NAs for these same 4 amino acids are also modified with

Nucleic Acids Research, 2022, Vol. 50, No. 17 e99

Q (34). We first examined the deletion signatures for other
Q-modified tRNAs. The cytosolic tRNAAS" displayed a rel-
atively high deletion fraction of ~13% at the Q34 posi-
tion that is Q-modification and periodate-dependent (Fig-
ure 2A). All four mitochondrial tRNAs show deletion sig-
natures in the same manner at the Q-modified nucleotide
as well, ranging from ~4% in mt-tRNAA® to ~20% to
mt-tRNAA" (Figure 2B-E). These results confirm that Q-
modified nucleotide can indeed be detected using periodate-
treated RNA-seq libraries.

Why does oxidized Q-base induce a deletion signature
in the reverse transcriptase (RT) reaction in the sequenc-
ing library construction? Q-base affects anticodon-codon
pairing through altering anticodon loop geometry and in-
creasing its rigidity (35-37). In vitro studies of codon-
anticodon complexes show a 3-fold increase in stabiliza-
tion of Q-U pairings over G-U, while pairings with C
were destabilized (35). The 5-member ring of the Q-base
is located in the major groove of the RNA-DNA hydrid
in the active site of reverse transcriptase. Periodate oxida-
tion opens the ring which may lead to increased flexibil-
ity and steric occupancy of the oxidized moiety in the ma-
jor groove, thereby inducing the RT to skip the oxidized
Q nucleotide. However, the deletion fraction has a strong
dependence on the context of the Q-modified nucleotide
(Supplementary Figure SIC-E). One empirical factor is
the nucleotide sequences immediately upstream of the Q34
residue. tRNAA has an upstream C32 (GGCUQUU)
and a high deletion fraction, whereas tRNAMS has an
upstream U32 (YCGUUQUG) and a low deletion frac-
tion. Mitochondrial mt-tRNAA" (¥ AGCUGUU) has C32
and mt-tRNAHS (§GAUUGUG) has U32 which again is
consistent with the observed high and low deletion frac-
tion for these two tRNAs. Mitochondrial mt-tRNAAP
(5CUUUGUC) has U32 and U31 which may correlate
with the observed deletion signature spanning four nu-
cleotides (Figure 2E). Furthermore, other modifications
near the Q34 nucleotide may also generate additional con-
text dependence of our results. For example, mt-tRNAD"
(5GACUGUA) could have a high deletion fraction, but this
may be obscured by the ms?i®A37 modification that has a
much larger deletion signature with and without periodate
treatment (Figure 2D).

The glyco-Q modified tRNAs do not significantly react
with the boronic acid derivative to cause a gel shift like
the Q-modified tRNAs. However, both galactose and man-
nose can form a small proportion of furanose tautomer that
contain cis-diol in equilibrium with their major pyranose
tautomer (38). Our 100Q sample is known to have nearly
stoichiometric amount of glycosylated Q-modification as
measured by a combination of APB and acid denatur-
ing gel electrophoresis (12). We found that both nucleus-
encoded tRNA™" and tRNAAP also display deletion sig-
natures using periodate treatment in our sequencing (Figure
2F, G), albeit the deletion fraction was only ~0.5% or 2%
for tRNA™" and tRNAAP, which are substantially lower
than Q-modified tRNAs. Since the deletion background in
our sequencing is <0.1%, these low deletion fractions are
still useful in detecting glyco-Q modifications, especially in
tRNA sequencing where the coverage at the glyco-Q nu-
cleotides can easily reach >1000. The differences in the dele-
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Figure 2. Periodate-treatment dependent deletion signatures in other tRNAs containing Q or glycoQ modifications. Shown are regions £5 nt to the Q34
residue (dashed line) in each tRNA. Biological replicates are overlaid in each graph. For nucleus-encoded tRNAs, only the most abundant isodecoder for
Asn/Tyr/Asp is shown. All residue numbers are according to the standard tRNA nomenclature, i.e. the wobble anticodon nucleotide is at position 34. (A)
tRNAAS" (B) Mitochondria-encoded tRNAMS (C) Mitochondria-encoded tRNAAS" (D) Mitochondria-encoded tRNAT. A known modification that
also produces deletion signature is ms?i®A at position 37. (E) Mitochondria-encoded tRNAA. (F) tRNATY". A known modification that also produces
deletion signature is m' G at position 37. (G) tRNAASP. The periodate-independent deletion signature at positive 37 is unknown.

tion fraction among tRNAT" and tRNAA may be related
to the periodate reacted product of galQ and manQ, both
tRNAs have C32 in their upstream sequences (tRNAD”
SGACUGUA, tRNAA® §GCCUGUC).

Deletion fraction can be used to quantify Q-modification lev-
els

An important application to use sequencing to study
Q-modification is the potential ability to quantify Q-
modification fraction in any biological sample, which
enables simultaneous assessment of transcriptome-wide
tRINA properties associated with Q-modification. To assess
whether the deletion signature can be used to quantify Q-
levels, we systematically mixed two biological samples of 0Q
and 100Q HEK293T cells at varying ratios between 0 and
100% and performed sequencing reactions after periodate
treatment. As expected, the deletion fraction at the Q34 po-
sition for tRNAH® and tRNAA steadily increases between
the mixture with increasing proportion of 100Q RNA (Fig-
ure 3A, B). Changes in the deletion fraction has a better fit
with an exponential dependence of Q-modification fraction
(r> = 0.964, 0.985, Figure 3C) than linear fits (> = 0.901,
0.923, Supplementary Figure S2). A non-linear fit can be
explained by Q34 tRNA being reverse transcribed less effi-
ciently than unmodified (G34) tRNA upon periodate treat-
ment. Because only up to 20% of Q34 tRNA produces dele-
tion, the quantitative production of the deletion-containing
cDNA is skewed when the Q-level is low. Similar results have
been observed for other modifications that reduce the RT ef-
ficiency such as N1-methyl-A (m'A) compared to unmodi-
fied RNA (39,40).

Interestingly, both tRNAHS and tRNAAS" show a very
similar slope in the Q-level calibration curve (Figure 3C).
This result is consistent with the absolute deletion fraction
being dependent on the sequence context of Q34 in individ-
ual tRNAs, but the changing Q-levels respond the same way
to the RT reaction.

Five tRNAA" isodecoders comprise >95% of total
tRNAA (Figure 3D), whereas a single tRNAMS isodecoder
comprises >99% of total tRNAM® in our HEK293T RNA
samples. Examination of the deletion fraction of the five
tRNAA" isodecoders in 100Q samples show nearly iden-
tical deletion rates, indicating all are modified at the same
level, which is consistent with the identical sequence in the
11 nucleotide window around the Q34 residue (Supplemen-
tary Figure S1B).

Periodate treatment also produces sequencing signatures in
2-thio-modifications

Periodate is also known to oxidize sulfides and thiol groups
(41-43) which could alter the sequencing signatures of thio
modifications in tRNA. Thio modifications in human tR-
NAs are primarily 2-thio (s?), which substitutes the oxygen
atom with a sulfur at the 2-position of uridine (Figure 4A).
The 2-thio modification is in the minor groove of the DNA—
RNA hybrid in the active site of the reverse transcriptase.
2-thio oxidation may alter the proof-reading mechanism of
the RT, resulting in detectable signatures in RNA sequenc-
ing.

In mitochondria-encoded tRNAs, the s2U-modification
is present in the wobble anticodon position of tRNASI,
tRNAS" and tRNADS in the context of 5-taurinomethyl-
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2-thiouridine (tm’s>U, (34)). We found a strong mutation
signature for mt-tRNAS™ and mt-tRNACM at the modified
nucleotide that are also accompanied with a strong double
deletion signature 1-2 nucleotides upstream from the mod-
ified nucleotide that are periodate-dependent but not Q-
dependent, as expected (Figure 4B, Supplementary Figure
S3A). Mitochondrial tRNAMS shows periodate-dependent
deletion consistent with a 2-thio modification but no mu-
tation (Figure 4B, Supplementary Figure S3A). This re-
sult may be derived from the unique sequence and/or
other modifications around the 5-methyltaurine modified
nucleotide. Among the Tm’s>U34 modified tRNAs, only
mt-tRNAMS has a N6-threonylcarbamoyladenosine (t°A)
modification at position 37 (34), which may influence ob-
taining a mutation signature in the RT reaction. Another
possibility is that the mt-tRNAM* in our specific sample (to-
tal RNA from HEK?293T cells) may not contain a 2-thio
modification at the U34 position.

Importantly, the two mitochondrial tRNAs that
have S-methyltaurine, but no 2-thio modification, mt-

tRNANY(TAA) and mt-tRNATP (34), do not show
periodate-dependent mutation or deletion signature at
the Tm’U position (Figure 4C), which lends support
that the periodate-dependent mutation and deletion in
mt-tRNAS" and mt-tRNAS" are indeed derived from
the 2-thio modification. Unexpectedly, strong, periodate-
dependent mutation and deletion signatures are present in
mt-tRNATP that corresponds to the known ms*i®A37 in
this tRNA. The sulfur atom in ms?i®A may also be subject
to the thio-modification, which likely contributes to the
periodate-dependent signatures in sequencing.

In nucleus-encoded tRNAs, the s>-modification is present
in the wobble anticodon position of tRNAAE(TCT),
tRNAS™(TTG) and tRNASY(TTC) in the context of 5-
(carboxy)methylaminomethyl-2-thiouridine (mnm?®s?U34).
Indeed, we found a strong mutation signature right at
the modified nucleotide for all three tRNAs in both 0Q
and 100Q cells that is periodate-dependent, but not Q-
dependent (Figure 4D, Supplementary Figure S3B). A dou-
ble deletion signature is also present on or upstream of
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Figure 4. Periodate-treatment dependent analysis of 2-thio tRNA modifications. All residue numbers are according to the standard tRNA nomencla-
ture, i.e. the wobble anticodon nucleotide is at position 34. (A) Chemical structure of the 2-thio-modifications and their proposed periodate oxidized
forms. Shown in (B-D) are mutation and deletion signatures in regions +5 nt to the relevant residue (dashed line) in each human tRNA, 0Q samples
with (red) and without (black) periodate treatment. Biological replicates are overlaid in each graph. (B) Mitochondrial tRNAS!" tRNASM and tRNALYS
known to contain 5-taurinomethy-2-thio-U (tm>s2U) at wobble anticodon position. (C) Mitochondrial tRNAL*(TAA), and tRNATP known to contain 5-
taurinomethy-U (tm’U) at wobble anticodon position. (D) Nucleus-encoded tRNAs known to contain 5-methoxycarbonylmethyl-2-thio-U (mem?s2U)34.
A known modification that also produces signatures is m>C at position 32 for tRNAA™(TCT). (E) mem’s?U34 mutation rates and abundance for isode-
coders of tRNAAE(TTC), tRNACM(TTG) and tRNASCY(TTC) with and without periodate treatment.

the modified nucleotide depending on the tRNA species.
These results indicate that periodate treatment is capa-
ble of detecting mnm’s>U34 modifications, although the
absolute mutation and deletion signatures likely depend
on the context of the neighboring sequences and other
modifications.

We compared the mutation signatures for the abun-
dant tRNAAE(TCT), tRNACY(TTG) and tRNACY(TTC)
isodecoders in our samples (Figure 4E, Supplementary Fig-
ure S3C). Among the isodecoders of tRNAAS(TCT) and
tRNACY(TTG), the mutation rates are comparable to each
other despite the variations of their abundances. This re-
sult may be expected as the sequence differences of these
isodecoders are all outside of the +5 nucleotide window of
the modification (Supplementary Figure S4). A ~2.5-fold
difference was observed among the tRNASY(TTC) isode-
coders. This difference, however, may be attributed to the
substantial sequence or other modification difference be-
tween these isodecoders within the £5 nucleotide window
of the thio-modification (Supplementary Figure S4), rather
than a biological difference of the mnm’s>U34 modification
fraction.

Thio-modifications in E. coli and in stress response

2-Thio modifications are also present in E. coli tR-
NAs (Figure 5A). We performed sequencing of E. coli
tRNA with and without periodate treatment, and found
strong, periodate-dependent mutation and deletion sig-
natures for the known 5-carboxymethylaminomethyl-2-
thiouridine (cmnm’s>U) modification at the wobble an-
ticodon position in tRNAY™(TTG) and tRNACY(TTC)
(Figure 5B). Again, the mutation is at the modified nu-
cleotide, whereas the deletion is at or immediately upstream
of the modification nucleotide.

E. coli tRNA contains 2-thio-C (s*C) and 4-thio-U (s*U)
modifications that are absent in human tRNA. We found
strong, periodate-dependent mutation for the known s>C32
modification in all 5 tRNAs right at the modified nucleotide
(Figure 5C). In each case, a low level of deletion was also
observed at 1-3 nucleotides upstream of the s?’C modified
nucleotide. On the other hand, s*U modification at posi-
tion 8 only shows an expected mutation signature (44) that
is independent of periodate treatment and no deletion sig-
nature (Figure 5D). The 2-thio modification is located in
the minor groove, whereas the 4-thio modification is in the
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Figure 5. 2-thio tRNA modifications in E. coli tRNA and response to stress. Shown are mutation and deletion signatures in regions +5 nt to the relevant
residue (dashed line) in each tRNA. (A) Chemical structure of the 2-thio-modifications and their proposed periodate oxidized forms. (B) tRNAS"(TTG)
and tRNAS(TTC) known to contain 5-carboxymethylaminomethyl-2-thio-U (cmnm?’s2U) 34. (C) tRNAAE(ACG), tRNAA®E(CCG), tRNAA®E(CCT),
tRNAAZ(TCT), and tRNAS"(GCT) known to contain 2-thio-C (s>C) at position 32. A known modification that also produces signatures is 134 in
tRNAAZ(ACG). (D) tRNAHS known to contain 4-thio-U (s*U) at position 8. (E) s2C32 response to 2,2'-dipyridyl (DIP), hydrogen peroxide (H>O5),
and methyl a-D-glucopyranoside («MG), biological replicates are shown in each graph. ***P < 1073, ns: not significant.

major groove of the DNA-RNA hybrid in the active site of
RT. These results are consistent with thio-oxidation in the
minor groove interfering with the proof-reading activity of
reverse transcription.

To examine the biological response of 2-thio-
modifications, we subjected E. coli to the 2,2'-dipyridyl
(DIP) stress, which chelates Fe?*, oxidative stress with
H,0,, or glucose starvation with aMG and performed
tRINA-seq of the control and stressed samples. The muta-
tion rates for the cmnm?®s>U34 modified tRNAS™(TTG)
and tRNASY(TTC) did not change under these stress con-
ditions (Supplementary Figure S5). In contrast, the s>C32
levels in all tRNAs were reduced in the DIP stress but not in
H»0, or aMG stress (Figure 5E). 2-Thio-C modification is
installed by the enzyme TtcA which contains an iron-sulfur
cluster in the active site (45), the s>?C32 reduction under
iron chelation is consistent with a reduction of the TtcA
activity. It remains to be determined whether the reduction
of s>C32 level affects decoding of specific codons (CGN
and AGN) read by these modified tRNAs.

CONCLUDING REMARKS

In summary, we found that periodate treatment of to-
tal RNA samples before reverse transcription enables the
detection and semi-quantitation of Q-modified tRNAs
through periodate-dependent deletion signature in high
throughput sequencing. Even though the deletion fractions

are not high, the sequencing coverage of tRNA can easily
reach hundreds to thousands per nucleotide position so that
even glyco-Q34 and mitochondrial Q-modifications can be
assessed. Although Q-modification can be precisely quan-
tified using boronate affinity electrophoresis (APB gel) or
LC/MS, these methods cannot simultaneously measure the
effects of Q-modification on other tRNAs in the cell to
study tRNA fragment biogenesis and linkage to the tRNA
abundance and modification at the transcriptome level.
These previously hidden, Q-modification dependent prop-
erties can now be assessed using the PAQS-seq approach.

We also found that periodate treatment of RNA samples
enables detection of 2-thio-modifications in tRNA by high
throughput sequencing. Like Q-modification, the ability to
analyze 2-thio-modifications together with their association
with other tRNA properties in the cell should reveal new bi-
ological insights on the tRNA transcriptome. At this time,
we do not have a calibration curve of 2-thio-modifications
for more precise quantitation, although these can be read-
ily obtained upon chemical synthesis of oligonucleotides
containing these modifications. Nevertheless, the ability to
study these modifications by sequencing when comparing
biological samples from different conditions can already
examine the biological response involving these modifi-
cations. The 2-thio-modification generated mutation frac-
tion in sequencing is sufficiently high to enable its appli-
cation to identify new modification sites in low abundant
mRNAs.
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Chemical and enzymatic treatment of RNA samples be-
fore RT reaction has proven to be an extremely versatile tool
for RNA modification studies (46,47). We now add perio-
date treatment to this list for the studies of Q and 2-thio-
modifications. As periodate treatment is part of the pro-
cedure to quantify tRNA charging by sequencing (30,31),
Q and 2-thio-modification detection and semi-quantitation
are already present in these sequencing data. Both dele-
tion and mutation have low background in the standard se-
quencing results so that these modifications can be studied
at high sensitivity.
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