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ABSTRACT

Organisms from all domains of life invest a substantial amount of energy for the introduction of
RNA modifications into nearly all transcripts studied to date. Instrumental analysis of RNA can
focus on the modified residues and reveal the function of these epitranscriptomic marks. Here,
we will review recent advances and breakthroughs achieved by NMR spectroscopy, sequencing,
and mass spectrometry of the epitranscriptome.
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Overview

RNA is a dominant macromolecule in all organisms. Its
monomeric units are the canonical nucleosides cytidine, uri-
dine, guanosine, and adenosine which are interconnected
by a 30-50-phosphate backbone. After transcription,
enzymes target the RNA and introduce a variety of modifi-
cations onto nucleobases or the ribose 20-OH. Overall, more
than 150 unique RNA modifications have been identified in
many RNA types and throughout all domains of life.

The detection, localization, and quantification of
these RNA modifications are crucial for understanding
the elusive function of RNA modifications. Here, we

review the most common techniques for instrumental

analysis of modified nucleosides and discuss recent

advances in the field as well as the strengths and weak-

nesses of every approach. As shown in Figure 1, NMR

spectroscopy is mostly suited to study the impact of

RNA modifications on RNA structure and stability in

addition to recent progress made in RNA modification

dynamics. One of the fastest developing fields is RNA

sequencing, which allows localization of modifications

at nucleotide resolution. Many RNA modifications, such

as thiolation, amino acid addition, and even methyla-

tions lead to a change in the chemical reactivity of the
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RNA. The resulting differential reactivity of modified
nucleosides is exploited for their detection by sequenc-
ing but also by mass spectrometry, the last field dis-
cussed in this review. Mass spectrometry (MS) of RNA
modifications can be performed on full-length RNA
(top-down MS), partial RNA hydrolysates (oligonucleo-
tide MS), or complete hydrolysates (nucleoside MS).

Interestingly, NMR, MS, and sequencing analyses
complement each other as they annihilate the major
pitfalls of the other. For example, mass spectrometry is
ideally suited to unambiguously identify the chemical
nature of the modified nucleoside even with minute
amounts of sample material. Unfortunately, nucleoside
MS depends on the complete enzymatic digestion of
the RNA and thus all sequence information and the
location of the modified nucleoside remains unknown.
Sequencing on the other hand is, if carefully conducted,
perfectly able to pinpoint the location of a modified
nucleoside within the RNA but it does not deliver any
information about the chemical nature of it. Thus, MS
and sequencing are orthogonal techniques that benefit
from each other while NMR analysis adds information
on the structural impact of an RNA modification. In this
work, we discuss the basic principles of NMR, sequenc-
ing, and MS analyses, with the main focus on the most
recent advances in these fields.

NMR spectroscopy in the analysis of RNA

modifications

The use of NMR in the study of RNA modifications goes
back to the origins of the study of biological

macromolecules by NMR (Crawford et al. 1971; Koehler
and Schmidt 1973; Kan et al. 1974). The large chemical
diversity contained in modified nucleotides, as com-
pared with the homogeneous chemistry of the canon-
ical RNA nucleotides, is associated in NMR with a large
variety of signals, which often are located in regions of
the spectra that are empty of canonical RNA signals.
These signals, appearing at particular positions, and
most of the time isolated from each other, are thereby
relatively easy to recognize. Pioneering studies have
used the isolated signals arising from nucleotide modifi-
cations in tRNAs as molecular probes to explore the
three-dimensional folding and the conformational sta-
bility of these molecules (Kan et al. 1974; Kastrup and
Schmidt 1978). In addition, signals from tRNA modifica-
tions have played a leading role in the chemical shift
assignment process for this family of RNAs. Some iso-
lated signals in the upfield part of the spectra, mostly
methyl groups, were indeed used as independent and
unambiguous signals for the assignment of the imino
groups in the downfield part of the spectra (Hilbers
et al. 1983; Roy and Redfield 1983; Hare et al. 1985;
Heerschap et al. 1985; Choi and Redfield 1986). These
signals include the methyl group of 5-methyluridine
(m5U54) (�1.00 ppm), 5-methylcytidine (m5C49)
(�1.55 ppm), 7-methylguanosine (m7G46) (�3.75 ppm),
1-methyladenosine (m1A58) (�3.00 ppm), and 2-methyl-
guanosine (m2G10) (�2.75 ppm) that are found in many
tRNAs including the yeast tRNAPhe (Agris et al. 1986).

After these original studies, the investigation of RNA
modifications with NMR has expanded beyond the
study of tRNA structure and stability. Occasionally, NMR

Figure 1. Strengths (outside) and weaknesses (inside) of current methods for RNA modification analysis. Legend: Discovery (and
chemical characterization of novel RNA modifications), (impact of RNA modifications on) RNA Structure/Stability, Location (of
modification within the sequence), Identity (chemical structure of modification, especially isomer discrimination), Quantity (of
modification), Dynamics (of RNA modifications). See colour version of this figure at www.tandfonline.com/ibmg.
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has been used for the identification of modifications
contained in a given RNA (Sakamoto et al. 1993; Tisn�e
et al. 2000; Gaudin et al. 2003; Wurm et al. 2010;
Ranaei-Siadat et al. 2013). But NMR has been and is still
mostly used in detailed inspections dealing with the
characterization of the specific effects caused by RNA
modifications. For instance, NMR combined with UV-
melting curves has been used to decipher the contribu-
tion of specific modifications in RNA stability (Kumar
and Davis 1997; Strebitzer et al. 2018). Similarly, the
ability of NMR to assess the dynamic behavior of mac-
romolecules at atomic levels was used to demonstrate
that the presence of m6A perturbs the hybridization
kinetics of RNAs, and slows down the annealing of
m6A-containing RNAs (Shi et al. 2019). In addition, sev-
eral structural studies have analyzed the role and the
effect of modifications in the conformation of tRNA
anticodon stem-loops (Stuart et al. 2003; Durant et al.
2005; Vendeix et al. 2012), overall showing that modifi-
cations stabilize and restrict the conformations of the
anticodon domain in tRNAs (Agris 2008). In another
example, deuterium exchange NMR experiments were
used to show that the dynamics and flexibility of
Escherichia coli tRNAVal are significantly affected by
post-transcriptional modifications, with some base pairs
being 20 times more stable in the native tRNA than in
the unmodified one, although the local and global
structure of this tRNA seems rather unchanged in the
presence or absence of modifications (Vermeulen et al.
2005). Finally, several NMR studies have also investi-
gated in detail the structural effects produced by spe-
cific modifications, such as W (Davis and Poulter 1991),
m6A (Zhou, Parisien, et al. 2016), D (Dyubankova et al.
2015), m1A and m1G (Zhou, Kimsey, et al. 2016), further
expanding the repertoire of NMR applications associ-
ated with the study of RNA modifications.

Recently, a novel approach using NMR has been
introduced to analyze RNA modifications. Following this
methodology, NMR offers a way to monitor tRNA mat-
uration in a non-disruptive and continuous manner
thereby providing information on the temporality of
tRNA modification events (Barraud et al. 2019). The
strategy relies on the introduction of 15N isotope-
labeled tRNAs into unlabeled cell extracts containing
the cellular enzymatic activities and on the use of iso-
tope-editing in NMR experiments to only detect the
tRNA of interest within the complex cell extract envir-
onment. With this experimental setup, RNA modifica-
tion events are directly monitored in a time-resolved
fashion, by measuring successive NMR experiments on

a single sample directly incubated in the NMR spec-
trometer (Figure 2). This methodology consists of three
main steps. In the first step, a 15N-labeled tRNA sample
and an unlabeled cell extract are produced. The 15N-
labeled tRNA sample is produced by in vitro transcrip-
tion with 15N-labeled nucleotides and purified by ion-
exchange chromatography (Catala et al. 2020b). This
tRNA contains no post-transcriptional modifications.
The unlabeled cellular extract is produced from the lysis
of cell culture. To preserve as far as possible the cellular
enzymatic activities in the extract, cell lysis is performed
under gentle conditions and in the presence of anti-
proteases (Gato et al. 2021). In the second step, the
NMR signature of each individual modification is
obtained from the NMR chemical shift assignments of
different tRNA samples with different modification con-
tent. The comparison of the NMR spectra of the
unmodified tRNA (Figure 2(B)) with the NMR spectra of
the modified tRNA provides the means to identify the
NMR signature of each post-transcriptional modification
(Catala et al. 2020a). In the third step, the NMR monitor-
ing of tRNA maturation is performed. The 15N-labeled
tRNA sample is mixed with the unlabeled cell extract to
yield the in extract NMR sample (Figure 2(A)). This sam-
ple is incubated directly in the NMR spectrometer and
series of NMR experiments are measured in order to
monitor tRNA maturation events in a time-resolved
fashion (Figure 2(C)). In the NMR spectra, the progres-
sive appearance of new signals and the correlated dis-
appearance of signals from the unmodified tRNA
sample are the signature of chemical modifications
being introduced in the initial transcript. These changes
in the NMR spectra can be analyzed in the light of the
NMR signature of the individual modifications previ-
ously identified. Since NMR spectra are measured as a
time course series, this methodology enables the identifi-
cation of early and latter modifications events. For
instance, in the yeast tRNAPhe, this methodology demon-
strated that in the T-arm, modifications W55, T54 and
m1A58 are introduced in a defined sequential order
(Figure 2(C)), which is controlled by a strong circuit of
modifications (W55 ! T54 ! m1A58) (Barraud et al.
2019). Modifications circuits can be complicated to iden-
tify (Han and Phizicky 2018; Barraud and Tisn�e 2019),
and this NMR approach adds to the available tools for
the analysis of potential cross-talks between modification
events. Overall, NMR spectroscopy provides the means
to observe sequential orders in the introduction of modi-
fications along the tRNA maturation pathway (Figure
2(C)) and to identify modification circuits.
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Advances in chemical labeling of modified

RNA in the context of instrumental analysis

Many RNA modifications, such as thiolation, amino acid
addition, and even methylations lead to a change in
the chemical reactivity of the RNA. Thus, early analyses
focused on the differential reactivity of modified
nucleosides for their detection. With the advent of
instrumental analysis, the benefit of these chemical
reactions was more and more forgotten and they have

been rarely used (Kellner et al. 2010; Heiss and Kellner
2017). Only those compatible with modern detection
techniques such as mass spectrometry (Durairaj and
Limbach 2008) or sequencing (Motorin and Helm 2019)
are now commonly used as they aid in the detection of
certain RNA modifications. For example, pseudouridine
(W) and inosine (I) are similar to their canonical precur-
sor (U and A, respectively) in their mass and base-pair-
ing abilities. Due to isomerization, W gains additional
functionalities which react with acrylonitrile (Figure

Figure 2. Time-resolved NMR monitoring of tRNA modifications. (A) A 15N-labeled tRNA transcript (represented as red dots) is
introduced in an unlabeled cellular extract (in orange). This mix is transferred to an NMR tube to yield an in extract NMR sample.
The tRNA maturation sample is then directly incubated in the NMR spectrometer. (B) Imino (1H, 15N) correlation spectrum of a
15N-labeled yeast tRNAPhe measured in vitro to provide a reference spectrum (left part) and schematic representation of this
unmodified tRNA transcript (right part). (C) Successive NMR measurements provide time-resolved information on the tRNA matur-
ation process. Top part: Imino (1H, 15N) correlation spectra of 15N-labeled yeast tRNAPhe measured during a continuous incubation
at 30 �C in yeast extract. Each NMR spectrum measurement spreads over 2 h (incubation time indicated on each spectrum). NMR
chemical shift changes (indicated with arrows on the NMR spectra) are identified and linked to specific modification events.
Bottom part: Schematic view of the sequential order of the introduction of modifications in yeast tRNAPhe corresponding to the
NMR spectra depicted above. The acquisition of NMR spectra in a continuous and time-resolved fashion enables the identification
of a sequential order in the introduction of post-transcriptional modifications and thereby gives access to the chronology of the
modification process. See colour version of this figure at www.tandfonline.com/ibmg.
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3(A)) (Mengel-Jørgensen and Kirpekar 2002) and thus
facilitate detection by, for example, mass spectrometry
(Emmerechts et al. 2005; Hossain and Limbach 2007;
Durairaj and Limbach 2008) and even sequencing
(Bakin and Ofengand 1993; 1998) becomes possible.
Similarly, A-to-I editing can be visualized by cyanoethy-
lation of inosine (Figure 3(B)) (Sakurai et al. 2010).
Further developments of acrylonitrile-based reagents
have led to the detection of inosine through fluores-
cence and bioaffinity enrichment (Knutson et al. 2018)
and through inosine chemical erasing sequencing, ICE-
Seq (Okada et al. 2019). The most trusted methods for
RNA modification analysis through sequencing are
based on the use of specific chemical reagents. This
allows one to compare an untreated (mock) sample
with a treated one and exclude (or at least reduce) ran-
dom noise in peak calling. Such derivatization methods
were developed for numerous naturally modified
nucleotides in RNA, like inosine (Suzuki et al. 2015), 5-
methylcytosine (Tuorto et al. 2012; Schaefer et al. 2017;
Khoddami et al. 2019), pseudouridine (Carlile et al.
2014; Lovejoy et al. 2014; Schwartz et al. 2014; Li et al.
2015), 1-methyladenosine (Dominissini et al. 2016; Safra
et al. 2017), 4-acetylcytidine (Thomas et al. 2018; Sas-
Chen et al. 2020), and 7-methylguanosine (Enroth et al.
2019; Pandolfini et al. 2019).

Another progress was recently achieved for the sen-
sitive detection of modified cytidines. So far, the

quantification of these modifications appeared to be
challenging due to their low ionizability by mass spec-
trometry. Despite several attempts by chemical derivati-
zation (Tang et al. 2015; Huang et al. 2016; Guo et al.
2017) and selective enrichment, it was not possible to
quantify these nucleosides easily. In 2020, the Feng lab
reported the use of bromoacetonylated benzene
reagents for efficient labeling of cytidines and many of
their naturally occurring modifications (Feng et al.
2020). After the addition of the reagent to the N3 and
N4 of cytidines (Figure 3(C)), the new chemical proper-
ties of the product are exploited in the context of LC-
MS detection. The hydrophobicity leads to better
retention on a reverse-phase (RP) column and thus the
analytes reach the mass spectrometer at a higher
organic solvent ratio which increases detection sensi-
tivity. Furthermore, the tertiary amines are easily pro-
tonated in, for example, electrospray ionization and
thus Feng et al. could show a 40- to 460-fold increased
detection sensitivity for modified cytidines after the
reaction with their chemical label (lower limit of detec-
tion (LLOD) of 0.06 fmol for m5Cm, 0.17 fmol for
hm5Cm, 0.22 fmol for f5Cm and 0.06 fmol for ca5Cm).
In this work, the authors quantified the abundance of
modified cytidines in several human cell lines and
even carcinoma tissue without utilizing a stable

Figure 3. Selected chemical labeling strategies for detection of modified nucleosides. (A, B) Reaction of uridine and adenosine
with acrylonitrile is not observed (upper panels), whereas pseudouridine and inosine are successfully cyanoethylated (lower pan-
els). Modified nucleotides are afterwards detected through mass spectrometry and sequencing. (C) 5-hydroxymethylcytidine
(hm5C) reacts with 2-bromo-1-(3,4-dimeth oxyphenyl)-ethanone (BDMOPE) which allows highly sensitive mass spectrometric
detection of hm5C (Feng et al. 2020). See colour version of this figure at www.tandfonline.com/ibmg.
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isotope-labeled standard (SILIS). Due to the chemical
simplicity of the labeling reagent, its synthesis with
stable isotopes should be an easily possible and thus
simple access to synthetically produced cytidine modi-
fication SILISs. From our perspective, the method
appears to have a great potential for sensitive and
accurate quantification of modified cytidines.

Sequencing

Deep sequencing protocols for high-throughput ana-
lysis of DNA are now widespread and indispensable for
comprehensive projects in modern biology. The output
of current DNA deep sequencing machines is now suffi-
cient for a complete analysis of one human genome (or
even several genomes) in only few hours. Such extraor-
dinary performance is also employed for RNA analysis,
like whole-transcriptome sequencing, mRNA alternative
splicing, or single-cell transcriptome studies.

Post-transcriptional RNA modifications can be
detected in RNA using various methods and
approaches exploiting the chemical and physico-
chemical properties of these non-canonical RNA
nucleotides. In addition to classical RNA techniques
like 50/30 and specific internal labeling, methods based
on next-generation sequencing of the second (NGS)
and third (NNGS) generation become more and more
popular. These approaches generally provide single-
nucleotide resolution for identification of the modi-
fied RNA position but maybe less accurate in the iden-
tification of the exact nature of the modified residue,
due to a rather generic treatment used during the
library preparation step. The most popular and reli-
able methods using NGS analysis rely on various spe-
cific chemical treatments applied to alter particular
modified RNA residues and thus to make them detect-
able either as RT-stop or mis-incorporation of nucleo-
tides into cDNA. For the moment, NNGS approaches
are mostly using ion-current profiles through a nano-
pore or kinetics of dNTP incorporation in a PacBio
chip to deduce the presence of unusual modified
nucleotide (Figure 4).

Except for very recent attempts of direct RNA
sequencing by nanopores (see below) all other proto-
cols for RNA modification analysis use the conversion
of RNA into cDNA sequence by primer extension with
reverse transcriptase (RT). This RT step is almost inevit-
ably followed by PCR amplification, to obtain a suffi-
cient amount of amplicons. Current technologies for
DNA (direct RNA) deep sequencing belong to two dis-
tinct generations: Next Generation Sequencing
(second generation, NGS), also called massive parallel

sequencing which uses amplified real or virtual DNA
clusters (Illumina/Ion Torrent), and the third gener-
ation technologies (NNGS), based on single-molecule
sequencing analysis (PacBio/Oxford Nanopore)
(Figure 4).

Current sequencing technology for RNA

modification analysis

The first protocols developed for the analysis of RNA
modifications used a traditional RT-based RNA sequenc-
ing for detection of RT-stops due to impeded primer
extension (Maden 2001; Motorin et al. 2007; Behm-
Ansmant et al. 2011). With the development of deep-
sequencing technologies, such low-throughput
approaches were progressively replaced by next-gener-
ation sequencing, the most popular technology remains
Solexa (now Illumina) sequencing-by-synthesis (SBS)
protocol using fluorophores. The very first commercial
Solexa/Illumina devices (like Genome Analyzer IIx
released in 2009) were able to provide very short reads
(with a maximum of 36 nt in length) and thus had lim-
ited applications for RNA modification analysis, which
generally requires longer sequences to analyze. In add-
ition, the sequencing output was extremely modest.
When the HiSeq series of sequencers (HiSeq2000 and
1000) were released in 2011, their performance became
fully compatible with the analysis of RNA modifications,
first by analysis of RT signatures (Ryvkin et al. 2013).
Other competitor technologies that emerged in the
DNA deep sequencing field had very limited use in the
analysis of RNA modifications, mostly due to high levels
of intrinsic sequencing errors. Only one application of
Ion Torrent sequencing was described for the original
RiboMethSeq protocol developed by H. Nielsen’s lab
(Birkedal et al. 2015), but the use of Illumina sequenc-
ing is recommended. The current evolution of the NGS
field left the space only for various Illumina devices
employing SBS technologies differing by the number of
fluorophores, mostly four (for older HiSeq/MiSeq series)
and two (for newer NextSeq/NovaSeq devices). The cur-
rently available low-end Illumina sequencer (iSeq100) is
not truly compatible with RNA modification analysis
due to its very low throughput (4 mln reads/run), and
more productive machines, at least MiniSeq or MiSeq
(25 mln reads/run) are required. Optimal performance is
achieved with NextSeq series (NextSeq550 and
NextSeq2000) which are able to generate 400–1000 mil-
lions reads/run since RNA modification analysis rou-
tinely requires 15-25 mln of raw reads per sample, or
more (up to 100–200 mln) in case of whole-transcrip-
tome RNA modification analysis. Even if the sequencing
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quality of the newest two colors NextSeq/NovaSeq
machines is somehow lower, compared to the four col-
ors HiSeq, the use of patterned flow cell limits overload-
ing issues and improves the quality of the raw reads.
The only current competitor technology is not second-
generation sequencing, but single-molecule nanopore
sequencing, as discussed below.

Analysis of RNA modifications by NGS

Different principles are currently used for the detection
of RNA modifications in the epitranscriptome using
NGS and NNGS. We classify them in:

1. analysis of RNA-signatures (natural/enhanced or
chemically induced) visible in sequencing profiles
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Figure 4. (A) RNA modifications leave RT-signature traces in cDNA during primer extension (RT) step. Those may be “mutations”
or more complex profiles including nucleotide mis-incorporations, abortive cDNA synthesis or both. (B) Cluster sequencing in
second generation (NGS) technologies. Clusters of identical DNAs are either formed by emulsion PCR on the surface of sequenc-
ing beads (currently used by Ion Torrent), or as physical clusters on the surface of a standard or patterned flow cell (Illumina).
The signal is highly amplified since all DNA strands in the cluster have the same sequence. (C) Single molecule sequencing by
PacBio ZMW chip or nanopore. ZMW well contains a single RT molecule attached to its bottom and generates fluorescent signal
only during retention of the fluorescent nucleotide in the enzyme active site. For nanopore sequencing, DNA (or RNA for direct
RNA sequencing) are pulled through a nanopore, generating alterations of ion current. RNA modification basecalling may be
indirect (using errors/misincorporations observed in cDNA), or direct, by analysis of ion traces. See colour version of this figure at
www.tandfonline.com/ibmg.
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2. treatment-induced cleavage of the RNA phospho-
diester chain followed by selective ligation of
sequencing adapters

3. affinity-based enrichment protocols exploiting spe-
cificity of polyclonal or monoclonal antibodies (ab)
and specific enzymes installing modifications
in RNA.

In many instances, the developed protocols use a
combination of these different principles (like ab-driven
enrichment followed by specific chemical treatment).
Several recent reviews provide more detailed informa-
tion on these subjects (Helm and Motorin 2017;
Hartstock and Rentmeister 2019; Krogh and Nielsen
2019; Linder and Jaffrey 2019; Motorin and Helm 2019;
Zhao et al. 2020).

Naturally existing RT signatures of modified

nucleotides

A natural RT signature consists of an altered reading of
the modified nucleotide during primer extension by
RNA-dependent DNA polymerase (reverse transcriptase,
RT). Depending on the nature of the nucleotide such a
signature may represent a “mutation” compared to the
expected reference sequence, or constitute a more
complex profile composed of mis-incorporations at dif-
ferent proportions in addition to the abortive RT prod-
ucts ending at the modified nucleotide (Ryvkin et al.
2013; Hauenschild et al. 2015; Tserovski et al. 2016).
Such RT signatures can be altered or manipulated by
pretreatment of the RNA template (e.g. by demodifica-
tion/removal of modified residues) (Cozen et al. 2015;
Zheng et al. 2015), by the choice of particular condi-
tions of the primer extension reaction (Incarnato et al.
2017; Kristen et al. 2020), or by the use of non-natural
dNTP substrate(s) (Hong et al. 2018) and RT active site
mutants (Aschenbrenner and Marx 2016;
Aschenbrenner et al. 2018). In vivo metabolic labeling
with SAM analogs also allowed the incorporation of
reactive chemical groups at positions of certain modifi-
cations (instead of methyl groups) and thus also helps
to alter RT signature of the RNA template (Hartstock
et al. 2018; Shu et al. 2020).

Chemically induced RT signatures or RT stops

The most trusted methods for RNA modification ana-
lysis are based on the use of specific chemical reagents
able to distinguish modified RNA residues from
unmodified counterparts (Behm-Ansmant et al. 2011;
Heiss and Kellner 2017) as discussed in the Section
“Advances in chemical labeling of modified RNA in the
context of instrumental analysis”.

Chemically induced cleavage of the ribose-phos-

phate backbone and selective ligation

Another application consists of a specific chemical
cleavage of the RNA ribose-phosphate backbone at an
RNA modification by one specific reagent or combin-
ation of reagents. In some instances, enhanced cleav-
age (positive signal) is in fact replaced by increased
protection against cleavage (negative signal), thus
allowing to distinguish modified and unmodified resi-
due. The most popular applications of this
approach are:

1. detection of 2’O-methylations (Nm) by
RiboMethSeq (Birkedal et al. 2015; Marchand et al.
2016) and Nm-Seq/RibOxiSeq (Dai et al. 2017; Zhu
et al. 2017)

2. detection of 7-methylguanosine (m7G) (Lin, Liu,
et al. 2018; 2019), 3-methylcytosine (m3C)/dihy-
drouridine (D)/5-hydroxycytosine (ho5C) by
AlkAnilineSeq (Marchand et al. 2018)

3. mapping and quantification of pseudouridines (W)
by HydraPsiSeq (Marchand et al. 2020). A selective
RNA protection against enzymatic cleavage was
implemented for m6A detection by MazF endo-
nuclease (Garcia-Campos et al. 2019).

Antibody-based enrichment methods (MeRIP-Seq,

i/miCLIP)

The use of the specific antibodies for the detection of
RNA modifications was already proposed and success-
fully implemented in the late 70s (reviewed in (Feederle
and Schepers 2017)). This development is still ongoing
and, in few instances, highly specific antibodies can be
obtained (Matsuzawa et al. 2019). However, the major-
ity of antibodies against RNA modified nucleotides/
nucleosides have poor affinity and specificity (Mishima
et al. 2015) and enrichment factors for modified RNA
are only very modest (Slama et al. 2019). Taking these
considerations into account, it is not surprising that
multiple artifacts in RNA modification mapping result
from antibody cross-reactivity, uncertain specificity, and
low enrichment ( discussed in (Grozhik et al. 2019;
McIntyre et al. 2020 )). Despite these limitations, RNA
modification-specific antibodies are widely used to RIP
and CLIP protocols applied to RNA modifica-
tion mapping.

Analysis of RNA modifications by NNGS (single

molecule sequencing)

The use of single-molecule sequencing approaches
(NNGS or third-generation deep sequencing) is an
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attractive alternative to the classical cluster sequencing
protocols. Indeed, cluster sequencing involves amplifi-
cation steps, providing only an average picture of modi-
fications in a population of RNA molecules. To get
information about the exact combination of modifica-
tions in a given RNA molecule (individual modification
pattern), a single molecule analysis should be per-
formed (Xu and Seki 2020).

The proof of principle for the analysis of RNA modifi-
cations (namely m6A) by single-molecule sequencing
was established already in 2013, by using PacBio SMRT
technology. HIV-1 and AMV RT were loaded to zero-
mode waveguides (ZMWs) arrays and extension of DNA
primer on m6A-modified RNA template was monitored
(Vilfan et al. 2013). Even if the precision of the RNA
sequencing remains limited, the analysis of the reverse
transcriptase kinetics can be used to discriminate RNA
base modifications.

More recently, single-molecule direct RNA sequenc-
ing by nanopores (Oxford Nanopores) was used for the
detection of RNA modifications. It was demonstrated
that m6A RNA modifications can be detected with high
accuracy, in the form of systematic errors and
decreased base-calling qualities (Liu et al. 2019).
Analysis of raw ion current profiles for direct MinION
nanopore sequencing of full-length 16S rRNA revealed
7-methylguanosine (m7G) as well as pseudouridine
modifications (Smith et al. 2019). The major challenge
in the field of direct RNA sequencing and RNA modifica-
tion mapping by nanopores consists of appropriate
data analysis softwares and algorithms. Analysis can be
either done by standard base-calling and identification
of “sequencing signatures” (Lorenz et al. 2020), or by
extremely laborious, but direct analysis of ion current
traces (Cozzuto et al. 2020; Ding et al. 2020;
Jenjaroenpun et al. 2021).

Mass spectrometry

Mass spectrometry is a valuable tool to analyze RNA
modifications. Low-resolution instruments such as
quadrupoles are usually very sensitive and can detect
attomole amounts of low abundance modifications.
High-resolution MS, such as time-of-flight (TOF) or orbi-
trap instruments, can detect the exact mass of a modifi-
cation and allow for elemental composition prediction
and subsequent fragmentation of the modification,
which can provide further structural information. The
analysis of RNA can be conducted in a variety of ways
and when combined, a broad spectrum of information
becomes available. Depending on the enzymatic

treatment of the RNA prior to MS, we discuss 3 major
types of MS analyses:

1. Top-down analysis of non-hydrolyzed RNA allows
for total mass analysis and modifications can be
identified and their location can be determined
specifically within the sequence context

2. Bottom-up MS of partially hydrolyzed RNA allows
for mass mapping and provides some sequence
context for modifications but requires a sequence
to map it back to

3. Nucleoside MS of fully hydrolyzed RNA can pro-
vide information on the chemical identity of modi-
fications even at incredibly low abundance

Top-down MS

Top-down MS features the injection of undigested RNA
into the mass spectrometer. This idea first came up in
the early 1990s (McLuckey et al. 1992; Limbach et al.
1995) when oligonucleotides were “sequenced” using
mass spectrometers and when MS was used to deter-
mine the molecular mass of tRNA isoacceptors and 5S
rRNA and to detect potential modifications (Limbach
et al. 1995). Later, in the mid to late 2000s approxi-
mately 20 nt long oligonucleotides were analyzed
(Kellersberger et al. 2004; Huang et al. 2008) and in
2010 the length was extended to 61 nt (Taucher and
Breuker 2010). At around that time, the first studies
analyzing full-length tRNA by QqTOF (Huang et al.
2010) and FT-ICR (Taucher and Breuker 2012) mass
spectrometers appeared. The study using the FT-ICR
mass spectrometer achieved full sequence coverage by
combining Electron Detachment Dissociation (EDD) and
Collision-Activated Dissociation (CAD) experiments.
Using the nomenclature for nucleotide fragments
(McLuckey et al. 1992), CAD results mainly in comple-
mentary (i.e. the sum of their masses equals the mass
of the intact RNA) c- and y-type fragment ions along
with undesired base-loss fragments and secondary frag-
ments where neither the 30- nor the 50-terminus is pre-
sent (Figure 5 (A–C)).

The EDD pathway produces non-complementary d-
and w-type fragment ions, whose masses add up to the
mass of the intact tRNA þ 97.98Da (þH3PO4) (Taucher
and Breuker 2010, 2012). This information can be com-
bined to sequence RNAs and to locate the mass-alter-
ing post-transcriptional modifications present in the
sample. Other dissociation techniques for oligonucleoti-
des that were investigated in the past include UV-Photo
Dissociation (Smith and Brodbelt 2010, 2011), Infrared
Multiphoton Dissociation (Smith and Brodbelt 2011),
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and Electron Photodetachment Dissociation (Yang and
Håkansson 2009; Smith and Brodbelt 2010), Electron
Capture Dissociation (Mo and Håkansson 2006) and
Negative Electron Transfer (Huang and McLuckey 2011;
Gao and McLuckey 2013). An important measure for
assessing top-down techniques is called sequence
coverage. It describes the number of cleavage sites
where at least one resulting product ion could be
detected and is typically reported as a sequence cleav-
age map (Figure 5(D)).

In 2020, the Breuker lab published a report of the
novel dissociation technique Radical Transfer
Dissociation (RTD) (Calderisi et al. 2020). In RTD, the
reagent cobalt(III)hexamine is concomitantly introduced
into the mass spectrometer to induce the formation of
RNA radical ions, which dissociate into d- and w-type
fragments upon collisional activation. At the same time,
c- and y-type ions are produced through the well-
known CAD phosphodiester bond cleavage. In their
publication, they report full sequence coverage of up to
39 nt long RNAs. The proposed mechanism for radical
dissociation neither involves the nucleobase nor the 20-
OH group, consequently, RTD might be especially use-
ful for the analysis of modified RNA. In addition, base-
loss and internal fragmentation are reduced under RTD.
Therefore, it is especially recommended for mapping of
labile RNA modifications such as 5-formylcytidine and
wybutosine and its derivatives. Moreover, RTD has com-
parably low requirements for instrumentation:
Measurements can be conducted on any mass spec-
trometer that is equipped with an ESI source and a col-
lision cell (Calderisi et al. 2020).

More recently in 2020, the Coon lab used fluoran-
thene cations as a Negative Electron Transfer reagent
and an infrared laser to excite precursor ions (activated-
ion negative electron transfer dissociation, AI-NETD)

(Peters-Clarke et al. 2020). Similar to what has been
demonstrated for other electron-based MS/MS
approaches, d- and w-type ions predominate in the MS/
MS spectra generated by AI-NETD and only minute lev-
els of base-loss and internal fragment ions are
observed. The application of this method leads to full
sequence coverage of the 21 nt long luciferase anti-
sense siRNA when all fragment ion types are consid-
ered. A major benefit of this approach is the
independency of FT-ICR instrumentation and thus it is
more accessible. Another advantage highlighted by the
authors is the lower complexity of spectra generated by
their approach in comparison to traditional collision-
based dissociation methods, as this method produces
fewer secondary and base loss fragments. However,
while full sequence coverage of 21 nt luciferase anti-
sense siRNA was obtained by AI-NETD, its performance
on longer RNA and more complex mixtures remains to
be investigated. RNA-protein complexes can also be
investigated using top-down analysis as recently
reviewed (Schneeberger and Breuker 2017).

To summarize, top-down analysis of RNA is a tech-
nology that is still being developed. Its major benefits
comprise the ability to perform de-novo sequencing,
identify mass-altering modifications of nucleobases as
well as localize these modifications. Furthermore, labori-
ous digestion steps are not necessary. However, the
fact that equal-mass modifications (e.g. m1A and m6A)
cannot be distinguished from each other is a major dis-
advantage. In addition, the analysis of mass-silent modi-
fications (such as pseudouridine) is challenging.
Moreover, pure RNA is required for the top-down ana-
lysis, as the analysis of mixtures is laborious or even
impossible. Further, the analysis and interpretation of
top-down MS spectra are less straightforward due to
high spectral complexity, especially as currently there is

Figure 5. (A) Nomenclature of top-down fragment ions (McLuckey et al. 1992). (B) Complementary c (left) and y (right) type frag-
ment ions. (C) Non-complementary d (left) and w (right) type fragment ions. (D) Possible cleavage map of a 12 nt long RNA.
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no software available to support top-down MS analysis
of RNA. With the influx of oligonucleotide-based vac-
cines and therapeutics exiting clinical trials and entering
the pharmaceutical market, we expect an increased
interest in the analysis of full-length RNA and thus finally
software tools for data processing will be developed.

Modification mapping of oligonucleotides by LC-

MS/MS

In the bottom-up approach, a single RNA or a mixture
of RNA sequences are digested to oligonucleotides
amenable to separation and subsequent analysis by
tandem mass spectrometry (MS/MS). The general bot-
tom-up approach for RNA modification mapping has
not changed since introduced by McCloskey and col-
leagues over 25 years ago (Kowalak et al. 1993).
Moreover, the key experimental factors and considera-
tions that impact the success of this approach are well
known. These include the approach for generating oli-
gonucleotides from the RNA sample; chromatographic
methods for the separation of oligonucleotide mixtures;
MS and MS/MS approaches to generate sequencing lad-
ders from oligonucleotides; and the data analysis steps
that can simplify both interpretation of MS/MS data,
RNA sequence reconstruction and subsequent mapping
of modifications onto those RNA sequences.

In general, a review of advances in each of these
areas finds that there have been incremental improve-
ments within each step that – when combined – have
led to major enhancements in the overall analytical
strategy. These enhancements now permit the com-
plete mapping of RNA modifications onto messenger
RNA (mRNA) sequences, total transfer RNA (tRNA) mix-
tures from organisms, and ribosomal RNAs (rRNAs)
(Jiang et al. 2019; Jora et al. 2019; Yu et al. 2019; Thakur
et al. 2020; Wein et al. 2020). While these are impressive
achievements, the field could benefit from a radical
rethinking of what a bottom-up approach to RNA modi-
fication mapping could entail and achieve. In particular,
given the advances in NGS and NNGS methods includ-
ing the goal of single copy RNA sequencing and modifi-
cation placement, which are built off a completely
different technology platform, the inherent advantages
of MS for directly detecting an intrinsic property of the
molecule (i.e. the m/z or mass of the molecule) argues
for continued investments and advancements in this
platform for RNA modification mapping.

Digestion of RNA sample into oligonucleotides

Traditionally, RNA is enzymatically digested to oligonu-
cleotides using site-specific ribonucleases (RNases). The

most commonly used RNases are RNase T1 (guanosine-,
N2-methylguanosine-, and inosine-specific), RNase A
(pyrimidine-, and pseudouridine-specific), and RNase U2
(purine-selective). In general, RNases are selected based
on the desirable generation of relatively longer (5-15
nucleotides long) and sequence-unique oligonucleoti-
des. While the use of single RNases has been proven
effective throughout the years, the inherent challenge
has been that a single RNase limits the analyst’s ability
to accurately reconstruct the entire RNA sequence. Not
surprisingly then, much of the recent work in this area
has focused on identifying and implementing new
RNases that can be used in combination to increase
sequence coverage through the generation of overlap-
ping digestion products (Figure 6).

In a study mapping E. coli total tRNA, Addepalli and
coauthors (Thakur et al. 2020) demonstrated that the
combination of RNases T1, MC1 (uridine-specific), and
cusativin (cytidine-specific) led to an overall �75%
sequence coverage. They also showed that for E. coli

23S rRNA, sequence coverage was enhanced from
�25% (single RNases) to 85% when the same set of
RNases were combined. In a similar fashion, Hua et al.
have shown that similar sequence coverage is achieved
when RNases T1, colicin E5 (cleaves between guanosine
and uridine), and mazF (cleaves at ACA sequences) are
used in parallel to map mRNAs (Jiang et al. 2019). An
alternative approach was the development of a nonspe-
cific RNase U2 mutant, which led to complete sequence
coverage of modified RNAs through the generation of
overlapping digestion products in a single-pot diges-
tion reaction (Solivio et al. 2018).

While these technical achievements demonstrate
new analytical approaches that can be taken, most of
the RNases employed in these seminal studies (i.e. MC1,
cusativin, colicin E5, and U2 mutant) were produced in-
house. As a result, such approaches are commonly
plagued by the lack of batch-to-batch or interlaborato-
rial reproducibility of in-house expressed and purified
RNases. Thus, in addition to illustrating the efficacy of
bottom-up MS-based approaches to locate modified
nucleosides within different RNA species, these studies
strongly advocate for the batch production and com-
mercialization of reproducible complementary RNases.

If the analysis of multiple tRNAs is desired it needs to
be taken into account that lots of tRNA isoacceptors do
have similar sequences and therefore similar or even
equal masses, which hampers sequencing by mass
spectrometry, as isotopic pattern overlays may occur
often. In order to overcome this obstacle, different iso-
acceptors can be separated by two-dimensional poly-
acrylamide gel (2D gel). This way tRNASer

GCU and tRNALeu
CAG
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were sequenced. However, a major weakness is a
necessity for ethidium bromide staining – a hazardous
substance, which renders the technique obsolete
(Fradin et al. 1975; Gaston and Limbach 2014). To
obtain specific short oligonucleotide fragments, the iso-
acceptors are digested with certain RNAses in an “in gel
digestion”. Subsequently, these oligonucleotides are
separated on a nano-ion-pair reversed-phase high-per-
formance liquid chromatography (nano-IP-RPHPLC)
(Taoka et al. 2010) and are analyzed by MS/MS. This
method enables the identification of tRNA isoacceptors
by using genomic databases. Mass-silent modifications
such as pseudouridine cannot be detected by this
method, thus, CMCT derivatization is recommended
prior to analysis. Moreover, methyl groups cannot be
localized in modified nucleotides. However, if the tRNA

sequence is known, it is possible to predict the respect-
ive methyl group position.

While conventional mapping of modifications by MS
is done through the use of RNase-based digestion,
Zhang et al. have conceptually demonstrated the
sequencing and modification mapping of RNA through
sequence ladders generated by acidic digestion (50% v
v�1 formic acid) (Bjorkbom et al. 2015; Zhang, Shi, et al.
2019). While the efficacy of the approach on more labile
modifications and more complex RNA mixtures has not
been demonstrated yet, their 30- and 50-end labeling
strategies (through the addition of tags such as biotin,
cyanine3, and cyanine5) (Zhang, Shi, et al. 2019) may
pave the way for a multiplexed qualitative and quanti-
tative analysis of modified oligonucleotides by bottom-
up MS approaches. Looking forward, alternative

Figure 6. RNA modification and sequence mapping of E. coli tRNALys from the digestion products of RNases T1, cusativin, and
MC1. (A) The observed digestion products of each ribonuclease are matched against the known sequence of tRNALys. The cleav-
age sites for each enzyme is underlined in an oligomer. Note the overlapping regions between the sequences of digestion prod-
ucts. (B) A schematic view of looking at the overlaps between the observed digestion products of the three ribonuacleases. (C)
The clover-leaf model of 2D structure of E. coli tRNALys is depicted. Figure reproduced with permission from (Thakur et al. 2020).
See colour version of this figure at www.tandfonline.com/ibmg.
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approaches generating longer oligonucleotides that
remain amenable to mass spectrometry sequencing
and analysis would greatly benefit the field. As the read
length increases, the analyst’s confidence in modifica-
tion mapping accuracy improves. Further, strategies
such as end-labeling could lead to significant enhance-
ments in throughput as compared to what is currently
achievable by more conventional approaches.

HPLC separation of oligonucleotides

In addition to developments in sample preparation
strategies, separation approaches employed for modifi-
cation mapping have also been improved. In general,
oligonucleotides are subject to chromatography prior
to MS analysis. To date, the most common chromatog-
raphy approach is the use of reversed-phase high-per-
formance liquid chromatography (RP-HPLC). In general,
the typical RP-HPLC mobile phases – both aqueous and
organic – can be selected for compatibility with MS
conditions. Moreover, standard RP-HPLC stationary
phases and columns have been optimized for various
flow rates amenable to electrospray ionization.

Due to the relatively high hydrophilicity conferred
by the negatively charged phosphate backbone, the
use of ion-pairing reagents as mobile phase modifiers is
needed to achieve chromatographic retention and
selectivity of oligonucleotides during MS analysis (Biba
et al. 2017; Li et al. 2018). Such a chromatographic
approach is named ion-pair reversed-phase liquid chro-
matography (IP-RP-LC). Different alkylamine modifiers
have been used during IP-RP-LC of oligonucleotides,
and broadly investigated by the Bartlett lab (McGinnis
et al. 2013; Li et al. 2018). Some of their recent studies
have led to models able to predict optimal ion-pairing
reagents based on sample hydrophobicity (McGinnis
et al. 2013), as well as a better understanding of the
retention mechanism under ion-paring conditions (Li
et al. 2018). Nonetheless, the use of alkylamine triethyl-
amine (TEA) and the counter ion hexafluoroisopropanol
(HFIP), developed by Apffel et al. (Apffel et al. 1997), is
still a method of choice for oligonucleotide analysis by
LC-MS (Baldridge et al. 2018; Lin, Miyauchi, et al. 2018).
While TEA contributes to excellent chromatographic
performance, HFIP helps with the ionization of oligonu-
cleotides, improving the sensitivity of oligonucleotide
analysis (Biba et al. 2017). These chromatographic con-
ditions under nanoflow-based LC-MS analysis have
been used to map modifications in nanogram aliquots
of complex RNA samples (Yamauchi et al. 2016; Taoka
et al. 2018; Nakayama et al. 2019; Wein et al. 2020).

One drawback of IP-RP-LC is that the mobile phase
modifiers (alkylamines/HFIP) are often linked to ion

suppression, observed when subsequent LC-MS analy-
ses are conducted in positive ion mode (e.g. during pro-
teomics analyses). Such contamination concerns have
led to the common practice of having dedicated LC
and MS systems for oligonucleotide analysis, limiting
the number of groups interested in this field. Due to
the costly burdens of dedicated instruments, alterna-
tives to IP-RP-LC of oligonucleotide have been investi-
gated. The Kellner lab has shown that modifications on
tRNA transcripts may be mapped using similar condi-
tions used for nucleoside analysis (Hagelskamp et al.
2020). In their approach, chromatographic separation of
modified oligonucleotides is achieved using an octade-
cylsilane (C18)-derived RP-LC column (Fusion-RP), and
mobile phases consisting of water, acetonitrile, and
ammonium acetate. The mass spectrometric analysis is
done in positive ion mode (as opposed to the tradition-
ally used negative ion mode). While the efficacy of this
method to chromatographically resolve complex oligo-
nucleotide mixtures (e.g. total tRNA digests) is yet to be
demonstrated, it is a suitable alternative for the study
of synthetic or purified RNA species. Such an approach
led to identifying that A34 of tRNAVal

AAC is deaminated by
the human adenosine deaminase tRNA specific enzyme
2/3 (ADAT2/3) (Hagelskamp et al. 2020). It also sup-
ported the discovery that E. coli’s alpha-ketoglutarate-
dependent hydroxylase AlkB is an eraser with higher
specificity toward m1A1408 of the 16S rRNA
(Hagelskamp et al. 2020).

Among the alternatives being explored to IP-RP
methods, hydrophilic interaction liquid chromatog-
raphy (HILIC) represents a promising alternative. The
Limbach lab has shown that a performance comparable
to IP-RP-LC in terms of chromatographic retention,
selectivity, and resolution, as well as mass spectrometric
sensitivity, is feasible through HILIC-MS (Lobue, Jora,
et al. 2019). In this approach, water-, acetonitrile-, and
ammonium acetate-based mobile phases are used.
However, the column used in their study (HILICpak VN-
50 2D) is only commercially available in relatively large
particle size (5 mm) and limited column dimensions (2.0-
or 4.6-mm internal diameter, by 150-mm length), thus
limiting the chromatographic and mass spectrometric
performance of the approach. Another recent study has
demonstrated that similar chromatographic perform-
ance (under similar mobile phase conditions) may be
achieved during oligonucleotide analysis using another
commercially available HILIC column (BEH amide)
(Demelenne et al. 2020). This column is available in a
wider range of column and particle sizes, thus expand-
ing possibilities in terms of method development and
optimization. Continued efforts around HILIC-based
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approaches, and other alternative LC methods, are
needed to identify those LC-MS conditions that can
achieve the performance found in current IP-RP meth-
ods while minimizing concerns about instrument carry-
over, contamination, and sample suppression that are
often shared anecdotally as reasons to avoid LC-MS
analyses of oligonucleotides.

Independent of the LC method, modification map-
ping of complex RNA samples (such as total tRNA) by
LC-MS is challenging. More often than not, oligonucleo-
tides generated from RNase digestion of RNA mixtures
are challenging to completely resolve chromatographi-
cally. Further, another challenge is the finite dynamic
range (i.e. difference between the most abundant and
least abundant species) of mass spectrometers (usually
up to 104–105) (Zubarev 2013) that impact the ability to
detect co-eluting oligonucleotides. To overcome such
challenges, labor-intensive offline methods that minim-
ize sample complexity are traditionally employed prior
to RNase treatment and LC-MS analysis (Kumazawa
et al. 1992; Suzuki and Suzuki 2007). In a more elegant
fashion, online approaches that explore the orthogonal-
ity of the different LC modes employed during oligo-
nucleotide analyses have been recently developed
(Goyon and Zhang 2020; Li et al. 2020). More specific-
ally, one-dimensional anion exchange chromatography
(AEX) or IP-RP-LC methods have been coupled to HILIC,
IP-RP-LC, or RP-LC as the second LC dimension to facili-
tate the characterization of synthetic oligonucleotide
impurities (Goyon and Zhang 2020; Li et al. 2020).
Considering the demonstrated potential of two-dimen-
sional-LC (2D-LC) approaches to resolve synthetic oligo-
nucleotides, we anticipate that 2D-LC approaches have
the potential to facilitate modification mapping in com-
plex biological samples. In this sense, a comprehensive
investigation regarding the orthogonality of the differ-
ent LC modes employed for modification mapping, as
well as investigation of the retention mechanisms driv-
ing the separation of oligonucleotides in these different
LC modes is advised.

MS/MS sequencing of oligonucleotides

The information generated through tandem mass spec-
trometry (MS/MS) plays a pivotal role in successful
modification mapping. Among MS/MS tools, collision-
induced dissociation (CID) is the most widespread frag-
mentation technique used. Under CID, precursor ions
are accelerated by an electric field, and through colli-
sions with a neutral gas (generally He, Ar, or N2) bond
cleavage is enabled, generating fragment ions. During
oligonucleotide analysis, CID leads to fragmentation
within the phosphodiester backbone of

oligonucleotides in a ladder-fashion, generating c-, y-,
a-, and w-type fragment ions, with c and y being the
most abundant ions (Figure 5). Characteristic sequence
ladders and mass shifts observed in these fragment
ions help locate modification(s) within a given oligo-
nucleotide precursor ion.

Mapping positional isomers such as 1-methyladeno-
sine (m1A), and N6-methyladenosine (m6A) within an
RNA sequence by LC/MS-MS is not a straightforward
task. Moreover, while pseudouridine (W) may be easily
characterized during nucleoside analysis, it adds
another layer of complexity during modification map-
ping experiments. Because it is isomeric with uridine
(U), pseudouridine cannot be directly identified based
on its mass (or m/z) during oligonucleotide analysis by
LC-MS/MS. Derivatization strategies mentioned earlier
have been implemented for differentiating pseudourid-
ine from uridine (Patteson et al. 2001; Mengel-
Jørgensen and Kirpekar 2002; Durairaj and Limbach
2008). Even though derivatization facilitates mapping,
this strategy requires extra experimental steps and is
targeted to one modification (or class) at a time.
Pomerantz and McCloskey have explored the character-
istic C-glycosidic bond present in W and the absence of
“a-base” ions at the W site to facilitate mapping of
W-containing oligonucelotides through MS/MS
(Pomerantz and McCloskey 2005). In a similar fashion,
the Taoka lab developed a pseudo-MS3-based mapping
strategy that allows direct identification and mapping
of ribonucleoside isomers. In their approach, two
rounds of LC-MS/MS analyses are performed. In the first
round, traditional oligonucleotide analysis is carried
out. As such, modifications may be mapped, but the
nature of the isomer present in a given oligonucleotide
may not be identified. In the second round, in-source
CID (in which c-, y-, w-, a-type ions are generated) and
higher-energy collisional dissociation (HCD, in which
ribonucleoside fingerprints are generated) are per-
formed. In this step, the nature of the isomers (mapped
within a given oligonucleotide in the first step) is identi-
fied. Such an approach has been used to identify W in
the human spliceosomal snRNAs (Yamauchi et al. 2016)
and in the rRNA of Saccharomyces cerevisiae (Taoka
et al. 2016), as well as to map modifications present in
the rRNAs of the human 80S ribosome (Taoka et al.
2018) and in the rRNAs of Leishmania donovani

(Nakayama et al. 2019).
The nature of MS/MS spectra generated through col-

lision-based dissociations (CID and HCD) are highly
dependent on the charge state and length of the oligo-
nucleotide. Moreover, they may be convoluted due to
the occurrence of ions resulting from internal
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fragmentation and neutral loss of labile nucleobases
(Schurch 2016), thus impacting data processing and
sequence coverage. Alternative MS/MS strategies
employing electrons or photons have been investigated
throughout the years (Smith and Brodbelt 2010;
Taucher and Breuker 2010; Huang and McLuckey 2011).
Recently the Coon lab proposed activated-ion negative
electron transfer dissociation (AI-NETD) as an alternative
tool for oligonucleotide mapping and the Breuker lab
developed a fragmentation approach termed radical
transfer dissociation (RTD) (Calderisi et al. 2020). These
two approaches are discussed in detail in the chapter
Top-down MS.

It is undeniable that these MS/MS strategies facilitate
modification mapping. Nonetheless, challenges still
exist when it comes to improving the acquisition of
MS/MS spectra of low abundance modified oligonu-
cleotides. MS/MS analysis of oligonucleotides is trad-
itionally done using data-dependent acquisition (DDA)
mode (Cao and Limbach 2015). Here, precursor ions
detected in the first MS stage are sequentially selected
(usually the top 3–10 most abundant ions) for MS/MS
analysis. Consequently, each MS/MS acquired spectrum
has a precursor ion m/z linked to it, thus facilitating
data interpretation. Because ions are introduced to the
mass spectrometer for a limited amount of time (i.e.
chromatographic peak width), and the co-elution issues
mentioned above, it is not always possible to acquire
MS/MS spectra for all oligonucleotides present in a
given sample. To enhance the acquisition of MS/MS
spectra of modified oligonucleotides, the Limbach lab
has implemented an exclusion list-based protocol (Cao
and Limbach 2015). As such, m/zs corresponding to
unmodified oligonucleotides are excluded from MS/MS
analysis. This exclusion list-based approach improved
RNA modification mapping of bacterial and archaeal
total tRNAs by 10–25% when compared to standard
DDA. What remains to be shown is whether this or
other DDA-based strategies will enable modification
mapping of more complex RNA mixtures, including
those from mammalian samples.

In addition to DDA, MS/MS spectra may also be
acquired using data-independent acquisition (DIA)
mode (Fern�andez-Costa et al. 2020). As such, all precur-
sor ions detected at a given time within a predefined
m/z range are concomitantly fragmented, thus resulting
in a multiplexed MS/MS spectrum. Despite the chal-
lenges associated with the deconvolution of DIA-based
MS/MS spectra, this strategy has been largely employed
for protein sequencing (including mapping of post-
translational modification) by LC-MS/MS (Zhang et al.
2020). Nonetheless, it has yet to be explored for RNA

modification mapping. Considering the potential of the
approach to facilitate modification mapping in complex
samples (e.g. human total tRNA), developments in this
area are advised.

Software to analyze LC-MS/MS data

A few significant software and bioinformatics resources
have been developed to facilitate modification map-
ping (Figure 7) (Rozenski and McCloskey 2002;
Matthiesen and Kirpekar 2009; Nakayama et al. 2009;
Nyakas et al. 2013; Sample et al. 2015; Paulines et al.
2019). Improved performance has been achieved by
two recently developed open-source tools,
RNAModMapper (RAMM) (Yu et al. 2017; Lobue, Yu,
et al. 2019) and NucleicAcidSearchEngine (NASE) (Wein
et al. 2020). Both software platforms offer algorithms
capable of interpreting and mapping modifications in
large LC-MS/MS datasets obtained during analysis of
complex oligonucleotide mixtures (Baldridge et al.
2018; Solivio et al. 2018; Yu et al. 2019; Thakur et al.
2020; Wein et al. 2020). RAMM is a user-friendly tool
that maps modifications via two independent modes:
fixed, for targeted modifications/positions; and variable,
in which modifications are mapped in an untargeted
fashion. Data interpretation is done based on RNA/DNA
sequence inputs, through a two-component scoring
function, with user-defined and instrument-based scor-
ing thresholds. NASE is an OpenMS-based (Rost et al.
2016) search engine that presents extra functionalities
such as high-quality data visualization and quantifica-
tion capabilities. Because it supports decoy RNA
sequences as input in addition to the target sequence,
false discovery rates are minimized in such a tool.
Moreover, the incorporation of m/z corrections due to
salt adducts (traditionally observed during oligonucleo-
tide analysis (Sutton and Bartlett 2020)), and mass
defects resulting from instrumental selection of higher
abundance isotopologue peaks, significantly enhances
the ability of NASE to identify modified oligonucleoti-
des. Although these (and earlier developed) tools have
paved the way to facilitate LC-MS/MS spectral interpret-
ation of oligonucleotide data, manual review is still a
necessary step. Thus, the community has yet a lot to
gain from further developments on software platforms
dedicated to MS-based modified oligonucleo-
tide mapping.

Nucleoside MS

Unlike the previously described MS methods, nucleo-
side MS relies on complete enzymatic hydrolysis of RNA
into its nucleoside building block. The hydrolysis is
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commonly achieved using endonucleases such as
nuclease P1, nuclease S1 or benzonase and supported
by the use of phosphodiesterase 1 (Crain 1990; Cai
et al. 2015). The resulting 50-phosphorylated nucleoti-
des are dephosphorylated using alkaline phosphatase

and free nucleosides are released. The analysis of
hydrolytic digests has several drawbacks. The first is the
dependence of the result on the purity of the analyzed
RNA. Contaminating RNA will obscure the quantitative
result by either introducing unexpected RNA

Figure 7. Interactive data visualization using TOPPView, showing data from the NCL1-treated NME1 sample. (a) MS1 view (RT-by-
m/z) of a data section. LC-MS peaks are shown as small squares, colored according to their signal intensities. Small black dia-
monds and horizontal lines indicate MS/MS fragmentation events; oligonucleotide sequences identified by NASE from the MS/MS
spectra are shown in dark red font. Black boxes outline features detected for label-free quantification, which have been anno-
tated with the corresponding oligonucleotides. All oligonucleotides shown have a charge state of �3. (b) “Identification view”

comparing two MS/MS spectra, identified by NASE as the sequences “UAAC[m5C]CAAUGp” and “UCACAAAU[m5C]Gp”. Matching
peaks between the acquired and theoretical spectra are annotated and highlighted in red and green. On the right in each spec-
trum plot, an ion coverage diagram shows which of the theoretical fragment ions of the sequence were matched in the MS2
spectrum (in any charge state). Figure reproduced with permission from (Wein et al. 2020). See colour version of this figure at
www.tandfonline.com/ibmg.

16 Y. YOLUÇ ET AL.

http://www.tandfonline.com/ibmg


modifications or by simply diluting the target RNA and
thus the number of detectable RNA modifications.
Thus, a quality control step, for example, (chip) gel elec-
trophoresis or sequencing is crucial prior to hydrolysis
to ensure comparable purity of samples. The second is
the introduction of artifacts through the hydrolysis
protocol. In the original protocol by Crain and col-
leagues (Crain 1990), the hydrolysis is performed in a
two-step protocol first at pH 5 followed by a pH eleva-
tion to pH 8. These conditions may destroy labile RNA
modifications such as cyclic N(6)-threonylcarbamoylade-
nosine (ct6A) which undergoes epimerization under
mild alkaline conditions (Matuszewski et al. 2017).
Other artifacts such as isocytidines emerge through
amination/imination of carbonothiolated nucleosides
during RNA hydrolysis (Jora et al. 2020). Furthermore,
not all enzymes used for RNA hydrolysis are capable of
cleaving modified nucleotides. For example, the He lab
recently demonstrated that nuclease S1 alone is not
capable of cleaving m7G from the mRNA cap. Only in
the presence of phosphodiesterase 1, the complete
m7G cap is cleaved and m7G is released (Zhang, Liu,
et al. 2019).

In the past, nucleoside hydrolysate separation by
thin-layer chromatography (TLC) of 32P radioactively
labeled nucleotides (Gupta et al. 1976; Stanley and
Vassilenko 1978; Gupta and Randerath 1979; Keith
1995; Zhao and Yu 2004; Grosjean et al. 2007), or gas
chromatography after nucleoside derivatization have
been reported (Gehrke and Ruyle 1968; Lakings and
Gehrke 1971; Gehrke and Patel 1976; Gehrke et al.
1980). Today, the resulting nucleoside mixture is most
commonly separated using liquid chromatography (LC)
before detection by UV absorption or MS (LC-UV or LC-
MS). The field has recently seen substantial advances,
especially in the context of separation techniques but
also in terms of absolute quantification and analysis of
RNA modification dynamics.

Advances in the separation of nucleosides

Most established separation systems rely on the use of
reverse phase columns as described elsewhere
(Pomerantz and McCloskey 1990). While these systems
allow efficient separation and analysis of modified
nucleosides from many native samples within less than
10min (Heiss et al. 2017; Reichle, Kaiser, et al. 2018;
Borland et al. 2019), recent advances to improve the
separation efficiency have been made.

For example, new stationary phases, based on
Hydrophilic interaction liquid chromatography (HILIC),
have been reported. For native RNA hydrolysates, HILIC
allows separation of nucleosides within 30min (Lobue,

Jora, et al. 2019). Analysis of modified nucleosides from
urine has a great potential as a diagnostic tool
(Bryzgunova and Laktionov 2015) and here HILIC has
also been used for efficient separation and sensitive
detection of cytidine derivatives (Guo et al. 2018).

In 2018 Sarin et al. established a sensitive capillary
nanoflow liquid chromatography mass spectrometry
(nLC-MS) for absolute quantification of ribonucleosides.
While the separation by liquid chromatography of
some ribonucleosides remains challenging by the polar
attributes of the analytes, the utilization of porous
graphitic carbon (PGC) as column material can over-
come this obstacle. This material is stable over broad
temperature and pH ranges and possesses a polyaro-
matic scaffold which allows the separation of highly
polar, charged, and structural similar analytes (Sarin
et al. 2018).

Advances in absolute quantification

As described above, top-down and oligonucleotide MS
are commonly done through negative ionization (e.g.
deprotonation) of the phosphate backbone before ana-
lysis on high-resolution MS instruments. Due to the
absence of phosphates after complete RNA hydrolysis
to the nucleoside building block, ionization of nucleo-
sides exploits the basic character of the nucleobases
which are easily ionized through protonation. Thus,
nucleoside MS is performed in positive ion mode.
Quantification of small molecules is commonly done on
low-resolution mass spectrometers consisting of two
quadrupoles for ion selection interconnected through a
collision cell that fragments the selected precursor ion
(in the past another quadrupole). The principle is
shown in Figure 8(A). Such triple quadrupole MS sys-
tems (QQQ-MS) are highly sensitive as the double selec-
tion of target analytes leads to substantial noise
reduction and thus clear signals for quantification
are received.

Even though a mass spectrometer might be a sensi-
tive device for RNA modification analysis in the sub-
femtomol range, its non-quantitative nature constitutes
a drawback. To allow precise and accurate absolute
quantification, stable isotope-labeled internal standards
are pivotal for analysis. In the literature, the abbrevia-
tions SILIS (stable isotope-labeled internal standard) or
ISTD/IS (internal standard) are commonly used, but the
term SILIS is preferable as it is more clearly defined. In
general, an IS is necessary to account for fluctuations in
instrumental detection efficiency. In the case of mass
spectrometry, fluctuations are caused by instrument
runtime in between cleaning procedures, LC buffer
composition, ion load of samples, and other mostly
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uncontrollable factors. An IS is ideally identical to the
analyte of interest in terms of detection efficiency but is
yet sufficiently different to allow its discrimination from
the actual analyte. Isotopologues are molecules that
only differ in their isotope composition but retain iden-
tical physicochemical properties and thus behave iden-
tically on LC-MS systems. Many stable isotopes,
especially 13C and 15N, fulfill this requirement and thus
SILIS are now established aides in quantitative RNA
modification analysis (Figure 8 (B)).

Here, synthetically produced SILIS (Brandmayr et al.
2012) and biosynthetically produced SILIS (Kellner,
Ochel, et al. 2014; Borland et al. 2019) can be distin-
guished. Over the last decade, achievements have been
made in terms of biosynthetically produced SILIS. While
only 11 modifications could be used for quantification

in a SILIS in 2014 (Kellner, Ochel, et al. 2014) today up
to 26 modifications produced in different organisms
can be utilized as SILIS (Borland et al. 2019). In addition,
there is now evidence that it is of no relevance in which
organism the SILIS was produced as it can be used for
quantification of RNA modifications in any other organ-
ism. With the help of SILIS whole modification profiles
can be assessed (Borland et al. 2019).

Making RNA modification dynamics visible with

NAIL-MS

With the rise of biosynthetic production of stable iso-
tope-labeled RNA for mass spectrometry purposes, a
new technique for tracing RNA modification dynam-
ics emerged.

Figure 8. Principle and recent advances in nucleoside mass spectrometry (MS). (A) Instrumentation for sensitive detection of
modified nucleosides by a triple quadrupole MS. After separation of the RNA hydrolysate via HPLC, the effluent is ionized in an
electrospray ion source (ESI) and the nucleoside is ionized by protonation. The first quadrupole selects for the nucleoside ion.
The collision cell fragments the nucleoside and the charged nucleobase remains. After another selection, the nucleobase enters
the detector and a signal is recorded. (B) Chemical structure of 5-methylcytidine and its mass spectrum through targeted MS/MS
analysis. The left structure is the natural isotopologue, the right structure an isotopologue where all carbon and nitrogen atoms
have been exchanged to stable isotopes (here 13C and 15N). (C) Overview of different techniques utilizing stable isotope labeling
for RNA modification analysis through mass spectrometry (NAIL-MS, nucleic acid isotope labeling coupled mass spectrometry). (D)
Exemplary workflow of a dynamics NAIL-MS experiment. Cells are grown in, for example, unlabeled medium and stressed. After
stress exposure the medium is exchanged to a labeled variant. Newly transcribed RNA and original RNA can be easily distin-
guished through their differential labeling. See colour version of this figure at www.tandfonline.com/ibmg.
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Nucleic acid isotope labeling coupled mass spec-
trometry (NAIL-MS) relies on the efficient and mono-iso-
topic labeling of RNA and is mainly used to follow
changes of the epitranscriptome in a certain RNA popu-
lation. However, NAIL-MS is also used in the context of
RNA modification discovery (Dumelin et al. 2012;
Kellner, Neumann, et al. 2014; Kellner, Ochel, et al.
2014; Thiaville et al. 2016; Dal Magro et al. 2018) quanti-
fication or multiplexing (Reichle, Kaiser, et al. 2018)
(Figure 8(C)).

Dynamic NAIL-MS analyses are also referred to as
pulse-chase experiments. Before experiment initiation,
the cells of interest are grown in a medium containing
controllable stable isotope sources. For example, in E.

coli (Reichle, Kaiser, et al. 2018; Reichle, Weber, et al.
2018; 2019) and S. cerevisiae (Heiss et al. 2017) glucose
can be used as either 13C6- or 12C6-glucose, while
human cells require supplementation with stable iso-
tope-labeled nucleosides or nucleobases for efficient
labeling (Heiss et al. 2021). To assess the impact of a
pulse on the epitranscriptome, the medium is
exchanged to contain the other isotopologue of the
nutrient. Through intelligent experiment design, it is
possible to assess the impact of the pulse on the ori-
ginal transcripts alongside the modification kinetics of
nascent RNA (concept shown in Figure 8(D)). Here, a
maximal labeling efficiency of close to 100% is neces-
sary. In some cases, the epitranscriptome of nascent
RNA is not of interest and thus a lower starting labeling
efficiency of around �50% is acceptable.

NAIL-MS enables the differentiation between RNA
degradation, RNA modification, or demodification. An
extensively studied pulse for NAIL-MS studies is methyl
methanesulfonate (MMS), which methylates nucleo-
philic positions in RNA. In the context of RNA methyla-
tion damage repair, NAIL-MS was used to discriminate
the origin of methylation marks in damaged RNAs, and
subsequently the repair of damage through enzymatic
demethylation was visualized for m1A, m3C, and ms2C
in living E. coli cells (Reichle, Kaiser, et al. 2018; Reichle,
Weber, et al. 2018; 2019). Interestingly, NAIL-MS
revealed only low abundant methylation damage prod-
ucts in human tRNA and no repair was observable in
living human cells (Heiss et al. 2021). This result high-
lights a major pitfall of NAIL-MS. The time resolution
depends on the speed of labeled nutrient uptake upon
medium exchange and afterward on the metabolic
processing speed inside the cell. Thus, a delay from
medium exchange to isotope-labeled RNA detection
through LC-MS can be observed. If a biological process
is faster than this delay, it is not possible to resolve the
mechanisms of the epitranscriptome change through

NAIL-MS. Although there are limitations to NAIL-MS, it
is currently the only available technique to allow a
multi-layered analysis of the epitranscriptome and
its dynamics.

Summary and outlook

To determine the structure, function, and impact of
RNA modifications various techniques are available.
Many require the use of expensive instrumentation
dedicated to RNA modification analysis and often col-
laborative efforts of experts in these analyses are
needed to study a given epitranscriptomic mark.
Currently, N6-methyladenosine (m6A), is one of the
best-studied RNA modifications, as it regulates the fate
and function of messenger RNA and thus impacts gene
expression. Initial studies on m6A writer and erasers
(enzymes adding and removing m6A from mRNA)
strongly depended on nucleoside MS analyses and anti-
body-based sequencing techniques (Jia et al. 2011;
Zheng et al. 2013; Liu et al. 2014). Many advances dis-
cussed in this review have been made in the context of
m6A detection. Nucleotide resolution mapping of m6A
is now possible without using antibodies of question-
able specificity (Mishima et al. 2015; Grozhik et al. 2019;
Slama et al. 2019; McIntyre et al. 2020) by using Oxford
Nanopore sequencing (Li et al. 2020) or the endonucle-
ase mazF, which shows an m6A dependent cleavage
ability (Garcia-Campos et al. 2019). In addition, top-
down MS (Hoernes et al. 2016) and oligonucleotide MS
(Jiang et al. 2019) are now capable to analyze full-
length mRNA, and thus mapping m6A modifications
through MS is possible. However, software limitations
for data analyses have to be overcome before broader
applicability of MS becomes available. Our understand-
ing of the m6A modification has further deepened
through NMR studies, where an impact of m6A on RNA
annealing was shown (Shi et al. 2019).

The power of combining sequencing and mass spec-
trometric analyses was recently presented by the
Waldor lab. They predicted modified nucleosides in
tRNAs of the uncharted organism Vibrio cholerae by
comparing RT signature profiles with E. coli tRNA pro-
files. After sequencing, two RT signatures stood out.
One of them was analyzed through nucleoside and
oligonucleotide MS which led to the discovery of a
novel modified nucleoside, namely acetylated 3-amino-
3-carboxypropyl (acacp3U) (Kimura et al. 2020). The dis-
covery of novel modified nucleosides is currently sup-
ported through the continuously increasing sensitivity
of modern mass spectrometers. Yet, this advance is
connected to the risk of mis-interpretation of MS data
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and reporting lowly abundant signals as novel epitran-
scriptomic marks. In fact, careful analysis of such native
signals through high-resolution mass spectrometry and
metabolic isotope labeling is necessary to exclude arti-
facts (Jora et al. 2020).

Recent advances in CryoEM analysis of large protein
and RNA-protein complexes now allow “direct” observa-
tion of complex structures at almost atomic resolution.
Therefore, it is tempting to interpret extra electronic
density as post-transcriptional RNA modifications
(Natchiar et al. 2017; Golubev et al. 2020; Sas-Chen
et al. 2020; Stojkovi�c et al. 2020). While it is certain that
CryoEM brings exceptional insights in structural analysis
of RNA-protein complexes, its real value for “direct”
observation of RNA modifications remains questionable.
CryoEM data should be considered with extreme care
since many of the newly identified nucleotides in
human 80S ribosome (Natchiar et al. 2017) may be arti-
facts from tightly bound water molecules and/or Mg2þ
atoms and were not confirmed by any other
approaches (Taoka et al. 2018; Enroth et al. 2019).

The reversibility of RNA modifications through RNA
erasers has introduced the dimension of time into the
instrumental analysis of the epitranscriptome. The
observation of RNA modification and demodification
processes inside living cells is now possible by utilizing
stable isotope labeling of RNA in combination with
NMR and MS. Both techniques were introduced by
demonstrating tRNAPhe maturation processes. In yeast,
sequential orders in the introduction of modifications
along the tRNA maturation pathway were found along-
side of modification circuits (Figure 2) (Barraud et al.
2019). By NMR, sequential incorporation of W55 fol-
lowed by m7G and m5U and finally m5C and m1A was
observed. In human HEK 293 cell tRNAPhe, a slightly dif-
ferent sequential order was observed through NAIL-MS
analysis. W is quickly incorporated, potentially accom-
panied by m5U, followed by m5C and m1A and finally,
m7G occurs (Heiss et al. 2021). This study also showed
that anticodon-loop modifications form rather slowly
which implies that structure stabilization by modified
nucleosides is a key necessity and must thus happen
early on, while ac-loop modifications are not immedi-
ately needed and are potentially placed on-demand.
Earlier studies on RNA maturation were done with
radioactive labeling of RNA, as was the only study
showing actual RNA demethylation in vivo (Ougland
et al. 2004). NAIL-MS in E. coli confirmed the activity of
the m1A demethylase AlkB and furthermore its deme-
thylation capacity and preference for 3-methylcytidine

(m3C) and 2-methylthiocytidine (ms2C) was revealed
(Reichle, Weber, et al. 2018; Reichle et al. 2019). With
NAIL-MS demethylation kinetics inside living cells
observable a temporal view on the epitranscriptome
becomes available.

Our way of life is currently dominated by the out-
break of the SARS-CoV-2 coronavirus. This virus is an
RNA virus and according to one NNGS report, it is
highly modified (Kim et al. 2020). So far Oxford
Nanopore sequencing is the only resource to study the
epitranscriptome of the SARS-CoV-2 virus as MS analysis
depends on purified viral RNA free of contaminating
host RNA. The development of more appropriate data
analysis software will further increase the use of mod-
ern sequencing techniques for modification assign-
ments. The importance of understanding the viral
epitranscriptome was recently shown for HIV where
RiboMethSeq revealed the presence 20-O-ribose methyl-
ations and its role in evasion of innate immune sensing
(Ringeard et al. 2019).

To end the pandemic, a vaccine is urgently needed.
mRNA-based vaccines against the SARS-CoV-2 spike
protein are promising and are being intensively tested
(Jackson et al. 2020; Mulligan et al. 2020). Vaccine RNA
might also be modified, by, for example, 1-methyl-
pseudouridine, which increases mRNA translation and
dampens innate immune sensing (Karik�o et al. 2008). If
mRNA vaccines successfully clear all clinical trials, their
production will start as billions of vaccine doses are
required. Here, fast and reliable quality control of the
produced mRNA and its epitranscriptome is needed.
Thus, instrumental analysis of the epitranscriptome,
especially top-down and oligonucleotide MS, is now
more important than ever.
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