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Abstract: Liquid chromatography, coupled with tandem mass spectrometry, has become one of the
most popular methods for the analysis of post-transcriptionally modified transfer ribonucleic acids
(tRNAs). Given that the information collected using this platform is entirely determined by the mass
of the analyte, it has proven to be the gold standard for accurately assigning nucleobases to the
sequence. For the past few decades many labs have worked to improve the analysis, contiguous to
instrumentation manufacturers developing faster and more sensitive instruments. With biological
discoveries relating to ribonucleic acid happening more frequently, mass spectrometry has been
invaluable in helping to understand what is happening at the molecular level. Here we present a
brief overview of the methods that have been developed and refined for the analysis of modified
tRNAs by liquid chromatography tandem mass spectrometry.
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1. Transfer Ribonucleic Acids

Transfer ribonucleic acids (tRNAs) are the smallest of the three main types of RNAs. They
are an adapter molecule, which bridges the divide between the genetic code stored in DNA to
functional proteins that are necessary for cellular viability. While a fraction of the size compared
to messenger RNA (mRNA) or ribosomal RNA (rRNA), their abundance in the cell is plentiful,
accounting for roughly 20% of cellular RNA content [1]. A mature, processed tRNA contains between
70–100 nucleobases and is composed of four primary domains, the D-loop, the TψC loop, the acceptor
stem, and the anticodon loop. The acceptor stem carries the amino acid residue, which is covalently
added to the stem by the tRNA’s cognate aminoacyl synthetase, a protein complex specific for the
amino acid that is added to the individual tRNA [1]. It is the anticodon, however, which is the business
end of tRNA. The anticodon complementary base pairs with the codon on an mRNA transcript, reading
the genetic code for the single amino acid encoded on the transcript.

Messenger RNA decoding happens in the ribosome, a construct of rRNA and cellular proteins that
make up the translational machinery. An aminoacylated tRNA enters the ribosome at the aminoacyl
site via codon/anticodon recognition, and translocates to the peptidyl site where it accepts the
polypeptide chain onto its amino acid to become a nascent residue within the chain. The tRNA
exits the ribosome to be degraded or recharged. This decoding/translation process is key to proper
protein synthesis, and incorporation of incorrect amino acid residues into the growing polypeptide
chain could have devastating effects on a cell [2]. However the charging of the tRNA by its aminoacyl
tRNA synthetase, recognition of a charged tRNA at the aminoacyl site of the ribosome, complementary
base pairing/stability of the anticodon/codon interaction, and translocation of the tRNA at the peptidyl
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site are all assisted and controlled by chemical modifications to individual tRNA nucleobases, which
are added post-transcriptionally.

2. Post-Transcriptional Chemical Modification of tRNA

Transfer RNAs contain the highest density of modifications as compared to any other class of
RNA. Not only are tRNAs heavily decorated, the types of chemical covalent modifications are rich
and varied in both structure and biosynthesis routes. To date, more than 100 different chemical
modifications have been characterized on tRNAs from all three domains of life, and two databases,
Modomics [3] and the RNA Modification Database [4], provide detailed information relating to each
known modification. However, while much is known about individual modified nucleosides, far less
is known about how an organism’s complement of cellular tRNAs (‘the total tRNA pool’) are modified.
In fact, only a handful of organism-specific tRNA modification profiles are available [3].

Chemical modifications can include functional group addition such as methylation, formylation,
glycosylation, and thiolation, or even simple isomerization [5–10]. Biosynthesis of these modifications
can range from a single reaction, such as a methylation on the nucleobase or on the 2’ hydroxyl of the
ribose, to ones requiring multiple enzymes and cofactors (Figure 1). Transfer RNA modifications have
been found to assist in maintaining the L-shaped, tertiary structure of the tRNA [11]. They assist in
tRNA recognition by its aminoacyl-tRNA synthetase [12,13] and help in stabilization and translocation
of the anticodon during translation [14,15]. Despite many of these general features of tRNA
modifications being known [16–20], for a great many individual modifications to specific tRNAs,
the biological role and significance still remains unknown as there may be yet undiscovered synergistic
effects among multiple modifications on the same tRNA [21] or a selective advantage for particular
modifications that only arise under non-standard biological conditions [22].
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Figure 1. Examples of different types of RNA modifications. (A) 1-methylguanosine (m1G) methylation;
(B) pseudouridine (ψ) isomerization; (C) 5-formylcytidine (f5C) formylation; and (D) wybutosine (yW)
a hypermodification as the result of multiple enzymatic reactions.

To better understand the functional roles of tRNA modifications, it is important to be able
to detect and place each modification within its particular tRNA sequence context. For relatively
high-abundance tRNAs (e.g., 2% of total tRNA content), or for common tRNA modifications
(e.g., pseudouridine), such analysis can be challenging but can be accomplished using the analytical
approaches discussed below. However, for single modifications present in rare tRNAs, the analytical
difficulty pushes into specialized strategies or technologies. For example, many bacteria contain the
modification lysidine, which is present at the wobble base (position 34) of the anticodon on a single
isoleucine decoding tRNA that is at low copy number in most cells [23]. Using Escherichia coli as a
representative bacterium, this organism has 87 tRNA genes expressing between 42 and 45 unique
tRNAs [24]. Assuming an average length for all E. coli tRNAs of 80 nucleotides, then lysidine exists as
one modification among ~3300 bases—a needle in a haystack! The challenge of modification detection
and placement becomes even more difficult within eukaryotic systems. For example, humans have over
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470 tRNA genes expressing ~240 structurally unique tRNAs [25]. Generating a complete modification
profile for the total tRNA pool in humans remains, at present, beyond current analytical technologies.

3. Analytical Approaches for tRNA Characterization

Historically, chemical modifications to tRNA were detected using paper chromatography,
thin-layer chromatography, and radioisotopes [26,27]. While adequate at the time, these methods
required the use of large numbers of sample and, generally, could only identify the presence of
modifications outside of any tRNA sequence context. Different methods, such as reverse transcriptase
polymerase chain reaction (RT-PCR) and next-generation sequencing, have been used to study tRNA
modifications within the sequence context of the RNA of interest [28–30]. In general, however, these
approaches utilize an indirect approach for modification identification—typically arising when the
modification prevents amplification past the location in the tRNA sequence leading to RT stops. More
recently, direct detection approaches based on next-generation technologies have been developed,
usually taking advantage of a modification-specific antibody to enable purification of tRNAs from the
total pool that contain the modification of interest. While it is anticipated that these approaches will
continue to develop and become more widely used in tRNA modification profiling, the rest of this
review will focus on the use of mass spectrometry (MS) for tRNA modification analysis.

Mass spectrometry of biomolecules was enabled by two concurrent developments of new
ionization methods—matrix-assisted laser desorption/ionization (MALDI) [31] and electrospray
ionization (ESI) [32]. It was in the late 1980s when researchers began to use matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-MS) for the analysis of large biomolecules
progressing from protein analysis to the analysis of RNA oligonucleotides a few years later [33,34].
In MALDI-MS a sample is mixed with an absorbing material, the matrix, spotted onto a sample plate
and allowed to dry. The sample is then subjected to a laser pulse, which ablates the sample resulting
in a plume that is sampled into the mass spectrometer. While both ultraviolet (UV) and infrared
(IR) wavelength lasers were investigated for oligonucleotide analysis, UV-MALDI-MS was generally
more widely used due to the availability of commercial systems incorporating UV lasers as standard
components [35]. MALDI-MS normally utilizes a time-of-flight (TOF) mass analyzer, which has the
advantage of detecting at high mass to charge (m/z) values. A drawback with standard MALDI-TOF
mass spectrometers is that these systems are not readily coupled on-line to a chromatography platform.
For this reason, applications of MALDI-TOF-MS for analysis of modified tRNAs have been limited [33].

4. LC-MS of Oligonucleotides

The other popular ionization method for oligonucleotides and RNA, also developed in the 1980s,
is ESI [36]. In this technique, a nebulized spray is generated when a liquid is passed through a small
capillary into a strong electric field [32]. The droplets in the spray are charged, and as a droplet
evaporates, these surface charges get closer together until they reach the Raleigh limit [37], where
columbic repulsion causes the droplet to fission into smaller droplets. This process is repeated until
the ion is desorbed from the droplet or a single desolvated ion is left (Figure 2).

ESI is readily available for hyphenation to liquid chromatography platforms. High-performance
liquid chromatography (HPLC) or ultra-high performance liquid chromatography (UHPLC) coupled
to mass spectrometric analysis, normally represented as LC-MS, has become an extremely powerful
approach for nucleic acid analysis. The phosphate backbone of RNA makes the biomolecule extremely
polar as well as hydrophilic, which presents challenges for LC-MS analysis of oligonucleotides.
To separate a mixture of oligonucleotides or RNAs using reverse phase chromatography, the charge
on the phosphate backbone needs to be masked so that the biomolecules can be retained on the
chromatographic substrate, normally some variety of silica with an 18 carbon aliphatic chain attached
(C18). The addition of an alkylamine to the mobile phase, normally triethylamine (TEA) [38–40],
accomplishes this by acting as an ion pairing reagent, masking the negative charge on the backbone.
By masking the backbone, the biomolecule becomes more hydrophobic, which allows for retention
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on the C18 substrate. The addition of the alkylamine masks the charge and allows chromatographic
retention, but to remove the alkylamine necessitates the addition of a second organic modifier into
the mobile phase. The most common has been 1,1,1,3,3,3-hexafluoro-2-isopropyl alcohol (HFIP).
The general consensus is that, when electrosprayed, the oligonucleotide-containing droplet rapidly
evaporates due to the addition of HFIP, which has a low boiling point and high Henry’s Law constant.
The rapid evaporation causes the local pH in the droplet to rise due to the presence of the alkylamine.
Once the pH reaches the pKa of the alkylamine, the alkylamine dissociates from the phosphate,
allowing the eluted oligonucleotide to be sampled into the mass spectrometer as the free ion [39,40].
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5. Mapping Modifications by Gas-Phase Fragmentation

More often than not, the goal in generating tRNA modification profiles by mass spectrometry is
not to learn the tRNA sequence; rather. it is to identify and place modifications to specific sequence
locations within that sequence. While often referred to as “sequencing by mass spectrometry”, a better
phrase is “modification placement”. Regardless of the terminology used, modification placement
requires one to generate sequence-specific information from the tRNA sample. Within the field
of mass spectrometry, gas-phase fragmentation is the most common approach used to generate
sequence-specific information. Gas-phase fragmentation is a powerful approach, as it allows one to
reconstruct the underlying tRNA sequence while simultaneously denoting identities and locations of
modified nucleosides within the sequence.

Gas-phase fragmentation is typically performed via two stages of mass analysis, the so-called
tandem mass spectrometry (MS/MS) approach. The first stage of mass analysis is used to select the
particular ion of interest for fragmentation. This selected ion is referred to as the parent or precursor
ion. Onto this ion is applied some deposition of energy which results in fragmentation of the precursor
into product ions which are then analyzed by in the second stage. By far the most widely used
activation method for fragmentation is collision-induced dissociation (CID). CID, as its name implies,
is a collision between the ion and a neutral gas atom or molecule.

The most typical fragmentation pathways occur due to bond cleavage along the phosphodiester
backbone or at glycosidic bonds between a nucleobase and ribose (Figure 3). CID results in the
production of predominately c-type and y-type ions, using the McLuckey nomenclature [41], but
other dissociation products can also be generated depending on the oligonucleotide sequence and
type and amount of energy used in the collision. Upon generating the product ion mass spectrum,
the underlying sequence and location of any post-transcriptional modifications can be reconstructed
either manually or using software tools (described below). With either choice for reconstruction,
care must be taken when assigning modifications due to side chain lability of some modifications.
Some oligonucleotides containing modifications can lose all, or part, of their side chain during CID [42].
Should the most abundant fragment peak in the mass spectrum have a mass, different from the mass
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of any of the canonicals, or, from the loss of a terminal phosphate (−98 Th) it is probably the result of
side chain loss in the modification.
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accepted nomenclature to denote the bond that is cleaved. Adapted from [41].

6. The Bottom-Up Approach to RNA Modification Mapping

While mass spectrometry, in general, and LC-ESI-MS/MS, in particular, are powerful analytical
platforms for mapping tRNA modifications, direct analysis of intact tRNAs is typically beyond
the capabilities of common mass spectrometry instrumentation requiring specialized high-end
capabilities [43]. Thus, an analytical strategy was developed by the McCloskey group, which utilizes
base-specific ribonucleases (RNases) to digest tRNAs into smaller oligonucleotides (or digestion
products), which are more amenable to common LC-ESI-MS/MS or MALDI-MS systems [44,45].
This approach is commonly referred to as a ‘bottom-up’ approach to modification mapping.

The oligonucleotides resulting from the enzymatic digestion of the tRNA or tRNAs are separated
and analyzed usually by liquid chromatography tandem mass spectrometry (LC-MS/MS). Because all
modified nucleosides, except pseudouridine, which is an isomer of uridine, are detected at a higher
mass than the canonical nucleoside, the type and position of the modification within the digestion
product can be mapped using mass spectrometry. To map modifications onto an RNA sequence,
two analyses are required. The first experiment is a nucleoside analysis of the system being studied.
An aliquot of tRNA is enzymatically digested to its individual nucleosides [19], which can be analyzed
by LC-MS/MS, or by direct infusion ESI-MS [46]. These methods allow for identification of all modified
nucleosides in the sample, which will then be mapped back onto the oligonucleotide. The second
analysis is the bottom-up characterization of the tRNA, using LC-MS/MS to map the position of
modifications onto the digestion product (Figure 4). Using the bottom-up approach necessitates
multiple overlap between the generated oligonucleotides. This is accomplished by the use of multiple
base-specific RNases.

7. Base-Specific Nucleases for Modification Mapping

Under ideal conditions the RNA researcher would have a base specific RNase for each of the
four canonical bases enabling a four-lane approach to modification mapping similar to that used in
Sanger sequencing methods for DNA. Unfortunately, only two base-specific enzymes are available
commercially, RNase T1 and RNase A. RNase T1 cleaves at unmodified guanosine residues and
N2-methylguanosine, resulting in a digestion product containing a 5’ hydroxyl and a 3’ phosphate.
RNase A cleaves at pyrimidine residues and certain modified pyrimidines, also generating a 5’ hydroxyl
and a 3’ phosphate. Given the higher specificity of RNase T1, this RNase is often the first enzyme of
choice for bottom-up RNA modification mapping, with RNase A often supplementing information
obtained from RNase T1 (see below).
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Figure 4. Flowchart of RNA modification mapping experiment using enzymatic digestion for
generation of both nucleoside and oligonucleotide samples to be analyzed by liquid chromatography
tandem mass spectrometry (LC-MS/MS). SVP: snake venom phosphodiesterase; BAP: bacterial alkaline
phosphatase; RNase: ribonuclease.

A third base specific ribonuclease, RNase MC1, has recently been described for RNA modification
mapping by mass spectrometry [47]. MC1 has been found to cleave at the 5′ terminus of uridines and
pseudouridine. While not yet fully exploited, this RNase offers several advantages to modification
mapping strategies. Firstly, this enzyme should be attractive for tRNAs from organisms having a
high GC content in their genome, as the uridine-specificity should result in longer digestion products
yielding higher mapping coverage. Secondly, as cytidine and uridine differ by only 1 Da, digestion
products containing a mixture of C’s and U’s can be challenging to map accurately by LC-MS/MS
unless specific transitions are previously identified [48]. MC1 should generate digestion products with
a known number of uridines, thus defining all remaining pyrimidines within the digestion product
as cytidine.

8. Modification Mapping of Total tRNA Pools—Total tRNA Modification Profiles

8.1. Quantitative Nucleoside Profiles

One of the easiest approaches for examining tRNA modifications is to simply focus on the
total nucleoside census, obtained by digestion of the pool of tRNAs by non-specific nucleases
and phosphodiesterases (Figure 4). A variety of reports have established the appropriate
analytical methods and techniques required to obtain quantitative information via HPLC or LC-MS
platforms [18,49–52]. Dedon and co-workers have used nucleoside profiles, in combination with
other analytical measurements, to examine how tRNA pools vary during the stress response for
specific bacteria [22,53]. Helm and colleagues have shown that these new quantitative LC-MS
approaches can reveal low abundance modifications in samples presumed to be devoid of such
signals [54]. While nucleoside-based analyses are quite powerful, these measurements alone cannot
reveal site-specific changes to individual tRNA modification profiles.

8.2. tRNA Purification and Serial Analysis

Moving beyond nucleoside profiles, historically, mass spectrometric mapping of modifications
is performed on a single RNA at a time. Most of the published literature on tRNA modification
mapping is focused on single tRNAs, which have been extracted from the total tRNA pool. Single
tRNA probing was recently used by Hori and co-workers to map the modification 7-methylguanosine
(m7G) to position 49 on tRNALeu from Thermoplasma acidophilum, a novel position for this particular
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modification [55]. Suzuki and Suzuki established the gold standard in this arena by developing chaplet
chromatography for isolation of individual tRNAs from a more complex pool [56]. Using this approach,
they purified 22 individual tRNAs from mammalian mitochondria and mapped modifications onto
seven previously uncharacterized tRNAs [57].

8.3. Multiple RNases with Total tRNA Pools

An alternative to individual isolation of tRNAs is the development of approaches for tRNA
modification mapping directly from total tRNA pools [58]. A number of analytical and technical
challenges exist when moving beyond single tRNA analyses. For example, with E. coli total tRNAs,
RNase digestion will result in hundreds of digestion products of various length, each of which
must be separated and analyzed by LC-MS/MS to obtain complete coverage of the tRNA sequence
modifications. A common strategy used to improve such sequence coverage is the use of multiple
RNases, which generate complementary digestion products that can improve modification mapping
accuracy. An example is shown in a recent publication where the modification profile for the total
tRNA pool from the organism Lactococcus lactis was determined by LC-MS/MS [58]. In that example,
three separate enzymatic digestions were performed to increase the information content enabling the
placement of 18 modified nucleosides onto the 40 tRNA sequences for this organism (Figure 5).
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Figure 5. Representative example of RNA modification mapping by LC-MS/MS. (a) Total ion
chromatogram (TIC) and extracted ion chromatogram (XIC) for RNase T1 digest of Lactococcus lactis.
Only one peak for the XIC of m/z 807 is detected; (b) This doubly-charged m/z value is consistent
with a digestion product of composition (U3CGp + 30). Two known modified nucleosides have a mass
change of 30 Da: 5-methoxyuridine (mo5U) and 5-methyl-2-thiouridine (m5s2U). As only the former
was found in the nucleoside digest, mo5U is most likely the modified nucleoside in this digestion
product; (c) Tandem mass spectrometry (MS/MS) data confirming sequence as CUU[mo5U]Gp, which
maps onto Ala-tRNAUGC. Figure adapted from [58] with permission.
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8.4. The Exclusion List Approach

While relatively brute-force approaches using multiple RNases can be used to generate total tRNA
modification profiles, our lab has focused on alternative analytical strategies wherein the goal is to
increase information content while reducing the overall amount of data generated by the bottom-up
characterization of total tRNA pools. As noted earlier, understanding that the goal of RNA modification
mapping is only to identify and locate modified nucleosides within the parent tRNA sequence, one can
take advantage of existing tRNA sequence information to improve LC-MS/MS information content.

One such approach is through the use of an exclusion list during LC-MS/MS [59–61]. An exclusion
list in LC-MS/MS is a list of oligonucleotide m/z values that should not be selected for CID-MS/MS.
Understanding that, with the exception of pseudouridine, modifications result in an increase in
the mass of the digestion product, one can generate a list of m/z values that correspond to the
tRNA sequence (or sequences) in the absence of modifications. Such information is readily obtained
through tRNA gene or organism-based genomic information. By excluding these unmodified digestion
products from MS/MS analysis, only digestion products containing post-transcriptional modifications
will be analyzed thereby increasing the information obtained during an LC-MS/MS experiment.
This approach was demonstrated to yield greater coverage of the total tRNA pool from E. coli than
standard bottom-up approaches (Table 1) and was used to map tRNA modifications for a previously
uncharacterized organism, Streptomyces griseus.

Table 1. Number of RNase T1 digestion products identified (and percentage out of 73 predicted) from
Escherichia coli total tRNA via replicate runs of standard Data Dependent Acquisition-based LC-MS/MS
and LC-MS/MS using an exclusion list. Adapted from [59] with permission.

Method Replicate 1 Replicate 2 Replicate 3

Standard DDA 51 (70%) 50 (68%) 51 (70%)
Exclusion list 59 (81%) 60 (82%) 60 (82%)

% increase 16% 20% 18%

8.5. The CARD Approach

An alternative approach having similar goals as the exclusion list strategy is to conduct bottom-up
analysis of two tRNA mixtures, where the modification profile of one tRNA sample is known and
the modification profile of the second tRNA sample is unknown. By differentially labeling the RNase
digestion products from the two samples using various heavy isotope strategies [62–65], digestion
products that are equivalent between the two samples will appear as doublets in the LC-MS/MS
data. Missing doublets (i.e., singlets) occur when the underlying tRNA sequences differ between the
two samples or when the two samples are modified differently (Figure 6). Regardless, this Comparative
Analysis of RNA Digests (CARD) [66–68] approach allows one to more quickly identify changes in
tRNA modification profiles, such as between wild-type and mutant strains, or can be used to generate
the total tRNA modification profile from a previously uncharacterized organism.

9. Tools to Analyze MS Data

Bottom-up modification mapping experiments can generate a significant amount of LC-MS/MS
data, even when strategies, such as an exclusion list or CARD are used. Manual analysis and
annotation of such data would render moot any advantages of characterizing multiple tRNAs within
the same experiment. Thus, like in the field of proteomics, another prime area of research and
development is into new software tools that can reduce the time necessary to process large LC-MS/MS
datasets. One of the original software tools, Simple Oligonucleotide Sequencer (SOS), was written to
annotate oligonucleotide MS/MS data [69]. While SOS was the first user-friendly tool for ab initio
oligonucleotide sequencing, it did not automate the process of data annotation. Additional tools soon
followed, including RNA Mass Mapping (RRM) [70], Ariadne [71], and RoboOligo [72].
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Figure 6. Schematic outline of comparative sequencing of total transfer ribonucleic acids (tRNAs)
from an unknown (candidate) organism using a known (reference) organism by isotope-labeling and
LC-MS. tRNA endonuclease digestion products that are equivalent between organisms will appear as
doublets (separated by 2 Da) in the mass spectral data; digestion products that are different between
the two organisms will appear as a singlet. Figure adapted from [67] with permission.

RRM was developed primarily for MALDI-MS data to enable RNA identification by matching
RNase T1 digestion products to those predicted from RNA sequences available in a database. Ariadne
uses a probability-based algorithm to match possible modified oligonucleotides against a database of
genomic sequences. RoboOligo is a more modern, automated version of SOS allowing for ab initio
reconstruction of MS/MS data. While each of these programs significantly improves data analysis and
annotation, additional tools are needed to keep up with the advances in mass spectrometry technology
and approaches.

10. Conclusions

Modification mapping of tRNAs has moved from a cumbersome, sample- and time-intensive
endeavor into an era where modification profiles for total tRNA pools are now feasible. More promising,
recent advances in chromatography and mass spectrometry technology have made interrogation of
complex mixtures of tRNAs even easier. Chromatography improvements are pushing towards the
goal of baseline separation of nearly every RNase digestion product in the sample that much closer to
reality. At the same time, developments in mass spectrometry technology have allowed for improved
detection limits and sensitivity, bringing the detection of low-abundance RNA modifications within the
grasp of the field. Anticipated future advances [30,73,74], including an even greater synergy between
genomic-based sequencing or direct RNA-sequencing technologies and mass spectrometry wherein
sites previously identified by mass spectrometry can be interrogated in a high throughput fashion [75],
suggest tRNA modification mapping will become a routine analytical method impacting a variety of
biological studies.

Acknowledgments: Financial support of our work in the field of RNA modification mapping has been provided
by the National Science Foundation (NSF CHE1507357), the National Institutes of Health (NIH GM058843),
the Defense Threat Reduction Agency (HDTRA1-15-1-0033) and the University of Cincinnati.

Conflicts of Interest: The authors declare no conflict of interest.



Biomolecules 2017, 7, 21 10 of 13

References

1. Phizicky, E.M.; Alfonzo, J.D. Do all modifications benefit all tRNAs? FEBS Lett. 2010, 584, 265–271. [CrossRef]
[PubMed]

2. Rodgers, K.J.; Shiozawa, N. Misincorporation of amino acid analogues into proteins by biosynthesis. Int. J.
Biochem. Cell Biol. 2008, 40, 1452–1466. [CrossRef] [PubMed]

3. Machnicka, M.A.; Milanowska, K.; Osman Oglou, O.; Purta, E.; Kurkowska, M.; Olchowik, A.;
Januszewski, W.; Kalinowski, S.; Dunin-Horkawicz, S.; Rother, K.M.; et al. Modomics: A database of
RNA modification pathways—2013 update. Nucleic Acids Res. 2013, 41, D262–D267. [CrossRef] [PubMed]

4. Cantara, W.A.; Crain, P.F.; Rozenski, J.; McCloskey, J.A.; Harris, K.A.; Zhang, X.; Vendeix, F.A.; Fabris, D.;
Agris, P.F. The RNA modification database, RNAMDP: 2011 update. Nucleic Acids Res. 2011, 39, D195.
[CrossRef] [PubMed]

5. Nau, F. The methylation of tRNA. Biochimie 1976, 58, 629–645. [CrossRef]
6. Slany, R.K.; Bosl, M.; Kersten, H. Transfer and isomerization of the ribose moiety of adomet during the

biosynthesis of queuosine tRNAs, a new unique reaction catalyzed by the quea protein from Escherichia coli.
Biochimie 1994, 76, 389–393. [CrossRef]

7. Mengel-Jørgensen, J.; Kirpekar, F. Detection of pseudouridine and other modifications in tRNA by
cyanoethylation and maldi mass spectrometry. Nucleic Acids Res. 2002, 30, e135. [CrossRef] [PubMed]

8. Varshney, U.; RajBhandary, U.L. Role of methionine and formylation of initiator tRNA in initiation of protein
synthesis in Escherichia coli. J. Bacteriol. 1992, 174, 7819–7826. [CrossRef] [PubMed]

9. Colas, B.; Boulanger, Y. Glycosylation of yeast aspartyl—tRNA synthetase. FEBS Lett. 1983, 163, 175–180.
[CrossRef]

10. Mueller, E.G.; Buck, C.J.; Palenchar, P.M.; Barnhart, L.E.; Paulson, J.L. Identification of a gene involved in the
generation of 4-thiouridine in tRNA. Nucleic Acids Res. 1998, 26, 2606–2610. [CrossRef] [PubMed]

11. Goto-Ito, S.; Ito, T.; Kuratani, M.; Bessho, Y.; Yokoyama, S. Tertiary structure checkpoint at anticodon loop
modification in tRNA functional maturation. Nat. Struct. Mol. Biol. 2009, 16, 1109–1115. [CrossRef]
[PubMed]

12. Tardif, K.D.; Horowitz, J. Transfer RNA determinants for translational editing by Escherichia coli valyl-tRNA
synthetase. Nucleic Acids Res. 2002, 30, 2538–2545. [CrossRef] [PubMed]

13. Senger, B.; Auxilien, S.; Englisch, U.; Cramer, F.; Fasiolo, F. The modified wobble base inosine in yeast
tRNAile is a positive determinant for aminoacylation by isoleucyl-tRNA synthetase. Biochemistry 1997, 36,
8269–8275. [CrossRef] [PubMed]

14. Manickam, N.; Joshi, K.; Bhatt, M.J.; Farabaugh, P.J. Effects of tRNA modification on translational accuracy
depend on intrinsic codon–anticodon strength. Nucleic Acids Res. 2016, 44, 1871–1881. [CrossRef] [PubMed]

15. Konevega, A.L.; Soboleva, N.G.; Makhno, V.I.; Semenkov, Y.P.; Wintermeyer, W.; Rodnina, M.V.; Katunin, V.I.
Purine bases at position 37 of tRNA stabilize codon–anticodon interaction in the ribosomal a site by stacking
and Mg2+-dependent interactions. RNA 2004, 10, 90–101. [CrossRef] [PubMed]

16. Harada, F.; Nishimura, S. Purification and characterization of aua specific isoleucine transfer ribonucleic
acid from Escherichia coli B. Biochemistry 1974, 13, 300–307. [CrossRef] [PubMed]

17. Muramatsu, T.; Yokoyama, S.; Horie, N.; Matsuda, A.; Ueda, T.; Yamaizumi, Z.; Kuchino, Y.; Nishimura, S.;
Miyazawa, T. A novel lysine-substituted nucleoside in the first position of the anticodon of minor isoleucine
tRNA from Escherichia coli. J. Biol. Chem. 1988, 263, 9261–9267. [PubMed]

18. Su, D.; Chan, C.T.Y.; Gu, C.; Lim, K.S.; Chionh, Y.H.; McBee, M.E.; Russell, B.S.; Babu, I.R.; Begley, T.J.;
Dedon, P.C. Quantitative analysis of ribonucleoside modifications in tRNA by HPLC-coupled mass
spectrometry. Nat. Protocols 2014, 9, 828–841. [CrossRef] [PubMed]

19. Crain, P.F. Preparation and enzymatic hydrolysis of DNA and RNA for mass spectrometry. Methods Enzymol.
1990, 193, 782–790. [PubMed]

20. Pomerantz, S.C.; McCloskey, J.A. Analysis of RNA hydrolyzates by liquid chromatography-mass
spectrometry. Methods Enzymol. 1990, 193, 796–824. [PubMed]

21. Jackman, J.E.; Alfonzo, J.D. Transfer RNA modifications: Nature’s combinatorial chemistry playground.
Wiley Interdiscip. Rev. RNA 2013, 4, 35–48. [CrossRef] [PubMed]

22. Dedon, P.C.; Begley, T.J. A system of RNA modifications and biased codon use controls cellular stress
response at the level of translation. Chem. Res. Toxicol. 2014, 27, 330–337. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.febslet.2009.11.049
http://www.ncbi.nlm.nih.gov/pubmed/19931536
http://dx.doi.org/10.1016/j.biocel.2008.01.009
http://www.ncbi.nlm.nih.gov/pubmed/18329946
http://dx.doi.org/10.1093/nar/gks1007
http://www.ncbi.nlm.nih.gov/pubmed/23118484
http://dx.doi.org/10.1093/nar/gkq1028
http://www.ncbi.nlm.nih.gov/pubmed/21071406
http://dx.doi.org/10.1016/S0300-9084(76)80387-2
http://dx.doi.org/10.1016/0300-9084(94)90113-9
http://dx.doi.org/10.1093/nar/gnf135
http://www.ncbi.nlm.nih.gov/pubmed/12466567
http://dx.doi.org/10.1128/jb.174.23.7819-7826.1992
http://www.ncbi.nlm.nih.gov/pubmed/1447148
http://dx.doi.org/10.1016/0014-5793(83)80813-8
http://dx.doi.org/10.1093/nar/26.11.2606
http://www.ncbi.nlm.nih.gov/pubmed/9592144
http://dx.doi.org/10.1038/nsmb.1653
http://www.ncbi.nlm.nih.gov/pubmed/19749755
http://dx.doi.org/10.1093/nar/30.11.2538
http://www.ncbi.nlm.nih.gov/pubmed/12034843
http://dx.doi.org/10.1021/bi970206l
http://www.ncbi.nlm.nih.gov/pubmed/9204872
http://dx.doi.org/10.1093/nar/gkv1506
http://www.ncbi.nlm.nih.gov/pubmed/26704976
http://dx.doi.org/10.1261/rna.5142404
http://www.ncbi.nlm.nih.gov/pubmed/14681588
http://dx.doi.org/10.1021/bi00699a011
http://www.ncbi.nlm.nih.gov/pubmed/4589307
http://www.ncbi.nlm.nih.gov/pubmed/3132458
http://dx.doi.org/10.1038/nprot.2014.047
http://www.ncbi.nlm.nih.gov/pubmed/24625781
http://www.ncbi.nlm.nih.gov/pubmed/1706062
http://www.ncbi.nlm.nih.gov/pubmed/1706064
http://dx.doi.org/10.1002/wrna.1144
http://www.ncbi.nlm.nih.gov/pubmed/23139145
http://dx.doi.org/10.1021/tx400438d
http://www.ncbi.nlm.nih.gov/pubmed/24422464


Biomolecules 2017, 7, 21 11 of 13

23. Suzuki, T.; Miyauchi, K. Discovery and characterization of tRNAIle lysidine synthetase (TilS). FEBS Lett.
2010, 584, 272–277. [CrossRef] [PubMed]

24. Chan, P.P.; Lowe, T.M. GtRNAdb: A database of transfer RNA genes detected in genomic sequence.
Nucleic Acids Res. 2009, 37, D93–D97. [CrossRef] [PubMed]

25. Goodenbour, J.M.; Pan, T. Diversity of tRNA genes in eukaryotes. Nucleic Acids Res. 2006, 34, 6137–6146.
[CrossRef] [PubMed]

26. Desrosiers, R.; Friderici, K.; Rottman, F. Identification of methylated nucleosides in messenger RNA from
Novikoff hepatoma cells. Proc. Nat. Acad. Sci. USA 1974, 71, 3971–3975. [CrossRef] [PubMed]

27. Iwanami, Y.; Brown, G.M. Methylated bases of ribosomal ribonucleic acid from HeLa cells. Arch. Biochem.
Biophys. 1968, 126, 8–15. [CrossRef]

28. Ofengand, J.; Del Campo, M.; Kaya, Y. Mapping pseudouridines in RNA molecules. Methods 2001, 25,
365–373. [CrossRef] [PubMed]

29. Motorin, Y.; Muller, S.; Behm-Ansmant, I.; Branlant, C. Identification of modified residues in RNAs by
reverse transcription-based methods. Methods Enzymol. 2007, 425, 21–53. [PubMed]

30. Limbach, P.A.; Paulines, M.J. Going global: The new era of mapping modifications in RNA. Wiley Interdiscip.
Rev. RNA 2017, 8, e1367. [CrossRef] [PubMed]

31. Karas, M.; Hillenkamp, F. Laser desorption ionization of proteins with molecular masses exceeding
10,000 daltons. Anal. Chem. 1988, 60, 2299–2301. [CrossRef] [PubMed]

32. Kebarle, P.; Tang, L. From ions in solution to ions in the gas phase. Anal. Chem. 1993, 65, 972A–986A.
[CrossRef]

33. Douthwaite, S.; Kirpekar, F. Identifying modifications in RNA by MALDI mass spectrometry. In Methods in
Enzymology; Academic Press: New York, NY, USA, 2007; Volume 425, pp. 1–20.

34. Kirpekar, F.; Douthwaite, S.; Roepstorff, P. Mapping posttranscriptional modifications in 5S ribosomal RNA
by MALDI mass spectrometry. RNA 2000, 6, 296–306. [CrossRef] [PubMed]

35. Nordhoff, E.; Kirpekar, F.; Karas, M.; Cramer, R.; Hahner, S.; Hillenkamp, F.; Kristiansen, K.; Roepstroff, P.;
Lezius, A. Comparison of IR- and UV-matrix-assisted laser desorption/ionization mass spectrometry of
oligodeoxynucleotides. Nucleic Acids Res. 1994, 22, 2460–2465. [CrossRef] [PubMed]

36. Fenn, J.; Mann, M.; Meng, C.; Wong, S.; Whitehouse, C. Electrospray ionization for mass spectrometry of
large biomolecules. Science 1989, 246, 64–71. [CrossRef] [PubMed]

37. Rayleigh, L. XX. On the equilibrium of liquid conducting masses charged with electricity. Philos. Mag. Ser. 5
1882, 14, 184–186. [CrossRef]

38. Greig, M.; Griffey, R.H. Utility of organic bases for improved electrospray mass spectrometry of
oligonucleotides. Rapid Commun. Mass Spectrom. 1995, 9, 97–102. [CrossRef] [PubMed]

39. Apffel, A.; Chakel, J.A.; Fischer, S.; Lichtenwalter, K.; Hancock, W.S. New procedure for the use of
high-performance liquid chromatography-electrospray ionization mass spectrometry for the analysis of
nucleotides and oligonucleotides. J. Chromatogr. A 1997, 777, 3–21. [CrossRef]

40. McGinnis, A.; Grubb, E.; Bartlett, M. Systematic optimization of ion-pairing agents and
hexafluoroisopropanol for enhanced electrospray ionization mass spectrometry of oligonucleotides.
Rapid Commun. Mass Spectrom. 2013, 27, 2655–2664. [CrossRef] [PubMed]

41. McLuckey, S.; Berkel, G.; Glish, G. Tandem mass spectrometry of small, multiply charged oligonucleotides.
J. Am. Soc. Mass Spectrom. 1992, 3, 60–70. [CrossRef]

42. Ross, R.; Cao, X.; Yu, N.; Limbach, P.A. Sequence mapping of transfer RNA chemical modifications by liquid
chromatography tandem mass spectrometry. Methods 2016, 107, 73–78. [CrossRef] [PubMed]

43. Taucher, M.; Breuker, K. Characterization of modified RNA by top-down mass spectrometry. Angew. Chem.
2012, 51, 11289–11292. [CrossRef] [PubMed]

44. Kowalak, J.A.; Pomerantz, S.C.; Crain, P.F.; McCloskey, J.A. A novel method for the determination of
posttranscriptional modification in RNA by mass spectrometry. Nucleic Acids Res. 1993, 21, 4577–4585.
[CrossRef] [PubMed]

45. Wagner, T.M.; Nair, V.; Guymon, R.; Pomerantz, S.C.; Crain, P.F.; Davis, D.R.; McCloskey, J.A. A novel
method for sequence placement of modified nucleotides in mixtures of transfer RNA. Nucleic Acids Symp. Ser.
2004, 48, 263–264. [CrossRef] [PubMed]

46. Rose, R.E.; Quinn, R.; Sayre, J.L.; Fabris, D. Profiling ribonucleotide modifications at full-transcriptome level:
A step toward MS-based epitranscriptomics. RNA 2015, 21, 1361–1374. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.febslet.2009.11.085
http://www.ncbi.nlm.nih.gov/pubmed/19944692
http://dx.doi.org/10.1093/nar/gkn787
http://www.ncbi.nlm.nih.gov/pubmed/18984615
http://dx.doi.org/10.1093/nar/gkl725
http://www.ncbi.nlm.nih.gov/pubmed/17088292
http://dx.doi.org/10.1073/pnas.71.10.3971
http://www.ncbi.nlm.nih.gov/pubmed/4372599
http://dx.doi.org/10.1016/0003-9861(68)90553-5
http://dx.doi.org/10.1006/meth.2001.1249
http://www.ncbi.nlm.nih.gov/pubmed/11860291
http://www.ncbi.nlm.nih.gov/pubmed/17673078
http://dx.doi.org/10.1002/wrna.1367
http://www.ncbi.nlm.nih.gov/pubmed/27251302
http://dx.doi.org/10.1021/ac00171a028
http://www.ncbi.nlm.nih.gov/pubmed/3239801
http://dx.doi.org/10.1021/ac00070a715
http://dx.doi.org/10.1017/S1355838200992148
http://www.ncbi.nlm.nih.gov/pubmed/10688367
http://dx.doi.org/10.1093/nar/22.13.2460
http://www.ncbi.nlm.nih.gov/pubmed/8041606
http://dx.doi.org/10.1126/science.2675315
http://www.ncbi.nlm.nih.gov/pubmed/2675315
http://dx.doi.org/10.1080/14786448208628425
http://dx.doi.org/10.1002/rcm.1290090121
http://www.ncbi.nlm.nih.gov/pubmed/7888709
http://dx.doi.org/10.1016/S0021-9673(97)00256-2
http://dx.doi.org/10.1002/rcm.6733
http://www.ncbi.nlm.nih.gov/pubmed/24591027
http://dx.doi.org/10.1016/1044-0305(92)85019-G
http://dx.doi.org/10.1016/j.ymeth.2016.03.016
http://www.ncbi.nlm.nih.gov/pubmed/27033178
http://dx.doi.org/10.1002/anie.201206232
http://www.ncbi.nlm.nih.gov/pubmed/23042528
http://dx.doi.org/10.1093/nar/21.19.4577
http://www.ncbi.nlm.nih.gov/pubmed/8233793
http://dx.doi.org/10.1093/nass/48.1.263
http://www.ncbi.nlm.nih.gov/pubmed/17150579
http://dx.doi.org/10.1261/rna.049429.114
http://www.ncbi.nlm.nih.gov/pubmed/25995446


Biomolecules 2017, 7, 21 12 of 13

47. Addepalli, B.; Lesner, N.P.; Limbach, P.A. Detection of RNA nucleoside modifications with the
uridine-specific ribonuclease mc1 from momordica charantia. RNA 2015, 21, 1746–1756. [CrossRef] [PubMed]

48. Wetzel, C.; Limbach, P. The global identification of tRNA isoacceptors by targeted tandem mass spectrometry.
Analyst 2013, 138, 6063–6072. [CrossRef] [PubMed]

49. Brückl, T.; Globisch, D.; Wagner, M.; Müller, M.; Carell, T. Parallel isotope-based quantification of modified
tRNA nucleosides. Angew. Chem. Int. Ed. 2009, 48, 7932–7934. [CrossRef] [PubMed]

50. Russell, S.P.; Limbach, P.A. Evaluating the reproducibility of quantifying modified nucleosides from
ribonucleic acids by LC-UV-MS. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2013, 923–924, 74–82.
[CrossRef] [PubMed]

51. Kellner, S.; Ochel, A.; Thüring, K.; Spenkuch, F.; Neumann, J.; Sharma, S.; Entian, K.-D.; Schneider, D.;
Helm, M. Absolute and relative quantification of RNA modifications via biosynthetic isotopomers.
Nucleic Acids Res. 2014, 42, e142. [CrossRef] [PubMed]

52. Thüring, K.; Schmid, K.; Keller, P.; Helm, M. Analysis of RNA modifications by liquid chromatography–tandem
mass spectrometry. Methods 2016, 107, 48–56. [CrossRef] [PubMed]

53. Pang, Y.L.; Abo, R.; Levine, S.S.; Dedon, P.C. Diverse cell stresses induce unique patterns of tRNA up- and
down-regulation: tRNA-seq for quantifying changes in tRNA copy number. Nucleic Acids Res. 2014, 42, e170.
[CrossRef] [PubMed]

54. Schmid, K.; Thüring, K.; Keller, P.; Ochel, A.; Kellner, S.; Helm, M. Variable presence of 5-methylcytosine in
commercial RNA and DNA. RNA Biol. 2015, 12, 1152–1158. [CrossRef] [PubMed]

55. Tomikawa, C.; Ohira, T.; Inoue, Y.; Kawamura, T.; Yamagishi, A.; Suzuki, T.; Hori, H. Distinct tRNA
modifications in the thermo-acidophilic archaeon, Thermoplasma acidophilum. FEBS Lett. 2013, 587, 3575–3580.
[CrossRef] [PubMed]

56. Suzuki, T.; Suzuki, T. Chaplet column chromatography: Isolation of a large set of individual RNAs in a
single step. Methods Enzymol. 2007, 425, 231–239. [PubMed]

57. Suzuki, T.; Suzuki, T. A complete landscape of post-transcriptional modifications in mammalian
mitochondrial tRNAs. Nucleic Acids Res. 2014, 42, 7346–7357. [CrossRef] [PubMed]

58. Puri, P.; Wetzel, C.; Saffert, P.; Gaston, K.W.; Russell, S.P.; Cordero Varela, J.A.; van der Vlies, P.; Zhang, G.;
Limbach, P.A.; Ignatova, Z.; et al. Systematic identification of tRNAome and its dynamics in Lactococcus
lactis. Mol. Microbiol. 2014, 93, 944–956. [CrossRef] [PubMed]

59. Cao, X.; Limbach, P.A. Enhanced detection of post-transcriptional modifications using a mass-exclusion
list strategy for RNA modification mapping by LC-MS/MS. Anal. Chem. 2015, 87, 8433–8440. [CrossRef]
[PubMed]

60. McQueen, P.; Spicer, V.; Rydzak, T.; Sparling, R.; Levin, D.; Wilkins, J.A.; Krokhin, O. Information-dependent
LC-MS/MS acquisition with exclusion lists potentially generated on-the-fly: Case study using a whole cell
digest of Clostridium thermocellum. Proteomics 2012, 12, 1160–1169. [CrossRef] [PubMed]

61. Rudomin, E.L.; Carr, S.A.; Jaffe, J.D. Directed sample interrogation utilizing an accurate mass exclusion-based
data-dependent acquisition strategy (AMEx). J. Proteome Res. 2009, 8, 3154–3160. [CrossRef] [PubMed]

62. Meng, Z.; Limbach, P.A. Quantitation of ribonucleic acids using 18O labeling and mass spectrometry.
Anal. Chem. 2005, 77, 1891–1895. [CrossRef] [PubMed]

63. Waghmare, S.P.; Dickman, M.J. Characterization and quantification of RNA post-transcriptional
modifications using stable isotope labeling of RNA in conjunction with mass spectrometry analysis.
Anal. Chem. 2011, 83, 4894–4901. [CrossRef] [PubMed]

64. Popova, A.M.; Williamson, J.R. Quantitative analysis of rRNA modifications using stable isotope labeling
and mass spectrometry. J. Am. Chem. Soc. 2014, 136, 2058–2069. [CrossRef] [PubMed]

65. Taoka, M.; Nobe, Y.; Hori, M.; Takeuchi, A.; Masaki, S.; Yamauchi, Y.; Nakayama, H.; Takahashi, N.; Isobe, T.
A mass spectrometry-based method for comprehensive quantitative determination of post-transcriptional
RNA modifications: The complete chemical structure of Schizosaccharomyces pombe ribosomal RNAs.
Nucleic Acids Res. 2015, 43, e115. [CrossRef] [PubMed]

66. Li, S.; Limbach, P.A. Method for comparative analysis of ribonucleic acids using isotope labeling and mass
spectrometry. Anal. Chem. 2012, 84, 8607–8613. [CrossRef] [PubMed]

67. Li, S.; Limbach, P.A. Mass spectrometry sequencing of transfer ribonucleic acids by the comparative analysis
of RNA digests (CARD) approach. Analyst 2013, 138, 1386–1394. [CrossRef] [PubMed]

http://dx.doi.org/10.1261/rna.052472.115
http://www.ncbi.nlm.nih.gov/pubmed/26221047
http://dx.doi.org/10.1039/c3an01224g
http://www.ncbi.nlm.nih.gov/pubmed/23954863
http://dx.doi.org/10.1002/anie.200902740
http://www.ncbi.nlm.nih.gov/pubmed/19746495
http://dx.doi.org/10.1016/j.jchromb.2013.02.010
http://www.ncbi.nlm.nih.gov/pubmed/23500350
http://dx.doi.org/10.1093/nar/gku733
http://www.ncbi.nlm.nih.gov/pubmed/25129236
http://dx.doi.org/10.1016/j.ymeth.2016.03.019
http://www.ncbi.nlm.nih.gov/pubmed/27020891
http://dx.doi.org/10.1093/nar/gku945
http://www.ncbi.nlm.nih.gov/pubmed/25348403
http://dx.doi.org/10.1080/15476286.2015.1076612
http://www.ncbi.nlm.nih.gov/pubmed/26274337
http://dx.doi.org/10.1016/j.febslet.2013.09.021
http://www.ncbi.nlm.nih.gov/pubmed/24076028
http://www.ncbi.nlm.nih.gov/pubmed/17673086
http://dx.doi.org/10.1093/nar/gku390
http://www.ncbi.nlm.nih.gov/pubmed/24831542
http://dx.doi.org/10.1111/mmi.12710
http://www.ncbi.nlm.nih.gov/pubmed/25040919
http://dx.doi.org/10.1021/acs.analchem.5b01826
http://www.ncbi.nlm.nih.gov/pubmed/26176336
http://dx.doi.org/10.1002/pmic.201100425
http://www.ncbi.nlm.nih.gov/pubmed/22577018
http://dx.doi.org/10.1021/pr801017a
http://www.ncbi.nlm.nih.gov/pubmed/19344186
http://dx.doi.org/10.1021/ac048801y
http://www.ncbi.nlm.nih.gov/pubmed/15762601
http://dx.doi.org/10.1021/ac200547y
http://www.ncbi.nlm.nih.gov/pubmed/21539333
http://dx.doi.org/10.1021/ja412084b
http://www.ncbi.nlm.nih.gov/pubmed/24422502
http://dx.doi.org/10.1093/nar/gkv560
http://www.ncbi.nlm.nih.gov/pubmed/26013808
http://dx.doi.org/10.1021/ac301638c
http://www.ncbi.nlm.nih.gov/pubmed/22985222
http://dx.doi.org/10.1039/c2an36515d
http://www.ncbi.nlm.nih.gov/pubmed/23295341


Biomolecules 2017, 7, 21 13 of 13

68. Paulines, M.J.; Limbach, P.A. Stable isotope labeling for improved comparative analysis of RNA digests by
mass spectrometry. J. Am. Soc. Mass Spectrom. 2017. [CrossRef] [PubMed]

69. Rozenski, J.; McCloskey, J.A. SOS: A simple interactive program for ab initio oligonucleotide sequencing by
mass spectrometry. J. Am. Soc. Mass Spectrom. 2002, 13, 200–203. [CrossRef]

70. Matthiesen, R.; Kirpekar, F. Identification of RNA molecules by specific enzyme digestion and mass
spectrometry: Software for and implementation of RNA mass mapping. Nucleic Acids Res. 2009, 37,
e48. [CrossRef] [PubMed]

71. Nakayama, H.; Akiyama, M.; Taoka, M.; Yamauchi, Y.; Nobe, Y.; Ishikawa, H.; Takahashi, N.; Isobe, T.
Ariadne: A database search engine for identification and chemical analysis of RNA using tandem mass
spectrometry data. Nucleic Acids Res. 2009, 37, e47. [CrossRef] [PubMed]

72. Sample, P.J.; Gaston, K.W.; Alfonzo, J.D.; Limbach, P.A. RoboOligo: Software for mass spectrometry
data to support manual and de novo sequencing of post-transcriptionally modified ribonucleic acids.
Nucleic Acids Res. 2015, 43, e64. [CrossRef] [PubMed]

73. Gaston, K.W.; Limbach, P.A. The identification and characterization of non-coding and coding RNAs and
their modified nucleosides by mass spectrometry. RNA Biol. 2014, 11, 1568–1585. [CrossRef] [PubMed]

74. Wetzel, C.; Limbach, P.A. Mass spectrometry of modified RNAs: Recent developments. Analyst 2016, 141,
16–23. [CrossRef] [PubMed]

75. Tserovski, L.; Marchand, V.; Hauenschild, R.; Blanloeil-Oillo, F.; Helm, M.; Motorin, Y. High-throughput
sequencing for 1-methyladenosine (m1A) mapping in RNA. Methods 2016, 107, 110–121. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s13361-017-1593-3
http://www.ncbi.nlm.nih.gov/pubmed/28105550
http://dx.doi.org/10.1016/S1044-0305(01)00354-3
http://dx.doi.org/10.1093/nar/gkp139
http://www.ncbi.nlm.nih.gov/pubmed/19264806
http://dx.doi.org/10.1093/nar/gkp099
http://www.ncbi.nlm.nih.gov/pubmed/19270066
http://dx.doi.org/10.1093/nar/gkv145
http://www.ncbi.nlm.nih.gov/pubmed/25820423
http://dx.doi.org/10.4161/15476286.2014.992280
http://www.ncbi.nlm.nih.gov/pubmed/25616408
http://dx.doi.org/10.1039/C5AN01797A
http://www.ncbi.nlm.nih.gov/pubmed/26501195
http://dx.doi.org/10.1016/j.ymeth.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26922842
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Transfer Ribonucleic Acids 
	Post-Transcriptional Chemical Modification of tRNA 
	Analytical Approaches for tRNA Characterization 
	LC-MS of Oligonucleotides 
	Mapping Modifications by Gas-Phase Fragmentation 
	The Bottom-Up Approach to RNA Modification Mapping 
	Base-Specific Nucleases for Modification Mapping 
	Modification Mapping of Total tRNA Pools—Total tRNA Modification Profiles 
	Quantitative Nucleoside Profiles 
	tRNA Purification and Serial Analysis 
	Multiple RNases with Total tRNA Pools 
	The Exclusion List Approach 
	The CARD Approach 

	Tools to Analyze MS Data 
	Conclusions 

