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Abstract

A small set of ribonucleoside modifications have been found in different regions of mMRNA
including the open reading frame. Accurate detection of these specific modifications is critical to
understanding their modulatory roles in facilitating mRNA maturation, translation and
degradation. While transcrip tome-wide next-generation sequencing (NGS) techniques could
provide exhaustive information about the sites of one specific or class of modifications at a time,
recent investigations strongly indicate cautionary interpretation due to the appearance of false
positives. Therefore, it is suggested that NGS-based modification data can only be treated as
predicted sites and their existence need to be validated by orthogonal methods. Liquid
chromatography-tandem mass spectrometry (LCMS/MS) is an analytical technique that can yield
accurate and reproducible information about the qualitative and quantitative characteristics of
ribonucleoside modifications. Here, we review the recent advancements in LC-MS/MS technology
that could help in securing accurate, gold-standard quality information about the resident post-
transcriptional modifications of mMRNA.
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Ribonucleic acids (RNA) play critical roles in regulating the flow of genetic information
inside a cell. Ribonucleosides, the building blocks of RNA (adenosine - A, guanosine - G,
cytidine - C and uridine — U), store another layer of information in the form of post-
transcriptional modifications (PTMs) in almost all types of RNA, including messenger RNA
(mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), long non-coding RNA (IncRNA),
and micro RNA (miRNA). These nucleoside modifications do not change the amino acid
sequence of the encoded protein, but can affect the stability, localization, translational
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accuracy and the function of RNA [1]. More than 160 different kinds of chemically diverse
PTMs have been reported in RNA [2] that can potentially impart additional cellular
functions. Nucleoside modifications like 7-methylguanosine (m’G)[3], A8-methyladenosine
(m®A) and 5-methylcytidine (m°C)[4] were initially reported in protein coding sequences of
mMRNA in the 1970s [5, 6]. Research into mRNA modifications gained attention with the
discovery of specific enzymes, capable of converting adenosines to inosines[7—9]. Recent
studies on MRNA and IncRNA have revealed the removable nature of certain modifications,
where their functional significance is controlled by three groups of proteins: writers, readers
and erasers [10, 11], While writersinstall these modifications, readers recognize them to
determine the cellular fate of transcripts, and erasers remove the modifications.
Characterization of the dynamic changes imparted by these proteins (generally referred to as
the epitranscriptome[12]), demand accurate and unambiguous determination of the
modification location and levels in a given RNA sequence.

Detection and identification of modifications

Historically, ribonucleoside modification analysis was done by thin-layer chromatography
and high-performance liquid chromatography (HPLC) methods that are coupled with UV-
based spectrophotometric detection [13, 14]. However, these methods exhibit low
sensitivities, therefore, they are generally applied to the highly abundant modifications.
Further, these methods are at best semiquantitative, and do not allow quantification of
multiple modifications. The development of direct and indirect methods such as RNA mass
spectrometry and next-generation sequencing (NGS) techniques, respectively, have provided
powerful tools to identify and map modifications in coding and noncoding RNAs. The NGS
is an indirect method operating through the synthesis of a complementary DNA (cDNA)
from the transcript. In general, three strategies are combined with NGS techniques for
locating modifications in mMRNA - point of truncation of a cDNA product during reverse
transcription, alteration of the base-pairing properties at the modification site, and
enrichment of modified sequences in the transcripts [15]. These types of RNA-seq methods
are high throughput but require special sample treatment to recognize the sites of
modification. They include mMRNA enrichment techniques such as immunoprecipitation [16]
and nucleobase-specific chemical derivatization [17] or both. The repertoire of naturally
occurring eukaryotic mMRNA modifications (besides the 5’ cap[18, 19] and inosine) as
reported by NGS technologies include AV -methyladenosine (mBA), pseudouridine (¥), 5-
methycytidine (m°C), 5-hydroxymethylcytidine (hm>C), 2’-O-methylated nucleosides (Nm,
where N can be any of the four canonical nucleosides) and AZ-methyladenosine (m1A)[17,
20-26] (Figure 1). Recently AB-methylcytidine (m3C) has been reported in mRNA of mice
and humans with their corresponding writer proteins [27].

Not surprisingly, die pervasive nature and reportedly higher frequency of nucleoside
modifications, especially m8A, mA, m5C and Nm at various locations of mMRNA, is being
challenged by other investigations [28, 29]. This is because the indirect high-throughput
technologies are prone to false-positive results due to the challenges in distinguishing the
signal from noise during transcriptome-wide mapping. Several Nm sites mapped to
transcriptomic locations were later found to be artifacts in NGS [30]. Similarly, the number
of m°C sites mapped to mRNA were highly variable exhibiting as much as 1,000-fold
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between studies [31]. Increased noise could also arise due to binding of antibodies to
structurally similar nucleotide sequences, antibody cross reactivity (such as m8A antibody
against m®Am [32]), leading to inaccurate data generation and interpretation. False positives
can also arise due to incomplete derivatization, premature termination of reverse
transcription (independent of modification location) and nucleotide misincorporation related
artifacts [28-31]. Such data create an erroneous impression of the widespread nature of
modifications in the transcriptome. Therefore, a requirement of robust statistical data
analysis is suggested to distinguish the signal from noise while analyzing the NGS data [31].
Further, validation of NGS data[15, 28] by an orthogonal method of analysis is also
recommended to confirm the predictions of genome-wide mapping approaches. Here, we
review the current liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS) approaches for identification, quantification and locating the sites of modifications
in RNA sequence and their potential applicability to mMRNA analysis.

1.1 LC-MS/MS approaches for qualitative analysis of ribonncleoside modifications

Characterization of modified nucleosides in RNA by LC-MS involve two types of analyses.
Initially, the RNA is hydrolyzed to nucleosides (nucleobase linked to the sugar) and the
resident modifications are catalogued. Subsequently, the RNA is digested to
oligonucleotides and their nucleotide sequences are determined to locate the site of
modification. A scheme that illustrates the process of characterization, quantification and
mapping of RNA modifications by LC-MS/MS is shown in Figure 2. Both types of analyses
involve employment of reversed-phase liquid chromatography (RP-LC). RP-LC resolves
molecules based on their hydrophobicity thereby reducing the complexity of sample mixture
before mass spectrometric analysis. During nucleoside analysis, modified nucleosides may
exhibit varied hydrophobicity depending on the attached chemical group, therefore, they are
retained for different times on a reversed-phase column. The separated modified nucleosides
are detected by a mass spectrometer connected directly to the liquid chromatography
column. The nucleosides are identified by their characteristic mass-to-charge (17/z) values of
ionized molecules in the gas phase. The modified nucleosides display a characteristic mass
shift compared to canonical nucleoside depending on the attached chemical group.
Pseudouridine, which is an isomer of uridine, is an exception and is referred to as a “mass-
silent” modification as it does not generate any mass shift. However, the more polar
pseudouridine isomer can routinely be distinguished by its short retention time from uridine
on reversed-phase liquid chromatographical column. In general, the LC-MS/MS technique
presents capabilities to detect both targeted and untargeted nucleoside modifications through
direct analysis of RNA without the necessity to convert it to cONA[33]. Moreover, the LC-
MS/MS based detection is mostly based on the physical properties of the molecule, thereby
generating high quality and reproducible data.

Current protocols of RNA modification detection by LC-MS/MS are largely derived from
the work pioneered by the McCloskey lab[34, 35]. In short, the desired RNA is hydrolyzed
to nucleosides though nonspecific enzymatic digestion (e.g., nuclease P1, phosphodiesterase
I, and phosphatase) before subjecting them to LC-MS/MS analysis. As illustrated in Figure
3, a combination of retention time (RT), /7/z values of the molecular (MH*) and the
nucleobase (BH»™) ions are used to assign the signal to a specific ribonucleoside
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modification. The molecular ion refers to the nitrogenous base attached to the ribose sugar
by the A-glycosidic bond, and this information is obtained in the first stage of mass spectral
analysis. The nucleobase ion is the product of the molecular ion precursor following
collision-induced dissociation (CID) of the A-glycosidic bond. Thus, the m/zvalues of
ribonucleoside and nitrogenous base are recorded in the first (MS) and second stages of
tandem mass spectrometry (MS/MS) analysis, respectively. In other words, identification of
modified nucleosides is generally performed by two-stage mass analysis involving
dissociation of the A-glycosidic bond or fragmentation of the nucleoside (Figures 3). The
position of modification on nucleobase or ribose sugar can also be monitored by universal
cleavage of the A-glycosidic bond that lead to neutral loss of unmodified (132 Da) or
methylated (146 Da) ribose. While the majority of modified nucleosides show fragmentation
at the A-glycosidic bond, other unique fragmentation patterns are possible {e.g.,
pseudouridine, and hypermodifications such as queuosine found in tRNA)[36].

The majority of LC-MS/MS-based analysis of RNA modifications have been conducted with
tRNAs because of the high frequency of modifications (~ 1 for every 5 residues [37]) and
high abundance (4-10%) compared to other cellular RNA [38]. Recent developments in
highly sensitive and accurate LC-MS/MS methods could capture a broad range of sample
levels from picogram to femtogram of modified nucleoside, thus realizing attomole levels of
detection [39-42], However, the detection of a specific modified nucleoside also depends on
the relative abundance of the source RNA and its population in the purified sample. Hence,
purification protocols are continuously optimized to obtain a true representation of the
intracellular RNA in the purified sample [43, 44].

1.2 Differentiation of the positional isomers of modified nucleosides

Metliylation, a common base modification, can occur at more than one location on the
purine or pyrimidine ring of nucleobase leading to the occurrence of positional isomers,
{e.g., mA, mbA, m2A or m3C, m°C, m#C). These positional isomers exhibit identical 77z
values for molecular and nucleobase ions at both stages (MS and MS/MS) of mass
spectrometry (Figure 3). This makes it difficult to determine the exact location of the
modification within the nucleoside by mass spectrometry information alone. In such cases,
chromatographical retention time (RT) information becomes crucial to resolve any
ambiguity for identification. RT can show a lack of reproducibility over time due to changes
in experimental variables such as mobile phase composition, gradient or column aging. Such
variations can be overcome by comparing the chromatographical behavior of a standard
(internal or external) with the experimental sample to infer the nature of the eluting isomer.
However, chromatographic reproducibility and resolving power are not always achieved for
all positional isomers thus, making their accurate identification harder and challenging. To
overcome this limitation, Rose et a/employed ion mobility-based mass spectrometry, where
differences in shape or cross-sectional area (as an additional separation tool) were employed
to distinguish the isomers of methylated guanosine[45]. As these positional isomers present
different shapes (or different cross-sectional areas), they could be resolved by exploiting the
mobility differences of ion current in the ion mobility cell. Another recently discovered way
to distinguish the modification isomers is by employing higher-energy collisional
dissociation (HCD), an alternative fragmentation technique that generates more informative
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MS/MS spectra of nucleoside [46]. These studies indicated that the unique HCD
fragmentation spectra can serve as fingerprints for each of the positional isomers tested. One
such differentiation of m1A from m®A (observed in Figure 3) from yeast mMRNA hydrolysate
is shown in Figure 4. Because the HCD facilitates fragmentation of the modified nucleobase
isomer in alternate pathways depending on the position of modification, the resulting
profiles of product ions differ significantly thereby generating a fingerprint specific to the
positional isomers. Such fingerprints can be used to identify the specific isomers of
modification in the mixture. This type of analysis yields unambiguous isomer-specific
information independently of the variations in chromatographic conditions, ion mobility
differences, and is less dependent on availability of standards.

1.3 Discovery of new modifications by LC-MS/MS

LC-MS/MS is the preferred approach for untargeted identification and discovery of new
modifications [41, 47]. The appearance of new modifications can be evaluated further by
stable isotope labelling (1N or 13C) of RNA, where the new modifications would exhibit a
predictable mass shift due to heavy isotope incorporation [48]. By comparing the gas phase
behavior of both labeled and unlabeled nucleosides during LC-MS/MS, the new
modification can be confirmed by the predicted mass shift of the labeled nucleosides [49].
The position of modification on nucleobase or ribose sugar can also be monitored by
universal cleavage of A-glycosidic bond, which lead to neutral loss of unmodified (132 Da)
or methylated (146 Da) ribose [35] in both unlabeled and labeled (with added number of
heavy isotope atoms) versions. Such an isotope labeled technique can also be used to
monitor the chemical changes to the nucleoside modifications to RNA induced by stress
exposure [50].

1.4 Maintaining modification integrity eluting analysis

The position of a modification on the nucleobase can undergo intramolecular alterations
outside the cell during sample preparation or LC-MS/MS procedures. For example, the
cyclic form of AB-threonylcarbamoyladenosine (ct®A) was observed, when £, colitRNA
hydrolysis was performed under mildly acidic and neutral conditions using nuclease P1 at
pH 5.3 and bacterial alkaline phosphatase at pH 7.0[51]. This modification was not observed
when hydrolysis was performed sequentially at acidic and basic conditions by the
conventional method (nuclease P1 under acidic condition, pH 5.3, and bacterial alkaline
phosphatase under basic condition, pH 8.2) [34]. Although such alterations have been noted
with hypermodifications of tRNA [52-54], nonoptimal hydrolysis conditions can also affect
the resident modifications of mMRNA. For instance, under mild basic conditions (e.g., pH =8)
m!A can be converted to m?I through deamination (our own unpublished observations), and
to mS8A though Dimroth rearrangement [55].

1.5 Quantification of modified ribonucleosides

Besides imparting qualitative changes, cellular regulatory pathways can alter the levels of
known modified ribonucleosides. Documenting those alterations can lead to better
understanding of the associated changes in gene expression, as the dynamic changes in
modification levels can determine the half-life, turnover and translation efficiency of the
transcripts [1, 56-60]. LC-MS/MS approaches can determine the absolute amounts of
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modifications that vary in response to changes in environmental cues, pathogen attack, stress
responses, or any other xenobiotic insults.

Instrument: The triple quadrupole mass spectrometer (QQQ) is ideally suited for
quantification. The first quadrupole mass analyzer (QI) selects the molecular precursor ion
that correspond to the m/z, value of targeted ribonucleoside, which is transmitted to the
second quadrupole (or collision cell), Q2. CID of the molecular ion precursor with the
neutral gas (typically He, N, or Ar) leads to formation of nucleobase product ions in the
collision cell. Following transmission of the nucleobase ions into the third quadrupole (Q3),
only predetermined nucleobase product ion/s, if present, can reach the detector to record the
signal. This kind of MS approach is referred to as selected reaction monitoring (SRM) and is
more sensitive and specific for a given analyte than other forms of MS-based monitoring
approaches [61]. This assay provides specificity at two stages of mass analysis, 7.e., selecting
the specific molecular ion at Q1 and monitoring the appearance of corresponding nucleobase
ion at Q3. Because the observed signal is highly specific to the analyte, the triple
quadrupole-based protocol is considered as gold standard technique for quantification.

Quantification method: The steps associated with LC-MS/MS based quantification
include the determination of the important method characteristics, such as the limit of
detection, lower and upper limit of quantification and the quantification range for each
nucleoside standard. The limit of detection (LOD) is first determined by injecting defined
amounts of a nucleoside standard until the observed signal-to-noise ratio (S/N) is at least
more than three times the background noise. For quantification purposes, the signal
generated by the injected standard should exhibit a S/N of ~ 10, which becomes the lower
limit of quantification (LLOQ). Further, a calibration curve is generated from the detector
response obtained with specified amounts of nucleoside standards. Such calibration curve
defines the limits of linear response of detector for the given amount of nucleoside standard
injected on the column. In general, a calibration curve prepared for RNA nucleosides spans
at least three orders of magnitude. For example, if the LLOQ is 10 picogram, the upper limit
of quantification (ULOQ) of the curve for quantification is around 10 nanograms. In general,
6 to 8 different concentrations of a pure standard are used to generate the calibration curve.
Further, the rigor of quantification is improved with the use of stable isotope labeled
compounds as internal standard during LC-MS/MS analysis. Use of internal standard
reduces systematic error due to changes in injection amount, ionization efficiency and
dynamic range issues. Since isotopically labeled standards are not easily available for RNA
nucleosides, absolute quantification can be a challenge. One way to circumvent the lack of
specific stable isotope labeled internal standard (SIL-IS) is to spike the experimental sample
with the RNA derived from an organism that has been grown in media containing a heavy
label [49], Although the isotope labeled internal standards provides several advantages for
quantification, the relative response of the standard may differ from that of its unlabeled
counterpart even though identical amounts are injected on column [62]. This is because the
distribution of naturally occurring isotopes can be altered by artificial labeling. This leads to
variation in measurement of the number of molecules at each isotopic state, e.g.,, m+0, m+1,
and m+2 between unmodified analyte and manufactured internal standard [62], Such
alterations can create inaccuracies as a function of the abundance, type and location of
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isotopic labeling, when internal standard is used as calibration standard. One way to
overcome this problem is through generation of nucleoside-isotope factor for a given stable
isotope labeled nucleoside internal standard (SIL-1S) [49, 63]. This factor is calculated by
plotting the ratios of area under curve for light isotope and heavy isotope labeled
nucleosides. The slope of the linear equation is the relative response factor for the
modification of interest [49, 64]. Subsequently, the absolute amount of modified nucleoside
can be computed from the ratio of modified nucleoside signal, and die product relative
response factor and the SIL-IS. Here the quantification (either absolute or relative) is carried
out by a combination of external calibration and sample spiking with biosynthetic SIL-IS.
The validated SIL-1S can provide precise quantification with relative standard deviations
<2%.

2. Sequencing modified nucleosides in RNA

Nucleoside analysis, either qualitative or quantitative, can provide important information
about the presence (or absence) of modifications within a given RNA sample. However,
what cannot be gleaned from nucleoside analysis is the exact location of that modification
within the RNA sequence. Thus, nucleoside analysis alone will not provide information that
could relate to changes in individual RNA sequence modification patterns. To be able to
place modified nucleoside to a known RNA sequence, a different analytical methodology is
required. One approach, referred to as RNase fingerprinting was developed in 1965, where
the RNA sequence was determined using a combination of ribonuclease-mediated RNA
digests followed by gel electrophoretic separation [65]. The gel electrophoresis technique
can also be combined with the use of reverse transcriptase (RT enzyme), where the enzyme
undergoes premature termination at the site of modification revealing the site of
modification without necessarily identifying the resident modification. This kind of
termination was expected due to the dissociation of enzyme while attempting to transcribe
through chemically bulky modifications on RNA [66].

RT enzyme-based methods are recently being combined with high throughput NGS to locate
specific modifications on RNA sequence at single nucleotide resolution. Though the same
limitations of RT enzyme-based sequencing persist (poor quantification, false positives and
single type or single class of modification-specific experimental protocols), the high-
throughput nature of this technique has enabled a sensitive, transcriptome-wide analysis of
PTMs [21, 23, 67]. A comprehensive description of NGS and its experimental
considerations is outside the scope of this article and has been addressed elsewhere[15, 68].
However, these high-throughput detection techniques are error prone to varying degrees,
which could lead to over-interpretation of data for a given biological situation. Therefore,
the predicted sites in big data are postulated to be treated as candidate sites until they are
confirmed by additional method to validate the predicted modification sites in a given RNA
[15]. As described before, LC-MS/MS performs direct analysis of RNA without converting
it into cDNA intermediate, where the modified nucleosides are detected by their inherent
physicochemical properties, and thus can serve as validation method to confirm the
modification sites in the mMRNA species.
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2.1 LC-MS based RNA modification mapping

The direct detection and sequencing of the RNA modifications by LC-MS/MS was made
possible by the pioneering work of McLuckey[69, 70] and McCloskey[71, 72] in 1990s.
Prior treatment of RNA with nucleobase-specific ribonuclease generates oligonucleotide
lengths that are amenable to sequencing by mass spectrometer, a process referred to as RNA
modification mapping [71]. The discovery of a chromatographic system suitable to
oligonucleotide analysis, which uses an ion-pair reagent and pH modifier[73] in the mobile
phase, dramatically improved the effectiveness and utility of the method, ushering in the
next (and still current) generation of RNA modification analysis by LC-MS/MS. Tliis
approach would later provide the tools for relative quantification of RNA modifications[74,
75] (see below), an application not readily achievable with RT enzyme-based methods. It
should be noted that for the purposes of the current discussion, there are two major types of
modified RNA samples that are routinely analyzed for modifications - RNAs prepared
synthetically {e.g., small interfering RNA - siRNA), and RNAs isolated from biological
origins (e.g., RNA, tRNA, mRNA). A discussion of the analysis of synthetic (and
therapeutic) oligonucleotides will not be covered here but has been recently summarized
[76]. The application of LC-MS/MS to the analysis of biologically derived RNAs that
participate in gene expression control will be addressed within.

2.1.1 Bottom-Up Modification Mapping—The most commonly applied RNA
modification mapping approach involves isolation of the target RNA (rRNA, tRNA, etc.) and
its subsequent enzymatic hydrolysis to generate oligonucleotides that are amenable to LC-
MS/MS analysis. The nucleotide sequences of oligonucleotide precursor ions are deciphered
from the observed product ions resulting from characteristic cleavage of the phosphodiester
bond during tandem mass spectrometry. Of the four bonds available for cleavage in the
phosphodiester linkage, the P-O bond is preferentially broken (in RNA) to yield a ladder of
sequence informative fragment ions that share the common 5’-end (cn-ion series) or 3’-end
(yn-ion series). The sequence of the oligonucleotide including the potential modification will
be deciphered from this tandem mass spectrum. Thus, the intact modified RNA sequence is
reconstructed from the sequences of oligonucleotide digestion products in a bottom-up
approach. The most commonly used enzymes for bottom-up mapping are RNase T1 (cleaves
at guanosine) and RNase A (cleaves at pyrimidines). The selection of the enzyme is an
important consideration for bottom-up mapping, because generation of the fewest digestion
products (highest number of oligonucleotides unique to one sequence in digested mixtures)
minimizes redundant or non-sequence specific digestion products. It is ideal, if the RNA
sample is subjected to more than one nucleobase-specific enzyme to strive for total sequence
coverage through the generation of unique sets of complementary and overlapping digestion
products. Therefore, the development of new nucleobase-specific enzymes is an important
aspect of research for labs using a bottom-up approach. Recently, our lab has identified
enzymes that improve sequence coverage, which include RNase U2 (unmodified purines
with preference for adenosine) [77], RNase MCI (uridine specific) [78], and RNase cusativin
(cytidine specific) [79]. Alternatively, a set of overlapping digestion products may be
generated through partial cleavage of target RNA and subsequent sequencing in tandem
mass spectrometry to reconstruct the whole sequence [80].
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2.1.2 Mapping pseudouridine locations—Though detection during nucleoside
analysis has become routine, pseudouridine is isobaric (same exact mass) with uridine and is
therefore “mass-silent” in LC-MS/MS-based mapping experiments. To determine the
location of pseudouridine, a selective derivatization must be performed prior to the analysis.
The chemical derivatization incorporates a unique mass shift that can easily be resolved by
mass spectrometry. Two commonly employed approaches are the use of A-Cyclohexyl-\ -
(2-morpholinoethyl)carbodiimide metho-p-toluenesulfonate (CMCT) [81] and acrylonitrile
based cyanoethylation [82], which react selectively with pseudouridine (and not uridine)
resulting in a detectable mass shift (+252.2 Da for carbodiimide addition and +53.0 Da for
cyanoethylation) for each pseudouridine residue.

2.1.3 Chromatography of Oligonucleotides—The oligonucleotide digestion
products resulting from enzymatic hydrolysis of RNA are best analyzed by a hyphenated
technique involving liquid chromatography coupled with mass spectrometry (LC-MS). Such
platform includes ion-pairing reversed-phase chromatography (IP-RP-LC)[73], where a
hydrophobic stationary phase (e.g., octadecyl or C18 carbon chain bound to silica) is used in
combination with a mobile phase containing an ion-pairing reagent (triethylamine or TEA)
and volatile pH modifier (hexafluoro-2-propanol or HFIP). The presence of the ion pair
reagent is necessary to obtain sufficient retention of the very polar phosphodiester
containing digestion products on the hydrophobic surface of the stationary phase. The
presence of HFIP aids in efficient transfer of oligonucleotides from the liquid phase to the
gas phase during electrospray ionization (ESI). In spite of multiple efforts by the Bartlett
group [76, 83, 84] toward further optimization, tuning of various ion-pair reagents and
mobile phase modifiers for the analysis of synthetic oligonucleotides, the TEA/HFIP system
remains the most commonly used approach for bottom-up mapping [41, 85]. Other types of
less hydrophobic stationary phases have been evaluated [86—88] to alleviate the use of ion-
pair reagents, which are known to suppress ionization efficiency during ESI process, but
these chromatographic systems have yet to reach the overall performance of currently
practiced IP-RP-LC.

In contrast to the enzymatic hydrolysis of RNA mixture such as total tRNA, the Suzuki
group has developed a chromatographic system whereby several individual RNAs can be
isolated in a series of steps. Referred to as chaplet chromatography [89], the experimental
setup involves sequence-specific affinity columns containing biotinylated DNA immobilized
on a solid support. To capture RNA, the mixture of RNAs is circulated through a series of
columns to achieve hybridization of each target RNA to the complementary sequences at
high temperature. Each individual column is then separated, and the captured sequence
released from the probe. A further modification of this technique, referred to as reciprocal
circulating chromatography (RCC)[90], is employed using immobilized DNA probes on
pipette types to obtain similar outcome. Such a technology could be applicable to mMRNA
pool, where a gene-specific mRNA could be purified or enriched in a single chaplet column,
eluted, digested either online or offline with a ribonuclease before subjecting it to LC-MS
analysis.
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2.1.4 Mass Spectrometry—As the oligonucleotides elute from the chromatographic
system they are transferred from liquid phase to gas phase through ESI in the first stage of
mass analysis. Here, the /m/zvalue and charge state (humber of protons lost) of
oligonucleotide anion is computed. In the second stage, this oligonucleotide anion is isolated
within the mass spectrometer using a quadrupole or ion trap and subsequently subjected to
CID process as described above. The resulting fragment or product ions provide the tandem
mass spectrum of the oligonucleotide precursor anion. This tandem mass spectrum provides
a ladder of sequence informative product ions that can be assigned using the McLuckey
nomenclature as c-, y-, w-, and a-B-type product ions [69, 70]. The mass differences
observed between the sequential ¢c- and y-type fragment ions (through cleavage of P-O bond
in the phosphodiester backbone) will reveal the identity and location of canonical and
modified nucleosides and help reconstruction of nucleotide sequence of oligomer. Since the
generation of product ions from precursor ions follow a predictable and reproducible pattern
for RNA[72], the MS/MS spectrum can then be interpreted manually by the analyst or
through a software. A representative example of locating the RNA modification in the
RNase T1 digest of £. colitotal tRNA is illustrated in Figure 5. A rigorous review of the gas
phase dissociation of oligonucleotides is outside of the scope of this review but has been
given elsewhere [91].

Although this kind of modification mapping is quite effective, overall experimental
throughput is most often limited by the complexity of the mass spectra generated in CID-
based MS/MS experiments, and sequence annotation (interpretation of MS/MS spectra to
the original sequence) limitations. A number of computational tools including the very first
tool, simple oligonucleotide sequencer (SOS) [92], oligonucleotide mass assembler (OMA)
and oligonucleotide peak analyzer (OPA) software tool box[93] and RoboOligo [94] that can
simplify the MS/MS data interpretation have been developed. Subsequently, the
computational platforms that can perform RNA modification mapping such as web-based
Ariadne which uses MS/MS data to search against the sequence database to identify specific
RNAs [95], and RNA mass mapper (RMM) that can search prokaryotic genomes or RNA
FASTA sequence database [96] have been made. The recent newly developed
RNAModMapper (RAMM) can accomplish both the MS/MS data interpretation and
sequence annotation. Here, the CID data of oligonucleotides is interpreted, and the
interpreted sequence mapped to full-length RNA [97] by a single platform. Such a
computational platform will be useful to interpret MS/MS data of mMRNA where the
sequences are expected to be long (>1000 nt) and expected to have lower density of
modifications.

2.1.5 Qualitative analysis of oligonucleotides—The primary goal of any qualitative
RNA maodification mapping is to obtain the maximum sequence coverage of modified RNA
target. ldeally, this would include the identification of all modified and unmodified digestion
products resulting in the placement of modifications detected from the nucleoside analysis
onto the RNA sequence of interest (Figure 2). The power and utility of the bottom-up
approach has been shown over the years for a variety of RNAs. The most significant
contributions have come from a handful of research groups, particularly the labs of
McCloskey, Limbach and Suzuki. Some of the selected highlights over the years include the
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determination of the 5’-cap structures of mMRNA from 7. bruceiand C. fasciculata [98], the
modification maps of the small subunit (SSU) rRNA of 7. thermophilus[99] and 7. maritima
[100], tRNAs in L. /actis [101], and mitochondrial tRNAs in B. taurus [102]. Additionally,
the detection and localization of more recently discovered tRNA modifications - agmatidine
in H. marismorti{103], ct®A in £. colf104] and ms2ctSA in B. subtilisand 7. brucei [105]
were facilitated by LC-MS/MS analysis.

An alternative approach to the characterization of modification in RNAs is the comparative
analysis of one or more RNAs where modification status is probed in an unknown RNA by
comparing its digest directly against the known RNA digest. This comparative approach
(known as CARD or comparative analysis of RNA digests) [106] is most applicable in
comparing wild-type versus mutant strains, or healthy versus diseased sample populations.
Another comparative analysis approach uses metabolic isotopic labeling [107], Such an
approach can help differentiating the modification status of highly similar mRNA sequences
or mRNA sequences that exhibit altered modification profiles.

2.1.6 Quantitative analysis of oligonucleotides—While most studies performed to
date have been qualitative, progress has also been made in the relative quantification of
modified oligonucleotides. The enzymatic incorporation of stable isotope labels into RNase
digestion products can be used not only to aid the identification of modifications, but also
aid in the relative quantification of RNAs. The use of isotopic labels can improve and
simplify the interpretation of oligonucleotide MS/MS spectra and provide relative
quantification of RNAs [108], where information about changes in abundance is desired.
Isotope labeling can also be introduced into the culture media, allowing for the relative
quantification of modifications present in 16S rRNA [107] and during the assembly of the
16S and 23S rRNAs of £. coli [109]. More recently this technique was adapted to
incorporate isotopic labels into an /n vitro transcribed reference RNA which allowed
detection and quantification of all PTMs in S,pombe rRNA [110]. All these approaches, if
applied, can reveal information about the changes in abundance of modifications at specific
locations in mMRNA.

2.2 Modification mapping by top-down approaches

As an alternative to the bottom-up approach, a top-down strategy that does not involve the
enzymatic hydrolysis of the RNA (analogous to top-down proteomics[111]) has seen recent
use in both qualitative and quantitative mapping of modifications of various types of RNA.
Top-down applications of RNA modification mapping involved samples containing single
and double-stranded siRNA[112] and miRNA[113]. Significant contributions to the field of
top-down RNA modification mapping have come from the Breuker group with tRNA[114]
and synthetic RNA [115] and allowed to map “tat” protein binding sites in HIV-1 TAR RNA
during CID-based mass spectrometric analysis [116]. This approach is typically performed
without prior chromatographic separation and therefore requires a pure, single-species of
RNA sequence and specialized mass spectrometers (with features of high mass accuracy,
multiple gas phase dissociation techniques, and ion-ion reactions) to obtain complete
sequence coverage. Nevertheless, a top down approach is limited to analysis of synthetic
MRNA, where the sequence does not exceed few hundred nucleotides.

Biochim Biophys Acta Gene Regul Mech. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joraetal.

Page 12

3. Challenges and potential strategies to make LC-MS applicable to mRNA

modification mapping

Although LC-MS/MS has matured into an accurate and reliable means of generating high
quality data for the identification and sequence mapping of RNA modifications, those
studies are mostly limited to abundant cellular RNAs such as rRNA and tRNA. Such RNAs
exhibit higher density of modifications. Studies on mMRNA modifications, so far, have been
limited to NGS-based RNA-seq approaches where RNA is converted to cDNA leading to
loss of modification information. However, as described above the NGS data is mostly
predictive due to the prevalence of false positives. On the other hand, the LC-MS/MS
analysis require higher sample input which is a limitation considering the low percentage of
MRNA (<1%) in the total pool of cellular RNA Therefore, the current detection limits
afforded by LC-MS/MS require significant enrichment and purification of high quality
mMRNA transcripts for obtaining accurate information. To move the field of mMRNA
modification mapping by LC-MS/MS forward - particularly with the goal of improving
sequence coverage for low abundant RNA species - a combination of enhanced sample
preparation protocols, higher chromatographic peak capacities, and high mass accuracy and
lowered MS detection limits are needed.

Potential strategies to mitigate the challenges could start with development of innovative
sample preparation procedures. The primary difference between prokaryotic and eukaryotic
MRNA is that the former lacks a poly (A) tail in the mature mRNA. This poly (A) tail
provides a specific and effective capture target for enrichment of MRNA in eukaryotic
organisms and is used as the primary means of isolation in several commercially available
MRNA extraction kits. Technical improvements in the purification specificity, efficiency and
MRNA yield need to be made for eukaryotic systems. This is because rRNA-specific
modifications are still detected even after two rounds of poly (A) purification and small and
large RNA depletion steps [31]. The lack of the poly(A) tail in bacterial and archaeal
systems makes the isolation of mMRNA in prokaryotic organisms even more difficult. Several
different techniques have been demonstrated for the enrichment of mMRNA from prokaryotes,
including rRNA capture and removal [117], selective degradation of processed RNA
(Epicenter mRNA Only Kit), selective adenylation of mMRNAs [118] and
immunoprecipitation using an antibody of regulatory proteins [119].

Enrichment of mMRNA that harbors the modification can be one way to reduce the sample
complexity and increase the signal from modified digestion product. Antibody-based
immunoprecipitation of mRNA for a targeted modification such as m®A[12, 20] could pave
the way for enrichment of a sub pool of mMRNA for specific modification. Such a strategy
can provide enough sample amount for performing LC-MS/MS analysis. Once the
successful enrichment of the target sequence is obtained, the selection of appropriate
nucleobase-specific ribonucleases can generate longer digestion products whose sequence
can be uniquely mapped to specific mMRNA.
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Improvement of LC-MS/MS-based detection of oligonucleotides

Although it is an active and ever-maturing field of study, very little has changed
fundamentally over the last 20 years in the way LC-MS/MS analysis of oligonucleotides is
carried out. Therefore, technical improvements in LC-MS/MS methodology is also needed
to improve the viability of mMRNA modification mapping. lon suppression due to the
necessity of ion-pair reagents in liquid chromatography, signal splitting due to cation
adduction and the presence of more than one charge state per oligonucleotide has a major
impact on the detection limits of the technique. Improvements of an order of magnitude or
more on the current limits of detection (approx. 2-5 ng or approx. 50-150 fmol for single
RNA[102]) would be most welcome. The development of different electrospray and/or
mobile phase additives that reduce the number of charge states, improve ion abundance, and
still provide sufficient chromatographic peak capacity will be helpful. Additionally,
continuing fundamental research into the development of new and novel chromatographic
retention mechanisms that alleviate the necessity of ion-paif reagent use could help in
reaching that goal.

To continue to improve the accuracy and throughput of oligonucleotide data processing, the
use of state-of-the-art high mass-accuracy and maximal duty cycle (parallel instrument
operations for efficient analysis) mass spectrometers (FT-ICR and Orbitrap configurations in
particular) is a very important experimental consideration. As the accuracy and precision of
measured masses for both precursor and product ions increase, the number of possible
elemental compositions and thereby the oligonucleotides that correspond to the measured
mass decrease — which can reduce computational time and false positive rates during data
processing. High duty cycle of the mass spectrometer can conduct parallel operations to
meet with continuously changing oligonucleotide analyte population of the chromatographic
eluent.

Due to the low density of modifications in mMRNA, bottom-up modification mapping would
generate many unmodified and redundant digestion products that could interfere with the
detection of the modified digestion products. Because of their sheer numbers, these
unmodified oligonucleotides will predominate and overwhelm the MS analysis. Therefore,
the mass spectrometer would end up spending more time on acquiring spectra of less useful
unmodified oligonucleotides than spending time on the oligonucleotides that contain the
modifications. By excluding these unmodified oligonucleotides from sequence-informative
fragmentation pathways, the mass spectrometer can be tuned to spend more time on
modified oligonucleotides to obtain high quality sequence information and provide high
sequence coverage. Thus, the use of an exclusion list approach[120], where the unmodified
digestion products are excluded from MS/MS analysis, can increase the efficiency of
analysis of modified oligonucleotides thereby improving the coverage in mRNA
modification mapping experiments. The introduction of another, preferably orthogonal,
separation medium (e.g., two dimensional LC and ion mobility) could also provide an
important means of improving analytical peak capacity with a positive impact on total
sequence coverage. Such an exclusionary approach and capacity to acquire direct
information of modified oligonucleotides based on the physicochemical properties of
resident modifications is not available with RNA-seq type of NGS approaches. Thus, the
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LC-MS can be a unique, ideal option and an appropriate orthogonal method for validation of
the predicted NGS sites of modifications.

In summary, recent improvements in LC-MS/MS based nucleoside analysis make an ideal
platform for unambiguous detection of nucleoside modifications in mRNA. LC-MS/MS-
based MRNA modification mapping, however, require further improvements in methodology
associated with mRNA purification, sample preparation, liquid chromatography techniques.
Combining the improved methodologies with the available state-of-the-art mass
spectrometers that provide high mass accuracy and maximal duty cycle can facilitate
accurate qualitative and quantitative analysis besides validating the NGS predicted sites of
modified mMRNA oligonucleotides.
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Ribonucleoside modifications of MRNA. m’G — 7-methylguanosine; Gm — 2’-O-
methylguanosine; ¥ — pseudouridine; Um — 2’-O-methyluridine; m1A — AL -
methyladenosine; m8A — AB-methyladenosine; | — inosine; Am — 2’-O-methyladenosine;
m®C — 5-methylcytidine; hm®C — 5-hydroxymethylcytidine; m3C — 3-methylcytidine; Cm —
2’-0O-methylcytidine. The modification group is indicated by red line.
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Subsequent LC-MS/MS analysis identifies and catalogs the resident modifications. In a
second analysis, the RNA is digested with nucleobase-specific ribonucleases resulting in
oligonucleotides of varied length. Their nucleotide sequences are determined by different
type of LC-MS/MS analysis (see the text) to identify the location of modification. The four
colors represent four canonical nucleobases. The bold outline denotes the existence of
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Figure 3:
LC-MS/MS-based characterization of the methylated positional isomers of adenosine

originating from yeast mRNA. (A) Extracted ion chromatogram (XIC) for m/z282.1195
corresponding to methylated adenosine is shown. The methylated positional isomers exhibit
different retention times depending on their hydrophobicity. (B), (C), (D), depict the mass
spectra of chromatographic peaks with retention times at 4.8, 25.8 and 27.5 min,
respectively. (E), (F), (G) represent the tandem mass spectra showing the nucleobase ion of
molecular precursor ion for a given XIC. Note the differentiation of ribose methylated
adenosine (Am) from base methylations (m1A and m8A) through nitrogenous base productc
ion. However, the tandem mass spectra for base methylations, (E) and (G) do not distinguish
the position of methylation on nitrogenous base as both exhibit identical nucleobase product
ion.
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Figure 4:
Differentiation of positional isomers of methylated adenosines (/2 282.12) through

molecular fingerprints generated by higher-energy collisional dissociation (HCD) analysis.
(A) HCD of m!A indicating the presence of modified nitrogenous base and its fragments.
(B) HCD of Am depicting the unmodified adenine and its fragment ions following the loss
of methylated ribose. (C) HCD of m®A depicting the modified nitrogenous base and its
fragment ions. The fragment ions are indicated by curved parenthesis. Note the molecular
fingerprint of nitrogenous base fragment ions is different for each positional isomer.
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Figure 5:
A typical LC-MS/MS-based sequencing of modified oligonucleotides to identify the location

of madification. (A). The total ion Chromatogram (TIC) of Rnase T1 digest of £. colitotal
tRNA representing the elution pattern of all the ions coming from a reverse phase column is
shown. The bottom panel shows the XIC for m/z1603.208 corresponding to oligonucleotide,
CCCU[mMnm>s2UJUC[m2A]CGp from tRNAS!U is shown. (B) oligonucleotide precursor ion
observed in the mass spectrum of the XIC peak is depicted. (C) Tandem mass spectrum of
product ions generated by CID from oligonucleotide precursor is shown. The sequence
informative fragment ions that bear the common 5’-end (c,, ion series) or 3’-end (y,, ion
series) of oligonucleotide are labeled on the sequence. The vertical lines represent the points
of phosphodiester cleavage leading to formation of ¢ and y product ion series.
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