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Abstract

Ribonucleic acids (RNASs) are key biomolecules responsible for the transmission of genetic
information, the synthesis of proteins, modulation of many biochemical processes, and are often
the key components of viruses. Synthetic RNAs or oligoribonucleotides are becoming more
widely used as therapeutics. In many cases, RNAs will be chemically modified — either naturally
via enzymatic systems within a cell or intentionally during their synthesis. Analytical methods
to detect, sequence, identify and quantify RNA and its modifications have demands that far
exceed requirements found in the DNA realm. Two complementary platforms have demonstrated
their value and utility for the characterization of RNA and its modifications: mass spectrometry
(MS) and next-gen sequencing (NGS). This review highlights recent advances in both platforms,
examines their relative strengths and weaknesses, and explores some alternative approaches that
lie at the horizon.
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Introduction

The discovery of RNA post-transcriptional modifications has been an important aspect
of understanding their roles in different biological processes. (1) The challenge for
measurement sciences with RNA and its modifications is not an uncommon one — how
to identify, quantify and, when necessary, place such modifications into their sequence
context. This review will discuss the various approaches for analyzing modified RNA-
oligonucleotides and biological RNAs with an emphasis on starting with the simplest
analytes and progressing to more complex samples (Figure 1).

Generally, mass spectrometry has proven to be the most powerful approach for identifying,
characterizing and quantifying modifications at the nucleobase, nucleoside or nucleotide

"To whom correspondence should be addressed. Fax (513) 556-9239, Pat.Limbach@uc.edu.
These authors contributed equally to this work.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herbert et al. Page 2

level. When smaller (~35 nucleotides (nt) or less) RNA-based oligonucleotides need to

be characterized, again mass spectrometry approaches have proven most effective. The
characterization of larger RNA-based oligonucleotides and naturally occurring RNAS is

less settled. While mass spectrometry is still quite appropriate, newer RNA sequencing
technologies and approaches have been developed that often focus on characterizing one or
a small subset of modifications across a collection of RNAs. In fact, epitranscriptomics — the
study of all RNA transcripts in a cell and their variations (quantity, modification status, and
fate) is becoming one of the more significant analytical challenges in biomedical sciences.

Nucleoside detection by mass spectrometry

Workflow for analyzing modified nucleosides by liquid chromatography-mass
spectrometry

Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) has been and remains
the gold standard for the detection, characterization, and quantification of nucleosides,
including modified nucleosides such as those from transfer RNA (tRNA) and ribosomal
RNA (rRNA). (2-5) This technique involves digesting oligonucleotides or RNAs into
constituent nucleosides usually via enzymatic hydrolysis. This mixture of nucleosides is
separated — typically by reversed phase high performance liquid chromatography (HPLC)
—and then detected by collision-induced dissociation (CID) tandem mass spectrometry.
Nucleosides are identified based on precursor /7/z values as well as their product ion spectra.
Standard analytical methods can be used for the quantification of nucleosides, although
calibration curves typical require the presence of modified nucleoside standards which are
often difficult to procure commercially.

Advances in the identification and quantification of low abundance modifications

The conventional LC-MS/MS approach has used positive polarity for the detection of
modifications which can be problematic for those modified nucleosides that do not

ionize efficiently due to their low proton affinities. (6) Borrowing from an old but

effective analytical improvement, several solutions based on the chemical derivatization

of nucleosides to enhance their detectability have been reported. Dai and co-workers

used 2-bromo-1-(3,4- dimethoxyphenyl)-ethanone (BDMOPE) as a derivatization reagent
to enhance the detection of modified uridines including 5-hydroxyuridine (ho®U). (7) The
Garcia lab has used solid phase permethylation for labeling nucleosides with CD3 groups
and monitoring their changes in dynamic multiple reaction monitoring (dMRM) mode. (8)
Permethylated nucleosides have increased hydrophobicity versus native nucleosides, which
improves their separation and ionization during LC-MS. Another alternative is to eliminate
the HPLC step altogether and analyze ribonucleotides via a gas-phase separation method
such as ion mobility separation. (9)

While most of the literature documenting the detection of modifications has been focused
on tRNA and rRNA, the recent explosion of interest in epitranscriptomics has led to several
studies where mass spectrometry is being used for the identification of modifications in
messenger RNA (mRNA). However, there are multiple challenges when attempting such
analyses including the low cellular abundance of mMRNA and ensuring mRNA samples are
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pure and uncontaminated by other RNAs. Caution and healthy skepticism must be exercised
when examining reports claiming the detection of modifications in human mRNAs. (10)
More confidence can be placed on those studies using mRNA obtained from single-cell
organisms. For example, Feng and co-workers have used polyT-based purification and
agarose gel-based purification for extracting high purity mRNA finding both Inosine

and 2’-O-methylinosine (Im) in yeast mMRNA. (11) They also found that the types and
abundances of these modifications varied based on the incubation period. Another report
examined Escherichia coli (E. colf) mRNA modifications at early exponential growth (2h)
and stationary phase (8h) to understand their biological roles. (12) A significant increase in
AB-methyladenosine (mBA), 1-methylguanosine (m!G), ¥ (pseudouridine), and m°C were
found in stationary phase samples compared to the levels detected in early exponential phase
indicating that changes in RNA modifications are dynamic.

Measuring dynamic changes in post-transcriptional modifications

Nucleic Acid Isotope Labeling with Mass Spectrometry, termed NAIL-MS, has been a
significant advance in the utility of using LC-MS/MS to quantify modifications from RNAs
isolated from cell culture. (3) NAIL-MS allows one to monitor dynamic changes in both
new and mature transcripts of RNA. In two papers by Kellner et al., NAIL-MS was used to
study dynamic changes in tRNA and rRNA modifications in yeast (13) and in human cells
(Figure 2). (14) They noticed a time-dependent loss of modifications in mature tRNAs, and
an increase in adaptation of tRNA modifications in new transcripts but not in mature ones
when the cells were stressed by addition of methyl methane sulfonate (MMS).

Other types of stresses have also been shown to impact the identity and quantity of modified
nucleosides from cellular RNAs. In one example dynamic changes in post-transcriptional
modifications of £.col/i rRNA under different types of oxidative stress were identified.

(15) UV-A radiation exposure generated a significant increase in 5-guanidinohydantoin
(Gh), while the Fenton reaction led to an increase in the guanosine oxidation product,
2,6-diamino-4-oxo-5-formamidopyrimidine (Fapy-G). In another case, exposure of tRNAs
to UV radiation led to significant variance in modified nucleosides including those arising
from photooxidative damage. (16)

Non-standard issues when detecting modified nucleosides by LC-MS

Positional isomers, such as 3-methylcytidine (m3C), 4-methylcytidine (m*C) and 5-
methylcytidine (m°C), can be a challenge for mass spectrometry as such isomers have

the same precursor mass and often generating the same product ions during CID. This
feature is particularly problematic when analyzing modifications on a low-resolution

mass spectrometer such as a triple quadrupole mass spectrometer operating in multiple
reaction monitoring (MRM) mode (17, 18) especially if these isomers cannot be separated
chromatographically or authentic standards are unavailable. Recent work has demonstrated
the benefit of examining the product ion spectra of positional isomers at a variety of
different collisional energies. (19-21) In one example, the methylated modifications of all
four canonicals could be identified by comparing various fragmentation patterns at different
normalized CID energy in MS/MS or MS3 spectra. (21) A simplified approach just uses high
(80) and low (20) normalized CID energies to differentiate positional isomers in biological
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samples. (19) In another study, higher energy collisional dissociation (HCD) was found to
yield isomer-specific fragmentation fingerprints that enabled the differentiation of positional
isomers without requiring multiple energy settings as required for CID-based approaches.
(20) These approaches are generally applicable to a number of tandem MS platforms and are
good instrumental practices when analyzing any mixture of modified nucleosides.

Another issue that analysts must be aware of has arisen due to advances in mass
spectrometry sensitivity. Because modern instrumentation can detect ever decreasing

ion signal levels, it is critical to differentiate naturally occurring modifications from
artifacts that may arise during sample preparation or analysis. Jora et al. demonstrated
that methylsulfomethylisocytidine (msm®isoC) was generated as a minor artifact during
ammonium-buffered hydrolysis of tRNA under mild basic conditions. (22) Understanding
the chemistry occurring during digestion enables method improvements, such as using

a FastAP-digestion procedure, (23) that can then minimize the generation of artifacts.
These protocol improvements enhance confidence and accuracy when identifying RNA
modifications.

Semi-automated and automated identification of post-transcriptional modifications

Nucleoside data analysis is a time-consuming process, biased and prone to mistakes.
Improvements in post-analysis data processing have arisen recently. Nucleos’ID software
has been created for the untargeted identification of modified nucleosides. (24) The
advantages of this software were illustrated via identification of known as well as unknown
modifications in 70S ribosomes from Pseudomonas aeruginosa. Another approach enables
semi-automated characterization of ribonucleosides using a spectral matching network
(Figure 3). (25) This method was used not only to detect known modifications from different
organisms but also to discover new modifications in a retention-time independent manner.

LC-MS and LC-MS/MS of Oligonucleotides

Recent developments in chromatography

Oligonucleotides are becoming increasingly popular as molecular biology tools and
therapeutic agents. For over 25 years, ion-pair reversed phase HPLC has been the

gold standard for LC-MS analyses of oligonucleotides. (26) Typically, the combination
of triethylamine (TEA) with hexafluoroisopropanol (HFIP) on bridged ethylene hybrid
(BEH) or Cqg silica columns provides amongst the best separation and compatibility with
electrospray ionization methods. (27, 28) Recently, there have been studies that have
investigated other alkylamines to enhance the ESI efficiency of oligonucleotides. (29-31)
For example, Donegan et al. looked at 13 alkylamines as ion-pairing reagents for the
separation of various types and classes of oligonucleotides on a C1g column. (32) Overall,
they found that tertiary alkylamines resulted in longer retention time in the presence of
100 mM HFIP buffer compared to ammonium acetate buffer. The observed retention
gains were smaller for secondary amines and minimal for primary amines. Interestingly,
a high peak capacity was seen in a hydrophobic octylamine system, which resulted in
good resolving power for up to 50-mer oligonucleotides (Figure 4). This study builds
upon prior work noting that the ion pairing reagent effectiveness depends on the type of
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oligonucleotide, such as DNA, RNA, and highly modified therapeutic oligonucleotides. (33)
Recently, Enmark et al. introduced an ion-pair reagent gradient mode as a new separation
technique for oligonucleotides. (34, 35) They tested various alkylamines, but ultimately,
dibutylammonium acetate was the best ion-pairing reagent as it led to slightly better
selectivity. Additionally, their ion-pair reagent gradient mode could elute oligonucleotides
without increasing the co-solvent concentration.

It is important to note that TEA and HFIP are often viewed disfavorably by practitioners
who do not want to expose their equipment to chemicals that can be hard to eliminate
from the system and that are expensive and hazardous to use. Recently, researchers

have been exploring and developing new stationary phases that can successfully separate
oligonucleotides without the use of ion-pair reagents. (36—38) Lobue and coworkers
compared the LC-MS performance of hydrophilic interaction liquid chromatography
(HILIC) to conventional ion-pair RP-HPLC for a model mixture of oligonucleotides.

(38) While they demonstrated resolving powers for the two approaches were similar, the
sensitivity of HILIC remains less than that available using ion-pair reagents. However,

the advantage of HILIC is the use of more common mobile phases (e.g., ammonium
acetate, acetonitrile, water) that do not lead to the instrumentation challenges of ion pair
reagents. Future advances in HILIC stationary phases may enable this technique to replace
ion-pairing RP-HPLC in many situations. (39) Beyond HILIC, Kellner et al. used aqueous
ammonium acetate buffer and acetonitrile with size exclusion chromatography. (36) They
were able to obtain good chromatographic separation and resolution while running MS

in positive ion mode. Additionally, their method could be used on most LC-MS set ups.
There is no question that continued investigations into new separation modalities that are
MS-compatible will be of a great benefit to this field. (40)

Oligonucleotide Analyses

LC-MS/MS has been a useful tool to quantify and analyze therapeutic oligonucleotides
such as antisense oligonucleotides (ASOs) and short interfering RNAs (siRNAs) and their
metabolites. (41-44) A number of impurities have been identified via LC-MS/MS, pointing
to the need for rigorous analytical protocols for their analyses. (45-48) Another recent
focal area has been on improving sample recovery and purity when analyzing therapeutics
and their metabolites directly from biological matrices. Jiang et al. investigated recovering
ASOs by either solid phase extraction (SPE) or hybridization, followed by analytical

flow or microflow LC-MS/MS. (49) Overall, a threefold increase in sensitivity (S/N) was
seen in the SPE extract and 5.6 fold increase in the hybridization extract. Additionally,
microflow LC showed better results compared to analytical LC. The hybridization method
provided a cleaner sample extract with lower background compared with the SPE method.
Moreover, higher sensitivity was seen with hybridization extract than SPE extract when
going from analytical flow LC to microflow LC. One potential limitation of microflow LC
for ASO bioanalysis is the column lifetime, which tends to be shorter (few hundred) than
that of analytic flow columns (1000 samples). By combining microflow LC-MS/MS with
hybridization extraction, a highly sensitive method over the range of 0.100-100 ng/mL was
successfully developed and qualified for the quantification of ASO-001 in rat plasma.
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RNA modification mapping

Improved bottom-up approaches

Modification mapping by MS can be used to place modifications within RNA sequences.
The most common approach is based on enzymatic digestion of one or more RNAs into
smaller oligonucleotides amenable to analysis by LC-MS/MS, the so-called “bottom-up”
strategy. For RNA, several different enzymes have been used (Table 1). Even though RNases
T1, A and U2 are commercially available, the current suite all exhibit limitations impacting
RNA maodification mapping by LC-MS/MS. (50-52) To increase coverage, several enzymes
have been used together generating results that complement one another. (53, 54) For
example, digesting samples with RNase T1, cusativin and MC1 improved sequence coverage
by generating overlapping digestion products. (55)

When limited to conventional RNases, another strategy has been to modify the enzymatic
reaction conditions to minimize cleavage of the RNA to thereby generate longer digestion
products. (61, 62) Limited reactivity has been achieved by immobilizing the enzyme (62)
and by lowering the incubation temperature. (63) In both cases, longer and more sequence
informative digestion products are created which simplify modification mapping. The
drawback to these techniques is the greater computational demands at identifying the base
composition and number of missed cleavages in the acquired data. (64)

Another approach for increasing sequence coverage is the combination of LC-MS/MS with
tRNA-seq to profile tRNA modifications. (65, 66) Such combinations can be done using
conventional endonuclease digestions via the RNases listed in Table 1, or can be achieved by
digesting samples with RNase H, which cleaves RNA at random positions adjacent to RNA-
DNA duplexes in a site-specific manner. (67, 68) This RNase H method could differentiate
between positional isomers and provided good coverage for mouse tRNA His-GUG and
Val-UAC which were not identified before.

Top-down mass spectrometry

Top-down mass spectrometry is an alternative approach for analyzing RNA and its
modifications. The main advantages of the top-down approach are the preservation

of the complete sequence information, (69) characterization, and localization of post-
transcriptional modifications, (70) and analysis of minor components in complex samples.
(71) Because the top-down approach avoids enzymatic digestion, typically specialized
instrumentation and methods are required to generate extensive sequence coverage via
dissociation of the intact oligonucleotide or RNA in the gas phase. (72) CID can yield nearly
full sequence coverage by generating predominantly complementary c- and y-type product
ions, (73) but works best for low charge state precursor ions. However, lower charge state
precursor ions negatively impact sensitivity and mass resolving power. (74) To overcome
this limitation, CID has been coupled with electron detachment dissociation (EDD). (74,
75) EDD generates non-complementary d- and w-type product ions and yields best results
for high precursor ion charge states. (75) The limitation of EDD is the low fragment ion
yield and internal fragmentation. (74) CID and EDD have been used in combination for
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the identification, localization, and relative quantification of m®U, m®C, m3U and m6A
modifications in intact RNAs. (76)

Efforts have been focused on creating alternative dissociation approaches that would
enhance top-down sequencing of nucleic acids including RNAs. These include negative
electron transfer dissociation (NETD), activated-ion negative electron transfer dissociation
(AI-NETD), (77) ultraviolet photodissociation (UVPD) and activated electron photo
detachment dissociation (a-EPD). (78) NETD and AI-NETD generate non-complementary
d- and w-type product ions, (77) while UVPD and a-EPD can generate a/w, cfy, b/x, and
d/z complementary product ion pairs. (78) The main advantage of NETD and AI-NETD

is that they do not require secondary activation. (77) For UVPD and a-EPD dissociation
pathways the main advantage is that they reduce generation of base-loss products which are
common during CID. (78) One can anticipate that these developments will lead to enhanced
capabilities for top-down approaches to mapping RNA modifications, which likely will find
high utility in the analysis of longer modified therapeutics including mRNA-based drugs.

Software development

Structural

Manual interpretation of oligonucleotide MS/MS data is challenging and time-consuming.
These complications arise due to the complexity of the product ion spectrum generated
during CID or other dissociation methods. (79) To simplify data interpretation, a variety of
software programs have been developed (Table 2). Most of these software packages work
on the same principal — based upon certain input data (e.g., expected sequence, nucleoside
composition, presence of modification(s)), a theoretical (“in silico) MS/MS spectrum is
generated and the experimental data is then compared against this theoretical construct. (80—
83) A variety of different scoring and evaluation metrics are then used to determine whether
the experimental data is considered the “correct” match with the theoretical MS/MS data.
These programs also differ in output formatting, batch processing of multiple sequences,
and workflow. Alternative approaches include the de novo interpretation of MS/MS data of
oligonucleotides that can contain multiple modifications, (84) or creating spectral databases
from oligonucleotide standards and then using spectral matching for sequence identification.
(85) Callout #1

analysis by Mass Spectrometry

Over the years, it has become apparent that sequence information alone is unable to give a
proper look into the function of RNA. However, information on the higher order structure of
RNA may identify potential intra- and inter-molecular interactions revealing conformational
dynamics and functional characteristics. Structural analysis approaches generally use probes
(86) or enzymatic digestion (87) with predictable and reproducible reactivity to gain insights
into substrate surface or internal interactions of the biomolecule of interest. For example

a class of alkylating agents, Bis-3-chloropiperidines (B-CePs), were used to investigate

the dimerization initiation site domain of the HIV-1 genome. (88) B-CePs have a high
reactivity to DNA causing depurination and strand cleavage at guanine residues. However, it
was found that B-CePs form adducts with RNA without strand cleavage and bridge across
adjacent guanines. To confirm the formation of the G-G bridges, dsDNA was reacted with
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B-CeP probes and solution thermal melting with electrospray ionization mass spectrometry
(STHEM-ESI) was employed to denature the dsDNA in sample solution before entering

the gas phase. At high temperature, conjugated products were observed indicating the
crosslinking at the two G sites was preventing strand disassociation. These probes were then
tested on the highly structured dimerization initiation site of the HIV-1 genome. It was found
that the two guanine residues within the loop structure were able to cross-link leading to
insight into the structure of the loop.

A top-down method that has become a widely used tool in structural analysis of RNA is
native mass spectrometry. Native mass spectrometry is predominantly used in proteomics,
however, more work has recently been done to study RNA complexes. (40) Native mass
spectrometry is the control of electrospray-ionization parameters to form gas-phase ions

of the biomolecule while still retaining as much of its native structure in solution as
possible. (89) It has been shown that native mass spectrometry can be a valuable tool in
determining protein—-RNA binding sites through CID. (90) One elegant example is the work
examining the binding of an arginine rich motif (ARM) peptide from rev protein to rev
response element RNA from HIV-1. (91) It was found that the RNA constructs and ARM
formed 1:1 and 1:2 RNA-peptide complexes (Figure 5). Through CID, specific binding
sites were elucidated from fragmentation along the RNA phosphodiester backbone. It was
revealed that the first and second rev ARM peptides bind in regions including the internal
loop. Using stoichiometric ratios of RNA-peptide, the binding sites were identified up to
1:5 RNA-peptide complexes. Due to the continuous recruitment of rev ARM peptide to

the upper stem loop, a mechanism was proposed where the first ARM peptide binds to

a region but is relayed to a different region so that additional ARM peptides may bind.
Native spectrometry analysis revealed structural information and conformation dynamics of
RRE/rev in this study paving the way for potential drug design and substrate binding studies
in the future.

Next Generation Sequencing (NGS) — based RNA Sequencing (RNA-Seq) relies on the use
of reverse transcriptase — polymerase chain reaction (RT-PCR) to prepare a library from

the RNA sample of interest and amplifying it for downstream sequencing. This library is
sequenced on an NGS platform (92) where the cDNA library is bound to primers on the
flow cell and sequenced through images taken with fluorescently labelled bases. This allows
information to be gathered on the base composition and the length of the RNA within

the sample. New technologies have been developed to sequence RNA from single cells

(93) or nuclei (94) allowing information to be uncovered differentiating heterogeneous cell
composition within tissue samples. Recently, a study by Alvarez et al. combined single

cell (sc) and single nuclei (sn) techniques to identify cell type in hepatocellular carcinoma
(HCC) affecting survival. (95) Using snRNA-seq data and preexisting SCRNA-seq data from
HCC and non-tumor liver biopsies, the authors performed a pathway enrichment analysis to
look for upregulated genes for each liver cell type. A new proliferative cell type (Prol) was
found to be enriched in oxidative phosphorylation and cell cycle genes suggesting that their
functions are mainly associated to cell division and growth. Applying this knowledge to bulk
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RNA-Seq data, the authors were able to associate this cell type’s marker genes with lower
overall survival and progression-free in 361 HCC patients.

DART-Seq for m6A detection in mRNA

In the field of epitranscriptomics, the RNA modification that has attracted the most attention
is AMB-methyladenosine (mBA). Most methods for identification of m6A modifications use
immunoprecipitation. (96, 97) While these methods have been proven to be useful and
robust, the limitation of using antibodies is their promiscuity towards modifications with
similar moieties. DART-Seq, developed by the Meyer lab, uses an m6A-binding YTH
domain tethered to a cytidine deaminase, APOBEC1, which directs C-to-U editing in the
base adjacent to the mBA in the cDNA strand to indicate the presence of a m6A (Figure

6). (98) Recently, a YTH domain variant has been developed to enhance m8A recognition

in DART-Seq. (99) DART protein variant APO1-YTHP422N demonstrated higher C-to-U
editing rate compared to the wildtype and the mutant protein in cellular studies as well as

in vitro. Overall, the DART protein variant demonstrated overall increased selectivity and
sensitivity towards m®A. Additionally, the authors demonstrated the ADAR catalytic domain
with the YTH variant can be used in place of APO1 identifying mSA sites through A-to-I
editing. The ADAR-YTHD*22N protein variant identified more m8A sites showing increased
sensitivity and enhanced resolution as compared to the APO1 containing variant. Using both
protein variants in future studies could be used as orthogonal methods raising the confidence
of mBA calling in sequencing studies.

Alternative RNA-Seqg methods for modified RNAs

While RNA-Seq was developed primarily for analysis of mRNA transcripts, it has since
been applied to non-coding RNAs. (100, 101) Non-coding RNAS, such as tRNAs, contain
many naturally occurring modifications. Due to the nature of reverse transcriptases used
for cDNA synthesis, these modifications can interrupt base incorporation, lead to missed
incorporation sites, or generate incorrect base incorporation in the resulting cDNA strand.
(102) Several methods have been developed to take advantage of these characteristics for
identifying the sequence location of modified nucleosides (i.e., modification mapping or
modification calling). (103-105) Techniques such as ARM-Seq (106) and DM-tRNA-Seq
(107) implement the use of enzymes to remove methyl groups on bases that interrupt base
pairing leading to incomplete cDNA strands. Variants of the commonly used enzyme AlkB
can provide higher specificity in the removal of methylations on specific bases, such as m1G.
(108)

Chemical treatment may be used to produce signatures for modifications that are otherwise
‘signature silent’. Periodate-dependent analysis of queuosine and sulfur modification
sequencing (PACS-Seq) uses chemical treatment to produce cDNA synthesis signatures for
Queuosine containing modifications and 2-thio modifications. (109) After tRNA is treated
with periodate, Queuosine and the Queuosine derivatives, manQ and galQ, were found

to produce a deletion signature while 2-thio modifications were found to produce both
mutational and deletion signatures. Using this method these signatures can be used for
relative quantification or modification mapping of queuosine and its derivatives in RNA-Seq
data. Callout #2
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Nanopore Sequencing and Modification Analysis

Biological vs. Solid-State Nanopores

Nanopore sequencing is third generation sequencing (NNGS) developed by Oxford
Nanopore Technologies. The composition of the analytes is detected through the modulation
of ionic current as the biomolecule passes through a nanopore. This process is either
electrophoretically driven or requires using an engineered motor protein. In comparison

to NGS, nanopore sequencing has the advantages of having a high turn-around time with
real-time data analysis. However, the error rate for NNGS short-read sequencing (5-15%) is
still high compared to Illumina sequencing (0.1%). (110)

Nanopore sequencing was first developed by using current to pull the substrate of interest
through the pores. However, it was difficult to control the rate at which the oligonucleotides
would enter the pore causing low resolution. (111) Advances in nanopore technology

used pore-forming enzymes such as Staphylococcus aureus alpha-hemolysin (a-HL) or
Mycobacterium smegmatis porin A (MspA) (110) which have the ability to translocate

the analyte of interest at a constant rate. This allows for proper identification of the
biopolymer with higher resolution. Solid-state nanopores are currently being investigated
as an alternative to enzymes. Alessio et al. compared three biological nanopores, MspA,
a-HL, and Fragaceatoxin C -the mutant of FraC with a positively charged constriction
(ReFraC), against two solid-state nanopores, SiNx and MoS2. (112) It was found that SiNx
had the highest signal modulation and signal-to-noise ratio when comparing all of the
nanopores tested. However, these experiments used electrophoretically-driven translocation.
When a helicase is used for the biological nanopores, the time-controlled translocation
speed raised the signal-to-ratios up to ~650, 2 orders of magnitude higher. Consequently,
current technology of biological nanopores has so far been proven to be superior due to the
enzymatically controlled translocation speed. However, the future of nanopore sequencing,
DNA and RNA alike, may be improved with solid-state nanopores after the issue of time
control has been resolved.

Nanopore sequencing of modified RNAs

Native nanopore sequencing retains the modification on the sequenced strand. This allows
for modifications to be identified or mapped through modulations in current intensity that
differ from unmodified bases. Smith and co-workers explored the use of native nanopore
long-read sequencing to look at modified and canonical bases in Escherichia coli 16S
rRNA. (113) They found that the accuracy in alignment increased from 67.9% for short
reads to 96.9% for long reads. Additionally, the modification m’G, known to be present at
positions 527 and 1405, was identified. It was found to have reproducible base-call errors
producing a decrease or alteration in ion current. An £. colienzymatic knockdown of the
RNA modifying enzyme RsmG, known to methylate G527 in rRNA further confirmed the
presence of m’G in WT E. coli by erasing the base-call error. However, the aminoglycoside
resistant strain BL21 (RmtB+) contains an m’G at position 1405 which produced a deletion
that was not present in the wild type. The authors speculate that the presence of a
modifications A#-methylcytidine (m*C) and A*,2-O-dimethylcytidine (m*Cm) down and
upstream of the m’G modification, respectively, may contribute to the difference in base-call

Annu Rev Anal Chem (Palo Alto Calif). Author manuscript; available in PMC 2024 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Herbert et al. Page 11

error produced. The impact of modifications on signal modulation is a new field of research
that may open many doors in the RNA modification mapping world.

Sequencing methods, Nanopore and RNA-Seq alike, have improved significantly in
resolution and accuracy since their development. Similarly, the scope of the knowledge
gained from performing these analyses has increased to include multiple RNA species and
can identify modification placement within a sequence. RNA-Seq has the advantage of
higher accuracy and high throughput, however, PCR-based amplification is required for
analysis. This caveat causes the identity of RNA modifications to be lost. With Nanopore
sequencing, the error rate is higher in comparison to RNA-Seq and requires a higher

sample amount but native RNA strands may be sequenced recovering RNA modification
information that is lost in PCR-based amplification. Developments in both fields will include
higher accuracy in alignment with sequencing programs, methods targeting the identification
of specific RNA modifications with increased accuracy and sensitivity, single cell/nuclei
sequencing and progression towards improvements in native strand sequencing.

Future Approaches

As the world of RNA expands, alternative methods are now being explored for the
sequencing and modification mapping of natural RNAs. Cryo-EM has been a popular
method used for structural analysis of RNA and other biomolecules. (114) This method

is done by vitrifying the sample containing the biomolecule of interest and imaging

them with electron microscopy. The 3D structure of the molecule is reconstructed from
averaging thousands of collected images through computational methods. This allows for the
structure of the biomacromolecule to be evaluated in nearly native buffer conditions. Due to
heterogeneity within the macromolecule, ab initio modelling using cryo-EM has struggled to
produce high resolution mapping. (105) However, recent studies are showing improvement
of this limitation. Previously, the human 80S ribosomal subunit was visualized using cryo-
EM. (115) However, the obtained resolution reached a maximum of approximately 2.5 A.
Very recently cryo-EM was used to reconstruct the human 40S ribosomal subunit at an
average of 2.15 A resolution. (116) At this resolution the authors could visualize 73 out

of 91 known rRNA maodifications in the 40S ribosomal subunit. Additionally, modifications
were found that had not been previously assigned or modelled: 2’-O-methylations, Am and
Gm at positions 590 and 1447 respectively, and pseudouridine () at position 572, 863

and 1136. This high-resolution structural modeling allows for inference on residues and
modifications that may play a major role in the translation of proteins.

Another imaging based approach using CRISPR/dCas9-MS2-based RNA fluorescence in
situ hybridization assay (RCasFISH) was recently reported. (117) Targeting the oncogenic
transcript human epidermal growth factor receptor 2 (HER2), the authors used a SgRNA
scaffold guide that binds to fluorescently labeled MCP dimers to quantify the mRNA in
fixed cells with enhanced signal. To estimate detection efficiency, they co-labeled HER2
MRNA with RCasFISH and Stellaris smFISH and compared the fraction of dots labeled with
the fluorescence intensity and found the efficiency to be =85%. To prove this method would
work for tissue samples they tested RCasFISH on formalin-fixed, paraffin-embedded (FFPE)
mouse xenograft models by intradermal injections of the cell lines: MCF-7, MDA-MB-453
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and SK-BR-3. They found that true positive rates were >81% for all FFPE samples and

the signal provided adequate sensitivity (>38.9 average detected mRNA dots). Overall, this
method was proven to have a higher signal-to-noise ratio than traditional smFISH and may
be done in experiment and clinical FFPE samples.

Many research questions have been directed to changes in nucleoside abundances between
subsets of samples. An example of this this type of question would be- do oxidized RNA
modifications increase in cancer or certain diseases and what oxidized species are they?

To answer this question, it would be advantageous to perform nucleoside analysis via
LCMS/MS. Compared to RNAseq and NNGS, nucleosides are identified and quantified
using their specific mass to charge ratio whereas the mentioned methods indirectly identify
modifications using characteristic signatures. These signatures may be used to infer the

the position of a modification in its subsequent sequence however the identity of the
modification is not directly known. This makes it difficult to relatively quantify the
nucleosides of interest.

Another type of question would be concerning the differential expression of MRNA between
subsets of samples. For example, are certain mMRNAs more highly expressed in exposed

vs unexposed samples? To answer this question, it would be preferable to use RNAseq

or NNGS. As previously mentioned, NNGS currently has a higher error rate than illumina-
based sequencing. However, it has been successfully used for differential expression as
well. Contrarily, it would be difficult to gain this type of information using LCMS/MS.
Differentiation between intact RNAs from each other based on mass to charge ratio is
especially difficult when they are similar in composition and length. Normally to combat
this, bottom-up approaches are used to identify different RNAs, however, it would be
difficult to assess differential expression unless the RNA had a distinctive region which is
not always the case.

Some questions require a combination of these methods to answer them. One specifically
interesting question is the modification status of an RNA. What RNAs are differentially
expressed and are they fully modified? To answer this question, information on the global
RNA and modification abundances as well as the modification identity are required.

RNAseq and NNGS may be used to answer this question if the modification position

is known and has a characteristic signature. Lack of this signature between samples

may indicate an unmodified status. However, using LCMS/MS to complement sequencing
methods may provide higher confidence on the modification identity and status at a specific
position. This is especially beneficial for modifications that are hypermodified to identify the
specific precursor modifications that may be present.

The various technologies described in this review illustrate the breadth of approaches that
exist for the analytical characterization of RNA and its modifications. Beyond some of the
existing challenges and opportunities noted above, it is expected that future advances will

enable more single transcript studies that can more effectively reveal the heterogeneity

of RNA and its modifications in a variety of biological and therapeutic contexts. In
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dition to needed scientific and technological advances, the promise of this scientific

domain will be more fully realized as additional analytical standards, improved databases
for aggregating sequence and modification information on specific RNA transcripts,
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Callouts
Callout #1: Whereto find information on RNA sequences and RNA modifications?

RNA databases are expanding with the new discoveries in RNA and RNA modifications.
For RNA-Sequences, databases like GtRNAdB (2) is a collection of predicted tRNAs
and tRNA genes including the programs tRNAscanSE (3) which allow the user to

find tRNA genes within the genome of interest. For RNA modifications, MODOMICS
(4) offers information on types of modifications- structures, tRNA-modifying enzyme
pathways, presence in domains of life, and modified sequences. Recently updated,
RNACentral, offers one of the largest compilations of RNA databases and information
regarding protein- coding and non-coding RNAs.(5) Along with enhanced 2D structure
information, RNACentral provides access to 44 RNA resources including the ones listed
above. For similarity searches, a tool powered by the nhmmer software can compare
query sequencings to a large collection of non-coding RNAs in parallel reducing search
time. In addition, Sequence Ontology allows for the user to annotate RNA species type
with higher precision. This collection of tools and databases specifically for RNA enables
easier access to resources for RNA analysis.

Callout #2: Reducing Errorsin Short-Read Sequencing

While methods for modification-calling take advantage of these traits, errors in

cDNA synthesis greatly hinder traditional RNA-Seq used for transciptomics or relative
quantification of RNAs. The major reason for this is incomplete or erroneous strands
are formed for sequencing. Shorter reads make it difficult to confidently align the
strand to the original sequence impairing the qualitative and quantitative analysis. To
overcome issues with cDNA synthesis due to naturally occurring modifications in RNA,
other enzymes or chemical treatments are used to remove these modifications. The
methods, ARM-Seq- developed by the Lowe Lab (106) and DM-tRNA-Seq developed
by the Pan Lab (107), implement the use of enzymes to remove methyl groups on
bases that interrupt base pairing leading to incomplete cDNA strands. Variants of

the commonly used enzyme AIkB has been show to provide higher selectivity in

the removal of methylations on specific bases, such as m1G. (108) The future of

this field will investigate the development or discovery of enzymes with a higher
specificity or chemicals to selectively target modifications leading to highly predicable
and reproducible results.
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nucleosides (low modification diversity) (high modification diversity)
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Figure 1. Approachesfor Analyzing RNA and its M odifications.
Overview of most common approaches for analyzing oligoribonucleotides and RNA

sequences including those that are modified, either biologically or for therapeutic
applications. Abbreviations: LC-MS/MS, liquid chromatography tandem mass spectrometry;
RNA-Seq, RNA sequencing (next generation sequencing).
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Figure 2. Capturing dynamic changesin RNA modifications.
High resolution mass spectra of stable isotope labeled nucleosides from cell culture. (a)

Labeling of compounds used for stable isotope labeling in cell culture. Grey circles indicate
the positions of isotopes (13C, 15N, or 2H/D). (b) Merged high resolution mass spectra

of the four canonical nucleosides of total tRNA after labeling of HEK 293 cells with

shown compounds for 7 days. Background signals are marked with asterisks. (c) Merged
high resolution mass spectra of three exemplary modifications (m°C, m’G, and m1A) in
total tRNA after stable isotope labeling of HEK 293 cells for 7 days. Figure adapted

with permission from Reference (14); copyright 2021 The Authors. Abbreviations: tRNA,
transfer ribonucleic acid; HEK 293, Human embryonic kidney 293; m®C, 5-methylcytidine;
m’G, 7-methylguanosine; m!A, 1-methyladenosine.
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Figure 3. Automating the detection of modified nucleosides by mass spectral networks.
Graph depicting a spectral network of ribonucleosides. For easier identification, canonical

ribonucleosides (cytidine, uridine, guanine, and adenosine) are represented by larger
nodes. Examples of clusters formed by structurally related modified nucleosides, as

well as their shared structural cores and MS/MS spectra, are highlighted on inset A,

inset B, and inset C. An interactive version of the spectral network may be found at
http://bearcatms.uc.edu/spectral-network-interactive/. Figure adapted with permission from
Reference (25); copyright 2022, American Chemical Society. Abbreviations: MS/MS,

tandem mass spectrometry.
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Figure 4. Enhancing the separ ation of oligonucleotides.
Separation of 15, 20 25, 30, 35, 40, 50, and 60 mer oligodeoxythymidines using selected

100 mM ion-pairing buffers. The data are compared to non-ion-pairing 25 mM ammonium
acetate buffer. Longer alkyl-chain ion-pairing buffers lead to enhanced separation of
oligonucleotides. Figure adapted with permission from Reference (32); copyright 2022
Elsevier. Abbreviations: AA, ammonium acetate; DEAA, diethylammonium acetate; TEAA,
triethylammonium acetate; BAA, butylammonium acetate; DBAA, dibutylammonium
acetate; OAA, octylammonium acetate.
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Figure 5. The use of native mass spectrometry to under stand RNA binding.

Binding site mapping of RRE-TR- 0/rev complexes by CAD MS. (a) Site-specific
occupancies (O) of c (left axis) and y (right axis) fragments with rev ARM peptide from
CAD of 1:1 complex ions, (RRE-TR-0+ 1-rev - 14H)14~, at 137.2 eV and the corresponding
binding region (blue) mapped onto the predicted secondary structure of RRE-TR-0 (b)
show poor agreement with binding sites in the NMR structure (e). (c) Occupancies of
fragments from CAD of 1:2 complex ions, (RRE-TR-0+ 2-rev - 14H)14-, at 175.5 eV
and corresponding binding sites (violet) mapped onto the RRE-TR-0 structure (d) show
good agreement with binding sites in the NMR structure (e). Darker and lighter colors

in b, d, and e stand for stronger and weaker binding, respectively. Panel adapted with
permission from Reference (91); copyright 2020 Nature Communications. Abbreviations:
CAD, collision activated disassociation mass spectrometry; ARM, arginine-rich motif;
NMR, nuclear magnetic resonance.
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Figure 6. Enhanced detection of m5A sitesin RNA.
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Sanger sequencing traces showing C-to-U editing adjacent to m®A sites in cells expressing
APO1-YTHD422N, APO1-YTH, and APO1-YTHmut for five mMRNAS previously shown
to contain m8A: DPM2, EIF4B, HERC2, NIPA1, and SMUG1. m6A sites are indicated

by asterisks. C-to-U editing rate (%U) is indicated above the adjacent cytidine. Data are
representative of three biological replicates. Panel adapted with permission from Reference
(98) copyright 2022; Frontiers in Cell and Developmental Biology. Abbreviations: mMRNA,

messenger RNA.
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Table 1.

Cleavage specificity and limitation of enzymes available for RNA modification mapping.

Page 27

Enzyme Cleavage specificity Limitations Ref
RNase T1 all unmodified guanosine residues and 3’-end of the RNase T1 does not generate high sequence coverage (56)
modified nucleoside N2 -methyl guanosine (m2G) especially when there are G-rich sequence redundancies
available
RNase A canonical pyrimidines and the modified nucleoside RNase A generates shorter degradation products that are (57)
¥ (pseudouridine) not useful for modification placement
RNase U2 canonical purines with a slight selectivity towards RNase U2 does not increase the sequence coverage of (58)
adenosine mapped modifications
Human RNase 4 | uridine residues prior to purines (slight preference RNase 4 best for mMRNA and other long RNA substrates/ (59)
for UA relative to UG) requires addition of T4 polynucleotide kinase to avoid
generation of 2’,3” cyclic phosphates
MC1 uridine and pseudouridine at the 5” end MC1 is commercially unavailable (53)
Cusativin cytidine and 5-methylcytidine (m°C) at the 3’ end Cusativin is commercially unavailable (60)
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Table 2.

Summary of software programs freely available for RNA modification mapping.
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« FDR through target/decoy strategy

« isotope labelled sequences

« differentiation between positional isomers,
uridine and pseudouridine

Software Advantages Limitations Ref
RoboOligo « de novo sequencing of complex and multiple Inability to distinguish between: (84)
modifications « positional isomers of the same nucleobase,
« uridine and pseudouridine,
« precursor ions with the same or nearly identical /77/z values.
RAMM « in-silico database « Cannot differentiate between methyl and sulfur modifications (80,
« Fixed and variable sequencing of the same canonical nucleobase. 81)
« Does not completely eliminate manual interpretation of the
data.
NIST spectral « Detects presence or absence of a specific « Can be used only for known oligonucleotides (85)
software modification « Cannot differentiate between cytidine and uridine
NASE « open MS software « High false discovery rate (82)
« false discovery rate (FDR) parameter through | < Cannot differentiate between positional isomers and between
target/decoy search strategy uridine and pseudouridine.
« corrects precursor mass values and cation  Does not completely eliminate manual interpretation of the
adductions data.
Pytheas * open-source software « Computationally intensive (83)

« Manual interpretation of the data is still required.
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