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CONSPECTUS: The function of cellular RNA is modulated by a host of post-  RNABPP
transcriptional chemical modifications installed by dedicated RNA-modifying workflow
enzymes. RNA modifications are widespread in biology, occurring in all kingdoms T
of life and in all classes of RNA molecules. They regulate RNA structure, folding, = —> AAAAA
and protein—RNA interactions, and have important roles in fundamental gene
expression processes involving mRNA, tRNA, rRNA, and other types of RNA
species. Our understanding of RNA modifications has advanced considerably;
however, there are still many outstanding questions regarding the distribution of
modifications across all RNA transcripts and their biological function. One of the
major challenges in the study of RNA modifications is the lack of sequencing
methods for the transcriptome-wide mapping of different RNA-modification probe
structures. Furthermore, we lack general strategies to characterize RNA-modifying

enzymes and RNA-modification reader proteins. Therefore, there is a need for new approaches to enable integrated studies of RNA-
modification chemistry and biology.

In this Account, we describe our development and application of chemoproteomic strategies for the study of RNA-modification-
associated proteins. We present two orthogonal methods based on nucleoside and oligonucleotide chemical probes: 1) RNA-
mediated activity-based protein profiling (RNABPP), a metabolic labeling strategy based on reactive modified nucleoside probes to
profile RNA-modifying enzymes in cells and 2) photo-cross-linkable diazirine-containing synthetic oligonucleotide probes for
identifying RNA-modification reader proteins.

We use RNABPP with C5-modified cytidine and uridine nucleosides to capture diverse RNA-pyrimidine-modifying enzymes
including methyltransferases, dihydrouridine synthases, and RNA dioxygenase enzymes. Metabolic labeling facilitates the
mechanism-based cross-linking of RNA-modifying enzymes with their native RNA substrates in cells. Covalent RNA—protein
complexes are then isolated by denaturing oligo(dT) pulldown, and cross-linked proteins are identified by quantitative proteomics.
Once suitable modified nucleosides have been identified as mechanism-based proteomic probes, they can be further deployed in
transcriptome-wide sequencing experiments to profile the substrates of RNA-modifying enzymes at nucleotide resolution. Using S-
fluorouridine-mediated RNA—protein cross-linking and sequencing, we analyzed the substrates of human dihydrouridine synthase
DUS3L. 5-Ethynylcytidine-mediated cross-linking enabled the investigation of ALKBHI1 substrates. We also characterized the
functions of these RNA-modifying enzymes in human cells by using genetic knockouts and protein translation reporters.

We profiled RNA readers for N®-methyladenosine (m°A) and N'-methyladenosine (m'A) using a comparative proteomic workflow
based on diazirine-containing modified oligonucleotide probes. Our approach enables quantitative proteome-wide analysis of the
preference of RNA-binding proteins for modified nucleotides across a range of affinities. Interestingly, we found that YTH-domain
proteins YTHDF1/2 can bind to both mP®A and m'A to mediate transcript destabilization. Furthermore, mPA also inhibits stress
granule proteins from binding to RNA.

Taken together, we demonstrate the application of chemical probing strategies, together with proteomic and transcriptomic
workflows, to reveal new insights into the biological roles of RNA modifications and their associated proteins.
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Figure 1. Major RNA modifications on tRNA, rRNA, and mRNA.

using metabolic labeling with S-fluoropyrimidine nucleo-
sides for RNA-modifying enzyme discovery and the first
characterization of human DUS3L.

Arguello, A. E.; Li, A; Sun, X; Eggert, T. W.; Mairhofer,
E.; Kleiner, R. E. Reactivity-dependent profiling of RNA
S- methylcytldlne dioxygenases. Nat. Commun. 2022,
13(1), 4176.> This work describes the profiling of $-
methylcytidine dioxygenase enzymes with S-ethynylcyti-
dine metabolic labeling and the characterization of
ALKBH1-dependent S-hydroxymethylcytidine and 5-
formylcytidine modification sites.

Arguello, A. E.; DeLiberto, A. N.; Kleiner, R. E. RNA
Chemical Proteomics Reveals the N(6)-Methyladenosine
(m(6)A)-Regulated Protein-RNA Interactome. J. Am.
Chem. Soc. 2017, 139(48), 17249—17252.> This work
describes a chemoproteomic strategy using photo-cross-
linkable diazirine-containing oligonucleotides to identify
N®-methyladenosine (m®A)-regulated RNA—protein in-
teractions.

Seo, K. W.; Kleiner, R. E. YTHDF2 Recognition of N(1)-
Methyladenosine (m(1)A)-Modified RNA Is Associated
with Transcript Destabilization. ACS Chem. Biol. 2020,
15(1), 132—139." This work applies the diazirine-
oligonucleotide strategy to identify protein readers of
N'-methyladenosine (m'A) and study the role of m'A in
mRNA stability.

1. INTRODUCTION

RNA modifications play an important role in regulating RNA
function in biology. Over 150 different Eost-transcriptional
modifications of RNA have been described,” and modifications
are found in all kingdoms of life and across all classes of RNA
(Figure 1). RNA modifications have roles in a myriad of
processes 1nclud1ng mRNA splicing, export, translation, and
metabolism.’ Modifications on noncoding RNAs, such as tRNA
and rRNA, impact RNA structure, assembly, and processing and
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affect protein translation efficiency and fidelity.” Less abundant
noncoding RNA species including miRNAs and IncRNAs are
also post-transcriptionally modified. Whereas the study of RNA
modifications began in the 1950s with the discovery of

pseudouridine,® the “fifth nucleotide”, there are still major
gaps in our understanding of the transcriptome-wide distribu-
tion of RNA modifications and their role in RNA biochemistry
and biological processes.

The most heavily modified RNA species are tRNAs,
conta1n1ng on average ~13 modified nucleotides out of a total
of 76" (Figure 1). tRNAs function as adaptor molecules in
protein synthesis, and modifications can dynamically impact
protein translation through the regulation of tRNA structure,
stability, and folding as well as codon—anticodon base pairing
and the recognition of tRNA by aminoacyl-tRNA synthetase
enzymes. Although tRNA modifications have been better
studied than modifications on other types of RNA, most
investigation has been performed in model organisms such as E.
coli and yeast, and the homologous mammalian tRNA
modifications and tRNA-modifying enzymes are still relatively
poorly characterized. Importantly, the dysregulation of tRNA
modifications has been implicated in a host of human diseases
known as tRNA modopathies.” mRNAs also contain multiple
different types of modifications,” and more recent studies have
illuminated the importance of modifications such as N°-
methyladenosine (m®A), pseudouridine (), and inosine (I),
among others, in mRNA biology.

The study of RNA modifications is enabled by technologies
for mapping modification sites and characterizing RNA-
modification-associated proteins including RNA-modifying
enzymes (“writers” and “erasers”) responsible for regulating
modification levels and RNA-binding proteins that recognize
modified RNAs (“readers”) and modulate their behavior. As
many RNA modifications do not perturb Watson—Crick base
pairing and are therefore undetectable to common nucleic acid
sequencing platforms, modification-specific sequencing meth-
ods,"’ including antibody enrichment or chemoenzymatic
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Figure 2. Activity-based profiling of RNA-modifying enzymes using RNABPP. (a) An activity-based cross-linker is fed to cells and incorporated into
cellular RNA though metabolic labeling. RNA-modifying enzymes are cross-linked with their endogenous substrates. mRNA-specific enzymes are
isolated with oligo(dT) enrichment, released by RNase digestion, and identified by LC-MS/MS proteomics. (b) Volcano plot showing distinct classes
of RNA-modifying enzymes discovered in the 5-FCyd-RNABPP experiment. Adapted from ref 1 with permission from Springer Nature, copyright

2021.

approaches, combined with nucleic acid mass spectrometry are
necessary to decipher modifications. Furthermore, matching
modifications and RNA-modifying enzymes and identifying
RNA modification readers are critical to uncovering the function
of RNA modifications in biology. In this Account, we describe
our efforts to develop chemical probes that can be applied in
proteomic workflows to broadly profile RNA-modifying
enzymes and RNA modification reader proteins in an unbiased
manner. Together with these chemoproteomic approaches, we
also develop modification-specific transcriptome-wide sequenc-
ing methods and explore the biological consequences of
depleting RNA-modifying enzymes and RNA modification
readers.

2. ACTIVITY-BASED PROFILING OF RNA
PYRIMIDINE-MODIFYING ENZYMES

2.1. RNA-Modifying Enzyme Discovery and ABPP

The study of RNA modifications and the corresponding RNA-
modifying enzymes that regulate these modifications go hand-
in-hand. Historically, the identification of RNA modifications
and RNA-modifying enzymes has been disjointed, as many
modified nucleotide structures were elucidated decades before"’
the first characterization of the relevant writer enzymes. As a
result, functional studies on the biological role of RNA
modifications have lagged far behind the characterization of
modified nucleotide structures. Furthermore, whereas most of
the RNA-modifying enzymes in single-celled model organisms
such as E. coli and yeast have now been identified,'” there are still
major gaps in the characterization of RNA writer/eraser
enzymes in higher eukaryotes. Current approaches for
identifying and characterizing enzymes rely upon low-
throughput screening or assignment based on homology to
known RNA-modifying enzymes." >~

Activity-based protein profiling (ABPP) has emerged as a
versatile strategy for the proteome-wide study and discovery of
enzymes in their natlve context as well as for target ID and small-
molecule screening.'®'” ABPP probes typically contain multiple
elements including a recognition motif for the target enzyme
family, a reactive mechanism-based “warhead” that forms a
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covalent bond with the enzyme, and a reporter group such as a
fluorophore or affinity handle for detection and/or enrichment.
The design of ABPP probes provides mechanistic insight into
enzyme activity, which facilitates the downstream character-
ization of captured enzymes. Over the last ~20 years, the ABPP
strategy has undergone significant evolution and adaptation and
has been successfully applied to a diverse array of enzyme
classes. In proteome -wide analyses using Cys-reactive ABPP
probes'®*? or photoreactive ABPP probes based on S-adenosyl
homocysteine (SAH),”' known and putative RNA-modifying
enzymes including methyltransferases, pseudouridine synthases,
dihydrouridine synthases, and adenosine deaminases have been
identified. However, dedicated mechanism-based ABPP probes
to selectively capture RNA-modifying enzymes have not been
reported. This is likely due to the diversity of RNA modification
structures (which require comparably diverse enzyme chem-
istries) as well as the challenge of developing small molecules
that can mimic protein—nucleic acid molecular recognition
events. Leveraging ABPP technology to study RNA-modifying
enzymes should provide new insights into this important class of
proteins.

2.2. RNA-Mediated Activity-Based Protein Profiling
(RNABPP)

We developed RNA-mediated activity-based protein profiling
(RNABPP) as a strategy to profile RNA-modifying enzymes and
their substrates in cells or whole organisms1 (Figure 2a). Rather
than employing a small-molecule ABPP probe, we envisioned
that mechanism-based reactive groups could be incorporated
into cellular RNA through metabolic labeling with modified
nucleosides. In this manner, the cell would synthesize its own
activity-based probe by metabolizing the modified nucleoside to
the corresponding modified nucleotide triphosphate (NTP) and
incorporating the modified NTP into native transcripts during
transcription. Next, covalent mRNA-enzyme co 1plexes could
be isolated from cells by oligo(dT) enrichment™*’ (performed
under denaturing conditions), followed by the identification of
proteins by mass spectrometry-based proteomics. In a
complementary workflow, the same activity-based nucleoside
probe could be used for cross-linking and immunoprecipitation
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(CLIP)** analysis combined with high-throughput RNA
sequencing to identify enzyme substrate sites. Whereas
RNABPP is constrained by the requirement for the metabolic
incorporation of the modified nucleoside, many organisms have
functional nucleotide salvage pathways, and strategies exist for
bypassing some of the more selective metabolic activation
steps.”® Furthermore, metabolic incorporation of modified
probes into cellular RNA transcripts is advantageous in that it
allows the interrogation of enzyme activity on the native
substrates.

In our first application of RNABPP, we chose S-fluorocytidine
(5-FCyd) as a metabolically incorporated mechanism-based
probe to study RNA m°C methyltransferases." Nucleoside LC-
QQQ-MS demonstrated efficient RNA labeling with 5-FCyd in
a mammalian cell culture. In addition to the incorporation of S-
fluorocytosine, the treatment also resulted in the generation of
S-fluorouracil in RNA, which is likely due to the conversion of 5-
FCyd to S-fluorouridine (S-FUrd) by cytidine deaminase
activity in cells. This allowed the dual capture of both cytidine-
and uridine-modifying enzymes in one experiment, resulting in
profiling data for three distinct classes of RNA-modifying
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enzymes (Figure 2b): S-methylcytidine (m°C) methyltrans-
ferases (MTases), S-methyluridine (m®U) MTases, and
dihydrouridine synthases (DUS).

2.3. Profiling RNA m°C and m°U Methyltransferases with
5-Fluoropyrimidine RNABPP

S-Methylcytidine (m°C) has been identified in various types of
RNAs, including rRNA, tRNA, mRNA, and other noncoding
RNAs”® (Figure 3a). The installation of m*C on tRNAs has been
the best studied. In this context, m°C functions to promote
tRNA stability”” and regulate the production of tRNA-derived
fragments (tRFs).”® In contrast, whereas m*C has been reported
on mRNA,*?° its distribution, biological function, and the
identity of key mRNA m’C writer enzymes are less well
understood. All known mammalian m°C writers, which includes
NOL1/NOP2/SUN (NSUN) family proteins and DNMT?2, use
a highly conserved reaction mechanism involving the attack of a
catalytic Cys residue on the C6 position of the substrate
cytosine, followed by methylation at C5 and enzyme release
through f-elimination® (Figure 3b). In analogous enzymes, the
presence of a fluorine atom at C5 is known to inhibit enzyme
release,”’ effectively capturing the enzyme in action. We

https://doi.org/10.1021/acs.accounts.3c00450
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therefore reasoned that metabolic labeling with S-fluorocytidine
(5-FCyd) would induce mechanism-based cross-links between
m°C MTases and their RNA substrates. Indeed, our 5-FCyd
RNABPP experiment identified NSUN2, NSUNS, and DNMT?2
(Figure 2b), and we further demonstrated that NSUN2 is the
major m*C mRNA MTase, consistent with bisulfite sequencing
maps.””

5-FUrd can react with m*U MTases as its catalytic mechanism
mirrors that of m°C MTases™ (Figure 3c). TRMT2A and
TRMT2B are mammalian homologues of TrmA/ TrmZ,33 which
install the highly conserved m*US4 on tRNA. Concurrent with
our studies, TRMT2A/B were shown to install m*U54 on tRNA
in mammals.”**> Both enzymes were recovered in our
proteomics experiment, suggesting their involvement in
catalyzing m°U formation on human mRNA. We used
nucleoside LC-QQQ-MS to measure m*U on poly(A)-enriched
RNA and show partial reduction upon TRMT2A depletion,
which is in line with a recent report.’® However, the lack of
dedicated sequencing methods and the low abundance of
mRNA m*U make the reliable assignment of modification sites
challenging.

2.4. Identification of a Mechanism-Based Cross-Link
between DUS3L and 5-FUrd RNA

To our surprise, DUS3L, a human homologue of yeast DUS3,”
was also recovered in our 5-FCyd RNABPP study’ (Figure 2b).
D is a widely conserved and abundant tRNA modification found
across various domains of life (Figure 4a), but relatively little is
known about its function and we lack methods to map D sites
transcriptome-wide. Based on biochemical®® and structural®
studies with homologous DUS enzymes, we propose that
DUS3L cross-links with 5-FUrd using the following mechanism:
flavin-dependent reduction of the C5=C6 double bond to
generate S-fluorodihydrouracil concomitant with deprotonation
of the catalytic Cys residue, followed by an SN,-type attack of
the Cys thiolate on the CS position with fluoride serving as the
leaving group (Figure 4b). In line with this proposal, mutant
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DUS3L C396A does not cross-link with 5-FUrd-RNA." We also
measured reduced D levels in total RNA, small RNA, and
poly(A)-enriched RNA upon DUS3L KO, confirming that this
enzyme is a bona fide mammalian DUS.

2.5. Transcriptome-Wide Characterization of DUS3L
Substrates

To comprehensively investigate the substrates of DUS3L, we
conducted 5-FUrd-mediated DUS3L CLIP sequencing (S-
FUrd-iCLIP) (Figure 5a)." In this strategy, metabolic labeling
with 5-FUrd mediates DUS3L-RNA cross-linking in cells. Next,
complexes are immunoprecipitated and digested, and RNA is
prepared for Illumina sequencing. The residual peptide-RNA
adduct at the cross-linking sites impedes transcription, resulting
in the generation of reverse transcription termination at these
sites (“RT stops”), which can be used to map DUS3L-mediated
D sites at near-nucleotide resolution.

A majority of DUS3L-cross-linked RNAs were tRNA (Figure
5b). In addition, rRNA, mRNA, and long noncoding RNAs were
also identified. RT stop analysis revealed prominent tRNA peaks
around U47 in the tRNA variable loop (Figure Sc), and motif
enrichment analysis of DUS3L peaks using MEME revealed the
D consensus sequence “AAGGTTG”, matching sequences
commonly found in the tRNA variable loop (Figure S5d).
These findings indicate that tRNA U47 is the major substrate for
DUS3L, consistent with observations for yeast DUS3.*
However, our sequencing results reveal the presence of D47 in
a significantly larger repertoire of tRNAs in humans.

Regarding the presence of D on mRNA, our CLIP results
identified mRNA peaks, and two recent studies using NaBH -
based sequencing detected mRNA D sites in both yeast and
human mRNA.*"** Nonetheless, due to the scarcity of D on
mRNA as measured by nucleoside LC-QQQ-MS and the
potential for false positives in RT-stop-based RNA modification
sequencing methods, orthogonal strategies and further
validation will be needed to robustly map D on mRNA.
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2.6. Biological Roles of D and DUS3L

Despite their widespread abundance and evolutionary con-
servation, the biological function of D and DUS enzymes has
remained enigmatic. Yeast and E. coli DUS KO strains do not
exhibit significant growth defects.””**** The reduction of the
C5=C6 double bond modulates the nucleotide conformation
and base-stacking interactions,” which have been associated
with increased conformational flexibility and a preference for
loop over base- pa1red structures. Interestingly, cold-loving
psychrophilic bacteria*® have higher levels of D in RNA, and
D is elevated in cancer cells.””*® We generated DUS3L KO cells
and found that the cell viability and bulk protein translation rate
were impaired." These phenotypes are most likely related to the
absence of D on tRNA but could also potentially stem from the
mRNA sites. Finet et al.*' reported that D modification on
tubulin mRNA in fission yeast plays an important role in
repressing tubulin protein expression during meiosis. Moving
forward, an additional investigation of the effect of D on tRNA
and mRNA biology and the biological roles of the four
mammalian DUS enzymes will be needed to advance our
understanding of this fundamental RNA modification.

2.7. Outlook
The RNABPP strategy takes advantage of the nucleotide salvage

pathway to enable the selective capture of RNA-modifying
enzymes. As cross-linking occurs in living cells, enzymes form
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covalent linkages with their endogenous substrates. Covalent
enzyme-RNA complexes can then be analyzed by using either
proteomics or RNA sequencing. With a careful choice of
nucleoside chemistry, RNABPP can be a powerful approach to
interrogating diverse classes of RNA-modifying enzymes. In our
work, we have shown that S-fluoropyrimidines are versatile
metabolically incorporated mechanism-based probes, but any
modified nucleoside compatible with nucleotide salvage path-
ways can be employed. Furthermore, because cross-linking does
not require additional treatment such as UV irradiation, this
method holds promise for application in more complex
biological systems, including tissues and animal models.

3. PROFILING RNA M>C OXIDATION

3.1. RNA 5-Hydroxymethylcytidine and 5-Formylcytidine

The discovery of S-hydroxymethylcytosine on DNA and the
TET enzymes responsible for its installation in 2009*”°° was a
watershed moment in mammalian epigenetics as this
modification and its biosynthesis from S-methylcytosine hinted
at a long-searched-for molecular mechanism for DNA
demethylation and corresponding epigenetic reprogramming.
The flurry of activity that has followed has included the
identification of $-hydroxymethylcytidine (hm*C) on RNA"
and studies of TET enzymes as bifunctional RNA/DNA
modifying enzymes;”’ however, the characterization and
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mapping of hm°C sites on RNA have presented a considerable
challenge. In addition to hm*C, the presence of S-formylcytidine
(£C) at the wobble base of Mt-tRNA-Met has been known since
the 1990s.”* The biosynthesis of £C on Mt-tRNA-Met was
elucidated by several groups™ > and requires the installation of
5-methylcytidine (m°C) by NSUNS3, followed by oxidation to
£C by the Fe(II), a-KG-dependent dioxygenase ALKBHI.
Suzuki and co-workers also showed that ALKBH1 can install 2”-
O-methyl-S-hydroxymethylcytidine and 2'-O-methyl-S-formy-
cytidine at the wobble base of tRNA-Leu-CAA,>® but limited
data exists regarding these modifications.

3.2. 5-EC RNABPP

To further investigate the oxidation products of m*C on RNA
and characterize the relevant writer enzymes, we applied
RNABPP with S-ethynylcytidine (S-EC)* (Figure 6a,b).
Deoxyoligonucleotides containing S-ethynylcytosine were pre-
viously shown to cross-link with TET enzymes;"” therefore, we
reasoned that the corresponding ribonucleoside could be used as
a metabolic activity-based probe for RNA m°’C oxidizing
enzymes. The oxidation of 5-EC is thought to produce a highly
reactive ketene intermediate which can cross-link with proximal
nucleophlic residues in the enzyme active site. Indeed, we were
able to show that 5-EC can be incorporated metabolically into
RNA and can form mechanism-based cross-links with TET
enzymes in cells. Interestingly, while proteomic data from the S-
EC RNABPP experiment did identify TET2 (consistent with
previous studies showing that TET2 among the mammalian
TET enzymes is most likely to modify RNA), the major hit was
ALKBHI (Figure 6¢). We further showed using LC-QQQ-MS
that ALKBHI is the major £C- and hm*C-generating enzyme in
HEK293T cells (Figure 6d) and that these modifications
depend on m*C methyltransferases NSUN2 and NSUN3.

2732

3.3. Mapping ALKBH1 Substrates

To map ALKBHI1 modification sites, we employed three
orthogonal modification sequencing strategies.” Analogous to
our RNABPP study with S-fluoropyrimidines, we performed
ALKBHI iCLIP using 5-EC metabolic labeling to induce RNA-
protein cross-links (Figure 7a). In this assay, ALKBH1 cross-
links primarily localized to cytosolic tRNAs, and we found that
the most abundant cross-link site occurred at the wobble base of
tRNA-Leu-CAA (consistent with the prior identification of
hm*Cm/fCm at this site) (Figure 7b,c). We also found cross-
links on other tRNAs, including Mt-tRNA-Met, although 5-EC
may induce artificial cross-linking with RNAs that would not
normally contain suitable m°C sites for ALKBH1 modification.
We next focused on characterizing £C sites using two different
sequencin% chemistries—reduction of £C to D using pyridine
borane®”® (Figure 7d) and oxime formation with aldehyde
reactive probe (ARP).% Unfortunately, chemical sequencing
methods for hm°C have not been well developed, which
precluded further study of this modification. Using pyridine
borane conversion chemistry and enrichment of £C-containing
RNAs with ARP, we found that the wobble bases of Mt-tRNA-
Met and tRNA-Leu-CAA are the major £°C sites in the human
transcriptome (Figure 7e,f), and we quantified the modification
stoichiometry at both sites. We were able to find minor
modification sites; however, these will need further character-
ization. We further showed that the depletion of ALKBH1
resulted in translation defects on Leu codons, implicating
ALKBHI1-dependent wobble base modifications in decoding.
Taken together, our work provides a new activity-based profiling
approach for studying RNA m*C oxidation and reveals the
distribution of hm®C and £C modification sites across the
transcriptome. Moving forward, focused studies of ALKBH1-
dependent sites on tRNA-Leu-CAA should be prioritized, as this
appears to be the major cytosolic ALKBHI substrate and £C
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modification site. Further studies of hm*C will likely require the
development of more specific chemical tools to profile the
distribution of this modification.

4. CHEMICAL PROBES TO IDENTIFY RNA
MODIFICATION READER PROTEINS

4.1. Reading the RNA Modification Code

RNA modifications can affect mRNA behavior through the
recruitment of modification-specific RNA-binding proteins
(RBPs), commonly referred to as “reader” proteins.”” These
proteins bind to modified RNAs in a manner that depends on
the presence of the modified nucleotide, often within a unique
sequence context. RBPs play an important role in RNA function
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including the regulation of splicing, localization, stability, and
translation; therefore, RBPs that “read” modifications serve to
specifically modulate the activity of modified transcripts. For
some modifications, such as m°A and m®C, their recognition by
protein readers is thought to be one of the major mechanisms
underlying their role in RNA regulation. In addition,
modifications on mRNA can also impact the behavior of
macromolecular RNP complexes including the ribosome and
the splicesome; however, the direct nature of these molecular
recognition events is harder to define.

Identifying and characterizing RNA modification readers is
challenging since mRNA modifications are typically substoi-
chiometric, and conventional proteomic and transcriptomic
workflows to study RNA-—protein interactions do not
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specifically target or enrich for modification-dependent perform well with low affinity reader-modification interactions
interactions. Standard methods require chemical synthesis of a and cannot distinguish direct vs indirect binders. To streamline
modified oligonucleotide bait for affinity purification—mass the workflow for characterizing modification reader proteins, we
spectrometry (AP—MS); however, AP—MS methods do not developed a comparative chemoproteomic pipeline (Figure 8)
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based upon photo-cross-linking with synthetic oligonucleo-
tides,” affinity pulldown, and quantitative proteomic analysis, as
described below.

4.2. Chemoproteomics with Diazirine-Modified m°A
Oligoprobes

We envisioned that the application of photoaffinity labeling
(PAL) to a synthetic oligonucleotide containing the RNA
modification of interest would enable efficient capture of RNA
modification readers in the cellular lysate. We started with N°-
methyladenosine (m®A), since readers had been described
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previously®* and this modification exhibits a major consensus
sequence motif (i.e, GGm°ACU).°**° Whereas UV photo-
cross-linking is used widely to stabilize native nucleic acid—
protein interactions, the cross-linking efficiency is low. We
therefore incorporated a diazirine functional group into a
synthetic oligonucleotide using postsynthesis acylation of a S-
aminoallyluridine-modified oligo with an NHS-alkyldiazirine
(Figure 8). The choice of this strategy, as opposed to the
incorporation of the diazirine at the 5" or 3’ end of the sequence,
allowed placement of the photo-cross-linker two nucleotides
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distance from the modified m°A nucleotide, maximizing the
likelihood of capturing direct m°A binders. Oligonucleotide
probes also contained a biotin residue at the 3" end of the
sequence. We validated our probe design by measuring cross-
linking between a diazirine-modified m°A oligo and purified
YTH domain from YTHDF2 or YTHDC1, known m®A-specific
binding proteins, and were able to demonstrate m°A-dependent
binding and cross-linking.” Additionally, our probe compared
favorably against analogous oligonucleotides containing 4-
thiouridine (4-SU) or S-iodouridine (5-IU) in place of the
diazirine-modified uridine nucleotide.

Having validated our probe design, we set up a comparative
chemoproteomic experiment in HeLa cell lysate using diazirine-
modified oligonucleotides, one containing a single m°A
nucleotide and the other identical except with an unmodified
adenosine at the same position. Lysate was photo-cross-linked
with either 1 yM probe, followed by streptavidin pulldown
under denaturing conditions, mild RNase elution, and label-free
proteomic analysis. Our comparative study using m°A and A
oligoprobes identified 4/S of all mammalian YTH-domain
proteins (only YTHDC2 was absent from our data) as well as
the RBPs LRPPRC and FMRI as weaker but still m°A-specific
binders (Figure 9a,b). Unexpectedly, we also found proteins that
photo-cross-linked more strongly to the A oligo than to its m®A-
modified analog. The most prominent among these hits was
G3BP1/2, as well as CAPRIN1 and USP10 (Figure 9c). We
termed these proteins “antireaders” as they appear to be repelled
by the m®A modification. Interestingly, the vast majority of RBPs
in our data set bound equally well to both methylated and
unmethylated probes. A concurrent study from Vermeulen and
co-workers®” using SILAC-based proteomics and oligonucleo-
tides containing tandem repeats of GG(m°A/A)CU motifs
arrived at similar findings. More recent reports have identified
additional m°A reader proteins, such as IGF2BP1-3°® and
Prrc2a.%” The absence of these proteins from our data set (and
from data in ref 67) is likely due to the requirement for RNA
sequence elements beyond the minimal GGm®ACU motif used
in our probes.

In a separate study, we used our chemoproteomic method to
survey m®A binding proteins in Drosophila.”” The Drosophila
genome encodes two YTH-domain proteins, namely, Ythdcl
and Ythdf. For this study, we determined that Ythdf binds poorly
to the mammalian GGm°ACU sequence; therefore, an oligo
probe based on AAm®ACU (which more accurately reflects the
native sequence context of m°A in Drosophila) was used. Our
proteomics survey confirmed that Ythdcl and Ythdf are the
major m°A binding proteins in Drosophila. Follow-up studies
characterized the role of Ythdf in translational regulation and
demonstrated its involvement in learning and memory.

4.3. Chemoproteomics with N'-Methyladenosine
(m'A)-Modified Oligonucleotide Probes

We applied our chemoproteomic platform to study RBPs that
recognize m'A-modified RNA and identified YTH-domain
proteins YTHDF1 and YTHDF2 as m'A readers’ (Figure
10a,b). A similar finding was reported by Dai et al.”" We
confirmed our proteomic finding through biochemical charac-
terization by EMSA and MST assay, showing that whereas YTH-
domain proteins bind most tightly to m°A-modified RNAs, they
bind to m'A over unmethylated sequences. This behavior was
exhibited over multiple sequence contexts, indicating that m'A
recognition is a general property of YTHDF1/2. Interestingly,
YTHDC1 was not found in our proteomic data set and did not
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bind specifically to m'A-modified RNA over unmethylated
sequences in biochemical assays.

To understand the role of the YTHDF2-m'A interaction, we
performed siRNA knockdown of YTHDF2 and measured the
expression of known m'A-modified sequences.” We excluded
transcripts containing m'A and m®A since this would confound
our analysis. Our findings demonstrate that YTHDF2
destabilizes m'A-modified RNA, similar to its role in m°A
biology (Figure 10c). We also perturbed the levels of ALKBH3,
a reported m'A demethylase, and performed an RNA-seq
analysis. Knockdown of ALKBH3, which should increase m'A
levels, also resulted in transcript destabilization. Taken together,
our results indicate that m'A destabilizes mRNA transcripts.
Similar findings regarding the role of m'A in transcript stability
have been recently reported.””

5. CONCLUSIONS AND OUTLOOK

In this Account, we have described the development and
application of chemoproteomic methods to study writer and
reader proteins of RNA modifications. These strategies are
based on chemical probes and proteomic workflows that allow
the profiling of RNA-modifying enzymes and RNA readers in
native proteomes, paving the way for further investigation of the
biological role of RNA modifications and their associated
protein regulators and effectors.

Our diazirine-oligonucleotide method can be applied to
discover readers of synthetically accessible epitranscriptomic
RNA modifications. We used this method to identify m®A and
m'A readers, but for many other mRNA modifications, there are
no known reader proteins. Our method provides a powerful tool
to illuminate one possible mechanism by which these
modifications can modulate mRNA behavior. Diazirine-based
photo-cross-linking can also be employed to study interactions
of other small RNA species (in a modification-dependent or
-independent manner) that can be generated synthetically,
including tRNAs, miRNAs, and therapeutic oligonucleotides.

Our RNABPP strategy represents an important advance in
RNA-modifying enzyme analysis methods since it provides an
unbiased reactivity-based method to discover and characterize
RNA modification writers and their substrates in their native
context. We applied this method in cultured human cells with
CS-modified pyrimidine nucleosides; however, it can be adapted
to any biological system that will tolerate metabolic labeling with
modified nucleosides and can be employed with other
nucleoside chemistries that are compatible with cellular
metabolism. We envision that RNABPP will be a powerful
tool in the arsenal of RNA chemists and biologists to discover
and characterize new RNA-modifying enzymes. Furthermore,
reactivity-based nucleoside probes for RNA writer enzymes can
be incorporated into oligonucleotides and used for in vitro
biochemical and structural studies of enzyme-RNA complexes as
well as RNA-modifying enzyme inhibitors.

B AUTHOR INFORMATION
Corresponding Author

Ralph E. Kleiner — Department of Chemistry, Princeton

University, Princeton, New Jersey 08544, United States;

orcid.org/0000-0003-0508-9975; Email: rkleiner@
princeton.edu

https://doi.org/10.1021/acs.accounts.3c00450
Acc. Chem. Res. 2023, 56, 2726—2739


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralph+E.+Kleiner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0508-9975
https://orcid.org/0000-0003-0508-9975
mailto:rkleiner@princeton.edu
mailto:rkleiner@princeton.edu
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

Authors

Wei Dai — Department of Chemistry, Princeton University,
Princeton, New Jersey 08544, United States

Nathan J. Yu — Department of Chemistry, Princeton University,
Princeton, New Jersey 08544, United States; © orcid.org/
0000-0002-2509-1725

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.accounts.3c00450

Author Contributions

"W.D.and N.J.Y. contributed equally. CRediT: Wei Dai writing-
original draft; Nathan J Yu writing-original draft; Ralph E.
Kleiner writing-original draft.

Notes

The authors declare no competing financial interest.
Biographies

Wei (“Crystal”) Dai was born in 1994 in Hubei province, China. She
obtained her bachelor’s degree at the University of Hong Kong, with a
major in chemistry and a minor in French. She also participated in an
overseas’ exchange program at the University of Edinburgh in the U.K.
for a year during her undergraduate study. She recently completed her
Ph.D. study at Princeton University under the supervision of Ralph
Kleiner, where her research focus was the exploration of RNA-
modifying enzymes and the development of advanced sequencing
methods for dihydrouridine.

Nathan J. Yu was born in 1995 in Pittsburgh, Pennsylvania (USA). He
received his B.S. degree in chemistry from Penn State University, where
he performed research with Prof. Ross Hardison and Prof. Bratoljub
Milosavljevic. He is currently working towards his Ph.D. at Princeton
University under Prof. Ralph Kleiner. Nathan’s research focuses on
developing methods to profile RNA-modifying enzymes and
investigating biological consequences of post-transcriptional modifica-
tions.

Ralph E. Kleiner was born in 1983 in Syracuse, New York (USA). He
received his A.B. from Princeton University, where he performed
research with Michael Hecht, and his Ph.D. from Harvard University
under the supervision of David Liu. He pursued postdoctoral studies
with Tarun Kapoor at The Rockefeller University. In 2016, he assumed
his current position as assistant professor in the Department of
Chemistry at Princeton University, where he is also an affiliated faculty
member with the Department of Molecular Biology and the Princeton
Bioengineering Initiative. His research group develops and applies
chemical biology approaches to study nucleic acid function in biological
systems, with a focus on the regulation of RNA through post-
transcriptional modifications and interactions with RNA-binding
proteins.

B ACKNOWLEDGMENTS

We thank the NIH (R01 GM132189), NSF (MCB-1942565),
Alfred P. Sloan Foundation, Sidney Kimmel Foundation,
Damon Runyon Cancer Research Foundation, Princeton
University startup funds, and Princeton Catalysis Initiative for
supporting work on RNA-modifying enzymes and RNA
modification reader proteins in the Kleiner group.

B REFERENCES

(1) Dai, W,; Li, A;; Yu, N. J.; Nguyen, T.; Leach, R. W.; Wuhr, M,;
Kleiner, R. E. Activity-based RNA-modifying enzyme probing reveals
DUS3L-mediated dihydrouridylation. Nat. Chem. Biol. 2021, 17 (11),
1178—1187. From NLM Medline.

2737

(2) Arguello, A. E; Li, A; Sun, X; Eggert, T. W.; Mairhofer, E;
Kleiner, R. E. Reactivity-dependent profiling of RNA S-methylcytidine
dioxygenases. Nat. Commun. 2022, 13 (1), 4176. From NLM.

(3) Arguello, A. E.; DeLiberto, A. N.; Kleiner, R. E. RNA Chemical
Proteomics Reveals the N(6)-Methyladenosine (m(6)A)-Regulated
Protein-RNA Interactome. J. Am. Chem. Soc. 2017, 139 (48), 17249—
17252.

(4) Seo, K. W,; Kleiner, R. E. YTHDF2 Recognition of N(1)-
Methyladenosine (m(1)A)-Modified RNA Is Associated with Tran-
script Destabilization. ACS Chem. Biol. 2020, 15 (1), 132—139. From
NLM Medline.

(5) Boccaletto, P.; Machnicka, M. A.; Purta, E.; Piatkowski, P.;
Baginski, B.; Wirecki, T. K.; de Crecy-Lagard, V.; Ross, R.; Limbach, P.
A; Kotter, A.; Helm, M.; Bujnicki, J. M. MODOMICS: a database of
RNA modification pathways. 2017 update. Nucleic Acids Res. 2018, 46
(D1), D303—D307.

(6) Roundtree, I. A,; Evans, M. E.; Pan, T.; He, C. Dynamic RNA
Modifications in Gene Expression Regulation. Cell 2017, 169 (7),
1187-1200.

(7) Suzuki, T. The expanding world of tRNA modifications and their
disease relevance. Nat. Rev. Mol. Cell Biol. 2021, 22 (6), 375—392.
From NLM Medline.

(8) Cohn, W. E.; Volkin, E. Nucleoside-5'-Phosphates from
Ribonucleic Acid. Nature 1951, 167 (4247), 483—484.

(9) Cui, W.; Zhao, D.; Jiang, J.; Tang, F.; Zhang, C.; Duan, C. tRNA
Modifications and Modifying Enzymes in Disease, the Potential
Therapeutic Targets. Int. J. Biol. Sci. 2023, 19 (4), 1146—1162. From
NLM Medline.

(10) Li, X; Xiong, X.; Yi, C. Epitranscriptome sequencing
technologies: decoding RNA modifications. Nat. Methods 2017, 14
(1), 23—31. From NLM Medline.

(11) Holley, R. W.; Apgar, J; Everett, G. A; Madison, J. T;
Marquisee, M.; Merrill, S. H.; Penswick, J. R;; Zamir, A. Structure of a
Ribonucleic Acid. Science 1965, 147 (3664), 1462—1465. From NLM
Medline.

(12) de Crecy-Lagard, V.; Boccaletto, P.; Mangleburg, C. G.; Sharma,
P.; Lowe, T. M,; Leidel, S. A.; Bujnicki, J. M. Matching tRNA
modifications in humans to their known and predicted enzymes. Nucleic
Acids Res. 2019, 47 (5), 2143—2159. From NLM Medline.

(13) Gustafsson, C.; Reid, R.; Greene, P. J.; Santi, D. V. Identification
of new RNA modifying enzymes by iterative genome search using
known modifying enzymes as probes. Nucleic acids research 1996, 24
(19), 3756—3762.

(14) Ansmant, L; Motorin, Y. Identification of RNA modification
enzymes using sequence homology. Mol. Biol. 2001, 35 (2), 206—223.

(15) Anantharaman, V.; Koonin, E. V.; Aravind, L. Comparative
genomics and evolution of proteins involved in RNA metabolism.
Nucleic acids research 2002, 30 (7), 1427—1464.

(16) Cravatt, B. F.; Wright, A. T.; Kozarich, J. W. Activity-based
protein profiling: from enzyme chemistry to proteomic chemistry.
Annu. Rev. Biochem. 2008, 77, 383—414.

(17) Willems, L. 1; Overkleeft, H. S.; Van Kasteren, S. I. Current
developments in activity-based protein profiling. Bioconjugate Chem.
2014, 25 (7), 1181—1191.

(18) Backus, K. M.; Correia, B. E.; Lum, K. M.; Forli, S.; Horning, B.
D.; Gonzalez-Paez, G. E.; Chatterjee, S.; Lanning, B. R; Teijaro, J. R;;
Olson, A. J.; Wolan, D. W,; Cravatt, B. F. Proteome-wide covalent
ligand discovery in native biological systems. Nature 2016, 534 (7608),
570—574. From NLM Medline.

(19) Lanning, B. R.;; Whitby, L. R;; Dix, M. M.; Douhan, J.; Gilbert, A.
M,; Hett, E. C; Johnson, T. O.; Joslyn, C.; Kath, J. C.; Niessen, S.;
Roberts, L. R.; Schnute, M. E.; Wang, C.; Hulce, J. J.; Wei, B.; Whiteley,
L. O,; Hayward, M. M,; Cravatt, B. F. A road map to evaluate the
proteome-wide selectivity of covalent kinase inhibitors. Nat. Chem. Biol.
2014, 10 (9), 760—767. From NLM Medline.

(20) Weerapana, E.; Wang, C.; Simon, G. M.; Richter, F.; Khare, S.;
Dillon, M. B.; Bachovchin, D. A.; Mowen, K.; Baker, D.; Cravatt, B. F.
Quantitative reactivity profiling predicts functional cysteines in
proteomes. Nature 2010, 468 (7325), 790—79S. From NLM Medline.

https://doi.org/10.1021/acs.accounts.3c00450
Acc. Chem. Res. 2023, 56, 2726—2739


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+J.+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2509-1725
https://orcid.org/0000-0002-2509-1725
https://pubs.acs.org/doi/10.1021/acs.accounts.3c00450?ref=pdf
https://doi.org/10.1038/s41589-021-00874-8
https://doi.org/10.1038/s41589-021-00874-8
https://doi.org/10.1038/s41467-022-31876-2
https://doi.org/10.1038/s41467-022-31876-2
https://doi.org/10.1021/jacs.7b09213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b09213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1038/s41580-021-00342-0
https://doi.org/10.1038/s41580-021-00342-0
https://doi.org/10.1038/167483a0
https://doi.org/10.1038/167483a0
https://doi.org/10.7150/ijbs.80233
https://doi.org/10.7150/ijbs.80233
https://doi.org/10.7150/ijbs.80233
https://doi.org/10.1038/nmeth.4110
https://doi.org/10.1038/nmeth.4110
https://doi.org/10.1126/science.147.3664.1462
https://doi.org/10.1126/science.147.3664.1462
https://doi.org/10.1093/nar/gkz011
https://doi.org/10.1093/nar/gkz011
https://doi.org/10.1093/nar/24.19.3756
https://doi.org/10.1093/nar/24.19.3756
https://doi.org/10.1093/nar/24.19.3756
https://doi.org/10.1023/A:1010487417460
https://doi.org/10.1023/A:1010487417460
https://doi.org/10.1093/nar/30.7.1427
https://doi.org/10.1093/nar/30.7.1427
https://doi.org/10.1146/annurev.biochem.75.101304.124125
https://doi.org/10.1146/annurev.biochem.75.101304.124125
https://doi.org/10.1021/bc500208y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc500208y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature18002
https://doi.org/10.1038/nature18002
https://doi.org/10.1038/nchembio.1582
https://doi.org/10.1038/nchembio.1582
https://doi.org/10.1038/nature09472
https://doi.org/10.1038/nature09472
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

(21) Horning, B. D.; Suciu, R. M.; Ghadiri, D. A.; Ulanovskaya, O. A.;
Matthews, M. L.; Lum, K. M.; Backus, K. M; Brown, S. J.; Rosen, H.;
Cravatt, B. F. Chemical Proteomic Profiling of Human Methyltrans-
ferases. J. Am. Chem. Soc. 2016, 138 (40), 13335—13343. From NLM
Medline.

(22) Castello, A.; Fischer, B.; Eichelbaum, K.; Horos, R.; Beckmann,
B. M,; Strein, C.; Davey, N. E.; Humphreys, D. T.; Preiss, T.; Steinmetz,
L. M; Krijgsveld, J.; Hentze, M. W. Insights into RNA biology from an
atlas of mammalian mRNA-binding proteins. Cell 2012, 149 (6),
1393—-1406.

(23) Baltz, A. G.; Munschauer, M.; Schwanhausser, B.; Vasile, A.;
Murakawa, Y.; Schueler, M.; Youngs, N.; Penfold-Brown, D.; Drew, K ;
Milek, M.; Wyler, E.; Bonneau, R,; Selbach, M.; Dieterich, C,;
Landthaler, M. The mRNA-bound proteome and its global occupancy
profile on protein-coding transcripts. Mol. Cell 2012, 46 (5), 674—690.

(24) Lee, F. C. Y,; Ule, J. Advances in CLIP Technologies for Studies
of Protein-RNA Interactions. Mol. Cell 2018, 69 (3), 354—369. From
NLM Medline.

(25) Mehellou, Y.; Rattan, H. S.; Balzarini, J. The ProTide Prodrug
Technology: From the Concept to the Clinic. J. Med. Chem. 2018, 61
(6), 2211—2226. From NLM Medline.

(26) Bohnsack, K. E.; Hébartner, C.; Bohnsack, M. T. Eukaryotic S-
methylcytosine (mSC) RNA methyltransferases: mechanisms, cellular
functions, and links to disease. Genes 2019, 10 (2), 102.

(27) Tuorto, F.; Liebers, R.,; Musch, T.; Schaefer, M.; Hofmann, S.;
Kellner, S.; Frye, M.; Helm, M.; Stoecklin, G.; Lyko, F. RNA cytosine
methylation by Dnmt2 and NSun2 promotes tRNA stability and
protein synthesis. Nature structural & molecular biology 2012, 19 (9),
900—-90S.

(28) Schaefer, M.; Pollex, T.; Hanna, K.; Tuorto, F.; Meusburger, M.;
Helm, M.; Lyko, F. RNA methylation by Dnmt2 protects transfer RNAs
against stress-induced cleavage. Genes Dev. 2010, 24 (15), 1590—1595.
From NLM Medline.

(29) Huang, T.; Chen, W,; Liu, J.; Gu, N; Zhang, R. Genome-wide
identification of mRNA 5-methylcytosine in mammals. Nat. Struct Mol.
Biol. 2019, 26 (5), 380—388. From NLM Medline.

(30) Trixl, L; Lusser, A. The dynamic RNA modification S-
methylcytosine and its emerging role as an epitranscriptomic mark.
Wiley Interdiscip Rev. RNA 2019, 10 (1), No. e1510. From NLM
Medline.

(31) Liu, Y; Santi, D. V. mSC RNA and mSC DNA methyl
transferases use different cysteine residues as catalysts. Proc. Natl. Acad.
Sci. U. S. A. 2000, 97 (15), 8263—8265. From NLM Medline.

(32) Kealey, J. T.; Gu, X.; Santi, D. V. Enzymatic mechanism of tRNA
(mSUS4)methyltransferase. Biochimie 1994, 76 (12), 1133—1142.
From NLM Medline.

(33) Nordlund, M. E.; Johansson, J. O.; von Pawel-Rammingen, U.;
Bystrom, A. S. Identification of the TRM2 gene encoding the
tRNA(mSUS4)methyltransferase of Saccharomyces cerevisiae. RNA
2000, 6 (6), 844—860. From NLM Medline.

(34) Carter, J.-M.; Emmett, W.; Mozos, L. R.; Kotter, A.; Helm, M.;
Ule, J.; Hussain, S. FICC-Seq: a method for enzyme-specified profiling
of methyl-S-uridine in cellular RNA. Nucleic acids research 2019, 47
(19), el13—el13.

(35) Powell, C. A;; Minczuk, M. TRMT2B is responsible for both
tRNA and rRNA mSU-methylation in human mitochondria. RNA
biology 2020, 17 (4), 451—462.

(36) Cheng, Q. Y,; Xiong, J.; Ma, C.J.; Dai, Y.; Ding, J. H; Liu, F. L,;
Yuan, B. F.; Feng, Y. Q. Chemical tagging for sensitive determination of
uridine modifications in RNA. Chem. Sci. 2020, 11 (7), 1878—1891.
From NLM PubMed-not-MEDLINE.

(37) Xing, F.; Hiley, S. L; Hughes, T. R; Phizicky, E. M. The
specificities of four yeast dihydrouridine synthases for cytoplasmic
tRNAs. J. Biol. Chem. 2004, 279 (17), 17850—17860.

(38) Rider, L. W.; Ottosen, M. B, Gattis, S. G.; Palfey, B. A.
Mechanism of dihydrouridine synthase 2 from yeast and the
importance of modifications for efficient tRNA reduction. J. Biol
Chem. 2009, 284 (16), 10324—10333.

2738

(39) Yu, F.; Tanaka, Y.; Yamashita, K.; Suzuki, T.; Nakamura, A.;
Hirano, N.; Suzuki, T.; Yao, M.; Tanaka, I. Molecular basis of
dihydrouridine formation on tRNA. Proc. Natl. Acad. Sci. U. S. A. 2011,
108 (49), 19593—19598. From NLM Medline.

(40) Xing, F.; Hiley, S. L; Hughes, T. R; Phizicky, E. M. The
Specificities of Four Yeast Dihydrouridine Synthases for Cytoplasmic
tRNAs*[boxs]. J. Biol. Chem. 2004, 279 (17), 17850—17860.

(41) Finet, O.; Yague-Sanz, C.; Kruger, L. K; Tran, P.; Migeot, V,;
Louski, M.; Nevers, A.; Rougemaille, M.; Sun, J; Ernst, F. G. M,;
Wacheul, L.; Wery, M.; Morillon, A.; Dedon, P.; Lafontaine, D. L. J.;
Hermand, D. Transcription-wide mapping of dihydrouridine reveals
that mRNA dihydrouridylation is required for meiotic chromosome
segregation. Mol. Cell 2022, 82 (2), 404—419¢409. From NLM
Medline.

(42) Draycott, A. S.; Schaening-Burgos, C.; Rojas-Duran, M. F,;
Wilson, L.; Scharfen, L.; Neugebauer, K. M.; Nachtergaele, S.; Gilbert,
W. V. Transcriptome-wide mapping reveals a diverse dihydrouridine
landscape including mRNA. PLoS Biol. 2022, 20 (5), No. e3001622.
From NLM Medline.

(43) Xing, F.; Martzen, M. R; Phizicky, E. M. A conserved family of
Saccharomyces cerevisiae synthases effects dihydrouridine modifica-
tion of tRNA. RNA 2002, 8 (3), 370—381. From NLM Medline.

(44) Bishop, A. C.; Xu, J.; Johnson, R. C.; Schimmel, P.; de Crecy-
Lagard, V. Identification of the tRNA-dihydrouridine synthase family. J.
Biol. Chem. 2002, 277 (28), 25090—25095. From NLM Medline.

(45) Dalluge, J. J.; Hashizume, T.; Sopchik, A. E.; McCloskey, J. A.;
Davis, D. R. Conformational flexibility in RNA: the role of
dihydrouridine. Nucleic Acids Res. 1996, 24 (6), 1073—1079. From
NLM Medline.

(46) Dalluge, J. J.; Hamamoto, T.; Horikoshi, K; Morita, R. Y,;
Stetter, K. O.; McCloskey, J. A. Posttranscriptional modification of
tRNA in psychrophilic bacteria. Journal of bacteriology 1997, 179 (6),
1918—1923.

(47) Kato, T.; Daigo, Y.; Hayama, S.; Ishikawa, N.; Yamabuki, T ; Ito,
T.; Miyamoto, M.; Kondo, S.; Nakamura, Y. A novel human tRNA-
dihydrouridine synthase involved in pulmonary carcinogenesis. Cancer
Res. 2005, 65 (13), 5638—5646. From NLM Medline.

(48) Kuchino, Y.; Borek, E. Tumour-specific phenylalanine tRNA
contains two supernumerary methylated bases. Nature 1978, 271
(5641), 126—129. From NLM Medline.

(49) Tahiliani, M.; Koh, K. P.; Shen, Y.; Pastor, W. A.; Bandukwala,
H.; Brudno, Y.; Agarwal, S.; Iyer, L. M,; Liu, D. R; Aravind, L.; Rao, A.
Conversion of S-methylcytosine to S-hydroxymethylcytosine in
mammalian DNA by MLL partner TET1. Science 2009, 324 (5929),
930—93S. From NLM Medline.

(50) Kriaucionis, S.; Heintz, N. The nuclear DNA base 5-
hydroxymethylcytosine is present in Purkinje neurons and the brain.
Science 2009, 324 (5929), 929—930. From NLM Medline.

(51) Huber, S. M,; van Delft, P.; Mendil, L.; Bachman, M.; Smollett,
K.; Werner, F.; Miska, E. A.; Balasubramanian, S. Formation and
abundance of 5-hydroxymethylcytosine in RNA. Chembiochem 2018,
16 (5), 752—755.

(52) Fu, L;; Guerrero, C. R;; Zhong, N.; Amato, N. J,; Liu, Y,; Liu, S.;
Cai, Q; Ji, D;; Jin, S. G.; Niedernhofer, L. J.; Pfeifer, G. P.; Xu, G. L;
Wang, Y. Tet-mediated formation of S-hydroxymethylcytosine in RNA.
J. Am. Chem. Soc. 2014, 136 (33), 11582—11585.

(53) He, C.; Bozler, J.; Janssen, K. A.; Wilusz, J. E.; Garcia, B. A,
Schorn, A. J.; Bonasio, R. TET2 chemically modifies tRNAs and
regulates tRNA fragment levels. Nat. Struct Mol. Biol. 2021, 28 (1), 62—
70.

(54) Moriya, J.; Yokogawa, T.; Wakita, K.; Ueda, T.; Nishikawa, K;
Crain, P. F.; Hashizume, T.; Pomerantz, S. C.; McCloskey, J. A.; Kawai,
G.; Hayashi, N.; Yokoyama, S.; Watanabe, K. A novel modified
nucleoside found at the first position of the anticodon of methionine
tRNA from bovine liver mitochondria. Biochemistry 1994, 33 (8),
2234-2239. From NLM Medline.

(55) Van Haute, L.; Dietmann, S.; Kremer, L.; Hussain, S.; Pearce, S.
F.; Powell, C. A,; Rorbach, J.; Lantaff, R,; Blanco, S.; Sauer, S.;
Kotzaeridou, U.; Hoffmann, G. F.; Memari, Y.; Kolb-Kokocinski, A;

https://doi.org/10.1021/acs.accounts.3c00450
Acc. Chem. Res. 2023, 56, 2726—2739


https://doi.org/10.1021/jacs.6b07830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b07830?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cell.2012.04.031
https://doi.org/10.1016/j.cell.2012.04.031
https://doi.org/10.1016/j.molcel.2012.05.021
https://doi.org/10.1016/j.molcel.2012.05.021
https://doi.org/10.1016/j.molcel.2018.01.005
https://doi.org/10.1016/j.molcel.2018.01.005
https://doi.org/10.1021/acs.jmedchem.7b00734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.7b00734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/genes10020102
https://doi.org/10.3390/genes10020102
https://doi.org/10.3390/genes10020102
https://doi.org/10.1038/nsmb.2357
https://doi.org/10.1038/nsmb.2357
https://doi.org/10.1038/nsmb.2357
https://doi.org/10.1101/gad.586710
https://doi.org/10.1101/gad.586710
https://doi.org/10.1038/s41594-019-0218-x
https://doi.org/10.1038/s41594-019-0218-x
https://doi.org/10.1002/wrna.1510
https://doi.org/10.1002/wrna.1510
https://doi.org/10.1073/pnas.97.15.8263
https://doi.org/10.1073/pnas.97.15.8263
https://doi.org/10.1016/0300-9084(94)90042-6
https://doi.org/10.1016/0300-9084(94)90042-6
https://doi.org/10.1017/S1355838200992422
https://doi.org/10.1017/S1355838200992422
https://doi.org/10.1093/nar/gkz658
https://doi.org/10.1093/nar/gkz658
https://doi.org/10.1080/15476286.2020.1712544
https://doi.org/10.1080/15476286.2020.1712544
https://doi.org/10.1039/C9SC05094A
https://doi.org/10.1039/C9SC05094A
https://doi.org/10.1074/jbc.M401221200
https://doi.org/10.1074/jbc.M401221200
https://doi.org/10.1074/jbc.M401221200
https://doi.org/10.1074/jbc.M806137200
https://doi.org/10.1074/jbc.M806137200
https://doi.org/10.1073/pnas.1112352108
https://doi.org/10.1073/pnas.1112352108
https://doi.org/10.1074/jbc.M401221200
https://doi.org/10.1074/jbc.M401221200
https://doi.org/10.1074/jbc.M401221200
https://doi.org/10.1016/j.molcel.2021.11.003
https://doi.org/10.1016/j.molcel.2021.11.003
https://doi.org/10.1016/j.molcel.2021.11.003
https://doi.org/10.1371/journal.pbio.3001622
https://doi.org/10.1371/journal.pbio.3001622
https://doi.org/10.1017/S1355838202029825
https://doi.org/10.1017/S1355838202029825
https://doi.org/10.1017/S1355838202029825
https://doi.org/10.1074/jbc.M203208200
https://doi.org/10.1093/nar/24.6.1073
https://doi.org/10.1093/nar/24.6.1073
https://doi.org/10.1128/jb.179.6.1918-1923.1997
https://doi.org/10.1128/jb.179.6.1918-1923.1997
https://doi.org/10.1158/0008-5472.CAN-05-0600
https://doi.org/10.1158/0008-5472.CAN-05-0600
https://doi.org/10.1038/271126a0
https://doi.org/10.1038/271126a0
https://doi.org/10.1126/science.1170116
https://doi.org/10.1126/science.1170116
https://doi.org/10.1126/science.1169786
https://doi.org/10.1126/science.1169786
https://doi.org/10.1002/cbic.201500013
https://doi.org/10.1002/cbic.201500013
https://doi.org/10.1021/ja505305z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41594-020-00526-w
https://doi.org/10.1038/s41594-020-00526-w
https://doi.org/10.1021/bi00174a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00174a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00174a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

Durbin, R;; Mayr, J. A,; Frye, M,; Prokisch, H.; Minczuk, M. Deficient
methylation and formylation of mt-tRNA(Met) wobble cytosine in a
patient carrying mutations in NSUN3. Nat. Commun. 2016, 7,
No. 12039. From NLM Medline.

(56) Nakano, S.; Suzuki, T.; Kawarada, L.; Iwata, H,; Asano, K;
Suzuki, T. NSUN3 methylase initiates S-formylcytidine biogenesis in
human mitochondrial tRNA(Met). Nat. Chem. Biol. 2016, 12 (7), 546—
551. From NLM Medline.

(57) Haag, S.; Sloan, K. E.; Ranjan, N.; Warda, A. S.; Kretschmer, J.;
Blessing, C.; Hubner, B.; Seikowski, J.; Dennerlein, S.; Rehling, P.;
Rodnina, M. V.; Hobartner, C.; Bohnsack, M. T. NSUN3 and ABH1
modify the wobble position of mt-tRNAMet to expand codon
recognition in mitochondrial translation. EMBO J. 2016, 35 (19),
2104-2119.

(58) Kawarada, L.; Suzuki, T.; Ohira, T.; Hirata, S.; Miyauchi, K.;
Suzuki, T. ALKBH1 is an RNA dioxygenase responsible for cytoplasmic
and mitochondrial tRNA modifications. Nucleic Acids Res. 2017, 45
(12), 7401-7415.

(59) Ghanty, U.; DeNizio, J. E.; Liu, M. Y.; Kohli, R. M. Exploiting
Substrate Promiscuity To Develop Activity-Based Probes for Ten-
Eleven Translocation Family Enzymes. J. Am. Chem. Soc. 2018, 140
(50), 17329—17332.

(60) Liu, Y.; Siejka-Zielinska, P.; Velikova, G.; Bi, Y.; Yuan, F;
Tomkova, M.; Bai, C,; Chen, L.; Schuster-Bockler, B.; Song, C. X.
Bisulfite-free direct detection of S-methylcytosine and 5-hydroxyme-
thylcytosine at base resolution. Nat. Biotechnol. 2019, 37 (4), 424—429.
From NLM Medline.

(61) Liu, Y.; Hu, Z.; Cheng, J.; Siejka-Zielinska, P.; Chen, J.; Inoue,
M.,; Ahmed, A. A; Song, C. X. Subtraction-free and bisulfite-free
specific sequencing of S-methylcytosine and its oxidized derivatives at
base resolution. Nat. Commun. 2021, 12 (1), No. 618. From NLM
Medline.

(62) Raiber, E. A.; Beraldi, D.; Ficz, G.; Burgess, H. E.; Branco, M. R;;
Murat, P.; Oxley, D.; Booth, M. J.; Reik, W.; Balasubramanian, S.
Genome-wide distribution of S-formylcytosine in embryonic stem cells
is associated with transcription and depends on thymine DNA
glycosylase. Genome Biol. 2012, 13 (8), R69. From NLM Medline.

(63) Kleiner, R. E. Reading the RNA Code. Biochemistry 2018, 57 (1),
11-12. From NLM Medline.

(64) Wang, X,; Lu, Z.; Gomez, A.; Hon, G. C.; Yue, Y.; Han, D.; Fu, Y,;
Parisien, M.; Dai, Q.; Jia, G.; Ren, B.,; Pan, T.; He, C. N6-
methyladenosine-dependent regulation of messenger RNA stability.
Nature 2014, 505 (7481), 117—120. From NLM Medline.

(65) Meyer, K. D.; Saletore, Y.; Zumbo, P.; Elemento, O.; Mason, C.
E.; Jaffrey, S. R. Comprehensive analysis of mRNA methylation reveals
enrichment in 3’ UTRs and near stop codons. Cell 2012, 149 (7),
1635—1646. From NLM Medline.

(66) Dominissini, D.; Moshitch-Moshkovitz, S.; Schwartz, S.; Salmon-
Divon, M.; Ungar, L.; Osenberg, S.; Cesarkas, K.; Jacob-Hirsch, J.;
Amariglio, N.; Kupiec, M,; Sorek, R.; Rechavi, G. Topology of the
human and mouse m6A RNA methylomes revealed by m6A-seq.
Nature 2012, 485 (7397), 201—206. From NLM Medline.

(67) Edupuganti, R. R.; Geiger, S.; Lindeboom, R. G. H.; Shi, H.; Hsu,
P.J; Lu, Z.; Wang, S. Y.; Baltissen, M. P. A,; Jansen, P.; Rossa, M.;
Muller, M,; Stunnenberg, H. G.; He, C,; Carell, T.; Vermeulen, M.
N(6)-methyladenosine (m(6)A) recruits and repels proteins to
regulate mRNA homeostasis. Nat. Struct Mol. Biol. 2017, 24 (10),
870—878. From NLM Medline.

(68) Huang, H.; Weng, H.; Sun, W.; Qin, X.; Shi, H.; Wu, H.; Zhao, B.
S.; Mesquita, A.; Liu, C.; Yuan, C.L.; Hu, Y. C.; Huttelmaier, S.; Skibbe,
J.R;; Sy, R;; Deng, X,; Dong, L.; Sun, M.; Li, C.; Nachtergaele, S.; Wang,
Y.; Hu, C,; Ferchen, K; Greis, K. D.; Jiang, X.; Wei, M.; Qu, L.; Guan, J.
L; He, C; Yang, J; Chen, J. Recognition of RNA N(6)-
methyladenosine by IGF2BP proteins enhances mRNA stability and
translation. Nat. Cell Biol. 2018, 20 (3), 285—295. From NLM
Medline.

(69) Wu, R; Li, A.; Sun, B.; Sun, J. G.; Zhang, J.; Zhang, T.; Chen, Y.;
Xiao, Y.; Gao, Y.; Zhang, Q.; Ma, J.; Yang, X; Liao, Y.; Lai, W.Y,; Qi, X,;
Wang, S.; Shu, Y.; Wang, H. L.; Wang, F.; Yang, Y. G.; Yuan, Z. A novel

2739

m(6)A reader Prrc2a controls oligodendroglial specification and
myelination. Cell Res. 2019, 29 (1), 23—41. From NLM Medline.

(70) Kan, L.; Ott, S.; Joseph, B.; Park, E. S.; Dai, W.; Kleiner, R. E.;
Claridge-Chang, A.; Lai, E. C. A neural m(6)A/Ythdf pathway is
required for learning and memory in Drosophila. Nat. Commun. 2021,
12 (1), No. 1458. From NLM Medline.

(71) Dai, X.; Wang, T.; Gonzalez, G.; Wang, Y. Identification of YTH
Domain-Containing Proteins as the Readers for N1-Methyladenosine
in RNA. Anal. Chem. 2018, 90 (11), 6380—6384. From NLM Medline.

(72) Boo, S. H,; Ha, H.; Kim, Y. K. m(1)A and m(6)A modifications
function cooperatively to facilitate rapid mRNA degradation. Cell Rep
2022, 40 (10), No. 111317. From NLM Medline.

https://doi.org/10.1021/acs.accounts.3c00450
Acc. Chem. Res. 2023, 56, 2726—2739


https://doi.org/10.1038/ncomms12039
https://doi.org/10.1038/ncomms12039
https://doi.org/10.1038/ncomms12039
https://doi.org/10.1038/nchembio.2099
https://doi.org/10.1038/nchembio.2099
https://doi.org/10.15252/embj.201694885
https://doi.org/10.15252/embj.201694885
https://doi.org/10.15252/embj.201694885
https://doi.org/10.1093/nar/gkx354
https://doi.org/10.1093/nar/gkx354
https://doi.org/10.1021/jacs.8b04722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b04722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41587-019-0041-2
https://doi.org/10.1038/s41587-019-0041-2
https://doi.org/10.1038/s41467-021-20920-2
https://doi.org/10.1038/s41467-021-20920-2
https://doi.org/10.1038/s41467-021-20920-2
https://doi.org/10.1186/gb-2012-13-8-r69
https://doi.org/10.1186/gb-2012-13-8-r69
https://doi.org/10.1186/gb-2012-13-8-r69
https://doi.org/10.1021/acs.biochem.7b00866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature12730
https://doi.org/10.1038/nature12730
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1038/nature11112
https://doi.org/10.1038/nature11112
https://doi.org/10.1038/nsmb.3462
https://doi.org/10.1038/nsmb.3462
https://doi.org/10.1038/s41556-018-0045-z
https://doi.org/10.1038/s41556-018-0045-z
https://doi.org/10.1038/s41556-018-0045-z
https://doi.org/10.1038/s41422-018-0113-8
https://doi.org/10.1038/s41422-018-0113-8
https://doi.org/10.1038/s41422-018-0113-8
https://doi.org/10.1038/s41467-021-21537-1
https://doi.org/10.1038/s41467-021-21537-1
https://doi.org/10.1021/acs.analchem.8b01703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b01703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b01703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.celrep.2022.111317
https://doi.org/10.1016/j.celrep.2022.111317
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.3c00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

