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Abstract

RNA is a central player in biological processes, but there remain major gaps in our 

understanding of transcriptomic processes and the underlying biochemical mechanisms 

regulating RNA in cells. A powerful strategy to facilitate molecular analysis of cellular RNA is the 

metabolic incorporation of chemical probes. In this review, we discuss current approaches for 

RNA metabolic labeling with modified ribonucleosides and their integration with Next-Generation 

Sequencing, mass spectrometry-based proteomics, and fluorescence microscopy in order to 

interrogate RNA behavior in its native context.
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1. Introduction

RNA plays a central role in biological processes. Gene expression programs are shaped by the 

dosage and spatial distribution of individual messenger RNAs as well as through the action of 

non-coding RNA species that mediate protein production. Achieving appropriate gene 

expression control over space and time involves multiple regulatory modalities that affect RNA 

behavior during its lifecycle -- transcription, maturation, export, translation and turnover1-8.

Therefore, characterizing the mechanisms regulating RNA behavior are of fundamental 

importance to understanding cellular and organismal physiology and can reveal insight into 

disease-related processes.

The human genome encodes a vast complexity of RNA sequences spanning coding and non-

coding RNAs – the transcriptome. While early studies in molecular biology focused on 

understanding the function and regulation of individual RNAs, technological advances in the 

form of DNA microarrays9-11 and next-generation sequencing (NGS)12 have ushered in the era 

of whole transcriptome analysis enabling a systems level “omics” understanding of RNA biology. 

The gold standard for transcriptome analysis is RNA sequencing or “RNA-seq”13, which allows 

for the quantification of RNA transcript abundance across different biological conditions. 

Advances in NGS technology have provided increased throughput and lowered the cost of 

RNA-seq enabling its widespread application in biological studies with unprecedented depth of 

coverage. While canonical RNA-seq analysis has revolutionized our ability to probe RNA 

transcript abundance and variation across different conditions, it is limited in that it provides only 

a static “snapshot” of the transcriptome and does not report directly on RNA dynamics. Further, 

the study of additional features of RNA transcripts including their post-transcriptional 

modification state and interactions with associated RNA-binding proteins, which both have 

important roles in RNA transcript behavior and lifecycle, is typically inaccessible. 
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The incorporation of artificial functionality into biopolymers by exploiting the promiscuity of 

cellular metabolism and biosynthesis is a powerful approach to interrogate biological processes 

in their native context. This approach is known as metabolic labeling and has been applied to a 

variety of biomolecules in order to probe synthesis and turnover, subcellular localization, 

interaction partners, and other properties. RNA metabolic labeling with chemically modified 

ribonucleosides is a burgeoning field and provides unique opportunities for studying the 

transcriptome when combined with RNA sequencing, proteomics, and cellular imaging. In this 

review, we describe the methodological considerations for RNA metabolic labeling and highlight 

the available chemical probes and their uses. We end by discussing future prospects for the 

application of RNA metabolic labeling to transcriptomic analyses.

2. Considerations for metabolic labeling

The incorporation of artificial modifications into cellular RNA has generally relied upon a limited 

number of strategies (Figure 1). In order to broadly label RNA in a transcriptome wide manner, 

the modification must be presented in the form of a modified nucleoside triphosphate (NTP) that 

is a substrate for RNA polymerases. The most direct route for labeling is therefore to supply the 

cell with the modified NTP of interest; however, due to the limited cellular permeability of NTPs 

they cannot be directly taken up by cells and must be introduced using an artificial carrier or 

transporter method. These include transfection reagents14, 15, which can be toxic, microinjection, 

which is limited to individual cells, or through the heterologous expression of nucleotide 

transporter proteins16. The latter approach has only been demonstrated in E. coli and it is 

unknown whether the strategy can be applied generally in different organisms. Further, the 

chemical synthesis of NTPs is cumbersome and generally low yielding. 
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Since the cellular uptake of NTPs is a major challenge, researchers have turned to supplying 

cells with simpler building blocks that can be metabolically activated to NTPs. This process 

relies on the nucleotide salvage pathway, a multi-enzyme cascade that is responsible for 

converting nucleotide precursors such as nucleobases, nucleosides, and nucleotide mono/di-

phosphates into NTPs (Figure 1). Most often, the nucleotide precursor of choice is the 

nucleoside. Nucleosides are synthetically accessible and modifications can be incorporated on 

the nucleobase or on the ribose sugar. Selective incorporation into RNA or DNA can be biased 

by the usage of ribonucleosides or deoxyribonucleosides, respectively. In addition, while 

nucleosides are polar compounds and therefore not predicted to be particularly cell permeable, 

their uptake is aided by nucleoside transporters17 that possess broad substrate tolerance for 

purine and pyrimidine nucleosides. Once in the cell, nucleosides must be phosphorylated three 

times by a combination of nucleoside and nucleotide kinases before they can be utilized by RNA 

polymerases. A related approach, designed to obviate the need for phosphorylation by 

nucleoside or nucleotide kinases, involves the delivery of protected nucleotide analogues in the 

form of phosphoramidate18 or phosphate ester prodrugs19 (Figure 1). Since the negative charge 

on the phosphate is masked, these compounds can enter cells through passive diffusion where 

they must then be converted into the native nucleotide by cellular esterases. One of the most 

common prodrug approaches is the “ProTide” strategy developed by McGuigan and co-

workers20 for delivering nucleoside monophosphates (NMPs) to cells (thereby bypassing the 

first cellular phosphorylation step). While ProTide compounds have been developed as antiviral 

drugs, the efficiency of the unmasking process is highly dependent on the expression of certain 

esterase enzymes and therefore the general application of this approach to RNA metabolic 

labeling in model cell lines has not been widely pursued.

Once a suitable modified nucleotide and labeling approach have been chosen, several 

requirements must be met. First, the modification needs to be compatible with RNA 
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polymerases. Typically, this precludes the use of modifications that grossly perturb Watson-

Crick base pairing or that interfere with polymerization, for instance by modification of the 3’ 

hydroxyl. Interestingly, W-C pairing is not a formal requirement for nucleotide polymerization as 

hydrophobic base pairs can be tolerated by DNA and RNA polymerases21-23, although the 

general shape of the nucleobase and base pair must still be accommodated by the polymerase 

active site. There is considerably more flexibility on the non-Watson-Crick face of the 

nucleobase, and RNA polymerases have been shown to tolerate large modifications at the C5 

position of pyrimidines24. Next, when feeding a modified nucleoside or other nucleotide 

precursor, the modified structure must be compatible with the nucleotide salvage pathway. 

Phosphorylation by nucleoside kinases to the NMP, in particular, has been shown to be 

particularly stringent, and is often the limiting step for the activation of modified nucleosides25. 

Another important consideration is the toxicity of the metabolic label. Toxicity can arise from 

several factors. For one, incorporation into RNA is often associated with cytotoxicity, 

presumably through interference with various steps of RNA processing, modification, translation 

or metabolism26, 27. Additionally, when performing metabolic labeling with a modified nucleoside, 

the nucleoside itself, or any of its metabolic nucleotide products can also interfere with cellular 

processes, typically through inhibition of enzymes involved in nucleotide metabolism28. While 

some amount of toxicity when using an artificial nucleotide is usually unavoidable, the degree to 

which this can be tolerated is determined by the particular experimental setup. Finally, the type 

of label must be chosen carefully based upon the goals of the experiment. In the following 

sections we will discuss the available modified nucleotides that can be used for RNA metabolic 

labeling experiments and the applications made possible by these structures.

3. RNA synthesis and turnover

Perhaps the most widespread application of RNA metabolic labeling is for the study of RNA 

synthesis and turnover dynamics (Figure 2). Since standard RNA-seq analysis provides only a 
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snapshot of the transcriptome frozen in time, there is a clear utility in probes that allow for the 

direct investigation of RNA metabolism, as these probes can provide temporal insight into 

transcriptional programs and enable the quantitation of the relative stability of RNA transcripts. 

Two types of experiments are typically performed to study RNA dynamics –“pulse” experiments 

can label newly synthesized transcripts at any particular time, whereas “pulse-chase” 

experiments enable the measurement of RNA half-life during the “chase”. As with other 

biopolymers, the earliest implementations of RNA metabolic labeling utilized radioisotopes. This 

approach, often performed with 3H-uridine (Figure 2)29, benefits from efficient labeling 

stoichiometry and minimal perturbation to the native nucleotide structure. However, working with 

radioisotopes poses a number of technical and operational challenges and researchers have 

moved away from these reagents when possible. Moreover, radioisotopes are not compatible 

with RNA-seq workflows and are typically applied to study either the bulk population or 

individual transcripts.

A major advance in RNA metabolic labeling came in the use of 5-bromouridine (BrU) (Figure 2). 

This C5-modified nucleoside is readily available, recognized by the nucleotide salvage pathway, 

and minimally toxic. Detection or affinity isolation of BrU-containing RNAs can be accomplished 

using a BrU-specific monoclonal antibody30. With the development of Next-Generation 

Sequencing (NGS) technology, RNA labeling with BrU has been applied to measure RNA 

stability transcriptome-wide – a method that has been named bromouridine immunoprecipitation 

chase-deep sequencing analysis (BRIC-seq)31. 

While BrU-labeling has been widely used, the requirement for antibody detection makes this 

workflow reagent and labor intensive and also limits its immunostaining application to 

specimens that are easily antibody permeated. With innovations in biorthogonal labeling and 

nucleotide chemistry, further development in RNA metabolic labeling has focused on modified 
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nucleosides that are amenable to functionalization via bioorthogonal chemistry as well as those 

that allow for measurement of RNA dynamics without the need for affinity isolation. The first 

bioorthogonal ribonucleoside used for transcriptomic analysis, 5-ethynyluridine (EU) (Figure 2), 

was developed by Jao and Salic in 200832. After incorporation, EU-labeled RNA can be 

detected in fixed cells by fluorescence microscopy using Cu-catalyzed azide-alkyne 

cycloaddition (CuACC) with an azide-conjugated fluorophore. Alternatively, CuACC labeling with 

azide-conjugated biotin can be performed on purified RNA in order to affinity isolate the EU-

labeled RNA for RNA-seq analysis. Due to the lability of RNA, modified CuACC conditions must 

be employed in order to minimize RNA degradation33. The versatility of EU, simplicity of use, 

and its ability to broadly label the transcriptome has made it a popular metabolic label for RNA 

synthesis and turnover analysis. In addition to EU, several alkyne-containing ribonucleosides 

have been shown to be suitable for RNA metabolic labeling including 2-ethynyladenosine34, N6-

propargyladenosine35, and 5-ethynylcytidine36 (Figure 2). The nucleotide metabolites of the 

alkyne-containing adenosine analogs are incorporated both transcriptionally by RNA 

polymerases and post-transcriptionally by poly(A)-polymerase enzymes enabling their use in the 

study of polyadenylation dynamics. 5-ethynylcytidine has similar labeling properties to 5-

ethynyluridine but is metabolized more rapidly.

The rate enhancement afforded by Cu(I)-catalysis makes CuAAC chemistry well-suited for 

bioconjugation reactions in fixed cells as it is rapid and has low background. However, the use 

of CuAAC on purified RNA is challenging due to Cu(I)-mediated RNA degradation, and CuAAC 

is toxic to living cells. Therefore, it can be preferable to incorporate an azido group into RNA 

since it can be further derivatized using the Cu-free strain-promoted azide-alkyne cycyloaddition 

(SPAAC) reaction37 which is significantly milder than CuAAC chemistry. In contrast to alkyne-

modified ribonucleosides, which have been typically prepared by modification of the 

nucleobase, azido modifications have been primarily incorporated in place of the ribose 2’-
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hydroxyl (Figure 2). Spitale and co-workers demonstrated the efficient metabolic incorporation 

of 2’-azidoadenosine into cellular RNA38. Similar to the alkyne-containing adenosine analogs, 2’-

azidoadenosine is incorporated transcriptionally by RNA polymerase enzymes and post-

transcriptionally by poly(A)polymerases. Additional azido-modified nucleosides have been used 

for RNA metabolic labeling through the manipulation of enzymes in the nucleotide salvage 

pathway. Our group showed that 5-azidomethyluridine can be incorporated into cellular RNA by 

expression of a mutated version of the nucleoside kinase UCK2 containing an expanded active 

site25, and can be used for live cell imaging of azido-modified RNA after in-cell functionalization 

with a BODIPY-BCN fluorophore. Analogously, overexpression of wild-type UCK2 or the 

deoxynucleoside kinase dCK enables RNA labeling with 2’-azidouridine39 or 2’-azidocytidine40, 

respectively. These examples illustrate the critical importance of the nucleotide salvage pathway 

enzymes for RNA metabolic labeling, and also provide opportunities for tissue-specific 

metabolic labeling through targeted expression and engineering of nucleoside kinase enzymes.

While click chemistry and BrU-antibody detection provide powerful platforms to image RNA 

synthesis in cells, affinity enrichment of nascent RNA for RNA-seq analysis does not require 

derivatization of labeled RNA in the complex cellular environment. Instead, total cellular RNA 

can be first extracted and functionalization of labeled RNA with biotin or other reagent can be 

performed on purified RNA in vitro. This greatly expands the scope of accessible bioconjugation 

chemistry since native RNA contains few strong nucleophilic or electrophilic functional groups. 

One of the most versatile metabolic labels that provides an orthogonal handle for reactivity on 

purified RNA is the modified nucleoside 4-thiouridine (4-SU) (Figure 2). 4-thiouridine has been 

widely used in a number of transcriptomic studies to measure RNA synthesis and degradation 

across a large number of transcripts41-50. 4-thiouridine is readily accepted by the nucleotide 

salvage pathway and its triphosphate is installed in place of native uridine residues. In cells that 

express uracil phosphoribosyltransferase (UPRT) enzyme, labeling can also be performed using 
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the 4-thiouracil nucleobase51, 52. 4-SU-labeled RNA can be subjected to multiple modes of thiol-

specific reactivity including alkylation, disulfide formation, and oxidative-nucleophilic aromatic 

substitution. These reactions can be used to distinguish newly synthesized 4-SU-containing 

RNA from unmodified RNA using primarily two approaches: 1) affinity isolation after appending 

biotin or other suitable affinity handle; and 2) mutational analysis of chemically recoded 4-SU 

residues. Due to the variability inherent in pulldown-based methods, approaches in the second 

category such as SLAM-seq42, TimeLapse-seq41, and TUC-seq53, which do not require 

biochemical enrichment, offer considerable advantages. Affinity-based enrichment approaches 

offer higher sensitivity, which is important when metabolic labeling is performed for short periods 

of time. Chemical recoding of a modified base has also been reported for metabolically 

incorporated N6-allyladenosine (Figure 2)54, which can be cyclized in an iodine-dependent 

reaction to result in mutations upon reverse transcription. Metabolic incorporation of N6-

allyladenosine is much lower than that of pyrimidine nucleosides like 4-SU, which has precluded 

the widespread use of this derivative.

Instead of chemical recoding or affinity enrichment, a recent strategy for measuring RNA 

turnover relies upon direct RNA sequencing using nanopores (commercialized by Oxford 

Nanopore Technologies) to detect metabolic labeling events. In this approach, known as Nano-

ID55, the modified nucleoside is detected directly in RNA through perturbations in the nanopore 

current. Appropriate selection of nucleoside is critical since compatibility with nanopore 

sequencing and detection efficiency is unknown for most modified nucleosides. Maier et al.55 

demonstrated that 5-EU can be reliably detected, whereas other structures failed to produce 

distinctive signatures or resulted in truncated nanopore reads. This approach has several 

advantages in that long-read nanopore sequencing can discriminate between RNA isoforms and 

direct label detection does not require chemical treatment or biochemical enrichment of RNA 

prior to sequencing. However, currently nanopore sequencing lacks the throughput provided by 
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short-read NGS platforms limiting the number of RNA transcripts that can be studied in a single 

experiment.

4. RNA binding proteins and modifying enzymes

In addition to studying transcriptome dynamics through RNA sequencing, another major 

application of RNA metabolic labeling is to investigate biochemical interactions between RNA 

and associated RNA-binding proteins that occur within the cell (Figure 3). RNA-protein 

interactions can be mapped transcriptome-wide using crosslinking and immunoprecipitation 

sequencing combined with high-throughput sequencing (CLIP-seq or HITS-CLIP)56, 57. These 

studies are critical for characterizing the RNA clients of an individual RNA binding protein, which 

typically reveal insight into its biological role. While RNA-protein interactions can be covalently 

crosslinked in situ by exposing cells to short wavelength UV (~254 nm), the efficiency of 

crosslinking is low and short wavelength UV irradiation can be damaging to biomolecules. An 

improvement over conventional UV crosslinking with native nucleobases can be achieved by the 

incorporation of photoreactive nucleosides into RNA. A number of photoreactive nucleotide 

have been studied in vitro, but the most widely used nucleotide for in-cell crosslinking is 4-

thiouridine (4-SU) (Figure 3). This is due to its high photoreactivity and similarity in size to native 

uridine. Tuschl and co-workers explored RNA labeling and protein-RNA crosslinking with 

different modified nucleosides including 4-SU, 6-thioguanosine (6-SG), and 5-iodouridine (5-IU) 

in the development of the PAR-CLIP58 approach that relies upon metabolic labeling prior to 

crosslinking, immunoprecipitation and sequencing; they ultimately settled on 4-SU as a superior 

photoreactive nucleoside. In addition to affording higher yield of RNA-protein crosslinking, 

bonafide 4-SU-mediated crosslinks can be more confidently distinguished from non-specific 

background contamination and mapped at near nucleotide resolution by relying upon 

characteristic T to C mutations occurring at the site of RNA-protein binding. Another application 
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of 4-SU-induced protein-RNA crosslinking is to characterize the complement of RNA binding 

proteins in a particular sample. This method is termed “RNA interactome capture”59, 60 and 

involves RNA-protein enrichment through denaturing antisense oligo-dT pulldown and mass 

spectrometry-based proteomics after metabolic labeling and in-cell crosslinking with 4-SU. 

Related approaches for studying RNA-binding proteins relying upon 4-SU-mediated protein-

RNA crosslinking have also been described including RBR-ID61, TRAPP62, CARIC63, XRNAX64, 

and OOPS65. 

While UV-crosslinking provides a general method to stabilize diverse RBP-RNA interactions, 

more specialized metabolic labeling approaches have been developed to study RNA modifying 

enzymes and identify their associated RNA modification sites at single-nucleotide resolution. In 

particular, while UV crosslinking can capture binding events between RNA modifying enzymes 

and RNA transcripts, it cannot distinguish between catalytic and non-catalytic RNA-substrate 

interactions. Further, UV crosslinking can happen at a site distal to the modification site, which 

limits the resolution of modification mapping. In order to address these limitations, a 

mechanism-based nucleoside probe that is specific to the particular RNA modifying enzyme 

family of interest can be used as a metabolic label. When incorporation of the modified 

nucleoside overlaps with the substrate site of an RNA modifying enzyme, and assuming that the 

modified nucleoside does not perturb enzyme-substrate recognition, a covalent crosslink may 

be formed. This enables the profiling of RNA modification sites transcriptome-wide through 

CLIP-seq based methodology. While such an approach is appealing in concept, it is limited to 

RNA modifying enzymes for which suitable mechanism-based nucleoside probes have been 

identified. One such example is RNA 5-methylcytidine (m5C) methyltransferases66.  In mammals 

these enzymes fall into the NSUN/DNMT family of proteins, and act upon diverse RNA 

substrates. All known RNA m5C MTases rely upon a similar thymidylate-synthase-like catalytic 

mechanism involving the formation of a covalent enzyme-substrate intermediate through an 
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essential cysteine residue in the protein. Typically, a second cysteine residue catalyzes beta-

elimination and enzyme release after methylation by SAM or other suitable methyl donor. This 

mechanism lends itself to covalent inhibition since modification of the cytosine C5 position in a 

manner that prevents beta-elimination can result in a stable RNA-protein adduct. Cairns and 

Khoddami applied this chemistry in their “Aza-IP”67 approach to profile the substrates of the m5C 

methyltransferases NSUN2 and DNMT2 through metabolic labeling of RNA with 5-azacytidine 

(5-AzaC) feeding (Figure 3). More recently, 5-fluorouracil (Figure 3) was utilized to profile the 

substrates of the 5-methyluridine (m5U) methyltransferase TRMT2A68, which forms an 

analogous enzyme-RNA substrate intermediate to that of the m5C RNA methyltransferases. 

These strategies lay the groundwork for applying analogous mechanism-based crosslinking 

approaches to other classes of RNA modifying enzymes, however relatively few RNA modifying 

enzymes are known to form covalent intermediates with their substrates, therefore more 

general, reactivity-based crosslinking chemistry may be required for these efforts. Our group 

has recently developed a reactivity-based method to profile RNA modifying enzyme activity in 

native samples that we named RNA-mediated activity-based protein profiling (RNABPP)69. 

RNABPP combines metabolic labeling with modified nucleoside probes, RNA-protein 

enrichment and quantitative mass spectrometry-based proteomics in order to identify RNA 

modifying enzymes that form covalent adducts with a candidate modified nucleoside. This 

strategy not only reports on enzyme activity and catalytic mechanism in cells, but also provides 

nucleoside probes for characterizing RNA modifying enzyme substrates using catalytic CLIP 

methods. In our first demonstration of this approach, we profiled RNA modifying enzymes that 

react with 5-fluoropyrimidines (Figure 3) showing that the uncharacterized human dihydrouridine 

synthase enzyme DUS3L crosslinks with 5-fluorouridine-containing RNA. We further employed 

catalytic crosslinking and sequencing to profile the substrates of DUS3L for the first time. 

Adaptation of our approach to other modified ribonucleosides compatible with metabolic labeling 

will allow further characterization of the RNA modifying proteome.
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While lying outside the scope of this review, which is focused on metabolic labeling with 

ribonucleosides, it is worth noting that studies of RNA modifications (in particular, m6A) and 

RNA modifying enzymes have also relied upon modified SAM analogs (generated metabolically 

by feeding homocysteine derivatives) to install modifications in cellular RNA in an enzyme-

dependent fashion70, 71.

5. Discussion 

The incorporation of chemically modified ribonucleosides into cellular RNA has opened up a 

number of new avenues for transcriptomic study. As described in this review, when combined 

with Next Generation Sequencing, mass-spectrometry based proteomics, or fluorescence 

imaging, these nucleoside probes enable the analysis of RNA transcript dynamics, modification 

status, and associated proteins in cells and in whole organisms. Given the availability of these 

platforms and of many modified nucleosides, we anticipate that the adoption of RNA metabolic 

labeling approaches will become increasingly more commonplace among the RNA biology 

community.

Moving forward, there is a clear need to expand the rather limited repertoire of modified 

ribonucleosides that can be used for metabolic labeling in order to further our ability to probe 

RNA behavior in biological systems. Here, we propose several possible directions for further 

development. First, methods for live cell imaging of RNA are primarily limited to the investigation 

of individual transcripts using artificial reporter tags. This can be accomplished by expressing a 

fusion of the MS2 hairpin72 or a fluorescent RNA aptamer (e.g. Spinach, Mango, etc.)73 to the 

RNA transcript of interest in cells, or synthesizing a fluorescently labeled RNA in vitro followed 

by cellular transfection74. In order to image bulk RNA synthesis or turnover, SPAAC labeling of a 

metabolically incorporated azido-nucleosides has been used25, 38, however, the reaction kinetics 
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and high background leave room for optimization, and extensive “wash-out” procedures must be 

used to eliminate background originating from the free, unconjugated fluorophore. Therefore, 

the development of novel bioorthogonal reactions with faster kinetics and “turn-on” fluorescence 

together with the appropriate modified nucleosides have the potential to advance research in 

this area. One such example is the tetrazine ligation75, and vinylpyrimidine derivatives have 

been shown to be compatible with metabolic labeling76, however live cell labeling and RNA 

imaging using this strategy has yet to be reported. A complementary approach to live cell RNA 

imaging would involve the application of fluorescent nucleosides that can be directly 

incorporated during cellular RNA synthesis. While a number of fluorescent nucleoside-based 

compounds have been reported and applied in vitro77, currently it is unknown whether any of 

these structures would be compatible with the nucleotide salvage pathway and suitable for 

metabolic labeling. Further many of the nucleoside-based fluorophores have spectral properties 

that are not ideally suited for cellular imaging. Nevertheless, this type of approach would obviate 

the need for post-transcriptional fluorophore conjugation, which is often a major source of 

background fluorescence. In addition, the incorporation of fluorescent nucleosides directly into 

the transcript would also open opportunities beyond studying RNA localization, such as 

quantifying RNA structure and microenvironment. 

Another emerging strategy in RNA biology is the crosslinking of RNA modifying enzymes and 

their substrates with mechanism-based probes for identifying RNA modification sites using Next 

Generation Sequencing. These chemical crosslinking strategies have relied upon metabolic 

incorporated nucleosides and nucleobases, but currently few such examples have been 

reported. Given the broad interest in RNA modifications and their regulatory role, as well as the 

large array of post-transcriptional RNA modifications and corresponding writer enzymes, 

identification of novel activity-based probes for RNA modification writer enzymes should be 
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prioritized. These may also serve as starting points for inhibitors and biophysical probes of 

these enzymes.

While bulk RNA incorporation is often the goal of metabolic labeling experiments, targeted 

labeling can also be of great utility. Enzymes involved in nucleoside metabolism can be tethered 

to certain subcellular compartments to bias the generation of modified NTPs in the area of 

interest78. In addition, some modified nucleosides show specificity for certain RNA polymerases 

or template-independent polymerase enzymes40, although the basis of this behavior is not well 

understood. Further exploration of these ideas will provide more robust approaches for 

transcript and polymerase-specific metabolic labeling.

Finally, the viability of RNA metabolic labeling strategies and expansion of these approaches 

depends on robust and general methods to introduce probes into cellular RNA. Currently, our 

understanding of delivery and incorporation strategies for modified nucleotide probes is largely 

anecdotal. Moving forward, a more systematic analysis of each individual approach will be 

beneficial to the field and will hopefully lead to a unified toolbox for metabolic labeling integrating 

nucleoside chemistry, protein engineering, and nucleotide pro-drug strategies.
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Figure Legends

Figure 1. Methods for the metabolic incorporation of modified nucleotides.

Figure 2. Modified ribonucleosides for studying RNA synthesis and degradation.

Figure 3. Modified ribonucleosides for studying RNA-associated binding proteins and enzymes.

TOC legend. This review summarizes recent developments in metabolic labeling of RNA to 
study RNA synthesis and turnover, RNA binding proteins, and RNA modifications and modifying 
enzymes.
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