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RNA is fundamental to all life, governing gene expression, regulating biological processes, and influenc-
ing growth, development, and cellular metabolism. However, elucidating the precise mechanisms of
these functions requires methods to probe the complex structure, dynamics, and interactions of RNA
molecules. In recent years, RNA segment-selective labeling has emerged as an essential technique for
studying RNA structure, function, and dynamics. We classify various RNA segmental labeling methods
based on their underlying principles into three categories: chemical methods (including solid-phase
synthesis labeling and post-synthesis RNA chemical ligation), ligase-based methods (such as T4
RNA/DNA ligases, deoxyribozymes, and ribozymes), and polymerase-based methods (by DNA poly-
merase and T7 RNA polymerase). Each method has its unique characteristics and needs to be selected
according to specific experimental requirements. Despite significant progress, current methods still
face challenges. This review focuses on RNA segment-selective labeling techniques, exploring their un-
derlying principles, advantages, limitations, and applications. The aim is to provide a foundation for de-
veloping novel RNA segmental labeling techniques with broader application potential in the future.
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INTRODUCTION

RNA stands as a cornerstone of life, orchestrating vital
processes from genetic information transfer to dynamic
regulation of cellular functions. Beyond its classical role
as a messenger between DNA and proteins, RNA
exhibits remarkable functional versatility, including
catalyzing biochemical reactions (e.g., ribozymes)
(Serganov and Patel 2007), modulating gene expression
(e.g., miRNAs) (Bartel 2018), and serving as a structural
scaffold (e.g., ribosomal RNA) (Staley and Woolford
2009). The functional diversity of RNAs arises from
their remarkable ability to form complex hierarchical
structures on their own or in complex with binding
partners and undergo structural changes in response to
variations of cellular and environmental conditions
(Ganser et al. 2019; Xu et al. 2022). Consequently,
deciphering RNA structure-function relationships has
become a pivotal frontier in life sciences, essential for
unraveling the mysteries of life and developing RNA-
based therapies.

In-depth research into the higher-order structure
and conformational dynamics of RNA is undoubtedly
the key to unlocking the mysteries of RNA’s functional
mechanisms. However, how to obtain this key remains
a formidable challenge. Traditional structural biology
techniques, such as X-ray crystallography (XRC) and
cryo-electron microscopy (Cryo-EM), struggle with
RNA’s inherent flexibility, transient conformational
states, and susceptibility to degradation (Westhof and
Leontis 2021). Nuclear magnetic resonance (NMR) spec-
troscopy and small-angle X-ray and neutron scattering
(SAXS/SANS) are powerful tools for characterizing the
structure and dynamic processes of RNA or RNA-ligand
complexes (Hu et al. 2022). However, NMR is limited to
RNA sequences that are 40-60 nucleotides in length. As
the molecular weight increases, severe signal overlap
occurs in the NMR spectra of RNA, which restricts its
use in structural analysis of longer RNA molecules and
RNA-protein complexes (Barnwal et al. 2017). SAXS/
SANS, on the other hand, suffers from relatively low
resolution (Fang et al. 2015). These obstacles hinder
our ability to map RNA structural landscapes and their
functional implications.

RNA-specific labeling techniques, including segment-
selective labeling (also referred to as segment-selective
labeling) and site-specific labeling, provide promising
solutions to these challenges. RNA segment-selective
labeling aims to precisely label specific regions within
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RNA molecules. These target regions can consist of one
or more segments, which are labeled using various
labeling agents such as fluorescent dyes, radioactive
isotopes, chemical modifications, or other detectable
molecular tags (Fig. 1A). Site-specific labeling targets
individual nucleotide positions within an RNA molecule,
allowing for precise localization of individual nucleo-
tides and providing information about local interac-
tions (Huang and Fang 2023), but may lack the context
of larger functional domains. In contrast, RNA segmen-
tal labeling focuses on larger, defined regions within
the RNA molecule, which expands our ability to study
RNA structure and dynamics at the domain level,
thereby providing a more comprehensive understand-
ing of RNA overall structural dynamics and functional
properties. Consequently, segment-selective labeling
is often employed to study the relative orientation,
dynamics, and interactions of entire structural domains,
while site-specific labeling is ideal for interrogating
local structural features or nucleotide-level interactions.
The strategic application of RNA segment-selective
labeling is revolutionizing RNA structural biology. By
isotopically labeling specific RNA segments, NMR
spectra can be simplified, helping to avoid confusion
caused by signal overlap, thus breaking through the
molecular weight limit of RNA that can be studied by
NMR (Barnwal et al. 2017). Selective deuteration of
RNA segments, combined with contrast variation, en-
ables the determination of the relative spatial posi-
tioning of different structural domains or components
within multi-domain RNA and its complexes in SANS
studies (Hennig et al. 2013). For XRC, incorporating 2’-
methylseleno modifications into specific regions of RNA
molecules can, to some extent, aid in crystallization
(Hobartner et al. 2005). RNA segmental labeling is a
powerful tool that expands the application range of NMR,
SANS, and XRC in RNA structural biology. By applying
RNA segment-selective labeling techniques, researchers
can more easily obtain high-resolution RNA structures,
study conformational dynamics, and explore RNA-
protein interactions, all of which are difficult to achieve
with traditional methods.

This review will primarily focus on the method-
ologies of RNA segment-selective labeling. We will
categorize these methods based on their underlying
labeling principles (Fig. 1B), providing a compre-
hensive overview of existing techniques. For each
method, we will discuss its fundamental principles,
inherent advantages and limitations, and relevant
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Fig. 1 A Schematic illustration of RNA labelled segments and their potential applications. B Classification of RNA segmental labeling

methods

applications, particularly within the context of RNA
structural biology. Acknowledging that challenges and
limitations still exist despite the progress in RNA seg-
mental labeling, this work aims to serve as a valuable
resource and inspiration for future innovations in RNA
segment-selective labeling methodologies.

CHEMICAL METHODS
Solid phase synthesis

The most common chemical method for RNA segmental
labeling is solid phase chemical synthesis by phospho-
ramidite approaches (Gait 1984), in which modified
nucleotides are used as substrates to introduce the
label groups to RNA (Chow et al. 2008). In this strategy,
an activated nucleoside phosphoramidite reaction with

© The Author(s) 2025

a solid-support-bound nucleoside is used to synthesize
the desired RNA sequence in the 3’ to 5’ direction. This
technique facilitates the synthesis of RNA with either
whole labelling or specific labelling, as demonstrated by
the introduction of isotope labels (Becette et al. 2019),
fluorophores (Kirk et al. 2001), spin labels (Domnick et
al. 2020; Hobartner et al. 2012; Weinrich et al. 2017),
and other functional groups (Fig. 2).

The phosphoramidite method involves removing the
4,4’-dimethoxytrityl (DMTr) protecting group from the
5’-hydroxyl (OH) of the 3’-nucleoside using trichloro-
acetic or dichloroacetic acid. Subsequently, the nucleo-
philic 5’-OH attacks the activated phosphoramidite,
forming a phosphite triester bond that couples the two
nucleosides. Unreacted 3’-nucleosides are then capped
by acetylation of the 5’-OH groups to ensure the
accuracy of the RNA sequence. Finally, the phosphite
triester is oxidized to a phosphotriester with either
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Fig. 2 The labeled RNA segments were synthesized by a solid-phase chemical synthesizer. Fluorophore-labeled monomers (green),
isotope-labeled monomers (purple), spin-labeled monomers (red), and unlabeled monomers (gray). X denotes different nucleotides (A,
U, G, or C). These monomers undergo a controlled assembly process in the synthesizer, where they are incorporated into the RNA se-
quence, resulting in an RNA molecule with specifically labeled segments

iodine (I;) or tert-butyl hydroperoxide. These steps
repeat until the entire RNA sequence is synthesized
(Becette et al. 2019; Glazier et al. 2020). The addition of
protective groups to the 2’-hydroxyl group, such as the
tert-butyldimethylsilyl (tBDMS) group, [(triisopropylsil-
yl) oxy]methyl (TOM) group, and 2’-cyanoethoxymethyl
(CEM) group, is employed as a means of precluding the
occurrence of side reactions in the synthesis of RNA
(Somoza 2008). At the same time, the efficiency of
long RNA coupling is reduced due to the large steric
hindrance generated by these protective groups (El-
Sagheer and Brown 2010). Phosphodiester backbone
cleavage and 3’ to 2’ phosphate migration also take
place during the removal of 2’-protecting groups (El-
Sagheer and Brown 2010), which makes large quanti-
ties of produce of target-modified RNA more difficult.
Therefore, RNA synthesis over 50 nucleotides faces
problems such as poor yield and impure product.
Isotopically labeled phosphoramidite monomers are
widely used in RNA structural biology studies. Micura
et al. first synthesized 2’-Se-methyl-labeled nucleoside
phosphoramidite building blocks and improved the
RNA solid-phase synthesis cycle (Hobartner et al
2005). This advancement allowed the chemical synthe-
sis of multiple Se-labeled RNAs, making them suitable
for X-ray crystallography studies (Hobartner et al
2005). Solid-phase synthesis enables segment-selective
labelling by precisely controlling the incorporation of
modified monomers during the synthesis cycle. For
example, when targeting a specific functional domain of
RNA (e.g., the P3 stem of the PreQ class-II riboswitch),
only labeled monomers (e.g., °N(3)-uridine for isotope
labelling) are used during the synthesis of this domain’s
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nucleotide sequence, while unlabeled monomers are
used for other regions (Neuner et al. 2015). This strat-
egy avoids non-specific labeling and ensures that the
label is confined to the region of interest - consistent
with the technique’s ability to generate RNA with
“either whole labelling or specific labelling”. Strebitzer
et al. demonstrated the potential of investigating the
conformational dynamics of the epsilon (¢) RNA
element of the duck Hepatitis B virus (dHBVe) with
atom-specific 3C-labeling (Strebitzer et al. 2018). Simi-
larly, the introduction of fluorescent probes like 2-
Aminopurine (2AP) incorporated into the hammerhead
ribozyme cleavage site can be used as a real-time probe
of enzymatic cleavage and inhibition (Kirk et al. 2001).
Spin labels are stably introduced into RNA by solid-
phase synthesis for electron paramagnetic resonance
(EPR) study of RNA structure (Domnick et al. 2020;
Hobartner et al. 2012; Weinrich et al. 2017). How-
ever, the direct incorporation of modified nucleotides
encounters several challenges. Reaction conditions
restrict the types of nucleoside modifications that can
be introduced, and the synthesis length is limited by
reaction efficiency.

Post-synthetic RNA chemical ligation

During solid phase synthesis, RNA molecules are typi-
cally limited to a length of 70-80 nucleotides (Obi and
Chen 2021). Beyond this range, synthesis becomes
significantly more challenging and costly. Post-
synthetic chemical ligation offers a practical solution by
first obtaining two RNA fragments through synthesis or
transcription and then joining them using chemical
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reactions to produce segmentally labeled RNA.

Post-synthetic chemical ligation creates non-natural
linkages to join two RNA strands, with strategies in-
cluding periodate chemistry, thiol chemistry, click
chemistry, and BrCN/EDC-based chemical ligation
methods (Depmeier et al. 2021). This approach shares
conceptual parallels with native chemical ligation (NCL)
in protein synthesis, a well-established technique for
joining unprotected peptide segments via thioester-
mediated transacylation (Dawson et al 1994). Both
RNA chemical ligation and protein NCL enable the
assembly of large biomolecules from smaller fragments,
facilitating access to modified or otherwise inaccessible
constructs, but their underlying mechanisms and chal-
lenges differ substantially. In protein NCL, the reaction
proceeds via nucleophilic attack of a cysteine thiol on a
thioester group in the target peptide, followed by a
spontaneous S—N acyl shift to form a native peptide
bond - all under near-physiological conditions without
requiring protecting groups (Conibear et al. 2018). In
contrast, RNA chemical ligation relies on distinct
chemistries: periodate oxidation cleaves ribose 2’,3’-
diols to generate dialdehydes, which undergo reductive
amination to form morpholino linkages (Kurata et al.
2003); and click chemistry (e.g., CuAAC) uses azide-
alkyne cycloaddition to generate stable triazole link-
ages (El-Sagheer and Brown 2010). Unlike NCL, RNA
ligation often requires pre-installed functional groups
(e.g., azides, alkynes) via solid-phase synthesis, analo-
gous to thioester installation in peptides for NCL.

The periodate reaction specifically targets the ribose
2’,3’-diol, making it RNA-specific. Wincott and col-
leagues utilized this method to produce morpholino-
linked ribozymes (Bellon et al. 1996). They found that
ribozymes with morpholino linkages retained normal
functionality and offered higher yields and easier
purification compared to RNA synthesis (Bellon et al.
1996). Thiol-based chemical ligation features the
formation of a disulfide bond to covalently link two
RNA fragments. Collins et al. developed a method to
join two RNA strands through disulfide bonds under
Mg?*-free conditions and applied it to ligate RG
ribozymes (Jaikaran et al. 2008). Comparing the wild-
type RG ribozyme with the ligated RGssG ribozyme,
they observed that the disulfide bond had no adverse
effect on cis-cleavage kinetics (Jaikaran et al. 2008).

Click chemistry proceeds under mild reaction
conditions and in suitable solvents, offering high yields
with negligible by-product formation. It provides new
opportunities for the stable and efficient ligation of
RNA fragments (Paredes and Das 2011). Among them,
the copper (I)-catalyzed azide-alkyne cycloaddition
(CuAAC) reaction, which was discovered independently
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by Sharpless and Meldal in 2002, could selectively
introduce further modifications like fluorophores,
affinity tags (i.e. biotin) and so on. As shown in Fig. 34,
two separate RNA fragments, with their 3’ and 5’ ends
modified by alkyne and azide (N3) group, respectively,
are joined through a stable triazole ring formed via a
CuAAC click reaction. This method is commonly used to
ligate shorter RNA fragments to obtain longer, modified,
or segmentally labeled RNA molecules. The non-native
triazole bonds introduced by click chemistry do not
affect RNA function and can even mimic the natural
phosphodiester bond, allowing them to be read through
by DNA and RNA polymerases (El-Sagheer and Brown
2015; Paredes and Das 2011). Brown et al. used DNA
containing triazole linkages as a template for PCR
amplification (El-Sagheer and Brown 2012). Their
results demonstrated that triazole linkages do not
interfere with in vitro PCR amplification of DNA. When
the linkage site is located within the coding region, RNA
products transcribed from the template can also be
used for protein expression (El-Sagheer and Brown
2012). For RNA click ligation, El-Sagheer and Brown
mediated the binding of 3’ alkynes and 5’ azides in
hammerhead ribozymes by using splints (El-Sagheer
and Brown 2010). The click hammerhead ribozyme
cleaved its substrate with similar efficiency and
specificity to the native ribozyme, though the unnatural
triazole linkage is located at the active site. This result
proves that the triazole bond, as described in Fig. 34, is
biocompatible. Besides, the ligation of hammerhead
ribozymes, approximately 100 nucleotides in length,
demonstrated that the production of long RNA through
CuAAC chemical ligation is feasible. Frommer et al
demonstrated the binding of the flavine mononucleo-
tide (FMN) to the flavine mononucleotide by preparing
the ypaA aptamer using CuAAC chemical ligation
(Frommer et al. 2014). For the 129-nt ypaA aptamer,
the click connection holds regardless of whether the
azide is at the 5’-terminal of the oligonucleotide or the
alkyne is at the 3’-terminal of the oligonucleotide. At
the same time, despite having two triazole skeleton
bonds, it retains full function in binding its cognate
ligand.

In terms of the specific operation of introducing
azide and alkyne modifications into RNA, solid phase
chemical synthesis is the main pathway. But the azide
group is unstable under phosphoramidite conditions.
Sanzone et al. describe the introduction of azide groups
through substitution reactions with NaN; after solid
phase chemical synthesis (Sanzone et al 2012). H-
phosphonate or phosphotriester strategies have been
successfully employed. Specially designed phospho-
ramides have also been shown to be compatible with
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azides under modified solid-phase synthesis conditions
in this way (Miiggenburg and Miiller 2022). Obviously,
as long as the azido modification is not part of the same
molecule as the phosphoramidite group, the azide re-
mains stable during oligonucleotide synthesis. There-
fore, 3’-terminal azide-modified oligonucleotides can
usually be obtained by solid-phase synthesis of stan-
dard phosphoramides. In contrast, the alkyne group can
be easily incorporated into the 5 or 3’ end of RNA
through solid-phase synthesis (Paredes and Das 2011).
Nevertheless, the introduction of azide and alkynyl
groups still faces the length limitation of solid-phase
chemical synthesis itself. Due to the cytotoxicity of
copper ions, CuAAC is limited to in vitro RNA
modification and ligation (Agard et al 2006). The
development of the strain-promoted azide-alkyne
cycloaddition (SPAAC) reaction, also known as Cu-free
click chemistry, has provided a solution to this issue.
SPAAC was pioneered by Bertozzi and used for the
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covalent modification of biomolecules in living systems.
Examination of the click reactions of alkynes with
oligonucleotides derivatized at the 5’ terminus, 3’
terminus, and at an internal position proves the
feasibility of RNA ligation through SPAAC. For instance,
Nainar et al. reported the use of the SPAAC method for
temporary labeling of nascent RNA in living cells
(Nainar et al. 2017). Therefore, SPAAC presents a
promising strategy for adapting RNA ligation for use
within living systems.

RNA segment-selective labeling is not limited to
small molecular tags; it also enables the incorporation
of nanoscale labels such as gold nanoparticles (AuNPs)
and quantum dots (QDs), which offer unique optical,
electronic, and structural properties. AuNPs, with their
high extinction coefficients and tunable surface plas-
mon resonance, enhance sensitivity in RNA imaging
and sensing (Kumalasari et al. 2024). QDs, charac-
terized by photostability and size-tunable emission,
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enable long-term tracking of RNA dynamics in live cells
(Jaiswal et al. 2003). Incorporating these nanoscale
labels via segmental labeling requires site-specific conju-
gation to RNA segments, often using click chemistry or
thiol-mediated ligation (Sanzone et al. 2012). For
example, AuNPs functionalized with azide groups can
be ligated to alkyne-modified RNA segments via CuAAC,
ensuring precise attachment to target regions. QDs
conjugated to oligonucleotides complementary to a
labeled RNA segment can hybridize selectively, lever-
aging segmental labeling for spatial control. These
labels expand applications into single-molecule imaging,
targeted drug delivery, and ultrasensitive biosensing,
underscoring the versatility of RNA segmental labeling.

The chemical ligation of RNA can also be achieved
using cyanogen bromide (BrCN) or a 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) as activa-
tion agents. These reagents promote the activation of
phosphate groups on RNA to react with nearby hy-
droxyl groups, facilitating the formation of phospho-
diester bonds through condensation reactions (Paredes
et al. 2011). However, despite the theoretical efficiency
of this method, it is significantly limited in practice due
to its low ligation efficiency when applied to RNA. To
address this inefficiency, splints are often employed to
stabilize the alignment of RNA fragments and enhance
the likelihood of successful ligation (Dolinnaya and
Shabarova 1996). Another drawback of this approach is
the unintended formation of 2’-5° phosphodiester
linkages, which deviate from the natural 3’-5’ linkages
in RNA and may compromise the functionality of the
ligated product (Liu et al. 2016). Fig. 3B demonstrates
the stepwise process, highlighting the reaction mech-
anism and the resulting ligation at the distal ends of
RNA precursors.

LIGASE-BASED METHODS

Compared to the previously mentioned chemical meth-
ods, ligase-based methods offer several advantages,
including simplicity of operation, high ligation effi-
ciency, and the formation of natural phosphodiester
bonds that can be recognized by all nucleic acid
processing enzymes. Among the ligases capable of
ligating RNA, the three most widely used enzymes are
derived from the genome of bacteriophage T4, namely
T4 DNA ligase (T4 Dnl), T4 RNA ligase 1 (T4 Rnl1), and
T4 RNA ligase 2 (T4 Rnl2) (Pascal 2008). In addition,
some DNA-based deoxyribozymes and RNA-based
ribozymes also possess the function of catalyzing RNA
ligation.

© The Author(s) 2025

T4 ligase
T4 DNA ligase

T4 Dnl utilizes adenosine triphosphate (ATP) as a
cofactor, can ligate the ends of sequences at nicks in
double-stranded DNA (dsDNA), double-stranded RNA,
or DNA-RNA hybrid strands. The catalytic mechanism
of T4 DNA ligase consists of three steps. First, the e-
amino group of a highly conserved Lys residue in the
ligase performs a nucleophilic attack on the phosphate
ester bond of the cofactor ATP or nicotinamide adenine
dinucleotide (NAD*), forming a covalent ligase-AMP
intermediate and releasing pyrophosphate (PPi) or
nicotinamide mononucleotide (NMN). Subsequently,
the AMP moiety is transferred from the ligase-AMP
intermediate to the 5 phosphate group of the nicked
DNA, resulting in the formation of an adenylated AMP-
DNA intermediate. Finally, the 3’ hydroxyl group of the
opposite strand attacks the adenylated phosphate,
leading to the formation of a phosphodiester bond and
the release of AMP, thereby completing the ligation
reaction, and joining the two nucleic acid strands
(Williamson and Leiros 2019). T4 Dnl requires the
assistance of a bridge strand to connect the unlabeled
RNA fragment and the labeled RNA fragment (Fig. 4A).
The labeled RNA fragment can be obtained through in
vitro transcription or chemical synthesis. The RNA
synthesized by in vitro transcription typically has a 5’
triphosphate group. Therefore, before ligation, RNA
pyrophosphohydrolase (RppH) is used to remove the
pyrophosphate from the 5 end of the triphos-
phorylated RNA, leaving a 5’ monophosphate RNA. It is
important to note that the splint and RNA sequence
must ensure absolute base complementarity to avoid
any gaps at the ligation site (Lohman et al. 2011). Upon
completion of the ligation, deoxyribonuclease (DNase)
can be used to remove the DNA splint.

Allain’s group utilized T4 DNA ligase to connect RNA
fragments modified with 4-thiouridine and unmodi-
fied RNA fragments, thereby producing large RNA
molecules containing two spin labels (Duss et al. 2014).
Subsequently, they measured the long-range distances
within these large RNA molecules using EPR spec-
troscopy. The researchers explored two strategies: first,
ligating the RNA fragments followed by spin labeling;
and second, spin labeling the fragments prior to
ligation. By employing T4 DNA ligase, Allain’s group
successfully ligated multiple RNA fragments to generate
the desired large spin-labeled RNA. In this study, the
yield of the ligation reaction using T4 DNA ligase
typically ranged between 20%-40% (Duss et al. 2014).
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Chen et al. employed T4 Dnl with a splint to synthesize
isotope-labeled C-C chemokine receptor type 5 (CCR5)
RNA fragments (Chen et al. 2018). The CCR5 fragment
is 96 nucleotides in length and contains a pseudoknot
domain. The researchers conducted NMR experiments
on the labeled CCR5 to measure the exchange rates and
populations of different conformational states. By
synthesizing specifically labeled CCR5 RNA fragments
using T4 Dnl, this study overcame the challenge of
spectral overlap often encountered in NMR analyses of
large RNA molecules. The experiments demonstrated
that the interaction between A90-C1’ of the CCR5
pseudoknot and microRNA-1224 stimulates-1 riboso-
mal frameshifting, which is crucial for RNA-RNA
molecular recognition.

T4 RNA ligase

T4 RNA ligase, an RNA end-joining enzyme involved in
RNA repair, splicing, and editing processes, belongs to
the same covalent nucleotidyl transferase superfamily
as T4 DNA ligase (Ho et al. 2004). The catalytic
mechanism of T4 RNA ligase is highly similar to that of
T4 DNA ligase, requiring ATP as a cofactor. It facilitates
the formation of a phosphodiester bond between the 5'-
phosphate end of the donor RNA and the 3’-hydroxyl
end of the acceptor RNA through a classic three-step
reaction analogous to DNA ligase, thereby joining the
two RNA segments together (Nandakumar et al. 2006).
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T4 Rnll primarily catalyzes the ligation of single-
stranded nucleic acids, including single-stranded RNA,
single-stranded RNA-DNA hybrids, and single-stranded
DNA. T4 Rnl1 exhibits the highest ligation efficiency for
RNA-RNA ligation, followed by RNA-DNA ligation, with
the lowest efficiency observed for DNA-DNA ligation.
Consequently, T4 Rnll is seldom used for ligating
single-stranded DNA (Middleton et al. 1985). Due to its
preference for single-stranded RNA substrates, the
enzyme does not require the addition of a splint during
the ligation process (Fig. 4B). If the single-stranded
ends of the donor and acceptor RNA molecules cannot
be brought into close proximity, the catalytic efficiency
of the enzyme is significantly reduced. In such cases, a
splint that is complementary to both the donor and
acceptor RNA sequences can be designed (Fig. 4B). It is
important to note that the splint sequence should not
be fully complementary, and the RNA splint should
retain 2-3 unpaired nucleotides at each end, while the
DNA splint should retain a longer single-stranded
nucleotide sequence. When it comes to the ligation
reaction, T4 Rnll exhibits preferences for the nucleic
acid ends of its substrates. The ligation efficiency for
the 3’ hydroxyl end bases is in the order of A>C > G >
U, while the efficiency for the 5’ phosphate groups is in
the order of pA > pG = pC > pU (McLaughlin et al. 1982).
Wang et al constructed branched oligonucleotides
containing dual cap structures and incorporated them
into the 5’ end of messenger RNA (mRNA) using T4
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Rnll to form multi-capped mRNA. Additionally, they
systematically screened modifications to the 5’ untrans-
lated region (UTR) and 3’ UTR, using a T4 Rnl1-based
segment ligation method. Ultimately, combining the
dual-cap topology engineering and segmental chemical
modifications of the mRNA 5’ UTR and 3’ UTR, they
achieved nearly a tenfold increase in peak protein ex-
pression levels of the luciferase reporter mRNA (Chen
et al. 2025). Stark et al. designed a splint structure that
maintains the nucleotide splice junctions in a single-
stranded state, enabling near-complete completion of
multiple ligation reactions, typically within 30 min.
Using T4 Rnl1, the researchers successfully generated a
128-nt RNA from three re-synthesized RNA fragments,
demonstrating the potential of this method for con-
structing larger RNA molecules (Stark et al. 2006).

T4 Rnl2 is an ATP-dependent nucleic acid ligase
discovered and characterized by Ho et al. in 2002 (Ho
and Shuman 2002). It shares high homology with T4
Rnll but exhibits distinct substrate specificity. In
addition to its activity in catalyzing the ligation of
single-stranded RNA and single-stranded DNA, T4 Rnl2
demonstrates higher catalytic activity and ligation
efficiency when dealing with nicked double-stranded
RNA substrates. Therefore, when using T4 Rnl2 for RNA
ligation, a splint is required as an auxiliary, and this
splint must be perfectly complementary to the RNA
chain ends (Fig. 4C). Lebars et al. designed a natural
RNA fragment and an RNA fragment modified with 6-
thioguanosine (Lebars et al. 2014). They then used T4
Rnl2, assisted by a complementary 43-nt DNA splint, to
ligate the two RNA fragments, forming a full-length
RNA ligation product containing specific thio-modified
nucleotides. The ligation product was subsequently
purified, with an estimated ligation yield of 50%. This
enzymatic method can be used for site-specific spin
labeling of long RNA, with yields sufficient for NMR
studies (Lebars et al. 2014). Combined with isotopic
labeling, this method holds significant potential for
investigating the structure and dynamics of RNA
complexes. Manz et al. constructed five RNA fragments
labeled with fluorescence resonance energy transfer
(FRET) dyes, which were annealed with DNA splints
and then ligated using T4 Rnl2 to obtain a full-length
169-nt S-adenosyl-L-methionine (SAM)-I riboswitch
(Manz et al. 2017). Using single-molecule FRET micros-
copy, the research team identified four conformational
states of the SAM-I riboswitch under different con-
ditions. The conformational energy landscape of the
SAM-I riboswitch was influenced by Mg?* and SAM
ligand concentrations, and the dynamic changes
induced by ligand binding were crucial for its gene
regulatory function (Manz et al. 2017).
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Deoxyribozyme

Deoxyribozymes, also known as DNAzymes, are syn-
thetic DNA molecules selected in vitro through directed
evolution for their catalytic functions. First discovered
by Breaker and Joyce in 1994 (Breaker and Joyce
1994), these DNA molecules were found to catalyze the
cleavage of RNA phosphodiester bonds. Since then, hun-
dreds of deoxyribozymes have been identified, expand-
ing the range of reactions catalyzed by DNAzymes.
Among their various applications, RNA ligation is a
significant function due to its potential in studying RNA
structure and function. In 2003, Silverman et al. first
reported a deoxyribozyme with RNA ligase activity.
However, this enzyme could only form non-native 2’-5’
phosphodiester bonds (Flynn-Charlebois et al. 2003). In
2005, Silverman further identified DNAzymes capable
of forming native 3’-5’ linkages, named 9DB1 and 7DE5
(Purtha et al. 2005). Subsequently, through directed
evolution based on 9DB1, a shorter and more catalyt-
ically efficient deoxyribozyme, 9DB1*, was developed
(Wawrzyniak-Turek and Hoébartner 2014). The 9DB1*
consists of a central catalytic domain of 31-nt flanked
by variable binding arms (Fig. 5). These binding arms
act like a splint, maintaining the proper orientation and
proximity of the RNA fragments to ensure correct
substrate alignment for the catalytic reaction. Upon
binding to the RNA substrate, 9DB1* folds into a
tertiary structure, bringing the 3’-OH group of one RNA
fragment (the acceptor) close to the 5’-triphosphate
group of another RNA fragment (the donor) (Hobartner
2019). This proximity facilitates a nucleophilic attack of
the 3’-OH on the 5’-triphosphate, a reaction catalyzed
by metal ions, typically divalent cations such as Mg?* or
Mn?* (Aranda et al. 2019). This attack results in the
formation of a new 3’-5" phosphodiester bond, thus
producing a covalently linked RNA product (Fig. 5).
9DB1* has sequence restrictions at the ligation site: the
3’ end of the acceptor can be any nucleotides except
cytidine (C), while the 5’ end of the donor RNA must
be either 5-GA or 5-AA (Wawrzyniak-Turek and
Hobartner 2014).

Hobartner et al. successfully utilized 9DB1* to ligate
RNA molecules ranging from 26 to 118-nt in length,
including two spin-labeled SAM riboswitch variants:
SAM-III (53-nt) and SAM-I (118-nt) (Wawrzyniak-
Turek and Hoébartner 2014). The 5’-triphosphate donor
RNA was prepared by in vitro transcription (IVT), while
the labeled acceptor RNA was synthesized using solid-
phase methods. Under the catalysis of 9DB1*, these
RNAs were ligated to form full-length SAM-III and SAM-
I, achieving yields of up to 70%. Compared to the
traditional T4 Dnl ligase, 9DB1* catalyzed ligation does
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not require a 5-monophosphate group, and it yields
higher efficiency with fewer byproducts. Thus, 9DB1*
provides a new and more reliable tool for EPR analysis
of long modified RNAs and has been successfully
applied to the study of the dynamics and secondary
structure of SAM riboswitch domains (Wawrzyniak-
Turek and Hobartner 2014).

Ribozyme

In addition to deoxyribozymes, there are also ribo-
zymes in nature that can catalyze RNA ligation reac-
tions (Lilley 2005). Through directed evolution and
rational design, scientists have engineered these
natural ribozymes to obtain variants with higher
catalytic efficiency and greater substrate specificity
(Bartel and Szostak 1993). Miiller’s group pioneered
the design and construction of a twin ribozyme for RNA
labeling (Welz et al. 2003). This twin ribozyme is
created by tandemly fusing two hairpin ribozymes,
which can excise specific regions of the target RNA and
replace them with synthetic RNA sequences. The
hairpin ribozyme, serving as the core component of the
twin ribozyme, is a naturally occurring small catalytic
RNA capable of reversible cleavage and re-ligation of
RNA fragments. While the hairpin ribozyme exhibits
high flexibility in substrate sequence recognition, a
guanine nucleotide must be present at the 3’ position of
the cleavage/ligation site. The cleavage reaction occurs
through the 2’-OH group of the nucleotide attacking the
adjacent phosphodiester bond, resulting in a 2’,3’-cyclic
phosphodiester bond at one fragment and a free 5’-OH
group at the other. Re-ligation is facilitated by the free
5’-OH group attacking the 2’,3’-cyclic phosphodiester,
forming a 3’,5’-phosphodiester bond and a free 2’-OH
(Ivanov et al. 2005). Miiller’s group fused two hairpin
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ribozymes together, each flanked by two recognition
arms complementary to the target RNA sequence. One
arm also serves as a linker, covalently connecting the
two ribozymes. Upon annealing to the target RNA, each
hairpin ribozyme cleaves at the corresponding cleavage
site. The linking arm, designed with non-paired tetra-
loops, destabilizes the cleaved products. Subsequently,
the labeled RNA fragment to be inserted replaces the
excised fragment (Fig. 6).

The twin ribozyme has been used to replace a 16-nt
segment in an in vitro transcribed 145-nt RNA with a
20-nt labeled RNA fragment. The labeled RNA fragment
was prepared using solid-phase synthesis and incor-
porated an amino-modified deoxythymidine unit. The
introduced amino modification was functionalized with
various fluorescent dyes (such as fluorescein, TAMRA,
Cy5) and affinity probes (such as biotin). Under reac-
tion conditions at 37°C, the yields were approximately
11% and 18%. Increasing the temperature to 55°C led
to a higher yield; however, the optimal reaction con-
ditions were achieved at 47°C, where up to 53% yield of
the dye-labeled 145-mer RNA was obtained (Vauléon et
al. 2005). The use of ribozyme ligation overcomes the
length limitations of RNA solid-phase synthesis and can
be applied to construct RNA probes, RNA aptamers, and
other constructs.

In summary, ligase-based methods provide a ver-
satile toolkit for RNA segmental labeling, each with
distinct advantages and ideal application scenarios. T4
DNA ligase is highly effective for ligating nicks in double-
stranded RNA/DNA hybrids and is widely used for its
ability to generate natural phosphodiester bonds with
the aid of a splint, making it a mainstream choice for
preparing large RNAs for biophysical studies like NMR
and EPR. T4 RNA ligase 1 excels at joining single-
stranded RNA ends without a splint, offering simplicity
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Fig. 6 A schematic diagram of RNA segmental labeling using a twin ribozyme. The labeled RNA fragments are used as substrates, and
through two consecutive cleavage and ligation events, the corresponding segments in the target RNA are replaced

for constructing chimeric RNAs like multi-capped
mRNAs, though its efficiency is influenced by terminal
nucleotides. T4 RNA ligase 2 is particularly valuable
for its high efficiency with splinted, nicked double-
stranded RNA substrates, facilitating the incorporation
of specific modifications for structural biology. Deoxy-
ribozymes (e.g, 9DB1*) offer a purely chemical and
splint-free alternative with high ligation efficiency and
no requirement for a 5’-monophosphate, but their appli-
cation is constrained by specific sequence requirements
at the junction site. Conversely, ribozymes (e.g., the
twin ribozyme) enable the precise replacement of
internal RNA segments through cleavage-religation
mechanisms, overcoming length limitations of solid-
phase synthesis, though often with moderate yields.
The choice among these methods ultimately depends
on the experimental requirements, including the RNA
structure (single-stranded vs. double-stranded at the
junction), the need for natural linkages, sequence con-
straints, desired yield, and the specific application, from
structural analysis to the construction of functional
RNA constructs.

POLYMERASE-BASED METHOD

Segmental labeling of RNA using ligase methods is a
type of post-transcriptional labeling, which often re-
quires additional steps that may result in RNA loss or
contamination. This method is not suitable when large
amounts of labeled RNA or precise control over the
type, and location of the label is required. Transcription
mediated by engineered DNA polymerase and T7 RNA
polymerase allows direct labeling during synthesis.
This avoids additional steps, reduces the possibility of
RNA loss or degradation, and can accommodate various
RNA sequences and label types.

© The Author(s) 2025

DNA polymerase

DNA polymerases are generally considered to be used
for synthesizing DNA rather than RNA. They synthesize
DNA from a DNA template by incorporating deoxy-
ribonucleotides (ANTPs) and lack the ability to process
ribonucleotides (rNTPs), making them unable to di-
rectly produce RNA. However, through engineering of
thermophilic DNA polymerases, both the SFM4-3 poly-
merase from the A-family of Thermococcus aquaticus
(Taq) and the TGK polymerase from the B-family of
Thermococcus gorgonarius have acquired the ability to
synthesize RNA with modified bases (Brunderova et al.
2024). Both the enzymes SFM4-3 and TGK can extend
RNA from a DNA template. This process does not
require a specific RNA initiation sequence, offering a
new option for the synthesis of RNA sequences that do
not start with G (Christensen et al. 2022; Wen et al.
2024). The initial RNA Segment 1 can be transcribed in
vitro by T7 RNA polymerase or synthesized chemically.
To obtain long RNA sequences that do not start with G,
the following steps can be followed. First, perform a
template annealing step at 95°C, allowing the DNA
primer to bind to the DNA template. Then, use TGK or
SFM4-3 polymerase to extend RNA from the 3’ end of
the primer. Finally, remove the template with DNase
and purify the transcribed RNA. In the segment-
selective modification step, RNA Segment 1 first an-
neals with a new DNA template, allowing the RNA
fragment to bind to the DNA template. Next, extend the
RNA using TGK or SFM4-3 in the presence of a specific
rNTPs pool. Finally, remove the template again and
purify the RNA containing the labeled segment. If
multiple segments labeled RNAs are required, anneal
with a new DNA template and repeat the process

(Fig. 7).
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be used to transcribe the RNA segment from a DNA template

Haslecker and colleagues utilized a TGK-based label-
ing scheme (SegModTeX) to construct multi-segment
RNA, including two different multi-segment labeling
experiments on 7SK snRNA (324-nt) (Haslecker et al
2023). One experiment involved labeling nucleotides
from positions 181 to 253, while fully deuterating the
segments at both ends (7SK snRNA;gy/253)- The other
experiment made five adenosines between positions
149 and 178 visible, while fully deuterating the other
bases (7SK snRNAj,g/178)- After labeling selective
segments of 7SK snRNA using this method, the NMR
spectra were significantly simplified, enhancing the
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efficiency of NMR in structural analysis of multi-domain
RNAs. This provided a powerful tool for in-depth
studies of RNA structure and dynamics. SegModTeX can
also introduce various biologically relevant modified
NTPs, such as N®-methyladenosine (m®A), pseudo-
uridine (¥), and 2-°F-ATP, further broadening its
application scope (Haslecker et al. 2023). Hocek et al.
designed a series of base-modified rNTPs (rNXTPs) and
tested the incorporation efficiency of rNXTPs by SFM4-3
and TGK (Brunderova et al. 2024). They found that TGK
outperformed SFM4-3 in terms of incorporation
efficiency, activity, and fidelity. The group then used an
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adenine riboswitch as a model, introducing two
fluorescent labels into the loop-1 and loop-2 regions
using TGK, and synthesized a FAM-Cy5-Cy3 triple-
labeled riboswitch. They studied RNA conformational
changes using FRET, and the results showed expected
conformational changes in the riboswitch arms. Finally,
they used TGK to synthesize mRNAs with various
modifications, including unmodified, fully modified,
gene-modified, and single-site modified mRNAs. In vitro
and in vivo translation experiments demonstrated that
mRNAs with a single-site 5-methylcytosine modi-
fication enhanced translation efficiency, while fully
modified mRNAs hindered translation (Brunderova et al
2024). These results highlight the potential applications
of this method in RNA biochemical research, biotech-
nology, and the production of modified RNA.

T7 RNA polymerase

In vitro transcription mediated by T7 RNA polymerase
(T7 RNAP) can generate multiple RNA copies and ultra-
long sequences from a single dsDNA template molecule
(Beckert and Masquida 2011; Pokrovskaya and
Gurevich 1994). During IVT, specific chemically labeled
rNTPs can be added to introduce chemical modifica-
tions into the RNA product. However, the incorporation
sites of these labels are random, making it challenging
to achieve labeling in specific regions. To address this
issue, a technique called position-selective labeling of
RNA (PLOR) was developed (Liu et al. 2015, 2018). This
method enables the synthesis of site- and region-
specific labeled RNA through IVT. The synthesis of RNA
using PLOR involves three main stages: initiation,
extension, and termination. Transcription occurs on a
5’-Biotin-DNA template immobilized on streptavidin
agarose beads (Fig. 8). The 5’-Biotin-DNA template
contains a T7 promoter sequence. A spacer of 15-30 bp
is placed between the biotin and the T7 promoter
sequence to eliminate the steric hindrance caused by
the beads, improving transcription efficiency. In the
initiation or extension phase, adding three or fewer
rNTPs in a single cycle causes the transcription process
to pause due to the lack of the necessary rNTP. During
the initiation phase, it is essential to ensure that RNA
elongation reaches at least 9 bases, with the optimal
range being 11 to 13 bases, before the first polymerase
pause occurs. This step is crucial for forming a stable
elongation complex (RNA polymerase-DNA-RNA ter-
nary complex). Only in this way can it be ensured that
the complex remains intact when the remaining rNTPs
are washed away in subsequent steps. Solid phase
extraction is then repeatedly performed to wash the
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beads, thoroughly removing rNTPs from the elongation
complex. During the extension phase, new rNTPs need
to be added, which can be either unlabeled or labeled.
Since one specific rfNTP is still missing during this
process, the polymerase will pause at another position
in the elongation process. Subsequently, the washing
step is repeated. This cycle of extension and stopping
can be repeated multiple times until all labeled rNTPs
are successfully incorporated into the designated
regions. After transcription is complete, the transcript
dissociates from the complex and can be collected along
with the liquid phase. Following thorough cleaning, the
DNA template and T7 RNAP can be recovered for reuse
in the next PLOR cycle. This approach allows for higher
RNA yield, as only one transcript is produced per
template and cycle.

Wang et al. successfully synthesized a 71-nt aptamer
domain and a 104-nt turnip crinkle virus RNA element
using PLOR (Liu et al. 2015, 2018). In these synthesized
products, different segments or nucleotides were
specifically labeled with isotope-containing nucleotides
or nucleotides with fluorescent or chemical modi-
fications. The segmental labeling of the 71-nt RNA
significantly improved the issue of NMR spectral
overlap (Liu et al. 2015). Liu et al. optimized the PLOR
technique and found that the first six nucleotides are
crucial for the synthesis of RNA transcripts based on
PLOR and determined that 5’-GGG is the ideal starting
sequence. PLOR can precisely incorporate rNTPs with
various modifications or labels, accepted by T7 RNAP
and its engineered variants, into specific segments or
sites. Recently, there have been reports of selectively
introducing 5’-iodouridine into riboA71 using PLOR to
assist crystallization (Stagno et al. 2019).

SUMMARY AND PERSPECTIVES

Segmental labeling of RNA is crucial for studying RNA
structure and function. Through the efforts and inno-
vations of scientists, significant advancements have
been made in the development of RNA segmental label-
ing methods. However, each of the current segmental
labeling techniques has its own strengths and weak-
nesses, so selecting a method for synthesizing RNA with
segmental labels requires careful consideration based
on specific synthesis needs and application scenarios.
To facilitate the selection of an appropriate method for
a given experimental goal, the key characteristics of the
techniques discussed herein - including applicable RNA
length, yield, advantages, and disadvantages - are sum-
marized in Table 1.

The main advantage of chemical synthesis is the high
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purity of the resulting RNA, and there is a wide range of
commercial services that specialize in custom synthe-
sis. However, the length of the produced RNA molecules
is typically limited to 70-80 nucleotides; beyond this
range, the yield significantly decreases, and the cost
increases. Post-synthetic chemical ligation enables the
preparation of long RNA molecules with segment-
selective modifications from smaller RNA fragments.
However, it introduces non-natural linkages and
involves the use of highly toxic reagents, raising
chemical safety concerns. Although the triazole bond
produced by CuAAC can mimic the phosphodiester
bond and does not interfere with RNA functionality,
click chemistry linkers often need to be introduced
through chemical synthesis, and their ligation efficiency
is relatively low. Compared to chemical synthesis, ligase
methods can generate larger linear RNA molecules.
Unlike some chemical ligation methods, ligase methods
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do not cause damage to RNA molecules and do not
introduce toxic substances. The T4 ligase method is
currently the most mainstream method for RNA
ligation. T4 ligase can form phosphodiester bonds
between the 3’ and 5’ ends of RNA and is applicable for
linking RNA fragments of various lengths and se-
quences. However, this method has some drawbacks.
The drawbacks of this method are that the 5’ end
requires a monophosphate group, a splint is needed,
and ligation efficiency may be affected by the length,
sequence, and structure of the RNA, resulting in low
efficiency. Additionally, the low enzyme turnover rate
and high cost are challenges. The use of deoxyribo-
zymes and ribozymes for ligation is less widespread
and is associated with challenges such as difficulties in
ligating large RNA molecules and low ligation efficiency.
DNA polymerase-driven labeling methods are notable
for their ability to use multi-step extension to integrate
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Table 1 Comparison of methods for RNA segmental labeling

Method category

Method name

Applicable RNA length and yield Advantages

Disadvantages

Chemical methods

Ligase-based
methods

Polymerase-based
methods

Solid-phase synthesis

Post-synthetic chemical
ligation

T4 DNA ligase

T4 RNA ligase 1

T4 RNA ligase 2

Deoxyribozyme (9DB1*)

Ribozyme (Twin)

Engineered DNA
Polymerase
(TGK/SFM4-3)

T7 RNAP (PLOR)

¢<70-80 nt

¢ Decreases with length (>50 nt:

low)

* >80 nt (assembled from

shorter fragments)

¢ Variable (CuAAC: moderate;
BrCN/EDC: low)

¢ >80 nt
* 20%-40%

>80 nt

¢ High (with optimal terminal
bases)

>80 nt
¢ High (with optimal terminal
bases)

¢ 26-118 nt
e Upto70%

¢ >80 nt
e Up to 53% (at 47°C)

>80 nt

« Efficient (consistent with
template)

¢ >80 nt

* Moderate (improves with
cycles)

High purity; Ultimate
flexibility in
modification;
Commercially available

Extends length beyond
solid-phase limits;
Access to long modified
RNAs

Forms natural
phosphodiester bonds;
Suitable for large RNAs

No splint needed for
ssRNA; High efficiency
for RNA-RNA ligation

High activity for dsRNA
nicks

No 5’ monophosphate
required; Fewer
byproducts than T4
ligases

Can replace internal
segments; No external
ligase needed

No sequence restrictions;
Introduces modified
NTPs (m® A, ¥); Multi-
segment labeling

Can produce long, multi-
segment labeled RNA;
Template and enzyme
are reusable

Low yield for long RNAs;
Requires protected
phosphoramidites

Non-native linkages;
Toxic reagents (e.g., Cu)

Requires 5’-
monophosphate &
splint; Sensitive to RNA
structure; Low turnover

Efficiency depends on
terminal bases (3’ end:
A>C>G>U); Low for
DNA-DNA ligation

Requires perfectly
complementary splint;
No ssRNA activity

Sequence restrictions
(donor 5’ end: GA/AA;
acceptor 3’ end: not C)

Complex design and
preparation require G at
ligation site; Limited to
specific RNA sequences

Length limited by DNA
template; One transcript
per template

Complex protocol; high
cost (labeled rNTPs,
washing); Requires
technical expertise

large numbers of modified rNTPs into any desired
position without sequence restrictions. The downside is
that the length is limited by the template, and each
template can only transcribe one RNA, so multiple RNA
copies cannot be generated. PLOR can synthesize long
modified RNAs that cannot be produced by solid-phase
chemical synthesis or other methods and can generate
multiple transcripts through repeated cycles. However,
this method has the drawback of being relatively
complex and requiring high technical expertise. The
PLOR technique requires the use of saturated amounts
of labeled rNTPs pools, and each cycle needs thorough
washing, leading to high material and equipment costs.
To better understand the biological activity of RNA
and its mechanisms of action in living systems, RNA
segmental labeling methods have become important
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tools in RNA research. Currently, the use of RNA
segmental labeling methods for biophysical studies of
RNA has become feasible, such as large RNA structural
biology studies using FRET, NMR, or EPR spectroscopy.
RNA segment-selective labeling also provides more
accurate data for RNA visualization and tracking, as it
allows scientists to trace the location, modifications,
and interactions of RNA with high specificity and sen-
sitivity (Wang et al. 2020).

Additionally, in the development of RNA-based
therapies, segmental labeling is crucial for elucidating
structure-function relationships and for engineering
optimized therapeutic agents. For instance, in mRNA
therapeutics, segmental labeling and modification allow
for the independent optimization of the 5’ UTR, coding
sequence, and 3’ UTR to enhance translation efficiency

15 | December 2025 | Volume 12 | Issue X



REVIEW

Z.Huetal.

and stability while minimizing immunogenicity - a
level of control unattainable with random global modi-
fication (Brunderova et al. 2024). Furthermore, in viral
RNA research, segment-selective labeling has been
applied to study complex structural elements. By
selectively labeling these domains, researchers can use
techniques like NMR or smFRET to probe their dy-
namics and interactions with potential antiviral drugs,
guiding rational therapeutic design (Haslecker et al.
2023). Although RNA segmental labeling holds great
potential in biomedicine, various methods still have
limitations, meaning that practical applications still face
a series of challenges. From current research progress,
segmental labeling of large natural RNA molecules and
intracellular RNA remains challenging. The lack of these
labeling strategies is detrimental to the development of
RNA-based diagnostics and therapeutic applications.
The development of RNA segmental labeling methods
holds substantial innovation potential. In the future,
cross-disciplinary efforts combining chemistry and
biotechnology are expected to achieve higher efficiency,
lower costs, and better biocompatibility in RNA seg-
mental labeling. With the continuous advancement of
scientific research and technology, the future appli-
cations of RNA segmental labeling methods will be very
broad, contributing greatly to human health and the
development of life sciences.
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