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Abstract

Methods for site-selective labeling of long, native RNAs are needed for studying mRNA biology 

and future therapies. Current approaches involve engineering RNA sequences, which may alter 

folding, or are limited to specific sequences or bases. Here, we describe a versatile strategy for 

mRNA conjugation via a novel DNA tiling approach. The method, TRAIL, exploits a pool of 

“protector” oligodeoxynucleotides to hybridize and block the mRNA, combined with an “inducer” 

DNA that extrudes a reactive RNA loop for acylation at a predetermined site. Using TRAIL, 

an azido-acylimidazole reagent was employed for labeling and controlling RNA for multiple 

applications in vitro and in cells, including analysis of RNA-binding proteins, imaging mRNA 

in cells, and analysis and control of translation. The TRAIL approach offers an efficient and 

accessible way to label and manipulate RNAs of virtually any length or origin without altering 

native sequence.

Graphical Abstract

INH: A general method that enables site-localized acylation of mRNA at virtually any determined 

sites is described. The TRAIL method utilizes a novel DNA tiling strategy by hybridizing a 

pool of inexpensive “protector” DNAs to block mRNA and combining with an “inducer” DNA 

to extrude a reactive RNA loop for acylation. This approach can be employed for both mRNA 

labeling and control for multiple applications.
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Introduction

Messenger RNAs (mRNAs) encoding proteins control gene expression, which operate 

under regulation of numerous non-coding RNAs and scaffold binding proteins[1]. Study 
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of these mRNA related controlling mechanisms are important to human disease, as 

dysfunctional gene expression is found to be directly connected to cancers, autoimmunity, 

neurodegenerative diseases, and others[1d, 2]. Recent advances make mRNAs become 

a spotlight in new therapies. Researchers are pursuing disease-related mRNAs as 

targets for downregulating expression of specific genes[3] and are developing mRNA as 

vaccines against SARS-CoV-2 or other diseases, as well as protein-encoding agents for 

protein replacement and cellular reprogramming[4]. For these reasons, gaining increased 

understanding of mRNA structures, functions, dynamics and interactions are important both 

for basic biology and for future therapeutic development, and the development of general 

methodological tools for mRNA manipulation is expected to facilitate this research.

Labeling and conjugation of mRNAs constitutes one of the most important strategies 

to study mRNA natural properties and interactions, and while multiple approaches have 

been developed, they remain limited in versatility. Bioengineering-based approaches are 

widely employed by fusing the mRNA of interest to recognition domains for proteins 

or small molecules. Such strategies have involved addition of aptamer sequences (e.g. 

broccoli aptamer)[5], of stem-loop structures (e.g. MS2-MCP system)[6], or other designed 

structures[7] downstream of the stop-codon, enabling the binding of fluorescent reporters for 

visualization or installing pull-down handles (e.g., biotin) for interaction studies[8]. A risk 

of such strategies is that they involve the addition of extensive non-native sequences into 

the mRNA, which can alter its biology by changing the secondary structure and modulating 

native RNA-protein interactions.

For these reasons, methods for mRNA conjugation that do not alter the native sequence are 

desirable, and covalent labeling with small molecules offers the advantage of potentially 

being less perturbing to mRNA biology. One approach for internal labeling of RNA is 

incorporation of nucleotides during transcription; metabolic labeling with certain modified 

nucleotides based on endogenous synthesis is useful for intracellular mRNA labeling[9], 

but it does not allow for site-localized RNA modification. A related in vitro labeling 

strategy relies on co-transcription of fluorophore-labeled nucleotides[10] or azide-/alkyne-

functionalized nucleotides[11], which can be further modified with bioorthogonal reactive 

probes. This also leads to general labeling of the mRNA with little control of the location 

within the RNA strand; in addition, larger modifications on bases (such as Cy5-UTP) 

can impede both transcription and translation efficiency[10a]. Labeling at the extreme 

ends of mRNAs is possible, via 5’-cap analogues combined with click chemistry[12] 

or poly(A) polymerase incorporated of modified ATP derivatives on 3’-poly(A) tails 
[13]. However, post-transcriptional internal labeling of mRNA presents a much greater 

challenge. One recent development involves ribozyme-assisted labeling by selectively 

catalyzing the reaction of a targeted adenosine with N6-modified ATP or non-natural 

nucleotide analogues[14]; while elegant, the approach is limited to adenosines and cannot 

be reversed. Another method utilizes promiscuous mRNA methyltransferases and their 

modified substrates for tag-free internal RNA labeling and caging, but is limited to specific 

consensus sequences[15]. Classical RNA-reactive chemistries tend to exhibit low yields and 

usually cannot be programmed to specific sites; examples include photocrosslinking with 

psoralens, which are selective only for double-stranded regions[16], dimethylsulfate, which 

generally reacts at unpaired cytosines and adenines[17], and stochastic reaction with 2’-OH 
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acylating reagents that form bonds at 2′-OH groups of unpaired nucleotides[18]. An ideal 

method could enable internal labeling of mRNAs at specific, predetermined internal sites 

without limitations to specific bases or sequences, and without the need for modification of 

native sequence. To our knowledge, no such method is yet known.

Our approach for development of methods for internal conjugation and labeling of RNAs 

involves acylation at 2’-OH groups. RNA acylation with selected acylimidazole reagents has 

been reported to functionalize RNAs in high stoichiometric yields by esterification of 2’-OH 

groups, enabling efficient labeling and caging of RNAs at random sites in unpaired regions 

of RNA[19]. Recent site-random 2’-OH biotinylating agents have also been reported based 

on isatoic anhydride structure[20]. To broaden the utility of acylation-based modification, 

we recently introduced a method for labeling short RNAs, in which a complementary 

oligodeoxynucleotide generally blocks 2’-OH groups in duplex structure, while a remaining 

gap or loop in the RNA can be selectively acylated[21]. This approach was limited to 

short RNAs due to the limitations in the length of synthetic DNAs (typically ~150–200nt). 

Long RNAs (>200nt), however, display greater challenges in selective modification due 

to the more intricate structures and functions from diverse folding, base pairing and 3D 

interactions compared with short RNAs. As mRNAs are commonly ~600–2000nt or longer, 

new strategies for conjugation are required.

Here, we report a versatile strategy for site-selective acylation of mRNA, enabling both 

labeling and control. The method, Tiled RNA Acylation at Induced Loops (TRAIL), exploits 

a pool of inexpensive complementary DNAs tiling and blocking the mRNA except for 

at a predetermined site that induces a reactive RNA loop. We show that mRNA can be 

efficiently acylated at selective loop sites in different regions (untranslated region (UTR), 

poly(A) tail or open reading frame (ORF)), and we characterize the adducts’ effects on 

mRNA translation. We find that precise acylation at sites within the ORF region enables 

the suppression of mRNA expression and leads to specific ribosome stalling. If desired, the 

acylated mRNA activity can be effectively restored by phosphine treatment to recover the 

translation ability. For labeling without affecting translation, we find that localized acylation 

at UTR sites or poly(A) tails retains the translation capacity allowing for mRNA labeling 

with fluorophores or affinity handles. We expect that the TRAIL approach will be broadly 

applicable to many long RNAs to facilitate the study of function and interaction, and should 

be accessible to a wide range of chemistry and biology laboratories.

Results and Discussion

Design of DNA-tiled mRNA acylation at induced loops (TRAIL).

To expand the capability of site-localized acylation to long RNAs such as mRNAs, we 

considered applying our recent loop-inducing strategy, which can localize reactivity to 

programmed sites within short RNAs[21]. The challenge for long RNAs is how to block 

reaction all along the RNA sequence while at the same time inducing a loop at one site; 

here we considered the use of a pool of complementary “protector” DNA oligonucleotides 

binding side-by-side (tiling) along the RNA (Figure 1). In principle, the protector DNAs 

tiled along the mRNA results in nicked duplexes, which have been demonstrated to remain 

largely stacked and stable at nicked sites[21–22], and we hypothesized that this stacking at the 
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junctions might be sufficient to block reactivity in a long RNA. While this approach requires 

a number of DNAs for one long RNA (e.g., 15–25 oligodeoxynucleotides at 60mer length to 

cover 1000–1500nt RNA lengths), such DNAs are now routinely and rapidly available at low 

cost. In this way, we expected that the majority of mRNA might be protected in RNA/DNA 

duplex structures, leaving highly reactive 2’-OH groups of mRNA that are exposed in the 

specific loop site extruded by the inducer DNA. Subsequent to this structure induction, 

addition of a water-soluble acylating agent (e.g. the azide-containing reagent NAI-N3 [19b]) 

should effect the covalent conjugation. For isolation, we hypothesized that the DNAs might 

be removed via one-step digestion with DNase, and the conjugated RNA purified with 

a commercial RNA clean-up column. Several questions regarding this strategy remained 

unknown: How well do commercial oligonucleotides protect an mRNA when tiled in this 

fashion? Does the folded structure of a long RNA block the binding of complementary 

DNAs? How efficiently can the labeling occur, and how large an induced loop is ideal for 

achieving high conjugation yields in a long RNA? Do mRNAs undergo degradation during 

these steps? Can the complementary DNAs be degraded efficiently enough to remove any 

antisense RNA-suppressive activity? And finally, how does localized acylation affect mRNA 

function? Experiments were directed to these issues.

Performance of site-selective mRNA acylation via tiling.

To explore the protector/inducer approach for mRNA reaction, we first determined the DNA 

tiling effect on mRNA function. Although previous studies reported that a single nick does 

not result in high levels of acylation of a short RNA[21], the combination of many nicks 

might add to a substantial amount of acylation in a long RNA, which together could block 

mRNA expression. The new strategy also raised the issue of DNA removal, as digested DNA 

fragments remaining might promote mRNA silencing due to antisense effects. As a platform 

to test these issues, we chose a 996nt mRNA encoding green fluorescence protein (GFP). 

To monitor RNA function after DNA tiling, we compared the in vitro translation efficiency 

of untreated mRNA (UT) with mRNA purified from fully complementary DNAs (FC) via 

DNA tiling, in this case with 16 oligodeoxynucleotides of 30–60nt length for the UTR and 

ORF regions, and one oligodeoxynucleotide of 100–150nt for the poly(A) tail. This allowed 

us to test DNA removal steps, enzyme sources and amounts, and clean-up columns, resulting 

in optimal DNase treatment conditions and choice of clean-up column (Figure S1). Under 

the optimized conditions, the translation efficiency of the mRNA after being hybridized with 

fully complementary tiling (FC mRNA) is found to be almost identical to untreated mRNA 

(UT) (Figure 2a). Interestingly, it was necessary to fully remove the DNAs, as incomplete 

digestion caused some loss of translation efficiency (Figure S1).

Next, we investigated inducing reaction at specific sites in the RNA by replacing one of 

the protector DNAs with an inducer DNA designed to induce a site-localized loop. Inducers 

were 30–60nt in length and were designed to bind to the mRNA directly abutting the 

adjacent protectors, but omitting 3–7 nucleotides of mRNA complementarity at a central 

site, thus inducing an RNA bulge loop. We tested loops induced at seven sites in the 

mRNA from 5’UTR along to 3’UTR (5U-1, KS, OR1, OR3, OR7, OR11, 3U-1) (Figure 

2b). The constructed mRNAs were then reacted with NAI-N3 under optimized conditions 

(50 mM NAI-N3 at 37 °C for 4 h, Figure S2a, S2b) followed by DNA removal. For in 
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vitro translation, we used FC mRNA as a positive control with its GFP expression level 

normalized to 100%. The mRNAs acylated at different sites showed strikingly different 

translation abilities (Figure 2b). The 5’UTR-acylated mRNA exhibited ~50% expression 

of the positive control while the ORF-acylated mRNA only displayed ~10% expression, 

suggesting strong blocking of the ribosome. Testing the effects of different induced loop 

sizes, we compared 3nt-loop and 7nt-loop induced at the same ORF region of the mRNA 

(Figure S2c). The mRNA acylated with a 7nt-loop in the ORF showed more efficient 

inhibition of translation compared with 3nt-loop cases, likely due to higher numbers of acyl 

groups. Comparison of the broad effects of DNA tiling with acylation revealed a small to 

moderate degree of suppression: the FC-RNA exposed to NAI-N3 (FC-N) showed a ~30–

40% decrease in GFP signal relative to untreated RNA (Figure 2b, Figure S2a), which might 

be attributed to a low level of background acylation in fully duplex regions or at nicked sites.

To further evaluate the selectivity of the localized reaction strategy, we probed acylated 

mRNAs both with quantitative PCR (RT-qPCR) and by reverse transcriptase (RT) primer 

extension analyzed by denaturing polyacrylamide gel electrophoresis (PAGE). We designed 

six primer pairs for RT-qPCR to probe each acylation site (except 5U-1 as its location is 

very near the 5’-cap) (Figure 2c). The PCR results revealed that acylating mRNA between 

the corresponding primer pairs led to clearly low amplification, with effective RNA levels 

of ca. 0.3–0.4 relative to untreated mRNA, as RT enzymes are known to be blocked by 

this acylation[23]. Importantly, relatively high effective RNA levels (near 1.0, similar to UT) 

were found with off-target primer pairs, showing effective DNA-mediated protection at sites 

away from the induced loop (Figure 2d, Figure S3). Similarly, PAGE gel analysis showed 

truncation of cDNAs from RT primer extension at acylated mRNA sites at near-nucleotide 

resolution (Figure 2e, S4). It also indicated multiple acylations occurring in the induced 

7nt-loop of mRNA, consistent with the acylation pattern in short RNAs (Figure S5)[21]. Tests 

with this short RNA model showed an average of 1–2 acyl groups in 5nt-loop site and 2–3 

groups in a 7nt-loop site (Figure S5) under our mRNA reaction conditions.

Importantly, the TRAIL method resulted in high-yield local acylation of mRNA totaling 

~60–70% in a given loop according to RT-qPCR (Figure 2d) and ~70% based on the 

semi-quantitative gel analysis of acylated and further biotinylated mRNA before and after 

streptavidin bead pull-down (Figure S6). Overall, the experiments revealed that mRNA can 

be efficiently acylated at selectively induced loop sites in high yield by simply tiling a 

set of unmodified and inexpensive protector DNAs on the target, combining them with 

selected loop-inducer DNAs. Importantly, the data also showed that acylation at some sites 

in an mRNA can strongly inhibit translation; this is to our knowledge the first observation 

that 2’-O-acylation blocks translation. The results suggest further use in controlling RNA 

expression (see below).

Site-directed control of mRNA translation via TRAIL-mediated acylation at ORF.

Encouraged by the different translation behaviors of selectively acylated mRNAs, we next 

evaluated whether it is possible to take advantage of this site-specific modification method 

for switchable blocking (caging) and subsequent activation of translation. Caging RNAs 

with labile modifications can be activated by chemicals or by light, and is used widely in 
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short synthetic RNAs in which modifications can be placed at precise positions[24]. Caging 

much longer messenger RNAs, which could be broadly useful in studies of gene expression 

(such as in embryonic development) is considerably more difficult, due in large part to the 

challenges of modifying such long RNAs. One report described photolabile diazo groups 

that react with mRNA at random phosphates but generate unstable RNA phosphotriester 

linkages that lead to strand degradation[25]. Among the most effective current approaches 

to this problem involves engineering multiple enzyme recognition sequences (such as tRNA 

transglycosylase[26]) into the mRNA; limitations of such an approach are that it cannot 

readily be incorporated into the coding sequence of the RNA, and that the added sequences 

may alter mRNA folding and interactions. Thus the development of a strategy for caging 

mRNA at any position (including coding regions) and without the need for the addition of 

nonnative sequences is desirable.

We first explored the possible control of translation by acylation at specific sites in the 

ORF region, using the NAI-N3 reagent, which is chemically reversible by phosphine 

treatment[19b]. We tested the effects of both single ORF sites as well as combined acylation 

sites (Figure 3a; 1 loop samples: KS, OR1, OR3, OR7, OR11; 2 loops samples: KS/OR1, 

OR1/3, OR3/7, OR7/11, OR1/7; 3 loops samples: KS/OR1/3, OR3/7/11). The data show 

that in vitro GFP expression of acylated mRNAs was efficiently suppressed to 5–15% of 

that of non-acylated mRNA (FC) and could be successfully recovered after reversal to 

50–70% for single-loop cases, 40%−50% for 2-loop cases and 30–40% for 3-loop cases 

after adding 3 mM water-soluble phosphine (TPPMS or THPP) at 37 °C for 3 h (Figure 

3b, Figure S7). There were similar increases (~4–7-fold turn-on) of GFP expression for 

all the loop samples, and the data revealed that multi-acylated mRNAs led to somewhat 

stronger repression but also yielded less activation, presumably due to incomplete or slow 

loss of some of the acyl groups. Notably, the translation of randomly acylated mRNA (SS, 

no protector or inducer DNAs) was completely inhibited, but this RNA yielded no recovery 

after phosphine treatment (Figure 3b), which establishes that the use of protector DNAs 

for localized acylation is critical. To confirm the biological viability of the approach, we 

tested the same caged RNAs for translation in HeLa cells after transfection and subsequent 

treatment by phosphine. The results show that the ORF-acylated GFP mRNAs could also be 

controlled in HeLa cells, giving a 2–3-fold increase in GFP signal after phosphine addition 

(Figure S8).

To test the generality of this approach in locally modifying mRNAs, we applied TRAIL-

mediated acylation to a second, considerably longer mRNA, encoding firefly luciferase 

(FLuc, 1929nt). We annealed 32 unpurified protector/inducer DNAs of 30–150nt length 

and tested the expression of FLuc mRNA by a luciferase assay (Figure S9a). Although 

increased annealing temperature modestly lowered FLuc mRNA activity to ~55–65% of 

untreated mRNA, it showed improved DNA protection of this long mRNA (Figure S9b). 

The selectively acylated FLuc mRNA revealed strikingly different translation ability, similar 

to that seen with GFP mRNA (Figure S9c). The ORF-acylated RNA was suppressed 

to 5–10% expression levels, while UTR- and poly(A) tail-acylated RNA showed much 

less suppression. After TPPMS treatment, the expression of ORF-acylated FLuc mRNA 

increased by 5–6-fold (Figure S9c). Overall, the results suggest that the TRAIL method can 

be widely applicable.
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Selective ribosome stalling induced by locally acylated mRNA at ORF.

Having established conditions that yield efficient suppression of translation by localized 

acylation, we then proceeded to test whether the ORF-acylated mRNA could induce 

ribosome stalling at varied acylation sites. Ribosome stalling is manifested by the local 

accumulation of ribosomes at specific codon positions of mRNAs. It is an important cue 

for recognition of defective mRNA, and helps maintain protein homeostasis via ribosome-

associated quality control and ribosome recycling[27]. The ability to control ribosome 

stalling at pre-selected sites could serve as a useful tool to study these mechanisms. To 

test this possibility, we employed localized acylation to stall translation, and detected the 

resulting truncated peptides by western blotting with an anti-puromycin antibody (Figure 

4a). ORF-acylated mRNAs (KS, OR1, OR3, OR5, OR7, OR9, OR11) were optimized for 

polypeptide detection by in vitro translation for 1.5 h at 25 °C followed by addition of 1 

mM puromycin, which causes the release of the peptides (Figure S10). We successfully 

detected stalled peptides with sizes correlated to downstream ORF acylation sites of GFP 

mRNA ranging from OR5 to OR11 (Figure 4b). Interestingly, the mRNA with acylated sites 

at the upstream end of ORF (OR1, OR3) did not show a clear stalled peptide although 

they displayed efficient translation inhibition similar to that seen for downstream sites. For 

the stalled sites we found that treatment by phosphines, which remove the blocking acyl 

groups, resulted in disappearance of the stalled peptides (Figure 4c), and the above in vitro 
translation experiments show that the fluorescence of full-length GFP is restored, further 

confirming the localized stalling and its reversibility (Figure 3b).

Pull-down of RNA-binding protein with UTR-biotinylated mRNA.

An important application of RNA conjugation is identification of associated proteins via 

biotinylation[28]. For mRNAs, this would be ideally done at a site that does not affect 

biological activity. Since the above acylation at UTR sites retained mRNA translation ability, 

we next applied TRAIL for UTR acylation and biotinylation, and tested its ability to identify 

an associated cellular protein. Since the acylating agent NAI-N3 contains an azide functional 

group, this enables biotinylation via reaction with strained cyclooctyne reagents. To test this, 

we installed a biotin handle in 5’UTR via TRAIL, reacted with a biotinylating agent (Figure 

5a), and tested a pull-down experiment with a known mRNA-associated protein (poly(A) 

binding protein (PABP))[29] (Figure 5b). We conducted the pull-down assay both from cell 

lysates and in live cells by transfection with biotinylated mRNA. The Western-blot results 

showed that PABP could be successfully pulled down by the 5’UTR-biotinylated mRNA in 

both ways, while controls with azido-mRNA lacking biotin or untreated mRNA showed no 

protein band (Figure 5c).

Visualization and translation of site-selectively fluorophore-labeled mRNA in cell culture.

Next, we applied this labeling method to visualize mRNA and the translation of the mRNA 

in living cells by conjugating a fluorophore to the target mRNAs[10b]. Acylated mRNAs 

with azide groups were first reacted with TAMRA-DBCO (Figure S11a) and success of 

the labeling was confirmed by agarose gel (Figure S11b). The labeling sites were tested by 

evaluating the in vitro translation efficiency of TAMRA-labeled mRNAs at different UTR 

sites and poly(A) tails. The results indicated a range of 30%−60% expression relative to 
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non-acylated mRNA (Figure S11c), which is better than a widely used fluorophore-labeled 

commercial mRNA (~20% translation capacity reported in the literature[10b]).

In order to enable three-color cellular imaging, GFP mRNA was labeled with Cy5 

which emits fluorescence at ca. 670 nm; the blue channel was used for Hoechst 33342 

(nucleus), the green channel for GFP (translation efficiency), and the red channel for 

the Cy5-labeled mRNA. Transfection of Cy5 labeled mRNAs into HeLa cells showed 

bright red punctate images which corresponds to the transfected mRNA (Figure 6a, 6c; 

Z-stack imaging in Supplementary video 1,2). Cells transfected with Cy5 dye alone or 

Cy5 mock-treated mRNA without acylation showed negligible fluorescence as expected 

(Figure S12). To evaluate the intracellular translation efficiency depending on the labeling 

sites in mRNA, Cy5 was labeled at different sites in mRNA such as 5’UTR (5U-0_Cy5, 

5U-1_Cy5, 5U-2_Cy5), ORF (KS_Cy5, OR1_Cy5, OR3_Cy5, OR7_Cy5, OR11_Cy5), 

3’UTR (3U-1_Cy5, 3U-2_Cy5) and poly(A) tail (p(A)) (Figure 6b). We observed efficient 

GFP expression in the cases of UTR-labeled and poly(A) tail labeled mRNAs (fluorescence 

intensity ratio of GFP/mRNA is ~2.2–4.8; GFP/Hoechst is ~1.0–1.9), while minimal 

expression levels were observed in ORF-labeled mRNAs (GFP/mRNA ratio is ~0.6–1.0; 

GFP/Hoechst ratio is ~0.2–0.5; Figure 6c, S13, S14), as expected from the above results 

showing that acylation blocks translation in the ORF. The observed green fluorescence 

establishes that the Cy5-mRNAs labeled in the UTR region or poly(A) tail can be 

functionally processed by cellular ribosomes. Moreover, the fluorophores could be installed 

in several sites of mRNA in UTR region to enhance the single-molecule brightness; and 

the multiple-tagged mRNA showed similarly effective translation as single-site labeled 

mRNA(Figure S15). Overall, the results document the success of a method for localized 

fluorescent mRNA tagging that does not prevent translation.

As a further test of tracking protein-mRNA interactions by TRAIL labeling, we monitored 

Cy5-labeled mRNA and its translation levels in the presence/absence of stress granules 

(Figure 7a). Stress granules (SGs) are phase-separated membraneless organelles in the 

cytoplasm, which consist of mRNAs and RNA-binding proteins formed in response to 

stress, with reported connections to human diseases[30]. The SGs were induced by sodium 

arsenite, providing oxidative stress, and were visualized with a primary antibody for G3BP1 

protein, which is documented to initiate stress granule formation[30a]. We found that the 

expression level of GFP in the presence of stress granules was significantly reduced 

regardless of the labeling site (Figure 7b, Figure S16), and the signal from Cy5-labeled 

mRNA (red) was colocalized to G3BP1-labeled SGs (blue) after sodium arsenite treatment 

(Figure 7c, 7d; Z-stack imaging in supporting video 3). These observations are consistent 

with previous reports showing that a fraction of cytoplasmic mRNAs localize to SGs upon 

their assembly, and that association with SGs is correlated with suppressed translation[31]. 

Overall, we conclude that TRAIL can be used to fluorescently label an mRNA without 

strong interference to translation or to association with subcellular compartments.

Conclusion

Our experiments have developed and documented a general method that enables site-

selective modification of long RNAs such as mRNAs at virtually any determined position 
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based on stoichiometric 2’-OH acylation that is directed by complementary DNAs. This 

method, TRAIL, is convenient, rapid and low-cost, simply by tiling inexpensive and 

commercially synthesized DNA strands to the mRNA without any further engineering. The 

new results establish that tiling a pool of complementary DNAs can effectively protect 

mRNA from acylation at undesired positions, regardless of potentially interfering secondary 

structures in the mRNA. We further find that a possible antisense effect of the DNAs, which 

might come from remaining incompletely digested DNA fragments, can be eliminated with 

optimized DNase treatment and column purification. Our experiments also show that the 

mRNA can function properly after exposure to the tiling, digestion and purification steps. 

The method is efficient, giving an acylation yield of ~60–70%, and is not highly labor 

intensive, requiring a simple purification of DNase treatment and clean-up column. Thus we 

expect that the technology can be widely useful to many chemistry and biology researchers.

Using this approach, our studies reveal for the first time that localized acylation by a 

nicotinyl group at different sites of mRNA can have dramatic effects on translation, 

demonstrating the high flexibility of this method for both mRNA control and labeling. 

Recent studies have shown that 2’-O-methyl groups can lead to significant stalling of 

translation depending on their positions in the codon[32], and the current nicotinyl ester 

group is significantly larger. Interestingly, a 1990 report of acetylation of RNA reported 

unhindered translation[33], which is unexpected in light of our results but might also be 

explained by the larger nicotinate size. In any case, we find that acylation with NAI-N3 

at specific coding regions generates a reversible adduct on mRNA that cages translation, 

and translation can be restored by the addition of phosphines in vitro or in cell culture. We 

observe that the localized adducts provide considerably better mRNA recovery compared 

with randomized (non-TRAIL) acylation. Additionally, adducts introduced into selected 

coding region sites induce specific ribosome stalling, which offers a simple approach for 

manipulating stalling for studies of translation and RNA quality control.

We further find that an azide group on the acylating agent is useful for click-based 

conjugation, which enables adding affinity labels and fluorescent labels at desired 

noninterfering sites in an mRNA with retention of translation capacity. We have shown that 

TRAIL can selectively introduce a biotin label to pull down mRNA-binding proteins and 

can precisely install a fluorescent label to simultaneously visualize mRNA and its translation 

product in cultured cells. We conclude that this simple approach could be employed in a 

wide variety of studies of mRNA interactions, functions and dynamics, and we expect that it 

could be broadly applied to many other mRNAs and to long noncoding RNAs as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic outline of the TRAIL approach for site-localized mRNA acylation, illustrating 

applications in mRNA labeling and control. mRNA (blue) is tiled/covered with protector 

DNAs (black) to cover most of mRNA, except for a reactive loop extruded by an inducer 

DNA (red). The 2’-OH groups in loop site can then selectively react with an acylating 

reagent, such as NAI-N3, yielding a site-localized mRNA conjugate after one-step DNA 

digestion and column purification. The azide group on the adduct can be further utilized 

for addition of a fluorophore or biotin label, or can be removed by Staudinger reduction to 

switch on biological activity.
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Figure 2. 
Translation behavior and analysis of site-selectively acylated mRNA via TRAIL. (a) In 

vitro translation (IVT) comparison of untreated mRNA (UT) and mRNA purified from full 

complementation via DNA tiling (FC) to evaluate DNA tiling and removal efficacy. Blank: 

IVT without mRNA as a negative control. (b) In vitro translation of selectively acylated 

mRNA (5U-1, KS, OR1, OR3, OR7, OR11, 3U-1) at different sites from 5’UTR to 3’UTR, 

showing strong suppression of translation at KS and ORF sites. FC was employed as a 

positive control and its GFP expression level was normalized to 100%. FC_N: FC reacted 

with 50mM NAI-N3. (c) Schematic of RT-qPCR primer pair designs for each acylated 

mRNA site. (d) RT-qPCR of selectively acylated mRNA. Specific site-acylated mRNA 

cannot be effectively amplified by corresponding primer pairs resulting in low effective 

RNA level, but can be efficiently amplified by unrelative primer pairs, establishing site 

selectivity of acylation. Intended acylation sites are marked by “ * ”. (e) PAGE analysis 

of RT stops for site-selectively acylated mRNA at OR7 loop-induced site, showing the 

degree of loop selectivity relative to protected RNA surrounding the site, as well as multiple 

acylations occurring in the loop site.
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Figure 3. 
(a) Schematic of mRNA control by precise acylation at different sites of ORF. (b) In vitro 

translation of ORF-acylated mRNAs and deacylated mRNA restored with 7-fold increases 

in activity by treating with 3mM TPPMS. Samples were tested with no loop structures 

(FC, FC-N), 1-loop acylation (KS, OR1, OR3, OR7, OR11), 2-loop acylation (KS/OR1, 

OR1/3, OR3/7, OR7/11, OR1/7), 3-loop acylation (KS/OR1/3, OR1/3/7, OR3/7/11) and 

single-stranded random acylation (SS). The GFP expression level of FC was normalized to 

100%. Error bar represents mean ± SD.
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Figure 4. 
(a) Schematic of selective ribosome stalling induced by ORF-acylated mRNAs. Stalled 

peptides were released by reacting with puromycin and analysis by anti-puromycin antibody 

via western blot. The molecular weight of predicted stalled peptides are shown. (b) Western-

blot analysis of stalled peptides from each acylated mRNA and untreated mRNA (UT) 

after 1.5h incubation in wheat-germ extract and later 1h reaction with 1mM puromycin 

at 25 °C. 0.5M KOAc was added along with puromycin to prevent the dissociation of 

ribosomes[27]. Ctrl: blank sample without adding mRNA. (c) Ribosome stalling comparison 

of each acylated mRNA with and without phosphine treatment via western blot. 3mM THPP 

was used to remove the acylation of mRNA, and the stalled peptides disappeared after 

deacylation. The arrows in the figure point to the stalled peptides of expected lengths.

Xiao et al. Page 15

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2022 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
(a) Schematic of generating selectively biotinylated mRNA via TRAIL followed by click 

chemistry. (b) Schematic of the pull-down assay for poly(A)-binding protein (PABP) via 

biotinylated mRNA in vitro and in cells. (c) Detection of the protein PABP (71 kDa), to test 

the pulldown capacity of biotin-labeled mRNA in vitro and in cells by Western blot.
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Figure 6. 
Imaging and translation of Cy5-labeled mRNA (labeled via TRAIL) transfected into HeLa 

cells. The translation was measured by the fluorescence intensity of GFP protein, and 

mRNA was visualized by labeled Cy5 dye (red) using confocal microscopy after 4h 

incubation. (a) Schematics of Cy5-labeled mRNA transfection into cells. (b) Schematics 

of the Cy5 labeling sites in the mRNA. (c) Images of cells transfected with Cy5-labeled 

mRNAs at different sites from 5UTR (5U-0_Cy5, 5U-1_Cy5, 5U-2_Cy5), ORF (KS_Cy5, 

OR1_Cy5, OR3_Cy5, OR7_Cy5, OR11_Cy5), 3UTR (3U-1_Cy5, 3U-2_Cy5) to poly(A) 

tail (p(A)). Blue: nuclei stained by Hoechst 33342; Green: translated GFP protein; Red: 

Cy5-labeled mRNA. Scale bar: 50 μm.
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Figure 7. 
(a) Schematics of stress granule (SG) RNA association studied by monitoring translation 

and mRNA visualization in the presence/absence of stress. (b) Immunofluorescence images 

for evaluating translation level of Cy5-labeled mRNAs in the presence/absence of SGs. 

Red: Cy5-labeled mRNA; Blue: G3BP1-labeled SGs. Scale bar: 12.5 μm. (c) Magnified 

immunofluorescence image for tracking Cy5-labeled mRNA localization in the presence of 

SGs. SGs were formed by treating with 200 μM sodium arsenite. Red: Cy5-labeled mRNA; 

Blue: G3BP1-labeled SGs. Scale bar: 13 μm. (d) Plot profile of the fluorescence intensity 

along the yellow line in (c), showing three peaks of co-localization of Cy5-mRNA and 

G3BP1-SGs.
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