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Abstract

Caging RNA by polyacylation (cloaking) has been developed recently as a simple and rapid 

method to control the function of RNAs. Previous approaches for chemical reversal of acylation 

(uncloaking) made use of azide reduction followed by amine cyclization, requiring ~2–4 h for the 

completion of cyclization. In new studies aimed at improving reversal rates and yields, we have 

designed novel acylating reagents that utilize quinone methide (QM) elimination for reversal. The 

QM de-acylation reactions were tested with two bioorthogonally cleavable motifs, azide and vinyl 

ether, and their acylation and reversal efficiencies were assessed with NMR and mass spectrometry 

on model small-molecule substrates as well as on RNAs. Successful reversal both with phosphines 

and strained alkenes was documented. Among the compounds tested, the azido-QM compound 

A-3 displayed excellent de-acylation efficiency, with t1/2 for de-acylation of less than an hour 

using a phosphine trigger. To test its function in RNA caging, A-3 was successfully applied to 

control EGFP mRNA translation in vitro and in HeLa cells. We expect that this molecular caging 

strategy can serve as a valuable tool for biological investigation and control of RNAs both in vitro 
and in cells.
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Reversible quinone methide acylating reagents are designed for the rapid control of RNAs (e.g. 

mRNA) in vitro and in cells.

Introduction

RNA takes part in a multitude of cellular functions, ranging from regulation and expression 

of proteins (involving mRNA, rRNA, tRNA, and miRNA among others), to gene regulation 

(e.g. riboswitches and piRNA), and RNA processing and modification (e.g. ribozymes and 

snoRNA).1–4 To help decipher the complexities of RNA functions in biological settings, 

caging has proved to be a useful strategy, engendering a pulse of activity that can be studied 

for its downstream effects. The most popular approach to caging of biomacromolecules 

has been photocaging due to its high spatiotemporal resolution.5,6 For short RNAs, 

photocaging groups can be appended to an RNA of interest (ROI) during de novo solid­

phase synthesis.5,7–10 However, this technology is inapplicable for longer RNAs which are 

prepared via transcription, which includes most cellular RNA species including mRNAs and 

lncRNAs. Moreover, the purely synthetic approach of incorporating caging groups requires 

access to oligonucleotide solid-phase synthesizers and expertise in modified nucleoside 

synthesis, limiting widespread use even with shorter RNAs.

To circumvent these limitations, RNA can be photocaged site-specifically through 

enzymes11–13 or stochastically with diazo compounds.14–16 However, enzymatic approaches 

are incompatible with most native RNA and require the engineering of multiple substrate 

motifs into the RNA for inhibition, which can perturb the native function. One exception 

is a recent report demonstrating chemoenzymatic labeling of mRNA without additional 

tag sequences,17–22 but this approach requires the presence of a 5 or 9 nt consensus 

sequence within the RNA of interest, limiting where labeling can occur. An early chemical 

labeling approach, using diazo compounds stochastically reacting with phosphate groups, 

is simpler in application, but results in hydrolytically labile internal phosphotriester bonds 

that lead to RNA degradation.23 Finally, photocaging in general is limited by potential RNA 

side reactions and to cytotoxicity as a result of the UV irradiation that is often used for 

reversal.5,24 Chemical uncaging strategies offer the potential to overcome this, but remain 

underexplored in application to RNA.

As an alternative approach to addressing some of these limitations, RNA 2’-OH 

polyacylation (“cloaking”) has been reported as a convenient strategy to modify and 

control RNA (Fig. 1A).25–32 This method typically makes use of acylimidazole reagents 

that have sufficient solubility and lifetime to yield high levels of ester or carbonate 

substitutions on an RNA of interest. This method can cage RNA of a wide range of 

lengths and is compatible with native (unmodified) RNA; in addition, the reaction requires 

only a single step, and isolation of the caged RNA requires simple ethanol precipitation. 

Cloaking has been shown to modulate a range of RNA functions including hybridization, 

folding, catalysis, and binding to proteins.30 The acyl groups tested to date are removed 

(“uncloaked”) via phosphine-induced intramolecular cyclization or via UV light exposure, 

restoring the original unmodified RNA. Cellular applications of this technique have been 

limited by the possible cytotoxicity of the reversal conditions, preventing the use of 
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high phosphine concentrations that would be ideal for rapid, high-yield uncaging, and 

necessitating optimization to balance reversal and cell damage. This obstacle underscores 

the need for faster and more biologically benign caging and uncaging chemistry for RNA. 

Rapid uncaging is desirable because it creates better time resolution in initiating a signal, 

and is more compatible with the often-short cellular lifetimes of RNAs.

Prompted by these issues, we have undertaken a new study to explore new approaches for 

biorthogonal bond-cleavage chemistry for potential application to RNA uncaging. While 

bond-breaking chemistry has been developed for linkers cleavable by acids, nucleophiles, 

oxidants, reductants, metals, or UV, the reversal conditions have often limited this chemistry 

to in vitro applications.33–35 More recent studies have described cleavable motifs with 

fast reaction rates and low cytotoxicity, including more sophisticated reversal chemical 

triggers such as alkynes, tetrazines, trans-cyclooctene (TCO), and transition metals.36,37 

Based on these advances, we sought to develop RNA cloaking agents with improved 

biochemical and biological compatibility. Because for the early phosphine-triggered amine 

cyclization chemistry the rate limiting step was the intramolecular cyclization and required 

in some cases hours for complete reversal,25,29 we hypothesized that quinone methide (QM) 

elimination might offer a more rapid reversal mechanism.

Our study explores the use of the QM structural core combined with chemically reversible 

motifs responsive to three chemical triggers: azide groups reduced by phosphine or TCO, 

and vinyl phenols dealkylated with tetrazine. Although phosphines can be cytotoxic at 

high concentrations, optimized aryl azide and phosphine pairs were demonstrated to 

have exceptionally high reactivity, offering the possibility of lower cytotoxicity.38 TCO 

and tetrazines have been used with success in cellular and animal experiments.36,39–41 

For the new RNA acylating agents, we carried out NMR and mass spectrometry (MS) 

experiments to optimize QM structure and found QM structures that were reversible with 

milder conditions at lower phosphine concentrations and shorter reaction times compared 

to previous amine cyclization-based cloaking agents. Finally, we applied the optimal azido­

QM compound A-3 to control EGFP mRNA translation in vitro and in cells. Due to the 

simplicity and ease of preparation and handling of the reagents, we expect them to serve as 

convenient tools to control a wide range of RNAs in biological settings.

Results

Design and synthesis

The new RNA acylating reagents were designed around pyridinone methide scaffolds (Fig. 

1B) which appeared promising due to their synthetic accessibility and aqueous solubility. 

Notably, pyridinone methides have also been shown to provide enhanced elimination rates 

relative to their benzene analogs.42 In the current application, solubility was an important 

factor, as hydrophobic reagents tend to acylate RNA poorly and can also cause solubility 

issues for the polyfunctionalized RNA.28,29 For the electrophilic acylating portion of 

the molecules, imidazole carbamates were chosen due to recent observations of efficient 

RNA polyacylation as well as synthetic accessibility from alcohols.26–28,32 Specifically, 

leaving groups consisting of imidazole, 2-chloroimidazole, and two isomers of triazole were 
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examined. The imidazole carbamates displayed a wide range of reactivity with hydrolysis 

half-lives spanning from 0.5 hours to days (Fig. S1) in water.

Two bioorthogonally-cleavable functional groups were explored: vinyl ether and azide. Aryl 

vinyl ether groups can be deprotected by tetrazine to phenols, in principle followed by QM 

elimination and deacylation (Fig. 1A).36 To synthesize vinyl QM compound T-1, methyl 

5-hydroxypicolinate was first alkylated with 1,2-dibromoethane (see Supporting Information 

(SI) for details). Next, the ester group was reduced to alcohol with sodium borohydride, 

and the remaining bromine was eliminated to form the vinyl product. Finally, the imidazole 

carbamate group was installed by activating the alcohol with carbonyl-di-imidazole analogs.

Aryl azides can be reduced to amines by phosphines, or they can form unstable adducts 

with TCO that undergo rearrangement to form imines. In aqueous conditions, the imines 

can hydrolyze to form amines, which can be harnessed for QM elimination (Fig. 1A).36 

To synthesize azido-QM compounds A-1 through A-7, the azido groups were first installed 

with sodium azide via SNAr reaction (see SI). This was followed by sodium borohydride 

reduction to form the alcohol, which was subsequently activated to form imidazole 

carbamates. Multiple isomers were examined to optimize deacylation. The effect of a methyl 

group at benzylic position to potentially stabilize the partial positive charge during the 

elimination step and accelerate reversal was also analyzed (Fig. 1A).

NMR experiments with small-molecule mimic of RNA 2’-OH

To compare the relative rates of deacylation of carbonates via the QM mechanism, small­

molecule acyl carbonates SM-A-1, 2, 3, and 6 were synthesized and their deacylations 

observed by NMR (Fig. S2). This model was chosen as a leaving group based on its similar 

pKa to that of ribose 2’-OH, as well as to avoid spectral overlap that would occur with 

a ribonucleotide. Comparison was also made with ester adducts of established cloaking 

agents, azidoethyl glycolic acid imidazole (AEGAI)29and NAI-N3
25 (Fig. 1B and S2). The 

model compounds were treated with phosphines and TCO-OH and monitored over time.

A-1 carbonate compound SM-A-1 displayed rapid reduction with phosphine treatment 

(pseudo-first-order half-life < 8 min), but surprisingly the rate limiting step was the 

elimination, requiring 1.5 h for 50% release at room temperature (Fig. S3A). The amino 

intermediate was additionally confirmed with LC/MS analysis (Fig. S3B). Due to the 

long-lasting nature of the amino intermediate, a mixture of intramolecular cyclization 

and QM elimination products was observed. SM-A-1 showed slower reversal with TCO­

OH treatment, requiring 3 h for 50% release at 37 °C (Fig. S3C). In the absence 

of uncloaking triggers, carbonate and ester linkages were stable and showed minimal 

hydrolysis, confirming their potential viability for biological application (Fig. S2).

Acyl products SM-A-2, −3, and −6 showed different responses. 6-Azidopyridine in SM-A-2 
displayed poor reactivity to phosphine and no reaction with TCO-OH (Fig. S4). In contrast, 

the 5-azido isomer SM-A-3 deacylated rapidly with THPP, showing full reversal in under 

20 min. Detailed analysis was difficult due to rapid evolution of nitrogen and carbon 

dioxide gas and peak broadening (Fig. 2A), but the rapid reversal can be attributed to the 

benzylic methylene group stabilizing the partial positive charge that is generated during the 
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elimination step, which was previously rate limiting for SM-A-1. Deacylation was again 

slower with TCO-OH and resulted in full release by 6 h at 37 °C (Fig. 2B). The 4-azido 

isomer SM-A-6 showed the most rapid reversal with THPP, resulting in full release in 10 

minutes (Fig 2C). Treatment with TCO-OH resulted in more sluggish reversal, reaching 

66% by 8 h (Fig 2D). When SM-A-3 and 6 were treated with a bulkier and less reactive 

phosphine, TPPMS, there was a change in relative reactivity (Figure 2.10A, B). SM-A-3 
fully reversed in 2.5 hours while SM-A-6 required 8 hours, likely due to the azido group 

in SM-A-6 being more sterically hindered. Reactions with TCO-OH (axial) showed similar 

reversal as TCO-OH (equatorial) (Figure 2.10C, D).

Compared to SM-A-3 and 6, products of NAI-N3 and AEGAI showed relatively slow 

release rates with THPP treatment, respectively requiring approximately 0.5 and 1 h at 

room temperature for 50% reversal (Fig. S6). Surprisingly, even by 5 h, the two established 

compounds failed to fully deacylate despite the presence of excess phosphine. The improved 

release rate and yield with SM-A-3 and 6 suggested promise of the corresponding acylating 

agents for cellular application.

Short RNA (Cy5-tRF-3005) cloaking and uncloaking experiments

Experiments were next directed beyond the simple alcohol deacylation model and to RNA 

acylation. The RNA cloaking and uncloaking efficiency of the new reagents were measured 

with an 18 nt Cy5 labeled transfer RNA fragment, Cy5-tRF-3005, which is expected to have 

little or no folded structure.43 6 μM RNA was treated with 0.1 M of cloaking agent in a 3:7 

water:DMSO, subsequently isolated by ethanol precipitation, and analyzed with MALDI­

MS. The MS data showed that vinyl ether compound T-1 acylated the RNA moderately after 

4 h, with up to +2 acyl groups (Fig. S7A). Because T-1 showed no observable deacylation 

even after overnight treatment with tetrazine, the vinyl ether compounds were determined to 

undergo reversal too slowly for practical use and were not pursued further, as was azido-QM 

compound A-2 (Fig. S8A and B). Azido-QM compounds A-1, 3, 6 and 7 displayed a higher 

degree of RNA acylation with an approximate average of 1 acyl group out of 18 2’-OH 

groups in the test RNA after 4 h (Fig. 3A and S7). A-4 with its 1,2,4-triazole carbamate, 

which was designed for improved aqueous solubility, acylated RNA poorly (Fig. S7C). The 

more hydrolytically stable A-5 also acylated poorly (Fig. S7D).

Having established that the novel azido-QM reagents could successfully polyacylate a model 

RNA, we next studied deacylation. Consistent with NMR results of the model adduct, A-1 
treated RNA was uncaged successfully with the addition of THPP, although some acyl 

groups persisted after 4 h (Fig. S8B). In contrast, RNA polyacylated with A-3 deacylated 

rapidly in one hour with 0.5 mM TPPMS (Fig. 3B). This uncloaking condition proceeded 

at a lower concentration and shorter time than previously used with NAI-N3 and AEGAI, 

which required 5–20 mM phosphine and 2–4 hours.25,29,30 TCO-OHeq treatment of the 

same polyacylated RNA showed promising reversal but was less efficient than phosphine 

and required a relatively high concentration of 5 mM and 4 h for completion (Fig. 3C, 

D). Interestingly, A-7 acylated RNA failed to reverse with both phosphine or TCO-OH, 

which we attribute to the azido group being sterically blocked by the RNA near the 2’ 

acyl group (Fig. S8D, E, F). This contrasts with the azido group in A-3, which lies 
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remote from the RNA 2’ acyl group and should be more accessible. As a control, when 

cloaked Cy5-tRF-3005 RNA was incubated without the releasing triggers, no deacylation 

was observed (Fig. S8C). This additionally confirmed the acyl carbonate stability and 

demonstrated chemical temporal control. Taken as a whole, the data showed that A-3 
displayed excellent reversibility on an RNA oligonucleotide and yielded improvements in 

uncaging speed relative to previous acylating agents. Although the released quinone methide 

has the potential to react with the nucleobases of RNA due to its electrophilicity, we did 

not observe a +120 Da adduct, which would correspond to an aza-pyridone methide adduct, 

in the mass spectrum of uncloaked RNA. We expect that the extremely low concentrations 

of quinone methide (micromolar for the oligonucleotide) at which it is released reduces the 

likelihood of bimolecular collisions with RNA.

Interestingly, mechanistic model studies suggest that acylation of RNA by A-3 may occur 

not only at 2’-OH groups but also possibly at exocyclic amines on nucleobases. The 

reagent shows significant reaction with DNA as judged by gel electrophoresis and mass 

spectrometry (Fig. S14), suggesting possible amine reactivity on C/A/G (unlike previous 

reactions with nicotinyl acylimidazoles, which appear to yield exclusively 2’-O-acylation 
25). However, comparisons of reactivity between ribonucleotides 3’-UMP and 3’-AMP 

confirm similar levels of reaction for the two (despite lack of an amine on 3’-UMP), 

suggesting preferential reaction at 2’-OH groups. Aqueous reactions with nucleobases alone 

(1-methylU and 9-methyladenine) displayed no measurable reaction (Fig. S15-23, Table S1). 

Since other imidazolecarbamates seem to prefer primary reaction at 2’-OH groups,27 we 

hypothesize that the unusually high level of DMSO in the acylation reactions performed here 

(70% by volume; necessary due to limited aqueous solubility of A-3) may account for this 

difference. Regardless, reaction at either 2’-OH or exocyclic amines is expected to block 

pairing, and all group positions on the model RNA are readily reversed by de-acylation 

conditions.

Control of EGFP mRNA translation in vitro and in cells

Taken together, the data with model small molecules and a short synthetic RNA established 

that adducts of QM compound A-3 were rapidly and efficiently deacylated, and that the 

2-chloroimidazole carbamate derivative can react with RNA in aqueous buffers, leading to 

multiple acylation adducts. To determine whether these levels of reactivity are sufficient for 

practical applications with larger biologically active RNAs, we employed mRNA encoding 

the fluorescent reporter EGFP in tests of modulating translation in vitro and in cells. 

Note that no previous acylation caging strategy has been reported for mRNA; thus, it was 

unknown whether acylation would be effective in downregulating translation, and whether 

uncaging would be efficient and mild enough to restore function to a significant degree. 

Polyacylation of mRNA with A-3 could have the potential to sterically block one or more of 

multiple translation factors such as initiation factors, tRNA, or the assembled ribosome, or 

other factors (such as splicing and posttranscriptional base modification factors) that control 

RNA biology. Such an ability could have utility in studying and controlling mRNAs for in 
vitro studies of translation and splicing mechanisms, and if effective in cell culture, might 

enable a general approach to temporally upregulating gene expression.
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Acylation conditions for A-3 and EGFP mRNA were optimized both in water and salt­

supplemented MOPS buffer to assess the effects of conditions that might affect mRNA 

structure on caging and subsequent recovery (Fig. S9). Because RNA acylating agents tend 

to prefer reaction at unpaired nucleotides,44 the sites and degree of acylation were expected 

to be different for denatured mRNA in water or folded mRNA in buffer. To maximize 

reversal efficiency, it was important to identify the minimum amount of acylation that results 

in strong inhibition of translation. After acylation, mRNA was translated in vitro or in HeLa 

cells. For cellular experiments, RNA was transfected into HeLa cells via lipofection, and the 

fluorescence from the translated EGFP was measured. Results showed that cloaking in either 

buffer or in water suppressed translation; interestingly, acylation in water more potently 

inhibited EGFP expression compared to that in buffer. Treatment with 10 mM A-3 in 

water yielded essentially completely blocked translation relative to the DMSO mock-treated 

mRNA, while 50 mM A-3 in buffer caused approximately 80% inhibition of GFP signal 

(Fig. S9A and S10A). No significant mRNA degradation from A-3 treatment was detected 

from gel electrophoretic analysis and thus is not likely a significant contributor to the 

suppressed signal (Fig. S9B). Thus, the early data suggested that translation could in fact be 

suppressed strongly by treatment with acylating agent A-3.

A more important test of biomolecular caging effectiveness is recovery. To optimize 

uncaging, four phosphines, THPP, TPPMS, 2DPBM, and 2DPBM-S, and strained alkenes 

TCO-OHax/eq were tested with cloaked EGFP mRNA in vitro and in HeLa cells. THPP 

and TPPMS were previously utilized for CRISPR sgRNA uncloaking with relatively low 

cytotoxicity,30 while 2DPBM and 2DPBM-S were reported to display fast reduction rates 

due to neighboring group participation.38 Initial in vitro tests with an earlier nicotinate 

caging reagent, NAI-N3, revealed cloaked mRNA showed TPPMS to be the most efficient 

phosphine followed by THPP (Fig. S9E). The relatively poor uncloaking with THPP could 

potentially be attributed to its sensitivity to oxidation in solutions exposed to air. 2DPBM 

and 2DPBM-S suffered from low solubility, which may contribute to their poor uncloaking. 

Based on these findings, we continued our experiments with TPPMS and THPP.

Interestingly, EGFP mRNA cloaked in pure water with A-3 (i.e. in the absence of salts that 

support folding) failed to recover activity both in vitro and in cellular uncloaking (Fig. S9F, 

G). On the other hand, EGFP mRNA cloaked in the MOPS buffer upon in vitro uncloaking 

treatment substantially recovered fluorescence upon transfection into HeLa cells for both 

phosphines and TCO-OH (Fig. S10A). When cells were transfected with the cloaked mRNA 

and subsequently uncloaked, phosphine treatment with 2 mM THPP for 4 hours displayed 

up to 3-fold enhancement of EGFP expression and demonstrated temporal control of mRNA 

activity (Fig. 4D and S10D). This was a considerable improvement over the previous 

sgRNA uncloaking condition of 5 mM THPP for 17 hours.30 TCO-OH treatment could 

not induce significant activation likely due to its lower efficiency as observed in NMR and 

oligonucleotide experiments.

We next examined whether A-3 can be used to control mRNA in an in vitro translation 

system. When EGFP mRNA was translated with wheat germ extract (WGE), A-3 cloaking 

strongly inhibited EGFP fluorescence to near background levels and uncloaking prior to 

translation recovered up to 70% of the original fluorescence (Fig. 4B and S10B). The lower 
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reversal efficiency of TCO-OHeq could be attributed to the lesser reactivity of the equatorial 

isomer compared to the axial.39 To demonstrate biochemical compatibility, A-3 cloaked 

mRNA was directly activated in the translation mixture (Fig. 4C and S10C). Interestingly, 

TPPMS inhibited expression to baseline levels by itself and failed to trigger GFP expression 

from caged mRNA. In contrast, THPP displayed minimal inhibition of translation and 

resulted in 30-fold fluorescence enhancement. Although not toxic, TCO-OH treatment 

resulted in only minor activation similar to the cellular experiments. Taken together, we 

conclude that the newly developed QM reagent A-3 is capable of controlling RNA function 

both in vitro and in live cells and shows substantial promise as a convenient chemical tool 

for the investigation of RNA biology.

Discussion

Our experiments establish that an optimized pyridinone methide framework coupled with 

a reductively-triggered bond cleavage mechanism offers rapid and high-yield de-acylation 

both in small molecules and in RNAs. The approach could have general utility in RNA, 

by enabling caging without the need for engineered domains or recognition sequences. The 

installation of the caging groups is simple and rapid, and is applied equally readily to short 

or long RNAs, unlike caging approaches that require chemical RNA synthesis. We show that 

the combination of a 2-pyridyl benzylic carbonate combined with 5-substitution of an azide 

group for reductive triggering enables efficient bond cleavage, releasing this blocking group 

from the original substrate. This cleavage is found to be several-fold more rapid than prior 

azide/acylation RNA caging strategies,25 which were dependent on slower cyclization steps. 

Rapid uncaging is potentially important since the goal of caging is often the temporally 

controlled triggering of a pulse of biological activity. We further show that such a reagent, 

in activated imidazole carbamate form, retains sufficient water solubility and reactivity to 

enable multiple acylations on RNAs in vitro. Such acylations have been successfully carried 

out on a full-length messenger RNA, and the data show that the acylation can strongly 

suppress translation of the RNA, establishing that bulky substitutions at 2’-OH or exocyclic 

amines can block this complex process. Upon phosphine treatment, up to 30-fold recovery 

of translation in vitro and 3-fold in cells has been observed, which is competitive with 

previously reported methods.13,14,45

The new data show that by employing a QM elimination mechanism, the release rates 

and conversion yields of reversible RNA acylating compounds were improved. This 

enhancement ultimately enabled in vitro and cellular application of cloaking methods to 

a kilobase-length EGFP mRNA; this is one of the first reports of chemical caging of 

non-engineered mRNA, enabling control of gene expression. These early results suggest 

the more general potential of the new reagents such as A-3 for caging a broad range of 

mRNAs. Future experiments will be directed to applying this to other mRNAs and long 

noncoding RNAs of biological interest. Some limits of this approach are worth noting; one 

of these is the known cellular toxicity of phosphines.45 While phosphines have been used 

previously with success in uncaging intracellular proteins and RNAs,30,45 it is prudent to 

minimize exposure to such species. The greater reactivity of the current caging group A-3 is 

important as it requires lower concentrations and shorter exposures for uncaging compared 

with earlier azide cyclization mechanisms.30 For in vitro applications this toxicity is moot, 
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and interestingly, the THPP phosphine shows no deleterious effect on translation in cellular 

extracts (Fig. 4). We find that the new imidazole carbamate derivatives have lower acylation 

efficiencies relative to prior acylimidazoles, but reactivity remains sufficient for mRNA 

inhibition. If a higher degree of acylation is desired, longer times, higher temperatures, or 

multiple cloaking reactions can be conducted (data not shown).

To our knowledge, the azido QM compounds studied here are the first of the aza-pyridinone 

methide scaffold for chemically triggered bond breaking. Previously, azaquinone47 or 

pyridinone methide42 designs were separately adopted for self-immolative linkers. The new 

structure-activity relationships we observe for reduction and release efficiency may be useful 

as a guide for future cleavable linkers. One surprising observation was that 6-azidopyridine 

showed poor reactivity both to phosphine and TCO-OH and that it should be avoided for 

rapid reversal. The electronically withdrawing effects of pyridine nitrogen seem to reduce 

reactivity, resulting in 4-azidopyridine being the most the reactive followed by 3-azido 

isomer. However, 4-azidopyridine displayed much reduced reversibility because of steric 

hindrance when bulkier reversal triggers were used or larger acyl groups such as RNA 

were appended. Nevertheless, it shows promise for caging small molecules; for other more 

sterically demanding substrates, including RNAs, the A-3 scaffold appears to be the most 

efficient.

In addition to controlling RNAs in biological systems, we envision that this caging approach 

can be applied in vitro for control of RNA-based diagnostics such as CRISPR-Cas13 

reporters48 as well as to RNAs in triggerable synthetic gene circuits.49–51 These methods 

should be compatible with previously established caging methods and could potentially 

be synergistically combined for additional control and circuit design. Additionally, the 

appended azide handle substituted at the 4-position of reagent A-3 can be utilized for 

bioconjugation via the “cloak and click” approach29 and potentially for photocrosslinking 

applications in mapping RNA interactions as well.52,53

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Novel RNA acylating reagent designs based on quinone methide elimination. (A) Scheme 

of polyacylation (cloaking) and subsequent reversal (uncloaking). PR3 indicates phosphines. 

(B) Acylating reagent structures studied. (C) Structures of chemical reversal triggers.
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Figure 2. 
NMR analysis of deacylation of A-3 and 9 carbonate model small molecule adducts. (A) 

THPP induced deacylation of SM-A-3. The alcohol denoted # is similarly inductively 

electronic withdrawing as the 2’-OH on RNA and serves as a simpler approximation. (B) 

TCO-OHeq induced deacylation of SM-A-3. (C) THPP induced deacylation of SM-A-6. 

(B) TCO-OHeq induced deacylation of SM-A-6. Reversal is monitored with the color-coded 

methine or methylene peaks (blue: carbonate, red: alcohol) in the indicated red box. *: 

SM-A-6 or 9, #: released alcohol, #’: released pyridinone methide, $: impurities from THPP 

stock, I: unidentified short-lived intermediate, T: TCO-OH equatorial, M: cycloadduct or 

imine intermediate, CHO: cycloheptane carboxaldehyde.
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Figure 3. 
Polyacylation and deacylation efficiency of A-3 with model RNA oligonucleotide, Cy5­

tRF-3005. (A) MALDI-TOF spectrum of A-3 polyacylated RNA. 6 μM RNA was treated 

with 0.1 M of cloaking agent in a 3:7 water:DMSO for 4 h at room temperature. (B) 

MALDI-TOF spectrum of polacylated RNA reversed with TPPMS. 1 μM RNA was treated 

with 0.5 mM TPPMS in 50 mM Tris-HCl buffer pH 7.5 (10% DMSO) for 1 h at 37 °C. (C) 

& (D) MALDI-TOF spectra of polyacylated RNA reversed with TCO-OHeq. 1 μM RNA was 

treated with 5 mM TCO-OHeq in 50 mM Tris-HCl buffer pH 7.5 (10% DMSO) for 1 h (C) 

or 4 h (D) at 37 °C. Black numbers indicate the number of adducts.
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Figure 4. 
Control of EGFP mRNA translation with QM reagent A-3. (A) Scheme of conditional 

translation of EGFP mRNA with polyacylation. Red circles represent 2’-OH acyl groups. 

(B) In vitro translation of uncloaked EGFP mRNA. A-3 cloaked and subsequently uncloaked 

EGFP mRNA was expressed with WGE for 3 hours at 25 °C. (C) Direct activation of A-3 
cloaked EGFP mRNA in WGE. A-3 cloaked EGFP mRNA in WGE was treated with various 

reversal agents for 3 hours at 25 °C. (D) Cellular control of EGFP mRNA expression. A-3 
cloaked mRNA was transfected into HeLa cells for 4 hours and subsequently treated with 

various reversal agents for 4 hours. Error bars represent standard deviation and p-values: *** 

p < 0.001, ** p < 0.01, * p < 0.05, ns. – not significant. Orange: untreated RNA, green: 

cloaked RNA, purple: uncloaked RNA. For panels (B) through (D), the full data sets are 

displayed in the Fig. S10.
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