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Abstract

Incorporating stimuli-responsive components into RNA constructs provides precise spatiotemporal

control over RNA structures and functions. Despite considerable advancements, the utilization
of redox-responsive stimuli for the activation of caged RNAs remains scarce. In this context,

we present a novel strategy that leverages post-synthetic acylation coupled with redox-responsive
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chemistry to exert control over RNA. To achieve this, we design and synthesize a series of
acylating reagents specifically tailored for introducing disulfide-containing acyl adducts into the
2"-OH groups of RNA (“cloaking”). Our data reveal that these acyl moieties can be readily
appended, effectively blocking RNA catalytic activity and folding. We also demonstrate the
traceless release and reactivation of caged RNAs (“uncloaking™) through reducing stimuli. By
employing this strategy, RNA exhibits rapid cellular uptake, effective distribution and activation in
the cytosol without lysosomal entrapment. We anticipate that our methodology will be accessible
to laboratories engaged in RNA biology and holds promise as a versatile platform for RNA-based
applications.
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Introduction

RNA molecules exhibit remarkable versatility and encapsulate extensive biological
information,[1] endowing the biomolecules with multiple functions including protein
synthesis,[18l gene regulation,[?] catalysis,[3] and signal transduction.[4l This multifaceted
biology has fueled the exploration of RNA’s utility in diverse fields.[®! In line with

the sophisticated mechanisms employed by nature to temporally and spatially govern
various aspects of RNA biogenesis,[6] achieving precise control over RNAs has become an
important goal.[] This imperative arises from the necessity to comprehensively investigate
the functional intricacies of RNAs and effectively harness their applications.[€!

Several methods have been investigated to establish stimulus-responsive RNA, allowing
for the precise modulation of its structures and functions. In the early stage,

trichloroethyl moieties were incorporated into constructs through solid-phase synthesis

for chemical control over RNA.[®l Advances in photoreversible blocking strategies

have further facilitated spatiotemporal manipulation of RNAs.[20] Photocaging groups
integrated into oligonucleotides can be selectively removed upon photoirradiation.
Although efficacious, most of methods heavily rely on solid-phase synthesis, involving
customized phosphoramidites, rendering it inaccessible to non-specialized laboratories and,
significantly, confined to short oligonucleotides. To address these limitations, the post-
synthetic acylation of 2"-OH groups of RNA utilizing acylimidazole reagents has emerged
as a useful strategy for functionalization of RNA, irrespective of its origin or length.[80] The
structure and function of acylated RNA can be restored through either phosphine-triggered
Staudinger reductionl1] or UV light irradiation.[12] Nevertheless, a significant issue is

the toxicity of high concentrations of phosphine and UV light exposure in cell-based
experiments.[23] More recently, the Heemstra group employed glyoxal to thermoreversibly
control various nucleic acid scaffolds.[7®l While glyoxalation offers a versatile strategy for
RNA caging, the inherent thermal instability necessitates the protection of nucleic acids
from heat during manufacturing, storage and utilization.
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Despite these encouraging advancements, redox-responsive control RNA is still highly
unexplored, and a prevalent constraint in current methodologies is the need for transfection
reagents to transport RNA into the cytosol in cell-based experiments. Notably, Abe and
co-workers demonstrated that the incorporation of repeat disulfide units at the terminus of
nucleic acids facilitated the cytosolic internalization of oligonucleotides through disulfide
exchange reactions with thiols present on the cell surface.[*4] The Lu group further reported
the delivery of aptamers into plant cells for biosensing by introducing a disulfide-modified
helper strand.[15] Additionally, prodrug-type synthetic oligonucleotides can also penetrate
the cell membrane and be activated within the reductive cytosolic milieu.[*6] These findings
highlight the effective role of disulfides in promoting the cellular distribution of nucleic
acids. Both the internalization and activation of oligonucleotides depend on the reducing
cellular environment.

Inspired by these studies, we conceived a redox-responsive strategy to modulate

RNA structures and functions by incorporating disulfide units via post-synthetic RNA
acylation. RNA modified with multiple disulfide units had the potential to cross the

cell membrane through thiol-disulfide exchange reactions,[14217] obviating the need for
transfection reagents. The disulfide-containing RNA can potentially be restored by external
reducing stimuli in vitro or the reducing intracellular environment. In comparison with
technically challenging and labor-intensive solid-phase oligonucleotide synthesis, post-
synthetic acylation of RNA could provide a simple and general strategy for appending
functional groups on existing RNAs. To this end, we design and synthesize a series of
acylating reagents (ARs) as illustrated in Figure 1a. These ARs can acylate 2"-OH groups of
RNA, with multiple acyl adducts installed per strand (“cloaking™). The introduced disulfide-
containing acyl groups effectively block RNA catalytic activity, small-molecule binding

and folding, while enhancing the cellular uptake of cloaked RNAs. We further demonstrate
that the reducing environment can trigger the reduction of disulfide bonds, resulting in the
intramolecular cyclization of the reduced intermediate and the subsequent liberation and
activation of cloaked RNAs (“uncloaking”).

Results and Discussion

To achieve this redox-responsive RNA acylation, we investigated the impact of AR
structures on RNA cloaking, uncloaking, and cellular uptake. The ARs were composed

of three distinct functional components (Figure 1a): (1) an electrophilic acylation group,
acyl imidazole,[!8] designed for conjugating with 2"-OH groups of RNA; (2) an exchange
warhead, fert-butyl thiol or 2-mercaptopyridine, employed to mediate the cellular uptake;
and (3) a redox-responsive self-immolative linker capable of forming a thermodynamically
stable five- or six-membered ring. To refine the self-immolative property, four alkyl chains
with variations in length and substitution were selected.

We then chose a FAM-labeled 18-nucleotide (nt) RNA (FAMRNA) as a model for cloaking
analysis. RNA cloaking was conducted by mixing AMRNA with AR in a DMSO/H,0
solvent system at room temperature for 4 h, followed by purification of the resultant

RNA through ethanol precipitation. We prepared a panel of FAMRNAs with different

acyl substituents, denoted as AMRNA-1-8. The acylation levels were characterized using
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MALDI-TOF mass spectrometry (MS), as depicted in Figure 1b. Notably, ARs 5 and 6
displayed high levels of acylation, with a median modification of 4.5 added acyl groups
per strand (out of 18-nt), while ARs 1, 4, and 7 showed a slightly lower degree of
acylation. In contrast, ARs 2 and 3 gave minimal acyl labels in AMRNA even with extended
reaction time and higher concentrations (Figure S1); limited solubility may account for

the poor acylation ability as ARs 2 and 3 have more carbon atoms than ARs 1 and

4. Surprisingly, AR 8 was found to be poorly soluble and as a result inferior acylation
reactivity was observed. We also demonstrated that the most reactive ARs 5 and 6 showed
concentration-dependent acylation, as analyzed by denaturing PAGE and MALDI-TOF MS
(Figures S2 and S3). To examine the selectivity of AR towards 2"-OH groups, we treated
FAMDNA, the DNA version of AMRNA, with ARs 5 and 6, and found substantially lower
reactivity and a limited number of adducts (Figures S4a and S5). These results suggest
primary reaction at 2"-OH groups of AMRNA, with low background levels of acylation

at the FAM label, hydroxyl groups at RMA/DNA termini, and/or nucleobases, consistent
with previous studies.[11212219] Notably, negligible acylation on DNA fully modified with
phosphorothioate (PS) groups was observed, clearly indicating ineffective reaction between
PS groups and AR 5 or 6 (Figure S4b).

Subsequently, we examined whether the cloaked RNA could be restored in a reducing
environment. Uncloaking kinetics experiments were carried out on cloaked AMRNAs in
the presence of 10 mM dithiothreitol (DTT) at 37°C (Figure 2a). The resulting RNAs were
initially analyzed by denaturing PAGE. Upon incubation of FAMRNA-5 or FAMRNA-6 with
DTT, a time-dependent uncloaking of RNA was observed (Figures 2b and S6). Within

4 h, uncloaking of AM RNA-5 was nearly complete. By contrast, AMRNA-6 exhibited
lower sensitivity to DTT treatment, achieving full restoration within 60 h, presumably

due to the slower intramolecular cyclization kinetics of the self-immolative linker in the
reduced intermediate. Notably, biologically more relevant glutathione (GSH) was shown to
restore the cloaked RNA with similar efficiency to DTT (Figure S7). We also quantitively
monitored the uncloaking process of cloaked FAMRNA with MALDI-TOF MS. Exposure
to DTT resulted in a rapid reduction of disulfide bonds in FAMRNA-5 (Figure 2c), with

no detectable disulfides remaining within only 30 min of incubation, and RNA recovery
was detected within 30 min as well. The rate-limiting step of FAMRNA-5 release is

likely the intramolecular cyclization as complete removal of reduced acyl groups requires
prolonged incubation (6 h). In accordance with our proposed self-immolation mechanism,
4-butyrothiolactone, the byproduct after uncloaking, was detected by GC-MS (Figures 2a
and S8). Similarly, AMRNA-6 underwent rapid disulfide reduction followed by relatively
slow intramolecular cyclization to fully restore RNA within 60 h (Figure S9), aligning well
with the result from denaturing PAGE (Figure S6).

Next, we proceeded to explore the utilization of AR 5 in controlling the catalytic activity of
RNA (Figure 3a). The 10-23 ribozyme was chosen due to its capacity to hybridize with a
single-stranded substrate RNA and form a tertiary structure in the presence of magnesium
ions, ultimately leading to cleavage of the substrate RNA.[107.20] The ribozyme was modified
with AR 5 using the established acylation method, and the acylation level was characterized
by MALDI-TOF MS (Figure S10). We subsequently evaluated the catalytic activity of
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cloaked ribozyme against the substrate, observing abolished activity in RNA cleavage
(Figure 3b). In contrast, the unmodified ribozyme converted most of the substrate in 1.5
h. Importantly, this catalytic inactivation was reversible upon the removal of introduced
acyl adducts. Treatment of the cloaked ribozyme with DTT (10 mM) resulted in substrate
cleavage comparable to that achieved by the unmodified ribozyme. Further examining the
cleavage kinetics, we found that the cloaked ribozyme exhibited no detectable activity
towards the substrate at different time points (Figure S11), while the high conversion
efficiency of the uncloaked ribozyme mirrored that of the untreated one (Figure 3c,3d).
These data underscore the efficacy of our approach in controlling RNA catalysis.

The above experiments were focused on short synthetic RNAs. While biologically relevant
RNAs often encompass longer sequences, it is challenging to incorporate functional groups
into constructs through solid-phase synthesis. To demonstrate the feasibility of controlling
long RNA by this acylation strategy, we opted for the Pepper aptamer, a recently reported
fluorogenic RNA designed for imaging (Figure 4a).[21] This RNA aptamer, consisting

of approximately 100 nt, assumes a compact three-dimensional structure, resulting in
green fluorescence after the binding of the HBC dye. The Pepper aptamer was in vitro
transcribed and purified, followed by cloaking with AR 5. The untreated and cloaked
Pepper aptamer samples were then respectively dissolved in a folding buffer, and the HBC
dye was introduced. Intriguingly, the cloaked Pepper aptamer exhibited a complete loss

of fluorescence, while the untreated counterpart displayed robust fluorescence emission
(Figures 4b and S12). Conversely, DTT treatment resulted in the fluorescence signal of the
cloaked Pepper aptamer comparable to that of the untreated one. Next, we explored the
uncloaking kinetics of the cloaked Pepper aptamer by incubation with DTT for different
durations (Figures 4c,4d, and S13). A rapid augmentation in the fluorescence signal of
Pepper aptamer was discerned within 2 h. The cloaked Pepper aptamer restored its original
fluorogenic state after 6-h DTT incubation. Collectively, these results validate that the
cloaking suffices to disrupt the binding of HBC dye to RNA aptamer, and the removal

of acyl adducts reinstates the fluorogenic activity of the Pepper aptamer, affirming the
adaptability of our acylation strategy to RNAs of greater length than those typically
synthesized using solid-phase synthesis.

Another objective of our research was to employ ARs for transporting RNA into cells.

To validate this, the cellular uptake of FAMRNA-1-8 was systematically evaluated in HeLa
cells through confocal laser scanning microscopy (CLSM). In brief, cloaked or unmodified
FAMRNA (200 nM) was administered to cells for 1 h at 37°C before imaging. The well-
distributed green fluorescence signals were observed in cells treated with FAMRNA-5 and
FAMRNA-6 (Figure 5a,5b), whereas FAMRNA-7 and FAMRNA-8 exhibited relatively less
pronounced fluorescent signals. These results reveal a positive correlation between the
degree of acylation (Figure 1b) and the cellular uptake of RNA. However, fluorescence
signals of cells incubated with FAMRNA-1-4 were minimal, indicative of the limited
enhancement in RNA cell permeability, possibly due to the relatively lower acylation
levels or reaction activity during thiol-disulfide exchange. As anticipated, negligible green
fluorescence was detected in cells incubated with unmodified AMRNA, suggesting that
cloaked RNAs have better access to cells, in contrast with unmodified RNA. Quantitative
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assessment of the cellular internalization of AMRNA-1-8 was subsequently conducted
through flow cytometry analysis (Figure 5¢,5d). After a 1-h incubation, FAMRNA-5-7
manifested stronger fluorescence signals in cells than FAMRNA-1-4 and 8. These results
align with the observations from CLSM images, supporting that disulfide-containing acyl
adducts facilitate the cellular internalization of RNA.

Small interfering RNA (SiRNA) has garnered significant attention in the field of gene
therapy,[22] yet there remains an ongoing need for efficacious methods to enhance its
intracellular applications.[23] We contemplated the potential applicability of the cloaking
strategy to siRNA. To this end, siRNA targeting green fluorescent protein (siGFP) was
employed as a model. Building upon the results gained from cellular uptake studies,
disulfide-containing acyl adducts were introduced into siGFP using AR 5 (siGFP-5), and the
acylation level was characterized by MALDI-TOF MS (Figure S14). The RNA interference
(RNAI) efficacy of siGFP-5 was assessed in HEK293T cells that stably express GFP.

After incubation with siGFP-5, the cells were visualized using CLSM (Figure 5e,5f). The
fluorescence intensity of cells incubated with siGFP-5 was lower than that of untreated cells
or cells incubated with unmodified siGFP, implying not only the successful internalization
of siGFP-5 into the cytosol but also activation by the intracellular reducing environment.
The downregulation of GFP expression provides evidence that the incorporation of disulfide-
containing acyl moieties enhances the cellular uptake of RNA, and this control strategy is
compatible with the intracellular reducing environment.

To elucidate the intracellular localization and uptake kinetics of cloaked RNA (with
FAMRNA-5 as a representative), we conducted a time-course live-cell imaging in HeLa
cells co-stained with Hoechst nuclear stain and lysosomal tracker. As illustrated in Figure
6a, the green fluorescence of AMRNA-5 began to accumulate around the cell membrane
within 5 min of incubation. Within 10 min, the fluorescence signals exhibited a substantial
increase on the cell surface, potentially attributable to the formation of covalent disulfide
bonds between cloaked RNA and exofacial thiols. Extending the incubation time to 20

min facilitated the significant transfer of AMRNA-5 to the cytosol. The green fluorescence
remained stably distributed in the cytosol until cells were exposed to FAMRNA-5 for 30
min. Notably, despite prolonged incubation, the green fluorescence signals from FAMRNA-5
did not co-localize with the red fluorescent lysosomes, indicating the absence of lysosomal
entrapment throughout the process (Figure 6b). These results reveal the rapid and effective
distribution of cloaked RNA within the cytosol. To investigate whether the cellular
internalization of cloaked RNA occurs through the formation of disulfide bonds on the cell
surface, cells were pre-treated with 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) or sodium
iodoacetate (SI) to block free thiols on the cell membrane before FAMRNA-5 incubation.[24]
The CLSM results (Figure S15) showed a reduction in fluorescence signals in the presence
of Supporting Information (decreased by approximately 64%) or DTNB (decreased by
approximately 73%), in contrast with cells treated solely with FAMRNA-5. Importantly, no
nanostructures via supramolecular assembly before or after RNA cloaking was observed by
dynamic light scattering experiments (Figure S16 and Table S1), ruling out the possibility
of RNA uptake through the formation of nanoparticles. These results were consistent with
previous reports,[142.15] indicating the essential role of thiol-disulfide exchange reactions
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with cell surface thiols in the cellular uptake of cloaked RNA, while acknowledging the need
for further investigations into the precise internalization mechanisms.

Conclusion

We have devised a redox-responsive strategy for control of RNAs through a single post-
synthetic cloaking step. A set of ARs was employed to covalently incorporate disulfide-
containing moieties into RNA sequences via 2'-OH acylation, displaying notable acylation
efficiency. These introduced acyl adducts exert potent disruptive effects on RNA catalytic
activity and folding, effectively inhibiting ribozyme-mediated cleavage activity and small
molecule binding to RNA aptamer. Importantly, treatment with the reducing stimuli initiates
the reduction of disulfide bonds, leading to the spontaneous removal of acyl groups and
subsequent activation of ribozyme and aptamer. Our data also demonstrate that RNAs with
disulfide-containing acyl moieties can be efficiently internalized into cells, presumably
benefiting from disulfide exchange with thiols on the cell membrane. Moreover, we show
that cloaked siGFP can effectively suppress gene expression of GFP in living mammalian
cells. Time-lapse imaging of cloaked RNA uptake indicates a rapid cellular internalization
mode without lysosomal trapping. These findings underscore the compatibility of our redox-
responsive control approach both in vitro and in cellular reducing environments, affirming
its great potential for RNA-based applications.
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Figurel.

a) Polyacylation of 2"-OH groups (cloaking) by acylating reagents (ARs) and purification by
ethanol precipitation. Treatment with reducing stimuli removes acyl groups (uncloaking) and
restores RNA structures and functions. b) MALDI-TOF mass spectra of cloaked AMRNASs.
The number of acyl adducts is displayed in red for each peak. The calculated mass of native
FAMRNA is 6187.9. Note that the high-power laser used in the laser desorption possibly
broke the disulfide bonds, as the masses of partially adducted RNAs reflect loss of the
thiopyridyl group.
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Figure2.

a) Experimental workflow to evaluate the uncloaking kinetics of cloaked AMRNA by
reducing stimuli, taking AMRNA-5 for example. b) "AMRNA-5 was treated with 10 mM
DTT at 37°C and pH 7.4 for the indicated time points, analyzed by 20% denaturing
PAGE. The full-size gel is shown in Figure S17. ¢) Time-course uncloaking of FAMRNA-5
by incubation with 10 mM DTT (37°C, pH 7.4) indicates no detectable disulfides (loss

of thiopyridyl groups) within 0.5 h and a gradual removal of reduced acyl groups. The
calculated mass of native AMRNA is 6187.9. The number of reduced acyl adducts is
displayed in green for each corresponding peak in the MALDI-TOF spectra.
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Figure 3.
a) Schematic of ribozyme-mediated cleavage of target substrate. Cloaking/uncloaking

control the catalytic activity of ribozyme. b) Denaturing PAGE (15%) analysis of substrate
cleavage after incubation with ribozyme for 1.5 h, the gel is shown from left to right:
substrate RNA only, untreated ribozyme/substrate, 5 cloaked ribozyme/substrate, and
uncloaked ribozyme/substrate (10 mM DTT for 6 h at 37°C, pH 7.4). c) Time course

of cleavage of 100 nM untreated ribozyme against 250 nM substrate (left), and 100 nM
uncloaked ribozyme against 250 nM substrate (right, 10 mM DTT for 6 h at 37°C, pH
7.4), analyzed by 15% denaturing PAGE and d) quantified using densitometry of gel
bands, and conversion was calculated using the expression P/(S+P). Each data point for
the set of untreated ribozyme/substrate and uncloaked ribozyme/substrate is represented as
green circles and orange circles, respectively. Data represent means.e.m., /=3 independent
experiments. The full-size gels for Figure 3b,3c are shown in Figure S17.
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Figure4.
a) Schematic illustration of the fluorescence emission of Pepper-HBC complex. Cloaking/

uncloaking control RNA folding and HBC dye binding. b) Total fluorescence of untreated,
cloaked, and uncloaked Pepper aptamers with HBC. Pepper aptamer cloaked with AR

5 (100 mM) in buffer, resulted in a loss of fluorescence, which was fully restored by
incubation with 10 mM DTT for 6 h at 37°C, pH 7.4. c) Time-course recovery of
fluorescence emission spectra of Pepper aptamer. Fluorescence was markedly reduced after
cloaking (100 mM AR 5), and was gradually restored by treatment with DTT at 37°C and
pH 7.4 for the indicated time points. d) Fluorescence intensity of cloaked Pepper aptamers
in relation to different uncloaking durations, visualized by Typhoon fluorescence imaging.
Data represent meanz— s.e.m., /=3 independent experiments. Statistical significance was
calculated with two-tailed unpaired Student’s #tests: N.S. indicates no significant difference.
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Figureb.
a) Representative CLSM images of HeLa cells after 1-h incubation with 200 nM FAMRNA-

ARs (green), scale bars=50 pm. b) The averaged integrated optical density (IntDen)

of green fluorescence intensity in a) was quantitated by ImageJ software. c-d) Flow
cytometry analysis of cellular uptake of AMRNA-ARs (200 nM, 1-h incubation) in HeLa
cells as determined by "AMRNA-positive subsets. e) Representative CLSM images of
GFP-expressing HEK293T cells after 48-h incubation with 200 nM of siGFP or siGFP-5;
nuclei were stained with Hoechst 33342 (blue), scale bars=50 um. f) The average IntDen

of green fluorescence per cell in €) was quantitated by ImageJ software. Data represent
meanzs.e.m., /=3 independent experiments. Statistical significance was calculated with
two-tailed unpaired Student’s #test: Pvalues are indicated above the plots; N.S. indicates no
significant difference.
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Figure 6.
a) Time-lapse imaging of the cellular uptake of green FAMRNA-5 (200 nM) and its

colocalization with lysosomes in HeLa cells; nuclei were stained with Hoechst 33342 (blue)
and lysosomes were stained with LysoTracker Red DND-99 (red), scale bars=10 um. b) The
line scan analysis of fluorescence, along with the indicated white arrows, was performed by
ImageJ software to determine the distribution of AMRNA-5 (green) and lysosomes (red).
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