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RNA three-way junction (3WJ) motifs are important structural elements found in the majority of RNAs,
and the thermal stability of these structural motifs is crucial in determining RNA'’s biological roles and
functions. Engineering these RNA motifs for better stability would enhance the native folding of RNA and
is believed to enhance RNA's functionality. However, there are no high-throughput methods reported in
the literature to engineer RNAs. Here, we report a label-free, FLuorescence-Assisted method for RNA
Engineering (FLARE) utilizing the light-up aptamer Baby Spinach and the highly stable pRNA 3WJ derived
from the Phi29 bacteriophage. The generated FLARE scaffold could be used to engineer almost any RNA
three-way junction, which is ubiquitously found in natural RNAs. Using FLARE, we engineered a 5S 3WJ of
ribosomal RNA to enhance its thermal stability significantly, even more than the highly stable pRNA 3WJ.
The engineered 5S 3WJ was further introduced into single guide RNA (sgRNA) of the CRISPR-Cas9
system to enhance its cleavage efficiency significantly and was also shown to form an RNA nanotriangle
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for therapeutic applications. The FLARE design is general in nature and could be used to engineer 3WJs
found in natural or unnatural functional RNAs such as ribozymes, riboswitches or aptamers, and even
would be helpful in engineering 3WJs found in various newly discovered RNAs, the functions of which are
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Introduction

Ribonucleic acids (RNAs) fold into complex secondary struc-
tures involving various motifs that are structural subunits of
RNA and are critical determinants of RNA’s folding, inter-
action with other molecules and function. These motifs
include loops, loop junctions such as three-way junctions or
four-way junctions, hairpins, bulges and knots that occur ubi-
quitously in many RNAs."

Among these motifs, RNA three-way junctions (3W]Js),
which result from three separate RNA helices meeting at a
central unpaired junction, are thus far the most abundant
loop junction structures found naturally in many RNAs includ-
ing ribozymes, riboswitches, ribosomal RNAs and viral RNAs.”
Stability of these 3W]J structural motifs is critical for the func-
tion of many RNAs.>* For instance, in the hammerhead ribo-
zyme, the 3W] forms the catalytic core of the ribozyme.?
Bacteriophage Phi29 utilizes a 3W]J in its packaging RNA
(pRNA) to facilitate efficient packaging of its genome.® Purine
nucleobases bind to a 3WJ central core in purine ribos-
witches.” In ribosomes, the 3W] in the large ribosomal
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currently unknown, to understand their folding and function.

subunit is the key motif in the organization of multiple junc-
tions around the catalytic core where the peptidylation reac-
tion occurs.” Apart from their role in cellular systems, naturally
occurring RNA 3WJs have also been utilized for applications in
RNA nanotechnology,®® biosensing’® and RNA imaging.'"'?
Guo and co-workers utilized the 3WJ motif present in the
packaging RNA (pRNA) of the Phi29 bacteriophage to con-
struct highly stable two-dimensional (2D) and three-dimen-
sional (3D) RNA nanostructures.”> These RNA nanostructures
have further been used in small-molecule drug delivery**" as
well as siRNA'®" delivery. The Phi29 3W]J, when appended
with multiple functional RNAs such as the Spinach aptamer or
a ribozyme on its arms, preserves the native folding of the
attached functional modules.'® The Jaffrey lab used a slightly
modified Phi29 3W]J that was named F30 and fused it to the
Broccoli light-up aptamer to enable stable aptamer expression
for imaging RNAs in live cells.">'® Additionally, 3WJs have
been utilized in designing fluorescence-based biosensors for

the detection of various small-molecules®**
22,23

as well as
biomacromolecules.

We envisioned that in a functional RNA containing a 3W]J
motif, engineering the 3WJ motif for better thermal stability
might lead to enhanced native folding of the RNA and in turn
its enhanced functionality. This would be helpful in engineer-
ing functional RNAs with tailored properties for applications
ranging from gene therapy®! to synthetic biology circuits,”®
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diagnostics®® and imaging.”” Additionally, 3WJ engineering
would also be useful to understand the structure or function
of naturally existing RNAs including newly discovered RNAs in
cells for which the structure or function is unknown,*® assum-
ing these RNAs have a 3WJ motif, which is abundantly present
in many RNAs. We searched for existing methods to engineer
RNAs in a high-throughput manner. Unfortunately, our search
could not yield any high-throughput or fluorescence-based
methods in the literature to engineer RNAs or RNA 3W]Js.
Although, advances in RNA structural analysis and machine
learning have significantly enhanced the ability to predict RNA
folding.?® However, understanding the stability of a particular
RNA motif, especially a loop junction such as a 3W]J containing
a few unpaired nucleotides, still remains a challenge. Current
RNA folding algorithms predominantly compute energy-mini-
mized secondary structures from base-pairing interactions. As
a result, they are limited in accurately predicting the stabiliz-
ation of 3WJs that depend on unpaired nucleotides. The
reported methods to engineer different RNAs or to understand
the stability of a particular motif involve exchanging the
nucleotides in an RNA sequence one by one’* > and checking
for their stability or functionality. This has been performed for
engineering single guide RNAs in the CRISPR system for gene-
editing applications,® for engineering ribozymes,*" for engin-
eering aptamers®” and even for engineering 3WJ RNA motifs,
where the stability of each individual motif was tested using
UV optical melting.*® A different approach is to use a combina-
torial approach by systematic evolution (SELEX)***° using a
library of nucleic acids with multiple random nucleotides and
selecting the sequences with the required functionality from
the pool, which is a very time-consuming and tedious process.

We present here a FLuorescence-Assisted RNA Engineering
(FLARE) method, a label-free tool to engineer an RNA 3W]J
motif in order to tune its thermal stability. Using FLARE, we
engineered a 5S 3WJ of ribosomal RNA to achieve exceptional
thermal stability and show that introducing this highly stable
engineered 5S 3WJ into a functional RNA such as sgRNA in the
CRISPR-Cas9 system enhances the cleavage efficiency of a
target DNA significantly. As 3W]Js have been widely used in
RNA nanotechnology to construct RNA-based nanostructures
and apply them in targeted drug delivery, the engineered 5S
3W]J has also been used to construct an RNA nanotriangle for
applications in RNA nanotechnology."® In general, FLARE
could be used to modulate the stability of any RNA 3WJ] motif
present in natural or synthetic RNAs, and we envision that
reintroducing the engineered 3WJ back into the parent RNA
should modulate the RNA’s functionality.

Results and discussion
Designing of FLARE

To design FLARE, a label-free fluorescence-assisted method to
engineer RNA 3W]Js, we hypothesized that the stability of an
RNA 3W]J fused to a fluorescence-based RNA light-up aptamer
(such as Spinach, a well-known light-up aptamer)*® should cor-
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relate with the fluorescence output of the light-up aptamer
(Fig. 1a). Thus, any modification or engineering in the 3W]J
sequence especially at the 3W]J core would alter the stability of
the 3WJ, which in turn would affect the fluorescence output of
the light-up aptamer fused to the 3W]. The hypothesis is
based on the previous work published by our group on the
Baby Spinach-based minimal modified sensor (BSMS), in
which the 3’ end of Baby Spinach was extended to make BSMS
non-fluorescent.®” In the presence of DNA/RNA analytes comp-
lementary to the extended BSMS sequence, the resulting
duplex stability after analyte binding led to an enhanced fluo-
rescence output that was nearly 2.5 times more than the
parent Baby Spinach aptamer. We anticipated that FLARE
would behave in a similar fashion and would respond to even
a single nucleotide modification especially at the core junction
of the fused 3WJ. This would be useful to engineer the stability
of any 3WJ RNA core introduced into the FLARE scaffold for
applications in diagnostics,® imaging,>” and
nanotechnology.”**® For our hypothesis to work, we utilized
a highly stable RNA 3WJ motif derived from the pRNA of the
Phi29 bacteriophage,”''”?° which has been used widely in
RNA nanotechnology (Fig. 1b).”*® We constructed FLARE by
fusing the Phi29 3W] to a miniature variant of the well-known
RNA light-up aptamer Spinach, named ‘Baby Spinach’, a
51-nucleotide RNA aptamer,*® which is known to bind and
enhance the fluorescence of the nearly non-fluorescent small
molecule DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazoli-
dinone) by several fold. This fusion provided a basic FLARE
scaffold that could be used to engineer the 3W]J core, where
the stability of the engineered 3WJ would relate to the fluo-
rescence enhancement of FLARE.

FLARE optimization

Initially, for the construction of FLARE 1 (Fig. 1d), the Phi29
3WJ was directly fused to the Baby Spinach aptamer. To
achieve this, both the 5’ and 3’ ends of the Baby Spinach were
flanked with two of the RNA strands S1 and S2 of the 3WJ,
respectively (Fig. 1b). The third upper strand (S3) was further
annealed to construct FLARE 1 (Fig. 1d). To check the fluo-
rescence output of FLARE 1, we carried out fluorescence
studies using a micro-plate reader. To confirm that the fluo-
rescence output of FLARE 1 is mainly because of the complete
formation of the 3WJ, we used FLARE 1 without the upper
strand S3 of the 3W]J as a negative control. Baby Spinach was
used as a positive control to compare the maximum fluo-
rescence output of FLARE 1. The fluorescence data show that
the increase of fluorescence of FLARE 1 (Fig. 1c) compared to
FLARE 1 without S3 was only around 2.1-fold. In addition, the
background fluorescence due to FLARE 1 without S3 (shown in
light grey) was high and comparable to the fluorescence of
Baby Spinach (shown in green).

We speculated that to observe a significant fluorescence
change caused by a single nucleotide alteration in the core of
the fused 3WJ, the fluorescence fold ratio of FLARE compared
to its negative control (FLARE without the upper strand S3)
should be high. Thus, to improve the fluorescence fold ratio,
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Fig. 1 Designing and optimization of FLARE. (a) Schematic representation showing the workflow of FLARE. (b) Sequence information of Phi29 3WJ,

Baby Spinach and the chemical structure of DFHBI. (c) Optimization of

different FLARE designs for maximum fluorescence fold ratio. Conditions

used: 0.25 uM of the respective FLARE RNA strands (FLARE 1-FLARE 10) and 2.5 uM DFHBI. Bspi (0.25 pM) was used as a positive control. (d)
Sequence information of all the FLARE constructs showing closed-end (FLARE 1-FLARE 5) and open-end (FLARE 6—FLARE 10) constructs.

we optimized FLARE by designing different FLARE constructs,
keeping the fused Baby Spinach aptamer as full length
(FLAREs 1-5) or split (FLAREs 6-10) as shown in Fig. 1d. The
fluorescence data of all ten designed FLARE constructs
(Fig. 1c) show a low fold-ratio for FLARE constructs containing
a split Baby Spinach (FLAREs 6-10) compared to FLARE con-
structs containing a full-length Baby Spinach (FLAREs 1-5).
FLARE constructs involving split Baby Spinach (FLARES 6-10)
might possibly disrupt the overall FLARE folding, resulting in
a very low fluorescence fold ratio. From the data, FLARE 4 and

182 | Org. Biomol. Chem., 2026, 24, 180-189

FLARE 5 showed excellent fold ratios of 9.6 and 13.2, respect-
ively. However, we found in preliminary studies that FLARE 4
responded better to modification in the upper strand of the
3W]J (Fig. S1), and FLARE 4 was chosen for further studies.

Evaluation of the functionality of the FLARE system

To further test our hypothesis that the stability of the 3W]
influences the fluorescence output of FLARE, we deliberately
introduced a single-nucleotide bulge by introducing mis-
matches (MM1-MMS6) into the 3W]J core of FLARE 4, as shown

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Checking functionality of the FLARE system by deliberately introducing mismatches and modifications that destabilize the 3WJ core. (a)
Mismatch or nucleotide modifications in the 3WJ core of FLARE 4 to test its functionality. Mismatch or nucleotide modifications are shown in red,
and a cross mark on a nucleotide indicates the deletion of a particular nucleotide. Fluorescence data demonstrating the effect of (b) mismatches in

FLARE 4. (c) Nucleotide modifications in FLARE 4.

in Fig. 2a. The mismatches were expected to slightly destabi-
lize the 3W]J core, which would diminish the fluorescence
output of FLARE 4 to a small extent. Fig. 2b shows the fluo-
rescence data for all the mismatch constructs. As expected, the
fluorescence output for all mismatch constructs (MM1-MM6)
was diminished to varying degrees compared to FLARE 4,
depending on the position of the mismatches. This shows that
FLARE 4 can respond well to a single-nucleotide modification
in the 3WJ core and can be used to further engineer the Phi29
3W]J core.

Engineering of the Phi29 3W]J using the FLARE system

Furthermore, to engineer the 3WJ core in FLARE 4, we started
first with engineering the upper strand of the Phi29 3W]J core.
Deletion of the U bulge in the Phi29 3WJ destabilizes the
3W].'7** We sought to reinvestigate the importance of the U
bulge in the upper strand of the original Phi29 3W]J in main-
taining the stability of the 3W]J core. For this, we deleted the U
bulge in the upper strand of the 3W]J core (Fig. 2a, shown as
‘Bulge U Del’). In addition, the effect of nucleotide modifi-
cations through replacing U with A (A Bulge), G (G Bulge) or C
(C Bulge) was also tested. The fluorescence data (Fig. 2c) show
that deletion of the U bulge decreases the fluorescence output
substantially, while replacing the nucleotide U with A, G or C
had a minimal effect on fluorescence output. This shows that
the bulge in the Phi29 3W]J core is required for the stability of
the Phi29 3WJ and that the bulge with the U nucleotide has

This journal is © The Royal Society of Chemistry 2026

slightly higher 3WJ core stability than bulges with any other
RNA nucleotides (A, G or C).

Phi29 3W]J used in FLARE is already known to be a highly
stable 3W]J as reported in the literature. We further aimed to
investigate the significance of different nucleotides in the 3W]
that contribute to the stability of the 3WJ core. For this, we per-
formed different modifications (Mod 1-Mod 10) in the core
region of the 3WJ, as shown in Fig. 3a. Mainly, the unpaired
nucleotides in the 3WJ core were either deleted or replaced by
other nucleotides to make ten different constructs. Rational
engineering of the 3WJ was not feasible here as the aim was to
obtain an RNA 3W]J that is stable without any interactions with
other small molecules or proteins. The unpaired nucleotides
in the 3W] core were altered on a trial-and-error approach.
Fig. 3b shows the fluorescence fold ratio for all the FLARE con-
structs (Mod 1-Mod 10) with respect to the FLARE construct
without the 3W]J upper strand.

The data show that deletion of one U (Mod 1) in the UUU
bulge of the 3W]J core decreases the fluorescence output of
FLARE 4 only slightly, from 9.6-fold to 8.8-fold. However, delet-
ing two U’s (Mod 8) in the UUU bulge reduces the fluorescence
output by more than 90%, showing the least fluorescence fold
among all constructs designed. This indicates that at least two
U’s are required in the UUU bulge of the Phi29 3W]J to main-
tain its stability. Replacing any of the U nucleotide in the UUU
bulge with an A, G or C nucleotide overall decreases the fluo-
rescence output of FLARE 4 to different extents depending on

Org. Biomol. Chem., 2026, 24,180-189 | 183
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the position of the nucleotide in the UUU bulge and the
nature of the nucleotide replaced (Mod 2-Mod 7). To under-
stand the role of the U-G wobble base pair (represented in the
3W]J core as U---G), we replaced this wobble base pair with
either a U-A (Mod 9) or C-G (Mod 10) base pair. Both modifi-
cations caused a significant drop in the fluorescence output
compared to the U---G wobble base pair; however, the C-G
base pair is better tolerated than U-A. This shows that the U-G
wobble base pair is important for Phi29 3W]J stability and
cannot be replaced with a Watson-Crick base pair such as C-G
or U-A.

Based on the fluorescence data, we chose Mod 1 with one U
deleted from the UUU bulge for further engineering in the
quest to obtain a more stable 3W] that would show a higher
fluorescence fold ratio than FLARE 4. We synthesized seven
new constructs by replacing one of the U’s in the UU bulge of
FLARE 4 Mod 1 (Fig. 3c) with A/G (Mod 1.1-Mod 1.4) or by
replacing a single U bulge in the 3W]J upper strand with A/G/C
(Mod 1.4-Mod 1.7), and checked the fluorescence output of all
seven constructs. The fluorescence data revealed that Mod 1.3
showed a higher fluorescence fold ratio of 8.9 compared to the
8.8 for Mod 1; however, it was still slightly lower than or com-
parable to that of FLARE 4. Overall, these modifications
suggest the importance of different nucleotides in the stability
of Phi29 3W]J. However, we could not get an engineered 3W]
with better thermal stability compared to the Phi29 3WJ,
which is already known to be one of the most stable 3WJs in
the literature. Since Mod 1.3 showed a fluorescence fold ratio
comparable to that of FLARE 4, we further performed UV-Ty,
studies on the isolated 3W] of FLARE 4 and Mod 1.3, which

184 | Org. Biomol Chem., 2026, 24,180-189

consists of three RNA strands obtained by scission of the fused
Baby Spinach from FLARE 4 and Mod 1.3 (see Fig. 1a). The UV-
Ty, data show a melting temperature of 57.5° C for the Phi 29
3WJ of FLARE 4 and 56.2° C for the engineered 3WJ of Mod
1.3 (Fig. S2 and S3a), which clearly match with their fluo-
rescence results, emphasizing that the FLARE system could be
used to engineer the stability of a 3W]J.

Although our results showed that the thermal stability of
the Phi29 3WJ used in FLARE 4 could not be further improved
using the set of nucleotide modifications shown above, FLARE
4 provides a basic FLARE scaffold to engineer any other 3WJs,
which are abundantly present in many RNAs (Fig. 4a). We
anticipated that any 3WJ core introduced into the empty
FLARE scaffold should give a fluorescence fold ratio by virtue
of its stability. A fluorescence fold ratio higher than that of
FLARE 4 (9.6 fold) would make a 3W]J thermally more stable
than the highly stable Phi29 3W]. Thus, the FLARE system
could also be used to compare the stabilities of 3WJ cores
present in different RNAs.

Engineering of a 5S ribosomal RNA (rRNA) 3WJ using the
FLARE system

As discussed, FLARE could be used to engineer almost any
RNA 3W]J. To test this hypothesis, we used FLARE to engineer
a 58 ribosomal RNA (rRNA) 3W]J that has been reported to be
less stable than the Phi29 3WJ. It should be noted that accu-
rate comparison of the thermal stabilities of two distinct 3WJs
is challenging because variations in base-pairing number and
composition across their arms can markedly affect the overall
stability. However, FLARE would be able to measure the stabi-

This journal is © The Royal Society of Chemistry 2026
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5S5-Mod 13) are shown in red, and a cross mark on a nucleotide indicates the deletion of a particular nucleotide. (c) Fluorescence fold ratio of various
nucleotide modifications in 5S-FLARE. Thermal melting data of the extracted 3WJs from 5S-FLARE and 5S-Mod 2 and their comparison with those
of the wild-type Phi29 3WJ, as measured by UV-T,, (d) sigmoidal curves and (e) derivative curves.

lity of a 3WJ core more accurately, as only the core junction is
introduced into FLARE without changing any base pairing in
the 3WJ arms. Thus, the thermal stability because of base
pairing in the 3WJ arms while comparing two different 3WJs
will be the same here.

To engineer the 5S rRNA 3WJ, we introduced the 5S 3W]J
core into the FLARE scaffold (obtained from FLARE 4) to get
5S-FLARE as shown in Fig. 4a. The fluorescence data revealed
that 5S-FLARE showed a fluorescence fold ratio of only 1.8
(Fig. 4c). This shows that the 5S 3WJ core is not as stable as the
Phi29 3W]J core (as in FLARE 4), which showed a much higher
fluorescence fold ratio of 9.6. The 55 3WJ had been shown in
the literature to have lower thermal stability compared to the
Phi29 3WJ in UV-T,, experiments."”” To engineer the 55 3WJ
core, we performed 13 modifications in the core junction of
5S-FLARE (5S-Mod 1 to 5S-Mod 13), as shown in Fig. 4b. First,
in 55-Mod 1, a CC mismatch was replaced with a GC base pair,
and a U nucleotide was introduced to convert bulge A into an
AU base pair (both modifications shown in blue in 55-Mod 1).

This journal is © The Royal Society of Chemistry 2026

However, this modification changed the fluorescence fold
ratio to only 2.2 from 1.8 in 5S-FLARE (Fig. 4c). Keeping these
modifications intact, we designed 12 more modifications
(55-Mod 2 to 55-Mod 13) in the core region of the 55 3W]J. All
the constructs with nucleotides deleted or replaced in all three
strands of the 5S 3W]J core are shown in Fig. 4b. The fluo-
rescence data obtained from all the constructs (Fig. 4c) show
that 5S-Mod 2 showed the highest fluorescence fold ratio of
10.1 compared to only 1.8 for 5S-FLARE. It is to be noted that
the fluorescence fold ratio of 55-Mod 2 (10.1-fold) was even
higher than the fluorescence fold ratio of FLARE 4 (9.6-fold)
having a highly stable Phi29 3W]J core. The results suggest that
the engineered 5S 3WJ as in 5S-Mod 2 is substantially more
stable than its wildtype (5S-FLARE). Additionally, the data also
suggested that the engineered 5S 3WJ as in 55-Mod 2 is even
more stable than the already known highly stable Phi29 3wW]
used in FLARE 4. To confirm this, we carried out UV-Ty, experi-
ments by using the isolated 3WJ] cores of 5S-FLARE and
55-Mod 2 and compared the results with the Phi29 3WJ core
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used in FLARE 4. The UV-T,, data and the derivative curves
(Fig. 4d and e) showed that the wild-type 5S rRNA 3W]J used in
5S-FLARE had a Ty, of 50.1° C, while the engineered 5S5-Mod 2
3W]J used in the 55-Mod 2 FLARE showed a Ty, of 60.8° C,
showing a stabilization by 10.7° C. Additionally, the Phi29 3W]J
used in FLARE 4 showed a Ty, of 57.5° C, showing that the
engineered 5S-Mod 2 3W] was even more stable than the
known highly stable Phi29 3WJ by a T,, difference of 3.3°
C. The UV-Ty, results obtained were further validated using
temperature-dependent circular dichroism (CD) spectroscopy
(Fig. S4). Additionally, a head-to-head comparison of fluo-
rescence and UV-T,, measurements was carried out for
selected subtle FLARE constructs and their corresponding iso-
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lated 3W]Js (Fig. S5 & Table S1). Thermal stabilities were also
compared using denaturing polyacrylamide gel electrophoresis
on an 8% gel containing 8 M or 10 M urea (Fig. S3b and S6).
Thus, the fluorescence data obtained using the FLARE system
align with the UV-T,, data, showing the fidelity of the FLARE
system in engineering 3WJs.

Applications of the engineered 5S rRNA 3WJ in CRISPR-
mediated gene editing and RNA nanotechnology

Next, we hypothesized that introducing a highly stable RNA
3WJ motif into a functional RNA should provide a nucleation
site for RNA folding, stabilizing the native folding of the RNA
and enhancing its function. To test this, we utilized the
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Fig. 5 Applications of the engineered 55 rRNA 3WJ in CRISPR-mediated gene editing and RNA nanotechnology. (a) Schematic representation
showing the incorporation of the 55-Mod 2 3WJ into the SL2 loop of sgRNA in the CRISPR-Cas9 system to improve cleavage efficiency. (b)
Sequence information of the 55-Mod 2 3WJ and the closed 55-Mod 2 3WJ having UUU loops at two of the open ends, followed by its incorporation
into the SL-2 loop of sgRNA to give 5S sgRNA. (c) Agarose gel depicting enhanced cleavage efficiency of the eGFP DNA target by 5S sgRNA com-
pared to WT sgRNA using Cas9. (d) Histogram showing cleavage efficiency calculated by measuring the band intensities in the agarose gel. (e)
Schematic illustration of the engineered 5S triangle constructed using the engineered 55-Mod 2 3WJ, shown in green, inserted at the corners of the
RNA nanotriangle. (f) Agarose gel showing stepwise assembly or formation of the engineered 5S triangle. (g) MTT assay showing cell viability of
A549 and Hela cancer cell lines treated with the engineered 5S triangle, free doxorubicin (Dox), and doxorubicin-loaded engineered 5S triangle. (h)
Confocal microscopy images showing the cellular uptake of doxorubicin-loaded engineered 5S triangle in A549 cancer cell lines. Nuclei were coun-
terstained with DAPI (blue), the plasma membrane was stained with CellMask (green), and doxorubicin fluorescence appears in red.
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CRISPR-Cas9 system that has been used extensively for gene
editing applications. We envisioned that the introduction of a
highly stable 3W]J into single guide RNA (sgRNA) should stabil-
ize its native folding and would enhance its cleavage efficiency
compared to the WT sgRNA. Several regions in sgRNA includ-
ing stem loop 2 (SL2) are amenable to engineering or modifi-
cation without compromising the functioning of the CRISPR~
Cas9 system.*’ Thus, we introduced the engineered 55-Mod 2
3W]J, after sealing its two ends with a UUU loop, into the SL2
region of single guide RNA (sgRNA) as shown in Fig. 5a and b
to generate 5S sgRNA. Secondary structure prediction and
thermodynamic parameters of 5S sgRNA, determined using
NUPACK, are provided in Fig. S7. The in vitro cleavage
efficiency of the 5S sgRNA was compared with that of the wild-
type sgRNA using commercially available Cas9 protein and
eGFP DNA as the target dsDNA. The in vitro cleavage assay gel
and the corresponding gel band quantification (Fig. 5¢ and d)
show that the 5S sgRNA has much better cleavage efficiency
(83%) compared to the WT sgRNA (48%). Further studies on
introducing the 5S-Mod 2 3WJ at different positions in sgRNA
are currently in progress in our laboratory.

Furthermore, we utilized the 3W]J core of 55-Mod 2 to con-
struct a nanotriangle following strategies used in the literature,
and used it to deliver the anticancer drug doxorubicin to
cancer cells. The engineered 5S triangle was constructed using
four 2'-fluoro-modified RNA strands, as shown in Fig. 5e. The
agarose gel (Fig. 5f) showed the stepwise assembly of the
engineered 5S triangle. The hydrodynamic size of the engin-
eered 5S triangle was determined using dynamic light scatter-
ing (DLS) (Fig. S8), revealing an average diameter of 14.5 +
1.8 nm. The nanotriangle was further loaded with the anti-
cancer drug doxorubicin, with a loading efficiency of approxi-
mately 80% (Fig. S9). The cytotoxicity of the doxorubicin-
loaded nanotriangle was evaluated using an MTT assay against
two different cancer cell lines, A549 (human lung adeno-
carcinoma) and HeLa (human cervical adenocarcinoma),
representing distinct tissue origins to assess broader applica-
bility. Untreated cells, cells treated with the engineered 5S tri-
angle (Eng 5S Tri) and free doxorubicin (Dox) were used as
controls. As shown in Fig. 5g, the Eng 5S Tri showed almost no
cytotoxicity towards both A549 and HeLa cells, while the Dox-
loaded Eng 5S Tri showed high cytotoxicity that was even
higher compared to the free doxorubicin. This shows better
cytotoxicity of doxorubicin towards cancer cell lines A549 and
HeLa when doxorubicin is loaded onto the Eng 5S Tri com-
pared to only free doxorubicin. The uptake of the Dox-loaded
Eng 5S Tri was also confirmed using confocal microscopy
where the intrinsic fluorescence of doxorubicin (DOX) was
used for confocal imaging of A549 cells (Fig. 5h).

Conclusions

In this study, we developed FLARE, a label-free fluorescence-
assisted method for RNA engineering, which was used to
engineer RNA 3W] motifs that are found ubiquitously in many

This journal is © The Royal Society of Chemistry 2026
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RNAs. Utilizing FLARE, we engineered a weakly stable 58S ribo-
somal RNA 3W]J into a highly stable engineered 3W]J (5S-Mod
2), which exhibited a 10.7° C increase in thermal stability as
evaluated using optical UV-melting. Additionally, the engin-
eered 3W] (55-Mod 2) showed 3.3° C more thermal stabiliz-
ation compared to the highly stable Phi29 3W]J. In many func-
tional RNAs, the stability of 3WJ motifs is critical for the native
folding of RNA and its function.® Thus, the engineered 3W]
when introduced into the SL2 loop of sgRNA in the CRISPR-
Cas9 system stabilized the native folding of sgRNA, resulting
in an enhanced cleavage efficiency of 83% compared to the
48% for the wild-type sgRNA. The engineered 3WJ motif was
also used to construct a nanotriangle that was loaded with the
anticancer drug doxorubicin, and its cytotoxicity was checked
against different cancer cell lines. In conclusion, FLARE is
general in nature and could be used to engineer almost any
3W]J. Being a fluorescence-based method using a multimode
plate reader, FLARE outperforms existing methods like UV-T,
in terms of throughput, sensitivity or speed. Stabilizing the
3W]J core motif of many functional RNAs such as ribozymes,
riboswitches or aptamers would be helpful to enhance their
functionality, which would be useful for a variety of biotechno-
logical and therapeutic applications.”*® This further would
help us to understand the roles of various newly discovered
RNAs, the functions of many of which are currently unknown.
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