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RNA has emerged as an attractive target for drug discovery, increasing the importance of methods for
identifying RNA-binding small molecules. Fluorescent indicator displacement (FID) assays are commonly
used for screening such molecules. However, because fluorescent indicators detect hit compounds
through competitive binding, developing a diverse range of indicators is essential to avoid missing
potential hits. Here, we introduce novel RNA-binding fluorogenic molecular probes for FID assays by
conjugating thiazole orange (TO) derivatives to the unique RNA-binding molecule G-clamp, resulting in
TO-G-clamp. G-clamp was chosen for its distinct RNA-binding mode compared to TO derivatives, as
demonstrated by their large-scale RNA-binding profiles. Four TO-G-clamp analogs were synthesized
and evaluated, all retaining the broad RNA-binding selectivity of G-clamp. Among them, TO-G-clamp-
Bn, which features a benzyl substituent on the TO moiety, exhibited the highest consistency with the
RNA-binding selectivity of G-clamp. FID assays using TO-G-clamp-Bn identified unique hit compounds
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that were insensitive to the well-known indicator TO-PRO-1. Furthermore, SHAPE-MaP analysis revealed
the RNA-binding sites of TO-G-clamp, TO-PRO-1, and one of the hit compounds, AZ191, showing that
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Introduction

The approval of risdiplam, an RNA-targeting drug, by the Food
and Drug Administration in 2020 has fueled increasing interest
in RNA-targeting drug discovery."” Despite extensive research
efforts, the number of identified RNA-binding small molecules
remains limited. As of 2025, the R-BIND database,®> which
catalogs RNA-binding small molecules, contains fewer than
200 drug-like compounds. This highlights the need for new
methods of identifying novel RNA-binding small molecules.
One widely used screening method for discovering RNA-
binding small molecules is the fluorescent indicator
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the binding sites of TO-G-clamp were in close proximity to those of AZ191.

displacement (FID) assay.* " This assay uses an indicator that

exhibits a fluorescence change—either Turn-ON or Turn-
OFF—upon binding to a target RNA (Fig. 1A). When a compe-
titive analyte binds to the target RNA and displaces the indi-
cator bound to the RNA, the fluorescence intensity of the
indicator changes accordingly. This fluorescence intensity
change allows for the high-throughput evaluation of the RNA-
binding capability of analytes. As a key advantage, the FID assay
is label-free, unlike other screening techniques such as
microarray-based'>™**> or surface plasmon resonance (SPR)-
based approaches,'® chemical cross-linking and isolation by
pull-down (Chem-CLIP)-based screenings,”” and DNA-encoded
library screening,'®” where either the small molecule or the
RNA must be labeled.

However, as a key limitation, the binding site of the fluor-
escent indicator used in the FID assay must be in close
proximity to that of the RNA binder for effective
displacement.>" Therefore, developing diverse fluorescent indi-
cators with distinct binding sites and/or modes is essential.
Despite this need, the number of reported fluorescent indica-
tors remains limited.*” Designing such indicators is challen-
ging because the molecules must not only emit fluorescence
but also undergo fluorescence modulation upon binding and

6
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Fig. 1 Schematic overview of this study. (A) Conceptual diagram of the
fluorescent indicator displacement assay utilizing a light-up indicator. (B)
Conjugation strategy for developing novel RNA-binding indicators based
on FOREST analysis.

dissociation. Consequently, the development of structurally
diverse fluorescent indicators remains a complex task.

Conjugating a light-up unit with an RNA-binding moiety is
common strategy for developing RNA-binding fluorogenic
molecular probes.>*>® Thiazole orange (TO) is frequently cho-
sen as the light-up unit owing to its ability to emit bright
fluorescence upon binding to DNA or RNA, offering a high
signal-to-noise ratio.”””®* Several TO-conjugated molecular
probes have been developed on this basis.”**™® For example,
the conjugation of TO with GMP and AMP yielded TO-GMP and
TO-AMP, respectively, where both probes retained the aptamer-
binding abilities of GMP and AMP.>® Furthermore, Disney et al.
conjugated an r(G,C,)"P-binding molecule to TO and used the
resulting probe in FID assays with their in-house library con-
taining compounds structurally similar to the 1(G,C,)"*?
binder.*’ A more selective 1(G,C,)™P binder was ultimately
identified. This highlights the advantage of conjugating TO
with an RNA-binding unit possessing binding sites and/or
modes distinct from those of TO.

To rationally select an RNA-binding unit, large-scale RNA-
binding profiles using folded RNA element profiling with
structure library (FOREST) are highly useful.*®*” A previous
study using this method ranked the RNA affinities of TO
analogs and G-clamp across 3000 and 1824 structured RNA
motifs, respectively. G-clamp is an RNA-binding small molecule
that specifically recognizes single-stranded guanine in the
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hairpin and internal loops of RNA.*”~*° The study revealed that
TO and G-clamp have distinct RNA-binding selectivity.>” There-
fore, conjugating TO with G-clamp was expected to confer the
light-up fluorogenic function of TO to G-clamp, resulting in
novel RNA-binding fluorogenic probes.

In this study, we designed and synthesized molecules that
impart fluorescent light-up properties to G-clamp by conjuga-
tion with TO derivatives, termed TO-G-clamp analogs (Fig. 1B).
FID assays using the TO-G-clamp analog with the closest
selectivity to that of G-clamp alongside the commercially avail-
able fluorescent indicator TO-PRO-17*° were performed to
compare the hit compounds identified. Furthermore, the bind-
ing sites of the fluorescent indicators and the hit compound
detected in the FID assay were determined (Fig. S1).

Results and discussion

Molecular design and synthesis of TO-G-clamp analogs

Based on the distinct RNA-binding selectivity of TO analogs and
G-clamp, as analyzed by FOREST,*” TO-G-clamp derivatives that
integrate a TO derivative and G-clamp via a linker were designed
(Fig. 2). Four TO-G-clamp analogs were synthesized: one amide-
linked molecule with TO(Me), termed TO-G-clamp(am) (Fig. 2A),
and three triazole-linked molecules with TO(R), where R repre-
sents a methyl (Me), benzyl (Bn), or phenethyl (Phe) group,
denoted as TO-G-clamp-R (R = Me, Bn, or Phe) (Fig. 2B). TO-G-
clamp-R derivatives were designed to better retain the RNA-
binding selectivity of G-clamp by the substituents that prevent
RNA-binding of the TO moiety. (Fig. 2B). The substituents were
chosen based on a previous study, which reported that bulky
benzyl and phenethyl groups on TO suppressed non-specific
interactions resulting from the planarity of TO.*" The modifica-
tion of TO was expected to reduce its planarity and suppress its
interaction with RNA.

TO-G-clamp(am) was synthesized through amide coupling to
conjugate the two moieties (Scheme S1). The TO-G-clamp-R
derivatives were synthesized using a copper-catalyzed click
reaction to simplify the synthesis (Scheme S2).

Evaluation of fluorescent light-up properties and RNA-binding
selectivity of TO-G-clamp analogs

The fluorescent light-up property of TO-G-clamp(am) was

assessed using fluorometric binding assays with the pre-mir-
4520-1 motif (mir-4520-1) as the target RNA (Fig. 3A), which

(A) Amide linkage (B) Triazole linkage

" NH, o(\ NH,

@NH
o

TO-G-clamp(am) TO-G-clamp-R derivatives

Fig. 2 Molecular design of (A) TO-G-clamp(am) and (B) TO-G-clamp-R
derivatives (R = Me, Bn, or Phe).
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Fig. 3 Fluorescence binding assays with TO-G-clamp(am). (A) The second-
ary structure of the pre-mir-4520-1 motif exhibiting the highest affinity for G-
clamp. (B) Fluorescence spectra of TO-G-clamp(am) (5 nM) (left) and G-
clamp (10 nM) (right) upon the addition of the pre-mir-4520-1 motif (1 uM) in
phosphate buffer (pH 7.0) containing 5% DMSO. (C) The extracted secondary
structure of pre-mir-4520-1 mutants, G12A and G17A, predicted by RNAfold.
(D) The chemical structure of TO-PRO-1. (E) Apparent dissociation constants
(Kpapp) Of TO-G-clamp(am), G-clamp,*” and TO-PRO-1 in mutation experi-
ments with pre-mir-4520-1 analogs. (F) Correlation graph between the large-
scale affinity score, expressed as a Z-score, of G-clamp and Kpapp of G-clamp
(grey)*” and TO-G-clamp(am) (cyan). Data for G-clamp and TO-G-clamp(am)
are presented as mean (n = 2) and mean =+ standard error (n = 3), respectively.
r represents Spearman'’s correlation coefficient. Tests of no correlation were
performed to calculate p values. One outlier (CUG repeat) was eliminated
from this graph.

exhibits the highest affinity for G-clamp, as demonstrated by
FOREST.?” The fluorescence intensity of G-clamp decreased to
0.39 times its original intensity upon adding 1 uM of mir-4520-1,
whereas the fluorescence intensity of TO-G-clamp(am) increased
77-fold owing to the light-up property of the TO moiety (Fig. 3B).

The apparent dissociation constants (Kpapp) for the inter-
action of TO-G-clamp(am) with mir-4520-1 and its mutants
were determined through fluorescence titration assays
(Fig. 3C-E). The binding affinity of TO-G-clamp(am) for mir-
4520-1 was 4.5 times higher than that of G-clamp (Kpapp = 5.3 +
0.7 nM for TO-G-clamp(am) vs. Kpapp = 24 nM for G-clamp®”)
(Fig. 3E and Fig. S2). This difference suggests that the TO
moiety in TO-G-clamp(am) led to stronger binding owing to

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

the anchor effect, as observed with other TO-conjugated
probes.>*?*293234 Because G-clamp binds to G17 in mir-4520-
1, as demonstrated previously,®” the binding affinity of TO-G-
clamp(am) for two mutants, G12A and G17A, was assessed to
confirm that the binding of TO-G-clamp(am) to mir-4520-1 was
driven by G-clamp (Fig. 3C and Fig. S3). As expected, G12A
maintained high affinity for TO-G-clamp(am), with Kpapp of
<5 nM, whereas the binding affinity of G17A was substantially
reduced, with Kp,pp of 320 &= 70 nM (Fig. 3E). As a control, Kpapp,
was also determined for TO-PRO-1, a TO analog (Fig. 3D) in
relation to mir-4520-1 and the mutants (Fig. 3E and Fig. S4).
The binding preference of TO-PRO-1 was inverse to that of TO-
G-clamp(am). These results confirm that TO-G-clamp(am)
maintained the guanine recognition capability of G-clamp
and that the binding is G-clamp-driven.

To confirm the binding selectivity, in addition to mir-4520-1,
the RNA-binding affinity of TO-G-clamp(am) was further
assessed with a total of 13 selected RNAs with various affinities
for G-clamp (Table S1 and Fig. S2). The Kpapp values for the
interaction of G-clamp and TO-G-clamp(am) with the tested
RNAs are summarized in Fig. S5A, excluding the outlier, CUG
repetitive RNA. As expected, the Kp,pp values of G-clamp and
TO-G-clamp(am) were highly correlated, with a Spearman’s
correlation coefficient (r) of 0.94. This suggests that TO-G-
clamp(am) retained the RNA-binding selectivity even after con-
jugation with the TO moiety.

The correlation between the large-scale affinity scores, pre-
viously obtained using FOREST,”” and the Kp,p,, values of TO-G-
clamp(am) were calculated to assess the applicability of large-
scale affinity scores as metrics for predicting the RNA-binding
affinities of TO-G-clamp(am) (Fig. 3F). The large-scale affinity
score, expressed as a Z-score, represents the relative strength of
affinity for 1824 RNAs. The Z-score of G-clamp and the Kppp
values of TO-G-clamp(am) were highly correlated, with r of
—0.90, which is comparable to that of the original binder, G-
clamp (r = —0.93). These results suggest that the binding
affinities of TO-G-clamp(am) for RNAs in the library can be
predicted on the basis of the Z-scores. On the other hand, TO-G-
clamp(am) did not follow the binding of the TO moiety, where
the RNA-binding selectivity of TO-G-clamp(am) showed poor
correlation with the Z-score of the TO moiety (r = —0.57) (Fig.
S6A) and Kp,pp, of TO-PRO-1 (r = 0.2) (Fig. S5C), supporting that
TO-G-clamp(am) retains the binding selectivity of G-clamp
rather than that of TO.

The RNA-binding affinity and selectivity of TO-G-clamp-R
derivatives, TO-G-clamp-Me, -Bn, and -Phe were also assessed
through fluorescence titration assays using seven RNAs (Fig. 4
and Fig. S7-S9 and Table S1). Notably, TO-G-clamp-Bn and -Phe
bound to the all RNAs more weakly than TO-G-clamp-Me,
indicating that modification of the TO moiety diminished the
anchoring effect of TO. The correlation between Kp,p,, for the
TO-G-clamp-R derivatives and the Z-score of G-clamp was
investigated to evaluate the extent to which the RNA-binding
selectivity is altered by modification of the TO moiety. The
Kpapp of TO-G-clamp-Me showed a moderate correlation with
the Z-score of G-clamp (r = —0.54) (Fig. 4). Remarkably, the RNA

RSC Chem. Biol., 2026, 7, 49-57 | 51
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Fig. 4 Fluorescence binding assays with TO-G-clamp-R derivatives. (A)
Correlation graph between the Z-score of G-clamp and Kpapp of TO-G-
clamp-R derivatives. (B) Chemical structures of TO-G-clamp-R derivatives.
Data represent mean =+ standard error (n = 3). r denotes Spearman’s
correlation coefficient, and tests of no correlation were performed to
calculate p-values.

selectivity of G-clamp was best retained by TO-G-clamp-Bn (r =
—0.96), whereas TO-G-clamp-Phe displayed the weakest corre-
lation (r = —0.37) (Fig. 4). Furthermore, direct comparison of
the Kpapp of G-clamp and the TO-G-clamp-R derivatives indi-
cated the same degree of correlation as the Z-score of G-clamp
(Fig. S5B). These results suggest that TO-Bn reduced TO’s RNA-
binding and did not disrupt the RNA-binding selectivity of the
G-clamp moiety.

To ensure that TO-Bn has less effect on the RNA-binding
selectivity of TO-G-clamp-Bn, the RNA-binding selectivity of TO-
Bn was analyzed using FOREST and the selectivity between TO-
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Bn and TO-G-clamp-Bn was compared (Fig. S6B). There was no
correlation between the Kpap, of TO-G-clamp-Bn and the Z-
score of TO-Bn (r = —0.36), whereas the correlation between the
Kpapp of TO-G-clamp(am) and the Z-score of the TO moiety was
slightly stronger (r = —0.57) (Fig. S6A). This suggests that TO-Bn
has less influence on the RNA-binding selectivity of the G-
clamp moiety of TO-G-clamp-Bn than the TO moiety of TO-G-
clamp(am). Among the TO-G-clamp analogs, TO-G-clamp-Bn
was selected as the indicator for the FID assays because it most
effectively retained the RNA selectivity of G-clamp.

Assessment of TO-G-clamp-Bn as FID probe

The pre-mir-221 motif was chosen as the target RNA for the FID
assays because mature mir-221 is overexpressed in various
cancer cells and is promising as a therapeutic target*>
(Fig. 5A). Furthermore, reducing mir-221 expression levels in
colorectal cancer stem cells has been shown to alleviate tumori-
genic functions in mouse models.*> TO-G-clamp-Bn was
selected as the fluorescent indicator in the FID assays, as noted
above, and its molecular stability was evaluated. TO-G-clamp-
Bn was sufficiently stable under photoirradiation and even in
cell lysate, indicating its suitability for screening and potential
application in living cells (Fig. S10). Additionally, the binding of
TO-G-clamp-Bn to the pre-mir-221 motif was validated by SPR,
providing a Kp of 0.32 + 0.1 pM, which is similar to that
obtained by the fluorescence titration experiments (0.17 +
0.006 uM) (Fig. S11). The Z'-factor, a measure of the screening
quality,** calculated using TO-G-clamp-Bn, was found to be

(D)
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N
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Hit

o

[ o °
kS > @
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Fig. 5 FID assays with TO-G-clamp-Bn or TO-PRO-1 and hit validation. (A) Predicted secondary structure of the pre-mir-221 motif using RNAfold. (B)
Schematic representation of FID assays with TO-G-clamp-Bn or TO-PRO-1. (C) Normalized fluorescence intensities in FID assays. Hit compounds are
defined as those meeting the hit threshold (mean — 2c) in both assays. (D) Number of hit compounds identified by TO-G-clamp-Bn or TO-PRO-1. (E) and
(F) Chemical structures of hit compounds identified only by (E) TO-G-clamp-Bn and (F) TO-PRO-1. (G) Validation of AZ191 binding to the pre-mir-221
motif by fluorescence binding assays. A representative fluorescence spectrum from three independent experiments is shown.
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0.86, indicating that the probe is amenable to screening
(Fig. S12A).

To assess if the displacement capability of TO-G-clamp-Bn is
distinct from that of TO-PRO-1, both were individually utilized
for FID assays with five aminoglycosides, which are known to
be less specific RNA binders.*>*® The pre-mir-4520-1 and 221
motifs were selected as target RNAs. For the pre-mir-4520-1
motif, both indicators were sensitive to several aminoglycosides
(Fig. S13), suggesting that TO-G-clamp-Bn can exhibit fluores-
cence changes owing to displacement. In contrast, for the pre-
mir-221 motif, TO-PRO-1 detected many of the aminoglyco-
sides, whereas TO-G-clamp-Bn was inert to all of the aminogly-
cosides (Fig. S13). These observations suggest that the binding
site of TO-G-clamp-Bn on the pre-mir-221 motif is distinct from
that of TO-PRO-1.

FID assays with TO-G-clamp-Bn and TO-PRO-1 using chemical
library

The Sigma-Aldrich 1280 LOPAC chemical library, consisting of
1280 compounds, was used in the assays. The hit threshold was
defined as the mean minus twice the standard deviation (mean —
20). The assays were performed in duplicate, and hit compounds
were those that met the hit threshold in both assays.

Ultimately, 18 hit compounds were identified (hit rate: 1.4%)
using TO-G-clamp-Bn (Fig. 5B-D). As a control, TO-PRO-1 was
used in the FID assays under identical conditions, where 19 hit
compounds were detected (hit rate: 1.5%) (Fig. S12B and S14).
Fifteen hit compounds were common to both screens (Fig. S14).
The common hit compounds are mainly classified into catio-
nic, anionic, and planar compounds. The cationic and planar
molecules were detected by both probes, possibly because of
non-specific binding of the probes to RNA via electrostatic and
pi-pi stacking interactions, respectively.*®*” The anionic com-
pounds seem to interact with the positively charged probes
rather than the anionic RNA, thereby inhibiting the binding of
the probes to RNA, resulting in a decrease in the fluorescence.??
Myricetin, known to bind to the pre-mir-221 motif with Kp,p,, of
20 + 2 pM,*” was included in the common hit compounds,
further demonstrating the robustness of these screenings.
Notably, among the hit compounds, three (AZ191, NAV-2729,
and AubipyOMe) were identified only by TO-G-clamp-Bn,
whereas four others (Dequalinium, Suramin, NF023, and
XCT790) were identified only by TO-PRO-1 (Fig. 5E and F).
Dequalinium is known to be an RNA binder*® and is listed in
the RNA binder database, R-BIND.?

To validate the screening results, the concentration-
dependent fluorescence changes were measured for the seven
unique hit compounds. Although AubipyOMe did not show
concentration dependence, two of the three compounds iden-
tified by TO-G-clamp-Bn (AZ191 and NAV-2729) exhibited
concentration dependence, with half-maximal inhibitory con-
centrations (ICs,) of 4.8 + 0.6 and 11 + 0.9 pM, respectively
(Fig. S15). These ICs, values were statistically significantly lower
than those of TO-PRO-1 (14 + 0.8 and 32 + 11 uM, respectively),
consistent with the data from the FID assay. Thus, TO-G-clamp-
Bn was more sensitive for detecting potential hit compounds
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than TO-PRO-1. Conversely, two of the four compounds (Dequa-
linium and NF023) uniquely identified by TO-PRO-1 exhibited
concentration dependence, with ICs, values of 3.7 £ 1 and
1.1 £+ 0.3 pM, respectively. These values were statistically
significantly lower than those for TO-G-clamp-Bn (not deter-
mined and 97 £ 4 pM, respectively), consistent with the data
from the FID assay. The binding of the hit compounds was
further validated by selecting four compounds exhibiting dose-
dependency (AZ191, NAV-2729, Dequalinium, and NF023) for
additional study.

Validation of binding of hit compounds to pre-mir-221 motif

To validate the binding of four selected hit compounds (AZ191,
NAV-2729, Dequalinium, NF023) found by each indicator, the
Kpapp values were calculated based on SPR analysis (Fig. S16).
Although AZ191 and Dequalinium showed positive responses,
indicating an interaction between the pre-mir-221 motif and
the hit compounds, the Kp,pp, values could not be calculated
owing to the poor fitting scores, which may be attributed to the
occurrence of multiple binding events as the concentration of
the compounds increased. The other two compounds (NAV-
2729 and NF023) did not show positive responses, suggesting
that they did not bind to the RNA and may be false positives.

The Kpapp values of the compounds were determined
through fluorescence titration. Because the intrinsic fluores-
cence of AZ191 and Dequalinium exhibited changes upon
binding to the pre-mir-221 motif, the Kp,pp values for these
two compounds were calculated as 34 = 1 uM and 2.4 £ 0.3 UM,
respectively (Fig. 5G and Fig. S17). These results confirm the
binding of the hit compounds (AZ191 and Dequalinium) and
highlight the ability of TO-G-clamp-Bn to detect a unique hit
compound.

Determination of the binding sites of TO-G-clamp(am), TO-
PRO-1, and AZ191

To identify the binding sites of TO-G-clamp(am), TO-PRO-1, and
AZ191, we used selective 2'-hydroxyl acylation analyzed by pri-
mer extension and mutational profiling (SHAPE-MaP),* a tech-
nique used to determine the binding sites of small molecules on
target RNAs"® (Fig. 6A). Instead of using TO-G-clamp-Bn, TO-G-
clamp(am) was selected owing to its higher affinity. The state-of-
the-art SHAPE reagent 2A3 was employed for RNA acylation.>" As
a positive control, the complex of thiamine pyrophosphate (TPP)
and TPP riboswitch, which exhibits detectable binding,>> was
applied to SHAPE-MaP. Consequently, TPP binding was clearly
observed by SHAPE-MaP (Fig. 518).

To further validate the accuracy of this method, the complex
of mir-4520-1 and TO-G-clamp(am) (Fig. 3A-C) was used as a
model for evaluation using SHAPE-MaP analysis. The muta-
tional profile of mir-4520-1 obtained from the SHAPE-MaP
analysis revealed a decrease in the mutation rate at the bound
guanine and an increase in the mutation rate at the comple-
mentary base to the bound guanine (Fig. S19A). These findings
suggest that the binding sites of TO-G-clamp(am) can be
identified using SHAPE-MaP given that the flexibility of the
bound guanine in mir-4520-1 decreased, whereas the flexibility
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Fig. 6 Binding site identification by SHAPE-MaP. (A) Schematic representation of the SHAPE-MaP method for identifying small molecule binding sites.
(B)—(D) Mutational profiles of the pre-mir-221 motif with (B) TO-G-clamp(am), (C) TO-PRO-1, and (D) AZ191 (left). The delta mutation rates for each
ligand were mapped onto the corresponding secondary structure of the pre-mir-221 motif (right). Two-Poisson counts tests and the Benjamini—
Hochberg method were applied to compare ligand-treated samples with the DMSO control. Asterisks on the mutational profiles indicate statistically
significant mutational changes (false discovery rate <5%). Statistically significant changes are visualized in the secondary structures predicted by RNAfold.

of the complementary base increased. As a negative control, a
complex of TO-G-clamp(am) with a weakly interacting RNA, the
pre-mir-4282 motif, was analyzed, indicating no considerable
changes in the mutation rates (Fig. S19B). This further supports
the specificity of the methodologies.

The mutational profile of the pre-mir-221 motif was deter-
mined to identify its binding site. In the mutational profile of
TO-G-clamp(am) and the pre-mir-221 motif, the regions sur-
rounding the two guanines (G22 and G29), which form the
closing base pairs near the hairpin loop, as well as the four
nucleotide (nt) bulge loop, were considerably affected by the
addition of 10 pM of TO-G-clamp(am) (Fig. 6B). These results
indicate that TO-G-clamp(am) binds to both of these regions
near the guanines (G22 and G29). Additionally, SHAPE-guided
prediction of the secondary RNA structure in the presence and
absence of TO-G-clamp(am) revealed that binding of TO-G-
clamp(am) did not change the secondary structure, suggesting
that its binding changed only the flexibility of the local struc-
tures (Fig. S20).

To further confirm the binding sites, the pre-mir-221 motif
was mutated and the Kp,pp, values of the mutants were deter-
mined using fluorescence binding assays (Fig. S3 and S20). The
mutants were designed based on the predicted secondary

54 | RSC Chem. Biol., 2026, 7, 49-57

structures to ensure that they maintained the structure of the
pre-mir-221 motif (Fig. S21A). When the 4-nt bulge was
removed from the original sequence (w/o AUUU), the binding
affinity of TO-G-clamp(am) decreased considerably (Kpapp:
9.3 £ 1 nM for wild type; Kpapp: 22 £ 3 nM for w/o AUUU).
This suggests that TO-G-clamp(am) binds to the G29 near the
4-nt bulge. Although the affinity of the mutant (G2223A), where
G22 and G23 were mutated in the original RNA motif, for TO-G-
clamp(am) was not significantly reduced (Kpapp: <5 nM), the
affinity decreased further when both guanines (G22 and G23)
near the hairpin loop were mutated in the w/o AUUU, resulting
in the G2223A-w/o AUUU mutant (Kpapp: 120 £ 20 nM). This
suggests that TO-G-clamp(am) also binds to G22 and G23 near
the hairpin loop. Similar results were observed with G-clamp
(Fig. S21 and S22).

Similar to TO-G-clamp(am), the binding sites of TO-PRO-1
and AZ191 were identified using SHAPE-MaP (Fig. 6C and D)
and mutation experiments (Fig. $S23-S25). In the SHAPE-MaP
analysis, the mutational profile of TO-PRO-1 and the pre-mir-
221 motif showed changes in the mutation rate at the stem
region near the 4-nt bulge loop (C27-G30), although these
changes were less pronounced compared to those observed
with TO-G-clamp(am) (Fig. 6C). For AZ191, the mutation rates

© 2026 The Author(s). Published by the Royal Society of Chemistry
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at the hairpin loop decreased considerably (Fig. 6D). Overall,
the SHAPE-MaP results suggest that TO-PRO-1 binds to the
stem region, whereas AZ191 binds to the hairpin loop.

Mutation experiments with TO-PRO-1 and AZ191 further
support the findings of the SHAPE-MaP analysis, although
the differences in the affinity among the mutants were relatively
small (Fig. $23-S25). TO-PRO-1 exhibited weaker affinity for the
w/o A and w/o hairpin loop mutants, which lack the stem with
the A-bulge, with Kp,pp values of 0.62 £ 0.05 uM and 1.1 £
0.1 uM, respectively (compared to 0.44 £+ 0.09 puM for the wild
type). This suggests that the A-bulge forms the stem, facilitating
binding of TO-PRO-1. For AZ191, the w/o hairpin loop mutant
showed the lowest affinity, with Kp,pp, = 105 &= 8 pM (compared
to 34 + 1 uM for the wild type), indicating that AZ191 binds to
the hairpin loop.

In summary, the TO-G-clamp analog more sensitively
detects AZ191 binding than TO-PRO-1, plausibly because the
binding site of AZ191 is located near G22, one of the binding
sites of the TO-G-clamp analog (Fig. 7). In contrast, the binding
site of TO-PRO-1 is farther from the hairpin loop, making it less
effective at detecting AZ191 binding.

Conclusions

In this study, we developed fluorogenic molecular probes, TO-
G-clamp analogs, employing G-clamp as the RNA-binding unit
and TO as the light-up unit for FID assays. We leveraged the
distinct large-scale RNA binding profiles of G-clamp and TO by
FOREST to design indicators with unique binding modes.*”
Four TO-G-clamp analogs were designed and synthesized, and
their RNA-binding selectivity was evaluated. The evaluation
confirmed that the RNA-binding selectivity of G-clamp was
successfully retained. Specifically, TO-G-clamp-Bn, featuring a
benzyl substituent on the TO moiety, minimized TO’s non-
specific binding and best maintained the selectivity of G-clamp.
These results suggest that modifying the TO moiety with the Bn
group is an advantageous strategy for designing TO-containing
RNA-binding fluorogenic probes that minimize the intrinsic
RNA-binding properties of the TO unit. Furthermore, our
results highlight the utility of large-scale RNA binding profiles
in distinguishing selectivity differences between RNA binders
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and predicting the RNA-binding selectivity of TO-conjugated
compounds.

FID assays were used to screen 1280 compounds with TO-G-
clamp-Bn and the pre-mir-221 motif, a promising therapeutic
target RNA. TO-G-clamp-Bn identified unique hit compounds
that were insensitive by the well-known indicator, TO-PRO-1.
Several binding assays confirmed that one of the three hit
compounds, AZ191, specifically bound to the pre-mir-221
motif. SHAPE-MaP and mutation experiments were used to
identify the binding sites of the compounds on the pre-mir-
221 motif, revealing that the differences in the hit compounds
identified by TO-G-clamp-Bn and TO-PRO-1 were plausibly
owing to the distinct binding sites on the pre-mir-221 motif.

The fluorescent indicators developed in this study and their
molecular design concept are expected to enhance the potential
of FID assays and contribute to the discovery of novel RNA-
binding molecules. Because this study disclosed that the
attachment of the RNA-binding unit to TO changed the hit
compounds in FID assays, exploration of other RNA-binding
units is crucial and is under investigation in our laboratory.
Although pre-mir-221 was used as the target for FID in this
study, it is possible to select other disease-related RNAs from
the FOREST data, and screening with different targets is also
underway. Additionally, the findings of this study are crucial for
the design of TO-conjugated molecular probes, not only for FID
assays but also for other applications, such as intracellular RNA
imaging.
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