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We describe the evolution and characterization of a fluorescent
light-up aptamer, RhoBAST®3¢C, that binds asymmetric, rotationally
quenched rhodamines. Binding induces an over 300-fold fluorescence
turn-on, which we leveraged for real-time monitoring in vitro tran-
scription reactions and live-cell imaging of tRNA and mRNA in E. coli.

Fluorescence microscopy is a key technique for studying
biomolecules within their cellular context, providing valuable
insight into their functions. Although RNA plays a central role in
virtually all aspects of cell biology, tools for live-cell visualization of
RNA have lagged behind those developed for protein imaging. This
gap largely arises from the absence of genetically encoded and
inherently fluorescent RNAs. The development of protein-based
RNA imaging systems such as MS2' and PP7> as well as more
recently developed fluorescent light-up aptamers (FLAPs) have
significantly advanced the RNA imaging toolbox. FLAPs combine
the fluorogenicity of small-molecule fluoro-phores with the genetic
encodability of the aptamer fused to the RNA of interest.

The mechanisms underlying dye fluorogenicity are diverse and
include fluorophore dimerization,>* attachment of quencher
moieties,>® environment-dependent spirocyclization,”® and intra-
molecular motion.”*° Notably, a particular focus within the latter
category is rotational relaxation within the dye molecule, often
through single bonds.'"'> Despite its potential, this mechanism
has been relatively underexplored. A recent study introduced a
julolidine-based fluorescent molecular rotor in conjunction with
its binding partner, the Okra aptamer, enhancing FLAP-based
RNA imaging in the green spectral range, and offering a brighter
and more photostable alternative to existing Broccoli and Pepper
systems.'® Another study using orange-red fluorescent N-aryl-
substituted sulforhodamines demonstrated only modest apta-
mer affinity, limiting advancements in high-resolution imaging
applications.’* Beyond FLAPs, asymmetric rhodamines have
been utilized as viscosity-sensitive probes and for targeting cell
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organelles such as mitochondria and lysosomes based on pH
values.'>'®

The rhodamine-binding aptamer for super-resolution imaging
techniques (RhoBAST) is an exceptionally performant FLAP, dis-
tinguished by its photostability, high affinity, and brightness,
making it ideal for super-resolved RNA imaging in live cells."”
Its compatibility with a broad range of xanthene-based dyes, due
to its promiscuity, further enhances its utility across various
fluorogens.”*® So far, RhoBAST’s fluorogenicity has been induced
by attached quenchers (Fig. 1A i),"” dimerization,® and spirocy-
clization (Fig. 1A ii).” Furthermore, its robustness allows it to be
combined with protein binding aptamers, expanding the scope of
targetable biomolecules.”*°

In this work, we explore a light-up strategy based on restricting
intramolecular motion, particularly the rotation, of rhodamine
fluorophores (Fig. 1A iii). We first tested whether a modified
rhodamine dye could be bound by RhoBAST. To this end, a phenyl
ring was introduced to one of the exocyclic amines of TMR, yielding
the asymmetric phenyltrimethyl rhodamine, PATMR (Fig. 1A iii).
This structural modification facilitates rotational relaxation, ren-
dering the dye quenched in solution."" In vitro, binding to RhoBAST
efficiently suppressed the rotation around the N-C,,; bond, result-
ing in a fluorescence turn-on of (257 £ 5)-fold. This performance
compares favorably with contact-quenched TMR-DN (27-fold) and
spirocyclization-based SpyRho (60-fold) (Fig. S1A). However, the
binding affinity of RhoBAST with PhTMR, with a dissociation
constant (Kp) of 360 + 13 nM, was more than 10-fold weaker than
for TMR-DN (15 nM) and SpyRho (34 nM) (Fig. S1B, Table S1),
indicating the need for aptamer improvement through reselection.
To achieve this, we performed an in vitro SELEX experiment,
immobilizing PhATMR via triethylene glycol diamine (H,N—(PEG),-
NH,) linker on NHS-activated Sepharose beads, yielding 3 (Fig. 1B
and Scheme S1). The initial RNA library was a doped version based
on RhoBAST, with each nucleotide position mutated at 15%,
resulting in a diversity of about 4 x 10 sequences. The doped
RhoBAST sequence was flanked by constant primer regions for
amplification (Fig. 1C). Prior to each selection round, an incubation
with a mock resin, conjugated with only linker (H,N-(PEG),-NH,),
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Fig. 1 Evolution of PhTMR-binding aptamer RhoBASTS®%C, (A) Schematic drawing and chemical structure of (i) previous work using contact-quenched
tetramethyl rhodamine with attached dinitroaniline, TMR-DN, lighting up upon binding to RhoBAST, (i) previous work using environment-dependent spirocyclic
rhodamine, SpyRho, lighting up upon binding to RhoBAST and (iii) this work using PATMR which is quenched by rotational relaxation and lights up by interaction
with the evolved aptamer, RNoBASTS**<. (B) Synthesis of PNTMR and immobilization on solid phase. (i) 3-Bromophenol, TFA, MeSOzH, (i) N-methylaniline, ZnCly,
(iii) amide-coupling to H,N-(PEG),NHBoc using PyBOP, DIPEA, DMF; deprotection using HC|, dioxane, (iv) NHS-activated Sepharose resin, HEPES buffer (100
mM, pH 7.4). (C) Design of the RNA SELEX library based on the sequence of RhoBAST (15% doped) flanked by constant primer regions. Nucleotides (nt)
highlighted in green were non-doped nucleotides. Loop 2 (L2) and Loop 3 (L3) were highly conserved regions in previous selections.r’?° (D) Enrichment of the
RNA pool through SELEX observed as percentage of eluted RNA and as fluorescence increase (turn-on) by incubation of RNA pool (100 nM) with PATMR (36 nM).

(E) Observed mutation rates after six rounds of SELEX in the previously conserved loop regions (L2: nt #20-26, L3: nt #33-42).

was performed to remove nonspecific binders. The SELEX process
involved incubation with the immobilized target, removal of non-
binders, elution of binders, RT-PCR amplification, and in vitro
transcription. After six rounds, enrichment was evident from the
increased amount of eluted RNA and fluorescence activation
(Fig. 1D). Sanger sequencing resulted in 105 mutants, which were
aligned, and the occurrence of mutations at each position was
analyzed (Tables S6 and S7). This revealed high mutation frequen-
cies at positions 23, 36, and 38 within the loops L2 and L3,
consistent with previous studies (Fig. 1C and E)."”*° With the
prediction of secondary structures® of all mutants, 41 sequences
were identified exhibiting a RhoBAST-like folding (Table S8). Here,
quantification of mutations and in vitro mutagenesis highlighted
position 36 as a key site (Tables S1 and S8). Substituting guanine
with pyrimidines at this position significantly improved affinity: the
G36U mutant showed a Kp, of 247 4+ 23 nM and the G36C mutant
exhibited a K of 115 £ 7 nM, more than three times better than
parental RhoBAST (360 + 13 nM) or the G36A mutant (384 + 22
nM) (Fig. S1B and Table S1). Notably, the G36C mutant achieved an
exceptional fluorescence turn-on of 309-fold, surpassing previous
RhoBAST systems based on SpyRho and TMR-DN by 5- and 11-fold,
respectively (Fig. S1A). Thus, the reselection yielded RhoBAST®**C
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as novel rotationally quenched rhodamine-binding aptamer
(Fig. S1D). The importance of position 36 aligns with recent crystal
structures of RhoBAST bound to TMR-DN and SpyRho, which
reveal an A-like architecture with a semi-open binding pocket.”>*?
Specifically, G18-A35-A28 form the pocket’s floor, while the
xanthene core stacks on A22-A40.>* The low mutation rates at
these positions indicate structural conservation. In contrast, the
G36-U39 turn region, which encapsulates the dye,”® was highly
mutable, allowing adaptation without disrupting the overall
folding structure (Fig. 1E). RhoBAST“**“:PhTMR shows high
fluorescence intensity within physiologically relevant magnesium
concentrations* (Fig. S1E) and exhibits excitation (574 nm) and
emission maxima (606 nm) compatible with standard fluorescence
microscopy setups (Fig. S1F). Following the successful selection of
RhoBAST®**“ against the phenyl-substituted rhodamine, we aimed
to expand the dye scope by synthesizing probes with diverse aryl
moieties. These variations were designed to probe how electronic
and steric effects influence performance. To streamline derivatiza-
tion, the different aryl substituents were introduced in the final
synthetic step (Scheme S1B). Specifically, the asymmetrical bromo-
substituted rhodamine core was synthesized and subsequently con-
verted into the aryl-substituted probes (Fig. 2A) via zinc-mediated

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Characterization of aryl rhodamine derivatives. (A) Chemical struc-
ture of synthesized aryl rhodamines with different residues (R). (B) Normalized
absorbance of aryl-substituted rhodamines (5 M) depending on the dielectric
constant of the respective solvent mixture (water/dioxane) yielding Dsg values.
(C) Fluorescence turn-on of aryl rhodamines (1 pM) with RhoBASTS3C (5 uM).
Values are given as mean + sd. (N = 3 independent measurements). (D)
Dissociation constants (Kp) were obtained by measuring fluorescence increase
upon titration of aryl rhodamine derivatives (50 nM) with increasing concen-
trations of RhoBASTS36¢,

nucleophilic aromatic substitution or Buchwald-Hartwig coupling
(Scheme S1B). This yielded nine derivatives (Fig. 2A, SI Chemical
Synthesis). All derivatives exhibited comparable absorption and
emission maxima (Table S2). As previously observed,””* binding of
the rhodamine derivatives to the aptamer led to a bathochromic
shift towards higher wavelengths in both the excitation (4dpatho.ex 6-
36 nm) and emission (Apathoem 6-30 Nm) maxima (Table S2).
Notably, the Stokes-shifts (derivatives 4-12: RhoBAST**° Agies =
15-36 nm, PhTMR:RhoBAST®**® Ages = 32 nm) allows good
separation of excitation and emission light with standard fluores-
cence microscopy setups (Table S2). While spirocyclization of pre-
vious lightup rhodamines was influenced by electron-deficient
substituents at the 3-position (Fig. 1A ii),” here we investigated the
impact of various aryl residues on the spirolactonization (Fig. S2A).
The D5, values, given as the dielectric constant of the water-dioxane
solvent mixture at the halfmaximum absorbance, were strongly
dependent on the electronic nature of the substituents (Fig. 2B
and Table S2). Electron-donating groups (derivatives 5-7) shifted the
equilibrium towards the quinoid form, resulting in lower D5, values
(Dso = 15-22), while electron withdrawing groups (derivatives 8-12)
favored the spirolactone form, yielding higher D5, values (D5, = 29-
45), relative to unsubstituted phenyl rhodamine 4 (D5, = 28) (Table
S2). These Ds, values correlated with the Hammett parameter (o) of
the substituents (Fig. S2B). We then evaluated fluorescence turn-
on upon interaction with RhoBAST®** (Fig. 2C). Derivatives 5-7,
11 and 12 showed minimal turn-ons and were excluded from
further analysis (Fig. The remaining derivatives, exhibiting more
than 140-fold fluorescence enhancement, surpassed the perfor-
mance of the predecessor systems RhoBAST:-TMR-DN (26-fold) and
RhoBAST:SpyRho (60-fold) (Fig. S1A and Table S2). The most
promising derivatives were further characterized in vitro. The
dissociation constants (Kp) were determined by titration of a fixed
concentration of fluorophore (50 nM) with different aptamer
concentrations, measuring the fluorescence increase. The
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obtained K, values revealed that increasing the size of the sub-
stituent (R =H < Cl < Br < CF;) as well as increasing Ds, values
(Dso H < Cl = Br < CF;) led to decreasing affinity towards
RhoBAST®**° (Kp = 500, 570, 1130, 4100 nM, respectively,
Fig. 2D and Table S2). The attachment of the triethylene glycol
linker with amine and amide functionality to 4 further increased
the affinity (Kp = 115 = 7 nM for PhTMR). This trend aligns with
prior reports*® and highlights how linker conjugation can
enhance binding."” Quantum yield measurements showed that
aryl-substituted rhodamines had very low intrinsic fluorescence
in solution due to efficient quenching by rotational relaxation.
Interaction with RhoBAST®*®C increased the quantum yield by
over 100-fold, resulting in high brightness (Table S3). The linear
dependence of the quantum yield on the viscosity in water-glycerol
mixtures supported the hypothesis that rotation along the N-C,y;
bond governs relaxation (Fig. S2C). Finally, the nonspecific light-up
of PhTMR, 4, 8-10 with total RNA isolated from E. coli and protein
(BSA) were compared to the specific light-up with RhoBAST%**¢
(Fig. S2D). Since PhTMR demonstrated minimal nonspecific light-
up (Fig. S2D), high brightness (Table S3), strong binding affinity
(Kp =115 nM) and an outstanding fluorescent turn-on (309-fold), it
was selected for all subsequent in vitro and cellular applications.

Leveraging the high fluorescence turn-on of the RhoBAST%**“;
PhTMR system, we established an in vitro assay to monitor RNA
synthesis in real-time. Using DNA templates encoding RhoBAST**¢
or RhoBAST, each carrying a T7-promoter, in vitro transcription with
T7 polymerase was performed in the presence of the respective
fluorogen. The appearance of fluorescence indicated aptamer synth-
esis (Fig. 3A). As negative control, the orthogonal silicon rhodamine-
binding aptamer, SiRA,* was transcribed in presence of fluorogen
(Fig. 3A). RhoBAST®**°: PhTMR outperformed RhoBAST:TMR-DN,
showing a magnitude higher turn-on (Fig. 3A).

We also demonstrated live-cell RNA imaging using the
RhoBAST®**C system. Here, a single repeat of the aptamer was
fused into the anticodon loop of a tRNA (Fig. S3A). Therewith,
confocal imaging of E. coli tRNA was achieved in living bacteria
(Fig. 3B and Fig. S3C). Next, synonymous aptamer repeats were
incorporated into the 3’ untranslated region of plasmids expres-
sing GFP allowing the visualization of GFP mRNA in living E. coli
(Fig. S3B). Confocal imaging showed bright, specific labeling of
GFP mRNA (Fig. 3C and Fig. S3D). As a negative control, the
same plasmid without the aptamer was used, resulting in a
minimal fluorescent signal of PhTMR.

We determined exceptionally fast exchange kinetics of Rho-
BAST“**“:PhTMR yielding an association rate coefficient (k,) of
131 x 10°* M s7' and a dissociation rate coefficient (kq) of
29.7 s, as determined by stopped-flow spectrometry (Fig. S4 and
Table S4). These rapid kinetics, magnitudes faster than existing FLAP
systems,">” make it a promising candidate for single-molecule
localization microscopy (SMLM). At a dye concentration of 100 nM,
it exhibited a blinking interval 4-9-fold shorter (Table S4) than its
predecessor RhoBAST with TMR-DN'” or SpyRho,” potentially facil-
itating faster acquisition of super-resolved images by SMLM.

Harnessing rotational quenching of aryl-substituted rhoda-
mines, we developed a FLAP system with exceptional fluores-
cence turn-on. We elucidated how structural and electronic
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Fig. 3 Application of RhoBASTS*%C:PhTMR. (A) Monitored in vitro transcription of RNOBAST®3*¢ and RhoBAST using PhTMR (500 nM) and TMR-DN
(500 nM), respectively. As negative control, SiRA was transcribed in the presence of PhnTMR (500 nM) or TMR-DN (500 nM). Data points represent mean +
s.d. (N = 3 independent experiments) and were normalized. (B) Confocal images of live E. coli. tRNA was visualized using 1XRhoBASTS3¢C (+) with PnTMR
(1 uM). As negative control 0XRhoBASTS36< (—) with PATMR was used. Scale bar, 5 pm. (C) Confocal images of live E. coli. GFP mRNA was visualized using
16XRhoBASTS36C (4) with PRTMR (2 pM). As negative control OXRhoBASTS*C (—) with PRTMR was used. Scale bar, 5 pm.

variations of such rhodamines influence their properties. The
demonstrated capabilities of RhoBAST**“:PhTMR for imaging
in living bacteria and the rapid exchange kinetics highlight its
potential for advanced applications.
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