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Abstract: Fluorescent light-up aptamer (FLAP) systems are promising (bio)sensing platforms that are genetically
encodable. However, FLAP-mediated detection of each distinct target necessitates either in vitro selection or
engineering of nucleic acid sequences. Furthermore, an aptamer that binds an inorganic target or a chemical species with
a short lifetime is challenging to realize. Here, we describe a small-molecule approach that makes it possible for a single
FLAP system to detect chemically unique, non-fluorogenic, and reactive inorganics. We developed functionalized pre-
ligands of RNA aptamers that bind benzylidene imidazolinones (Baby Spinach, Broccolli, Squash). Reactive inorganics,
hydrogen sulfide (H,S/HS™) and hydrogen peroxide (H,0,), can specifically convert these pre-ligands into native ligands
that fluoresce with FLAPs. Adaptation of this platform to live cells opened an opportunity for constructing whole-cell
sensors: Escherichia coli transformed with a Baby Spinach-encoding plasmid and incubated with pre-ligands generated
fluorescence in response to exogenous H,S/HS™ or H,O,. Leveraging the functional group reactivity of small molecules
eliminates the requirement of in vitro selection of a new aptamer sequence or oligonucleotide scaffold engineering for
distinct molecular targets. Our method allows for detecting inorganic, short-lived species, thereby advancing FLAP
\systems beyond their current capabilities. )

Introduction

Aptamers are structured nucleic acid sequences that selec-
tively bind a (bio)chemical target with high affinity.'?
Aptamer sequences can be found in nature as gene
regulation elements located in the untranslated regions of
mRNAs,P! or discovered in the laboratory by in vitro
selection (or systematic evolution of ligands by exponential
enrichment, SELEX) from a pool of nucleic acids.*! Some in
vitro-selected aptamers can bind and increase the
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fluorescence quantum yield (®p) of fluorogenic small-
molecule ligands that are otherwise poorly fluorescent in
their unbound state.”! These aptamers, called fluorescent
light-up aptamers (FLAPs) or fluorogenic aptamers, can
serve as genetically encodable and biocompatible sensing
platforms. FLAP systems have attracted significant attention
across several areas, including environmental monitoring,’
forensics,”! bioanalyte detection and clinical diagnostics,®*"?
live cell imaging,[*"'" and synthetic biology.['*'

In principle, a FLAP consensus region that specifically
binds an organic molecule ligand (Figure 1A) has no direct
utility for detecting an inorganic target (Figure 1B). Further,
the aptamer ligand must have intrinsic fluorogenicity to
generate a signal with FLAPs, which renders non-fluores-
cent chemical species unsuitable for detection. Recent
aptamer-based sensors that detect non-fluorescent targets
have employed a secondary aptamer domain that binds the
target to induce folding and/or conformational stabilization
of a tethered FLAP."**? Though elegant in design, the
target-binding aptamer domain must be in vitro selected or
engineered for each target of interest. Additionally, pro-
gramming complex RNA scaffolds that correctly and condi-
tionally fold can be difficult due, in part, to the highly
dynamic interactions among long RNA transcripts®?*! and
inherent limitations in RNA stability or folding under
suboptimal physiological conditions.? Finally, the aptamer-
ligand binding is an equilibrium process that relies on the
local availability of free ligands.™™ As a result, it would be
challenging to realize an aptamer system that can bind
targets with limited chemical or biological lifetime.

Here, we describe a structure- and reactivity-guided
small-molecule approach that can help address these
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Figure 1. Conceptual illustration of how a FLAP system can be repurposed to detect an inorganic molecular target without aptamer engineering.
(A) Strong fluorescence induced by non-covalent binding interactions between an aptamer and its native, intrinsically fluorogenic ligand. (B)
Inorganic targets, like majority of biologically relevant molecules, may lack fluorogenicity, affinity for a structured nucleic acid, or both. (C) If exists,
the chemical reactivity of the inorganic target can be utilized to form the native aptamer ligand in situ from a pre-ligand that has a reduced
fluorogenic binding. This would allow for the detection of inorganic targets by a single FLAP system, thereby expanding the application space of
structured nucleic acids without in vitro selection or additional oligonucleotide scaffold engineering. (D) Interconversion between an aptamer
ligand [e.g., 4-hydroxybenzylidene imidazolinone (HBI) derivative] and pre-ligand (e.g., 4-O-functionalized-benzylidene imidazolinone).

fundamental challenges. This approach allows for a single
aptamer known to bind one class of organic fluorogens to
detect multiple, structurally unique, non-fluorogenic, and
reactive inorganics (Figure 1C). The RNA aptamer Spinach
binds 4-hydroxybenzylidene imidazolinone (HBI) and its
analogs with a K, in the nanomolar to micromolar
range.”?! Guided by molecular docking calculations and
functional group reactivity principles in synthetic organic
chemistry, we developed 4-O-functionalized benzylidene
imidazolinone architectures that exhibit weak or inhibited
fluorescent binding toward Baby Spinach (Figure 1D). The
RNA aptamer Baby Spinach (51-nt)* is a truncated version
of Spinach2 (95-nt).””! The 4-O-functionalized benzylidene
imidazolinones, referred to as “pre-ligands”, can be con-
verted into native HBIs (4-OH) by an inorganic target. This
study focused on redox-active inorganics with major bio-
chemical roles and short physiological half-lives: hydrogen
sulfide (H,S) and hydrogen peroxide (H,0,). H,S is a
reactive sulfur species (RSS) that acts as a reducing agent. It
has cytoprotective properties against oxidative stress®” and
is involved in signaling that pertains to neurological® % and
cardiovascular™% processes. H,S can diffuse through lipid
membranes without the aid of channels.’”) H,0, is a reactive
oxygen species (ROS) involved in various biological proc-
esses, ranging from signal transduction and cell differ-
entiation to oncogene activity.”**! H,0, transport across
membranes occurs through simple diffusion or aquaporins in

aerobic organisms.[**!

Angew. Chem. Int. Ed. 2025, 64, €202421936 (2 of 11)

The activity-based sensing method using FLAPs and
pre-ligands can detect H,S/HS™ or H,O, with good selectiv-
ity against other redox species. Adaptation of this method to
live cells through plasmid transfection opens a new oppor-
tunity for building whole-cell biosensors: Escherichia coli
competent cells (BL21-DE3) transformed with a Baby
Spinach-encoding plasmid and incubated with the selected
pre-ligand fluoresce in response to H,S/HS™ or H,O,.
Whether in cell-free conditions or with E. coli, implementing
the FLAP/pre-ligand system avoids nucleic acid scaffold
engineering or in vitro selection of a new aptamer consensus
sequence. Further, this approach makes it possible to detect
chemical species traditionally not considered aptamer tar-
gets (or ligands) due to their intrinsic reactivity or lack of
nucleic acid binding interactions. Our method leverages the
functional group reactivity of small molecules to build cell-
based sensors for chemically distinct targets, which exploits
a previously overlooked synergism between synthetic organ-
ic chemistry and synthetic biology.

Results and Discussion

Docking Calculations aid in Experimental Interpretation and
Guide Aptamer pre-Ligand Design

To structurally rationalize the effect of ligand functionaliza-
tion on aptamer binding, we performed molecular docking
(Figures 2 and S1) using AutoDock Vina 1.2.0,**"! which
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Figure 2. Docked poses: binding mode of the selected 4-O-aryl-
modified derivatives of DFHBI. (A) Model of key hydrogen-bonding
interactions within the crystal structure of Spinach-DFHBI (PDB:4TS2)
near the binding site. (B) Binding mode of DFHBI docked using
AutoDock Vina. (C—F) docked poses of the 4-O-aryl-modified small
molecule derivatives of DFHBI.

presents a success rate of >90 % in detecting receptor-ligand
bindings with an average RMSD of <2.0 A" Recognizing
the limitation of Auto-dock Vina in terms of modeling
heteroatoms, we used methoxycarbonyl, phenyl, benzyl, and
benzoyl substituents to mimic more complex 4-O-functional
groups that we envisioned to synthetically incorporate into
benzylidene imidazolinone. The initial simulations used
DFHBI due to the availability of Spinach/DFHBI co-crystal
structure.”” Docking results with additional benzylidene
architectures are presented in Figures S1 and S2. Based on
the crystal structure,”” DFHBI has a near-planar geometry
and forms key hydrogen bonding interactions with G26,
G31, and A64 nucleobases of Spinach (Figure 2A). These
interactions were largely retained, with similar hydrogen
bond lengths in our docking simulation with DFHBI (Fig-
ure 2B, docking score of —8.9kcalmol'). This result
validated that the native ligand-aptamer binding interactions
can be attained in silico using AutoDock Vina. Strikingly,
DFHBI molecules that are 4-O-functionalized with meth-
oxycarbonyl, phenyl, benzoyl, or benzyl group bound G26/
G31/A64 pocket with a near 180° rotation. In particular, the
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4-O-benzylidene motif was positioned opposite to G26 for
methoxycarbonyl-DFHBI  (Figure 2C), benzoyl-DFHBI
(Figure 2E), and benzyl DFHBI (Figure 2F). In the case for
phenyl-DFHBI, the imidazolinone carbonyl was positioned
opposite to G31 (Figures 2D). For all these benzylidene
imidazolinone models, the native hydrogen-bonding inter-
actions within the G26/G31/A64 pocket were abolished and
the docking scores (methoxycarbonyl-DFHBI: —5.6, phenyl-
DFHBI: 2.7, benzoyl-DFHBI: —5.6, and benzyl-DFHBI:
—6.6 kcalmol ') indicated significantly weaker binding affin-
ity. Taken together, the docking results provided support for
a scenario in which the positioning of the benzylidene
imidazolinone motif within the G26/G31/A64 binding pock-
et of Spinach can be altered by functionalizing the 4-O-
benzylidene atom as a carboxyl, ether, or an ester group.

Building the FLAP pre-Ligand Library

Redox-mediated chemical transformations of functional
groups have been successfully implemented to release
phenols.*~? Inspired by these transformations, and guided
by our molecular docking simulations, we developed a
library of benzylidene imidazolinones to serve as FLAP pre-
ligands (Figure 3A). This library included compounds that
we synthesized from various HBI derivatives to specifically
react with either H,S/HS™ (Figure 3A, left panel) or H,O,
(Figure 3A, right panel). See Supporting Information for
details on their chemical syntheses. The H,S/HS -reactive
designs included azidoethylcarbonyl-modified MFHBI
(AEC-MFHBI) and DFHBI (AEC-DFHBI); dinitrophenyl-
modified MFHBI (DNP-MFHBI); pyridyldisulfunylbenzoyl-
modified MFHBI (PyDSBz-MFHBI) and DBrHBI
(PyDSBz-DBrHBI). The H,0,-reactive designs included 4-
(methyl)benzeneboronic  acid pinacol ester-modified
MFHBI (MBBAPE-MFHBI) and DFHBI (MBBAPE-
DFHBI); and 4-(methyl)benzeneboronic acid-modified
MFHBI (MBBA-MFHBI).

Among the pre-ligand candidates that would react with
H,S/HS", both AEC-MFHBI and AEC-DFHBI displayed
poor selectivity against cysteine (Cys) and glutathione
(GSH), which are nucleophilic thiols abundant in biological
environments. We hypothesized that the conversion of these
pre-ligands to MFHBI or DFHBI by Cys and GSH is
through nucleophilic attack of thiol to the benzylidene
carbonate. To test this hypothesis, we synthesized meth-
oxycarbonyl-MFHBI (MC-MFHBI) and subjected the mix-
ture of MC-MFHBI and Baby Spinach to Cys, GSH, or H,S
separately (Figure S3). Signal-to-background ratios (F/F;s)
were calculated, where F and F, are the fluorescence
intensities for samples with and without the redox species,
respectively. Addition of Cys and GSH led to F/F, values of
18.5 and 3.5 for 2 hours of incubation, which are comparable
to those for AEC-MFHBI (10.9 and 6.3). In contrast, the
H,S/HS™ treatment displayed less than 30 % fluorescence
increase after 2 hours of incubation. These results indicate
that (i) H,S has weaker nucleophilic reactivity toward the
benzylidene 4-O-carbonate than Cys and GSH, which is in
agreement with previous reports,™ and (ii) the conjugate
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Figure 3. Baby Spinach pre-ligand designs and native ligand formation. (A) Pre-ligands synthesized from respective building blocks (yellow panels)
for detecting (left) H,S/HS™ or (right) H,O,. (B, top) Generation of DBrHBI from PyDSBz-DBrHBI by Na,S treatment. (Bottom) Overlay of
extracted mass spectrum acquired following liquid chromatography. For PyDSBz-DBrHBI, [M + H]" requires 619.9131; found 619.9116; for DBrHBI,
[M+H]" requires 374.9162; found 374.9198. (C, top) Generation of MFHBI from MBBA-MFHBI by H,0, treatment. (Bottom) Spectrum acquired
via direct injection. For MFHBI, [M +H] " requires 235.0878; found 235.0922. No significant peak related to MBBA-MFHBI was observed. (B and C,
bottom) Crude reaction aliquot was taken after 1 hour of mixing pre-ligand with the respective redox agent and analyzed in positive ionization
mode. Peak heights are not an accurate representation of relative concentrations.

bases of MFHBI and DFHBI can serve as good leaving philic attack of thiols, thereby preventing non-specific signal
groups. Therefore, we reasoned that sterically blocking the  generation while favoring H,S-induced self-immolation.

benzylidene 4-O-carbonyl site would largely evade nucleo- This reasoning is conceptually supported by previous
observations where sterically hindered esters showed in-
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creased resistance against hydrolysis while favoring self-
immolation.®” Further, in the presence of Baby Spinach,
both DNP-MFHBI and PyDSBz-MFHBI provided similar
F/F, values for Cys and GSH. We presumed that the
dinitrobenzyl moiety in DNP-MFHBI and the ester in
PyDSBz-MFHBI may react with thiols. In this regard,
incorporating a second fluorine atom on the benzylidene
ring would render these probes even more reactive toward
Cys and GSH. Therefore, we did not pursue the synthesis of
their DFHBI analogs. Among the pre-ligands we have
explored, PyDSBz-DBrHBI possesses a sterically hindered
benzylidene 4-O-carbonyl, which in turn increases its
selectivity toward H,S/HS™.

Among the pre-ligands designed to react with H,0,,
both MBBAPE-MFHBI and MBBAPE-DFHBI displayed
poor stability in near-neutral buffer. We observed their
conversion to MFHBI and DFHBI prior to H,O, treatment
(high-resolution mass spectrometry, HRMS, analysis). Addi-
tionaly, their mixtures with Baby Spinach exhibited sponta-
neously increasing levels of fluorescence, suggesting that
these DFHBI-derived compounds are too reactive to serve
as pre-ligands. In contrast, MBBA-MFHBI is sufficiently
stable in buffer. MBBA-DFHBI was not included into the
pre-ligand library due to unresolved difficulties in its syn-
thesis and isolation. In addition to these observations, our
preliminary findings indicated that the aqueous solubility of
boronic acid-containing pre-ligand design is superior to its
boronic acid pinacol ester counterparts. All the pre-ligand
designs we studied here, except for the MBBAPE analogs,
are soluble in aqueous buffer (1% v/v DMSO, pH 7.4) at
concentrations reaching >100 uM. Based on all these
evaluations, we therefore elected PyDSBz-DBrHBI and
MBBA-MFHBI as FLAP pre-ligands for further experi-
ments.

Importantly, docking of these pre-ligands to Spinach
G26/G31/A64 pocket presented a similar degree of change
in positioning (Figure S2). To dock MBBA-MFHBI, we
substituted boron with CH for simulation compatibility. In
both cases, the 4-O-benzylidene motifs were placed opposite
to G26. The docking scores (PyDSBz-DBrHBI: —1.9, and
dihydroxymethyl-MFHBI: —6.8 kcalmol ') indicated weaker
binding affinity, which is consistent with the results obtained
for the aformentioned generic functional groups (cf. Figur-
es 2C-F).

Conversions of PyDSBz-DBrHBI and MBBA-MFHBI
to their respective redox products, DBrHBI and MFHBI,
were evaluated through HRMS (Figures 3B and 3C). For
each pre-ligand design, we analyzed the crude reaction
aliquot collected after 1 hour of mixing with the respective
redox agent in physiologically relevant conditions. The
spectral data indicated the presence of native ligand,
DBrHBI or MFHBI, which validated the expected redox
reactivity of benzylidene 4-O-modifications. Furthermore,
we determined the benzylidene 4-OH pK, of DBrHBI as 5.2
(Figure S4) and of MFHBI as 6.8 (Figure S5), indicating that
these native ligands, once generated from PyDSBz-DBrHBI
and MBBA-MFHBI, should exist primarily in their fluo-
rescently enhanced anionic forms at physiological pH.
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Binding Affinities of pre-Ligands Characterized by Fluorescence
Quenching

We conducted a fluorescence quenching (competitive bind-
ing) assay to gain an understanding of the relative fluore-
genic binding of these pre-ligands compared to their native
counterparts (Figure 4A). To this end, we incubated Baby
Spinach (1 pM) and its native ligand (2 uM) with varied
concentrations of the pre-ligand and recorded fluorescence
intensities after 60 minutes. The sample containing 50 pM of
PyDSBz-DBrHBI exhibited a fluorescence intensity similar
to that of 0 uM PyDSBz-DBrHBI, representing minimal
competition between PyDSBz-DBrHBI and DBrHBI in
binding Baby Spinach (Figure 4B). Incubation of Baby
Spinach and MFHBI with 50 uM of MBBA-MFHBI, which
is 25 equivalents of MFHBI, retained fluorescence intensity
at ~70 % (Figure 4C). This observation indicates that the
binding of MBBA-MFHBI to Baby Spinach may occur but

Aptamer/ Aptamer/
ligand pre-ligand
complex complex

Relative fluorescence intensity

8x10¢ 1
6x10* &\’—i\i/'/;\’/'

4x10% -+
0

Fluorescence Intensity

10 20 30 40 50
PyDSBz-DBrHBI (uM)
C  ixioe;

8x10° 1

6x10°

Fluorescence Intensity

o 10 20 30 40 50
MBBA-MFHBI (uM)
Figure 4. Fluorescence quenching with pre-ligands. (A) Aptamer affin-
ities of pre-ligands were assessed via competitive ligand binding assay.
Fluorescence intensities of (B) Baby Spinach/DBrHBI complex vs
PyDSBz-DBrHBI concentration, and (C) Baby Spinach/MFHBI complex

vs MBBA-MFHBI concentration. Error bars represent standard devia-
tion, n=3.
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is substantially weaker than the binding between MFHBI
and Baby Spinach. Overall, these results correlate well with
the disfavored binding of pre-ligands to Spinach as predicted
from our docking calculations (cf. Figures 2E-F and S2).

Cell-Free Redox Sensing with FLAP/pre-Ligand Systems

The fluorescent signal generation rates, magnitudes, and
selectivities of PyDSBz-DBrHBI and MBBA-MFHBI were
evaluated via microplate reader measurements (Figure 5).
The F/F, values for 60-minute incubation of the selected
pre-ligand (5 uM) with Baby Spinach (1 uM) were calcu-
lated. Mammalian cells have been shown to respond to 10—
600 uM of exogenous H,S.P!

In accordance, we reasoned that the addition of Na,S at
500 uM into a pH 7.4 buffer could generate H,S at a
biologically relevant concentration (~100 uM). S*~ should be
almost fully protonated to HS™ (pK,>12.0), and around
20 % of the sulfur species should exist in the form of H,S
(pK,~7.0).5% Therefore, the detection of HS™ correlates with
the presence of H,S.

Results for H,S sensing indicated that Baby Spinach and
PyDSBz-DBrHBI  delivered  ~3600%  increase in
fluorescence intensity (486 vs 18,142) when incubated with
Na,S (500 uM) for 60 minutes compared to the untreated
sample (Figures SA). Fluorescence intensities of samples
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containing PyDSBz-DBrHBI plateaued at ~50 minutes and
reached up to ~30% of that with DBrHBI. To assess the
performance of the H,O,-responsive pre-ligand, MBBA-
MFHBI, we monitored the relative fluorescence intensity
change of the Baby Spinach sample containing either
MFHBI or MBBA-MFHBI in the presence of H,0, (Fig-
ure 5D). After 60 minutes of the addition of H,O, (100 uM)
to the sample containing MBBA-MFHBI, we observed
~1800 % increase in fluorescence intensity (21,884 vs
414,252), compared to only 28% increase without H,0O,
addition. This result suggested that the phenyl boronic acid
group of MBBA-MFHBI is stable at physiological pH and
can generate free MFHBI upon reacting with H,0,. We
confirmed the RNA aptamer backbone stability in the
presence of H,O, (100 uM) by denaturing PAGE analysis of
Baby Spinach (Figure S6).

Next, we evaluated the redox specificities of pre-ligands
PyDSBz-DBrHBI (Figure 5B) and MBBA-MFHBI (Fig-
ure SE). The F/F, value for the control samples, which
included only the pre-ligand and Baby Spinach in buffer
(“untreated”), were set to 1 for comparison. For the mixture
of Baby Spinach and PyDSBz-DBrHBI that was incubated
with Na,S (500 uM) for 60 minutes, F/F, was measured as
37.3. Importantly, when the same mixture was incubated
with Cys or GSH, F/F, reached up to only 6.6 or 3.9,
respectively. Other RSS we tested (SO,*", S,0,°, SO,*", and
SCN") generated F/F, values centered around ~1, indicating
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Figure 5. Performances of PyDSBz-DBrHBI and MBBA-MFHBI with Baby Spinach in cell-free conditions. (A, D) Time-dependent fluorescence
increase of pre-ligands upon treatment with H,S/HS™ (from Na,S) or H,O,. (B, E) The fluorescence fold increase (F/F,) measured 60 minutes after
the addition of RSS (500 pM) and ROS (100 uM), respectively. Here, F and F, are the fluorescence intensities for samples with and without the
redox species, respectively. (C, F) LoD measurements for Baby Spinach with PyDSBz-DBrHBI or MBBA-MFHBI incubated with H,S/HS™ (from
Na,S) or H,0, for 60 minutes. Conditions: DBrHBI, PyDSBz-DBrHBI, MFHBI, and MBBA-MFHBI (5 pM), Baby Spinach (1 uM), HEPES (pH 7.4,
50 mM), KCI (100 mM), MgCl, (10 mM), and Na,S (500 pM) or H,O, (100 pM). (A, B, and C) Data sets labeled as “H,S” by convention. Single-
tailed Student’s ¢t test: *, P <0.05; **, P<0.01; ***, P <0.001; **** P<0.0001. Error bars represent standard deviation based on triplicates.
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no measurable pre-ligand activation. As for the samples
containing MBBA-MFHBI, F/F, was measured as 18.9 upon
60 minutes of incubation with H,O, (100 uM). In contrast, F/
F, values were <4 for other ROS, ("NO, 'O,, O,*, *OH),
suggesting that MBBA-MFHBI is selective for H,O..

Limit of detection (LoD) values were determined for
FLAP/pre-ligand systems by evaluating the statistical differ-
ence between F and F, measured at different concentrations
of H,S and H,0,, respectively (Figures 5C and 5F). Here,
LoD is defined as the minimum redox species concentration
at which F is statistically higher than F, (P <0.05) according
to one-tailed Student’s ¢ test. We determined LoD for
PyDSBz-DBrHBI as 0.2 uyM of H,S and that for MBBA-
MFHBI as 0.2 uM of H,0,. The LoD of PyDSBz-DBrHBI
is close to the other recently reported fluorescence-based
H,S/HS™ sensors.’”™ The sensitivity of MBBA-MFHBI is
comparable to fluorescence-based H,0O, sensors that use
small-molecule fluorophore activation.®®) In addition to
LoD, we evaluated the linear response range for the two
FLAP systems. PyDSBz-DBrHBI with Baby Spinach re-
sponded to H,S/HS™ linearly for the Na,S concentration
range of 10-200 uM (Figure S7A). The mixure of MBBA-
MFHBI and Baby Spinach provided a linear response to 20—
100 uM of H,0, (Figure S7B).

To demonstrate that our pre-ligand design approach is
broadly translatable as an RNA-based sensing platform, we
used the pre-ligands PyDSBz-DBrHBI and MBBA-MFHBI
with additional RNA aptamers. These assays involved
Broccoli® and Squash,® which also bind HBI derivatives
but differ in length and consensus sequence. With each of
these RNAs, PyDSBz-DBrHBI and MBBA-MFHBI deliv-
ered a significant fluorescence increase upon treatment with
Na,S and H,0,, respectively (Figure S8). Furhermore, both
pre-ligands exhibited weak aptamer binding based on
fluorescence quenching (competitive binding) assays (Figur-
es §9), indicating that 4-O-benzoylation and 4-O-benzylation
can weaken the fluorogenic binding between the
benzylidene imidazolinones and their cognate RNA ap-
tamers. These results are consistent with those obtained for
Baby Spinach (cf. Figures 4B-C) and suggest that our pre-
ligand design approach is adaptable to other aptamers that
use the same class of native ligands.

Turning E. coli Into Cell-Based Sensors using pET-21-3xBaby
Spinach and pre-Ligands

Bacteria, notably E. coli, are convenient and robust model
organisms widely employed for top-down construction of
whole-cell biosensors.” In accordance, we focused on
building chemically competent E. coli BL21 Star (DE3) cells
as redox sensors, and initially transformed them with a
DNA plasmid containing tRNA-Spinach2. Confocal imaging
of E. coli with MFHBI (preliminary positive control)
exhibited weak intracellular brightness following 488 nm
excitation. Therefore, we designed and cloned a gene
encoding for a tRNA fused with three continual Baby
Spinach consensus regions, each connected through a 6-bp
sealing stem, named pET-21-3xBaby Spinach (Figures 6A,
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S10, and S11). We reasoned that E. coli transcribing this
pET-21-3xBaby Spinach construct would provide up to three
ligand binding domains per transcript compared to tRNA-
Spinach?2 with a single binding domain, thus generate
stronger fluorescence in the presence of native ligands.
Indeed, we observed bright signals in samples incubated
with DBrHBI (440 nm excitation, Figure 6B top-left, Fig-
ure 6C DBrHBI) or MFHBI (488 nm excitation, Figure 6D
top-left, Figure 6E MFHBI). This observation supported the
notion that RNA transcripts with multiple ligand-binding
FLAP domains could amplify the fluorescence output, which
is also in agreement with a previous report demonstrating an
increase in brightness of Spinach-tagged guide RNA in
CRISPR-Display.”™ In accordance, E. coli carrying pET-21-
3xBaby Spinach plasmid (and grown in LB at 37°C) were
used for our subsequent experiments. RNA transcription
was induced by the addition of 1 mM isopropyl B-D-1-
thiogalactopyranoside once OD (600 nm) reached 0.4, and
cells were grown for an additional 2hours to further
facilitate aptamer transcription. Harvested cells were incu-
bated with M9 media containing either PyDSBz-DBrHBI
(100 uM) or MBBA-MFHBI (100 uM) for 15 minutes. The
media was replaced with fresh M9 media containing either
H,0, (100 uM) or Na,S (2 mM). This media replacement
ensured the removal of pre-ligand molecules not internal-
ized by the cells. Although we have no direct measurement
of intracellular concentrations of pre-ligands, we postulate
that pre-ligands can be internalized by E. coli through
passive diffusion while some may be secreted out through
efflux. The signal generation could result from either passive
diffusion of pre-ligands into E. coli followed by intracellular
redox reaction or extracellular redox reaction of effluxed
pre-ligands and subsequent cellular uptake. The latter
mechanism, however, would constitute a major decrease in
signal generation due to substantial dilution of pre-ligands
when effluxed to the newly replaced media. Aliquots (1 mL)
of E. coli culture were used at different time points for
confocal imaging and a red membrane dye (Fm 4-64FX) was
used as a co-stain to label the E. coli membrane. It is worth
noting that the use of Fm 4-64FX allowed us to observe
heterogeneity in the overall population for aptamer tran-
scription levels, as the positive controls displayed different
levels of brightness following excitation at either 440 nm or
488 nm (Figures 6B or 6D, top-left). Furthermore, it allowed
for visualization of cell morphology from the time of pre-
ligand addition until the end of redox incubation time. The
observation that cells retained their morphology (rod
shaped) indicated that E. coli tolerates the concentrations
we used for pre-ligands (100 uM) and redox species (100 uM
H,0, or 2 mM Na,S). Samples without DBrHBI (Figure 6B,
top-middle) or MFHBI (Figure 6D, top-middle) served as a
measure of background fluorescence while providing the
microscopy parameters for subsequent confocal images and
data analysis. E. coli. carrying the pUC19 plasmid (negative
control), which lacks 3xBaby Spinach aptamer gene, ex-
hibited no detectable fluorescence following 440 or 488 nm
excitation in the presence of DBrHBI (Figure 6B, top-right)
or MFHBI (Figure 6D, top-right), respectively.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. Turning E. coli into redox sensors. (A) When transformed with pET-21-3xBaby Spinach and incubated with a Baby Spinach pre-ligand,
BL21 Star (DE3) E. coli can fluoresce in response to a redox cue. (B, D) Confocal microscopy images of live E. coli sensing (B) H,S/HS™ or (D)
H,O,. Top row panels represent positive and negative controls, including transfection with pUC19 plasmid, which contains no aptamer gene.
Bottom row panels represent redox sensing at 0, 15, 30, 45, and 60 minutes. (C, E) Quantitative assessment of fluorescence outputs from cells
over 60 minutes, along with the positive control measured at 60-minute time point using either (C) DBrHBI or (E) MFHBI. Cells were incubated in
M9 media containing 100 pM of the HBI derivative. Redox species introduced to the imaging media: (B, C) H,0O, (100 uM), (D, E) Na,S (2 mM).
For co-staining, cells were treated with a FM 4-64FX (red membrane dye, 1 pg/ml, 2 minutes). Channel/excitation (nm): DBrHBI/440, MFHBI /488,
Fm4-64FX/568. Scale bar: 5 pm. Error bars represent standard error of the mean.

We obtained the fluorescence intensity vs time plots  quantifying the mean fluorescence of each cell imaged at
(Figure 6C and 6E) from the confocal microscopy data by  various time intervals from O (pre-treatment) to 60 minutes
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(see Supporting Information for detailed procedure). This
analysis allowed us to gain a quantitative insight into the
aptamer-dependent fluorescence enhancement in E. coli. In
regards to both reductive and oxidative sensing, cells
displayed statistically significant fluorescence enhancement
over 60 minutes of incubation with the target inorganic
redox species. The degree of heterogeneity in fluorescence
intensity, especially for 15- and 30-minute samples, sup-
ported the visual increase of brightness over time. Samples
incubated with PyDSBz-DBrHBI (100 uM) and then ex-
posed to exogenous Na,S (2mM) showed a progressive
increase in cell populations with detectable intracellular
fluorescence over the course of imaging (Figures 6B bottom
and 6C). After 60 minutes of Na,S treatment, the mean
fluorescence intensity value was determined to be 105-fold
higher than that at 0 minute (147.6 vs 1.4). The single cell
fluorescence outputs were detected within 15 minutes upon
addition of Na,S, which then plateaued over 60 minutes
(Figure 6C). We observed similar trends in E. coli incubated
with MBBA-MFHBI (100 uM) and then exposed to H,O,
(100 uM)  (Figures 6D bottom and 6E). The mean
fluorescence intensity increased from 2.6 a.u. at 0 minute to
181.7 a.u. at 60 minutes following H,0, addition. The single
cell fluorescence intensities reached to a maximum (cen-
tered around 200 a.u.) within 30 minutes, while the overall
mean fluorescence of the E. coli populations progressively
increased over 60 minutes.

Conclusion

Interest in fluorescent light-up aptamer (FLAP)-based
target detection is substantial given the ever-evolving needs
in analyte biosensing, diagnostics, and environmental
surveillance ™" *®1 The traditional target recognition,
whether directly by the FLAP itself or through its condi-
tional folding induced by a secondary aptamer domain,”
entails the availability of an aptamer consensus sequence for
each distinct target. Even though these approaches find
biological use, repurposing a single aptamer to detect
multiple and chemically diverse targets, especially inorganic
and reactive molecules, has yet to be realized. Our study
describes how small molecules can address these fundamen-
tal challenges. Guided by molecular docking (Figures 2, S1,
and S2) and functional group reactivities in synthetic organic
chemistry, we built a library of benzylidene imidazolinone
compounds to screen for redox-responsive pre-ligands of the
RNA aptamer Baby Spinach (Figure 3). Among those,
PyDSBz-DBrHBI and MBBA-MFHBI showed favorable
solubility, stability, and redox selectivity profiles. In addi-
tion, both pre-ligands displayed markedly inhibited fluoro-
genic binding to Baby Spinach (Figure 4), providing minimal
background signal generation. Of note, the molecular
docking approach presented here serves as a low-level
computational support for pre-ligand designs. We used CH
to substitute boron for the MBBA caging group, which
deviates from the ideal pre-ligand structure.

The activity-based sensing platform using Baby Spinach
and a defined pre-ligand exhibited significant levels of
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fluorescence enhancement in the presence of its respective
inorganic target, H,S/HS™ or H,O, (Figure 5). Our small-
molecule approach can be employed with other RNA
aptamers. Specific examples we tested here include Broccoli
and Squash. Both PyDSBz-DBrHBI and MBBA-MFHBI
exhibited weak binding to these aptamers, yet they led to
increased fluorescence upon treatment with the target redox
species (Figures S8 and S9). Of note, the target sensitivities
and rates of fluorescence generation are comparable to
those of previously reported small-molecule
fluorophores.F”*!l Further, the real-time sensing of redox
molecules with aptamers could be achieved by optimizing
pre-ligands to react more rapidly without compromising
selectivity. This platform is also open to pre-ligands tailored
to detect other reactive species (e.g., O,”*," Cu(I)"").
Additional applications could involve pre-ligands for sensing
broader classes of biological targets. Notably, 4-O-peptidyl
benzylidene imidazolinones could enable the aptamer-based
sensing of proteases, especially those overexpressed in
cancer.

We demonstrated the implementation of aptamer-based
redox sensing in E. coli through plasmid transfection
followed by pre-ligand incubation, which conveniently trans-
formed the bacteria into cell-based sensors (Figure 6). Key
advantages of the described platform include that, unlike
most stand-alone fluorophores, pre-ligands exhibit minimal
background fluorescence, and the genetically encoded
aptamer can allow for a consistent signal throughout the
proliferating cell populations. Future directions in cell-based
biosensing involve the expansion of organismal diversity
beyond E. coli. We envision integrating the reported FLAP/
pre-ligand system into eukaryotes, such as yeast and
mammalian cells. The interaction between the aptamer and
ligand is fairly strong (K; or 950nM for DBrHBI and
660 nM for MFHBI"), which can maintain a relatively
stable complex inside the cell. Further optimization of the
aptamer binding is required to reduce the impact of dynamic
intracellular ligand concentrations caused by diffusion.
Efforts to establish these platforms are currently ongoing in
our lab.

This work demonstrates the potential of synthetic
organic chemistry for advancing the applications of aptamers
beyond their current capabilities in analyte sensing and
synthetic biology.
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