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ABSTRACT: Genetically encoded fluorescent protein and fluorogenic
RNA sensors are indispensable tools for imaging biomolecules in cells. To
expand the toolboxes and improve the generalizability and stability of this
type of sensor, we report herein a genetically encoded fluorogenic DNA
aptamer (GEFDA) sensor by linking a fluorogenic DNA aptamer for
dimethylindole red with an ATP aptamer. The design enhances red
fluorescence by 4-fold at 650 nm in the presence of ATP. Additionally,
upon dimerization, it improves the signal-to-noise ratio by 2—3 folds. We
further integrated the design into a plasmid to create a GEFDA sensor for
sensing ATP in live bacterial and mammalian cells. This work expanded
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genetically encoded sensors by employing fluorogenic DNA aptamers,
which offer enhanced stability over fluorogenic proteins and RNAs, providing a novel tool for real-time monitoring of an even

broader range of small molecular metabolites in biological systems.

B INTRODUCTION

Genetically encoded sensors employing fluorescent proteins
have revolutionized biochemical and biomedical imaging.
These protein-based sensors fuse fluorescent protein with a
target molecule or a target-specific binding module via a short
peptide linker.'~* The recognition of target molecules induces
conformational changes in the protein construct'™'% or
regulates the synthesis of the fluorescent protein,''~"* resulting
in detectable fluorescence signal changes in living cells. Despite
significant advancements in this field, developing protein-based
sensors for diverse small-molecule analytes remains challenging
due to the limited availability of proteins that bind a wide
variety of small molecules and the time-consuming linker
optimization.l“_16
cells, developing a method that can be generally applied to
almost all metabolites is desirable. Toward this goal,
fluorogenic RNAs combined with riboswitch added the
toolbox of genetically encoded sensors for imaging small
metabolites."’ > These fluorogenic RNAs undergo conforma-
tional changes upon binding to their targets, leading to an
increase in fluorescence. Despite their adaptability to various
analytes (e.g., SAM, TPP),”**" these fluorogenic RNA sensors
have half-lives ranging from 0.25 to 1.25 h in cells.** While
circularized RNA sensors extend their half-lives by 5- to 10-
fold (7—10 h),* they still exhibit lower stability compared to
protein sensors. Therefore, it is desirable to increase stability,
while increasing the number of targets that genetically encoded
sensors can detect in living cells.

Since numerous metabolites are present in
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Compared to riboswitches or RNA aptamers, DNA
aptamers can be obtained more easily through the Systematic
Evolution of Ligands by EXponential Enrichment
(SELEX),*™* because the selection does not require reverse
transcription. As a result, DNA aptamers that can bind a wide
variety of targets, including small molecular metabolites, have
been obtained and thus significantly expand the target
molecules one can detect.**™ In addition, DNA aptamers
also exhibit higher stability than proteins and RNAs,"**!
positioning them as effective alternatives for metabolite
sensing. Due to these advantages, DNA aptamers have been
widely used to image and detect small molecules for over a
decade.*”™” Despite the above advantages and decades of
research in this area, most DNA aptamer sensors for
intracellular applications reported to date still require
prelabeling with a fluorophore and then delivery into the
cells. As a result, delivery efficiency and locations can vary
widely. More importantly, since the cells are dividing and
replicating, the delivered prelabeled DNA aptamers are
constantly diluted, making them ineffective for long-term
monitoring beyond the first generation of cells. To overcome
these limitations and to maximize the full potential of DNA
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Figure 1. Design and Characterization of a DIRFA-based Split Aptamer (DASA) Sensor. a) A scheme that shows the designs of the truncational
study for the dimethylindole red (DIR) specific Fluorogenic DNA Aptamer (DIRFA). DIRFA-1 to DIRFA-5 correspond to 1- to 5- base-pair
truncation from the bottom of stem D1, respectively. Compared to the canonical DIRFA, the Mutated DIRFA lacks a T-G base pair (highlighted in
the red box) but retains the stem D1. b) The spectrum of the truncated DIRFA showed a lower fluorescence intensity with a shorter stem length. c)
The fluorescence intensity of truncated DIRFAs measured at 650 nm. d) The scheme of the DASA sensor. A split ATP aptamer (in green) was
used to replace the stem D1. Without ATP (left), the stem structure is disrupted, and thus cannot interact with DIR. In the presence of ATP
(right), the split ATP aptamer restores the stem structure with the structure switching upon binding to ATP. With the restored stem structure,
DASA interacts with DIR and light up. e) The fluorometer recorded the spectrum of the DASA sensor with and without ATP incubations and its
mutated controls with S mM ATP incubations. f) In the presence of S mM ATP, the DASA sensor showed a 244% increase in fluorescence
intensity at 650 nm when compared to the group without ATP. However, point mutations in either split ATP aptamer, DIRFA, or both aptamers
resulted in a constraint on the fluorescence increase. All the experiments were performed at room temperature upon excitation at 618 nm. ***, p <
0.001. Comparison was performed between DASA and groups carrying different mutations in DASA, or without ATP addition.

aptamers in imaging metabolites in cells, we are interested in cells. To achieve the goal, we first evaluated the fluorogenic
developing a Genetically Encoded Fluorogenic DNA Aptamers Lettuce aptamer and dimethylindole red (DIR) specific
(GEFDA) sensor that enables continuous expression of the Fluorogenic Aptamer (termed DIRFA hereafter),”’ and
aptamers even after cell division. However, to the best of our identified DIRFA as an excellent choice of fluorogenic aptamer
knowledge, GEFDA has never been demonstrated before. in living cells, as it displays a > 10-fold increase in red

The development of GEFDA sensors has two major fluorescence at 650 nm compared to its mutated control in a
challenges. First, although fluorogenic DNA aptamers such as buffer mimicking the cellular environment. Encouraged by the

those binding MG, " dapoxyl,” crystal violet,”" Hoechst,"* result, we coupled DIRFA with an ATP aptamer’” to develop a
and Auramine O have been developed for detecting small DIRFA-based Split Aptamer (DASA), which turns bright red

molecules in controlled environments,*”®> most of their upon forming a DASA/DIR/ATP complex. To improve the
chromophores exhibit high autofluorescence, low specificity, signal-to-noise ratio and stability in living cells, we constructed
high cytotoxicity, and poor signal-to-noise ratio (around or a dimeric DASA (dDASA) with dual chromophore and analyte
below 30% increase in fluorescence upon binding to their bindings. This dimeric dDASA construct exhibited a 60%
aptamers). The recent development of the Lettuce aptamer®* increase in brightness compared to the monomeric DASA
employs chromophores with low cytotoxicity,””~*® and was sensor and displayed responsive detection of ATP levels in
expressed in bacterial cells with a retron system.”” However, cells over S h. By integrating dDASA into plasmids that encode
this fluorogenic DNA aptamer has not been shown to work in reverse transcriptase and a single-stranded DNA binding
mammalian cells, because of the differences in regulatory protein 5, we created the GEFDA sensor to image ATP in
elements of gene expression between bacterial and mammalian live bacterial and mammalian cells. This platform has the
cells, and thus limited its applications. More importantly, the potential to be adapted to express other DNA aptamers for
fluorogenic aptamer needs to be coupled to a target imaging different metabolites in cells.

recognition element to create GEFDA sensors for sensing
metabolites.”’ It is challenging to express the coupled sensors

B RESULTS AND DISCUSSION

that the binding of a target can transduce an increase of Development and Characterization of DIRFA-Based
fluorescence signals inside the cells. Split Aptamer (DASA) Sensors. To develop a fluorogenic
To meet these challenges, we report herein the first GEFDA DNA sensor for intracellular sensing and imaging, we started
sensor for imaging metabolites in live bacterial and mammalian with the Lettuce aptamer64 and the dimethylindole red (DIR)
1530 https://doi.org/10.1021/jacs.4c09855
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specific Fluorogenic DNA Aptamer DIRFA.”' The Lettuce
aptamer exhibited a S-fold and 7-fold increase in fluorescence
at 505 nm when bound to DFHBI in HEPES buffer (40 mM
HEPES, pH 7.5, adjusted with NaOH; 100 mM KCI; and 1
mM MgCl,) and Tris buffer (100 mM NaCl; 20 mM Tris-HCl
pH 7.4; 2 mM MgCl,; S mM KCI; 1 mM CaCl,), respectively,
compared to the mutated control in which two conserved
bases were altered to prevent target binding.(’4 However, in
PBS buffer, which displays pH and salinity closer to
intracellular conditions, the fluorescence enhancement was
minimal (See Figure Sla in the Supporting Information). In
contrast, DIRFA showed a 7- to 1l-fold increase in
fluorescence when compared to its mutated control in PBS
buffer (Figure S1b). These findings signify the potential of the
DIRFA/DIR complex for cellular sensor applications.

To compare the performance and stability of the DIRFA
with well-established RNA aptamers, we included the broccoli
fluorogenic RNA as a benchmark.® We tested the fluorescence
intensity of DIRFA and broccoli in 50% cell lysates in PBS
buffer. We observed a decrease in fluorescence intensity for the
broccoli aptamer starting within 40 min, while the fluorescence
intensity of the fluorogenic aptamer DIRFA remained stable
over a 4 h tracking period (Figure S2a). The linear regression
of the fluorescence signal revealed a significant decrease in
slope for the RNA Broccoli aptamer compared to the DNA
DIRFA aptamer, suggesting higher stability for the DIRFA
aptamer under the tested conditions (Figure S2b). Con-
sequently, the DIRFA was selected as the signal output
throughout this article.

To understand the function of stem DI, a truncational
analysis was carried out by removing one base pair at a time
(Figure la). Notably, removing more than 3 base pairs led to
an 80% reduced fluorescence intensity at 650 nm when
compared to the canonical DIRFA (Figure 1b—c). Based on
this observation, we hypothesized that the stem D1 is critical
for the light-up effect and could function as a transducer region
when linked with a target recognition aptamer to develop a
small-molecule sensor.

To test the above hypothesis, we chose the ATP aptamer as
a proof of concept since the ATP aptamer has been extensively
researched and applied in sensing fields.”*~”” We replaced the
stem D1 with a split ATP aptamer’®”’ (Figure 1d). In the
absence of ATP, the structure of stem D1 was disrupted since
the two strands of the split ATP aptamer were not perfectly
base paired with each other. In contrast, the binding of ATP
stabilized this region, and hence, restored the fluorogenic
property of the DIRFA. This design was termed as DIRFA-
based Split Aptamer (DASA) sensor and showed a 244%
fluorescence increase at 650 nm upon the addition of 5 mM
ATP when excited at 618 nm and tested with a fluorometer
(Figure le—f, using the same parameters hereafter unless
specified otherwise). Introducing point mutations in either the
split ATP aptamer, DIRFA, or both led to reduced
fluorescence signal changes (Figure le—f). These results
demonstrated that the DASA sensor is capable of sensing
ATP in solution.

To optimize the performance of the DASA sensors for
cellular applications, we systematically varied the length of the
stem D1 region from 7 base pairs (bp) to S, 3, and 2 bp,
named DASA-1, DASA-2, DASA-3, and DASA-4, respectively
(Figure S3a—d) and compared the increase of fluorescence
signals upon adding S mM ATP in PBS buffer (Figure S3e—h).
When the length was reduced from 7 bp to 5 bp and then to 3
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bp, the fluorescence upon ATP binding increased from 25% to
168% and 256%, respectively. Further shortening the stem
from 3 bases to 2 bases reduced the fluorescence enhancement
to 194%. Notably, as the stem D1 region is shortened, the
fluorescence intensity of the sensor decreases, reaching its
lowest point at 3 base pairs. Surprisingly, the fluorescence
partially recovers when the stem is further reduced to only 2
base pairs (Figure S3). We used UNAfold to evaluate the
potential conformations of the sensor under the conditions of
137 mM Na* and 0 mM Mg2+, matching the salt condition of
the PBS buffer used in the experiments. The results indicate
that as the stem shortens, the AG of the DIRFA structure
increases, and the melting temperature decreases (Table S1),
which suggests that the formation of the DIRFA structure is
more difficult with shorter stems, consistent with the observed
decrease in fluorescence and sensor response. However, the 3-
base pair variant (DASA-3) is an exception, as it did not favor
the DIRFA structure. The DIRFA structure was absent from
the top 13 predicted conformations returned by the software,
which may explain its lower fluorescence intensity compared to
the 2-base pair design. Given the software’s limitations,
particularly its inability to account for ATP binding and
concentration, further investigation is needed to fully under-
stand this behavior.

The linear ranges of fluorescence intensity showed a small
difference between DASA-2 (0.05-5 mM ATP), DASA-3
(0.05-25 mM ATP), and DASA-4 (0.05-2.5 mM ATP)
(Figure S4a—c). The LOD values for DASA-2, DASA-3, and
DASA-4 were 0.7 mM, 1.0 mM, and 0.6 mM, respectively (see
Supporting Information for further discussion).

To evaluate sensor specificity for ATP over other
nucleotides, we incubated the DASA sensors with UTP,
CTP, and GTP. Minimal fluorescence was observed for these
nucleotides, while ATP incubation produced a 9-fold increase
in fluorescence intensity at 650 nm, demonstrating strong
selectivity for ATP over other nucleotide triphosphates (Figure
S4d—f). This selectivity aligns with previous findings for ATP-
specific aptamers.”> However, it is important to note that the
sensor may also interact with other adenosine-containing
molecules, as the ATP aptamer primarily recognizes the
adenosine moiety of ATP.”” Given that this ATP aptamer is
well-characterized, we used it as a proof of concept to
demonstrate the potential of our sensing platform.

We further assessed the performance of DIRFA and DASA
sensors at 37 °C for potential cellular applications. The DIRFA
showed a 23-fold fluorescence increase when compared with
the mutated DRIFA at 37 °C (Figure SS). This increase is
higher than the 8-fold increase at room temperature, indicating
a better signal-to-noise ratio at 37 °C. While the fluorescence
intensity of the DIRFA/DIR complex at 650 nm is comparable
between both temperatures, most of the DASA sensors
exhibited a 3—8-fold decrease in fluorescence intensity at 37
°C than at room temperature. Moreover, the fluorescence
enhancement of DASA-2, DASA-3, and DASA-4 with ATP
incubation was 20%—90% lower at 37 °C relative to room
temperature. This reduction may be attributed to the
compromised stability of the ATP aptamer structure at a
higher temperature due to thermostability.*

Dimerization of the DASA Sensors. To enhance the
stability, binding affinity, and brightness of DASA sensors for
cellular applications, we explored the potential improvements
achieved by dimerizing the sensors, linking two monomer units
together® ~*° (Figure 2a). As a proof of concept, we dimerized
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Figure 2. Design and Characterization of Dimeric DASA (dDASA) Sensors. a) A scheme that shows the design for the dimerization of the DASA
sensor. b) The spectral analysis of dDASA 2-C and its mutant, which contains mutations in the binding site of the ATP aptamer, in the presence
and absence of S mM ATP. The experiment was performed in the PBS buffer at room temperature (22 °C). c) The spectral analysis of dDASA 2-C
and its mutant in PBS buffer at 37 °C in the presence and absence of S mM ATP. d) The detection range of dDASA 2-C under RT. e) The
detection range of dDASA 2-C under 37 °C. f) The selectivity of dDASA 2-C over different rNTPs at RT. g) The selectivity of dDASA 2-C over
different rNTPs under 37 °C. The fluorescence intensity was normalized to the group without the addition of rNTPs with the equation (F—F0)/
FO, where F represents the fluorescence intensity at 650 nm in each group, and FO represents the fluorescence intensity at 650 nm without the

addition of any of these rNTPs.

DIRFA (Figure S6a) to evaluate the performance of the
dimeric DIRFA (dDIRFA) relative to its monomeric form. In
PBS buffer, dDIRFA demonstrated a 215% increase in
fluorescence intensity at 650 nm compared to the mutated
DIRFA. This increase mirrors the fluorescence difference
observed between the monomeric DIRFA and its mutated
form, suggesting that dimerization did not significantly affect
fluorescence generation (Figure S6b).

To evaluate whether the dimerization has the potential to
enhance the stability and performance of the fluorogenic
aptamer under cellular environments, we compared the
dimeric DIRFA (dDIRFA) and monomeric DIRFA in a 20%
cell lysate environment. A 40% improvement in the signal-to-
noise ratio, with a 35% increase in fluorescence intensity, was
observed for dDIRFA compared to DIRFA (Figure S6¢c—d).
To assess the stability of these sensors in cells, we delivered
them into HEK293 cells. The signal-to-noise ratio, which
measures the fluorescence difference between cells transfected
with aptamers and those transfected with empty vehicles was
compared. We observed a significantly higher signal-to-noise
ratio for the fluorogenic DNA aptamers than that of the RNA
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aptamer. Specifically, the signal-to-noise ratios were 1.25 for
broccoli RNA aptamer and 7.62 for DIRFA (Figure S7 0 h).
Similar to the results observed in cell lysis, the dimerization of
DIRFA resulted in an improved signal-to-noise ratio (9.59,
Figure S7 0 h). To evaluate the stability of these fluorogenic
aptamers in living cells, we monitored fluorescence over time.
Seven hours post-transfection, the broccoli RNA no longer
produced a signal above the noise level, while DIRFA and
dDIRFA maintained signal-to-noise ratios of 6.08 and 10.09,
respectively (Figure S7 7 h). At 21 h, DIRFA’s ratio had
decreased to 3.35, but dDIRFA remained stable with a ratio of
10.03 (Figure S7 21 h). These results demonstrate that the
DNA-based aptamer (DIRFA) provides greater stability than
the RNA-based broccoli aptamer, and that dimerization further
enhances DIRFA's stability. Given its superior performance, we
dimerized DASA sensors (dDASA) for intracellular applica-
tions.

Recognizing that Mg** ion concentrations can influence the
fluorescence signals of fluorogenic aptamers,%’87 we evaluated
the behavior of the dDASA sensor in the presence and absence
of Mg2+. Our in test tube characterizations, conducted in PBS

https://doi.org/10.1021/jacs.4c09855
J. Am. Chem. Soc. 2025, 147, 1529—-1541


https://pubs.acs.org/doi/10.1021/jacs.4c09855?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09855?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09855?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09855?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c09855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
a DIRFA Hoechst 33342  Whitefield Merged b DIRFA Hoechst 33342  Whitefield Merged
) DlR-- - -.

N o ..
o d
s N . N C Transfected DIRFA
—
= ns
8 6000~ ns
10 min z‘ T ok
wra . 2 oo l
sl o 8
£
20 min 8 T
- - ol aad
C 20004
L [«}]
Q
(2]
o
30 min (o] 0- 1 1
‘ -
_ 4 = FANEODIPSD OO
PR STT.= | o
& &
.\.\e'
N
Q
50 min &

DIR incubation time (min)

Figure 3. Assessment of Cell Membrane Permeability of DIR in HeLa Cells Using DIRFA. a) The DIRFA was delivered into HeLa cells without
DIR. After the transfection and wash steps, DIR was then added to the cell culture media. The fluorescence of cells was recorded with a spinning
disk confocal microscope at each time point during the DIR incubation. b) Images of the cells that were cotransfected with the same amount of
DIRFA and DIR as used in a). The scale bars represent S0 ym. c) Quantification of the average fluorescence intensity in cells. The blue line
indicates the mean fluorescence intensity of the cells when DIR was delivered together with the aptamer (right-most bar). The stars represent the
results from student's ¢ tests to compare the fluorescence intensity between different time points and the group without DIR treatments. ns, p >

0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001.

without additional Mg**, demonstrated that the sensing
performance of dDASA is independent of Mg, unlike some
fluorogenic RNA aptamers.*® While increasing Mg** concen-
trations at physiologically relevant levels caused minor
fluctuations in overall fluorescence intensity (Figure S8a—b),
the ratio of the S mM ATP signal to the background (without
ATP) remained relatively stable (Figure S8c—d). These
findings highlight the robustness of the dDASA sensor, making
it well-suited for complex biological environments, such as
cellular systems, where Mg** levels may vary. However, given
that fluorescence intensity can be influenced by Mg**
concentrations, it remains essential to include appropriate
controls when analyzing small metabolite concentrations in
such settings. These controls ensure accurate interpretation of
results and enhance the sensor’s reliability in practical
applications.

To optimize the design of dDASA, we evaluated the dimers
of DASA-1 to -4 (called dDASA-1 to -4 hereafter) by
comparing their fluorescence spectra with and without ATP
at either room temperature (22 °C) or 37 °C (Figure S9).
When compared between Figure S5 and S9, the fluorescence
intensity of the DASA sensors under both temperatures
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increased from 15% to a few folds after dimerization. In
evaluating ATP sensing capabilities, dDASA-1 showed limited
discrimination between ATP presence and absence at both
temperatures. In contrast, dDASA-2 effectively distinguished
ATP presence across both temperatures. While dDASA-3
produced a significant signal increase in the presence of ATP at
room temperature, its response weakened at 37 °C, showing
reduced signal strength and differentiation. Additionally,
although dDASA-4 demonstrated strong fluorescence and
differentiation in its monomeric form, its sensing ability
diminished post dimerization. Based on the sensing perform-
ance of DASA monomers and dimers across both temper-
atures, dDASA-2 was selected for further investigation.

To evaluate if the length of the linker between monomers
will influence the sensor performance, we tested 4-nt, 8-nt, 10-
nt, and 13-nt linkers, and found that the 10-nt linker (dDASA
2-C) exhibited strong fluorescence and substantial fluorescence
enhancement when detecting ATP in PBS buffer at both
temperatures (Figure 2b—c and Figure S10—11). Therefore,
we used dDASA 2-C for further experiments.

Introducing point mutations into the ATP aptamer to
disrupt its binding affinity resulted in approximately 2-fold
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lower fluorescence intensity in the mutated dDASA. The
mutated aptamer exhibited a small but statistically insignificant
fluorescence response upon ATP addition (Figure 2b—c,
Figure S10). This small response could be attributed to the
single-point mutation affecting only one binding site.”” To
evaluate the performance of the dDASA 2-C under both
temperature conditions, we measured its detection range and
observed nearly 2 orders of magnitude dynamic range (linear
range between 0.05 and 2.5 mM of ATP at room temperature
and 0.05—5 mM ATP at 37 °C, respectively, Figure 2d—e).
Moreover, the dDASA 2-C sensor showed good selectivity
over other INTPs under both temperatures (Figure 2f—g).

We further evaluated the performance of both dimeric and
monomeric forms of DASA sensors, specifically using the top-
performing sequences dDASA 2-C and DASA-2 (hereafter
referred to as dDASA and DASA, respectively), at room
temperature through fluorescence microscopy.”” We tested the
performance of the probes under an excitation wavelength of
635 nm and an emission range of 685/40 nm, as these
conditions are optimal for near-infrared fluorescent probes
used in cellular imaging. This wavelength setup was selected to
reduce phototoxicity and minimize spectral crosstalk with
probes excitable by visible light. Additionally, these parameters
were chosen to decrease scattering and absorption within
mammalian tissues, thereby improving imaging clarity and
accuracy.”’ Under these conditions, dDASA demonstrated a
155% increase in fluorescence intensity when sensing S mM
ATP, compared to a 43% increase observed for DASA, further
suggesting that dimerization enhanced the ATP sensing
capability of the DASA sensor (Figure S12).

Temporal Control of ATP Sensing in Living Cells. After
optimizing the dDASA sensor in test tubes, we transfected it
into HeLa cells using the TurboFect transfection reagent and
assessed its performance. The cells were then treated either
with $ mM CaCl, to increase intracellular ATP levels’>"* or 10
UM oligomycin, an ATP synthase inhibitor,”””* to decrease
ATP levels. Cells exposed to CaCl, exhibited higher
fluorescence intensity, while those treated with oligomycin
showed reduced intensity (Figure S13a—b). Introducing point
mutations to disrupt the ATP binding pocket in dDASA
(Mutated dDASA) resulted in displaying lower fluorescence
intensity compared to the canonical dDASA (Figure S13a, c).
More importantly, Mutated dDASA displayed minimal changes
with CaCl, or oligomycin (Figure S13d), indicating that its
fluorescence intensity variations were associated with ATP
binding activity. We further confirmed the modulation of
cellular ATP levels with these treatments using a Sigma
adenosine 5'-triphosphate bioluminescent somatic cell assay kit
(Figure S14). Hence, we concluded that dDASA could
effectively sense ATP levels in living cells.

To evaluate the possibility of temporally controlled sensing,
we evaluated how fast the sensor can respond to ATP or DIR
by recording the fluorescence change with a fluorometer before
and immediately after adding ATP or DIR. The fluorescence
signal reached a plateau in <7s (Figure S15), the minimal
handling and instrument response time that we were able to
achieve with the fluorometer. This fast response suggests that
the design has a potential for temporally controlled sensing. To
evaluate if DIR can permeate cell membranes at a desired time
point to initiate ATP sensing, we used DIRFA to assess how
fast the aptamer displays observable fluorescent signals after
incubating the DIR with cells. We delivered the DIRFA into
HeLa cells and recorded the fluorescence signal of the cells
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with a microscope (Figure 3). The cell showed a 52% increase
in fluorescence intensity as fast as being incubated with 1 uM
DIR for 1 min. The fluorescence intensity increased over time
and plateaued at 20 min, with no significant statistical
differences observed beyond this point (Figure 3a, c).

For comparison, we cotransfected the same amount of
DIRFA and DIR as used in the post-transfection incubation
study. This cotransfection resulted in a fluorescence intensity
comparable to that observed 4 min after the addition of DIR
post-transfection (p = 0.1136, Figure 3b—c). However, this
intensity was significantly lower than the plateau level observed
after 30 min post-transfection incubation period (p = 0.0028,
comparing the 30 min post-transfection incubation with the
cotransfection of DIR). These findings suggest that DIR
efficiently penetrates cells and enables rapid sensing within as
little as 1 min, while a stabilized signal is achieved after 20—30
min of incubation.

Real-Time ATP Tracking in Living Cells. To assess
whether the dDASA sensor can monitor ATP levels in real-
time in living cells, we modulated intracellular ATP levels by
alternating glucose concentrations in the cell culture media,
given that glucose is a key energy source for ATP production.”®
After delivering the dDASA sensor into HeLa cells, we changed
the concentration of glucose alternatively. A higher fluo-
rescence signal was observed in cells cultured in high-glucose
media (25 mM added glucose) and a reduced signal in cells
exposed to glucose-free media (Figure 4a, c), indicating
elevated ATP levels in high-glucose conditions and lower ATP
levels in glucose-deprived conditions. These findings are
consistent with previous studies’® and corroborate results
obtained from the ATP bioluminescent assay kit (Figure S14).
To further validate these observations, we used dDASA to
monitor ATP levels by alternately treating cells with 10 pM
oligomycin and S mM CaCl,. A decrease in fluorescence was
observed with oligomycin treatment, indicating reduced ATP
levels, while an increase in fluorescence followed CaCl,
treatment, reflecting elevated ATP levels (Figure 4b, d).
These results confirm that dDASA can reversibly track ATP
levels in real-time. This also reinforces the conclusion that the
fluorescence increase of the dDASA sensor upon ATP binding
is reversible and can effectively reflect ATP dynamics in living
cells.

Genetically Encoded Fluorogenic DNA Aptamer
(GEFDA) Sensors for ATP Detection in Bacterial Cells.
To expand the application of the DASA sensor, we
transformed dDASA and its variant into DH10B bacterial
cells and incubated them with DIR and 1 mM ATP. We
noticed a marginal fluorescence increase in comparison to both
ATP-absent condition (3.9%) and bacterial cells transformed
with a mutated ATP aptamer (4.8%) (Figure S16), presumably
due to the fast division of bacterial cells and subsequent
dilution of the aptamer sensors. This observation is also
consistent with previous reports that multiple copies of the
RNA aptamers are necessary for imaging target molecules in E.
coli cells.”’

We hypothesized that consistently generating small-mole-
cule sensors in bacterial cells would address the above issue.
To synthesize dDASA in DHI10B cells, we chose reverse
transcriptase-based systems because, unlike the retron
system,”” "% it produces only the desired DNA without
generating additional byproducts. We tested both a three-
plasmid system'’’ and a modified single-plasmid system
adapted from Chen et al.'” ™' As a proof of concept, we
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Figure 4. Real-Time ATP Tracking in HeLa Cells Using the dDASA
Sensor. a) Cellular images demonstrated changes in ATP levels in
response to varying glucose concentrations in the cell culture media.
For the “-glucose” condition, cells were incubated in glucose-free
DMEM for 1 h. In the “+glucose” condition, cells were cultured in
DMEM containing 25 mM glucose for 1 h. Increased fluorescence
signals were observed when treating the cells with glucose, while
decreased fluorescence signals were observed when incubating the
cells with glucose-free media. b) Cellular images revealed changes in
ATP levels in response to treatments with 10 M oligomycin and S
mM CaCl,. Fluorescence images were collected using a 640/15 nm
excitation light and a 680/25 nm emission light immediately before
the cells were transitioned to a new condition. Scale bars represent 20
um. c—d) Statistical quantification of the average fluorescence
intensity in cells for a) and b) respectively. The ATP levels were
tracked in the same cell population.

tested the system with a 72-nt single-stranded DNA (ssDNA)
but initially observed no DNA product (Figure S17 a, b). We
hypothesized that the ssDNA might be rapidly degraded, as
ssDNA binding proteins (SBPs) are critical for stabilizing
single-stranded regions during replication or transcrip-
tion.'””'%® To address this, we introduced the f protein to
enhance ssDNA stability.'””~""* With the addition of A
protein, distinct ssDNA bands became visible (Figure S17 b,
c). To further enhance DNA yield, we constructed a high-copy
plasmid, which led to a substantial increase in ssDNA
production (Figure S17 d—e).

To assess the impact of SBP on the formation of the
DIRFA/DIR complex, we tested two commercially available
SBPs, ET SSB and Rec A. In the presence of SBP, the DIRFA/
DIR complex exhibited a slight increase in fluorescence
intensity compared to conditions lacking SBPs (Figure S17
f). This observation aligns with previous findings indicating
that SBP can enhance aptamer functionality.'">~""* To
evaluate if the plasmid can express functional GEFDA in
bacterial cells, we replaced the 72-nt sequence with DIRFA or
dDIRFA (GEFDA in the scheme in Figure Sa). The plasmid
contains the following elements: 1) A rrnB T1 terminator for
termination of transcription; 2) An IPTG inducible reverse
transcriptase from Moloney mouse leukemia virus for reverse-
transcription; 3) A val-tRNA binding sequence for initiation of
reverse transcription (val-tRNA primer) in E. coli; 4) A hairpin
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structure for termination of reverse transcription; and $) an
IPTG inducible . We transformed the plasmids into DH10B
competent cells to express DIRFA or dDIRFA. The plasmids
were transformed into DH10B cells and induced by IPTG. In
DH10B cells transformed with the dDIRFA plasmid, over 40%
displayed fluorescence levels above 10%, while fluorescence at
this level was nearly absent in the nontransformed control
group (Figure Sb—c). This result confirms both the successful
production and functional aptamer activity of dDIRFA in
bacterial cells. When comparing dDIRFA with DIRFA, cells
expressing the monomeric DIRFA showed only about 20%
fluorescence-positive cells, suggesting that the dimeric form is
likely brighter or more stable than the monomer in this cellular
context (Figure S18).

To evaluate the sensing ability of the dDASA sensor as a
GEFDA sensor, we replaced the DIRFA sequence in the
plasmid with the dDASA sensor. After transformation, the
bacterial cells were divided into three groups and incubated
with either cell culture media alone, media supplemented with
S0 uM ATP, or media containing 10 uM Venturicidin A
(VentA), an ATP-synthase complex inhibitor that depletes
intracellular ATP levels in bacterial cells.''® Following
treatment, the cells were incubated with DIR, and their
fluorescence intensities were measured by flow cytometry. The
results showed that DIR incubation produced only a minor
increase in background fluorescence (Figure 5d, No DIR vs No
IPTG), while IPTG induction significantly raised the
fluorescence signal (Figure Sd, No IPTG vs Medium),
indicating successful detection of intrinsic ATP levels in
bacteria expressing the dDASA plasmid. Fluorescence intensity
further increased in the bacteria incubated with 50 uM ATP
(Figure Sd, Medium vs S0 uM ATP) and decreased in those
treated with VentA (Figure Sd, Medium vs 10 uM VentA).
These findings confirm that the dDASA plasmid can effectively
detect intracellular ATP levels (Figure 5d, f).

Interestingly, two distinct bacterial subpopulations appeared
under the “medium” condition (Figure Sd), suggesting that the
sensor could differentiate subpopulations at single-cell
resolution, offering insights into cellular responses to treat-
ments. One subpopulation showed fluorescence similar to
ATP-treated cells, while the other resembled VentA-treated
cells, implying potential variability in ATP levels or sensor
activity across the population. Although factors like trans-
formation efficiency or expression variability may contribute to
this distribution, the increase in fluorescence within the lower-
intensity subpopulation upon ATP treatment suggests that the
sensor was successfully delivered and synthesized in both
subpopulations. This unique capability highlights the sensor’s
potential for resolving and monitoring ATP variability at
single-cell resolution, offering valuable insights into cellular
heterogeneity and response dynamics that warrant further
investigation.

To confirm that the observed signal changes were
specifically due to dDASA expression in response to intra-
cellular ATP levels, we introduced point mutations into the
ATP-binding site of dDASA and expressed the mutated version
with the same system. Although adding DIR increased the
baseline fluorescence of the mutated dDASA plasmid (Figure
Se, No DIR vs No IPTG), neither IPTG induction nor ATP
level changes produced any additional fluorescence changes
(Figure Se, f). This suggests that the fluorescence intensity
variations in the unmutated sensor were indeed due to ATP
recognition and binding. Collectively, these results demon-
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Figure S. Genetically Encoded Fluorogenic DNA Aptamer (GEFDA) Sensor for Monitoring ATP Levels in E. coli. a) A scheme showed the major
elements of the plasmid that generate GEFDA sensor in bacterial cells. The reverse transcriptase (RT) will be synthesized and bind to the tRNA
binding site of the mRNA to initiate the reverse transcription of the GEFDA. With the help of  protein and the tandem repeat structure of the
sensor, the plasmid has a higher yield for producing GEFDA in cells. b) The dot plot displayed the fluorescence intensity and size of individual
DHI10B cells as detected by flow cytometry analysis. More than 40% of the bacterial cells with the plasmid that codes dDIRFA showed higher
fluorescence intensity than the cells without the plasmid. ¢) Histogram from flow cytometry showed the increase of fluorescence intensity in a
population of the bacteria that expressed dDIRFA. d) Histogram from flow cytometry reflects that the genetically encoded dDASA monitored ATP
levels in bacterial cells. The DH10B cells were transformed with the plasmids that express dDASA, and then incubated with IPTG and DIR. After
the transfection and induction, the cells were divided into three groups, which were maintained in the cell culture media, or treated with 50 M
ATP or 10 uM Venturicidin A (VentA), respectively. Comparison was also made with the cells that were not induced by IPTG (No IPTG) or not
incubated with DIR (No DIR) after the transformation. e) Histogram from flow cytometry reflects that the plasmid that expresses the Mutated
dDASA was not able to monitor ATP levels. f) Statistical analysis for experiments in (e) and (f). The cells that showed a fluorescence intensity
higher than 10° were considered fluorescent cells. The data were obtained from 7 independent experiments. ns, p > 0.05; *, p < 0.05; **, p < 0.01;

R p < 0,001,

strate the successful development of GEFDA sensors capable
of detecting ATP levels in bacterial cells.

GEFDA Sensors for Monitoring ATP in Mammalian
Cells. To adapt the GEFDA sensor for ATP detection in
mammalian cells, we cloned all essential components—
inducible reverse transcriptase, T1 terminator, hairpin
structure, val-tRNA binding sequence, and the f protein—
into the pBK-CMV plasmid. This plasmid utilizes the CMV
promoter to drive protein expression in mammalian cells,
replacing the original plasmid backbone, which was driven by
an E. coli lac promoter specific to prokaryotes.

To validate this system, we used dDIRFA to compare
plasmid performance with and without the S protein.
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Following transfection with the plasmid expressing dDIRFA,
cells showed increased fluorescence upon DIR incubation,
whereas DIR incubation alone, without plasmid transfection,
did not result in any fluorescence increase (Figure S19).
Notably, the addition of B protein significantly enhanced
fluorescence intensity (Figure S20). These experiments
confirm the successful expression and functionality of dDIRFA
in mammalian cells.

To assess the performance of the GEFDA sensor, we
replaced dDIRFA with dDASA in the plasmid containing the
protein. After transfecting cells with this plasmid, we
modulated cellular ATP levels using 10 yM oligomycin or §
mM CaCl,. Fluorescence intensity increased in cells treated

https://doi.org/10.1021/jacs.4c09855
J. Am. Chem. Soc. 2025, 147, 1529—-1541


https://pubs.acs.org/doi/10.1021/jacs.4c09855?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09855?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09855?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c09855?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c09855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Glucose

b

5 min 10 min 20 min 40 min 60 min 80 min 100 min
Oligomycin

0 min 20 min 40 min 60 min 80 min 100 min 120 min
CacCl,

c Add glucose
S 80
8
2
.a 60_
c
2
c
5 407 {
: ¢
[}]
3 20- ¢
e ssssst? '
g ce0®® a8
T O T T T T
0 20 40 60 80 100
Time (min)

Single-cell tracking

0
o

[ ]
407 H} SW|tch to CaCl,

l

Fluorescence intensity (a.u.)

0 100
Time (min)

1 50 200

Figure 6. GEFDA Sensor for Monitoring ATP Levels in HeLa Cells. a) Cellular imaging was performed to sense ATP levels using the dDASA
sensor expressed via a pBK-CMYV plasmid. Single fields of cell populations were monitored while modulating ATP levels. Adding 25 mM glucose to
cell culture media results in a gradual increase of fluorescence intensity, indicating the elevation of ATP levels. b) Single-field monitoring of ATP
level changes when incubating cells with 10 #M oligomycin for 1.5 h followed. A slight initial increase in fluorescence intensity was observed,
followed by a notable decline. Subsequent washing with PBS and the addition of cell culture media containing S mM CaCl, led to a gradual
increase in fluorescence intensity. Scale bars: 40 ym. c) Statistical analysis of the cells in a). d) Statistical analysis for the cells in b).

with CaCl, and decreased in those treated with oligomycin.
When the ATP-binding site was mutated, fluorescence
intensity was no longer affected by these treatments (Figure
S21). These experiments confirmed the successful ATP
sensing capability of the GEFDA-dDASA sensor.

To evaluate whether the GEFDA-dDASA sensor can track
real-time ATP dynamics in live cells, we monitored
fluorescence changes in the same cell population while
modulating intracellular ATP levels using 25 mM glucose, 10
UM oligomycin, or S mM CaCl,. A gradual increase in
fluorescence was observed during glucose incubation, confirm-
ing that our GEFDA sensor effectively tracks ATP levels in
individual cells (Figure 6a, ¢, Movie S1). Interestingly, after the
addition of 10 M oligomycin, fluorescence initially increased
before undergoing a marked decline (Figure 6b, d, Movie S2),
aligning with previously reported compensatory glycolysis
immediately following oligomycin treatment.''” After replacing
oligomycin with CaCl,, the fluorescence intensity in the same
cell population gradually recovered, suggesting that ATPase
inhibition by oligomycin may be reversible (Figure 6b, d,
Movie S3). These results confirm the successful detection and
monitoring of intracellular ATP dynamics using the dDASA
plasmid, highlighting its potential for future studies of cellular
behavior through real-time event monitoring. To this end, we
have demonstrated the potential of using GEFDA sensors to
trace ATP levels in both bacterial and mammalian cells.
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B CONCLUSIONS

Although genetically encoded sensors based on fluorescent
proteins and RNA aptamers have been widely used for
visualizing cellular events, there is always a need for improved
sensors to monitor metabolite concentrations in live cells.
Taking advantage of the DNA aptamers which are more stable
than RNA and can be easily reprogrammed, we developed a
new genetically encoded fluorogenic DNA aptamer (GEFDA)
sensor termed DASA for real-time detection of ATP in E. coli
and HeLa cells. By overcoming the issues of all the prelabeled
DNA aptamer sensors such as sensor dilution, degradation, and
low S/B ratio in live-cell detection, our GEFDA-dDASA sensor
expresses the dimeric sensor which contains dual chromophore
binding sites and dual-target recognition sites with a plasmid
that contains a tRNA binding sequence, terminators, and
sequences that encode IPTG inducible reverse transcriptase
and single-stranded DNA binding protein. With the GEFDA
sensors, we monitored the ATP levels in both bacterial and
mammalian cells. Utilizing the DNA aptamers allowed the
expansion of the aptamer library from existing DNA aptamers
and obtaining aptamers for new targets with SELEX.
Therefore, this method signifies a major advancement in
genetically encoded sensors by adding GEFDA as a new
member, along with the fluorescent proteins and fluorogenic
RNAs to detect small-molecule metabolites as valuable tools
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for monitoring the real-time dynamics of metabolites and other
small molecules in biological systems.
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