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Cyclic transformation of stable/metastable nucleic acid structures
enables dynamic monitoring of ATP in living cells

Ming-Li Su®#, Jun Yang® # Wei-Guo Yang® #, Zhuo-Xin Ye¢, Rui-Wen Wang?, Jia-Min Qin?, Da-Qian
Song¢, Ruo Yuan?, Pin-Yi Ma¢, Ying Zhuo?, ChaoYong Yang®, Wen-Bin Liang® *

The maintenance of living systems relies on complex signaling networks involving nucleic acids, proteins and small
molecules. However, conventional analytical approaches are often limited to endpoint measurements or analyses
performed outside native biological environments, restricting the ability to monitor biomolecular dynamics in space and
time. Here we report an artificial riboswitch-based dynamic sensing system that enables programmable nucleic acid
regulation through metastable equilibrium fluctuations and steady-state conformational transitions. Through specific
molecular recognition and environmental stimulation, this system enables real-time monitoring of small-molecule
distributions within complex intracellular environments. Using ATP as a representative target, the platform exhibits dynamic
fluorescence responses with mitochondria-associated localization and temporal fluctuation patterns in living cells. This
artificial riboswitch strategy provides a versatile platform for programmable nucleic acid dynamic sensing and offers a

potential approach for investigating the spatiotemporal behaviors of biomolecules in living systems.

Introduction

Life systems are orchestrated through dynamic biological equilibrium
networks composed of proteins, nucleotides and small molecules
that cooperatively regulate cellular functions. In these dynamic
biological networks, small molecules perform dual functional roles as
building blocks of biomacromolecules and regulators of the dynamic
equilibrium reactions®. While recent single-molecule analytical
technologies have achieved unprecedented sensitivity in quantifying
small biological molecules like adenosine triphosphate (ATP)23,
nicotinamide adenine dinucleotide (NADH), performing a feat that
was previously unattainable, conventional technologies, such as
chromatography and mass spectrometry involving disruptive
samples detached from living systems, as well as in situ fluorescence
imaging relying on irreversible nucleic acid amplification systems, are
still constrained by the phenomenon of static "dead data" due to
their disruptive sampling protocols*®. This fundamental limitation
obstructs the four-dimensional dynamic concentration and
spatiotemporal localization of biomolecules, which is a critical
requirement for elucidating functional mechanisms in living systems.
Our recent development of a dynamic analysis strategy based on

aKey Laboratory of Luminescence Analysis and Molecular Sensing (Southwest
University), Ministry of Education, Institute of Developmental Biology and
Regenerative Medicine, College of Chemistry and Chemical Engineering, Southwest
University, Chongging 400715, P. R. China. E-mail: wenbinliangasu@gmail.com.

b-Institute of Molecular Medicine, Shanghai Key Laboratory for Nucleic Acid
Chemistry and Nanomedicine, State Key Laboratory of Oncogenes and Related
Genes, School of Medicine, Shanghai Jiao Tong University, Shanghai, 200127,
China.

¢ College of Chemistry, Jilin Province Research Center for Engineering and
Technology of Spectral Analytical Instruments, Jilin University, Changchun,
130012, China.

sequence-structure bispecific RNA with state-adjustable molecules
enables to track the dynamic concentration and spatiotemporal
localization of microRNA in live cells®. This strategy revealed
functional correlations between intracellular microRNA dynamics
and cellular viability and apoptosis, providing a new approach for
dynamically monitoring intracellular biomolecules. Notwithstanding
these advances in the investigation of biological functions in cell with
microRNA, extending such dynamic analysis strategy to small
biological molecules remains an unresolved challenge due to the
inherent complexity of small molecule interactions within live
systems, particularly in achieving dynamic analysis modalities
compatible with native cellular environments in live cells.

In living systems, organisms have evolved special ligand-responsive
nucleic acid motifs, termed as riboswitches’™®, to sense biological
molecules including small molecules through ligand-responsive
conformational switching. These structured nucleic acids exhibit
highly specific ligand-recognition capabilities and undergo
programmable conformational transformations upon target binding.
This conformational flexibility enables riboswitches to respond
reversibly to environmental stimuli within living systems, transducing
molecular signals into regulatory outputs and highlighting their
critical role in molecular regulation. While engineered aptamers have
greatly advanced bioanalytical applications, the SELEX process
primarily focuses on isolating aptamers with high binding affinity
while providing limited insight into detailed structure—activity
relationshipst®!!, especially the conformational dynamics during
molecular interactions!2. Although significant methodological
advances have reduced the experimental burden associated with
traditional SELEX, most approaches remain focused on endpoint
affinity characterization rather than capturing dynamic structural
transitions. More recently, the rational design of artificial
ribonucleotides has increasingly benefited from the integration of
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SELEX and computational modelling, providing thermodynamic
insights and valuable guidance for aptamer engineering!3. Indeed,
recent studies have begun to uncover these mechanistic aspects,
contributing to a more comprehensive understanding of aptamer—
ligand recognition and paving the way for more transparent and
rational SELEX strategies. In addition, although most existing
aptamer-recognition-based nucleic acid amplification reactions have
achieved highly sensitive analysis of various targets, these methods
are almost exclusively dependent on toehold-mediated strand
displacement reactions. It has been demonstrated that a toehold
length of at least 3 ntis required to provide sufficient thermodynamic
driving force for efficient strand displacement and sensitive
detection.#-16. While riboswitch paradigms indicate the potential for
monitoring the dynamic concentration and spatiotemporal
localization of small biological molecules in live cells, the most
important fundamental knowledge gap that impeded this progress
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is the incomplete understanding of the small molecule-aptamer
interaction and the thermodynamic changes"durirs! SR PR Edile!
induced nucleic acid conformational transitions that has become an
obstacle to the construction of artificial nucleic acid reaction and
equilibrium networks in cells through the functional design of
aptamers!’-1%. Addressing this knowledge gap will facilitate the
design of novel systems for monitoring the dynamic distribution of
small molecules within complex biological networks that underpin
life processes?. Obviously, establishing such foundational
knowledge through investigations of the interaction mechanisms
and thermodynamic changes between small molecules and
aptamers will enable the engineering of artificial riboswitches for
programmable dynamic responses to small molecules. This capability
represents a critical step toward elucidating the dynamic distribution
of small molecules within the intricate biological networks that drive
life processes?422,
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Fig. 1 Scheme of Nucleic Acid Stable/Metastable Structure Cyclic Transformation Enable Spatiotemporal Monitoring of Small Molecule in

Living Cells.

To address the challenges of demonstrating dynamic four-
dimensional distribution of small molecules in living systems by
resolving small molecule-aptamer interactions and monitoring subtle
thermodynamic changes during target-triggered conformational
switching for their potential applications, herein, using ATP2324 and
NADH (Fig. S1) as model ligands, we programmed the aptamer
principles via in silico molecular docking simulations and
systematically demonstrated the main interactions between the

2| J. Name., 2012, 00, 1-3

model small molecules and their aptamers, identifying critical
recognition mechanism mediated by hydrogen bonds and m-m
interactions?>27. Departing from conventional unidirectional
reactions based on aptamer—complementary strand interactions, we
engineered a functionalized single-chain aptamer as a unimolecular
artificial riboswitch driven by multi-ligand-responsive structural
transitions. This strategy exploits the nucleic acid binding funnel and
free-energy landscape, where ligand—nucleic acid interactions can
generally be described by “equilibrium fluctuations” and
“conformational  transitions” associated with the cyclic

This journal is © The Royal Society of Chemistry 20xx
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interconversion between stable and metastable nucleic acid
structures, respectively (Fig. 1). By incorporating these energy
landscape features into a self-regulated artificial riboswitch, we
established a real-time dynamic tracking platform for monitoring the
spatiotemporal redistribution and concentration changes of target
small molecules through the dynamic equilibrium between
metastable nucleic acid structures regulated by the target molecules
and stable structures modulated via multistage strand displacement
processes triggered by the targets?®. This strategy enables
continuous monitoring of the dynamic distribution of small
molecules within living systems through cyclic transformations
between stable and metastable nucleic acid structures, providing a
new tool for understanding the behaviours of small molecules in
complex biological networks.

Results and Discussion

Mechanisms of Nucleic Acid Conformational Transitions

Beyond their canonical genetic functions in living organisms, RNA
molecules possess intrinsic conformational switching capabilities
involved in the regulation of epigenetic processes. Riboswitches
exemplify this phenomenon by functioning as biological logic gates
that coordinate signalling networks through ligand-responsive
nucleic acid conformational transitions. They exhibit remarkable
efficacy based on the dynamic conformational regulations of nucleic
acids in promoting signal transduction of various molecular
processes, including small molecule-nucleic acid, protein-nucleic acid
and inter-nucleic acid interactions, enabling precise spatiotemporal
control over cellular processes?®. Our foundational models (Fig. 2)
demonstrate how sequence-encoded thermodynamics govern
nucleic acid structural conformation switching by regulating the
reaction constants among different nucleic acid conformations via
adjusting the bases of the nucleic acid bases3°. As illustrated in Fig.
2A, two dominant conformations, designated as Cs1 and Cs2, coexist

with a population ratio of k; = Zidictated by A G3, which could be
s1

regulated via the stem in the complementary middle region of Cs1.
As calculated based on the RNAfold system, the stem is in an
unpaired open state with a free energy of -26.44 kcal/mol due to
interference from factors such as ring tension and electrostatic
forces (Fig. S2). Compared with the short stem fully base-paired
conformation Cs2, its free energy is -24.3 kcal/mol. The reaction
coefficient k between these two conformations could be calculated
as 0.12, which shows that under natural conditions, Cs1 is the
dominant conformation. When k4 is of a considerable magnitude, it
signifies that the concentration of Cs2 is markedly elevated in
comparison to Cs1, thereby indicating that the Cs2 conformation
constitutes the predominant component within the nucleic acid
system (Fig. 2G). It is noteworthy that the base can be tailored to
align with the specific requirements of the intended application,
thereby enabling precise regulation of k4 and facilitating adaptation
to diverse scenarios. When a nucleic acid is functionalized with an
aptamer and the target is introduced into the reaction system, the
target assumes a conformationally balanced state within a solution
that is conducive to the formation of a stable bond between the

This journal is © The Royal Society of Chemistry 20xx
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target and the aptamer. This bond is supported by intermolecular
forces, including hydrogen bonds and r-rt stéekingWRiE Facititate
the interaction between the target and the aptamer. In this state,
there is a target recognition-induced dynamic binding equilibrium of

Cr—
k, :%. In this state, we hypothesize that there is a significant
T Cs2

degree of fluidity between its various conformations due to the
inherent complexity and diversity of the aptamer conformations32.
When the aptamer recognizes its target, other nucleic acid
conformations with lower binding activity often shift toward those
with higher activity. Although this shift is unfavourable from an
entropy change perspective, the enthalpy change can offset the
negative impact of entropy change. The high mobility brought about
by this regulation enables the rapid adjustment of the proportion of
various conformational components through the addition of targets,
achieving precise regulation of multiple conformations. Calculations
indicate that the binding energy between ATP and its aptamer is -9.1
kcal/mol (aptamer in equilibrium fluctuations model). This suggests
that during the conformational transition, the binding of ATP to the
aptamer not only drives the nucleic acid conformational change, but
also stabilizes the stem region throughout the entire process. Based
on these mechanisms, the rate constant of k,=8.05 X 10* could be
calculated that demonstrated the highly efficient conformational
fluctuations regulated by target small molecules (calculation process
in supporting information). However, nucleic acid conformational
transformation driven by a single short stem structure shows limited
plasticity with typical thermodynamic (free) energy difference (AG)
of approximately 5 kcal/mol, and it is impossible to achieve
transformation between conformations with similar energy minima
but extremely different structures33:34,

In addition to nucleic acid equilibrium fluctuations with
thermodynamic barriers driven by a single short stem structure, we
also engineered dynamic regulation of nucleic acid conformation by
toehold-mediated strand displacement cascades of nucleic acid
stable structure named as conformational transitions. Once the
target recognizes the binding domain in the aptamer, it effectively
competes with the nucleic acid self-folding at the outset of the
binding process. This relies on a significant enthalpy-driven energy
change arising from nucleic acid self-folding. The kinetic rate is
relatively slow in comparison with that of ligand-induced nucleic acid
equilibrium fluctuations; however, once the reaction energy barrier
is reached, the nucleic acid conformation is broken3. At this juncture,
the recognition sequence and the locking sequence in the initial
nucleic acid conformation gradually dissociate. This subtle change in
the recognition sequence is then transmitted to the entire nucleic
acid, where a displacement reaction gradually occurs. This reaction
induces the nucleic acid to rearrange into the required functional
conformation. However, this conformation requires stabilization by
the hydrogen bond formed between the ligand and nucleic acid to
maintain its structure. Upon ligand dissociation, the nucleic acid lacks
the requisite energy to maintain its conformation. The mediation of
the toehold facilitates the nucleic acid's dissociation in a direction
that is entirely opposite to that of the initial reaction, subsequently
enabling its refolding back to the initial conformation. In contrast to
nucleic acid conformational migration initiated by a single short stem

J. Name., 2013, 00, 1-3 | 3
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structure, nucleic acid conformational transitions with toehold-
mediated strand displacement (TMSD) cascades permit the
reciprocal conversion of local structures, thereby facilitating a more
expeditious pathway for RNA conformational rearrangement within
the challenging and intricate free energy landscape. As illustrated in

A ATP-EF
Conformation $1 Conformation S2
ATP (@ K, @t i
k, E :
g Cs1 = Cs2
s H 4 5 ¥
AG2
> LA GO
2 AGD
g — y s e s s n Cycle
w / ATP lysis
¢ Inducing stability AG1
2
w
Ace
-3!1 a1
2 AGD & e« e « n Cycle
m [aGo ]
3 ATP lysis
2
a AG3
< 464 A G5
= 1200 -10 ATP-EF ATP-CT
g e
2 900 .2 PP E
% Kk=3.8x10% E a3
b ‘ 30} ww
= 600 3
'§ | o Binding State.
\ —40 fAG, -
E ~—— 2 -5 .-
] o g dinira s
= (1] 750 1500 2250 3000 B -60 o
Time/s

Fig. 2E and Fig. S4, ATP-EF demonstrates a markedly, faster_ kingtic
signal response compared with ATP-CT. In coftrdétloWing tolrhbil
level intramolecular strand displacement—driven nucleic acid
conformational rearrangements, ATP-CT exhibits a substantially

expanded linear dynamic range (Fig. 2).

B ATP-CT

S B, R N

FLe:9-0 oL G0 0Ny o4 o) o

s Conformational transitions 3 (

(') ATP E

H . Signal off — Signal on ()

(.) @ g g g 19 H

z e B Degradation | ()

() High Free Energy Low Free Energy A
5 o b~ o o~
3 il | O g PO o

Cs1 Cs2

o e o .

weak binding 1

P s, 1

W u u !

¥ "’ molecular 4 3.0 % !

3 induce . P4 1

- 44 !

k, #* e i

—_— o c 1

— ’* 1

.- n !

. k ! I

1

1

1

I

U

Fig. 2 Mechanism of (A) nucleic acid equilibrium fluctuations and (B) conformational transitions. The correspond free energy changes in (C)
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regulation, (F) free energy of each conformation. (G) Detailed illustration of the nucleic acid conformational transformation process induced
by ATP binding, showing sequential base-pair rearrangement, stem dissociation, loop reconstruction, and exposure of the hidden functional

domain during structural switching.

Thermodynamic Analysis of Nucleic Acid Structural Transformation
Process

The generation of equilibrium fluctuations can be understood as a
cellular cue (such as a change in the abundance of a specific
biomarker) causing different conformations of nucleic acids to
produce a non-equilibrium state, which then relaxes to the initial
equilibrium state after the target dissociates. Free energy landscapes
reveal RNA structural plasticity in RNA dynamics analysis as a means
of better understanding RNA conformational free energy. Due to the
degeneracy of base pairing and stacking interactions, double-
stranded RNA is highly stable in a deep local minimum in the free
energy landscape, which means that under the intervention of ring
tension, there is a kinetic barrier to the conversion to this
conformation. The energetically favourable RNA conformation
allows RNA to undergo great structural transformation. Once the
ligand binds to the RNA, a large number of nucleic acids in this
conformation will be guided to a specific set of conformations. The
binding of small molecules to RNA is more enthalpy-driven. Small
molecules regulate the nucleic acid landscape by changing RNA

4| J. Name., 2012, 00, 1-3

conformation, thereby modulating RNA function. Taking the
type RNA
transformation does involve too much

equilibrium  fluctuation as an example, when

conformational not
dissociation or rearrangement of paired bases, the enthalpy change
while the binding of small molecules to RNA is sufficient to drive the
transfer of nucleic acid conformation, which means that the free
energy is similar in the free energy landscape, but in fact there is a
certain kinetic barrier, and an induction factor is required to achieve
conformational transformation. In the context of metastable nucleic
acid conformational regulation, the system operates at the critical
point of nucleic acid conformational change, where only a small
perturbation is required to trigger conformational migration. Unlike
the multi-level cascade transitions observed in stable nucleic acid
structures, this regulatory mechanism resembles the movement of
chemical equilibria. Initially, the signal module and the recognition
module are connected by a short base pair. Due to ring strain, this
short base pair cannot effectively stabilize the signal domain in the
absence of the target molecule. In the absence of the target, the free
energy of the system is at Go. Upon binding of the target molecule to

This journal is © The Royal Society of Chemistry 20xx
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the recognition module, the binding stabilizes the structure, leading
the connecting sequence to progressively bind, thereby lowering the
conformational free energy to Gi;. When the target dissociates, the
weak base-pairing interaction between the connecting stem and the
recognition module no longer supports the stem’s position, causing
it to dissociate and return to the Gy state.

The small molecule-driven cascade nucleic acid conformational
two RNA
conformations separated by overcoming substantial free energy

rearrangement involves transitions between the
barriers. While small molecule binding disrupts local RNA structures
with one or two base pairs, these cooperative perturbations guide
the RNA distinct
programmable base-editing. This transformation traverses the

intermediate energy minima within the free energy landscape, which

into a three-dimensional structure via

was driven by ligand-binding enthalpy that initiates localized
structural destabilization. Subsequent ligand degradation reverses
the process, restoring native conformations through hydrogen bond
dissociation. As shown in Fig. 2B, the toehold-mediated strand
displacement—driven cascade transition involves multiple transition-
inducing structures, which is initially locked with only the active
recognition of aptamer module. The detailed nucleic acid
rearrangement pathway during this cascade process is illustrated in
Fig. S5. The complementary module Go state with multi-locked
sequence and the recognition sequence of the aptamer. When the
target molecule binds to the recognition module, the free energy of
the system briefly increases to Gi, due to ambient ionic strength
effects, and then, the stronger binding energy induces a
conformational transformation in the nucleic acid, displacing the d
sequence paired with the d* sequence. The weak interaction
between the bases ¢ and c* is insufficient to stably maintain the
conformation, leading to their gradual dissociation. Simultaneously,
the dual forces of free energy and the hybridization potential of the
free d and c* bases drive the displaced d sequence to attack c¥,
forming a more stable intermediate conformation. The sequences a,
b, ¢, and d exhibit more sequence similarity and high editability,
which is in a locked state with Gy state via weak base-pairing
energies. Once the initial structural trigger occurs, a domino-type
cascade transition of the nucleic acid structure is initiated.
Specifically, ¢ can attack the recently dissociated b* sequence,
displacing b, which then attacks a*, ultimately completing the
structural rearrangement. This process realizes the small molecule-
induced nucleic acid conformational transformation. Upon
degradation of the small molecules, the system's freedom increases
rapidly, exposing the locked d* as the initiator for the reverse
transition. Driven by free energy, this initiates the reverse cascade
transition, culminating in the structural rearrangement of the nucleic
acid. In the absence of ATP, the nucleic acid adopts a locked
conformation with a free energy of -42.27 kcal/mol. Upon ATP
binding, computational analysis reveals a docking energy of -9.6
kcal/mol between ATP and the nucleic acid (aptamer in conformation
transition model). Additionally, m—mn stacking interactions between
the adenosine moiety of ATP and the aromatic nucleobases within
the aptamer further stabilize the complex. The resulting binding

energy not only reinforces the nucleic acid conformation but also

This journal is © The Royal Society of Chemistry 20xx
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drives a stepwise conformational transition process,,Notably, the
calculated reaction constant (k = 5.45 x 10°) ifdicHté9 &substariahy
more complete conformational transformation compared with
transient fluctuations within the equilibrium state.

Mechanisms of Molecular Binding.

Based on computational analyses of the ATP and the tertiary binding
states of small molecules with nucleic acids, the binding domains of
HBC and ATP are entirely distinct and exhibit no tertiary folding
interactions, such as those observed in pseudoknots36-38, The binding
probe of nucleic acid is relatively complex (Fig. 3A and 3B), with three
stems P1 (gray), P2 (purple red), and P3 (khaki), two internal loops
13/2 (orange yellow) and J2/1 (blue), and one terminal loop L1
(green). Among them, J3/2 forms an inner fold and is continuously
stacked with P1, J2/1, and P2 to form a stable double helix structure.
Notably, L1, which constitutes the binding domain of ATP, is
independent of the remaining regions and adopts a helical
conformation. With the exception of the terminal base that has
undergone a change in orientation, the internal conformation of the
remaining bases exhibits a range of sugar puckering and base flips.

The helical L1 domain of ATP-equilibrium fluctuation (ATP-EF) forms
a binding pocket between the two fragments of continuous
nucleosides 23U-24A-25G and 29U-30G-31U-32G-33U, which
provides a binding spatial environment for interactions between ATP
and ATP-EF. Among them, 23U, 27G, 34G, and 35U serve as the
boundary bases of the binding pocket, enabling high-affinity ATP
recognition mainly based on intermolecular hydrogen bonding and
-1t stacking. Typically, 27G forms 1H bond with y-PO.3, and the
glycoside of 23U adopts a wrinkled conformation to form 1H bond
with a-PO43. The hydrogen bonding between these nucleic acids and
the phosphate group of ATP contributes to in specific recognition of
ATP molecules, especially in the recognition of aptamers to structural
analogs such as AMP and ADP (Fig. S6, S7). Additionally, the hydroxyl
groups on the glycoside form 4H bonds with 34G and 35U that
promotes the stability of the nucleic acid conformation. The base of
23U shows a similar inclination to adenosine A, tends to be parallel
in space, and resulting in t—m stacking interactions. A binding energy
of -9.1 kcal/mol between ATP and ATP-EF was obtained using
AutoDock Vina. The steady-state nucleic acid conformational
transformations were analyzed based on the molecular docking
experiments also with nucleic acid tertiary structure. ATP-
conformational transitions (ATP-CT) exhibits higher structural
complexity than ATP-EF with ATP binding region mediated by the
loop L1 (brown) and internal loop J2/1 (red) interconnected by stems
P1 (green) and P2 (gray). The L1 and P1 domains adopt bent
conformations rather than a simple double helix rise, forming a
stable binding pocket of ATP. The nucleic acid structure was
undergoes pronounced structural rearrangement at 70C-71U-72G,
while J2/1 as an internal loop with loose structure. On the contrary,
the loop structure also exhibits partial inward helical contraction. As
illustrated in Fig. 3A, the bases 57G, 58G, and 62G stack above ATP,
while 63G, 64A, 68A, and 69A form a lower stacking layer, forming a
sandwich-like recognition interface through cooperative stacking
interactions. These bases interact with the base, pentose, and
phosphate groups of ATP, respectively, thereby constructing a stable
spatial binding domain that ensures the stable binding of ATP as a
ligand to ATP-CT. Similarly, the binding of the receptor and ATP is still

J. Name., 2013, 00, 1-3 | 5
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predominantly governed by hydrogen bonds and n-mt stacking, akin
to the binding mode observed in ATP-EF. The binding of 68A, 69A to
the N atom in A base of ATP results in the formation of two hydrogen
bonds. Similarly, 57G and 58G binds to the hydrogen of the amine
group in A base by two hydrogen bonds. Additionally, 70C and 71U
interact with A base via n-it stacking, forming multiple interactions
with ATP and thereby ensuring the stable binding of ATP.

Isothermal titration calorimetry (ITC) is one of the state-of-the-art
biotechnologies to quantitatively characterize the binding behavior
between the ligand and its aptamer. The results revealed that the
dissociation constant (Kd) for ATP binding was 128 nM, which is
markedly lower than those for ADP (5.75 uM) and AMP (7.30 pM),
corresponding to approximately 45-fold and 57-fold higher binding
affinity, respectively. Consistent with these thermodynamic
observations, molecular docking analyses (Fig. 3) suggest that, from

Cc

== H bond
«= w-mw stacking

Journal Name

both structural and energetic perspectives, ATP, owing.e.its
complete triphosphate tail can establi3R! W UIBIE6S§EEGalyY
distributed initial interactions with the aptamer, which cooperatively
trigger conformational rearrangement of the nucleic acid. In
addition, the larger molecular size and greater conformational
flexibility of ATP facilitate its stable accommodation within the
aptamer binding pocket, ultimately resulting in a high-affinity binding
state. In contrast, ADP and AMP, which lack the full triphosphate
moiety, exhibit intrinsic deficiencies in spatial reach, and
conformational driving capability, rendering them incapable of
effectively inducing cooperative structural rearrangements of the
aptamer and leading only to weak and transient binding states.
Furthermore, as shown in Fig. 3F, ATP binding to the aptamer is
predominantly enthalpy-driven, in contrast to the lower binding
affinity of ADP and AMP to this aptamer.
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Fig. 3 Schematic diagram of the 2D docking of ATP-EF (A), ATP-CT (B) with ATP and the prediction of the 3D structure of nucleic acid. (C, D)
3D docking multi-angle display diagram. In the docking results display, green represents hydrogen bonding and pink represents m-it stacking.
(E) ITC analysis of the interactions between the ATP aptamer and ATP (Kd=128 nM), ADP (Kd=5.75 uM), and AMP (Kd=7.30 uM). (F) Schematic
illustration of the thermodynamic mechanisms underlying aptamer binding to ATP, ADP, and AMP
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indispensable role in maintaining the stability of nucleic acid

Dynamic analysis applications. structures. The concentration of Mg?* directly influences nucleic
acid conformation, particularly in equilibrium fluctuation-based
allosteric models, which are highly responsive to environmental
changes. In the case of ATP-EF, when the Mg?* concentration is
excessively high (Fig. $10), Mg?* promotes the nucleic acid structure
to transition into the Cs2 state, forming a HBC-binding domain. This
transition leads to undesired signal leakage, thereby compromising
SNR during analysis. Conversely, at low Mg?* concentrations, the
insufficient ionic strength impedes the proper folding of nucleic
acids. The optimal SNR was achieved at an Mg?* concentration of 5
mM. Fluorescence responses of ATP-EF and ATP-CT were evaluated
with different concentrations of ATP revealed that the dynamic
analysis strategy based on the equilibrium fluctuation model
exhibited a linear response within the range of 100 uM to 100 mM
(I = 0.66 log c - 1.1). Additionally, the molecule-mediated nucleic
acid conformational transition strategy, characterized by larger
conformational rearrangements, demonstrated an extended
analytical range of 100 fM to 1 mM (I = 0.038 log ¢ + 0.45). These
findings underscore the broader applicability of the conformational
transformation approach for biomolecular analysis in diverse
concentration ranges, demonstrating the capability of the dynamic
analysis probe for intracellular analysis.

The feasibility of equilibrium fluctuation and conformational
transformation driven nucleic acid structural regulation was
systematically validated through computational simulations. Using
ATP as a representative model target, we subsequently constructed
a dynamic biosensing platform governed by multimodal
conformational transitions. Key experimental parameters
associated with equilibrium fluctuation-mediated nucleic acid
regulation, including hybridization time (Fig. S8) and HBC
concentration (Fig. S9), were comprehensively optimized to
achieve enhanced sensing performance.

The buffer system was systematically optimized by comparing
HEPES and TE buffers. A significantly higher signal-to-noise ratio
(SNR) was obtained in HEPES buffer. In contrast, the high
concentration of EDTA in TE buffer was found to interfere with the
availability of metal ions in the solution, thereby affecting the
stability of the nucleic acid structure. Furthermore, HEPES buffer
was demonstrated to exhibits a greater buffering capacity
compared to TE buffer, providing a more stable environment for
nucleic acids and minimizing the impact of environmental
fluctuations on nucleic acid conformation (Fig. S3). Mg?* plays an
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Fig. 4 (A) Conformational transitions and (B) Equilibrium fluctuation RNA signal change patterns. Calibration curve of the fluorescence
intensity and the concentration of ATP with ATP-EF(C) and ATP-CT(F). Error bars: SD, n = 3, (D) The corresponding fluorescence emission
spectra with different probes (D, ATP-EF, G, ATP-CT) and (E) the signal responses of multiple in vitro simulations of ATP concentration
fluctuations are presented (E, ATP-EF, H, ATP-CT). Error bars: SD, n = 3.

Furthermore, we constructed an in vitro model of ATP production  transformations in order to comprehensively evaluate the
and consumption to repeatedly induce nucleic acid conformational  feasibility of dynamic analysis for repeated ATP cycling in complex
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intracellular environments. Apyrase-mediated ATP hydrolysis was
inducing
cyclical nucleic acid conformational switching. As can be seen in Fig.
4E and H, the fluorescence intensity in each cycle demonstrates
that the small molecule dynamic analysis strategy is capable of

counterbalanced by controlled ATP replenishment,

operating in complex intracellular environments. To validate the
intracellular ATP dynamic analysis capability of the designed
probe, we implemented
pharmacological modulation of ATP homeostasis in cells by specific
drugs as ATP levels regulators3®41. Ca?* activates Ca?*-ATPase,
thereby enhancing ATP metabolism and synthesis for ATP
upregulation, which ultimately increases ATP levels. In contrast,
oligomycin, by targeting H*-ATPase, disrupts ATP synthesis, leading

functional molecular recognition
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to reduced ATP levels, resulting in decreased ATP levels. As shown

in Fig. 5, a 2-3 folds increase in fluorescence intensity in Ca?*-
treated cells and an approximately 10—-20% decrease in oligomycin-
treated cells in comparison with normal Hela cells. We hypothesize
that oligomycin exerts only a partial inhibitory effect on ATP
synthesis. This may be due to compensatory mechanisms in cellular
metabolism, such as increased glycolysis or activation of alternative
phosphorylation pathways, which help maintain cellular energy
levels. These results demonstrate that the two probes are capable
of producing distinct signal responses to varying intracellular ATP
levels, thereby enabling visualization of subcellular ATP
redistribution.

Ca™-ATP \I
Upregulation . a |
® |
r © [
b :
1 |
. ‘ |

——
E H"-ATPase :
Downregulation E 1
o |
2 1
(o] |
]

D ATP-CT

ATP Mitochondria Merge Relative Intensity

: inieas‘iti' )

‘Intensify’

FET

‘Il-'llens'it:y'

P

= =t

Page 8 of 12

. ¥ 100
"OlmﬂTyun 160 Oligomycin Oligomycin - 160 Oligomycin
ormal Normal Normal _— Normal
. cacl, —L . CaCl, i caCl, ¥ . cacl,
5 Fi 5 a S
@t —L— . @ 120 & 80 J % 120 |
- ! -~ & S * -
| e
z z z g
2 2D @ 2
& - L
g 80 % g 60 % 80 E
B & S o = 5 * =
[} 2 =
40
40 0 40 | | L)
Oligomycin ~ Normal CaCl, Oligomycin CaCl, Oligomycin ~ Normal CaCl, Oligomycin  Normal CaCl,

Fig. 5 (A) Schematic illustration of the cellular treatment workflow. (B) Intracellular ATP imaging using the ATP-EF probe under different
drug treatments. (C) Quantitative fluorescence analysis corresponding to panel B: the C left shows the average fluorescence intensity of

cells under the same treatment conditions, while the C right presents the statistical analysis of fluorescence from the imaging results. (D)

Intracellular ATP imaging using the ATP-CT probe under different drug treatments. (E) Quantitative fluorescence analysis corresponding to

panel D: the E left shows the average fluorescence intensity of cells under the same treatment conditions, while the E right presents the

statistical analysis of fluorescence from the imaging results. Scale bar: 5 um. (*p < 0.05, **p < 0.01, ***p < 0.001, and ns indicates no

significant difference.)
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Both dynamic analysis methods demonstrated robust ATP analysis
consistent with mitochondrial colocalization. Despite extracellular
validation based on these two RNA transformation models, we
further evaluated the dynamic performance of the probe in a
cellular setting. At different time points, significant changes in
fluorescence intensity were observed in various regions of the cell,
indicating that ATP within the cell undergoes active turnover.
Notably, substantial ATP accumulation was observed around
mitochondria, where it exhibited a radial concentration gradient
(Fig. S12). As the distance from the mitochondria increases, ATP
concentration gradually decreases, exhibiting a relatively lower
concentration compared to the mitochondrial vicinity. Within a 20-
minute observation period (Fig. 6), cellular fluorescence signals
showed varying degrees of fluctuation. This further suggests that
ATP, after being synthesized by mitochondria, diffuses to
subcellular regions where it is required and participates in
metabolic processes. Our observations reveal that the response
speed of a fluctuation-based equilibrium model is faster compared
to that of conformational transitions involving significant
secondary structure rearrangements. This difference arises from
the mode of nucleic acid conformational transformation. To
rigorously exclude the possibility that the observed
fluctuations of ATP were merely artifacts introduced during the
imaging process, we established a control system based on a locked
aptamer sequence. In this design, the aptamer was hybridized with
a BHQl-labeled blocking strand to suppress background
fluorescence. Upon specific ATP recognition, the aptamer
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underwent conformational rearrangement, displacing the blocking

strand, leading to the separation of BHQl from FAM and
restoration of fluorescence. This mechanism enabled real-time in
situ visualization of ATP. Notably, unlike ATP-CT and ATP-EF
systems that exhibited fluctuating intensity signals during imaging,
the locked aptamer strategy provided highly stable fluorescence
over time. These findings demonstrate not only that the observed
spatiotemporal variations originate from intrinsic cellular ATP
dynamics rather than random imaging noise, but also that our
dynamic analysis strategy efficiently captures intracellular ATP
dynamics with minimal background interference. Such robustness
and efficiency highlight the potential of our approach for single-cell
level dissection of ATP metabolism. Consequently, the FISHER
strategy is intrinsically more applicable to endpoint
characterization of the final molecular state, rather than
continuous monitoring of dynamic small-molecule fluctuations. In
contrast, the ATP-EF and ATP-CT strategies developed in this work
are established on target-induced allosteric modulation within the
nucleic acid framework, without involving irreversible strand
dissociation processes. By reversibly regulating the formation and
disruption of fluorophore-binding domains through conformational
transitions, the system maintains temporally responsive signal
transduction behaviour. This design effectively circumvents the
intrinsic  limitations associated with conventional strand-
displacement-based imaging approaches and thereby enables
dynamic monitoring of ATP fluctuations in living systems.
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Fig. 6 (A) Schematic diagram of cell culture observation process, (B) Points of interest distributed in different areas were randomly selected,
and the fluorescence intensity at different times was counted to visualize the dynamic concentration of ATP. From top to bottom they are
ATP-EF, ATP-CT, FISHER (C) Confocal imaging of mitochondrial localization, and changes in cellular ATP at different times. Scale bar: 5 um
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Conclusions

In conclusion, we developed an artificial riboswitch-mediated
platform for biomolecular dynamic analysis based on programmable
nucleic acid allosteric regulation. By integrating metastable
equilibrium  fluctuations and steady-state conformational
transitions, the system enables target-responsive structural
reconfiguration of programmable nucleic acid architectures. Through
thermodynamically controlled multistage allosteric rearrangements,
the nucleic acid network can return to its initial state following target
degradation or metabolic turnover, enabling continuous monitoring
of the spatiotemporal dynamics of small molecules in living cells. ATP
was used as a representative analyte to evaluate the sensing
performances of the platform, which exhibited reversible
fluorescence responses, mitochondria-associated localization, and
temporally resolved intracellular dynamics. Compared with
conventional endpoint analytical strategies, this approach provides a
dynamic and programmable framework for real-time visualization of
intracellular molecular processes under physiologically relevant
conditions. Collectively, this work establishes a versatile strategy for
constructing nucleic-acid-based dynamic sensing systems and
provides a platform for investigating intracellular biochemical
regulation, molecular interaction dynamics, and metabolic behaviour
in complex living systems.
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