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Detecting Coenzyme A (CoA) in cells is vital for understanding its role in metabolism. DNA aptamers, though
widely used for monitoring many other molecules, have not been effective for CoA detection, as previous
attempts at obtaining DNA aptamers for CoA using SELEX resulted in aptamers that only recognize the
adenine moiety of CoA. This “tyranny” of adenine dominating in SELEX has, therefore, hampered the
SELEX of aptamers specific for CoA. To meet this challenge, we employed a capture SELEX method by
incorporating rigorous counter selections against adenine, adenosine, ATP, pantetheine, and pantothenic

acid, resulting in a highly specific DNA aptamer for CoA over adenosine, ATP and other related
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Accepted 27th March 2025 metabolites such as NADH, with a dissociation constant of 48.9 uM. This aptamer was then converted to
a fluorescent sensor for CoA across pH 6.4-8.0. Confocal microscopy showed its ability to visualize CoA

DOI: 10.1039/d5sc00332f in living cells, with fluorescence changes observed upon manipulating CoA levels. This method broadens
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Introduction

Aptamers, single-stranded DNA (ssDNA) or RNA molecules can
fold into specific three-dimensional structures to selectively
bind their target molecules.” Aptamers are smaller and more
cost-effective than protein-based sensors, and their target
binding can readily be translated into a DNA/RNA hybridization
melting temperature change that is quite predictable and often
results in a large signal change when they are labeled with
a Forster resonance energy transfer (FRET) pair. Because of
these advantages, aptamers have been increasingly applied in
sensing and imaging in biological systems.>*

Another major advantage of the aptamers is that they can be
selected to be highly specific to a wide range of targets using
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SELEX's application and presents a promising approach for studying and understanding CoA dynamics.

Systematic Evolution of Ligands by Exponential Enrichment
(SELEX).***In fact, the SELEX is so powerful, it is considered to
be generally applicable to almost any target. However, despite
the perception, applying SELEX to obtain aptamers for some
targets remains a significant challenge. One example of chal-
lenging metabolites is coenzyme A (CoA), a molecule with a 3'-
phosphoadenosine diphosphate structure that closely resem-
bles adenine-containing metabolites like ATP (Fig. 1). This
“tyranny” of adenine dominating in SELEX has, therefore,
hampered the SELEX of aptamers specific for CoA, as previous
attempts yielded only aptamers that bind the adenine moiety of
CoA, resulting in poor selectivity over adenosine, ATP, and other
adenosine-containing metabolites such as NADH.**** As
a result, despite decades of research and advances in aptamer

Coenzyme A

N
N//—_\ NH,
o
| N
o c{\P/O/\'T”O o _\Y
HS - -
\/\NJKA i R \'Cj/
H NM o “oH
o /
HO Ho——ll=:0

1 1
1 1
1 1
1 1
1 1
1 OH 1
1 1
4-phosphopantothenic acid : :
1 1
1 1

1
1
1
1
1
1
1
1
1
1
1 4-phosphopantetheine

Adenosine 3',5’ -diphosphate

Fig. 1 Chemical structure of Coenzyme A (CoA), showing key struc-
tural motifs including adenosine 3',5-diphosphate, 4-phospho-
pantetheine, and 4-phosphopantothenic acid.
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technology, there is no aptamer ideal for detecting CoA due to
selectivity challenges.**™*

CoA is a vital metabolite central to acyl group transfer and
enzymatic regulation.***” It functions both as a substrate and
allosteric modulator in critical pathways, including post-
translational modifications like acetylation of histones and
other proteins, which influence gene expression and cellular
function.®®* Maintaining CoA homeostasis is essential for
cellular health, as disruptions are linked to conditions
including Pantothenate Kinase-Associated Neurodegeneration
(PKAN),* CoA Synthase Protein-Associated Neurodegeneration
(CoPAN),** cataracts, cardiomyopathy, and other CoA synthesis
pathway diseases.’” Real-time monitoring of CoA in living cells
is therefore essential to understanding its metabolic roles and
disease implications.

Real-time detection of CoA in living cells remains chal-
lenging due to its structural complexity and similarity to other
biologically relevant small molecules.*”*»** Traditional
methods, such as high-performance liquid chromatography
(HPLC) and mass spectrometry, while sensitive, are unsuitable
for real-time and spatially resolved measurements in living
cells.**¢ Semisynthetic biosensors have been developed to
couple a green fluorescent protein-HaloTag fusion protein with
a CoA-dependent fluorescent ligand to produce Forster reso-
nance energy transfer (FRET) signals.”” Despite progress, it is
challenging to convert CoA binding into the FRET signals, as
this conversion requires careful system design to translate the
binding of the small CoA molecule into conformation changes
in a relatively larger protein.*® As a result, the FRET signals are
often weak, making CoA detection difficult in the complex
cellular environment.*® Thus, a rapid, simple, sensitive, specific,
and cost-effective method for monitoring CoA levels in cells is
still needed.

In this study, we address the issue of selectivity in CoA
detection via aptamers by utilizing a capture SELEX method
specifically designed to isolate DNA aptamers that are highly
selective for CoA. We incorporate rigorous counter-selections
against a variety of adenine-containing molecules, allowing us
to overcome previous limitations. The resulting aptamer was
then converted into a fluorescent sensor for the real-time
detection and visualization of intracellular CoA levels. This
approach provides not only a sensitive, specific, and cost-
effective tool for studying CoA metabolism, but also repre-
sents a significant advancement in the selection and develop-
ment of aptamer-based detection technologies.

Results and discussion

SELEX of DNA aptamers for CoA against adenine or other
molecules containing the adenine moiety

Previous SELEX efforts to isolate CoA-binding aptamers resul-
ted in those that primarily bind the adenine portion of CoA. As
a result, the isolated aptamers can also bind ATP.**** In these
SELEX processes, CoA was attached to a solid support at
a different attachment point, and a DNA library was then added
to the solid support containing the CoA to isolate sequences
that bind CoA. We hypothesize that the attachment of CoA to
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the solid support can significantly impact the selection
outcome, often imposing steric constraints that eliminate
desirable binding structures. To address this issue, we
employed a capture SELEX method that leverages the aptamer's
inherent ability to transition between two distinct conforma-
tions: a duplex formation with an antisense DNA strand and
a complex structure binding its specific target, CoA.>**>* This
SELEX method was achieved by immobilizing the structural-
switching DNA library onto a solid support, followed by intro-
ducing CoA that remains free in its native state in solution. This
library-immobilized SELEX strategy ensured that all the
epitopes of CoA were exposed to the DNA library and could
participate in aptamer binding. The DNA molecules that bound
to CoA were subsequently released from the support. This
approach aimed to remove steric constraints and facilitate the
isolation of a more diverse and selective population of CoA-
binding aptamers. More importantly, we enriched the DNA
pools with an affinity for the (R)-pantetheine, a subunit of CoA,
and then employed in SELEX for CoA. Moreover, starting at the
6th round of selection, we incorporated rigorous counter-
selection steps against other molecules, including adenine
and molecules with adenine as a component of their structures,
such as ATP. Specifically, the CoA aptamer was selected using
a DNA library containing 82 nucleotides (Fig. 2a). This library
includes 40-nucleotide randomized sequences (red) flanked
by two constant sequences (blue) on each end that
include 5-GCAGTCGGCGTCGGACAG-3" and 5'-CTGTCCGACG
ATGTAACGCTTCAC-3', which serve as primers for PCR ampli-
fication. To ensure successful selection without altering the
chemical properties of CoA, we chose not to covalently link the
CoA to a solid support as in previous CoA SELEX studies.**™*
Instead, we immobilized the DNA library on microbeads
through a capture strand DNA that can hybridize to the
underlined sequences in one of the two flanking regions,
5'-GCAGTCGGCGTCGGACAG-3' . Only the DNA molecules with
sequences that bound to CoA and subsequently altered their
secondary structure were released from the microbeads into the
solution (Fig. 2a).

To ensure high selectivity for CoA against adenine and other
molecules containing the adenine moiety, the first four SELEX
rounds were initially carried out using (R)-pantetheine, a subunit
of CoA, to enrich the DNA pools with an affinity for the (R)-
pantetheine portion of CoA (Table S1t). At round 5, the selection
target was switched to CoA to isolate DNA aptamers that bind
CoA. The concentrations of CoA used in the selection were
gradually decreased from 5 mM to 0.1 mM to enrich aptamers
with a strong binding affinity for CoA. To achieve high selectivity,
counter-selections against adenine, adenosine triphosphate
(ATP), pantetheine, and pantothenic acid were introduced from
the 6th round of selection, with gradually increasing concentra-
tions. Specifically, from the 6th round of selection, 1 mM aden-
osine and 9 mM ATP were introduced as counter-selection
targets and any DNA molecules eluted with adenosine or ATP
were discarded from the selection. Additionally, 150 pM pan-
tetheine was introduced as a counter-selection target starting
from round 8 through round 13 and 150 uM of pantothenic acid
was introduced as a counter-selection target starting from round

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Selection of CoA aptamer. (a) In vitro selection process for
obtaining the CoA aptamer. Each DNA library strand contains a 40-
nucleotide randomized sequence (red) flanked by two constant
sequences (purple, blue, and black) at both ends, serving as PCR
primers. The binding region between the capture strand and the DNA
library is highlighted in purple. The forward primer consists of purple
and blue regions, and the reverse primer is composed of blue and
black regions. After immobilizing the DNA library onto beads (yellow),
CoA is introduced into the solution. DNA strands that bind to CoA
undergo a structural switch, detaching from the capture strand and
entering the solution, forming a stem-loop structure with sequences
represented by blue color. These eluted strands are then PCR ampli-
fied, and ssDNA libraries are prepared. After re-immobilizing the DNA
library onto the beads, counter-selection molecules are added to the
solution, and the non-specific DNA strands are removed. The DNA
library is then incubated with CoA, and the eluted CoA-aptamer DNA is
collected. This selection process is repeated multiple times. (b) CoA-
seqlO aptamer sequence and its predicted secondary structure,
generated using UNAfold software.>¢ The sequence is illustrated with
different colors, whose function is explained in legends of (a). The
UNAfold prediction illustrates the secondary structure of the CoA
aptamer upon binding to CoA.>®

12. These counter-selections were introduced to remove any
aptamers that interacted with molecules that bear similarities to
only a component of the CoA, rather than CoA itself. To monitor
the selection progress, we employed qPCR to determine the
elution yield from each selection round.*® The elution yield is
defined as the amount of ssDNA bound to CoA and eluted from
the microbeads into solution, divided by the total amount of
ssDNA added to the microbeads (Fig. S11). When the elution
yield stopped increasing, high-throughput sequencing (HTS) was
utilized to analyze the sequences from round 9 to round 13,
enabling us to track the enrichment of individual sequences.
After sorting the sequences by sequencing quality and identi-
fying those with intact forward and reverse primer sequences, we
used the FASTAptamer analysis toolkit to find sequences or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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clusters that were conserved across all rounds.>*** Specifically, we
used the FASTAptamer-count and FASTAptamer-cluster func-
tions to analyze the abundance and similarity of individual
sequences, tracking changes across different SELEX rounds.>*
We then applied the FASTAptamer-enrich function to monitor
changes in sequence distribution across selection rounds and
identified representative enriched aptamer sequences (Table
S2+).>* We then tested their binding affinity to CoA by labeling
the aptamer candidates with a 5-FAM fluorophore and the
capture strand that attached to the microbeads, as shown in
Fig. 2a, with a 3’-Black Hole Quencher®-1 (BHQ1), measuring the
increase in fluorescence after the candidates bind CoA, which
causes its strand displacement from the capture strand (Fig. 3d).
CoA-seq10, a most active sequence and continuously enriched
during SELEX, was chosen for sensor development (Fig. 2b and
S271). As illustrated in Fig. 2b, CoA-seq10 is predicted to form
a stem-loop secondary structure, as determined using UNAfold
software.>®

Characterization of the CoA-seq10 aptamer and its conversion
into a fluorescent sensor for CoA

To characterize the binding of CoA-seq10 to CoA and its affinity,
isothermal titration calorimetry (ITC) was employed, revealing
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Fig. 3 Characterization of CoA-seqlO aptamer sensor. (a) Thermo-
gram for the ITC titration of 300 pM CoA-seq10 titrated by 3.2 mM CoA
in aptamer binding buffer; (b) thermogram for the ITC titration of
aptamer binding buffer by 3.2 mM CoA in the same buffer; (c) inte-
grated heat of the ITC titration for CoA-seql0 and CoA, the black line
represents the binding curve fitted with the ‘one set of binding sites’
model; (d) general setup of the CoA aptamer sensor's structure
switching mechanism. (e) Normalized fluorescence intensity of
different aptamer : quencher ratios, when aptamer concentration is
50 nM. (f) Normalized fluorescence of CoA-seqlO aptamer sensor
versus a negative control with scrambled sequences.
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a dissociation constant (K4) of 39.8 uM (Fig. 3a-c), which is
comparable to other small molecule aptamers, like the ATP
aptamer with a K4 of 6 pM.* To convert the CoA aptamer into
a fluorescent sensor, we utilized an intramolecular strand
displacement fluorescence sensor design (Fig. 3d). Specifically,
a FAM fluorophore was conjugated to the 5’ end of the aptamer
CoA-seq10, and a Black Hole Quencher®-1 (BHQ1) was attached
to the 3’ end of the quencher strand. When the aptamer strand
hybridizes with the quencher strand (T}, = 62.3 °C), it brings the
quencher next to the fluorophore, resulting in the quenching of
the FAM fluorophore by BHQ1. The binding to CoA by the CoA-
seq10 aptamer weakens this hybridization (T, decreases to 0 °©
C), allowing the quencher strand to dehybridize from the
aptamer strand, causing a significant increase in fluorescence.

To minimize background fluorescence, we optimized the
ratio between aptamer and quencher and found an apta-
mer:quencher ratio of 1:5 to be optimal (Fig. 3e). With this
aptamer:quencher ratio, the fluorescence of the aptamer sensor
increased with increasing concentrations of CoA, with no
significant further increase observed at 10 mM. The limit of
detection (LOD) was determined to be 0.126 mM (Fig. 3f), based
on 30p/slope, where oy, is the standard deviation of three blank
samples. Additionally, replacing the CoA aptamer with a DNA of
the same length but with a scrambled sequence did not increase
fluorescence signals in the presence of CoA. This result under-
scores the specificity of the aptamer in sensor development. The
fluorescent sensor can also serve as an alternative method to
determine K4 values for the aptamer-CoA interaction. In this
method, a K4 for the quencher with the aptamer in the absence
of CoA was determined to be 55.38 nM (Fig. 3e), while a Ky for
the CoA-induced aptamer—-quencher dissociation was found to
be 1.133 mM (Fig. 3f). Therefore, using a formula reported
previously,”” the Ky for the aptamer-CoA interaction was calcu-
lated from these two Ky's to be 48.9 uM. This fluorescent
method provides an independent method to evaluate the Ky,
which is similar to the K4 (39.8 uM) obtained by ITC. Addi-
tionally, additional mutations were introduced into the CoA-
seq10 aptamer to identify the critical regions involved in its
binding and fluorescence response to CoA. The data in Fig. S31
show that these mutations in the aptamer sequence resulted in
a decrease in the fluorescence response to CoA, indicating that
these specific regions of the aptamer are crucial for both CoA
recognition and the conformational change needed to trigger
the fluorescence response.

To further validate the specificity of the CoA-aptamer against
other intracellular metabolites, we tested its fluorescence
response to various concentrations of CoA and compared it to
the responses elicited by other structurally similar molecules,
such as acetyl coenzyme A (acetyl-CoA), ATP, and p-pantothenic
acid. As shown in Fig. 4a, other metabolites, including acetyl-
CoA, ATP, and p-pantothenic acid, did not cause any signifi-
cant increase in fluorescence intensity. In contrast, the sensor
exhibited a marked increase in fluorescence intensity as the
concentration of CoA increased. Further testing involved incu-
bating the CoA aptamer sensor to a variety of intracellular
metabolites at physiologically relevant concentrations (Fig. 4b).
The metabolites include: (1) acetyl-CoA, (2) p-pantothenic acid,
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(3) nucleotides (ATP, CTP, GTP, UTP), (4) other adenine-based
metabolites ADP, nicotinamide adenine dinucleotide (NAD),
NADH, NADP, NADPH, (5) CoA derivates, such as propionyl-
CoA, butyryl-CoA, hexanoyl-CoA, malonyl-CoA, succinyl-CoA, 3-
hydroxy-3-methylglutaryl (HMG-CoA), lauroyl-CoA, myristoyl-
CoA, and oleoyl-CoA, and (6) divalent cations like Ca®>" and
Mg>*. Additionally, to rule out the possibility that the CoA
aptamer can still bind the competing targets of CoA without
structural changes and thus no detachment of the quencher-
labeled oligo, we used ITC to measure the Can10 aptamer's
binding with ATP and found no evidence of binding (Fig. S47).
At physiologically relevant concentrations, none of these
metabolites induced an increase in the fluorescence signal,
confirming the high specificity for CoA aptamer sensor against
all other metabolites, including those that share a similar
component (e.g., adenine) as CoA.

Cellular environments vary significantly in pH, ranging from
acidic compartments such as lysosomes to more alkaline areas
like the mitochondrial matrix. To demonstrate that the CoA
aptamer sensor can work across different pH levels in diverse
physiological conditions, we evaluated its pH sensitivity across
a range of physiologically relevant pH values. As shown in
Fig. S5, the CoA aptamer sensor maintained a consistent
fluorescence response to CoA, with fluorescence intensity
increasing when CoA concentration increases, across the tested
pH range (pH 6.4-8.0). These results indicate that the aptamer
can function and generate fluorescence signals across these
physiological pH conditions.

Application of the aptamer sensor to monitor CoA in living
cells

To demonstrate the applicability of the CoA aptamer sensor in
visualizing CoA distribution and abundance in living cells, we
delivered it into HeLa cells as a representative cell line and
visualized it using confocal laser-scanning microscopy (CLSM).
Although FAM is a commonly used fluorophore for studies in
test tubes, we did not use it to label the CoA aptamer sensor for
cellular studies since FAM is sensitive to different pH environ-
ments inside the cells. Instead, we used Cy5.5 to label the CoA
aptamer strand and Iowa Black® RQ to label the quencher
strand and then delivered them into HeLa cells using lipofect-
amine 3000. As shown in Fig. 5, S6 and S7,} bright signals from
the CoA aptamer sensor were observed in all HeLa cells. In
contrast, using a negative control (NC) of a DNA oligo with the
same length as the CoA aptamer but the aptamer sequence
replaced with a scrambled sequence (see Fig. 2b) resulted in
a reduced fluorescence signal. This negative control (/5Cy5/
ATGCAGTCGGCGTCGGACAGGGACGACGACGCTGAAAGTGTA
CAACAGTGTACAGTGCAACTGTCCGACGATGTAACGCTTCAC)
highlights the essential role of the aptamer in recognizing CoA
using a DNA sequence of the same length as the CoA aptamer
but with a scrambled sequence—where the region that binds to
the quencher strand is preserved while the CoA-binding portion
is disrupted—resulted in a reduced fluorescence signal. This
negative control highlights the essential role of the aptamer in
recognizing CoA. To assess the duration over which the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fluorescence signal from the CoA-seq10 aptamer sensor can be
distinguished from the negative control (NC) sensor after
transfection, a time-course study was performed. As shown in
Fig. S6 and S7,f 3.5 hours after the transfection, the fluores-
cence signal from the CoA aptamer is significantly higher than
that of the NC sensor for up to 8 hours. Although the fluores-
cence signal from the CoA-seq10 aptamer decreases over time, it
remains distinguishable from the NC sensor. To ensure our
sensor can monitor CoA selectively, we added either Pantazine
2891 (PZ-2891),°® which is an allosteric PANK activator that
increases free CoA concentration inside cells, presumably by
disrupting pantothenate kinase (PanK) feedback regulation®>*
or hopantenate (HoPan), an analog of pantothenate, which is
used to chemically inhibit CoA biosynthesis.®"** After treating
the HeLa cells with either 3 uM PZ-2891 or 1 mM HoPan to

regulate the cellular CoA levels, we added Cy5.5-labeled aptamer
sensors and compared them with untreated cells. As shown in
Fig. 5, compared with untreated cells, PZ-2891 treated cells
exhibited a significant fluorescence increase in the red channel,
while HoPan-treated samples showed a lower red fluorescence
signal. Furthermore, the fluorescence intensity of the negative
control with scrambled sequence produced relatively weak
fluorescence signals compared to untreated cells (Fig. 5). In
addition, we conducted a time-course drug treatment with 3 uM
PZ-2891 in HeLa cells to assess the dynamic response of the
CoA-seq10 aptamer sensor under drug exposure, measuring the
fluorescence signal at multiple time points post-treatment. As
shown in Fig. S7 and S8,} the fluorescence intensity of the CoA-
seql0 aptamer sensor is significantly higher than the no-
treatment control after 6 hours of incubation with 3 uyM PZ-
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Fig.5 CoA aptamer sensor detects CoA regulation in Hela cells. (a) CLSM images of CoA using the CoA-seql10 sensor and NC sensor in live HelLa
cells during CoA regulation. (b) Quantification of average fluorescence intensity (arbitrary units, a.u.) per cell shown in (a); ***P < 0.0001. Data in
(@) and (b) represent three independent experiments; n = 5 frames. Scale bar is 50 um. Data are shown as mean =+ s.d. Statistical significance was
determined by unpaired two-tailed Student's t-test; NS, not significant (P > 0.05); *** (P < 0.001).
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2891. A statistically significant difference is observed between
the CoA-seq10 aptamer sensor and the NC sensor at each drug
treatment time point. These results collectively demonstrate
that the CoA aptamer sensor can be applied to monitor intra-
cellular CoA.

Conclusions

CoA is an essential metabolite involved in key biological
processes, including the synthesis and oxidation of fatty acids
and the citric acid cycle for energy production. Despite its crit-
ical role, sensors for CoA are limited. While SELEX has been
awidely used method for generating DNA and RNA aptamers for
many targets, efforts to isolate aptamers for CoA have largely
failed, with most aptamers binding only the adenine moiety of
CoA, highlighting a major limitation of the SELEX methods to
obtain aptamers with high selectivity. To claim that SELEX can
be generally applied to almost any target, we need to develop
methods to overcome this major limitation.

To meet this challenge, we have improved the SELEX
process by incorporating rigorous counter-selections against
adenine, ATP, pantetheine, and pantothenic acid. This
approach led to the successful identification of a highly
selective DNA aptamer, CoA-seq10, making this aptamer
capable of monitoring CoA at the physiological concentration
of CoA in the cytoplasm (0.02 to 0.14 mM) and mitochondria
(2.2 to over 5 mM).*® These results were confirmed using ITC
and fluorescence assays, with a limit of detection (126 pM).
The aptamer's specificity allowed it to distinguish CoA from
other intracellular metabolites and function effectively across
different physiological pH levels. Confocal microscopy further
demonstrated the aptamer sensor's ability to visualize CoA in
living cells, with significant fluorescence changes upon regu-
lating cellular CoA levels. In summary, this work contributes to
SELEX methodology, overcoming some of its limitations and
enabling the development of a CoA-selective aptamer that
opens new opportunities for studying CoA metabolism in
living cells.
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