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Abstract
Many biological systems employ allosteric regulatory mechanisms, which offer a powerful means
of directly linking a specific binding event to a wide spectrum of molecular functionalities. There
is considerable interest in generating synthetic allosteric regulators that can perform useful
molecular functions for applications in diagnostics, imaging and targeted therapies, but generating
such molecules through either rational design or directed evolution has proven exceptionally
challenging. To address this need, we present an in vitro selection strategy for generating
conformation-switching DNA nanostructures that selectively release a small-molecule payload in
response to binding of a specific trigger molecule. As an exemplar, we have generated a DNA
nanostructure that hybridizes with a separate ‘cargo strand’ containing an abasic site. This abasic
site stably sequesters a fluorescent cargo molecule in an inactive state until the DNA nanostructure
encounters an ATP trigger molecule. This ATP trigger causes the nanostructure to release the
cargo strand, thereby liberating the fluorescent payload and generating a detectable fluorescent
readout. Our DNA nanostructure is highly sensitive, with an EC50 of 30 μM, and highly specific,
releasing its payload in response to ATP but not to other chemically similar nucleotide
triphosphates. We believe that this selection approach could be generalized to generate synthetic
nanostructures capable of selective and controlled release of other small-molecule cargos in
response to a variety of triggers, for both research and clinical applications.

Keywords
Allostery; Microfluidics; In vitro selection; Functional aptamer; ATP; ATMND; Structure-
switching

Allostery offers a powerful mechanism for modulating biomolecular functions by linking a
specific molecular recognition event to a wide range of downstream functions.1,2 There are
many examples of allostery in nature, wherein the binding of regulatory factors induces
dramatic changes in the ligand-binding affinity or catalytic rate of a protein.3 For example,
when adenosine triphosphate (ATP) levels become elevated within a cell, excess ATP binds
to the catabolic enzyme phosphofructokinase, reducing its affinity for ligand fructose-6-
phosphate, thereby inactivating this pathway until ATP concentrations normalize.4-6 Nucleic
acids also play an important role in the allosteric regulation of gene expression.7-11 For
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example, riboswitches have been shown to play critical functions in the biosynthesis and
transport of metabolites such as amino acids, nucleotides and vitamins.12-15

There is considerable interest in using in vitro selection to engineer allosterically-regulated
functional nucleic acid aptamers, as these nanostructures could be valuable tools for
molecular diagnostics, imaging and targeted therapies.16-19 Generation of such molecules
typically entails the modification of existing aptamers in order to incorporate the new
function.20-23 However, such sequence alterations usually undermine the affinity and
specificity of the molecule, and a strategy for directly selecting for the desired function may
therefore prove more advantageous. Toward this end, pioneering work from the
Ellington,24,25 Breaker,26,27 and Famulok groups28,29 has demonstrated the selection of
allosteric ribozymes that exhibit enhanced catalytic activity in response to binding of various
ligands. Moreover, there have been several successes in isolating allosterically-regulated
aptamers that can fluorescently report binding events.30-33 Given these precedents, it should
be theoretically possible to directly select for molecules capable of many different
downstream molecular functions triggered by specific molecular recognition, such as
catalysis of synthetic reactions or targeted drug release. However, published examples to
date have generally been limited to a handful of applications, most notably binding-induced
catalysis with nucleic acid-based templates or fluorescence signaling based on molecular
beacons.24-36 As such, there is an unmet need for versatile selection strategies that can
facilitate the generation of molecules capable of performing a broader range of molecular
functionalities in response to ligand binding.

To this end, we present a strategy that combines elements of rational design and in vitro
selection in order to generate structure-switching aptamers (SSAs) capable of controlled
cargo release in response to allosteric binding of a specific target molecule. As a model, we
generated an SSA that selectively releases a fluorescent cargo (5,6,7-trimethyl-1,8-
naphthyridin-2-ylamine; ATMND) in response to heterotropic allosteric binding of its ligand
(ATP) through a conformational change (Figure 1A). Our selection technique generated an
SSA molecule that exhibits a half-maximal effective concentration (EC50) of ~30 μM,
approximately 18-fold more sensitive than a previously reported ATP-responsive signaling
aptamer.37 Furthermore, we demonstrate that our SSA is highly ATP-specific, and does not
respond to closely-related chemical analogs. Based on these results, we conclude that it
should be feasible to adapt our selection process to generate synthetic nanostructures
capable of performing other functionalities for diagnostic and therapeutic applications.

RESULTS AND DISCUSSION
We in vitro selected our SSAs from a starting library of DNA molecules, each containing
three functional domains (Figure 1B). The central domain (black, 26 bases) hybridizes with
a cargo strand (green, 12 bases) that contains an abasic site. This central domain features
two flexible linkers composed of four thymidines flanking a guanine-rich motif38,39 that can
fold into a G-quadruplex structure. Such structures exhibit modest affinity for ATP40 and
could potentially promote SSA interaction with ATP, and G-quadruplex folding could
subsequently facilitate cargo strand release by reducing the activation energy required for
ATP-induced conformational rearrangement. We loaded the ATMND cargo into the abasic
site via hydrogen bonding with a cytosine in the central domain.41 ATMND remains stable
with quenched fluorescence within the duplex because the ATMND/cytosine pair is further
stacked with neighboring GC pairs.42,43 We flanked the central domain with two
randomized recognition domains (cyan, 17 bases each) that were in vitro selected to undergo
a large conformational change in specific response to ATP binding. Finally, we incorporated
primer-binding sites at either end (purple, 20 bases) to enable polymerase chain reaction
(PCR) amplification. All sequences are provided in the supporting information (Table S1).
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We selected SSA molecules capable of structure-switching by immobilizing the library onto
cargo strand-conjugated magnetic beads, and isolating molecules that selectively release
from the beads when challenged with ATP (Figure 1C; see Methods for details).
Specifically, we prepared ~100 picomoles of our randomized SSA library (see Methods for
details) by hybridization with biotinylated cargo strands, allowing the library to be
immobilized onto streptavidin (SA)-coated magnetic beads. We blocked the primer-binding
sites with complementary DNA to limit their involvement in SSA folding. Next, we
challenged the library with ATP and collected molecules that were released from the beads
as a result of the cargo strand uncoupling from the central domain in response to ATP-
induced structure-switching. We isolated these SSAs using the micromagnetic separation
chip (MMS) previously described by our group, which allows highly efficient trapping of
beads from a continuous stream.44,45 After separation, we PCR amplified the enriched SSA
pool and generated single-stranded products for the next round of selection.

We performed ten rounds of selection (R1–10; Table S2), systematically applying higher
stringency by decreasing the ATP concentration from 1 mM in R1 to 20 μM in R10 (see
Methods). To increase specificity, we also performed negative selection from R3 onward
using 1 μM SA and 1 μM bovine serum albumin (BSA). We chose these proteins because
SA was used for SSA immobilization, while BSA is the most abundant serum protein and
therefore the most likely non-target molecule to be encountered in an in vivo setting.
Importantly, we also performed further negative selection in R7 through R10 with 1 mM
guanosine triphosphate (GTP), which has a similar chemical structure to ATP.

After 10 rounds of selection, the enriched pool exhibited clear structure-switching
functionality. This was evident when we immobilized the R10 pool on SA-coated magnetic
beads and measured the amount of eluent after challenging with ATP at concentrations
ranging from 2–100 μM (see Methods). We PCR-amplified and quantitated each eluent via
gel electrophoresis, and measurement of band intensities revealed that the amount of eluted
SSA increased in parallel with ATP concentration (Figure 2A). We determined that the
amount of SSAs eluted by 100 μM ATP was 9-fold greater than the quantity of unbound
SSAs observed in the absence of ATP. It should be noted that even in the absence of a
trigger molecule, these molecules exist in a state of equilibrium in which a small fraction of
SSAs will be unbound from their cargo strand (Figure 2A, 0 μM ATP lane). These data
suggest that ATP indeed triggered SSA structure-switching, resulting in de-hybridization
between the cargo strand and the central domain. In order to quantify the concentration of
ATP required to trigger structure-switching, we measured the EC50 of the R10 pool.46

Assuming Langmuirian binding between SSA and ATP, we obtained the EC50 value by
fitting a curve to the band intensities using the equation Y = B + (M − B) × X/ (EC50 + X),
where Y is the band intensity, X is the ATP concentration, and B and M are the baseline and
maximum band intensities, respectively. Based on these calculations, we found that the
EC50 of the R10 pool was 22.1 ± 3.5 μM (Figure 2B).

We obtained 45 SSA sequences from the R10 pool after cloning into E. coli, and found that
the pool contained two dominant consensus sequences (SSA-1 and SSA-2), which
constituted 96% of the clones analyzed (Table 1). Interestingly, SSA-2 contains a single
T→C mutation within the fixed sequence of the central domain at the 18th base from the 3′
end (labeled red in Table 1); based on previous reports, this may facilitate cargo strand
release by weakening duplex formation.31 We next used quantitative real-time PCR (RT-
PCR)47 to characterize SSA structure-switching function by measuring the quantity of each
SSA eluted from magnetic beads following displacement of the cargo strand upon ATP
binding. Since the PCR primer-binding sites on the SSA library molecules were blocked by
complementary sequences during selection, we assume they play no meaningful role in
aptamer folding or binding; as such, these sequences were eliminated from SSA-1 and -2 for
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this and subsequent experiments. We found that the fraction of SSAs that undergo structure-
switching rapidly saturates to its maximum value even at relatively low target
concentrations. For example, at 100 μM ATP, the cargo strand was displaced from 82.6% of
SSA-1 and 77.4% of SSA-2 molecules. By titrating ATP, we measured EC50 = 37.6 ± 8.8
μM for SSA-1 and 33.7 ± 7.8 μM for SSA-2 (Figure 3A, B). Both molecules exhibited
higher sensitivity than previously-described structure-switching signaling aptamers triggered
by ATP, with 18-fold better EC50.37 Importantly, our two SSA molecules are highly ATP-
specific and do not respond even to close chemical analogs. We found that binding to GTP
was substantially lower than to ATP for both SSA-1 (Figure 3A) and SSA-2 (Figure 3B).
Interestingly, both SSAs also showed negligible binding to cytosine triphosphate (CTP),
which was not used in negative selection (Figure 3A, B). Based on this result, we postulate
that the SSA recognition site on ATP is unlikely to be the phosphate group.

We next showed that SSA-1 effectively releases ATMND cargo upon binding ATP. We
loaded ATMND into the abasic site of the cargo strand (see Methods), such that its
fluorescence was effectively quenched by pseudo-base pairing with cytosine within the
central domain (Figure 3C, black trace and Figure S1). The quantity of ATMND released
into solution increased greatly upon addition of ATP (Figure 3C). We measured an EC50 of
29.9 ± 5.8 μM resulting from ATMND release, measured at its fluorescence peak of 405 nm
(Figure S2). We note that this is in close agreement with the EC50 value obtained via RT-
PCR (Figure 3A), adding further evidence that the structure-switching mechanism is
responsible for ATMND release and that this release occurs efficiently in response to ATP.
As a negative control, we confirmed that the initial library shows minimal ATMND release
even in response to 1 mM ATP (Figure 3C, purple trace). Cargo release by SSA-1 proved
highly ATP-specific, with minimal ATMND release in response to 1 mM GTP or CTP
(Figure 3D, blue and green traces). Interestingly, SSA-2 showed significantly lower
ATMND release compared to SSA-1 in the same ATP concentration range (Figure S3). We
also observed no difference of behavior between the SSA-2 with and without the T-to-C
mutation (red in Table 1), inferring that this point mutation is not the main cause of the
difference in affinity between SSA-1 and SSA-2. The basis for this difference is currently
under investigation, but we suspect that SSA-2 does not function properly in free solution
and requires a solid support. In keeping with this hypothesis, we observed that the central
domain of SSA-2 is flanked by TCGGCT and TCCGGCT motifs (where the second motif
contains the relevant T-to-C mutation), which are highly similar to a binding motif found in
many streptavidin aptamers.48-50 Accordingly, we found that SSA-2 indeed exhibits higher
affinity to streptavidin than SSA-1, as evidenced by a ~20-fold increase in binding to
streptavidin-coated beads for SSA-2 relative to SSA-1 at 100 nM concentration (Figure S4).
From these observations, we infer that interaction between SSA-2 and the streptavidin-
coated beads used for immobilization may contribute to the observed solid support
dependence.

Finally, we investigated the structure of SSA-1 after it releases the cargo strand upon
binding to ATP (Figure 4A). We found that the SSA-1 structure can be categorized into four
main domains: a short stem (green), an ATP-binding motif (blue), an incompatibly-paired
linker region (black) and the pre-designed G-quadruplex sequence (red). Interestingly, the
ATP-binding motif contains CTGGGGGAG and CGGAGGA sequences (blue), similar to
motifs observed in previously-reported ATP aptamers,51 and these presumably form a
pocket that recognizes ATP. We suspect that the stem region (green) may play an important
role in ATP-induced shape-changing. The hybridization energy for this region is weaker
than that of the relatively stable cargo strand-central domain duplex, and as such this stem
will form as long as the duplex structure of SSA-1 is fully intact. However, if ATP binding
disrupts the interaction between the cargo strand and the central domain, stem formation
becomes energetically favorable and subsequently promotes the conformational change of
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SSA-1. To further confirm that such a change in the SSA structure is responsible for the
release of ATMND upon ATP binding, we modified SSA-1 with 6-carboxyfluorescein
(FAM) at its 5′ end and with Black Hole Quencher (BHQ1) at its 3′ end (Figure 4A), and
challenged this construct with increasing concentrations of ATP. We observed a large
fluorescence decrease for SSA-1 at increasing ATP concentrations, indicating that the
structure indeed undergoes a conformational change and reduces the effective distance
between the fluorophore and quencher. (Figure 4B). When challenged with 1 mM ATP,
SSA-1 yielded ~80% lower fluorescence intensity than in the absence of ATP. We measured
an EC50 of 31.8 ± 4.8 μM based on the ATP-dependent decrease in fluorescence intensity
(Figure 4C), similar to the EC50 values measured above.

CONCLUSION
In this work, we have shown that the combination of a rationally designed scaffold with a
stringent, in vitro selection strategy offers an effective means for generating allosterically-
regulated, shape-changing DNA nanostructures. The SSA molecules that we generated bind
specifically to ATP—but not other nucleotide triphosphates—and subsequently undergo a
large conformational change, which results in selective release of a sequestered ATMND
cargo molecule. Beyond their excellent specificity, our SSAs also display high sensitivity:
SSA-1 was activated by ATP with an EC50 of ~30 μM, which is ~18-fold lower than
previous reported ATP-responsive DNA constructs.37 Furthermore, we determined that the
EC50 of SSA-1 can be modulated by varying the cargo strand concentration, with an
increase in the concentration of cargo strand yielding an increased EC50 (Figure S5). For
example, a 1:30 ratio of SSA-1:cargo strand at 30 nM yielded an EC50 of 92.0 ± 31.7 μM, 3-
fold greater than when these molecules were present in a 1:1.5 ratio at the same total
concentration. This indicates that SSA sensitivity can be fine-tuned as desired for specific
applications.

We have identified a number of other opportunities to further improve the performance of
our SSAs. For example, we observed that background dissociation of the cargo strand in the
absence of ATP binding (see Figure 2A) causes a notable reduction in SSA enrichment
during the selection process. We envision that systematic application of stronger
hybridization pressure through alternative cargo strand design or performing selection
rounds at lower temperatures may further improve the selection efficiency. Moreover, we
found that our machine-synthesized library was vulnerable to a biased distribution of bases,
which subsequently affected library diversity (see Methods for details). Despite this, we
were able to discover SSAs with excellent affinity and specificity and the use of higher
diversity library in the future may lead to molecules with better performance.

We employed ATMND as a cargo for proof of concept, because its fluorescent readout
offers a convenient means for quantifying efficiency of release. However, we envision that
other hydrophilic, small-molecule payloads could likewise be embedded in a similar
nanostructure. This selection strategy could thus potentially facilitate the synthesis of a
diverse array of molecules for specialized controlled-release applications, including
constructs that stably retain their therapeutic payload in an inactive state until they encounter
a biomarker indicative of a particular disease state or infectious agent. In this fashion,
creative selection strategies that can link a molecular recognition event directly to a useful
molecular function could open interesting new avenues in the realm of molecular
diagnostics or targeted therapies.
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METHODS
Reagents

The DNA library, cargo strand, biotinylated cargo strand, primer site-blocking strands,
forward primer, biotinylated reverse primer, and unmodified reverse primer sequence (see
Supporting Information, Table S1) were synthesized and purified by Integrated DNA
Technologies (Coralville, IA). Each single-stranded DNA (ssDNA) library component
consists of a central 60-mer region flanked by two 20-mer PCR primer sequences. The
central region includes a 26-base cargo strand-binding sequence flanked by two 17-base
randomized sequences. HotStarTaq Master Mix was purchased from Qiagen (Hilden,
Germany). MyOne Streptavidin C1 Dynabeads were purchased from Life Technologies
(Carlsbad, CA). ATP was purchased from LKT Laboratories (St. Paul, MN), and GTP, CTP,
SA and BSA were purchased from Sigma-Aldrich (St. Louis, MO) and used without further
purification. ATMND was purchased from Enamine (Kiev, Ukraine). The iQ SYBR Green
Supermix was purchased from Bio-Rad Laboratories (Hercules, CA) for RT-PCR
experiments.

SSA Library Preparation and Immobilization on Magnetic Beads
A random ssDNA library was synthesized with machine-mixed bases as a 100 μM solution,
and its concentration was confirmed via UV-vis measurement. We began with 100 pmol of
ssDNA library synthesized from machine-mixed nucleotides (1 μL of the 100 μM stock). To
characterize diversity, we picked and sequenced 50 random clones from the machine-
synthesized library. These were all unique (Table S3), but we also identified a synthetic bias
favoring A and G incorporation, with a distribution of 30.4%, 20.1%, 20.2% and 29.3% for
A, T, C and G, respectively. The library was mixed with 150 pmol of each primer site-
blocking strand and 150 pmol of biotinylated cargo strand, and hybridized in 20 μL 1×
Perfect Match buffer (PM; 1 mM sodium phosphate, 1 mM NaCl and 30 mM MgCl2, pH
6.8) by heating at 95 °C for 10 min and slowly cooling down to room temperature (RT) over
3 hrs. The prepared SSA library mixture was incubated overnight at RT with 300 μL of SA-
coated magnetic beads in 150 mM phosphate buffer (1 M NaCl, 5mM MgCl2, and 0.01%
Tween-20 (v/v), pH 7.5). Nonspecifically bound DNA molecules were removed by washing
library-bead assemblies with buffer in which NaCl concentration was gradually decreased
from 1 M to 1 mM. The beads were then resuspended in 300 μL of 1× ATP binding buffer
(ATPBB; 20 mM Tris, 300 mM NaCl, and 5 mM MgCl2, pH 7.4) and incubated at RT
overnight to maximize the amount of cargo strand-immobilized duplex SSA library
molecules on the beads and minimize the amount of non-specifically released SSAs prior to
selection, increasing the likelihood that SSA candidates present in solution have been
liberated in an ATP-dependent fashion.

In vitro SSA Selection
In R1, the library-bead assemblies were challenged with 1 mM ATP in 300 μL of 1×
ATPBB for 2 hrs at RT. SSA molecules that underwent ATP-induced structure-switching
were separated from library-bound beads in two steps. First, the bead waste was separated in
a conventional tube with a magnetic particle concentrator (Life Technologies). The collected
supernatant was then further purified in an MMS chip to achieve exceptional purity of the
desired SSA molecules, followed by PCR amplification and ssDNA generation. The
resulting ssDNA pool was used as a library for the next round. Over ten rounds of selection,
we systematically decreased the ATP concentration to apply higher selection stringency (see
Table S2). From R3 on, we also performed negative selections using 1 μM BSA and 1 μM
SA, and added 1 mM GTP from R7–10 as negative selection before positive selection
against ATP. The negative selections were performed in 300 μL of 1× ATPBB for 2 hrs at
RT.
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PCR Amplification
100 μL PCR reactions contained 50 μL HotStarTaq Master Mix, 0.25 μL 100 μM forward
and biotinylated reverse primer, 10 μL collected SSA molecules, and 39.5 μL nuclease-free
water. HotStarTaq polymerase was activated prior to PCR by heating reactions to 95 °C for
15 min, followed by 25 cycles of a three-step PCR (30-s denaturation at 95 °C, 30-s
annealing at 56 °C, 30-s extension at 72 °C). 8 μL of PCR mixture were collected and
resolved on 10% PAGE-TBE (1× TBE: 89 mM Tris-borate, 2 mM Na2EDTA, pH 8.3) gel to
determine the optimal PCR amplification cycle number with minimal byproducts. Collected
SSA pools from each round were PCR amplified at the optimized cycle number.

ssDNA Generation
After full PCR amplification, biotinylated, double-stranded DNA (dsDNA) was purified
using the MiniElute PCR Purification Kit (Qiagen), and purified dsDNA was incubated with
150 μL of Dynabeads MyOne Streptavidin C1 for 2 hrs at RT. ssDNAs were eluted from the
dsDNA-bead assemblies via addition of 100 mM NaOH. After 4-min incubation at RT, the
supernatant was collected and neutralized with 1N HCl, followed by desalting of collected
ssDNAs. The resulting ssDNA pool was quantified via UV-visible measurement at 260 nm.

Cloning and Sequencing of Isolated SSAs
After 10 rounds of selection, the selected SSA pool was PCR-amplified with unmodified
forward and reverse primers at an optimized PCR cycle number determined by pilot PCR.
These PCR products were then purified by the MiniElute PCR Purification Kit (Qiagen) and
cloned into E. coli using the TOPO TA cloning kit (Life Technologies). Colonies were
randomly picked and sequenced at the GENEWIZ San Diego Laboratory. The sequences
were analyzed and aligned using Geneious v5.1 (Biomatters; New Zealand).

Structure-switching characterization using quantitative PCR (qPCR)
5 pmol of individual SSA ssDNA sequences prepared as described above were immobilized
on ~2 × 108 SA magnetic beads. Our qPCR measurement confirmed that 60% of our SSAs
were immobilized after the preparation step. The SSA/bead assemblies were challenged with
ATP at varying concentrations from 2–100 μM in 100 μL of 1× ATPBB for 2 hrs at RT. The
quantities of SSAs released as a result of binding-induced structure-switching were
subsequently determined by qPCR. Each PCR reaction contained 10 μL iQ SYBR Green
Supermix, 8.8 μL PCR water, 0.1 μL each of 0.1 mM forward and reverse primers and 1 μL
DNA template. The fluorescence signals of the prepared samples were monitored using the
iQ 5 multi-color qPCR Detection System (Bio-Rad), and a CT value was subsequently
determined for each ATP concentration. A qPCR standard curve was also obtained to show
that CT values are linearly related to the initial number of SSA molecules over four orders of
magnitude (Figure S6). All samples were tested in triplicate, and the PCR efficiencies were
calculated from the linear regression slopes through each set of data, using the equation E =
(10−1/m − 1), where E is PCR efficiency and m is the slope of the linear regression (Figure
S6). Based on the standard curve, the CT values were extrapolated to the quantities of SSA
molecules and the EC50 was calculated from the calibrated curve fitting using the equation
Y = B + (M − B) × X/ (EC50 + X) where X is the ATP concentration, and B and M are the
baseline and saturation quantity of released SSA molecules, respectively.

SSA Characterization using Fluorescence Measurements
We prepared 5 μM SSA or random library DNA, which we then hybridized with a cargo
sequence with an abasic site (7.5 μM) in 50 μL 1× ATPBB, along with 0.5 μL of 50 μM
ATMND. Mixtures were transferred to a black 96-well microplate (Microfluor 2, Thermo
Scientific; Waltham, MA), and challenged by varying concentrations of ATP ranging from
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1–1000 μM for 2 hrs at 4 °C. Each fluorescent emission profile was monitored in a 370–700
nm wavelength range using a Tecan microplate reader (San Jose, CA) with the follow
settings: excitation wavelength= 358 nm, excitation bandwidth= 5 nm, and emission
bandwidth= 5 nm. This allowed us to determine the largest emission peak for each trigger
concentration.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Design and selection of ATP-specific SSAs. (A) Our SSA was designed to undergo binding-
induced structure-switching in response to ATP binding, leading to the release of a cargo
strand (green) from its duplex structure. This liberates a pre-loaded ATMND molecule
(yellow) from the SSA into solution, unquenching its fluorescence and yielding a detectable
signal. (B) We in vitro selected our SSA from a library of DNA molecules featuring a 26-
base central domain (black) between a pair of randomized 17-base recognition domain
sequences (blue), flanked by two 20-base PCR primer sites (purple). The central domain
hybridizes to a 12-base cargo strand with an abasic site (green, ‘X’ denotes the abasic site)
that forms a binding pocket for the ATMND cargo. (C) Overview of the selection process.
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We synthesized an SSA library containing 100 picomoles of machine-mixed
oligonucleotides (a), which we then hybridized with primer site-blocking strands and
biotinylated cargo strands (b), allowing us to immobilize the library onto SA-coated
magnetic beads (c). We challenged the SSA-bead assemblies with ATP and eluted SSA
molecules capable of structure-switching (d), using micromagnetic separation to efficiently
retain bead-bound DNAs within a microfluidic chip (e). The isolated SSA pool (f) was then
subjected to PCR amplification with biotinylated reverse primers (g), after which we
generated and purified single-stranded DNAs from the double-stranded PCR amplicons (h).
The resulting enriched SSAs were then prepared for a further round of selection.
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Figure 2.
The R10 pool undergoes structure-switching in an ATP concentration-dependent manner.
(A) Gel images of PCR-amplified R10 DNA eluted by ATP concentrations ranging from 2–
100 μM (lane 3-8). Lane 1 is 20 bp ladder, lane 2 is buffer only. (B) The half-maximal
effective concentration (EC50) of the R10 SSA pool, calculated from the intensity of the
sample bands, is 22.1 ± 3.5 μM at a 30 nM concentration of SSA pool/cargo strand (1:1.5
ratio).
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Figure 3.
Sensitivity and target specificity of SSA molecules. RT-PCR measurement of SSA-1 (A)
and SSA-2 (B) release from magnetic beads in response to different concentrations of ATP
or closely related non-trigger molecules. Both SSAs showed a strong structure-switching
response to ATP (red), yielding EC50 values of 37.6 ± 8.8 μM and 33.7 ± 7.8 μM for SSA-1
and SSA-2, respectively, at a 30 nM concentration of SSA/cargo strand (1:1.5 ratio). This
response was highly specific to ATP, and the fraction of SSAs released by GTP (blue) or
CTP (green) was negligible. (C) In the absence of ATP, the ATMND cargo remains
sequestered within the abasic site of SSA-1 and emits weak fluorescence signal due to
quenching within the duplex structure (black). As the ATP concentration increases, the
intensity of fluorescence monotonically increases, with 1 mM ATP yielding a ~170%
increase in fluorescence (red) compared to the ATP-free control. In contrast, the response of
the unselected random library treated with 1 mM ATP (purple) is indistinguishable from the
negative control. (D) SSA-1 emits a strong fluorescent signal in response to 1 mM ATP
(red), while GTP (blue) and CTP (green) yield only a negligible increase.
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Figure 4.
Characterization of ATP-induced conformational change in SSA-1. (A) The expected
structure of SSA-1 after the release of the cargo strand. The structure consists of four
domains; the G-quadruplex motif (red) is connected through an unhybridized linker (black)
to an ATP binding motif (blue), which is in turn adjacent to a short stem. To confirm that the
structure undergoes a shape change upon ATP binding, we labeled the 5′ end with a
fluorophore (FAM) and the 3′ end with a quencher (BHQ1). (B) SSA-1 emits strong
fluorescence in the absence of ATP. As ATP concentration increases, the fluorescence
signal decreases as the conformational change of SSA-1 brings the quencher into close
proximity with the fluorophore. (C) Measurements of ATP concentration-dependent signal
decrease yield an EC50 of 31.8 ± 4.8 μM at a 30 nM concentration of SSA-1/cargo strand
(1:1.5 ratio).
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Table 1

Dominant SSA consensus sequences from the R10 pool.

Aptamer ID Percentage of
population SSA sequences without primer sites (5′ → 3′)

SSA-1 38% TTAATTCTGGGGGAGCC-TTTTGTGGGTAGGGCGGGTTGGTTTT-GCCCCGGAGGAGGAATT

SSA-2 58% AGGCTCGTCAACTCGGC-TTTTGTGGGTAGGGCGGGTTGGTTTC-CGGCTTGAAGGAGACGA
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