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Abstract: The classical DNA aptamer for adenosine and ATP has been the most used small molecule
binding aptamer for biosensing, imaging and DNA nanotechnology. This sequence has recurred multiple
times in previous aptamer selections, and all previous selections used a high concentration of ATP as the
target. Herein, two separate selections were performed using adenosine and ATP as targets, respectively.
By pushing the target concentrations down to the low micromolar range, two new aptamers with Kz as
low as 230 nM were obtained, showing around 30-fold higher affinity compared to the classical aptamer.
The classical aptamer sequence still dominated the library in the early rounds of the selections, but they
were suppressed in the later rounds. The new aptamers bind to one target molecule instead of two.
Mutation studies confirmed their secondary structures and specific binding. Using the deep sequencing
data from the selections, long-standing questions such as the existence of one-site aptamers and mutation
distribution in the classical aptamer were addressed. Comparisons were made with previously reported
DNA aptamers for ATP. Finally, a strand-displacement biosensor was tested showing selectivity for

adenosine and its nucleotides.
Introduction

In the aptamer field,!-} the adenosine and ATP binding aptamers are among the most studied and used not
only in biochemistry but also for analytical, biomedical and nanotechnology applications.*° In 1993,
Sassanfar and Szostak isolated an ATP-binding RNA aptamer (Ks ~0.7 uM), which can also bind
adenosine.!® In 1995, using the same ATP column, Huizenga and Szostak reported a DNA aptamer that
can bind adenosine and ATP (Ks~6 uM adenosine).!! Later, NMR studies showed that the RNA aptamer
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binds one target molecule, whereas the DNA aptamer binds two.!> Despite this difference in binding



stoichiometry, these two aptamers have some similarities in the way of target binding in terms of non-

canonical G-A (the A being the target molecule) base pairing and its stacking with G-G pairs.

Over the last two decades, ATP has been used as a target by many groups to test new aptamer
selection methods.* A very popular method is to immobilize nucleic acid libraries and use free target
molecules for selections.'®?! For example, Nutiu and Li used the library immobilization method, but
obtained the exact same classical DNA aptamer.!” The other reported aptamers were much less studied
or used likely due to their lower affinities, longer sequences, less well-defined structures or containing
modified nucleotides.???> All reported DNA aptamers have Ku values higher than 6 uM for adenosine
and ATP.

Interestingly, no one used adenosine as a target for selection and all the previous work used ATP.'%
11,17,22-25 The interest in ATP stems from its biological importance. Aside from its role as the major energy
currency in cells, ATP is also a biomarker for cancer and other diseases.?® Being a major signaling
nucleoside, adenosine is a highly important molecule as well with functions such as the regulation of
sleep and stress.?”-28 Without the highly negatively charged triphosphate group, adenosine selections may

result in new aptamers with stronger affinities.

In this work, we respectively used adenosine and ATP as targets to select new DNA aptamers
using the library immobilization method.!® 7> While we also observed the classical aptamer in both
selections, new aptamers with higher binding affinities emerged when we pushed the selections with
increased stringency by lowering target concentrations. The growth of new aptamers also suppressed the

classical aptamer.

Results and Discussion

Aptamer selections using adenosine and ATP as targets. To select aptamers, we immobilized a DNA
library containing a 36-nucleotide random region (N36) by hybridization it to a biotinylated DNA attached
to streptavidin-coated beads (Figure S1, Table S1 for DNA sequences).?-*° The initial library contained
500 pmol (~3x10'%) random DNA sequences. When adenosine or ATP was added, aptamer sequences
were released, collected, and amplified by PCR. For the adenosine selection, the adenosine concentration
was gradually decreased from 5 mM to 1 uM over a total of 13 rounds (Table S2). The PCR products
from round 3, 6, 8, 9, 10, 11, and 13 were deep sequenced. A total of 30073 sequences were obtained
from the round 13 library. We analyzed the top ten most abundant sequences, and they can be separated
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in two families (Figure 1A). The sequences in family 1 (represented by Adel1301) have two conserved
regions marked in red. We used these conserved regions to search for the entire library, and family 1
represented 40.4% of the round 13 sequences. The family 2 sequences (represented by Ade1304) also
have two conserved regions (blue/purple nucleotides in Figure 1A), and they represented 3.8% of the

round 13 sequences (Figure 1C).

We then searched the two families from the other rounds and found that the family 1 sequences
gradually increased over the selection rounds (Figure 1C, red bars). The family 2 sequences also increased
but were overall much less compared to family 1 (Figure 1C, blue bars). We also searched for the classical
aptamer sequence (containing GGGGA and GGAGGA) in the libraries. Its abundant peaked at round 6
(Figure 1C, black bars), after which it gradually dropped to only ~0.5% in round 13. This result can be
explained by the low affinity of this classical aptamer (Ks ~6 pM). When we dropped the adenosine

concentration to below 10 pM, it was suppressed.

For the ATP selection, we started with | mM ATP and stopped at 10 pM over a total of ten rounds.
We deep sequenced the PCR products from round 5, 6, 9, and 10. A total of 64769 sequences were
obtained from the round 10 selection. Interestingly, the top ten most abundant sequences (named
ATP1001 to ATP1010) also belong to the above two adenosine families, although relatively more family
2 sequences were present. For ATP round 10, family 1 accounted for 51.3% and family 2 reached 9.5%
(Figure 1B and 1D). In the ATP selection, the abundance of the classical adenosine aptamer peaked in

round 6 (38.0%) and decreased to 11.1% in round 10 (Figure 1D, black bars).

The two new aptamers have longer conserved regions (12+4=16 for Adel301, 9+7=16 for
Ade1304) compared to the classical aptamer (6+6=12). The longer the conserved sequences, the lower
the abundance in the initial pool, which may explain the dominance of the classical aptamer in the early
rounds. Recurrence of the same functional motifs was also observed in other selections such as repeated
discovery of the 8-17 DNAzyme.*!">3? Our ATP and adenosine selections resulted in the same sequences
(only differ by the relative abundance of the two families), suggesting that under our selection conditions,
aptamer binding occurred mainly in the adenosine part. This is reasonable since the nucleobase can have

more types of interactions with aptamers including hydrogen bonding and n-n stacking.!3-1533

By comparing the relative sequence abundance of the two selections at round 6, the ATP selection
had more new aptamers, and this can be attributed to the use of lower ATP concentrations in the early
rounds. For the selection by Huizenga and Szostak, a constant ATP concentration of 3 mM was used to

yield the classical aptamer.!' For here, had we stopped at round 6 for the adenosine selection (0.5 mM
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adenosine), we would have isolate the classical aptamer again as well. Although Nutiu and Li used a low
target concentration of 0.1 mM ATP to finish their selections, they had two random regions (N10 and N2o)
linked by a constant region in their library design.!” Such a design may disfavor the evolution of the new
aptamers (e.g. the middle region needs to form a hairpin structure, vide infra). This may explain the

dominance of the classical sequence in their selection.

A Family 1 B Family 1
Adel301 ACGAC-GTTTGCGATGAGAAACGTAATACATTGGTTTCGAAG-GTCGT ATP1001 ACGAC-GTTTGCGATGAGAAACGTAATACATTGGTTITCGAAG-GTCGT
Adel302 ACGAC-GTTTG GAGATTCTGRYTCAYGCAGGRTCGAAG-GTCGT ATE1002 ACGAC-GTTTGCGATGAGATTAAGAGATCGCTTATATCGAAG-GTCGT

Adel303 ACGAC-GTTTGCGATGAGAAGACGTTGAGTATGTCTTCGAAG-GTCGT ATE1003 ACGAC-GCTTTGCGATGAGARATTACACAAGGTAATATCGAAG-GTCGT
Adel305 ACGAC-GTT ATGAGAAATTACACAAGGTAATATCGAAG-GTCGT ATP1005 ACGAC-GTTTGCGATGAGATTCTGATTTACGCAGGATCGAAG-GTCGT
2del306 ACGAC-GTTTGCGATGAGAATACCGGTTACGTGTGTTTGAAG-GTCGT ATF1006 ACGAC-GTTTGCGATGAGACGGGCCARATTGGATCGTCGAAG-GTCGT
Adel307 ACGACCCTTITGCC AGACTAATGTTT--CATTGGTCGAAGGGTCGT ATP1008 ACGAC-GTTTGCGATGAGGCACATGTTATACATATGACGAAG-GTCGT
Adel308 ACGAC-GTTTGC GAGACGGGCCAAATTGGATCGTCGAAG-GTCGT ATF1010 ACGACCGTTTGCGATGAGTATAGTGTTAGTAGATA--CGAAGGGTCGT

Ade1309  ACGAC-GTTTGCGATGAGAAATTTGTCAARAAGTTTTCGAAG-GTCGT
Adel310 ACGAC-GTTTGCGATGAGGCACATGTTATACATATGACGAAG-GTCGT Family 2
ATP1004 ACGGAGGCTTATGGTGTTTGCGCCGTARATGGTCAT-GTCGT
Family 2 ATP1007 ACGGAGGCTAAGGTCCTGTGATCTT - -AATGGTCATTGTCGT
Adel304  ACGACACGGAGGCTTATGGTGTTTGCGCCGTARATGGTCATGTCGT ATP1009 AATGGTCATTATATGCGTAGTCTTATAACGGAGGCT-GTCGT
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Figure 1. Alignment of the top 10 most abundant sequences in the final round of (A) the adenosine and
(B) the ATP selections. The nucleotides marked in red and blue are the conserved regions of the aptamers.
The Nse regions are in the middle, and we only kept five extra nucleotides on each end (in boldface) that
can pair with each other. The abundance of the top sequences in different rounds of (C) the adenosine and
(D) the ATP selections. (E) The abundance of a few mutated sequences at the 23rd position of the classical

aptamer in round 6 of the two selections.

New aptamers with nanomolar affinities. For the adenosine selection, while over 40% of the round 13
sequences belong to family 1, the most abundant sequence Ade1301 had only 543 copies (1.8%) of the
library. The Mfold** predicted secondary structure of Adel301 is shown in Figure 2A, where the
conserved nucleotides are colored in red, and the rest of the nucleotides from the random region can fold
in a hairpin. We also checked the other top sequences and they also have such a hairpin structure (the
stem region underlined, Figure 1A). Therefore, having a hairpin structure is important, although the
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sequence of the hairpin is less important. The secondary structure of Ade1304 is shown in Figure 2B,

which also has two conserved regions colored in blue connected by a hairpin.

To measure the binding affinity of the selected aptamers, we used isothermal titration calorimetry
(ITC).3 36 We titrated 400 uM adenosine into 10 uM Ade1301 aptamer in the selection buffer. The ITC
traces and integrated heat are shown in Figure 2E, and the exothermic binding can be seen from the
downward spikes. The Ka value was fitted to be 350 + 80 nM. To test the role of the hairpin, we deleted
the nucleotides in the box and named this truncated sequence Adel1301b (Figure 2A). Ade1301b showed
an even lower Kq of 230 nM (Figure S2A Table S3). Since Ade1301b is shorter, our subsequent studies
focused on this truncated sequence. We then titrated Ade1301b with ATP (Figure 2F), wherein the heat
release decreased nearly by half and the K4 was 2.5 uM. This Ky value is also smaller than that of the

classical aptamer for ATP.'!-37

We then titrated adenosine into the Adel1304 aptamer, and a K4 of 230 + 90 nM was obtained
(Figure 2G). Since Adel304 has a long stem, we deleted the boxed nucleotides in green and made a
mutant named Ade1304b (Figure 2B), which had a similar Kz of 400 + 160 nM (Figure S2B). When ATP
was titrated into Ade1304b, the Ks was 2.3 uM. For comparison, the classical DNA aptamer (Figure 2C)
had a Ks of 8.2 pM adenosine under the same buffer condition (Figure 2H), consistent with the literature.'!

Therefore, the two new aptamers had ~35-fold higher affinity for adenosine than the classical aptamer.

The thermodynamic values from ITC are presented in Table 1. We first noticed that the binding
stoichiometry was close to 1 for both Ade1301 and Adel1304. This is in sharp contrast to the binding of
two adenosine molecules by the classical aptamer (the last entry in Table 1). Their different sequences,
affinities and stoichiometry indicated that we obtained two new aptamers. All the three aptamers can bind
both adenosine and ATP. For the same aptamer, binding adenosine released more heat but had more
entropy loss compared to binding ATP. The less entropy drop for ATP can be attributed to the phosphate

chain still being flexible, also suggesting that binding took place mainly in the adenosine part.

Revisiting the classical aptamer: one-site aptamers and mutants from deep sequencing. This
is the first time that deep sequencing was done to generate nearly 10,000 classical aptamer sequences.
The two previous selections only yielded less than 100 sequences.!" 7 We thus took this opportunity to
answer some interesting questions regarding the classical aptamer. While the classical DNA aptamer is
featured with two identical binding sites, sequences with just one binding site can also bind adenosine
with a similar K23 An example of a previously characterized one-site binding aptamer is shown in

Figure 2D, where the other binding site was removed by forming extra base pairs. Previous selections did
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not show any sequence with such a one-site structure, and the reason remained elusive.’® We then
searched the round 6 sequences of the adenosine selection (Table S4). Indeed, we found one-site aptamers,
although at a very low abundance of ~0.7% (312 out of 46239). One of the sequences from the search
result was folded and it shows a one-site aptamer similar to that in Figure 2D (Figure S4C). Therefore,
the previous selections missed the one-site sequences likely due to its low abundance, but such sequences
can be evolved from selections. Since one-site aptamers had even less sequence requirements compared
to the classical two-site aptamer, one would expect one-site aptamers to outnumber two-site ones.
However, the opposite was observed. It might be that for a library with a long random region, having a
very small binding region would pose more requirements for the rest of the sequences (e.g. need to form

long base paired regions to consume the sequences).

We further used the sequences to analyze mutations. The A23 position in the classical aptamer
(Figure 2C) can be mutated to other three nucleotides as seen in the original selection paper by Szostak.!!
Xiao and coworkers separately modified A23 to thymine, guanine, and cytosine in the classical aptamer
and proved the mutants can still bind ATP.* Interestingly, the A23T mutant led to better selectivity for
adenosine over ATP. We then examined our round 6 adenosine selection library and indeed found all the
three point mutations, although their abundance was lower than the classical sequence: A23C (3.9%),
A23T (4.5%), and A23G (0.7%) (Figure 1E). Indeed, the A23T mutation had the highest abundance
among the three, although they were all much lower than the classical sequence (24.9%). We also
searched the round 6 sequences of the ATP selection, in which the A23T mutant (1.2%) was less abundant
than A23C (1.8%) (Figure 1E). This was also consistent with the expected selectivity. Therefore, using

deep sequencing, we also gained more insights into the classical aptamer.
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Figure 2. The secondary structure of (A) the Ade1301 (B) the Ade1304, (C) the classical DNA aptamer,

and (D) a one-site classical aptamer. In (A, B), the red and green nucleotides are conserved, and the green

nucleotides are truncated. The target molecules are represented by the purple A circles. In (C), the adenine

in position 23 is marked and this number was based on the literature.*® ITC analysis of aptamer binding
by titrating (E) 400 uM adenosine into 10 uM Ade1301, (F) 400 pM ATP into 10 uM Adel1301b, (G) 400
UM adenosine into 10 uM Ade 1304Ade, and (H) 1 mM adenosine into 20 uM classical DNA aptamer.
The buffer contained 50 mM Tris, pH 7.6, 500 mM NacCl, and 20 mM MgCl..

Table 1. Aptamer binding thermodynamic data from ITC.

Aptamer  Target N Ka(uM)  AH (kcal/mol)  AS (cal/mol/K)
Adel301b  Ade 0.73+£0.03 02+£0.1 -243+1.6 -51.1
Adel301b  ATP 1.1+0.1 25+1.1 -135+22 -19.6
Adel304b  Ade 1.00+£0.04 04+02 -23.1+12 -48.7
Adel304b  ATP 1.04+0.03 23+04 -185+0.8 -36.3
Classical Ade 2.3+0.1 82+17 -102+0.7 -11



Secondary structure analysis. Since the binding performance for adenosine and ATP was very similar
for the two new aptamers selected in this work, and Ade1301 was the dominating sequence, we focused
on it in this work. While Ade1301b appeared very different from the classical DNA aptamer, its secondary
structure Adel301b (Figure 3A) has some similarity to the classical RNA aptamer named ATP-40-1
(Figure 3C).'° For example, the RNA aptamer has an unpaired guanine (G30) and the Ade1301 appeared
to have a similar guanine (G32), if this guanine is not in the predicted G-T wobble pair in reality (Figure
3A). Mfold predicted base pairs all the way to this G-T wobble pair, including a G-G mismatch (G6-G35).
To test the validity of this structure, we first made a G6C mutation (mutant named Adel1301c¢) to change
the G-G mismatch to a C-G base pair. Interestingly, this change inhibited adenosine binding (Figure 3D),
indicating that this GG is not a mismatched pair and thus the downstream base pairs may not be needed
for aptamer binding. To test this hypothesis, we then swapped the next two A-T base pairs respectively
(Adel1301d and 1301e) and indeed neither showed binding (Figure S2C, D). We further made a G32A
mutation in the Adel301b aptamer (named Adel301f), which still showed binding and its Kz value
increased only 6-fold (Figure 3E). Therefore, this guanine can be mutated to an adenine, and it does not

form a wobble pair with T9.

We then turned our attention to the hairpin. We swapped C31 and G17 to produce the Ade1301g
mutant, and the Kz decreased only 5-fold (Figure 3F). We further swapped T30 and A18 (Ade1301h) and
the K4 value was similar to Ade1301b (Figure 3G, Table S3). Therefore, C31 and G17 formed a base pair.
Finally, we cut all DNA base in the blue box in Figure 3A to make Ade1301i, which abolished binding
(Figure 3H). Therefore, the hairpin structure cannot be removed, although it can be shortened. The correct
secondary structure is shown in Figure 3B, in which the two conserved regions are in two loops. These
mutation studies also served as controls to confirm specific aptamer binding. We also noticed that for
both the classical DNA and RNA aptamers and the two new aptamers reported here, their conserved

regions are rich in purines.
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Figure 3. (A) The mutants tested to understand the secondary structure of Ade1301b. The secondary
structure of (B) Adel1301b based on the mutation studies. (C) The secondary structure of the classical
RNA aptamer. ITC analysis of aptamer binding by titrating 400 uM adenosine into 10 uM (D) Adel301c,
(E) Adel1301f, (F) Ade1301g, (G) Ade1301h, and (H) Ade1301i.



Comparison with previously reported aptamers. ATP has been a popular target for aptamer
selection. The only other comparable small molecular target is probably estradiol (selected for at
least eight times).*! Aside from what already been discussed, at least two additional DNA aptamer
selections were performed, each used a different selection method.?>2* We aligned their sequences
with our new aptamers and the classical aptamer, and none of the conserved regions aligned
(Figure S3). Their binding properties are compared in Table S4. Most of the previous selection
used mM ATP and they did not push for higher affinity aptamers. As a result, their Ks values were
also high.

The S10 aptamer was isolated using 4 mM ATP after 14 rounds of selection, but it has
almost no structural features (Figure S4).2* The reported Ka for this aptamer was very high (692
uM), and we did not analyze it further. The other aptamer named ATP-CBA was reported by Qu
et al. using flow cytometry,?? using a library design similar to that by Nutiu and Li.!” The reported
Kawas 26 uM ATP using microscale thermophoresis. We titrated ATP into 10 pM of this aptamer
using ITC, and weak binding was observed (Figure S5A,C). When we truncated the aptamer,
binding disappeared (Figure S5B,D). So, our observation was consistent with weak binding of
ATP with a Kz 0f 26 uM. The use of modified nucleotides such as threose nucleic acid for selecting
ATP aptamers was also reported (Ks 22 uM).?® Overall, Ade1301b and Adel304b are new
aptamers with higher binding affinities for adenosine and ATP than all previously reported DNA
aptamer (Table S5). Their ~200 nM Kqa values are already among the lowest in purine binding
aptamers obtained from SELEX (e.g., the RNA aptamer for theophylline (100 nM),*> the RNA
aptamer for ATP (700 nM),'? and the DNA aptamer for theophylline (500 nM),?° caffeine (2 uM)>*°
and uric acid (1 uM)®).

Fluorescent sensing of adenosine and ATP. With higher affinity aptamers, we then developed a
fluorescent biosensor using the strand-displacement assay.** We extended the Ade1301b aptamer
by a few nucleotides and labeled it with a FAM fluorophore (Figure 4A). This strand was annealed
with a short quencher-labeled strand at a 1:2 ratio to mask the fluorescence. When the aptamer
binds adenosine, the binding hairpin structure is formed and the quencher-labeled strand is released

leading to increased fluorescence.
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To test the sensitivity, different concentrations of adenosine ranging from 0 nM to 500 uM
were added to the sensor. Upon adding adenosine, the fluorescence increased immediately (Figure
4B). The higher the adenosine concentration, the stronger the fluorescence increased (Figure 4C).
The saturated fluorescence was 2.8-fold higher compared to the background. Based on the relative
fluorescence increase (F/Fo) at 10 min, a calibration curve was plotted and an apparent Kz of 19
puM adenosine was fitted. This Kz was 83-fold higher than the K+ value obtained from ITC (0.23
uM), and it can be attributed to the competition from the quencher-labeled strand.** The limit of
detection (LOD) was calculated to be 1.1 uM based on the signal higher than three times of the

standard deviation of background variation.

We further compared the performance of the sensors based on Ade1301b and the classical
aptamer using the same design. At the low adenosine concentration region of below 20 uM, the
Ade1301b sensor showed a higher sensitivity than classical aptamer. The slope of the Ade1301b
sensor is 7-fold higher (Figure 4D), and the LOD of Adel1301b was 13.3-fold lower than the
classical aptamer based sensor (14.6 pM). The LOD of our current classical aptamer sensor was
also similar to that observed by Nutiu and Li (~25 uM ATP),* although the positions of the
quencher-labeled strand was slightly different.

For the selectivity test, different concentrations (10 uM, 100 uM, and 1 mM) various
nucleosides and nucleotides were added to the Ade1301b sensor, and the relative fluorescence
increase (F-Fo)/Fo is shown in Figure 4E. The Ade1301b aptamer showed great specificity for
adenosine compared to the other nucleosides including guanosine, thymidine, cytidine, and uridine.
While it is not surprising that all the adenosine nucleotides showed fluorescence enhancement, it
was interesting to note that the binding decreased following the order of ATP > ADP > AMP. This
response is similar to an RNA aptamer obtained after extensive negative selection.?® It appears that
the increasing number of phosphate units helped aptamer binding likely via Mg?" mediated
bridging.*> #® Finally, the response of adenine was also lower than adenosine, suggesting that the

pentose participated in binding. This is also similar to the classical aptamer.'!

We also tested the selectivity in a 10% human blood serum sample added 100 uM of
various nucleosides and nucleotides to the sensor (Figure 4F). Due to the raised background

fluorescence from serum, the fold of florescence increased all decreased compared to that in buffer.
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Nevertheless, the high selectivity was still retained, indicating that the aptamer can function in

biological sample matrix.
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Figure 4. (A) A schematic illustration of the fluorescent sensor for the detection of adenosine. (B)
Sensor signaling kinetics in the presence of different concentrations of adenosine in the SELEX
buffer. Adenosine was added at 5 min from 0 to 100 uM. (C) Fluorescence intensity increase as a
function of adenosine concentration. (D) The linear response at low adenosine concentrations of
the Adel301b and classical aptamer based sensors. (E) The selectivity of the Ade1301b sensor
tested at three concentrations. The error bars indicate standard deviation from three independent

samples. (F) The Ade1301b sensor selectivity in 10% serum.

Conclusions

In this work, by pushing target concentrations to the low micromolar range, we discovered new
and higher affinity DNA aptamers for adenosine and ATP. Their affinities for adenosine were in

par with the best in vitro selected aptamers binding to purine derivatives. We have also unified the
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understanding of aptamer sequence evolution for these targets. Previous ATP selections stopped
at a high target concentration and thus missed the higher affinity sequences. This research indicates

the importance of choosing target concentrations in aptamer selectinos.*”>48

Considering the broad
interesting in adenosine/ATP detection, the new aptamers will outperform the previous aptamers
in biosensors and other applications. They will give another 30-fold of room for engineering
related smart DNA structures and switches compared to the classical aptamer.*>->! Using the deep
sequencing data, statistical analysis was performed to gain insights into the classical aptamer in
terms of the number of binding sites and mutations related to selectivity. Since the new aptamers
had similar binding affinity and stoichiometry to the RNA aptamers, these new aptamers provide

another example to compare RNA and DNA aptamers for binding.

Methods
Chemicals

The DNA samples used in this study were purchased from Integrated DNA Technologies
(Coralville, IA, USA, see Table S1 for sequences). Streptavidin agarose resin was purchased from
Fisher Scientific. AMP (adenosine monophosphate), guanine, uridine, cytidine, sodium chloride,
and magnesium chloride were obtained from Amerseco (Framingham, MA, USA). ATP
(adenosine triphosphate), ADP (adenosine diphosphate), thymidine, sodium hydroxide,
hydrochloric acid, tris(hydroxymethyl)aminomethane (Tris), and Amicon Ultra-0.5 centrifugal
filter unit (3k and 10k molecular weight cut off) were purchased from Millipore-Sigma (Oakville,
ON, Canada). Micro bio-spin chromatography columns and SsoFast EvaGreen supermix were
from Bio-Rad. ANTP mix, Taq DNA polymerase with ThermoPol buffer, and the low molecular
weight DNA ladder were purchased from New England Biolabs (Ipswich, MA, USA). All of the
buffers and solutions were prepared with Milli-Q water. SELEX buffer: 50 mM Tris, pH 7.6, 500
mM NacCl, 20 mM MgCl..

SELEX

The library design (Table S1) and selection method (Figure S1) were based on previous reports of

the Stojanovic group? with some modifications.’® We used the same method and library for both
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selections. For each round, the single-stranded library was annealed by heating with five times
excess of biotinylated capture strand in boiling water for 1 min followed by gradual cooling to
room temperature over 30 min in the SELEX buffer. Meanwhile, 288 pL streptavidin agarose resin
was loaded into a micro chromatography column and washed five times with 500 uL. SELEX
buffer. The annealed DNA was passed through the resin six to eight time for binding. After that,
the resin was washed 12 times to remove unbound library. After washing, 750 uL of adenosine or
ATP solution dissolved in the SELEX buffer was adding and the eluted DNA was collected using
the gravity flow. The collected DNA was concentrated by a 3k molecular weight cut off filter and
washed by Milli-Q water six times. The final volume of the purified DNA was adjusted to 60 pL
using Milli-Q water. Biotinylated reverse prime was used to synthesize 3 mL PCR products, which
were purified and concentrated to 250 uL. with strand separation buffer (50 mM Tris, pH 7.6, 250
mM NacCl) by using a 10k molecular weight cut off filter. The purified PCR products were mixed
with streptavidin agarose resin and washed ten times by the strand separation buffer. Then, 600
puL NaOH (0.2 M) was added into the column and incubated 40 min to elute ssDNA. After
neutralization, the concentration of the DNA was quantified by using a Spark microplate reader
(Tecan) and it was used for the next round of selection. The concentrations of the library and

adenosine or ATP are listed in Table S2.
Isothermal Titration Calorimetry (ITC)

All the ITC experiments were performed on a VP-ITC microcalorimeter instrument (MicroCal).
Before each time experiment, the cell chamber and syringe were cleaned by Milli-Q water
carefully. DNA aptamers and target molecules were dissolved in the SELEX buffer and then
degassed for 5 min before experiment. 1.4 mL aptamer was loaded into the cell chamber and 300
uL target was loaded into the syringe. The titration experiment were carried out at 25°C. Each
time, 10 uL target was injected except for the first time injection (2 uL). The time between each
injection was 360 s. The final thermodynamic values were obtained by fitting the titration curves

to a one-site binding model by using the Origin software.
Sensor Testing

The sensing experiments were performed in a 96-well microplate (Aex = 485 nm; Agm = 525 nm)
using a microplate reader (Tecan Spark). 1 pM FAM-labeled Adel1301b aptamer was annealed
14



with 2 uM quencher-labeled DNA in the SELEX buffer. The final sensor contained 20 nM FAM-
labeled strand in 100 pL volume. A small volume of concentrated target molecule was added to
trigger sensor response. For detection in serum, human AB serum was diluted into the SELEX

buffer to reach a final of 10%, and 100 uM of various target molecules were individually tested.
Supporting Information

The Supporting Information is available free of charge at
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Scheme of the SELEX procedures and list of selection conditions; tables showing the DNA
sequences used; ITC-based binding thermodynamic constants; statistics of the appearance of
potential one-site aptamers; comparison of all literature reported ATP binding aptamers; additional

ITC data (PDF)
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