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Abstract

The classical DNA aptamer for adenosine and ATP was selected twice using ATP as the target
in 1995 and 2005, respectively. In 2022, this motif appeared four more times from selections using
adenosine, ATP, theophylline and caffeine as targets, respectively, suggesting that this aptamer
can also bind methylxanthines. In this work, using thioflavin T fluorescence spectroscopy, this
classical DNA aptamer showed Kj values for adenosine, theophylline and caffeine of 9.5, 101 and
131 uM, respectively, and similar Ky values were obtained using isothermal titration calorimetry.
Binding to the methylxanthines was also observed for the newly selected Ade1301 aptamer, but
the Ade1304 aptamer. The RNA aptamer for ATP also had no binding to the methylxanthines.
Molecular dynamics simulations were performed using the classical DNA and RNA aptamers
based on their NMR structures, and the simulation results were consistent with the experimental
observations, explaining the selectivity profiles. This study suggests that a broader range of target
analogs need to be tested for aptamers. For the detection of adenosine and ATP, the Ade1304

aptamer is a better choice due to its better selectivity.



Introduction

ATP-binding aptamers have been critical for the development of the aptamer field.! The Szostak
lab reported an RNA aptamer in 1993 with a Ky of 0.7 yM ATP.2 The same lab also reported a
DNA aptamer in 1995, which can bind ATP, AMP and adenosine (Kq around 6 uM adenosine,
no binding to G, C or U).3# These aptamers were obtained using an ATP column. Interestingly
the same DNA aptamer was also selected by Nutiu and Li using a library immobilization method
in 2005.° This classical DNA aptamer has been used not only for the development of
biosensors, 812 but also for fundamental biochemical studies.’®>'> Based on NMR spectroscopy
and isothermal titration calorimetry (ITC), this DNA aptamer binds two target molecules.*16-18
Each target molecule forms hydrogen bonds with a guanine and stacks with other bases.®

By immobilizing a DNA library that can fold to a hairpin structure,'®-2' we recently used
adenosine and ATP as targets and also observed this classical aptamer in the early rounds of the
selections when the target concentrations were high.?? In the late rounds, when the target
concentrations were dropped to as low as 1 uM, this sequence was suppressed and two higher
affinity aptamers (K¢ ~200 nM adenosine) dominated.

The other branch of purine-binding aptamers focused on theophylline,?® and the RNA
aptamer for theophylline is the most cited example for highlighting the selectivity of aptamers.?
We also performed aptamer selections using methylxanthines such as caffeine and theophylline
as targets.?>?® The selected aptamers had Kj values in the range of 0.5 to 3 uM for their respective
target. Interestingly, the classical adenosine DNA aptamer also appeared in these selections,?”
suggesting its binding to methylxanthines. Herein, we studied their binding using fluorescence
spectroscopy and isothermal titration calorimetry (ITC). In addition, we also studied the two newly
selected DNA aptamers along with the RNA aptamer for ATP. Based on the selectivity profiles,
we believe at least two types of binding sites exist. The selectivity was also rationalized using

molecular dynamics simulations.

Materials and Methods

Chemicals. The DNA samples used for selection and sensing were purchased from Integrated
DNA Technologies (Coralville, 1A, USA). The sequence details are listed in Table S1. Caffeine,
theophylline, theobromine, paraxanthine, adenosine, adenine, guanine, xanthine, 2-aminopurine,
GMP, ThT, and magnesium chloride were purchased from Millipore-Sigma (Oakville, ON,
Canada). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) and its sodium salt form

were from Biobasic Inc. (Markham, ON, Canada). All buffers and solutions were prepared with



Milli-Q water. In vitro transcription was performed using a kit from New England Biolabs
(HiScribe® T7 Quick High Yield RNA Synthesis Kit).

ThT fluorescence spectroscopy. For a typical experiment, 100 nM aptamer and 2 uM ThT were
dissolved in 10 mM HEPES buffer, pH 7.6 with 50 mM NaCl, 4 mM Mg?*. Different concentrations
of target were titrated and the fluorescence was monitored in a Horiba Fluoromax 4 fluorometer
with excitation at 420 nm and emission at 490 nm. The temperature was set at 20°C using a water
bath. The fluorescence was equilibrated to reach a stable value before titration was performed.
For calculation of Ky values, the fluorescence intensity was corrected by considering dilution due
to added target molecules, and the data were fitted using F = Fo — A[C)/(K4 + [C]), where F is the
fluorescence measured at a given target concentration [C], Fo is the initial fluorescence before
adding the target, and A is the maximal fluorescence drop.
ITC. ITC was performed using a MicroCal VP-ITC instrument as described previously.?? DNA (20
or 50 uM, 2 mL) and target molecules (1 mM or 3.5 mM, 2 mL) were dissolved in buffer (20 mM
HEPES, 50 mM NaCl and 4 mM MgCl,) and degassed for 10 min prior to measurement. A volume
of 1.4 mL aptamer was loaded into the cell chamber and 300 L target was loaded in the syringe.
Except for an initial injection of 0.5 pL, 10 pL of target was titrated into the cell each time over 20
sec duration for a total of 20 injections at 25°C. The spacing was set for 360 sec between each
injection. The thermodynamic values were obtained by fitting the titration curves to a one-site
binding model using the Origin software.
Molecular dynamics (MD) simulations. The initial coordinate of the aptamers was prepared
based on the NMR structure (PDB ID: 1AW4 and 1RAW).'¢28 To assess the aptamers and
different ligands, we replaced an AMP (binding with Go for the DNA aptamer) in the initial aptamer
complex to adenine, caffeine, or guanine, respectively, by the Pymol program. For the RNA
aptamer, the same replacement was performed. The only difference was that the simulation time
of equilibrium dynamics was extended as the RNA appeared to be more flexible than the DNA.
Each aptamer complex was simulated by the same MD cascade as described below. The aptamer
complex was solvated in a water box (TIP3 model) using the VMD program.?® The smallest
distance between the aptamer complex, and the faces of the periodic cubic water box was 10 A.
Besides, the aptamer complex system was neutralized by 0.1 M NaCl and 0.005 M MgCl; to
imitate the experiment environment. Then, this system was energy minimized, equilibrated and
produced using the NAMD program® with the all-atom CHARMMS36 nucleic acid force field,
CGenFF force field, and SwissParam online system.3'-33

In all MD cascades, bonds to all hydrogen atoms were constrained by the SHAKE

algorithm,®* and the time step was 2 fs. The system was simulated in periodic boundary
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conditions, with full electrostatics computed using the PME method?3® with grid spacing on the
order of 1 A or less. Short-range nonbonded terms were evaluated every step using a 12 A cut-
off for van der Waals interactions and a smooth switching function. First, each system was
minimized with fixed positions of the aptamer complex for 1000 steps of conjugate gradient. Then,
a 100 ps heating process from 0 to 368 K and a 100 ps cooling process from 368 K to 298 K in a
canonical ensemble (NVT) were performed. Lastly, production dynamics was performed at
isothermal-isobaric ensemble (NPT). The temperature was maintained at 298 K using weakly
coupled Langevin dynamics of non-hydrogen atoms,*® and the pressure was 1 atm and
maintained by the Langevin piston Nosé-Hoover method.?” The production dynamics of DNA
complex was at least 1 ns and that of the RNA complex was at least 3 ns. All of the MD data were

based on the MD trajectory of production dynamics.

Results and Discussion

The classical adenosine aptamer binds caffeine and theophylline

The secondary structure of the classical adenosine aptamer is shown in Figure 1A, and the two
target molecules are represented by the red A symbols.'® The structure of adenosine and some
other purine derivatives are shown in Figure 1B. Each adenosine forms two hydrogen bonds with
an unpaired guanine (Gg or G22). In addition, the G-A mismatched pairs are stacked with other
purines on both sides. We also discovered this aptamer motif from the early rounds of our caffeine
and theophylline selections,?” and its abundance reached 50% in the round 15 caffeine selection

library (Figure S1).
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Figure 1. (A) The secondary structure of the classical adenosine/ATP aptamer. (B) The structures

of some purine derivatives used in this study.



The guanine-rich conserved regions allowed us to use thioflavin T (ThT) as a probe to
study aptamer binding.3-4° Free ThT is almost nonfluorescent, but its fluorescence is enhanced
upon binding to guanine-rich DNA. Aptamer binding to its target may displace ThT, leading to
decreased fluorescence (Figure 2A). After binding to the adenosine aptamer, ThT showed a
fluorescence peak at 490 nm, which dropped by 50% upon adding 200 uM adenosine (Figure
2B). From this titration, we obtained a binding curve with a fitted Ky of 9.5 uM adenosine (Figure
2C, black trace), which is comparable with literature reports.®'74! Using this method, we also
observed binding with theophylline (Kq 101 pM), caffeine (~130 uM) and theobromine (~130 uM),
although paraxanthine showed a significantly higher Ky of 628 uM. Therefore, this adenosine
aptamer binds all these methylxanthines.

We then test a few other adenosine analogs including adenine and 2-aminopurine
(Figure 2D). A Ky of 30 uM adenine was obtained, which was consistent with the literature that
adenosine binds more strongly than adenine to this aptamer.® 2-Aminopurine showed even
weaker binding (K4 = 151 yM). Moving the amine group from the 6’ position to 2’ position disrupted
the original hydrogen bonding pattern, explaining the weakened binding affinity to 2-aminopurine.
Finally, we tested uric acid and GMP, which showed almost no binding (Figure 2E). For these two
compounds, an accurate fitting of K4 cannot be obtained. We did not test guanine or guanosine
due to their poor solubility but used GMP instead. Therefore, among these molecules, the ranking
of binding affinity is adenosine > caffeine, theophylline, theobromine, 2-aminopuine >
paraxanthine > uric acid, GMP. Previous studies on this aptamer focused on the comparison with
G, T/U, and C nucleosides/nucleotides.?>*'4? To our knowledge, this is the first measurement of

its binding to methylxanthines.
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Figure 2. (A) A scheme of the ThT-based fluorescent binding assay. (B) Fluorescence spectra of
ThT with the classical aptamer in the presence of various concentration of adenosine in 50 mM
NaCl, 4 mM MgCl; and 10 mM HEPES, pH 7.5. The quenched fluorescence can be used for label-
free binding assays. ThT-based assay of the binding of the classical aptamer to (C) adenosine,
caffeine, theophylline, theobromine, and paraxanthine; (D) adenine and 2-aminopurine; and (E)
uric acid and GMP.

ITC characterization of binding

To confirm the ThT assay results and obtain quantitative binding thermodynamic values, we then
performed isothermal titration calorimetry (ITC).#*> Adenosine titration showed a Ky of 8.2 yM
(Figure 3A), consistent with the ThT assay. We then performed ITC by titrating theophylline and
caffeine. The Ky for caffeine was 62 uM (Figure 3B), and for theophylline was 64 uM (Figure 3C).
These Ky values were just around 8-fold higher than that for the binding of adenosine. The c-
values (N-[aptamer]/Ky) of these ITC experiments were close to 2 and all the titrations reached

saturation, and thus the fitting quality should be reliable.*4
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Figure 3. ITC traces and the integrated heat of titrating (A) 1 mM adenosine into 20 yM classical
aptamer; (B) 3.5 mM caffeine and (C) 3.5 mM theophylline into 50 uM classical aptamer. The
buffer contained 50 mM NaCl and 4 mM MgCl.. Panel (A) adapted from Ref.?? with permission.
Copyright 2023 American Chemical Society.

Table 1. The thermodynamic values of the classical DNA aptamer binding to adenosine, caffeine
and theophylline.

Target N AH (kcal/mol) AS (cal/lK-mol) | Kq (M)
Adenosine 23 |-102+0.7 -11 8.2+1.7
Caffeine 25 |-6.0+05 -0.9 62+8
Theophylline 23 |-65+0.9 -2.7 64 + 14

Methylxanthines bind in the same pocket as adenosine

An interesting question is whether the methylxanthines bind to the same sites as adenosine or
they simply nonspecifically bind to the aptamer at other sites. We tend to believe the former for
the following reasons. First, the same aptamer motif was obtained by using caffeine and
theophylline as target for aptamer selection,?” suggesting that they are functionally equivalent to
adenosine for binding to this aptamer. Second, we noted that all the tested targets had a binding
stoichiometry N close to 2 (Table 1), meaning each aptamer binds to two target molecules. Since

an N of 2 is a unique feature of the classical adenosine aptamer, we reasoned that all these
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targets were bound to a similar overall structure of the aptamer simply by replacing adenosine
with caffeine or other methyxanthines.

To further confirm our hypothesis, we designed a G9A and G22A double mutant, and
this should disrupt adenosine binding, but its perturbation to nonspecific binding might be minimal.
We used ThT to monitor binding and both adenosine and caffeine showed Ky values greater than

500 uM (Figure S2), suggesting that caffeine binding to the wild-type aptamer was specific.

Selectivity of the two new DNA aptamers

We recently selected two new DNA aptamers, both with around 200 nM affinity for adenosine.??
An interesting question is whether they can bind to methylxanthines. The structure of the Ade1301
aptamer is shown in Figure 4A, and the conserved nucleotides are shown in red. When adenosine
was titrated, the ThT fluorescence dropped about 80% making it a useful binding assay (Figure
4C, the red line). The fitted Ky was 0.76 uM adenosine under the experimental condition. The
previously measured Ky using ITC was 0.23 uM, and this small difference could be due to buffer
condition (e.g. 4 mM Mg?* here versus 20 mM Mg?* in the ITC).

We then used the ThT fluorescence to measure the binding of other purine analogs. All
the tested methylxanthines can bind to Ade1301 with Ky mostly around 10 to 20 yM. This was
around 20-fold higher than its binding of adenosine. Ade1301 and the classical DNA aptamer
have very different binding sequences and stoichiometry, but they have a similar selectivity profile.

The structure of the Ade1304 aptamer is shown in Figure 4B.2 We then tested Ade1304
using the ThT method, and adenosine caused a 90% fluorescence drop with a Ky of 0.99 uM.
Surprisingly, Ade1304 has much better selectivity with little binding to the methylxanthines (Figure

4D). Among the tested molecules, only adenine showed a weak binding with a Ky of 225 yM.
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Figure 4. Structure of the (A) Ade1301 and (B) Ade1304 aptamers. The drop of ThT fluorescence
for the (C) Ade1301 and (D) Ade1304 aptamers upon titration of various concentration of purine
derivatives. The experiments were run with 100 nM aptamer and 2 yM ThT in 10 mM HEPES
buffer, pH 7.6 with 50 mM NaCl, 4 mM MgCl.. Each titration was run in triplicate and the average

values are plotted here.

We plotted the fitted Ky values for these three aptamers in Figure 5, where the relative
positions of the black and red bars are similar for all these molecules, except that the black bars
are always higher. This observation quantitatively indicates a binding similarity between the
classical aptamer and Ade1301. The selectivity of Ade1304 is obviously higher. Therefore, for

biosensor applications, Ade1304 is a more specific probe for the detection of adenosine and ATP.
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Figure 5. The Ky values of the three DNA aptamers. Data for uric acid and GMP are excluded
since they cannot be accurately fitted, and the estimated Ky values for them are larger than 1 mM.

For the positions without a green bar, it also means binding was too weak to fit.

MD simulations to understand selectivity

Based on the above data, at least two types of adenosine binding pockets exist. One is highly
specific, whereas the other can bind to methylxanthines with around 20-fold lower affinities than
adenosine. To rationalize the binding specificity, we used MD simulation. We first studied the
classical DNA aptamer, since its NMR structure is available.’® We classified target analytes into
three types based on binding affinity. The first type is the adenosine derivatives, which have a
high binding affinity (Kq ~6 to 30 uM). The second type includes caffeine, theophylline and other
methylxanthines with Ky higher than 100 uM. The final class is guanine derivatives and uric acid,
which do not bind.

For the first type, we chose adenine as the ligand. Based on the NMR structure,’® the
exocyclic amine group of the adenine ligand is a hydrogen bond (HB) donor and the N1 nitrogen
is a HB acceptor, forming two HBs to an unpaired guanine (Figure 6A). In addition, n-n stacking
occurs with the topic and bottom bases.’® Based on a previous simulation work, this binding
structure collapsed when just HBs are formed.'* For the MD simulation, we started with an
adenine in the NMR structure of the aptamer (only one of the two binding sites was simulated),
and allowed the system to achieve a dynamic equilibrium. We sampled 500 conformations evenly
from 1 ns MD trajectory of equilibration, which revealed that the binding structure remained
(Figure 6A), and these two HBs were formed stably. From their time-dependent bond length
change (Figure 6B), the average lengths of HB1 and HB2 are 2.3+x0.4A and 2.0+0.3A,
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respectively. The small change (HB1 17% and HB2 15%) in the bond length is consistent with the
harmonic vibrations of bonds expected for a stable binding structure.

To understand binding of methylxanthines, we inserted a caffeine based on the lowest
binding energy conformation suggested by docking. After the same procedures as above, caffeine
and the aptamer also formed two HBs (Figure 6C). The way of caffeine binding can also explain
the binding of other methylxanthines since the three methyl groups are not involved in HB. As
shown in Figure 6D, the average length of HB1 is 2.8+0.9 A and the average length of HB2 is
2.2+0.5 A. The longer bonds indicated that the strength of these HBs was weaker than that with
adenine (i.e. shorter HBs are more stable). In addition, the bond lengths showed much larger
variations as a function of time (HB1 32% and HB2 23%) compared to that for adenine (Figure
6B), suggesting that the HBs were less stable.

Finally, we tested guanine as a negative control. The standard MD process shows that
guanine cannot form strong molecule interactions with the aptamer because only one HB was
formed with the aptamer at the beginning of the simulation (Figure 6E). Then, this HB breaks over
time, leading to the dissociation of guanine from the aptamer as evident from the large distance
increase at the end of the simulation (Figure 6F). Therefore, the MD simulation results are
consistent with the experimental observations, and the affinity of target binding can be rationalized

from the aptamer structure.
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Figure 6. (A) The MD simulated equilibrium binding structure of Gg in the classical adenosine
aptamer using adenine as the target ligand, and this structure is consistent with the NMR

structure. (B) The bond lengths of the two HBs formed between Gg and adenine. (C) The binding
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structure of G9 and caffeine. (D) The length of the HBs between Gy and caffeine. (E) The binding

structure of G9 and guanine. (F) The length of the HB between Gy and guanine.

5. The RNA aptamer is highly selective

We then studied the RNA aptamer for ATP.?2 Based on its NMR structure, this RNA aptamer
(Figure 7A) has seven bases to interact with an AMP ligand.?%4% The AMP forms HB with Gg, A12,
U1s, G17 and Ggo respectively, and n-n stacks with A1 and G11. We in vitro transcribed the RNA
aptamer. Using the ThT assays, adenosine showed a Ky of 2.8 uM (Figure 7B). This value
(collected with 4 mM Mg?*) is comparable to that reported in the original paper by Szostak (1.7 to
2.7 uM).2 Importantly, theophylline and caffeine showed no fluorescence change, indicating a lack
of binding with these methylxanthines. Therefore, this RNA aptamer is similar to Ade1304 in terms

of selectivity, and they might have a similar way of binding.
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Figure 7. (A) The secondary structure of the RNA aptamer. The strongest binding interactions
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caffeine in the RNA aptamer. (D) The distance of the two atoms of forming the HB as a function
of time. (E) A snapshot of active site of the aptamer in different simulation times. The pink is the
initial structure (with caffeine, but caffeine is not shown) and the blue is the final structure (caffeine

dissociated).

We then used MD simulations to study this RNA aptamer. We started with an adenine
in the active site of the RNA aptamer. The exocyclic amine group is a HB donor and the N1
nitrogen is a HB acceptor, forming two HBs to the unpaired Gg (Figure 7A). Besides, adenine is
stacked between Ao and G+1. After a standard MD simulation, 2,000 conformations were obtained
evenly from a 4 ns MD trajectory. By monitoring the change in the equilibrium structure, one of
the two HBs still formed stably during the simulation as its average length is 2.4+0.8 A whereas
the other HB is less stable as its average length is 3+1.3 A (Figure S3).

We then docked caffeine and chose the lowest energy structure as the initial
conformation. After the same procedures as above, caffeine and the aptamer formed one HB
(Figure 7C). Following a 4 ns production MD simulation, an interesting phenomenon was
revealed. Based on the distance between the two atoms that form the HB (Figure 7D), the HB
just exists for 3 ns in the beginning of the MD. Then this bond breaks, dissociating the caffeine.
Moreover, the interaction of aptamer and caffeine shows that between 2.5 ns and 3.3 ns, the
interaction energy of two molecules increases rapidly (Figure S4). Through an in-depth analysis
of the complex structure, the MD conformation reveals that after the caffeine separates from the
aptamer, the empty active site of the aptamer becomes smaller (blue) compare to that in the
beginning (pink) of the simulation with caffeine bound (Figure 7E). Therefore, for caffeine to bind,
it needs to overcome the small size of the pocket, which can impose an additional energy barrier.
Hence, the RNA aptamer cannot stably bind caffeine, which is different from DNA aptamer.
Finally, we simulated guanine-RNA aptamer complex, and as expected, no stable binding was
observed (Figure S5).

The origin of selectivity

Finally, we discuss the origin of selectivity difference for the DNA and RNA aptamers. First, we
discuss the structures of the aptamers. In the DNA aptamer, only three bases (Gs, Go and A1)
directly involved in target binding (Figure 8A). This small binding pocket can only bind part of the
target molecule, leading to a lower binding affinity and lower specificity. For the RNA aptamer,
based on the NMR structure, many more nucleotides formed a larger binding pocket that can
interact with the target AMP more thoroughly (Figure 8B). This better defined binding pocket with

more interaction points with the target already implies better affinity and specificity.
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Second, based on our MD simulation results, we believe that the flexibility of the binding
pockets is another factor. Based on MD simulation, the DNA binding pocket can be in a rigid state
even before binding a target molecule due to the base pairing and stacking interactions.’ On the
other hand, the free RNA aptamer pocket has less initial non-canonical base pairing and less
base stacking, resulting in a more flexible initial structure. As shown in Figure 8C and Figure 8D,
by aligning the structures before and after binding adenine, we discovered that the pocket of the
DNA aptamer binding with adenine (blue) is similar to the initial structure (red), but the RNA
aptamer active pocket is larger (blue) with the target than before binding the target (white). The
reason why these two aptamers show different flexibility is shown in Figure 8E. In the binding
pocket of the DNA aptamer, paired bases A1 (paired with G1g) and Gg (paired with G1g) can stack
with caffeine. These two base pairs exist stable during the whole MD simulation. At the same
time, caffeine can form hydrogen bond with Gg. This structure can readily accept caffeine binding.
In contrast, the bases in the active site of RNA aptamer are free (Figure 8F), and all of them has
less initial non-canonical base pairing and less base stacking, which cannot form a stable binding

site for caffeine.'*28 It is thus more difficult for caffeine to achieve an induced-fitting binding.

C

Figure 8. The binding pocket of AMP in (A) the classical DNA aptamer and (B) the RNA aptamer.
(C) Aligning the pocket structure of the free DNA aptamer (red) and the DNA aptamer with adenine
(blue). (D) Aligning the pocket structure of the free RNA aptamer (white) and the RNA aptamer
with adenine (blue). (E) The binding pocket and its paired bases in the DNA aptamer. (F) The
binding site in the RNA aptamer.
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Conclusions

Aptamers have attracted extensive research interest in the last few decades.*6#° Aptamers
binding to ATP and adenosine have been particularly important since many researchers used
them as model systems.322 |n this work, we performed binding assays for four adenosine/ATP
aptamers to a few methylxanthines. The classical DNA aptamer and the newly selected Ade1301
aptamer both showed binding to molecules like caffeine and theophylline. Their binding to caffeine
and theophylline was only about 10 to 20 fold weaker than to adenosine. In contrast, the Ade1304
aptamer and the RNA aptamer showed much better selectivity with no observable binding to
methylxanthines. Using MD simulations, the origin of selectivity was rationalized. For some
analytical applications, potential interference from these molecules need to be considered,
especially for those measurements in blood (e.g. caffeine, theophylline may interfere for people
drinking coffee and tea). For high selectivity, the Ade1304 aptamer is a better choice for biosensor
design.

So far, the classical DNA aptamer appeared in at least six independent selection
experiments, three of which used ATP,3522 and the rest three used adenosine,?? theophylline?®
and caffeine,?® respectively. The reason for the occurrence of this aptamer is because of its
relative simple binding requirements and only 12 conserved nucleotides are required. To obtain
new aptamers and avoid the recurrence of this motif, low target concentrations and negative

selections are recommended.22:50
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