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Abstract 

Imidazole was tethered to the C5 position of thymine in the ATP-binding DNA aptamer with 

two types of linkers, and the affinities of each aptamer for ATP and AMP were determined by 

surface plasmon resonance measurements. The imidazole-tethered aptamers exhibited higher 

affinity for ATP, almost independently of the linker structure or the modification site. 

Introduction 

Aptamers are single-stranded nucleic acids that bind their target molecules, ranging from 

small compounds to proteins, with high affinity and specificity.1,2 They are obtained by a 

procedure referred to as systematic evolution of ligands by exponential enrichment 

(SELEX),3–5 and have been used in various fields, including clinical6–9 and food safety10–13 

applications. In order to stabilize the aptamers against cellular nucleases, especially in clinical 

studies, chemical modifications of the sugar moieties and the phosphodiester linkages have 

been reported.14,15 On the other hand, Gold et al. modified the base moieties in the aptamers 

to improve their affinities for each target.16 They used 2’-deoxyuridine 5’-triphosphate 

bearing hydrophobic substituents at the C5 position for SELEX, in place of thymidine 5’-

triphosphate, and designated the obtained aptamers as SOMAmers (Slow Off-rate Modified 

Aptamers).16,17 The SOMAmers have been utilized in biomedical studies,18,19 and the crystal 

structures of the SOMAmer–protein complexes revealed the hydrophobic interactions and 
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their importance in protein binding.20,21 In this study, we evaluated imidazole, which was not 

used for the SOMAmers, as the C5 substituent, to determine whether this modification would 

increase the affinity of an aptamer for its target by hydrogen bond formation or electrostatic 

interactions. 

When the target is a protein, the aptamer–target interactions might be sterically 

hindered by the substituent. Therefore, a DNA aptamer that binds ATP22 was chosen to test 

the possibility of affinity improvement by imidazole tethering. An NMR study of the AMP–

aptamer complex reported a duplex-like structure with two bound AMP molecules, as shown 

in Fig. 1A.23 The adenine base in AMP formed a mismatch pair with guanine in the aptamer, 

which was flanked by sheared G·A and reversed Hoogsteen G·G mismatch pairs, and the 5’-

phosphate was located on the far side from the aptamer. In accordance with these aptamer–

target interactions, this aptamer also bound adenosine that lacked the 5’-phosphate.22 The 

aptamer contained four thymine bases, except for the 3’-end residue, and we decided to attach 

the imidazole ring to each of these bases (positions a to d in Fig. 1A). In the case of aptamers 

containing a G-quadruplex, chemical modifications at the base24,25 and sugar26,27 moieties to 

improve the binding affinities were investigated, using the existing sequences. However, no 

such study has been reported for the duplex-type aptamers. 
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Materials and methods 

Oligonucleotide synthesis 

The modified aptamers used in this study were synthesized as described in ESI. 

SPR measurements 

SPR assays were performed with a BIACORE X (GE Healthcare) apparatus. The 5'-

biotinylated oligonucleotides (Table 1) were immobilized on SA sensor chips (GE 

Healthcare), by injecting 100 nM DNA solutions in phosphate-buffered saline containing 

0.005% Tween-20 (PBS-T) into one of the two flow cells (flow cell 2) at a flow rate of 5 

µl/min (about 1,600 response units (RUs)), and the other (flow cell 1) was used as a control. 

Because the sensitivity in the SPR experiments is proportional to the molecular weight of the 

analyte, the level of the oligonucleotide immobilization was set as high as possible so that 

binding of relatively small molecules could be detected. Solutions containing different 

concentrations of ATP and AMP, as described in the legends to Figs. S3, S4, S5, and S8, in 

PBS-T buffer containing 300 mM NaCl (at a final concentration) and 10 mM MgCl2 were 

injected into the two flow cells of the sensor chip, at a rate of 20 µl/min for 300 s. After a 

successive injection of the above PBS-T buffer containing the salts for 300 s, the surface of 

the sensor chip was washed by injection of 1 M NaCl or 50 mM NaOH for 60 s, when 
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removal of the analyte was necessary. The sensorgrams shown in Figs. 2, S3–S5, and S8 were 

obtained by subtracting the responses in flow cell 1 during the injection of the ATP/AMP 

solutions from those in flow cell 2. The average RU values in the sensorgrams at varying 

ATP/AMP concentrations were fitted with a 1:1 binding model, using the Origin 9.1 software 

to determine the Kd values. The best-fit curves are shown in Figs. 2, S6, and S8, and the Kd 

values are listed in Table 1. The stoichiometry was calculated from the RU values and the 

molecular weights of the aptamer and the bound ATP/AMP. 

Results and discussion 

Since the existing aptamer sequence was used, the imidazole-tethered nucleoside was 

incorporated by the chemical synthesis of oligonucleotides in this study. To investigate the 

effects of the linker structure, two types of phosphoramidite building blocks of 5-substituted 

2’-deoxyuridine were prepared. One was a derivative of 5-[(E)-3-amino-1-propenyl]-2'-

deoxyuridine (1 in Fig. 1B), which was originally synthesized to study an RNA-cleaving 

DNA enzyme.28 The other was based on 5-(3-amino-1-propynyl)-2'-deoxyuridine (2). As 

shown in Fig. S1, the building block (5) for the incorporation of 2 was synthesized by the 

reaction of the 5’-O-(4,4’-dimethoxytrityl)-protected, amino-tethered nucleoside (3)29 with 

the N-hydroxysuccinimide ester of 2-[1-(2,4-dinitrophenyl)-1H-imidazol-4-yl]acetic acid,30 
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followed by phosphitylation of the 3’-OH. The oligonucleotides listed in Table 1 were 

synthesized using these building blocks, purified by HPLC, and analyzed by electrospray 

ionization time-of-flight (ESI-TOF) or matrix-assisted laser desorption/ionization time-of-

flight (MALDI-TOF) mass spectrometry (Table S1). For the analysis by surface plasmon 

resonance (SPR) measurements, biotin was attached to the 5’ end of each oligonucleotide on 

the DNA synthesizer. 

To our knowledge, no report has described direct SPR measurements for the analysis 

of ATP binding to aptamers, due to the low molecular weight of ATP, although several indirect 

methods were developed.31–34 In this study, the binding of ATP and AMP to the DNA aptamer 

(ATP-binding DNA aptamer, ABDA)22 was successfully analyzed by this method (Fig. 2A). 

We optimized the experimental conditions for the SPR measurements, by changing the 

concentrations of NaCl and MgCl2 in the buffer, and found that high concentrations of NaCl 

(300 mM) and MgCl2 (10 mM) were important for the sensitive SPR detection of the 

interactions between the aptamer and ATP/AMP. Although the previous NMR study revealed 

that two AMP molecules bound to this aptamer,23 the stoichiometry determined by SPR was 

nearly 1:1, regardless of the structure of the terminal phosphate residue (Table 1). In the NMR 

structure, the binding sites are two guanine bases, which form two hydrogen bonds with the 
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 7

adenine base in each AMP molecule. To determine which binding site was used in the SPR 

analysis, we changed each of the two guanine bases to adenine, which lacks the amino 

function at the C2 position required for the AMP binding. As shown in Figs. 2B and S3 and 

Table 1, both of these mutants (ABDA 9A and 22A) could bind ATP and AMP with a 

stoichiometry of about 1:1, although the affinity was reduced. For the double mutant in which 

the two binding sites were altered (ABDA 9A22A), no binding was observed (Fig. S3). These 

results indicated that either one of the two binding sites is occupied by the target molecule in 

the SPR measurement. Thus, the binding of the first and second ATP/AMP molecules is not 

simultaneous; instead, it is likely that the affinity for the second ATP/AMP is significantly 

weaker than that for the first molecule, presumably because of electrostatic repulsion. In a 

previous study using electrospray ionization mass spectrometry, both of the 1:1 and 1:2 

complexes were detected for the same aptamer.35 

Since the ATP and AMP binding to the aptamer were successfully analyzed by the SPR 

measurements, the oligonucleotides containing 1 at one of the four thymidine residues in 

ABDA (ABDA1-a to d) were tested. An example is shown in Fig. 2C, and all of the results 

are presented in Figs. S4 and S6 and Table 1. In general, the incorporation of 1 increased the 

affinity of the aptamer for ATP, whereas that for AMP was scarcely affected. The effect of the 
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imidazole tethering was relatively large at position a, which is closest to the target binding site. 

The binding of ATP and AMP to the oligonucleotides containing 2 (ABDA2-a to d) was 

investigated next, and similar results were obtained, although the effect was larger at positions 

b and c in this case (Figs. 2D, S5, and S6 and Table 1). 

The imidazole attached to the C5 position of pyrimidine reportedly increases the 

duplex stability by forming a hydrogen bond with the neighboring guanine,36 but the present 

results showing that only the affinity for ATP was increased cannot be explained by this 

mechanism. If the thermal stability of the duplex is related to the binding of the target 

molecule, then the affinity for AMP should also be increased because the 5’-phosphate is not 

recognized by this aptamer.22,23 We tried to model the imidazole–linker side chains on the 

ATP-bound aptamer, using the NMR structure.23 As shown in Fig. S7, the imidazole ring was 

able to interact with the internucleotide linkage near the target binding site in the aptamer, but 

it could not reach the 5’-phosphate of ATP in any of them, although the linker in 1 was more 

flexible than that in 2. These results suggested that partial neutralization of the aptamer 

backbone by the electrostatic interaction with the positively-charged imidazolium moiety 

stabilizes the complex formation when the target molecule contains many negative charges, as 

in ATP. The observation that the location of the imidazole moiety only slightly affected the 

Page 8 of 17Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



 9

affinity increase supports this hypothesis. If this mechanism is correct, another basic 

functional group should show the same effect on the ATP and AMP binding. To test this 

possibility, an amino-tethered nucleoside (Fig. S8A) was incorporated into ABDA, using a 

commercially-available building block for the oligonucleotide synthesis. As expected, similar 

results were obtained for these aptamers (Fig. S8 and Table 1). 

Conclusions 

In this study, we showed that the tethering of an imidazole ring or an amino group to the DNA 

aptamer could increase its affinity for ATP in a position-independent manner. This is a novel 

approach to improve the aptamer affinity, and it may be applicable to other aptamers. The 

mechanism by which these functional groups produce this effect will be elucidated by 

ongoing studies. 
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Table 1 Dissociation constants and stoichiometries for ATP and AMP binding 

Aptamer 
ATP AMP 

Kd (µM) na Kd (µM) na 

ABDAb 55.2 ± 4.2 1.2 45.6 ± 4.0 1.0 

ABDA 9Ac 506 ± 82 1.4 354 ± 86 1.0 

ABDA 22Ac 277 ± 54 0.7 447 ±�157 0.5 

ABDA 9A22Ac NDd NDd NDd NDd 

ABDA1-ae 11.2 ± 0.4 1.3 26.3 ±�0.5 1.4 

ABDA1-be 21.5 ± 1.8 1.2 34.0 ±�1.5 1.3 

ABDA1-ce 21.4 ± 2.1 1.5 40.7 ±�4.7 1.4 

ABDA1-de 21.1 ± 1.5 1.1 47.3 ±�1.9 1.2 

ABDA2-ae 29.3 ± 2.6 1.2 42.3 ± 4.1 1.3 

ABDA2-be 19.6 ± 1.5 1.5 38.6 ± 2.4 1.6 

ABDA2-ce 19.4 ± 0.6 1.8 34.0 ± 2.4 2.0 

ABDA2-de 24.4 ± 2.1 1.3 58.1 ± 1.9 1.4 

ABDA amino-af 25.7 ± 0.7 0.8 56.8 ± 9.4 1.0 

ABDA amino-cf 24.3 ± 0.9 1.1 45.6 ± 4.0 1.3 

a Stoichiometry. b The sequence is shown in Fig. 1A. c The guanine bases at positions 9 and 

22 were changed to adenine. d Not determined. e The numbers and the lower-case letters in the 

aptamer names represent the linker structures and the modification sites shown in Fig. 1, 

respectively. f The amino-tethered nucleoside shown in Fig. S8A was incorporated at positions 

a and c in Fig. 1A. 
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Figure legends 

Fig. 1 (A) Structure of the ATP-binding DNA aptamer (ABDA). Canonical and unusual base 

pairs are indicated by double and single dots, respectively, and italicized As represent the 

adenine bases in ATP or AMP. The modified bases were incorporated at the positions 

indicated by a, b, c, and d. (B) Structures of the imidazole-tethered nucleosides. Compounds 1 

and 2 were incorporated into the ABDA1 and ABDA2 series, respectively. 

Fig. 2 Sensorgrams and graphic presentations of ATP binding to ABDA (A), ABDA 9A (B), 

ABDA1-a (C), and ABDA2-a (D). 
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