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ABSTRACT 

A novel aptamer generation method to greatly augment the affinity and stability of DNA 

aptamers was developed by genetic alphabet expansion combined with mini-hairpin DNA 

technology. The genetic alphabet expansion increases the physicochemical and structural 

diversities of DNA aptamers by introducing extra components, unnatural bases, as a fifth 

base, allowing for the enhancement of DNA aptamer affinities. Furthermore, the mini-hairpin 

DNA technology stabilizes DNA aptamers against nuclease digestion and thermal 

denaturation, by introducing an extraordinarily stable mini-hairpin DNA containing a 

GCGAAGC sequence. This novel method provides stabilized high-affinity DNA aptamers 

for diagnostic and therapeutic applications.    

 

1. Introduction 

DNA aptamers that specifically bind to target molecules and cells are expected to be an 

alternative to antibodies for diagnostic and therapeutic uses. As compared with antibodies, 

DNA aptamers have several advantages, including easier generation, preparation, 

modification, and quality control, lower immunogenicity and toxicity, wider range of target 

availability, and higher refolding ability after thermal denaturation. DNA aptamers are 

initially generated in a test tube by SELEX (Systematic Evolution of Ligands by EXponential 

enrichment), using a random sequence DNA library [1,2]. Once the aptamer sequences are 

determined by SELEX, their large-scale preparation and modifications are performed by 

chemical synthesis. The chemical synthesis of DNA aptamers is more cost-effective than that 

of RNA aptamers. However, no DNA aptamers have been approved for therapeutic purposes. 

Only a modified RNA aptamer targeting vascular endothelial growth factor-165 (VEGF165), 

pegaptanib (Macugen), has been approved as a medicine for the treatment of neovascular 

age-related macular degeneration [3-5]. 

     Toward diagnostic and therapeutic applications, the two main problems of the affinity and 

stability of DNA aptamers still remain. Most DNA aptamers bind to their targets with 

moderate affinities, ranging around nM-order Kd values, which might be insufficient for 

further applications. In a surface-surface interaction between relatively large molecules, such 

as aptamer-protein interactions, the binding affinity is more important, relative to those of 
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small molecule drugs that directly bind to the active sites of their targets. In fact, the Kd 

values of the commercialized RNA aptamer, pegaptanib, are 49‒130 pM as reported in the 

literature [3], and 6.4 pM in a 1 mM CaCl2 solution and 227 pM without CaCl2 in our SPR 

measurements [6]. 

     In general, nucleic acids are highly hydrophilic, as compared to proteins, and thus nucleic 

acid aptamers would not readily interact with the hydrophobic regions of target proteins. In 

addition to the hydrophobicity, the total chemical diversity of the nucleoside components in 

DNA, as compared with that in RNA, is severely restricted. This is because RNA is more 

easily modified than DNA [3,7,8]. Pegaptanib is highly modified with fluorine or methoxy 

groups at the 2′-hydroxy groups of the sugar moieties, increasing its hydrophobicity. 

Although the sugar puckering conformations of these modifications are similar to those of 

ribonucleosides (C3′-endo) in RNA, the 2′-deoxyribonucleosides in DNA adopt the C2′-endo 

conformation. Thus, in general, it is difficult to replace these 2′-modified sugars in DNA 

aptamers [9]. Furthermore, the 2′-hydroxy groups of RNA also have the potential to interact 

with targets. For example, two 2′-hydroxy groups at specific positions in pegaptanib are 

essential for tight binding. Additionally, in the particular case of pegaptanib, calcium ions 

specifically strengthen its interaction with VEGF165. Thus, a general method should be 

developed to generate high-affinity DNA aptamers with subnanomolar Kd values, by 

increasing the chemical diversity, including the hydrophobicity, of DNA molecules. 

      A well-known method to improve the chemical diversity of DNA aptamers is the 

modification of T and/or C, in which hydrophobic residues are attached to position 5 [10,11], 

as in SOMAmers [9,12,13]. Using a series of DNA libraries containing 5-modified U, in 

which several functional groups, mainly hydrophobic amino acid residues, are attached to 

position 5, the success rates of DNA aptamer generation greatly increased [12]. Furthermore, 

by using two 5-modified U and C, the affinities and stabilities of the generated DNA 

aptamers were also reinforced [13]. 

     Another problematic issue is the stability of DNA aptamers against heat and nucleases. 

For therapeutic applications, DNA aptamers must be resistant to degradation by nucleases in 

the body, and the tertiary structures of aptamers must be retained at 37°C. To address the 

affinity and stability issues of aptamers, several methods have been reported, including the 

use of 2′-modifications, 4′-thio modifications, phosphorothioates, XNAs with non-standard 

sugar moieties, and Spiegelmer modification (mirror-image oligonucleotides using L-

nucleosides) [8,14-20]. The post-2′-modification methods, in which the 2′-groups of the sugar 

moieties in nucleic acid aptamers are replaced with functional groups, are usually more 

suitable to RNA aptamers, rather than to DNA aptamers, because of the differences in the 

sugar conformations as described above. Furthermore, most of the methods cannot 

simultaneously address both the affinity and stability issues of DNA aptamers, except for the 

method using two 5-modified U and C for SOMAmers [13]. 

     Here we describe a novel method to improve the affinity and stability of DNA aptamers, 

by combining genetic alphabet expansion technology using unnatural base pairs and 

stabilization with an extraordinarily stable mini-hairpin DNA.       

 

2. ExSELEX (Genetic alphabet expansion for SELEX) 
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2.1. Genetic alphabet expansion by creating unnatural base pairs 

Besides the modified nucleotide methods, such as SOMAmer and XNA, genetic alphabet 

expansion is also an attractive method to increase the chemical diversity of DNA molecules 

[21-24]. All of the current biotechnologies including SELEX are strictly confined to the 

realm of the four-letter-genetic-alphabet system, relying on the formation of the highly 

selective and exclusive A–T(U) and G–C base pairs in the central dogma. However, several 

types of extra base pairs (unnatural base pairs, UBPs) that function as a third base pair in 

replication and transcription have recently been developed, and extra components could be 

introduced into DNA aptamers by SELEX employing UBPs. The six-letter-genetic-alphabet 

system directly increases the chemical diversity of DNA libraries, by introducing the fifth 

and/or sixth UBs. Currently, two types of UBPs, Ds–Px [25,26] and P–Z [27,28], have been 

applied to DNA aptamer generation [29,30]. Here, we mainly describe our ExSELEX 

(genetic alphabet Expansion for SELEX) method using the Ds–Px pair, to generate high-

affinity DNA aptamers targeting specific proteins [29,31]. 

       The Ds–Px pair was designed based on the concept of shape-complementarity, including 

the steric and electrostatic exclusions of non-cognate pairs using hydrophobic base analogues 

[25] (Figure 1). By adding a relatively large residue, thiophene, at position 6 corresponding to 

purines, the Ds base excludes the non-cognate pairings with the natural bases [32]. In contrast, 

the Px base has a five-membered pyrrole ring backbone, instead of the six-membered ring 

backbones of pyrimidines, and thus the shape of the Px base is relatively small, and fits well 

with the Ds base. Furthermore, we added a nitro group to Px, in which one oxygen 

electrostatically repels the pairing with A, and the other oxygen interacts with the polymerase 

in replication [33]. In addition to the nitro group, the Px base has a propynyl group, which 

increases the hydrophobicity for both the base–base and polymerase–substrate interactions by 

stacking. As a result, the Ds–Px pair exhibits high fidelity and efficiency as a third base pair 

in PCR [26,34]. DNA fragments containing the Ds–Px pair were amplified 1027-fold by 100 

cycles (10 cycles of PCR repeated 10 times) of PCR, and >97% of the Ds–Px pair survived in 

the amplified DNA, which corresponds to >99.9% fidelity per doubling [26]. Usually, 

chemically synthesized DNA fragments contain ~0.1% impurities by contamination with 

undesired base sequences because of mechanical limitations. Thus, the UB position in DNA 

templates might be contaminated with a tiny amount of natural bases. Since chemically 

synthesized DNA templates were used for our PCR studies, the actual fidelity of the Ds–Px 

pair might be much higher than 99.9%. This high fidelity of the UBP is essential for the UB 

survival throughout the SELEX procedure, in which selection-amplification rounds are 

repeated several times, resulting in the accumulation of more than 100 cycles of PCR in total. 

 

2.2. ExSELEX methods 

We developed ExSELEX using DNA libraries containing five different bases (four natural 

and Ds bases). The Ds base is highly hydrophobic, and thus is expected to tightly interact 

with hydrophobic regions in target proteins. To facilitate interactions with target proteins, the 

Ds base needs to protrude outside the aptamer structure. Thus, the Px bases are not added as 

the sixth base in the libraries, to prevent the trapping of the Ds base by the Ds–Px pair 

formation in the aptamer structure. In addition, considering practical uses, the addition of 
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only the Ds base to DNA aptamers would be more cost-effective than the addition of both the 

Ds and Px bases.  

      A critical issue for developing ExSELEX is the determination of the Ds positions in each 

isolated aptamer candidate in the enriched library after the selection procedures. Mixed Ds-

containing DNA fragments, like the enriched Ds-containing DNA library, cannot be directly 

analysed by conventional sequencing methods. Thus, we developed two types of ExSELEX 

methods by specific sequencing strategies, using a Ds-predetermined library and a Ds-

randomized library (Figure 2). The Ds-predetermined library consists of a series of sub-

libraries. In each sub-library, one, two or three Ds bases are embedded at specific positions in 

a random sequence region of natural bases, and a different barcode sequence consisting of 

two or three natural bases is also added to identify each sub-library [29]. After the selection 

using the Ds-predetermined library, the enriched library is amplified by PCR in the absence 

of the Ds and Px substrates (replacement PCR), to replace the unnatural bases with natural 

bases for deep sequencing. Finally, the Ds positions in each sequence are identified from the 

barcode [29]. 

     The Ds-randomized library contains a completely randomized sequence consisting of five 

different bases, A, G, C, T, and Ds [31]. When using the Ds-randomized library, the 

sequences in the random region are also determined by deep sequencing, using the enriched 

library sample after replacement PCR. From the sequence data, hybridization probes for each 

sequence are designed. Using these probes, each single species of Ds-containing DNA 

fragment is isolated from the enriched library, and amplified by PCR with the six base 

substrates including the Ds and Px substrates. The sequences including Ds of each amplified 

DNA fragment are determined by a modified Sanger method that we developed for 

sequencing Ds-containing DNA [25,31,32].  

     The complexity of the Ds positions in the Ds-randomized library is higher than that of the 

Ds-predetermined library, and thus the success rate of the aptamer generation using the Ds-

randomized library could also be higher than that using the Ds-predetermined library [31]. In 

addition, increasing the total number of PCR cycles (>150 cycles) during ExSELEX 

increases the mutation rates from unnatural to natural bases, as well as from natural to 

unnatural bases, causing the misreading of Ds positions when using the Ds-predetermined 

library. However, regarding the sequencing of the enriched libraries, the Ds-randomized 

library is more complicated than the Ds-predetermined library.   

 

2.3. Ds-DNA aptamers generated by the ExSELEX methods 

     By ExSELEX, we have generated several Ds-DNA aptamers targeting proteins, such as 

VEGF165, interferon-γ (IFNγ), and von Willebrand factor A1-domain (vWF) (Figure 3). 

These aptamers have two or three Ds bases, of which two are essential for tight binding, and 

exhibit extremely high affinities to their targets (~1, 46, and 75 pM Kd values for VEGF165, 

IFNγ, and vWF, respectively) with high specificity. The secondary structures were 

determined by the co-variation changes from the sequence data obtained by doped-ExSELEX 

[29]. There are four G-tracts in the anti-IFNγ aptamer, suggesting the formation of a G-

quartet structure, though we have currently no data to confirm the structure. The high 

affinities of these aptamers strongly depended on the two Ds bases, and the Ds→A variants 

significantly reduced their affinities (Kd = 347 pM for VEGF165 and 7.21 nM for IFNγ). Two 
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of the three Ds bases, which reside at positions 29 and 40 in the anti-IFNγ aptamer and 

positions 10 and 33 in the anti-vWF aptamer, were strictly essential for the tight binding. 

Interestingly, the anti-VEGF165 Ds-DNA aptamer tightly binds to the target in a Ca2+-

independent manner, although the strong binding of the modified RNA aptamer, pegaptanib, 

highly depends on Ca2+ [6]. Furthermore, the anti-VEGF165 and anti-IFNγ aptamers inhibit 

the interactions between their target proteins and each receptor on the cell surface [35]. The 

Ds-DNA aptamer-mediated inhibition of the VEGF165–receptor interaction was as high as 

that of pegaptanib [6]. 

    The next problematic issue is the stabilization of these Ds-DNA aptamers. Although the 

Ds-DNA aptamers exhibit high affinities to their targets, they still require increased stabilities 

to resist nucleases at temperatures ~37°C. We previously discovered a series of unique DNA 

fragments that form extraordinarily stable hairpin-like structures (mini-hairpin DNAs). We 

have now developed a stabilization method for Ds-DNA aptamers by introducing mini-

hairpin DNA sequences. In the next section, we describe this method of Ds-DNA aptamer 

stabilization.   

 

3. Stabilization method of Ds-DNA aptamers 

3.1. Discovery of mini-hairpin DNAs 

Thirty years ago, our team accidentally found that short DNA oligonucleotides containing a 

series of specific DNA sequences showed higher mobility than expected, even on a 

denaturing gel containing 7 M urea [36-38]. The sequences are GCGNNAGC, CCGNNAGG, 

GCGNAGC, and CCGNAGG, and they form small hairpin-like structures, named mini-

hairpins, consisting of two G–C pairs and one sheared G–A pair (Figure 1) [39]. The mini-

hairpin DNAs exhibit extremely high thermal stabilities, and the Tm values of the 

GCGAAAGC and GCGAAGC fragments are as high as 76°C in 0.1 M NaCl (pH 7.0) 

[36,38,40]. Thus, the tertiary structures of the mini-hairpin DNAs are retained even in a 7 M 

urea solution at temperatures up to 40°C. In addition, the tight and compact structures of 

these mini-hairpin DNAs are highly resistant to nuclease digestion, and can be used for the 

stabilization of DNA and RNA fragments by being linked to their 3′-termini for protection 

from 3′→5′ exonuclease digestion [41-44]. Thus, we introduced a mini-hairpin DNA to the 

Ds-DNA aptamers for their stabilization. 

 

3.2. Stabilization of Ds-DNA aptamers by mini-hairpin DNAs 

The mini-hairpin DNA was introduced at the 3′-termini of Ds-DNA aptamers (Figure 3) [35]. 

In addition, the internal stem-loop structures in DNA aptamers can also be replaced with the 

mini-hairpin DNA, if they do not directly affect the target binding. For example, the two 

internal stem-loops in the anti-VEGF165 aptamer interact with VEGF165, and thus they cannot 

be replaced with the mini-hairpin DNA [6]. In contrast, the Ds bases in each of the stem-

loops in the anti-IFNγ [35] and anti-vWF aptamers [31] are not essential, suggesting they do 

not directly interact with the target proteins, and thus the sequences of the stem-loops are less 

important, allowing for the replacement with the mini-hairpin DNA. Finally, the A–T pairs in 

their stem regions were replaced with G–C pairs, to further increase the thermal stabilities.  

     Through this post-stabilization procedure, the thermal stabilities of the Ds-DNA aptamers 

greatly increased (Tm values, 69.5→80.8°C, 37.8→64.2°C, and 66.8→76.5°C for the anti-
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VEGF165, anti-IFNγ, and anti-vWF aptamers, respectively) without any loss of affinities 

(Figure 2). Around 80% of these aptamers survived after a three-day incubation in human 

serum at 37°C. Without this stabilization, the inhibitory activity of the anti-IFNγ aptamer for 

the IFNγ–receptor interaction was completely lost after a one-day incubation in serum at 

37°C. In contrast, the stabilized anti-IFNγ aptamer completely retained the activity after a 

three-day incubation at 37°C [35].   

     The stabilization efficiency by the 3′-terminal mini-hairpin DNA introduction was higher 

than that of a conventional 3′-3′ inverted T introduction [31]. The introduction of this mini-

hairpin DNA can stabilize DNA aptamers against not only 3′→5′ exonucleases but also 

5′→3′ exonucleases. Since all of the aptamers have terminal stem structures, the mini-hairpin 

DNA can cover the 5′-termini of the aptamers by stacking between the 5′- and 3′-terminal 

bases. This stabilization method is a unique strategy that does not require the use of toxic 

non-natural modifications, and it can also be used for conventional DNA aptamers [31].   

 

4. Perspectives 

We have described the generation of high-affinity DNA aptamers, focusing on our studies 

involving the Ds–Px pair. Benner’s group also reported DNA aptamer selection using their 

UBP, Z–P [28], targeting specific cells. They introduced both the Z and P bases into the DNA 

libraries, and generated DNA aptamers containing six different bases [30,45-47]. Similar to 

conventional aptamers, the UB-DNA aptamers obtained by cell-SELEX could be used as a 

delivery system, by attaching drugs to the aptamers. Thus, UB-DNA aptamers are expected to 

be employed in future diagnostic and therapeutic applications. 

     This technology could also augment the affinities of RNA aptamers by UB introduction. 

Romesberg’s group recently succeeded in the creation of a semi-synthetic organism (SSO) 

with DNA plasmids containing their UBPs, 5SICS–NaM and TPT3–NaM [48-51] or other 

possible unnatural base pairs [52]. Thus, using the SSO system, UB-RNA aptamers, 

including riboswitches, could be expressed from their UBP-containing genes, allowing for 

new applications of UB-RNA aptamers that exhibit their activities in the cell as demonstrated 

by conventional RNA aptamers [53]. 
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Figure legends 

Figure 1. Schematic illustration of the stabilized high-affinity Ds-DNA aptamer generation by 

ExSELEX (Genetic alphabet expansion for SELEX) using the Ds–Px pair, combined with a 

mini-hairpin DNA stabilization method. 

Figure 2. Two types of ExSELEX procedures using a Ds-predetermined library or a Ds-

randomized library. The Ds-randomized library contains five different bases with the ratio of 

A/G/C/T/Ds ~1:1:1:1:0.1 in the random region.  

Figure 3. Predicted secondary structures of Ds-DNA aptamers targeting VEGF165, IFNγ, and 

vWF, and their stabilized versions by introducing mini-hairpin DNAs. The two Ds bases in 

each DNA aptamer are essential for tight binding. Their Ds→A mutants reduce the affinities 

to targets. The introduction of mini-hairpin DNAs increases the thermal stability and resistant 

against nucleases of each DNA aptamer. 
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