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Abstract

Nucleic acid aptamers (NAAs) are short synthetic DNA or RNA molecules that specifically fold 

into distinct three-dimensional structures able to specifically recognize a target. While NAAs show 

unprecedented promise in a variety of applications, including sensing, therapeutics and 

diagnostics, one major limitation involves the lack of stability towards omnipresent nucleases. 

Therefore, we herein report a systematic truncation and incorporation of 2′-O-methyl bases to a 

DNA aptamer, which results in increased stability without affecting affinity. One of the newly 

designed analogues is stable up to 24 hours, demonstrating that 2′-O-methyl RNA is an attractive 

modification to DNA aptamers, especially when therapeutic applications are intended.
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Nucleic acid aptamers (NAAs) are short synthetic DNA or RNA molecules capable of 

folding into distinct three-dimensional structures able to specifically recognize a target.[1] 

NAAs acquire their unique structures from the intrinsic nature of self-assembly via intra-

molecular hydrogen bonding, which, in turn, leads to distinct three-dimensional shapes.[2] 

NAAs typically adopt structures based on Watson-Crick base pairing, as well as non-

canonical base pairing, with the most favorable three-dimensional arrangement suitable for 

the target recognition. The synthetic nature of NAAs is attractive in a wide range of 

biomedical applications, such as biosensors, diagnostic molecules, drug-delivery agents and 

immunomodulators.[3] Another attractive feature arises from easily introducible chemical 

functionalities, giving aptamers the versatility required for a wide spectrum of 

applications.[4] While NAAs show unprecedented promise for both therapeutic and imaging 

applications, a major limitation arises from their susceptibility to nuclease degradation.[5] 

Therefore, post-SELEX (Systematic Evolution of Ligands by Exponential enrichment) 

structure-activity relationship (SAR) studies of NAAs typically focus on improving the most 

favorable fold by truncating NAAs, followed by modification of NAA segments to enhance 

stability against nucleases.[6]

More specifically, following aptamer selection via SELEX that uses natural DNA/RNA, 

SAR studies are performed to develop functional NAAs. This includes systematic truncation 

and synthesis of aptamer analogues, followed by investigation of the affinity of each 

analogue to determine the shortest length of aptamer with the highest affinity. Truncated 

aptamers with the highest affinity are subsequently subjected to systematic substitution of 

modified nuclease-resistant nucleic acid analogues in the 3′- and 5′- end to prevent 
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exonuclease attack. However, such substitution in the “motifs” of NAA structure has 

typically led to loss of aptamer-target binding; therefore, substitution of “motif” sequences 

by unnatural nucleic acid analogues is usually avoided.[7] Moreover, it has been widely 

argued that endonuclease activity is greatly minimized when aptamers are bound to their 

targets, thus eliminating the extensive need for modification of “motif” structures.

The challenges with nuclease stability have resulted in the notable development of nuclease-

resistant RNA aptamers through utilization of DNA and/or RNA with modified nucleic acids 

in SELEX experiments.[8] However, a number of challenges still exist in using modified 

RNA bases during the SELEX process.[9] For example, the use of modified nucleic acids 

during aptamer selection relies on engineered polymerase variants capable of accepting 

modified nucleic acids followed by efficient amplification. However, not all engineered 

polymerases are successful in efficiently incorporating modified nucleic acids during 

polymerase chain reactions (PCRs). On the other hand, ready availability of polymerases 

capable of efficient amplification to enrich and evolve DNA/RNA SELEX libraries is more 

suitable in identifying successful aptamers. Nonetheless, post-SELEX modification of DNA 

aptamers still requires improvement in stability. Thus far, post-SELEX modification of DNA 

aptamers has been accomplished by systematic substitution of locked nucleic acid (LNA) 

monomers in defined segments of DNA aptamers.[6a, 7] This approach has been widely 

investigated as a potential improvement in structural and nuclease stability without 

compromising aptamer affinity. However, apart from LNA monomers, the use of 2′-

modified RNA bases as a modification for DNA aptamers to stabilize duplex regions and 

increase nuclease resistance remains largely uninvestigated. RNA bases have two analogues 

with chemical modifications introduced at the 2′-position of the furanose ring: 2′Fluoro-

RNA and 2′O-methyl RNA. In particular, 2′O-methyl RNA bases are an excellent 

alternative to LNA owing to their resistance to ribonucleases, their low manufacturing cost 

and accessibility.[10] In terms of nuclease resistance, it has been shown that 2′-O-methyl 

RNA bases are resistant to both 3′exonuclease and S1 nuclease, which is an endonuclease, 

suggesting that 2′O-methyl RNA bases can also prevent some endonuclease degradation.[11] 

Both 2′-F-RNA and natural DNA bases were shown to be more susceptible to degradation 

from 3′ exonuclease present in calf serum.[12]

To test the hypothesis that systematic truncation and incorporation of 2′-O-methyl bases to a 

DNA aptamer result in increased stability without affecting affinity, we used an aptamer 

selected against myeloid leukemia, which was recently introduced by Sefah et al., to design 

new analogues.[13] In particular, aptamer KH1C12 is reported to show high affinity and 

specificity towards myeloid leukemia cell line HL60 and can specifically recognize a subset 

of myeloid leukemia.[13] However, this aptamer consists of natural DNA that is susceptible 

to nuclease degradation, and its long length hinders large-scale chemical synthesis. 

Therefore, to develop a second-generation aptamer based on original aptamer KH1C12, we 

herein report a systematic truncation of KH1C12, followed by systematic modification with 

2′-O-methyl ribonucleic acid (2′O-CH3 RNA) analogues to design highly stable second-

generation variants.
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Truncation

The reported full-length KH1C12 aptamer selected against myeloid leukemia cells was 76 

bases. This length, which is typical for an NAA, results from the fact that the fixed primer 

regions, which are required for polymerase chain reaction during SELEX, normally 

contribute approximately 50% of the aptamer’s length. Typically, a randomized region of an 

nucleic acid library employed in SELEX ranges from 35–50 bases to allow formation of 

adequate secondary structures to generate a structurally diverse library. The randomized 

region of an aptamer mainly contributes to this structural diversity and often plays a 

significant role in the recognition of the desired target. Thus, the primer region may not be 

needed for aptamer binding. However, the complete removal of fixed primer regions, as a 

strategy to generate minimized versions of a functional aptamer, has not always been 

successful. Therefore, to engineer NAA with a minimum length, it is imperative to 

systematically truncate nucleic bases from the 3′- and 5′-end. Truncation is done to reduce 

the length of an aptamer and thereby increase the most favorable fold with the highest 

affinity. Furthermore, short aptamers are better suited to the design of multivalent scaffolds, 

essentially because shorter lengths facilitate higher yields during solid-state synthesis, thus 

lowering the cost of synthesis. The lower cost is particularly important in generating 

therapeutic multimeric aptamers.

The predicted most favorable secondary structure of KH1C12 using m-fold is shown in 

Scheme 1. We utilized the predicted structure to design three analogues of KH1C12 aptamer 

by systematically removing bases from the 5′- or 3′− end. First, we truncated 4 bases from 

the 5′-end (5′A1T2C3C4) and 5 bases from the 3′-end, i.e., 3′T76G75T74T73C72, from 

the fixed primer regions of KH1C12 to design the first analogue, KH1C12.O1 (Scheme 1). 

Next, we truncated 5 more bases (C67G66G65T64G63) from the 3′-end of KH1C12.O1 to 

design a second analogue, KH1C12.O2 (Scheme 1). Finally, we truncated 5 more bases 

(G61C60A59C58A57) from the 3′-end of KH1C12.O2 to design the third analogue, 

KH1C12.O3. Each truncated aptamer was synthesized using standard phosphoramidite 

chemistry with fluorescein-dT at the 3′-end. The synthesized aptamers were purified using 

reversed-phase HPLC, followed by post-synthesis work-up and characterization by UV/Vis 

spectroscopy (see Methods in Supporting Information (SI)). We first evaluated the binding 

affinities of each truncated aptamer analogue to determine if these truncations affected the 

most favorable fold of the aptamer. In doing so, different concentrations of each aptamer 

against HL60 target cells were incubated using appropriate buffers on ice for 45 minutes, 

followed by washing to remove the unbound sequences. Aptamer binding to HL60 cells was 

evaluated using flow cytometry. In parallel, a variable concentration of randomized sequence 

was used as a control to monitor background sticking. Based on the affinity analysis, we did 

observe slight difference in the affinity for KH1C12.O1 (27.5±13.4nM nM) or KH1C12.O2 

(5.25±1.40 nM) (Fig. S1a, b). The KH1C12.O2 analogue showed an affinity similar to that 

reported for the original full-length aptamer at 4°C (Scheme 1). However, analogue 

KH1C12.O3 did not show any saturation with increasing concentration (Fig. S1c), 

suggesting that 1) the removal of additional 5 bases at the 3′-end played a significant role in 

destabilizing the most optimized fold or 2) the truncated bases were within the binding motif 

of the aptamer. Therefore, affinity analyses suggest that bases could only be removed from 
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the 3′ end of KH1C12, as reflected in the first two designs and that the functional fold of 

the aptamer remained intact in these designs.

2′-O-Methyl RNA incorporation

To increase nuclease stability, we next investigated the possibility of modifying KH1C12.O2 

with the unnatural nucleic acid derivative. We only modified KH1C12.O2 because its 

functional fold remained intact after optimization with affinity comparable to the original 

full-length aptamer. It has been shown that unnatural analogues of nucleic acid base 

modifications introduced at the 2′ position could enhance both duplex stability and 

resistance towards nucleases. LNA incorporation of a DNA aptamer has been shown to 

improve nuclease stability and melting temperature. Also, owing to economical synthesis 

and high nuclease stability, 2’-O-methyl RNA has been shown to be attractive in the post-

SELEX step for RNA aptamers. Importantly, however, no studies have previously reported 

that systematic introduction of 2′-O-methyl RNA bases into DNA aptamers could enhance 

nuclease stability. Therefore, we next investigated whether the bio-stability of a DNA 

aptamer could be enhanced without compromising its affinity by systematically substituting 

2′-O-methyl RNA in defined segments of the KH1C12.O2 analogue. To accomplish this, we 

again designed three different analogues, but this time, we substituted purines and 

pyrimidines of truncated aptamer KH1C12.O2 by 2′-O-methyl RNA, as shown in Scheme 1. 

First, we substituted 2′-O-methyl RNA bases to the double-stranded region 

(G61C60A59C58A57) of the 3′-end of KH1C12.O2 (Scheme 1: O2.G1). Second, we 

substituted 2′-O-methyl RNA bases to the 5′- end (A1G1A1G1) of KH1C12.O2 analogue 

(Scheme 1: O2.G2). Finally, we introduced 2′-O-methyl RNA to both 3′- and 5′- ends of 

the KH1C12.O2 (G61C60A59C58A57 and A1G1A1G1) analogue (Scheme 1: O2.G3). 

These three analogues of KH1C12.O2 reflected the best possible scenarios with which to 

evaluate the effect of 2′-O-methyl RNA on the structure of a DNA aptamer. All newly 

designed analogues modified with 2′-O-methyl RNA were synthesized using standard 

phosphoramidite chemistry and were purified using reversed-phase HPLC. We also 

incorporated 3′fluorescein-dT to facilitate the detection of aptamer binding to HL60 using 

flow cytometry. Each construct was evaluated for affinity against target HL60 cells similar to 

the method used above for assessing the affinity of truncated analogues (see Methods in SI). 

Interestingly, when 2′-O-methyl RNA was incorporated into the 3′-end of the aptamer 

(O2.G1 analogue), the affinity of the aptamer was reduced by 6-fold compared to the 

unmodified version at 4°C (26.3±4.9nM, Fig. S2A). However, O2.G2 with 2′-O-methyl 

RNA substituted at the 5′-end showed only a 3-fold decrease in affinity compared to the 

unmodified analogue (13.7±2.3nM, Fig. S2B). Finally, O2.G3 showed 6-fold decrease in 

affinity (25.1±7.3nM, Fig S2C) similar to that of O2.G1 compared to the unmodified variant. 

This observation suggests that the bases at the 5′-end of A1G2A3G4 are not directly 

associated with target binding. It should be noted that the segment modified with 2′-O-

methyl RNA leads to DNA:RNA heteroduplexes in which sugars have been shown to adopt 

C3′-endo conformation, shifting the conformational equilibrium of the sugar moieties. This 

feature also occurs in 2′O-methyl-modified RNA analogues. These types of conformational 

shifts are also shown to increase Tm of duplexes, which, in turn, increases thermo-stability.
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Therefore, incorporation of 2′-O-methyl bases at the 5′-end of O2.G1 might favor the 

adoption of most favorable conformation, resulting in only minimal effect on affinity. We 

observed that minimization at the truncation step to generate analogue KH1C12.O3 led to 

complete loss of aptamer binding. Similarly, we observed that the substitution of 2′-O-

methyl RNA at the 3-end spanning the same 5 nucleic acid bases lowered the affinity by 

about 6-fold. Complete substitution of DNA bases with 2′-O-methyl RNA at both 3′ and 5′ 
ends diminished affinity by about 6-fold. Taken together, these observations suggest that 

bases at the 3′-end might play a significant role in aptamer-target binding. We next 

evaluated the binding of modified O2.G1, O2.G2 and O2.G3 with HL60 using unmodified 

KH1C12 as a control at physiological temperature. We observed that all three variants bound 

to HL60 cells at 1μM concentration at physiological temperature. Binding of 2′-O-methyl 

analogues was similar to that of unmodified KH1C12, suggesting that affinity at 

physiological temperatures was retained and was comparable with binding affinity of the 

original aptamer (Fig. 1A and B).

Specificity and stability of truncated and modified aptamers

We next evaluated the specificity of aptamer variants O2.G1, O2.G2 and O2.G3 against 

Daudi cells, a Burkitt′s lymphoma cell line, and Jurkat cells, a T-Acute Leukemia cell line. 

Based on previous reports, full-length KH1C12 did not bind these cells; therefore, they were 

appropriate for specificity analysis. We employed the HL60 cell line as the positive control. 

We followed a method similar to that described in Sefah et al., but with 100,000 HL60, 

Daudi or Jurkat cells. The specificity of all analogues was retained and did not show any 

nonspecific sticking to Jurkat or Daudi cells, suggesting that truncation and incorporation of 

2′-O-methyl RNA bases do not interfere with aptamer specificity (Fig. 2).

The stability of all three analogues was evaluated in human serum using 50 pmoles of 

aptamer in 20 μL in human serum or PBS buffer. Degradation was compared at 9 different 

time points. Stability was evaluated up to 24 hours with intervals of 0.25, 0.5, 1, 2, 4, 3, 6, 

12 and 24 hours. Interestingly, O2.G1 with 2′-O-methyl RNA bases at the 3′- end digested 

only 19.0±68% at the 24-hour time point (Fig. 3, top panel-right). The highest rate of 

digestion was observed for O2.G2 with 74.4±26.7% at 24 hours (Fig. 3, top panel-middle), 

suggesting that 3′-end modification showed higher stability than that of 5′-end 

modification. Finally, O2.G3 with modification at both 3′ and 5′ ends showed a trend 

similar to that of O2.G1 with 30.9±9.8% digestion at the 24-hour time point (Figure 3, top 

panel-left). No degradation of any modified analogue was noted when PBS was used in 

place of human serum (Fig. 3, bottom panel). Differences in the stability of the modified 

versions suggest that the 3′-end modification of aptamer using 2′-O-methyl RNA bases is 

more suitable in terms of increasing the nuclease stability of a DNA aptamer.

NAAs are attractive synthetic molecules with which to develop therapeutics and diagnostics. 

Introduction of SELEX and the first aptamers occurred nearly 26 years ago.[15] Since then, 

significant progress has been made in developing new SELEX methods and introducing 

extended alphabet with chemically modified nucleic acids into aptamers, SOMAmers and 

spiegelmers.[16] The use of DNA aptamers during SELEX shows significant advantages over 

RNA aptamers, predominantly by the lack of 2′ hydroxyl group in the furanose ring, 
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making DNA aptamers less reactive and relatively stable. However, endo- and exonuclease 

activity towards DNA aptamers is a major challenge in transforming naked DNA aptamers 

into therapeutics. One way of circumventing nuclease instability involves the use of 

chemically modified and stable 2′-O-X-analogues at the 3′ and 5′ ends, resulting in 

second-generation functional DNA aptamer analogues. Herein, we demonstrated a 

systematic truncation of an aptamer developed against human myeloid leukemia cells to 

increase stability, but without compromising affinity. In the present work, systematic 

introduction of 2′-O-methyl RNA at the 3′-end shows higher stability when compared to 5′-

end modification. We observed stability up to 24 hours, yet only 19.0±6.70% of aptamer 

analogue O2.G1 had been digested by nucleases present in human serum when 2′-O-methyl 

RNA was added to the 3′-end of the DNA aptamer, suggesting that 3′-end modification of 

DNA aptamer using 2′-O-methyl ribonucleic acids is an attractive avenue to pursue for 

enhancement of nuclease resistance.
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Figure 1. 
Flow cytometric histograms (top) of aptamer analogues binding to HL60 cells and a bar 

diagram (bottom) representing overall conclusion from three independent experiments at 

physiological temperature. Binding was calculated as [(control−aptamer)/aptamer] × 100 

and quantified using Graph Pad Prism software.
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Figure 2. 
Analysis of specificity of 2′-O-methyl RNA-substituted O2.G analogues against three 

different cell lines. Bar diagrams represents overall conclusion from three independent 

specificity assays. The specificity of the aptamer sequences was evaluated by incubating 1.0 

× 105 HL60 cells, Jurkat (T cells) and Daudi (B cells) with concentrations of 500nM of 

Fluorescein-dT-labeled aptamer separately in 200μL of binding buffer on ice for 45min. 

Cells were then washed once with 2.0mL of wash buffer and reconstituted in 250 μL of wash 

buffer. The binding of the constructs was determined using the equation [(control-aptamer)/

aptamer] × 100 and quantified using Graph Pad Prism software.
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Figure 3. 
Analysis of stability of 2′-O-methyl RNA-substituted O2.G analogues in human serum 

(upper panel) and in PBS (lower panel). The digestion by nuclease was less than 10% up to 

2 hours, with gradual increase in digestion noted after 2h. The aptamer analogues in PBS did 

not degrade more than 1% up to 24 hours.
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Scheme 1. Systematic truncation of aptamer KH1C12 and modification with 2’-O-methyl RNA 
bases
Affinity was determined 4°C with each construct calculated using the method described in 

ref[14]. Corresponding binding curves are listed in Figure S1. Red letters indicate 2’-O-

methyl bases.
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