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ABSTRACT 

Aptamers, single-stranded nucleic acid polymers, are known to bind specific targets with 

high affinity and specificity. However, functionalities of natural aptamers are limited by four 

canonical DNA bases compared with 20 amino acids. This deficit of nucleic acids makes it 

difficult for aptamers to match the performance of antibodies as affinity reagents. Traditional 

incorporation of chemical functionality has relied on the individual modified nucleobases, which 

limits the number of unique modifications up to four. T4 DNA ligase-catalyzed oligonucleotide 

polymerization (LOOPER) has the ability to expand this limitation by catalyzing the ligation of 

modified 5’-phosphorylated oligonucleotides on a single-stranded DNA template. Thus, the 

number of unique modifications relies on the codons rather than single nucleotides. Hexylamine 

modified adenosine is the chemical handle to introduce various functionalities to the natural 

nucleic acid polymers through amide bond formation. The high fidelity of LOOPER system has 

been confirmed by ‘Duplex Sequencing’ method.  

Different functional groups such as hydroxyl groups and aromatic rings are successfully 

incorporated on the hexylamine modified ANNNN building block libraries. These 

homofunctionalized ANNNN libraries have high polymerization (>60%) and fidelity (>90%), as 

well as low codon bias. The LOOPER system retains high efficiency and fidelity when applied to 



 

 

a complex heterofunctionalized system: 16 sub-libraries with different modifications. Thus, 

LOOPER system enables the generation of diversely functionalized nucleic acid polymers. 

Current efforts are being directed to the in vitro selection of highly modified aptamers against 

glycosaminoglycans.  
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CHAPTER 1  

LITERATURE REVIEW AND INTRODUCTION 

Nucleic acid structures 

Nucleic acids are biopolymers or small biomolecules made from repeating units called 

nucleotides. The nucleotide monomers are composed of a five-carbon sugar, a phosphate group 

and a nitrogenous base. The polymer is ribonucleic acid (RNA) if the sugar is a compound 

ribose; if the sugar is derived from ribose as deoxyribose, the polymer is deoxynucleic acid 

(DNA).  

  

Figure 1.1 Monomer structures of nucleic acids 

DNA was first discovered by Johann Friedrich Miescher in 18691. There are four canonical 

bases to form DNA: adenine (A), guanine (G), thymine (T) and cytosine (C). In RNA, thymine is 

replaced by uracil (U). The nucleotide monomers linked together by phosphodiester bonds form 

a linear sequence, known as the primary structure of nucleic acids. It is the order of nucleotides 

within a DNA or RNA molecule determined by a series of letters. The base-paring interactions 

within a single nucleic acid polymer or between two polymers determine their secondary 

structure. In the canonical Watson-Crick base pairing, A forms a base pair with T, G forms 

another pair with C.  
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Figure 1.2 Watson-Crick base pairing 

The nucleotides are connected by hydrogen bonds and form different shapes, such as the 

double helix, stem-loop structures, and pseudoknots. The DNA sequences can further fold into a 

specific three-dimensional shape, which is required in various functions such as molecular 

recognition and catalysis. The double helix structure of DNA was discovered building on X-ray 

analysis2.  The structure of DNA double helix is held together by a number of weak interactions 

such as hydrogen bonds, stacking interactions and hydrophobic effects. It requires regions of 

many consecutive base pairs. 

 

 

 

 

 

 

 

Figure 1.3 Double helix structure of DNA3 

Nucleic acid functions 

It was first suggested that DNA was the carrier of genetic information in 1944 by Oswald. T 

Avery, Colin Macleod and Maclyn MacCarty4. And this function was confirmed by Alfred 

Hershey and Martha Chase in 19525. 

adenine (A) thymine (T) guanine (G) cytosine (C) adenine (A) uracil (U)
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RNA has been found to be evolved in various biochemical reactions. It was first suspected 

that RNA played a role in protein synthesis in 19396. In 1967, Carl Woese hypothesized that 

RNA might be catalytic, and the earliest forms of life could have relied on RNA to carry genetic 

information and catalyze biochemical reactions simultaneously – an RNA world7. In the early 

1970s, it was shown for the first time that enzymes could copy RNA into DNA8. David 

Baltimore, Renato Dulbecco and Howard Temin were awarded Nobel Prize in 1975 for this 

work. Catalytic RNA molecules (ribozymes) were discovered in the early 1980s9, and RNA 

interference was found in 199010.  

Molecular recognition is central to biological processes, function and specificity. For 

examples, naturally occurring RNA switches, known as riboswitches, are capable of binding to 

small-molecule ligands. They have been reported to bind specifically to essential coenzymes and 

vitamins, amino acids, glucosamine-6-phosphate, and purine bases11. Diverse riboswitches are 

present and able to control the gene expression process12.  

 

Figure 1.4 Diversity of riboswitches and mechanisms of gene control in bacteria 



 

4 

There are various metabolites present in cells above threshold concentrations so that they 

can be directly sensed and specifically bound by sensor domains of riboswitches. The binding 

process typically induces the structural changes in the adjacent expression platform region. The 

structural elements on the expression platform can either stimulate or repress gene expression. 

Both translation and transcription processes can be controlled.  

Researchers have been working on artificial functional nucleic acids for a variety of 

purposes such as ligand binding and catalysis13. 

Introduction of nucleic acid aptamers  

The word ‘aptamer’ is derived from Latin ‘aptus’ (‘to fit’) and Greek work ‘meros’ (‘part’). 

They are single-stranded nucleic acid molecules that can fold into discrete 3D structures with 

ligand-binding sites that are complementary in shape and charge to the desired target14.  

Biological nucleic acids have long been known to form complex shapes and act as scaffolds 

for molecular interactions. However, methods for the discovery of non-biological nucleic acids 

with similar functions have been developed only in recent years with a series of technological 

advances, such as DNA synthetic methods, PCR and high-throughput DNA sequencing.  

In 1990, Tuerk and Gold reported their first high-affinity RNA aptamer for the T4 DNA 

polymerase using an in vitro procedure15. The RNA ligands were enriched from an 8-nucleotide 

random region library. The procedure is named systematic evolution of ligands by exponential 

enrichment (SELEX). The general process of SELEX is shown in Figure 1.5. 
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Figure 1.5 Scheme of SELEX rounds 

The initial RNA pool consisted of 8 completely randomized nucleotides at specific positions 

and two primer sites for replication purpose. The RNA pool was subjected to selection against 

the T4 DNA polymerase target. The weak binders were washed away, while better binding 

sequences were amplified to dsDNA for further in vitro transcription. The newly transcribed 

RNA pool was subjected to the next cycle. Multiple rounds were performed to create a pool of 

variant sequences with relatively high affinity for T4 DNA polymerase target. The most enriched 

sequences could be identified by sequencing, and further used for binding affinity test. The 

sequencing result revealed two main clusters of binding sequences; one was known wild-type 

and another novel RNA sequence. The dissociation constant (KD) was about 5nM, which was 

about 100 times better than non-specific binding. This was one of first two publications of the 

SELEX technique. It showed potential to determine the optimal binding sequences for any 

nucleic acid binding protein.  

Another publication was from Ellington and Szostak. They demonstrated the evolutionary 

power of this power the same year16. The initial RNA pool consisted of ~1013 different sequences 

with ~100 bases in length. Subpopulations of RNA molecules that bound specifically to a variety 

target

binding

wash

elution

amplification
PCR

regeneration

5~15 cycles
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of organic dyes were successfully isolated using the SELEX technique. They used Cibacron Blue 

3GA (CB), Reactive Red 120 (R), Reactive Yellow 86 (Y), Reactive Brown 10 (BR), Reactive 

Green 19 (GR) and Reactive Blue 4 (B4). These molecules had many possible hydrogen-bond 

donor and acceptor groups as well as planar surfaces for stack interactions. They also tested the 

specificity of selected RNA pools by a cross-binding experiment. The results indicated that the 

binding sites of RNA aptamers were capable of discriminating between functional groups on 

ligands.  

 

Figure 1.6 In vitro selection of RNA aptamers for organic dyes 

To date, researchers have identified high-affinity aptamers against a wide range of targets, 

including proteins, peptides, whole cells, small molecules. Some aptamer examples against 

different types of targets are summarized in Table 1.117. 

 

Target Estimated KD (nM) 
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Small molecules  

Tobramycin (aminoglycoside) 0.818 

Arginine 33019 

NAD 250020 

Proteins  

HIV-1 tat protein 0.1221 

VEGF-165 2.422 

Taq DNA polymerase 5.723 

Thrombin 10224 

Table 1.1 Dissociation constants of aptamers and their targets 

Aptamers offer several advantages over traditional antibodies25-26. Aptamers are produced 

chemically in a readily scalable process, which is not prone to viral or bacterial contamination. 

Their smaller sizes (6~30kDa, 2nm in diameter) compared with antibodies (150~180kDa, ~15nm 

in diameter) allow more efficient entry into a biological compartment and possibly enable small 

target binding. The phosphodiester backbone is extremely chemically stable, and conjugation 

chemistries can be readily introduced during synthesis.  

Parameters of SELEX 

The success of in vitro selection depends on factors including the design of nucleic acid 

library, target choices, selection methods, and experimental conditions.  

Nucleic acid types 

For many years, researchers preferentially selected RNA over DNA aptamers due to the 

suggestion that RNA results in higher binding affinity. However, the lack of 2’ hydroxyl group 

of the DNA sugar leads to better chemical and biological stability. It has been calculated that 

neither DNA nor RNA yield aptamers with better binding affinity27. The binding affinities were 

reported as dissociation constant (KD values). There was no significant difference between the 

mean Log10(KD) for the different aptamer types.  
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Figure 1.7 Distribution of the highest measured aptamer affinity27 

Length of the aptamers 

The random regions of N40 to N70 are commonly used. The length of random regions helps 

the balance between appropriate coverage of sequence space and high structural complexity.  

Aptamer target 

While aptamers are selected against all different kinds of targets, including small molecules, 

cells, and carbohydrate, the majority of successful selections are against proteins (58%, literature 

from 1990-201327). Larger targets like proteins provide more functional groups for more possible 

interactions between the ligand and aptamers. More flexible targets such as carbohydrates can 

interfere with the process of in vitro selection, resulting in lower affinities of aptamers for 

carbohydrates than those for proteins. 
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Figure 1.8 Distribution of reported aptamer targets from 1990-201327 

Selection conditions 

Specific selection conditions such as metal cation concentrations, buffering agents, pH and 

temperature can all influence the process of SELEX. The secondary structures of aptamers are 

essential for binding activities, and they are significantly affected by the presence and 

concentration of metal cations in the buffer. The cations can also shield the negative charges of 

the DNA backbone, which might interfere with the potential electrostatic binding interactions of 

aptamers to the target28. pH is known to influence the structure and stability of aptamers and 

targets. It has been reported that binding activities of some aptamers are dependent on pH28-30.  

Selection method 

There are different methods to immobilize targets, such as streptavidin magnetic beads 

capture and classic affinity chromatography method. Heat is the most commonly used method to 

recover the bound nucleic acids on targets. Other methods such as elution with target, 

precipitation and change in ionic strength have also been used. The choice of target 

immobilization and aptamer elution depends on the specific target type. The number of selection 

rounds depends on the enrichment progress, and usually it requires 5-15 rounds to achieve 

sufficient enrichment.  
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Structures of nucleic acid aptamers 

Aptamers have a strong tendency to fold into discrete structures following the principals of 

base pairing. These three-dimensional interactions, including hydrophobic and electrostatic 

interactions, hydrogen bonding, van der Waals forces, shape complementarity and base stacking 

are essential for aptamer binding affinity and specificity. The success of SELEX results from a 

large collection of shapes generated from randomized nucleic acid strands. These shapes can 

recognize other molecules through shape and functional group complementarity31.  The 

interactions are similar to the way that antibodies bind to antigens.  

The first structure of tRNA was reported in 197432-33. Studies of ribosomal RNA followed 

by X-ray and NMR structure determinations have revealed numerous structural motifs of natural 

RNA, which has benefited the first successful SELEX experiment with randomized RNA 

libraries. Motifs such as hairpin loops, internal loops and pseudoknots as well as structural 

elements such as base zippers, A-platforms, p-turns and a-loops have been well studied and 

extensively reviewed34-35. Thanks to the development of SELEX method and aptamer 

characterization technology, it is now clear the single-stranded DNA aptamers are as feasible36.  

The theophylline-binding RNA aptamer (5’-GGCGAUACCAGCCGAAAGGC 

CCUUGGCAGCGUC-3’) was reported to bind theophylline with the dissociation constant KD of 

0.1µM. It was 10,000-fold better than the same RNA molecule affinity for caffeine, which 

differed from theophylline only by a methyl group at nitrogen atom N-737. The structure of this 

RNA aptamer-theophylline complex was visualized in 1997 using NMR spectroscopy38. The 

different resonances revealed by 15N, 1H correlation spectrum indicated a large conformational 

rearrangement for the RNA aptamer upon binding of theophylline ligand.  
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Figure 1.9 Predicted secondary structure of theophylline-binding RNA aptamer 

 

       

Figure 1.10 Stereoviews of the RNA-theophylline complex and binding pocket 

The backbone of the 3’ strand forms an unusual S-turn that allows the loops to interact while 

maintaining an overall linear conformation for the RNA. This S-turn results from the reversed 

sugar motif of U24, which is the center of the S-turn. These two motifs bring together the 

conserved residues of upper and lower loops to form the theophylline-binding pocket. 

Theophylline binding depends upon the formation of a central base-triple interaction where 

it forms hydrogen bonds with the bases of C22 and U24. The base-triple composed of U6, U23 
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and A28 forms the floor of the binding pocket, stacking below the central C22-theophylline-U24 

triple. Residues U6, C22, A7 and C21 stack in an interleaved fashion to form a novel ‘base-

zipper’ on one side of the binding pocket. On the other side of the core, the base of G26 

intercalates between the bases of U24 and G25 to form a unique 1-3-2 stack, which constitutes 

the final curve of the S-turn and stabilize the sharp bends in the backbone of globular RNA. 

The base C22 is primarily responsible for the molecular recognition of theophylline and the 

discrimination against caffeine. Hydrogen bonding between C22 base and the purine-like 

theophylline gives rise to a pseudo-base pair. The additional bulky methyl group would disrupt 

this pairing alignment39. This was a well-studied RNA aptamer enabling high-resolution 

molecular discrimination.  

One of the most famous DNA aptamers is the thrombin-binding aptamer. It was first 

discovered in 199240 (5’-GGTTGGTGTGGTTGG-3’). This 15-mer oligonucleotides were found 

to inhibit thrombin-catalyzed fibrin clot formation in vitro. Two-dimensional 1H NMR revealed 

the unimolecular quadruplex structure the next year41. Different from the theophylline RNA 

aptamer described above, this DNA aptamer already adopts a define quadruplex structure in 

solution in the absence of the ligand.  

 

Figure 1.11 Schematic models for the dimer and monomer of the thrombin aptamer 

It’s of great significance to understand the structural rules that govern specific, high-affinity 

binding characteristic of aptamer-ligand interactions for many applications. The structures of 
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binding pockets found in aptamers with those of proteins are distinct despite their similar three-

dimensional interactions42. The diversity of 20 amino acids allow for a multitude of interactions 

and precise shape complementarity in open substrate-binding sites. The fit of ligands into 

binding sites in aptamer folds displays a less-than-perfect shape complementarity due to the 

more structurally uniform four nucleotides. While the stacking interactions in aptamers are 

favored by the planarity of the nucleotide bases, intermolecular hydrogen bonds, and general 

acid-base interactions are preferred by antibodies. Efforts made to improve the characters of 

nucleic acid aptamers and better mimic antibodies will be described in the following sections.  

Applications of aptamers 

Aptamers are suitable for applications based on molecular recognition as analytical, 

diagnostic and therapeutic tools. 

Analytical applications 

Aptamers are capable of molecular recognition with high affinity and specificity, which 

makes them very promising in the field of affinity chromatography. Immobilized DNA aptamers 

have been used to resolve enantiomers of small bioactive molecules (D-adenosine and L-

tyrosinamide), by HPLC on microbore columns43. Adenosine aptamers have been applied to 

monitor the adenosine level in the brain of live rats. The biotinylated aptamer was mixed with 

streptavidin-coated porous glass beads, then packed into a fused-silica capillary. The adenosine 

elution was injected into the column. The detection limit was 30nM with UV absorbance 

detection, and the column could be used for 200 injections44.  

Aptamers can also assist protein capture and analysis in MALDI-MS. It has been proved that 

thrombin aptamers can selectively capture thrombin from a complex matrix and then release the 

thrombin from those aptamer spots for further mass spectrometry analysis. Compared with 

traditional affinity reagent used in biosensors like monoclonal antibodies, aptamers are able to 
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extend the range of targets from small molecules to whole cells. Further, aptamers allow efficient 

immobilization at high density due to their relatively small size. Along with these two 

advantages, the high chemical stability of aptamers makes them reusable as biosensors. The 

targets can be released upon washing and the aptamers can fold back to the specific structure 

under appropriate conditions45. Optical bioassays are one of the many examples of using 

aptamers as bio-recognition elements in the biosensors. Fluorescent detection is widely used due 

to the ease of labeling aptamers with fluorescent dyes, the various fluorophores and quenchers, 

and the inherent capability for real-time detection. Among all different design of assay formats, 

the aptamer-based molecular beacon is most frequently adopted. Figure 1.12 is the scheme of a 

common design. A fluorophore-labeled aptamer in a duplex structure with a complementary 

DNA sequence labeled with a quencher is separated after the binding of the target and the 

aptamer, leading to an increase in fluorescence46.  

 

Figure 1.12 Design of an aptamer-based molecular beacon46 

Aptamers are also used in “proximity ligation assay”47. The first assay was applied to the 

homodimer of the platelet-derived growth factor B-chain (PDGF-BB), a cytokine with growth- 

and differentiation-promoting effects48. The DNA aptamers were used as affinity probes and they 

were extended at either 5’ or 3’ end, forming a proximity probe pair. Upon pairs of probes 

binding to PDGF-BB, the free ends of their sequence extension were brought sufficiently close 

to hybridize together to a subsequently added connector oligonucleotide, allowing the enzymatic 

ligation of the free ends. The ligation products were then amplified by PCR, while unreacted 

probes remained silent. This proximity ligation assay provides a valuable method to investigate 
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modifications on a specific protein and also the interactions between biomolecules forming 

macromolecular complexes. 

 

Figure 1.13 Schematic view of the aptamer-based proximity probe 

Aptamer-based therapeutics 

There are three typical aptamer-based therapeutics strategies: an aptamer can serve as an 

antagonist to block the interaction of disease-associated targets, such as protein-protein or 

receptor-ligand interactions; an aptamer can serve as an agonist to activate the function of target 

receptors; or a cell-type-specific aptamer can serve as a carrier to deliver other therapeutic agents 

to the target cells or tissue26. As the advantages of nucleic acid aptamers mentioned in previous 

sections, aptamer-based therapeutics show great potential over traditional monoclonal antibodies. 

Pegaptanib (Macugen; Eyetech Pharmaceuticals/Pfizer) is an RNA aptamer directed against 

vascular endothelial growth factor VEGF-165. It has been shown in clinical trials to be effective 

in treating choroidal neovascularization associated with age-related macular degeneration. It was 

approved by the US FDA in December 2004. Pegaptanib is the first aptamer therapeutic 

approved for use in humans22. 

However, the development of clinically effective therapeutic aptamers has lagged far behind 

that of therapeutic antibodies49. Their inherent physicochemical characteristics limit the in vivo 

therapeutic potency of aptamers.  First of all, wild-type RNA and DNA aptamers are very 
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susceptible to nuclease degradation. The half-life of unmodified nucleotide aptamers in blood 

can be as short as two minutes50. Besides, aptamers are susceptible to rapid elimination from the 

blood by renal filtration due to the small size of aptamers (about 5-15kDa). Toxicities of 

aptamers can arise from polyanionic effects, unexpected tissue accumulation and nonspecific 

immune activation.  

Modified nucleic acid polymers 

Researchers have been working on modifications of natural nucleic acid to overcome the 

limitations mentioned above. The common strategies include modifications on the terminals of 

nucleic acid polymers, on the phosphodiester linkage, on the sugar rings and the bases. XNA 

(xeno-nucleic acid) was first prosed by Herdewijn and Marliere to describe any such synthetic 

genetic polymer with a focus on those that have shown potential for either chemical and/or 

enzymatic replication51.  

Resistance to nuclease degradation 

Natural nucleic acid aptamers are poor candidates for diagnostic and therapeutic applications 

due to their limited stability in the biological environment.  

The 3’-end capping with inverted thymidine has been a common strategy. It could increase 

the stability and resistance of aptamers to 3’-exonuclease in human serum52. The modification 

can be incorporated using solid-phase synthesis. 2’-hydroxyl groups of ribonucleotides are 

fundamental for phosphodiester bond cleavage by nucleases. 2’-substitutions such as 2’-fluoro, 

2-amino or 2’-methoxy groups can confer resistance.  

 

    

Figure 1.14 Common 2’-substitutions 
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An aptamer binding to VEGF composed entirely of 2’-OMe nucleotides was reported in 

200553. It was necessary to find conditions under which a template-dependent polymerase would 

accept 2’-OMe NTPs as substrates. After screening various conditions, they found a T7 RNA 

mutant that enabled transcription of 2’-OMe NTPs (0.5mM each) with only a spike of 2’-OH 

GTP (30µM). This method was applied to a direct selection of fully 2’-OMe-modified aptamers 

against VEGF. Two 23nt long aptamers were identified with KD values of 2nM (ARC245) and 

1nM (ARC224) respectively. The aptamers were highly resistant to chemical, physical thermal 

and enzymatic insults. The clearance half-life of the 5’-PEGylated ARC245 administrated to 

CD-1 mice was 23h. 

Locked nucleic acid is an analog of ribonucleotide with a methylene linkage between 2’-O 

and 4’-C of the sugar ring. An aptamer against lymphoma Ramos cells was used as a model to 

test the improvement of stability in serum upon incorporation of LNA54.  

 

 

Figure 1.15 Structure of LNA 

The modified aptamer with 7-base pair-LNA substitution and supplemented 3’-3’-thymidine 

(3’-3’-T) capping exhibited the significantly elevated detection stability half-life from ∼0.5h of 

natural DNA aptamer to 5~6h of modified version for target cells in serum. Moreover, a much 

slower clearance rate in tumor-bearing mice was also observed, thus leading to the extended 

tumor imaging window from <150min of the natural aptamer to >600min. This discovery 

supported the feasibility and effectiveness of the LNA modification strategy to improve the 

aptamer-based tumor detection efficacy and imaging quality in vivo. 
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Replaced phosphodiester linkage of aptamers is another modification strategy for better 

biological stability. Methylphosphonate and phosphorothioate analogs are commonly used. Their 

impact on thermodynamic stability was studied55-57. Another replacement of phosphodiester 

linkage is the triazole linkage. There are several types of triazole linkage58.  

 

     

Figure 1.16 Fragments of oligonucleotides analogs with triazole linkages 

A series of triazole-modified DNA aptamers with the similar structure to thrombin-binding 

aptamer TBA15 was synthesized and tested in 201359. The rigid triazole linkage on central loop 

successfully protected the aptamers from nuclease digestion and retained the anticoagulant 

activity.  

Natural DNAs are in D-form. The mirror image L-DNA (also named Spiegelmers) may 

display high resistance to the degradation of nucleases. A Spiegelmer with high affinity (KD = 20 

nM) for the peptide hormone, gonadotropin-releasing hormone (GnRH) was reported in 200260.  
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Figure 1.17 Structure of L-DNA 

Recently, a synthetic molecular system capable of mirror-image genetic replication and 

transcription was reported61. This discovery introduced the potential of direct in vitro selection of 

this mirror image aptamers.  

Resistance to renal clearance 

Even the modifications can protect the aptamers from nuclease degradation, the small size of 

aptamers are subject to rapid excretion through renal clearance. Enlarging the size of aptamers 

using bulky moiety formulation can overcome the renal filtration and extend circulation time. 

Cholesterol62, dialkyl lipids63 and polyethylene glycol (PEG)64 have been conjugated to 5’-end of 

aptamers for improved half-time in plasma. N-hydroxysuccinimide (NHS)-ester-activated PEG is 

the most widely used for manufacturing PEGylated oligonucleotides. It can react with the 

intermediate amino-modified oligonucleotides. The unmodified aptamers exhibit a very short in 

vivo half-life (<1h) while the conjugation of high molecular weight PEG can extend half-life to 

24-48h64-65. 

 

Expansion of chemical functionalities 

D-DNA
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L-DNA
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Despite the large initial libraries of aptamers to begin with for SELEX, many targets have 

proved to be resistance to selections. This can be explained by the limited chemical 

functionalities of nucleic acids. Aptamers have fewer monomer units compared with natural 

amino acids (4 natural bases vs 20 amino acids). 

One approach to expand the chemical functionality is to introduce unnatural base pairs that 

achieve base-paring through an alternative arrangement of hydrogen bonding. DNA aptamers 

against VEGF-165 and IFN-g with KD of 0.65pM and 0.038nM respectively were successfully 

selected from DNA aptamer pool containing an unnatural nucleotide with hydrophobic base 7-

(2-thienyl)imidazo[4,5-b]pyridine (Ds)66. The Ds base was proposed to enhance the interaction 

with hydrophobic cavities in target proteins compared with hydrophilic natural nucleic acids. 

The same group previously reported the optimized PCR conditions involving the Ds-Px pair as a 

third base pair with high efficiency and fidelity67, which enables the application of this unnatural 

base pair to in vitro selection.  

 

Figure 1.18 Chemical structures of the unnatural Ds–Px pair 

The initial library of selection was constructed with unnatural hydrophobic base Ds at 

several predefined positions. The affinities of selected aptamers were <100-fold higher over 

those aptamers containing only four natural bases against the same targets.  

Another conceptually similar approach was termed as click-SELEX68. The DNA library 

pool was alkyne-modified by replacing thymidine triphosphate (TTP) with C5-ethynyl-2’-
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deoxyuridine (EdU), which could be further modified with an azide-containing compound using 

click chemistry.  

 

Figure 1.19 CuAAC functionalization of EdU-containing DNA 

The DNA library was flanked by two 21nt thymidine-free primer binding sites and a Cy5 

molecule at the 5’-end. The EdU positions would be modified with an azide-bearing molecule by 

CuAAC. After binding with the target molecule, the bound sequences were eluted and amplified 

by PCR with EdU triphosphate instead of thymidine. The single-stranded DNA was prepared by 

l-exonuclease digestion of the 5’-phosphorylated antisense strands. A modified aptamer against 

cycle 3 green fluorescent protein (C3-GFP) with the KD value of 18.4nM was selected using this 

approach.  

 

Figure 1.20 Schematic representation of click-SELEX 

SomaLogic has developed a class of aptamers called SOMAmers69 (slow off-rate modified 

aptamers). The nucleotide triphosphate analogs modified at the 5-position (R) of uridine (dUTP) 
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are incorporated into the nucleic acid polymers through polymerase-mediated synthesis. DNA 

molecules in which each thymine residue in uniformly replaced by a specific type of functional 

group are produced this way. Functional groups that resemble the side chains of hydrophobic 

amino acid residues have proved to be successful against a wide range of protein targets70-71.  

 

 

Figure 1.21 Nucleotide triphosphate analogs modified at 5-position of dUTP 

Several SOMAmer-protein crystal structures indicate that the functional groups have a role 

in target binding and aptamer binding31. The modified bases not only improve the binding 

affinities and binding kinetics but also significantly increase the rate of successful selection72. 

According to SomaLogic, SOMAmers have been generated against over 3,000 proteins and these 

reagents are currently used as a point-of-care technology for monitoring protein levels in human 

serum73.  

Among functional groups tested, hydrophobic, aromatic side chains consistently produce the 

best ligands, especially when selection pressure includes a demand for slow dissociation rates31. 

It’s not surprising because amino acids like tyrosine, tryptophan, and phenylalanine are about 

five times more common in paratopes that on the rest of antibody surfaces74.  

Some SOMAmer-protein co-crystal structures have been obtained and researchers are 

beginning to gain insight into the role modifications play in folding and binding. Here described 

is the PDGF (Platelet-derived growth factor) SOMAmer example. The SOMAmer is composed 

of a stem-loop and a short pseudoknot (Figure 1.22). PDGF is shown as electrostatic surface 
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renderings with the binding interface in orange. Atoms within 4Å of the target are colored 

orange.  

 

Figure 1.22 Open-book views of PDGF-SOMAmer binding interfaces 

The eight modified nucleotides are distributed evenly between the domains. All eight are in 

direct contact with the protein forming an interaction surface with complementary hydrophobic 

pockets on the protein. The modified nucleotides also form an extensive network of face-to-face 

and edge-to-face p-p interactions that serve as a bridge between the two domains (Figure 1.23). 

Replacement of benzyl residue at position 8 with an aliphatic isobutyl side chain (equivalent to a 

Phe to Leu mutation) disrupts the network and reduces the binding affinity75.  

 

Figure 1.23 Intramolecular contacts of PDGF and the SOMAmer 

Ligase-mediated DNA-templated polymerization 

All the modifications described above are limited to one or two types of chemical 

modifications per library. A ligase-mediated translation system developed by Liu and co-workers 
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makes it possible to synthesize nucleic acid polymers that carry a variety of functional groups in 

the same library76.  

T4 DNA ligase has been known to effectively join two adjacent, short 5’-phosphorylated 

oligonucleotides. It catalyzed the ATP-dependent phosphodiester bond formation between the 5’ 

phosphoryl and the 3’ hydroxyl groups as guided by DNA templates77.  

 

Figure 1.24 Mechanism of T4 DNA ligase-mediated templated ligation78 

The covalent phosphodiester bond is formed in a three-step process78-80. In the first step, the 

ATP cofactor is locked into the enzyme’s active pocket where the e-amino group of the residue 

attacks the a-phosphorus atom of ATP to form the AMP-NH2-ligase intermediate, and a 

pyrophosphate anion is released simultaneously. In the second step, the adenylyl residue from 

the intermediate is transferred to the 5’-phosphate of a short oligonucleotide, forming the AMP-

activated 5’-phosphate the nick site. Finally, the 3’-hydroxyl group of another short 

oligonucleotide acts as a nucleophile and attacks the phosphorus atom of the activated 5’-

phosphate group. The new phosphodiester bond is formed, and the AMP molecule is released.  
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The shortest substrate for T4 DNA ligase polymerization reported was a pentamer81. It has 

been reported that T4 DNA ligase can mediate construction of branched DNA strands82 as well 

as its ability to tolerate modified DNA template83.  

Based on these previous discoveries, Liu and co-workers developed a new system using T4 

DNA ligase to translate the DNA template into sequence-defined functionalized nucleic acid 

polymers with trinucleotides76.  

 

Figure 1.25 T4 DNA ligase-mediated polymerization of modified oligonucleotides 

The various functionalities were introduced through amine-linked bases. The amine groups 

were served as a chemical handle to install functional groups using well-established 

bioconjugation chemistries such as activated NHS ester.   

 

Figure 1.26 Coupling reaction of amino-modified adenosine  

Eight different functional groups were successfully incorporated throughout a polymer 

product, with the possibility of expanding the substrate set up to 64 (43)76. The polymerization 

exhibited high efficiency as well as sequence specificity. The highly functionalized nucleic acid 

polymers survived iterative cycles of translation, selection, template regeneration and PCR 

amplification (the cycle of SELEX).  

This method has proved the potential of highly functionalized nucleic acid polymers and 

their ready application to in vitro selection.   
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Abstract 

In vitro selection of nucleic acid polymers can readily deliver highly specific receptors and 

catalysts for a variety of applications; however, it is suspected that the functional group deficit of 

nucleic acids has limited their potential with respect to proteinogenic polymers. This has 

stimulated research toward expanding their chemical diversity to bridge the functional gap 

between nucleic acids and proteins to develop a superior biopolymer. In this study, we 

investigate the effect of codon library size and composition on the sequence specificity of T4 

DNA ligase in the DNA-templated polymerization of both unmodified and modified 

oligonucleotides. Using high-throughput DNA sequencing of duplex pairs, we have uncovered a 

256-membered codon set that yields sequence-defined modified ssDNA polymers in high yield 

and with high fidelity. 

Introduction 

In the rapidly growing fields of proteomics and glycomics, in-depth analysis of protein 

expression, modification, and interaction on a genomic scale requires the development of 

specific and high-affinity reagents2-3. Traditionally, proteinogenic polymers, especially 

antibodies, have served in this role; however, they suffer from a number of shortcomings, 

ranging from poor stability and variable production quality to limited target availability and 

issues with specificity profiles4-6. Despite over 500,000 commercially available antibodies5, 

researchers continue to express concerns over accessibility to high-quality antibodies for 

biomedical research7-9. These issues have stimulated the development of alternative technologies 

to generate high-affinity reagents for proteins that rival the performance of traditional 

antibodies10-14. 

To this end, the use of nucleic acid aptamers as high-affinity reagents has come to the fore15, 

as they provide numerous advantages over traditional antibodies, such as (i) their generation 
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through in vitro selection enables ready tuning of binding and specificity properties; (ii) their 

active structure can be reversibly formed by thermal denaturation and cooling; (iii) they exhibit 

excellent chemical stability and shelf life; and (iv) their chemical synthesis is predictable and 

scalable. Unfortunately, the functional group deficit of nucleic acids limits their potential to 

match the performance of proteinogenic affinity reagents. It is anticipated that expanding the 

functional group repertoire of DNA will increase the heteromultivalent interactions with their 

molecular targets and better resemble the binding events that take place at protein-protein 

interfaces16. Thus, methods to increase the chemical functionality present in nucleic acid 

polymers are of significant interest17. 

The sequence-specific incorporation of chemical functionality throughout a nucleic acid 

polymer has traditionally relied on polymerase-catalyzed DNA-templated primer extension using 

nucleobase-modified dNTPs18. When using a four-base genetic code, this approach enables up to 

four different functional groups to be incorporated throughout ssDNA and also provides 

flexibility over the sugar backbone structure18-19. While this has produced nucleic acid polymers 

with superior function when compared with their unmodified counterparts20, the ability to 

incorporate greater functionality remained elusive. Recently, the T4 DNA ligase-catalyzed DNA-

templated polymerization of modified 5′-phosphorylated oligonucleotides has expanded the 

number of different modifications on a ssDNA to eight and relaxed limitations on the size of the 

modification21(Figure 2.1). As the method relies on codons, rather than single nucleotides, the 

theoretical number of unique modifications that can be incorporated increases with increasing 

codon length. Thus, a trinucleotide codon set enables the incorporation of up to 64 unique 

modifications. 
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Figure 2.1 Synthesis of modified ssDNA polymers using T4 DNA ligase 

While the specificity of the reported ligase-catalyzed polymerization using an eight-

membered trinucleotide codon library was high, there is little known about the specificity of 

larger libraries that can access greater sequence space. One early report documents the filling of 

a 12nt gapped DNA duplex with either a library of 64 trinucleotides or library of 4096 

hexanucleotides using Escherichia coli ligase22. The yield of the full-length product was very 

low; however, the fidelity of the system at the single nucleotide level was high, with 

hexanucleotides providing the best fidelity of 0.8 single-nucleotide errors per 12nt sequence. 

Unfortunately, when the error rate is considered at the level of hexanucleotide incorporation, this 

corresponds to 60% fidelity. For longer sequences, it is not clear if such a low level of fidelity 

could support iterative rounds of in vitro selection, and the ability for E. coli ligase to accept 

chemical modifications was not studied. 

We sought to identify a codon set for the T4 DNA ligase-catalyzed DNA-templated 

polymerization of modified 5’-phosphorylated oligonucleotides that satisfies the following 

requirements: (i) highly efficient polymerization; (ii) high fidelity DNA-templated 

polymerization; (iii) broad coverage of sequence space; (iv) tolerant of small modifications on 

polymerized oligonucleotides; and (v) readily accessible with standard phosphoramidite 

mixtures. Herein, we report a codon set for the ligase-catalyzed polymerization of modified 

oligonucleotides that satisfies all of these requirements and should enable the in vitro selection of 
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modified nucleic acids as receptors and catalysts with larger repertoires of chemical 

functionality. 

Results 

The initial report on the T4 DNA ligase-catalyzed polymerization of modified 

oligonucleotides was based on trimers21. We pursued a tetranucleotide codon set with the aim of 

expanding the number of possible modifications and increasing the coverage of sequence space. 

First, we evaluated the efficiency of polymerization using a PEGylated DNA template and 

PAGE analysis. Unfortunately, the polymerization efficiency of modified tetranucleotides 

dropped dramatically when expanding the codon set to 64 members as shown in Figure 2.2. 

 

Figure 2.2 Polymerization efficiency of modified tetranucleotides 

As our objective was to identify a codon set capable of exploring a greater portion of nucleic 

acid sequence space, we next examined the efficiency of T4 DNA ligase to polymerize a library 

of 5′-phosphorylated pentanucleotides along a library of DNA templates23. The pentanucleotide 

library consisted of all 256 possible sequences derived from 5′P-ANNNN, where A was either 

unmodified or modified as an N8-hexylamine derivative (Figure 2.3).  
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The corresponding template library comprised two primer sites that flanked eight repeats of 

the codon NNNNT. The primers used during the polymerization were fluorescently labeled with 

CY5 and 6FAM fluorophores, which enabled identification of full- length products by 2-channel 

fluorescent PAGE imaging (Figure 2.4).  

 

Figure 2.4 Dual fluorophore approach for evaluating polymerization efficiency 

In contrast with the tetranucleotide systems, efficient polymerization of both the modified 

and unmodified pentanucleotide libraries was observed as judged by the presence of a heavy dual 

fluorescently labeled product band (Figure 2.5). 

 

 Figure 2.5 Dual-channel fluorescent image of a denaturing PAGE  

Encouraged by the efficiency of polymerization, we next examined the fidelity of the 

process. We first sought to determine if T4 DNA ligase was able to efficiently incorporate a 

pentanucleotide containing a single-nucleotide mismatch and extend from the misincorporation 

site (i.e., read through). Using a set of 5’-phosphorylated hairpin templates (Figure 2.6a), we 

assessed the ability of T4 DNA ligase to incorporate a pentanucleotide (5′P-AGAGA) across 
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added to the template to preclude blunt-end ligation of the full-length products. Following 

analysis by denaturing PAGE, full-length products were observed for all cases under the 

examined polymerization conditions. These experiments demonstrate that misincorporation can 

readily occur when the matched pentanucleotide sequence is not present in solution and that such 

misincorporations can be extended to full-length products (Figure 2.6b).  

 

Figure 2.6 Incorporation of pentanucleotides with a single-nucleotide mismatch 

While potentially serving as an issue with respect to fidelity, this feature could serve an 

important role during in vitro evolution of modified nucleic acids, as mutations will not 

terminate the nucleic acid polymer synthesis, thus enabling novel fit phenotypes to survive and 

be replicated to generate novel genotypes for subsequent rounds of selection. 

We next designed a simple chain-termination24-25 competition experiment to provide an 

estimation of single- nucleotide discrimination during pentanucleotide incorporation, as we 

anticipated single-nucleotide mismatches to be the greatest threat to fidelity. Thus, a 5’-

phosphorylated hairpin template was synthesized containing a TCTCT codon followed by seven 

repeats of AGAGT and capped with a 3’-cytidine (Figure 2.7a). The template was used to direct 

the polymerization of 5’P-AGAGA and 5’P-ACTCT in the presence of increasing amounts of a 
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mixture of single-nucleotide mismatch terminators of 5’P-AGAGA (mixture contained equal 

parts: 5’-TGAGA, 5’-ACAGA, 5’-AGTGA, 5’-AGACA, 5’-AGAGT). As the terminator 

mixture was increased from 0 to 15-fold with respect to 5’P-AGAGA, chain termination at 

codon position one of the templates increased from 0-5% (Figure 2.7b), suggesting that high 

single-nucleotide discrimination occurred during the templated polymerization. 

 

Figure 2.7 Single-nucleotide mismatch competition experiments 

We further analyzed the sequence specificity by restriction enzyme digestion (Figure 2.8) 

using non-denaturing PAGE analysis. We designed a DNA template that contained a BcoDI 

digest site, which would allow us to evaluate the fidelity of polymerization around the digestion 

site. T4 DNA ligase was challenged to correctly incorporate the correct pentanucleotides from 

the 5’P-ANNNN library along the DNA template. As a positive control, Klenow fragment was 

used to generate the correct DNA duplex prior to restriction digest. We found that the product of 

the T4 DNA ligase-catalyzed polymerization reaction was efficiently cleaved by BcoDI, 

suggesting that highly specific incorporation of pentanucleotides was occurring at the digest site. 
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Figure 2.8 Restriction enzyme digestion of polymerized products 

The high fidelity of T4 DNA ligase was further supported by Sanger sequencing of the 

polymerized strand following PAGE purification, which revealed a consensus sequence that was 

the reverse complement of the starting template strand (Figure 2.9). Klenow fragment-catalyzed 

extension was used as a positive control.  

 

Figure 2.9 Sanger sequencing workflow for analyzing fidelity of polymerization 

Following a series of preliminary sequence specificity experiments, we observed sufficiently 

high fidelity of polymerization to warrant a high-throughput evaluation of the system. The 

measure of fidelity in XNA systems19, which typically comprise a four-nucleotide code, relies on 

the sequencing analysis of the product of polymerization from a single template. Due to the large 

number of codons used during ligase-catalyzed pentanucleotide polymerization, a high 
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throughput approach was needed to provide adequate sampling of each codon to determine the 

fidelity of the process. Since the large size of the pentanucleotide codon set prohibits the ready 

analysis of sequence specificity by a conventional chain-termination approach, we looked to 

high-throughput DNA sequencing. Inspired by the “Duplex Sequencing” approach26, which was 

developed to increase accuracy in high-throughput DNA sequencing, we reasoned that the 

barcoding of duplex pairs would enable post-sequencing association of template and 

polymerized strands (Figure 2.10). Thus, the sequences of the template and polymerized strands 

could be directly compared to reveal the fidelity of the ligase system for various codon sets in a 

high-throughput manner. 

 

Figure 2.10 Workflow of duplex DNA sequencing 

DNA template libraries were designed with two primer binding sites flanking a reading 

frame comprising eight consecutive repeats of various codon sets (Table 2.1). The DNA 

templates were modified with a 5’-phosphate and a 3’-T to facilitate downstream ligations of 

sequencing adapters. Two primers were then annealed to the template library; the initiation 

primer was modified with a 5’-phosphate and a 3’-T overhang, and the termination primer was 

modified with a 5’-phosphate. Following T4 DNA ligase-catalyzed polymerization of the 

corresponding pentanucleotide library, the duplex barcoding tag, which contained standard 

Illumina sequencing adapters and a 12bp randomized region, was ligated directly to both ends of 
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the duplex product and subsequently purified by PAGE. The adapter-ligated products were PCR 

amplified with flow-cell adapter sequences and subjected to paired-end DNA sequencing. 

After DNA sequencing and processing, duplex pairs were grouped by their matching 24nt 

barcode tags and the template and polymerized strands were identified. The reading frames of 

the polymerized strands were then parsed into pentanucleotide sequences and compared against 

their template codons to identify errors. The frequency of each 5’-phosphorylated 

pentanucleotide sequence was determined, and their misincorporation rate was calculated. 

Readouts of errant codon sites for each pentanucleotide were generated to determine trends in 

fidelity. Overall fidelity of the codon set was calculated by the aggregated error frequency of all 

codons. Since PCR amplification (20-30 cycles) was performed after duplex tag ligation, the 

fidelity is a combined assessment of ligase-catalyzed polymerization and PCR amplification of 

the modified dsDNA, which is required for iterative rounds of in vitro selection. 

Sequencing results for the polymerization of unmodified pentanucleotide libraries are 

summarized in Table 2.1. Surprisingly, polymerization with a 1024-membered NNNNN 

pentanucleotide library resulted in sequence-specific incorporation with 81.1% fidelity (entry 1, 

Table 2.1). Considering the complexity of such a large codon library, and the presence of single-

nucleotide mismatch competitors, this level of fidelity is remarkable. As expected, with 

decreasing library complexity, the fidelity of the polymerization increases; when using a 64-

membered codon set, 91.6% fidelity was observed (Table 2.1, entry 2). We also surveyed the 

fidelity of a 256-membered codon set, where adenosine was held constant at one position along 

the pentanucleotide (Table 2.1, entries 3-8). The fidelities for these codon sets were also high, 

ranging from 83.7-88.5%. All these pentanucleotides were unmodified and the fidelity was 

calculated for pentanucleotide incorporations.  

Entry Pentanucleotide Codon set  Reads Fidelity 
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1 

2 

3 

4 

5 

6 

7 

8 

5’P-NNNNN 

5’P-ANWNW 

5’P-ANNNN 

5’P-NANNN 

5’P-NNANN 

5’P-NNNAN 

5’P-NNNAN 

5'P-NNNNA 

NNNNN 

WNWNT 

NNNNT 

NNNTN 

NNTNN 

NTNNN 

NTNNN 

TNNNN 

3376 

1800 

1536 

3968 

288 

176 

2.1x106 

288 

81.1% 

91.6% 

86.7% 

87.5% 

88.5% 

85.2% 

83.7% 

84.7% 

Table 2.1 Fidelity of unmodified pentanucleotide polymerization 

We next evaluated the sequence-specificity for ligase-catalyzed polymerization of 

pentanucleotides modified with chemical functionality. Using the 256-membered codon system, 

pentanucleotides containing a hexylamine group on the adenine nucleobase were polymerized 

along their corresponding templates and the fidelity of the process was assessed by duplex DNA 

sequencing (Table 2.2, entries 1-5, 7). Remarkably, the addition of a modification on the 

pentanucleotide decreased error rates >5-fold, resulting in fidelities of >95%. Error rates were 

the highest when the modification was at the 5’-end, but this level of fidelity should not preclude 

in vitro selection, as 65% of octacodon templates were generated faithfully without error. 

Notwithstanding, we focused on the NTNNN codon set, which provided 98.4 % fidelity. This 

level of fidelity was confirmed with a second higher throughout sequencing analysis, which used 

a lower amount of DNA template (35attmols) for PCR prior to DNA sequencing (Table 2.2, 

entry 5). We were concerned that the amine functionality, which would be protonated under the 

ligation conditions (pH7.6), might have enabled the observed higher sequence-specificity. This 

would pose problems when pentanucleotides containing various uncharged functional groups are 

used. To investigate this possible undesired effect, we synthesized a pentanucleotide library that 

was modified with an uncharged N-hexylacetamide group. Gratifyingly, the level of fidelity 
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remained high (Table 2.2, entry 6) suggesting that various small functional groups on the 

adenosine nucleobase could be accommodated by this polymerization method and 256-

membered NTNNN codon set. 

Entry Pentanucleotide Codon set  Reads Fidelity 

1 

2 

3 

4 

5 

6 

7 

5’P-ANNNN 

5’P-NANNN 

5’P-NNANN 

5’P-NNNAN 

5’P-NNNAN 

5’P-NNNAN 

5'P-NNNNA 

NNNNT 

NNNTN 

NNTNN 

NTNNN 

NTNNN 

NTNNN 

TNNNN 

31936 

2912 

5232 

3032 

2.4x105 

2.1x105 

600 

95.1% 

97.8% 

98.0% 

98.4% 

98.1% 

97.6% 

98.0% 

Table 2.2 Fidelity of modified pentanucleotide polymerization 

Although the reasons for the striking increase in fidelity that arise upon nucleobase 

modification are not entirely understood, one possibility is that they result from the perturbation 

in melting temperature upon nucleobase modification. It is known that modifications at C-8 of 

adenine results in the adenosine adopting a syn conformation about the N-glycoside bond in 

solution, which inhibits the kinetics of annealing and decreases the thermal stability of the DNA 

duplex27-28. The resulting drop in thermal duplex stability and slower annealing kinetics should 

give rise to a more discriminating ligation process. However, sequencing data indicate that GC-

content, and thus the Tm of the pentanucleotide has little influence on fidelity within a codon set. 

For example, when polymerizing the NNNAN pentanucleotide library modified with N-

hexylacetamide, codons grouped by %GC-content showed little variability with respect to error 

rate (80%GC = 2.4 %; 60%GC = 2.4 %; 40%GC = 2.4%; 20%GC = 2.6%; 0%GC = 2.7%). 

Notwithstanding, the decrease in thermal stability caused by the C-8 modification could have a 

similar destabilizing effect on each member within the codon set. 
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The observed high level of fidelity should allow for in vitro selection by DNA display 

methods29, and in vitro evolution since the error rate is low enough to avoid error catastrophe 

during iterated cycles of selection for lengths typically implemented in SELEX experiments30. 

To highlight the application of this polymerization to in vitro selection, we performed 

oligonucleotide polymerization, selection, and amplification on a model DNA library. We 

prepared a DNA library, LIB1, which contained two primer-binding sites flanking eight 

consecutive repeats of the NTNNN codon set. We also prepared a biotinylated DNA template, 

POS1, which contained a BcoDI restriction site (Figure 2.11a). We diluted the POS1 template 

1000-fold into LIB1 and performed a single round of in vitro selection. The round involved 

polymerization with 5’P-NNNAN library that was modified with a N-hexylacetamide group; a 

selection pressure, which involved binding to streptavidin-coated magnetic particles, followed by 

thorough washing; elution of the modified DNA strand upon incubation in 100mM NaOH; and 

then amplification of the eluted strand by PCR. To evaluate enrichment over the single round, 

the PCR product was digested with BcoDI and the ratio was compared against digestion of the 

amplified products of LIB1 and POS1 (Figure 2.11b).  

 

Figure 2.11 Single round of mock selection 

This single round of mock selection resulted in approximately 100-fold enrichment, 

suggesting that the codon set could work effectively in an in vitro selection against molecular 

targets. 

a

b
5' biotin GATTCGCCTGCCGTCGCAGCTCTTCCGTCACGTACCTTAGTTTGCCATCGTCTCACCTCACGTGGAGCTCGGATCC

BcoDI

uncut
cut, 55 bp 

cut, 21 bp

LIB1 POS1 100:1 1,000:1 10,000:1
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Conclusions 

In summary, we have described a strategy to determine the fidelity of the T4 DNA ligase-

catalyzed DNA-templated polymerization of modified oligonucleotides using high-throughput 

DNA duplex sequencing. The method allowed the evaluation of fidelity for each pentanucleotide 

within a large codon set. We applied this strategy to discover a 256-member codon set that 

enables the incorporation of small molecule functionality throughout a DNA polymer at >97 % 

fidelity. This high-fidelity polymerization strategy should find immediate application in DNA 

nanotechnology, DNA computing, and in vitro selection of functional nucleic acids. 

Materials and methods 

General Information 

Unless otherwise noted, water was purified with Milli-Q purification system. DNA 

oligonucleotides without amine modification were purchased from Integrated DNA 

Technologies (IDTÒ). DNA oligonucleotides with amine modification were synthesized on a 

Bioautomation MerMade 12 synthesizer. All materials and reagents used for oligonucleotide 

synthesis were purchased from Glen Research. All oligonucleotides were synthesized and 

deprotected according to the manufacturer’s protocols. Oligonucleotides were purified by 

reverse-phase high-pressure liquid chromatography (HPLC, Agilent1260) using a C18 stationary 

phase (Eclipse-XDB C18, 5μm, 9.4 x 200mm) and an acetonitrile/100mM triethylammonium 

acetate gradient. Oligonucleotide concentrations were quantitated by UV spectroscopy using a 

NanodropÔ ND2000 spectrophotometer. DNA sequences are written from 5’à3’. <Aam> = 

Amino-modifer C6 dA, <N>=A/T/C/G, <W>=A/T 

Synthesis of amino-modified pentanucleotides 

Pentanucleotides were synthesized on a MerMade 12 DNA synthesizer using a DMT-ON 

protocol on a 1µmol scale (1000Å CPG column). Amine-modifier C6 dA (Glen Research 10-
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1089), dA+dC+dG+dT-CE Phosphoramindite (Glen Research 10-1000, 10-1010, 10-1020, 10-

1030), Chemical Phosphorylation Reagent II (10-1901) were incorporated as specified by the 

manufacturer. Following synthesis, the oligonucleotide was cleaved from the resin by incubation 

at 65°C in 500µl of a 1:1 mixture of ammonium hydroxide and methylamine for 15min. The 

cleaved resin was filtered away by filtration, and the oligonucleotide was concentrated under 

reduced pressure using the CentriVap DNA Vacuum Concentrators (LABCONCO). The residue 

was then taken up into 100µl of H2O and purified using reverse-phase HPLC purification using a 

[10% acetonitrile in 0.1M TEAA, pH7.0] to [80% acetonitrile in 0.1M TEAA, pH7.0] solvent 

gradient with a column temperature of 45°C. The purified oligonucleotide was then incubated at 

room temperature in 500µl of 80% aqueous acetic acid for 1h to cleave the DMT group, and then 

frozen and lyophilized. The oligonucleotide was incubated in 500µl 30% ammonium hydroxide 

at room temperature for 15min to cleave the CPRII linker. Following deprotection, the 

oligonucleotide was concentrated under reduced pressure using the CentriVap DNA Vacuum 

Concentrators (LABCONCO). The dried product was dissolved into 100µl H2O and subjected to 

reverse-phase HPLC purification using a [10% acetonitrile in 0.1M TEAA, pH7.0] to [80% 

acetonitrile in 0.1M TEAA, pH7.0] solvent gradient with a column temperature of 45°C. The 

purified oligonucleotide was dissolved in water. 

T4-DNA Ligase-mediate polymerization protocols 

DNA sequences 

TP(NNNNN)8P /5Phos/GA TTC GCC TGC CGT CGC ANN NNN NNN NNN NNN NNN 

NNN NNN NNN NNN NNN NNN NNN NNC ACG TGG AGC TCG GAT CCT 

TP(WNWNT)8P /5Phos/GA TTC GCC TGC CGT CGC AWN WNT WNW NTW NWN TWN 

WNT WNW NTW NWN TWN WNT WNW NTC ACG TGG AGC TCG GAT CCT 
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TP(NNNNT)8P /5Phos/GA TTC GCC TGC CGT CGC ANN NNT NNN NTN NNN TNN 

NNT NNN NTN NNN TNN NNT NNN NTC ACG TGG AGC TCG GAT CCT 

TP(NNNTN)8P /5Phos/GA TTC GCC TGC CGT CGC ANN NTN NNN TNN NNT NNN 

NTN NNN TNN NNT NNN NTN NNN TNC ACG TGG AGC TCG GAT CCT 

TP(NNTNN)8P /5Phos/GA TTC GCC TGC CGT CGC ANN TNN NNT NNN NTN NNN 

TNN NNT NNN NTN NNN TNN NNT NNC ACG TGG AGC TCG GAT CCT 

TP(NTNNN)8P /5Phos/GA TTC GCC TGC CGT CGC ANT NNN NTN NNN TNN NNT 

NNN NTN NNN TNN NNT NNN NTN NNC ACG TGG AGC TCG GAT CCT 

TP(TNNNN)8P /5Phos/GA TTC GCC TGC CGT CGC ATN NNN TNN NNT NNN NTN 

NNN TNN NNT NNN NTN NNN TNN NNC ACG TGG AGC TCG GAT CCT 

PR5 /5Phos/GG ATC CGA GCT CCA CGT G 

PR6 /5Phos/TG CGA CGG CAG GCG AAT CT 

NNNNN /5Phos/NNNNN 

ANWNW /5Phos/ANWNW 

ANNNN /5Phos/ANNNN 

NH2-ANNNN /5Phos/<Ama>NNNN 

NANNN /5Phos/NANNN 

NH2-NANNN /5Phos/N<Ama>NNN 

NNANN /5Phos/NNANN 

NH2-NNANN /5Phos/NN<Ama>NN 

NNNAN /5Phos/NNNAN 

NH2-NNNAN /5Phos/NNN<Ama>N 

NNNNA /5Phos/NNNNA 

NH2-NNNNA /5Phos/NNNN<Ama> 
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Protocols 

 

Figure 2.12 T4 DNA ligase-mediated polymerization 

In a PCR tube was added DNA template (15pmol in 1.5μl water), PR5 (22.5pmol in 2.25μl 

water), PR6 (22.5pmol in 2.25μl water), 4μl NEBNext® Quick Ligation Reaction Buffer 5X, 7μl 

water. The mix was heated to 90°C for 2min and then cooled to 25°C at the rate of 0.1°C/s. In 

this PCR tube was then added pentanuclotides (480pmol in 1μl water), BSA (2μg in 1μl water) 

and 400U T4 DNA ligase (New England Biolabs, M0202L). The polymerization was performed 

at 25°C for 24 hours. The products were then purified with MinElute® PCR Purification Kit for 

adapter ligation. 

Polymerization efficiency with fluorescently-labeled primers 

In a PCR tube was added DNA template TP(NNNNT)8P (15pmol in 1.5μl water), 5’-Cy5 

modified PR5 (22.5pmol in 2.25μl water), 3’-6FAM modified PR6 (22.5pmol in 2.25μl water), 

4μl NEBNext® Quick Ligation Reaction Buffer 5×, 7μl water for the experimental reaction, and 

8μl water for the two control reactions. The mix was heated to 90°C for 2min and then cooled to 

25°C at the rate of 0.1°C/s. In experimental reaction PCR tube was then added pentanucleotides 

ANNNN (480pmol in 1μl water), BSA (2μg in 1μl water) and 400U T4 DNA ligase (New 

England Biolabs, M0202L). In one of the control reactions was added pentanucleotides ANNNN 

(480pmol in 1μl water) and BSA (2μg in 1μl water). The other control reaction was added 400 U 

T4 DNA ligase (New England Biolabs, M0202L) and BSA (2μg in 1μl water). The 

polymerization was performed at 25°C for 24h. The products were then purified with MinElute® 

PCR Purification Kit. The image was observed by TyphoonÔ imager.  

Forced misincorporation polymerization 

P

PR5, PR6

P

T4 DNA Ligase

P

T
P T

P
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DNA sequences 

matchedB-5' /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT CTC TTC TCT 

TCT CTT CTC TTC TCT TCT CTT CTC TTC TCT C 

mismatchedB1-5' /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA CTC TTC 

TCT TCT CTT CTC TTC TCT TCT CTT CTC TTC TCT C 

mismatchedB2-5' /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT GTC TTC 

TCT TCT CTT CTC TTC TCT TCT CTT CTC TTC TCT C 

mismatchedB3-5' /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT CAC TTC 

TCT TCT CTT CTC TTC TCT TCT CTT CTC TTC TCT C 

mismatchedB4-5' /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT CTG TTC 

TCT TCT CTT CTC TTC TCT TCT CTT CTC TTC TCT C 

mismatchedB5-5' /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT CTC ATC 

TCT TCT CTT CTC TTC TCT TCT CTT CTC TTC TCT C 

P-AGAGA /5Phos/AG AGA 

Protocol 

In the PCR tube was added DNA template (15pmol in 1.5µl water), 4μl NEBNext® Quick 

Ligation Reaction Buffer 5X, 11.5μl water. The mix was heated to 90°C for 2min and then 

cooled to 25°C at the rate of 0.1°C/s. In all tubes were added BSA (2μg in 1μl water), 400 U T4 

DNA ligase (New England Biolabs, M0202L) and P-AGAGA (480pmol in 1μl water). The 

products were then purified with MinElute® PCR Purification Kit. PAGE analysis was then 

performed (15% Mini-PROTEAN® TBE-Urea Gel) at 55°C for 90min. 

Single-nucleotide chain termination polymerization 

DNA sequences 
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idelitymixA1-c-5' /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT CTC TAG 

AGT AGA GTA GAG TAG AGT AGA GTA GAG TAG AGT C 

P-ACTCT /5Phos/ACTCT 

P-AGAGA /5Phos/AGAGA 

TGAGA TGAGA 

ACAGA ACAGA 

AGTGA AGTGA 

AGAGT AGAGT 

Protocol 

In 5 PCR tubes were added DNA template (15pmol in 1.5μl water), 4μl NEBNext® Quick 

Ligation Reaction Buffer 5X, 11.5μl water. The mix was heated to 90°C for 2min and then 

cooled to 25°C at the rate of 0.1°C/s. In all tubes were added BSA (2μg in 1μl water), 400 U T4 

DNA ligase (New England Biolabs, M0202L) and P-ACTCT (420pmol in 1μl water). In the first 

tube was added P-AGAGA (60pmol in 1μl water), the second tube was added TGAGA (60pmol 

in 1μl water), the third tube was added TGAGA/ACAGA/AGTGA/AGACA/AGAGT mixture 

(60pmol each, 300pmol total in 5μl water), the fourth tube was added mixture (120pmol each, 

600pmol total in 5μl water), and the fifth tube was added mixture (180pmol each, 900pmol total 

in 5μl water). The polymerization was performed at 25°C for 24h. The products were then 

purified with MinElute® PCR Purification Kit. PAGE analysis was then performed (15% Mini-

PROTEAN® TBE-Urea Gel) at 55°C for 90min. 

Restriction digestion of polymerization product 

DNA sequences 

TP(rand1)8P GAT TCG CCT GCC GTC GCA TCT CTT CTC TTC TCT TCT CTT CTC TTC 

TCT TCT CTT CTC TCA CGT GGA GCT CGG ATC C 
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ANNNN /5Phos/ANNNN 

PR1 GGA TCC GAG CTC CAC GTG 

PR2 /5Phos/TG CGA CGG CAG GCG AAT C 

Protocol 

In a PCR tube polymerization was performed with TP(rand1)8P and ANNNN following the 

T4-DNA ligase-mediate polymerization protocol with PR1 and PR2.  

In another PCR tube was added DNA template TP(rand1)8P (15pmol in 1.5μl water), PR1 

(22.5pmol in 2.25μl water), 5μl 10× NEBufferÔ2 (New England Biolabs, M0212L), 37.5μl 

water. The mix was heated to 90°C for 2min and then cooled to 37°C at the rate of 0.1°C/s. The 

tube was then added 5U Klenow Fragment (3’à5’ exo-, New England Biolabs, M0212L) and 

dNTP (1.25μl 10mM stock solution, Thermo Scientific, R0192). The extension was then 

performed at 37°C for 1h. The products were then purified with MinElute® PCR Purification Kit 

for further digestion.  

In the PCR tubes were added 10μl polymerized dsDNA and extended dsDNA separately, 

5μl 10× CutSmart® Buffer (New England Biolabs, R0542S), 10U BcoDI (New England Biolabs, 

R0542S) and 34μl water. The mix was then incubated at 37°C overnight. The digestion products 

were purified with Centri-Sep columns (Princeton Separations, CS-900). PAGE analysis was 

then performed (15% Mini-PROTEAN® TBE-Urea Gel) at 55°C for 90min. 

Sanger sequencing of polymerized product 

DNA sequence 

TP(rand1)8PS  GAT TCG CCT GCC GTC GCA TCT CTT CTC TTC TCT TCT CTT CTC 

TTC TCT TCT CTT CTC TCA CGT GGA GCT CGG ATC C/iSp18/AACA ACA ACA ACA A 

PR1 GGA TCC GAG CTC CAC GTG 

PR2 /5Phos/TG CGA CGG CAG GCG AAT C 
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Protocol 

In a PCR tube polymerization was performed with TP(rand1)8PS and ANNNN following 

the T4-DNA ligase-mediate polymerization protocol with PR1 and PR2. 

In another PCR tube was added DNA template TP(rand1)8PS (15pmol in 1.5μl water), PR1 

(22.5pmol in 2.25μl water), 5μl 10× NEBufferÔ2 (New England Biolabs, M0212L), 37.5μl 

water. The mix was heated to 90°C for 2min and then cooled to 37°C at the rate of 0.1°C/s. The 

tube was then added 5U Klenow Fragment (3’à5’ exo-, New England Biolabs, M0212L) and 

dNTP (1.25μl 10mM stock solution, Thermo Scientific, R0192). The extension was then 

performed at 37°C for 1h. The products were then purified with MinElute® PCR Purification Kit. 

The polymerized strand and extended strand were then purified by gel purification (15% 

Mini-PROTEAN® TBE-Urea Gel). After stained with 0.5× SYBR® safe DNA gel stain (Life 

Technologies, S33100) for 15min, the product bands were cut out and the nucleotides were 

eluted with 0.3M NaCl at room temperature overnight. The products were then purified with 

Centri-Sep columns (Princeton Separations, CS-900). The nucleotides were then amplified with 

16-cycle and 25-cycle PCR for extended strand and polymerized strand separately. The PCR 

products were sent to the Georgia Genomics and Bioinformatics Core (GGBC)for SANGER 

sequencing. 

T4-DNA Ligase-mediate adapter ligation protocols 

DNA sequences 

iTruS_i7_D701 CAA GCA GAA GAC GGC ATA CGA GAT ATT ACT CGG TGA CTG 

GAG TTC AG 

iTruS_i7_D702 CAA GCA GAA GAC GGC ATA CGA GAT TCC GGA GAG TGA CTG 

GAG TTC AG 
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iTruS_i7_D703 CAA GCA GAA GAC GGC ATA CGA GAT CGC TCA TTG TGA CTG 

GAG TTC AG 

iTruS_i7_D704 CAA GCA GAA GAC GGC ATA CGA GAT GAG ATT CCG TGA CTG 

GAG TTC AG 

iTruS_i7_D705 CAA GCA GAA GAC GGC ATA CGA GAT ATT CAG AAG TGA CTG 

GAG TTC AG 

iTruS_i7_D706 CAA GCA GAA GAC GGC ATA CGA GAT GAA TTC GTG TGA CTG 

GAG TTC AG 

iTruS_i7_D707 CAA GCA GAA GAC GGC ATA CGA GAT CTG AAG CTG TGA CTG 

GAG TTC AG 

iTruS_i7_D708 CAA GCA GAA GAC GGC ATA CGA GAT TAA TGC GCG TGA CTG 

GAG TTC AG 

iTruS_i7_D709 CAA GCA GAA GAC GGC ATA CGA GAT CGG CTA TGG TGA CTG 

GAG TTC AG 

iTruS_i7_D710 CAA GCA GAA GAC GGC ATA CGA GAT TCC GCG AAG TGA CTG 

GAG TTC AG 

iTruS_i7_D711 CAA GCA GAA GAC GGC ATA CGA GAT TCT CGC GCG TGA CTG 

GAG TTC AG 

iTruS_i7_D712 CAA GCA GAA GAC GGC ATA CGA GAT AGC GAT AGG TGA CTG 

GAG TTC AG 

PRIMER B AAT GAT ACG GCG ACC ACC GAG 

AdapterA AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC 

GCT CTT CCG ATC T 
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AdapterB /5phos/AC TGN NNN NNN NNN NNA GAT CGG AAG AGC ACA CGT CTG 

AAC TCC AGT CAC 

Protocol 

Adapter duplex synthesis 

 

Figure 2.13 Adapter duplex synthesis 

In a PCR tube was added 15μl of 100μM adapter A and 15μl of 100μM adapter B, then the 

tube was heated to 95°C for 5min and cooled to room temperature over 1 hour. Then in this PCR 

tube was added 4μl NEBufferTM2 10× (New England Biolabs, M0212L), 25U Klenow Fragment 

(3’à5’ exo-, New England Biolabs, M0212L), 1μl dNTP Mix (Thermo Scientific, 10mM each). 

The extension was performed at 37°C for 1h. The adapter duplex was purified with QIAquick® 

Nucleotide Removal Kit, and then diluted in 30μl water.  

In a PCR tube was added 30μl purified adapter duplex, 5μl NEBufferTM2 10× (New England 

Biolabs, M0212L), 25U Klenow Fragment (3’à5’ exo-, New England Biolabs, M0212L), 5μl 

dATP (Thermo Scientific, 10mM), 5μl water. This PCR tube was incubated at 37°C for 1h for 

A-tailing. Then product was purified with QIAquick® Nucleotide Removal Kit, and then diluted 

in 30μl water. 

Adapter ligation 

 

Figure 2.14 Adapter ligation process 
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In a PCR tube was added polymerization products (12pmol in 10μl water), A-tailing adapter 

duplex (240pmol), 10μl NEBNext® Quick Ligation Reaction Buffer 5x, BSA (5μg in 2.5μl 

water), 1000U T4 DNA ligase (New England Biolabs, M0202L), water (make total volume 

50μl). Then the ligation was performed at 16°C for 16h followed by gel. The products were 

diluted to 10μl water. 

PCR amplification 

Each purified adapter ligation product was amplified with a different primer from 

iTrus_D701 to iTrus_D712. The combinations were shown below: 

iTrus_D701+ TP(NNNNN)8P+ NNNNN 

iTrus_D702+ TP(WNWNT)8P+ ANWNW 

iTrus_D703+ TP(NNNNT)8P+ ANNNN 

iTrus_D704+ TP(NNNNT)8P+ NH2-ANNNN 

iTrus_D705+ TP(NNNTN)8P+ NANNN 

iTrus_D706+ TP(NNNTN)8P+ NH2-NANNN 

iTrus_D707+ TP(NNTNN)8P+ NNANN 

iTrus_D708+ TP(NNTNN)8P+ NH2-NNANN 

iTrus_D709+ TP(NTNNN)8P+ NNNAN 

iTrus_D710+ TP(NTNNN)8P+ NH2-NNNAN 

iTrus_D711+ TP(TNNNN)8P+ NNNNA 

iTrus_D712+ TP(TNNNN)8P+ NH2-NNNNA 

In a PCR tube was added 1μl purified adapter ligation product, 1.25μl 10μM Primer B, 

1.25μl 10μM corresponding iTrus_D7XX primer, 9μl water and 12.5μl Q5® High-Fidelity 2× 

Master Mix (New England Biolabs, M0492S). The tube was then transferred to a preheated 
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thermocycler (98°C). The annealing temperature was 55°C for the first two cycles and remained 

71°C for the rest of the cycles.  

The PCR cycles were 20 for iTrus_D704 and iTrus_D712 since the corresponding adapter 

ligation yields were lower, and all the others were amplified for 10 cycles. The PCR products 

were then purified by gel purification. 

High-Throughput DNA sequencing Protocol 

The concentrations of gel purified samples were determined with Kapa library quantification 

kit for IlluminaÒ libraries (KK4845) on Roche LightCycler 480. Paired-end IlluminaÒ 

sequencing was performed on an IlluminaÒ MiSeq system using the kit v2 with 300 cycles 

(150bp PE sequencing) at the Georgia Genomics and Bioinformatics Core (GGBC) in the 

University of Georgia, Athens, GA, USA.   

In vitro selection 

DNA sequences 

POS2(rand1) /5BiosG/GA TTC GCC TGC CGT CGC AGC TCT TCC GTC ACG TAC CTT 

AGT TTG CCA TCG TCT CAC CTC ACG TGG AGC TCG GAT 

TP(NTNNN)8P /5Phos/GA TTC GCC TGC CGT CGC ANT NNN NTN NNN TNN NNT 

NNN NTN NNN TNN NNT NNN NTN NNC ACG TGG AGC TCG GAT CCT 

PR1 GGA TCC GAG CTC CAC GTG 

PR2 /5Phos/TG CGA CGG CAG GCG AAT C 

NH2-NNNAN /5Phos/NNN<Ama>N 

Protocol 
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Figure 2.15 Single round of in vitro selection using hexylamine modified NNNAN 

Polymerization was performed with the template mixture of POS2(rand1):TP(NTNNN)8P = 

1:100, following the following the T4 DNA ligase-mediate polymerization protocol with NH2-

NNNAN pentanucleotides. The polymerized products were then incubated with 30μl streptavidin 

magnetic beads (Life Technologies, Dynabeads® MyOne™ Streptavidin C1), which were 

washed with 200μl binding buffer (0.5M NaCl, 200mM Tris-HCl pH7.5, 1mM EDTA) 3 times 

before binding. After 30min incubation at room temperature, TP(NTNNN)8P products were 

washed away with 200μl binding buffer 3 times. The dsDNA was then separated with 40μl 

freshly made 150mM NaOH. After incubation at room temperature for 15min, 4μl 1.5M HCl 

quenched the reaction. The liberated strand was then purified with Centri-Sep columns 

(Princeton Separations, CS-900). The products were then PCR amplified with 10 cycles. The 

products were then purified with MinElute® PCR Purification Kit for further digestion. In the 

PCR tubes were added 10μl PCR amplified dsDNA, 5μl 10× CutSmart® Buffer (New England 

Biolabs, R0542S), 10U BcoDI (New England Biolabs, R0542S) and 34μl water. The mix was 

then incubated at 37°C overnight. The digestion products were purified with Centri-Sep columns 

(Princeton Separations, CS-900). PAGE analysis was then performed (15% Mini-PROTEAN® 

TBE-Urea Gel) at 55°C for 90min. 
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Abstract 

The development and in-depth analysis of T4 DNA ligase-catalyzed DNA-templated 

oligonucleotides polymerization is described here. NNNNT codon set is proved to enable high 

efficiency, high fidelity and low codon bias for the modified ANNNN libraries. The 256-

membered library comprises 16 modified sub-libraries with different functional groups. The 

fidelity of polymerization remains high despite the complexity of the system. This discovery 

should prove its ready application in DNA nanotechnology, DNA computing and in vitro 

evolution of functional nucleic acid polymers.  

Introduction 

Proteins play the most diverse roles and functions in nature among all the sequence-defined 

biopolymers. The hegemony of proteinogenic biopolymers as biological receptors and catalysts 

arises from their broad structural and chemical diversity, which enables them to effectively 

engage their molecular targets with high affinity and specificity. Despite the ability of nucleic 

acid polymers to fold into complex three-dimensional structures, their functional group deficit 

has limited their ability to match the diverse activities of proteins2. Thus, technologies that 

enable the sequence-defined synthesis of nucleic acid polymers with diverse chemical 

functionality has received significant attention3-4. Indeed, DNA and RNA polymerases have been 

used to achieve the DNA-templated incorporation of modified nucleotides to facilitate the 

evolution of functionalized nucleic acid polymers with significantly improved activities over 

their unmodified counterparts5-6. Homomultivalent display of a hydrophobic functional group 

has been demonstrated to increase the binding affinity and lower kinetic off-rates of nucleic acid 

aptamers raised against various protein targets7-8. Furthermore, the homomultivalent display of 

various functional groups has increased the catalytic potential of nucleic acid polymers for 

ribonuclease activity9 and protease activity10. Expanding DNA into a heteromultivalent polymer 
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comprising two or three functional groups has enabled the evolution of divalent metal-

independent nuclease activity, thus opening the door to their application in vivo11-14.  

Methods that permit the sequence-defined incorporation of a diverse library of functional 

groups along a library of ssDNA will allow the concomitant in vitro evolution of both the DNA 

architecture and the identities of the displayed functional groups. Therefore, the spatial 

optimization of the heteromultivalent ensemble of weak interactions between the functional 

groups and their molecular target can be achieved15.  

Our group has explored enzymatic methods to incorporate multiple instances of a diverse set 

of functional groups throughout a DNA polymer. Recently, we developed the Ligase-catalyzed 

OligOnucleotide PolymERization (LOOPER) method to access this class of sequence-defined 

synthetic biopolymers16-18. The method relies upon the T4 DNA ligase-catalyzed DNA-

templated copolymerization of a library of modified 5’-phosphorylated pentanucleotides. As the 

method employs codons, rather than single nucleotides, the theoretical maximum number of 

unique modifications that can be incorporated for a pentanucleotide system is 1024. 

DNA duplex sequencing was used to analyze the fidelity of LOOPER when polymerizing 

pentanucleotide libraries of various nucleic acid composition along large libraries of DNA 

templates17. Our initial analysis with amine-modified building blocks revealed high fidelity of 

the system, thus we sought to apply this to the simultaneous incorporation of different 

modifications.  

Results  

First, we analyzed the efficiency of polymerization with a fixed amine-modified adenosine 

base (Figure 3.1) at different positions on the pentanucleotide building blocks as shown in Table 

3.1. 



 

71 

 

Figure 3.1 Amine-modified adenosine base 

 

Pentanucleotide Codon Set Yield Fidelity 

A*NNNN NNNNT 68% 95.1% 

NA*NNN NNNTN 62% 97.8% 

NNA*NN NNTNN 53% 98.0% 

NNNA*N NTNNN 30% 98.4% 

NNNNA* TNNNN 10% 98.0% 

Table 3.1 Yield and fidelity of pentanucleotide building blocks 

The highest fidelity was achieved with NTNNN codon set. However, the yield was only 

30%. This could potentially result in skewing of the codon distribution and convolute in vitro 

evolution efforts of this class of biopolymer. We compared the codon bias of NTNNN codon set 

with the highest yield codon set NNNNT by comparing the frequency of a codon in the polymers 

and frequency of the same codon in the templates, which was defined as the enrichment of that 

codon. Bias was the standard deviation of the enrichment. The results were shown in Figure 3.2. 

N

N N

N

NH2

NH NH2
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Figure 3.2 Codon bias analysis of NTNNN and NNNNT 

It was obvious that NTNNN had a high codon bias compared with NNNNT. Considering the 

application of in vitro selection, we decided to further pursue NNNNT codon set instead of 

NTNNN due to its low bias and high polymerization efficiency with high fidelity level.  

Optimizations with various incubation temperatures and ATP concentrations were 

performed with NNNNT codon set. Temperatures had little effect on the fidelity and yield of 

polymerization. Lower ATP concentrations resulted in higher yield, which might be the result of 

decreased inhibition of DNA binding19 and the minimization of an over-adenylated system18. 

Modified 5’-phosphorylated ANNNN pentanucleotides were prepared to study the capacity 

of LOOPER to tolerate various functional groups. The modifications were incorporated through 

amide bond-formation between the hexylamine appended to the C8 position of adenosine and 

various carboxylic acid derivatives. This modification site has been previously shown to be the 

most permissive for this system18.  

 

 

Figure 3.3 Amide bond formation reaction 
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Duplex DNA sequencing was performed on the products of LOOPER for each 

monofunctionalized library, and the yields, biases, and fidelities for each library were reported in 

Table 3.2. 

 

Table 3.2 Characterization of homofunctionalized ANNNN libraries 

On the whole, polymerization fidelities were not governed by the molecular size of the 

functional group modification. This is not surprising, as pentanucleotides modified with peptide 

fragments have been show to polymerize efficiency and with high fidelity18. While codon biases 

were greater than either the unmodified or amine-modified ANNNN libraries, the biases 

remained considerably lower than the amine-modified NNNAN library, suggesting that this 

codon set could be applied to in vitro selection systems where strong levels of codon bias would 

be problematic, such as selections operating with poor enrichment levels. 

Further analysis of the NNNNT codon sets revealed several trends with respect to codon 

sequence and fidelity. We analyzed the consensus sequence for the misincorporations of each 

codon during LOOPER with amine-modified and phenyl-modified ANNNN libraries. One of the 

most striking trends is that single-nucleotide errors arising from misincorporation most 

frequently occur at the first two nucleotides at the 5’-end of the codon (3’-end of the 

pentanucleotide building block). The only exception is when the 5’-nucleotide of the codon is a 

dC, which is largely conserved during misincorporations. Figure 3.4 is an example of the 

sequence logos indicating the mismatched pentanucleotides (codon sequence written from 

ANNNNP

NH2

ANNNNP ANNNNP

HO

ANNNNP ANNNNP

NH

NH

H2N

ANNNNP ANNNNP

HN

1 2 3 4 5 6 7

Yield
Fidelity
Bias

84% 75% 73% 63% 66% 62% 60%
86.7% 95.1% 93.9% 94% 91.3% 95.1% 93.2%

0.16 0.21 0.34 0.36 0.36 0.25 0.37
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5’à3’) in amine-modified ANNNN libraries. This trend is witnessed across the entire 256-

membered codon set.  

 

 

Figure 3.4 DNA sequence logo for misincoportation at NTAAT codons 

The monofunctionalized ANNNN libraries were then analyzed by nucleotide identity at each 

position. The results would indicate whether specific nucleotides would influence the fidelity 

(Figure 3.5).  

All the error rates were normalized so the sum of four sub-libraries was set to 1.0. The 

figures showed the ratios of these sub-libraries for every individual functional group. As the 

results indicated, different functional groups had little influence on the distribution of the error 

rate ratios. This proved the similar tolerance of LOOPER system to a variety of 

functionalization. On the other hand, we observed higher error rates for pentanucleotide building 

blocks that contained either a dA or dT at the 3’-position. Other positions were less sensitive to 

the nucleotide identity.  
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Figure 3.5 Analysis of error rate influenced by nucleotide identity 

 It is possible that a 128-membered codon set lacking a dA or dT at the 5’-position, 

namely SNNNT, could result in higher fidelity, albeit at the cost of sequence diversity. A 

somewhat similar approach has been used in the successful molecular evolution of TNA 

aptamers with a reduced genetic code20. Alternatively, noncanonical bases such as 2,6-

diaminopurines, could be used in place of dA to modulate the fidelity21. 

Inspired by the trinucleotide code used during ribosomal translation of mRNA into proteins, 

we sought to organize the 256-membered NNNNT codon set into degenerate sub-libraries, where 

each sub-library would encode a unique modification. Thus, evolution of the DNA scaffold and 

functional group can occur concomitantly. Namely, errors that arise during LOOPER could 

either result in synonymous mutations that change the ssDNA scaffold, while maintaining the 

displayed functional group identity, or missense mutations that concomitantly change the identity 

of the displayed functional group and the ssDNA scaffold. The comparison of different sub-

libraries design is shown in Figure 3.6.  
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Figure 3.6 Comparison of ANNXX and AXXNN sub-libraries 

It has been previously analyzed that more mismatches would happen at the 3’-end of the 

ANNNN pentanucleotides. Thus, ANNXX sub-libraries would have a higher probability of 

missense mutation compared with AXXNN. To achieve better evolutionary results, we decided 

to pursue a codon set derived from XXNNT, where XX represents a dinucleotide sequence that 

specifies the functional group modification on the pentanucleotide (Figure 3.7).  

 

Figure 3.7 Synthesis of modified sub-libraries  

Functional groups and their corresponding genotype building blocks are specified as shown 

in Figure 3.8. The 16 sub-libraries were mixed in equimolar ratios to generate the 256-membered 

heterofunctionalized pentanucleotide library, which was used in LOOPER with a library of 

templates comprising eight repeats of the NNNNT codon set within the reading frame. The 

success of all coupling reactions was confirmed by ESI MS analysis.  

Diverse functionalities were incorporated, and such complex system retained high fidelity 

level about 91.2%. Further analysis on the heterofunctionalized library was performed by my lab 

mate using similar strategy as the homofunctionalized libraries.  
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Figure 3.8 Functional groups of 16 sub-libraries 

Conclusions 

Our findings reported herein demonstrate that the LOOPER process represents a viable 

approach toward the library generation of sequence-defined nucleic acid polymers with diverse 

chemical functionality. We show that LOOPER can operate with high fidelity and low sequence 

bias along an NNNNT codon set, enabling the sequence-defined copolymerization of a 256-

membered ANNNN pentanucleotide library. Furthermore, we demonstrate that this library can 

be divided into 16 sub-libraries, each comprising 16 pentanucleotides adorned with a unique 

functional group. This heterofunctionalized pentanucleotide library was shown to polymerize 

with excellent fidelity and minimal bias. The high fidelity of the process and customizability of 

the functional groups gives promise to its application to modified nucleic acid polymer synthesis 

for DNA nanotechnology; in vitro selection of nucleic acid polymers for desired molecular 

function; and DNA computing.  

Materials and methods 

General Information 

Unless otherwise noted, water was purified with Milli-Q purification system. DNA 

oligonucleotides without amine modification were purchased from Integrated DNA 

Technologies (IDTÒ). DNA oligonucleotides with amine modification were synthesized on a 

Bioautomation MerMade 12 synthesizer. All materials and reagents used for oligonucleotide 
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synthesis were purchased from Glen Research. All oligonucleotides were synthesized and 

deprotected according to the manufacturer’s protocols. Oligonucleotides were purified by 

reverse-phase high-pressure liquid chromatography (HPLC, Agilent1260) using a C18 stationary 

phase (Eclipse-XDB C18, 5μm, 9.4 x 200mm) and an acetonitrile/100mM triethylammonium 

acetate gradient. Oligonucleotide concentrations were quantitated by UV spectroscopy using a 

NanodropÔ ND2000 spectrophotometer. DNA sequences are written from 5’à3’. <Aam> = 

Amino-modifer C6 dA, <N>=A/T/C/G. 

Synthesis of amino-modified pentanucleotides 

Pentanucleotides were synthesized on a Mermaid12 DNA synthesizer using a DMT-ON 

protocol on a 1µmol scale (1000Å CPG column). Amine-modifier C6 dA (Glen Research 10-

1089), dA+dC+dG+dT-CE Phosphoramindite (Glen Research 10-1000, 10-1010, 10-1020, 10-

1030), Chemical Phosphorylation Reagent II (10-1901) were incorporated as specified by the 

manufacturer. Following synthesis, the oligonucleotide was cleaved from the resin by incubation 

at 25°C in 400µl of a 1:1 mixture of ammonium hydroxide and methylamine (AMA) for 25mins. 

The cleaved resin was filtered away by filtration, and the oligonucleotide was further incubated 

in the same AMA solution at 60°C for 30min. The cleaved oligonucleotides concentrated under 

reduced pressure using the CentriVap DNA Vacuum Concentrators (LABCONCO). The residue 

was then taken up into 100µl of H2O and purified using reverse-phase HPLC purification using a 

[10% acetonitrile in 0.1M TEAA, pH7.0] to [80% acetonitrile in 0.1M TEAA, pH7.0] solvent 

gradient with a column temperature of 45°C. The purified oligonucleotide was then incubated at 

room temperature in 1ml of 40% aqueous acetic acid for 1h to cleave the DMT group, and then 

frozen and lyophilized. The oligonucleotide was incubated in 400µl 30% ammonium hydroxide 

at room temperature for 15min to cleave the CPRII linker. Following deprotection, the 

oligonucleotide was concentrated under reduced pressure using the CentriVap DNA Vacuum 
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Concentrators (LABCONCO). The dried product was dissolved into 100µl H2O and subjected to 

reverse-phase HPLC purification using a [10% acetonitrile in 0.1M TEAA, pH7.0] to [80% 

acetonitrile in 0.1M TEAA, pH7.0] solvent gradient with a column temperature of 45°C. The 

purified oligonucleotide was dissolved in water. 

Functionalization of amino-modified pentanucleotides with carboxylic acids 

A mixture of 25µL carboxylic acid (100mM in DMSO), 25µl N-hydroxysulfosuccinimide 

(sNHS, 100mM in 1:1 mixture of DMSO and H2O), 5µl 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, 100mM in DMSO) and 7.5µl DMSO was incubated 

at room temperature for 30min. Followed by addition 7.5µl of amino modified pentanucleotides 

(10nmol in H2O) and 30µl Na2CO3 buffer (500mM, pH9.0). The mixture was incubated at room 

temperature overnight with vortex. The reaction was then quenched by addition of 15µl Tris 

buffer (500mM, pH8.0) at room temperature for one hour. Functionalized pentanucleotide was 

then purified with HPLC purification using a [10% acetonitrile in 0.1M TEAA, pH7.0] to [80% 

acetonitrile in 0.1M TEAA, pH7.0] solvent gradient with a column temperature of 45°C. The 

purified pentanucleotide was dissolved in water and characterized with mass spectrometry. 

Figure 3.9 showed an example of MS result (ANNTA coupling reaction). 
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Figure 3.9 Mass spectrometry result of ANNTA sub-library 

The theoretical molecular weight range after coupling reaction was 1797~1877. The lowest 

molecular weight was from ACCTA, and the next peak should be 1812(ACTTA/ATCTA). All 

16 members in this sub-library could be confirmed by MS even though some of signals were not 

that strong. The other coupling reactions were all confirmed the same way.  

T4-DNA Ligase-mediate polymerization protocols 

DNA sequences 

TP(NNNNT)8P /5Phos/GA TTC GCC TGC CGT CGC ANN NNT NNN NTN NNN TNN 

NNT NNN NTN NNN TNN NNT NNN NTC ACG TGG AGC TCG GAT CCT 

PR5 /5Phos/GG ATC CGA GCT CCA CGT G 

PR6 /5Phos/TG CGA CGG CAG GCG AAT CT 

NH2-ANNNN /5Phos/<Ama>NNNN 

Protocols 

In a PCR tube was added DNA template (15pmol in 1.5μl water), PR5 (22.5pmol in 2.25μl 

water), PR6 (22.5pmol in 2.25μl water), 5μl reaction buffer 4X (1X buffer: 66mM Tris-HCl, 

10mM MgCl2, 10mM DTT, 6% PEG6000, pH7.6@25°C), 2μl modified ATP cofactor (0.25mM 
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in water) and 4μl water. The mix was heated to 90°C for 2min and then cooled to 25°C at the 

rate of 0.1°C/s. In this PCR tube was then added pentanuclotides (480pmol in 1μl water), BSA 

(2μg in 1μl water) and 400U T4 DNA ligase (New England Biolabs, M0202L). The 

polymerization was performed at 25°C for 24h. The products were then purified with MinElute® 

PCR Purification Kit for adapter ligation. 

T4-DNA Ligase-mediate adapter ligation protocols 

DNA sequences 

iTruS_i7_D701 CAA GCA GAA GAC GGC ATA CGA GAT ATT ACT CGG TGA CTG 

GAG TTC AG 

iTruS_i7_D702 CAA GCA GAA GAC GGC ATA CGA GAT TCC GGA GAG TGA CTG 

GAG TTC AG 

iTruS_i7_D703 CAA GCA GAA GAC GGC ATA CGA GAT CGC TCA TTG TGA CTG 

GAG TTC AG 

iTruS_i7_D704 CAA GCA GAA GAC GGC ATA CGA GAT GAG ATT CCG TGA CTG 

GAG TTC AG 

iTruS_i7_D705 CAA GCA GAA GAC GGC ATA CGA GAT ATT CAG AAG TGA CTG 

GAG TTC AG 

iTruS_i7_D706 CAA GCA GAA GAC GGC ATA CGA GAT GAA TTC GTG TGA CTG 

GAG TTC AG 

iTruS_i7_D707 CAA GCA GAA GAC GGC ATA CGA GAT CTG AAG CTG TGA CTG 

GAG TTC AG 

iTruS_i7_D708 CAA GCA GAA GAC GGC ATA CGA GAT TAA TGC GCG TGA CTG 

GAG TTC AG 

PRIMER B AAT GAT ACG GCG ACC ACC GAG 
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AdapterA AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC 

GCT CTT CCG ATC T 

AdapterB /5phos/AC TGN NNN NNN NNN NNA GAT CGG AAG AGC ACA CGT CTG 

AAC TCC AGT CAC 

Protocol 

Adapter duplex synthesis 

In a PCR tube was added 15μl of 100μM adapter A and 15μl of 100μM adapter B, then the 

tube was heated to 95°C for 5min and cooled to room temperature over 1 hour. Then in this PCR 

tube was added 4μl NEBufferÔ2 10× (New England Biolabs, M0212L), 25U Klenow Fragment 

(3’à5’ exo-, New England Biolabs, M0212L), 1μl dNTP Mix (Thermo Scientific, 10mM each). 

The extension was performed at 37°C for 1h. The adapter duplex was purified with QIAquick® 

Nucleotide Removal Kit, and then diluted in 30μl water.  

In a PCR tube was added 30μl purified adapter duplex, 5μl NEBufferÔ2 10× (New England 

Biolabs, M0212L), 25U Klenow Fragment (3’à5’ exo-, New England Biolabs, M0212L), 5μl 

dATP (Thermo Scientific, 10mM), 5μl water. This PCR tube was incubated at 37°C for 1h for 

A-tailing. Then product was purified with QIAquick® Nucleotide Removal Kit, and then diluted 

in 30μl water. 

Adapter ligation  

In a PCR tube was added polymerization products (12pmol in 10μl water), A-tailing adapter 

duplex (240pmol), 10μl NEBNext® Quick Ligation Reaction Buffer 5x, BSA (5μg in 2.5μl 

water), 1000U T4 DNA ligase (New England Biolabs, M0202L), water (make total volume 

50μl). Then the ligation was performed at 16°C for 16h followed by gel purification. The 

products were diluted to 10μl water. 

PCR amplification 
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Each purified adapter ligation product was amplified with a different primer from 

iTrus_D701 to iTrus_D708. Each iTrus_D70X was paired with a specific functional group.  

In a PCR tube was added 1μl purified adapter ligation product, 1.25μl 10μM Primer B, 

1.25μl 10μM corresponding iTrus_D70X primer, 9μl water and 12.5μl Q5® High-Fidelity 2× 

Master Mix (New England Biolabs, M0492S). The tube was then transferred to a preheated 

thermocycler (98°C). The annealing temperature was 55°C for the first two cycles and remained 

71°C for the rest of the cycles.  

High-Throughput DNA sequencing Protocol 

The concentrations of gel purified samples were determined with Kapa library quantification 

kit for IlluminaÒ libraries (KK4845) on Roche LightCycler 480. Paired-end IlluminaÒ 

sequencing was performed on an IlluminaÒ MiSeq system using the kit v2 with 300 cycles 

(150bp PE sequencing) at the Georgia Genomics and Bioinformatics Core (GGBC) in the 

University of Georgia, Athens, GA, USA.  
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CHAPTER 4 

STRUCTURE-ACTIVITY RELATIONSHIPS OF THE ATP COFACTOR IN LIGASE-

CATALYZED OLIGONUCLEOTIDE POLYMERIZATIONS1 
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Abstract 

The T4 DNA ligase-catalyzed oligonucleotide polymerization process has been recently 

developed to enable the incorporation of multiple functional groups throughout a nucleic acid 

polymer.  T4 DNA ligase requires ATP as a cofactor to catalyze phosphodiester bond formation 

during the polymer process. Herein, we describe the structure-activity relationship of ATP within 

the context of T4 DNA ligase-catalyzed oligonucleotide polymerization. Using high-throughput 

sequencing, we study not only the influence of ATP modification on polymerization efficiency, 

but also on the fidelity and sequence bias of the polymerization process. 

Introduction 

Aptamers are sequence-defined, mono-dispersed nucleic acid polymers that can bind 

molecular targets. The molecular recognition properties of this class of polymer can be evolved 

and tuned using in vitro selection technologies2-3. Aptamers with high affinities and selectivity 

have been evolved for myriad targets, ranging from metal ions4 to mammalian cells5.   

Notwithstanding their success as high affinity reagents, the dearth of chemical functionality 

present in natural nucleic acid polymers has limited their potential.  This contrasts with the 

diverse side chains present in proteinogenic polymers. To address the functional group deficit of 

aptamers, researchers have explored ways to sequence-specifically incorporate diverse 

functionality either through nucleobase or sugar backbone modifications6-7. Indeed, enhancing 

the functional group repertoire of nucleic acid polymers has yielded more favorable binding 

properties8,  and also expanded the utility of this class of polymer within the realm of catalysis9-

11. 

The traditional method to incorporate modifications throughout a nucleic acid polymer has 

been to use a polymerase to incorporate modified nucleotide triphosphates12-13. This approach 

has been successful at increasing the functional properties of nucleic acid polymers; however, it 
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is inherently limited to a maximum of four unique modifications using a standard genetic 

code14 ; current efforts to expand the genetic code can be used to expand the chemical diversity 

of the polymer15. Our lab has developed Ligase-catalyzed OligOnucleotide PolymERisation 

(LOOPER), which enables the sequence-defined incorporation of multiple unique instances of 

functional groups along a single-stranded DNA (ssDNA) polymer (Figure 4.1)16-18. The method 

relies upon T4 DNA ligase to catalyze the DNA-templated polymerization of modified 5′-

phosphorylated oligonucleotides. LOOPER has been shown to proceed with excellent fidelities 

in a library context with codon sets as large as 256 members (codon set = NNNNT). 

Furthermore, the system can also tolerate a host of chemical modifications on the 

pentanucleotide building blocks, ranging from small molecules17 to peptide fragments16. 

Pentanucleotides are ideal for this LOOPER, as they polymerize efficiently, yet require a 

primer to initiate the polymerization process, thus defining the reading frame. Longer 

oligonucleotides also decrease the density of functional group modifications on the polymer 

product. Despite the efficiency and high fidelity of LOOPER, increased polymerization fideli- 

ties are likely to benefit its application to the in vitro selection of modified nucleic acids by 

increasing enrichment factors and allowing access to larger reading frames. 

We have previously shown that adjustment of certain LOOPER reaction parameters had no 

observable effect on the polymerization fidelity18. For example, varying temperatures ranging 

from 10–30°C did not produce significantly different polymerization fidelities, presumably due 

to the temperatures being higher than the annealing temperatures of the penta- nucleotide library. 

We sought to modify and evaluate other factors that might result in a more discerning 

polymerization. To this end, focused on the T4 DNA ligase cofactor, ATP. Since the ATP 

cofactor is used by T4 DNA ligase to covalently activate the 5′-phosphate, it is thus intimately 

involved in the transition state of the rate-limiting phosphodiester bond formation step19. We 
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hypothesized that modifications of the ATP cofactor may disrupt ligation kinetics, resulting in a 

more stringent and higher fidelity ligation process. 

Previous reports have shown that specific modifications can be tolerated on the ATP 

cofactor during the T4 DNA ligase-cata- lysed splint ligation. For example, 2’-deoxy 

modification on the ribose ring or 2-amino modifications on the adenine ring are accommodated 

by the T4 DNA ligase, albeit with decreased levels of efficiency20. Interestingly, the 1-

thiotriphosphate derivative of ATP was recently shown to modestly enhance substrate specificity 

during a single-ligation process21.  

In order to explore the potential of enhancing LOOPER fidelity using different cofactors, we 

chose to examine the influence of chemical modifications at four specific regions of the ATP 

cofactor, namely modification at the triphosphate region; the 2’ and 3’ positions of the ribose 

ring; the Hoogsteen face of the adenine nucleobase; and the Watson–Crick face of the adenine 

nucleobase (Figure 4.1). Critical to exploring the hypothesis that a modified adenylated 

oligonucleotide is ligated with the perturbed fidelity, we explored only those ATP modifications 

that are not lost upon 5’-adenylation of the oligonucleotide substrate. 

 

Figure 4.1 Modification sites of ATP cofactor 

Results 

The selected library of modified ATP cofactors is shown in Figure 4.2. Their efficiency 

during LOOPER system was examined first. This was performed using a 3’-hairpin template 
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library comprising eight-codon reading frame of the NNNNT codon set. The modified 5’-

phosphorylated pentanucleotide building block library was A*NNNN, where A* is the 5’-dA 

nucleotide modified with an aminohexylamine at position 8 of the adenine ring. This 

modification has been shown to be well-behaved during previous LOOPER and sequencing 

studies17-18. While our primary goal was to increase the fidelity of LOOPER, the efficiency of the 

process would need to remain sufficiently high to ensure generation of full-length polymers.  

Our previous findings have shown that high cofactor concentration can have a detrimental 

impact of yield during LOOPER, due to re-adenylation of dissociated ligase during the process. 

Since the ligase must be in its un-adenylated state to catalyze phosphodiester-bond formation, 

this effectively shuts down the polymerization16. However, T4 DNA ligase is likely to have an 

increased Km for modified ATP cofactors. Thus, LOOPER was performed at both high (1mM) 

and low (25µM) cofactor concentrations and the yields determined by denaturing PAGE 

analysis. 
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Figure 4.2 Library of ATP cofactor derivatives surveyed in LOOPER 

The efficiency results were summarized in Table 4.1. The majority of modified ATP 

cofactors were ineffective at promoting the LOOPER process.  Contrary to the splint-ligation 

study, which showed that dATP was an effective cofactor for T4 DNA ligase, this was not true 

during LOOPER. In fact, we observed that any modification to the ribose ring at either the 2’ or 

3’ positions (Structure 2-6 in Figure 4.2) resulted in very poor polymerization efficiency. All the 

yields were analyzed by denaturing PAGE using hairpin template (Figure 4.3). 
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Figure 4.3 Hairpin polymerization for polymerization efficiency analysis 

Cofactor 
Concentration 

(µM) 
Yield Modification site 

1 25 90% N/A 1000 60% 

8 25 5% Hoogsteen face 1000 0 

9 
25 87% 

Watson-Crick 
face 

1000 48% 

12 25 0 
1000 70% 

15 25 64% 
1000 37% 

16 25 10% Phosphate 1000 0 

Table 4.1 Efficiency of polymerization using modified ATP cofactors 

Oxidation of ATP at position 8 of adenine results in shut-down of the polymerization 

(Cofactor 7, Figure 4.2). Removal or substitution of the amine with an oxo group at position 6 of 

adenine was also not tolerated (Cofactor 10 and 11, Figure 4.2). Of the tested cofactors, only five 

yielded measurable amounts of full-length product during LOOPER. 7-deaza ATP cofactor 8 

resulted in only 5% yield of full-length product when used at 25µM, with higher concentrations 

failing to improve yield. 2-Amino ATP cofactor 9 gave a comparable yield (87% with 25µM 

concentration) to ATP. Cofactor 12, which has a methylation of the amine at position 6 of ATP 

was also well-tolerated and gave good yield (42% with 1000µM concentration).  Interestingly, 

highly efficient polymerization when using cofactor 12 was only observed at high cofactor 
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concentration, suggesting that T4 DNA ligase exhibits an increased Km with this cofactor. 

Noteworthy is that when the modifications of cofactors 9 and 12 are combined to yield cofactor 

14, the LOOPER process become very inefficient.  2-Cl ATP cofactor 15 was also effective at 

promoting the polymerization; however, unidentified additional higher weight products were 

also produced when analyzed by PAGE. Lastly, the 1-thiotriphosphate derivative 16 gave 

measurable yield of the full-length product. 

Errors in the LOOPER process can then be readily identified allowing the fidelity and bias 

of each codon within the entire codon set to be calculated (Table 4.2). Fidelity was calculated as 

the percentage by which the correct pentanucleotide building block was incorporated across from 

its cognate codon. Codon bias was calculated as the standard deviation of codon enrichment, 

whereby codon enrichment is the frequency of a codon in the polymer product divided by its 

corresponding frequency in the original template library. A codon bias closer to zero denotes 

lower codon bias during the LOOPER process. 

We decided to analyze the fidelity of LOOPER using the cofactors that enabled sufficient 

yield of pure full-length polymer (cofactors 1, 8, 9, 12, 16). To do this, we employed the high-

throughput duplex DNA sequencing method that was recently developed in our lab.17 This 

method implements a randomized barcoding strategy of the LOOPER products in a library 

format, which enables the reading of both the template and the corresponding product polymer 

strand using next-generation sequencing. 

Errors in the LOOPER process can then be readily identified allowing the fidelity and bias 

of each codon within the entire codon set to be calculated (Table 4.2). Fidelity was calculated as 

the percentage by which the correct pentanucleotide building block was incorporated across from 

its cognate codon. Codon bias was calculated as the standard deviation of codon enrichment, 

whereby codon enrichment is the frequency of a codon in the polymer product divided by its 
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corresponding frequency in the original template library. A codon bias closer to zero denotes 

lower codon bias during the LOOPER process.  

Cofactor Reads Bias Fidelity 

1 31,936 0.21 95.1 % 

8 10,023 0.51 98.2 % 

9 12,565 0.32 96.6 % 

12 12,278 0.28 96.2 % 

16 21,962 0.42 98.6 % 

Table 4.2 Fidelity and bias of polymerization using modified ATP  

Using ATP as a cofactor, the original LOOPER process with an amine-modified ANNNN 

library proceeded at 95.1 % fidelity with a codon bias of 0.21. This level of fidelity is sufficient 

for short reading frames, but for extended reading frames, the portion of the polymer products 

with at least one error can become a significant fraction of the total population. Consistent with 

our hypothesis, we observed that all modified cofactors examined improved the fidelity of 

LOOPER.  While cofactors 8 and 16 provided the greatest fidelities, their low polymerization 

efficiencies may preclude their use in preparative applications. Furthermore, both of these 

cofactors suffered from greater codon bias compared to the other tested cofactors; indeed, the 

codon bias observed with cofactor 16 led to strong de-enrichment of several codons, primarily 

codons with low GC-content (Figure 4.4). All other cofactors gave low to moderate degrees of 

codon bias (Figure 4.3), with individual codon enrichments/de-enrichments being suitable for 

applications such as in vitro selection. 
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Figure 4.4 Bias analysis of NNNNT codon set used during LOOPER with various cofactors 

We also examined the ability of LOOPER to accommodate larger hydrophobic 

modifications (benzylated amino-modified dA) using the optimal set of modified ATP cofactors. 

While ATP (25µM) generated full-length product in 56% yield, cofactors 9 (25µM) and 12 

(1mM) gave 35% and 39% yield analyzed by hairpin polymerization. 

Conclusions 

We have shown that specific ATP modifications can enhance the fidelity of T4 DNA ligase 

during LOOPER.  Of those tested, cofactors 9 and 12 are the most promising ATP substitutes, as 

they gave the highest polymerization yield with nucleobase modifications, lowest codon bias, 

and higher fidelity than unmodified ATP. Due to T4 DNA ligase catalyzing self-adenylation, 

substrate adenylation, and phosphodiester formation, cofactor modifications are likely to have a 

complex effect on this catalytic process. Thus, further studies are needed to unravel the 
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molecular basis behind the observed increase in fidelity using modified ATP cofactors. 

Notwithstanding, this improvement to fidelity is likely to have a marked impact on enrichment 

factors during the in vitro selection of modified nucleic acid polymers generated via LOOPER.  

Moreover, access to longer reading frames will enable longer polymers to be surveyed during 

selection experiments.    

Materials and methods 

General Information 

Unless otherwise noted, water was purified with Milli-Q purification system. DNA 

oligonucleotides without amine modification were purchased from Integrated DNA 

Technologies (IDTÒ). DNA oligonucleotides with amine modification were synthesized on a 

Bioautomation Mermade 12 synthesizer. All materials and reagents used for oligonucleotide 

synthesis were purchased from Glen Research. All oligonucleotides were synthesized and 

deprotected according to the manufacturer’s protocols. Oligonucleotides were purified by 

reverse-phase high-pressure liquid chromatography (HPLC, Agilent1260) using a C18 stationary 

phase (Eclipse-XDB C18, 5μm, 9.4 x 200mm) and an acetonitrile/100mM triethylammonium 

acetate gradient. Oligonucleotide concentrations were quantitated by UV spectroscopy using a 

NanodropÔ ND2000 spectrophotometer. DNA sequences are written from 5’à3’. <Aam> = 

Amino-modifer C6 dA, <N>=A/T/C/G. 

Synthesis of amino-modified pentanucleotides 

Pentanucleotides were synthesized on a Mermaid12 DNA synthesizer using a DMT-ON 

protocol on a 1µmol scale (1000Å CPG column). Amine-modifier C6 dA (Glen Research 10-

1089), dA+dC+dG+dT-CE Phosphoramindite (Glen Research 10-1000, 10-1010, 10-1020, 10-

1030), Chemical Phosphorylation Reagent II (10-1901) were incorporated as specified by the 

manufacturer. Following synthesis, the oligonucleotide was cleaved from the resin by incubation 



 

97 

at 25°C in 400µl of a 1:1 mixture of ammonium hydroxide and methylamine (AMA) for 25min. 

The cleaved resin was filtered away by filtration, and the oligonucleotide was further incubated 

in the same AMA solution at 60°C for 30min. The cleaved oligonucleotides concentrated under 

reduced pressure using the CentriVap DNA Vacuum Concentrators (LABCONCO). The residue 

was then taken up into 100µl of H2O and purified using reverse-phase HPLC purification using a 

[10% acetonitrile in 0.1M TEAA, pH7.0] to [80% acetonitrile in 0.1M TEAA, pH7.0] solvent 

gradient with a column temperature of 45°C. The purified oligonucleotide was then incubated at 

room temperature in 1ml of 40% aqueous acetic acid for 1h to cleave the DMT group, and then 

frozen and lyophilized. The oligonucleotide was incubated in 400µl 30% ammonium hydroxide 

at room temperature for 15min to cleave the CPRII linker. Following deprotection, the 

oligonucleotide was concentrated under reduced pressure using the CentriVap DNA Vacuum 

Concentrators (LABCONCO). The dried product was dissolved into 100µl H2O and subjected to 

reverse-phase HPLC purification using a [10% acetonitrile in 0.1M TEAA, pH7.0] to [80% 

acetonitrile in 0.1M TEAA, pH7.0] solvent gradient with a column temperature of 45°C. The 

purified oligonucleotide was dissolved in water. 

Synthesis of benzylated amino-modified pentanucleotides 

 

Figure 4.5 Synthesis of benzylated amino-modified pentanucleotides 

A mixture of 25µl benzoic acid (100mM in DMSO), 25µl N-hydroxysulfosuccinimide 

(sNHS, 100mM in 1:1 mixture of DMSO and H2O), 5µl 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, 100mM in DMSO) and 7.5µl DMSO was incubated 

at room temperature for 30min. Followed by addition 7.5µl of amino-modified pentanucleotides 

(10nmol in H2O) and 30µl Na2CO3 buffer (500mM in H2O, pH9.0). The mixture was incubated 
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at room temperature overnight with vortex. The reaction was then quenched by addition of 15µl 

Tris buffer (500mM in H2O, pH8.0) at room temperature for one hour and functionalized 

pentanucleotide was then purified with HPLC purification using a [10% acetonitrile in 0.1M 

TEAA, pH7.0] to [80% acetonitrile in 0.1M TEAA, pH7.0] solvent gradient with a column 

temperature of 45°C. The purified modified pentanucleotides were dissolved in water and 

characterized with mass spectrometry. 

T4-DNA Ligase-mediate polymerization protocols 

DNA sequences 

TP(NNNNT)8P /5Phos/GA TTC GCC TGC CGT CGC ANN NNT NNN NTN NNN TNN 

NNT NNN NTN NNN TNN NNT NNN NTC ACG TGG AGC TCG GAT CCT 

PR5 /5Phos/GG ATC CGA GCT CCA CGT G 

PR6 /5Phos/TG CGA CGG CAG GCG AAT CT 

NH2-ANNNN /5Phos/<Ama>NNNN 

Protocols 

In a PCR tube was added 1.5μl DNA template TH(NNNNT)8P (10μM in water), 2.25μl PR5 

and PR6 (both 10μM in water), 5μl reaction buffer 4X (1X buffer: 66mM Tris-HCl, 10mM 

MgCl2, 1mM DTT, 6% PEG6000, pH7.6@25°C), 2μl modified ATP cofactor (0.25mM or 

10mM in water) and 4μl water. The mix was heated to 90 °C for 2 minutes and then cooled to 

25°C at the rate of 0.1°C/s. In this PCR tube was then added 1μl pentanucleotides NH2-ANNNN 

(480μM in water), 1μl BSA (2 mg/mL in water) and 1μl T4 DNA ligase (400U/µl, New England 

Biolabs, M0202L). The polymerization was performed at 25°C for 24 hours. The products were 

then purified with MinElute® PCR Purification Kit for adapter ligation step. 

T4-DNA Ligase-mediate adapter ligation protocols 

DNA sequences 
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iTruS_i7_D709 CAA GCA GAA GAC GGC ATA CGA GAT CGG CTA TGG TGA CTG 

GAG TTC AG 

iTruS_i7_D710 CAA GCA GAA GAC GGC ATA CGA GAT TCC GCG AAG TGA CTG 

GAG TTC AG 

iTruS_i7_D711 CAA GCA GAA GAC GGC ATA CGA GAT TCT CGC GCG TGA CTG 

GAG TTC AG 

iTruS_i7_D712 CAA GCA GAA GAC GGC ATA CGA GAT AGC GAT AGG TGA CTG 

GAG TTC AG 

PRIMER B AAT GAT ACG GCG ACC ACC GAG 

AdapterA AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC 

GCT CTT CCG ATC T 

AdapterB /5phos/AC TGN NNN NNN NNN NNA GAT CGG AAG AGC ACA CGT CTG 

AAC TCC AGT CAC 

Protocol 

Adapter duplex synthesis 

In a PCR tube was added 15μl of 100μM adapter A and 15μl of 100μM adapter B, then the 

tube was heated to 95°C for 5min and cooled to room temperature over 1h. Then in this PCR 

tube was added 4μl NEBufferÔ2 10× (New England Biolabs, M0212L), 25U Klenow Fragment 

(3’à5’ exo-, New England Biolabs, M0212L), 1μl dNTP Mix (Thermo Scientific, 10mM each). 

The extension was performed at 37°C for 1h. The adapter duplex was purified with QIAquick® 

Nucleotide Removal Kit, and then diluted in 30μl water.  

In a PCR tube was added 30μl purified adapter duplex, 5μl NEBufferÔ2 10× (New England 

Biolabs, M0212L), 25U Klenow Fragment (3’à5’ exo-, New England Biolabs, M0212L), 5μl 

dATP (Thermo Scientific, 10mM), 5μl water. This PCR tube was incubated at 37°C for 1h for 



 

100 

A-tailing. Then product was purified with QIAquick® Nucleotide Removal Kit, and then diluted 

in 30μl water. 

Adapter ligation  

In a PCR tube was added polymerization products (12pmol in 10μl water), A-tailing adapter 

duplex (240pmol), 10μl NEBNext® Quick Ligation Reaction Buffer 5x, BSA (5μg in 2.5μl 

water), 1000U T4 DNA ligase (New England Biolabs, M0202L), water (make total volume 

50μl). Then the ligation was performed at 16°C for 16h followed by gel purification. The 

products were diluted to 10μl water. 

PCR amplification 

Each purified adapter ligation product was amplified with a different primer from 

iTrus_D709 to iTrus_D712. Each iTrus_D7XX was paired with a different ATP cofactor.  

In a PCR tube was added 1μl purified adapter ligation product, 1.25μl 10μM Primer B, 

1.25μl 10μM corresponding iTrus_D7XX primer, 9μl water and 12.5μl Q5® High-Fidelity 2× 

Master Mix (New England Biolabs, M0492S). The tube was then transferred to a preheated 

thermocycler (98°C). The annealing temperature was 55°C for the first two cycles and remained 

71°C for the rest of the cycles.  

High-Throughput DNA sequencing Protocol 

The concentrations of gel purified samples were determined with Kapa library quantification 

kit for IlluminaÒ libraries (KK4845) on Roche LightCycler 480. Paired-end IlluminaÒ 

sequencing was performed on an IlluminaÒ MiSeq system using the kit v2 with 300 cycles 

(150bp PE sequencing) at the Georgia Genomics and Bioinformatics Core (GGBC) in the 

University of Georgia, Athens, GA, USA.  
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CHAPTER 5 

IN VITRO SELECTION OF DNA APTAMERS AGAINST A HEPARAN SULFATE 

EPTITOPE 

Introduction 

We are applying the T4 DNA ligase-catalyzed DNA templated oligonucleotide 

polymerization toward the evolution of a functionalized aptamer against a heparan sulfate 

epitope. A 256-membered ANNNN library containing 16 functionalized sub-libraries is used in 

the in vitro selection. Certain sequences have been highly enriched; the binding affinity and 

specificity are being explored. The success of the selection should demonstrate improved binding 

activities of functionalized aptamers generated by LOOPER system compared with natural DNA 

aptamers against carbohydrate molecule targets.  

Glycans are covalent assembles of sugars. They exist in either free form or in covalent 

complexes with proteins or lipids1. The glycan molecules are involved in many cellular 

interactions, including cell adhesion, cell-matrix interactions, cellular signaling and glycoprotein 

folding. It is not surprising given the fact that all cells in nature are covered by a dense and 

complex array of carbohydrates2. 

Monosaccharides surpass nucleotides or amino acids in coding capacity due to the 

chemically equivalent hydroxyl groups, which facilitate the formation of the glycosidic bond via 

various linkages3. Possibilities for two anomeric configurations, as well as introduction of 

branching and additional site-specific acetylation, phosphorylation or sulfation further underlie 

the structural diversity of glycan molecules4.  
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Figure 5.1 Illustration of the linkage points of oligomer formation of glycans 

The study of structure and functions of glycans in biological systems has promises to 

enhance the understanding of human health and disease. Thus, glycan recognition molecules 

(GRMs), including glycan-binding proteins (GBPs), are essential regarding the studies of 

specific glycan structure and function. However, the repository of GRMs is extremely limited. 

Lectins are the most widely used receptor for glycan identifications so far. Hundreds of different 

lectins have been isolated from natural sources. They show high selectivity towards defined 

glycosidic linkages despite their modest binding affinity (10-4-10-7M) compared with antibodies. 

Natural sources also result in the purity issue for lectins. High-quality binders for glycan 

molecules are still in demand.  

Aptamers are being explored as a promising class of GRMs. It is possible to use the SELEX 

method for the selection against glycan molecules5. Aptamers have shown the ability to 

distinguish between forms of the same protein with slightly different post-translational 

modifications6. However, successful selections against glycan molecule remain challenging due 

to the lack of aromatic ring structures and the intrinsic flexible conformation of glycan 

molecules. Typically, the aptamers selected for glycan molecules are weak binders. An aptamer 

against cellobiose, a disaccharide repeating unit of the cellulose, was reported to have the 

dissociation constant between 10-5 to 10-7M7.  

The boronic acid-modified DNA has been explored to facilitate the binding activities toward 

glycan molecules. It was successfully applied to a selection against fibrinogen glycoprotein with 

dissociation constant at nanomolar range (6nM)8. This study only incorporated one modification 

OH
HO

HO

OH

OH
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on the thymine nucleobase and resulted in a high-affinity aptamer. Chemical modifications serve 

as a reasonable solution for poor binding activity of aptamers against glycan molecules.   

LOOPER system is able to incorporate multiple modifications simultaneously. Various 

modifications are chosen based on the known lectin-glycan binding sites as well as some 

unnatural functionalities such as boronic acid. An epitope of heparan sulfate (HS) is used as a 

model target in this study for its biological importance and commercial availability.  

HS is linear polysaccharide, a type of glycosaminoglycan (GAG). It is attached to cell 

surface or extracellular matrix proteins, namely proteoglycan (HSPG). This form of HS is able to 

bind to a variety of protein ligands and receptors involved in diverse biological processes, such 

as signal transduction, cell adhesion and lipid metabolism.  

HS consists of repeating disaccharide units each composed of an uronic acid and a 

derivative of glucosamine, N-sulfated glucosamine or unsubstituted glucosamine that is variably 

O sulfated. The disaccharide subunits of HS are shown in Figure 5.29. Large sections of HS 

chains are unmodified units (Figure 5.2a), while the short modified segments (Figure 5.2b) are 

interspersed among them. Biochemical studies have shown that HS binding depends on the 

arrangement of the NA and NS segments and the modified sugar residues in the N-sulfated 

regions10-11. However, the structure of the binding sequence is only available in a few cases.  

 

    
   

Figure 5.2 Major and minor disaccharide sequences of heparan sulfate (HS) 
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In this study, a commercially available hexasaccharide has been chosen (Figure 5.3). The 

sequence is GlcNS6S-GlcA-GlcNS6S-GlcA-GlcNS6S-GlcA-Biotin. It is biotinylated for 

immobilization purpose during SELEX.  

 

Figure 5.3 Structure of the HS epitope target 

Materials and methods 

General Information 

Unless otherwise noted, water was purified with Milli-Q purification system. DNA 

oligonucleotides without amine modification were purchased from Integrated DNA 

Technologies (IDTÒ). DNA oligonucleotides with amine modification were synthesized on a 

Bioautomation MerMade 12 synthesizer. All materials and reagents used for oligonucleotide 

synthesis were purchased from Glen Research. All oligonucleotides were synthesized and 

deprotected according to the manufacturer’s protocols. Oligonucleotides were purified by 

reverse-phase high-pressure liquid chromatography (HPLC, Agilent1260) using a C18 stationary 

phase (Eclipse-XDB C18, 5μm, 9.4 x 200mm) and an acetonitrile/100mM triethylammonium 

acetate gradient. Oligonucleotide concentrations were quantitated by UV spectroscopy using a 

NanodropÔ ND2000 spectrophotometer. DNA sequences are written from 5’à3’. <Aam> = 

Amino-modifer C6 dA, <N>=A/T/C/G. 

Synthesis of amino-modified pentanucleotides 
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Pentanucleotides were synthesized on a Mermaid12 DNA synthesizer using a DMT-ON 

protocol on a 1µmol scale (1000Å CPG column). Amine-modifier C6 dA (Glen Research 10-

1089), dA+dC+dG+dT-CE Phosphoramindite (Glen Research 10-1000, 10-1010, 10-1020, 10-

1030), Chemical Phosphorylation Reagent II (10-1901) were incorporated as specified by the 

manufacturer. Following synthesis, the oligonucleotide was cleaved from the resin by incubation 

at 25°C in 400µl of a 1:1 mixture of ammonium hydroxide and methylamine (AMA) for 25mins. 

The cleaved resin was filtered away by filtration, and the oligonucleotide was further incubated 

in the same AMA solution at 60°C for 30mins. The cleaved oligonucleotides concentrated under 

reduced pressure using the CentriVap DNA Vacuum Concentrators (LABCONCO). The residue 

was then taken up into 100µL of H2O and purified using reverse-phase HPLC purification using 

a [10% acetonitrile in 0.1M TEAA, pH7.0] to [80% acetonitrile in 0.1M TEAA, pH7.0] solvent 

gradient with a column temperature of 45°C. The purified oligonucleotide was then incubated at 

room temperature in 1ml of 40% aqueous acetic acid for 1h to cleave the DMT group, and then 

frozen and lyophilized. The oligonucleotide was incubated in 400µl 30% ammonium hydroxide 

at room temperature for 15min to cleave the CPRII linker. Following deprotection, the 

oligonucleotide was concentrated under reduced pressure using the CentriVap DNA Vacuum 

Concentrators (LABCONCO). The dried product was dissolved into 100µl H2O and subjected to 

reverse-phase HPLC purification using a [10% acetonitrile in 0.1M TEAA, pH7.0] to [80% 

acetonitrile in 0.1M TEAA, pH7.0] solvent gradient with a column temperature of 45°C. The 

purified oligonucleotide was dissolved in water. 

Functionalization of amino-modified pentanucleotides with carboxylic acids 

 

Figure 5.4 Amide bond formation reaction 
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A mixture of 25µl carboxylic acid (100mM in DMSO), 25µl N-hydroxysulfosuccinimide 

(sNHS, 100mM in 1:1 mixture of DMSO and H2O), 5µl 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, 100mM in DMSO) and 7.5µl DMSO was incubated 

at room temperature for 30mins. Followed by addition 7.5µL of amino modified 

pentanucleotides (10nmol in H2O) and 30 µl Na2CO3 buffer (500mM, pH9.0). The mixture was 

incubated at room temperature overnight with vortex. The reaction was then quenched by 

addition of 15µl Tris buffer (500mM, pH8.0) at room temperature for one hour. Functionalized 

pentanucleotide was then purified with HPLC purification using a [10% acetonitrile in 0.1M 

TEAA, pH7.0] to [80% acetonitrile in 0.1M TEAA, pH7.0] solvent gradient with a column 

temperature of 45°C. The purified pentanucleotide was dissolved in water and characterized with 

mass spectrometry.  

Design of diversely functionalized sub-libraries 

 

Figure 5.5 Design and synthesis of modified sub-libraries 
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Table 5.1 Modifications of 16 sub-libraries (ANNXX) 

 16 sub-libraries were mixed in equimolar ratios to generate the 256-membered 

heterofunctionalized pentanucleotide library, referred to as mix libraries.   

In vitro selection cycles 

DNA sequences 

Bt_Temp /5BioTinTEG/GA TTC GCC TGC CGT CGC ANN NNT NNN NTN NNN TNN 

NNT NNN NTN NNN TNN NNT NNN NTC ACG TGG AGC TCG GAT CC 

Poly_Prim1 /5Phos/TG CGA CGG CAG GCG AAT C 

Poly_Prim2 GGA TCC GAG CTC CAC GTG 

Bt_PrimA /5BioTinTEG/GA TTC GCC TGC CGT CGC A 

PrimB GGA TCC GAG CTC CAC GTG 
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Figure 5.6 Schematic representation of in vitro selection cycles 

In a PCR tube was added 1.5μl DNA template Bt_Temp (10μM in water), 2.25μl 

Poly_Prim1 and 2.5µl Poly_Prim2 (10μM in water, 1.5equiv. of the template), 5μl reaction 

buffer 4X (1X buffer: 66mM Tris-HCl, 10mM MgCl2, 10mM DTT, 6% PEG6000, 

pH7.6@25°C), 2μl ATP (0.25mM in water) and 4μl water. The mix was heated to 90°C for 2min 

and then cooled to 25°C at the rate of 0.1°C/s. In this PCR tube was then added 1μl mix libraries 

(480μM in water), 1μl BSA (2mg/ml in water) and 1μl T4 DNA ligase (400U/μl, New England 

Biolabs, M0202L). The polymerization was performed at 25°C for 24h. 12 polymerization 

experiments were set up to generate the initial ssDNA library pool. The products were then 

purified with DNA Clean & ConcentratorÔ-5 (ZYMO Research, D4013).  

The amount of polymerized dsDNA was then measured by Nanodrop ND2000Ô 

spectrophotometer. Dynabeads® MyOneÔ Streptavidin C1 beads were washed with 100µl 

binding buffer (5mM MgCl2, 250mM NaCl, 50mM Tris-HCl, pH7.6@25°C) three times before 

using. The volume of streptavidin was calculated based on the theoretical capacity for dsDNA 

(0.2µg/µl), and twice of the theoretical volume was used to capture all biotinylated dsDNA. The 

purified dsDNA was resuspended in binding buffer, and the volume was 4 times of the 
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streptavidin beads used. The dsDNA was then incubated with prewashed streptavidin beads at 

room temperature for 1h. The bound dsDNA was washed with 100µl binding buffer three times. 

The strand separation was performed with 40µl fresh 150mM NaOH at 37°C for 1min. The 

modified non-biotinylated strand was collected, neutralized with 4µl 1.5M HCl, and then 

purified using CENTRI-SEPÔ columns (Princeton Separations).  

The biotinylated target was immobilized on Dynabeads® MyOneÔ Streptavidin C1 beads 

using the same binding buffer as dsDNA. Excess amount of target molecules was used, twice the 

amount of theoretical capacity (4pmol/µl). The beads were incubated with target at room 

temperature for 2h, washed with 100µl binding buffer 3 times and then resuspended in binding 

buffer.  

The purified modified ssDNA pool was heated to 95°C for 5min then cool to room 

temperature for 30min. Then the folded ssDNA was incubated with immobilized target beads at 

room temperature for 1h. Negative selection step (folded ssDNA incubation with streptavidin 

beads at room temperature for 30min then collected the non-binders) was performed before this 

binding step starting from round 2 selection. The non-binders were then removed after 

incubation, and the beads were washed with binding buffers (Round 2-3, 2*40µl; Round 4-5, 

2*50µl; Round 6, 3*50µl). The bound ssDNA was eluted with 80µl water at 95°C for 5min.  

The bound fraction was first amplified with qPCR using KOD Hot Start polymerase. 10µl 

modified ssDNA was added to a PCR tube, 5µl KOD buffer (10X), 5µl dNTP (2mM each), 2µl 

Bt_PrimA and 2µl PrimB (both 10µM), 0.5µl SYBR green (100X), 1µl KOD Hot Start 

polymerase (1.0U/µl), and 21.5µl water. The total reaction volume was 50µl. qPCR was 

performed with MiniOpticonÔ Real-Time PCR System.  
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The amplified dsDNA was then incubated with prewashed Dynabeads® MyOneÔ 

Streptavidin C1 beads in the binding buffer at room temperature for 1h. The non-biotinylated 

strands were removed by incubation using 150mM NaOH at 37°C for 1min. The biotinylated 

templates were then recovered with elution buffer (95% formamide, 10mM EDTA, pH8.2) at 

90°C for 2min. The templates were purified with CENTRI-SEP columns followed by gel 

purification then subjected to the next round selection. Total of 6 rounds selection were 

performed.  

High-throughput sequencing  

DNA sequences 

iTruS_i7_D704C CAA GCA GAA GAC GGC ATA CGA GAT GAG ATT CCG TGA CTG 

GAG TTC AGA CGT GTG CTC TTC CGA TCT GAT TCG CCT GCC GTC GCA 

iTruS_i7_D705C CAA GCA GAA GAC GGC ATA CGA GAT ATT CAG AAG TGA CTG 

GAG TTC AGA CGT GTG CTC TTC CGA TCT GAT TCG CCT GCC GTC GCA 

iTruS_i7_D706C CAA GCA GAA GAC GGC ATA CGA GAT GAA TTC GTG TGA CTG 

GAG TTC AGA CGT GTG CTC TTC CGA TCT GAT TCG CCT GCC GTC GCA  

iTruS_i7_D707C CAA GCA GAA GAC GGC ATA CGA GAT CTG AAG CTG TGA CTG 

GAG TTC AGA CGT GTG CTC TTC CGA TCT GAT TCG CCT GCC GTC GCA 

 PRIMEC AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC 

GCT CTT CCG ATC TGG ATC CGA GCT CCA CGT G 

Protocol 

In a PCR tube was added 1µl amplified dsDNA after round 4, corresponding 

iTrus_i7_D70XC 2µl (10µM, D704 to round4, D705 to round5, D706 to round6, and D707 to 

initial template pool) and 2µl PRIMEC (10µM), 25µl Q5® Hot Start High-Fidelity 2X Master 

Mix and 20µl water. The polymerase was initially activated at 98°C for 30s. The first two PCR 
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cycles were 10s at 98°C (denaturation), 30s at 55°C (annealing), and 30s at 72°C (extension). 

Starting from third cycle, annealing was changed to 71°C for 30s. The PCR products were then 

gel purified and sent to Georgia Genomics and Bioinformatics Core (GGBC) for further 

sequencing analysis. 

The concentrations of gel purified samples were determined with Kapa library quantification 

kit for IlluminaÒ libraries (KK4845) on Roche LightCycler 480. Paired-end IlluminaÒ 

sequencing was performed on an IlluminaÒ MiSeq system using the kit v2 with 300 cycles 

(150bp PE sequencing).  
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CHAPTER 6 

CONCLUSIONS 

There has been tremendous growth in the aptamer field since the introduction of in vitro 

selection method in the 1990s. The nucleic acid aptamers mimic and extend the features of 

monoclonal antibody reagents, thus serve as a powerful class of synthetic affinity reagents. 

Nucleic acid aptamers can be chemically synthesized without any biological system involved. 

The quality and scale of production can then be ensured. The nucleic acid aptamers can be 

engineered into sensor, actuators and other devices for their molecular recognition abilities. As 

therapeutics, aptamers exhibit a lower level of immune response compared with proteins. 

However, antibodies still dominate the global medicine marketplace. The limitations of aptamers 

mentioned in the previous chapters have delayed their widespread distribution like antibodies. 

Further, their pharmacokinetic and other systemic properties are variable and hard to predict2. 

The lack of chemical functionalities has limited the broad application of nucleic acid aptamers as 

affinity reagents compared with antibodies. This is supported by the fact that proteins remain the 

dominant target category of aptamers even though aptamers are thought to bind various target 

categories.  

Modifications on nucleic acid aptamers are essential for their practical applications. Several 

strategies mentioned in the previous chapters, such as unnatural base pairs and SOMAmers, have 

resulted in some aptamers with enhanced activity and stability. SOMAmers have been proved to 

increase the success rate of in vitro selection with the incorporation of hydrophobic functional 

groups. Modified-aptamers are promising to mimic the binding behavior of polypeptides and 
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proteins better as some structural studies revealed. These studies are of great significance for a 

better understanding of the binding activities and also aptamer design.   

LOOPER system has been developed based on DNA-templated polymerization, which 

enables the heterofunctionalization on one nucleic acid polymer chain. It has been successfully 

applied to the selection against thrombin protein with 1.6nM dissociation constant and high level 

of selectivity. As LOOPER enables simultaneous incorporation of various functionalities, the 

aptamers can mimic peptides with functionalized side chains. This unique character can lead to 

aptamers against more ‘difficult’ targets in traditional SELEX such as carbohydrates. The system 

expands the diversity of functionalities to a comparative level to the natural proteins, which are 

composed of 20 amino acids.  

On the other hand, the LOOPER system can be improved in several aspects. First, 

systematic studies of possible functional groups are beneficial to the design of modified building 

blocks. Even though all functionalities can be incorporated through the polymerization process, it 

is essential to carefully choose the linker and the right derivatives of carboxylic acids. For 

examples, both 4-nitrobenzoic acid and nitroacetic acid can be coupled on the hexylamine 

modified adenosine through amide bond formation. There are several protocols of this coupling 

reaction, and not all carboxylic acids can be successfully incorporated on the oligonucleotides. 

The following purification process and characterization methods are also important. After the 

successful incorporation and purification, the distance between the functional groups and nucleic 

acid polymers as well as the rigidity should be considered.  

Second, the scale of modified aptamers is lower compared with the traditional in vitro 

selection pool. As mentioned previously, LOOPER depends on the T4 DNA ligase-mediated 

polymerization, which is a two-edged sword. On the one hand, various functionalities are 

incorporated at the same time in a sequence-defined manner. On the other hand, it cannot be 
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amplified efficiently like traditional PCR, thus decrease the amount of the modified aptamer 

generated from one reaction. The excess amount of modified building blocks in the 

polymerization reaction also makes it not easy to increase the scale to a comparable level of 

PCR. Thus, the initial library pool of aptamers is not as large. Third, the generation of a selected 

aptamer still depends on the T4 DNA ligase-mediated polymerization. Unlike traditional in vitro 

selection, where you can chemically synthesize the whole aptamer sequence, the modified 

aptamers still need the DNA-templated polymerization process. Specific building blocks are 

synthesized separately and subject to the reaction with the corresponding DNA template. The 

process can be time-consuming, and the efficiency is not as high as pure chemical synthesis. 

The structures of these highly functionalized aptamers are not fully understood, and further 

studies need to be done. These studies will reveal the importance of modifications on the side 

chains. Further, optimizations can be performed based on the interactions between the aptamers 

and the targets. Better design of the initial pool, such as the length of the random region and the 

choices of functional groups, is also possible. This might compensate the effect of smaller initial 

aptamer library compared with traditional in vitro selection. Chemical synthesis of selected 

aptamers is being explored. Solid-phase synthesis of modified aptamers is possible.  

LOOPER overcomes the limitation of one or two modifications on one nucleic acid strand 

using the DNA-templated polymerization with oligonucleotide building blocks. It is inspired by 

the peptide synthesis process in biological systems. The generated aptamers might adopt unique 

folding patterns due to the unnatural functional groups, thus bind to the targets at various sites 

through different kinds of non-covalent interactions. The mechanism of the polymerization is 

fully revealed, and there’s very little structural information of these modified aptamers. In-depth 

studies are still in need for us to understand this new class of aptamers.  
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Aptamers are still relatively new technology compared with antibodies, and some challenges 

remain to be addressed. However, they have proved to be a promising class of affinity reagents 

as well as therapeutics over the past two decades.  

 

 

 

 

 

 


