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ABSTRACT 

   

By taking advantage of ssDNA self-folding into stable secondary structures, ssDNA can 

be applied as a scaffold for presenting peptide residues to mimic the interface of PPIs.  

We have developed a method for the T4 DNA ligase-catalyzed polymerization 

(LOOPER) of 5′-phosphorylated pentanucleotides containing peptide fragments. This 

polymerization proceeds sequence-specifically to generate DNA-scaffolded peptides in 

excellent yields. It has been shown to tolerate peptides ranging from two to eight amino 

acids in length with a wide variety of functionalities. We validated the capabilities of this 

system in a mock selection for the enrichment of a His-tagged DNA-scaffolded peptide 

phenotype from a library, where almost 190-fold enrichment after one round of selection 

was observed. A high-throughput duplex DNA sequencing method was developed to 

facilitate the determination of fidelity for various codon sets and library sizes. With this 

process, we identified several codon sets that enable the efficient and sequence-specific 

incorporation of peptide fragments along a ssDNA template at fidelities up to 99%. These 



findings marked a significant advance in generating evolvable biomimetic polymers 

which should find ready application for the in vitro selection of molecular recognition. 
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CHAPTER 1 

Introduction and literature review 

1.1 Protein-protein interactions (PPIs) inhibitors 

Proteins are biomacromolecules consisting of chains of amino acids residues. Interactions 

between proteins play a central role in a vast number of biological processes, including 

dysregulation in disease.  It has brought the interest for researchers to identify inhibitors 

for protein-protein interactions (PPIs).1,2,3 Protein-protein interfaces usually present 

certain features. Large surfaces with shallow topologies spanning from 1,500—3,000 Å2,4 

are often observed. Interactions usually occur at binding pocket generated from proper 

folding.5 Amino acids (Trp, Tyr and Arg) are typically found at the interface which are 

correlated with hydrophilic and hydrophobic interactions.6  

Guided by the features above, researchers have identified various inhibitors that can 

interrupt the PPIs. Based on the molecular weight, they can be divided into three types: 

small drug-like molecules (M.W.<=500 Da), protein epitope mimetics(0.5kDa-5kDa) and 

recombinant macromolecule (M.W. 10-200 kDa).7 The first two will be mainly discussed 

here. 

Small drug-like molecules 

In the early stages, PPIs were not recognized as “druggable” by small molecules. As the 

contacting surface for proteins are a lot larger than that of small molecule ligand.8 In 

addition, unlike G protein-coupled receptors (GPCRs) which have native small molecule 

ligands,9 most PPIs don’t have a native small molecule ligand to start the chemical 
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discovery process. Techniques, such as high throughput screening (HTS) of small 

molecule libraries, presented some difficulties in generating validated hits. 

However, the discovery of several natural products such as rapamycin10 and 

cyclosporine11 revealed that small molecules could be effective inhibitors for PPIs. In 

addition, the identification of key roles for protein hot spots at PPIs rather than the 

complete interface12 further enhanced the possibility. 

During the meantime, the application of fragment-based-drug-discovery (FBDD) brought 

the hypothesis into reality. FBDD involves the assembly of weakly binding small 

molecules (M.W.<300 Da with mM binding) to achieve a potential drug candidate with 

nM binding.13 FBDD typically consists of three key steps: (i) Preparing fragment libraries 

containing small molecule members with less than 300 Da molecular weight, less than 

three hydrogen bond donors and less than three hydrogen bond acceptors; (ii) Screening 

of the fragment libraries towards a biological target for possible non-covalent binding; 

(iii) Elaborating the fragment hits to achieve high bio-affinity results as to prepare 

potential therapeutic candidates. 

The discovery of ABT-263(anti-apoptotic inhibitor of Bcl-2 family) was a typical 

example of apply of this strategy (Scheme 1.1).14 Compound 1 and compound 2 were 

first identified through screening a 10000 membered fragment library and a 3500 

membered fragment library respectively towards Bcl-xL.15 Guided by SAR and NMR, 

these two fragments were assembled and redesigned to generate compound 3 with 

improved Ki of 1.4 µM. Further iterative library screening and synthesis led to compound 

4 with Ki of 0.036 µM.15 The early candidate ABT 737 was identified through substituent 

optimization aiming at decreasing undesired binding to fetal bovine serine (FBS) and 
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increasing binding to other Bcl family members.16 The final candidate ABT 263 was 

generated through additional optimization based on medicinal chemistry aiming at 

improving oral bioavailability.17  

 

Scheme 1.1: Small molecule inhibitor identified for Bcl-xL through FBDD. 

FBDD showed better control over the size, complexity and physical properties of the 

small molecule. In addition, with the help of highly sensitive biophysical technique such 

as nuclear magnetic resonance (NMR),15,18 mass spectroscopy (MS) 19,20,21 and X-ray 

crystallography22,23, FBDD enabled the detection of weakly fragment binding. Finally, 

FBDD worked better in principle. As multiple protein hot spots were presented on the 

interface, it would be easier to identify fragments targeting individual hot spot than 

identifying small molecules that target multiple hot spots at the same time. 

Obstacles are still present within FBDD. As structural information is required when 

determining protein-ligand binding, proteins with unknown structures would be difficult 

to screen. Also, the high cost and special expertise required in running the detection 

techniques impeded this application.24 

Protein epitope mimetics 
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With a chemical diversity of only 20 amino acids, proteins still present various biological 

functions. Not only the composition but also the conformation of how they fold matters. 

Protein epitope mimetics stand for synthetic molecules that possess constrained structure 

that could mimic the three dimensional structure of a folded protein epitope which is 

recognized by its receptor.25 In the early stages, success was achieved through preparing 

of β-turn peptide mimetics.26 The β-turn was achieved through inserting a covalent 

linkage between amino acids at the strategic locations (Figure 1.1).27 

Figure 1.1: Early stage β-turn mimetics. 

During the recent decades, other epitopes of interest have developed. Among which 

included α-helix,28 β-sheet,29 β hairpin30 and other discontinued epitope31 regions.  

Taking α-helix as an example, it has around 3.6 residues per turn with a vertical distance 

of 0.54nm between two consecutive residues. Residues in α-helices typically adopt 

backbone (φ, ψ) dihedral angles around (−60°, −45°). This helical conformations were 

found in over 30% of the protein secondary structure,32 including p53/HDM2 

interactions,33 Bcl-xL/BIM interactions34 and Mcl-1/ NOXA B interactions35. It makes 

them to be desired epitope for designing mimetics. 
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Based on the structural factors, α-helix typically adopted three phases and residues on 

position i, i+4 and i+7 are proximately on the same phase.28 Guided by that, a set of 

synthetic templates have be generated (Figure 1.2). 

 

Figure 1.2: Organic molecule template for α-helix mimetics. 

Helicity is structurally presented in organic compounds such as terphenyl and 

arylamide.36 That allows them to efficiently mimic α-helix confirmation. Terphenyl 

compound 5 was first applied as the template for identifying potential PPI inhibitor for 

Bcl-xL. Val, Leu, Ile, Tyr and Phe residues, which are proved to be critical in Bcl-xL and 

Bak recognition37 were chosen to be presented on the functionalization site. With that, 

one α-helix mimetic targeting Bcl-xL with a Kd of 114nm was identified.38 The hydrogen 

bond between amide hydrogens towards pyridyl nitrogens and alkoxy groups enables the 

ability for compound 6 to mimic this helical structure. Overlay of polyaniline α-helix 

with compound 6 present a close resemblance with each other.39 A computational study 

revealed that trisbenzamide compound 7 resembles α-helix confirmation even better as 
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the orientation of functional residues fits well with the residue on i, i+4 and i+7 position 

on an ideal α-helix conformation.40 

While not all protein epitopes are composed of continued regions. A crystal structure of 

the CD4 receptor to gp120 have revealed 3 isolated epitopes.41 In that way, other 

synthetic scaffolds were prepared to mimic this discontinued epitope. 

Orthogonally protected TAC scaffold (compound 8) was synthesized through the 

following protocol42. Peptide epitopes generated from the interface were cyclized through 

conjugating two terminal cysteine with benzylic dibromide (Scheme 1.2). Since the 

larger silyl ether protecting groups have higher resistance to hydrolysis, triethylsilyl ether 

(TES) and triisopropylsilyl ether (TIPS) could then be deprotected and sequentially 

coupled to a different cyclic peptide epitope to generate the mimetics (Scheme 1.2). Fully 

functionalized TAC scaffold (compound 9) with cyclic peptide epitope enables a strong 

interaction to CD4 with a IC50 value of 41µM.41 

Scheme 1.2: Preparation of cyclic peptide epitope and final functionalized TAC scaffold. 

With the precise local environment presented, protein epitope mimetics enabled an 

effective resemblance of the protein interface. However, lacking of the ability to 
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synthesize through a combinatorial approach43 limited it application in high-throughput 

screening44, as each library member needs to be synthesized separately. One approach 

that could present the multiplexity of these functional groups and assemble them in a 

combinatory synthetic pathway would be of great potential for the discovery of new types 

of inhibitor for PPIs. 

 

1.2 Nucleic acids guided display 

The mechanism which governs the architecture of DNAs is well understood. In that, 

applying DNA as templates or scaffolds enables the generation of well-controlled 

secondary structures.45,46 In addition, with the application of DNA sequencing and PCR 

amplification, DNA scaffold could be prepared and analyzed efficiently.47 Among all the 

secondary structures, DNA’s double helix is the most frequently observed DNA 

secondary structure. Following “Watson-Crick base pairing” rules, two single stranded 

DNAs hybridize into one double stranded DNA in helical form. 

Double stranded DNA is found to be in three main conformations, of which B-DNAs are 

predominately presented, especially in cellular environment.48 The double helixes of B-

DNA are right handed. Each nucleobase has a distance of 3.4 Å to another nucleobase 

with a rotation degree of 34.3o. One complete turn requires around 10 bps and extended 

in 34 Å.49 The double helixes of A-DNA are right handed as well which is similar to B-

DNA while the helical structures are more compact compared to B-DNA. As the base 

pairs are more twisted and not perpendicular to each other. In that the rise per helix for A-

DNA is 28.6 Å which is shorter than that of B-DNA.50 The dehydration of DNA drives it 

to become A-form as to protect DNA under that conditions.51 Z-DNA is in left-handed 



8 

helical form with a zig-zag backbone conformation. Higher G-C contents favor that 

form.52 Higher order of helical structure are also presented but will not be discussed 

here.53,54 

DNA scaffolded small molecules 

DNA scaffolds offer spatial control over the orientation of small molecule fragments in 

targeting protein of interest (Figure 1.3). Each DNA strand is covalently conjugated to a 

small molecule fragment and contains a tag for that molecule. After affinity pull down, 

the desired combination of fragments will be identified from sequencing the DNA 

template which encodes for that molecule. Then covalent assembly of those fragment 

winners will be performed and tested. This procedure was widely applied in facilitating 

fragment base drug discovery. 

Figure 1.3: DNA scaffolds in identifying fragments assembles targeting protein of 

interest. 

For the early stage discovery, Hamilton et al. assembled two distinct protein binding 

agents through covalent labeling to the end of each DNA strand.55 In this characterization 

study,  2-iminobiotin which is a reversible binder of streptavidin was mixed into the 

library of small molecules. After coupling these small molecules to the DNA templates, 

annealing and affinity pull down with streptavidin bead were performed. Only the DNA 

duplex containing two 2-iminobiotin was detected as the binder towards streptavidin. 
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This proved the importance of the proximity for bivalent or multi-valent binding that 

DNA scaffold could provide. 

Following this strategy, multiple bivalent ligands were identified with nanomolar range 

binding towards protein targets including streptavidin56 (Kd 1.9nM) and trypsin57 (IC50 3 

nM). 

DNA scaffolded peptides 

Even being rigid, DNA double helix still presents certain degree of multiplexity. The 

proximity and orientation of separate ligands on the double helix could be tuned by 

alternating the position of ligands (Figure 1.4). 

 

Figure 1.4: DNA display of ligand with various proximity and orientation. 

Chaput et al. developed an approach for generating antibody mimetics-“synbody”58 

taking the advantage of multivalent interaction which is presented in native protein-

protein interactions. A fragment-based approach was performed to first identify couple 

12-mer peptides from a ~4000 membered peptide library that interact with the protein 

target (Gal80 protein) with micromolar affinity. Then a binding epitope mapping was 

performed against the peptides and protein target. With that approach, two most potent 

ligands that interact with the protein on different epitope were identified. They are BP1 
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with the Kd of 3.3µM and AD1 with the Kd of 3.6 µM. Following that those two ligands 

were then conjugated to variable positions on each strand of the dsDNA to access the 

divalent interaction. By alternating the position of one ligand while keeping the other 

fixed, Chaput et al. enabled the screening of scaffolds for displaying peptides and found a 

synbody that interacts with the protein target at Kd of 5.6 nM (~1000 fold increase in 

binding affinity). Removing any of the ligands rendered the Kd back to micromolar range. 

Later Chaput et al. showed that, applying mRNA display of peptide ligands towards 

target of interest instead of peptide array enables the identification of potential ligands 

with mid nanomolar range binding.59 As increasing the library size enables the 

identification of better ligands.  

The display of peptide ligands on dsDNA enables the generation of synbody with strong 

binding affinity. In addition, the generation of peptide ligands could either be achieved 

through peptide array or mRNA display which are both well validated approaches.  

DNA double helical structures are relatively rigid and stable, inserting a nick site into one 

strand increased the flexibility through introducing the state of “open” and “close” 

(Figure 1.5).60 

 

Figure 1.5: “Open” and “Close” state for nick containing dsDNA. 

The proximity and orientation of functional residues could alter the biological functions 

as well. With that concept, DNA scaffold may function as molecular ruler for controlling 
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the proximity and orientation of multiple ligands as to achieve the better binding (Figure 

1.6). 

Figure 1.6: DNA controlled multivalent ligand presentation. 

In this approach, ligands of interest will be covalently linked to the single stranded 

nucleotides oligomers. Following the base-pairing rule, the oligomers which contain the 

ligand of interest will be annealed to their corresponding position, certain length of 

ssDNA nick site will be introduced between the two double stranded DNA segments. By 

adjusting the position of ligands in the oligomer and the length for ssDNA nick, various 

assembly of ligand conformation could be achieved. 

In the initial research, Seitz et al.61 compared dsDNA scaffold and dsDNA with ssDNA 

nick scaffold in displaying two peptide ligands toward Syk kinase. They found that not 

only the distance between the ligands altered the binding, the flexibility of spacer in 

between also had an impact. The rigid helical twist presented in dsDNA scaffold was 

problematic for efficient display of ligands in protein binding, while having uncoupled 

ssDNA spacer in between allowed for the relief of the torsion constraint. 

In a more recent study, Seitz et al. applied this DNA scaffolded spatial screening into 

distinguishing two proteins which share similar binding to a consensus sequence motif.62 

The tandem-SH2 domains (tSH2) of the Syk and ZAP-70 kinases both bind to a tyrosine 

phosphorylated motif pYXXI/L(X)6−8pYXXI/ L with nanomolar Kd.
63 The underlined 
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parts are proved to be critical for interaction. Based on that, this motif was dissected into 

two parts containing pYXXLG. These two oligo peptide fragments were then coupled to 

the single strand nucleotides which gets annealed to the templates. The flexibility were 

controlled through the coupling orientation of peptides to nucleotides (from C’-terminal 

or N’-terminal), the relative orientation of the two peptides (C’-term to C’-term; C’-term 

to N’-term; N’-term to C’-term; N’-term to N’-term), and the relative distance between 

the two peptides(the spacer of dsDNA segments and ssDNA segments). The screening 

revealed that, compared to ZAP-70, Syk tSH2 has a rather broad substrate scope. In other 

words, the proximity and orientation of the two ligands does not have a significant impact 

on efficient binding. While ZAP-70 tSH2 requires proximal arrangement of the two 

ligands, only presenting the peptides in a relatively close proximity resulted in efficient 

binding. As other combination of the peptide ligands bound to Syk tSH2 tightly but failed 

to bind to ZAP-70 tSH2. 

However, even with the presence of a nick site, the conformation varieties of dsDNA are 

not comparable to ssDNA. ssDNAs can generate more complex secondary structures 

including stems, loops and bulges. These spherical structures64 result in close assembly of 

multiple ligands while dsDNAs remain to be rod-like in most cases. For multivalent 

interactions exceeding two, the proximity of ligands is simply controlled by the contents 

of ssDNA segments. In contrast, the presence of dsDNA fractions prohibited the efficient 

binding towards targets.65 
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For a long time, ribonucleic acids (RNAs) and deoxyribonucleic acids (DNAs) were 

recognized mostly as genetic codes which guide the growth and development of living 

beings.66 The ability for them to fold into various stable secondary structure, like 

ribozymes which enables catalyzing reaction67 has drawn the attention for researchers in 

perusing its non-biological functions. It was until the identification of polymerase chain 

reaction (PCR)68 which enables the regeneration of large quantity of nucleic acids (NAs) 

from diluted NAs libraries that the evolution on nucleic acid became possible. In 1990, 

Gold et al68 first presented the idea of Systematic Evolution of Ligands by EXponential 

enrichment (SELEX) (Figure 1.7) in evolution of nucleic acids targeting their 

corresponding protein-T4 DNA polymerase. The initial nucleic acid library was first 

generated then subjected to target binding; unbounded library members were then washed 

away; bounded library members were eluted and then submit to library regeneration 

through PCR; after iterative rounds of the same process, nucleic acids which interact to 

the target in the desired way could be identified when comparing of sequencing results of 

the initial library members and final library members. 

Figure 1.7: Systematic evolution of ligands by exponential enrichment. 

1.3 Native and modified nucleic acids 
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With the similar approach Joyce et al69 and Szostak et al70 were able to identify the 

desired nucleic acids either cleaving specific DNA sequence69 or targeting small 

molecule of interest70 in the same year respectively. Also, that was the first time Ellington 

and Szostak introduced the word “aptamer” derived from the Latin word “aptus” as “to 

fit” to present single stranded nucleic acids (ssNAs) which are able to binding tightly and 

specifically to the target of interest.70 

Traditionally, antibodies71, 72were applied in general for protein recognition and binding. 

Specifically, the tight binding to foreign invaders enables activation of immune systems 

as their key function.73 By coupling to drug molecules, antibody-drug conjugates (ADC) 

enabled the targeted drug delivery which was applied in designing cancer therapeutics.74,

75 However, they suffer from a number of shortcomings, including slow production time, 

high cost, limited target availability, poor stability and variable production quality.76 

Despite over 500,000 commercially available antibodies, researchers continue to express 

concerns over accessibility to high-quality antibodies for biomedical research.77, 78, 79 

These issues have stimulated the development of alternative technologies to generate 

high-affinity reagents for proteins that rival the performance of traditional antibodies.80 

Compared to antibodies, applying nucleic acids as an affinity reagents presents several 

advantages: (i) their generation through multiple rounds in vitro selection enables tuning 

of binding and specificity properties;81 (ii) their active structure can be reversibly 

generated by thermal denaturation and cooling;82 (iii) they exhibit excellent chemical 

stability and shelf-life83 and (iv) their chemical synthesis is predictable and scalable.84 

Toole et al identified couple single-stranded DNAs (ssDNA) targeting human thrombin 

from a 1013 96-mer library with Kd ranging from 25nM to 200nM.85 Native aptamers 



15 

targeting HIV reverse transcriptase,86 fibroblast growth factor 2,87 vascular endothelial 

growth factor,88 even small molecules as D-adenosine89 and caffeine90 have been evolved 

through the SELEX process. 

When compared to antibodies, native aptamers still present a deficiency-lack of 

functionality. Proteins contain 20 amino acids while nucleic acids only have four (taking 

DNA as an example) (Figure 1.8). The limited functionalities potentially inhibit its 

application to various protein targets, as hydrogen bonds, the hydrophobic effect and 

interactions between positively and negatively charged residues are widely presented on 

the PPIs interface.91 It would be difficult to target those which are negatively charged and 

hydrophobic in nature.92 Identifying an approach to generate modified nucleic acids is 

demanded in pushing the application of aptamers to the next level. 

Figure 1.8: Limited functionality of native DNA. 

Functionalized nucleic acid aptamer through chemical synthesis 

The establishment of solid phase DNA synthesis allows the synthesis of nucleic acid in 

preparative scale. Solid phase DNA synthesis is performed through following this 

procedure (Scheme 1.3) (i) Removing the trityl protecting group to free 5’-hydroxyl with 
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3% trichloro acetic acid; (ii) Activating the phosphorous atom of the phosphoramidite 

with tetrazole, then the free 5’-hydroxyl group would attack it and get coupled to the 

solid support, (iii) Capping the uncoupled 5’-hydroxyl group with the mixture of  acetic 

anhydride and N-methylimidazole. In that way, the unreacted the 5’-hydroxyl group is 

quenched and won’t be reactive to the next phosphoramidite; (iv) Oxidizing the phosphite 

triester to phosphate through I2 to generate stable phosphate diester bond. Through 

iterative rounds of cycles, oligonucleotide with the desired sequence is generated. After 

cleaving the oligomers off the beads and purification, synthetically generated 

oligonucleotides are prepared. 

 

Scheme 1.3: Solid phase DNA synthesis procedure.93 

Taking that process into consideration, introducing modified phosphoramidites should 

enable preparation of functionalized nucleic acids through solid phase oligonucleotide 

synthesis. Commercially available modified phosphoramidites contain a reactive head 
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including an amino residue, a carboxylate residue and an alkyne residue which are used 

for efficient labeling after synthesis. Customized synthesis of specifically functionalized 

phoshphoramidite could be time consuming and expensive at the same time.94 Also, the 

positions of modification for the nucleic acid generated from solid phase oligonucleotide 

synthesis are fixed. A library of that already loses a significant amount of variability 

which is disfavored to be applied for in vitro evolution. Instead, that approach would be 

more suitable in preparation for large quantity of post-SELEX modified aptamer for 

binding kinetics examination.95,96 

Functionalized nucleic acid aptamer through modified nucleotide triphosphate 

RNAs and DNAs are generated through RNA polymerase97 or DNA polymerase98 based 

on a parent DNA template using ribonucleotide triphosphate (NTP) or 

deoxyribonucleotide triphosphate (dNTP) substrates respectively. When applying 

modified substrates, it is possible to prepare modified nucleic acid enzymatically. 

Majority of the native polymerase present a high resolution towards different nucleoside 

bases. For instance, taq polymerase makes one mistake in copying every 10000 bps, the 

error rate was 0.01%.99 That prevents the mis incorporation of the nucleotide as to keep 

the accuracy when copying from a template. However, the high-resolution on the other 

hand may also prohibit the recognition of modified nucleotide triphosphate substrate. 

Introducing functionality onto the nucleoside base enables a broad range of chemical 

diversity. The position for introducing the modification are critical, of which the most 

important is to preserve the native Waston-Crick geometry.100 It has been shown that 

NTP with modifications on 7’ position (C7) of deazapurines and 5’ position (C5) of 

pyrimidine (Figure 1.9) remains its activity of substrate towards polymerase.101 In 
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addition, crystal structures of C7/C5 modified NTP with polymerase, template and primer 

indicated that these modified NTPs remain in the catalytic center for the enzyme.102 

Figure 1.9: Modification positions of NTPs (modified position was marked as * and *). 

Toole et al applied 5-(1-pentynyl)-2'-deoxyuridine(dU*TP) in SELEX against 

thrombin.103 With that, they managed to isolate a second class of thrombin aptamer pool 

with different sequence composition compared with initial aptamer derived using native 

dNTPs.104 The target binding relied on the presence of modified uridine as removing that 

resulted loss in binding. This initiated the approach for evolving aptamers with various 

functionalities. 

Intended to expand chemical diversity for aptamers, researchers in SomaLogic,Inc., 

introduced amino-acid side chain like modifications through modified dU*TP to create 

Slow-Off rate Modified Aptamers (SOMAmers).105 An array of modified dN*TPs was 

prepared for the generation of SOMAmers (Figure 1.10). Most of the modifications 

contain aromatic residues like benzyl and naphthyl groups. The hydrophobic interaction 

helps increase the interaction between SOMAmers and protein target, as hydrophobic 

amino acid residues like Trp and Tyr were recognized as hot-spot in protein-protein 

interface.91 In addition, the modification were introduced through palladium catalyzed 

carbonylative coupling with primary amines and CO106 which would leave an amide 
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linkage. This amide linkage allows the formation of additional hydrogen bonds which 

help stabilizing aptamer secondary structure. 

Figure 1.10: Some examples of modified dU*TP applied for SOMAmers. 

With the modification, SOMAmers were able to specifically recognize protein 

biomarkers including IL-8, tPA, resistin, MIP-4, MMP-7, MMP-9, RANTES, MCP-1, 

and Lipocalin 2 respectively.105 Recently Gawande et al presented a new approach which 

applied functionalized dC*NP and dU*TP at the same time.107 In that way, two different 

modifications will be presented on the nucleic acids. Using two different functional 

groups instead of one, a SOMAmer targeting PCSK9 with Kd<1nM was identified. Aside 

from high affinity, it has been shown that the presence of second modification didn’t 

interrupt with specific recognition. As the SOMAmer didn’t show any binding towards 

PCSK1, PCSK2, furin, PCSK4, or PCSK7 (13.5–16.2% identity to PCSK9) even at 

100nM. This further proved the importance of expanding chemical diversity in aptamer 

application. 

The size of modification on dN*TP might also be an important factor in order to be 

efficiently recognized by polymerase, however, the limitation of the molecule size does 
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not seem straightforward. Despite the capability of incorporating dN*TP with large 

molecules like fluorescent dyes,101 Marx et al. showed that a 23nt oligomer modified 

dT*TP could be recognized and incorporated onto a DNA template consecutively up to 

seven by Therminator DNA polymerase. Even though the modified dNTPs are 40 times 

larger than the native substrate.108 Years later, horseradish peroxidase (HRP) modified 

dT*TP which is 100 times larger than the native substrate got incorporated by KlenTaq 

polymerase109. Recently, even antibody modified dC*TP which is larger than the 

polymerase still got incorporated by KOD DNA polymerase.110 Even with such promise, 

applying extremely large modified dN*TP in SELEX would still be problematic. Firstly, 

it has been found that the polymerization efficiency of modifier depends on the 

neighboring nucleotide. That would decrease library variability as certain sequences are 

less likely to be generated. In addition, multiple incorporation would be less efficient 

when larger modification is applied. More importantly, even though heavily modified 

dN*TP could be recognized by polymerase, bulky adducts present in template usually 

blocks DNA polymerase from reading through.111 In that way, even behaved as potential 

aptamer, highly modified aptamer lacks the ability to get amplified from PCR which is 

critical in SELEX process. 

For the efficiency and multiple incorporation issue, post-polymerization coupling was 

introduced. This idea is to pre-introduce a relatively small bio-orthogonal reactive group 

through modified dN*TP and then couple to the modification of interest after the strand 

is generated (Figure 1.11). In that way, the modification would have a relatively small 

impact for the enzymatic incorporation. 
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Figure 1.11: Post-polymerization modification. 

By replacing dTTP with EdU*TP (C5-ethynyl-2’-dUTP), Mayer et al. was able to 

introduce bio-orthogonal reactive alkyne onto the template.112 That was then 

functionalized through Cu (I) catalyzed cycloaddition with functionalized azide. After 

selection against target of interest, the desired the strand was then eluted and amplified 

using EdU*TP through PCR. When one primer used in PCR is 5’-phosphorylated, the 

undesired strand generated from that primer will get removed using λ-exonuclease 

digestion. The alkyne strand was then coupled to the modification and continue for 

evolution. In the characterization study, indole azide was applied in the SELEX against 

GFP labeled Mouse complement component 3 (C3-GFP). The most potent library 

member binds to C3-GFP with a Kd value of 18.4nM. Removal or switching out the 

modification with other functional groups abolish the interaction. Recently, Mayer et al 

showed a strategy to perform intermolecular cyclization on alkyne modified ssDNA 

through di-/tri- functionally linker.113 That allows further stabilization of DNA secondary 

structure thus increasing the resistance towards nuclease. 

With a similar strategy, larger modification could be introduced without worrying about 

the substrate recognition. It was not about introducing modification but amplifying the 

modified strand that became the actual problem.  

Taking one step back, with the modification presented on the oligonucleotides, it is no 

longer recognized as nucleic acids by the polymerase. It becomes certain phenotype 

generated from its genotype (DNA template) using polymerase rather than translation 



22 

factors. A strategy that could dissect phenotype and genotype into separate parts would 

be of great value. As selection is related to phenotype which needs the presence of 

modification, while amplification is related to genotype which doesn’t. An alternative 

version of an old strategy-DNA display could be helpful in this case. Traditionally, DNA 

display allows the linkage between DNA and its corresponding potential enzyme after 

translation (biotin and streptavidin linkage are most commonly applied).114 With the 

presence of a DNA tag, the genotype of the selection winner will be enriched through 

PCR and subjected to the next round. 

Compared to proteins or peptides, modified DNA could be linked to its genotype much 

easier. As modified DNA will be covalently linked to its genotype specifically when 

using a hairpin structure. Polymerases with strong strand displacement ability115, 116 allow 

the insertion of a new strand through the hairpin loop to displace the modified strand 

(Figure 1.12). 

Figure 1.12: DNA-display for heavily modified DNAs. 

Krauss et al. developed an approach in evolving sugar molecules (Mannose4) modified 

ssDNA in mimicking HIV gp120.117 The sugar molecules were introduced after inserting 

an alkyne modification onto DNA through polymerase catalyzed primer extension. Sugar 

molecules are labeled through Cu (I) catalyzed cycloaddition with the azides. Then, a key 

strand-displacement step comes into play, a short primer is annealed to the loop region 
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and gets extended through a polymerase with strong displacement ability. In that way, 

this sugar modified DNA is divided into two parts, dsDNA segment contains the 

genotype which is ready for PCR amplification and ssDNA segment with sugar 

modification phenotype for binding towards target of interest (2G12 in this case). Then 

amplifying the selection winner, perform the whole process again. Following this 

protocol, sugar modified ssDNA with binding affinity of 260nM towards 2G12 was 

identified.117 Removing the modification resulted in complete loss in binding target of 

interest. After applying the full sugar cluster of mannose9 instead of mannose4 as to 

mimic the local environment of interface better, aptamer with the Kd of 150nM was 

found.118 Further optimization in the SELEX process as elevating selection temperature 

to remove weak binder resulting in an aptamer with the Kd of 1.7nM119 which showed the 

potential of heavily modified aptamers. 

With four different nucleosides, the maximum number of modifications is limited to four. 

Famulok et al. proved that four differently modified dN*TPs were able to get 

incorporated into a native DNA template.120 With the potential application in preparing 

unnatural nucleic acid, the sequence dependence of this enzymatic incorporation still 

prohibit the applicability of this approach. As it is shown that, GC rich templates were 

less likely to get incorporated compared to AT rich templates. In addition, polymerase 

evolution might be required as to accept unnatural substrates, which also builds up the 

barrier for expanding modification numbers in SELEX. 

Functionalized nucleic acid aptamer through modified phosphorylated oligomers 

DNA ligase enables the formation of phosphodiester bond between 5’-phosphate end and 

3’-hydroxyl group with the presence of ATP. It has been widely applied in biological 
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system for repairing single stranded breaks, such as ligating okazaki fragments which are 

generated on the lagging strand for DNA replication.121  

The process of ligation could be divided into these steps: (i) Recognizing the active site 

which is usually the DNA nick position after proper annealing to the template strand; (ii)  

Adenylating lysine residues at the active site of DNA ligase and releasing pyrophosphate; 

(iii) Transferring AMP on the active site of ligase towards 5’-phosphate strand to replace 

hydroxyl group with a better leaving group; (iv) Ligating 3’-hydroxyl group with the 5’-

phoshpate end with a phosphodiester bond.122 For non-biological applications, DNA 

ligase was mostly applied in recombinant protein expression. After inserting the DNA 

sequence for protein of interest through ligation to the multiple cloning region (MCR) on 

the plasmid, protein of interest is generated through in vitro transcription and 

translation.123 

It has been proved that native oligomer substrates are recognized by DNA ligase and 

ligated onto the DNA template efficiently with sequence specificity.124 DNA ligase also 

has the potential for recognizing modified substrates.125 Even lacking a thorough study on 

the tolerance of modification, ligase-mediated approach already presented several 

potential advantages over conventional polymerase mediated approach: (i) Decreased 

stringency on size and nature of modification, as modifications were separated by a 

certain amount of native nucleotides; (ii) Increased coding capacity for different 

modifications, for instance trimer enables coding for 64 different modifications while 

pentamer enables 1024; (iii) Uniform distribution of modifications, as the each 

modification is fixed to the specific position based on the modified position of the 
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oligomers; (iv) Potential for longer polymers; (v) Unknown sequencing bias, as the 

fidelity for introducing modified oligomer has not be investigated much. 

Hili and Liu et al. for the first time proposed an approach (Figure 1.13) for introducing 

modification through T4 DNA ligase.126 5’-phosphorylated trinucleotides were tested as 

the substrates for T4 DNA ligase. Although standard ligation failed to generate full-

length product, adding PEG 6000 which functions as molecular crowding reagent enables 

the generation of full-length product. Extending reaction time allows higher conversion to 

the full-length product. With the presence of 0.1 mg/ml BSA, T4 DNA ligase remained 

its catalytic activity after 12 hours of the ligation reaction. Further optimization on 

reagent concentration, reaction temperature enabled efficient incorporation of small 

molecule modified 5’-phosphorylated trinucleotides through ligase-mediation. 

Figure 1.13: Generation of modified DNA through ligase-mediated approach. 

According to Hili and Liu et al,126 T4 DNA ligase allows consecutive incorporation of 

modified trimers onto DNA template for up to 150 nucleotides (stands for 50 trimer 

codons). Up to 8 small molecule modifications were introduced through ligase-mediated 

approach with high efficiency. The chemical diversity was greatly expanded compared to 

polymerase mediated approach. The sequence fidelity was simply examined by a 

terminator reaction. In that test, one 5’-phosphorylated trimer was replaced with a trimer 

of identical sequence without the 5’-phosphate. In that way, once the terminator is 
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introduced the ligation reaction will be stopped at that point. According to the gel they 

provide, observed termination product was consistent with the terminator position. That 

means no readthrough or mis-incorporation occurred, the fidelity of this ligation is high. 

However, sequencing result will be needed for accurate evaluation for the fidelity. 

Finally, a mock selection towards carbonic anhydrase II(CAII) beads was performed 

using trimers modified with various small molecules including a known inhibitor. After 

four iterative rounds of selection, the positive strand containing the genotype for the 

inhibitor was enriched by >2.5 × 107-fold. That proved the potential of applying ligase-

mediated approach for SELEX of modified DNAs with expanded chemical diversity. 

1.4 Objectives and dissertation outline 

The objectives of this dissertation are as follow: (i) Optimize the condition for this ligase-

mediated approach as to introduce larger modification. Previously, it has been shown that 

small molecules modified oligonucleotides were recognized by T4 DNA ligase as 

substrates. We hypothesized that large peptide modification allows targeting PPIs with 

high efficiency, while the tolerance to large modifications such as peptides is still 

unknown right now. (ii) Perform mock selection to evaluate the efficiency of this 

approach in in vitro evolution. The success for iterative rounds of selection rely not only 

on the choice for starting libraries but also on the robustness of this system. Proper 

approach to remove undesired product and efficient regeneration of starting material are 

also critical to the success of the actual SELEX. (iii) Evaluate fidelity for this ligase-

mediated approach. High fidelity is critical for the correct resembling between genotype 

and phenotype. Previous evaluation methods (terminator-mediated approach) have 
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provided an estimation on the sequence specificity while not being a quantitative 

standard. Sequencing will be required to fulfill this gap. (iv) Optimize on the linker-

length between modification and oligomer. Longer linker requires higher entropy loss 

upon binding to the target. Truncation of the linker length with relatively simple approach 

allows the tuning for identifying aptamer hits with better binding thermodynamics. 

The rest of this dissertation is divided into 4 chapters. 

Chapter 2 describes the initial work on introducing peptide modifications through T4 

DNA ligase. In this case, 5’-phosphorylated pentanucleotides were used as the anti-codon 

for peptide modification instead of trimers due to higher encoding power (1024 different 

modifications) and less stringency for the enzyme (less density of modification). An 

optimization on ATP concentration and template architecture enabled the consecutive 

incorporation of 8 octa-peptide modified pentamers onto DNA templates. The functional 

group on peptides were well tolerated by T4 DNA ligase as well including cationic 

residues, anionic residues, aliphatic residues etc. Finally, a mock selection was performed 

to evaluate the efficiency of this approach in in vitro evolution, a 190-fold enrichment 

was observed with one round of selection. This work is published in J. Am. Chem. 

Soc., 2015, 137 (34), pp 11191–11196. 

Chapter 3 describes the follow up work on introducing peptide modifications through T4 

DNA ligase. Lack of the sequence specificity analysis and validated library design 

limited the application of this ligase-mediated approach. In this chapter, four different 

ssDNA libraries were first chosen to achieve similar value for ∆G simulation upon 

folding compared to N40 random libraries. That ensured the folding of stable secondary 

structures. In addition, the melting temperature for octa-peptide modified ssDNA was 
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measured and compared to native ssDNA as to prove that peptide modifications didn’t 

destabilize the secondary structure. Finally, sequencing result of the ligation product 

proved the high fidelity of incorporating peptide modified pentanucleotides among the 

four chosen libraries. One library (WSWST)8 with high yield in generating full-length 

peptide modified product and high fidelity (98.9%) was chosen as the library for in vitro 

evolution of potential PPIs inhibitors. This work is published in Bioconjugate 

Chem., 2017, 28 (2), pp 314–318. 

Chapter 4 describes the further optimization on current ligase-mediated approach for 

small molecule modification. The lack of tuning ability limited the potential for 

identifying modified aptamers with improved binding thermodynamics. In this chapter, 

two strategies will be discussed and compared for truncating the linker length. Direct 

functionalized phosphoramidite synthesis required multiple synthesis and purifications, 

while enabled a large variety of modifications. Post-synthesis coupling with the di-amino 

linker enabled preparation of specific linker with ease and comparable yields, while that 

coupling reaction has certain limitations. An evaluation on the ligation efficiency and 

fidelity between linker length was performed. It was proved that truncating the linker 

slightly resulted in similar yield and fidelity. While removing the linker led to increased 

sequence bias when incorporating which is not favored for in vitro evolution. 

Finally, Chapter 5 provides the summary of the work that is described in this dissertation 

and a future direction for the possible follow-up work. 
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CHAPTER 2 

Sequence-defined scaffolding of peptides on nucleic acid polymers1 
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Reproduced with permission from Guo, C.; Watkins, C. P.; Hili, R. J Am Chem Soc 2015, 

137 (34), 11191-6. Copyright 2015 American Chemical Society. 
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2.1 Abstract 

We have developed a method for the T4 DNA ligase-catalyzed DNA-templated 

polymerization of 5’-phosphorylated pentanucleotides containing peptide fragments. The 

polymerization proceeds sequence-specifically to generate DNA-scaffolded peptides in 

excellent yields. The method has been shown to tolerate peptides ranging from 2-8 amino 

acids in length with a wide variety of functionality. We validated the capabilities of this 

system in a mock selection for the enrichment of His-tagged DNA-scaffolded peptide 

phenotypes from a library, which exhibited a190-fold enrichment after one round of 

selection. This strategy demonstrates a promising new approach to enable the generation 

and in vitro selection of high-affinity reagents based upon ssDNA scaffolding of peptide 

fragments. 

 

2.2 Introduction 

Nature uses multi-valency – the sum of low-affinity molecular interactions – to achieve 

specific and high-affinity molecular recognition.1 Chemists have strived to apply this 

concept toward the development of novel high-affinity reagents to address critical needs 

in biomedical research.2-4 Not surprisingly, the molecular scaffold is crucial for achieving 

precise multivalent display of ligands. Thus, the ability of nucleic acids to predictably 

and reproducibly form tertiary structures makes them an excellent scaffold for displaying 

ligands in a rigid and predefined spatial configuration.5-8 Indeed, DNA has been used to 

scaffold known ligands to generate multivalent high-affinity reagents that rival the 

properties of traditional antibodies.9-14Multivalent display of bioactive oligomers, such as 

peptides and glycans, has proved particularly effective; however, current approaches 
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require existing knowledge of ligand binding and typically depend on homo-multi-

valency. To fully realize the potential of DNA scaffolding for the development of novel 

high-affinity reagents, technologies that enable the sequence-defined display of a library 

of oligomeric ligands along a library of ssDNA at high densities are needed. This would 

enable the directed evolution of both the ssDNA scaffold architecture and the identity of 

the displayed oligomers to occur concomitantly in order to optimize recognition of 

molecular targets.  

Inspired by the antigen-binding loops within the complementarity-determining regions of 

immunoglobulins,15 we hypothesized that single-stranded nucleic acid polymers 

decorated in a sequence-defined manner with short peptide fragments could mimic the 

surface of proteins and serve as a new class of high-affinity reagents (Figure 2.1a). The 

single-stranded nucleic acid component would function as a core scaffold to display 

multiple unique peptides, generating the hetero-multi-valency akin to hot spots presented 

at protein-protein interfaces.16 The T4 DNA ligase-catalyzed DNA-templated 

polymerization of 5’-phosphorylated trinucleotides provides a platform for the 

incorporation of multiple small ligands throughout a ssDNA polymer.17 We reasoned that 

this approach could be optimized for the polymerization of 5’-phosphorylated 

oligonucleotides containing peptide fragments to readily assemble the desired DNA-

scaffolded peptides (Figure 2.1b). 

Herein, we report the development of a T4 DNA ligase-catalyzed DNA-templated 

polymerization of peptide-modified pentanucleotides that enables the sequence-defined 

scaffolding of peptide fragments on nucleic acid polymers. We examined and optimized 

this approach to achieve high-fidelity polymerizations with excellent efficiencies and 
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peptide substrate scope. In addition, we validate the capabilities of the developed 

polymerization system by integrating it within a mock in vitro selection of functional 

DNA-scaffolded peptides. The findings from this work advance the field of DNA-

templated polymerization and lay the foundation for the evolution of synthetic polymers 

for molecular recognition and catalysis that are based upon the hetero-multivalent-

scaffolding of multiple unique peptide fragments on ssDNA. 

 

Figure 2.1: Generation of DNA-scaffolded peptides. (a) ssDNA-scaffolded peptides. (b) 

Sequence-defined T4 DNA ligase-catalyzed DNA-templated polymerization of peptide-

modified oligonucleotides toward the synthesis of ssDNA-scaffolded peptides. (c) 

Peptide modification via commercial amino-modified nucleobases. 
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2.3 Results and discussions 

Polymerization optimization for dipeptide-modified pentanucleotides 

We explored the use of peptide-modified pentanucleotides as minimal building blocks for 

T4 DNA ligase-mediated templated polymerization. We speculated that this 

oligonucleotide length would provide advantages over shorter codon lengths, including 

access to longer peptide modifications and a larger codon set, while still providing the 

desired density of scaffolding and hybridization specificity observed with shorter 

oligonucleotides.18 First, we characterized and optimized the ability of T4 DNA ligase to 

polymerize the 5’-phosphorylated pentanucleotide ACTCT modified with the dipeptide 

Ac-Phe-Gly at the first nucleobase position via an amino-modified dA (Figure 2.1c). The 

pentanucleotide building blocks were readily synthesized using automated 

oligonucleotide synthesis with commercially available amine-modified nucleoside 

phosphoramidites and 5’-phosphorylation reagents. The amine groups were used to 

install the dipeptide using well-established amide bond-forming chemistry.19The desired 

dipeptide-modified 5’-phosphorylated pentanucleotides were furnished in high yield 

following purification by reverse-phase HPLC.  

An initial optimization screen for polymerization of the dipeptide building block was 

performed along a DNA template comprising a 5’-phosphorylated hairpin as the 

extension site followed by eight consecutive repeats of the corresponding pentanucleotide 

codon (Figure 2.2). Templates contained an additional 3’-end nucleotide to preclude 

undesired blunt-end ligation. The initial polymerization conditions used were adapted 

from the trinucleotide polymerization system,17 which contained 10% PEG 6000 as a 

molecular crowding reagent 20 and 1 mM ATP for 24 h at 25 °C. These conditions 
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resulted in incomplete polymerization, which was evidenced by a ladder of eight bands 

up to full-length product seen by denaturing PAGE analysis (Figure 2.2, [ATP] = 1000 

μM).  

We hypothesized that T4 DNA ligase was inefficient at catalyzing the formation of the 

phosphodiester bond between the 5’-adenylated template and the 3’-hydroxyl group of 

transiently hybridized peptide-modified pentanucleotides. Under such conditions, the 

ligase would eventually dissociate from the template and re-adenylate itself in solution. 

Since adenylated ligase catalyzes the adenylation of the 5’-phosphorylated templates, 

while the un-adenylated ligase catalyzes the phosphodiester bond formation,21 we 

reasoned that the standard high concentration of ATP was inhibiting the polymerization 

by shifting the equilibrium of the reaction to a mixture of 5’-adenylated template and 

adenylated ligase, effectively shutting down the polymerization. Indeed, when the ATP 

concentration was decreased to 25 μM, polymerization of the dipeptide-modified 

pentanucelotide proceeded smoothly to full-length product (Figure 2.2).  
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Figure 2.2: Optimization of ATP concentration for the T4 DNA ligase-mediate 

polymerization of Ac-Phe-Gly-modified pentanucleotide 5’P-ACTCT. Conditions: 1μM 

template, 4 μM/codon modified 5’-phosphorylated pentanucleotide, 20 U/μL T4 DNA 

ligase, 10% PEG 6000, and variable ATP for 24 h at 25 °C. t = template. 

We next performed a positional scan for the modification site on the pentanucleotide 

building block. A series of pentanucleotides were synthesized with the dipeptide Ac-Phe-

Gly at one of the five possible positions via an amino-modified dA nucleotide (Figure 

2.3). PAGE analysis of the polymerization revealed that all modified positions except 

position five were tolerated by T4 DNA ligase; modification at position five resulted in 

extensive laddering up to full-length product. We also studied the nucleobase dependence 

at position one when modified with Ac-Phe-Gly via amino-modified dA, dT, dC, or dG 

(See Supporting Information, Figure S2.2). Surprisingly, only peptide modification of 

dA at position one was tolerated; however, a more thorough nucleobase screen across all 
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positions of the pentanucleotide is required to fully understand the substrate tolerance of 

T4 DNA ligase. 

 

Figure 2.3: Positional scan of the modification site along the pentanucleotide. The 

dipeptide used was Ac-Phe-Gly, which was conjugated to the pentanucleotide via a C6 

amino dA modifier through standard amide coupling 

 

Polymerization of pentanucleotides with longer peptide modifications 

Building from the above optimization studies, we sought to expand the scope of the 

polymerization process to include longer peptides. 5’-phosphorylated pentanucleotide 

building block ACTCT was modified via an amino-modified dA with peptides ranging 

from two to eight amino acids in length and polymerized along a homo-octameric 

template containing a 5’-phosphorylated hairpin (Figure 2.4).  
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Figure 2.4: Denaturing PAGE analysis of polymerizations of pentanucleotides 

containing peptide modifications of increasing length along a 5’-hairpin DNA template. 

The sequence for the various peptide length were presented above, all of them were 

conjugated to the pentanucleotides via C6 amino dA modified though standard amide 

coupling 

We observed a steady decline in polymerization efficiency as peptide length increased, 

suggesting that T4 DNA ligase was sensitive to the size of the modification and that 

further optimization was required. We hypothesized that different template architectures, 

especially those that enable simultaneous extension from both a 3’-primer and a 5’-

primer might enable more efficient ligase-catalyzed polymerization. We chose to explore 

different template architectures using the most challenging substrate, the octapeptide-

modified pentanucleotide (Figure 2.5). 
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Figure 2.5: Influence of template architecture on the polymerization of pentanucleotides 

modified with Ac-FGFGFGFG. (a) Examined template architectures. (b) Denaturing 

PAGE analysis for 24 h polymerization of octapeptide-modified pentanucleotide on 

different template architectures. 

When comparing between polymerizations of the octapeptide-modified pentanucleotide 

along templates containing either the 3’-hairpin or 5’-hairpin architectures, we saw a 

dramatic change in efficiency (Figure 2.5b). Polymerizations that extended from the 3’-

hairpin proceeded with excellent conversion into full-length product, while extensions 
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from the 5’-hairpin resulted in a laddering of up to four pentanucleotide incorporations. 

Polymerizations on template architectures that contained both a hairpin and a primer-

binding site for bidirectional extension proceeded efficiently regardless of the location of 

the hairpin. Importantly, 3’-hairpin templates enable displacement and display of 

modified single-stranded nucleic acids used during in vitro selections for molecular 

recognition. 9, 11, 22 

We next challenged the polymerization system with octapeptides containing a diverse set 

of amino acids including hydrophobic, hydrophilic, and charged residues (Figure 2.6). 

The cationic peptide Ac-WSKGRGSC and the anionic peptide Ac-EGYDTGSC were 

separately conjugated to the 5’-phosphorylated pentanucleotide ACTCT (Figure 2.6b). 

The conjugation was achieved by coupling the amino group of the C6 amino dA to the C-

terminal cysteine residue of the peptide via a succinimidyl 4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate (SMCC) linker. Polymerizations were performed on the 

corresponding 3’-hairpin templates using the optimized reaction conditions for 24 h 

(Figure 2.6a). Highly efficient polymerization into full-length product was observed for 

both peptide-containing substrates (Figure 2.6c). These data suggest that the developed 

polymerization system can accommodate a broad scope of peptide modifications. 
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Figure 2.6: Scaffolding of densely functionalized peptides on DNA. (a) Optimized 3’-

hairpin polymerization strategy. (b) Peptides used for polymerization. (c) Denaturing 

PAGE analysis of 24 h polymerization. 

Sequence specificity of polymerization 

To evaluate the sequence specificity of peptide-modified pentanucleotide incorporation 

along a 3’-hairpin template, we used a polymerization inhibitor strategy. Since T4 DNA 

ligase requires 5’-phosphorylated pentanucleotides for the polymerization, the addition of 

pentanucleotides that lack a 5’-phosphate should inhibit polymerization and result in 

truncation products. If T4 DNA ligase is highly specific, then polymerization should 

terminate at the codon that specifies the non-phosphorylated pentanucleotide. If sequence 

specificity is poor, then polymerization should generate polymers of undesired lengths 
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either by the mis-incorporation of a non-terminator substrate opposite the terminator 

codon, or by nonspecific inhibition of polymerization by terminators at non-terminator 

codons. 

We used a hetero-tetrameric template containing four codons with a GC-content ranging 

from 0-40 % and a 3’-hairpin as the extension site (Figure 2.7). Three 5’-phosphorylated 

pentanucleotides linked to the dipeptide Ac-Phe-Gly and one peptide--modified 

pentanucleotide lacking a 5’-phosphate were polymerized along the template and the 

reaction products were analyzed by denaturing PAGE. One product at the anticipated 

molecular weight was observed for each terminator reaction, indicating that incorporation 

of all four peptide-modified pentanucleotides proceeds with a high degree of specificity. 

It is important to highlight that non-phosphorylated pentanucleotides can only inhibit 

polymerization, as they cannot be incorporated into the polymer; despite a 24 h 

incubation, and a four-fold excess of phosphorylated pentanucleotides, read-through of 

the termination codon was not observed. 
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Figure 2.7: Sequence specificity of T4 DNA ligase-mediated templated polymerization 

of dipeptide-modified pentanucleotides. Asterisks designate sites of peptide modification. 

The dipeptide used was Ac-Phe-Gly, which was conjugated to both terminator and non-

terminator pentanucleotides via a C6 amino dA modifier through standard amide 

coupling. 

In vitro selection of a hexahistidine phenotype from a library of DNA-scaffolded peptides 

Encouraged by the efficiency and fidelity of the T4 DNA ligase-catalyzed DNA-

templated polymerization of peptide-modified pentanucleotides, we sought to test its 

performance within the context of an in vitro selection cycle to enrich a known binder 

from a library of DNA-scaffolded peptides. Since the presence of the peptide fragments 

could potentially interfere with the PCR amplification, we adapted a DNA-display 

selection approach,9, 11, 22 which obviates the need for amplifying modified DNA by 
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covalently linking genotype to phenotype (Figure 2.8a). As a model selection, we chose 

a positive control genotype that encoded for a DNA-scaffolded peptide phenotype 

containing one instance of a hexahistidine peptide, which would enable it to survive a 

selection pressure based upon binding to Co2+magnetic particles. For the selection 

system, we used the four pentanucleotide sequences that we previously demonstrated to 

be highly specific in the polymerization process, and modified them with four different 

peptide fragments, including the hexahistidine tag (Figure 2.8b). We designed a DNA 

template (POS) comprising a 3’-hairpin as the extension site followed by seven codons 

that encoded for pentanucleotides 2-4, and an eighth codon that encoded for the 

hexahistidine pentanucleotide 1; the reading frame was followed by a primer-binding site. 

A library of DNA templated (LIB) was also prepared, whereby the reading frame 

comprised only codons that encode for pentanucleotides 2-4. The POS template had a 

unique XbaI digest site, so that its enrichment versus LIB could be monitored by 

restriction digest and PAGE analysis. The POS template was diluted 1000-fold into LIB, 

and subjected to one round of polymerization, primer extension, selection. The surviving 

genotypes were amplified by PCR and subjected to digestion by XbaI and the digestion 

results were analyzed by non-denaturing PAGE. Over the one round of selection, the 

POS genotype was enriched 190-fold (Figure 2.8c), demonstrating the capability of the 

system to support the in vitro selection of DNA-scaffolded peptides against molecular 

targets. 
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Figure 2.8: In vitro selection of DNA-scaffolded peptides for binding to Co2+ beads. (a) 

Complete cycle of in vitro selection of DNA-scaffolded peptides. His-tagged genotype 

(POS) is diluted 1000-fold into library (LIB). The library is then subjected to 

polymerization, primer extension-mediated strand displacement by Bst polymerase, 

selection against Co2+ magnetic particles, PCR amplification, and digestion by XbaI 

restriction enzyme. (b) Pentanucleotides used in the selection. Modification site is at the 

5’-dA position. Conjugation of peptide is via a SMCC linker between the C6 amino dA 

nucleotide and the C-terminal cysteine residue of the peptide. (c) Non-denaturing PAGE 

analysis of XbaI digestion products after one round of selection, resulting in 190-fold 

enrichment of the genotype encoding the hexahistidine-tagged phenotype. 
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2.4 Conclusions and acknowledgements 

In summary, we have developed a new approach for the generation of sequence-defined 

DNA-scaffolded peptides that uses T4 DNA ligase to catalyze the DNA-templated 

polymerization of peptide-modified 5’-phosphorylated pentanucleotides. Optimization of 

ATP concentration, template architecture, and peptide attachment to the pentanucleotide 

enabled efficient polymerization of these challenging substrates. Peptides ranging from 2-

8 amino acids in length with a wide variety of functionality were found to be within the 

scope of this method. A four-codon library ranging from 0-40 % GC-content was used to 

demonstrate the high sequence specificity of the polymerization process. We anticipate 

expanding the codon set for this process to accommodate DNA scaffolding of a larger set 

of peptides. The ability to sequence-specifically incorporate multiple peptide fragments 

throughout an evolvable ssDNA polymer should enable the in vitro selection of ssDNA-

scaffolded peptides that harness the power of heteromultivalency for molecular 

recognition of protein targets. 

This work was supported by the NSF (DMR 1506667) and the Office for the Vice 

President of Research, University of Georgia. We thank the PAMS core facility at the 

University of Georgia for their help in the characterization of oligonucleotides. We would 

also like to thank Prof. Eric M. Ferreira and Prof. Vladimir V. Popik for helpful 

comments on the manuscript. 
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2.5 Experimental details 

General information 

Unless otherwise noted, all materials and compounds were prepared using commercially 

available reagents and used without further purification. Water was purified with Milli-Q 

purification system. DNA pentanucleotideswere synthesized on a 

BioautomationMermade 12 synthesizer. Peptides were purchased from Genscript. DNA 

oligonucleotides greater than five nucleotides in length were purchased from Integrated 

DNA Technologies. All materials and reagents used for oligonucleotide synthesis were 

purchased from GlenResearch. All oligonucleotides were synthesized and deprotected 

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

phase high-pressure liquid chromatography (HPLC, Agilent 1260) using a C18 stationary 

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

mMtriethylammonium acetate gradient. Oligonucleotide concentrations were quantitated 

by UV spectroscopy using a Nanodrop ND2000 spectrophotometer. Non-commercial 

oligonucleotides were characterized by LC/ESI-MS using a c18 column at ambient 

temperature with a mobile phase of 100% 6 mMtriethylammonium carbonate (TEAB) to 

80% MeOH/20% TEAB over 10 minutes, and a flow rate of 0.3 mL/min; 

Oligonucleotides greater than 70 nucleotides in length were analyzed by PAGE. 

DNA Sequences 

The sequences below are written from 5'→3'. <P> = 5’Phosphate (Glen Research 10-

1902); <Cam> = Amino-modifier C6 dC (Glen Research 10-1019); <Gam> = N2-

Amino-modifier C6 dG (Glen Research 10-1529); <Aam> = Amino-modifer C6 dA 

(Glen Research 10-1089); <Tam> = Amino-modifer C6 dT (Glen Research 10-1039)  
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Templates 

TH8B5c:/5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA GAG TAG AGT 

AGA GTA GAG TAG AGT AGA GTA GAG TAG AGT C 

TH8B5Pa: /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA GAG TAG 

AGT AGA GTA GAG TAG AGT AGA GTA GAG TAG AGT CAC GTG GAG CTC 

GGA TCC 

TH8B5Pc: /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA GAG TAG 

AGT AGA GTA GAG TAG AGT AGA GTA GAG TAG AGT CAC GTG GAG CTC 

T8B5H: AGA GTA GAG TAG AGT AGA GTA GAG TAG AGT AGA GTA GAG 

TAC GCT GCC GTC CCC TTG GAC GGC AGC GT 

PaT8B5H:  CAC GTG GAG CTC GGA TCC AGA GTA GAG TAG AGT AGA GTA 

GAG TAG AGT AGA GTA GAG TAC GCT GCC GTC CCC TTG GAC GGC AGC 

GT 

PbT8B5H: CAC GTG GAG CTC GGA CCA AGA GTA GAG TAG AGT AGA GTA 

GAG TAG AGT AGA GTA GAG TAC GCT GCC GTC CCC TTG GAC GGC AGC 

GT 

TH8C5c: /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA GAG AAG 

AGA AGA GAA GAG AAG AGA AGA GAA GAG AAG AGA C 

TH8D5c: /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA GAG CAG 

AGC AGA GCA GAG CAG AGC AGA GCA GAG CAG AGC C 

TH8E5c: /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA GAG GAG 

AGG AGA GGA GAG GAG AGG AGA GGA GAG GAG AGG C 
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TH8F5c:  /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAG GCG GGG 

CGG GGC GGG GCG GGG CGG GGC GGG GCG GGG CGG C 

TH8G5c: /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT TAT TTT ATT 

TTA TTT TAT TTT ATT TTA TTT TAT TTT ATT C 

TH8I5c： /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA GAT GAG 

ATG AGA TGA GAT GAG ATG AGA TGA GAT GAG ATG C 

TH8J5c：/5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA GTA GAG 

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

TH8K5c： /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAA TGA GAT 

GAG ATG AGA TGA GAT GAG ATG AGA TGA GAT GAG C 

TH8L5c:  /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT AGA GTA 

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

TH4mixDc： /5Phos/TG CGA CGG CAG GTT CCC CTG CCG TCG CAT CTC TAG 

AGT TTA TTA GTC TC 

T4mixCH：AGT CTT TAT TAG AGT TCT CTA CGC TGC CGT CCC CTT GGA 

CGG CAG CGT 

SELMA-POS1: CTG TTG TTC CGC AGT CAC CTT TTA TTA GAG TTC TCT AGT 

CTT CTC TAG AGT AGT CTT CTC TCC CGT ACC CGT ATT TGG TGG CAA GGA 

TGA CAA GGA TTT TAT ATT TTA TAT TTT TAT TTT ATT ATC GGG TAC GGG 

SELMA-NEG1: CTG TTG TTC CGC AGT CAC CTT AGA GTA GAG TAG AGT 

TCT CTT CTC TAG TCT AGT CTT CTC TCC CGT ACC CGT ATT TGG TGG CAA 

GGA TGA CAA GGA TTT TAT ATT TTA TAT TTT TAT TTT ATT ATC GGG TAC 

GGG 
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Primers 

Pa(with TH8B5Pa): GGA TCC GAG CTC CAC GTG 

Pc(with TH8B5Pc): GAG CTC CAC GTG 

PPa(with PaT8B5H):  /5Phos/GG ATC CGA GCT CCA CGT G 

PPb(with PbT8B5H):  /5Phos/TG GTC CGA GCT CCA CGT G 

Poly primer1: /5phos/AA GGT GAC TGC GGA ACA ACA G 

Aptfor: CCT TGT CAT CCT TGC CAC CA 

Aptrev: CTG TTG TTC CGC AGT CAC CTT 

Aptfor-bt: /5BiosG/CC TTG TCA TCC TTG CCA CCA 

Amino-modified trinucleotides 

PA5-1:<P><Aam>CTCT 

PA5-2:<P>C<Aam>TCT 

PA5-3:<P>CT<Aam>CT 

PA5-4:<P>CTC<Aam>T 

PA5-5:<P>CTCT<Aam> 

PC5-1:<P><Cam>CTCT 

PG5-1:<P><Gam>CTCT 

PT5-1:<P><Tam>CTCT 

PAs-1:<P><Aam>GAGA 

PAs-2:<P><Aam>CTCT 

PAs-3:<P><Aam>ATAA 

PAs-4:<P><Aam>GACT 

Terminator amino-modified trinucleotides 
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As-1: <Aam>GAGA 

As-2:<Aam>CTCT 

As-3: <Aam>ATAA 

As-4:<Aam>GACT 

 

Figure S2.1: functionalized pentanucleotides libraries members 

Synthesis of amino-modified pentanucleotides 

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

protocol on a 1 µmol scale (1000 Å CPG column). Amine-modifier C6 dA (Glen 

Research 10-1089), Amino-modifier C6 dC (Glen Research 10-1019), N2-Amino-

modifier C6 dG (Glen Research 10-1529) and Amino-modifer C6 dT (Glen Research 10-

1039), Chemical Phosphorylation Reagent II (10-1901) were incorporated as specified by 

the manufacturer. 
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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 15 minutes. 

The cleaved resin was filtered away by filtration, and the oligonucleotide was 

concentrated under reduced pressure using a speedvac. The residue was then taken up 

into 100 µL of H2O, and purified using reverse-phase HPLC purification using a [10% 

acetonitrile in 0.1 M TEAA, pH 7] to [80% acetonitrile in 0.1 M TEAA, pH 7] 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 1 h to cleave the 

DMT group, and then frozen and lyophilized. The oligonucleotide was incubated in 

500µL 30% ammonium hydroxide at room temperature for 15 minutes to cleave the 

CPRII linker. Following deprotection, the oligonucleotide was concentrated under 

reduced pressure using a speedvac. The dried product was dissolved into 100 µL H2O and 

subjected to reverse-phase HPLC purification using a [10% acetonitrile in 0.1 M TEAA, 

pH 7] to [80% acetonitrile in 0.1 M TEAA, pH 7] solvent gradient with a column 

temperature of 45°C. The purified oligonucleotide was dissolved in water. 

Synthesis of pentanucleotides modified with FG-series peptides 

To 215 µL of DMSO was added EDC (1200nmol in 12µL water), sNHS (3333nmol in 

10µL 2/1 DMSO/water) and peptide (1250nmol in 12.5 µL of DMSO), and the reaction 

was incubated at room temperature for 45 minutes. After the initial incubation was added 

5’-phosphorylated amino-modified pentanucleotide (25 nmol in 14.5 µL water) and 50µL 

of 500mM NEt3-HCl (pH 10), and the reaction was incubated at room temperature 

overnight. The reaction was then quenched with 50µL of 500 mM Tris-HCl (pH 8) and 

incubated at room temperature for 1 h. The mixture was frozen and lyophilized to 
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dryness. The crude product was dissolved in 100µL water and then subjected to reverse-

phase HPLC purification using a [10% acetonitrile in 0.1 M TEAA, pH 7] to [80% 

acetonitrile in 0.1 M TEAA, pH 7] solvent gradient with a column temperature of 45°C.  

Functionalization of amino-modified pentanucleotides with Ac-EGYDTGSC-NH2 and Ac-

WSKGRGSC-NH2 

To 237µL of DMSO was added amino-modified pentanucleotides (25nmol in 14.5µL 

water), SMCC solution (1250nmol in 12.5µL DMSO) and 50µL of 500mM NEt3-HCl 

(pH 10). The reaction was incubated at room temperature for 30 minutes. The reaction 

was then quenched with 50 µL of 500 mM Tris-HCl (pH 8) and incubated at room 

temperature for 1 h. The mixture was frozen and lyophilized to dryness. The crude 

product was dissolved in 100 µL water and then subjected to reverse-phase HPLC 

purification using a [10% acetonitrile in 0.1 M TEAA, pH 7] to [80% acetonitrile in 0.1 

M TEAA, pH 7] solvent gradient with a column temperature of 45°C. The purified 

product was dissolved in 200µL 0.1M KH2PO4 (pH 7.2), and the peptide (100nmol in 

200µL DMSO) was added to the solution, and the reaction was incubated at room 

temperature for 3 hours. The reaction mixture was frozen and lyophilized to dryness. The 

crude product was dissolved in 100 µL water and then subjected to reverse-phase HPLC 

purification using a [10% acetonitrile in 0.1 M TEAA, pH 7] to [80% acetonitrile in 0.1 

M TEAA, pH 7] solvent gradient with a column temperature of 45°C. 

Mass spectrometric characterization of modified pentanucleotides 

Pentanucleotide Sequence Calculated mass Observed mass 

PA5-1-2 <P>ACTCT 1877.5 1877.8 

PA5-1-4 <P>ACTCT 2081.5 2081.5 
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PA5-1-6 <P>ACTCT 2285.7 2285.8 

PA5-1-8 <P>ACTCT 2489.7 2489.1 

PA5-1-8- <P>ACTCT 2722.3 2722.1 

PA5-1-8+ <P>ACTCT 2772.5 2772.3 

PA5-2 <P>CATCT 1877.5 1877.5 

PA5-3 <P>CTACT 1877.5 1877.4 

PA5-4 <P>CTCAT 1877.5 1877.5 

PA5-5 <P>CTCTA 1877.5 1877.6 

PC5-1 <P>CCTCT 1907.5 1907.5 

PG5-1 <P>GCTCT 1878.5 1878.5 

PT5-1 <P>TCTCT 1908.5 1908.5 

PAs-1 <P>AGAGA 1975.5 1975.6 

PAs-3 <P>AATAA 1934.5 1934.6 

PAs-4 <P>AGACT 1926.5 1926.5 

As-1 AGAGA 1895.5 1895.8 

As-2 ACTCT 1797.5 1797.7 

As-3 AATAA 1854.5 1854.7 

As-4 AGACT 1846.5 1846.6 

PA5-1-N <P>ACTCT 2972.8 2972.7 

PAs-1-N <P>AGAGA 2860.4 2860.0 

PAs-3-P <P>AATAA 2894.6 2894.0 

PAs-4-N <P>AGACT 2973.7 2973.7 

Table S2.1 Mass spectrometric characterization of modified pentanucleotides 
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Polymerization on a homo-octameric codon template 

 

Scheme S2.1: Polymerization on a homo-octameric codon template (without primer) 

In a PCR tube was added DNA template (15 pmol in 1.5 µL of water), 10µL of ligation 

buffer (132 mM Tris-HCl, 20 mM MgCl2, 2 mM dithiothreitol, 20% Polyethylene glycol 

(PEG 6000), pH 7.6), 5 µL of water and ATP (0.5nmol in 0.5 µL of water). The reaction 

mixture was heated to 94 °C for 2 minutes and then cooled down to 25 °C at the rate of 

0.1 °C/s. In this PCR tube was then added functionalized pentanucleotides (480 pmol in 1 

µL of water; 4 equivalents/codon), BSA (2 µg in 1 µL of water), 400 U of T4 DNA ligase 

(New England Biolabs, M0202L). The polymerization was performed at 25 °C for 24 h 

and then desalted by gel filtration using CENTRI • SEP Spin Columns (Princeton 

Separations) equilibrated with water. The crude polymerized material was separated for 

analysis using denaturing PAGE (15% TBE, 150 V, 55 °C) and then stained by ethidium 

bromide and imaged by UV illumination. 

 

Scheme S2.2: Polymerization on a homo-octameric codon template (with primer) 

In a PCR tube was added DNA template (15 pmol in 1.5 µL of water), primer (22.5 pmol 

in 2.25 µL of water) 10µL of ligation buffer (132 mM Tris-HCl, 20 mM MgCl2, 2 mM 

dithiothreitol, 20%Polyethylene glycol (PEG 6000), pH 7.6), 2.75 µL of water and ATP 

P
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(0.5nmol in 0.5 µL of water). The reaction mixture was heated to 94 °C for 2 minutes and 

then cooled down to 25 °C at the rate of 0.1 °C/s. In this PCR tube was then added 

functionalized pentanucleotides (480 pmol in 1 µL of water; 4 equivalents/codon), BSA 

(2 µg in 1 µL of water), 400 U of T4 DNA ligase (New England Biolabs, M0202L). The 

polymerization was performed at 25 °C for 24 h and then desalted by gel filtration using 

CENTRI • SEP Spin Columns (Princeton Separations) equilibrated with water. The crude 

polymerized material was separated for analysis using denaturing PAGE (15% TBE, 150 

V, 55 °C) and then stained by ethidium bromide and imaged by UV illumination. 

Sequence specificity assay by chain termination 

 

Scheme S2.3: Terminator-mediated sequence specificity assay 

In a PCR tube was added 15 pmol of template T4mixCH (AGT CTT TAT TAG AGT 

TCT CTA CGC TGC CGT CCC CTT GGA CGG CAG CGT), 10 µL of ligation buffer 

(132 mM Tris-HCl, 20 mM MgCl2, 2 mM dithiothreitol, 20% Polyethylene glycol (PEG 

6000), pH 7.6), 2 µL water and ATP (0.5nmol in 0.5 µL water). The reaction mixture was 

heated to 94 °C for 2 minutes and then cooled down to 25 °C at the rate of 0.1 °C/s. In 

this PCR tube was added three of the four 5'-phosphorylated modified pentanucleotides 

(60pmol each from PAs-1, PAs-2(PA5-1), PAs-3 , PAs-4) with fourth modified 

pentanucleotide as a terminator (60 pmol from As-1, As-2, As-3 ,As-4),  BSA (2 ug in 1 

µL of water), and 400 U of T4 DNA ligase (New England Biolabs, M0202L) . The 

polymerization was performed at 25 °C for 24 h and then desalted by gel filtration using 

CENTRI • SEP Spin Columns (Princeton Separations) equilibrated with water. The crude 

polymerized material was separated for analysis using denaturing PAGE (15% TBE, 150 
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V，55°C) and then stained by ethidium bromide and imaged by UV illumination. In four 

separate experiments, the terminator was incorporated from the first codon to last codon. 

In vitro mock selection of Co2+ binding for the enrichment of His-Tagged phenotypes 

In a PCR tube was added premixed 1:1000 SELMA-POS1 to SELMA-NEG1 DNA 

template (15 pmol in 1.5 µL of water), poly primer1 (22.5 pmol in 2.25 µL of water) 10 

µL of ligation buffer (132 mM Tris-HCl, 20 mM MgCl2, 2 mM dithiothreitol, 20% 

Polyethylene glycol (PEG 6000), pH 7.6), 2.75 µL of water and ATP (0.5 nmol in 0.5 µL 

of water, 25 µM reaction concentration). The reaction mixture was heated to 94 °C for 2 

minutes and then cooled down to 25 °C at the rate of 0.1 °C/s. The pentanucleotide 

library (120 pmol each), BSA(1 µL of 0.2mg/mL)and 400U of T4 DNA ligase was added 

to make a 20.25µL reaction volume. After 24h incubate under 25°C, the reaction mixture 

was purified with MinElute reaction clean up kit. 

To the purified library in 10µL of water was added Aptfor primer (18.8 pmol), Isothermal 

amplification buffer (1X),dNTPs(200µM reaction concentration), 4U of Bst DNA 

polymerase(NEB, M0538L) and water up to 18.75µL. The mixture was added to a pre-

heatedblock at 65°C for 5 minutes. The reaction mixture was purified with MinElute 

reaction clean up kit. 

The DNA-displayed DNA-scaffolded library was taken up into200µL of 1X binding 

buffer (50 mM Sodium Phosphate, pH 8.0, 300 mM NaCl, 0.01% Tween-20). 2µL of 

Co2+ magnetic beads (Dynabeads His-Tag Isolation and Pulldown, Invitrogen, 

10103D)was added to the library sample and incubated on a rotary for 30 minutes at 

25°C. The magnetic beads were isolated by use of a magnet, and the supernatant was 

discarded. The beads were then washed six times with 1X binding buffer. After removing 
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the binding buffer, add 100µL His elution buffer (300 mM Imidazole, 50 mM sodium 

phosphate, 300 mM NaCl, 0.01% Tween-20, pH 8.0) then incubate on rotary for 5 

minutes to elute the hexahistidine-tagged library members. The solution was purified 

with a CENTRI•SEP Spin Column (Princeton Separations) to remove the excess salt and 

imidazole prior to PCR amplification. 

The eluted library members were subjected to PCR amplification. Thus, to the surviving 

genotypes in 10 µL of water was added the Aptfor-bt and Aptrev primers (60 pmol each), 

thermopol buffer (1X), dNTPs (200µM reaction volume) and 4U Vent(exo-) polymerase 

(NEB, M0257L) and water up to200µL volume. The PCR cycles were as follows: 95 °C 

for 90 s to denature, then 95 °C for 15 s, 64 °C for 20 s, 72 °C for 10 s for 20 cycles. 

Following the completion of 20 cycles, 15U of Exo I and Exonuclease I (NEB, M0293L), 

Reaction Buffer (1X) was added to the amplification mixture and allowed to incubate at 

37°C for 30 minutes. The digest was subsequently purified using a MinElute reaction 

clean up kit. 

To assess the enrichment over the round, a digestion was performed using a restriction 

enzyme that specifically targeted the POS genotype. Thus, the amplified DNA library (1 

pmol), was taken up into Cut Smart Buffer (1X), and 2U of XbaI (NEB, R0145L) and 

water was added up to 10 µL. The mixture was incubated at 37°C for 20 hours. The 

digested product was then purified with MinElute reaction clean up kit and the digestion 

products were analyzed by 15% TBE non-denaturing PAGE. 
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2.6 Supporting Results 

Influence of modified nucleobase identity on polymerization 

In a PCR tube was added DNA template (15 pmol in 1.5 µL of water), 10µL of ligation 

buffer (132 mM Tris-HCl, 20 mM MgCl2, 2 mM dithiothreitol, 20% Polyethylene glycol 

(PEG 6000), pH 7.6), 5 µL of water and ATP (0.5 nmol in 0.5 µL of water). Pre-heated 

the mixture to 94°C in 2 minutes and cooled down to 25°C at the rate of 0.1°C /s and 

keep the temperature for 30 seconds. In this PCR tube was then added functionalized 

pentanucleotides (480 pmol in 1 μL of water; 4 equivalents/codon), BSA (2 ug in 1 uL of 

water), 400 U of T4 DNA ligase (New England Biolabs, M0202L). The polymerization 

was performed at 25 °C for 24 h and then desalted by gel filtration using CENTRI • SEP 

Spin Columns (Princeton Separations) equilibrated with water. The crude polymerized 

material was separated for analysis using denaturing PAGE (15% TBE, 150 V, 55 °C) 

and then stained by ethidium bromide and imaged by UV illumination. Modifications at 

dT, dC, and dG failed to yield full-length product. 

 

Figure S2.2 Influence of nucleobase identity at position one when modified with Ac-

Phe-Gly. 

P
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CHAPTER 3 

Fidelity of the DNA Ligase-Catalyzed Scaffolding of Peptide Fragments on Nucleic Acid 

Polymers1 
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3.1 Abstract 

We describe the development and analysis of the T4 DNA ligase-catalyzed DNA 

templated polymerization of pentanucleotides modified with peptide fragments toward 

the generation of ssDNA-scaffolded peptides.  A high-throughput duplex DNA 

sequencing method was developed to facilitate the determination of fidelity for various 

codons sets and library sizes used during the polymerization process. With this process, 

we identified several codon sets that enable the efficient and sequence-specific 

incorporation of peptide fragments along a ssDNA template at fidelities up to 99% and 

with low sequence bias. These findings mark a significant advance in generating 

evolvable biomimetic polymers and should find ready application to the in vitro selection 

of molecular recognition. 

 

3.2 Introduction 

Protein-protein interactions (PPIs) are central to biological function. These interactions 

give rise to a diverse set of processes ranging from DNA replication, transcription,1 

protein modification2 and signal transduction3. Protein-protein interfaces, which drive 

these interactions, are generally large surfaces with shallow topologies spanning from 

1,500—3,000 Å2.4 At the interface, heteromultivalent interactions in the form of peptide 

fragments forge complementary regions of hydrophobicity and electrostatic forces to 

enable highly specific assembly. As with most protein function, aberrant PPIs have been 

implicated in a broad scope of human disease.5 Thus, molecules that achieve the selective 

interrogation of PPIs have garnered significant interest as possible therapeutics.6 Despite 

recent advances in targeting PPIs using small-molecules, the discovery of such molecules 
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remain a challenging pursuit due to the large surface areas of protein-protein interfaces.7 

One particularly attractive approach to disrupt these pathological interaction is the 

rationally design8 or evolution9 of biopolymers that mimic the interfacial surface of one 

of the protein partners. This strategy has been central to the development of new 

molecular therapeutics that disrupt PPIs interface.6  

Single-stranded nucleic acid polymers decorated in a sequence- defined manner with 

peptide fragments are promising candidates to mimic the surface of proteins and serve as 

a new class of high-affinity reagents. Indeed, there has been significant interest in the 

sequence-defined display of peptide fragments and proteins on nucleic acid scaffolds.10 

While advances have been made in this area, most of these approaches implement a rigid 

duplex nucleic acid scaffold for the multivalent display of the peptide fragments, and thus 

do not take full advantage of the scope of molecular architectures available to ssDNA.  

Furthermore, most current approaches do not accommodate the incorporation and 

heteromultivalent display of several different peptide fragments in a library format, and 

thus preclude the evolution of the nucleic acid scaffold for optimal display of multiple 

ligands.  

To this end, we recently developed the Ligase-catalyzed OligOnucleotide 

PolymERization (LOOPER) method, and demonstrated its ability in the sequence-defined 

incorporation of peptide fragments along a ssDNA template.11 The method hinges upon 

the T4 DNA ligase-catalyzed DNA-templated polymerization of 5’-phosphorylated 

pentanucleotides that are modified with peptide fragments (Figure 3.1). While promising 

as a general method to evolve protein surface mimetics, the codon set of the system, and 

thus the number of unique peptide fragments that could be incorporated, has hitherto been 
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limited to four unique sequences. Therefore, we sought to expand the codon set of this 

process beyond four sequences, while also developing a high-throughput method to 

assess the fidelity of incorporation in a library context. 

 

Figure 3.1: Generation of DNA-scaffolded peptides using LOOPER. Peptides of interest 

are covalently linked to the C6 amino dA on the pentanucleotides through corresponding 

reactive linker. 

 

3.3 Results and discussions 

The original codon set that was used to incorporate peptide fragments using LOOPER 

comprised TTATT, TCTCT, AGAGT, AGTCT. While these codons enabled efficient 

and highly specific copolymerization, the set was not ideal for the ready synthesis of 

combinatorial template libraries using commercially available mixed bases, which greatly 

limited its use for in vitro evolution of protein surface mimetics.  Accordingly, we 

explored alternative codon sets that would satisfy the following conditions: (i) high-

fidelity and high efficiency polymerization; (ii) in-frame annealing and polymerization; 

(iii) ready combinatorial library synthesis using mixed bases; (iv) larger codon sets; and 

(v) accessible generation of a library of well-folded ssDNA scaffolds. Using high-



 

85 

throughput DNA duplex sequencing data garnered from LOOPER products generated 

using small-molecule modified pentanucleotides,12 we selected four larger codon sets that 

demonstrated high fidelity and low sequence bias. We determined that the codon sets 

WSWST, SWSWT, SNWWT, and SNNWT (where S = C or G; W = A or T; and N = A, 

C, G, or T) each satisfied these requirements. Importantly, the corresponding 40 

nucleotide libraries generated as reverse complements from these codon sets 

demonstrated comparable or better calculated13 average folding thermodynamics to an 

N40 library (Figure S3.5). This suggests that these libraries will allow access to well-

folded ssDNA scaffolds for peptide display, which will likely be a critical feature during 

selections.  

Due to presence of peptide fragments on a ssDNA scaffold, the thermodynamics of 

folding might be different from its native form. This could significantly impact the 

potential for the in vitro selection of well-defined protein surface mimetics using this 

scaffolding strategy. To experimentally examine the influence of peptide fragments on 

the thermodynamics of folding of a ssDNA scaffold, we compared the thermal melting 

(Tm) of a specific 64 nt ssDNA both with and without conjugated peptide fragments 

(Figure 3.2). The peptide-modified ssDNA was adorned with eight octapeptide 

fragments (GSASIFLY) and was assembled in a preparative synthesis using the 

LOOPER method. Thermal melting was determined at 0.2 µM ssDNA concentration in a 

buffer comprising 0.15 M NaCl and 0.015M sodium citrate at pH 7.  The Tm for the 

unmodified ssDNA was 66 °C, while the peptide-modified ssDNA melted at 74 °C. 

While this increase in Tm is likely due to stabilizing peptide-peptide or peptide-DNA 
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interactions, the well-behaved thermal melting suggests that multiple peptide fragments 

will be accommodated on folded ssDNA scaffolds.   

 

Figure 3.2: Thermal melting comparison between an unmodified 64 nt ssDNA, and the 

same sequence generated using LOOPER with pentanucleotides modified with 

GSASIFLY. Thermal melting profiles were generating by SYBR green melt assay. 

We sought to apply the duplex DNA sequencing method12,14 to assess the fidelity of 

LOOPER with libraries of peptide-modified pentanucleotides. As the ssDNA-scaffolded 

peptide products were not amenable to PCR amplification due to interference by the 

peptide fragments, we designed the pentanucleotide co-monomers to contain a cleavable 

linker between the peptide and the pentanucleotide. This would allow cleavage of the 

peptide fragment prior to PCR amplification and sequencing. Our initial approach was to 

use the bis(2-(succinimidooxycarbonyloxy)ethyl) sulfone (BSOCOES) cleavable linker 

to attach the amine-modified pentanucleotide libraries to the N-terminus of peptides; 

however, this linker was partially cleaved during the LOOPER process, which would 
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have resulted in skewing of fidelity levels. Thus, we used the disuccinimidyl tartrate 

(DST) cleavable linker to conjugate peptides to the oligo libraries (Figure 3.3a). We 

envisaged that the use of DST would enable the ready DNA sequencing of the duplex 

products following periodate-mediated linker cleavage to remove the large peptide 

fragments. The oxidative cleavage would result in an aldehyde scar; however, similarly 

sized modifications have been previously tolerated by duplex DNA sequencing.12,14  

 

Figure 3.3: Duplex sequencing sample preparation. (a) Conjugation of a model peptide 

fragment to amino-modified pentanucleotide via DST linker to generate cleavable 

building blocks for LOOPER. Su = succinimidyl.  (b) Optimized strategy for high-

throughput duplex DNA sequencing of peptide-modified DNA generated by LOOPER. 

Note that the restriction enzyme Hpy188I was used for the WSWST codon set, while 

HpyCH4III was used for SWSWT, SNWWT, and SNNWT codon sets. 

Our first attempts to polymerize the DST linked peptide-modified pentanucleotides using 

a two-primer system, as required for the duplex DNA sequencing method, failed to yield 

full-length product. Since the original LOOPER process for peptide-modified 

pentanucleotides was achieved on a hairpin architecture, we reasoned that the increased 

stability of the hairpin structure facilitated the polymerization. While it was conceivable 

that a longer primer could mitigate this issue, we were concerned about undesired 
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mispriming that might occur in a large library format, which would convolute sequencing 

data. Thus, we explored the possibility of using the original hairpin architecture for the 

polymerization process, followed by restriction digestion to permit ligation of the 

sequencing adapter. We chose HpyCH4III to perform the restriction digest for SWSWT, 

SNWWT and SNNWT codon sets, as its nucleotide-recognition. (Figure S3.4) 

We speculated that the aldehyde function group resulting from oxidative cleavage was 

inhibiting T4 DNA ligase function. Thus, we reduced the aldehyde scars with NaBH4 and 

proceeded with the adapter ligation. Gratifyingly, removal of the aldehydes enabled 

efficient bis-ligation. The optimized approach is summarized in Figure 3.3b. To the best 

of our knowledge, this is the first observation of proximal aldehyde inhibition of T4 DNA 

ligase activity; indeed, the presence of an aldehyde functional group on pentanucleotides 

during the LOOPER process greatly decreases the yield of the full-length polymer 

product (Figure S3.2). It is probable that the active site lysine nucleophile (Lys159) of T4 

DNA ligase may form a stable imine or a hemiaminal with the aldehyde-modified DNA, 

thus inhibiting the ligation process. As an alternative strategy, we also attempted to 

cleave the peptide fragments after adapter ligation to circumvent the aldehyde 

intermediate during the adapter ligation step. However, in our hands this resulted in 

somewhat lower yields of the bis-ligated product. 

Using the optimized duplex DNA sequencing approach, we assessed the fidelity of 

LOOPER when polymerizing peptide-modified pentanucleotides along different codon 

sets. We chose GSASIFLY as the model peptide for conjugation to the pentanucleotide 

co-monomer library due to its ease of conjugation and representation of different 

hydrophobic residues. This would allow us to assess the LOOPER process across each 
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codon within the set. Four separate template libraries were designed with two primer 

binding sites flanking a reading frame comprising eight consecutive repeats of a specific 

codon set and the sequencing results from each library are summarized in Table 1. It is 

important to note that we were unable to examine LOOPER with codon sets that were 

greater than 64 members, as the yield of the full-length product dropped markedly at this 

level of complexity (see Figure S3.3). Following sequencing analysis, we observed 

excellent fidelities with all codon sets despite the potential for mis-incorporation of 

competing single-nucleotide mismatched co-monomers. As anticipated, the smaller 

library sizes resulted in higher fidelities and yield of full-length products.  We also 

analysed the codon bias of LOOPER within each codon set.  To do this we calculated the 

frequency of each codon in the template library and compared it with the frequency of 

each codon in the product library (Figure 3.4). Codon bias increased significantly as 

library size increased.  As a metric for codon set bias, we determined the standard 

deviation of enrichment across each codon set, where enrichment is the frequency of a 

specific codon in the product divided by frequency of the same codon in the template 

(Table 3.1). 
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Figure 3.4: Codon bias observed for the various codon sets during LOOPER with 

corresponding peptide-modified pentanucleotide libraries. (a) WSWST; (b) SWSWT; (c) 

SNWWT; (d) SNNWT. 
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Entry Pentanucleotidea 

Codon 

set 

Set 

size 

Yield Readsb Biasc Fidelityd 

1 5’P-A*SWSW WSWST 16 64% 141208 0.22 99.00% 

2 5’P-A*WSWS SWSWT 16 47% 168372 0.15 98.20% 

3 5’P-A*WWNS SNWWT 32 25% 110528 0.36 98.00% 

4 5’P-A*WNNS SNNWT 64 20% 41325 0.42 94.90% 

Table 3.1: Fidelity of LOOPER with peptide-conjugated pentanucleotides. a 

pentanucleotides were modified with GSASIFLY at 5’dA, denoted by an asterisk. b 

Number of codon reads from sequencing data. c Bias was determined by the standard 

deviation of frequency of codons in polymer divided by the frequency of the codons in 

the original template. d Fidelity was calculated for pentanucleotide incorporation; the 

fidelity is considerably higher if evaluated at the single nucleotide level. 

Due to the superior performance of the 16-membered codon set WSWST with respect to 

polymerization yield, fidelity, and codon bias, we believe that this set represents the best 

system for the in vitro selection of ssDNA-scaffolded peptides for molecular function.  

We thus examined the fidelity of the codon set at the single codon level (Table 3.2). 

While all codons performed with excellent fidelity during LOOPER, there was a 9-fold 

increase in error rate between the highest and lowest fidelity codon (TCACT and 

ACTCT, respectively); similar ranges in fidelity were observed with the other codon sets 

examined in this study (Table S4.1). A priori, it is difficult to speculate how this range of 
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fidelities within the codon set will affect codon distribution throughout iterative rounds of 

in vitro selection.   

Entry Pentanucleotidea Codon Enrichb Fidelityc 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

5’P-A*GTGA 

5’P-A*GTCA 

5’P-A*CTGT 

5’P-A*CTGA 

5’P-A*CAGT 

5’P-A*CACT 

5’P-A*GACA 

5’P-A*CACA 

5’P-A*CTCA 

5’P-A*GAGA 

5’P-A*CAGA 

5’P-A*CTCT 

5’P-A*GACT 

5’P-A*GTCT 

5’P-A*GTGT 

5’P-A*GAGT 

TCACT 

TGACT 

ACAGT 

TCAGT 

ACTGT 

AGTGT 

TGTCT 

TGTGT 

TGAGT 

TCTCT 

TCTGT 

AGAGT 

AGTCT 

AGACT 

ACACT 

ACTCT 

1.25 

1.23 

1.07 

1.12 

0.79 

1.03 

0.91 

1.28 

1.43 

0.70 

0.81 

0.95 

0.75 

0.77 

1.03 

0.77 

99.6% 

99.5% 

99.5% 

99.4% 

99.3% 

99.2% 

99.1% 

99.1% 

99.0% 

99.0% 

98.9% 

98.9% 

98.5% 

98.4% 

97.7% 

96.6% 

Table 3.2: Fidelity of individual pentanucleotides during LOOPER 

a pentanucleotides were modified with GSASIFLY at 5’dA, denoted by an asterisk. b 

Enrichment was calculated as (freq. polymer/freq. template). c Fidelity was calculated for 
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pentanucleotide incorporation; the fidelity is considerably higher if evaluated at the single 

nucleotide level. 

 

3.4 Conclusions and acknowledgements 

In summary, our findings reported herein demonstrate that the LOOPER process can 

combinatorially generate ssDNA-scaffolded peptide libraries from co-monomer libraries 

comprising up to 64 members. The 16-membered codon sets, WSWST and SWSWT, 

were particularly effective at generating DNA-scaffolded peptide libraries with good 

efficiencies and at fidelities of up to 99 %. This approach should enable the incorporation 

of 16 different peptides throughout an evolvable ssDNA polymer, with the potential to 

apply this technology to other types of fragments, including carbohydrates or synthetic 

oligomers. The ability to sequence-specifically incorporate multiple peptide fragments 

throughout an evolvable ssDNA polymer should enable the in vitro selection of ssDNA-

scaffolded peptides that harness the power of heteromultivalency for molecular 

recognition of protein targets. 

This work was supported by the NSF (DMR 1506667) and the Office for the Vice 

President of Research, University of Georgia. We would like to thank Dr. Saravanaraj 

Ayyampalayam and Yi Lei for help with the analysis of DNA sequencing data and the 

PAMS core facility at the University of Georgia for their help in the characterization of 

oligonucleotides. 
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3.5 Experimental details 

General information 

Unless otherwise noted, water was purified with ELGA Flex 3 purification system. DNA 

oligonucleotides without amine modification were purchased from Integrated DNA 

Technologies. 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, Agilent 

1260) using a C18 stationary phase (Eclipse-XDB C18, 5 μm, 9.4 x 200 mm) and an 

acetonitrile/100 mM triethylammonium acetate gradient. Oligonucleotide concentrations 

were quantitated by UV spectroscopy using a Nanodrop ND2000 spectrophotometer. 

DNA sequences 

The DNA sequences below are written from 5’→3’. The peptide sequences are written 

from N term→C term. <Aam> = Amino-modifer C6 dA; <N>=A/T/C/G; <S>=G/C; 

<W>=A/T 

Templates 

MeltT template /5BiosG/ GAT TCG CCT GCC GTC GCA ACA GTA CAG TAC AGT 

ACA GTA CAG TAC AGT ACA GTA CAG TAC GCT CTG AGC CCC TTG GCT 

CAG AGC GT 

MeltT natural strand GAG CGT ACT GTA CTG TAC TGT ACT GTA CTG TAC 

TGT ACT GTA CTG TTG CGA CGG CAG GCG AAT C 
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PASWSW template GAT TCG TCA GAC GTC GCA WSW STW SWS TWS WST 

WSW STW SWS TWS WST WSW STW SWS TAC GCT CTG AGC CCC TTG GCT 

CAG AGC GT 

PAWSWS template GAT TCC ACA GTC GTC GCT SWS WTS WSW TSW SWT 

SWS WTS WSW TSW SWT SWS WTS WSW TAC GCA CTG TGC CCC TTG GCA 

CAG TGC GT 

PAWWNS template GAT TCC ACA GTC GTC GCT SNW WTS NWW TSN WWT 

SNW WTS NWW TSN WWT SNW WTS NWW TAC GCA CTG TGC CCC TTG GCA 

CAG TGC GT  

PAWNNS template GAT TCC ACA GTC GTC GCT SNN WTS NNW TSN NWT 

SNN WTS NNW TSN NWT SNN WTS NNW TAC GCA CTG TGC CCC TTG GCA 

CAG TGC GT 

Primers 

MeltT primer /5Phos/TG CGA CGG CAG GCG AAT C 

5'-primer Hpy188I /5phos/TGC GAC GTC TGA CGA ATC 

5’primer HpyCH4III /5phos/AGC GAC GAC TGT GGA ATC 

Adapter A AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA 

CAC GAC GCT CTT CCG ATC T 

Adapter B /5phos/ACT GNN NNN NNN NNN NNN AGA TCG GAA GAG CAC ACG 

TCT GAA CTC CAG TCA C 

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

CTG GAG TTC AG 

https://www.neb.com/products/r0618-hpych4iii
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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 

Pentanucleotides 

PA-16-1 /5Phos/<Ama>SWSW 

PA-16-2 /5Phos/<Ama>WSWS 

PA-32 /5Phos/<Ama>WWNS 

PA-64 /5Phos/<Ama>WNNS 

PMeltT /5Phos/<Ama>CTGT 

Peptides 

GSASIFLY-NH2 

Synthesis of functionalized pentanucleotides 

 

Figure S3.1: Modified pentanucleotides applied in this paper 
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Synthesis of amino-modified pentanucleotides 

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

protocol on a 1 µmol scale (1000 Å 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 400 µL of a 1:1 mixture of 

ammonium hydroxide and 40% methylamine for 25 minutes. The cleaved resin was 

filtered away by filtration, followed by incubation at 60°C for 30 minutes to remove the 

protecting groups on phosphoramidites. The oligonucleotide was concentrated under 

reduced pressure using a speedvac. The residue was then taken up into 100 µL of H2O, 

and purified using reverse-phase HPLC purification using a [10% acetonitrile in 0.1 M 

TEAA, pH7] to [80% acetonitrile in 0.1 M TEAA, pH7] solvent gradient with a column 

temperature of 45°C. The purified oligonucleotide was then incubated at room 

temperature in 400 µL of 40% aqueous acetic acid for 1 h to cleave the DMT group, and 

then frozen and lyophilized. The oligonucleotide was incubated in 500 µL 30% 

ammonium hydroxide at room temperature for 15 minutes to cleave the CPRII linker. 

Following deprotection, the oligonucleotide was concentrated under reduced pressure 

using a speedvac. The dried product was dissolved into 100 µL H2O and subjected to 

reverse-phase HPLC purification using a [10% acetonitrile in 0.1M TEAA, pH 7] to 

[80% acetonitrile in 0.1M TEAA, pH 7] solvent gradient with a column temperature of 

45°C. The purified oligonucleotide was dissolved in water. 
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Functionalization of amino modified pentanucleotides with octa-peptide through DST 

linker 

A mixture of 5 µL amino modified pentanucleotides (2000 µM in H2O), 5 µL Na2CO3 

buffer (pH 9.7, 500mM), 5 µL bis(2,5-dioxopyrrolidin-1-yl) 2,3-dihydroxysuccinate 

(DST, 100 mM in DMSO) and 35 µL DMSO was incubated at room temperature for 90 

seconds with vortex. Followed by addition of 5 µL of N terminal free octa-peptide 

(50mM in DMSO). The mixture was incubated at room temperature for 2 hours under 

vortex. The reaction was then watered up to 100 µL and subjected to reverse-phase 

HPLC using a [10% acetonitrile in 0.1M TEAA, pH 7] to [80% acetonitrile in 0.1M 

TEAA, pH 7] solvent gradient with a column temperature of 45°C. The purified 

pentanucleotides were dissolved in water and characterized with mass spectrometry. 

Pentanucleotide Sequence Calculated mass 

range 

Observed mass 

range 

PMeltT-pep <P>ACTGT 2642.25 2643.0 

PA16-1-pep <P>ASWSW 2619.35-2717.39 2620.0-2717.0 

PA16-2-pep <P>AWSWS 2619.35-2717.39 2620.3-2716.4 

PA32-pep <P>AWWNS 2619.35-2717.39 2618.3-2719.2 

PA64-pep <P>AWNNS 2604.35-2733.38 2602.3-2734.3 

PA16-2-DST <P>AWSWS 1763.37-1861.41 1764.6-1866.6 

PA16-2-CHO <P>AWSWS 1687.36-1785.39 n.d. 

Table S3.1: Mass spectrometric characterization of modified pentanucleotides 
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T4-DNA Ligase-mediate polymerization 

 

Scheme S3.1: T4 DNA ligase mediated proliferation with peptide modification 

In a PCR tube was added DNA template (15 pmol in 1.5 µL of water), primer (22.5 pmol 

in 2.25 µL of water) 10µL of ligation buffer (132 mM Tris-HCl, 20 mM MgCl2, 2 mM 

dithiothreitol, 20% polyethylene glycol (PEG 6000), pH7.6), 1.75 µL of water and ATP 

(0.5nmol in 0.5 µL of water). The reaction mixture was heated to 90 °C for 2 minutes and 

then cooled down to 25 °C at the rate of 0.1 °C/s. In this PCR tube was then added 

functionalized pentanucleotides (480 pmol in 1 µL of water; 4 equivalents/codon), BSA 

(2 µg in 1 µL of water), 800 U of T4 DNA ligase (New England Biolabs, M0202L). The 

polymerization was performed at 25 °C for 24 h and then purified with MinElute® 

Reaction Cleanup Kit. The crude polymerized material was separated for analysis using 

denaturing PAGE (15% TBE, 150 V, 55 °C) and then stained with ethidium bromide and 

imaged by UV illumination. 

Removal of DST-linked peptide on polymerized product  

In a PCR tube was added purified polymerization product (10 pmol in 10 µL of water), 

and 90µL NaIO4(55mM in water) solution. The reaction mixture was incubated under 

25oC for 2 hours and then desalted by gel filtration using CENTRI • SEP Spin Columns 

(Princeton Separations) equilibrated with water. NaBH4 reduction was performed 

following that. In a PCR tube was added purified cleaved product (8 pmol in 10 µL of 

water), 30 µL of NaBH4(1.33M in methanol) and 60 µL of water. Reaction mixture was 
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incubated ate 25oC for 30 minutes followed by quenching with 20 µL sodium acetate 

(0.3M, pH 5 in water) for 15 minutes. Reduced product was desalted by gel filtration 

using CENTRI • SEP Spin Columns (Princeton Separations) equilibrated with water. The 

crude product was separated for analysis using denaturing PAGE (15% TBE, 150 V, 55 

°C) and then stained with ethidium bromide and imaged by UV illumination. 

Restriction enzyme digestion 

In a PCR tube was added reduction product (5 pmol in 10 µL water), 5 µL 10X Cut smart 

buffer (New England Biolabs, B7204S), 10U of Hpy188I(for ASWSW library) (New 

England Biolabs, R0617S) or 10U of HpyCH4III(for AWSWS, AWWNS and AWNNS 

library)(New England Biolabs, R0618S)and water up to 50 µL . The digestion was 

carried out under 37oC for 16 hours followed by MinElute® Reaction Cleanup Kit. The 

crude product was separated for analysis using denaturing PAGE (15% TBE, 150 V, 55 

°C) and then stained by ethidium bromide and imaged by UV illumination. 

Adapter duplex synthesis 

 

Scheme S3.2: Generation of adapter duplex for ligation 

In a PCR tube was added 15 μL of 100 μM adapterA and 15 μL of 100 μM adapterB, 

then the tube was heated to 95 °C for 5 minutes and cooled to room temperature over one 

hour. Then in this PCR tube was added 4 μL NEBuffer2 10× (New England Biolabs, 

M0212L), 25 U Klenow Fragment (3’→5’ exo-, New England Biolabs, M0212L), 1 μL 

dNTP Mix (Thermo Scientific, 10 mM each). The extension was performed at 37 °C for 
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1 hour. The adapter duplex was purified with QIAquick Nucleotide Removal Kit, and 

then diluted in 30 μL water.  

In a PCR tube was added 30 μL purified adapter duplex, 5 μl NEBuffer2 10× (New 

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

M0212L), 5 μL dATP (Thermo Scientific, 10 mM), 5 μL H2O.  This PCR tube was 

incubated at 37 °C for 1 hour for A-tailing. Then product was purified with QIAquick 

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

Adapter ligation 

 

Scheme S3.3: Ligation of the Adapter duplex to dsDNA for sequencing 

In a PCR tube was added 10pmol polymerization products, 200pmol A-tailing adapter 

duplex, 10μL NEBNext® Quick Ligation Reaction Buffer 5X, 2.5μL BSA (2mg/mL in 

H2O), 1000U T4 DNA ligase (New England Biolabs, M0202L), the total volume of 

reaction was adjusted to 50μL with H2O. Then the ligation was performed at 16 °C for 16 

hours. The ligated products were then gel purified. 

PCR protocols for sequencing 

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

iTrus_D701 to iTrus_D704.  

In a PCR tube was added 50 attomole purified adapter ligation product in 10 μL H2O, 

1.25μL 10 μM Primer B, 1.25 μL 10 μM corresponding iTrus_D7XX primer, and 12.5 

μL Q5® High-Fidelity 2× Master Mix (New England Biolabs). The tube was then 

transferred to a preheated themocylcler (98°C). The PCR cycle was started with 10 s of 
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98°C denature step, followed by 30 s of primer annealing step (annealing temperature 

was 55°C for the first two cycles, and 71 °C for the rest of the cycles), and 30 s of 72°C 

extension step. The PCR products were then gel purified. 

High-Throughput DNA sequencing Protocol 

The concentrations of gel purified samples were determined with Kapa library 

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

Illumina sequencing was performed on an Illumina MiSeq system using the kit v2 with 

300 cycles (150bp PE sequencing) at the Georgia Genomics Facility, University of 

Georgia, Athens, GA, USA 

Preparation of octa-peptide modified MeltT 

 

Scheme S3.4: Preparation of octa-peptide modified MeltT for thermal stable testing 

Polymerization with 150 pmol scale was carried out by following the above protocol 

using MeltT template, MeltT primer and Melt-peptide pentanucleotide instead. Followed 

by Hpy188I restriction enzyme digestion to generate dsDNA (~40pmol collected). 

In a PCR strip was added 20 μL Dynabeads® MyOne™ Streptavidin C1(Thermo Fisher 

Scientific, 65001). Wash the beads three times with 1X binding buffer(10mM Tris, 1M 

NaCl, 1mM EDTA and 0.05%v/v Tween®-20, pH 7.6). Resuspand beads in 40μL 2X 
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binding buffer followed by addition of 40μL dsDNA solution. Incubate the mixture under 

room temperature for 15 minutes. Removed the solution with magnetic rack and washed 

the beads twice with 1X binding buffer. Non-biotinylated strand was eluted with 40μL 

NaOH(150mM) incubation under 37oC for 1 minute. Took the supernatant out and 

neutralized with 4μL HCl(1.5M). The ssDNA was desalted with CENTRI•SEP Spin 

Column (Princeton Separations) and the concentration was determined by Nanodrop 

2000 spectrophotometer (Thermo Fisher Scientific). 

Melting curve of natural and octa-peptide modified ssDNA 

 

Scheme S3.5: Thermal melting against native and modified ssDNA 

10pmol of natural/peptide modified ssDNA was dissolved in 50µL of 1X sodium citrate 

buffer (0.15M NaCl, 0.015 sodium citrate pH 7) to prepare the folding buffer. Heat the 

folding solution at 90oC for 5 minutes and cool down to room temperature overnight. 

After fully folding, 0.5µL of 100X sybr green (Thermo Fisher Scientific, S7563) was 

added together with 49.5µL of folding solution to prepare the testing solution. Melting 

curve was achieved on MiniOpticon Real Time PCR System (Bio-rad) by incubating the 

testing solution under the melting protocol which heats from 25oC to 95oC with an 

increment of 0.5C and a plate reading of 5s. 
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3.6 Supporting results 

 

Figure S3.2: Inhibition of polymerization efficiency with aldehyde functional group.  

Polymerizations were performed using a 3’-hairpin, 5’-primer containing template 

comprising a reading frame of 8 randomized codons from the WSWST codon set.  The 

peptide conjugated to the pentanucleotide library was GSASIFLY, which was attached 

via a DST linker. The CHO (aldehyde) pentanucleotide library was prepared by oxidative 

cleavage of the DST linker. 
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Figure S3.3: LOOPER efficiency with various GSASIFLY-conjugated pentanucleotide 

libraries along corresponding library of template comprising a reading frame of eight 

codons. Note that polymerization efficiency falls sharply after codon set size is expanded 

beyond 16-members.  N = A, C, G, T mixture; S = C, G mixture; W = A, T mixture. 
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Figure S3.4: Ligation efficiency of the adapter duplex installation. 14N bp duplex 

sequencing adapters were installed on various duplex products of LOOPER.  Arrows 

indicated desired double ligation band.  Ligation of duplex product containing aldehyde 

motifs failed to yield sufficient material for illumina sequencing. 

 

 

 

 



 

107 

 

Figure S3.5: Modelling of folding thermodynamics for various DNA libraries. 1,125 

library members for 
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a) (NNNNN)8; b) (ASWSW)8; c) (AWSWS)8; d) (AWWNS)8; e) (AWNNS)8 were 

randomly computer generated and the Gibbs energy of folding calculated by Quickfold 

batch function using the DINAMelt web server. 

Table S3.2 Fidelity of individual pentanucleotides during LOOPER 

 

Entry 

 

Pentanucleotidea 

 

Codon 

 

Enrichmentb 

 

Fidelityc 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

5’P-A*TGTG 

5’P-A*AGTG 

5’P-A*TCTG 

5’P-A*ACTG 

5’P-A*TGAG 

5’P-A*AGAG 

5’P-A*TCAG 

5’P-A*ACAG 

5’P-A*TGTC 

5’P-A*AGTC 

5’P-A*TCTC 

5’P-A*ACTC 

5’P-A*TGAC 

5’P-A*AGAC 

5’P-A*TCAC 

5’P-A*ACAC 

CACAT 

CACTT 

CAGAT 

CAGTT 

CTCAT 

CTCTT 

CTGAT 

CTGTT 

GACAT 

GACTT 

GAGAT 

GAGTT 

GTCAT 

GTCTT 

GTGAT 

GTGTT 

1.15 

0.94 

1.30 

0.75 

1.06 

0.77 

1.18 

0.99 

1.09 

1.04 

1.13 

0.99 

1.05 

0.76 

1.07 

1.04 

99.6% 

99.5% 

99.5% 

99.4% 

99.3% 

99.2% 

99.1% 

99.1% 

99.0% 

99.0% 

98.9% 

98.9% 

98.5% 

98.4% 

97.7% 

96.6% 
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Entry 

 

 

 

Pentanucleotidea 

 

 

 

Codon 

 

 

 

Enrichmentb 

 

 

 

Fidelityc 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

5’P-A*TTTG 

5’P-A*ATTG 

5’P-A*TATG 

5’P-A*AATG 

5’P-A*TTGG 

5’P-A*ATGG 

5’P-A*TAGG 

5’P-A*AAGG 

5’P-A*TTCG 

5’P-A*ATCG 

5’P-A*TACG 

5’P-A*AACG 

5’P-A*TTAG 

5’P-A*ATAG 

5’P-A*TAAG 

5’P-A*AAAG 

5’P-A*TTTC 

5’P-A*ATTC 

5’P-A*TATC 

CAAAT 

CAATT 

CATAT 

CATTT 

CCAAT 

CCATT 

CCTAT 

CCTTT 

CGAAT 

CGATT 

CGTAT 

CGTTT 

CTAAT 

CTATT 

CTTAT 

CTTTT 

GAAAT 

GAATT 

GATAT 

0.94 

0.73 

0.97 

0.57 

1.29 

0.92 

1.08 

0.58 

1.74 

0.99 

1.34 

0.76 

1.45 

0.84 

1.08 

0.52 

1.36 

0.93 

1.09 

98.8% 

98.4% 

97.5% 

97.1% 

99.3% 

98.0% 

98.7% 

97.4% 

99.1% 

98.5% 

99.0% 

98.0% 

98.6% 

96.8% 

98.0% 

97.6% 

98.9% 

98.3% 

98.2% 
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20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

5’P-A*AATC 

5’P-A*TTGC 

5’P-A*ATGC 

5’P-A*TAGC 

5’P-A*AAGC 

5’P-A*TTCC 

5’P-A*ATCC 

5’P-A*TACC 

5’P-A*AACC 

5’P-A*TTAC 

5’P-A*ATAC 

5’P-A*TAAC 

5’P-A*AAAC 

GATTT 

GCAAT 

GCATT 

GCTAT 

GCTTT 

GGAAT 

GGATT 

GGTAT 

GGTTT 

GTAAT 

GTATT 

GTTAT 

GTTTT 

0.61 

1.36 

0.95 

1.16 

0.65 

2.04 

1.46 

1.53 

1.10 

1.41 

0.94 

1.06 

0.62 

93.8% 

99.3% 

98.4% 

98.7% 

97.0% 

98.9% 

98.3% 

98.5% 

97.7% 

98.3% 

97.1% 

97.6% 

97.3% 

     

 

Entry 

 

Pentanucleotidea 

 

Codon 

 

Enrichmentb 

 

Fidelityc 

1 

2 

3 

4 

5 

6 

5’P-A*TTTG 

5’P-A*ATTG 

5’P-A*TGTG 

5’P-A*AGTG 

5’P-A*TCTG 

5’P-A*ACTG 

CAAAT 

CAATT 

CACAT 

CACTT 

CAGAT 

CAGTT 

1.08  

0.76  

0.90  

0.50  

1.53  

0.84  

97.0% 

95.6% 

92.3% 

88.3% 

97.0% 

93.4% 
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7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

5’P-A*TATG 

5’P-A*AATG 

5’P-A*TTGG 

5’P-A*ATGG 

5’P-A*TGGG 

5’P-A*AGGG 

5’P-A*TCGG 

5’P-A*ACGG 

5’P-A*TAGG 

5’P-A*AAGG 

5’P-A*TTCG 

5’P-A*ATCG 

5’P-A*TGCG 

5’P-A*AGCG 

5’P-A*TCCG 

5’P-A*ACCG 

5’P-A*TACG 

5’P-A*AACG 

5’P-A*TTAG 

5’P-A*ATAG 

5’P-A*TGAG 

5’P-A*AGAG 

5’P-A*TCAG 

CATAT 

CATTT 

CCAAT 

CCATT 

CCCAT 

CCCTT 

CCGAT 

CCGTT 

CCTAT 

CCTTT 

CGAAT 

CGATT 

CGCAT 

CGCTT 

CGGAT 

CGGTT 

CGTAT 

CGTTT 

CTAAT 

CTATT 

CTCAT 

CTCTT 

CTGAT 

0.96  

0.57  

1.39  

0.89  

0.93  

0.46  

2.01  

0.84  

0.97  

0.49  

1.57  

0.98  

0.81  

0.58  

1.96  

1.21  

1.31  

0.74  

1.43  

0.72  

0.90  

0.41  

1.65  

94.1% 

94.2% 

97.6% 

96.0% 

94.6% 

88.9% 

97.0% 

94.5% 

94.8% 

95.4% 

97.0% 

96.6% 

96.3% 

87.9% 

95.6% 

93.8% 

95.2% 

95.9% 

96.2% 

94.7% 

97.0% 

94.4% 

97.8% 
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30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

5’P-A*ACAG 

5’P-A*TAAG 

5’P-A*AAAG 

5’P-A*TTTC 

5’P-A*ATTC 

5’P-A*TGTC 

5’P-A*AGTC 

5’P-A*TCTC 

5’P-A*ACTC 

5’P-A*TATC 

5’P-A*AATC 

5’P-A*TTGC 

5’P-A*ATGC 

5’P-A*TGGC 

5’P-A*AGGC 

5’P-A*TCGC 

5’P-A*ACGC 

5’P-A*TAGC 

5’P-A*AAGC 

5’P-A*TTCC 

5’P-A*ATCC 

5’P-A*TGCC 

5’P-A*AGCC 

CTGTT 

CTTAT 

CTTTT 

GAAAT 

GAATT 

GACAT 

GACTT 

GAGAT 

GAGTT 

GATAT 

GATTT 

GCAAT 

GCATT 

GCCAT 

GCCTT 

GCGAT 

GCGTT 

GCTAT 

GCTTT 

GGAAT 

GGATT 

GGCAT 

GGCTT 

1.05  

1.00  

0.48  

1.40  

0.96  

0.98  

0.58  

1.65  

1.29  

1.01  

0.65  

1.19  

0.88  

0.93  

0.57  

1.57  

0.95  

1.05  

0.57  

1.77  

1.26  

1.36  

0.66  

95.2% 

95.6% 

93.3% 

97.7% 

94.6% 

97.0% 

94.9% 

96.0% 

94.7% 

94.2% 

87.5% 

96.8% 

97.2% 

96.9% 

91.6% 

96.3% 

92.9% 

94.3% 

94.5% 

97.2% 

96.4% 

97.0% 

92.1% 
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53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

5’P-A*TCCC 

5’P-A*ACCC 

5’P-A*TACC 

5’P-A*AACC 

5’P-A*TTAC 

5’P-A*ATAC 

5’P-A*TGAC 

5’P-A*AGAC 

5’P-A*TCAC 

5’P-A*ACAC 

5’P-A*TAAC 

5’P-A*AAAC 

GGGAT 

GGGTT 

GGTAT 

GGTTT 

GTAAT 

GTATT 

GTCAT 

GTCTT 

GTGAT 

GTGTT 

GTTAT 

GTTTT 

2.27  

1.60  

1.44  

0.96  

1.28  

0.76  

0.98  

0.44  

1.60  

1.24  

0.97  

0.57 

95.1% 

94.2% 

94.7% 

94.8% 

95.9% 

94.2% 

96.6% 

91.5% 

96.4% 

95.8% 

94.6% 

94.0% 

a pentanucleotides were modified with GSASIFLY at 5’dA, 

denoted by an asterisk. b Enrichment was calculated as (freq. 

polymer/freq. template). cFidelity was calculated for 

pentanucleotide incorporation; the fidelity is considerably 

higher if evaluated at the single nucleotide level. 
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Chapter 4  

Influence of linker length on ligase-catalyzed oligonucleotide polymerization1 
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4.1 Abstract 

 Ligase-catalyzed oligonucleotide polymerization (LOOPER) has been recently 

developed to enable the sequence-defined generation of DNA with up to 16 different 

modifications. This approach was used to evolve new classes of diversely-modified DNA 

aptamers for molecular recognition. The modifications in LOOPER are appended via a 

long hexamethylenediamine linker, which could negatively impact binding 

thermodynamics. Herein we explore the incorporation of modifications via shorter linkers 

using commercially available phosphoramidites and assess their efficiency and fidelity of 

incorporation. We observed that shorter linkers are less tolerated during LOOPER, with 

very short linkers providing high levels of error and sequence bias. An ethylenediamine 

linker was found to be optimal in terms of yield, efficiency, and bias; however, codon 

adjustment was necessary. This shorter linker anticodon set for LOOPER should prove 

valuable in exploring the impact of diverse chemical modifications on the molecular 

function of DNA. 

 

4.2 Introduction 

Nucleic acid polymers can be readily evolved by in vitro selection methods to engender 

molecular function, such as molecular recognition and catalysis.1-2 Due to their chemical 

stability and reproducible folding, they have often been adopted in place of antibodies as 

molecular recognition reagents for diagnostics and have demonstrated promise as 

therapeutics.3-4 The ability of nucleic acids to bind a wide variety of targets ranging from 

metal ions5 to cells6 is remarkable considering their limited chemical diversity. However, 

increasing the chemical diversity of nucleic acid polymers has been a long-sought 
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challenge in order to expand their functional properties.7-8 The conventional strategy for 

sequence-defined incorporation of modifications throughout a nucleic acid polymer is to 

use polymerase-catalyzed primer extensions with modified (deoxy)nucleotide 

triphosphates. Using a standard four base-pair genetic code, this can permit the 

incorporation of up to four additional functional groups to be displayed. This approach 

has been used for homomultivalent and heteromultivalent display of functional groups to 

generate nucleic acid polymers with improved binding thermodynamics and nuclease 

stability versus canonical DNA. Recently, this approach was used to incorporate three 

different functional groups in DNA to expand its catalytic properties.9 

Expanding beyond four modifications requires an alternative strategy that does not rely 

upon polymerase-mediated incorporation. To this end, Ligase-catalyzed OligOnucleotide 

PolymERization (LOOPER) permits the expansion of chemical diversity in DNA beyond 

four different modifications (Figure 4.1).10-17 LOOPER involves the T4 DNA ligase-

catalyzed copolymerization of a library of modified oligonucleotides along a library of 

DNA templates. Due to the high fidelity of T4 DNA ligases, the modified 

oligonucleotides (anticodons), which bear the chemical diversity, are incorporated across 

from their cognate codons with high efficiency and low error, resulting in a sequence-

defined modified oligonucleotide product. The number of unique modifications that can 

be incorporated via LOOPER is dependent on two variables: (i) codon library size, 

defined as 4n, where n is the codon length; and (ii) degeneracy, which is the redundancy 

within the codon set to define specific modifications. To date, the largest codon set used 

in LOOPER is defined as XXNNT, whereby XX encodes for one of 16 possible 

modifications on the cognate anticodon. Together, this codon sets comprises 256 codons, 
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and thus, each of the 16 modifications are encoded by 16 different codons. LOOPER has 

been successfully used in the in vitro selection of modified DNA aptamers. A modified 

thrombin aptamer was raised with a Kd of 1.6 nM, and represents the first thrombin DNA 

aptamer to break from the G-quadruplex archetype. Importantly, the modifications were 

found to be critical to molecular recognition of thrombin. More recent reports on the use 

of LOOPER to raise modified aptamers against other protein targets has further validated 

the approach.18 

 

Figure 4.1: General process for generation of sequence-defined modified DNA for use 

during in vitro selection. Inset: example of modified aptamer raised against human α-

thrombin. 

The initial development of LOOPER and the first in vitro selection of a LOOPER-

derived aptamer were reported using a hexamethylenediamine (HMDA) to bridge the 8-

position of the adenine to variable functional groups installed by amide-bond coupling 

chemistry (Figure 4.2). HMDA is a long, flexible linker, which provides both advantages 

and disadvantages for ligand display. While a longer linker provides increased reach to 

engage in molecular recognition of the target, having excess linker length beyond optimal 
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geometry for binding decreases the effective molarity of the ligand resulting in decreased 

binding affinity.19 Indeed, long linker lengths have been implicated in failed in vitro 

selections of modified aptamers.20  Having ready access to shorter linker lengths that are 

well behaved in LOOPER will provide the opportunity to further improve the binding 

properties of modified aptamers derived from LOOPER. To evaluate the influence of 

linker length during LOOPER, we chose to compare the commercially available 8-

modified HMDA dA phosphoramidite with two shorter linkers, ethylenediamine (EDA), 

and methylamine (MA) (Figure 4.2).  

 

Figure 4.2: Linkers examined during LOOPER. HMDA = hexamethylenediamine; EDA 

= ethylenediamine; MA = methylamine. 

 

4.3 Results and discussions 

We began our study through the synthesis of phosphoramidite 6, which included a 

benzylamine group at the 8-position of the adenine ring (Scheme 4.1). This would serve 

as a model for a minimally linked modification for LOOPER. The synthesis of 6 was 

adapted from a well-established synthetic route21 that proceeds through 8-Br dA 

intermediate 4, which can be subjected to nucleophilic displacement chemistry with 

various amine nucleophiles. This chemistry led to 6 in good yield and purity. Installation 

of 6 at the 5’position of a 256-membered A*NNNN anticodon library was achieved by 

automated DNA synthesis. The benzylamine-modified A*NNNN anticodon, 6a, was 
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found to be well behaved in LOOPER giving 74% yield of full-length product when 

polymerized along a template comprising a reading frame with eight NNNNT codons. 

We next sought to evaluate the fidelity and codon bias for 6a during LOOPER. To 

achieve this, we implemented a duplex DNA sequencing method previously reported by 

our lab,14-15 which enables the high-throughput DNA sequencing of templates and 

corresponding LOOPER strands to determine the error rate at the single codon level. 

Using this technique, we found that 6a polymerized with high fidelity (92.4%, Table 4.1, 

entry 1). When calculating the codon bias for the process, defined as the standard 

deviation of the frequency of a codon in the product divided by the frequency of the 

codon in template, we were surprised to see a high codon bias of 0.99. In previous 

studies,14-15 we attributed poor codon bias to low yield, as some anticodons within 

specific codon sets were observed to polymerize at higher efficiencies; high codon bias 

resulting from poor yield usually became an issue below 60%. When examining the 

codon bias plot (Figure 4.3a), it became clear that several codons were inhibited by the 

modification during LOOPER. In the codon bias plot, large numbers of data points stray 

toward the y-axis, rather than along the x-y diagonal. Surprisingly, codons that suffered a 

negative bias were high in cytosine content; less surprising was the observation that those 

that experienced a positive bias were high in guanine content. For example, codons such 

as TCCCT and CCTCT suffered from a 10-fold decrease in codon frequency following 

LOOPER, while codons such as GGAGT and GGGGT were observed with 5 and 10-fold 

increases in codon frequency following LOOPER, respectively. The most striking result 

from the analysis was that large swaths of the codon set suffered from extremely high 

error, which is uncharacteristic of LOOPER. While the overall fidelity of the codon set 
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was high, 12 codons had error rates above 80%, 10 of which were over 90%; the codon 

TAAAT had an error rate of 100%. The exact mechanism by which a benzylamine-

modified adenosine at the 5’-end of an anticodon results in such a drastic loss in fidelity 

during LOOPER is not currently understood. However, the data clearly suggest that the 

use of very small linkers to modifications could result in a significant loss of sequence 

diversity during the first round of in vitro selection.  

 

Scheme 4.1: Synthesis of phosphoramidites  6 and 8. a) Br2, 1M acetate buffer, pH 4, r.t., 

3 h, 69%. b) DMT-Cl, cat. DMAP, pyridine, r.t., 3 h, 86%. c) 1) TMS-Cl, pyridine, 0 °C -

r.t., 1 h; 2) 5 eq. BzCl, 16 h; 3) NH3 in MeOH, 5 °C, 1 h, 83 %. d) 5 eq. benzylamine, 

EtOH, 80 °C, 2 h, 79% e) 5.4 eq. DIPEA, 5.4 eq. 2-Cyanoethyl N,N-

diisopropylchlorophosphoramidite, CH2Cl2, 0 °C, 3 h, (63% for 6; 58% for 8. f) 1) 5 eq. 

ethylenediamine, EtOH, 80 °C, 2 h; 2) ethyl trifluoroacetate, NEt3, MeOH, 0 °C, 2 h, 

81%. 
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Table 4.1: Fidelity and Bias analysis of LOOPER products[a] 

 

Entry Linker Anticodon Yield[b] Fidelity[c] Bias[d] 

1 MA 6a 74% 92.4% 0.99 

2 EDA 10 70% 93.4% 0.27 

3 EDA 11a 77% 94.2% 0.50 

4 EDA 11b 75% 94.1% 0.55 

5 EDA 11c 67% 97.0% 0.49 

6 EDA 11d 71% 92.3% 0.43 

[a] LOOPER and duplex barcoding process performed on 15 pmol of DNA 

template library. 35 amol of product was subjected to duplex DNA sequencing. 

[b] Determined by densitometry of full-length product by polyacrylamide gel 

electrophoresis.  [c] Fidelity was calculated for pentanucleotide incorporation. 

The fidelity at the single nucleotide level is higher due to the large majority of 

misincorporations having only one error per pentanucleotide [d] Codon bias was 

calculated as (freq. polymer/freq. template). 
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Figure 4.3: Bias analysis of NNNNT codon set during LOOPER using various different 

linker-modified ANNNN anticodons: (a) anticodon 6a; (b) anticodon 10; (c) anticodon 

11a; (d) anticodon 11b; (e) anticodon 11c; (f) anticodon 11d. 
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We hypothesized that the large steric bulk close to the nucleobase was influencing 

hybridization and ligation kinetics; perhaps stabilizing the hybridization of mismatch 

incorporations for certain codon members. To address this, we evaluated a 

phosphoramidite that contained the slightly longer linker, ethylenediamine (EDA) 

(Scheme 4.2). The EDA-modified dA phosphoramidite would enable the incorporation of 

various functional groups via conventional EDC chemistry, which we previously used to 

modify the HMDA anticodons.14 Thus, phosphoramidite 8 was prepared as a 

trifluoroacetamide protected amine via nucleophilic substitution on intermediate 4. The 

incorporation of 8 into the 256-membered A*NNNN anticodon set was achieved by 

automated DNA synthesis and gave 10 in high yield, which was subsequently subjected 

to LOOPER along a DNA template comprising two primers flanking eight repeats of 

NNNNT. LOOPER proceeded efficiently at 70% yield of full-length product, and 

analysis of the product by duplex DNA sequencing revealed a 93.4% fidelity with a low 

codon bias of 0.27 (Table 4.1, entry 2). The codon bias plot showed a tight distribution 

along the horizontal, suggesting a well-behaved modified anticodon library. Indeed, the 

codons ranged in error between 1% and 15%, with the large majority under 10% error.  

We decided to pursue the EDA linker as a possible replacement for the HMDA linker by 

demonstrating its tolerance for a variety of chemical modifications. While the 

phosphoramidite synthesis of 8 was straightforward, we sought a convergent route that 

would minimize the requirement for phosphoramidite synthesis in order to facilitate its 

use in LOOPER. To this end, we used the commercially-available 8-Br dA 

phosphoramidite to generate A*NNNN libraries, 9, by solid-phase automated DNA 

synthesis (Scheme 4.2). This would allow convergent synthesis of various modified 
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anticodons by direct nucleophilic substitution. Using excess EDA in the presence of 

ammonium hydroxide, we were able to synthesize the EDA-modified anticodon 10 in 

high yield and purity. Unfortunately, the method was not robust enough to accommodate 

mono-functionalized EDA due to the large excess required (10% volume) and the large 

steric bulk near the 8-Br dA in 9. Thus, conversion of anticodon 10 into various modified 

anticodons 11a-d was achieved by conventional DNA-compatible EDC-mediated amide 

coupling. Several derivatives of 11 were readily prepared to determine the scope of the 

EDA linker during LOOPER, including acids, amines, alcohols, aliphatics, and aromatics 

(Table 4.1). 

 

Scheme 4.2: Synthesis of modified anticodon libraries containing an EDA linker. 

Carboxylic acid modified anticodon, 11a, was found to polymerize efficiently with high 

yield and fidelity with a modest codon bias (Table 4.1, entry 3). Analysis of the codon 

fidelity revealed that no codons resulted in error rates above 15%, suggesting that this 

modification is well behaved during LOOPER. Modification with an n-butyl chain 

resulted in similarly good yield and fidelities with modest codon bias; however, 
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sequencing analysis revealed that some codons had unacceptable error rates. Three 

anticodons polymerized with errors well above 15%, including ATTAT (32.4%), ATTTA 

(36.0%), and ATTTT (53.6%). While these all have 0% GC-content, this is not a 

determinant for poor fidelity; for example, AAATT polymerized with 5.6% error, while 

ATTTG polymerizes with only 1.4% error. Notwithstanding, should n-butyl groups be 

incorporated into LOOPER libraries, avoiding its use in sublibraries that contain these 

problematic codon anticodons will be required. Since the originally reported 

functionalized LOOPER library uses the 3’ dinucleotide to encode the functional group, 

as in ANNXX, where XX is the encoding dinucleotide, avoiding the use of XX = TT, 

TA, and AT would solve this issue. Anticodon libraries modified with naphthyl groups, 

11c, were also found to polymerize efficiently by LOOPER with good yield and high 

fidelity with modest codon bias (Table 4.1, entry 5). Only one anticodon sequence, 

ACGCC, was found to polymerize with an unacceptably high level of error of 35.3%. 

Noteworthy is that naphthyl-modified ACGCC when linked by HMDA resulted in just 

3.8% error, suggesting that the length of the linker can greatly influence the fidelity of 

certain codons. Notwithstanding, by avoiding napthyl encoding by XX = CC, this high 

level of error can be avoided. Modification of anticodon libraries with an EDA-linked 

alcohol group proved to be the most problematic. While overall yield and fidelity were 

high with modest codon bias (Table 4.1, entry 6), several anticodons polymerized with 

unacceptably high levels of error, including four above 50% error rate: AATTA (52.1%), 

ATTAT (54.8%), ATTTA (55.3%), and ATTTT (55.7%). This unusually high level of 

error was also observed with the HMDA linker, albeit to a lesser extent, with three 

anticodons exhibiting an error rate above 25%. Thus, when encoding for an alcohol 
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modification, XX = AA, AT, TA, and TT should be avoided. Indeed, we have 

successfully encoded problematic alcohol modifications with XX = GG with excellent 

fidelities.11, 14  

 

4.4 Conclusions and acknowledgements 

In conclusion, we have examined the prospect of decreasing the linker length between the 

adenosine nucleobase and the displayed functional group during T4 DNA ligase-

catalyzed LOOPER. Displaying bulky functional groups directly on the 8-position of dA 

via an MA linker results in undesired codon bias during LOOPER and high levels of 

error for large portions of the codon set. We observed that EDA was an ideal linker with 

respect to LOOPER efficiency, fidelity, and codon bias, and developed an efficient 

convergent synthesis of modified anticodon libraries linked by EDA using commercially 

available phosphoramidites. The EDA linker does require adjustment of codon design to 

minimize codon bias and loss of sequence space during in vitro selections. While this 

study was intended to address the concern of the long linker length used during 

LOOPER, this study has also indirectly highlighted the delicate balance of LOOPER. 

While new insights into the observed limitations of LOOPER are expected to come to 

light with the recently solved crystal structure of T4 DNA ligase,22 practitioners of the 

method are encouraged to conduct duplex DNA sequencing when adjusting chemical 

modifications, linker length, or codon set sequence beyond reported specifications before 

pursuing in vitro selections. 

Financial support for this work was provided by the National Science Foundation 

(1506667), the Natural Science and Engineering Research Council of Canada, and the 
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Ontario Ministry of Research and Innovation. Y. M-A. was supported by an Ontario 

Graduate Scholarship. 

 

4.5 Experimental details 

General Information 

Unless otherwise noted, water was purified with ELGA Flex 3 purification system. DNA 

oligonucleotides without amine modification were purchased from Integrated DNA 

Technologies. 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, Agilent 

1260) using a C18 stationary phase (Eclipse-XDB C18, 5 μm, 9.4 x 200 mm) and an 

acetonitrile/100 mM triethylammonium acetate gradient. Oligonucleotide concentrations 

were quantitated by UV spectroscopy using a Nanodrop ND2000 spectrophotometer. 

Noncommercial oligonucleotides were characterized by LC/ESI-MS using a C18 column 

at ambient temperature with a mobile phase of 100% 6 mM triethylammonium carbonate 

(TEAB) to 80% MeOH and 20% TEAB over 10 min, and a flow rate of 0.3 mL/min. A 

complete list of all DNA sequences, including templates, barcodes, and adapters, is 

provided in the supporting information. 

 

Synthesis of amino-modified pentanucleotides  
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Pentanucleotide anticodons were synthesized using a DMT-ON protocol on a 1 µmol 

scale (1000 Å CPG column). Bromo-modifier 8’-bromo-dA (Glen Research 10-1007), 

dA+dC+dG+dT-CE Phosphoramidite (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 and coupled to 

ethylene diamine by incubation at 85°C in 440 µL of a 10:1 mixture of 30% ammonium 

hydroxide and ethylene diamine for 3 h. The cleaved resin was filtered away by filtration. 

The oligonucleotide was concentrated under reduced pressure using a speedvac. The 

residue was then taken up into 100 µL of H2O and purified using reverse-phase HPLC 

purification using a [10% acetonitrile in 0.1 M TEAA, pH 7] to [80% acetonitrile in 0.1 

M TEAA, pH 7] solvent gradient with a column temperature of 45°C. The purified 

oligonucleotide was then incubated at room temperature in 400 µL of 40% aqueous acetic 

acid for 1 h to cleave the DMT group, and then lyophilized. The oligonucleotide was 

incubated in 500 µL 30% ammonium hydroxide at room temperature for 15 minutes to 

cleave the CPRII linker. Following deprotection, the oligonucleotide was concentrated 

under reduced pressure using a speedvac. The dried product was dissolved into 100 µL 

H2O and subjected to reverse-phase HPLC purification using a [10% acetonitrile in 0.1 M 

TEAA, pH 7] to [80% acetonitrile in 0.1 M TEAA, pH 7] solvent gradient with a column 

temperature of 45°C. The purified oligonucleotide was lyophilized, re-dissolved in water, 

and measured at λ = 260 nm. 

 

Functionalization of amino-modified pentanucleotides with carboxylic acid derivatives  



 

133 

A mixture of 25 µL carboxylic acid derivatives (100 mM in DMSO), 25 µL N-

Hydroxysulfosuccinimide sodium salt (sNHS, 100 mM in 1:1 DMSO/H2O mixture), 5 µL 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, 100 mM in 

DMSO) and 10 µL DMSO was incubated at room temperature for 30 minutes with 

vortex. Followed by addition of 30 µL of NaHCO3 buffer (pH 8.9, 500 mM in H2O) and 

10 µL amino modified pentanucleotides (1000 µM in H2O). The mixture was incubated 

at room temperature for overnight under vortex. The reaction was then spin down to 100 

µL and subjected to reverse-phase HPLC using a [10% acetonitrile in 0.1 M TEAA, pH 

7] to [80% acetonitrile in 0.1 M TEAA, pH 7] solvent gradient with a column 

temperature of 45°C. The purified pentanucleotides were dissolved in water, measured at 

λ = 260 nm, and characterized with mass spectrometry. 

 

Functionalization of amino-modified pentanucleotides with cyclic anhydride derivatives  

A mixture of 25 µL carboxylic anhydride derivatives (100 mM in DMSO), 25 µL 

NaHCO3 buffer (pH 8.9, 1 M in H2O), 14.6 µL amino modified pentanucleotides (1000 

µM in H2O), 22.4 µL of H2O and 163 µL DMSO was incubated at room temperature 

overnight under vortex. The reaction was then quenched with 50 µL Tris-HCl buffer (pH 

8, 500 mM in H2O) for 1 hour. The reaction mixture was lyophilized down and 

reconstituted to 100 µL for subjecting to reverse-phase HPLC using a [10% acetonitrile 

in 0.1 M TEAA, pH 7] to [80% acetonitrile in 0.1M TEAA, pH 7] solvent gradient with a 

column temperature of 45°C. The purified pentanucleotides were dissolved in water and 

characterized with mass spectrometry. 
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LOOPER with modified pentanucleotides  

In a PCR tube was added DNA template (15 pmol in 1.5 µL of water), PR5 primer (22.5 

pmol in 2.25 µL of water), FAM-PR6 primer (22.5 pmol in 2.25 µL of water) and 5 µL 

of 4X ligation buffer (40 mM MgCl2, 24% w/v PEG 6000, 40 mM DTT, 264 mM Tris 

pH 7), 5.5 µL of water and ATP (0.5 nmol in 0.5 µL of water). The reaction mixture was 

heated to 90 °C for 2 minutes and then cooled down to 25 °C at the rate of 0.1 °C/s. In 

this PCR tube was then added functionalized pentanucleotides (480 pmol in 1 µL of 

water; 4 equivalents/codon), BSA (2 µg in 1 µL of water), 400 U of T4 DNA ligase (New 

England Biolabs, M0202L). The polymerization was performed at 25 °C for 24 h and 

then purified with MinElute Reaction Cleanup Kit. The crude polymerized material was 

separated for analysis using denaturing PAGE (10% TBE, 150 V, 55 °C), stained with 

ethidium bromide,and then imaged by UV illumination. 

 

Adapter duplex synthesis 

In a PCR tube was added 15 μL of 100 μM adapter A and 15 μL of 100 μM adapter B, 

then the tube was heated to 95 °C for 5 minutes and cooled to room temperature over one 

hour. Then in this PCR tube was added 4 μL NEBuffer2 10× (New England Biolabs, 

M0212L), 25 U Klenow Fragment (3’→5’ exo-, New England Biolabs, M0212L), 1 μL 

dNTP Mix (Thermo Scientific, 10 mM each). The extension was performed at 37 °C for 

1 hour. The adapter duplex was purified with QIAquick Nucleotide Removal Kit, and 

then diluted in 30 μL water. In a PCR tube was added 30 μL purified adapter duplex, 5 μl 

NEBuffer2 10× (New England Biolabs, M0212L), 25 U Klenow Fragment (3’→5’ exo-, 

New England Biolabs, M0212L), 5 μL dATP (Thermo Scientific, 10 mM), 5 μL H2O.  
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This PCR tube was incubated at 37 °C for 1 hour for A-tailing. Then product was purified 

with QIAquick Nucleotide Removal Kit, and then diluted in 30 μL water.  

 

Adapter ligation 

In a PCR tube was added 10 pmol polymerization products, 200 pmol A-tailing adapter 

duplex, 10 μL NEBNext Quick Ligation Reaction Buffer 5X, 2.5 μL BSA (2 mg/mL in 

H2O), 1000 U T4 DNA ligase (New England Biolabs, M0202L), the total volume of 

reaction was adjusted to 50 μL with H2O. Then the ligation was performed at 16 °C for 

16 hours. The ligated products were then gel purified. 

 

PCR protocols for sequencing  

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

iTrus_D707 to iTrus_D712. In a PCR tube was added 50 attomole purified adapter 

ligation product in 10 μL H2O, 1.25 μL 10 μM Primer B, 1.25 μL 10 μM corresponding 

iTrus_D7XX primer, and 12.5 μL Q5 High-Fidelity 2X Master Mix (New England 

Biolabs). The tube was then transferred to a preheated themocylcler (98°C). The PCR 

cycle was started with 10 s of 98°C denature step, followed by 30 s of primer annealing 

step (annealing temperature was 55°C for the first two cycles, and 71°C for the rest of the 

cycles), and 30 s of 72°C extension step. The PCR products were then gel purified. 

 

High-Throughput DNA sequencing Protocol 

The concentrations of gel purified samples were determined with Kapa library 

quantification kit for Illumina libraries (KK4845) on Roche LightCycler 480. Paired-end 
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Illumina sequencing was performed on an Illumina MiSeq system using the kit v2 with 

300 cycles (150bp PE sequencing) at the Georgia Genomics Facility, University of 

Georgia, Athens, GA, USA. LOOPER fidelity was analyzed using the program 

analooper: https://github.com/HiliLab/analooper. 

 

4.6 Supporting results 

General information 

Unless otherwise noted, water was purified with ELGA Flex 3 purification system. DNA 

oligonucleotides without amine modification were purchased from Integrated DNA 

Technologies. 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, Agilent 

1260) using a C18 stationary phase (Eclipse-XDB C18, 5 μm, 9.4 x 200 mm) and an 

acetonitrile/100 mM triethylammonium acetate gradient. Oligonucleotide concentrations 

were quantitated by UV spectroscopy using a Nanodrop ND2000 spectrophotometer. 

DNA sequences 

The DNA sequences below are written from 5’→3’. <Aam>= Amino-modifer C2 dA; 

<N>=A/T/C/G;  

Templates 

https://github.com/HiliLab/analooper
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PANNNN Template /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  

Primers 

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

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

FAM-PR6             /5phos/TG CGA CGG CAG GCG AAT CA/36-FAM/ 

Adapter A AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA 

CAC GAC GCT CTT CCG ATC T 

Adapter B /5phos/ACT GNN NNN NNN NNN NNN AGA TCG GAA GAG CAC ACG 

TCT GAA CTC CAG TCA C 

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  
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Primer B AAT GAT ACG GCG ACC ACC GAG 

Pentanucleotides 

PA-256 /5Phos/<Ama>NNNN 

 

Table S4.1: Mass spectrometric characterization of modified pentanucleotides 

Pentanucleotide Sequence Calculated mass 

range 

Observed mass 

range 

6a <P>A*NNNN 1592.31-1752.34 1607.3-1707.3 

10 <P>A*NNNN 1545.31-1705.33 1546.0-1707.0 

11a <P>A*NNNN 1645.32-1805.35 1644.2-1807.0 

11b <P>A*NNNN 1629.36-1789.39 1628.4-1790.7 

11c <P>A*NNNN 1699.35-1859.37 1699.9-1860.4 

11d <P>A*NNNN 1603.31-1763.34 1604.4-1760.3 
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CHAPTER 5 

Conclusions and outlook 

In this dissertation, we described an alternative approach for introducing various peptide 

fragments onto a ssDNA scaffold to potentially inhibit protein-protein interactions. 

Unlike DNA polymerase which has only 4 canonical substrates, DNA ligase enables the 

recognition of various oligomers. With the increased encoding ability, we 

proposed ligase‐catalyzed oligonucleotide polymerization (LOOPER) in generating 

various functionalized ssDNA. Optimization of ATP concentration, template architecture, 

and peptide attachment to the pentanucleotide enabled efficient polymerization of these 

challenging substrates. Peptides ranging from 2-8 amino acids in length with a wide 

variety of functionality were found to be within the scope of this method.  

We then further demonstrated that the LOOPER process can combinatorially generate 

ssDNA-scaffolded peptide libraries from co-monomer libraries comprising up to 64 

members. The 16-membered codon sets, WSWST and SWSWT, were particularly 

effective at generating DNA-scaffolded peptide libraries with good efficiencies and at 

fidelities of up to 99 %. A mock selection was performed with 190-fold enrichment for a 

single round. This approach should enable the incorporation of 16 different peptides 

throughout an evolvable ssDNA polymer. Applying this technology to other types of 

fragments, including carbohydrates or synthetic oligomers would be of great potential. 

The ability to sequence-specifically incorporate multiple peptide fragments throughout an 

evolvable ssDNA polymer should enable the in vitro selection of ssDNA-scaffolded 
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peptides that harness the power of hetero-multi-valency for molecular recognition of 

protein targets. 

In addition, we have proposed two approaches for adjusting the linker length between 

modification and oligonucleotides. By truncating down to ethylenediamine linker, 

LOOPER still enables efficient and sequence-specific incorporation. The truncated linker 

has the potential to facilitate the in vitro selection of diversely-modified DNA aptamers 

with improved binding thermodynamics. 

The further effort could be directed into following parts: designing peptide fragments, 

functionalization and in vitro evolution towards protein of interest. Previously, the 

selections toward protein targets were not successful. One of the possible reasons was 

lacking a rational design for the peptide fragments. For any of the previously described 

DNA display strategies of peptides, the peptide fragments applied have shown detectable 

binding towards targets of interest by themselves (micromolar range Kd). To design or 

identify peptide fragments that present binding toward target of interest would be crucial. 

Either peptide assay, phage-display or mRNA-display of peptide fragments would enable 

the identification of peptide fragments in the first place. The identified peptide fragment 

will then get screened towards binding sites on the protein of interest. After confirming 

different fragments bind to different sites, the peptide fragments could be determined. In 

addition, even we have proved up to 8-mer peptides could be tolerated, more complexity 

might be required. For instance, peptides up to 15-mer and cyclic peptides presented 

better binding compared to short linear peptides. In that, re-optimization of 

polymerization will be needed. Modification position on the pentamer might be 

particularly interesting in this case, as other positions instead of 5’-end were also 
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tolerated by T4 DNA ligase. After further increasing modification size, they might 

present differently as well. By expanding the complexity of modification, we also 

increase the initial peptide fragments library which could generate more hits in return. 

Finally, with the previous steps, the in vitro evolution towards protein of interest would 

be more approachable. However, the success of that also relies on the procedure as well. 

Performing the steps without target of interest helps reveal the potential problems in the 

system. After solving those problems, perform multiple rounds of selection and monitor 

the CT value and Tm value for PCR amplification after each round helps pre-evaluating 

the selection outcome. The DNA-scaffolded peptide fragments could then be identified 

towards protein target which potentially enables inhibition for protein-protein 

interactions. 


