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Synopsis 

Environment-sensitive nucleotide analogs serve as good substrates and 

probes to study the activity of nucleic acid processing enzymes 
 

Background and Aim 

 

Enzymatic functionalization of nucleic acids with biophysical tools and probes is regularly 

used in various biotechnological applications.1–4 This approach greatly depends on the 

capability of both native and engineered DNA/RNA polymerases to process unnatural 

nucleotides, particularly those that are base-modified.5–9 Various types of labeled nucleotides, 

including those tagged with dyes, environment-sensitive fluorescent probes, as well as NMR- 

and EPR-active labels, along with nucleotides equipped with handles for post-polymerization 

modification, have been extensively utilized.10–15 However, the precise molecular mechanism 

underlying the processing of these analogs is not yet fully elucidated. In a recent advancement, 

a platform has been established that integrates molecular biology and X-ray crystallography to 

provide structural insights into how DNA polymerases accept and incorporate certain modified 

nucleotides.16,17 In this approach, researchers successfully co-crystallized a DNA polymerase 

with various 2′-deoxynucleoside triphosphate (dNTP) surrogates containing different aliphatic 

chains and aromatic moiety.18,19 These studies offer valuable insights into the structure-activity 

relationship of DNA polymerases, paving the way for new experimental strategies in the 

rational design of modified nucleotides for diverse applications. However, most of these 

experiments are performed under non-equilibrium conditions and seldom provide real-time 

data.20,21 

Fluorescence-based techniques have been extensively employed for investigating 

nucleic acid structure, dynamics and ligand binding in solution state.22,23 In particular, 

fluorescent nucleobase analogs (FNAs) have emerged as a preferred tool for exploring nucleic 

acid structure and their interactions with small molecules and proteins. This has been 

particularly emphasized in the utilization of environment-sensitive fluorescent nucleoside 

analogs.24,25 These analogs, formed by attaching heterocyclic moieties to pyrimidine and purine 

bases, have proven highly valuable in unraveling nucleic acid conformation, dynamics and 

recognition properties. In our research efforts, we have pioneered the development of a series 

of multifunctional ribonucleoside probes with high conformational sensitivity, achieved by 

attaching heterobicycles at the C5 position of pyrimidine nucleosides. Leveraging the 

conformation-sensitivity of these probes, we have established assays to investigate various 

aspects, including nucleic acid lesions, interactions between nucleic acids and drugs, and the 
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exploration of therapeutically relevant non-canonical nucleic acid structures.26–29 These 

endeavors contribute to a deeper understanding of nucleic acid behaviors and pave the way for 

applications in diverse research areas. The present thesis focuses on establishing a biochemical 

and biophysical pipeline by combining fluorescence, 19F NMR, and X-ray crystallography 

techniques to understand the incorporation mechanism of template-dependent and template-

independent DNA polymerases. This approach elucidates how polymerases incorporate these 

modified nucleotides into DNA oligomers. Such an initiative not only promises a deeper 

understanding of the mechanisms of polymerases but also holds the potential to guide the 

design of nucleotide probes that are compatible for enzymatic functionalization of nucleic 

acids.  

The thesis is divided into Chapters 1–4.  

Chapter 1: Nucleotide analogs as substrates and probes for nucleic acid processing 

enzymes    

In this chapter, we provided a concise overview of the utilization of polymerases and 

transferases for labeling nucleic acids with diverse modifications. Additionally, we explored 

biochemical techniques and X-ray crystallography methods designed to unravel the intricate 

processes associated with incorporating modified nucleotides. It is noteworthy that many of 

these methods are conducted under non-physiological conditions and lack real-time analysis 

capabilities. To address this gap, various fluorescence techniques have been developed, 

offering insights into nucleic acid-protein interactions. The utility of fluorescence methods to 

study these processes and recent efforts to uncover enzymatic incorporation mechanisms by 

using fluorescence nucleotide analogs are described. Subsequently, the motivation for the 

present study is elaborated.   

Chapter 2: Microenvironment-sensitive fluorescent nucleotide probes from benzofuran, 

benzothiophene and selenophene as substrates for DNA polymerases 

In Chapter 2, our investigation focused on the incorporation of heterocycle-modified 

nucleotides, specifically BFdUTP, BTdUTP, and SedUTP, by utilizing family A and family 

B DNA polymerases, namely KlenTaq and KOD/Vent(exo-) (Figure 1A). The efficiency of 

incorporation of these nucleotides varies based on the size of the heterocycle modification and 

the DNA polymerase sequence family employed. KlenTaq exhibited sensitivity to the 

heterocycle size attached to the nucleobase, accepting only one heterobicycle-modified 

nucleotide (BFdUTP/BTdUTP) into the oligonucleotide (ON) while efficiently incorporating 

the selenophene-modified nucleotide analog at multiple sites. In contrast, KOD and Vent(exo) 
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displayed high substrate tolerance, successfully incorporating all three modified nucleotides 

and generating ONs with multiple labels. Using the flexibility in the tolerance of the 

modifications by KlenTaq and KOD DNA polymerase we were able to develop a site-specific 

labeling technique (Figure 1B). Noteworthy is the efficiency of BFdUTP as a reporter, 

providing fluorescence readouts for monitoring enzymatic incorporation and estimating 

binding events in the reaction cycle. A thorough analysis of the incorporation profile, 

fluorescence data and the crystal structure of the ternary complex with KlenTaq DNA 

polymerase, BFdUTP and duplex, contributes to a detailed understanding of the incorporation 

mechanism of heterocycle-modified nucleotides (Figure 1C). 

 

Figure 1. (A) microenvironment-sensitive fluorescent nucleotide analogs. (B) the schematic diagram 

for the two-step site-specific labeling technique (C) probing the ternary complex formation by X-ray 

crystallography and enzymatic incorporation using fluorescence spectroscopy. 
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Chapter 3: Probing the processing of environment-sensitive nucleotide analogs by DNA 

polymerases using fluorescence, 19F NMR and X-ray crystallography 

In Chapter 3, we introduced a nucleotide featuring a fluorobenzofuran moiety at the C5 position 

of 2′-deoxyuridine (FBFdUTP). The nucleotide serves as a dual-responsive probe composed 

of both responsive fluorescence and 19F NMR labels (Figure 2A). Notably, it displays 

variations in incorporation efficiency when utilized with KlenTaq and KOD DNA 

polymerases. The introduction of the fluorine atom in the benzofuran ring does not impair the 

overall incorporation efficiency by DNA polymerases. This study established a two-channel 

spectroscopic read-out method to examine the binding event and the enzymatic incorporation 

process of FBFdUTP (Figure 2A, D). By fluorescence spectroscopy, we could detect the 

differences in the binding efficiency of KlenTaq and KOD DNA polymerase. To gain deeper 

insights, we conducted a comparative analysis of three crystal structures with KlenTaq DNA 

polymerase ternary complexes containing FBFdUTP, SedUTP, and BFdUTP, along with the 

respective primer-template duplex (Figure 2B, 2C). It has been demonstrated that the 

incorporation efficiency of the KlenTaq DNA polymerases highly depends on the size of the 

heterocyclic modifications. We observed that the flexibility of Arg660 and Arg587 near the 

active site and the stacking interaction between incoming nucleotides and the 3′-primer end 

nucleobase are important factors controlling the incorporation of the nucleotides containing the 

heterocyclic moiety. The heterobicyclic modification BFdUTP and FBFdUTP perfectly 

accommodate in the enzyme pocket and participates in the stacking interaction with 3′-end base 

of the primer. However, to accommodate this modification in the active site, Arg660 and 

Arg587 residues rearrange their conformation to make a crevice for the heterocyclic ring. On 

the other hand, the smaller heterocyclic moiety SedUTP successfully contributes to the 

stacking interaction without disturbing the active site conformation and thus, it has been proven 

to be a better substrate than the natural analog. Finally, comparing the multiple incorporation 

profile of modified nucleotides by primer extension reaction using KlenTaq and KOD DNA 

polymerase lead to us two main differences in the between the two enzymes. The protein 

channel volume and the conformations of the DNA near the active site. In KOD DNA 

polymerase the distance between thumb domain and finger domains is more and provide a 

larger space to accommodate multiple bulkier modifications. Whereas, KlenTaq DNA 

polymerase has a narrow channel volume and fails to incorporate multiple modified 

nucleotides. Secondly, the conformation of DNA near the active site of KOD DNA polymerase 

is B-form, which provides larger major groove for holding multiple C5 modifications. 

Whereas, A-form of DNA is present near KlenTaq DNA polymerase, which has a narrow major 
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groove for accommodating multiple C5 modifications. This comparative examination yielded 

valuable information regarding the mechanistic aspects of incorporating heterocyclic moieties 

and elucidated the chemical space tolerance exhibited by DNA polymerases.  

 

Figure 2. (A) Schematic illustration for incorporation of fluorobenzofuran-modified dual app 

nucleotide (B) and (C) crystal structure of the ternary complex of the primer-template duplex, KlenTaq 

and FBFdUTP and SedUTP, respectively. (D) detection of the enzyme activity using 19F NMR 

spectroscopy. 

Chapter 4: Microenvironment-responsive fluorescent nucleotide probes serve as good 

substrates to investigate the activity of terminal deoxynucleotidyl transferase (TdT) 

Terminal deoxynucleotidyl Transferase (TdT) is a unique template-independent DNA 

polymerase with various biotechnological and immunological applications.30,31 TdT 

overexpression is associated with several leukemia diseases and is used as a biomarker and 

therapeutic target. Therefore, detecting TdT activity is crucial for developing a screening 

platform for finding suitable inhibitors for the TdT enzyme.32,33 Traditional detection 
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techniques are time-consuming, expensive and cannot provide real-time data. Recently, 

fluorescent nucleobase probes have shown promise for directly analyzing TdT activity.34 

Hence, our idea is to establish a simple and efficient platform to understand the mechanism of 

TdT and develop a real-time fluorescence-based detection technique to monitor the TdT 

activity using environment-sensitive nucleotide analogs. Specifically, we conducted an 

incorporation assay of C5-heterocycle-modified analogs by TdT, resulting mainly in double-

modification products. Larger heterocyclic modifications like BFdUTP, BTdUTP, and 

FBFdUTP show increased efficiency in distributive incorporation compared to smaller 

modifications like SedUTP or natural thymidine analogs. We proposed that stacking 

interaction between incoming nucleotide and the primer's terminal base during the pre-catalytic 

step contributes to variations in TdT activity. To explore this, we utilized benzofuran-modified-

2′,3′-dideoxyuridine triphosphate (BFddUTP) and 2′,3′-dideoxy thymidine triphosphate 

(ddTTP) and compared their incorporation by TdT DNA polymerase. The modified analogs 

exhibited superior substrate efficiency for enzymatic incorporation by TdT, primarily due to 

stacking interactions between incoming nucleotide and the 3′-termini of the primer strand. 

Next, we aimed to establish a simple and efficient detection method to monitor TdT activity. 

By using the inherent responsiveness of the environment-sensitive nucleotide analog 

BFddUTP, we designed a fluorescence-based detection method to detect the TdT activity. And 

monitor the competition between BFddUTP and ddTTP. This will help develop a screening 

platform for investigating novel TdT inhibitors (Figure 3A, B). 

Figure 3. (A) Schematic illustration of incorporating BFddUTP by real-time fluorescence. (B) 

Detection of the Competition assay by fluorescence. 
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Taken together, we report the incorporation of a series of C5-heterocycle-modified 

nucleotide analogs by DNA polymerases and a terminal nucleotide transferase (TdT). These 

modifications are amenable to enzymatic incorporation by template-dependent (family A and 

B) and template-independent (TdT) DNA polymerases. The nucleotides themselves act as 

probes to report the catalytic events in equilibrium conditions by fluorescence and 19F NMR 

spectroscopy. The results indicate that the tested enzymes could be used to generate probe-

functionalized DNA oligonucleotides for various applications. Importantly, by combining 

solution state and crystallography data, we gained valuable insights into the enzymatic 

incorporation mechanism, which should greatly aid in designing newer heterocycle-modified 

nucleotide probes compatible with enzymatic labeling for nucleic acids. 
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Chapter 1 

Nucleotide analogs as substrates and probes for nucleic acid processing 

enzymes    

 

1.1 Introduction 

Nucleic acids serve indispensable roles in the storage and transfer of genetic information, the 

regulation of gene expression and the catalysis of chemical reactions through their interactions 

with nucleic acids, proteins and small molecule metabolites.1-8 As the building block of nucleic 

acids, the nucleotides lack inherent labels, making it imperative to introduce extrinsic 

modifications for investigating their structure, dynamics, and interactions with biomolecules. 

Labeling nucleic acids with modified nucleotides becomes crucial to expand their functionality 

from fundamental research to various biotechnological applications, diagnostics tools, and 

biosensing platforms.9-14 Functionalization of nucleic acid can be achieved by a chemical 

method using solid-phase oligonucleotide (ON) synthesis or enzymatically using different 

DNA and RNA polymerases and transferases (Figure1).15–21 In solid phase synthesis, protected 

nucleoside phosphoramidite building blocks are added stepwise to the 5′-end. The solid-phase 

synthesis method has been employed for several decades due to its robustness, scalability, and 

flexibility in accepting different modifications in specific positions of nucleic acids.15,16 

However, the harsh chemical conditions for certain modifications and the challenges in 

synthesizing lengthy oligomers constrain the utility of solid-phase synthesis.17-19 In contrast, 

the enzymatic synthesis method involves using modified nucleotides as substrates for DNA 

and RNA polymerases, leading to their incorporation into the nascent DNA or RNA strands by 

natural enzymatic machinery. This method offers the advantage of synthesis of long oligomers 

and is performed under physiological conditions, which is suitable for sensitive 

modifications.17-21 However, nucleic acid polymerases have evolved to incorporate natural 

nucleosides.22-24 Therefore, the modified nucleotides need to fulfill certain criteria to be 

incorporated by these polymerases. Nevertheless, a large number of modified nucleotide 

analogs have been incorporated by enzymatic methods for various biotechnological 

applications. For example, sterically demanding modifications (such as fluorescent dyes and 

affinity tags) attached by long flexible linkers to the nucleobases are well accepted by the DNA 

polymerases, and this strategy is widely employed for designing fluorescent reversible 
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terminators for next-generation sequencing.9 Even the purine base bearing small modifications 

at the C8 positions25 and a wide range of C5-modified pyrimidine26 analogs have been 

incorporated by enzymatic reaction. In recent studies, it has been observed that the polymerases 

do not well tolerate nucleotides bearing the modifications at the phosphate chain and sugar 

moiety 27,28, as they project toward the minor groove of the DNA helix and perturb the DNA-

protein interactions. However, the modifications at the nucleobases are comparatively well 

accepted and that highly depends on the position of the modifications in the nucleobase. 

Favorable modification positions were observed at the C5/C6-site of pyrimidine and the C8/C7 

positions of (deaza-)purine bases, known as the “Hoogsteen face”.17,29,30, These modifications 

were preferred as they do not disturb the Watson-Crick base pairing essential for 

complementary base interactions. In the context of the double-stranded helix, modifications at 

these positions orient away from the helical core, extending toward the major groove where 

steric constraints are relatively less stringent compared to the minor groove.29-33 Despite 

identifying suitable modification sites, the underlying reasons for accepting these modified 

nucleotides by high-fidelity DNA polymerases remained elusive for an extended time. 

However, gaining insights into the mechanistic aspects of incorporating these nucleotides 

would allow researchers to design polymerase-compatible modifications and predict the 

likelihood of successful incorporation.  

Several biochemical and biophysical techniques including X-ray crystallography have 

been developed to understand these complex processes. These methods offer structural insights 

into the incorporation mechanism of modified nucleotides, aiding in the design of novel 

nucleotides.34-36 However, most of these methods are performed under non-physiological 

conditions and incapable of providing real-time analysis. Various fluorescence techniques have 

been developed throughout the years to fulfill this need. Several commercially available 

fluorescent probes have been commonly linked covalently to the nucleobase, phosphate 

backbone, and sugar moiety, representing well-established methods. Incorporating such probes 

into nucleic acids has found extensive utility in studies involving FRET, fluorescence 

anisotropy, and single-molecule fluorescence experiments, revealing nucleic acid-protein 

interactions.37-40 However, a notable drawback of these probe systems is their tendency to 

disrupt the native structures significantly upon binding or incorporation into nucleic acid 

strands. Consequently, the applications of these probes are confined to monitoring the overall 

conformational changes of the nucleic acid during interactions with proteins.41 The 

conformational alterations occurring during this catalytic cycle encompass changes at both the 

global and nucleotide levels. Alterations in conformations of nucleotides involve alternation in 
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their local environment and their interactions with neighboring bases.37,38,41 Hence, 

incorporating a conformation-responsive and minimally perturbing fluorescent reporter at the 

site of interest and investigating the conformational changes would provide a better 

understanding of these incorporation processes.42-44 In this context, several such fluorescent 

nucleobase analogs have been developed and utilized to study nucleic acid-protein interactions 

in real-time by monitoring the changes in their photophysical properties such as quantum yield, 

fluorescence intensity, emission maximum and anisotropy.44,45 In this chapter, a detailed 

discussion on the use of different polymerases and transferases to functionalize nucleic acids 

is provided. This chapter also discussed the methods that have been developed to understand 

the polymerisation process and nucleic acid-protein interactions. Finally, the motivation for the 

present thesis work and how we have unraveled the enzymatic incorporation mechanism using 

environment-sensitive fluorescence nucleotide analog probes are described.  

 

 

Figure 1. (A) Template-dependent enzymatic incorporation and (B) template-independent enzymatic 

incorporation of modified nucleotides. 

 

1.2 Enzymatic incorporation of different modified nucleotides and their applications 

Polymerases have evolved to accept canonical nucleotides, but they can also surprisingly 

accommodate a diverse array of modified nucleotides. This expands the capabilities of nucleic 

acids and allows for their use in various biological applications. Typically, all components of 
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natural nucleotides, including the ribose ring, phosphate backbone, and nucleobases, can be 

modified as needed. 

1.2.1 Sugar-modified nucleotides 

Recent studies of enzymatic labeling have shown that modifications at the sugar ring are the 

least preferred substrates for the enzymes. Modifications in the ribose ring point to the minor 

groove and additionally, polymerases typically rely on effective triphosphate orientation 

facilitated by interaction with the 3′-OH, making modifications at this position less readily 

incorporated by natural polymerases. Despite this difficulty of incorporation, several base-

modified nucleotides have been incorporated by DNA polymerases. For instance, 2′-fluoro and 

2´-OMe-modified nucleotides have been incorporated by DNA polymerases, which provide 

the stability of the oligonucleotides under biological conditions.46 Numerous engineered DNA 

polymerases have demonstrated the ability to synthesize a series of sugar-modified 

oligonucleotides, such as 2′-fluoroarabinonucleic acids (FANA)47, LNA48, 7′, 5′-bicylo-DNA 

50 and (3′-2′) α-L-threose nucleic acid (TNA)50. Renders et. al reported the incorporation of 2′-

phosphomethyl 5′-3′-phosphonomethyl-dNTPs.51 Even 2′-deoxy-2′-isonucleoside (iNTPs)52, 

3′-deoxyribonucleotide 3′-triphosphates (apio NTPs) 54 have been utilized as substrates for the 

Therminator DNA polymerases. 

 

Figure 2. Examples of several sugar-modified nucleotides used in enzymatic incorporation. 

1.2.2 Nucleobase-modified nucleotides 

1.2.2.1 Incorporation of fluorescent tags 

In 2001, Angerer and colleagues reported the incorporation of a complete set of modified 2′-

deoxy uridine triphosphates composed of a coumarin/fluorescein residue at the C5 position 

using various DNA polymerases. They were successful in synthesizing modified DNA strands 

up to 40 base pairs in length using primer extension reactions (PEX) and even obtained full-

length products for some of the modifications in PCR reactions. Polymerases from family B 

(e.g., Vent exo- and Tgo exo-) incorporate labeled dNTPs more efficiently than Taq polymerase 

belonging to family A DNA polymerase.54 Although fluorophores are usually linked to 

nucleobases using a long alkyl chain an amide 54 and a polyethylene glycol linker,55 recent 

studies have shown that a phenylethyne linker is more efficient in terms of incorporation 
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compared to a small linker. They used TaqFS DNA polymerase to incorporate various 

fluorescently labeled dTTP and ddTTP analogs, where the fluorescein group is connected to 

the C5 position via different lengths of a conjugated linker. The results showed that the 

modified nucleotides with longer, conjugated linkers have better extinction coefficients, and 

their absorption maximum is shifted towards a higher wavelength. The researchers 

hypothesized that the linker serves as a donor, which transfers more energy to the fluorophore 

during absorption. This leads to an improvement in the fluorescence intensity of the labeled 

nucleic acids.56 The Hocek group has reported the incorporation of fluorescent molecular rotor-

based environment-sensitive fluorescent nucleotide analogs by various DNA polymerases (see 

section 1.5.2). Certain cytidine analogs that have been modified with BODIPY, such as 

dCbdpTP and dCTbdpTP, have been successfully incorporated using KOD DNA polymerase. 

57 Additionally, dCTP analogs with fluorene attachments (dCFLTP) 58and tryptophan-based 

fluorophores (dCTrpTP)59 have been used as substrates for KODXL and Bst DNA polymerases. 

These analogs were not only accepted by primer extension reactions but also successfully 

incorporated by PCR reactions.   

 

Figure 3. Examples of different fluorescently-labeled nucleotides. R= 2′- deoxyribose sugar. 

 

1.2.2.2 Incorporation of post-synthetic modifications 

Incorporating fluorescence reporter molecules into oligonucleotides using direct enzymatic 

labeling can be difficult because the modification is relatively large and not easily accepted by 

polymerases. Therefore, it is advantageous to incorporate small reactive handles that are more 

readily accepted by DNA polymerases, as they can facilitate the installation of larger 

fluorophore moieties for click reactions.60 Several such post-synthetic reactive handles have 

been developed throughout the years (Figure 4). Jäschke and team investigated incorporating 

C5 norbornene-modified pyrimidine and deaza-purine-nucleotides into DNA using 

polymerases. They demonstrated the incorporation of dUTPNorb by Taq DNA polymerase. 
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Whereas, Phusion protein accepted all three nucleotides efficiently in primer extension 

reactions but failed in the PCR reactions. KOD-XL DNA polymerase successfully incorporates 

multiple norbornene moieties in PCR reactions.61 Using PEX reactions, several C2-modified 

dATP analogs were introduced into the DNA strand, such as dvinylATP and dethynylATP (C2 

modified with vinyl and ethynyl, respectively, Figure 4). Followed by CUAAC and thiol-ene 

reactions were performed for attaching fluorescent tags.62 Wagenknecht and his team have 

developed a new method to label DNA with 1-methylcyclopropene (1MCP)-modified dATP 

analog (1MCP-dzATP) by employing a DNA polymerase-based approach. After that, a 

tetrazine-bearing fluorescent dye was inserted through click chemistry to generate 

fluorescently labeled DNA. Moreover, they transfected HeLa cells with the modified DNA 

oligonucleotides, and a click reaction was performed under cellular conditions to visualize the 

modified DNA inside living cells by confocal microscopy. 63 Recently, several flexible alkyne-

linked thymidine triphosphates such as 5-(1,7-octadiynyl)-dUTP (dUoTP), PEG-alkyme 

modified (dUpegTP), O-undecynyl modified (dUunTP), were incorporated into the DNA by 

PEX and PCR reactions by using KOD XL and Bst DNA polymerase.64 

 

Figure 4. Different post-synthetic modifications. R= 2′-deoxyribose sugar. 

 

1.2.2.3 Metabolic labeling and cell imaging 

Metabolic functionalization of nucleic acids is a highly effective technique that involves the 

introduction of modified nucleotides into newly synthesized RNA or DNA during cellular 

processes. This approach is widely used in the fields of biochemistry and molecular biology 

for various applications, including the study of nucleic acid synthesis, transcription, translation, 

and nucleic acid-protein interactions. Metabolic labeling uses cell-permeable nucleotide 

precursors such as nucleosides or nucleobase that enter the salvage pathway and are processed 

to (deoxy) nucleoside triphosphates (dNTPs) which can be further processed by polymerases. 

Hence, small modifications are preferred as they don't interfere with the metabolism. One such 

modification is the 5-ethynyl-2′-deoxyuridine (EdU), which is a popular nucleoside used for 

DNA labeling. This modification is efficiently taken up by cells and metabolized to the 

corresponding nucleotide, which can be accepted by the polymerases.65 Azido-modified 
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fluorophores can be attached to EdU by a click reaction for fixed-cell imaging. Stimulated 

Raman scattering has been used to image EdU directly in cells using alkyne vibration. 

However, this compound can perturb DNA functions and stability at high concentrations.66-68 

An alternative modification, the arabinofuranosyl derivative (F-ara-EdU), is comparatively 

less toxic and has been used for metabolic incorporation in cells and zebrafish69 Similar to 

EdU, other analogs such as cytidine analog, EdC,70 and purine analog (EdA)71 are also used 

for metabolic labeling (Figure 5). Azide-modified nucleotide analogs, such as 5-(azidomethyl)-

2′-deoxyuridine (AmdU), is used in metabolic labeling to evaluate copper-free click reactions 

known as SPAAC reactions. AmdU demonstrates high intracellular stability for metabolic 

labeling of DNA using SPAAC reactions. It allows for robust three-color staining of nuclei in 

fixed HeLa cells when combined with F-ara-EdU and BrdU (Figure 5).72 Similarly, 2′-azide 

modified arabinose analog of cytosine (AzC) has been utilized as metabolic labeling and even 

this molecule acts as an anticancer prodrug.73 Leudke et al. reported the incorporation of 5-

vinyl-2'-deoxyuridine (VdU) by endogenous enzymes. The VdU can be visualized after the 

IEDDA reaction with a fluorescent tetrazine.74 For cellular DNA synthesis, a new nucleoside 

known as VTdT was introduced, which underwent a hetero-Diels-Alder reaction with an o-

quinoline quinone methide to enable DNA labeling.75 

 

 

Figure 5. Examples of 2′-deoxynucleosides successfully used for metabolic labeling. 

1.2.2.4 Next-Generation sequencing 

DNA polymerases are crucial in DNA sequencing. The Sanger DNA sequencing method was 

first used to sequence the human genome in 2001 and has since become a standard and widely 

used method to determine DNA sequence (Figure 6).76,77 With advancements, new next-

generation sequencing methods (NGS) have increased output and lowered costs. Reversible 

chain terminators and removable fluorophores have advanced sequencing chemistry, leading 
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to faster, high-throughput NGS methods.78,79 The Illumina sequencing method employs 

nucleotide substrates modified with 3′-azido methylene to terminate DNA synthesis. This 

method enables fluorescent readout after each nucleotide incorporation. Followed by the 

removal of blocking groups by chemical methods, and the cycle will continue.80 Engineered 

DNA polymerases also have been used to incorporate various types of reversible terminators. 

For instance, mutated Taq polymerases have incorporated 3′-O-amino-protected fluorescent 

nucleotides.81 A novel category of nucleotides with unblocked 3′-OH, termed "Lightning 

TerminatorsTM," has been reported. These terminators feature a terminating 2-nitrobenzyl 

group attached to hydroxymethylated nucleobases. The molecular tuning effect of this 

photocleavable group enhances single-base termination, leading to improved nucleotide 

fidelity. In comparison to other reversible terminators like 3′-O-amino-TTP and 3′-O-

azidomethyl-TTP, these new terminators exhibit superior enzymatic performance by 

TherminatorTM DNA polymerase.82 

 

 

 

Figure 6. Structure schematic for reversible terminator used in next generation sequencing (NGS).  
 

1.3 Template-independent labeling of nucleic acids 

Unlike typical template-dependent DNA polymerase reaction, certain enzyme incorporates 

modified functionalities in a template-independent manner. Terminal deoxynucleotidyl 

transferase (TdT), which belongs to the X family, exhibits a distinctive ability to incorporate 

modified nucleotides at the 3′-end of single-stranded DNA in a template-independent fashion.83 

This enzyme plays a crucial role in vertebrate immune system development by introducing 

random nucleotides to single-stranded DNA at 3′-termini during V(D)J recombination, thereby 

enhancing T-cell receptor diversity. The biotechnological applications of TdT have expanded 

in the past two decades due to its remarkable substrate promiscuity.85 In 2012 and 2015, 

Jäschke and colleagues demonstrated TdT's capability to incorporate various click chemistries 

into DNA and RNA, enabling the conjugation of diverse functional groups (such as biotin, 

fluorescent dyes, etc.) through the CUAAC reaction. 86,87 In 2017, researchers utilized end-
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labeled DNA with a histag mimic for immobilizing DNA.88 Scientists have been able to modify 

DNA using different types of nucleotide analogs, including nucleotides that are tagged with 

fluorescent markers and nucleotides that are chemically altered to resist nuclease degradation.89 

These modified nucleotides are effective in labeling the ends of DNA strands using the enzyme 

TdT. Furthermore, redox-labeled nucleotides have been successfully incorporated into DNA 

and RNA oligonucleotides at the 3′-end.90,91 

The development of enzymatic methods for de novo synthesis, especially using 

polymerase chemistry such as TdT, provides a green chemistry methodology for industry.92In 

2018, Palluk and colleagues reported a method for synthesizing 10-20 nucleotides long single-

stranded DNA in a sequence-specific manner. The researchers used TDT polymerase-

nucleotide conjugates to add nucleotides step by step. They attached each TdT polymerase 

molecule to a single dNTP using a cleavable bond, which was then added to a primer. Once 

the dNTP was incorporated, the 3′-end of the primer remained covalently attached to TdT and 

could not be accessed by other TdT-dNTP molecules. To continue the extension process, the 

bond between TdT and the incorporated nucleotide had to be cleaved, which released the 

primer.93 Matthews and coworkers presented 3'-O-modified dNTPs equipped with photolabile 

protecting groups, allowing selective removal after the addition of each nucleotide. This 

method provides precise control over the sequence-specific synthesis of oligonucleotides.94 

Similarly, Flamme et al. reported the use of nucleotides with benzoyl and pivaloyl protecting 

groups for sequence-sequence controlled synthesis of DNA and XNA.95 In another example, a 

borate complex with 2′ and 3′-hydroxyl groups of nucleotides were utilized as a reversible 

terminator for controlled oligo synthesis. The TdT DNA polymerase well tolerates this 

modification.96 In 2021, Flamme et al. detailed the synthesis of Locked Nucleic Acid (LNA) 

using TdT. They employed various nuclease-resistant LNA-dTTP analogs as substrates for end 

labeling of DNA and observed efficient incorporation by the TdT enzyme for both LNA-TTP 

and α-thio-dTTP.97 

 

1.4 Numerous biophysical techniques and chemical probes to reveal the nucleic acid-

protein interactions 

1.4.1 X-ray crystallography 

X-ray crystallography is an essential tool for deciphering the biological functions of nucleic 

acid-protein interactions. It provides high-resolution structural insights into individual 

complexes and allows us a better understanding of the biological processes at the atomic level. 

It has been very helpful in studying the mechanism of replication, transcription, translation 
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regulation and nucleic acids-protein interactions. In particular, Crystal structures of active 

ternary complex (duplex-enzyme-modified nucleotide) provide insights into the incorporation 

mechanism of certain modified nucleotides. Consequently, studying the incorporation of 

modified nucleotides by processing enzymes or the interaction of modified oligonucleotides 

with the nucleic acid binding proteins expands the scope for designing modified nucleotides 

for myriad biotechnological applications and nucleic acid therapeutics, as we discussed in the 

previous section. 30,98 

In this context, Marx et al. conducted a study on the acceptance of certain C5-modified 

pyrimidine analogs and C7-modified purine analogs by KlenTaq DNA polymerase, which is a 

family A DNA polymerase. They used an incorporation assay and X-ray crystal structures 

analysis to evaluate the acceptance of these analogs. The study started by examining the effect 

of rigid nonpolar modifications by crystallizing KlenTaq that was bound to the spin-labeled 

nucleotide dTspinTP and primer-template duplex.99 Although dTspinTP showed low 

incorporation efficiency compared to natural dTTP, it caused only minor disturbances in the 

overall confirmation. The study found that enzymes can effectively recognize the modification 

through usual Watson-Crick base pairing and pi-stacking interactions with the primer. The O-

helix is appropriately aligned in a closed state similar to the natural one. However, certain 

significant differences were observed, such as the positioning of the Arg660 residue in the 

active site. In the case of modification, it moves away to encompass the nitroxide modification, 

whereas, in natural dTTP, it makes hydrogen bonding with the phosphate backbone of the 

primer strand.99 Similarly, they have studied the acceptance of flexible bulky modification, 

dTdendTP, where the flexible polyamide branches stay outside of the active site and do not 

hamper the usual nucleotide binding interactions.100 It has been observed that Arg660 residue 

is slightly displaced but maintains its interactions with the primer 3′-end and the amide moiety 

of the propargylamide linker. Further, they have solved the crystal structures of KlenTaq 

polymerase in complex with rigid nonpolar aromatic modifications, dCarylTP and dTarylTP.101 

They observed similar results as described earlier: Arg660 makes room for the aromatic moiety 

by losing contact with the primer, and additionally, Arg587 and Lys663 stabilized the 

modification by cation-pi interaction. These interactions are reflected in the incorporation 

efficiency, where the aryl-modified nucleotide, dTarylTP, exhibits an efficient substrate than 

the dTspinTP (Figure 7). 

However, a very small number of crystal structures of the ternary complex of family B 

DNA polymerases have been reported to date. Recently, Marx Lab reported an active ternary 

complex of KOD DNA polymerase, where a 7-deaza-modified adenosine triphosphate, dA*TP 
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trapped in the nucleotide-binding site .102 Chaput lab reported the reverse transcriptase activity 

of Bst DNA polymerase while processing sugar-modified template strands using X-ray 

crystallography.103 

The Weinhold group has successfully crystallized an amino purine-modified DNA 

complexed with DNA adenine methyl transferase, Mtaq1. Where Amino purine modification 

perfectly fits into the active site as similar to the natural adenine without disturbing the activity 

of the Mtaq1.104 Recently, Egli's lab demonstrated that the replacement of natural thymidine 

analogs by a modified nucleotide increases the thrombin binding affinity and successfully 

crystalized aptamers modified with either W or K bound to thrombin, which provides insight 

into the reason for the increased affinities (Figure 7).105 

 

 

Figure 7. Chemical structure of modified nucleotides used in X-ray crystallography. R= 2′-deoxy ribose 

sugar with 5′-triphosphate. 

 

1.4.2 Nuclear Magnetic Resonance (NMR) 

NMR is one of the most important to study the structure and dynamics of nucleic acids and 

proteins in solution state. Studying nucleic acids in solution becomes challenging due to 

spectral overlap of nucleobases, the building blocks of DNA molecules.106 Recently, site-

specific labeling of isotope-labeled (13C, 15N isotopes) nucleosides into the nucleic acids 

facilities to study nucleic acids-protein interaction. The structure of nucleic acids–protein 

complexes can be solved using standard NMR techniques or by sophisticated 2D NMR 

methods where either the protein or the NA component of the complex is labeled with 13C/15N 

isotopes.107,108 Williamson and coworkers reported an isotope labeling strategy by enzymatic 

pathway, where they incorporate several purine bases into the HIV-2 transactivation region of 

RNA (Figure 8).109,110Recently, to synthesize an isotope-labeled dsDNA, a PCR method named 



Chapter 1 

 

12 
 

endonuclease sensitive repeat amplification (ESRA) has been developed.127 By employing 

these labeling techniques isotope-labeled dsDNA and RNA were synthesized for the 

investigation of nucleic acid-protein complexes.112-115  

 

 

 

Figure 8. Examples of 13C and 15N labeled NTPs to synthesis isotope-labeled oligonucleotides to 

monitor RNA-protein interactions. 
 

In this context, fluorine labels offer an efficient system to monitor nucleic acid 

structures and their binding with proteins. Fluorine-labeled nucleic acids are an effective tool 

for biophysical studies due to the high gyromagnetic coefficient and sensitivity toward changes 

in the local chemical environment. This is because most biomolecules do not contain fluorine 

atoms. The 19F NMR studies on such nucleic acids are highly efficient and have been widely 

used for this purpose (Figure 9).116-118 Fluorine-modified nucleotides have been inserted into 

oligonucleotide strands to examine their structure, dynamics, and interactions with small 

molecules in solution or cellular conditions.119-124The Micura group synthesized a 2′-SCF3-

modified RNA and monitored the binding interaction with the RNA binding domain of nuclear 

ribonucleoprotein U1A (U1A-RBD).125 In 2017, Hocek et al. demonstrated the enzymatic 

incorporation of Trifluoroacetophenone-Linked Nucleotide (dATAPTP) that shows distinct 19F 

NMR peaks for the free duplex and the binary complex of DNA-p53 proteins, respectively.126 

Yan Xu and coworkers introduced a 3,5-bis(trifluoromethyl) benzene moiety into 5′ termini of 

RNA strand using phosphoramidite chemistry to monitor the complex formation between RNA 

G quadruplex and the telomeric protein TRF2.127 Recently, 2′-fluoro-substituted 

deoxynucleotide has been used as a substrate for the thymine DNA glycosylase (TDG) 

enzymes to investigate flipping of nucleotide in the free and protein-bound states.128 
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Figure 9. Examples of fluorine labeled probed successfully utilized to monitor NA-protein interactions. 
 

 

1.4.3 Fluorescence spectroscopy 

Fluorescence-based techniques are widely utilized for understanding structural, and 

mechanistic aspects of nucleic acid-protein interactions. The distinct advantages of 

fluorescence spectroscopy over alternative spectroscopic methods are: (i) fast responsiveness, 

provides rapid analysis for biomolecular interactions. (ii) remarkable sensitivity, enabling the 

tracking of a single molecule through its fluorescence; (iii) selectivity, allowing for the 

monitoring of a fluorescent-labeled nucleic acids or a protein in its natural environment within 

a living cell; (iv) high sensitivity of a fluorescent molecule to detect the changes in the 

surrounding environment and (v) capability to observe a broad range of dynamic processes in 

real-time over a wide timescale, from femtoseconds to seconds. 129,130 Therefore, introducing 

fluorescent probes into the nucleic acids becomes the method of choice to study their structural 

changes and interactions with proteins and small molecules in real time with high temporal 

resolution. To monitor this interaction, these fluorescent probes can be incorporated either non-

covalently or covalently into the nucleic acid strands.  

1.4.3.1 label-free methods 

A non-covalent labeling approach relies on the use of fluorogenic dyes, such as YOYO and 

ethidium bromide, which show differences in binding to nucleic acids with different 

conformation states. These dyes can exhibit a discernible optical signal for structural changes 

of nucleic acids due to their interactions with the protein.131-134 For example, a non-covalent 

DNA binder YOYO dye was utilized to study the kinetics of DNA digestion by k-exonuclease 

and the endonuclease EcoRV using the differences in the fluorescent intensities between single 

and double-stranded DNA-YOYO complex.131 An alternative approach, emissive 

nanomaterials, such as metallic nanoparticles or conjugated polymers, have been strategically 

employed to develop fluorescence-based assays for detecting nucleic acid binding protein 

interactions.135,136 Utilizing unlabeled oligonucleotides in label-free methods is more cost-

effective than employing fluorescently labeled oligonucleotides, making them more important 
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for low-cost applications and high-throughput detection. However, this method falls short due 

to the non-specific binding of the multiple fluorophore molecules, which sometimes 

destabilizes the native nucleic acid-protein interactions and lacks multiplex detection 

capability.  

1.4.3.2 Covalently incorporation of exogenous fluorophores 

A more advanced method for detecting nucleic acid-protein interactions involves attaching 

exogenous fluorophores covalently into nucleic acid sequences. This approach offers 

advantages over non-covalent labeling, as it minimizes destabilization of the native nucleic 

acid structure and their biomolecular interactions. Numerous extrinsic fluorophores (such as 

fluorescein, rhodamine, Alexa, etc.) have been incorporated at specific positions, either 

chemically or enzymatically, by replacing or modifying the natural base pairs for different 

applications.137-139 These modifications possess high fluorescence quantum yields and are 

significantly photostable, they are mainly used for fluorescence detection, such as DNA 

sequencing, real-time PCR detection, and single-nucleotide mutation screening.140-143 For 

instance, nucleic acid end-labeled with a single fluorophore shows an increase in fluorescence 

anisotropy upon interacting with proteins, and this method is one of the most widely used 

methods to date. Additionally, multi-labeling techniques have become convenient for 

investigating certain DNA-protein interactions. This method uses two fluorescent molecules to 

create an excimer or a fluorophore-quenching pair. When the target protein binds, the global 

changes in the structure of nucleic acids hamper the interaction between the fluorescent 

molecules, causing a noticeable change in the fluorescence signal. One of the early examples 

of this method was investigating TATA-binding protein (TBP) binding to its target promoter 

sequence and the consequential DNA deformation.144 DNA was labeled with fluorescein and 

rhodamine fluorophores as a RET pair. TBP-induced bending in the promoter duplex causes a 

reduction in the donor-acceptor distance, resulting in an enhancement in the RET efficiency. 

The bending event was monitored by observing the changes in fluorescence intensities of the 

donor and acceptor.144 Additionally, the molecular beacon containing a fluorophore-quencher 

pair at the 5′ and 3′ ends was used to study the binding of a single-stranded binding protein 

from E. coli. An increase in fluorescence intensity was observed upon binding the SSB protein 

in the loop region.145 In a similar approach, the binding of thrombin (a serine protease) to a 

non-catalytic site on single-stranded DNA, which forms an unimolecular quadruplex structure, 

was detected. The sensor demonstrated a 2.5-fold fluorescence enhancement upon thrombin 

binding, with an apparent Kd value of around 10 nM when utilizing a fluorescein–dabcyl 

pair.146 
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1.5 Base-modified fluorescence nucleoside analogs (FNAs) to probe nucleic acid-protein 

interactions 

Despite the broader range of applications of these extrinsic fluorophore systems, a significant 

drawback of most labeled probes is that when they are incorporated into the nucleic acids, they 

often disturb their native structure. Therefore, in many cases, a long linker is used to connect 

the probe molecule to the oligonucleotide, aiming to reduce the disruptions to the native 

structure. In addition, FRET experiments exhibit a distance-dependent nature, which faces 

Challenges in studying interactions where global changes of the target nucleic acid are not 

significant. During the folding and recognition of nucleic acids, conformational changes occur 

at both the global and nucleotide levels. Usually, the conformational changes at the nucleotide 

level involve alternating its local environment, such as polarity, viscosity, stacking, and 

hydration, and their interactions with neighboring bases or interactions with the protein binding 

sites. To better understand these interactions, environment-sensitive nucleoside probes have 

been introduced at the site of interest. These report the local conformational changes by 

showing changes in its fluorescence properties, such as quantum yield, emission maximum, 

lifetime, and anisotropy. The advantage of these Fluorescence nucleoside analogs (FNAs) is 

that they share structural similarities with natural nucleosides and are minimally perturbed in 

hydrogen bonding with complementary bases. Hence, Fluorescence nucleoside analogs 

(FNAs) have become a preferred method for real-time monitoring of nucleic acid-protein 

interactions. Several such fluorescent nucleotide analogs have been incorporated into the 

nucleic acid strand chemically or enzymatically at the internal or terminal positions by 

replacing non-emissive natural nucleosides. Depending on variations in the chemical 

structures, different classes of FNAs have been reported, such as size-expanded, size-extended, 

polycyclic aromatic hydrocarbon (PAH), pteridine, and minimally perturbing isomorphic 

nucleobase analogs (Figure 10).147 
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Figure 10. (A) Classification of the fluorescent nucleobase analogs (FNAs). Schematic representation 

of the (B) FNA containing molecular rotor element shows changes in photophysical properties due to 

changes in viscosity. (C) FNA containing push-pull fluorophore exhibits changes with solvent polarity. 

Linker distances vary with different modifications, or sometimes the probe is directly attached to 

nucleobase. 

1.5.1 Size-expanded fluorescent nucleobase analogs 

Size-expanded fluorescent nucleobase analogs are constructed by fusing or inserting an 

additional aromatic ring or a heterocyclic moiety onto the natural nucleobases (Figure 11).152 

Many such nucleobase analogs are emissive and retain the perfect hydrogen base pairing with 

the complementary bases. Numerous expanded natural base analogs with fluorescence have 

been constructed and applied in investigating enzymatic incorporations. Due to their larger size 

and shape than natural bases, these analogs exhibit different activity and specificity towards 

certain enzymes. Nevertheless, they serve as valuable tools to assess the tolerance and 

preference of specific enzymes for their substrates, shedding light on the intricate details of the 

catalytic process. For instance, Wilhelmsson and coworkers reported the incorporation of ring 

fused cytidine modifications (tC, tCO) using Klenow fragment (Kf) DNA polymerase, where 

they exhibit slightly higher efficiency of incorporation than the natural cytidine analogs (Figure 

11). Further, using the fluorescence anisotropy property of these analogs, they determined the 

dissociation constant for binding the nucleotides to the DNA polymerase active site.151 A tC-

labeled DNA as fluorophore and a fluorescent quencher (TEMPO) modified KF DNA 

polymerase have been employed to detect conformation changes of the DNA-protein complex 

involved during the incorporation process.152 Kool et al. reported the incorporation of xDNA 

pairs by Kf (family A) and Dpo4 (Y-family) DNA Polymerases. The findings indicated that, 

like Kf, Dpo4 generally favored the accurate selection of the appropriately paired partner for 

each xDNA (xA, xG, xC, xT) base. However, the efficiency was compromised in most 

instances due to the increased size of the base pairs.153A series of xDNA analogs have been 

incorporated into a DNA strand using a template-independent DNA polymerase TdT. The 

study reported that the modified xDNA monomers exhibit similar efficiencies to natural 

nucleotides.154 This benzo-expanded adenosine nucleotide analog has recently been employed 

to develop a detection platform to monitor TdT activity.155 
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Figure 11. Examples of size-expanded fluorescent nucleobase analogs R= ribose or 2′-deoxyribose.  

1.5.2 Size-extended fluorescent nucleobase analogs 

Size-extended fluorescent nucleobases are typically designed by attaching an extrinsic 

fluorophore to the nucleobase through a rigid or flexible linker (Figure 12). 156,157 As the 

extended pi-conjugated systems are connected by a flexible bond or a single rotatable bond, 

these nucleoside analogs show sensitivity towards viscosity. In low-viscosity environments, 

the intramolecular rotation at flexible bonds leads to internal conversion, resulting in low 

fluorescence quantum yields. Conversely, within high-viscosity environments or confined 

spaces like nano compartments and nanocavities, it inhibits internal rotation and enhances the 

fluorescence of these dyes. The term fluorescent molecular rotors (FMRs) is used to classify 

such viscosity-sensitive behaviors.158-162  

The Hocek group has reported green fluorescence protein-based extended fluorescent 

nucleobase analogs in this context.   They synthesized two derivatives of the GFP fluorophore 

dCFBI and dCMBI by attaching 3,5-difluoro-4-hydroxy-benzylideneimidazolinone (FBI) and 

3,5-bis(methoxy)-4-hydroxy-benzylideneimidazolinone (MBI) cores at the C5 position of the 

cytidine base using a short propargylic respectively.163 The nucleosides were transformed into 

the corresponding 5′-triphosphates, dCMBITP and dCFBITP, proving to be effective substrates 

for two recombinant DNA polymerases, KOD XL and Vent(exo-). Consequently, this enabled 

the synthesis of single-stranded (ss) and double-stranded (ds) DNA labeled with multiple GFP-

like molecular rotor fluorophores at specific nucleotide positions through primer extension 

(PEX) reactions. Further, they have titrated fluorophore-labeled oligonucleotides with DNA-

binding proteins such as SSB and the DNA-binding domain of transcription factor p53 and 

observed a 2 to 3-fold increase in the fluorescence emission in the presence of proteins.163 From 

these observations, the authors hypothesize that the increase in fluorescence results from 

restriction in the free rotation through the flexible bond in the enzyme pockets. Tryptophan-

based imidazolinone fluorophore-modified cytidine (dCTrp) analogs were reported from the 

same group.164 This modification also exhibited sensitivity towards viscosity and has been 

incorporated into the DNA using polymerase-based labeling techniques. It also senses the 
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protein binding and shows a 2-fold enhancement in the fluorescence intensity. Again, the 

Hocek group has reported another improved FMRs nucleoside, dCVDP and dCVJ, based on the 

bezylidene cyanoacetamide scaffold. The modifications have been introduced at the C5 

positions of the pyrimidine bases by a propargylic linker and subjected to primer extension 

reaction to synthesize labeled DNA using KOD XL and Vent(exo-) DNA polymerase. 

Meanwhile, dCVDP exhibited better incorporation efficiencies than the dCVJ analog due to the 

bulkiness in the modification. Further, dCVDP-labeled DNA was titrated with single-stranded 

binding protein (SSB), and it showed a 4-fold increase in the fluorescence intensity upon 

binding with the protein.165  

Recently, Seo and coworkers synthesized two new deoxyuridine derivatives, dUCN2, 

and dUPy, by attaching p-vinylaniline-derived molecular rotor moiety at the C5 position of the 

deoxyuridine. These molecules show substantial sensitivity towards changes in the viscosity, 

and 5′-triphosphates of these analogs demonstrate efficient substrate properties in primer 

extension reactions. By using a combination of primer extension reactions and followed by 

degradation of the template strand using lambda-exonuclease, they were able to synthesize a 

single-stranded primer labeled with modified nucleotide. A dUCN2-labeled DNA demonstrates 

a 1.7 to 3-fold increase in fluorescence intensity upon binding with a single-strand binding SSB 

protein. Also, these new molecular FMR-based nucleosides were shown to effectively explore 

interactions with nucleolin proteins, which are known for stabilizing nucleolar G-quadruplexes 

and playing multiple roles in transcriptional regulation. The introduction of modified 

nucleosides into the c-myc ssDNA sequence, forming a quadruplex structure, did not hinder 

nucleolin binding, as confirmed by the EMSA assay. The emission intensity of the dUPy 

reporter remained nearly the same for labeled ssDNA alone, in double-stranded and G-

quadruplex forms. However, upon binding to nucleolin, there was a 2-fold increase in emission 

intensity, indicating the stabilization of the quadruplex motif .166 

Also, another class of size-extended fluorescence nucleoside analogs has been 

developed, where the protein binding process was monitored by fluorescence lifetime.167 A 

BODIPY fluorophore was attached to position 5 of deoxycytidine using a minimal propargylic 

linker (dCbdp) and showed a positive relationship between mean fluorescence lifetime and 

viscosity. Subsequently, enzymatic DNA labeling was carried out with the modified nucleoside 

triphosphate dCbdpTP using PEX (Figure 12). Remarkably, this bulk hydrophobic fluorophore 

modification does not disturb the DNA structures and binding with the p53 protein. Upon 

interaction with the protein, it demonstrates changes in the mean lifetime range of 0.5–2.2 

ns.168For this purpose, some of the size-extended base-modified nucleotides, which showed 
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changes in emission spectra with changing local polarity, have been reported. 5-

(dimethylamino)-naphthalene-1-sulfonyl (Dansyl) conjugated nucleotide dUDNSTP and 

dUAEDANS-STP showed an early demonstration of such systems (Figure 12). These nucleotides 

were utilized to investigate interactions with the Klenow fragment of DNA polymerase I. In 

the modified duplex-protein binary complex, there is an observed rise in fluorescence intensity 

accompanied by a blue shift in the emission maximum. This shift is attributed to the increased 

hydrophobic environment within the protein. 169,170On the other hand, dCAPITP, which has a 

high quantum yield, is incorporated into the ssDNA and dsDNA using primer extension 

reactions. The labeled oligonucleotides were subjected to fluorescence titration with SSB and 

p53 as representative DNA-binding proteins, indicating a modest increase in fluorescence 

emission (2–3 fold) coupled with a slight blue shift in the emission spectrum upon binding. 

However, this light-up response was not universal, as other tested DNA-binding proteins did 

not exhibit similar effects.171 

 

Figure 12. Size-extended fluorescent nucleobase analogs. R= 2′-deoxyribose sugar. 

1.5.3 Fluorescent poly aromatic hydrocarbon (PAH) and pteridine nucleobase analogs 

Substituting natural nucleobases with recognized fluorescent polycyclic aromatic 

hydrocarbons (PAHs) results in a distinctive group of polycyclic aromatic hydrocarbons (PAH) 

base analogs that do not possess the Watson-Crick (WC) hydrogen bonding interface (Figure 

13). This kind of nucleoside analogs shows large stokes shifts, a diverse range of quantum 

yields, and emission wavelengths spanning the visible spectrum. Kool and coworkers have 

synthesized “oligodeoxyfluorosides” (ODFs) by incorporating multiple PAH fluorophores into 

a DNA. These multi-chromophoric oligomers form densely packed emissive assemblies, 

displaying intricate energy transfer phenomena among the chromophores. This makes them 

highly responsive to their surroundings, leading to complex fluorescence emissions across the 



Chapter 1 

 

20 
 

visible spectrum. Further, these have been used for detecting toxic gases, metal ions, and 

cellular imaging.172-175 The same group has reported a fluorescence-based assay using the PAH 

nucleoside Y for detecting the activity of ALKBH3, RNA demethylase enzymes that eliminates 

the epitranscriptomic mark N1 -methyladenosine (m1 A) from mRNAs and tRNAs. They 

placed this modification Y next to the m1A in the DNA, where it shows low fluorescence but 

displays 10-fold high fluorescence upon treatment with the enzyme. This probe demonstrated 

specificity for ALKBH3 over its closely related homolog ALKBH2 and is also employed to 

monitor the enzyme activity in living cells by fluorescence microscopy.176 One of the most 

successful PAH nucleosides is Coumarin 102 (C102), which was reported two decades ago.177 

Computational and spectroscopic data revealed that incorporating this modification into the 

DNA strands does not disrupt the helical structure of DNA. This probe was employed to 

investigate the interaction mechanism between DNA and the APE1 endonuclease. Further, a 

biochemical assay was performed to validate the recognition and cleavage of artificial 

oligonucleotide substrates containing C102 as a base pair by the enzyme.178 Similarly, several 

pteridine nucleoside analogs have been developed by mimicking the natural purine bases with 

the planar heterobicyclic aromatic compounds. One such fluorescent pteridine analog 6MI was 

utilized by Shamoo and coworkers, to examine the interactions involving UP1, an unwinding 

protein, and a part of heterogeneous ribonucleoprotein (hnRNP A1), which plays a role in RNA 

processing and chromosome maintenance. UP1 usually binds to the purine-rich nucleic acid 

sequence and unwinds the human telomeric G-quadruplexes. The authors selectively inserted 

the modification 6MI into the nucleic acid sequence where it will not hamper the secondary 

structure formation and unstacked upon binds with protein. Fluorescence titrations unveiled a 

substantial enhancement in the steady-state emission of 6MI, facilitating direct observation of 

the protein binding and subsequent unfolding of the quadruplex. Further, they co-crystalized 

the 6MI-labeled sequence with the UP1 to prove that the modification does not disturb the 

protein-DNA recognition and folding process. Another adenosine analog, 6MAP, was 

employed as a fluorescence reporter to investigate the base-flipping activity conducted by DNA 

photolyase (PL). This enzyme is responsible for repairing cyclobutylpyrimidine dimers found 

in photodamaged DNA.179 
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Figure 13. Poly aromatic hydrocarbons (PAH) and pteridine fluorescent nucleobase analogs. R= 2′-

deoxyribose sugar.  

1.5.4 Isomorphic nucleobase analogs 

Isomorphic nucleobase analogs are a type of heterocycles that have a close resemblance to their 

corresponding natural nucleobases.180-182 These analogs offer a distinct advantage due to their 

strong similarity to native nucleosides and structurally minimally invasive nature, especially 

when compared to various other analogs discussed previously (Figure 14). These analogs 

exhibit a notable quantum yield and possess the capability to investigate the alterations in the 

microenvironment by monitoring changes in photophysical properties. A quintessential 

example of isomorphic nucleobase analogs is 2-amino purine (2AP), which is extensively 

employed for analyzing nucleic acid structures, dynamics, and binding. It is highly fluorescent, 

environment-sensitive, non-perturbing, and an isoster of the adenine. Free 2AP is highly 

emissive in the aqueous medium, but when incorporated into the DNA or RNA strand, its 

fluorescence is dramatically quenched due to stacking and the electron transfer process. This 

behavior makes 2AP a good reporter molecule to monitor the DNA-protein interactions, which 

involves the distortions of the stacking interactions and alternations in the local environment 

of the nucleic acids binding site. To date, 2-amino purine (2AP) stands out as the most 

extensively employed fluorescent nucleotide analog (FNA) in enzymatic and biochemical 

investigations of DNA polymerases. For example, 2AP has been applied in studies of different 

classes of DNA polymerases, such as the Klenow fragment of Escherichia coli DNA 

Polymerase I 183-186, DNA Polymerase β 203, and bacteriophage T4 DNA Polymerase.204-205 

Further, 2AP was used to study DNA repair enzymes, such as M.HhaI and M.TaqI methyl 

transferase, and the EcoP15I type III restriction-modification enzyme.190-192 Usually, methyl 

transferase interacts with the base-flipped nucleic acid substrates, which leads to destabilization 

of the base stacking interaction. 2AP has been utilized as a fluorescent probe to observe the 

disruption of local base pairing and the base flipping of a nucleotide residue that facilitates 

enhanced substrate accessibility to the enzyme. 2AP is also employed to study the junction 

revolving DNA polymerases CCE1 and thrombin. It has been incorporated into the DNA strand 

and demonstrated a 39-fold increase in the case of CCE1, which majorly distorts the DNA base 

pairing upon binding. Meanwhile, only a 10-fold fluorescence increase has been observed for 

thrombin binding, resulting in minimum geometric distortions.193 2AP was directly integrated 

into an RNA sequence to explore the adenosine deamination activity mediated by the RNA-

editing enzyme adenosine deaminase (ADAR). Placing 2AP at the editing site resulted in a 

3.3-fold increase in fluorescence intensity. Utilizing a 2AP-labeled RNA duplex unveiled 
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specific details of the catalytic process. 194,195 Although 2AP has been used in a broad range of 

applications, the excitation and emission maximum wavelengths are in the UV region, low pH 

sensitivity in the medium to high pH range, and the drastic quenching in fluorescence emission 

upon incorporation in the oligonucleotides caused limitations in its applications, specifically in 

cell microscopy.196-198 

Another fluorescent analog, pyrrolo-deoxycytidine (pC), has been introduced into the 

DNA strand, and steady-state fluorescence analysis revealed the binding process of DNA-

reverse transcriptase.199 Further, this analog has been utilized to monitor the structural changes 

in the promoter region during the transition from initiation to elongation steps by T7 RNA 

polymerase.200,201 Hudson and coworkers used the 6-Phenylpyrrolocytidine (PhpC), a 

structurally conservative and highly fluorescent cytidine analog, to probe the cleavage of 

PhpC-labeled RNA by HIV-1 ribonuclease H. This approach demonstrated superior 

responsiveness and rapidity compared to a molecular beacon method.202In this regard, Tor and 

coworkers obtained a series of isomorphic fluorescent nucleobases (thA, thG, tzA, tzG) by 

mutating the five-member heterocyclic ring of the purine bases with thieno [3,4-d]-pyrimidine 

and isothiazolo [4,3-d]-pyrimidine scaffold.203-205 Among these analogs, thG appears as an 

excellent emissive fluorescent reporter, with a long fluorescence lifetime and highly sensitive 

to the local environment. This analog has been incorporated into the RNA and DNA using 

transcription reaction and primer extension reactions by replacing the guanidine residue, 

respectively, and used to study DNA mismatching.206-208 thA also has been demonstrated in 

several applications to investigate enzymatic processes.  For instance, adenosine deaminase 

enzyme (ADA), which converts adenosine to inosine moiety, recognized thA as a substrate. It 

converts thA to thI, which shows substantial changes in fluorescence intensity with a blue shift 

in the emission maximum. Even this conversion kinetics can be monitored in real time by 

measuring the changes in the fluorescence intensity. ADA is a drug target for numerous 

diseases, this technique could establish a high-throughput screening platform to find ADA 

inhibitors.209  

Another one of the more successful isomorphic analogs has been developed by the Tor 

group by attaching the 5-membered-heterocyclic moiety to the C5 positions of the pyrimidine 

bases. Additionally, these compounds closely mimicked the natural pyrimidines in terms of 

molecular size and the Watson-Crick hydrogen bonding interface.  They have explored the 

spectroscopic properties of various combinations of the nucleoside core (2′-deoxyuridine, 2′-

deoxycytidine) with five-membered heterocycles (furan, thiophene, oxazole, and thiazole). The 

studies revealed that derivatives like 5-(fur-2-yl)-uracil (FUdU and FUU) displayed optimal 
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photophysical properties, making them valuable probes for DNA and RNA.  FUdU, sensitive to 

polarity and rigidity, emerged as an effective tool for investigating nucleic acid structures and 

interactions with small molecules and proteins. These molecules proved useful in 

distinguishing between alternative folds or hybridization states through intensity- and 

wavelength-based fluorescence sensing. 210,211 

 

Figure 14. Examples of Isomorphic base analogs. R= 2′-deoxy ribose sugar. 

1.6 Motivation and outline of the thesis 

Nucleic acid processing enzymes incorporate a wide range of modifications, and this process 

highly depends on the accepting capability of the DNA and RNA polymerases and transferases. 

However, the underlying mechanism responsible for incorporating different modifications still 

needs to be elucidated. Hence, predicting substrate tolerance by polymerases poses significant 

challenges. Therefore, developing and refining methods for studying interactions between 

nucleic acids and proteins are crucial for designing appropriately modified nucleotides for 

myriad biological applications. Recent developments in high-throughput biopolymer 

crystallography and biomolecular NMR spectroscopy has helped in gaining structural insights 

into protein-DNA/RNA complex formation. Notably, X-ray crystallography-based methods 

typically provide still shots of exceptionally dynamic biomolecular complexes. Therefore, 

alternative experimental techniques are essential to investigate nucleic acid-protein interactions 

in real time. In this context, fluorescent nucleobase analogs have become the point of attraction 

for monitoring such interactions under equilibrium conditions. It is also becoming increasingly 

clear that a detailed understanding of an enzymatic system, such as DNA polymerases, could 

be gained only by using complementing biophysical techniques.  While each technique 

provides an important piece of information, correlating these informations using uniquely 

labeled ONs becomes difficult. In light of the merits and drawbacks of each technique, the 

challenge lies in establishing an efficient platform that seamlessly correlates fluorescence, 

NMR, and X-ray crystallography techniques. Such a system could offer a comprehensive 

understanding of the steps involved in the enzymatic incorporation mediated by different 

polymerases and transferases.  
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To address these unmet needs, our lab has developed several environment-sensitive 

fluorescent nucleoside analogs by conjugating heterocyclic moiety at the C5 positions of 

pyrimidine bases (Figure 15).43 These molecules are minimally invasive and possess moderate 

to good quantum yields. Notably, the presence of a connecting biaryl bond between the 

heterocyclic moiety and uridine ring endows molecular rotor system in the nucleoside analog. 

Hence, high sensitivity to local viscosity, polarity, and stacking interaction with neighboring 

bases make these analogs highly valuable in probing nucleic acid folding and recognition 

processes. However, these probes share an excitation wavelength at the UV region and are 

unsuitable for analysis in cellular environment. In order to develop in-cell compatible 

nucleoside analog probes, 19F atom(s) were introduced at an appropriate site without affecting 

their conformation sensitivity. Based on these considerations, a series of dual-app probes were 

developed in our group.139 A few of these responsive analogs are good substrates for enzymatic 

incorporation by polymerases and transferases and greatly aid in probing nucleic acid lesions, 

nucleic acid-small molecules interactions.212-214 Further these analogs serve as good 

biochemical tools to investigate conformation and recognition properties  of therapeutically 

important nucleic acid motifs such as  (i) G-quadruplexes and i-motifs,123,124 (ii) bacterial 

ribosomal decoding site-antibiotic interactions215 and (iii) RNA-protein interactions.216 

 

Figure 15. Examples of heterocyclic-modified microenvironment-sensitive fluorescent probe. 

The aim of this doctoral work is to create a simple and efficient platform using these 

environment-sensitive nucleotide substrates, X-ray crystallography, and biophysical methods 

to investigate the individual steps of the catalytic cycle during the enzymatic incorporation 

process (Figure 16). The advantages of such probe systems are three-fold: firstly, the substrate 

itself can function as a fluorescent probe, which could provide a direct fluorescence readout 

for studying events in the catalytic cycle under equilibrium conditions. Secondly, the efficiency 

of incorporation and binding data, assessed through biochemical, and fluorescence assays, and 

NMR spectroscopy, can be directly correlated with the structural information obtained through 

X-ray crystallography. Thirdly, these smart probe systems could pave ways for developing 
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screening platforms for developing new inhibitors against disease-causing nucleic acid 

processing enzymes (e.g., viral polymerases). 

The workflow of the thesis is divided into four chapters including the present 

introductory chapter.  In Chapter 2, we studied the incorporation of heterocycle-modified 

nucleotides, BFdUTP, BTdUTP, and SedUTP, by using family A and family B DNA 

polymerases namely, KlenTaq and KOD/Vent(exo-).217These nucleotides exhibit variations in 

the incorporation efficiency depending on the size of the heterocycle modification and the DNA 

polymerase sequence family employed. In particular, KlenTaq demonstrated sensitivity 

towards the size of the heterocycle attached to the nucleobase, where it only accepts one 

heterobicycle-modified nucleotide (BFdUTP/BTdUTP) into the ON while efficiently 

incorporating selenophene-modified nucleotide analog at multiple sites. 

  

 

Figure 16. Design strategy to monitor each step of enzymatic incorporation of microenvironment-

sensitive probes by DNA polymerases. 

 

On the other hand, KOD and Vent(exo-) exhibit high substrate tolerance and 

incorporate all three modified nucleotides, resulting in ONs with multiple labels. Notably, 

BFdUTP serves as an efficient reporter, offering real-time fluorescence readouts for 

monitoring enzymatic incorporation and estimating binding events in the reaction cycle. A 

comprehensive analysis, including incorporation profiles, fluorescence data, and crystal 

structure of the ternary complex of KlenTaq DNA polymerase, BFdUTP, and primer-template 

duplex, provides a detailed understanding of the incorporation mechanism of heterocycle-

modified nucleotides.   

In Chapter 3, we introduced a nucleotide that contains a fluorobenzofuran moiety at the 

C5 position of 2′-deoxyuridine (FBFdUTP). This nucleotide acts as a responsive fluorescent 

and 19F NMR probe, exhibiting differences in incorporation efficiency for KlenTaq and KOD 
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DNA polymerases. Further, we developed a two-channel spectroscopic platform by utilizing 

fluorescence and 19F NMR techniques to investigate the binding events and enzymatic 

incorporation process. We also compared three crystal structures of the KlenTaq DNA 

polymerase ternary complexes containing FBFdUTP/SedUTP/BFdUTP and primer-template 

duplex. This comparison provided valuable insights into the mechanism of incorporation of 

heterocyclic moieties and the chemical space tolerance of DNA polymerases.  

Finally, in Chapter 4, our investigation was extended to the incorporation of these 

modified nucleotides by terminal deoxynucleotidyl transferase (TdT), a member of the family 

X DNA polymerases with a unique capability to incorporate nucleotides at the 3′-end of single-

stranded DNA (ssDNA) ONs in a template-independent manner. Our modified nucleotide 

analogs exhibited high substrate efficiency for enzymatic incorporation by TdT compared to 

thymidine. Consequently, the versatility of BFdUTP was broadened as it not only contributed 

to the understanding of the catalytic cycle but also could prove useful in devising a screening 

platform to identify potential TdT inhibitors.  

 

Figure 17. The schematic diagram for detecting TdT activity and monitoring the inhibition process. 
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Chapter 2 
 

Microenvironment-sensitive fluorescent nucleotide probes from 

benzofuran, benzothiophene and selenophene as substrates for DNA 

polymerases* 

 
 

2.1 Introduction 

Enzymatic functionalization of nucleic acids with biophysical tools and probes is used in 

many biotechnological applications as well as in fundamental research of nucleic acid 

structure and function.1-5  This process greatly relies on the ability of native and engineered 

DNA and RNA polymerases and transferases to incorporate functionalized nucleotides into 

oligonucleotides (ONs).6-17  Though unpredictable, base-modified nucleotide analogs, which 

do not affect the Watson-Crick base-paring are reasonably well tolerated by these 

enzymes.18,19  For example, nucleotide analogs bearing fluorophores, redox-, NMR- and 

EPR-active labels,20-27 and nucleotides containing handles for postsynthetic modification are 

widely employed.28-32  A notable number of analogs are also metabolically incorporated by 

endogenous enzymes, which has further enabled the profiling and visualization of 

endogenous nucleic acids in living cells.33-38  However, the mechanism by which polymerases 

accept unnatural nucleotides as substrates and incorporate them into the nascent nucleic acid 

chains is not yet fully understood, so prediction of substrate tolerance is often not possible.  

Nevertheless, “platforms” have been established by combining biochemical techniques and 

X-ray crystallography to gain functional and structural insights into the mechanism of 

acceptance and incorporation of certain modified nucleotides by DNA polymerases.18,39  

Successful co-crystallization of a truncated version of Thermus aquaticus DNA polymerase, 

KlenTaq, in complex with primer•template duplex and 2-deoxynucleoside triphosphate 

(dNTP) surrogates provided structural basis for the processivity of the DNA polymerase.18  

Polar flexible modifications (e.g., aminopentynyl) and a nonpolar aromatic group (e.g., 

ethynylbenzene) attached to C5 of pyrimidines or C7 of 7-deazapurines via an alkyne bond 

tend to stabilize substrate-enzyme interaction and show good incorporation efficiency.40,41    

 

*The work in this chapter is published: Ghosh, P.; Kropp, H. M.; Betz, K.; Ludmann, S.; 

Diederichs, K.; Marx, A.; Srivatsan, S. G. Microenvironment-sensitive fluorescent nucleotide 

probes from benzofuran, benzothiophene, and selenophene as substrates for DNA 

polymerases. J. Am. Chem. Soc. 2022, 144(23), 10556–10569. doi:10.1021/jacs.2c03454 

(American Chemical Society acknowledged). 
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In contrast, a rigid and nonpolar spin label connected to a nucleotide distorts the enzyme 

conformation and thus, its efficiency of incorporation.42 Though these studies are indicative, 

a comprehensive understanding of the chemical space that can be handled by nucleic acid 

processing enzymes is very important.  In this context, as the next important step, we sought 

to investigate the ability of DNA polymerases to process heterocycle-modified environment-

sensitive fluorescent nucleotide probes, because they represent an important class of 

biophysical tool box in the analysis of nucleic acid.43-46   

Environment-sensitive fluorescent nucleoside analogs derived by conjugating or 

fusing heterocyclic groups to pyrimidine and purine bases are highly valuable in probing 

conformations, dynamics and recognition properties of nucleic acids.47-52  A notable number 

of such responsive analogs are amicable to enzymatic incorporation by polymerases and are 

useful in studying nucleic acid lesions, nucleic acid-drug/protein binding and conformations 

of therapeutically relevant nucleic acid motifs including bacterial ribosomal decoding site and 

tetraplexes.53-57 While the incorporation efficiency by different polymerases vary, which is 

typically determined by gel electrophoresis, the structural basis by which the fluorescent 

nucleotide analogs are accepted and processed by different family of DNA polymerases has 

not been well studied.  Here, our idea is to devise a platform by harnessing the inherent 

responsiveness of the fluorescent nucleotide substrates and X-ray crystallography technique 

to probe the mechanism of enzymatic incorporation.  For this purpose, we chose three 

nucleobase modified 2-deoxyuridine-5-triphosphate substrates, each containing a 

benzofuran, benzothiophene or selenophene moiety, as the test system (Figure 1).  Notably, 

these base-modified fluorescent nucleoside analogs are highly conformation sensitive and 

show great promise in probing the structure and ligand binding of therapeutic nucleic acid 

motifs.53,57-59 Characterizing the enzymatic incorporation of this set of fluorescent nucleotides 

has two advantages apart from understanding the role of expanded chemical space compared 

to the existing structural information–(i) the substrates itself could serve as probes providing 

real time fluorescence readout to study the events in the catalytic cycle under equilibrium 

conditions and (ii) the incorporation efficiency and binding data determined by biochemical 

and fluorescence assays could be directly correlated with the structure obtained by X-ray 

crystallography. 

Here, we report the synthesis and incorporation of microenvironment-sensitive 

fluorescent nucleotide analogs, which are derived by conjugating benzofuran, 

benzothiophene and selenophene at the C5 position of 2-deoxyuridine (Figure 1).  The 
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nucleotide analogs are incorporated into ONs by KlenTaq (belonging to the sequence family 

A DNA polymerases), KOD and Vent(exo-) DNA polymerases (both belonging to the B 

family) with varying efficiencies depending on the size of the heterocycle modification.  

KOD and Vent(exo-) DNA polymerases tolerate these modifications well, and hence, are 

suited for synthesizing ONs with multiple labels.  In contrast, KlenTaq exclusively adds a 

single nucleotide analog at the 3-end, thereby enabling the development of a simple two-step 

site-specific labeling procedure by PEX (Figure 1). Further, we describe the mechanism of 

incorporation of heterocycle-modified nucleotides by different family of DNA polymerases, 

which was obtained by comparing the incorporation profile, complex formation monitored 

using the responsiveness of the nucleotide analog and X-ray structures of ternary complexes 

(enzyme-duplex-nucleotide) containing native and modified nucleotides. 

 

Figure 1. C5 heterocycle-conjugated fluorescent dU*TP analogs. The analogs are suitable for 

enzymatic functionalization of ONs by DNA polymerases. Depending on the enzyme choice and size 

of the heterocycle modification, ONs with (i) multiple labels and (ii) site-specific labels can be 

synthesized. 

 

2.2 Result and discussions 

2.2.1 Design and synthesis of fluorescent nucleotide analogs 

We became interested in the C5 heterocycle-modified pyrimidine nucleotides 5–7 and their 

incorporation into ONs by DNA polymerases for the following reasons (Scheme 1). 

Conjugation of heterocycles at the C5 position of pyrimidines via a rotatable bond (molecular 

rotor element)60,61 generates conformation-sensitive fluorescent probes (Figure 1).25,43,46,62,63 

Moreover, modifications at the C5 position of pyrimidines that can be accommodated in the 
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major groove of duplexes show good substrate properties in DNA polymerization 

reactions.3,18,64-72  Benzofuran (2), benzothiophene (3), and selenophene (4)-conjugated 2-

deoxyuridine analogs were synthesized by reacting 5-iodo-2-deoxyuridine 1 with respective 

stanylated heterocycles under Stille cross-coupling reaction conditions using a palladium 

catalyst, Pd(PPh3)2Cl2 (Scheme 1).  These nucleoside analogs possess moderate quantum 

yields and their photophysical properties are highly sensitive to microenvironment polarity 

and viscosity changes.57,59,73 In particular, 2 and 4 incorporated into the human telomeric 

repeat ON by solid-phase synthesis enabled the conformational analysis and estimate the 

ligand binding ability of different G-quadruplex topologies by fluorescence and X-ray 

crystallography techniques.57,59 To probe the DNA polymerases activity, the analogs were 

future converted to nucleoside 5-triphosphates 5, 6 and 7 in a single-pot two-stage reaction 

using POCl3 and bis-tributylammonium pyrophosphate (Scheme 1). The fluorescence profile, 

quantum yield and lifetime of triphosphates 5–7 were similar to respective nucleoside analogs 

(Figure 1 and Table 1). 

 

Scheme 1.  Synthesis of BFdUTP 5, BTdUTP 6 and SedUTP 7.  
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Figure 2. (A) Absorption (solid line, 25 μM) and emission (dashed line, 5 μM) spectra of nucleotides 

(5–7) in water. Emission spectrum was recorded by exciting the samples at respective absorption 

maximum (Table S1) with an excitation and emission slit width of 3 nm and 4 nm, respectively. (B) 

Excited-state decay profile of nucleotides (5–7, 5 μM) in water. Laser profile (prompt) is shown in 

gray and curve fits are shown in solid lines. Fluorescence decay kinetics was performed with a time 

correlated single photon counting (TCSPC) set up (Horiba Delta Flex). Samples were excited using 

340 nm delta diode (Horiba Scientific, DD-340). Fluorescence signal collected at the emission 

maximum was analyzed using EZ Time analysis software. The quality of curve fit was ascertained by 

χ2 value, which was very close to unity for all fits. 

 

Table 1. Photophysical properties of modified triphosphate 5–7 in water. 

Nucleotides λmax (nm)a λem (nm) Фb τav
b 

BFdUTP 5 322 448 0.18 2.6021 

BTdUTP 6 318 469 0.033 1.0751 

SedUTP 7 324 458 0.013 0.6079 

aThe lowest energy absorption maximum is provided.  
bStandard deviations for quantum yield (Ф) and average lifetime (τav) are ≤0.01 and 0.04 ns, 

respectively. 

 

2.2.2 DNA polymerases show varying incorporation efficiency 

The potential of the three modified nucleotides to serve as a thymidine analog for DNA 

polymerases was tested in primer extension reactions (PEX) in the presence of commonly 

used A and B family DNA polymerases. A series of templates (T1–T5) was designed to 

guide the incorporation of the modified nucleotides at the PEX start site, distal from the start 

site, and at multiple positions (Table 2).  A 5-FAM-labeled primer P1 was hybridized with 

the respective templates and the reactions were performed in the presence of dATP, dGTP, 

dCTP and dTTP/modified dU*TPs (5–7, Figure 3A).  Reaction products were resolved by 

polyacrylamide gel electrophoresis (PAGE) under denaturing conditions and visualized using 

a gel fluorescence scanner.  Reactions were first performed with T1 and T2 that would guide 

the incorporation of a single modified nucleotide analog at the start site and away from the 
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start site, respectively.  Regardless of the size of modification, KlenTaq belonging to the A 

family efficiently incorporated the mononucleotides of 5–7 to produce full-length PEX 

products (Figure 3B, lanes 5–7 and lanes 10–12).  The incorporation efficiency was as good 

as the reaction performed in the presence of natural dTTP (compare with lanes 4 and 9).  

When control reactions were performed in the absence of dTTP/modified dU*TPs but in the 

presence of other dNTPs, the enzyme did not produce full-length products (lanes 3 and 8).  

These results indicate that indeed the modified dU*TPs are incorporated specifically opposite 

to the templating dA and the full-length products are not formed due to misincorporation.  

However, with templates T3 and T4 that would introduce two modifications at alternate and 

consecutive sites, the incorporation efficiency was found to depend on the size of 

modification.  While mononucleotides of benzofuran- and benzothiophene-modified dUTPs 

(5 and 6) were barely incorporated, selenophene-modified dUTP 7 was processed with an 

apparent efficiency as the natural nucleotide (Figure 3C, lanes 4–7 and lanes 9–12).  When 

the stringency of incorporation was further increased by using T5 (three modifications in 

close positions), KlenTaq did not produce full-length products with 5 and 6 (Figure 5, lanes 5 

and 6).  However, the enzyme tolerated the smaller selenophene modification and produced 

triply-modified ON product in very good yields (Figure 5, lane 7). 

Table 2. ON sequences used in PEX, single nucleotide incorporation and crystallization studies, and 

fluorescence assays.[a] 

ONs Sequence 

P1 

T1 
5 FAM-GTG GTG CGA AAT TTC TGA CAG ACA 3 

3 CAC CAC GCT TTA AAG ACT GTC TGT ACT GTC TGC GTG  5 

T2 3 CAC CAC GCT TTA AAG ACT GTC TGT GCT GTC TAC GTG  5 

T3 3 CAC CAC GCT TTA AAG ACT GTC TGT GCT GTA TAC GTG  5 

T4 3 CAC CAC GCT TTA AAG ACT GTC TGT GCT GTC TAA GTG  5 

T5 3 CAC CAC GCT TTA AAG ACT GTC TGT GCT GTA TAA GTG  5 

P2 5 FAM-GGA GCT CAG CCT TCA CTG C 3 

P3 5 GGA GCT CAG CCT TCA CTG C 3 

T6 3 CCT CGA GTC GGA AGT GAC G ACG ATT TGA TAT AAC GAT CGC GTG 5 

P2* 5 FAM-GGA GCT CAG CCT TCA CTG C-BFdU 3 

P3* 5 GGA GCT CAG CCT TCA CTG C-BFdU 3 

T7 3 CCT CGA GTC GGA AGT GAC G ATG TCG CTC CGC GTC 5 

P4 5 GAC CAC GGC CA 3 

T8 3 CTG GTG CCG GTG ACAA 5 

P5 5 GGA GCT CAG CCT TCA CTG ddC 3 

[a]ON primer P1 and templates T1–T5 were used in PEX. ONs P2/P3 and T6 were used in single-nucleotide 

incorporation reactions. P2* and P3* are 3-BFdU-labeled primers P2 and P3, respectively. P3* was used in 

fluorescence assays. Template T7 was used in binding studies by fluorescence and EMSA. 2-deoxyadenosines 

colored in red in template strands guide the incorporation of modified nucleotides analogs in the PEX and single 
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nucleotide incorporation assays. ONs P4 and T8 were used in crystallization trails. In T8, 2-deoxyguanosine 

colored in blue is used for terminating the extension by using ddCTP in crystallization trails. 

 

 

Figure 3. (A) PEX setup used to incorporate the mononucleotide analogs of 5–7 using different DNA 

polymerases. Reaction setup using T1 is given as an example. (B and C) Incorporation of 

mononucleotides of BFdUTP 5, BTdUTP 6 and SedUTP 7 by KlenTaq using primer P1 and templates 

T1–T4. All reactions were conducted in the presence of dATP, dGTP, dCTP.  

 

 

 

 

Figure 4. Incorporation of mononucleotides of BFdUTP 5, BTdUTP 6 and SedUTP 7 by KOD DNA 

polymerase using primer P1 and templates T1–T4. All reactions were conducted in the presence of 

dATP, dGTP, dCTP. 
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Figure 5. Incorporation of mononucleotides of BFdUTP 5, BTdUTP 6 and SedUTP 7 using KlenTaq 

and KOD DNA polymerases in the presence of duplex made of primer P1 and template T5. 

 

Figure 6. Incorporation of mononucleotides of BFdUTP 5, BTdUTP 6 and SedUTP 7 using 

Vent(exo-) in the presence of duplexes made of primer P1 and templates T1–T5. 
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Next, the B family DNA polymerases were investigated.  BFdUTP 5, BTdUTP 6 and 

SedUTP 7 were processed proficiently by KOD using templates T1–T5, generating the full-

length products with yields similar to the products formed in the presence of native dNTPs 

(Figure 4 and Figure 5, lanes 10–13).  Similarly, all the heterocycle-modified nucleotides (5–

7) served as good substrates for Vent(exo-), belonging to the same family of DNA 

polymerases (Figure 6).  In the presence of T1–T5 the enzyme produced fully extended 

primers containing one or more modifications near and away from the start site.  Taken 

together, KOD and Vent(exo-) DNA polymerases generate full-length products with all the 

tested templates and nucleotides while KlenTaq has difficulties with more demanding 

templates (two templating adenosines in a row or one nucleotide apart) and can generate 

multiple labeled full-length products only with the smaller modified SedUTP. 

 

2.2.3 Single nucleotide incorporation and site-specific labeling 

Site-specific labeling of ONs with only one functional group is difficult using templates that 

contain the respective templating nucleotide at several positions (e.g., T6). Therefore, we 

chose to develop a two-step protocol by first incorporating one modified nucleotide and after 

a reaction clean-up (to remove the unreacted modified triphosphate), add the four natural 

nucleotides to get the full-length product by PEX (Figure 7A). Prerequisite for the used 

enzyme should be that it faithfully incorporates only one modified nucleotide at the 3-end of 

the primer in a template-dependent manner while it also fully elongates the modified primer 

with natural substrates or the singly modified primer should be compatible for enzymatic 

ligation.74-79 In order to establish such a method, we tested single nucleotide incorporation 

properties of KOD and KlenTaq in the presence of modified nucleotides. A 5-FAM-labeled 

primer P2 was hybridized with a template DNA ON T6 containing a dA nucleotide that 

would guide the incorporation of a modified mononucleotide at the 3-end of the primer.  

Reactions in the presence of KOD DNA polymerase resulted in largely doubly modified ON 

products due to one correct incorporation of dU* opposite dA and one misincorporation of 

dU* opposite dC (Figure 7B).  Attempts to obtain a singly modified primer with KOD DNA 

polymerase by varying the concentration of the enzyme and dU*TP were not successful (data 

not shown). Rewardingly, KlenTaq DNA polymerase incorporated all the three modified 

nucleotides with approximately same apparent efficiency as dTTP, yielding exclusively 

singly-modified primer ON products (Figure 7C).  To unambiguously confirm the formation 

of singly-labeled products, large-scale reactions were performed and the identity of the 



Chapter 2 

 

48 

 

isolated products was confirmed by mass analysis (Table 3 and Figure 8A–D). Typically, 

reactions performed in a 1.25 nmol scale and purified by PAGE gave 60–70% of the labeled 

products. 

 

 

 

Figure 7. (A) Schematic diagram illustrating the site-specific functionalization approach. dU*TP 

represents a modified nucleotide analog probe. (B) In the presence of dTTP or modified nucleotides 

(5–7) KOD DNA polymerase added two consecutive nucleotides to the primer P2. (C) KlenTaq DNA 

polymerase produced only singly-modified ONs. (D) 3-BFdU-labeled primer P2* was efficiently 

extended by KOD and KlenTaq DNA polymerase to give the full-length site-specifically 

functionalized ON product P2**. See Table 2 and Table 3 for ON sequences. 

 

Encouraged by these results, we devised a two-step template-dependent site-specific 

labeling technique by combining the stringent and flexible processivity of KlenTaq and KOD 

DNA polymerases, respectively.  In the first step, P2•T6 duplex was reacted with BFdUTP in 

the presence of KlenTaq, which resulted in the quantitative incorporation of a single BFdU 

label at the 3-end to produce ON P2* (Figure 7D, lane 2).  The reaction mixture was heated 

and the modified primer•template duplex was precipitated using ethanol and washed well.  

This step was performed to inactivate the enzyme and remove unreacted modified nucleotide.  

The precipitated P2*•T6 duplex was annealed in the reaction buffer in the same tube and was 

subjected to PEX in the presence of dNTPs and KOD.  The reaction resulted in almost 

quantitative production of the full-length site-specific labeled ON product P2** (Figure 7D 

lane 4, Table 3).  A control PEX reaction performed in the presence of P2•T6 duplex and 

dNTPs confirmed the formation of full-length product formed in the presence of modified 

primer•template duplex (compare lanes 3 and 4, products move with a similar mobility).  The 

identity of the product P2** was further ascertained by mass analysis (Figure 8E and Table 

3).  The site-specific labeling could also be achieved using KlenTaq in the second step as it 
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efficiently processed the modified primer•template duplex to give the full-length product in 

the presence of all four natural nucleotides (Figure 7D, lane 6).  If required, the template can 

be specifically digested using lambda exonuclease giving access to the labeled single-

stranded ON.80 Collective, these results indicate that the size of the heterocycle modification 

does not matter in the single nucleotide incorporation step using KlenTaq as it selectively 

incorporates all three modified dU*MPs opposite one templating adenosine. Furthermore, it 

does not show misincorporation of a second nucleotide as it is the case with KOD DNA 

polymerase rendering it superior for the first step in the site-specific labeling approach while 

for the elongation KlenTaq as well as KOD DNA polymerases can be used.  This method 

could allow the site-specific installation of a variety of nucleoside probes, which can be used 

for nucleic acid conformation and function analysis.5,43-45,56 

 

Table 3. ESI-Mass and yield data for DNA ON products.  

Product Calculated 

Mass 

Found 

Mass 

Isolated yield 

(nmole) 

Isolated yield 

(%) 

5-FAM,3-BFdU labeled ON P2* 6708.48 6708.13 7.9a 70 

3-BFdU labeled ON P3* 6170.94 6170.88 7.7a 68 

5-FAM,3-BTdU labeled ON P2† 6724.54 6724.25 2.5b 65 

5-FAM,3-SedU labeled ON P2‡ 6721.39 6721.38 2.3b 61 

Site-specifically labeled ON P2** 13778.05 13778.0 ndc nd 

aIsolated yields are given for a reaction scale of 11 nmol. bIsolated yields are given for a reaction scale 

of 3.8 nmol. See below Table 4 for ON sequences. For ESI mass spectra see Appendix I. cThe yield 

for the product was not determine as it was isolated as a duplex (P2**•T6). 

Table 4. Sequences of modified ONs 

Modified 

ONs 
Sequence 

P2* 5 FAM-GGA GCT CAG CCT TCA CTG C-BFdU 3 

P2† 5 FAM-GGA GCT CAG CCT TCA CTG C-BTdU 3 

P2‡ 5 FAM-GGA GCT CAG CCT TCA CTG C-SedU 3 

P3* 5 GGA GCT CAG CCT TCA CTG C-BFdU 3 

P2** 5 FAM-GGA GCT CAG CCT TCA CTG C-BFdU-GC TAA ACT ATA TTG CTA GCG CAC 3 

 

2.2.4 Responsive fluorescent BFdU provides insights on the enzyme–primer•template 

duplex complex formation 

To study the efficacy of the nucleotide substrates to serve as probes to monitor the binding 

processes involved in the polymerization reaction, we performed fluorescence assays.  For 

this purpose, BFdU was chosen as it has been found to be more emissive and highly sensitive 



Chapter 2 

 

50 

 

to its local environment.53,59 The enzyme first forms a complex with primer•template duplex 

and then the cognate nucleotide binds to the active site to form the ternary complex.  We first 

studied the effect of modification on the binary complex (enzyme–primer•template duplex) 

formation by incubating unmodified P2•T7 and 3-BFdU-modified P2*•T7 duplexes with 

increasing concentrations of KlenTaq. Electrophoretic mobility shift assay (EMSA) 

performed under non-denaturing conditions clearly revealed the formation of binary 

complexes, wherein BFdU-modified (Kd = 0.24 ± 0.04 M) and native (Kd = 0.23 ± 0.03 M) 

duplexes exhibited similar binding affinities for the enzyme (Figure 8).  Encouraged by these 

results, we designed an experimental setup to follow the formation of the binary complex by 

monitoring the changes in the fluorescence of duplex P3*•T7 as a function of increasing 

enzyme concentration (Figure 9A). Here, a BFdU-modified primer sequence (P3*) same as 

P2* but without a FAM label was used to avoid the interference from fluorescein. Upon 

excitation (max = 330 nm), a concentration-dependent increase in fluorescence intensity with 

negligible changes in emission maximum (em = 430 nm) as a result of formation of the 

binary complex was observed (Figure 9B). A plot of normalized fluorescence intensity versus 

enzyme concentration gave an apparent Kd of 0.76 ± 0.10 M, which is comparable to the 

EMSA data (Figure 9C). BFdU is highly sensitive to micropolarity changes, and exhibits 

enhanced fluorescence intensity and significant red shift in emission maximum when it is 

located in a polar environment.59 The free nucleoside analog exhibits a em of 446 nm and 

423 nm in water and methanol, respectively. When incorporated into ONs its fluorescence 

also depends on neighboring base environment.  For example, stacking interaction and 

electron transfer processes between the modified nucleoside and adjacent bases, particularly 

with guanine base, lead to fluorescence quenching.59 On the contrary, rigidification of the 

fluorophore due to the presence of a molecular rotor element in the probe (benzofuran is 

attached to the dU ring via a rotatable bond) can result in significant enhancement in 

fluorescence intensity. Therefore, a combination of these factors, in a given nucleic acid 

conformation, can influence the fluorescence outcome of the probe. The free duplex P3*•T7 

displays a very low fluorescence intensity due to stacking interaction and free rotation of the 

fluorophore. In case of the binary complex, an emission band at 430 nm suggests that BFdU 

placed in the active site experiences an environment, which is reasonably polar (near 

methanol). However, the complex exhibits significant enhancement in fluorescence intensity, 

which is most likely due to the rigidification of the fluorophore in the enzyme pocket. 
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Figure 8. Binary complex formation using EMSA. (A) Complex formation with BFdU-modified 

primer template duplex (P2*•T7) with increasing concentrations of the enzyme. (B) Complex 

formation with unmodified primer template duplex (P2•T7) with increasing concentrations of the 

enzyme. (C) Curve fits for the formation of the same.  
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Figure 9. Fluorescence of BFdU reports the formation of a binary complex. (A) Scheme for 

fluorescence monitoring of the binary complex formation and competitive displacement assay. (B) A 

plot showing the increase in fluorescence intensity of duplex P3*•T7 (50 nM) as a function of 

increasing KlenTaq concentration (0–5 µM). Samples were excited at 330 nm with excitation and 

emission slit widths of 7 nm and 8 nm, respectively. (C) Curve fit for the formation of the binary 

complex. Normalized fluorescence intensity at em (430 nm) plotted against concentration of the 

enzyme. 

 

To prove that the increment in fluorescence intensity is a result of specific binding of 

BFdU-labeled DNA duplex in the active site, a competitive displacement binding assay was 

performed.  A binary complex (duplex P3*•T7 50 nM and KlenTaq 1 µM), which would 

produce near saturation fluorescence, was prepared and titrated with increasing 

concentrations of the unlabeled DNA duplex (P3•T7).  Addition of unlabeled duplex resulted 

in a progressive decrease in fluorescence intensity due to the displacement of the less 

emissive modified duplex from the active site (Figure 10).  It is to be noted that even 20-fold 

excess of the unmodified duplex did not completely displace the modified duplex from the 

enzyme.  We confirmed this competitive displacement process by EMSA also.  Much like a 

binary complex made of modified duplex, which was hard to displace using unmodified 

duplex, a complex of enzyme-unmodified duplex was strong and required excess of modified 

duplex to break the complex (Figure 11).  Further, addition of enzyme alone to the nucleotide 

analog did not significantly affect its fluorescence indicating that the analog does not bind to 

the free enzyme (Figure 12). 
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Figure 10. Competitive displacement assay by fluorescence. BFdU-modified primer-template duplex 

P3*•T7 (50 nM) shows very low fluorescence (black dashed line). A binary complex of P3*•T7 (50 

nM) and KlenTaq (1 µM) shows very high fluorescence (red dashed line). Addition of increasing 

equivalents of unlabeled duplex (P3•T7) displaces the complex resulting in progressive decrease in 

fluorescence (solid lines). See Section 5 for details. 

 

 

Figure 11. Competitive displacement assay by EMSA. (A) Addition of unmodified duplex P3•T7 to a 

binary complex of P2*•T7 (5-FAM, 3-BFdU-modified primer template duplex) and KlenTaq 

resulted in displacement of the duplex P2*•T7 (lower band). P3 is the same sequence as P2, but 

without 5-FAM label. (B) Addition of 3-BFdU-modified primer-template duplex P3*•T7 to a binary 

complex of P2•T7 and KlenTaq resulted in displacement of the duplex P2•T7 (lower band). In both 

the cases, the binary complex with native and BFdU-modified duplexes were strong and even excess 

of the respective duplexes could not completely disrupt the complexes, which is also observed in 

fluorescence assay.  
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Figure 12. Fluorescence spectra of BFdUTP 5 (50 nM) as a function of increasing KlenTaq 

concentration. Samples were excited at 330 nm with excitation and emission slit widths of 6 nm and 7 

nm, respectively. Each sample was incubated at 25 ºC for 30 min. 

 

Fluorescence studies using our probe provide further insights on the functioning of the 

KlenTaq DNA polymerase. The enzyme efficiently incorporated the nucleotide analogs at the 

3-end of the primer, which is consistent with the active site conformation and narrow 

channel volume observed in the crystal structures (vide infra).  The enzyme was further able 

to efficiently extend the singly-labeled primer•template duplex in the presence of native 

dNTPs to produce the full-length site-specifically labeled product (Figure 7D).  For this to 

happen, the enzyme needs to form a stable binary complex with the 3-BFdU-labeled 

primer•template duplex. Competitive fluorescence assay complemented by EMSA indicate 

that KlenTaq forms a stable complex with the pre-annealed BFdU-labeled duplex (Figure 

12). 

2.2.5 Nucleotide substrate itself serves as a probe to report its incorporation by KlenTaq 

 

The differences in fluorescence exhibited by the free nucleotide analog BFdUTP 5 and 3-

BFdU-labeled primer•template duplex prompted us to design an assay to detect the activity of 

KlenTaq (Figure 13A).  For this purpose, P3•T7 primer•template duplex, which would 

incorporate only one modified nucleotide analog at the 3-end was used.  Addition of 

BFdUTP to primer•template duplex or KlenTaq alone produced only a small change in 

fluorescence intensity (Figure 14B, red and blue curves).  Rewardingly, when BFdUTP was 

added to samples of a binary complex (enzyme and primer•template duplex), each containing 
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increasing concentrations of the enzyme, a significant reduction in fluorescence intensity 

accompanied by a blue shift in emission maximum (~430 nm) as compared to the free 

nucleotide analog (dashed black curve, em = ~445 nm) was observed (Figure 13B).  This 

fluorescence outcome is due to the incorporation of a single BFdUMP at the 3-end of the 

primer, which produces a weakly emissive 3-BFdU-labeled primer•template duplex 

(P3*•T7) as shown in the earlier experiment (see Figure 9B).  In a control experiment, a 

binary complex made of KlenTaq and P5•T7 duplex (P5 contains a ddC at the 3-end) was 

added to BFdUTP.  Since this primer would not allow the incorporation of the fluorescently 

modified nucleotide analog, no decrease in fluorescence intensity was observed (magenta 

curve).  Collectively, these results indicate that the nucleotide substrate, which is 

environment-sensitive, can itself be used as a probe to study the binary complex formation 

and also the activity of polymerase enzymes, here KlenTaq, by fluorescence spectroscopy. 

 

Figure 13. BFdU fluorescently reports nucleotide analog incorporation by KlenTaq. (A) Scheme 

showing the assay setup. (B) A plot showing decrease in fluorescence intensity of BFdUTP (50 nM) 

as a function of increasing KlenTaq concentration (0–50 nM) in the presence of P3•T7 

primer•template duplex (200 nM). Incorporation of BFdUMP at the 3-end results in decrease in 

fluorescence intensity as the labeled duplex shows low fluorescence. In control experiments, addition 

of KlenTaq (200 nM) or P3•T7 (200 nM) to BFdUTP (50 nM) showed only small changes in 

fluorescence intensity. Addition of a binary complex made of 1:1 molar solution (200 nM) of 

KlenTaq and P5•T7 duplex (P5 contains a ddC at the 3'-end) to BFdUTP (50 nM) did not show 

appreciable reduction in fluorescence intensity. All samples were excited at 330 nm with excitation 

and emission slit widths of 6 nm and 7 nm, respectively. 
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2.2.6 X-ray structure of the ternary complex sheds light on the incorporation behaviour 

 

To gain further insights into the incorporation propensities observed in PEX reactions for 

KlenTaq and KOD DNA polymerases, we planned to solve crystal structures of these 

enzymes in the replicative state poised to incorporate the fluorescently-modified dU*MPs.   

A template T8 was designed such that it codes for the incorporation of ddCMP and modified 

nucleotides as the first and second nucleotides, respectively (Figure 14A).  Priming with 

ddCTP terminates the polymerization process due to the absence of the 3-OH group, thereby 

enabling the capture of modified nucleotides in the nucleotide binding site prior to 

incorporation.  Rewardingly, we obtained a high-resolution structure of the ternary closed 

complex composed of KlenTaq, primer•template duplex and BFdUTP (termed KlenTaq-

BFdUTP, 1.9 Å, PDB: 7OWF, Figure 14B, Table 5). Crystallization attempts with KOD, 

however, were unsuccessful.  KlenTaq-BFdUTP adopts a structure, which closely resembles 

the structure of KlenTaq bound to a native nucleoside triphosphate in the nucleotide binding 

site (PDB: 3RTV, Figure 14B and 14C).19 The RMSD value for C atoms is 0.274 Å (467 

atoms aligned).  The nucleotide analog is positioned nicely to form complementary Watson-

Crick pairing with the templating dA residue in the active site (Figure 14D).  The benzofuran 

and uracil rings are slightly non-coplanar and partially stack with ddCMP incorporated at the 

3 end of the primer (Figure 14D and Figure 16A). 

 

 
Figure 14. (A) Crystallization setup to trap the fluorescent nucleotide probes (5–7) in the ternary 

complex. (B) Overall structure of KlenTaq-BFdUTP ternary complex (green). (C) Superimposition of 

KlenTaq-BFdUTP (green) with a native KlenTaq ternary complex (gray; PDB: 3RTV). (D) Close-up 
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view of the active site showing the bound nucleotide analog. Depicted is the omit map of BFdUTP at 

3σ. The Watson-Crick base pairing between the nucleotide analog and dA of the template strand is 

indicated with dashed lines. In all structures BFdUTP is highlighted in magenta. 

 

Typical of an active ternary complex, the finger domain is in a closed state and the O 

helix is placed on top of BFdUTP bound in the active site (Figure 15A). The main difference 

in KlenTaq-BFdUTP compared to the natural complex is the orientation of the two important 

amino acid residues Arg660 and Arg587 near the modification (Figure 15A and 15B). 

Arg660 usually forms a hydrogen bond to the phosphate backbone of the primer 3-terminus, 

which is suggested to stabilize the closed and active conformation in KlenTaq.81,82 Here, 

Arg660 flips away from the active site to accommodate the benzofuran modification. 

Simultaneously, Arg587 moves closer towards the benzofuran ring and is now placed 

between the benzofuran ring and the phosphate backbone of the 2nd primer nucleotide. This 

arrangement results in the formation of a crevice, which nicely encases the heterocycle 

modification in the nucleotide binding site (Figure 15C and Figure 16B).  Relatively high B 

factors and poor electron density suggest that Arg660 and Arg587 are reasonably flexible. 

Due to the movement of Arg660, the interaction of the O-helix to the primer backbone is lost 

which might contribute to a higher flexibility of the whole finger domain. The distance 

between the 3-end carbon atom of the primer and the -phosphorus of the modified 

nucleotide (3.9 Å) is very similar to the distance observed in the presence of a natural 

substrate (3.8 Å, for 3RTV), which indicates that the formation of a phosphodiester bond 

should not be hindered by the presence of the modification (Figure 15D and 15E). These 

findings correlate with the efficient incorporation of all three nucleotides in primer extension 

experiments by KlenTaq. In Geobacillus stearothermophilus (Bst) DNA polymerase (another 

structurally well characterized A family DNA polymerase),83-85 R703 and R629 residues are 

analogous to the flexible R660 and R587 residues in KlenTaq.84 We speculate that Bst could 

possibly accommodate BFdUTP in the active site in a similar fashion with the help of these 

two flexible residues, and hence, could be potentially used to incorporate base-modified 

nucleotides. 
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Figure 15. (A) and (B): Superimposition of KlenTaq-BFdUTP (green) and KlenTaq (gray; PDB: 

3RTV) highlighting the different orientation of Arg660 and Arg587, respectively. (C) The cleft in 

which the benzofuran ring is located in the active site is shown. (D) and (E) Close-up view showing 

the distance between the -phosphorus and 3-end of the primer in the ternary complex structures of 

KlenTaq-BFdUTP and 3RTV, respectively. BFdUTP is highlighted in magenta. 

 

 

 

 

Figure 16. (A) Benzofuran and uracil rings are non-coplanar. Depicted is the dihedral angel of the 

non-planar BFdUTP 5. (B) Another view of the cleft in which the BFdU ring (magenta) is encased is 

shown (rendered using UCSF Chimera). Arg660 and Arg587 residues are colored green. Protein and 

DNA are shown in brown and salmon colors, respectively. 

 

Table 5. Summary of data collection and refinement statistics. 

 KlenTaq-BFdUTP 

PDB ID 7OWF 

Wavelength (Å) 1.0 

Space group P31212 (152) 

Cell dimensions  
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a, b, c (Å) 110.18, 110.18, 91.30 

, β, γ (°) 90.00, 90.00, 120 

Resolution (Å)* 47.71 – 1.90 (1.90 – 2.02) 

Total no. of reflections 732774 (87716) 

No. of unique reflections 96475 (15157) 

Rmeas (%) 13.4 (318.9) 

I / σ 7.45 (0.46) 

Completeness (%) 99.5 (97.0) 

Redundancy 7.6 (5.8) 

CC1/2 (%) 99.7 (24.7) 

ISa 9.84 

Refinement  

Resolution (Å) 47.71 – 1.91 

No. of reflections  96258 

Rwork/ Rfree 19.53 / 24.12 

Coordinate error 0.35 

No. of atoms  

Protein 8622 

DNA (p/t/dNTP) 373/509/37 

Water 102 

Average B-factors (Å)  

Protein 66.45 

DNA (p/t/dNTP) 54.26 / 60.76 / 55.75 

Water 50.91 

R.m.s. deviations  

Bond lengths (Å) 0.013 

Bond angles (°) 1.310 

Ramachandran (%)  

Favored/ Allowed/ Outlier 95.17 / 4.46 / 0.37 

* Values in parentheses correspond to those in the outer resolution shell. 

2.2.7 Structural data correlates with KOD and KlenTaq incorporation and elongation 

behaviour 

In general, B family polymerases (e.g., KOD) are more efficient at utilizing base-modified 

nucleotides compared to the A family polymerases (e.g., KlenTaq).18,66  A comparative 

analysis of the structures of ternary complexes of KlenTaq and KOD bound to a native 

nucleotide or our modified nucleotide analog provides a cogent explanation for the observed 

differences in the processivity of these families of enzymes (Figure 17).86 The study 

identified two main differences between the enzymes to be responsible for the different 

acceptance of modified substrates (Figure 17A–17C). I: The KOD ternary complex exhibits a 

larger channel within the enzyme87 that allows diffusion of the triphosphate, leaving of the 

pyrophosphate as well as accommodation of modifications attached to the nucleobases. II: 

The DNA conformation close to the active site, which is B-form in KOD and A-form in the 

first three primer nucleotides in KlenTaq. B-form DNA is characterized by larger 

internucleobase distances and a wider major groove compared to A-form DNA offering more 

space to accommodate major groove modifications as studied here.  These two properties 
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could be the reason why KOD (and B-family DNA polymerases in general) is able to 

incorporate not only one modified nucleotide but also two in a row or one nucleotide apart in 

more complex template sequences while KlenTaq is unable to incorporate multiple 

nucleotides with bigger modifications.  At the same time, this could explain why KOD (in 

contrast to KlenTaq) inserts an additional mismatched dU* in the single nucleotide 

incorporation experiments.  An important point considering the elongation of a modified 

substrate is the interaction pattern of the protein with the DNA duplex further away from the 

active site.  In KlenTaq as well as in KOD the primer-template duplex is encased in the 

groove formed by the thumb and palm domains (Figure 15B and 15C, Figure 17A).82  It was 

shown that the architecture of the tip of the thumb domain contacting the primer strand 

differs greatly in the two enzymes (Figure 17D–17F).88  In KOD, the loop formed by residues 

668–675 hovers over the minor groove only (Figure 17D), while in KlenTaq the loop 

residues 506–509 extends over the phosphate backbone towards the major groove (Figure 

17E).  This is also the case in KlenTaq-BFdUTP structure (Figure 17F).  A recent structural 

analysis conducted to probe the movement of C5-ethynylbenzene-modified cytidine along the 

confines of KlenTaq enzyme shows the plasticity of the enzyme in accommodating the 

modification during the course of primer extension.89  Despite the narrow channel and loop 

conformation in KlenTaq, primers containing a ethynylbenzene-modified cytidine placed at 

different positions from the 3 terminus are well accommodated.  Based on this study and the 

KlenTaq-BFdUTP structure, we infer that the incorporation of a single fluorescent nucleotide 

analog (irrespective of the heterocycle modification) into the primer does not affect its 

movement along the channel to produce respective full-length PEX products.  However, the 

narrow channel could potential attenuate the ability of KlenTaq to insert multiple bulky 

modifications in close proximity.  In support of this notion, SedUTP 7 containing a smaller 

heterocycle (selenophene) is efficiently processed by KlenTaq to produce full-length products 

with all the templates, while the enzyme showed poor processivity with the bulkier BFdUTP 

5 and BTdUTP 6 substrates, producing truncated products. Taken together, the existing data 

and present findings provide a cogent understanding on how to choose a polymerase 

depending on the modification when devising a labeling method.  For example, B family 

polymerases are suited for high density incorporation of fluorescent nucleotide analogs, 

whereas A family polymerases are more suited for site-specific 3-end and single internal 

labeling. 
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Figure 17. Comparison of KOD (raspberry; PDB: 5OMF), KlenTaq (gray; PDB: 3RTV) and 

KlenTaq-BFdUTP (green). The proteins are shown as surface, primer and template are depicted as 

ribbons and relevant nucleotides are shown in sticks using the respective color-codes. BFdUTP is 

highlighted in magenta. (A-C) A zoom-in of the active site showing the differences in the binding 

pocket space. (E-F) Loop residues (highlighted in brighter color) of the tip of the thumb domain of 

respective polymerases interacting with the primer strand. Primer strand is denoted as P. 

 

2.3 Conclusion 

A battery of biochemical and structural analyses using responsive fluorescent nucleotide 

analogs has provided valuable insights into the processing ability of A and B family DNA 

polymerases.  Reactions with different templates that guide the insertion of a single and 

multiple nucleotide analogs in different phases of the polymerization process indicate 

differential incorporation behaviour of the enzymes, which depends on the size of the 

heterocycle modification.  B family polymerases processed all the nucleotide analogs 

efficiently to produce ONs with labels at different positions, which was consistent with the 

situation in the active site (B-form DNA compared to A-from DNA) and the large channel 

volume available within the enzyme (e.g., KOD) to accommodate the modifications.  On the 

other hand, KlenTaq showed considerable stringency in incorporating bulkier nucleotides 

particularly at consecutive positions in PEXs.  In the single nucleotide incorporation setup, 

KlenTaq precisely and efficiently added only one modified nucleotide, irrespective of the size 

of modification in contrast to KOD, which misincorporated a second nucleotide.  Therefore, 



Chapter 2 

 

62 

 

KlenTaq was preferably used in the first step to generate site-specifically labeled ON 

products.  After a purification step, the modified primer can then be fully elongated by further 

primer extension with either KOD or KlenTaq. 

Notably, BFdU label serves as an efficient fluorescent reporter by providing a real-

time read-out for the binary complex formation and enzyme activity under equilibrium 

conditions.  The fluorescence study provides useful insights on the affinity of KlenTaq to 

bind and process 3-end-labeled primer to produce site-specifically labeled ON product.  

These results expand the utility of our environment-sensitive nucleotide analogs not only as 

probes for nucleic acid conformational analysis but also as probes for monitoring events in 

the polymerization process.  Further, comparing the native and KlenTaq-BFdUTP structures, 

the following understanding on the processivity of the polymerase was gained.  Three 

important features of the ternary complex, namely (i) the flexibility of residues Arg660 and 

Arg587 near the active site, (ii) the narrow channel within the enzyme and (iii) the geometry 

of the primer•template duplex near the active site, appear to be important factors in the 

processing of heterocycle-modified nucleotides by KlenTaq in this regard. The flexible 

Arg660 and Arg587 residues serving as “gatekeepers” adopt an altered conformation to 

accommodate the analogs in the nucleotide binding site, in a manner that allows catalysis to 

occur.  Once the modification is incorporated, the efficiency of elongation process is now 

controlled by the plasticity of the channel and the loop that hovers over the major groove side 

of the primer.  In our case, we observe that a smaller modification (SedU) is processed 

unhampered, whereas judicious template design is required for incorporating larger 

modifications (BFdU and BTdU).  Taken together, these new findings will be highly valuable 

in designing DNA polymerase-compatible nucleotide probes and also in choosing the right 

enzyme for a given application, namely site-specific versus high density labeling.  In future, 

we plan to use these nucleotide substrates as probes to study the incorporation mechanism of 

nucleic acid processing enzymes from human pathogens (e.g., viral polymerases) and develop 

a discovery platform to identify potential binders by competitive fluorescence-based ligand-

binding assay described in this work. 

 
2.4 Experimental Sections 

2.4.1 Materials 

5-Iodo-2'-deoxy uridine was purchased from TCI chemicals. Bis (triphenylphosphine)-

palladium (II) chloride, benzofuran, benzothiophene, selenophene, butyllithium and 
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tributyltin chloride were purchased from Sigma Aldrich. 5'-FAM labeled DNA ON, primers 

and templates were purchased from Integrated DNA Technologies, Inc.  DNA templates were 

purified by polyacrylamide gel electrophoresis (PAGE) under denaturing conditions, and 

desalted using Sep-Pak Classic C18 cartridges (Waters Corporation). dNTPs were purchased 

from Thermo Fischer Scientific. Vent(exo-) DNA polymerase was purchased from New 

England BioLabs.  KlenTaq and KOD DNA polymerases were expressed and purified as 

reported in the literature.S1,S2 

2.4.2 Instrumentation 

NMR spectra were recorded on a 400 MHz Jeol ECS-400 and Bruker Ultrashield 400 MHz 

WB Plus spectrometers. Mass measurement were performed using Water Synapt G2 High 

Definition mass spectrometer. HPLC analysis was done using Agilent Technologies 1260 

Infinity HPLC. Reverse-phase flash chromatographic (C18 RediSepRf column) purifications 

of nucleotides were carried out using Teledyne ISCO, Combi Flash Rf. ESI-MS analysis of 

DNA ONs was performed using Water Synapt G-Si Mass spectrometry instrument in 

negative mode. DNA and nucleotides were quantified by measuring absorbance in Shimadzu 

UV-2600 or NanoDropTM 2000c spectrophotometer.  Fluorescent DNA ONs were resolved 

by PAGE on an OWL S4S sequencing gel electrophoresis instrument and was imaged using 

Typhoon FLA 9500 Variable mode imager. Steady-state fluorescence spectra were recorded 

using micro-fluorescence cuvette (Hellma, path length 1.0 cm) on Horiba Fluoromax-4 

spectrophotometer.  

2.4.3 Synthesis of nucleotide analogs 5–7 

5-Benzofuran-modified 2'-deoxyuridine 2 and 5-selenophene modified 2'-deoxyuridine 4 

were synthesized using previously reported protocols.57,73 Both the compounds were 

characterized by NMR and mass spectrometry and matched well with the previously reported 

data. 

BFdU 2. 1H-NMR (400 MHz, d6-DMSO): δ (ppm) 11.75 (s, 1H), 8.74 (s, 1H), 7.63 (d, J = 

8.4 Hz, 1H), 7.56 (d, J = 8.4 Hz, 1H), 7.34 (s, 1H), 7.28 (t, J = 8 Hz, 1H), 7.22 (t, J = 7.6 Hz, 

1H), 6.23 (t, J = 6.4 Hz, 1H), 5.30 (d, J = 4.4 Hz, 1H), 5.23 (t, J = 4.4 Hz, 1H), 4.34 (m, 1H), 

3.87 (d, J = 3.2 Hz, 1H), 3.72–3.67 (m, 2H), 2.30–2.19 (m, 2H); 13C NMR (100 MHz, d6-

DMSO): δ (ppm) 160.8, 153.5, 149.9, 149.6, 137.6, 129.3, 124.8, 123.5, 121.5, 111.3, 105.2, 

104.4, 88.1, 85.6, 70.6, 61.4, 41; HRMS: m/z calculated for C17 H15N2O6 [M-H]- = 343.0936, 

found [M-H]- = 343.0937. 
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BTdU 3. To a suspension of 5-iodo-2'-deoxyuridine 1 (500 mg, 1.41 mmol, 1.0 equiv.) in 15 

mL of degassed anhydrous dioxane was added bis (triphenylphosphine)-palladium (II) 

chloride (49.6 mg, 0.07 mmol, 0.05 equiv.). To this, 2-(tri-n-butylstannyl) benzothiophene 

(1.44 g, 3.53 mmol, 2.5 equiv.) was added drop wise under N2 atmosphere. The reaction 

mixture was heated at 90 °C for 4 h and cooled to RT after completion of the reaction. The 

reaction mixture was then filtered through Celite pad and washed with hot dioxane:methanol 

(1:1) solution (3 x 15 mL) and concentrated to get a yellowish solid residue. The residue was 

washed with hexane several times and then dissolved in 5 ml of dioxane:methanol (1:1) 

solution at 60 °C. The solution was cooled on an ice bath and product was precipitated by 

adding hexane dropwise. The solution was decanted and the product 3 was dried under high 

vacuum (white solid, 286 mg, 56%). TLC (CHCl3:MeOH = 9:1) Rf : 0.42; 1H-NMR (400 

MHz, d6-DMSO): δ (ppm) 11.76 (s, 1H), 8.73 (s, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.80–7.79 

(br, 2H), 7.35–7.30 (m, 2H), 6.23 (t, J = 6 Hz, 1H), 5.39 (t, J = 4.4 Hz, 1H), 5.30 (d, J = 4.4 

Hz, 1H), 4.34 (br, 1H), 3.87 (d, J = 2.8 Hz, 1H), 3.74–3.70 (m, 2H), 2.30–2.19 (m, 2H); 13C 

NMR (100 MHz, d6-DMSO): δ (ppm) 161.8, 149.8, 139.6, 139.3, 138.1, 135.7, 124.9, 124.6, 

123.6, 122.5, 119.7, 108.5, 88.1, 85.5, 70.4, 61.3, 41; HRMS: m/z calculated for C17 

H15N2O5S [M-H]- = 359.0702, found [M-H]- = 359.0695. 

SedU 4. 1H-NMR (400 MHz, d6-DMSO): δ (ppm) 11.76 (s, 1H), 8.72 (s, 1H), 8.09 (d, J = 6.4 

Hz, 1H), 7.60 (d, J = 2.8 Hz, 1H), 7.30 (m, 1H), 6.23 (t, J = 6.4 Hz, 1H), 5.35 (t, J = 4.8 Hz, 

1H), 5.28 (d, J = 4.4 Hz, 1H), 4.35 (m, 1H), 3.87 (d, J = 3.2 Hz, 1H), 3.75–3.63 (m, 2H), 

2.30–2.16 (m, 2H); 13C NMR (100 MHz, d6-DMSO): δ (ppm) 162.3, 149.7, 138.2, 135, 

132.2, 129.1, 123.3, 110.4, 88.1, 85.6, 70.4, 61.3, 41; HRMS: m/z calculated for C13 

H14N2O5Se [M-H]- = 356.9995, found [M-H]- = 357.0009. 

 

BFdUTP 5. 5-Benzofuran modified 2'-deoxyuridine BFdU 2 (70 mg, 0.20 mmol, 1 equiv.) 

was dissolved in trimethyl phosphate (1 mL) in N2 atmosphere. Freshly distilled POCl3 (48 

L, 0.51 mmol, 2.6 equiv.) was added to the reaction mixture at 0–4 °C and stirred for 21 h at 

~4 °C. After that, in an ice cold condition a solution of bis-tributylammonium pyrophosphate 

(0.5 M in DMF, 2.03 ml, 5 equiv.) and tributylamine (0.53 ml, 2.23 mmol, 11 equiv.) was 

added simultaneously to the reaction mixture. After 2 h, 1 M triethylammonium bicarbonate 

buffer (TEAB, pH 7.5, 10 mL) was added and washed with ethyl acetate (2 x 20 mL).  

Aqueous layer was collected and evaporated to dryness. Residue was first purified using 

DEAE sephadex-A25 anion exchange column (10 mM to 1 M TEAB buffer, pH 7.5) and 
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further purified by reverse-phase flash column chromatography (C18 RediSepRf, 0–50% 

acetonitrile in 100 mM triethylammonium acetate buffer, pH 7.4, 60 min, flow rate: 7 

mL/min). Appropriate fractions were lyophilized to get the desired triphosphate product 5 as 

a triethylammonium salt (29 mg, 15%). 1H-NMR (400 MHz, D2O): δ (ppm) 8.02 (s, 1H), 

7.57–7.52 (m, 2H), 7.30 (t, J = 7.6 Hz, 1H), 7.21 (t, J = 7.2 Hz, 1H), 7.14 (s, 1H), 6.12 (t, J = 

6.8 Hz, 1H), 4.63 (s, 1H), 4.22 (br, 3H), 2.40 (br, 2H); 13C NMR (100 MHz, D2O): δ (ppm) 

161.5, 153.3, 150, 147.7, 136.6, 128.6, 125, 123.2, 121.1, 111.3, 106, 105, 85.9, 85.6 (d, J = 

8.1 Hz), 70.9, 65.6, 38.3; 31P NMR (162 MHz, D2O): δ (ppm) -9.90 (br, Pγ), -11.56 ( br, Pα),  

-23.12 (br, Pβ); HRMS: m/z calculated for C17H18N2O15P3 [M-H]- = 582.9926, found [M-H]- 

=582.9931. 

BTdUTP 6. The nucleotide analog 6 was synthesized as mentioned above using BTdU 3 (70 

mg, 0.19 mmol). Yield (14 mg, 8%). 1H-NMR (400 MHz, D2O): δ (ppm) 8.06 (s, 1H), 7.90–

7.85 (m, 2H), 7.68 (s, 1H), 7.41–7.35 (m, 2H), 6.16 (t, J = 6.8 Hz, 1H), 4.66 (s, 1H), 4.26 (br, 

3H), 2.43–2.40 (m, 2H); 13C NMR (100 MHz, D2O): δ (ppm) 162.8, 150.1, 139.1, 139, 137.1, 

133.4, 124.7, 124.6, 123.7, 121.9, 121, 109.3, 86.1, 85.8 (d, J = 8.5 Hz), 71, 65.7, 38.7; 31P 

NMR (162 MHz, D2O): δ (ppm) -10.78 (br, Pγ), -11.62 (d, J = 20.08 Hz, Pα), -23.23 (br, Pβ); 

HRMS: m/z calculated for C17H18N2O14P3S [M-H]- = 598.9697, found [M-H]- = 598.9687. 

SedUTP  7. The nucleotide analog 7 was synthesized as mentioned above using SedU 4 (60 

mg, 0.16 mmol). Yield (15 mg, 9%). 1H-NMR (400 MHz, D2O): δ (ppm) 8.08–8.05 (m, 2H), 

7.63 (s, 1H), 7.31 (s, 1H), 6.21 (br, 1H), 4.60 (s, 1H), 4.17 (br, 3H), 2.36 (br, 2H); 13C NMR 

(100 MHz, D2O): δ (ppm) 156, 150.2, 136, 134.5, 132.2, 129.6, 125.4, 111.6, 85.8, 85.7, 

70.8, 65.6, 38.9; 31P NMR (162 MHz, D2O): δ (ppm) -10.15 (br, Pγ),-11.61 (d, J = 19.4 Hz, 

Pα),  -23.24 (br, Pβ); HRMS: m/z calculated for C13H16N2O14P3Se [M-H]- = 596.8985, found 

[M-H]- = 596.8993. 

2.4.4 PEX with nucleotide analogs 5–7 

Reaction using KlenTaq and KOD DNA polymerases 

Primer•template duplexes were prepared by annealing 5-FAM-labeled primer P1 (50 µM) 

and templates T1–T5 (55 µM) in a reaction buffer (50 mM Tris-HCl, 16 mM (NH4)2SO4, 2.5 

mM MgCl2, 0.1% (v/v) Tween 20, pH 8.0) at 95 °C for 3 min. The samples were left to come 

to room temperature and were placed on an ice bath for 30 min. PEXs were performed at 55 

°C in a reaction buffer (50 mM Tris-HCl, 16 mM (NH4)2SO4, 2.5 mM MgCl2, 0.1%(v/v) 

Tween 20, pH 8.0) containing 1.50 µM of primer•template duplex, 150 µM of dATP, dGTP, 

dCTP, dTTP or modified dU*TP (5–7) and 3 nM of KlenTaq/KOD DNA polymerase in a 20 
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µL reaction volume. After 45 min, the reaction was quenched by adding 140 µL of 

denaturing loading buffer (8.3 M urea in 10 mM Tris-HCl, 100 mM EDTA, 0.05% 

bromophenol blue, pH 8). The samples were heated at 95 °C for 5 min and then cooled on an 

ice bath. 5 µL (0.94 pmol) of the sample was loaded on an analytical 18% denaturing 

polyacrylamide gel and was electrophoresed at 30 W for 2.5 h. The gel was imaged using 

Typhoon gel scanner at FAM wavelength. Control reactions to study misincorporation were 

performed in the presence of primer•template duplex, enzyme, dATP, dGTP and dCTP but 

without dTTP or modified dU*TPs. 

Reaction using Vent(exo-) DNA polymerase 

 A reaction mixture containing 2 µM primer P1 and 2.5 µM templates T1–T5, 300 µM of 

dATP, dGTP, dCTP, dTTP or modified dU*TP (5–7), 1U/µL of Vent(exo-) in 1x Thermopol 

reaction buffer (20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1% 

Triton X-100, pH 8.8) was incubated at 60 °C. After 40 minutes, 180 µL of denaturing 

loading buffer (8.3 M urea in 10 mM Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, 

pH 8) was added to the reaction mix. The samples were heated at 95 °C for 5 min and cooled 

on an ice bath.  5 µL of the sample (1 pmol) was loaded on an analytical 18% denaturing 

polyacrylamide gel and was electrophoresed at 30 W for 2.5 h. The gel was imaged using 

Typhoon gel scanner at FAM wavelength. Control reactions to study misincorporation were 

performed in the presence of primer•template duplex, enzyme, dATP, dGTP and dCTP but 

without dTTP or modified dU*TPs. 

2.4.5 Single nucleotide incorporation assay 

5-FAM-labeled primer P2 (50 µM) and template T6 (55 µM) were annealed in a reaction 

buffer (50 mM Tris-HCl, 16 mM (NH4)2SO4, 2.5 mM MgCl2, 0.1% (v/v) Tween 20, pH 8.0) 

at 95 °C for 3 min. The sample was cooled to room temperature and kept on an ice bath for 

30 min. Reactions were carried out at 55 °C in a reaction buffer (50 mM Tris-HCl, 16 mM 

(NH4)2SO4, 2.5 mM MgCl2, 0.1 % (v/v) Tween 20, pH 8.0) containing 1.5 µM of the 

annealed primer•template duplex, 150 µM of dTTP or modified dU*TP (5–7), 3 nM 

KlenTaq/KOD DNA polymerase in a 20 µL reaction volume. Reaction aliquots (10 µL) after 

15 and 45 min were mixed with 35 µL of denaturing loading buffer (8.3 M urea in 10 mM 

Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, pH 8) and heated at 95 °C for 5 min 

and cooled on an ice bath. 5 µL (1.6 pmol) of the sample was loaded on an analytical 20% 

denaturing polyacrylamide gel and electrophoresed at 30 W for 2.5 h and imaged using 

Typhoon gel scanner at FAM wavelength. 
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Large-scale single nucleotide incorporation of BFdUTP 5 using KlenTaq DNA 

polymerase  

Single nucleotide incorporation reaction was performed in 840 µL reaction volume using 150 

µM BFdUTP 5, 1.50 µM annealed primer•template duplex (P2•T6 or P3•T6) and 3 nM 

KlenTaq in 50 mM Tris-HCl buffer (pH 8.0, 16 mM (NH4)2SO4, 2.5 mM MgCl2, 0.1 % (v/v) 

Tween 20). The reaction solution was incubated at 55 °C for 45 min. The reaction was heated 

at 95 °C for 5 min and cooled on an ice bath. The solution was completely concentrated using 

SpeedVac and 300 µL of 5 M ammonium acetate and 700 µL of 100 % ethanol were added. 

The sample was kept at -40 °C for 12 h. The sample was centrifuged at 4 °C at 5000 rpm for 

30 min. DNA pellet was collected and washed 3 times with 100% ethanol and dried at room 

temperature. Nine such reactions were performed using primers P2 and P3 to produce BFdU-

modified ON P2* and P3*. DNA pellets were pooled together and dissolved in 30 µL of 

denaturing loading buffer (8.3 M urea in 10 mM Tris-HCl, 100 mM EDTA, 0.05% 

bromophenol blue, pH 8) and loaded onto a preparative 20% polyacrylamide gel and 

electrophoresed under denaturing conditions. The gel was UV shadowed and bands 

corresponding to the products were excised. The ON products were extracted from the gel 

using 0.5 M ammonium acetate followed by desalting using Sep-Pak C18 cartridge. Under 

these conditions approximately 70% of pure P2* and P3* was isolated. The mass of ONs was 

confirmed by ESI mass analysis in negative mode by direct injection of 200 pmol of DNA 

ONs in 50% ACN (LCMS grade) in 10 mM triethylamine and 100 mM hexafluoro-2-

propanol. 

Template dependent site-specific labeling  

In a 1.5 mL Eppendorf tube 150 M BFdUTP 5 and 1.50 µM annealed primer•template 

duplex (P2•T6) in 50 mM Tris-HCl (pH 8.0), 16 mM (NH4)2SO4, 2.5 mM MgCl2, 0.1 % 

(v/v) Tween 20 was incubated with 3 nM KlenTaq DNA polymerase at 55 °C for 45 min. 

The total reaction volume was 840 µL (containing 1.26 nmol of primer•template). The 

reaction was heated at 95 °C for 5 min and cooled on an ice bath. The solution was 

concentrated nearly to dryness using SpeedVac and 300 µL of 5 M ammonium acetate and 

700 µL of 100 % ethanol were added. The sample was kept at -40 °C for 12 h and was 

centrifuged at 4 °C at 5000 rpm for 30 min. The pellet was washed 3 times with 100% 

ethanol to remove unreacted nucleotide analog and dried at room temperature. The pellet was 

re-dissolved in 663.6 µL of reaction buffer (50 mM Tris-HCl, 16 mM (NH4)2SO4, 2.5 mM 

MgCl2, 0.1 % (v/v) Tween 20, pH 8.0) and annealed at 95 °C for 3 min. Reaction mixture 
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was cooled to room temperature and kept on an ice bath for 30 min. To the same reaction 

tube 126 µL of 1 mM dNTPs (dATP, dGTP, dCTP, dTTP) and 50.4 µL 50 nM 

KOD/KlenTaq DNA polymerase were added and incubated at 55 °C for 45 min. Final 

concentration of dNTPs was 150 M and enzyme was 3 nM. The reaction was heated at 95 

°C for 5 min and cooled on an ice bath. In order to monitor the progress of the reaction, after 

each step 10 µL of the reaction mixture was taken and mixed with 35 µL of denaturing 

loading buffer (8.3 M urea in 10 mM Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, 

pH 8). 5 µL samples were loaded onto a sequencing 15% denaturing polyacrylamide gel and 

electrophoresed at 30 W for 2.5 hours.  The gel was imaged using Typhoon gel scanner at 

FAM wavelength. 

Remaining solution was concentrated using SpeedVac and 300 µL of 5 M ammonium acetate 

and 700 µL of 100 % ethanol were added. The sample was kept at -40 °C for 12 h and was 

centrifuged at 4 °C at 5000 rpm for 30 min. DNA pellet was collected and washed 3 times 

with 100% ethanol and dried at room temperature. Four such reactions were performed and 

combined DNA pellets were dissolved in 30 µL of denaturing loading buffer (8.3 M urea in 

10 mM Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, pH 8) and loaded onto a 

preparative 15% polyacrylamide gel and electrophoresed under denaturing conditions. The 

gel was UV shadowed and the band corresponding to the full length product was excised. The 

ON product was extracted from the gel using 0.5 M ammonium acetate followed by desalting 

using Sep-Pak C18 cartridge. The identity of the labeled product was confirmed by ESI mass 

analysis. 

2.4.6 Fluorescence binding assay to determine binary complex formation  

BFdU-modified ON P3* (10 µM) was annealed to a template T7 (10.5 µM) at 95 °C for 3 

min in a binding buffer (10 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, pH 7.9).  The stock 

solution was cooled to room temperature and kept on an ice bath for 30 min. A series of 

primer•template duplex (P3*•T7, 50 nM) samples containing increasing concentrations of 

KlenTaq (0–5 µM) in the binding buffer was incubated at 25 °C for 45 min. The total volume 

of each sample was 200 µL. Fluorescence spectrum of individual samples was recorded at 25 

°C by exciting the samples at 330 nm with excitation and emission slit widths of 7 nm and 8 

nm, respectively. The amount of glycerol in samples was low (0–1.5%), which should not 

affect the fluorescence of the BFdU probe. Beyond 1.5% of glycerol in the sample results in 

slight increase in fluorescence intensity of the duplex itself, possibly due to rigidification of 

the probe in a more viscous medium (data not shown).  Blank spectrum of a sample without 
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BFdU-modified primer•template duplex (P3*•T7) was subtracted from each spectrum. 

Fluorescence experiments were performed in triplicate. Increasing in fluorescence intensity at 

emission maximum (430 nm) was fit to Hill equation (Origin 8.5) by plotting normalized 

fluorescence intensity (FN) versus KlenTaq concentration. A Hill coefficient (n) of nearly 1 

was observed for binding of BFdU-labeled primer•template duplex (P3*•T7) to KlenTaq 

DNA polymerase. R2 was close to unity.17,59 

 

Fi is the fluorescence intensity measured at each protein concentration. F0 and FS are the 

fluorescence intensity measured in the absence of protein and at saturation point. n is the Hill 

coefficient measuring the degree of cooperativity in binding. Kd is the apparent dissociation 

constant. 

 

 

 

2.4.7 Fluorescence detection of incorporation of the nucleotide analog by KlenTaq 

Primer P3 (10 µM) or 3'-ddCMP-modified primer P5 (10 µM) was annealed to a template T7 

(10.5 µM) at 95 °C for 3 min in a buffer (10 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, pH 

7.9). The solution was cooled to room temperature and kept on an ice bath for 30 min. A 

series of primer-template duplex (P3•T7, 200 nM) samples containing increasing 

concentrations of KlenTaq (0–200 nM) in the above buffer was incubated at 25 °C for 45 

min. To each sample, 5 µL of BFdUTP 5 (final conc. 50 nM) was added and incubated at 55 

°C for 15 min. The total volume was maintained at 200 µL and glycerol concentration was 

less than 0.05%.  Samples were cooled to 25 °C and fluorescence was measured at 25 °C. As 

a control experiment, P5•T7 duplex (200 nM) was incubated with KlenTaq (200 nM) at 25 

°C for 45 min and BFdUTP (final conc. 50 nM) was added, and kept at 55 °C for 15 minutes. 

Another control experiment was performed using the same procedure with sample containing 

only KlenTaq (200 nM) or primer•template duplex. All samples were excited at 330 nm with 

excitation and emission slit widths of 6 nm and 7 nm, respectively. Measurements were 

performed in triplicate. 
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2.4.8 EMSA to determine binary complex formation 

5'-FAM labeled primer P2 (10 µM) or 5'-FAM, 3'-BFdU-labeled primer P2* (10 µM) was 

annealed to a template T7 (10.5 µM) at 95 °C for 3 min in a binding buffer (10 mM Tris-HCl, 

50 mM KCl, 5 mM MgCl2, pH 7.9). The solution was cooled to room temperature and kept 

on an ice bath for 30 min. A series of primer-template duplex (P2*•T7/P2•T7, 200 nM) 

samples containing increasing concentrations of KlenTaq (0–4 µM) in the binding buffer was 

incubated at 25 °C for 45 min. The total volume was 20 µL and contained 0–3 % glycerol. To 

each sample, 10 µL of native loading buffer (50% sucrose in 10 mM Tris-HCl, 100 mM 

EDTA, 0.05% bromophenol blue, pH 8) was added and 8 µL was loaded on a native 12% 

polyacrylamide gel. The electrophoresis was carried out in 1x TBE buffer containing 5 mM 

MgCl2 at 4 °C. The gel was imaged using Typhoon gel scanner at FAM wavelength. The 

binding assay was performed in triplicate. The binary complex of DNA duplex and enzyme 

and the duplex had marked different motilities on the gel. The band intensity of the binary 

complex at different KlenTaq concentration was obtained by using Fiji Image analysis 

software. A plot of fraction of binary complex versus KlenTaq concentration was fit to Hill 

equation (Origin 8.5) to obtain Kd. Hill coefficient n was found to be 1.3 to 1.5. R2 was close 

to unity.  

 

2.4.9 Competitive displacement assay 

By Fluorescence  

Duplex P3*•T7 stock (10 µM) was prepared as above. Samples of binary complex (P3*•T7, 

50 nM and KlenTaq, 1µM) were incubated with increasing concentrations of the unlabeled 

primer-template duplex (P3•T7, 0–1 µM) in a binding buffer (10 mM Tris-HCl, 50 mM KCl, 

5 mM MgCl2, pH 7.9). The total volume of each sample was maintained at 200 µL. The 

samples were incubated for 30 minutes at 25 °C and were subjected to fluorescence 

measurement. Samples were excited at 330 nm with excitation and emission slit widths of 7 

nm and 8 nm, respectively. 

By EMSA  

Stocks (10 µM) of primer-template duplexes P2*•T7 and P2•T7 were prepared as mentioned 

above. A set of binary complex samples of P2*•T7 duplex (0.2 µM) and KlenTaq (1.2 µM) 

was incubated with increasing concentration of unlabeled primer-template duplex P3•T7 (0–

4 µM) in the binding buffer (10 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, pH 7.9) in a final 

volume of 20 µL. The samples were incubated for 45 minutes at 25 °C and 10 µL of native 
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loading buffer (50% sucrose in 10 mM Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, 

pH 8) was added. The samples (8 µL) were loaded on a native 12% polyacrylamide gel and 

run in 1x TBE supplemented with 5 mM MgCl2. The gel was electrophoresed at 4 °C and 

imaged using Typhoon gel scanner at FAM wavelength. Similarly, a set of binary complex 

samples of P2•T7 duplex (0.2 µM) and KlenTaq (1.2 µM) was incubated with increasing 

concentration of the BFdU-labeled primer-template duplex P3*•T7 (0–4 µM) in the binding 

buffer. EMSA was performed as mentioned above. 

2.4.10 Crystallization, data collection and refinement  

The crystallization trials to obtain the ternary complex of KlenTaq with primer•template 

duplex and modified dNTPs were setup as illustrated in Figure 5A. A 1:1 solution of primer 

P4 and template T8 (3 mM) was annealed at 95 C for 5 min and slowly cooled to 4 C over 

30 min. The sample was diluted with a storage buffer (20 mM Tris-HCl pH 7.5, 1 mM EDTA, 

1 mM β-mercaptoethanol, 150 mM NaCl), and a 1:1 solution (1 M) of MgCl2 and MnCl2, 

KlenTaq (20.9 mg/ml) and ddCTP (10 mM) were added. The reaction solution was incubated 

at 55 C for 45 min, after which the modified nucleotide (e.g. BFdUTP, 10 mM) was added 

and was further incubated at 30 C for 45 min. The final concentration of KlenTaq, 

primer•template duplex, ddCTP and modified nucleotide was 6.3 mg/ml, 0.12 mM, 0.31 mM 

and 1.03 mM, respectively (molar ratio 1:1.2:3:10). The final concentration of MgCl2 in the 

above sample was 20 mM. The sample was filtered using a 0.1 M sterile filter and crystals 

were grown by hanging drop vapor diffusion method by mixing with the reservoir solution 

(commercial screens) in different ratios. Diffraction quality crystals with BFdUTP were 

obtained in a drop composed of a 1:2 ratio of protein to reservoir. Reservoir composition was 

16% PEG 6000, 0.1 M Tris pH 8.0 and 0.2 M magnesium formate. The crystals were 

cryoprotected in the reservoir solution containing 20% ethylene glycol and frozen in liquid 

nitrogen.  

Data was collected at the Swiss Light Source (SLS) of the Paul Scherrer Institute (PSI) in 

Villigen, Switzerland. Data collection and refinement statistics are summarized in Table S4. 

Data was processed using the XDS package90 and the XDSGUI graphical interface 

(https://strucbio.biologie.uni-konstanz.de/xdswiki/index.php/XDSGUI).  The structure was 

solved by rigid body refinement of the native KlenTaq ternary structure (PDB: 3RTV). 

Structure refinement was done with phenix.91 Model building was done in Coot92,93 and model 

quality was evaluated by the MolProbity94 web server (http://molprobity.biochem.duke.edu/) 
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and the PDB validation server (https://validate-rcsb-1.wwpdb.org). Figures were created with 

PyMOL. For superimposition in figures and RMSD value calculation (after outlier rejection), 

structures were superimposed in PyMOL using the “align” command. The atomic coordinates 

and structure factors have been deposited on the Protein Data Bank with the PDB code 

7OWF. 
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1H-NMR of BFdU 2 (400 MHz, d6-DMSO). 

 

 

13C-NMR of BFdU 2 (100 MHz, d6-DMSO). 
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1H-NMR of BTdU 3 (400 MHz, d6-DMSO), peaks for a small amount of methanol was present even 

after multiple cycles of vacuum drying. 

 

 

13C-NMR of 3 (100 MHz, d6-DMSO), a peak for a small amount of methanol was present 
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1H-NMR of SedU 4 (400 MHz, d6-DMSO). 

  

 

 

13C-NMR of 4 (100 MHz, d6-DMSO). 
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1H-NMR of BFdUTP 5 (400 MHz, D2O), trace amount of triethylammonium acetate buffer is present. 

 

 

13C-NMR of BFdUTP 5 (100 MHz, D2O), trace amount of triethylammonium acetate buffer is 

present. 
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31P-NMR of BFdUTP 5 (162 MHz, D2O)  

 

 

1H-NMR of BTdUTP 6 (400 MHz, D2O), trace amount of triethylammonium acetate buffer is present. 
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13C-NMR of BTdUTP 6 (100 MHz, D2O), trace amount of triethylammonium acetate buffer is 

present. 

 

 

31P-NMR of BTdUTP 6 (162 MHz, D2O)  
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1H-NMR of SedUTP 7 (400 MHz, D2O), trace amount of triethylammonium acetate buffer is present. 

 

 

13C-NMR of SedUTP 7 (100 MHz, D2O), trace amount of triethylammonium acetate buffer is present. 
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31P-NMR of SedUTP 7 (162 MHz, D2O)  

 

 

HRMS spectrum of BFdU 2 in negative mode. Calculated for C17 H15N2O5S [M-H]- = 343.0936, 

found [M-H]- = 343.0937. 
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HRMS spectrum of BTdU 3 in negative mode. Calculated for C17 H15N2O5S [M-H]- = 359.0702, 

found [M-H]- = 359.0695. 

 

 

HRMS spectrum of SedU 4 in negative mode. Calculated for C13 H14N2O5Se [M-H]- = 356.9995, 

found [M-H]- = 357.0007. 
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HRMS spectrum of BFdUTP 5 in negative mode. Calculated for C17H18N2O15P3 [M-H]- = 582.9926, 

found [M-H]- =582.9931. 

 

HRMS spectrum of BTdUTP 6 in negative mode. Calculated for C17H18N2O14P3S [M-H]- = 598.9697, 

found [M-H]- = 598.9687. 
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HRMS spectrum of SedUTP 7 in negative mode. Calculated for C13H16N2O14P3Se [M-H]- = 596.8985, 

found [M-H]- = 596.8993. 
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ESI-MS spectra of BFdU-labeled DNA ON products (A) P2* and (B) P3*. See Table 4 for details. 

ESI-MS spectra of (C) BTdU-labeled DNA ON product P2†, (D) SedU-labeled DNA ON product P2‡ 

and (E) site-specifically labeled ON P2**. In spectrum E, m/z 13307.75 corresponds to template T6 

and m/z 13778.00 corresponds to the site-specifically BFdU-labeled ON product P2**. See Table S2 

for details. 
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Chapter 3 
 

Probing the processing of environment-sensitive nucleotide analogs by DNA 

polymerases using fluorescence, 19F NMR and X-ray crystallography* 

 
 

3.1 Introduction 

Enzymatic labeling of nucleic acids with modified nucleotides has gained paramount 

significance for numerous core biotechnological applications and investigating nucleic acid 

structure and functions.1-8 Different classes of native and engineered DNA polymerases have 

been used to process several structurally different nucleotide analogs as illustrated in Chapter 

1. The A-family of DNA polymerase KlenTaq has been employed as a model system to obtain 

structural insights into the processing of different C5-modified pyrimidine and C7-modified 

purine analogs and their interactions with the polymerases.9-13 Modifications involving polar 

flexible groups, such as aminopentynyl, and nonpolar aromatic moieties like ethynylbenzene, 

linked to either C5 position of pyrimidines or C7 position of 7-deazapurines through an alkyne 

bond have been observed to enhance the stability of the substrate-enzyme interaction, resulting 

in notable efficiency in incorporation.10,11 On the contrary, when a nucleotide is linked to a 

rigid, nonpolar spin label, it induces distortion in the enzyme conformation.12 Consequently, 

this distortion negatively impacts the efficiency of incorporation. We recently demonstrated 

the usefulness of environment-responsive heterocycle-conjugated fluorescent nucleotides in 

probing the incorporation mechanism of KlenTaq DNA polymerase in solution and at the 

atomic level (Chapter 2). Further, the processivity of the KOD polymerases was also evaluated 

and a comparative analysis provided the following understanding. Incorporating efficiency 

mainly depends on the size of the heterocyclic moiety and the type of DNA polymerase used. 

The KlenTaq active site and channel are more compact than in KOD, and hence, KlenTaq is 

less tolerant to bulky modifications (e.g., benzofuran and benzothiophene). KlenTaq allows the 

incorporation of a single modified nucleotide in PEX reactions irrespective of the heterocycle 

size.  KOD, on the contrary, tolerates all the nucleotides tested and efficiently allows single as 

 

*Part of the work in this chapter is published: Ghosh, P.; Kropp, H. M.; Betz, K.; Ludmann, 

S.; Diederichs, K.; Marx, A.; Srivatsan, S. G. Microenvironment-sensitive fluorescent 

nucleotide probes from benzofuran, benzothiophene, and selenophene as substrates for DNA 

polymerases. J. Am. Chem. Soc. 2022, 144(23), 10556–10569. doi:10.1021/jacs.2c03454 

(American Chemical Society acknowledged). 
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 well as multiple insertions. Notably, benzofuran-conjugated nucleotide (BFdUTP) acts as a 

very good probe, providing direct fluorescence readouts to monitor enzyme activity and 

binding processes in the catalytic cycle.  

Taking forward, we sought to evaluate the compatibility of a derivate of BFdUTP 

namely, 5-fluorobenzofuran-modified 2′-deoxyuridine triphosphate (FBFdUTP 3) in PEX 

reactions catalyzed by KlenTaq and KOD enzymes (Figure 1). FBFdU and FBFU serve as 

excellent dual-app sensors in probing the structure and dynamics of non-canonical structures 

such G-quadruplexes and i-motifs by fluorescence and 19F NMR techniques.14 Due to the high-

gyromagnetic coefficient, 100 % natural abundance, sensitivity towards changes in the local 

chemical environment and absence of fluorine atoms in biomolecules, 19F NMR spectroscopy 

has become a powerful biophysical tool for analysis of nucleic acid structures and its 

recognition in cellular environment.15-19 Various fluorine-modified nucleotides have been 

incorporated into oligonucleotide strands to study their structure and dynamics in solution or 

cellular conditions, along with their recognition properties with small molecules.20-27 However, 

only a few examples of such fluorine-labeled probes have been employed to investigate the 

interactions of nucleic acid binding protein and nucleic acid processing enzymes.28-33 Recently, 

2′-fluoro substituted deoxy nucleotide has been used to study the nucleotide flipping in nucleic 

acids by thymine DNA glycosylase (TDG) enzymes using 19F NMR.31 Alternatively, a 

KlenTaq DNA polymerase modified with multiple fluorine atoms has been employed for the 

investigation of various stages in enzymatic incorporation. However, the multiple 

modifications hampered the stability of the enzyme itself and caused difficulty in assigning 

specific interactions.33 To the best of our knowledge, no current method has been developed to 

study the DNA polymerization process using 19F NMR spectroscopy using environment-

sensitive nucleotide analogs (Figure 1). The advantages of monitoring the enzymatic 

incorporation of FBFdUTP 3 are the following. The nucleoside comprises a fluorophore and 

19F NMR label, which opens up a two-channel spectroscopic platform to monitor the catalytic 

events under equilibrium conditions. The fluorophore and the 19F NMR labels are integrated 

into the same electronic environment, and so, the data obtained from fluorescence and NMR 

experiments can be efficiently correlated with each other. Further, the efficiency of 

incorporation and binding data determined by biochemical assay, fluorescence, and NMR can 

be correlated with the structure obtained by X-ray crystallography to get deeper insights into 

the intricate steps underlying the DNA polymerization process. 

In this chapter, the synthesis and the incorporation of FBFdUTP 3 by DNA polymerases 

are described. The modified nucleotide analog is incorporated into ONs by KlenTaq and KOD 
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DNA polymerases with varying efficiency. KOD DNA polymerase tolerates multiple 

modifications and is well-suited for synthesizing high-density labeled ONs. In contrast, 

KlenTaq exclusively accepts a single modification at the 3′-end like in the case of BFdUTP, 

and enables the synthesis of site-specifically labeled DNA (Figure 1). Further, we monitored 

the binary complex formation and the incorporation efficiency of KlenTaq and KOD DNA 

polymerases using fluorescence and 19F NMR by utilizing the responsiveness of the dual-app 

probe. We also obtained high-resolution X-ray crystal structures of the ternary complexes of 

KlenTaq-duplex-FBFdUTP/SedUTP.  Through biochemical, biophysical and X-ray structure 

analyses using BFdUTP, FBFdUTP and SedUTP elucidated the differences in the 

incorporation efficiency exhibited by different polymerases. 

 

Figure 1. C5-Fluorobenzofuran-modified dual-app dU*TP analog is well-suited for enzymatic 

functionalization of oligonucleotides (ONs) by DNA polymerases. This allows for the synthesis of ONs 

with both (i) multiple and (ii) site-specific labels. 

3.2 Results and Discussion 

3.2.1 Synthesis of FBFdUTP (3) 

FBFdU nucleoside probe (2) was synthesized by attaching a fluorobenzofuran moiety at the 

C5 position of 2′-deoxyuridine to study the acceptance of this analog by DNA polymerases for 

the following reasons (Scheme1). The modification at the C5 position of the pyrimidine ring 

minimally perturbs the DNA structure and exhibits favorable substrate properties in enzymatic 

incorporation.34-41 Introducing the heterocyclic moiety via a rotatable aryl-aryl bond with the 

uridine ring makes it a conformation-sensitive probe.42-46 The analog demonstrates high 

sensitivity to surrounding polarity and viscosity, leading to changes in its photophysical 

properties such as emission maximum, lifetime, and quantum yield.  Similarly, the nucleoside 
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exhibits distinct 19F chemical shifts in solvents of different polarity and viscosity.44 The 

synthesis involved initial stanylation of 5-fluorobenzofuran, followed by cross-coupling with 

5-iodo-2′-deoxyuridine 1 in the presence of a palladium catalyst, yielding 5-fluorobenzofuran-

2′-deoxyuridine (FBFdU) 2. The nucleotide substrate (FBFdUTP) 3 required to study the DNA 

polymerase activity was synthesized by reacting FBFdU first with POCl3 and then with bis-

tributylammonium pyrophosphate (Scheme 1). The nucleotide was purified by anion exchange 

chromatography followed by RP-HPLC to afford the pure product in 17%.  

 

Scheme 1.  Synthesis of FBFdUTP 3. 

Table 1. ON sequences used in PEX, single nucleotide incorporation, competition assay and 

crystallization studies, and fluorescence assays 

ONs Sequence 

P1 

T1 
5 FAM-GTG GTG CGA AAT TTC TGA CAG ACA 3 

3 CAC CAC GCT TTA AAG ACT GTC TGT ACT GTC TGC GTG  5 

T2 3 CAC CAC GCT TTA AAG ACT GTC TGT GCT GTC TAC GTG  5 

T3 3 CAC CAC GCT TTA AAG ACT GTC TGT GCT GTA TAC GTG  5 

T4 3 CAC CAC GCT TTA AAG ACT GTC TGT GCT GTC TAA GTG  5 

T5 3 CAC CAC GCT TTA AAG ACT GTC TGT GCT GTA TAA GTG  5 

P2 5 FAM-GGA GCT CAG CCT TCA CTG C 3 

P3 5 GGA GCT CAG CCT TCA CTG C 3 

T6 3 CCT CGA GTC GGA AGT GAC G ACG ATT TGA TAT AAC GAT CGC GTG 5 

P2* 5 FAM-GGA GCT CAG CCT TCA CTG C-FBFdU 3 

P3* 5 GGA GCT CAG CCT TCA CTG C-FBFdU 3 

P4 5 GAC CAC GGC CA 3 

T7 3 CCT CGA GTC GGA AGT GAC G ATG TCG CTC CGC GTC 5 

T8 

P5 
3 CTG GTG CCG GTG ACAA 5 

5 GGA GCT CAG CCT TCA CTG ddC 3 

P6 5 FAM-GAC CAC GGC CAC 3 

 

[a]In PEX reactions, the ON primer P1 and templates T1–T5 were employed. For single-nucleotide 

incorporation reactions, ONs P2/P3 and T6 were utilized. The primers P2* and P3* refer to 3'-FBFdU-

labeled of P2 and P3, respectively. P3* was specifically employed in fluorescence assays. 

Crystallization trials involved ONs P4 and T8. The primer P6 was used for the competition assay. The 

template ON T7 was utilized in binding studies through fluorescence and EMSA. The incorporation of 

modified nucleotide analogs in PEX and single nucleotide incorporation assays is guided by 2′-

deoxyadenosines, highlighted in red in template strands. In ON T8, during crystallization trials the 

termination of extension was achieved by incorporating ddCTP after 2′-deoxyguanosine, marked in 

blue. 
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3.2.2 DNA polymerases incorporate the nucleotide analog with varying efficiency 

The ability of FBFdUTP (3) to act as a thymidine analog was tested by performing primer 

extension (PEX) reactions using KlenTaq and KOD DNA polymerases. A 5′-FAM labeled 

primer P1 was hybridized with a set of templates (T1–T5). These templates code for 

incorporating FBFdUTP (3) at various positions in the PEX reaction, including the start site, a 

location distant from the start site, and at multiple sites along the growing ON strand. The 

reactions were initiated by adding dGTP, dCTP, dATP and either dTTP or FBFdUTP 3. The 

PEX reaction products were analyzed by PAGE and visualized at the FAM wavelength using 

a fluorescence gel scanner. Notably, when PEX reactions were conducted with templates T1 

and T2, guiding a single modification, KlenTaq efficiently accepted the modified 

mononucleotide, resulting in full-length product formation (Figure 2B, lanes 4, 5 and 7, 8). As 

a control experiment, we performed a reaction without dTTP/FBFdUTP 3 but with other 

dNTPs, which led to the absence of full-length product formation (lanes 6 and 9). This result 

confirms that the full-length product obtained with FBFdUTP is not due to a misincorporation. 

However, with templates T3 and T4, which would introduce two modifications at consecutive 

or alternative positions, KlenTaq failed to yield full-length products with modification (Figure 

2B, lanes 10 –14). In contrast, KOD DNA polymerase effectively processed FBFdUTP in the 

presence of all the templates (T1–T5), generating full-length products comparable to those 

formed in the presence of native dNTPs (Figure 2C, lanes 4–14 and Figure 3).  These findings 

align with the results obtained in our previous study using BFdUTP and SedUTP (Chapter 2, 

section 2.2.2). We observed that introducing a fluorine label at the five position of the 

benzofuran ring does not impair its incorporation efficiency by DNA polymerases. While KOD 

DNA polymerase is suitable for multiple labeling, KlenTaq shows difficulties in incorporating 

FBFdUTP 3 with high demanding templates.  
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Figure 2. (A) The PEX reaction setup was employed for the integration of the mononucleotide analog 

of 3 with various DNA polymerases. (B and C) Incorporation of FBFdUTP 3 using KlenTaq and KOD 

DNA polymerases, respectively, in the presence of primer P1 and templates T1–T4. 

 

 

Figure 3. In the presence of a duplex composed of primer P1 and template T5, KlenTaq and KOD 

DNA polymerases were used to incorporate mononucleotides of FBFdUTP 3. 

3.2.3 Site-specific labeling of FBFdUTP 3 

ONs labeled site-specifically with 19F-containing nucleosides have been used in studying 

nucleic acid-drug interactions or screening drug molecules for therapeutically relevant nucleic 

acid targets.47,48 The ONs are typically obtained by the solid-phase ON synthesis method. In 

our previous work, we reported a template-dependent two-step site-specific labeling method of 

DNA ONs using DNA polymerases (Chapter 2, section 2.2.3). The enzyme should insert a 

single modification at the 3′-end of the primer with exceptional fidelity, which then should be 
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amicable to extension in the presence of natural dNTPs to produce the full-length DNA with 

the modification at the desired position (Figure 4A). A 5′-FAM labeled primer-template duplex 

(P2•T6) was employed for this purpose, where the template T6 contained a dA that would code 

the insertion of a single modified nucleotide at the 3′-end of the primer. We performed single 

nucleotide incorporation of the FBFdUTP 3 using KlenTaq and KOD DNA polymerase. KOD 

DNA polymerase produces largely double-modified products, due to the misincorporation of 

the FBFdUMP opposite to the dC residue in the template strand (Figure 4B). Whereas KlenTaq 

efficiently accepts the modification and provides a single-labeled product. Large-scale single-

nucleotide incorporations were conducted, and the formation of 3′-end labeled products was 

confirmed by mass analysis.  

The next objective was to check the feasibility of the two-step site-specific labeling 

technique for the incorporation of FBFdUTP into the DNA strand (Figure 4A). First, a single 

nucleotide reaction was conducted using KlenTaq, and the reactions were quenched by heating 

(Figure 4C, lane 2). The singly-labeled duplex DNA was precipitated using 70% ethanol and 

was washed multiple times to remove the excess unreacted modified nucleotide. The duplex 

was again dissolved in the reaction buffer and the PEX reaction was initiated by adding natural 

dNTPs and KlenTaq/KOD. Reactions in the presence of both the polymerases produced the 

full-length product (Figure 4C, lanes 4 and 6).  

It is worth mentioning that the integration of the fluorine atom in the heterocyclic ring 

does not hamper the single nucleotide incorporation efficiency of the KlenTaq DNA 

polymerase (see section 2.2.3). The KOD polymerase exhibits misincorporation of the 

FBFdUTP and fails to provide a single modified product, so it is not suitable for single 

nucleotide incorporation. However, both enzymes accommodate the modification and 

successfully elongate the modified duplex to yield a full-length product. Collectively, this data 

guides a suitable position to introduce small modifications in the heterocycle ring which will 

not impair this enzymatic labeling strategy. 
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Figure 4. (A) A schematic diagram for the site-specific functionalization strategy of DNA with dU*TP, 

which represents FBFdUTP 3. (B) KOD DNA polymerase added two consecutive nucleotides to the 3- 

end of primer P2 in the presence of dTTP or FBFdUTP 3. KlenTaq DNA polymerase provided 

exclusively singly-modified ONs. (C) KlenTaq and KOD DNA polymerase successfully extended the 

3-FBFdU-labeled primer P2* to yield the full-length site-specifically functionalized ON product P2**. 

See Table 1 and Table 2 for ON sequences.  

 

Table 2. ESI-Mass and yield data for DNA ON products.  

Product Calculated 

Mass 

Found 

Mass 

Isolated yield 

(nmole) 

Isolated 

yield (%) 

5-FAM,3-FBFdU labeled ON P2* 6726.47 6727 3.4 a,b 65 

3-FBFdU labeled ON P3* 6188.93 6189.87 ndb 68 

aIsolated yields are given for a reaction scale of 5 nmol. b oligonucleotides were further synthesized by 

solid-phase synthesis for fluorescence and 19F NMR assay. See below Table 3 for the ON sequences. 
cThe yield for the product was not determined as it was isolated as a duplex (P2*•T6). 

Table 3: Sequences of modified ONs. 
Modified ONs Sequence 

P2* 5 FAM-GGA GCT CAG CCT TCA CTG C-FBFdU 3 

P3* 5 GGA GCT CAG CCT TCA CTG C-FBFdU 3 

P2** 5 FAM-GGA GCT CAG CCT TCA CTG C-FBFdU-GC TAA ACT ATA TTG CTA GCG CAC 3 

 

 

3.2.4 Binary complex (duplex-enzyme) formation by fluorescence 

 

To accept multiple modifications to the DNA strand, the enzyme must accommodate the 3′-

end modified primer-template duplex in the enzyme pocket before processing the cognate 

nucleotides to give a full-length primer extension product. Hence, we wanted to investigate the 
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differences in the binary complex formation by two different family of DNA polymerases using 

the responsiveness of the nucleotide probe by fluorescence spectroscopy (Figure 5). 

 

Figure 5. Catalytic steps for enzymatic incorporation. 

We first monitored the effect of modification on the binary complex formation by 

performing the electrophoretic mobility shift assay (EMSA) under native conditions. 

Unmodified P2•T7 and 5′-FAM-3′-FBFdU-modified P2*•T7 duplexes were incubated 

independently with increasing concentrations of KlenTaq or KOD DNA polymerases. Due to 

the formation of a stable binary complex between enzyme and duplex it shows slower mobility 

than the duplex alone in the native PAGE (Figure 6). EMSA data revealed that FBFdU-

modified and native-duplexes show almost similar binding affinity for both the KlenTaq (Kd = 

0.28 ± 0.04, 0.24 ± 0.03 M, respectively) and KOD DNA polymerases (Kd = 0.23 ± 0.02, 0.27 

± 0.02 M, respectively, Figure 7). These results demonstrate that modification does not 

disturb the binary complex formation. Further, the binary complex formation was studied under 

equilibrium conditions by observing the changes in the fluorescence profile of duplex P3*•T7 

as a function of enzyme concentration. 3′-FBFdU-modified primer (P3*) was utilized in this 

study. Modified duplex P3*•T7 was incubated with varying concentrations of KlenTaq/KOD 

DNA polymerase at 55 °C for 20 min, and fluorescence was recorded by exciting the sample 

at 330 nm (Figure 8A). Upon increasing the concentration of the KlenTaq and KOD DNA 

polymerase, a 6-fold and 3-fold increase, respectively, in the emission intensity with negligible 

changes in the emission maximum was observed (Figure 8B, 8C). A plot of normalized 

fluorescence intensity versus enzyme concentration gave an apparent Kd of 0.36 ± 0.01 µM for 

KlenTaq, whereas for KOD polymerase, it was 0.06 ± 0.02µM (Figure 8D). 

FBFdU is highly sensitive towards its micro-polarity and shows enhancement in the 

fluorescence intensity with significant red-shift with increasing polarity in the medium.14 For 

example, in methanol, it shows λem at 418 nm, whereas in water, it shifts to 437 nm with an 
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increase in the fluorescence intensity. On the other hand, the presence of a rotatable aryl-aryl 

bond between fluorobenzofuran and uracil ring in the nucleoside analog makes it a molecular 

rotor element.49,50 FBFdU exhibits an increase in fluorescence intensity and lifetime due to the 

rigidification of the fluorophore in a more viscous medium. In the duplex state (P3*•T7), the 

FBF ring projected in the major groove is like to experience partial stacking interaction with 

neighboring bases, and hence, shows low fluorescence. However, once it forms a stable binary 

complex with the enzyme, the fluorobenzofuran ring likely gets rigidified in the enzyme pocket 

and exhibits enhanced fluorescence intensity. An emission maximum of 425 nm indicates that 

the modification is located in an environment close to methanol polarity. 

We performed a competitive displacement assay to prove that the increase in the 

fluorescence intensity is due to the specific binding of the modified duplex into the enzyme 

pocket. A binary complex, consisting of duplex (P3*•T7) and enzyme (duplex concentration 

50 nM and KlenTaq/KOD concentration 1 μM) was prepared, which exhibits fluorescence 

intensity near saturation. The complex was titrated with increasing concentrations of an 

unlabeled DNA duplex (P3•T7) (Figure 8A). Introducing the unlabeled duplex led to a gradual 

reduction in fluorescence intensity. This phenomenon can be attributed to the displacement of 

the less emissive modified duplex from the active site (Figure 9A, 9B). Notably, even with a 

20-fold excess of the unmodified duplex, complete displacement of the modified duplex from 

the enzyme did not occur. An electrophoretic mobility shift assay (EMSA) further validated 

this competitive displacement process (Figure 10). Similar to the challenging displacement of 

a binary complex formed by the modified duplex, the complex involving the enzyme and the 

unmodified duplex exhibited robust stability, requiring an excess of the modified duplex to 

disrupt the complex (Figures 9 and 10).  

Fluorescence studies provide further insights into the processivity of the KlenTaq and 

KOD DNA polymerases. Moreover, both the enzymes efficiently accommodated the 

modification in the enzyme cavity and formed a stable binary complex to generate a site-

specifically labeled product (Figure 4C). However, the apparent Kd values determined from the 

fluorescence experiment revealed that KOD binds to the 3′-FBFdU-modified duplex with 

higher binding affinity than KlenTaq (almost 6 times). The observed differences in the binding 

efficiency for KOD and KlenTaq DNA polymerase can be speculated by comparing the crystal 

structures of the binary complex, respectively (Figure 8E, 8F). Two significant factors might 

be responsible for these differences: (i) in the active site of KOD DNA polymerase, the 

conformation of the duplex changes to the B-form of DNA, which provides a wide-opening in 

the major groove to accommodate the larger modification and (ii) additionally, thumb domain 
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interactions differ between KOD and KlenTaq. In KlenTaq, the domain extends into the major 

groove, potentially causing clashes with modifications at C5 positions (Figure 8E, 8F).  

 

Figure 6. Monitoring binary complex formation using EMSA. Complex formation with (A) FBFdU-

modified primer-template duplex (P2*•T7) and (B) unmodified primer-template duplex(P2•T7) with 

increasing concentrations of the KlenTaq. (C) and (D) Complex formation with KOD DNA polymerase 

with FBFdU-modified (P2*•T7) and natural primer-template duplex(P2•T7), respectively. 
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Figure 7. Curve fits for the fraction of unbound duplex with increasing concentration of (A) KlenTaq 

and (B) KOD DNA polymerase. 

 

 

Figure 8. FBFdU reports the binary complex formation by fluorescence. (A) The schematic diagram 

for monitoring the binary complex formation and competitive displacement assay by fluorescence. (B) 

and (C) Fluorescence spectra for the duplex P3*•T7 (50 nM) with increasing concentrations of KlenTaq 

and KOD DNA polymerase, respectively (0–5 µM).  Samples were excited at 330 nm with excitation 

and emission slit widths of 7 nm and 8 nm, respectively. (D) Curve fits for the binding of the KlenTaq 

and KOD. Normalized fluorescence intensity em (430 nm) versus the concentration of the enzyme was 

plotted (E) and (F) Active site of KOD DNA polymerase (raspberry, PDB: 5OMF)51and KlenTaq DNA 

polymerase (grey, PDB: 3RTV).52 
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Figure 9. Fluorescence was utilized in a competitive displacement assay. The FBFdU-modified primer-

template duplex P3*•T7 (50 nM) exhibited minimal fluorescence (depicted by the black dashed line). 

(A) A binary complex of P3*•T7 (50 nM) and KlenTaq (1 µM) and (B) KOD (1 µM) shows very high 

fluorescence (red dashed line). The introduction of increasing amounts of unlabeled duplex (P3•T7) led 

to the displacement of the complex, resulting in a gradual reduction in fluorescence (illustrated by the 

solid lines).  
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Figure 10. Competitive displacement assay using EMSA. Titration of the unmodified duplex P3•T7 to 

a binary complex consisting of P2*•T7 (5'-FAM, 3'-BFdU-modified primer-template duplex) and (A) 

KlenTaq or (C) KOD led to the displacement of duplex P2*•T7, evident by the appearance of a lower 

band. P3 shares the same sequence as P2 but lacks the 5'-FAM label. The addition of the 3'-BFdU-

modified primer-template duplex P3*•T7 to a binary complex of P2•T7 and (B) KlenTaq or (D) KOD, 

resulted in the displacement of duplex P2•T7, indicated by the emergence of a lower band. In both 

cases, the binary complexes formed with native and FBFdU-modified duplexes exhibited considerable 

stability, and even an excess of the respective duplexes could not entirely disrupt the complexes, as also 

observed in the fluorescence assay. 

3.2.5 Nucleotide substrate fluorescently reports its incorporation into DNA ONs 

Free nucleotide FBFdUTP 3 exhibits higher fluorescence intensity than the 3′-FBFdU-labeled 

primer-template duplex, which encouraged us to design a method to detect the KlenTaq and 

KOD DNA polymerase activity (Figure 11A). Adding FBFdUTP 3 to the primer•template 

duplex (P3•T7) or polymerases alone does not show changes in the fluorescence intensity. 

Rewardingly, when the FBFdUTP 3 (dashed black curve, λem = ∼445 nm) was added to 

samples of binary complex (enzyme and primer•template duplex P3•T7), each containing 

increasing concentrations of the KlenTaq or KOD DNA polymerase (0–50 nM), a considerable 

decrease in the fluorescence intensity accompanied by a blue-shift (λem = ∼430 nm) in the 

emission maximum was observed. The observed outcome is because of the incorporation of a 

single FBFdU analog at the end of the primer resulting in the generation of a less emissive 

FBFdU-labeled duplex P3*•T7 (Figure 11C and 11D). In a control experiment, a binary 

complex made of KlenTaq/KOD and a 3′-ddC-modified primer-template duplex P5•T7 were 

added to FBFdUTP. Due to the presence of a blunt 3′-end, there was no incorporation and thus, 

no decrease in fluorescence intensity was observed (Figure 11C and 11D, green curve). A plot 

of decrease in normalized fluorescence intensity against enzyme concentration shows that after 

a particular enzyme concentration, there is no significant decrease in fluorescence intensity 

until it reaches saturation (Figure 11E). Point to be noted that KOD DNA polymerase at a very 

low enzyme concentration shows a sudden drop in fluorescence intensity and quickly reaches 

saturation compared to KlenTaq. This data suggests that KOD DNA polymerase accepts the 

modifications more efficiently than KlenTaq. To prove that quenching in fluorescence is due 

to single nucleotide incorporation, an experiment was performed with a 5′-FAM labeled 

primer-template duplex (P2•T7) under similar conditions and analyzed by denaturing PAGE. 

It has been observed that KlenTaq and KOD give single-modified products under these 

conditions (Figure 11B). Taken together, FBFdU efficiently reports its incorporation by 

fluorescence changes, and using this assay, we can distinguish the incorporation efficiency of 

the two DNA polymerases.    
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Figure 11. FBFdU enables monitoring the nucleotide analog incorporation by KlenTaq and KOD using 

fluorescence spectroscopy. (A) The schematic diagram for assay setup. (B) Gel images showing the 

single nucleotide incorporation of FBFdUTP (100 nM) in the presence of P2•T7 (200 nM) with 

increasing concentration of KlenTaq and KOD concentration (0–50 nM). (C) and (D) A graph illustrates 

the decrease in fluorescence intensity of FBFdUTP (100 nM) with increasing KlenTaq and KOD 

concentration (0–50 nM) when the P3•T7 primer•template duplex (200 nM) is present. The 

incorporation of FBFdUMP at the 3'-end leads to decreased fluorescence intensity, indicating lower 

fluorescence in the labeled duplex. Control experiments demonstrate minimal changes in fluorescence 

intensity when KlenTaq/KOD (50 nM) or P3•T7 (200 nM) is added to FBFdUTP (100 nM). The 

addition of a binary complex composed of (50 nM) of KlenTaq/KOD and (200 nM) P5•T7 duplex (P5 

contained a ddC at the 3'-end) to FBFdUTP (100 nM) does not exhibit a significant reduction in 

fluorescence intensity. All samples are excited at 330 nm with excitation and emission slit widths set at 

7 nm and 8 nm, respectively. (E) A graphical representation of the decrease in normalized fluorescence 

intensity versus KlenTaq (red) and KOD (black) concentration. 

 

3.2.6 Binary complex (duplex-enzyme) formation and nucleotide incorporation by 19F 

NMR 

Next, we aimed to exploit the potential of the 19F label in monitoring the binding process 

involved in the DNA polymerization process by 19F NMR (Figure 12A). For this purpose, a 3′-

end FBFdU-labeled primer (P3*) was synthesized via solid-phase ON synthesis and purified 

by PAGE. The integrity of the product was confirmed by ESI mass analysis. The modified 

primer P3* in the KlenTaq binding buffer exhibits a peak at -122.0 ppm. When FBFdU-

modified primer P3* was annealed with the complementary ON T7, the signal shifts slightly 
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to -122.23 ppm. Rewardingly, incubation of 3′-FBFdU-modified duplex (P3*•T7) with 0.5 

equivalent of KlenTaq results in the appearance of a distinct peak at -121.87 ppm 

corresponding to the binary complex with a concomitant decrease in the peak for the duplex. 

Further, with increased KlenTaq concentration (1eq.), the peak intensity for the free duplex 

(P3*•T7) almost diminished, and the sharp peak at -121.87 ppm intensified (Figure 11B, purple 

line). These observations indicate that the distinct peak at -121.87 is due to the binding of the 

3-end modified primer-template duplex in the enzyme pockets (Figure 12B). 

In FBFdU, the fluorophore and 19F NMR labels are incorporated into the same 

electronic environment and the electron density on the fluorine atom will be influenced by 

various factors like the fluorescence properties as mentioned above. Based on the sensitivity of 

the analog, the difference in the environment around the nucleoside probe in the free duplex 

form and the duplex bound to the protein is likely the reason for the observed difference in the 

chemical shift exhibited by the probe. Further, to prove that the appearance of the new peak is 

due to the formation of the binary complex, an electrophoretic mobility shift assay (EMSA) 

was conducted under non-denaturing conditions (Figure 12C). Both unmodified P2•T7 and 5′-

FAM,3′-FBFdU-modified P2*•T7 duplexes were treated with increasing concentrations of 

KlenTaq polymerases as used in the 19F NMR experiment. EMSA results also revealed the 

formation of a binary complex (Figure 12C, lanes 2 and 3). Further, to assess the stability of 

the binary complex, we subjected it to heating at 95°C for 20 minutes and conducted an NMR 

experiment. Interestingly, no discernible difference in peak intensity at -121.87 ppm was 

observed, indicating the stability of the binary complex even at elevated temperatures. These 

findings further evidenced the thermostable nature of KlenTaq, demonstrated by forming a 

stable complex with the modified duplex at higher temperatures. Similar experiments were 

performed with KOD DNA polymerase to monitor its binding with the modified duplex. We 

observed a decrease in the peak intensity in the duplex with increasing enzyme concentration. 

Unfortunately, the peaks were not well resolved. Due to the high molecular weight/size of the 

KOD DNA polymerase, the bound complex might exhibit a broader spectrum (Figure 13). 
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Figure 12. Monitoring the binary complex formation by 19F NMR experiment. (A) Schematic 

representation for the NMR experiment. (B) 19F NMR signals for primer P3*, primer-template duplex 
P3*•T7 in 1X binding buffer (10 mM Tris−HCl, 50 mM KCl, 5 mM MgCl2, pH 7.9) containing 

10%glycerol. Changes in 19F NMR signal of the duplex (10 μM) in KlenTaq binding buffer containing 

10 % glycerol as a function of increasing KlenTaq concentration. (C) EMSA for monitoring the binary 

complex formation of P2*•T7 (10 μM) with increasing concentration of KlenTaq (5– 10 μM). 

 

 

 
 

Figure 13. Monitoring the binary complex formation between primer-template duplex P3*•T7 and 

KOD in 1X binding buffer (10 mM Tris−HCl, 50 mM KCl, 5 mM MgCl2, pH 7.9) containing 15 % 

glycerol. by 19F NMR experiment. 
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Next, we became curious to monitor the incorporation of FBFdUTP 3 by using 19F 

NMR spectroscopy (Figure 14A). Although FBFdUTP faithfully reports its incorporation by 

KlenTaq via changes in its fluorescence properties, it is challenging to predict the relative 

population of different components present at equilibrium conditions. During the incorporation 

process, a population of different components can be present, such as (i) FBFdUTP, (ii) free 

unmodified and modified primer-template duplexes, (iii) binary complex of modified primer-

template duplex with the enzyme. Free nucleotide FBFdUTP 3 shows a sharp peak at -122.36 

ppm (Figure 14B, cyan line). Once FBFdUTP is added to the binary complex of an unmodified 

duplex (P3•T7) (T7 guides incorporation of single modification at the 3′-end) and KlenTaq, 

the peak for the FBFdUTP diminishes, and the peak corresponded to the bound state (-121.87 

ppm) of the modified duplex increases (Figurer 14B, brown line). This data suggests that after 

the incorporation, the modified duplex exclusively stays in the bound state for further 

elongation by primer extension reaction. Taken together, FBFdU provides a greater 

understanding on the enzymatic incorporation process by providing distinct 19F NMR peaks. 

This study sheds light on the processivity of KlenTaq. First, it forms a stable binary complex 

before accepting the modification, and second, after incorporating the modifications, it 

accommodates the modified duplex in the enzyme cavity to facilitate the subsequent addition 

of natural nucleotides to produce a full-length product. 
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Figure 14. FBFdU reports the enzymatic incorporation by 19F NMR experiment. (A) The schematic 

diagram represents the experimental setup. (B) 19F NMR signals for FBFdUTP 3 (10 μM), 

primer•template duplex P3*•T7 and the binary complex composed of P3*•T7and KlenTaq in a 1:1 

molar ratio in 1X klenTaq binding buffer (10 mM Tris−HCl, 50 mM KCl, 5 mM MgCl2, pH 7.9) 

containing 10%glycerol. Changes in the 19F NMR signal of the FBFdUTP (10 μM) in the presence of 

KlenTaq DNA polymerase (10 µM) and the unmodified primer-template duplex P3•T7 (T7 guides the 

single nucleotide incorporation). 

3.2.7 X-ray crystal structures of ternary complexes provide insights on the incorporation 

mechanism 

Our objective is twofold: firstly, to probe the active-site conformational changes essential for 

accommodating the additional fluorine atom within the benzofuran ring. Secondly, inspired by 

the size-dependent processing differences in PEX reactions that were previously noted 

(Chapter 2), we sought to gain insights into the plasticity of the active site when incorporating 

modifications of varying heterocycle size. We envisioned to obtain structural basis of the 

incorporation mechanism by capturing snapshots of the catalytic steps poised for the 

incorporation of both the smaller heterocyclic modification, SedUTP, and the more expansive 

moiety, FBFdUTP, and subsequently comparing these ternary crystal structures with BFdUTP.  

High throughput crystallization screens with FBFdUTP and SedUTP in the presence of 

KlenTaq and KOD DNA polymerases were set up as illustrated in Figure 15A. Template T8 

would direct the incorporation of ddCMP at the 3′-end of the primer and terminate the 

polymerization due to the absence of the 3′-OH group. This setup would allow the modified 

nucleotides to be captured at the nucleotide-binding site, ready to be added to the growing chain 

by phosphodiester bond formation. In the presence of KOD, we obtained microcrystals, which 

did not provide quality diffraction data. Rewardingly, high-resolution structures of the KlenTaq 

ternary complexes composed of FBFdUTP and SedUTP were obtained (Figure 15B, 15E).  

Superimposition of structures reveal that the ternary complexes with FBFdUTP and SedUTP 

adopt a structure that closely resembles the native complex and also the structure with BFdUTP 

(PDB: 3RTV, see Figure 15B, 15C and 15D, 15E, respectively). The nucleotide analogs form 

Watson-Crick pairing with the dA residue of the template (see Figure 15D and 15G). 

Fluorobenzofuran and selenophene moieties with respect to the uracil rings exhibit slight non-

coplanarity and partially stack with ddCMP inserted at the 3′-end of the primer (Figure 15D, 

15G and figure 16A, 16B).  
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Figure 15. (A) Schematic diagram for the crystallization setup to trap the fluorescent nucleotide probes 

(FBFdUTP, SedUTP) in the ternary complex. (B) and (E) is the overall structure of the KlenTaq 

FBFdUTP ternary complex (cyan) and KlenTaq-SedUTP ternary complex (raspberry), respectively. (C) 

and (F) is the superimposition of KlenTaq-FBFdUTP (cyan) and KlenTaq-SedUTP (raspberry) with a 

native KlenTaq ternary complex (gray; PDB: 3RTV), respectively. (D, G) Close-up view of the active 

site showing the bound nucleotide analogs. The Watson−Crick base pairing between the nucleotide 

analogs and dA of the template strand is indicated with dashed lines. In all structures, FBFdUTP is 

highlighted in magenta and SedUTP in deep green. 
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Figure 16. (A) Fluoronenzofuran and (B)selenophene with uracil rings are non-coplanar. The dihedral 

angle of the non-planar FBFdUTP 3 and SedUTP is depicted. (C) Another view of the cleft in which 

the FBFdU ring (magenta) is encased is shown. Arg660 and Arg587 residues are colored cyan. Protein 

and DNA are shown in grey and green colors, respectively. (D) SedU ring (deep green) is encased in 

enzymatic pocket, Arg660 and Arg587 residues (colored raspberry) have not moved. Protein and DNA 

are shown in grey and green colors, respectively. 

 

Structure with FBFdUTP  

In the active form of the ternary complex, the finger region adopts a closed conformation, and 

the O helix aligns atop the FBFdUTP bound in the active site much like BFdUTP (Figure 17A). 

In order to accommodate the FBFdU modification, two crucial amino acid residues namely 

Arg660 and Arg587, assume an alternate conformation as compared to the native structure 

(Figures 17A and 17B). Typically, Arg660 makes a hydrogen bond with the primer 3′-terminus 

phosphate backbone, stabilizing the closed active state of the enzyme.53,54 However, Arg660 

flips out and makes room to accommodate FBF modification. During this process, Arg587 

comes closer to the FBF ring and interacts with the phosphate backbone of the penultimate 

base of the primer strand. This alternate conformation produces a crevice to encase the 

heterocycle modification in the active site (Figure 16C). Despite these minor differences, the 

contacts and distance required to form a phosphodiester bond are well maintained in structures 

containing the modified nucleotide (3.9 Å) and a natural substrate (3.8 Å for 3RTV).52 This 

similarity indicates that the modification does not impede the primer extension process (Figure 

18E, G). Further, the incorporation of a fluorine atom into the benzofuran ring does not interfere 

with the pocket.  

Structure with SedUTP  

Interestingly, the structure of the ternary complex with SedUTP reveals a conformation 

different from FBFdUTP. While the finger domain is in a closed state, and the O-helix is 

situated on top of the SedUTP (see Figure 17D), the gatekeeper residues Arg587 and Arg660 

adopt a conformation similar to the structure formed in the presence of a native nucleotide 

(Figure 17D, 17E). Further, the distance between the α-phosphorus of SedUTP and the 3′-C of 

the primer is the same as in for the nature substrate (3.8 Å for 3RTV) (Figure 18E, H). These 

results indicate that SedUTP fits well into the KlenTaq pocket without disturbing the amino 

acid residues. 
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Figure 17. (A, B and D, E): Superimposition of KlenTaq-FBFdUTP (cyan) and KlenTaq-SedUTP 

(raspberry) and   KlenTaq (gray; PDB: 3RTV) highlighting the different orientations of Arg660 and 

Arg587, respectively. (C, F) A cleft in which the fluorobenzofuran and selenophene ring are located in 

the active site is shown.  
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Figure 18. (A, B) superimpositions of active site conformations between KlenTaq-BFdUTP (PDB: 

7OWF) (green color) and KlenTaq-FBFdUTP (cyan color). (C, D) superimposition of the active-site of 

KlenTaq-BFdUTP (green) with KlenTaq-SedUTP (raspberry). (E, F, G, H) Close-up view showing the 

distance between the α-phosphorus and 3′-end of the primer in the ternary complex structures of 

KlenTaq binds to dCTP ((PDB: 3RTV), KlenTaq-BFdUTP (PDB: 7OWF), KlenTaq-FBFdUTP and 

KlenTaq-SedUTP, respectively. 

 

3.2.7.1 Processivity of KlenTaq depends on the size of the heterocycle-modified 

nucleotides 

To assess the size-dependency on the processing of modified nucleotides by KlenTaq DNA 

polymerase, we compared the crystal structures and performed a competition PEX reaction 

assay. We observed that in the single nucleotide incorporation assay, all the modified 

nucleotides gave exclusively a single nucleotide incorporated product (Chapter 2, Figure 4B). 

Here, we compared the crystal structures of KlenTaq-BFdUTP (PDB: 7OWF), its expanded 

modification (KlenTaq-FBFdUTP) and the smaller modification (KlenTaq-SedUTP). This 

comparison sheds light on how the size of the heterocycle modification regulates the efficiency 

of incorporation by KlenTaq DNA polymerases. It is worth mentioning that the flexibility of 

the two amino acid residues, Arg660 and Arg587, is responsible for the accommodation of the 

heterocycle in the enzyme’s active site. Due to the integration of the fluorine atom in the 

benzofuran moiety, Arg587 moved further and placed just below the fluorobenzofuran ring. 

However, Arg660 holds up its position, which is almost similar to the benzofuran moiety 

(Figure 18A, B).  The incorporation of a smaller heterocyclic moiety (selenophene) does not 

distort the amino acid structures (Figure 18C, D). To understand how these conformational 

changes in the amino acid residues affect the overall incorporation efficiency of the modified 

nucleotides, we performed a competition assay with the natural thymidine triphosphate (dTTP) 

and the modified nucleotides. The modified nucleotides were mixed at different ratios with the 

natural dTTP and subjected to single nucleotide incorporation assay in the presence of KlenTaq 

DNA polymerase and a 5′-FAM-labeled primer-template duplex (P6•T8) (T8 guides the 

insertion of single thymidine analog at the 3′-end) (Figure 19A). Due to the slower mobility of 

the modified products compared to the natural one, we obtained two well-separated bands in 

gel electrophoresis analysis. Further, the band intensities were quantified and plotted to access 

the incorporation efficiency. In the case of benzofuran and fluorobenzofuran-modified 

nucleotides, experiments resulted in an approximate 35/1 ratio (dU*TP /dTTP) ratio to afford 

equal amounts of the single-added products (Figure 19B, C, E and F). This data demonstrates 

that while both the modified nucleotides were efficiently processed by the DNA polymerase in 

a single nucleotide incorporation reaction, KlenTaq exhibits greater preference for the natural 
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nucleotide. Interestingly, in the case of a smaller heterocyclic moiety, SedUTP, experiments 

showed that a ratio of 1/15 SedUTP/dTTP was required to produce equally modified products. 

This result indicates that KlenTaq accepts SedUTP almost fifteen times more efficiently than 

the natural nucleotide (Figure 19D, G).  

We hypothesize that two major factors are attributing to these observations. First, the 

precatalytic state is potentially stabilized by the stacking between the primer 3′-end nucleotide 

with the incoming nucleotide. Second, due to the steric hindrance, the distortion in the amino 

acid residues Arg660 and Arg587, to accommodate the modified nucleotides in the enzyme 

pocket. While the larger heterocyclic modifications efficiently contribute to the stacking 

interactions in the precatalytic state, the disruption in the conformations is likely the 

dominating factor. The plasticity of the amino acids residues Arg660 and Arg587 though 

allows the incorporation of heterobycle-modified nucleotides, it diminishes the overall 

incorporation efficiency (Figure 17 and Figure 18A–D). Whereas, a smaller heterocyclic 

moiety like SedUTP perfectly fits in the enzyme pocket without disturbing the conformation 

of the active site. In addition, it stacks with the 3′-end nucleotide (here ddCMP) to stabilize the 

complex. 
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Figure 19. (A) Illustration of the competition reaction assay. (B, C, D) PAGE analysis of the 

competition experiment using KlenTaq DNA pol for BFdUTP, FBFdUTP, SedUTP, respectively.  (E, 

F, G) Graphical readout of the PAGE analysis. The point of 50 % incorporation is indicated with a 

dashed line. All the data was collected in triplicate.  

3.2.8 Size-dependency in incorporating multiple modifications in PCR reactions by 

KlenTaq and KOD DNA polymerases 

The enzymatic synthesis of highly functionalized ONs is important for a broad range of 

applications,59–62 and this process depends on the incorporation of the multiple modified 

nucleotides by PEX and PCR. However, restriction in the incorporation of a large number of 

consecutive modifications into the DNA strand limits the scope of applications. In general, 

archaeal DNA polymerases from family B are well suited for this purpose compared to A 

family DNA polymerase.59–64 We aimed to understand the processing of the series of 

heterocyclic modified nucleotide analogs (BFdUTP, BTdUTP, FBFdUTP, and SedUTP) by 

PCR reactions in the presence of KlenTaq and KOD DNA polymerases. We chose a 98-mer 
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template ON strand, which would guide multiple modifications in the DNA strand (Table 4). 

To compare their incorporation efficiency, we have conducted the PCR reactions in the 

presence of dATP, dGTP, dCTP, and dTTP/dU*TP. To be processed in a PCR reaction, the 

modified nucleotides have to be efficiently incorporated by the enzyme and furthermore, the 

modifications must be accommodated in the template binding site in order to be recognized by 

the enzymes. KlenTaq, belonging to the family A DNA polymerase, is unable to produce full-

length products for bicyclic modifications (Figure 20A, lane 4,5,6) and majorly forms truncated 

products. It is also unable to process smaller nucleotide SedUTP (Figure 20B, lane 6). On the 

contrary, KOD DNA polymerase belonging to family B DNA polymerases also had difficulty 

processing the larger modifications (Figure 20B, lane 4,5,6) but efficiently processed SedUTP 

(Figure 20B, lane 7). As a control experiment, we performed a PCR reaction in the absence of 

the natural dTTP and modified nucleotides, where both the enzymes were unable to produce 

the PCR products. These results demonstrate that the obtained PCR product is not because of 

the misincorporation (Figure 20A and B, lane 3). 

Based on our examination of crystal structures, it is evident that the incorporation of a 

single fluorescent nucleotide analog, irrespective of the heterocycle modification, into the 

primer does not impede its translocation along the channel, leading to the production of 

complete PEX products (Chapter 2, section 2.2.2, Figure 4). However, the confined channel 

volume could potentially constrain KlenTaq's proficiency in incorporating multiple bulky 

modifications in close proximity. The smaller modification, SedUTP, is efficiently accepted by 

KlenTaq to produce full-length products for all the templates in the primer extension reaction 

and also demonstrates better efficiency than the natural nucleotide in the single nucleotide 

incorporation assay. However, in a PCR reaction with a longer template much less full-length 

product was formed. Additionally, in the active site of the KlenTaq DNA polymerase, A form 

of the duplex strands provides a smaller major groove volume to accommodate multiple 

modifications. Meanwhile, KOD DNA polymerase also faces difficulty in processing bulky 

modifications but efficiently accommodates the multiple smaller modifications in the enzyme 

and processes as effectively as natural dTTP. The ternary closed complex of KOD DNA 

polymerase features a larger channel volume in comparison to KlenTaq DNA polymerase 

(Chapter 2, section 2.2.7, Figure 7E, F) and also exhibits a more spacious crevice between its 

finger and thumb/palm domains, which provides greater room for accommodating multiple 

modifications. Even in our fluorescence data, we observed the differences in the channel 

volume reflected in the overall binary complex formation (Figure 8) as well as the 

incorporation efficiency (Figure 11). Within the active site of KOD DNA polymerase, the 
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presence of the B-form of DNA (section 3.2) provides an expanded area, particularly 

advantageous for accommodating major groove modifications, including those at C5-modified 

pyrimidines analogs. This characteristic appears to facilitate the seamless incorporation of 

consecutive modified nucleotides. Consequently, KOD DNA polymerase demonstrates 

comparable efficiency in processing both natural and unnatural substrates. 

 

Table 4: sequences for PCR reactions.  

ONs Sequence 

PF 

PR 
5 GACATCATGAGAGACATCGC 3 

5 CAAGGACAAAATACCTGTATTCCTT 3 

Tpcr 5GACATCATGAGAGACATCGCCTCTGGGCTAATAGGACTACTTCTAATCTGTACAGAGC

AGATCCCTGGACAGGAAGGAATACAGGTATTTTGTCCTTG 3 

  

 

 

 

Figure 20.  2% agarose gel electrophoresis (AGE) image of the PCR products (EtBr strained). PCR 

with (A) KlenTaq and (b) KOD DNA polymerase. Lane 1 in Figure (A, B) is a ladder of 1Kb.  

 

3.3 Conclusion 

Employing biochemical and structural analyses utilizing a responsive fluorescent nucleotide 

analog, we gathered valuable insights into the functional capabilities of A and B family DNA 

polymerases. Our studies involving different templates guiding the insertion of single and 

multiple nucleotide analogs at various sites, reveal distinct incorporation behaviour. The 

introduction of an electronegative fluorine atom into the benzofuran ring does not compromise 

the overall incorporation efficiency, demonstrating comparable effectiveness to BFdUTP. B 

family polymerases efficiently process the nucleotide analog, generating ONs with labels at 

different positions. In contrast, KlenTaq exhibits stringency in incorporating the nucleotide, 

particularly at consecutive positions in primer extension setups. In single nucleotide 
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incorporation scenarios, KlenTaq accurately adds only one modified nucleotide, while KOD 

misincorporates a second nucleotide, resulting in a double-modified product. Consequently, 

KlenTaq proves advantageous in the initial step for site-specific labeling, followed by primer 

extension with either KOD or KlenTaq after purification. After a purification step, the modified 

primer can be fully extended with either KOD or KlenTaq allowing site-specific incorporation 

of the nucleotide analog. 

The FBFdU label emerges as an effective fluorescent reporter, offering real-time 

insights into the binary complex formation and enzyme activity under equilibrium conditions. 

Fluorescence studies provide crucial information on the binding affinity of KlenTaq and KOD 

to the 3′-end-labeled primer, highlighting differences in substrate promiscuity. The 19F-label of 

the nucleoside yields distinct signatures facilitating direct comparison of the relative population 

of states adopted by the nucleotide and modified ON under equilibrium conditions. These 

findings extend the utility of our dual-app nucleotide analog as not only a fluorescent probe for 

monitoring polymerization events but also as a tool for NMR spectroscopy to observe catalytic 

processes. Further, examination of three ternary complex crystal structures of BFdUTP, 

FBFdUTP, and SedUTP reveals critical points about the incorporation mechanism. The 

flexibility of Arg660 and Arg587 around the active site emerges as a key factor controlling the 

incorporation of the modified heterocyclic moiety. Additionally, the stacking interaction in the 

pre-catalytic state enhances the substrate's efficacy. Furthermore, the narrow channel within 

the enzyme is well-suited for accommodating a single five-membered ring, mimicking natural 

amino acid conformations. However, the insertion of multiple bicyclic moieties disrupts the 

processivity of the enzyme. Taken together, this multi-disciplinary analysis provided valuable 

insights into the incorporation mechanism of nucleobase-modified nucleotide probes, which is 

expected to pave ways to design polymerase-compatible nucleotide probes and inhibitors.    

3.4 Experimental sections 

3.4.1 Materials 

5-Iodo-2'-deoxy uridine was purchased from TCI chemicals. Bis (triphenylphosphine)-

palladium (II) chloride, butyllithium and tributyltin chloride were purchased from Sigma 

Aldrich. 5'-FAM labeled DNA ON, primers and templates were purchased from Integrated 

DNA Technologies, Inc.  DNA templates were purified by polyacrylamide gel electrophoresis 

(PAGE) under denaturing conditions, and desalted using Sep-Pak Classic C18 cartridges 

(Waters Corporation). dNTPs were purchased from Thermo Fischer Scientific.   
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3.4.2. Instrumentation 

NMR spectra were recorded on a 400 MHz Jeol ECS-400 and Bruker Ultrashield 400 MHz 

WB Plus spectrometers. 19F NMR experiments were performed Bruker AVANCE III HD 

ASCEND600MHz spectrometer equipped with a Cryo-Probe (CP2.1QCl600S3 H/F-C/N-D-

05Z XT). Mass measurements were performed using a Water Synapt G2 High Definition mass 

spectrometer. HPLC analysis was done using Agilent Technologies 1260 Infinity HPLC. 

Reverse-phase flash chromatographic (C18 RediSepRf column) purifications of nucleotides 

were carried out using Teledyne ISCO Combi Flash Rf. ESI-MS analysis of DNA ONs was 

performed using a Water Synapt G-Si Mass spectrometry instrument in negative mode. DNA 

and nucleotides were quantified by measuring absorbance in Shimadzu UV-2600 or 

NanoDropTM 2000c spectrophotometer.  Fluorescent DNA ONs were resolved by PAGE on an 

OWL S4S sequencing gel electrophoresis instrument and were imaged using Typhoon FLA 

9500 Variable mode imager. Steady-state fluorescence spectra were recorded using a micro-

fluorescence cuvette (Hellma, path length 1.0 cm) on a Horiba Fluoromax-4 

spectrophotometer.  

3.4.3 Synthesis of modified nucleotide analog 3 

5-fluorobenzofuran-modified-2′-deoxyuridine 2 was synthesized using a previously reported 

procedure. The compound was characterized by NMR and HRMS analysis and matched the 

previously reported data.44 

FBFdUTP 3. The nucleotide analog was synthesized as mentioned in Chapter 2 (section 2.4.3) 

using FBFdU 2 (31 mg, 17 % yield). 1H-NMR (400 MHz, D2O): δ (ppm) 8.25 (s, 1H), 7.62–

7.59 (m, 1H), 7.31–7.28 (m, 1H), 7.23 (s, 1H), 7.07 (t, J = 9.2 Hz, 1H), 6.34 (t, J = 7.2 Hz, 1H), 

4.68 (s, 1H), 4.25 (br, 3H), 2.50–2.37 (br, 2H); 13C NMR (100 MHz, D2O): δ (ppm) 181.4, 

159.8, 158.2, 150.8, 149.8, 137.3, 129.7, 112.1, 111.9, 111.8, 106.3, 104.6, 85.6, 70.5, 58.9, 

38.5; 31P NMR (162 MHz, D2O): δ (ppm) -6.46 (d, J = 20.7 Hz, Pα), -11.48 (d, J = 19.9 Hz, 

Pγ), -22.51 (t, J = 20.4 Hz, Pβ); 19F NMR (376.6 MHz, D2O): δ (ppm) -121.62; HRMS: m/z 

calculated for C17H17FN2O15P3 [M-H]- = 600.9831, found [M-H]- = 600.9831. 

3.4.4 Solid-phase synthesis of FBFdU-modified oligonucleotides 

FBFdU-Modified phosphoramidite was synthesized using a previously reported procedure.44 

3′-end FBFdU-modified DNA ONs (P3, P3*, P2, and P2*) were synthesized using a K&A 

DNA/RNA synthesizer in 1 µmole scale (1000 Å Universal support III). At the end of the 

synthesis, cleavage of the ONs from the solid support was achieved using 2M ammonia in 

methanol at room temperature for 60 minutes, and afterward, these solutions were evaporated 
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to dryness using SpeedVAC. Next, the solid support was treated with 30% aqueous ammonium 

hydroxide solution and heated at 55°C for 23 h. Samples were further cooled to RT and 

centrifuged. The supernatant was evaporated, and the ON was purified by 20% denaturing 

preparative PAGE. Under UV light, the corresponding gel bands for the ONs were identified 

and cut from the Gel. Further gel bands were crushed into small pieces by a glass rod in a poly-

prep column (Bio-Rad). ONs extracted in aqueous ammonium acetate (0.5 M, 3 mL) by 

shaking it for 12 h. Extra salt from the oligos was removed by using Sep-PakC-18 cartridges. 

The purity and integrity of the oligos were checked by RP-HPLC and ESI-mass analysis, 

respectively. 

3.4.5 Reaction using KlenTaq and KOD DNA polymerases 

To form primer-template duplexes, a 5′-FAM-labeled primer P1 (50 μM) was annealed with 

templates T1−T5 (55 μM) in a reaction buffer (50 mM Tris−HCl, 16 mM (NH4)2SO4, 2.5 mM 

MgCl2, 0.1% (v/v) Tween 20, pH 8.0) by heating at 95 °C for 3 minutes. Subsequently, the 

samples were gradually cooled to room temperature and further chilled in an ice bath for 30 

minutes. All primer extension reactions followed procedures similar to those outlined in 

Chapter 2 (section 2.4.4). The concentrations of each component are provided in the 

accompanying table. 

   

 Components Amount (µL) Stock conc. Resultant Conc. 

Reaction buffer 4 5.0 x 1.0 x 

dNTP-dUTP mix 3 1 mM 150 µM 

FBFdUTP 3/dTTP 3 1 mM 150 µM 

P1•(T1–T5) 0.6 50 uM 1.50  µM 

KlenTaq/KOD 1.2 50 nM 3 nM 

Water 8.2         

Total volume 20     

      

A 5 μL aliquot (0.94 pmol) of the sample was applied to an analytical 18% denaturing 

polyacrylamide gel and subjected to electrophoresis at 30 W for a duration of 2.5 hours. Gel 

visualization was carried out utilizing a Typhoon gel scanner with excitation at the FAM 

wavelength. Control reactions were performed to investigate misincorporation involving the 

primer-template duplex, enzyme, dATP, dGTP, and dCTP, excluding dTTP or modified dUTP.  

3.4.6 Single nucleotide incorporation assay 

A 5′-FAM-labeled primer, P2 (50 μM), and template T6 (55 μM) were hybridized using a 

similar procedure as mentioned previously. The single nucleotide incorporation assay was 

carried out using the same procedure as mentioned in earlier chapter 2 (section 2.4.5). The 

concentration of each component is mentioned in the table below. 
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 Components Amount (µL) Stock conc. Resultant Conc. 

Reaction buffer 4 5.0 x 1.0 x 

FBFdUTP 3/dTTP 3 1 mM 150 µM 

P2•T6 0.6 50 uM 1.50  µM 

KlenTaq/KOD 1.2 50 nM 3 nM 

Water 11.2         

Total volume 20     

      

Aliquots of the reaction (10 μL) at 15 and 45 minutes were mixed with 35 μL of denaturing 

loading buffer (8.3 M urea in 10 mM Tris−HCl, 100 mM EDTA, 0.05% bromophenol blue, pH 

8) and heat denatured at 95 °C for 5 minutes followed by cooling on an ice bath. Subsequently, 

5 μL (1.6 pmol) of the sample was loaded onto an analytical 20% denaturing polyacrylamide 

gel, electrophoresed at 30 W for 2.5 hours, and visualized using a Typhoon gel scanner at a 

FAM wavelength.  

3.4.7 Large-scale synthesis of single FBFdU-modified ONs using KLenTaq 

Large scale Single nucleotide incorporation reaction was conducted in the presence of 150 μM 

FBFdUTP 3, 1.50 μM pre-annealed primer•template duplex (P2•T6), and 3 nM of klenTaq in  

nM KlenTaq in reaction buffer (pH 8.0, 16 mM (NH4)2SO4, 2.5 mM MgCl2, 0.1% (v/v) Tween 

20) in the total volume of 840 µL and purified using the same protocol mentioned in Chapter 

2 (section 2.4.5). Approximately 60% of the pure product P2* was isolated and 500 pmol of 

DNA was dissolved in LCMS buffer (10 mM triethylamine and 100 mM hexafluoro-2-

propanol in autoclaved water) containing 50% ACN and subjected to ESI mass analysis in 

negative mode. 

3.4.8 Two-step site-specific labeling 

All the reaction steps and the collection of the DNA pellets were performed under similar 

conditions as we mentioned in previous Chapter 2 (section 2.4.6). Four reactions were 

conducted, and the collective DNA pellets were dissolved in 30 µL of denaturing loading buffer 

(8.3 M urea in 10 mM Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, pH 8). 

Subsequently, the mixture was loaded onto a preparative 15% polyacrylamide gel and 

subjected to electrophoresis under denaturing conditions. The gel was UV-shadowed and the 

band corresponding to the full-length product was excised. The resulting ON (oligonucleotide) 

product was then extracted from the gel using 0.5 M ammonium acetate and desalting was 

carried out using a Sep-Pak C18 cartridge.  
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3.4.9 Fluorescence binding assay to determine binary complex formation.  

FBFdU-modified- primer•template duplexes (P3*•T7, 10 µM) were prepared in a binding 

buffer (10 mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, pH 7.9) by taking 1:1.05 ratio of primer 

P3* and template T7, respectively, using previously mentioned procedure. 200 µL volume of 

samples containing Primer•template duplexes (P3*•T7, 50 nM) with increasing concentrations 

of KlenTaq/KOD (0–5 µM) in the binding buffer were incubated at 55 °C for 20 minutes. 

Fluorescence was recorded by exciting the samples at 330 nm with excitation and emission slit 

widths of 7 nm and 8 nm, respectively at 25°C temperature.  Overall glycerol concentrations 

were maintained at 0 –1.5% for all the samples. The fluorescence experiments were conducted 

in triplicate. The increase in fluorescence intensity at the emission maximum (430 nm) was 

fitted to the Hill equation (Origin 8.5) by plotting normalized fluorescence intensity (FN) 

against KlenTaq/KOD concentration. A Hill coefficient (n) close to 1 was observed for the 

binding of the FBFdU-labeled primer•template duplex (P3*•T7) to KlenTq/KOD DNA 

polymerase, with R2 approaching unity. 

FN =
Fi − F0

FS −  F0
  

Fi = fluorescence intensity measured corresponding to each protein concentration. F0 and FS 

represent the fluorescence intensity measured in the absence of protein and at the saturation 

point, respectively. n =Hill coefficient (the degree of cooperativity in binding). Kd is the 

apparent dissociation constant. 

FN = F0 + ( FS − F0) (
[Polymerase]n

[Kd]n + [Polymerase]n
) 

 

3.4.10 Monitoring the enzymatic incorporation of FBFdUTP 3 by fluorescence assay by 

KlenTaq and KOD DNA polymerase 

For fluorescence assay 

Firstly, unmodified primer•template duplexes (P3•T7, 200 nM) were incubated with increasing 

concentrations of KlenTaq/KOD (0−50 nM) in the binding buffer (total volume of 200 μL) at 

55 °C for 20 minutes. FBFdUTP 3 (final concentration 100 nM) was added to each sample and 

incubated at 55 °C for 20 minutes. The glycerol concentrations were below 0.05% for all the 

samples. Subsequently, samples were cooled to 25 °C, and fluorescence was measured at that 

temperature. As a control experiment, the P5•T7 duplex (200 nM) was incubated with 

KlenTaq/KOD (50 nM) at 55 °C for 20 minutes, and FBFdUTP (final concentration of 100 

nM) was added and incubated at 55 °C for 20 minutes. Another control experiment used the 

same procedure with a sample containing only KlenTaq/KOD (50 nM) or the primer-template 
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duplex. All samples were excited at 330 nm with excitation and emission slit widths of 7 and 

8 nm, respectively. Measurements were carried out in triplicate.  

For PAGE analysis 

Using a similar procedure to fluorescence assay, all the reactions were performed in the 

presence of 5'-FAM labeled primer-template duplex (P2•T7, 200 nM), FBFdUTP 3 (100 nM), 

increasing concentration of KlenTaq/KOD (ranging from 0 to 50 nM) in binding buffer (total 

volume of 20 μL) at 55 °C for 20 minutes. After completion of the reaction, 10 µL of the 

denaturing loading buffer was added and heated at 95 °C for 5 minutes and cooled to RT. 5 µL 

of the reaction mixtures were loaded into a 20% denaturing PAGE and ran for 3 h at 35 W. Gel 

image was taken using Typhoon Gel scanner at FAM wavelength. 

3.4.11 19F NMR spectroscopy assay to determine the binary complex formation and 

incorporation by KlenTaq 

For binding assay 

FBFdU-modified-primer (P3*) (100 µM) was annealed with the complementary ON (T7) 

(100.5 µM) in 1X KlenTaq binding buffer to form the DNA duplex (P3*•T7) by heating at 

95°C for 3 minutes and then slowly cooled down to RT. The primer only (P3*) (10 µM), 

primer-template duplex (P3*•T7) (10 µM) and primer-template duplex with KlenTaq (5,10 

µM) were incubated at 55°C for 20 minutes in 1X KlenTaq binding buffer (containing 10% 

glycerol and 20% D2O), cooled to room temperature to perform the NMR experiments. 

Samples were transferred into a Shigemi tube (5 mm advance NMR microtube) and 19F NMR 

data were recorded on a Bruker AVANCE III HD ASCEND600MHz spectrometer equipped 

with a Cryo-Probe (CP2.1QCl600S3 H/F-C/N-D-05Z XT). To check the stability of the binary 

complex, the sample containing duplex (P3*•T7) (10 µM) and KlenTaq (10 µM) in binding 

buffer was first incubated at 55°C for 20 minutes and followed by heated at 95°C for 20 

minutes. The sample was cooled to room temperature and performed the experiment. 

For incorporation assay 

Unmodified primer (P3) (100 µM) was heated with the complementary ON (T7) (100.5 µM) 

in 1X KlenTaq binding buffer at 95°C for 3 minutes, then slowly cooled down to RT to form 

the primer-template duplex (P3*•T7). Samples containing FBFdUTP 3 (10µM), or FBFdUTP 

(10µM) with primer-template duplex (P3*•T7) (10µM) and KlenTaq (10µM) were heated at 

55°C for 20 minutes in binding buffer (contains 10% glycerol and 20% D2O) and cooled to 

RT. Further samples were subjected to an NMR experiment. 
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3.4.12 EMSA to determine binary complex formation 

For Fluorescence 

A 20 µL solution containing primer-template duplex samples (P2*•T7/P2•T7, 50 nM) with 

varying concentrations of KlenTaq/KOD (ranging from 0 to 2 µM) in 1X binding buffer 

(glycerol concentration was 0–1%), was incubated at 55 °C for 20 minutes. Following this, 10 

µL of native loading buffer (containing 50% sucrose, 10 mM Tris-HCl, 100 mM EDTA, 0.05% 

bromophenol blue, and adjusted to pH 8) was added to each sample, and 10 µL of each mixture 

was loaded onto a native 12% polyacrylamide gel. Electrophoresis was performed in EDTA-

free 1x TBE buffer supplemented with 5 mM MgCl2 at 4 °C. The gel was visualized using a 

Typhoon gel scanner with excitation at the FAM wavelength. This binding assay was 

conducted in duplicate. The DNA duplex and the enzyme-binary complex exhibited distinct 

mobilities on the gel. The intensity of the DNA bands at various KlenTaq/KOD concentrations 

was quantified using Fiji Image analysis software. A plot correlating the fraction of free DNA 

to the KlenTaq/KOD concentration was fitted to the Hill equation using Origin 8.5 to determine 

the dissociation constant (Kd). The Hill coefficient (n) fell within the range of 1.3 to 1.4, and 

the coefficient of determination (R2) was close to 1, indicating a strong correlation. 

For the NMR experiment 

A 100 µM solution of either 5'-FAM labeled primer P2 or 5'-FAM, 3'-BFdU-labeled primer 

P2* was subjected to annealing with a 100.5 µM template T7 in binding buffer was annealed 

as mentioned in the previous experiment to form the primer-template duplex(P2*•T7/P2•T7). 

Subsequently, samples containing primer-template duplex samples (P2*•T7/P2•T7, 10 µM) 

with varying concentrations of KlenTaq/KOD (5, 10 µM) were prepared in binding buffer (total 

volume 20 µL) and incubated at 55 °C for 20 minutes. After incubation, 10 µL of native loading 

buffer (containing 50% sucrose, 10 mM Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, 

and adjusted to pH 8) was added to each sample, and 5 µL the mixtures (33.3 pmol) was loaded 

into the 12% native PAGE and electrophoresed using the previous procedure. Gel images were 

taken at FAM wavelength using a Typhoon Gel scanner. 

3.4.13 Competitive displacement assay 

By fluorescence 

P3*•T7 duplex was prepared as mentioned above. A volume of 200 µL samples containing a 

binary complex of P3*•T7 (50 nM) and KlenTaq/KOD (1µM) with varying concentration 

unlabeled primer-template duplex (P3•T7, 0–1 µM) in the binding buffer was kept at 55 °C for 

15 minutes and subjected to a steady-state fluorescence experiment. Fluorescence was 
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measured by exciting at 330 nm with slit widths of 7 nm and 8 nm for excitation and emission 

respectively.  

By EMSA  

P2*•T7 and P2•T7 primer-template duplexes were made using the above-mentioned 

procedure. A sequence of binary complex samples comprising P2*•T7 duplex (50 nM) and 

either KlenTaq (1 µM) or KOD (1 µM) was subjected to titration with increasing 

concentrations of unlabeled primer-template duplex P3•T7 (0 –1 µM) in a binding buffer (10 

mM Tris-HCl, 50 mM KCl, 5 mM MgCl2, pH 7.9) of a final volume of 20 µL. Following a 20-

minute incubation at 55 °C, 10 µL of native loading buffer was added. The samples were then 

separated by loading onto a 12% native polyacrylamide gel (PAGE) and subjected to 

electrophoresis for 2.5 hours in 1X EDTA-free TBE buffer supplemented with 5 mM MgCl2 

at 4 °C. Gel was imaged by a Typhoon Gel scanner with excitation at the FAM wavelength. A 

parallel experiment was conducted using the primer-template duplex P2•T7. Binary complexes 

were formed with P2•T7 duplex (50 nM) and either KlenTaq (1 µM) or KOD (1 µM). The 

binding buffer was supplemented with escalating concentrations of the FBFdU-labeled primer-

template duplex P3*•T7 (ranging from 0 to 1 µM). EMSA was performed following the same 

procedure as described above. 

3.4.14 Competition reaction between modified nucleotides and dTTP 

P6•T8 duplex was prepared in 1X reaction buffer as the previously mentioned procedure. In 

each 20 µL reaction, 1.5 µM of P6•T8 duplex 150 µM of dNTP mixture containing dU*TP 

(BFdUTP, FBFdUTP, SedUTP)/dTTP in 1X reaction buffer and 3 nM of KlenTaq were added. 

The dTTP to dU*TP ratio varied from 0:1 to 1:0 (0/1, 1/50, 1/10, 1/5, 1/2, 1/1, 2/1, 5/1, 10/1, 

50/1, and 1/0). Reactions were performed at 55 °C for 40 minutes and followed by 130 µL of 

denaturing loading buffer (8.3 M urea in 10 mM Tris-HCl, 100 mM EDTA, 0.05% 

bromophenol blue, pH 8) was added and heat denatured at 95 °C for 5 minutes. 5 µL (1 pmol) 

of the samples were loaded onto a 20% denaturing PAGE and electrophoresed in 1X TBE 

buffer for 4 hours at 30W. Gel images at FAM emission wavelength were captured using a 

Typhoon gel scanner. Relative band intensity was determined using Fiji image analysis 

software. All experiments were performed in triplicate to ascertain standard deviation and 

average incorporation efficiency values. 

3.4.15 Crystallization and structure determination.  

The experimental setup for obtaining the ternary complex of KlenTaq with primer-template 

duplex and modified dNTPs was performed as mentioned in Chapter 2 (2.4.10). Using a molar 

ratio of 1:1.2:3:10, a mixture was prepared with KlenTaq, primer-template duplex, ddCTP, and 
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modified nucleotide (FBFdUTP/SedUTP) in the presence of 20 mM MgCl2, resulting in final 

concentrations of 6.3 mg/mL, 0.12 mM, 0.31 mM, and 1.03 mM, respectively. The crystals 

were grown using the hanging drop vapor diffusion method by mixing with the reservoir 

solution in different ratios.  

FBFdUTP. 

Diffraction-quality crystals with FBFdUTP were obtained in a drop composed of a 1:2 ratio of 

protein to the reservoir. Reservoir composition was 15% (w/v) PEG 3K, 20% (v/v) 1,2,4-

butanetriol, 1% (w/v) NDSB 256,0.3 M Li2SO4, 0.3M Na2SO4, and 0.3 M K2SO4.  

SedUTP. 

For crystals with SedUTP, the reservoir composition was 1M di-sodium tartrate, 50 mM Tris, 

pH 7.5, and 30 mM MgCl2. 

Data collection followed the protocol outlined in Chapter 2. Figures were generated using 

PyMOL, and for the alignment of structures in figures and calculation of RMSD values (after 

excluding outliers), the "align" command in PyMOL was utilized. 

3.4.16 PCR reaction using KlenTaq and KOD DNA polymerase 

The PCR mixture (50 µL) contained KOD/KlenTaq DNA polymerase (50 nM, 100 nM, 200 

nM), natural dNTPs (dATP, dGTP, and dCTP  200 µM), dU*TP (200 µM), primers 

PF(Forward primer) and PR (Reverse primer) (2 µM), a 98 -mer template Tpcr(template for 

PCR) in 1X Phusion buffer. After preheating at 95 °C for 3 min, 30 PCR cycles were run under 

the following conditions: denaturation for 1 min at 95 °C, annealing at 55 °C for 1 min, 

extension at 72 °C for 1.5 min, followed by final extension step 5 min at 75 °C. 2 µL of the 

PCR mixture was added with 3 µL of 6 X loading buffer and analyzed on 2 % agarose gel 

(EtBr stained) in 0.5 X TAE buffer. Images were taken using E-gel imager. 
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3.6 Appendix-II NMR and Mass spectra of synthesized compounds  

1H-NMR of FBFdUTP 3 (400 MHz, D2O), a trace amount of triethylammonium acetate 

buffer is present. 
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13C-NMR of FBFdUTP 3 (100 MHz, D2O), a trace amount of triethylammonium acetate 

buffer is present. 
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31P-NMR of FBFdUTP 3 (162 MHz, D2O)  

 
19F-NMR of FBFdUTP 3 (376.6 MHz, D2O)  
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HRMS spectrum of FBFdUTP 3 in negative mode. Calculated for C17H17FN2O15P3 [M-H]- = 600.9831, 

found [M-H]- = 600.9831 

 

 

 

 

ESI-MS spectra for FBFdU-labeled DNA ON products (A, B) P2* and (C) P3*. See Table 3 for details. 

ESI-MS spectra of (D) site-specifically labeled ON P2**.  
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Chapter 4 

Microenvironment-responsive fluorescent nucleotide probes serve as good 

substrates to investigate the activity of terminal deoxynucleotidyl transferase 

(TdT) 

 

4.1 Introduction 

Unlikely template-dependent DNA polymerases, TdT (terminal deoxynucleotidyl transferase) 

owns a unique ability to insert nucleotides at the 3′-end of a ssDNA in a template-independent 

manner.1-3 Due to this property and a wide range of substrate acceptability, it has been 

extensively utilized to synthesize functionalized oligonucleotides (ONs) for several 

biotechnological applications such as DNA nanotechnology4–6 and DNA-based data storage. 7-

10 TdT has been used in the enzymatic de novo synthesis of ONs, 11,12 where it manifests a 

rising alternative method for solid phase synthesis of ONs. In recent decades, applications of 

TdT in molecular biology,13–16 biosensing,17–22 and aptamer development have emerged 

extensively.23–25  

Apart from its biotechnological applications, TdT plays a pivotal role in developing 

vertebrates’ adaptive immune system by promoting antibody repertoire diversity by catalyzing 

the random addition of nucleotides at the N regions of T cell receptors and immunoglobulin 

molecules during the V(D)J recombination process.26-28 Generally, expression of TdT occurs 

during the development of B cells, ceasing before the expression of Ig light chains.27 

Overexpression of TdT in some cancer types causes mutagenesis, where it competes with pol 

µ DNA polymerase and shows error-prone nonhomologous end joining (NHEJ) pathway 

during the repair of double-strand breaks (DSB).28 Various clinical studies revealed that 

elevation of TdT expression is associated with several leukemia diseases (such as acute 

lymphocytic leukemia (ACL) and acute Myceloitic leukemia (AML)). It has gained interest as 

a potential biomarker and an important therapeutic target for leukemia diseases.29–32 Therefore, 

it is essential to understand the incorporation mechanism and effectively detect TdT activity to 

delve deeper into the possible pathological roles of TdT, its application in biosensing and for 

diagnosing TdT-related diseases. However, the traditional detection techniques to monitor the 

TdT activity rely on the immunoglobin assay and gel electrophoresis analysis of the 

incorporation of radiolabeled nucleotide by TdT.33–37 These methods are time-consuming, 
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depend on the stability of the antibodies, are expensive, use hazardous radioisotopes and cannot 

provide real-time data for quantification of the TdT activity. Nevertheless, in recent years, 

nanomaterial-based fluorescent methods have been developed for this purpose. Some of these 

methods focused on emphasizing enzyme-based nanomaterial-enhanced signal amplification, 

the process entails creating a sequence-specific DNA, utilizing this DNA as a template for 

synthesizing nanomaterials with fluorescent or electrochemical properties and measuring the 

resulting signals.38-41 On the other hand, some techniques involve the extended product 

formation by the TdT enzyme, which folds into a secondary structure and binds to the 

nanoparticles or a specific binder to collect a fluorescent signal. For example, G-quadruplexes 

can bind to thioflavin T and function as a peroxidase-analog42 or i-motifs that can form 

cyclometalated iridium (III) complexes, resulting in the amplified luminescent signal.43 

Another category involves nanosensors employing polymerization-directed exonuclease 

assistance in conjunction with quantum dots (QDs) for fluorescence resonance energy transfer 

(FRET).44,45 Despite their efficacy, these approaches exhibit significant drawbacks, including 

intricate chemical reactions required for nanomaterial synthesis, elevated expenses associated 

with labeled probes, and time-consuming procedures. Consequently, they fall short of fulfilling 

the requirements for easy analysis and clinical diagnosis. Hence, there is an urgent requirement 

for efficient methodologies that facilitate fast detection and quantification of TdT. Recently, 

fluorescent nucleobase probe systems have shown good promise for directly analyzing TdT 

activity.46 The Velema group utilized a FRET-based probe, namely a size-expanded 

deoxyadenosine, which displays selective incorporation by TdT over other polymerases and 

phosphatase enzymes and enables the detection of TdT activity in cellular conditions.46 

However, this size-expanded nucleotide exhibits a low incorporation rate and a longer time for 

detection of the TdT activity. Here, our idea is to establish a simple and efficient platform to 

understand the mechanism of TdT and implement a real-time fluorescence-based detection 

technique to monitor the TdT activity by harnessing the inherent responsiveness of the 

environment-sensitive nucleotide analogs. In this context, we sought to monitor the 

incorporation of the C5 heterocyclic-modified environment-sensitive nucleotide analogs 

(Figure 1). These analogs demonstrate good substrate efficacy for enzymatic incorporation by 

various DNA, RNA polymerases, and PUP transferase.47–51 Over the years, these responsive 

nucleotide analogs have been successfully employed as a biophysical toolbox to investigate the 

structural dynamics of several therapeutically relevant nucleic acid sequences and their 

interaction with small molecules and ligands in vitro and cellular conditions.52–54 Moreover, it 

has been utilized as an intelligent probe system to sense the microenvironment of the enzyme's 
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active site of template-dependent DNA polymerases, without compromising its processivity, 

enabling it to report the mechanistic events by monitoring changes in fluorescence signal 

(Chapter 2 and 3). Hence, incorporating these smart probes by TdT enzyme has several 

advantages: (i) systematic incorporation studies of these modified nucleotide analogs offer a 

comprehensive understanding of the mechanism of TdT enzyme and aid in the design of base-

modified nucleotide analogs for various applications, (ii) the modified nucleotides themselves 

detect the binding process involved in the enzymatic incorporation and generate live 

incorporation data through fluorescence signals, facilitating the establishment of a screening 

platform to identity inhibitors of TdT activity. 

Herein, we report the incorporation of a set of microenvironment-sensitive probes 

carrying different sizes of heterocyclic moiety at the C5 positions using TdT DNA polymerase 

(Figure 1).  The high conservation of TdT extends across vertebrate phyla, ranging from 

cartilaginous fish to birds and humans.55–61 Also, the human-TdT structures share similarities 

of almost 80.6% to the murine-TdT.57,60 For our purpose, we have expressed and purified 

murine TdT (PDB ID: 4I27). The murine TdT demonstrates comparable efficiency in accepting 

these modifications, predominantly yielding double-modification products. Further, we have 

synthesized a benzofuran-modified dideoxy nucleotide analog and investigated the 

incorporation of this analog by different primer initiators. A competition experiment with 

natural dideoxy thymidine nucleotides was conducted to elucidate the key interactions 

responsible for the TdT reactions. Finally, we report the use of an environment-sensitive 

fluorescent nucleotide (BFdUTP) to monitor the binding process involved during the 

enzymatic incorporation process. 

 

Figure 1.  Microenvironment-sensitive nucleotide analogs (1–5). 
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4.2 Result and discussions 

4.2.1 Modified nucleotide substrates (1–5) 

The ability of TdT to functionalize ssDNA was evaluated using microenvironment-responsive 

nucleotide analogs (1–5, Figure 1). As described in Chapter 2 and 3, these analogs are 

minimally perturbing and exhibit useful photophysical properties and 19F NMR signatures that 

helped in developing biophysical assays to probe nucleic acid structure and recognition. To 

study the acceptance of these modified nucleotides analog by TdT, we report a strategy for the 

synthesis of C5-benzofuran modified-2′,3′- dideoxy nucleotide (BFddUTP 5, Scheme 1) and 

the natural counterpart 2′,3′- dideoxy thymidine (ddTTP 6, Scheme 2). We have used these 

analogs in various biochemical assays to deduce the key interactions responsible for the 

template-independent incorporation. Specifically, we have chosen the BFddUTP analog, as it 

is more emissive than other heterocyclic modified analogs. 

 

Scheme 1. Schematic diagram for the synthesis of 5-benzofuran-2′,3′-dideoxyuridine triphosphate (5) 
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Scheme 2. Schematic diagram for the synthesis of 5-methyl-2′,3′-dideoxyuridine triphosphate (6) 

 

Table 1. ON Sequences used in TdT reaction and Fluorescence assays. 
 

ONs Sequence 

P1 

P2 
5 FAM-GGA GCT CAG CCT TCA CTG C 3 

5 FAM-GGA GCT CAG CCT TCA CTG CC 3 

P3 5 FAM-GGA GCT CAG CCT TCA CTG CT 3 

P4 5 FAM-GGA GCT CAG CCT TCA CTG CG 3  

P5 5 FAM-GGA GCT CAG CCT TCA CTG CA 3  

P6 5 FAM-GGA GCT CAG CCT TCA CTG CBFdU 3 

P3* 5 GGA GCT CAG CCT TCA CTG CT 3 

P4* 5 GGA GCT CAG CCT TCA CTG CG 3 

P6* 5 GGA GCT CAG CCT TCA CTG CBFdU 3  

P7 5 GGA GCT CAG CCT TCA CTG ddC 3 

 

ON primer P1 was used in tailing reactions. ONs P2, P3, P4, P5, and P6 were used in TdT reactions. 

P6 is 3'-BFdU-labeled primer P1. P3 and P4 were used for competition assay. P3* and P4* are without 

5'-FAM-labeled primers P3 and P4, respectively, and have been used for fluorescence assay. P6* is the 

3'-BFdU-labeled, without 5′-FAM-labeled primer P6. P7 is a 3'-ddC modified primer.  

4.2.2 Incorporation of modified deoxynucleotides by TdT 

We conducted a tailing reaction to assess the effectiveness of the modified nucleotides (1– 4) 

as substrates for TdT. The tailing reactions were carried out in a TdT reaction buffer 

supplemented with 0.25 mM of CoCl2, using a 5′-FAM-labeled single-stranded DNA (ssDNA) 

P1 in the presence 20 equivalent of either dTTP or the modified nucleotides (1– 4) at 37 °C 

(Figure 2A). Aliquots of a reaction were terminated by heating at 75 °C at different time points 

(15, 30 and 60 min), analyzed by 20% denaturing PAGE, and visualized by scanning at the 

FAM wavelength. After 60 minutes of the reaction time, the primer was almost consumed. TdT 

shows a processive incorporation mechanism in the presence of a natural dTTP substrate, 
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resulting in multiple modifications (Figure 2B, lanes 3–5). In contrast, in the presence of 

modified nucleotides (1–4), it exhibited distributive incorporation and led to the formation of 

majorly double modifications (Figure 2B, lanes 6–17). Notably, the formation of the double 

modification products depends on the size of the heterocyclic moiety attached to the uridine 

ring. Specifically, larger heterocyclic modifications BFdUTP 1, FBFdUTP  2 and BTdUTP 3 

show good substrate properties and largely gave doubly-modified products after 60 min of 

reaction time (Figure 2B, lanes 6–14). However, SedUTP 4 shows a lower percentage of double 

modifications and a higher amount of multiple incorporations (Figure 2B, lanes 15–17). The 

crystal structure of the pre-catalytic state of TdT DNA polymerase with ddTTP revealed that 

no significant amino acid residue directly interacts with the nucleobase side.63,64 However, the 

insertion of the L398 amino acid sidechain kinked the ssDNA. It disrupts the stacking 

interaction between the last base and the penultimate base. Further, due to the insertion of this 

amino acid residue, the incoming nucleotide gets stacked below the 3′-end base of the primer, 

and the C5 position of the pyrimidine base moves closer to the penultimate base (approx. 3.5Å). 

Also, it has been observed that the L398 amino acid residue plays an important role in the 

incorporation process, and mutations of the L398 with the alanine moiety significantly increase 

the polymerization rate of the enzyme.65 This observation raises the suspicion that the 

interaction between the 3′-end base of the primer and the incoming nucleotide plays a crucial 

role in the pre-catalytic step to make discrepancies observed in the tailing reaction. Further, 

once the modifications get incorporated at the 3′-end, the interaction between modifications at 

C5 positions and the second last base might control further elongation process (Figure 2C). 

The formation of the double modification product depends on the size of the heterocyclic 

moiety attached to the uridine ring. Specifically, BFdUTP 1, FBFdUTP  2 and BTdUTP 3 show 

good substrate properties and exclusively gave dual modifications. However, upon 

incorporation into the primer strand due to larger heterocyclic moiety, multiple modifications 

cannot accommodate in the enzyme pocket. On the other hand, SedUTP 4 shows a lower 

percentage of double modifications and a higher amount of multiple incorporations. Due to the 

smaller heterocyclic, multiple incorporated products can be well accommodated in the enzyme 

pocket.  
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Figure 2. (A) Schematic diagram for the tailing reaction by TdT (B) Incorporation of modified 

nucleotides (1– 4) using primer P1 (C) crystal structure of the precatalytic state of TdT (PDB:4I27). 

4.2.3 Incorporation of modified dideoxynucleotides depends on different initiator primers 

The last two nucleotides at the 3′-end of the primer affect the TdT incorporation process, and 

the end base could potentially interact with the incoming nucleotide through pi-stacking 

interactions (Figure 2C). To investigate the role of the terminal bases, present in the initiator 

strands in incorporating modified nucleotides, we conducted a tailing reaction using a set of 5′-

FAM-labeled primer strands (P2, P3, P4, P5, P6) terminated with various dinucleotides (CC/ 

CT/ CG/CA/ CBFdU). As a nucleotide, we have utilized BFddUTP 5, due to the lack of a 3′-

OH group, halts the elongation process and gives the single modified product exclusively, and 

TdT can process the dideoxynucleotides efficiently (Figure 3A). At different time points, 

reaction aliquots were heat-denatured and resolved by 20% polyacrylamide gel (Figure 3B, C). 

Quantifying the gel band corresponding to the labeled products shows that primers P4 and P5, 

terminated with purine bases, exhibit a higher incorporation rate. Even at 1 minute of reaction 

time, they produced more than 40% of the labeled product. Meanwhile, in 10 minutes, more 

than 75% of the product was formed. Specifically, the primer P4 containing guanine at the 3′-

end base shows maximum labeled product formation (approx. 90%). On the other hand, 

primers P2 and P3 bearing pyrimidine bases (CC/CT) at the 3′-end, demonstrated less product 

formation with a lower reaction rate. Notably, the primer ending with a thymine base P3 

showed better substrate efficacy and gave more than 60% product formation. The primer 

ending with a cytosine base P2 exhibited difficulty in accepting the nucleotide and yielded a 

maximum of 50% single-labeled product. Surprisingly, 3′-end BFdU-labeled primer P6 shows 
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a very poor rate of incorporation. Only 50% of the product formation occurs after 10 minutes 

of the reaction time (Figure 3D). Collectively, this data suggests that the pi-stacking 

interactions in the pre-catalytic steps between the 3′-end base of the primer and the incoming 

modified nucleotide (BFddUTP 5) control the rate of reactions. The purine bases offer a larger 

heterocyclic aromatic core for stacking interactions with the incoming nucleotides. Thus, it 

demonstrates a higher rate of incorporation and more product formation. On the other hand, 

due to the weaker base stacking interactions in pyrimidine bases, the overall rate of 

incorporation and the percentage of product formation are also lower compared to purine 

analog. 

However, considering the 3′-end BFdU-modified primer P6 (CBFdU), although it 

contains extended conjugated aromatic residues for stronger stacking interactions, it shows 

poor incorporation efficiency. The crystal structure of the pre-catalytic state revealed that the 

distance between the C5 methyl group of ddTMP at the 3′-end and the incoming nucleotide is 

only 4.5 Å away (Figure 2C).  We can hypothesize that due to the insertion of the L398 residues 

in between the last two bases of the primer strand, the stacking interaction between the bases 

gets hampered66 and also, heterocyclic modification or aromatic ring at the C5 position may 

cause steric clashes with the end base and the incoming nucleotide, which makes it difficult to 

accommodate in the enzyme pocket and hamper the stacking interactions. 

 

Figure 3. (A) Schematic illustrations of the incorporation of BFddUTP 5 in the presence of different 

initiators (P2, P3, P4, P5, and P6). (B, C) 20% PAGE analysis of the incorporation products. (D) Bar 

diagram of the percentage of modified products against time in the presence of different primers. 

 

4.2.4 Competition between natural and modified nucleotide incorporation 

To investigate the differences in the acceptance and incorporation efficiency of modified 

nucleotides compared to natural counterparts by TdT DNA polymerase, competitive nucleotide 
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incorporation studies using mixtures with different ratios of BFddUTP 5 and the natural analog 

ddTTP 6 have been conducted (Figure 4A). The experiments were carried out in the presence 

of the most efficient primer strand terminated with pyrimidine base P3 (3′-dT) and the most 

reactive primer strand terminated with purine bases P4 (3′-dG labeled). The ratio of unmodified 

versus modified nucleotide-incorporated products was analysed using 20% denaturing PAGE 

and visualized by scanning at FAM wavelength. The dideoxy nucleotides (5 and 6) efficiently 

halt the reaction at a single modification due to the lack of a 3′-OH and the 3′-BFddU labeled 

products migrate slower than the 3′-ddT labeled product in gel. The idea was to determine the 

relative ratio of the modified versus natural substrate required in order to achieve a 1:1 ratio of 

3′-end labeled products containing modified and natural nucleotides. Interestingly, when 

studying the tailing reaction with P3 terminating with a dT, we observed that TdT preferentially 

accepts the BFddUTP 5 than the natural ddTTP 6. It incorporates the modified analog equally 

to the unmodified nucleotide when a ∼7.5-fold excess of ddTTP was used (Figure 4C). 

Similarly, when the dG-modified primer P4 was extended, only ∼2.5-fold excess of ddTTP 

was required to exhibit equal incorporation efficiencies (Figure 4B). These results suggest that 

the benzofuran ring attached to the uridine base provides extra stability during the incorporation 

process by helping pi-stacking interaction with the end bases, reflecting its preferential 

incorporation over the natural analog (Figure 5A–D). In the case of the primer strand end with 

a pyrimidine base (P3), it provides lower extends of stacking interaction for the incoming 

nucleotides (Figure 5A, B). Thus, extra stability from BFddUTP analog, makes it much more 

selective than the natural one (approx. 7.5 times) (Figure 4C, 5B). Since the initiator strands 

end with a purine base (P4) and provide larger extents of stacking interactions for incoming 

nucleotides (Figure 5C, D), the extra stability from the heterocyclic ring of BFddUTP is not 

much dominated. TdT shows a lower selectivity for BFddUTP (approximately 2.5 times) over 

dTTP than the primer strand end with a pyrimidine base (Figure 4B, 5D). These data clearly 

suggest that in the first incorporation of modified nucleotides, the modified nucleotides show 

high incorporation efficiency due to the stacking interactions with the terminal bases. However, 

once the modified nucleotides are incorporated in the 3′-end, it demonstrates less substrate 

efficacy in accepting incoming nucleotides. It speculates the reason behind the low efficiency 

in incorporating the multiple C5-modified heterocyclic moiety. 

 To gain insight into the incorporation mechanism of TdT, we have tried to crystalize 

the ternary complex of the TdT with a primer (five consecutive dA residue (dA)5) and 

BFddUTP in the active site (Figure 6A)60,63. However, we were not able to get a ternary 
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complex of crystal structure. We obtained a high-resolution binary complex structure of TdT 

containing the primer only (resolution 1.9 Å, Figure 6B, C). 

 

 

Figure 4. (A) Illustrations of the competition reactions assay. (B) PAGE analysis of the competition 

experiment using TdT for BFddUTP and ddTTP and corresponding graphical readout for primer P4. 

(C) PAGE analysis and graphical readout for competition between BFddUTP and ddTTP for primer 

P3. The point of 50 % incorporation is indicated with a dashed line. All the data was collected in 

triplicates. 

 

 

Figure 5. (A) Crystal structure of the pre-catalytic state of TdT when ddTTP is present (PDB:4I27). 

Model structures for (B) the pre-catalytic state of modified nucleotide BFddUTP 5, (C) the precatalytic 

state when ddTTP stacked with primer end with dG and (D) BFddUTP in the active site when the end 

base is dG. The model structures were made in Pymol software, where the crystal structure of the 

precatalytic state of TdT (PDB:4I27) was used as a reference. 
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Figure 6. (A) Schematic illustrations of the crystallization set-up method for the BFddUTP-TdT-primer 

ternary complex (B) Crystal structure of the binary complex of TdT and primer (C) Close-view of the 

active-site. 

 

4.2.5 Insight into the binary complex formation by fluorescence 

Further, we explored whether the BFdU-labeled primer P6* can be used to sense the binding 

of ssDNA to the TdT enzyme (Figure 7A). For this purpose, primer P6* was incubated with 

varying concentrations of TdT for 30 min at 37°C. Fluorescence was recorded by exciting the 

sample at 330 nm. ssDNA exhibits a low intensity fluorescence band due to stacking 

interactions with the neighboring base, however, upon increasing TdT concentration, a dose-

dependent enhancement in fluorescence intensity was observed (Figure 7B). BFdU acts as a 

molecular rotor element due to the rotatable aryl-aryl single bond, which connects the 

heterocyclic rings with the uridine base.67–70 Also, we have reported that increases in the 

viscosity of the surroundings restrict the free rotation of this single bond, which leads to an 

increase in fluorescence intensity. It has been shown earlier that BFdU exhibits an enhancing 

and red shift in fluorescence upon an increase in micro-polarity. In Chapters 2 and 3, we have 

shown that once this modification enters the enzyme’s active sites, the free rotation of the single 

bond might get rigidified and show enhancement in fluorescence intensity. Notably, it has been 

reported that TdT binds the last three bases of the primer from the 3′-end to facilitate the 

elongation process, and our modification is also placed at the 3′-end. Therefore, these 

observations indicate that the enhancement in fluorescence intensity is due to the binding of 

the primer P6* with the TdT enzyme pocket, which led to the rigidification of the single bond 
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and minor changes in polarity. Upon fitting the normalized fluorescence changes to a Hill 

equation, we observed an apparent Kd of 0.34 ± 0.06 µM (Figure 7C). To validate that TdT is 

indeed binding to the BFdU-labeled ssDNA P6*, we titrated 5′-FAM, 3′-BFdU labeled DNA 

P6 and unmodified5′-FAM labeled primer P3 with TdT and monitored the binary complex 

formation using microscale thermophoresis (MST) assay at FAM wavelength. The MST 

measurements revealed the formation of the binary complexes, wherein BFdU-modified primer 

P6 (Kd = 1.07 µM) and natural primer P3 (Kd = 1.86 µM) exhibited almost similar binding 

affinities for TdT (Figure 8). This indicates that the modification does not hamper the binary 

complex formation. 

The next objective is to prove that the increase in fluorescence intensity results from 

the specific binding of BFdU in the ssDNA to the active site of the enzyme and not through a 

non-specific binding between the modification and TdT. As the BFdU is a thymidine analog, 

we conducted a competitive assay between a 3′-BFdU labeled primer P6* and a 3′-dT labeled 

primer P3*. A binary complex of TdT and primer P6* was titrated with increasing 

concentrations of the unlabeled primer end with thymidine base P3*, and changes in the 

fluorescence were recorded (Figure 9). A concentration-dependent decrease was observed upon 

increasing the unlabeled ssDNA P3*concentration. The results indicate that the unlabeled 

primer P3* competes with the BFdU-labeled DNA for binding into the catalytic active site of 

TdT. The decrease in fluorescence is due to the displacement of the modified DNA from the 

enzyme pocket by the unlabeled DNA. It is noted that the 20-fold concentration of the 

unlabeled ssDNA cannot completely displace the modified primer P6* from the enzyme 

pocket. This indicates that BFdU-labeled ssDNA binds more effectively to the active site than 

unlabeled DNA. 
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Figure 7. BFdU reports the binary complex formation by TdT (A) illustrations of the binary complex 

formation by fluorescence assay. (B) Fluorescence spectra for the primer P6* (50 nM) with increasing 

concentrations of TdT (0–2 µM). Samples were excited at 330 nm with excitation and emission slit 

widths of 7 nm and 8 nm, respectively. (C) Curve fits for the binding of the TdT. Normalized 

fluorescence intensity λem (430 nm) versus the concentration of the TdT was plotted. 

 

 

Figure 8. (A, B) The schematic diagram for the MST assay for 5′-FAM labeled unmodified and 3′-

BFdU modified primer, P3 and P6, respectively, with TdT. MST titration curve characterizing the 

interaction of TdT with natural primer (green color) and 3′-BFdU modified primer (cyan color). *We 



Chapter 4 

 

146 
 

want to acknowledge Prof. Souvik Maiti from Institute of Genomics and Integrative Biology, Delhi, for 

helping us with MST assay. 

 

 

Figure 9.  Fluorescence was employed in a competitive displacement assay. The BFdU-modified 

primer P6* (50 nM) exhibited minimal fluorescence (depicted by the black dashed line). A binary 

complex of P6* (50 nM) and TdT (1 µM) shows very high fluorescence (red line). The introduction of 

increasing amounts of unlabeled primer P3 led to the displacement of the complex, resulting in a gradual 

reduction in fluorescence (illustrated by the solid lines). 

 

4.2.6 Detection of TdT activity by fluorescence  

To achieve fluorescence detection of TdT activity, we utilized a microenvironment-sensitive 

dideoxy fluorescent nucleotide analog (BFddUTP 5) (Figure 10A). We focused on 

incorporating BFddUTP, as it is well recognized by TdT, and TdT can process this nucleotide 

even at very low concentrations. Due to the absence of the 3′-OH group, it extensively provides 

a single-modified product. The BFddUTP 5 (100 nM) was incubated with an unlabelled primer 

P4* (terminating with dG, see Table 1) in the presence of varying concentrations of TdT in a 

reaction buffer at 37 °C. Samples were excited at 330 nm and fluorescence measurements were 

conducted at the emission maximum of BFddUTP 5 (447nm) and were measured every 10 

seconds for 10 minutes. With increasing concentrations of TdT, the rate of decrease in 

fluorescence intensity increases (Figure 10B). Furthermore, the overall fluorescence decreased 

after 10 minutes (Figure 10C) and the steepness of the curves exhibited TdT concentration 

dependence (Figure 10B). Upon incorporation in the primer strand, a decrease in fluorescence 

emission was observed, which signifies the stacking interaction with the neighboring base 

(Figure 10C). Further, we have calculated the rate of incorporation for each enzyme 
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concentration by fitting it into the pseudo-first-order reaction kinetics. A plot of Kobs (sec-1) 

versus TdT concentrations (nM) gives a gradual increase in the rate of reaction with increasing 

enzyme concentration (Figure 10D, E). Notably, the fluorescence did not decrease in the 

absence of TdT (depicted by the black line in Figure 10B, D and the black dotted line in Figure 

10C). Further, to prove that the change in fluorescence is indeed happening due to the 

incorporation, we have performed an incorporation assay in the presence of 3′-dideoxycytidine 

modified oligonucleotide P7. Due to the absence of the 3′-OH group at the primer end, it is not 

able to incorporate modified nucleotide thus no change in fluorescence is observed (Figure 10B 

red line and Figure 10C red line).  

 

Figure 10. Tailing reaction by TdT (A) Schematic representation of TdT reaction in the presence of 

BFddUTP 5 (B) detection of TdT activity with BFddUTP 5 with varying concentrations of TdT (0–200 
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nM) were incubated with 100 nM of the BFddUTP 5 and 200 nM of primer P4* at 37 °C and the 

fluorescence at 447 nm was measured every 10 seconds for 10 minutes, using 330 nm as excitation 

wavelength. Excitation and emission slit widths were 7 and 8 nm, respectively. (C) Corresponding 

fluorescence spectra illustrate the decrease in fluorescence intensity of BFddUTP  5 (100 nM) with 

increasing TdT concentration (0–200 nM) when the P4* primer (200 nM) is present. Control 

experiments demonstrate minimal changes in fluorescence intensity when BFddUTP 5 (100 nM) alone 

or P7 primer (P7 contained a ddC at the 3'-end) and BFddUTP (100 nM) are present does not exhibit a 

reduction in fluorescence intensity. (D) The rate constant (kobs) and the initial points till 150 seconds 

were taken and fitted into a pseudo-first-order kinetics equation. (E) A graphical representation of the 

increase in the rate constant with an increase in TdT concentration.  

 

4.2.7 Monitoring the competition with ddTTP by fluorescence 

To confirm that our detection system can report the inhibition or termination in the enzymatic 

incorporation process, we performed a competition assay in the presence of ddTTP 6 (Figure 

11A). Dideoxy nucleotides are suitable substrates for TdT incorporation, and they also stop the 

polymerization process as they lack the 3′-OH group. Therefore, the incorporation of ddTTP 

will prevent the tailing reaction and the rate of decrease in fluorescence should be significantly 

lower than when the modified nucleotide BFddUTP is used alone. To check the efficacy of the 

detection system to report the competition assay, samples containing BFddUTP (100 nM) and 

TdT (100 nM) were incubated with increasing concentrations of the (0–50 equiv.) ddTTP at 37 

°C. Reactions were monitored at 447 nm wavelength every 10 seconds for 10 minutes. With 

the increasing equivalent of the ddTTP, the rate of change in the fluorescence intensity 

substantially diminished (Figure 11B, C). Titration of the ddTTP resulted in the recovery of 

the fluoresce intensity from the quenched state. Since it has been proven previously that the 

decreased fluorescence intensity is due to the pi-stacking interactions between BFddUTP and 

the neighboring base, the observed recovery in the fluorescence intensity indicates the direct 

competition of ddTTP over BFddUTP. Notably, a 50-fold ddTTP concentration was 

insufficient to recover the fluorescence, implying that BFddUTP is a better substrate than 

ddTTP. As we observed previously in the competition assay (section 4.2.4), the BFddUTP gets 

incorporates efficiently than the natural analogs, almost 2.5 times more due to extra stacking 

interaction. Thus, we can conclude that the real-time fluorescence data correlates with the 

incorporation profile as we observed by biochemical assay. 
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Figure 11. (A) Competition experiments with ddTTP 6. (B) TdT (100 nM) was added to a mixture of 

BFddUTP 5 (100 nM) and varying concentrations of ddTTP (0–5 μM) and primer P4*(200 nM).  

Reactions were monitored at 37 °C for 10 minutes. Subsequently, the fluorescence at 447 nm was 

measured every 10 seconds for 10 minutes. (C) corresponding fluorescence spectra for each ddTTP 6 

concentration. 

 

4.3 Conclusion 

We have introduced useful microenvironment-sensitive nucleotide probes carrying different 

sizes of heterocyclic moiety, namely BFdUTP, FBFdUTP, BTdUTP and SedUTP, at the 3′-

end of the ssDNA by utilizing terminal deoxynucleotide transferases (TdT). Larger 

heterocyclic modifications BFdUTP, BTdUTP, and FBFdUTP result in higher efficiency in 

distributive incorporation compared to the smaller heterocyclic modification SedUTP or 

natural thymidine analog. We hypothesized that stacking interaction between the incoming 

nucleotides with the terminal base of the primer in the pre-catalytic step is responsible for the 

discrepancies in the TdT activity. To elucidate the key interaction, we used benzofuran-

modified-2′,3′-dideoxyuridine triphosphate (BFddUTP) and 2′,3′-dideoxy thymidine 

triphosphate (ddTTP) and compared their incorporation by TdT DNA polymerase. These 

dideoxy-modified nucleotides are suitable substrates for the TdT DNA polymerase and 

terminate the extension process at a single nucleotide-labeled product. We performed an 

incorporation reaction in the presence of primer strands terminated with either purine or 

pyrimidine bases. It was found that the purine bases (dG and dA) exhibit higher incorporation 

efficiency than pyrimidine analogs (dC and dT). Similarly, when we performed a competition 

reaction between the BFddUTP and ddTTP, it was observed that the BFddUTP exhibits a high 
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incorporation efficiency compared to the natural substrate. These observations align with the 

enhanced stacking interaction between the incoming nucleotide analog and the 3′-end 

nucleobase of the primer in the pre-catalytic state. Further, we have utilized the 3′- BFdU-

labeled ssDNA to monitor the binary complex formation with the TdT enzyme by fluorescence 

and calculated the apparent dissociation constant in solution. We also describe the development 

of an assay to monitor the TdT activity using BFddUTP by fluorescence. Finally, the strategy 

of monitoring competition between BFddUTP and ddTTP will help in the set up of an assay 

for a therapeutic screening platform to find potential small molecule inhibitors of TdT DNA 

polymerases. 

4.4 Experimental sections 

4.4.1 Materials 

5-methyl uridine and uridine were purchased from TCI chemicals. Bis (triphenylphosphine)-

palladium (II) chloride, butyllithium, and tributyltin chloride were purchased from Sigma 

Aldrich.  DNA templates were purified by denaturing (PAGE) and desalted using Sep-Pak 

Classic C18 cartridges (Waters Corporation). dNTPs were purchased from Thermo Fischer 

Scientific.   

4.4.2. Instrumentation 

NMR spectra were recorded on Bruker Ultrashield 400 MHz WB Plus spectrometers. Mass 

measurements were conducted using a Water Synapt G2 High Definition mass spectrometer. 

HPLC analysis was done using Agilent Technologies 1260 Infinity HPLC. Reverse-phase flash 

chromatographic (C18 RediSepRf column) purifications of nucleotides were carried out using 

Teledyne ISCO Combi Flash Rf. ESI-MS analysis of DNA ONs was performed using a Water 

Synapt G-Si Mass spectrometry instrument in negative mode. DNA and nucleotides were 

quantified by measuring absorbance in Shimadzu UV-2600 or NanoDropTM 2000c 

spectrophotometer.  Fluorescent DNA ONs were resolved by PAGE on an OWL S4S 

sequencing gel electrophoresis instrument and were imaged using Typhoon FLA 9500 Variable 

mode imager. Steady-state fluorescence spectra were recorded using a micro-fluorescence 

cuvette (Hellma, path length 1.0 cm) on a Horiba Fluoromax-4 spectrophotometer. 

4.4.3 Synthesis of 5-benzofuran-2′,3′ -dideoxyuridine triphosphate (5)  

Synthesis of 3′,5′ -Di-O-acetyl-2′ –bromouridine (5a) 

Uridine (1 g, 4.0 mmol) was dissolved in anhydrous acetonitrile (20 mL) and heated at reflux 

for 20 minutes. Acetyl bromide (4.2 g, 34.8 mmol) was added to this mixture dropwise and 
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refluxed for 0.5 h. The solution was then cooled at room temperature and concentrated in vacuo 

till it a yellowish oily product. The resulting compound was dissolved in DCM (20 mL) and 

washed with water (3 X 10 mL). The organic layer was collected and dried over Na2SO4. The 

product was concentrated and purified by column chromatography to yield yellow powder (1.2 

g, 3.0 mmol, 75 %). TLC (100 % ETAC) Rf: 0.76; 1H-NMR (400 MHz, d6-DMSO): δ (ppm) 

11.53 (s, 1H), 7.67 (d, J = 8.0 Hz, 1H), 6.13 (d, J = 7.2 Hz, 1H), 5.76 (dd, J = 8 Hz, 2.4 Hz, 

1H), 5.23 (dd, J = 6 Hz, 3.6 Hz, 1H), 4.99 (dd, J = 7.6 Hz, 6 Hz, 1H), 4.25–4.33 (m, 3H), 2.14 

(s, 3H), 2.07 (s, 3H); 13C NMR (100 MHz, d6-DMSO): δ (ppm)170.1, 169.3, 162.8, 150.5, 

140.1, 102.9, 88.8, 79.7, 62.8, 47.5, 20.5; HRMS: m/z calculated for C13H15N2O7Br 

[M+H]+=391.0141, found [M+H]+ = 391.0141. 

Synthesis of 5′ -O-Acetyl-2′,3′ -didehydro-2′, 3′ –dideoxyuridine (5b) 

A solution of compound 5a (5 g, 12.8 mmol), freshly activated Zn powder (6.3 g, 95.8 mmol), 

NH4Cl (5.1 g, 95.8 mmol) in anhydrous Acetonitrile was heated at 50 °C for 45 min. reaction 

progress was monitored by TLC. After completion of the reaction, the reaction mixture was 

filtered through a celite pad and evaporated at reduced pressure. Further, the product was 

purified by column chromatography to get a solid white powder (1.8 g, 7.1 mmol, 55%). TLC 

(100 % ETAC) Rf: 0.44; 1H-NMR (400 MHz, d6-DMSO): δ (ppm) 11.37 (s, 1H), 7.45 (d, J = 

8.0 Hz, 1H), 6.80–6.82 (m, 1H), 6.42 (dt, J = 6 Hz, 2 Hz, 1H), 6.00 (dt, J= 6 Hz, 1.6 Hz, 1H), 

5.66 (d, 1H, J=8 Hz), 4.97– 4.99 (m, 1H), 4.18 (d, J = 3.6 Hz, 1H), 2.01 (s, 3H). 13C NMR (100 

MHz, d6-DMSO): 170.8,163.8, 150.9, 140.9, 102, 85.7, 78.4, 65.7, 31.3, 26, 21; HRMS: m/z 

calculated for C11 H12N2O5 [M-H]- =251.0673, found [M-H]- =251.0672. 

Synthesis of 5′ -O-Acetyl-2′ ,3′, -dideoxyuridine (5c) 

Compound 5b (900 mg, 3.6 mmol) was dissolved in anhydrous methanol (15 mL) and 

hydrogenated in the presence of a catalyst (100 mg) (wet 10% palladium on carbon). The 

reaction mixture was stirred for 2 h at room temperature. After that, the catalyst was removed 

by filtration, and the filtrate was concentrated at reduced pressure. Compound 4 was obtained 

after column chromatography (800 mg, 3.1mmol, 87 %). TLC (100 % ETAC) Rf: 0.44; 

1H-NMR (400 MHz, d6-DMSO): δ (ppm) 11.37 (s, 1H), 7.45 (d, J = 8.0 Hz, 1H), 6.80–6.82 

(m, 1H), 6.42 (dt, J = 6 Hz, 2 Hz, 1H), 6.00 (dt, J= 6 Hz, 1.6 Hz, 1H), 5.66 (d, 1H, J=8 Hz), 

4.97– 4.99 (m, 1H), 4.18 (d, J = 3.6 Hz, 1H), 2.01 (s, 3H). 13C NMR (100 MHz, d6-DMSO): 

170.7,163.7,150.9, 140.9,102, 85.7, 78.4, 65.4, 31.3, 26, 21.1. HRMS: m/z calculated for C11 

H14N2O5 [M-H]- =253.0830, found [M-H]- = 253.0822.  
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Synthesis of 5′ -O-Acetyl-5-iodo-2′ ,3′, -dideoxyuridine (5d)   

ICl (2.10 gm, 12.9 mmol, 3.3 equiv) and compound 5c (1.0 gm, 3.9 mmol, 1 equiv) were 

dissolved in anhydrous DCM and heated to reflux for 2 h and then cooled to room temperature. 

To reduce the excess amount of ICl, a minimum quantity of 2% NaHSO3 aqueous solution was 

added. The organic phase was collected and washed with distilled water (3 x 50 mL) and dried 

over Na2SO4. The organic phase was evaporated, and further purification was performed by 

column chromatography to get the desired product compound 5d (3.17 gm, 8.4 mmol, 65 % of 

yield). TLC (100 % ETAC) Rf: 0.44; 1H NMR (400 MHz, DMSO-d6) δ 11.68 (s, 1H), 8.00 (s, 

1H), 5.90 (dd, J = 7.0, 3.8 Hz, 1H), 4.22– 4.25 (m, 3H), 2.30 – 2.27 (m, 1H), 2.13 (s, 3H), 2.10 

– 2.05 (m, 1H), 1.99– 1.95 (m, 1H), 1.83– 1.76 (m, 1H). 13C NMR (100 MHz, d6-DMSO):  

170.3, 160.6, 150.1, 144.5, 86, 78.4, 69.2, 64.5, 31.4, 25, 21; HRMS: m/z calculated for 

C11H13IN2O5 [M-H]- = 378.9796, found [M-H]- = 378.9851 

Synthesis of 5′ -O-Acetyl-5-benzofuran-2′ ,3′, -dideoxyuridine (5e)   

Dry dioxane (25 mL) was taken in a round bottom flask and degassed for 20 min in the presence 

of nitrogen. Compound 5d (1 gm, 2.6 mmol, 1 equiv) was suspended into dry dioxane and 

followed by palladium catalyst Pd(PPh3)2 Cl2 (93 mg, 0.13 mmol, 0.05 equiv) was added in N2 

atmosphere. Into that solution, stanylated Benzofuran (2.71 g, 6.7 mmol, 2.5 equiv) was added 

and refluxed for 2 h at 90 °C. After the reaction was completed, the reaction mixture was 

evaporated and resuspended into MeOH. The product was precipitated along with a fluorescent 

impurity upon resuspension in MeOH. So, the product was further purified by column 

chromatography to get a white solid powder compound 6 (amount: 635 mg, 67 % of yield). 

TLC (MeOH: DCM 5:95) Rf:0.64; 1H-NMR (400 MHz, d6-DMSO): δ (ppm) 8.25 (s, 1H), 7.64 

(d, J = 4.0 Hz, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.37 (s, 1H), 7.29 (t, J = 8.0 Hz 1H), 7.23 (t, J = 

8.0 Hz 1H), 6.02 (dd, J = 4 Hz, 2.8 Hz, 1H), 4.39– 4.35 (m, 1H), 4.34– 4.32 (m, 1H), 2.44– 

2.35 (m, 1H), 2.21–2.14(m, 1H), 2.03 (s, 3H), 1.89–1.80 (m, 1H). 13C NMR (100 MHz, d6-

DMSO): δ(ppm) 175.5, 165.6, 158.1, 154.5, 154.2, 141.3, 134, 129.7, 128.3, 126.3, 115.7, 

109.4, 100, 91.8, 83.8, 69.9, 37, 30.4, 25.7.  HRMS: m/z calculated for C19 H17N2O6 [M-H]- 

=369.3535, found [M-H]- = 369.1075. 

Synthesis of 5-benzofuran-2′, 3′, -dideoxyuridine (5f)   

Compound 5e (230 mg, 0.63 mmol) and sodium methoxide (400 mg, 9.42 mmol) were 

dissolved in a solution of dry MeOH: DCM (1:1) (15 mL) and the mixture was stirred for 2.5 

hours at room temperature. The progress of the reaction was monitored by TLC (5% MeOH: 

DCM). The reaction was quenched by adding Amberlite IRN-120 H+ resin, and the resulting 



Chapter 4 

 

153 
 

mixture was filtered using a Whatman filter paper. The organic phase was then dried over 

Na2SO4 and evaporated to dryness. The compound was purified through column 

chromatography, yielding a white solid powder (153 mg, 75% yield). TLC (MeOH: DCM 5:95) 

Rf: 0.54; 1H-NMR (400 MHz, d6-DMSO): δ (ppm) 11.71 (s, 1H), 8.88 (s, 1H), 7.62 (d, J = 7.6 

Hz, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.32 (s, 1H), 7.29 (t, J = 6.8 Hz 1H), 7.23 (t, J = 7.2 Hz, 1H), 

6.05 (dd, J = 6 Hz, 2.4 Hz, 1H), 5.26 (t, J = 4.8 Hz, 1H), 4.17– 4.12 (m, 1H), 3.88 (td, J = 10.6 

Hz, 4.4 Hz, 1H), 3.67 (td, J = 12 Hz, 3.6 Hz, 1H), 2.41– 2.31 (m, 1H), 2.15–2.11(m, 1H), 1.97–

1.90 (m, 2H). 13C NMR (100 MHz, d6-DMSO): δ(ppm)160.4, 153,149.3, 137.4, 

128.8,124.1,123,120.9,110.8,103.9,103.5,86.2,82.4, 61.4,32.7,24.2. HRMS: m/z calculated for 

C19 H17N2O6 [M-H]- =327.3165, found [M-H]- = 327.0970 

Synthesis of 5-benzofuran-2′ ,3′, -dideoxyuridine triphosphate (5)   

The nucleotide analog 5 was synthesized using the procedure as mentioned in Chapter 2 

(section 2.4.3) from Compound 5f (70 mg, 0.21 mmol, 1 equiv.). Yield (32 mg, 26%). 1H-NMR 

(400 MHz, D2O): δ (ppm) 7.85 (s, 1H), 7.44 (s, 1H), 7.42 (s, 1H), 7.20 (t, J = 7.2 Hz ,1H), 7.1(t, 

J = 7.2 Hz ,1H), 7.03 (s, 1H), 5.85– 5.83 (m, 1H), 4.32–4.28 (m, 1H), 4.20–4.15 (m, 1H), 4.05–

3.99 (m, 1H), 2.88–2.80 (m, 1H), 2.40–2.33 (m, 1H), 2.12–2.05 (m, 2H); 13C NMR (100 MHz, 

D2O): δ (ppm) 180.8,161.6, 153.2,150.1,147.8, 136.6, 128.9, 125, 123.2, 121, 111.2, 105.6, 

104.8, 86.9, 67.6, 30.7, 25.6; 31P NMR (162 MHz, D2O): δ (ppm) -10.65 (br, Pα ) -11.32(d, J = 

17.82, Pγ), -23.16 (br, Pβ); HRMS: m/z calculated for C17H18N2O14P3 [M-H]- = 567.2528, found 

[M-H]- =566.9977. 

Synthesis of 3′ ,5′ -Di-O-acetyl-2′ –bromo 5 methyluridine (6a) 

5-methyl uridine (1 g, 4.0 mmol) was dissolved in anhydrous acetonitrile (20 mL) and heated 

at reflux for 20 minutes. Acetyl bromide (4.2 g, 34.8 mmol) was added to this mixture dropwise 

and refluxed for 0.5 h. The solution was then cooled at room temperature and concentrated in 

vacuo till it was a yellowish oily product. The resulting compound was dissolved in DCM (20 

mL) and washed with water (3 x 10 mL). The organic layer was collected and dried over 

Na2SO4. The product was concentrated and purified by column chromatography to yield yellow 

powder (1.2 g, 3.0 mmol, 75 %). TLC (100 % EtOAc) Rf: 0.76; 1H-NMR (400 MHz, d6-

DMSO): δ (ppm) 11.53 (s, 1H), 7.52 (d, J = 1.2 Hz, 1H), 6.13 (d, J = 8 Hz, 1H), 5.25– 5.27 (m, 

1H), 4.96 –  4.99 (m, 1H), 4.26 – 4.32 (m, 3H), 2.14 (s, 3H), 2.08 (s, 3H), 1.80 (s, 3H). 13C 

NMR (100MHz, d6-DMSO): δ(ppm) 170.7, 169.8, 164, 151.1, 135.8, 111.1, 88.7, 80.1, 71.7, 

63.4, 47.6, 21, 12.6; HRMS: m/z calculated for C14H17N2O7Br [M+H] + = 405.0292, found 

[M+H] + =405.0298. 
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Synthesis of 5′ -O-Acetyl-2′, 3′, didehydro-2′, 3′ – dideoxy-5-methyluridine (6b) 

A solution of compound 6a (3.5 g, 8.6 mmol), freshly activated Zn powder (3.5 g, 65 mmol), 

NH4Cl (4.2 g, 65 mmol) in anhydrous Acetonitrile (25 mL) was heated at 50 °C for 45 min. 

reaction progress was monitored by TLC. After completion of the reaction, the reaction mixture 

was filtered through a celite pad and evaporated at reduced pressure. Further, the product was 

purified by column chromatography to get a solid white powder (1.1 g, 3.8 mmol, 45%). TLC 

(100 % ETAC) Rf: 0.60; 1H-NMR (400 MHz, d6-DMSO): δ (ppm) 11.38 (s, 1H), 7.26 (d, J = 

1.2 Hz, 1H), 6.80–6.81(m, 1H), 6.40 (dt, J = 6 Hz, 2 Hz, 1H), 5.99– 6.02 (m, 1H), 4.95– 4.99 

(m, 1H), 4.16 –4.25 (m, 1H), 2.02 (s, 3H), 1.77 (s, 3H). 13C NMR (100 MHz, d6-DMSO):  

170.6, 164.2, 151.2, 136.3, 134.1, 127.1, 110, 89.7, 84.1, 65, 21.1, 12.6. HRMS: m/z calculated 

for C12H14N2O5 [M-H]- =265.0829, found [M-H]- = 265.0826.  

Synthesis of 2′ ,3′, didehydro-2′, 3′– dideoxy-5-methyluridine (6c) 

Compound 6b (250 mg, 0.94 mmol) and sodium methoxide (400 mg, 9.42 mmol) were 

dissolved in a solution of dry MeOH: DCM (1:1) (15 mL), and the mixture was stirred for 2.5 

hours at room temperature. The progress of the reaction was monitored by TLC (5% MeOH: 

DCM). The reaction was quenched by adding Amberlite IRN-120 H+ resin, and the resulting 

mixture was filtered using a Whatman filter paper. The organic phase was then dried over 

Na2SO4 and evaporated to dryness. The compound was purified through column 

chromatography, yielding a white solid powder (143 mg, 75% yield). TLC (MeOH: DCM 5:95) 

Rf :0.44; 1H NMR (400 MHz, d6-DMSO): δ (ppm) 11.29 (s, 1H), 7.64 (d, J = 1.3 Hz, 1H), 6.82 

(dt, J = 3.3, 1.7 Hz, 1H), 6.39 (dt, J = 6.0, 1.7 Hz, 1H), 5.91 (ddd, J = 6.0, 2.4, 1.4 Hz, 1H), 

5.01 (t, J = 5.3 Hz, 1H), 4.84 – 4.66 (m, 1H), 3.60 (dd, J = 5.3, 3.4 Hz, 2H), 2.50 (s, 1H), 1.72 

(s, 3H). 13C NMR (100 MHz, d6-DMSO):164.3, 151.2, 137.2, 135.4, 126.4, 109.4, 89.3, 87.8, 

62.7, 12.6. HRMS: m/z calculated for C10H12N2O4 [M+H]+=225.0870, found [M+H]+= 

225.0877 

Synthesis of 2′, 3′ –dideoxy-5-methyluridine (6d) 

Compound 6c (900 mg, 3.6 mmol) was dissolved in 15 mL of anhydrous methanol and 

subjected to hydrogenation in the presence of a catalyst (100 mg) (wet 10% palladium on 

carbon). The reaction mixture was stirred at room temperature for 2 hours. Subsequently, the 

catalyst was removed by filtration, and the filtrate was concentrated under reduced pressure. 

Compound 4 was purified by column chromatography (800 mg, 3.1 mmol, 87 %). TLC (100 

% ETAC) Rf : 0.44; 1H NMR (400 MHz, d6-DMSO) δ 7.79 (s, 1H), 5.96 (dd, J = 6.4, 3.6 Hz, 

1H), 4.00 (d, J = 12.9 Hz, 1H), 3.67 (d, J = 11.8 Hz, 1H), 3.53 (d, J = 8.3 Hz, 1H), 2.31 – 2.17 

(m, 1H), 2.00–1.81 (m, 5H), 1.77 (s, 3H). 13C NMR (100 MHz, d6-DMSO): 163.9,150.5,136.4, 
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108.8, 84.8, 81.3, 62.2, 31.6, 25, 12.3 HRMS: m/z calculated for C10H14N2O4 

[M+H]+=227.1032, found [M+H]+= 227.1070. 

Synthesis of 2′, 3′ –dideoxy-5-methyluridine triphosphate (6) 

The nucleotide analog 6 was synthesized by a similar procedure as mentioned earlier (Chapter 

2, section 2.4.3) using compound 6d (50 mg, 0.22 mmol, 1 equiv.). we obtained desired product 

6 as a triethylammonium salt. (30 mg, 26%). 1H-NMR (400 MHz, D2O): δ (ppm) 7.60 (s, 1H), 

5.96 (dd, J = 6.4, 3.6 Hz, 1H), 4.20 (br, 1H), 4.11– 4.09 (m, 1H), 3.99– 3.95 (m, 1H), 2.00– 

1.94 (m, 2H), 1.76 (s, 3H), 1.74 (s, 2H); 13C NMR (100 MHz, D2O): 166.7, 137.7, 111.2, 86, 

80.2, 66.9, 31, 24.9, 11.6; 31P NMR (162 MHz, D2O): δ (ppm) -10.94 (d, J = 17.82 Hz, Pα), -

11.48 (d, J = 21.06 Hz, Pγ), -23.4 (d, J=17.82 Hz, Pβ); HRMS: m/z calculated for C10H16N2O13P3 

[M-H]- = 464.9871, found [M-H]- =464.9862. 

4.4.4 Solid-phase synthesis of BFdU-modified oligonucleotides 

BFdU-modified phosphoramidite was synthesized following a previously reported 

procedure.53 3′-BFdU modified oligonucleotides (P3* and P6*) were synthesized as mentioned 

in Chapter 3 (section 3.4.4). The purity and integrity of the ONs were assessed through 

reversed-phase high-performance liquid chromatography (RP-HPLC) and electrospray 

ionization mass spectrometry (ESI-MS), respectively (see appendix-III). 

4.4.5 Expression and purification of TdT enzyme 

Terminal deoxynucleotidyl transferase was cloned into an expression plasmid pET-MCN and 

transformed into BL21-DE3 E. coli competent cells. The suspension culture was grown 

overnight with Luria Bertani medium containing 50µg/ml of antibiotic Kanamycin sulfate at 

37°C with 200 rpm shaking. The primary culture was diluted to O.D.600=0.2 in a 3 L secondary 

culture. The cells were grown at 37°C with 200 rpm shaking till the O.D.600 reached 0.4-0.5. 

The culture was incubated at room temperature (RT) for 45 minutes without shaking. The 

culture was pre-cooled for 45 minutes at 16°C with 200 rpm shaking. 1mM IPTG was added 

to the culture flasks and incubated overnight at 16°C with 200 rpm shaking. The cells were 

harvested after overnight incubation using a fixed-angle centrifuge at 11,000 rpm for 15 

minutes. All steps involved in the protein purification were performed at 4°C. The pellets 

harvested were resuspended with lysis buffer (50 mM Tris–HCl pH 8, 500 mM NaCl, 5 mM 

imidazole) (buffer A). Followed by lysozyme (0.5 mg/mL) and PMSF (1mM) were added and 

the pellet suspension was kept in ice for 15 minutes and then sonicated. The lysate was 

centrifuged at 4°C, 15000rpm for 30 minutes and filtered using a 0.45 µm filter. The lysate was 

subjected to Ni-NTA column purification (5mL His Trap HP, GE Healthcare). The protein was 

eluted with an elution buffer of pH 8 (50 mM Tris–HCl pH 8, 500 mM NaCl, and 500 mM 
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imidazole) (buffer B). Protein was eluted using a stepwise gradient of the elution buffer (5%, 

10%, 15%, 20%, 25%, 30%, 50% and 100% of buffer B) with a flow rate of 5mL/min.  The 

protein fractions showing purity were pooled and concentrated to 1ml volume using an Amicon 

Ultra10K filter and centrifugal concentrator (Membrane: 10,000 MWCO). The concentrated 

fractions were exchanged with storage buffer (100 mM NaCl, 200 mM K2HPO4, 5 mM DTT, 

pH 7.4). The samples were then loaded on an SEC 650 size-exclusion column (ENrich™ SEC 

650 10 x 300 Column) pre-incubated with the storage buffer (100 mM NaCl, 200 mM K2HPO4, 

5 mM DTT, pH 7.4) and purified using an isocratic method with a flow rate of 1mL/min. The 

fractions corresponding to the peak observed at 280 nm, were checked on 12% SDS PAGE gel. 

The purest fractions were collected and concentrated and stored in the storage buffer (100 mM 

NaCl, 200 mM K2HPO4, 5 mM DTT, pH 7.4) containing 50% glycerol at -20°C. 

4.4.6 TdT reactions with natural and modified nucleotides (1–4) 

Tailing reactions were performed in the presence of a 5′- FAM labeled 19-nt primer P1. 

Reactions mixtures (total volume 20 µL) were prepared in 1X TdT reaction buffer (50 mM 

KOAc, 20 mM Tris-acetate, 10 mM Mg(OAc)2, pH 7.9, 0.25 mM CoCl2) containing primer 

P1(2.5 µM), natural dTTP or modified nucleotides (1–4) (50 µM). Reactions were started with 

the addition of TdT enzyme (0.45 µM) and incubated at 37 °C. 5 µL of the reaction aliquot was 

collected after 15, 30, and 60 minutes and mixed with 55 µL of denaturing loading buffer (8.3 

M urea in 10 mM Tris-HCl, 100 mM EDTA, 0.05% bromophenol blue, pH 8), followed by 

heat denatured at 75 °C for 5 minutes. 5 µL (1 pmol) of each sample was loaded onto an 

analytical 20% denaturing PAGE and electrophoresed at 18 W in 1X TBE buffer for 4 h. The 

gel was imaged using a Typhoon gel scanner at the FAM wavelength. 

4.4.7 Tailing reactions in the presence of BFddUTP 5 and different initiators 

A 5′-FAM labeled primer (P2, P3, P4, P5, P6) (2.5 µM) was incubated with 20 eq. of 

BFddUTP 5 (50 µM) in a TdT reaction buffer (50 mM KOAC, 20 mM Tris-acetate, 10 mM 

Mg(OAC)2, pH 7.9) containing 0.25 mM of CoCl2. Reactions were initiated by adding the TdT 

enzyme (0.30 µM) at 37 °C. After 1, 2, 5, and 10 minutes, 5 µL of the reaction aliquots were 

mixed with 55 µL of denaturing loading buffer and heated at 75 °C for 5 minutes. Reactions 

were analyzed by loading 5µL (1 pmol) of the samples to a 20% denaturing polyacrylamide 

gel and electrophoresing it for 18 W in 1 X TBE running buffer for 4 h. The gels were visualized 

by scanning at FAM wavelength using a Typhoon gel scanner. Gel bands were quantified by 

Fiji image analysis software. All the experiments were performed in triplicate to calculate the 

standard deviation and the average yield. 
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4.4.8 Competition reaction between BFddUTP 5 and ddTTP 6 

20 µL of the reactions contained 2.5 µM of primer (P3 or P4), 50 µM of ddNTP mixture of 

BFddUTP 5/ddTTP 6 in TdT reaction buffer (50 mM KOAc, 20 mM Tris-acetate, 10 mM 

Mg(OAc)2, 0.25 mM CoCl2, pH 7.9), and 0.30 µM of TdT. The ratio of ddTTP 6 to BFddUTP 

5 varied from 0:1 to 1:0 (0/1, 1/50, 1/10, 1/5, 1/2, 1/1, 2/1,5/1, 10/1, 50/1 and 1/0). Reactions 

were incubated at 37 °C for 20 minutes. Reactions were quenched by the addition of 180 µL 

of denaturing loading buffer and followed by heat-denatured at 75 °C for 5 minutes. Loaded 5 

µL (1.25 pmol) of samples onto a 20% denaturing PAGE. Electrophoresed at 18 W for 4 h in 

1X TBE buffer. The gel images at FAM emission wavelength were taken by a Typhoon gel 

scanner. The relative band intensity was calculated using Fiji image analysis software. All the 

experiments were repeated in triplicate to determine the standard deviation and average values 

of incorporation efficiency. 

4.4.9 Steady-state fluorescence binding assay for BFdU-labeled DNA and TdT 

By fluorescence:  

A series of samples containing BFdU-labeled primer P6* (50 nM) were mixed with increasing 

concentrations of TdT enzyme (0– 2 µM) in 1 X TdT reaction buffer in a final volume of 200 

µL maintaining an overall ⁓1% glycerol. The samples were kept at 37°C for 30 minutes. 

Subsequently, steady-state fluorescence analysis was conducted by exciting each sample at a 

330 nm wavelength. The fluorescence readings were recorded within the 345 to 600 nm 

wavelength range, with excitation and emission slit widths maintained at 7 nm and 8 nm, 

respectively. The control sample lacking P6* exhibited no fluorescence. The fluorescence 

experiments were conducted in triplicate, and the standard deviation was calculated. The 

increase in fluorescence intensity at 430 nm for BFdU-labeled primer P6* against TdT 

concentration was analyzed using the Hill equation (Origin 8.5). The data, depicting 

normalized fluorescence intensity (FN) against the logarithm of TdT concentration, revealed a 

Hill coefficient (n) of 1.59 for the binding of BFdU-labeled ssDNA P6*. 

FN =
Fi − F0

FS −  F0
  

Fi represents the measured fluorescence intensity at individual protein concentrations. F0, FS = 

fluorescence intensity in the absence of protein and at the saturation point, respectively. The 

Hill coefficient (n) signifies the level of cooperativity in binding, while Kd represents the 

dissociation constant. 

FN = F0 + ( FS − F0) (
[Polymerase]n

[Kd]n + [Polymerase]n
) 
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By Microscale thermophoresis (MST) assay: 

To investigate the binary complex formation between the primers P6/P3 and TdT was 

determined by means of a Monolith NT.115 system (NanoTemper Technologies) using 

standard capillaries (MonolithTM NT.115 Standard Treated Capillaries). Samples containing 

(10 μl) a primers P6/P3 (0.5 μM) and varying concentrations of TdT (0.001–5 μM) in a buffer 

(50 mM Tris–HCl, pH 8.0, 9% of glycerol and 1 mM CoCl2) were incubated at 37°C. MST 

was recorded at 37°C and the dissociation constants were calculated by fitting it into the single-

stage binding model using the DynaFit software (BioKin). 

4.4.10 Detection of TdT activity in real-time by fluorescence 

The real-time detection of TdT activity was performed using a micro-fluorescence cuvette 

(Hellma, path length 1.0 cm) on a Horiba Fluoromax-4 spectrophotometer. In the reaction 

mixtures (total volume 200 µL) containing primer P4* (200 nM) and BFddUTP 5 (100 nM) in 

1 X TdT reaction buffer, TdT was added at varying concentrations (0–200 nM). The 

measurements were started after the addition of TdT and pre-incubation for 30 seconds. The 

conversion of the BFddUTP 5 was detected by measuring emission at 447 nm (excitation 

wavelength 330 nm, excitation and emission slit width 7 and 8 nm, respectively) every 10 

seconds for 10 minutes at37°C. P7 (3′-ddC modified) was used as a primer for the control 

experiment. After 10 minutes of reaction time, corresponding fluorescence spectra were 

measured. Each set of experiments was performed in triplicate. The data was processed and 

plotted using Origin 8.5. To calculate the rate constant (kobs), the initial points till 150 seconds 

were taken and fitted into a pseudo-first-order kinetics equation.  

4.4.11 Competition assay with ddTTP by real-time fluorescence 

Real-time competition assay was conducted in similar conditions to those used to monitor the 

TdT activity. For this purpose, in a mixture of primer P4* (200 nM), BFddUTP 5 (100 nM), 

and varying concentrations of ddTTP 6 (0–5µM) in 1 X TdT reaction buffer, 100 nM of TdT 

was added. The data was recorded after the addition of TdT and pre-incubation for 30 seconds. 

The conversion of BFddUTP 5 was detected by monitoring emission at 447 nm (excitation 

wavelength 330 nm, excitation and emission slit width 7 and 8 nm, respectively) every 10 

seconds over a 10-minute period. The reactions (200 µL) temperatures were maintained at 37°C 

during the measurement. For control experiments, P7 (3′-ddC modified) served as a primer, 

and fluorescence spectra were measured after 10 minutes of reaction time. Each set of 

experiments was conducted in triplicate, and the data were processed and plotted using Origin 

8.5. 
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4.6 Appendix-III: NMR and mass spectra of synthesized compounds 

1H-NMR of 5a (400 MHz, d6-DMSO) 
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13C-NMR of 5a (100 MHz, d6-DMSO) 

 

 

1H-NMR of 5b (400 MHz, d6-DMSO) 
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13C-NMR of 5b (100 MHz, d6-DMSO) 

 

 

1H-NMR of 5c (400 MHz, d6-DMSO) 
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13C-NMR of 5c (100 MHz, d6-DMSO) 

 
 

1H-NMR of 5d (400 MHz, d6-DMSO) 

 

 

 



Chapter 4 

 

167 
 

13C-NMR of 5d (100 MHz, d6-DMSO) 

 

1H-NMR of 5e (400 MHz, d6-DMSO) 
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13C-NMR of 5e (100 MHz, d6-DMSO) 

 

1H-NMR of 5f (400 MHz, d6-DMSO) 
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13C-NMR of 5f (100 MHz, d6-DMSO) 

 

 

1H-NMR of 5 (400 MHz, D2O), a trace amount of triethylammonium acetate salt is present. 
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13C-NMR of 5 (100 MHz, D2O), a trace amount of triethylammonium acetate salt is present. 

 

 

31P-NMR of 5 (162 MHz, D2O) 
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1H-NMR of 6a (400 MHz, d6-DMSO) 

 

 

13C-NMR of 6a (100 MHz, d6-DMSO) 
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1H-NMR of 6b (400 MHz, d6-DMSO) 

 

 

13C-NMR of 6b (100 MHz, d6-DMSO) 
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1H-NMR of 6c (400 MHz, d6-DMSO) 

 

 

13C-NMR of 6c (100 MHz, d6-DMSO) 

 



Chapter 4 

 

174 
 

 

1H-NMR of 6d (400 MHz, d6-DMSO) 

 

 

13C-NMR of 6d (100 MHz, d6-DMSO) 
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1H-NMR of 6 (400 MHz, D2O), a trace amount of triethylammonium acetate salt is present. 

 

 

13C-NMR of 5 (100 MHz, D2O), a trace amount of triethylammonium acetate buffer is present. 
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31P-NMR of 6 (162 MHz, D2O) 

 

 

HRMS spectrum of 5a in positive mode. Calculated for C13 H15N2O7Br [M+H]+=391.0141, found 

[M+H]+ = 391.0141. 
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HRMS spectrum of 5b in negative mode. Calculated for C11 H12N2O5 [M-H]- =251.0673, found [M-

H]- =251.0672. 

 

HRMS spectrum of 5c in negative mode. Calculated for C11 H14N2O5 [M-H]- =253.0830, found 

[M-H]- = 253.0822.  

 

HRMS spectrum of 5d in negative mode. Calculated for C11H13IN2O5 [M-H]- = 378.9796, found [M-

H]- = 378.9851 
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HRMS spectrum of 5e in negative mode. Calculated for C19 H17N2O6 [M-H]- =369.3535, found [M-H]- 

= 369.1075. 
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HRMS spectrum of 5f in negative mode. Calculated for C19 H17N2O6 [M-H]- =327.3165, found [M-H]- 

= 327.0970 

 

HRMS spectrum of 5 in negative mode. Calculated for C17H18N2O14P3 [M-H]- = 567.2528, found [M-

H]- =566.9977. 
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HRMS spectrum of 6a in negative mode. Calculated for C14H17N2O7Br [M+H]+ = 405.0292, found 

[M+H]+ =405.0298. 

 

HRMS spectrum of 6b in negative mode. Calculated for C12H14N2O5 [M-H]- =265.0829, found [M-H]- 

= 265.0826.  
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HRMS spectrum of 6c in positive mode. Calculated for C10H12N2O4 [M+H]+ =225.0875, found [M+H]+ 

= 225.0877 

 

HRMS spectrum of 6c in negative mode. Calculated for C10H14N2O4 [M+H]+=227.1032, found 

[M+H]+= 227.1070 
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HRMS spectrum of 6 in negative mode. Calculated for C17H18N2O14P3 [M-H]- = 464.9871, found [M-

H]- =464.9862. 

 

 

 

ESI-MS spectra for BFdU-labeled DNA ON products (A) P6 and (B) P6*. For the sequence please see 

Table 1. Calculated mass for P6 6708.48 Da, found 6708. 12. Calculated mass for P6* 6170.95, found 

6170.87. 
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Overall conclusion and outlook 

In this thesis, we have utilized a series of environment-sensitive nucleotide analogs to study 

the processing efficiency of nucleic acid processing enzymes, namely DNA polymerases and 

terminal nucleotide transferase (TdT). The synthesized C5-heterocyclic-modified dUTP 

analogs serve as good substrates for these enzymes, albeit with varying efficiency. Reactions 

with different templates made to guide the incorporation of single and multiple modifications 

by family A and B DNA polymerases reveal a size-dependent and neighboring base interaction-

dependent incorporation pattern. Family B DNA polymerase exhibits efficient processing 

ability for all the modifications. On the other hand, family A DNA polymerase demonstrates 

stringency in incorporating bicyclic modifications in multiple positions. Whereas, a major 

limitation of the template-dependent nucleic-acid labeling techniques relies on introducing a 

biophysical tag in the site-specific position, where the template strand guides the incorporation 

of multiple modification sites. To tackle this challenge, we developed a two-step site-specific 

DNA labeling method by utilizing the differential processing ability of KlenTaq and KOD 

DNA polymerases. This technique proves valuable for incorporating fluorescent tags or post-

synthetic modifications for future applications. 

 Further, by exploiting the responsiveness of the environment-sensitive nucleotide 

analogs, we investigated the catalytic events of enzymatic incorporation, such as binary 

complex formation and the enzymatic incorporation in solution state using fluorescence and 

19F NMR spectroscopy techniques. The fluorescence study sheds light on the differences in 

binding affinity between KlenTaq and KOD DNA polymerase towards the 3′-end modified 

primer-template duplex. Furthermore, crystal structures of three ternary complexes of KlenTaq 

containing BFdUTP, FBFdUTP, and SedUTP in the nucleotide-binding site provide 

unprecedented insights into the processing of these nucleotide analogs. This study highlighted 

important factors like the amino-acid conformational changes and stacking interaction between 

incoming nucleotides and primer strands that play crucial roles in enzymatic incorporation. In 

contrast, KOD DNA polymerase demonstrates high processivity for these modified 

nucleotides, possibly because of features like large channel volume and B-form of DNA near 

the active site. Taken together, we present an efficient probing platform that seamlessly 

correlates biochemical data, fluorescence, NMR, and X-ray crystallography techniques to 

provide a detailed understanding of the enzymatic process. This approach has immense 

potential in developing nucleotide analogs compatible with polymerase for various 

biotechnological applications. 
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To extend the utility of such a biophysical platform, we studied the incorporation of 

these analogs by the terminal deoxynucleotidyl transferase (TdT) enzyme, a therapeutic target 

and biomarker for leukemia diseases. Modified nucleotide analogs demonstrate a distributive 

incorporation mechanism and exhibit certain stops after double modifications. To investigate 

the reason behind this incorporation behavior, we have studied the incorporation of a 

responsive benzofuran-modified dideoxy nucleotide. The analog exhibits preferential 

incorporation over natural analog primarily due to the extra stability from the stacking 

interaction with the 3 primer end. To this end, the probe’s versatility enabled the creation of a 

detection platform for monitoring TdT activity and a screening platform for identifying novel 

TdT inhibitors. 

  The advantage of our nucleotides is that they serve as good substrates and also as 

probes to evaluate the processivity of enzymes. The method demonstrated in this thesis has the 

potential for further development into a high-throughput screening assay. Recently, Tor's group 

utilized emissive adenosine analogs for high-throughput screening and to discover novel 

adenosine deaminase (ADA) inhibitors, which are particularly important for treating certain 

types of leukemia.1 Additionally, the Veelma group employed expanded adenosine analogs to 

develop a high-throughput assay, leading to the identification of a non-nucleoside TdT 

inhibitor.2 Taken together, the techniques demonstrated in this thesis not only facilitate 

monitoring enzymatic incorporation mechanisms in real-time and at the atomic level but also 

pave the way for studying viral polymerases and engineered DNA and RNA polymerases. 

While Chaput's and Holliger's labs3,4 have explored engineered polymerases incorporating 

sugar-modified nucleotides, our platform offers a valuable tool for studying the incorporation 

of base-modified nucleotide analogs. 

Over the past few years, various isomorphic emissive nucleobases have been 

developed. These substitutes have demonstrated the ability to effectively supplant their natural 

equivalents across various scenarios, offering a faithful optical window into biochemical 

transformations. This kind of probe system is employed to monitor the reactivity of  ADAR2, 

an RNA editing enzyme.1 Despite its efficacy in various fields like biotechnology, biophysics, 

chemical biology, and drug discovery platforms, its application in biological imaging or cell 

biology remains largely unexplored due to significant technical hurdles. Challenges such as 

short emission wavelengths, low emissive, and poor cellular uptake are commonly encountered 

with small heterocycles. However, recent progress in multiphoton spectroscopy and further 

structural modifications have shown potential for overcoming these barriers.5,6 Novel 
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alternative modifications and advancements in multiphoton excitation could address these 

perceived limitations and broaden the possibilities for small fluorophores.  

 

References 

1. Sinkeldam, R. W.; McCoy, L. S.; Shin, D.; Tor, Y. Enzymatic interconversion of 

isomorphic fluorescent nucleosides: adenosine deaminase transforms an adenosine 

analogue into an inosine analogue. Angew. Chem., Int. Ed. 2013, 52, 14026−14030. 

2. Pals, M. J.; Velema, W. A.  A quenched size-Expanded nucleotide reports activity of 

the leukemia biomarker terminal deoxynucleotidyl transferase (TdT) 

3. Cozens, C.; Pinheiro, V. B.; Vaisman, A.; Woodgate, R.; Holliger, P. A short adaptive 

path from DNA to RNA polymerases. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 8067–

8072. 

4. Dunn, M. R.; Otto, C.; Fenton, K. E.; Chaput, J. C. Improving polymerase activity with  

unnatural substrates by sampling mutations in homologous protein architectures. ACS 

Chem. Biol. 2016, 11, 1210–1219. 

5. Hadidi, K.; Steinbuch, K. B.; Dozier, L. E.; Patrick, G. N.; Tor, Y. Inherently Emissive 

Puromycin Analogues for Live Cell Labelling. Angew. Chem., Int. Ed. 2023, 62, 

e202216784. 

6. Nobis, D.; Fisher, R. S.; Simmermacher, M.; Hopkins, P. A.; Tor, Y.; Jones, A. C.; 

Magennis, S. W. Single-molecule detection of a fluorescent nucleobase analogue via 

multiphoton excitation. J. Phys. Chem. Lett. 2019, 10, 5008−5012. 

 

 

 

 

 

 



185 
 

Copyrights and Permission  


	1. First title page.pdf
	2.A Thesis-Certifcate-Srivatsan
	2.B DECLARATION
	3. Acknowledgments
	4. content
	5. Abbreviations
	6. Synopsis
	7. List of publications
	8.Chapter 1
	9. Chapter 2
	10. Chapter3
	11. Chapter 4
	12. Final conclusions and outlook-vatsan_revised
	13. permission of copyright

